National Institute of Environmental Health Sciences
Your Environment. Your Health.

Concept Clearance: Mechanistic Toxicology of METALS: Metal Exposure,
Transport, Action, Localization, and Susceptibility
NAEHS Council

September 10, 2026

Danielle Carlin
Anika Dzierlenga
Mike Humble
Thad Schug

"o B | 't 'Ta | W R 0n it |7t [ Au Mg | 1 b 3] Po | e
"¢ [Ra |- | Rt Db | Sg |'Bh | He | My | Do |Ra | Cn | Nn| FI | Me| L] T | Os

_La|Ce | Pr|Nd Pm Sm|Eu|Gd Tb|Dy|Ho Er|Tm Yb Lu
JAc|Th [Pa | U [Np|Pu|Am Cm|BKk | Cf Es Fm|Md| No|Lr

National Institutes of Health « U.S. Department of Health and Human Services




National Institute of Environmental Health Sciences
Your Environment. Your Health.

The Initiative: Examine mechanistic pathways linked with a functional outcome

Metal exposure = internal/target-tissue dose < molecular target = key
biological events = functional outcome

Main Health Effects Associated with Environmental Metal Exposure

Metals can affect multiple body systems across the life course.

Immune System Placenta Developmental Neurological &

= E Developmental

@

* Altered immune responses + |mpaired placental * Adverse pregnancy outcomes + Reduced IQ and

(e.g., arsenic, lead) development and function (e.g., low birth weight, cognitive function (e.g., lead)
& lndressadtadian (e.g., lead, arsenic, cadmium) preterm birth) « Neurodevelopmental delays
susceptibility + Reduced nutrient and « Fetal growth restriction (e.g., lead, mercury)

oxygen transfer to the fetus + Peripheral neuropathy

s Autoimmune and s Developmental .
(e.g., arsenic)

inflammatery dysregulation effects in children

* Memory and mood effects
. - —

GREATER RISK IN CERTAIN POPULATIONS:

Children People with
(developing Pregnant Oldtﬂ' underlying
brains and Women Adults health conditions
bodies)

, National Institutes of Health
@ There is no completely safe level of exposure for some metals. Early life exposure can have lifelong consequences. U.S. Department of Health and Human Services
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The Initiative: Examine mechanistic pathways linked with a functional outcome

e Across dose ranges, chemical forms,
exposure routes, exposure timing,

developmental stages, susceptibility factors,
Protecting Health From the

and phyS|oIogy Impacts of Extreme Weather
Precismn and Disasters
Environmental Health
e Advance mechanistic understanding of Research Enmental

Areas of Health Disparities

understudied metal exposures (e.g., Exposomies Empha5|s
aluminum or lithium) resulting in adverse to . Data Science and
. . Mechanistic Biology (omputatlonal Biology
beneficial outcomes and Toxicology
e [mprove hazard identiﬁcation’ risk From NIEHS’s 2025-2029 Strategic Plan

assessment, and understanding of
susceptibility to metals across the life course
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Background

e Exposures to metals may arise from natural and anthropogenic
sources

e Essential to biological function (e.g., Mg, Mn, Fe, Cu, Zn, Co,
etc.)

l

e

e May produce toxicity/health effects depending on
— Chemical form (e.g., oxidation state, solubility, particle
characteristics, formulation)

f
~ Dose * ‘
Cigarette | Herbicides | I

— Exposure route

Industrial
wastewater

Fertiizer | Batteries ~<—
— Receptor binding Paint | Car | -
— Tissue/cellular compartment/target Industrial products ——
— Duration of exposure L Inhalation
— Developmental stage Direct contact —-
— Physiology :

— Pre-existing conditions

~ Oral route Oral route A ]
—_— —

Drinking water, seafood and fish
Food

Direct contact ———=  Humans

Cakif D. Int. J. Mol. Sci. 2026, 27(8), 3513; https://doi.org/10.3390/ijms27083513 n
Abd Elnabi et al. Toxics 2023, 11(7), 580; https://doi.org/10.3390/toxics11070580 U.S. Department of Health and Human Services
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Some General Mechanisms of Metals Toxicity
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Pan Z and Gong T. Circulation Research 134 (9) (2024). https://doi.org/10.1161/CIRCRESAHA.123.323617 U.S. Department of Health and Human Services
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Initiative Areas of Focus

Main Health Effects Associated with Environmental Metal Exposure

Metals can affect multiple body systems across the life course.

———— % 0 S ;
Immune System Placenta Developmental Neurological &
e Developmental
¢ Altered immune responses * |mpaired placental * Adverse pregnancy outcomes * Reduced IQ and
(e.g., arsenic, lead) development and function (e.g., low birth weight, cognitive function (e.g., lead)
& lheregiadantastion (e.g., lead, arsenic, cadmium) preterm birth) * Neurodevelopmental delays
susceptibility s Reduced nutrient and * Fetal growth restriction (e.g., lead, mercury)
o MR oxygen transfer to the fetus o Diavalogaital ¢ Peripheral neuropathy
inflammatory dysregulation effects in children {eigzacamnic)
¢ Memory and mood effects
R - e % N 2
GREATER RISK IN CERTAIN POPULATIONS: =
Children_ People with
[detuzlupmg Pregnant Older & underlying
E::;?:s)and Women Adults health conditions

@ There is no completely safe level of exposure for some metals. Early life exposure can have lifelong consequences.
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Immune Homeostasis and Immunotoxicology

Immune homeostasis is the immune
system's ability to stay balanced:

—strong enough to fight infection

—controlled enough to avoid attacking
your own tissues or overreacting to
harmless antigens.

If that balance slips, the consequence is
chronic inflammation, allergy, or
autoimmunity.

https://fiveable.me/immunobiology/key-terms/immune-homeostasis
National Institutes of Health

Eberl, G. Nat Rev Immunol 16, 524-532 (2016). https://doi.org/10.1038/nri.2016.75 U.S. Department of Health and Human Services
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Immune Homeostasis and Immunotoxicology

e A major objective of this initiative is to identify mechanisms through which
metals influence immune homeostasis.

e Relevant research could address:

* Innate or adaptive immune-cell e Resolution
activation * Immunometabolism
 Differentiation * Redox-sensitive signaling
* Trafficking * Innate sensing pathways
* Tolerance * Communication among immune

Memory and nonimmune cells
Inflammatory signaling

National Institutes of Health
U.S. Department of Health and Human Services
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Metals Exposure — Placental and Developmental Effects

Main Health Effects Associated with Environmental Metal Exposure

Metals can affect multiple body systems across the life course.

N i X
Placenta

Neurological &

Developmental
Developmental

Immune System

¢ Altered immune responses * |mpaired placental * Adverse pregnancy outcomes * Reduced IQ and

(e.g., arsenic, lead)

* Increased infection
susceptibility

development and function
(e.g., lead, arsenic, cadmium)

Reduced nutrient and

R oxygen transfer to the fetus o Divelipouaiil Peripheral ?europathy
inflammatory dysregulation effects in children {eigacaaric)
Memory and mood effects
L - _ ahx N 7
GREATER RISK IN CERTAIN POPULATIONS:

Children People with

(developing Pregnant Older underlying

brains and Women Adults health conditions

bodies)

(e.g., low birth weight,
preterm birth)

* Fetal growth restriction

cognitive function (e.g., lead)

Neurodevelopmental delays
(e.g., lead, mercury)

@ There is no completely safe level of exposure for some metals. Early life exposure can have lifelong consequences.

National Institutes of Health
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Placental Transport
(Entry and transfer)

Placental Exposures N N

@  (Form determines transfer) |

Placental Function
(Vascular, endocrine,
nutrient transfer)

Maternal-Placental I

e Placental transport — mechanisms controlling ._ A () o

(Determing nsof
fetal dose)

fetal metal exposure A i r—

(Sequestration,
adaptation, clearance)

e Speciation & bioavailability — which metal

forms reach the fetal com pa rtment Metal Transport Across the Maternal-Fetal Barrier

Metals move from maternal blood to fetal blood through trophoblast and endothelial layers

-Placent-alfunctlonfeffects on vascular, womsnl © 0 @ © © ® @ - 7
endocrine, and nutrient-transfer pathways e e T L
e Maternal—-placental-fetal interactions — s ? ?

determinants of fetal dose and response

== {OIO

¢ Placental defense mechanisms — s {L———“ -—‘--—-—

sequestration, adaptation, and clearance e --
FETAL BLOOD r@ @ @ @ @ @ e j

The placenta selectively transports metals. ‘

Transporters, diffusion, and endocytosis regulate metal uptake, efflux, and detoxification
at the maternal-fetal interface.
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Developmental Origins of Health and Disease

e Critical exposure windows — when metal
exposures have lasting consequences

e Developmental programming — mechanisms
establishing long-term disease susceptibility

 Persistence & recovery — why some early-life
effects resolve while others persist

e Altered developmental trajectories — organ
maturation, biological set points, and function

e Early exposure - adult disease — mechanistic
links to later-life health outcomes

f@%&@iw

Preconception Pregnancy Early Life Childhood Adolescence Adulthood

Critical Windows of Susceptibility

Metal
Exposure
o —
e . & =F

Molecular Altered Develog tal Persist: & Adult Disease
Perturbations Trajectories Recovery Susceptibility
(Epigenetic changes, (Organ maturation, (Adaptive vs. {Metabolic, CVD,
oxidative stress, programming, maladaptive, neurodevelopmental,
signaling disruption) set points) responses) reproductive)

National Institutes of Health
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Metals Exposure — Neurological Effects

Main Health Effects Associated with Environmental Metal Exposure

Metals can affect multiple body systems across the life course.

e - 3 7 ;
Placenta Developmental Neurological &
Developmental
¢ Altered immune responses ® |mpaired placental * Adverse pregnancy outcomes * Reduced IQ and
(e.g., arsenic, lead) development and function (e.g., low birth weight, cognitive function (e.g., lead)
& lhirsasadintastisn (e.g., lead, arsenic, cadmium) preterm birth) s Neurodevelopmental delays
susceptibility ¢ Reduced nutrient and * Fetal growth restriction (e-g., lead, mercury)
o Aotk oxygen transfer to the fetus o ® Peripheral neuropathy
inflammatory dysregulation effects in children {eig.;armanic)
¢ Memory and mood effects
N = — N N P
GREATER RISK IN CERTAIN POPULATIONS: =¥
Children_ People with
(developing Pregnant Older & underlying
E:;?:s?nd Women Adults health conditions

@ There is no completely safe level of exposure for some metals. Early life exposure can have lifelong consequences.

National Institutes of Health
U.S. Department of Health and Human Services



N l H National Institute of Environmental Health Sciences
Your Environment. Your Health.

Mechanistic Basis of Metal Neurotoxicity

e Many metals cross the blood-brain barrier

Secondary damage from heavy metal induced neurotoxicity

— Specialized transport systems (Cu, Zn, Mn, Mg, Fe)

— Leverage related transport (Cd?* using Zn?* vt Voluntary &
A= o
Neuromuscular Brain tissue receptors  Signaling & reL;:c:‘:sr:[:,
transporters) 5 Seling
junction structure Neurotransmission reflexes
e Damage to BBB (Pb disruption of calcium signaling) s Cellular organelles commonly
I impacted by heavy metal toxu:lty
A . N I
e Sequestration and saturation of transport mechanisms Acute/ chronic i T e >3>) 4
. .y exposure to heavy ! lon channel Mitochondria N cleus, Chromatin apga"r'ﬂus
and intercellular trafficking metals J

e Oxidation of macromolecules generates free radicals and
reactive oxidative species

Call-cycle
checkpoints

\oltage- Cﬂupbd transport
geted Enzyme SRR

channel Mmrotubule inactivity DNA  Membrane,

— Perturbs signaling cascades throughout and initiation
of apoptotic pathways

-
l“i—

=3
Typical CNS cells affected
Neurons Astrocyte Oligoden-  Microglia

e Metals that maintain homeostasis (e.g., Mn) and s drooyte
a narrow optimal window to support endogenous R Y SR
functions
Kothapalli C. Current Opinion in Toxicology 2021, 26, 33; https://doi.org/10.1016/j.cotox.2021.04.003
Handbook on the Toxicology of Metals 4E http://dx.doi.org/10.1016/B978-0-444-59453-2.00015-9 0.5, Department of Health s Hman Coreen
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Neurological Outcomes from Metal Exposure

Overt clinical manifestations from acute, high-dose
exposure to many metals (poisoning)

Longer duration, lower dose exposure can lead to
sustained dysregulation

Some metals lead to localized damage (Mn and
dopaminergic neurons), some broad (Tl)

Specific effects of exposure depends on the
developmental window — what stage of nervous system
development (e.g., MeHg exposure produces more
severe effects if prenatal than postnatal)

Phenotypic presentation depends on perturbed
pathways, selective targeting of central or peripheral
nervous system functions, and overall mode of toxicity

Pampbhlett R and Bishop DP. Front. Neurol. 2023, 14:1173779. doi: 10.3389/fneur.2023.1173779
Handbook on the Toxicology of Metals 4E http://dx.doi.org/10.1016/B978-0-444-59453-2.00015-9

Industry, :
mining, fossil Toxic metals el
2 e diet, smoking,
fuel burning, - inair, water, __ — salli
volcanoes, soil S Im:nlcs
\ wildfires ./ \ b -
Taoxic metals Exposure to
in extra-CNS o . multiple toxic Toxic metals
cells metals T one
ceruleus
" Accumul ulation
/' wvdl lth damags

T

Toxic metals
in muscles

Toxic metals in

\ ; astrocytes "“*-\\
\\_r_/ Toxic metal
| transfer
Toxic metal | \
transfer T v v
{ Toxic metals Astrocyte Toxic metals in
+ in neurons dyslunction oligodend’cytes
I~
- 4 ““‘q_ "
Toxic metals / \\__./ \:\._,./
in motor * “~
neurons \"\
hJ
\\-,___./ Genetic
variants,
Meuronal - different |- Oligodend'cyte
malfunction combinations malfunction
of toxic metals

Amyotrophic
lateral sclerosis

Multiple
sclerosis

INational Insttutes ot Health
U.S. Department of Health and Human Services
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Metal Neurotoxicity Data Gaps

e Evaluating the role of extracellular vesicles (EVs) in metal cargo and as
biomarkers of environmental toxicity and disease progression

e Assessing the impact of metal exposures on neuroactive metabolites
(including neurotransmitters) produced from gut microbiota that affect brain
function

e Discerning vulnerable exposure windows for exposure to metals in
neurological disease progression

e Elucidating impact of metals on neuroimmune pathways

National Institutes of Health
U.S. Department of Health and Human Services
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Neuroimmune effects from metals exposures

Metal

Mercury

Lead

Cadmium

Aluminum

Nickel

Palladium

Gold and Silver

Bjgrklund et al. Autoimmun Rev. 2024, 23(3) doi: 10.1016/j.autrev.2023.103509

Main
sources

Main mechanisms

dental amalgams, fish
consumption, occupational
exposure

oxidative stress
stimulation of proinflammatory cytokines
release of self-antigens

contaminated water,
industrial exposure, old paint

oxidative stress
binding to proteins
mitochondrial dysfunction

industrial processes, batteries,
paints, cosmetics

oxidative stress
mitochondrial dysfunction

cookware, food packaging,
antacids

oxidative stress
stimulation of proinfl ry cytokines
amyloid beta aggregation, activation of
immune cells

jewelry, coins, cell phones,
diet, occupational exposure

functioning as a hapten
oxidative stress
activation of immune cells

dental restorations, jewelry

oxidative stress
hypersensitivity
delayed-type hyp itivity

dental restorations, jewelry,
occupational exposure

oxidative stress
modulation of mast cell function

Connections to autoimmune

; Major organs susceptible to metal accumulation
diseases

multiple sclerosis

nervous system

systemic lupus erythematosus

rheumatoid arthritis

neurological disorders

contact dermatitis, potential association -
with multiple sclerosis

Autoimmune hallmarks perturbed by metals: hapten formation,
ROS generation, cytokine production, blood-brain barrier
disruption, neuroinflammation, immune cell activation and
migration, gut-brain axis disruption

potential hypersensitivity

rheumatoid arthritis, potential triggering

of autoimmune res ponse

National Institutes of Health

U.S. Department of Health and Human Services
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Overall Knowledge Gaps to be Addressed by =T E I
Initiative

Total metal concentration alone may be insufficient to explain biological activity in settings where
speciation, oxidation state, physicochemical form, or cellular localization influences mechanism.

Distribution of metals to susceptible tissues and cellular compartments, adaptation, recovery, and
persistence.

For essential metals, optimal ranges of exposure or internal concentration:

— May differ by developmental stage, nutritional or physiological state, chemical form, target tissue, role
in homeostatic regulation, developmental susceptibility, and competition for endogenous transport
pathways.

For some metals (e.g., aluminum, lithium), uncertainties remain on biological distribution, receptor-binding,
dose-response relationships, and potential short- or long-term biological effects.

National Institutes of Health
U.S. Department of Health and Human Services
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Environmental Health |
f A\ Environmental
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*/ Research ) mental
- | Areasof N Health Disparities
Emphasis /

Exposomics |

Several Outcomes from Initiative

and Toxicology

B Data Science and
" Computational Biology

e Supports a high priority area to HHS and MAHA’s focus on “Reducing Americans’ Exposure
to Harmful Chemicals”

e Moves beyond exposure-health outcome associations to experimental and integrative
understanding of mechanisms that determine biological responses to metals

e Supports NIEHS’s area of emphasis of “Mechanistic Toxicology” and will provides a rich
set of research questions to further develop innovative new approach methodologies.

e Provides enhanced coordination of the NIEHS metals portfolio (something that we have
not been able to do for unsolicited research)

e Adds novel area of research (e.g., neuroimmune effects)

* Brings together research under a defined initiative to foster and accelerate coordination
and collaboration among metals researchers

National Institutes of Health
U.S. Department of Health and Human Services
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New Approach Methodologies

e Human-relevant models — organoids, organ-on-

chip, and primary cell systems for metal toxicology Human-Relevant NAMs + Al

Better Models. Better Data. Better Decisions.

* Mechanistic dose-response — NAMs that bridge

environmental exposure to target-tissue dose and o |
w ) mﬂmﬂﬁm i

response
* Metal disposition in vitro — models incorporating @ Dot e B awes

Maternal-Fetal Health
Define mechanisms of placental
metal transfer and effects on
fetal development (DOHaD)

Cardiovascular Health
Link early-life exposures to

@@@@

uptake, speciation, trafficking, sequestration, and IS e S ieioni g ‘ e
clearance & | FeeETT i
. . . . and vascular systems + Predict dose~response, | ::m‘::my
e Advanced mechanistic endpoints — single-cell, . SERameet
: . ) ) . Reproductive Models + Rank hazard and reduce Risk Assessment & Decisions
spatial, imaging, and multi-omic approaches to Dt e it | e e
) L ) current and future generations

identify key events

'-‘ Iterative learning cycle continuously improves models, data, and predictions
L to advance science and protect human health.

e Translation & validation — integrate NAMs with
human biospecimens and computational models to
improve human relevance

National Institutes of Health
U.S. Department of Health and Human Services
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The Initiative: Examine mechanistic pathways linked with a functional outcome

Metal exposure = internal/target-tissue dose < molecular target = key
biological events = functional outcome

Main Health Effects Associated with Environmental Metal Exposure

Metals can affect multiple body systems across the life course.

Immune System Placenta Developmental Neurological &
e Developmental
'Wt' ’
* Altered immune responses * |mpaired placental * Adverse pregnancy outcomes * Reduced IQ and
(e.q., arsenic, lead) development and function (e.g., low birth weight, cognitive function (e.g., lead)
& Trepisdindastian (e.g., lead, arsenic, cadmium) preterm birth) « Neurodevelopmental delays
susceptibility s Reduced nutrient and » Fetal growth restriction (e.g., lead, mercury)
T — oxygen transfer to the fetus & D EHETEal * Peripheral neuropathy
inflammatory dysregulation effects in children {e.g. arsanic)
* Memory and mood effects
N R —

GREATER RISK IN CERTAIN POPULATIONS:

Children People with
(developing Pregnant underlying
brains and Women Adults health conditions
bodies)

@ There is no completely safe level of exposure for some metals. Early life exposure can have lifelong consequences. National Institutes of Health
U.S. Department of Health and Human Services
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Thank you!

e Council Discussion
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