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Abstract: Against the backdrop of the development of nuclear energy technologies and the
application of uranium-containing weapons, the health effects induced by depleted uranium
(DU) have attracted increasing attention. As the primary organ for DU accumulation in the
human body, the kidney is highly susceptible to DU-induced toxicity. The mechanisms
underlying DU-induced renal injury mainly involve oxidative stress, mitochondrial
structural and functional dysfunction, and cell death. However, detailed elucidation of these
pathogenic mechanisms remains insufficient. Therefore, this review systematically
summarizes the molecular biological mechanisms of DU-induced renal injury, with the aim
of providing a theoretical basis for subsequent animal experiments and population-based
epidemiological studies.

1. Introduction

Uranium is an important radioactive resource. After purification and enrichment, the abundance
of 235U can be increased from less than 1% in natural uranium to approximately 2%—4%. The resulting
product is referred to as enriched uranium, which serves as an important raw material for nuclear
weapons. Correspondingly, in the residual product generated during the enrichment process, the
abundance of 2®U typically decreases to 0.2%-0.3%. This form of uranium is referred to as depleted
uranium (DU)M,

During the mining, production, and application of uranium, the dust and particulate matter
generated can enter the human body through the respiratory tract, skin, or gastrointestinal tract. After
entering the body, uranium is primarily transported in the form of the uranyl ion (UO:**) and
accumulates in the kidneys via the blood circulation. The kidneys are not only the main organs
responsible for the excretion of uranium and its compounds but also the principal target organs for
their accumulation in vivo.

Short-term intake of large amounts of uranium can lead to excessive accumulation in the kidneys,
thereby inducing renal functional impairment. This is mainly manifested by increased levels of
urinary protein, serum creatinine (SCr), and blood urea nitrogen (BUN). Pathological examination
reveals dilation of the cortical and papillary tubules, as well as tubular cast formation and interstitial
hemorrhage in the renal cortex, medulla, and papillary regions. In severe cases, these alterations may
progress to acute renal failurel?3l,
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At present, numerous animal experiments and epidemiological studies have been conducted
worldwide to investigate DU-induced renal injury. However, the underlying molecular biological
mechanisms have not yet been fully elucidated, and certain discrepancies remain in the current
understanding.

In view of this, the present study systematically reviews the research progress on the molecular
biological mechanisms underlying DU-induced renal injury, with particular emphasis on the potential
signaling pathways involved, in order to provide a theoretical reference for subsequent animal
experiments and epidemiological investigations.

2. Pathological and Epidemiological Basis of Depleted Uranium—-Induced Renal Injury
2.1. Pathological Studies of Renal Injury

Uranium is a heavy metal element that possesses both radiological and chemical toxicity, and the
pathological characteristics of uranium exposure—induced renal injury have become a major focus of
research. Animal studies have demonstrated that DU-induced renal injury exhibits clear dose- and
time-dependent characteristics and is associated with multi-level pathological alterations in renal
tissues.

Acute uranium exposure primarily induces marked renal dysfunction and structural damage to
renal tissues. Studies have shown that short-term uranium exposure can rapidly lead to renal
impairment; for example, after 48 h of DU exposure in rats, urinary creatinine, BUN, and glucose
levels are significantly elevated®. At the histological level, uranium can selectively target renal
tubular structures, manifesting as marked dilation of renal tubules in the cortical and papillary regions,
accompanied by chronic inflammatory cell infiltration in the interstitium and fibrotic proliferation®.,
At the cellular level, renal tubular epithelial cells represent the primary cellular targets of uranium
toxicity. Characteristic lesions include loss of the brush border, cytoplasmic swelling and
vacuolization, and delayed cellular regeneration, ultimately leading to disorganization of cellular
arrangement and cell death!®. Ultrastructural observations further confirm that uranium can directly
damage intracellular organelles, manifested by mitochondrial swelling, reduction or disappearance of
cristae, as well as uneven distribution of nuclear heterochromatin and invagination of the nuclear
membranel™.

Compared with acute exposure, the progression of renal pathological alterations induced by
chronic DU exposure is relatively insidious. In the early stage of chronic exposure, the kidneys of
mice mainly exhibit glomerular swelling, inflammatory cell infiltration, widening of the intercellular
spaces of renal tubular epithelial cells, and swelling and necrosis of some epithelial cells. In the later
stage of exposure, marked renal interstitial fibrosis can be observed®l. Notably, long-term chronic
uranium exposure may, to some extent, induce adaptive changes in the kidneys, thereby enhancing
their tolerance to injury. For example, under repeated uranium exposure at a relatively low dose (0.25
mg/kg/day), the gene expression of the early biomarker of renal injury, clusterin (CLU), is
downregulated, and renal function indicators can return to normal levels, suggesting that the kidneys
possess a certain compensatory capacity(?l. In addition, when mice previously subjected to chronic
DU exposure are subsequently challenged with acute uranyl nitrate (UN), the gene expression level
of the uranium-induced renal injury marker kidney injury molecule-1 (KIM-1) is significantly lower
than that in the group exposed to acute UN alone, with an approximately 3.7-fold reduction in
expression (P < 0.05), accompanied by a corresponding attenuation of renal injury.

2.2. Epidemiological Evidence in Human Populations

Epidemiological studies indicate that acute uranium exposure events reported in the 20th century
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primarily affected human health through two major routes: gastrointestinal intake and occupational
exposure. Studies have shown that When the uranium intake reaches 0.15 mg/kg, conventional renal
function indicators, including SCr and BUN, in exposed individuals remain within the normal
reference rangel!®™. However, in cases involving markedly higher ingestion doses, when uranium
intake reaches 89 mg/kg, abnormalities can be observed in multiple indicators, including SCr, BUN,
albumin, urine volume, and urinary glucose. These findings suggest that high-dose acute uranium
exposure can lead to significant renal functional impairment.

With regard to occupational exposure, uranium hexafluoride (UFs) exposure incidents occurring
during nuclear facility accidents represent cases of particular research value. In one uranium
hexafluoride (UFs) leakage accident, two exposed workers not only sustained chemical burns to the
skin but also had a history of inhalational exposure to uranium compounds. Urinalysis during the
acute phase revealed abnormalities in renal tubular injury markers, including proteinuria and the
presence of urinary casts. Follow-up results showed that transient casts appeared 18 days after the
accident, after which renal function indicators gradually returned to baseline levels, suggesting that
renal injury induced by acute uranium exposure exhibits a certain degree of dose dependence and
potential reversibility!*3,

Compared with acute exposure, chronic uranium exposure involves a broader population,
primarily including residents in areas with high uranium concentrations in drinking water, Gulf War
veterans, and occupationally exposed populations. Long-term uranium intake from drinking water is
significantly positively correlated with urinary uranium levels. For every 1 pg increase in daily
uranium intake, urinary uranium concentration increases by 0.21 ng/mmol Cr, with a 95% confidence
interval (confidence interval, CI) of 0.19-0.24. Moreover, a significant exposure—response
relationship has been observed between uranium exposure from drinking water and the risk of
moderate chronic kidney disease. Compared with individuals consuming drinking water containing
<2 pg/L uranium, those exposed to >15 pg/L uranium in drinking water for three years or longer show
a 14% increased risk of chronic kidney disease (95% CI, 5%-25%). Among Gulf War veterans,
follow-up studies conducted between 2009 and 2019 observed changes in several indicators,
including SCr, uric acid, urinary glucose, urinary albumin, and total protein. However, only a mild
increase in urinary interleukin-18 (IL-18) levels was detected in 2019, and the overall levels remained
close to the normal range. Therefore, current evidence is still insufficient to determine whether
uranium exposure—related renal injury is present, and longer-term follow-up observations are
required(*2-151,

With increasing cumulative absorbed doses of uranium in the body, the mortality risks of kidney
stones, renal cancer, chronic kidney disease, and multiple myeloma show an upward trend [167],
However, some studies have reported contrasting findings[*®l, according to standardized mortality
ratio (SMR) analyses, uranium miners appear to be protected against mortality from renal diseases,
all-cause mortality, cardiovascular diseases, or diabetes as a result of uranium exposure.

In summary, epidemiological evidence suggests that DU exposure is associated with renal injury.
Its health effects may manifest as acute and potentially reversible renal dysfunction, alterations in
early biomarkers of renal tubular injury under chronic exposure conditions, and, in populations with
long-term high cumulative exposure, an increased risk of kidney-related diseases and mortality.

3. Molecular Biological Mechanisms of Depleted Uranium-Induced Renal Injury
3.1. Oxidative Stress

Oxidative stress is considered one of the important mechanisms underlying DU-induced renal
injury and plays a key role in the initiation and progression of both acute and chronic kidney damage.
Under conditions of oxidative stress, excessive production of reactive oxygen species (ROS) and
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reactive nitrogen species (RNS) can induce oxidative damage to lipids, proteins, and DNA, and may
mediate cellular oxidative injury by regulating the expression of apoptosis-related genes*®2%, DU-
induced oxidative stress can lead to injury and necrosis of renal tubular epithelial cells, accompanied
by a series of pathological alterations, including glomerulosclerosis, apoptosis, inflammatory cell
infiltration, and tubulointerstitial fibrosis™ 2L,

Both acute and chronic DU exposure can induce significant alterations in total oxidant status
(TOS), total antioxidant status (TAS), and the oxidative stress index (OSI) in renal tissues and serum.
Moreover, these indicators exhibit dose-dependent changes with increasing DU levels in the body(],
In acute exposure models, rats treated with DU exhibit significantly elevated levels of the oxidative
stress end-product malondialdehyde (MDA) indicating that DU can markedly enhance lipid
peroxidation(t2122],

At the level of molecular regulation, DU can influence oxidative stress through multiple
mechanisms. On the one hand, DU can inhibit the activities of aldehyde dehydrogenase 2 (ALDH2)
and alcohol dehydrogenase 1 (ADH1), thereby inducing carbonyl stress and reducing the metabolism
of reactive aldehydes!?l; On the other hand, DU can suppress the signaling pathway of nuclear factor
erythroid 2—related factor 2 (Nrf2), a key transcription factor in the renal antioxidant defense system.
Under conditions of medium- and high-dose DU exposure, its cytoplasmic chaperone protein Kelch-
like ECH-associated protein 1 (Keapl) is inhibited, resulting in reduced accumulation and nuclear
translocation of Nrf2. This subsequently downregulates the expression of the downstream antioxidant
gene glutamate—cysteine ligase catalytic subunit (GCLC), thereby aggravating the oxidative stress
responsel?4l,

In chronic DU exposure models, the expression of antioxidant enzymes and ion transport proteins
associated with oxidative stress responses is also altered. For example, the expression of superoxide
dismutase 1 (SOD1) is upregulated, while the expression of sodium-dependent phosphate
cotransporter I (NaPi-11) and its encoding gene SLC34A1 is also increased[?®l. It has been suggested
that NaPi-11 may enhance the accumulation of DU in renal tubules and mediate its cytotoxic effects
by promoting the reabsorption of DU from primary urine and reducing its excretion in urinef?®l,

DU can also induce oxidative stress through the coordinated activation of multiple signaling
pathways. Among these, the Hedgehog (Hh) signaling pathway plays an important role in DU-
induced oxidative stress. Studies have shown that mice orally administered 100 mg/kg DU every two
days for four consecutive weeks exhibit significantly decreased expression of antioxidant enzymes in
renal tissues, including heme oxygenase-1 (HO-1), superoxide dismutase 2 (SOD2), and catalase
(CAT). In contrast, knockout of Gli2, a key effector of the Hh signaling pathway, markedly
upregulates the levels of these antioxidant enzymes, reduces renal ROS production, and improves
renal tissue structure as well as renal function indicators(®l. On the other hand, as a heavy metal
element, DU can directly promote the generation of ROS during its metabolic processes in vivo.
Previous studies have indicated that a mutually reinforcing relationship exists between ROS
production and the Hh signaling pathway. Specifically, ROS can activate the Hh signaling pathway,
while activation of the Hh pathway further promotes ROS generation, thereby forming a positive
feedback amplification effect[?”-28],

In addition, DU exposure can enhance the conversion of linoleic acid to arachidonic acid (AA) in
human renal proximal tubular epithelial cells (HK-2). AA can promote the excessive generation of
ROS through multiple pathways. On the one hand, AA can activate Ca?>" channels on the cell
membrane, facilitating Ca®" influx and activating NADPH oxidase, thereby inducing ROS
production®; On the other hand, AA can also promote ROS generation through the overactivation
of receptor-interacting protein 1 (RIP1) B%. Furthermore, during the metabolic processes of AA via
the cyclooxygenase (COX) and lipoxygenase (LOX) pathways, the oxidative stress response can be
further amplified.
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In summary, DU can induce oxidative stress in the kidneys through multiple pathways. These
mechanisms include increasing the oxidative burden in vivo, suppressing the Nrf2/Keapl-mediated
antioxidant defense system, and activating the Hedgehog (Hh) signaling pathway and arachidonic
acid metabolism. Together, these processes contribute to a sustained and amplified oxidative stress
state, ultimately leading to renal cell injury, inflammatory responses, and pathological alterations such
as renal interstitial fibrosis.

3.2. Mitochondrial Structural and Functional Dysfunction

Mitochondria are the central organelles responsible for intracellular energy metabolism. In
addition to mediating ATP synthesis, they also participate in the regulation of multiple important
biological processes, including apoptosis, autophagy, and Ca?>* homeostasis. DU exposure can reduce
the number of mitochondria in renal cells and induce structural abnormalities such as mitochondrial
swelling, vacuolization, and impaired membrane integrity. These alterations lead to mitochondrial
dysfunction, which is mainly characterized by decreased mitochondrial membrane potential (MMP),
reduced ATP synthesis, increased ROS generation, aggravated lipid peroxidation, and enhanced
mitophagy!?231:32],

MMP is an important indicator reflecting mitochondrial membrane integrity and metabolic
function, and its decline or collapse is considered a critical trigger of cellular necrosis and apoptosis
[33341 In an acute DU exposure model, rats treated with 10 mg/kg DU for 72 h exhibited a significant
decrease in mitochondrial MMP in renal cells, whereas intervention with the mitochondrial protective
agent melatonin (melatonin, Mel) partially restored MMP levels and improved mitochondrial and
renal function[?2],

Mechanistic studies have shown!®! that DU can induce the translocation of the pro-apoptotic
protein BCL2-associated X protein (Bax) to the outer mitochondrial membrane, where it cooperates
with the abnormally opened mitochondrial permeability transition pore (MPTP), leading to a decline
in MMP. The translocation of Bax to the mitochondrial outer membrane not only disrupts
mitochondrial membrane potential but also promotes the release of multiple mitochondria-derived
apoptotic signaling molecules into the cytoplasm, thereby inducing apoptosis of renal cells 28, In
addition, persistent opening of the MPTP can facilitate the release of proteins such as cytochrome c
and apoptosis-inducing factor (AIF), further activating downstream apoptotic cascades &3],
Blocking the abnormal opening of the MPTP has been demonstrated to significantly alleviate DU-
induced mitochondrial dysfunction and renal injury.

Inhibition of the mitochondrial oxidative respiratory chain by DU is considered one of the direct
causes of energy metabolism disorders. In vivo, DU mainly exists in the form of the redox-active
uranyl ion (UO2?"), which can markedly increase intracellular ROS levels. Excessive ROS attack the
polyunsaturated fatty acids abundant in the mitochondrial inner membrane, triggering lipid
peroxidation and subsequently leading to structural defects or even disruption of the mitochondrial
inner membrane®. Once the integrity of the mitochondrial inner membrane is compromised, the
enzyme complexes of the oxidative respiratory chain lose their stable anchoring, thereby impairing
the overall function of the respiratory chain.

In addition, DU can directly inhibit the activity of mitochondrial enzyme complexes 11, 111, IV, and
V240 1n particular, inhibition of complexes 1V and V leads to the accumulation of highly reactive
intermediates upstream of complexes I-1ll. These intermediates can reduce molecular oxygen to
superoxide anion (O:'7), which is subsequently converted into various ROS. Continuous
accumulation of ROS within mitochondria can disrupt oxidative phosphorylation, resulting in
decreased ATP synthesis, collapse of MMP, and ultimately damage to the integrity of the
mitochondrial outer membrane. Half-maximal inhibitory concentrations (ICso) of DU for complexes
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IV and V are comparable to the dose threshold that induces nephrotoxicity, suggesting that these
enzyme complexes may represent key molecular targets of DU-induced nephrotoxicity. Notably, the
organism may partially compensate for this functional inhibition by upregulating the gene expression
of the relevant enzyme complexes 381,

Recent studies have shown that downregulation of mitochondrial persulfide dioxygenase ETHE1
is closely associated with DU-induced nephrotoxicity. DU exposure can decrease ETHE1 expression,
leading to the accumulation of hydrogen sulfide (H-S) and its derivatives (such as thiosulfate) in vivo.
High concentrations of H.S may inhibit mitochondrial respiratory function, whereas exogenous
supplementation of ETHEL can significantly alleviate DU-induced mitochondrial dysfunction and
oxidative stress injury, suggesting that the ETHE1/Nrf2 signaling axis plays an important regulatory
role in DU-induced nephrotoxicity 2241,

However, other studies have proposed a different perspectivel?! | suggesting that H>S may exert
protective effects on mitochondrial and renal function by enhancing the activation and nuclear
translocation of Nrf2, thereby reversing the DU-induced downregulation of aldehyde-metabolizing
enzymes and reducing the generation of reactive aldehydes, ultimately lowering oxidative stress
levels.

In addition, recent studies have found that DU can induce ferroptosis in renal cells by
downregulating ETHE1 expression. DU exposure leads to mitochondrial dysfunction, and excessive
accumulation of ROS activates the P38-MAPK stress signaling pathway. This pathway further
promotes ferritinophagy mediated by nuclear receptor coactivator 4 (NCOA4). This cascade results
in intracellular Fe?* overload and lipid peroxidation, ultimately triggering ferroptosis [42],

In summary, DU-induced mitochondrial injury in the kidneys represents a multi-level process
involving the coordinated action of multiple pathways. DU not only directly disrupts mitochondrial
structure—such as mitochondrial swelling and inner membrane damage—and impairs key
mitochondrial functions, including ATP synthesis and maintenance of mitochondrial membrane
potential (MMP), but also promotes mitochondrial-dependent apoptosis mediated by the Bax/MPTP
pathway. In addition, downregulation of ETHE1 further amplifies oxidative stress, together forming
a cascade of “structural damage—functional impairment—cell death.” The recently proposed
ETHE1/Nrf2 regulatory axis provides a new integrative perspective for understanding the
mitochondrial mechanisms underlying DU-induced renal injury.

3.3. Cell Death

Cell death can occur through several forms, including apoptosis, pyroptosis, and necrosis %I,
Studies have shown that DU exposure can significantly increase the level of apoptosis in renal tissues,
and typical apoptosis-like pathological alterations can be observed in renal tubular epithelial cells 4
461 Current evidence suggests that DU-induced apoptosis of renal cells mainly occurs through three
pathways: the intrinsic apoptotic pathway, the extrinsic apoptotic pathway, and the endoplasmic
reticulum stress—related apoptotic pathway.

The intrinsic apoptotic pathway is a form of programmed cell death triggered by intracellular stress
signals and primarily involves key molecular events such as regulation by the Bcl-2 protein family,
release of cytochrome c, and activation of the Caspase cascade, ultimately leading to apoptosis.
Studies have shown that DU exposure can induce intrinsic apoptosis through both DNA damage and
mitochondrial pathwayst"l,

DU binds to DNA molecules in the form of UO.**, catalyzing hydrolysis of DNA strands and
interfering with DNA replication, transcription, and repair processes. Impairment of DNA synthesis
and repair is considered one of the major triggers of apoptosis in renal cells “&.Uranium can
covalently interact with oxygen atoms in the phosphate backbone of DNA or with nitrogen and
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oxygen atoms within nucleobases, forming uranium—DNA adducts. One study reported that after cells
were treated with 300 uM uranium for 48 h, approximately eight uranium atoms were detected per
1000 phosphate groups on average 191, These findings suggest that uranium exposure may initiate the
intrinsic apoptotic program by inducing direct DNA damage in renal cells.

DU can catalyze the production of highly reactive hydroxyl radicals from H-O: through a Fenton-
like reaction, which subsequently attack DNA molecules. Compared with iron, the conventional
catalyst in Fenton reactions, DU exhibits approximately sixfold higher catalytic efficiency. DU
exposure significantly increases the levels of DNA oxidative damage markers, including 8-
hydroxydeoxyguanosine (8-OHdG) and thymidine glycol, and the extent of DNA damage shows a
dose-dependent relationship with DU concentration®®. Application of the ROS scavenger sodium
azide markedly suppresses the formation of 8-OHdG, further suggesting that DU indirectly damages
DNA by promoting oxidative stress, thereby initiating the intrinsic apoptotic pathway.

In addition, DU can induce cell death through the mitochondrial-dependent apoptotic pathway.
Increased mitochondrial membrane permeability promotes the release of cytochrome c into the
cytoplasm, where it binds to Apaf-1 to form the apoptosome, subsequently activating Caspase-9 and
Caspase-3P. In the kidneys of uranium-exposed rats, the expression of the pro-apoptotic protein Bax
is significantly upregulated, and the expression level of Caspase-3 increases markedly with increasing
DU concentrationst®>*®1 indicating that uranium exposure can induce intrinsic apoptosis in renal cells
through the mitochondrial apoptotic pathway.

Extrinsic apoptosis is a form of programmed cell death mediated by extracellular death signals.
This process is typically initiated by the binding of cell-surface death receptors—such as Fas and
tumor necrosis factor receptors (TNFRs)—to their corresponding ligands®®l. Following ligand—
receptor interaction, a death-inducing signaling complex (DISC) is formed, which subsequently
activates initiator Caspases such as Caspase-8 and Caspase-10. These initiator Caspases further
activate downstream effector Caspases, including Caspase-3 and Caspase-7, ultimately leading to
apoptosist®?,

In DU-exposed HK-2 cells, the expression level of sFasL (Fas ligand) is significantly upregulated,
with an increase of approximately 400%, accompanied by a marked elevation in Caspase-3
expressiont® These findings suggest that DU may participate in renal cell apoptosis through the Fas-
mediated extrinsic apoptotic pathway. In addition, the Fas-mediated apoptotic signaling pathway
involves activation of multiple downstream molecules, including ERK/JNK MAPKSs, JNK, and p38-
K, which can further regulate the apoptotic process. Among these pathways, the MAPK signaling
pathway appears to play a particularly important role. Gene Ontology (GO) analysis has shown that
in HK-2 cells exposed to 800 uM DU, the MAPK signaling pathway ranks among the most
significantly enriched pathways [“8l. These results suggest that DU may induce extrinsic apoptosis in
HK-2 cells through activation of the MAPK signaling pathway.

DU-induced endoplasmic reticulum (ER) stress—related apoptosis is primarily mediated through
inhibition of the Nrf2 signaling pathway. Reduced Nrf2 activity can trigger ER stress responses,
which subsequently activate Caspase-12 and Caspase-3, thereby initiating the apoptotic program. DU
exposure significantly suppresses the nuclear translocation of Nrf2 in renal cells and downregulates
the expression of proteasome subunits o type-6 and B type-7. This reduction decreases the assembly
of the 20S proteasome complex, and impairment of proteasome function interferes with the clearance
of misfolded or unfolded proteins within the ER, ultimately inducing ER stress®3l.

ER stress can further promote apoptosis through activation of multiple signaling pathways
involved in the unfolded protein response (UPR). DU exposure has been shown to significantly
decrease the expression of UBLS5, a protein associated with ER stressi*€l, Previous studies indicate
that downregulation of UBL5 can activate multiple cell death pathways, thereby inducing
apoptosis®®. These findings suggest that DU may disrupt downstream apoptotic signaling by
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activating ER stress pathways and suppressing UBLS5 expression, ultimately leading to cell apoptosis.

In addition, the ER serves as the primary intracellular reservoir for Ca?". Disruption of ER Ca**
homeostasis or depletion of ER Ca?" can trigger ER stress responses™!. Inositol 1,4,5-trisphosphate
receptors (IP3Rs) are ligand-gated channels that mediate Ca?* release from the ER into the cytoplasm.
DU exposure significantly upregulates the expression of IP3Rs in renal cells®® resulting in
substantial Ca** release from the ER into the cytoplasm. This process subsequently activates the ER
stress—associated cysteine protease Caspase-12, which further activates Caspase-3 and ultimately
induces apoptosis in renal cells B7,

Moreover, excessive ROS generated in the kidneys following DU exposure can markedly
upregulate the expression of the key transcription factor C/EBP homologous protein (CHOP)
involved in ER stress—mediated apoptosis®®®l, Through oxidative stress, DU triggers the UPR and
activates Caspase-12, thereby initiating the apoptotic cascade. Administration of the ROS scavenger
N-acetylcysteine (NAC) has been shown to significantly alleviate renal cell apoptosis induced by DU
exposure.

Pyroptosis is an inflammatory form of programmed cell death mediated by inflammasomes and is
characterized by activation of Caspase-1. Activated Caspase-1 cleaves Gasdermin D (GSDMD),
which forms pores in the cell membrane, leading to cell swelling, membrane rupture, and the release
of mature pro-inflammatory cytokines IL-1B and IL-18, thereby triggering a strong inflammatory
responsel®. DU exposure can induce excessive generation of reactive oxygen species (ROS) in renal
tubular epithelial cells, which subsequently activates the key NLRP3 inflammasome. The activated
NLRP3 inflammasome recruits and cleaves pro-Caspase-1, generating the active form, cleaved
Caspase-1. On the one hand, cleaved Caspase-1 cleaves GSDMD, resulting in membrane pore
formation and leakage of lactate dehydrogenase (LDH); on the other hand, it processes the precursors
of IL-1B and IL-18, promoting their maturation and release, ultimately inducing pyroptosis in renal
cellst®®5% AKT, an important downstream signaling molecule in this pathway, plays a key role in
promoting cell survival and inhibiting cell death during heavy-metal-induced cellular injury 53601,
DU exposure significantly reduces AKT expression in renal cells, whereas treatment with NaHS
upregulates AKT expression and markedly reduces the level of renal cell pyroptosis. These findings
suggest that endogenous H-S can effectively alleviate DU-induced renal cell pyroptosis ¥, and the
development of novel H2S donors may represent a potential therapeutic strategy.

In summary, DU exposure can synergistically induce apoptosis and pyroptosis in renal cells
through multiple signaling pathways. These mechanisms include intrinsic apoptosis mediated by
direct DNA damage and oxidative stress, extrinsic apoptosis mediated by death receptors and the
MAPK signaling pathway, endoplasmic reticulum stress—related apoptosis triggered by inhibition of
the Nrf2 pathway and disruption of ER Ca?** homeostasis, as well as pyroptosis mediated by activation
of the NLRP3/Caspase-1 signaling pathway.

4. Conclusion and Perspectives

Comprehensive evidence from animal experiments, epidemiological investigations, and molecular
mechanism studies indicates that DU exposure can exert adverse effects on the kidney, which is
considered one of the primary target organs of DU toxicity. The proximal renal tubules are the main
sites of injury, manifested by renal functional abnormalities, structural alterations in renal tissue, and
activation of multiple forms of cell death. At the molecular level, oxidative stress, mitochondrial
structural and functional dysfunction, and cell death processes play critical roles in DU-induced renal
injury.

Although significant progress has been made in recent years in elucidating the mechanisms of DU-
induced nephrotoxicity, several issues remain to be addressed. First, most current mechanistic studies
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are still based on animal models and in vitro cell experiments, and uncertainties remain when
extrapolating these findings to scenarios of long-term, low-dose exposure in human populations.
Second, although epidemiological studies have observed changes in renal tubular injury biomarkers,
their biological significance and causal relationship with clinical outcomes remain unclear. Third,
under different exposure doses, exposure routes, and exposure durations, the boundary between
adaptive renal responses and toxic effects induced by DU requires further clarification.

Future studies should focus on several key aspects. First, long-term prospective cohort studies in
exposed populations should be conducted, combined with highly sensitive biomarkers of renal injury,
to clarify the health risks associated with chronic DU exposure and their progression patterns. Second,
further investigations are needed to elucidate the key regulatory nodes linking oxidative stress,
mitochondrial structural and functional dysfunction, and cell death signaling pathways, in order to
identify molecular targets with potential therapeutic value. Third, emerging mechanisms—such as
the ETHEL/Nrf2 axis, H2S signaling pathways, and inflammasome regulation—should be explored
to clarify their roles in DU-induced nephrotoxicity and to provide a theoretical basis for the
development of preventive and therapeutic strategies.

In summary, DU-induced renal injury is a complex, multilevel process involving the coordinated
action of multiple mechanisms. Its toxic effects evolve from early molecular events to cellular damage
and ultimately to histopathological alterations. A systematic elucidation of these mechanisms will not
only deepen the understanding of uranium toxicology but also provide an important scientific basis
for assessing human health risks and developing effective protective measures.
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