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Presentation Overview

�‡ Background on ASD

�‡ Molecular mechanisms

�‡ Evidence linking zinc deficiency and ASD

�‡ Human & animal evidence

�‡ Integrative model and implications

Sauer AK, Stanton JE, Grabrucker AM. Is autism 
a developmental zinc deficiency? Clin Nutr 2026; 
58: 106592.
PMID: 41671724
DOI: 10.1016/j.clnu.2026.106592



ASDs are heterogenous but 3 core symptoms are 
present

GRABRUCKER AM. Autism Spectrum disorders. Exon Publications, 2021, ISBN: 9780645001785 

What causes ASDs?



�‡ Genetic

�‡ Non-genetic (environmental)

GRABRUCKER AM. Autism Spectrum disorders. Exon Publications, 2021, ISBN: 9780645001785 

Complex etiology: genetic + environmental factors

crosstalk

1019 ASD linked genes in SFARI 
�J�H�Q�H���E�D�Q�N�����&�1�9�����6�1�3�V�«���H�W�F����

Few environmental factors with high 
confidence
(confirmed in meta-analyses, 
�U�H�S�U�R�G�X�F�L�E�O�H���L�Q���D�Q�L�P�D�O���P�R�G�H�O�V�«����
�‡ Maternal Immune activation
�‡ In utero exposure to valproic acid
�‡ Prenatal zinc deficiency



Ultimately ASDs core behaviors are determined by 
neurological processes

Sauer AK, Stanton JE, Grabrucker AM. Is autism a developmental zinc deficiency? Clin Nutr 2026; 58: 106592.



Ultimately ASDs core behaviors are determined by 
neurological processes (ASD as Synpatopathy)

Sauer AK, Walsh JA, Curran D, Zohourian N, Stanton JE, Zabetakis I, Brown JAL, Grabrucker AM. Synaptic protein mutations in autism. Neurobiol Dis 2026; 223: 107365.



Huguet G, et al.. 2013

Ultimately ASDs core behaviors are determined by 
neurological processes (ASD as Synpatopathy)

Malijauskaite S, Sauer AK, Hickey 
SE, Franzoni M, Grabrucker AM, 
McGourty K. Identification of the 
common neurobiological process 
disturbed in genetic and non-genetic 
models for autism spectrum 
disorders. Cell Mol Life Sci 2022; 79 
(12): 589.

AKAP5-mediated PKA-
dependent presynaptic vesicle 
exocytosis



ASDs comorbidities are determined by individual risk 
factors

Sauer AK, Stanton JE, Grabrucker AM. Is autism a developmental zinc deficiency? Clin Nutr 2026; 58: 106592.

Hypothesis: Risk factors model core features and certain risk factors model comorbidities to some extent

Is there one risk factor, that models all?



Zinc deficiency and Autism
Arora M, Reichenberg A, Willfors C, Austin C, Gennings C, Berggren S, Lichtenstein P, Anckarsäter H, Tammimies K, Bölte S. Fetal and postnatal metal dysregulation in autism. Nat 

Commun 2017; 8: 15493. 

Skalny AV, Simashkova NV, Klyushnik TP, Grabeklis AR, Bjørklund G, Skalnaya MG, Nikonorov AA, Tinkov AA. Hair toxic and essential trace elements in children with autism spectrum disorder. Metab 
Brain Dis 2017; 32 (1): 195-202.

Babaknejad N, Sayehmiri F, Sayehmiri K, Mohamadkhani A, Bahrami S. The Relationship between Zinc Levels and Autism: A Sys tematic Review and Meta-analysis. Iran J Child Neur ol 
2016; 10 (4): 1-9. 

�&�U���F�L�X�Q EC, Bjørklund G, Tinkov AA, Urbina MA, Skalny AV, Rad F, Dronca E. Evaluation of whole blood zinc and copper levels in children with autism spectrum disorder. Metab Brain Dis 2016; 31 (4): 
887-90. 

Tabatadze T, Zhorzholiani L, Kherkheulidze M, Kandelaki E, Ivanashvili T. HAIR HEAVY METAL AND ESSENTIAL TRACE ELEMENT CONCENTRATION IN CHILDREN WITH AUTISM SPECTRUM 
DISORDER. Georgian Med News 2015;  (248): 77-82.

Macedoni-�/�X�N�ã�L�þ M, Gosar D, Bjørklund G, �2�U�D�å�H�P J, �.�R�G�U�L�þ J, �/�H�ã�Q�L�N-Musek P, �=�X�S�D�Q�þ�L�þ M, France-�â�W�L�J�O�L�F A, �6�H�ã�H�N-�%�U�L�ã�N�L A, Neubauer D, Osredkar J. Levels of metals in the blood and specific 
porphyrins in the urine in children with autism spectrum disorders. Biol Trace Elem Res 2015; 163 (1-2): 2-10. 

Li SO, Wang JL, Bjørklund G, Zhao WN, Yin CH. Serum copper and zinc levels in individuals with autism spectrum disorders. Neuroreport 2014; 25 (15): 1216-20.

Yasuda H, Kobayashi M, Yasuda Y, Tsutsui T. Estimation of autistic children by metallomics analysis. Sci Rep 2013; 3: 1199.

Al-Farsi YM, Waly MI, Al-Sharbati MM, Al-Shafaee MA, Al-Farsi OA, Al-Khaduri MM, Gupta I, Ouhtit A, Al-Adawi S, Al-Said MF, Deth RC. Levels of heavy metals and essential minerals in hair samples 
of children with autism in Oman: a case-control study. Biol Trace Elem Res 2013; 151 (2): 181-6. 

Russo AJ, Bazin AP, Bigega R, Carlson RS, Cole MG, Contreras DC, Galvin MB, Gaydorus SS, Holik SD, Jenkins GP, Jones BM, Languell PA, Lyman PJ, March KP, Meuer KA, Peterson SR, 
Piedmonte MT, Quinn MG, Smaranda NC, Steves PL, Taylor HP, Waddingham TE, Warren JS. Plasma copper and zinc concentration in individuals with autism correlate with selected symptom 
severity. Nutr Metab Insights 2012; 5: 41-7.

Blaurock-Busch E, Amin OR, Dessoki HH, Rabah T. Toxic Metals and Essential Elements in Hair and Severity of Symptoms among Children with Autism. Maedica (Buchar) 2012; 7 (1): 38-48. 

Russo AJ, Devito R. Analysis of Copper and Zinc Plasma Concentration and the Efficacy of Zinc Therapy in Individuals with Asperger's Syndrome, Pervasive Developmental Disorder Not Otherwise 
Specified (PDD-NOS) and Autism. Biomark Insights 2011; 6: 127-33.

Lakshmi Priya MD, Geetha A. Level of trace elements (copper, zinc, magnesium and selenium) and toxic elements (lead and mercury) in the hair and nail of children with autism. Biol Trace Elem Res 
2011; 142 (2): 148-58. 

Blaurock-Busch E, Amin OR, Rabah T. Heavy metals and trace elements in hair and urine of a sample of arab children with autistic spectrum disorder. Maedica (Buchar) 2011; 6 (4): 247-57.  

Yasuda H, Yoshida K, Yasuda Y, Tsutsui T. Infantile zinc deficiency: association with autism spectrum disorders. Sci Rep 2011; 1: 129.  



The central pathology in ASD

Sauer AK, Stanton JE, Grabrucker AM. 
Is autism a developmental zinc 
deficiency? Clin Nutr 2026; 58: 106592.

Is there one risk factor that produces a more complete set of core features plus comorbidities?
If yes, is it possible that this risk factor creates the archetype of ASD, with the other risk factors 
mimicking one or several aspects of it?

Hypothesis: Altered zinc biology creates the archet ype. Thus, is Autism a developmental zinc 
deficiency disorder?



If altered zinc biology is at the core of ASD, we would 
�H�[�S�H�F�W�«

�«�P�R�U�H���$�6�'���O�L�Q�N�H�G���S�U�R�W�H�L�Q�V���W�R���E�H���]�L�Q�F-dependent (zinc binding, zinc regulated) than non ASD 
linked proteins

True: ASD linked proteins are approximately 43% more likely to be zinc-binding than non-SFARI
genes. SFARI higher-category S and 1 genes are more than twice as likely to be zinc-
binding than non-SFARI genes.

Sauer AK, Stanton JE, Grabrucker AM. Is autism a developmental zinc deficiency? Clin Nutr 2026; 58: 106592.



If altered zinc biology is at the core of ASD, we would 
�H�[�S�H�F�W�«

�«�P�R�U�H���$�6�'���O�L�Q�N�H�G��
proteins to be zinc-
dependent (zinc binding, 
zinc regulated) than non 
ASD linked proteins

Sauer AK, Stanton JE, Grabrucker AM. Is autism a developmental zinc deficiency? Clin Nutr 2026; 58: 106592.

All proteins circled red are zinc-
dependent



Shank proteins and zinc

Grabrucker et al., Trends in Cell Biology, 2011

What are Shank proteins?



Shank proteins and zinc

Baron et al., 2006 Grabrucker et al., EMBO 2011
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4PI microscopy



- At the PSD Shank proteins self associate via zinc ions
- Shank Proteins can be shifted to a PSD bound state 
  via zinc ions   
                         >> postsynaptic stabilization

Gundelfinger et al., 2006, Tao Cheng et al., 2016, Aron et al., 2016

Shank

Shank

Zn 2+

Grabrucker et al., 2011, Trends in Cell Biology

Shank proteins and zinc

Grabrucker et al., Brain 2014



Sauer AK, Hagmeyer S, Grabrucker AM. Prenatal Zinc Deficient Mice as a Model for Autism Spectrum Disorders. Int J Mol Sci 2022; 23 (11)

Prenatal zinc deficiency in ASD

SHANK1

SHANK3

SHANK2

Grabrucker et al., Brain 2014



Sauer AK, Hagmeyer S, Grabrucker AM. Prenatal Zinc Deficient Mice as a Model for Autism Spectrum Disorders. Int J Mol Sci 2022; 23 (11)

Prenatal zinc deficiency in ASD

- Impaired social interaction

- Deficits in social communication

- Repetitive behavior: motor stereotypies

- Cognitive impairments

- Increased anxiety

Symptoms of PZD mouse



If altered zinc biology is at the core of ASD, we would 
�H�[�S�H�F�W�«

�«�$�6�'���I�H�D�W�X�U�H�V�������F�R-morbidities to be linked to zinc biology

Domain Feature

Immune
Systemic Inflammation
Neuroinflammation

GI / Gut �±Brain Axis Altered microbiota composition
Leaky gut

Brain Anatomy Altered Brain Morphology &
Neuromorphology

Sauer AK, Hagmeyer S, Grabrucker AM. Prenatal Zinc Deficient Mice as a Model for Autism Spectrum Disorders. Int J Mol Sci 
2022; 23 (11)



If altered zinc biology is at the core of ASD, we would 
�H�[�S�H�F�W�«

�«�$�6�'���I�H�D�W�X�U�H�V�������F�R-morbidities to be linked to zinc biology
Associated comorbidity / phenotype Key evidence from model systems How zinc is involved (mechanism)

Depression -like behaviour
Reduced activity and exploration in 
monkeys; depressive-like behaviour in 
rodents

Influences mood-related neural 
pathways

Immune dysfunction / inflammation
Elevated cytokines (IL-1, IL-17, IFN-�������L�Q��
gut, blood, brain

Controls immune cell signalling and 
cytokine regulation

Gastrointestinal dysfunction
Increased gut permeability; altered 
microbiota composition

Maintains gut barrier integrity and 
microbiota balance

Sleep disorders
Zinc affects melatonin production; 
supplementation improves sleep

Regulates circadian genes (CLOCK, 
BMAL1) and melatonin synthesis

Metabolic disorders
Disruption of amino acid, fatty acid, and 
carbohydrate metabolism

Acts as cofactor for metabolic enzymes 
and pathways

Endocrine dysfunction
Reduced IGF-1, altered thyroid 
hormones (T3, T4)

Enables transcription via zinc-finger 
proteins (e.g., IGF-1 regulation)

Cognitive impairment / intellectual 
disability

Deficits in learning, memory, and task 
performance

Supports synaptic plasticity and 
hippocampal function

Seizure susceptibility / epilepsy
Increased seizure risk in zinc-related 
genetic models

Modulates neural excitability and 
inhibitory signalling

Sensory processing abnormalities
Impaired auditory and tactile 
discrimination (ZnT3 KO models)

Regulates synaptic zinc pools in sensory 
pathways

Motor dysfunction
Poor coordination, rotarod deficits, 
ataxia

Supports neuromuscular function and 
cerebellar development

Hyperactivity / ADHD traits
Limited evidence; some human 
association with low zinc

Influences neurotransmitter systems 
linked to impulse control



Sauer AK, Hagmeyer S, Grabrucker AM. Prenatal Zinc Deficient Mice as a Model for Autism Spectrum Disorders. Int J Mol Sci 2022; 23 (11)

Prenatal zinc deficiency in ASD



Zinc-dependent GI pathology



Zinc-dependent GI pathology



PZD mice have systemic 
chronic inflammation



PZD mice have neuro- 
inflammation



If altered zinc biology is at the core of ASD, we would 
�H�[�S�H�F�W�«

�«�W�K�D�W���D�O�W�H�U�L�Q�J���]�L�Q�F���K�R�P�H�R�V�W�D�V�L�V���L�P�S�D�F�W���W�K�H���$�6�'���S�K�H�Q�R�W�\�S�H

If this is a general Zn dependent mechanism at play in ASD; can we rescue ASD models other than PZD?

Yes

GRABRUCKER AM. Biometals in Autism Spectrum disorders. Academic Press, 2020, ISBN: 9780128211328

Model / Condition Zinc Intervention Timing & Duration Observed Effects

Shank2 & Shank3 KO 
mice Dietary zinc supplementation

Postnatal (after weaning, 
~P21�±P28), several weeks

Partial rescue of synaptic deficits and ASD-
like behaviors

VPA-exposed model
Zinc sulfate or zinc-enriched 
diet Postnatal, multiple weeks

Partial rescue of synaptic and behavioral 
deficits

MIA models (poly(I:C), 
LPS)

Zinc via diet or zinc sulfate 
(maternal or postnatal) Days to weeks

Reduced behavioral deficits and 
inflammation

BTBR mice Zinc via diet or drinking water Postnatal, several weeks
Modulated gut microbiota; reduced ASD-like 
behaviors and neuroinflammation

Tbr1 KO mice Dietary zinc supplementation Postnatal
Rescue of some behavioral and synaptic 
deficits

CTTNBP2-deficient mice Dietary zinc supplementation Postnatal, several weeks
Improved social interaction; restored 
synaptic protein levels; compensatory ZnT9 
upregulation observed



Summary

Sauer AK, Stanton JE, Grabrucker AM. Is autism a developmental zinc deficiency? Clin Nutr 2026; 58: 106592.



Next steps
Aspect Zinc Deficiency Folic Acid Deficiency

Primary condition linked
Strongly linked to Autism Spectrum 
Disorders (ASD)

Causes Neural Tube Defects (NTDs)

Supplementation recommendation Not yet universally implemented
Widely recommended for women of 
childbearing age

Strength of evidence

Growing evidence (epidemiological studies, 
meta-analyses, animal models, molecular 
mechanisms) but no large-scale 
randomized clinical trial yet

Strong, definitive evidence from large 
clinical trials (1990s)

Stage of scientific acceptance
Emerging hypothesis; evidence considered 
comparable to folic acid research in the 
1990s

Well-established, widely accepted causal 
relationship

Supplementation recommendation
Not yet universally implemented; authors 
argue it should be recommended

Widely recommended for women of 
childbearing age

Risk level of supplementation
Considered very low risk (established RDA 
and upper limits)

Considered safe and essential

Research gap:

Lack of large-scale, placebo-controlled trials 
including pregnant women, zinc formulations, 
long follow-up needed for ASD diagnosis. 
Lack or funding.



Implications

�‡ What if this model is true: IF ASD is recognized and validated as a developmental disorder 
linked to altered zinc biology:

Transformative possibilities emerging for prevention and treatment:

Prevent Zinc Deficiency 
During Pregnancy

Control Zinc Homeostasis 
Proteins

Alter Zinc Signalling

Implement Precise 
Zinc Delivery

Zinc transporters
Zinc buffering proteins
As drug targets

Targeted zinc delivery

Zinc supplementation Target zinc-dependent pathways

Consider Zn2+ as a key intracellular signalling ion !
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