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Abstract— The global consumption of protein powders and high-protein supplements has increased substantially, raising concerns regarding
product safety, authenticity, and chemical adulteration. Among these concerns, melamine contamination remains a critical public health issue due
to its fraudulent use to inflate apparent protein content and its well-documented nephrotoxic effects. Beyond classical renal toxicity, emerging
evidence suggests that melamine exposure may exert systemic effects mediated through oxidative stress, inflammation, and disruption of the gut
microbiota. The gut microbiome plays a pivotal role in xenobiotic metabolism, immune regulation, and neuroinflammatory signaling along the
microbiota—gut—brain axis, thereby influencing the toxicological impact of environmental contaminants. This review integrates current knowledge
on melamine contamination in protein powders with an emphasis on analytical detection, microbiome interactions, and neuroinfl ammatory
implications. Reverse-phase high-performance liquid chromatography (RP-HPLC) is highlighted as a robust, cost-effective, and widely accessible
technique for routine melamine surveillance in protein-rich matrices, capable of meeting regulatory sensitivity and validation requirements. The
toxicological profile of melamine is discussed with particular focus on microbiota-mediated conversion to cyanuric acid, intestinal barrier
disruption, and activation of pro-inflammatory pathways involving IL-6, TNF-a, and C-reactive protein. Furthermore, the review explores the
potential role of probiotics in mitigating melamine-induced dysbiosis and inflammation. Probiotic-mediated restoration of gut microbial balance,
reinforcement of intestinal barrier integrity, and attenuation of systemic and neuroinflammatory respo nses are proposed as adjunctive strategies
to reduce long-term health risks. By linking analytical chemistry, toxicology, microbiome science, and neuroimmunology, this review provides a
comprehensive framework for improved surveillance, risk assessment, and preventive interventions in the context of protein supplement safety.
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nutritional benefit but has also amplified concems around

L INTRODUCTION product quality, authenticity, and chemical safety.

high-protein supplements hasrisen sharply in recent

years, driven by sports nutrition, bodybuilding
culture, clinical nutrition needs, and general wellness trends.
Formulations based on whey, casein, milk protein isolates,
soy, pea, rice, and multi-ingredient blends are widely used by
athletes, older adults, patients with malnutrition, and
health-conscious consumers, often in high and sustained daily
doses. This expansion inuse has created new opportunities for

The global consumption of protein powders and

One of the most prominent safety threats has been the
adulteration or contamination of protein-rich foods and
supplements with melamine, a nitrogen-rich industrial
chemical fraudulently added to inflate apparent protein content
in conventional nitrogen-based protein assays. The 2008
melamine scandal in China, involving tainted milk and infant
formula, led to tens of thousands of hospitalizations and
multiple deaths, and subsequent monitoring has repeatedly
identified melamine in milk powders, infant formulas, and
occasionally adult protein supplements. Even when levels
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remain below formal regulatory limits, chronic low-dose
exposure from multiple foods raises questions about long-term
health risks.(1)

Historically, melamine’s toxicity has been viewed
primarily through the lens of nephrotoxicity, with kidney
stones, tubular obstruction, and renal failure as the dominant
clinical manifestations. More recent work reveals a broader
picture that includes oxidative stress, endocrine and
reproductive toxicity, and importantly, interactions with
the gut microbiota, which can convert melamine to cyanuric
acid and thereby modulate its toxicokinetic and severity. This
emergingperspective situates melamine amonga broader class
of environmental pollutants whose health impact is partly
determined by host-microbiome interactions as shown in the

Fig. 1.
In parallel, the last decade has seen dramatic advances in
understanding the microbiota-gut-brain axis, the

interconnected network through which gut microbes influence
immune homeostasis, neuroinflammatory pathways, blood-
brain barrier integrity, and neuronal function. Dysbiosis and
intestinal barrier disruption are now implicated in the
pathogenesis of neurodegenerative diseases, mood disorders,
chronic pain syndromes, and cognitive decline, largely via the
production of cytokines such as IL-6 and TNF-o, and
acute-phase reactants like CRP.

INTEGRATED PATHWAY OF MELAMINE CONTAMINATION: EXPOSURE, HEALTH IMPLICATIONS, AND INTERVENTION
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Fig. 1. Melamine exposure, analytical detection, and microbiota—gut—brain
axis—mediated health effects.

Probiotics defined as live microorganisms that confer a
health benefit when administered in adequate amounts have
emerged as promising tools to restore microbial balance,
enhance gut barrier function, and attenuate systemic and
neuroinflammatory responses. Recent human and preclinical
studies show that specific probiotic strains can reduce
systemic IL-6, TNF-a, and hs-CRP, improve cognitive and
mood outcomes, and modulate neurotransmitter signaling,
providing a mechanistic rationale for their use as adjuncts in
neuroinflammatory and neurodegenerative conditions.

At the same time, RP-HPLC remains a cornerstone
analytical technique for detecting melamine in protein-rich
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matrices, including protein supplements. While LC-MS/MS

provides superior sensitivity and multi-analyte capabilities,

RP-HPLC with UV or DAD detection is more widely

available, cost-effective, and fully adequate for enforcing

current regulatory limits when properly validated (2).
Taken together, these developments motivate an integrated

review with four objectives:

e To summarize current knowledge on melamine
contamination of protein powders and associated health
risks, with emphasis on gut and systemic effects.

e To discussthe toxicological profile of melamine, including
renal and extra-renal outcomes and the emerging role of
gut microbiota in mediating toxicity.

e Toreview analytical approaches for melamine detection in
protein powders, focusingon RP-HPLC principles, sample
preparation, and validation for routine use.

e To explore how probiotics and microbiome-targeted
strategies may modulate melamine-induced inflammation
along the microbiota-gut-brain axis, with implications for
neuroinflammatory risk.

This framework links food safety, analytical chemistry,
microbiome science, and neuroimmunology in a unified
narrative relevant to regulators, analytical laboratories, and
clinicians working at the intersection of toxicology, nutrition,
and brain health.

1L MELAMINE CONTAMINATION IN PROTEIN POWDERS

A. What is melamine?

Melamine (1,3,5-triazine-2,4,6-triamine) is a small, highly
nitrogenated heterocycle used extensively in the production of
melamine-formaldehyde resins, laminates, flame-retardant
materials, and plastics. Its high nitrogen content (around
two-thirds of its molecular weight) allows it to markedly
elevate valuesin total nitrogen assays such as Kjeldahl or
Dumas methods, which are traditionally used to estimate
protein content. This property underlies its misuse as a protein
mimic in food and feed adulteration, despite the absence of
nutritional value and known toxic potential.

In the body, melamine is relatively polar and displays
limited metabolism, being excreted largely unchanged in
urine; however, its combination with cyanuric acid or other
triazines leads to formation of poorly soluble crystals that
precipitate in renal tubules. Importantly, gut bacteria can
convert melamine to cyanuric acid, further influencing its
toxicity.(3)

B. Sources of melamine contamination
Melamine can enter protein supplements and powders via

several routes:

e Deliberate adulterationof raw materials (e.g., milk
powder, whey, soy protein) to simulate higher protein
content in quality control testing.

e Carry-over from contaminated feed or ingredients, where
livestock or crops have been exposed to melamine or
triazine-containing fertilizers and feed additives.

e Migration from food-contact materials, especially
melamine-containing plastics and tableware used in

Pavan Kumar Chikkavalli Muddanna, Shashank M, Manjunath Akshay, et al., “Microbiome Interactions in Melamine-Contaminated Protein
Powders: RP-HPLC Detection and Neuroinflammatory Implications,” International Research Journal of Pharmacy and Medical Sciences

(IRJPMS), Volume 9, Issue 1, pp. 135-143, 2026.



processing or storage; migration is enhanced by high

temperatures, acidity, and repeated use.

e Cross-contamination in manufacturing facilities that
process both melamine-containing materials and protein
ingredients, especially when hygiene controls are
insufficient.

Surveys from various regions continue to detect melamine
residues in infant formula, milk powder, and occasionally
adult protein supplements, generally at low concentrations but
sometimes approaching or exceeding regulatory limits. These
findings underscore the need for ongoing surveillance,
particularly in high-risk markets and informal supply chains.

3)
C. regulatory limits and safety concerns

In response to the 2008 crisis, Codex Alimentarius and
numerous national authorities established maximum levels for
melamine in foods. Typical limits are:
¢ 1 mg/kgin infant formulaand certain foods for infants and

young children.

e 2.5mg/kg in other foods, including milk powders and
protein-rich products.

These thresholds aim to differentiate unavoidable
background contamination from intentional adulteration,
based onrenal toxicity endpoints and conservative uncertainty
factors. However, recent assessments stress that:

e Cumulative exposure from multiple melamine-containing
foods and frommigration out of melamine-based materials
may increase total intake.

e Inter-individual variability in microbiome-mediated
transformation (e.g., cyanuric acid production) can
modulate toxicity.

e Vulnerable groups, such as infants, pregnant women, and
individuals with high protein supplement consumption,
may have higher exposure and sensitivity.

Therefore, even when measured concentrations fall below
legal limits, the potential for long-term health impacts,
including those mediated by the gut microbiota and
neuroinflammation, warrants careful consideration in risk
assessments.

1I1. HEALTH EFFECTS OF MELAMINE EXPOSURE
A. Renal and systemic toxicity

The best-characterized adverse outcome of melamine
exposure is renal toxicity, particularly when melamine is
present together with cyanuric acid or related compounds.
Experimental studies and human outbreak data reveal that
melamine-cyanurate crystalscanforminrenaltubules, ureters,
and the bladder, causing:

e Tubular obstruction and increased intratubular pressure.

o Tubulointerstitial nephritis and inflammation.

e Acute kidney injury, hematuria, and potential progression
to chronic kidney disease.

Long-term intake, even at lower doses, may contribute to
urinary tract infections, nephritis, and stone formation,
especially in individuals with pre-existing renal vulnerability
or dehydration. Epidemiological data also suggest possible
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links between environmental melamine exposure and
metabolic or pregnancy-related disorders such as gestational
diabetes, although causal pathways are still being explored.
Beyond the kidneys, melamine has been associated
with reproductive and endocrine toxicity in animal models,
including impaired spermatogenesis, altered steroidogenesis,
and ovarian dysfunction, often accompanied by oxidative
stress in reproductive tissues. Hepatic oxidative damage and
changes in antioxidant enzyme activities have also been
reported, reinforcing the concept that melamine exerts
systemic effects beyond mechanical crystal deposition.

B. Inflammatory responses to melamine

Evidence from in vivo and in vitro studies indicates that
melamine exposure triggers oxidative stress and inflammatory
signaling in multiple tissues. Observed features include:

e Increased levels of ROS and lipid peroxidation products
such as malondialdehyde.

e Down-regulation of antioxidant defenses (e.g., reduced
glutathione, superoxide dismutase activity).

e Activation of NF-kB and MAPK signaling cascades.

e Elevated expression of pro-inflammatory cytokines IL- 1,
IL-6, and TNF-a and chemokines in the kidney and other
organs.

Such inflammatory and oxidative insults may contribute to

tissue injury independently of or in synergy with crystal

deposition,and can interact with co-morbid conditions suchas
diabetes, hypertension, and obesity to exacerbate organ
damage. These systemic changes are also relevant as potential
upstream drivers of neuroinflammation, given the established
links between chronic low-grade inflammation, circulating
cytokines, and brain health. (4)

C. Need for early detection and prevention

Because signs of melamine toxicity (e.g., kidney stones,
impaired renal function) may appear only after substantial
exposure, early detection and primary prevention are crucial.
Effective strategies include:

e Routine testing of high-risk food categories, including
protein powders, milk powders, and infant formulas, using
validated chromatographic methods.

e Targeted surveillance of products from regions or sectors
with previous adulteration incidents or weak regulatory
oversight.

e Public health messaging to discourage informal or
unverified sources of protein supplements and to promote
adequate hydration in populations at risk of
nephrolithiasis.

Early detection of melamine in protein powders is
therefore not only a regulatory task but a critical step in
reducing both acute renal events and potential longer-term
systemic and microbiome-mediated consequences.(5)

1V. ANALYTICAL DETECTION OF MELAMINE

A. Overview of analytical methods

Several analytical platforms are available for melamine
determination in foods and protein supplements:
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e LC-MS/MS offers exceptional sensitivity and specificity,
enabling multi-residue detection of melamine and its
analogues at sub-pg/kg levels, and is often used as a
reference method.

e RP-HPLC with UV or DAD detection remainswidely used
due to its cost-effectiveness and accessibility, capable of
reaching LOQs compatible with regulatory limits when
appropriately optimized and validated.

o GC-MS is suitable after derivatization but is less favored
forroutinemelamineanalysis due to morecomplex sample
preparation.

e Capillaryelectrophoresis,immunoassays, and colorimetric
methods serve as useful research or screening tools but
typically require chromatographic confirmation.

e Spectroscopic and sensor technologies, including
Fourier-transform infrared (FTIR), Raman, and
electrochemical sensors, are being explored for rapid or
on-site testing, with recent work applying FTIR to
melamine in dry milk. (6)

A 2018-2024 wave of studies
highlights nanomaterial-based electrochemical and optical
sensors that achieve extremely low detection limits; however,
these platforms are not yet standard in regulatory laboratories
and often require specialized fabrication and calibration.
Consequently, chromatographic techniques remain the
workhorses for official melamine control.

B. Importance of chromatographic techniques

Chromatographic methods, particularly RP-HPLC and
LC-MS/MS, are indispensable for melamine detection in
protein powders because they:

e Provide robust separation of melamine from proteins,
peptides, and matrix interferences prior to detection.

e Support quantitative analysis across the concentration
range spanning typical regulatory maximum levels (about
1-2.5 mg/kg) and background contamination levels.

e Are compatible with rigorous validation paradigms
covering linearity, accuracy, precision, specificity, LOD,
LOQ, and robustness, which are required for regulatory
acceptance.

Montesano and colleagues developed and validated an
HPLC-DAD method specifically for melamine in protein
supplements, using anaccuracy profile approach that
integrates bias and imprecision to ensure atleast 95% of future
results lie within predefined acceptance limits over the range
0.05-3 mg/kg. A 2024 validation study extended RP-HPLC-
DAD methods to infant formula and milk powders with
improved sensitivity, confirming the method’s suitability for
routine market surveillance. (7)

C. Challenges in protein powder analysis
Protein supplements are particularly challenginganalytical

matrices because they:

e Contain high levels of proteins and peptides, which can
precipitate, cause viscosity issues, and foul columns if not
adequately removed.
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e Include multiple excipients (Flavor sweeteners, colorants,
emulsifiers, vitamins, minerals) that can interfere with
detection or co-elute with melamine.

e Show high variability between brands and batches in
composition, particle size, and solubility, requiring careful
method adaptation and validation.

To manage these challenges, sample preparation often
combines extraction, protein precipitation, and clean-up steps
(e.g., solid-phase extraction) tailored to the matrix, followed
by RP-HPLC-UV/DAD or LC-MS/MS analysis. Proper
optimization of extraction solvent, pH, ionic strength, and
clean-up conditions is essential to minimize matrix effects
while preserving melamine recovery.

V. RP-HPLC METHOD FOR MELAMINE DETECTION

A. Principle of RP-HPLC

Reverse-phase HPLC separates analytes based on
hydrophobic interactions with a non-polar stationary phase,
typically an octadecylsilane (C18) column, under aqueous—
organic mobile phases. Although melamine is a relatively
polar triazine, appropriate control of mobile-phase
composition, pH, and, in some cases, ion-pairing reagents
provides sufficient retention and resolution from matrix
components. UV or DAD detection at 210-240 nmexploits the
melamine chromophore, while full-spectrum DAD enables
spectral identity confirmation.

Key method parameters include:

e Column selection (e.g., C18 with suitable end-capping) to
ensure good peak shape for polar analytes.

e Mobile-phase design, typically water or buffer combined
with acetonitrile or methanol, with pH around 3-4 to
optimize melamine ionization and retention.

e Isocratic vs gradient elution; many single-analyte
melamine methods use isocratic elution for simplicity and
reproducibility, yielding analysis times compatible with
high sample throughput.

B. Sample preparation for protein powders

Sample preparation is central to RP-HPLC performance in
protein powders and commonly involves:

1. Weighingan accurately measured portion of homogenized
powder.

2. Extraction with water or aqueous-organic mixture (e.g.,
acetonitrile-water), sometimes enhanced by sonication or
vortexing, to solubilize melamine.

3. Protein precipitation by adjusting solvent composition or
using organic solvents, followed by centrifugation to
remove co-precipitated proteins.

4. Clean-up, often using SPE cartridges or simple filtration
through 0.22-0.45 pm membranes to remove particulates
and remaining interferences.

5. Analysisof the clear supernatant by RP-HPLC with
external calibration; internal standards or matrix -matched
calibration may be used to compensate for matrix effects.
The HPLC-DAD method validated by Montesano etal.

achieved accurate and precise melamine quantification across

0.05-3 mg/kg in protein supplements, matching the European

Union’s proposed maximal residue levels that distinguish

Pavan Kumar Chikkavalli Muddanna, Shashank M, Manjunath Akshay, et al., “Microbiome Interactions in Melamine-Contaminated Protein
Powders: RP-HPLC Detection and Neuroinflammatory Implications,” International Research Journal of Pharmacy and Medical Sciences

(IRJPMS), Volume 9, Issue 1, pp. 135-143, 2026.



unavoidable background presence from unacceptable
adulteration. The accuracy profile approach demonstrated that
the total error (bias plus imprecision) remained within £15%
over the validated range for at least 95% of future results.

C. Advantages of RP-HPLC in routine analysis

RP-HPLC offers several practical advantages for routine
melamine testing in protein powders:

e Wide availability of HPLC systems and UV/DAD
detectors in food control and quality assurance
laboratories.(8)

e Relatively low per-sample costcompared with LC-
MS/MS, enabling extensive market surveillance.

e Straightforward method transferand adaptation for
different protein matrices and brands.

e Compliance with standard validation guidelines, allowing
accreditation and inter-laboratory harmonization.

For many regulatory and quality control purposes, RP-HPLC

is therefore an appropriate first-line technique for melamine

surveillance in supplements, while LC-MS/MS can be
reserved for confirmatory analysis and complex forensic
investigations.(9)

VI.  GUT MICROBIOME AND ITS FUNCTIONS

A. Introduction to gut microbiota

The human gastrointestinal tract hosts a dense and diverse
microbial community-collectively termed the gut microbiota-
dominated by bacterial phyla such as Firmicutes,
Bacteroidetes, Actinobacteria, and Proteobacteria. This
ecosystem contains a vast genetic repertoire that greatly
exceeds the human genome and contributes to essential
functions,10 including:

e Fermentation of dietary fibers and resistant starches into
short-chain fatty acids (SCFAs) like acetate, propionate,
and butyrate.

e Biosynthesis of vitamins (e.g., B-complex, vitamin K) and
other cofactors.

e Biotransformation of bile acids, xenobiotics, and
environmental pollutants.

e Education and regulation of the host immune system.

B. Role of microbiome in health and disease

A balanced gut microbiome supports intestinal barrier
integrity, metabolic homeostasis, and appropriate immune
tolerance. Dysbiosis-characterized by reduced diversity, loss
of beneficial taxa (such as butyrate-producing bacteria), and
expansion of pathobionts-has been linked to:

e Metabolic disorders (obesity, type 2 diabetes,
non-alcoholic fatty liver disease).

Inflammatory bowel diseases and autoimmune conditions.

Neurodevelopmental, neurodegenerative, and psychiatric

disorders, including Alzheimer’s disease, Parkinson’s

disease, depression, and anxiety.

Mechanistically, the microbiota influences host
physiology via microbial metabolites (SCFAs, tryptophan
derivatives, secondary bile acids), modulation of mucosal and
systemic immune responses, direct interaction with the enteric
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nervous system, and endocrine signaling pathways. These
interconnected routes form the microbiota-gut-brain axis, a
major regulator of neuroinflammation and brain function.(10)

C. Factors affecting gut microbial balance

Numerous factors shape gut microbial composition and
function, including:

e Diet (fiberintake, fat content, protein load, food additives).

e Medications, particularly antibiotics, proton pump
inhibitors, and certain psychotropics.

e Infections and inflammation in the gut or systemically.

e Environmental exposures, such as heavy metals,
pesticides, and industrial chemicals.

Recent work has systematically examined how over 400
environmental pollutants impact microbial communities,
showing that many industrial and agricultural chemicals,
including nitrogen-rich compounds, exhibit antimicrobial or
microbiota-modifyingactivity. These perturbations can induce
dysbiosis, disrupt barrier integrity, and promote chronic
low-grade inflammation, thereby connecting environmental
toxicology with metabolic and neuroinflammatory disease
risk. Melamine and its derivatives fit into this larger
framework as chemicals whose toxic profile is partly shaped
by their interactions with gut microbes and host immune
responses.

VII.  EFFECTS OF MELAMINE ON GUT MICROBIOME

A. Microbiome imbalance (dysbiosis)

The concept of toxic-microbiomics recognizes that
environmental chemicals, including melamine, can reshape
gut microbial communities and, in turn, have their toxicity
modulated by microbial metabolism. Classic work on
melamine in rats demonstrated that specific gut bacteria
(notably Klebsiella terrigenous) convert melamine to cyanuric
acid, a key co-precipitant in melamine-cyanurate crystals,
which dramatically worsens nephrotoxicity(11). These
findings suggest that individuals harboring higher abundances
of such bacteria may experience increased susceptibility to
kidney injury at comparable melamine exposures.

More recent toxicomicrobiomic and metagenomic studies,
though not all melamine-specific, show that nitrogen-rich
industrial chemicals and other pollutants can induce dysbiosis,
characterized by decreased microbial diversity, loss of
butyrate-producing  Firmicutes, and expansion of
pro-inflammatory or xenobiotic-metabolizing taxa. A 2025
overview of pollutant-microbiota interactions notes that such
dysbiosis typically favors pathways generating toxic
metabolites and reactive species, reinforcing systemic
oxidative stress and inflammatory tone.(12)

B. Gut barrier disruption

Dysbiosis associated with environmental toxicants is
frequently accompanied by disruption of gut barrier integrity,
including reduced expression of tight junction proteins
(occluding, claudins, ZO-1), thinning of the mucus layer, and
increased intestinal permeability. Experimental work on
toxicant-induced dysbiosis shows that microbial shifts can
increase luminal production of endotoxin (LPS) and other
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pathogen-associated molecular patterns, which, combined
with barrier damage, facilitate their translocation into
circulation.(13)

For melamine, direct barrier studies are still limited, but
evidence that gut microbes convert melamine to cyanuric acid
and other derivatives, coupled with melamine-driven
oxidative and inflammatory responses in intestinal tissue,
supports the hypothesis that chronic exposure can promote
aleaky gutphenotype. Emerging work on ingestion of
melamine-based microplastic fibers also suggests risks of
mechanical irritation, obstruction, and local inflammation in
the intestine, further compounding barrier disruption.(14)

C. Link with inflammation

Once barrier integrity is compromised, LPS, bacterial
fragments, and toxicmetabolitesaccessthe lamina propriaand
systemic circulation, activating innate immune receptors and
inflammasomes. This leads to increased levels of
pro-inflammatory cytokines such as IL-6, TNF-a, and IL-1,
along with acute-phase reactants including CRP, which are
central mediators in inflammation-related metabolic,
cardiovascular, and neuropsychiatric disorders.(15)

In the melamine context, animal studies indicate activation
of NF-KB and MAPK pathways and up-regulation of IL-1,
IL-6, and TNF-a in kidney and other organs, and recent
reviews propose that microbiota-driven dysbiosis and barrier
dysfunction are upstream contributors to these systemic
inflammatory signatures. Consequently, melamine exposure
may not only cause classical nephrotoxicity but also act as
a microbiota-linked pro-inflammatory  stressor,  with
implications for distant organs such as the brain.

VIIIL PROBIOTIC-MICROBIOME INTERACTIONS

A. Definition and types of probiotics

Probiotics are defined as “live microorganisms which,
when administered in adequate amounts, confer a health
benefit on the host,” and are most commonly derived from
genera such  as Lactobacillus, Bifidobacterium,
Saccharomyces, and selected Bacillus species. Commercial
products may contain single strains (e.g., Lactobacillus
Rhamnosus GG), multi-strain combinations (e.g., mixtures of
Lactobacillus and Bifidobacterium species), or symbiotic that
pair probiotics with prebiotic substrates like inulin or
fructo-oligosaccharides. Strain specificity is critical, as
different strains within the same species can have distinct
immunomodulatory, barrier-protective, or neuroactive
profiles.(16)

B. Mechanisms of probiotic action

Probiotic mechanisms relevant to melamine-driven
dysbiosis and inflammation include:

e Ecological competition and niche occupation: Probiotics
compete with pathobionts for nutrients and attachment
sites on the epithelium, reducing colonization by
pro-inflammatory or xenobiotic-metabolizing species.

e Production of beneficial metabolites: Many probiotics
promote or directly produce short-chain fatty acids
(SCFAs) such as butyrate, which supports epithelial
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energy metabolism, tight junction assembly, and
anti-inflammatory signaling in immune cells.(17)

e Barrier reinforcement: Probiotics can up-regulate tight
junction proteins, increase mucus secretion, and enhance
epithelial cell turnover, thereby reducing intestinal
permeability and LPS translocation.

e Immune modulation: Probiotic strains influence dendritic
cell maturation and T-cell polarization, often increasing
regulatory T-cell responses and IL-10 while decreasing
IL-6, TNF-a, and other pro-inflammatory cytokines.

These complementary mechanisms provide a coherent
rationale for using probiotics to normalize microbiota
composition, restore barrier integrity, and mitigate systemic
inflammatory sequelae of melamine exposure, even though
direct melamine-specific probiotic trials are not yet
available.(18)

C. Role of probiotics in restoring gut balance

Recentpreclinical and clinical studies show that probiotics
can counteract dysbiosis induced by diet, stress, antibiotics,
and environmental toxicants, with documented improvements
in microbial diversity, increased abundance of beneficial
SCFA-producing taxa, and reduction of opportunistic
pathogens. Probiotic supplementation has been reported to:
e Lower faecal and plasma LPS levels.

e Decrease systemic IL-6, TNF-a, and CRP.

e Improve symptoms and biomarkers in inflammatory bowel
disease, metabolic syndrome, and stress-related
conditions.

By analogy, in individuals exposed to melamine via
contaminated protein powders, probiotics could theoretically
reduce the abundance or activity of melamine-transforming
microbes, stabilize gut ecology, and blunt the inflammatory
cascade that follows barrier disruption, thereby reducing both
renal and neuroinflammatory risks.(19)

IX. NEUROINFLAMMATORY IMPLICATIONS

A. Gut-brain axis overview

The microbiota-gut-brain axis is a bidirectional network
linking the intestinal microbiota and the central nervous
system through neural (vagus nerve, enteric nervous system),
endocrine (HPA axis, gut hormones), immune, and metabolic
pathways. Microbial metabolites such as SCFAs, tryptophan
derivatives, and secondary bile acids can influence microglial
maturation, blood-brain barrier (BBB) integrity, and
neurotransmitter synthesis, thereby shaping cognitive function
and emotional behavior.(20)

Dysbiosis and increased intestinal permeability alter this
communication by enhancing systemic exposure to LPS and
pro-inflammatory mediators, which can reach the brain via
humoral routes or via activation of neural pathways, inducing
microglial activation and neuroinflammatory responses.
Recent reviews highlight that gut microbiota—driven
neuroinflammation is a shared mechanism across
neurodegenerative, neurodevelopmental, and psychiatric
disorders.(21)

B. Role of inflammatory markers (IL-6, TNF-o, CRP)
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Cytokines such as IL-6, TNF-a, and IL-1p, along with
acute-phase proteins like CRP, are key mediators linking
peripheral inflammation to central neuroinflammatory
processes(22). Elevated circulating IL-6 and TNF-a can:

e Cross a compromised BBB or signal across the BBB to
induce microglial and astrocytic activation.

Interfere with synaptic plasticity and neurogenesis.

Disturb  monoaminergic  neurotransmission  and

neurotrophic signaling.

Meta-analyses associate higherlevels of IL-6, TNF-a, and
CRP with increased risk of cognitive decline, dementia,
depression, and anxiety, emphasizing their role as both
biomarkers and drivers of disease. Because melamine
exposure has been linked to systemic inflammatory activation
and oxidative stress-and because microbiota-mediated
dysbiosis can sustain elevated cytokine levels-these markers
provide a plausible mechanistic bridge between
melamine-related gut disturbances and neuroinflammatory
outcomes.(23)

C. Impact on brain function

Chronic neuroinflammation contributes to synaptic loss,
impaired long-term potentiation, and neuronal death in brain
regions critical for cognition and emotion, such as the
hippocampus and prefrontal cortex. Experimental models
show that gut microbiota perturbations can initiate early
microglial activation and neuroinflammatory changes before
overt neurodegeneration, and that restoration of abiotic
microbiota can partially reverse these alterations.(24)

While direct in vivo data linking melamine exposure to
human neurocognitive outcomes are still scarce, the
convergence of:

e microbiota-dependent melamine
dysbiosis,(25)

e systemic elevation of IL-6, TNF-a,and other inflammatory
mediators, and

e established microbiota-gut-brain inflammatory pathways,
supports the hypothesis that chronic melamine exposure
may contribute to neuroinflammatory risk, particularly in
susceptible individuals with pre-existing inflammation or
high supplement intake.(26)

metabolism and

X.  PROBIOTICS IN REDUCING NEUROINFLAMMATION

A. Anti-inflammatory effects of probiotics
A growing body of preclinical and clinical evidence

indicates that probiotics can attenuate neuroinflammation by

modulating gut microbiota composition, strengthening the
barrier, and directly influencing neuroimmune signaling.

Probiotic interventions have been shown to:

e Reduce systemic IL-6, TNF-a, and CRP, while increasing
anti-inflammatory IL-10.(27)

e Decrease markers of oxidative stress and improve
antioxidant defenses in both peripheral tissues and the
brain.

e Lower expression of microglial activation markers and
pro-inflammatory cytokines in brain tissue in animal
models of neurodegeneration and stress.
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For example, multi-strain probiotic formulations have
reduced neuroinflammatory markers and improved cognitive
parameters inaged animals and in humans with mild cognitive
impairment, suggesting translational potential for modulating
neuroinflammation via the gut.(28)

B. Improvement of gut-brain communication

By reversing dysbiosis and restoring barrier integrity,
probiotics reduce LPS translocation and systemic cytokine
levels, thereby easing inflammatory pressure on the BBB and
CNS. Some strains also influence neurotransmitter systems
directly or indirectly: they may increase GABA, serotonin, or
dopamine availability, modulate BDNF expression, and
normalize HPA axis activity, collectively improving stress
resilience and cognitive function.(29)

These coordinated effects help normalize the microbiota-
gut-brain axis, potentially counteracting the inflammatory and
neuroimmune dysregulation induced by environmental
toxicants and stressors, including chronic low-level melamine
exposure.(30)

C. Potential benefits for cognitive health

Systematic reviews and recent clinical trials suggest that
probiotic supplementation can modestly improve cognition,
mood, and sleep quality in a range of conditions characterized
by dysbiosis and inflammation, including aging, mild
cognitive impairment, depression, and chronic stress.
Although no trials have yet examined probiotics specifically
in melamine-exposed cohorts, the mechanistic overlap
supports their consideration as adjunctive strategies to protect
cognitive health in populations at risk due to contaminated
foods or supplements.(31)

Future research should prioritize:

e Identification of strains or consortia that best counteract
pollutant-induced dysbiosis.

e Dose-response relationships and treatment durations
required to achieve durable neuroinflammatory
modulation.

e Integration of probiotic interventions with exposure
reduction and analytical surveillance programs.(32)

XI. PuBLIC HEALTH AND CONSUMER SAFETY

A. Importance of testing protein supplements
Systematic testing of protein supplements is essential to

prevent recurrent melamine contamination episodes and

protect consumers who often use these products chronically
and at high doses. Regulatory and quality-control strategies
should include:

e Risk-based sampling of protein powders from diverse
brands, batches, and retail channels (including online
markets).

e Use of validated RP-HPLC or LC-MS/MS methods with
LOD/LOQ below current maximum levels to reliably
detect both background and adulteration-level melamine.

e Complementary adoption of rapid screening tools (e.g.,
FTIR, nanoparticle-based sensors) for high-throughput
preliminary checks, followed by chromatographic
confirmation.
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Transparent reporting of surveillance results and rapid
recall of non-compliant products are crucial components of
consumer protection.(33)

B. Combined role of RP-HPLC and probiotics

A comprehensive risk-management strategy
integrates external exposure control with internal resilience
enhancement:

o Analytical methods such as RP-HPLC and LC-MS/MS
ensure that melamine levels in protein powders remain
within or below regulatory thresholds, reducing exposure
at the population level (34).

e Microbiome-targeted interventions, including probiotics
and prebiotic-rich diets, may help individuals maintain gut
and brain health even in the face of low-level or historical
exposures by stabilizing microbial ecosystems and
dampening inflammatory responses.

This dual approach reflects modern preventive medicine
principles and aligns with “toxic-microbiomics” perspectives
thatemphasize theinterplay between environmental exposures
and host-microbiome resilience in determining disease risk.

(35)

C. Awareness among consumers

Consumer education should emphasize:

e Selection of protein supplements from reputable
manufacturers with documented third-party testing and
quality certifications.

e Awareness of past melamine incidents and the role of
regulatory logos or lab accreditations in assuring safety.
(36)

e The importance of gut health, diet diversity, and
potentially probiotic use in maintaining systemic and

cognitive well-being, especially for high-intake
supplement users.
e Healthcare professionals, pharmacists, and sports

nutrition experts can play key roles in disseminating
evidence-based guidance and countering misinformation
about “safe” supplementation practices.(37)

XII.

Current evidence portrays melamine not only as a classic
nephrotoxic adulterant in protein-rich foods and supplements
but also as an environmental chemical whose toxicity is
shaped by gut microbiota composition, barrier integrity, and
systemic  inflammation. = RP-HPLC and  related
chromatographic techniques provide robust, validated, and
scalable methods for detecting melamine in protein powders,
enabling regulatory agencies and manufacturers to maintain
contamination levels below established safety thresholds.

At the same time, advances in microbiome and
neuroimmunology research reveal that melamine-induced
dysbiosis, barrier disruption, and cytokine elevation
(particularly IL-6, TNF-a, and CRP) may contribute to
neuroinflammatory processes along the microbiota-gut-brain
axis, potentially affecting cognitive and mental health in
chronically exposed individuals. Probiotics emerge as
promising modulators of these pathways, with documented
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abilities to restore gut balance, reinforce barrier function,

reduce  systemic  inflammation, and attenuate

neuroinflammatory markers in preclinical and human studies.

Future academic research should focus on:

e High-resolution characterization of melamine-induced
microbiome changes (metagenomics, metabolomics) and
their functional consequences for kidney, immune, and
brain health.

e Integrated animal and human studies that explicitly link
melamine exposure, dysbiosis, cytokine profiles, and
neurocognitive outcomes.

e Controlled trials of selected probiotic strains or consortia
as adjunctive strategies in populations consuming protein
supplements, with endpoints including inflammatory
markers, microbiome profiles, and cognitive measures.

e Continued optimization of RP-HPLC and novel sensor
technologies for rapid, sensitive, and cost-effective
melamine surveillance in diverse protein matrices.

By coupling rigorous analytical detection with
microbiome-informed preventive strategies, the field can
move toward a more holisticmanagement of melamine-related
risks in protein powders, safeguarding renal, systemic, and
neurocognitive health in an era of growing reliance on
nutritional supplements.
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