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Zn2+ Acts as a First Messenger via the Zinc Sensing Receptor  
 
Michal Hershfinkel  
Department of Physiology and Cell Biology, School of Bio Medical Science, Faculty of Health Sciences, Ben-
Gurion University of the Negev, Beer Sheva, Israel; hmichal@bgu.ac.il  
 
Zinc ions serve as signaling molecules, regulating many cellular functions via modulation of membrane receptor 
and transporter responses, or by regulating kinases and phosphatase activity. A distinct Zn²⁺ _signaling pathway 
is mediated by the Zn2+-sensing receptor ZnR/GPR39, where extracellular Zn²⁺ _functions as a first messenger 
to initiate intracellular Ca²⁺ _signaling. Subsequently, ZnR/GPR39 activates major downstream signaling 
pathways controlling epithelial and neuronal function and survival. In my talk I will describe how ZnR/GPR39 
activation leads to regulation of key ion transporters, particularly members of the K⁺/Cl⁻ _cotransporter family 
(KCC1/2/3) and the Na⁺/K⁺-ATPase. In epithelial cells, ZnR/GPR39 thereby enhances water and electrolyte 
transport, promoting water absorption in the digestive system and stimulating salivary gland secretion. In 
hippocampal neurons, Zn²⁺-mediated KCC2 upregulation maintains inhibitory tone and modulates neuronal 
maturation. Moreover, ZnR/GPR39 regulates epithelial cell proliferation and wound healing, processes 
previously associated with Zn²⁺. As such, ZnR/GPR39 enhances skin keratinocyte proliferation after injury and 
colon epithelial recovery in a dextran sodium sulfate (DSS) model of colitis, but also promotes breast cancer cell 
metastasis. Our recent results also show a metabolic role for ZnR/GPR39 in hepatocytes, modulating hormone-
activated Ca²⁺ _signaling linked to gluconeogenesis. Altogether, our data suggest that ZnR/GPR39 serves as a 
fundamental hub mediating Zn²⁺-dependent cellular signaling and physiological responses, and may constitute a 
specific therapeutic target. 
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Determine the role of zinc transporter SLC39A10 in pancreatic cancer 

Swathi Sridhar 1, Saurabh Mandal 1, Bongjin Hong 2, Julie Clark 1, Howard Crawford 1, David Kwon 1, 
Thomas O Halloran 2, Ling Huang  

1. Pancreatic Cancer Center, Department of Surgery, Henry Ford Health, Detroit, Michigan, USA. 2. Department 
of Microbiology & Molecular Genetics, Michigan State University, East Lansing, Michigan, USA 

Pancreatic cancer is the third leading cause of cancer-related deaths in the US, with a five-year survival rate of 
around 13%. A large percentage of pancreatic cancer patients exhibit zinc deficiency during disease progression, 
and it is currently unclear whether and how zinc signaling may play a role in pancreatic cancer development. 
Previous studies have reported differing results on whether activated zinc influx through transporters is pro- or 
anti-pancreatic cancer. Through bioinformatic analysis of transcriptomes from patient tumors, we identified the 
zinc transporter SLC39A10 as being overexpressed in pancreatic cancer patients, and found that high expression 
of SLC39A10 is associated with poor survival. In this study, we evaluate the effects of SLC39A10 on pancreatic 
cancer cell proliferation, death, and differentiation. We will also validate the functions of SLC39A10 using 
patient-derived organoids and mouse models. In addition, we are using laser ablation inductively coupled plasma 
time-of-flight mass spectrometry to determine the spatial distribution of zinc ions in patient tissues and to 
quantify spatial expression of zinc transporter genes using 10x Genomics Visium platform. Results from our 
study will provide novel insight into the molecular mechanisms regulating zinc distribution in pancreatic cancer 
tumors and elucidate the functions of zinc signaling in pancreatic tumor cells. 
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Mitochondrial zinc metallopeptidase OMA1 as a new therapeutic target in treatment-refractory breast 
cancer 

Purohit G., Rajkumar A., Band V., Khalimonchuk O. 

Breast cancer is among the most common malignancies in women, with the triple-negative (TNBC) form being 
one of the most aggressive and treatment-refractory types of breast cancer. Mounting evidence suggests that 
adaptive alterations in mitochondrial bioenergetics, metabolic, and signaling outputs-known as mitochondrial 
plasticity-are important malignancy and treatment resistance factors in TNBC. The mitochondrial zinc 
metallopeptidase OMA1 has emerged as a nexus of mitochondrial network remodeling, metabolic control and 
retrograde signaling. Our previous work has established that OMA1-deficient cells demonstrate a shift toward 
anaplerotic metabolism and exhibit apoptotic resistance, but the role of OMA1-related pathways as a malignant 
driver is incompletely understood. Here, we show that OMA1expression is downregulated in TNBC as 
compared to normal cells, and low OMA1 expression and zinc-dependent activity correlates with poor prognosis 
and short patient survival in breast cancer patients. We present evidence that overexpression of OMA1 in TNBC 
cells decreases oncogenic traits and induces apoptotic signaling. We also show that upregulation of OMA1 
decreases malignant metabolic signatures in TNBC. Our findings reveal critical pro-survival mechanisms in 
TNBC and may enable development of novel therapeutic approaches for this type of breast cancer. 

  



WEDNESDAY, JUNE 3, 2026 

An investigation to determine the role of zinc and ZIP family metal transporters in Renal Cell Carcinoma 

Z Baalawy1,2, P Golda1, A Morrell1, MK Phanish2, RG Price1, ME Dockrell2, C Hogstrand1 

1 King’s College London, UK, 2 SWT Institute for Renal Research, London, UK 

The role of Zn(II) in cancer varies depending on the type of cancer. Although Zn(II) may play a protective role, 
the activity of Zn(II) transporters is increased in certain cancers and has been linked to poorer prognosis. Renal 
cell carcinoma (RCC) is the 14th most common cancer globally, affecting about 2-3% of all cancer patients, with 
over 430,000 global cases yearly. Its global incidence has increased by 2% annually over the past 20 years. The 
role of Zn(II) in RCC is poorly understood.  The aim of this study was to investigate the role of Zn(II) and the 
expression of Zrt- and Irt-like proteins (ZIP; SLC39) in RCC.\n\nMethods\nTwo parallel approaches have been 
used; in vitro cell culture and metallomic studies of human RCC biopsy tissue. Cell culture: The cell culture 
model utilizes 786-O cells. 786-O cells are a human renal cell carcinoma cell line derived from a primary clear 
cell adenocarcinoma. The expression of ZIP8, ZIP10 and ZIP14 was investigated using immunofluorescent 
microscopy. Cells were counterstained for K-cadherin (cadherin 6). Cell viability was assessed by exposing cells 
to 10 - 300 Î¼M of Zinc Chloride (ZnCl2) in the presence and absence of 10% heat inactivated fetal bovine 
serum (FBS) for 24 h. Metallomic studies: Renal biopsy tissue from 30 cases, each comprising of one core of 
cancer and one control, either adjacent or non-adjacent tissue, was studied. Laser Ablation Inductively Coupled 
Plasma Mass Spectrometry (LA-ICP-MS) was used to measure 2D-distribution of Zn(II) concentrations in the 
tissue and to investigate E-cadherin and vimentin expression using antibodies tagged with lanthanide isotopes. 
Results\n786-O cells expressed ZIP8, ZIP10 and ZIP14 as well as K-cadherin. In the presence of FBS ZnCl2 had 
no effect of cell viability. However, in the absence of FBS a marked, significant continuous rise in cell viability 
was observed up to 300 uM ZnCl2, one-way ANOVA, p<0.0001. Biopsy tissue possessed a cancer grade 
dependent decrease in Zn, comparing control, grade 1, grade2 and grade 3, one-way ANOVA, p<0.01. 
Malignant tissue exhibited a marked increase in vimentin and a decrease in E-cadherin compared to control 
tissue.  Conclusion. The data presented demonstrate that pre-metastatic RCC cells in culture express multiple 
ZIP and are responsive to Zn(II). In these experiments, the cells were resistant to Zn(II) cytotoxicity, this 
contrasts with non-cancerous human renal proximal tubule epithelial cells demonstrated in our previous studies. 
RCC biopsy tissue appears to have a significant reduction in Zn(II), related to the grade of cancer.  Further 
investigations are required to understand the complex profiles observed. On-going studies will investigate ZIP 
expression in biopsy tissue and the study of post-metastatic RCC cells in culture. 
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Zinc Dyshomeostasis Alters the Gut Microbiome Causing Metabolic Disruption of Macrophage-Mediated 
Bacterial Clearance in the Lung 

Daren L Knoell, Deandra R. Smith, Sunayana Malla, Rajib Saha, Ashley Peer, Svetlana Romanova, and Derrick 
R. Samuelson 

Introduction: Zinc (Zn) deficiency impacts billions of people and contributes significantly to the increasing 
incidence of community-acquired pneumonia worldwide. Myeloid cells require Zn and the Zn transporter ZIP8 
for proper host defense. Previously, we observed that infection with S. pneumoniae in myeloid-specific Zip8 
knockout mice (Zip8KO) results in increased bacterial burden and mortality despite increased recruitment of 
macrophages into the lung. In the same model, we also reported a dysbiosis of the gut microbiota and defective 
production of the vital short-chain fatty acid butyrate, which is required for proper immune function. Since Zn 
has such a broad impact on the proteome, we initiated this investigation by combining scRNASeq analysis of 
lung tissue coupled to computational metabolomic predictions to generate new insight into disease pathogenesis, 
as well as novel therapeutic interventions that can restore host defense in the setting of Zn dyshomeostasis. 
Methods: Pathogens 2023, 12(5), 639; https://doi.org/10.3390/pathogens12050639. Journal of Immunology. 
2021; 207: 1-14. Major Findings: Here, we reveal that the lungs of infected Zip8KO mice possess dysfunctional, 
butyrate-starved, resident and recruited lung macrophages even before infection, resulting in innate immune 
dysfunction highlighted by defective phagolysosomal clearance of bacteria. Consistent with animal studies, we 
also reveal that in otherwise healthy adult subjects, lower fecal Zn content, likely due to decreased dietary intake, 
has a profound impact on the gut microbiota. Computational metabolomic analysis of mouse lung macrophage 
clusters predicted disruption of the butanoate synthesis, glycolytic, and oxidative phosphorylation pathways, all 
of which impact lysosomal function. Consistent with this, Zip8KO bone marrow-derived macrophages exhibited 
increased bacterial accumulation due to deficits in lysosomal number and function via defective mTORC1/TFEB 
signaling, the master transcriptional regulatory pathway for lysosomal biogenesis. Decreased TFEB nuclear 
localization reduced expression of multiple genes associated with lysosomal biogenesis and function. This also 
occurred in parallel with defects in ATP synthesis, oxidative phosphorylation, glycolysis, and mitochondrial 
function. Knowing that labile Zn cannot enter the cytosol of macrophages through ZIP8 and that ZIP8 loss 
impairs butyric acid synthesis by the gut microbiome, we reveal potential alternative treatment strategies, 
derived from computational metabolic predictions, that restore glycolytic and mitochondrial function, thereby 
improving bacterial clearance in macrophages. Conclusion: Pneumococcus remains the leading cause of 
community-acquired bacterial pneumonia and is also a major cause of morbidity and mortality worldwide. 
Individuals who are Zn-deficient are also more at risk of acquiring pneumonia. Zn dyshomeostasis has a 
profound impact on innate immune function and front-line host defense against respiratory pathogens. This 
investigation highlights that deficits in Zn homeostasis have direct and indirect adverse impacts on macrophage 
function. This effect occurs because of alteration of the gut-lung axis, which sets the stage for worse outcomes in 
response to infection. This is in part due to transcriptional and metabolic reprogramming of cellular and 
molecular events required to generate a robust yet balanced response following pathogen invasion that eradicates 
bacteria and restores normal tissue function. Given the high incidence of diet-induced Zn deficiency and the 
rs13107325 ZIP8 defective variant allele in humans, future investigations that foster preventive, patient-centered 
treatment strategies that counter immune dysfunction due to Zn dyshomeostasis are warranted. 
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Different ZIP transporters control CD4 T cell function in autoimmunity and immunity to infection 

Li Zhong1, Dominik Drmic1, Lucile Noyer1, Liwei Wang1, Yinhu Wang1, Lara Mahal2, Toshiyuki Fukada3, 
Stefan Feske1 

1 Department of Pathology, New York University Grossman School of Medicine, New York, NY, USA. 2 
University of Alberta, Edmonton, Canada. 3 Tokushima Bunri University, Tokushima, Japan 

Zinc homeostasis is crucial for the function of many immune cells, including T lymphocytes, yet the molecular 
mechanisms governing Zn2+ balance and its impact on T cell function remain poorly defined. Using 
CRISPR/Cas9 screens targeting ion channels and transporters (ICTs) that regulate CD4+ T cell function in vivo, 
we identified several ZIP family Zn2+ transporters, most notably ZIP3, ZIP7, and ZIP10â, whose deletion 
markedly diminished CD4+ T cell numbers and function. Follow-up validation experiments demonstrated that 
one of them, ZIP3, is required for the expansion of autoreactive CD4+ T cells in the CNS of mice with 
experimental autoimmune encephalomyelitis (EAE). Adoptive transfer of ZIP3-deficient pathogenic T helper 17 
(pTh17) cells substantially reduced EAE severity by limiting leukocyte infiltration into the CNS. In vitro, loss of 
ZIP3 increased susceptibility to apoptotic cell death and impaired T cell activation, whereas proliferation and 
cytokine production were largely preserved. Ectopically expressed ZIP3 localized predominantly to the Golgi 
apparatus, and ZIP3 deletion lowered cytosolic Zn2+ levels in pTh17 cells, suggesting that ZIP3 mediates Zn2+ 
export from the Golgi into the cytosol. Another ZIP transporter that constrains CD4+ T cell proliferation is ZIP7, 
which, in contrast to ZIP3, is primarily localized in the ER. Deletion of ZIP7 significantly elevated ER Zn2+ 
levels, consistent with a role for ZIP7 in Zn2+ efflux from this compartment. While ZIP7 loss had minimal 
impact on T cell receptor signaling, genome-wide transcriptional profiling revealed a key role for ZIP7 in IL-2 
signaling, attributable to impaired expression of the IL-2 receptor alpha chain (CD25) in the absence of ZIP7. 
Our data moreover indicate that proper regulation of ER Zn2+ levels by ZIP7 is essential for N-linked 
glycosylation of ER-resident proteins such as CD25 and their subsequent expression at the cell surface. In line 
with the central role of IL-2R signaling in the development and function of Foxp3+ regulatory T cells (Treg), 
mice with T cell-specific deletion of ZIP7 exhibited a pronounced reduction in Treg cell numbers and developed 
severe autoimmunity. Collectively, these findings show that ZIP3 and ZIP7 are both indispensable for the 
function of distinct CD4+ T cell subsets and may exert opposing effects in the regulation of autoimmunity. 
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Understanding and manipulating the antibacterial zinc toxicity response in macrophages for anti-infective 
design 

Sweet M.J., von Pein J.B., Stocks C.J., Dalton E.K., Das Gupta K., Curson J.E.B., Phan M-D., Ingram Z., 
Emming S., Tarique A.A., Wainwright C.E., Robinson P.D., Sly P.D., Kapetanovic R., Ramnath D., and 
Schembri M.A. 

As frontline innate immune cells, macrophages engage a plethora of inducible antimicrobial responses to defend 
against and overcome infections (1). Amongst these inducible antimicrobial responses, macrophages harness the 
antibacterial properties of zinc to limit intracellular growth and survival of bacterial pathogens. However, our 
understanding of molecular mechanisms by which macrophages engage zinc intoxication are rather limited. 
Using a combination of approaches that span cell biology, microbiology, immunology and genomics, we have 
developed tools to track the antibacterial zinc response in cells and in mice (2). Using these tools, we have 
elucidated roles for the zinc exporter SLC30A1/ZnT1 (3) and the cystic fibrosis transmembrane regulator 
(CFTR) (4) in this antibacterial pathway in macrophages. More recently, we developed bacterial reporter-paired 
scRNAseq of primary human macrophages responding to E. coli to identify host genes controlling the zinc 
toxicity response. These studies led us to discover a connection between zinc starvation and zinc toxicity, with 
zinc limitation of E. coli sensitizing them to subsequent zinc intoxication by macrophages. We are also exploring 
other mechanisms that may be involved in the antibacterial zinc pathway in macrophages, including magnesium 
deprivation and engagement of the pentose phosphate pathway. Through such knowledge, we are devising 
strategies to amplify this antimicrobial response for anti-infective design. This may be particularly applicable to 
people with cystic fibrosis (pwCF), since the antibacterial zinc response is defective in macrophages from pwCF 
(4). 

References: 1. Sweet et al (2025). Nature Reviews Immunol, 25, 92-107. 2. Stocks et al (2019). PNAS, 116, 
6341-6350. 3. Stocks et al (2021). J Leukoc Biol, 109, 287-297. 4. Das Gupta et al (2024). PNAS, 121, 
e2315190121. 
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Vesicular zinc modulates postnatal hippocampal neurogenesis and experience-dependent plasticity 

Fu S., Le L, Boon J., Chrusch M.J., Spanswick S., Dyck R.H. 

Zinc is highly concentrated in glutamatergic synaptic vesicles of forebrain circuits, where activity-dependent 
release modulates synaptic signaling. Although vesicular zinc has been implicated in neurotransmission, its role 
in shaping hippocampal cell populations during development and enabling experience-dependent plasticity in 
adulthood remains incompletely understood. Using male and female ZnT3 knockout (KO) mice, which lack 
vesicular zinc, we examined how zincergic signaling regulates postnatal hippocampal development and adult 
plasticity. \nMETHODS. To assess developmental effects, hippocampal cell proliferation, survival, and neuronal 
differentiation were quantified at postnatal days (P)6, P14, and P28 using thymidine analog labeling and 
phenotypic markers. To examine adult plasticity, wild-type and ZnT3 KO mice were housed in standard 
conditions, environmental enrichment (EE), or isolation housing paradigms. Molecular plasticity markers and 
hippocampal-dependent memory were assessed to determine experience-dependent adaptations. \nRESULTS. 
Vesicular zinc loss altered the developmental trajectory of hippocampal cell populations. ZnT3 KO mice 
exhibited reduced cell proliferation at P14, accompanied by enhanced survival of developmentally generated 
cells into adulthood. Cells born early in postnatal life (P6) showed increased long-term survival in KO animals. 
Notably, developmental effects were sex-dependent: males showed greater proliferation and survival at later 
postnatal stages, whereas females exhibited increased neuronal differentiation. These findings indicate vesicular 
zinc regulates the balance between proliferation, survival, and differentiation during hippocampal maturation. In 
adulthood, vesicular zinc proved critical for experience-dependent plasticity. Environmental enrichment 
enhanced molecular plasticity pathways and improved spatial memory in wild-type mice but failed to produce 
comparable cognitive gains in ZnT3 KO animals. Isolation housing of female mice resulted in reduced cell 
proliferation and survival in female mice that could not be countered by anti-depressant (fluoxetine) 
administration. Baseline performance under standard housing conditions remained largely intact, suggesting 
vesicular zinc is required for adaptive plastic responses rather than basal hippocampal function. 
\nCONCLUSIONS. Our findings identify vesicular zinc as a key regulator of hippocampal plasticity across the 
lifespan. During postnatal development, zincergic signaling shapes the size and composition of hippocampal cell 
populations by modulating proliferation, survival, and neuronal differentiation in a sex-dependent manner. In 
adulthood, vesicular zinc gates experience-dependent plasticity and cognitive enhancement. \nSIGNIFICANCE. 
These results position vesicular zinc as a mechanistic bridge linking developmental circuit formation with 
adaptive plasticity later in life. Given zinc s central role in synaptic signaling and neuronal growth, disruptions in 
zincergic neurotransmission may contribute to neurodevelopmental and neuropsychiatric disorders by altered 
circuit maturation and impaired plasticity. Understanding zinc-dependent mechanisms may inform therapeutic 
strategies aimed at enhancing plasticity and functional recovery. 
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The roles of the zinc transporter proteins ZnT3 and ZIP12 in synaptic function and synaptic structure in 
the mouse auditory cortex. 

Anderson, Charles T. 

Zinc ions are co-released with neurotransmitters at synaptic locations throughout in the brain and spinal cord. 
Although the effects of zinc on synaptic signaling and information processing are well established, the molecular 
machinery governing the release and clearance of synaptic zinc from synaptic terminals is less understood. 
Recent evidence from clinical studies has linked two brain-specific zinc transporter proteins (ZnT3 and ZIP12) 
with schizophrenia and Alzheimer’s disease, suggesting that these are important zinc transporter proteins for 
neuronal function and brain health. Here we present recent work on our progress to understand the functions of 
ZnT3 expressed by neurons, ZIP12 expressed by astrocytes, and how these zinc transporters shape the levels of 
zinc at synaptic terminals. Since these zinc transporters are expressed at synapses in the cortex of the brain, they 
are poised to be crucial regulators of the effects of zinc on synaptic structure and synaptic function, which are 
important for synaptic plasticity, brain function, and animal behavior. 
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Zinc chelation induces visible pigment granules and loss of autofluorescence in Drosophila Malpighian 
tubules 

Carlos Tejeda-Guzmán, Fanis Missirlis 

Malpighian tubules of Drosophila melanogaster are key epithelial tissues involved in zinc storage, yet the 
chemical basis of zinc-associated optical signals remains poorly understood. To address this, acute zinc chelation 
was used as a chemical perturbation in freshly dissected tubules. Exposure to the high-affinity chelator TPEN 
rapidly induces conspicuous brown/red granules detectable by brightfield microscopy. This response is confined 
to tubule regions displaying yellow pigmentation prior to treatment and is absent from non-pigmented regions. In 
parallel, TPEN-induced granules show a pronounced loss of intrinsic autofluorescence, which we propose 
reflects disruption of a zinc-xanthurenic acid complex. Ongoing work aims to identify the compound generated 
following zinc chelation.   

  



WEDNESDAY, JUNE 3, 2026 

A versatile fluorescent zinc indicator, ZIGIR-2, for imaging zinc rich vesicles in living cells 

Ebrahim H. Ghazvini Zadeh, Juanzhu Yan, Adam Tullis, Wen-hong Li 

Zinc plays essential roles in numerous cellular processes, yet visualizing labile zinc pools in zinc-rich vesicles 
remains challenging due to the lack of probes with sufficient selectivity and subcellular targeting. Here we report 
ZIGIR-2, a fluorescent zinc indicator that selectively labels zinc-rich vesicles in living cells. ZIGIR-2 exhibits 
low nanomolar Zn2+ affinity and good selectivity for ZnÂ²â�º over proton and other biologically relevant metal 
ions, and displays a robust fluorescence turn-on response upon zinc binding. In live-cell imaging experiments, 
ZIGIR-2 readily permeates cell membranes and preferentially accumulates in intracellular vesicular 
compartments enriched in labile zinc, producing bright punctate fluorescence with minimal background signal. 
Colocalization studies with vesicular markers confirm that ZIGIR-2 selectively labels zinc-containing vesicles, 
including lysosomes in cell culture, zymogen granules in primary acinar cells, and synaptic vesicles in mouse 
brain slices, enabling visualization of their distribution and dynamics in real time. Importantly, ZIGIR-2 shows 
low cytotoxicity and excellent photostability, allowing prolonged imaging in living cells. Using ZIGIR-2, we 
demonstrate the ability to monitor changes in vesicular zinc levels in response to pharmacological manipulation 
of cellular zinc homeostasis. Together, these results establish ZIGIR-2 as a powerful new tool for studying the 
localization and dynamics of zinc-rich vesicles and for investigating the role of vesicular zinc in cellular 
physiology. 
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“Ramping” up macrophage antibacterial zinc toxicity to combat antibiotic-resistant bacterial infections 

Dalton E. K., Emming S., Das Gupta K., Curson J. E. B., Sly P., Robinson P. D., Wainwright C. E., Schembri 
M. A., Ramnath D., and Sweet M. J. 

Macrophages and other innate immune cells manipulate the cellular distribution of zinc as an antimicrobial 
defence strategy to combat invading pathogens. During infection, toxic concentrations of this biometal can be 
directed towards intracellular pathogens, via the coordinated actions of zinc transporters, to facilitate pathogen 
killing in a process known as metal ion poisoning. Targeting macrophage antimicrobial responses, such as this 
zinc toxicity pathway, offers a potential strategy to enhance innate immune defence and overcome antimicrobial 
resistant (AMR) infections.  A key regulator of the zinc toxicity response is the zinc exporter SLC30A1/ZnT1, 
which has also been implicated in constraining inflammation-driven pathology. In macrophages from people 
with cystic fibrosis (pwCF), SLC30A1 mRNA expression is attenuated, and the zinc toxicity response is 
impaired, correlating with impaired bacterial clearance. Therapies that target SLC30A1 could therefore have 
potential as host-directed therapies (HDTs) to combat AMR pathogens in pwCF and other groups vulnerable to 
infection. Here, we investigated the mechanisms of the antibacterial zinc toxicity response against bacterial 
pathogens of concern to vulnerable patient groups. We additionally explored SLC30A1 mRNA delivery as a 
strategy to both promote bacterial clearance and reduce inflammation-mediated pathology. Two bacterial 
pathogens of particular concern to pwCF, M. abscessus and P. aeruginosa, were susceptible to zinc poisoning. 
Similarly, pathogenic E. coli sequence type 95 (ST95), a bacterial pathogen of significant concern for other 
vulnerable patient groups, was also sensitive to zinc poisoning. Mechanistically, culture conditions that 
mimicked some aspects of the macrophage phagosome sensitised P. aeruginosa and E. coli ST95 to zinc 
poisoning, with magnesium deprivation of particular importance for this effect. The contributions of magnesium 
deprivation towards zinc poisoning of M. abscessus are currently under investigation. Interestingly, the divalent 
metal ion transporter NRAMP1/SLC11A1, which has an important function in antibacterial defence in 
macrophages, has been implicated in depriving the intramacrophage pathogen Salmonella of magnesium. This 
suggests that SLC30A1 and NRAMP1 may act in a coordinated fashion to promote antibacterial zinc toxicity. 
To develop an approach to enhance the zinc toxicity response, mRNA delivery of functional SLC30A1 protein 
to human macrophages was established. Current studies are investigating whether delivering SLC30A1 and/or 
NRAMP1 mRNAs â€˜ramps upâ€™ zinc-mediated bacterial killing and/or suppresses inflammatory responses 
in macrophages following bacterial infection. Findings to date offer insights into the mechanisms underlying the 
antibacterial zinc toxicity response and provide a foundation for developing HDTs that enhance innate immune 
defence to combat AMR bacterial pathogens. 
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Impacts of excess zinc on the Chromobacterium violaceum transcriptome revealed by RNAseq analysis 
 
DA SILVA NETO, J.F.; LIMA NETO, S.P.  
Department of Cellular and Molecular Biology and Pathogenic Bioagents, Ribeirão Preto Medical School, 
University of São Paulo, Ribeirão Preto, SP, Brazil  
 
Zinc is an essential metal for all living organisms, including bacteria. It acts as a cofactor with catalytic, 
structural, and regulatory functions in proteins. Although required for bacterial survival, excess zinc can lead to 
protein mismetallation, disrupting key metal-dependent pathways. Zinc homeostasis is particularly important in 
the context of infection, where the host can either limit or intoxicate bacteria by modulating metal availability. 
Microorganisms have evolved multiple mechanisms to control zinc homeostasis, including influx, efflux, and 
buffering systems, often regulated by transcription factors. In this study, we aimed to investigate regulatory 
mechanisms involved in zinc tolerance in Chromobacterium violaceum, a Gram-negative bacterial pathogen that 
relies on zinc uptake systems for virulence. The C. violaceum ATCC 12472 strain was grown to mid-log phase 
in LB medium and the cultures were either untreated or exposed to 2 mM ZnCl2 for 15 minutes. Total RNA was 
extracted and used for global gene expression analysis by RNAseq. Global transcriptional analysis revealed 437 
upregulated and 386 downregulated genes under the zinc excess condition in comparison with the LB control 
condition. Upregulated genes were mainly associated with signal transduction mechanisms, post-translational 
modifications, and carbohydrate transport and metabolism, whereas downregulated genes were related to cell 
motility, nucleotide transport, and translation processes, including ribosomal structure and biogenesis. 
Additionally, categories such as transcription factors, ion transport and metabolism, and energy production and 
conversion were observed among both upregulated and downregulated genes. A highly upregulated gene under 
excess zinc was zntA, encoding a P-type ATPase involved in zinc efflux, and its zinc-dependent expression 
pattern was validated by RT-qPCR analysis. Swimming motility assays revealed that the C. violaceum 
flagellum-mediated motility was impaired in the presence of excess zinc, suggesting a direct impact of metal 
excess on this process. Growth curves performed with null mutants for a lectin and an MFS-type transporter, 
identified in the transcriptome analysis, did not show significant phenotypic differences under zinc excess 
conditions. Altogether, these results expand our understanding of the molecular mechanisms underlying bacterial 
adaptation to zinc stress. Future studies will focus on the functional characterization of the identified zinc-
impacted pathways through phenotypic assays with null mutant strains.  
Keywords: Zinc homeostasis; Zinc intoxication; Chromobacterium violaceum; Transcriptome; RNA-seq  
Development Agencies: FAPESP, FAEPA, CNPQ, CAPES 
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A high-affinity sensor mitoGZnP4s uncovers a TRPML1-MCU axis governing mitochondrial Zn2+ 
uptake 

Rue, BE., Flores, PC., Salvagio, LA., 1, Coffman, J., Soto, W., Wachter, L., Donovan, CL., Chu, A., Joseph, 
SK., Du, W., Qin, Y. 

Labile zinc is an essential signaling ion whose concentration varies widely across subcellular compartments, 
with mitochondria maintaining exceptionally low picomolar Zn2+ levels. Progress in understanding 
mitochondrial Zn2+ biology has been limited by the lack of tools capable of quantitatively imaging Zn2+ at 
these concentrations in living cells. Here we introduce picomolar-affinity, high sensitivity, and genetically 
encoded Zn2+ sensors developed using AlphaFold-guided structural prediction: GZnP4s for cytosolic 
measurement. Labile zinc is an essential signaling ion whose concentration varies widely across subcellular 
compartments, with mitochondria maintaining exceptionally low picomolar Zn2+ levels. Progress in 
understanding mitochondrial Zn2+ biology has been limited by the lack of tools capable of quantitatively 
imaging Zn2+ at these concentrations in living cells. Here we introduce picomolar-affinity, high sensitivity, and 
genetically encoded Zn2+ sensors developed using AlphaFold-guided structural prediction: GZnP4s for 
cytosolic measurements and its mitochondria-targeted variant, mitoGZnP4s. Using the ratiometric derivative, we 
quantify mitochondrial Zn2+ concentrations across nine cell types, demonstrating that mitochondrial Zn2+ levels 
in neurons and fibroblasts are significantly higher than other cell types. Furthermore, application of mitoGZnP4s 
reveals a physiological pathway for mitochondrial Zn2+ uptake involving the lysosomal channel TRPML1, the 
mitochondrial calcium uniporter, and mitochondria-lysosome membrane contact sites. Together, these tools 
establish a quantitative framework for probing mitochondrial Zn2+ signaling and uncover a new mechanism of 
mitochondrial Zn2+ accumulation.ents and its mitochondria-targeted variant, mitoGZnP4s. Using the ratiometric 
derivative, we quantify mitochondrial Zn2+ concentrations across nine cell types, demonstrating that 
mitochondrial Zn2+ levels in neurons and fibroblasts are significantly higher than other cell types. Furthermore, 
application of mitoGZnP4s reveals a physiological pathway for mitochondrial Zn2+ uptake involving the 
lysosomal channel TRPML1, the mitochondrial calcium uniporter, and mitochondria-lysosome membrane 
contact sites. Together, these tools establish a quantitative framework for probing mitochondrial Zn2+ signaling 
and uncover a new mechanism of mitochondrial Zn2+ accumulation. 
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Real-time Visualization and Quantification of Zinc Dynamics in Live Zebrafish using a Novel FRET-
based Probe 

Xiujuan Tong, Zhidan Xia, Rui Liu, Weiliang Liang, Junxia Min, Fudi Wang 

Objective. Zinc is a vital trace element involving in various physiological processes. However, monitoring 
dynamic zinc fluctuations in vivo remains challenging. This study aims to develop a novel FRET-based sensor to 
visualize and quantify zinc ions (Zn2+) in live zebrafish models. Methods. We engineered a FRET-based zinc 
probe by modifying the eZinCh-2 sensor to improve its sensitivity and dynamic range. The probe was expressed 
in zebrafish embryos to establish a real-time imaging platform. We further applied this method to monitor zinc 
redistribution under physiological conditions and in inflammation models induced by tail fin injury. Results. Our 
sensor successfully achieved high-resolution ratiometric imaging of free Zn2+ in live zebrafish larvae. 
Interestingly, we observed a novel pattern of zinc accumulation in motor neurons and muscle tissues during 
development. Furthermore, preliminary data in the inflammation model revealed distinct zinc signaling 
dynamics at the injury site. Conclusion. We established a robust in vivo quantification method for zinc ions. This 
tool provides new insights into zinc homeostasis and its pathological roles in inflammation and development. 

  



THURSDAY, JUNE 4, 2026 

Roles of Zinc Transporters in Maintaining ER and Golgi Zinc Homeostasis 

Amagai Y., Inaba K. 

Zinc is an essential trace element whose intracellular and intraorganellar concentrations are tightly regulated by 
members of the ZnT and ZIP families. We previously developed organelle-targetable zinc probes (ZnDA-1H, -
2H, and -3H) and quantified labile zinc concentrations in various organelles and the cytosol of cultured 
mammalian cells. We found that the Golgi apparatus maintains relatively high labile levels of labile zinc 
(25â€“100 nM), compared with the cytosol (100â€“500 pM) and the endoplasmic reticulum (ER; ~10 pM), 
thereby establishing a large zinc concentration gap between the Golgi and the ER. Given that newly synthesized 
secretory proteins are inserted into the ER, folded into native structures, and secreted to their destinations via the 
Golgi apparatus, the secretory proteins pass through dramatically different zinc environments spanning 
picomolar to nanomolar concentrations.\n\nERp44 is a molecular chaperone that binds immature secretory 
proteins or ER-resident enzymes in the Golgi and retrieves them to the ER. We previously demonstrated that 
ERp44 also binds zinc ions at the Golgi, thereby enhancing its activity, suggesting that zinc homeostasis in the 
Golgi plays a crucial role in protein quality control. The hundreds-of-nanomolar zinc concentration in the Golgi 
is maintained by Golgi-resident ZnTs (ZnT4, ZnT5, ZnT6, and ZnT7) and functionally modulates the ERp44-
mediated quality control system. In contrast, the ER maintains much lower levels of labile zinc. Inhibition of the 
ER-resident transporter ZIP7 markedly increased ER zinc concentrations to the micromolar range. Notably, we 
found that zinc ions directly inhibit the activity of the ER oxidase Ero1Î± in vitro, with an IC50 value of 38 nM. 
Consistently, oxidative protein folding of representative receptor proteins, including Notch1 and EGFR, was 
impaired in ZIP7-silencing cells. These findings indicate that zinc homeostasis in the ER is essential for 
maintaining redox and protein homeostasis.\n\nOur recent studies have elucidated the physiological functions of 
Golgi-resident ZnTs and ER-resident ZIP7 in zinc and protein homeostasis. However, it remains unclear whether 
and how the previously reported Golgi-resident ZIP transporters (ZIP9, ZIP11, and ZIP13) contribute to Golgi 
zinc homeostasis. To address this question, we performed a series of knockdown experiments and quantified 
labile zinc ion concentrations within individual  Golgi cisternae. Knockdown of ZIP9 alone increased labile zinc 
levels in all cis-, medial, and trans-Golgi cisternae. Consistently, both exogenously expressed ZIP9 and knock-in 
ZIP9-Halo localized to the Golgi. In contrast, exogenously expressed ZIP11 and ZIP13 exhibited ER-like 
localization in HeLa Kyoto cells. However, silencing of ZIP11 or ZIP13 did not elevate labile zinc levels in the 
ER. These results indicate that ZIP9 serves as the primary transporter mediating zinc efflux from the Golgi 
lumen to the cytosol, whereas neither ZIP11 nor ZIP13 is involved in zinc homeostasis in the early secretory 
pathway. Instead, they may regulate other metal ions. In conclusion, our study demonstrates that ZIP9 is a key 
zinc transporter required for Golgi zinc homeostasis. 
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Recent progress in the regulation of zinc metabolism and homeostasis in the vertebrates 

Zhi Luo, Chang-Chun Song, Tao Liu, Sheng-Zan Liu, Lu-Lu Liu, Guang-Hui Chen, Kun Wu 

Zinc is a necessary micro-element in fish. Dietary zinc deficiency and excess will adversely influence growth 
performance and health in fish. So, it is very important to maintain zinc homeostasis in fish body. SUMOylation 
is the important post-translational modification of the protein, which significantly influences the expression, 
subcellular localization, activity and function of the protein. In the past decades, using yellow catfish 
Pelteobagrus fulvidraco and model zebrafish Danio rerio as the model, we investigated zinc absorption, 
transport, metabolism and the regulation of zinc homeostasis. Our recent progress included: (1) Isolation and 
identification of zinc transporters; (2) Transcriptionally regulatory mechanism of key zinc transporter; (3) 
Mechanism of SUMOylation modification for zinc transporters; (4) Effects of SUMOylation modification on 
subcellular localization, expression and zinc transporting activities of zinc transporters; (5) Regulatory pathways 
and methods for improving dietary zinc utilization. Keywords: Zinc; Metabolism; Homeostatic regulation; Post-
translational modification of proteins; Vertebrates. Fund: National Natural Science Foundation of China 
(32030111, 31872585) 
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Transporters and Zincology: Decoding Zinc Homeostasis in Health and Disease 

Wang F, Min J 

Guided by the cross-disciplinary framework of Zincology “the systematic study of zinc metabolism and its 
multifaceted roles in physiology and pathogenesis[PMID: 41531895, 2026]” we comprehensively unravel the 
non-redundant functions of key SLC transporters (SLC39A8, SLC39A10, SLC30A1, SLC39A11) as pivotal 
regulators of metal homeostasis, linking their dysregulation to diverse high-burden pathologies. Zinc, an 
indispensable micronutrient, modulates hundreds of enzymatic reactions, cellular signaling cascades and tissue-
specific physiological processes, with its systemic and local balance tightly governed by the SLC39A (ZIP) 
family mediating metal influx and SLC30A (ZnT) family facilitating metal efflux. The context-dependent nature 
of metal biology, marked by systemic deficiency aggravating inflammatory and oxidative stress and local 
overload triggering tissue-specific toxicity, highlights the necessity of precise transporter-mediated homeostasis 
control, a core pillar of the Zincology framework.\n\nSLC39A10 (ZIP10) acts as a dual-functional zinc importer 
governing adaptive immunity and embryonic hematopoiesis, two critical processes dependent on zinc-fueled 
cellular proliferation and survival. In T lymphocytes, SLC39A10 mediates zinc influx upon T cell receptor 
activation, preserving DNA replication fidelity and restraining abnormal cell death[PMID: 39862347, 2025]; T 
cell-specific ablation of SLC39A10 induces p53/p21-independent apoptosis, reduces pathogenic CD4â�º T cell 
infiltration into inflamed tissues, and markedly alleviates inflammatory bowel disease and experimental 
autoimmune encephalomyelitis. In hematopoietic stem cells (HSCs), SLC39A10 deficiency elicits severe 
intracellular zinc depletion, triggering DNA damage, necroptosis and impaired HSC self-renewal, which further 
leads to defective definitive hematopoiesis and postnatal lethality - these phenotypes are fully reversed by 
targeted zinc supplementation[PMID: 37068188, 2023]. These findings define SLC39A10 as a cell-type-specific 
homeostasis hub, integrating zinc transport with immune tolerance and developmental hematopoiesis. SLC39A8 
(ZIP8) dysregulation drives the progression of kidney disease, a paradigmatic model embodying Zincology core 
tenets. Renal-specific overexpression of SLC39A8 induces local zinc excess, activating the Zn-AKT-FOXO1-
G6PC signaling axis to suppress gluconeogenesis, promote lactate accumulation and exacerbate tubular necrosis 
and fibrosis[PMID: 40956895, 2025]. In contrast, kidney-specific SLC39A8 knockout or targeted zinc chelation 
effectively reverses these pathological lesions, validating the therapeutic promise of targeting transporter-
mediated local metal homeostasis.\n\nSLC30A1 (ZnT1) localizes to the basolateral membrane of intestinal 
epithelial cells (IECs), acting as a gatekeeper of systemic zinc balance via a unique dimer-dependent transport 
mechanism, with His43 serving as the critical residue for zinc selectivity[PMID: 39422023, 2024]. Intestinal-
specific deletion of SLC30A1 disrupts bidirectional zinc trafficking, causing IEC zinc overload coupled with 
systemic zinc deficiency; this imbalance compromises intestinal barrier integrity, induces IEC death via 
apoptosis, necroptosis and ferroptosis, and activates the cGAS-STING inflammatory pathway. Additionally, 
macrophage-resident SLC30A1 exerts a protective role against attenuated Salmonella infection[PMID: 
39475776, 2024], expanding its functional scope in mucosal immunity. Beyond zinc homeostasis, we identify 
SLC39A11 as a key manganese transporter that defends against biological aging, at least partially by modulating 
cellular manganese homeostasis[PMID: 39114488, 2024]. Collectively, our study unifies fragmented insights 
into SLC transporter functions under the Zincology framework, demonstrating that SLC39A8/10/11 and 
SLC30A1 function as non-redundant regulators of metal homeostasis across immunity, hematopoiesis, intestinal 
barrier function, renal physiology and aging. These transporters connect metal trafficking to disease 
pathogenesis via context-dependent mechanisms, providing novel therapeutic targets for precision interventions 
in autoimmune diseases, hematopoietic disorders, intestinal dysfunction, kidney disease and aging-related 
ailments. We also discuss emerging evidence linking zinc dyshomeostasis to metabolic-associated steatohepatitis 
(unpublished data), offering a forward-looking perspective to expand the translational impact of Zincology to 
prevalent metabolic disorders. This research reinforces the centrality of SLC transporters in health and disease, 
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advancing the understanding of metal-dependent biological processes and laying a foundation for targeted 
therapies targeting metal homeostasis. 
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From Cytokine to Zinc Biology: New Insights into Zinc Transporters’ Function, Disease, and Drug 
Development 

Toshiyuki Fukada 

Molecular and Cellular Physiology, Faculty of Pharmaceutical Sciences, Tokushima Bunri University, 
Tokushima, Japan 

Although my current research focuses on the in vivo functions of zinc transporters, the starting point of my 
scientific journey was quite different from my present field. More than 20 years ago, I was studying cytokine 
signaling, which dramatically changed the direction of my research career. Since then, I have shifted my focus 
toward zinc transporter biology through studies investigating their biological relevance and molecular 
mechanisms. My previous experience in cytokine research has been highly beneficial in developing biological 
and pathophysiological perspectives. Over the past two decades, accumulating evidence has demonstrated that 
zinc functions not only as a structural or catalytic cofactor, but also as a signaling mediator regulated by zinc 
transporters. In this lecture, I will introduce our recent findings on the physiological and pathological roles of 
ZIP family zinc transporters, focusing particularly on ZIP10, ZIP13, and ZIP14. I will discuss the functions of 
ZIP10 in immune cell development and epidermal homeostasis, highlighting its importance in adaptive 
immunity and skin biology. We have also identified ZIP13 as a critical regulator of connective tissue 
development and systemic metabolism, and revealed that loss-of-function mutations in SLC39A13/ZIP13 cause a 
subtype of Ehlers–Danlos syndrome. In addition, I will present our ongoing studies targeting ZIP14, a zinc 
transporter strongly induced under inflammatory conditions, and introduce unpublished data along with future 
perspectives on zinc transporter–targeted drug discovery. These studies collectively demonstrate how zinc 
biology has evolved into a promising field connecting basic metal biology with translational medicine and 
therapeutic innovation. 
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The membrane androgen receptor, ZIP9, regulates the hypothalamic-pituitary-gonadal (HPG) axis and is 
essential for female fertility in zebrafish 

Wang R., Xu R., Boseley R., Geraki T., Morrell A.P., Griffiths A., Hindges R., Jonas K., Hogstrand C. 

Background: The zinc transporter ZIP9 is a membrane androgen receptor, but its functional role in the 
reproductive system is not understood.\n\nAims: This study sought to characterise the reproductive phenotype 
resulting from ZIP9 deficiency in a vertebrate model and determine the physiological mechanisms underlying 
ZIP9 function as a membrane androgen receptor.\n\nMethods: A zebrafish zip9 knockout model was created 
using CRISPR/Cas9. Mating behaviours of wildtype and zip9-/- zebrafish were monitored in incross and 
outcross pairs. Embryo development was monitored for 24 hours post-fertilisation (hpf). Key HPG axis gene 
expression in adults was analysed by qPCR, and ovarian histology was performed. Effect of zip9 deficiency on 
2D metal distribution in larvae was analysed by LA-ICP-TOF-MS with follow-on analyses of the head using 
micro-X-ray fluorescence (XRF) 2D and tomography imaging.\n\nResults: zip9 knockout zebrafish exhibited 
stunted growth. Although courtship behaviours appeared normal in adult Zip9 knockouts, reproductive output 
was impaired, but only in females. Pairs with zip9-/- females showed significantly decreased spawning rates and 
egg numbers, regardless of the genotype of male; while pairs with zip9-/- males reproduce as normal. This 
female-specific infertility was further demonstrated by 100% mortality in offspring from zip9-/- females by 24 
hpf, which was associated with smaller chorions and no progression of embryos beyond 1-cell stage. 
Histological analysis revealed ovarian disorganisation with an accumulation of early-stage follicles. qPCR 
analysis revealed a profound, sex-specific dysregulation of genes for gonadotropic hormones and their receptors 
along the hypothalamic-pituitary-gonadal (HPG) axis. Key neuroendocrine genes (kiss1, kiss2, gnrh2, gnrh3, 
fshb, lhb) were suppressed in female zip-/- brains but elevated in male zip9-/- brains. Subsequent gonadal gene 
expression was also disrupted. The liver showed a >60% downregulation of hepatic vtg and esr1, which are 
required for egg yolk formation. LA-ICP-TOF-MS analysis of zip9+/- larvae 5 dpf showed reduced contents of 
zinc, copper and iron, compared with wild type. Moreover, zinc localisation in the brain region of wildtype 
larvae demonstrated a relatively higher content of zinc compared to the surrounding tissues. This region is 
consistent with the hypothalamic-pituitary area, suggesting a potential role for zinc in neuroendocrine signalling. 
This distinct localisation pattern was not observed in zip9+/- larvae, indicating that zip9 may play a role in 
neuroendocrine function by modulating zinc distribution and signalling. XRF tomography confirmed the distinct 
distribution of zinc in this area of the brain of wild type larvae and its absence in zip9-/- larvae. \n\nConclusion: 
We identify zip9 as a critical, female-specific regulator of reproduction. Its loss suppresses egg yolk formation, 
disrupts ovarian architecture, and causes complete embryo mortality. The sex-specific dysregulation of HPG axis 
genes establishes a novel mechanism whereby zip9 governs reproductive function by ensuring correct brain-
pituitary-gonad communication, vital for female fertility. These changes in gene expression of the hypothalamus 
and pituitary were accompanied by a loss of zinc patterning in this region, indicating a role for zinc and zip9 in 
neuroendocrine signalling. 
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Physiological relevance of prominent zinc storage granules in the Malpighian Tubules of Drosophila 
melanogaster larvae 

Missirlis F., Tejeda-Guzman, C. 

Zinc is stored in primary cells of the insect excretory organ, the Malpighian tubules, where it is found enclosed 
within lysosome-related organelles in complex with 3-hydroxy-kynurenine (3HK), a product of tryptophan 
catabolism. I will discuss recent evidence from studies in Drosophila melanogaster for three broad functions of 
these prominent zinc storage granules, which are conserved in numerous other insect species. First, the proposal 
that they function as a physiological storage site for the metal ion, in the context of systemic zinc 
homeodynamics. Second, that zinc preserves otherwise reactive 3HK in a chemically inert form, until it is 
required during insect metamorphosis for eye pigment formation. Third, that the stored zinc is required for 
sexual maturation in the adult insect. The research encompasses work of numerous individuals, acknowledged in 
relevant publications and during the presentation. 
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Pathophysiological Significance of Impaired KAT7-Dependent Histone H3K14 Acetylation During Zinc 
Deficiency 

Satoshi Takenaka, Takao Fujisawa, Hidenori Ichijo 

Zinc is an indispensable micronutrient for optimal physiological functions, and zinc deficiency has been 
implicated in the pathogenesis of various human diseases. However, the molecular mechanisms by which zinc 
deficiency causes harmful effects remain poorly understood. One potential mechanism underlying such 
pathogenic effects is the alteration of gene expression caused by zinc deficiency; however, the details of this 
process remain largely unexplored. To understand the impacts of zinc deficiency, we first focused on histone 
post-translational modifications and revealed that the acetylation of histone H3 at Lys14 (H3K14ac) was 
decreased by zinc deficiency. As a molecular mechanism behind the reduction in H3K14ac, we found that the 
histone acetyltransferase KAT7, which acetylates H3K14 loses zinc coordination and enzymatic activity during 
zinc deficiency. Moreover, using a mouse model of zinc deficiency by feeding a zinc-deficient diet or high-fat 
diet, we revealed that prolonged zinc deficiency in mice, accompanied by decreased H3K14ac levels in the liver, 
upregulated the expression of genes associated with intracellular lipid droplet formation, leading to the 
accumulation of lipids within liver tissue. Our findings demonstrate that cells respond to zinc deficiency by 
converting it into an epigenetic signal that drives pathophysiological biological processes. 
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Gene transcripts in plasma exosomes for specific zinc transporters and metallothioneins are 
downregulated in human preterm infants 

Elitt, C.M., Kim, E.M., Cheng, A.L., Choe, E.H., Wang, J., Ross, M.M., Dreyfuss, J.M., Inder, T.E., Balaj, L., 
Christou, H.A., He, Z., Belfort, M.B.*, Rosenberg, P.A.* (* co-senior authors) 

Background. Preterm infants are at high risk for brain injury, abnormal brain development and reduced somatic 
growth.  Zinc plays a critical role in synaptic development, myelination and proliferation.  10% of the proteome 
binds zinc.  Exosomes are microvesicles secreted by all cells and are detectible in body fluids including blood.  
Exosomal RNA transcripts of zinc transporter and zinc storage genes may provide a window into brain 
development and injury in preterm infants.   Hypothesis. Preterm infants are at risk for zinc deficiency.  
Therefore, we hypothesized that there would be differences in gene expression in zinc transporters and zinc 
storage proteins detectible in RNAs derived from plasma exosomes in very preterm infants at term compared 
with full term infants.   Design/Methods. We recruited 33 very preterm infants (VPT, gestational age [GA] 24-30 
weeks), collected 0.5-1 mL of blood at hospital discharge (VPT at term) and isolated exosomes from plasma. 
Similar volumes of cord blood from 15 full term healthy infants (FT, GA 37-39 weeks) served as controls. 
Exosomal RNA was harvested using Qiagen exoRNeasy kit. RNAseq was performed using Illumina Next 
Generation Sequencing.  Differential expression for all zinc transporters (ZnTs, SLC30A1-10; ZIPs, SLC39A1-
14) and 11 human metallothioneins (MT1 isoforms, MT2-4) was performed comparing VPT at term with FT 
infants.  Adjusted p-values were used to determine significant differences.    Results. We found substantial 
differences in RNA transcripts between the VPTs at term and the FT infants using principal component analysis.  
Differential expression analysis showed 10,989 genes downregulated and 2,124 genes upregulated in the VPTs 
at term compared to the FT infants.  We found significantly decreased expression of zinc transporters in VPTs at 
term compared to FT infants: ZnT3 (decreased 3.84 fold; padj = 0.0026), ZIP5 (decreased 7.67 fold; padj = 
0.0001), ZIP10 (decreased 3.27 fold; padj = 0.0477), ZIP13, (decreased 2.48 fold; padj = 0.0178).  Zinc storage 
proteins were also decreased in the preterm infants at term compared to full term infants MT3 (decreased 6.63 
fold; padj = 0.0444), MT1G (decreased 9.99 fold; padj = 0.0191). Conclusion. Prematurity is associated with 
delayed brain development, poor growth and inflammation and these results support a role for zinc signaling in 
these processes.  Our data suggest exosomal RNAs for zinc transporters and zinc storage proteins are readily 
detectible in human infants and may be useful biomarkers of the somatic and neurological abnormalities 
associated with prematurity, and possibly the molecular mechanisms underlying these abnormalities.  Therefore, 
it is of special interest that there is evidence for downregulation in specific zinc transporters such as ZnT3, which 
is expressed in zincergic synaptic vesicles, ZIP5, which is associated with epithelial mesenchymal transition, 
ZIP10, which is regulated by the innate immune response via TLR4 activation and ZIP13, which is important for 
muscle development.  All of the involved processes may be important in the compromised development that 
occurs in preterm infants. 
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Altered Zn2+ homeostasis in Niemann-Pick C1 disease results in impaired NAADP-mediated lysosomal 
Ca2+- dynamics 

Benedict Reilly-O’Donnell1, Emily Maguire2, Emyr Lloyd-Evans2 & Samantha J. Pitt1.  

1School of Medicine, University of St Andrews, St Andrews, UK, 2School of Biosciences, Cardiff University, 
Cardiff, UK 

Niemann-Pick type C1 (NPC1) disease is a neurodegenerative lysosomal storage disorder caused by mutations in 
the endo/lysosomal protein, NPC1. NPC1-mutant cells have normal endoplasmic reticulum and mitochondrial 
Ca2+ but reduced Ca2+ in the acidic compartment. Evidence from human tissues, an Npc1âˆ’/âˆ’ mouse model, 
and cell culture studies suggest failure of metal homeostasis in NPC1 leading to the accumulation of Zn2+ 
within the endolysosomal stores. Two-pore channels (TPCs) are Ca2+-permeable endo-lysosomal ion channels. 
They mediate their physiological effects through releasing Ca2+ from acidic organelles in response to the second 
messenger, NAADP. NPC1-mutant cells have a reduced NAADP-induced Ca2+ response indicating functional 
reduction in the acidic compartment calcium store. Here we investigated how dysregulated lysosomal ion 
homeostasis leads to impaired endolysosomal signalling. By incorporating recombinant human TPC2 proteins 
into phosphatidylethanolamine bilayers under voltage-clamp conditions we show that TPC2 is not permeable to 
Zn2+ but that its gating is regulated by Zn2+. Burst analysis reveals that Zn2+ is a blocker of channel function. 
At physiological concentrations, Zn2+ ensures fast Ca2+- signalling events between the lysosome and 
endoplasmic reticulum, by rapidly attenuating open events. At elevated Zn2+ concentrations, the action of Zn2+ 
is comparable to that of a slow channel blocker and will cause NAADP-mediated Ca2+-release to be 
significantly reduced. Overexpression of ZnT2 in BHK cells resulted in lysosomal Zn2+ accumulation inducing 
an NPC1 disease like phenotype and impaired NAADP-mediated Ca2+ responses. Treatment of NPC1 
astrocytes and NPC1 fibroblasts with the natural product heavy metal chelator phytic acid significantly reduced 
several NPC1 disease phenotypes including a reduction in lysosomal Zn2+, cholesterol, the lysosomal lipid 
bis(monoacylglycero)phosphate, and sphingomyelin storage. These data for the first-time link impaired 
lysosomal Ca2+- dynamics in NPC1 disorder with altered lysosomal Zn2+-homeostasis and suggest a new 
targetable mechanism of pathogenesis in NPC1 disease. 
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The possible involvement of serotonin in regulating zinc homeostasis 

Nunez-Gaytan O., Tejeda-Guzman C., Missirlis F., 

Zinc (Zn2+) is an essential nutrient in animals, known for its role as a regulatory, structural, and catalytic 
component of various proteins, including enzymes and transcription factors. In Drosophila melanogaster, Zn2+ 
ions are stored in lysosome related organelles of principal cells of the excretory Malpighian tubules. 
Intermediates in the tryptophan degradation pathway (kynurenine pathway) directly bind to Zn2+ within these 
subcellular organelles and this was demonstrated by the vermilion mutant, which blocks the kynurenine pathway 
and fails to form zinc storage granules. We reasoned that since tryptophan is also involved in the synthesis of 
serotonin, there could be possible reciprocity between the monoaminergic system and zinc storage. We therefore 
investigated both Tryptophan hydroxylase (Trhn) and Tryptophan phenylalanine hydroxylase (also known as 
Henna due to the eye pigmentation defect in mutants for this gene) mutants, that initiate the conversion of 
tryptophan to serotonin. Surprisingly, both mutants were found to accumulate more zinc storage granules in their 
Malpighian tubules and therefore the insects had higher zinc content compared to control animals. This result 
was further confirmed showing tissue-specific roles for Trhn and Henna suggesting that both neuronal and 
peripheral components of the serotoninergic system modulate whole-organism Zn2+ homeodynamics. The 
proposed connection of serotoninergic signaling to systemic zinc regulation is worth exploring in further detail 
since both serotonin and zinc deficiencies have been implicated in immunological and neuropsychiatric 
processes. 
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ZnR/GPR39 as a Developmental Timekeeper of Hippocampal Neurons 

Ishay Y., Bogdanovic M., Hershfinkel M. 

Zinc is stored in vesicles within the granule cells of the dentate gyrus, a unique hippocampal region that retains 
the capacity to generate new neurons throughout life. Zinc is closely linked to hippocampal neurogenesis, as zinc 
deficiency, vesicular zinc depletion, or zinc chelation consistently reduce progenitor and immature neuron 
numbers and alter calcium-dependent signaling pathways. In mature postsynaptic neurons, release of vesicular 
Zn2+ from granule cell mossy fiber terminals activates the Zn2+-sensing receptor ZnR/GPR39, which in turn 
triggers CaMKII and MAPK signaling, key regulators of neuronal growth and plasticity. Although ZnR/GPR39 
is well established as a regulator of cell proliferation, migration, and tissue repair in epithelial tissues, its role in 
neuronal development remained unclear. Here, we examined the contribution of ZnR/GPR39 to neuronal 
development and network formation. In cultured hippocampal neurons, we found that loss of ZnR/GPR39 
reduced neurite complexity, leading to shorter neurites and fewer junctions. Phosphorylated CaMKII levels were 
similarly decreased in ZnR/GPR39-deficient neurons. Consistent with these findings, multi-electrode array 
(MEA) recordings revealed reduced coordinated network activity, despite preserved intrinsic firing properties of 
individual neurons. Unexpectedly, ZnR/GPR39 deficiency was associated with accelerated neuronal maturation 
in hippocampal tissue. We observed that cell proliferation, assessed by SOX2 immunostaining, was maintained 
in the dentate gyrus of ZnR/GPR39-deficient mice, however, the number of DCX-positive immature neurons 
was reduced compared to wild-type mice. By analysing publicly available human single-cell RNA-seq data we 
further found that ZnR/GPR39 expression is highest in developing neuroblasts, supporting its role in neuronal 
maturation. Moreover, ZnR/GPR39-deficient neurons exhibited earlier and elevated KCC2 expression, 
accompanied by a premature shift of GABAA signaling toward inhibition, occurring approximately two days 
earlier than in wild-type neurons in culture. Together, our findings suggest that ZnR/GPR39 functions not simply 
as a promoter of neurogenesis but as a developmental timekeeper in hippocampal neurons. Loss of ZnR/GPR39 
results in reduced neurite complexity while accelerating neuronal maturation, leading to increased KCC2 
function in younger neurons. This dysregulated timing may impair the proper integration of newborn neurons 
and compromise network stability. 
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Novel roles for ZIP7 in metastasis-associated behaviours of breast cancer 

Farr G., Jones S., Taylor KM. 

SLC39A7 (ZIP7), an ER-resident zinc transporter, is the gatekeeper of intracellular zinc stores. When activated 
by phosphorylation at residues S275 and S276, ZIP7 rapidly increases cytosolic zinc concentrations. This 
transient zinc wave drives growth and survival signalling through activation of zinc-regulated kinases and 
inhibition of tyrosine phosphatases. Both elevated intracellular zinc concentrations and pZIP7S275/S276 have 
been correlated with breast cancer aggressiveness and resistance to endocrine therapy in a variety of breast 
cancer cell line models. This has also been validated in clinical breast cancer samples, suggesting that ZIP7 may 
be a key driver of disease progression. Importantly, breast cancer aggressiveness and therapeutic resistance are 
characterised by high metastatic potential, underwritten by cellular adoption of hypermotility and stem-like 
traits. Whilst some studies demonstrate that amplification of kinase signalling pathways through ZIP7-mediated 
zinc release may contribute to these processes, additional roles for ZIP7 as a more direct driver of breast cancer 
motility and stemness have never been explored and functional validation remains limited. As metastasis is the 
primary cause of breast cancer-related mortality worldwide, it is essential to thoroughly validate ZIP7 
contributions to breast cancer progression to evaluate its potential as a biomarker or therapeutic target in this 
context. Using a small molecule inhibitor of ZIP7, this study validated significant functional contributions of 
ZIP7 to breast cancer motility and invasion in vitro. Further, molecular analyses revealed an unexpected 
subcellular redistribution of active ZIP7 during migration, suggesting that ZIP7-mediated zinc transport may 
directly modulate local zinc signalling, in addition to known amplification of growth factor-associated cascades 
through general elevation of cytosolic zinc. Both ZIP7 inhibition and overexpression resulted in inappropriate 
membrane extension, suggesting that highly specific spatio-temporal zinc transport through ZIP7 is required to 
support unidirectional migratory polarisation. Co-localisation data strongly suggests that this role is supported by 
interplay with related family members, ZIP6 and ZIP10, with the latter potentially modulating ZIP7 activation 
by phosphorylation. To explore the functional relevance of ZIP7-mediated zinc transport to maintenance of 
stem-like breast cancer subpopulations, ZIP7 inhibition was also utilised in tumoursphere assays. In this context, 
it drove dose-dependent decreases in symmetric and asymmetric division across multiple breast cancer models. 
Together with changes in stem-associated markers of pluripotency and metabolic fitness, this data suggests that 
ZIP7-mediated zinc transport may contribute to the expansion of stem-like compartments in breast tumours and 
the tumorigenic potential of these cells once disseminated. As stem-like populations are major drivers of 
therapeutic resistance, this data provides a novel explanation for the reported link between ZIP7 activation and 
acquired endocrine resistance. The present study highlights novel contributions of ZIP7 to promotion of breast 
cancer metastasis through supporting residual disease, cell dissemination and establishment of secondary lesions. 
Further, evidence of crosstalk with ZIP6 and ZIP10 alludes to a zinc centric regulatory network that influences 
migration and stemness. Together, these findings position ZIP7 and related zinc transporters as promising 
predictive biomarkers for aggressive tumours with high metastatic propensity, and as potential therapeutic 
targets for restricting disease progression in clinically challenging breast cancer cohorts. 
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Effect of subcutaneous kynurenine injection on systemic zinc regulation in murine models 

R. Jorge-Marrero, N. Orama-Rojo, B. Osorio, A. K. Pantaleón-Gómez, O. C. Barbier, Y. Cruz-Narváez, F. 
Missirlis 

Zinc is the second most abundant transition metal ion in living organisms, after iron, and 10% of the proteins 
encoded by the human genome require the binding of one or more zinc ions for proper folding and/or function. 
Despite the recognized importance of zinc in physiology, how this metal is regulated systemically remains 
largely unknown. In Drosophila melanogaster, the kynurenine pathway (a tryptophan degradation route) 
participates in systemic regulation of zinc storage. We questioned whether this observation in the fly is 
applicable to a mammalian animal model. To this end, we evaluated the activity of kynurenine in regulating 
systemic zinc levels in the mouse and the rat. We injected 8-weeks-old male C57BL/6 mice or similarly aged 
male Wistar rats with 20 mg per g weight kynurenine (or phosphate buffered saline as controls) and sacrificed 
the animals at different times thereafter to determine zinc concentration by ICP-OES in serum and liver samples. 
In the rat model, we have also quantified kynurenine in plasma and liver by HPLC and performed untargeted 
metabolomics by FT-ICR-MS. These parallel approaches allow us to compare both mammalian models and 
evaluate the conservation of kynurenine-dependent zinc regulation across species. 
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Characteristics of interaction of zinc and copper ions with human metallothionein-4 

Leszczyńska W., Krężel A. 

Introduction: Mammalian metallothioneins (MTs) are low molecular weight proteins. This protein family 
comprises four main isoforms: MT1 through MT4. The protein does not contain aromatic residues, but contains 
~30% cysteine residues, which means that their functions are related to the binding of metal ions both for proper 
functioning (copper, zinc) and toxic (cadmium). Copper and zinc ions, apart from differences in their functions 
in the body or concentration in the cell, also differ in the complexes they form with metalloproteins. It is 
currently known that the main role of metallothioneins (MTs) is to buffer the concentration of zinc ions. 
Metallothioneins are donors of zinc ions to newly synthesized proteins and those regulated by these ions, and 
they are also acceptors, e.g. in the case of their excess in the cell, thus performing detoxifying functions. In the 
body, zinc ions can form homometallic complexes with metallothioneins - Zn4-6MT4, while isolated copper 
metallothioneins also contain Zn(II) ions, forming mixed complexes. The identification of isolated mammalian 
MT3 and MT4 forming mixed Cu(I)/Zn(II) complexes suggests their pivotal role in copper and zinc binding, 
distribution, and metabolism. While recent studies have extensively investigated the interactions of MT3 with 
Cu(I) and Cu(II) ions, research focusing on MT4 remains unexplored. Objective: To investigate the interactions 
of Cu(I/II) and Zn(II) with MT4 and to explain the formation of both reduced and oxidized mixed complexes 
with Zn7MT4 (fully saturated with zinc ions) and the influence of their formation on Zn(II) binding to MT4. 
Methods: Human recombinant MT4 was synthesized in an E. coli bacterial system fused with a chitin-binding 
tag (IMPACT). The resultant protein was reduced, purified, and reconstituted with Zn(II) to generate Zn7MT4. 
Investigations into MT4 interaction with Cu(I) were conducted under anaerobic conditions to prevent Cu(I) 
oxidation and protein alterations. Spectroscopic methods were employed to characterize the obtained complexes. 
The affinity of Cu(I) ions to reduced and oxidized MT4 was assessed using copper chromophoric chelators 
(BCA, BCS). The amount of zinc ions bound to mixed complexes was determined using zinc chelator PAR, and 
fluorescent chelator ZnAF-2F allowed the determination of the influence of Cu(I) and Cu(II) ions on the affinity 
of Zn(II) ions. Results: Spectroscopic analysis indicated the binding of Zn(II), Cu(I), and Cu(II) ions to MT4, 
resulting in the formation of mixed reduced and oxidized Cu(I)/Zn(II)-MT4 complexes. Discussion: 
Observations of mixed complex formation suggest displacement of Zn(II) from Zn7MT4 and binding of 
Cu(I)/Cu(II) ions with different affinities. Zn(II) ions bind to MT with nano- to picomolar affinity, while Cu(I) 
ions bind with atto- to zeptomolar affinity. However, not all Zn(II) ions are displaced, resulting in the formation 
of mixed complexes even at relatively high Cu(I) occupancy. Conclusion: The binding of Cu(I) and Cu(II) ions 
and the formation of mixed Cu(I)/Zn(II) complexes are key aspects for understanding and determining the role 
of MT4 in copper and zinc metabolism in mammalian cells under both physiological and oxidative stress 
conditions. This research was supported by the National Science Centre of Poland (NCN) under Opus grant no. 
2021/43/B/NZ1/02961 (to A.K.). 
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A Common Genetic Variant Near the PPCDC Gene Regulates the Cellular Zinc Homeostasis 

Nathania E., Choi S., Wang Y., Choi S. 

Zinc is a vital micronutrient involved in numerous cellular processes throughout the body, yet the genetic 
mechanisms regulating its homeostasis remain incompletely understood. A genome-wide association study 
identified rs2120019, an intronic single-nucleotide polymorphism (SNP) near the phosphopantothenoylcysteine 
decarboxylase (PPCDC) gene, as significantly associated with erythrocyte zinc levels. To investigate the 
functional role of this SNP, we generated human HAP1 cell lines carrying T/T, T/C, or C/C genotypes using 
CRISPR-based prime editing. We found that the rs2120019 â€˜Câ€™ allele significantly upregulated PPCDC 
gene expression, suggesting an enhancer effect with an unknown mechanism. Cells homozygous for the 
â€˜Câ€™ allele exhibited markedly reduced labile and total zinc concentrations, accompanied by 
downregulation of zinc transporter genes. Overexpression of PPCDC and CoA supplementation increased 
intracellular zinc levels, indicating a regulatory link between CoA metabolism and zinc homeostasis. These 
findings support a model in which rs2120019 modulates zinc availability through transcriptional and metabolic 
mechanisms. Our data provide functional insight into the genetic regulation of zinc and suggest that blood cells 
carrying the rs2120019 â€˜Câ€™ allele may contribute to the lower zinc levels observed in GWAS cohorts. 
However, the tissue specificity of this effect and its relevance to CoA metabolism warrant further investigation. 
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Zinc signatures inform site-specific pathways of kidney stone formation 

Lee B.H., Greenfield B., Srirangapatnam S., Stoller M. Webb S., Bone S., Mena J., Ho S.P. 

Zinc is a consistent elemental component of clinically detected renal biominerals and exhibits anatomy-
dependent organization across the renal papillae, papillary stem-attached stones (stem-stones), and collecting 
system stones. Using correlative micro-X-ray tomography/spectroscopy on intact kidneys, we show spatially 
resolved elemental distributions in stem-stones originating at the papillary tip, where zinc colocalizes with 
calcium and phosphorus, and extending into the collecting system, where stones continue to grow. Across all 
anatomical sites, heterogeneous mineral densities were observed, with higher-density regions localized at 
papillary tips, protruding stems, and laminated collecting system stones. Zinc colocalized with calcium and 
phosphorus within papillary tubules and interstitium, protruding stems, and collecting system stone laminates, 
forming spatially distinct zinc-phosphorus and calcium-phosphorus clusters whose percent overlap varied with 
mineral density and anatomical location. Zinc-positive spherical micro- and nano-particles were identified within 
zinc gradients synchronized with phosphorus gradients at stem-to-stone interfaces. Together, these findings (1) 
establish zinc as a spatially organized architectural component of anatomy-specific renal biomineralization and 
(2) resolve biomarkers and mineralization pathways with translational relevance for defining stage-specific 
prevention windows in kidney stone disease. 
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Biophysical and Biochemical Characterization of Human Metallothionein MT1HL1 

Martyna Uściła, Artur Krężel 

Metallothioneins (MTs) are small, cysteine-rich proteins involved in metal homeostasis, detoxification, and 
oxidative stress response. While most human MT isoforms have been widely studied, the MT1HL1 isoform 
remains poorly characterized. MT1HL1, encoded by a gene located on chromosome 1, shares high sequence 
similarity with other MT isoforms but possesses unique structural and functional features. This study provides a 
comprehensive biophysical and biochemical characterization of MT1HL1, focusing on its metal-binding affinity 
and selectivity for Zn2+, Cd2+, and Cu+ ions. \nThe protein was expressed in a bacterial system and purified 
using an intein-based approach to prevent the addition of extra amino acid residues that might interfere with 
functional analyses. The stoichiometry of Zn2+,Cd2+  and Cu+ binding was determined by UV-Vis 
spectroscopy, mass spectrometry, and reactions with PAR and DTNB, revealing the coordination of 5 to 7 molar 
equivalents of Zn2+/Cd2+ and up to 11 molar equivalents of Cu+ per protein molecule. Analysis of the 
competition for Zn2+ and Cd2+ between MT1HL1 and PAR suggests that the affinity of different binding sites 
in MT1HL1 is lower than that of other human MT isoforms. Moreover, studies on Zn2+ ion transfer showed that 
MT1HL1 was able to transfer 2 molar equivalents of Zn2+ to PAR, while, in the case of the MT2A isoform, this 
value was 1. The results confirm the presence of binding sites with lower affinity in MT1HL1 compared to other 
MTs. To study metal-protein interactions, MT1HL1 was titrated with Zn2+, Cd2+ and Cu+ ions, and changes in 
tyrosine fluorescence were monitored. Metal-dependent fluorescence changes indicated conformational 
rearrangements of the protein, and the curve shapes suggested cooperative binding and progressive filling of 
sites in the Î± and Î² domains. As a continuation of this work, dissociation constants will be determined using 
Zn2+ fluorescence and Cu+ chromophoric probes. This research will provide novel insights into MT1HL1’s 
biological role and its potential implications for cellular metal homeostasis and stress response. Given its distinct 
gene localization and sequence variations, MT1HL1 may represent a specialized metallothionein variant with 
unique physiological functions. Acknowledgments: This research was supported by the National Science Centre 
of Poland (Opus grant no. 2021/43/B/NZ1/02961 and 2024/53/B/ST4/01386). 
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Zn(II)-induced homodimerization of C-terminal cysteine cluster  of MTF-1 transcription factor 

Zuzanna Janiec, Katarzyna Kluska, Anna Kocyła, Artur Krężel 

Metal-responsive transcription factor-1 (MTF-1) is a key regulator of cellular metal homeostasis, controlling the 
expression of metallothioneins and zinc transporters in response to changes in intracellular Zn(II) levels. 
Although Zn(II) is known to activate MTF-1-dependent transcription, the molecular mechanism of this 
activation remains poorly understood. A highly conserved cysteine-rich C-terminal motif (CQCQCAC) has been 
proposed to function in metal sensing and Zn(II)-dependent homodimerization, but its precise role has not been 
defined. The aim of this study was to characterize the metal-binding properties and functional role of the 
CQCQCAC cysteine cluster of MTF-1, with particular emphasis on its Zn(II) affinity, coordination behavior, 
and ability to mediate homodimerization. A synthetic peptide corresponding to the cysteine-rich C-terminal 
motif of MTF-1 was used as a model system. Metal-binding stoichiometry, coordination geometry, and Zn(II) 
affinity were investigated using UV-vis spectroscopy, circular dichroism, and mass spectrometry. Size-exclusion 
chromatography under buffered Zn(II) conditions was applied to assess Zn(II)-dependent oligomerization. The 
cysteine cluster formed high-affinity Zn(II) complexes with dissociation constants in the 
10â�»Â¹â�°â€“10â�»Â¹Â¹ M range, consistent with physiological fluctuations of intracellular free Zn(II). At 
elevated Zn(II) concentrations, the motif underwent Zn(II)-dependent homodimerization, forming Znâ‚‚Lâ‚‚ 
species, whereas low Zn(II) levels favored monomeric or apo forms. These results provide the first detailed 
evidence that the C-terminal cysteine cluster of MTF-1 functions as a Zn(II)-dependent structural switch. This 
mechanism enables MTF-1 to sense subtle changes in intracellular Zn(II) availability and likely contributes to 
the regulation of its transcriptional activity in metal homeostasis. Acknowledgments: This research was 
supported by the National Science Centre of Poland (Opus grant no. 2024/53/B/ST4/01386 and 
2021/43/B/NZ1/02961 to A. Krężel). 
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Zinc Deficiency at ICU Admission: Longitudinal Trends and Diagnostic Stratification 

Lai, Kevin Shu-Leung M.D, Wu, Tzu-Hua, Ph.D., Teng, Sing Teck M.D, Chen, Yen-Hsiao, Li, You-De, Hou, 
Sen-Kuang 

Background: Zinc deficiency is frequently reported in acutely ill patients; however, the prevalence, longitudinal 
trends, and interaction with iron metabolism during hospitalization remain incompletely characterized. This 
study evaluated the proportion of patients with zinc deficiency at admission, patterns of zinc and iron changes 
during monitoring, and differences stratified by admission diagnosis. Methods: Twenty hospitalized adult 
patients (average age 66.5 years) were recruited for monitoring their serum zinc (reference range 60-120 
Âµg/dL), iron, and selenium levels at admission and during follow-up. Sixteen patients met criteria for zinc 
deficiency at admission and were included in detailed quantitative analysis. Longitudinal trends of zinc and iron 
were assessed. Patients were stratified into three diagnostic groups: (1) severe infection/sepsis/pneumonia, (2) 
non-infectious inflammatory or pulmonary conditions, and (3) hemorrhage/hypovolemia/organ dysfunction. 
Mean zinc levels were calculated overall and by diagnostic subgroup. Results: Among total recruited patients, 
zinc deficiency at admission was observed in 16 of 20 patients (80%) and their average age 66.8 years (39~80), 
while median levels of zinc the other four patients with normal levels was 73.0 Âµg/dL. Among zinc-deficient 
individuals, the mean admission zinc concentration was 43.8 Âµg/dL, substantially below the normal reference 
range. Iron deficiency at admission was present in 8 of 20 patients (40%), while 10 patients (50%) exhibited iron 
decline during hospitalization, including delayed reductions after initially normal values. Longitudinal zinc 
trajectories demonstrated heterogeneous patterns. Five patients (25%) experienced spontaneous zinc recovery 
without documented supplementation. One patient (5%) demonstrated zinc normalization following initiation of 
oral multivitamin supplementation during hospitalization, suggesting a potential treatment effect. Persistent zinc 
deficiency beyond seven days was observed in two patients (10%). Transient zinc rebound or fluctuation was 
noted in two cases (10%), including one marked elevation above the reference range. Iron dynamics were more 
variable than zinc. Dual zinc and iron deficiency at admission occurred in 5 patients (25%). Iron rebound 
elevation during hospitalization occurred in 4 patients (20%), and biphasic iron patterns were observed in several 
cases. Selenium levels remained within normal limits in all patients throughout monitoring. When stratified by 
admission diagnosis, median zinc levels were consistently low across groups: 43.0 Âµg/dL in the severe 
infection/sepsis group (n = 9), 37.5 Âµg/dL in the non-infectious inflammatory group (n = 3), and 37.9 Âµg/dL 
in the hemorrhage/hypovolemia/organ dysfunction group (n = 4). All subgroup means remained well below the 
standard reference interval. This study has limitations. First, the sample size was small and baseline pre-illness 
micronutrient levels were unavailable. One possible explanation is the relatively diverse dietary patterns in 
Taiwan, which may contribute to adequate selenium intake and consequently a lower prevalence of selenium 
deficiency. In contrast, dietary zinc intake may be relatively insufficient. Conclusions: Zinc deficiency was 
highly prevalent at admission (80%) with a median level of 43.8 Âµg/dL among deficient patients. Iron 
abnormalities were common and demonstrated complex dynamic changes. Zinc levels were consistently low 
across diagnostic categories, supporting the concept of acute micronutrient redistribution during systemic illness. 
In the future, the patterns of levels of zinc, iron and selenium in general population is warranted to identify the 
underlying reasons for the observed results. 
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Transcranial Focused Ultrasound Enhances Adult Hippocampal Neurogenesis via Vesicular Zinc 
Signaling 

Choi BY, Shin J, Kong C, Park MK, Hong TK, Chang JW, Chang WS, Suh SW 

Introduction: Transcranial focused ultrasound (FUS) has emerged as a promising non-invasive technique to 
transiently open the blood-brain barrier (BBB), thereby enhancing the delivery of therapeutic agents into the 
brain. In rodent models, FUS-mediated BBB opening has been associated with increased hippocampal 
neurogenesis. However, the cellular and molecular mechanisms underlying this effect remain poorly understood. 
Given the recognized role of zinc in regulating neural stem cell proliferation and neurogenesis, we hypothesized 
that vesicular zinc contributes to FUS-induced neurogenic responses. Materials and Methods: Adult male 
Sprague-Dawley rats (2-3 months old, 250-300 g) were subjected to FUS sonication using a single-element 
transducer (0.515 MHz, 0.3 MPa peak pressure, 10 ms pulse length, 1 Hz pulse repetition frequency, 120 s total 
duration). Bromodeoxyuridine (BrdU) was administered intraperitoneally twice daily for four consecutive days, 
beginning 24 hours post-sonication. To evaluate the role of extracellular zinc, the chelator CaEDTA was 
administered into the right lateral ventricle immediately after FUS. Brain tissues were collected at 1, 5, and 21 
days post-sonication for biochemical and histological analyses. Results: FUS treatment led to a significant 
increase in hippocampal vesicular zinc and brain-derived neurotrophic factor (BDNF) levels at 24 hours. 
Expression of zinc transporter 3 (ZnT3), which mediates synaptic vesicular zinc loading, was upregulated in the 
dentate gyrus (DG) by day 5. Correspondingly, the number of proliferating progenitor cells and doublecortin-
positive immature neurons in the DG was elevated. By day 21, a marked increase in the population of BrdU-
labeled newborn neurons was observed in FUS-treated animals. Notably, CaEDTA administration attenuated 
FUS-induced neurogenesis at all stages, including cell proliferation, neuronal differentiation, and survival. 
Conclusion: These findings indicate that FUS enhances adult hippocampal neurogenesis, at least in part, through 
mechanisms involving vesicular zinc and BDNF signaling. Our results suggest that zinc plays a crucial role in 
mediating the neurogenic effects of FUS in the adult brain. 
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Investigating the roles of synaptic zinc in inhibitory neurotransmission in the mouse auditory cortex 

Bainer, K., Trate, E., Anderson, C.T. 

Background: Synaptic zinc (as Zn2+) is a powerful neuromodulator that is highly enriched within the brain, 
specifically in the cortex, hippocampus, amygdala, and striatum. Synaptic zinc in the brain is ZnT3 dependent. 
ZnT3 is a zinc transporter protein that packages zinc into synaptic vesicles to be co-released with other 
neurotransmitters. The auditory cortex, which is crucial for higher sound processing, contains cells enriched with 
synaptic zinc. Previously, only IT-type neurons in the auditory cortex have been shown to express ZnT3 that 
colocalizes with VGLUT1, allowing synaptic zinc to be co-released with glutamate, where it is able to modulate 
AMPA and NMDA receptors. Recent evidence has shown ZnT3 mRNA to also be expressed in two populations 
of inhibitory neurons in the auditory cortex: Somatostatin (SOM) and Parvalbumin-positive (PV) cells, but 
electrophysiological evidence suggests that only zinc released from SOM interneurons has functional 
consequences on inhibitory signalling through GABA receptor modulation. The effect of synaptic zinc on 
inhibitory neurotransmission is not well characterized. While exogenous zinc inhibits GABAergic currents, more 
recent evidence suggests that synaptically released zinc potentiates GABAergic IPSCs. Additionally, zinc has 
modulatory roles in GABA clearance and neurotransmitter release. Understanding the roles that synaptic zinc 
plays in modulation of inhibition is crucial to understanding normal neuronal processing. Methods: We 
performed stereotaxic injections of flex-AAVs encoding the excitatory opsin ChrimsonR or Chronos into the 
auditory cortex of Cre-driver mouse lines, to express the opsins in SOM and PV inhibitory neurons. We also 
injected a retrograde tracer of cholera toxin into the inferior colliculus to label corticocollicular neurons. We 
made acute brain slices of the auditory cortex and performed whole-cell patch-clamp recordings of labeled layer 
5 corticocollicular neurons. We recorded spontaneous mIPSCs and optogenetically stimulated IPSPs from 
corticocollicular cells and determined the roles of synaptic zinc on inhibitory neurotransmission using 
pharmacological and genetic approaches.  Results: Here, we find evidence for synaptic zinc reducing mIPSC and 
optogenetically evoked IPSP amplitudes recorded in layer 5 corticocollicular neurons, suggesting that synaptic 
zinc potentiates phasic GABAergic synaptic transmission in layer 5 neurons of the auditory cortex. Conclusions: 
Inhibitory neurons are crucial for normal neuronal processing because they refine and shape the tuning of 
excitatory neurons. Here we expand the known roles for synaptic zinc release from inhibitory neurons and 
describe novel effects of zinc on shaping inhibitory signaling in the cortex. 
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Loss of ZnR/GPR39 accelerates neuronal maturation but impairs network integration 
 
Yahav Ishay 

Zinc is stored in vesicles within the granule cells of the dentate gyrus, a unique hippocampal region that retains 
the capacity to generate new neurons throughout life. Zinc is closely linked to hippocampal neurogenesis, as zinc 
deficiency, vesicular zinc depletion, or zinc chelation consistently reduce progenitor and immature neuron 
numbers and alter calcium-dependent signaling pathways. In mature postsynaptic neurons, release of vesicular 
Zn2+ from granule cell mossy fiber terminals activates the Zn2+-sensing receptor ZnR/GPR39, which in turn 
triggers CaMKII and MAPK signaling, key regulators of neuronal growth and plasticity. Although ZnR/GPR39 
is well established as a regulator of cell proliferation, migration, and tissue repair in epithelial tissues, its role in 
neuronal development remained unclear. Here, we examined the contribution of ZnR/GPR39 to neuronal 
development and network formation. In cultured hippocampal neurons, we found that loss of ZnR/GPR39 
reduced neurite complexity, leading to shorter neurites and fewer junctions. Phosphorylated CaMKII levels were 
similarly decreased in ZnR/GPR39-deficient neurons. Consistent with these findings, multi-electrode array 
(MEA) recordings revealed reduced coordinated network activity, despite preserved intrinsic firing properties of 
individual neurons. Unexpectedly, ZnR/GPR39 deficiency was associated with accelerated neuronal maturation 
in hippocampal tissue. We observed that cell proliferation, assessed by SOX2 immunostaining, was maintained 
in the dentate gyrus of ZnR/GPR39-deficient mice, however, the number of DCX-positive immature neurons 
was reduced compared to wild-type mice. By analysing publicly available human single-cell RNA-seq data we 
further found that ZnR/GPR39 expression is highest in developing neuroblasts, supporting its role in neuronal 
maturation. Moreover, ZnR/GPR39-deficient neurons exhibited earlier and elevated KCC2 expression, 
accompanied by a premature shift of GABAA signaling toward inhibition, occurring approximately two days 
earlier than in wild-type neurons in culture. Together, our findings suggest that ZnR/GPR39 functions not simply 
as a promoter of neurogenesis but as a developmental timekeeper in hippocampal neurons. Loss of ZnR/GPR39 
results in reduced neurite complexity while accelerating neuronal maturation, leading to increased KCC2 
function in younger neurons. This dysregulated timing may impair the proper integration of newborn neurons 
and compromise network stability. 
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The possible involvement of serotonin in regulating zinc homeostasis 

Nunez-Gaytan O., Tejeda-Guzman C., Missirlis F., 

Zinc (Zn2+) is an essential nutrient in animals, known for its role as a regulatory, structural, and catalytic 
component of various proteins, including enzymes and transcription factors. In Drosophila melanogaster, Zn2+ 
ions are stored in lysosome related organelles of principal cells of the excretory Malpighian tubules. 
Intermediates in the tryptophan degradation pathway (kynurenine pathway) directly bind to Zn2+ within these 
subcellular organelles and this was demonstrated by the vermilion mutant, which blocks the kynurenine pathway 
and fails to form zinc storage granules. We reasoned that since tryptophan is also involved in the synthesis of 
serotonin, there could be possible reciprocity between the monoaminergic system and zinc storage. We therefore 
investigated both Tryptophan hydroxylase (Trhn) and Tryptophan phenylalanine hydroxylase (also known as 
Henna due to the eye pigmentation defect in mutants for this gene) mutants, that initiate the conversion of 
tryptophan to serotonin. Surprisingly, both mutants were found to accumulate more zinc storage granules in their 
Malpighian tubules and therefore the insects had higher zinc content compared to control animals. This result 
was further confirmed showing tissue-specific roles for Trhn and Henna suggesting that both neuronal and 
peripheral components of the serotoninergic system modulate whole-organism Zn2+ homeodynamics. The 
proposed connection of serotoninergic signaling to systemic zinc regulation is worth exploring in further detail 
since both serotonin and zinc deficiencies have been implicated in immunological and neuropsychiatric 
processes. 
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Synaptic zinc contributes to AMPA receptor maturation in the mouse auditory cortex 

Rayli Ruby, Philip T.R. Bender, Kaitlin Bainer, and Charles T. Anderson 

Background: The primary auditory cortex is crucial for the perception of sounds. This cortical area is highly 
enriched in synaptically released zinc, which acts as a potent modulator of cortical function and sound 
processing. Zinc (as Zn2+) is loaded into synaptic vesicles by the zinc transporter protein ZnT3, where it is 
coreleased with glutamate during synaptic transmission. When ZnT3 is constitutively knocked out of the mouse 
brain, there is a near complete loss of free zinc in synaptic vesicles. These ZnT3-knockout (KO) animals are a 
well-characterized tool for the study of synaptic zinc function and highlight the behavioral and physiological 
consequences of the loss of synaptic zinc. These KO mice exhibit smaller and weaker dendritic spines compared 
to wildtype (WT) animals, suggesting that synaptically released zinc is also important for normal synaptic 
maturation. This is consistent with age-dependent physiological synaptic deficits of these KO mice and suggests 
that KO mice retain immature glutamatergic receptors later into development than wildtype mice. Methods: We 
performed stereotaxic injections of retrograde tracer cholera toxin subunit B (CTB) Alexa 555 into the right 
inferior colliculus to fluorescently label pyramidal tract (PT)-type corticocollicular neurons in layer 5 of the 
auditory cortex. Then, acute brain slices of the auditory cortex were prepared from the injected mice. 
Fluorescently labeled layer 5 corticocollicular neurons were targeted for whole-cell patch-clamping. We then 
used pharmacological techniques to characterize and identify different synaptic receptors at these synaptic 
connections. Results: Glutamatergic synaptic events in the ZnT3 KO mice showed hallmarks of immature 
synaptic development.  Conclusion: These physiological immaturities identify synaptic zinc as a key component 
in synaptic maturation, thus expanding the roles of synaptic zinc in brain development and brain function. 
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The discovery and refinement of small molecule compounds that can act as ZIP12 agonists and 
antagonists 

Emma Trate, Remeri V. Mestemacher-McClanahan, and Charles T. Anderson 

Background: Zinc is the second most common trace element in the body, and has numerous roles 
in\nmaintaining homeostasis, immune function, and neurological processes. The auditory cortex is highly 
enriched\nwith synaptic zinc, which is released from neurons and modulates cortical activity. Synaptic zinc 
arises from the action of the zinc transporter protein ZnT3, one of 11 members of the ZnT family (Slc30a), 
expressed by neurons. The zinc transporter ZIP12, one of 14 ZIP members (Slc39), is expressed by astrocytes 
and contributes to zinc clearance from synapses in the brain. ZIP12 has a largely unexplored role in affecting 
zinc levels at synaptic terminals in the brain, in large part due to a lack of tools to effectively study its function. 
Our lab has established a group of compounds called ZiMo that can affect the function of ZIP12 and modulate 
neuronal activity and synaptic signaling. Methods: HEK293T cells were transfected by plasmid and by lentivirus 
to express ZIP12. These cells were used to assess the effects of ZiMo compounds on ZIP12 function. We used a 
fluorescence screening assay to quantify the potency and specificity of ZiMo compounds for different zinc 
transporters, and western blot analysis to determine expression. Whole-cell patch-clamp electrophysiology was 
used to determine neuromodulatory effects of the compound. Results: We find that certain ZiMo compounds 
affected the zinc transporter ZIP12. The ZIP12-Transduced Lentiviral cells had higher intracellular zinc levels 
that could be increased and decreased by specific ZiMo compounds. We use this approach to identify and refine 
ZiMo compounds specific to ZIP12 compared to other zinc transporter proteins. Conclusions: Our results 
strongly support the advancement of ZIP modulators for use in neuroscience research, as well as the potential for 
transporter-specific modulation that could be used to advance zinc studies in other tissues and be used for 
targeted therapeutics. 
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Effect of subcutaneous kynurenine injection on systemic zinc regulation in murine models 

R. Jorge-Marrero, N. Orama-Rojo, B. Osorio, A. K. Pantaleón-Gómez, O. C. Barbier, Y. Cruz-Narváez, F. 
Missirlis 

Zinc is the second most abundant transition metal ion in living organisms, after iron, and 10% of the proteins 
encoded by the human genome require the binding of one or more zinc ions for proper folding and/or function. 
Despite the recognized importance of zinc in physiology, how this metal is regulated systemically remains 
largely unknown. In Drosophila melanogaster, the kynurenine pathway (a tryptophan degradation route) 
participates in systemic regulation of zinc storage. We questioned whether this observation in the fly is 
applicable to a mammalian animal model. To this end, we evaluated the activity of kynurenine in regulating 
systemic zinc levels in the mouse and the rat. We injected 8-weeks-old male C57BL/6 mice or similarly aged 
male Wistar rats with 20 mg per g weight kynurenine (or phosphate buffered saline as controls) and sacrificed 
the animals at different times thereafter to determine zinc concentration by ICP-OES in serum and liver samples. 
In the rat model, we have also quantified kynurenine in plasma and liver by HPLC and performed untargeted 
metabolomics by FT-ICR-MS. These parallel approaches allow us to compare both mammalian models and 
evaluate the conservation of kynurenine-dependent zinc regulation across species. 
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Functional Role of ZIP10-Mediated Zinc Signalling in Renal Cell Carcinoma: Evidence from Human 
Tissues and Genetically Modified Mice 

Deeksha Pal¹, Takafumi Hara², Uttam K. Mete¹, Bikash Medhi³, Toshiyuki Fukada² 

¹Department of Urology, Post Graduate Institute of Medical Education and Research, Chandigarh, India, 
²Faculty of Pharmaceutical Sciences, Tokushima Bunri University, Tokushima, Japan, ³Department of 
Pharmacology, Post Graduate Institute of Medical Education and Research, Chandigarh, India 

Background: Renal cell carcinoma (RCC) is the most common form of kidney cancer in adults. Approximately 
one-third of patients present with metastatic disease at diagnosis, which is associated with poor clinical 
outcomes, with a five-year survival rate of less than 10%. Zinc is an essential trace element involved in multiple 
cellular processes, including tyrosine kinase signalling, cell cycle regulation, epithelial-to-mesenchymal 
transition, and inflammation. Dysregulation of zinc homeostasis may contribute to cancer development and 
progression. Intracellular zinc levels are tightly regulated by two families of zinc transporters: ZnT (SLC30) 
transporters, which mediate zinc efflux from the cytoplasm, and ZIP (SLC39) transporters, which mediate zinc 
influx into the cytoplasm from the extracellular space or intracellular organelles. ZIP10 (encoded by SLC39A10) 
is a zinc importer expressed in renal tissues. Our previous findings showed that ZIP10 expression is upregulated 
in RCC tissues and correlates with aggressive disease features. Immunohistochemical analysis further confirmed 
increased ZIP10 protein expression in RCC specimens. These observations suggest a potential role for ZIP10-
mediated zinc signalling in RCC pathophysiology. In the present study, we investigated the involvement of 
ZIP10 in RCC-associated pathological processes using human samples and Zip10-EGFP knock-in mice, in 
which ZIP10-expressing cells are marked by GFP. Methods: ZIP10 protein expression in human RCC tissues 
and adjacent renal parenchyma was evaluated by immunohistochemistry using a human ZIP10-specific antibody. 
Zip10-EGFP knock-in (KI) and wild-type mice were maintained under institutional guidelines at Tokushima 
Bunri University. To induce renal pathological changes, streptozotocin was administered intraperitoneally at 375 
mg/kg on days 0, 15, 30, and 45. Kidneys were collected for histopathological analysis. Total RNA was isolated, 
and cDNA was synthesized for quantitative analysis of inflammatory and fibrogenic markers, including Tnf-Î± 
and Col1a1. Results:\nZIP10 protein expression was significantly increased in human RCC tissues compared 
with adjacent normal renal tissue. In the mouse model, wild-type mice exhibited higher expression levels of 
inflammatory and fibrogenic markers, including Tnf-Î± and Col1a1, compared with Zip10-EGFP knock-in mice. 
These findings suggest that ZIP10-mediated zinc signalling may contribute to inflammatory and fibrogenic 
responses associated with renal pathological conditions. Conclusion: This preliminary study provides evidence 
that ZIP10 expression is elevated in RCC and may be involved in RCC-related renal pathological processes. 
These findings support further mechanistic and translational studies to clarify the role of ZIP10-mediated zinc 
signalling as a potential therapeutic target in RCC. Acknowledgement: We gratefully acknowledge the support 
of the Union for International Cancer Control (UICC) and the YY Cancer Study Grant for financial assistance 
and research support. 
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How does Rab32 function in the biogenesis of zinc storage granules? 

Sánchez-González, C., Garay, E., González-Pozos, S., Tejeda-Guzmán, C., Missirlis, F. 

Zinc is the second most abundant metal in the organism, and it is essential for life. Its regulation depends on 
multiple processes: absorption, distribution, excretion, and storage. At subcellular level, zinc storage occurs in 
lysosome-related organelles, also referred to as zinc storage granules. In Drosophila, zinc is coupled with 3-
hydroxykynurenine (3HK) in the granules, prominent in principal cells of the Malpighian tubules. 3HK is 
transported by the white/scarlet dimer (an ABCG2 transporter homolog), while zinc is mobilized from the 
cytoplasm to the interior of the granule by ZnT35C (a ZnT3/ZnT8 homolog). Here, we focus on the biogenesis 
of the zinc storage granule aiming to analyze the role of Rab32, a small GTPase protein whose known functions 
include: recognizing cargo proteins - in this case the white/scarlet dimer - with the help of the adaptor protein-3 
(AP-3) complex; mediating granule trafficking through the BLOC-2 complex; and promoting membrane fusion 
via the HOPS complex. We show that zinc storage granules fail to form in white or Rab32 mutants, whose 
Malpighian tubules are colorless and lose granule-associated autofluorescence. Astonishingly, overexpression of 
Rab32 in a white mutant background rescues the tubule color and the presence of autofluorescent granules, 
which raises the question: What is the role of Rab32 in granule biogenesis, given that it appears to be 
independent of the white/scarlet dimer? Our results suggest an additional function for Rab32, alternative to cargo 
recognition, or that it can recruit additional proteins to promote the mobilization of 3HK into the granule. 
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A high-affinity sensor mitoGZnP4s uncovers a TRPML1-MCU axis governing mitochondrial Zn2+ 
uptake 

Rue, BE., Flores, PC., Salvagio, LA., 1, Coffman, J., Soto, W., Wachter, L., Donovan, CL., Chu, A., Joseph, 
SK., Du, W., Qin, Y. 

Labile zinc is an essential signaling ion whose concentration varies widely across subcellular compartments, 
with mitochondria maintaining exceptionally low picomolar Zn2+ levels. Progress in understanding 
mitochondrial Zn2+ biology has been limited by the lack of tools capable of quantitatively imaging Zn2+ at 
these concentrations in living cells. Here we introduce picomolar-affinity, high sensitivity, and genetically 
encoded Zn2+ sensors developed using AlphaFold-guided structural prediction: GZnP4s for cytosolic 
measurement. Labile zinc is an essential signaling ion whose concentration varies widely across subcellular 
compartments, with mitochondria maintaining exceptionally low picomolar Zn2+ levels. Progress in 
understanding mitochondrial Zn2+ biology has been limited by the lack of tools capable of quantitatively 
imaging Zn2+ at these concentrations in living cells. Here we introduce picomolar-affinity, high sensitivity, and 
genetically encoded Zn2+ sensors developed using AlphaFold-guided structural prediction: GZnP4s for 
cytosolic measurements and its mitochondria-targeted variant, mitoGZnP4s. Using the ratiometric derivative, we 
quantify mitochondrial Zn2+ concentrations across nine cell types, demonstrating that mitochondrial Zn2+ levels 
in neurons and fibroblasts are significantly higher than other cell types. Furthermore, application of mitoGZnP4s 
reveals a physiological pathway for mitochondrial Zn2+ uptake involving the lysosomal channel TRPML1, the 
mitochondrial calcium uniporter, and mitochondria-lysosome membrane contact sites. Together, these tools 
establish a quantitative framework for probing mitochondrial Zn2+ signaling and uncover a new mechanism of 
mitochondrial Zn2+ accumulation.ents and its mitochondria-targeted variant, mitoGZnP4s. Using the ratiometric 
derivative, we quantify mitochondrial Zn2+ concentrations across nine cell types, demonstrating that 
mitochondrial Zn2+ levels in neurons and fibroblasts are significantly higher than other cell types. Furthermore, 
application of mitoGZnP4s reveals a physiological pathway for mitochondrial Zn2+ uptake involving the 
lysosomal channel TRPML1, the mitochondrial calcium uniporter, and mitochondria-lysosome membrane 
contact sites. Together, these tools establish a quantitative framework for probing mitochondrial Zn2+ signaling 
and uncover a new mechanism of mitochondrial Zn2+ accumulation. 

  



POSTERS 

Impacts of excess zinc on the Chromobacterium violaceum transcriptome revealed by RNAseq analysis 
 
DA SILVA NETO, J.F.; LIMA NETO, S.P.  
Department of Cellular and Molecular Biology and Pathogenic Bioagents, Ribeirão Preto Medical School, 
University of São Paulo, Ribeirão Preto, SP, Brazil  
 
Zinc is an essential metal for all living organisms, including bacteria. It acts as a cofactor with catalytic, 
structural, and regulatory functions in proteins. Although required for bacterial survival, excess zinc can lead to 
protein mismetallation, disrupting key metal-dependent pathways. Zinc homeostasis is particularly important in 
the context of infection, where the host can either limit or intoxicate bacteria by modulating metal availability. 
Microorganisms have evolved multiple mechanisms to control zinc homeostasis, including influx, efflux, and 
buffering systems, often regulated by transcription factors. In this study, we aimed to investigate regulatory 
mechanisms involved in zinc tolerance in Chromobacterium violaceum, a Gram-negative bacterial pathogen that 
relies on zinc uptake systems for virulence. The C. violaceum ATCC 12472 strain was grown to mid-log phase 
in LB medium and the cultures were either untreated or exposed to 2 mM ZnCl2 for 15 minutes. Total RNA was 
extracted and used for global gene expression analysis by RNAseq. Global transcriptional analysis revealed 437 
upregulated and 386 downregulated genes under the zinc excess condition in comparison with the LB control 
condition. Upregulated genes were mainly associated with signal transduction mechanisms, post-translational 
modifications, and carbohydrate transport and metabolism, whereas downregulated genes were related to cell 
motility, nucleotide transport, and translation processes, including ribosomal structure and biogenesis. 
Additionally, categories such as transcription factors, ion transport and metabolism, and energy production and 
conversion were observed among both upregulated and downregulated genes. A highly upregulated gene under 
excess zinc was zntA, encoding a P-type ATPase involved in zinc efflux, and its zinc-dependent expression 
pattern was validated by RT-qPCR analysis. Swimming motility assays revealed that the C. violaceum 
flagellum-mediated motility was impaired in the presence of excess zinc, suggesting a direct impact of metal 
excess on this process. Growth curves performed with null mutants for a lectin and an MFS-type transporter, 
identified in the transcriptome analysis, did not show significant phenotypic differences under zinc excess 
conditions. Altogether, these results expand our understanding of the molecular mechanisms underlying bacterial 
adaptation to zinc stress. Future studies will focus on the functional characterization of the identified zinc-
impacted pathways through phenotypic assays with null mutant strains.  
Keywords: Zinc homeostasis; Zinc intoxication; Chromobacterium violaceum; Transcriptome; RNA-seq  
Development Agencies: FAPESP, FAEPA, CNPQ, CAPES 
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Real-time Visualization and Quantification of Zinc Dynamics in Live Zebrafish using a Novel FRET-
based Probe 

Xiujuan Tong, Zhidan Xia, Rui Liu, Weiliang Liang, Junxia Min, Fudi Wang 

Objective. Zinc is a vital trace element involving in various physiological processes. However, monitoring 
dynamic zinc fluctuations in vivo remains challenging. This study aims to develop a novel FRET-based sensor to 
visualize and quantify zinc ions (Zn2+) in live zebrafish models. Methods. We engineered a FRET-based zinc 
probe by modifying the eZinCh-2 sensor to improve its sensitivity and dynamic range. The probe was expressed 
in zebrafish embryos to establish a real-time imaging platform. We further applied this method to monitor zinc 
redistribution under physiological conditions and in inflammation models induced by tail fin injury. Results. Our 
sensor successfully achieved high-resolution ratiometric imaging of free Zn2+ in live zebrafish larvae. 
Interestingly, we observed a novel pattern of zinc accumulation in motor neurons and muscle tissues during 
development. Furthermore, preliminary data in the inflammation model revealed distinct zinc signaling 
dynamics at the injury site. Conclusion. We established a robust in vivo quantification method for zinc ions. This 
tool provides new insights into zinc homeostasis and its pathological roles in inflammation and development. 
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“Ramping” up macrophage antibacterial zinc toxicity to combat antibiotic-resistant bacterial infections 

Dalton E. K., Emming S., Das Gupta K., Curson J. E. B., Sly P., Robinson P. D., Wainwright C. E., Schembri 
M. A., Ramnath D., and Sweet M. J. 

Macrophages and other innate immune cells manipulate the cellular distribution of zinc as an antimicrobial 
defence strategy to combat invading pathogens. During infection, toxic concentrations of this biometal can be 
directed towards intracellular pathogens, via the coordinated actions of zinc transporters, to facilitate pathogen 
killing in a process known as metal ion poisoning. Targeting macrophage antimicrobial responses, such as this 
zinc toxicity pathway, offers a potential strategy to enhance innate immune defence and overcome antimicrobial 
resistant (AMR) infections.  A key regulator of the zinc toxicity response is the zinc exporter SLC30A1/ZnT1, 
which has also been implicated in constraining inflammation-driven pathology. In macrophages from people 
with cystic fibrosis (pwCF), SLC30A1 mRNA expression is attenuated, and the zinc toxicity response is 
impaired, correlating with impaired bacterial clearance. Therapies that target SLC30A1 could therefore have 
potential as host-directed therapies (HDTs) to combat AMR pathogens in pwCF and other groups vulnerable to 
infection. Here, we investigated the mechanisms of the antibacterial zinc toxicity response against bacterial 
pathogens of concern to vulnerable patient groups. We additionally explored SLC30A1 mRNA delivery as a 
strategy to both promote bacterial clearance and reduce inflammation-mediated pathology. Two bacterial 
pathogens of particular concern to pwCF, M. abscessus and P. aeruginosa, were susceptible to zinc poisoning. 
Similarly, pathogenic E. coli sequence type 95 (ST95), a bacterial pathogen of significant concern for other 
vulnerable patient groups, was also sensitive to zinc poisoning. Mechanistically, culture conditions that 
mimicked some aspects of the macrophage phagosome sensitised P. aeruginosa and E. coli ST95 to zinc 
poisoning, with magnesium deprivation of particular importance for this effect. The contributions of magnesium 
deprivation towards zinc poisoning of M. abscessus are currently under investigation. Interestingly, the divalent 
metal ion transporter NRAMP1/SLC11A1, which has an important function in antibacterial defence in 
macrophages, has been implicated in depriving the intramacrophage pathogen Salmonella of magnesium. This 
suggests that SLC30A1 and NRAMP1 may act in a coordinated fashion to promote antibacterial zinc toxicity. 
To develop an approach to enhance the zinc toxicity response, mRNA delivery of functional SLC30A1 protein 
to human macrophages was established. Current studies are investigating whether delivering SLC30A1 and/or 
NRAMP1 mRNAs â€˜ramps upâ€™ zinc-mediated bacterial killing and/or suppresses inflammatory responses 
in macrophages following bacterial infection. Findings to date offer insights into the mechanisms underlying the 
antibacterial zinc toxicity response and provide a foundation for developing HDTs that enhance innate immune 
defence to combat AMR bacterial pathogens. 
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Silver ions destroy zinc fingers, but glutathione comes to the rescue 

Fågel B., Szczerba P., Hajdu B., Gyurcsik B., Bal W. 

The increasing use of antimicrobial Ag(I) ions, in particular those delivered as silver nanoparticles (AgNPs) is 
accompanied by concerns about silver toxicity, stipulated by research on animals and some human studies. 
AgNP can enter cells by endocytosis, followed by massive formation of Ag-S bonds, which clearly indicates the 
preferred interactions of Ag(I) ions with Cys thiols. The Ag(I) binding to protein Cys residues was corroborated 
by bacterial data and in vitro experiments with Cys-containing enzymes. In particular, the inhibition of zinc 
finger proteins (ZFPs) in nuclear receptors was identified as a distinct mechanism of Ag(I) ion toxicity in cell 
culture experiments [1]. This finding prompted systematic studies of chemistry of Ag(I) interactions with ZF and 
ZF-like model peptides [2-4], which revealed a pattern of direct, quantitative and rapid removal of Zn(II) ions 
from ZF structures by Ag(I) ions. The resulting structures included AgnSn rings, with final stoichiometries at 
Ag(I) saturation dictated by the number of ZF thiolates, e.g. Ag2S2, Ag3S3 or Ag4S4. These studies included 
interactions of Ag(I) ions with 1MEY# ZFP, a well-established model ZFP [3]. 1MEY# consists of three CCHH 
ZF domains, which provide strong (nM) binding of its cognate DNA sequence 5’-GAGGCAGAA-3’. The Ag(I) 
ions directly replaced Zn(II) ions in 1MEY# holo-protein in a quantitative manner, at the molar ratio of two 
Ag(I) per Zn(II), consistent with the formation of Ag2S2 clusters. This resulted in the dissociation of the 
1MEY#-DNA complex, raising an issue of silver interference with gene expression, which could ultimately lead 
to silver carcinogenicity. Tripeptide glutathione (GSH) is the most abundant (mM) intracellular thiol involved in 
many functions, including redox homeostasis and handling of heavy metals. It was previously shown by XAS to 
coordinate Ag(I) ions solely by its thiolate group, with coordination number 2. We confirmed these findings, 
demonstrating the formation of thermodynamically stable, but kinetically labile Ag4GSH4 clusters in solution, 
analogous to those present in CCCC ZFs. Next, we tested whether GSH might protect ZFPs from silver-induced 
damage or reverse the damage caused in its absence. As before, six equivalents of Ag(I) caused a complete 
dissociation of the 1MEY# ZFP-DNA complex by replacing the Zn(II) ions. However, as little as three 
equivalents of GSH per Ag(I) ion were sufficient to recover 50% of the 1MEY# ZFP-DNA complex, and at 
thirty equivalents the recovery extent was above 80%. The outcome did not depend on the order of Ag(I) and 
GSH additions to the 1MEY# ZFP-DNA complex, confirming chemical reversibility of the double exchange 
reaction:\n2 Zn3(1MEY#) + 3 Ag4(GSH)4 <=> 2 Ag6(1MEY#) + 6 Zn(GSH)2. The highest Ag(I) amounts can 
be delivered to cells by endocytosis of AgNPs, yielding total cellular Ag(I) concentrations ~0.03 mM [1]. Taking 
into account the mM cellular concentration of GSH, and 50% of O’Halloran’s zinc quota [5], (0.1 mM) as the 
upper limit for the cellular ZF abundance, we see that the stationary GSH levels seems just fine to protect the ZF 
integrity upon the AgNP assault, explaining the absence of mass scale cellular aberrations upon the AgNP 
treatment of wounds or infections. However, the situation may change if the AgNP challenged cells are GSH-
depletive due to strong oxidative stress. Such circumstances should be given special attention in further 
assessments of AgNP toxicity.  References. [1] V. Tardillo-Suarez et al. Environ. Sci.: Nano 7, 1373, 2020. [2] 
K. Kluska, et al. Chem. Commun. 56, 1329, 2020. [3] K. Kluska, et al. Angew. Chem. Int. Ed. 61, e202116621, 
2022. [4] O. Kerber et al. Inorg. Chem. 62, 4076, 2023. [5] C.E. Outten, T.V. O’Halloran Science 292, 2488, 
2001. 
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Zinc in Immunosenescence and Malnutrition 

Lothar Rink  

Institute of Immunology, RWTH-Aachen University Hospital, Aachen, Germany 

Zinc is an essential trace element for the immune system and zinc deficiency compromises the function of all cells 
of the immune system. However, an excess of zinc have negative effects on the immune system too. Therefore 
zinc homeostasis must be delicately regulated for an effective immune response. Zinc deficiency is typical for 
developing countries due to malnutrition. However, also in industrial countries zinc deficiency is typical in the 
elderly population and in vegetarians an vegans. However, a mild zinc deficiency is hardly to detect, since a low 
serum zinc levels is only detected in severe zinc deficiency. Therefore, we established an app-based food-
frequency-questionnaire to detect mild zinc deficiency. In the elderly population we have a complex decline of 
immune function called immunosenescence. However, besides the natural decline of immune function, some 
typical signs of immunosenescence are due to malnutrition, especially zinc deficiency. Some of the signs of 
immunosenescence are observed in vegetarians and vegans too and can be restored by zinc supplementation. Zinc 
deficiency is accompanied by signs of chronic inflammation. The overexpression of proinflammatory cytokines is 
due to epigenetic changes in the promoter regions of proinflammatory cytokines during zinc deficiency. Whereas 
zinc deficiency alters the promoter regions into a more accessible form, a supplementation with zinc reconstructed 
the promoter to a closed form. However, this is not a complete suppression of proinflammatory cytokines, but a 
regulation of the threshold of gene activation. This resulted in a higher activity of monocytes under zinc deficient 
conditions. For T cell immunity the regulation by zinc is the other way around. Zinc supplementation induces a 
shift towards TH1 immune reactions, which is controlled by regulatory T cells. The production of interferon- 
and interleukin-2 increases with zinc supplementation, which is due to the regulation of Zip-8 and CREMa on the 
molecular level. However, the induction of regulatory T cells limits this effect and is dependent on the zinc 
concentration and the stimuli used. Here zinc stabilizes the transcription factor FoxP3. A regulation of immune 
responses in dependence of the zinc concentration could be shown in different models like transplantation, allergy 
and ageing. Taken together, the immune response is directly regulated by the zinc level and could be manipulated 
by zinc supplementation in vivo. Therefore, depending on the dose, zinc could be used as immunostimulant for 
the elderly, vegetarians and vegans, as well as immunosuppressant in autoimmune diseases and allergy.  
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Microbiota-derived metallophores contribute to IBD severity 

Derrick R. Samuelson, Mason S. Mandolfo, Christi M. Ellis, Kelly C. Cunningham, Deandra R. Smith, and 
Daren L. Knoell 

Introduction: Active Inflammatory Bowel Disease (IBD) is strongly associated with elevated fecal levels of 
Lipocalin-2 and Calprotectin. These proteins prevent bacteria from acquiring essential trace metals, such as zinc 
(Zn) and iron, which is thought to limit inflammation in the GI tract. Additionally, trace element deficiencies are 
prevalent in IBD patients due to malabsorption and diarrhea, especially Zn deficiency. In fact, ~50% of IBD 
patients are Zn-deficient. All of which strongly suggests the gut microbiome of patients with IBD lacks adequate 
levels of Zn, potentially causing the GI bacteria to upregulate the production of metal-scavenging molecules 
called metallophores. We hypothesize that increased production of metallophores by the gut microbiome 
contributes to the severity of symptoms during active IBD.  Method: C57BL/6 mice were fed a Zn-deficient diet 
(1 ppM Zn) or a control diet for 3 weeks to establish a Zn deficiency. Fecal samples were then collected from 
individual mice following a 5-day treatment with 2.5% dextran sodium sulfate (DSS) or water control. Similarly, 
to assess the ability of Zn supplementation to alter metallophore production and IBD severity, we utilized a 
dextran sodium sulfate (DSS) IBD model coupled with Adherent-invasive Escherichia coli (AIEC) infection and 
an innovative Zn supplementation strategy. Specifically, DSS-treated mice were gavaged daily with 200 
mg/dose of Zn-Availa-LGÂ® starting on day 2 of DSS treatment. In addition, select groups of mice were 
gavaged with AIEC (1x108 CFU) three times, on days four and five of DSS treatment, and on day one post-DSS 
to mimic a pathobiont bloom following an IBD flare. We assessed the effects of Zn deficiency, AIEC, and Zn 
supplementation in our animal models using four primary outcomes: 1) changes in the IBD Disease Activity 
Index, 2) improvements in colon pathology, 3) luminal and intracellular burden of AIEC, and 4) gene abundance 
of bacterial metallophores. For in vitro experiments, enterobactin (a major bacterial metallophore) was prebound 
to either Zn, iron, or used as an apo-form before being added to primary intestinal organoids, immortalized 
intestinal epithelial cells, or reporter cell lines.  Results: We found that the abundance of metallophore-producing 
genes in the feces of DSS-treated mice was significantly increased compared to the vehicle control group, which 
was further increased in mice that were also on a Zn-deficient diet. Similarly, we demonstrated that Zn-Availa-
LGÂ® supplementation improves recovery following DSS colitis and AIEC infection. This was associated with 
a marked decrease in the disease activity index, a significant improvement in the colon histology, and decreased 
abundance of metallophore-producing genes. Most strikingly, we saw that there was a significant decrease in 
both the luminal and intracellular AIEC levels in the Zn-supplemented mice. Likewise, treatment with apo-
enterobactin induced modest cell death in C2BBe1 cells, which was accompanied by an induction of 
inflammatory cytokine production. Interestingly, when cells were treated with Zn-bound enterobactin, we 
observed an exacerbation of both cell death and inflammatory cytokine production. Finally, in a mouse-derived 
intestinal organoid model, we found that enterobactin treatment led to a significant disruption of tight junctional 
protein organization. Conclusion: These results reveal, for the first time, increased metallophore production by 
the gut microbiota in a mouse IBD model and show that metallophore production and disease severity are 
exacerbated by Zn deficiency. Similarly, we found that enterobactin disrupts intestinal epithelial barrier function 
by inducing cell death, inflammatory cytokine release, and tight junction protein dysregulation. Most striking, Zn 
supplementation Zn-Availa-LGÂ® significantly improves intestinal health during an IBD disease flare in part 
due to decreased bacterial metallophore production. 
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Harnessing Zinc Toxicity Pathways to Overcome Antimicrobial Resistance 

Ramnath D., Dalton E.K., Gunther K.S., Watson I., Emming S., Atkinson J.D., Das Gupta K., Curson J.E.B., 
Sly P.D., Robinson P.D., Wainwright C.E., De Haan J., Schembri M.A., Sweet M.J. 

Zinc (Zn) is an essential immune-regulatory biometal and its dynamic redistribution within cells has emerged as 
a critical component of antimicrobial immune defence. Macrophages exploit antibacterial Zn toxicity to target 
intracellular pathogens. We previously identified the Zn transporter SLC30A1 as a key component of Zn toxicity 
in macrophages, and here we expand on the regulatory mechanisms and therapeutic opportunities associated 
with this response. Macrophages and neutrophils harness the pentose phosphate pathway (PPP) to generate 
antimicrobial reactive oxygen species for bacterial killing, and we previously showed that treatment of 
macrophages with the PPP metabolite ribulose 5-phosphate (RL5P) suppresses inflammatory responses in these 
cells. We report here that RL5P induces SLC30A1 mRNA expression in macrophages, implicating this 
metabolite in Zn-dependent host defence. Indeed, RL5P treatment improved macrophage clearance of 
uropathogenic E. coli (UPEC) and inhibited bacterial growth in conditions mimicking phagosomal stress. RL5P 
also increased mRNA levels of NRAMP1, a divalent metal transporter that has been implicated in starvation of 
the intramacrophage pathogen Salmonella of magnesium (Mg). Given that RL5P upregulated expression of 
SLC30A1 that delivers Zn to the phagosome, as well as NRAMP1 that has been implicated in export of Mg from 
the phagosome, we also explored potential interplay between Zn and Mg in regulating bacterial survival. UPEC 
exhibited increased sensitivity to Zn under low Mg conditions, suggesting that RL5P may promote bacterial 
killing by inducing the coordinated expression of NRAMP1 and SLC30A1 in macrophages. Mechanistically, we 
show that RL5P-inducible NRAMP1 and SLC30A1 expression in macrophages requires the transcription factor 
NRF2, which itself was induced by RL5P. Together, this work defines new regulatory networks linking the PPP 
to Zn homeostasis in macrophages and lays the foundation for Zn-targeted, metabolism-based host-directed 
therapies against antimicrobial-resistant pathogens. 
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Mycobacterium tuberculosis subverts macrophage-mediated defense through exploitation of the Zn 
transporter ZIP8 

Arnett E, Lumbreras M, Hernandez E, Campos D, Leopold Wager CM, Pahari S, Matouba D, Renshaw C, 
Longstreet B, Gonzalez O, Shivanna V, Dick EJ, Azad A, Pyle C, Smith D, Tomar V, Guirado E, Ojha AK, 
Melia J, Knoell D, Schlesinger LS 

Tuberculosis (TB) is a top 10 cause of death worldwide caused by the intracellular pathogen Mycobacterium 
tuberculosis (M.tb). Macrophages are the primary niche for M.tb during infection and the capacity of M.tb to 
persevere in the macrophage phagosome depends on access to micronutrients. Zinc (Zn) is an essential 
micronutrient and Zn deficiency is responsible for 16% of lower respiratory tract infections and associated with 
increased TB susceptibility and treatment failure, yet there is a fundamental knowledge gap regarding the role of 
Zn in macrophages, especially regarding regulation by the host. Zn concentration and location within cells is 
tightly regulated by 24 Zn transporters (ZIPs and ZnTs that increase and decrease cytosolic Zn levels, 
respectively). Our data show that ZIP8 is the only Zn transporter highly induced following M.tb infection of 
human macrophages and is enriched at the M.tb phagosome. Using human and murine macrophages and mice 
deficient in ZIP8 we found that M.tb exploits ZIP8 to enhance its growth. ZIP8 imports Zn into the cytosol and 
out of the phagosome to subvert Zn poisoning. Cytosolic Zn dampens NFkB activation and thus pro-
inflammatory cytokine production while enhancing Metal Regulatory Transcription Factor 1 (MTF-1) signaling 
to increase MMP production. ZIP8â€™s cumulative activities lead to increased M.tb growth in macrophages and 
dissemination in mice. Understanding the Zn- and ZIP8-dependent host response to M.tb infection is expected to 
foster new micronutrient-based intervention strategies to improve TB prevention and treatment. 


