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Abstract
Critical narrative review and mechanistic framework.

1  |  Abstract

Microbial communities are frequently described by the organisms they contain, yet the chemical conditions 
that determine their behavior are equally important to pathogenesis. Metals occupy a distinctive position 
in this environment: they are nutrients, catalytic cofactors, regulatory signals, toxicants, and objects of 
competition between host and microorganisms. This review develops a framework in which heavy metal 
exposure and compartment-specific metal dyshomeostasis can precede microbial functional changes, 
weaken colonization resistance, and contribute to disease. Nutritional immunity, glutathione-dependent 
metal handling, metallothionein redox chemistry, and mismetallation provide mechanistic foundations. 
Experimental zinc exposure, human iron-fortification studies, arsenic toxicology, and nickel-dependent microbial 
metabolism demonstrate different portions of the proposed causal sequence. Endometriosis, nonsteroidal 
anti-inflammatory drug enteropathy, multiple sclerosis, chronic kidney disease, and neonatal infection illustrate 
both translational opportunities and important evidentiary gaps. Particular attention is given to distinguishing 
environmental exposure from endogenous metal redistribution, total concentration from microbial accessibility, 
biochemical plausibility from clinical efficacy, and microbial association from mediation. Evidence supports 
metal-conditioned microbial pathogenesis in defined systems, but does not establish toxic-metal exposure 
as a universal origin of dysbiosis or chronic disease. A proposed metal-conditioned disease endotype 
integrates exposure history, local metal availability, expressed microbial functions, host injury, and intervention 
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responsiveness. This framework supports a shift from treating microbial composition in isolation toward 
identifying and modifying the conditions that make particular microbial activities pathogenic. Its clinical objective 
is not indiscriminate metal depletion, but restoration of appropriate metal allocation while reducing avoidable 
toxicant exposure.

Keywords: metallomics; microbial ecology; heavy metal exposure; nutritional immunity; mismetallation; nickel; 
glutathione; microbiome-targeted interventions

2  |  1. Introduction: the microbiome has a chemical context

A disease-associated microorganism is not a complete explanation of disease. Its presence raises additional 
questions: why did this organism expand, which functions became advantageous, what changed in the 
host environment, and what permitted colonization to become injury? Microbiome medicine becomes more 
mechanistic when these questions are investigated alongside taxonomic associations. Metals deserve particular 
attention because experiments already show that changing their availability can alter community structure, 
antimicrobial defense, and susceptibility to infection. Dietary zinc perturbed the intestinal microbiota and 
increased susceptibility to Clostridioides difficile in mice, while iron-containing fortification changed enteric 
microbial and inflammatory outcomes in Kenyan infants. These are not interchangeable exposure models, but 
both show that a mineral intervention can also be an ecological intervention. [1, 2]

The central proposition of this review is that heavy metal exposure and disrupted metal allocation can be 
upstream determinants of microbial functions that contribute to disease pathogenesis. “Upstream” is used 
causally and locally: a metal disturbance may precede a microbial change without being the earliest cause of the 
entire disease. The proposition includes nonessential toxicants and metalloids, such as cadmium and arsenic, as 
well as inappropriate availability of physiologically essential metals. It does not imply that all metals are harmful, 
all microbial changes are pathological, or all chronic diseases begin with metal exposure. Experimental arsenic 
and cadmium studies demonstrate exposure-associated microbial and metabolic perturbation; human arsenic 
studies provide evidence of association, with causal mediation of disease less firmly established. [3, 4, 5]

This distinction matters because an exclusive focus on microbial abundance can mistake an ecological 
consequence for an autonomous cause. Removing an organism may not permanently change the environment 
that favored it. Conversely, introducing a beneficial organism may not restore its function in a chemically 
unfavorable niche. These are predictions of an ecological model, not explanations that should be imposed 
retrospectively on every treatment failure. They direct attention toward the measurable conditions under which 
an intervention can succeed.

Metal biology offers a particularly strong entry point into this reasoning. The host invests in proteins that 
withhold metals, transporters that redistribute them, and cellular machinery that limits inappropriate metal 
access. Calprotectin-mediated nutrient restriction, hepcidin control of iron export, and copper delivery during 
macrophage defense demonstrate that metal allocation is integral to immunity. In evolutionary terms, the 
body does not “understand” metals; it embodies adaptations to their indispensable but potentially destructive 
chemistry. [6, 7, 8]

Substantial literatures already address nutritional immunity, environmental toxicology, and metalloenzymes. 
Their convergence creates an opportunity to connect discoveries that are often interpreted at different 
biological scales. The task is to integrate these mechanisms with disease-specific microbiome interpretation. 
The proposed advance is a disease-oriented synthesis: exposure science identifies the input, metallomics 
characterizes its biological disposition, microbial functional analysis identifies the ecological response, and 
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clinical research tests the consequences. The significance of this integration does not depend on claiming that 
any one contributing discipline has overlooked metals entirely.

Review approach and evidentiary boundaries
This is a targeted critical narrative review, not a systematic review or meta-analysis. Primary biochemical, 
cellular, animal, observational, and interventional studies were sought through PubMed/PMC and 
publisher-indexed searches, with searches completed on 8 September 2026. Searches combined metal names 
and metallomics with nutritional immunity, glutathione, mismetallation, microbial enzymes, endometriosis, drug 
enteropathy, multiple sclerosis, infant feeding, and neonatal infection. Studies were selected to test the proposed 
connections, including findings that constrain or contradict them. No exhaustive screening count, pooled effect 
estimate, formal risk-of-bias score, or comprehensive coverage of every metal is claimed.

Evidence is distinguished by what it establishes: molecular capability, causal effects in experimental systems, 
associations in humans, or effects of a clinical intervention. These categories are descriptive rather than a formal 
grading instrument. Mechanisms demonstrated in different organisms, tissues, or populations are not treated as 
a completed causal chain simply because they can be arranged into one.

3  |  2. Metal exposure is not the same as metal availability

“Heavy metals” is a useful public-facing phrase but an imprecise biological category. The relevant distinctions 
concern elemental identity, chemical species, concentration, ligand environment, location, and biological role. 
Arsenic is a metalloid. Iron and zinc are essential nutrients whose excess or misallocation can be harmful. 
Nickel can support specific microbial enzymes, whereas the usefulness of a metal to a microorganism does 
not establish an equivalent nutritional requirement in its host. The framework therefore uses metal exposure for 
the external input and metal dyshomeostasis for disturbed distribution, buffering, or use. [2, 3, 9, 10]

The distinction between total content and availability is fundamental. A laboratory may measure substantial iron 
that remains tightly associated with proteins, or modest total zinc accompanied by a biologically consequential 
exchangeable fraction. A bacterium encounters a local chemical environment, not the average concentration 
of an organ or the reference range of a blood test. Calprotectin experiments establish that ligand-mediated 
sequestration can change bacterial access to metals. Conversely, bacterial scavenging systems can make 
particular organisms more competitive under metal restriction. [6, 11, 12]

Three separations follow. External exposure must be distinguished from internal redistribution: bleeding, 
inflammation, and altered transport can create metal-rich niches without a new environmental exposure. 
Systemic status must be distinguished from local status: low circulating availability can coexist with 
sequestration elsewhere. Finally, intracellular labile metal must be distinguished from extracellular metal 
accessible to microorganisms. Evidence of one does not automatically establish the others. Hepcidin-mediated 
iron redistribution, peritoneal iron accumulation in endometriosis, and redox-dependent zinc release from 
metallothionein illustrate different processes that require different measurements. [7, 13, 14]

A mechanistic analysis should therefore ask not simply whether a patient has “high nickel” or “low zinc,” 
but which chemical pool is altered, where the relevant microbes reside, and whether that pool can reach 
their metal-dependent machinery. This is particularly important when evaluating supplements: a compound's 
elemental content, host absorption, intestinal persistence, and microbial accessibility are related but distinct 
properties. Human zinc-absorption experiments confirm formulation-dependent differences, but do not 
establish that a better-absorbed formulation is invisible to microbes. [15]
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The practical consequence is that a metallomic signature should not be interpreted as a list of universally 
elevated elements. For the present framework, it is a spatially and temporally specified pattern of metal 
abundance, speciation, binding, and biological availability. A disease-associated signature may be informative 
without being causal; causal interpretation requires evidence about how and when it developed.

4  |  3. Nutritional immunity reveals why metal allocation matters

Nutritional immunity provides direct evidence that access to metals can determine host–microbe outcomes. 
Corbin and colleagues demonstrated metal sequestration associated with calprotectin in tissue abscesses and 
linked this process to restriction of bacterial growth. This is not merely an association between a mineral 
measurement and disease: it connects a host metal-binding mechanism with microbial fitness in an infected 
compartment. [6]

The host achieves metal restriction through several distinct mechanisms. Lactoferrin binds iron and can alter 
microbial behavior; lipocalin-2 binds particular iron-bearing siderophores; hepcidin changes iron availability by 
inducing internalization of the exporter ferroportin. These molecules should not be grouped as interchangeable 
chelators. Their substrates, locations, and mechanisms differ. A measurement of increased hepcidin, for 
example, does not mean that the hormone directly binds nickel or zinc. [7, 16, 17]

Host defense also uses excess metal, rather than deprivation alone. Experimental work implicates the copper 
transporter ATP7A in macrophage bactericidal activity. The relevant principle is controlled allocation: metals 
may be withheld from one compartment and delivered to another. The biological objective is not a metal-free 
organism but a host that can maintain its own essential chemistry while constraining microbial access or 
imposing local toxicity. [8]

This also explains why scarcity does not always favor the host at the community level. In an inflamed intestinal 
model, calprotectin-mediated zinc sequestration enhanced the competitive position of Salmonella relative to 
organisms less capable of obtaining zinc under restriction. The result does not mean calprotectin is intrinsically 
harmful. It demonstrates that a defense effective against some organisms can reshape competition in favor of 
others. [11]

Nutritional immunity therefore supports a more precise thesis than “more metal feeds pathogens.” Both surplus 
and scarcity can reorganize an ecosystem, depending on the organisms and their acquisition, buffering, and 
detoxification capabilities. Nor is metal tolerance synonymous with pathogenicity. A microorganism may tolerate 
a toxicant while providing useful functions; another may become harmful only in a susceptible host or tissue. 
The proposed disease mechanism is the conjunction of a chemical opportunity, a microbial capability, and a 
vulnerable host, rather than a taxonomic label alone. This explains why the same organism can have different 
consequences in different patients: the organism is only one component of the pathogenic interaction. [11, 18]

The evolutionary rationale is correspondingly broad. The same elements that enable catalysis can facilitate 
microbial persistence or damage host proteins when misallocated. Nutritional immunity and intracellular metal 
protection address different aspects of this shared chemical constraint. Their existence establishes the 
importance of metal control, but does not by itself show that contemporary toxicant exposures explain any 
particular chronic disease. [6, 19, 20]

5  |  4. Redox defense, metal handling, and the transition from buffering to injury

4.1 Glutathione is part of metal physiology, not merely an antioxidant label
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Glutathione connects redox balance with metal binding and transport. Experimental studies of biliary excretion 
showed that depletion of glutathione reduced hepatobiliary elimination of methylmercury, cadmium, and zinc. 
Work on zinc in rat bile identified low-molecular-weight fractions consistent with zinc–glutathione complexes. 
These findings provide a concrete basis for connecting metal handling with the availability and movement 
of thiol-containing molecules. They do not imply that glutathione supplementation invariably removes metal 
burdens or improves disease in humans. [21, 22]

The glutathione redox couple also affects zinc transfer from metallothionein. Metallothionein is not simply a 
passive container: its cysteine-rich metal-binding chemistry responds to oxidation and ligand exchange. Primary 
experiments demonstrated oxidative zinc release and modulation of zinc transfer by the glutathione redox 
couple. Consequently, oxidative stress and metal dyshomeostasis can interact bidirectionally. A change in redox 
state can alter metal buffering, while a metal disturbance can increase demand on protective chemistry. [14, 23]

This supports a mechanistic hypothesis of interacting stresses. Environmental exposure, inflammation, and 
reactive drug metabolites may converge on overlapping protective systems. However, a shared dependence on 
glutathione does not establish a single exhaustible “detoxification reserve” whose depletion can be inferred from 
symptoms. Relevant quantities include synthesis, recycling, compartmental distribution, conjugation, and export. 
The clinical question is whether a specified combination of exposures measurably changes those processes and 
produces a defined outcome. [21, 23, 24]

4.2 Iron storage, glutathione-dependent protection, and ferroptosis
Iron illustrates why metal homeostasis involves regulated storage and release as well as exclusion. 
Ferritin-associated iron can be mobilized through selective turnover of ferritin, a process termed ferritinophagy. 
The identification of NCOA4 as its cargo receptor established a molecular route connecting intracellular protein 
turnover with iron availability. A change in the available iron pool can therefore reflect regulated host handling 
rather than an increase in external intake. [25]

The connection to antioxidant biology is especially direct in ferroptosis, an iron-dependent form of regulated cell 
death. Experimental work identified glutathione peroxidase 4 (GPX4) as a central regulator of protection against 
this form of lipid-associated injury and linked glutathione depletion to loss of protective peroxidase activity. 
These findings place iron availability and glutathione-supported defense within the same injury mechanism. 
They also show why the generic term “oxidative stress” can obscure biologically important differences between 
metals and protective pathways. [26, 27]

For the present framework, these mechanisms have two implications. First, endogenous metal mobilization may 
help determine how an exposed or inflamed tissue responds. Second, metal-related injury can arise directly 
in host cells, without requiring microbial mediation. An integrated disease model should therefore separate 
direct host injury from microbial amplification and investigate their interaction, rather than assigning every 
metal-associated outcome to a change in community composition.

4.3 Mismetallation can disrupt function without a large change in total metal
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Mismetallation concerns inappropriate occupation or disruption of metal-dependent biological sites. Its 
consequences depend on binding affinity, access, kinetic constraints, and cellular metal management. In a 
defined bacterial system, zinc interfered with manganese acquisition, compromising manganese homeostasis. 
Copper toxicity has also been traced to damage to iron–sulfur clusters in dehydratase enzymes. These studies 
demonstrate that a metal can be harmful because it interferes with another metal's function, not only because 
it produces a generic oxidative burden. [19, 20]

The proposed sequence from toxicant exposure to zinc displacement and microbial selection is therefore 
chemically plausible, but must be decomposed. One must establish that the exposure changes a particular 
binding site or buffer, that zinc becomes labile, that it reaches the extracellular compartment of interest, 
and that a relevant microorganism can access it. Intracellular zinc release from metallothionein does not, by 
itself, demonstrate an extracellular nutrient pool. Likewise, total extracellular zinc does not establish increased 
microbial uptake. [6, 14, 23]

This distinction strengthens rather than weakens the research program. It identifies the missing measurements 
that would transform an attractive explanatory diagram into a causal account. It also permits falsification: a 
proposed zinc-mediated pathway should be revised if the extracellular accessible pool does not increase, or if 
microbial function changes independently of it.

4.4 Bile and melatonin connect host handling with the intestinal environment
Bile connects host metabolism with the intestinal environment, but bile secretion, bile salts, and metal-binding 
ligands should not be conflated. Glutathione-associated biliary zinc transport supports a role for hepatobiliary 
handling of metals. Separately, an experimental study of an extraintestinal pathogenic Escherichia coli strain 
linked bile-salt exposure to zinc uptake and capsule biology. Together, these findings motivate investigation 
of bile–metal–microbe interactions; they do not establish that bile acids function primarily as a physiological 
zinc-chelation system. [22, 28]

Melatonin likewise provides an example of a molecule intersecting with metal-associated oxidative injury. 
In mice, melatonin attenuated aspects of cadmium-induced oxidative damage, including effects involving 
glutathione. This supports study of redox protection in metal toxicology, but not the conclusion that melatonin's 
principal biological purpose is heavy metal removal or that clinical benefit requires chelation. Mechanistic 
integration should preserve the difference between limiting oxidative injury, changing metal distribution, and 
actually lowering retained metal burden. [29]

The broader insight is that “antioxidant,” “immune,” and “detoxification” mechanisms are not separate boxes. 
Their chemistry intersects. Nevertheless, an intervention's ability to affect one box cannot substitute for 
evidence that it interrupts the disease pathway under investigation.

6  |  5. What the evidence already demonstrates

The strongest evidence should anchor the framework before it is extended to complex diseases. In the zinc–C. 
difficile model, dietary zinc altered the microbiota and reduced resistance to infection, including increased 
susceptibility under less extensive antibiotic disruption. This establishes a causal role for altered zinc exposure 
in that experimental setting. It does not establish that ordinary zinc intake causes human C. difficile infection, or 
that nonessential metal contamination produces the same effect. [1]

Human iron-fortification research supplies a different form of evidence. Jaeggi and colleagues reported 
increased enteropathogen abundance and intestinal inflammation following iron-containing fortification in 
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Kenyan infants. The significance is not that iron should be withheld from children who need it. It is that the 
nutritional value of an intervention to the host and its ecological effects in the intestine must be evaluated 
together. Population, baseline deficiency, infection burden, formulation, and accompanying nutrition constrain 
extrapolation. [2]

Environmental-toxicant studies provide complementary evidence. Lu and colleagues found that arsenic 
exposure changed both microbial composition and metabolic profiles in mice. Zhang and colleagues linked 
cadmium exposure to gut microbial perturbation and altered hepatic energy metabolism. These experiments 
establish exposure-related effects, but simultaneous host and microbiome changes do not, alone, determine 
what proportion of host injury was mediated by microbes rather than direct toxicity. [3, 4]

Human evidence includes associations between infant arsenic exposure and gut community composition, with 
sex-specific patterns in a United States cohort. Such findings justify longitudinal investigation but do not 
demonstrate a universal arsenic-associated microbiome or a completed exposure-to-disease pathway. Variation 
between people and settings is not a reason to abandon the hypothesis; it is a reason to specify the conditions 
under which it predicts an effect. [5]

Importantly, microbes can protect against metals as well as transmit their effects. Coryell and colleagues showed 
that the microbiome protected mice against acute arsenic toxicity: antibiotic-treated and germ-free animals 
excreted less arsenic in stool and accumulated more in organs. This result rules out a one-directional account in 
which the microbiome is only a victim or amplifier of exposure. Some community changes may be compensatory, 
and indiscriminate microbial depletion may remove protective functions. [18]

Metal selection may also intersect with antimicrobial resistance. A genomic analysis found co-occurrence of 
resistance determinants for antibiotics, biocides, and metals, supporting the potential for co-selection. Genomic 
linkage is not proof that a particular patient's metal exposure caused antibiotic resistance. It nonetheless supplies 
another reason to examine environmental metal selection alongside conventional antimicrobial pressure. [30]

Taken together, these studies support the existence of metal-conditioned microbial disease mechanisms. They 
do not quantify the fraction of chronic disease attributable to them. That unresolved attribution is a research 
question, not a justification for treating metals as peripheral by default.

7  |  6. Nickel, microbial enzymes, and substrate-dependent risk

Nickel makes the importance of microbial function especially clear. Certain microbial enzymes require 
nickel-containing active sites, including urease and [NiFe]-hydrogenases. Nickel-responsive regulation of 
urease expression has been demonstrated in Helicobacter pylori. Metal availability can therefore influence both 
catalytic competence and regulation, rather than merely supplying biomass. These effects remain organism- 
and context-specific; increasing nickel is not expected to increase virulence indefinitely, because excess metal 
can also be inhibitory. [9, 31]

The word “glyoxalase” requires similar precision. Structural studies establish nickel activation of E. coli 
glyoxalase I, but glyoxalases are not a single uniform nickel-dependent class. An annotation for glyoxalase, 
hydrogenase, or urease should not be converted automatically into a pathogenicity score. Species, enzyme 
family, actual cofactor requirement, expression, activity, and local substrate availability all matter. A function 
that protects microbial metabolism is not intrinsically evidence of tissue invasion or disease. [10]

Host nickel restriction has been demonstrated directly. Human calprotectin can sequester nickel and inhibit 
nickel-dependent microbial activities in experimental systems, including urease activity. This provides a 
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mechanistic connection between nutritional immunity and nickel biology. Nickel-selective chelation has also 
shown antimicrobial and protective effects in preclinical work involving enteric pathogens. These findings 
support a therapeutic target class, not the clinical use of a laboratory chelator without human efficacy and safety 
evidence. [12, 31]

Clinical investigation of dietary nickel provides an additional bridge. A 52-participant pilot study reported higher 
H. pylori eradication with a nickel-restricted diet added to antibiotic therapy. A 2025 randomized study also 
reported higher eradication in its per-protocol analysis, but the intention-to-treat difference was not statistically 
significant. These signals justify better trials using contemporary treatment comparators and verified exposure 
reduction. They do not establish diet as a substitute for eradication therapy or demonstrate that the observed 
benefit was specifically mediated through reduced nickel incorporation into urease. [32, 33]

Urea illustrates why exposure must be interpreted with the niche
Urease links available urea to ammonia-generating metabolism. In chronic kidney disease, elevated urea and 
altered intestinal conditions provide a plausible context for harmful ureolysis. Experimental work connected 
urea and urease-related chemistry with epithelial barrier disruption, and a human end-stage renal disease study 
reported expansion of microbial groups inferred to possess urease-related capabilities. The latter relied on 
taxonomic functional inference and should not be read as direct measurement of all relevant enzymes. [34, 35]

The combined hypothesis is that accessible nickel, available urea, active urease, and host vulnerability may 
jointly determine risk. “Urea plus nickel” alone is not sufficient: nickel may not be limiting, the enzyme may not 
be expressed, the organism may be absent, or the reaction products may not reach damaging concentrations in 
the relevant compartment. The interaction needs direct testing rather than assumption. The value of integrating 
metallomics is to identify when these conditions coincide and which component is limiting. [9, 34, 35]

Lactoferrin and the need to identify the operative metal
Lactoferrin's iron-binding biology supplies a strong mechanistic foundation. In experimental Pseudomonas 
aeruginosa systems, lactoferrin-mediated iron restriction altered behavior and prevented biofilm development. 
This demonstrates how a host protein can change pathogenic organization without being interpreted solely as 
a conventional bactericidal agent. [16]

However, the literature considered here does not establish that lactoferrin improves endometriosis, multiple 
sclerosis, or neonatal infection through physiologically significant nickel sequestration. Binding capacity under 
a chemical assay would not itself prove that mechanism in vivo. Calprotectin currently provides the more direct 
example of demonstrated host nickel sequestration in the cited studies. A lactoferrin hypothesis should specify 
the relevant metal, protein preparation, saturation state, compartment, and measured target engagement, rather 
than treating all antimicrobial effects as proof of nickel chelation. [12, 16, 36]

8  |  7. Endometriosis: a metal-rich niche and the possibility of microbial 
amplification
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Endometriosis illustrates why metals and microbes should be investigated together, while also showing why 
their independent associations must not be joined prematurely. Human studies demonstrate increased iron 
in the peritoneal environment of affected patients. Local bleeding and iron handling provide mechanisms for 
such accumulation that do not require increased environmental iron exposure. A murine study found that iron 
overload enhanced epithelial proliferation in endometriotic lesions, without demonstrating increased initial lesion 
establishment. Thus, iron can participate in progression even when it is not the initiating cause. [13, 37]

An iron-rich inflammatory niche could plausibly favor organisms able to acquire iron and withstand associated 
stress. That ecological proposition is compatible with nutritional-immunity research, but it is not yet a 
demonstrated general explanation of endometriosis-associated microbes. Iron measured in peritoneal fluid 
cannot be substituted for microbial exposure in the bowel, vagina, or endometrium. These compartments must 
be connected by evidence, not by their inclusion in a single patient-level diagram. [6, 11, 13]

Microbial studies provide a separate line of investigation. Muraoka and colleagues reported an association 
of Fusobacterium with endometriosis and experimental evidence connecting infection with fibroblast changes 
and lesion development. A subsequent study did not reproduce a significant enrichment of F. nucleatum in 
eutopic endometrium. The disagreement reinforces the need to examine sampling location, patient population, 
laboratory contamination, and analytical methods. Neither study establishes an antecedent metal exposure that 
selected the organism. [38, 39]

Environmental metal associations are also heterogeneous. A United States study reported an association 
between urinary cadmium and endometriosis prevalence, while the ENDO Study did not provide a consistent 
positive association across the metals and matrices it evaluated. Differences in exposure biomarkers, renal 
handling, selection of comparison groups, and disease timing complicate interpretation. These findings favor 
investigation of distinct metal-associated endotypes rather than assignment of a single multi-metal pattern to 
the entire disease. [40, 41]

A productive hypothesis is narrower: a subset of endometriosis may involve metal-dependent microbial 
amplification superimposed on bleeding, inflammation, and hormone-responsive tissue biology. The proposed 
pathway is local metal disturbance, selection or activation of a relevant microbial function, and consequent host 
injury or lesion persistence. Each transition requires evidence within a biologically connected compartment and 
time sequence.

This model also has room for microbial independence. Iron-related tissue effects may occur without microbial 
mediation; microbial effects may occur without a metal disturbance. Demonstrating both routes would improve 
rather than defeat the framework, because it would identify which patients and mechanisms are appropriate 
targets. Clinical translation should preserve treatment of documented deficiencies and require evidence of 
benefit before disease-specific metal restriction or chelation is adopted. [37, 38, 41]

9  |  8. Drug metabolism: why the NSAID question is important but drug-specific

Glutathione-dependent handling of reactive drug metabolites creates a plausible point of interaction between 
medication exposure and metal physiology. NSAIDs nevertheless require drug-specific analysis rather than 
classification as a uniformly glutathione-cleared group. Diclofenac can generate reactive metabolites captured 
as glutathione conjugates in experimental systems, whereas oxidation and glucuronidation also participate in its 
disposition. Identification of a glutathione conjugate does not demonstrate clinically consequential depletion at 
every therapeutic exposure. [24]
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An especially strong host–microbe mechanism is available without assuming metal causation. Bacterial β--
glucuronidases can reactivate glucuronidated drug products reaching the intestine. Pharmacological inhibition 
of bacterial β-glucuronidase reduced NSAID-associated enteropathy in mice. This connects host conjugation, 
intestinal microbial enzyme activity, and tissue injury, and shows why the same drug can be interpreted through 
both pharmacology and microbial ecology. [42]

The metallomic extension is a testable interaction: prior metal-associated redox disturbance might alter 
susceptibility to a drug whose reactive intermediates require protective thiol chemistry, while the local microbial 
community determines deconjugation and re-exposure. The existing studies establish component mechanisms, 
not the completed sequence from metal exposure to glutathione depletion to microbial change to NSAID injury. 
Demonstrating that interaction would require concurrent measures of exposure, drug metabolites, redox state, 
microbial function, and clinical injury. [21, 24, 42]

This formulation avoids two errors. It does not reduce NSAID toxicity to glutathione depletion, and it does 
not assume that every relevant bacterial β-glucuronidase is a metal-dependent enzyme. It also preserves an 
actionable research question: whether a patient's chemical and microbial context helps explain heterogeneous 
drug tolerance beyond dose and conventional risk factors.

10  |  9. Multiple sclerosis and zinc formulation: the concept of host-favoring 
nutrient delivery

Zinc aspartate offers an instructive example of the difference between a promising mechanism and 
a comparative clinical conclusion. Oral zinc aspartate improved outcomes in experimental autoimmune 
encephalomyelitis, with effects involving immune-cell function. This is relevant preclinical evidence, but 
experimental autoimmune encephalomyelitis is not a human multiple sclerosis trial. The study did not establish 
that zinc aspartate outperforms zinc oxide in people with MS by depriving potentially pathogenic microbes of 
zinc. [43]

Human absorption research confirms that formulation can matter: zinc citrate and gluconate were better 
absorbed than zinc oxide under the conditions of a small crossover study in healthy adults. That comparison 
did not test zinc aspartate or MS, and it did not measure microbial exclusion. Better host absorption could, 
in principle, reduce residual intestinal exposure at an equivalent administered amount. Whether it does so in 
practice depends on digestion, ligand exchange, intestinal secretion, and the organisms present. [15]

The appropriate translational concept is host-favoring nutrient delivery: preserve correction of a genuine 
nutritional deficit while minimizing unwanted ecological consequences. This is a proposed design objective, not 
a property that can be assumed from the word “chelated.” It calls for direct comparative pharmacokinetic and 
microbial-function measurements before disease-specific superiority claims are made.

A metal-centered MS model must also accommodate strong evidence for other etiologic factors. Longitudinal 
research links Epstein–Barr virus infection to subsequent MS risk. Metals may modify susceptibility, immune 
function, or microbial context without displacing that evidence. The framework is most useful when it helps 
explain interactions and heterogeneity, rather than competing to make one exposure the sole cause of a 
multifactorial disease. [44]

11  |  10. Infant feeding: nutrients, metal-binding proteins, and microbial ecology
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Human milk provides a compelling setting for considering nutrition and microbial defense together. Lactoferrin's 
presence in milk and its iron-binding antimicrobial biology support a model in which feeding influences not only 
host nutrient supply but also the accessibility of those nutrients to microbes. Nevertheless, the function of a 
component in human milk cannot be equated automatically with the effect of adding an isolated preparation to 
formula or another feeding regimen. [16, 36, 45]

Clinical trial evidence is essential here. An early randomized trial in very-low-birth-weight infants found reduced 
late-onset sepsis with bovine lactoferrin supplementation. In contrast, the substantially larger ELFIN trial in 
2,203 very preterm infants did not demonstrate a significant reduction in late-onset infection: the adjusted risk 
ratio was 0.95, with a 95% confidence interval of 0.86–1.04. A further randomized trial published in 2025 also 
did not establish prevention of late-onset sepsis in its study population. These findings require discussion of 
preparation, population, background feeding, and clinical endpoints; they do not permit a general claim that 
omission of added lactoferrin causes neonatal sepsis. [36, 45, 46]

Metal exposure in formula merits equally careful scrutiny. Analytical studies have measured nickel and other 
elements in infant formulas, with some older comparisons reporting higher nickel in soy-based than milk-based 
products. These data establish the relevance of product composition and manufacturing inputs, not the current 
contamination status of every product in a category. A 2025 German dietary-exposure assessment included 
formula-related nickel exposure, but concerned children aged approximately six months to three years, not 
premature neonates. [47, 48]

The proposed nickel–microbe pathway is biologically intelligible: a feed could influence available nickel, which 
could affect nickel-dependent functions in an organism already present, potentially modifying colonization or 
injury. However, it has not been established that nickel in soy-based formula causes Klebsiella infection through 
urease, hydrogenase, or glyoxalase activity in premature infants. The identity of the enzyme and its cofactor 
cannot be inferred reliably from a broad pathogen category, and formula exposure must be measured rather 
than assumed. [10, 12, 47]

There is a clinically meaningful microbial pathway to investigate. Strain-resolved research has shown that gut 
colonization can precede bloodstream infection in neonatal intensive care. That observation supports studying 
the conditions that permit colonization and translocation. It does not identify nickel as their cause. Antibiotic 
exposure, barrier immaturity, hospital acquisition, feeding, and other features of neonatal care remain competing 
or interacting explanations that a metal-focused study would need to measure. [49]

The appropriate conclusion is a research and manufacturing priority: evaluate contaminant inputs, necessary 
nutrient delivery, metal-binding context, and microbial outcomes together. Changes to neonatal nutrition or 
metal-directed treatment require clinical evidence and specialist oversight; compositional hypotheses alone do 
not justify altering prescribed feeds or fortification. A protective intervention must demonstrate that it improves 
infant outcomes while preserving the nutritional functions on which development depends.

12  |  11. From connected mechanisms to a falsifiable disease model

11.1 A causal sequence with feedback, not a single universal line
The proposed analytical sequence is: exposure or endogenous redistribution -> compartment-specific metal 
availability -> microbial selection or functional activation -> host injury -> disease expression. This is a 
hypothesis-organizing structure. Each arrow is a separate causal proposition, and some pathways may bypass 
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the microbiome entirely. Its value is to make a complex system experimentally interpretable without assuming 
that disease biology is strictly linear. Table 1 specifies the evidence needed at successive stages.

Feedback is particularly important. Injury and inflammation can change nutrient access and the intestinal 
environment, enabling organisms already present to expand. Experimental work showing that host-derived 
nitrate promotes E. coli growth in the inflamed gut demonstrates that nonmetal changes in the niche can be 
causal. A metal disturbance could initiate or amplify such a loop, but evidence of an inflammatory bloom does 
not establish a metal origin. [50]

Timing must therefore be resolved explicitly. A metal abnormality found after disease onset may be a cause, a 
consequence, an adaptive response, or a combination. An upstream trigger can also become dispensable after 
a self-sustaining inflammatory process develops. As a prediction of this framework, exposure reduction might 
prevent initiation more effectively than reverse established disease; persistence after exposure reduction would 
not automatically exclude an earlier causal contribution.

11.2 The proposed metal-conditioned disease endotype
A metal-conditioned disease endotype is proposed here as a subgroup in which a specified metal disturbance 
makes a demonstrable contribution to disease through microbial function. This is not an established diagnostic 
category. Its evidentiary requirements are a credible exposure or redistribution process, an altered accessible 
metal pool in a relevant compartment, an expressed microbial capability responsive to that pool, a connected 
host injury pathway, and evidence that changing the proposed driver changes downstream biology.

A case-control association between blood metal concentration and stool taxa would be a starting observation, 
not sufficient confirmation. Nor would improvement after a broad intervention establish the mechanism if the 
intervention simultaneously changed diet, medications, inflammation, and microbial composition. The model 
should be strengthened or rejected on the basis of mediation and target engagement, not protected from 
contradiction by adding unmeasured links.

11.3 Measurement should follow the causal question
Studies should pair conventional elemental measurements with information about chemical species, ligands, 
labile pools, and spatial location where feasible. Exposure assessment should distinguish intake from absorbed 
dose and account for excretion, renal function, and disease-associated redistribution. A tissue average should 
not be treated as a map of the microenvironment encountered by an organism. Sampling should therefore match 
the proposed site of action and, ideally, precede disease progression.

Microbial characterization should move beyond relative abundance alone. Absolute burden, strain identity, 
expressed functions, relevant enzyme activity, and metabolite production answer different questions. A taxon 
may rise proportionally because its competitors decline; a virulence-related gene may be present without being 
expressed. Low-biomass tissues require stringent collection and analytical controls because contamination can 
create misleading disease associations. These are proposed design requirements, not a claim that every cited 
study measured all of these features.

Host measurements should be selected to test the link under investigation: barrier function, inflammatory 
response, tissue remodeling, redox handling, or another defined mechanism. A fall in total metal, a shift in stool 
composition, or a reduction in a nonspecific inflammatory marker should not independently stand in for clinical 
benefit. Repeated measurements are needed to establish sequence rather than contemporaneous correlation.
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11.4 Predictions that can be disproved
The framework makes several linked predictions. Within a valid endotype, the relevant microbial function should 
track the local accessible metal pool more closely than an unrelated systemic concentration. Correcting the 
proposed driver should change microbial function before, or alongside, improvement in the connected injury 
pathway. Patients lacking the implicated function should respond differently from those expressing it. Finally, 
direct host toxicity and microbial mediation should be distinguishable rather than presumed to be the same 
process.

These predictions invite prospective human studies, carefully controlled mechanistic research, and trials 
that incorporate exposure reduction or selective allocation strategies. Mediation analyses should consider 
confounding, reverse causation, and time-varying feedback. Studies using transferred biological material also 
need to distinguish effects of microbes from carried-over metals, metabolites, and inflammatory components. 
The conceptual requirement is causal separation, not simply replication of a disease phenotype.

The model should be revised when its specified intermediate is absent or when modifying it does not affect 
the predicted downstream biology. Negative results are particularly valuable when they identify the boundary 
between direct metal toxicity, microbial response, and microbial contribution to disease.

13  |  12. Implications for intervention design and public knowledge

The intervention target is appropriate metal allocation, not indiscriminate depletion. In a validated pathway, the 
best point of intervention might be an avoidable external exposure, impaired host buffering, a local metal pool, a 
microbial acquisition process, or a downstream injury mechanism. Which target is preferable depends on causal 
evidence and on the risk of harming essential host physiology. Nutritional-immunity research and the divergent 
consequences of intestinal zinc restriction make clear why “less metal” is not a universal therapeutic objective. 
[6, 8, 11]

The same reasoning applies to probiotics, dietary changes, and other microbiome-targeted interventions. The 
framework predicts that correcting a persistent selective pressure may sometimes be necessary for durable 
ecological change. This should be evaluated, not assumed. It also predicts that indiscriminate antimicrobial 
treatment could be counterproductive when the affected community contributes to toxicant handling, as 
demonstrated in experimental arsenic studies. [18]

Exposure prevention and mechanism-based treatment operate at different levels. Reducing avoidable toxicant 
contamination in food or water can be justified by established toxicology without proving a microbiome 
mechanism for every benefit. Microbiome research may identify additional vulnerable subgroups, relevant 
exposure windows, and unintended consequences of nutrient delivery. Conversely, appropriate mineral 
replacement should not be withheld because another form, dose, or context produced microbial harm. [2, 3, 
4, 15]

A foundational role for Wikibiome
For Wikibiome, the practical implication is an evidence architecture that links microbes to the environments that 
select and activate them. A disease entry should distinguish measured findings from inferred mechanisms and 
retain the location, population, exposure, and study design associated with each claim. A microbial entry should 
identify supported metal-dependent functions without implying that every strain expresses them or that each 
function is pathogenic.
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Every proposed intervention should connect to an explicit causal target and show whether its evidence 
is biochemical, preclinical, observational, or interventional. Contradictory findings should appear beside 
supportive ones. An observed association should not be presented with the same status as a demonstrated 
causal link, and a “stop” advisory should require a clinical justification rather than merely a plausible ecological 
concern.

This structure gives metallomics prominence for a scientific reason: it can explain why a microbial capability 
becomes consequential in a particular setting. It supports discrimination between diseases, between patients 
within a disease, and between microbial functions within a taxon. The aim is explanatory discrimination: identify 
which metal, which pool, which function, which host pathway, and which intervention actually matter.

First-principles understanding should guide new microbiome-targeted interventions, but need not delay 
effective care whose benefit is already demonstrated. Mechanistic investigation and clinical outcome evidence 
are complementary. Better medicine requires both a plausible account of what an intervention changes and 
reliable evidence that the change helps patients.

14  |  13. Limitations

This review is hypothesis-driven and selectively integrates heterogeneous literatures. Different exposure levels, 
routes, species, feeding contexts, tissue compartments, and endpoints limit comparability. Several central 
molecular studies are not human disease studies. The human evidence is stronger for some nutritional 
interventions than for environmental-toxicant mediation of chronic disease. Publication bias and the difficulty of 
measuring local metal availability may further distort the apparent strength of the model.

The review does not establish an attributable fraction of disease due to metals, a validated universal metallomic 
signature, or the efficacy of an integrated treatment program. It does not support using commercial metal panels 
or microbiome profiles as standalone diagnostic tests for the proposed endotype. Clinical translation requires 
independent replication, appropriately powered trials, meaningful endpoints, and preservation of essential 
nutrition. These limitations define the questions the framework is intended to resolve.

15  |  14. Conclusion

The microbiome cannot be understood fully apart from the chemical environment that constrains it. Metals are 
distinctive components of that environment because they combine nutritional necessity, catalytic specificity, 
regulatory influence, and toxic potential. Nutritional immunity demonstrates that controlling their accessibility is 
integral to host defense. Glutathione and metallothionein connect redox physiology with metal handling, while 
experimental and clinical studies show that altered metal exposure can change microbial ecology and, in defined 
settings, disease susceptibility. [1, 2, 6, 23]

A disease-associated microbial pattern may be the biological expression of an upstream chemical disturbance. 
When that disturbance is causal, an intervention directed only at the microbial endpoint can leave the conditions 
sustaining disease unexamined. Metal exposure and metal allocation therefore deserve deliberate investigation 
as potential upstream determinants, not merely inclusion as secondary correlates after a microbial signature has 
been described. Establishing the pathway requires more than parallel lists of metals and microbes: it requires 
temporality, accessible-pool measurements, microbial function, host mechanism, and intervention evidence.

This is the rationale for placing metallomics near the foundation of microbiome medicine. The objective is to move 
from knowing which organisms accompany disease to understanding why their activities become pathogenic, 
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and from modifying a microbial endpoint to correcting the conditions that sustain it. That transition provides a 
testable basis for more precise prevention and intervention, while preserving the essential distinction between 
a compelling hypothesis and a clinically established mechanism.

16  |  Table 1. Evidence requirements for a proposed metal-conditioned disease 
endotype

This table specifies a proposed research framework, not validated diagnostic criteria. Each stage must be linked 
to the adjacent stages in the same biologically relevant setting.

STAGE CAUSAL QUESTION EVIDENCE NEEDED TO SUPPORT 

THE PROPOSED LINK

External exposure or endogenous redistribution What initiates the metal 
disturbance?

A credible source or redistribution 
process; exposure timing; 
separation of intake, absorption, 
excretion, and disease-related 
release.

Host handling and compartmental availability Which metal pool reaches the 
relevant niche?

Elemental identity, relevant 
chemical species and ligands, 
spatial location, and a measure of 
accessible rather than only total 
metal.

Microbial selection or functional change What changes in the organism or 
community?

Absolute burden where relevant, 
strain-level identity, expressed 
metal-responsive function, and a 
distinction between competitive 
expansion and altered activity.

Connected host injury How does the microbial change 
affect the host?

A defined barrier, inflammatory, 
metabolic, or tissue-remodeling 
mechanism; temporal connection; 
separation from direct metal 
toxicity.

Intervention and mediation Does changing the proposed driver 
change the pathway?

Evidence of target engagement, 
change in the specified 
intermediate, and downstream 
benefit that is not explained by 
co-interventions alone.

Clinical expression and feedback For whom does the pathway 
matter, and when?

Clinically meaningful outcomes, 
identification of responsive 
subgroups, durability, preservation 
of essential nutrition, and analysis 
of reverse causation and feedback.
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18  |  Anchor sources

These are the Heavy Metal Index corpus records that carry the evidence this framework rests on for the 
metal-microbiome intersection. They are a subset of the full bibliography above: the works that also exist as 
source pages in this wiki, each with its ingest receipt and the file hash of the document it was built from.

• coryell2019-gut-microbiome-arsenic-toxicity — Review of the gut microbiome's influence on arsenic toxicity 
and biotransformation; supports the framework's claim that the microbiome can protect against, not only 
transmit, metal effects (sections 5 and 12).

• hoen2018-infant-arsenic-gut-microbiome — Sex-specific associations between infant arsenic exposure and 
gut community composition in a United States cohort; the human-association evidence discussed in section 
5.

• soto-ocana2024-metal-availability-early-life-microbiome — Metal availability shapes early-life microbial 
ecology and community succession; a developmental model of the exposure-to-microbial-selection step 
central to sections 10 and 11.

• coe2023-gut-microbiome-methylmercury-demethylation — Gut-microbiome methylmercury demethylation 
and elimination in humans and gnotobiotic mice; direct evidence that microbial function alters the disposition 
of a toxic metal (sections 5 and 12).

19  |  WikiBiome crosswalk

This page is the foundational framework prepared for WikiBiome and is structured for federation there with 
minimal edits under the crosswalk anchor metals-microbiome-disease-pathogenesis. It lives on the Heavy Metal 
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Index because its subject is the heavy-metals-and-microbiome intersection, which this wiki hosts directly; 
WikiBiome remains the canonical home for microbiome content, and the citable record of this work is the 
DOI minted here. The reciprocal metals-side context (dietary exposure, tolerable-intake reference points, and 
certification relevance for the individual metals named above) stays on the corresponding nickel, zinc, iron, 
arsenic-inorganic, and cadmium pages and on nickel-microbial-pathogenesis.

20  |  How this page was published

This is an authored critical narrative review, distinct in kind from the corpus-emergent synthesis findings pages 
that promote from a cluster of anchor sources. It was prepared as the foundational framework for WikiBiome 
and is published here, at the metals-microbiome intersection, as the canonical citable record, with a DOI minted 
on the Heavy Metal Index prefix. The version published is the author-review version dated 8 September 2026; 
under the Heavy Metal Index model it is a preprint until external review is recorded below. Its bibliography is 
the review's own fifty references; the works not yet held as Heavy Metal Index source records are queued for 
corpus ingestion separately and are not a precondition for citation.
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