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INTRODUCTION 
 

Type 2 diabetes mellitus is a prevalent type of diabetes 

and metabolic disorder disease with the hallmarks of 

imbalance of energy intakes which trigger metabolic 

stress as well as inflammatory stimulations, and high 

levels of fatty acids, triglycerides and LDL cholesterol. 

These metabolic stress results in dysfunctions of islet 

beta cell and insulin resistance [1, 2]. Dysfunctions of 

islet beta cell and insulin resistance predispose to the 

subsequent stage of disease progression such as 

cardiovascular disease, neuropathy and nephropathy [3], 

leading to a huge burden on the healthcare system. 

Although there are various treatment options (metformin, 

sulfonylureas, meglitinides, alpha-glucosidase inhibitors) 

for T2DM, all of them have adverse effects such as 

metformin triggered intestinal discomfort and reduction 

of vitamin B12 absorption; sulfonylureas resulted in a 

loss of efficacy as well as hypoglycaemia [4]. To solve 

this problem, a novel mechanistic investigation of T2DM 

pathogenesis is required for developing effective 

therapeutic approaches. In particular, mitochondrial 

dynamics plays a pivotal role in the pathophysiology of 

diabetes. For type 2 diabetic patients have high levels  

of pyruvate and nonalcoholic steatohepatitis but  

low levels of ROS productions causing in mitochondrial 

dysfunctions [5]. 

 

Recently, a growing body of evidence supported that 

alterations of autophagy by autophagy modulators are 

the potential drugs to deal with diabetes mellitus. 

Diabetic kidney disease in a murine type 2 diabetes 
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ABSTRACT 
 

The prevalence of type 2 diabetes is associated with inflammatory bowels diseases, nonalcoholic 
steatohepatitis and even a spectrum of cancer such as colon cancer and liver cancer, resulting in a substantial 
healthcare burden on our society. Autophagy is a key regulator in metabolic homeostasis such as lipid 
metabolism, energy management and the balance of cellular mineral substances. Mitophagy is selective 
autophagy for clearing the damaged mitochondria and dysfunctional mitochondria. A myriad of evidence has 
demonstrated a major role of mitophagy in the regulation of type 2 diabetes and metabolic homeostasis. It is 
well established that defective mitophagy has been linked to the development of insulin resistance. Moreover, 
insulin resistance is further progressed to various diseases such as nephropathy, retinopathy and cardiovascular 
diseases. Concordantly, restoration of mitophagy will be a reliable and therapeutic target for type 2 diabetes. 
Recently, various phytochemicals have been proved to prevent dysfunctions of β-cells by mitophagy inductions 
during diabetes developments. In agreement with the above phenomenon, mitophagy inducers should be 
warranted as potential and novel therapeutic agents for treating diabetes. This review focuses on the role of 
mitophagy in type 2 diabetes relevant diseases and the pharmacological basis and therapeutic potential of 
autophagy regulators in type 2 diabetes. 
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mellitus was alleviated by modulation of autophagy 

epigenetic regulators(isorhamnetin) via an increase of 

autophagosomes in renal tissues, then improved blood 

glucose levels and lipid profiles [6]. Autophagy is a 

catabolic process to maintain cellular homeostasis by 

degradation of misfolded proteins and damaged 

organelles. In general, the unwanted proteins or 

organelles were sequestered by a double-membrane 

autophagosome. Afterwards, the cargo contained 

autophagosome fused with lysosome, which has a 

variety of degradative enzymes, to digest the cargo and 

exported it out for recycling [7]. Interference of 

autophagy functions in pancreatic β-cells, especially the 

impairment of autophagy flux, has a critical role in the 

pathogenesis of the development of insulin resistance, 

hyperinsulinemia and diabetic cardiomyopathy [8–10]. 

Autophagy is an important catabolic mechanism for 

pancreatic β-cells homeostasis in terms of cell 

proliferation, lipid synthesis, lipolysis, glucose uptake 

as well as responses to stress conditions. Therefore, 

understanding the underlying mechanism between 

diabetes development and autophagy pave a new way to 

design anti-diabetogenic drugs. 

 

Mitophagy is one of selective autophagy that 

specifically acts on degrading the damaged or 

dysfunctional mitochondria. Concerning the molecular 

mechanism, the damaged mitochondria are labelled 

with the main orchestrators PTEN-induced putative 

kinase 1 (PINK1), the ubiquitin ligase (PARKIN), 

ubiquitin and sequestosome-1 (p62/SQSTM1). 

Afterwards, p62 are conjugated to the autophagosomal 

microtubule-associated protein 1A1B-light chain3 

(LC3), consequently to form an autophagosome 

capsuled with selected mitochondrial cargos [11]. 

Emerging evidence has demonstrated that mitophagy is 

related to the developments in both Type 1 and Type 2 

diabetes. It is suggested that mitophagy could be a 

regulator to remove the excessive ROS during 

hyperglycaemia conditions [12]. Besides, the reductions 

of the number of mitophagy autophagosome in diabetic 

retinas and an increase of oxidative stress in db/db  

mice through modulation of mitophagy related protein 

Parkin and PINK1 were observed in the experimental 

diabetic models [13]. To tackle the impairments of 

mitophagy flux in diabetes, restoration of mitophagy by 

mitophagy inducers may be a potential drug target in 

this aspect.  

 

In an effort to the potential mitophagy inducers in  

the pathogenesis and progression of diabetes, there  

are ample studies were performed to examine the 

therapeutic effectiveness of autophagy modulators  

in the development of diabetes [14–16]. However, the 

efficiency of mitophagy inductions of these autophagy 

modulators is limited. It is required more efforts in 

exploring the mitophagy induction in this area when  

the mitochondrial dynamics contributed so much to  

the pathogenesis and the onsets of type 2 diabetes. 

Natural products with mitophagy-induction capacities 

demonstrate as potential candidates in this way. 

Natural products with mitophagy induction capability 

plus a wide safety margin and low toxicity profiles are 

two essential features for designing translational 

medicine. In order to pave a new way to identify 

natural compounds for therapeutic intervention  

for diabetes mellitus, we summarized the recent 

discoveries of mitophagy inducers with phytochemical 

characterises such as glucoside, flavonoids and 

alkaloids and investigate the underlying mechanisms 

of action involved in protection against diabetes 

mellitus developments. 
 

Autophagy related genes and type 2 diabetes 

mellitus treatment  
 

Autophagy is an evolutionarily conserved homeostatic 

mechanism. Autophagy is tightly modulated by nutrient 

conditions, cellular metabolism, energy status  

and oxidative environments, unwanted protein 

accumulations. In this section, we briefly point out the 

major signaling mechanisms relevant to autophagy in 

diabetes mellitus. 
 

Autophagy related genes (ATG) are essential in 

regulations of autophagosome initiation, maturation 

and fusion between autophagosome and lysosome to 

form autolysosome [17]. There are more than 30 

mammalian ATG genes involving in an array of 

autophagy processes [18, 19]. In the conditions of 

insufficient nutrients such as glucose and amino acids 

or specific metabolites. Autophagy is being induced 

originating from the endoplasmic reticulum. Golgi 

apparatus, mitochondria as well as plasma membranes 

[20]. The most canonical pathway involved in the 

autophagosome initiation process is the mTOR 

complex 1(mTORC1) dependent signaling pathway. 

The mTORC1 complex consists of mTORC1, unc-51 

like autophagy activating kinase 1 (ULK1) complex, 

class III phosphor-inositide 3 kinases (PI3K). For 

instance, phosphatidylinositol 3-kinase catalytic 

subunit type 3 (VPS34) [21, 22]. Upon the auto-

phagosome expansion, ULK1 phosphorylates Beclin 1 

to activate VPS34 and forming phosphatidylinositol-3-

phosphate (PI3P). Afterwards, the activated complex 

and associated proteins (Atg 18, Atg20 and Atg21) are 

translocated to the phagophore assembly site and then 

immature autophagosome is conjugated by Atg5, Atg 

7, Atg10 and Atg5 for maturation [23–25]. In the end, 

the mature double-membrane autophagosome is 

formed and ready to digest the unwanted material [26, 

27].  
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Autophagy related genes have critical implications in 

insulin deficiency and uncontrolled diabetes. For 

example, autophagy-related genes Atg5, LC3a  

and LC3B mRNA in adipose tissues for obesity 

patients are higher than that of lean patients. Besides, 

these mRNA levels are associated with insulin 

resistance and obesity-related metabolic disorder [28]. 

Besides, murine hepatic samples demonstrated  

13 out of 20 autophagy-related genes are down-

regulated in the context of mice feeding with high fat 

diets [16]. 

 

A recent report demonstrated the linkage between 

impaired mitochondrial function and metabolic syndrome 

during T2DM progressions. FUN14 domain-containing 1 

(FUNDC1) is a newly identified mitochondrial outer 

membrane protein as well as LC3B-conjugated protein 

(mitophagy inducer) to modulate mitochondrial quality 

control. Mice depleted with FUNDC1 exhibited more 

severe obesity and insulin resistance due to mitophagy 

dysfunctions [29, 30]. 

 

Mitophagy controls mitochondrial dynamics  
 

Mitophagy is a pivotal regulator of mitochondrial 

homeostasis and effective means for intracellular  

ROS clearance. A recent study demonstrated that 

damaged mitochondrion fused with a functional 

mitochondrion and resulting in a larger damaged 

mitochondrion and exacerbating the oxidative stress by 

releasing a high amount of ROS [31]. In the 

physiological condition of mitochondrial dynamics, 

mitophagy acts an important role to maintain a healthy 

mitochondrial population. Mitophagy encapsulated the 

damaged mitochondrial fragments by tagging them with 

PINK1 and then phosphorylated PARKIN as well as 

ubiquitin. Phosphorylated PARKIN further mediated 

the ubiquitination of the outer membrane for 

autophagosome formation and fused with lysosome  

for degradation [32] (Figure 1). The damaged 

mitochondria were eliminated by mitophagy preceded 

the stimulations of excessive ROS caused by damaged 

mitochondria. However, in type 2 diabetes, β-cells  

are exposed to a high concentration of glucose  

levels. Mitochondria tend to fission rather than  

fusion by an increase of Drp1 recruitment and 

OPA1/MFN degradation as well as mitophagy 

impairment [33]. The study demonstrated that patients 

with mild hyperglycaemia compared with the type 2 

diabetic patients, type 2 diabetic patients resulted  

in reductions of mitophagy related genes expressions 

(NIZ, PINK1, Parkin) [34]. These genes were essential 

in the mitophagy initiation, and then resulting in the 

elimination of the damaged mitochondrial fragments 

failures. More abnormal mitochondria were observed 

in type 2 diabetic patients with the smaller size  

of mitochondria [35] as well as swollen and disrupted 

mitochondria in the hepatocytes from insulin-resistant 

patients [36]. The accumulation of dysfunctional 

mitochondria accompanied with aggregated mitochondrial 

ROS triggered the oxidative damage to the pancreatic 

beta-cell, eventually facilitating the cell death of beta-

cells by apoptosis as well as increasing insulin 

resistance [32, 37]. 

 

Disorder of mitochondrial dynamics and 

mitochondrial functions trigger T2DM 
 

Mitochondrial dynamics is controlled by fission  

and fusion in order to maintain mitochondrial 

morphology. Mitofusin 1 and 2 are transmembrane 

proteins that bind and merge adjacent mitochondrial 

membranes through hydrolysis of guanosine 5’-

triphosphate and initiation of fusion process [38]. In 

T2DM, high glucose levels induced excessive ROS 

stimulations subsequently enhanced the ratio of 

Drp1:Mnf2 ratio and lead to mitochondrial fission 

[39]. The mitochondrial dynamic shifted to the fission 

and then resulting in aberrant mitochondrial dynamics, 

insulin-resistance and β-cell dysfunctions [40, 41]. In 

the same vein, patients with T2D and obesity show 

decreased levels of MFN2 expression in skeletal 

muscles that disrupted mitochondrial dynamics and 

accelerating the development of insulin resistance 

[42]. Additionally, in vivo study, C57BL/6NCrl mice 

fed with high-fat diet and induction with 

streptozotocin to develop a DM like mice. The DM 

like mice demonstrated that increased the protein 

expression of fission gene (DRP1) and decreased the 

protein expression of fusion genes MNF2 and OPA1), 

as well as PPARGc1a (key gene regulator in 

mitochondrial biogenesis) [43]. 

 

Mitochondria regulate insulin secretion through 

modulations of mitochondrial ATP synthase as well as 

ATP productions. Mutation of mitochondrial genes 

m.8561C substitution in MT-ATP6/8 (subunits of 

mitochondrial ATP synthase) resulted in the failed 

assembly of mitochondrial ATP synthase and 

decreasing ATP productions, eventually causing 

abnormal ROS production and causing cell death by 

apoptosis [44]. On the other hand, aberrant 

mitochondria biogenesis caused energy imbalance  

and accelerated ROS productions, consequently 

exacerbating pathological pathways of the develop-

ment of diabetes and associated macrovascular 

complications (stroke, myocardial ischemia) [45]. 

Besides, the control of normal mitochondrial fusion 

and fission by mitophagy is a prerequisite for β-cells 
survival countering inflammatory stress under hyper-

glycaemia [46]. Overexpressed the mitophagy 

regulator gene (CLEC16A) enhanced the damaged 
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mitochondria clearance by activation of mitophagy, 

restoring the mitochondrial membrane potential as 

well as pro-inflammatory-triggered cell death of β-

cells [32].  

 

Moreover, mitochondria have a self-defence mechanism 

to counteract overnutrition (high levels of glucose), 

namely mitochondrial hormesis. When exposing 

sublethal ROS-induced stress, mitochondria became 

more resistant to oxidative stress through enhancing 

the mitochondrial functions by activation of sirtuin  

1/3 (SIRT1/3) and AMP-activated protein kinase 

(AMPK) and PGC-1alpha. This adaptive defence 

system lead to a decrease in ROS production and ATP 

synthesis, increasing insulin sensitivity in β –cells 

[47]. Taken together, it is evident from the above  

that a strict balance of mitochondrial dynamics  

(Table 1), maintaining normal mitochondrial functions 

to remove excess ROS accumulations have  

beneficial influences on the onset and progression of 

T2DM. 
 

Mitochondrial dynamics is a pivot target for 

T2DM treatment  
 

Mitochondria dynamics are tightly regulated by 

mitophagy and also is a major organelle for cellular 

homeostasis. It is the main energy source for cells and 

ATP generations. In hyperglycaemia, high levels of 

glucose are converted to pyruvate and NADH through 

glucose oxidation in mitochondria. ROS as a by-

product is stimulated from mitochondrial complexes I 

 

 
 

Figure 1. Schematic representation of mitochondrial fusion and fission process and mitophagy in pancreatic β cells. Under the 
condition of hyperglycaemia, oxidative stress triggered the damaged mitochondria. Mitophagy was activated to remove damaged 
mitochondria by encapsulation of autophagosome. Afterwards, autophagosome fused with lysosome and formed autolysosome to degrade 
the damaged mitochondria via acidic lysosomal hydrolase. 
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Table 1. Genes involved in mitochondria dynamics. 

Gene Mitochondrial regulation in diabetes Reference 

NRIP1 Reduces respiratory efficiency of mitochondria [48] 

DYRK1A 
Inhibition of DYRK1A caused mitochondrial 

dysfunction 
[49] 

APP 
Activation of APP induced mitochondrial oxidative 

stress and mitochondrial dysfunction 
[50] 

RCAN1 
Activation of RCAN1 caused mitochondrial 

dysfunctions  
[51] 

CBS Activation of CBS reduced mitochondrial redox activity [52] 

Ndufa4 
Inhibition of Ndufa4  reduced the activation of complex 

I and IV activity  
[53] 

SOD1 
Inhibition of SOD increased oxidative stress and release 

of cytochrome C   
[54] 

ETS2 Activation of mitochondrial death pathway [55] 

PREP1 
Inhibition of oxidative phosphorylation and promotion 

of mitochondrial fusion genes OPA1 and MFN2 
[56] 

APP, Amyloid Beta Precursor Protein; CBS, Cystathionine Beta-Synthase; DYRK1A, dual-
specificity tyrosine- (Y)-phosphorylation regulated kinase 1A; ETS2, ETS Proto-Oncogene 2; 
Ndufa4, NDUFA4 Mitochondrial Complex Associated); NRIP1, Nuclear receptor interacting 
protein 1; PREP1, PBX/Knotted 1 Homeobox 1; RCAN1, Regulator Of Calcineurin 1; SOD1, 
Superoxide Dismutase 1. 

 

and III [57]. In order to achieve the energetic 

requirement of cells, mitochondria undergo continuous 

cycles of mitochondrial fusion and fission to 

redistribute the populations of mitochondria in the 

different tissues based on different nutrient conditions 

[58]. In type 2 diabetes mellitus, the excessive 

nutrients promoted mitochondrial fission as 

accompanied by down-regulation of mitochondrial 

fusion, subsequently resulting in uncoupling 

respiration. Uncoupling respiration lowered the rate of 

oxidative phosphorylation and mitochondrial reactive 

oxygen species productions [59].  

 

Apart from the regulations of mitochondrial fission and 

fusion switches to regulate mitochondrial dynamics. 

Morphology of mitochondria also contributed to the 

progression of T2DM. Compared with a normal person, 

diabetic patients showed smaller mitochondria in 

skeletal muscle and low levels of creatine kinase 

activity [60]. In the condition of hyperglycaemia, more 

mitochondrial fragmentations have resulted in various 

types of tissues such as heart, liver and cardiovascular 

and pancreas [60, 61]. 
 

Oxidative stress is an important stimulator in the 

regulation of β-cells. Dynamin-related protein 1 (Drp1) 

has a positive correlation with the mitochondrial fusion 

proteins (mitofusin 1 and mitofusin 2). Dysfunction of 

Drp1 results in reductions of mitochondrial membrane 

potential and ATP stimulations, ultimately a decrease of 

glucose-stimulated insulin secretion [62, 63]. Based on 

this pathological molecular mechanism, anti-oxidants 

should be potential candidates for insulin resistance. A 

recent study demonstrated that SS-31 treated diabetic 

nephropathy through regulations of mitochondrial 

membrane potential and ATP modulations as 

accompanied with suppressing the expression of 

NADPH oxidase -4 and transforming growth factor-beta 

1 (TGF-β1), then further enhancing activation of p38 

mitogen-activated protein kinase (p38 MAPK) and 

NADPH oxidase activity in mesangial cells in the 

context of hyperglycaemia [64]. Another study also 

showed that obese patients exhibited lower 

mitochondrial oxidative characteristics including a 

decline of mtDNA and mtDNA-mediated translation 

system in the comparison with their lean co-Twins. This 

downregulation results in fatty acid oxidation, ketone 

body production and breakdown, and tricarboxylic acid 

cycle, eventually causing insulin resistance, adiposity 

and activation of inflammatory cytokines [65]. 
 

Effects of natural products on T2DM-related 

tissues through mitophagy  
 

As mentioned above, mitophagy encapsulated the 

damaged mitochondria and dysfunctional mitochondria 

through the autophagy-lysosome pathway for either 

nutrient requirements or removing excessive ROS from 



www.aging-us.com 2907 AGING 

tissues to maintain the mitochondrial dynamics. Under the 

conditions of over-nutrient (type 2 diabetes), inhibitions of 

autophagic flux and ROS generations due to impairment 

of mitochondrial respiration and fragmentation [66, 67]. 
Natural products modulating mitophagy has been risen 

concern to improve the T2DM-associated mitochondrial 

dysfunctions (Figure 2). To assess the therapeutic 

efficiency of natural products rectifying mitochondrial 

dynamics through the autophagosome-lysosome axis 

and potential side effects that have resulted in tissues or 

cells, T2DM related models and in vitro experiments 

should be performed before translating into clinical 

applications. The summary in the following sections are 

including the common use of natural products in 

treating T2DM in vitro and in vivo (Table 2). 
 

Natural products modulated mitophagy to restore the 

mitochondrial dynamics in various mechanisms. 

Salvianolic acid B is a natural class of 1-beznofurans 

antioxidant that extracted from traditional Chinese 

Medicine Danshen (Salvia miltiorrhiza). Salvianolic acid 

B inhibited Rho-associated protein kinase - mediated 

mitophagy through the reduction of fission protein 

expressions Dynamin-1- like protein (DRP 1) and 

mitochondrial fission 1 protein (FIS 1) and subsequent 

cell death of an endothelial cell in the context of exposure 

of high glucose conditions and oxidized low-density 

lipoproteins [68]. Another single compound, namely 

Ginseng-Sanqi-Chuanxiong (GSC) has protective effects 

on diabetes-related cardiovascular protections triggered 

by high glucose and palmitate. Ginseng-Sanqi-

Chuanxiong extracts promoted mitophagy to eliminate 

mitochondrial ROS and autophagosome formation via 

the activation of AMPK pathway [69]. 

 

Curcumin with mitophagy on T2DM 
 

Curcumin rectified the lipid peroxidation and oxidative 

stress in several tissues [70]. The antioxidant effects of 

curcumin are attributed to enhancing mitochondrial 

biogenesis, reducing the ROS as well as upregulations 

of antioxidant enzymes. In adipocytes, curcumin 

increased the mitochondrial biogenesis via activations 

of AMPK/PGC-1alpha coincident with mitochondria 

regulator proteins, mitochondrial transcription factor A 

and nuclear respiratory factor 1 [71]. In vivo model of 

 

 
 

Figure 2. Natural compounds acting on the mitochondrial dynamics in type 2 diabetes and complications. 
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Table 2. Models and signaling pathways of natural products in mitophagy enhancements and mitochondrial 
dynamics. 

Groups Natural compound  Experiment model Signaling pathway Reference 

N/A 
Ginseng-Sanqi-

Chuanxiong 

Human aortic endothelial cell 

 

AMPK 

 

[72] 

 

Benzofuran Salvianolic acid B  Human umbilical vein EC line EA.hy926 ROCK1 [73] 

Flavone  
Scutellarin Human umbilical vein endothelial cells (HUVECs) PINK1/Parkin [74] 

Baicalin Sprague Dawley rats injected with STZ (N=10  per group) AMPK  [75] 

Alkaloids 
Berberine  H9C2  cells  AMPK [76] 

Caffeine  C2C12 skeletal myotube LC3  [77] 

Glucoside 

Salidroside HT22 cells mTOR [78] 

Notoginsenoside R1 
Db/db mice, rat retinal Müller cells (rMC-1)  

(N=12 per group) 

PINK1/Parkin 

 

[13] 
 

Flavonoids 

Kaempferol intestinal porcine epithelial cells Nrf2 [79] 

Extracts of bilberry 

fruits  

Male Wistar rats  

Heart primary culture  

N/A 

 

[80] 
 

Quercetin 

C57BL/6J mice  

fed with ethanol  

(N= 15 per group) 

AMPK  ERK2  

 

 

[81] 

 

 

Polyphenols  

Resveratrol Human umbilical venous endothelial cells AMPK/HIF1 [82] 

Epigallocatechin-3-

Gallate 

Goto-Kakizaki (GK) rat 

 

ROS-ERK/JNK-p53  

 

[83] 

 

Baicalin 

Kunming mice 

Induced with STZ  

(N= 6-12 per group) 

LC3, p62 activation  

 

 

[84] 

 

 

Others 

Trehalose  

C17.2 neural stem cells 

Mice fed with 18% protein and 11% fat diet  

(N= 4 per group) 

LC3  

 

 

[85] 

 

 

Melatonin 
SK- N- MC (human neuroblastoma cell line) and SH- 

SY5Y(human neuroblastoma cell line) 

MT2 

/Akt/NF- κB   

[86] 

 

AMPK, AMP-activated protein kinase; Akt, Protein kinase B; ERK, extracellular regulated protein kinases; HIF1, hypoxia 
inducible factor-1; JNK, c-Jun N-terminal kinase; LC3, microtubule-associated protein 1A1B-light chain3; MT2, Matriptase-2; 
mTOR, Mammalian TORC1; NF- κB, nuclear factor kappa-light-chain-enhancer of activated B cells; Nrf2, nuclear factor 
erythroid 2–related factor 2; Parkin, ubiquitin ligase; PINK1, PTEN-induced putative kinase 1; ROCK1, Rho Associated Coiled-
Coil Containing Protein Kinase 1; ROS, Reactive Oxygen Species. 

 

curcumin administration, curcumin exhibited increased 

mtDNA amounts and increased the protein related to 

mitochondrial functions such as uncoupling protein 

1(UCP1) for proton transfer and ATP synthesis in the 

matrix of the mitochondrion and the master regulator of 

mitochondrial biogenesis PGC-1alpha [72]. Besides, 

curcumin has been reported for mitophagy induction in 

nasopharyngeal carcinoma CNE2 cells as evidenced by 

facilitating the swollen mitochondria and mitochondrial 

membrane impairments [73]. However, the research of 

curcumin on β-cells have not been reported. More 

investigation in these areas is warranted. For clinical 

references, curcumin supplementation (500mg) for 90 

days improved the blood glucose as well as body mass 

index in prediabetes subjects [87]. Furthermore, 

curcumin intake with 80 mg daily for a total of 12 
weeks reduced insulin resistance, LDL-cholesterol and 

increased total antioxidant capacity as compared with 

placebo groups [88]. 

Caffeine with mitophagy on T2DM 
 

Caffeine is a xanthine alkaloid and major component 

extracted from green tea, coffee and chocolate. It has 

been demonstrated to reduce the autophagy-dependent 

lipid concentration in hepatic tissues through lipophagy 

[89]. Besides, caffeine also demonstrated that to 

activate mitophagy for increasing fatty acid oxidation as 

well as mitochondrial biogenesis as accompanied with 

potentiated the rate of mitochondrial degradation in 

skeletal muscle [77]. 

 

Quercetin with mitophagy on T2DM 
 

Quercetin is a key component from Sophora japonica L. 

and Platycladus orientalis (L.) Fanco. Quercetin has 
been demonstrated a potential drug for dealing with 

diabetic neuropathy. Quercetin mitigated ROS 

generations, ATP synthesis as well as mitochondrial 
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damage in high-glucose -exposed rat Schwann cell line 

and Streptozotocin (STZ)-induced diabetic rats via 

promotion of AMPK/PGC-1α pathway [90]. Another 

study also showed similar a phenomenon on 

hepatocellular carcinoma cells, quercetin improved the 

mitochondrial complex I activity and facilitated the 

binding of PCG-1alpha and PPARα which is responsible 

for the regulation of energy production and energy 

utilization in metabolic issues, ultimately potentiated 

cellular NAD+/NADH and intracellular mitochondrial 

integrity and redox status of the hepatocytes [91]. 

Beyond that, quercetin and its derivatives quercetin-3-O-

glucuronide have been reported for the amelioration of 

triglyceride accumulation via fatty acid synthase 

modulations as coincident with for AMPK activation to 

restore mitochondrial mass and biogenesis by 

modulation of mitophagy [92]. In clinical investigations, 

500 mg quercetin supplementation daily for 4 weeks 

decreased plasma uric acid (a risk factor for T2DM) [93]. 

 

Berberine with mitophagy on T2DM 
 

Berberine, a quaternary ammonia compound isolated 

from Traditional Chinese herbs Coptis chinensis Franch 

and Phellodendron Chinense Schneid. Berberine has 

been reported for treating Alzheimer's disease and 

dementia through alleviating basal respiration and 

production of pro-inflammatory cytokines [94]. In 

diabetes, berberine restored mitochondrial ROS 

generations, mitochondrial dysfunction and failure of 

fatty acid oxidation in the models of diabetic kidney 

disease mouse models. Berberine potentiated the 

peroxisome proliferator-activated receptor γ coactivator-

1α (PGC-1α) signaling pathway, eventually resulting in a 

balance of mitochondrial energy homeostasis [95]. Apart 

from diabetic kidney disease, berberine has been 

demonstrated to ameliorate high glucose-induced 

mitochondrial fission and fusion disruptions, mitogenesis 

process. Berberine reduced mitochondria amount as well 

as cardiomyocyte injury by activation AMPK signaling 

pathway-dependent mitophagy activation [76]. In clinical 

approaches, berberine (0.6 g twice daily for 12 weeks) 

ameliorated the glycated hemoglobin, blood tri-

glycerides, total cholesterol in T2DM patients through 

regulations of gut microbiome [96, 97]. 

 

Vitamins with mitophagy on T2DM 
 

Given that vitamin B12 deficiency is a common 

phenomenon in type 2 diabetic patients, vitamin level 

may a marker for the assessment of type 2 diabetes [98]. 

Another vitamin, vitamin D3 also reported linking with 

diabetes. Vitamin D3 administration has been shown to 
reduce the risk of diabetes [99]. Combination treatment 

of metformin and vitamin D3 abolished reactive oxygen 

species and inflammation in diabetes [100]. Besides, 

another study demonstrated that vitamin D3 also 

alleviated diabetes-associated complications. High-dose 

cholecalciferol supplementation of 40,000 IU/week  

for 24 weeks was associated with improvement in 

clinical manifestation, cutaneous microcirculation and 

inflammatory markers in patients with T2DM and 

peripheral neuropathy [101]. Another clinal trial 

demonstrated that vitamin D3 supplementation at  

4000 IU per day for 24 months did not reduce the  

risks of diabetes than placebo treatment [102]. The 

inconsistency may attribute to the dose of vitamins 

usage in the two experiments. Besides, combined 

treatment of vitamin and anti-diabetic drugs may result 

in more benefits than vitamin alone for T2DM treatment. 

A clinical trial study pointed out that combined therapy 

vitamin E (400IU twice per day) and pioglitazone 

45mg/day reduced the nonalcoholic fatty liver disease 

activity score in patients with type 2 diabetes mellitus 

than the patients who only received vitamin E [103]. 

 

The above-mentioned compounds have been 

demonstrated the beneficial effects on the onset and 

progression of type 2 diabetes mellitus. However, the 

long-term usage of those natural compounds on type 2 

diabetes mellitus may cause potential side effects. 

Besides, mitochondrial dynamics is a pivot organelle in 

cellular energy expenditure. Complete inhibition of one 

part of mitochondrial dynamics will result in deleterious 

effects on cellular homeostasis. Hence the partial 

reduction of fission and restoration of mitophagy is the 

more feasible aim in type 2 diabetes mellitus treatments.  

 

CONCLUSIONS AND PERSPECTIVES 
 

A growing body of evidence has supported that natural 

products with autophagy-modifying capacity as 

potential drugs to treat experimental designed diabetes 

mellitus. Concerning the underlying molecular 

mechanism of natural products, they retuned host 

autophagy (enlarged and inhibited) mainly through 

AMPK and mTORC1 related pathways to alleviate 

systemic metabolic disorders. 

 

Although data from in vitro and in vivo experiments 

demonstrated natural products elicited therapeutic 

effects against diabetes mellitus basis on autophagy 

modulations, clinical trials evaluating the efficiency of 

natural products as the anti-diabetic drugs are still not 

well understood. Many questions are warranted before 

putting on clinical trials. Apart from the clinical 

limitations, the different experimental parameters 

researchers used in experiments triggered contradictory 

results in animal studies. Besides, there is no 

appropriate tool to measure autophagic flux in human 

studies. Moreover, natural products usually exhibited 

multiple metabolic modulations such as enhancing 
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insulin sensitivity, adipogenesis, oxidative stress and 

mitochondrial integrity at the same time in different 

tissues types. Tissues-specific approaches to natural 

products are better to tackle this question. 

 

In this review, we have summarized other aspects of 

treating diabetes by using natural products in the 

context of mitophagy regulations. These natural 

compounds not only regulate the cellular host 

autophagic mechanisms but also have beneficial effects 

on host metabolism, inflammatory responses as well as 

anti-oxidation. A major of them are involved in 

regulations of AMPK/mTOR pathways to counteract 

the high glucose level resulting in diabetes. This is 

expected that these natural compounds may have other 

features in anti-diabetes aspects. For instance, histone 

deacetylase (HDAC) inhibitor is a known molecular 

target in the control of obesity and type 2 diabetes. 

Baicalein is a flavone from Scutellaria baicalensis and 

Scutellaria lateriflora and autophagy inducer with 

HDAC inhibiting functions, which may contribute to 

synergistic effects on diabetes [104]. However, this part 

is still unclear, further studies were warranted for better 

understanding. 

 

The transcriptional regulation of mitochondrial 

dynamics and mitophagy also raised concerns. The 

member of the microphthalmia family of basic helix-

loop -helix-leucine-zipper (bHLH-Zip) including 

transcription factor EB (TFEB), transcription factor 

E3(TFE3) as well as a microphthalmia-associated 

transcription factor (MITF) participate in the 

mitochondrial dynamics in the kinase PINK1 and 

ubiquitin ligase Parkin -dependent manner [105]. 

Furthermore, TFEB also controls lysosome biogenesis 

and coordinating the lysosomal functions [106]. For 

instance, ATPase pumps (ATP6V1H, Na+/K- ATPase) 

and lysosomal membrane proteins (LAMP1 and 

LAMP2) and lysosomal proteases (cathepsin D, 

cathepsin B). All of them are essential factors to 

regulate autophagy-lysosome fusion and lysosome 

acidification [107]. The complete process of 

mitophagy involved in the autophagosome 

encapsulates with dysfunctional mitochondria and 

fuses with lysosome for degradation. Either one of 

these processes is the foundation for beta cell 

functions. Research revealed that a lysosomal 

associated membrane protein-1 (LAMP1) deficient 

mice impaired autophagic flux. The impaired 

autophagy flux triggered aggregations of damaged 

mitochondria and oxidative stress, and eventually 

causing progressive beta-cell apoptosis and failure 

[108, 109]. Besides, the regulator of lysosomal genes, 
TFEB also activated the downstream antioxidant 

pathway such as nuclear factor E2-related factor 2 (Nrf 

2) [110]. A recent study pointed out that degradation 

of the key suppressor of the antioxidant response, 

KEAP1 (Kelch-like ECH-associated protein 1) [111] 

to activate the activity of nuclear factor E2-related factor 

2, resulting in increasing transcriptions of anti-oxidant 

genes and further preventing insulin resistance and 

increasing insulin production in pancreatic beta-cell, 

resulting in improvements in metabolic conditions [112]. 

 

In addition, several questions should be tackled in the 

further study of mitophagy. It is well-known that 

impairment of autophagy caused the failure of damaged 

mitochondrial clearance and inadequate ROS 

stimulations contributing to the pathogenesis of T2DM. 

Therefore, restoring the balance of mitochondrial 

dynamics and intracellular oxidative conditions are 

potential approaches for treating T2DM [113]. 

 

More importantly, it should be noticed that exercise 

(improvement in HbA1c, cardiorespiratory fitness and 

physical features and functional measures in type 2 

diabetes patients) increased mitochondrial functions and 

insulin sensitivity. In detail, exercise improved the 

mitochondrial functions by restoring the ratio of 

MFN2/DPR1 in the db/db mice and ameliorated the 

mitochondrial potential as well as cytochrome C 

leakage and further prevention of abnormal mito-

chondrial fission [114, 115]. Apart from exercise, 

maintaining a healthy diet also demonstrated positive 

effects in type 2 diabetic patients. A recent research 

showed that 1.5 months and 3 months of caloric 

restriction strategy decreased fasting glucose and 

endogenous glucose production to improving β cell 

sensitivity in type 2 diabetes and enhancing glucose 

metabolism respectively [116].  

 

Apart from mitophagy, another selective form of 

autophagy namely lipophagy has been reported to 

participate in the pathogenesis of type 2 diabetes 

mellitus. Lipophagy selectively targeted the lipid 

droplets for degradations by autolysosome in order to 

reduce abnormal aggregations of lipid droplets. The 

reduction of lipid accumulations further prevent insulin 

resistance and β-cell dysfunctions in the development of 

type 2 diabetes mellitus [117]. Moreover, same with 

mitophagy, lipophagy is also activated by exercise and an 

energy-restrictive diet [118]. The relationship between 

lipophagy and mitophagy in this regard should take 

further investigation. 

 

Taken together, mitochondria are dynamic organelles 

and make great contributions in cellular maintaining 

homeostasis via regulation of the intracellular ROS and 

modulation of cell death programs (apoptosis triggered 
by cytochrome C) [119, 120]. In type 2 diabetes, 

mitochondrial dynamics and mitochondrial biogenesis, 

as well as mitophagy were inhibited. Dysregulations of 
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mitochondrial functions and dynamics led to insulin 

resistance. Rectifying these processes are a potential 

pharmaceutical candidate for the treatment of these 

diseases. 

 

To adapt to the metabolic demands of cells, 

mitochondrial dynamics changed the mitochondrial 

biogenesis, mitophagy, fission and fusion ratio to match 

the cellular energy expenditure and nutrient utilization. 

In an over-nutrient condition such as hyperglycaemia, 

excess glucose triggered mitochondrial impairment and 

fragmentation. The fragmented mitochondria inhibited 

the autophagic flux and facilitating ROS productions. 

This review summarized the molecular mechanism of 

mitochondrial dynamics involved in the development of 

insulin resistance and type 2 diabetes. Besides, we have 

mentioned natural compounds which enhanced 

mitophagy and restoration of mitochondrial dynamics. 

The great benefits from the natural products are fewer 

side-effects as compared to conventional drugs in an 

appropriate period [52]. Several natural products have 

demonstrated antidiabetic potential in animal 

investigations and clinical trials, this paved the way for 

them to develop a new anti-diabetic drug. Combination 

therapy of natural products and conventional drugs will 

be a novel approach for T2DM. However, there are 

some limitations on clinical trials such as possible 

interaction between the conventional drugs and natural 

products; the stability, bioavailability, therapeutic 

window and adverse effects of natural compounds in 

clinical usage are still vague. This way should be 

investigated in animal studies especially in pharma-

cokinetics and pharmacodynamics approaches to 

maximize the utilization of natural products for T2DM 

management. Therefore, this review may provide a 

useful summary for helping the researchers to further 

investigate the novel mitophagy-modulating agents in 

the direction of treating diabetes in the future. 

 

Abbreviations 
 

AMPK: AMP-activated protein kinase; ATG: 

Autophagy related genes; Drp1: Dynamin-related 

protein 1; FIS 1: mitochondrial fission 1 protein; 

FUNDC1: FUN14 domain-containing 1; GSC: Ginseng-

Sanqi-Chuanxiong; HDAC: histone deacetylase; 

KEAP1: Kelch-like ECH-associated protein 1; LAMP1: 

lysosomal associated membrane protein-1; LC3: 

microtubule-associated protein 1A1B-light chain3; 

MITF: microphthalmia-associated transcription factor; 

mTORC1: mTOR complex 1; Nrf 2: nuclear  

factor E2-related factor 2; p38 MAPK: p38 mitogen-

activated protein kinase; p62/SQSTM1: ubiquitin  

and sequestosome-1; PARKIN: ubiquitin ligase;  

PGC-1α: peroxisome proliferator-activated receptor  

γ coactivator-1α; PI3K: phosphor-inositide 3 kinase; 

PI3P: phosphatidylinositol-3-phosphate; PINK1: 

PTEN-induced putative kinase 1; SIRT1/3: sirtuin 1/3; 

STZ: Streptozotocin; TFE3: transcription factor E3; 

TFEB: transcription factor EB; TGF-β1: transforming 

growth factor beta 1; UCP1: uncoupling protein 1; 

VPS34: phosphatidylinositol 3-kinase catalytic subunit 

type 3.  

 

AUTHOR CONTRIBUTIONS 
 

Zhao Shan and Wei Hong Fa contributed in 

conception, design, and drafting of the manuscript. 

Chen Run Tian and Chen Shi Yuan contributed in 

revised version. Ning Jie conceived and supervised the 

project. The final version was confirmed by all authors 

for submission.  

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of 

interest. 

 

FUNDING 
 

This article received no specific grant from any funding 

agency in the public, commercial, or not-for-profit 

sectors. 

 

REFERENCES 
 
1. Tai N, Wong FS, Wen L. The role of gut microbiota in the 

development of type 1, type 2 diabetes mellitus and 
obesity. Rev Endocr Metab Disord. 2015; 16:55–65. 

 https://doi.org/10.1007/s11154-015-9309-0 
PMID:25619480 

2. Jacome-Sosa MM, Parks EJ. Fatty acid sources and 
their fluxes as they contribute to plasma triglyceride 
concentrations and fatty liver in humans. Curr Opin 
Lipidol. 2014; 25:213–20. 

 https://doi.org/10.1097/MOL.0000000000000080 
PMID:24785962 

3. Pantalone KM, Hobbs TM, Wells BJ, Kong SX, Kattan 
MW, Bouchard J, Yu C, Sakurada B, Milinovich A, Weng 
W, Bauman JM, Zimmerman RS. Clinical characteristics, 
complications, comorbidities and treatment patterns 
among patients with type 2 diabetes mellitus in a large 
integrated health system. BMJ Open Diabetes Res 
Care. 2015; 3:e000093. 

 https://doi.org/10.1136/bmjdrc-2015-000093 
PMID:26217493 

4. Marín-Peñalver JJ, Martín-Timón I, Sevillano-Collantes 
C, Del Cañizo-Gómez FJ. Update on the treatment of 
type 2 diabetes mellitus. World J Diabetes. 2016; 
7:354–95. 

https://doi.org/10.1007/s11154-015-9309-0
https://pubmed.ncbi.nlm.nih.gov/25619480
https://doi.org/10.1097/MOL.0000000000000080
https://pubmed.ncbi.nlm.nih.gov/24785962
https://doi.org/10.1136/bmjdrc-2015-000093
https://pubmed.ncbi.nlm.nih.gov/26217493


www.aging-us.com 2912 AGING 

 https://doi.org/10.4239/wjd.v7.i17.354 
PMID:27660695 

5. Ding XW, Robinson M, Li R, Aldhowayan H, Geetha T, 
Babu JR. Mitochondrial dysfunction and beneficial 
effects of mitochondria-targeted small peptide SS-31 in 
Diabetes Mellitus and Alzheimer’s disease. Pharmacol 
Res. 2021; 171:105783. 

 https://doi.org/10.1016/j.phrs.2021.105783 
PMID:34302976 

6. Matboli M, Ibrahim D, Hasanin AH, Hassan MK, Habib 
EK, Bekhet MM, Afifi AM, Eissa S. Epigenetic 
modulation of autophagy genes linked to diabetic 
nephropathy by administration of isorhamnetin in 
Type 2 diabetes mellitus rats. Epigenomics. 2021; 
13:187–202. 

 https://doi.org/10.2217/epi-2020-0353 
PMID:33406900 

7. Klionsky DJ, Abdel-Aziz AK, Abdelfatah S, Abdellatif M, 
Abdoli A, Abel S, Abeliovich H, Abildgaard MH, Abudu 
YP, Acevedo-Arozena A, Adamopoulos IE, Adeli K, 
Adolph TE, et al. Guidelines for the use and 
interpretation of assays for monitoring autophagy (4th 
edition)1. Autophagy. 2021; 17:1–382. 

 https://doi.org/10.1080/15548627.2020.1797280 
PMID:33634751 

8. Nambiema A, Robert A, Yaya I. Prevalence and risk 
factors of anemia in children aged from 6 to 59 months 
in Togo: analysis from Togo demographic and health 
survey data, 2013-2014. BMC Public Health. 2019; 
19:215. 

 https://doi.org/10.1186/s12889-019-6547-1 
PMID:30786883 

9. Li X, Chan LW, Li X, Liu C, Yang G, Gao J, Dai M, Wang Y, 
Xie Z, Liu J, Zhou F, Zheng T, Feng D, et al. Obesity-
Induced Regulator of Calcineurin 1 Overexpression 
Leads to β-Cell Failure Through Mitophagy Pathway 
Inhibition. Antioxid Redox Signal. 2020; 32:413–28. 

 https://doi.org/10.1089/ars.2019.7806 
PMID:31822118 

10. Fakih W, Mroueh A, Salah H, Eid AH, Obeid M, Kobeissy 
F, Darwish H, El-Yazbi AF. Dysfunctional 
cerebrovascular tone contributes to cognitive 
impairment in a non-obese rat model of prediabetic 
challenge: Role of suppression of autophagy and 
modulation by anti-diabetic drugs. Biochem 
Pharmacol. 2020; 178:114041. 

 https://doi.org/10.1016/j.bcp.2020.114041 
PMID:32439335 

11. Song Y, Lu S, Geng W, Feng X, Luo R, Li G, Yang C. 
Mitochondrial quality control in intervertebral disc 
degeneration. Exp Mol Med. 2021; 53:1124–33. 

 https://doi.org/10.1038/s12276-021-00650-7 
PMID:34272472 

12. Hallakou-Bozec S, Vial G, Kergoat M, Fouqueray P, 
Bolze S, Borel AL, Fontaine E, Moller DE. Mechanism of 
action of Imeglimin: A novel therapeutic agent for type 
2 diabetes. Diabetes Obes Metab. 2021; 23:664–73. 

 https://doi.org/10.1111/dom.14277 PMID:33269554 

13. Zhou P, Xie W, Meng X, Zhai Y, Dong X, Zhang X, Sun G, 
Sun X. Correction: Zhou, P., et al. Notoginsenoside R1 
Ameliorates Diabetic Retinopathy through PINK1-
Dependent Activation of Mitophagy. Cells, 2019, 8, 
213. Cells. 2020; 9:450. 

 https://doi.org/10.3390/cells9020450 PMID:32079148 

14. Madhavi YV, Gaikwad N, Yerra VG, Kalvala AK, 
Nanduri S, Kumar A. Targeting AMPK in Diabetes and 
Diabetic Complications: Energy Homeostasis, 
Autophagy and Mitochondrial Health. Curr Med 
Chem. 2019; 26:5207–29. 

 https://doi.org/10.2174/0929867325666180406120
051 PMID:29623826 

15. Ding Y, Choi ME. Autophagy in diabetic nephropathy. J 
Endocrinol. 2015; 224:R15–30. 

 https://doi.org/10.1530/JOE-14-0437  
PMID:25349246 

16. Zeinvand-Lorestani M, Kalantari H, Khodayar MJ, 
Teimoori A, Saki N, Ahangarpour A, Rahim F, 
Alboghobeish S. Autophagy upregulation as a possible 
mechanism of arsenic induced diabetes. Sci Rep. 2018; 
8:11960. 

 https://doi.org/10.1038/s41598-018-30439-0 
PMID:30097599 

17. Cuervo AM, Wong E. Chaperone-mediated autophagy: 
roles in disease and aging. Cell Res. 2014; 24:92–104. 

 https://doi.org/10.1038/cr.2013.153 PMID:24281265 

18. Sinha RA, Singh BK, Yen PM. Reciprocal Crosstalk 
Between Autophagic and Endocrine Signaling in 
Metabolic Homeostasis. Endocr Rev. 2017; 38:69–102. 

 https://doi.org/10.1210/er.2016-1103  
PMID:27901588 

19. Kim KH, Lee MS. Autophagy--a key player in cellular 
and body metabolism. Nat Rev Endocrinol. 2014; 
10:322–37. 

 https://doi.org/10.1038/nrendo.2014.35 
PMID:24663220 

20. Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, 
Abeliovich H, Acevedo Arozena A, Adachi H, Adams 
CM, Adams PD, Adeli K, Adhihetty PJ, Adler SG, Agam 
G, et al. Guidelines for the use and interpretation of 
assays for monitoring autophagy (3rd edition). 
Autophagy. 2016; 12:1–222. 

 https://doi.org/10.1080/15548627.2015.1100356 
PMID:26799652 

21. Puertollano R, Ferguson SM, Brugarolas J, Ballabio A. 
The complex relationship between TFEB transcription 

https://doi.org/10.4239/wjd.v7.i17.354
https://pubmed.ncbi.nlm.nih.gov/27660695
https://doi.org/10.1016/j.phrs.2021.105783
https://pubmed.ncbi.nlm.nih.gov/34302976
https://doi.org/10.2217/epi-2020-0353
https://pubmed.ncbi.nlm.nih.gov/33406900
https://doi.org/10.1080/15548627.2020.1797280
https://pubmed.ncbi.nlm.nih.gov/33634751
https://doi.org/10.1186/s12889-019-6547-1
https://pubmed.ncbi.nlm.nih.gov/30786883
https://doi.org/10.1089/ars.2019.7806
https://pubmed.ncbi.nlm.nih.gov/31822118
https://doi.org/10.1016/j.bcp.2020.114041
https://pubmed.ncbi.nlm.nih.gov/32439335
https://doi.org/10.1038/s12276-021-00650-7
https://pubmed.ncbi.nlm.nih.gov/34272472
https://doi.org/10.1111/dom.14277
https://pubmed.ncbi.nlm.nih.gov/33269554
https://doi.org/10.3390/cells9020450
https://pubmed.ncbi.nlm.nih.gov/32079148
https://doi.org/10.2174/0929867325666180406120051
https://doi.org/10.2174/0929867325666180406120051
https://pubmed.ncbi.nlm.nih.gov/29623826
https://doi.org/10.1530/JOE-14-0437
https://pubmed.ncbi.nlm.nih.gov/25349246
https://doi.org/10.1038/s41598-018-30439-0
https://pubmed.ncbi.nlm.nih.gov/30097599
https://doi.org/10.1038/cr.2013.153
https://pubmed.ncbi.nlm.nih.gov/24281265
https://doi.org/10.1210/er.2016-1103
https://pubmed.ncbi.nlm.nih.gov/27901588
https://doi.org/10.1038/nrendo.2014.35
https://pubmed.ncbi.nlm.nih.gov/24663220
https://doi.org/10.1080/15548627.2015.1100356
https://pubmed.ncbi.nlm.nih.gov/26799652


www.aging-us.com 2913 AGING 

factor phosphorylation and subcellular localization. 
EMBO J. 2018; 37:e98804. 

 https://doi.org/10.15252/embj.201798804 
PMID:29764979 

22. Ni L, Wei Y, Pan J, Li X, Xu B, Deng Y, Yang T, Liu W. The 
effects of mTOR or Vps34-mediated autophagy on 
methylmercury-induced neuronal apoptosis in rat 
cerebral cortex. Food Chem Toxicol. 2021; 155:112386. 

 https://doi.org/10.1016/j.fct.2021.112386 
PMID:34242720 

23. Li X, Yang KB, Chen W, Mai J, Wu XQ, Sun T, Wu RY, 
Jiao L, Li DD, Ji J, Zhang HL, Yu Y, Chen YH, et al. CUL3 
(cullin 3)-mediated ubiquitination and degradation of 
BECN1 (beclin 1) inhibit autophagy and promote tumor 
progression. Autophagy. 2021; 17:4323–40. 

 https://doi.org/10.1080/15548627.2021.1912270 
PMID:33977871 

24. Zhang J, Mao W, Liu Y, Ding J, Wang J, Yu Z, Huang R, 
Yang S, Sun Y, Dong P. 3-MA Enhanced 
Chemosensitivity in Cisplatin Resistant Hypopharyngeal 
Squamous Carcinoma Cells via Inhibiting Beclin -1 
Mediated Autophagy. Curr Pharm Des. 2021;  
27:996–1005. 

 https://doi.org/10.2174/1381612826666201221150
431 PMID:33349212 

25. Al-Bari MA. A current view of molecular dissection in 
autophagy machinery. J Physiol Biochem. 2020; 
76:357–72. 

 https://doi.org/10.1007/s13105-020-00746-0 
PMID:32451934 

26. Yu L, Chen Y, Tooze SA. Autophagy pathway: Cellular 
and molecular mechanisms. Autophagy. 2018; 
14:207–15. 

 https://doi.org/10.1080/15548627.2017.1378838 
PMID:28933638 

27. Wang J, Davis S, Zhu M, Miller EA, Ferro-Novick S. 
Autophagosome formation: Where the secretory and 
autophagy pathways meet. Autophagy. 2017; 
13:973–4. 

 https://doi.org/10.1080/15548627.2017.1287657 
PMID:28287860 

28. Kovsan J, Blüher M, Tarnovscki T, Klöting N, Kirshtein B, 
Madar L, Shai I, Golan R, Harman-Boehm I, Schön MR, 
Greenberg AS, Elazar Z, Bashan N, Rudich A. Altered 
autophagy in human adipose tissues in obesity. J Clin 
Endocrinol Metab. 2011; 96:E268–77. 

 https://doi.org/10.1210/jc.2010-1681 PMID:21047928 

29. Wu H, Wang Y, Li W, Chen H, Du L, Liu D, Wang X, Xu T, 
Liu L, Chen Q. Deficiency of mitophagy receptor 
FUNDC1 impairs mitochondrial quality and aggravates 
dietary-induced obesity and metabolic syndrome. 
Autophagy. 2019; 15:1882–98. 

 https://doi.org/10.1080/15548627.2019.1596482 
PMID:30898010 

30. Zhang W. The mitophagy receptor FUN14 domain-
containing 1 (FUNDC1): A promising biomarker and 
potential therapeutic target of human diseases. Genes 
Dis. 2020; 8:640–54. 

 https://doi.org/10.1016/j.gendis.2020.08.011 
PMID:34291135 

31. Dorn GW 2nd, Kitsis RN. The mitochondrial dynamism-
mitophagy-cell death interactome: multiple roles 
performed by members of a mitochondrial molecular 
ensemble. Circ Res. 2015; 116:167–82. 

 https://doi.org/10.1161/CIRCRESAHA.116.303554 
PMID:25323859 

32. Sidarala V, Pearson GL, Parekh VS, Thompson B, 
Christen L, Gingerich MA, Zhu J, Stromer T, Ren J, Reck 
EC, Chai B, Corbett JA, Mandrup-Poulsen T, et al. 
Mitophagy protects β cells from inflammatory damage 
in diabetes. JCI Insight. 2020; 5:e141138. 

 https://doi.org/10.1172/jci.insight.141138 
PMID:33232298 

33. Bhansali S, Bhansali A, Dutta P, Walia R, Dhawan V. 
Metformin upregulates mitophagy in patients with 
T2DM: A randomized placebo-controlled study. J Cell 
Mol Med. 2020; 24:2832–46. 

 https://doi.org/10.1111/jcmm.14834  
PMID:31975558 

34. Scheele C, Nielsen AR, Walden TB, Sewell DA, Fischer 
CP, Brogan RJ, Petrovic N, Larsson O, Tesch PA, 
Wennmalm K, Hutchinson DS, Cannon B, Wahlestedt C, 
et al. Altered regulation of the PINK1 locus: a link 
between type 2 diabetes and neurodegeneration? 
FASEB J. 2007; 21:3653–65. 

 https://doi.org/10.1096/fj.07-8520com 
PMID:17567565 

35. Bhansali S, Bhansali A, Walia R, Saikia UN, Dhawan V. 
Alterations in Mitochondrial Oxidative Stress and 
Mitophagy in Subjects with Prediabetes and Type 2 
Diabetes Mellitus. Front Endocrinol (Lausanne). 2017; 
8:347. 

 https://doi.org/10.3389/fendo.2017.00347 
PMID:29326655 

36. Vanhorebeek I, De Vos R, Mesotten D, Wouters PJ, De 
Wolf-Peeters C, Van den Berghe G. Protection of 
hepatocyte mitochondrial ultrastructure and function 
by strict blood glucose control with insulin in critically 
ill patients. Lancet. 2005; 365:53–9. 

 https://doi.org/10.1016/S0140-6736(04)17665-4 
PMID:15639679 

37. Hou N, Torii S, Saito N, Hosaka M, Takeuchi T. Reactive 
oxygen species-mediated pancreatic beta-cell death is 
regulated by interactions between stress-activated 

https://doi.org/10.15252/embj.201798804
https://pubmed.ncbi.nlm.nih.gov/29764979
https://doi.org/10.1016/j.fct.2021.112386
https://pubmed.ncbi.nlm.nih.gov/34242720
https://doi.org/10.1080/15548627.2021.1912270
https://pubmed.ncbi.nlm.nih.gov/33977871
https://doi.org/10.2174/1381612826666201221150431
https://doi.org/10.2174/1381612826666201221150431
https://pubmed.ncbi.nlm.nih.gov/33349212
https://doi.org/10.1007/s13105-020-00746-0
https://pubmed.ncbi.nlm.nih.gov/32451934
https://doi.org/10.1080/15548627.2017.1378838
https://pubmed.ncbi.nlm.nih.gov/28933638
https://doi.org/10.1080/15548627.2017.1287657
https://pubmed.ncbi.nlm.nih.gov/28287860
https://doi.org/10.1210/jc.2010-1681
https://pubmed.ncbi.nlm.nih.gov/21047928
https://doi.org/10.1080/15548627.2019.1596482
https://pubmed.ncbi.nlm.nih.gov/30898010
https://doi.org/10.1016/j.gendis.2020.08.011
https://pubmed.ncbi.nlm.nih.gov/34291135
https://doi.org/10.1161/CIRCRESAHA.116.303554
https://pubmed.ncbi.nlm.nih.gov/25323859
https://doi.org/10.1172/jci.insight.141138
https://pubmed.ncbi.nlm.nih.gov/33232298
https://doi.org/10.1111/jcmm.14834
https://pubmed.ncbi.nlm.nih.gov/31975558
https://doi.org/10.1096/fj.07-8520com
https://pubmed.ncbi.nlm.nih.gov/17567565
https://doi.org/10.3389/fendo.2017.00347
https://pubmed.ncbi.nlm.nih.gov/29326655
https://doi.org/10.1016/S0140-6736(04)17665-4
https://pubmed.ncbi.nlm.nih.gov/15639679


www.aging-us.com 2914 AGING 

protein kinases, p38 and c-Jun N-terminal kinase, and 
mitogen-activated protein kinase phosphatases. 
Endocrinology. 2008; 149:1654–65. 

 https://doi.org/10.1210/en.2007-0988 
PMID:18187551 

38. Papanicolaou KN, Phillippo MM, Walsh K. Mitofusins 
and the mitochondrial permeability transition: the 
potential downside of mitochondrial fusion. Am J 
Physiol Heart Circ Physiol. 2012; 303:H243–55. 

 https://doi.org/10.1152/ajpheart.00185.2012 
PMID:22636681 

39. Cooper ID, Brookler KH, Kyriakidou Y, Elliott BT, Crofts 
CA. Metabolic Phenotypes and Step by Step Evolution 
of Type 2 Diabetes: A New Paradigm. Biomedicines. 
2021; 9:800. 

 https://doi.org/10.3390/biomedicines9070800 
PMID:34356863 

40. Zhu Y, Yang H, Deng J, Fan D. Ginsenoside Rg5 
Improves Insulin Resistance and Mitochondrial 
Biogenesis of Liver via Regulation of the Sirt1/PGC-1α 
Signaling Pathway in db/db Mice. J Agric Food Chem. 
2021; 69:8428–39. 

 https://doi.org/10.1021/acs.jafc.1c02476 
PMID:34309383 

41. Mazibuko-Mbeje SE, Mthembu SX, Dludla PV, 
Madoroba E, Chellan N, Kappo AP, Muller CJ. 
Antimycin A-induced mitochondrial dysfunction is 
consistent with impaired insulin signaling in cultured 
skeletal muscle cells. Toxicol In Vitro. 2021; 76:105224. 

 https://doi.org/10.1016/j.tiv.2021.105224 
PMID:34302933 

42. Zorzano A, Liesa M, Palacín M. Mitochondrial 
dynamics as a bridge between mitochondrial 
dysfunction and insulin resistance. Arch Physiol 
Biochem. 2009; 115:1–12. 

 https://doi.org/10.1080/13813450802676335 
PMID:19267277 

43. Belosludtsev KN, Starinets VS, Talanov EY, Mikheeva IB, 
Dubinin MV, Belosludtseva NV. Alisporivir Treatment 
Alleviates Mitochondrial Dysfunction in the Skeletal 
Muscles of C57BL/6NCrl Mice with High-Fat 
Diet/Streptozotocin-Induced Diabetes Mellitus. Int J 
Mol Sci. 2021; 22:9524. 

 https://doi.org/10.3390/ijms22179524  
PMID:34502433 

44. Kytövuori L, Lipponen J, Rusanen H, Komulainen T, 
Martikainen MH, Majamaa K. A novel mutation 
m.8561C>G in MT-ATP6/8 causing a mitochondrial 
syndrome with ataxia, peripheral neuropathy, diabetes 
mellitus, and hypergonadotropic hypogonadism. J 
Neurol. 2016; 263:2188–95. 

 https://doi.org/10.1007/s00415-016-8249-2 
PMID:27502083 

45. Brownlee M. Biochemistry and molecular cell biology 
of diabetic complications. Nature. 2001; 414:813–20. 

 https://doi.org/10.1038/414813a PMID:11742414 

46. Lu C, Wu B, Liao Z, Xue M, Zou Z, Feng J, Sheng J. 
DUSP1 overexpression attenuates renal tubular 
mitochondrial dysfunction by restoring Parkin-
mediated mitophagy in diabetic nephropathy. Biochem 
Biophys Res Commun. 2021; 559:141–7. 

 https://doi.org/10.1016/j.bbrc.2021.04.032 
PMID:33940385 

47. Sharma K. Mitochondrial hormesis and diabetic 
complications. Diabetes. 2015; 64:663–72. 

 https://doi.org/10.2337/db14-0874 PMID:25713188 

48. Alam F, Islam MA, Kamal MA, Gan SH. Updates on 
Managing Type 2 Diabetes Mellitus with Natural 
Products: Towards Antidiabetic Drug Development. 
Curr Med Chem. 2018; 25:5395–431. 

 https://doi.org/10.2174/0929867323666160813222
436 PMID:27528060 

49. Walter C, Marada A, Suhm T, Ernsberger R, Muders V, 
Kücükköse C, Sánchez-Martín P, Hu Z, Aich A, Loroch S, 
Solari FA, Poveda-Huertes D, Schwierzok A, et al. 
Global kinome profiling reveals DYRK1A as critical 
activator of the human mitochondrial import 
machinery. Nat Commun. 2021; 12:4284. 

 https://doi.org/10.1038/s41467-021-24426-9 
PMID:34257281 

50. Liu H, Ma J, Sun L, Zhang Q, Fan J. Relationship 
between cognitive impairment and serum amyloid β-
protein, adiponectin, and C-reactive protein levels in 
type II diabetes patients. Ann Palliat Med. 2021; 
10:6502–9. 

 https://doi.org/10.21037/apm-21-1074 
PMID:34237966 

51. Yang L, Li DX, Cao BQ, Liu SJ, Xu DH, Zhu XY, Liu YJ. 
Exercise training ameliorates early diabetic kidney 
injury by regulating the H2S/SIRT1/p53 pathway. FASEB 
J. 2021; 35:e21823. 

 https://doi.org/10.1096/fj.202100219R 
PMID:34396581 

52. Peiris H, Duffield MD, Fadista J, Jessup CF, Kashmir V, 
Genders AJ, McGee SL, Martin AM, Saiedi M, Morton 
N, Carter R, Cousin MA, Kokotos AC, et al. A Syntenic 
Cross Species Aneuploidy Genetic Screen Links RCAN1 
Expression to β-Cell Mitochondrial Dysfunction in Type 
2 Diabetes. PLoS Genet. 2016; 12:e1006033. 

 https://doi.org/10.1371/journal.pgen.1006033 
PMID:27195491 

53. Li X, Zhang M, Zhou H. The morphological features and 
mitochondrial oxidative stress mechanism of the 
retinal neurons apoptosis in early diabetic rats. J 
Diabetes Res. 2014; 2014:678123. 

https://doi.org/10.1210/en.2007-0988
https://pubmed.ncbi.nlm.nih.gov/18187551
https://doi.org/10.1152/ajpheart.00185.2012
https://pubmed.ncbi.nlm.nih.gov/22636681
https://doi.org/10.3390/biomedicines9070800
https://pubmed.ncbi.nlm.nih.gov/34356863
https://doi.org/10.1021/acs.jafc.1c02476
https://pubmed.ncbi.nlm.nih.gov/34309383
https://doi.org/10.1016/j.tiv.2021.105224
https://pubmed.ncbi.nlm.nih.gov/34302933
https://doi.org/10.1080/13813450802676335
https://pubmed.ncbi.nlm.nih.gov/19267277
https://doi.org/10.3390/ijms22179524
https://pubmed.ncbi.nlm.nih.gov/34502433
https://doi.org/10.1007/s00415-016-8249-2
https://pubmed.ncbi.nlm.nih.gov/27502083
https://doi.org/10.1038/414813a
https://pubmed.ncbi.nlm.nih.gov/11742414
https://doi.org/10.1016/j.bbrc.2021.04.032
https://pubmed.ncbi.nlm.nih.gov/33940385
https://doi.org/10.2337/db14-0874
https://pubmed.ncbi.nlm.nih.gov/25713188
https://doi.org/10.2174/0929867323666160813222436
https://doi.org/10.2174/0929867323666160813222436
https://pubmed.ncbi.nlm.nih.gov/27528060
https://doi.org/10.1038/s41467-021-24426-9
https://pubmed.ncbi.nlm.nih.gov/34257281
https://doi.org/10.21037/apm-21-1074
https://pubmed.ncbi.nlm.nih.gov/34237966
https://doi.org/10.1096/fj.202100219R
https://pubmed.ncbi.nlm.nih.gov/34396581
https://doi.org/10.1371/journal.pgen.1006033
https://pubmed.ncbi.nlm.nih.gov/27195491


www.aging-us.com 2915 AGING 

 https://doi.org/10.1155/2014/678123  
PMID:24527463 

54. Yang L, Zhu Y, Kong D, Gong J, Yu W, Liang Y, Nie Y, 
Teng CB. EGF suppresses the expression of miR-124a in 
pancreatic β cell lines via ETS2 activation through the 
MEK and PI3K signaling pathways. Int J Biol Sci. 2019; 
15:2561–75. 

 https://doi.org/10.7150/ijbs.34985  
PMID:31754329 

55. Liotti A, Cabaro S, Cimmino I, Ricci S, Procaccini C, 
Paciello O, Raciti GA, Spinelli R, Iossa S, Matarese G, 
Miele C, Formisano P, Beguinot F, Oriente F. Prep1 
deficiency improves metabolic response in white 
adipose tissue. Biochim Biophys Acta Mol Cell Biol 
Lipids. 2018; 1863:515–25. 

 https://doi.org/10.1016/j.bbalip.2018.02.005 
PMID:29474930 

56. Paltauf-Doburzynska J, Malli R, Graier WF. 
Hyperglycemic conditions affect shape and Ca2+ 
homeostasis of mitochondria in endothelial cells. J 
Cardiovasc Pharmacol. 2004; 44:423–36. 

 https://doi.org/10.1097/01.fjc.0000139449.64337.1b 
PMID:15454850 

57. Kiritoshi S, Nishikawa T, Sonoda K, Kukidome D, 
Senokuchi T, Matsuo T, Matsumura T, Tokunaga H, 
Brownlee M, Araki E. Reactive oxygen species  
from mitochondria induce cyclooxygenase-2 gene 
expression in human mesangial cells: potential role 
in diabetic nephropathy. Diabetes. 2003; 52:2570–7. 

 https://doi.org/10.2337/diabetes.52.10.2570 
PMID:14514642 

58. Westermann B. Mitochondrial fusion and fission in cell 
life and death. Nat Rev Mol Cell Biol. 2010; 11:872–84. 

 https://doi.org/10.1038/nrm3013  
PMID:21102612 

59. Cadenas S. Mitochondrial uncoupling, ROS generation 
and cardioprotection. Biochim Biophys Acta Bioenerg. 
2018; 1859:940–50. 

 https://doi.org/10.1016/j.bbabio.2018.05.019 
PMID:29859845 

60. Kelley DE, He J, Menshikova EV, Ritov VB. Dysfunction 
of mitochondria in human skeletal muscle in type 2 
diabetes. Diabetes. 2002; 51:2944–50. 

 https://doi.org/10.2337/diabetes.51.10.2944 
PMID:12351431 

61. Yu T, Robotham JL, Yoon Y. Increased production of 
reactive oxygen species in hyperglycemic conditions 
requires dynamic change of mitochondrial 
morphology. Proc Natl Acad Sci USA. 2006; 
103:2653–8. 

 https://doi.org/10.1073/pnas.0511154103 
PMID:16477035 

62. Lo MC, Chen MH, Lee WS, Lu CI, Chang CR, Kao SH, Lee 
HM. Nε-(carboxymethyl) lysine-induced mitochondrial 
fission and mitophagy cause decreased insulin 
secretion from β-cells. Am J Physiol Endocrinol Metab. 
2015; 309:E829–39. 

 https://doi.org/10.1152/ajpendo.00151.2015 
PMID:26394662 

63. Reinhardt F, Schultz J, Waterstradt R, Baltrusch S. 
Drp1 guarding of the mitochondrial network is 
important for glucose-stimulated insulin secretion in 
pancreatic beta cells. Biochem Biophys Res Commun. 
2016; 474:646–51. 

 https://doi.org/10.1016/j.bbrc.2016.04.142 
PMID:27154223 

64. Hou Y, Li S, Wu M, Wei J, Ren Y, Du C, Wu H, Han C, 
Duan H, Shi Y. Mitochondria-targeted peptide SS-31 
attenuates renal injury via an antioxidant effect in 
diabetic nephropathy. Am J Physiol Renal Physiol. 
2016; 310:F547–59. 

 https://doi.org/10.1152/ajprenal.00574.2014 
PMID:26719366 

65. Heinonen S, Buzkova J, Muniandy M, Kaksonen R, 
Ollikainen M, Ismail K, Hakkarainen A, Lundbom J, 
Lundbom N, Vuolteenaho K, Moilanen E, Kaprio J, 
Rissanen A, et al. Impaired Mitochondrial Biogenesis in 
Adipose Tissue in Acquired Obesity. Diabetes. 2015; 
64:3135–45. 

 https://doi.org/10.2337/db14-1937  
PMID:25972572 

66. Chen Y, Leboutet R, Largeau C, Zentout S, Lefebvre C, 
Delahodde A, Culetto E, Legouis R. Autophagy 
facilitates mitochondrial rebuilding after acute heat 
stress via a DRP-1-dependent process. J Cell Biol. 2021; 
220:e201909139. 

 https://doi.org/10.1083/jcb.201909139 
PMID:33734301 

67. Chandramouleeswaran PM, Guha M, Shimonosono M, 
Whelan KA, Maekawa H, Sachdeva UM, Ruthel G, 
Mukherjee S, Engel N, Gonzalez MV, Garifallou J, 
Ohashi S, Klein-Szanto AJ, et al. Autophagy mitigates 
ethanol-induced mitochondrial dysfunction and 
oxidative stress in esophageal keratinocytes. PLoS One. 
2020; 15:e0239625. 

 https://doi.org/10.1371/journal.pone.0239625 
PMID:32966340 

68. Wang X, Zhang JQ, Xiu CK, Yang J, Fang JY, Lei Y. 
Ginseng-Sanqi-Chuanxiong (GSC) Extracts 
Ameliorate Diabetes-Induced Endothelial Cell 
Senescence through Regulating Mitophagy via the 
AMPK Pathway. Oxid Med Cell Longev. 2020; 
2020:7151946. 

 https://doi.org/10.1155/2020/7151946 
PMID:32963699 

https://doi.org/10.1155/2014/678123
https://pubmed.ncbi.nlm.nih.gov/24527463
https://doi.org/10.7150/ijbs.34985
https://pubmed.ncbi.nlm.nih.gov/31754329
https://doi.org/10.1016/j.bbalip.2018.02.005
https://pubmed.ncbi.nlm.nih.gov/29474930
https://doi.org/10.1097/01.fjc.0000139449.64337.1b
https://pubmed.ncbi.nlm.nih.gov/15454850
https://doi.org/10.2337/diabetes.52.10.2570
https://pubmed.ncbi.nlm.nih.gov/14514642
https://doi.org/10.1038/nrm3013
https://pubmed.ncbi.nlm.nih.gov/21102612
https://doi.org/10.1016/j.bbabio.2018.05.019
https://pubmed.ncbi.nlm.nih.gov/29859845
https://doi.org/10.2337/diabetes.51.10.2944
https://pubmed.ncbi.nlm.nih.gov/12351431
https://doi.org/10.1073/pnas.0511154103
https://pubmed.ncbi.nlm.nih.gov/16477035
https://doi.org/10.1152/ajpendo.00151.2015
https://pubmed.ncbi.nlm.nih.gov/26394662
https://doi.org/10.1016/j.bbrc.2016.04.142
https://pubmed.ncbi.nlm.nih.gov/27154223
https://doi.org/10.1152/ajprenal.00574.2014
https://pubmed.ncbi.nlm.nih.gov/26719366
https://doi.org/10.2337/db14-1937
https://pubmed.ncbi.nlm.nih.gov/25972572
https://doi.org/10.1083/jcb.201909139
https://pubmed.ncbi.nlm.nih.gov/33734301
https://doi.org/10.1371/journal.pone.0239625
https://pubmed.ncbi.nlm.nih.gov/32966340
https://doi.org/10.1155/2020/7151946
https://pubmed.ncbi.nlm.nih.gov/32963699


www.aging-us.com 2916 AGING 

69. Ko YS, Jin H, Park SW, Kim HJ. Salvianolic acid B 
protects against oxLDL-induced endothelial 
dysfunction under high-glucose conditions by 
downregulating ROCK1-mediated mitophagy and 
apoptosis. Biochem Pharmacol. 2020; 174:113815. 

 https://doi.org/10.1016/j.bcp.2020.113815 
PMID:31972167 

70. Ak T, Gülçin I. Antioxidant and radical scavenging 
properties of curcumin. Chem Biol Interact. 2008; 
174:27–37. 

 https://doi.org/10.1016/j.cbi.2008.05.003 
PMID:18547552 

71. Lone J, Choi JH, Kim SW, Yun JW. Curcumin induces 
brown fat-like phenotype in 3T3-L1 and primary 
white adipocytes. J Nutr Biochem. 2016; 27:193–202. 

 https://doi.org/10.1016/j.jnutbio.2015.09.006 
PMID:26456563 

72. Wang S, Wang X, Ye Z, Xu C, Zhang M, Ruan B, Wei M, 
Jiang Y, Zhang Y, Wang L, Lei X, Lu Z. Curcumin 
promotes browning of white adipose tissue in a 
norepinephrine-dependent way. Biochem Biophys Res 
Commun. 2015; 466:247–53. 

 https://doi.org/10.1016/j.bbrc.2015.09.018 
PMID:26362189 

73. Wang X, Leung AW, Luo J, Xu C. TEM observation of 
ultrasound-induced mitophagy in nasopharyngeal 
carcinoma cells in the presence of curcumin. Exp Ther 
Med. 2012; 3:146–8. 

 https://doi.org/10.3892/etm.2011.365 
PMID:22969860 

74. Xi J, Rong Y, Zhao Z, Huang Y, Wang P, Luan H, Xing Y, Li 
S, Liao J, Dai Y, Liang J, Wu F. Scutellarin ameliorates 
high glucose-induced vascular endothelial cells injury 
by activating PINK1/Parkin-mediated mitophagy. J 
Ethnopharmacol. 2021; 271:113855. 

 https://doi.org/10.1016/j.jep.2021.113855 
PMID:33485979 

75. Li S, Sun X, Xu L, Sun R, Ma Z, Deng X, Liu B, Fu Q, Qu 
R, Ma S. Baicalin attenuates in vivo and in vitro 
hyperglycemia-exacerbated ischemia/reperfusion 
injury by regulating mitochondrial function in a 
manner dependent on AMPK. Eur J Pharmacol. 2017; 
815:118–26. 

 https://doi.org/10.1016/j.ejphar.2017.07.041 
PMID:28743390 

76. Hang W, He B, Chen J, Xia L, Wen B, Liang T, Wang X, 
Zhang Q, Wu Y, Chen Q, Chen J. Berberine Ameliorates 
High Glucose-Induced Cardiomyocyte Injury via AMPK 
Signaling Activation to Stimulate Mitochondrial 
Biogenesis and Restore Autophagic Flux. Front 
Pharmacol. 2018; 9:1121. 

 https://doi.org/10.3389/fphar.2018.01121 
PMID:30337876 

77. Enyart DS, Crocker CL, Stansell JR, Cutrone M, Dintino 
MM, Kinsey ST, Brown SL, Baumgarner BL. Low-dose 
caffeine administration increases fatty acid utilization 
and mitochondrial turnover in C2C12 skeletal 
myotubes. Physiol Rep. 2020; 8:e14340. 

 https://doi.org/10.14814/phy2.14340 PMID:31960608 

78. Hu CY, Zhang QY, Chen JH, Wen B, Hang WJ, Xu K, 
Chen J, He BH. Protective Effect of Salidroside on 
Mitochondrial Disturbances via Reducing Mitophagy 
and Preserving Mitochondrial Morphology in OGD-
induced Neuronal Injury. Curr Med Sci. 2021; 
41:936–43. 

 https://doi.org/10.1007/s11596-021-2374-6 
PMID:34181207 

79. Jin Y, Zhai Z, Jia H, Lai J, Si X, Wu Z. Kaempferol 
attenuates diquat-induced oxidative damage and 
apoptosis in intestinal porcine epithelial cells. Food 
Funct. 2021; 12:6889–99. 

 https://doi.org/10.1039/d1fo00402f  
PMID:34338265 

80. Nunes S, Viana SD, Preguiça I, Alves A, Fernandes R, 
Teodoro JS, Figueirinha A, Salgueiro L, Silva S, Jarak I, 
Carvalho RA, Cavadas C, Rolo AP, et al. Blueberry 
Consumption Challenges Hepatic Mitochondrial 
Bioenergetics and Elicits Transcriptomics 
Reprogramming in Healthy Wistar Rats. 
Pharmaceutics. 2020; 12:1094. 

 https://doi.org/10.3390/pharmaceutics12111094 
PMID:33202669 

81. Yu X, Xu Y, Zhang S, Sun J, Liu P, Xiao L, Tang Y, Liu L, 
Yao P. Quercetin Attenuates Chronic Ethanol-Induced 
Hepatic Mitochondrial Damage through Enhanced 
Mitophagy. Nutrients. 2016; 8:27. 

 https://doi.org/10.3390/nu8010027 PMID:26742072 

82. Li C, Tan Y, Wu J, Ma Q, Bai S, Xia Z, Wan X, Liang J. 
Resveratrol Improves Bnip3-Related Mitophagy and 
Attenuates High-Fat-Induced Endothelial Dysfunction. 
Front Cell Dev Biol. 2020; 8:796. 

 https://doi.org/10.3389/fcell.2020.00796 
PMID:32923443 

83. Yan J, Feng Z, Liu J, Shen W, Wang Y, Wertz K, Weber P, 
Long J, Liu J. Enhanced autophagy plays a cardinal role 
in mitochondrial dysfunction in type 2 diabetic Goto-
Kakizaki (GK) rats: ameliorating effects of (-)-
epigallocatechin-3-gallate. J Nutr Biochem. 2012; 
23:716–24. 

 https://doi.org/10.1016/j.jnutbio.2011.03.014 
PMID:21820301 

84. Wang G, Liang J, Gao LR, Si ZP, Zhang XT, Liang G, Yan 
Y, Li K, Cheng X, Bao Y, Chuai M, Chen LG, Lu DX, Yang 
X. Baicalin administration attenuates hyperglycemia-
induced malformation of cardiovascular system. Cell 
Death Dis. 2018; 9:234. 

https://doi.org/10.1016/j.bcp.2020.113815
https://pubmed.ncbi.nlm.nih.gov/31972167
https://doi.org/10.1016/j.cbi.2008.05.003
https://pubmed.ncbi.nlm.nih.gov/18547552
https://doi.org/10.1016/j.jnutbio.2015.09.006
https://pubmed.ncbi.nlm.nih.gov/26456563
https://doi.org/10.1016/j.bbrc.2015.09.018
https://pubmed.ncbi.nlm.nih.gov/26362189
https://doi.org/10.3892/etm.2011.365
https://pubmed.ncbi.nlm.nih.gov/22969860
https://doi.org/10.1016/j.jep.2021.113855
https://pubmed.ncbi.nlm.nih.gov/33485979
https://doi.org/10.1016/j.ejphar.2017.07.041
https://pubmed.ncbi.nlm.nih.gov/28743390
https://doi.org/10.3389/fphar.2018.01121
https://pubmed.ncbi.nlm.nih.gov/30337876
https://doi.org/10.14814/phy2.14340
https://pubmed.ncbi.nlm.nih.gov/31960608
https://doi.org/10.1007/s11596-021-2374-6
https://pubmed.ncbi.nlm.nih.gov/34181207
https://doi.org/10.1039/d1fo00402f
https://pubmed.ncbi.nlm.nih.gov/34338265
https://doi.org/10.3390/pharmaceutics12111094
https://pubmed.ncbi.nlm.nih.gov/33202669
https://doi.org/10.3390/nu8010027
https://pubmed.ncbi.nlm.nih.gov/26742072
https://doi.org/10.3389/fcell.2020.00796
https://pubmed.ncbi.nlm.nih.gov/32923443
https://doi.org/10.1016/j.jnutbio.2011.03.014
https://pubmed.ncbi.nlm.nih.gov/21820301


www.aging-us.com 2917 AGING 

 https://doi.org/10.1038/s41419-018-0318-2 
PMID:29445081 

85. Xu C, Chen X, Sheng WB, Yang P. Trehalose restores 
functional autophagy suppressed by high glucose. 
Reprod Toxicol. 2019; 85:51–8. 

 https://doi.org/10.1016/j.reprotox.2019.02.005 
PMID:30769031 

86. Onphachanh X, Lee HJ, Lim JR, Jung YH, Kim JS, 
Chae CW, Lee SJ, Gabr AA, Han HJ. Enhancement of 
high glucose-induced PINK1 expression by 
melatonin stimulates neuronal cell survival: 
Involvement of MT2/Akt/NF-κB pathway. J Pineal 
Res. 2017; 63:e12427. 

 https://doi.org/10.1111/jpi.12427 PMID:28580603 

87. Karandish M, Mozaffari-Khosravi H, Mohammadi SM, 
Cheraghian B, Azhdari M. The effect of curcumin and 
zinc co-supplementation on glycemic parameters in 
overweight or obese prediabetic subjects: A phase 2 
randomized, placebo-controlled trial with a multi-
arm, parallel-group design. Phytother Res. 2021; 
35:4377–87. 

 https://doi.org/10.1002/ptr.7136 PMID:33893671 

88. Mokhtari M, Razzaghi R, Momen-Heravi M. The effects 
of curcumin intake on wound healing and metabolic 
status in patients with diabetic foot ulcer: A 
randomized, double-blind, placebo-controlled trial. 
Phytother Res. 2021; 35:2099–107. 

 https://doi.org/10.1002/ptr.6957  
PMID:33200488 

89. Zhu X, Yang L, Xu F, Lin L, Zheng G. Combination 
therapy with catechins and caffeine inhibits fat 
accumulation in 3T3-L1 cells. Exp Ther Med. 2017; 
13:688–94. 

 https://doi.org/10.3892/etm.2016.3975 
PMID:28352352 

90. Zhang Q, Song W, Zhao B, Xie J, Sun Q, Shi X, Yan B, 
Tian G, Liang X. Quercetin Attenuates Diabetic 
Peripheral Neuropathy by Correcting Mitochondrial 
Abnormality via Activation of AMPK/PGC-1α 
Pathway in vivo and in vitro. Front Neurosci. 2021; 
15:636172. 

 https://doi.org/10.3389/fnins.2021.636172 
PMID:33746703 

91. Houghton MJ, Kerimi A, Tumova S, Boyle JP, 
Williamson G. Quercetin preserves redox status and 
stimulates mitochondrial function in metabolically-
stressed HepG2 cells. Free Radic Biol Med. 2018; 
129:296–309. 

 https://doi.org/10.1016/j.freeradbiomed.2018.09.037 
PMID:30266680 

92. Herranz-López M, Olivares-Vicente M, Rodríguez 
Gallego E, Encinar JA, Pérez-Sánchez A, Ruiz-Torres V, 

Joven J, Roche E, Micol V. Quercetin metabolites  
from Hibiscus sabdariffa contribute to alleviate 
glucolipotoxicity-induced metabolic stress in vitro. 
Food Chem Toxicol. 2020; 144:111606. 

 https://doi.org/10.1016/j.fct.2020.111606 
PMID:32738368 

93. Shi Y, Williamson G. Quercetin lowers plasma uric acid 
in pre-hyperuricaemic males: a randomised, double-
blinded, placebo-controlled, cross-over trial. Br J Nutr. 
2016; 115:800–6. 

 https://doi.org/10.1017/S0007114515005310 
PMID:26785820 

94. Wong LR, Tan EA, Lim ME, Shen W, Lian XL, Wang Y, 
Chen L, Ho PC. Functional effects of berberine  
in modulating mitochondrial dysfunction and 
inflammatory response in the respective 
amyloidogenic cells and activated microglial cells - In 
vitro models simulating Alzheimer’s disease pathology. 
Life Sci. 2021; 282:119824. 

 https://doi.org/10.1016/j.lfs.2021.119824 
PMID:34265361 

95. Qin X, Jiang M, Zhao Y, Gong J, Su H, Yuan F, Fang K, 
Yuan X, Yu X, Dong H, Lu F. Berberine protects against 
diabetic kidney disease via promoting PGC-1α-
regulated mitochondrial energy homeostasis. Br J 
Pharmacol. 2020; 177:3646–61. 

 https://doi.org/10.1111/bph.14935  
PMID:31734944 

96. Zhang Y, Gu Y, Ren H, Wang S, Zhong H, Zhao X, Ma J, 
Gu X, Xue Y, Huang S, Yang J, Chen L, Chen G, et al. Gut 
microbiome-related effects of berberine and probiotics 
on type 2 diabetes (the PREMOTE study). Nat 
Commun. 2020; 11:5015. 

 https://doi.org/10.1038/s41467-020-18414-8 
PMID:33024120 

97. Gu Y, Zhang Y, Shi X, Li X, Hong J, Chen J, Gu W, Lu X, Xu 
G, Ning G. Effect of traditional Chinese medicine 
berberine on type 2 diabetes based on comprehensive 
metabonomics. Talanta. 2010; 81:766–72. 

 https://doi.org/10.1016/j.talanta.2010.01.015 
PMID:20298851 

98. Shivaprasad C, Gautham K, Ramdas B, Gopaldatta KS, 
Nishchitha K. Metformin Usage Index and assessment 
of vitamin B12 deficiency among metformin and non-
metformin users with type 2 diabetes mellitus. Acta 
Diabetol. 2020; 57:1073–80. 

 https://doi.org/10.1007/s00592-020-01526-4 
PMID:32266492 

99. Dawson-Hughes B, Staten MA, Knowler WC, Nelson J, 
Vickery EM, LeBlanc ES, Neff LM, Park J, Pittas AG, and 
D2d Research Group. Intratrial Exposure to Vitamin D 
and New-Onset Diabetes Among Adults With 
Prediabetes: A Secondary Analysis From the Vitamin D 

https://doi.org/10.1038/s41419-018-0318-2
https://pubmed.ncbi.nlm.nih.gov/29445081
https://doi.org/10.1016/j.reprotox.2019.02.005
https://pubmed.ncbi.nlm.nih.gov/30769031
https://doi.org/10.1111/jpi.12427
https://pubmed.ncbi.nlm.nih.gov/28580603
https://doi.org/10.1002/ptr.7136
https://pubmed.ncbi.nlm.nih.gov/33893671
https://doi.org/10.1002/ptr.6957
https://pubmed.ncbi.nlm.nih.gov/33200488
https://doi.org/10.3892/etm.2016.3975
https://pubmed.ncbi.nlm.nih.gov/28352352
https://doi.org/10.3389/fnins.2021.636172
https://pubmed.ncbi.nlm.nih.gov/33746703
https://doi.org/10.1016/j.freeradbiomed.2018.09.037
https://pubmed.ncbi.nlm.nih.gov/30266680
https://doi.org/10.1016/j.fct.2020.111606
https://pubmed.ncbi.nlm.nih.gov/32738368
https://doi.org/10.1017/S0007114515005310
https://pubmed.ncbi.nlm.nih.gov/26785820
https://doi.org/10.1016/j.lfs.2021.119824
https://pubmed.ncbi.nlm.nih.gov/34265361
https://doi.org/10.1111/bph.14935
https://pubmed.ncbi.nlm.nih.gov/31734944
https://doi.org/10.1038/s41467-020-18414-8
https://pubmed.ncbi.nlm.nih.gov/33024120
https://doi.org/10.1016/j.talanta.2010.01.015
https://pubmed.ncbi.nlm.nih.gov/20298851
https://doi.org/10.1007/s00592-020-01526-4
https://pubmed.ncbi.nlm.nih.gov/32266492


www.aging-us.com 2918 AGING 

and Type 2 Diabetes (D2d) Study. Diabetes Care. 2020; 
43:2916–22. 

 https://doi.org/10.2337/dc20-1765  
PMID:33020052 

100. Cojic M, Kocic R, Klisic A, Cvejanov-Kezunovic L, 
Kavaric N, Kocic G. A novel mechanism of vitamin D 
anti-inflammatory/antioxidative potential in type 2 
diabetic patients on metformin therapy. Arch Med Sci. 
2020; 16:1004–12. 

 https://doi.org/10.5114/aoms.2020.92832 
PMID:32863988 

101. Karonova T, Stepanova A, Bystrova A, Jude EB. High-
Dose Vitamin D Supplementation Improves 
Microcirculation and Reduces Inflammation in 
Diabetic Neuropathy Patients. Nutrients. 2020; 
12:2518. 

 https://doi.org/10.3390/nu12092518  
PMID:32825324 

102. Pittas AG, Dawson-Hughes B, Sheehan P, Ware JH, 
Knowler WC, Aroda VR, Brodsky I, Ceglia L, Chadha C, 
Chatterjee R, Desouza C, Dolor R, Foreyt J, et al, and 
D2d Research Group. Vitamin D Supplementation and 
Prevention of Type 2 Diabetes. N Engl J Med. 2019; 
381:520–30. 

 https://doi.org/10.1056/NEJMoa1900906 
PMID:31173679 

103. Bril F, Biernacki DM, Kalavalapalli S, Lomonaco R, 
Subbarayan SK, Lai J, Tio F, Suman A, Orsak BK, Hecht 
J, Cusi K. Role of Vitamin E for Nonalcoholic 
Steatohepatitis in Patients With Type 2 Diabetes: A 
Randomized Controlled Trial. Diabetes Care. 2019; 
42:1481–8. 

 https://doi.org/10.2337/dc19-0167  
PMID:31332029 

104. Yu X, Li H, Hu P, Qing Y, Wang X, Zhu M, Wang H, 
Wang Z, Xu J, Guo Q, Hui H. Natural HDAC-1/8 
inhibitor baicalein exerts therapeutic effect in CBF-
AML. Clin Transl Med. 2020; 10:e154. 

 https://doi.org/10.1002/ctm2.154  
PMID:32898337 

105. Nezich CL, Wang C, Fogel AI, Youle RJ. MiT/TFE 
transcription factors are activated during mitophagy 
downstream of Parkin and Atg5. J Cell Biol. 2015; 
210:435–50. 

 https://doi.org/10.1083/jcb.201501002 
PMID:26240184 

106. Schiffer I, Gerisch B, Kawamura K, Laboy R, Hewitt J, 
Denzel MS, Mori MA, Vanapalli S, Shen Y, Symmons O, 
Antebi A. miR-1 coordinately regulates lysosomal v-
ATPase and biogenesis to impact proteotoxicity and 
muscle function during aging. Elife. 2021; 10:e66768. 

 https://doi.org/10.7554/eLife.66768  
PMID:34311841 

107. Sha Y, Rao L, Settembre C, Ballabio A, Eissa NT. STUB1 
regulates TFEB-induced autophagy-lysosome 
pathway. EMBO J. 2017; 36:2544–52. 

 https://doi.org/10.15252/embj.201796699 
PMID:28754656 

108. Liu H, Javaheri A, Godar RJ, Murphy J, Ma X, Rohatgi 
N, Mahadevan J, Hyrc K, Saftig P, Marshall C, 
McDaniel ML, Remedi MS, Razani B, et al. Intermittent 
fasting preserves beta-cell mass in obesity-induced 
diabetes via the autophagy-lysosome pathway. 
Autophagy. 2017; 13:1952–68. 

 https://doi.org/10.1080/15548627.2017.1368596 
PMID:28853981 

109. Zummo FP, Krishnanda SI, Georgiou M, O’Harte FP, 
Parthsarathy V, Cullen KS, Honkanen-Scott M, Shaw 
JA, Lovat PE, Arden C. Exendin-4 stimulates autophagy 
in pancreatic β-cells via the RAPGEF/EPAC-Ca2+-PPP3/ 
calcineurin-TFEB axis. Autophagy. 2021. [Epub ahead 
of print]. 

 https://doi.org/10.1080/15548627.2021.1956123 
PMID:34338148 

110. Xu Y, Ke H, Li Y, Xie L, Su H, Xie J, Mo J, Chen W. 
Malvidin-3- O-Glucoside from Blueberry Ameliorates 
Nonalcoholic Fatty Liver Disease by Regulating 
Transcription Factor EB-Mediated Lysosomal Function 
and Activating the Nrf2/ARE Signaling Pathway. J Agric 
Food Chem. 2021; 69:4663–73. 

 https://doi.org/10.1021/acs.jafc.0c06695 
PMID:33787249 

111. Ichimura Y, Waguri S, Sou YS, Kageyama S, Hasegawa 
J, Ishimura R, Saito T, Yang Y, Kouno T, Fukutomi T, 
Hoshii T, Hirao A, Takagi K, et al. Phosphorylation of 
p62 activates the Keap1-Nrf2 pathway during 
selective autophagy. Mol Cell. 2013; 51:618–31. 

 https://doi.org/10.1016/j.molcel.2013.08.003 
PMID:24011591 

112. Cnop M, Welsh N, Jonas JC, Jörns A, Lenzen S, Eizirik 
DL. Mechanisms of pancreatic beta-cell death in type 
1 and type 2 diabetes: many differences, few 
similarities. Diabetes. 2005 (Suppl 2); 54:S97–107. 

 https://doi.org/10.2337/diabetes.54.suppl_2.s97 
PMID:16306347 

113. Higgins GC, Coughlan MT. Mitochondrial dysfunction 
and mitophagy: the beginning and end to diabetic 
nephropathy? Br J Pharmacol. 2014; 171:1917–42. 

 https://doi.org/10.1111/bph.12503  
PMID:24720258 

114. Veeranki S, Givvimani S, Kundu S, Metreveli N, 
Pushpakumar S, Tyagi SC. Moderate intensity exercise 
prevents diabetic cardiomyopathy associated 
contractile dysfunction through restoration of 
mitochondrial function and connexin 43 levels in 
db/db mice. J Mol Cell Cardiol. 2016; 92:163–73. 

https://doi.org/10.2337/dc20-1765
https://pubmed.ncbi.nlm.nih.gov/33020052
https://doi.org/10.5114/aoms.2020.92832
https://pubmed.ncbi.nlm.nih.gov/32863988
https://doi.org/10.3390/nu12092518
https://pubmed.ncbi.nlm.nih.gov/32825324
https://doi.org/10.1056/NEJMoa1900906
https://pubmed.ncbi.nlm.nih.gov/31173679
https://doi.org/10.2337/dc19-0167
https://pubmed.ncbi.nlm.nih.gov/31332029
https://doi.org/10.1002/ctm2.154
https://pubmed.ncbi.nlm.nih.gov/32898337
https://doi.org/10.1083/jcb.201501002
https://pubmed.ncbi.nlm.nih.gov/26240184
https://doi.org/10.7554/eLife.66768
https://pubmed.ncbi.nlm.nih.gov/34311841
https://doi.org/10.15252/embj.201796699
https://pubmed.ncbi.nlm.nih.gov/28754656
https://doi.org/10.1080/15548627.2017.1368596
https://pubmed.ncbi.nlm.nih.gov/28853981
https://doi.org/10.1080/15548627.2021.1956123
https://pubmed.ncbi.nlm.nih.gov/34338148
https://doi.org/10.1021/acs.jafc.0c06695
https://pubmed.ncbi.nlm.nih.gov/33787249
https://doi.org/10.1016/j.molcel.2013.08.003
https://pubmed.ncbi.nlm.nih.gov/24011591
https://doi.org/10.2337/diabetes.54.suppl_2.s97
https://pubmed.ncbi.nlm.nih.gov/16306347
https://doi.org/10.1111/bph.12503
https://pubmed.ncbi.nlm.nih.gov/24720258


www.aging-us.com 2919 AGING 

 https://doi.org/10.1016/j.yjmcc.2016.01.023 
PMID:26827898 

115. Byrne H, Caulfield B, De Vito G. Effects of Self-directed 
Exercise Programmes on Individuals with Type 2 
Diabetes Mellitus: A Systematic Review Evaluating 
Their Effect on HbA1c and Other Metabolic Outcomes, 
Physical Characteristics, Cardiorespiratory Fitness and 
Functional Outcomes. Sports Med. 2017; 47:717–33. 

 https://doi.org/10.1007/s40279-016-0593-y 
PMID:27459860 

116. Sathananthan M, Shah M, Edens KL, Grothe KB, 
Piccinini F, Farrugia LP, Micheletto F, Man CD, Cobelli 
C, Rizza RA, Camilleri M, Vella A. Six and 12 Weeks of 
Caloric Restriction Increases β Cell Function and 
Lowers Fasting and Postprandial Glucose 
Concentrations in People with Type 2 Diabetes. J Nutr. 
2015; 145:2046–51. 

 https://doi.org/10.3945/jn.115.210617 
PMID:26246321 

117. Zhou K, Yao P, He J, Zhao H. Lipophagy in nonliver 
tissues and some related diseases: Pathogenic and 
therapeutic implications. J Cell Physiol. 2019; 
234:7938–47. 

 https://doi.org/10.1002/jcp.27988  
PMID:30537019 

118. Gao Y, Zhang W, Zeng LQ, Bai H, Li J, Zhou J, Zhou GY, 
Fang CW, Wang F, Qin XJ. Exercise and dietary 
intervention ameliorate high-fat diet-induced NAFLD 
and liver aging by inducing lipophagy. Redox Biol. 
2020; 36:101635. 

 https://doi.org/10.1016/j.redox.2020.101635 
PMID:32863214 

119. Budd RC, Scharer CD, Barrantes-Reynolds R, Legunn S, 
Fortner KA. T Cell Homeostatic Proliferation Promotes 
a Redox State That Drives Metabolic and Epigenetic 
Upregulation of Inflammatory Pathways in Lupus. 
Antioxid Redox Signal. 2021. [Epub ahead of print]. 

 https://doi.org/10.1089/ars.2021.0078 
PMID:34328790 

120. Bello IJ, Oyebode OT, Olanlokun JO, Omodara TO, 
Olorunsogo OO. Plumbagin induces testicular damage 
via mitochondrial-dependent cell death. Chem Biol 
Interact. 2021; 347:109582. 

 https://doi.org/10.1016/j.cbi.2021.109582 
PMID:34302802 

 

https://doi.org/10.1016/j.yjmcc.2016.01.023
https://pubmed.ncbi.nlm.nih.gov/26827898
https://doi.org/10.1007/s40279-016-0593-y
https://pubmed.ncbi.nlm.nih.gov/27459860
https://doi.org/10.3945/jn.115.210617
https://pubmed.ncbi.nlm.nih.gov/26246321
https://doi.org/10.1002/jcp.27988
https://pubmed.ncbi.nlm.nih.gov/30537019
https://doi.org/10.1016/j.redox.2020.101635
https://pubmed.ncbi.nlm.nih.gov/32863214
https://doi.org/10.1089/ars.2021.0078
https://pubmed.ncbi.nlm.nih.gov/34328790
https://doi.org/10.1016/j.cbi.2021.109582
https://pubmed.ncbi.nlm.nih.gov/34302802

