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ABSTRACT

Metals have dual biological roles. Essential metals, including magnesium, zinc, and cop-
per, are required for physiological functions within narrow homeostatic windows, whereas
non-essential metals such as cadmium may exert toxic effects even at low exposure levels.
Chemical form, ion, complex, or nanoparticle, further influences biological fate. However, cur-
rent mechanistic understanding remains largely based on two-dimensional (2D) monolayers
and animal models, both of which incompletely capture the tissue architecture and cell-cell
crosstalk that govern metal behavior in vivo. Three-dimensional (3D) organoid technology
has emerged as a promising approach to address this gap. This review synthesizes how intes-
tinal, brain, kidney, liver, breast, cardiac, and tumor organoids have been used to assess met-
al-induced morphogenesis, metabolic reprogramming, toxicity, and therapeutic responses.
We first summarize conventional findings related to metabolism, toxicity, and detoxification,
and then highlight organoid-specific insights: low-dose silver nanoparticles prolong the cell
cycle by impairing ciliogenesis, whereas high doses trigger apoptosis; intestinal organoids
link copper handling to lipid uptake; prostate organoids reveal miR-183-regulated zinc ho-
meostasis; and engineered nanozymes selectively scavenge reactive oxygen species in in-
flamed microenvironments. Critical gaps remain: most platforms lack vasculature, immune
components, and systemic metabolic clearance; chronic low-dose studies are rare; and ge-
netically diverse biobanks remain limited. Addressing these gaps is essential for transforming
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organoids into reliable predictive platforms for metal toxicology and drug development.

Introduction

Metals are involved in diverse physiological pro-
cesses, including catalysis, oxygen transport, signal-
ing, and bone formation, but the boundary between
physiological necessity and toxicity is narrow. Mag-
nesium, zinc, copper, and iron are indispensable only
within tightly regulated homeostatic ranges; when
their concentrations fall outside these ranges, patho-
logical conditions ranging from metabolic syndrome
to neurodegeneration may occur [1-11]. Cadmium,
which has no recognized physiological benefit, can
damage the kidney, disrupt endocrine function, and
impair development even at background exposure
levels [12,13,28,29,81,88]. Further complicating this
issue, chemical form strongly influences biological
outcomes: chromium(III)-polysaccharide complex-
es show stronger glycemic regulatory effects than
the corresponding ligand alone [16]; whereas silver
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nanoparticles disrupt multiple metabolic pathways
in a manner distinct from ionic silver [21].

A major limitation is that much of the current
mechanistic knowledge is derived from two conven-
tional model systems with important limitations.
Two-dimensional (2D) monolayers lack tissue archi-
tecture and paracrine signaling networks, whereas
animal models are limited by species differences, low
throughput, and restricted cell-type-specific resolu-
tion. When the aim is to determine cell-type- and
organ-specific effects of metals, conventional models
remain insufficient.

Organoids offer a promising approach to over-
coming these limitations. Derived from stem cells
and cultured within extracellular matrix scaffolds,
they can self-organize into miniature tissues that re-
tain structural hierarchy and functional characteris-
tics. In recent years, intestinal, gastric, liver, kidney,
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brain, breast, cardiac, and tumor organoids have been
adopted in metal-related research across studies of
metal homeostasis, toxicity, metabolism, and thera-
peutic responses [69-120].

This review is organized into two main parts.
First, we summarize evidence from conventional
models related to metabolism, toxicity, detoxifica-
tion, and toxicity mitigation, thereby establishing
the current knowledge base and the limitations that
organoid models may help address. Second, we crit-
ically examine organoid-based studies, focusing on
how metals affect morphogenesis, serve as targets
for toxicity assessment, reveal tissue-specific metal
handling and metabolic responses, and enable thera-
peutic evaluation. Common mechanistic themes, in-
cluding mitochondrial injury, reactive oxygen species
generation, DNA damage, autophagy, and cell-cycle
arrest, emerge across different metals and organ sys-
tems, although each metal retains distinct biological
signatures. Finally, we discuss key translational chal-
lenges, including limited vascularization, insufficient
immune components, absent or incomplete clearance
pathways, a bias toward acute high-dose exposure
rather than chronic low-dose exposure, and a short-
age of population-scale biobanks that reflect human
genetic heterogeneity. Unless these challenges are ad-
dressed, organoids will remain valuable models, but
not yet fully predictive platforms for metal toxicol-

ogy-

2. Evidence from conventional experimental
models

2.1 Metal-dependent metabolic regulation
Metal-dependent regulation of metabolism fol-
lows a dose- and form-dependent pattern. Essential
metals, including magnesium, zinc, copper, and iron,
support glucose metabolism, mitochondrial func-
tion, redox homeostasis, osteogenesis, hepatic meta-
bolic function, and bone remodeling within narrow
physiological ranges [1-11]. However, both deficien-
cy and excessive accumulation can disturb metabolic
homeostasis. Magnesium deficiency has been asso-
ciated with impaired glucose metabolism, whereas
magnesium supplementation may support osteogen-
esis and metabolic balance [1,2]. Copper, zinc, and
iron are involved in antioxidant defense, hepatic in-
flammatory responses, bone remodeling, and insulin
sensitivity, whereas excessive accumulation, particu-
larly of copper or iron, may promote oxidative stress,
lipid peroxidation, and inflammatory injury [5-10].

In contrast, cadmium has no recognized physiologi-
cal benefit and can disrupt energy metabolism, lipid
handling, pancreatic B-cell function, and gut-liver
metabolic communication [12,13].

The biological effects of metals are strongly in-
fluenced by their chemical form. Metal complexes
may alter metal bioavailability, enzyme inhibitory
activity, antioxidant capacity, and glucose metabo-
lism. For example, chromium(III)- polysaccharide
complexes show stronger a-amylase and a-glucosi-
dase inhibitory activity than the corresponding poly-
saccharides alone, suggesting that complexation can
modify metabolic activity [16]. Protamine zinc insu-
lin combined with selenium has also been reported
to improve glucose metabolism in diabetic mice [17].
Metal- containing nanoparticles further complicate
these effects because particle size, surface modifi-
cation, dissolution behavior, and tissue distribution
jointly determine metabolic outcomes. Polyethylene-
imine-modified gold nanoparticles can disturb he-
patic drug-metabolizing enzymes and lipid metabo-
lism, while silver nanoparticles can affect glycolysis,
the tricarboxylic acid cycle, amino acid metabolism,
phospholipid metabolism, and antioxidant defense
pathways [20,21].

Overall, conventional studies suggest that met-
al-induced metabolic effects are shaped by three in-
teracting variables: exposure dose, chemical form,
and tissue-specific metal handling [1-21]. However,
most existing evidence has been derived from animal
models or two-dimensional cell cultures. These sys-
tems provide limited information on how distinct cell
populations within the same tissue coordinate metal
uptake, storage, transport, and metabolic adaptation.
This limitation provides a strong rationale for using
organoid models to investigate cell-type-specific and
tissue-context-dependent metal metabolism.

2.2 Shared and metal-specific toxicity mechanisms

Metal-induced toxicity often converges on sev-
eral recurrent cellular stress pathways, including mi-
tochondrial dysfunction, oxidative stress, impaired
DNA repair, inflammatory signaling, cell-cycle arrest,
apoptosis, autophagy dysregulation, and tissue-spe-
cific functional decline [24-29,36,38]. Manganese ex-
posure is closely linked to neurotoxicity, mitochon-
drial impairment, altered mitochondrial respiration,
reactive oxygen species (ROS) generation, and glial
cell-mediated neuroinflammation [24,25,27]. Cad-
mium is associated with a broader spectrum of toxic
effects, including nephrotoxicity, developmental tox-



icity, endocrine disruption, reproductive toxicity, and
carcinogenic potential [28,29]. At the cellular level,
cadmium can interfere with DNA repair, induce ROS
production, promote apoptosis, and disrupt cell-cy-
cle progression [28,29]. Aluminum toxicity is mainly
reflected in impaired bone metabolism through dis-
ruption of collagen synthesis, bone formation, and
bone remodeling [26].

Metal-containing compounds and nanoparticles
exhibit additional toxicological complexity. Cisplatin,
a representative platinum-based compound, induc-
es DNA adduct formation, activates DNA damage
responses, and causes tissue-dependent injury, par-
ticularly in renal and neural tissues [31,38]. Beryl-
lium sulfate can induce apoptosis and autophagy in
bronchial epithelial cells [36]. For metal-containing
nanoparticles, toxicity depends not only on elemental
composition but also on particle size, surface chem-
istry, dissolution behavior, accumulation, and tar-
get-organ distribution [39-44]. Zinc oxide nanopar-
ticles may release zinc ions and induce cumulative
toxicity, whereas nano-anatase titanium dioxide may
damage the liver, kidney, and myocardium at high
doses [41-43]. Silver nanoparticles may induce devel-
opmental toxicity through direct mechanisms, such
as ROS generation, DNA damage, apoptosis, and cy-
toskeletal disruption, as well as indirect mechanisms
involving maternal hormonal imbalance, inflamma-
tion, immune dysregulation, and placental impair-
ment [44].

Taken together, metal toxicity should be consid-
ered a dynamic process shaped by dose, exposure du-
ration, chemical form, and target-organ susceptibility
[22-44]. Current evidence remains heavily weighted
toward acute and/or high-dose exposure models,
whereas chronic low-dose exposure, mixed-metal
exposure, and long-term tissue accumulation remain
insufficiently characterized. This evidence gap limits
the ability of conventional models to predict out-
comes under realistic human exposure scenarios.

2.3 Metal-based protective and therapeutic
strategies

Metal-related intervention strategies can be
broadly divided into three categories: restoration of
metal homeostasis, attenuation of oxidative and/or
inflammatory injury, and development of metal-con-
taining or metal-based therapeutic materials. Magne-
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sium supplementation has been reported to alleviate
pancreatic inflammation and reduce oleic acid-in-
duced lipid accumulation, suggesting a potential pro-
tective role in pancreatitis and fatty liver-related met-
abolic injury [45,46]. Zinc and selenium are closely
associated with liver function, immune regulation,
and antioxidant defense, and their supplementation
may provide supportive benefits in advanced liver
disease and related complications [48,51]. Calcium-
and citrate-related interventions have also been in-
vestigated in bone metabolism and urinary calcium
regulation [53,54]. Collectively, these studies suggest
that correcting essential-metal imbalance may miti-
gate organ injury under specific pathological condi-
tions.

Metal complexes and nanoformulations further
extend metal-related intervention strategies beyond
simple mineral supplementation. Chromium(III)-
and zinc- containing complexes have been explored
for improving glucose metabolism and insulin sen-
sitivity [55,56]. Platinum and gold complexes have
been investigated as antitumor agents, with reported
mechanisms involving cytoskeletal disruption, met-
abolic inhibition, immune activation, and oxidative
stress modulation [57,58]. Engineered nanozymes,
including iron carbide nanoparticles, molybde-
num-based polyoxometalate nanoclusters, ultrathin
niobium carbide, and hollow MnO, nanoparticles,
can regulate ROS levels and attenuate inflammatory
or tumor-related injury in disease models [64-68].
Other metal-based nanomaterials may also exert an-
titumor effects by enhancing ROS generation, regu-
lating the tumor microenvironment, or improving
drug delivery [60-63,66].

Despite these promising findings, metal-based
protective and therapeutic strategies remain challeng-
ing to translate directly into clinical practice. Long-
term biodistribution, clearance, organ accumulation,
off-target toxicity, and baseline interindividual dif-
ferences in metal status remain insufficiently under-
stood [57-68]. Therefore, more physiologically rele-
vant models are needed to evaluate both therapeutic
efficacy and potential toxicity under controlled, tis-
sue-specific conditions. Organoids may help bridge
this gap by providing human-relevant platforms for
assessing metal handling, tissue repair, toxicity mit-
igation, and therapeutic windows in a tissue-specific
context.
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Table 1. Concise summary of metal-induced effects in conventional experimental models

Representative s . . R T
Category P Main biological effects Key mechanisms / implications
examples
Regulate glucose metabolism, . .
& & . Deficiency or excess can disturb
. . redox balance, osteogenesis, . .
Essential metal ions Mg, Zn, Cu, Fe . . metabolic homeostasis, inflamma-
hepatic function, and bone re- . . .
. 1 tion, and tissue function.
modeling within narrow ranges.
Cause developmental, renal, ROS generation, mitochondrial
Non-essential or toxic Cd. Mn. Al neurological, reproductive, dysfunction, DNA repair interfer-
metal ions T carcinogenic, or bone-related ence, cell-cycle arrest, and impaired
toxicity. collagen/bone remodeling.
Cr(I1I), Zn Show metabolic modulation, Altered enzyme activity, DNA
Metal complexes / cispla ti’n P)t /Au antitumor activity, or tissue-spe- | adduct formation, cytoskeletal
compounds P ’ cific toxicity depending on disruption, immune activation, and
complexes 1 .
structure and dose. oxidative stress modulation.
. Induce metabolic disruption, D .
Metal-containing GNPs, AgNPs, P Biological effects depend on size,
. . developmental toxicity, ROS . . . ;
nanoparticles / nano- | ZnO, TiO,, MnO,, . . surface chemistry, dissolution, bio-
scavenging, or ROS-mediated o -
zymes POM nanoclusters . distribution, and nanozyme activity.
antitumor effects.

3. Applications of Organoid Models in Metal
Biology and Toxicology

3.1 Metal-dependent organoid growth and mor-
phogenesis
3.1.1 Metal-dependent modulation of organoid
growth and morphogenesis
3.1.1.1 Metal ions

Kristen et al.used gastric organoids derived from
transgenic mice expressing genetically encoded
calcium indicators to investigate potential sources
of intracellular Ca** mobilization [69]. Voltage-
gated calcium channels were found to contribute
to intracellular Ca** responses during repair,
suggesting that extracellular Ca** uptake contributes
to calcium mobilization. In addition, store-operated
calcium entry also played a critical role in calcium
mobilization during recovery. Rodrigo et al
investigated nanocellulose hydrogels crosslinked
with Ca*and Mg** as substrates for 3D cell culture,
which provided the biochemical and mechanical
properties required for the growth and recovery of
intestinal organoids [70] . This study supports the
potential use of cation-crosslinked nanocellulose
hydrogels as plant-based alternative substrates in 3D
cell culture systems. Durga, et al. evaluated the effects
of calcium on the growth and differentiation capacity
of human colonic tissue. Colonic tissue derived
from histologically normal human samples retained

differentiation capacity under low-calcium conditions
[71] . However, a high-calcium environment induced
protein remodeling that promoted cell-cell and cell-
matrix adhesion, and these changes may improve
barrier function and colonic tissue integrity.

Liu et al. reported that an appropriate copper
concentration promoted the proliferation of ovine
pancreatic ductal organoids by activating the MEK-
ERK1/2 signaling pathway in a copper chaperone 1
(ATOX1)-dependent manner, whereas excessive or
insufficient copper compromised organoid cell via-
bility [72].

Rocco et al. investigated the effects of cadmium
ions on human breast stem/progenitor cell-derived
organoid formation [73]. They found that cadmium
inhibited the proliferation and differentiation of hu-
man breast stem/progenitor cells by suppressing HIF-
la activity, thereby impairing mammosphere and
breast organoid formation. A physiologically relevant
dose of cadmium at 2.5 mM reduced the formation of
primary mammospheres and branched organoid-like
structures by 33% and 87%, respectively.

3.1.1.2 Metal compounds

Day et al. investigated the osteogenic differen-
tiation of human mesenchymal stem cells cultured
on coral hydroxyapatite/calcium carbonate scaffolds
[74]. Their findings demonstrated that coral hydroxy-
apatite/calcium carbonate scaffolds could support



cell culture and osteogenic differentiation, suggesting
their potential application as calcium-containing bio-
material scaffolds for bone tissue engineering.

DeLaForest et al. studied the role of the zinc-fin-
ger transcription factor GATA4 in gastric develop-
ment [75]. GATA4 promoted the morphogenetic
transition of nascent posterior foregut endoderm
cells into spheroids, thereby supporting gastric or-
ganoid growth and expansion.

Strubberg et al. explored the role of the zinc-fin-
ger transcription factor PLAGL?2 as a let-7-regulated
target in intestinal epithelial stem cells (IESCs) [76].
They reported that PLAGL2 enhanced TCF/LEF-me-
diated transcriptional activity in intestinal organoids
and supported the growth and survival of intestinal
organoids.

Parketal. investigated gold nanoparticle brain-de-
rived neurotrophic factor conjugates (AuNP-BDNF)
in brain organoids and found that AuNP-BDNF al-
tered the expression of 75 genes [77]. BDNF was suc-
cessfully delivered into cerebral organoids through
AuNP-BDNF coupling, and this coupling influenced
organoid differentiation.

Han et al. showed that strain engineering of
CeO,/Mn,0O, nanocrystals generated highly catalytic
antioxidant nanozymes that could protect the regen-
erative capacity of intestinal stem cells in organoid
models after radiation exposure [78] . A low dose
of these nanocrystals could alleviate acute radiation
syndrome and improve the survival of mice exposed
to lethal whole-body irradiation.

3.1.1.3 Nanoparticles

Reding et al. investigated the effects of different
concentrations of niobium carbide nanosheets on in-
testinal organoids [79]. They found that an optimal
concentration of nanosheets could stimulate intesti-
nal organoid cells without detectable toxicity, where-
as high concentrations inhibited organoid growth.
Upon infrared irradiation, nanosheet-treated organ-
oids showed enhanced viability after irradiation.

3.1.2 Metal-related injury and disease phenotypes
3.1.2.1 Metal ions

Kcnql encodes a pore-forming alpha subunit of a
voltage-gated potassium channel. Than et al. generat-
ed Apc™™ mice carrying a targeted deletion of Kenql
[80]. They reported that Kcnql may function as a tu-
mor suppressor gene, as loss of Kengl increased tu-
mor multiplicity in Apc™™ mice.

Xie et al. found that cadmium exposure damaged
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the intestinal mucosal barrier, increased inflamma-
tory responses, markedly reduced Muc2 expression,
caused loss of intestinal goblet cells, increased ROS
production in mice and intestinal organoids, and
overactivated Notch signaling [81]. These findings
indicate that cadmium impairs intestinal barrier in-
tegrity and epithelial differentiation.

3.1.2.2 Metal compounds

Digby et al. found that cisplatin can induce acute
kidney injury and preferential injury to proximal tu-
bular cells, which may be associated with transporter
expression profiles [82]. A single high dose of cis-
platin induced upregulation of the proximal tubular
injury marker HAVCRI, also known as KIM-1, and
the inflammatory cytokine CXCLS, as well as DNA
damage and cell death, thereby impairing kidney or-
ganoid viability.

Ueno et al. found that cisplatin induced partial
vacuolization of tubular epithelial cells, thickening of
tubular structures, and accumulation of dead-cell de-
bris within the tubules of renal organoids [83]. In ad-
dition, electron-lucent vesicles containing organelle
remnants were observed in the cytoplasm.

3.2 Organoid models for metal toxicity assessment
3.2.1metal ions

Hua et al. studied zinc-induced neurotoxicity
[84]. They found that zinc exposure above 1.0 pM
may induce mild neurotoxicity. These findings con-
tribute to the understanding of biomarkers of early
cerebellar development in cerebellar organoid engi-
neering and neurotoxicity studies.

Forsythe et al. found that exposure to lead, mer-
cury, and thallium caused a progressive decline in
cardiac organoid integrity and viability, significantly
decreased ATP levels or metabolic activity, and re-
duced beating frequency [85].

Huang et al. investigated cadmium ion-induced
developmental neurotoxicity in vitro and found that
cadmium ions induced neuronal apoptosis and in-
hibited the proliferation of neural precursor cells in
cerebral organoids [86]. In addition, cadmium-treat-
ed cerebral organoids showed reduced ciliogene-
sis and decreased expression of cilia length-related
genes, leading to transcriptional dysregulation. These
findings highlight the potential neurotoxicity of cad-
mium to the developing brain during early embryon-
ic development.

Ueno, et al. investigated cisplatin-induced neph-
rotoxicity and acute renal tubular injury [87]. They
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Table 2. Representative organoid models for metal toxicity assessment

Metal / material | Organoid model Main phenotype Mechanistic endpoint/evidence
. . . HIF-1a inhibition, ROS/Notch
. . Impaired branching, barrier o - N
. Breast, intestinal, cerebral, | . . activation, ciliogenesis impair-
Cd . . integrity, neural development, .
and cardiac organoids o o ment, apoptosis, and develop-
and cardiac differentiation. . .
mental disruption.
Proximal tubular injury, reduced | HAVCR1 and CXCL8 upregu-
Cisplatin/Pt Kidney organoids viability, cellular vacuolization, | lation, DNA damage, and cell
and degeneration. death.
. Mild neurotoxicity at elevated Excessive intracellular Zn**
) Cerebellar and brain - . .
Zn*/ZnO NPs . Zn exposure and cytotoxicity at | accumulation and defective
organoids .
high ZnO NP exposure. autophagy.
Low-dose proliferation with s . .
AgNPs Cerebral organoids G1/S prolongation; high-dose Cl!la assembly 1nh1b1t10n .an.d e
) paired astrocyte differentiation .
apoptosis.
Pb, Hg, T% and Human-derived liver and Reslu;ed F)rg.agmd 1ntegr1ty, ATP Functhnal'tO)'(l'cuy detect'eq by
other environ- . ) activity, viability, and cardiac organoid viability and activity
. cardiac organoids .
mental toxins beating rate. readouts.
found that cisplatin induced cell death and degener- ~ 3.2.3 Nanoparticles

ative changes in the tubular structures of kidney or-
ganoids, including cytoplasmic vacuolization.

Wu et al. investigated the toxic mechanisms of
cadmium exposure during cardiac development and
found that cadmium inhibited mesoderm formation
and cardiomyocyte differentiation, thereby reduc-
ing the contractile activity of cardiac organoids [88].
Cadmium also induced morphological changes and
apoptosis in human embryonic stem cell-derived car-
diomyocytes. These findings provide insight into the
mechanisms by which cadmium exposure may con-
tribute to congenital heart disease.

3.2.2 Metal compounds

Seiwert, et al. investigated the genotoxic and
cytotoxic effects of heme iron compared with inor-
ganic iron in mouse intestinal organoids [89]. They
showed that heme iron induced ROS production and
DNA damage, thereby exerting cytotoxic effects on
non-malignant intestinal epithelial cells.

Guo's team reported that human urine-derived
stem cells could differentiate into renal tubular epi-
thelial cells in a kidney extracellular matrix-based
three-dimensional culture system [90]. After expo-
sure to acetone and cisplatin, CYP2E1 and KIM-1
levels were significantly increased in the three-di-
mensional renal culture system. These findings sug-
gest that this three-dimensional culture system may
provide an alternative platform for nephrotoxicity
screening and mechanistic studies.

Gehad, et al. investigated the genotoxic and cy-
totoxic effects of heme iron compared with inor-
ganic iron in mouse intestinal organoids [91]. They
showed that heme iron induced ROS production and
DNA damage, thereby exerting cytotoxic effects on
non-malignant intestinal epithelial cells.

Liu et al. used 3D brain organoids to study the
mechanisms of zinc oxide nanoparticle-induced neu-
rotoxicity [92]. The experimental results showed that
High concentrationentrationentrationentrationen-
trations of zinc oxide nanoparticles produced cyto-
toxicity to 3D brain organoids through autophagy
defects and the accumulation of zinc ions in cells.

Huang’s research investigated silver nanoparti-
cle-induced developmental neurotoxicity and found
that silver nanoparticles interfered with the growth
of cerebral organoids in a concentration-dependent
manner and induced apoptosis [93]. Low concentra-
tions of AgNPs (0.1 ug/mL) impaired ciliary assem-
bly, thereby prolonging the G1 and S phases of the
cell cycle, which was associated with increased cell
proliferation in cerebral organoids. In contrast, high
concentrations of AgNPs (0.5 pug/mL) inhibited as-
trocytic differentiation, thereby promoting neuronal
apoptosis.

3.3 Organoids for tissue-specific metal metabolism
3.3.1metal ions

Stewart et al. evaluated intracellular Ca** re-
sponses in mouse mammary epithelial cells using



three distinct model systems to compare model-spe-
cific pharmacological responses [94]. They found
that primary cells cultured in two-dimensional (2D)
conditions and three-dimensional (3D) mammary
organoids exhibited broadly similar Ca*" responses
to multiple stimuli, whereas immortalized mammary
epithelial cells showed distinct response profiles.

KCNJ11 encodes Kir6.2, a major pore-form-
ing subunit of the ATP-sensitive potassium (KATP)
channel. Dalgin et al. investigated cerebral organ-
oids carrying the KCNJ11 p.Val59Met (V59M) mu-
tation [95]. The mutant cerebral organoids showed a
marked reduction in neurons localized to upper cor-
tical layer-like structures. Continuous treatment with
the KATP channel blocker tolbutamide partially res-
cued the neurodevelopmental abnormalities.

Pierson et al. used intestinal epithelial organoids
to investigate the metabolic relationship between in-
testinal copper uptake and lipid absorption [96]. In-
testinal organoid-derived epithelial monolayers pro-
vided a useful platform for investigating the epithelial
transport and metabolism of specific nutrients and
compounds.

Dambeal et al. found that physiologically relevant
expression of the miR-183 family regulates zinc ho-
meostasis and oncogenic pathways in prostate epithe-
lial cells [97]. Overexpression of the miR-183 cluster
reduced zinc transporter expression and intracellular
zinc levels in primary prostate epithelial organoids.

Ahmad et al. investigated how the abundance of
12a-hydroxylated bile acids (12aHBAs) in the bile
acid pool regulates intestinal manganese transport
[98]. They found that a low abundance of 12aHBAs
in the bile acid pool promoted cellular manganese ef-
flux. Bile acid pool-dependent induction of the man-
ganese efflux transporter SLC30A10 was primarily
driven by cholic acid-mediated vitamin D receptor
signaling. Administration of cholic acid or vitamin
D receptor agonists increased Slc30a10 expression in
the mouse ileal epithelium.

3.3.2 Metal compounds

Dvorak et al. reported that the human pregnane
X receptor (PXR) is an important regulator of xenobi-
otic and drug metabolism and plays important roles
in maintaining intestinal homeostasis and regulating
inflammatory responses [99]. The lead compound
FKK6 was shown to bind directly to PXR in solution
and to attenuate intestinal inflammation by reducing
pro-inflammatory cytokine-associated cellular re-
sponses. These findings suggest that the development
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of microbial metabolite mimetics may represent a
feasible strategy for drug discovery.

Wang et al. found that fibrillin-1 (FBN1) expres-
sion was significantly elevated in cisplatin-resistant
ovarian cancer organoids and tumor tissues, suggest-
ing that FBN1 may be a key mediator of chemoresis-
tance in ovarian cancer [100]. FBN1 was associated
with cellular adaptation to metabolic stress and pro-
moted angiogenic activity in vitro and in vivo. It also
contributed to ovarian cancer cell chemoresistance
through its involvement in glycolytic regulation and
angiogenesis. These findings identify FBN1 as a po-
tential therapeutic target for overcoming cisplatin re-
sistance in ovarian cancer.

3.3.3 Nanoparticles

Sokolova et al. investigated nanoparticle pen-
etration and cellular uptake in multicellular tumor
spheroids [101] . They found that nanoparticles pen-
etrated into the spheroid core, whereas free mole-
cules, including fluorescent dyes, showed substan-
tially less efficient penetration. Compared with larger
nanoparticles, ultrasmall nanoparticles penetrated
nonvascularized tumor tissue more effectively. Their
cellular uptake occurred through multiple endocytic
pathways, which may facilitate efficient cellular inter-
nalization.

3.4 Organoids for evaluating metal-based therapies
3.4.1 Tumor

Cristiano et al. developed DNA-based polymeric
films loaded with aluminum chloride phthalocyanine
(AICIPc) as a photosensitizer for early-stage breast
cancer photodiagnosis and photodynamic therapy
[102]. MCF-7-derived three-dimensional (3D) tu-
mor spheroids were used to model key features of
the tumor microenvironment. Following photoacti-
vation, MCEF-7 cell viability decreased in a light flu-
ence- dependent manner, with an approximately 50%
reduction in the 3D tumor spheroids at the highest
tested light fluence of 1800 mJ/cm™.

Vaden et al. demonstrated that the natural-prod-
uct mimic zinaamidole A (ZNA) selectively promot-
ed cellular Zn*" uptake in transformed cells, thereby
inducing cancer-selective cell death [103]. Its selec-
tivity was further evaluated using 3D organoid mod-
els derived from normal and transformed mouse
mammary glands, supporting the potential of ZNA
as a cancer-selective zinc ionophore.

Asahina investigated the effects of zinc chelators
on pancreatic tumor organoids [104]. Treatment with



8 S.WU ETAL.

the zinc chelator TPEN caused organoid degener-
ation, which was rescued by zinc supplementation,
indicating that zinc was required for tumor organoid
growth and survival. In contrast, TSQ alone did not
substantially affect organoid growth, whereas com-
bined treatment with TSQ and zinc induced strong
TSQ-zinc complex formation, organoid degenera-
tion, and cell death. These findings suggest that dys-
regulated intracellular zinc homeostasis, particularly
TSQ-zinc complex formation under zinc-overload
conditions, may represent a therapeutic vulnerability
in pancreatic tumors.

Liu et al. found that the zinc transporter ZIP4
promoted pancreatic cancer cell plasticity, inter-
actions with the extracellular matrix, organoid de-
velopment, and epithelial-mesenchymal transition
(EMT) [105] . These findings suggest that ZIP4 may
represent a potential therapeutic target for pancreatic
cancer.

Xiao et al. investigated a heteroleptic gold(I)-
bis-N-heterocyclic carbene (bis-NHC) complex
[106]. Its biphenyl moiety was proposed to enhance
cellular membrane penetration, thereby improving
its in vitro antiproliferative activity. The complex
induced mitochondrial dysfunction and apoptosis,
accompanied by suppression of Nrf2 signaling and
TrxR activity or expression, and exhibited potent an-
titumor activity against endometrial cancer cells.

Chen et al. found that mesoporous silica-coat-
ed gold nanorods exerted antitumor effects against
neuroendocrine tumors (NETs) under near-infrared
irradiation [107]. In vitro, cell viability decreased sig-
nificantly in an irradiation time-dependent manner.
In vivo, the tumor surface temperature increased
rapidly following irradiation, whereas no evident in-
flammatory lesions or tissue necrosis were observed
in major organs under the reported experimental
conditions. These findings support further investiga-
tion of this nanoplatform for the treatment of NETs.

Ye et al. found that treatment under mildly acid-
ic conditions (pH 6.5), corresponding to combined
starvation therapy and chemodynamic therapy (ST/
CDT), or under laser irradiation, corresponding to
combined starvation and photothermal therapy (ST/
PTT), significantly enhanced cytotoxic efficacy [108].
Cell viability decreased to 48.1% and 19.6%, respec-
tively. The upregulation of gene sets associated with
glucose deprivation, oxidative stress, and heat-stress
responses supported the proposed mechanisms un-
derlying the observed therapeutic effects of the gold
nanoparticle-based platform.

Pucelik et al. investigated the antitumor activity
of silver nanoparticles and found that the cytotoxicity
and tumor selectivity of AgNPs in colon organoids
were associated with increased apoptosis in cancer
cells and reduced DNA synthesis [110].

Lu et alinvestigated the antimetastatic activity
of fructose-functionalized micelles carrying the ru-
thenium(II) complex RAPTA-C [111]. The micellar
formulation significantly enhanced cellular uptake of
ruthenium. RAPTA-C inhibited ovarian cancer cell
invasion in an omental model in both its free and
micelle-loaded forms. These findings support further
preclinical evaluation of this nanomedicine for the
treatment of metastatic ovarian cancer.

3.4.2 Cardiovascular and Cerebrovascular Systems

Alessandra et al.investigated the effects of magne-
sium salts on human brain organoids cultured in the
presence or absence of an in vitro blood-brain barrier
(BBB) [112]. They found that 5 mM magnesium pi-
dolate (MgPid) was more effective than MgSO, in in-
creasing the expression levels of y-aminobutyric acid
(GABA) receptors and brain-derived neurotrophic
factor (BDNF), while reducing N-methyl-D-aspar-
tate receptor (NMDAR) expression, particularly in
brain organoids cultured with the BBB model. These
findings provide insight into the potential mecha-
nisms underlying the neuroprotective effects of mag-
nesium.

Sudhahar et al. used vascular tissues from mouse
models of type 1 diabetes mellitus (T1DM), vascular
smooth muscle cells, and ex vivo vascular cultures to
investigate the role of copper homeostasis in endo-
thelial function [113]. They demonstrated that the
copper transporter ATP7A maintained extracellular
superoxide dismutase (SOD3) activity, thereby reduc-
ing extracellular superoxide (O,®) levels, increasing
nitric oxide (NO) bioavailability, and preserving en-
dothelial function. These findings identify ATP7A as
a potential therapeutic target for oxidative stress-re-
lated cardiovascular and metabolic disorders.

3.4.3 nervous system

Sun et al. used human neurons and cerebral or-
ganoids to investigate neuronal hyperexcitability in
Angelman syndrome [114]. They demonstrated that
ubiquitin-protein ligase E3A (UBE3A) suppresses
neuronal hyperexcitability through ubiquitin-medi-
ated degradation of large-conductance calcium- and
voltage-activated potassium (BK) channels. Loss of
UBE3A increased BK-channel activity, resulting in
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Table 3. Organoid applications in metal metabolism and metal-based therapy

Application focus | Metal / material

Organoid model

Key insight

Cu?" / ATP7B-related cop-
per handling

Metal transport and
metabolism

Intestinal organoids

Copper homeostasis is linked to
lipid absorption and may contrib-
ute to gastrointestinal manifesta-
tions of Wilson disease .

Zinc homeostasis Zn* [ miR-183 family

Prostate organoids

miR-183 overexpression reduces
zinc transporter expression and
intracellular zinc levels .

Bile acid-manga-

. . Mn / Slc30al10 transporter
nese interaction

Intestinal models

Bile acid composition regulates
Slc30al10 expression and manga-
nese efflux.

Chemoresistance Cisplatin / FBN1 axis

Ovarian cancer organoids

FBNI1 promotes glycolysis and an-
giogenesis, contributing to cisplatin
resistance.

Metal-based antitu-
mor therapy

Gold, silver, ruthenium,

and related formulations oids

Tumor spheroids / organ-

Metal-based agents reduce tumor
viability, promote apoptosis, or
inhibit invasion depending on for-
mulation and exposure conditions .

Multi-mineral products
and engineered nanopar-
ticles

Barrier and inflam-
matory responses

Intestinal organoids /
gut-related models

Mineral supplementation and engi-
neered nanoparticles can modulate
barrier proteins, inflammation, and
intestinal homeostasis.

enhanced intrinsic neuronal excitability and network
synchronization. BK-channel antagonists normalized
neuronal excitability in human and mouse neurons
and ameliorated seizure susceptibility in a mouse
model of Angelman syndrome. These findings sug-
gest that BK channelopathy contributes to epilepsy in
Angelman syndrome.

3.4.4 Gastrointestinal system

Aquamin® is a natural multimineral product rich
in calcium and magnesium and containing multiple
trace minerals. Muhammad et al. evaluated its effects
using three-dimensional (3D) colonic organoid cul-
tures derived from individuals with ulcerative colitis
[115]. Aquamin® increased the expression of multiple
proteins involved in colonic epithelial barrier forma-
tion and maintenance, suggesting that this multimin-
eral intervention may support epithelial barrier func-
tion in ulcerative colitis.

Federico et al. found that, under iron-deficient
conditions in intestinal organoids, inactivation of
NCOA4 impaired intestinal epithelial regeneration
[116]. This effect was accompanied by increased DNA
damage, reduced cell proliferation, and increased cell
death.

Pierson et al. used intestinal organoids derived
from Atp7b-knockout mice to generate three-dimen-

sional intestinal tissue models [117]. They found that
copper homeostasis was closely associated with lip-
id metabolic pathways and suggested that disrupted
copper and lipid homeostasis in intestinal epithelial
cells may contribute to the gastrointestinal manifes-
tations of Wilson disease.

Sauer et al. used three-dimensional (3D) intesti-
nal organoids cultured under zinc-restricted condi-
tions to investigate the effects of zinc deficiency on
intestinal epithelial integrity and inflammatory re-
sponses [118]. They found that zinc-restricted con-
ditions impaired intestinal epithelial barrier integrity
and activated pro- inflammatory signaling pathways.
When considered together with complementary
microbiota-related evidence, these findings suggest
that zinc deficiency may also be associated with al-
terations in gut microbiota composition that further
exacerbate intestinal inflammation.

Nag et al. investigated the protective and antitu-
mor effects of auranofin in models of gastrointestinal
injury and abdominal malignancy [119]. Auranofin
was reported to interfere with the ubiquitin-protea-
some system, thereby attenuating treatment-induced
cytotoxicity. It also induced reversible p53/p21-me-
diated cell-cycle arrest, which was associated with
reduced radiation-induced injury and improved sur-
vival. In malignant models, auranofin inhibited tu-
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mor growth by disrupting proteasomal protein deg-
radation and inducing endoplasmic reticulum stress,
the unfolded protein response, and apoptosis. These
findings support further evaluation of auranofin as
an adjunctive therapeutic strategy for abdominal ma-
lignancies.

Guilloteau et al. investigated the effects of engi-
neered nanoparticles (ENPs) on intestinal homeo-
stasis [120]. They reported that several commonly
encountered ENPs, including Ag, TiO,, Ti, and SiO,
nanoparticles, may disrupt intestinal homeostasis
by directly altering cytokine expression in intestinal
epithelial cells. Following inhalation exposure, these
nanoparticles may also modulate intestinal inflam-
matory responses and gut microbiota composition.

3.5 Advantages

Compared with conventional two-dimensional
(2D) cultures, organoids more effectively preserve
tissue architecture, multicellular organization, epi-
thelial polarity, lineage-specific differentiation, and
cell-cell and cell-matrix interactions. These features
are particularly important for metal toxicology be-
cause metal uptake, storage, efflux, and toxicity are
often cell-type-specific and influenced by the local
tissue microenvironment. For example, gastric, in-
testinal, pancreatic, and breast organoid models have
been used to investigate intracellular Ca** mobiliza-
tion, the compatibility of Ca®>'- and Mg**-crosslinked
culture matrices, calcium-dependent epithelial differ-
entiation, copper-dependent regulation of organoid
growth, cadmium-induced impairment of mamma-
ry organoid formation, and disruption of intestinal
epithelial differentiation and barrier integrity [69-
73,81]. Cerebral organoids provide a platform for as-
sessing metal-induced developmental neurotoxicity,
including zinc-induced neurotoxicity, cadmium-in-
duced neuronal apoptosis, impaired neural precur-
sor-cell proliferation and defective ciliogenesis, zinc
oxide nanoparticle-induced autophagic dysfunction,
and silver nanoparticle-induced ciliary disruption
and apoptosis [84,86,92,93]. Kidney and cardiac or-
ganoids further enable the assessment of cisplatin-in-
duced renal tubular injury and cadmium-induced
impairment of cardiac development, which are less
readily modeled using simple monolayer cultures
[82,83,87,88].

Organoids also offer several advantages over
animal models in specific experimental contexts.
They can be generated from human stem cells or pa-
tient-derived tissues, thereby minimizing the influ-

ence of species-related differences in metal transport-
ers, metabolic enzymes, stress-response pathways,
and developmental programs. Human-derived car-
diac organoids have been applied to the assessment
of environmental metal toxicity, whereas kidney or-
ganoids and urine-derived three-dimensional renal
tubular models have been used for nephrotoxicity
assessment [85-90]. In addition, organoid systems
are compatible with live-cell imaging, molecular pro-
filing, dose-response testing, and targeted genetic or
pharmacological perturbation. These characteristics
make organoids useful platforms for identifying early
toxicity biomarkers, comparing the biological effects
of different metal forms, and evaluating tissue-specit-
ic therapeutic windows [84-93].

3.6 Limitations

Despite these advantages, current organoid mod-
els retain several important limitations. Most con-
ventional organoid systems lack mature vasculature,
functional immune components, innervation, and
systemic processes governing metabolism and clear-
ance. These deficiencies may limit accurate modeling
of metal distribution, tissue exposure, inflammatory
responses, and long-term accumulation. In addition,
many current studies rely on short-term exposure
to relatively high metal concentrations, whereas re-
al-world environmental and occupational exposures
commonly occur at low levels over prolonged pe-
riods. Another major limitation is the incomplete
maturation of several organoid systems, particularly
cerebral, cardiac, and renal organoids, which may
limit their ability to recapitulate responses charac-
teristic of mature adult tissues [82-88,92,93]. There-
fore, findings obtained from organoid models should
be interpreted in conjunction with toxicokinetic or
pharmacokinetic data, animal studies, and clinical or
epidemiological exposure evidence.

3.7 Standardization and future directions

Future organoid-based metal toxicity studies
should adopt standardized and transparent experi-
mental designs. Key parameters should include metal
identity, oxidation state, chemical form, particle size
and surface chemistry of nanoparticles, exposure
concentration and duration, culture matrix, organoid
maturation stage, endpoint selection, and data-nor-
malization methods. Toxicity assessment should in-
tegrate morphological evaluation with quantitative
functional and molecular readouts, including via-
bility, ATP content or ATP-based metabolic activity,
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Table 4. Recommended reporting checklist for organoid-based metal toxicity studies

Reporting domain Minimum information to report

Purpose

Metal / material

Element, chemical form, oxidation state, concentration,
purity, particle size, surface chemistry, dissolution, aggre-

Enables comparison across ions,

markers.

characterization . . . complexes, and nanoparticles.
gation, and sedimentation.
Species or donor source, organoid type, culture matrix
. P » A6 YPe © ... | Defines model relevance and
Organoid model passage number, maturation stage, and differentiation

reproducibility.

Exposure design

Dose range, exposure duration, route of administration,
acute or chronic exposure setting, and control groups.

Supports dose-response interpre-
tation and translational relevance.

Toxicity endpoints

Morphology, viability, ATP production, ROS, mito-
chondrial function, DNA damage, apoptosis, autophagy,
barrier integrity, and lineage markers.

Captures both phenotypic and
mechanistic toxicity.

Data interpretation

or clinical evidence.

Normalization method, replicate strategy, statistical
approach, and integration with animal, pharmacokinetic,

Improves reliability and cross-
study comparability.

reactive oxygen species generation, mitochondrial
function, DNA damage, apoptosis, autophagy, barri-
er integrity, lineage-specific markers, and transcrip-
tomic and/or metabolomic profiling. These end-
points have been applied in varying combinations in
studies of cadmium, cisplatin, zinc oxide nanoparti-
cles, silver nanoparticles, and other metal-containing
materials using cerebral, renal, intestinal, cardiac,
tumor, and related three-dimensional organoid sys-
tems [81-93,101-120]. For nanoparticles, dissolution,
aggregation, sedimentation, and intracellular local-
ization should also be reported because nanoparticle
behavior can substantially influence penetration into
three-dimensional tissues, cellular uptake, and toxi-
cological outcomes [91-93]. Establishing standard-
ized reporting criteria will improve reproducibility
and facilitate meaningful comparisons across organ-
oid types, metal classes, and exposure models.

Overall, organoids should not be regarded as
complete substitutes for animal studies or clinical
investigations, but rather as complementary, hu-
man-relevant platforms that can refine mechanistic
understanding, enhance early-stage toxicity screen-
ing, and support the development of safer metal-based
therapeutic strategies [102-120]. Their predictive
value could be further improved through enhanced
organoid maturation, incorporation of vascular and
immune components, standardized chronic low-dose
exposure protocols, and the establishment of geneti-
cally diverse organoid biobanks.

4. Conclusion and future perspectives

Metals have dual and context-dependent roles
in biological systems. Essential metals are required
within tightly regulated homeostatic ranges, whereas
non-essential metals may exert toxic effects even at
relatively low exposure levels. The first major part of
this review summarized how metal ions, complexes,
and nanoparticles influence metabolic processes and
organ injury in conventional experimental models.
Common mechanisms included disruption of metal
homeostasis, mitochondrial dysfunction, oxidative
stress, impaired DNA repair, and inflammatory inju-
ry, although their relative importance varied among
metals and chemical forms. The biological effects of
metal-containing nanoformulations were further in-
fluenced by physicochemical properties such as parti-
cle size and surface chemistry. Nevertheless, much of
the available evidence has been derived from two-di-
mensional cultures or whole-animal models, which
provide limited resolution of cell-type-specific metal
handling and tissue responses.

Organoid models have emerged to address this
limitation. As outlined in the second section, 3D cul-
tures of intestinal, cerebral, renal, and tumor tissues
have uncovered metal-dependent effects on tissue
morphogenesis and structural integrity: calcium and
magnesium promote epithelial barrier formation,
cadmium disrupts tissue branching architectures,
and copper modulates growth dynamics via ATOX1-
ERK signaling. Toxicity profiling in organoids has
also uncovered concentration-dependent phenotyp-
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ic shifts: low-dose silver nanoparticles slow cell cy-
cle progression by impairing cilia assembly, whereas
high doses trigger apoptosis by blocking astrocyte
differentiation. Such nuanced effects are readily
missed in conventional, simplified culture systems.
Further metabolic investigations using organoids
have clarified interactions between copper and lipid
metabolism, zinc and microRNA regulation, as well
as bile acid profiles and manganese efflux, intercel-
lular crosstalk that more closely mirrors the in vivo
cellular microenvironment.

Organoid models have emerged as promising
platforms for addressing the limited tissue and cell-
type resolution of conventional experimental systems.
Intestinal, cerebral, renal, mammary, pancreatic, and
tumor organoids have revealed metal-dependent al-
terations in morphogenesis, epithelial differentiation,
barrier integrity, and tissue-specific growth. They
have also captured concentration- dependent toxicity
that may be difficult to resolve in monolayer cultures.
For example, low-concentration silver nanoparticles
altered ciliary assembly and cell-cycle progression,
whereas higher concentrations inhibited astrocyt-
ic differentiation and promoted neuronal apoptosis.
Organoid studies have further clarified tissue-spe-
cific relationships between copper and lipid metab-
olism, miR-183-mediated zinc homeostasis, and bile
acid-regulated manganese efflux. Collectively, these
findings demonstrate the value of organoids for re-
solving metal responses within a physiologically rele-
vant tissue context.

Future studies should incorporate vasculariza-
tion strategies, functional immune components,
chronic low-dose exposure paradigms, and geneti-
cally diverse organoid biobanks to enhance the trans-
lational relevance and predictive performance of or-
ganoid-based metal toxicity models.
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