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Abstract

Autophagy is a highly conserved degradative process through which cells overcome stressful
conditions. Inasmuch as faulty autophagy has been associated with aging, neuronal degeneration
disorders, diabetes, and fatty liver, autophagy is regarded as a potential therapeutic target. This
review summarizes the present state of knowledge concerning the role of zinc in the regulation of
autophagy, the role of autophagy in zinc metabolism, and the potential role of autophagy as a
mediator of the protective effects of zinc. Data from in vitro studies consistently support the
notion that zinc is critical for early and late autophagy. Studies have shown inhibition of early and
late autophagy in cells cultured in medium treated with zinc chelators. Conversely, excess zinc
added to the medium has shown to potentiate the stimulation of autophagy by tamoxifen, H202,
ethanol and dopamine. The potential role of autophagy in zinc homeostasis has just begun to be
investigated.Increasing evidence indicates that autophagy dysregulation causes significant changes
in cellular zinc homeostasis. Autophagy may mediate the protective effect of zinc against lipid
accumulation, apoptosis and inflammation by promoting degradation of lipid droplets,
inflammasomes, p62/SQSTM1 and damaged mitochondria.Studies with humans and animal
models are necessary to determine whether autophagy is influenced by zinc intake.
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Introduction

Autophagy is an evolutionary conserved catabolic process used by eukaryotic cells for
thedegradation of damaged or superfluous proteins and organelles (Chen and Klionsky
2011). There are three forms of autophagy: macroautophagy, microautophagy and
chaperone-mediated autophagy (Chen and Klionsky 2011). Among these three types of
autophagy, macroautophagy,hereafter referred as autophagy is the best characterized and is
the focus of this review. Autophagy involves the sequestering of cellular constituents in
double-membrane vesicles (autophagosomes) and subsequent delivery to lysosomes for
degradation. Autophagy can be nonselective or selective. Nonselective autophagy is used for
the turnover of bulk cytoplasm under starvation conditions (Kirkin et al. 2009). Selective
autophagy targets damaged or superfluous mitochondria (mitophagy) (Narendra et al. 2008),
peroxisomes (pexophagy) (Iwata et al. 2006), lipid droplets (lipophagy) (Singh et al. 2009)
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and microbes (xenophagy) (Baxt et al. 2013). Autophagy is activated in response to adverse
environment conditions such as the deprivation of nutrients, hypoxia, pathogen infection,
radiation and oxidative stress as a survival mechanism (Kroemer et al. 2010). This process
plays a role in cellular homeostasis, development and longevity. Under many conditions,
autophagy is considered as a physiologic cytoprotective or pro-survival mechanism;
however, completely uncontrolled or excessive autophagy has been associated with cell
death (Galluzzi et al. 2008). The characterization of the regulation of autophagy has become
relevant because defective autophagy has been linked to aging (Pyo et al. 2013; Cuervo
2008), neurodegenerative disorders (Nilsson and Saido 2014; Orr and Oddo 2013), cancer
(Lozy and Karantza 2012), fatty liver and diabetes (Czaja et al. 2013; Quan et al. 2013). In
this review, we describe the potential role of zinc in the regulation of autophagy, the
interrelationship between autophagy and zinc metabolisms as well as the potential role of
autophagy as mediator of protective effects of zinc.

Autophagy process and regulation

In mammalian cells, autophagy is controlled by the orchestration of more than 30 autophagy
related genes (Atg) (Feng et al. 2014; Glick et al. 2010). Autophagy begins with the
formation of the “isolation membrane” also known as phagophore. Phagophore membranes
seem to originate from endoplasmic reticulum (Hayashi-Nishino et al. 2009), plasma
membrane (Ravikumar et al. 2010), trans-Golgi (Ge et al. 2013) and mitochondria (Hailey et
al. 2010). However, since autophagosomal membranes have a relative lack of
transmembrane proteins, phagophore membranes could also originate from de novo
membrane formation from cytosolic lipids (Lamb et al. 2013; Fengsrud et al. 2000).
Phagophores expand and sequester damaged mitochondria and organelles, lipid droplets and
portions of the cytoplasm, eventually closing to become autophagosomes (Mizushima
2007). Subsequently, autophagosomes mature by fusing with late endosomes and lysosomes,
thereby forming autolysosomes. In autolysosomes, the cargo is exposed to lysosomal
enzymes to allow its breakdown and resulting nutrients are released into the cytosol
(Mizushima 2007). Autophagic flux is used to denote the process of autophagosome
synthesis, delivery of autophagic substrates to the lysosome, and degradation of autophagic
substrates inside the lysosome (Klionsky et al. 2012). Phagophore formation is regulated by
multiple signaling events (for a review see Glick et al. 2010 and Mizushima 2010). In
mammalians cells, the formation of phagophore is initiated by the UNC51-like kinase 1/2
(ULK1/2) complex and the coiled-coil-myosin-like-BCL2-interacting protein/class 111
phosphatidylinositol-3-kinase (Beclin1-PI3K) complex (Jung et al. 2009; Kihara et al.
2001). The ULK1/2 complex comprises ULK1 or ULK2, Atg13, FIP200 and Atg101. In
nutrient-replete conditions, mammalian target of rapamycin (mTORCL) prevents induction
of autophagy by phosphorylating the ULK1/2 complex (Jung et al. 2009). However, upon
mTORC1 inhibition by starvation, MTORC1 dissociates from ULK1/2 complex, leading to
dephosphorylation and catalytic activation of ULK1(or ULK2), which in turn causes
phosphorylation of Atg13 and FIP200 (Jung et al. 2009). The ULK1/2 complex controls the
trafficking of Atg9, the only Atg protein with transmembrane domains (Kihara et al. 2001,
Young et al. 2006; Zavodszky et al. 2013). Atg9 may deliver lipids to phagophore by
cycling between organelles. The Beclin1-PIK3 core complex consists of VVps34, p150 and
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Beclinl and generates phosphatidylinositol 3-phosphate (PI3P), which triggers the
recruitment of FYVE domain containing protein 1(DFCP1) and WD-repeat protein
interacting with phosphoinositides (WIPI) to promote double membrane vesicle nucleation
at the site of phagophore assembly (Kihara 2001; Burd and Emr 1998; Jeffries et al. 2004;
Axe et al. 2008). PI3P is essential for phagophore expansion and recruitment of other Atg
proteins to phagophore (Kihara et al. 2001; Devereaux et al. 2013; Axe et al. 2008).
Regulatory proteins interact with VVps34-Beclinl complex to either promote or suppress
autophagy. Atgl4L, Ambral, BIF-1 and UVRAG bind to Vps34-Beclinl complex and
activate autophagy, whereas Rubicon and Bcl2 binding to Beclin-1 inhibits autophagy
(Fimia et al. 2007; Matsunaga et al. 2009; Liang et al. 2008; Zhong et al. 2009; Pattingre et
al. 2005). During glucose starvation, 5" adenosine monophosphate-activated protein kinase
(AMPK) coordinates the activation of the Beclin1-PI3K complex through phosphorylation
of Vps34 and Beclinl (Kim et al. 2013). The ULK1/2 complex has been shown to activate
the Beclin1-PI13K complex through phosphorylation of Ambral, under amino acid starvation
conditions (Di Bartolomeo et al. 2010). The expansion of phagophore is mediated by two
ubiquitin-like systems acting at the Atg5-Atg12-Atgl6 conjugation and the processing of
microtubule associated protein 1 light chain 3 (LC3) (Romanov et al. 2012). Atg7, an E1-
like enzyme, and Atg10, an E2 like enzyme, catalyze the conjugation of Atg12 and Atg5.
Conjugated Atg5-Atg12 complexes with Atgl6 (Atgl6L in mammals), forming the Atg5-
Atg12-Atg16 complex which associates with the extending phagophore (Mizushima et al.
1998; Kuma et al 2002; Mizushima et al. 2003). The Atg5-Atgl12-Atgl6 complex
dissociates from membrane just after the completion of autophagosomes (Mizushima et al.
2003). Atgl12-Atg5-Atgl6 is required for the recruitment of LC3I1 at the phagophores
(Suzuki et al. 2001). LC3 is synthetized as pro-LC3 which is cleaved by Atg4 into LC3I
(Tanida et al. 2004). The carboxy-terminal of LC3I is conjugated to
phosphatidylethanolamine to generate LC3II (Ichimura et al. 200). When autophagy is
induced, most LC3lI is converted to LC3I1I (Huang et al. 2000). LC3I1 is likely the marker
most commonly used to assess autophagic flux (Klionsky et al. 2012). LC3I1 plays a role in
the selection of cargo for degradation by interacting with adaptor molecules such as p62/
SQSTM, also known as sequestosome-1 (Pankiv et al. 2008). p62/SQSTML is the best
characterized adaptor molecule and associates with polyubiquitinated proteins and
aggregates through its ubiquitin-binding domain (UBD) (Pankiv et al. 2008).

Autophagy is stimulated by a variety of stimuli, such as nutrient starvation, pathogen
associated molecular patterns (PAMPs), danger associated molecular patterns (DAMPS),
oxidative stress, endoplasmic reticulum stress (ER stress) and mitochondria damage (for a
review see Kroemer et al. 2010).

Regulation of autophagy by zinc

It has been known for decades that zinc plays a key role in the regulation of apoptosis and
cell cycle (Truong-Tran et al. 2001; Wong et al., 2007). Nevertheless, the role of zinc in
autophagy has just begun to be investigated. Growing evidence is supporting the notion that
zinc is a positive regulator of autophagy. In vitro studies have consistently shown that zinc is
critical for basal and induced autophagy (Hung et al. 2013; Hwang et al. 2010; Lee and Koh,
2010; Liuzzi and Yoo, 2013). Excess zinc in medium (20 to 200 uM) has shown to enhance
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autophagy induced by tamoxifen in MCF-7 breast cancer cells (Hwang et al., 2010), H,0,
in astrocytes (Lee and Koh, 2010), ethanol in human hepatoma cells (Liuzzi and Yoo 2013)
and Dopamine in PC12 cells and cultured neurons (Hung et al. 2013). On the other hand,
zinc depletion caused by treatment with either the cell permeable zinc chelator TPEN
(N,N,N’N’-tetrakis(-)[2-pyridylmethyl]-ethylenediamine) or Chelex-100 was shown to
suppress basal and induced autophagy in MCF-7 cells (Hwang et al., 2010), astrocytes and
human hepatoma cells (Lee and Koh, 2010; Liuzzi and Yoo, 2013). The role of zinc as
positive regulator of autophagy is further substantiated by the finding that the zinc ionophore
PCI1-5002 radiosensitizes non-small cell lung cancer cells by potentiating autophagy (Kim et
al. 2011).

The mechanisms by which zinc modulates autophagy are yet to be defined. Results from
studies with extracellular-signal-regulated kinases (ERK1/2) inhibitors demonstrate that
phosphorylation of ERK1/2 is necessary for the regulation of basal and induced autophagy
by zinc (Hwang et al. 2010; Liuzzi and Yoo 2013). ERK1/2 has been shown to activate
autophagythrough at least two pathways. ERK1/2 can activate the Beclin1-PI3K complex by
phosphorylating the negative regulator of Beclinl, Bcl-2 (Botti et al. 2006). In addition
ERKZ1/2 activation was shown to activate autophagy by promoting disassembly of mMTORC1
complex through a non-classical pathway (Wang et al. 2009). Reportedly, Metallothionein, a
small molecular weight protein that binds zinc, is the potential source of zinc for autophagy
activation during oxidative stress. This assumption comes from the fact that astrocytes from
metallothionein 3 (MT3) knockout mice exhibited lower induction of autophagy by H,0,
(Lee and Koh, 2010). Although this has not been investigated yet, zinc can potentially
regulate autophagy by modulating the expression of genes involved in autophagy. Zinc is
known to induce the expression of genes through activation of the metal-responsive
transcription factor (MTF1) (Lichtlen and Schaffner 2001). Thus, genes involved in
autophagy containing binding sites for MTF1 can be potentially induced by zinc. According
to bioinformatics analysis (www.genomatix.de; Cartharius et al. 2005), the promoters of
ATG7 and DFCP1 contain four binding sites for MTF1 within 2.0 kb upstream of the
transcription start site. This suggests that the expression these two genes is likely regulated
by zinc and MTF1 activation. However, experimental tests are needed to confirm this
prediction.

Zinc may also regulate autophagy through regulation of microRNA expression (Ryu et al.
2011) and modulation of methylation of genes (Sharif et al. 2012).

Aside from regulating the initiation of autophagy (early autophagy), zinc likely plays
animportant role in the degradation of the cargo in autolysosomes (late autophagy). There is
some evidence suggesting that zinc is needed for proper lysosomal function. Julien et al.
(2011) reported that zinc deficiency caused accumulation of lipofuscin, an indicator of
incomplete lysosomal digestion, in retinal epithelium of rats. Additionally, astrocytes from
mice lacking metallothionein 3 (MT3) exhibited reduced acid phosphatase and
neuraminidase activities, decreased expression of cathepsin D and L as well as increased
lysosomal accumulation of cholesterol and lipofuscin (Lee and Koh 2010). Low cellular zinc
may also affect lysosome function by causing disruption of the integrity of this organelle.
Lysosome integrity was found to be disrupted in macrophages treated with TPEN
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(Summersgill et al. 2014). Lastly, treatment with 4 pM TPEN for 72h caused impaired
degradation of LC3II and p62/SQSTM in human hepatoma cells (Liuzzi and Yoo 2013), a
clear indication that zinc depletion blocks the degradation of cargo in autolysosomes.

Nevertheless, it is important to mention that there are no studies evaluating whether zinc
intake affects autophagy in humans or animal models.

Regulation of zinc homeostasis by autophagy

Recent studies have shown that autophagy dysregulation causes significant changes in
cellular zinc homeostasis. Ni et al. (2011) examined the effect of the autophagy inhibitor 3-
methyladenine (3-MA) on the regulation of the zinc transporters ZnT1, ZnT2 and ZnT3 in
rat hippocampus following recurrent neonatal seizures and found that 3-MA, an inhibitor of
Vps34, attenuated seizure-induced ZnT1 and ZnT2 expression. Of particular interest is the
zinc transporter ZnT10, this zinc transporter was found to be downregulated by 3-MA in
human hepatoma cells (Liuzzi and Yoo 2013). ZnT10 has been located to the Golgi
apparatus (Bosomworth et al. 2012), a potential source of membrane for autophagosomes.
However, another group reported that ZnT10 localizes in endosomes of smooth muscle cells
(Patrushev et al 2012). Notably, mutations in ZnT10 gene have been associated with liver
cirrhosis, dystonia, polycythemia, and hypermanganesemia (Tuschl et al. 2012). Lastly, the
expression of ZnT10 has been found to be downregulated in brain of subjects with
Alzheimer’s disease (Bosomworth et al. 2013), a condition that has been shown to be
associated with defective autophagy (Orr and Oddo 2013; Nilsson and Saido 2014).
Autophagy levels in cells have been shown to correlate with labile zinc levels in cells.
Hwang et al. (2010) reported that the activation of autophagy by tamoxifen induced
accumulation of labile zinc in autophagosomes and lysosomes in MCF-7 cells. In addition,
Lee et al. (2010) found that the induction of autophagy by H,O, caused a similar
redistribution of labile zinc in astrocytes. Interestingly, inhibition of autophagy with 3-MA
has been shown to reduce labile zinc in astrocytes and human hepatoma cells (Hung et al.,
2013; Liuzzi and Yoo 2013). It is not clear how zinc is transported into the autophagosomes
or what is the role of this metal in these compartments. Autophagosomes are believed to be
virtually devoid of transmembrane proteins (Fengsrud et al 2000); thus it is possible that
zinc inside these structures originates from the sequestered cell components. However, the
presence of zinc transporters in autophagosomes membrane cannot be ruled out. Since
endosomes and lysosomes fuse with autophagosomes, it is conceivable that the zinc
transporters present in endosomes and lysosomes such as Zip4, Zip14, Zip8, ZnT10 and
ZnT4 and the TRPML1 channel (Kambe 2011; Kukic et al. 2013) may also be present in
autolysosomes (Fig.1). Zip4, Zip14, Zip8 and TRPML1 would promote zinc efflux from the
autolysosomes, whereas ZnT10 and ZnT4 would facilitate zinc entry into autolysosomes.

Autophagy likely serves as a mechanism by which cells can recycle zinc from damaged or
superfluous organelles and cargo degraded in autolysosomes. Nevertheless, since autophagy
seems to be downregulated during zinc depletion, the recycling of zinc by autophagy may
not be a relevant mechanism of adaptation to low zinc conditions.
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Autophagy as a mediator of protective effects of zinc

Recent studies have revealed new functions of autophagy such as regulation of lipid
metabolism and suppression of inflammation and apoptosis. Until recently, mobilization of
lipids was attributed exclusively to cytosolic lipases; however, reports now demonstrate a
role for autophagosomes in the delivery of lipids to lysosomes for degradation, which is
called lipophagy (Singh et al. 2009). Consistent with this idea, induction of autophagy with
rapamycin was shown to prevent hepatic steatosis produced by binge ethanol in mice (Ding
et al. 2010). Genetic and functional studies indicate that autophagy has an anti-inflammatory
function (Deretic et al. 2013; Rathinam et al. 2012; Wellcome Trust Case Control
Consortium 2007; Rioux et al. 2007; Hampe et al. 2007). It has been proposed that
autophagy suppresses inflammatory response by promoting degradation of inflammasomes,
inflammasomes agonists and p62/SQSTM1 (Manley et al. 2013; Rathinam et al. 2012;
Harris et al. 2011). Autophagosomes can sequester and degrade inflammasome components,
including NOD-like receptor 3 (NLRP3), apoptosis-associated speck-like protein containing
a CARD (ASC), and caspase-1. Inflammasomes are large caspase-1 multiprotein complexes
that promote the maturation of pro-inflammatory cytokines pro-1L-15 and pro-1L-18 (Stutz
et al. 2009). p62/SQSTML is a substrate of autophagy that is known to promote NF-kB
activation through its interaction with TRAF6 (Manley et al. 2013; Dickson et al 2004).
Thus, degradation of p62/SQSTM1 by autophagy prevents NF-xB activation and hence
attenuates inflammation. In addition, autophagosomes can degrade inflammasome agonist
sources such as depolarized mitochondria. Of note, the link between autophagy and
inflammation is supported by genome wide association studies (GWAS) that have reported
an association between a polymorphism in ATG16L gene and Crohn’s disease, a progressive
inflammatory bowel disease in humans (Wellcome Trust Case Control Consortium 2007;
Rioux et al. 2007; Hampe et al. 2007).

Inasmuch as p62/SQSTM1 promotes the aggregation of ubiquitinated caspase-8 which leads
to full activation of this enzyme and apoptosis, p62/SQSTM1 degradation by autophagy can
also alleviate apoptosis (Zhang et al 2013; Manley et al. 2013). Zinc is known to confer
protection against lipid accumulation, inflammation and apoptosis (Kang et al. 2009; Prasad
2009; Prasad et al. 2011; Truong-Tran et al. 2001). Given the potential role of zinc in
autophagy, the protective effects of zinc could be mediated through autophagy. The
potential mechanisms by which autophagy mediates the protective effects of zinc against
lipid droplets accumulation, inflammation and apoptosis are delineated below (Fig.2).
Consistent with this idea, a recent study demonstrated that the induction of autophagy by
zinc and dopamine prevented apoptosis and cell death in cultured neurons (Hung et al.
2013). Moreover, Summersgill et al. (2014) showed that zinc depletion induced the activity
of Caspase-1 activity in cultured mouse macrophages; however, they did not measured
autophagic flux in these cells. It is conceivable that zinc alleviates inflammatory response
initiated by lipopolysaccharide (LPS) by promoting autophagy. On the other hand, the
inhibition of autophagy by zinc depletion may result in enhance LPS induced inflammation.
This is consistent with previous reports that have shown that inflammatory response is
enhanced in zinc deficient animals treated with LPS (Cui et al. 1998; Miyazaki et al. 2012).
Interestingly, cellular zinc depletion has been shown to enhance NF-xB DNA-binding
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activity in human hepatoma and endothelial cells (Otsu et al. 2004; Hennig et al. 1999). The
hyperactivation of NF-xB during zinc deficiency could be the result of impaired autophagic
degradation of p62/SQSTM1.

It should be noted, however, that inhibitory action of zinc on inflammation could also
bemediated by autophagy-independent mechanisms. It has been proposed that zinc
suppresses activation of NF-kB through induction of the zinc finger protein A20, a negative
regulator of NF-kB (Prasad et al. 2011). Moreover, zinc antioxidant activity is believed to
block inflammatory response (Prasad 2009).

Conclusions

Current evidence suggests that zinc is critical for basal and induced autophagy. Excess zinc
appears to potentiate autophagy induced by tamoxifen, alcohol, H,O, and Dopamine. On the
other hand, zinc depletion seems to affect both early and late autophagy. However, in vivo
studies supporting this hypothesis are still lacking. Studies with animals or whole organisms
will help determine whether zinc intake affects autophagy. Since relatively high doses of
zinc or severe zinc depletion models were utilized in the studies above mentioned, it is not
clear whether classical low levels of zinc supplementation or marginal zinc deficiency
would affect autophagy rate. The characterization of the role of zinc transporters in
autophagy will help develop new therapeutic approaches to alleviate conditions associated
with impaired autophagy. In addition, the study of the role of autophagy in zinc homeostasis
will expand our knowledge on the molecular mechanisms of zinc homeostasis. Autophagy
could be a mediator of the protective role of zinc against lipid accumulation, apoptosis and
inflammation. The potential synergistic effect of ethanol and zinc on the induction of
autophagy warrants further research. Moderate ethanol intake in combination with zinc
supplementation could be used to alleviate chronic inflammation. Chronic inflammation has
been implicated in diseases such as diabetes, cancer and vascular disease (Esser et al. 2014;
Landskron et al. 2014; Virdis et al. 2014). Nevertheless, acute inflammation is a protective
mechanism that helps eliminate invading organisms and promotes the healing process
(Serhan 2010). Therefore, the therapeutic stimulation of autophagy to block acute
inflammation may not be advisable. Lastly, it should be kept in mind that while moderate
stimulation of autophagy confers cytoprotection, excessive stimulation of autophagy causes
cell death (Galluzzi et al. 2008).
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Figure 1. Schematic diagram of mechanisms of regulation of autophagy by zinc and potential
localization of zinc transportersin autolysosomes
H,0, treatment or reactive oxidative species (ROS) released from ethanol metabolization by

CYP2EL1 causes release of zinc from metallothionein which activates phosphorylation of
ERKZ1/2. High zinc levels in cells can induce the expression of genes involved in autophagy
by activation of MTF1. Zinc transporters present in endosomes and lysosomes are likely
present in autolysosomes membrane.
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Figure 2. Potential mechanisms of regulation of lipid metabolism, inflammation andapoptosis by
zinc through modulation of autophagy
Zinc prevents steatosis and apoptosis by promoting removal of lipid droplets, damaged

mitochondria (Mitophagy) and degradation of p62/SQSTM1. Removal of p62/SQSTM1
prevents activation of Caspase 8 and NF-kB. IL-1p maturation is prevented by zinc through
induction of autophagy and subsequent degradation of inflammasomes.
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