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Cadmium is a nonessential heavy metal and ubiquitous potential environmental pollutant. Although
the kidney proximal tubule is an important target for cadmium, the underlying cellular mechanisms of
cadmium-induced renal toxicity remain elusive. Numerous studies have demonstrated that cadmium induces
apoptotic cell death in various cell types via several apoptotic pathways, including mitochondria-mediated
apoptotic cell death. In the epithelial cells of renal proximal tubules, cadmium can also induce apoptotic cell
death in vivo and in vitro, which suggests that cell death of the epithelial cells through the apoptotic pathways
is one of the key events in cadmium-induced renal toxicity. In this review, based upon the major findings of
previous reports related to cadmium and apoptotic cell death, especially in the kidney and kidney proximal
tubular cells, we present evidence for the current mechanisms of cadmium-induced renal toxicity via apo-

ptotic cell death.
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1. INTRODUCTION

Cadmium is a nonessential divalent metal ion and induces
severe toxic effects in multiple organs, such as the kidney,
liver, and lung, in both humans and experimental animals.
Moreover, renal toxicity caused by chronic cadmium exposure
is well known."® Cadmium-induced renal toxicity has been
observed in settings of industrial exposure and environmental
pollution. Because cadmium has a long biological half-life
(i.e., 1030 years), prolonged low-level exposure causes exces-
sive accumulation in the body, especially in the kidney. The
target sites of toxicity in the kidney are the S, and S, segments
of the proximal tubules,” which are responsible for renal fail-
ure. Cellular and molecular mechanisms of cadmium-induced
renal toxicity have been extensively studied. However, causal
factors for the cellular mechanisms involved in cadmium-
induced renal toxicity remain elusive.

Necrosis and apoptosis are two major types of cell death,
and a variety of noxious substances and chemicals may induce
different types of cell death depending on the mode of deliv-
ery, concentration, and cell types. Apoptosis is the mechanism
by which cells are physiologically eliminated in metazoan
organisms, and it plays an essential role, such as in regulating
development and immune response and in clearing redundant
or abnormal cells in organisms.>® Apoptosis disorders induce
a disruption of tissue homeostasis and functions and are asso-
ciated with many diseases, such as cancer, neurodegenerative
disease and toxin-induced disease.” Cadmium can induce apo-
ptosis in various tissues and cultured cells, including mouse
liver,® rat kidney and testis,”'® human T cell line (CEM-C12
cells), lymphoma U937 cells, normal hepatocytes, liver L-02
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cells, fetal lung fibroblast MRC-5 cells and prostate epithelial
cells,” ' mouse mesangial cells,”” rat lung epithelial cells,
cortical neurons and renal tubular epithelial cells,?’ 2> and
porcine kidney LLC-PK, cells.*” These observations indicate
that cell death of the proximal tubule cells in the kidney
through apoptotic pathways is one of the key events in cad-
mium-induced renal toxicity. In this article, we will review
recent developments related to cadmium-induced apoptosis
in the kidney and cultured kidney-derived cells based upon
the major findings of previous reports and our findings, and
we will discuss the current mechanisms of cadmium-induced
renal toxicity via apoptotic cell death.

2. ENDOPLASMIC RETICULUM-MEDIATED PATH-
WAY

2.1. Unfolded Protein Response Endoplasmic reticulum
(ER) stress is involved in the induction of apoptosis and is
characterized by the unfolded protein response (UPR).>>?® A
number of pathophysiological conditions, such as hypoxia and
ischemia, viral infection, and neurodegenerative disorders,
cause the accumulation of unfolded or misfolded proteins in
the ER and cause ER stress, which induces a coordinated
adaptive program called UPR.?*® The UPR acts to alleviate
ER stress by increasing the folding capacity by upregulation
of chaperon protein expression, inhibition of general protein
translation, and activation of ER-associated degradation to
promote the degradation of unfolded or misfolded proteins
through the ubiquitin (Ub)—proteasome system. However,
when the UPR is unable to rescue cells, ER stress induces
apoptosis.
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In porcine renal proximal tubular epithelial LLC-PK, cells,
cadmium has been demonstrated to induce apoptosis through
ER stress.””*? Three major transducers for sensing ER stress
are identified in the ER as follows: RNA-dependent protein
kinase-like ER kinase (PERK), activating transcription factor
6 (ATF6) and inositol-requiring ER-to-nucleus signal kinase 1
(IRE1). As shown in Fig. 1, among these three pathways, the
ATF6 pathway and IRE1 pathway contribute to apoptosis via
the induction of CCAAT/enhancer-binding protein-homolo-
gous protein (CHOP) and via the activation of X-box binding
protein 1 (XBPl) and phosphorylation of c-jun N-terminal
kinase (JNK), respectively.?>? These in vitro observations
suggest that cadmium causes renal toxicity through ER stress-
mediated apoptosis. However, it is unclear whether the chronic
and low-level exposure of mice to cadmium causes renal epi-
thelial cell apoptosis via ER stress in vivo. Because the kidney
is the tissue most affected by chronic cadmium toxicity, fur-
ther in vivo studies are required to determine the importance
of the ER stress pathways in cadmium-induced epithelial cell
apoptosis and renal toxicity.

2.2. Calcium Release from the ER Calcium is an intra-
cellular signal transmitter responsible for controlling cellular
processes, including cell proliferation, differentiation, and
survival/death.’) Cadmium can elevate cytosolic calcium lev-
els in renal tubular cells. Although the mechanism by which
cadmium-induced cytosolic calcium elevation is unclear, this
mechanism may be related to the release of calcium from an
intracellular store, such as the ER, and to calcium uptake. The
subsequently elevated cytosolic calcium initiates apoptosis in
the renal tubular cells via the calpain-caspase pathway*>)
(Fig. 2).

Phospholipase C (PLC) produces inositol-1,4,5-triphosphate
(IP;) from phosphatidylinositol 4,5-bisphosphate to induce the
release of calcium from the ER via an interaction with IP,
receptors.* Recently, in human embryonic kidney HEK 293
cells, the possible role of the PLC-calcium-dependent pathway
in cadmium-induced apoptosis was demonstrated based on
the following findings that a PLC-specific inhibitor, U73122,
prevents the cadmium-dependent increase in cytosolic calcium
levels and abolishes cadmium-induced calpain and caspase-3
activation.® Moreover, cadmium can activate a G-protein
coupled receptor (GPCR) on the cell surface, which is fol-
lowed by PLC activation, and can increase cytosolic calcium
levels via PLC activation in renal distal epithelial A6 cells.>®
These observations suggest that GPCR-mediated PLC activa-
tion may be one of the pathways in which cadmium releases
calcium from the ER in renal proximal tubular cells (Fig. 2).
However, cadmium-induced apoptosis was not fully prevented
by U73122 pretreatment,® which indicates that cadmium also
induces apoptosis through a PLC-independent pathway.

Sphingolipids, such as ceramide, play an important role in
several cellular processes, including cell death and survival
in various tissues.’” As shown in Fig. 2, ceramide is known
to function as a second messenger in cadmium-induced
renal tubule epithelial cell apoptosis via the calpain-caspases
pathway.*>*¥40 Exogenous N-hexanoyl-p-erythro-sphingosine
(C¢-ceramide) administration increases cytosolic calcium lev-
els and activates calpains and caspase-3 in rat kidney proximal
tubule WKPT-0293 Cl1.2. cells.*” Moreover, the inhibition of
de novo ceramide synthesis using a ceramide synthase inhibi-
tor abolishes calpain activation and apoptotic cell death that is
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Cadmium induces ER stress and causes the activation of UPR-dependent apo-
ptotic pathways, such as the ATF6-CHOP pathway and IRE1-XBP1-JNK pathway.
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Fig. 2. Model for Cadmium-Induced Apoptosis via Calcium Release
from the ER in the Kidney

Cadmium induces ceramide formation and consequently induces calcium release
from the ER and calpain-caspase-3-mediated apoptosis. Cadmium also induces
PLC activation, most likely via GPCR, which is followed by IP;-mediated cytosolic
calcium elevation and calpain activation.

caused by acute cadmium exposure in the cells.*®*? Together,
these findings demonstrate that cadmium can also cause an
increase in cytosolic calcium levels, which may activate cal-
pain and caspases through an increase in ceramide formation
(Fig. 2). Moreover, because depletion of the calcium store in
the ER may be related to ER stress,*" it is likely that cadmium
induces the release of calcium from the ER, which may cause
not only the induction of the calpain-caspase pathway but also
the activation of the ER stress-induced UPR-mediated apopto-
sis pathways (Fig. 2). In vitro study results should be verified
by in vivo studies to understand the underlying mechanism in
cadmium-induced renal toxicity. Unfortunately, however, there
is no evidence concerning the apoptotic cell death of kidney
proximal tubular cells that is mediated by the ceramide-cal-
pain pathway in vivo.

One of the causative mechanisms of nephrotoxicity caused
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Fig. 3. Model for Cadmium-Induced Apoptosis via the Mitochon-
dria-Mediated Pathway in the Kidney

Cadmium directly affects the mitochondria and consequently induces the release
of mitochondria-dependent proapoptotic regulator Cyt ¢. Cyt ¢ activates caspase-9
and consequently activates caspase-3. Cadmium also indirectly induces both the
caspase-dependent and -independent pathways via the release of Cyt ¢ and AIF,
respectively.

by chronic cadmium exposure has been suggested to be oxi-
dative stress, whereas the molecular mechanisms for cadmi-
um-induced oxidative stress in the kidney are not well under-
stood.*? In porcine kidney LLC-PK, cells, cadmium induces
reactive oxygen species (ROS) generation; both antioxidants
and stable overexpression of superoxide dismutase attenuate
cadmium-induced ER stress, which activates proapoptotic
UPR signaling cascades and apoptosis.® Although it is un-
clear how ROS induces ER stress in the kidney, ROS gen-
eration caused by cadmium may at least partly contribute to
cadmium-induced kidney apoptosis through ER stress.

3. MITOCHONDRIA-MEDIATED PATHWAY

Caspases play a critical role in the initiation and the execu-
tion of apoptosis, and caspases are activated by either an in-
trinsic (mitochondria-mediated) pathway or by extrinsic (death
receptor-mediated) pathways. The mitochondria-mediated in-
trinsic pathway is initiated by multiple stimuli, including ROS
and cytosolic calcium, and the mitochondria releases proapop-
totic factor cytochrome ¢ (Cyt c¢), followed by the activation
of caspase-9 and -3 to induce apoptosis. In kidney proximal
tubule cells, cadmium can induce both caspase-9 and -3 activ-
ity, which suggests that mitochondria- and caspase-mediated
apoptosis pathways are also related to cadmium-induced renal
toxicity.*? In contrast, in rat proximal tubule WKPT-0293 CI.
2 cells and mouse renal mesangial cells, cadmium can stim-
ulate the release of proapoptotic factors, i.e., endonuclease
apoptosis-inducing factor (AIF) from the mitochondria, which
indicates that cadmium activates not only a caspase-depen-
dent pathway but also caspase-independent pathways against
mitochondria.**? Moreover, using the mitochondria isolated
from the kidney cell, cadmium has been shown to have di-
rect effects against mitochondria because cadmium induces
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Fig. 4. Model for Cadmium-Induced Apoptosis via the p53-Dependent
Pathway in the Kidney

Cadmium causes down-regulation of the Ube2d gene family and their proteins,
and consequently inhibits p53 ubiquitination and its degradation that initiates p53
overaccumulation and its phosphorylation in the cells, which induces p53 DNA
binding and the p53-dependent apoptotic pathway.

mitochondria swelling and subsequent Cyt ¢ release.**® Pos-
sible pathways for cadmium-induced mitochondria-mediated
apoptosis are illustrated in Fig. 3.

4. p53-DEPENDENT PATHWAY

To determine the molecular targets and the molecular
mechanisms of cadmium-induced renal toxicity, we recently
examined the gene expression pattern of normal rat kidney
epithelial cells (NRK-52E cells) after cadmium exposure by
DNA microarray.*” Cadmium was found to increase the ex-
pression of 73 genes and decreased the expression of 42 genes
in NRK-52E cells before cytotoxic effects appeared. Among
these genes, we focused on the Ub—proteasome system-related
gene Ube2d4 that was down-regulated by cadmium treatment
because the expression level of Ubc4 (Ube2d family homolog)
affects sensitivity to cadmium cytotoxicity in yeast cells.***)
The Ub-proteasome system is an ATP-dependent degrada-
tion unit for damaged or short-lived proteins.’” Unnecessary
proteins are ubiquitinated by Ub-activation enzyme (El),
Ub-conjugating enzyme (E2), Ub-ligase (E3), and Ub-chain
elongation factor (E4), and subsequently, these ubiquitinated
proteins are degraded by the proteasome. Ube2d4, which en-
codes Ub-conjugating enzyme E2D (Ube2d) 4, is a member
of the Ube2d family. We also found that cadmium markedly
and rapidly inhibited the gene expression of not only Ube2d4
but also another Ube2d gene family, including Ube2d! (which
encodes for Ube2dl), Ube2d2 (which encodes for Ube2d2)
and Ube2d3 (which encodes for Ube2d3) in NRK-52E cells.””
Cadmium may inhibit the degradation of Ube2d family en-
zyme-mediated unnecessary proteins via strong down-regula-
tion of the Ube2d gene family non-selectively and may induce
the intracellular accumulation of these unnecessary proteins in
the cells. In human breast carcinoma MCF7 cells, Ube2d2 and
Ube2d3 have been shown to be related to the ubiquitination
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Fig. 5.

Model for Three Cadmium-Induced Apoptosis Pathways in the Kidney

Cadmium induces three major apoptotic pathways in the kidney cells as follows: 1) the ER-mediated pathway via ER stress and calcium release that is followed by the
activation of UPR-dependent and calpain-caspase-dependent apoptotic pathways, respectively; 2) the mitochondria-mediated pathway via direct and indirect activation of
mitochondria by cadmium, followed by caspase-dependent and/or -independent pathways; and 3) the p53-dependent apoptotic pathway via suppression of the Ube2d gene

family expression and p53 overaccumulation.

and degradation of tumor suppressor protein p53.°" p53 is

well known to be ubiquitinated and degraded immediately
by the Ub-proteasome system,>>> and the amount of p53
is tightly regulated by the rate of degradation, rather than
the rate of production.’® Our recent study in NRK-52E cells
demonstrated that cadmium markedly increased p53 intra-
cellular accumulation accompanied by p53 phosphorylation
and neither up-regulated the p53 gene nor directly inhibited
proteasome activity prior to the appearance of apoptotic cell
death.? These observations suggest that cadmium-induced
pS3 overaccumulation is caused by the inhibition of p53
degradation in the Ub—proteasome system via the down-reg-
ulation of the Ube2d gene family, and cadmium thus induces
p53-dependent apoptosis in cells.?® The possible mechanism
of cadmium-induced p53-dependent apoptosis in the kidney is
illustrated in Fig. 4. Moreover, we have investigated whether
these in vitro data obtained in the NRK-52E cell model are
reflected in the kidney of mice exposed to chronic cadmium
in vivo. Cadmium was found to inhibit the expression of all
Ube2d genes (Ube2dl, Ube2d2 and Ube2d3) in the kidney
of mice that were chronically exposed to cadmium for 12
months, which caused mild renal toxicity. In addition, in-
creases of p53 protein levels were also observed in the kidney,
whereas p53 mRNA levels were unchanged by cadmium.
Moreover, apoptotic cell damage in the renal tubule cells, but
not in glomeruli, were observed in mice that were exposed to
cadmium for 12 months. Together, these results suggest that
chronic cadmium exposure induces p53 overaccumulation
through suppression of the Ube2d gene family expression in
the renal tubular cells of mice, as well as NRK-52E cells, and
that cadmium thus induces p53-dependent renal tubule cell
apoptosis.”® This p53-mediated apoptosis pathway caused by
cadmium is supported by recent studies using small interfer-
ence RNA (siRNA) of p53 as follows: p53 siRNA transfection

suppresses cadmium-induced apoptosis in mouse epidermal
cells®” and human prostate epithelial cells.'” Moreover, cad-
mium causes an increase in intracellular p53 protein levels
and/or phosphorylated p53 protein levels in several cells.”” %
These observations also support our findings that the p53-
mediated pathway is one of the critical pathways for inducing
apoptosis in chronic cadmium-exposed proximal tubular cells
in the kidney.

5. CONCLUSION

In this review, we focused on cadmium-induced apoptotic
pathways in the kidney and in cultured kidney cells, which are
the main targeted tissues and cells after chronic cadmium ex-
posure. Cadmium-induced apoptosis signaling pathways were
separated into three pathways: 1) the ER-mediated pathway
via ER stress and calcium release that is followed by the acti-
vation of UPR-dependent and calpain-caspase-dependent apo-
ptotic pathways, respectively; 2) the mitochondria-mediated
pathway via direct and indirect activation of the mitochondria
by cadmium that is followed by caspase-dependent and/or
-independent pathways; and 3) the p53-dependent apoptotic
pathway via suppression of the Ube2d gene family expression
and p53 overaccumulation (Fig. 5). Although other apoptotic
pathways and factors may be involved, these three pathways
are considered to play critical roles in cadmium-induced
kidney cell apoptosis. However, the primary target molecules
that directly interact with cadmium and the contribution ratio
of each pathway have not yet been sufficiently elucidated.
Moreover, there is little known about the apoptotic effects and
mechanisms of cadmium in human kidney cells. However, a
more recent report has shown that in HK-2 human renal prox-
imal tubular cells, salubrinal, an ER stress inhibitor, protects
against cadmium-induced apoptosis via the suppression of
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cell death signal transduction pathways.®® Additional studies
that include human cells and animal models should elucidate
the exact contribution ratio of each apoptotic pathway and
determine the key therapeutic target molecules against cadmi-
um-induced renal toxicity.
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