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Abstract

Food-associated xenobiotics may influence innate immune responses, but the relevance
of experimental findings to human dietary exposure remains uncertain. This narrative
review critically examines evidence concerning imazalil, tert-butylhydroquinone (TBHQ),
carrageenans, and monosodium glutamate (MSG), representing a post-harvest fungicide, a
synthetic antioxidant, a hydrocolloid, and a flavor enhancer, respectively. Experimental
findings are compared across cellular and humoral innate immune endpoints, with atten-
tion to chemical form, dose, administration route, exposure duration, and the distinction
between biomarker changes and adverse functional outcomes. Reported effects involve
redox-sensitive signaling, cytokine regulation, macrophage and neutrophil responses, NK-
cell activation and effector-associated markers, and intestinal barrier—microbiota interac-
tions. These overlapping processes do not establish equivalent mechanisms or immunotoxic
potential. TBHQ has a comparatively well-characterized connection to Nrf2 activation,
although Nrf2 dependence has not been established for every reported immune effect.
Imazalil evidence is narrower and requires independent replication, whereas findings
for carrageenans depend strongly on material characterization and experimental context.
MSG findings vary with dose, route, life stage, and metabolic conditions. Moreover, the
predominantly preclinical literature includes exposure conditions whose correspondence
to human dietary intake is uncertain. Consequently, available evidence supports context-
dependent innate immune modulation but does not establish clinically meaningful immune
impairment at customary dietary exposure. Further progress requires exposure-informed
studies linking molecular and cellular changes to persistent functional effects and ad-
verse outcomes, supported by human-relevant systems and human investigations where
feasible. Such evidence would clarify the contribution of innate immune endpoints to
food-safety assessment.

Keywords: food additives; dietary xenobiotics; innate immunity; TBHQ; imazalil;
carrageenans; monosodium glutamate; inflammation; oxidative stress; microbiota

1. Introduction

Food additives, including antioxidants, stabilizers, thickeners, and flavor enhancers,
are widely used to preserve food quality, improve sensory properties, and maintain prod-
uct stability [1,2]. Together with pesticide residues, they contribute to dietary exposure
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to chemically diverse substances whose biological effects depend on their properties and
exposure conditions. Although food-safety assessment encompasses established toxico-
logical endpoints, the effects of repeated dietary exposure on immune function remain
incompletely characterized [3,4]. Consequently, evaluating immune-related findings re-
quires consideration of both their biological significance and the exposure conditions under
which they occur.

Innate immunity provides a relevant framework for this assessment because it inte-
grates soluble mediators and cellular responses involved in pathogen defense and tissue
homeostasis [5-7]. Changes in cytokine production, inflammatory signaling, or immune-
cell phenotype may therefore indicate a response to chemical exposure. However, these
changes do not independently establish an adverse immune effect [3,8]. Their interpre-
tation should also incorporate functional endpoints, including phagocytosis, leukocyte
migration, natural killer (NK) cell-mediated killing, and, where available, host resistance to
infection [9]. Within this framework, redox-sensitive signaling and barrier-microbiota inter-
actions may help explain how food-associated compounds influence innate responses, pro-
vided that mechanistic changes are distinguished from their functional consequences [1,10].

Against this background, the present narrative review examines imazalil (IMZ),
tert-butylhydroquinone (TBHQ), k-carrageenan (k-CGN), and monosodium glutamate
(MSG). These compounds were selected to compare distinct categories of food-associated
exposure—a post-harvest fungicide residue, a synthetic antioxidant, a hydrocolloid, and
a flavor enhancer—and contrasting experimental evidence concerning innate immune
responses. They do not constitute a representative sample of all food additives or dietary
contaminants. Despite their chemical and functional differences, each has been investi-
gated in relation to processes relevant to innate immunity. Imazalil studies have reported
changes in neutrophil function, intestinal barrier homeostasis, microbiota composition, and
cytokine expression [11-14]. TBHQ, in turn, has been studied as an activator of nuclear
factor erythroid 2-related factor 2 (Nrf2) and a modulator of immune-cell activation [15,16].
Carrageenan-associated inflammatory and mucosal effects depend strongly on molecular
form and experimental context [17-19], whereas MSG studies have described changes
in immune-cell populations, inflammatory mediators, and redox balance in preclinical
models [20,21]. Taken together, these findings provide a basis for comparing innate immune
responses across distinct chemical classes, while retaining the conditions and limitations
specific to each compound.

The aim of this review is therefore to critically synthesize the molecular and cellular
effects of these four compounds on innate immunity, distinguishing direct functional
evidence from biomarker changes and contextual findings. To support comparison, the
compound-specific analyses follow a common structure covering exposure characteristics,
innate immune cells and effector functions, soluble mediators and barrier—microbiota
interactions, mechanistic interpretation, and exposure relevance. Evidence concerning
adaptive immunity or non-immune toxicity is considered only where it helps explain the
innate immune findings. This approach provides a basis for identifying shared mechanisms,
compound-specific differences, and the principal gaps that limit conclusions about adverse
immune effects under realistic dietary conditions.

2. Literature Selection and Interpretative Approach
2.1. Literature Selection

This narrative review draws on the literature retrieved from PubMed, Scopus, Web
of Science, and Google Scholar using combinations of compound names (imazalil, TBHQ,
carrageenans, and MSG) and terms related to innate immunity, including cytokines, nuclear
factor kB (NF-«B), Nrf2, Toll-like receptor 4 (TLR4), phagocytosis, NK cell cytotoxicity,
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and gut microbiota. Priority was given to original experimental and mechanistic studies
published within the preceding 10 years, particularly those using oral, dietary, or biologi-
cally plausible exposure conditions. However, older foundational studies were retained
where they provided relevant evidence not superseded by more recent research. Studies
using high experimental concentrations, non-dietary administration routes, or materials
distinct from food-grade preparations were also considered, with their exposure limitations
addressed alongside the findings. Searches were conducted between January and July 2026.

As this was a narrative rather than systematic review, no formal risk-of-bias scoring or
quantitative synthesis was performed. Instead, the evidence was compared qualitatively
in terms of consistency, mechanistic support, functional significance, model relevance,
and correspondence to human dietary exposure. Accordingly, mechanistic support and
dietary-exposure relevance were considered separately, since a study may clarify a cellular
pathway without establishing its significance under customary dietary conditions.

Key studies informing the compound-specific conclusions were tabulated by model,
tested material, dose or concentration, administration conditions, exposure duration, mea-
sured findings, and limitations affecting interpretation (Table S1). Distinct experimental
arms were separated where material characteristics or administration conditions differed.
Relevant null findings were retained, and mechanistic support was considered separately
from relevance to human dietary exposure.

Conference abstracts were identified as preliminary evidence and interpreted within
the limits of the available methodological information. They were not treated as equivalent
to full experimental reports.

2.2. Interpretation of Immune-Related Endpoints

The interpretation of immune-related findings distinguishes general cellular stress, in-
flammation, immunomodulation, and immunotoxicity. General cellular stress encompasses
responses such as oxidative imbalance, endoplasmic reticulum stress, and mitochondrial
dysfunction that are not specific to immune cells. Inflammation involves coordinated
cellular and mediator responses that may be protective or contribute to pathology, whereas
immunomodulation denotes a measurable change in immune activity without necessarily
implying harm. Immunotoxicity, in contrast, refers to adverse effects on immune structure
or function, including impaired host defense or immune-mediated tissue injury [3,8,9].

Within this framework, cytokine profiles, acute-phase proteins, and redox-related
markers provide evidence of biological responses but do not independently establish
adversity. Their significance depends on the tissue examined, sampling time, magnitude
and persistence of the response, exposure conditions, and association with functional
or pathological outcomes [3,8,21,22]. Consequently, biomarker changes are interpreted
alongside immune-cell function and tissue-level findings rather than treated as equivalent
evidence of immunotoxicity [3,23,24].

Functional endpoints include phagocytosis, chemotaxis, oxidative burst, intracellular
killing, and NK cell-mediated target-cell killing [23,25-28]. These measurements provide
information that cannot be inferred from leukocyte counts or activation markers alone. Nev-
ertheless, individual assays address distinct components of effector function: phagocytosis
does not establish microbial killing, and NK-cell degranulation or expression of cytolytic
proteins does not directly demonstrate target-cell death [23,25,29,30]. Where available,
bacterial clearance and infection-challenge outcomes therefore provide complementary
evidence of consequences for host defense.

Functional findings also require consideration of cell viability, cell source, stimulation
conditions, and assay variability [31-33]. Accordingly, reduced activity associated with
cytotoxicity is distinguished from functional alteration in viable cells, while changes in
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reactive oxygen species (ROS) production or inflammatory signaling are interpreted in
relation to the biological context.

2.3. Relevance to Human Dietary Exposure

Exposure relevance is considered in relation to the identity and characteristics of
the tested material, dose or concentration, administration route, vehicle or food matrix,
exposure duration, and host condition. In particular, dietary feeding, drinking-water
administration, and intragastric gavage are treated as distinct exposure scenarios. Although
gavage is an oral route, it delivers a bolus and does not reproduce the food-matrix context
of customary consumption. Likewise, native food-grade carrageenan is distinguished from
degraded preparations, oligosaccharides, and chemically modified derivatives.

For in vitro and ex vivo studies, nominal concentrations are not equated directly
with dietary intake, because absorption, metabolism, and tissue distribution determine
the exposure reaching immune cells. Such studies are therefore interpreted primarily as
mechanistic evidence unless a plausible relationship to internal or intestinal exposure can
be established. Similarly, regulatory intake limits provide reference points for exposure
assessment rather than direct equivalents of cellular concentrations.

Taken together, these considerations allow the review to distinguish evidence of a
biological mechanism, an adverse immune effect under experimental conditions, and a
potential risk at human dietary exposure levels. They also provide a common basis for
interpreting the four compounds without assuming that comparable biomarker changes
imply equivalent functional consequences or consumer risk.

3. Overview of Innate Humoral and Cellular Immunity

Innate immunity integrates soluble mediators, cellular effector mechanisms, and
epithelial defenses to contain infection and maintain tissue homeostasis [5-7,25]. Its hu-
moral components include cytokines, chemokines, complement proteins, and acute-phase
proteins, which coordinate inflammatory responses and support pathogen recognition
and clearance [34,35]. Cytokines regulate leukocyte activation, while chemokines direct
cell recruitment to affected tissues. Complement further connects humoral and cellu-
lar defense through opsonization, inflammatory signaling, and the lysis of susceptible
microorganisms [36]. In the literature examined here, humoral findings predominantly
concern cytokines, chemokines, and selected acute-phase proteins; direct assessments of
complement and other specialized soluble defense mechanisms are comparatively limited.

The cellular components most relevant to this review are macrophages, neutrophils,
and NK cells. Macrophages and neutrophils participate in microbial recognition, phagocy-
tosis, and antimicrobial responses involving ROS and granule-associated products [26,27].
Their production of inflammatory mediators also influences the recruitment and activity
of other immune cells. NK cells contribute to early defense against infected or trans-
formed cells through cytotoxic mechanisms and cytokine secretion [28,37], while dendritic
cells link innate recognition to subsequent adaptive responses [38]. These complemen-
tary activities provide the biological context for the cellular endpoints examined in the
compound-specific sections.

Humoral and cellular responses are closely connected: soluble mediators regulate leuko-
cyte behavior, and activated cells modify the surrounding mediator environment [35,39]. At
intestinal surfaces, these interactions also involve epithelial integrity and signals originating
from the microbiota. The following sections examine how imazalil, TBHQ, carrageenans,
and MSG have been investigated in relation to this network, focusing on inflammatory me-
diators, phagocyte and NK-cell responses, redox-sensitive signaling, and barrier—microbiota
interactions. This framework organizes the biological targets considered in the review; the
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criteria for interpreting experimental findings and their dietary relevance are described in
the preceding section.

4. Imazalil and Innate Inmune Modulation
4.1. Dietary Exposure and Characteristics Relevant to Interpretation

Imazalil (IMZ) is a synthetic imidazole fungicide belonging to the conazole class, with
protective and curative activity against fungal diseases [14,40]. Its agricultural applica-
tions include post-harvest treatment of citrus fruits, apples, and pears, as well as seed
treatment and other crop-protection uses [40—44]. Consequently, its relevance to dietary
immunotoxicology arises primarily from residues in treated food rather than intentional
use as a food additive. IMZ is also chiral and is commonly supplied as a racemic mix-
ture; its lipophilicity and moderate water solubility are relevant to the interpretation of
experimental preparations and internal exposure [14,45].

A recent human neutrophil study selected 0.07 ng/mL as its lowest experimental
concentration on the basis of an earlier report of IMZ detection in human serum [14].
This provides a link to measured internal exposure, although it does not establish that
this concentration is typical of consumers or that short-term exposure of cells in culture
reproduces chronic dietary exposure. Conversely, administered doses in animal studies
describe external exposure and cannot be compared directly with cell-culture concentrations
without toxicokinetic information.

The principal intestinal studies also differ substantially in exposure conditions. In
the initial study, male ICR mice received IMZ mixed into chow at reported doses of 25,
50, or 100 mg/kg body weight/day for 28 days [11]. A subsequent study used male
C57BL/6 mice exposed orally to 0.1, 0.5, or 2.5 mg/kg body weight/day for 2, 5, or
15 weeks [13]. In the maternal-exposure study, pregnant C57BL./6 mice were treated during
gestation and lactation at levels estimated by the authors to deliver approximately 5 or
50 mg/kg body weight/day [12].

4.2. Effects on Innate Immune Cells and Effector Functions

Direct evidence concerning the effects of IMZ on innate immune cell function remains
limited to a human ex vivo study among the experimental papers examined here. In neu-
trophils obtained from 15 healthy male donors, short-term exposure to 0.07 and 0.7 ng/mL
reduced latex particle uptake, whereas chemotaxis was impaired only at 0.7 ng/mL; neither
endpoint was significantly altered at 7 ng/mL [14]. These findings indicate changes in
two complementary components of neutrophil defense—migration toward a stimulus
and engulfment of particulate targets. However, because the experiments did not assess
microbial killing or recruitment in vivo, they establish altered cellular functions under the
tested conditions rather than impaired resistance to infection.

The accompanying oxidative responses suggest that these effects cannot be described
as uniform suppression of neutrophil activity. At 0.7 ng/mL, IMZ increased spontaneous
nitroblue tetrazolium (NBT) reduction without significantly changing the latex-stimulated
response, while nitric oxide production increased at 7 ng/mL. Meanwhile, viability re-
mained approximately 98% after two hours at all tested concentrations, making overt
cytotoxicity an unlikely explanation for the observed functional changes [14]. Taken to-
gether, these findings indicate divergent effects on neutrophil effector processes, with
reduced particle uptake or migration accompanied by increased spontaneous oxidative
activity. Nevertheless, the concentration-dependent differences require replication and a
broader concentration range before a general non-monotonic response can be established.
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4.3. Innate Immune Mediators and Barrier—Microbiota Interactions

Animal studies extend this evidence to intestinal inflammation and epithelial com-
ponents of mucosal defense. After 28 days of dietary exposure to 25-100 mg/kg body
weight/day, male ICR mice exhibited changes in gut microbial composition and colonic
inflammatory indicators [11]. Inflammatory-cell coverage increased at 50 and 100 mg/kg
body weight/day, while fecal lipocalin-2 increased at the highest dose after 21 and 28 days.
Colonic transcripts of TNF-«, IL-13, IL-22, and IFN-y were elevated across the treated
groups; IL-6 transcription also increased at the highest dose [11]. These findings support an
intestinal inflammatory response, although transcript abundance should be distinguished
from cytokine protein concentrations and the tissue-level measurements do not identify
the producing cells.

The withdrawal phase further qualifies the interpretation. Following cessation of
the highest-dose exposure, fecal lipocalin-2 returned to control levels by approximately
seven days, whereas recovery of microbial composition differed among bacterial groups.
Firmicutes and Actinobacteria returned to control levels rapidly, but the relative abun-
dance of Bacteroidetes remained reduced during the 35-day observation period [11]. Con-
sequently, persistent changes in selected microbial groups should not be equated with
persistent inflammation.

At lower administered doses and longer exposure durations, the C57BL/6 study
documented changes in microbial composition, mucus secretion, and the expression or
abundance of proteins associated with epithelial ion transport [13]. These endpoints are
relevant to mucosal homeostasis, but they do not constitute a direct measurement of
intestinal permeability. Moreover, recovery was tissue-dependent: after 45 days without
IMZ, the measured ileal transporter protein levels returned to control values, whereas
corresponding abnormalities in the colon persisted. Several microbial differences also
resolved during withdrawal [13]. The evidence therefore indicates a mixture of reversible
and persistent changes rather than uniformly sustained barrier impairment.

Maternal exposure produced additional changes in mucus-associated endpoints, ion
transporters, antimicrobial peptide transcripts, and bile acid metabolism in dams and
their F1 and F2 offspring [12]. However, antimicrobial peptide responses varied with sex,
age, generation, and exposure level, including both increases and decreases. Accordingly,
these results should be described as altered regulation of epithelial defense rather than a
consistent suppression of antimicrobial peptide expression.

A prominent finding was increased IL-22 mRNA in liver and ileum across the ex-
amined generations and ages [12]. IL-22 can support epithelial repair and antimicrobial
defense and can be produced by both innate lymphoid cells and T-cell subsets [46]. Nev-
ertheless, the IMZ study did not identify its cellular source or establish whether the in-
creased transcription represented protective compensation, inflammatory activation, or
both. Positive correlations with bile acid changes suggest a relationship between metabolic
disturbance and cytokine regulation, but do not establish causality [12]. Evidence linking
IL-22-associated pathways to protection against enteric pathogens provides relevant bio-
logical context [47]; it does not demonstrate that the IMZ-associated response improved
resistance to infection.

4.4. Mechanistic Interpretation

The available findings support two potentially complementary routes of immune
modulation: effects on leukocyte effector processes and changes in the intestinal envi-
ronment that may influence mucosal immune regulation [11-14]. The human cell study
demonstrates functional changes in the absence of an intact gut-liver system, whereas the
mouse studies connect exposure with microbial, epithelial, inflammatory, and metabolic

https://doi.org/10.3390/ijms27219580


https://doi.org/10.3390/ijms27219580

Int. J. Mol. Sci. 2026, 27, 9580

7 of 36

endpoints. Nevertheless, neither evidence stream establishes a complete causal sequence
from IMZ exposure to impaired host defense.

In particular, simultaneous changes in microbiota and epithelial endpoints do not
determine which occurred first. Microbial shifts could influence epithelial and immune
regulation, while altered mucus secretion or intestinal transport could themselves change
microbial habitats. Likewise, molecular docking in the mouse intestinal study suggested
possible interactions with epithelial transport proteins, but did not demonstrate binding
in vivo or inhibition of transport activity [13]. These mechanisms should therefore remain
hypotheses rather than experimentally established explanations.

The antifungal action of IMZ involves inhibition of fungal sterol 14x-demethylase
(CYP51) and disruption of ergosterol biosynthesis [48]. However, this mechanism is distinct
from its effects on mammalian steroid-related pathways. Endocrine and metabolic effects
provide further context. IMZ-associated changes in steroid-related pathways have been
reported in maternal-exposure and developmental models, while experimental work has
examined its interference with aromatase-dependent estrogen synthesis [49-51]. Such find-
ings may be relevant because sex hormones participate in innate immune regulation [52].
However, these mammalian effects should be distinguished from the compound’s antifun-
gal action, and they do not establish that endocrine disruption caused the neutrophil or
intestinal immune changes. Similarly, hepatotoxicity findings may help interpret distur-
bances along the gut-liver axis, but remain contextual evidence rather than direct measures
of innate immune dysfunction [53].

Epigenetic observations also require separation from claims of inherited immuno-
toxicity. Studies reporting altered hepatic mRNA methylation in dams and offspring, or
epigenetic and transcriptional changes in Xenopus, suggest molecular responses to IMZ
exposure [54,55]. They do not, however, demonstrate that these changes mediate inherited
alterations in innate immunity. In the maternal study, gestational exposure of FO could also
expose F1 fetuses and their developing germ cells, which contribute to F2. Consequently,
findings in FO-F2 support multigenerational effects but do not establish transgenerational
inheritance [12].

4.5. Evidence Limitations and Relevance to Human Dietary Exposure

The evidence for IMZ-associated innate immune modulation combines one human
ex vivo functional study with related mouse studies addressing intestinal inflammation
and mucosal homeostasis [11-14]. Although the mouse studies encompass different strains,
exposure regimens, and experimental designs, their origin within the same research group
limits the independence of the available evidence.

Exposure relevance remains a central limitation. The human study used a concentra-
tion linked to a previous serum measurement, but short-term incubation cannot reproduce
absorption, metabolism, protein binding, or repeated exposure in vivo [14]. Conversely,
the mouse studies used oral exposure, including administration through treated chow in
male ICR mice [11]. However, oral administration alone does not establish relevance to
consumer exposure, and doses expressed per kilogram of body weight cannot be compared
directly with residue limits expressed per kilogram of food [11-13].

The biological interpretation also depends on the endpoint. Reduced neutrophil
particle uptake and chemotaxis constitute functional changes, whereas tissue cytokine
transcripts, microbial composition, mucus staining, and transporter abundance describe
different aspects of immune-associated physiology [11-14]. None alone demonstrates
increased susceptibility to infection, and the studies did not establish a causal link between
these changes and impaired pathogen clearance. Moreover, the withdrawal experiments
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show that reversibility varies by tissue and endpoint, limiting broad claims of sustained
dysfunction [11,13].

Accordingly, future studies should combine exposure estimates and internal dosimetry
with replicated functional assays, direct barrier measurements, and host-defense outcomes.
Maternal-exposure designs should additionally distinguish direct developmental exposure
from effects persisting into an unexposed generation. At present, IMZ can be described
as a compound capable of modifying selected innate immune and mucosal endpoints
under experimental conditions, while the consequences of typical human dietary exposure
remain unresolved.

5. Synthetic Antioxidants and Innate Immunity: Focus on TBHQ
5.1. Dietary Exposure and Characteristics Relevant to Interpretation

Tert-butylhydroquinone (TBHQ, E319) is a synthetic phenolic antioxidant used to limit
lipid oxidation in oils, fats, and oil-rich foods, thereby preserving product quality during
storage. Its antioxidant activity involves both the parent compound and transformation
products, including tert-butylbenzoquinone, which can participate in reactions that sustain
antioxidant activity in food systems [56]. However, this technological function should be
distinguished from its effects on redox-sensitive signaling in living cells.

Dietary consumption is the principal exposure route relevant to this review. Follow-
ing absorption, TBHQ undergoes metabolism, including oxidation and conjugation, and
urinary elimination of conjugated metabolites [57]. Human metabolic studies summarized
in Joint FAO/WHO Expert Committee on Food Additives (JECFA) evaluations likewise
describe urinary sulfate and glucuronide conjugates. Consequently, the activity of TBHQ
in an experimental culture cannot be interpreted independently of the metabolism and
clearance that determine exposure in vivo.

In the United States, the permitted total antioxidant content of food containing TBHQ
must not exceed 0.02% of the food’s oil or fat content, equivalent to 200 mg/kg of that
fraction [57,58]. This is not a universal limit of 200 mg/kg of the complete food product.
JECFA established an acceptable daily intake (ADI) of 0-0.7 mg/kg body weight/day,
subsequently confirmed by EFSA [59]. In its refined exposure assessment, the European
Food Safety Authority (EFSA) reported that estimated intake did not exceed the ADI in
the population groups examined under the refined scenarios, although estimates based on
maximum permitted levels exceeded it among high-consuming toddlers and children [59].

These regulatory values address permitted use and estimated intake, whereas micro-
molar concentrations in cell culture describe nominal extracellular exposure. Accordingly,
their comparison requires information on absorption, metabolism, protein binding, and
tissue distribution; compliance with a food-use limit does not itself establish the concentra-
tions encountered by immune cells.

5.2. Effects on Innate Immune Cells and Effector Functions

Experimental evidence indicates that TBHQ affects different innate immune cell popu-
lations in distinct ways. In RAW 264.7 murine macrophages, exposure to 0.1 uM increased
uptake of fluorescent microspheres following lipopolysaccharide (LPS) or polyinosinic—
polycytidylic acid stimulation, whereas 1 and 5 uM did not significantly alter uptake [60].
Thus, the macrophage findings do not support uniform inhibition of phagocytosis, and
particle internalization should be distinguished from microbial killing.

A complementary study examined NK cells within splenocyte cultures from female
C57BL/6] mice. Following treatment with 1 or 5 uM TBHQ and stimulation with phorbol
12-myristate 13-acetate and ionomycin for 24 h, NK cells exhibited reduced intracellular
IFN-y, granzyme B, and perforin, lower induction of CD25 and CD69, and changes in
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maturation-associated phenotypes [15]. These endpoints indicate altered activation and
effector potential. Nevertheless, the study did not directly quantify target-cell killing, and
the mixed-cell preparation leaves open contributions from other splenic populations.

Dietary exposure during influenza infection provides preliminary in vivo evidence.
A conference abstract reported reduced NK-cell granzyme B expression in infected mice
receiving TBHQ-containing feed [61]. This observation is consistent with altered cytotoxic
potential, but does not independently establish reduced killing activity or prove that the
effect was mediated by Nrf2.

Dendritic cells may also be affected. A separate conference abstract described female
C57BL/6 mice fed an AIN-93G diet containing 0.0014% TBHQ for two weeks before
influenza A infection. Dendritic cells from the lungs and mediastinal lymph nodes showed
reduced MHC II and costimulatory marker expression, together with lower IL-6 and IL-12
production [62]. These findings concern the interface between innate sensing and adaptive
activation; however, their implications for antigen presentation and antiviral protection
require confirmation beyond the reported phenotypic and cytokine endpoints.

5.3. Innate Immune Mediators and Barrier—Microbiota Interactions

Changes in inflammatory mediators depend on concentration and stimulation. In
activated RAW 264.7 macrophages, 5 uM TBHQ reduced nitric oxide output and IL-10
secretion. Lower concentrations increased IL-6 secretion, whereas its suppression at 5 uM
occurred under LPS stimulation but not under polyinosinic—polycytidylic acid stimula-
tion [60]. The findings therefore describe context-dependent modulation of inflammatory
and regulatory mediators rather than a uniformly anti-inflammatory response.

Evidence from BV-2 microglia extends the analysis to another innate myeloid popu-
lation. TBHQ pretreatment attenuated LPS-associated production of TNF-c, IL-1f3, IL-6,
prostaglandin E;, and nitric oxide [63]. Although obtained in a neuroinflammatory model,
these results directly concern innate immune signaling. Their relevance to dietary exposure
remains separate from their value in identifying cellular mechanisms.

Conversely, TBHQ can promote immune-cell recruitment through cytokine induction
in experimental tissue models. Topical treatment of murine tumors increased NK-cell
infiltration through a pathway requiring tumor-associated Nrf2 and IL-17D [64]. Related
work demonstrated induction of IL-17D and CCL2 and recruitment of innate leukocytes fol-
lowing intraperitoneal administration [65]. The Nrf2-IL-17D relationship is also discussed
in a subsequent mechanistic synthesis [66].

Importantly, increased recruitment and reduced effector-marker expression measure
different processes. Their occurrence in different experimental systems is therefore not
inherently contradictory. Among the studies considered here, the principal evidence
concerns cellular signaling, cytokines, and tissue recruitment; it does not establish a dietary
TBHQ-microbiota—barrier pathway comparable to that examined for imazalil.

5.4. Mechanistic Interpretation

TBHQ is widely used experimentally to activate Nrf2-associated antioxidant responses.
Foundational studies demonstrated antioxidant response element activation in astrocyte-
associated systems and linked TBHQ exposure to mitochondrial oxidative stress and Nrf2
activation [67,68]. These findings explain why antioxidant efficacy in food should not be
equated with simple suppression of oxidative processes in cells: induction of antioxidant
defenses can follow an initial redox disturbance.

The strength of evidence for Nrf2 involvement nevertheless varies between models. In
BV-2 microglia, Nrf2-specific knockdown supported its contribution to TBHQ-associated
suppression of p38 phosphorylation and inflammatory activation [63]. In contrast, the
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RAW 264.7 study documented antioxidant-associated transcriptional changes, including
increased Cbr3, Gstp1/3, Hmox1, and Gclm, alongside reduced inflammatory and NF-«B-
associated gene expression [60]. This supports a proposed Nrf2-related interpretation, but
does not establish that Nrf2 was necessary for the observed effects.

Stronger causal evidence supports Nrf2-dependent induction of IL-17D in tumor
models, where chromatin binding and gene-silencing experiments linked the transcription
factor to cytokine regulation [64]. However, this relationship does not explain every effect
of TBHQ. In the murine cytomegalovirus model, intraperitoneal treatment reduced weight
loss and viral burden, while partial protection and CCL2 induction persisted in Nrf2-
deficient animals [65]. Thus, both Nrf2-dependent and independent processes contributed
to the response.

Studies of adaptive immunity provide an additional caution against assigning all
TBHQ effects to Nrf2. TBHQ altered activation of primary human CD4* T cells and influ-
enced experimental allergic responses and T-helper differentiation [16,69,70]. Moreover,
inhibition of selected cytokines occurred in both wild-type and Nrf2-null T cells in a com-
parative activator study [71]. These are contextual findings, but they reinforce the need to
demonstrate pathway dependence separately for each innate immune endpoint.

Taken together, the evidence supports TBHQ-associated modulation of redox-sensitive
immune pathways without a single direction of effect across models. Cell identity, stimula-
tion, treatment timing, tissue compartment, and administration route all influence whether
the measured response involves diminished activation, enhanced particle uptake, increased
recruitment, or protection from inflammatory injury.

5.5. Evidence Limitations and Relevance to Human Dietary Exposure

The evidence base includes full experimental publications, regulatory assessments,
general toxicology studies, and conference abstracts, which should contribute differently
to the synthesis. Historical evaluations and rodent feeding studies provide background
on systemic toxicity and dose selection [72,73] but cannot substitute for measurements
of innate immune function. Similarly, transcriptomic changes in splenic CD4" T cells
following oral exposure concern adaptive immune biology and do not establish altered
resistance to respiratory viruses [74].

Dietary experiments in zebrafish provide further contextual evidence. Wild-type and
Nrf2a-mutant animals receiving a diet containing 5% TBHQ exhibited developmental and
survival effects together with molecular changes [75]. Although the feeding route is relevant
to exposure interpretation, the high dietary concentration and developmental context limit
extrapolation to customary human intake. Immune-associated transcriptional changes in
this model should also be distinguished from directly measured innate effector functions.

A conference abstract reported impaired primary and memory responses to influenza,
including changes in T-cell responses and viral clearance, at an exposure described by
the authors as relevant to the human diet [76]. However, the abstract did not provide the
quantitative exposure information needed to independently assess that designation. It
therefore offers preliminary host-defense evidence, principally in an adaptive immune
context, rather than an established demonstration of innate immunotoxicity at typical
consumer exposure.

Accordingly, the dietary influenza abstracts concerning NK cells and dendritic cells
are retained here but explicitly identified as preliminary reports [61,62]. Their findings
warrant further investigation, while full publications and sufficient exposure information
are needed to assess reproducibility, pathway dependence, and relevance to consumers.

Future studies should connect internal exposure with functional outcomes, includ-
ing microbial clearance, target-cell killing, and effective antigen presentation. Genetic or
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pharmacological tests of pathway dependence should accompany Nrf2-associated tran-
scriptional measurements, and dietary studies should report compound intake, food matrix,
exposure duration, and recovery. At present, TBHQ can modify innate immune activation
and signaling under experimental conditions, but the available evidence does not establish
that customary human dietary exposure impairs host defense.

6. Carrageenans as Food Additives and Modulators of Innate Immunity
6.1. Dietary Exposure and Characteristics Relevant to Interpretation

Carrageenans (CGNs) are sulfated polysaccharides extracted from red seaweeds and
widely used as stabilizers, gelling agents, and thickeners in food [77]. Commercial sources
include Kappaphycus alvarezii and Kappaphycus striatum, which are used in k-carrageenan
production [78,79]. Although these polymers share a galactan backbone, k-, 1-, and A-
carrageenan differ in the number and position of sulfate groups and the presence of
3,6-anhydrogalactose [80,81]. These differences influence their physicochemical properties;
for example, k-carrageenan forms gels in the presence of potassium ions and is used in
dairy products, desserts, sauces, and processed meats [82,83].

For immunotoxicological interpretation, however, subtype identification alone is
insufficient. Native high-molecular-weight polymers must also be distinguished from
deliberately degraded preparations, isolated oligosaccharides, and chemically modified
derivatives. In particular, poligeenan is not interchangeable with food-grade carrageenan,
and the term “low-molecular-weight carrageenan” does not establish that a preparation is
poligeenan [84]. Accordingly, molecular-weight distribution, degradation method, sulfate
content, and formulation should be considered alongside the nominal compound name.

This distinction is especially important when comparing direct cellular exposure with
ingestion. Cell-culture experiments establish whether a preparation can affect exposed cells,
whereas oral studies additionally involve the food matrix, gastrointestinal environment,
and microbiota. Conversely, limited systemic absorption does not establish biological
inertness at the intestinal surface. The following sections therefore distinguish evidence
obtained with native polymers from findings involving degraded or modified preparations,
while retaining the experimental context of each study.

6.2. Effects on Innate Immune Cells and Effector Functions

In RAW 264.7 cells, a k-carrageenans preparation, with unresolved polymer/
oligosaccharide terminology and unspecified molecular weight, increased NO and TNF-«
production, neutral-red uptake, and TLR4/NF-kB-associated responses [85]. However, the
material was described as a polysaccharide in the title and as an oligosaccharide in Methods,
without a reported molecular weight. Its classification as a native food-grade polymer
therefore remains unresolved. Neutral-red uptake is also distinct from direct particle
engulfment or microbial killing and does not establish improved antimicrobial defense.

A comparative study examined k- and A-carrageenans from Chondrus armatus and
their degradation products in murine peritoneal macrophages, both during direct incuba-
tion and after oral gavage at 100 ug/kg body weight/day for seven days [86]. In vitro, most
preparations increased motility and reduced uptake of labeled E. coli particles, whereas
A-carrageenan degradation products reduced motility without affecting uptake. Following
oral administration, all preparations reduced particle uptake, while the degradation prod-
ucts increased motility. These findings demonstrate preparation- and exposure-dependent
functional changes rather than a uniform distinction between stimulatory native polymers
and inhibitory degradation products.

An in vitro study using neutrophil/monocyte preparations from healthy human donor
blood compared k-, A-, and hybrid k/ 3-carrageenans with an acid-degraded /3 derivative.
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Latex-particle uptake, ROS production, myeloperoxidase activity, and cell morphology
depended on the preparation and the presence of LPS; some preparations attenuated LPS-
induced ROS or myeloperoxidase responses, while induction of NO derivatives was not
detected [87]. These results extend the evidence to human phagocyte responses but do not
establish microbial killing or comparable effects following dietary exposure.

Studies of carrageenan oligosaccharides and their derivatives in tumor-bearing mice
have additionally reported changes in macrophage phagocytosis and NK cell activity
alongside antitumor responses [88,89]. These findings are relevant to the biological ac-
tivity of the tested derivatives, but their interpretation depends on the tumor-associated
immune environment and cannot be transferred directly to customary consumption of
food-grade carrageenans.

Similarly, aquatic studies provide contextual evidence of altered innate immune pa-
rameters and resistance to infection [90,91]. Administration route remains important even
within this evidence group: the carp study used intraperitoneal carrageenan injection rather
than dietary supplementation [92]. Consequently, these experiments inform comparative
immunobiology but provide limited direct evidence concerning human dietary exposure.

6.3. Innate Immune Mediators and Barrier—Microbiota Interactions

Intestinal barrier-microbiota interactions provide an important complement to direct
immune-cell experiments. In mice receiving k-carrageenans by oral gavage at 1.7, 8.3, or
41.7 mg/kg for 90 days, microbiota composition, microbiota-derived short-chain fatty acids,
and mucus-layer thickness were altered without significant intestinal inflammation in the
absence of infection [18]. Subsequent Citrobacter rodentium challenge aggravated inflam-
mation and mucosal injury. Fecal-transfer experiments supported a microbiota-mediated
contribution. These findings concern a prolonged gavage regimen and challenge-dependent
susceptibility rather than spontaneous inflammation during ordinary dietary consumption.

The influence of administration conditions and dietary background was examined in
C57BL/ 6] mice receiving native k-carrageenans for six weeks, either at 0.5% in drinking
water or at 5% in the diet [93]. Under a high-fat background, drinking-water administration
increased disease activity, colonic myeloperoxidase activity, and TLR4 mRNA expression,
whereas dietary incorporation produced no visible inflammatory effects. Neither condition
produced signs of colitis under the low-fat background. Because the regimens differed in
both matrix and concentration, the comparison does not isolate the effect of the food matrix
or demonstrate that dietary incorporation is inherently protective.

Consistent with this context dependence, carrageenans enhanced inflammatory re-
sponses in LPS-related cellular experiments and a Citrobacter freundii mouse model [94].
Epithelial-immune-cell interactions have also been implicated in disruption of Caco-2
monolayers [95]. Together, these findings suggest that inflammatory challenge and commu-
nication between epithelial and immune cells can influence the intestinal response, rather
than carrageenan acting through a single uniform pathway.

Chemically induced colitis models provide further evidence of susceptibility-dependent
effects. Carrageenans aggravated trinitrobenzene sulfonic acid (TNBS)-induced inflam-
mation, with changes in cytokines, oxidative stress, and inflammatory signaling [96]. In
BALB/c mice, gavage administration of carrageenan in saline at 1.7, 8.3, or 41.7 mg/kg for
two weeks before oxazolone challenge aggravated colonic injury and was accompanied by
cytokine and TLR4/NF-kB-related changes [97]. Conversely, carrageenan alone did not
produce comparable macroscopic or histological damage in that experiment. Changes in
regulatory T-cell markers provide additional context but are not, by themselves, evidence
of altered innate effector function.
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Degraded preparations require separate consideration. A study comparing a car-
rageenan polymer, mildly degraded material, and oligosaccharides examined microbial
degradation and inflammatory effects in germ-free and bacteria-associated mouse exper-
iments [98]. These findings support interactions between molecular form and microbial
capacity but do not demonstrate that customary consumption of native food-grade car-
rageenan invariably generates the same inflammatory products.

Conversely, chemically modified preparations can produce different responses. Acety-
lated carrageenan preparations reduced TNF-«, IL-1$3, and the adhesion molecule ICAM-1
and increased tight-junction protein expression in a Caco-2 model [99]. Such results illus-
trate structure-dependent epithelial responses; they do not establish equivalent effects of
unmodified food-grade carrageenans or protection in humans.

6.4. Mechanistic Interpretation

The most extensively investigated inflammatory mechanisms involve TLR4-associated
signaling, BCL10, NF-«B, and oxidative pathways. In human intestinal epithelial cells,
experimental evidence implicated TLR4 in carrageenan-induced activation of the BCL10-
NEF-«kB-IL-8 pathway [19]. Related work distinguished a BCL10-associated pathway from
ROS- and Hsp27-associated signaling [100]. These findings provide a mechanistic basis for
epithelial inflammatory responses, although they should not be assumed to explain every
response across carrageenan preparations and immune-cell populations.

Structural experiments further demonstrate why degradation cannot be interpreted
solely through molecular weight. Enzymatic cleavage of particular galactosidic bonds either
reduced or enhanced IL-8 and BCL10 responses, whereas the ROS-associated response
was unaffected by the tested enzyme treatments [17]. Thus, the biological consequences
of degradation depend on which structural features are removed or exposed. This study
supports a role for galactosidic bonds; it does not establish a general relationship between
lower molecular weight, increased fermentability, and aggravated colitis.

Carrageenan also enhanced TNF-a-associated inflammatory signaling while inhibit-
ing apoptosis in an epithelial-cell study [101]. This finding illustrates that inflammatory
signaling and cell survival can change in different directions. However, it does not di-
rectly establish interactions with gut-associated lymphoid tissue or a causal contribution to
human inflammatory bowel disease.

Studies of oligosaccharides reveal additional, preparation-dependent mechanisms.
In LPS-stimulated BV-2 microglia, k- and (-carrageenan acid-hydrolysate oligosaccharide
fractions at 125-500 pg/mL reduced TNF-« secretion [102]. TNF-oc was more responsive
than IL-6 within that experimental comparison, but this does not establish its universal
superiority as a carrageenan-related biomarker.

Another microglial study reported reductions in NO, TNF-«, and IL-10 following
carrageenan oligosaccharide exposure, with weaker effects after desulfation [103]. How-
ever, the accompanying reduction in the viability-associated assay complicates inter-
pretation: lower mediator output may partly reflect fewer or less metabolically active
cells. Consequently, these results should not be described as unequivocal protection
against inflammation.

More recent work implicated AMPK/ULK1-associated autophagy in the regulation
of microglial responses by carrageenan oligosaccharides [104]. This provides a mecha-
nistic lead for the tested derivatives, while therapeutic efficacy and relevance to dietary
exposure remain separate questions. Likewise, antioxidant activity reported for degraded
carrageenan preparations in chemical assays [105,106] supplies physicochemical context
but does not demonstrate improved immune-cell function or host defense.
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6.5. Evidence Limitations and Relevance to Human Dietary Exposure

The evidence supports preparation- and context-dependent immune modulation
rather than a single carrageenan effect. Importantly, pro-inflammatory findings cannot all be
attributed to degraded material: native carrageenans have also produced intestinal changes
under particular dietary, microbial, or inflammatory conditions [18,93,97]. Conversely,
responses obtained with oligosaccharides, acetylated derivatives, or injected preparations
cannot establish the effects of ordinary food-grade carrageenan consumption [84].

Evidence without detected adverse effects should therefore be included alongside
positive inflammatory findings. In a 90-day dietary study, Fischer 344 rats received «-
carrageenan with a reported molecular-weight range of 196-257 kDa at dietary concen-
trations of 25,000 or 50,000 ppm. No treatment-related adverse effects were identified
in the assessed endpoints [107]. This provides evidence concerning the tested material
and feeding conditions, although a general toxicology study does not exclude changes in
specialized innate immune functions that it did not measure.

Human evidence remains limited. A National Health and Nutrition Examination
Survey (NHANES) analysis examined carrageenan-containing protein supplement bev-
erages and C-reactive protein (CRP), using beverage form as an exposure proxy in its
primary analysis [108]. It found no overall association with higher CRP, although subgroup
findings suggested possible differences among participants reporting poorer health. These
observations are hypothesis-generating: they neither establish total carrageenan intake nor
directly assess mucosal immunity, phagocyte function, or causal effects.

Accordingly, concerns about susceptible individuals and inflammatory bowel con-
ditions remain relevant research questions [109], but aggravation of experimental coli-
tis should not be presented as proof that carrageenan initiates human disease. A more
informative synthesis requires study-level reporting of subtype, molecular-weight dis-
tribution, degradation or modification, purity, dose, vehicle, exposure duration, dietary
background, and host condition. Functional immune endpoints should then be evaluated
separately from cytokine changes, epithelial injury, and microbiota associations. This ap-
proach preserves mechanistic findings while making their implications for human dietary
exposure explicit.

7. MSG and Innate Immune Responses
7.1. Dietary Exposure and Characteristics Relevant to Interpretation

Monosodium glutamate (MSG, E621) is a widely used flavor enhancer that contributes
to umami taste and improves the palatability of soups, sauces, processed meats, and
other foods [110-113]. Its biological effects are associated with the glutamate component;
nevertheless, added MSG, naturally occurring free glutamate, and protein-bound glutamate
should be distinguished when estimating exposure and interpreting experimental findings.
EFSA established a group ADI of 30 mg/kg body weight/day, expressed as glutamic
acid, for glutamic acid and glutamates E620-E625 used as food additives [114]. This
value is distinct from maximum permitted concentrations in particular food categories
and from glutamate concentrations measured in biological compartments. Accordingly,
an experimental MSG dose should not be compared numerically with the ADI without
considering the substance and units in which exposure is expressed.

Exposure assessments indicate variation in glutamate intake across populations and
age groups, with children potentially experiencing higher exposure relative to body
weight [115,116]. Consequently, a single estimate of “typical human MSG intake” cannot
adequately represent all dietary settings. These differences also complicate comparisons
between regulatory exposure assessments and experimental studies, whose doses, adminis-
tration schedules, and food matrices vary substantially [117].
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The importance of the food matrix is supported by a rat toxicokinetic study in which
concomitant food intake reduced the peak plasma glutamic acid concentration and overall
systemic exposure after oral MSG administration, while delaying the time to peak con-
centration [118]. Thus, gavage or another oral bolus administered without food is not
equivalent to MSG consumed with a meal, even when the nominal administered dose
is identical.

7.2. Effects on Innate Immune Cells and Effector Functions

A 90-day study examined adult male Wistar rats receiving MSG at 20 mg/kg body
weight/day by intragastric gavage [20]. Reported findings included leukopenia, changes in
differential leukocyte proportions, and alterations in lysozyme and NO-related parameters.
The authors reported no change in an endpoint labeled “phagocytic activity”; however, this
was assessed by colorimetric NBT reduction rather than direct particle uptake. Moreover,
the tested cells were described as neutrophils in Methods and macrophages in Results. This
finding therefore cannot establish that phagocytosis was unaffected. Reduced lymphocyte
proliferation and immunoglobulin changes primarily concern adaptive immunity. Overall,
the study indicates modulation of several immune parameters under the tested conditions,
while direct evidence of altered innate effector function remains limited. The single-dose
design does not establish a dose-response relationship or an effect threshold, but the
administered dose shows that the MSG evidence base is not exclusively high-dose.

Other experiments have predominantly assessed immune-organ injury rather than
isolated innate effector functions. In adult male rats, MSG administered by gavage at 3
g/kg body weight/day for eight weeks was associated with oxidative stress, altered IL-13
and IL-10, and disruption of thymic and splenic architecture [119]. Some changes improved
after exposure ceased, although recovery differed between tissues. These findings concern
a repeated high-dose bolus and include substantial adaptive-immune involvement; they
do not directly demonstrate impaired microbial killing or resistance to infection.

Similarly, a rat study using oral MSG at 600 mg/kg body weight/day, alone or with a
high-lipid diet, reported splenic abnormalities [120]. This is an in vivo study and should
not be presented as evidence from direct incubation of immune cells. Its findings instead
contribute to the assessment of immune-organ responses under a defined dietary and
metabolic context.

Taken together, the available studies provide evidence of altered immune-cell profiles
and immune-tissue responses, but functional innate endpoints remain comparatively
limited. In particular, tissue ROS measurements, leukocyte counts, and histological injury
should be distinguished from cell-specific oxidative burst, phagocytosis, chemotaxis, and
microbial clearance.

7.3. Innate Immune Mediators and Barrier—Microbiota Interactions

MSG-associated cytokine changes vary with dose, tissue, and experimental context. In
the 90-day rat study, the cytokine panel included mediators associated with both inflamma-
tory and regulatory responses [20]. Accordingly, these findings should not be summarized
as a uniform increase in “pro-inflammatory cytokines,” particularly when IL-10 is included.
Furthermore, cytokines measured in whole tissues cannot identify their cellular source
without additional analyses.

Intestinal studies provide a complementary perspective. In mice, MSG at 30 mg/kg
did not significantly alter the assessed serum CRP, intestinal IL-1f3, IL-6, TNF-«, secretory
IgA, or fecal albumin, whereas the 1500 mg/kg condition was associated with intestinal
structural and microbiota disturbances [121]. These findings support dose-dependent differ-
ences within the tested model. Nevertheless, neither changes in cardiovascular-associated
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biomarkers nor shifts in particular bacterial genera establish clinical cardiovascular dis-
ease or a universally harmful microbial community. Likewise, the absence of changes in
the measured endpoints at the lower dose does not establish a general threshold for all
immune effects.

Conversely, a small human study examining MSG consumption at 2 g/day for four
weeks reported limited changes in gut microbiota composition and functional features [122].
This is relevant evidence under the tested intake conditions, but it addresses microbiome
outcomes rather than directly measuring innate immune-cell function. Its findings there-
fore should not be extended to exclude all immune effects or responses at other doses
and durations.

More direct barrier evidence comes from experiments using Caco-2 cells and gut-on-a-
chip models [123]. Exposure to 1% MSG reduced epithelial electrical resistance, increased
paracellular flux, and altered occludin staining. ROS increased after 24 h, while transcrip-
tomic findings implicated cellular stress, endoplasmic reticulum stress, mitochondrial
processes, and autophagy [123]. These observations support epithelial barrier injury under
direct exposure conditions, although cytotoxicity complicates attribution to a specific im-
mune mechanism. They also do not demonstrate downstream dysbiosis or inflammation
in an intact host.

A high-fat-diet mouse study additionally linked MSG-associated metabolic and im-
mune alterations with microbiota and short-chain fatty acid changes [124]. Such findings
support investigating interactions between exposure and metabolic status. However, mi-
crobiota associations and improvement following an intervention do not, by themselves,
establish that microbial changes caused the immune phenotype.

7.4. Mechanistic Interpretation

Oxidative imbalance and inflammatory signaling recur across MSG experiments, but
their immunological interpretation requires attention to the model. A rat study using
MSG at 600 mg/kg body weight/day by gavage for 28 days implicated TLR4-associated
signaling in thymic and splenic responses and reported attenuation following quercetin
treatment [21]. This supports an interaction between redox disturbance and inflammatory
pathways under the tested conditions. Nevertheless, improvement with a compound
possessing several biological activities does not alone establish that a single pathway is
necessary for MSG-associated injury.

In intestinal epithelial experiments, 4 mM N-acetyl-L-cysteine attenuated the ROS
increase associated with 1% MSG [123]. This strengthens evidence for a redox component
of the cellular response, but does not establish restoration of every barrier endpoint or pre-
vention of immune dysfunction. More generally, ROS accumulation should not be equated
with the regulated oxidative burst used by phagocytes during antimicrobial defense.

Neurotoxicity studies provide additional mechanistic context because glutamate
participates in neuronal signaling and excessive exposure can engage excitotoxic path-
ways [125,126]. MSG-related hippocampal changes in neonatal rats and neurotoxicity
experiments in adult male rats have implicated mitogen-activated protein kinase (MAPK)-
and NF-kB-associated responses [127,128]. Likewise, inflammatory and oxidative changes
have been reported in aged-rat spinal cord, testicular, brain, and renal models [129-132].
These findings demonstrate broader biological responses, but they do not independently
establish direct effects on innate immune cells.

Although neuroinflammation can involve innate immune mechanisms [133,134], neu-
ronal injury should therefore remain contextual unless the study identifies a relevant
immune-cell response or function. Maternal-exposure findings involving hypothalamic
NF-kB and Mammalian Target of Rapamycin (mTOR) signaling in offspring similarly
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inform developmental and metabolic susceptibility rather than direct dietary immunotoxi-
city in adults [135]. This distinction prevents the extensive organ-toxicity literature from
displacing the central question of innate immune modulation.

7.5. Evidence Limitations and Relevance to Human Dietary Exposure

The MSG literature contains heterogeneous exposure conditions and endpoints. Some
studies report immune-associated changes at comparatively low administered doses,
whereas others employ hundreds or thousands of milligrams per kilogram body weight,
repeated bolus administration, or metabolically altered animals [20,21,119-121]. Conse-
quently, neither a universal high-dose explanation nor a single dose threshold adequately
describes the evidence.

Human studies also require separation by the outcomes they measure. The NutriNet-
Santé findings cited here were published as a conference abstract and reported associations
between estimated dietary glutamate exposures and cardiovascular outcomes [136]. They
provide preliminary epidemiological context, but do not directly assess innate immune
function or demonstrate an immune mechanism underlying the association.

Similarly, studies and reviews of MSG-associated symptoms or allergic responses ad-
dress questions distinct from chronic innate immunotoxicity [117,137]. The reproducibility
of symptoms during controlled challenges cannot establish whether long-term exposure
alters phagocyte function, just as occasional symptoms cannot demonstrate immune injury.
An absolute dose expressed in grams for a human challenge must also be distinguished
from an animal dose expressed in grams per kilogram body weight.

Mechanistic support and dietary-exposure relevance should therefore be assessed sep-
arately. Pathway changes in exposed tissues or cultured cells establish biological responses,
while functional assays determine whether those changes affect immune performance.
Toxicokinetic evidence further demonstrates that concomitant food intake can substantially
modify internal exposure [118]. Accordingly, translation requires consideration of dose,
administration vehicle, food matrix, duration, developmental stage, and metabolic status.

The current evidence supports context-dependent modulation of immune-associated
parameters, but remains insufficient to define a consistent adverse innate immune effect at
customary human dietary intake. Future studies should combine realistic repeated dietary
exposure with cell-specific functional measurements and, where appropriate, host-defense
outcomes. The comparative synthesis presented in the following section should maintain
this distinction between mechanistic evidence and relevance to consumer exposure.

8. Cross-Compound Synthesis: Shared Mechanisms, Functional Evidence,
and Dietary-Exposure Relevance

Although imazalil, TBHQ, carrageenans, and MSG differ in chemical structure and
their roles in food-associated exposure, their reported biological effects intersect with re-
dox signaling, cytokine regulation, intestinal barrier-microbiota interactions, and innate
immune-cell responses [1,10]. However, convergence on these processes does not establish a
common initiating mechanism or equivalent immunotoxic potential. The comparison there-
fore distinguishes evidence of a molecular or cellular response from evidence of impaired
immune function and, separately, from evidence relevant to human dietary exposure.

8.1. Redox-Sensitive Signaling and Cytokine Regulation

Redox regulation provides a useful framework for comparison because ROS participate
in both antimicrobial defense and cellular signaling, whereas excessive or sustained produc-
tion can contribute to injury. Conversely, antioxidant responses can limit damage while also
modifying inflammatory activation [31-33,138]. Thus, neither increased ROS nor enhanced
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antioxidant signaling has an inherently adverse or protective immunological meaning;
interpretation depends on the cells involved and the resulting functional consequences.

TBHQ differs from the other compounds through its well-characterized activity as
an Nrf2 activator [16,33,63,67,68]. In macrophage experiments, antioxidant-related tran-
scriptional responses occurred alongside changes in inflammatory mediators and phago-
cytosis, whereas murine NK-cell experiments showed reduced activation markers and
effector-associated proteins [15,60]. Nevertheless, the established ability of TBHQ to
activate Nrf2 should not be confused with experimental demonstration that every ob-
served immune effect requires this pathway. The NK-cell and macrophage studies support
TBHQ-associated modulation, but do not independently establish Nrf2 dependence for all
measured endpoints.

Imazalil, carrageenan preparations, and MSG have also been associated with redox
disturbance and inflammatory signaling, although the evidence involves different tis-
sues and exposure conditions [11-13,17,21,100,123]. These observations support shared
downstream processes rather than an interchangeable mechanism across compounds. In
particular, tissue oxidative stress should be distinguished from the regulated oxidative
burst of a phagocyte, and altered NF-«B expression or activity should be distinguished
from demonstrated failure of host defense.

Cytokine responses are similarly heterogeneous. Changes in inflammatory, regulatory,
and tissue-associated mediators may reflect immune activation, compensatory responses,
or secondary effects of tissue injury [11-13,15-18,20]. Consequently, an increase or decrease
in an individual cytokine cannot be assigned a uniform direction of immunotoxicity. Inter-
pretation requires information about the stimulation context, cellular source, timing, and
accompanying functional or tissue-level outcomes.

8.2. Intestinal Barrier—Microbiota Interactions

The intestinal interface is relevant to dietary exposure, but the strength and na-
ture of evidence differ between compounds. Imazalil studies have reported microbiota
changes, altered mucus or barrier-associated parameters, and intestinal cytokine responses
in mice [11-13]. These findings support a relationship between exposure and intestinal
homeostasis; nevertheless, the simultaneous occurrence of microbial and immune changes
does not establish the direction of causality or identify a single responsible pathway.

For carrageenans, experimental evidence more directly illustrates the contribution of
microbial and dietary context. A mouse study linked microbiota and mucus-layer changes
with increased susceptibility to subsequent infectious inflammation [18]. Another study
showed different outcomes when native k-carrageenan was administered in drinking water
or incorporated into the diet, with inflammatory changes depending additionally on a
high-fat versus low-fat background [93]. These findings make vehicle and dietary matrix
integral parts of interpretation, rather than minor methodological details.

At the same time, epithelial responses cannot be generalized across carrageenan
preparations. Studies have reported both an absence of selected permeability or cytokine
effects under particular conditions and cytotoxic or barrier-associated changes in other
experimental systems [139,140]. The latter study compared k-, 1-, and A-carrageenan
and found subtype-dependent responses. Accordingly, comparisons require material
characterization, concentrations, exposure duration, and viability assessment; neither study
establishes the effects of all food-grade preparations during customary consumption.

MSG studies likewise show that intestinal outcomes depend on exposure condi-
tions. Mouse experiments reported different responses at 30 and 1500 mg/kg, while a
small human study found limited microbiota modulation during four weeks of intake at
2 g/day [121,122]. Conversely, direct epithelial exposure produced barrier and cellular-
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stress changes in vitro [123]. These results address different questions: a microbiome study
does not directly measure innate immune function, and epithelial injury in culture does
not establish an equivalent effect after ingestion.

For TBHQ, the studies emphasized here provide a clearer basis for immune-cell and
redox effects than for a shared microbiota-mediated mechanism [15,60]. Consequently, the
gut-immune interface is an important axis of comparison, but it should not be presented as
an equally demonstrated mechanism for all four compounds.

8.3. Innate Immune-Cell Function and Adverse Outcomes

Functional measurements provide information that cytokine profiles and pathway
analyses cannot supply alone. However, the reviewed assays vary in what they estab-
lish. Human ex vivo neutrophil experiments with imazalil measured particle uptake
and chemotaxis, providing direct evidence of altered effector processes under the tested
conditions [14]. Neither endpoint directly demonstrates microbial killing or recruitment
during infection.

Carrageenan studies include measurements of macrophage motility and phagocytic
activity, with responses differing between native polymers, degradation products, and
experimental settings [86]. Nevertheless, neutral-red uptake in a macrophage cell-line study
should not be treated as equivalent to direct particle engulfment or antimicrobial clear-
ance [85]. Such distinctions are essential when comparing apparently similar “functional”
findings across compounds.

TBHQ experiments demonstrate endpoint-specific responses. Macrophage phagocyto-
sis increased at a tested low concentration, while NO and IL-10 responses decreased at a
higher non-cytotoxic concentration [60]. In NK cells, reduced IFN-y, granzyme B, perforin,
and activation markers indicate changes in activation and effector potential [15]. However,
these measurements do not replace a target-cell killing assay. Protective outcomes reported
in a pharmacological antiviral model further show that TBHQ-associated modulation
cannot be assigned a uniformly suppressive direction [65].

For MSG, evidence is more heavily weighted toward leukocyte profiles, mediators, and
lymphoid-organ responses [20,21,119,120]. The study reported no change in an endpoint
labeled phagocytic activity, although this was assessed by colorimetric NBT reduction rather
than direct particle uptake; cell identity was reported inconsistently between Methods
and Results [20]. Consequently, the reviewed findings indicate immune-related responses,
while direct evidence of impaired phagocyte function remains limited.

Together, these studies support context-dependent immune modulation. Adverse
interpretation is stronger when cellular changes are linked to impaired clearance, altered
infection outcomes, or relevant tissue injury. Nevertheless, experimental adversity and
consumer risk remain separate questions: an adverse effect in a defined model does not
establish that ordinary dietary exposure produces the same outcome.

8.4. Weight of Evidence and Relevance to Dietary Exposure

A meaningful comparison requires separate consideration of mechanistic support and
exposure relevance. Mechanistic support depends on the specificity of the measurements,
experimental testing of pathway involvement, functional outcomes, consistency across
models, and independent replication. Conversely, dietary-exposure relevance depends
on the tested material, dose, administration conditions, food matrix, duration, and the
relationship between administered and internal exposure.

These dimensions do not necessarily increase together. Human-derived cells may
provide useful mechanistic evidence without reproducing human ingestion, while an
animal feeding study may approximate dietary administration but measure few specialized
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immune functions. Likewise, a non-cytotoxic culture concentration is not automatically
physiologically relevant, and correspondence with an ADI does not establish that an
experimental exposure reproduces consumer intake.

The distinction is particularly important for carrageenan, where native polymers,
degraded preparations, oligosaccharides, and poligeenan cannot be combined as a single
exposure [84]. Food co-ingestion can also modify systemic glutamate exposure after MSG
administration, illustrating why an oral bolus and consumption with meals should be
assessed separately [118]. For TBHQ), nominal culture concentrations cannot be converted
directly into dietary intake without toxicokinetic information.

Accordingly, Table 1 provides a descriptive comparison rather than a ranking of
immunotoxic potency or consumer risk. TBHQ has a well-characterized redox target,
but pathway dependence and functional adversity remain endpoint-specific. Imazalil
has a focused evidence base involving neutrophil responses and intestinal homeostasis.
Carrageenan has substantial structural and experimental heterogeneity, whereas MSG
findings vary with dose, administration conditions, and metabolic context. None of these
evidence patterns, on its own, establishes a complete chain from customary human dietary
exposure to clinically meaningful impairment of innate immunity.

Table 1. Cross-compound comparison of reported innate immune-related responses, mechanistic
support, and relevance to human dietary exposure.

Compound

Dietary Relevance and

Principal Evidence Mechanistic Interpretation Key Limitation

Imazalil [11-14]

Human cells do not
reproduce ingestion;
mouse oral regimens vary.

Neutrophil uptake /migration

and intestinal Direct neutrophil changes;

intestinal causal links

TBHQ [10,15,60-63]

inflammatory /barrier- . No demonstrated
. remain incomplete.
associated changes. consumer host-defense
impairment.
Macrophage suNrf)zrt(i pri) r;dser;ieiﬁc Cell concentrations, dietary
uptake/mediators, NK ppb P experiments and

models; not all endpoints.
Pharmacological antiviral
responses can differ in

activation/effector proteins,
preliminary influenza

intraperitoneal treatment
are distinct exposure

observations. . scenarios.
direction.
Preparation-dependent
phagocyte and epithelial Structural, Subtype, molecular weight,
Carrageenans [17-19,85- responses; epithelial-signaling and modification, matrix and
87,93,107,108,139,140] vehicle/challenge-dependent  microbiota evidence must host condition preclude a
intestinal findings; relevant remain model-specific. single general effect.
null results.
Immune Proﬁles /organ Dose, bolus delivery,
changes; unchanged Ti d ionali boli d
author-labeled NBT-based issue redox/ signaling meta. olic context an
MSG [20,21,119-123] “oh tic activity” in a k changes are not equivalent matrix matter. Human
Phagocytic activity 1 a XY 44 innate-cell dysfunction. microbiome data do not

study; intestinal and human

) . . measure innate function.
microbiome observations.

Mechanistic support and human dietary-exposure relevance are assessed separately. The descriptions
summarize the nature and consistency of the reviewed evidence; they are not formal risk-of-bias
grades, rankings of immunotoxic potency, or estimates of consumer risk. Study-level details are
provided in Tables S1-S4. E407 designates carrageenan as a food additive and is not specific to the
Kk subtype.
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9. Limitations and Evidence Gaps

The evidence reviewed for imazalil, TBHQ, carrageenans, and MSG originates pre-
dominantly from animal experiments, cell cultures, and short-term ex vivo studies, with
limited confirmation in humans. These approaches provide complementary information,
but substantial differences in exposure conditions, biological systems, and measured end-
points restrict direct comparison. Moreover, several experiments investigated general
toxicity, metabolic disturbance, or tissue inflammation rather than innate immunotoxicity
as a primary outcome. Consequently, immune-associated findings must be evaluated in
relation to the original study design: a change detected during organ injury may have
a different interpretation from a response demonstrated in viable immune cells or an
exposure-associated alteration in resistance to infection [3,24].

These limitations do not invalidate experimental evidence. Rather, they determine
which conclusions a study can support and where further confirmation is required. Molec-
ular responses, cellular functions, tissue injury, and organism-level outcomes represent
different levels of evidence, while relevance to dietary exposure constitutes a separate di-
mension. Their integration is therefore essential for distinguishing a biologically plausible
immune effect from an adverse response demonstrated under experimental conditions and,
ultimately, from a risk relevant to consumers.

9.1. Model Relevance and Characterization of Exposure

Animal models capture interactions among metabolism, epithelial barriers, intestinal
microbiota, and systemic immunity that cannot be reproduced in isolated cells. Neverthe-
less, species, strain, sex, age, and metabolic status can influence both internal exposure
and immune responsiveness. Translation therefore requires consideration of toxicokinetic
and biological differences rather than reliance on administered dose alone [141,142]. Fish
models provide additional opportunities to examine intestinal inflammation and host
defense, but their immune organization, physiology, and exposure conditions limit direct
extrapolation to mammalian dietary responses [143,144].

The reviewed evidence is not uniformly restricted to high doses or non-dietary admin-
istration. However, its exposure conditions vary sufficiently that a general classification
as either “dietary-relevant” or “supraphysiological” would obscure important differences.
MSG studies, for example, include comparatively lower-dose oral experiments alongside
repeated high-dose bolus administration and models involving altered metabolic condi-
tions [20,119,121,124]. Likewise, native carrageenans have produced different intestinal
outcomes depending on the administration vehicle and dietary background [93]. Exposure
relevance should consequently be evaluated study by study rather than inferred from the
compound name or the oral route alone.

Administered dose must also be distinguished from internal exposure. A dose ex-
pressed in mg/kg body weight does not specify the concentration reaching an immune
tissue, its duration, or the contribution of metabolites. Similarly, a dietary concentration
does not define the daily ingested dose without information about food consumption and
body weight. Repeated gavage, drinking-water administration, and incorporation into
food may differ in exposure timing and peak concentrations, even when estimated daily
doses are similar. Comparisons with human intake or regulatory reference values therefore
require compatible units and a justified toxicokinetic basis; numerical proximity to an ADI
is not sufficient to establish equivalent exposure.

For carrageenan, these considerations are compounded by material heterogeneity.
Subtype, molecular-weight distribution, degradation method, sulfate content, purity, and
formulation can influence biological responses. Food-grade polymers, deliberately de-
graded preparations, oligosaccharides, and poligeenan must therefore remain distinguish-
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able [56,84]. Nevertheless, molecular weight alone cannot account for all discrepancies:
the food matrix, vehicle, host microbiota, and inflammatory state also influence the ex-
perimental outcome [18,93]. Where characterization is incomplete, uncertainty should be
retained explicitly rather than resolved by assuming that a preparation was either native
or degraded.

In vitro and ex vivo studies introduce a different exposure problem because com-
pounds are applied directly to cells without the integrated processes of absorption, first-
pass metabolism, distribution, and elimination. Nominal concentrations in culture medium
may differ from freely available concentrations and from those achievable in intestinal
or systemic compartments. Compound stability, binding to medium components, and
exposure duration can further affect the cellular dose. Accordingly, extrapolation requires
toxicokinetic information and identification of the biological compartment represented by
the assay [145-148]. Repeated exposure may also produce adaptation or delayed effects
that a single short incubation does not capture; conversely, prolonged direct contact in
culture may not reproduce the changing concentrations experienced in vivo.

9.2. Cellular Models, Assay Specificity, and Adversity

Cellular systems permit controlled examination of signaling and effector processes,
but their responses depend on cell origin, differentiation state, culture conditions, and stim-
ulation protocol [149,150]. Immortalized lines offer reproducibility and experimental acces-
sibility, yet may differ from primary cells in phenotype and inflammatory responsiveness,
as discussed for RAW 264.7 macrophages [151]. Primary cells improve biological relevance
but introduce donor variability and can undergo changes during isolation and culture.
Neither approach is therefore intrinsically sufficient: confidence increases when findings
are reproduced in complementary systems that address the same biological question.

Human ex vivo neutrophil experiments improve species relevance, but direct incu-
bation remains distinct from dietary exposure [14]. Their interpretation also depends on
the cellular preparation. Responses measured in purified or enriched cells may differ from
those obtained in mixed leukocyte preparations, where interactions among cell populations
can contribute to the outcome. Likewise, effects observed in unstimulated cells should be
distinguished from those detected after LPS, receptor agonists, or pharmacological acti-
vation. Suppression of an experimentally induced response does not necessarily indicate
impaired basal function, while enhancement of a resting-cell signal does not necessarily
improve performance during infection.

Assay specificity is particularly important when interpreting functional evidence.
Particle uptake establishes an engulfment-related process but does not measure intracel-
lular killing or pathogen clearance. Chemotaxis in an experimental chamber measures
migration under defined conditions rather than successful recruitment within an infected
tissue [14]. Similarly, NK-cell activation markers and granzyme or perforin expression
indicate activation and effector potential, but do not replace a target-cell killing assay [15].
Neutral-red uptake should also be distinguished from direct particle-engulfment measure-
ments [85]. These endpoints remain informative, provided that the conclusions reflect what
was actually measured.

Comparable caution applies to oxidative endpoints. ROS accumulation in a tissue
homogenate or epithelial culture does not identify its cellular source and should not be
equated with a regulated phagocyte oxidative burst. Extracellular DNA release can accom-
pany several cellular processes and therefore requires complementary evidence before being
attributed to NET formation. Differences in assay timing are also consequential: an early
activation response, a delayed loss of function, and a recovery-phase measurement may
describe different stages of the same biological process rather than contradictory effects.
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Viability assessment is necessary because reduced mediator output or apparent sup-
pression of activation can accompany cell loss or altered metabolic activity [103]. However,
a viability-associated metabolic assay does not independently identify the mechanism of
cell injury, and preservation of viability does not establish preservation of immune com-
petence. Consequently, immune endpoints should be interpreted alongside appropriate
measures of cell number and viability, while recognizing that an effect at a non-cytotoxic
concentration is not automatically adverse or exposure-relevant.

Cytokine, transcriptional, and oxidative-stress findings can contribute to hazard iden-
tification, but an isolated change does not establish an adverse immune effect [3]. Their
significance is stronger when supported by convergent functional evidence, relevant tissue
injury, or organism-level outcomes [24,25]. Conversely, unchanged phagocytosis does not
exclude effects on other immune functions, just as altered cytokines do not demonstrate
that phagocytosis or microbial killing has been impaired. A balanced interpretation must
therefore retain both positive and unchanged endpoints rather than selecting only those
consistent with a general label of immune stimulation or suppression [20,60].

9.3. Causality, Replication, and Evidence Coverage

A recurring limitation is the distance between pathway-associated observations and
causal demonstration. Changes in receptor expression, transcription-factor activity, or
pathway-enriched gene sets identify candidate mechanisms, but do not establish that a
pathway is necessary for the measured response. Confidence is greater when pathway in-
volvement is tested experimentally, and the intervention changes the relevant functional out-
come. This distinction is particularly important when a compound has a well-established
molecular activity, such as Nrf2 activation by TBHQ: that activity cannot automatically be
assigned as the cause of every immune endpoint observed after exposure [15,60].

Experiments using protective interventions require similar caution. Attenuation of
an MSG-associated response by quercetin supports the biological responsiveness of the
model, but a compound with multiple antioxidant and signaling activities does not isolate
a single causal mechanism [21]. Moreover, improvement in biochemical or histological
markers does not necessarily establish restoration of host defense. Protective-intervention
studies are therefore useful mechanistic evidence, provided that prevention of a particular
experimental phenotype is distinguished from confirmation of a complete exposure-to-
adversity pathway.

For microbiota-associated effects, the central question is whether microbial changes
initiate an immune response, arise from tissue injury, or occur in parallel with other
exposure effects. This uncertainty is not uniform across studies. Carrageenan experiments
incorporating fecal transfer provide evidence of a microbiota-mediated contribution under
specific conditions [18]. Nevertheless, transfer of an exposure-associated phenotype does
not by itself identify the responsible organism, metabolite, or microbial interaction, nor
establish that the mechanism operates with another preparation or in humans. Broader
interpretation remains constrained by variation in donor communities, recipient conditions,
dietary background, and experimental design [152].

Independent replication is also uneven. Several influential imazalil findings concern-
ing intestinal homeostasis and maternal or multigenerational exposure originate from a
limited set of related studies [11-13]. These studies contribute distinct observations, but
confirmation across laboratories, biological backgrounds, and exposure designs would
strengthen generalizability. More broadly, evidence coverage should not be confused
with replication: multiple reports of oxidative stress in different organs do not necessarily
confirm the same innate immune mechanism, and several endpoints measured in one
experiment do not constitute independent evidence.
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Dose-response information is similarly incomplete. A single-dose experiment can
establish an effect under the tested conditions but cannot define an effect threshold, re-
sponse shape, or exposure range over which the finding persists. Conversely, several tested
doses do not automatically establish a general non-monotonic relationship, particularly
when endpoint-specific responses have not been independently reproduced. Exposure
duration and recovery measurements introduce further dimensions: reversibility may help
characterize persistence, but does not establish that an effect was harmless while present.

Finally, the literature encompasses biological outcomes that are relevant but not inter-
changeable. Adaptive immunity, tumor responses, neurotoxicity, developmental effects,
and findings in non-mammalian species can inform mechanisms or susceptibility. However,
they should remain distinguishable from direct evidence of altered innate immune function
following dietary exposure. This separation is particularly important in narrative synthesis,
where a large body of contextual literature can otherwise create an impression of stronger
direct evidence than is available.

9.4. Human Evidence and Boundaries of Inference

The principal translational gap is the limited availability of human studies combining
characterized dietary exposure with objective innate immune endpoints. Human-derived
cell experiments, microbiome studies, symptom challenges, and epidemiological associ-
ations each address different questions [14,108,122,136]. Their integration is informative,
but one evidence type cannot substitute for another. In particular, absence of a microbiota
change does not establish preservation of phagocyte function, and an association with a
systemic inflammatory marker does not identify the affected immune-cell population or
demonstrate causality.

Human observational studies also depend on the accuracy and scope of exposure as-
sessment. Food categories, ingredient information, or beverage form may serve as exposure
proxies without quantifying the total ingested dose [108]. Associations can additionally re-
flect correlated dietary patterns, metabolic conditions, or other exposures. These limitations
do not make observational findings uninformative, but they constrain attribution to an
individual compound and require distinction between hypothesis-generating associations
and confirmed immune effects.

Clinical relevance further depends on whether a response is local or systemic, tran-
sient or persistent, and compensatory or damaging. A short-lived cytokine change may
differ substantially from sustained loss of an effector function, while intestinal injury may
have immunological significance without producing a measurable systemic inflamma-
tory response. Consequently, failure to detect a systemic biomarker does not exclude a
local effect, and a local experimental response does not establish clinically meaningful
systemic impairment.

These uncertainties constrain conclusions about consumer risk without negating the
experimental findings. The reviewed evidence supports compound- and context-dependent
biological responses, but their persistence and adverse significance at customary human
dietary exposure remain incompletely established. The following section therefore focuses
on research priorities that connect characterized exposure and internal dose with molecular
responses, immune function, and relevant adverse outcomes, rather than treating additional
biomarker measurements alone as sufficient resolution of the current gaps.

10. Implications for Risk Assessment and Research Priorities
10.1. Implications for Food-Safety Risk Assessment

The findings reviewed here have implications for the selection and interpretation
of immune endpoints in food-safety assessment, although they do not establish adverse
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effects at customary human dietary exposure. Regulatory context also differs among the
compounds: TBHQ, carrageenan, and MSG are evaluated as food additives, whereas
imazalil is assessed within pesticide frameworks, including consideration of residues in
food [153,154]. Consequently, their comparison is useful for identifying shared biological
questions but should not imply identical authorization procedures or exposure limits.

Current food-additive assessments consider established toxicological endpoints and
can require additional immunotoxicity testing when available evidence indicates poten-
tial immune effects [153]. The central challenge is therefore to determine whether the
experimental findings reviewed here warrant more targeted investigation and, if so, which
endpoints would be informative. Changes in cytokines, oxidative stress markers, or
immune-related transcription may help identify candidate mechanisms, but their contribu-
tion to hazard characterization depends on their association with functional changes, tissue
injury, or other adverse outcomes [3].

Similarly, the derivation of an ADI from experimental toxicology does not, by itself,
demonstrate that chronic low-dose effects have been overlooked. Rather, uncertainty arises
where exposure duration, internal dose, or immune endpoints have not been adequately
characterized. Although non-monotonic responses have been discussed extensively in
other toxicological contexts, particularly endocrine disruption, such observations can-
not establish non-monotonic innate immune effects for the four compounds considered
here [155,156]. Appropriate dose-response studies are therefore needed before concluding
that conventional approaches underestimate their immunological effects.

Microbiota composition, epithelial barrier function, and immune signaling may
provide additional information where these processes are implicated in a compound’s
activity [157-160]. Nevertheless, an altered microbial profile is not inherently adverse, and
its interpretation requires evidence of associated metabolic, epithelial, or immune conse-
quences. Integrating these measurements with functional outcomes could strengthen assess-
ment without treating every molecular or microbial change as evidence of consumer risk.

10.2. Exposure-Relevant Studies and Individual Susceptibility

Resolving these uncertainties requires experimental designs that connect administered
exposure with the concentrations and chemical forms encountered at relevant biological
sites. Repeated oral administration through a characterized diet is particularly informative
for food-associated compounds because the food matrix can influence dissolution, digestion,
microbial transformation, and absorption. Drinking-water exposure may also be useful,
but it should be distinguished from administration with food. Likewise, gavage offers
controlled dosing while producing bolus exposure kinetics that may differ from those
associated with distributed dietary intake.

Dose selection should incorporate estimated consumption, relevant regulatory refer-
ence values, and compound-specific toxicokinetics. Simple body-surface-area conversion
can provide an initial comparison between animal and human doses, but it cannot establish
equivalent internal exposure or immunological sensitivity [161]. An ADI should therefore
be treated as a regulatory reference rather than an experimental target whose numerical
matching proves dietary relevance. Where possible, measurements of the parent compound
and relevant metabolites should accompany functional assessments, allowing effects to be
related to internal exposure.

For in vitro and ex vivo studies, concentration selection should similarly be informed
by available toxicokinetic data or physiologically based kinetic modeling [162]. Nominal
medium concentrations may differ from the concentrations available to cells because of
protein binding, adsorption, instability, or metabolism [163]. Moreover, concentrations
plausible within the intestinal lumen may not be plausible in blood or peripheral immune

https://doi.org/10.3390/ijms27219580


https://doi.org/10.3390/ijms27219580

Int. J. Mol. Sci. 2026, 27, 9580

26 of 36

tissues. These distinctions are especially important when extrapolating effects in isolated
immune cells to oral exposure.

Exposure duration and sampling schedules should allow transient responses to be
distinguished from persistent changes. Repeated measurements and exposure-free recovery
periods can help determine whether an effect resolves, accumulates, or emerges through
compensatory processes. Long-term mixture experiments reporting redox adaptations and
perturbations illustrate the importance of dose and time, although such findings do not
constitute direct evidence of innate immune impairment by the four compounds reviewed
here [164].

Individual susceptibility should also be examined rather than assumed. Childhood
dietary exposure and additive-associated hypersensitivity provide reasons to consider life
stage and pre-existing conditions, but they do not establish greater innate immune sensitiv-
ity to all four compounds [165,166]. Studies should therefore evaluate sex, age, metabolic
status, baseline inflammation, and relevant disease states while distinguishing responses
in otherwise healthy organisms from effects that depend on an existing inflammatory or
metabolic disorder. Human investigations, where feasible, could combine dietary exposure
assessment with repeated immune measurements and functional assays, while accounting
for background diet, medication, infection, and other major determinants of immune status.

10.3. Mixtures and Persistent Innate Immune Responses

Because food-associated exposures occur within complex diets, single-compound
studies cannot fully resolve the consequences of co-exposure. However, simultaneous
exposure does not necessarily imply synergistic toxicity. Mixture experiments should
include individual-compound controls and an explicit reference model against which
additive, antagonistic, or synergistic responses can be evaluated [167]. Combinations
and relative concentrations should be selected from documented dietary co-exposure
rather than solely because the compounds share a proposed mechanism or appear in the
same review.

The available mixture evidence also requires balanced interpretation. For example, a
study examining eight common food additives, individually and in combination, did not
detect significant changes in the assessed short-chain fatty acid production or microbiota
dysbiosis parameters [168]. This finding neither establishes universal mixture safety nor
supports a general claim of microbiota-mediated synergy. Instead, it demonstrates the
importance of specifying the tested mixture, exposure conditions, model, and endpoints.
Future investigations should extend such comparisons to epithelial and immune functions
where justified, allowing microbial changes—or their absence—to be interpreted alongside
host responses.

Whether these compounds induce persistent innate immune reprogramming remains
unresolved. Testing trained immunity would require an initial exposure, a recovery period
sufficient to exclude residual compound activity, and a subsequent challenge, with func-
tional secondary responses assessed alongside metabolic or epigenetic changes. Persistent
injury, altered cell composition, and immune tolerance would need to be distinguished
from trained immunity.

10.4. Functional Endpoints, Multi-Omics, and Candidate Adverse Outcome Pathways

Across these research priorities, endpoint selection should follow the biological ques-
tion. Phagocytosis and microbial killing are relevant when phagocyte function is implicated,
whereas target-cell killing is needed to establish changes in NK cytotoxicity. Chemotaxis,
stimulus-dependent oxidative burst, barrier integrity, and resistance to infection may pro-
vide complementary information in appropriate models. No single assay panel is sufficient
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for every compound or mechanism; instead, functional measurements should test whether
the molecular changes identified in a study have meaningful consequences [3].

Primary human immune cells, intestinal organoids, epithelial-immune co-cultures,
and microbiota-containing systems can help investigate these relationships under controlled
conditions. Their value lies in addressing specific limitations of conventional models
rather than replacing all animal evidence. Integrated designs could, for example, test
whether an epithelial or microbial perturbation generates signals that subsequently alter
immune-cell function, and whether these effects are reversible or dependent on the host’s
inflammatory state.

Multi-omics approaches offer additional opportunities to identify coordinated changes
in transcription, proteins, metabolites, and microbial activity [169,170]. Nevertheless,
molecular signatures remain exploratory unless they are reproduced and linked to rel-
evant biological functions. A shared set of reporting requirements—covering material
characterization, exposure conditions, viability, sampling time, and endpoint definitions—
would improve comparability, while functional assays could be selected according to the
suspected mechanism.

An adverse outcome pathway framework can help organize this evidence by distin-
guishing molecular initiating events, intermediate key events, and adverse outcomes [3,171].
However, a changed transcript or enrichment of an immune-related pathway should not
automatically be designated a molecular initiating event. Candidate relationships require
evidence of temporal order, dose concordance, biological plausibility, and, where feasible,
experimental perturbation showing that an upstream event contributes to a downstream
effect (Table 2).

Table 2. Candidate relationships for organizing future mechanistic studies.

Candidate Sequence

Evidence Supporting Parts of

the Sequence Knowledge Gap

TBHQ cellular and animal studies The entire sequence is not demonstrated

Redox signaling — immune-cell address different parts of this in one dietarv model. Pathway necessit
activation — effector change — sequence [15,60,63,65]; influenza internal ex Zsure aﬁ d direct }f,unctiona}ll,
altered infection control abstracts add preliminary P ’

observations [61,62]. outcomes have not been established

Intestinal exposure —

Resolve temporal direction, microbial
Imazalil and carrageenan studies versus epithelial contributions,

microbiota/barrier alteration —  examine microbial, mucus, mediator, material/matrix effects, and persistence
immune signaling — persistent and challenge-associated outcomes  remain unresolved. These sequences are

injury or dysfunction

[11-13,18,93]. hypotheses, not validated adverse
outcome pathways (AOPs).

These candidate sequences should guide hypothesis testing rather than imply a com-
plete causal chain for every compound. Quantitative links between exposure, key events,
and adverse outcomes would strengthen mechanistic confidence, but risk characterization
would still require information on human exposure and susceptibility.

A coordinated strategy could therefore combine exposure-informed mechanistic exper-
iments, repeated oral studies with targeted functional endpoints, and human investigations
where justified. Controlled dietary studies within applicable safety constraints could
assess reversibility and short-term functional responses, whereas longitudinal studies
incorporating exposure biomarkers could examine longer-term associations. Together,
these approaches would help determine which experimentally observed changes represent
transient or compensatory responses and which, if any, translate into adverse immune
outcomes during human dietary exposure.
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11. Conclusions

This review examined evidence on the effects of four structurally and functionally
distinct food-associated xenobiotics—imazalil, TBHQ, carrageenans, and MSG—on cellular
and humoral components of innate immunity. Despite their different chemical properties
and dietary sources, reported effects involve several interconnected processes, including
redox-sensitive signaling, cytokine regulation, intestinal barrier-microbiota interactions,
and innate immune cell function. Nevertheless, these shared processes do not imply
equivalent mechanisms, adverse effects, or consumer risks across compounds.

TBHQ has a comparatively well-characterized connection to Nrf2 activation, alongside
experimental evidence of altered macrophage and NK cell responses; however, Nrf2 depen-
dence has not been established for every reported immune effect. Evidence for imazalil
is more limited in breadth and includes altered neutrophil functions and intestinal home-
ostasis, with insufficient independent replication and confirmation during human dietary
exposure. For carrageenans, interpretation requires careful differentiation of food-grade
polymers from degraded preparations and other derivatives while also accounting for vehi-
cle, host condition, and experimental model. The MSG literature is broader, but its relevance
varies substantially with dose, administration route, life stage, and metabolic context.

Taken together, the findings support context-dependent innate immune modulation in
experimental systems. However, the predominantly preclinical evidence does not establish
clinically meaningful impairment of innate immunity at customary human dietary exposure.
Changes in cytokines, oxidative stress markers, or immune-related gene expression can
inform mechanistic interpretation, but do not alone demonstrate adversity. Conversely,
altered cellular functions warrant further investigation without necessarily establishing
impaired host defense in an intact organism.

The principal unresolved question is therefore whether the observed changes occur at
relevant internal exposures, persist beyond exposure, and translate into adverse functional
outcomes. Addressing this question requires exposure-informed studies that link molecular
findings to appropriate immune functions and organism-level consequences. Such evidence
would clarify the contribution of innate immune endpoints to food-safety assessment while
maintaining the distinction between mechanistic plausibility, hazard identification, and
risk under actual dietary conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

ADI Acceptable Daily Intake

AOP Adverse Outcome Pathway
CCL2 Chemokine (C-C motif) Ligand 2
CD Cluster of Differentiation

CGN Carrageenan

CRP C-Reactive Protein

DNA Deoxyribonucleic Acid

EFSA European Food Safety Authority
ICAM-1 Intercellular Adhesion Molecule 1
IFN-y Interferon-y

Ig Immunoglobulin

IL Interleukin

IMZ Imazalil

JECFA Joint FAO/WHO Expert Committee on Food Additives
LPS Lipopolysaccharide

MAPK Mitogen-Activated Protein Kinase
mRNA Messenger Ribonucleic Acid

MSG Monosodium Glutamate

mTOR Mammalian Target of Rapamycin

NBT Nitroblue Tetrazolium

NF-«B Nuclear Factor kappa B

NHANES National Health and Nutrition Examination Survey
NK Natural Killer

NO Nitric Oxide

Nrf2 Nuclear Factor Erythroid 2-Related Factor 2
RNA Ribonucleic Acid

ROS Reactive Oxygen Species

TBHQ tert-Butylhydroquinone

Th T Helper Cell

TLR Toll-Like Receptor

TNF-« Tumor Necrosis Factor-o

TNBS Trinitrobenzene Sulfonic Acid

k-CGN k-Carrageenan
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