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Abstract: Autophagy is an evolutionarily conserved self-degradation system that recycles cellular 
components and damaged organelles, which is critical for the maintenance of cellular homeostasis. 
Intracellular reactive oxygen species (ROS) are short-lived molecules containing unpaired electrons 
that are formed by the partial reduction of molecular oxygen. It is widely known that autophagy 
and ROS can regulate each other to influence the progression of cancer. Recently, due to the wide 
potent anti-cancer effects with minimal side effects, phytochemicals, especially those that can mod-
ulate ROS and autophagy, have attracted great interest of researchers. In this review, we afford an 
overview of the complex regulatory relationship between autophagy and ROS in cancer, with an 
emphasis on phytochemicals that regulate ROS and autophagy for cancer therapy. We also discuss 
the effects of ROS/autophagy inhibitors on the anti-cancer effects of phytochemicals, and the chal-
lenges associated with harnessing the regulation potential on ROS and autophagy of phytochemi-
cals for cancer therapy. 
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1. Introduction 
As early as 1963, Christian de Duve found that heterogenic intracellular cargoes 

could be transported to lysosomes for degradation and named this phenomenon “autoph-
agy” [1]. The detailed regulatory mechanism of autophagy has been discovered and dis-
played since the 1990s. Today, it is well known that autophagy is a cellular self-degrada-
tive progress that delivers cytosolic components and damaged organelles to the lyso-
somes for hydrolytic enzyme-mediated digestion and subsequently recycles the gener-
ated catabolites to support anabolic metabolism. The autophagy progress is evolutionar-
ily conserved in eukaryotes, which involves many complex molecular pathways and var-
ious ATG proteins encoded by more than 40 genes [2]. Under starvation, hypoxia, and 
other stress conditions, ATG proteins associated with autophagy initiation will assemble 
on the endoplasmic reticulum (ER) to form a double membrane structure, named a phag-
ophore. Next, the phagophore surrounds cellular macromolecules in a selective or nonse-
lective way and expands constantly to take the shape of a closed autophagosome. The 
autophagosome vesicle can then be transported to and fused with the lysosome to form 
the autolysosome, in which the lysosomal hydrolase will then degrade internal compo-
nents for catabolite reutilization [3]. Generally, cells often perform basal level autophagy 
to maintain intracellular homeostasis; however, overactivation of excessive autophagy 
may disturb this homeostasis, cause cell damage, and even result in cell death. Disorder 
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of autophagy has been reported to be involved in different pathologies, such as neuro-
degenerative disorders, metabolic syndromes, and cancers [4]. When it comes to cancer, 
it is currently believed that autophagy operates as a tumor suppressor in healthy cells but 
promotes cancer development in transformed cells [5–7]. 

Aerobic respiration is a highly efficient form of energy production that can support 
the development of eukaryotes. However, ROS, the byproduct of aerobic respiration, can 
cause damage to biomacromolecules such as lipids, nucleic acids, and proteins, thereby 
changing their functions and causing oxidative stress. However, recent studies demon-
strated that ROS can also act as a signaling molecule to regulate various signaling path-
ways to maintain normal development of cells [8]. It has been widely accepted that ROS 
can be both beneficial and lethal for cancer cells. On the one hand, ROS can reversibly 
oxidize cysteine residues of many proteins to regulate their function and promote cancer 
cell proliferation, metabolism, and metastasis [9]. On the other hand, high levels of ROS 
can suppress cancer development by provoking oxidative stress, inducing cell death and 
senescence [10]. Notably, ROS can induce autophagy by modulating different signaling 
pathways, either inhibiting or enhancing the development of cancers. For instance, au-
tophagy can specifically eliminate damaged mitochondria to reduce ROS accumulation, 
thus inhibiting the deleterious effect of ROS on DNA and suppress cancer initiation. In 
the development of cancer, one of the effects of autophagy is to remove excessive ROS 
caused by hypoxia or damaged organelles, thus maintaining the survival of cancer cells 
[11]. What we can conclude is that the mutual regulation between autophagy and ROS 
complicates their roles in cancer. 

Cancer is a public health problem worldwide because of its high morbidity and mor-
tality [12]. Traditional therapies for cancer, such as chemotherapy and radiotherapy, have 
obvious adverse treatment-related effects. Chemotherapy is the main treatment approach 
for numerous cancers because it can influence all the stages of cell development by regu-
lating various signaling pathways. However, the therapeutic effect of traditional chemical 
drugs varies depending on the types and stages of tumors. In addition, tumors can become 
resistant to chemical drugs in the later stages of treatment. Meanwhile, chemotherapy can 
seriously reduce a patient’s quality of life because of its highly toxic effects [13–15]. There-
fore, it is urgent to find new anti-cancer drugs with lower toxicity and higher therapeutic 
effect. Phytochemicals, extracted from various medicinal plants, or their synthetic ana-
logues, can prevent tumor proliferation, invasion, and migration by modulating various 
signaling pathways [16–18]. Furthermore, some natural bioactive products coming from 
food exhibit relatively low toxicity and potent chemo-preventive properties [19]. Thus, 
phytochemicals have attracted much attention for cancer treatment in recent years [20]. 

Various phytochemicals have been found to possess potent anti-cancer effects, but 
their anti-cancer mechanism is unclear, which limits their clinical application. Nowadays, 
studies have increasingly paid attention to exploring the anti-cancer mechanism of phy-
tochemicals, among them, the regulation of autophagy and ROS have been widely inves-
tigated. In this review, we expounded the interplay between autophagy and ROS, and 
introduced some phytochemicals that can treat cancer by modulating autophagy and 
ROS. 

2. The Process of Autophagy and Its Role in Cancer 
Classic autophagy is a multi-step process that involves the consecutive and selective 

aggregation and interaction of various ATG proteins. When the cells are subjected to stim-
ulation, the first protein to respond is the ULK1 (Unc-51-like kinase 1). Signal molecules 
can activate ULK1, which can phosphorylate ATG13 and FIP200 to form the ULK1 com-
plex (consisting of ULK1, ATG13, and ATG101). The ULK1 complex is anchored to the 
pre-autophagosomal structure (PAS, a special ER domain, also named the omegasome) to 
form the PAS scaffold complex (Figure 1). The class III phosphatidylinositol 3-kinase 
(PI3K) complex, ATG9A system, ATG12-conjugation system, and LC3-conjugation sys-
tem are then engaged hierarchically to the PAS by the scaffold FIP200 [21,22]. Following 
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the gathering of the ULK1 complex, it facilitates the activation of the autophagy-specific 
class III PI3K complex (including PI3K, VPS15, Beclin 1, and ATG14L) by phosphorylating 
Beclin 1. Subsequently, PI3K will phosphorylate phosphatidylinositol (PI) to form phos-
phatidylinositol 3-phosphate (PtdIns(3)P or PI3P) at the omegasome [23–25]. Next, WD-
repeat domain phosphoinositide-interacting proteins (WIPIs) and double FYVE domain-
containing protein 1 (DFCP1) successively assemble at the omegasome via their PI3P-
binding domain to form phagophores. WIPI2 can interact with ATG16L to recruit the 
ATG12-ATG5-ATG16L complex to the PSA [26–29]. The ATG12-ATG5-ATG16L complex 
is one of the ubiquitin-like conjugation systems for autophagosome formation, and an-
other is the LC3 conjugation system. Neonatal LC3 is a soluble protein that can be cata-
lyzed by ATG4 to expose a glycine residue [30,31]. The decorated LC3, also named LC3-I, 
is bound to E1-like enzyme ATG7, and is subsequently transferred to the E2-like enzyme 
ATG3. LC3-I is then conjugated to phosphatidylethanolamine (PE) by ATG3 to form mem-
brane-bound LC3-II [32,33], which serves as a well-known autophagosome marker. The 
conjugation of LC3-I with PE can also be enhanced by the ATG12-ATG5-ATG16L com-
plex, which acts as the E3-like enzyme. LC3-II is embedded in the membrane of phago-
phores to promote membrane extension (Figure 1). In addition, autophagy receptors can 
interact with LC3-II via the LC3-binding motif to transfer special cargos to the LC3-II-
containing phagophores [34–36]. Up to now, several autophagy receptors, including p62, 
chaperonin containing TCP1 subunit 2 (CCT2), nuclear dot protein 52 kDa (NDP52), op-
tineurin (OPTN), BNIP3-like (BNIP3L)/ NIX, and neighbor of BRCA1 gene 1 (NBR1), have 
been identified, which mediate the selective autophagy of cargos. The phagophores then 
extend continuingly until forming a sealed double-layered vesicle, called the autophago-
some. During this process, Atg2 and Atg9 can transport lipids from the cytoplasmic leaflet 
of the ER or the cytoplasmic to omegasome, thereby providing materials and enabling the 
expansion of the autolysosome [37–41]. The intact autophagosome can fuse with the lyso-
some to form the autolysosome, where the substrates will be degraded by hydrolytic en-
zymes (Figure 1). 

 
Figure 1. The progress of autophagy. Various stress conditions such as nutrient starvation, infection, 
oxidative stress, and chemical drugs lead to an increase in mTORC1 suppression and AMPK acti-
vation. This can activate the ULK1 complex through a number of phosphorylation cascades. Subse-
quently, phagophores are formed at the autophagy initiation site of the endoplasmic reticulum, and 
the phagophores envelop substrates and extend continuingly until forming a double-layered vesicle 
named autophagosomes with the participation of various autophagy proteins. Finally, intact 
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autophagosomes fuse with the lysosomes to form autolysosomes where the substrates will be de-
graded by hydrolytic enzymes. 

Because autophagy can maintain homeostasis against internal and external stresses, 
it is important for cells to maintain a basal level of autophagy. Disorders of autophagy are 
associated with many diseases, such as cancer. Autophagy plays an indispensable and 
double-edged sword role in cancer. In the early stages of tumor development, autophagy 
is commonly considered to be a tumor-suppressive, owing to its ability to clear damaged 
intracellular component and maintain genetic stability to prevent tumorigenesis [42–44]. 
For instance, the Beclin 1 haploid-insufficient mouse was more likely to develop a malig-
nant tumor [45,46]. Mice with ATG5 homozygote deletion have a higher probability of 
live tumors [47]. These evidences prove that autophagy could suppress tumorigenesis. 
However, the aggregation of p62 has been detected in gastrointestinal cancer, hepatocel-
lular carcinoma, breast cancer, and lung adenocarcinoma [48–52]. In Kras-driven lung 
cancer models, a deficiency in Atg7 decreases the amino acid substrate supply to mito-
chondria, resulting in extreme fatty acid oxidation, which consumes lipid stores and pro-
motes energy crisis [53]. Therefore, autophagy can also promote tumor cell survival and 
growth by providing metabolic substrates. 

3. The Interplay between Autophagy and ROS in Cancer 
3.1. The Regulation of Autophagy Machinery 

Autophagy in cancer can be precisely regulated by a serious of signaling molecules 
and regulatory pathways in response to intracellular and extracellular stimuli, such as 
starvation, oxidative stress, ER stress, and alteration of the AMP/ATP ratio. Mechanistic 
target of rapamycin (mTOR) and AMP-activated protein kinase (AMPK) are two primary 
regulators for initiating autophagy. 

mTOR, an evolutionarily conserved serine/threonine kinase, can be regulated by nu-
tritional status, growth factor, and stress signals. mTOR contains two different complexes, 
named mTORC1 and mTORC2, out of which mTORC1 is sensitive to rapamycin and has 
the ability to impact cell growth and proliferation by regulating anabolic and catabolic 
metabolism, including autophagy [54]. mTORC1 can negatively regulate autophagy. 
When mTORC1 is activated, it connects to the ULK1 complex by Raptor and inhibits the 
kinase activity of the ULK1 complex by phosphorylating ULK1 at Ser758 and Ser638, as 
well as ATG13 at Ser258 [55–57]. On the contrary, inactivated mTORC1 will dissociate 
from the ULK1 complex, and then phosphatases, such as protein phosphatase 2A (PP2A) 
and protein phosphatase 1D magnesium-dependent delta isoform (PPM1D), relieve the 
phosphorylation status of ULK1 and ATG13 [58–60]. ULK1 then undergoes autophos-
phorylation at Thr180 and subsequently phosphorylates ATG13, FIP200, and ATG101, 
and eventually, the ULK1 complex can be activated and then transferred to phagophores 
to support the initiation of autophagy [61]. In addition to direct regulation, mTORC1 can 
also indirectly intercept autophagy initiation by inhibiting ULK1 stability and activity. In 
detail, mTORC1 can suppress the activation of TNF receptor-associated factor 6 (TRAF6) 
an E3 ubiquitin ligase, through phosphorylating AMBRA1, and thus prevent ubiquitina-
tion of ULK1 [62]. 

In addition, mTORC1 can be regulated by various upstream signaling molecules. 
When G protein-coupled receptors (GPCRs) or receptor tyrosine kinases (RTKs) are phos-
phorylated and activated, the regulatory subunit p85 is recruited to the vicinity of the 
plasma membrane to activate PI3K. The activated PI3K can catalyze the phosphorylation 
of phosphatidylinositol-4,5-bisphosphate (PIP2) to form phosphatidylinositol-3,4,5-tri-
phosphate (PIP3). PIP3 will promote the recruitment of protein kinase 3-phosphoinositid-
edependent protein kinase-1 (PDK1) and AKT. Subsequently, PDK1 can activate AKT by 
phosphorylation at Ser308, pleading to the heterodimerization and inhibition of tuberous 
sclerosis 1 (TSC1) and TSC2. Inactivation of the TSC1-TSC2 complex holds RHEB in its 
GTP-bound state, thereby activating its GTPase activity to enable mTORC1 activation. 
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AKT can also phosphorylate and dissociate the mTORC1 inhibitor PRAS40 from Raptor 
to activate mTORC1 [63–65]. The regulation autophagy by AKT has also been reported to 
be mTOR-independent. In detail, AKT can phosphorylate and inactivate FOXOs, which 
are the transcription factors in charge of the transcription of some autophagy-related 
genes, including Beclin 1, ATG12, and GABARAPL1 [66]. Notably, the tumor suppressor 
phosphatase and tensin homolog (PTEN) can promote the conversion of PIP3 to PIP2 to 
inhibit AKT, thereby favoring the initiation of autophagy [67,68]. 

Autophagy can also be regulated by AMPK, which senses the cellular energy status 
through the alteration of the AMP/ATP ratio. AMPK can be phosphorylated at Thr172 and 
activated by AMP or the upstream kinases such as the liver kinase B1 (LKB1), calcium/cal-
modulin-dependent protein kinase kinase 2 (CAMKK2), and the MAPKKK family [69–
72]. Upon energy starvation, activated AMPK can induce autophagy by increasing ULK1 
activity through direct phosphorylation at Ser317, Ser777, and Ser555 [73]. Furthermore, 
AMPK can negatively regulate mTORC1 activity through phosphorylating and inactivat-
ing Raptor at Ser722 and Ser792 or activating TSC2 by phosphorylating Thr1227 and 
Ser1345 [74,75], thereby initiating autophagy. 

In addition, several transcriptional factors have been reported to regulate autophagy 
in cancer. Transcription factor EB (TFEB), the regulator of lysosomal biogenesis, can enter 
the nucleus to promote transcription of autophagy-related genes, such as ATG16, ATG4, 
p62, WIPI proteins, LC3, ULK1, and several cathepsins [76,77]. Hypoxia-inducible factor 
1 (HIF-1), which is affected by the extent of hypoxia, promotes the transcription of Bcl-2 
interacting protein 3 (BNIP3) and BNIP3L, which competitively interrupts the Bcl-2-Be-
clin-1 complex, resulting in the association of Beclin-1 with PI3K for autophagy activation 
[78,79]. Severe hypoxia also activates transcription factor 4 (ATF4), which can translocate 
into the nucleus to promote the transcription of ATG5, ULK1, and LC3, thereby promoting 
the autophagy process [80–82]. In addition, p53 has the function of regulating autophagy. 
Nuclear p53 can induce autophagy by transcriptionally upregulating the expression of 
AMPK, damage-regulated autophagy modulators (DRAMs), sestrin 1 and 2, and DAPK1 
(death-associated protein kinase 1). Meanwhile, the transcription of ATG4, ATG7, ATG10, 
and ULK1 can also be promoted by nuclear p53. However, other studies showed that the 
cytoplasmic p53 can inhibit autophagy through directly interacting with FIP200 [83–85]. 
Similarly, NF-κB also play a dual role in the regulation of autophagy. It has been demon-
strated NF-κΒ can induce autophagy by directly promoting the transcription of ATG 
genes, such as Beclin 1, ATG5, and LC3, or can inhibit autophagy by increasing the ex-
pression of autophagy repressors such as Bcl-2 family members and PTEN/mTOR or sup-
pressing the expression of autophagy inducers like BNIP3 and JNK1 [86–88]. 

3.2. The Relationship between Autophagy and ROS in Cancer 
Basal levels of ROS play an important role in regulating cell proliferation, immune 

response, and differentiation, but superfluous ROS cause damage to biomolecules, such 
as proteins, lipids, and nucleic acids, resulting in various diseases including cancer. Au-
tophagy is one of the most crucial processes that can be regulated by ROS, serving as a 
signal molecule [89,90]. Firstly, numerous studies suggest autophagy can be regulated by 
ROS through mTOR-dependent pathways. On the one hand, high levels of ROS can pro-
mote the inactivation of PTEN by direct oxidation [91], which can increase PIP3 to activate 
AKT and inhibit mTORC1 signaling [92,93]. On the other hand, the activation of mTOR 
can be impacted by MAPK subfamilies, such as c-Jun N-terminal kinase (JNK), p38, and 
extracellular signal-regulated kinase (ERK), which could be regulated by ROS. It has been 
reported that accumulation of ROS can regulate autophagy by the MAPK/JNK/mTOR 
pathway [94–96]. Otherwise, MAPK/JNK can modulate autophagy by directly phosphor-
ylating ULK1 or promoting the transcription of autophagy gene like Beclin 1 [97]. Sec-
ondly, ROS can also activate AMPK, which releases the inhibition of autophagy by di-
rectly phosphorylating and activating ULK1 or inhibiting mTORC1 [90,98]. It has been 
proven that ROS can inhibit mTOR or enhance AMPK signal pathways to induce 
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autophagy in various cancer cells, impacting cancer progression [99,100]. In addition, 
transcription factors that modulate the expression of ATG genes, such as TFEB, HIF-1α, 
p53, NF-κB, FOXO3, ATF4, and Nrf2, can be activated by increased levels of ROS. For 
example, ROS was reported to directly oxidize the Cys211 of TFEB. Cys211 oxidation in-
hibited the association of TFEB with Rag GTPases and promoted the nuclear translocation 
of TFEB, which in turn led to an increased gene expression level in the autophagy-lyso-
some system [101]. Furthermore, under some circumstances, high levels of ROS can cause 
mitochondrial dysfunction, leading to the selective removal of damaged mitochondria 
(called mitophagy) [102,103]. Furthermore, it has been proven that ER stress can be acti-
vated to trigger the unfolded protein response (UPR) in response to ROS accumulation, 
and autophagy can be induced by the ROS-mediated ER stress [104,105]. Elevated levels 
of ROS are thought to induce autophagy by activating these transcription factors, result-
ing in the degradation of damaged mitochondria, thereby maintaining homeostasis and 
promoting cancer cell growth (Figure 2). 

 
Figure 2. Relationship between ROS and autophagy. ROS can regulate autophagy in different ways. 
ATG4 and p62 can be oxidized directly by ROS to induce autophagy; ROS can activate the AMPK 
signaling cascade or inhibit the mTOR pathway, resulting in autophagy initiation; transcription fac-
tors such as Nrf2 can also be activated by ROS, which will promote the transcription of various ATG 
proteins. Autophagy can also decrease the generation of ROS by pexophagy, mitophagy, and CAM. 

Apart from the mechanisms mentioned above, ROS can regulate autophagy by di-
rectly oxidizing autophagy-related proteins. For example, ATG4 is inactivated by ROS-
mediated oxidization of a critical catalytic site, Cys78. Oxidized ATG4 loses its delipida-
tion ability for LC3, thereby increasing LC3 lipidation for autophagosome formation and 
autophagy induction [106]. Recently, it was proposed that autophagy receptor p62 was 
sensitive to oxidative stress, and its Cys105 and Cys113 can be oxidized by ROS to form 
p62 oligomers. Oxidized P62 oligomers were capable of engaging substrates to nascent 
autophagosomes and assisting biogenesis of autophagosomes [107,108]. Recently, it has 
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been proven that increased expression of ATG4 and p62 can promote the growth of cancer 
cells [109–111] (Figure 2). 

In addition to ROS-mediated regulation of autophagy, autophagy can in turn scav-
enge ROS and oxidized proteins through lysosome-dependent pathway during oxidative 
stress, leading to the maintenance of redox homeostasis of cancer cells. Mitochondria is 
the primary place of oxidative phosphorylation in eukaryotic cells, and the vast majority 
of intracellular ROS are derived from the electron transport chain (ETC) of the inner mi-
tochondrial membrane (mtROS) under normal conditions [112,113]. However, defective 
mitochondria can bring devastation to cancer cell by producing a large amount of ROS, 
and the dysregulated ROS-generating mitochondria can be obliterated by mitophagy to 
resist mtROS-mediated oxidative stress [114,115]. Peroxisomes are involved in fatty acid 
beta-oxidation (FAO) and catabolic reactions of some lipids such as oleic acid, which can 
contribute to the production of ROS. Meanwhile, peroxisomes can eliminate ROS by gen-
erating various antioxidant enzymes. Thus, the selective degradation of ROS-generating 
or damaged peroxisomes can reduce the generation of ROS and contributes to the intra-
cellular oxidative homeostasis [116,117]. Moreover, chaperone-mediated autophagy 
(CMA) can be activated by oxidative stress to maintain redox homeostasis [118]. Oxidized 
protein aggregates that cannot be degraded by proteasomal pathway can be recognized 
by the chaperone protein Heat-shock cognate protein 70 (Hsc70), to form a chaperone-
substrate complex together with co-chaperones (such as 90 KD heat shock protein, Hsp90). 
This complex can then connect with lysosome-associated membrane protein type 2A 
(LAMP2A) through which the cargo is transported to lysosome for digestion [11,119]. It 
has been firmly established that the Nrf2-Kelch-like ECH-associated protein 1 (Keap1)-
antioxidant response element (ARE) pathway is an adaptive cellular response conferring 
protection against oxidative and xenobiotic stress [120]. Phosphorylated p62 could di-
rectly bind with Keap1, then interrupt the Nrf2-Keap1 interaction and segregate Keap1 
into autophagosomes, resulting in Nrf2 stabilization. Nrf2 is then translocated into the 
nucleus to promote the transcription of antioxidant genes [121,122] (Figure 2). 

4. Phytochemicals Targeting ROS and Autophagy for Cancer Therapy 
Phytochemicals are valuable sources of drug discovery for multitudinous diseases 

including cancer due to their various sizes, complex structures, and low toxicity. Notably, 
great advances have been made in uncovering phytochemicals that can target the inter-
play of ROS and autophagy. Considering this, we introduce the phytochemicals that are 
identified to target the interplay of ROS and autophagy for cancer therapy over the recent 
years (Table 1). 

Table 1. Mechanisms of action of phytochemicals that can regulate autophagy and ROS. 

Phytochemicals Mechanism of Autophagy  
Regulation by ROS 

Cancer Types References 

Carnosol ROS/Beclin1 Triple negative breast cancer [123] 

Celastrol ROS/JNK; ROS/PI3K/Akt/mTOR Osteosarcoma; 
Glioma 

[124] 
[125] 

Erianin ROS/JNK Osteosarcoma [126] 

Pristimerin ROS/JNK 
Chronic myeloid leukemia; 

Breast cancer [127,128] 

Juglanin ROS/JNK Breast cancer [129] 
Neohesperidin ROS/JNK Osteosarcoma [130] 
Polyphyllin VI ROS/JNK Osteosarcoma [131] 
Polyphyllin VII ROS/JNK Osteosarcoma [132] 

Actein ROS/JNK Bladder cancer [133] 
Magnoflorine ROS/JNK Gastric cancer [134] 
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Ampelopsin ROS/JNK Glioma [135] 

Baicalin ROS/AMPK/mTOR/ULK1 
Breast cancer; 
Osteosarcoma [136,137] 

Bigelovin ROS/PI3K/Akt/mTOR Liver cancer [138] 

Diosgenin ROS/PI3K/Akt/mTOR 
Chronic myeloid leukemia 

cells [139] 

Beta-Lapachone ROS/PI3K/Akt/mTOR Nasopharyngeal cancer cells [140] 
Chrysin ROS/PI3K/Akt/mTOR Endometrial cancer [141] 

6-Methoxydihydrosangui-
narine 

ROS/PI3K/Akt/mTOR Breast cancer [142] 

Neferine ROS/PI3K/Akt/mTOR Lung cancer [143] 
Eldecalcitol ROS/PI3K/Akt/mTOR Osteosarcoma [144] 

Momordin Ic ROS/PI3K/Akt/mTOR Hepatoblastoma cancer [145] 
Capsaicin ROS/PI3K/Akt/mTOR Prostate cancer [146] 

Artesunate ROS/AMPK/mTOR/ULK1 Bladder cancer;  [147] 
Dendrobium ROS/AMPK/mTOR/ULK1 Colon cancer [148] 

Daphnetin ROS/AMPK/mTOR/ULK1 Ovarian cancer [149] 
beta-Elemene ROS/AMPK/mTOR/ULK1 Colorectal cancer [150] 

Britannin ROS/AMPK/mTOR/ULK1 Liver cancer [151] 
Betulinic acid ROS/AMPK/mTOR/ULK1 Bladder cancer [152] 
Trichosanthin ROS/NF-kappa B Gastric cancer [153] 

Cryptotanshinone ROS/NF-kappa B Colon cancer [154] 
Piperlongumine ROS/ERK Biliary cancer [155] 

Allicin ROS/p53; 
Osteosarcoma; Lung Cancer; 
Thyroid cancer; Liver Cancer [156–159] 

Isoorientin 
ROS)/p53; ROS/PI3K/AKT; 

ROS/JNK Liver cancer [160] 

Alantolactone ROS/AKT/PINK1/mitophagy Hepatoblastoma cancer [103] 
Sanguinarine ROS/mitophagy Hepatocellular carcinoma [161] 

TEOA ROS/mitophagy Colorectal cancer [162] 
Corilagin ROS/autophagy Gastric cancer [163] 
Curcumin ROS/autophagy Cervical cancer [164] 

Anthocyanin ROS/autophagy Liver cancer [165] 

4.1. Celastrol 
Celastrol (also known as tripterine), a widely studied quinine methide triterpenoid, 

is deemed to be the most active and prospective component of Tripterygium wilfordii Hook 
F (TWHF), which has a long history of treating rheumatoid arthritis (RA) [166,167]. Nu-
merous studies have demonstrated that celastrol has potent anti-inflammation and anti-
diabetes activities. For example, celastrol mitigated the inflammation of colitis by decreas-
ing the colon myeloperoxidase concentration and colonic pro-inflammatory cytokines or 
inactivating the NLRP3 inflammasomes to reduce IL-1β secretion [168,169]. Meanwhile, 
its anti-cancer potential has aroused great interest recently. Treatment with celastrol in-
hibits the growth and proliferation of various cancer cells, such as colorectal, gastric, 
breast, lung, pancreatic, skin, prostate, and blood cancer cells. Mechanistically, celastrol 
can induce apoptosis, promote cell cycle arrest, and suppress metastasis and angiogenesis, 
etc. [170]. According to a recent paradigm, celastrol has also been shown to exhibit anti-
cancer effects by inducing autophagy through ROS accumulation. For instance, Li et al. 
demonstrated that celastrol induced ROS generation and promoted JNK phosphorylation 
and activation, leading to the initiation of autophagy. The autophagy triggered by celas-
trol-induced ROS accumulation contributed to apoptosis in osteosarcoma cells. In vivo, 
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celastrol could significantly suppress the growth of human osteosarcoma xenograft at 
doses of 1 and 2 mg/kg, with 5.7 and 9% of weight loss in mice, respectively, suggesting 
that a high dose of celastrol had some side effects [124]. In addition, another study found 
that celastrol initiated autophagy via the ROS/JNK signaling pathway, but that celastrol-
mediated autophagy promoted the survival and inhibited apoptosis in glioma cells [125]. 
This discrepancy might be due to the cell-type-dependent effect of celastrol. 

4.2. Curcumin 
Curcumin, a chemical class of polyphenols, is the active ingredients obtained from 

the extract of Curcuma longa L. (also named turmeric belonging to Zingiberaceae family). 
Turmeric, commonly regarded as a condiment and pigment, has been used for traditional 
Chinese medicine in Asia for thousands of years [171,172]. Although curcumin has some 
unfavorable galenic properties such as variable solubility and low bioavailability, its me-
dicinal value has attracted much attention. Recently, it has been demonstrated that curcu-
min displays extraordinary anti-cancer effects in colorectal, leukemia, cervical, prostate, 
and breast cancer. For example, curcumin suppressed the breast cancer cell proliferation 
and invasion by regulating NF-κB and Nrf2, inhibiting the human epidermal growth fac-
tor receptor 2 (HER2) and EGFR signaling, or modulating miRNAs [173]. To increase the 
solubility and bioavailability, researchers encapsulated curcumin in natural excipients 
gum acacia (GA) microspheres and then conjugated folic acid on the surface of these cur-
cumin-GA microspheres. The curcumin-loaded GA microspheres could obviously reduce 
tumor volume and caused no significant toxicity in a triple negative breast cancer animal 
model [174]. Recently, curcumin has been proven to scavenge electrons and ROS in mul-
tiple in vitro models, which give the credit to its phenolic analogs serving as electron re-
ceptors to destabilize ROS [175,176]. In addition, there are many reports demonstrating 
that curcumin induced or inhibited autophagy by employing different molecular mecha-
nisms in diversified in vitro or in vivo models [177]. Noteworthy, Lee et al. found that 
treatment of colon cancer cells with curcumin led to an increase of LC3 conversion, de-
crease in p62 levels, and ultimately, cell death, which could be almost completely blocked 
by the antioxidant N-acetylcystein (NAC) [178]. Similar results were further obtained in 
curcumin-treated cervical cancer [139]. These reports indicate that curcumin induces au-
tophagy-mediated cell death by promoting ROS accumulation. However, the mechanisms 
underlying ROS-induced autophagy and the role of curcumin-induced autophagy in cell 
death remain largely elusive. 

4.3. Allicin 
In 1893, Fernie’s group firstly reported the benefits of functional foods, such as garlic 

and onion, for human health [179]. Garlic has been used as a spice since ancient times, and 
a wide range of ancient tests described its extensive use in the treatment of various dis-
eases. Allicin is the main bioactive ingredient in garlic and is responsible for the typical 
taste and smell of crushed garlic. It was proved that allicin is a thioester of sulfenic acid 
generated by an enzymatic reaction after injury of the garlic tissue [180]. Till now, allicin 
has been shown to display extensive biological actions and pharmacological functions, 
including antimicrobial, anti-inflammatory, anti-cancer, and immune-modulatory activi-
ties [181,182]. Allicin exhibits superior anti-cancer effects for a variety of cancers, covering 
leukemia, lymphoma, cholangiocarcinoma, gastric, hepatic, breast, lung, prostatic, renal, 
colon, endometrial, cervical, and bladder cancer [183]. On a molecular level, allicin can 
regulate many signaling pathways such as p53, STAT3, JNK, Nrf2, and MAPK. In addi-
tion, allicin suppresses cancer cell proliferation by modulating the interplay between ROS 
and autophagy. Namita’s group found allicin treatment led to the accumulation of ROS, 
the activation of MAPK/JNK, and the induction of autophagy in non small cell lung cancer 
(NSCLC) cells. The use of ROS eliminators could rescue allicin-induced MAPK/JNK acti-
vation and autophagy induction, indicating that allicin can induce MAPK/JNK-mediated 
autophagy by promoting ROS accumulation [157]. Meanwhile, authors further 
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interpreted that ROS-mediated autophagy at a low dose of allicin is cytoprotective, 
whereas a high dose of allicin leads to autophagic cell death. In addition, it was found that 
allicin could considerably induce oxidative stress and autophagy to suppress osteosar-
coma growth via inactivating the MALAT1-miR-376a-Wnt/β-catenin axis, or promote 
ROS production and p53-dependent autophagy in live cancer, but it is not clear whether 
autophagy was regulated by ROS [156,184]. 

4.4. Erianin 
Erianin is a low-molecular-weight bibenzyl natural product extracted from Den-

drobium chrysotoxum Lindl, a traditional Chinese medicine with extensive clinical applica-
tions due to its tonic, analgesic, astringent, and anti-inflammatory properties [185]. Mod-
ern pharmacological studies have shown that erianin have various biological activities, 
such as anti-cancer activity. For instance, erianin could induce apoptosis by reducing Bcl-
2 expression and activating caspase signaling in T47D human breast cancer cells, or via 
inhibiting ERK1/2ERKsignaling and activating p53 in cervical cancer cells [186,187]. 
Meanwhile, treatment with erianin could arrest the cell cycle at the G2/M phase by regu-
lating the expression of p53, p27, and p21 in cancers, including gastric cancer, colon can-
cer, and osteosarcoma. Cancer migration and angiogenesis could also be inhibited by er-
ianin through modulating the expression of ERα, p-ERK1/2, MMP2, MMP9, TIMP1/2, 
COX-2, HIF-1α, and IL-6, or the activation of JAK2/STAT3 [187]. Moreover, erianin was 
found to promote ROS accumulation, JNK activation, apoptosis, and autophagy. Pretreat-
ment with antioxidant NAC evidently reversed these consequences, implying that erianin 
induces autophagy through the ROS-dependent JNK/c-Jun pathway [126]. 

4.5. Chrysin 
Chrysin (5,7-di-OH-flavone) is a natural dietary flavonoid compound that exists 

abundantly many plant extracts such as honey, blue passion flower (Passiflora caerulea), 
Radix scutellariae, and Pleurotus ostreatus. Though the therapeutic application of chrysin in 
the clinic is still incipient on account of its low bioavailability and absorption, the diverse 
pharmacological activities of chrysin have attracted a lot of attention. Chrysin improved 
glucose and lipid metabolism disorders by activating the AMPK/PI3K/AKT signaling 
pathway in insulin-resistant HepG2 Cells [188]. In an animal model of agitated depression 
induced by olfactory bulbectomy (OB), chrysin had the ability to attenuate the depressant-
like behavior and hippocampal dysfunction depressant-like behavior, similarly to fluoxe-
tine [189]. Increasing evidence also demonstrates that chrysin exhibits anti-cancer effects 
[190,191]. In terms of molecular regulation, ROS was generated following treatment with 
chrysin to induced ER stress and apoptosis in bladder cancer cells [192]. Chrysin-treated 
anaplastic thyroid cancer (ATC) tumors revealed increased protein levels of Notch1 and 
Hes1 (hairy/enhancer of split 1), and activated Notch1 might induce cleaved Poly ADP 
ribose polymerase (PARP) protein, indicating that apoptosis could be induced to inhibit 
cancer cells [193]. A study also found that chrysin promoted the production of intracellu-
lar ROS, which inactivated AKT/mTOR signaling pathway and induced autophagy in en-
dometrial cancer. Inhibition of ROS-mediated autophagy further sensitized cancer cells to 
chrysin treatment, suggesting that chrysin induces ROS-mediated cytoprotective autoph-
agy in endometrial cancer [141]. 
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4.6. Isoorientin 
Isoorientin [160] is a glucoside composed of luteolin with a β-D-glucosyl residue at 

C-6, which was first discovered in rooibos by Koeppen’s group in 1962 [194]. Meanwhile, 
accumulating evidence has revealed that isoorientin is a kind of flavonoid and is sourced 
from a wide array of edible plants, such as fenugreek seeds and buckwheat groats. 
Isoorientin has a series of pharmacological activities including antioxidant, anti-inflam-
matory, and anti-cancer activities [195]. It has been proven that isoorientin could suppress 
epithelial-to-mesenchymal processes and cancer stem-cell-like features by inhibiting the 
Wnt/β-catenin/STAT3 pathway in oral squamous cell carcinoma [196]. Treatment with 
isoorientin could induce apoptosis in lung cancer cells through the ROS-mediated 
MAPK/STAT3/NF-κB signaling pathway [197]. Li Y et al. demonstrated that isoorientin 
could also inhibit the PI3K/AKT, p53, and NF-κB signal pathway and activate the JNK 
and p38 pathway by increasing ROS levels, leading to the induction of autophagy and 
apoptosis, thereby inhibiting the proliferation of liver cancer cells [160]. 

4.7. Capsaicin 
Pepper, one of the most popular vegetable crops in the world, is rich in minerals, 

vitamins, carotenoids, and capsaicinoids. One of the important compounds extracted 
from pepper is capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide), which is responsible 
for the irritant and burning consequences [198]. During the last couple of years, increasing 
evidence has demonstrated that capsaicin is a biologically active phytochemical that pos-
sesses multifarious pharmacological activities. It possesses an intensive pain relief func-
tion and early studies established fundamental concepts in pain neurobiology using cap-
saicin. The capsaicin 8% was proven to reduce spontaneous pain, mechanical allodynia, 
and cold-evoked pain in chemotherapy-induced peripheral neuropathy (CIPN) [199,200]. 
Moreover, it has anti-oxidant, anti-diabetes, weight loss, blood pressure falling, and anti-
cancer activities [201]. The anti-cancer activity of capsaicin has been observed in various 
cancers. Mechanistically, treatment with capsaicin could inhibit breast cancer prolifera-
tion by down-regulating the NF-κB pathway [202], and attenuated bladder cancer cell mi-
gration via SIRT1 inhibition to enhance cortactin and β-catenin acetylation [203]. Moreo-
ver, capsaicin can also induce apoptosis and cell cycle arrest through the suppression of 
EGFR and activation of the AMPK pathway [204]. In addition, capsaicin can also induce 
autophagy and ROS to inhibit the growth of cancer cells. For example, capsaicin inhibited 
PI3K/AKT pathways by inducing ROS generation to block autophagy, thus contributing 
to the inhibition of proliferation in prostate cancer cells [146]. In another study, capsaicin 
was reported to induce autophagy by enhancing ULK1 acetylation through reducing the 
deacetylase activity of the tumor-associated NADH oxidase-sirtuin 1 (tNOX-SIRT1) com-
plex. Meanwhile, capsaicin provoked the generation of ROS, which may play an im-
portant role in capsaicin-mediated suppression of SIRT1 activation and subsequent au-
tophagy induction in melanoma cancer cells [205]. 

4.8. Pristimerin 
Pristimerin is a quinone methide triterpenoid that was firstly extracted from Pri-

stimerae indica in 1951 [206]. Emerging evidence has demonstrated that pristimerin is a 
biologically active phytochemical possessing various biological effects, including anti-in-
flammatory, anti-bacterial, insecticidal, anti-viral, anti-fungal, and anti-cancer effects. Pri-
stimerin could inhibit Wnt/β-catenin signaling by activation of GSK3β, thereby suppress-
ing Wnt target gene expression to suppress the growth of colon cancer cells [207]. In ad-
dition, ROS accumulation could be caused by pristimerin treatment to induce ER stress, 
resulting in the activation of JNK signaling and induction of apoptosis in colon cancer 
cells [208]. Increasing evidence shows that pristimerin exerts an anti-cancer effect through 
modulating the relationship between autophagy and ROS. In detail, pristimerin could ac-
tivate JNK signaling by promoting ROS accumulation in chronic myeloid leukemia (CML) 
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cells. ROS-mediated JNK activation then triggered autophagy and apoptosis to inhibit 
cancer growth [127]. A similar effect of pristimerin on ROS and autophagy was also reca-
pitulated in breast cancer cells [128]. 

4.9. Neohesperidin 
Neohesperidin is a flavanone glycoside isolated from citrus fruits and is commonly 

used in the food industry, such as in the synthesis of neohesperidin dihydrochalcone 
(NHDC). Neohesperidin administration could attenuate obesity, low-grade inflamma-
tion, and insulin resistance by reversing high-fat diet (HFD)-induced intestinal microbiota 
dysbiosis in mice fed a HFD [209]. The combination of neohesperidin dihydrochalcone 
and empagliflozin inhibited oxidative stress liberation, inflammatory mediator produc-
tion, and apoptotic reactions to protect against methotrexate (MTX)-induced renal injury 
[210]. Other pharmacological activities of neohesperidin have also been observed, includ-
ing cardiovascular protection and suppression of osteoclast differentiation activity [211]. 
Moreover, neohesperidin has been proven to block the growth of cancer cells generally by 
inducing cell cycle arrest and promoting apoptosis. Notably, neohesperidin-treated cells 
exhibited higher levels of ROS, leading to the activation of JNK signaling and subsequent 
induction of autophagy, thereby provoking apoptosis in osteosarcoma cells [130]. 

4.10. Polyphyllins 
The rhizome of Paris polyphylla, named Chong-lou in traditional Chinese medicine, 

has been used to make various trademarked herbal regimes, such as “Yunnan Baiyao” 
and “Jidesheng Sheyaopian”. Chong-lou is applied to treat parotitis, mastitis, snakebite, 
fractures, throat, abscess convulsion, and various human malignancies [212]. It mainly 
contains steroidal saponins, phytoecdysones, phytosterols, and flavonoids, among which 
steroidal saponins are the major bioactive components [213]. Increasing evidence has 
shown that polyphyllins, a class of steroidal saponins, regulated redox homeostasis and 
autophagy to inhibit cancer cell growth. For example, poplyphylla VI (PPVI) treatment 
led to an elevation of ROS levels, which triggered autophagic cell death by inactivating 
the mTOR signaling pathway in NSCLC [214]. It has also been reported that PPVI could 
promote ROS generation to activate the JNK signaling pathway, resulting in the induction 
of autophagy and apoptosis in glioma and osteosarcoma cells [131,215]. In addition to 
PPVI, polyphyllin VII (PPVII) was found to promote ROS accumulation to inhibit 
AKT/mTOR signaling, thereby inducing cytotoxic autophagy in glioma cells [216]. 

4.11. Magnoflorine 
Magnoflorine is a vital quaternary aporphine alkaloid extracted from various genera 

of flowering plant families, such as Menispermaceae, Ranunculaceae, and Magnoliaceae [217]. 
Increasing studies have revealed that magnoflorine exhibits various pharmacological ac-
tivities, including anti-inflammatory, antioxidant, anti-diabetic, antifungal, hypotensive, 
and immunomodulatory activities. In recent years, the anti-cancer effect of magnoflrine 
has aroused much attention. Magnoflorine has been shown to activate p38 and inhibit 
AKT/mTOR signaling pathways to induce autophagy, which further exacerbated doxoru-
bicin-induced apoptosis, thereby increasing the sensitivity of breast cancer cells to doxo-
rubicin [218]. In gastric cancer, magnoflorine could promote autophagic cell death 
through the generation of ROS and suppression of AKT/mTOR signaling [134]. 

4.12. Baicalin 
The roots of S.baicalensis Georgi, Scutellaria rivularia wall, Scutellaria galericulata, and 

Scutellaria lateflora L. belong to Chinese herbal medicine and were once used to cure dys-
entery, hyperlipidemia, hypertension, atherosclerosis, and respiratory ailments in ancient 
China. Baicalin, and its aglycone, baicalein, is a flavonoid and bioactive phytochemical 
extracted from these roots. Baicalin and baicalein have been proven to exhibit numerous 
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pharmacological activities. Baicalin could protect LPS-induced blood-brain barrier dam-
age and decrease ROS generation by activating the Nrf2 pathway [219]. Baicalin treatment 
could effectively attenuate acetaminophen (APAP)-induced liver injury by enhancing the 
ERK signaling pathway, so also has hepatoprotective properties. Moreover, baicalin is a 
cardioprotective, antiviral, neuroprotective, and antithrombotic agent [220,221]. As early 
as 1994, researchers found that baicalin had the ability to inhibit liver cancer growth [222]. 
Nowadays, it has been demonstrated that the growth of various cancers, such as lung, 
breast, bladder, and colon cancers, could also be suppressed by baicalin [223]. For exam-
ple, baicalin was able to induce ROS accumulation to inhibit the PI3K/AKT/mTOR signal-
ing, thereby triggering cytotoxic autophagy in human osteosarcoma cells [136]. In another 
study, baicalin was loaded with folic acid-modified albumin nanoparticles (FA-
BSANPs/BA) to improve its biocompatibility and prolong its circulation time in vivo. The 
FA-BSANPs/BA nanoparticles were found to elevate ROS levels, inactivate AKT/mTOR 
signaling, and induce cytotoxic autophagy and apoptosis in breast cancer [137]. These re-
sults demonstrate that baicalin can regulate ROS-mediated autophagy in cancer. 

4.13. Bigelovin 
Bigelovin is a sesquiterpene lactone extracted from Inula helianthus-aquatica and has 

been identified as a selective retinoid X receptor α agonist. Several studies have demon-
strated that bigelovin exhibited anti-cancer activities [224,225]. Bigelovin was evidenced 
to inhibit the growth of many cancers, including lung cancer, glioma, gastric cancer, and 
leukemia. For example, bigelovin treatment promoted ROS generation, leading to the in-
duction of apoptosis and autophagy in liver cancer cells. Inhibition of autophagy sensi-
tized liver cancer cells to bigelovin treatment, suggesting that bigelovin-induced autoph-
agy is cytoprotective [138]. However, whether ROS plays a role in bigelovin-induced pro-
tective autophagy requires further investigation. 

4.14. Diosgenin 
Sapogenins are a series of glycoside chemicals extracted from numerous natural 

products that are beneficial to health. Diosgenin is a steroidal sapogenin, which is plenti-
ful in Smilax china, Rhizoma polgonati, Dioscorea villosa, Dioscorea rhizome, and Trigonella foe-
num-graecum, and can also be found in the Dioscoreaceae, Liliaceae, Scrophulariaceae, Rham-
naceae, Solanaceae, Leguminosae, Amaryllidaceae, and Agavaceae families. Diosgenin has been 
widely studied for its excellent therapeutic effect on various chronic diseases. Im-
portantly, diosgenin has been used as a principal precursor compound for the synthesis 
of several steroidal drugs by pharmaceutical companies [226]. Multiple investigations 
suggest that diosgenin has diverse biological activities, such as antioxidant, hypoli-
pidemic, anti-inflammatory, anti-proliferative, and hypoglycemic activities. Recently, its 
anti-cancer effect has drawn much attention. In a transgenic prostate cancer mouse model, 
diosgenin could abrogate NF-κB/STAT3 activation, and this action attenuated cancer cell 
growth and metastasis [227]. In addition, diosgenin could sensitize HCC and gastric can-
cer cells to doxorubicin and inhibitors of the enhancer of zeste homology 2 (EZH2), re-
spectively [228,229]. Specifically, it has been shown that diosgenin can inhibit mTOR path-
way by up-regulating ROS generation to induce autophagy in chronic myeloid leukemia 
cells, and inhibiting autophagy can enhance diosgenin-induced apoptosis [139]. 

4.15. Trichosanthin 
The root tuber of Trichosanthes kirilowii (Gua Lou) from the family of Cucurbitaceae 

was used in traditional Chinese medicine as an abortifacient called Tian Hua Fen. Both 
Simiao Sun and Shizhen Li recorded that Tian Hua Fen can deal with abortion, abnormal 
menstruation, and retained placenta in the traditional medical book Qianjin Yifang and 
Compendium of Materia Medica, respectively [230,231]. The precipitated Tian Hua Fen 
powder was crystallized in barbitone buffer and acquired as the single protein powder of 
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trichosanthin in 1982. Trichosanthin is a type 1 ribosome-inactivating protein (RIP), which 
can be activated by removing the N-terminal 23 aa signal peptide and C-terminal 19 aa 
peptide. Activated trichosanthin can cleave the N-glycosidic bond at adenine-4324 of 28S 
rRNA to intercept the protein synthesis function of the ribosomes, leading to cell death. 
Recently, trichosanthin was found to exhibit anti-virus activity against human immuno-
deficiency virus (HIV), herpes simplex virus (HSV), and hepatitis B virus (HBV) [232,233]. 
Besides, it has been demonstrated that trichosanthin could also inhibit the growth of can-
cer cells by inducing apoptosis, autophagy, and cell cycle arrest [233]. In human gastric 
cancer cells, Trichosanthin could induce ROS generation. Trichosanthin-mediated ROS 
accumulation led to increased phosphorylation of NF-κB and p53, which then inhibited 
cell proliferation by inducing autophagy [153]. However, how NF-κB and p53 cooperate 
to induce autophagy needs to be further investigated. Notably, the half-life of trichosan-
thin in the body is very short because it can be easily filtered and cleared by the kidney, 
which severely limits its application. In this regard, some studies linked trichosanthin 
with the albumin binding domain mutant ABD035 (abbreviated as ABD), and found that 
trichosanthin-ABD could bind with endogenous human serum albumin by ABD to pro-
long its half-life and enhance the anti-cancer effect in vivo [234]. 

4.16. Piperlongumine 
Piper longum L. is the most famous species of the pepper family and can be used to 

make spices such as black pepper. Its seeds, roots, and fruits have been used as herbal 
medicine because of the various medicinal properties [235,236]. There are many biologi-
cally active components extracted from Piper longum L. such as piperlongumine. Piper-
longumine is an alkaloid/amide and can also be found in other piper plants such as Piper 
arborescens Roxb and Piper chaba Hunter. Chatterjee and co-workers firstly identified the 
chemical structure of piperlongumine in the 1960s. Recently, a series of studies have 
shown that piperlongumine exhibits various pharmacological activities. For example, 
piperlongumine could mitigate hyperglycemia via rescuing pancreatic β cells, and inhib-
its inflammation and apoptosis by modulating the GLUT-2/4 and AKT signaling pathway 
in streptozotocin-induced diabetic rats [237]. Piperlongumine could also inhibit the NF-
κB and MAPK signaling pathways to protect the brain against ischemic cerebral injury 
[236,238]. In addition, piperlongumine was found to exhibit promise anti-cancer activities 
in various cancers. In castration-resistant prostate cancer cells, DNA could be damaged 
persistently by piperlongumine treatment to inhibit proliferation, migration, and invasion 
of prostate cancer cells [239]. Apoptosis and cell cycle arrest can also be induced by piper-
longumine in gastric, cervical, and colorectal cancer cells [240]. San-Yuan Chen et al. 
proved that treatment with piperlongumine activated ERK pathway to induce autophagy 
in biliary cancer, which can be recovered by NAC. It demonstrated that piperlongumine 
could induce autophagy via ROS-mediated REK signaling, but whether autophagy par-
ticipates in the anti-cancer of piperlongumine requires further investigation [155]. 

4.17. Betulinic Acid 
Betulinic acid is a naturally pentacyclic triterpenoid that is widely distributed in Bet-

ula species plants and can also be found in various species of the Syzygium, Diospyros, 
genera Ziziphus, and Paeonia. It is proven that BA has strong anti-HIV effects. Several de-
rivatives possessing anti-HIV properties have been synthesized and have entered phase 
I/II clinical trials. Pisha et al. firstly found that betulinic acid could selectively inhibit the 
growth of human melanoma in 1995. From then on, its anti-tumor activity has been exten-
sively reported. Betulinic acid can serve as a potential inducer of apoptosis or autophagy 
in various cancers. In human cervical cancer cells, treatment with betulinic acid could 
downregulate PI3K/Akt signaling by promoting ROS generation, resulting in the stimu-
lation of mitochondrial pathway of apoptosis [241]. Besides, Yan Zhang et al. found that 
BA could activate the AMPK/mTOR/ULK1 pathway by increasing ROS generation to 
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induce autophagy in human bladder cancer cells, and inhibition of ROS-mediated autoph-
agy could restore BA-induced apoptosis [152]. 

4.18. Rg3-Enriched Red Ginseng Extract (Rg3-RGE) 
Panax ginseng, a Chinese herbal medicine, has been applied to treat different diseases 

and enhance immunity for more than 2000 years. Ginseng contains various bioactive com-
pounds, including ginsenosides, peptides, polysaccharides, mineral oils, and fatty acids 
[242]. Rg3-enriched red ginseng extract (Rg3-RGE) is a single ginnsenoside extracted from 
panax ginseng and is well known for its pharmacological activities, including inhibiting 
platelet activation and thrombus formation, anti-inflammatory, and anti-diabetic activi-
ties [243]. Increasing studies demonstrated Rg3-RGE could also inhibit the growth of can-
cers such as lung cancer. Rg3-RGE treatment led to mitochondrial damage and increased 
the levels of mitochondrial ROS in lung cancer cells. It then generated ROS-induced 
PINK1-Parkin mediated mitophagy to remove damaged mitochondria, suppression of 
which by mitophagy inhibitors promoted mitochondrial dysfunction and resultant cell 
death [244]. 

5. Discussion 
In this review, we presented a straightforward introduction to the autophagy process 

and its role in cancer, explained the reciprocal regulatory relationship between ROS and 
autophagy, and illustrated some phytochemicals that can regulate the relationship be-
tween autophagy and ROS through different signaling pathways in cancer. What we can 
conclude is that ROS may activate dormant oncogenes by acting as a signaling molecule, 
but beyond that point, ROS also cause DNA damage to induce cancer cell death. Mean-
while, autophagy inhibits cancer formation in normal tissue while promoting tumor pro-
gression in advanced cancer. In addition, autophagy can regulate ROS levels by removing 
cellular oxidized components and ROS can also promote and modulate autophagy 
through complex mechanisms. Therefore, ROS and autophagy have diversified impact on 
cancer because they can exhibit changeable functions and dynamic processes as well as 
mutual regulation depending on cell type and microenvironment. Therefore, understand-
ing and manipulating the relationship between ROS and autophagy is expected to in-
crease drug sensitivity and provide new insights into cancer treatment. 

Cancer treatment has been regarded as one of the most critical and important topics 
in clinical issues. Increased therapeutics have been developed depending on the types and 
stages of the cancer, and chemotherapy remains a main therapeutical strategy at present. 
However, drug resistance and toxic side effects markedly limit the clinical application of 
many existing chemotherapeutic drugs. Considering the extraordinary chemical diversity 
and generally acceptable toxicity, natural products are considered as a strong source for 
anti-cancer drug discovery. Phytochemicals are biologically active substances found in 
plants. Extensive studies have illustrated their anti-cancer activities in various types of 
cancers through multiple mechanisms, such as the modulation of autophagy and ROS. 
Interestingly, whether autophagy induced by phytochemical-mediated ROS leads to can-
cer cell survival or death may depend on the cell type. For example, autophagy induced 
by diosgenin-mediated ROS accumulation plays a protective role in chronic myeloid leu-
kemia cells; the use of autophagy inhibitors can increase diosgenin-induced apoptosis. 
However, baicalin-induced autophagy through ROS/AKT/mTOR signaling has a harmful 
effect on breast cancer. Furthermore, celastrol was reported to promote apoptosis induc-
tion in osteosarcoma by ROS/JNK-mediated autophagy, whereas the celastrol-mediated 
ROS accumulation and autophagy induction promote the survival of glioma cells. There-
fore, using antioxidants or autophagy inhibitors to suppress ROS-mediated protective au-
tophagy may be a potential therapeutic approach for cancer treatment. However, in some 
cases, the use of antioxidants or autophagy inhibitors may also reduce ROS- or autoph-
agy-induced cell death. Hence, it is necessary to have a broad understanding of the cellu-
lar events (such as tissue, cell, stage, autophagy levels, and ROS levels) occurring in 
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different cancers, which can enable us to strictly monitor ROS, autophagy, and cancer cell 
death in vivo, and select more effective drug combinations for various therapies. 

Many phytochemicals are in the relatively early stages of drug development, and 
there are several challenges and problems that need to be solved. Firstly, the assessment 
of most anti-cancer studies are dependent on in vitro evaluation, and drug-associated tox-
icity is an important barrier for currently available chemotherapeutic agents. Thus, animal 
studies and preclinical studies need to be conducted to verify their anti-cancer effects and 
side effects, as well as the optimal concentration or dose for use. During the process of 
animal studies, the control group must be conducted strictly to evaluate the outcome of 
experimental conditions. Secondly, the low solubility and poor bioavailability of natural 
extracts limit their further clinical research and development. The development of biopol-
ymeric materials for gene and agent transport has become a promising area in biomedical 
research. Encapsulating the drug in nanoparticles can modulate the speed of drug release, 
increase the permeability of biofilm, change the distribution in the body, and improve the 
drug bioavailability. Therefore, the studies of phytochemicals delivery and nanoparticles 
are expected to solve these problems. 

Author Contributions: L.D., J.H. and K.W. contributed to the writing and editing process of the 
manuscript. L.D. and J.H. was involved in the creation of the figures. K.W. and L.L. came up with 
the original idea of the study, corrected and approved the final manuscript. All authors have read 
and agreed to the published version of the manuscript. 

Funding: This research was funded by the Chinese NSFC (82002963, 81821002, 82273122, 82073081, 
81872277), Guangdong Basic and Applied Basic Research Foundation (2019B030302012), and 1·3·5 
project of excellent development of discipline of West China Hospital of Sichuan University 
(ZYYC21001). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

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

References 
1. Deter, R.L.; Baudhuin, P.; De Duve, C. Participation of lysosomes in cellular autophagy induced in rat liver by glucagon. J. Cell 

Biol. 1967, 35, C11–C16. 
2. Klionsky, D.J.; Cregg, J.M.; Dunn, W.A., Jr.; Emr, S.D.; Sakai, Y.; Sandoval, I.V.; Sibirny, A.; Subramani, S.; Thumm, M.; Veenhuis, 

M.; et al. A unified nomenclature for yeast autophagy-related genes. Dev. Cell 2003, 5, 539–545. https://doi.org/10.1016/s1534-
5807(03)00296-x. 

3. Dikic, I.; Elazar, Z. Mechanism and medical implications of mammalian autophagy. Nat. Rev. Mol. Cell Biol. 2018, 19, 349–364. 
https://doi.org/10.1038/s41580-018-0003-4. 

4. Klionsky, D.J.; Petroni, G.; Amaravadi, R.K.; Baehrecke, E.H.; Ballabio, A.; Boya, P.; Bravo-San Pedro, J.M.; Cadwell, K.; Cecconi, 
F.; Choi, A.M.K.; et al. Autophagy in major human diseases. EMBO J. 2021, 40, e108863. 
https://doi.org/10.15252/embj.2021108863. 

5. 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. 
https://doi.org/10.15252/embj.201490784. 

6. Avalos, Y.; Canales, J.; Bravo-Sagua, R.; Criollo, A.; Lavandero, S.; Quest, A.F. Tumor suppression and promotion by autophagy. 
BioMed Res. Int. 2014, 2014, 603980. https://doi.org/10.1155/2014/603980. 

7. Kenific, C.M.; Debnath, J. Cellular and metabolic functions for autophagy in cancer cells. Trends Cell Biol. 2015, 25, 37–45. 
https://doi.org/10.1016/j.tcb.2014.09.001. 

8. Yang, S.S.; Lian, G.J. ROS and diseases: Role in metabolism and energy supply. Mol. Cell. Biochem. 2020, 467, 13. 
https://doi.org/10.1007/s11010-020-03697-8. 

9. Cheung, E.C.; Vousden, K.H. The role of ROS in tumour development and progression. Nat. Rev. Cancer 2022, 22, 280–297. 
https://doi.org/10.1038/s41568-021-00435-0. 

10. Wang, K.; Jiang, J.W.; Lei, Y.L.; Zhou, S.T.; Wei, Y.Q.; Huang, C.H. Targeting Metabolic-Redox Circuits for Cancer Therapy. 
Trends Biochem. Sci. 2019, 44, 401–414. https://doi.org/10.1016/j.tibs.2019.01.001. 



Pharmaceuticals 2023, 16, 92 17 of 26 
 

 

11. Ornatowski, W.; Lu, Q.; Yegambaram, M.; Garcia, A.E.; Zemskov, E.A.; Maltepe, E.; Fineman, J.R.; Wang, T.; Black, S.M. 
Complex interplay between autophagy and oxidative stress in the development of pulmonary disease. Redox Biol. 2020, 36, 
101679. https://doi.org/10.1016/j.redox.2020.101679. 

12. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN 
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. 
https://doi.org/10.3322/caac.21660. 

13. Sak, K. Chemotherapy and dietary phytochemical agents. Chemother. Res. Pract. 2012, 2012, 282570. 
https://doi.org/10.1155/2012/282570. 

14. Jain, D.; Aronow, W. Cardiotoxicity of cancer chemotherapy in clinical practice. Hosp. Pract. 2019, 47, 6–15. 
https://doi.org/10.1080/21548331.2018.1530831. 

15. Weingart, S.N.; Zhang, L.; Sweeney, M.; Hassett, M. Chemotherapy medication errors. Lancet Oncol. 2018, 19, e191–e199. 
https://doi.org/10.1016/S1470-2045(18)30094-9. 

16. Sporn, M.B. Approaches to prevention of epithelial cancer during the preneoplastic period. Cancer Res. 1976, 36, 2699–2702. 
17. Yan, W.; Yang, J.; Tang, H.; Xue, L.; Chen, K.; Wang, L.; Zhao, M.; Tang, M.; Peng, A.; Long, C.; et al. Flavonoids from the stems 

of Millettia pachyloba Drake mediate cytotoxic activity through apoptosis and autophagy in cancer cells. J. Adv. Res. 2019, 20, 
117–127. https://doi.org/10.1016/j.jare.2019.06.002. 

18. Tafrihi, M.; Imran, M.; Tufail, T.; Gondal, T.A.; Caruso, G.; Sharma, S.; Sharma, R.; Atanassova, M.; Atanassov, L.; Valere Tsouh 
Fokou, P.; et al. The Wonderful Activities of the Genus Mentha: Not Only Antioxidant Properties. Molecules 2021, 26, 1118. 
https://doi.org/10.3390/molecules26041118. 

19. Kumar, S.; Gupta, S. Dietary phytochemicals and their role in cancer chemoprevention. J. Cancer Metastasis Treat. 2021, 7. 
https://doi.org/10.20517/2394-4722.2021.125. 

20. Chen, Y.C.; Wang, P.Y.; Huang, B.M.; Chen, Y.J.; Lee, W.C.; Chen, Y.C. 16-Hydroxycleroda-3,13-dien-15,16-olide Induces 
Apoptosis in Human Bladder Cancer Cells through Cell Cycle Arrest, Mitochondria ROS Overproduction, and Inactivation of 
EGFR-Related Signalling Pathways. Molecules 2020, 25, 3958. https://doi.org/10.3390/molecules25173958. 

21. Lai, C.; Liang, Y.; Zhang, L.; Huang, J.; Kaliaperumal, K.; Jiang, Y.; Zhang, J. Variations of Bioactive Phytochemicals and 
Antioxidant Capacity of Navel Orange Peel in Response to Different Drying Methods. Antioxidants 2022, 11, 1543. 
https://doi.org/10.3390/antiox11081543. 

22. Yamamoto, H.; Fujioka, Y.; Suzuki, S.W.; Noshiro, D.; Suzuki, H.; Kondo-Kakuta, C.; Kimura, Y.; Hirano, H.; Ando, T.; Noda, 
N.N.; et al. The Intrinsically Disordered Protein Atg13 Mediates Supramolecular Assembly of Autophagy Initiation Complexes. 
Dev. Cell 2016, 38, 86–99. https://doi.org/10.1016/j.devcel.2016.06.015. 

23. Wirth, M.; Joachim, J.; Tooze, S.A. Autophagosome formation--the role of ULK1 and Beclin1-PI3KC3 complexes in setting the 
stage. Semin. Cancer Biol. 2013, 23, 301–309. https://doi.org/10.1016/j.semcancer.2013.05.007. 

24. Noda, T.; Matsunaga, K.; Taguchi-Atarashi, N.; Yoshimori, T. Regulation of membrane biogenesis in autophagy via PI3P 
dynamics. Semin. Cell Dev. Biol. 2010, 21, 671–676. https://doi.org/10.1016/j.semcdb.2010.04.002. 

25. Wollert, T. Autophagy. Curr. Biol. 2019, 29, R671–R677. https://doi.org/10.1016/j.cub.2019.06.014. 
26. Proikas-Cezanne, T.; Takacs, Z.; Donnes, P.; Kohlbacher, O. WIPI proteins: Essential PtdIns3P effectors at the nascent 

autophagosome. J. Cell Sci. 2015, 128, 207–217. https://doi.org/10.1242/jcs.146258. 
27. Dooley, H.C.; Razi, M.; Polson, H.E.; Girardin, S.E.; Wilson, M.I.; Tooze, S.A. WIPI2 links LC3 conjugation with PI3P, 

autophagosome formation, and pathogen clearance by recruiting Atg12-5-16L1. Mol. Cell 2014, 55, 238–252. 
https://doi.org/10.1016/j.molcel.2014.05.021. 

28. Strong, L.M.; Chang, C.; Riley, J.F.; Boecker, C.A.; Flower, T.G.; Buffalo, C.Z.; Ren, X.; Stavoe, A.K.; Holzbaur, E.L.; Hurley, J.H. 
Structural basis for membrane recruitment of ATG16L1 by WIPI2 in autophagy. Elife 2021, 10, e70372. 
https://doi.org/10.7554/eLife.70372. 

29. Fracchiolla, D.; Chang, C.; Hurley, J.H.; Martens, S. A PI3K-WIPI2 positive feedback loop allosterically activates LC3 lipidation 
in autophagy. J. Cell Biol. 2020, 219, e201912098. https://doi.org/10.1083/jcb.201912098. 

30. Kabeya, Y.; Mizushima, N.; Ueno, T.; Yamamoto, A.; Kirisako, T.; Noda, T.; Kominami, E.; Ohsumi, Y.; Yoshimori, T. LC3, a 
mammalian homolog of yeast Apg8p, is localized in autophagosome membranes after processing. EMBO J. 2003, 22, 4577–4577. 

31. Tanida, I.; Ueno, T.; Kominami, E. Human light chain 3/MAP1LC3B is cleaved at its carboxyl-terminal Met121 to expose Gly120 
for lipidation and targeting to autophagosomal membranes. J. Biol. Chem. 2004, 279, 47704–47710. 
https://doi.org/10.1074/jbc.M407016200. 

32. Hamasaki, M.; Furuta, N.; Matsuda, A.; Nezu, A.; Yamamoto, A.; Fujita, N.; Oomori, H.; Noda, T.; Haraguchi, T.; Hiraoka, Y.; 
et al. Autophagosomes form at ER-mitochondria contact sites. Nature 2013, 495, 389–393. https://doi.org/10.1038/nature11910. 

33. Rockenfeller, P.; Koska, M.; Pietrocola, F.; Minois, N.; Knittelfelder, O.; Sica, V.; Franz, J.; Carmona-Gutierrez, D.; Kroemer, G.; 
Madeo, F. Phosphatidylethanolamine positively regulates autophagy and longevity. Cell Death Differ. 2015, 22, 499–508. 
https://doi.org/10.1038/cdd.2014.219. 

34. Deng, Z.; Purtell, K.; Lachance, V.; Wold, M.S.; Chen, S.; Yue, Z. Autophagy Receptors and Neurodegenerative Diseases. Trends 
Cell Biol. 2017, 27, 491–504. https://doi.org/10.1016/j.tcb.2017.01.001. 

35. Johansen, T.; Lamark, T. Selective Autophagy: ATG8 Family Proteins, LIR Motifs and Cargo Receptors. J. Mol. Biol. 2020, 432, 
80–103. https://doi.org/10.1016/j.jmb.2019.07.016. 



Pharmaceuticals 2023, 16, 92 18 of 26 
 

 

36. Wu, X.Y.; Luo, L.; Kong, R.X.; Song, Y.B.; Li, Q.F.; Nice, E.C.; Wang, K. Recent advances in autophagic machinery: A proteomic 
perspective. Expert Rev. Proteomic 2020, 17, 561–579. https://doi.org/10.1080/14789450.2020.1808464. 

37. Noda, N.N. Atg2 and Atg9: Intermembrane and interleaflet lipid transporters driving autophagy. BBA-Mol. Cell Biol. 2021, 1866, 
158956. https://doi.org/10.1016/j.bbalip.2021.158956. 

38. Yamamoto, H.; Kakuta, S.; Watanabe, T.M.; Kitamura, A.; Sekito, T.; Kondo-Kakuta, C.; Ichikawa, R.; Kinjo, M.; Ohsumi, Y. 
Atg9 vesicles are an important membrane source during early steps of autophagosome formation. J. Cell Biol. 2012, 198, 219–
233. https://doi.org/10.1083/jcb.201202061. 

39. Orsi, A.; Razi, M.; Dooley, H.C.; Robinson, D.; Weston, A.E.; Collinson, L.M.; Tooze, S.A. Dynamic and transient interactions of 
Atg9 with autophagosomes, but not membrane integration, are required for autophagy. Mol. Biol. Cell 2012, 23, 1860–1873. 
https://doi.org/10.1091/mbc.E11-09-0746. 

40. Noda, T. Autophagy in the context of the cellular membrane-trafficking system: The enigma of Atg9 vesicles. Biochem. Soc. Trans. 
2017, 45, 1323–1331. https://doi.org/10.1042/bst20170128. 

41. Papinski, D.; Schuschnig, M.; Reiter, W.; Wilhelm, L.; Barnes, C.A.; Maiolica, A.; Hansmann, I.; Pfaffenwimmer, T.; Kijanska, 
M.; Stoffel, I.; et al. Early steps in autophagy depend on direct phosphorylation of Atg9 by the Atg1 kinase. Mol. Cell 2014, 53, 
471–483. https://doi.org/10.1016/j.molcel.2013.12.011. 

42. Barnard, R.A.; Regan, D.P.; Hansen, R.J.; Maycotte, P.; Thorburn, A.; Gustafson, D.L. Autophagy Inhibition Delays Early but 
Not Late-Stage Metastatic Disease. J. Pharmacol. Exp. Ther. 2016, 358, 282–293. https://doi.org/10.1124/jpet.116.233908. 

43. Guo, J.Y.; Xia, B.; White, E. Autophagy-mediated tumor promotion. Cell 2013, 155, 1216–1219. 
https://doi.org/10.1016/j.cell.2013.11.019. 

44. Li, X.; He, S.; Ma, B. Autophagy and autophagy-related proteins in cancer. Mol. Cancer 2020, 19, 12. 
https://doi.org/10.1186/s12943-020-1138-4. 

45. Yue, Z.Y.; Jin, S.K.; Yang, C.W.; Levine, A.J.; Heintz, N. Beclin 1, an autophagy gene essential for early embryonic development, 
is a haploinsufficient tumor suppressor. Proc. Natl. Acad. Sci. USA 2003, 100, 15077–15082. 
https://doi.org/10.1073/pnas.2436255100. 

46. Qu, X.P.; Yu, J.; Bhagat, G.; Furuya, N.; Hibshoosh, H.; Troxel, A.; Rosen, J.; Eskelinen, E.L.; Mizushima, N.; Ohsumi, Y.; et al. 
Promotion of tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene. J. Clin. Investig. 2003, 112, 1809–1820. 
https://doi.org/10.1172/Jci200320039. 

47. Takamura, A.; Komatsu, M.; Hara, T.; Sakamoto, A.; Kishi, C.; Waguri, S.; Eishi, Y.; Hino, O.; Tanaka, K.; Mizushima, N. 
Autophagy-deficient mice develop multiple liver tumors. Genes Dev. 2011, 25, 795–800. https://doi.org/10.1101/gad.2016211. 

48. Su, Y.X.; Qian, H.L.; Zhang, H.Y.; Wang, S.Y.; Shi, P.; Peng, X.X. The diversity expression of p62 in digestive system cancers. 
Clin. Immunol. 2005, 116, 118–123. https://doi.org/10.1016/j.clim.2005.04.004. 

49. Stumptner, C.; Heid, H.; Fuchsbichler, A.; Hauser, H.; Mischinger, H.J.; Zatloukal, K.; Denk, H. Analysis of intracytoplasmic 
hyaline bodies in a hepatocellular carcinoma—Demonstration of p62 as major constituent. Am. J. Pathol. 1999, 154, 1701–1710. 
https://doi.org/10.1016/S0002-9440(10)65426-0. 

50. Umemura, A.; He, F.; Taniguchi, K.; Nakagawa, H.; Yamachika, S.; Font-Burgada, J.; Zhong, Z.Y.; Subramaniam, S.; 
Raghunandan, S.; Duran, A.; et al. p62, Upregulated during Preneoplasia, Induces Hepatocellular Carcinogenesis by 
Maintaining Survival of Stressed HCC-Initiating Cells. Cancer Cell 2016, 29, 935–948. https://doi.org/10.1016/j.ccell.2016.04.006. 

51. Thompson, H.G.R.; Harris, J.W.; Wold, B.J.; Lin, F.; Brody, J.P. p62 overexpression in breast tumors and regulation by prostate-
derived Ets factor in breast cancer cells. Oncogene 2003, 22, 2322–2333. https://doi.org/10.1038/sj.onc.1206325. 

52. Inoue, D.; Suzuki, T.; Mitsuishi, Y.; Miki, Y.; Suzuki, S.; Sugawara, S.; Watanabe, M.; Sakurada, A.; Endo, C.; Uruno, A.; et al. 
Accumulation of p62/SQSTM1 is associated with poor prognosis in patients with lung adenocarcinoma. Cancer Sci. 2012, 103, 
760–766. https://doi.org/10.1111/j.1349-7006.2012.02216.x. 

53. Bhatt, V.; Khayati, K.; Hu, Z.S.; Lee, A.; Kamran, W.; Su, X.Y.; Guo, J.Y. Autophagy modulates lipid metabolism to maintain 
metabolic flexibility for Lkb1-deficient Kras-driven lung tumorigenesis. Genes Dev. 2019, 33, 150–165. 
https://doi.org/10.1101/gad.320481.118. 

54. Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 168, 960–976. 
https://doi.org/10.1016/j.cell.2017.02.004. 

55. Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat. 
Cell Biol. 2011, 13, 132-141. https://doi.org/10.1038/ncb2152. 

56. Jung, C.H.; Jun, C.B.; Ro, S.H.; Kim, Y.M.; Otto, N.M.; Cao, J.; Kundu, M.; Kim, D.H. ULK-Atg13-FIP200 Complexes Mediate 
mTOR Signaling to the Autophagy Machinery. Mol. Biol. Cell 2009, 20, 1992–2003. https://doi.org/10.1091/mbc.E08-12-1249. 

57. Puente, C.; Hendrickson, R.C.; Jiang, X.J. Nutrient-regulated Phosphorylation of ATG13 Inhibits Starvation-induced Autophagy. 
J. Biol. Chem. 2016, 291, 6026–6035. https://doi.org/10.1074/jbc.M115.689646. 

58. Wong, P.M.; Feng, Y.; Wang, J.R.; Shi, R.; Jiang, X.J. Regulation of autophagy by coordinated action of mTORC1 and protein 
phosphatase 2A. Nat. Commun. 2015, 6, 8048. https://doi.org/10.1038/ncomms9048. 

59. Torii, S.; Yoshida, T.; Arakawa, S.; Honda, S.; Nakanishi, A.; Shimizu, S. Identification of PPM1D as an essential Ulk1 
phosphatase for genotoxic stress-induced autophagy. EMBO Rep. 2016, 17, 1552–1564. https://doi.org/10.15252/embr.201642565. 

60. Memisoglu, G.; Eapen, V.V.; Yang, Y.; Klionsky, D.J.; Haber, J.E. PP2C phosphatases promote autophagy by dephosphorylation 
of the Atg1 complex. Proc. Natl. Acad. Sci. USA 2019, 116, 1613–1620. https://doi.org/10.1073/pnas.1817078116. 



Pharmaceuticals 2023, 16, 92 19 of 26 
 

 

61. Egan, D.F.; Chun, M.G.H.; Vamos, M.; Zou, H.X.; Rong, J.; Miller, C.J.; Lou, H.J.; Raveendra-Panickar, D.; Yang, C.C.; Sheffler, 
D.J.; et al. Small Molecule Inhibition of the Autophagy Kinase ULK1 and Identification of ULK1 Substrates. Mol. Cell 2015, 59, 
285–297. https://doi.org/10.1016/j.molcel.2015.05.031. 

62. Nazio, F.; Strappazzon, F.; Antonioli, M.; Bielli, P.; Cianfanelli, V.; Bordi, M.; Gretzmeier, C.; Dengjel, J.; Piacentini, M.; Fimia, 
G.M.; et al. mTOR inhibits autophagy by controlling ULK1 ubiquitylation, self-association and function through AMBRA1 and 
TRAF6. Nat. Cell Biol. 2013, 15, 406–416. https://doi.org/10.1038/ncb2708. 

63. Vander Haar, E.; Lee, S.; Bandhakavi, S.; Griffin, T.J.; Kim, D.H. Insulin signalling to mTOR mediated by the Akt/PKB substrate 
PRAS40. Nat. Cell Biol. 2007, 9, 316–323. https://doi.org/10.1038/ncb1547. 

64. Paquette, M.; El-Houjeiri, L.; Pause, A. mTOR Pathways in Cancer and Autophagy. Cancers 2018, 10, 18. 
https://doi.org/10.3390/cancers10010018. 

65. Al-Bari, M.A.A.; Xu, P. Molecular regulation of autophagy machinery by mTOR-dependent and -independent pathways. Ann. 
N. Y. Acad. Sci. 2020, 1467, 3–20. https://doi.org/10.1111/nyas.14305. 

66. Bowman, C.J.; Ayer, D.E.; Dynlacht, B.D. Foxk proteins repress the initiation of starvation-induced atrophy and autophagy 
programs. Nat. Cell Biol. 2014, 16, 1202–1214. https://doi.org/10.1038/ncb3062. 

67. Maehama, T.; Dixon, J.E. The tumor suppressor, PTEN/MMAC1, dephosphorylates the lipid second messenger, 
phosphatidylinositol 3,4,5-trisphosphate. J. Biol. Chem. 1998, 273, 13375–13378. https://doi.org/10.1074/jbc.273.22.13375. 

68. Boosani, C.S.; Gunasekar, P.; Agrawal, D.K. An update on PTEN modulators—A patent review. Expert Opin. Ther. Pat. 2019, 29, 
881–889. https://doi.org/10.1080/13543776.2019.1669562. 

69. Fogarty, S.; Hawley, S.A.; Green, K.A.; Saner, N.; Mustard, K.J.; Hardie, D.G. Calmodulin-dependent protein kinase kinase-beta 
activates AMPK without forming a stable complex: Synergistic effects of Ca2+ and AMP. Biochem. J. 2010, 426, 109–118. 
https://doi.org/10.1042/Bj20091372. 

70. Xie, M.; Zhang, D.; Dyck, J.R.; Li, Y.; Zhang, H.; Morishima, M.; Mann, D.L.; Taffet, G.E.; Baldini, A.; Khoury, D.S.; et al. A 
pivotal role for endogenous TGF-beta-activated kinase-1 in the LKB1/AMP-activated protein kinase energy-sensor pathway. 
Proc. Natl. Acad. Sci. USA 2006, 103, 17378–17383. https://doi.org/10.1073/pnas.0604708103. 

71. Herrero-Martin, G.; Hoyer-Hansen, M.; Garcia-Garcia, C.; Fumarola, C.; Farkas, T.; Lopez-Rivas, A.; Jaattela, M. TAK1 activates 
AMPK-dependent cytoprotective autophagy in TRAIL-treated epithelial cells. EMBO J. 2009, 28, 677–685. 
https://doi.org/10.1038/emboj.2009.8. 

72. Xiao, B.; Heath, R.; Saiu, P.; Leiper, F.C.; Leone, P.; Jing, C.; Walker, P.A.; Haire, L.; Eccleston, J.F.; Davis, C.T.; et al. Structural 
basis for AMP binding to mammalian AMP-activated protein kinase. Nature 2007, 449, 496–500. 
https://doi.org/10.1038/nature06161. 

73. Egan, D.F.; Shackelford, D.B.; Mihaylova, M.M.; Gelino, S.; Kohnz, R.A.; Mair, W.; Vasquez, D.S.; Joshi, A.; Gwinn, D.M.; Taylor, 
R.; et al. Phosphorylation of ULK1 (hATG1) by AMP-Activated Protein Kinase Connects Energy Sensing to Mitophagy. Science 
2011, 331, 456–461. https://doi.org/10.1126/science.1196371. 

74. Inoki, K.; Zhu, T.Q.; Guan, K.L. TSC2 mediates cellular energy response to control cell growth and survival. Cell 2003, 115, 577–
590. https://doi.org/10.1016/S0092-8674(03)00929-2. 

75. Gwinn, D.M.; Shackelford, D.B.; Egan, D.F.; Mihaylova, M.M.; Mery, A.; Vasquez, D.S.; Turk, B.E.; Shaw, R.J. AMPK 
phosphorylation of raptor mediates a metabolic checkpoint. Mol. Cell 2008, 30, 214–226. 
https://doi.org/10.1016/j.molcel.2008.03.003. 

76. Martina, J.A.; Chen, Y.; Gucek, M.; Puertollano, R. MTORC1 functions as a transcriptional regulator of autophagy by preventing 
nuclear transport of TFEB. Autophagy 2012, 8, 903–914. https://doi.org/10.4161/auto.19653. 

77. Nnah, I.C.; Wang, B.; Saqcena, C.; Weber, G.F.; Bonder, E.M.; Bagley, D.; De Cegli, R.; Napolitano, G.; Medina, D.L.; Ballabio, 
A.; et al. TFEB-driven endocytosis coordinates MTORC1 signaling and autophagy. Autophagy 2019, 15, 151–164. 
https://doi.org/10.1080/15548627.2018.1511504. 

78. Zhang, H.F.; Bosch-Marce, M.; Shimoda, L.A.; Tan, Y.S.; Baek, J.H.; Wesley, J.B.; Gonzalez, F.J.; Semenza, G.L. Mitochondrial 
autophagy is an HIF-1-dependent adaptive metabolic response to hypoxia. J. Biol. Chem. 2008, 283, 10892–10903. 
https://doi.org/10.1074/jbc.M800102200. 

79. Zaarour, R.F.; Azakir, B.; Hajam, E.Y.; Nawafleh, H.; Zeinelabdin, N.A.; Engelsen, A.S.T.; Thiery, J.; Jamora, C.; Chouaib, S. Role 
of Hypoxia-Mediated Autophagy in Tumor Cell Death and Survival. Cancers 2021, 13, 533. 
https://doi.org/10.3390/cancers13030533. 

80. Pike, L.R.G.; Singleton, D.C.; Buffa, F.; Abramczyk, O.; Phadwal, K.; Li, J.L.; Simon, A.K.; Murray, J.T.; Harris, A.L. 
Transcriptional up-regulation of ULK1 by ATF4 contributes to cancer cell survival. Biochem. J. 2013, 449, 389–400. 
https://doi.org/10.1042/Bj20120972. 

81. Rzymski, T.; Milani, M.; Pike, L.; Buffa, F.; Mellor, H.R.; Winchester, L.; Pires, I.; Hammond, E.; Ragoussis, I.; Harris, A.L. 
Regulation of autophagy by ATF4 in response to severe hypoxia. Oncogene 2010, 29, 4424–4435. 
https://doi.org/10.1038/onc.2010.191. 

82. Fullgrabe, J.; Ghislat, G.; Cho, D.H.; Rubinsztein, D.C. Transcriptional regulation of mammalian autophagy at a glance. J. Cell 
Sci. 2016, 129, 3059–3066. https://doi.org/10.1242/jcs.188920. 

83. Tasdemir, E.; Maiuri, M.C.; Galluzzi, L.; Vitale, I.; Djavaheri-Mergny, M.; D’Amelio, M.; Criollo, A.; Morselli, E.; Zhu, C.L.; 
Harper, F.; et al. Regulation of autophagy by cytoplasmic p53. Nat. Cell Biol. 2008, 10, 676–687. https://doi.org/10.1038/ncb1730. 

84. White, E. Autophagy and p53. Cold Spring Harb. Perspect. Med. 2016, 6, a026120. https://doi.org/10.1101/cshperspect.a026120. 



Pharmaceuticals 2023, 16, 92 20 of 26 
 

 

85. Shi, Y.; Norberg, E.; Vakifahmetoglu-Norberg, H. Mutant p53 as a Regulator and Target of Autophagy. Front. Oncol. 2021, 10, 
607149. https://doi.org/10.3389/fonc.2020.607149. 

86. Salminen, A.; Hyttinen, J.M.; Kauppinen, A.; Kaarniranta, K. Context-Dependent Regulation of Autophagy by IKK-NF-kappaB 
Signaling: Impact on the Aging Process. Int. J. Cell Biol. 2012, 2012, 849541. https://doi.org/10.1155/2012/849541. 

87. Balaburski, G.M.; Hontz, R.D.; Murphy, M.E. p53 and ARF: Unexpected players in autophagy. Trends Cell Biol. 2010, 20, 363–
369. https://doi.org/10.1016/j.tcb.2010.02.007. 

88. Verzella, D.; Pescatore, A.; Capece, D.; Vecchiotti, D.; Ursini, M.V.; Franzoso, G.; Alesse, E.; Zazzeroni, F. Life, death, and 
autophagy in cancer: NF-κB turns up everywhere. Cell Death Dis. 2020, 11, 210. https://doi.org/10.1038/s41419-020-2399-y. 

89. Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress: 
Harms and Benefits for Human Health. Oxid. Med. Cell. Longev. 2017, 2017, 8416763. https://doi.org/10.1155/2017/8416763. 

90. Cordani, M.; Sanchez-Alvarez, M.; Strippoli, R.; Bazhin, A.V.; Donadelli, M. Sestrins at the Interface of ROS Control and 
Autophagy Regulation in Health and Disease. Oxid. Med. Cell. Longev. 2019, 2019, 1283075. https://doi.org/10.1155/2019/1283075. 

91. Leslie, N.R. The redox regulation of PI 3-kinase-dependent signaling. Antioxid. Redox Sign. 2006, 8, 1765–1774. 
https://doi.org/10.1089/ars.2006.8.1765. 

92. Zhang, L.; Wang, H.D.; Xu, J.G.; Zhu, J.H.; Ding, K. Inhibition of cathepsin S induces autophagy and apoptosis in human 
glioblastoma cell lines through ROS-mediated PI3K/AKT/mTOR/p70S6K and JNK signaling pathways. Toxicol. Lett. 2014, 228, 
248–259. https://doi.org/10.1016/j.toxlet.2014.05.015. 

93. Kma, L.; Baruah, T.J. The interplay of ROS and the PI3K/Akt pathway in autophagy regulation. Biotechnol. Appl. Biochem. 2022, 
69, 248–264. https://doi.org/10.1002/bab.2104. 

94. Zhou, Y.Y.; Li, Y.; Jiang, W.Q.; Zhou, L.F. MAPK/JNK signalling: A potential autophagy regulation pathway. Biosci. Rep. 2015, 
35, e00199. https://doi.org/10.1042/BSR20140141. 

95. Zhang, Q.; Wang, X.B.; Cao, S.J.; Sun, Y.J.; He, X.Y.; Jiang, B.K.; Yu, Y.Q.; Duan, J.S.; Qiu, F.; Kang, N. Berberine represses human 
gastric cancer cell growth in vitro and in vivo by inducing cytostatic autophagy via inhibition of MAPK/mTOR/p70S6K and 
Akt signaling pathways. Biomed. Pharmacother. 2020, 128, 110245. https://doi.org/10.1016/j.biopha.2020.110245. 

96. Sun, Y.J.; Zou, M.J.; Hu, C.; Qin, Y.S.; Song, X.M.; Lu, N.; Guo, Q.L. Wogonoside induces autophagy in MDA-MB-231 cells by 
regulating MAPK-mTOR pathway. Food Chem. Toxicol. 2013, 51, 53–60. https://doi.org/10.1016/j.fct.2012.09.012. 

97. He, Y.L.; She, H.; Zhang, T.; Xu, H.D.; Cheng, L.H.; Yepes, M.; Zhao, Y.R.; Mao, Z.X. p38 MAPK inhibits autophagy and 
promotes microglial inflammatory responses by phosphorylating ULK1. J. Cell Biol. 2018, 217, 315–328. 
https://doi.org/10.1083/jcb.201701049. 

98. Li, M.Y.; Zhu, X.L.; Zhao, B.X.; Shi, L.; Wang, W.; Hu, W.; Qin, S.L.; Chen, B.H.; Zhou, P.H.; Qiu, B.; et al. Adrenomedullin 
alleviates the pyroptosis of Leydig cells by promoting autophagy via the ROS-AMPK-mTOR axis. Cell Death Dis. 2019, 10, 489. 
https://doi.org/10.1038/s41419-019-1728-5. 

99. Popova, N.V.; Jucker, M. The Role of mTOR Signaling as a Therapeutic Target in Cancer. Int. J. Mol. Sci. 2021, 22, 1743. 
https://doi.org/10.3390/ijms22041743. 

100. Zhao, Y.; Hu, X.B.; Liu, Y.J.; Dong, S.M.; Wen, Z.W.; He, W.M.; Zhang, S.Y.; Huang, Q.; Shi, M. ROS signaling under metabolic 
stress: Cross-talk between AMPK and AKT pathway. Mol. Cancer 2017, 16, 79. https://doi.org/10.1186/s12943-017-0648-1. 

101. Wang, H.F.; Wang, N.N.; Xu, D.L.; Ma, Q.L.; Chen, Y.; Xu, S.Q.; Xia, Q.; Zhang, Y.; Prehn, J.H.M.; Wang, G.H.; et al. Oxidation 
of multiple MiT/TFE transcription factors links oxidative stress to transcriptional control of autophagy and lysosome biogenesis. 
Autophagy 2020, 16, 1683–1696. https://doi.org/10.1080/15548627.2019.1704104. 

102. Onishi, M.; Yamano, K.; Sato, M.; Matsuda, N.; Okamoto, K. Molecular mechanisms and physiological functions of mitophagy. 
EMBO J. 2021, 40, e104705. https://doi.org/10.15252/embj.2020104705. 

103. Kang, X.; Wang, H.J.; Li, Y.W.; Xiao, Y.; Zhao, L.L.; Zhang, T.T.; Zhou, S.H.; Zhou, X.L.; Li, Y.; Shou, Z.X.; et al. Alantolactone 
induces apoptosis through ROS-mediated AKT pathway and inhibition of PINK1-mediated mitophagy in human HepG2 cells. 
Artif. Cell Nanomed. Biotechnol. 2019, 47, 1961–1970. https://doi.org/10.1080/21691401.2019.1593854. 

104. Sun, P.; Jin, J.; Wang, L.X.; Wang, J.J.; Zhou, H.C.; Zhang, Q.; Xu, X.G. Porcine epidemic diarrhea virus infections induce 
autophagy in Vero cells via ROS-dependent endoplasmic reticulum stress through PERK and IRE1 pathways. Vet. Microbiol. 
2021, 253, 108959. https://doi.org/10.1016/j.vetmic.2020.108959. 

105. Bhardwaj, M.; Leli, N.M.; Koumenis, C.; Amaravadi, R.K. Regulation of autophagy by canonical and non-canonical ER stress 
responses. Semin. Cancer Biol. 2020, 66, 116–128. https://doi.org/10.1016/j.semcancer.2019.11.007. 

106. Scherz-Shouval, R.; Shvets, E.; Fass, E.; Shorer, H.; Gil, L.; Elazar, Z. Reactive oxygen species are essential for autophagy and 
specifically regulate the activity of Atg4. EMBO J. 2019, 38, e101812. https://doi.org/10.15252/embj.2019101812. 

107. Otten, E.G.; Stefanatos, R.; Carroll, B.; Korolchuk, V.I. Oxidation of p62 as an evolutionary adaptation to promote autophagy in 
stress conditions. Cell Stress 2018, 2, 91–93. https://doi.org/10.15698/cst2018.04.132. 

108. Carroll, B.; Otten, E.G.; Manni, D.; Stefanatos, R.; Menzies, F.M.; Smith, G.R.; Jurk, D.; Kenneth, N.; Wilkinson, S.; Passos, J.F.; 
et al. Oxidation of SQSTM1/p62 mediates the link between redox state and protein homeostasis. Nat. Commun. 2018, 9, 256. 
https://doi.org/10.1038/s41467-017-02746-z. 

109. Liu, P.F.; Tsai, K.L.; Hsu, C.J.; Tsai, W.L.; Cheng, J.S.; Chang, H.W.; Shiau, C.W.; Goan, Y.G.; Tseng, H.H.; Wu, C.H.; et al. Drug 
Repurposing Screening Identifies Tioconazole as an ATG4 Inhibitor that Suppresses Autophagy and Sensitizes Cancer Cells to 
Chemotherapy. Theranostics 2018, 8, 830–845. https://doi.org/10.7150/thno.22012. 



Pharmaceuticals 2023, 16, 92 21 of 26 
 

 

110. Han, S.T.; Zhu, L.Y.; Zhu, Y.R.; Meng, Y.; Li, J.Q.; Song, P.; Yousafzai, N.A.; Feng, L.F.; Chen, M.Q.; Wang, Y.M.; et al. Targeting 
ATF4-dependent pro-survival autophagy to synergize glutaminolysis inhibition. Theranostics 2021, 11, 8464–8479. 
https://doi.org/10.7150/thno.60028. 

111. Tao, M.M.; Liu, T.; You, Q.D.; Jiang, Z.Y. p62 as a therapeutic target for tumor. Eur. J. Med. Chem. 2020, 193, 112231. 
https://doi.org/10.1016/j.ejmech.2020.112231. 

112. Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1–13. 
https://doi.org/10.1042/Bj20081386. 

113. Shadel, G.S.; Horvath, T.L. Mitochondrial ROS Signaling in Organismal Homeostasis. Cell 2015, 163, 560–569. 
https://doi.org/10.1016/j.cell.2015.10.001. 

114. Lin, Q.S.; Li, S.; Jiang, N.; Shao, X.H.; Zhang, M.F.; Jin, H.J.; Zhang, Z.; Shen, J.X.; Zhou, Y.J.; Zhou, W.Y.; et al. PINK1-parkin 
pathway of mitophagy protects against contrast-induced acute kidney injury via decreasing mitochondrial ROS and NLRP3 
inflammasome activation. Redox Biol. 2019, 26, 101254. https://doi.org/10.1016/j.redox.2019.101254. 

115. Correction to: Mitophagy Reduces Oxidative Stress Via Keap1 (Kelch-Like Epichlorohydrin-Associated Protein 1)/Nrf2 
(Nuclear Factor-E2-Related Factor 2)/PHB2 (Prohibitin 2) Pathway After Subarachnoid Hemorrhage in Rats. Stroke 2020, 51, E57. 
https://doi.org/10.1161/Str.0000000000000221. 

116. Cho, D.H.; Kim, Y.S.; Jo, D.S.; Choe, S.K.; Jo, E.K. Pexophagy: Molecular Mechanisms and Implications for Health and Diseases. 
Mol. Cells 2018, 41, 55–64. https://doi.org/10.14348/molcells.2018.2245. 

117. Cruz, A.F.; Hamel, C.; Yang, C.; Matsubara, T.; Gan, Y.; Singh, A.K.; Kuwada, K.; Ishii, T. Phytochemicals to suppress Fusarium 
head blight in wheat-chickpea rotation. Phytochemistry 2012, 78, 72–80. https://doi.org/10.1016/j.phytochem.2012.03.003. 

118. Le, S.S.; Fu, X.; Pang, M.G.; Zhou, Y.; Yin, G.Q.; Zhang, J.; Fan, D.M. The Antioxidative Role of Chaperone-Mediated Autophagy 
as a Downstream Regulator of Oxidative Stress in Human Diseases. Technol. Cancer Res. Treat. 2022, 21, 15330338221114178. 
https://doi.org/10.1177/15330338221114178. 

119. Yang, Q.; Wang, R.L.; Zhu, L. Chaperone-Mediated Autophagy. Adv. Exp. Med. Biol. 2019, 1206, 435–452. 
https://doi.org/10.1007/978-981-15-0602-4_20. 

120. Ma, Q. Role of Nrf2 in Oxidative Stress and Toxicity. Annu. Rev. Pharmacol. 2013, 53, 401. https://doi.org/10.1146/annurev-
pharmtox-011112-140320. 

121. Bartolini, D.; Dallaglio, K.; Torquato, P.; Piroddi, M.; Galli, F. Nrf2-p62 autophagy pathway and its response to oxidative stress 
in hepatocellular carcinoma. Transl. Res. 2018, 193, 54–71. https://doi.org/10.1016/j.trsl.2017.11.007. 

122. Jiang, T.; Harder, B.; de la Vega, M.R.; Wong, P.K.; Chapman, E.; Zhang, D.D. p62 links autophagy and Nrf2 signaling. Free 
Radic. Biol. Med. 2015, 88, 199–204. https://doi.org/10.1016/j.freeradbiomed.2015.06.014. 

123. Al Dhaheri, Y.; Attoub, S.; Ramadan, G.; Arafat, K.; Bajbouj, K.; Karuvantevida, N.; AbuQamar, S.; Eid, A.; Iratni, R. Carnosol 
Induces ROS-Mediated Beclin1-Independent Autophagy and Apoptosis in Triple Negative Breast Cancer. PLoS ONE 2014, 9, 
e109630. https://doi.org/10.1371/journal.pone.0109630. 

124. Li, H.Y.; Zhang, J.; Sun, L.L.; Li, B.H.; Gao, H.L.; Xie, T.; Zhang, N.; Ye, Z.M. Celastrol induces apoptosis and autophagy via the 
ROS/JNK signaling pathway in human osteosarcoma cells: An in vitro and in vivo study. Cell Death Dis. 2015, 6, e1604. 
https://doi.org/10.1038/cddis.2014.543. 

125. Liu, X.; Zhao, P.; Wang, X.; Wang, L.; Zhu, Y.; Song, Y.; Gao, W. Celastrol mediates autophagy and apoptosis via the ROS/JNK 
and Akt/mTOR signaling pathways in glioma cells. J. Exp. Clin. Cancer Res. 2019, 38, 184. https://doi.org/10.1186/s13046-019-
1173-4. 

126. Wang, H.; Zhang, T.; Sun, W.; Wang, Z.; Zuo, D.; Zhou, Z.; Li, S.; Xu, J.; Yin, F.; Hua, Y.; et al. Erianin induces G2/M-phase arrest, 
apoptosis, and autophagy via the ROS/JNK signaling pathway in human osteosarcoma cells in vitro and in vivo. Cell Death Dis. 
2016, 7, e2247. https://doi.org/10.1038/cddis.2016.138. 

127. Liu, Y.X.; Ren, Z.T.; Li, X.; Zhong, J.; Bi, Y.; Li, R.; Zhao, Q.; Yu, X.J. Pristimerin Induces Autophagy-Mediated Cell Death in 
K562 Cells through the ROS/JNK Signaling Pathway. Chem. Biodivers. 2019, 16, e1900325. https://doi.org/10.1002/cbdv.201900325. 

128. Zhao, Q.; Liu, Y.X.; Zhong, J.; Bi, Y.; Liu, Y.Q.; Ren, Z.T.; Li, X.; Jia, J.J.; Yu, M.T.; Yu, X.J. Pristimerin induces apoptosis and 
autophagy via activation of ROS/ASK1/JNK pathway in human breast cancer in vitro and in vivo. Cell Death Discov. 2019, 5, 125. 
https://doi.org/10.1038/s41420-019-0208-0. 

129. Sun, Z.L.; Dong, J.L.; Wu, J. Juglanin induces apoptosis and autophagy in human breast cancer progression via ROS/JNK 
promotion. Biomed. Pharmacother. 2017, 85, 303–312. https://doi.org/10.1016/j.biopha.2016.11.030. 

130. Wang, S.B.; Li, Z.G.; Liu, W.; Wei, G.J.; Yu, N.C.; Ji, G.R. Neohesperidin Induces Cell Cycle Arrest, Apoptosis, and Autophagy 
via the ROS/JNK Signaling Pathway in Human Osteosarcoma Cells. Am. J. Chin. Med. 2021, 49, 1251–1274. 
https://doi.org/10.1142/S0192415x21500609. 

131. Yuan, Y.L.; Jiang, N.; Li, Z.Y.; Song, Z.Z.; Yang, Z.H.; Xue, W.H.; Zhang, X.J.; Du, Y. Polyphyllin VI induces apoptosis and 
autophagy in human osteosarcoma cells by modulation of ROS/JNK activation. Drug Des. Dev. Ther. 2019, 13, 3091–3103. 
https://doi.org/10.2147/Dddt.S194961. 

132. Li, X.D.; Liu, Y.; Liao, S.J.; Lin, C.S.; Moro, A.; Liu, J.; Feng, W.Y.; Wang, K.; Wang, C.M. Polyphyllin VII induces apoptosis and 
autophagy via mediating H2O2 levels and the JNK pathway in human osteosarcoma U2OS cells. Oncol. Rep. 2021, 45, 180–190. 
https://doi.org/10.3892/or.2020.7866. 



Pharmaceuticals 2023, 16, 92 22 of 26 
 

 

133. Ji, L.; Zhong, B.; Jiang, X.; Mao, F.; Liu, G.; Song, B.; Wang, C.Y.; Jiao, Y.; Wang, J.P.; Xu, Z.B.; et al. Actein induces autophagy 
and apoptosis in human bladder cancer by potentiating ROS/JNK and inhibiting AKT pathways. Oncotarget 2017, 8, 112498–
112515. https://doi.org/10.18632/oncotarget.22274. 

134. Sun, X.L.; Zhang, X.W.; Zhai, H.J.; Zhang, D.; Ma, S.Y. Magnoflorine inhibits human gastric cancer progression by inducing 
autophagy, apoptosis and cell cycle arrest by JNK activation regulated by ROS. Biomed. Pharmacother. 2020, 125, 109118. 
https://doi.org/10.1016/j.biopha.2019.109118. 

135. Guo, Z.G.; Hu, G.Z.; Wang, H.; Li, Z.H.; Liu, N.J. Ampelopsin inhibits human glioma through inducing apoptosis and 
autophagy dependent on ROS generation and JNK pathway. Biomed. Pharmacother. 2019, 116, 108524. 
https://doi.org/10.1016/j.biopha.2018.12.136. 

136. Pang, H.; Wu, T.R.; Peng, Z.H.; Tan, Q.C.; Peng, X.; Zhan, Z.Y.; Song, L.J.; Wei, B. Baicalin induces apoptosis and autophagy in 
human osteosarcoma cells by increasing ROS to inhibit PI3K/Akt/mTOR, ERK1/2 and beta-catenin signaling pathways. J. Bone 
Oncol. 2022, 33, 100415. https://doi.org/10.1016/j.jbo.2022.100415. 

137. Liu, F.J.; Lan, M.; Ren, B.Q.; Li, L.H.; Zou, T.T.; Kong, Z.D.; Fan, D.M.; Cai, T.G.; Cai, Y. Baicalin-loaded folic acid-modified 
albumin nanoparticles (FA-BSANPs/BA) induce autophagy in MCF-7 cells via ROS-mediated p38 MAPK and Akt/mTOR 
pathway. Cancer Nanotechnol. 2022, 13, 2. https://doi.org/10.1186/s12645-021-00110-x. 

138. Wang, B.; Zhou, T.Y.; Nie, C.H.; Wan, D.L.; Zheng, S.S. Bigelovin, a sesquiterpene lactone, suppresses tumor growth through 
inducing apoptosis and autophagy via the inhibition of mTOR pathway regulated by ROS generation in liver cancer. Biochem. 
Biophys. Res. Commun. 2018, 499, 156–163. https://doi.org/10.1016/j.bbrc.2018.03.091. 

139. Jiang, S.; Fan, J.; Wang, Q.; Ju, D.; Feng, M.; Li, J.; Guan, Z.B.; An, D.; Wang, X.; Ye, L. Diosgenin induces ROS-dependent 
autophagy and cytotoxicity via mTOR signaling pathway in chronic myeloid leukemia cells. Phytomedicine 2016, 23, 243–252. 
https://doi.org/10.1016/j.phymed.2016.01.010. 

140. Han, Y.; Shi, D.; Li, J. Inhibition of Nasopharyngeal Carcinoma by Beta-Lapachone Occurs by Targeting the Mammalian Target 
of Rapamycin (mTOR)/PI3K/AKT Pathway, Reactive Oxygen Species (ROS) Production, and Autophagy Induction. Med. Sci. 
Monit. 2019, 25, 8995–9002. https://doi.org/10.12659/MSM.915463. 

141. He, Y.; Shi, Y.; Yang, Y.; Huang, H.; Feng, Y.; Wang, Y.; Zhan, L.; Wei, B. Chrysin induces autophagy through the inactivation 
of the ROS-mediated Akt/mTOR signaling pathway in endometrial cancer. Int J Mol Med. 2021, 48, 172. https://doi.org/ 
10.3892/ijmm.2021.5005.  

142. Zhang, L.; Zhang, X.Y.; Che, D.L.; Zeng, L.Z.; Zhang, Y.; Nan, K.; Zhang, X.X.; Zhang, H.; Guo, Z.J. 6-
Methoxydihydrosanguinarine induces apoptosis and autophagy in breast cancer MCF-7 cells by accumulating ROS to suppress 
the PI3K/AKT/mTOR signaling pathway. Phytother. Res. 2022. https://doi.org/10.1002/ptr.7601. 

143. Poornima, P.; Weng, C.F.; Padma, V.V. Neferine from Nelumbo nucifera induces autophagy through the inhibition of 
PI3K/Akt/mTOR pathway and ROS hyper generation in A549 cells. Food Chem. 2013, 141, 3598–3605. 
https://doi.org/10.1016/j.foodchem.2013.05.138. 

144. Zhang, C.T.; Huang, C.C.; Yang, P.P.; Li, C.S.; Li, M.Q. Eldecalcitol induces apoptosis and autophagy in human osteosarcoma 
MG-63 cells by accumulating ROS to suppress the PI3K/Akt/mTOR signaling pathway. Cell. Signal. 2021, 78, 109841. 
https://doi.org/10.1016/j.cellsig.2020.109841. 

145. Mi, Y.S.; Xiao, C.X.; Du, Q.W.; Wu, W.Q.; Qi, G.Y.; Liu, X.B. Momordin Ic couples apoptosis with autophagy in human 
hepatoblastoma cancer cells by reactive oxygen species (ROS)-mediated PI3K/Akt and MAPK signaling pathways. Free Radic. 
Biol. Med. 2016, 90, 230–242. https://doi.org/10.1016/j.freeradbiomed.2015.11.022. 

146. Ramos-Torres, A.; Bort, A.; Morell, C.; Rodriguez-Henche, N.; Diaz-Laviada, I. The pepper’s natural ingredient capsaicin 
induces autophagy blockage in prostate cancer cells. Oncotarget 2016, 7, 1569–1583. https://doi.org/10.18632/oncotarget.6415. 

147. Zhou, X.; Chen, Y.; Wang, F.; Wu, H.; Zhang, Y.; Liu, J.; Cai, Y.; Huang, S.; He, N.; Hu, Z.; et al. Artesunate induces autophagy 
dependent apoptosis through upregulating ROS and activating AMPK-mTOR-ULK1 axis in human bladder cancer cells. Chem. 
Biol. Interact. 2020, 331, 109273. https://doi.org/10.1016/j.cbi.2020.109273. 

148. Zhang, K.; Zhou, X.; Wang, J.; Zhou, Y.; Qi, W.; Chen, H.; Nie, S.; Xie, M. Dendrobium officinale polysaccharide triggers 
mitochondrial disorder to induce colon cancer cell death via ROS-AMPK-autophagy pathway. Carbohydr. Polym. 2021, 264, 
118018. https://doi.org/10.1016/j.carbpol.2021.118018. 

149. Fan, X.; Xie, M.; Zhao, F.; Li, J.; Fan, C.; Zheng, H.; Wei, Z.; Ci, X.; Zhang, S. Daphnetin triggers ROS-induced cell death and 
induces cytoprotective autophagy by modulating the AMPK/Akt/mTOR pathway in ovarian cancer. Phytomedicine 2021, 82, 
153465. https://doi.org/10.1016/j.phymed.2021.153465. 

150. Wang, G.Y.; Zhang, L.; Geng, Y.D.; Wang, B.; Feng, X.J.; Chen, Z.L.; Wei, W.; Jiang, L. β-Elemene induces apoptosis and 
autophagy in colorectal cancer cells through regulating the ROS/AMPK/mTOR pathway. Chin J Nat Med. 2022, 20, 9-21. 
https://doi.org/10.1016/S1875-5364(21)60118-8.  

151. Cui, Y.Q.; Liu, Y.J.; Zhang, F. The suppressive effects of Britannin (Bri) on human liver cancer through inducing apoptosis and 
autophagy via AMPK activation regulated by ROS. Biochem. Biophys. Res. Commun. 2018, 497, 916–923. 
https://doi.org/10.1016/j.bbrc.2017.12.144. 

152. Zhang, Y.; He, N.; Zhou, X.; Wang, F.; Cai, H.; Huang, S.H.; Chen, X.; Hu, Z.; Jin, X. Betulinic acid induces autophagy-dependent 
apoptosis via Bmi-1/ROS/AMPK-mTOR-ULK1 axis in human bladder cancer cells. Aging (Albany NY). 2021, 13, 21251-21267. 
https://doi.org/10.1016/aging.203441.  



Pharmaceuticals 2023, 16, 92 23 of 26 
 

 

153. Wei, B.; Huang, Q.; Huang, S.; Mai, W.; Zhong, X. Trichosanthin-induced autophagy in gastric cancer cell MKN-45 is dependent 
on reactive oxygen species (ROS) and NF-kappaB/p53 pathway. J. Pharmacol. Sci. 2016, 131, 77–83. 
https://doi.org/10.1016/j.jphs.2016.03.001. 

154. Xu, Z.; Jiang, H.; Zhu, Y.; Wang, H.; Jiang, J.; Chen, L.; Xu, W.; Hu, T.; Cho, C.H. Cryptotanshinone induces ROS-dependent 
autophagy in multidrug-resistant colon cancer cells. Chem. Biol. Interact. 2017, 273, 48–55. 
https://doi.org/10.1016/j.cbi.2017.06.003. 

155. Chen, S.Y.; Huang, H.Y.; Lin, H.P.; Fang, C.Y. Piperlongumine induces autophagy in biliary cancer cells via reactive oxygen 
species-activated Erk signaling pathway. Int. J. Mol. Med. 2019, 44, 1687–1696. https://doi.org/10.3892/ijmm.2019.4324. 

156. Xie, W.; Chang, W.; Wang, X.; Liu, F.; Wang, X.; Yuan, D.; Zhang, Y. Allicin Inhibits Osteosarcoma Growth by Promoting 
Oxidative Stress and Autophagy via the Inactivation of the lncRNA MALAT1-miR-376a-Wnt/β-Catenin Signaling Pathway. 
Oxid. Med. Cell Longev. 2022, 2022, 4857814. https://doi.org/10.1155/2022/4857814. 

157. Pandey, N.; Tyagi, G.; Kaur, P.; Pradhan, S.; Rajam, M.V.; Srivastava, T. Allicin Overcomes Hypoxia Mediated Cisplatin 
Resistance in Lung Cancer Cells through ROS Mediated Cell Death Pathway and by Suppressing Hypoxia Inducible Factors. 
Cell Physiol. Biochem. 2020, 54, 748–766. https://doi.org/10.33594/000000253. 

158. Xiang, Y.; Zhao, J.; Zhao, M.; Wang, K. Allicin activates autophagic cell death to alleviate the malignant development of thyroid 
cancer. Exp. Ther. Med. 2018, 15, 3537–3543. https://doi.org/10.3892/etm.2018.5828. 

159. Chu, Y.L.; Ho, C.T.; Chung, J.G.; Raghu, R.; Lo, Y.C.; Sheen, L.Y. Allicin induces anti-human liver cancer cells through the p53 
gene modulating apoptosis and autophagy. J. Agric. Food Chem. 2013, 61, 9839–9848. https://doi.org/10.1021/jf403241s. 

160. Yuan, L.; Wei, S.P.; Wang, J.; Liu, X.B. Isoorientin Induces Apoptosis and Autophagy Simultaneously by Reactive Oxygen 
Species (ROS)-Related p53, PI3K/Akt, JNK, and p38 Signaling Pathways in HepG2 Cancer Cells. J. Agric. Food Chem. 2014, 62, 
5390–5400. https://doi.org/10.1021/jf500903g. 

161. Wang, J.J.; Su, Q.; Wu, Q.; Chen, K.; Ullah, A.; Ghauri, M.A.; Zhang, Y.M. Sanguinarine impairs lysosomal function and induces 
ROS-dependent mitophagy and apoptosis in human hepatocellular carcinoma cells. Arch. Pharm. Res. 2021, 44, 1025–1036. 
https://doi.org/10.1007/s12272-021-01356-0. 

162. Zhang, D.D.; Gao, C.X.; Li, R.Y.; Zhang, L.; Tian, J.K. TEOA, a triterpenoid from Actinidia eriantha, induces autophagy in SW620 
cells via endoplasmic reticulum stress and ROS-dependent mitophagy. Arch. Pharm. Res. 2017, 40, 579–591. 
https://doi.org/10.1007/s12272-017-0899-9. 

163. Xu, J.; Zhang, G.; Tong, Y.; Yuan, J.; Li, Y.; Song, G. Corilagin induces apoptosis, autophagy and ROS generation in gastric 
cancer cells in vitro. Int. J. Mol. Med. 2019, 43, 967–979. https://doi.org/10.3892/ijmm.2018.4031. 

164. Wang, T.; Wu, X.; Al Rudaisat, M.; Song, Y.; Cheng, H. Curcumin induces G2/M arrest and triggers autophagy, ROS generation 
and cell senescence in cervical cancer cells. J. Cancer 2020, 11, 6704–6715. https://doi.org/10.7150/jca.45176. 

165. Longo, L.; Platini, F.; Scardino, A.; Alabiso, O.; Vasapollo, G.; Tessitore, L. Autophagy inhibition enhances anthocyanin-induced 
apoptosis in hepatocellular carcinoma. Mol. Cancer Ther. 2008, 7, 2476–2485. https://doi.org/10.1158/1535-7163.MCT-08-0361. 

166. Bao, J.; Dai, S.M. A Chinese herb Tripterygium wilfordii Hook F in the treatment of rheumatoid arthritis: Mechanism, efficacy, 
and safety. Rheumatol. Int. 2011, 31, 1123–1129. https://doi.org/10.1007/s00296-011-1841-y. 

167. Tao, X.L.; Cush, J.J.; Garret, M.; Lipsky, P.E. A phase I study of ethyl acetate extract of the Chinese antirheumatic herb 
Tripterygium wilfordii Hook F in rheumatoid arthritis. J. Rheumatol. 2001, 28, 2160–2167. 

168. Zhao, J.; Sun, Y.; Shi, P.L.; Dong, J.N.; Zuo, L.G.; Wang, H.G.; Gong, J.F.; Li, Y.; Gu, L.L.; Li, N.; et al. Celastrol ameliorates 
experimental colitis in IL-10 deficient mice via the up-regulation of autophagy. Int. Immunopharmacol. 2015, 26, 221–228. 
https://doi.org/10.1016/j.intimp.2015.03.033. 

169. Yu, X.J.; Zhao, Q.; Zhang, X.X.; Zhang, H.W.; Liu, Y.B.; Wu, X.X.; Li, M.; Li, X.M.; Zhang, J.X.; Ruan, X.Z.; et al. Celastrol 
ameliorates inflammation through inhibition of NLRP3 inflammasome activation. Oncotarget 2017, 8, 67300–67314. 

170. Lim, H.Y.; Ong, P.S.; Wang, L.Z.; Goel, A.; Ding, L.W.; Wong, A.L.A.; Ho, P.C.L.; Sethi, G.; Xiang, X.Q.; Goh, B.C. Celastrol in 
cancer therapy: Recent developments, challenges and prospects. Cancer Lett. 2021, 521, 252–267. 
https://doi.org/10.1016/j.canlet.2021.08.030. 

171. Witkin, J.M.; Li, X. Curcumin, an Active Constiuent of the Ancient Medicinal Herb Curcuma longa L.: Some Uses and the 
Establishment and Biological Basis of Medical Efficacy. CNS Neurol. Disord. Drug Targets 2013, 12, 487–497. 
https://doi.org/10.2174/1871527311312040007. 

172. Nelson, K.M.; Dahlin, J.L.; Bisson, J.; Graham, J.; Pauli, G.F.; Walters, M.A. The Essential Medicinal Chemistry of Curcumin. J. 
Med. Chem. 2017, 60, 1620–1637. https://doi.org/10.1021/acs.jmedchem.6b00975. 

173. Giordano, A.; Tommonaro, G. Curcumin and Cancer. Nutrients 2019, 11, 2376. https://doi.org/10.3390/nu11102376. 
174. Pal, K.; Roy, S.; Parida, P.K.; Dutta, A.; Bardhan, S.; Das, S.; Jana, K.; Karmakar, P. Folic acid conjugated curcumin loaded 

biopolymeric gum acacia microsphere for triple negative breast cancer therapy in invitro and invivo model. Mater. Sci. Eng. C 
2020, 111, 110866. https://doi.org/10.1016/j.msec.2020.110866. 

175. Leu, T.H.; Maa, M.C. The molecular mechanisms for the antitumorigenic effect of curcumin. Curr. Med. Chem. Anticancer Agents 
2002, 2, 357–370. https://doi.org/10.2174/1568011024606370. 

176. Duvoix, A.; Blasius, R.; Delhalle, S.; Schnekenburger, M.; Morceau, F.; Henry, E.; Dicato, M.; Diederich, M. Chemopreventive 
and therapeutic effects of curcumin. Cancer Lett. 2005, 223, 181–190. https://doi.org/10.1016/j.canlet.2004.09.041. 

177. Shakeri, A.; Cicero, A.F.G.; Panahi, Y.; Mohajeri, M.; Sahebkar, A. Curcumin: A naturally occurring autophagy modulator. J. 
Cell. Physiol. 2019, 234, 5643–5654. https://doi.org/10.1002/jcp.27404. 



Pharmaceuticals 2023, 16, 92 24 of 26 
 

 

178. Lee, Y.J.; Kim, N.Y.; Suh, Y.A.; Lee, C. Involvement of ROS in Curcumin-induced Autophagic Cell Death. Korean J. Physiol. 
Pharmacol. 2011, 15, 1–7. https://doi.org/10.4196/kjpp.2011.15.1.1. 

179. Fernie, W.T. The History and Capabilities of Herbal Simples: Garlic and the Onion. Hospital 1893, 14, 326. 
180. Stoll, A.; Seebeck, E. *Allium-Substanzen .1. Uber Alliin, Die Genuine Muttersubstanz Des Knoblauchols. Helv. Chim. Acta 1948, 

31, 189–210. https://doi.org/10.1002/hlca.19480310140. 
181. Maron, F.J.M.; Camargo, A.B.; Manucha, W. Allicin pharmacology: Common molecular mechanisms against 

neuroinflammation and cardiovascular diseases. Life Sci. 2020, 249, 117513. https://doi.org/10.1016/j.lfs.2020.117513. 
182. Choo, S.; Chin, V.K.; Wong, E.H.; Madhavan, P.; Tay, S.T.; Yong, P.V.C.; Chong, P.P. Review: Antimicrobial properties of allicin 

used alone or in combination with other medications. Folia Microbiol. 2020, 65, 451–465. https://doi.org/10.1007/s12223-020-
00786-5. 

183. Catanzaro, E.; Canistro, D.; Pellicioni, V.; Vivarelli, F.; Fimognari, C. Anticancer potential of allicin: A review. Pharmacol. Res. 
2022, 177, 106118. https://doi.org/10.1016/j.phrs.2022.106118. 

184. Wang, Y.H. Traditional uses, chemical constituents, pharmacological activities, and toxicological effects of Dendrobium leaves: 
A review. J. Ethnopharmacol. 2021, 270, 113851. https://doi.org/10.1016/j.jep.2021.113851. 

185. Sun, J.; Fu, X.Q.; Wang, Y.S.; Liu, Y.; Zhang, Y.; Hao, T.; Hu, X. Erianin inhibits the proliferation of T47D cells by inhibiting cell 
cycles, inducing apoptosis and suppressing migration. Am. J. Transl. Res. 2016, 8, 3077–3086. 

186. Li, M.T.; He, Y.L.; Peng, C.; Xie, X.F.; Hu, G.Y. Erianin inhibits human cervical cancer cell through regulation of tumor protein 
p53 via the extracellular signal-regulated kinase signaling pathway. Oncol. Lett. 2018, 16, 5006–5012. 
https://doi.org/10.3892/ol.2018.9267. 

187. Zhang, Y.Y.; Zhang, Q.Q.; Wei, F.H.; Liu, N. Progressive study of effects of erianin on anticancer activity. OncoTargets Ther. 2019, 
12, 5457–5465. https://doi.org/10.2147/Ott.S200161. 

188. Zhou, Y.J.; Xu, N.; Zhang, X.C.; Zhu, Y.Y.; Liu, S.W.; Chang, Y.N. Chrysin Improves Glucose and Lipid Metabolism Disorders 
by Regulating the AMPK/PI3K/AKT Signaling Pathway in Insulin-Resistant HepG2 Cells and HFD/STZ-Induced C57BL/6J Mice. 
J. Agric. Food Chem. 2021, 69, 5618–5627. https://doi.org/10.1021/acs.jafc.1c01109. 

189. Filho, C.B.; Jesse, C.R.; Donato, F.; Del Fabbro, L.; Gomes de Gomes, M.; Rossito Goes, A.T.; Souza, L.C.; Boeira, S.P. Chrysin 
promotes attenuation of depressive-like behavior and hippocampal dysfunction resulting from olfactory bulbectomy in mice. 
Chem. Biol. Interact. 2016, 260, 154–162. https://doi.org/10.1016/j.cbi.2016.11.005. 

190. Fonseca, S.F.; Padilha, N.B.; Thurow, S.; Roehrs, J.A.; Savegnago, L.; de Souza, M.N.; Fronza, M.G.; Collares, T.; Buss, J.; Seixas, 
F.K.; et al. Ultrasound-promoted copper-catalyzed synthesis of bis-arylselanyl chrysin derivatives with boosted antioxidant and 
anticancer activities. Ultrason. Sonochemistry 2017, 39, 827–836. https://doi.org/10.1016/j.ultsonch.2017.06.007. 

191. Mani, R.; Natesan, V. Chrysin: Sources, beneficial pharmacological activities, and molecular mechanism of action. 
Phytochemistry 2018, 145, 187–196. https://doi.org/10.1016/j.phytochem.2017.09.016. 

192. Xu, Y.; Tong, Y.Y.; Ying, J.J.; Lei, Z.M.; Wan, L.J.; Zhu, X.W.; Ye, F.; Mao, P.L.; Wu, X.K.; Pan, R.B.; et al. Chrysin induces cell 
growth arrest, apoptosis, and ER stress and inhibits the activation of STAT3 through the generation of ROS in bladder cancer 
cells. Oncol. Lett. 2018, 15, 9117–9125. https://doi.org/10.3892/ol.2018.8522. 

193. Yu, X.M.; Phan, T.; Patel, P.N.; Jaskula-Sztul, R.; Chen, H. Chrysin activates Notch1 signaling and suppresses tumor growth of 
anaplastic thyroid carcinoma in vitro and in vivo. Cancer 2013, 119, 774–781. https://doi.org/10.1002/cncr.27742. 

194. Koeppen, B.H.; Smit, J.B.; Roux, D.G. The flavone C-glycosides and flavonol O-glycosides of Aspalathus acuminatus (rooibos 
tea). Biochem. J. 1962, 83, 507–511. https://doi.org/10.1042/bj0830507. 

195. Ziqubu, K.; Dludla, P.V.; Joubert, E.; Muller, C.J.F.; Louw, J.; Tiano, L.; Nkambule, B.B.; Kappo, A.P.; Mazibuko-Mbeje, S.E. 
Isoorientin: A dietary flavone with the potential to ameliorate diverse metabolic complications. Pharmacol. Res. 2020, 158, 104867. 
https://doi.org/10.1016/j.phrs.2020.104867. 

196. Liu, S.C.; Huang, C.S.; Huang, C.M.; Hsieh, M.S.; Huang, M.S.; Fong, I.H.; Yeh, C.T.; Lin, C.C. Isoorientin inhibits epithelial-to-
mesenchymal properties and cancer stem-cell-like features in oral squamous cell carcinoma by blocking Wnt/beta-
catenin/STAT3 axis. Toxicol. Appl. Pharmacol. 2021, 424, 115581. https://doi.org/10.1016/j.taap.2061.115581. 

197. Xu, W.T.; Shen, G.N.; Li, T.Z.; Zhang, Y.; Zhang, T.; Xue, H.; Zuo, W.B.; Li, Y.N.; Zhang, D.J.; Jin, C.H. Isoorientin induces the 
apoptosis and cell cycle arrest of A549 human lung cancer cells via the ROS-regulated MAPK, STAT3 and NF-kappa B signaling 
pathways. Int. J. Oncol. 2020, 57, 550–561. https://doi.org/10.3892/ijo.2020.5079. 

198. Srinivasan, K. Biological Activities of Red Pepper (Capsicum annuum) and Its Pungent Principle Capsaicin: A Review. Crit. Rev. 
Food Sci. 2016, 56, 1488–1500. https://doi.org/10.1080/10408398.2013.772090. 

199. Anand, P.; Elsafa, E.; Privitera, R.; Naidoo, K.; Yiangou, Y.; Donatien, P.; Gabra, H.; Wasan, H.; Kenny, L.; Rahemtulla, A.; et al. 
Rational treatment of chemotherapy-induced peripheral neuropathy with capsaicin 8% patch: From pain relief towards disease 
modification. J. Pain Res. 2019, 12, 2039–2052. https://doi.org/10.2147/JPR.S213912. 

200. Arora, V.; Campbell, J.N.; Chung, M.K. Fight fire with fire: Neurobiology of capsaicin-induced analgesia for chronic pain. 
Pharmacol. Ther. 2021, 220, 107743. https://doi.org/10.1016/j.pharmthera.2020.107743. 

201. Wang, F.Z.; Xue, Y.; Fu, L.; Wang, Y.T.; He, M.X.; Zhao, L.; Liao, X.J. Extraction, purification, bioactivity and pharmacological 
effects of capsaicin: A review. Crit. Rev. Food Sci. 2022, 62, 5322–5348. https://doi.org/10.1080/10408398.2021.1884840. 

202. Chen, M.J.; Xiao, C.C.; Jiang, W.; Yang, W.P.; Qin, Q.H.; Tan, Q.X.; Lian, B.; Liang, Z.J.; Wei, C.Y. Capsaicin Inhibits Proliferation 
and Induces Apoptosis in Breast Cancer by Down-Regulating FBI-1-Mediated NF-kappa B Pathway. Drug Des. Dev. Ther. 2021, 
15, 125–140. https://doi.org/10.2147/Dddt.S269901. 



Pharmaceuticals 2023, 16, 92 25 of 26 
 

 

203. Islam, A.; Yang, Y.T.; Wu, W.H.; Chueh, P.J.; Lin, M.H. Capsaicin attenuates cell migration via SIRT1 targeting and inhibition 
to enhance cortactin and beta-catenin acetylation in bladder cancer cells. Am. J. Cancer Res. 2019, 9, 1172–1182. 

204. Chapa-Oliver, A.M.; Mejia-Teniente, L. Capsaicin: From Plants to a Cancer-Suppressing Agent. Molecules 2016, 21, 931. 
https://doi.org/10.3390/molecules21080931. 

205. Islam, A.; Hsieh, P.F.; Liu, P.F.; Chou, J.C.; Liao, J.W.; Hsieh, M.K.; Chueh, P.J. Capsaicin exerts therapeutic effects by targeting 
tNOX-SIRT1 axis and augmenting ROS-dependent autophagy in melanoma cancer cells. Am. J. Cancer Res. 2021, 11, 4199–4219. 

206. Kulkarni, A.B.; Shah, R.C. Structure of Pristimerin. Nature 1954, 173, 1237–1238. https://doi.org/10.1038/1731237b0. 
207. Zhao, Q.; Bi, Y.; Zhong, J.; Ren, Z.T.; Liu, Y.X.; Jia, J.J.; Yu, M.T.; Tan, Y.; Zhang, Q.F.; Yu, X.J. Pristimerin suppresses colorectal 

cancer through inhibiting inflammatory responses and Wnt/beta-catenin signaling. Toxicol. Appl. Pharmacol. 2020, 386, 114813. 
https://doi.org/10.1016/j.taap.2019.114813. 

208. Zhao, Q.; Bi, Y.; Guo, J.; Liu, Y.X.; Zhong, J.; Liu, Y.Q.; Pan, L.R.; Guo, Y.; Tan, Y.; Yu, X.J. Effect of pristimerin on apoptosis 
through activation of ROS/ endoplasmic reticulum (ER) stress-mediated noxa in colorectal cancer. Phytomedicine 2021, 80, 153399. 
https://doi.org/10.1016/j.phymed.2020.153399. 

209. Lu, J.F.; Zhu, M.Q.; Zhang, H.; Liu, H.; Xia, B.; Wang, Y.L.; Shi, X.; Peng, L.; Wu, J.W. Neohesperidin attenuates obesity by 
altering the composition of the gut microbiota in high-fat diet-fed mice. FASEB J. 2020, 34, 12053–12071. 
https://doi.org/10.1096/fj.201903102RR. 

210. Osman, A.T.; Sharkawi, S.M.Z.; Hassan, M.I.A.; Abo-Youssef, A.M.; Hemeida, R.A.M. Empagliflozin and neohesperidin protect 
against methotrexate-induced renal toxicity via suppression of oxidative stress and inflammation in male rats. Food Chem. 
Toxicol. 2021, 155, 112406. https://doi.org/10.1016/j.fct.2021.112406. 

211. Ortiz, A.D.; Fideles, S.O.M.; Reis, C.H.B.; Bellini, M.Z.; Pereira, E.D.B.M.; Pilon, J.P.G.; de Marchi, M.A.; Detregiachi, C.R.P.; 
Flato, U.A.P.; Trazzi, B.F.D.; et al. Therapeutic Effects of Citrus Flavonoids Neohesperidin, Hesperidin and Its Aglycone, 
Hesperetin on Bone Health. Biomolecules 2022, 12, 626. https://doi.org/10.3390/biom12050626. 

212. Tian, Y.; Gong, G.Y.; Ma, L.L.; Wang, Z.Q.; Song, D.; Fang, M.Y. Anti-cancer effects of Polyphyllin I: An update in 5 years. Chem. 
-Biol. Interact. 2020, 316, 108936. https://doi.org/10.1016/j.cbi.2019.108936. 

213. Wang, W.; Guo, J.; Zhang, J.N.; Peng, J.; Liu, T.X.; Xin, Z.H. Isolation, identification and antioxidant activity of bound phenolic 
compounds present in rice bran. Food Chem. 2015, 171, 40–49. https://doi.org/10.1016/j.foodchem.2014.08.095. 

214. Teng, J.F.; Qin, D.L.; Mei, Q.B.; Qiu, W.Q.; Pan, R.; Xiong, R.; Zhao, Y.; Law, B.Y.K.; Wong, V.K.W.; Tang, Y.; et al. Polyphyllin 
VI, a saponin from Trillium tschonoskii Maxim: Induces apoptotic and autophagic cell death via the ROS triggered mTOR 
signaling pathway in non-small cell lung cancer. Pharmacol. Res. 2019, 147, 104396. https://doi.org/10.1016/j.phrs.2019.104396. 

215. Liu, W.; Chai, Y.; Hu, L.B.; Wang, J.H.; Pan, X.; Yuan, H.Y.; Zhao, Z.T.; Song, Y.M.; Zhang, Y.Q. Polyphyllin VI Induces 
Apoptosis and Autophagy via Reactive Oxygen Species Mediated JNK and P38 Activation in Glioma. Oncotargets Ther. 2020, 
13, 2275–2288. https://doi.org/10.2147/Ott.S243953. 

216. Pang, D.J.; Li, C.; Yang, C.C.; Zou, Y.F.; Feng, B.; Li, L.X.; Liu, W.T.; Geng, Y.; Luo, Q.H.; Chen, Z.L.; et al. Polyphyllin VII 
Promotes Apoptosis and Autophagic Cell Death via ROS-Inhibited AKT Activity, and Sensitizes Glioma Cells to Temozolomide. 
Oxidative Med. Cell. Longev. 2019, 2019, 1805635. https://doi.org/10.1155/2019/1805635. 

217. Xu, T.; Kuang, T.T.; Du, H.; Li, Q.; Feng, T.; Zhang, Y.; Fan, G. Magnoflorine: A review of its pharmacology, pharmacokinetics 
and toxicity. Pharmacol. Res. 2020, 152, 104632. https://doi.org/10.1016/j.phrs.2020.104632. 

218. Tian, W.; Xie, X.J.; Cao, P.L. Magnoflorine improves sensitivity to doxorubicin (DOX) of breast cancer cells via inducing 
apoptosis and autophagy through AKT/mTOR and p38 signaling pathways. Biomed. Pharmacother. 2020, 121, 109139. 
https://doi.org/10.1016/j.biopha.2019.109139. 

219. Wang, X.; Yu, J.Y.; Sun, Y.; Wang, H.; Shan, H.; Wang, S. Baicalin protects LPS-induced blood-brain barrier damage and activates 
Nrf2-mediated antioxidant stress pathway. Int. Immunopharmacol. 2021, 96, 107725. https://doi.org/10.1016/j.intimp.2021.107725. 

220. Liao, C.C.; Day, Y.J.; Lee, H.C.; Liou, J.T.; Chou, A.H.; Liu, F.C. ERK Signaling Pathway Plays a Key Role in Baicalin Protection 
Against Acetaminophen-Induced Liver Injury. Am. J. Chin. Med. 2017, 45, 105–121. https://doi.org/10.1142/S0192415X17500082. 

221. Kita, J.; Tada, J.; Ito, M.; Shirakawa, M.; Murashima, M.; Zhuo, X.G.; Watanabe, S. Intake of phytochemicals among Japanese, 
calculated by the new FFF database. Biofactors 2004, 22, 259–263. https://doi.org/10.1002/biof.5520220152. 

222. Motoo, Y.; Sawabu, N. Antitumor Effects of Saikosaponins, Baicalin and Baicalein on Human Hepatoma-Cell Lines. Cancer Lett. 
1994, 86, 91–95. https://doi.org/10.1016/0304-3835(94)90184-8. 

223. Singh, S.; Meena, A.; Luqman, S. Baicalin mediated regulation of key signaling pathways in cancer. Pharmacol. Res. 2021, 164, 
105387. https://doi.org/10.1016/j.phrs.2020.105387. 

224. Li, Y.; Zheng, Y.; Zheng, D.; Zhang, Y.; Song, S.; Su, W.; Liu, H. Effects of Supplementary Blue and UV-A LED Lights on 
Morphology and Phytochemicals of Brassicaceae Baby-Leaves. Molecules 2020, 25, 5678. 
https://doi.org/10.3390/molecules25235678. 

225. Li, M.Y.; Song, L.H.; Yue, G.G.L.; Lee, J.K.M.; Zhao, L.M.; Li, L.; Zhou, X.N.; Tsui, S.K.W.; Ng, S.S.M.; Fung, K.P.; et al. Bigelovin 
triggered apoptosis in colorectal cancer in vitro and in vivo via upregulating death receptor 5 and reactive oxidative species. 
Sci. Rep. 2017, 7, 42176. https://doi.org/10.1038/srep42176. 

226. Teodoro, A.J. Bioactive Compounds of Food: Their Role in the Prevention and Treatment of Diseases. Oxidative Med. Cell. Longev. 
2019, 2019, 3765986. https://doi.org/10.1155/2019/3765986. 



Pharmaceuticals 2023, 16, 92 26 of 26 
 

 

227. Mahmoudi, N.; Kiasalari, Z.; Rahmani, T.; Sanaierad, A.; Afshin-Majd, S.; Naderi, G.; Baluchnejadmojarad, T.; Roghani, M. 
Diosgenin Attenuates Cognitive Impairment in Streptozotocin-Induced Diabetic Rats: Underlying Mechanisms. 
Neuropsychobiology 2021, 80, 25–35. https://doi.org/10.1159/000507398. 

228. Liu, S.; Rong, G.; Li, X.; Geng, L.; Zeng, Z.; Jiang, D.; Yang, J.; Wei, Y. Diosgenin and GSK126 Produce Synergistic Effects on 
Epithelial-Mesenchymal Transition in Gastric Cancer Cells by Mediating EZH2 via the Rho/ROCK Signaling Pathway. 
OncoTargets Ther. 2020, 13, 5057–5067. https://doi.org/10.2147/OTT.S237474. 

229. Sethi, G.; Shanmugam, M.K.; Warrier, S.; Merarchi, M.; Arfuso, F.; Kumar, A.P.; Bishayee, A. Pro-Apoptotic and Anti-Cancer 
Properties of Diosgenin: A Comprehensive and Critical Review. Nutrients 2018, 10, 645. https://doi.org/10.3390/nu10050645. 

230. Lu, J.Q.; Wong, K.B.; Shaw, P.C. A Sixty-Year Research and Development of Trichosanthin, a Ribosome-Inactivating Protein. 
Toxins 2022, 14, 178. https://doi.org/10.3390/toxins14030178. 

231. Shaw, P.C.; Chan, W.L.; Yeung, H.W.; Ng, T.B. Minireview—Trichosanthin—A Protein with Multiple Pharmacological 
Properties. Life Sci. 1994, 55, 253–262. https://doi.org/10.1016/0024-3205(94)00727-6. 

232. Shi, W.W.; Wong, K.B.; Shaw, P.C. Structural and Functional Investigation and Pharmacological Mechanism of Trichosanthin, 
a Type 1 Ribosome-Inactivating Protein. Toxins 2018, 10, 335. https://doi.org/10.3390/toxins10080335. 

233. Sha, O.; Niu, J.F.; Ng, T.B.; Cho, E.Y.P.; Fu, X.Y.; Jiang, W.Q. Anti-tumor action of trichosanthin, a type 1 ribosome-inactivating 
protein, employed in traditional Chinese medicine: A mini review. Cancer Chemother. Pharm. 2013, 71, 1387–1393. 
https://doi.org/10.1007/s00280-013-2096-y. 

234. Ren, Z.; Zhao, J.; Cao, X.; Wang, F. Tandem fusion of albumin-binding domains promoted soluble expression and stability of 
recombinant trichosanthin in vitro and in vivo. Protein Expr. Purif. 2022, 200, 106147. https://doi.org/10.1016/j.pep.2022.106147. 

235. Bezerra, D.P.; Pessoa, C.; de Moraes, M.O.; Saker-Neto, N.; Silveira, E.R.; Costa-Lotufo, L.V. Overview of the therapeutic 
potential of piplartine (piperlongumine). Eur. J. Pharm. Sci. 2013, 48, 453–463. https://doi.org/10.1016/j.ejps.2012.12.003. 

236. Zhu, P.; Qian, J.Q.; Xu, Z.Y.; Meng, C.; Zhu, W.Z.; Ran, F.S.; Zhang, W.; Zhang, Y.A.; Ling, Y. Overview of piperlongumine 
analogues and their therapeutic potential. Eur. J. Med. Chem. 2021, 220, 113471. https://doi.org/10.1016/j.ejmech.2021.113471. 

237. Xu, P.; Xiao, J.; Chi, S.X. Piperlongumine attenuates oxidative stress, inflammatory, and apoptosis through modulating the 
GLUT-2/4 and AKT signaling pathway in streptozotocin-induced diabetic rats. J. Biochem. Mol. Toxic. 2021, 35, e22763. 
https://doi.org/10.1002/jbt.22763. 

238. Yang, T.S.; Sun, S.X.; Wang, T.G.; Tong, X.; Bi, J.H.; Wang, Y.L.; Sun, Z.R. Piperlonguminine is neuroprotective in experimental 
rat stroke. Int. Immunopharmacol. 2014, 23, 447–451. https://doi.org/10.1016/j.intimp.2014.09.016. 

239. Zhang, D.F.; Yang, Z.C.; Chen, J.Q.; Jin, X.X.; Qiu, Y.D.; Chen, X.J.; Shi, H.Y.; Liu, Z.G.; Wang, M.S.; Liang, G.; et al. 
Piperlongumine inhibits migration and proliferation of castration-resistant prostate cancer cells via triggering persistent DNA 
damage. BMC Complement. Med. 2021, 21, 195. https://doi.org/10.1186/s12906-021-03369-0. 

240. Tripathi, S.K.; Biswal, B.K. Piperlongumine, a potent anticancer phytotherapeutic: Perspectives on contemporary status and 
future possibilities as an anticancer agent. Pharmacol. Res. 2020, 156, 104772. https://doi.org/10.1016/j.phrs.2020.104772. 

241. Xu, T.; Pang, Q.Y.; Wang, Y.; Yan, X.F. Betulinic acid induces apoptosis by regulating PI3K/Akt signaling and mitochondrial 
pathways in human cervical cancer cells. Int. J. Mol. Med. 2017, 40, 1669–1678. https://doi.org/10.3892/ijmm.2017.3163. 

242. Mohanan, P.; Subramaniyam, S.; Mathiyalagan, R.; Yang, D.C. Molecular signaling of ginsenosides Rb1, Rg1, and Rg3 and their 
mode of actions. J. Ginseng Res. 2018, 42, 123–132. https://doi.org/10.1016/j.jgr.2017.01.008. 

243. Wang, C.Z.; Anderson, S.; Du, W.; He, T.C.; Yuan, C.S. Red ginseng and cancer treatment. Chin. J. Nat. Med. 2016, 14, 7–16. 
https://doi.org/10.3724/Sp.J.1009.2016.00007. 

244. Hwang, S.K.; Jeong, Y.J.; Cho, H.J.; Park, Y.Y.; Song, K.H.; Chang, Y.C. Rg3-enriched red ginseng extract promotes lung cancer 
cell apoptosis and mitophagy by ROS production. J. Ginseng Res. 2022, 46, 138–146. https://doi.org/10.1016/j.jgr.2021.05.005. 

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


