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Abstract

Necrotizing enterocolitis (NEC) remains one of the most devastating gastrointestinal
diseases of prematurity, characterized by profound microbial dysbiosis, mucosal injury, and
high mortality. While formula feeding and Proteobacteria enrichment are well-established
risk factors, the mechanistic drivers linking diet to pathogenic microbial dominance remain
incompletely explained. Here, we propose a unifying metallomic framework implicating

dietary nickel as a critical but overlooked contributor to NEC pathogenesis. We synthesize
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killing, and thrive under inflammatory conditions. In parallel, we show that soy-based infant

- Urease formulas contain substantially higher nickel concentrations than human or bovine milk,

: [(;\:;Foex];;’ircl’ge”ase potentially delivering a bolus of bioavailable nickel to the immature neonatal gut. We argue
. Escherichia coli that this excess nickel functionally licenses pathogenic microbial metabolism while

- Gut dysbiosis undermining host nutritional immunity mechanisms such as lactoferrin and calprotectin-

- Nutritional immunity
- Preterm infant microbiome

1| INTRODUCTION

Necrotizing enterocolitis (NEC) is a devastating
intestinal disease primarily afflicting premature infants.
Despite decades of research, the etiology of NEC
remains multifactorial and not fully understood.l!l A
consistent observation in NEC is an alteration in the gut
microbiome: infants who develop NEC often show
markedly reduced microbial diversity along with an
overrepresentation of pathogenic Proteobacteria such as
Escherichia coli, and a reduction in presumably beneficial

or benign bacteria.l2]

In one recent metagenomic study, acute-phase NEC
patients’ stools had elevated E. coli and depleted
Staphylococcus haemolyticus, Staphylococcus aureus,
Staphylococcus epidermidis, and Lactobacillus paracasei
compared to healthy controls.2l These shifts suggest a
microbial dysbiosis favoring organisms that can thrive in

mediated nickel sequestration. By integrating microbiome ecology, enzymatic biochemistry,
and infant nutrition, this work reframes NEC as, in part, a nickel-enabled disease state
driven by mismetallation rather than microbial presence alone. These findings have
immediate implications for infant formula composition, NEC risk stratification, and the

development of nickel-targeted preventative and therapeutic strategies.

the compromised neonatal gut environment.

A well-known clinical risk factor for NEC is formula
feeding as opposed to human breast milk. Preterm
infants fed infant formula (especially formulas based
on cow'’s milk) have a significantly higher incidence of
NEC compared to those fed human milk.['/ Breast milk
is thought to be protective due to its immunologic
components and prebiotic human milk oligo-
saccharides, whereas formula lacks many of these
benefits. However, beyond the absence of protective
factors in formula, there may be harmful factors

present in infant formula that have been overlooked.

One such factor, we propose, is the trace metal nickel
(Ni). Nickel is not recognized as essential for human

nutrition, and thus its presence in infant diets has
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drawn little attention. Yet nickel is a critical cofactor for
several microbial enzymes that could influence gut
colonization and virulence. In this paper, we explore the
hypothesis that excess dietary nickel — particularly from
nickel-rich infant formulas — can drive the growth and
pathogenic activity of nickel-dependent bacteria in the
infant gut, contributing to NEC.

The pieces of this puzzle — the microbiome changes in
NEC, the biochemical needs of those microbes, and the
nickel content of infant diets — have largely been
studied in isolation. Here, we connect these dots and
argue that nickel may be the missing link in NEC
pathogenesis.

2| HUMAN MILK VS. FORMULA

Nickel is ubiquitous in the environment at low levels and
can enter the food chain via plant-based ingredients
and manufacturing processes. Although infant nutrition
guidelines do not list nickel as a required nutrient,
measurable amounts of Ni are present in both breast
milk and formula. Human breast milk naturally contains
very low nickel concentrations, on the order of only
0.005 to 0.016 mg/L (5-16 pg/L).l3!

In contrast, infant formulas, especially those derived
from plant sources like soy, contain substantially more
nickel. For example, a classic analysis by Biego et al.
(1998) found that while cow’'s milk-based formula
contained around 0.03 mg/L of Ni, a soy-based infant
formula averaged about 0.45 + 0.22 mg/L.[3! This means
a soy formula may provide an order of magnitude more
nickel than breast milk on a volume basis. More recent
surveys likewise report elevated Ni in certain formulas;
products tested in Malta showed Ni ~0.76-0.82 mg/kg
in some infant formula powders.l3] Overall, soy-based
formulas have the highest Ni levels among baby foods,
whereas breast milk has the lowest.[3!

Several factors contribute to this disparity. Plants
naturally accumulate nickel from soil (soybeans being
notable Ni accumulators), and manufacturing
equipment (stainless steel) can introduce trace nickel
into formula. Regardless of source, the result is that
formula-fed infants, and particularly those on soy
formula, ingest significantly more nickel than breastfed
infants.

Notably, preterm infants are often formula-fed (due to
maternal milk insufficiency or use of donor milk
fortifiers), putting them at risk of higher Ni exposure.
The difference is not trivial: A premature baby on soy
formula could be receiving a daily nickel dose many
times greater than a breastfed infant. We hypothesize
that this “nickel bolus” provided by formula could have
important biological effects on the infant gut
microbiota, effectively supplying certain bacteria with
an abundance of a cofactor that is normally scarce in
the breastfed gut.

3 | MICROBIAL DYSBIOSIS IN NEC

NEC is characterized by an inflammatory necrosis of the
intestine, and infectious or microbial drivers have long
been suspected. Culture and sequencing studies have
identified various bacteria in NEC lesions and stools,
but a single causative microbe has not been confirmed.
Instead, an imbalance or dysbiosis is observed. A
consistent finding is decreased alpha-diversity (fewer
species present) in the gut microbiome prior to or
during NEC.2]

This loss of diversity often coincides with an outgrowth
of facultative anaerobic Gram-negative bacteria (like E.
coli, Klebsiella, Enterobacter), whereas benign
commensals (such as coagulase-negative staphylococci
and lactic acid bacteria) diminish. In the acute NEC
cases mentioned earlier, E. coli dominated while S.
haemolyticus, S. aureus, and L. paracasei were de-
pleted.?l Notably, these latter organisms are not typical
“probiotics” (indeed Staphylococcus species are often
hospital-associated colonizers), yet their presence in
healthy controls suggests they may play a role in
maintaining balance or at least indicate a less
pathological flora within this context.

Why would a bloom of E. coli (or other Entero-
bacteriaceae) be so strongly associated with NEC? And
why would Staphylococcus and Lactobacillus species
matter in this context? One clue lies in the functional
capacities of these bacteria.

Many of the taxa implicated in NEC, whether as
aggressive pathogens (Table 1) have metabolic
machinery that involves nickel-dependent enzymes.
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Table 1: Pathogens Enriched in NEC and Nickel-Dependent Enzymes

Taxon (context)

Enriched/Associated with NEC

Relative abundance NEC vs
control

Urease positive

Glyoxalase positive

[NiFe]-hydrogenase

Escherichia coli

(Enterobacteriaceae; e.g.

EHEC O157:H7)

Klebsiella pneumoniae
(and Klebsiella spp.,
Enterobacteriaceae)

Enterobacter spp. (e.g. E.

cloacae;
Enterobacteriaceae)

Citrobacter spp. (e.g. C.

koseri; Enterobacteriaceae)

Ureaplasma spp.
(Mollicutes; perinatal/
respiratory colonizer)

Significantly associated with
NEC. Certain E. coli strains
bloom during NEC. A subset of
UPEC (uropathogenic E. coli)
correlates with higher NEC risk.
(t1] Pathogenic E. coli
(O157:H7) was isolated in a

severe NEC case. [12]

Enriched in NEC. Opportunistic
Klebsiella often overgrows in

dysbiotic NEC gut microbiomes.

[t12] | one cohort, Klebsiella

replaced E. coli and became
dominant in infants who

developed NEC.[t6]

Enriched in NEC. Enterobacter
tends to proliferate during NEC
episodes as overall microbiota
diversity drops. Genus
Enterobacter has been
identified as more abundant in
NEC cases vs controls in some

165 analyses[t8] Also

implicated in NICU clusters of
NEC.

Enriched in NEC. Citrobacter
has been found at high levels in
NEC infants. For instance, C.
koseri was a dominating taxon
in some NEC cases (while low/

absent in healthy controls)‘[tsl

Higher NEC incidence when
colonized. While not a typical
gut commensal, preterm infants
colonized by Ureaplasma (in the
airway) have a significantly
higher risk of developing

NEC[t18],

NEC cases: UPEC present in
44% of NEC infants vs 16% of

controls.[t1] Often dominates
stool at NEC onset, whereas

minor in healthy controls.[t1]

Higher in NEC: present in 52%
of pre-NEC samples vs 23% of

[t7]

controls;!*/! often comprises a

large fraction of gut bacteria in

NEC infants.[t8]

Quantitative: Often noted as
part of elevated

Enterobacteriaceae in NEC.[t8]

(no specific % reported).
Outbreak example: 12 NEC
cases (vs O controls) were linked
to Enterobacter (Cronobacter)

contamination of formula.[t13]

NEC cases: C. koseri comprised
~15% of gut bacteria in one
NEC cohort vs ~0% in controls.

[18] |dentified as a significant

NEC-associated taxon
(biomarker of NEC risk) in a

preterm study.[té]

(No fecal abundance data) — In
a cohort of <33 wk gestation
infants, NEC incidence 12.3%
vs 5.5% in those colonized with
Ureaplasma (odds ratio ~2.43).
[t18][t19]

Yes - E. coli
O157:H7 carries a
urease getrie cluster
(unlike typical E.
colilt3]

Yes - Klebsiella spp.
hydrolyze urea via
urease (a common

diagnostic trait).[t9]'
[t17]

Variable - some
Enterobacter (e.g.
certain E. cloacae
strains) are urease-

positive. [11¢]

Yes — many
Citrobacter strains
(including C. koseri)
produce urease
(urea hydrolysis

positive)‘[ﬂ 5]

Yes — Ureaplasma
relies on(Ni-
dependent) urease,
because its activity
is the sole source of
ATP production.
[t16], [t19]

Yes — Ni-activated
glyoxalase | (Glxl) is
present (E. coli Glxl is
optimally activated by
Niz)[t4].

Yes — possesses Ni?*-
dependent Glxl (Ni-
activated glyoxalase
enzymes occur in
bacteria like Klebsiella).
[t10]

Yes — review on nickel
in microbial
pathogenesis explains
that members of the
Enterobacteriaceae
family are all expected
to possess
Ni-glyoxalase | (Glol)

enzymes [t16]

Yes — contains Ni-
dependent Glx! for
methylglyoxal
detoxification (inferred
from close relatives; Ni—
Glxl enzymes

widespread in bacteria)
[t10]

Yes - but not
prominent — Ni-
dependent glyoxalase
is not noted as a key
factor in Ureaplasma
(the organism’s energy

focus is on urease)A[ﬂé]

Yes — expresses multiple
[NiFe]-hydrogenases for
anaerobic H, metabolism.
[t5]

Yes — contains [NiFe]-
hydrogenases (e.g.
formate hydrogenase
complex for H, uptake/
production under

anaerobiosis).[t11] [t17]

Yes — presumed to carry
[NiFe]-hydrogenases for
anaerobic respiration
(common among

Enterobacteriaceae family).

[t16]

Yes — expected to encode
[NiFe]-hydrogenases
(assumed similar to other
Enterobacteriaceae,
though not often
highlighted in literature
due to methodological

concerns..[t15]

No - Ureaplasma does not
feature [NiFe]-
hydrogenases as a notable
trait [t16]
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The Proteobacteria that tend to overgrow (e.g. E. coli,
Klebsiella, Citrobacter) often express [NiFe]-hydro-
genases, Ni-dependent glyoxalase, or (in some cases)
urease.

On the other hand, some of the bacteria that decline in
NEC, like Staphylococcus and Lactobacillus, either
possess Ni-requiring enzymes (e.g. staphylococcal
urease) or thrive in conditions that nickel-utilizing
competitors would disrupt. This raises the intriguing
possibility that an increased availability of nickel in the
gut could selectively favor Ni-dependent microbial
metabolism, tipping the balance toward a pathogenic
community.

Before exploring that mechanism, it is worth empha-
sizing how the normal breastfed infant gut environment
differs from that of a formula-fed infant in terms of
microbiota and chemistry. Breastfed babies typically
harbor Bifidobacterium-dominated flora that produce
abundant lactate and acetate, yielding a colonic pH that
is significantly lower than in formula-fed infants.[

The acidic milieu in breastfed guts (fecal pH in breastfed
infants is often <5.5, versus ~6-7 in formula-fed infants)
[5] is hostile to many pathogens and is considered a
protective factor. Formula feeding, by reducing
Bifidobacteria and raising gut pH, may remove this
inhibition, allowing organisms like E. coli to proliferate.
If in addition formula supplies extra nickel, we have a
scenario where nickel-enabled pathogens can overcome
host defenses even more effectively, for example, by
using urease to neutralize acid or by metabolizing
nutrients that others cannot.

4 | NICKEL-DEPENDENT ENZYMES

Nickel is a transition metal that microorganisms utilize
as a cofactor in a limited but critical set of enzymes. To
date, only about ten Ni-dependent enzymes are known
in biology!®! but several of these are directly linked to
microbial survival in stressful environments and virulence
in host infections.l¢! The most prominent Ni-enzymes
relevant to gut bacteria are urease, ,[NiFel]-hydrogenase
and glyoxalase | (also called lactoylglutathione lyase).

Urease catalyzes the hydrolysis of urea to ammonia and
carbon dioxide, a reaction that raises local pH. [NiFe]-
hydrogenases allow bacteria to use hydrogen gas (H,) as
an energy source or to dispose of reducing equivalents,
which can be crucial in anaerobic or nutrient-deplete
conditions. Glyoxalase | detoxifies methylglyoxal (a
reactive toxic byproduct of glycolysis) by converting it
to harmless lactate, in a glutathione-dependent
reaction. In some bacteria, the active form of glyoxalase
| specifically requires Ni?*. Let us examine how each of
these Ni-dependent functions could benefit a pathogen
in the infant gut:

Urease (Ni-dependent): Urease is a well-known
virulence factor in certain pathogens (classic example:
Helicobacter pylori uses urease to survive stomach acid).
Urease requires two Ni?" ions in its active site to
function. By generating ammonia, urease can neutralize
acidic environments, which helps bacteria survive acid
stress and also damages host tissues. In the urinary
tract, urease-producers like Proteus and Klebsiella
create alkaline conditions that lead to crystal formation
and biofilms.l¢] In the gut of a preterm infant, a urease-
expressing bacterium could similarly raise the pH of its
surroundings, counteracting the acidification normally
caused by lactic acid bacteria. This pH shift might both
enhance the urease-producer’s growth and impair
competitors (for instance, acidic pH is needed for
optimal growth of Lactobacillus/Bifidobacterium).

Moreover, ammonia produced by urease provides
nitrogen for bacterial growth and can be directly toxic
to cells. Staphylococcus aureus is noteworthy here —
although typically thought of as a skin commensal/
pathogen, S. aureus can colonize the infant gut and has
a urease gene cluster. In fact, S. aureus urease has been
shown to be essential for persistence in infection (e.g. in
a mouse kidney infection model) and part of its acid-
response survival strategy!’}{8]

S. aureus and related Coagulase-negative staph (like S.
haemolyticus) thus rely on Ni-dependent urease to
withstand acidic and other hostile conditions. If nickel is
abundant, these bacteria can effectively deploy urease;
if nickel is withheld, urease remains inactive. The human
body exploits this. Lactoferrin and calprotectin, immune
proteins released by neutrophils, avidly chelate Ni?* to
inhibit bacterial urease activity.[¢!
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This is a key point: the innate immune system spe-
cifically tries to starve bacteria of nickel (analogous to
how it sequesters iron and zinc) because without nickel,
urease cannot function and certain pathogens are
disarmed.[¢]

[NiFe]-Hydrogenase (Ni, Fe-dependent): Hydrogen gas
is produced in the gut by fermentative microbes, and it
can serve as an energy-rich substrate for any bacterium
equipped to oxidize it. NiFe-hydrogenases contain Ni in
their active site and are present in many Entero-
bacteriaceae (including E. coli, Salmonella, Klebsiella) as
well as some other gut bacteria. Utilizing H, can give
pathogens a competitive edge in anaerobic environ-
ments.

For example, Salmonella enterica serovar Typhimurium
requires hydrogenase activity (hence Ni) to efficiently
colonize and invade the gut; it literally lives off
hydrogen produced by the microbiota.l’l In mouse
models, Salmonella mutants unable to use H, have
attenuated virulence, illustrating that hydrogen-fueled
energy production promotes invasion of the gut
ecosystem.[¢] E. coli strains can similarly harbor multiple
hydrogenases. In the inflamed preterm gut, an organism
that can consume hydrogen might thrive when
fermentative commensals produce excess H,. But again,
active Ni-Fe enzymes require nickel availability.

If an infant's diet or physiology severely limits Ni,
hydrogenase activity would be low; conversely, a nickel-
rich milieu could turbo-charge any H_-utilizing bacteria.
Notably, Ni-dependent hydrogenases also can help
bacteria resist redox stress. Klebsiella pneumoniae, for
instance, uses one of its hydrogenases to consume
protons and mitigate oxidative damage.! Thus, Ni-
dependent hydrogenases contribute to both meta-
bolism and stress resistance, enhancing bacterial
persistence in the gut under inflammatory conditions.

Glyoxalase | (Ni-dependent): Methylglyoxal is a
cytotoxic byproduct that arises from glycolysis (via
glyceraldehyde-3-phosphate diversion) especially under
high flux or nutrient imbalance. Bacteria accumulate
methylglyoxal under stress (e.g. osmotic or when too
much sugar is present) and need to detoxify it to
prevent growth arrest or DNA damage.

The glyoxalase system (GIxl and GlIxIl enzymes) perform
this detoxification. In E. coli and some other bacteria,
glyoxalase | is “Ni-activated”, because it requires Ni?*
for activity. !

E. coli glyoxalase I, with Ni bound, efficiently converts
methylglyoxal (plus glutathione) to lactate.!”] Without
Ni, the enzyme may remain inactive or use a less
efficient metal like Zn or Cd with poor efficiency.!?! The
implication is that an E. coli in a Ni-rich environment can
quickly neutralize methylglyoxal and maintain rapid
glycolysis and growth, whereas in Ni-poor conditions it
might be poisoned by its own metabolism.

In a high-carbohydrate diet scenario (infant formula is
typically rich in lactose or glucose polymers), the ability
to remove methylglyoxal could differentiate a fast-
growing bacterium from one that stalls. Additionally,
methylglyoxal itself has antimicrobial properties;
commensal bacteria that cannot eliminate it might
suffer, while Ni-equipped bacteria thrive.

Beyond these enzymes, there are other Ni-containing
proteins in certain microbes (for example, Helicobacter
and Methanogens have Ni enzymes for other pathways),
but urease, hydrogenases, and glyoxalase are the major
ones likely at play in the neonate gut.

It cannot be overstated that nickel is absolutely required
for the activity of these enzymes. If the apo-enzyme
does not get its Ni cofactor, the catalytic activity is
essentially zero. Bacteria have dedicated Ni transport
systems (such as the ABC-type Nik transporter) to
scavenge nickel from the environment,é! underlining
how crucial Ni is despite being needed in tiny amounts.
Many pathogens even secrete metallophores or use
host amino acids (like histidine) to chelate and import
Ni.[é]

In fact, a recent study showed that interfering with
bacterial Ni uptake (using a chelator compound) could
suppress multiple Ni-enzymes simultaneously and
attenuate pathogen virulence, affecting ureolysis, H,
metabolism, and biofilm formation.l®) This strongly
supports the idea that microbial virulence in vivo often
hinges on obtaining enough nickel to power these key
enzymes.l’l Conversely, if we unwittingly supply excess
nickel, we may be boosting those virulence factors.
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5 | DIETARY NICKEL AS A CATALYST FOR NEC
PATHOGENESIS

Bringing together the above considerations, we
propose the following model: An infant diet high in
nickel (such as a nickel-rich formula, especially soy-
based) creates a gut environment that selectively favors
Ni-dependent pathogenic bacteria and their enzymatic
activities, contributing to the development of NEC. In
essence, dietary Ni acts as a fertilizer for the wrong
microbes at the wrong time. This concept may explain
the otherwise puzzling microbial pattern seen in NEC
(the bloom of E. coli and loss of others) and link it to the
known risk factor of formula feeding.

Several lines of circumstantial evidence support this
hypothesis:

Formula vs. Breast Milk Outcomes: As noted, formula
feeding increases NEC risk dramatically.l'l While lack of
human milk’s protective components is one explanation,
it is rarely asked if formula might contain a harmful
element. Nickel stands out as one such element

because it is much higher in formula than in breast milk.
3]

The magnitude of difference (10-fold or more in the
case of soy formula)i3l means the gut of a formula-fed
preemie is exposed to trace metal levels that an
exclusively breastfed infant would never encounter. It is
provocative to consider that, by fortuitous evolutionary
design, human breast milk is nickel-poor, potentially
limiting the proliferation of Ni-hungry microbes in the
vulnerable neonatal gut. (Human milk is rich in other
trace elements like zinc and copper that babies need,
but not nickel, which humans have no known nutritional
use for.) On the other hand, cow’s milk and soy — not
evolved for human infants — contain more nickel, and
industrial processing may introduce still more.[3]

Thus, formula could be delivering to infants the exact
metal cofactor that pathogenic gut bacteria require.
The “writing on the wall” is that breastfeeding’s
protective effect in NEC may derive in part from its
stringent limitation of available nickel in the gut,
starving Ni-dependent enzymes of their fuel.

Microbiome Dynamics in NICU Infants: Preterm infants
often receive antibiotics and have delayed colonization
by maternal microbes. Their gut can become a
battleground of hospital-associated organisms. In many
NICUs, Enterobacteriaceae (like E. coli, Klebsiella) and
Enterococcus or Staphylococcus are among early
colonizers.

If an infant is on parenteral nutrition or minimal feeds,
these bacteria persist at low levels. But once feeds start
(especially formula), there is a sudden influx of nutrients
- and possibly metals like Ni. We posit that Ni-rich
feeds could tip the balance, enabling E. coli or other
gram-negatives with Ni enzymes to outgrow the others.
For instance, an E. coli that can use a Ni-hydrogenase to
tap energy from intestinal hydrogen, and a Ni-
glyoxalase to detoxify metabolic byproducts, will have a
growth advantage. It could also use any urea present
(infant formulas contain significant protein and urea can
diffuse from blood to gut) to generate ammonia via
urease, raising the local pH.

This rise in pH would further inhibit acid-producing
commensals like Lactobacillus and reduce short-chain
fatty acid levels, disrupting the protective acidic barrier.
[4] In essence, a positive feedback loop is established:
Ni-fueled urease neutralizes gut pH,¢ making the
environment more favorable for pathogens (and more
damaging to the gut mucosa), while Ni-fueled
metabolism drives faster pathogen growth. Beneficial
microbes that lack these Ni-dependent tools cannot
compete and die off, leading to the low diversity and
dominance of Proteobacteria observed in NEC.
Importantly, a healthy breastfed gut likely never enters
this loop - Proteobacteria remain in check partly
because they are kept Ni-starved and acid-challenged

Virulence and Immune Evasion: The pathogens im-
plicated in NEC are not merely overabundant; they are
also invasive or injurious to the host. Ni-dependent
enzymes directly contribute to virulence mechanisms:
urease-generated ammonia can damage intestinal
epithelial cells and promote translocation of bacteria (by
injuring the mucosal barrier). Hydrogenase allows
pathogens to thrive in the inflammatory, nitrate-rich gut
environment that accompanies NEC, as demonstrated
with Salmonella models.[¢]
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And effective glyoxalase might help E. coli withstand
the oxidative burst of immune cells. Neutrophils
produce reactive species that can lead to methylglyoxal
formation; if E. coli detoxifies it efficiently (thanks to Ni),
it may better survive phagocytic killing.

Furthermore, consider the host's attempt to use
calprotectin and lactoferrin to sequester Ni and
suppress bacterial urease.l! If an infant's diet is
delivering excess Ni, we might overwhelm this defense:
bacteria can grab the surplus nickel faster than
calprotectin and lactoferrin can bind it, or simply there
is too much Ni for complete sequestration. Thus, dietary
nickel could allow pathogens to evade a key innate
immune strategy, essentially nullifying the calprotectin
and lactoferrin-mediated metal starvation that would
normally attenuate invaders’ urease and other Ni
enzymesl®!

In short, a nickel-replete gut is a playground for urease-
positive, hydrogenase-positive microbes to execute
their virulence programs unabated, whereas a nickel-
scarce (breastfed) gut keeps them partly disarmed.

Soy Formula and Severe NEC: It is noteworthy that
soy-based formulas, which have the highest nickel
content, have historically been implicated in feeding
intolerance and are generally not recommended for
preterm infants. There have been reports (separate from
heavy metal concerns) that soy formula can predispose
to gastrointestinal issues in preemies, possibly due to
phytates or phytoestrogens.

Our hypothesis provides a completely new angle: an
infant on soy formula might be at particularly high risk
for Ni-driven dysbiosis and NEC. The bolus of nickel in
soy formulal3l could supercharge urease/hydrogenase
activity in gut bacteria to an even greater extent than
standard formula. While clinical data on soy formula and
NEC are limited (because its use in NICUs is limited),
this is a question worth investigating. It also serves as a
stark example: if our hypothesis is correct, then
something as simple as the choice of formula (cow vs
soy vs human milk) — through its nickel content - could
sway which microbes dominate the preterm gut and
whether NEC ensues.

6 | IMPLICATIONS AND FUTURE DIRECTIONS

If nickel is indeed the “secret ingredient” fostering
NEC-associated pathogens, this insight carries several
important implications:

Re-evaluating Infant Formula Composition: Thus far,
regulatory focus for infant formula has been on ensuring
adequate nutrients and minimizing known toxins (e.g.
lead, cadmium, arsenic). Nickel has not been on the
radar as a risk factor in infant feeding, especially since it
isn't considered essential or highly toxic at the levels
present. Our findings suggest that the upper limits for
nickel in infant formula may need revisiting. It may be
prudent to set tighter limits on Ni content, particularly
for specialty formulas like soy.

Manufacturers might need to modify processes (e.g. use
low-Ni source ingredients, avoid excessive contact with
Ni-alloy equipment, etc.) to reduce nickel levels. Given
that some formulas have Ni nearly 100x higher than
breast milk,3! there is clear room for reduction. In
parallel, clinicians and caregivers might consider
preferring human milk or low-Ni feeding options for
infants at high risk of NEC (e.g. very low birth weight
preemies). The push for human milk use in NICUs
(mother’s milk or donor milk) aligns well with minimizing
unnecessary nickel exposure.

Therapeutic Targeting of Nickel in the Gut: An
exciting implication is the potential for anti-virulence
therapies that chelate nickel in the gut lumen. Since
nickel itself is not needed by the infant, a drug or
supplement that binds Ni2* could deprive pathogens of
this cofactor without harming the baby. For example, a
resin or nanoparticle that sequesters dietary nickel
might be added to formula or given orally to at-risk
infants. Interestingly, the Nature Communications study
we cited demonstrated a fungal metallophore
(aspergillomarasmine A) that can capture Ni and inhibit
bacterial nickel enzymes.[¢]

While not ready for clinical use, it shows proof-of-
concept that stopping Ni uptake starves pathogens of
urease and hydrogenase activity. In the context of NEC,
one could imagine supplementing feeds with a safe Ni-
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binding agent to mimic the effect of lactoferrin and
calprotectin, effectively keeping the gut nickel-poor
even if the formula is nickel-rich. This strategy would
neutralize a potential advantage of pathogens, ideally
preventing the bloom of urease/hydrogenase-positive
bacteria in the first place. It's a novel anti-virulence
approach that doesn't kill bacteria (and thus might not
disrupt the microbiome as antibiotics do), but instead
disarms them by removing their metallic weaponry.

Biomarkers and Risk Assessment: If our hypothesis
holds, we might expect to see correlations in human
infants between nickel exposure and microbiome or
NEC outcomes. It raises some testable questions: Do
infants who develop NEC have higher nickel levels in
their blood, urine, or tissues compared to matched
controls? Was there a higher proportion of them on soy
formula or formulas from certain regions (with higher Ni
content)?

Modern metabolomic and metallomic analysis of stool
could be insightful. Perhaps NEC stools have higher
nickel content, reflecting the dietary intake and
bacterial accumulation. Additionally, one could look at
expression of Ni-enzymes in fecal bacteria; e.g., E. coli
isolates from NEC cases might show upregulated urease
or hydrogenase genes (if present) when nickel is
abundant. A particularly intriguing biomarker could be
fecal urease activity or ammonia levels: if nickel-driven
urease is at work, stool from infants headed towards
NEC might have higher ammonia (alkaline pH) and
detectable urease enzyme activity. This could potentially
be an early warning sign of the pathogenic shift.

Probiotics and Microbiome Management: Probiotic
strategies for NEC prevention have had mixed success,
but many involve supplementing Bifidobacterium or
Lactobacillus. These organisms do not rely on nickel-
based enzymes; they typically acidify their environment
and can outcompete Proteobacteria if established early.
Our analysis reinforces the importance of those
beneficial microbes: by maintaining low pH and perhaps
even producing metal-chelating metabolites, they
create a nickel-hostile environment for pathogens.

Certain lactic acid bacteria might even bind metals like
nickel onto their cell surface or in biofilms, reducing
availability to pathogens. Thus, combining probiotics

with the concept of nickel limitation might yield
synergistic effects.

For instance, ensuring the infant gut is quickly colonized
with lactate-producing, Ni-independent flora could
prevent Ni from being monopolized by pathogens.
Future studies might explore if probiotic strains can be
selected or engineered to sequester nickel or to flourish
in low-nickel conditions that suppress E. coli. On the flip
side, if an infant lacks those commensals and is fed
high-Ni formula, it sets the stage for the wrong
microbes to dominate. This underscores that
microbiome-focused NEC interventions should consider
the trace metal landscape as well.

7| CONCLUSION

The pieces of the NEC puzzle - feeding type,
microbiome shifts, and bacterial virulence factors —
point toward a previously unrecognized connector:
nickel bioavailability in the infant gut. The evidence
compiled here suggests that what infants are fed can
influence not only which microbes grow, but also which
microbial enzymes are activated, by virtue of trace
nickel content. E. coli and other pathogens exploit
nickel-dependent urease, hydrogenase, and glyoxalase
to survive and overgrow in the vulnerable neonatal
intestine, contributing to the epithelial damage and
inflammation that define NEC. Human milk, naturally
low in nickel, may protect infants in part by denying
pathogens this crucial cofactor, whereas some formulas
unwittingly provide a surplus of it, potentially fueling
the disease process.

This hypothesis, if confirmed, has a certain “hiding in
plain sight” quality — a realization that the role of nickel
in NEC may have been evident all along, yet
overlooked. All the individual facts were known: the
microbiology of NEC, the nickel content of formula, the
nickel dependence of bacterial virulence enzymes. Only
by synthesizing across disciplines (neonatology,
microbiology, and metallomics) do we arrive at this
perspective that nickel is a critical factor at the interface
of diet, microbe, and host in NEC.
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We hope this work will inspire targeted research to
verify the role of dietary nickel, such as controlled
studies of nickel intake and NEC incidence or
experiments in animal models where nickel levels can
be manipulated. If the hypothesis holds, it opens new
avenues for prevention — from reformulating infant diets
to developing nickel-chelating therapies — ultimately
aiming to reduce the burden of NEC.

The potential to save fragile infants by simply adjusting
trace metal exposure is an exciting and novel paradigm.
At the very least, our proposal expands the conver-
sation about NEC pathogenesis and exemplifies the
importance of considering trace nutrients and metals in
the delicate choreography between infants and their
newly establishing microbiomes. The hope is that this
line of inquiry will lead to that “wow” moment for
clinicians and researchers alike: a realization that by
paying attention to an overlooked detail like nickel, we
might unravel a key to preventing one of neonatal
medicine’s most challenging conditions.
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