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Abstract

Inflammatory bowel disease (IBD) is a chronic, immune-mediated gastrointestinal disorder.
Although genetic susceptibility contributes to disease risk, it cannot explain the rapidly
rising incidence, implicating environmental drivers. Diet has emerged as a key factor,
especially the growing global consumption of ultra-processed foods (UPFs), characterised
by extensive use of industrial food additives. While epidemiological studies increasingly
associate UPF consumption with IBD risk, the underlying biological mechanisms remain
insufficiently integrated. This review examines how UPF consumption contributes to IBD
pathogenesis and whether dietary modification offers a more comprehensive therapeutic
approach than immune inhibition alone. The evidence demonstrates that UPFs, particularly
their additive components, disrupt gut homeostasis through converging mechanisms that
closely align with IBD pathogenesis. By promoting dysbiosis, impairing mucus and epithe-
lial barrier integrity, inducing endoplasmic reticulum stress, and activating inflammatory
pathways such as the NLRP3 inflammasome, food additives sustain the self-perpetuating
cycle of intestinal inflammation characteristic of IBD. Although immune dysregulation is
central to disease expression, evidence indicates that it is largely driven by upstream dis-
turbances in the gut environment. Current immune-targeted therapies control symptoms
but do not address these upstream drivers. In contrast, dietary modulation, particularly
reducing UPF exposure, offers a system-level strategy to restore gut homeostasis and com-
plement existing treatments. Together, these findings support a shift in IBD research and
management toward targeting upstream drivers of inflammation to improve long-term
disease control and ultimately mitigate the growing global burden of IBD.

Keywords: ultra-processed foods (UPFs); food additives; inflammatory bowel disease
(IBD); NLRP3 inflammasome; dysbiosis; diet modulation

1. Introduction

Inflammatory bowel disease (IBD) is a chronic, immune-mediated disorder of the
gastrointestinal (GI) tract that affects more than 3.8 million individuals worldwide, with
prevalence continuing to rise globally [1]. IBD encompasses two main clinical subgroups:
Crohn’s disease (CD) and ulcerative colitis (UC). CD is characterised by discontinuous
“skip” lesions, ulceration, and strictures that may occur throughout the entire GI tract,
with inflammation extending across all layers of the intestinal wall [2]. In contrast, UC
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is restricted to the colon and rectum and presents with continuous inflammation limited
primarily to the mucosal and submucosal layers [3]. Both conditions follow a relapsing—
remitting disease course, with alternating periods of remission and active inflammation,
and commonly present with symptoms such as abdominal pain, diarrhoea, weight loss,
and fatigue [3,4]. The aetiology of IBD is multifactorial and incompletely understood.
Current models propose that disease arises from a dysregulated immune response to
intestinal microbes in genetically susceptible individuals, shaped by interactions between
host genetics, immune regulation, gut microbiota, and environmental exposures. Among
the innate immune pathways involved in IBD, the NOD-like receptor family pyrin domain—
containing 3 (NLRP3) inflammasome has emerged as a central regulator of inflammatory
signalling at the gut-microbiota interface, responding to microbial products, epithelial
stress, and barrier disruption [5]. Genome-wide association studies (GWAS) have identified
more than 240 genetic susceptibility loci associated with IBD, many of which are involved in
innate and adaptive immune signalling, autophagy, microbial sensing, and maintenance of
epithelial barrier integrity [6,7]. While these findings highlight a clear genetic contribution,
they are insufficient to explain the rapid increase in IBD incidence observed over recent
decades. Between 1990 and 2021, the global prevalence of IBD increased by 88.3% [1].
Historically, IBD was most prevalent in Western countries such as those in Europe and
North America. However, incidence is now rising rapidly in newly industrialised regions
adopting Westernised lifestyles and dietary patterns, including parts of Asia where IBD
was previously rare [8,9]. Migration studies further support the role of environmental
influences: individuals relocating to Western countries often exhibit marked changes in
gut microbiome composition and function, including reduced microbial diversity and
enrichment of the pro-inflammatory taxa [10,11]. These observations strongly suggest
that environmental and lifestyle factors, rather than genetics alone, are key drivers of the
expanding global IBD burden.

Diet represents one of the most influential and modifiable environmental factors
implicated in IBD risk. Multiple epidemiological studies indicate that dietary patterns
significantly affect disease development. In a large European prospective cohort of 413,590
participants followed for 14 years, 179 incident cases of CD and 431 cases of UC were iden-
tified. Higher consumption of unprocessed and minimally processed foods was associated
with a reduced risk of CD, whereas no significant association was observed for UC [12].
Complementary evidence from a case—control study in Iran reported that adherence to
an “unhealthy” dietary pattern, characterised by high intake of processed and red meats,
high-fat and processed dairy products, animal fats, refined sugars, and processed desserts,
was associated with an increased risk of UC. In contrast, adherence to a “healthy” dietary
pattern rich in fruits, vegetables, nuts, fish, low-fat dairy products, and vegetable oils, all
minimally processed, exerted a protective effect against UC [13]. These dietary patterns
are closely aligned with the Western diet, which is characterised by high consumption of
ultra-processed foods (UPFs). UPFs account for approximately half of total caloric intake
in many high-income countries, with consumption rapidly increasing worldwide [14].
This dietary shift parallels the rising incidence of chronic non-communicable inflamma-
tory diseases, including IBD, prompting growing interest in a potential causal link [15,16].
Large prospective cohort studies have reported associations between high UPF intake and
increased risk of IBD, particularly CD [17]. However, observational data alone cannot
establish causality, highlighting the need for mechanistic investigation.

A defining feature of UPFs is their extensive use of industrial food additives, including
emulsifiers, thickeners, artificial sweeteners, and colourants. Although these additives
are approved as safe based on traditional toxicological assessments, emerging evidence
suggests that several may adversely affect gut homeostasis [18]. In recent years, attention to

https:/ /doi.org/10.3390/immuno6020024


https://doi.org/10.3390/immuno6020024

Immuno 2026, 6, 24

30f 32

UPF consumption has increased substantially; however, the specific role of individual food
additives and their potential effects on intestinal barrier function and inflammation remain
relatively underexplored [19]. UPFs are often primarily characterised by their high salt,
sugar, and fat content, while it is frequently overlooked that food additives are increasingly
used to reduce these components and create the perception of a healthier product. This
emphasis risks framing UPFs as a dietary problem that can be addressed mainly through
nutrient reformulation, thereby overlooking the possibility that food additives themselves
may independently and substantially contribute to disease pathogenesis [19]. Consistent
with this perspective, current public health dietary guidelines predominantly emphasise
reductions in salt, sugar, and fat intake, yet they seldom address UPF consumption or
the widespread use of industrial food additives. Consequently, the specific contribution
of UPFs, and particularly their additive components, to intestinal inflammation remains
poorly defined. In light of these knowledge gaps, this review focuses specifically on these
food additives as potential contributors to IBD pathogenesis. The additives discussed were
selected based on their widespread use in food processing and the availability of mechanis-
tic and experimental evidence. The central research questions addressed are: (i) how does
UPF consumption contribute to IBD pathogenesis through disruption of gut homeostasis
and activation of the NLRP3 inflammasome; and (ii) can dietary modification provide a
more comprehensive therapeutic approach to IBD than immune inhibition alone? This
review first outlines the mechanistic framework underlying intestinal homeostasis and IBD
pathogenesis, with particular emphasis on host-microbiota—-immune interactions. It then
synthesises current evidence on the effects of common food additives on gut microbiota,
epithelial integrity, and inflammatory signalling pathways. Finally, it discusses the thera-
peutic implications of these findings, arguing that diet represents a critical and modifiable
factor that may complement existing pharmacological strategies in the management of IBD.

2. Mechanistic Framework of IBD Pathogenesis

IBD arises from a complex interplay between the gut microbiota, the intestinal ep-
ithelial barrier, and the mucosal immune system. Disruption of this tightly regulated
network leads to loss of intestinal homeostasis and sustained inflammatory signalling. This
chapter outlines the mechanistic framework underlying IBD pathogenesis, focusing on
how dysbiosis, barrier dysfunction, and immune dysregulation interact to drive chronic in-
testinal inflammation. Particular attention is given to the role of the NLRP3 inflammasome
as a central integrator of microbial, epithelial, and stress-derived signals that perpetuate
ongoing intestinal inflammation.

2.1. Role of the Gut Microbiota in IBD

In a healthy intestine, the gut microbiota exists in a stable and diverse ecosystem
in which commensal species coexist with potentially pathogenic microbes in a balanced
manner [20]. This relationship is fundamentally mutualistic: the human gut provides a
nutrient-rich environment for microbial communities, while the microbiota contributes
essential functions that support host physiology. These include nutrient metabolism, regula-
tion of mucosal immune responses, and reinforcement of epithelial barrier integrity [21,22].
In addition, commensal microbes protect the host against enteric pathogens by competing
for nutrients and ecological niches [23]. Diet plays a key role in maintaining this balanced
microbial ecosystem. Fibre-rich diets promote the growth of beneficial bacterial species
that ferment dietary fibre into short-chain fatty acids (SCFAs), such as acetate, propionate,
and butyrate. Among these, butyrate is particularly important for intestinal homeostasis,
acting through multiple mechanisms by which the microbiota supports epithelial barrier
integrity and limits inappropriate immune activation [24].
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One of the central hallmarks of IBD is a pronounced and persistent disruption of this
microbial balance, commonly referred to as dysbiosis. Both human and animal studies
consistently demonstrate long-lasting alterations in the gut microbiome of individuals with
IBD [25-28]. In a longitudinal multi-omics study of 132 patients, Lloyd-Price et al. [29]
identified functional dysbiosis throughout the disease course, characterised by disrupted
microbial activity during inflammatory flares and impaired microbial transcription. Impor-
tantly, emerging evidence suggests that dysbiosis may precede clinical disease onset [29]
and may predict relapse and remission dynamics in IBD [30], highlighting its potential
role as both a driver and biomarker of disease. Dysbiosis in IBD is marked by a reduction
in overall microbial diversity, typically reflected by decreased «-diversity [21], alongside
a taxonomic shift from beneficial commensals toward pro-inflammatory and pathogenic
taxa [31]. Several health-associated bacterial groups are consistently depleted, includ-
ing members of the Firmicutes and Bacteroidetes phyla and genera such as Lactobacillus,
Bifidobacterium, and Eubacterium [32,33]. In parallel, there is an expansion of inflammation-
associated taxa, particularly within the Enterobacteriaceae family, notably Escherichia coli
(E. coli), as well as Fusobacterium and Ruminococcus gnavus [31,34]. Of particular relevance
to IBD pathogenesis are adherent-invasive E. coli (AIEC) strains. These bacteria possess
the ability to adhere to the intestinal epithelium, invade and survive within host cells, and
persist intracellularly, thereby sustaining chronic inflammatory signalling. The expansion
of such pathobionts further links dysbiosis to epithelial barrier disruption and immune
activation, reinforcing the self-perpetuating inflammatory loop characteristic of IBD.

2.2. Barrier Dysfunction and Intestinal Permeability in IBD

The intestinal epithelial barrier constitutes the first line of defence against luminal
pathogens and harmful antigens. Its integrity depends on both epithelial tight junctions,
comprising proteins such as occludin, claudins, and zonula occludens-1, and an intact mu-
cus layer that physically separates the microbiota from the epithelial surface [35]. Together,
these structures regulate paracellular permeability while preventing inappropriate immune
activation. In the colon, the mucus layer is organised into two distinct layers composed
primarily of MUC2 mucin secreted by goblet cells. The inner mucus layer forms a dense,
bacteria-free barrier that prevents microbial contact with the epithelial surface, whereas the
outer layer is more porous and serves as a niche for microbial colonisation by providing
adhesion sites and mucin-derived nutrients [36,37]. Microorganisms inhabiting this niche
constitute the mucosa-associated microbiota. Due to their close proximity to the epithelium,
these microbes exert a strong influence on immune signalling, metabolic processes, and
barrier maintenance, in part by stimulating mucus production [38,39]. Under healthy
conditions, the gut microbiota actively supports barrier integrity through the production
of SCFAs, particularly butyrate. Butyrate strengthens epithelial tight junctions, enhances
mucus production, and exerts anti-inflammatory effects that collectively promote intestinal
homeostasis, through both its role as the primary energy source for colonocytes and its sig-
nalling and epigenetic functions [40,41]. Clinical studies further indicate that preservation
of SCFA production, especially butyrate, is associated with prolonged remission in patients
with IBD [40].

Dysbiosis profoundly disrupts these protective mechanisms. Loss of microbial di-
versity is accompanied by a reduction in SCFA-producing bacteria and an increase in
pro-inflammatory microbial metabolites, both of which compromise epithelial barrier
integrity and promote immune dysregulation. Consequently, dysbiosis contributes to thin-
ning of the mucus layer, impaired tight junction assembly, leading to increased intestinal
permeability, features that are characteristic of IBD. Accumulating evidence indicates that
impaired intestinal barrier function and increased permeability play a central role in IBD
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pathogenesis [42,43], leading some authors to describe IBD as a disease fundamentally
rooted in barrier dysfunction [44]. Clinical studies have consistently reported increased
paracellular permeability in IBD patients [45], accompanied by structural abnormalities in
tight junctions and reduced expression of key junctional proteins [46]. In UC, barrier defects
are further compounded by goblet cell depletion, thinning of the mucus layer, and altered
mucin composition [47]. The importance of barrier integrity is further supported by genetic
studies identifying variants in genes involved in the epithelial barrier that have been asso-
ciated with increased IBD susceptibility [48]. Although it remains debated whether barrier
dysfunction is a primary driver or a consequence of inflammation [49], experimental and
clinical evidence suggest it may precede overt disease. In animal models of CD, including
interleukin-10 (IL-10)-deficient and SAMP1/YitFc mice, increased intestinal permeability
occurs before the onset of mucosal inflammation, supporting a potential causal role [49]. In
line with these findings, clinical studies report that elevated permeability can be detected
early in CD and is associated with an increased risk of disease relapse [50].

Disruption of the epithelial barrier has major immunological consequences. Increased
permeability permits translocation of microbial-derived molecules, including lipopolysac-
charide (LPS) and flagellin, across the epithelium, leading to activation of innate immune
receptors and downstream inflammatory signalling pathways, including the NLRP3 in-
flammasome [51]. Sustained exposure to these microbial antigens drives chronic immune
hyperactivation and excessive production of pro-inflammatory cytokines such as tumour
necrosis factor-o (TNF-«), interleukin-6 (IL-6) and interleukin-1 (IL-1f), which are central

mediators of intestinal inflammation and disease progression in IBD [52].

2.3. Immune Dysregulation in IBD

Under healthy conditions, the intestinal immune system maintains a finely tuned
balance between immune surveillance and tolerance. Although the mucosal immune sys-
tem is continuously exposed to luminal antigens, excessive adaptive immune activation
is normally prevented by regulatory mechanisms that are largely shaped by the gut mi-
crobiota [53]. Through constant interaction with host immune cells, commensal microbes
play a central role in maintaining intestinal homeostasis and restraining inappropriate
inflammatory responses [20]. Immune regulation in the gut is orchestrated through the
gut-associated lymphoid tissue (GALT), which includes Peyer’s patches. Within these
structures, dendritic cells extend trans-epithelial dendrites to sample luminal antigens and
present them to T cells in a controlled manner, thereby promoting immune tolerance rather
than inflammation [54]. A key component of this regulatory network is the regulatory T
cell (Treg) compartment. Tregs suppress effector T-cell differentiation and proliferation
through the production of anti-inflammatory cytokines, particularly IL-10 and transforming
growth factor-f3 (TGF-f3). Suppression of effector T-cell activity is essential in the intestinal
environment to prevent chronic immune activation against harmless dietary components
and commensal microbes [55]. At the innate immune level, alternatively activated (M2-
like) macrophages in the intestinal lamina propria further contribute to immune tolerance.
These cells exert anti-inflammatory effects by suppressing effector T-cell responses via
IL-10 secretion and by promoting Treg differentiation and suppressive function through
TGF-p production [55]. Together, Tregs and M2 macrophages form a critical regulatory
axis that restrains excessive inflammation and supports intestinal homeostasis. In parallel,
epithelial and immune cells detect microbe-associated molecular patterns (MAMPs), in-
cluding signals derived from commensal bacteria, through pattern-recognition receptors
(PRRs). Continuous low-grade stimulation of these receptors by the resident microbiota
reinforces immune tolerance while preserving the capacity to mount effective responses
against pathogens [56]. In a healthy gut, this dynamic interaction between the micro-
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biota, epithelial cells, and mucosal immune cells establishes a well-regulated immune
environment that supports immune tolerance [57].

In IBD, this regulatory balance is disrupted. Compromised intestinal barrier integrity
and increased permeability allow microbial products to access the lamina propria, result-
ing in sustained and amplified PRR signalling and heightened immune activation. In
genetically susceptible individuals or those with an intrinsically hyperresponsive immune
system, this loss of compartmentalisation permits commensal microbes to trigger inap-
propriate inflammatory responses, thereby disrupting intestinal homeostasis [20]. As a
consequence, innate immune responses become exaggerated. Neutrophils are rapidly
recruited to the inflamed mucosa, where they release reactive oxygen species (ROS) and
proteolytic enzymes that further damage the epithelial barrier and perpetuate inflamma-
tion [58]. In parallel, macrophages and dendritic cells adopt altered cytokine profiles that
favour pro-inflammatory T-helper cell differentiation while impairing regulatory pathways
that normally restrain immune activation [59,60]. This dysregulated cytokine milieu is
characterised by elevated levels of TNF-«, IL-1p3, and IL-6, which collectively amplify
inflammation and inhibit Treg development [61]. Consequently, IBD is marked by a pro-
found imbalance between pro-inflammatory and regulatory immune responses. Tregs are
reduced, whereas effector T-cell populations are expanded, resulting in sustained immune
activation and impaired mucosal healing. Microbiota-derived SCFAs are important drivers
of Treg expansion and function [62]. However, the reduced SCFA production associated
with dysbiosis in IBD weakens this regulatory axis. Together, these findings highlight how
barrier dysfunction, microbiota alterations, and immune dysregulation converge to sustain
chronic intestinal inflammation.

2.4. The NLRP3 Inflammasome in IBD Pathogenesis

Together, these immune alterations create a microenvironment characterised by sus-
tained innate immune activation, increased exposure to microbial- and damage-derived
signals, and elevated pro-inflammatory cytokine production. The combination of increased
intestinal permeability, persistent PRR engagement, and cellular stress provides the condi-
tions required for activation of intracellular inflammatory pathways. One such pathway is
the NLRP3 inflammasome, a cytosolic sensor that integrates microbial and danger signals
to drive IL-1f3 and interleukin-18 (IL-18) maturation. Given its central role in linking innate
immune sensing, cytokine release, and epithelial injury, dysregulated NLRP3 inflamma-
some activity has emerged as a key mechanistic link between immune dysregulation and
chronic intestinal inflammation in IBD.

PRRs are germline-encoded sensors expressed by epithelial and immune cells that
enable rapid detection of microbial invasion or tissue damage [63]. Major PRR families
include Toll-like receptors (TLRs), such as TLR4, and NOD-like receptors (NLRs), includ-
ing NLRP3 [64]. PRRs recognise pathogen-associated molecular patterns (PAMPs), such
as LPS and flagellin, as well as damage-associated molecular patterns (DAMPs), includ-
ing extracellular ATP and uric acid crystals released during cellular stress or injury [63].
Among NLRs, NLRP3 is of particular importance in intestinal inflammation. In contrast
to TLRs, which detect ligands at the cell surface or within endosomes, NLRP3 resides
in the cytoplasm and senses intracellular danger signals that reflect cellular stress and
disrupted homeostasis. These include mitochondrial ROS, potassium efflux, and lysosomal
damage [65,66]. Upon activation, NLRP3 assembles into the NLRP3 inflammasome. The
NLRP3 inflammasome is a multiprotein complex consisting of NLRP3, the adaptor protein
apoptosis-associated speck-like protein containing a CARD (ASC), and the effector protease
caspase-1 [67]. Its activation requires two sequential signals. Signal 1 (priming) is initiated
by PRR-mediated recognition of microbial ligands such as LPS, leading to NF-«B activation
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and transcriptional upregulation of NLRP3, as well as the cytokine precursors pro-IL-1(3
and pro-IL-18 [68]. Signal 2 (activation) is triggered by secondary danger signals, including
extracellular ATP, mitochondrial ROS, or lysosomal disruption, which promote inflamma-
some assembly and caspase-1 activation [69]. Activated caspase-1 cleaves pro-IL-1(3 and
pro-IL-18 into their mature, biologically active forms. IL-1f3 amplifies local inflammation,
while IL-18 enhances antimicrobial immunity by stimulating IFN-y production by NK and
T cells [70]. Caspase-1 also cleaves gasdermin D, inducing pyroptosis, which is an inflam-
matory form of programmed cell death that eliminates damaged cells and releases DAMPs
that further propagate immune activation [71]. While NLRP3 inflammasome activation is
essential for host defence and tissue repair, excessive or dysregulated activation contributes
to chronic inflammatory and metabolic diseases.

The role of the NLRP3 inflammasome in IBD is complex and context-dependent
and is not yet completely understood. On one hand, excessive activation can amplify
inflammatory signalling and contribute to mucosal injury, linking NLRP3 activity to IBD
pathogenesis. On the other hand, under certain conditions, NLRP3 signalling may exert
protective effects by limiting excessive inflammation and promoting tissue repair [72-74].
This dual role has led to apparently paradoxical findings across experimental studies.
Evidence from human genetics supports involvement of the NLRP3 pathway in IBD sus-
ceptibility. Several GWAS have identified single-nucleotide polymorphisms (SNPs) in the
NLRP3 gene linked to disease risk. The rs10754558 polymorphism has been associated with
UC, with the GG genotype enriched in patients [75], while rs10733113 has been linked to
CD in some cohorts [76], though not consistently replicated [77]. These findings suggest
that NLRP3 variants may influence inflammasome activity, albeit with variable effects.
Additional genetic evidence implicates downstream inflammasome signalling. GWAS
meta-analyses have identified SNPs in genes encoding IL-1 and IL-18 receptors, including
IL18R1, IL1R1, IL1RL1, IL1RL2, and IL1R2, as contributors to IBD susceptibility [78]. More-
over, polymorphisms within IL18 itself have been associated with increased risk of CD [79].
Consistent with these findings, IL-18 levels are elevated in CD and promote pathogenic
immune responses [80], while increased IL-1p production in intestinal tissue correlates
with disease severity in IBD patients [81,82]. Together, these findings indicate that not
only the NLRP3 inflammasome but also its downstream signalling pathways contribute to
genetic susceptibility to IBD. Regulation of NLRP3 activity is further influenced by CARDS,
an inhibitory protein that restrains inflammasome assembly by limiting NLRP3-ASC in-
teractions. Loss-of-function CARDS variants lead to exaggerated NLRP3 activation and
increased IL-1§ release, thereby promoting intestinal inflammation and CD susceptibil-
ity [83]. Experimental evidence from animal models reinforces the pathogenic potential of
excessive inflammasome activation. In DSS-induced colitis, caspase-1 activity is required
for disease development, as caspase-1-deficient mice exhibit reduced inflammation and
lower IL-1p and IL-18 levels compared with wild-type controls [73,84]. Together, these
findings indicate that dysregulated NLRP3 inflammasome signalling contributes to IBD
pathogenesis.

3. Impact of Food Additives on IBD Pathogenesis
3.1. UPF and Food Additives: An Overview

According to Monteiro’s NOVA classification, UPFs are not simply modified whole
foods but industrial formulations composed primarily of refined energy sources, extracted
nutrients, and multiple additives, subjected to extensive processing steps [14]. These prod-
ucts are typically energy-dense and high in refined starches, unhealthy fats, added sugars,
and salt, while being low in dietary fibre, protein quality, and micronutrients [14,85]. As
Chris van Tulleken has argued, many UPFs more closely resemble “edible substances” than
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food, reflecting their heavy reliance on industrial formulation. Their engineered palatability,
long shelf life, and convenience promote frequent consumption across diverse settings,
contributing to excessive energy intake. Common examples include sugar-sweetened bev-
erages, industrial baked goods, processed meats, imitation dairy products, and ready-to-eat
meals. A defining characteristic of UPFs is their extensive use of food additives. These
substances are incorporated to enhance flavour, texture, appearance, and shelf stability, and
to function as emulsifiers, stabilisers, fillers, or anti-caking agents. Globally, food additive
authorisation varies substantially: approximately 4000 additives are permitted for use
in the United States (U.S.), whereas around 300-400 additives are authorised within the
European Union (EU) [86,87]. Unlike minimally processed foods, UPFs typically contain
multiple additives in combination. A large analysis of over 126,000 food products in France
revealed that more than half contained at least one additive, with over 10% containing
five or more [88]. This widespread exposure raises concerns about the biological effects of
chronic, combined additive intake.

Within the EU, food additives are authorised following risk assessment by the Euro-
pean Food Safety Authority (EFSA), after which they are assigned an E-number indicating
permitted use [89,90]. Despite this regulatory framework, growing evidence suggests that
certain additives may negatively affect health, particularly gut health. Many additives
currently in use were approved in the 1970s and 1980s, at a time when they appeared
harmless based on the available data. Yet these early evaluations relied on limited in vitro
and in vivo testing and were conducted before current understanding of the gut microbiota
and its central role in immune regulation and metabolic homeostasis, rendering many
safety evaluations potentially outdated [91]. In response, Regulation (EU) No 257/2010
mandated the systematic re-evaluation of all additives authorised before 20 January 2009.
However, to date only around 70% of these additives have been reassessed. Delays beyond
the original 2020 deadline reflect both the scale of this effort and the recognition that some
earlier safety assessments were insufficient by current standards [92,93]. Current EFSA
risk assessment derives acceptable daily intakes (ADIs) from animal studies by identifying
a no-observed-adverse-effect level (NOAEL), defined as the highest dose at which no
treatment-related adverse effects are observed [92]. To derive a human health-protective
intake level, the NOAEL is divided by a composite uncertainty factor (UF), typically set
at 100 [94]. This default UF comprises a 10-fold factor accounting for interspecies differ-
ences between experimental animals and humans, and a further 10-fold factor to capture
variability within the human population. Additional uncertainty factors may be applied
when toxicological datasets are incomplete or where only short-term exposure studies are
available [94]. This approach is therefore precautionary by design, incorporating conser-
vative safety margins to account for uncertainty. Although this NOAEL-ADI framework
effectively prevents overt toxicity, it was not designed to capture the subtle, chronic effects
relevant to IBD. Regulatory testing assumes clear dose thresholds and evaluates individual
additives in isolation, whereas ultra-processed diets involve long-term, cumulative expo-
sure to multiple additives that may affect gut barrier function, immune regulation, and the
intestinal microbiome at doses below established NOAELs [95,96]. Consequently, additives
considered safe within this framework may still contribute to low-grade inflammation
relevant to IBD pathogenesis.

Emerging experimental and epidemiological evidence summarised below indicates
that several widely used additives can adversely affect the gut microbiome, intestinal barrier
integrity, and inflammatory responses. Together, these findings underscore the need for
updated safety evaluations that better reflect contemporary dietary patterns and consider
vulnerable populations, including individuals with chronic inflammatory conditions such
as IBD. In recent years, this topic has received considerable scientific attention, and an
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increasing body of evidence links food additives and UPFs more broadly to adverse effects
on gut health, including IBD. The 2021 International Prospective Urban Rural Epidemiology
(PURE) study reported a significant association between high UPF intake and increased risk
of CD, with a similar but non-significant trend for UC [97]. A separate global prospective
cohort found that individuals consuming >5 servings of UPFs per day had a substantially
higher risk of developing IBD [17]. Additional studies have replicated this association [98].
Based on these findings, Narula and colleagues argue that the risk of developing IBD
appears to be driven more by the degree of processing, particularly ultra-processing, than
by the specific food items themselves [17]. To move beyond associative evidence, the
following sections examine specific food additives commonly found in UPFs and evaluate
their mechanistic effects on gut microbiota composition, epithelial barrier integrity, and
immune signalling pathways relevant to IBD pathogenesis, with particular attention to
NLRP3 inflammasome activation. An overview is provided in Table 1.

Table 1. Major categories of additives commonly found in ultra-processed foods, representative
sources, and pro-inflammatory mechanisms relevant to IBD pathogenesis.

Pro-Inflammatory

caegory Damplests - Commontood - KeyBologiel yecanioms
Relevant to IBD
Mucus thinning —
. CMC (E466), P80 Ice cream, sauces, Mucus disruption, T bacter1al—ep1t}'1el%al
Emulsifiers . . : X contact — dysbiosis
(E433) cake mixes microbiota alteration o
— 1 permeability —
NLRP3 activation
Dysbiosis —
Reduced microbial | butyrate —
Thickeners/gelling Carrageenan Flavoured milk, diversity, depletion impaired barrier —
agents (E407/E407a) dairy-based desserts  of SCFA-producing 1 microbial
taxa translocation —
inflammation
ER stress — | mucus
. Sports drinks, MUC2 depletion, ER barrle'r — T AIEC
Bulking . . adhesion —
. . Maltodextrin (E1400) protein powders, stress, pathogen ) .
agents/fillers/carriers : . 1 microbial
infant formula expansion .
translocation —
inflammation
T permeability
Artificial sweeteners ~ Saccharin (E954), Diet ?Oft drinks, low- Tl.ght junction (claudm S.hlft) N
calorie/sugar-free disruption, 1 E. coli virulence +
(NAS) Sucralose (E955) . . . . .
products microbiota alteration  dysbiosis — immune
activation
Altered bacterial .
metabolism Pro-inflammatory
Food colourants Red 40 (E129), Candy, sweetened . . ! metabolites —
microbiota- . .
(azo dyes) Yellow 6 (E110) beverages microbiota-
dependent d .
. . ependent colitis
inflammation
Used to increase .
Nanoparticle Titanium dioxide brightness and ROS production, Cellular stress =
. . inflammasome NLRP3 activation —
colourants (TiOy; E171) opacity activation IL-13 /IL-18 release
(historically EU)

Note: 1 increase; | decrease; — indicates downstream effect or consequence. Abbreviations: AIEC, adherent-
invasive Escherichia coli; CMC, carboxymethylcellulose; P80, polysorbate 80; ROS, reactive oxygen species; SCFA,
short-chain fatty acid.
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3.2. CMC—Carboxymethylcellulose (E466) & P80—Polysorbate 80 (E433): Emulsifiers

Emulsifiers are widely used in food processing to stabilise fat-water mixtures and
improve texture and shelf life. Among the most extensively studied are polysorbate-80
(P80) and carboxymethylcellulose (CMC), which are common components of UPFs such as
ice cream, cake mixes, icing, and chocolate syrups.

Although chemically distinct, both compounds share amphiphilic, detergent-like prop-
erties that underlie their biological effects. Due to their surfactant nature, CMC and P80 can
interact with lipid-based structures in the gastrointestinal tract. Experimental and theoreti-
cal models suggest that these emulsifiers partially insert into the mucus layer, reducing its
hydrophobicity and structural integrity. This results in mucus thinning, increased bacterial
proximity to the epithelium, and compromised gut barrier integrity [99,100], thereby facili-
tating epithelial contact with luminal microbes. Consistent with this mechanism, Chassaing
et al. demonstrated that long-term exposure to low doses of CMC or P80 induces colitis
in genetically susceptible mice deficient in IL-10 or TLR5 [101]. This was accompanied
by marked alterations in the gut microbiota, including a reduction in health-associated
Bacteroidales and an expansion of mucolytic bacteria. The resulting thinning of the mucus
layer increased epithelial contact with bacteria, leading to enhanced gut permeability. This
increased permeability correlated with elevated serum antibodies against flagellin and LPS,
reflecting greater translocation of microbial products. Notably, germ-free mice that received
faecal microbiota transplants from emulsifier-treated donors developed similar shifts in
microbial composition and exhibited low-grade inflammation, demonstrating that CMC-
and P80-induced pathology is microbiota-driven [101]. This was further supported by a
follow-up study, where the mucosal simulator of the human intestinal microbial ecosystem
(M-SHIME), a system that maintains a human microbiota in the absence of a live host,
was used to assess direct effects of emulsifiers on human gut microbiota [102]. Both P80
and CMC altered the microbiota composition, driving expansion of pro-inflammatory,
pathogenic taxa. When germ-free mice were colonised with these emulsifier-treated M-
SHIME microbiotas, they developed low-grade intestinal inflammation, recapitulating
many of the host and microbial changes observed in mice directly exposed to the emulsi-
fiers [102]. Longer exposure studies further reinforce these findings. Mice receiving CMC
or P80 for 13 weeks developed features of chronic low-grade inflammation, including colon
shortening, splenomegaly, and elevated faecal lipocalin-2 (Lcn2), a validated marker of
intestinal inflammation [101]. These inflammatory changes were accompanied by reduced
microbial diversity, with decreased Clostridiales, including loss of several Firmicutes taxa
such as Lactobacillus. Because Firmicutes contribute to gut homeostasis by producing lactic
acid, lowering luminal pH, and suppressing pathogen overgrowth, their depletion likely
exacerbates barrier dysfunction and inflammatory susceptibility. Based on these findings,
the authors proposed that the increased use of dietary emulsifiers may have played a role in
the rise of IBD, metabolic syndrome, and potentially other chronic inflammatory conditions
since the mid-twentieth century [101].

At the immune level, emulsifier exposure also increased serum levels of the neutrophil-
recruiting chemokines CXCL1 and CXCL2 [103]. This is highly relevant to IBD, as CXCL1
is significantly elevated in patients and plays a central role in neutrophil-driven mu-
cosal injury [104]. Notably, both CXCL1 and CXCL2 have been shown to promote activa-
tion of the NLRP3 inflammasome [105], linking emulsifier-induced dysbiosis directly to
inflammasome-mediated inflammatory signalling. Because excessive NLRP3 activation
amplifies IL-13 and IL-18 release, key cytokines implicated in IBD pathogenesis, these
chemokine-driven effects may contribute to chronic intestinal inflammation seen in IBD.

Multiple studies demonstrate that PS80 induces pronounced dysbiosis that closely
resembles microbial alterations observed in IBD. P80 consumption consistently reduces
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beneficial taxa such as Bifidobacterium and depletes key SCFA—producing genera, including
Faecalibacterium, Subdoligranulum, and Clostridium leptum [106]. SCFAs, particularly butyrate,
support epithelial energy supply, tighten junction integrity, and promote immune tolerance
by facilitating Treg differentiation. Loss of these SCFA producers is strongly associated
with IBD and contributes to impaired barrier function and heightened immune activation.

Consistent with this dysbiotic shift, PS80 supplementation exacerbates intestinal inflam-
mation in murine models of indomethacin-induced ileitis, leading to a marked reduction in
microbial x-diversity and expansion of sulfide-producing organisms, including members
of the Enterobacteriaceae family and Proteus mirabilis (P. mirabilis) [107]. Notably, P. mirabilis
abundance is significantly increased in the stool of CD patients compared with healthy
controls, and experimental colitis mouse models identify it as a pathobiont capable of
promoting intestinal inflammation and are strongly associated with dysbiosis in these
settings [108]. Mechanistic insight into P. mirabilis—driven pathology has been provided
by germ-free mouse studies, which demonstrate robust induction of pro-inflammatory
gene programs following colonisation. Exposure to P. mirabilis upregulated NF-kB-related
genes (Nfkb1, Tnf, Tnfsf14) and neutrophil-associated chemotactic pathways (Cxcl5, Cxcr2),
which are typically elevated in individuals with IBD. This was accompanied by increased
protein levels of NF-«kB, IL-18, and IL-1«. Pathway analyses further revealed activation of
multiple inflammation-related pathways, including Toll-like receptor signalling, NOD-like
receptor signalling, and the MAPK and NF-«B pathways. Together, these findings show
that P. mirabilis drives a strongly pro-inflammatory transcriptional and cytokine profile,
supporting its role as a potential pathobiont contributing to CD development [108]. Im-
portantly, this inflammatory profile induced by P. mirabilis strongly suggests engagement
of the NLRP3 inflammasome. NF-«B activation supplies the priming signal necessary for
upregulation of inflammasome components, while microbial stress signals downstream
of TLR and NOD engagement provide the activation signal. Elevated IL-18 protein levels
further support inflammasome-related cytokine release. Together, these findings imply
NLRP3 as a plausible mediator of P. mirabilis—driven inflammation in CD.

Beyond reshaping microbial composition, P80 may further exacerbate inflammation
by facilitating bacterial translocation across the intestinal barrier. Membranous (M) cells
in Peyer’s patches mediate the transport of luminal antigens to underlying immune cells
to initiate intestinal immune responses. In vitro exposure of M cells to P80 resulted in
a 59-fold increase in translocation of E. coli, including strains associated with CD, sug-
gesting that P80 can enhance microbial penetration and immune activation [109]. Taken
together, these findings indicate that P80 contributes to intestinal inflammation through
multiple converging mechanisms: depletion of SCFA-producing commensals, expansion
of pro-inflammatory pathobionts such as P. mirabilis, facilitation of NLRP3 inflammasome
activation, and increased bacterial translocation. Collectively, these effects create a dysbi-
otic, barrier-disruptive, and pro-inflammatory gut environment that may contribute to the
progression of IBD.

3.3. Carrageenan (E407/E407a): Thickener, Gelling Agent, Stabiliser

Carrageenans are sulphated polysaccharides commonly used as food additives in
products such as flavoured milk, iced coffee, ice cream, and other dairy-based desserts.
Accumulating evidence indicates that carrageenan exposure can disrupt gut microbial
composition and promote intestinal dysfunction, raising concerns about its relevance
to IBD.

Carrageenan occurs in three main isomeric forms, k (kappa), t (iota), and A (lambda),
which differ in sulfation patterns and polysaccharide structure, resulting in distinct bi-
ological effects. Ex vivo studies using the MiniBioReactor Array (MBRA) demonstrate
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that all three isomers reduce microbial x-diversity and increase the pro-inflammatory
potential of the gut microbiota, although some effects appear context dependent [110].
At the taxonomic level, individual isomers exert specific dysbiotic effects. A-carrageenan
promotes expansion of Bacteroides, whereas (-carrageenan reduces Faecalibacterium, a key
butyrate-producing genus associated with mucosal health. k-carrageenan increases Bac-
teroides and the potentially pathogenic Proteobacteria member Shigella while decreasing
Bifidobacterium, an important SCFA producer [110]. Complementary mouse studies show
that k-carrageenan further enriches inflammation-associated taxa such as Alistipes finegoldii
and Bacteroides acidifaciens [111]. Collectively, these carrageen-induced microbial shifts
closely resemble dysbiosis patterns observed in IBD. Notably, similar shifts have been
observed in larger animal models, including pigs, which are considered physiologically
closer to humans than most non-primate species, further strengthening the translational
relevance of these findings [112]. Importantly, the relevance of these experimental findings
is supported by human intervention studies. In a randomised controlled trial involving
UC patients in remission, individuals following a carrageenan-free diet were randomised
to receive either carrageenan capsules (200 mg/day) or a placebo. Relapse occurred in
3 of 5 participants in the carrageenan group compared with 1 of 7 in the placebo group.
Additionally, in the carrageen group, there was an increase in faecal calprotectin, although
not significant, while in the placebo group, the faecal calprotectin levels remained sta-
ble [113]. A second randomised controlled trial reported comparable results, showing that
UC patients adhering to a carrageenan-free diet demonstrated lower rates of symptom
relapse, accompanied by reductions in IL-6 and faecal calprotectin levels [114]. Together,
evidence from microbial, animal, and human studies indicates that carrageenan exposure
promotes dysbiosis, reduces SCFA-producing taxa, and enhances inflammatory activity.
These effects provide a plausible mechanistic link between carrageenan consumption and
increased disease activity or relapse risk in UC.

3.4. Maltodextrin (MDX) (E1400): Bulking Agent, Filler, Carrier

Maltodextrin (MDX) is widely used in ultra-processed foods, including sports drinks,
protein powders, instant foods, snacks, artificial sweeteners, and infant formula, where
it functions as a bulking agent, texture modifier, and carrier for flavours and additives.
Accumulating evidence indicates that it can impair gut homeostasis through converging
microbiota- and barrier-dependent mechanisms.

The effects of MDX were investigated in IL-10 knockout mice, an inflammation-prone
model, colonised with faecal microbiota from NOD2-deficient donors. As NOD2 mutations
impair microbial sensing and promote a dysbiotic microbiome [115], this combination cre-
ates a highly sensitised intestinal environment. When fed a diet containing 1% MDX, these
mice showed significant alterations in gut microbial composition, evidenced by shifts in
both o- and 3-diversity. These microbial changes were accompanied by pronounced disrup-
tion of the mucus barrier, including goblet cell mucin depletion and reduced intracellular
mucin granule content [116]. Thymann et al. demonstrated that oral administration of MDX
to preterm pigs led to the development of necrotising enterocolitis (NEC), characterised by
significant body weight loss, villus erosion, mucosal inflammation, and dysbiosis [117]. In
related work, the same group showed that MDX promotes pathogenic bacterial behaviours
relevant to IBD. In vitro, MDX enhanced biofilm formation in AIEC, a pathotype strongly
associated with CD and commonly found in the microbiota of CD patients but not healthy
individuals. MDX exposure increased type I pili expression, thereby strengthening AIEC
adhesion to intestinal epithelial monolayers in a pili-dependent manner. The study also
reported a higher prevalence of the malX gene, required for MDX metabolism, in AIEC
strains. This together suggests that MDX metabolism may facilitate AIEC colonisation
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advantage in the terminal ileum [117]. These findings are consistent with studies by Nicker-
son et al., who likewise proposed that MDX metabolism facilitates E. coli colonisation in the
ileal environment [118]. Their subsequent research indicates that MDX disrupts intestinal
antimicrobial protection, potentially predisposing the gut to chronic inflammation and
serving as an environmental risk modifier [119].

In addition to microbiota-mediated effects, MDX directly compromises epithelial
barrier function by inducing endoplasmic reticulum (ER) stress in goblet cells. In vitro
studies in goblet-like intestinal epithelial cells demonstrated that MDX activates the p38
MAPK-dependent IRE1p pathway, leading to ER stress and a consequent reduction in
MUC?2 expression, the principal structural component of colonic mucus. Using in vivo
experiments with mice, pharmacological inhibition of ER stress with tauroursodeoxycholic
acid (TUDCA) prevented MDX-induced MUC2 depletion and attenuated colitis severity,
establishing a causal role for ER stress in MDX-driven barrier dysfunction [120]. Prolonged
MDX exposure further resulted in low-grade intestinal inflammation, characterised by
altered colonic morphology, and increased expression of inflammatory markers such as
IL-1p and Len-2. The pathological relevance of MDX-induced MUC?2 depletion lies in its
capacity to weaken the mucus-dependent barrier, thereby permitting increased microbial—-
epithelial contact. Given that loss of the MUC2-rich inner mucus layer is sufficient to
trigger spontaneous colonic inflammation in Muc2-deficient models [36], MDX-mediated
reductions in MUC2 provide a plausible mechanism by which this additive lowers the
threshold for inflammation and exacerbates susceptibility to intestinal inflammation. The
importance of MUC2 is further supported by studies showing that mutations in the MUC2
gene that impair mucin secretion or oligomerisation result in spontaneous colitis and
heightened susceptibility to environmentally induced inflammation, indicating that mucin
depletion is not merely a consequence of inflammation but can act as a primary driver of
colitis development [121]. Taken together, these findings indicate that MDX contributes to
intestinal inflammation through a dual mechanism: promoting dysbiosis and pathogenic
bacterial behaviour while directly impairing mucus barrier integrity via ER stress—mediated
suppression of MUC2. In susceptible hosts, these effects converge to increase microbial
translocation, immune activation, and sustained inflammation, positioning MDX as a
potential contributor to both the initiation and exacerbation of IBD.

3.5. Saccharin (E954) & Sucralose (E955): Artificial Sweeteners

Most artificial sweeteners used in food manufacturing are non-caloric artificial sweet-
eners (NAS), which provide sweetness without energy and are widely incorporated into
soft drinks, snack foods, and low-calorie products. Increasing evidence indicates that NAS
can disrupt gut homeostasis through combined effects on epithelial integrity, microbial
behaviour, and host metabolism.

At the epithelial level, NAS such as saccharin and sucralose directly impair barrier
function. In vitro studies demonstrate that these sweeteners induce intestinal epithelial
cell death and disrupt tight junction integrity by decreasing expression of claudin-3, a key
tightjunction sealing protein, while increasing claudin-15, which promotes pore formation
and paracellular leakage, thereby enhancing paracellular permeability [122]. In a follow-up
study, the same group showed that NAS exposure enhances the pathogenic behaviour of E.
coli by increasing biofilm formation, epithelial adhesion, invasion, and cytotoxicity [122].
These effects are particularly relevant to IBD, as increased E. coli adhesion and translocation
are hallmark features of CD. Beyond direct effects on the intestinal epithelium, NAS
exert significant microbiota-dependent metabolic effects. In mice, long-term saccharin
consumption induced pronounced dysbiosis and was associated with the development
of glucose intolerance. Notably, this metabolic disruption was abolished when mice were
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treated with antibiotics, demonstrating that the metabolic disturbance was mediated by
changes in the gut microbiota. In other words, saccharin does not directly impair glucose
metabolism; its effects arise from the microbiome alterations it induces [123].

In long-term mouse studies of six months, sucralose consumption at doses equivalent
to the human ADI reshapes the gut microbiota toward an IBD-like profile [124]. This
includes expansion of Ruminococcus, a genus increased in CD, alongside depletion of anti-
inflammatory taxa such as Anaerostipes, Lachnospiraceae, Dehalobacterium, and Streptococcus.
Functional gene analysis further showed that sucralose exposure enriched microbial genes
associated with pro-inflammatory pathways, particularly those involved in LPS and flagel-
lar biosynthesis [124]. These products act as PAMPs that activate host immune responses:
LPS induces IL-6 and TNF-« secretion, while excessive flagellin has been linked to im-
paired epithelial barrier integrity [125,126]. Accordingly, prolonged sucralose consumption
increased the microbiome’s capacity to generate inflammatory stimuli, potentially promot-
ing systemic inflammation. Metabolomic profiling reinforced this pro-inflammatory shift.
Reductions in tyrosine and its downstream metabolites, p-hydroxyphenylacetic acid and
cinnamic acid, were observed. These metabolites normally constrain neutrophil-derived
ROS, so a reduction may indicate heightened oxidative stress [124,127]. Because ROS
amplify inflammatory signalling and cytokine release, these metabolic alterations are likely
to further exacerbate inflammation.

3.6. Red 40 (E129), Yellow 6 (E110) & Titanium Dioxide (TiO,) (E171): Food Colourants

Food colourants constitute a major class of additives widely used in meat products,
sauces, dairy items, and baked goods. Two prominent categories are azo dyes and titanium
dioxide (TiO;) nanoparticles, which differ markedly in chemical structure and biological
behaviour. Azo dyes are synthetic, water-soluble compounds characterised by an azo bond
(-N=N-) that confers intense colour [128]. Common examples include Allura Red (Red 40,
E129) and Sunset Yellow (Yellow 6, E110). In contrast, TiO; is an inorganic white pigment
used to increase brightness and opacity. When used as a food additive (E171), TiO, often
consists of nanoparticles (<100 nm) and is not water-soluble. Notably, TiO, was banned
from food products in the EU in 2022 due to safety concerns, although it remains approved
by the U.S. Food and Drug Administration [129].

3.6.1. Azo Dyes

In colitis-prone mouse models, Red 40 exacerbates intestinal inflammation without
significantly altering overall faecal microbial composition. However, this pro-inflammatory
effect is strictly microbiota-dependent as Red 40 fails to induce colitis in germ-free mice
unless they are colonised with Bacteroides ovatus [130]. Further work showed that both Red
40 and Yellow 6 can be metabolised by commensal bacteria into 1-amino-2-naphthol-6-
sulfonate sodium salt (ANSA-Na). Administration of ANSA-Na induced colitis in wild-type
mice but not in germ-free animals. These findings collectively show that both the dyes and
their bacterial metabolites exert pro-inflammatory effects only in the presence of specific
gut microbes, underscoring the microbiota-dependence of dye-induced colitis [130].

3.6.2. TiO, Microparticles

TiO, nanoparticles exert multiple effects on gut homeostasis, spanning microbial,
epithelial, and immune pathways. In DSS-induced colitis models, oral TiO, exposure
significantly exacerbated acute colonic inflammation in wild-type mice, whereas NLRP3-
deficient animals were largely protected, indicating a critical role for NLRP3 inflammasome
activation [131]. Complementary in vitro studies in human intestinal epithelial cells and
macrophages demonstrated that TiO, particles are readily internalised, stimulate ROS pro-
duction, compromise epithelial barrier integrity, and activate the NLRP3-ASC—caspase-1

https:/ /doi.org/10.3390/immuno6020024


https://doi.org/10.3390/immuno6020024

Immuno 2026, 6, 24

15 of 32

pathway, resulting in increased secretion of IL-1f3 and IL-18 [131]. Together, these findings
suggest that TiO, amplifies intestinal inflammation through inflammasome-dependent
mechanisms, potentially increasing vulnerability in individuals with underlying inflamma-
tory conditions such as IBD. TiO, nanoparticles frequently co-occur with other food-grade
nanoparticles, such as nano-structured synthetic amorphous silica (SAS), which are widely
used as thickening agents or anti-caking/foaming agents [132]. The combined effects
of these nanoparticles have been examined in immune cells. In bone marrow—derived
dendritic cells primed with LPS to initiate NLRP3 readiness, subsequent exposure to TiO,
or SAS nanoparticles acted as a secondary stimulus that fully activated the NLRP3 inflam-
masome. This activation led to caspase-1-dependent maturation and secretion of IL-1 in
dendritic cells. Mechanistically, these nanoparticles induce cellular injury and subsequent
stress responses, including ROS generation and release of DAMPs, which together promote
NLRP3 inflammasome activation [133].

In vivo studies further demonstrate that after short-term exposure, TiO, nanoparticles
can cross the intestinal epithelial barrier and accumulate within Peyer’s patches [134].
This accumulation was associated with an increased number of resident dendritic cells
and a reduction in Tregs, suggesting impaired mucosal immune tolerance. Prolonged
exposure further promoted persistent low-grade intestinal inflammation [134]. These
findings are particularly relevant to IBD, as one of the early pathological hallmarks of CD
is the alteration and activation of lymphoid aggregates in the gut, especially within the
Peyer’s patches. Despite strong mechanistic and preclinical evidence, clinical findings
remain inconclusive. While an initial pilot study reported reduced Crohn’s Disease Activity
Index (CDAI) scores following a low-microparticle diet [135], larger prospective trials failed
to demonstrate significant effects on disease activity or remission rates [136]. Thus, although
TiO; nanoparticles can activate inflammatory pathways central to IBD pathogenesis, their
clinical relevance remains uncertain.

4. Inflammatory Consequences of Food Additive Consumption

The preceding sections established that several food additives commonly found in
UPFs can disrupt gut homeostasis. A recurring theme across these findings is that additives
do not act through a single pathway. Instead, they converge on microbial dysbiosis, barrier
dysfunction, and immune activation. Together, these effects create conditions that favour
chronic intestinal inflammation and resemble key pathological features of IBD.

4.1. Bacterial Translocation and E. coli

A recurring consequence of additive exposure is enhanced bacterial translocation
across the intestinal barrier. Bacterial translocation refers to the passage of bacteria or their
products from the GI tract into lymphatic or systemic circulation [137]. Under normal
conditions, the intestinal epithelium acts as a barrier that limits this process. However,
disruption of this barrier allows microbial components to cross, promoting sustained
inflammation and contributing to disease progression. Multiple studies indicate that the
translocation of bacterial products contributes to excessive inflammatory responses in
CD patients [137]. Furthermore, the systemic presence of these bacterial components has
been associated with an increased risk of disease relapse. Multiple additives, including
P80, MDX, and artificial sweeteners, have been shown to increase the translocation of E.
coli. This is of particular relevance to IBD, as AIEC are strongly implicated in CD. AIEC
strains adhere to epithelial cells, invade macrophages and persist intracellularly [138-140].
Once internalised, E. coli can trigger macrophage secretion of IL-1f3 through an NLRP3-
dependent mechanism [141]. Thus, additives that facilitate E. coli translocation effectively
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increase immune-microbial contact while simultaneously priming inflammatory pathways,
creating conditions that amplify mucosal inflammation.

4.2. Microbiota Dysregulation

Many additives induce profound shifts in the gut microbiota that closely resemble the
dysbiotic patterns observed in IBD patients. Additives such as P80, CMC, carrageenan,
artificial sweeteners, and TiO, consistently reduce beneficial taxa while promoting the
expansion of opportunistic and pro-inflammatory taxa. These shifts recapitulate hallmark
features of IBD-associated dysbiosis, including reduced microbial diversity, reduced levels
of health-associated bacteria and enrichment of inflammation-associated taxa. One of the
most reproducible findings is a loss of SCFA-producing, fibre-fermenting bacteria. SCFAs,
particularly butyrate, are essential for epithelial integrity, as they strengthen tight junctions,
fuel colonocytes, and support epithelial repair. In this way, SCFAs help prevent the “leaky
gut” phenotype that is frequently exacerbated in IBD. Beyond barrier maintenance, SCFAs
exert potent immunoregulatory effects by promoting Treg differentiation and suppressing
pro-inflammatory cytokines such as TNF-«, IL-6, and IL-1p3. Consequently, additive-
induced reductions in SCFA production simultaneously weaken barrier function and
impair immune tolerance, thereby lowering the threshold for chronic inflammation. At the
same time, many additives promote the expansion of opportunistic, pathogenic, and pro-
inflammatory bacteria. These organisms thrive in environments where beneficial species
are depleted, and dysbiosis is established. Their overgrowth disturbs microbiome-immune
communication, impairs mucosal tolerance, and further amplifies immune activation. The
resulting increase in inflammatory cytokines and microbial translocation leads to additional
epithelial injury, increased permeability, reinforcing a self-perpetuating inflammatory
loop. Taken together, these additive-induced microbial changes, loss of protective species,
reduced SCFA production, and enrichment of inflammatory pathobionts create conditions
that closely mirror the dysbiotic state of IBD.

4.3. Barrier Dysfunction and Increased Intestinal Permeability

These microbial alterations are tightly linked to defects in intestinal barrier function.
Multiple food additives, including P80, CMC, MDX, artificial sweeteners, and TiO,, have
been shown to disrupt epithelial integrity and increase intestinal permeability. As outlined
earlier, the intestinal barrier plays a central role in regulating host-microbe interactions,
and its dysfunction is a well-established feature of IBD pathogenesis. Barrier disruption
facilitates translocation of luminal bacteria and microbial products across the epithelium,
leading to immune activation, amplified inflammatory responses, and progressive tissue
injury. Through this mechanism, additive-induced barrier damage contributes to the
self-perpetuating inflammatory cycle that characterises IBD. A key early event in this
process is the disruption of the mucus layer. In IBD, thinning or dysfunction of the mucus
barrier allows bacteria to directly contact epithelial cells, triggering cellular stress and
inflammation. Inflammatory conditions increase the demand for MUC2 production by
goblet cells, which can overwhelm ER folding capacity. This promotes activation of the
unfolded protein response (UPR), leading to misfolded or improperly secreted mucins
and further compromising mucus integrity. As mucus defects exacerbate inflammation,
and inflammation further impairs mucus production, a vicious cycle emerges that hinders
durable mucosal healing [142].

4.4. Cellular Stress Responses

Several food additives, including MDX, artificial sweeteners, and TiO,, have been
shown to induce stress. Under stress conditions, misfolded proteins accumulate in the ER,
triggering UPR activation to restore protein-folding homeostasis. While this response is ini-
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tially adaptive, sustained ER stress becomes pathogenic and is increasingly recognised as a
driver of chronic inflammation [143]. A key mechanistic link between ER stress and inflam-
mation is activation of NF-«kB, which provides the priming signal for NLRP3 inflammasome
assembly by upregulating NLRP3 and pro-IL-13 expression [144]. Beyond priming, ER
stress also generates the activation signals required for full inflammasome engagement.
Protein misfolding elevates ROS production and promotes calcium release into the cytosol.
Excess mitochondrial calcium uptake disrupts mitochondrial function, further amplifying
ROS generation. When oxidative stress exceeds cellular antioxidant capacity, mitochondrial
and cellular structures are damaged. Excessive ROS can also induce lipid peroxidation, in
which radicals attack polyunsaturated fatty acids in cellular membranes [145]. This gener-
ates reactive products such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE)
that disrupt membrane integrity, impair tight junctions, thereby increasing epithelial per-
meability and facilitating bacterial translocation. In addition, lipid peroxidation products
can activate inflammatory signalling pathways, further amplifying mucosal inflammation.
Elevated levels of these lipid peroxidation markers have been reported in patients with
IBD and correlate with disease activity [145]. These stress-induced disturbances create
potent DAMPs that activate the NLRP3 inflammasome [146-148]. Importantly, oxidative
stress can in turn exacerbate ER stress, creating a self-reinforcing cycle that sustains inflam-
masome activation and inflammatory signalling [149]. Consequently, food additives that
induce ER stress or excessive ROS production can promote NLRP3-dependent inflamma-
tory responses in the gut. By perpetuating ER stress—driven inflammation and disrupting
epithelial homeostasis, these additives have the capacity to exacerbate IBD pathology and
increase disease severity.

4.5. Low-Grade Inflammation

Consistent with these mechanistic insights, multiple additives exacerbate intestinal
inflammation in experimental models. Emulsifiers (P80, CMC), azo dyes (Red 40, Yellow 6),
MDJX, artificial sweeteners, and TiO, nanoparticles worsen colitis in genetically susceptible
or epithelial-injury models. Moreover, several additives induce chronic low-grade inflam-
mation even in otherwise healthy systems. Together, these findings suggest that additives
can both initiate subclinical inflammatory states and exacerbate established disease. For
individuals with genetic, microbial, or immunological susceptibility, such additive-induced
disturbances may lower the threshold for disease onset, intensify flares, and perpetuate
chronic inflammation.

4.6. Implications for IBD Pathogenesis

Collectively, the evidence presented in this chapter demonstrates that food additives
commonly found in UPFs can disrupt gut homeostasis through converging effects on the
microbiota, epithelial barrier, and immune system. By promoting dysbiosis, weakening bar-
rier integrity, inducing cellular stress responses, and facilitating NLRP3-dependent immune
activation, these additives create a permissive environment for chronic, self-sustaining
intestinal inflammation, as illustrated in Figure 1. Importantly, such disturbances may
not only sustain and exacerbate established IBD pathology but may also act as upstream
triggers that initiate disease development. Taken together, the mechanistic data support
the view that food additives represent a plausible environmental factor capable of low-
ering the threshold for IBD onset in susceptible individuals, thereby contributing to the
contemporary rise in disease incidence.
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Figure 1. Self-perpetuating cycle of chronic intestinal inflammation associated with ultra-processed
food consumption. Consumption of ultra-processed foods (UPFs) may initiate and sustain a self-
perpetuating cycle of chronic intestinal inflammation through several interconnected mechanisms.
UPF intake can promote gut microbial dysbiosis, characterised by loss of commensal and short-chain
fatty acid (SCFA)-producing taxa and expansion of pathobionts, leads to altered microbial metabolite
profiles, including reduced butyrate and increased production of pro-inflammatory metabolites.
These metabolic shifts contribute to intestinal barrier disruption through mucus thinning, impaired
tight junction integrity, and increased epithelial permeability. Barrier dysfunction permits translo-
cation of microbes and microbial-derived pathogen-associated molecular patterns (PAMPs) and
endogenous damage-associated molecular patterns (DAMPs), including lipopolysaccharide (LPS)
and flagellin, into the lamina propria. Persistent exposure to these signals drives innate immune
activation via pattern-recognition receptors (PRRs), resulting in NF-kB-dependent inflammatory gene
priming. Subsequent NOD-like receptor family pyrin domain—containing 3 (NLRP3) inflammasome
activation promotes caspase-1-dependent maturation of interleukin-1p3 (IL-1f) and interleukin-18
(IL-18), pyroptotic cell death, and recruitment of neutrophils. Sustained inflammatory signalling
induces epithelial injury and disrupts the intestinal microenvironment, further exacerbating dys-
biosis and barrier dysfunction and thereby sustaining a self-perpetuating cycle of chronic intestinal
inflammation. ultra-processed foods (UPFs) and their additive components can disrupt intestinal
homeostasis through multiple, converging mechanisms, thereby feeding into and amplifying the
inflammatory loop depicted here. 1 increase; | decrease. Created with BioRender.com.
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5. Rethinking Therapeutic Approaches to IBD
5.1. Current Therapies in IBD Management

Conventional treatment strategies for IBD have largely focused on suppressing
immune-mediated inflammation. Traditional first-line therapies include aminosalicylates,
corticosteroids, and immunosuppressants. In recent decades, biologics have transformed
the management of moderate-to-severe disease by offering targeted inhibition of specific
inflammatory pathways, such as TNF-«, integrins («437), and cytokines including IL-12
and IL-23 [150]. While these agents provide more precise immune modulation than ear-
lier therapies, they still carry risks of off-target systemic effects. Prolonged use increases
susceptibility to opportunistic infections and other immunosuppression-related compli-
cations [151]. Moreover, the therapeutic efficacy of biologics is limited: approximately
30-40% of patients exhibit primary non-response, and a substantial proportion develop
secondary loss of response over time [150]. These limitations reflect a broader therapeutic
ceiling inherent to immune-focused interventions. IBD is not a single-pathway disorder
but a heterogeneous and multifactorial disease shaped by the interplay between multiple
biological and environmental processes. Targeting one inflammatory mediator or immune
cell population is therefore unlikely to provide durable disease control for many patients.
Indeed, non-immune drivers, such as dysbiosis and epithelial barrier dysfunction, can
perpetuate inflammation independently of immune activation. As a result, substantial un-
met needs remain, including high relapse rates, treatment-related toxicity, and insufficient
improvement in long-term functional outcomes and quality of life [152].

5.2. IBD as a Systems-Level Disease

IBD is best understood as a systems-level disorder arising from dynamic interactions
between immune dysregulation, genetic susceptibility, microbiome composition, epithelial
barrier integrity, and environmental exposures. Among these, lifestyle-related exposures,
and diet in particular, represent a central and modifiable component of disease risk and
progression. Given this complexity, effective disease management requires an approach
that addresses multiple modifiable drivers simultaneously rather than focusing narrowly
on one aspect. This perspective aligns with systems biology and systems thinking, which
emphasise the interconnectedness of biological networks and recognise that perturbations
in one domain can propagate throughout the system [153]. Despite this, current thera-
peutic strategies in clinical practice often lack a systems-level perspective, overlooking
environmental and microbial contributors to disease activity. Although inflammation and
excessive immune activation are central features of IBD, they are increasingly understood
as downstream consequences of a disrupted gut environment rather than primary initiating
events. Dysbiosis and impaired epithelial barrier integrity increase intestinal permeability,
facilitating microbial translocation and heightened immune exposure to luminal antigens.
This triggers immune activation and inflammation, which in turn further damages the gut
barrier and microbial ecosystem, establishing the self-perpetuating inflammatory cycle
characteristic of IBD. Current therapeutic strategies largely intervene at this downstream
inflammatory stage, leaving upstream drivers of pathogenesis unaddressed. As a result,
inflammation is treated as the primary problem rather than as a manifestation of broader
environmental dysfunction. This reactive approach limits long-term efficacy and fails to
restore intestinal homeostasis. A more effective strategy should therefore be restorative,
intervening earlier in the disease cascade by targeting the gut environment itself. Restor-
ing microbial balance, strengthening barrier integrity, and supporting mucosal healing
may indirectly recalibrate immune responses and offer greater potential for sustained
disease control.
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5.3. UPFs as Drivers of IBD Pathogenesis

This review demonstrates that UPFs, and particularly their additive components, exert
detrimental effects on gut homeostasis through multiple interconnected mechanisms. The
abundant presence of food additives in UPFs promotes dysbiosis, reduces SCFA-producing
bacteria, impairs epithelial and mucus barrier integrity, induce ER stress, and activates in-
flammatory pathways, including NF-«B and the NLRP3 inflammasome. These disturbances
mirror the key pathological features of IBD, including increased intestinal permeability,
microbial translocation, immune hyperactivation, and chronic low-grade inflammation.
The effects of UPFs, therefore, fit squarely within the established pathogenic framework of
IBD. While it is clear that UPF consumption can exacerbate disease progression and sustain
the self-perpetuating inflammatory loop characteristic of IBD, the evidence presented in
this review also supports a broader hypothesis that UPFs may act not only as disease
modifiers but also as potential initiators of IBD by lowering the threshold for disease onset,
particularly in genetically and immunologically susceptible individuals.

5.4. The Rise of UPFs as a Public Health Concern

While the mechanistic evidence presented above demonstrates how UPF can drive
intestinal inflammation, these findings gain additional significance when viewed in the
context of population-level disease trends and public health data, including the recent
Lancet Series. In November 2025, The Lancet published a three-paper Series examining
the global rise in UPF consumption and its association with a broad range of chronic
non-communicable diseases, including obesity, type 2 diabetes, cardiovascular disease,
chronic kidney disease, and IBD. The first paper demonstrates that ultra-processed dietary
patterns are consistently associated with increased risk of multiple chronic diseases, with
effect sizes comparable in magnitude, but opposite in direction, to the protective effects
of the Mediterranean diet [154]. It concludes that UPFs are a major driver of the global
chronic disease burden and provides the scientific foundation for the Series” policy and
public health recommendations. Framing this dietary shift as a major public health concern,
the authors argue that reducing UPF consumption requires coordinated policy action rather
than reliance on individual choice [154]. The remaining two papers translate this evidence
into action: one outlines a policy roadmap for governments to reduce UPF intake and
expand access to whole and minimally processed foods [155], while the other analyses
the political and commercial forces sustaining UPF dominance and identifies strategies
to reshape food systems in favour of public health [156]. Collectively, the Series positions
UPF consumption as a central determinant of chronic disease and illustrates the growing
scientific and policy attention devoted to this issue, underscoring the urgency of addressing
UPFs at the level of food systems and public health governance.

The rise in UPF consumption and its association with chronic non-communicable
diseases, as highlighted by the Lancet Series, may also be mechanistically linked to NLRP3
inflammasome activation. As demonstrated in this current review, UPF consumption
contributes to IBD pathogenesis through multiple converging pathways, many of which
are capable of triggering inflammation via the NLRP3 inflammasome. Supporting this
broader relevance, a review by Ramachandran and colleagues identifies NLRP3 inflamma-
some activation as both a marker and a key player of several lifestyle-associated diseases,
including obesity, hyperlipidaemia, diabetes, chronic respiratory disease, oral disease,
and cardiovascular disease [157]. Lifestyle factors such as diet, physical inactivity, and
exposure to environmental pollutants are increasingly recognised as contributors to NLRP3
dysregulation, linking inflammasome activation to the shared pathophysiology of these
chronic disorders. Together, these findings suggest that inflammasome-mediated pathways
may underpin the broad disease burden associated with UPF consumption.
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5.5. Diet, the Microbiota—Immune Axis, and Treatment Response

The convergence of mechanistic and epidemiological evidence highlights diet as a key
determinant of gut homeostasis and inflammatory susceptibility. Diet is among the most
influential and modifiable environmental factors in IBD. Following diagnosis, more than
80% of patients report making dietary changes, and the majority experience symptomatic
improvement [158]. Nevertheless, dietary interventions remain underrepresented in routine
clinical care and research. When lifestyle factors are considered, attention is often limited
to smoking, while dietary intake is insufficiently assessed or excluded altogether [159].
This gap persists despite growing evidence that diet profoundly shapes gut microbiota
composition, microbial metabolism, and immune function. Growing evidence highlights
the importance of the gut microbiota in shaping disease courses and treatment outcomes.
The gut microbiota plays a central role in maintaining immune tolerance and epithelial
barrier integrity. Commensal bacteria and their metabolites, particularly SCFAs, support
Treg differentiation, suppress excessive inflammatory responses, and reinforce tight junction
integrity. Disruption of this microbiota-immune axis leads to loss of immune homeostasis
and increased susceptibility to inflammation, making gut microbiota a key contributor
to disease pathogenesis. Importantly, microbial composition has also been shown to
predict responsiveness to biologic therapies. Patients with pronounced dysbiosis exhibit
reduced response rates to biologic treatments such as vedolizumab, an integrin receptor
antagonist [160], and stool-based models suggest that many non-responders to one biologic
are unlikely to benefit from alternative anti-inflammatory agents. As diet is a primary
determinant of microbial composition and function, it represents a key modulator of disease
heterogeneity and therapeutic outcomes. Yet, many microbiome studies fail to adequately
control for dietary intake, limiting their interpretability and clinical relevance [158].

5.6. Toward Diet-Centred and Restorative IBD Therapy

Given these insights, it is increasingly evident that addressing a single element of the
IBD inflammatory cascade is insufficient. Diet modulation represents a uniquely power-
ful tool in this regard. By limiting UPF exposure and promoting whole and minimally
processed foods, dietary interventions can reduce dysbiosis, enhance SCFA production,
strengthen the epithelial barrier, and indirectly modulate immune activity. A growing
number of dietary approaches have been shown to improve clinical outcomes and reduce
inflammatory burden in IBD [22,161-163]. Common dietary interventions include exclusive
and partial enteral nutrition, whole-food and exclusion diets, the specific carbohydrate
diet, low-FODMAP diets, Mediterranean-style diets, and anti-inflammatory dietary pat-
terns [22,161]. Although these dietary strategies differ in their specific composition, they
share a common underlying principle: a strong reliance on whole foods and avoidance of
UPE. This overlap highlights the importance of limiting UPF exposure in improving IBD pro-
gression. While current research increasingly supports the role of therapeutic diets in IBD
management, dietary interventions are still not routinely integrated into standard patient
care. Diet also offers direct anti-inflammatory potential. Nutrients such as omega-3 fatty
acids have been shown to inhibit NLRP3 inflammasome activation, caspase-1 activity, and
IL-1B secretion, while phytochemicals including curcumin, sulforaphane, and resveratrol
exert similar inhibitory effects in experimental models [164,165]. In parallel, microbiota-
directed strategies, such as prebiotics and probiotics, may further support restoration of gut
homeostasis by enhancing beneficial microbial populations, strengthening barrier integrity,
and promoting immune tolerance [151,163].
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5.7. Final Perspective

IBD is not merely an immune disorder but a disease of a disrupted gut environment.
Therapeutic strategies that focus exclusively on immune suppression are inherently limited
and primarily address symptoms rather than underlying causes. In contrast, a restorative
approach that targets the gut environment, by correcting dysbiosis, repairing the epithelial
barrier, and reducing pro-inflammatory dietary exposures, offers the potential for more
durable disease control. While diet alone is unlikely to fully prevent IBD, given the con-
tribution of genetic susceptibility, it may significantly reduce disease risk in vulnerable
individuals and attenuate disease severity in those already affected. Future IBD manage-
ment should therefore move beyond reactive symptom control toward comprehensive,
system-level interventions that prioritise gut healing and long-term homeostasis.

6. Discussion

This review examined how UPFs, and particularly their additive components, may
contribute to IBD pathogenesis through disruption of gut homeostasis and activation of in-
flammatory pathways such as the NLRP3 inflammasome. The evidence reviewed supports
the view that food additives can promote dysbiosis, impair epithelial and mucus barrier
integrity, induce ER stress, and activate inflammatory pathways such as NF-kB and the
NLRP3 inflammasome, collectively reinforcing the chronic inflammatory loop characteristic
of IBD. Importantly, these mechanisms align closely with established pathogenic features
of IBD, suggesting that UPFs may play a meaningful role not only in disease exacerbation
but potentially also in disease initiation in susceptible individuals.

Despite the strength of this mechanistic framework, several important limitations must
be considered when interpreting the available evidence. A key limitation of the current
evidence base is that much of the mechanistic data derives from animal models, particularly
murine models of chemically or genetically induced colitis. Models such as DSS-induced
colitis, IL-10-deficient mice, and SAMP1/YitFc mice reproduce many hallmarks of human
IBD, including epithelial barrier disruption, immune activation, and microbial dysbiosis.
However, they do not fully capture the complexity, chronicity, and heterogeneity of human
disease. Differences in microbiome composition, immune system development, metabolism
of food additives, and exposure patterns limit direct translation to clinical populations. At
the same time, these limitations do not negate the value of experimental models. Animal
models remain indispensable for establishing causality and elucidating biological mech-
anisms that cannot be ethically or practically investigated in humans. When interpreted
alongside epidemiological data and limited human intervention studies, the findings from
these models provide converging evidence rather than isolated observations. Importantly,
the consistency with which similar pathways, barrier dysfunction, dysbiosis, and inflamma-
some activation are observed across multiple models strengthens the biological plausibility
of additive-driven effects on gut inflammation. This convergence is particularly relevant
when viewed in the context of population-level observations. Although epidemiological
studies consistently associate high UPF consumption with increased IBD risk, these studies
cannot establish causality. However, the parallel rise in UPF intake and IBD incidence, mi-
gration studies linking Western dietary adoption to disease emergence, and limited human
intervention studies, together with mechanistic evidence from experimental animal models,
collectively support a causal inference framework. Together, these lines of evidence suggest
that UPFs and their additives represent a plausible environmental driver contributing to
the modern increase in IBD prevalence.

Another important limitation is that most experimental studies investigate the effects
of individual food additives in isolation. In contrast, real-world UPFs typically contain
multiple additives simultaneously, often combined with nutritional profiles characterised
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by high fat, sugar, and salt content and low dietary fibre. These components may interact
synergistically, producing effects that differ qualitatively and quantitatively from those
observed in single-additive studies. Additives that independently disrupt the mucus
layer, induce ER stress, or alter microbial composition may collectively amplify barrier
dysfunction and immune activation when consumed together. This suggests that current
experimental models may underestimate, rather than overestimate, the true impact of UPFs
on gut health, particularly under conditions that resemble habitual human consumption.
The relevance of dose and exposure duration represents an additional consideration. While
several studies use doses equivalent to the acceptable daily intake, exposure is often lim-
ited to weeks or months. In contrast, humans are exposed to UPFs and their additives
chronically, often from early childhood and across multiple food sources daily. Chronic
low-dose exposure may not induce overt inflammation but could gradually erode gut
homeostasis, leading to low-grade inflammation that predisposes individuals to disease
onset or relapse. This slow, cumulative disruption aligns with the concept of IBD as a
disease that develops over time rather than arising from a single inflammatory insult.
Importantly, the consequences of prolonged additive exposure may vary substantially
between individuals. Not all individuals consuming UPFs develop IBD, highlighting the
importance of host susceptibility. The effects of additives appear to be context-dependent,
with more pronounced consequences in dysbiotic or genetically susceptible hosts. Factors
such as genetic background, baseline microbiome composition, epithelial barrier integrity,
and immunological environment likely determine whether additive-induced perturba-
tions translate into pathology. This context dependency reinforces the systems-disease
framework of IBD, in which environmental factors interact with host predisposition to
drive pathology.

From a clinical perspective, dietary modification represents a feasible and potentially
impactful intervention. Most patients with IBD already alter their diet following diagnosis,
often reporting symptomatic benefits. However, dietary guidance remains inconsistently
incorporated into standard care, and nutritional exposures are frequently overlooked in
research. Integrating diet-based strategies does not imply abandoning pharmacological
treatment but rather complementing it by addressing upstream drivers of disease activity.
Such an approach may improve long-term outcomes, reduce relapse rates, and enhance
quality of life. Taken together, these considerations highlight several priorities for future
research, particularly the need for long-term human intervention studies that emphasise
reductions in UPF consumption rather than isolated nutrients. Studies examining combined
additive exposure, with analyses accounting for differences in host genetic background
and baseline gut microbiota, are particularly needed. Additionally, dietary assessment
should be routinely integrated into microbiome and treatment-response studies to improve
interpretability and clinical relevance. Understanding how diet interacts with immune-
targeted therapies may ultimately enable more personalised and effective IBD management
strategies.

7. Conclusions

This review demonstrates that UPFs, and particularly their additive components, can
disrupt gut homeostasis through multiple converging mechanisms that align closely with
the pathogenesis of IBD. While immune dysregulation remains a central feature of disease
expression, the evidence presented supports the view that it is largely driven by upstream
disturbances in the gut environment. Current immune-targeted therapies, although effec-
tive for symptom control in many patients, do not address these foundational drivers of
disease. In contrast, dietary modulation, particularly the reduction in UPF exposure, offers
a promising, system-level strategy to restore gut homeostasis and complement existing
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treatments. Taken together, these findings support a shift in IBD research and management
toward approaches that target the source of inflammation rather than its downstream
manifestations. Addressing diet as a key modifiable environmental factor may be essential
for improving long-term disease control, reducing relapse risk, and ultimately mitigating
the growing global burden of IBD.
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Abbreviations

The following abbreviations are used in this article:

1BD Inflammatory bowel disease

GI Gastrointestinal

CD Crohn’s disease

ucC Ulcerative colitis

NLRP3 NOD-like receptor family pyrin domain—containing 3
GWAS Genome-wide association studies
SCFA Short-chain fatty acid

E. coli Escherichia coli

AIEC Adherent-invasive E. coli

IL-10 Interleukin-10

LPS Lipopolysaccharide

TNF- Tumour necrosis factor-a

IL-6 Interleukin-6

IL-13 Interleukin-13

GALT Gut-associated lymphoid tissue

Treg Regulatory T cell

TGF- Transforming growth factor-3
MAMPs Microbe-associated molecular patterns
PRRs Pattern-recognition receptors

ROS Reactive oxygen species

1L-18 Interleukin-18

TLRs Toll-like receptors

NLRs NOD-like receptors

PAMPs Pathogen-associated molecular patterns
DAMPs Damage-associated molecular patterns
ASC Apoptosis-associated speck-like protein containing a CARD
SNPs Single-nucleotide polymorphisms

U.S. United States

EU European Union

EFSA European Food Safety Authority

ADIs Acceptable daily intakes

NOAEL No-observed-adverse-effect level

UF Uncertainty factor

CMC Carboxymethylcellulose

P-80 Polysorbate-80
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M-SHIME  Mucosal simulator of the human intestinal microbial ecosystem

Len2 Lipocalin-2
P. mirabilis  Proteus mirabilis
K Kappa
L Tota
A Lamba
MBRA MiniBioReactor Array
MDX Maltodextrin
ER Endoplasmic reticulum
TUDCA Tauroursodeoxycholic acid
NAS Non-caloric artificial sweeteners
TiO, Titanium dioxide
ANSA-Na 1l-amino-2-naphthol-6-sulfonate sodium salt
CDAI Crohn'’s Disease Activity Index
UPR Unfolded protein response
SAS Synthetic amorphous silica
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