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Abstract

Oxidative stress is a well-known driver of numerous pathological processes involving protein and
lipid peroxidation and DNA damage. The resulting increase of pro-apoptotic pressure drives tissue
damage in a host of conditions, including ischemic stroke and reperfusion injury, diabetes, death in
acute pancreatitis and neurodegenerative diseases. Somewhat less frequently discussed, but
arguably as important, is the signaling function of oxidative stress stemming from the ability of
oxidative stress to modulate ion channel activity. The evidence for the modulation of the
intracellular ion channels and transporters by oxidative stress is constantly emerging and such
evidence suggests new regulatory and pathological circuits that can be explored towards new
treatments for diseases in which oxidative stress is an issue. In this review we summarize the
current knowledge on the effects of oxidative stress on the intracellular ion channels and
transporters and their role in cell function.
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INTRODUCTION

Oxidative stress is an increase in cellular and tissue concentration of reactive oxygen species
(ROS) leading to lipid, protein and DNA damage due to peroxidation and ultimately to cell
death [1-10]. ROS include superoxide, hydrogen peroxide and hydroxyl radical. They are
produced as part of the cell biological response by a number of cellular reactions, most
prominently in the mitochondria [3]. Under normal physiological conditions, ROS and the
peroxidized molecules are neutralized by a powerful antioxidant system involving
superoxide dismutases, catalases, glutathione S-transferases and thioredoxins [11, 12].
However, when the ROS supply exceeds the antioxidant capacity, ROS buildup and damage
the cells. This is the driving force behind a wide range of human maladies including
ischemic stroke and reperfusion injury, diabetes, acute pancreatitis and Alzheimer’s and
other neurodegenerative diseases [1, 2, 13-21].

Mitochondrial ROS production is a normal consequence of electron leak in the electron
transfer chain associated with oxidative phosphorylation. Such a leak results in superoxide
formation, which is converted into hydrogen peroxide and hydroxyl radical. The leak is
increased by mitochondrial damage and by hypoxia, converting some of the residual oxygen
into superoxide, which further damages the mitochondria [3, 19, 22, 23]. Reperfusion
provides additional oxygen fueling the reaction and accelerating the damage. Damaged
mitochondria may continue leaking electrons, and thus the cycle continues until the
damaged organelles are repaired or cleared [3, 18, 24-26].

Additional sources of ROS include the organellar and cytoplasmic transition metals, which
catalyze a range of reactions that produce ROS [27]. Lysosomes are the main iron Fe2* entry
pathway into the cells, which involves the endocytosis of Fe3* bound to transferrin or ferritin
followed by their dissociation in the lysosomes, reduction to Fe2*, and the efflux of Fe2*
from the lysosomes into the cytoplasm [9]. Fe2* buildup in the lysosomes has been linked to
oxidative stress in aging and in lysosomal storage diseases [9, 28]. In addition, lysosomes
have emerged as an important component of zinc (Zn?*) handling due to their role in
endocytosis, autophagy of Zn2*-rich organelles such as the mitochondria, and the presence
of Zn2* uptake transporters in their membranes. Lysosomal Zn2* buildup followed by ROS
release has been shown in brain cells and is thought to be a critical component of
excitotoxicity due to massive amounts of Zn2* released by some neurons [29-31].

DNA damage, protein misfolding and aggregation, and lipid peroxidation are followed by
the release of pro-apoptotic factors, such as cytochrome cand the lysosomal cathepsins,
drive cell death caused by oxidative stress [4, 13, 31-34]. Indeed, these effects have been
shown in a rage of pathological conditions linked to oxidative stress, including in the
ischemic stress and in reperfusion injury models, Alzheimer’s and Parkinson's disease
models, as well as drug and metal toxicity models [1, 2, 13-21]. It should be noted that in
addition to the “passive” damage to DNA, proteins and lipids, oxidative stress directly
regulates molecules that are at the center of the cellular signaling circuits, such as ion
channels and numerous protein kinases [35-44]. Whereas several reviews in this issue will
discuss a role of ROS in regulation of plasma membrane ion channels, here we will focus on
regulation of intracellular ion channels and transporters by ROS.
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In addition to its pathologic aspects in the first place, ROS effect on ion channels and
transporters is part of a regulatory circuit. Such a regulatory circuit may serve a
compensatory role enabling the cells to respond to the cellular oxidative potential, similar to
the transcription factor machinery that is activated by oxidative stress and resulting in
expression of antioxidant components. In addition, activation by oxidative stress may
function as a second messenger in a signaling cascade driven by changes in the ion channel
activity in response to hormones and neurotransmitters. Indeed a low level of oxidative stress
is important for proper cell function, including insulin secretion, a process firmly linked to
intracellular Ca%* release. Both scenarios will be considered here.

The regulation of several intracellular channels by ROS, most notably 1P3 receptors and
Ryanodine receptors (RyR), and their involvement in ROS generation has been discussed in
numerous excellent reviews [45, 46] and in this Special Issue. In the current review, we will
focus only on new or poorly understood aspects of ROS of these and of other intracellular
ion channels and transporters.

INTRACELLULAR CHANNELS AS TARGETS OF ROS
ROS and IP3R

The Inositol 1,4,5-trisphosphate (IP3) receptors (IP3Rs) is a family of cation channels
comprising 3 subtypes with similar properties but distinct expression pattern [47-49]. They
are present in the endoplasmic reticulum membrane (ER). Their main function is the release
of Ca2* ions from the ER in response to activation of the plasma membrane receptors and
phospholipase C. IP3, the product of P1(4,5)P, cleavage by phospholipase C activity opens
IP3Rs, releasing the Ca2* stored in the ER into the cytoplasm. This cascade of reactions
mediates the effect of many signaling circuits including glutamatergic, adrenergic and
cholinergic signaling.

Modulation of the IP3Rs-dependent Ca?* release by the cellular redox status has been
demonstrated functionally following Ca?* release and biochemically using agonist binding
in reconstituted systems [50-52]. A role for ROS in regulating IP3Rs activity has been
directly shown by several groups in a number of /n vitro experimental models.

In human platelets, H,O, induced Ca2* release, which was suppressed by the IP3Rs
antagonist Xestospongine C, by the ER SERCA Ca2* pump inhibitor thapsigargin and by
the antioxidant DTT, but was unaffected by the phospholipase C inhibitor U73122 [53].
H,0, triggered platelet aggregation, which was previously linked to IPzRs activation thus
bridging the molecular and functional readouts of the ROS effects of H,O, on IP3Rs and
Ca?* signaling. In human umbilical vein epithelial cells, H,O, caused Ca?* mobilization,
which was sensitive to IP3Rs inhibitor heparin but not to U73122, and did not involve a
spike in IP3 production [54]. It was proposed that H,O» directly targets IP3Rs in this system.
A spike in Ca?* release in response to H,0, was shown in pulmonary arterial smooth
muscle cells [55]. Such a spike was not abolished by extracellular Ca2* removal but it was
eliminated by IP3Rs antagonists. Furthermore, H,0, triggered a wave of Ca2* influx due to
the activation of store-dependent CaZ* influx channel brought about by ER Ca2* depletion.
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These finding suggest that activation of IP3Rs by ROS contributes to the H,0,-dependent
vasoconstriction.

A recent study utilizing DT40 cells identified the IP3Rs type mediating the superoxide-
dependent Ca2* release [56]. Chicken DT40 cells express all three IP3Rs isoforms. Triple
IPsRs-deficient DT40 cells lost Ca?* release in response to superoxide, as did the cells
expressing only the type 3 IP3R3. These data suggest that IP3R1 and IP3R2 but not IP3R3
respond to the ROS. These findings serve as the first step towards identification of the
structural determinants of the ROS effect on IP3Rs by analyzing the amino acid differences
between the three IP3Rs subtypes. Potential structural determinants accounting for
regulation of IP3Rs by ROS have been discussed before [45, 46] and will not be further
discussed here.

Superoxide release by activated macrophages elicited a cytoplasmic Ca2* signal in
endothelial cells with CaZ* release that was followed by Ca2* influx [57]. The influx was
sensitive to ROS scavenge and to ER Ca2* depletion. As above, superoxide failed to elicit a
Ca?* signal in triple IP3Rs-deficient DT40 cells, clearly showing that IP3Rs are involved in
this process. Interestingly, in these studies U-73122 abolished the superoxide-induced Ca2*
release, suggesting a completely different mechanism or release than direct activation of
IP3Rs described above and likely involving an increase in phospholipase C activity and in
IP3 production.

The activation of IP3R by ROS suggests signaling and pathological roles of this process.
Accordingly, a role of ROS in neuronal plasticity has been discussed [58], and modulation of
IP3Rs activity is a good candidate for a molecular target for such a role. On the other hand,
as discussed in the section on intracellular channels and ROS production, massive Ca2*
release from the ER floods the mitochondria with Ca2*, accelerates ROS production and
activates apoptosis and then necrosis leading to cell death. It is likely that a balance between
these processes defines the response of a given tissue to ROS.

While the experiments in macrophages illustrate one of the possible scenarios linking ROS
and IP3Rs function, in general, pathologically relevant 7 vivo evidence of ROS effect on
IP3Rs is very thin. It would be interesting to explore the role of IP3Rs in the pathologies
linked to mitochondrial dysfunction and ROS production, such as mitotoxic drugs and
hypoxia/reperfusion injury. This is especially interesting in the context of the mitochondrial-
ER interaction, of which IP3Rs are an important component [59, 60]. Such an interaction
places IP3Rs in a close proximity to the potential source of ROS. How the mitochondrial-ER
interaction affects the ability of ROS to affect Ca?* release via IP3Rs is an interesting
unanswered question.

ROS and RyR

Ryanodine receptors (RyRs) is a family of three sarco/endoplasmic reticulum ion channels
responsible for excitation-contraction coupling and for amplification of the Ca2* signals
initiated by the IP3Rs or by the plasma membrane Ca2* influx channels. Types 1, 2 and 3
RyRs mediate Ca2*-induced Ca2* release that drives the amplification, while the type 1 RyR
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is capable of directly sensing conformational changes in the L-type Ca2* channels to
mediate the Ca2* release in response to membrane depolarization [61-63].

RyRs regulation by ROS is among the best understood in the ion channel field and has been
shown directly using Ca2* imaging and application of ROS, or using various other
experimental paradigms. The structural determinants of RyR regulation by ROS have been
reviewed recently [45, 64, 65] and are discussed in other articles in this issue. RyRs
activation by oxidative stress has been linked to muscle damage in aging, heart failure,
cerebral ischemia and Duchenne muscular dystrophy [66—70]. Besides the well-illustrated
role of ROS-dependent RyR-mediated Ca2* release in muscle and neurons, several recent
findings illustrate possible new paradigms in membrane traffic.

RyRs activation by the ROS has been linked to glucose-dependent insulin secretion by the p-
cells. Both glucose and H,0, caused RyR glutathionylation and Ca2* release [71]. The ROS
buildup due to glucose influx drives the Ca?* release via RyRs followed by insulin secretion.
In another studies, ROS promoted insulin-dependent translocation of the GLUT4 transporter
to the plasma membrane [72], a process that depends on the fusion of the GLUT4-containing
vesicles with the plasma membrane. H,O» increased GUT4 translocation, while antioxidants
had an opposite effect. As in [71], insulin promoted RyRs glutathionylation and Ca2* release
while stimulating GLUT4 translocation. These data show that RyRs activation by ROS may

drive membrane traffic events including exocytosis.

The role of ROS-dependent Ca?* release via RyRs in membrane traffic events illuminates a
possible new point of interaction between the ROS and Ca?* signaling and the cell

clearance. Such an interaction may play an important role in facilitating the repair of damage
caused by ROS. Organelles damaged by oxidative stress, especially lysosomes and
mitochondria, tend to amplify the damage by releasing pro-apoptotic factors, such as
cytochrome cand the lysosomal hydrolases. A timely utilization of such organelles should
serve to minimize the ROS damage, and thus it is important to consider the possible
regulatory circuits linking ROS and activation of cellular clearance pathways. Lysosomal
exocytosis has been recently shown as a critical part of the cellular detoxification process by
promoting the extrusion of protein aggregates and undigested autophagosome content, and
to drive phagocytosis by supplying membrane material to the plasma membrane. Since RyRs
present in the ER are able to actuate the exocytosis of insulin-containing vesicles, it is
possible that they are able to drive lysosomal exocytosis as well. If RyRs-dependent Ca2*
release promotes autosomal or lysosomal exocytosis and clearance, then a new regulatory
circuit can be postulated that responds to oxidative stress by increasing cellular clearance via
RyRs-dependent Ca?* release and lysosomal exocytosis.

ROS and ion transporters

SERCA—The sarco/endoplasmic reticulum Ca2* ATPase pump (SERCA) mediates Ca2*
pumping into the sarco/endoplasmic reticulum [73]. Although IP3Rs and RyRs Ca?* release
channels are activated by ROS, the supply side of the Ca2* signaling machinery is
inactivated by ROS [45]. Such an inactivation has been demonstrated in numerous systems
and its structural determinants have been identified and linked to pathological conditions
[74-78]. It is possible that suppressed Ca?* uptake leads to a depletion of ER Ca2*, which
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could be of advantage under oxidative stress conditions by limiting the runaway damage
caused by the feedback loop of ROS-driven Ca2* release and the resulting mitochondrial
ROS production.

ZnT, ATP7/ATP7B and DMT1—ZnTs, ATP7 and DMT1 are intracellular divalent cation
transporters responsible for handling the transition metals Zn2*, Cu2* and Fe2*, respectively
[79, 80]. Given the critical role of transition metals in ROS production, as well as in
antioxidant defense, it is surprising how little we known about their regulation by oxidative
stress. Largely, all the information on this topic is limited to regulation of their expression by
ROS, directly or indirectly. This information is summarized below.

The ZnT (SLC30) is a family of ion transporters comprising 10 members in mammals. The
ZnT transporters are responsible for the removal of Zn?* from the cytoplasm into organelles
or their efflux across the plasma membrane [79, 81, 82]. ZnTs are localized in different
intracellular compartments and some are expressed in a tissue-restricted manner. For
example, while the plasma membrane ZnT1 transporter is ubiquitously expressed, ZnT3 is
limited to presynaptic vesicles into which it pumps Zn2* necessary for the release with
glutamate [79, 81, 82]. Such a release modulates the neuronal excitability by acting on
NMDA and AMPA receptors as well on the neuronal Zn2* receptor itself [83-88]. In the
mammary gland intracellular ZnT2 and ZnT4 mediate Zn2* delivery during lactation[89,
90]. ZnT2 and ZnT4 dysregulation has been linked to Zn?* mishandling in mammary gland
epithelium, impaired Zn?* delivery with milk and aberrant progression of mammary gland
involution [91].

ZnT expression is regulated by the transcription factor MTF-1, which is activated by binding
of Zn?* and other transition metals [92-94]. Free cytoplasmic Zn2* concentration is in the
picomolar range due to organellar uptake and binding to cytoplasmic chelating
metallothionein proteins [95]. ROS significantly decreases the metallothioneins affinity to
transition metals, releasing them into the cytoplasm to increase cytoplasmic Zn2* [95, 96].
The free transition metals are recognized by MTF-1, leading to upregulation of ZnT
expression. This powerful feedback system allows cells to adjust their Zn2* buffering
capacity under oxidative stress and transition metal exposure. We are presently unaware of
any evidence of a direct effect of ROS on ZnT activity or expression. Finding such an effect
would suggest that cells are able to predict ROS buildup due to transition metal exposure
and transition metals build up due to ROS exposure and prepare for it.

ATP7A and ATP7B export Cu2* from the cytoplasm. They are present in a vesicular pool
recently linked to lysosomes [97, 98]. Cu* exposure promotes translocation of ATP7 into
the plasma membrane and Cu?* expulsion [99]. The translocation has been traditionally
considered a preparative step for Cu2* expulsion through the plasma membrane. However,
recent evidence indicates that a very large fraction of Cu2* export is in vesicles and occurs
en routeto the plasma membrane, so that Cu2* exocytosis rather than transport across the
plasma membrane is the predominant Cu?* extrusion pathway [99]. ATP7 loss causes
Wilson’s and Menkes diseases, characterized by liver damage and developmental deficits
[20]. ROS buildup has been shown in Wilson’s disease, which is associated with Cu2*
overload [20]. No direct evidence of ROS effect on ATP7 activity has been reported.
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However, regulation of ATP7A expression by the hypoxia-inducible transcription factor
Hif2a links ROS with the ATP7-dependent transport processes [100, 101].

Transition metals enter the cells via plasma membrane transporters and via the endocytic
pathway. Indeed, receptor-mediated endocytosis of ferritin- or transferrin-bound Fe?* is the
major Fe2* entry pathway in mammalian brain cells [80, 102]. DMT1 (SLC11A2) mediates
the uptake of FeZ* that is then dissociated from ferritin or transferrin in the endolysosomes
from which it is transported into the cytoplasm [80, 102]. Inefficient clearance of the
lysosomal Fe2* has been linked to ROS production, lipofuscin buildup and aging [9, 103].
While the data on direct effect of ROS on DMT1 activity are lacking, ROS upregulates
DMT1 expression via the transcription factor Hif-1 [104]. This is another example of a
regulatory loop that increases the cellular transition metal clearance throughput to suppress
oxidative damage.

INTRACELLULAR TRANSPORTERS AND ROS PRODUCTION

While ion channels and transporters themselves do not contribute to ROS production or
regulation, they frequently lead to dysregulation that promotes ROS production. Several
such processes are reviewed in this section while focusing on poorly understood and novel
aspects of this topic.

ER Ca?* release and ROS production

Stimulation of the ROS production by the mitochondria, especially damaged mitochondria,
has been shown in numerous systems, and is thought to drive or contribute to cell death in
ischemic stroke and reperfusion injury, traumatic brain injury, myocardial infarction, acute
pancreatitis and neurodegenerative diseases [1, 2, 13-21]. That the RyRs- and IP3Rs-
dependent Ca2* release contributes to these processes is well established. Indeed, ROS-
dependent upregulation of IP3Rs and RyRs activities has been linked to mitochondrial Ca2*
overload and are associated with these maladies [105, 106]. Similarly, cell death in
Alzheimer’s disease models reported upregulation of the Ca2* release machinery and
mitochondrial ROS production [107]. Upregulation of IP3Rs activity by ROS and the
subsequent Ca?* flooding of the mitochondria have been proposed to underlie endothelial
apoptosis during ischemia/reperfusion episodes and to enhance the excitability of amygdala
neurons and pain manifestation [57, 108]. It is therefore clear that the facilitation of Ca2*
release by ROS leads to Ca2* flooding of the mitochondria and mitochondrial damage [105].
Ca?* flooding of the mitochondria, in turn, facilitates ROS production, creating a runaway
damage feedback loop. Such a feedback loop is observed in cardiotoxic effects of cardiac
glycosides, including digitoxin and digoxin [109]. It was proposed that cardiac glycosides
activate the NADPH oxidase NOX2 to promote ROS production, which facilitates Ca2*
release that floods the mitochondria with Ca2*, which promotes further ROS production.

Why does such a loop exist? It is possible that the loop is an aspect of a cytoprotective
mechanism that is revved up into a pathological zone under stress conditions. The loss of
stimulated ATP production by moderate levels of Ca2* entering the mitochondria was shown
to underlie several forms of cell death due to energy-dependent cytotoxicity. It is possible
that moderate levels of ROS signal stress and stimulate cellular function by activating Ca2*
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release to stimulate ATP production. However, massive or sustained stress may overwhelm
the mitochondrial Ca2* load capacity resulting in the damage loop. This is illustrated in
Figure 1.

Lysosomal dysfunction and ROS production

While commonly discussed as digestive organelles and energy sensors, lysosomes are
gaining recognition as a cytoprotective organelles actively involved in limiting cellular
damage. First, they are responsible for the autophagic degradation of damaged organelles
such as mitochondria, which otherwise would continue to damage the cells. Second,
lysosomes absorb transition metals from the cytoplasm, which suppresses oxidative stress
[97, 110, 111]. Interestingly, not all endolysosomal ion channels limit oxidative stress: the
endosomal H*/CI~ exchanger CIC-3 (CLCNS3) supports ROS production by leaking
superoxide, or by sustaining NADPH oxidase through increased NOX activity in the
endosome [112-114].

TRPML1 is an endolysosomal ion channel permeable to mono- and divalent cations
including Ca2*, Fe?* and Zn2* [115, 116]. TRPML1 has emerged as a major regulator of the
endolysosomal function, and several aspects of its role in the endocytic pathway have been
linked to oxidative stress. First, a buildup of Fe2* in the lysosomes of TRPML 1-deficient
fibroblasts has been shown [115]. Although oxidative stress was not observed initially,
subsequent evidence linked TRPML1 loss to oxidative stress, which was aggravated by
exposure to Fe2* [8]. Prominent oxidative stress in the brain of mouse model of
mucolipidosis type IV, a lysosomal storage diseases caused by the TRPML1 loss, further
supports a role for TRPMLL1 in oxidative stress [28].

Several mechanisms can explain the buildup of Fe2* in the lysosomes of TRPML1-deficient
cells. First, TRPML1 was shown to function as Fe2*-permeable channel [115]. While DMT1
is considered the endolysosomal Fe2* absorption transporter, the evidence for such a role is
lacking in several cell types, most notably oligodendrocytes and brain capillary epithelial
cells [117-119]. It is possible that TRPML1 substitutes DMT1 in these cells. Second,
TRPMLL1 is required for lysosomal exocytosis [120-122]. Therefore, Fe2* retention could be
due to delays in the traffic of transferrin/ferritin-bound Fe2* to the endolysosomes, or
delayed exocytosis of Fe2*-containing lysosomes. We have recently proposed a similar
model for the extrusion of Zn?* as lysosomes accumulate Zn?* in the absence of TRPML1
and lysosomal exocytosis is critically important for Zn2* expulsion from cells [111, 123,
124]. Moreover, as illustrated in Figure 2, we showed that transition metals stimulate
lysosomal biogenesis via activation of the lysosomal gene network, of which TRPML1 is a
component. It is possible that this is an additional mechanism through which cells increase
their transition metal clearance capacity in response to transition metal exposure and
oxidative stress. Finally, it was proposed recently that TRPML1 may determine the correct
localization of transition metal transporters and in the absence of which transition metals
may accumulate to cause ROS build up [125].

At present, the data on TRPML regulation by ROS are lacking. Such a regulation may
involve a direct effect of ROS on the channels or, since TRPML1 and possibly TRPMLS3 are
regulated by phosphor- and sphingolipids [126, 127], lipid peroxidation. A finding that
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TRPML are regulated by ROS would identify novel regulatory networks driven by oxidative
stress and the lysosomal clearance function. If, for example, TRPML are inhibited by ROS
then the membrane traffic processes controlled by these channels are likely to be inhibited
by oxidative stress. Indeed, autophagy inhibition by oxidative stress has been shown [7, 34,
128]. This would suggest that beyond damaging the organelles, ROS delay the cellular repair
by suppressing autophagy, lysosomal exocytosis (including pathogen expulsion) and other
clearance processes that depend on the membrane traffic events driven by TRPML [121,
122, 129-133]. On the other hand, a finding that TRPML are activated by ROS would
suggest a compensatory mechanism that increases membrane turnover in response to ROS.
Such a feedback loop would enable cells to respond to oxidative stress by increasing the
cellular repair. Clearly, further research into the regulation of TRPML channels by oxidative
stress is likely to give new insights into the mechanisms of cellular damage by oxidative
stress and the cytoprotective function of the lysosomes. Pharmacological approaches to
TRPML regulation are beginning to emerge [121, 134-137], and with them — new
possibilities of attacking the pathogenic processes driven by oxidative stress.

SUMMARY

ROS regulate the function or expression of several intracellular transporters, which in turn
regulate ROS levels. Such a regulation likely plays a cytoprotective role under physiological
conditions, but may turn into a cycle of runaway cell and tissue damage when uncontrolled.
Breaking such a cycle is likely to point to new treatments for diseases in which oxidative
stress is an issue.
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Highlgihts
. Reactive oxygen species suppress the lysosomal exocytosis.
. Stimulation of the endo-lysosomal ion channels TRPML1 and

TRPML3 partially the suppression.

. Oxidative stress damages cells and inhibits the repair by suppressing

the lysosomal exocytosis.
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Mitochondria ATP

Mitochondria ATP
ROS
Ca?*

Fig 1. The Ca%*-release — mitochondria — ROS cycle

% |
Ca2+ ROS

Left: Within the physiological range, ROS signal to the ER facilitates Ca2* release, which
stimulates ATP production in mitochondria. The ATP is used to handle pro-oxidants and
counter the effects of ROS. Right: ROS overload stimulates Ca%* release, floods the
mitochondria and promotes more ROS production, triggering a pathogenic cascade.
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Fig 2. The lysosomal metal sink
The lysosomal metal transporters absorb Zn?*, Fe2* and Cu2* from the cytoplasm into

lysosomes, lowering their concentrations and the ROS production catalyzed by the metals.
TFEB stimulation by transition metal enhances their clearance into the lysosomes.
Furthermore, the enhanced lysosomes biogenesis counters the damage caused by oxidative
stress.
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