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Abstract

Ever increasing environmental presence of cadmium as a consequence of industrial activities is considered a health hazard
and is closely linked to deteriorating global health status. General animal and human cadmium exposure ranges from inges-
tion of foodstuffs sourced from heavily polluted hotspots and cigarette smoke to widespread contamination of air and water,
including cadmium-containing microplastics found in household water. Cadmium is promiscuous in its effects and exerts
numerous cellular perturbations based on direct interactions with macromolecules and its capacity to mimic or displace
essential physiological ions, such as iron and zinc. Cell organelles use lipid membranes to form complex tightly-regulated,
compartmentalized networks with specialized functions, which are fundamental to life. Interorganellar communication
is crucial for orchestrating correct cell behavior, such as adaptive stress responses, and can be mediated by the release of
signaling molecules, exchange of organelle contents, mechanical force generated through organelle shape changes or direct
membrane contact sites. In this review, cadmium effects on organellar structure and function will be critically discussed with
particular consideration to disruption of organelle physiology in vertebrates.
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PKC Protein kinase C
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V-ATPase Vacuolar H"-ATPase

VDAC Voltage-dependent anion channel
Introduction

Intensified industrial and agricultural activities have
expanded cadmium wastes, which when once released
into the environment cannot be further degraded, and
have become a major concern for public health. Cadmium
has been listed as one of the top 20 hazardous substances
(Faroon et al. 2012). The incidence of acute cadmium toxic-
ity in industrial working places has been greatly reduced in
the past five decades as regulations have been tightened. Yet
cadmium still poses a real and serious health problem for
humanity in the twenty-first century. Rather than acute expo-
sure to high cadmium concentrations, chronic, low cadmium
exposure (CLCE) is a significant health hazard for ~ 10% of
the world population with increased morbidity and mortal-
ity (Moulis and Thévenod 2010; Jarup and Akesson 2009).

Dietary sources and cigarette smoking are the predomi-
nant ways of CLCE for the general population (Pan et al.
2010; Satarug and Moore 2004). For non-smokers, food
grown in cadmium-containing rock phosphate fertilizers,
which are used in intensive arable agriculture to increase
harvest yields, is the only major route of CLCE (Pan et al.
2010). Bioaccumulation of cadmium in plants, including
tobacco, is the first step in entering the human food chain
either through direct consumption or indirectly through
metal transfer to animals consumed for meat. Diverse organs
are targets of CLCE, causing kidney damage, osteoporo-
sis, neurotoxicity, genotoxicity, teratogenicity, or endocrine
and reproductive defects (Jarup and Akesson 2009). Moreo-
ver, there is no doubt that smoking is pivotal to the risk of
chronic diseases, such as cardiovascular disorders or cancer,
and evidence is accruing that cadmium in tobacco smoke is a
major contributor in the development of smoking-associated
chronic diseases (Abu-Hayyeh et al. 2001; Grasseschi et al.
2003).
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Together, the kidneys and liver (Jarup and Akesson
2009) contain ~85% of the cadmium body burden, and
more than 60% is found in the kidneys in the age range
of 30-60 years (Jarup and Akesson 2009; Salmela et al.
1983). The accumulation of cadmium in kidneys and liver
occurs because intracellular cadmium upregulates detoxi-
fying molecules, such as metallothionein (MT) (Freis-
inger and Vasak 2013), which sequester the metal ion and
thereby counteract its toxic effects. Though this may seem
beneficial at first sight, these “detoxified” cadmium com-
plexes actually pose a double edged-sword, because they
are an endogenous source of large amounts of potentially
toxic cadmium.

No mammalian physiological process has a requirement
for cadmium. Hence, as a non-essential metal ion, cadmium
mimics essential metal ions, crossing membrane barriers
by competing for their modes of transport (Thévenod et al.
2019), or displacing them from intracellular macromolecules
(Moulis 2010). Combined with binding at the essential sites
of biomolecules (e.g. thiol (SH) groups), cadmium disrupts
cellular functions and may lead to death or disease (Moulis
2010; Thévenod and Lee 2013b). The molecular interac-
tions of cadmium with proteins involve metal substitution
reactions with many zinc-proteins, such as enzymes or tran-
scription factors (Maret and Moulis 2013; Petering 2017),
substitution for calcium in cellular signaling, interaction
with SH-dependent redox systems, and impacting levels of
second messengers, growth and transcription factors (Tem-
pleton and Liu 2010; Thévenod 2009; Thévenod and Lee
2013b). Cadmium does not undergo Fenton chemistry in
biological systems, yet it does initiate reactive oxygen spe-
cies (ROS) formation, indirectly through depletion of endog-
enous redox scavengers, inhibiting anti-oxidative enzymes
or the mitochondrial electron transport chain (ETC), and/
or displacing redox active metals, such as iron or copper
(Cuypers et al. 2010). Designated a class I carcinogen, cad-
mium interacts indirectly with DNA consequent to elevated
ROS, interferes with major DNA repair systems, and inacti-
vates tumor suppressor functions by targeting proteins with
zinc-binding structures. This may cause genomic instabil-
ity and promote tumor initiation and progression (Hartwig
2013a).

Approximately half the volume of a cell is attributed
to organelles, membrane-bound intracellular organs with
dedicated functions. Similarly to an integrated system in
organisms, communication between organelles is needed
to maintain homeostasis and to relay and execute adequate
cell responses. Mechanical force through change in orga-
nelle shape or direct membrane contact is prerequisite for
interorganellar communication. Cadmium disrupts organelle
structure and function, including mitochondrial dysfunction,
stress response in the endoplasmic reticulum (ER), altered
nuclear architecture and chromatin organization, lysosomal
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damage, autophagic flux, and interference with vesicle traf-
ficking, which are the topics of this review.

Cadmium and lipid membranes

A lipid membrane boundary is characteristic of cell orga-
nelles, creating distinct structures with a microenvironment
that is optimal and congruent for specialized organellar func-
tions. This is, for example, the case for protein degradation
and storage of lipids in lysosomes, protein synthesis and
calcium storage in the ER, ATP synthesis in mitochondria,
internalization of extracellular signals and signal transduc-
tion through the endo-/lysosomal pathway, as well as cargo
trafficking and degradation in autophago(lyso)somes (Voeltz
and Barr 2013). Interorganellar communication is essential
for cell function, behavior, and adaptation to intracellular
and extracellular cues therefore organelles do not exist, and
should not be considered, as single entities but rather as an
extended interactive network (Elbaz-Alon 2017). In empha-
sis: ER membranes exist in continuation with the nuclear
membrane (Anderson and Hetzer 2008), the ER has intimate
contact with mitochondria and the plasma membrane (PM),
trafficking vesicles fuse with multiple organelles as well as
maturing into different vesicles, and existing organelle mem-
branes are used to generate new membrane-bound structures,
e.g. phagophores during autophagy.

Lipid bilayers of cell membranes provide structural
separation, appropriate membrane curvature, optimal lipid
microenvironment to functionalize membrane proteins, such
as receptors or transporters, maintain intraorganellar home-
ostasis, and dictate fusogenicity. Lipid composition varies
between organelles albeit differing ratios of phospholipids,
cholesterol and sphingolipids are found across all organelles
(van Meer and de Kroon 2011). Consequent of an unsatu-
rated carbon bond in the fatty acid chains of lipid bilayer
phospholipids, a kink forms in the hydrophobic tails allow-
ing more spatial movement between the lipid molecules
and resulting in membrane fluidity in the liquid-crystalline
phase. Membrane fluidity can be altered by tighter pack-
ing of lipids or a change in lipid composition wherein more
saturated or smaller lipids are present; both result in mem-
brane stiffening or a liquid-gel phase. Similarly, increased
membrane fluidization can be consequent of loss of saturated
or smaller lipids or through further spatial separation of the
lipid molecules (Eeman and Deleu 2010). Sphingomyelin
and cholesterol are also key components of lipid or mem-
brane rafts, specialized liquid-ordered membrane nanodo-
mains wherein recognition and transporting proteins are
activated, and are present in the PM as well as in selected
organelles (Garofalo et al. 2015; Lu and Fairn 2018). Nota-
bly, both these lipid species are well documented to be ele-
vated in transformed cells (Lee and Kolesnick 2017).

Whereas cadmium uptake and cadmium transport mecha-
nisms into the intracellular space have been well character-
ized, less is known about the impact of cadmium on lipid
bilayers. Using liposomes to mimic the outer leaflet of the
erythrocyte PM, cadmium interacts preferentially with phos-
phatidylethanolamine, but not with cholesterol (Le et al.
2009), causing tighter lipid packing through dissipation of
opposing negative charges and thus increasing membrane
rigidity though without changes in lateral organization
(reviewed in Payliss et al. (2015)). Increased PM rigidity by
cadmium could be confirmed in PMs isolated from human
kidney proximal tubule cells (PTCs) exposed to 5 uM cad-
mium for 6 h (Sule, K., Prenner, E.J., Lee, W.K., unpub-
lished data). Sphingomyelin is the most abundant sphin-
golipid in the outer leaflet (Devaux and Morris 2004) and is
an important determinant of membrane fluidity and, together
with cholesterol and glycosphingolipids, the formation of
specialized membrane domains termed lipid rafts. Thus, in
conjunction with cadmium-induced altered metabolism of
sphingolipids (Lee et al. 2011, 2017), cholesterol (Toury
et al. 1985), and phospholipids (Modi and Katyare 2009a;
Sivaprakasam et al. 2016), it may be envisaged that cellular
responses, such as membrane transport or second messenger
signal transduction at the PM, as well as organellar functions
are affected by cadmium. Indeed, interrogation of membrane
fluidity using the lipid-incorporating dye laurdan, which
changes its fluorescence emission depending on the pack-
ing of the surrounding lipids, demonstrated fluidization of
lysosomal membranes in rat NRK-52E cells or human PTCs
by cadmium, culminating in leakage of lysosomal contents
(Lee et al. 2017). This effect seems to be mediated directly
by cadmium since in vitro experiments wherein cadmium
was added to isolated lysosomes also resulted in membrane
fluidization as when intact cells were treated with cadmium
and lysosomes were isolated (Sule, K., Prenner, E.J., Lee,
W.K., unpublished data). It remains to be seen how other
organelle membranes are affected by cadmium.

Cadmium and mitochondria

Mitochondria represent the central hub of bioenergetic
metabolism as the largest cellular generator of ATP to
fuel the cell’s energy-dependent reactions and processes.
Comprising of a relatively permeable outer mitochondrial
membrane (OMM), a highly selective inner mitochondrial
membrane (IMM), the intermembrane space (IMS) and the
matrix core, where substrates for ATP production, i.e. elec-
tron donors, are formed through the citric acid/Krebs cycle
in the matrix and passed onto the ETC located in the IMM
to drive ATP synthesis. Additional functions of mitochon-
dria include fatty acid degradation via -oxidation, biosyn-
thesis of various protein cofactors (e.g. heme, molybdenum
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cofactor, biotin, lipoic acid, iron—sulfur (Fe/S) clusters),
lipids and amino acids) and calcium storage/signaling.

In the ETC, four large protein complexes shuttle elec-
trons via redox reactions, releasing energy to generate a
matrix-directed electrochemical H* gradient necessary to
fuel F1-FO ATP synthase-mediated conversion of kinetic
rotary energy to force energy and finally to chemical
energy (Klusch et al. 2017), which is stored in phospho-
anhydride bonds in the ATP molecule through oxidative
phosphorylation (OXPHOS). Supplementing Mitchell’s
chemiosmotic hypothesis is a lateral chemical H gra-
dient from complex IV of the ETC (lower local pH) to

biogenesis
swelling (limited)
contraction
ROS

1
-~

| Krebs cycle
enzyme activity

matrix

Fig.1 Cadmium effects on mitochondria. Low cadmium induces
mitochondrial fusion, contraction, and biogenesis which are elicited
by mild oxidative stress and engages in adaptive responses. High
cadmium leads to mitochondrial damage, such as cristae loss, frag-
mentation, swelling and high ROS. Cadmium putatively permeates
the outer mitochondrial membrane (OMM) via VDAC or DMT1 and
the inner mitochondrial membrane (IMM) through the mitochondrial
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F1-FO ATP synthase (higher local pH) that results from
the proton sink generated by proton transport through the
F1-FO ATP synthase and is particularly apparent in active
mitochondria (Rieger et al. 2014). Energy is then liberated
in exergonic hydrolysis reactions by ATPases. Damaging
ROS, usually superoxide anion (O, ™) or hydrogen per-
oxide (H,0,), are generated as byproducts of single elec-
tron escape from ETC complexes, OXPHOS and matrix
biochemical reactions but are detoxified by antioxidants,
such as glutathione, or ROS-metabolizing enzymes, such
as superoxide dismutases and catalase. The effects of cad-
mium on the mitochondria are summarized in Fig. 1.

damaged cristae
fragmentation

swelling
ROS

1 contraction

calcium uniporter (MCU). From within the matrix, cadmium blocks
complexes III and IV, increasing superoxide anion which oxidizes
cytochrome ¢ (cytC to cytC,,) facilitating its release into the cyto-
sol and induction of apoptosis. Cadmium also activates aquaporin-8
(AQPS), which results in influx of water and swelling of the matrix,
K*-cycling for contraction and dissipates mitochondrial membrane
potential (Aym). See text for further details
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Mitochondrial membranes: ultrastructure and lipid
composition

The IMM and OMM function together to maintain intrami-
tochondrial spaces with defined ionic and proteinaceous
composition that are highly regulated by a multitude of
channels and transporters mainly expressed in the selective
IMM. The differing functions of the mitochondrial mem-
branes is exemplified by their lipid-to-protein content, which
is approximately two-fold greater in the OMM compared
to the IMM (Comte et al. 1976; Hallermayer and Neupert
1974).

The IMM can be separated into tubular invaginations
called cristae, compromising of the cristae membrane,
intracristal space, and the inner boundary membrane, which
juxtaposes the OMM and forms the peripheral space. Upon
discovery of a dual membrane system in mitochondria, the
Baffle model wherein cristae formed large openings between
the IMM and IMS entered textbooks and has prevailed.
However, recent EM tomography studies confirm the crista
junction model, which describes presence of small diameter
openings that physically restrict exchange between the IMS
and intracristal space (reviewed in Mannella et al. 2001;
Zick et al. 2009).

Mitochondrial cristae were once thought to exclusively
increase surface area for ETC proteins and transport proteins
and thereby increasing IMM permeability. However, accu-
mulating evidence indicates that they are integral to com-
munication between intramitochondrial compartments: they
foster interactions between the single complexes of the ETC
to increase efficiency of OXPHOS and ultimately, greater
capacity for ATP synthesis (Chaban et al. 2014; Letts and
Sazanov 2017), and they also preserve local H* concentra-
tions (Klotzsch et al. 2015; Song et al. 2013), possibly gov-
erning composition of the intracristal and peripheral spaces
(Klotzsch et al. 2015; Mannella et al. 2001). Compelling
data from the last ten years have pieced together a picture
of how certain types of cristae are formed (Harner et al.
2016; Schorr and van der Laan 2018), how cristae adapt
to metabolic status (Mannella et al. 2001) and how cristae
indicate mitochondrial functionality (Rampelt et al. 2017,
Stoldt et al. 2018). Correct curvature of the IMM to form
the cristae ultrastructure requires an interacting combina-
tion of proteins (F1-FO ATP synthase dimers) (Blum et al.
2019; Davies et al. 2012; Paumard et al. 2002), mitochon-
drial contact site complex (MICOS) (Harner et al. 2011;
Schorr and van der Laan 2018), lipids (cardiolipin) (Ikon
and Ryan 2017) and local microenvironment (acidic pH)
(Khalifat et al. 2008).

Changes in the cristae ultrastructure during stress condi-
tions leads to breakdown of interactive and communicative
means between ETC proteins as well as diminished mito-
chondrial function and plasticity. Numerous reports using

transmission electron microscopy (TEM) evidence delete-
rious effects of cadmium on mitochondrial cristae, such as
reduction in number and shortening, in various animal sys-
tems (Asar et al. 2004; Braeckman et al. 1999; Early et al.
1992; Ord et al. 1988; Yang et al. 2016) and has been cor-
related with reduced expression of cytochrome c oxidases
(COX), essential components of ETC complexes, indicating
compromised mitochondrial function (Takaki et al. 2004;
Toury et al. 1985). In view of recent discoveries, future stud-
ies are required to elucidate the molecular targeting of cad-
mium on protein complexes that govern cristae organization.

Compared to the PM, mitochondrial membranes contain
relatively low amounts of cholesterol allowing for selective
permeabilization by digitonin (Diaz and Stahl 1989; Niklas
et al. 2011). CdAc (2 mg/kg/day, i.p. 7-30 days) increases
cholesterol at the expense of selected phospholipids (phos-
phatidylethanolamine, phosphatidic acid) in mitochondrial
membranes derived from rat liver (Modi and Katyare 2009b)
and brain (Modi and Katyare 2009a) albeit with no change
in membrane fluidity. Intriguingly, sphingomyelin is also
increased (Modi and Katyare 2009a), which together with
cholesterol, could impact lipid raft formation and membrane
protein functionalization. Moreover, increased cholesterol
has been suggested to underlie the metabolic switch from
OXPHOS to anaerobic glycolysis in cancerous cells (Ribas
et al. 2016) and could be part of cell alterations initiated dur-
ing the process of cadmium carcinogenesis (Hartwig 2013a;
Thévenod and Lee 2013b).

Cardiolipin, a mitochondrial phospholipid, is localized
exclusively in the IMM whereupon the ETC shuttling and
pro-apoptotic protein cytochrome c (cytC) is tightly bound
by electrostatic interactions (Iverson and Orrenius 2004;
Ott et al. 2002). Oxidized cardiolipin serves two purposes:
release of cytC from the tightly bound pool into the IMS and
its translocation from the IMM to OMM , both facilitating
cytC leakage into the cytosol, a point of no return in the
intrinsic apoptotic pathway. To this end, oxidation of cytC
by COX promotes its inclusion into the cytosolic apopto-
some complex, which in turn activates pro-apoptotic caspase
proteases (Brown and Borutaite 2008). Cadmium weakly
interacts with cardiolipin, increasing membrane rigidity and
liposome aggregation (Kerek and Prenner 2016), and could
possibly promote cytC release in apoptotic signaling (Lee
et al. 2005a; Robertson and Orrenius 2000; Thévenod and
Lee 2013a) through interference with electrostatic interac-
tions and membrane biophysical properties.

Mitochondrial dynamics
As cellular energy demands fluctuate, mitochondria adapt
through redistribution within the cell, trafficking to sites of

high metabolic demand, and undergo fusion and fission/
fragmentation. Fusion events strive to mitigate cell stress
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responses and limit the impact of damaged mitochondria
by mixing them with healthy mitochondria. Thus, fusion
occurs during stress conditions as well as during high-energy
demands. Conversely, fission quality controls mitochondrial
health, helping to triage dysfunctional/damaged mitochon-
dria, leading to their repair or removal, and usually precedes
cell death execution (Youle and van der Bliek 2012). In addi-
tion to fusion and fission of existing mitochondria, chronic
stress and high metabolic demand can induce mitochondrial
biogenesis, which is partially regulated by the transcription
factors peroxisome proliferator-activated receptor (PPAR)
and PPAR coactivator 1 (PGC-1), members of the nuclear
co-regulator family (Dorn 2019; Scarpulla 2012), as well
as by mitochondrial porin, which regulates protein import
across both the OMM and IMM (Doan et al. 2019).

Mitochondrial fragmentation is induced by cadmium in
the brain (10 uM cadmium) (Xu et al. 2016), in cultured
liver cells (6—12 pM cadmium) (Pi et al. 2013; Xu et al.
2013) and pancreatic p-cells (2 uM cadmium) (Jacquet et al.
2018). However, when mitochondrial dynamics regulators
are defective, yeast cells become more resistant to cadmium
(20 uM; 48 h) (Luz et al. 2017), where mitochondrial fusion
gene fzo-1 mutants exhibited the least growth inhibition by
cadmium. In contrast to the aforementioned mitochondrial
fragmentation studies (Jacquet et al. 2018; Pi et al. 2013;
Xu et al. 2013, 2016), the findings from Luz et al. suggest
mitochondrial fusion could be a prerequisite for execution of
cadmium stress, possibly by inducing stress-induced mito-
chondrial hyperfusion (Tondera et al. 2009) that may result
in apoptotic cell death (Zhang et al. 2017).

In a more extensive study examining mitochondrial bio-
genesis, Nair et al. monitored the mitochondrial response
in the kidney, both in vitro and in vivo, using a range of
cadmium concentrations at subchronic exposures (Nair
et al. 2015). At 1-10 uM CdCl, for 24 h, Ppary and mito-
chondrial DNA (mtDNA) were augmented in cultured renal
PTCs whereas Ppara and Pgc-1 were not affected, and cor-
related with minor or low glutathione loss and low rates
of apoptosis (Nair et al. 2015). In contrast, 30 uM CdCl,
attenuated Ppara, Pgc-1p and mtDNA, despite sustained
Ppary increase, and was associated with increased oxidized
glutathione and proapoptotic markers. Similarly in subtoxic
subchronic CdCl,-treated Fischer rats (1 mg/kg/day, s.c.,
2 weeks), Ppara and mtDNA significantly increased whereas
glutathione was unchanged compared to saline-treated con-
trols (Nair et al. 2015), further confirming mitochondrial
biogenesis as part of an adaptive mechanism to chronic oxi-
dative stress by cadmium. Conversely, PGC-1a activity was
turned off (assessed by its acetylation status), and mtDNA
content and mitochondrial mass were reduced in hepato-
cellular carcinoma HepG2 cells exposed to < 10 uM CdCl,
for 12 h (Guo et al. 2014). Despite increased ROS in both
liver and kidney models, and even at low non-toxic CdCl,
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concentrations, no adaptive responses involving mitochon-
dria were documented in HepG2 cells. This discrepancy can
only be explained by the different cell models used, that
is, non-cancerous versus cancerous cells (i.e. renal PTCs
versus HepG2), which likely harbor divergent antioxidant
status and could result in cadmium-induced generation of
ROS subspecies to varying degrees and thus culminating in
different alterations in mitochondrial biogenesis.

Permeation of cadmium into mitochondria

The OMM has long been thought to be a leaky membrane
with little to no selectivity allowing unregulated passage
of molecules intended for the mitochondrial matrix. It is
widely assumed that OMM permeability is solely governed
by the predominant mitochondrial porin, also known as
voltage-dependent anion-selective channel (VDAC), which
constitutes approximately 50% of OMM proteins, VDAC
permits all sorts of molecules up to 5 kDa to pass (Colom-
bini 2016), despite the range of negatively and positively
charged ions as well as small molecules and metabolites
that must first cross the OMM and traverse the IMS to reach
the matrix. However, in addition to modulating protein
import during mitochondrial biogenesis (Doan et al. 2019),
it appears that VDAC can switch between different open
or half-open/closed conformations and alternate between
anion and cation conductive states. For calcium, no con-
ductance is measured in the open state (Pavlov et al. 2005;
Schein et al. 1976) whereas calcium conductance increased
in the closed state (with concomitant lower permeability to
metabolites) or in the half-open conformation (Pavlov et al.
2005; Tan and Colombini 2007). It is not quite clear how
VDAC switches between these states but appears to be regu-
lated by structural changes (Mertins et al. 2012; Zachariae
et al. 2012) or extramitochondrial cues, such as cytosolic
proteins (Queralt-Martin et al. 2020; Rostovtseva and Bezru-
kov 2008), mitochondrial lipids (Rostovtseva and Bezrukov
2008), and cytosolic pH (Teijido et al. 2014). Interestingly,
VDACS3 interaction with a-synuclein is regulated by cysteine
residues (Queralt-Martin et al. 2020), a target of cadmium.

This simplified view of OMM permeation has been chal-
lenged in recent reports identifying further OMM permea-
tion pathways for electrolytes, small organic molecules and
precursor proteins [reviewed in (Becker and Wagner 2018)],
such as the cation-selective mitochondrial import MIM com-
plex (Kruger et al. 2017; Vitali et al. 2018), cation-selec-
tive NADPH-regulated Ayrl channel (Kruger et al. 2017),
anion selective channels OMC7/OMCS (Kruger et al. 2017)
and proton-coupled symporter divalent metal transporter
1 (DMT1) (Wolff et al. 2014a, b,2018). The presence of
DMT1 in the OMM paves the way for mitochondrial uptake
of divalent cations via an alternative route to VDAC. Immu-
nofluorescence studies evidenced DMT]1 co-localization
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with VDAC thus supporting its OMM localization (Wolff
et al. 2014a, b) and functional studies in isolated mitochon-
dria demonstrated DMT1-mediated uptake of iron and man-
ganese, well-known permeating ions of DMT1 (Wolff et al.
2018).

At first, one would hypothesize that cadmium permeates
the OMM in a similar manner to calcium, that is, via VDAC
in its half-open/closed state (Colombini 2016). However,
taking recent findings into consideration, we posit that cad-
mium passes the OMM through DMT1, of which it is a
known substrate (Thévenod et al. 2019).

Undoubtedly, the IMM is highly selective and equipped
with an array of transport proteins that tightly regulate
access into the mitochondrial matrix and in the reverse direc-
tion into the IMS (Palmieri and Monne 2016). Ion movement
requires uniporters, symport and antiport transporters, such
as the mitochondrial calcium uniporter (MCU) (Kamer and
Mootha 2015; Mammucari et al. 2017), K* channels (e.g.
calcium-dependent mitoK,, ATP-dependent mitoK rp,
large conductance calcium-dependent BK, (Augustynek
et al. 2017; Szabo et al. 2012), the iron transporters mito-
ferrin 1/2 (Paradkar et al. 2009) and the K*/H* exchanger
(Zotova et al. 2010). Small nucleotides are transmitted by
the adenine nucleotide translocator (ADP/ATP translocase,
ANT) and nascent proteins are moved by TOMs and TIMs,
across the OMM and IMM, respectively (Pfanner et al.
2019). Due to their similar hydrated ionic radii, calcium and
cadmium can imitate each other at recognition sites (Marcus
1988). Cadmium permeates certain types of calcium chan-
nels, but also blocks other Ca** channels (see Choong et al.
2014; Thévenod et al. 2019). Thus, a plausible hypothesis
for cadmium permeation of the IMM is via the MCU, the
major IMM Ca?* channel. Using isolated mitochondria from
kidney or liver, pharmacological MCU inhibitors ruthenium
red, Ru360 or La** abolished cadmium effects on mito-
chondrial function, including swelling, loss of membrane
potential and proapoptotic cytC release (Dorta et al. 2003;
Lee et al. 20054, b; Li et al. 2003) demonstrating cadmium
transport by the MCU into the matrix. These observations
were confirmed in cell line studies using ruthenium red to
prevent mitochondrial cadmium entry and subsequent apop-
tosis (Lemarié et al. 2004; Shih et al. 2005).

Electron transport chain and citric acid cycle

The ETC comprises five multimeric complexes (CI-CV)
localized in the IMM wherein electrons are shuttled from
the multivalent metal core of one complex to the next, aided
by ubiquinone and cytC on either side of CIII, and generat-
ing energy for shunting of protons from the matrix to the
IMS via CI, CIII and CIV (Letts and Sazanov 2017). Con-
sequently, a proton-motive force and a mitochondrial mem-
brane potential (AY,,) are created across the IMM. Complex

V, the F1-FO ATP synthase, uses the energy stored in the H*
gradient to drive its rotor to form ATP.

As consequence of electron shuttling, mitochondria are
the major site of ROS production, in particular CI and CIII
produce highly reactive superoxide anions (O,*7). Other
ROS species generated include hydroxyl radicals (OH®)
and hydrogen peroxide (H,0,) (Munro and Treberg 2017).
Cadmium is well-evidenced to increase ROS levels either by
affecting mitochondrial function, ROS-producing/metabo-
lizing enzymes, or negatively targeting antioxidants, such
as glutathione. Early studies in chronically treated rats
exposed to cadmium (50 ppm, up to 9 months) via drink-
ing water reported a fall in succinate dehydrogenase (CII)
and cytochrome c oxidase (CIV) activities after 3 months
(Toury et al. 1985). Whereas CIV activity was partially
restored after 6 months cadmium exposure, CII activity
progressively decreased. This differentiated response could
be explained by additional in vitro experiments using iso-
lated liver mitochondria and IMM vesicles wherein cad-
mium directly blocked CII activity, but not CIV, possibly
as a result of cadmium interaction with SH groups on CII
(Toury et al. 1985). By inhibiting CII and CIV activity, elec-
trons cannot be transferred from CI and CIII, resulting in
increased superoxide anion generation, and therefore con-
tributing to oxidative stress induced by cadmium. In con-
trast, in an elegant study in isolated liver mitochondria from
guinea pig, 20 uM cadmium inhibited ETC complex activi-
ties (CIII > CII >> CI> CIV) where CIII was maximally
inhibited by ~75% at 20 pM CdCl, that could be reversed
by EDTA (Wang et al. 2004). The small inhibitory effect on
CIV in the study by Wang et al. versus Toury et al. could
be explained by an indirect mechanism of cadmium on CIV
activity, which cannot be seen in in vitro experiments with
isolated mitochondria. The inhibition of CIII corroborates a
previous study wherein electron transfer from ubisemiqui-
none to cytochrome by, a component of CIII, is blocked by
30 uM CdCl, (Miccadei and Floridi 1993). CIII catalyzes
the transfer of electrons from ubiquinol to cytC and was
deemed the target of cadmium, which acts through com-
petitive binding at the zinc binding site, preventing electron
transfer and resulting in increased superoxide (Wang et al.
2004). It remains to be seen whether cadmium inhibition
of CIII also affects the formation of respiratory supercom-
plexes, which have been implicated in regulating ROS levels
in mitochondria (Lopez-Fabuel et al. 2016). Since the oxida-
tive status of cytC appears to be prerequisite for its transfer
from a tightly-bound to a loosely-bound pool (Petrosillo
et al. 2003), which is then ready for liberation in apopto-
sis signaling, ROS production by cadmium in the immedi-
ate vicinity of cytC makes for a favorable mechanism by
enhancing cytC apoptogenicity (see Fig. 1).

Substrates for the ETC and thus ATP generation, so-
called reducing equivalents, are supplied in part by the citric
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acid/Krebs cycle. A recent report analyzed lung tissue from
cadmium-exposed rats (up to 2 mg/L cadmium in drinking
water, 16 weeks) using high resolution metabolomics and
redox proteomics as well as performing metabolic pathway
analyses. Cadmium was found to induce oxidation of mul-
tiple citric acid cycle proteins, leading to impaired enzyme
activities and accumulation of citric acid cycles intermedi-
ates (Hu et al. 2019). The loss of ATP generation through
the citric acid cycle and ETC could be an important step in
the transformation progression of normal cells, ultimately
making the switch to glycolysis, also known as the War-
burg effect, which is a hallmark of cancer cells (Potter et al.
2016).

Mitochondrial membrane potential (AY )

Consequent to the proton shifting by the ETC, a AY,, is
generated across the IMM where the matrix is more nega-
tively charged compared to the IMS (Reid et al. 1966). Mito-
chondrial damage and dysfunction can be indicated through
dissipation of AW, , which has been well-documented for
cadmium in isolated kidney mitochondria (Belyaeva et al.
2004; Lee et al. 2005b) as well as in a variety of cell types
(reviewed in Thévenod and Lee 2013a; Thévenod and Lee
2013b), and could be linked to ETC block [see above and
(Miccadei and Floridi 1993; Wang et al. 2004)].

Mitochondrial permeability transition (mPT)
and permeability transition pore (PTP)

As aforementioned, under physiological conditions, the
IMM is selectively permeable. Apoptotic stimuli, such as
calcium or ROS, can induce the IMM to undergo perme-
ability transition (mPT) such that it is no longer selective,
and solutes and water can freely pass the IMM into the
matrix, leading to an increase in matrix volume consequent
of osmotic pressure increase, and subsequent swelling of
mitochondria. With sufficient expansion of the matrix, the
IMM, with its larger surface area, disrupts the OMM cul-
minating in the release of proapoptotic factors, such as cytC
or apoptosis inducing factor (AIF), from the IMS and gen-
eral mitochondrial dysfunction. This mPT is thought to be
due to the formation of the so-called permeability transition
pore (PTP) at contact sites between the IMM and OMM and
inducing a sudden increase in the permeability of the IMM
to solutes up to 1500 Da. However, the molecular identity
of the PTP still remains a mystery. Once thought to be com-
prised of OMM VDAC, IMM ANT and matrix cyclophilin
D, apoptosis execution was observed despite genetic dele-
tion of VDAC (Baines et al. 2007) or ANT (Karch et al.
2019; Kokoszka et al. 2004). This brought into question
the molecular composition of PTP and also the interpreta-
tion of studies using the commonly used pharmacological
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PTP inhibitor cyclosporin A (CsA) to target cyclophilin D
(Crompton et al. 1998) and bongkrekic acid (BKA) or atrac-
tyloside to target the ANT, leading to inhibition or activation
of the PTP, respectively (Novgorodov et al. 1991).

Based on its molecular interactions with cyclophilin D,
ANT and mitochondrial phosphate carrier SLC25A3, the
F1-FO ATP synthase has been proposed to form IMM pores
with similar conductance properties as the PTP (Bonora
et al. 2013; Giorgio et al. 2013). Whilst the group of Ber-
nardi used a targeted screening approach to identify cyclo-
philin D-interacting subunits of the F1-FO ATP synthase
followed by pharmacological inhibition of reconstituted
F1-FO ATP synthase dimers in electrophysiological stud-
ies (Giorgio et al. 2013), the group of Pinton focused on
the c-ring of the F1-FO ATP synthase based on its conduc-
tive properties (McGeoch and Guidotti 1997) and its puta-
tive role as a PTP regulator (Azarashvili et al. 2002) using
genetic manipulation and mitochondrial function studies
(Bonora et al. 2013). Subsequent reports by both groups
(Bonora et al. 2017; Urbani et al. 2019) and others (Mnatsa-
kanyan et al. 2019) have sought to confirm and validate their
observations, yet their findings have already been disputed
by others (He et al. 2017a, b; Zhou et al. 2017) (reviewed
in Baines and Gutierrez-Aguilar 2018; Biasutto et al. 2016;
Bonora and Pinton 2019), leaving the molecular identity of
the PTP yet unresolved in an enduring saga.

Does cadmium induce PTP opening as part of its cell
death signaling? Numerous light scattering studies have
reported PTP participation in cadmium cell death signaling
using isolated mitochondria from rodent liver or kidney and
monitoring mitochondrial volume/swelling by light scat-
tering measurements, in combination with pharmacologi-
cal modulators (CsA, BKA, atractyloside) of the originally
postulated PTP components (Belyaeva et al. 2002; Dorta
et al. 2003; Lee et al. 2005a; Li et al. 2003). In contrast,
lack of specific inhibitors of VDAC makes it difficult to tar-
get; the use of DIDS is not suitable as it affects multiple
ion channels and transporters resulting in off-target effects.
Multiple groups have reported the participation of the PTP
in cadmium cell death signaling. In particular, the group of
Belyaeva have extensively examined the role of the PTP in
mitochondrial swelling and dysfunction. In one study, dif-
ferent buffer compositions were used to investigate the effect
of PTP modulators CsA, ADP, atractyloside and Mg2+ on
cadmium-induced swelling of energized and non-energized
rat liver mitochondria (Belyaeva et al. 2002). A combination
of CsA, ADP and Mg2+ could abolish cadmium-induced
swelling, however CsA alone was ineffective in energized
mitochondria, in line with our own observations (Lee et al.
2005a, b). The ANT had been proposed to be the target of
cadmium for PTP opening by modification of thiols that
would be accessible to cadmium from within the matrix
(Zazueta et al. 2000). However, decisive experiments of that
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study were performed on liposomes reconstituted with ANT
and examined sucrose release as a function of cadmium con-
centration rather than PTP opening. In addition to the high
EC5,~50 uM cadmium needed to increase sucrose release,
indicative of ANT transport function, it cannot be presumed
that increased translocase activity equals induction of PTP
opening since it is not known how functions of individual
PTP components are affected when they form the PTP.

Considering the current literature, wherein VDAC and
ANT as PTP components has been challenged in knock-
out mouse studies (Baines et al. 2007; Karch et al. 2019;
Kokoszka et al. 2004), it seems even more important to
draw conclusions only from studies employing modulation
of cyclophilin D, which has escaped molecular scrutiny
(Gutierrez-Aguilar and Baines 2015). Ablation of calcium-
induced mitochondrial swelling and cytC release in cyclo-
philin D-null mice leaves no doubt to its contribution to the
molecular composition of the PTP (Baines et al. 2005). In
light of the recent putative role of F1-FO ATP synthase as a
molecular component of the PTP, it is intriguing that the FO
portion is subject to cysteine modifications and cadmium
directly inhibits passive H" transport by FO reconstituted in
liposomes (Steed et al. 2014). Taken together, the ineffec-
tiveness of CsA on cadmium-induced mitochondrial swell-
ing (Belyaeva et al. 2002; Lee et al. 2005a; Li et al. 2003)
indicates that the PTP is not a ubiquitous mitochondrial
swelling mechanism elicited by cadmium. Indeed, opening
of the water channel aquaporin-8 (AQP8) by cadmium has
been evidenced to be the entryway of water influx into the
matrix to cause swelling (Calamita et al. 2005; Lee et al.
2005a; Lee and Thévenod 2006).

Shortly after these observations were made, the group
of Alan Verkman performed a set of studies investigat-
ing osmotic permeability from mitochondria isolated
from AQP~'~ mice to ascertain the contribution of AQPs
in mitochondrial shrinkage under physiological condi-
tions (Yang et al. 2006). Using mitochondria isolated from
AQP17~ mice for kidney, AQP4~'~ mice for brain and
AQP8~'~ mice for liver and heart and suspended in hyper-
tonic mannitol solution to create an osmotic gradient, no
significant differences in osmotic permeability were detected
between wildtype and knockout mitochondria after 1 s at
10 °C. The authors concluded that rapid osmotic equilibra-
tion in mitochondria was a result of their small size and
thus high surface-to-volume ratio rather than activation
of AQPs in the IMM. Omitted from these studies was the
impact of AQPS in kidney mitochondria [which is involved
in cadmium-induced mitochondrial swelling (Lee et al.
2005a)] as well as the role of AQPs in rapid expansion of
the mitochondrial matrix, such as during active OXPHOS,
or under pathophysiological conditions, such as metal tox-
icity. Despite the findings by Verkman’s group, subsequent
studies indicate that mitochondrial AQPs are relevant for

healthy functional mitochondria (Ikaga et al. 2015; Mar-
chissio et al. 2012) and can transport H,0O, (Almasalmeh
et al. 2014; Marchissio et al. 2012), ammonia (Soria et al.
2010) or glycerol (Amiry-Moghaddam et al. 2005) in an iso-
form-dependent manner. Moreover, additional metals have
been shown to affect AQP function: Pb>* increased water
permeability of AQP4 in astrocytes (Gunnarson et al. 2005),
albeit in a calcium calmodulin dependent manner, and Hg>*
increased plant AQP functionality (Frick et al. 2013) thus
strengthening a role for toxic metal-induced AQP func-
tionalization in mitochondria. To this end, mitochondrial
AQP8 expression is negatively impacted by mitochondrial
oxidative stress (Liu et al. 2018a) and cholesterol depletion
(Danielli et al. 2017). In addition, overexpression of mito-
chondrial AQP8 increases de novo cholesterol synthesis by
increasing expression of the sterol regulatory element-bind-
ing protein 2 (SREBP-2) transcription factor and the rate-
limiting enzyme HMGCR (Danielli et al. 2019), suggesting
cholesterol is required for AQP8 function.

How might these more recent data influence interpreta-
tion of earlier findings with cadmium? In isolated mitoplasts,
cadmium-induced swelling was relatively slow reaching a
maximum after approximately 1 min suggesting that other
indirect mechanisms in addition to direct activation of AQP8
could be involved (Lee et al. 2005a; Lee and Thévenod
2006). A direct mechanism could involve binding of cad-
mium at calcium binding sites found on AQP (Fotiadis et al.
2002). Indeed, cadmium binds to putative calcium binding
sites in both the N- and C-terminus to stabilize the structure,
which is central for AQP gating by phosphorylation (Frick
et al. 2013). Alternatively, cadmium could indirectly activate
AQP8 by modulating the biophysical properties of the IMM
lipid bilayer. AQP functionality is increased in membranes
with high fluidity (Tong et al. 2012). Since cadmium fluid-
izes organellar lysosomal membranes (Lee et al. 2017), it
would be attractive to hypothesize an increase in mitochon-
drial membrane fluidity by cadmium would enhance AQPS8
activation.

Mitochondrial volume dynamics

In response to energetic demands of the cell, mitochondria
do not only undergo fusion and fission but can also swell
and contract through monovalent cation cycling to regulate
chemical reactions (Lizana et al. 2008; Nowikovsky et al.
2009). Swollen mitochondria exhibit decreased p-oxidation,
Krebs cycle activity and respiration and can be made to con-
tract by ATP, ADP, Mg" or potassium cyanide, depending
on the swelling stimulus (Garlid and Paucek 2003). Further-
more, it has been proposed that mitochondrial shape and vol-
ume changes through swelling serve as mechanical signals to
communicate with other cell organelles (Kaasik et al. 2010).
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In light scattering experiments, isolated rat kidney cortex
mitochondria, suspended in KCI buffer and energized with
rotenone/succinate, undergo swelling followed by contrac-
tion completed within 2 min after 5-20 uM CdCl, addition
(Lee et al. 2005b)(see Fig. 1). Non-energized mitochondria
swell upon cadmium addition but do not contract. Using
pharmacological inhibitors, cadmium entry occurred via the
MCU and elicited K* influx (via a K* uniporter) to induce
matrix swelling, dissipation of AY,, and triggering activity
of a quinine-sensitive K*/H*-exchanger that culminates in
mitochondrial contraction (Lee et al. 2005b). Intriguingly,
the contraction phase appears to be activated very soon
after cadmium addition because swelling does not reach the
same magnitude as that observed in non-energized mito-
chondria, which indicates rapid induction of K*-cycling that
is dependent on the chemical diffusion gradient (Lee et al.
2005b). Transient limited mitochondrial swelling by low
cadmium may represent a mechanical signal to neighboring
organelles as part of an adaptive stress response and could
precede mitochondrial fusion/fission, damaged mitochondria
removal by mitophagy, temporary switches in energy metab-
olism, and altered expression of mitochondrial proteins.

Cadmium and ER

The ER is an expansive and very dynamic network,
maintaining contacts with all other organelles and may
be regarded as the governor, sensing signals and giving
instruction in cellular responses (Saito and Imaizumi 2018).
Through mitochondria-associated membranes (MAMs), the
ER directs calcium flux to and from mitochondria in addi-
tion to dictating and aiding mitochondrial fission (Carreras-
Sureda et al. 2018; Friedman et al. 2011). Furthermore, ER
membranes supply autophagophore formation (Sanchez-
Wandelmer et al. 2015). ER-PM contacts mediate store-
operated calcium entry through STIM1/Orai (Putney 2018)
and maintain lipid homeostasis at the PM, for instance, dur-
ing second messenger signaling (reviewed in Balla 2018).
Primary ER functions are mRNA translation into (poly)
peptides, protein folding, some protein modifications, such
as N-linked precursor glycosylation, and lipid synthesis
that demand an oxidizing and calcium-rich environment in
the ER lumen (Bulleid and van Lith 2014; Lam and Gal-
ione 2013; Schwarz and Blower 2016). Protein folding is
prone to errors therefore several quality control and dam-
age-limiting mechanisms protect from potential stress elic-
ited by large amounts of misfolded proteins (Hetz 2012).
ER-resident chaperones (GRP78/BiP, GRP94) occupy
ER stress sensor proteins, maintaining them in an inac-
tive state, and bind polypeptides to aid protein folding as
well as offering opportunities for refolding, if mistakes are
made. Should these refolding endeavors prove unsuccessful,
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unfolded proteins are directed to the ER-associated degrada-
tion (ERAD) machinery that results in proteasome-driven
destruction in the cytosol. Increased unfolded protein load
shifts ER chaperone distribution, such that ER stress sensor
proteins become unoccupied, and initiate the unfolded pro-
tein response (UPR), which initially delays cell damage by
reducing mRNA translation but subsequently engages cell
death promoting pathways, culminating in upregulation of
proapoptotic GADD153/CHOP and caspase-12 activation
(Hetz and Papa 2018; Woehlbier and Hetz 2011).

Intralumenal homeostasis

Folding a polypeptide into its tertiary conformation requires
formation of disulfide bridges. The intralumenal oxidizing
environment of the ER is optimal for this process; but too
oxidizing or too reducing results in aberrant disulfide bridge
formation and thus, malformed protein structure (Malhotra
and Kaufman 2007). It is not yet clear as to exactly how the
ER maintains correct redox balance though cytosolic glu-
tathione could be involved (Margittai et al. 2015). Cadmium
complexation with cytosolic glutathione (Jacquart et al.
2017) or glutathione oxidation via cadmium-induced ROS
generation (Nair et al. 2015) will most likely have an impact
on ER lumen redox status, increasing misfolded proteins and
initiating the UPR though this has yet to be investigated.

High ER lumenal calcium is maintained by a pump-leak
system whereby the thapsigargin-sensitive sarco-/endoplas-
mic reticulum calcium ATPase (SERCA) actively transports
calcium back into the ER lumen following passive leakage
into the cytosol (Camello et al. 2002). Using aqueorin-based
probes, cadmium (15 pM, 12 h) diminishes SERCA activ-
ity without effect on leakage that resulted in ER calcium
depletion and evoked the ER stress response in parallel with
the mitochondrial apoptosis pathway suggesting communi-
cation between these pathways through calcium (Biagioli
et al. 2008).

ER stress

ER stress is initiated by decreased intralumenal calcium and
oxidative stress that contribute to accumulation of unfolded
proteins, activating UPR and ERAD (Malhotra and Kauf-
man 2007). When unfolded proteins sequester lumenal chap-
erones, ER stress sensor proteins PERK, IRE1 and ATF6
become activated. The PERK-eIF2a-ATF4 pathway blocks
further mRNA translation to prevent ER overloading so
the cell has time and capacity to attempt correction of mis-
folded proteins. Failure to do so results in shunting to ERAD
machinery where proteins are irreversibly degraded. In acute
and prolonged ER stress, ATF6 is truncated in the Golgi,
and IRE1 activation leads to splicing of XBP1 mRNA, both
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culminating in upregulation of proapoptotic genes (Woe-
hlbier and Hetz 2011).

Amongst transition metals, cadmium is particularly effec-
tive in inducing ER stress (Lee et al. 2012, 2017; Liu et al.
2006), which has been well documented in various mod-
els [reviewed in (Thévenod and Lee 2013a, b)], wherein
ER chaperones (GRP78/BiP, GRP94), all UPR arms, and
GADDI153/CHOP are upregulated. In mammalian cells, it
appears that ROS/reactive nitrogen species (RNS), specifi-
cally superoxide anion (O,°”) or peroxynitrite (ONOO™)
(Yokouchi et al. 2008), or an increase in cytosolic calcium
(Biagioli et al. 2008), precede ER stress and UPR. How-
ever, caution should be taken when potential cadmium che-
lators, such as BAPTA, N-acetylcysteine and Fura-2, are
used to investigate calcium and ROS signaling and could
potentially lead to false positive signals (Thévenod 2009).
In contrast, ER accumulation of cadmium in yeast elicits
UPR but not through inhibition of protein disulfide bond
formation (Gardarin et al. 2010). Analogous to the biphasic
response in autophagy (see paragraph below), mild ER stress
by cadmium triggers the PERK-elF2a-ATF4 pathway, which
precedes signs of damage (Liu et al. 2006), acting in a pro-
tective manner that can act in concert with autophagy (Lee
et al. 2017), whereas major ER stress recruits the pro-death
UPR arms culminating in the upregulation of proapoptotic
GADDI153/CHOP (Lee et al. 2012, 2017).

ER restructuring

Swollen rough ER has been reported for chromium (Cr®*;
K,Cr,0,) (Venter et al. 2017) suggesting that toxic metals
can affect ER structure but no evidence for ultrastructural
ER changes for cadmium have been observed in electron
microscopy studies of liver and kidney rat tissue (Asar et al.
2004; Venter et al. 2017). In contrast, swollen, disorganized
and damaged rough ER by cadmium was observed in insect
cells (66 uM CdCl,, 24 h) (Braeckman et al. 1999), neuro-
blastoma cells (20-40 uM CdCl,, 24 h) (Ge et al. 2019)
and rat liver (0.84 mg/kg, i.p. CdAc, 48-96 h) (Early et al.
1992). The effect of cadmium on physical ER contacts has
hitherto not been investigated.

Cadmium and the nucleus

Genetic material in the nucleus is partitioned from the
cytosol by the nuclear membrane, consisting of outer and
inner membranes. An underlying nuclear lamina surrounds
the nuclear matrix, which comprises cytoskeletal proteins
and nuclear sap, acting as a support framework for intra-
nuclear macromolecules. Nuclear pores span both nuclear
membranes and permit communication and translocation of
gene regulatory molecules between the cytosol and nucleus

in a regulated manner (Hampoelz et al. 2019; Ungricht and
Kutay 2017).

The central subcellular localization of the nucleus poses a
spatial hurdle for cadmium as it must cross the PM followed
by the cytosolic minefield to encounter the nucleus. Atomic
absorption spectroscopy evidenced cadmium uptake into iso-
lated nuclei, plateauing at ~ 1 nM extranuclear free cadmium
(Hechtenberg and Beyersmann 1994). Further, radioactive
cadmium ('®?Cd or ''>Cd) data evidence nuclear cadmium,
driven by a concentration gradient, within and peaking at 1 h
of exposure (Bryan and Hidalgo 1976; Fighetti et al. 1988),
was weakly bound, and subsided over time. Upregulation of
cytosolic cadmium-binding sites shifts equilibrium towards
the cytosolic compartment wherein cadmium is complexed
(Bryan and Hidalgo 1976). Intriguingly, similar findings
were made using 109Cd-metallothionein (MT) in a rat model
(Squibb et al. 1979) despite a different route of entry into
the cell: membrane transporters for inorganic cadmium
versus receptor-mediated endocytosis for CAMT. Primary
cadmium exposures probably trigger genetic and epigenetic
changes from within the nucleus as its journey encounters
less cytosolic hurdles whereas secondary and repeated cad-
mium exposures will have less impact because augmented
intracellular cadmium-binding sites, such as those on MT,
sequester cadmium before it can reach the nucleus (Goer-
ing and Klaassen 1983) this strongly implies that cadmium-
induced effects from within the nucleus are short-lived and
dependent on the level of cadmium-sequestering proteins in
the extranuclear compartment. The multifaceted effects of
cadmium on gene transcription, DNA repair and epigenetics
can be attributed to the presence of zinc finger domains in
DNA binding proteins and enzymes. Zinc finger domains
are structural motifs and classically involve co-ordination
of two cysteine and two histidine residues through zinc ions
(so-called C2H2 type) to maintain protein tertiary structure,
though zinc finger motifs also exist in different coordina-
tions (Cassandri et al. 2017; Witkiewicz-Kucharczyk and
Bal 2006). In a fundamental mechanism, a conformational
change ensues through displacement of zinc by cadmium at
the zinc finger motifs, and ends in altered protein function or
activity (Witkiewicz-Kucharczyk and Bal 2006).

Nuclear architecture

Ultrastructural TEM studies of cadmium-exposed animal
tissues and cell lines generally indicate dilated nuclei,
dilated or ringed nucleoli, nuclear indentation and aberrant
chromatin condensation (Matsuura et al. 1991; Ord et al.
1988; Peereboom-Stegeman and Morselt 1981), accumu-
lation of RNA-storage perichromatin granules (PG) at the
nucleolar edge (Banfalvi et al. 2005; Ord et al. 1988), and
micronuclei formation (Cervera et al. 1983; Ord et al. 1988;
Puvion and Lange 1980), wherein damaged chromosomes
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reside and are indicative of chromosome instability. Isolated
nuclei exposed to high levels of cadmium (2 mM) exhibited
redistribution of lamin A, but not lamin B, from the nuclear
periphery to across the nuclear matrix (Neri et al. 1999b)
and could represent adaptive stiffening of the nuclear lamina
in response to extranuclear mechanical signals (Ungricht and
Kutay 2017), such as mitochondrial swelling. Incidentally,
large holes in the nuclear membrane after cadmium (Ban-
falvi et al. 2005) could be a result of either nuclear lamin
cleavage (Hashimoto et al. 2017) or tighter lipid packing
and increased membrane rigidity (Payliss et al. 2015), caus-
ing the nuclear membrane to become fragile and brittle and
therefore prone to breakages.

Chromatin organization and epigenetics

Chromatin comprises repeating units called nucleosomes
and describes DNA wound around and condensed by his-
tone proteins, influencing the accessibility of a gene (Adri-
aens et al. 2018; Cremer et al. 2004; Wolffe and Guschin
2000). Histone proteins are susceptible to posttranslational
modifications, for example, acetylation or methylation,
and can affect gene transcription through changes in DNA
winding/unwinding and masking or exposing sites for tran-
scription (Kouzarides 2007). PGs were first identified as
storage sites for newly synthesized heterogenous nuclear
RNA, including pre-mRNA (Chiodi et al. 2000) as well as
sites of ribonucleoprotein complex (consisting of RNA and
RNA-binding protein) recruitment, but are now considered
nuclear stress bodies (NSBs), which appear following stress
stimuli in human cells, and are associated with activation
of heat shock factor 1 (HSF1) and indicative of increased
transcriptional activity (Biamonti and Vourc’h 2010). Low
cadmium (1 pM CdCl,) treatment caused changes in chro-
matin structure (Banfalvi et al. 2005) and appearance of
PGs/NSBs (Banfalvi et al. 2005; Cervera et al. 1983; Puvion
and Lange 1980), which were mostly associated with chro-
matin by fibers (Banfalvi et al. 2005; Cervera et al. 1983;
Puvion and Lange 1980). The appearance of PGs/NSBs after
cadmium exposure could be interpreted in two ways: (1)
increased transcriptional activity mediated by HSF1 activa-
tion or (2) RNA processing is hindered, such that nuclear
RNA accumulates in PGs/NSBs. It has been evidenced that
cadmium sulfate (5 uM, 6 h) increases expression of satellite
III (SatIIl), which is associated with sites of transcription
in NSBs in a general stress response (Valgardsdottir et al.
2008). How could cadmium affect gene transcription when
mRNA processing is hindered? A possible explanation is
biphasic responses concerning RNA: low/acute cadmium
augment whereas high/chronic cadmium attenuates RNA
synthesis and mRNA activity, probably due to interactions
with zinc-dependent enzymes, such as RNA polymerase.
Further, topoisomerase I, which alters the topological state
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of nucleic acids, is redistributed in the nuclei of cadmium-
exposed K562 cells (Neri et al. 1999a) as well as directly
inhibited, putatively through interaction with thiol groups
(Wu et al. 2011) and could affect gene transcription.

Epigenetics describe inheritable changes in gene expres-
sion without modifications to the DNA sequence and is
strongly influenced by environmental factors (Mathers
et al. 2010). Histone modification and DNA methylation
have been implicated in protection against cadmium tox-
icity as well as in malignant transformation [summarized
in (Thévenod and Lee 2013b)] whereas cadmium effects
on noncoding RNAs, namely microRNAs, are currently
emerging [reviewed in (Humphries et al. 2016) and (Fay
et al. 2018; Yuan et al. 2020)]. Recently, histone methyla-
tion by cadmium has been linked to cell proliferation and
transformation (Gadhia et al. 2015; Xiao et al. 2015). In
mouse embryonic stem cells, monomethylation of histone
H3 at K27 (H3K27mel) was decreased by 1C,5 CdCl, and
was associated with prolonged mitosis, decreased popula-
tion doublings, and compensatory increased total histone
protein production. Importantly, daughter cells inherited
these alterations and even when the impact of cadmium on
cell cycle progression was reversed, reduced H3K27mel
and population doublings were still detected (Gadhia et al.
2015). In cultured lung cells, carcinogenesis-associated his-
tone methylation marks H3K4me3 and H3K9me?2 were ele-
vated by CdCl, (£2.5 uM, 6-48 h), which inhibited histone
demethylases (Xiao et al. 2015). In transformation studies
with 2 pM CdCl,, H3K4me3 and H3K9me2 were elevated
at 4 weeks but no longer at 20 weeks suggesting transient
changes in histone methylation is sufficient to bring about
persistent genetic changes associated with transformation
(Xiao et al. 2015). Thus, cadmium-epigenetic changes are
associated with a cell protective response that may translate
into cell transformation and contribute to cadmium-induced
carcinogenesis.

DNA damage, repair and genomic instability

Lesions to the DNA can stem from both endogenous and
exogenous sources, such as metabolism, ROS, replication
errors, ionizing radiation, environmental carcinogens or UV,
leading to alterations in DNA bases or the DNA strand (Ban-
tele and Pfander 2019; Chatterjee and Walker 2017; Weeden
and Asselin-Labat 2018). A high frequency of DNA lesions
through imbalance in lesion occurrence and DNA repair sys-
tems can result in genomic instability, which is central to
cell transformation and thus carcinogenesis (Boulianne and
Feldhahn 2018; Tubbs and Nussenzweig 2017). Depend-
ing on the type of DNA damage elicited, a defined repair
program is initiated (Friedberg 2003; Iyama and Wilson
2013; Polo and Jackson 2011; Sirbu and Cortez 2013). Exci-
sion pathways repair damage or breaks to a single strand of
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DNA. The remaining intact strand of DNA serves a tem-
plate for nucleotide replacement. Nucleotide excision repair
(NER) is activated by pyrimidine dimers and DNA adducts
or crosslinks that are commonly elicited by UV and car-
cinogens and involves removal of short sequence of single
stranded DNA, which contains the lesion, and restoration
of the missing sequence by action of the DNA polymerase
and DNA ligases (Liakos et al. 2017). When DNA bases are
damaged, for example through oxidation or hydrolysis, base
excision repair (BER) is engaged to remove the damaged
bases utilizing a process of recognition by DNA glycosy-
lases, cleavage by apurinic/apyrimidinic (AP) endonucle-
ases and finally repatched by nucleotide synthesis and liga-
tion (Limpose et al. 2017). BER also repairs single-strand
DNA breaks. During DNA replication and recombination,
bases can be erroneously inserted, deleted or incorporated
and are corrected by DNA mismatch repair (MMR) (Liu
et al. 2017a). “Mut” proteins recognize the mismatches and
make an incision at the mismatch site in the DNA, which is
excised by exonucleases, filled by DNA polymerases and
the ends are ligated.

In contrast, homologous recombination (HR)—a form
of homology directed repair (HDR)—or non-homologous
end joining (NHEJ), that is, when homologous DNA is
absent, is used to repair double strand breaks (DSBs) in the
DNA incurred by ionizing radiation, ROS or stalled rep-
lication forks (San Filippo et al. 2008; Scully et al. 2019;
Weeden and Asselin-Labat 2018). From all of the DNA
repair mechanisms described, NHEJ is the most prone to
error and has been implicated to play a major role in the
development of genomic instability and tumor progression
(Jeggo and Lobrich 2015; Mladenov et al. 2016). Upon a
DSB, local histone H2AX is phosphorylated by PI3-like
kinases (ATM, ATR or DNA-PK) (Blackford and Jackson
2017) to form yH2AX, which serves as a mediatory signal
for accumulation of DNA damage response proteins, such
as BRCA1/2 during HR, at the lesion, and is indicative of
changes in chromatin (Georgoulis et al. 2017). In HR, Rad51
nucleoprotein filaments are generated on the ends of single-
stranded DNA, formed at the DSB, and “‘search” for homol-
ogy. Once found, the DNA polymerase uses the homology
to generate the correct missing DNA sequence and repair
is completed by annealing and ligation. HR can only take
place during the S and G2 cell cycle phases when homolo-
gous DNA is present (Ceccaldi et al. 2016; Daley and Sung
2014). Conversely, during NHEJ, which takes place in the
G1 cell cycle phase, the ends are simply processed, DNA is
synthesized and ligated with variable base pair sizes that are
deleted or inserted into the sequence (Ceccaldi et al. 2016).

Cadmium is per se weakly genotoxic yet augments DNA
damage, mutations and genomic instability through numer-
ous indirect pathways, including ROS generation and pertur-
bation of DNA repair enzymes (Bertin and Averbeck 2006;

Candeias et al. 2010). For more comprehensive reviews,
the reader is referred to the following articles (Filipic 2012;
Hartwig 2013a, 2013b; Templeton and Liu 2010). Through
increased activity of ROS-generating enzymes and inhibition
of ROS-metabolizing enzymes, cadmium induces oxidative
stress (Thévenod and Lee 2013a), which, in turn, causes
lesions to the DNA, including potentially lethal DSBs.
Moreover, DSBs can be elicited through high transcriptional
activity (Schwer et al. 2016), which is also a characteristic
response as gene expression changes following cadmium
exposure. Repair enzymes pose a major inhibitory target of
cadmium, culminating in accumulation of mutations in the
DNA to promote cadmium-induced carcinogenesis (Can-
deias et al. 2010; Dally and Hartwig 1997). Displacement
of zinc at zinc finger motifs by cadmium is a pivotal mecha-
nism for inhibition of DNA repair enzymes and propagation
of carcinogenesis (Hartwig 1994; Witkiewicz-Kucharczyk
and Bal 2006).

Cadmium has been shown to inhibit MMR at 5 pM in an
in vitro cell extract experiment (Jin et al. 2003) and was later
discovered to act through inhibition of ATPase activity of
the mismatch binding MSH2-MSH6 complex by targeting its
cysteine and histidine residues (Banerjee and Flores-Rozas
2005; Wieland et al. 2009). The BER pathway has also
been reported to be affected by cadmium: AP-endonuclease
inhibition by cadmium occurred at concentrations greater
than 10 uM in vitro (Candeias et al. 2010) or in whole cell
extracts from human HEK 293T cells (McNeill et al. 2004)
and 8-oxoguanine-DNA glycosylase was inhibited by high
cadmium (1 mM) under in vitro conditions (Zharkov and
Rosenquist 2002) or at non-toxic 60 pM cadmium for 18 h
in MCF7 breast cancer or HeLa cervical cancer cells (Bra-
vard et al. 2010). Targeting of cysteine or histidine residues,
which are favored by transition metals for binding, at the
active site would be a plausible hypothesis for inhibition of
these enzymes by cadmium. Intriguingly, cadmium has been
suggested to act by supplantation of catalytic water that is
required for activity of the uracil-DNA glycosylase (Gokey
et al. 2016). Maximal activity inhibition was observed with
100 uM cadmium and cadmium ions were bound at resi-
dues D145 and H148 in the active site (Gokey et al. 2016),
thus offering an alternative mechanism to zinc displacement
and structural disorganization in inhibition of DNA repair
enzymes. Finally, appearance of micronuclei and YH2AX,
indicative of DSBs, occurs at 30 pM cadmium within 1 h
and the repair capacity of DNA-PK, which is essential for
NHE] repair, was reduced after irradiation in the presence
of cadmium (Viau et al. 2008).

How might cadmium affect the regulation of DNA repair
enzyme expression? This aspect of the impact of cadmium
on DNA damage and genomic instability is less well-evi-
denced. Emerging reports suggest transcriptional inhibition
of key enzymes involved in repair of DNA, including the
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DNA polymerase (Antoniali et al. 2015), DNA glycosylase
OGGT1 (Al Bakheet et al. 2013; Pizzino et al. 2014; Youn
et al. 2005; Zhou et al. 2012) as well as epigenetic modifica-
tions that impact DNA repair, such as mitotically-inherited
histone methylation (H3K27me 1) (Gadhia et al. 2015),
long non-coding RNAs (Zhou et al. 2015b) or DNA hyper-
methylation (Zhou et al. 2012) could be key. Moreover, it
has been suggested that translocation of OGG1 into stress
granules is induced by cadmium, thereby preventing OGG1
from reaching its site of action, has been suggested (Bravard
et al. 2010).

Nuclear matrix proteins

The nuclear matrix and perichromatin space contain a
plethora of regulatory proteins that maintain composition
of the nuclear sap, execute signaling cues, govern turnover
of proteins, and modulate gene transcription (Hancock 2000;
Verheijen et al. 1988).

DNA fragmentation is the penultimate step in the apop-
totic signaling cascade, prior to apoptotic body formation
and engulfment by macrophages, and is executed by Ca**/
Mg>*-dependent apoptotic endonucleases that cleaves
the DNA at intranucleosomal linker regions (Gaido and
Cidlowski 1991). In isolated bovine liver nuclei, cadmium
was demonstrated to be internalized already at 1 pM extra-
nuclear free cadmium (Hechtenberg and Beyersmann 1994)
as well as to activate apoptotic endonuclease and induce
DNA laddering only at low concentrations (< 10 pM free
Cd?*), therefore corroborating apoptosis is induced by low
cadmium, but also potently inhibiting DNA laddering by
calcium (Lohmann and Beyersmann 1993, 1994). The same
group also reported cadmium blockade of nuclear calcium
ATPase, resulting in lowered nuclear calcium accumula-
tion (Hechtenberg and Beyersmann 1994) thus it is unclear
whether the cadmium effects are consequent of nuclear
calcium uptake inhibition or direct blockade of the endo-
nuclease. Distinct from apoptotic endonucleases are DNA
repair endonucleases, such as Apel and MutLa, which are
inhibited by cadmium (McNeill et al. 2004; Sherrer et al.
2018), and hence lead to augmented DNA damage and cul-
minating in either apoptosis induction through cell cycle
checkpoints or in increased mutations and contribution to
cell transformation.

Activation of nuclear protein kinase C (PKC) by phorbol
esters is potentiated in the presence of cadmium by ~ two-
fold (Beyersmann et al. 1994; Block et al. 1992). Aston-
ishingly, PKC binding to nuclear proteins is enhanced
by 0.1 nM free Cd** compared to 1 nM free Zn’* in rat
liver nuclei (Beyersmann et al. 1994; Block et al. 1992).
These findings could affect the phosphorylation status of
histones and therefore chromatin organization. Lastly, it
was proposed that inhibition of 8-oxo-dGTPase by CdAc

@ Springer

(20 pmol/kg/bw, s.c., 2-48 h) in rat testis may lead to
incorporation of promutagenic 8-oxo-2'-deoxyguanosine,
promoting carcinogenesis, but time course inconsisten-
cies of cadmium inhibition of the enzyme and 8-ox0-2'-
deoxyguanosine incorporation question a causal relation-
ship (Bialkowski et al. 1999).

Transcriptional regulation

Typically, activated cytosolic transcription factor proteins
are stabilized and shuttle to the nucleus wherein transcrip-
tion is initiated after promoter binding. A multitude of fac-
tors determines whether a gene is “switched on” or “turned
off” such as nuclear abundance and activating modifica-
tions of transcription factor proteins, levels of accessory
regulatory proteins, accessibility of response elements,
and the presence of metal ions, in particular zinc (Klug
2010; Spitz and Furlong 2012).

Cadmium’s pleiotropic effects on cells lies in part
in its ability to modulate the cell’s stress response and
defense systems by positively and negatively regulating
gene transcription. Extensive reports in the literature
evidence altered gene expression upon cadmium expo-
sure that involve classical transcription factors, such as
nuclear factor kappa B, AP-1, c-Myc, and Nrf2 [reviewed
in (Thévenod and Lee 2013a)]. It is important to note
that most of these studies allude to altered regulation by
upstream signaling pathways initiated by cadmium, and
not a direct effect [reviewed in (Thévenod 2009)]. To
date, only a single study has identified direct participa-
tion of cadmium on transcription factor activity. The tumor
suppressor gene p53 is a zinc finger protein and is often
quoted as the guardian of the cell, overseeing genotoxic
and non-genotoxic-induced stress responses, primarily by
DNA quality control, and is mutated in over 50% of can-
cers. In a set of elegant experiments, Meplan et al. utilized
recombinant wildtype p53 and conformation-specific anti-
bodies to show that 10-30 uM cadmium in MCF7 cells
induces a conformational change in p53, through displace-
ment of zinc, resulting in dissipation of its DNA bind-
ing capacity, preventing activation of p53 target genes
(Meplan et al. 1999) to remove mutated cells by apoptosis,
and thus contributing to cadmium-induced carcinogenesis.

Additional zinc-finger harboring transcription factors,
such as metal transcription factor 1 (MTF-1) [reviewed in
(Moulis 2010; Petering 2017)], could also be affected by
cadmium. Furthermore, nuclear export of transcription
factors (Suzuki et al. 2003) or mRNA (Topisirovic et al.
2002), changes in nuclear architecture that prevent access
to response elements, and modification of accessory tran-
scription complex proteins or transcriptional machinery may
all be susceptible to alteration by cadmium.
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Cadmium and lysosomes
Lysosome biogenesis, maturation and functions

Lysosomes are commonly known as intracellular acidic
organelles involved in degradation and recycling (Luzio
et al. 2007) by receiving and digesting cargo delivered
by endocytosis, autophagy, and phagocytosis. Typically,
cargo is taken up from the extracellular environment, e.g.
via receptor-mediated endocytosis, and the resulting com-
ponents are recycled in cellular metabolism. In the process
of self-digestion, so-called autophagy, lysosomes maintain
cellular quality control and stress adaptation by digesting
damaged organelles and misfolded proteins that are harm-
ful to cells and delivered to lysosomes by autophagosomes
(Huotari and Helenius 2011).

In the canonical endocytic/endo-lysosomal pathway,
early endosomes (EEs) bud off the PM and can either
return to the PM as a recycling endosome (RE) or enter the
late endosomal (LE) pathway (Huotari and Helenius 2011;
Scott et al. 2014). LEs are acidified to pH~5.5 by the
vacuolar Ht-ATPase (V-ATPase) (Casey et al. 2010) and
acquire lysosomal proteins, which are specifically recog-
nized as lysosomal components and are correctly sorted to
this organelle through endosomes. Lysosomal transmem-
brane proteins contain consensus motifs in their cytosolic
regions (tyrosine or dileucine-based) that serve as sort-
ing signals to (late) endosomes, whereas most lysosomal
acid hydrolases acquire mannose 6-phosphate (Man-6-P)
moieties that mediate binding to two membrane recep-
tors with endosomal sorting motifs in their cytosolic tails.
These tyrosine and dileucine-based motifs are targeting
sequences for clathrin-coated carriers that transport their
cargo from the trans-Golgi network and plasma membrane
to the endosomes (Luzio et al. 2007; Staudt et al. 2016).
To degrade cargo, lysosomal hydrolytic enzymes, which
target proteins, nucleic acids, carbohydrates and lipids,
require an intralysosomal pH of ~4.5 for optimal activity
that is generated by the concerted action of a V-ATPase
and a counterion transporter (Mindell 2012).

Lysosomes interact with other intracellular organelles,
such as ER, mitochondria and peroxisomes (Oyarzun et al.
2019), to regulate their function and thereby serving as
major signaling platforms that regulate cell growth, divi-
sion and differentiation to maintain cellular homeostasis
(Lamming and Bar-Peled 2019). The most well-known
signaling hub is the master growth regulator mTORCI
(mammalian target of rapamycin complex 1), a multi-pro-
tein complex, which is activated on the lysosomal surface
in response to nutrient and growth signals and phosphoryl-
ates various cell growth-related substrates, including the
transcription factors EB (TFEB) and E3 (TFE3) (Lawrence

and Zoncu 2019). When mTORCT is inactivated, specific
phosphatases, such as calcineurin, are activated, which
leads to TFEB/TFE3 dephosphorylation and their nuclear
translocation, where they operate as master regulators of
lysosome biogenesis (Raben and Puertollano 2016), by
regulating (1) levels of lysosomal enzymes, lysosomal
acidification and the number of lysosomes, (2) autophagy
by regulating the number of autophagosomes and the
fusion between autophagosomes and lysosomes, and (3)
docking and fusion of lysosomes to the plasma membrane
in the process of lysosomal exocytosis (Raben and Puertol-
lano 2016). The concerted action of these three processes
leads to clearance of cellular molecules and organelles by
lysosomal degradation (Settembre et al. 2013). Lysosomes
also act as intracellular Ca®* stores, which can release
Ca”" into the cytosol, but can also crosstalk with ER Ca*
stores to shape intracellular Ca* signaling (Hesketh et al.
2018).

Intriguingly, micromolar cadmium inhibits phosphoman-
nose isomerase from Saccharomyces cerevisiae by competi-
tion with the substrate Man-6-P (Ki=19.5 uM) (Wells et al.
1993) thereby increasing its levels, which could promote
lysosome biogenesis. Accordingly, increases in heteromor-
phous lysosome size and number by cadmium have been
observed using TEM in an embryonic insect cell line (66 uM
CdCl,, 24 h) and rat renal cortex (Asar et al. 2004; Braeck-
man et al. 1999; Matsuura et al. 1991), identified by neutral
red uptake and acid phosphatase staining (Braeckman et al.
1999), and fluorescent dye labeling of acidic compartments
(Messner et al. 2012). Lysosomal system expansion could
represent early adaptive processes (Goyer et al. 1984) result-
ing from: (1) lysosomal homotypic fusion and fission; (2)
inhibition of lysosomal trafficking; (3) inhibition of RE for-
mation forcing endosomes into lysosomal maturation; and
(4) increased delivery of lysosomal proteins from Golgi
to LEs to drive lysosomal maturation. Enlargement of the
Golgi apparatus by cadmium in fibroblasts and hepatocytes
(Ferri 1980; Ord et al. 1988) could contribute to increased
lysosome biogenesis, however, how cadmium affects these
processes is unknown. Although recent studies from one
laboratory has claimed that cadmium (12.5-50 uM, 24 h)
increases nuclear translocation of TFE3 and/or TFEB to pro-
mote lysosomal biogenesis in cultured neuronal and bone
mesenchymal cell lines, the experimental evidence provided
is not entirely convincing (Pi et al. 2017, 2018, 2019). The
impact of cadmium on lysosomal function and biology is
summarized in Fig. 2.

Lysosomal function and autophagy
Autophagy is an evolutionarily conserved intracellular pro-

cess in which cellular proteins and organelles are engulfed by
specific organelles, called autophagosomes, for degradation
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Fig.2 Cadmium effects on endocytosis, exocytosis, autophagy and
lysosomes. Through molecular mimicry, cadmium inhibits calcium-
dependent processes, such as regulated synaptotagmin-dependent
exocytosis (EX) and microvesicle (MV) formation. Blockade of the
vacuolar HT-ATPase (V-ATPase) prevents late endosome (LE) and
lysosome (lyso) acidification and thus endocytosis (EN) endpoints.
Further, cadmium prevents recycling endosome (RE) formation from
early endosomes (EE) or RE exocytosis. Cadmium expands lysosome
number, possibly due to increased secretory vesicles (sec) contain-

and eventually delivered to lysosomes (Shen and Mizush-
ima 2014). This process is quite distinct from endocytosis-
mediated lysosomal degradation of extracellular and plasma
membrane proteins (Mizushima 2007). Autophagy occurs at
basal levels in all eukaryotic cells but may also be induced
by multiple cell stress signals, including hypoxia, ROS or
DNA damage (Kroemer et al. 2010). By degrading damaged
proteins and organelles, the cell can increase its chances of
survival during stress or nutrient starvation conditions; this
works in a complementary fashion to ERAD (Mizushima
and Komatsu 2011) (see “Cadmium and ER”).

Cells display three types of autophagy (Thévenod and Lee
2015): Microautophagy refers to the direct lysosome engulf-
ment of cytoplasm. Chaperone-mediated autophagy denotes
the process of direct transportation of unfolded proteins via
the lysosomal chaperone protein hsc-70. These complexes
then bind to LAMP-2A, a lysosomal membrane receptor,

@ Springer

&

lysosomal

Les g -lyso
degradation g

ing lysosomal proteins. Fluidization of the lysosomal membrane by
cadmium may result in lysosomal membrane permeabilization and
could lead to cell death. Autophagopore (PP) formation precedes
autophagosomes (APS), which are prevented from fusing with lys-
osomes to form autophagolysosomes (AP-lyso) by cadmium and thus
hindering autophagy. Cadmium could be involved in mobilizing mul-
tivesicular bodies (MVB) during augmented exosome (exo) secretion.
See text for further details

and translocate across the lysosomal membrane. The third
type of autophagy, macroautophagy, is the most impor-
tant type and refers to the de novo synthesis of a double
membrane structure, the so-called phagophore or isolation
membrane, at the phagophore assembly site. The latter con-
sists of the phagophore and the core molecular machinery
(Autophagy-related genes, Azg), which control autophago-
some formation. The phagophore expands and engulfs entire
cytoplasmic components, including organelles, long-lived
proteins, protein aggregates, and other cytosolic material
either in a targeted (ERphagy, mitophagy) or non-targeted
(macroautophagy) manner. By fusing its two ends, the pha-
gophore forms a double membrane compartment or vesi-
cle called the autophagosome (Eskelinen and Saftig 2009).
The membranes of the autophagosomes are pinched off
from intracellular organelles, such as the ER or mitochon-
dria (Hailey et al. 2010; Mari et al. 2010), and used to form
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the double-membraned vesicles (Boya et al. 2013), which
link cytosolic LC3 to phosphotidylethanolamine. Lipidated
LC3, also known as LC3-II, serves as an anchorage point for
autophagosomal chaperones that direct cargo destined for
degradation but are also subject to degradation themselves.
Indeed, LC3 degradation is used as a measure of autophagic
flux (Klionsky et al. 2016). Once autophagosomes are
formed, most of the Atg proteins dissociate, which allows
maturation by fusion with lysosomes to form autolysosomes.
This results in the degradation of the engulfed content and
autolysosome inner membrane proteins by lysosomal acidic
hydrolases. The resulting degradation products (e.g. amino
acids) are released into the cytosol and recycled.

Upstream, autophagy can be regulated by ROS and Ca**
release. The regulation of autophagy by ROS occurs by
redox reactive transcription factors (e.g. HIF1, p53, Nrf2,
and Foxo3), which increase the expression or activity of
autophagy-related proteins (Scherz-Shouval and Elazar
2011). Moreover, oxidative stress can also act directly on
AMPK, leading to disinhibition of mTORCI1 and increased
autophagy whereas [C212+]cyt has a dual role in autophagy
regulation (Bootman et al. 2018).

Autophagy activation can also occur as a direct conse-
quence of ER stress and activation of the UPR, possibly as
a mechanism to eliminate aggregated proteins and damaged
cellular components (Senft and Ronai 2015; Woehlbier and
Hetz 2011). Hence, autophagy may decrease cellular stress
levels by removal of ER membranes, which contain UPR
sensors, or decrease the amplitude of stress by clearing aber-
rant proteins from the ER. In most cases, this autophagic
induction is protective and may prevent ER-stress-associated
cell death as part of an early adaptive and survival response
(Ogata et al. 2006). However, in some instances, autophagy
is a means of killing cells when ER stress is prolonged and
substantial (Ding et al. 2007; Ullman et al. 2008).

Pharmacological agents modulate autophagy at multi-
ple stages: Rapamycin inhibits mTORC and thereby pro-
motes autophagy induction. The PI3K inhibitors wortman-
nin and 3-methyladenine (3-MA) prevent the formation of
autophagosomes, blockers of lysosomal hydrolase activity
operate either by neutralizing the intralysosomal acidic pH
(the weak bases NH,C1 and chloroquine), inhibiting the lyso-
somal V-ATPase (bafilomycin A1), or preventing activity of
lysosomal proteases (pepstatin/E64) (Fleming et al. 2011;
Pasquier 2016). More recently, a novel inhibitor, which tar-
gets autophagosome-lysosome fusion, called liensinine has
given insights into the mechanism of autophagy disruption
(Zhou et al. 2015a).

Without doubt, cadmium induces autophagy (Fig. 2).
However, the consequences for cell fate are disputable. The
survival role of autophagy has led to the hypothesis that
autophagy induction by cadmium is protective and pre-
vents tissue damage or overcomes cell death, respectively

[(reviewed in (Thévenod and Lee 2013a; Thévenod and
Lee 2015)]. The role of autophagy in the fate of cadmium-
exposed cells is hampered by the exclusive use of rapamycin,
which inhibits mTORCI, an autophagy suppressor, without
consideration that mMTORC?2, an activator of anti-apoptotic
Akt signaling, is also blocked by rapamycin during chronic
exposure in some cells, leading to cell death (Thévenod et al.
2015). Nevertheless, autophagy as an early stress response
has been observed in kidney cortex of rats exposed to sub-
toxic cadmium (0.3 mg/kg/bw CdCl,, i.p. 1-5 days), sug-
gesting that autophagy is protective (Chargui et al. 2011). In
contrast, in the same study, cadmium (5 uM, 5 h) promoted
toxicity of cultured cells along with increased LC3-II, which
was reduced by 3-MA, but increased with bafilomycin Al
(Chargui et al. 2011), which suggests that autophagy con-
tributes to toxicity. The lack of protection by bafilomycin Al
may possibly be the consequence of cadmium inhibition of
the V-ATPase [see (Herak-Kramberger et al. 1998)] and/or
lysosomal membrane permeabilization (LMP).

Recent evidence clearly demonstrates several molecu-
lar mechanisms by which cadmium disrupts autophagy
execution, that require kinetic considerations: In addition
to interrupting autophagic flux, cadmium seems to prevent
autophagosome-lysosome fusion and diminishes lysoso-
mal function, but these processes are time-dependent (Lee
et al. 2017; Li et al. 2016; Zou et al. 2020). In NRK-52E
rat kidney PTCs, 5 pM CdCl, induced transient protec-
tive autophagy within 3 h (f{LC3-1I/|p62), which occurred
concomitantly with activation of UPR signaling (Lee et al.
2017) and appeared to be triggered by upstream increase
of ROS and or cytosolic Ca’* (Lee et al. 2012). Yet cad-
mium disrupted autophagy execution at 6-8 h (1LC3-
[I/1p62), and autophagy disruption was not overcome by
the autophagy inducer rapamycin, which—conversely to
previous reports—was also ineffective against cadmium-
induced cell death (Lee et al. 2017; Thévenod et al. 2015).
This suggests that during longer exposures, cadmium dis-
rupts autophagic flux to an extent that is not reversed by
autophagy inducers and that cadmium may also interfere
with a late stage of autophagy. In neuronal cells, blockade
of autophagic flux by cadmium (10 uM, 8 h) also concurs
with decreased prosurvival signaling and accumulation of
autophagosomes resulting in cell death (Zhang et al. 2019).
Further experiments using the autophagosome-lysosome
fusion inhibitor liensinine and isolated lysosomes evidenced
that autophagy delayed the onset of apoptosis induced by
low cadmium stress whereas accrual of cadmium stress over
time decreased effectiveness of lysosomal inhibitors on LC3-
II/p62, increased lysosomal membrane fluidity and caused
lysosomes to become instable with reduction of lysosomal
LAMPI and cathepsin B (Lee et al. 2017). These changes
elicited by cadmium may alter the fusion capacity of lys-
osomes (Pi et al. 2017; Wang et al. 2017; Zou et al. 2020)
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and, potentially in concert with elevation of cytosolic cal-
cium (Liu et al. 2017b), prevent autophagy execution. In
mouse neuroblastoma cells or primary rat PTCs exposed
to cadmium (2.5-50 uM) for 12-24 h, co-localization of
LAMP1 with LC3 or Rab7, a component of the autophago-
some-lysosome fusion machinery, or colocalization of an
additional lysosomal marker LAMP2 with LC3 puncta (Li
et al. 2016; Liu et al. 2017b) was significantly reduced by
cadmium. Moreover, cadmium in the absence or presence of
3-MA or ATGS5 siRNA, respectively, increased LC3-II and
p62 as well as loss of neuroblastoma cell viability, suggest-
ing that cadmium targets the latter stages of autophagy exe-
cution (Li et al. 2016). Finally, cadmium increased lysoso-
mal pH and lysosome biogenesis-related genes but decreased
overall lysosomal protease and cathepsin D activities (Li
et al. 2016). Though lysosome biogenesis-related genes were
augmented by cadmium via nuclear translocation of TFEB,
the contribution of TFEB on cadmium autophagy and conse-
quent cell viability was not investigated. The authors further
demonstrated that melatonin reverses the detrimental lyso-
somal effects by cadmium, but these data need to be taken
with caution (Li et al. 2016) because melatonin, though a
powerful antioxidant, binds cadmium (Limson et al. 1998).

Lysosomal membrane permeabilization

Loss of lysosomal membrane integrity results in the leak-
age of lysosomal contents, including acid hydrolases, into
the cytosol, which leads to lysosomal cell death (Aits and
Jaattela 2013). LMP is most likely caused by alterations in
lysosomal membrane lipid composition and/or membrane
fluidity because inhibitors of lysosomal acid sphingomyeli-
nase (ASMase) (and hence increased sphingomyelin in the
lysosomal membrane) induce lysosomal instability and LMP
(Kallunki et al. 2013; Petersen et al. 2013). Cadmium has
been shown to bring about LMP in various cellular mod-
els. In PTCs, compromised lysosomes were observed with
5 uM CdCl, after 6 h as assessed by decreased lysosomal
LAMP1 and cathepsin B (Lee et al. 2017), suggesting cad-
mium induces LMP (Fig. 2). Furthermore, increased total
cellular sphingomyelin levels were associated with increased
lysosomal membrane fluidity, which could cause detachment
of lysosomal proteins, e.g. ASMase or LAMPs, from the lys-
osomal membrane, leading to their degradation and/or leak-
age. Cadmium-induced LMP has also been indicated by loss
of acidic compartment labeling in endothelial and hepatoma
cell lines (Fotakis et al. 2005; Messner et al. 2012), leakage
of lysosomal DNase II in necrotic endothelial cells (Messner
et al. 2012), and selective leakage of f-glucuronidase but
not acid phosphatase, from isolated lung lysosomes (Giri
and Hollinger 1995). The ability of lysosomes to accumu-
late dyes, such as LysoTracker, acridine orange or neutral
red, upon their protonation has also been used to assess
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diminished lysosomal integrity after cadmium exposure
(Braeckman et al. 1999; Fotakis et al. 2005; Messner et al.
2012). However, lack of lysosomal dye accumulation could
also be consequent of cadmium inhibition of the V-ATPase
and thus increasing lysosomal pH (Herak-Kramberger et al.
1998).

Cadmium and vesicular trafficking

Intracellular trafficking vesicles exist as numerous distinct
and interconnected subpopulations involved in endocytosis,
transcytosis and exocytosis. Their multiple functions encom-
pass communication between the intra- and extracellular
space, ferrying soluble cargo proteins to their final destina-
tion, selecting and sorting cargo transmembrane proteins,
such as receptors and transporters (Bonifacino and Glick
2004), or operating as a pipeline to regulate lipid dynamics
(Balla et al. 2019; Funato et al. 2020). Though it is not a
focus of this review, it is essential to note the effects of cad-
mium on cytoskeletal proteins, on which trafficking vesicles
and organelles travel around the cell interior. Since the cell’s
cytoskeleton, such as actin filaments, is regulated by calcium
(Izadi et al. 2018), it is clear to see how cadmium affects the
formation of filamentous actin (Liu et al. 2018b; Templeton
and Liu 2013) and decreases expression of tau, DBN-1 and
a-synuclein cytoskeletol proteins (Ge et al. 2019). Disrup-
tion of these protein tracks will undoubtedly affect organelle
communications, vesicular mobility, and downstream signal-
ing (Moujaber and Stochaj 2020). The effects of cadmium
on vesicular trafficking are summarized in Fig. 2.

Endocytosis

Invagination and budding from the PM membrane occurs
with the aid of clathrin (Kaksonen and Roux 2018), caveolin
(Cheng and Nichols 2016) or through clathrin- and caveolin-
independent endocytosis (Sandvig et al. 2018), resulting in
formation of EEs that develop into REs or into acidic LEs
and subsequently lysosomes in a GTPase-dependent manner
(Huotari and Helenius 2011).

Cadmium impairs endocytosis. The PTC in the kidney
is the primary site of accumulation of cadmium complexed
to proteins, peptides and/or amino acids (Fels et al. 2019)
and has high endocytic turnover at its apical brush bor-
der membrane (BBM) because of its role in mass protein
reabsorption via receptor-mediated endocytosis. In PTC,
cadmium exposure diminished receptor-mediated endo-
cytosis of fluorescently-labeled ligands in both an in vivo
rat model (Herak-Kramberger et al. 1998) and an in vitro
cell line model (Choi et al. 1999): In opossum kidney
(OK) PTCs, FITC-albumin receptor binding, B,,,, and
uptake were maximally attenuated by 100 uM CdCl, after
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1 h whereas no effect was seen on fluid-phase endocyto-
sis measured by FITC-inulin uptake. Although the latter
observation was interpreted as evidence for intact endo-
cytic vesicle formation, FITC-inulin endocytosis amounts
to about 10% of total endocytosis, which places that
conclusion into question. In addition to impaired FITC-
albumin uptake, decreased apical FITC-albumin binding
was observed and attributed to a lower number of binding
sites since B,,,, was diminished in cadmium-exposed cells
(Choi et al. 1999). In more intricate studies in a rat model
(2 mg/kg/day s.c. CdCl,, 14 days), BBM were damaged
and isolated BBM vesicles harbored ~40% less V-ATPase
protein expression and bafilomycin-sensitive ATPase
activity (Herak-Kramberger et al. 1998). Moreover, uptake
of FITC-dextran, another marker of fluid phase endocyto-
sis, was reduced (Herak-Kramberger et al. 1998), which
contrasts with the results obtained in OK cells using FITC-
inulin (Choi et al. 1999), Since acidification is essential
for endocytic trafficking, cadmium inhibition of vesicu-
lar acidification would impair endocytosis and endosome
maturation. Indeed, in studies in vitro, cadmium inhibited
V-ATPase activity in a concentration- and time-dependent
manner in both isolated BBM and endocytic vesicles from
non-treated rat kidneys; moreover in endocytic vesicles,
cadmium inhibited ATP-driven intravesicular acidifica-
tion (quenching of acridine orange, which accumulates
in acidic compartments) and accelerated the dissipation
of transmembrane pH gradients (Herak-Kramberger et al.
1998). Furthermore, CAMT exposed rats exhibited redis-
tribution of apical membrane proteins, such as megalin
and Na*-H*-exchanger, into vesicles suggesting that traf-
ficking of REs is also perturbed by cadmium inhibition of
vesicular acidification (Sabolic et al. 2002). Downregula-
tion of the protein receptors megalin:cubilin as well as
of endosomal CICS5 CI™ channels involved in vesicular
acidification by cadmium has also been discussed, which
complements the abovementioned observations (Gena
et al. 2010; Santoyo-Sanchez et al. 2013). Overall, these
data suggest that dissipation of endosome acidification by
cadmium prevents receptor-mediated protein endocytosis
culminating in loss of protein capture and proteinuria.

As a caveat, the in vitro studies showing effects of cad-
mium on isolated endosomes imply that PTC mainly take
up “free” cadmium, which does not occur in vivo. As men-
tioned above, cadmium filtered by the glomerulus is largely
found complexed to proteins and peptides (Fels et al. 2019).
Cadmium bound to proteins and peptides is taken up into
PTC by RME, e.g. via the receptor complex megalin:cubilin
(Thévenod and Wolff 2016), suggesting that cadmium may
also damage the endosomal-lysosomal pathway from within
the vesicular lumen where cadmium is released from pro-
teins degraded by lysosomes (Abouhamed et al. 2006; Law-
rence and Zoncu 2019).

In addition to fluid-phase and receptor-mediated endocy-
tosis, cells with high rates of exocytosis retrieve exocytosed
membrane by compensatory endocytosis to prevent signifi-
cant changes in membrane surface area (Wu et al. 2014).
This is of particular importance during embryonic develop-
ment as well as in the physiology of specialized cell types,
such as endocrine cells, absorptive and secretory epithelial
cells, and nerve cells. Compensatory endocytosis in response
to calcium-triggered regulated exocytosis is also calcium-
dependent (Leitz and Kavalali 2016; Nanclares et al. 2018),
however, the role of calcium is extremely complex, and cal-
cium sensors, such as the EF-hand proteins calcineurin and
calmodulin, or synaptotagmin, contribute to this compli-
cated picture (Leitz and Kavalali 2016). Therefore, it is not
surprising that cadmium, which interacts with these proteins
(Kakalis et al. 1995; Katti et al. 2017; Yuan et al. 2004), and
also blocks calcium influx through P-type calcium channels
(Thévenod et al. 2019) and triggers compensatory endocyto-
sis (Smith et al. 2000), prevented only compensatory endo-
cytosis in sea urchin embryos (Covian-Nares et al. 2008). In
contrast, following calcium-independent constitutive exocy-
tosis (Jaiswal et al. 2009), constitutive endocytosis was not
affected by cadmium (Covian-Nares et al. 2008).

Secretory vesicles and exocytosis

Secretory vesicles derived from the trans-Golgi network
migrate along microtubules to the PM for exocytosis
whereby their membrane proteins are incorporated into the
PM or their cargo is released into the extracellular space
(Burgoyne and Morgan 2003).

An increase in cytosolic calcium often triggers regulated
exocytosis (Pang and Sudhof 2010). In addition to neutral-
izing opposing surface negative charges between the cell
and vesicle membranes, calcium is required for activation
of membrane fusion proteins, such as synaptotagmin and
the SNARE complex, which mechanically pull the two
membranes tightly together to exert the force required for
fusion (Sudhof 2013; Sudhof and Rothman 2009). Based
on the similar ionic radii and interplay of calcium and cad-
mium (Choong et al. 2014; Marcus 1988), an effect of cad-
mium on exocytosis is likely. A recent report examined the
effect of using cadmium as a neutralizing ion as opposed
to calcium for the insertion of synaptotagmin into a lipid
bilayer (Katti et al. 2017). Isolated single synaptotagmin C2
domains, which harbor calcium-binding sites, do not associ-
ate with lipid membranes when complexed with cadmium,
in contrast to full-length synaptotagmin containing multi-
ple C2 domains, highlighting that cadmium binds single C2
domains with high affinity, but is unable to directly coor-
dinate the lipids (Katti et al. 2017). Moreover, the associa-
tion of cadmium-complexed full-length synaptotagmin with
lipid membranes was shallower than when calcium was used
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(Katti et al. 2017) and could have an impact on fusogenicity
of membranes during exocytosis events.

Cadmium and other cell organelles
Extracellular vesicles

Intercellular communication can occur through gap junc-
tions, secretion of extracellular signaling molecules or
through secreted extracellular vesicles that transfer infor-
mation via bioactive molecules, including proteins, lipids,
signaling molecules, mRNA and microRNAs (miRNAs),
into recipient cells (Valadi et al. 2007; van Niel et al. 2018).
Based on the current knowledge of their biogenesis, extracel-
lular vesicles can be broadly divided into two main catego-
ries: microvesicles (MVs) and exosomes: MVs are derived
from budding of the PM whereas exosomes are produced in
multivesicular bodies (MVBs). Exosomes tend to be smaller
in size (50-150 nm compared to 50-500 nm (but up to 1 pm)
MYVs) and are enriched in tetraspanins, flotillin and a number
of lipids, including sphingomyelin and cholesterol (Maas
etal. 2017) (see also Fig. 2).

Presently, cadmium has not been documented to affect
exosome formation or secretion though it would be plau-
sible since cadmium increases ceramide (Lee et al. 2007,
2011) which promotes exosome formation and release (Tra-
jkovic et al. 2008) (Fig. 2). In line with this assumption,
cigarette smoke, which contains cadmium, induces release
of ceramide-rich exosome-containing microparticles from
lung endothelial cells (Serban et al. 2016). Similarly to syn-
aptic vesicle exocytosis, budding of the PM in MV forma-
tion is a calcium-dependent process thus, not unexpectedly,
cadmium, a potent blocker of voltage-gated L- and N-type
calcium channels (Hirning et al. 1988; Thévenod and Jones
1992) prevents MV-mediated release of glutamate from rat
pineal gland cells (Yamada et al. 1996).

Peroxisomes

Although metabolic functions of peroxisomes vary in dif-
ferent organisms, including plants, protozoa, fungi, and
animals, oxidation of fatty acids and H,O, degradation by
catalase are common functions, irrespective of the organ-
ism type (Walker et al. 2018). Surrounded by a single mem-
brane, peroxisomes are characterized by the expression of
H,0,-producing and -degrading enzymes, and are largely
associated with oxidative status (Lodhi and Semenkovich
2014). Hence, they execute similar biochemical reactions
as mitochondria: f-oxidation of lipids, lipid synthesis and
regulation of ROS/RNS homeostasis, though the enzymatic
machinery employed by each organelle is entirely differ-
ent. For instance, acyl CoA dehydrogenase in mitochondria
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versus acyl CoA oxidase in peroxisomes catalyze the first
step of p-oxidation (Poirier et al. 2006; Reddy and Hashi-
moto 2001). Because p-oxidation is not completed, it is
thought that peroxisomes perform initial f-oxidation of
very long-chain fatty acids (> C,4), which are not accepted
by the mitochondrial system, and release shorter-chain fatty
acids to the mitochondria wherein they undergo further
B-oxidation and generate ATP via redox reactions involving
FADH, and the ETC (Demarquoy and Le Borgne 2015).
In contrast to mitochondria, peroxisomes do not possess an
ETC, therefore electrons from FADH, are passed onto O,
to form H,0,. H,0, is metabolized to water and oxygen by
peroxisomal H,O,-metabolizing enzymes, mainly involving
catalase, however this does not prevent H,O, release into the
cytosol—that is thought to be mediated by the non-selective
porin PXMP2 (Rokka et al. 2009)— where in it may either
serve as an intracellular messenger or cause an imbalance of
the cellular redox status. Hence, peroxisomes and mitochon-
dria co-operate in various metabolic and signaling pathways
(Fransen et al. 2017).

Peroxisomes have been largely overlooked in cadmium
toxicity, despite their well-described ROS/RNS generating
capacity, probably due to their functional similarity to mito-
chondria, which are a known principal target of cadmium
toxicity. With the ubiquitous presence of H,0,-producing
and H,0,-metabolizing enzymes, peroxisomes represent the
ultimate ROS/RNS production and detoxification stations
and with great likelihood could be a target of cadmium-
induced damage and oxidative stress (Demarquoy and Le
Borgne 2015). In yeast, 1 mM CdCl, for 24 h inhibited cell
growth but increased peroxisome number and catalase activ-
ity (Chen et al. 1995). This was recently confirmed in devel-
oping chicken embryos where 2-8 pg cadmium/egg at E1,
E14 or E18 showed peroxisomal extension and/or increased
peroxisome number in glomerular cells, suggesting adaptive
protection against cadmium-induced oxidative stress (Dzu-
gan et al. 2018). Yet, this interpretation may be too simple:
Despite catalase’s detoxifying function, oxidative stress has
also been associated with peroxisome proliferation because
H,0,-producing enzymes are augmented by > 10 times over
the increase in H,0,-metabolizing enzymes (Rao and Reddy
1991) suggesting that cadmium-induced peroxisome pro-
liferation may rather contribute to oxidative stress. In renal
PTCs, 10-50 uM CdCl, increased catalase activity (Lee,
W.K. and Thévenod, F., unpublished data), but peroxisome
number was not determined. In contrast, a study in mus-
sels found cadmium had no effect on catalase activity and
decreased peroxisome volume density (Orbea et al. 2002).
Moreover, cadmium (10-40 pM Cd(NO5),, 24 h) weakly
interacted with and inhibited catalase activity in the liver of
zebrafish (Wang et al. 2015). Along these lines, cadmium
(2.5-10 puM for 24 h) increased oxidative stress and inhibited
catalase activity in cultured inner medullary collecting duct
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cells (mIMCD;), yet divalent iron was protective, suggesting
that cadmium displaces redox active iron from the catalase
enzyme (Thévenod, F., unpublished data). These conflict-
ing data of cadmium on catalase activity and peroxisomes
could lie in the diverse model systems used, dosage and/or
exposure time.

Specialized organelles

The effect of cadmium on other more specialized organelles,
such as melanosomes, phagosomes or secretory lysosomes,
has not yet been notably documented.

Cadmium and organelle interactions

As stated in the introduction, organelles do not function
independently from one another. Rather they form a continu-
ous functional network in the cytosolic compartment with
constant transient connections to one another to build an
intricate communication system. These interorganellar com-
munication signals may be transmitted through membrane-
membrane interactions, membrane-protein interactions,
protein—protein interactions, intraorganellar content transfer
or organelle-to-organelle signaling. At membrane contact
sites (MCS), tethering proteins drive membranes together to
allow them to come into close proximity but without mem-
brane fusion (Prinz et al. 2020; Scorrano et al. 2019). Vesicle
docking, also known as “kiss and run”, involves transient
membrane fusion (Das et al. 2016; Saffi and Botelho 2019).
Fusion and fission are complex orchestrated events that have
distinct molecular definitions (de Araujo et al. 2020; Farmer
et al. 2018). For further reading, please consult the following
excellent recent reviews on ER-mitochondria contact sites
through the ERMES complex (ER-mitochondria encounter
structure) (Ellenrieder et al. 2017; Kruger et al. 2017; Mur-
ley and Nunnari 2016) or mitochondria-associated mem-
branes (Morciano et al. 2018; Simmen and Herrera-Cruz
2018), ER-lysosome interactions (Cabukusta and Neefjes
2018), mitonuclear communication (Melber and Haynes
2018; Vendramin et al. 2017), mitochondria-endolysosome
interactions (Lackner 2019; Soto-Heredero et al. 2017,
Wong et al. 2019), and mitochondria-peroxisome contacts
(Fransen et al. 2017; Lackner 2019; Murley and Nunnari
2016).

Unexpectedly, and surprisingly, at the time of writing, no
reports investigating the impact of cadmium on interorga-
nellar communication could be found, despite cadmium’s
well-documented effects on the cytoskeleton (see “Cadmium
and vesicular trafficking”). Based on the extensive effects of
cadmium on organelle morphology, function and behavior,
as detailed in this review, MCSs and interorganellar signal-
ing are most certainly to be adversely affected.

Summary and conclusions

Separation of the intracellular space through lipid mem-
branes creates organelles with specialized ionic, enzymatic
and cellular functions, which is crucial for optimal cell
behavior. Moreover, complex cellular functions that require
several interacting components, reactions and/or energetic
considerations necessitate membranes as a guardrail for
efficient reactions. Cadmium is a non-essential metal with
numerous effects and disrupts organelle function through the
following fundamental mechanisms: (1) altered biophysi-
cal properties of lipid membranes (Payliss et al. 2015); (2)
ionic mimicry (Choong et al. 2014; Petering 2017); and
(3) direct macromolecular interactions, such as with thiol
groups (Jacobson and Turner 1980). With relevant chronic
low cadmium exposure, organelle function could initially be
compromised but stress adaptive responses, which include
organelle biogenesis and strengthened interorganellar com-
munication, would strive to restore this loss of function.
However, acute and/or high cadmium exposures could nega-
tively affect organelle function such that it cannot be com-
pensated, becomes irreversible, and is detrimental to the cell.
Our current knowledge clearly evidences cadmium effects on
organelles as single entities in cellular processes, but further
understanding of how organelles interact and communicate
with each other to coordinate the adaptive response under
cadmium stress would be crucial to delineate and predict
chronic cadmium toxicity.

Acknowledgements W.-K. L is financially supported by the Intramu-
ral Research Program at Witten/Herdecke University (IFF2017-14,
IFF2018-52). E.T. received funding from BMBF (01DN16039), DFG
(TH345) and ZBAF.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

Abouhamed M, Gburek J, Liu W et al (2006) Divalent metal transporter
1 in the kidney proximal tubule is expressed in late endosomes/
lysosomal membranes: implications for renal handling of protein-
metal complexes. Am J Physiol Renal Physiol 290(6):F1525-
F1533. https://doi.org/10.1152/ajprenal.00359.2005

Abu-Hayyeh S, Sian M, Jones KG, Manuel A, Powell JT (2001)
Cadmium accumulation in aortas of smokers. Arterioscler
Thromb Vasc Biol 21(5):863-867. https://doi.org/10.1161/01.
atv.21.5.863

Adriaens C, Serebryannyy LA, Feric M et al (2018) Blank spots on the
map: some current questions on nuclear organization and genome
architecture. Histochem Cell Biol 150(6):579-592. https://doi.
org/10.1007/s00418-018-1726-1

@ Springer


https://doi.org/10.1152/ajprenal.00359.2005
https://doi.org/10.1161/01.atv.21.5.863
https://doi.org/10.1161/01.atv.21.5.863
https://doi.org/10.1007/s00418-018-1726-1
https://doi.org/10.1007/s00418-018-1726-1

1038

Archives of Toxicology (2020) 94:1017-1049

Aits S, Jaattela M (2013) Lysosomal cell death at a glance. J Cell Sci
126(Pt 9):1905-1912. https://doi.org/10.1242/jcs.091181

Al Bakheet SA, Attafi IM, Maayah ZH, Abd-Allah AR, Asiri YA,
Korashy HM (2013) Effect of long-term human exposure to
environmental heavy metals on the expression of detoxification
and DNA repair genes. Environ Pollut 181:226-232. https://doi.
org/10.1016/j.envpol.2013.06.014

Almasalmeh A, Krenc D, Wu B, Beitz E (2014) Structural determi-
nants of the hydrogen peroxide permeability of aquaporins.
FEBS J 281(3):647-656. https://doi.org/10.1111/febs.12653

Amiry-Moghaddam M, Lindland H, Zelenin S et al (2005) Brain mito-
chondria contain aquaporin water channels: evidence for the
expression of a short AQPY isoform in the inner mitochondrial
membrane. FASEB J 19(11):1459-1467. https://doi.org/10.1096/
£j.04-3515com

Anderson DJ, Hetzer MW (2008) Shaping the endoplasmic reticulum
into the nuclear envelope. J Cell Sci 121(Pt 2):137-142. https://
doi.org/10.1242/jcs.005777

Antoniali G, Marcuzzi F, Casarano E, Tell G (2015) Cadmium treat-
ment suppresses DNA polymerase delta catalytic subunit gene
expression by acting on the p53 and Sp1 regulatory axis. DNA
Repair (Amst) 35:90-105. https://doi.org/10.1016/j.dnare
p.2015.08.007

Asar M, Kayisli UA, Izgut-Uysal VN, Akkoyunlu G (2004) Immuno-
histochemical and ultrastructural changes in the renal cortex of
cadmium-treated rats. Biol Trace Elem Res 97(3):249-263. https
://doi.org/10.1385/BTER:97:3:249

Augustynek B, Kunz WS, Szewczyk A (2017) Guide to the pharmacol-
ogy of mitochondrial potassium channels. Handb Exp Pharmacol
240:103-127. https://doi.org/10.1007/164_2016_79

Azarashvili TS, Tyynela J, Odinokova IV et al (2002) Phosphoryla-
tion of a peptide related to subunit ¢ of the FOF1-ATPase/ATP
synthase and relationship to permeability transition pore opening
in mitochondria. J Bioenerg Biomembr 34(4):279-284. https:/
doi.org/10.1023/a:1020204518513

Baines CP, Gutierrez-Aguilar M (2018) The still uncertain identity
of the channel-forming unit(s) of the mitochondrial perme-
ability transition pore. Cell Calcium 73:121-130. https://doi.
org/10.1016/j.ceca.2018.05.003

Baines CP, Kaiser RA, Purcell NH et al (2005) Loss of cyclophilin D
reveals a critical role for mitochondrial permeability transition in
cell death. Nature 434(7033):658-662. https://doi.org/10.1038/
nature03434

Baines CP, Kaiser RA, Sheiko T, Craigen WJ, Molkentin JD (2007)
Voltage-dependent anion channels are dispensable for mitochon-
drial-dependent cell death. Nat Cell Biol 9(5):550-555. https://
doi.org/10.1038/ncb1575

Balla T (2018) Ca(2+) and lipid signals hold hands at endoplas-
mic reticulum-plasma membrane contact sites. J Physiol
596(14):2709-2716. https://doi.org/10.1113/JP274957

Balla T, Kim YJ, Alvarez-Prats A, Pemberton J (2019) Lipid dynam-
ics at contact sites between the endoplasmic reticulum and other
organelles. Annu Rev Cell Dev Biol 35:85-109. https://doi.
org/10.1146/annurev-cellbio-100818-125251

Banerjee S, Flores-Rozas H (2005) Cadmium inhibits mismatch repair
by blocking the ATPase activity of the MSH2-MSH6 complex.
Nucleic Acids Res 33(4):1410-1419. https://doi.org/10.1093/
nar/gki291

Banfalvi G, Gacsi M, Nagy G, Kiss ZB, Basnakian AG (2005) Cad-
mium induced apoptotic changes in chromatin structure and
subphases of nuclear growth during the cell cycle in CHO
cells. Apoptosis 10(3):631-642. https://doi.org/10.1007/s1049
5-005-1897-9

Bantele SCS, Pfander B (2019) Quantitative mechanisms of DNA dam-
age sensing and signaling. Curr Genet. https://doi.org/10.1007/
$00294-019-01007-4

@ Springer

Becker T, Wagner R (2018) Mitochondrial outer membrane chan-
nels: emerging diversity in transport processes. BioEssays
40(7):e1800013. https://doi.org/10.1002/bies.201800013

Belyaeva EA, Glazunov VV, Korotkov SM (2002) Cyclosporin
A-sensitive permeability transition pore is involved in Cd(2+)-
induced dysfunction of isolated rat liver mitochondria: doubts
no more. Arch Biochem Biophys 405(2):252-264. https://doi.
org/10.1016/s0003-9861(02)00400-9

Belyaeva EA, Glazunov VV, Korotkov SM (2004) Cd2+ -promoted
mitochondrial permeability transition: a comparison with other
heavy metals. Acta Biochim Pol 51(2):545-551

Bertin G, Averbeck D (2006) Cadmium: cellular effects, modifica-
tions of biomolecules, modulation of DNA repair and geno-
toxic consequences (a review). Biochimie 88(11):1549-1559.
https://doi.org/10.1016/j.biochi.2006.10.001

Beyersmann D, Block C, Malviya AN (1994) Effects of cadmium on
nuclear protein kinase C. Environ Health Perspect 102(Suppl
3):177-180. https://doi.org/10.1289/ehp.94102s3177

Biagioli M, Pifferi S, Ragghianti M, Bucci S, Rizzuto R, Pinton
P (2008) Endoplasmic reticulum stress and alteration in cal-
cium homeostasis are involved in cadmium-induced apopto-
sis. Cell Calcium 43(2):184-195. https://doi.org/10.1016/j.
ceca.2007.05.003

Bialkowski K, Bialkowska A, Kasprzak KS (1999) Cadmium(II),
unlike nickel(II), inhibits 8-oxo-dGTPase activity and increases
8-0x0-dG level in DNA of the rat testis, a target organ for
cadmium(II) carcinogenesis. Carcinogenesis 20(8):1621-1624.
https://doi.org/10.1093/carcin/20.8.1621

Biamonti G, Vourc’h C (2010) Nuclear stress bodies. Cold Spring
Harb Perspect Biol 2(6):a000695. https://doi.org/10.1101/
cshperspect.a000695

Biasutto L, Azzolini M, Szabo I, Zoratti M (2016) The mitochondrial
permeability transition pore in AD 2016: an update. Biochim
Biophys Acta 1863 10:2515-2530. https://doi.org/10.1016/j.
bbamcr.2016.02.012

Blackford AN, Jackson SP (2017) ATM, ATR, and DNA-PK: the
trinity at the heart of the DNA damage response. Mol Cell
66(6):801-817. https://doi.org/10.1016/j.molcel.2017.05.015

Block C, Freyermuth S, Beyersmann D, Malviya AN (1992) Role of
cadmium in activating nuclear protein kinase C and the enzyme
binding to nuclear protein. J Biol Chem 267(28):19824-19828

Blum TB, Hahn A, Meier T, Davies KM, Kuhlbrandt W (2019)
Dimers of mitochondrial ATP synthase induce membrane cur-
vature and self-assemble into rows. Proc Natl Acad Sci USA
116(10):4250-4255. https://doi.org/10.1073/pnas. 1816556116

Bonifacino JS, Glick BS (2004) The mechanisms of vesicle bud-
ding and fusion. Cell 116(2):153-166. https://doi.org/10.1016/
$0092-8674(03)01079-1

Bonora M, Bononi A, De Marchi E et al (2013) Role of the ¢ sub-
unit of the FO ATP synthase in mitochondrial permeability
transition. Cell Cycle 12(4):674—683. https://doi.org/10.4161/
cc.23599

Bonora M, Morganti C, Morciano G et al (2017) Mitochondrial perme-
ability transition involves dissociation of FIFO ATP synthase
dimers and C-ring conformation. EMBO Rep 18(7):1077-1089.
https://doi.org/10.15252/embr.201643602

Bonora M, Pinton P (2019) A new current for the mitochondrial per-
meability transition. Trends Biochem Sci 44(7):559-561. https
://doi.org/10.1016/].tibs.2019.04.009

Bootman MD, Allman S, Rietdorf K, Bultynck G (2018) Deleteri-
ous effects of calcium indicators within cells; an inconven-
ient truth. Cell Calcium 73:82-87. https://doi.org/10.1016/j.
ceca.2018.04.005

Boulianne B, Feldhahn N (2018) Transcribing malignancy: tran-
scription-associated genomic instability in cancer. Oncogene
37(8):971-981. https://doi.org/10.1038/onc.2017.402


https://doi.org/10.1242/jcs.091181
https://doi.org/10.1016/j.envpol.2013.06.014
https://doi.org/10.1016/j.envpol.2013.06.014
https://doi.org/10.1111/febs.12653
https://doi.org/10.1096/fj.04-3515com
https://doi.org/10.1096/fj.04-3515com
https://doi.org/10.1242/jcs.005777
https://doi.org/10.1242/jcs.005777
https://doi.org/10.1016/j.dnarep.2015.08.007
https://doi.org/10.1016/j.dnarep.2015.08.007
https://doi.org/10.1385/BTER:97:3:249
https://doi.org/10.1385/BTER:97:3:249
https://doi.org/10.1007/164_2016_79
https://doi.org/10.1023/a:1020204518513
https://doi.org/10.1023/a:1020204518513
https://doi.org/10.1016/j.ceca.2018.05.003
https://doi.org/10.1016/j.ceca.2018.05.003
https://doi.org/10.1038/nature03434
https://doi.org/10.1038/nature03434
https://doi.org/10.1038/ncb1575
https://doi.org/10.1038/ncb1575
https://doi.org/10.1113/JP274957
https://doi.org/10.1146/annurev-cellbio-100818-125251
https://doi.org/10.1146/annurev-cellbio-100818-125251
https://doi.org/10.1093/nar/gki291
https://doi.org/10.1093/nar/gki291
https://doi.org/10.1007/s10495-005-1897-9
https://doi.org/10.1007/s10495-005-1897-9
https://doi.org/10.1007/s00294-019-01007-4
https://doi.org/10.1007/s00294-019-01007-4
https://doi.org/10.1002/bies.201800013
https://doi.org/10.1016/s0003-9861(02)00400-9
https://doi.org/10.1016/s0003-9861(02)00400-9
https://doi.org/10.1016/j.biochi.2006.10.001
https://doi.org/10.1289/ehp.94102s3177
https://doi.org/10.1016/j.ceca.2007.05.003
https://doi.org/10.1016/j.ceca.2007.05.003
https://doi.org/10.1093/carcin/20.8.1621
https://doi.org/10.1101/cshperspect.a000695
https://doi.org/10.1101/cshperspect.a000695
https://doi.org/10.1016/j.bbamcr.2016.02.012
https://doi.org/10.1016/j.bbamcr.2016.02.012
https://doi.org/10.1016/j.molcel.2017.05.015
https://doi.org/10.1073/pnas.1816556116
https://doi.org/10.1016/s0092-8674(03)01079-1
https://doi.org/10.1016/s0092-8674(03)01079-1
https://doi.org/10.4161/cc.23599
https://doi.org/10.4161/cc.23599
https://doi.org/10.15252/embr.201643602
https://doi.org/10.1016/j.tibs.2019.04.009
https://doi.org/10.1016/j.tibs.2019.04.009
https://doi.org/10.1016/j.ceca.2018.04.005
https://doi.org/10.1016/j.ceca.2018.04.005
https://doi.org/10.1038/onc.2017.402

Archives of Toxicology (2020) 94:1017-1049

1039

Boya P, Reggiori F, Codogno P (2013) Emerging regulation and func-
tions of autophagy. Nat Cell Biol 15(7):713-720. https://doi.
org/10.1038/ncb2788

Braeckman B, Brys K, Rzeznik U, Raes H (1999) Cadmium pathol-
ogy in an insect cell line: ultrastructural and biochemical effects.
Tissue Cell 31(1):45-53. https://doi.org/10.1054/tice.1998.0019

Bravard A, Campalans A, Vacher M et al (2010) Inactivation by oxi-
dation and recruitment into stress granules of hOGG1 but not
APEI in human cells exposed to sub-lethal concentrations of
cadmium. Mutat Res 685(1-2):61-69. https://doi.org/10.1016/j.
mrfmmm.2009.09.013

Brown GC, Borutaite V (2008) Regulation of apoptosis by the redox
state of cytochrome c. Biochim Biophys Acta 1777(7-8):877—
881. https://doi.org/10.1016/j.bbabio.2008.03.024

Bryan SE, Hidalgo HA (1976) Nuclear 115cadmium: uptake and dis-
appearance correlated with cadmium-binding protein synthesis.
Biochem Biophys Res Commun 68(3):858-866. https://doi.
0rg/10.1016/0006-291x(76)91224-9

Bulleid NJ, van Lith M (2014) Redox regulation in the endoplas-
mic reticulum. Biochem Soc Trans 42(4):905-908. https://doi.
org/10.1042/BST20140065

Burgoyne RD, Morgan A (2003) Secretory granule exocytosis. Physiol
Rev 83(2):581-632. https://doi.org/10.1152/physrev.00031.2002

Cabukusta B, Neefjes J (2018) Mechanisms of lysosomal positioning
and movement. Traffic 19(10):761-769. https://doi.org/10.1111/
tra.12587

Calamita G, Ferri D, Gena P et al (2005) The inner mitochondrial
membrane has aquaporin-8 water channels and is highly perme-
able to water. J Biol Chem 280(17):17149-17153. https://doi.
org/10.1074/jbc.C400595200

Camello C, Lomax R, Petersen OH, Tepikin AV (2002) Calcium leak
from intracellular stores—the enigma of calcium signalling. Cell
Calcium 32(5-6):355-361. https://doi.org/10.1016/s014341600
2001926

Candeias S, Pons B, Viau M, Caillat S, Sauvaigo S (2010) Direct inhi-
bition of excision/synthesis DNA repair activities by cadmium:
analysis on dedicated biochips. Mutat Res 694(1-2):53-59. https
://doi.org/10.1016/j.mrfmmm.2010.10.001

Carreras-Sureda A, Pihan P, Hetz C (2018) Calcium signaling at the
endoplasmic reticulum: fine-tuning stress responses. Cell Cal-
cium 70:24-31. https://doi.org/10.1016/j.ceca.2017.08.004

Casey JR, Grinstein S, Orlowski J (2010) Sensors and regulators of
intracellular pH. Nat Rev Mol Cell Biol 11(1):50-61. https://doi.
org/10.1038/nrm2820

Cassandri M, Smirnov A, Novelli F et al (2017) Zinc-finger proteins
in health and disease. Cell Death Discov 3:17071. https://doi.
org/10.1038/cddiscovery.2017.71

Ceccaldi R, Rondinelli B, D’Andrea AD (2016) Repair pathway choices
and consequences at the double-strand break. Trends Cell Biol
26(1):52-64. https://doi.org/10.1016/j.tcb.2015.07.009

Cervera J, Alamar M, Martinez A, Renau-Piqueras J (1983) Nuclear
alterations induced by cadmium chloride and L-canavanine
in HeLa S3 cells. Accumulation of perichromatin granules. J
Ultrastruct Res 82(3):241-263. https://doi.org/10.1016/s0022
-5320(83)80013-6

Chaban Y, Boekema EJ, Dudkina NV (2014) Structures of mitochon-
drial oxidative phosphorylation supercomplexes and mechanisms
for their stabilisation. Biochim Biophys Acta 1837 4:418-426.
https://doi.org/10.1016/j.bbabio.2013.10.004

Chargui A, Zekri S, Jacquillet G et al (2011) Cadmium-induced
autophagy in rat kidney: an early biomarker of subtoxic exposure.
Toxicol Sci 121(1):31-42. https://doi.org/10.1093/toxsci/kfr03 1

Chatterjee N, Walker GC (2017) Mechanisms of DNA damage, repair,
and mutagenesis. Environ Mol Mutagen 58(5):235-263. https://
doi.org/10.1002/em.22087

Chen T, Li W, Schulz PJ, Furst A, Chien PK (1995) Induction of per-
oxisome proliferation and increase of catalase activity in yeast,
Candida albicans, by cadmium. Biol Trace Elem Res 50(2):125—
133. https://doi.org/10.1007/BF02789415

Cheng JPX, Nichols BJ (2016) Caveolae: one function or many?
Trends Cell Biol 26(3):177-189. https://doi.org/10.1016/j.
tcb.2015.10.010

Chiodi I, Biggiogera M, Denegri M et al (2000) Structure and dynam-
ics of hnRNP-labelled nuclear bodies induced by stress treat-
ments. J Cell Sci 113(Pt 22):4043-4053

Choi J, Jo M, Lee E, Choi D (2011) Induction of apoptotic cell death
via accumulation of autophagosomes in rat granulosa cells. Fer-
til Steril 95(4):1482-1486. https://doi.org/10.1016/j.fertnstert
.2010.06.006

Choi JS, Kim KR, Ahn DW, Park YS (1999) Cadmium inhibits albu-
min endocytosis in opossum kidney epithelial cells. Toxicol
Appl Pharmacol 161(2):146—152. https://doi.org/10.1006/
taap.1999.8797

Choong G, Liu Y, Templeton DM (2014) Interplay of calcium and
cadmium in mediating cadmium toxicity. Chem Biol Interact
211:54-65. https://doi.org/10.1016/j.cbi.2014.01.007

Colombini M (2016) The VDAC channel: molecular basis for selec-
tivity. Biochim Biophys Acta 1863(10):2498-2502. https://doi.
org/10.1016/j.bbamcr.2016.01.019

Comte J, Maisterrena B, Gautheron DC (1976) Lipid composition
and protein profiles of outer and inner membranes from pig
heart mitochondria. Comparison with microsomes. Biochim
Biophys Acta 419(2):271-284. https://doi.org/10.1016/0005-
2736(76)90353-9

Covian-Nares JF, Smith RM, Vogel SS (2008) Two independent forms
of endocytosis maintain embryonic cell surface homeostasis dur-
ing early development. Dev Biol 316(1):135-148. https://doi.
org/10.1016/j.ydbio.2008.01.017

Cremer T, Kupper K, Dietzel S, Fakan S (2004) Higher order chro-
matin architecture in the cell nucleus: on the way from structure
to function. Biol Cell 96(8):555-567. https://doi.org/10.1016/j.
biolcel.2004.07.002

Crompton M, Virji S, Ward JM (1998) Cyclophilin-D binds strongly
to complexes of the voltage-dependent anion channel and the
adenine nucleotide translocase to form the permeability transi-
tion pore. Eur J Biochem 258(2):729-735. https://doi.org/10.10
46/j.1432-1327.1998.2580729.x

Cuypers A, Plusquin M, Remans T et al (2010) Cadmium stress: an
oxidative challenge. Biometals 23(5):927-940. https://doi.
org/10.1007/s10534-010-9329-x

Daley JM, Sung P (2014) 53BP1, BRCAI, and the choice between
recombination and end joining at DNA double-strand breaks.
Mol Cell Biol 34(8):1380-1388. https://doi.org/10.1128/
MCB.01639-13

Dally H, Hartwig A (1997) Induction and repair inhibition of oxida-
tive DNA damage by nickel(IT) and cadmium(II) in mammalian
cells. Carcinogenesis 18(5):1021-1026. https://doi.org/10.1093/
carcin/18.5.1021

Danielli M, Capiglioni AM, Marrone J, Calamita G, Marinelli RA
(2017) Cholesterol can modulate mitochondrial aquaporin-8
expression in human hepatic cells. IUBMB Life 69(5):341-346.
https://doi.org/10.1002/iub.1615

Danielli M, Marrone J, Capiglioni AM, Marinelli RA (2019) Mito-
chondrial aquaporin-8 is involved in SREBP-controlled hepato-
cyte cholesterol biosynthesis. Free Radic Biol Med 131:370-375.
https://doi.org/10.1016/j.freeradbiomed.2018.12.016

Das A, Nag S, Mason AB, Barroso MM (2016) Endosome-mitochon-
dria interactions are modulated by iron release from transferrin.
J Cell Biol 214(7):831-845. https://doi.org/10.1083/jcb.20160
2069

@ Springer


https://doi.org/10.1038/ncb2788
https://doi.org/10.1038/ncb2788
https://doi.org/10.1054/tice.1998.0019
https://doi.org/10.1016/j.mrfmmm.2009.09.013
https://doi.org/10.1016/j.mrfmmm.2009.09.013
https://doi.org/10.1016/j.bbabio.2008.03.024
https://doi.org/10.1016/0006-291x(76)91224-9
https://doi.org/10.1016/0006-291x(76)91224-9
https://doi.org/10.1042/BST20140065
https://doi.org/10.1042/BST20140065
https://doi.org/10.1152/physrev.00031.2002
https://doi.org/10.1111/tra.12587
https://doi.org/10.1111/tra.12587
https://doi.org/10.1074/jbc.C400595200
https://doi.org/10.1074/jbc.C400595200
https://doi.org/10.1016/s0143416002001926
https://doi.org/10.1016/s0143416002001926
https://doi.org/10.1016/j.mrfmmm.2010.10.001
https://doi.org/10.1016/j.mrfmmm.2010.10.001
https://doi.org/10.1016/j.ceca.2017.08.004
https://doi.org/10.1038/nrm2820
https://doi.org/10.1038/nrm2820
https://doi.org/10.1038/cddiscovery.2017.71
https://doi.org/10.1038/cddiscovery.2017.71
https://doi.org/10.1016/j.tcb.2015.07.009
https://doi.org/10.1016/s0022-5320(83)80013-6
https://doi.org/10.1016/s0022-5320(83)80013-6
https://doi.org/10.1016/j.bbabio.2013.10.004
https://doi.org/10.1093/toxsci/kfr031
https://doi.org/10.1002/em.22087
https://doi.org/10.1002/em.22087
https://doi.org/10.1007/BF02789415
https://doi.org/10.1016/j.tcb.2015.10.010
https://doi.org/10.1016/j.tcb.2015.10.010
https://doi.org/10.1016/j.fertnstert.2010.06.006
https://doi.org/10.1016/j.fertnstert.2010.06.006
https://doi.org/10.1006/taap.1999.8797
https://doi.org/10.1006/taap.1999.8797
https://doi.org/10.1016/j.cbi.2014.01.007
https://doi.org/10.1016/j.bbamcr.2016.01.019
https://doi.org/10.1016/j.bbamcr.2016.01.019
https://doi.org/10.1016/0005-2736(76)90353-9
https://doi.org/10.1016/0005-2736(76)90353-9
https://doi.org/10.1016/j.ydbio.2008.01.017
https://doi.org/10.1016/j.ydbio.2008.01.017
https://doi.org/10.1016/j.biolcel.2004.07.002
https://doi.org/10.1016/j.biolcel.2004.07.002
https://doi.org/10.1046/j.1432-1327.1998.2580729.x
https://doi.org/10.1046/j.1432-1327.1998.2580729.x
https://doi.org/10.1007/s10534-010-9329-x
https://doi.org/10.1007/s10534-010-9329-x
https://doi.org/10.1128/MCB.01639-13
https://doi.org/10.1128/MCB.01639-13
https://doi.org/10.1093/carcin/18.5.1021
https://doi.org/10.1093/carcin/18.5.1021
https://doi.org/10.1002/iub.1615
https://doi.org/10.1016/j.freeradbiomed.2018.12.016
https://doi.org/10.1083/jcb.201602069
https://doi.org/10.1083/jcb.201602069

1040

Archives of Toxicology (2020) 94:1017-1049

Davies KM, Anselmi C, Wittig I, Faraldo-Gomez JD, Kuhlbrandt W
(2012) Structure of the yeast F1Fo-ATP synthase dimer and its
role in shaping the mitochondrial cristae. Proc Natl Acad Sci
USA 109(34):13602-13607. https://doi.org/10.1073/pnas.12045
93109

de Araujo MEG, Liebscher G, Hess MW, Huber LA (2020) Lysoso-
mal size matters. Traffic 21(1):60-75. https://doi.org/10.1111/
tra.12714

Demarquoy J, Le Borgne F (2015) Crosstalk between mitochondria
and peroxisomes. World J Biol Chem 6(4):301-309. https://doi.
org/10.4331/wjbc.v6.i4.301

Devaux PF, Morris R (2004) Transmembrane asymmetry and lateral
domains in biological membranes. Traffic 5(4):241-246. https://
doi.org/10.1111/j.1600-0854.2004.0170.x

Diaz R, Stahl PD (1989) Digitonin permeabilization procedures for
the study of endosome acidification and function. Methods Cell
Biol 31:25-43. https://doi.org/10.1016/s0091-679x(08)61600-3

Ding WX, Ni HM, Gao W et al (2007) Differential effects of endoplas-
mic reticulum stress-induced autophagy on cell survival. J Biol
Chem 282(7):4702—4710. https://doi.org/10.1074/jbc.M6092
67200

Doan KN, Ellenrieder L, Becker T (2019) Mitochondrial porin links
protein biogenesis to metabolism. Curr Genet 65(4):899-903.
https://doi.org/10.1007/s00294-019-00965-z

Dorn GW 2nd (2019) Evolving concepts of mitochondrial dynamics.
Annu Rev Physiol 81:1-17. https://doi.org/10.1146/annurev-
physiol-020518-114358

Dorta DJ, Leite S, DeMarco KC et al (2003) A proposed sequence
of events for cadmium-induced mitochondrial impairment. J
Inorg Biochem 97(3):251-257. https://doi.org/10.1016/s0162
-0134(03)00314-3

Dzugan M, Trybus W, Lis M et al (2018) Cadmium-induced ultras-
tructural changes in primary target organs of developing chicken
embryos (Gallus domesticus). J Trace Elem Med Biol 50:167—
174. https://doi.org/10.1016/j.jtemb.2018.06.015

Early JL 2nd, Nonavinakere VK, Weaver A (1992) Effect of cadmium
and/or selenium on liver mitochondria and rough endoplas-
mic reticulum in the rat. Toxicol Lett 62(1):73-83. https://doi.
org/10.1016/0378-4274(92)90080-4

Eeman M, Deleu M (2010) From biological membranes to bio-
mimetic model membranes. Biotechnol Agron Soc Environ
14(4):719-736

Elbaz-Alon Y (2017) Mitochondria-organelle contact sites: the plot
thickens. Biochem Soc Trans 45(2):477-488. https://doi.
org/10.1042/BST20160130

Ellenrieder L, Rampelt H, Becker T (2017) Connection of protein
transport and organelle contact sites in mitochondria. J Mol Biol
429(14):2148-2160. https://doi.org/10.1016/j.jmb.2017.05.023

Eskelinen EL, Saftig P (2009) Autophagy: a lysosomal degradation
pathway with a central role in health and disease. Biochim Bio-
phys Acta 1793(4):664—673. https://doi.org/10.1016/j.bbamc
.2008.07.014

Farmer T, Naslavsky N, Caplan S (2018) Tying trafficking to fusion
and fission at the mighty mitochondria. Traffic 19(8):569-577.
https://doi.org/10.1111/tra.12573

Faroon O, Ashizawa A, Wright S et al (2012) Toxicological profile
for cadmium toxicological profile for cadmium. In: Agency for
Toxic Substances and Disease Registry (ATSDR) Toxicological
Profiles, Atlanta (GA)

Fay MJ, Alt LAC, Ryba D et al (2018) Cadmium nephrotoxicity is
associated with altered microRNA expression in the rat renal
cortex. Toxics 6:1. https://doi.org/10.3390/toxics6010016

Fels J, Scharner B, Zarbock R et al (2019) Cadmium complexed with
beta2-microglubulin, albumin and lipocalin-2 rather than metal-
lothionein cause megalin: cubilin dependent toxicity of the renal

@ Springer

proximal tubule. Int J Mol Sci 20:10. https://doi.org/10.3390/
ijms20102379

Ferri S (1980) Effect of cadmium on Golgi complex of freshwater tele-
ost (Pimelodus maculatus) hepatocytes. Protoplasma 103(1):99—
103. https://doi.org/10.1007/bf01276744

Fighetti MA, Miele M, Montella A, Desole MS, Congiu AM, Anania
V (1988) Possible involvement of nuclei in cadmium-induced
modifications of cultured cells. Arch Toxicol 62(6):476-478.
https://doi.org/10.1007/bf00288354

Filipic M (2012) Mechanisms of cadmium induced genomic instabil-
ity. Mutat Res 733(1-2):69-77. https://doi.org/10.1016/j.mrfmm
m.2011.09.002

Fleming A, Noda T, Yoshimori T, Rubinsztein DC (2011) Chemi-
cal modulators of autophagy as biological probes and potential
therapeutics. Nat Chem Biol 7(1):9-17. https://doi.org/10.1038/
nchembio.500

Fotakis G, Cemeli E, Anderson D, Timbrell JA (2005) Cadmium chlo-
ride-induced DNA and lysosomal damage in a hepatoma cell
line. Toxicol In Vitro 19(4):481-489. https://doi.org/10.1016/].
tiv.2005.02.001

Fotiadis D, Suda K, Tittmann P et al (2002) Identification and structure
of a putative Ca2+-binding domain at the C terminus of AQP1.
J Mol Biol 318(5):1381-1394. https://doi.org/10.1016/s0022
-2836(02)00143-2

Fransen M, Lismont C, Walton P (2017) The peroxisome-mitochon-
dria connection: how and why? Int J Mol Sci 18:6. https://doi.
org/10.3390/ijms 18061126

Freisinger E, Vasak M (2013) Cadmium in metallothio-
neins. Met Ions Life Sci 11:339-371. https://doi.
org/10.1007/978-94-007-5179-8_11

Frick A, Jarva M, Ekvall M, Uzdavinys P, Nyblom M, Tornroth-Horse-
field S (2013) Mercury increases water permeability of a plant
aquaporin through a non-cysteine-related mechanism. Biochem
J454(3):491-499. https://doi.org/10.1042/BJ20130377

Friedberg EC (2003) DNA damage and repair. Nature 421(6921):436—
440. https://doi.org/10.1038/nature01408

Friedman JR, Lackner LL, West M, DiBenedetto JR, Nunnari J, Voeltz
GK (2011) ER tubules mark sites of mitochondrial division. Sci-
ence 334(6054):358-362. https://doi.org/10.1126/science.12073
85

Funato K, Riezman H, Muniz M (2020) Vesicular and non-vesicular
lipid export from the ER to the secretory pathway. Biochim Bio-
phys Acta Mol Cell Biol Lipids 1865:1. https://doi.org/10.1016/j.
bbalip.2019.04.013

Gadhia SR, O’Brien D, Barile FA (2015) Cadmium affects mitotically
inherited histone modification pathways in mouse embryonic
stem cells. Toxicol In Vitro 30(1 Pt B):583-592. https://doi.
org/10.1016/j.tiv.2015.11.001

Gaido ML, Cidlowski JA (1991) Identification, purification, and char-
acterization of a calcium-dependent endonuclease (NUC18)
from apoptotic rat thymocytes. NUC18 is not histone H2B. J
Biol Chem 266(28):18580-18585

Gardarin A, Chedin S, Lagniel G et al (2010) Endoplasmic
reticulum is a major target of cadmium toxicity in yeast.
Mol Microbiol 76(4):1034-1048. https://doi.org/10.111
1/§.1365-2958.2010.07166.x

Garlid KD, Paucek P (2003) Mitochondrial potassium transport: the
K(+) cycle. Biochim Biophys Acta 1606(1-3):23—41. https://doi.
org/10.1016/s0005-2728(03)00108-7

Garofalo T, Manganelli V, Grasso M et al (2015) Role of mitochondrial
raft-like microdomains in the regulation of cell apoptosis. Apop-
tosis 20(5):621-634. https://doi.org/10.1007/s10495-015-1100-x

Ge Y, Song X, Chen L et al (2019) Cadmium induces actin cytoskel-
eton alterations and dysfunction in Neuro-2a cells. Environ Toxi-
col 34(4):469-475. https://doi.org/10.1002/tox.22700


https://doi.org/10.1073/pnas.1204593109
https://doi.org/10.1073/pnas.1204593109
https://doi.org/10.1111/tra.12714
https://doi.org/10.1111/tra.12714
https://doi.org/10.4331/wjbc.v6.i4.301
https://doi.org/10.4331/wjbc.v6.i4.301
https://doi.org/10.1111/j.1600-0854.2004.0170.x
https://doi.org/10.1111/j.1600-0854.2004.0170.x
https://doi.org/10.1016/s0091-679x(08)61600-3
https://doi.org/10.1074/jbc.M609267200
https://doi.org/10.1074/jbc.M609267200
https://doi.org/10.1007/s00294-019-00965-z
https://doi.org/10.1146/annurev-physiol-020518-114358
https://doi.org/10.1146/annurev-physiol-020518-114358
https://doi.org/10.1016/s0162-0134(03)00314-3
https://doi.org/10.1016/s0162-0134(03)00314-3
https://doi.org/10.1016/j.jtemb.2018.06.015
https://doi.org/10.1016/0378-4274(92)90080-4
https://doi.org/10.1016/0378-4274(92)90080-4
https://doi.org/10.1042/BST20160130
https://doi.org/10.1042/BST20160130
https://doi.org/10.1016/j.jmb.2017.05.023
https://doi.org/10.1016/j.bbamcr.2008.07.014
https://doi.org/10.1016/j.bbamcr.2008.07.014
https://doi.org/10.1111/tra.12573
https://doi.org/10.3390/toxics6010016
https://doi.org/10.3390/ijms20102379
https://doi.org/10.3390/ijms20102379
https://doi.org/10.1007/bf01276744
https://doi.org/10.1007/bf00288354
https://doi.org/10.1016/j.mrfmmm.2011.09.002
https://doi.org/10.1016/j.mrfmmm.2011.09.002
https://doi.org/10.1038/nchembio.500
https://doi.org/10.1038/nchembio.500
https://doi.org/10.1016/j.tiv.2005.02.001
https://doi.org/10.1016/j.tiv.2005.02.001
https://doi.org/10.1016/s0022-2836(02)00143-2
https://doi.org/10.1016/s0022-2836(02)00143-2
https://doi.org/10.3390/ijms18061126
https://doi.org/10.3390/ijms18061126
https://doi.org/10.1007/978-94-007-5179-8_11
https://doi.org/10.1007/978-94-007-5179-8_11
https://doi.org/10.1042/BJ20130377
https://doi.org/10.1038/nature01408
https://doi.org/10.1126/science.1207385
https://doi.org/10.1126/science.1207385
https://doi.org/10.1016/j.bbalip.2019.04.013
https://doi.org/10.1016/j.bbalip.2019.04.013
https://doi.org/10.1016/j.tiv.2015.11.001
https://doi.org/10.1016/j.tiv.2015.11.001
https://doi.org/10.1111/j.1365-2958.2010.07166.x
https://doi.org/10.1111/j.1365-2958.2010.07166.x
https://doi.org/10.1016/s0005-2728(03)00108-7
https://doi.org/10.1016/s0005-2728(03)00108-7
https://doi.org/10.1007/s10495-015-1100-x
https://doi.org/10.1002/tox.22700

Archives of Toxicology (2020) 94:1017-1049

1041

Gena P, Calamita G, Guggino WB (2010) Cadmium impairs albu-
min reabsorption by down-regulating megalin and CIC5 chan-
nels in renal proximal tubule cells. Environ Health Perspect
118(11):1551-1556. https://doi.org/10.1289/ehp.0901874

Georgoulis A, Vorgias CE, Chrousos GP, Rogakou EP (2017)
Genome Instability and gammaH2AX. Int J Mol Sci 18:9. https
://doi.org/10.3390/ijms 18091979

Giorgio V, von Stockum S, Antoniel M et al (2013) Dimers of
mitochondrial ATP synthase form the permeability transition
pore. Proc Natl Acad Sci USA 110(15):5887-5892. https://doi.
org/10.1073/pnas.1217823110

Giri SN, Hollinger MA (1995) Effect of cadmium on lung lysoso-
mal enzymes in vitro. Arch Toxicol 69(5):341-345. https://doi.
org/10.1007/s002040050181

Goering PL, Klaassen CD (1983) Altered subcellular distribu-
tion of cadmium following cadmium pretreatment: possible
mechanism of tolerance to cadmium-induced lethality. Toxicol
Appl Pharmacol 70(2):195-203. https://doi.org/10.1016/0041-
008x(83)90095-9

Gokey T, Hang B, Guliaev AB (2016) Cadmium(II) inhibition of
human uracil-DNA glycosylase by catalytic water supplanta-
tion. Sci Rep 6:39137. https://doi.org/10.1038/srep39137

Goyer RA, Cherian MG, Delaquerriere-Richardson L (1984) Cor-
relation of parameters of cadmium exposure with onset of cad-
mium-induced nephropathy in rats. J Environ Pathol Toxicol
Oncol 5(4-5):89-100

Grasseschi RM, Ramaswamy RB, Levine DJ, Klaassen CD, Wes-
selius LJ (2003) Cadmium accumulation and detoxifica-
tion by alveolar macrophages of cigarette smokers. Chest
124(5):1924-1928. https://doi.org/10.1378/chest.124.5.1924

Gunnarson E, Axehult G, Baturina G, Zelenin S, Zelenina M, Aperia
A (2005) Lead induces increased water permeability in astro-
cytes expressing aquaporin 4. Neuroscience 136(1):105-114.
https://doi.org/10.1016/j.neuroscience.2005.07.027

Guo P, Pi H, Xu S et al (2014) Melatonin Improves mitochondrial
function by promoting MT1/SIRT1/PGC-1 alpha-dependent
mitochondrial biogenesis in cadmium-induced hepatotoxicity
in vitro. Toxicol Sci 142(1):182-195. https://doi.org/10.1093/
toxsci/kful64

Gutierrez-Aguilar M, Baines CP (2015) Structural mechanisms of
cyclophilin D-dependent control of the mitochondrial permea-
bility transition pore. Biochim Biophys Acta 1850:2041-2047.
https://doi.org/10.1016/j.bbagen.2014.11.009

Hailey DW, Rambold AS, Satpute-Krishnan P et al (2010) Mitochon-
dria supply membranes for autophagosome biogenesis during
starvation. Cell 141(4):656-667. https://doi.org/10.1016/j.
cell.2010.04.009

Hallermayer G, Neupert W (1974) Lipid composition of mito-
chondrial outer and inner membranes of Neurospora crassa.
Hoppe Seylers Z Physiol Chem 355(3):279-288. https://doi.
org/10.1515/bchm?2.1974.355.1.279

Hampoelz B, Andres-Pons A, Kastritis P, Beck M (2019) Structure
and assembly of the nuclear pore complex. Annu Rev Biophys
48:515-536. https://doi.org/10.1146/annurev-biophys-05211
8-115308

Hancock R (2000) A new look at the nuclear matrix. Chromosoma
109(4):219-225. https://doi.org/10.1007/s004120000077

Harner M, Korner C, Walther D et al (2011) The mitochondrial
contact site complex, a determinant of mitochondrial archi-
tecture. EMBO J 30(21):4356-4370. https://doi.org/10.1038/
emboj.2011.379

Harner ME, Unger AK, Geerts W] et al (2016) An evidence based
hypothesis on the existence of two pathways of mitochondrial
crista formation. Elife. https://doi.org/10.7554/eLife.18853

Hartwig A (1994) Role of DNA repair inhibition in lead- and cad-
mium-induced genotoxicity: a review. Environ Health Perspect
102(Suppl 3):45-50. https://doi.org/10.1289/ehp.94102s345

Hartwig A (2013a) Cadmium and cancer. Met lons Life Sci 11:491—
507. https://doi.org/10.1007/978-94-007-5179-8_15

Hartwig A (2013b) Metal interaction with redox regulation: an inte-
grating concept in metal carcinogenesis? Free Radic Biol Med
55:63-72. https://doi.org/10.1016/j.freeradbiomed.2012.11.009

Hashimoto K, Majumdar R, Tsuji Y (2017) Nuclear lamins and prog-
erin are dispensable for antioxidant Nrf2 response to arsenic and
cadmium. Cell Signal 33:69-78. https://doi.org/10.1016/j.cells
ig.2017.02.012

He J, Carroll J, Ding S, Fearnley IM, Walker JE (2017a) Permeabil-
ity transition in human mitochondria persists in the absence of
peripheral stalk subunits of ATP synthase. Proc Natl Acad Sci
USA 114(34):9086-9091. https://doi.org/10.1073/pnas.17112
01114

He J, Ford HC, Carroll J, Ding S, Fearnley IM, Walker JE (2017b)
Persistence of the mitochondrial permeability transition in the
absence of subunit ¢ of human ATP synthase. Proc Natl Acad Sci
USA 114(13):3409-3414. https://doi.org/10.1073/pnas.17023
57114

Hechtenberg S, Beyersmann D (1994) Interference of cadmium with
ATP-stimulated nuclear calcium uptake. Environ Health Perspect
102(Suppl 3):265-267. https://doi.org/10.1289/ehp.94102s3265

Herak-Kramberger CM, Brown D, Sabolic I (1998) Cadmium
inhibits vacuolar H(+)-ATPase and endocytosis in rat kidney
cortex. Kidney Int 53(6):1713-1726. https://doi.org/10.104
6/j.1523-1755.1998.00914.x

Hesketh GG, Wartosch L, Davis LJ, Bright NA, Luzio JP (2018) The
lysosome and intracellular signalling. Prog Mol Subcell Biol
57:151-180. https://doi.org/10.1007/978-3-319-96704-2_6

Hetz C (2012) The unfolded protein response: controlling cell fate
decisions under ER stress and beyond. Nat Rev Mol Cell Biol
13(2):89-102. https://doi.org/10.1038/nrm3270

Hetz C, Papa FR (2018) The unfolded protein response and cell fate
control. Mol Cell 69(2):169—181. https://doi.org/10.1016/j.molce
1.2017.06.017

Hirning LD, Fox AP, McCleskey EW et al (1988) Dominant role of
N-type Ca2+ channels in evoked release of norepinephrine from
sympathetic neurons. Science 239(4835):57-61. https://doi.
org/10.1126/science.2447647

Hu X, Chandler JD, Park S et al (2019) Low-dose cadmium dis-
rupts mitochondrial citric acid cycle and lipid metabolism in
mouse lung. Free Radic Biol Med 131:209-217. https://doi.
org/10.1016/j.freeradbiomed.2018.12.005

Humphries B, Wang Z, Yang C (2016) The role of microRNAs in
metal carcinogen-induced cell malignant transformation and
tumorigenesis. Food Chem Toxicol 98(Pt A):58-65. https://doi.
org/10.1016/j.£ct.2016.02.012

Huotari J, Helenius A (2011) Endosome maturation. EMBO J
30(17):3481-3500. https://doi.org/10.1038/emboj.2011.286

Ikaga R, Namekata I, Kotiadis VN et al (2015) Knockdown of aqua-
porin-8 induces mitochondrial dysfunction in 3T3-L1 cells. Bio-
chem Biophys Rep 4:187-195. https://doi.org/10.1016/j.bbrep
.2015.09.009

Ikon N, Ryan RO (2017) Cardiolipin and mitochondrial cristae organi-
zation. Biochim Biophys Acta Biomembr 1859(6):1156-1163.
https://doi.org/10.1016/j.bbamem.2017.03.013

Iverson SL, Orrenius S (2004) The cardiolipin-cytochrome c inter-
action and the mitochondrial regulation of apoptosis. Arch
Biochem Biophys 423(1):37-46. https://doi.org/10.1016/j.
abb.2003.12.002

Iyama T, Wilson DM 3rd (2013) DNA repair mechanisms in dividing
and non-dividing cells. DNA Repair (Amst) 12(8):620-636. https
://doi.org/10.1016/j.dnarep.2013.04.015

@ Springer


https://doi.org/10.1289/ehp.0901874
https://doi.org/10.3390/ijms18091979
https://doi.org/10.3390/ijms18091979
https://doi.org/10.1073/pnas.1217823110
https://doi.org/10.1073/pnas.1217823110
https://doi.org/10.1007/s002040050181
https://doi.org/10.1007/s002040050181
https://doi.org/10.1016/0041-008x(83)90095-9
https://doi.org/10.1016/0041-008x(83)90095-9
https://doi.org/10.1038/srep39137
https://doi.org/10.1378/chest.124.5.1924
https://doi.org/10.1016/j.neuroscience.2005.07.027
https://doi.org/10.1093/toxsci/kfu164
https://doi.org/10.1093/toxsci/kfu164
https://doi.org/10.1016/j.bbagen.2014.11.009
https://doi.org/10.1016/j.cell.2010.04.009
https://doi.org/10.1016/j.cell.2010.04.009
https://doi.org/10.1515/bchm2.1974.355.1.279
https://doi.org/10.1515/bchm2.1974.355.1.279
https://doi.org/10.1146/annurev-biophys-052118-115308
https://doi.org/10.1146/annurev-biophys-052118-115308
https://doi.org/10.1007/s004120000077
https://doi.org/10.1038/emboj.2011.379
https://doi.org/10.1038/emboj.2011.379
https://doi.org/10.7554/eLife.18853
https://doi.org/10.1289/ehp.94102s345
https://doi.org/10.1007/978-94-007-5179-8_15
https://doi.org/10.1016/j.freeradbiomed.2012.11.009
https://doi.org/10.1016/j.cellsig.2017.02.012
https://doi.org/10.1016/j.cellsig.2017.02.012
https://doi.org/10.1073/pnas.1711201114
https://doi.org/10.1073/pnas.1711201114
https://doi.org/10.1073/pnas.1702357114
https://doi.org/10.1073/pnas.1702357114
https://doi.org/10.1289/ehp.94102s3265
https://doi.org/10.1046/j.1523-1755.1998.00914.x
https://doi.org/10.1046/j.1523-1755.1998.00914.x
https://doi.org/10.1007/978-3-319-96704-2_6
https://doi.org/10.1038/nrm3270
https://doi.org/10.1016/j.molcel.2017.06.017
https://doi.org/10.1016/j.molcel.2017.06.017
https://doi.org/10.1126/science.2447647
https://doi.org/10.1126/science.2447647
https://doi.org/10.1016/j.freeradbiomed.2018.12.005
https://doi.org/10.1016/j.freeradbiomed.2018.12.005
https://doi.org/10.1016/j.fct.2016.02.012
https://doi.org/10.1016/j.fct.2016.02.012
https://doi.org/10.1038/emboj.2011.286
https://doi.org/10.1016/j.bbrep.2015.09.009
https://doi.org/10.1016/j.bbrep.2015.09.009
https://doi.org/10.1016/j.bbamem.2017.03.013
https://doi.org/10.1016/j.abb.2003.12.002
https://doi.org/10.1016/j.abb.2003.12.002
https://doi.org/10.1016/j.dnarep.2013.04.015
https://doi.org/10.1016/j.dnarep.2013.04.015

1042

Archives of Toxicology (2020) 94:1017-1049

Izadi M, Hou W, Qualmann B, Kessels MM (2018) Direct effects of
Ca(2+)/calmodulin on actin filament formation. Biochem Bio-
phys Res Commun 506(2):355-360. https://doi.org/10.1016/j.
bbrc.2018.07.159

Jacobson KB, Turner JE (1980) The interaction of cadmium and cer-
tain other metal ions with proteins and nucleic acids. Toxicol-
ogy 16(1):1-37. https://doi.org/10.1016/0300-483x(80)90107
-9

Jacquart A, Brayner R, El Hage Chahine JM, Ha-Duong NT (2017)
Cd(2+) and Pb(2+) complexation by glutathione and the phyto-
chelatins. Chem Biol Interact 267:2—10. https://doi.org/10.1016/j.
¢bi.2016.09.002

Jacquet A, Cottet-Rousselle C, Arnaud J et al (2018) Mitochondrial
Morphology and function of the pancreatic beta-cells INS-1
model upon chronic exposure to sub-lethal cadmium doses. Tox-
ics 6:2. https://doi.org/10.3390/toxics6020020

Jaiswal JK, Rivera VM, Simon SM (2009) Exocytosis of post-
Golgi vesicles is regulated by components of the endocytic
machinery. Cell 137(7):1308-1319. https://doi.org/10.1016/j.
cell.2009.04.064

Jarup L, Akesson A (2009) Current status of cadmium as an environ-
mental health problem. Toxicol Appl Pharmacol 238(3):201-
208. https://doi.org/10.1016/j.taap.2009.04.020

Jeggo PA, Lobrich M (2015) How cancer cells hijack DNA double-
strand break repair pathways to gain genomic instability. Bio-
chem J 471(1):1-11. https://doi.org/10.1042/BJ20150582

Jin YH, Clark AB, Slebos RJ et al (2003) Cadmium is a mutagen that
acts by inhibiting mismatch repair. Nat Genet 34(3):326-329.
https://doi.org/10.1038/ng1172

Kaasik A, Kuum M, Joubert F, Wilding J, Ventura-Clapier R, Vek-
sler V (2010) Mitochondria as a source of mechanical signals
in cardiomyocytes. Cardiovasc Res 87(1):83-91. https://doi.
org/10.1093/cvr/cvq039

Kakalis LT, Kennedy M, Sikkink R, Rusnak F, Armitage IM (1995)
Characterization of the calcium-binding sites of calcineurin
B. FEBS Lett 362(1):55-58. https://doi.org/10.1016/0014-
5793(95)00207-p

Kaksonen M, Roux A (2018) Mechanisms of clathrin-mediated endo-
cytosis. Nat Rev Mol Cell Biol 19(5):313-326. https://doi.
org/10.1038/nrm.2017.132

Kallunki T, Olsen OD, Jaattela M (2013) Cancer-associated lysosomal
changes: friends or foes? Oncogene 32(16):1995-2004. https://
doi.org/10.1038/0onc.2012.292

Kamer KJ, Mootha VK (2015) The molecular era of the mitochondrial
calcium uniporter. Nat Rev Mol Cell Biol 16(9):545-553. https
://doi.org/10.1038/nrm4039

Karch J, Bround MJ, Khalil H et al (2019) Inhibition of mitochondrial
permeability transition by deletion of the ANT family and CypD.
Sci Adv 5(8):eaaw4597. https://doi.org/10.1126/sciadv.aaw4597

Katti S, Nyenhuis SB, Her B et al (2017) Non-native metal ion reveals
the role of electrostatics in synaptotagmin 1-membrane interac-
tions. Biochemistry 56(25):3283-3295. https://doi.org/10.1021/
acs.biochem.7b00188

Kerek EM, Prenner EJ (2016) Inorganic cadmium affects the fluidity
and size of phospholipid based liposomes. Biochim Biophys Acta
1858:3169-3181. https://doi.org/10.1016/j.bbamem.2016.10.005

Khalifat N, Puff N, Bonneau S, Fournier JB, Angelova MI (2008)
Membrane deformation under local pH gradient: mimicking
mitochondrial cristae dynamics. Biophys J 95(10):4924-4933.
https://doi.org/10.1529/biophysj.108.136077

Klionsky DJ, Abdelmohsen K, Abe A et al (2016) Guidelines for the
use and interpretation of assays for monitoring autophagy (3rd
edition). Autophagy 12(1):1-222. https://doi.org/10.1080/15548
627.2015.1100356

Klotzsch E, Smorodchenko A, Lofler L et al (2015) Superresolution
microscopy reveals spatial separation of UCP4 and FOF1-ATP

@ Springer

synthase in neuronal mitochondria. Proc Natl Acad Sci USA
112(1):130-135. https://doi.org/10.1073/pnas. 1415261112

Klug A (2010) The discovery of zinc fingers and their applications in
gene regulation and genome manipulation. Annu Rev Biochem
79:213-231. https://doi.org/10.1146/annurev-biochem-01090
9-095056

Klusch N, Murphy BJ, Mills DJ, Yildiz O, Kuhlbrandt W (2017)
Structural basis of proton translocation and force generation in
mitochondrial ATP synthase. Elife. https://doi.org/10.7554/eLife
33274

Kokoszka JE, Waymire KG, Levy SE et al (2004) The ADP/ATP trans-
locator is not essential for the mitochondrial permeability transi-
tion pore. Nature 427(6973):461-465. https://doi.org/10.1038/
nature02229

Kouzarides T (2007) Chromatin modifications and their function. Cell
128(4):693-705. https://doi.org/10.1016/j.cell.2007.02.005

Kroemer G, Marino G, Levine B (2010) Autophagy and the inte-
grated stress response. Mol Cell 40(2):280-293. https://doi.
org/10.1016/j.molcel.2010.09.023

Kruger V, Becker T, Becker L et al (2017) Identification of new chan-
nels by systematic analysis of the mitochondrial outer mem-
brane. J Cell Biol 216(11):3485-3495. https://doi.org/10.1083/
jcb.201706043

Lackner LL (2019) The expanding and unexpected functions of mito-
chondria contact sites. Trends Cell Biol 29(7):580-590. https://
doi.org/10.1016/j.tcb.2019.02.009

Lam AK, Galione A (2013) The endoplasmic reticulum and junctional
membrane communication during calcium signaling. Biochim
Biophys Acta 1833:2542-2559. https://doi.org/10.1016/j.bbamc
1.2013.06.004

Lamming DW, Bar-Peled L (2019) Lysosome: the metabolic signal-
ing hub. Traffic 20(1):27-38. https://doi.org/10.1111/tra. 12617

Lawrence RE, Zoncu R (2019) The lysosome as a cellular centre
for signalling, metabolism and quality control. Nat Cell Biol
21(2):133-142. https://doi.org/10.1038/s41556-018-0244-7

Le MT, Gailer J, Prenner EJ (2009) Hg?* and Cd?* interact differently
with biomimetic erythrocyte membranes. Biometals 22(2):261-
274. https://doi.org/10.1007/s10534-008-9162-7

Lee WK, Bork U, Gholamrezaei F, Thévenod F (2005a) Cd(2+)-
induced cytochrome c release in apoptotic proximal tubule cells:
role of mitochondrial permeability transition pore and Ca(2+)
uniporter. Am J Physiol Renal Physiol 288(1):F27-39. https://
doi.org/10.1152/ajprenal.00224.2004

Lee WK, Chakraborty PK, Roussa E, Wolff NA, Thévenod F (2012)
ERK1/2-dependent bestrophin-3 expression prevents ER-
stress-induced cell death in renal epithelial cells by reducing
CHOP. Biochim Biophys Acta 1823:1864—-1876. https://doi.
org/10.1016/j.bbamcr.2012.06.003

Lee WK, Kolesnick RN (2017) Sphingolipid abnormalities in cancer
multidrug resistance: chicken or egg? Cell Signal 38:134-145.
https://doi.org/10.1016/j.cellsig.2017.06.017

Lee WK, Probst S, Santoyo-Sanchez MP et al (2017) Initial autophagic
protection switches to disruption of autophagic flux by lysoso-
mal instability during cadmium stress accrual in renal NRK-52E
cells. Arch Toxicol 91(10):3225-3245. https://doi.org/10.1007/
s00204-017-1942-9

Lee WK, Spielmann M, Bork U, Thévenod F (2005b) Cd2+-induced
swelling-contraction dynamics in isolated kidney cortex mito-
chondria: role of Ca2+ uniporter, K+ cycling, and proton motive
force. Am J Physiol Cell Physiol 289(3):C656—C664. https://doi.
org/10.1152/ajpcell.00049.2005

Lee WK, Thévenod F (2006) A role for mitochondrial aquaporins in
cellular life-and-death decisions? Am J Physiol Cell Physiol
291(2):C195-202. https://doi.org/10.1152/ajpcell.00641.2005

Lee WK, Torchalski B, Kohistani N, Thévenod F (2011) ABCB1
protects kidney proximal tubule cells against cadmium-induced


https://doi.org/10.1016/j.bbrc.2018.07.159
https://doi.org/10.1016/j.bbrc.2018.07.159
https://doi.org/10.1016/0300-483x(80)90107-9
https://doi.org/10.1016/0300-483x(80)90107-9
https://doi.org/10.1016/j.cbi.2016.09.002
https://doi.org/10.1016/j.cbi.2016.09.002
https://doi.org/10.3390/toxics6020020
https://doi.org/10.1016/j.cell.2009.04.064
https://doi.org/10.1016/j.cell.2009.04.064
https://doi.org/10.1016/j.taap.2009.04.020
https://doi.org/10.1042/BJ20150582
https://doi.org/10.1038/ng1172
https://doi.org/10.1093/cvr/cvq039
https://doi.org/10.1093/cvr/cvq039
https://doi.org/10.1016/0014-5793(95)00207-p
https://doi.org/10.1016/0014-5793(95)00207-p
https://doi.org/10.1038/nrm.2017.132
https://doi.org/10.1038/nrm.2017.132
https://doi.org/10.1038/onc.2012.292
https://doi.org/10.1038/onc.2012.292
https://doi.org/10.1038/nrm4039
https://doi.org/10.1038/nrm4039
https://doi.org/10.1126/sciadv.aaw4597
https://doi.org/10.1021/acs.biochem.7b00188
https://doi.org/10.1021/acs.biochem.7b00188
https://doi.org/10.1016/j.bbamem.2016.10.005
https://doi.org/10.1529/biophysj.108.136077
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1073/pnas.1415261112
https://doi.org/10.1146/annurev-biochem-010909-095056
https://doi.org/10.1146/annurev-biochem-010909-095056
https://doi.org/10.7554/eLife.33274
https://doi.org/10.7554/eLife.33274
https://doi.org/10.1038/nature02229
https://doi.org/10.1038/nature02229
https://doi.org/10.1016/j.cell.2007.02.005
https://doi.org/10.1016/j.molcel.2010.09.023
https://doi.org/10.1016/j.molcel.2010.09.023
https://doi.org/10.1083/jcb.201706043
https://doi.org/10.1083/jcb.201706043
https://doi.org/10.1016/j.tcb.2019.02.009
https://doi.org/10.1016/j.tcb.2019.02.009
https://doi.org/10.1016/j.bbamcr.2013.06.004
https://doi.org/10.1016/j.bbamcr.2013.06.004
https://doi.org/10.1111/tra.12617
https://doi.org/10.1038/s41556-018-0244-7
https://doi.org/10.1007/s10534-008-9162-7
https://doi.org/10.1152/ajprenal.00224.2004
https://doi.org/10.1152/ajprenal.00224.2004
https://doi.org/10.1016/j.bbamcr.2012.06.003
https://doi.org/10.1016/j.bbamcr.2012.06.003
https://doi.org/10.1016/j.cellsig.2017.06.017
https://doi.org/10.1007/s00204-017-1942-9
https://doi.org/10.1007/s00204-017-1942-9
https://doi.org/10.1152/ajpcell.00049.2005
https://doi.org/10.1152/ajpcell.00049.2005
https://doi.org/10.1152/ajpcell.00641.2005

Archives of Toxicology (2020) 94:1017-1049

1043

apoptosis: roles of cadmium and ceramide transport. Toxicol Sci
121(2):343-356. https://doi.org/10.1093/toxsci/kfr071

Lee WK, Torchalski B, Thévenod F (2007) Cadmium-induced cera-
mide formation triggers calpain-dependent apoptosis in cul-
tured kidney proximal tubule cells. Am J Physiol Cell Physiol
293(3):C839-C847. https://doi.org/10.1152/ajpcell.00197.2007

Leitz J, Kavalali ET (2016) Ca2+ dependence of synaptic vesi-
cle endocytosis. Neuroscientist 22(5):464-476. https://doi.
org/10.1177/1073858415588265

Lemarié A, Lagadic-Gossmann D, Morzadec C, Allain N, Fardel O,
Vernhet L (2004) Cadmium induces caspase-independent apop-
tosis in liver Hep3B cells: role for calcium in signaling oxida-
tive stress-related impairment of mitochondria and relocation of
endonuclease G and apoptosis-inducing factor. Free Radic Biol
Med. 36(12):1517-1531. https://doi.org/10.1016/j.freeradbio
med.2004.03.020

Letts JA, Sazanov LA (2017) Clarifying the supercomplex: the higher-
order organization of the mitochondrial electron transport chain.
Nat Struct Mol Biol 24(10):800-808. https://doi.org/10.1038/
nsmb.3460

Li M, Pi H, Yang Z et al (2016) Melatonin antagonizes cadmium-
induced neurotoxicity by activating the transcription factor EB-
dependent autophagy-lysosome machinery in mouse neuroblas-
toma cells. J Pineal Res 61(3):353-369. https://doi.org/10.1111/
jpi.12353

LiM, Xia T, Jiang CS, Li LJ, Fu JL, Zhou ZC (2003) Cadmium directly
induced the opening of membrane permeability pore of mito-
chondria which possibly involved in cadmium-triggered apopto-
sis. Toxicology 194(1-2):19-33. https://doi.org/10.1016/s0300
-483x(03)00327-5

Liakos A, Lavigne MD, Fousteri M (2017) Nucleotide excision repair:
from neurodegeneration to cancer. Adv Exp Med Biol 1007:17-
39. https://doi.org/10.1007/978-3-319-60733-7_2

Limpose KL, Corbett AH, Doetsch PW (2017) BERing the burden of
damage: pathway crosstalk and posttranslational modification
of base excision repair proteins regulate DNA damage manage-
ment. DNA Repair (Amst) 56:51-64. https://doi.org/10.1016/j.
dnarep.2017.06.007

Limson J, Nyokong T, Daya S (1998) The interaction of melatonin and
its precursors with aluminium, cadmium, copper, iron, lead, and
zinc: an adsorptive voltammetric study. J Pineal Res 24(1):15—
21. https://doi.org/10.1111/j.1600-079x.1998.tb00361.x

Liu D, Keijzers G, Rasmussen LJ (2017a) DNA mismatch repair and
its many roles in eukaryotic cells. Mutat Res 773:174—187. https
://doi.org/10.1016/j.mrrev.2017.07.001

Liu F, Inageda K, Nishitai G, Matsuoka M (2006) Cadmium induces
the expression of Grp78, an endoplasmic reticulum molecular
chaperone, in LLC-PK1 renal epithelial cells. Environ Health
Perspect 114(6):859-864. https://doi.org/10.1289/ehp.8920

Liu F, Wang XY, Zhou XP et al (2017b) Cadmium disrupts autophagic
flux by inhibiting cytosolic Ca(2+)-dependent autophagosome-
lysosome fusion in primary rat proximal tubular cells. Toxicol-
ogy 383:13-23. https://doi.org/10.1016/j.tox.2017.03.016

Liu M, Sun Y, Xu M et al (2018a) Role of mitochondrial oxidative
stress in modulating the expressions of aquaporins in obstructive
kidney disease. Am J Physiol Renal Physiol 314(4):F658-F666.
https://doi.org/10.1152/ajprenal.00234.2017

Liu Y, Xiao W, Shinde M, Field J, Templeton DM (2018b) Cadmium
favors F-actin depolymerization in rat renal mesangial cells by
site-specific, disulfide-based dimerization of the CAP1 protein.
Arch Toxicol 92(3):1049-1064. https://doi.org/10.1007/s0020
4-017-2142-3

Lizana L, Bauer B, Orwar O (2008) Controlling the rates of bio-
chemical reactions and signaling networks by shape and volume
changes. Proc Natl Acad Sci USA 105(11):4099-4104. https://
doi.org/10.1073/pnas.0709932105

Lodhi 1J, Semenkovich CF (2014) Peroxisomes: a nexus for lipid
metabolism and cellular signaling. Cell Metab 19(3):380-392.
https://doi.org/10.1016/j.cmet.2014.01.002

Lohmann RD, Beyersmann D (1993) Cadmium and zinc mediated
changes of the Ca(2+)-dependent endonuclease in apoptosis.
Biochem Biophys Res Commun 190(3):1097-1103. https://doi.
org/10.1006/bbrc.1993.1162

Lohmann RD, Beyersmann D (1994) Effects of zinc and cadmium on
apoptotic DNA fragmentation in isolated bovine liver nuclei.
Environ Health Perspect 102(Suppl 3):269-271. https://doi.
org/10.1289/ehp.9410253269

Lopez-Fabuel I, Le Douce J, Logan A et al (2016) Complex I assem-
bly into supercomplexes determines differential mitochondrial
ROS production in neurons and astrocytes. Proc Natl Acad
Sci USA 113(46):13063-13068. https://doi.org/10.1073/
pnas.1613701113

Lu SM, Fairn GD (2018) Mesoscale organization of domains in
the plasma membrane—beyond the lipid raft. Crit Rev Bio-
chem Mol Biol 53(2):192-207. https://doi.org/10.1080/10409
238.2018.1436515

Luz AL, Godebo TR, Smith LL, Leuthner TC, Maurer LL, Meyer JN
(2017) Deficiencies in mitochondrial dynamics sensitize Caeno-
rhabditis elegans to arsenite and other mitochondrial toxicants
by reducing mitochondrial adaptability. Toxicology 387:81-94.
https://doi.org/10.1016/j.tox.2017.05.018

Luzio JP, Pryor PR, Bright NA (2007) Lysosomes: fusion and function.
Nat Rev Mol Cell Biol 8(8):622—632. https://doi.org/10.1038/
nrm2217

Maas SL, Breakefield XO, Weaver AM (2017) Extracellular vesi-
cles: unique intercellular delivery vehicles. Trends Cell Biol
27(3):172-188. https://doi.org/10.1016/j.tcb.2016.11.003

Malhotra JD, Kaufman RJ (2007) Endoplasmic reticulum stress and
oxidative stress: a vicious cycle or a double-edged sword? Anti-
oxid Redox Signal 9(12):2277-2293. https://doi.org/10.1089/
ars.2007.1782

Mammucari C, Gherardi G, Rizzuto R (2017) Structure, activity
regulation, and role of the mitochondrial calcium uniporter in
health and disease. Front Oncol 7:139. https://doi.org/10.3389/
fonc.2017.00139

Mannella CA, Pfeiffer DR, Bradshaw PC et al (2001) Topology of
the mitochondrial inner membrane: dynamics and bioener-
getic implications. [UBMB Life 52(3-5):93-100. https://doi.
org/10.1080/15216540152845885

Marchissio MJ, Frances DE, Carnovale CE, Marinelli RA (2012) Mito-
chondrial aquaporin-8 knockdown in human hepatoma HepG2
cells causes ROS-induced mitochondrial depolarization and loss
of viability. Toxicol Appl Pharmacol 264(2):246-254. https://doi.
org/10.1016/j.taap.2012.08.005

Marcus Y (1988) Ionic radii in aqueous solutions. Chem Rev
88(8):1475-1498. https://doi.org/10.1021/cr00090a003

Maret W, Moulis JM (2013) The bioinorganic chemistry of cadmium
in the context of its toxicity. Met Ions Life Sci 11:1-29. https://
doi.org/10.1007/978-94-007-5179-8_1

Margittai E, Enyedi B, Csala M, Geiszt M, Banhegyi G (2015) Compo-
sition of the redox environment of the endoplasmic reticulum and
sources of hydrogen peroxide. Free Radic Biol Med 83:331-340.
https://doi.org/10.1016/j.freeradbiomed.2015.01.032

Mari M, Griffith J, Rieter E, Krishnappa L, Klionsky DJ, Reggiori
F (2010) An Atg9-containing compartment that functions
in the early steps of autophagosome biogenesis. J Cell Biol
190(6):1005-1022. https://doi.org/10.1083/jcb.200912089

Mathers JC, Strathdee G, Relton CL (2010) Induction of epigenetic
alterations by dietary and other environmental factors. Adv Genet
71:3-39. https://doi.org/10.1016/B978-0-12-380864-6.00001-8

Matsuura K, Takasugi M, Kunifuji Y, Horie A, Kuroiwa A (1991) Mor-
phological effects of cadmium on proximal tubular cells in rats.

@ Springer


https://doi.org/10.1093/toxsci/kfr071
https://doi.org/10.1152/ajpcell.00197.2007
https://doi.org/10.1177/1073858415588265
https://doi.org/10.1177/1073858415588265
https://doi.org/10.1016/j.freeradbiomed.2004.03.020
https://doi.org/10.1016/j.freeradbiomed.2004.03.020
https://doi.org/10.1038/nsmb.3460
https://doi.org/10.1038/nsmb.3460
https://doi.org/10.1111/jpi.12353
https://doi.org/10.1111/jpi.12353
https://doi.org/10.1016/s0300-483x(03)00327-5
https://doi.org/10.1016/s0300-483x(03)00327-5
https://doi.org/10.1007/978-3-319-60733-7_2
https://doi.org/10.1016/j.dnarep.2017.06.007
https://doi.org/10.1016/j.dnarep.2017.06.007
https://doi.org/10.1111/j.1600-079x.1998.tb00361.x
https://doi.org/10.1016/j.mrrev.2017.07.001
https://doi.org/10.1016/j.mrrev.2017.07.001
https://doi.org/10.1289/ehp.8920
https://doi.org/10.1016/j.tox.2017.03.016
https://doi.org/10.1152/ajprenal.00234.2017
https://doi.org/10.1007/s00204-017-2142-3
https://doi.org/10.1007/s00204-017-2142-3
https://doi.org/10.1073/pnas.0709932105
https://doi.org/10.1073/pnas.0709932105
https://doi.org/10.1016/j.cmet.2014.01.002
https://doi.org/10.1006/bbrc.1993.1162
https://doi.org/10.1006/bbrc.1993.1162
https://doi.org/10.1289/ehp.94102s3269
https://doi.org/10.1289/ehp.94102s3269
https://doi.org/10.1073/pnas.1613701113
https://doi.org/10.1073/pnas.1613701113
https://doi.org/10.1080/10409238.2018.1436515
https://doi.org/10.1080/10409238.2018.1436515
https://doi.org/10.1016/j.tox.2017.05.018
https://doi.org/10.1038/nrm2217
https://doi.org/10.1038/nrm2217
https://doi.org/10.1016/j.tcb.2016.11.003
https://doi.org/10.1089/ars.2007.1782
https://doi.org/10.1089/ars.2007.1782
https://doi.org/10.3389/fonc.2017.00139
https://doi.org/10.3389/fonc.2017.00139
https://doi.org/10.1080/15216540152845885
https://doi.org/10.1080/15216540152845885
https://doi.org/10.1016/j.taap.2012.08.005
https://doi.org/10.1016/j.taap.2012.08.005
https://doi.org/10.1021/cr00090a003
https://doi.org/10.1007/978-94-007-5179-8_1
https://doi.org/10.1007/978-94-007-5179-8_1
https://doi.org/10.1016/j.freeradbiomed.2015.01.032
https://doi.org/10.1083/jcb.200912089
https://doi.org/10.1016/B978-0-12-380864-6.00001-8

1044

Archives of Toxicology (2020) 94:1017-1049

Biol Trace Elem Res 31(2):171-182. https://doi.org/10.1007/
bf02990425

McGeoch JE, Guidotti G (1997) A 0.1-700 Hz current through a volt-
age-clamped pore: candidate protein for initiator of neural oscil-
lations. Brain Res 766(1-2):188-194. https://doi.org/10.1016/
s0006-8993(97)00618-5

McNeill DR, Narayana A, Wong HK, Wilson DM 3rd (2004) Inhibition
of Apel nuclease activity by lead, iron, and cadmium. Envi-
ron Health Perspect 112(7):799-804. https://doi.org/10.1289/
ehp.7038

Melber A, Haynes CM (2018) UPR(mt) regulation and output: a stress
response mediated by mitochondrial-nuclear communication.
Cell Res 28(3):281-295. https://doi.org/10.1038/cr.2018.16

Meplan C, Mann K, Hainaut P (1999) Cadmium induces confor-
mational modifications of wild-type p53 and suppresses
p53 response to DNA damage in cultured cells. J Biol Chem
274(44):31663-31670. https://doi.org/10.1074/jbc.274.44.31663

Mertins B, Psakis G, Grosse W et al (2012) Flexibility of the N-ter-
minal mVDACI1 segment controls the channel’s gating behav-
ior. PLoS ONE 7(10):e47938. https://doi.org/10.1371/journ
al.pone.0047938

Messner B, Ploner C, Laufer G, Bernhard D (2012) Cadmium activates
a programmed, lysosomal membrane permeabilization-depend-
ent necrosis pathway. Toxicol Lett 212(3):268-275. https://doi.
org/10.1016/j.toxlet.2012.05.026

Miccadei S, Floridi A (1993) Sites of inhibition of mitochondrial elec-
tron transport by cadmium. Chem Biol Interact 89(2-3):159-167

Mindell JA (2012) Lysosomal acidification mechanisms. Annu Rev
Physiol 74:69-86. https://doi.org/10.1146/annurev-physi
0l-012110-142317

Mizushima N (2007) Autophagy: process and function. Genes Dev
21(22):2861-2873. https://doi.org/10.1101/gad.1599207

Mizushima N, Komatsu M (2011) Autophagy: renovation of cells
and tissues. Cell 147(4):728-741. https://doi.org/10.1016/].
cell.2011.10.026

Mladenov E, Magin S, Soni A, Iliakis G (2016) DNA double-strand-
break repair in higher eukaryotes and its role in genomic instabil-
ity and cancer: cell cycle and proliferation-dependent regulation.
Semin Cancer Biol 37-38:51-64. https://doi.org/10.1016/j.semca
ncer.2016.03.003

Mnatsakanyan N, Llaguno MC, Yang Y et al (2019) A mitochondrial
megachannel resides in monomeric F1IFO ATP synthase. Nat
Commun 10(1):5823. https://doi.org/10.1038/s41467-019-13766
-2

Modi HR, Katyare SS (2009a) Cadmium exposure-induced alterations
in the lipid/phospholipids composition of rat brain microsomes
and mitochondria. Neurosci Lett 464(2):108—112. https://doi.
org/10.1016/j.neulet.2009.08.003

Modi HR, Katyare SS (2009b) Effect of treatment with cadmium on
structure-function relationships in rat liver mitochondria: studies
on oxidative energy metabolism and lipid/phospholipids profiles.
J Membr Biol 232(1-3):47-57. https://doi.org/10.1007/s0023
2-009-9217-x

Morciano G, Marchi S, Morganti C et al (2018) Role of Mitochondria-
associated ER membranes in calcium regulation in cancer-spe-
cific settings. Neoplasia 20(5):510-523. https://doi.org/10.1016/j.
neo0.2018.03.005

Moujaber O, Stochaj U (2020) The cytoskeleton as regulator of cell
signaling pathways. Trends Biochem Sci 45(2):96-107. https://
doi.org/10.1016/j.tibs.2019.11.003

Moulis JM (2010) Cellular mechanisms of cadmium toxicity related to
the homeostasis of essential metals. Biometals 23(5):877-896.
https://doi.org/10.1007/s10534-010-9336-y

Moulis JM, Thévenod F (2010) New perspectives in cadmium tox-
icity: an introduction. Biometals 23(5):763-768. https://doi.
org/10.1007/s10534-010-9365-6

@ Springer

Munro D, Treberg JR (2017) A radical shift in perspective: mitochon-
dria as regulators of reactive oxygen species. J Exp Biol 220(Pt
7):1170-1180. https://doi.org/10.1242/jeb.132142

Murley A, Nunnari J (2016) The emerging network of mitochon-
dria-organelle contacts. Mol Cell 61(5):648-653. https://doi.
org/10.1016/j.molcel.2016.01.031

Nair AR, Lee WK, Smeets K et al (2015) Glutathione and mitochon-
dria determine acute defense responses and adaptive processes
in cadmium-induced oxidative stress and toxicity of the kidney.
Arch Toxicol 89(12):2273-2289. https://doi.org/10.1007/s0020
4-014-1401-9

Nanclares C, Baraibar AM, Gandia L (2018) L-type calcium channels
in exocytosis and endocytosis of chromaffin cells. Pflugers Arch
470(1):53-60. https://doi.org/10.1007/s00424-017-2064-1

Neri LM, Bortul R, Zweyer M et al (1999a) Influence of different metal
ions on the ultrastructure, biochemical properties, and protein
localization of the K562 cell nuclear matrix. J Cell Biochem
73(3):342-354

Neri LM, Raymond Y, Giordano A et al (1999b) Spatial distribution of
lamin A and B1 in the K562 cell nuclear matrix stabilized with
metal ions. J Cell Biochem 75(1):36-45

Niklas J, Melnyk A, Yuan Y, Heinzle E (2011) Selective permea-
bilization for the high-throughput measurement of compart-
mented enzyme activities in mammalian cells. Anal Biochem
416(2):218-227. https://doi.org/10.1016/j.ab.2011.05.039

Novgorodov SA, Gudz TI, Jung DW, Brierley GP (1991) The nonspe-
cific inner membrane pore of liver mitochondria: modulation of
cyclosporin sensitivity by ADP at carboxyatractyloside-sensitive
and insensitive sites. Biochem Biophys Res Commun 180(1):33—
38. https://doi.org/10.1016/s0006-291x(05)81250-1

Nowikovsky K, Schweyen RJ, Bernardi P (2009) Pathophysiology of
mitochondrial volume homeostasis: potassium transport and per-
meability transition. Biochim Biophys Acta 1787(5):345-350.
https://doi.org/10.1016/j.bbabio.2008.10.006

Ogata M, Hino S, Saito A et al (2006) Autophagy is activated for
cell survival after endoplasmic reticulum stress. Mol Cell Biol
26(24):9220-9231. https://doi.org/10.1128/MCB.01453-06

Orbea A, Ortiz-Zarragoitia M, Cajaraville MP (2002) Interactive
effects of benzo(a)pyrene and cadmium and effects of di(2-
ethylhexyl) phthalate on antioxidant and peroxisomal enzymes
and peroxisomal volume density in the digestive gland of mussel
Mytilus galloprovincialis Lmk. Biomarkers 7(1):33—48. https://
doi.org/10.1080/13547500110066119

Ord MJ, Bouffler SD, Chibber R (1988) Cadmium induced changes
in cell organelles: an ultrastructural study using cadmium sen-
sitive and resistant muntjac fibroblast cell lines. Arch Toxicol
62(2-3):133-145. https://doi.org/10.1007/bf00570131

Ott M, Robertson JD, Gogvadze V, Zhivotovsky B, Orrenius S (2002)
Cytochrome c release from mitochondria proceeds by a two-step
process. Proc Natl Acad Sci USA 99(3):1259-1263. https://doi.
org/10.1073/pnas.241655498

Oyarzun JE, Lagos J, Vazquez MC et al (2019) Lysosome motility and
distribution: Relevance in health and disease. Biochim Biophys
Acta Mol Basis Dis 1856:1076-1087. https://doi.org/10.1016/j.
bbadis.2019.03.009

Palmieri F (1863) Monne M (2016) Discoveries, metabolic roles
and diseases of mitochondrial carriers: a review. Biochim
Biophys Acta 10:2362-2378. https://doi.org/10.1016/j.bbamc
1.2016.03.007

Pan J, Plant JA, Voulvoulis N, Oates CJ, Ihlenfeld C (2010) Cad-
mium levels in Europe: implications for human health. Envi-
ron Geochem Health 32(1):1-12. https://doi.org/10.1007/s1065
3-009-9273-2

Pang ZP, Sudhof TC (2010) Cell biology of Ca2+-triggered exocytosis.
Curr Opin Cell Biol 22(4):496-505. https://doi.org/10.1016/].
ceb.2010.05.001


https://doi.org/10.1007/bf02990425
https://doi.org/10.1007/bf02990425
https://doi.org/10.1016/s0006-8993(97)00618-5
https://doi.org/10.1016/s0006-8993(97)00618-5
https://doi.org/10.1289/ehp.7038
https://doi.org/10.1289/ehp.7038
https://doi.org/10.1038/cr.2018.16
https://doi.org/10.1074/jbc.274.44.31663
https://doi.org/10.1371/journal.pone.0047938
https://doi.org/10.1371/journal.pone.0047938
https://doi.org/10.1016/j.toxlet.2012.05.026
https://doi.org/10.1016/j.toxlet.2012.05.026
https://doi.org/10.1146/annurev-physiol-012110-142317
https://doi.org/10.1146/annurev-physiol-012110-142317
https://doi.org/10.1101/gad.1599207
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.semcancer.2016.03.003
https://doi.org/10.1016/j.semcancer.2016.03.003
https://doi.org/10.1038/s41467-019-13766-2
https://doi.org/10.1038/s41467-019-13766-2
https://doi.org/10.1016/j.neulet.2009.08.003
https://doi.org/10.1016/j.neulet.2009.08.003
https://doi.org/10.1007/s00232-009-9217-x
https://doi.org/10.1007/s00232-009-9217-x
https://doi.org/10.1016/j.neo.2018.03.005
https://doi.org/10.1016/j.neo.2018.03.005
https://doi.org/10.1016/j.tibs.2019.11.003
https://doi.org/10.1016/j.tibs.2019.11.003
https://doi.org/10.1007/s10534-010-9336-y
https://doi.org/10.1007/s10534-010-9365-6
https://doi.org/10.1007/s10534-010-9365-6
https://doi.org/10.1242/jeb.132142
https://doi.org/10.1016/j.molcel.2016.01.031
https://doi.org/10.1016/j.molcel.2016.01.031
https://doi.org/10.1007/s00204-014-1401-9
https://doi.org/10.1007/s00204-014-1401-9
https://doi.org/10.1007/s00424-017-2064-1
https://doi.org/10.1016/j.ab.2011.05.039
https://doi.org/10.1016/s0006-291x(05)81250-1
https://doi.org/10.1016/j.bbabio.2008.10.006
https://doi.org/10.1128/MCB.01453-06
https://doi.org/10.1080/13547500110066119
https://doi.org/10.1080/13547500110066119
https://doi.org/10.1007/bf00570131
https://doi.org/10.1073/pnas.241655498
https://doi.org/10.1073/pnas.241655498
https://doi.org/10.1016/j.bbadis.2019.03.009
https://doi.org/10.1016/j.bbadis.2019.03.009
https://doi.org/10.1016/j.bbamcr.2016.03.007
https://doi.org/10.1016/j.bbamcr.2016.03.007
https://doi.org/10.1007/s10653-009-9273-2
https://doi.org/10.1007/s10653-009-9273-2
https://doi.org/10.1016/j.ceb.2010.05.001
https://doi.org/10.1016/j.ceb.2010.05.001

Archives of Toxicology (2020) 94:1017-1049

1045

Paradkar PN, Zumbrennen KB, Paw BH et al (2009) Regulation
of mitochondrial iron import through differential turnover of
mitoferrin 1 and mitoferrin 2. Mol Cell Biol 29(4):1007-1016.
https://doi.org/10.1128/MCB.01685-08

Pasquier B (2016) Autophagy inhibitors. Cell Mol Life Sci
73(5):985-1001. https://doi.org/10.1007/s00018-015-2104-y

Paumard P, Vaillier J, Coulary B et al (2002) The ATP synthase
is involved in generating mitochondrial cristae morphol-
ogy. EMBO J 21(3):221-230. https://doi.org/10.1093/emboj
/21.3.221

Pavlov E, Grigoriev SM, Dejean LM, Zweihorn CL, Mannella CA,
Kinnally KW (2005) The mitochondrial channel VDAC has a
cation-selective open state. Biochim Biophys Acta 1710(2—
3):96-102. https://doi.org/10.1016/j.bbabio.2005.09.006

Payliss BJ, Hassanin M, Prenner EJ (2015) The structural and func-
tional effects of Hg(II) and Cd(II) on lipid model systems and
human erythrocytes: a review. Chem Phys Lipids 193:36-51.
https://doi.org/10.1016/j.chemphyslip.2015.09.009

Peereboom-Stegeman JH, Morselt AF (1981) Increase in liver cell
nuclear size after chronic cadmium treatment. Arch Toxicol
48(2-3):209-211. https://doi.org/10.1007/6£00310490

Petering DH (2017) Reactions of the Zn proteome with Cd(2+) and
other xenobiotics: trafficking and toxicity. Chem Res Toxicol
30(1):189-202. https://doi.org/10.1021/acs.chemrestox.6b003
28

Petersen NH, Olsen OD, Groth-Pedersen L et al (2013) Transfor-
mation-associated changes in sphingolipid metabolism sensi-
tize cells to lysosomal cell death induced by inhibitors of acid
sphingomyelinase. Cancer Cell 24(3):379-393. https://doi.
org/10.1016/j.ccr.2013.08.003

Petrosillo G, Ruggiero FM, Paradies G (2003) Role of reactive oxygen
species and cardiolipin in the release of cytochrome c from mito-
chondria. FASEB J 17(15):2202-2208. https://doi.org/10.1096/
£j.03-0012com

Pfanner N, Warscheid B, Wiedemann N (2019) Mitochondrial proteins:
from biogenesis to functional networks. Nat Rev Mol Cell Biol
20(5):267-284. https://doi.org/10.1038/s41580-018-0092-0

PiH, LiM, Tian L, Yang Z, Yu Z, Zhou Z (2017) Enhancing lysosomal
biogenesis and autophagic flux by activating the transcription
factor EB protects against cadmium-induced neurotoxicity. Sci
Rep 7:43466. https://doi.org/10.1038/srep43466

Pi H, Li M, Xie J et al (2018) Transcription factor E3 protects against
cadmium-induced apoptosis by maintaining the lysosomal-mito-
chondrial axis but not autophagic flux in Neuro-2a cells. Toxicol
Lett 295:335-350. https://doi.org/10.1016/j.toxlet.2018.07.015

Pi H, Li M, Zou L et al (2019) AKT inhibition-mediated dephospho-
rylation of TFE3 promotes overactive autophagy independent
of MTORC1 in cadmium-exposed bone mesenchymal stem
cells. Autophagy 15(4):565-582. https://doi.org/10.1080/15548
627.2018.1531198

Pi H, Xu S, Zhang L et al (2013) Dynamin 1-like-dependent mito-
chondrial fission initiates overactive mitophagy in the hepato-
toxicity of cadmium. Autophagy 9(11):1780-1800. https://doi.
org/10.4161/auto.25665

Pizzino G, Bitto A, Interdonato M et al (2014) Oxidative stress and
DNA repair and detoxification gene expression in adoles-
cents exposed to heavy metals living in the Milazzo-Valle del
Mela area (Sicily, Italy). Redox Biol 2:686—693. https://doi.
org/10.1016/j.redox.2014.05.003

Poirier Y, Antonenkov VD, Glumoff T, Hiltunen JK (2006) Peroxi-
somal beta-oxidation—a metabolic pathway with multiple func-
tions. Biochim Biophys Acta 1763(12):1413-1426. https://doi.
org/10.1016/j.bbamcr.2006.08.034

Polo SE, Jackson SP (2011) Dynamics of DNA damage response pro-
teins at DNA breaks: a focus on protein modifications. Genes
Dev 25(5):409-433. https://doi.org/10.1101/gad.2021311

Potter M, Newport E, Morten KJ (2016) The Warburg effect: 80
years on. Biochem Soc Trans 44(5):1499-1505. https://doi.
org/10.1042/BST20160094

Prinz WA, Toulmay A, Balla T (2020) The functional universe of
membrane contact sites. Nat Rev Mol Cell Biol 21(1):7-24.
https://doi.org/10.1038/s41580-019-0180-9

Putney JW (2018) Forms and functions of store-operated calcium
entry mediators, STIM and Orai. Adv Biol Regul 68:88-96.
https://doi.org/10.1016/j.jbior.2017.11.006

Puvion E, Lange M (1980) Functional significance of perichromatin
granule accumulation induced by cadmium chloride in iso-
lated rat liver cells. Exp Cell Res 128(1):47-58. https://doi.
org/10.1016/0014-4827(80)90385-7

Queralt-Martin M, Bergdoll L, Teijido O et al (2020) A lower affin-
ity to cytosolic proteins reveals VDAC3 isoform-specific role
in mitochondrial biology. J Gen Physiol 152:2. https://doi.
org/10.1085/jgp.201912501

Raben N, Puertollano R (2016) TFEB and TFE3: linking lysosomes
to cellular adaptation to stress. Annu Rev Cell Dev Biol
32:255-278. https://doi.org/10.1146/annurev-cellbio-11131
5-125407

Rampelt H, Zerbes RM, van der Laan M, Pfanner N (2017) Role of
the mitochondrial contact site and cristae organizing system in
membrane architecture and dynamics. Biochim Biophys Acta
Mol Cell Res 1864:737-746. https://doi.org/10.1016/j.bbamc
1.2016.05.020

Rao MS, Reddy JK (1991) An overview of peroxisome proliferator-
induced hepatocarcinogenesis. Environ Health Perspect 93:205—
209. https://doi.org/10.1289/ehp.9193205

Reddy JK, Hashimoto T (2001) Peroxisomal beta-oxidation and peroxi-
some proliferator-activated receptor alpha: an adaptive metabolic
system. Annu Rev Nutr 21:193-230. https://doi.org/10.1146/
annurev.nutr.21.1.193

Reid RA, Moyle J, Mitchell P (1966) Synthesis of adenosine triphos-
phate by a proton motive force in rat liver mitochondria. Nature
212(5059):257-258. https://doi.org/10.1038/212257a0

Ribas V, Garcia-Ruiz C, Fernandez-Checa JC (2016) Mitochondria,
cholesterol and cancer cell metabolism. Clin Transl Med 5(1):22.
https://doi.org/10.1186/s40169-016-0106-5

Rieger B, Junge W, Busch KB (2014) Lateral pH gradient between
OXPHOS complex IV and F(0)F(1) ATP-synthase in folded
mitochondrial membranes. Nat Commun 5:3103. https://doi.
org/10.1038/ncomms4103

Robertson JD, Orrenius S (2000) Molecular mechanisms of apoptosis
induced by cytotoxic chemicals. Crit Rev Toxicol 30(5):609-627.
https://doi.org/10.1080/10408440008951122

Rokka A, Antonenkov VD, Soininen R et al (2009) Pxmp2 is a channel-
forming protein in Mammalian peroxisomal membrane. PLoS
ONE 4(4):e5090. https://doi.org/10.1371/journal.pone.0005090

Rostovtseva TK, Bezrukov SM (2008) VDAC regulation: role of cyto-
solic proteins and mitochondrial lipids. J Bioenerg Biomembr
40(3):163-170. https://doi.org/10.1007/s10863-008-9145-y

Sabolic I, Ljubojevic M, Herak-Kramberger CM, Brown D (2002)
Cd-MT causes endocytosis of brush-border transporters
in rat renal proximal tubules. Am J Physiol Renal Physiol
283(6):F1389-F1402. https://doi.org/10.1152/ajprenal.00066
2002

Saffi GT, Botelho RJ (2019) Lysosome fission: planning for an exit.
Trends Cell Biol 29(8):635-646. https://doi.org/10.1016/].
tcb.2019.05.003

Saito A, Imaizumi K (2018) Unfolded protein response-dependent
communication and contact among endoplasmic reticulum, mito-
chondria, and plasma membrane. Int J Mol Sci 19:10. https://doi.
org/10.3390/ijms 19103215

Salmela SS, Vuori E, Huunan-Seppala A, Kilpio JO, Sumuvuori H
(1983) Body burden of cadmium in man at low level of exposure.

@ Springer


https://doi.org/10.1128/MCB.01685-08
https://doi.org/10.1007/s00018-015-2104-y
https://doi.org/10.1093/emboj/21.3.221
https://doi.org/10.1093/emboj/21.3.221
https://doi.org/10.1016/j.bbabio.2005.09.006
https://doi.org/10.1016/j.chemphyslip.2015.09.009
https://doi.org/10.1007/bf00310490
https://doi.org/10.1021/acs.chemrestox.6b00328
https://doi.org/10.1021/acs.chemrestox.6b00328
https://doi.org/10.1016/j.ccr.2013.08.003
https://doi.org/10.1016/j.ccr.2013.08.003
https://doi.org/10.1096/fj.03-0012com
https://doi.org/10.1096/fj.03-0012com
https://doi.org/10.1038/s41580-018-0092-0
https://doi.org/10.1038/srep43466
https://doi.org/10.1016/j.toxlet.2018.07.015
https://doi.org/10.1080/15548627.2018.1531198
https://doi.org/10.1080/15548627.2018.1531198
https://doi.org/10.4161/auto.25665
https://doi.org/10.4161/auto.25665
https://doi.org/10.1016/j.redox.2014.05.003
https://doi.org/10.1016/j.redox.2014.05.003
https://doi.org/10.1016/j.bbamcr.2006.08.034
https://doi.org/10.1016/j.bbamcr.2006.08.034
https://doi.org/10.1101/gad.2021311
https://doi.org/10.1042/BST20160094
https://doi.org/10.1042/BST20160094
https://doi.org/10.1038/s41580-019-0180-9
https://doi.org/10.1016/j.jbior.2017.11.006
https://doi.org/10.1016/0014-4827(80)90385-7
https://doi.org/10.1016/0014-4827(80)90385-7
https://doi.org/10.1085/jgp.201912501
https://doi.org/10.1085/jgp.201912501
https://doi.org/10.1146/annurev-cellbio-111315-125407
https://doi.org/10.1146/annurev-cellbio-111315-125407
https://doi.org/10.1016/j.bbamcr.2016.05.020
https://doi.org/10.1016/j.bbamcr.2016.05.020
https://doi.org/10.1289/ehp.9193205
https://doi.org/10.1146/annurev.nutr.21.1.193
https://doi.org/10.1146/annurev.nutr.21.1.193
https://doi.org/10.1038/212257a0
https://doi.org/10.1186/s40169-016-0106-5
https://doi.org/10.1038/ncomms4103
https://doi.org/10.1038/ncomms4103
https://doi.org/10.1080/10408440008951122
https://doi.org/10.1371/journal.pone.0005090
https://doi.org/10.1007/s10863-008-9145-y
https://doi.org/10.1152/ajprenal.00066.2002
https://doi.org/10.1152/ajprenal.00066.2002
https://doi.org/10.1016/j.tcb.2019.05.003
https://doi.org/10.1016/j.tcb.2019.05.003
https://doi.org/10.3390/ijms19103215
https://doi.org/10.3390/ijms19103215

1046

Archives of Toxicology (2020) 94:1017-1049

Sci Total Environ 27(1):89-95. https://doi.org/10.1016/0048-
9697(83)90126-2

San Filippo J, Sung P, Klein H (2008) Mechanism of eukaryotic homol-
ogous recombination. Annu Rev Biochem 77:229-257. https://
doi.org/10.1146/annurev.biochem.77.061306.125255

Sanchez-Wandelmer J, Ktistakis NT, Reggiori F (2015) ERES: sites
for autophagosome biogenesis and maturation? J Cell Sci
128(2):185-192. https://doi.org/10.1242/jcs. 158758

Sandvig K, Kavaliauskiene S, Skotland T (2018) Clathrin-independ-
ent endocytosis: an increasing degree of complexity. Histo-
chem Cell Biol 150(2):107-118. https://doi.org/10.1007/s004 1
8-018-1678-5

Santoyo-Sanchez MP, Pedraza-Chaverri J, Molina-Jijon E, Arreola-
Mendoza L, Rodriguez-Munoz R, Barbier OC (2013) Impaired
endocytosis in proximal tubule from subchronic exposure to cad-
mium involves angiotensin II type 1 and cubilin receptors. BMC
Nephrol 14:211. https://doi.org/10.1186/1471-2369-14-211

Satarug S, Moore MR (2004) Adverse health effects of chronic expo-
sure to low-level cadmium in foodstuffs and cigarette smoke.
Environ Health Perspect 112(10):1099-1103. https://doi.
org/10.1289/ehp.6751

Scarpulla RC (2012) Nucleus-encoded regulators of mitochondrial
function: integration of respiratory chain expression, nutrient
sensing and metabolic stress. Biochim Biophys Acta 1819(9—
10):1088-1097. https://doi.org/10.1016/j.bbagrm.2011.10.011

Schein SJ, Colombini M, Finkelstein A (1976) Reconstitution in pla-
nar lipid bilayers of a voltage-dependent anion-selective chan-
nel obtained from paramecium mitochondria. ] Membr Biol
30(2):99-120. https://doi.org/10.1007/bf01869662

Scherz-Shouval R, Elazar Z (2011) Regulation of autophagy by ROS:
physiology and pathology. Trends Biochem Sci 36(1):30-38.
https://doi.org/10.1016/j.tibs.2010.07.007

Schorr S, van der Laan M (2018) Integrative functions of the mitochon-
drial contact site and cristae organizing system. Semin Cell Dev
Biol 76:191-200. https://doi.org/10.1016/j.semcdb.2017.09.021

Schwarz DS, Blower MD (2016) The endoplasmic reticulum: structure,
function and response to cellular signaling. Cell Mol Life Sci
73(1):79-94. https://doi.org/10.1007/s00018-015-2052-6

Schwer B, Wei PC, Chang AN et al (2016) Transcription-associated
processes cause DNA double-strand breaks and transloca-
tions in neural stem/progenitor cells. Proc Natl Acad Sci USA
113(8):2258-2263. https://doi.org/10.1073/pnas.1525564113

Scorrano L, De Matteis MA, Emr S et al (2019) Coming together to
define membrane contact sites. Nat Commun 10(1):1287. https
://doi.org/10.1038/541467-019-09253-3

Scott CC, Vacca F, Gruenberg J (2014) Endosome maturation, trans-
port and functions. Semin Cell Dev Biol 31:2-10. https://doi.
org/10.1016/j.semcdb.2014.03.034

Scully R, Panday A, Elango R, Willis NA (2019) DNA double-strand
break repair-pathway choice in somatic mammalian cells. Nat
Rev Mol Cell Biol 20(11):698-714. https://doi.org/10.1038/
s41580-019-0152-0

Senft D, Ronai ZA (2015) UPR, autophagy, and mitochondria crosstalk
underlies the ER stress response. Trends Biochem Sci 40(3):141—
148. https://doi.org/10.1016/j.tibs.2015.01.002

Serban KA, Rezania S, Petrusca DN et al (2016) Structural and func-
tional characterization of endothelial microparticles released by
cigarette smoke. Sci Rep 6:31596. https://doi.org/10.1038/srep3
1596

Settembre C, Fraldi A, Medina DL, Ballabio A (2013) Signals from
the lysosome: a control centre for cellular clearance and energy
metabolism. Nat Rev Mol Cell Biol 14(5):283-296. https://doi.
org/10.1038/nrm3565

Shen HM, Mizushima N (2014) At the end of the autophagic road: an
emerging understanding of lysosomal functions in autophagy.

@ Springer

Trends Biochem Sci 39(2):61-71. https://doi.org/10.1016/j.
tibs.2013.12.001

Sherrer SM, Penland E, Modrich P (2018) The mutagen and carcinogen
cadmium is a high-affinity inhibitor of the zinc-dependent Mut-
Lalpha endonuclease. Proc Natl Acad Sci USA 115(28):7314—
7319. https://doi.org/10.1073/pnas.1807319115

Shih YL, Lin CJ, Hsu SW, Wang SH, Chen WL, Lee MT, Wei YH,
Chih CM (2005) Cadmium toxicity toward caspase-independent
apoptosis through the mitochondria-calcium pathway in mtDNA-
depleted cells. Ann N Y Acad Sci 1042:497-505. https://doi.
org/10.1196/annals.1338.043

Simmen T, Herrera-Cruz MS (2018) Plastic mitochondria-endoplasmic
reticulum (ER) contacts use chaperones and tethers to mould
their structure and signaling. Curr Opin Cell Biol 53:61-69. https
://doi.org/10.1016/j.ceb.2018.04.014

Sirbu BM, Cortez D (2013) DNA damage response: three levels
of DNA repair regulation. Cold Spring Harb Perspect Biol
5(8):a012724. https://doi.org/10.1101/cshperspect.a012724

Sivaprakasam C, Vijayakumar R, Arul M, Nachiappan V (2016) Alter-
ation of mitochondrial phospholipid due to the PLA2 activa-
tion in rat brains under cadmium toxicity. Toxicol Res (Camb)
5(6):1680-1687. https://doi.org/10.1039/c6tx00201c

Smith RM, Baibakov B, Ikebuchi Y et al (2000) Exocytotic insertion of
calcium channels constrains compensatory endocytosis to sites of
exocytosis. J Cell Biol 148(4):755-767. https://doi.org/10.1083/
jcb.148.4.755

Song DH, Park J, Maurer LL, Lu W, Philbert MA, Sastry AM (2013)
Biophysical significance of the inner mitochondrial membrane
structure on the electrochemical potential of mitochondria. Phys
Rev E Stat Nonlin Soft Matter Phys 88(6):062723. https://doi.
org/10.1103/PhysRevE.88.062723

Soria LR, Fanelli E, Altamura N, Svelto M, Marinelli RA, Calamita
G (2010) Aquaporin-8-facilitated mitochondrial ammonia trans-
port. Biochem Biophys Res Commun 393(2):217-221. https://
doi.org/10.1016/j.bbrc.2010.01.104

Soto-Heredero G, Baixauli F, Mittelbrunn M (2017) Interorganelle
communication between mitochondria and the endolysosomal
system. Front Cell Dev Biol 5:95. https://doi.org/10.3389/fcell
.2017.00095

Spitz F, Furlong EE (2012) Transcription factors: from enhancer bind-
ing to developmental control. Nat Rev Genet 13(9):613-626.
https://doi.org/10.1038/nrg3207

Squibb KS, Ridlington JW, Carmichael NG, Fowler BA (1979) Early
cellular effects of circulating cadmium-thionein on kidney proxi-
mal tubules. Environ Health Perspect 28:287-296. https://doi.
org/10.1289/ehp.7928287

Staudt C, Puissant E, Boonen M (2016) Subcellular trafficking of mam-
malian lysosomal proteins: an extended view. Int J Mol Sci 18:1.
https://doi.org/10.3390/ijms 18010047

Steed PR, Kraft KA, Fillingame RH (2014) Interacting cytoplasmic
loops of subunits a and c of Escherichia coli F1IFO ATP synthase
gate H+ transport to the cytoplasm. Proc Natl Acad Sci USA
111(47):16730-16735. https://doi.org/10.1073/pnas. 1414660111

Stoldt S, Wenzel D, Kehrein K, Riedel D, Ott M, Jakobs S (2018)
Spatial orchestration of mitochondrial translation and OXPHOS
complex assembly. Nat Cell Biol 20(5):528-534. https://doi.
org/10.1038/341556-018-0090-7

Sudhof TC (2013) Neurotransmitter release: the last millisecond in
the life of a synaptic vesicle. Neuron 80(3):675-690. https://doi.
org/10.1016/j.neuron.2013.10.022

Sudhof TC, Rothman JE (2009) Membrane fusion: grappling with
SNARE and SM proteins. Science 323(5913):474-477. https://
doi.org/10.1126/science.1161748

Suzuki H, Tashiro S, Sun J, Doi H, Satomi S, Igarashi K (2003) Cad-
mium induces nuclear export of Bachl, a transcriptional repressor


https://doi.org/10.1016/0048-9697(83)90126-2
https://doi.org/10.1016/0048-9697(83)90126-2
https://doi.org/10.1146/annurev.biochem.77.061306.125255
https://doi.org/10.1146/annurev.biochem.77.061306.125255
https://doi.org/10.1242/jcs.158758
https://doi.org/10.1007/s00418-018-1678-5
https://doi.org/10.1007/s00418-018-1678-5
https://doi.org/10.1186/1471-2369-14-211
https://doi.org/10.1289/ehp.6751
https://doi.org/10.1289/ehp.6751
https://doi.org/10.1016/j.bbagrm.2011.10.011
https://doi.org/10.1007/bf01869662
https://doi.org/10.1016/j.tibs.2010.07.007
https://doi.org/10.1016/j.semcdb.2017.09.021
https://doi.org/10.1007/s00018-015-2052-6
https://doi.org/10.1073/pnas.1525564113
https://doi.org/10.1038/s41467-019-09253-3
https://doi.org/10.1038/s41467-019-09253-3
https://doi.org/10.1016/j.semcdb.2014.03.034
https://doi.org/10.1016/j.semcdb.2014.03.034
https://doi.org/10.1038/s41580-019-0152-0
https://doi.org/10.1038/s41580-019-0152-0
https://doi.org/10.1016/j.tibs.2015.01.002
https://doi.org/10.1038/srep31596
https://doi.org/10.1038/srep31596
https://doi.org/10.1038/nrm3565
https://doi.org/10.1038/nrm3565
https://doi.org/10.1016/j.tibs.2013.12.001
https://doi.org/10.1016/j.tibs.2013.12.001
https://doi.org/10.1073/pnas.1807319115
https://doi.org/10.1196/annals.1338.043
https://doi.org/10.1196/annals.1338.043
https://doi.org/10.1016/j.ceb.2018.04.014
https://doi.org/10.1016/j.ceb.2018.04.014
https://doi.org/10.1101/cshperspect.a012724
https://doi.org/10.1039/c6tx00201c
https://doi.org/10.1083/jcb.148.4.755
https://doi.org/10.1083/jcb.148.4.755
https://doi.org/10.1103/PhysRevE.88.062723
https://doi.org/10.1103/PhysRevE.88.062723
https://doi.org/10.1016/j.bbrc.2010.01.104
https://doi.org/10.1016/j.bbrc.2010.01.104
https://doi.org/10.3389/fcell.2017.00095
https://doi.org/10.3389/fcell.2017.00095
https://doi.org/10.1038/nrg3207
https://doi.org/10.1289/ehp.7928287
https://doi.org/10.1289/ehp.7928287
https://doi.org/10.3390/ijms18010047
https://doi.org/10.1073/pnas.1414660111
https://doi.org/10.1038/s41556-018-0090-7
https://doi.org/10.1038/s41556-018-0090-7
https://doi.org/10.1016/j.neuron.2013.10.022
https://doi.org/10.1016/j.neuron.2013.10.022
https://doi.org/10.1126/science.1161748
https://doi.org/10.1126/science.1161748

Archives of Toxicology (2020) 94:1017-1049

1047

of heme oxygenase-1 gene. J Biol Chem 278(49):49246-49253.
https://doi.org/10.1074/jbc.M306764200

Szabo I, Leanza L, Gulbins E, Zoratti M (2012) Physiology of
potassium channels in the inner membrane of mitochondria.
Pflugers Arch 463(2):231-246. https://doi.org/10.1007/s0042
4-011-1058-7

Takaki A, Jimi S, Segawa M, Hisano S, Takebayashi S, Iwasaki H
(2004) Long-term cadmium exposure accelerates age-related
mitochondrial changes in renal epithelial cells. Toxicology
203(1-3):145-154. https://doi.org/10.1016/j.tox.2004.06.005

Tan W, Colombini M (2007) VDAC closure increases calcium ion
flux. Biochim Biophys Acta 1768(10):2510-2515. https://doi.
org/10.1016/j.bbamem.2007.06.002

Teijido O, Rappaport SM, Chamberlin A et al (2014) Acidifica-
tion asymmetrically affects voltage-dependent anion chan-
nel implicating the involvement of salt bridges. J Biol Chem
289(34):23670-23682. https://doi.org/10.1074/jbc. M114.576314

Templeton DM, Liu Y (2010) Multiple roles of cadmium in cell death
and survival. Chem Biol Interact 188(2):267-275. https://doi.
org/10.1016/j.¢bi.2010.03.040

Templeton DM, Liu Y (2013) Effects of cadmium on the actin
cytoskeleton in renal mesangial cells. Can J Physiol Pharmacol
91(1):1-7. https://doi.org/10.1139/cjpp-2012-0229

Thévenod F (2009) Cadmium and cellular signaling cascades: to be or
not to be? Toxicol Appl Pharmacol 238(3):221-239. https://doi.
org/10.1016/j.taap.2009.01.013

Thévenod F, Fels J, Lee WK, Zarbock R (2019) Channels, transporters
and receptors for cadmium and cadmium complexes in eukary-
otic cells: myths and facts. Biometals 32(3):469-489. https://doi.
org/10.1007/s10534-019-00176-6

Thévenod F, Jones SW (1992) Cadmium block of calcium current in
frog sympathetic neurons. Biophys J 63(1):162—168. https://doi.
org/10.1016/S0006-3495(92)81575-8

Thévenod F, Lee WK (2013a) Cadmium and cellular signaling cas-
cades: interactions between cell death and survival pathways.
Arch Toxicol 87(10):1743-1786. https://doi.org/10.1007/s0020
4-013-1110-9

Thévenod F, Lee WK (2013b) Toxicology of cadmium and its damage
to mammalian organs. Met Ions Life Sci 11:415-490. https://doi.
org/10.1007/978-94-007-5179-8_14

Thévenod F, Lee WK (2015) Live and Let Die: Roles of Autophagy
in Cadmium Nephrotoxicity. Toxics 3(2):130-151. https://doi.
org/10.3390/toxics3020130

Thévenod F, Lee WK, Wolff NA (2015) Rapamycin: a therapy of
choice for endoplasmic reticulum stress-induced renal proximal
tubule toxicity? Toxicology 330:41—43. https://doi.org/10.1016/j.
t0x.2015.02.001

Thévenod F, Wolff NA (2016) Iron transport in the kidney: implica-
tions for physiology and cadmium nephrotoxicity. Metallomics
8(1):17-42. https://doi.org/10.1039/c5mt00215j

Tondera D, Grandemange S, Jourdain A et al (2009) SLP-2 is
required for stress-induced mitochondrial hyperfusion. EMBO J
28(11):1589-1600. https://doi.org/10.1038/emboj.2009.89

Tong J, Briggs MM, Mclntosh TJ (2012) Water permeability of aqua-
porin-4 channel depends on bilayer composition, thickness, and
elasticity. Biophys J 103(9):1899-1908. https://doi.org/10.1016/].
bp;j.2012.09.025

Topisirovic I, Capili AD, Borden KL (2002) Gamma interferon
and cadmium treatments modulate eukaryotic initiation fac-
tor 4E-dependent mRNA transport of cyclin D1 in a PML-
dependent manner. Mol Cell Biol 22(17):6183-6198. https://
doi.org/10.1128/mcb.22.17.6183-6198.2002

Toury R, Boissonneau E, Stelly N, Dupuis Y, Berville A, Perasso R
(1985) Mitochondria alterations in Cd2+-treated rats: general
regression of inner membrane cristae and electron transport

impairment. Biol Cell 55(1-2):71-85. https://doi.org/10.1111/
j-1768-322x.1985.tb00411.x

Trajkovic K, Hsu C, Chiantia S et al (2008) Ceramide triggers bud-
ding of exosome vesicles into multivesicular endosomes. Science
319(5867):1244—1247. https://doi.org/10.1126/science.1153124

Tubbs A, Nussenzweig A (2017) Endogenous DNA damage as a source
of genomic instability in cancer. Cell 168(4):644—656. https://
doi.org/10.1016/j.cell.2017.01.002

Ullman E, Fan Y, Stawowczyk M, Chen HM, Yue Z, Zong WX (2008)
Autophagy promotes necrosis in apoptosis-deficient cells in
response to ER stress. Cell Death Differ 15(2):422—425. https://
doi.org/10.1038/sj.cdd.4402234

Ungricht R, Kutay U (2017) Mechanisms and functions of nuclear
envelope remodelling. Nat Rev Mol Cell Biol 18(4):229-245.
https://doi.org/10.1038/nrm.2016.153

Urbani A, Giorgio V, Carrer A et al (2019) Purified F-ATP synthase
forms a Ca(2+)-dependent high-conductance channel matching
the mitochondrial permeability transition pore. Nat Commun
10(1):4341. https://doi.org/10.1038/s41467-019-12331-1

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO
(2007) Exosome-mediated transfer of mRNAs and microRNAs
is a novel mechanism of genetic exchange between cells. Nat Cell
Biol 9(6):654—659. https://doi.org/10.1038/ncb1596

Valgardsdottir R, Chiodi I, Giordano M et al (2008) Transcription
of Satellite III non-coding RNAs is a general stress response
in human cells. Nucleic Acids Res 36(2):423—434. https://doi.
org/10.1093/nar/gkm1056

van Meer G, de Kroon AI (2011) Lipid map of the mammalian cell. J
Cell Sci 124(Pt 1):5-8. https://doi.org/10.1242/jcs.071233

van Niel G, D’Angelo G, Raposo G (2018) Shedding light on the
cell biology of extracellular vesicles. Nat Rev Mol Cell Biol
19(4):213-228. https://doi.org/10.1038/nrm.2017.125

Vendramin R, Marine JC, Leucci E (2017) Non-coding RNAs: the
dark side of nuclear-mitochondrial communication. EMBO J
36(9):1123-1133. https://doi.org/10.15252/embj.201695546

Venter C, Oberholzer HM, Cummings FR, Bester MJ (2017) Effects
of metals cadmium and chromium alone and in combination
on the liver and kidney tissue of male Spraque-Dawley rats: an
ultrastructural and electron-energy-loss spectroscopy investiga-
tion. Microsc Res Tech 80(8):878-888. https://doi.org/10.1002/
jemt.22877

Verheijen R, van Venrooij W, Ramaekers F (1988) The nuclear matrix:
structure and composition. J Cell Sci 90(Pt 1):11-36

Viau M, Gastaldo J, Bencokova Z, Joubert A, Foray N (2008) Cad-
mium inhibits non-homologous end-joining and over-activates
the MRE1 1-dependent repair pathway. Mutat Res 654(1):13-21.
https://doi.org/10.1016/j.mrgentox.2008.04.009

Vitali DG, Kaser S, Kolb A, Dimmer KS, Schneider A, Rapaport D
(2018) Independent evolution of functionally exchangeable mito-
chondrial outer membrane import complexes. Elife. https://doi.
org/10.7554/eLife.34488

Voeltz GK, Barr FA (2013) Cell organelles. Curr Opin Cell Biol
25(4):403-405. https://doi.org/10.1016/j.ceb.2013.06.001

Walker CL, Pomatto LCD, Tripathi DN, Davies KJA (2018) Redox reg-
ulation of homeostasis and proteostasis in peroxisomes. Physiol
Rev 98(1):89-115. https://doi.org/10.1152/physrev.00033.2016

Wang J, Zhang H, Zhang T, Zhang R, Liu R, Chen Y (2015) Molecular
mechanism on cadmium-induced activity changes of catalase and
superoxide dismutase. Int J Biol Macromol 77:59-67. https://doi.
org/10.1016/j.ijbiomac.2015.02.037

Wang XY, Yang H, Wang MG, Yang DB, Wang ZY, Wang L (2017)
Trehalose protects against cadmium-induced cytotoxicity in
primary rat proximal tubular cells via inhibiting apoptosis and
restoring autophagic flux. Cell Death Dis 8(10):e3099. https://
doi.org/10.1038/cddis.2017.475

@ Springer


https://doi.org/10.1074/jbc.M306764200
https://doi.org/10.1007/s00424-011-1058-7
https://doi.org/10.1007/s00424-011-1058-7
https://doi.org/10.1016/j.tox.2004.06.005
https://doi.org/10.1016/j.bbamem.2007.06.002
https://doi.org/10.1016/j.bbamem.2007.06.002
https://doi.org/10.1074/jbc.M114.576314
https://doi.org/10.1016/j.cbi.2010.03.040
https://doi.org/10.1016/j.cbi.2010.03.040
https://doi.org/10.1139/cjpp-2012-0229
https://doi.org/10.1016/j.taap.2009.01.013
https://doi.org/10.1016/j.taap.2009.01.013
https://doi.org/10.1007/s10534-019-00176-6
https://doi.org/10.1007/s10534-019-00176-6
https://doi.org/10.1016/S0006-3495(92)81575-8
https://doi.org/10.1016/S0006-3495(92)81575-8
https://doi.org/10.1007/s00204-013-1110-9
https://doi.org/10.1007/s00204-013-1110-9
https://doi.org/10.1007/978-94-007-5179-8_14
https://doi.org/10.1007/978-94-007-5179-8_14
https://doi.org/10.3390/toxics3020130
https://doi.org/10.3390/toxics3020130
https://doi.org/10.1016/j.tox.2015.02.001
https://doi.org/10.1016/j.tox.2015.02.001
https://doi.org/10.1039/c5mt00215j
https://doi.org/10.1038/emboj.2009.89
https://doi.org/10.1016/j.bpj.2012.09.025
https://doi.org/10.1016/j.bpj.2012.09.025
https://doi.org/10.1128/mcb.22.17.6183-6198.2002
https://doi.org/10.1128/mcb.22.17.6183-6198.2002
https://doi.org/10.1111/j.1768-322x.1985.tb00411.x
https://doi.org/10.1111/j.1768-322x.1985.tb00411.x
https://doi.org/10.1126/science.1153124
https://doi.org/10.1016/j.cell.2017.01.002
https://doi.org/10.1016/j.cell.2017.01.002
https://doi.org/10.1038/sj.cdd.4402234
https://doi.org/10.1038/sj.cdd.4402234
https://doi.org/10.1038/nrm.2016.153
https://doi.org/10.1038/s41467-019-12331-1
https://doi.org/10.1038/ncb1596
https://doi.org/10.1093/nar/gkm1056
https://doi.org/10.1093/nar/gkm1056
https://doi.org/10.1242/jcs.071233
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.15252/embj.201695546
https://doi.org/10.1002/jemt.22877
https://doi.org/10.1002/jemt.22877
https://doi.org/10.1016/j.mrgentox.2008.04.009
https://doi.org/10.7554/eLife.34488
https://doi.org/10.7554/eLife.34488
https://doi.org/10.1016/j.ceb.2013.06.001
https://doi.org/10.1152/physrev.00033.2016
https://doi.org/10.1016/j.ijbiomac.2015.02.037
https://doi.org/10.1016/j.ijbiomac.2015.02.037
https://doi.org/10.1038/cddis.2017.475
https://doi.org/10.1038/cddis.2017.475

1048

Archives of Toxicology (2020) 94:1017-1049

Wang Y, Fang J, Leonard SS, Rao KM (2004) Cadmium inhibits the
electron transfer chain and induces reactive oxygen species. Free
Radic Biol Med 36(11):1434-1443. https://doi.org/10.1016/j.
freeradbiomed.2004.03.010

Weeden CE, Asselin-Labat ML (2018) Mechanisms of DNA damage
repair in adult stem cells and implications for cancer formation.
Biochim Biophys Acta Mol Basis Dis 1864:89-101. https://doi.
org/10.1016/j.bbadis.2017.10.015

Wells TN, Coulin F, Payton MA, Proudfoot AE (1993) Phosphoman-
nose isomerase from Saccharomyces cerevisiae contains two
inhibitory metal ion binding sites. Biochemistry 32(5):1294—
1301. https://doi.org/10.1021/bi00056a014

Wieland M, Levin MK, Hingorani KS, Biro FN, Hingorani MM (2009)
Mechanism of cadmium-mediated inhibition of Msh2-Msh6
function in DNA mismatch repair. Biochemistry 48(40):9492—
9502. https://doi.org/10.1021/b19001248

Witkiewicz-Kucharczyk A, Bal W (2006) Damage of zinc fingers in
DNA repair proteins, a novel molecular mechanism in carcino-
genesis. Toxicol Lett 162(1):29-42. https://doi.org/10.1016/j.
toxlet.2005.10.018

Woehlbier U, Hetz C (2011) Modulating stress responses by the UPRo-
some: a matter of life and death. Trends Biochem Sci 36(6):329—
337. https://doi.org/10.1016/j.tibs.2011.03.001

Wolff NA, Garrick LM, Zhao L, Garrick MD, Thévenod F (2014a)
Mitochondria represent another locale for the divalent metal
transporter 1 (DMT1). Channels 8(5):458-466. https://doi.
org/10.4161/19336950.2014.956564

Wolff NA, Garrick MD, Zhao L, Garrick LM, Ghio AJ, Thévenod F
(2018) A role for divalent metal transporter (DMT1) in mito-
chondrial uptake of iron and manganese. Sci Rep 8(1):211. https
://doi.org/10.1038/541598-017-18584-4

Wolff NA, Ghio AJ, Garrick LM et al (2014b) Evidence for mito-
chondrial localization of divalent metal transporter 1 (DMT1).
FASEB J 28(5):2134-2145. https://doi.org/10.1096/fj.13-240564

Wolfte AP, Guschin D (2000) Review: chromatin structural features
and targets that regulate transcription. J Struct Biol 129(2-
3):102-122. https://doi.org/10.1006/jsbi.2000.4217

Wong YC, Kim S, Peng W, Krainc D (2019) Regulation and func-
tion of mitochondria-lysosome membrane contact sites in cel-
lular homeostasis. Trends Cell Biol 29(6):500-513. https://doi.
org/10.1016/j.tcb.2019.02.004

Wu LG, Hamid E, Shin W, Chiang HC (2014) Exocytosis and endo-
cytosis: modes, functions, and coupling mechanisms. Annu
Rev Physiol 76:301-331. https://doi.org/10.1146/annurev-physi
0l-021113-170305

Wu X, Yalowich JC, Hasinoff BB (2011) Cadmium is a catalytic inhibi-
tor of DNA topoisomerase II. J Inorg Biochem 105(6):833-838.
https://doi.org/10.1016/j.jinorgbio.2011.02.007

Xiao C, Liu Y, Xie C et al (2015) Cadmium induces histone H3 lysine
methylation by inhibiting histone demethylase activity. Toxicol
Sci 145(1):80-89. https://doi.org/10.1093/toxsci/kfv019

Xu S, Pi H, Chen Y et al (2013) Cadmium induced Drpl-dependent
mitochondrial fragmentation by disturbing calcium homeo-
stasis in its hepatotoxicity. Cell Death Dis 4:e540. https://doi.
org/10.1038/cddis.2013.7

Xu S, Pi H, Zhang L et al (2016) Melatonin prevents abnormal mito-
chondrial dynamics resulting from the neurotoxicity of cad-
mium by blocking calcium-dependent translocation of Drpl
to the mitochondria. J Pineal Res 60(3):291-302. https://doi.
org/10.1111/jpi.12310

Yamada H, Yamamoto A, Yodozawa S et al (1996) Microvesicle-
mediated exocytosis of glutamate is a novel paracrine-like
chemical transduction mechanism and inhibits melatonin secre-
tion in rat pinealocytes. J Pineal Res 21(3):175-191. https://doi.
org/10.1111/5.1600-079x.1996.tb00285.x

@ Springer

Yang B, Zhao D, Verkman AS (2006) Evidence against functionally
significant aquaporin expression in mitochondria. J Biol Chem
281(24):16202-16206. https://doi.org/10.1074/jbc.M601864200

Yang XF, Han QG, Liu DY et al (2016) Microstructure and ultras-
tructure alterations in the pallium of immature mice exposed
to cadmium. Biol Trace Elem Res 174(1):105-111. https://doi.
org/10.1007/s12011-016-0657-8

Yokouchi M, Hiramatsu N, Hayakawa K et al (2008) Involve-
ment of selective reactive oxygen species upstream of proa-
poptotic branches of unfolded protein response. J Biol Chem
283(7):4252—-4260. https://doi.org/10.1074/jbc.M705951200

Youle RJ, van der Blick AM (2012) Mitochondrial fission, fusion, and
stress. Science 337(6098):1062-1065. https://doi.org/10.1126/
science.1219855

Youn CK, Kim SH, Lee DY et al (2005) Cadmium down-regulates
human OGG1 through suppression of Sp1 activity. J Biol Chem
280(26):25185-25195. https://doi.org/10.1074/jbc.M412793200

Yuan T, Gomes AV, Barnes JA, Hunter HN, Vogel HJ (2004) Spec-
troscopic characterization of the calmodulin-binding and auto-
inhibitory domains of calcium/calmodulin-dependent protein
kinase I. Arch Biochem Biophys 421(2):192-206. https://doi.
org/10.1016/j.abb.2003.11.012

Yuan W, Liu L, Liang L et al (2020) MiR-122-5p and miR-326-3p:
potential novel biomarkers for early detection of cadmium
exposure. Gene 724:144156. https://doi.org/10.1016/j.
gene.2019.144156

Zachariae U, Schneider R, Briones R et al (2012) beta-Barrel mobility
underlies closure of the voltage-dependent anion channel. Struc-
ture 20(9):1540-1549. https://doi.org/10.1016/j.str.2012.06.015

Zazueta C, Sanchez C, Garcia N, Correa F (2000) Possible involve-
ment of the adenine nucleotide translocase in the activation of
the permeability transition pore induced by cadmium. Int J Bio-
chem Cell Biol 32(10):1093-1101. https://doi.org/10.1016/s1357
-2725(00)00041-8

Zhang H, Dong X, Zhao R, Zhang R, Xu C, Wang X, Liu C, Hu X,
Huang S, Chen L (2019) Cadmium results in accumulation of
autophagosomes-dependent apoptosis through activating Akt-
impaired autophagic flux in neuronal cells. Cell Signal 55:26-39.
https://doi.org/10.1016/j.cellsig.2018.12.008

Zhang W, Wang X, Li P et al (2017) Illuminating superoxide anion and
pH enhancements in apoptosis of breast cancer cells induced by
mitochondrial hyperfusion using a new two-photon fluorescence
probe. Anal Chem 89(12):6840-6845. https://doi.org/10.1021/
acs.analchem.7b01290

Zharkov DO, Rosenquist TA (2002) Inactivation of mammalian 8-oxo-
guanine-DNA glycosylase by cadmium(II): implications for cad-
mium genotoxicity. DNA Repair (Amst) 1(8):661-670. https://
doi.org/10.1016/s1568-7864(02)00074-5

Zhou J, Li G, Zheng Y et al (2015a) A novel autophagy/mitophagy
inhibitor liensinine sensitizes breast cancer cells to chemotherapy
through DNM1L-mediated mitochondrial fission. Autophagy
11(8):1259-1279. https://doi.org/10.1080/15548627.2015.10569
70

Zhou W, Marinelli F, Nief C, Faraldo-Gomez JD (2017) Atomistic
simulations indicate the c-subunit ring of the F1Fo ATP synthase
is not the mitochondrial permeability transition pore. Elife. https
://doi.org/10.7554/eLife.23781

Zhou Z, Liu H, Wang C et al (2015b) Long non-coding RNAs as novel
expression signatures modulate DNA damage and repair in cad-
mium toxicology. Sci Rep 5:15293. https://doi.org/10.1038/srep1
5293

Zhou ZH, Lei YX, Wang CX (2012) Analysis of aberrant methyla-
tion in DNA repair genes during malignant transformation of
human bronchial epithelial cells induced by cadmium. Toxicol
Sci 125(2):412—-417. https://doi.org/10.1093/toxsci/k{r320


https://doi.org/10.1016/j.freeradbiomed.2004.03.010
https://doi.org/10.1016/j.freeradbiomed.2004.03.010
https://doi.org/10.1016/j.bbadis.2017.10.015
https://doi.org/10.1016/j.bbadis.2017.10.015
https://doi.org/10.1021/bi00056a014
https://doi.org/10.1021/bi9001248
https://doi.org/10.1016/j.toxlet.2005.10.018
https://doi.org/10.1016/j.toxlet.2005.10.018
https://doi.org/10.1016/j.tibs.2011.03.001
https://doi.org/10.4161/19336950.2014.956564
https://doi.org/10.4161/19336950.2014.956564
https://doi.org/10.1038/s41598-017-18584-4
https://doi.org/10.1038/s41598-017-18584-4
https://doi.org/10.1096/fj.13-240564
https://doi.org/10.1006/jsbi.2000.4217
https://doi.org/10.1016/j.tcb.2019.02.004
https://doi.org/10.1016/j.tcb.2019.02.004
https://doi.org/10.1146/annurev-physiol-021113-170305
https://doi.org/10.1146/annurev-physiol-021113-170305
https://doi.org/10.1016/j.jinorgbio.2011.02.007
https://doi.org/10.1093/toxsci/kfv019
https://doi.org/10.1038/cddis.2013.7
https://doi.org/10.1038/cddis.2013.7
https://doi.org/10.1111/jpi.12310
https://doi.org/10.1111/jpi.12310
https://doi.org/10.1111/j.1600-079x.1996.tb00285.x
https://doi.org/10.1111/j.1600-079x.1996.tb00285.x
https://doi.org/10.1074/jbc.M601864200
https://doi.org/10.1007/s12011-016-0657-8
https://doi.org/10.1007/s12011-016-0657-8
https://doi.org/10.1074/jbc.M705951200
https://doi.org/10.1126/science.1219855
https://doi.org/10.1126/science.1219855
https://doi.org/10.1074/jbc.M412793200
https://doi.org/10.1016/j.abb.2003.11.012
https://doi.org/10.1016/j.abb.2003.11.012
https://doi.org/10.1016/j.gene.2019.144156
https://doi.org/10.1016/j.gene.2019.144156
https://doi.org/10.1016/j.str.2012.06.015
https://doi.org/10.1016/s1357-2725(00)00041-8
https://doi.org/10.1016/s1357-2725(00)00041-8
https://doi.org/10.1016/j.cellsig.2018.12.008
https://doi.org/10.1021/acs.analchem.7b01290
https://doi.org/10.1021/acs.analchem.7b01290
https://doi.org/10.1016/s1568-7864(02)00074-5
https://doi.org/10.1016/s1568-7864(02)00074-5
https://doi.org/10.1080/15548627.2015.1056970
https://doi.org/10.1080/15548627.2015.1056970
https://doi.org/10.7554/eLife.23781
https://doi.org/10.7554/eLife.23781
https://doi.org/10.1038/srep15293
https://doi.org/10.1038/srep15293
https://doi.org/10.1093/toxsci/kfr320

Archives of Toxicology (2020) 94:1017-1049 1049

Zick M, Rabl R, Reichert AS (2009) Cristae formation-linking ultra- lysosomes. Toxicol Lett 321:32-43. https://doi.org/10.1016/j.
structure and function of mitochondria. Biochim Biophys Acta toxlet.2019.12.019
1793(1):5-19. https://doi.org/10.1016/j.bbamcr.2008.06.013

Zotova L, Aleschko M, Sponder G et al (2010) Novel components Publisher’s Note Springer Nature remains neutral with regard to
of an active mitochondrial K(+)/H(+) exchange. J Biol Chem jurisdictional claims in published maps and institutional affiliations.
285(19):14399-14414. https://doi.org/10.1074/jbc.M109.059956

Zou H, Wang T, Yuan J et al (2020) Cadmium-induced cytotox-
icity in mouse liver cells is associated with the disruption of
autophagic flux via inhibiting the fusion of autophagosomes and

@ Springer


https://doi.org/10.1016/j.bbamcr.2008.06.013
https://doi.org/10.1074/jbc.M109.059956
https://doi.org/10.1016/j.toxlet.2019.12.019
https://doi.org/10.1016/j.toxlet.2019.12.019

	Cell organelles as targets of mammalian cadmium toxicity
	Abstract
	Introduction
	Cadmium and lipid membranes
	Cadmium and mitochondria
	Mitochondrial membranes: ultrastructure and lipid composition
	Mitochondrial dynamics
	Permeation of cadmium into mitochondria
	Electron transport chain and citric acid cycle
	Mitochondrial membrane potential (ΔΨm)
	Mitochondrial permeability transition (mPT) and permeability transition pore (PTP)
	Mitochondrial volume dynamics

	Cadmium and ER
	Intralumenal homeostasis
	ER stress
	ER restructuring

	Cadmium and the nucleus
	Nuclear architecture
	Chromatin organization and epigenetics
	DNA damage, repair and genomic instability
	Nuclear matrix proteins
	Transcriptional regulation

	Cadmium and lysosomes
	Lysosome biogenesis, maturation and functions
	Lysosomal function and autophagy
	Lysosomal membrane permeabilization

	Cadmium and vesicular trafficking
	Endocytosis
	Secretory vesicles and exocytosis

	Cadmium and other cell organelles
	Extracellular vesicles
	Peroxisomes
	Specialized organelles

	Cadmium and organelle interactions
	Summary and conclusions
	Acknowledgements 
	References




