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Abstract: Environmental and occupational exposure to cadmium has been shown to induce kidney
damage, liver injury, neurodegenerative disease, and osteoporosis. However, the mechanism by
which cadmium induces autophagy in these diseases remains unclear. Studies have shown that
cadmium is an effective inducer of oxidative stress, DNA damage, ER stress, and autophagy, which are
thought to be adaptive stress responses that allow cells exposed to cadmium to survive in an adverse
environment. However, excessive stress will cause tissue damage by inducing apoptosis, pyroptosis,
and ferroptosis. Evidently, oxidative stress-induced autophagy plays different roles in low- or high-
dose cadmium exposure-induced cell damage, either causing apoptosis, pyroptosis, and ferroptosis
or inducing cell survival. Meanwhile, different cell types have different sensitivities to cadmium,
which ultimately determines the fate of the cell. In this review, we provided a detailed survey of
the current literature on autophagy in cadmium-induced tissue damage. A better understanding of
the complex regulation of cell death by autophagy might contribute to the development of novel
preventive and therapeutic strategies to treat acute and chronic cadmium toxicity.

Keywords: cadmium; autophagy; apoptosis; pyroptosis; ferroptosis; oxidative stress

1. Introduction

Cadmium-induced diseases, including kidney injury [1], osteoporosis [2], and can-
cer [3], caused by environmental or occupational exposure to cadmium, are rapidly becom-
ing a global health problem because of the increased use of cadmium in industrial and
agricultural applications. Unlike organic contaminants, cadmium is difficult to break down
by microorganisms, and it cannot be absolutely eliminated by the body [4]. However, this
chronic exposure seriously threatens human and animal health. The liver and kidneys are
well-known to be extremely sensitive to acute and chronic cadmium exposure [5,6]. In
addition, there was an outbreak of Itai-itai disease, which causes significant osteoporosis in
patients, resulting from long-term cadmium exposure in a suburb of the City of Toyama,
the capital of Toyama prefecture, Japan [7]. Epidemiological and clinical data show that
cadmium can permeate the nervous system via the blood–brain barrier and cause seri-
ous neural symptoms, such as headache, vertigo, olfactory dysfunction, memory deficits,
polyneuropathy, lower attention span, and Parkinsonism symptoms [8,9]. Overall, the
kidney, liver, skeleton, and nervous system are the serious target organs following chronic
cadmium exposure, which induce a series of organ injuries; however, the exact mechanism
of autophagy in cadmium-induced organ injury or protection remains unclear. Studies
have suggested that cadmium may cause various organ injuries through several mecha-
nisms, including causing oxidative stress, DNA damage, endoplasmic reticulum stress,
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apoptosis, and autophagy [10,11]. In the present review, we pay particular attention to the
role of oxidative stress-induced autophagy by cadmium exposure in kidney, liver, and bone
damage, and neurotoxicity, and discuss the dual effects of autophagy on cadmium-induced
cell death.

2. Autophagy

As shown in Figure 1, autophagy is a process in which cytoplasmic proteins or or-
ganelles are phagocytosed into vesicles and fused with lysosomes to form autophagic
lysosomes, followed by degradation of their encapsulated contents, thus fulfilling the
metabolic needs of the cell and renewing some organelles [12]. In addition, autophagy is
considered a form of programmed cell death; however, its function as a regulated cell death
mechanism remains controversial.
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Autophagy processes are usually divided into three main categories, macroautophagy,
chaperon-mediated autophagy, and microautophagy [13]. Macroautophagy (referred to as
autophagy) is a highly dynamic and tightly regulated cellular event in eukaryotic cells [14].
The main process of autophagy is the formation of the autophagosome, which is mediated
by a series of autophagy-related genes and key signaling pathways [15].

2.1. Autophagy Initiation

The studies have shown that Atg1 homologs Unc-51-like kinase 1 and 2 (ULK1 and
ULK2) can initiate autophagy in mammalian cells [16,17], and the ULK complex consists
of the ULK1/2 and other interacting proteins including ATG13 (autophagy-related 13),
FIP200 (FAK family kinase-interacting protein of 200 KDa), and ATG101 [18]. ATG13 was
the earliest identified member of the ULK1/2 complex, which promotes the activation of
ULK1/2 [19]. FIP200 is considered a functional analog of ATG17, and participates in the
assembly of ATG proteins as a scaffold protein. When cell hunger, hypoxia, and disease
occur, ULK1/2, ATG13, ATG5, and LC3 could not be recruited to the membrane, and finally,
autophagy was inhibited [20]. ATG101 consists of 218 amino acids and is a cytoplasmic
hydrophilic protein that is widely expressed in many eukaryotic cells, but not in yeast [21].
In low-nutrition conditions, activation of the ULK1/2 complex is mainly regulated by 5′

AMP-activated protein kinase (AMPK) via phosphorylating the serine residues (467, 555,
and 638) of ULK1, while simultaneously inhibiting the autophagy repressor, mammalian
target of rapamycin (m-TORC1) [22,23]. In addition, AMPK can also phosphorylate the
Raptor subunit of the mTORC1 complex to inhibit the activation of mTORC1 and indirectly
activate ULK1 [24]. In mammals, the phosphorylation of ULK1 initiates the translocation
of the VPS34 complex, which includes phosphatidylinositol 3-kinase catalytic subunit type



Int. J. Mol. Sci. 2022, 23, 13491 3 of 17

3 (VPS34), Beclin-1, phosphatidylinositol 3-kinase catalytic subunit type 4 (VPS15), and
ATG14L, and mediates nascent phagophore formation [25].

2.2. Phagophore Elongation

Two ubiquitin-like reactions are required for the elongation of the phagophore mem-
brane. Firstly, ATG12 binds to ATG5 through ATG7 and ATG10 (ubiquitin enzymes E1
and E2), and then the ATG5-ATG12 complex binds to ATG16 via non-covalent bonds,
which forms the ATG12-ATG5-ATG16 complex (ubiquitin enzyme E3) [26]. This complex
then forms the autophagosome membrane by recruiting the second complex, microtubule-
associated protein light chain 3 (LC3I). LC3I covalently binds to phosphatidylethanolamine
liposomes via ATG7, ATG4 (similar to E1), ATG3 (similar to E2), and the ATG12-ATG5-
ATG16 complex (similar to E3) to form LC3-II [27]. LC3-II is commonly used as a marker of
autophagy formation and is also an important multi-signal transduction regulator protein
located on the autophagic vesicle membrane.

2.3. Autophagy Maturation and Degradation

The fusion of the autophagosome and lysosome is mediated by SNARE proteins,
mainly including STX17, VAMP8, and SNAP29 [28]. STX17 is located on the mature au-
tophagosome membrane, and SNAP29 in the cytoplasm interacts with VAMP8 on the
lysosome membrane to initiate membrane fusion and formation of the autophagolyso-
some [29]. After fusion, the autophagosome contents are degraded by a series of lysosomal
hydrolases, and the degradation products are transferred to the cytosol through the lysoso-
mal permeable membrane for reuse by the body [30]. Altogether, many signaling pathways
controlled autophagy initiation, phagophore elongation, and autophagy degradation.

3. The Signaling Pathways of Autophagy

Many signaling pathways are known to regulate autophagy under hypoxic and low-
energy conditions. mTORC1 plays a key role by phosphorylating ULK1/2 to regulate
autophagy [31]. AMPK is a major player of mTORC1 and promotes autophagy under hy-
poxic conditions [32]. Additionally, autophagy is induced by oxidative stress, endoplasmic
reticulum (ER) stress, and DNA damage to maintain cellular survival (Figure 2).
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DNA damage and ER stress, which caused autophagy development. Autophagy has a dual nature,
which can not only save cell survival, but also promote cell death.

3.1. Oxidative Stress

Excessive reactive oxygen species (ROS) are generated under the stimulus of several
risk factors, such as environmental heavy metals, nutrition starvation, and senescence,
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which induce autophagy via various signaling pathways [33]. Intracellular ROS production
leads to protein and DNA damage, cytotoxicity, and cell death. Nuclear factor erythroid-
derived factor 2-related factor (Nrf2) is an important transcription factor that regulates
oxidative stress for self-protection [34]. Nrf2 is expressed in almost all cells and tissues, and
its function is influenced by Kelch-like ECH-associated protein (Keap1). In the resting state,
Nrf2 is inhibited by binding to Keap1; however, during oxidative stress, Nrf2 is released
by dissociation from Keap1, which activates and translocates Nrf2 to the nucleus, where it
forms a heterodimer with muscular aponeurotic fibrosarcoma (Mfa), thereby activating the
expression of anti-oxidant proteins and maintaining cell survival [35]. In addition, Nrf2 is
activated by the excessive accumulation of p62 [36]. A large amount of p62 can bind Keap1
to form polymers or autophagosomes, which can effectively reduce the binding ability of
Keap1 and Nrf2, and the formed polymers are more easily cleared through the autophagy
pathway, thus further reducing the level of Keap1 and its ability to bind Nrf2. However,
excessive oxidative stress has been shown to play an essential role in cadmium-induced
cell damage [37,38].

3.2. ER Stress

The ER is an important membranous organelle for protein synthesis, folding, and
secretion in eukaryotic cells. Diverse cellular stresses, such as in Ca2+ depletion, redox
imbalance, altered protein glycosylation, or protein folding defects, cause unfolded or
misfolded proteins to accumulate in the ER lumen, called ER stress. A major ER stress
pathway is the unfolded protein response (UPR), which dynamically adjusts the protein
folding and degradation capacity of the ER. ER stress induces an autophagic response
by activating the protein kinase RNA-like ER kinase (PERK)/eukaryotic initiation factor
2α (eIF2α), inositol-requiring enzyme 1 (IRE1), and Ca2+ signaling [39,40]. Firstly, the
activation of IRE1 kinase recruits tumor necrosis factor receptor-associated factor 2 (TRAF2)
and activates C-Jun amino-terminal kinase (JNK) pathways by regulating mitogen-activated
protein kinase kinase (MAPK) and apoptotic signal-regulated kinase (ASK1), respectively.
JNK regulates phosphorylation of Bcl2, resulting in the dissociation of Beclin-1 from Bcl2,
which regulates autophagy downstream [41]. Secondly, the activation of PERK regulates
LC3 and ATG5 via the eIF2α-ATF4-CHOP signaling pathway [42]. More importantly, Ca2+

signals play an important role in ER stress-induced autophagy. Ca2+ is released from the
ER to induce autophagy by activating the Ca2+-calmodulin-dependent protein kinase 2/β
(CaMKK2/CaMKKβ)/AMP-activated protein kinase (AMPK) pathway [43,44]. Overall,
ER stress benefits cellular survival by inducing autophagy; however, prolonged ER stress
can induce cellular death and damage [45]. Many studies have indicated that heavy metal-
induced ER stress mediates cell death by affecting autophagy-related signaling [46,47].

3.3. DNA Damage Response

When DNA damage occurs, cells detect it via various mechanisms and monitoring
systems, resulting in systematic responses to repair the damage, called DNA damage
responses (DDRs) [48]. DNA damage can be widespread in every cell, usually caused by
endogenous and exogenous stimuli, such as UV light, ROS, and heavy metals [49,50]. A
study has shown that DNA damage is involved in the development of many diseases,
including aging and cancer [51]; however, autophagy is also essential in a range of different
stimulus-induced diseases [52]. DNA damage-induced autophagy and autophagy defi-
ciency lead to genomic instability. To date, the mechanism by which DNA damage in the
nucleus triggers autophagy that occurs in the cytoplasm remains enigmatic.

In DDR, distinct proteins recognize the damaged DNA region for DNA repair; how-
ever, the cell fate ultimately depends on the degree of DNA damage. When double-stranded
DNA breaks (DSBs) occur, the protein kinases of DDR, Ataxia telangiectasia mutated (ATM)
and DNA-dependent protein kinase (DNA-PK) are activated, and the Ataxia telangiectasia
and Rad3-related protein (ATR) is activated after single-stranded DNA breaks (SSBs). Ac-
tivation of ATM, ATR, and DNA-PK leads to the phosphorylation of many downstream
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proteins for DNA repair, including checkpoint kinases CHK1 and CHK2 [53]. In a study,
cisplatin-induced autophagy via ATM-CHK2-dependent phosphorylation of FOXK, which
is a transcription factor that has been previously associated with the suppression of ATG
genes [54]. In addition, studies found that DNA damage induced autophagy by activating
the ATM-LKB1-AMPK-TSC2 or CHK1-Beclin-1 signaling pathways [55,56].

p53 is a transcription factor that is involved in autophagy, apoptosis, and DNA re-
pair [51]. Activation of p53 is strictly regulated by post-translational modifications, such
as phosphorylation and ubiquitylation. When DNA damage occurs, activation of p53
contributes to the upregulation of ATG genes [57]. However, studies have suggested
that the regulation of p53 on autophagy depends largely on its localization: cytoplasmic
p53 suppresses autophagy by interfering with ULK1 complex-dependent autophagosome
biogenesis, whereas nuclear p53 can increase autophagy under stress conditions [58,59].
In cancer cells, when DNA damage occurs, knockdown of p53-activated autophagy via
ATM-dependent phosphorylation of PTEN [60]. In short, the regulation of autophagy by
the p53 complex under stress conditions.

In a word, oxidative stress, ER stress, and DNA damage are the main causes of cell
injury. However, the toxicity of heavy metals is mainly induced by oxidative stress, which
further caused ER stress, DDR and autophagy. The toxic effects of cadmium on the kidney,
liver, bone, and brain are the main emphasis of this review.

4. The Toxicity of Cadmium toward the Kidney, Liver, Bone, and Brain

Cadmium mainly enters the human and animal bodies through the food chain. With a
half-life of 10–30 years, once cadmium enters the body, it exerts extreme toxicity toward
the organism. Studies have shown that cadmium exposure is closely related to fatty
liver, nephropathy, neurodegenerative disease, and osteoporosis [61–64]. However, the
mechanisms by which cadmium induces these diseases are still unknown. In this review,
we focus on how autophagy contributes to the organ damage caused by cadmium.

4.1. Mechanisms of Cadmium-Induced Kidney, Liver, Bone, and Brain Toxicity

What is the proposed mechanism of cadmium-induced kidney, liver, bone, and brain
injury? Based on numerous studies, oxidative stress is the critical mechanism in cadmium-
induced organ injury [65]. A large amount of ROS production causes oxidative damage,
which induced apoptosis, pyroptosis, ferroptosis, and autophagy. In addition to this, the
mechanism of cadmium-induced skeletal toxicity is complex. The cadmium promoted
osteoclast function, which is an early phenomenon of cadmium-induced osteoporosis;
however, cadmium-inhibited osteoclast and osteoblast activation are the main reasons for
cadmium-induced osteoporosis. In any case, oxidative stress is crucial in the potential
toxicity induced by cadmium.

4.1.1. The Role of Autophagy in Cadmium-Induced Kidney Damage

A study has demonstrated that the kidney is the main target after cadmium exposure,
in which about 40% of cadmium is accumulated [66–68]. Short-term exposure to high con-
centrations of cadmium induces acute kidney injury (AKI), which involves many biological
responses, such as autophagy and oxidative stress [69]. Autophagy deficiency causes kid-
ney damage in many AKI models, suggesting that autophagy plays an important protective
role in kidney disease [70]. Earlier studies have revealed that cadmium induces lysosomal
dysfunction by blocking autophagy in AKI [71,72]. In addition, cadmium exposure causes
lysosomal dysfunction and blocks the autophagy flux, and the epigenetic regulator BRD4
recovered the autophagy flux by regulating the lysosomal gene expression in the renal
tubule epithelium, which inhibited cadmium-induced cytotoxicity [73]. Therefore, the
above studies demonstrated that cadmium exposure destroys lysosomal function, which
prevents the autophagy degradation process, ultimately leading to cell death.

Ferroptosis is a non-apoptotic form of cell death that is dependent on intracellular ac-
cumulation of iron, resulting in an increase in toxic lipid peroxide ROS, which is implicated
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in many diseases. Oxidative stress can induce autophagy; however, excessive autophagy
promotes ferroptosis formation [74]. By contrast, inhibition of autophagy suppresses fer-
roptosis in cancer cells [75]. Glutathione peroxidase 4 (GPX4) is a key index of ferroptosis,
and the knockdown of GPX4 alleviated stress-induced autophagy [76]. In short, the rela-
tionships among autophagy, ferroptosis, and organelle stress are complex. However, are
autophagy, ferroptosis, or autophagy-mediated ferroptosis involved in cadmium-induced
kidney damage? Recently, a study found that cadmium-induced ferroptosis in kidney
and renal tubular epithelial cells, and the inhibition of autophagy mitigated cadmium-
induced ferroptosis, which suggested that ferritinophagy disrupted iron regulation and
contributed to cadmium-induced ferroptosis [77]. Therefore, ferroptosis is involved in
cadmium-induced kidney toxicity via regulating ferritinophagy. Meanwhile, oxidative
stress-induced autophagy may be a key point in ferroptosis formation.

Apoptosis is critical for cadmium-induced kidney damage. Studies have suggested
that autophagy has protective effects against cadmium-induced apoptosis and necrotic cell
death in kidney injury [78,79]. A study found that cadmium exposure (at concentrations of 5,
10, 20, 30, and 40 µM) for 30 h increased the accumulation of LC3II and p62, which impaired
p62-mediated autophagy or resulted in a low-autophagic flux, leading to apoptosis [80].
In that study, the authors demonstrated the effect of Sirt6 on autophagy degradation: the
knockdown of p62 promoted Sirt6 nuclear transposition and inhibited kidney mesangial
cell apoptosis. p62 is a ubiquitin-binding protein, which accumulates when autophagy
is inhibited. Another study found that cadmium exposure (at concentrations of 0.5, 2,
10, and 20 µM) promoted autophagy development in rat renal mesangial cells for 24 h,
in which the accumulation of p62 was significantly reduced and cell viability was good;
however, after autophagy was compromised by knockout of Atg16, cell viability decreased
and cadmium increased the extent of apoptosis [81]. Therefore, these differences are largely
caused by different cadmium exposure concentrations and times. Consistently, a study
showed that the renal proximal tubule (PT) is also a key target of cadmium toxicity. The
authors chose the PT cell line, NRK-52E, as a kidney toxicity model, and after cadmium
exposure (at concentrations of 5–10 µM) for 1 h, the expression of LC3-II increased, and the
accumulation of p62 decreased, accompanied by ER-stress; however, the cells did not show
apoptosis [82]. Cadmium exposure for more than 3 h resulted in p62/LC3-II accumulation.
After exposure for 24 h, cadmium (5–25 µM) activated Bax/Bcl-2/PARP-1 signaling, which
promoted apoptosis. These results indicated that low cadmium exposure rapidly activated
autophagy by inducing ER stress to counteract the damage; high cadmium exposure
disrupted the autophagic flux and lysosomal stability, finally resulting in apoptosis. In
conclusion, autophagy induced by exposure to cadmium at different concentrations and
for different periods is closely related to apoptosis.

Pyroptosis, also known as cell inflammatory necrosis, is a kind of programmed cell
death. It causes cell swelling until the cell membrane ruptures, resulting in the release
of cell contents and the activation of a strong inflammatory reaction. Pyroptosis is an
important natural immune response of the body, playing a vital role in fighting infection.
Pyroptosis is programmed cell necrosis mediated by Gasdermin [83]. Interestingly, a
study has indicated that pyroptosis and autophagy interact [84]. Zhang et al. found
that cadmium and molybdenum co-exposure induced duck renal tubular epithelial cell
pyroptosis and autophagy [85,86]. However, the interaction between cadmium-induced
renal autophagy and pyroptosis remains unclear. In Zhang et al.’s study, pyroptosis and
autophagy co-induced by molybdenum and 4 µM cadmium for 12 h were interrelated in
duck renal tubular epithelial cells, and inhibiting pyroptosis might attenuate autophagy,
but suppressing autophagy might promote pyroptosis [86]. Unfortunately, the relationship
between cadmium-induced pyroptosis and autophagy is poorly understood in renal injury.
Therefore, it is important to determine the mechanism of autophagy-mediated pyroptosis
in cadmium-induced renal injury.
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In a word, apoptosis is the main reason for cadmium-induced kidney injury; however,
the toxicity mechanism of cadmium-induced pyroptosis and ferroptosis in kidney damage
remains unknown.

4.1.2. The Role of Autophagy in Cadmium-Induced Liver Damage

Except that the kidney is the main target organ after cadmium enters the body, 30% is
accumulated in the liver [87]. Therefore, the liver is also a main target organ of cadmium
toxicity. However, very limited information has been documented regarding the role of
autophagy in cadmium-induced liver damage.

Recently, Wang et al. established a model of cadmium toxicity in pigs. Pigs were
fed a basic diet supplemented with cadmium (15 ± 0.242 mg/kg) for 30 days because of
pigs’ anatomical and physiological similarity to humans [88]. In that study, they aimed to
explore the mechanism of cadmium-induced liver toxicity in pigs. The results suggested
that, in response to cadmium, apoptosis was significant in liver tissue, ROS levels increased
remarkably, the accumulation of p62/LC3II increased significantly, and AMPK/PPAR-
γ/NF-kB signaling was activated. Notably, cadmium exposure induced oxidative stress
and impaired autophagic degradation, which caused apoptosis. In addition, studies have
reported that cadmium exposure is associated with hepatic necroinflammation and non-
alcoholic fatty liver disease (NAFLD) [89,90]. The feature of NAFLD is lipid accumulation
in hepatocytes; however, autophagy can degrade lipids in the cytoplasm. Interestingly, Ros-
ales et al. reported that cadmium (25 nM) upregulated the expression of anti-apoptotic Bcl2,
and increased the MT-II content in cholesterol overload-induced hepatocytes; meanwhile,
cadmium exposure further increased the lipid content in hepatocytes from cholesterol-fed
mice and impaired autophagy by reducing the expression of LC3II via activating m-TOR
signaling [91]. By contrast, the opposite effect was observed in hepatocytes from con-
trol standard chow-fed mice. In short, cadmium exposure exacerbates hyperlipidemia
in cholesterol-overloaded hepatocytes via autophagy dysregulation. In the study, they
found that hepatocytes from high cholesterol (HC) fed mice were not sensitive to cadmium
compared with control hepatocytes from standard chow-fed mice, which is the main reason
why MT-II could scavenge the heavy metal [91]. Even so, cadmium exposure impaired
autophagy, which inhibited triglyceride clearance and caused serious liver disease. Zou
Hui et al. [92] also reported that cadmium exposure (2.5, 5, 10 µM) for 6 h promoted rat liver
cell apoptosis, and the expression of autophagy-related proteins significantly increased.
However, the autophagy inducer, Rapamycin, prevented the cadmium (2.5 µM)-induced cy-
totoxicity in rat liver cells. Thus, autophagy, as a protective mechanism, plays an important
role in cadmium-induced liver disease.

Autophagy can be used as a stress adaptation and protection mechanism in some
cases, but over-activated autophagy will induce cell death under severe oxidative stress [93].
Zhang et al. found that cadmium exposure (5 µM) for 24 h induced apoptosis and increased
ROS production, thereby activating autophagy in chicken hepatocytes [93]. However,
selenium (Se) induced the transcription of NRF2, which inhibited the production of a large
amount of ROS, induced by cadmium, which prevented autophagy and apoptosis [94].
Gong et al. also found a similar phenomenon, trehalose prevented cadmium-induced
hepatotoxicity by blocking the Nrf2 pathway, thereby restoring autophagy and inhibiting
apoptosis [95]. Zhou et al. reported that puerarin prevents cadmium-induced hepatic cell
damage by suppressing apoptosis and restoring autophagic flux [96]. According to that
report, cadmium exposure disrupted autophagy flux and then induced apoptosis, and a
range of antioxidants play an essential role in cadmium toxicology. Therefore, the inhibition
of oxidative stress may be an effective means of preventing cadmium liver toxicity.

Pyroptosis is inflammation-mediated programmed cell death, and Pengcheng et al.
found that cadmium exposure induced oxidative stress and activated NLRP3/caspase-
1-dependent pyroptosis in chicken liver cells [97]. However, selenium (Se) significantly
decreased cadmium-induced oxidative stress, and prevented chicken liver pyroptosis.
In that study, the author did not report the change in autophagy level after cadmium
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application. A study has reported that oxidative stress can cause autophagy or autophagy-
mediated cell death [98]. Therefore, Se might inhibit oxidative stress and recover autophagy
flux, finally preventing the liver cell pyroptosis. In another study, Cao et al. [99] reported
that cadmium and molybdenum induced pyroptosis and apoptosis via PTEN/PI3K/AKT
signaling in duck liver tissue; however, the relationship between apoptosis and pyroptosis
was not reported, and how autophagy regulated pyroptosis and apoptosis was also not
explained. That study suggested that the most important function of PTEN is to block the
activation of the PI3K-AKT-m-TOR signaling pathway via its lipid phosphatase activity [99].
In that study, the results indicated that cadmium induced PTEN activation and inhibited
PI3K/AKT signaling, allowing us to speculate that cadmium might promote autophagy
development, but prevents autophagy degradation, causing pyroptosis and apoptosis. In
addition, pyroptosis and apoptosis are likely to occur simultaneously in duck liver tissue;
however, pyroptosis and apoptosis might be affected by cadmium exposure concentrations
and time in vitro. In summary, it is important to determine the relationship between
autophagy and pyroptosis induced by cadmium. However, cadmium exposure-induced
ferropotosis in liver injury has not yet been reported; therefore, the relationship between
cadmium-induced autophagy and ferropotosis should be the focus of future research in
liver diseases.

4.1.3. The Role of Autophagy in Cadmium-Induced Bone Damage

Cadmium exposure has long been associated with osteoporosis. The disease itai-
itai is mainly caused by long-term consumption of cadmium-contaminated rice in Japan,
which results in fractures, mainly in postmenopausal women, together with a form of
osteoporosis and kidney dysfunction [100]. The basic mechanism of bone mass and bone
strength decline in the body comprises age-related changes. However, osteocyte death
mainly occurs with the reduction in bone strength after aging, as compared with osteoblasts
and osteoclasts, which have a longer survival period, and the possible mechanism leading
to osteocyte death is the failure of autophagy [101]. Osteoporosis is likely to be caused by
the failure of autophagy such that osteocytes cannot survive, which would accelerate the
rate of age-related bone cell death [102]. In addition, osteoclasts are bone resorption cells,
and excessive activity of osteoclasts leads to bone loss and osteoporosis; hence, inhibiting
osteoclast autophagy is clearly beneficial to maintaining bone mass [103]. Osteoblasts
are bone-forming cells, and decreased autophagy of osteoblasts or pre-osteoblasts can
result in reduced bone formation and bone quality, ultimately leading to osteoporosis [104].
However, the molecular mechanism of autophagy in cadmium-induced bone injury remains
unclear. This review mainly focuses on the role of autophagy in cadmium-induced bone
cell injury.

Liu et al. found that cadmium exposure (1, 2, and 5 µM) for 3 h induced apoptosis in
rat primary osteoblasts and initiated autophagy development [105]. However, cadmium-
induced osteoblast apoptosis was suppressed by activating autophagy with rapamycin.
Therefore, osteoblast apoptosis was called autophagy defect death, which was not affected
by autophagy degradation. Thus, the activation of autophagy is beneficial to the survival
of osteoblasts. Ran et al. also found that cadmium exposure (2, 5, and 10 µM) for 2 h
activated autophagy via the AMPK/m-TOR/ULK1 pathway in rat osteoblasts, in which the
expression of p62 was obviously reduced, indicating that autophagy flow was smooth [106].
The activation of autophagy avoids osteoblast apoptosis, which inhibits the formation of
osteoporosis. However, Zheng et al. found that cadmium (5 and 10 µM) exposure for 12 h
induced DNA damage and apoptosis in rat osteoblasts [107]. The authors of that study did
not specify the autophagy level, but they did mention that cadmium-induced osteoblast
apoptosis might function by preventing autophagy flux, which inhibited the degradation
progress. In summary, autophagy is involved in the process of osteoblast response to
cadmium-induced oxidative stress and toxicity.

A study has suggested that autophagy contributes to osteoclast differentiation from
the pre-osteoclast to the mature osteoclast [108]. In addition, the activation of autophagy’s
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protective effect against osteoclast apoptosis during RANKL-induced osteoclastogenesis
has been reported [109]. Another study found that high levels of oxidative stress promoted
autophagy activation, which contributed to osteoclast survival [110]. However, the mecha-
nism of autophagy in cadmium-induced changes in osteoclast function remains unclear.
Studies reported that low-dose–short-term (12 h) cadmium (100 nM) exposure increased au-
tophagic degradation in osteoclasts, which promoted osteoclast differentiation and cellular
viability [111]. By contrast, long-term cadmium (100 nM) exposure prevented autophagy
flux, which inhibited osteoclast differentiation and promoted apoptosis, ultimately caus-
ing osteoporosis [111]. Chronic and acute low-dose cadmium exposure caused bone loss,
which is the main reason why cadmium delays osteoclast apoptosis, which suggested
that cadmium has a transient antiapoptotic effect and induces bone loss by increasing
osteoclast lifespan [112]. However, the authors did not refer to the effect of autophagy,
which might play an important role in the cadmium-induced delay of osteoclast apoptosis.
According to the above reports, activation of autophagy promoted osteoclast survival
and accelerated bone loss, which explains the bone loss induced by low-dose cadmium
exposure. In addition, long-term exposure to high-dose cadmium induces osteoporosis,
often because of the death of osteoblasts and osteoclasts. In this case, autophagy induces
cell death. In brief, the duality of autophagy plays an important role in cadmium-induced
bone metabolism disorders; meanwhile, it is clear that osteoblast apoptosis is a key point in
cadmium-induced osteoporosis.

4.1.4. The Role of Autophagy in Cadmium-Induced Neurotoxicity

In terms of neurotoxicity, cadmium exposure has been demonstrated as a possi-
ble pathogen for many neurodegenerative diseases, including Parkinson’s disease (PD),
Alzheimer’s disease (AD), and amyotrophic lateral sclerosis (ALS) [113–115]. However,
blood–brain barrier (BBB) dysfunction is associated with neurodegenerative disorders [116].
A study has reported that cadmium can enter the cells by destroying the BBB, when cad-
mium is present in the bloodstream [117], which causes neurotoxicity. In this review, we
will focus on the role of autophagy in cadmium-induced neurotoxicity.

Cell viability may decrease when the misfolded proteins are not efficiently degraded.
Wang et al. [118] found that cadmium exposure (5, 10, and 20 µM) for 24 h induced the
ER stress by increasing chaperone GRP78 expression, which caused autophagy activation.
They also found that blocking autophagy by knockdown with Atg5 further increased
cadmium-induced PC12 cell senescence. Indeed, ER stress can promptly respond to mis-
folded and unfolded proteins. In this process, autophagy is the key process for removing
excess proteins. By contrast, excessive unfolded protein accumulation might cause neu-
rodegenerative disorders. In addition, ROS overproduction might be associated with
mitochondrial membrane potential breakdown [119]. These interesting data were con-
firmed in different neuron-like cells. According to Yan et al., cadmium exposure (5, 10,
and 20 µM) induced cortical neuron apoptosis, which is mediated by oxidative stress and
mitochondrial dysfunction [120]. Wen et al. [121,122] further found that puerarin protects
against cadmium-induced (10 µM) neurotoxicity by alleviating mitochondrial damage,
and inhibiting mitophagy-mediated mitochondrial mass decrease. In vivo, their results
demonstrated that puerarin inhibited cadmium-induced neurotoxicity by alleviating oxida-
tive stress and apoptosis in rat cerebral cortical neurons. Tang et al. found that trehalose
alleviates cadmium-induced brain damage by ameliorating oxidative stress, autophagy
inhibition, and apoptosis [123]. Therefore, it is important to develop new antioxidant
technologies to prevent cadmium-induced neurotoxicity.

Li et al. designed a chronic cadmium-induced neurotoxicity experiment in mice that
lasted 30 months [124]. They found that the toxicity of chronic cadmium exposure was
associated with the transition from autophagy to apoptosis, and the autophagy-apoptosis
switch was cadmium dose-dependent, with a threshold of [Cd2+] 0.04 mg/L. They thought
that hippocampus-dependent learning and memory damage was mainly caused by neu-
ronal apoptosis. Wang et al. reported that cadmium exposure (2.5, 5, 10, and 20 µM) for 12 h
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induced a high level of autophagy in PC12 cells [125]. They also found that induction of
autophagy by cadmium might exert a cytoprotective role. However, Xu et al. found that cad-
mium exposure (2.5, 5, 10, and 20 µM) for 24 h induced the expansion of autophagosomes
in PC12 cells and primary murine neurons [126]. 3-MA (an autophagy inhibitor) attenuated
cadmium-induced expansion of autophagosomes and apoptosis. In another study, the
authors found that cadmium results in the accumulation of autophagosome-dependent
apoptosis through activating Akt-impaired autophagic flux in neuronal cells [127]. Pi et al.
reported a new mechanism in which cadmium exposure (12.5, 25, 50 µM) for 24 h in
Neuro-2a cells induced lysosomal membrane permeabilization and eventually triggered
caspase-dependent apoptosis [128]. The authors believed that TFE3 is significantly impor-
tant in cadmium-induced neurotoxicity by maintaining the lysosomal-mitochondrial axis;
however, the protective effect of TFE3 is not dependent on the restoration of autophagic
flux. According to the above reports, it appears that autophagy plays a different role in
cadmium-induced neurotoxicity according to the cadmium concentration.

Aside from apoptosis, pyroptosis and ferroptosis also play an essential role in cadmium-
induced neurotoxicity. A study found that NLRP3 inflammasome-mediated pyroptosis
is involved in cadmium-induced neuroinflammation through the IL-1β/IkB-α-NF-κB-
NLRP3 feedback loop in swine [129]. In duck brains, a study found that cadmium and
molybdenum co-induced pyroptosis by inhibiting the Nrf2-mediated antioxidant defense
response [130]. In a recent report, cadmium (2 and 4 µM) induced ferroptosis and apoptosis
in PC12 cells by regulating the miR-34a-5p/Sirt1 axis [131]. In a cadmium induction experi-
ment in swine, cadmium exposure induced ferroptosis pathways by activating oxidative
stress, eventually causing cerebrum and cerebellum damage [132]. However, ferroptosis
and pyroptosis have been rarely reported in cadmium-induced neurotoxicity, and the
relationship between autophagy and ferroptosis and pyroptosis has not been reported
in cadmium-induced neurotoxicity. Therefore, it is important to determine the role of
autophagy in cadmium-induced ferroptosis and pyroptosis in future studies.

5. Conclusions and Future Perspectives

Based on the current state of knowledge and the literature, it is essential to explore the
relationship between autophagy and apoptosis, pyroptosis, and ferroptosis in cadmium-
induced organ damage in further detail. According to current research, low-dose cadmium
exposure promotes the survival and proliferation of cells, especially in bone cells, which
might be the main reason for cadmium-increased osteoclast differentiation and osteoporo-
sis. Alternatively, it might act as a carcinogen, by further inducing the proliferation of
primary cancer cells and aggravating cancer development, especially in liver cancer. In
the above process, autophagy plays a protective mechanism. In addition, high-dose cad-
mium exposure enhances cell death by a variety of mechanisms, leading to organ damage,
such as neurodegenerative disease, kidney damage, liver damage, and osteoporosis. In
this case, autophagy plays two roles in cadmium-induced cell death: on the one hand,
cadmium exposure prevents autophagy flux and destroys lysosome function, which in-
hibits autophagolysosome degradation, finally causing cell death. However, recovery of
autophagy flux by intervention using medicine, such as resveratrol, puerarin, and taurine,
can effectively alleviate cadmium-induced cell death. On the other hand, hyperactivation
of autophagy can also induce cell death, which can be prevented using the autophagy
inhibitor, 3-MA. In either case, the outcome of cell exposure to cadmium depends not
only on the duration and concentration of exposure, but also on other factors inherent
in the cell itself. For example, low-dose cadmium exposure activates autophagy, which
plays a protective role; on the contrary, high-dose cadmium exposure prevents autophagy,
which promotes cell injury. On the other hand, poultry osteoblasts are more sensitive to
cadmium than mouse osteoblasts, and primary cells are more sensitive than cell lines. In
conclusion, the mechanism of autophagy in cadmium-induced cell death is complex and
requires further study.
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In this review, we focused on the relationship between cadmium-induced apoptosis
and autophagy; however, the exact mechanism needs to be further clarified. Oxidative
stress, ER stress, and DNA damage can activate autophagy, leading to cell survival or
apoptosis. However, cell apoptosis depends on the extent of the stress. Interestingly, among
the many cadmium-induced cell death methods, apoptosis is the most reported. However,
how cells are transformed to undergo cadmium-induced apoptosis, pyroptosis, and fer-
roptosis remains unclear, and it is also unclear whether autophagy regulates pyroptosis
and ferroptosis. Surprisingly, cadmium-induced pyroptosis and ferroptosis have not been
reported in bone cells and hepatocytes. Animal liver is extremely high in iron; therefore,
cadmium-induced liver injury is likely to be associated with ferroptosis. Its increased
lipid peroxidation and ROS cause the induction of autophagy. Overall, the relationship
between autophagy and ferroptosis will be the focus of cadmium toxicity-related research
in the future. Pyroptosis is different from ferroptosis, comprising inflammation-mediated
programmed death, and many studies have demonstrated that cadmium activates the
NF-kB signaling and promotes the activation of inflammasomes. A study also reported that
suppressing inflammation and downstream NF-kB activated pyroptosis pathways, which
inhibited postmenopausal osteoporosis [133]. Therefore, pyroptosis might be involved in
cadmium-induced osteoporosis, which provides a novel direction for the treatment of osteo-
porosis. Although, cadmium-induced kidney damage and nerve injury, the evidence is not
convincing; therefore, it would be more accurate to use pyroptosis-like and ferroptosis-like.
Therefore, cadmium-induced pyroptosis and ferroptosis need to be further verified in
different primary cells and cells line. In addition, whether the different levels of cadmium-
induced different cell death occur simultaneously or are transformed mutually remains to
be determined. Finally, there is an urgent need to discover how autophagy-related genes
regulate different modes of cell death.

Hopefully, a detailed understanding of the mechanism of autophagy-regulated cell
death and its role in cell fate decisions might ultimately contribute to the development of
novel strategies for the prevention and therapy of acute and chronic cadmium-induced
neurotoxicity, hepatotoxicity, nephrotoxicity, and bone toxicity (Figure 3).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 12 of 18 
 

 

 
Figure 3. Possible mechanism targets of autophagy-regulated cell death. N-acetylcysteine, puerarin 
and α-lipoic acid may be an effective protective agent for the prevention and therapy of acute and 
chronic cadmium-induced neurotoxicity, hepatotoxicity, nephrotoxicity, and bone toxicity. 

Author Contributions: Design, Z.L. and Y.M.; writing the manuscript, Y.M., Q.S. and C.Y.; super-
vision, Z.L., H.Z. (Hui Zou), H.Z. (Hongyan Zhao), R.S. and J.Z. All authors have read and agreed 
to the published version of the manuscript. 

Funding: This work was supported by the National Natural Science Foundation of China [grant 
numbers 31872533, 31802260].  

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Abbreviations 
Abbreviations Full name 
AKI Acute kidney injury 
SSBs Single-stranded DNA breaks 
ATM Ataxia telangiectasia mutated 
DDRs DNA damage responses 
eIF2α Eukaryotic initiation factor 2α 
IRE1 Inositol-requiring enzyme 1 
ASK1 Apoptotic signal-regulated kinase 
GPX4 Glutathione peroxidase 4 
Se Selenium 

Figure 3. Possible mechanism targets of autophagy-regulated cell death. N-acetylcysteine, puerarin
and α-lipoic acid may be an effective protective agent for the prevention and therapy of acute and
chronic cadmium-induced neurotoxicity, hepatotoxicity, nephrotoxicity, and bone toxicity.



Int. J. Mol. Sci. 2022, 23, 13491 12 of 17

Author Contributions: Design, Z.L. and Y.M.; writing the manuscript, Y.M., Q.S. and C.Y.; supervi-
sion, Z.L., H.Z. (Hui Zou), H.Z. (Hongyan Zhao), R.S. and J.Z. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China [grant
numbers 31872533, 31802260].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Abbreviations Full name
AKI Acute kidney injury
SSBs Single-stranded DNA breaks
ATM Ataxia telangiectasia mutated
DDRs DNA damage responses
eIF2α Eukaryotic initiation factor 2α
IRE1 Inositol-requiring enzyme 1
ASK1 Apoptotic signal-regulated kinase
GPX4 Glutathione peroxidase 4
Se Selenium
LC3I Protein light chain 3
ULK Unc-51 like kinase
Atg1 Autophagy-related gene 1
ER Endoplasmic reticulum
ATG13 Autophagy related 13
AMPK AMP-activated protein kinase
m-TORC1 Mammalian target of rapamycin
ROS Oxygen species
UPR Unfolded protein response
PT Proximal tubule
NAFLD Non-alcoholic fatty liver disease

References
1. Barregard, L.; Sallsten, G.; Lundh, T.; Mölne, N. Low-level exposure to lead, cadmium and mercury, and histopathological

findings in kidney biopsies. Environ. Res. 2022, 54, 113119. [CrossRef]
2. Luo, H.; Gu, R.; Ouyang, H.; Wang, L.; Shi, S.; Ji, Y.; Bao, B.; Liao, G.; Xu, B. Cadmium exposure induces osteoporosis

through cellular senescence, associated with activation of NF-κB pathway and mitochondrial dysfunction. Environ. Pollut. 2021,
290, 118043. [CrossRef]

3. Chen, J.; Zhou, Z.; Lin, X.; Liao, J.; Zhang, Y.; Xie, B.; Huang, Y.; Peng, L. Environmental Cadmium Exposure Promotes the
Development, Progression and Chemoradioresistance of Esophageal Squamous Cell Carcinoma. Front. Cell Dev. Biol. 2022,
10, 792933. [CrossRef]

4. Kubier, A.; Wilkin, R.; Pichler, T. Cadmium in soils and groundwater. J. Int. Assoc. Geochem. 2019, 108, 1–16. [CrossRef]
5. Rikans, L.; Yamano, T. Mechanisms of cadmium-mediated acute hepatotoxicity. J. Biochem. Mol. Toxicol. 2000, 14, 110–117.

[CrossRef]
6. Hoet, P.; Haufroid, V.; Deumer, G.; Dumont, X.; Lison, D.; Hantson, P. Acute kidney injury following acute liver failure: Potential

role of systemic cadmium mobilization? Intensive Care Med. 2012, 38, 467–473. [CrossRef]
7. Nogawa, K.; Ishizaki, A.; Kobayashi, E. A comparison between health effects of cadmium and cadmium concentration in urine

among inhabitants of the Itai-itai disease endemic district. Environ. Res. 1979, 18, 397–409. [CrossRef]
8. Viaene, M.; Masschelein, R.; Leenders, J.; De Groof, M.; Swerts, L.; Roels, H. Neurobehavioural effects of occupational exposure to

cadmium: A cross sectional epidemiological study. Occup. Environ. Med. 2000, 57, 19–27. [CrossRef]
9. Timothy, C.; David, B.; Schwartz, J.; Hauser, R.; Wright, R. Associations between cadmium exposure and neurocognitive test

scores in a cross-sectional study of US adults. Environ. Health 2013, 12, 2–11.
10. Gao, M.; Li, C.; Xu, M.; Liu, Y.; Cong, M.; Liu, S. LncRNA MT1DP Aggravates Cadmium-Induced Oxidative Stress by Repressing

the Function of Nrf2 and is Dependent on Interaction with miR-365. Adv. Sci. 2018, 5, 1800087. [CrossRef]

http://doi.org/10.1016/j.envres.2022.113119
http://doi.org/10.1016/j.envpol.2021.118043
http://doi.org/10.3389/fcell.2022.792933
http://doi.org/10.1016/j.apgeochem.2019.104388
http://doi.org/10.1002/(SICI)1099-0461(2000)14:2&lt;110::AID-JBT7&gt;3.0.CO;2-J
http://doi.org/10.1007/s00134-011-2449-0
http://doi.org/10.1016/0013-9351(79)90116-6
http://doi.org/10.1136/oem.57.1.19
http://doi.org/10.1002/advs.201800087


Int. J. Mol. Sci. 2022, 23, 13491 13 of 17

11. Yokouchi, M.; Hiramatsu, N.; Hayakawa, K.; Kasai, A.; Takano, Y.; Yao, J.; Kitamura, M. Atypical, bidirectional regulation of
cadmium-induced apoptosis via distinct signaling of unfolded protein response. Cell Death Differ. 2007, 14, 1467–1474. [CrossRef]
[PubMed]

12. Kesidou, E.; Lagoudaki, R.; Touloumi, O.; Poulatsidou, K.; Simeonidou, C. Autophagy and neurodegenerative disorders. Neural
Regen. Res. 2013, 8, 2275–2283. [CrossRef] [PubMed]

13. Bishop, E.; Bradshaw, T. Autophagy modulation: A prudent approach in cancer treatment? Cancer Chemother. Pharmacol. 2018, 82,
913–922. [CrossRef]

14. Tsukada, M.; Ohsumi, Y. Isolation and characterization of autophagy-defective mutants of Saccharomyces cerevisiae. FEBS Lett.
1993, 333, 169–174. [CrossRef]

15. Lamb, C.; Yoshimori, T.; Tooze, S. The autophagosome: Origins unknown, biogenesis complex. Nat. Rev. Mol. Cell Biol. 2013, 14,
759–774. [CrossRef]

16. Kuroyanagi, H.; Yan, J.; Seki, N.; Yamanouchi, Y.; Suzuki, Y.; Takano, T.; Muramatsu, M.; Shirasawa, T. Human ULK1, a novel
serine/threonine kinase related to UNC-51 kinase of Caenorhabditis elegans: cDNA cloning, expression, and chromosomal
assignment. Genomics 1998, 51, 76–85. [CrossRef]

17. Yan, J.; Kuroyanagi, H.; Tomemori, T.; Okazaki, N.; Asato, K.; Matsuda, Y.; Suzuki, Y.; Ohshima, Y.; Mitani, S.; Masuho, Y.; et al.
Mouse ULK2, a novel member of the UNC-51-like protein kinases: Unique features of functional domains. Oncogene 1999, 18,
5850–5859. [CrossRef] [PubMed]

18. Mercer, C.; Kaliappan, A.; Dennis, P. A novel, human Atg13 binding protein, Atg101, interacts with ULK1 and is essential for
macroautophagy. Autophagy 2009, 5, 649–662. [CrossRef]

19. Hosokawa, N.; Hara, T.; Kaizuka, T.; Kishi, C.; Takamura, A.; Miura, Y.; Iemura, S.; Natsume, T.; Takehana, K.; Yamada, N.; et al.
Nutrient-dependent mTORC1 association with the ULK1-Atg13-FIP200 complex required for autophagy. Mol. Biol. Cell 2009, 20,
1981–1991. [CrossRef]

20. Hara, T.; Takamura, A.; Kishi, C.; Iemura, S.; Natsume, T.; Guan, J.; Mizushima, N. FIP200, a ULK-interacting protein, is required
for autophagosome formation in mammalian cells. J. Cell Biol. 2008, 181, 497–510. [CrossRef]

21. Hosokawa, N.; Sasaki, T.; Iemura, S.; Natsume, T.; Hara, T.; Mizushima, N. Atg101, a novel mammalian autophagy protein
interacting with Atg13. Autophagy 2009, 5, 973–979. [CrossRef]

22. Egan, D.; Shackelford, D.; Mihaylova, M.; Gelino, S.; Kohnz, R.; Mair, W.; Vasquez, D.; Joshi, A.; Gwinn, D.; Taylor, R.; et al.
Phosphorylation of ULK1 (hATG1) by AMP-activated protein kinase connects energy sensing to mitophagy. Science 2011, 331,
456–461. [CrossRef] [PubMed]

23. Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat.
Cell Biol. 2011, 13, 132–141. [CrossRef] [PubMed]

24. Gwinn, D.; Shackelford, D.; Egan, D.; Mihaylova, M.; Mery, A.; Vasquez, D.; Turk, B.; Shaw, R. AMPK phosphorylation of raptor
mediates a metabolic checkpoint. Mol. Cell 2008, 30, 214–226. [CrossRef] [PubMed]

25. Backer, J. The intricate regulation and complex functions of the Class III phosphoinositide 3-kinase Vps34. Biochem. J. 2016, 473,
2251–2271. [CrossRef]

26. Romanov, J.; Walczak, M.; Ibiricu, I.; Schüchner, S.; Ogris, E.; Kraft, C.; Martens, S. Mechanism and functions of membrane
binding by the Atg5-Atg12/Atg16 complex during autophagosome formation. EMBO J. 2012, 31, 4304–4317. [CrossRef]

27. Kabeya, Y.; Mizushima, N.; Yamamoto, A.; Oshitani-Okamoto, S.; Ohsumi, Y.; Yoshimori, T. LC3, GABARAP and GATE16 localize
to autophagosomal membrane depending on form-II formation. J. Cell Sci. 2004, 117, 2805–2812. [CrossRef]

28. Moreau, K.; Renna, M.; Rubinsztein, D. Connections between SNAREs and autophagy. Trends Biochem. Sci. 2013, 38, 57–63.
[CrossRef]

29. Hansen, T.; Johansen, T. Following autophagy step by step. BMC Biol. 2011, 9, 39. [CrossRef]
30. Reggiori, F.; Ungermann, C. Autophagosome Maturation and Fusion. J. Mol. Biol. 2017, 429, 486–496. [CrossRef]
31. Sarbassov, D.; Guertin, D.; Ali, S.; Sabatini, D. Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex. Science

2005, 307, 1098–1101. [CrossRef] [PubMed]
32. Simon, H.; Friis, R.; Tait, S.; Ryan, K. Retrograde signaling from autophagy modulates stress responses. Sci. Signal. 2017, 10,

2791–2800. [CrossRef] [PubMed]
33. Gao, Q. Oxidative Stress and Autophagy. Adv. Exp. Med. Biol. 2019, 1206, 179–198. [CrossRef]
34. Kobayashi, M.; Yamamoto, M. Nrf2-Keap1 regulation of cellular defense mechanisms against electrophiles and reactive oxygen

species. Adv Enzym. Regul 2006, 46, 113–140. [CrossRef] [PubMed]
35. Villeneuve, N.; Lau, A.; Zhang, D. Regulation of the Nrf2-Keap1 antioxidant response by the ubiquitin proteasome system: An

insight into cullin-ring ubiquitin ligases. Antioxid. Redox Signal. 2010, 13, 1699–1712. [CrossRef]
36. Liu, Y.; Kern, J.; Walker, J.; Johnson, J.; Schultz, P.; Luesch, H. A genomic screen for activators of the antioxidant response element.

Proc. Natl. Acad. Sci. USA 2007, 104, 5205–5210. [CrossRef] [PubMed]
37. Reglero, M.; Taggart, M.; Monsalve-González, L.; Mateo, R. Heavy metal exposure in large game from a lead mining area: Effects

on oxidative stress and fatty acid composition in liver. Environ. Pollut. 2009, 157, 1388–1395. [CrossRef]
38. Liu, J.; Qu, W.; Kadiiska, M. Role of oxidative stress in cadmium toxicity and carcinogenesis. Toxicol. Appl. Pharmacol. 2009, 238,

209–214. [CrossRef]

http://doi.org/10.1038/sj.cdd.4402154
http://www.ncbi.nlm.nih.gov/pubmed/17464326
http://doi.org/10.3969/j.issn.1673-5374.2013.24.007
http://www.ncbi.nlm.nih.gov/pubmed/25206537
http://doi.org/10.1007/s00280-018-3669-6
http://doi.org/10.1016/0014-5793(93)80398-E
http://doi.org/10.1038/nrm3696
http://doi.org/10.1006/geno.1998.5340
http://doi.org/10.1038/sj.onc.1202988
http://www.ncbi.nlm.nih.gov/pubmed/10557072
http://doi.org/10.4161/auto.5.5.8249
http://doi.org/10.1091/mbc.e08-12-1248
http://doi.org/10.1083/jcb.200712064
http://doi.org/10.4161/auto.5.7.9296
http://doi.org/10.1126/science.1196371
http://www.ncbi.nlm.nih.gov/pubmed/21205641
http://doi.org/10.1038/ncb2152
http://www.ncbi.nlm.nih.gov/pubmed/21258367
http://doi.org/10.1016/j.molcel.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18439900
http://doi.org/10.1042/BCJ20160170
http://doi.org/10.1038/emboj.2012.278
http://doi.org/10.1242/jcs.01131
http://doi.org/10.1016/j.tibs.2012.11.004
http://doi.org/10.1186/1741-7007-9-39
http://doi.org/10.1016/j.jmb.2017.01.002
http://doi.org/10.1126/science.1106148
http://www.ncbi.nlm.nih.gov/pubmed/15718470
http://doi.org/10.1126/scisignal.aag2791
http://www.ncbi.nlm.nih.gov/pubmed/28246201
http://doi.org/10.1007/978-981-15-0602-4_9
http://doi.org/10.1016/j.advenzreg.2006.01.007
http://www.ncbi.nlm.nih.gov/pubmed/16887173
http://doi.org/10.1089/ars.2010.3211
http://doi.org/10.1073/pnas.0700898104
http://www.ncbi.nlm.nih.gov/pubmed/17360324
http://doi.org/10.1016/j.envpol.2008.11.036
http://doi.org/10.1016/j.taap.2009.01.029


Int. J. Mol. Sci. 2022, 23, 13491 14 of 17

39. B’chir, W.; Maurin, A.; Carraro, V.; Averous, J.; Jousse, C.; Muranishi, Y.; Parry, L.; Stepien, G.; Fafournoux, P.; Bruhat, A. The
eIF2α/ATF4 pathway is essential for stress-induced autophagy gene expression. Nucleic Acids Res. 2013, 41, 7683–7699. [CrossRef]

40. Song, S.; Tan, J.; Miao, Y.; Zhang, Q. Crosstalk of ER stress-mediated autophagy and ER-phagy: Involvement of UPR and the core
autophagy machinery. J. Cell. Physiol. 2018, 233, 3867–3874. [CrossRef]

41. Yamamoto, K.; Ichijo, H.; Korsmeyer, S. BCL-2 is phosphorylated and inactivated by an ASK1/Jun N-terminal protein kinase
pathway normally activated at G(2)/M. Mol. Cell. Biol. 1999, 19, 8469–8478. [CrossRef] [PubMed]

42. Song, S.; Tan, J.; Miao, Y.; Li, M.; Zhang, Q. Crosstalk of autophagy and apoptosis: Involvement of the dual role of autophagy
under ER stress. J. Cell. Physiol. 2017, 232, 2977–2984. [CrossRef] [PubMed]

43. Høyer-Hansen, M.; Bastholm, L.; Szyniarowski, P.; Campanella, M.; Szabadkai, G.; Farkas, T.; Bianchi, K.; Fehrenbacher, N.;
Elling, F.; Rizzuto, R.; et al. Control of macroautophagy by calcium, calmodulin-dependent kinase kinase-beta, and Bcl-2. Mol.
Cell 2007, 25, 193–205. [CrossRef] [PubMed]

44. Borodkina, A.; Shatrova, A.; Deryabin, P.; Griukova, A.; Abushik, P.; Antonov, S.; Nikolsky, N.; Burova, E. Calcium alterations
signal either to senescence or to autophagy induction in stem cells upon oxidative stress. Aging 2016, 8, 3400–3418. [CrossRef]

45. Rubiolo, J.; López-Alonso, H.; Martínez, P.; Millán, A.; Cagide, E.; Vieytes, M.; Vega, F.; Botana, L. Yessotoxin induces ER-stress
followed by autophagic cell death in glioma cells mediated by mTOR and BNIP3. Cell. Signal. 2014, 26, 419–432. [CrossRef]

46. Guo, H.; Hu, R.; Huang, G.; Pu, W.; Chu, X.; Xing, C.; Zhang, C. Molybdenum and cadmium co-exposure induces endoplasmic
reticulum stress-mediated apoptosis by Th1 polarization in Shaoxing duck (Anas platyrhyncha) spleens. Chemosphere 2022,
298, 134275. [CrossRef]

47. Li, X.; Ge, M.; Zhu, W.; Wang, P.; Wang, J.; Tai, T.; Wang, Y.; Sun, J.; Shi, G. Protective Effects of Astilbin Against Cadmium-Induced
Apoptosis in Chicken Kidneys via Endoplasmic Reticulum Stress Signaling Pathway. Biol. Trace Elem. Res. 2021, 45, 3029.
[CrossRef]

48. Kim, J.; Lee, S.; Kim, H.; Lee, H.; Seong, K.; Youn, H.; Youn, B. Autophagic Organelles in DNA Damage Response. Front. Cell Dev.
Biol. 2021, 9, 668735. [CrossRef]

49. Meyer, T.; Stockfleth, E. Light and Skin. Curr. Probl. Dermatol. 2021, 55, 53–61. [CrossRef]
50. Zwolak, I. Protective Effects of Dietary Antioxidants against Vanadium-Induced Toxicity: A Review. Oxidative Med. Cell Longev.

2020, 2020, 1490316. [CrossRef]
51. Vaddavalli, P.; Schumacher, B. The p53 network: Cellular and systemic DNA damage responses in cancer and aging. Trends Genet.

2022, 28, 128–136. [CrossRef] [PubMed]
52. Zhang, Z.; Yang, X.; Song, Y.; Tu, J. Autophagy in Alzheimer’s disease pathogenesis: Therapeutic potential and future perspectives.

Ageing Res. Rev. 2021, 72, 101464. [CrossRef] [PubMed]
53. Blackford, A.; Jackson, S. ATM, ATR, and DNA-PK: The Trinity at the Heart of the DNA Damage Response. Mol. Cell 2017, 66,

801–817. [CrossRef]
54. Chen, Y.; Wu, J.; Liang, G.; Geng, G.; Zhao, F.; Yin, P.; Nowsheen, S.; Wu, C.; Li, Y.; Li, L.; et al. CHK2-FOXK axis promotes

transcriptional control of autophagy programs. Sci. Adv. 2020, 6, 5819. [CrossRef] [PubMed]
55. Lee, J.; Mand, M.; Kao, C.; Zhou, Y.; Ryu, S.; Richards, A.; Coon, J.; Paull, T. ATM directs DNA damage responses and proteostasis

via genetically separable pathways. Sci. Signal. 2018, 11, eaan5598. [CrossRef]
56. Alexander, A.; Cai, S.; Kim, J.; Nanez, A.; Sahin, M.; MacLean, K.; Inoki, K.; Guan, K.; Shen, J.; Person, M.; et al. ATM signals to

TSC2 in the cytoplasm to regulate mTORC1 in response to ROS. Proc. Natl. Acad. Sci. USA 2010, 107, 4153–4158. [CrossRef]
57. Kenzelmann Broz, D.; Spano Mello, S.; Bieging, K.; Jiang, D.; Dusek, R.; Brady, C.; Sidow, A.; Attardi, L. Global genomic profiling

reveals an extensive p53-regulated autophagy program contributing to key p53 responses. Genes Dev. 2013, 27, 1016–1031.
[CrossRef]

58. Tasdemir, E.; Maiuri, M.; Galluzzi, L.; Vitale, I.; Djavaheri-Mergny, M.; D’Amelio, M.; Criollo, A.; Morselli, E.; Zhu, C.;
Harper, F.; et al. Regulation of autophagy by cytoplasmic p53. Nat. Cell Biol. 2008, 10, 676–687. [CrossRef]

59. Morselli, E.; Tasdemir, E.; Maiuri, M.; Galluzzi, L.; Kepp, O.; Criollo, A.; Vicencio, J.; Soussi, T.; Kroemer, G. Mutant p53 protein
localized in the cytoplasm inhibits autophagy. Cell Cycle 2008, 7, 3056–3061. [CrossRef]

60. Chen, J.; Zhang, P.; Chen, W.; Li, D.; Wu, X.; Deng, R.; Jiao, L.; Li, X.; Ji, J.; Feng, G.; et al. ATM-mediated PTEN phosphorylation
promotes PTEN nuclear translocation and autophagy in response to DNA-damaging agents in cancer cells. Autophagy 2015, 11,
239–252. [CrossRef]

61. Park, E.; Kim, J.; Kim, B.; Park, E. Association between environmental exposure to cadmium and risk of suspected non-alcoholic
fatty liver disease. Chemosphere 2021, 266, 128947. [CrossRef] [PubMed]

62. Luo, T.; Zhang, H.; Yu, Q.; Liu, G.; Long, M.; Zhang, K.; Liu, W.; Song, R.; Bian, J.; Gu, J.; et al. ERK1/2 MAPK promotes
autophagy to suppress ER stress-mediated apoptosis induced by cadmium in rat proximal tubular cells. Toxicol. Vitr. 2018, 52,
60–69. [CrossRef] [PubMed]

63. Monaco, A.; Capriello, T.; Grimaldi, M.; Schiano, V.; Ferrandino, I. Neurodegeneration in zebrafish embryos and adults after
cadmium exposure. Eur. J. Histochem. 2017, 61, 2833. [CrossRef] [PubMed]

64. Wang, M.; Wang, X.; Liu, J.; Wang, Z.; Jin, T.; Zhu, G.; Chen, X. The Association Between Cadmium Exposure and Osteoporosis: A
Longitudinal Study and Predictive Model in a Chinese Female Population. Front. Public Health 2021, 9, 762475. [CrossRef]

65. Valko, M.; Morris, H.; Cronin, M. Metal, Toxicity and oxidative stress. Curr. Med. Chem. 2005, 12, 1161–1208. [CrossRef]

http://doi.org/10.1093/nar/gkt563
http://doi.org/10.1002/jcp.26137
http://doi.org/10.1128/MCB.19.12.8469
http://www.ncbi.nlm.nih.gov/pubmed/10567572
http://doi.org/10.1002/jcp.25785
http://www.ncbi.nlm.nih.gov/pubmed/28067409
http://doi.org/10.1016/j.molcel.2006.12.009
http://www.ncbi.nlm.nih.gov/pubmed/17244528
http://doi.org/10.18632/aging.101130
http://doi.org/10.1016/j.cellsig.2013.10.004
http://doi.org/10.1016/j.chemosphere.2022.134275
http://doi.org/10.1007/s12011-021-03029-x
http://doi.org/10.3389/fcell.2021.668735
http://doi.org/10.1159/000517592
http://doi.org/10.1155/2020/1490316
http://doi.org/10.1016/j.tig.2022.02.010
http://www.ncbi.nlm.nih.gov/pubmed/35346511
http://doi.org/10.1016/j.arr.2021.101464
http://www.ncbi.nlm.nih.gov/pubmed/34551326
http://doi.org/10.1016/j.molcel.2017.05.015
http://doi.org/10.1126/sciadv.aax5819
http://www.ncbi.nlm.nih.gov/pubmed/31911943
http://doi.org/10.1126/scisignal.aan5598
http://doi.org/10.1073/pnas.0913860107
http://doi.org/10.1101/gad.212282.112
http://doi.org/10.1038/ncb1730
http://doi.org/10.4161/cc.7.19.6751
http://doi.org/10.1080/15548627.2015.1009767
http://doi.org/10.1016/j.chemosphere.2020.128947
http://www.ncbi.nlm.nih.gov/pubmed/33220986
http://doi.org/10.1016/j.tiv.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29870746
http://doi.org/10.4081/ejh.2017.2833
http://www.ncbi.nlm.nih.gov/pubmed/29313599
http://doi.org/10.3389/fpubh.2021.762475
http://doi.org/10.2174/0929867053764635


Int. J. Mol. Sci. 2022, 23, 13491 15 of 17

66. Prozialeck, W.; Vaidya, V.; Liu, J.; Waalkes, M.; Edwards, J.; Lamar, P.; Bernard, A.; Dumont, X.; Bonventre, J. Kidney injury
molecule-1 is an early biomarker of cadmium nephrotoxicity. Kidney Int. 2007, 72, 985–993. [CrossRef]

67. Fujiki, K.; Lnamura, H.; Sugaya, T.; Matsuoka, M. Blockade of ALK4/5 signaling suppresses cadmium- and erastin-induced cell
death in renal proximal tubular epithelial cells via distinct signaling mechanisms. Cell Death Diffierentiation 2019, 26, 2371–2385.
[CrossRef]

68. Chakraborty, P.K.; Lee, W.K.; Molitor, M.; Thevenod, F. Cadmium induces Wnt signaling to upregulate proliferation and survival
genes in sub-confluent kidney proximal tubule cells. Mol. Cancer 2010, 9, 102–110. [CrossRef]

69. Wang, X.; Yang, H.; Wang, M.; Yang, D.; Wang, Z.; Wang, L. Trehalose protects against cadmium-induced cytotoxicity in primary
rat proximal tubular cells via inhibiting apoptosis and restoring autophagic flux. Cell Death Dis. 2017, 8, 3099. [CrossRef]

70. Kaushal, G.; Shah, S. Autophagy in acute kidney injury. Kidney Int. 2016, 89, 779–791. [CrossRef]
71. Liu, F.; Wang, X.; Zhou, X.; Liu, Z.; Song, X.; Wang, Z.; Wang, L. Cadmium disrupts autophagic flux by inhibiting cytosolic

Ca-dependent autophagosome-lysosome fusion in primary rat proximal tubular cells. Toxicology 2017, 383, 13–23. [CrossRef]
[PubMed]

72. Wang, L.; Fan, R.; Yang, D.; Zhang, D.; Wang, L. Puerarin reverses cadmium-induced lysosomal dysfunction in primary rat
proximal tubular cells via inhibiting Nrf2 pathway. Biochem. Pharmacol. 2019, 162, 132–141. [CrossRef]

73. Gong, Z.; Zhao, Y.; Wang, Z.; Fan, R.; Liu, Z.; Wang, L. Epigenetic regulator BRD4 is involved in cadmium-induced acute kidney
injury via contributing to lysosomal dysfunction, autophagy blockade and oxidative stress. J. Hazard. Mater. 2022, 423, 127110.
[CrossRef] [PubMed]

74. Zhou, B.; Liu, J.; Kang, R.; Klionsky, D.; Kroemer, G.; Tang, D. Ferroptosis is a type of autophagy-dependent cell death. Semin.
Cancer Biol. 2020, 66, 89–100. [CrossRef] [PubMed]

75. Hou, W.; Xie, Y.; Song, X.; Sun, X.; Lotze, M.; Zeh, H.; Kang, R.; Tang, D. Autophagy promotes ferroptosis by degradation of
ferritin. Autophagy 2016, 12, 1425–1438. [CrossRef]

76. Alborzinia, H.; Ignashkova, T.; Dejure, F.; Gendarme, M.; Theobald, J.; Wölfl, S.; Lindemann, R.; Reiling, J. Golgi stress mediates
redox imbalance and ferroptosis in human cells. Commun. Biol. 2018, 1, 210. [CrossRef]

77. Zhao, C.; Yu, D.; He, Z.; Bao, L.; Feng, L.; Chen, L.; Liu, Z.; Hu, X.; Zhang, N.; Wang, T.; et al. Endoplasmic reticulum stress-
mediated autophagy activation is involved in cadmium-induced ferroptosis of renal tubular epithelial cells. Free Radic. Biol. Med.
2021, 175, 236–248. [CrossRef] [PubMed]

78. So, K.; Oh, S. Cadmium-induced heme-oxygenase-1 expression plays dual roles in autophagy and apoptosis and is regulated by
both PKC-δ and PKB/Akt activation in NRK52E kidney cells. Toxicology 2016, 370, 49–59. [CrossRef]

79. Luo, T.; Yuan, Y.; Yu, Q.; Liu, G.; Long, M.; Zhang, K.; Bian, J.; Gu, J.; Zou, H.; Wang, Y.; et al. PARP-1 overexpression contributes
to Cadmium-induced death in rat proximal tubular cells via parthanatos and the MAPK signalling pathway. Sci. Rep. 2017,
7, 4331. [CrossRef]

80. So, K.; Park, B.; Oh, S. Cytoplasmic sirtuin 6 translocation mediated by p62 polyubiquitination plays a critical role in cadmium-
induced kidney toxicity. Cell Biol. Toxicol. 2021, 37, 193–207. [CrossRef]

81. Fujishiro, H.; Liu, Y.; Ahmadi, B.; Templeton, D. Protective effect of cadmium-induced autophagy in rat renal mesangial cells.
Arch. Toxicol. 2018, 92, 619–631. [CrossRef] [PubMed]

82. Lee, W.; Probst, S.; Santoyo-Sánchez, M.; Al-Hamdani, W.; Diebels, I.; von Sivers, J.; Kerek, E.; Prenner, E.; Thévenod, F. Initial
autophagic protection switches to disruption of autophagic flux by lysosomal instability during cadmium stress accrual in renal
NRK-52E cells. Arch. Toxicol. 2017, 91, 3225–3245. [CrossRef] [PubMed]

83. Hou, J.; Hsu, J.; Hung, M. Molecular mechanisms and functions of pyroptosis in inflammation and antitumor immunity. Mol. Cell
2021, 81, 4579–4590. [CrossRef] [PubMed]

84. Wei, Q.; Zhu, R.; Zhu, J.; Zhao, R.; Li, M. E2-Induced Activation of the NLRP3 Inflammasome Triggers Pyroptosis and Inhibits
Autophagy in HCC Cells. Oncol. Res. 2019, 27, 827–834. [CrossRef]

85. Zhang, C.; Lin, T.; Nie, G.; Hu, R.; Pi, S.; Wei, Z.; Wang, C.; Xing, C.; Hu, G. Cadmium and molybdenum co-induce pyroptosis via
ROS/PTEN/PI3K/AKT axis in duck renal tubular epithelial cells. Environ. Pollut. 2021, 272, 116403. [CrossRef]

86. Zhang, C.; Wang, X.; Pi, S.; Wei, Z.; Wang, C.; Yang, F.; Li, G.; Nie, G.; Hu, G. Cadmium and molybdenum co-exposure triggers
autophagy via CYP450s/ROS pathway in duck renal tubular epithelial cells. Sci. Total Environ. 2021, 759, 143570. [CrossRef]
[PubMed]

87. Bernhoft, A.R. Cadmium Toxicity and Treatment. Sci. World J. 2013, 7, 394652. [CrossRef] [PubMed]
88. Wang, H.; Wang, A.; Wang, X.; Zeng, X.; Xing, H. AMPK/PPAR-γ/NF-κB axis participates in ROS-mediated apoptosis and

autophagy caused by cadmium in pig liver. Environ. Pollut. 2022, 294, 118659. [CrossRef]
89. Go, Y.; Sutliff, R.; Chandler, J.; Khalidur, R.; Kang, B.; Anania, F.; Orr, M.; Hao, L.; Fowler, B.; Jones, D. Low-Dose Cadmium Causes

Metabolic and Genetic Dysregulation Associated With Fatty Liver Disease in Mice. Toxicol. Sci. 2015, 147, 524–534. [CrossRef]
90. Hyder, O.; Chung, M.; Cosgrove, D.; Herman, J.; Li, Z.; Firoozmand, A.; Gurakar, A.; Koteish, A.; Pawlik, T. Cadmium exposure

and liver disease among US adults. J. Gastrointest. Surg. 2013, 17, 1265–1273. [CrossRef]
91. Rosales-Cruz, P.; Domínguez-Pérez, M.; Reyes-Zárate, E.; Bello-Monroy, O.; Enríquez-Cortina, C.; Miranda-Labra, R.; Bucio, L.;

Gómez-Quiroz, L.; Rojas-Del Castillo, E.; Gutiérrez-Ruíz, M.; et al. Cadmium exposure exacerbates hyperlipidemia in cholesterol-
overloaded hepatocytes via autophagy dysregulation. Toxicology 2018, 398–399, 41–51. [CrossRef] [PubMed]

http://doi.org/10.1038/sj.ki.5002467
http://doi.org/10.1038/s41418-019-0307-8
http://doi.org/10.1186/1476-4598-9-102
http://doi.org/10.1038/cddis.2017.475
http://doi.org/10.1016/j.kint.2015.11.021
http://doi.org/10.1016/j.tox.2017.03.016
http://www.ncbi.nlm.nih.gov/pubmed/28347754
http://doi.org/10.1016/j.bcp.2018.10.016
http://doi.org/10.1016/j.jhazmat.2021.127110
http://www.ncbi.nlm.nih.gov/pubmed/34523489
http://doi.org/10.1016/j.semcancer.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30880243
http://doi.org/10.1080/15548627.2016.1187366
http://doi.org/10.1038/s42003-018-0212-6
http://doi.org/10.1016/j.freeradbiomed.2021.09.008
http://www.ncbi.nlm.nih.gov/pubmed/34520822
http://doi.org/10.1016/j.tox.2016.09.010
http://doi.org/10.1038/s41598-017-04555-2
http://doi.org/10.1007/s10565-020-09528-2
http://doi.org/10.1007/s00204-017-2103-x
http://www.ncbi.nlm.nih.gov/pubmed/29218509
http://doi.org/10.1007/s00204-017-1942-9
http://www.ncbi.nlm.nih.gov/pubmed/28321485
http://doi.org/10.1016/j.molcel.2021.09.003
http://www.ncbi.nlm.nih.gov/pubmed/34562371
http://doi.org/10.3727/096504018X15462920753012
http://doi.org/10.1016/j.envpol.2020.116403
http://doi.org/10.1016/j.scitotenv.2020.143570
http://www.ncbi.nlm.nih.gov/pubmed/33243500
http://doi.org/10.1155/2013/394652
http://www.ncbi.nlm.nih.gov/pubmed/23844395
http://doi.org/10.1016/j.envpol.2021.118659
http://doi.org/10.1093/toxsci/kfv149
http://doi.org/10.1007/s11605-013-2210-9
http://doi.org/10.1016/j.tox.2018.02.007
http://www.ncbi.nlm.nih.gov/pubmed/29486218


Int. J. Mol. Sci. 2022, 23, 13491 16 of 17

92. Orrenius, S.; Kaminskyy, V.O.; Zhivotovsky, B. Autophagy in toxicology: Cause or consenquene? Annu. Rev. Pharmacol. Toxicol.
2013, 53, 275–297. [CrossRef] [PubMed]

93. Zou, H.; Wang, T.; Yuan, J.; Sun, J.; Yuan, Y.; Gu, J.; Liu, X.; Bian, J.; Liu, Z. Cadmium-induced cytotoxicity in mouse liver cells is
associated with the disruption of autophagic flux via inhibiting the fusion of autophagosomes and lysosomes. Toxicol. Lett. 2020,
321, 32–43. [CrossRef] [PubMed]

94. Zhang, C.; Lin, J.; Ge, J.; Wang, L.; Li, N.; Sun, X.; Cao, H.; Li, J. Selenium triggers Nrf2-mediated protection against cadmium-
induced chicken hepatocyte autophagy and apoptosis. Toxicol. Vitr. 2017, 44, 349–356. [CrossRef]

95. Gong, Z.; Wang, X.; Wang, J.; Fan, R.; Wang, L. Trehalose prevents cadmium-induced hepatotoxicity by blocking Nrf2 pathway,
restoring autophagy and inhibiting apoptosis. J. Inorg. Biochem. 2019, 192, 62–71. [CrossRef]

96. Zhou, X.; Wan, X.; Fu, X.; Xie, C. Puerarin prevents cadmium-induced hepatic cell damage by suppressing apoptosis and restoring
autophagic flux. Biomed. Pharm. 2019, 115, 108929. [CrossRef]

97. Pengcheng, X.; Xu, S.; Wei, C.; Xiaodan, H. Yeast Selenium Exerts an Antioxidant Effect by Regulating the Level of Selenoprotein
to Antagonize Cd-Induced Pyroptosis of Chicken Liver. Biol. Trace Elem. Res. 2021, 45, 120–130. [CrossRef]

98. Wang, Y.T.; Chen, G.C. Regulation of oxidative stress-induced autophagy by ATG9A ubiquitination. Autophagy 2022, 13, 61756.
[CrossRef]

99. Cao, P.; Nie, G.; Luo, J.; Hu, R.; Li, G.; Hu, G.; Zhang, C. Cadmium and molybdenum co-induce pyroptosis and apoptosis the
PTEN/PI3K/AKT axis in the livers of Shaoxing ducks (Anas platyrhynchos). Food Funct. 2022, 13, 2142–2154. [CrossRef]

100. Tsuritani, I.; Honda, R. The effects on bone of environmental cadmium exposure–summary of recent epidemiological studies.
Clin. Calcium. 2004, 14, 45–50.

101. Wang, T.; He, H.; Liu, S.; He, C. Autophagy: A promosing target for age-related osteoporosis. Curr. Drug Targets 2018, 19, 354–365.
[CrossRef] [PubMed]

102. Guo, Y.; Su, T.; Yang, M.; Li, C.; Guo, Q.; Xiao, Y.; Huang, Y.; Liu, Y.; Luo, X. The role of autophagy in bone homeostasis. J. Cell.
Physiol. 2021, 236, 4152–4173. [CrossRef]

103. Trojani, M.; Santucci-Darmanin, S.; Breuil, V.; Carle, G.; Pierrefite-Carle, V. Autophagy and bone diseases. Jt. Bone Spine 2022,
89, 105301. [CrossRef] [PubMed]

104. Wang, L.; Heckmann, B.; Yang, X.; Long, H. Osteoblast autophagy in glucocorticoid-induced osteoporosis. J. Cell. Physiol. 2019,
234, 3207–3215. [CrossRef] [PubMed]

105. Liu, W.; Dai, N.N.; Wang, Y.; Xu, C.; Zhao, H.Y.; Xia, P.P.; Gu, J.H.; Liu, X.Z.; Bian, J.C.; Yuan, Y.; et al. Role of autophagy in
cadmium-induced apoptosis of primary rat osteoblasts. Sci. Rep. 2016, 6, 20404. [CrossRef]

106. Ran, D.; Ma, Y.G.; Liu, W.; Luo, T.W.; Zheng, J.M.; Wang, D.D.; Song, R.L.; Zhao, H.Y.; Zou, H.; Gu, J.H.; et al. TGF-beta-activated
kinase 1 (TAK1) mediates cadmium-induced autophagy in osteoblasts via the AMPK / mTORC1 / ULK1 pathway. Toxicology
2020, 442, 152538. [CrossRef]

107. Zheng, J.M.; Zhuo, L.L.; Ran, D.; Ma, Y.G.; Luo, T.W.; Zhao, H.Y.; Song, R.L.; Zou, H.; Zhu, J.Q.; Gu, J.H.; et al. Cadmium induces
apoptosis via generating reactive oxygen species to activate mitochondrial p53 pathway in primary rat osteoblasts. Toxicology
2020, 446, 152611. [CrossRef]

108. Pierrefite-Carle, V.; Santucci-Darmanin, S.; Breuil, V.; Camuzard, O.; Carle, G.F. Autophagy in bone: Self-eating to stay in balance.
Ageing Res. Rev. 2015, 24, 206–217. [CrossRef]

109. Ke, D.; Zhu, Y.; Zheng, W.; Fu, X.; Chen, J.; Han, J. Autophagy mediated by JNK1 resists apoptosis through TRAF3 degradation in
osteoclastogenesis. Biochimie 2019, 167, 217–227. [CrossRef]

110. Agidigbi, T.S.; Kim, C. Reactive Oxygen Species in Osteoclast Differentiation and Possible Pharmaceutical Targets of ROS-
Mediated Osteoclast Diseases. Int. J. Mol. Sci. 2019, 20, 3576. [CrossRef]

111. Rink, J.; AK, W. Estrogen-induced apoptosis of osteoclast is delayed by low-level cadmium exposure. J. Bone Miner. Res. 2004,
19, 159.

112. Ma, Y.G.; Ran, D.; Cao, Y.; Zhao, H.Y.; Song, R.L.; Zou, H.; Gu, J.H.; Yuan, Y.; Bian, J.C.; Zhu, J.Q.; et al. The effect of P2X7 on
cadmium-induced osteoporosis in mice. J. Hazard. Mater. 2021, 405, 124251. [CrossRef] [PubMed]

113. Panayi, A.; Spyrou, N.; Iversen, B.; White, M.; Part, P. Determination of cadmium and zinc in Alzheimer’s brain tissue using
inductively coupled plasma mass spectrometry. J. Neurol. Sci. 2002, 195, 1–10. [CrossRef]

114. Okuda, B.; Iwamoto, Y.; Tachibana, H.; Sugita, M. Parkinsonism after acute cadmium poisoning. Clin. Neurol. Neurosurg. 1997, 99,
263–265. [CrossRef]

115. Goncalves, J.F.; Fiorenza, A.M.; Spanevello, R.M.; Mazzanti, C.M.; Bochi, G.V.; Antes, F.G.; Stefanello, N.; Rubin, M.A.;
Dressler, V.L.; Morsch, V.M.; et al. N-acetylcysteine prevents memory deficits, the decrease in acetylcholinesterase activity
and oxidative stress in rats exposed to cadmium. Chem. Biol. Interact. 2010, 186, 53–60. [CrossRef] [PubMed]

116. Moretti, R.; Pansiot, J.; Bettati, D.; Strazielle, N.; Ghersi-Egea, J.; Damante, G.; Fleiss, B.; Titomanlio, L.; Gressens, P. Blood-brain
barrier dysfunction in disorders of the developing brain. Front. Neurosci. 2015, 9, 40. [CrossRef]

117. Shuvaev, A.N.; Kuvacheva, N.V.; Morgun, A.V.; Khilazheva, E.D.; Salmina, A.B. The Role of Ion Channels Expressed in Cerebral
Endothelial Cells in the Functional Integrity of the Blood-Brain Barrier (Review). Sovrem. Tehnol. 2016, 8, 241–250. [CrossRef]

118. Wang, T.; Yuan, Y.; Zou, H.; Yang, J.; Zhao, S.; Ma, Y.; Wang, Y.; Bian, J.; Liu, X.; Gu, J.; et al. The ER stress regulator Bip mediates
cadmium-induced autophagy and neuronal senescence. Sci. Rep. 2016, 6, 38091. [CrossRef]

http://doi.org/10.1146/annurev-pharmtox-011112-140210
http://www.ncbi.nlm.nih.gov/pubmed/23072380
http://doi.org/10.1016/j.toxlet.2019.12.019
http://www.ncbi.nlm.nih.gov/pubmed/31862506
http://doi.org/10.1016/j.tiv.2017.07.027
http://doi.org/10.1016/j.jinorgbio.2018.12.008
http://doi.org/10.1016/j.biopha.2019.108929
http://doi.org/10.1007/s12011-021-02984-9
http://doi.org/10.1080/15548627.2022.2061756
http://doi.org/10.1039/D1FO02855C
http://doi.org/10.3109/1061186X.2010.504261
http://www.ncbi.nlm.nih.gov/pubmed/20678007
http://doi.org/10.1002/jcp.30111
http://doi.org/10.1016/j.jbspin.2021.105301
http://www.ncbi.nlm.nih.gov/pubmed/34673234
http://doi.org/10.1002/jcp.27335
http://www.ncbi.nlm.nih.gov/pubmed/30417506
http://doi.org/10.1038/srep20404
http://doi.org/10.1016/j.tox.2020.152538
http://doi.org/10.1016/j.tox.2020.152611
http://doi.org/10.1016/j.arr.2015.08.004
http://doi.org/10.1016/j.biochi.2019.10.008
http://doi.org/10.3390/ijms20143576
http://doi.org/10.1016/j.jhazmat.2020.124251
http://www.ncbi.nlm.nih.gov/pubmed/33168313
http://doi.org/10.1016/S0022-510X(01)00672-4
http://doi.org/10.1016/S0303-8467(97)00090-5
http://doi.org/10.1016/j.cbi.2010.04.011
http://www.ncbi.nlm.nih.gov/pubmed/20399762
http://doi.org/10.3389/fnins.2015.00040
http://doi.org/10.17691/stm2016.8.4.29
http://doi.org/10.1038/srep38091


Int. J. Mol. Sci. 2022, 23, 13491 17 of 17

119. López, E.; Arce, C.; Oset-Gasque, M.; Cañadas, S.; González, M. Cadmium induces reactive oxygen species generation and lipid
peroxidation in cortical neurons in culture. Free Radic. Biol. Med. 2006, 40, 940–951. [CrossRef]

120. Yan, Y.; Bian, J.; Zhong, L.; Zhang, Y.; Sun, Y.; Liu, Z. Oxidative stress and apoptotic changes of rat cerebral cortical neurons
exposed to cadmium in vitro. Biomed. Environ. Sci. 2012, 25, 172–181. [CrossRef]

121. Wen, S.; Wang, L.; Wang, T.; Xu, M.; Zhang, W.; Song, R.; Zou, H.; Gu, J.; Bian, J.; Yuan, Y.; et al. Puerarin alleviates cadmium-
induced mitochondrial mass decrease by inhibiting PINK1-Parkin and Nix-mediated mitophagy in rat cortical neurons. Ecotoxicol.
Environ. Saf. 2021, 230, 113127. [CrossRef] [PubMed]

122. Wen, S.; Wang, L.; Zou, H.; Gu, J.; Song, R.; Bian, J.; Yuan, Y.; Liu, Z. Puerarin Attenuates Cadmium-Induced Neuronal Injury via
Stimulating Cadmium Excretion, Inhibiting Oxidative Stress and Apoptosis. Biomolecules 2021, 11, 978. [CrossRef] [PubMed]

123. Tang, K.; Liu, X.; Wang, Z.; Qu, K.; Fan, R. Trehalose alleviates cadmium-induced brain damage by ameliorating oxidative stress,
autophagy inhibition, and apoptosis. Metallomics 2019, 11, 2043–2051. [CrossRef] [PubMed]

124. Li, T.; Dong, S.; He, C.; Yang, J.; Li, W.; Li, S.; Li, J.; Du, X.; Hou, Z.; Li, L.; et al. Apoptosis, rather than neurogenesis, induces
significant hippocampal-dependent learning and memory impairment in chronic low Cd exposure. Environ. Toxicol. 2022, 37,
814–824. [CrossRef]

125. Wang, Q.; Zhu, J.; Zhang, K.; Jiang, C.; Wang, Y.; Yuan, Y.; Bian, J.; Liu, X.; Gu, J.; Liu, Z. Induction of cytoprotective autophagy in
PC-12 cells by cadmium. Biochem. Biophys. Res. Commun. 2013, 438, 186–192. [CrossRef]

126. Xu, C.; Chen, S.; Xu, M.; Chen, X.; Wang, X.; Zhang, H.; Dong, X.; Zhang, R.; Chen, X.; Gao, W.; et al. Cadmium Impairs
Autophagy Leading to Apoptosis by Ca-Dependent Activation of JNK Signaling Pathway in Neuronal Cells. Neurochem. Res.
2021, 46, 2033–2045. [CrossRef]

127. Zhang, H.; Dong, X.; Zhao, R.; Zhang, R.; Xu, C.; Wang, X.; Liu, C.; Hu, X.; Huang, S.; Chen, L. Cadmium results in accumulation
of autophagosomes-dependent apoptosis through activating Akt-impaired autophagic flux in neuronal cells. Cell. Signal. 2019,
55, 26–39. [CrossRef]

128. Pi, H.; Li, M.; Zhou, Z. Transcription factor E3 protects against cadmium-induced apoptosis by maintaining the lysosomal-
mitochondrial axis but not autophagic flux in Neuro-2a cells. Toxicol. Lett. 2018, 295, 335–350. [CrossRef]

129. Cai, J.; Guan, H.; Jiao, X.; Yang, J.; Chen, X.; Zhang, H.; Zheng, Y.; Zhu, Y.; Liu, Q.; Zhang, Z. NLRP3 inflammasome mediated
pyroptosis is involved in cadmium exposure-induced neuroinflammation through the IL-1β/IkB-α-NF-κB-NLRP3 feedback loop
in swine. Toxicology 2021, 453, 152720. [CrossRef]

130. Hu, Z.; Nie, G.; Luo, J.; Hu, R.; Li, G.; Hu, G.; Zhang, C. Molybdenum and Cadmium Co-induce Pyroptosis via Inhibiting
Nrf2-Mediated Antioxidant Defense Response in the Brain of Ducks. Biol. Trace Elem. Res. 2022, 45, 123–130. [CrossRef]

131. Hao, R.; Ge, J.; Song, X.; Li, F.; Sun-Waterhouse, D.; Li, D. Cadmium induces ferroptosis and apoptosis by modulating miR-34a-
5p/Sirt1axis in PC12 cells. Environ. Toxicol. 2022, 37, 41–51. [CrossRef] [PubMed]

132. Luan, P.; Sun, Y.; Zhu, Y.; Qiao, S.; Hu, G.; Liu, Q.; Zhang, Z. Cadmium exposure promotes activation of cerebrum and cerebellum
ferroptosis and necrosis in swine. Ecotoxicol. Environ. Saf. 2021, 224, 112650. [CrossRef] [PubMed]

133. Tao, H.; Li, W.; Zhang, W.; Yang, C.; Zhang, C.; Liang, X.; Yin, J.; Bai, J.; Ge, G.; Zhang, H.; et al. Urolithin A suppresses
RANKL-induced osteoclastogenesis and postmenopausal osteoporosis by, suppresses inflammation and downstream NF-κB
activated pyroptosis pathways. Pharmacol. Res. 2021, 174, 105967. [CrossRef] [PubMed]

http://doi.org/10.1016/j.freeradbiomed.2005.10.062
http://doi.org/10.3967/0895-3988.2012.02.008
http://doi.org/10.1016/j.ecoenv.2021.113127
http://www.ncbi.nlm.nih.gov/pubmed/34979308
http://doi.org/10.3390/biom11070978
http://www.ncbi.nlm.nih.gov/pubmed/34356602
http://doi.org/10.1039/C9MT00227H
http://www.ncbi.nlm.nih.gov/pubmed/31650140
http://doi.org/10.1002/tox.23445
http://doi.org/10.1016/j.bbrc.2013.07.050
http://doi.org/10.1007/s11064-021-03341-x
http://doi.org/10.1016/j.cellsig.2018.12.008
http://doi.org/10.1016/j.toxlet.2018.07.015
http://doi.org/10.1016/j.tox.2021.152720
http://doi.org/10.1007/s12011-022-03170-1
http://doi.org/10.1002/tox.23376
http://www.ncbi.nlm.nih.gov/pubmed/34558789
http://doi.org/10.1016/j.ecoenv.2021.112650
http://www.ncbi.nlm.nih.gov/pubmed/34403946
http://doi.org/10.1016/j.phrs.2021.105967
http://www.ncbi.nlm.nih.gov/pubmed/34740817

	Introduction 
	Autophagy 
	Autophagy Initiation 
	Phagophore Elongation 
	Autophagy Maturation and Degradation 

	The Signaling Pathways of Autophagy 
	Oxidative Stress 
	ER Stress 
	DNA Damage Response 

	The Toxicity of Cadmium toward the Kidney, Liver, Bone, and Brain 
	Mechanisms of Cadmium-Induced Kidney, Liver, Bone, and Brain Toxicity 
	The Role of Autophagy in Cadmium-Induced Kidney Damage 
	The Role of Autophagy in Cadmium-Induced Liver Damage 
	The Role of Autophagy in Cadmium-Induced Bone Damage 
	The Role of Autophagy in Cadmium-Induced Neurotoxicity 


	Conclusions and Future Perspectives 
	References

