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Abstract

Purpose of Review Consumption of ultra-processed food (UPF) tracks closely with obesity across populations, and the Nova
classification has become the dominant tool for capturing that exposure. Why UPF promotes weight gain is a separate ques-
tion, and the biological answer has accumulated in fragments. I draw those strands together and ask whether three mecha-
nisms usually studied in isolation: gut microbial disruption, hypothalamic inflammation, and adipose tissue dysfunction, are
better understood as one connected system, and what that would mean for how UPF is classified.

Recent Findings Three experimental literatures have converged on a shared pathway. Dietary emulsifiers and non-sugar
sweeteners alter microbial composition and weaken the intestinal barrier, raising circulating lipopolysaccharide. In animal
models this signal reaches the hypothalamus, where it activates inflammatory pathways, recruits glia, and blunts the leptin
response that normally limits intake; though whether the same sequence operates in humans remains unestablished. Visceral
fat that expands under this regime secretes its own inflammatory load, which feeds back onto both the gut and the brain.
A 2025 UK Biobank analysis added a human imaging dimension, reporting structural differences in feeding-related brain
regions that scaled with UPF intake and were only partly explained by adiposity.

Summary The evidence coheres best when the three arms are read as a single self-reinforcing loop in which each influences
the others. Within that frame, the limitation of the Nova classification becomes specific and tractable: Group 4 mixes prod-
ucts that engage the loop strongly with products that barely touch it. This review sets out where the mechanistic evidence is
firm, where it remains thin, and how an attribute-aware refinement of Group 4 might be tested.

Keywords Ultra-processed food - Nova classification - Gut microbiome - Hypothalamic inflammation - Adipose tissue -
Metabolic endotoxaemia - Obesity

Introduction

Obesity prevalence has roughly doubled worldwide since
1990 [1], and conventional dietary advice built around indi-
vidual nutrients has not reversed the trend [2, 3]. The com-
position of the food supply shifted over a longer horizon.
Across the second half of the twentieth century, and accel-
erating from the 1990s, industrially formulated products
high in additives and low in intact plant structure progres-
sively displaced home-prepared meals, first in high-income
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countries and more recently in low- and middle-income set-
tings [4, 5].

The Nova system sorts foods by the degree and purpose
of processing rather than by nutrient content [6, 7] (Fig. 1).
Its fourth group, ultra-processed food (UPF), gathers prod-
ucts defined by industrial formulation and by ingredients not
commonly found in domestic kitchens, among them emul-
sifiers, modified starches, non-sugar sweeteners, colours,
and flavour compounds [6]. The epidemiology connecting
this group to obesity is now extensive. A 2024 umbrella
review covering 45 meta-analyses and close to ten million
participants graded the association with adiposity as highly
suggestive [8]. The association is uneven across the intake
range. In the EPIC cohort, elevated type 2 diabetes risk was
confined to the highest consumers, with a hazard ratio above
1.0 only in the top quartile, corresponding to intake above
40% of energy, across all adjustment models [9]. Threshold
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Fig. 1 Nova food classification system and purported obesity risk gradient

behaviour of this kind is difficult to reconcile with treating
Group 4 as a single homogeneous exposure.

Evidence from randomized trials also started to emerge.
A two-week inpatient trial reported that an ultra-processed
diet drove an extra 508 kcal per day and measurable weight
gain against a minimally processed comparator matched for
presented sugar, fat, fibre, and sodium [10]. What that trial
could not isolate is mechanism. The diets differed in many
ways at once, so the excess intake cannot be assigned to any
single feature of processing [11, 12]. A subsequent crossover
trial linked UPF-related weight gain partly to faster eating
and reduced chewing, pointing to texture and eating rate as
intake-relevant properties that vary with processing [13].

Three lines of mechanistic work have grown up around
the problem. One concerns the gut microbiome and the
intestinal barrier [14, 15]. A second concerns inflammation
in the hypothalamic circuits that govern appetite [16—18].
A third concerns the adipose tissue that stores the resulting
surplus and behaves as an endocrine organ [19-21]. These
literatures have largely developed on separate tracks, with
separate model systems and separate journals [4].

Running alongside the biology is an unresolved debate
about the classification itself. Critics note that Group 4 places
ultra-processed wholegrain bread beside cola, that it quanti-
fies neither additives nor processing intensity, and that coding
the same products differently across studies shifts preva-
lence estimates by double-digit margins [22—-24]. The World
Health Organization has recently initiated formal guideline
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development on UPF [25], signalling that the tension between
epidemiological utility and mechanistic specificity is now
being addressed at the policy level.

This review pursues two linked questions. First, do the
three mechanistic arms describe one system or three? Sec-
ond, if they describe one system, what does its structure
imply for the way ultra-processed food is classified and acted
upon? To address these questions, I weigh the evidence for
each arm, examine how the arms connect, and consider how
a mechanistically informed refinement of the classification
might be framed and tested.

The system I describe is a heuristic for connecting process-
ing-specific exposures to downstream physiology. It is not an
exhaustive account of energy homeostasis, which integrates
ghrelin, GLP-1, insulin, glucagon and other signals across the
central nervous system, sympathetic outflow, liver, skeletal
muscle and adipose tissue. My aim is narrower: to trace how
specific attributes of Nova Group 4 foods engage a subset of
these pathways in a mutually reinforcing way.

The Nova Classification and Its Open
Questions
Epidemiological Reach

Nova rests on a single idea: industrial processing can
change how a food behaves in the body through additives,
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neoformed compounds, and the disruption of intact food
structure, independently of the macronutrient label on the
package [5—7]. Monteiro's early Brazilian data showed that
the share of UPF in the diet captured population-level shifts
in diet quality and obesity more effectively than nutrient-
based approaches [26, 27]. Large cohorts since then, among
them NutriNet-Santé [28], UK Biobank [29], and NHANES
[30], have repeated the finding for BMI, waist circumfer-
ence, and visceral fat. Meta-analyses of approximately
thirteen prospective cohorts consistently show higher risks
of overweight and obesity with greater UPF intake, with
dose—-response analyses indicating around 10% increases in
risk per 10% higher intake in large cohorts such as Nutri-
Net-Santé [31, 32]. Few diet—disease associations in nutri-
tional epidemiology have been replicated as consistently
across populations, cohorts, and analytic approaches.

Where the Category Strains

The difficulty is internal heterogeneity. Group 4 treats a
packaged wholegrain loaf and a sugar-sweetened soft drink
as equivalent [12, 33], yet their associations with cardio-
metabolic risk diverge sharply. Several cohorts find that
ultra-processed breads, plain yoghurts, and some dairy des-
serts sit at or below neutral for risk, while processed meats,
soft drinks, and packaged snacks carry most of the adverse
signal [9, 34-36]. A classification that cannot separate these
within a single group offers limited traction at the bedside.

A second problem is granularity. Nova records neither
which additives a product contains nor how much [37, 38].
Carboxymethylcellulose (CMC) and polysorbate 80 (P80)
disturb the intestinal barrier in animal and ex vivo human
work [15], yet most Group 4 products contain neither, and
Nova cannot tell the two situations apart [38]. Reliability
compounds the issue: applying different coding conventions
to the same foods has shifted estimated UPF prevalence by
as much as fifteen percentage points in one population [39].
None of this overturns the epidemiology. It does mark out
where a mechanistic account could sharpen a tool that cur-
rently works at the level of the whole diet but blurs at the
level of the individual product [12, 40, 41].

First Arm: Disruption of the Gut Microbiome
and Barrier

Food-level Factors and the Gap to Biology

Before turning to individual components, one caveat frames
the section. Food matrix integrity, energy density and tex-
ture vary systematically across processing levels and shape
intake through routes that are only partly mapped onto the

biological arms described below [42]. The bridge between
these food-level properties and downstream physiology
remains incompletely characterised, and I return to it in the
research agenda.

Components that Perturb the Gut

A diverse microbiome with active short-chain fatty acid
production supports barrier integrity and metabolic health
[43-46]. Several features of UPF have been proposed to
erode that state, through routes that differ in how directly
they have been demonstrated.

Emulsifiers are the clearest example. In mice, dietary
CMC or P80, both common in ice cream, dressings, and
reconstituted meats, thinned the protective mucus layer
and allowed bacteria to encroach on the epithelium, with
low-grade inflammation and metabolic syndrome following
[15]. Transferring microbiota from emulsifier-fed animals
into germ-free recipients carried the adiposity phenotype
with it, which points to the microbiome as a mediator rather
than a bystander [15]. These animal exposures used concen-
trations above typical human intake [47], a point I return
to when grading the evidence. An ex vivo human study
subsequently demonstrated that these emulsifiers directly
alter human microbiota composition and gene expression,
potentiating intestinal inflammation [48]. The 2022 human
randomised controlled feeding trial of CMC confirmed det-
rimental effects on microbiota composition and metabolome
in healthy adults [49], and a recent placebo-controlled ran-
domised trial testing five emulsifiers in people with Crohn's
disease demonstrated measurable effects on gut inflamma-
tion, permeability, and microbial composition at doses rel-
evant to typical dietary exposure [50]. In the NutriNet-Santé
cohort, emulsifier intake from industrial food products
tracked with markers of gut barrier disturbance and car-
diovascular risk [51-53]. The human signal is not uniform,
however. In the trial by Wellens [50], not all emulsifiers pro-
duced detectable effects, and commonly used agents such as
soy lecithin showed little impact on inflammation or barrier
function [54], which cautions against treating the emulsifier
class as biologically homogeneous.

Non-sugar sweeteners act along a parallel path. Saccharin
impairs glucose handling by reshaping the microbiome, an
effect abolished when the microbiota are cleared with anti-
biotics [55]. Experimental studies further show that saccha-
rin and sucralose lower Lactobacillus and Bifidobacterium
populations and reduce faecal short-chain fatty acid (SCFA)
concentrations [55, 56]. More recent work has extended
this picture. A 2022 randomised trial showed that responses
to non-nutritive sweeteners are personalised through indi-
vidual microbiome configurations, reshaping community
structure and downstream glucose handling in a manner that
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varies from person to person and complicates any single
population-level estimate [56]. Syntheses have since linked
these shifts to immunometabolic signalling [57]. This pic-
ture is contested. Other randomised trials report negligible
glycaemic or microbiome effects at typical intakes [58], and
substitution studies find that replacing sugar with non-sugar
sweeteners can support modest weight loss [59, 60]. The
2023 WHO guidance reflected this uncertainty, recommend-
ing against sweeteners for weight control while acknowl-
edging the evidence base as low in certainty [61].

Acellular carbohydrates act through what they fail to
deliver to the colon. Refined starch and high-fructose corn
syrup, stripped of the plant cell walls that normally shield
carbohydrate from rapid absorption, are taken up high
in the gut and deliver little fermentable substrate to the
colon [45]. A crossover RCT demonstrated that switch-
ing from unrefined to refined carbohydrate diets shifted
gut taxa and reduced microbial metabolite diversity [62].
This is mechanistically explained by the loss of micro-
biota-accessible carbohydrates (MACs): without intact
plant cell-wall polysaccharides, fermentative populations
dependent on polysaccharide breakdown decline, SCFA
production falls, and colonocyte energy supply is compro-
mised through GPR41, GPR43, and GPR1094 signalling
pathways [63, 64].

Neoformed compounds such as acrylamide and advanced
glycation end-products (AGEs), generated during Maillard
reactions at high processing temperature, exert genotoxic
and pro-inflammatory effects on colonocyte and micro-
bial communities in experimental systems [65]. Evidence
for direct gut microbiome perturbation remains limited at
regulatory-relevant doses, and this gap is acknowledged in
Sect. 6. Packaging migrants including bisphenol-A (BPA)
and phthalates, leaching from food contact materials into
UPF products, act as endocrine disruptors; recent analy-
ses of plastic food packaging from several countries have
documented contamination with endocrine- and metabo-
lism-disrupting chemicals; in experimental systems, such
compounds can alter microbial composition and promote
adipocyte differentiation [66—68].

From Barrier Failure to Systemic Signal

These perturbations converge on a leakier intestinal barrier.
Tight-junction proteins fall, and LPS from gram-negative
bacteria crosses into the circulation [46, 69]. A high-fat,
ultra-processed meal can raise circulating LPS two- to
threefold above fasting levels [70]. Once in the blood, LPS
engages Toll-like receptor 4 across immune cells, adipo-
cytes, hepatocytes, and the microglia of the hypothalamus
[46], lighting the inflammatory fuse for the second arm.
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Second Arm: Central Inflammation, Leptin
Resistance and Reward Dysregulation

The Arcuate Nucleus As Appetite Gatekeeper

Appetite regulation is distributed across several brain
regions, including the nucleus of the solitary tract, hippo-
campus and mesolimbic reward areas. I concentrate on the
arcuate nucleus of the hypothalamus because the metabolic-
endotoxaemia signal has been most directly characterised
there. Within it, neuropeptide Y/agouti-related peptide
(NPY/AgRP) neurons that promote feeding are balanced
against pro-opiomelanocortin (POMC) neurons that pro-
mote satiety, integrating leptin, insulin, ghrelin and gut
peptides [71, 72]. Inflammation in this region, marked by
reactive glia and local cytokine release, uncouples that bal-
ance and produces leptin resistance even when circulating
leptin is high [18]. Human relevance is anchored by post-
mortem evidence of gliosis in the mediobasal hypothalamus
of people with obesity [18, 73].

Rodent work fills in the sequence. In rodents, diets rich
in processed ingredients trigger hypothalamic inflammation
within roughly three days, before body fat has meaningfully
increased, which places inflammation early in the sequence
[74]. In rodent models, lipopolysaccharide (LPS) acting
through Toll-like receptor 4 (TLR4) on microglia activates
nuclear factor kappa-B (NF-xB) and induces suppressor of
cytokine signalling 3 (SOCS3), an intracellular feedback
protein that dampens leptin-receptor signalling through the
JAK?2/STAT3 pathway [75]. The corresponding sequence in
humans is inferred from these models and from post-mor-
tem and imaging data rather than demonstrated directly.

Imaging the Circuit in People

Human data took a step forward in 2025. A UK Biobank
analysis of more than thirty thousand participants used
MRI-derived measures to relate brain microstructure to
UPF intake [76]. Higher intake was associated with imag-
ing signatures of altered cellularity in the hypothalamus
and microstructural differences in reward-related regions
including the nucleus accumbens, putamen, and pallidum.
Mediation analyses indicated that adiposity and dyslipi-
daemia explained only part of these associations, implying
that ultra-processed foods may influence the brain through
pathways beyond simple weight gain [76]. The design is
cross-sectional and cannot establish the direction of cau-
sation. An alternative reading runs the other way. Estab-
lished obesity can itself induce hypothalamic gliosis, so
the cross-sectional association is equally consistent with
adiposity driving the brain changes rather than the reverse.
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Disentangling the two will require longitudinal imaging
across dietary transitions [73].

Reward as Well As Homeostasis

UPF also acts on reward circuitry. Engineered combinations
of fat, sugar, salt, and glutamate push dopaminergic activ-
ity in the accumbens and orbitofrontal cortex past the levels
that ordinary food evokes [77]. In rodents, sustained expo-
sure lowers dopamine D2 receptor availability and dampens
dopaminergic tone, producing compulsive intake patterns
that resemble addiction [78]. The nucleus accumbens find-
ings from UK Biobank imaging study are consistent with
reward-circuit remodelling in humans [76]. This hedonic
dimension may help explain why advice to eat less alone is
often insufficient.

Third Arm: Adipose Tissue Dysfunction and
the Closing of the Loop

Visceral Fat As an Inflammatory Organ

Adipose tissue secretes hormones, cytokines, and lipid
mediators that set whole-body insulin sensitivity and
immune tone [79]. Visceral fat, which expands readily
on energy-dense low-fibre food, becomes hypertrophic,
recruits macrophages that surround dying adipocytes in
characteristic crown-like structures, and shifts its secretory
profile towards inflammation, with leptin and tumour necro-
sis factor-alpha (TNF-a) rising as adiponectin falls [21, 80—
82]. In the PREDIMED-Plus imaging sub-study, a higher
proportion of energy from UPF predicted greater visceral
fat and total fat mass at one year after adjustment for total
energy intake and Mediterranean-diet adherence, a residual
association consistent with processing-specific effects on fat
biology [83].

Trans-fatty acids, generated by partial hydrogena-
tion, illustrate a further processing-specific route, though
their contemporary relevance is qualified. Industrial trans
fats have been restricted in the United States, the United
Kingdom and through the WHO REPLACE programme
[84], and their contribution from UPF has fallen substan-
tially where enforcement is effective. Residual exposure
persists through incomplete regulation in some markets,
ruminant frans fats and repeated high-temperature frying.
Adverse cardiometabolic effects are reported above roughly
1% of energy [85], and saturated fatty acids, quantitatively
more prominent in many UPF-rich diets, warrant paral-
lel consideration [86]. Beyond their well-established pro-
inflammatory effects mediated through NF-kB and NLRP3
inflammasome activation in adipose macrophages, they

promote hepatic steatosis and insulin resistance through
mechanisms partially independent of energy intake [87, 88].
Rodent studies demonstrate that trans-fat exposure causes
greater hepatic and visceral fat deposition than calorically
equivalent saturated fats, consistent with adipose dysfunc-
tion beyond energy density [89]. Dysfunctional white
adipose tissue contributes to systemic metabolic disease
through impaired lipid handling and inflammatory cytokine
secretion, across a range of initiating insults [90]. Oxidised
and trans-fatty acid by-products of frying and extrusion add
to the load by activating TLR4 and the NLRP3 inflamma-
some in adipose macrophages [85, 91].

Packaging Chemistry and Adipogenesis

Some of the relevant exposure comes from the wrapper
rather than the food. Bisphenol-A and phthalates migrate
from can linings, plastics, and sachets and activate PPARYy,
the transcription factor that licenses adipocyte differentia-
tion and lipid loading [67]. Chemical screening of consumer
plastic packaging has confirmed that a broad range of plastic
materials used in food contact carry adipogenic activity, with
PPARY agonism detectable from real-world product extracts
rather than only from pure compound exposures [92]. Uri-
nary BPA concentrations track with adiposity in population
studies, and substitutes including bisphenol-S (BPS) and
bisphenol-F (BPF), now widely used since BPA phase-outs
in the European Union and Canada, demonstrate similar
endocrine-disrupting properties without equivalent regula-
tory restriction [93]. It is plausible, though not yet demon-
strated for UPF-defined diets, that higher UPF consumption
entails greater cumulative exposure to these migrants, given
the reliance of such products on plastic and lined packaging.
If so, Nova would omit an adipogenic exposure pathway
that tends to accompany Group 4 while sitting outside its
definitional criteria [66, 94].

Three Arms, One Circuit

Considered together, the three arms behave as an intercon-
nected loop. Chronic leptin elevation from hypertrophic fat
may sustain hypothalamic inflammation, plausibly deep-
ening central leptin resistance and helping to keep intake
high [95]. Adipose-derived LPS-binding protein and soluble
CD14 heighten TLR4 sensitivity in both gut and brain [96].
Gut-derived LPS reaching the portal circulation can activate
adipose macrophages directly, at least in animal models [46].
The crosstalk between adipose tissue and the gut microbi-
ome is bidirectional: adipose inflammation alters microbial
composition and thermogenic signalling, and microbiome-
derived signals in turn regulate adipocyte metabolism and
immune infiltration [20]. Each arm can amplify the others.
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Fig. 2 Ultra-processed food driven gut-brain-adipose axis in obesity pathogenesis

The circuit (Fig. 2) may help explain why UPF-related obe-
sity often responds poorly to interventions aimed at energy
intake alone. It is worth being clear about the status of this
synthesis. No single study has demonstrated the complete
loop operating in humans; the connections are assembled
from separate experimental systems, each with its own
limitations, and the integrated circuit remains a hypothesis
rather than a demonstrated pathway.

Implications for Classifying UPFs

The mechanistic picture suggests a way to keep what Nova
does well while addressing what it does poorly. Nova's pro-
cessing axis stays. Onto it, I propose adding a second, attri-
bute-based axis that stratifies Group 4 by mechanistic load:
the burden of barrier-disrupting additives, the presence of
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adipogenic exposures such as trans-fats and packaging
migrants, and the load of rapidly absorbed acellular car-
bohydrate. A product scoring high on several dimensions
would be flagged as mechanistically high-risk; one carrying
additives without those features would sit lower. I offer this
as a hypothesis for testing; it remains some distance from a
usable instrument.

Such a scheme would separate the cases that currently
sit awkwardly together, distinguishing a packaged who-
legrain loaf with modest additive load from a soft drink that
combines acellular sugar, sweeteners, and a bisphenol-lined
container. It would also give manufacturers a defined target
for reformulation in place of a category they can only enter
or leave. A refinement of this kind needs a guard against
gaming. A practical difficulty arises here. Many foods con-
tain components with intrinsic emulsifying properties, such
as egg yolk or mustard, so a rule cannot simply penalise
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emulsification as such. The relevant distinction lies between
isolated, purified additive emulsifiers used at functional
concentrations and emulsification arising from whole-food
ingredients. Because a whole-food alternative carries other
bioactive components alongside its emulsifying fraction,
the burden of proof should rest on demonstrating equivalent
or reduced biological effect in human studies rather than on
ingredient identity. Without that condition, an attribute axis
would invite reformulation that improves the label while
leaving the biology untouched.

Clinical and Public Health Translation
Targeting the Loop

Viewing obesity through this loop broadens the clinical tar-
get from energy balance to the biological circuit that sustains
intake. In the one inpatient trial to test this directly, remov-
ing UPF lowered intake more than a nutrient-matched com-
parator over two weeks [10], though the small sample and
short duration limit how far the finding can be generalised
[11,97, 98]. The imaging data carry a sobering implication,
though: hypothalamic gliosis may not reverse quickly once
established [73, 99], so dietary change alone may leave
residual leptin resistance, and anti-inflammatory strategies
may earn a place in long-term management [73]. In early
trials, microbiome-directed approaches such as prebiotic
fibre and synbiotics have increased diversity and reduced
circulating LPS in some participants [100, 101]. Pairing
them with reduced UPF intake has a mechanistic rationale,
since continued emulsifier and sweetener exposure would
be expected to counteract them, though this combination
has not been tested directly.

Policy Levers

Evaluations of Chile's front-of-pack warning octagons [102,
103] and of the Mexican measures that followed [104—106]
report reduced purchases of the targeted products, with the
largest shifts among lower-income households. An attri-
bute-aware classification would let such policies aim more
precisely: mandatory disclosure of emulsifier identity and
dose, ceilings on high-risk emulsifiers in foods marketed
to children, limits on bisphenol-lined packaging for acidic
products. The 2025 US Dietary Guidelines Advisory Com-
mittee folded UPF into its evidence review for the first time,
ending a long reluctance to make processing a basis for
dietary guidance [107]. A mechanistic account supplies the
biological rationale that processing-based policy has so far
lacked.

Limitations and a Research Agenda

Several limits qualify this synthesis. It is a critical narrative
review rather than a registered systematic one; my searches
of PubMed and Scopus from 2015 to 2026 were structured
but did not follow PRISMA. Much of the component-level
mechanism comes from animal or in vitro work, with sparse
human trial data linking specific attributes to specific arms.
The human imaging evidence, though striking, is cross-sec-
tional and silent on direction. The proposed attribute axis is
reasoned from mechanism and awaits prospective valida-
tion before any regulatory use.

Three substantive objections also warrant statement.
Observational UPF associations are confounded by diet
quality and socioeconomic position, and adjustment does
not fully remove either [41, 108]. The direction of causa-
tion between diet, adiposity and hypothalamic change is
unresolved. And the human evidence for individual addi-
tives remains inconsistent, with positive and nul// trials for
the same compounds. These are not fatal to the framework,
but they set the terms on which it should be tested.

The same gaps define the agenda. Priorities include:
multi-week human trials contrasting emulsifier-containing
with emulsifier-free diets matched on other attributes; lon-
gitudinal imaging that tracks hypothalamic gliosis as people
move between ultra-processed and minimally processed
eating; studies of additive mixtures at realistic combined
doses; microbiome and metabolomic profiling within the
dietary-substitution arms of existing cohorts; and valida-
tion of the attribute-stratified scheme against metabolic out-
comes in at least two independent populations.

Conclusion

The available evidence is consistent with a model in which
UPF influences obesity through an interconnected circuit.
Additives and refined carbohydrates can disturb the gut and
weaken its barrier; the resulting LPS may contribute to hypo-
thalamic inflammation and reduced leptin sensitivity; and
expanding adipose tissue secretes inflammatory mediators
that act back onto gut and brain. The strength of evidence
varies along this chain, and several links rest on animal data
alone. That layered uncertainty may itself help explain why
interventions directed at energy intake alone often achieve
limited durable effect. Nova has earned its place by capturing
this exposure at the level of the whole diet, and the epidemiol-
ogy behind it is among the most reproducible in nutrition. Its
weakness lies one level down, where Group 4 lumps together
products that drive the circuit hard with products that barely
engage it. An attribute-aware refinement, stratifying Group 4
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by emulsifier load, acellular carbohydrate, neoformed com-
pounds, and packaging chemistry, would carry the mechanis-
tic detail now available into a form clinicians and regulators
can use. For clinical practice, the framework suggests attend-
ing to this biological circuit alongside energy balance, with
sustained reduction of the most strongly implicated UPF
products as a reasonable priority pending trial confirmation.
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review's treatment of causal evidence; from a major
collaborator whose methodological position must
be engaged.

graded evidence hierarchy (Class Il for obesity/
overweight). The foundational citation for stating
that UPF—obesity associations are "established."

e Mauney, E.E., et al., Adipose tissue—gut microbiome
crosstalk in inflammation and thermogenesis. Trends
Endocrinol. Metab., 2025. 36(8): p. 721-732.

e Morys, F., et al., Ultra-processed food consumption af-
fects structural integrity of feeding-related brain regions
independent of and via adiposity. npj Metabolic Health
and Disease, 2025. 3(1): p. 13.

Reviews the adipose tissue—gut microbiome cross-
talk in inflammation and thermogenesis. Directly
supports the closing-of-the-loop section connecting
the adipose and gut arms.

Large UK Biobank diffusion MRI study (n>30,000)
showing that higher UPF intake is associated with
structural microarchitectural changes in the hypo-
thalamus, nucleus accumbens, putamen, and pal-
lidum, partially independent of adiposity. The first
large-scale human neuroimaging evidence linking
UPF to structural feeding-circuit changes. Excep-
tionally timely and the most novel single citation in
the manuscript.

e Sellem, L., et al., Food additive emulsifiers and risk
of cardiovascular disease in the NutriNet-Santé co-
hort: prospective cohort study. BMJ, 2023. 382: p.
€076058.

NutriNet-Santé prospective cohort study specifically
on food additive emulsifiers and cardiovascular risk
— one of the first large human cohort studies link-
ing specific additive classes (rather than total UPF
intake) to disease outcomes. Directly supports the

e Wellens, J., et al., Effect of Five Dietary Emulsifiers on
Inflammation, Permeability, and the Gut Microbiome:
A Placebo-controlled Randomized Trial. Clin. Gastro-
enterol. Hepatol., 2026. 24(4): p. 1092-1101.
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emulsifier-specific evidence strand.

Authors’ Contributions J.C.Y.L. is the sole author and wrote the manu-
script in its entirety, and is responsible for all aspects of this manu-



Current Obesity Reports (2026) 15:67

Page9of12 67

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions. This manuscript was written without external
funding. This work received no specific funding.

Data Availability No datasets were generated or analysed during the
current study.

Declarations

Author’s Last Name for PubMed listing Louie.

Use of Generative Al During the preparation of this work the author
used Claude sonnet 4.6 (https://claude.ai) in Jun 2026 in order to impr
ove the grammar and clarity of the text he drafted. After using this tool/
service, the corresponding author reviewed and edited the content as
needed and takes full responsibility for the content of the publication.

Conflict of interest The author has no financial or personal relation-
ships that could influence the research process or bias the interpreta-
tion of the findings.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. World Obesity Federation (2026) Global Obesity Observatory.
updated regularly. World Obesity Federation. https://data.world
obesity.org/. Accessed 26 May 2026

2. Fardet A, Rock E. Perspective: reductionist nutrition research has
meaning only within the framework of holistic and ethical think-
ing. Adv Nutr. 2018;9(6):655-70. https://doi.org/10.1093/advanc
es/nmy044.

3. Ludwig DS, Hu FB, Lichtenstein AH, Willett WC. Low-fat diet
redux at WHO. Am J Clin Nutr. 2023;118(5):849-51. https://doi.
org/10.1016/j.ajcnut.2023.09.006.

4. Juul F, Martinez-Steele E, Parekh N, Monteiro CA. The role of
ultra-processed food in obesity. Nat Rev Endocrinol. 2025. https:/
/doi.org/10.1038/s41574-025-01143-7.

5. Monteiro CA, Louzada MLC, Steele-Martinez E, et al. Ultra-pro-
cessed foods and human health: the main thesis and the evidence.
Lancet. 2025;406(10520):2667—84. https://doi.org/10.1016/S014
0-6736(25)01565-X.

6. Monteiro CA, Steele EM, Cannon G. Impact of food ultra-
processing on cardiometabolic health: definitions, evidence,
and implications for dietary guidance. J Am Heart Assoc.
2024;13(21):¢035986. https://doi.org/10.1161/JAHA.124.035986.

7. Monteiro C, Cannon G, Levy RB, et al. Ultra-processed foods:
what they are and how to identify them. Public Health Nutr.
2019;22(5):936-41. https://doi.org/10.1017/S13689800180037
62.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

Lane MM, Gamage E, Du S, et al. Ultra-processed food exposure
and adverse health outcomes: umbrella review of epidemiological
meta-analyses. BMJ. 2024;384:¢077310. https://doi.org/10.1136/
bm;j-2023-077310.

Dicken SJ, Dahm CC, Ibsen DB, et al. Food consumption by
degree of food processing and risk of type 2 diabetes mellitus: a
prospective cohort analysis of the European Prospective Investi-
gation into Cancer and Nutrition (EPIC). Lancet Reg Health Eur.
2024;46:101043. https://doi.org/10.1016/j.lanepe.2024.101043.
Hall KD, Ayuketah A, Brychta R, et al. Ultra-processed diets
cause excess calorie intake and weight gain: an inpatient ran-
domized controlled trial of ad libitum food intake. Cell Metab.
2019;30(1):67-77 ¢63. https://doi.org/10.1016/j.cmet.2019.05.00
8.

Ludwig DS. Is the experimental evidence on ultra-processed food
and obesity reliable? Crit Rev Food Sci Nutr. 2026. https://doi.or
2/10.1080/10408398.2026.2664043.

Louie JCY. Are all ultraprocessed foods bad? A critical review of
the NOVA classification system. Proc Nutr Soc. 2025. https://doi
.org/10.1017/S0029665125100645.

Hamano S, Sawada M, Aihara M, et al. Ultra-processed foods
cause weight gain and increased energy intake associated with
reduced chewing frequency: a randomized, open-label, crossover
study. Diabetes Obes Metab. 2024;26(11):5431-43. https://doi.or
g/10.1111/dom.15922.

Spiller AL, Costa B, Yoshihara RNY, et al. Ultra-processed foods,
gut microbiota, and inflammatory bowel disease: a critical review
of emerging evidence. Nutrients. 2025;17(16):2677.

Chassaing B, Koren O, Goodrich JK, et al. Dietary emulsifiers
impact the mouse gut microbiota promoting colitis and metabolic
syndrome. Nature. 2015;519(7541):92—6. https://doi.org/10.1038
/nature14232.

Poon E, Li C, Schweitzer D, Akefe 1. Neurobiological insights
into the effects of ultra-processed food on lipid metabolism and
associated mental health conditions: a scoping review. Front Nutr.
2026;12:1754492. https://doi.org/10.3389/fnut.2025.1754492.

. Juul F, Parekh N, Martinez-Steele E, Monteiro CA, Chang VW.

Ultra-processed food consumption among US adults from 2001
to 2018. Am J Clin Nutr. 2022;115(1):211-21. https://doi.org/10.
1093/ajcn/nqab305.

Thaler JP, Yi CX, Schur EA, et al. Obesity is associated with
hypothalamic injury in rodents and humans. J Clin Invest.
2012;122(1):153-62. https://doi.org/10.1172/jci59660.

Ciaffi J, Mancarella L, Ripamonti C, et al. Ultra-processed food
consumption and systemic inflammatory biomarkers: a scoping
review. Nutrients. 2025;17(18):3012.

Mauney EE, Wibowo MC, Tseng Y-H, Kostic AD. Adipose tis-
sue—gut microbiome crosstalk in inflammation and thermogen-
esis. Trends Endocrinol Metab. 2025;36(8):721-32. https://doi.or
2/10.1016/j.tem.2024.10.004.

Hotamisligil GS. Inflammation, metaflammation and immuno-
metabolic disorders. Nature. 2017;542(7640):177-85. https://do
i.org/10.1038/nature21363.

Braesco V, Souchon I, Sauvant P, et al. Ultra-processed foods: how
functional is the NOVA system? Eur J Clin Nutr. 2022;76(9):1245—
53. https://doi.org/10.1038/s41430-022-01099-1.

Gibney MJ. Ultra-processed foods: definitions and policy issues.
Curr Dev Nutr. 2019;3(2):nzy077. https://doi.org/10.1093/cdn/nz
y077.

Visioli F, Marangoni F, Fogliano V, et al. The ultra-processed
foods hypothesis: a product processed well beyond the basic
ingredients in the package. Nutr Res Rev. 2023;36(2):340-50.
https://doi.org/10.1017/S0954422422000117.

World Health Organization (2025) Public notice and comment:
WHO Guideline Development Group for ultra-processed foods.
WHO. https://www.who.int/news-room/articles-detail/public-not

@ Springer


https://claude.ai
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://data.worldobesity.org/
https://data.worldobesity.org/
https://doi.org/10.1093/advances/nmy044
https://doi.org/10.1093/advances/nmy044
https://doi.org/10.1016/j.ajcnut.2023.09.006
https://doi.org/10.1016/j.ajcnut.2023.09.006
https://doi.org/10.1038/s41574-025-01143-7
https://doi.org/10.1038/s41574-025-01143-7
https://doi.org/10.1016/S0140-6736(25)01565-X
https://doi.org/10.1016/S0140-6736(25)01565-X
https://doi.org/10.1161/JAHA.124.035986
https://doi.org/10.1017/S1368980018003762
https://doi.org/10.1017/S1368980018003762
https://doi.org/10.1136/bmj-2023-077310
https://doi.org/10.1136/bmj-2023-077310
https://doi.org/10.1016/j.lanepe.2024.101043
https://doi.org/10.1016/j.cmet.2019.05.008
https://doi.org/10.1016/j.cmet.2019.05.008
https://doi.org/10.1080/10408398.2026.2664043
https://doi.org/10.1080/10408398.2026.2664043
https://doi.org/10.1017/S0029665125100645
https://doi.org/10.1017/S0029665125100645
https://doi.org/10.1111/dom.15922
https://doi.org/10.1111/dom.15922
https://doi.org/10.1038/nature14232
https://doi.org/10.1038/nature14232
https://doi.org/10.3389/fnut.2025.1754492
https://doi.org/10.1093/ajcn/nqab305
https://doi.org/10.1093/ajcn/nqab305
https://doi.org/10.1172/jci59660
https://doi.org/10.1016/j.tem.2024.10.004
https://doi.org/10.1016/j.tem.2024.10.004
https://doi.org/10.1038/nature21363
https://doi.org/10.1038/nature21363
https://doi.org/10.1038/s41430-022-01099-1
https://doi.org/10.1093/cdn/nzy077
https://doi.org/10.1093/cdn/nzy077
https://doi.org/10.1017/S0954422422000117
https://www.who.int/news-room/articles-detail/public-notice-and-comment-who-guideline-development-group-for-ultra-processed-foods

67

Page 10 of 12

Current Obesity Reports (2026) 15:67

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

ice-and-comment-who-guideline-development-group-for-ultra-p
rocessed-foods. Accessed 21st Apr 2026

Monteiro CA, Levy RB, Claro RM, de Castro IR, Cannon G.
Increasing consumption of ultra-processed foods and likely
impact on human health: evidence from Brazil. Public Health Nutr.
2011;14(1):5-13. https://doi.org/10.1017/s1368980010003241.
Louzada M, Ricardo CZ, Steele EM, et al. The share of ultra-
processed foods determines the overall nutritional quality of diets
in Brazil. Public Health Nutr. 2018;21(1):94—102. https://doi.org/
10.1017/s1368980017001434.

Beslay M, Srour B, Méjean C, et al. Ultra-processed food intake
in association with BMI change and risk of overweight and obe-
sity: a prospective analysis of the French NutriNet-Santé cohort.
PLoS Med. 2020;17(8):¢1003256. https://doi.org/10.1371/journa
l.pmed.1003256.

Rauber F, Chang K, Vamos EP, et al. Ultra-processed food con-
sumption and risk of obesity: a prospective cohort study of UK
Biobank. Eur J Nutr. 2021;60(4):2169-80. https://doi.org/10.100
7/s00394-020-02367-1.

Zhang Z, Kahn HS, Jackson SL, et al. Associations between ultra-
or minimally processed food intake and three adiposity indica-
tors among US adults: NHANES 2011 to 2016. Obesity (Silver
Spring). 2022;30(9):1887-97. https://doi.org/10.1002/0by.23507.
Vitale M, Costabile G, Testa R, et al. Ultra-processed foods and
human health: a systematic review and meta-analysis of prospec-
tive cohort studies. Adv Nutr. 2024;15(1):100121. https://doi.org/
10.1016/j.advnut.2023.09.009.

Pagliai G, Dinu M, Madarena MP, et al. Consumption of ultra-
processed foods and health status: a systematic review and meta-
analysis. Br J Nutr. 2021;125(3):308-18. https://doi.org/10.1017/
s0007114520002688.

Kahleova H, Himmelfarb J, Barnard ND (2026) Not all ultra-pro-
cessed foods are created equal: a review. BMJ Nutr Prev Health
¢001358. https://doi.org/10.1136/bmjnph-2025-001358

Chen Z, Khandpur N, Desjardins C, et al. Ultra-processed food
consumption and risk of type 2 diabetes: three large prospective
U.S. cohort studies. Diabetes Care. 2023;46(7):1335—-44. https://
doi.org/10.2337/dc22-1993.

Cordova R, Viallon V, Fontvieille E, et al. Consumption of ultra-pro-
cessed foods and risk of multimorbidity of cancer and cardiometa-
bolic diseases: a multinational cohort study. Lancet Reg Health Eur.
2023;35:100771. https://doi.org/10.1016/j.lanepe.2023.100771.
Mendoza K, Smith-Warner SA, Rossato SL, et al. Ultra-pro-
cessed foods and cardiovascular disease: analysis of three large
US prospective cohorts and a systematic review and meta-
analysis of prospective cohort studies. Lancet Reg Health Am.
2024;37:100859. https://doi.org/10.1016/j.1ana.2024.100859.
Louie JCY. The industrial formulation fallacy: a critical appraisal
of the Nova classification system. Crit Rev Food Sci Nutr. 2026.
https://doi.org/10.1080/10408398.2026.2656719.

Louie JCY. Classification without calibration: the internal logical
incoherence of Nova and its conflict with dose-dependent bio-
logical reasoning. J Nutr. 2026:101661. https://doi.org/10.1016/].
tjnut.2026.101661.

Medin AC, Gulowsen SR, Groufh-Jacobsen S, et al. Definitions
of ultra-processed foods beyond NOVA: a systematic review and
evaluation. Food Nutr Res. 2025;69:10-29219. https://doi.org/10
.29219/fnr.v69.12217.

Louie JCY. A call for methodological rigour: suspending system-
atic reviews and meta-analyses of observational studies on ultra-
processed foods. Eur J Clin Nutr. 2026. https://doi.org/10.1038/s
41430-026-01764-9.

O’Connor LE, Herrick KA, Papier K. Handle with care: chal-
lenges associated with ultra-processed foods research. Int J
Epidemiol. 2024;53(5):dyae106. https://doi.org/10.1093/ije/dy
ael06.

@ Springer

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Teo PS, Lim AJ, Goh AT, et al. Texture-based differences in eat-
ing rate influence energy intake for minimally processed and
ultra-processed meals. Am J Clin Nutr. 2022;116(1):244-54.
https://doi.org/10.1093/ajcn/nqac068.

Brichacek AL, Florkowski M, Abiona E, Frank KM. Ultra-pro-
cessed foods: a narrative review of the impact on the human gut
microbiome and variations in classification methods. Nutrients.
2024;16(11):1738. https://doi.org/10.3390/nul16111738.

Peng L, Li ZR, Green RS, Holzman IR, Lin J. Butyrate enhances
the intestinal barrier by facilitating tight junction assembly via
activation of AMP-activated protein kinase in Caco-2 cell mono-
layers. J Nutr. 2009;139(9):1619-25. https://doi.org/10.3945/jn.1
09.104638.

Baxter NT, Schmidt AW, Venkataraman A, et al. Dynamics of
human gut microbiota and short-chain fatty acids in response to
dietary interventions with three fermentable fibers. MBio. 2019.
https://doi.org/10.1128/mBi0.02566-18.

Cani PD, Amar J, Iglesias MA, et al. Metabolic endotoxemia ini-
tiates obesity and insulin resistance. Diabetes. 2007;56(7):1761—
72. https://doi.org/10.2337/db06-1491.

Bancil AS, Sandall AM, Rossi M, et al. Food additive emulsifiers
and their impact on gut microbiome, permeability, and inflam-
mation: mechanistic insights in inflammatory bowel disease. J
Crohns Colitis. 2021;15(6):1068—79. https://doi.org/10.1093/ecc
o-jcc/jjaa254.

Chassaing B, Van de Wiele T, De Bodt J, Marzorati M, Gewirtz
AT. Dietary emulsifiers directly alter human microbiota composi-
tion and gene expression ex vivo potentiating intestinal inflam-
mation. Gut. 2017;66(8):1414-27. https://doi.org/10.1136/gutjn
1-2016-313099.

Chassaing B, Compher C, Bonhomme B, et al. Randomized
controlled-feeding study of dietary emulsifier carboxymethyl-
cellulose reveals detrimental impacts on the gut microbiota and
metabolome. Gastroenterology. 2022;162(3):743—56. https://doi
.org/10.1053/j.gastro.2021.11.006.

Wellens J, Vanderstappen J, Hoekx S, et al. Effect of five dietary
emulsifiers on inflammation, permeability, and the gut microbi-
ome: a placebo-controlled randomized trial. Clin Gastroenterol
Hepatol. 2026;24(4):1092—101. https://doi.org/10.1016/j.cgh.202
5.08.005.

Srour B, Fezeu LK, Kesse-Guyot E, et al. Ultraprocessed food
consumption and risk of type 2 diabetes among participants
of the NutriNet-Santé prospective cohort. JAMA Intern Med.
2020;180(2):283-91. https://doi.org/10.1001/jamainternmed.201
9.5942.

Srour B, Fezeu LK, Kesse-Guyot E, et al. Ultra-processed food
intake and risk of cardiovascular disease: prospective cohort
study (NutriNet-Santé). BMJ. 2019;365:11451. https://doi.org/10.
1136/bmj.11451.

Sellem L, Srour B, Javaux G, et al. Food additive emulsifiers and
risk of cardiovascular disease in the NutriNet-Santé cohort: pro-
spective cohort study. BMJ. 2023;382:¢076058. https://doi.org/1
0.1136/bm;j-2023-076058.

Naimi S, Viennois E, Gewirtz AT, Chassaing B. Direct impact
of commonly used dietary emulsifiers on human gut microbiota.
Microbiome. 2021;9(1):66. https://doi.org/10.1186/s40168-020-0
0996-6.

Suez J, Korem T, Zeevi D, et al. Artificial sweeteners induce
glucose intolerance by altering the gut microbiota. Nature.
2014;514(7521):181-6. https://doi.org/10.1038/nature13793.
Suez J, Cohen Y, Valdés-Mas R, et al. Personalized microbiome-
driven effects of non-nutritive sweeteners on human glucose tol-
erance. Cell. 2022;185(18):3307-3328.e3319. https://doi.org/10.
1016/j.cell.2022.07.016.

Crakes KR, Questell L, Soni S, Suez J. Impacts of non-nutritive
sweeteners on the human microbiome. Immunometabolism.


https://www.who.int/news-room/articles-detail/public-notice-and-comment-who-guideline-development-group-for-ultra-processed-foods
https://www.who.int/news-room/articles-detail/public-notice-and-comment-who-guideline-development-group-for-ultra-processed-foods
https://doi.org/10.1017/s1368980010003241
https://doi.org/10.1017/s1368980017001434
https://doi.org/10.1017/s1368980017001434
https://doi.org/10.1371/journal.pmed.1003256
https://doi.org/10.1371/journal.pmed.1003256
https://doi.org/10.1007/s00394-020-02367-1
https://doi.org/10.1007/s00394-020-02367-1
https://doi.org/10.1002/oby.23507
https://doi.org/10.1016/j.advnut.2023.09.009
https://doi.org/10.1016/j.advnut.2023.09.009
https://doi.org/10.1017/s0007114520002688
https://doi.org/10.1017/s0007114520002688
https://doi.org/10.1136/bmjnph-2025-001358
https://doi.org/10.2337/dc22-1993
https://doi.org/10.2337/dc22-1993
https://doi.org/10.1016/j.lanepe.2023.100771
https://doi.org/10.1016/j.lana.2024.100859
https://doi.org/10.1080/10408398.2026.2656719
https://doi.org/10.1016/j.tjnut.2026.101661
https://doi.org/10.1016/j.tjnut.2026.101661
https://doi.org/10.29219/fnr.v69.12217
https://doi.org/10.29219/fnr.v69.12217
https://doi.org/10.1038/s41430-026-01764-9
https://doi.org/10.1038/s41430-026-01764-9
https://doi.org/10.1093/ije/dyae106
https://doi.org/10.1093/ije/dyae106
https://doi.org/10.1093/ajcn/nqac068
https://doi.org/10.3390/nu16111738
https://doi.org/10.3945/jn.109.104638
https://doi.org/10.3945/jn.109.104638
https://doi.org/10.1128/mBio.02566-18
https://doi.org/10.2337/db06-1491
https://doi.org/10.1093/ecco-jcc/jjaa254
https://doi.org/10.1093/ecco-jcc/jjaa254
https://doi.org/10.1136/gutjnl-2016-313099
https://doi.org/10.1136/gutjnl-2016-313099
https://doi.org/10.1053/j.gastro.2021.11.006
https://doi.org/10.1053/j.gastro.2021.11.006
https://doi.org/10.1016/j.cgh.2025.08.005
https://doi.org/10.1016/j.cgh.2025.08.005
https://doi.org/10.1001/jamainternmed.2019.5942
https://doi.org/10.1001/jamainternmed.2019.5942
https://doi.org/10.1136/bmj.l1451
https://doi.org/10.1136/bmj.l1451
https://doi.org/10.1136/bmj-2023-076058
https://doi.org/10.1136/bmj-2023-076058
https://doi.org/10.1186/s40168-020-00996-6
https://doi.org/10.1186/s40168-020-00996-6
https://doi.org/10.1038/nature13793
https://doi.org/10.1016/j.cell.2022.07.016
https://doi.org/10.1016/j.cell.2022.07.016

Current Obesity Reports

(2026) 15:67

Page 110f 12 67

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

2025;7(2):¢00060. https://doi.org/10.1097/in9.00000000000000
60.

Ahmad SY, Friel J, Mackay D. The effects of non-nutritive artifi-
cial sweeteners, aspartame and sucralose, on the gut microbiome
in healthy adults: secondary outcomes of a randomized double-
blinded crossover clinical trial. Nutrients. 2020. https://doi.org/1
0.3390/nu12113408.

McGlynn ND, Khan TA, Wang L, et al. Association of low- and
no-calorie sweetened beverages as a replacement for sugar-
sweetened beverages with body weight and cardiometabolic
risk: a systematic review and meta-analysis. JAMA Netw Open.
2022;5(3):€222092. https://doi.org/10.1001/jamanetworkopen.20
22.2092.

Rios-Leyvraz M, Montez JM. Health effects of the use of non-
sugar sweeteners: a systematic review and meta-analysis. Geneva:
WHO; 2023.

World Health Organization. Use of non-sugar sweeteners: WHO
guideline. Geneva: WHO; 2023.

Faits T, Walker ME, Rodriguez-Morato J, et al. Exploring changes
in the human gut microbiota and microbial-derived metabolites in
response to diets enriched in simple, refined, or unrefined carbo-
hydrate-containing foods: a post hoc analysis of a randomized
clinical trial. Am J Clin Nutr. 2020;112(6):1631-41. https://doi.o
rg/10.1093/ajcn/nqaa254.

Brown AJ, Goldsworthy SM, Barnes AA, et al. The orphan G
protein-coupled receptors GPR41 and GPR43 are activated by
propionate and other short chain carboxylic acids. J Biol Chem.
2003;278(13):11312-9. https://doi.org/10.1074/jbc.M211609200

Singh N, Gurav A, Sivaprakasam S, et al. Activation of Gpr109a,
receptor for niacin and the commensal metabolite butyrate, sup-
presses colonic inflammation and carcinogenesis. Immunity.
2014;40(1):128-39. https://doi.org/10.1016/j.immuni.2013.12.0
07.

Tamanna N, Mahmood N. Food Processing and Maillard Reac-
tion Products: Effect on Human Health and Nutrition. Int J Food
Sci. 2015;2015:526762. https://doi.org/10.1155/2015/526762.
Stevens S, McPartland M, Bartosova Z, et al. Plastic food packag-
ing from five countries contains endocrine- and metabolism-dis-
rupting chemicals. Environ Sci Technol. 2024;58(11):4859-71.
https://doi.org/10.1021/acs.est.3c08250.

Rochester JR. Bisphenol A and human health: a review of the
literature. Reprod Toxicol. 2013;42:132-55. https://doi.org/10.10
16/j.reprotox.2013.08.008.

Manikkam M, Tracey R, Guerrero-Bosagna C, Skinner MK. Plas-
tics derived endocrine disruptors (BPA, DEHP and DBP) induce
epigenetic transgenerational inheritance of obesity, reproductive
disease and sperm epimutations. PLoS ONE. 2013;8(1):e55387.
https://doi.org/10.1371/journal.pone.0055387.

Rondinella D, Raoul PC, Valeriani E, et al. The Detrimental
Impact of Ultra-Processed Foods on the Human Gut Microbiome
and Gut Barrier. Nutrients. 2025;17(5):859. https://doi.org/10.33
90/mu17050859.

Moreira AP, Texeira TF, Ferreira AB, Peluzio Mdo C, Alfenas Rde
C. Influence of a high-fat diet on gut microbiota, intestinal perme-
ability and metabolic endotoxaemia. Br J Nutr. 2012;108(5):801—
9. https://doi.org/10.1017/s0007114512001213.

Jais A, Briining JC. Arcuate nucleus-dependent regulation
of metabolism—pathways to obesity and diabetes mellitus.
Endocr Rev. 2022:;43(2):314-28. https://doi.org/10.1210/endr
ev/bnab025.

Zhang L, Hernandez-Sanchez D, Herzog H. Regulation of feed-
ing-related behaviors by arcuate neuropeptide Y neurons. Endo-
crinology. 2019;160(6):1411-20. https://doi.org/10.1210/en.201
9-00056.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Huang A, Yeum D, Sewaybricker LE, et al. Update on hypotha-
lamic inflammation and gliosis: expanding evidence of relevance
beyond obesity. Curr Obes Rep. 2025;14(1):6. https://doi.org/10.
1007/s13679-024-00595-8.

Zhang X, Zhang G, Zhang H, et al. Hypothalamic IKKbeta/NF-
kappaB and ER stress link overnutrition to energy imbalance and
obesity. Cell. 2008;135(1):61-73. https://doi.org/10.1016/j.cell.2
008.07.043.

Howard JK, Flier JS. Attenuation of leptin and insulin signaling
by SOCS proteins. Trends Endocrinol Metab. 2006;17(9):365—
71. https://doi.org/10.1016/j.tem.2006.09.007.

Morys F, Kanyamibwa A, Fangstrom D, et al. Ultra-processed
food consumption affects structural integrity of feeding-related
brain regions independent of and via adiposity. NPJ Metab Health
Dis. 2025;3(1):13. https://doi.org/10.1038/s44324-025-00056-3.
Schulte EM, Avena NM, Gearhardt AN. Which foods may be
addictive? The roles of processing, fat content, and glycemic
load. PLoS ONE. 2015;10(2):e0117959. https://doi.org/10.1371
/journal.pone.0117959.

Johnson PM, Kenny PJ. Dopamine D2 receptors in addiction-like
reward dysfunction and compulsive eating in obese rats. Nat Neu-
rosci. 2010;13(5):635-41. https://doi.org/10.1038/nn.2519.

Stern JH, Rutkowski JM, Scherer PE. Adiponectin, leptin, and
fatty acids in the maintenance of metabolic homeostasis through
adipose tissue crosstalk. Cell Metab. 2016;23(5):770-84. https://
doi.org/10.1016/j.cmet.2016.04.011.

Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflamma-
tion and metabolic disease. Nat Rev Immunol. 2011;11(2):85-97.
https://doi.org/10.1038/nri2921.

Weisberg SP, McCann D, Desai M, et al. Obesity is associated
with macrophage accumulation in adipose tissue. J Clin Invest.
2003;112(12):1796-808. https://doi.org/10.1172/jci19246.

Cinti S, Mitchell G, Barbatelli G, et al. Adipocyte death defines
macrophage localization and function in adipose tissue of obese
mice and humans. J Lipid Res. 2005;46(11):2347-55. https://doi.
org/10.1194/j1r.M500294-JLR200.

investigators PR-P, Konieczna J, Morey M, et al. Contribution
of ultra-processed foods in visceral fat deposition and other adi-
posity indicators: prospective analysis nested in the PREDIMED-
Plus trial. Clin Nutr. 2021;40(6):4290-300. https://doi.org/10.10
16/j.clnu.2021.01.019.

World Health Organization. Countdown to 2023: WHO report on
global trans-fat elimination. Geneva: WHO; 2023.

Micha R, Mozaffarian D. Trans fatty acids: effects on meta-
bolic syndrome, heart disease and diabetes. Nat Rev Endocrinol.
2009;5(6):335-44. https://doi.org/10.1038/nrendo.2009.79.
Rosqvist F, Iggman D, Kullberg J, et al. Overfeeding polyunsatu-
rated and saturated fat causes distinct effects on liver and vis-
ceral fat accumulation in humans. Diabetes. 2014;63(7):2356—68.
https://doi.org/10.2337/db13-1622.

Qayyum N, Wang Y, Mo T, et al. Trans fatty acids and chronic
metabolic diseases: molecular mechanisms and public health
strategies for risk mitigation. Curr Nutr Rep. 2025;14(1):96.
https://doi.org/10.1007/s13668-025-00683-8.

Machado RM, Stefano JT, Oliveira CPMS, et al. Intake of trans
Fatty Acids Causes Nonalcoholic Steatohepatitis and Reduces
Adipose Tissue Fat Content'™. J Nutr. 2010;140(6):1127-32.
https://doi.org/10.3945/jn.109.117937.

Machado-Rodrigues AM, Padez C, Rodrigues D, et al. Ultra-pro-
cessed food consumption and its association with risk of obesity,
sedentary behaviors, and well-being in adolescents. Nutrients.
2024;16(22):3827. https://doi.org/10.3390/nu16223827.

Mallick R, Basak S, Das RK, et al. Fatty acids and their pro-
teins in adipose tissue inflammation. Cell Biochem Biophys.
2024;82(1):35-51. https://doi.org/10.1007/s12013-023-01185-6.

@ Springer


https://doi.org/10.1097/in9.0000000000000060
https://doi.org/10.1097/in9.0000000000000060
https://doi.org/10.3390/nu12113408
https://doi.org/10.3390/nu12113408
https://doi.org/10.1001/jamanetworkopen.2022.2092
https://doi.org/10.1001/jamanetworkopen.2022.2092
https://doi.org/10.1093/ajcn/nqaa254
https://doi.org/10.1093/ajcn/nqaa254
https://doi.org/10.1074/jbc.M211609200
https://doi.org/10.1016/j.immuni.2013.12.007
https://doi.org/10.1016/j.immuni.2013.12.007
https://doi.org/10.1155/2015/526762
https://doi.org/10.1021/acs.est.3c08250
https://doi.org/10.1016/j.reprotox.2013.08.008
https://doi.org/10.1016/j.reprotox.2013.08.008
https://doi.org/10.1371/journal.pone.0055387
https://doi.org/10.3390/nu17050859
https://doi.org/10.3390/nu17050859
https://doi.org/10.1017/s0007114512001213
https://doi.org/10.1210/endrev/bnab025
https://doi.org/10.1210/endrev/bnab025
https://doi.org/10.1210/en.2019-00056
https://doi.org/10.1210/en.2019-00056
https://doi.org/10.1007/s13679-024-00595-8
https://doi.org/10.1007/s13679-024-00595-8
https://doi.org/10.1016/j.cell.2008.07.043
https://doi.org/10.1016/j.cell.2008.07.043
https://doi.org/10.1016/j.tem.2006.09.007
https://doi.org/10.1038/s44324-025-00056-3
https://doi.org/10.1371/journal.pone.0117959
https://doi.org/10.1371/journal.pone.0117959
https://doi.org/10.1038/nn.2519
https://doi.org/10.1016/j.cmet.2016.04.011
https://doi.org/10.1016/j.cmet.2016.04.011
https://doi.org/10.1038/nri2921
https://doi.org/10.1172/jci19246
https://doi.org/10.1194/jlr.M500294-JLR200
https://doi.org/10.1194/jlr.M500294-JLR200
https://doi.org/10.1016/j.clnu.2021.01.019
https://doi.org/10.1016/j.clnu.2021.01.019
https://doi.org/10.1038/nrendo.2009.79
https://doi.org/10.2337/db13-1622
https://doi.org/10.1007/s13668-025-00683-8
https://doi.org/10.3945/jn.109.117937
https://doi.org/10.3390/nu16223827
https://doi.org/10.1007/s12013-023-01185-6

67

Page 12 of 12

Current Obesity Reports (2026) 15:67

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

Bray GA, Lovejoy JC, Smith SR, et al. The influence of different
fats and fatty acids on obesity, insulin resistance and inflamma-
tion. J Nutr. 2002;132(9):2488-91. https://doi.org/10.1093/jn/132
.9.2488.

Vélker J, Ashcroft F, Vedoy A, Zimmermann L, Wagner M. Adip-
ogenic activity of chemicals used in plastic consumer products.
Environ Sci Technol. 2022;56(4):2487-96. https://doi.org/10.102
1/acs.est.1c06316.

Varghese SV, Hall JM. Bisphenol A substitutes and obesity: a
review of the epidemiology and pathophysiology. Front Endocrinol.
2023;14:1155694. https://doi.org/10.3389/fendo.2023.1155694.
Trasande L, Attina TM, Blustein J. Association between urinary
bisphenol A concentration and obesity prevalence in children and
adolescents. JAMA. 2012;308(11):1113-21. https://doi.org/10.10
01/2012jama.11461.

Obradovic M, Sudar-Milovanovic E, Soskic S, et al. Leptin
and Obesity: Role and Clinical Implication. Front Endocrinol.
2021;12:585887. https://doi.org/10.3389/fend0.2021.585887.
Erridge C. Diet, commensals and the intestine as sources of pathogen-
associated molecular patterns in atherosclerosis, type 2 diabetes and
non-alcoholic fatty liver disease. Atherosclerosis. 2011;216(1):1-6. h
ttps://doi.org/10.1016/j.atherosclerosis.2011.02.043.

Magkos F, Forde CG, Robinson E. Ultraprocessed foods and obe-
sity: interpreting the evidence. Science. 2026;392(6802):1020-2.
https://doi.org/10.1126/science.aef3495.

Louie JCY. Interpreting ultra-processed food trial evidence: evi-
dentiary limits, reporting practices, and policy relevance. Am J
Clin Nutr. 2026. https://doi.org/10.1016/j.ajcnut.2026.101395.
Schur EA, Melhorn SJ, Oh SK, et al. Radiologic evidence that
hypothalamic gliosis is associated with obesity and insulin resis-
tance in humans. Obesity. 2015;23(11):2142-8. https://doi.org/10
.1002/0by.21248.

Romo EZ, Hong BV, Agus JK, et al. A low-dose prebiotic fiber
supplement reduces lipopolysaccharide-binding protein concen-
trations in a subgroup of young, healthy adults consuming low-
fiber diets. Nutr Res. 2025;133:138—47. https://doi.org/10.1016/;.
nutres.2024.11.013.

Cosier DJ, Lambert K, Neale EP, Probst Y, Charlton K. The
effect of oral synbiotics on the gut microbiota and inflammatory

@ Springer

102.

103.

104.

105.

106.

107.

108.

biomarkers in healthy adults: a systematic review and meta-anal-
ysis. Nutr Rev. 2025;83(2):e4-24. https://doi.org/10.1093/nutrit/
nuae002.

Taillie LS, Bercholz M, Popkin B, et al. Changes in food pur-
chases after the Chilean policies on food labelling, marketing, and
sales in schools: a before and after study. Lancet Planet Health.
2021;5(8):¢526-33. https://doi.org/10.1016/s2542-5196(21)0017
2-8.

Taillie LS, Bercholz M, Popkin B, et al. Decreases in purchases of
energy, sodium, sugar, and saturated fat 3 years after implemen-
tation of the Chilean food labeling and marketing law: an inter-
rupted time series analysis. PLoS Med. 2024;21(9):e1004463.
https://doi.org/10.1371/journal.pmed.1004463.

Arellano-Gomez LP, Jauregui A, Nieto C, et al. Effects of front-
of-package caffeine and sweetener disclaimers in Mexico: cross-
sectional results from the 2020 International Food Policy Study.
Public Health Nutr. 2023;26(12):3278-90. https://doi.org/10.101
7/51368980023002100.

Colchero MA, Popkin BM, Rivera JA, Ng SW. Beverage pur-
chases from stores in Mexico under the excise tax on sugar sweet-
ened beverages: observational study. BMJ. 2016;352:h6704.
https://doi.org/10.1136/bmj.h6704.

Langellier BA, Stankov I, Hammond RA, et al. Potential impacts
of policies to reduce purchasing of ultra-processed foods in
Mexico at different stages of the social transition: an agent-based
modelling approach. Public Health Nutr. 2022;25(6):1711-9.
https://doi.org/10.1017/s1368980021004833.

Stanford FC, Taylor C, Booth S ef al. (2024) Dietary Patterns
with Ultra-Processed Foods and Growth, Body Composition, and
Risk of Obesity: A Systematic Review. USDA Nutrition Evidence
Systematic Review, Alexandria (VA)

Dicken SJ, Batterham RL. The role of diet quality in mediating
the association between ultra-processed food intake, obesity and
health-related outcomes: a review of prospective cohort studies.
Nutrients. 2021. https://doi.org/10.3390/nu14010023.

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1093/jn/132.9.2488
https://doi.org/10.1093/jn/132.9.2488
https://doi.org/10.1021/acs.est.1c06316
https://doi.org/10.1021/acs.est.1c06316
https://doi.org/10.3389/fendo.2023.1155694
https://doi.org/10.1001/2012.jama.11461
https://doi.org/10.1001/2012.jama.11461
https://doi.org/10.3389/fendo.2021.585887
https://doi.org/10.1016/j.atherosclerosis.2011.02.043
https://doi.org/10.1016/j.atherosclerosis.2011.02.043
https://doi.org/10.1126/science.aef3495
https://doi.org/10.1016/j.ajcnut.2026.101395
https://doi.org/10.1002/oby.21248
https://doi.org/10.1002/oby.21248
https://doi.org/10.1016/j.nutres.2024.11.013
https://doi.org/10.1016/j.nutres.2024.11.013
https://doi.org/10.1093/nutrit/nuae002
https://doi.org/10.1093/nutrit/nuae002
https://doi.org/10.1016/s2542-5196(21)00172-8
https://doi.org/10.1016/s2542-5196(21)00172-8
https://doi.org/10.1371/journal.pmed.1004463
https://doi.org/10.1017/s1368980023002100
https://doi.org/10.1017/s1368980023002100
https://doi.org/10.1136/bmj.h6704
https://doi.org/10.1017/s1368980021004833
https://doi.org/10.3390/nu14010023

	﻿The Gut–brain–adipose Axis in Ultra-processed Food and Obesity: A Mechanistic Synthesis and Its Implications for Food Classification
	﻿Abstract
	﻿Introduction
	﻿The Nova Classification and Its Open Questions
	﻿Epidemiological Reach
	﻿Where the Category Strains

	﻿First Arm: Disruption of the Gut Microbiome and Barrier
	﻿Food-level Factors and the Gap to Biology
	﻿Components that Perturb the Gut
	﻿From Barrier Failure to Systemic Signal

	﻿Second Arm: Central Inflammation, Leptin Resistance and Reward Dysregulation
	﻿The Arcuate Nucleus As Appetite Gatekeeper
	﻿Imaging the Circuit in People
	﻿Reward as Well As Homeostasis

	﻿Third Arm: Adipose Tissue Dysfunction and the Closing of the Loop
	﻿Visceral Fat As an Inflammatory Organ
	﻿Packaging Chemistry and Adipogenesis
	﻿Three Arms, One Circuit

	﻿Implications for Classifying UPFs
	﻿Clinical and Public Health Translation
	﻿Targeting the Loop
	﻿Policy Levers

	﻿Limitations and a Research Agenda
	﻿Conclusion
	﻿Key References
	﻿References


