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Abstract 

As one of the most important organelles, mitochondria provide cells with energy 

and act as a signalling platform to play crucial roles in deciding cell fate. It is 

therefore not surprising that mitochondrial dysfunctions are implicated in the 

pathogenesis of many diseases, including cancer, neurodegenerative diseases, 

aging, heart failure, and metabolic disorders. Thus, it is crucial to remove 

dysfunctional mitochondria to keep a healthy mitochondrial network. Many 

classic anticancer agents are known to trigger cell death through induction of 

mitochondrial damage. Mitophagy is a key mitochondrial quality control process 

that effectively removes damaged mitochondria through autophagic pathways. In 

addition to its well-known implications in the pathogenesis of neurodegenerative 

diseases, the roles of mitophagy in tumorigenesis and cancer drug resistance have 

caught substantial attention. However, at present, the precise roles of mitophagy 

in tumorigenesis and anticancer agents’ treatment remain largely unclear. One 

key question remains: Can targeting mitophagy improve cancer therapy? 

Magnolol, a natural compound isolated from Magnolia officinalis, displays potent 

anticancer activities in various types of cancers. Due to few side effects and the 

property of passing through the blood-brain barrier, magnolol is possibly an ideal 

anticancer drug, especially for neuroblastoma and glioblastoma. It has been 

reported that magnolol can induce autophagy in various of cancer cells and 

magnolol can target multiple mitochondrial proteins. However, at present, 

magnolol’s effects on mitophagy have not been investigated. 

In this study, we aimed to explore the molecular mechanism and the functional 

implication of mitophagy in the anticancer properties of magnolol. First, we have 
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found that magnolol induces mitochondrial depolarization, causes excessive 

mitochondrial fragmentation and increases mitochondrial ROS. Second, magnolol 

induces PTEN-induced putative kinase protein 1 (PINK1)-Parkin-mediated 

mitophagy through the regulation of two positive feedforward amplification loops. 

Third, magnolol triggers cancer cell death and inhibits neuroblastoma tumor 

growth via the intrinsic apoptosis pathway. Furthermore, magnolol can prolong 

the survival time of tumor-bearing mice. Last but not least, inhibition of 

mitophagy by PINK1/Parkin knockdown or using inhibitors targeting different 

autophagy/mitophagy stages significantly promotes magnolol-induced cell death 

and enhances magnolol’s anticancer efficacy both in vitro and in vivo.  

In conclusion, our study strongly demonstrates that magnolol can induce 

apoptosis and mitochondria damage which might activate autophagy/mitophagy 

pathway for cancer cell to adapt cell stress, while blockage of 

autophagy/mitophagy pathway is able to remarkably increase cell death in cancer 

cells and enhances the anticancer efficacy of magnolol. These results indicates 

that: (1) magnolol causes mitochondrial dysfunction and induces intrinsic 

apoptosis; (2) magnolol induces mitophagy in a PINK1- and Parkin-dependent 

manner, which antagonizes magnolol’s cytotoxicity; and (3) genetic and 

pharmacological inhibition of mitophagy dramatically enhances magnolol’s 

anticancer efficacy, both in vitro and in vivo. These findings not only suggests 

that natural compound such as magnolol can be a novel clinic strategy for cancer 

therapy, but also clue that combined mitophagy/autophagy inhibitors with these 

natural compound (s) may be a promising strategy to overcome resistance of 

chemotherapy, especially in the condition that those compounds trigger cell death 

through induction of mitochondrial damage. 
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1.1 Autophagy 

1.1.1 Overview of autophagy 

The words autophagy coming from the Greek language in which Auto- means 

self, and -pahgy means to eat. It was named by De Duve in 1963 when he found 

that lysosomes were responsible for the degradation process after glucagon 

treatment 1. It refers to a natural process in which cells digest their own excessive, 

potential toxic or damaged constituents and reuse them in a highly orderly 

manner. Through this highly conserved self-degradative process, unwanted 

cytoplasmic components, including proteins, organelles and intracellular 

pathogens, are sequestered in a double-membrane-bound autophagosome and 

delivered to the lysosome for degradation and recycle 2,3. In mammalian cells, 

there are three types of autophagy: macroautophagy, microautophagy, and 

chaperone-mediated autophagy (CMA) 4. Macroautophagy is the main autophagic 

pathway, which is referred to as autophagy in this thesis.  

Autophagy plays an important housekeep function for cells to get rid of large 

excessive or potentially toxic structures. Thus, it serves as a quality control for 

proteins and organelles and plays an essential role in maintaining a balance of 

catabolism and cellular homeostasis with another key protein degradation 

pathway, the ubiquitin–proteasome system (UPS). More importantly, autophagy 

can rapidly response to certain environmental cues and cell stresses (such as 

starvation, hypoxia, low oxygen, nutrient or energy starvation, high temperature, 

hormonal stimulation) and play essential roles for cell survival under stresses 5. 

Under certain circumstances, autophagy constitutes a stress adaptation that avoids 

cell death (and/or suppresses apoptosis), whereas in other cellular settings, it 

constitutes an alternative cell-death pathway 5,6.   
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Accumulating evidence in the past decades from in vitro cell studies and in vivo 

animal models [with specific deletion of autophagy-related genes (ATGs)] has 

highlighted that autophagy is implicated in many diseases, including cancer, 

innate immunity, muscular dystrophy and metabolic disorders 7,8. Among of them, 

the roles of autophagy in cancers are contentious and are generally accepted that 

it depends upon tumor type, stage and genetic context. It is believed that 

autophagy has suppressive effects against cancer at the initiation stage but plays 

cytoprotective roles against cell death once tumor is established. For their 

essential roles in cell survival under cell stress, autophagy may response for drug 

resistance under certain circumstance in cancer therapy, which has been discussed 

in many excellent reviews 9-11. 

1.1.2 The processes of autophagy 

Autophagy is an extremely complicated process. Since it was discovered in 1960s, 

a large group of genes regulating this pathway have been identified as ATGs. And 

the mechanisms of autophagy have been increasingly understood in the past 

decades. Briefly, there are four consecutive stages involved in autophagy: (1) 

Initiation or induction; (2) Nucleation; (3) Elongation; (4) Maturation or Fusion 

and degradation. The induction process of autophagy is involving the emergence 

of a cup-shaped membrane structure called phagophore and it is mediated by the 

Unc51-like activating kinase1/2 (ULK1/2) complex consisting of ULK1/2, 

ATG13, FIP200 and ATG101 (Ravikumar et al., 201012. Then it grows into a 

double-membrane vesicle which is termed as autophagophore and is responsible 

for sequestering the cytosol component. This processes are  called nucleation and 

elongation stages and regulated by Beclin1-ATG14 and hVPS34/class III 

phosphatidylinositol 3-kinases (PI3K) complex 13. The next step of autophagy is 
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the formation of autophagosome involved in two ubiquitin like systems: 

Atg12/Atg5/Atg16 and LC3-PE (phosphatidylethanolamine) conjugation systems 

14,15. After this step, the autophagosome goes to fuse with lysosome to form an 

autolysosome where the targeted cytosolic components are degraded and reused 

through the acidic hydrolases of lysosome 16,17. Those steps of autophagy 

processes are briefly summarized and illustrated in Figure 1.1. 

 

Figure 1.1 The process of autophagy in mammalian cells [Modified based on 

18]. There are four consecutive stages of autophagy, including: (1) Initiation or 

induction; (2) Nucleation; (3) Elongation; (4) Maturation or Fusion and 

degradation, which are regulated by various of ATGs. (With copyright permission 

from the publisher) 

1.2 Mitochondria and mitochondrial apoptosis 

1.2.1 Overview of mitochondria 

As one of the most important organelles, mitochondria are known as “the 

powerhouse of cells” for producing adenosine triphosphate (ATP). In addition to 

their role as the “powerhouse of the cells”, mitochondria play essential roles in a 

https://www.britannica.com/science/adenosine-triphosphate
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variety of fundamental biological and metabolic processes, including synthesis of 

fatty acids, generation of ROS, maintenance of calcium balance and so on 19. And 

what is more importantly, mitochondria act as a signaling platform to play crucial 

roles in response to cell stresses and deciding cell fate. In apoptosis, it emerges as 

signaling hubs and serves as a key component in one of major apoptosis pathways 

which is called mitochondrial ‘intrinsic’ pathway under a variety of intercellular 

perturbations 20. Many apoptosis inducers, such as anticancer agents, are known 

to act in mitochondria 21,22. Therefore, it is not surprising that dysfunctions of 

mitochondrial are related to many human diseases, including cancer, 

neurodegeneration diseases, aging, heart failure and and metabolic disorders 23,24 . 

The unique compartmentalized structures and chemical compositions of 

mitochondrion offer an optimal microenvironment for its energy harvesting and 

many other essential functions. It consists of four sub-compartments: an outer 

membrane (OM), a highly invaginated inner membrane (IM), matrix and 

intermembrane spaces (IMS) 25 (Figure 1.2). The OM contains porin channels 

and is extremely rich in enzymes associated with mitochondrial lipid synthesis. 

The inner mitochondrial membrane acts as a barrier to protons. The electron 

transport chain locates in this membrane transport protons (H+) into the 

intermembrane space, allowing an electrochemical gradient over the IM which is 

the driving force for ATP synthase. Based on these characteristics, numerous 

indicators are used to monitor the membrane potential of mitochondria, including 

Tetramethylrhodamine ethyl ester (TMRE) and cationic cyanine dyes. And the 

matrix contains their own copies of DNA encoding electron transport chain (ETC) 

proteins and other marker proteins.  Maintaining the impermeability of the inner 

mitochondrial membrane is essential for the oxidative phosphorylation, while the 
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mitochondrial outer membrane permeabilization (MOMP) are proved to be 

critical in the induction of the ‘intrinsic’ pathway of apoptosis.  

 

 

Figure 1.2 Illustration of mitochondrial structures 25. (With copyright 

permission from the publisher) 
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1.2.2 Mitochondrial apoptosis 

For apoptosis, the mitochondrial ‘intrinsic’ pathway and the death receptor 

‘extrinsic’ pathway are the two principal pathways, and both of which converge 

on caspase activation 26. As their names suggest, the initial signals of the extrinsic 

pathway come from outside of the cells, which is normally mediated by death 

receptors and their adaptors, such as FasL/FasR (adaptor, FADD) and TNF-

α/TNFR1 (adaptor, TRADD) on the surface of the targeted cells. In contrast, the 

intrinsic pathway is initiated by signals from the cells. Death signals originating 

from various cellular stresses, including radiation, oxidative stress, genotoxic 

stress, and chemotherapeutic drugs could lead to the opening of a series of 

channels on mitochondria which are usually MOMP, allowing cytochrome C or 

apoptosis inducing factor (AIF) to leak out into cytoplasm 26. The leaked-out 

cytochrome C is able to bind to Apaf-1 and procaspase-9 in cytoplasm to form 

apoptosome and then activate the caspase cascades 27; The leaked-out AIF 

translocates to nucleus and results in DNA fragmentation, which causes apoptosis 

in caspase-independent manner 20. The above steps are briefly summarized as 

below in Figure 1.3. 
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Figure 1.3 Intrinsic and extrinsic apoptotic signaling pathways [Modified 

based on 28]. Intrinsic pathway activates caspase-9 and extrinsic pathway 

activates caspase-8, then both of them activate caspase-3 and downstream targets.  
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1.3 Mitophagy  

1.3.1 Overview of mitophagy 

Nowadays, it is believed that autophagy can either be non-selective or selective. 

Non-selective autophagy refers to bulk autophagy which randomly degrades 

cargos through lysosome; while selective autophagy means to degrade certain 

cargos in a highly specific and selective manner, such as mitochondria, 

aggregated proteins or endoplasmic reticulum (ER) through the autophagy 

machinery. Based on the nature of targeted cargos, there exists several selective 

autophagy, including mitophagy (mitochondria), ribophagy (ribosomes), ER-

phagy (ER), lysophagy (lysosomes) as well as xenophagy (invading pathogens) 

29,30. Among them, mitophagy is a classic and a main type of selective autophagy, 

through which the damaged or unwanted mitochondria are selectively degraded 

via the autophagic pathway 31. It was first named by by J.Lemasters and his 

colleagues in 2005 when they observed damaged mitochondria were engulfed by 

autophagosome vesicles with double membrane structure coated with 

microtubule-associated protein 1A/1B light chain 3B (LC3B) after they used 

serum starvation to treat the rat hepatocytes 32. Like autophagy, mitophagy plays 

housekeep roles in removing dysfunctional mitochondria to keep a healthy 

mitochondrial network, maintain the cellular homeostasis and rapidly response to 

mitochondrial stresses.  

Since mitochondria are one of the most important organelles and also play 

essential roles in a variety of cell functions especially in apoptosis, removing 

dysfunctional mitochondria is not only crucial to keep a healthy mitochondrial 

network and cellular homeostasis, but also plays important roles in deciding cell 

fate under stresses. Thus, the function and mechanisms of mitophagy have caught 
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much more attention to explore beyond its housekeep function. For examples, 

mitophagy contributes to removal of mitochondria in the process of erythrocytes 

development, and mitophagy also mediates maternal inheritance of mitochondrial 

DNA by eliminating sperm-derived mitochondria 33. And what’s more, to explore 

the roles of mitophagy in tumorigenesis and cancer treatment represents urgent 

unmet clinical needs for cancer drug resistance, which has been highlighted in 

recent excellent reviews 34,35. 

1.3.2 Mitophagy pathways 

In the past decades, explosive progresses have been made to understand the 

molecular mechanisms of mitophagy signaling pathway and its 

pathophysiological roles in human health and diseases. There are mainly three 

pathways reported to mediate mitophagy: (1) the PINK1-Parkin-mediated Ub-

driven pathway; (2) BNIP3/NIX receptor-mediated pathway; and (3) FUNDC1 

receptor-mediated pathway (Figure 1.4). 
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Figure 1.4 Simplified models for mitophagy in mammalian cells [Modified 

based on 36]. Damaged mitochondria are usually labelled  

by a selective signal, such as ubiquitin (Ub) or receptors to recruit LC3 and 

autophagosome. Ub-driven mitophagy: PINK1 and Parkin cooperate with each 

other to generate Ub on damaged mitochondria; then mitochondria are degraded 

by lysosome. Receptor-medicated mitophagy: NIX/BNIP3 or FUNDC1 binds to 

LC3 to deliver damaged mitochondria to lysosome for degradation. (With 

copyright permission from the publisher) 

 

(1) PINK1-Parkin-mediated ubiquitin-driven mitophagy 

The discovery of PTEN-induced kinase protein 1 (PINK1)-Parkin-dependent 

mitophagy pathway represent the milestone in the mitophagy field. PINK1, 

encoded by PTEN-induced kinase1 gene (Pink1/PARK6), is a serine/threonine 

kinase, containing a mitochondrial targeting sequence (MTS) in its N-terminal. 

Parkin is a multiprotein E3 ubiquitin ligase encoded by the PARK2 gene. It has 

been well established that mutations of Parkin and PINK1 are the key etiologic 

factors for certain forms of early onset of Parkinson’s disease  37-40. At present, 



12 
 

numerous studies have suggested that PINK1 and Parkin work together to remove 

dysfunctional mitochondria and maintain the mitochondrial homeostasis by 

regulating mitophagy 41,42. 

In healthy mitochondria, PINK1 shuttles from cytosol to mitochondria through 

the Tom40 and Tim23 translocases via its MTS, then PINK1 is cleaved via 

proteolysis (protease presenilin-associated rhomboid-like protein, PARL) and 

degraded by N‒end rule pathway to keep its low expression level at the normal 

conditions 43-46. At the normal condition, Parkin distributes in the cytosol and 

exists in an auto-inhibited conformation through intra domain-domain 

interactions 47,48. For examples, Parkin’s UBL domain and REP element bind to 

RING1 domain to block E2 enzymes binding; and RING0 domain binds to 

RING2 domain to block the catalytic activity site 49. 

However, once mitochondria are damaged and depolarized in cells; for example, 

cells are treated with a mitochondrial uncoupler carbonylcyanide m-

chlorophenylhydrazone (CCCP); the mitochondrial membrane potential (MMP) 

is decreased and PINK1 is stabilized and activated on the mitochondrial outer 

membrane 43,50,51. After activation, PINK1, a serine/threonine kinase, 

phosphorylates pre-existing ubiquitin at serine 65 (pSer65‒Ub) 52-54, which can be 

Parkin dependent or independent  55. Then, pSer65‒Ub chains serve as Parkin 

receptors to recruit Parkin from the cytosol to mitochondria 52,56. Binding to 

pSer65-Ub releases Parkin’s UBL domain from RING1 domain, which leads to 

the phosphorylation of Parkin by PINK1 also at serine 65 (pSer65‒Parkin) 57-59. 

This in turn results in Parkin’s conformational further changes that fully activate 

Parkin 60,61. Once activated, Parkin, an E3 ligase, recruits more Ub for PINK1 

phosphorylation, and more pSer65‒Ub recruits further rounds of Parkin on 
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mitochondria, thus forming the first positive feedforward amplification loop to 

enable rapid coating of mitochondria with pSer65‒Ub and initiate mitophagy 49,62. 

The above steps are summarized as below in Figure 1.5. 

In addition, pSer65‒Ub can recruit primary mitophagy receptors, such as 

Optineurin (OPTN) and CALCOCO2 (NDP52), to mitochondria 55,63. One the 

one hand, these receptors serve as bridge to link ubiquitylated mitochondria and 

autophagosome via LC3, which finally leads to degradation of the damaged 

mitochondria via lysosome 41,42. On the other hand, OPTN and NDP52 can recruit 

unc51‒like activating kinase 1/2 (ULK1/2) complex on mitochondria to initiate 

autophagosome formation through the recruitment of ATG8s which recruit 

additional mitophagy receptors to speed the autophagosome growth, thus forming 

the second positive feedforward amplification loop to amplify mitophagy 55,64,65. 
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Figure 1.5 Illustration of PINK1-Parkin-mediated first amplification loop of 

mitophagy [Modified based on 49]. The consecutive procedures: ① 

PINK1phosphorylates pre-existing Ub on OMM. ② Parkin translocates from 

cytosol to mitochondria due to high affinity to pSer65-Ub. ③ Binding to pSer65-

Ub releases Parkin’s UBL domain from RING1 domain. ④ PINK1 

phosphorylates Parkin’s UBL domain to open Parkin. ⑤ Parkin is fully activated 

through conformational changes. ⑥ PINK1, pSer65-Ub, and Parkin form 

positive feedback loops. ⑦ Parkin ubiquities more mitochondrial proteins to 

induce robust mitophagy. (With copyright permission from the publisher) 

 

(2) BNIP3/NIX-mediated mitophagy 

Bcl-2/adenovirus E1B 19 KD-interacting protein 3 (BNIP3) is a mitochondrial 

protein encoded by the BNIP3 gene with a C-terminal transmembrane domain 

inserting into the mitochondria outer membrane. Bcl-2/adenovirus E1B 19 KD-

interacting protein 3-like (BNIP3L, also named NIX) is a homolog of BNIP3 

encoded by the BNIP3L gene. Both of them are the member proteins of the BCL2                                 

family 66.  

Lots of studies have revealed BNIP3 and NIX are two key regulators in hypoxia-

induced mitophagy. Both proteins contain a LC3 interacting region (LIR) and can 

interact with LC3s/GABARAP family proteins. Under hypoxia condition, BNIP3 

and NIX can be transcriptionally upregulated by hypoxia-inducible factors (HIFs) 

or FOXO3 67,68, then they recruit autophagosome to damaged mitochondria 

through the interaction with LC3s/GABARAP family proteins. Mutation or 

deletion of their LIR significantly attenuates mitophagy due to the impaired 

interaction with LC3 69-71. Emerging studies suggest that phosphorylation of 

BNIP’s or NIX’s LIR promotes their interaction with LC3 and thus increases 

mitophagy 71,72. One very recent study showed that c-Jun N-terminal kinase 1/2 

(JNK1/2) are responsible kinases for these phosphorylation 73. What is more, NIX 
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plays essential roles in red blood cell maturation through induction of mitophagy 

to remove mitochondria 74,75. 

(3) FUNDC1-mediated mitophagy 

FUN14 domain-containing protein 1 (FUNDC1) is as another pivotal mitophagy 

receptor to fine-tune mitophagy under hypoxia conditions 76. Structural analysis 

showed that FUNDC1 is consisting of three transmembrane domains and a LIR 

motif which can bind to LC3 and recruit autophagosome to damaged 

mitochondria 76,77. They found that mutation or deletion of FUNDC1’s LIR 

significantly attenuates mitophagy. Kuang et al. reported that phosphorylation of 

FUNDC1 at tyrosine 18 (Tyr18) by SRC kinase and at Ser13 by CK2 kinase 

around LIR motif impair mitophagy, while dephosphorylation of FUNDC1 at 

Ser13 by PGAM5, one mitochondrial phosphatase, promotes mitophagy 78,79. In 

addition, FUNDC1 can be phosphorylated by ULK1 at Ser17 to enhance 

mitophagy induction 80. Interestingly, Wu et al. also found that FUNDC1 is able 

to recruit DRP1 to mitochondrial through ER-mitochondrial contact sites and 

promote mitochondrial fission  81. 

1.3.3 Mitophagy in cancer 

As a key mitochondrial quality control process in response to cell stresses, 

abnormality of mitophagy has important implications in the pathogenesis of 

several neurodegenerative disorders, cardiovascular diseases, metabolic diseases, 

skeletal muscle diseases as well as cancer 82,83. Similar to the “double-edged” 

effects of autophagy in cancer, it is believed that mitophagy might play similar 

dual roles in cancer.  

On the one hand, mitophagy may play a tumor suppressor role in the initiation 

stage of tumorigenesis or oncogenic transformation processes. Several types of 
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tumors including glioblastoma cancer, ovarian cancer, lung cancer, breast cancer 

and colorectal cancer harbour the loss function mutations or deletions in either the 

PARK2 or PARK6 genes, leading to mitophagy defective in these types of tumors  

84,85. In addition, damaged mitochondria are the major source of reactive oxygen 

species (ROS) and dysfunction of mitophagy leads to more production of ROS. 

The production of ROS has been proposed as a hallmark of tumor progression. 

What is more, Parkin as a tumor suppressor can dampen glycolytic metabolism 

known as the Warburg effect, which is dependent on its ability to dampen ROS 

production 84,86. Lots of cancer cells depend on Warburg effect to promote cell 

growth and survival 87. Consistently, PARK2/Parkin knockout mice are found to 

be susceptible to liver tumors 88. 

On the other hand, once tumor is established, mitophagy may provide a survival 

advantage through their cytoprotective roles against stresses. Cancer cell may 

employ mitophagy to adapt cell stresses in chemotherapy or other cancer 

therapeutic drugs. The rapid clearance of damaged mitochondria by mitophagy 

can reduce detrimental ROS or alter the releasing of cytochrome C and AIF into 

cytoplasm, leading to drug resistance in cancer treatment especially for the drugs 

which target mitochondria and induce mitochondrial intrinsic apoptosis. 

Accumulating studies are suggesting that mitophagy may serve as a suppressor of 

cell death and help the cancer cells to adjust the microenvironment of limited 

oxygen or nutrient and develop drug resistance 41. For instance, in oncogenic K‒

Ras‒driven transformation, mitophagy promotes cancer development via 

autophagy‒mediated organelle degradation to provide ATP and nutrients for 

cancer cells when there is insufficient glucose up‒take 89. Yan et al. found that 

mitophagy was induced in cancer stem cells (CSCs) after doxorubicin treatment, 
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leading to drug resistance 90. It has also been reported that PINK1 could maintain 

the human brain tumor stem cell function through the interaction with Notch and 

promotion of mitochondrial function 91. More interesting, Liu et al. reported that 

mitophagy could maintain hepatic CSCs population to promote 

hepatocarcinogenesis via inhibiting the activity of p53, the most important tumor 

suppressor, in a PINK1‒dependent manner 92. However, the precise function and 

regulation of mitophagy in anticancer agents’ treatment remain largely unknown. 

Now, the roles of mitophagy in tumorigenesis and cancer drug resistance have 

caught substantial attention. Blocking of mitophagy might be one novel potential 

strategy in cancer therapy 93,94.  

At present, there are still many questions about the precise roles of mitophagy in 

tumorigenesis and anticancer agents’ treatment to answer. Is it possible and to 

what extent that the manipulation of autophagy/mitophagy pathway could 

improve the efficacy of cancer therapy in different types and stages of cancer? 

And if yes, how does it work? Future studies in these aspects are in high demand.  

1. 4 Magnolol 

Traditional Chinese medicines (TCMs) have a long history and it is well-known 

that TCMs take the approach of multi-target and overall-regulation in the 

treatment of cancer. Due to their novel action mechanism with few side effects 

and toxic to normal cells compared to chemotherapy, natural compounds from 

TCMs have received increasing interest as sources for novel anticancer agents 

However, for most conditions, there is not enough rigorous scientific evidence to 

know the exact molecular mechanisms and whether TCM methods work well for 

the conditions they are used. Nowadays, with the progress of extraction 

techniques, more and more therapeutic compounds have been quantified and 
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isolated from TCMs for further exploring their functions and molecular 

mechanism. 

  

 

 

Figure 1.6 The flower, leaf and bark of Magnolia officinalis and the chemical 

structure of magnolol [Modified based on  95]. (With copyright permission 

from the publisher) 

 

Magnolol is one of them which isolated from the root and stem bark of the tree 

Magnolia officinalis (Figure 1.6), a gentle herb with a long history of use in 

TCMs. As a bioactive hydroxylated biphenyl agent, it has been well-established 

that magnolol exhibits anti-inflammatory, anti-diabetic, anti-microbial, anti-

neurodegenerative and anti-depressant depressant properties 96. Moreover, 

numerous preclinical studies have reported that magnolol displays anticancer 

effects in various types of cancer or cancer cells. 

Skin cancer 

In 1991, Konoshima et al. were the first to demonstrate the effect of magnolol 

against skin cancer in mice 97. Chilampalli et al. reported that magnolol could 
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inhibit UVB-induced skin cancer through inducing apoptosis and cell cycle arrest 

98. 

Glioblastoma 

Chen et al. found that magnolol prevented human glioblastoma cells by causing 

DNA fragmentation 99. Another study showed that magnolol was able to reduce 

human glioblastoma cells migration through regulating N-cadherin, one key 

indicator of epithelial-to-mesenchymal transition (EMT) 100. 

Non-small cell lung cancer 

Tsai et al. reported that magnolol induced apoptosis in multiple non-small cell 

lung cancer (NSCLC) cells via caspase-independent manner, while magnolol had 

no toxicity to normal human bronchial epithelia cells 101. Furthermore, Shen et al. 

revealed that magnolol could inhibit NSCLC in vitro and in vivo through 

inhibition of microtubule polymerization 102. 

Breast cancer 

Liu et al. reported that magnolol inhibited human breat tumor invasion in vitro 

and in vivo by suppression of metalloproteinase-9 through NF- κB pathway 103. 

Zhou et al. reported that magnolol induced intrinsic apoptosis in MCF-7 human 

brest cancer cells; they found that magnolol could reduce MMP, release of 

cytochrome c and AIF from mitochondria to cytosol, and up-regulation of pro-

apoptosis proteins such as Bax 104. 

The anticancer activities of magnolol have been attributed to induction of 

apoptosis, inhibition of cell proliferation and suppression of cell metastasis. Due 

to few side effects on normal human cells and the property of passing through the 

blood‒brain barrier 101,102,105,106, magnolol is probably an ideal anticancer agent, 

especially for neuroblastoma and glioblastoma. Magnolol has also been reported 
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to play important roles in the regulation of autophagy in cancer cells 102,107-109. 

More interestingly, it is determined by proteomic approaches that magnolol can 

target multiple mitochondrial and/or mitophagy related proteins 110. In addition, 

Cheng et al reported that mitochondrial-targeted analog of magnolol was more 

effective to inhibit melanoma growth through inhibition of oxidative 

phosphorylation, proliferation, and reduction of MMP 111. However, at present, 

magnolol’s exact effects on mitophagy have not been investigated. 

1. 5 Objectives of this study 

From the above background introduction, there comes three conclusions. Frist, 

magnolol can cause mitochondrial dysfunction. Second, magnolol displays 

anticancer activities in a variety of cancers or cancer cell lines; the anticancer 

activities of magnolol have been mostly attributed to induction of apoptosis, 

inhibition of cell proliferation and suppression of cell metastasis. Third, magnolol 

is able to induce autophagy in multiple cancer cells. However, the exact 

molecular mechanism of magnolol’s anti-cancer function is still largely unknown; 

and whether mitophagy is induced and what kind of roles mitophagy plays in 

cancer cells treated with magnolol are still not clear. Therefore, the present study 

is aimed to explore the possible signal pathways and molecular mechanism of 

magnolol in the regulation of mitophagy or mitochondria homeostasis in cancer 

therapy via the following specific aims: 

1. To further confirm magnolol can cause mitochondrial dysfunction; 

2. To check whether magnolol can regulate mitophagy via multiple methods, 

including Western blot, immunostaining, transmission electron microscopy and 

etc.; 
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3. To explore the mechanism of how magnolol regulate mitophagy by focusing 

on PINK1-Parkin-mediated mitophagy; 

4. To further investigate the anticancer function of magnolol in vitro and in vivo 

by detecting cell death/ survival;  

5. To examine the precise roles of mitophagy in magnolol’s anticancer properties. 

Results from this study will help to reveal the molecular mechanisms of magnolol 

in regulating mitophagy and cell death for the first time. More importantly, 

understanding the regulatory function of magnolol in mitophagy and cell death 

will not only expand the knowledge of the molecular mechanism of Chinese herb 

medicine, but also provide a potential novel therapeutic targets and strategies for 

anticancer therapy. 
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2.1. Reagents and antibodies 

Bafilomycin A1 (Baf-A1; catalogue number: B1793), bovine serum albumin 

(BSA; catalogue number: A2153), chloroquine (CQ) diphosphate salt (catalogue 

number: C6628), magnolol (catalogue number: M3445), wortmannin (catalogue 

number: W1628), and Z-VAD-FMK (catalogue number: V116) were ordered 

from Sigma‒Aldrich (St. Louis, MO, USA). Ac220 (catalogue number: HY-

13001), ferrostatin-1 (catalogue number: HY-100579), hydroxychloroquine 

(HCQ; catalogue number: HY-B1370), and necrostatin-1 (catalogue number: HY-

15760) were purchased from MedChemExpress (Monmouth Junction, NJ, USA). 

Vacuolin-1 (catalogue number: sc-216045) was ordered from Santa Cruz 

Biotechnology (Dallas, TX, USA). HyperSignal ECL substrate (4AW012-50) 

was ordered from 4A Biotech Co., Ltd (Beijing, China). Lipofectamine 3000 

reagent (catalogue number: L3000075), Lipofectamine RNAiMAX reagent 

(catalogue number: 13778150), propidium iodide (PI; catalogue number: 

P1304MP), ProLong® Diamond Antifade Mountant medium (catalogue number: 

P36970), and ProLong® Diamond Antifade Mountant medium with 4’,6-

diamidino-2-phenylindole (DAPI; ProLong® Diamond Antifade Mountant 36971) 

were purchased from Thermo Fisher Scientific (Waltham, MA, USA).  

All of the below antibodies were ordered from Cell Signaling Technologies 

(Danvers, MA, USA): caspase-3 (catalogue number: 9662), cleaved caspase-3 

(catalogue number: 9661), caspase-9 (catalogue number: 9502), cytochrome c 

oxidase 4 (COX4; catalogue number: 4850), glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH; catalogue number:  2118), heat shock protein 60 

(HSP60; catalogue number: 12165), mitofusin-1 (MFN1; catalogue number: 

14739), mitofusin-2 (MFN2; catalogue number: 11925), Parkin (catalogue 
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number: 4211), PINK1 (catalogue number: 6946), poly ADP ribose polymerase 

(PARP; catalogue number: 9532) and phospho-Tyr591-FLT3 (catalogue number: 

3461). Microtubule-associated proteins 1A/1B light chain 3B (LC3B; catalogue 

number: L7543), actin (catalogue number: A5441) and tubulin (catalogue number: 

T6199) were ordered from Sigma‒Aldrich (St. Louis, MO, USA). Translocase of 

inner mitochondrial membrane 23 (Tim23; catalogue number: 611223) was 

purchased from BD Biosciences (San Jose, CA, USA). Translocase of outer 

mitochondrial membrane 20 (Tom20; catalogue number: FL-145) and ubiquitin 

(catalogue number: P4D1, 8017) were from Santa Cruz Biotechnology (Dallas, 

TX, USA). Cytochrome C oxidase subunit II (COX II; catalogue number: 

ab110258) and Calcoco2/NDP52 (catalogue number: ab68588) were from Abcam 

(Cambridge, CA, USA). Phospho-Parkin at serine 65 (pSer65-Parkin; catalogue 

number: MJF-17-42-4) was got from the Michael J. Fox Foundation (Cambridge, 

CA, Abcam). Phospho-ubiquitin at serine 65 (pSer65-ubiquitin; catalogue number: 

ABS1513-I) was purchased from Merck Millipore (Billerica, MA, USA). 

Optineurin (OPTN; catalogue number: 10827-1-AP) was ordered from 

Proteintech (Wuhan, China). SQSTM1/p62 (catalogue number: H00008878-M01) 

was ordered from Abnova (Taiwan, China). Anti-DNA (catalogue number: 61014) 

was ordered from Progen Biotechnik (Heidelberg, Germany). Goat anti-mouse 

IgG (H+L) highly cross-adsorbed secondary antibody, Alexa Fluor 594 

(catalogue number: A-11032), and goat anti-rabbit IgG (H+L) cross-adsorbed 

secondary antibody, Alexa Fluor 594 (catalogue number: R37117) were ordered 

from Thermo Fisher Scientific (Waltham, MA, USA). 
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2.2. Cell lines and cell culture  

All of the cell lines were cultured and maintained in Dulbecco's Modified Eagle's 

Medium (DMEM; HyClone; catalogue number:  SH30022.01; Logan, UT, USA) 

supplemented with 10% fetal bovine serum (FBS; HyClone; catalogue number:  

SV30160.03; Logan, UT, USA), 100U/mL penicillin-streptomycin (Pan-Biotech; 

catalogue number:  P06-07100; Am Gewerbepark, Aidenbach, Germany). All 

cells were maintained at 37 °C in a humidified incubator with 5% CO2. HeLa 

cells stably expressing YFP-Parkin (HeLa-YFP-Parkin cells) were kind gifts from 

Dr. Richard Youle from National Institute of Neurological Disorders and Stroke 

(Bethesda, MD, USA). HeLa cells stably expressing GFP-LC3B (HeLa-GFP-LC3 

cells) were kind gifts from Dr. Noboru Mizushima from University of Tokyo 

(Tokyo, Japan).  

HeLa cells (catalogue number: CRM-CCL-2) and SH-SY5Y cells (catalogue 

number: CRL-2266) were ordered from American Type Culture Collection 

(ATCC; Manassas, VA, USA). We have confirmed that all the cell lines do not 

contain mycoplasma with MycoAlert PLUS kits from Lonza (Alpharetta, GA, 

USA) before the experiments. 

2.3. Cell transfections 

For the knockdown experiments, we used PINK1 specific siRNA (catalogue 

number: HSS127945, HSS127946, and HSS185707; Thermo Fisher Scientific, 

Waltham, MA, USA) and Parkin specific siRNA (catalogue number: 

hs.Ri.PARK2.13.1, hs.Ri.PARK2.13.2, and hs.Ri.PARK2.13.3; Integrated DNA 

Technologies, Singapore, Singapore). One day before the transfections, cells were 

plated in the dishes and were transfected with Lipofectamine RNAiMAX reagent 
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according to the manufacturer’s instructions. After 48 hours, the cells were 

treated according to the experiments. 

2.4. Western blotting 

After the designed treatments, we used Laemmli SDS buffer (62.5 mmol/L Tris, 

pH 6.8, 25% glycerol, 2% SDS, protease and phosphatase inhibitors, 1 mmol/L 

dithiothreitol) to lyse the harvested cells. An equal amount of protein was 

resolved by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) 

membrane (catalogue number: 1706404; Bio-rad Laboratories) with wet tank 

transfer method. Then, the membrane was blocked by 5% non-fat milk for 1 hour 

and probed with primary and secondary antibodies accordingly. For the 

quantification, the band intensity was analyzed by using ImageJ software. 

For measurement of the Parkin’s E3 ligase activity, cells were harvested and 

lysed with lysis buffer [20 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 0.5% NP-40, 

1 mmol/L EDTA (pH 8.0), and 10 mmol/L N-Ethylmaleimide]. The other 

procedures were same with the normal western blotting. 

2.5. Immunofluorescence and time-lapse microscopy 

Cells were plated in dishes with a cover glass slide at the confluency around 60%. 

After the designed treatments, the cells were fixed with 4% paraformaldehyde 

(PFA; catalogue number: sc-281692, Santa Cruz Biotechnology, Dallas, TX, 

USA) for 15 min at room temperature, and washed 2 times with cold PBS for 5 

min each, followed by permeabilization for 15 min with 0.25% Triton X-100, and 

then blocked for 30 min to 1 hour with 10% BSA. Next, the cells were incubated 

with specific primary antibodies at 4 C for overnight, washed 3 times with cold 

PBS for 5 min each, and incubated with relative secondary antibodies for 1 h at 

37 C, and again finally washed 3 times with cold PBS for 5 min each and 
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mounted the cells with antifade mounting medium and visualized using a 

confocal microscope (Olympus FV3000 Confocal Laser Scanning Microscope, 

Olympus, Shinjuku, Tokyo, Japan) and/or a fluorescence microscope (DMi8, 

Leica, Wetzlar, Germany). Representative images were randomly selected and 

photographed. 

To detect the level of the mitochondrial DNA (mtDNA), we performed mtDNA 

staining with specific anti-DNA antibody (catalogue number: Ac-30-10). This 

antibody can easily label both mtDNA and nuclear DNA (total cellular DNA, 

TcDNA) 112; in contrast, 4′,6-diamidino-2-phenylindole (DAPI) only labels  

nuclear DNA (nDNA) if the incubating the cells with an appropriately short time. 

Then, 3D imaging was performed following the steps in the previous studies 55,113. 

Briefly, ten image slices through the Z plane were randomly selected and 

photographed by Olympus FV3000 Confocal Laser Scanning Microscope. For the 

quantification, we have used Imaris 9.1 software (USA) to analyzed more than 

100 cells. The percentage of mtDNA was calculated based on the formula: 

mtDNA=TcDNA‒nDNA. 

We used the Mitochondrial Network Analysis (MiNA) toolset in Fiji (USA) to do 

the quantification of mitochondrial morphology followed the procedures reported 

by Valente et al. 114. After the treatment of magnolol with indicated hours, we 

used anti-Tom20 antibody to label mitochondria, and 30 random images were 

selected and photographed by confocal microscope. Next, we used the unsharp 

mask function of MiNA to do the analysis. The average length of all 

mitochondrial rod/branch was referred as mean branch length; The average 

number of mitochondrial branches per network was referred as mean branches 
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per network; The total area of mitochondria was referred as mitochondrial 

footprint. 

For the video of Parkin mitochondrial translocation, we seeded HeLa-YFP-Parkin 

cells into glass dishes (μ-dish 35 mm, high Glass Bottom, Ibidi, Gräfelfing, 

Germany). After 24 hours, we treated the cells with magnolol (100µmol/L) for 

the indicated time.  Observation was started immediately, and images was 

recorded accordingly.  

2.6. Detection of mitochondrial membrane potential 

We used two different commercial kits, including MitoProbe™ DiIC1(5) Assay 

Kit (catalogue number: M34151; Thermo Fisher Scientific) and TMRE-

Mitochondrial Membrane Potential Assay Kit (catalogue number: ab113852; 

Abcam, Cambridge, CA, USA) to detect the mitochondrial membrane potential 

(MMP). HeLa and SH-SY5Y cells were treated by magnolol for indicated time, 

and MMP was measured using fluorescence microscopy and/or flow cytometry. 

For the quantification, we normalized the fluorescence intensity of control groups 

treated by DMSO as 100%, and then compared the florescence intensity of 

groups treated with magnolol with controls (n=3).  

2.7. Detection of mitochondrial ROS 

After the designed treatments, we used the MitoSOXTM Red Mitochondrial 

Superoxide Indicator Kit purchased form Thermo Fisher Scientific (catalogue 

number: M36008) to measure the level of mitochondrial reactive oxygen species 

(mtROS) following the manufacturer’s instruction. 

For the colocalization of mtROS and mitochondria, mitochondria were labelled 

with MitoTrackerTM Green FM (catalogue number: M7514; Thermo Fisher 

Scientific, Waltham, MA, USA), and mtROS was stained by MitoSOXTM Red 
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reagent. The cells were visualized by using a fluorescence microscopy. We used 

ImageJ to do the analysis of MitoSox fluorescence intensity. 

2.8. Transmission electron microscopy 

HeLa-YFP-Parkin cells treated with DMSO or magnolol 100 µmol/L for 4 h are 

fixed by using fresh fixative buffer (2% paraformaldehyde and 3% glutaraldehyde, 

pH7.4) at 4℃ for 4 h. Then the samples are washed 3 times with the same 

fixative buffer, and were post-fixed using 2% OsO4 (pH 7.4) at room temperature 

for 1 h. Next, we performed the block-staining and washing with the buffer of 0.1 

mol/L PB (2 times). Then, we used ascending ethanol series (25%, 50%, 75%, 

95%, 100%) to dehydrate the samples, following by 100% acetone (10 min X 2 

times), and embedded in fresh resin and polymerized at 60C for overnight. The 

other related procedures were performed and observed by JEM-1010 electron 

microscope (JEOL) according to our previously described protocols 113. 

2.9. Mitochondrial fractionation 

SH-SY5Y cells and HeLa-YFP-Parkin cells were plated one day before the 

treatment. After the cells were grown 80% confluent, wash the cells with cold 

PBS twice, digest the cells with trypsin, and collect the cells into 1.5ml tubes. 

Add 150~200 ul cold mitochondrial extraction buffer [200 mmol/L mannitol, 68 

mmol/L sucrose, 50 mmol/L Pipes-KOH (pH7.4), 50 mmol/L KCL, 5 mmol/L 

EGTA, 2 mmol/L MgCl2 and 1 mmol/L dithiothreitol with protease inhibitors] to 

the pellets of the cells. After gently incubate and shake the cells in cold room for 

30 min, the cells are homogenized with a dounce homogenizer and passaged for 

30 ~ 40 strokes. The suspension is centrifuged at 600xg for 10 min (4℃), then 

transferred into a fresh 1.5ml tubes and centrifuged at 800xg for 5 min (4℃). 

Discard the obtained pellet (nuclear fraction) and the suspension is transferred 
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into a fresh 1.5ml tubes and the mixture is centrifuged at 12,000xg for 15 min 

(4℃). The pellet obtained contains the intact mitochondria and wash the pellet 

with 200 ul mitochondrial extraction buffer, and the mixture is centrifuged at 

12,000xg for 15 min (4℃). Discard the suspension and the pellet is the 

mitochondrial fraction. 

2.10. Detection of cell death 

We combined 2 different methods to analyze the cell viability including: (1) 

morphological changes under a phase-contrast microscope; (2) propidium iodide 

(PI) live cell exclusion assay coupled with flow cytometry. After the designed 

experiments, cells are harvested by 0.25% trypsin. Cells were incubated with PI 

(μg/ml) for 10 min and subjected to FACSCalibur flow cytometry (BD 

Biosciences) for analysis of the fluorescence intensity. 

2.11. Animal xenograft model 

For assessment of the anti-cancer efficacy of magnolol or the combination of 

magnolol and different autophagy/mitophagy inhibitors, we used BALB/c male 

nude mice to generate the xenograft model which were purchased from Gem 

Pharmatech Co., Ltd, Nanjing, China. We performed these experiments following 

the approved protocols by Sun Yat-sen University. We first suspended 5×106 SH-

SY5Y cells in 100 μL PBS with 100 μL Matrigel purchased from BD Biosciences 

(San Jose, CA, USA). Second, we subcutaneously injected these cells into the 

flank of each mouse. After tumor cell injection, tumor volumes were recorded 

every three or four days by using the formula: length×width×depth×π/6. When 

the tumor volume reached around 100 mm3, we randomly divided the mice into 

different groups (n=8 for magnolol-treated groups and n=6 for the combined 

regents-treated groups, such as magnolol with wortmannin, HCQ, and/or Ac220). 
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Then the mice were administered intraperitoneally with saline control, magnolol, 

wortmannin, HCQ, Ac220, and combined agents. Mice were euthanized after 

indicated time and treatments. We collected and weighed the tumors. In the 

separate survival rate experiment, mice were deemed non-survivable and 

euthanized once the tumor volume reached 2000 mm3.  

2.12. Immunohistochemistry 

We freshly isolated the tumors and embedded them with paraffin, and mounted 

on microscopic slides. Tumor sections were performed in 10mmol/L citric acid 

buffer for heat-induced epitope retrieval. Then, we used 0.3% Triton X-100 in 

PBS to treat the sections for 30 min, and blocked the sections with Avidin-biotin 

blocking kit (Abcam, Cambridge, CA, USA). Next, we incubated the sections 

with relative primary antibodies at room temperature for 1 hour and washed the 

samples with PBS 3 times for 10min each time, followed by incubation of 

secondary antibodies for 30 min. We used the diaminobenzidine (DAB) detection 

kit purchased from Abcam (Cambridge, CA, USA) to label the signals. Slides 

were counterstained with mayer hematoxylin (Abcam; Cambridge, CA, USA). 

Finally, sections were imaged by light microscope (Leica DM4B, Wetzlar, 

Germany).  

2.13. Statistical analysis 

Three independent experiments were performed and analyzed with means ± 

standard deviation (SD). Data were compared by using the student’s t test, one-

way ANOVA, or two-way ANOVA in GraphPad Prism 7 software. P values 

<0.05 were considered statistically significant. 
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3.1. Magnolol induces mitochondrial dysfunction and ROS 

production 

3.1.1 Magnolol increases the level of autophagy 

As previously reported, magnolol is able to induce autophagy in multiple cancer 

cell lines including non-small-cell lung carcinoma (NSCLC) cells  102,  PC-3 cells 

107,  HL-60 cells 108, and  H460 cells 109. To confirm these results, we employed 

Western blot to check the effects of magnolol on autophagy. Consistent with 

these findings, we found that magnolol could significantly increase the autophagy 

marker microtubule associated protein 1 light chain 3 B (MAP1LC3B)-II (LC3-II) 

in human cervical cancer HeLa cells (Figure 3.1A) and human neuroblastoma 

SH-SY5Y cells (Figure 3.1B). It has been highlighted that it is essential to check 

the alteration of autophagy flux especially in the condition that one particular 

agent increases autophagy 115. The most classic method to check autophagy flux 

is to check the level of LC3 with an autophagy inducer in the presence or absence 

of one lysosome inhibitor, such as bafilomycin A1 (Baf-A1) or chloroquine (CQ). 

Thus, we checked autophagic flux by using HeLa cells stably expressing GFP-

LC3, a well-established cell tool to study autophagy, through co-treatment with 

magnolol and Baf-A1. GFP tag makes it easier to observe the distribution of LC3. 

Interestingly, magnolol alone induced the formation of GFP-LC3 puncta (Figure 

3.1C and Figure 3.1D). Co-treatment of magnolol with Baf-A1 significantly 

increased the size and the number of GFP-LC3 (Figure 3.1C and Figure 3.1D), 

supporting that magnolol treatment indeed induced autophagy. More interestingly, 

we observed that magnolol increased the co-localization of GFP-LC3 with 

mitochondria, which was further increased after co-treatment with Baf-A1 

(Figure 3.2A and Figure 3.2B). We also found that magnolol altered 
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mitochondrial network evidenced by perinuclear clusters of mitochondria which 

was very similar to the mitochondrial morphology alterations after treatment with 

carbonyl cyanide 3-chlorophenylhydrazone (CCCP, one well-known mitophagy 

inducer) (Figure 3.2A and Figure 3.2B). 

3.1.2 Magnolol reduces mitochondrial membrane potential and alters 

mitochondrial morphology 

It has been reported that magnolol can target multiple mitochondrial proteins 110 

and decrease mitochondrial membrane potential (MMP) in various cancer cells 

101,105. We estimated the MMP by using the potential-sensitive dye 

tetramethylrhodamine ethyl ester (TMRE) to stain mitochondria 116. TMRE 

accumulates in active healthy mitochondria but loses the ability to stain 

depolarized mitochondria. Indeed, we found that the ability of TMRE to label 

mitochondria was much weaker after magnolol treatment (Figure 3.3A). We used 

flow cytometry to do the quantification and got the similar results in different cell 

lines (Figure 3.3B and Figure 3.3C). To further confirm these results, we utilized 

another classic kit DiIC1(5) Assay Kit to measure the MMP. Consistently, MMP 

of different cell lines was markedly reduced after magnolol treatment (Figure 

3.3D and Figure 3.3E). 

 As mentioned above, magnolol possibly affect mitochondrial distribution and 

morphology, we used a high-resolution microscope to confirm our findings that 

magnolol disrupted the mitochondrial network and caused mitochondrial 

fragmentation (Figure 3.4A) evidenced by reductions of mitochondrial branch 

length, branch number and mitochondrial footprint (Figure 3.4B). To directly 

examine the morphology changes of mitochondria, we employed transmission 

electron microscopy (TEM) to do experiments. As shown in Figure 3.5, after 
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magnolol treatment, parts of mitochondrial membrane were ruptured, and cristae 

structures were lost. Furthermore, we observed that some damaged mitochondria 

were engulfed by different stages of autophagic vesicles, which strongly 

suggested the induction of mitophagy. 
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3.1.3  Magnolol promotes ROS production 

Damaged mitochondria are the major source of intracellular ROS 117, which 

impelled us to test the effects of magnolol on reactive oxygen species (ROS) 

production. We used MitoSOX Red reagent to do these experiments following the 

manufacturer’s instructions. To determine the subcellular distribution of 

MitoSOX, according to the reference 117, we performed parallel microscopy 

experiments. We labelled mitochondria with the membrane potential-insensitive 

dye MitoTracker Green and checked the co-localization of MitoSOX with 

mitochondria through a high-resolution microscopy. The results showed that 

MitoSOX was highly co-localized with mitochondria (Figure 3.6). Interestingly, 

we observed that the MitoSOX fluorescence signal was engulfed by Parkin-ring-

like structures (Figure 3.7A). Parkin-ring-like structures are suggested to 

surround fragmented mitochondria 118-120, which further support our 

mitochondrial fragmentation observation in Figure 3.4 and Figure 3.5. The 

fluorescent intensity quantification data showed that magnolol significantly 

increased the production of mitochondrial ROS (mtROS) (Figure 3.7B). 

Taken together, our data suggest that magnolol treatment causes unambiguous 

dysfunction of mitochondria. 
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3.2. Magnolol induces mitophagy 

3.2.1 Magnolol promotes the degradation of mitochondrial outer and inner 

membrane proteins via mitophagy 

Our results and previous studies have shown that magnolol treatment results in 

mitochondrial depolarization, and mitochondrial depolarization is the key driver 

to induce PTEN-induced putative kinase protein 1 (PINK1)‒Parkin-mediated 

mitophagy. Thus, we wondered whether magnolol could regulate this type of 

mitophagy.  To explore this possibility, we first simultaneously examined the 

steady-state levels of mitochondrial proteins, including outer mitochondrial 

membrane (OMM) proteins [mitofusion1 (MFN1), mitofusion2 (MFN2) and 

Translocase of outer mitochondrial membrane 20 (Tom20)] and inner 

mitochondrial membrane (IMM) proteins [Translocase of inner mitochondrial 

membrane 23 (Tim23) and Cytochrome c oxidase 4 (COX4)]. We first treated 

HeLa-YFP-Parkin cells for different time points (6 hours, 12 hours and 24 hours) 

and checked the mitochondrial proteins by Western blot. As shown in Figure 

3.8A, mitochondrial proteins were degraded in the process of time. Next, we 

treated the same cells with different concentration of magnolol, and found that 

magnolol induced significant degradation of multiple mitochondrial proteins in a 

dose-dependent manner (Figure 3.8B and Figure 3.8C). Consistently, we got the 

similar results that magnolol caused multiple OMM and IMM proteins 

degradation in SH-SY5Y cells (Figure 3.8D and Figure 3.8E). We also 

performed immunostaining to directly observe the changes of Tom20 and Tim23. 

As shown in Figure 3.9A to Figure 3.9D, magnolol treatment effectively cleared 

mitochondria in a dose-dependent manner. 
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3.2.1 Magnolol promotes the degradation of mitochondrial DNA encoded 

protein COX II and mitochondrial DNA via mitophagy 

It has been reported that OMM proteins, including MFN1, MFN2, and Tom70, 

are exclusively degraded via the ubiquitin proteasome system (UPS) 55,121. Thus, 

it is important to find a suitable marker for mitophagy. Lazarou et al. reported that 

Cytochrome C oxidase subunit II (COX II), one mitochondrial DNA (mtDNA)-

encoded IMM protein can be used a solid marker of mitophagy 55. As with other 

mitochondrial proteins, magnolol could significantly induce the degradation of 

COX II in different cell lines (Figure 3.10A to Figure 3.10D). Different from 

other organelles in the cell, mitochondria contain its own genome (mtDNA, 37 

genes) 122. Thus, the elimination of mtDNA has been proposed as a second 

indicator of mitophagy 55. We performed 3D high-resolution imaging/analyse of 

mtDNA and found that mtDNA was effectively eliminated by magnolol treatment 

(Figure 3.11A to Figure 3.11B). 

3.2.1 Magnolol promotes the degradation of mitochondrial matrix protein 

HSP60 

Degradation of mitochondrial matrix proteins, such as HSP60, is another method 

to detect mitophagy 123. To provide convincing data that magnolol is a novel 

mitophagy inducer, we used Western blot and immunostaining to check the 

effects of magnolol on HSP60 protein level. Consistently, HSP60 was obviously 

decreased after 24 h magnolol treatment (Figure 3.12A to Figure 3.12D and 

Figure 3.13A, Figure 3.13B). 
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3.3. Magnolol activates PINK1 

3.3. 1 Magnolol promotes PINK1 stabilization and increases the level of 

pSer65-Ub 

PINK and Parkin are the two most important molecules in the regulation of 

mitophagy 42,49. When mitochondria are healthy, PINK1 is imported into 

mitochondria and proteolytically cleaved by mitochondrial peptidase and protease, 

and degraded by N-end rule pathway to keep its low expression level at normal 

conditions 43-46. However, when mitochondria are damaged, PINK1 acting as a 

mitochondrial stress sensor is stabilized and activated on the OMM 51,124. In 

agreement with this, we found that levels of endogenous PINK1 were quite low in 

DMSO-treated control groups (Figure 3.14A and Figure 3.14B). In contrast, 

PINK1 levels were remarkably increased in a time‒dependent manner after 

magnolol treatment (Figure 3.14A and Figure 3.14B), suggesting the activation 

of PINK1.  

One of the recent major advances in mitophagy study is the understanding that 

ubiquitin phosphorylation (pSer65-Ub) is mediated by the protein kinase PINK1 

when mitochondria are damaged 52-54. Thus, it has been proposed that the level of 

pSer65-Ub is an indicator of PINK1’s activity. We treated the cells with 

magnolol for different time points and performed Western blot to check the level 

of pSer65-Ub. Indeed, immunoblotting showed that the number of pSer65-Ub 

chains was dramatically increased after magnolol treatment (Figure 3.14C and 

Figure 3.14D). 
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3.3. 2 Magnolol increases the mitochondrial distribution of pSer65-Ub 

In the current model, PINK1 is the unique kinase to phosphorylate Ub at Ser65; 

pSer65-Ub serves as a key factor of PINK1-Parkin-mediated mitophagy. For 

examples, pre-existing Ub on mitochondria is able to be phosphorylated by 

PINK1, which then initiates the low level of mitophagy without Parkin 

expression 55; pSer65-Ub chains play a central role to recruit Parkin from cytosol 

to mitochondria due to the fact that Parkin has a high affinity to pSer65-Ub chains 

56,125; the interaction of pSer65-Ub with Parkin on mitochondria is a critical step 

to activate Parkin through changing Parkin’s conformation 48,126. Thus, the 

distribution of pSer65-Ub is important for its function. 

To determine the subcellular distribution of pSer65-Ub, we used two different 

methods, including mitochondrial fractionation and immunostaining. First, we 

treated the cells with magnolol, isolated mitochondria step by step, and performed 

the Western blot. As shown in Figure 3.15A and Figure 3.15B, magnolol 

significantly increased the level of pSer65-Ub chains while there were no 

differences for total Ub in different groups. More importantly, we can see the 

majority of pSer65-Ub is in the mitochondrial fraction but not in the cytosol 

fraction. Second, we performed immunostaining and labelled pSer65-Ub by a 

specific antibody. As shown in Figure 3.15C, magnolol dramatically increased 

the level of pSer65-Ub and promoted the co-localization of pSer65-Ub with 

mitochondria. 
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3.4. Magnolol induces Parkin mitochondrial translocation and 

activates Parkin 

3.4.1. Magnolol induces Parkin mitochondrial translocation 

At the normal condition, Parkin keeps in an inactive status in the cytosol; after 

mitochondrial damage or depolarization, Parkin is translocated to mitochondria 

through binding to pSer65-Ub chains; then PINK1 phosphorylates Parkin at 

Ser65 to activate Parkin; after activation, Parkin as a ubiquitin E3 ligases 

ubiquitinates multiple mitochondrial membrane proteins 42,127,128. Based on this 

model, mitochondrial translocation of Parkin to damaged mitochondria plays an 

important role to induce robust mitophagy. Earlier observations from our study 

have shown that magnolol caused mitochondrial damage/depolarization and 

activated PINK1, we wondered whether magnolol could regulate Parkin 

distribution and activity. We treated HeLa-YFP-Parkin cells with magnolol for 2 

hours. As shown in Figure 3.16A, Parkin (YFP-Parkin, green) was frequently 

observed in the whole cells at control (DMSO) groups, while magnolol treatment 

results in obvious translocation of Parkin from cytosol to mitochondria which was 

evidenced by the co-localization of Parkin with OMM Tom20 protein. We also 

performed time course analyses to observe the dynamic process of Parkin 

mitochondrial translocation after magnolol treatment. As shown in Figure 3.16B 

and Figure 3.16C, magnolol caused significant Parkin mitochondrial 

translocation within 1 hour; after 6 hours magnolol treatment, more than 90% of 

Parkin was observed on the mitochondria. 
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3.4.2. Magnolol activates Parkin 

After discussed above,  Parkin, as a ubiquitin E3 ligase, is activated after 

mitochondrial translocation,  then Parkin ubiquitinates itself 129 and other 

mitochondrial membrane proteins, such as MFN2 130 and Tom20 131. Thus, 

checking the autoubiquitination level of Parkin and the polyubiquitination level of 

Parkin’s substrates has been used as an indicator for Parkin’s E3 ligase activity. 

Since we have found that magnolol caused significant Parkin mitochondrial 

translocation, we were very interested to know whether magnolol could regulate 

Parkin’s E3 ligase activity. We treated HeLa-YFP-Parkin cells and SH-SY5Y 

cells with magnolol for different time points and performed Western blot 

following our earlier protocol 113. We found that magnolol markedly increased the 

autoubiquitination level of Parkin and polyubiquitination levels of MFN2 and 

Tom20 (Figure 3.17A and Figure 3.17B). 

 It has been well-established that phosphorylation of Parkin by PINK1 at Serine 

65 (pSer65-Parkin) is a vital step in the activation of Parkin 57-59. Thus, we 

checked the phosphorylation level of Parkin with a specific anti-pSer65-Parkin 

monoclonal antibody developed by the Michael J. Fox Foundation and Abcam. 

We found that pSer65-Parkin was low or undetectable in the control group but 

significantly increased after magnolol treatment (Figure 3.17C and Figure 

3.17D). 

Taken together, our data clearly demonstrate that magnolol can activate Parkin 

via promotion of Parkin’s mitochondrial translocation and phosphorylation. 
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3.5. Magnolol recruits mitophagy/autophagy receptors to 

mitochondria 

After mitophagy initiation, mitophagy/autophagy receptors, such as Optineurin 

(OPTN), NDP52 (Calcoco2, calcium binding and coiled-coil domain 2), 

SQSTM1/p62, and NBR1, are recruited to mitochondria. These receptors contain 

a Ub binding domain and a LC3 interacting region (LIR); through the Ub binding 

domain, these receptors bind to  the ubiquitinated mitochondrial cargos; through 

the LIR domain, these receptors recruit autophagosome membranes; thus these 

receptors serve as a bridge to connect the damaged mitochondria with 

autophagosomes  41,132. More recently, the second positive feedforward 

amplification loop of mitophagy between OPTN, NDP52, and  autophagy related 

8 proteins (ATG8s) has been clarified 64. 

We then systematically examined, by immunostaining, the distribution of these 

receptors after magnolol treatment. We first treated the cells by magnolol for 2 

hours and 4 hours and then labelled p62/SASTM1 with specific antibody. As 

shown in Figure 3.18, p62/SASTM1 was diffusely distributed in the cytoplasm 

of the control DMSO groups, while magnolol treatment caused the translocation 

of p62/SASTM1 onto the damaged mitochondria. However, Lazarou et al. 

reported that OPTN and NDP52 but not p62/SASTM1were required for the 

selective uptake of damaged mitochondria. We then examined the distribution of 

OPTN and NDP52. Consistently, OPTN and NDP52 were recruited to damaged 

mitochondria after magnolol treatment (Figure 3.19A and Figure 3.19B). 
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3.6. Magnolol‒induced mitophagy requires PINK1 and Parkin 

expression 

In the current model of mitophagy, PINK and Parkin are the two most important 

molecules in the regulation of mitophagy  42,49. And data from above parts of our 

study suggest that magnolol can cause mitochondrial depolarization, stabilize 

PINK1, increase the level of pSer65-Ub and promote Parkin as well as 

autophagy/mitophagy receptors from cytosol to mitochondria. Thus, we were 

very interested to know whether magnolol-induced mitophagy is really PINK1- 

and/or Parkin-dependent. We knocked down PINK1 or Parkin by using PINK1 

siRNA or Parkin siRNA, respectively, in HeLa-YFP-Parkin (Figure 3.20A) and 

SH-SY5Y cells (Figure 3.20B). As shown in the figures, the expression of both 

Parkin and PINK1 proteins were significantly reduced. Accordingly, the 

degradation of OMM and IMM proteins caused by magnolol was significantly 

prevented after PINK1 (Figure 3.20A) or Parkin knockdown (Figure 3.20B). 

To further confirm these findings, we knocked down PINK1 or Parkin in SH-

SY5Y cells which express both endogenous PINK1 and Parkin. Consistently, 

knockdown of endogenous PINK1 (Figure 3.21A and Figure 3.21B) or Parkin 

(Figure 3.21C and Figure 3.21D) effectively blocked the degradation of multiple 

mitochondrial proteins in magnolol-treated groups.  

Collectively, these data suggest that magnolol-induced mitophagy requires the 

expression and activation of PINK1 and Parkin.  
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3.7. Magnolol elicits cytotoxicity in cancer cells and inhibits 

tumor growth in vivo 

3.7.1. Magnolol induces apoptosis in cancer cells 

Mitochondria are the vital organelles in deciding cell fate. On the one hand, 

mitochondria are the “powerhouse of the cells”  to provide energy for cells and 

organisms by producing ATP. On the other hand, mitochondria serve as the 

central signaling platform of instric apoptosis. Thus, mitochondrial dysfunction 

are well-extablised to be related to many human diseases, including cancer, heart 

failure, innate immunity resposnes and neurodegenerative diseases 133. Among of 

them, the relationship of mitochondria and cancer has been highlighted in 

excellent reviews and it is believed that functional/healthy mitochondria are 

necessary for the cancer cells 134,135. Therefore, in this part of our study, we 

attempted to explore the functional importance of magnolol in the regulation of 

cancer cell viability and tumor growth. 

We treated the cells with magnolol for 24 hours and observed that many cancer 

cells were dead. Morphological changes resembling cell death were featured by 

plasma membrane blebbing and detachment from cell culture dishes (Figure 

3.22A and Figure 3.22C), which looked like apoptosis. Then, we used 

carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-

FMK/ZVAD) to co-treat the cells with magnolol. ZVAD is a cell-permeant pan 

caspase inhibitor which can bind to the catalytic site of caspase to prevent the 

activation of caspase proteins. Interestingly, co-treatment with ZVAD effectively 

blocked cell death caused by magnolol (Figure 3.22A to Figure 3.22D). In 

addition, we also used Western blot to check the apoptosis hallmarks. As shown 

in Figure 3.23A and Figure 3.23B, magnolol treatment caused cleavage of 
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Caspase9, Caspase3 as well as PARP, further supporting that magnolol induced 

mitochondria apoptosis. Furthermore, we also found that ferroptosis inhibitor 

ferrostatin-1 or necroptosis inhibitor necrostatin-1 could not prevent cell death 

caused by magnolol (Figure 3.23C). 

3.7.2. Magnolol inhibits tumor growth in vivo 

Neuroblastoma is the most common type of brain tumors in babies and the third 

most common cancer in Children with high lethal rate 136. It is urgent to develop 

effective treatment for this type of cancer. In our study, we used a physiologically 

relevant human neuroblastoma SH-SY5Y cell line to generate a xenograft mouse 

model, and evaluated the potential therapeutic effects of magnolol in vivo. SH-

SY5Y cells were suspended in Matrigel and subcutaneously injected into the back 

of 6-week-old male nude mice. One week after cell inoculation, mice bearing 

visible tumors (80–120 mm3) were randomly assigned into two groups and 

treated once-daily with saline (control) or magnolol. Tumor volume and mice 

body weight were monitored every three days. We found that the growth of 

tumors was significantly reduced by 32.81% (control vs. magnolol-treatment) 

(Figure 3.24A and Figure 3.24B). Meanwhile, magnolol treatment did not affect 

the body weight of the mice (Figure 3.24C), suggesting that there were no side 

effects. What was more, in a separate study, we found that magnolol prolonged 

the life of mice bearing tumors (Figure 3.24D). These data indicate that magnolol 

significantly inhibits tumor growth in vivo and improves life span outcomes. 
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3.7.3. Magnolol increases mitophagy level in vivo 

Since we have provided convincing evidence that magnolol was able to induce 

mitophagy in cells. We were very interested to know whether magnolol could 

induce mitophagy in vivo. Indeed, we found that magnolol treatment markedly 

increased the level of pSer65-Ub in tumor sections from xenografts (Figure 

3.25A and Figure 3.25B), while the level of COX II was significantly reduced 

(Figure 3.25C and Figure 3.25D), indicating that magnolol increased mitophagy 

in vivo.  
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3.8. Suppression of autophagy/mitophagy enhances the anticancer 

efficacy of magnolol 

3.8.1. Inhibition of autophagy/mitophagy promotes cell death caused by 

magnolol 

Although Parkin has been suggested as a tumor suppressor at steady state, it is 

still unclear or controversial how Parkin determines cell fate after mitochondrial 

damage or during mitophagy. It has been reported that during PINK1‒Parkin-

mediated mitophagy, Parkin can inhibit intrinsic apoptosis through targeting the 

key mitochondrial apoptotic effectors of BAK and BAX 137. However, other 

studies have reported that PINK1 and Parkin can promote cell death after 

mitochondrial damage through regulating MCL-1 or other effectors in control of 

apoptosis 138,139. Thus, it is interesting and important to explore the roles of 

PINK1, Parkin and PINK1/Parkin-mediated mitophagy in the regulation of cell 

viability and tumor growth after magnolol treatment. 

We first used specific siRNA to knock down PINK1 and Parkin in HeLa-YFP-

Parkin and SH-SY5Y cells, and found that knockdown of PINK1 and Parkin 

increased cell death compared with control cells with non-targeting siRNA under 

magnolol treatment (Figure 3.26A to Figure 3.26D). Furthermore, to better 

determine the translatability of targeting mitophagy during cancer progression, 

we systematically inhibited autophagy/mitophagy at different stages by using 

multiple inhibitors, including wortmannin, Baf-A1, CQ, and vacuolin-1. 

Noticeably, the cell death caused by magnolol was remarkably increased after 

autophagy/mitophagy inhibition (Figure 3.27A, Figure 3.27B and Figure 3.28A, 

Figure 3.28B). And all these inhibitors indeed blocked mitophagy in different 
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cancer cell lines (Figure 3.29A and Figure 3.29B), which is consistent with the 

reports of other studies 64,121.  
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3.8.2. Co‒treatment with wortmannin significantly enhanced the antitumor efficacy 

of magnolol 

 

To further validate our aforementioned findings, we used SH-SY5Y cells to 

generate xenograft mouse model, and employed wortmannin as the 

autophagy/mitophagy inhibitor. Wortmannin is a well-established autophagy 

inhibitor that blocks the formation of autophagosomes via inhibition of the class 

III phosphatidylinositol 3-kinase PIK3C3/Vps34 pathway 140,141. Another, more 

important reason is that, according to a recent study, wortmannin is able to 

efficiently block mitophagy through inhibition of LIR-mediated recruitment of 

primary mitophagy receptors, including OPTN and NDP52, thus to disrupt the 

second positive feedforward amplification loop of mitophagy and  block 

mitophagy at the early stage 64. 

 In our studies, co-treatment with wortmannin significantly enhanced the 

antitumor efficacy of magnolol, as shown by comparison of tumor volume 

(Figure 3.30A and Figure 3.30B) and tumor weight (Figure 3.30C). Tumor 

volume reduction increased from 32.25% to 56.60% of control (Figure 3.30A 

and Figure 3.30B); while tumor weight reduction increased from 43.05% to 

68.50% of control (Figure 3.30C). The further reduction of tumor volume and 

tumor weight suggest the synergistic effect of magnolol with wortmanin in tumor 

suppression. And there were no differences of the mice body weight between the 

co-treatment of magnolol with wortmannin and the treatment of magnolol alone 

(Figure 3.30D). 

Taken together, our data suggest that magnolol-induced autophagy/mitophagy 

plays a cell protective role and inhibition of autophagy/mitophagy can greatly 

promote magnolol’s anticancer efficacy. 
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3.8.3. Ac220 prevents magnolol-induced mitophagy 

In the mitophagy field, due to lack of specific inhibitors of PINK1-Parkin-

mediated mitophagy (when we prepared our original manuscript), the most 

widely used methods to inhibit mitophagy are either blocking lysosomal 

acidification (bafilomycin or chloroquine) or blocking autophagosome formation 

(PI3K inhibitors, wortmannin), which have been used and highlighted in lots of 

excellent works or reviews 64,121,142,143. We also showed that wortmannin could 

effectively block mitophagy in cells and enhance the anticancer efficacy of 

magnolol. However, we admitted that we could not rule the possibilities that these 

inhibitors also affected autophagy or other molecular pathways. Thus, we tried to 

use a relatively specific inhibitor of PINK1 or Parkin to repeat our findings. 

At present, increasing lines of evidence suggest that PINK1 functions as a central 

regulatory kinase in PINK1‒Parkin-mediated mitophagy pathway to initiate the 

first amplification loop and lay the foundations for the following steps 55,127. Thus, 

it is conceivable that inhibition of PINK1 activation can effectively block 

mitophagy. Intriguingly, one very recent high-through screening identified Ac220 

as a powerful inhibitor of PINK1‒Parkin-mediated mitophagy. Moskal et al found 

that Ac220 can completely prevent PINK1 accumulation, Parkin mitochondrial 

translocation, and mitochondrial proteins degradation after CCCP treatment 144. 

We first used Ac220 and magnolol to co-treat HeLa-YFP-Parkin cells, and found 

that (i) Ac220 blocked PINK1 accumulation (Figure 3.31A); (ii) Ac220 impaired 

Parkin’s E3 ligase activity evidenced by checking the reduction of Parkin’s 

autoubiquitination and MFN2’s ubiquitination (Figure 3.31A); (iii) Ac220 

effectively prevented the degradation of multiple mitochondrial proteins caused 

by magnolol (Figure 3.31B and Figure 3.31C). Compared with magnolol alone, 
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the combination of Ac220 and magnolol did not affect the phosphorylation level 

of FLT3, one well-known target of Ac220 (Figure 3.31A). 

In the previous parts of  our study, we have shown covincing data that magnolol 

can induce Parkin translocation from cytosol to damaged mitochondria in a time-

dependent manner. Here, we would like to know whether Ac220 has effects on 

Parkin mitochondrial translocation. We pretreated the cells with 10µmol/L Ac220 

for 2 hours, and then co-treated with magnolol for 2 hours and hours. As shown 

in Figure 3.32A and Figure 3.32B, YFP-Parkin distributed in the whole cells in 

DMSO or Ac220 single treatment, while YFP-Parkin was recruited to damaged 

mitochondrial in magnolol single treatment. In sharp constrat, Ac220 completely 

blocked Parkin mitochondrial translocation. 

Importantly, we also confirmed these findings in SH-SY5Y cells expressing 

endogouse PINK1 and Parkin. Consistantly, we found that Ac220 significantly 

blocked PINK1 accumulation (Figure 3.33A and Figure 3.33B) and multiple 

mitochondrial proteins’ degradation (Figure 3.33A and Figure 3.33C). 

Collectively, our results and previous study treatment 144 suggest that Ac220 may 

be a specific inhibitor of PINK1-Parkin-mediated mitophagy. 
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3.8.4. Co‒treatment with HCQ or Ac220 significantly enhanced the 

antitumor efficacy of magnolol 

To further confirm the vital role of autophagy/mitophagy in tumor growth, we 

emlolyed another two distinct inhibitors hydroxychloroquine (HCQ) and Ac220 

to target different stages of autophagy/mitophagy. As we have found that co-

treatment of CQ could singnificantly increased cell death casued by magnolol 

(Figure 3.27 and Figure 3.28), in this part, we first confirmed the effects of 

Ac220 on cell viabiltiy. As shown in Figure 3.34A and Figure 3.34B, Ac220 

coud increase the cell death caused by magnolol in HeLa-YFP-Parkin cells. Of 

particular note, it seemed that Ac220  had better effects in SH-SY5Y cells to 

promote cell death evidenced by the morphological changes of the cells (Figure 

3.34C and Figure 3.34D). Then, we used SH-SY5Y cells to generate xenograft 

mouse model, and treated the mice with magnolol and Ac220. As shown in 

Figure 3.35A to Figure 3.35C, the combination of Ac220 and magnolol exerted 

potent antitumor activity. Tumor volume reduction increased from 47.88% 

(magnolol-treated) to 82.28% (magnolol+Ac220-treated) of control (Figure 

3.35A and Figure 3.35B); while tumor weight reduction increased from 55.65% 

(magnolol-treated) to 88.78% (magnolol+Ac220-treated) of control (Figure 

3.35A and Figure 3.35C). The further reduction of tumor volume and tumor 

weight suggest the synergistic effect of magnolol with Ac220 in tumor 

suppression. 

In addition, we utilized HCQ, a derivative of CQ, to block mitophagy at the late 

stage. HCQ can effectively inhibit lysosomal acidification and fusion of 

mitophagosomes with lysosomes to block the degradation of mitochondria 145, 

which has been widely used in phase I and phase II clinical trials in combination 
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with other anticancer agents 146. Consistently, combination of HCQ and magnolol 

significantly increased the reduction the tumor volume (47.88%, magnolol-treated 

vs. 70.66%, magnolol+HCQ-treated; Figure 3.35A and Figure 3.35B) and tumor 

weight (55.65%, magnolol-treated vs. 79.28%, magnolol+HCQ-treated; Figure 

3.35A and Figure 3.35C), compared with control groups, whilst there were no 

differences of the mice body weight among different treated groups (Figure 

3.35C). The further reduction of tumor volume and tumor weight suggest the 

synergistic effect of magnolol with HCQ in tumor suppression. 

Last, we isolated fresh tumors from the above mice and perform 

immunohistochemistry by using specific antibody. We found that no matter HCQ 

or Ac220 both effectively blocked the degradation of mitophagy marker COX II 

caused by magnolol, suggesting that these inhibitors indeed inhibited mitophagy 

in vivo. 

Taken together, our data demonstrate that suppression of autophagy/mitophagy 

can greatly promote magnolol’s anticancer efficacy. 
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Chapter 4  General discussion and conclusions 
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4.1. Magnolol causes mitochondrial dysfunction 

Magnolol is one polyphenolic compound from Hou p’u,a gentle herb with a long 

history of use in traditional Chinese medicine; Hou p’u is isolated from the root 

and stem bark of the tree Magnolia officinalis. Now, it is well-known that 

magnolol exhibits multiple biological activities, including anti-inflammatory, 

anti-diabetic, anti-microbial, anti-neurodegenerative and anti-depressant 

properties 96,147. And magnolol has been used as dietary supplement and 

ingredient in lots of health care products. However, magnolol also exhibits 

toxicities. For example, many studies have reported that magnolol can inhibit cell 

viability and cell proliferation. Thus, it is important to explore the mechnism and 

function of magnolol. 

In our study, magnolol treatment greatly changed mitochondrial morphology, and 

resulted in preinuclear clusters of mitochondria (Figure 3.2A). Next, we used 

different kits to check the MMP and found that magnolol significantly reduced 

MMP (Figure 3.3) which was consistent with many other studies  101,105. To 

provide more direct evidence, we employed high-resulotion microscopy and 

transmission electron microscopy to give the “seeing is beliveing” view effects. 

Both methods clearly showed that magnolol caused mitochondrial damge with 

rupture of mitochondrial membran, loss of cristae structure, reduction of 

mitochondrial branch length, branch number and mitochondrial area (Figure 3.4 

and Figure 3.5). 

It is well-known that normal morphology and distribution of mitochondria are 

essential for their function, and dysfunctional mitochondria are the major source 

of intracellular ROS 117,148. Indeed, we found that magnolol treatment reduced 

MMP and increased mtROS production (Figure 3.6 and Figure 3.7), which is in 
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accordance with many other studies 105,149,150. Interestingly, another school of 

thoughts suggest magnolol displays antioxidant properties 151-153, mainly focusing 

on the neuron or cardiovascular protective potential of magnolol, suggesting the 

complicated mechanism and function of natural products. Future work in this area 

is still needed. 

4.2. Magnolol is a novel mitophagy inducer 

From the data of transmission electron microscopy, we obseved that many 

damaged mitochondria were engulfed by different stages of autophagic vesicles, 

indicating that magnolol induced mitophagy. On the other hand, magnolol caused 

mitochondrial depolarization, which is a key factor to initiate PINK1-Parkin-

mediated mitophagy. To explore the function of magnolol in the regulation of 

mitophagy, we first provided compelling evidence to demonstrate that magnolol 

could induce autophagy in different types of cancer cells (Figure 3.1), which was 

indeed consistent with previous reports 102,107-109. Intriguingly, we also observed 

that magnolol could increase the mitochondrial distribution of GFP-LC3 and 

resulted in perinuclear clusters of mitochondria; importantly, co-treatment with 

Baf-A1 further increased LC3-II accumulation on mitochondria (Figure 3.2), 

suggesting that magnolol possibly increased mitophagic flux. 

Next, we utilized various established methods to check the effects of magnolol on 

mitophagy, including immunoblotting (Figure 3.8, Figure 3.10, and Figure 3.12) 

and immunostaining (Figure 3.9 and Figure 3.13) to detect the degradation of 

multiple mitochondrial proteins with different subcellular distribution, and 

staining of mtDNA (Figure 3.11). All these data consistently demonstrate that 

magnolol induces PINK1- and Parkin-dependent mitophagy (Figure 3.20 and 

Figure 3.21). Mechanistically, magnolol can positively regulate two rounds of 
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feedforward amplification loops of mitophagy. First, upon mitochondrial damage 

caused by magnolol, PINK1 was stabilized and activated on the mitochondrial 

outer membrane (Figure 3.14A and Figure 3.14B). Once active, PINK1 

phosphorylated ubiquitin at serine 65 (Figure 3.14 and Figure 3.15) which 

recruited Parkin from cytosol to mitochondria (Figure 3.16), then PINK1 

activated Parkin by phosphorylation also at serine 65 (Figure 3.17C and Figure 

3.17D). After activation, Parkin led to more ubiquitin to mitochondria by 

ubiquitination of itself and mitochondrial outer membrane proteins (Figure 3.17A 

and Figure 3.17B). Herein, we demonstrate that magnolol drives the first positive 

feedforward amplification loop of mitophagy via PINK1‒pUb-Parkin. Second, 

we additionally observed that magnolol recruited LC3 and various 

mitophagy/autophagy receptors to mitochondria (Figure 3.2, Figure 3.18 and 

Figure 3.19), indicating that magnolol promotes the second positive feedforward 

amplification loop of mitophagy via LC3‒OPTN/NDP52. Collectively, our data 

clearly show that magnolol can induce PINK1‒Parkin-mediated mitophagy. 

4.3. Magnolol induces intrinsic apoptosis and inhibits tumor 

growth in vivo 

Our data suggested that magnolol was able to induce cell death. We first observed 

that magnolol treatment caused significant cell death through the intrinsic 

apoptosis pathway which could be attenuated by caspase inhibitor ZVAD but not 

ferroptosis inhibitor ferrostatin-1 or necroptosis inhibitor necrostatin-1 (Figure 

3.22 and Figure 3.23). Next and more importantly, our in vivo study revealed that 

magnolol remarkedly inhibited tumor growth  and prolonged the survival time of 

the mice bearing tumors with no side effects (Figure 3.24). This is generally 

consistent with many other reports. Ikai et al. found that magnolol could inhibit 
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the growth of leukemia U937 cells via releasse of apoptosis inducing factor (AIF) 

from mitochondria to cytosol and reduction of anti-apoptosis protein Bcl-2 154. 

Zhou et al. reported that magnolol induced intrinsic apoptosis in MCF-7 human 

brest cancer cells; they found that magnolol could reduce MMP, release of 

cytochrome c (Cyto c) and AIF from mitochondria to cytosol, and up-regulation 

of pro-apoptosis proteins such as Bax 104. Liu et al. reported that magnolol 

inhibited tumor invasion by suppression of metalloproteinase-9 through NF- κB 

pathway 103.     

Interestingly, another study showed that magnolol induced autophagic cell death 

but rather apoptotic cell death in lung cancer H460 cells 109. In addition, several 

studies have revealed that Magnolol could suppress the excitotoxicity of damaged 

neuron cells. Oral magnolol prevented the loss of hippocampus neurons in 

senescence-accelerated mice (SAMP1) 155. Behaviour tests demonstrated that 

magnolol suppresses age-related learning and memory impairment by preserving 

cholinergic neurons in the forebrain 156. Moreover, it has been reported that 

magnolol prevents the loss of dopaminergic neurons in 6-hydroxydopamine- (6-

OHDA-) treated Parkinson’s disease (PD) mouse model157. All of these indicated 

the complicated mechanism and function of magnolol. More studies are needed to 

explore how to use magnolol to treat different diseases. 

4.4. Suppression of mitophagy enhances magnolol’s anticancer 

efficacy  

At present, chemotherapy is still the most widely used treatment of cancer. 

However, the major obstacle with chemotherapy is that cancer cells develop drug 

resistance which finally results in therapeutic failure and patient death. Since 

most anticancer agents elicit cytotoxicity through induction of mitochondrial 
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damage or dysfunction 158, to compensate, the cancer cells possibly initiate 

mitophagy to rapidly and timely clear the dysfunctional mitochondria and reduce 

detrimental ROS, and thus to evade cell death and develop chemoresistance. Thus, 

at this stage, exploration of the novel function of mitophagy in cancer and the 

development of novel therapeutic intervention through administration of 

combined agents represent unmol/Let urgent clinical need for cancer drug 

resistance, which have been highlighted in recent excellent reviews34,35. 

After establishing the positive regulatory effects of magnolol on mitophagy, we 

were very interested to investigate the biological functions of mitophagy induced 

by magnolol. Since Parkin is undetectable in most cancer cell lines, HeLa cells 

with stable expression of YFP-Parkin has become the most commonly used cell 

system to study PINK1‒Parkin-mediated mitophagy. However, this causes 

limitations for physiological functional studies. Thus, in this part of our study, we 

mainly used a physiologically relevant human neuroblastoma SH-SY5Y cell line 

which expresses endogenous Parkin, especially in the in vivo xenograft mouse 

model. 

We first confirmed that magnolol indeed induced mitophagy in vivo (Figure 

3.24). These findings raised an important question to us: what is the function of 

mitophagy in the magnolol’s anticancer effects? To answer this question, we first 

silenced PINK1 and Parkin by using siRNA which effectively blocked mitophagy 

(Figure 3.20 and Figure 3.21), and found that PINK1 and Parkin knockdown 

sensitized magnolol-induced cell death (Figure 3.26). Then, we co-treated the 

cells with magnolol and different autophagy/mitophagy inhibitors, and confirmed 

that combined treatment inhibited mitophagy (Figure 3.29). Interestingly, 

combined treatment markedly increased cell death (Figure 3.27 and Figure 3.28), 
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suggesting a protective role of mitophagy, which was consistent with the effects 

of silencing PINK1 and Parkin.  

Furthermore, to determine the translatability of targeting autophagy/mitophagy 

for future cancer treatment, we used three different inhibitors to block 

autophagy/mitophagy at different stages, including (1) wortmannin to block 

formation of autophagosomes/mitophagosomes and the second feedforward 

amplification loop of mitophagy (Inhibition of autophagy/mitophagy at early 

stage); (2) HCQ to block the degradation of mitochondria and formation of 

mitolysosomes (inhibition of autophagy/mitophagy at late stage); and (3) Ac220 

to block PINK1 accumulation and Parkin mitochondrial translocation (inhibition 

of the initiation of PINK1‒Parkin-mediated mitophagy). 

In line with the previous cell death results, in our in vivo studies, no matter 

combined magnolol‒wortmannin treatment or combined magnolol‒HCQ was 

much more effective in reducing tumor growth than magnolol alone (Figure 3.30 

and Figure 3.35). However, although wortmannin, CQ, and/or HCQ have been 

widely used to inhibit mitophagy in many studies 64,145,159, these inhibitors can 

also affect general autophagy or other molecular pathways. Thus, specific 

inhibitors, especially targeting PINK1‒Parkin-mediated mitophagy are in high 

demand. In a very recent high-through screening study, Moskal and colleagues144 

identified that Ac220 is an inhibitor of PINK1‒Parkin-mediated mitophagy. 

Indeed, we also confirmed that Ac220 can effectively inhibit mitophagy with 

following evidence. First, Ac220 dramatically blocked PINK1 accumulation 

caused by magnolol treatment (Figure 3.31 and Figure 3.33). Second, Ac220 

completely blocked Parkin mitochondrial translocation and activation (Figure 

3.31 and Figure 3.32). Third, Ac220 significantly inhibited magnolol-induced 
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mitophagy in vitro and in vivo (Figure 3.31, Figure 3.33 and Figure 3.36). 

Fourth, compared with magnolol alone, combination of Ac220 and magnolol does 

not affect the phosphorylation level of FLT3 (a known target of Ac220) (Figure 

3.31). More importantly, Ac220 sensitized magnolol‒induced cell death (Figure 

3.34). In line with these, combination of Ac220 and magnolol further reduced 

tumor volume and tumor weight compared with single treatment (Figure 3.35). 

Overall, these results indicate that mitophagy protects cancer cells from 

magnolol-induced cytotoxicity. 

In addition, many studies have shown that magnolol has few side effects on 

normal human cells and magnolol has the property of passing through the blood-

brain barrier 101,102,160, which makes magnolol as an ideal anticancer agent, 

especially for neuroblastoma and glioblastoma.  

In our study, on the one hand that magnolol can causes mitochondrial dysfunction, 

such as increasing ROS production, which induces intrinsic apoptosis to prevent 

tumor growth. On the other hand, magnolol can also induce mitophagy in a 

PINK1- and Parkin-dependent manner, which antagonizes magnolol’s 

cytotoxicity. The cancer cells possibly initiate mitophagy to rapidly and timely 

clear dysfunctional mitochondrial, reduce detrimental ROS production, inhibit 

apoptosis, and thus to evade cell death and develop chemoresistance. Therefore, 

inhibition of mitophagy will enhance mitochondrial dysfunction, such as 

increasing detrimental ROS production caused by magnolol, to promote apoptosis 

and enhance the anti-cancer effects of magnolol. 
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4.5. Specific inhibitors of PINK1-Parkin-mediated mitophagy and 

their roles in anticancer therapy 

Although our study and previous study provided convincing evidence that Ac220 

can effectively inhibit PINK1‒Parkin-mediated mitophagy during mitochondrial 

damage, it will be interesting and necessary to further study whether Ac220 is a 

specific inhibitor of PINK1 or Parkin. For example, future studies are needed to 

explore whether Ac220 can directly bind PINK1 or Parkin. In addition, since 

autophagy/mitophagy plays crucial roles in maintaining cellular homeostasis, 

healthy longevity, cancer, and neuroprotection161-164, it is important to note the 

possible side effects after autophagy/mitophagy inhibition. Thus, we can consider 

the following aspects to reduce possible severe side effects when we use 

autophagy/mitophagy inhibition strategy for cancer treatment: (1) treat the cancer 

patients with high autophagy/mitophagy level; (2) develop tumor targeting agents 

to reduce the toxicity to other tissues; (3) increase the therapeutic index, shorten 

the chemotherapy time, and space the treatments at intervals to give the body 

some to recover; and (4) combine with other beneficial drugs to reduce the side 

effects. For example, we can additionally administer NAD+ precursors to protect 

the neurons 165. Further studies are thus needed. 

4.6. Conclusions 

Multiple studies have reported that mitophagy plays essential roles in the 

pathogenesis of neurodegeneration diseases to effectively and specifically remove 

dysfunctional mitochondria 166,167. However, the function of mitophagy in 

anticancer therapy and/or chemoresistance is largely unclear. In this study, we 

found that magnolol causes mitochondrial dysfunction, increases mtROS 

production, induces autophagy/mitophagy and mitochondrial apoptosis; blockage 
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of autophagy/mitophagy through genetic or pharmacological approaches 

promotes cell death rather than attenuates cell death; furthermore, in vivo, 

inhibition of autophagy/mitophagy at different stages significantly enhances 

magnolol’s anticancer efficacy. Therefore, as summarized in Figure 4, our study 

has provided a basis to manipulate mitophagy to improve the potency and 

efficacy of anticancer agents. 

Our study has three noteworthy findings. First, it helps elucidate the protective 

role of PINK1‒Parkin-mediated mitophagy during anticancer agents’ treatment 

and apoptosis. Second, it predicts that the combination of magnolol with 

autophagy/mitophagy inhibitors is a promising therapeutic strategy for cancer 

treatment. Third, manipulating autophagy/mitophagy will probably provide a 

solution to overcome chemoresistance in cancer. Therefore, our proposed 

therapeutic strategy whereby inhibitors block autophagy/mitophagy to enhance 

anticancer efficacy of magnolol warrants further clinical studies. In addition, 

further studies are needed to identify more specific mitophagy inhibitors and 

explore how to best combine these inhibitors with anticancer agents in different 

animal models and clinical trials which will provide new therapeutic approaches. 

  



101 
 

 
 

 

  



102 
 

References 

 

1 De Duve, C. The lysosome. Scientific American 208, 64-72 (1963). 
2 Shen, H. M. & Mizushima, N. At the end of the autophagic road: an 

emerging understanding of lysosomal functions in autophagy. Trends 
Biochem Sci 39, 61-71, doi:10.1016/j.tibs.2013.12.001 (2014). 

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

4 Mizushima, N. & Murphy, L. O. Autophagy Assays for Biological Discovery 
and Therapeutic Development. Trends Biochem Sci 45, 1080-1093, 
doi:10.1016/j.tibs.2020.07.006 (2020). 

5 Murrow, L. & Debnath, J. Autophagy as a stress-response and quality-
control mechanism: implications for cell injury and human disease. 
Annual review of pathology 8, 105-137, doi:10.1146/annurev-pathol-
020712-163918 (2013). 

6 Das, G., Shravage, B. V. & Baehrecke, E. H. Regulation and function of 
autophagy during cell survival and cell death. Cold Spring Harbor 
perspectives in biology 4, doi:10.1101/cshperspect.a008813 (2012). 

7 Mizushima, N. & Levine, B. Autophagy in Human Diseases. New England 
Journal of Medicine 383, 1564-1576, doi:10.1056/NEJMra2022774 (2020). 

8 Jiang, P. & Mizushima, N. Autophagy and human diseases. Cell Research 
24, 69-79, doi:10.1038/cr.2013.161 (2014). 

9 Mulcahy Levy, J. M. & Thorburn, A. Autophagy in cancer: moving from 
understanding mechanism to improving therapy responses in patients. 
Cell Death & Differentiation 27, 843-857, doi:10.1038/s41418-019-0474-7 
(2020). 

10 Thorburn, A., Thamm, D. H. & Gustafson, D. L. Autophagy and cancer 
therapy. Molecular pharmacology 85, 830-838, 
doi:10.1124/mol.114.091850 (2014). 

11 Sui, X. et al. Autophagy and chemotherapy resistance: a promising 
therapeutic target for cancer treatment. Cell death & disease 4, e838, 
doi:10.1038/cddis.2013.350 (2013). 

12 Mizushima, N. The role of the Atg1/ULK1 complex in autophagy 
regulation. Current opinion in cell biology 22, 132-139, 
doi:10.1016/j.ceb.2009.12.004 (2010). 

13 Klionsky, D. J. Autophagy: from phenomenology to molecular 
understanding in less than a decade. Nat Rev Mol Cell Biol 8, 931-937, 
doi:10.1038/nrm2245 (2007). 

14 Mizushima, N., Yoshimori, T. & Ohsumi, Y. The role of Atg proteins in 
autophagosome formation. Annual review of cell and developmental 
biology 27, 107-132, doi:10.1146/annurev-cellbio-092910-154005 (2011). 

15 Walczak, M. & Martens, S. Dissecting the role of the Atg12-Atg5-Atg16 
complex during autophagosome formation. Autophagy 9, 424-425, 
doi:10.4161/auto.22931 (2013). 



103 
 

16 Tian, X., Teng, J. & Chen, J. New insights regarding SNARE proteins in 
autophagosome-lysosome fusion. Autophagy, 1-9, 
doi:10.1080/15548627.2020.1823124 (2020). 

17 Nakamura, S. & Yoshimori, T. New insights into autophagosome-
lysosome fusion. Journal of cell science 130, 1209-1216, 
doi:10.1242/jcs.196352 (2017). 

18 Sun, K. et al. Paradoxical roles of autophagy in different stages of 
tumorigenesis: protector for normal or cancer cells. Cell & bioscience 3, 
35, doi:10.1186/2045-3701-3-35 (2013). 

19 Pfanner, N., Warscheid, B. & Wiedemann, N. Mitochondrial proteins: 
from biogenesis to functional networks. Nat Rev Mol Cell Biol, 
doi:10.1038/s41580-018-0092-0 (2019). 

20 Joza, N. et al. Essential role of the mitochondrial apoptosis-inducing 
factor in programmed cell death. Nature 410, 549-554, 
doi:10.1038/35069004 (2001). 

21 Lopez, J. & Tait, S. W. Mitochondrial apoptosis: killing cancer using the 
enemy within. British journal of cancer 112, 957-962, 
doi:10.1038/bjc.2015.85 (2015). 

22 Battogtokh, G., Cho, Y. Y., Lee, J. Y., Lee, H. S. & Kang, H. C. 
Mitochondrial-Targeting Anticancer Agent Conjugates and Nanocarrier 
Systems for Cancer Treatment. Frontiers in pharmacology 9, 922, 
doi:10.3389/fphar.2018.00922 (2018). 

23 Nunnari, J. & Suomalainen, A. Mitochondria: in sickness and in health. 
Cell 148, 1145-1159, doi:10.1016/j.cell.2012.02.035 (2012). 

24 Murphy, M. P. & Hartley, R. C. Mitochondria as a therapeutic target for 
common pathologies. Nature reviews. Drug discovery, 
doi:10.1038/nrd.2018.174 (2018). 

25 Frey, T. G. & Mannella, C. A. The internal structure of mitochondria. 
Trends Biochem Sci 25, 319-324, doi:10.1016/s0968-0004(00)01609-1 
(2000). 

26 Elmore, S. Apoptosis: a review of programmed cell death. Toxicol Pathol 
35, 495-516, doi:10.1080/01926230701320337 (2007). 

27 Hill, M. M., Adrain, C., Duriez, P. J., Creagh, E. M. & Martin, S. J. Analysis 
of the composition, assembly kinetics and activity of native Apaf-1 
apoptosomes. Embo j 23, 2134-2145, doi:10.1038/sj.emboj.7600210 
(2004). 

28 Pistritto, G., Trisciuoglio, D., Ceci, C., Garufi, A. & D'Orazi, G. Apoptosis as 
anticancer mechanism: function and dysfunction of its modulators and 
targeted therapeutic strategies. Aging 8, 603-619, 
doi:10.18632/aging.100934 (2016). 

29 Li, W. et al. Selective autophagy of intracellular organelles: recent 
research advances. Theranostics 11, 222-256, doi:10.7150/thno.49860 
(2021). 

30 Kirkin, V. History of the Selective Autophagy Research: How Did It Begin 
and Where Does It Stand Today? Journal of molecular biology 432, 3-27, 
doi:10.1016/j.jmb.2019.05.010 (2020). 



104 
 

31 Youle, R. J. & Narendra, D. P. Mechanisms of mitophagy. Nature Reviews 
Molecular Cell Biology 12, 9-14, doi:10.1038/nrm3028 (2011). 

32 Lemasters, J. J. Selective mitochondrial autophagy, or mitophagy, as a 
targeted defense against oxidative stress, mitochondrial dysfunction, and 
aging. Rejuvenation Res 8, 3-5, doi:10.1089/rej.2005.8.3 (2005). 

33 Ashrafi, G., Schwarz, T. L. J. C. D. & Differentiation. The pathways of 
mitophagy for quality control and clearance of mitochondria.  20, 31-42 
(2013). 

34 Gustafsson Å, B. & Dorn, G. W., 2nd. Evolving and Expanding the Roles of 
Mitophagy as a Homeostatic and Pathogenic Process. Physiol Rev 99, 
853-892, doi:10.1152/physrev.00005.2018 (2019). 

35 Vasan, N., Baselga, J. & Hyman, D. M. A view on drug resistance in cancer. 
Nature 575, 299-309, doi:10.1038/s41586-019-1730-1 (2019). 

36 Bai, T. et al. Myocardial redox status, mitophagy and cardioprotection: a 
potential way to amend diabetic heart? Clinical Science 130, 1511-1521, 
doi:10.1042/cs20160168 (2016). 

37 Kitada, T. et al. Mutations in the parkin gene cause autosomal recessive 
juvenile parkinsonism. Nature 392, 605-608, doi:10.1038/33416 (1998). 

38 Lucking, C. B. et al. Homozygous deletions in parkin gene in European 
and North African families with autosomal recessive juvenile 
parkinsonism. The European Consortium on Genetic Susceptibility in 
Parkinson's Disease and the French Parkinson's Disease Genetics Study 
Group. Lancet (London, England) 352, 1355-1356 (1998). 

39 Abbas, N. et al. A wide variety of mutations in the parkin gene are 
responsible for autosomal recessive parkinsonism in Europe. French 
Parkinson's Disease Genetics Study Group and the European Consortium 
on Genetic Susceptibility in Parkinson's Disease. Hum Mol Genet 8, 567-
574 (1999). 

40 Valente, E. M. et al. Hereditary early-onset Parkinson's disease caused by 
mutations in PINK1. Science 304, 1158-1160, 
doi:10.1126/science.1096284 (2004). 

41 Palikaras, K., Lionaki, E. & Tavernarakis, N. Mechanisms of mitophagy in 
cellular homeostasis, physiology and pathology. Nat Cell Biol 20, 1013-
1022, doi:10.1038/s41556-018-0176-2 (2018). 

42 Pickles, S., Vigie, P. & Youle, R. J. Mitophagy and Quality Control 
Mechanisms in Mitochondrial Maintenance. Curr Biol 28, R170-R185, 
doi:10.1016/j.cub.2018.01.004 (2018). 

43 Lazarou, M., Jin, S. M., Kane, L. A. & Youle, R. J. Role of PINK1 binding to 
the TOM complex and alternate intracellular membranes in recruitment 
and activation of the E3 ligase Parkin. Dev Cell 22, 320-333, 
doi:10.1016/j.devcel.2011.12.014 (2012). 

44 Deas, E. et al. PINK1 cleavage at position A103 by the mitochondrial 
protease PARL. Hum Mol Genet 20, 867-879, doi:10.1093/hmg/ddq526 
(2011). 

45 Jin, S. M. et al. Mitochondrial membrane potential regulates PINK1 
import and proteolytic destabilization by PARL. J Cell Biol 191, 933-942, 
doi:10.1083/jcb.201008084 (2010). 



105 
 

46 Yamano, K. & Youle, R. J. PINK1 is degraded through the N-end rule 
pathway. Autophagy 9, 1758-1769, doi:10.4161/auto.24633 (2013). 

47 Sauve, V. et al. A Ubl/ubiquitin switch in the activation of Parkin. EMBO J 
34, 2492-2505, doi:10.15252/embj.201592237 (2015). 

48 Wauer, T., Simicek, M., Schubert, A. & Komander, D. Mechanism of 
phospho-ubiquitin-induced PARKIN activation. Nature 524, 370-374, 
doi:10.1038/nature14879 (2015). 

49 Nguyen, T. N., Padman, B. S. & Lazarou, M. Deciphering the Molecular 
Signals of PINK1/Parkin Mitophagy. Trends Cell Biol 26, 733-744, 
doi:10.1016/j.tcb.2016.05.008 (2016). 

50 Narendra, D. P. et al. PINK1 is selectively stabilized on impaired 
mitochondria to activate Parkin. PLoS biology 8, e1000298, 
doi:10.1371/journal.pbio.1000298 (2010). 

51 Okatsu, K. et al. PINK1 autophosphorylation upon membrane potential 
dissipation is essential for Parkin recruitment to damaged mitochondria. 
Nat Commun 3, 1016, doi:10.1038/ncomms2016 (2012). 

52 Kane, L. A. et al. PINK1 phosphorylates ubiquitin to activate Parkin E3 
ubiquitin ligase activity. J Cell Biol 205, 143-153, 
doi:10.1083/jcb.201402104 (2014). 

53 Koyano, F. et al. Ubiquitin is phosphorylated by PINK1 to activate parkin. 
Nature 510, 162-166, doi:10.1038/nature13392 (2014). 

54 Kazlauskaite, A. et al. Parkin is activated by PINK1-dependent 
phosphorylation of ubiquitin at Ser65. Biochem J 460, 127-139, 
doi:10.1042/bj20140334 (2014). 

55 Lazarou, M. et al. The ubiquitin kinase PINK1 recruits autophagy 
receptors to induce mitophagy. Nature 524, 309-314, 
doi:10.1038/nature14893 (2015). 

56 Okatsu, K. et al. Phosphorylated ubiquitin chain is the genuine Parkin 
receptor. J Cell Biol 209, 111-128, doi:10.1083/jcb.201410050 (2015). 

57 Shiba-Fukushima, K. et al. PINK1-mediated phosphorylation of the Parkin 
ubiquitin-like domain primes mitochondrial translocation of Parkin and 
regulates mitophagy. Scientific reports 2, 1002, doi:10.1038/srep01002 
(2012). 

58 Iguchi, M. et al. Parkin-catalyzed ubiquitin-ester transfer is triggered by 
PINK1-dependent phosphorylation. J Biol Chem 288, 22019-22032, 
doi:10.1074/jbc.M113.467530 (2013). 

59 Kondapalli, C. et al. PINK1 is activated by mitochondrial membrane 
potential depolarization and stimulates Parkin E3 ligase activity by 
phosphorylating Serine 65. Open Biol 2, 120080, 
doi:10.1098/rsob.120080 (2012). 

60 Gladkova, C., Maslen, S. L., Skehel, J. M. & Komander, D. Mechanism of 
parkin activation by PINK1. Nature 559, 410-414, doi:10.1038/s41586-
018-0224-x (2018). 

61 Sauve, V. et al. Mechanism of parkin activation by phosphorylation. 
Nature structural & molecular biology 25, 623-630, doi:10.1038/s41594-
018-0088-7 (2018). 



106 
 

62 Ordureau, A. et al. Quantitative proteomics reveal a feedforward 
mechanism for mitochondrial PARKIN translocation and ubiquitin chain 
synthesis. Mol Cell 56, 360-375, doi:10.1016/j.molcel.2014.09.007 (2014). 

63 Heo, J. M., Ordureau, A., Paulo, J. A., Rinehart, J. & Harper, J. W. The 
PINK1-PARKIN Mitochondrial Ubiquitylation Pathway Drives a Program of 
OPTN/NDP52 Recruitment and TBK1 Activation to Promote Mitophagy. 
Mol Cell 60, 7-20, doi:10.1016/j.molcel.2015.08.016 (2015). 

64 Padman, B. S. et al. LC3/GABARAPs drive ubiquitin-independent 
recruitment of Optineurin and NDP52 to amplify mitophagy. Nat 
Commun 10, 408, doi:10.1038/s41467-019-08335-6 (2019). 

65 Vargas, J. N. S. et al. Spatiotemporal Control of ULK1 Activation by NDP52 
and TBK1 during Selective Autophagy. Mol Cell 74, 347-362.e346, 
doi:10.1016/j.molcel.2019.02.010 (2019). 

66 Chen, G. et al. Nix and Nip3 form a subfamily of pro-apoptotic 
mitochondrial proteins. J Biol Chem 274, 7-10 (1999). 

67 Zhang, H. et al. Mitochondrial autophagy is an HIF-1-dependent adaptive 
metabolic response to hypoxia. J Biol Chem 283, 10892-10903, 
doi:10.1074/jbc.M800102200 (2008). 

68 Mammucari, C. et al. FoxO3 controls autophagy in skeletal muscle in vivo. 
Cell Metab 6, 458-471, doi:10.1016/j.cmet.2007.11.001 (2007). 

69 Novak, I. et al. Nix is a selective autophagy receptor for mitochondrial 
clearance. EMBO reports 11, 45-51, doi:10.1038/embor.2009.256 (2010). 

70 Hanna, R. A. et al. Microtubule-associated protein 1 light chain 3 (LC3) 
interacts with Bnip3 protein to selectively remove endoplasmic reticulum 
and mitochondria via autophagy. The Journal of biological chemistry 287, 
19094-19104, doi:10.1074/jbc.M111.322933 (2012). 

71 Zhu, Y. et al. Modulation of serines 17 and 24 in the LC3-interacting 
region of Bnip3 determines pro-survival mitophagy versus apoptosis. J 
Biol Chem 288, 1099-1113, doi:10.1074/jbc.M112.399345 (2013). 

72 Rogov, V. V. et al. Phosphorylation of the mitochondrial autophagy 
receptor Nix enhances its interaction with LC3 proteins. Sci Rep 7, 1131, 
doi:10.1038/s41598-017-01258-6 (2017). 

73 He, Y.-L. et al. BNIP3 phosphorylation by JNK1/2 promotes mitophagy via 
enhancing its stability under hypoxia. bioRxiv, 2020.2008.2027.271270, 
doi:10.1101/2020.08.27.271270 (2020). 

74 Sandoval, H. et al. Essential role for Nix in autophagic maturation of 
erythroid cells. Nature 454, 232-235, doi:10.1038/nature07006 (2008). 

75 Zhang, J. & Ney, P. A. Role of BNIP3 and NIX in cell death, autophagy, and 
mitophagy. Cell death and differentiation 16, 939-946 (2009). 

76 Liu, L. et al. Mitochondrial outer-membrane protein FUNDC1 mediates 
hypoxia-induced mitophagy in mammalian cells. Nature cell biology 14, 
177-185, doi:10.1038/ncb2422 (2012). 

77 Chen, M. et al. Mitophagy receptor FUNDC1 regulates mitochondrial 
dynamics and mitophagy. Autophagy 12, 689-702, 
doi:10.1080/15548627.2016.1151580 (2016). 



107 
 

78 Kuang, Y. et al. Structural basis for the phosphorylation of FUNDC1 LIR as 
a molecular switch of mitophagy. Autophagy 12, 2363-2373, 
doi:10.1080/15548627.2016.1238552 (2016). 

79 Chen, G. et al. A regulatory signaling loop comprising the PGAM5 
phosphatase and CK2 controls receptor-mediated mitophagy. Mol Cell 54, 
362-377, doi:10.1016/j.molcel.2014.02.034 (2014). 

80 Wu, W. et al. ULK1 translocates to mitochondria and phosphorylates 
FUNDC1 to regulate mitophagy. EMBO Rep 15, 566-575, 
doi:10.1002/embr.201438501 (2014). 

81 Wu, W. et al. FUNDC1 regulates mitochondrial dynamics at the ER-
mitochondrial contact site under hypoxic conditions. The EMBO journal 
35, 1368-1384, doi:10.15252/embj.201593102 (2016). 

82 Nixon, R. A. The role of autophagy in neurodegenerative disease. Nat 
Med 19, 983-997, doi:10.1038/nm.3232 (2013). 

83 Redmann, M., Dodson, M., Boyer-Guittaut, M., Darley-Usmar, V. & Zhang, 
J. Mitophagy mechanisms and role in human diseases. Int J Biochem Cell 
Biol 53, 127-133, doi:10.1016/j.biocel.2014.05.010 (2014). 

84 Bernardini, J. P., Lazarou, M. & Dewson, G. Parkin and mitophagy in 
cancer. Oncogene, doi:10.1038/onc.2016.302 (2016). 

85 Veeriah, S. et al. Somatic mutations of the Parkinson's disease-associated 
gene PARK2 in glioblastoma and other human malignancies. Nat Genet 
42, 77-82, doi:10.1038/ng.491 (2010). 

86 Zhang, C. et al. Parkin, a p53 target gene, mediates the role of p53 in 
glucose metabolism and the Warburg effect. Proc Natl Acad Sci U S A 108, 
16259-16264, doi:10.1073/pnas.1113884108 (2011). 

87 Liberti, M. V. & Locasale, J. W. The Warburg Effect: How Does it Benefit 
Cancer Cells? Trends Biochem Sci 41, 211-218, 
doi:10.1016/j.tibs.2015.12.001 (2016). 

88 Fujiwara, M. et al. Parkin as a tumor suppressor gene for hepatocellular 
carcinoma. Oncogene 27, 6002-6011, doi:10.1038/onc.2008.199 (2008). 

89 Kim, J. H. et al. Involvement of mitophagy in oncogenic K-Ras-induced 
transformation: overcoming a cellular energy deficit from glucose 
deficiency. Autophagy 7, 1187-1198, doi:10.4161/auto.7.10.16643 (2011). 

90 Yan, C. et al. Doxorubicin-induced mitophagy contributes to drug 
resistance in cancer stem cells from HCT8 human colorectal cancer cells. 
Cancer letters 388, 34-42, doi:10.1016/j.canlet.2016.11.018 (2017). 

91 Lee, K. S. et al. Roles of PINK1, mTORC2, and mitochondria in preserving 
brain tumor-forming stem cells in a noncanonical Notch signaling 
pathway. Genes & development 27, 2642-2647, 
doi:10.1101/gad.225169.113 (2013). 

92 Liu, K. et al. Mitophagy Controls the Activities of Tumor Suppressor p53 
to Regulate Hepatic Cancer Stem Cells. Mol Cell 68, 281-292.e285, 
doi:10.1016/j.molcel.2017.09.022 (2017). 

93 Kimura, T., Takabatake, Y., Takahashi, A. & Isaka, Y. Chloroquine in cancer 
therapy: a double-edged sword of autophagy. Cancer Res 73, 3-7, 
doi:10.1158/0008-5472.CAN-12-2464 (2013). 



108 
 

94 Amaravadi, R. & Debnath, J. Mouse models address key concerns 
regarding autophagy inhibition in cancer therapy. Cancer discovery 4, 
873-875, doi:10.1158/2159-8290.cd-14-0618 (2014). 

95 Chen, Y.-H. et al. Magnolol: A multifunctional compound isolated from 
the Chinese medicinal plant Magnolia officinalis. European Journal of 
Integrative Medicine 3, e317-e324, 
doi:https://doi.org/10.1016/j.eujim.2011.09.002 (2011). 

96 Ranaware, A. M. et al. Magnolol: A Neolignan from the Magnolia Family 
for the Prevention and Treatment of Cancer. International journal of 
molecular sciences 19, doi:10.3390/ijms19082362 (2018). 

97 Konoshima, T. et al. Studies on inhibitors of skin tumor promotion, IX. 
Neolignans from Magnolia officinalis. J Nat Prod 54, 816-822 (1991). 

98 Chilampalli, C. et al. Effects of magnolol on UVB-induced skin cancer 
development in mice and its possible mechanism of action. BMC cancer 
11, 456, doi:10.1186/1471-2407-11-456 (2011). 

99 Chen, L. C., Liu, Y. C., Liang, Y. C., Ho, Y. S. & Lee, W. S. Magnolol inhibits 
human glioblastoma cell proliferation through upregulation of p21/Cip1. 
Journal of agricultural and food chemistry 57, 7331-7337, 
doi:10.1021/jf901477g (2009). 

100 Cheng, Y. C., Tsao, M. J., Chiu, C. Y., Kan, P. C. & Chen, Y. Magnolol 
Inhibits Human Glioblastoma Cell Migration by Regulating N-Cadherin. 
Journal of neuropathology and experimental neurology 77, 426-436, 
doi:10.1093/jnen/nly021 (2018). 

101 Tsai, J. R. et al. Magnolol induces apoptosis via caspase-independent 
pathways in non-small cell lung cancer cells. Archives of pharmacal 
research 37, 548-557, doi:10.1007/s12272-013-0232-1 (2014). 

102 Shen, J. et al. Magnolol Inhibits the Growth of Non-Small Cell Lung 
Cancer via Inhibiting Microtubule Polymerization. Cell Physiol Biochem 42, 
1789-1801, doi:10.1159/000479458 (2017). 

103 Liu, Y. et al. The natural compound magnolol inhibits invasion and 
exhibits potential in human breast cancer therapy. Sci Rep 3, 3098, 
doi:10.1038/srep03098 (2013). 

104 Zhou, Y. et al. Magnolol induces apoptosis in MCF-7 human breast cancer 
cells through G2/M phase arrest and caspase-independent pathway. 
Pharmazie 68, 755-762 (2013). 

105 Wen, H., Zhou, S. & Song, J. Induction of apoptosis by magnolol via the 
mitochondrial pathway and cell cycle arrest in renal carcinoma cells. 
Biochem Biophys Res Commun 508, 1271-1278, 
doi:10.1016/j.bbrc.2018.12.087 (2019). 

106 Lee, D. H., Szczepanski, M. J. & Lee, Y. J. Magnolol induces apoptosis via 
inhibiting the EGFR/PI3K/Akt signaling pathway in human prostate cancer 
cells. Journal of cellular biochemistry 106, 1113-1122, 
doi:10.1002/jcb.22098 (2009). 

107 Kumar, S. et al. Autophagy triggered by magnolol derivative negatively 
regulates angiogenesis. Cell death & disease 4, e889, 
doi:10.1038/cddis.2013.399 (2013). 



109 
 

108 Kumar, S. et al. Tiron and trolox potentiate the autophagic cell death 
induced by magnolol analog Ery5 by activation of Bax in HL-60 cells. 
Apoptosis : an international journal on programmed cell death 18, 605-
617, doi:10.1007/s10495-013-0805-y (2013). 

109 Li, H. B. et al. Magnolol-induced H460 cells death via autophagy but not 
apoptosis. Archives of pharmacal research 30, 1566-1574 (2007). 

110 Cassiano, C. et al. Chemical Proteomics-Guided Identification of a Novel 
Biological Target of the Bioactive Neolignan Magnolol. Frontiers in 
chemistry 7, 53, doi:10.3389/fchem.2019.00053 (2019). 

111 Cheng, G. et al. Mitochondria-targeted magnolol inhibits OXPHOS, 
proliferation, and tumor growth via modulation of energetics and 
autophagy in melanoma cells. Cancer treatment and research 
communications 25, 100210, doi:10.1016/j.ctarc.2020.100210 (2020). 

112 Scheer, U. et al. High sensitivity immunolocalization of double and single-
stranded DNA by a monoclonal antibody. European journal of cell biology 
43, 358-371 (1987). 

113 Wang, L. et al. PTEN-L is a novel protein phosphatase for ubiquitin 
dephosphorylation to inhibit PINK1-Parkin-mediated mitophagy. Cell Res 
28, 787-802, doi:10.1038/s41422-018-0056-0 (2018). 

114 Valente, A. J., Maddalena, L. A., Robb, E. L., Moradi, F. & Stuart, J. A. A 
simple ImageJ macro tool for analyzing mitochondrial network 
morphology in mammalian cell culture. Acta histochemica 119, 315-326, 
doi:10.1016/j.acthis.2017.03.001 (2017). 

115 Klionsky, D. J. et al. Guidelines for the use and interpretation of assays for 
monitoring autophagy (4th edition)(1). Autophagy 17, 1-382, 
doi:10.1080/15548627.2020.1797280 (2021). 

116 Cader, M. Z. et al. FAMIN Is a Multifunctional Purine Enzyme Enabling the 
Purine Nucleotide Cycle. Cell 180, 815, doi:10.1016/j.cell.2020.02.005 
(2020). 

117 Polster, B. M., Nicholls, D. G., Ge, S. X. & Roelofs, B. A. Use of 
potentiometric fluorophores in the measurement of mitochondrial 
reactive oxygen species. Methods Enzymol 547, 225-250, 
doi:10.1016/b978-0-12-801415-8.00013-8 (2014). 

118 Cai, Q., Zakaria, H. M., Simone, A. & Sheng, Z. H. Spatial parkin 
translocation and degradation of damaged mitochondria via mitophagy 
in live cortical neurons. Curr Biol 22, 545-552, 
doi:10.1016/j.cub.2012.02.005 (2012). 

119 Yamano, K. et al. Endosomal Rab cycles regulate Parkin-mediated 
mitophagy. eLife 7, doi:10.7554/eLife.31326 (2018). 

120 Puri, R., Cheng, X. T., Lin, M. Y., Huang, N. & Sheng, Z. H. Mul1 restrains 
Parkin-mediated mitophagy in mature neurons by maintaining ER-
mitochondrial contacts. Nat Commun 10, 3645, doi:10.1038/s41467-019-
11636-5 (2019). 

121 Rakovic, A. et al. PINK1-dependent mitophagy is driven by the UPS and 
can occur independently of LC3 conversion. Cell death and differentiation, 
doi:10.1038/s41418-018-0219-z (2018). 



110 
 

122 Taanman, J. W. The mitochondrial genome: structure, transcription, 
translation and replication. Biochim Biophys Acta 1410, 103-123, 
doi:10.1016/s0005-2728(98)00161-3 (1999). 

123 Cornelissen, T. et al. The deubiquitinase USP15 antagonizes Parkin-
mediated mitochondrial ubiquitination and mitophagy. Hum Mol Genet 
23, 5227-5242, doi:10.1093/hmg/ddu244 (2014). 

124 Okatsu, K. et al. A dimeric PINK1-containing complex on depolarized 
mitochondria stimulates Parkin recruitment. J Biol Chem 288, 36372-
36384, doi:10.1074/jbc.M113.509653 (2013). 

125 Kazlauskaite, A. et al. Binding to serine 65-phosphorylated ubiquitin 
primes Parkin for optimal PINK1-dependent phosphorylation and 
activation. EMBO Rep 16, 939-954, doi:10.15252/embr.201540352 
(2015). 

126 Aguirre, J. D., Dunkerley, K. M., Mercier, P. & Shaw, G. S. Structure of 
phosphorylated UBL domain and insights into PINK1-orchestrated parkin 
activation. Proc Natl Acad Sci U S A 114, 298-303, 
doi:10.1073/pnas.1613040114 (2017). 

127 Wang, L., Qi, H., Tang, Y. & Shen, H.-M. Post-translational Modifications 
of Key Machinery in the Control of Mitophagy. Trends Biochem Sci 45, 58-
75, doi:10.1016/j.tibs.2019.08.002 (2020). 

128 Harper, J. W., Ordureau, A. & Heo, J. M. Building and decoding ubiquitin 
chains for mitophagy. Nat Rev Mol Cell Biol 19, 93-108, 
doi:10.1038/nrm.2017.129 (2018). 

129 Matsuda, N. et al. PINK1 stabilized by mitochondrial depolarization 
recruits Parkin to damaged mitochondria and activates latent Parkin for 
mitophagy. J Cell Biol 189, 211-221, doi:10.1083/jcb.200910140 (2010). 

130 Tanaka, A. et al. Proteasome and p97 mediate mitophagy and 
degradation of mitofusins induced by Parkin. J Cell Biol 191, 1367-1380, 
doi:10.1083/jcb.201007013 (2010). 

131 Chan, N. C. et al. Broad activation of the ubiquitin-proteasome system by 
Parkin is critical for mitophagy. Hum Mol Genet 20, 1726-1737, 
doi:10.1093/hmg/ddr048 (2011). 

132 Onishi, M., Yamano, K., Sato, M., Matsuda, N. & Okamoto, K. Molecular 
mechanisms and physiological functions of mitophagy. Embo j 40, 
e104705, doi:10.15252/embj.2020104705 (2021). 

133 Duchen, M. R. & Szabadkai, G. Roles of mitochondria in human disease. 
Essays Biochem 47, 115-137, doi:10.1042/bse0470115 (2010). 

134 Vyas, S., Zaganjor, E. & Haigis, M. C. Mitochondria and Cancer. Cell 166, 
555-566, doi:10.1016/j.cell.2016.07.002 (2016). 

135 Wallace, D. C. Mitochondria and cancer. Nature reviews. Cancer 12, 685-
698, doi:10.1038/nrc3365 (2012). 

136 Maris, J. M., Hogarty, M. D., Bagatell, R. & Cohn, S. L. Neuroblastoma. 
Lancet (London, England) 369, 2106-2120, doi:10.1016/s0140-
6736(07)60983-0 (2007). 

137 Bernardini, J. P. et al. Parkin inhibits BAK and BAX apoptotic function by 
distinct mechanisms during mitophagy. Embo j 38, 
doi:10.15252/embj.201899916 (2019). 



111 
 

138 Carroll, R. G., Hollville, E. & Martin, S. J. Parkin sensitizes toward 
apoptosis induced by mitochondrial depolarization through promoting 
degradation of Mcl-1. Cell Rep 9, 1538-1553, 
doi:10.1016/j.celrep.2014.10.046 (2014). 

139 Liang, J. R. et al. USP30 deubiquitylates mitochondrial Parkin substrates 
and restricts apoptotic cell death. EMBO Rep 16, 618-627, 
doi:10.15252/embr.201439820 (2015). 

140 Blommaart, E. F., Krause, U., Schellens, J. P., Vreeling-Sindelarova, H. & 
Meijer, A. J. The phosphatidylinositol 3-kinase inhibitors wortmannin and 
LY294002 inhibit autophagy in isolated rat hepatocytes. European journal 
of biochemistry 243, 240-246 (1997). 

141 Wu, Y. T. et al. Dual role of 3-methyladenine in modulation of autophagy 
via different temporal patterns of inhibition on class I and III 
phosphoinositide 3-kinase. J Biol Chem 285, 10850-10861, 
doi:10.1074/jbc.M109.080796 (2010). 

142 Georgakopoulos, N. D., Wells, G. & Campanella, M. The pharmacological 
regulation of cellular mitophagy. Nature chemical biology 13, 136-146, 
doi:10.1038/nchembio.2287 (2017). 

143 Palikaras, K., Princz, A. & Tavernarakis, N. in Encyclopedia of Biomedical 
Gerontology   (ed Suresh I. S. Rattan)  433-446 (Academic Press, 2020). 

144 Moskal, N. et al. ROCK inhibitors upregulate the neuroprotective Parkin-
mediated mitophagy pathway. Nat Commun 11, 88, doi:10.1038/s41467-
019-13781-3 (2020). 

145 Qu, F. et al. Manipulation of Mitophagy by "All-in-One" nanosensitizer 
augments sonodynamic glioma therapy. Autophagy, 1-23, 
doi:10.1080/15548627.2019.1687210 (2019). 

146 Zeh, H. J. et al. A Randomized Phase II Preoperative Study of Autophagy 
Inhibition with High-Dose Hydroxychloroquine and Gemcitabine/Nab-
Paclitaxel in Pancreatic Cancer Patients. Clin Cancer Res 26, 3126-3134, 
doi:10.1158/1078-0432.ccr-19-4042 (2020). 

147 Lee, Y. J. et al. Therapeutic applications of compounds in the Magnolia 
family. Pharmacology & therapeutics 130, 157-176, 
doi:10.1016/j.pharmthera.2011.01.010 (2011). 

148 Friedman, J. R. & Nunnari, J. Mitochondrial form and function. Nature 
505, 335-343, doi:10.1038/nature12985 (2014). 

149 Kim, G. D., Oh, J., Park, H.-J., Bae, K. & Lee, S. K. Magnolol inhibits 
angiogenesis by regulating ROS-mediated apoptosis and the 
PI3K/AKT/mTOR signaling pathway in mES/EB-derived endothelial-like 
cells. International journal of oncology 43, 600-610, 
doi:10.3892/ijo.2013.1959 (2013). 

150 Zhou, Y. et al. Magnolol induces apoptosis in MCF-7 human breast cancer 
cells through G2/M phase arrest and caspase-independent pathway. 
Pharmazie 68, 755-762 (2013). 

151 Xie, Z. et al. Magnolol alleviates Alzheimer's disease-like pathology in 
transgenic C. elegans by promoting microglia phagocytosis and the 
degradation of beta-amyloid through activation of PPAR-γ. Biomedicine & 



112 
 

pharmacotherapy = Biomedecine & pharmacotherapie 124, 109886, 
doi:10.1016/j.biopha.2020.109886 (2020). 

152 Huang, S. Y. et al. Magnolol protects against ischemic-reperfusion brain 
damage following oxygen-glucose deprivation and transient focal 
cerebral ischemia. International journal of molecular medicine 41, 2252-
2262, doi:10.3892/ijmm.2018.3387 (2018). 

153 Ho, J. H. & Hong, C. Y. Cardiovascular protection of magnolol: cell-type 
specificity and dose-related effects. Journal of biomedical science 19, 70, 
doi:10.1186/1423-0127-19-70 (2012). 

154 Ikai, T. et al. Magnolol-induced apoptosis is mediated via the intrinsic 
pathway with release of AIF from mitochondria in U937 cells. Biological & 
pharmaceutical bulletin 29, 2498-2501, doi:10.1248/bpb.29.2498 (2006). 

155 Matsui, N. et al. Neurotrophic effect of magnolol in the hippocampal CA1 
region of senescence-accelerated mice (SAMP1). Biol Pharm Bull 28, 
1762-1765 (2005). 

156 Matsui, N. et al. Magnolol and honokiol prevent learning and memory 
impairment and cholinergic deficit in SAMP8 mice. Brain Res 1305, 108-
117, doi:10.1016/j.brainres.2009.09.107 (2009). 

157 Chen, H. H., Lin, S. C. & Chan, M. H. Protective and restorative effects of 
magnolol on neurotoxicity in mice with 6-hydroxydopamine-induced 
hemiparkinsonism. Neurodegener Dis 8, 364-374, 
doi:10.1159/000323872 (2011). 

158 Yan, C. & Li, T. S. Dual Role of Mitophagy in Cancer Drug Resistance. 
Anticancer research 38, 617-621, doi:10.21873/anticanres.12266 (2018). 

159 Georgakopoulos, N. D., Wells, G. & Campanella, M. The pharmacological 
regulation of cellular mitophagy. Nature chemical biology 13, 136-146, 
doi:10.1038/nchembio.2287 (2017). 

160 Wen, H., Zhou, S. & Song, J. Induction of apoptosis by magnolol via the 
mitochondrial pathway and cell cycle arrest in renal carcinoma cells. 
Biochemical and biophysical research communications 508, 1271-1278, 
doi:10.1016/j.bbrc.2018.12.087 (2019). 

161 Hansen, M., Rubinsztein, D. C. & Walker, D. W. Autophagy as a promoter 
of longevity: insights from model organisms. Nat Rev Mol Cell Biol 19, 
579-593, doi:10.1038/s41580-018-0033-y (2018). 

162 Fang, E. F. et al. Defective mitophagy in XPA via PARP-1 hyperactivation 
and NAD(+)/SIRT1 reduction. Cell 157, 882-896, 
doi:10.1016/j.cell.2014.03.026 (2014). 

163 Fleming, A. & Rubinsztein, D. C. Autophagy in Neuronal Development and 
Plasticity. Trends in neurosciences 43, 767-779, 
doi:10.1016/j.tins.2020.07.003 (2020). 

164 Chao, X., Qian, H., Wang, S., Fulte, S. & Ding, W. X. Autophagy and liver 
cancer. Clinical and molecular hepatology 26, 606-617, 
doi:10.3350/cmh.2020.0169 (2020). 

165 Fang, E. F. et al. Mitophagy inhibits amyloid-β and tau pathology and 
reverses cognitive deficits in models of Alzheimer's disease. Nature 
neuroscience 22, 401-412, doi:10.1038/s41593-018-0332-9 (2019). 



113 
 

166 Lou, G. et al. Mitophagy and Neuroprotection. Trends in molecular 
medicine, S1471-4914(1419)30176-30175, 
doi:10.1016/j.molmed.2019.07.002 (2019). 

167 Williams, J. A. & Ding, W. X. Mechanisms, pathophysiological roles and 
methods for analyzing mitophagy - recent insights. Biol Chem 399, 147-
178, doi:10.1515/hsz-2017-0228 (2018). 

 

 

  



114 
 

PUBLICATIONS 

1.   Tang Y#, Wang L#, Yi T, Xu J, Wang J, Qin JJ, Chen Q, Yip KM, Pan YH, 

Hong P, Lu Y*, Shen HM*, Chen HB*. Synergistic effects of 

autophagy/mitophagy inhibitors and magnolol promote apoptosis and antitumor 

efficacy. Acta Pharmaceutica Sinica B, 2021. [Epub ahead of print]. 

doi.org/10.1016/j.apsb.2021.06.007. 

2.  Xu J#, Yuan L#, Tang Y#, Xu Z, Xu H, Qin JJ*, Cheng XD*. The role of 

autophagy in gastric cancer chemoresistance: friend or foe? Frontiers in Cell and 

Developmental Biology, 2020, Dec 3; 8:621428. 

3.  Tang Y, Tian H, Yi T, Chen HB*. The critical roles of mitophagy in cerebral 

ischemia. Protein & Cell, 2016, 7(10):699–713. 

4.   Chen Q, Zhu L, Yip KM, Tang Y, Liu Y, Jiang T, Zhang J, Zhao Z, Yi T, Chen 

HB*. A hybrid platform featuring nanomagnetic ligand fishing for discovering 

COX-2 selective inhibitors from aerial part of Saussureal laniceps Hand.-Mazz. 

Journal of Ethnopharmacology, 2021 May; 271:113849. 

5.    Zhang J#, Wang L#, Xu J#, Tang Y, Huang B, Chen Z, Zhang T, Shen HM, Wu 

Y, Xia DJ*. Bone marrow stromal cell-derived growth inhibitor serves as a stress 

sensor to induce autophagy. FEBS Letters, 2020 Apr; 594(8): 1248-1260. 

6.   Wang L, Qi H, Tang Y, Shen HM*. Post-Translational Modifications of Key 

Machinery in The Control of Mitophagy. Trends in Biochemical Sciences. 2020 Jan; 

45 (1): 58-75. 

7.   Yip KM, Xu J, Zhou S, Lau Y, Chen Q, Tang Y, Yang Z, Yao Z, Ding P, Chen 

HB, Zhao ZZ*. Characterization of Chemical Component Variations in Different 

Growth Years and Tissues of Morindae Officinalis Radix by Integrating 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Yip%20KM%5bAuthor%5d&cauthor=true&cauthor_uid=31180668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xu%20J%5bAuthor%5d&cauthor=true&cauthor_uid=31180668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lau%20YM%5bAuthor%5d&cauthor=true&cauthor_uid=31180668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20QL%5bAuthor%5d&cauthor=true&cauthor_uid=31180668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tang%20YC%5bAuthor%5d&cauthor=true&cauthor_uid=31180668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang%20ZJ%5bAuthor%5d&cauthor=true&cauthor_uid=31180668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ding%20P%5bAuthor%5d&cauthor=true&cauthor_uid=31180668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20HB%5bAuthor%5d&cauthor=true&cauthor_uid=31180668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20HB%5bAuthor%5d&cauthor=true&cauthor_uid=31180668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhao%20ZZ%5bAuthor%5d&cauthor=true&cauthor_uid=31180668


115 
 

Metabolomics and Glycomics. Journal of Agricultural and Food Chemistry, 2019 

Jul 3;67(26):7304-7314. 

8.  Wang L, Cho YK, Tang Y, Wang J, Park JE, Wu Y, Wang C, Tang Y, 

Chawla R, Shi Y, Deng S, Zhang J, Lu G, Wu Y, Tan HWS, Pawijit P, Lim G, 

Chan HY, Zhang J, Fang L, Yu H, Liou YC, Karthik M, Bay BH, Lim KL, Sze 

SK, Yap CT, Shen HM*. PTEN-L is a novel protein phosphatase for ubiquitin 

dephosphorylation to inhibit PINK1-Parkin-mediated mitophagy. Cell Research, 

2018 Jun; 28 (8): 787-802.  

9.   Wang L, Wang J, Tang Y, Shen HM*. PTEN-L puts a brake on mitophagy. 

Autophagy, 2018 Sep 02; 14 (11): 2023-2025. 

10.   Geng L, Gao J, Cui W, Tang Y, Ji M, Chen B*. Computational insights into 

the selectivity mechanism of APP-IP over matrix metalloproteinases. Journal of 

Computer-Aided Molecular Design, 2012; 26 (12): 1327-1342.  

 

  

https://www.ncbi.nlm.nih.gov/pubmed/31180668
http://link.springer.com/search?facet-author=
http://link.springer.com/search?facet-author=
http://link.springer.com/search?facet-author=
http://link.springer.com/search?facet-author=
http://link.springer.com/search?facet-author=
http://link.springer.com/search?facet-author=
http://link.springer.com/journal/10822
http://link.springer.com/journal/10822


116 
 

CURRICULUM VITAE 

Academic qualification of the thesis author: Ms. Tang Yancheng 

- Received the degree of Bachelor of Science from Hunan Agricultural 

University, June 2005. 

- Received the degree of Master of Science from Wuhan University, 

December 2009. 

 

 

September 2021 

 

 

 


