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Abstract Cadmium (Cd2?) is a nonessential divalent

metal ion that causes toxicity in multiple organs in

humans. In order for toxicity to occur Cd2? must first

enter cells by utilizing transport pathways for essential

metals. This review focuses on studies in which Cd2?

transport was directly demonstrated by electrophysio-

logical, radiotracer or Cd2?-sensitive fluorescent dye

techniques. The chemistry of Cd2? and metal ions in

general is addressed in the context of properties

relevant for transport through membrane proteins,

such as hydration energy. Apart from transport by the

ZIP transporters SLC39A8 and SLC39A14, which is

not topic of the review, uptake of free Cd2? has been

demonstrated for the Fe2?/H? cotransporter divalent

metal transporter 1. Moreover, the multiligand endo-

cytic receptors megalin and cubilin take up cadmium-

metallothionein complexes via receptor-mediated

endocytosis. The role of ATP binding cassette trans-

porters in Cd2? efflux from cells is also discussed. Both

the multidrug resistance-associated protein 1 and

cystic fibrosis transmembrane conductance regulator

are likely to transport cadmium–glutathione com-

plexes out of cells, whereas transport of free Cd2? by the

multidrug resistance P-glycoprotein remains controver-

sial. Finally, arguments for and against Cd2? transport

by Ca2? channels are presented. Most N- and L-type

Ca2? channels are closed at resting membrane potential

(with the exception of CaV1.3 channels) and therefore

unlikely to allow significant Cd2? influx under physi-

ological conditions. CaV3.1 and CaV3.2 T-type calcium

channels are permeated by divalent metal ions, such as

Fe2? and Mn2? because of considerable ‘‘window’’

currents close to resting membrane potential and could

be responsible for tonic Cd2? entry. TRPM7 and the

mitochondrial Ca2? uniporter are other likely candi-

dates for Cd2? transporters, whereas the role of Orai

proteins, the store-operated calcium channels carrying

Ca2? release-activated Ca2? current, in Cd2? influx

remains to be investigated.
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Introduction

Organ toxicity of Cd

One of the major targets of Cd-induced damage is the

kidney where Cd accumulates in the proximal tubule.
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Up to 7% of populations exposed to Cd2? develop

renal dysfunction (Jarup and Akesson 2009; Nordberg

2009). It is associated with a general transport

defect of the proximal tubule that mimics the de

Toni-Debré-Fanconi-Syndrome (Bernard et al. 1979)

with proteinuria, aminoaciduria, glucosuria and phos-

phaturia (for review, see Wedeen and De Broe 1998).

Other diseases associated with Cd exposure are

pulmonary emphysema, diabetic and renal complica-

tions, deregulated blood pressure, immunosuppres-

sion and bone disorders (the Itai–Itai disease)

(ATSDR 2005; Jarup and Akesson 2009; Nordberg

2009). Most importantly, environmental exposure to

Cd increases total and non-cardiovascular mortality

(Nawrot et al. 2008).

Cd2? carcinogenesis

In 1993 the International Agency for Research on

Cancer (IARC), which is part of the World Health

Organization, classified Cd and Cd compounds as

group-1 human carcinogens, having concluded that

there was sufficient evidence of cadmium being

carcinogenic to humans and animals (IARC 1993).

The evidence for carcinogenicity in humans is

supported by substantial recent epidemiologic evi-

dence indicating that Cd induces cancer in many

organs in humans, including the lung and the kidneys

(Pesch et al. 2000; Hu et al. 2002; Hengstler et al.

2003). Moreover, in a prospective population-based

study on environmental exposure to Cd and risk of

cancer (Nawrot et al. 2006) demonstrated that chronic

environmental Cd exposure is associated with devel-

opment of lung cancer. Even though the carcinoge-

nicity and toxicity of Cd has long been recognized,

accumulating epidemiological evidence suggests sig-

nificant toxicity even on long-term low exposure

conditions and affecting more people than previously

thought (see in particular Satarug and Moore 2004;

Jarup and Akesson 2009, for review).The present

consensus is that a direct mutagenic effect of Cd is

weak (Waalkes 2003), but is presumably sufficient to

induce tumors if combined with other pro-carcino-

genic effects of Cd, such as formation of ROS and/or

interference with anti-oxidative enzymes, inhibition

of DNA repair enzymes, deregulation of cell prolif-

eration, interference with the balance between pro

and anti-apoptotic mechanisms, and disruption of cell

adhesion (Waisberg et al. 2003).

Biology of Cd2? toxicity

Cd plays no role as a trace element and is therefore a

toxic-only element with no known physiological

function, with one exception: in the absence of

Zn2?, Cd2? is used by some diatoms in the active site

of carbonic anhydrase (Lane and Morel 2000). The

major toxic form of Cd in eukaryotic cells is the

Cd2? ion. Although Cd2? is not a Fenton metal and

therefore not capable of exerting redox reactions in

biological systems, it may induce formation of

reactive oxygen species (ROS) by depletion of

endogenous redox scavengers, inhibition of antioxi-

dative enzymes, inhibition of the mitochondrial

electron transport chain, and/or displacement of

redox active metals, such as Fe2? or Cu2?, from

their carrier proteins and thereby cause mitochondrial

damage and trigger apoptosis, to name few of the

mechanisms underlying Cd2? toxicity (reviewed in

Thévenod 2009). Cd2? can also substitute for Ca2? in

cellular signaling or for Zn2? in many enzymes and

transcription factors which may account for some of

the biological effects of the Cd2? ion.

Physico-chemical characteristics of Cd21:

is there more to it than old wine in new skins?

In order to better predict the behavior of transport of

free Cd2? by ion channels and transporters in mam-

malian organisms some physico-chemical properties

of metal ions need to be considered with a particular

emphasis on (1) their enthalpy of hydration and (2)

their classification in ‘‘soft’’ and ‘‘hard’’ metal catego-

ries. Metal ions interact with water molecules to form

water shells around the ion, a process called solvation.

This ionic hydration energy is a significant barrier for

metal ions crossing membrane protein pores, e.g., in

ion channels, by slowing the dehydration process

(Hille 1992). Generally speaking, cations have higher

hydration energies (are more hydrated) than the anions

of the same negative charge, and the energies are

highest for small ions (e.g., Mg2?, Mn2?, Ni2?, Co2?,

Zn2?) and for ions with large ionic charge. The

standard enthalpy of hydration DHo
hydration

� �
reflects

the residence time of water molecules near an ion

(Edsall and McKenzie 1978; Marcus 1985) and is

inversely proportional to the ‘‘water substitution rate’’

around an ion (Diebler et al. 1969). This concept may

858 Biometals (2010) 23:857–875

123



help to understand the process of permeation in ion

channels, where ions move by frequent replacements

of water molecules in the inner shell with dipolar

groups of the channel pore. The relatively high

DHo
hydration respective low water substitution rate of

water molecules around divalent metals, such as Ni2?,

Co2?, Mg2?, Mn2? and Cd2? is one factor that may

contribute to their differential behavior as ‘‘blockers’’

in contrast to ‘‘permeators’’, such as Ca2?, Sr2? or

Ba2?.

The separation of metals into ‘‘hard’’ and ‘‘soft’’

classes is based on thermodynamic measurements of

metal-ion/ligand complex stability (Jacobson and

Turner 1980; Nieboer and Richardson 1980). Based

on these criteria, as a rule of thumb free metal ions

can be divided into 3 groups: hard, soft and border-

line. ‘‘Hard’’ or ‘‘class A’’ metals include alkaline

earth metals, lanthanoids and aluminum, to name a

few. They do not readily share their electron density

and bind mainly by electrostatic interaction with

electron donors such as F- or O. ‘‘Soft’’ or ‘‘class B’’

metals include transition metals, such as Au?, Cu?,

Ag? or Hg2?. Those metals have a polarizable

electron cloud. Thus, they participate more easily in

electron sharing and bind easier via covalent inter-

actions. Soft cations bind to inorganic anions, such as

I- and SCN-, or in organic molecules to sulfur

(sulfhydryl, disulfide, thioether), or nitrogen (amino,

imidazole, histidine, nucleotide base). Borderline

cations are able to form stable complexes with

ligands, but they may also display some degree of

‘‘softness’’. Among the latter are divalent cations,

such as Pb2?, Cu2? and Cd2? whereas Mn2?, Zn2?

and Ni2? have a higher degree of ‘‘hardness’’ and

Co2? and Fe2? show intermediate features.

Cd21 transport pathways: a focus on likely

candidates and popular but unproven

candidates

To develop toxicity Cd2? ions present in solutions

must cross cellular membranes via proteinous path-

ways (such as receptors, transporters and pores)

due to their hydrophilicity. Cd2? may be taken up

from solutions across cell membranes by active

(energy-dependent) or passive (facilitated diffusion)

transport. Energy-dependent mechanisms include

ATPase mediated efflux systems and receptor-mediated

endocytosis (RME) of metal complexes whereas

passive transport involves channels and carriers. Once

in- or outside the cell, exchange to stronger ligands

may take place, thereby preventing back diffusion and

forming a kinetic trap for the metal. The similar

chemical properties of Cd2? and essential metals

determine its entry into mammalian cells. Target cells

can only be damaged by Cd2? if they possess transport

pathways or receptors with an affinity for the toxic

metal, i.e., either free ions or as complexes with a

carrier. To describe this process the term ‘‘ionic and

molecular mimicry’’ has been coined (Clarkson 1993;

Bridges and Zalups 2005). In fact, it has been

suggested that transporters and receptors for free

and complexed forms of essential metals, such as

Ca2?, Fe2?, Zn2? or Cu2?, mediate uptake of Cd2?.

Because of its ability of complex formation with

organic molecules Cd2? is also likely to be trans-

ported by pathways for transport of organic molecules

rather than as a free ion. Nevertheless, transporters for

free essential metal ions have recently been identified

that can also carry free Cd2?. For a recent assessment

on Zn2? transporters for which direct evidence for

Cd2? uptake into cells has been provided I would like

to refer to the review by D. W. Nebert and coworkers

(He et al. 2009), which gives an update of

Cd2? transport by ZIP8 (SLC39A8) and ZIP14

(SLC39A14) transporters in kidney, intestine and

testis ((Dalton et al. 2005; He et al. 2006; Girijashan-

ker et al. 2008; Liu et al. 2008). A Km of ZIP8 for

Cd2? of *0.5 lM was determined using 109Cd2?

(Liu et al. 2008) which indicates that ZIP8 is a

candidate for high-affinity Cd2? transport mediating

Cd2? toxicity in mammalian cells (together with

DMT1/NRAMP2/SLC11A2; see below). The known

mammalian copper influx carriers Ctr1/2 and efflux

ATPases ATP7A/B have been reviewed recently

(Kaplan and Lutsenko 2009). No evidence is currently

available to suggest that Cd2? is a substrate of any of

the copper transporters, which is most likely due to

their use of monovalent Cu? as a substrate.

This review focuses on novel aspects of eukaryotic

Cd2? transport by uptake pathways for Fe2?. More-

over, the role of ATP binding cassette transporters

(pumps and channels) in Cd2? efflux will be dis-

cussed. Finally, ‘‘pros’’ and ‘‘cons’’ of Cd2? transport

by Ca2? channels will be presented. The review of the

literature will include transporter studies in which

Cd2? transport was directly demonstrated by
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electrophysiological techniques (patch-clamp) or

studies using 109Cd2? or Cd2?-sensitive fluorescent

dyes rather than studies that merely correlated devel-

opment of Cd2? resistance with up-regulation of

transporter proteins to deduce evidence for Cd2?

transport. The aim of this ‘‘conservative’’ approach is

to emphasize the significance of proven Cd2? trans-

porters for Cd2? toxicity rather than elusive specula-

tions. Cd2? is known to trigger a variety of pro-and

anti-apoptotic signaling cascades (see (Thévenod

2009) for a recent review on the topic) which elicit

activation of transcription factors and target genes,

particularly survival genes. Hence up-regulation of

certain transporters may be a consequence of Cd2?

resistance to counteract and/or interfere with pro-

apoptotic signaling pathways and could be indepen-

dent of Cd2? transport.

Fe21 uptake pathways: a likely entry route

for Cd21

The majority of iron in mammalian organisms is

bound to proteins involved in oxygen transport and

electron transfer as well as iron binding-proteins, such

as transferrin (Tf), lactoferrin and ferritin (Jurado

1997; Bullen et al. 2005; Zasloff 2007). Under iron-

limiting conditions, such as occur during infection of

the host, microorganisms (e.g., bacteria and yeast)

synthesize and secrete ‘‘siderophores’’ (Miethke and

Marahiel 2007). These very high-affinity iron-binding

compounds (Neilands 1981; Verma et al. 1991)

scavenge iron from the host iron-binding proteins.

To combat this microorganism salvage process, host

cells, above all immune cells but also hepatocytes,

intestinal enterocytes and renal tubular cells, express

and secrete a protein, lipocalin 24p3 (also known as

lipocalin-2 or uterocalin in mice and neutrophil-

gelatinase-associated lipocalin [NGAL] in humans),

which captures the bacterial siderophore and thereby

prevents bacterial iron uptake (Goetz et al. 2002; Flo

et al. 2004; Jayaraman et al. 2005; Mori et al. 2005;

Playford et al. 2006). Then host cells take up the

NGAL/lipocalin-2:siderophore:iron complex via

RME and thereby induce siderophore depletion from

body fluids. Two cell surface receptors of very

different molecular structure mediate RME in epithe-

lial cells, megalin/cubilin (Hvidberg et al. 2005) and a

novel receptor (24p3R) for lipocalin 24p3, a protein

that was originally referred to as brain organic cation

transporter (Devireddy et al. 2005).

Megalin and cubilin

Megalin and cubilin are multiligand, endocytic

receptors with significant physiological functions

(Christensen and Birn 2002). Both receptors are

expressed primarily in polarized epithelial cells, but

also in neurons. With a few exceptions, they are

located in luminal plasma membranes of epithelial

cells. Megalin and cubilin are structurally very

different, and each binds distinct ligands with differ-

ent affinities, serving independent functions in some

tissues. However, the receptors are also co-expressed

in several tissues, where they interact for function.

Indeed, internalization of several cubilin ligands is

strongly facilitated by megalin. Megalin and cubilin

are highly expressed in the apical plasma membrane

and the early stages of the endocytic pathway in the

renal proximal tubule (PT), where they are respon-

sible for tubular clearance of filtered proteins (Verr-

oust et al. 2002; Christensen and Gburek 2004).

Following binding to these receptors, ligands are

internalized into coated vesicles and delivered to

early and late endosomes. Whereas the receptors are

recycled to the apical membrane, the ligands are

transferred to lysosomes for protein degradation.

Though it has been commonly assumed that Tf

with a molecular weight of 78 kDa is above the

filtration cut-off for glomerular sieving theoretically

it can pass through the glomerular filter (see Smith

and Thévenod 2009 for a review). Moreover, apical

PT uptake of Tf has been demonstrated in vivo in rats

(Ohno et al. 2005) and in the rat PT cell line WKPT-

0293 Cl.2 (Abouhamed et al. 2006) suggesting that

PT cells reabsorb filtered Tf-bound iron via RME.

Most importantly, compelling experimental evidence

by Kozyraki and collaborators (Kozyraki et al. 2001)

support glomerular filtration of Tf and its subsequent

reabsorption by megalin and cubilin mediated RME.

This observation is of utmost importance for the

understanding of uptake of Cd2? complexed to

metallothionein (CdMT), a major form of Cd2?

present in the blood circulation (Andersen 1984).

CdMT is easily filtered by the glomerular sieve

because of its molecular weight of *7 kDa and may

be reabsorbed by the PT by a mechanism analogous

to Tf uptake. CdMT has been suggested to play a
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major role as a source of Cd2? in nephrotoxicity

induced by chronic exposure to Cd2? (Andersen

1984; Klaassen et al. 1999; Erfurt et al. 2003;

Klaassen et al. 2009). In fact, several reports have

recently demonstrated that CdMT partly utilizes the

same RME pathway as Tf for uptake by renal PT

cells that is mediated by megalin and cubilin.

Indirect evidence had suggested that megalin is

implicated in the uptake of CdMT complexes: In rats,

PT uptake of CdMT and b2-microglobulin is mutu-

ally inhibitory (Bernard et al. 1987), and megalin is a

receptor for b2-microglobulin in renal PT cells

(Orlando et al. 1998). This hypothesis has been

subsequently corroborated by studies demonstrating

binding of MT to megalin (Klassen et al. 2004).

Subsequently, we studied megalin expression and

dependence of CdMT internalization and cytotoxicity

on megalin in a renal PT cell model (WKPT-0293

Cl.2 cells) derived from the S1-segment of the rat

kidney PT (Wolff et al. 2006). First, expression of

megalin and cubilin was detected and second,

internalization of fluorescent AlexaFluor�488-cou-

pled MT could be demonstrated, which was concen-

tration-dependent, saturating at about 15 lM. At this

concentration MT uptake could be significantly

attenuated by *30% by 1 lM of the receptor-

associated protein (RAP) used as a competitive

inhibitor of CdMT binding to megalin and cubilin.

Consistently, cytotoxicity by CdMT (50 lM

Cd2?:7 lM MT) was significantly reduced by the

presence of RAP, by a functional anti-megalin

antibody which competes with megalin ligands, or

by the cubilin-specific ligand, apo-transferrin (Wolff

et al. 2006). Hence renal PT CdMT uptake and cell

death are mediated, at least in part, by megalin and

cubilin. The significance of megalin/cubilin mediated

RME for CdMT toxicity in PT cells was further

confirmed by investigating the role of the small

GTPase ARF6 (ADP-ribosylation factor 6), which is

involved in internalization of ligands by RME and

endocytic vesicular trafficking in rat PT cells (Ma-

randa et al. 2001; El-Annan et al. 2004). Transfection

of a dominant-negative form of ARF6 prevented

recycling of megalin to the cell surface. Accordingly,

RME of CdMT was reduced as evidenced by a

decrease of AlexaFluor�488-coupled MT uptake and

CdMT toxicity in PT cells (Wolff et al. 2008).

Though megalin and cubilin are also expressed in

intestinal epithelial cells (and other epithelia;

Kozyraki et al. 2001; Bose et al. 2007) uptake of Tf

and other iron-binding proteins via these receptors

has not been investigated so far and their role in

intestinal CdMT uptake remains also to be

investigated.

The 24p3/NGAL/lipocalin-2 receptor

The moderate contribution of megalin/cubilin in

CdMT uptake in cultured PT cells could be accounted

for by the fact that their megalin expression is low

compared to native kidney. Still 50–70% of Alexa

Fluor� 488 conjugated MT uptake and CdMT

mediated cell death is not blocked by megalin or

cubilin ligands (Wolff et al. 2006), suggesting that

other pathways may mediate CdMT uptake in the PT

cell line and in vivo, such as megalin- and cubilin-

independent, clathrin-mediated endocytosis or fluid-

phase endocytosis pathways (Carvou et al. 2007).

Moreover, additional receptors could contribute to

CdMT RME and toxicity in the PT, such as the

recently cloned neutrophil-gelatinase associated

lipocalin-2 (24p3/NGAL) receptor, which binds

mouse 24p3 (a eukaryotic protein which delivers

iron to cells by binding siderophores) with a Kd of

*100 pM and is expressed in a variety of tissues,

including kidney, intestine and liver (Devireddy et al.

2001, 2005). Its distribution within each of these

organs, however, remains to be investigated. Over-

expression of 24p3 receptor in HeLa cells induces

binding and uptake of NGAL (Devireddy et al. 2005),

yet the specific expression of this receptor in NGAL

target cells and the requirement for this receptor to

mediate NGAL responses in vitro or in vivo remain

to be determined. Coincidently, megalin binds NGAL

of human origin, but with a much lower affinity

(Kd of *60 nM) and mediates its cellular uptake

(Hvidberg et al. 2005). As a first step towards

investigating the potential role of this endocytic

pathway in CdMT cytotoxicity, we have demonstrated

by RT-PCR that WKPT-0293 Cl.2 cells express both

the lipocalin-2 receptor as well as its lipocalin-2 ligand

(N.A. Wolff, W.-K. Lee & F. Thévenod, unpublished

observations). In addition, co-incubation with recom-

binant rat lipocalin-2 (500 pM) partially restores cell

viability of WKPT-0293 Cl.2 cells exposed to CdMT

(20 lM Cd2?:2.9 lM MT) for 24 h. This concentra-

tion is much lower than the Kd of *60 nM observed

for binding of NGAL to megalin (Hvidberg et al.
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2005), suggesting that lipocalin-2 competes with

CdMT for binding to the lipocalin-2 receptor. These

observations are currently being investigated in more

detail in my laboratory.

Divalent metal transporter 1 (DMT1, DCT1,

NRAMP2, SLC11A2)

In 1997, Hediger and colleagues identified the first

mammalian iron transporter protein DMT1 (or diva-

lent cation transporter DCT1 as it was termed by the

authors because of its ability to transport a variety of

divalent transition metals including Fe2?) by expres-

sion cloning (Gunshin et al. 1997). DMT1 is a ferrous

ion (Fe2?) transporter that is energized by the H?

electrochemical potential gradient and ferric ion

(Fe3?) is excluded (Gunshin et al. 1997; see, however

(Mackenzie et al. 2006) for a discussion of H?-

independent Fe2? transport). Soon after, Fleming

et al. discovered that Belgrade rats (b/b) and mk mice

carry a DMT1 G185R mutation that leads to

deficiency in Fe2? uptake and causes microcytic

anaemia, confirming that DMT1’s major function is

Fe2? transport (Fleming et al. 1998; Su et al. 1998).

Humans with DMT1 mutations at different intron or

exon sites, such as an E399D substitution, a R416C

substitution or a G212V substitution also exhibit

hypochromic microcytic anemia, which confirm the

crucial role of DMT1 function in Fe2? homeostasis

amongst various mammalian species (Iolascon and

De Falco 2009).

At the tissue level, DMT1 is ubiquitously

expressed, most notably in the proximal duodenum,

red blood cells, macrophages, but also in the kidney

and brain (Gunshin et al. 1997; Lee et al. 1998). The

sites where DMT1 is most critical for iron homeo-

stasis are the intestinal tract (where it is clearly the

major transporter for iron entry) and the red blood cell

precursor (where it is essential for full hemoglobini-

zation). Immunostaining studies indicate that DMT1

expression is strongest on the brush border of the

apical pole of mature villous enterocytes where the

expression of DMT1 is tightly regulated by body iron

status and is consistent with the role for DMT1 in

luminal Fe2? uptake (Canonne-Hergaux et al. 1999;

Knopfel et al. 2005; see Mackenzie and Hediger 2004

for a review). In macrophages, DMT1 is restricted at

the phagosomal membrane where red cells are

engulfed (Gruenheid et al. 1999; Jabado et al. 2002).

In the kidney the majority of DMT1 signal resides in

the renal cortex and comparably weaker staining is

evident in the medullary regions (Ferguson et al.

2001; Canonne-Hergaux and Gros 2002). Staining in

the cortex stems from the presence of DMT1 in PT

and collecting ducts. In contrast to distal convoluted

tubules, which exhibit apical DMT1 immunostaining,

only structures within the cells of rat PT are stained

where immunogold labelling and electron microscopy

pinpointed the intracellular DMT1 staining to late

endosomes and lysosomes (Abouhamed et al. 2006;

see also Smith and Thévenod 2009) for a discussion of

discrepancies to the distribution of DMT1 in mouse

PT). From these data it was concluded that DMT1

may be involved in movement of iron across late

endosomal and lysosomal membranes (Abouhamed

et al. 2006). Other groups have also detected intra-

cellular DMT1 staining in other cells (Tabuchi et al.

2000, 2002; Lis et al. 2004).

DMT1 is expressed in the plasma membrane,

typically in enterocytes, where it mediates Tf-inde-

pendent Fe2? absorption into the organism which is

coupled to the pumping of a proton (Gunshin et al.

1997). This mechanism is also operative in airway

epithelial cells where DMT1 clears iron and other

metals from the air and may thereby participate in

detoxification of metals associated with air pollution

particles (Wang et al. 2002; Ghio et al. 2007).

Alternatively, when DMT1 is located intracellularly

it is involved in the TfR pathway of iron acqui-

sition (it is highly expressed in erythrocyte precursors

because of their requirement for iron). DMT1 is

localized to intracellular endosomes (and lyso-

somes) that are formed during endocytosis of the

Tf–TfR complex. Vacuolar-type ATPases acidify the

endosome/lysosome which causes dissociation of

the metal. This will, in turn, activate DMT1 in the

endosomal/lysosomal membrane to co-transport the

metal ion along with H? into the cytosol (Gruenheid

et al. 1995; Jabado et al. 2002).

DMT1 appears to be a key transporter involved in

Cd2? toxicity. Gunshin et al. (1997) demonstrated that,

in addition to Fe2?, a broad range of transition metals

Cd2?, Zn2?, Mn2?, Cu2?,, Co2?, Ni2? and Pb2?) can

evoke inward currents in Xenopus oocytes expressing

DMT1. Only Fe2? transport was demonstrated in this

study using a radiotracer assay. Nevertheless, like

inhibition of uptake, evoked currents demonstrate

DMT1 reactivity with other metals but do not
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demonstrate that they are actually transported. A

more compelling study by Bannon et al. used DMT1

knockdown in Caco-2 cells which significantly

inhibited 55Fe2? and 109Cd2? uptake without effect

on uptake of Pb2? (Bannon et al. 2003). Moreover,

radiotracer assays in oocytes and transfected HEK293

cells have established that DMT1 is also capable of

transporting Cd2?, Mn2? and Zn2? (Okubo et al.

2003; Mackenzie et al. 2006). Zn2? is a weak

substrate (Mackenzie et al. 2007). Its Ki for inhibition

of Fe2? transport is about 50 lM whereas the K0.5 for

Fe2?, Cd2?, Mn2?, Co2? range between 1-5 lM

(B. Mackenzie, personal communication). The Km for

Cd2? is *1 lM (Okubo et al. 2003). Interestingly,

Cd2? appears to be even transported more effectively

by DMT1 than Fe2? (Garrick et al. 2006). The lower

DHo
hydration of Cd2? compared to Fe2? could account

for the better transport rate of Cd2? by DMT1 though

it is not clear whether the solvated metal ion is

transported or dehydration is necessary for transport

to occur.

Consequently, free Cd2? may be taken up from the

gut lumen into enterocytes via DMT1-mediated

transport (Kwong and Niyogi 2009). The DMT1

gene expresses several DMT1 mRNA variants. One

of these variants carries a conserved iron-responsive

element (IRE) (‘‘IRE form’’), whereas the other one

lacks it (‘‘non-IRE form’’; Lee et al. 1998). Because

the IRE form is up-regulated in the duodenum by iron

deficiency (Gunshin et al. 1997; Canonne-Hergaux

et al. 1999), a link between Cd2? uptake (and

toxicity) and DMT1 expression has been proposed

under conditions where iron homeostasis is disrupted.

For instance, diet-induced iron deficiency in rats led

to increased DMT1 mRNA expression in duodenum,

kidneys and liver which was associated with

increased Cd2? uptake from the gastrointestinal tract

and an increased Cd2? burden of various tissues,

including intestine, kidneys, liver, testes, brain and

blood (Park et al. 2002). Moreover, upregulation of

DMT1 in the duodenum of pregnant rats to accom-

modate the increased demand for iron by the fetus

was associated with increased intestinal absorption of

Cd2? and its accumulation in liver and kidneys of

pregnant animals (Leazer et al. 2002). Furthermore,

iron overload due to hereditary (hypotransferrinemia)

increased iron intestinal absorption in mice resulted

in increased duodenal Cd2? uptake (Raja et al. 2006).

All these studies in experimental animals indicate

that disruption of homeostasis increase the sensitivity

to Cd2? because of increased expression of DMT1

which may apply to humans as well (Kippler et al.

2009).

In the rat kidney PT, DMT1 is expressed in late

endosomes and lysosomes, but not in the plasma

membrane (Abouhamed et al. 2006). Filtered CdMT

rather than free Cd2? is therefore likely to be the

source for DMT1-mediated Cd2? transport. In

cultured PT cells endocytosed CdMT was found to

co-localize with the endosomal/lysosomal markers

rab5A and LAMP1, which suggests that CdMT must

traffic through the endosomal/lysosomal pathway

(Erfurt et al. 2003). Moreover, chloroquine, an

inhibitor of acidic compartments, and the PI3-kinase

blocker, LY-294002, which inhibits endocytosis,

prevented uptake of CdMT and apoptosis of rat PT

cells (Erfurt et al. 2003). Using the same cell culture

model Abouhamed and coworkers demonstrated

reduced death rates of rat PT cells induced by CdMT

after RNAi knockdown of DMT1 (Abouhamed et al.

2007), suggesting that following degradation of the

MT protein moiety in late endosomes and lysosomes

Cd2? is extruded by DMT1 from these acidic

compartments into the cytosol where free Cd2?

triggers apoptosis of PT cells (Dorian et al. 1992a,

b; Klaassen et al. 1999; Thévenod 2003). Recently,

small molecule inhibitors of DMT1 have been

identified which would be useful for testing this

hypothesis provided they can gain access to lyso-

somes (Buckett and Wessling-Resnick 2009).

There is also some evidence indicating that Cd2?

may be taken up by distal segments of the nephron

both in vivo in rats (Barbier et al. 2004) and in

cultured cells (Friedman and Gesek 1994; Olivi et al.

2001). Based on these data, it has been hypothesized

that some of the Cd2? delivered to the luminal

compartment of the distal nephron and collecting

duct is taken up in an absorptive manner by DMT1.

This hypothesis is supported in part by the immuno-

localization experiments showing apical DMT1

localization in distal convoluted tubules (Ferguson

et al. 2001). Additional support for this hypothesis

comes in part from experiments demonstrating that

Cd2? is a potent inhibitor of Fe2? uptake in cells

derived from the distal nephron (Friedman and Gesek

1994; Olivi et al. 2001). Together, these findings

provide indirect evidence suggesting that Cd2? may

act as an ionic mimic of Fe2? at the site of the
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luminal transporter, DMT1, in epithelial cells of the

distal nephron and collecting duct.

Whether the Fe2? export transporter ferroportin 1

(FPN1; IREG1; MTP1), an iron-regulated transporter

implicated in the basolateral transfer of iron from the

duodenum and other tissues (placenta, kidney, liver,

and testis) to the circulation (Abboud and Haile 2000;

Donovan et al. 2000; McKie et al. 2000), mediates

Cd2? efflux from cells has not been demonstrated so

far. Although a recent study showed increased Cd2?

uptake in Fe2?-deficient mice which was associated

with increased expression of DMT1 and FPN1 in

duodenum and other tissues (Kim et al. 2007), this is

insufficient evidence to link FPN1 to Cd2? transport.

In summary, several physiological Fe2? (free Fe2?

and iron-protein complexes) uptake and transport

pathways have recently been identified that may play

a previously unsuspected role in toxicity of CdMT

complexes and/or the free Cd2? ion.

ATP-binding cassette transporters: the ABC

of Cd21 efflux?

Multidrug resistance P-glycoprotein

(MDR1, ABCB1)

Most members of the superfamily of ATP binding

cassette (ABC) transporter proteins act as pumps

carrying substrates as diverse as large hydrophobic

drugs, small anions, or peptides across membranes at

the cost of ATP hydrolysis. P-glycoproteins (ABCB1)

can confer multidrug resistance by actively extruding

structurally unrelated, hydrophobic amphiphilic and

cationic drugs from the cells (Ambudkar et al. 2003;

Gottesman and Ling 2006). In epithelial cells of the

gastrointestinal tract, liver, kidney, and capillaries of

the brain, testes, and ovaries, ABCB1 acts as a barrier

to the uptake of xenobiotics, and promotes liver and

renal excretion of drugs and xenobiotics into the bile

and urine. Polymorphisms in the ABCB1 gene may

affect the pharmacokinetics of many commonly used

drugs, including anticancer drugs (Sauna et al. 2007).

It has been known for almost 20 years that Cd2?

induces upregulation of the multidrug transporter

P-glycoprotein ABCB1 (Chin et al. 1990; Murakami

et al. 1991). Moreover, decreased toxicity to Cd2? was

demonstrated in kidney PT cells over-expressing

ABCB1 (Thévenod et al. 2000). Subsequent studies

in OK and LLC-PK1 cells have demonstrated

increased 109Cd2? steady-state accumulation (incuba-

tion with 1 lM Cd2? for 15–30 min) upon application

of various ABCB1 inhibitors, such as verapamil,

vinblastine, cyclosporine A or the functional antibody

UIC2 (Endo et al. 2002). This was complemented by

experiments using LLC-PK1 cells over-expressing

ABCB1 where reduced Cd2? accumulation was

demonstrated. In a subsequent study ABCB1-depen-

dent trans-epithelial transport was determined by

applying 1 lM 109Cd2? from the apical or basolateral

cell side and by measuring transepithelial transport at

37�C for 60 min (Kimura et al. 2005). However, these

data should be taken with caution as they assess

ABCB1-dependent Cd2? efflux indirectly and there-

fore may also measure ABCB1-independent trans-

and paracellular transport pathways, which may also

contribute to Cd2? fluxes. For instance, it has been

previously shown that Cd2? application to the baso-

lateral cell side of LLC-PK1 monolayers decreases

transepithelial resistance by 60% within 3 h result-

ing in increased permeability of the monolayer

(Zimmerhackl et al. 1998). In addition, extracellular

Cd2? is known to disrupt adherens junctions by

displacing Ca2? from E-cadherin (Prozialeck et al.

2002; Thévenod et al. 2007).

In contrast Achard-Joris and coworkers assessed

the role of multidrug resistance (MDR) proteins in

Cd2? resistance and transport by expressing human

ABCB1, Lactococcus lactis LmrA, and Oenococcus

oeni OmrA in an Escherichia coli tolC mutant strain

which proved to be hypersensitive to Cd2? (Achard-

Joris et al. 2005). Both the human and bacterial MDR

genes conferred Cd2? resistance to E. coli up to

0.4 mM concentration. Quantification of intracellular

Cd2? concentration by atomic absorption spectrom-

etry showed a reduced Cd2? accumulation in cells

expressing the MDR genes. Cd2? accumulation was

reduced in LmrA, OmrA and ABCB1 overexpressing

bacteria at 0.4 mM extracellular Cd2?, but only in

bacteria overexpressing lmrA and omrA at 0.25 mM

Cd2?, which indicates that at 0.25 mM the major

efflux pathways for Cd2? are ABCB1-independent.

Inside-out membrane vesicles of L. lactis over-

expressing LmrA displayed an ATP-dependent
109Cd2? uptake (50 lM) that was stimulated by

625 lM glutathione (GSH), suggesting that Cd2? is

transported by LmrA as a complex with GSH or ATP.
109Cd2? transport mediated by ABCB1 was not tested
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in inside-out vesicles, most likely because ABCB1-

mediated 109Cd2? transport is not detectable at this

concentration. These results differ from the studies of

Endo and Kimura where 1 lM Cd2? was used (Endo

et al. 2002; Kimura et al. 2005).

In an attempt to clarify the role of ABCB1 in Cd2?

transport, we have investigated 109Cd2? efflux as a

function of ABCB1 expression (W.-K. Lee, B.

Torchalski and F. Thévenod, in preparation). A

substrate of ABCB1, rhodamine 123? (5–100 lM),

showed increased efflux in MDCK cells permanently

overexpressing ABCB1 (Pastan et al. 1988) com-

pared to the parental cell line and was abolished by

0.1–1 lM of the ABCB1 blocker PSC833. However,

both accumulation and efflux of 10 lM 109Cd2? were

neither affected by the expression level of ABCB1,

nor by PSC833 or the functional antibody UIC2.

These data indicate that Cd2? efflux is not mediated

by ABCB1 and that ABCB1-dependent resistance to

Cd2? toxicity occurs independently from 109Cd2?

efflux. However, we do not exclude that Cd2? at high

concentrations is transported by bacterial MDR

transporters as a complex with GSH or ATP, as

suggested by Achard-Joris et al. (2005).

Multidrug resistance-associated protein 1

(MRP1, ABCC1)

The multidrug resistance-associated protein 1 (MRP1)

is a high-affinity transporter of the cysteinyl leukotri-

ene C(4) and is responsible for the systemic release of

this cytokine in response to an inflammatory stimulus.

The substrate specificity of MRP1 and other members

of the MRP family is extremely broad and includes

many organic anion conjugates of structurally unre-

lated endo- and xenobiotics (Deeley et al. 2006; Kruh

et al. 2007). MRP1 and other members of this branch

of lipophilic anion transporters are expressed in

various epithelial tissues, such as liver and kidney,

as well as in endothelia of the blood–brain barrier and

in neurons (Silverman 1999). It is likely that MRP

family members are efflux pumps for Cd2? and

similarly to YCF1, which resembles the human MRP1

(63% amino acid similarity), transport Cd2? as Cd2?–

GSH complexes (Tommasini et al. 1996). YCF1

encodes an MgATP-energized glutathione S-conju-

gate transporter that is responsible for vacuolar

sequestration accumulation of Cd2?-GSH complexes

in Saccharomyces cerevisiae (Tommasini et al. 1996;

Li et al. 1997). In fact, the study by Tommasini et al.

(1996) demonstrated GSH transport by MRP1, but

Cd2?-GSH transport has not been proven so far.

Cystic fibrosis transmembrane conductance

regulator (CFTR, ABCC7)

The cystic fibrosis transmembrane conductance reg-

ulator (CFTR) belongs to the ABC family of integral

membrane proteins. It is mainly located in the apical

membrane area of salt transporting tissues, such as

secretory epithelia and exocrine glands, where it

functions as a cAMP-dependent Cl- channel required

to control ion and fluid homeostasis on epithelial

surfaces (Riordan 2008). Mutations in the CFTR gene

cause cystic fibrosis (CF), the most common autoso-

mal recessive disease in the Caucasian population.

Additional roles have been attributed to CFTR, e.g.,

as a ‘‘conductance regulator’’ via autocrine signaling

through CFTR-mediated release of ATP, which

controls the activity of outwardly rectifying Cl-

channels, in particular those involved in volume

regulation (Hryciw and Guggino 2000; Sabirov and

Okada 2005). In addition, recent studies indicate that,

similar to other members of the ABC protein family,

CFTR may mediate GSH export from cells (Kogan

et al. 2003). In fact, a defect in this GSH transport

function of CFTR may contribute to the pathology of

CF (Childers et al. 2007). In addition to exocrine

epithelia, CFTR has been located in the mammalian

kidney, particularly in the apical pole of proximal

(PT) and distal tubule (DT) cells (Crawford et al.

1991; Jouret et al. 2007).

Evidence for CFTR interaction with Cd2? is

scarce. Cd2? is known to react with cysteine residues.

This may account for the ability of Cd2? (0.1 mM) to

affect the gating properties of CFTR channels of

inside-out patches or of membrane vesicles incorpo-

rated in planar bilayer experiments (Harrington et al.

1999). Cd2? decreased both the opening and closing

rates of the channel irreversibly suggesting covalent

modification. Moreover, oxidizing agents mimicked

the effect of Cd2? whereas reducing agents had

opposite effects on CFTR channel properties. The

authors concluded that regulation of the redox state of

the channel may be a physiological mode of control

of CFTR channel activity (Harrington et al. 1999). In

contrast 0.3 mM Cd2? applied to intact colonic

epithelia did not affect CFTR-mediated Cl- secretion
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(O’Donnell et al. 2000). This suggests that the redox

sensor of CFTR may be located at an intracellular

domain of the channel protein. Similar conclusions

can be drawn from the study of Annereau et al.

(2003) which showed inhibition of the ATPase

activity of a recombinant CFTR construct (Gly-

404–Lys-830 region of human CFTR) containing the

first nucleotide-binding fold and regulatory domain

by 1 mM Cd2?. These observations have been

recently extended in a CFTR molecule mutated at

the signature sequence LSGGQ which defines the

adenosine triphosphate (ATP)-binding cassette trans-

porter superfamily (Wang et al. 2009). The data

suggested that Cd2? (10 lM) can reversibly activate

gating CFTR from inside-out patches in the absence

of ATP by metal bridge formation between yet to be

identified cysteine residue(s) and engineered aspar-

tate or cysteine in the signature sequence. This study

is in line with the previous ones because it provides

evidence for cysteine residues near NBD1 to which

Cd2? can bind. However, it is also different from the

previous work because it shows reversible activation

of ATP-independent gating by Cd2? binding to a

mutated NBD1 (Annereau et al. 2003) as opposed to

irreversible inhibition of ATP-dependent gating and

ATPase activity by Cd2? (Harrington et al. 1999).

From these data it can be concluded that high

concentrations may favor covalent reactions of

Cd2? with cysteine residues (Harrington et al. 1999;

Annereau et al. 2003) whereas this may not be

necessarily the case for low micromolar Cd2?

concentrations (Wang et al. 2009).

Whereas these studies suggest direct actions of

Cd2? with cytosolic domains of CFTR but do not

assume that Cd2? is actually transported by CFTR,

L’Hoste et al. (2009) have recently suggested such a

mechanism. They showed that exposure of mouse PT

cells expressing CFTR to 5 lM extracellular Cd2?

triggers CFTR-like Cl- currents within a few min-

utes. These Cd2?-induced currents differ from typical

CFTR Cl- currents in one respect: they are not

cAMP-dependent, but are rather activated by the

extracellular signal-activated protein kinase (ERK1/2).

Cd2?-induced activation of Cl- currents in CFTR-

expressing PT cells is associated with increased ROS

formation and depletion of cellular GSH content due to

CFTR-mediated efflux of GSH which triggers apop-

totic cell death. Strikingly, all the described effects are

not set in motion if CFTR is not present. The authors

conclude that Cd2? triggers CFTR activation, which

modulates cellular ROS levels via efflux of the ROS

scavenger GSH and/or Cd2?-GSH complexes to

ensure that apoptosis of PT cells occurs. In this model,

CFTR is proposed to extrude Cd2? as a complex with

GSH, similarly as has been described for the proto-

typical ABC transporter yeast cadmium resistance

factor (YCF1) (Li et al. 1997) and suggested for

ABCB1 (Achard-Joris et al. 2005). In contrast to the

study of Harrington et al. (1999) where the changes of

the redox state of the cell (induced by Cd2?) affect

CFTR function, the study by L’Hoste et al. implies that

CFTR (which is activated by Cd2?) modulates ROS

levels and hence the cellular redox state via CFTR-

mediated efflux of GSH and/or Cd2?-GSH complexes

(L’hoste et al. 2009, 2010). The study by L’Hoste et al.

(2009) differs from other studies because it postulates

that Cd2? activates the CFTR Cl- channel indirectly

via activation of the ERK1/2 signaling pathway. In

fact, Wang et al. (2009) saw no effect of 10 lM Cd2?

on channel gating of wild-type CFTR in the absence of

ATP because CFTR channels can only be opened by

ATP after they have been phosphorylated by protein

kinase A (Riordan 2008). It would not be surprising if

extracellular Cd2? turned out to elicit these ERK1/2-

dependent processes by binding to a Ca2?-sensing

receptor that is expressed in the apical membrane of

PT cells (Smith et al. 1989; Riccardi et al. 1998;

reviewed in (Thévenod 2009). Activation of the Ca2?-

sensing receptor is known to activate ERK signaling

(Ward et al. 2002; Hobson et al. 2003).

In summary, whereas high concentrations of free

Cd2? may covalently modify intracellular domains of

CFTR (possibly at cysteine residues) and thereby

inhibits CFTR gating and ATPase activity, low

micromolar Cd2? concentrations have either no effect

on gating in the absence of ATP or activate channel

gating indirectly to allow efflux of GSH, and possibly

Cd2?–GSH complexes, similarly as has been

described for other ABC transporters.

Ca21 channels: ‘‘I know that I know nothing’’

Because Ca2? and Cd2? have similar ionic radii

permeation of Ca2? channels by Cd2? has been

suggested as a mechanism of entry in many different

tissues, in particular in excitable tissues (Shafer

2000). Many reports have postulated Cd2? uptake
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by L- and N-type voltage-dependent calcium chan-

nels (VDCCs) in excitable and non-excitable cells,

including macrophages and hepatic cells (see for

example (Blazka and Shaikh 1991; Hinkle et al.

1992; Hinkle and Osborne 1994; Souza et al. 1997;

Limaye and Shaikh 1999; Misra et al. 2002).

However, the physiological and toxicological rele-

vance of these observations is difficult to assess. First,

transcripts for L-type Ca2? channels have been

identified in the rat kidney distal tubule (Yu et al.

1992), but their role in Ca2? transport has remained

elusive (van de Graaf et al. 2007). Moreover, whereas

whole liver expresses transcripts for L-type Ca2?

channels, hepatocytes do not (Hughes et al. 1993).

Finally, no stringent evidence for Cd2? transport has

been provided for VDCCs by electrophysiological

and/or radiotracer techniques. On the contrary, Cd2?

potently blocks VDCC current (mainly N- but also L-

type Ca2? channels) with an IC50 C 0.3 lM (Théve-

nod and Jones 1992). Formally, Cd2? can be

permeant (Lansman et al. 1986; Swandulla and

Armstrong 1989; Chow 1991; Thévenod and Jones

1992), since block can be relieved either by strong

non-physiological depolarization or strong hyperpo-

larization. These driving forces may be required for

dehydration in order for Cd2? to pass the primary

binding/blocking site of the selectivity filter (covalent

modification can be excluded because block can be

relieved by voltage changes) but experimental evi-

dence for this hypothesis is lacking. There is also

evidence for more superficial binding sites, as

recently described for Ni2? in CaV3.1 (a1G) T-type

Ca2? channels (Obejero-Paz et al. 2008). And some

ions, notably Zn2? and Cu2?, selectively inhibit the

CaV3.2 (a1H) T-type Ca2? channel by binding to an

extracellular site near the S3–S4 linker of domain I

(Kang et al. 2006, 2009).

The crucial question is whether Cd2? influx through

VDCCs is significant under physiological conditions.

The open probability of VDCCs is strongly voltage-

dependent. Hence most VDCCs are open over a very

narrow voltage range and closed at or near resting

membrane potential. Yet it has been recently realized

that the traditional view of L-type calcium channels

being high-voltage-activating does not hold for all

L-type Ca2? channels. In fact, analyses of CaV1

clones, which encode L-type Ca2? channels, in heter-

ologous expression systems has revealed that CaV1.3

channels have low activation thresholds near the

resting membrane potential (for review, see Lips-

combe et al. 2004). However, whereas these channels

are strongly inhibited by Cd2? (see above) no attempt

has been yet made to demonstrate permeation by Cd2?

(or other divalent metals) under physiological condi-

tions. In contrast, the CaV3.1 (a1G) T-type calcium

channel may be a good candidate for a VDCC

permeated by divalent metal ions under physiological

conditions. This channel exhibits considerable ‘‘win-

dow’’ currents close to resting membrane potential, so

it could also mediate tonic divalent metal ion entry

(Talavera and Nilius 2006). T-type Ca2? channels are

blocked by Cd2? (Lacinova et al. 2000; Diaz et al.

2005) and hence are candidates for Cd2? permeation,

as having considerable ‘‘window currents’’. Indeed,

Mn2? and Fe2? are both ‘‘blockers’’ and ‘‘permeators’’

of CaV3.1 (a1G) T-type Ca2? channels at voltages near

resting membrane potential. In preliminary reports

Jones and coworkers (Lopin et al. 2007; Jamieson et al.

2008) showed block of CaV3.1 (a1G) T-type Ca2?

channels by Fe2? and Mn2?, but these metal ions

carried detectable whole-cell inward currents at mil-

limolar concentrations and in the absence of extracel-

lular Ca2?. The authors estimated that CaV3.1 (a1G)

channels can mediate net Fe2? entry of *20 ions per

open channel per second at -60 mV and pH 7.2, in

1 lM Fe2? (with 2 mM extracellular Ca2?; Lopin et al.

2007). Similar results were obtained with Mn2?,

except that inward currents were larger than with

Fe2? (Jamieson et al. 2008). Since a1G channels

exhibit a significant ‘window current’ in that voltage

range (Popen * 1%), these results suggested that a1G

channels are a possible pathway for Fe2? entry into

cells, at clinically relevant concentrations. These

transport rates are low by channel standards, but not

too different from dedicated Fe2? transporters (S.W.

Jones, personal communication). Mn2? has also been

shown to permeate CaV3.2 (a1H) Ca2? channels

(Kaku et al. 2003). The DHo
hydration of Cd2? (-1,807 kJ/

mol) is similar to that of Mn2? (-1,841 kJ/mol) or

Fe2? (-1,946 kJ/mol) suggesting that Cd2? may

permeate CaV3 channels under physiological condi-

tions in tissues expressing these channels. CaV3 Ca2?

channels are expressed in excitable cells, such as

neurons, heart, smooth and skeletal muscle and endo-

crine cells (Perez-Reyes 2003). Surprisingly, CaV3.1

is also found expressed in the distal nephron of the

kidney (Andreasen et al. 2000), where it may be

involved in Ca2? reabsorption (Leclerc et al. 2004).
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CaV3.1 could account for some of the 109Cd2?

transport observed by Friedman and Gesek (1994) in

kidney distal tubule cells, but DMT1 could also have

contributed to their 109Cd2? fluxes because of its apical

expression in distal tubule cells and residual DMT1-

mediated divalent metal transport at neutral pH

(Mackenzie et al. 2006). The only indirect hint so far

that CaV3.1 (a1G) channels may be involved in Cd2?

transport and toxicity is a study by Leslie et al. (Leslie

et al. 2006) in MTI/II (-/-) cells with acquired Cd2?

resistance where expression of CaV3.1 was reduced

thus suggesting that decreased expression of this

T-type Ca2? channel protects cells from Cd2? expo-

sure by limiting Cd2? uptake. Hence Cd2? transport by

CaV3.1 channels still needs to be tested and is

predicted to be of a similar magnitude as for Mn2? or

Fe2?.

Cd2? could also permeate other Ca2? channels,

such as store-operated Ca2? channels (SOCs) trig-

gered by hormones and neurotransmitters, which are

responsible for a non-voltage-gated Ca2? current

called ICRAC (Ca2? release-activated Ca2? current;

for review, see Potier and Trebak 2008). Hoth and

Penner (1993) demonstrated that ICRAC, which was

induced by inositol-1,4,5 triphosphate-mediated emp-

tying of internal Ca2? stores in mast cells, was

inhibited by Cd2? in a voltage-independent manner.

The concentration–response relationship for Cd2?

could be described by a Michaelis–Menten function

with an apparent KD of 0.24 mM and a Hill

coefficient of 1. Reversibility of Cd2? block was

not tested. Unlike VDCCs in which Sr2? and Ba2?

behave as good permeators, these divalent cations

also blocked ICRAC. Consequently, ICRAC is highly

Ca2?-selective which is different from VDCCs

(Parekh and Penner 1997). Metal classification or

DHo
hydration cannot account for the inhibitory potency

of divalent cations described by Hoth and Penner

(1993). Interestingly, though Mn2? also potently

blocks ICRAC (Hoth and Penner 1993), SOC chan-

nels can be permeated by Mn2? (this property of

Mn2? has been subsequently introduced as a tech-

nique to determine activation of SOC channels as

‘‘Mn2? quenching of Fura-2 fluorescence’’; Bird et al.

2008) suggesting that some of the blocking divalent

metal ions may also permeate the channel (Fasolato

et al. 1993). Hence it cannot be excluded that Cd2?

both blocks and permeates CRAC channels. Orai and

Stim proteins are the long sought after molecular

entities underlying store-operated calcium influx

where Orai proteins are the SOCs carrying ICRAC

(Feske et al. 2006; Prakriya et al. 2006; Vig et al. 2006;

Yeromin et al. 2006; Zhang et al. 2006; reviewed in

Deng et al. 2009). Given that mutations at the outer

loops of CRAC channels (there are three aspartates)

can affect Gd3? and Ca2? affinity, it seems plausible

that divalent ions would coordinate there first.

Whether or not they then permeate is currently

unknown (R. Penner, personal communication).

Ca2? permeable cation channels differing from

VDCCs and SOCs may also mediate the uptake of

Cd2?, e.g. maitotoxin-stimulated nonselective cation

channels (Olivi and Bressler 2000) or 2-amin-

oethoxydiphenyl borate sensitive Ca2? and Mg2?

permeable cation channels, as described by

Levesque et al. (2008). They provided evidence to

suggest that TRPM7 may be responsible for Cd2?

uptake in human osteoblast-like MG-63 cells.

TRPM7 is a member of the melastatin-related

subfamily of TRP channels and represents a protein

that contains both an ion channel and a kinase

domain (Penner and Fleig 2007). It is ubiquitously

expressed and the only ion channel known that is

essential for cellular viability. It is permeable to

Ca2? and Mg2?, but also conducts essential metals

such as Zn2?, Mn2?, and Co2?, as well as Ni2?,

Cd2?, Ba2?, and Sr2? (Monteilh-Zoller et al. 2003).

The channel is constitutively open but strongly

downregulated by intracellular levels of Mg2?,

MgATP and other Mg-nucleotides (reviewed in

Penner and Fleig 2007). The function of the kinase

domain is not completely understood, but may

involve autophosphorylation of TRPM7 as well as

phosphorylation of other target proteins such as

annexin and myosin IIA heavy chain. Based on

these properties, TRPM7 is currently believed to

represent a ubiquitous homeostatic mechanism that

regulates Ca2? and Mg2? fluxes based on the

metabolic state of the cell. Physiologically, the

channel may serve as a regulated transport mecha-

nism for these ions that could affect cell adhesion,

cell growth and proliferation, and even cell death

under pathological stress such as anoxia (Penner and

Fleig 2007). Though TRPM7 may be an interesting

candidate for Cd2? mediated toxicity and death the

ability of Cd2? to permeate TRPM7 is the lowest of

all divalent metal ions tested (Monteilh-Zoller et al.

2003).
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The mitochondrial Ca2? uniporter (MCU) located

in the inner mitochondrial membrane (MCU) is a

highly selective Ca2? channel that binds Ca2? with

extremely high affinity (KD B 2 nM; Kirichok et al.

2004). The relative divalent ion conductance of the

MCU was Ca2? & Sr2? [[ Mn2? & Ba2?. Unfor-

tunately, Cd2? was not tested. We have shown that

Cd2? is taken up by kidney cortex mitoplasts using

the Cd2?-sensitive fluorescent indicator FluoZin-1

(Lee et al. 2005a). Cd2? uptake occurred most likely

via the MCU because MCU inhibitors (La3?,

ruthenium red and Ru360) prevented Cd2?-induced

swelling of energized kidney cortex mitochondria

(Lee et al. 2005a). Further experiments demonstrated

that Cd2? in the matrix was found to activate

aquaporin-8 water channels and a K? uniporter of

the inner mitochondrial membrane to induce osmotic

swelling (Lee et al. 2005a, b; reviewed in Lee and

Thévenod 2006). Hence Cd2? may permeate the

MCU directly but more direct evidence, e.g., by

patch-clamp techniques and/or 109Cd2? radiotracer

experiment would substantiate these observations.

Table 1 Cd2? transport pathways in mammalian cells

Transported Cd2?

moiety

Mechanism of transport References

Proven Cd2? transport pathways

Megalin/cubilin (receptor) CdMT Receptor-mediated

endocytosis

Klassen et al. (2004), Wolff

et al. (2006)

DMT1/SLC11A2 Cd2? Cd2?/H?

cotransport

Gunshin et al. (1997), Bannon

et al. (2003) Okubo et al.

(2003), Garrick et al. (2006)

ZIP8/SLC39A8 Cd2? Cd2?/2HCO3
-

cotransport

Dalton et al. (2005), He et al.

(2006), Liu et al. (2008)

ZIP14/SLC39A8 Cd2? Cd2?/HCO3
-

cotransport (?)

Girijashanker et al. (2008)

Likely Cd2? transport pathways

MRP1/ABCC1 CdGSH ATP-dependent efflux Tommasini et al. (1996)

CFTR/ABCC7 CdGSH ATP-dependent efflux

(?)

Kogan et al. (2003), L’Hoste

et al. (2009)

TRPM7 Cd2? Channel Monteilh-Zoller et al. (2003),

Levesque et al. (2008)

CaV3.1-3 T-type Ca2? channels (VDCCs) Cd2? Channel Lacinova et al. (2000), Diaz

et al. (2005), Lopin et al.

(2007), Jamieson et al.

(2008), Kaku et al. (2003)

Mitochondrial Ca2? uniporter Cd2? Channel Lee et al. (2005a, b)

Less likely Cd2? transport pathways

ICRAC (SOCs) Cd2? Channel Hoth and Penner (1993)

L- and N-type Ca2? channels

(VDCCs) (with the possible

exception of CaV1.3

channel)

Cd2? Channel Thévenod and Jones (1992),

Lansman et al. (1986),

Swandulla and Armstrong

(1989), Chow (1991)

Unclear or controversial Cd2? transport pathways

MDR1/ABCB1 Cd2?/CdGSH/

CdATP

ATP-dependent efflux Endo et al. (2002), Kimura

et al. (2005), Achard-Joris

et al. (2005)

CdMT cadmium–metallothionein complex, CdGSH cadmium–glutathione complex, VDCCs voltage dependent Ca2? channels,

ICRAC Ca2? release-activated Ca2? current, SOCs store-operated Ca2? channels. References support but do not prove Cd2?

transport. For further details, please refer to the text
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Conclusions and outlook

The screening of the literature for stringent experimental

evidence (using electrophysiological, radiotracer tech-

niques, fluorescent dyes combined with molecular

biology) for Cd2? ion transport by membrane carriers,

channels, ATPases and receptors only yields convincing

proof for the Fe2? transporter DMT1 (and ZIP trans-

porters that are not the topic of this review). Cd2? may

also be taken up as a complex with MT by RME

involving megalin and cubilin, and possibly other

mechanisms of RME. So far, no experimental data have

proven Cd2? efflux by mammalian ABC transporters,

either as free Cd2? or Cd2?-complexes, though the latter

are likely to be transported by MRPs and CFTR.

Obviously, more experimental evidence using electro-

physiological techniques and radiotracers is necessary

to prove the contribution of Ca2? channels in Cd2?

transport though certain more likely candidates have

been spotted, such as CaV3 channels, TRPM7

(Table 1), and perhaps CaV1.3 channels. A plethora

of publications on Cd2? ‘‘transport’’ is available, but

major confusion arises from correlative studies inves-

tigating Cd2? resistance and expression levels of

transporter proteins. Clearly, to sort the wheat from

the chaff a ‘‘conservative’’ approach is necessary. Proof

of Cd2? transport can only be claimed by providing

experimental evidence for vectorial transport of Cd2?

across cellular membranes. This review aims to

enlighten researchers to focus their future research on

likely candidates for Cd2? transport in order to pin-point

strategies for prevention and/or therapy of Cd2? toxicity

and carcinogenesis.
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Erfurt C, Roussa E, Thévenod F (2003) Apoptosis by Cd2? or

CdMT in proximal tubule cells: different uptake routes

and permissive role of endo/lysosomal CdMT uptake. Am

J Physiol Cell Physiol 285:C1367–C1376

Fasolato C, Hoth M, Penner R (1993) Multiple mechanisms of

manganese-induced quenching of fura-2 fluorescence in

rat mast cells. Pflugers Arch 423:225–231

Ferguson CJ, Wareing M, Ward DT et al (2001) Cellular

localization of divalent metal transporter DMT-1 in rat

kidney. Am J Physiol Renal Physiol 280:F803–F814

Feske S, Gwack Y, Prakriya M et al (2006) A mutation in

Orai1 causes immune deficiency by abrogating CRAC

channel function. Nature 441:179–185

Fleming MD, Romano MA, Su MA et al (1998) Nramp2 is

mutated in the anemic Belgrade (b) rat: evidence of a role

for Nramp2 in endosomal iron transport. Proc Natl Acad

Sci USA 95:1148–1153

Flo TH, Smith KD, Sato S et al (2004) Lipocalin 2 mediates an

innate immune response to bacterial infection by seques-

trating iron. Nature 432:917–921

Friedman PA, Gesek FA (1994) Cadmium uptake by kidney

distal convoluted tubule cells. Toxicol Appl Pharmacol

128:257–263

Garrick MD, Singleton ST, Vargas F et al (2006) DMT1:

which metals does it transport? Biol Res 39:79–85

Ghio AJ, Turi JL, Madden MC et al (2007) Lung injury after

ozone exposure is iron dependent. Am J Physiol Lung

Cell Mol Physiol 292:L134–L143

Girijashanker K, He L, Soleimani M et al (2008) Slc39a14

gene encodes ZIP14, a metal/bicarbonate symporter:

similarities to the ZIP8 transporter. Mol Pharmacol

73:1413–1423

Goetz DH, Holmes MA, Borregaard N et al (2002) The neu-

trophil lipocalin NGAL is a bacteriostatic agent that

interferes with siderophore-mediated iron acquisition. Mol

Cell 10:1033–1043

Biometals (2010) 23:857–875 871

123



Gottesman MM, Ling V (2006) The molecular basis of mul-

tidrug resistance in cancer: the early years of P-glyco-

protein research. FEBS Lett 580:998–1009

Gruenheid S, Cellier M, Vidal S et al (1995) Identification and

characterization of a second mouse Nramp gene.

Genomics 25:514–525

Gruenheid S, Canonne-Hergaux F, Gauthier S et al (1999) The

iron transport protein NRAMP2 is an integral membrane

glycoprotein that colocalizes with transferrin in recycling

endosomes. J Exp Med 189:831–841

Gunshin H, Mackenzie B, Berger UV et al (1997) Cloning and

characterization of a mammalian proton-coupled metal-

ion transporter. Nature 388:482–488

Harrington MA, Gunderson KL, Kopito RR (1999) Redox

reagents and divalent cations alter the kinetics of cystic

fibrosis transmembrane conductance regulator channel

gating. J Biol Chem 274:27536–27544

He L, Girijashanker K, Dalton TP et al (2006) ZIP8, member of

the solute-carrier-39 (SLC39) metal-transporter family:

characterization of transporter properties. Mol Pharmacol

70:171–180

He L, Wang B, Hay EB et al (2009) Discovery of ZIP trans-

porters that participate in cadmium damage to testis and

kidney. Toxicol Appl Pharmacol 238:250–257

Hengstler JG, Bolm-Audorff U, Faldum A et al (2003) Occu-

pational exposure to heavy metals: DNA damage induc-

tion and DNA repair inhibition prove co-exposures to

cadmium, cobalt and lead as more dangerous than hitherto

expected. Carcinogenesis 24:63–73

Hille B (1992) Ionic channels of excitable membranes. Sinauer

Associates Inc, Sunderland, MA

Hinkle PM, Osborne ME (1994) Cadmium toxicity in rat

pheochromocytoma cells: studies on the mechanism of

uptake. Toxicol Appl Pharmacol 124:91–98

Hinkle PM, Shanshala ED II, Nelson EJ (1992) Measurement

of intracellular cadmium with fluorescent dyes. Further

evidence for the role of calcium channels in cadmium

uptake. J Biol Chem 267:25553–25559

Hobson SA, Wright J, Lee F et al (2003) Activation of the

MAP kinase cascade by exogenous calcium-sensing

receptor. Mol Cell Endocrinol 200:189–198

Hoth M, Penner R (1993) Calcium release-activated calcium

current in rat mast cells. J Physiol 465:359–386

Hryciw DH, Guggino WB (2000) Cystic fibrosis transmem-

brane conductance regulator and the outwardly rectifying

chloride channel: a relationship between two chloride

channels expressed in epithelial cells. Clin Exp Pharmacol

Physiol 27:892–895

Hu J, Mao Y, White K (2002) Renal cell carcinoma and

occupational exposure to chemicals in Canada. Occup

Med (Lond) 52:157–164

Hughes BP, Both K, Harland L et al (1993) Identification of an

mRNA species which encodes a voltage-operated Ca2?

channel in rat liver mRNA. Biochem Mol Biol Int

31:193–200

Hvidberg V, Jacobsen C, Strong RK et al (2005) The endocytic

receptor megalin binds the iron transporting neutrophil-

gelatinase-associated lipocalin with high affinity and

mediates its cellular uptake. FEBS Lett 579:773–777

IARC (1993) Beryllium, cadmium, mercury, and exposures in

the glass manufacturing industry. Working Group views

and expert opinions, Lyon, 9–16 February 1993. IARC

Monogr Eval Carcinog Risks Hum 58:1–415

Iolascon A, De Falco L (2009) Mutations in the gene encoding

DMT1: clinical presentation and treatment. Semin

Hematol 46:358–370

Jabado N, Canonne-Hergaux F, Gruenheid S et al (2002) Iron

transporter Nramp2/DMT-1 is associated with the mem-

brane of phagosomes in macrophages and Sertoli cells.

Blood 100:2617–2622

Jacobson KB, Turner JE (1980) The interaction of cadmium

and certain other metal ions with proteins and nucleic

acids. Toxicology 16:1–37

Jamieson Q, Obejero-Paz CA, Jones SW (2008) Mn2? blocks,

permeates, and shifts gating of CaV3.1 T-type calcium

channels. Biophys J Biophys Soc Meet Abstr. Abstract #

3129

Jarup L, Akesson A (2009) Current status of cadmium as an

environmental health problem. Toxicol Appl Pharmacol

238:201–208

Jayaraman A, Roberts KA, Yoon J et al (2005) Identification of

neutrophil gelatinase-associated lipocalin (NGAL) as a

discriminatory marker of the hepatocyte-secreted protein

response to IL-1beta: a proteomic analysis. Biotechnol

Bioeng 91:502–515

Jouret F, Bernard A, Hermans C et al (2007) Cystic fibrosis is

associated with a defect in apical receptor-mediated

endocytosis in mouse and human kidney. J Am Soc

Nephrol 18:707–718

Jurado RL (1997) Iron, infections, and anemia of inflammation.

Clin Infect Dis 25:888–895

Kaku T, Lee TS, Arita M et al (2003) The gating and con-

ductance properties of Cav3.2 low-voltage-activated T-

type calcium channels. Jpn J Physiol 53:165–172

Kang HW, Park JY, Jeong SW et al (2006) A molecular

determinant of nickel inhibition in Cav3.2 T-type calcium

channels. J Biol Chem 281:4823–4830

Kang HW, Vitko I, Lee SS et al (2009) Structural determinants

of the high affinity extracellular zinc binding site on

Cav3.2 T-type calcium channels. J Biol Chem doi:

10.1074/jbc.M109.067660

Kaplan JH, Lutsenko S (2009) Copper transport in mammalian

cells: special care for a metal with special needs. J Biol

Chem 284:25461–25465

Kim DW, Kim KY, Choi BS et al (2007) Regulation of metal

transporters by dietary iron, and the relationship between

body iron levels and cadmium uptake. Arch Toxicol

81:327–334

Kimura O, Endo T, Hotta Y et al (2005) Effects of P-glyco-

protein inhibitors on transepithelial transport of cadmium

in cultured renal epithelial cells, LLC-PK(1) and LLC-

GA5-COL 150. Toxicology 208:123–132

Kippler M, Goessler W, Nermell B et al (2009) Factors influ-

encing intestinal cadmium uptake in pregnant Banglade-

shi women: a prospective cohort study. Environ Res

109:914–921

Kirichok Y, Krapivinsky G, Clapham DE (2004) The mito-

chondrial calcium uniporter is a highly selective ion

channel. Nature 427:360–364

Klaassen CD, Liu J, Choudhuri S (1999) Metallothionein: an

intracellular protein to protect against cadmium toxicity.

Annu Rev Pharmacol Toxicol 39:267–294

872 Biometals (2010) 23:857–875

123

http://dx.doi.org/10.1074/jbc.M109.067660


Klaassen CD, Liu J, Diwan BA (2009) Metallothionein pro-

tection of cadmium toxicity. Toxicol Appl Pharmacol

238:215–220

Klassen RB, Crenshaw K, Kozyraki R et al (2004) Megalin

mediates renal uptake of heavy metal metallothionein

complexes. Am J Physiol Renal Physiol 287:F393–F403

Knopfel M, Zhao L, Garrick MD (2005) Transport of divalent

transition-metal ions is lost in small-intestinal tissue of b/b

Belgrade rats. Biochemistry 44:3454–3465

Kogan I, Ramjeesingh M, Li C et al (2003) CFTR directly

mediates nucleotide-regulated glutathione flux. EMBO J

22:1981–1989

Kozyraki R, Fyfe J, Verroust PJ et al (2001) Megalin-depen-

dent cubilin-mediated endocytosis is a major pathway for

the apical uptake of transferrin in polarized epithelia. Proc

Natl Acad Sci USA 98:12491–12496

Kruh GD, Belinsky MG, Gallo JM et al (2007) Physiological

and pharmacological functions of Mrp2, Mrp3 and Mrp4

as determined from recent studies on gene-disrupted mice.

Cancer Metastasis Rev 26:5–14

Kwong RW, Niyogi S (2009) The interactions of iron with

other divalent metals in the intestinal tract of a freshwater

teleost, rainbow trout (Oncorhynchusmykiss). Comp

Biochem Physiol C Toxicol Pharmacol 150:442–449

L’hoste S, Chargui A, Belfodil R et al (2009) CFTR mediates

cadmium-induced apoptosis through modulation of ROS

level in mouse proximal tubule cells. Free Radic Biol Med

46:1017–1031

L’Hoste S, Chargui A, Belfodil R et al (2010) CFTR mediates

apoptotic volume decrease and cell death by controlling

glutathione efflux and ROS production in cultured mice

proximal tubules. Am J Physiol Renal Physiol 298:F435–

F453

Lacinova L, Klugbauer N, Hofmann F (2000) Regulation of the

calcium channel alpha(1G) subunit by divalent cations

and organic blockers. Neuropharmacology 39:1254–1266

Lane TW, Morel FM (2000) A biological function for cad-

mium in marine diatoms. Proc Natl Acad Sci USA

97:4627–4631

Lansman JB, Hess P, Tsien RW (1986) Blockade of current

through single calcium channels by Cd2?, Mg2?, and

Ca2?. Voltage and concentration dependence of calcium

entry into the pore. J Gen Physiol 88:321–347

Leazer TM, Liu Y, Klaassen CD (2002) Cadmium absorption

and its relationship to divalent metal transporter-1 in the

pregnant rat. Toxicol Appl Pharmacol 185:18–24

Leclerc M, Brunette MG, Couchourel D (2004) Aldosterone

enhances renal calcium reabsorption by two types of

channels. Kidney Int 66:242–250
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