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Highlights
® Evidence of artificial sweeteners on health through gut microbiota is summarized
® AS effects on health via gut microbiota is through four potential mechanisms
® AS effects vary in special populations with distinct physiological needs

® Insights support precise application of ASs to balance benefits and risks

ABSTRACT Atrtificial sweeteners (ASs) are widely used as sugar substitutes, valued for their low-calorie content and minimal impact on blood
glucose levels, which aligns with current dietary demands. However, recent studies have raised concerns about their potential effects on gut
microbiota homeostasis and subsequent health outcomes, making a comprehensive evaluation of their impacts increasingly relevant. This article



systematically reviews recent tindings trom cohort studies, clinical trials, and animal experiments, providing a synthesis ot current knowledge on
ASs. We discuss the controversies surrounding the health effects of ASs and explore the potential mechanisms through the lens of gut microbiota,
with particular attention to special populations that have distinct physiological needs. Key findings suggest that gut microbiota may mediate the
effects of ASs on host health through four potential mechanisms: disruption of bile acid homeostasis, regulation of tryptophan metabolism,
alteration of short-chain fatty acid levels, and modulation of lipopolysaccharide leakage. Notably, the effects of ASs may be more complex in
special populations due to their unique physiological states (e.g., developmental stages, metabolic fragility, or immune dysregulation), which
necessitate targeted investigation. Such evidence underscores the need for a balanced assessment of ASs, taking into account both their practical
benefits and the nuances of their biological effects across diverse populations. A more thorough understanding of these mechanisms may help
inform evidence-based dietary strategies for optimizing the use of ASs while minimizing potential adverse effects, particularly in context-specific
scenarios.

KEYWORDS Artificial sweetener, Gut microbiota, Bile acid, Tryptophan metabolite, Short-chain fatty acid
1. Introduction

Excessive sugar intake is a major contributor to the global obesity epidemic and the rising prevalence of noncommunicable
diseases (NCDs). To address these concerns, artificial sweeteners (ASs), primarily saccharin, aspartame, sucralose, and
acesulfame K (Ace-K), have been widely adopted as sugar substitutes, primarily attributed to their low-calorie properties and
suitability in dietary management. Currently, they continue to gain traction, with consumption prevalence reaching 25.1% in
children and 41.4% in adults in the United States [1], and environmental monitoring detecting high concentrations of ASs in
wastewater, reflecting their extensive routine use [2]. The market is projected to expand further from 2022 to 2027 (Fig. 1
[3]). However, discussions around their long-term effects have evolved, particularly following the World Health
Organization’s 2023 guidance on limiting AS use for weight control and NCD prevention, sparking renewed scientific
dialogue [4].
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Fig. 1. Global market size statistics tor 5 types ot artificial sweeteners, including saccharin, aspartame, Ace-K, sucralose, and neotame, from
Infiniti Research [3]. (a) The global market size of artificial sweeteners in 2017; (b) Projected global market size of artificial sweeteners in 2027;
(c) Historic market size (2017 - 2021) and forecast (2022 - 2027). The global artificial sweetener market was valued at 6000.18 million USD in
2017 and is estimated to grow to 9239.58 million USD in 2027. Food and beverages were the largest segment in 2017 and continued to be the
largest segment of the market from 2022 - 2027. APAC: Asia & Pacific.

Central to this dialogue is the unresolved question of whether AS-induced physiological responses are primarily driven by
the intrinsic structural properties of the sweeteners or by the host’s specific physiological context. A growing body of research
highlights the gut microbiota as a key mediator in AS-related physiological effects [5,6], revealing that different ASs exert
distinct microbial perturbations based on their chemical structures. For instance, as a structural archetype, sucralose, a
chlorinated disaccharide that remains stable and reaches the colon intact, preferentially depletes Lactobacillus and
Ruminococcus, disrupting bile acid (BA) metabolism and SCFA production [7,8]. In contrast, aspartame, a peptide-based
sweetener rapidly metabolized in the upper gastrointestinal tract, enriches specific Bacteroides species and alters tryptophan
metabolism, leading to elevated indoxyl sulfate production [6]. Furthermore, baseline microbiota composition acts as a
susceptibility determinant, with individuals harboring high Bacteroides abundance demonstrating resilience to AS-induced
perturbations, whereas those with lower microbial diversity experience more pronounced metabolic and immune alterations
[5,6]. Such influences could potentially alter pathways involving BAs, tryptophan metabolism, short-chain fatty acids
(SCFAs), and lipopolysaccharides (LPS) [9,10].

In light of these findings, the present review synthesizes recent evidence from cohort studies, clinical trials, and animal
experiments to critically evaluate ASs. It examines the current understanding of their physiological impacts and analyzes the
underlying mechanisms from the perspective of gut microbiota and three core host physiological axes, with specific attention
to populations with distinct physiological needs. In this review, we propose a hierarchical framework in which the intrinsic
chemical properties of ASs determine their microbial accessibility and perturbation potential, whereas host-specific
physiological context and baseline gut microbiota configurations govern how these perturbations are translated into metabolic
and immune outcomes. Under this paradigm, ASs act as defined perturbational inputs, while host microbial ecology and
physiology shape the direction, magnitude, and persistence of biological responses. These insights aim to inform evidence-
based discussions on AS usage guidelines and support the development of tailored nutritional approaches to optimize their
application.

2. The evolving understanding of artificial sweeteners: Integrating evidence and controversies

Historically, ASs were considered safe alternatives to sugar, with no impact on postprandial glycemic responses or weight
gain. However, recent studies have highlighted health risks associated with foods containing ASs, drawing from
epidemiological evidence, clinical intervention, and animal model studies (Tables S1 - S3 in Appendix A). Before examining
specific metabolic pathways, it is essential to summarize the foundational microbial shifts induced by ASs.

2.1. Epidemiological evidence linking artificial sweeteners to chronic diseases

Observational studies in nutritional epidemiology have identified worrisome associations between ASs intake and
metabolic syndrome (MetS)-related conditions, including obesity, type 2 diabetes (T2DM), and non-alcoholic fatty liver
disease (NAFLD) (Table S1 in Appendix A). For instance, a large cohort study involving 105,588 individuals reported a
significantly elevated risk of T2DM (hazard ratio: 1.69) in those consuming ASs daily [9]. Additionally, higher ASs intake
has been associated with a greater likelihood of developing cardiovascular disease (CVD), with one study noting a hazard
ratio of 1.32 for CVD incidence among frequent consumers [11]. Similarly, ASs have been implicated in chronic kidney
disease (CKD) [10]. Emerging studies have pointed to a possible association between ASs and cancer, particularly obesity-
related malignancies (hazard ratio: 1.13) [12,13]. Furthermore, ASs have been linked to neurological conditions, including
Alzheimer’s disease (AD) [14] and depression [15], possibly through mechanisms involving gut-brain axis dysregulation and
neuroinflammation. Notably, a U-shaped association between AS intake and mortality has been reported, indicating potential
complexities in their long-term health effects [16,17]. Collectively, these observations raise concerns about chronic health
risks linked to ASs, which, despite being promoted as sugar substitutes, have been associated with MetS, CVD, CKD, cancer,
and neurological diseases.

2.2. Mechanistic insights from clinical and animal studies

Clinical intervention studies have further corroborated these associations, indicating that ASs may impair glucose tolerance
[5,6] and modulate immune responses [18] (Table S2 in Appendix A). For instance, a recent randomized controlled trial with
20 participants showed that intake of sucralose (34%) and saccharin (20%) of the FDA-approved daily limits led to notable
changes in the composition of previously healthy gut microbiota [6]. These changes, accompanied by impaired glucose
tolerance and elevated postprandial blood glucose levels, were mediated by AS-induced gut microbiome dysbiosis, as
evidenced by fecal microbiota transplantation into germ-free mice. Moreover, evidence primarily from rodent models
indicates that ASs can alter the microbial ecology, which may in turn influence glucose metabolism, insulin sensitivity,
immune function, and even cognitive abilities, suggesting a potential link between these changes and host physiological and



cognitive tunctions (Table S3 in Appendix A). These findings imply that the disruption ot  gut microbiota plays a central role
in the adverse effects induced by ASs.

However, these apparent discrepancies likely reflect the complex interplay of multiple confounding variables rather than
inherent contradictions. Specifically: @ AS type determines distinct microbial targets and metabolic consequences; for
example, sucralose preferentially depletes Lactobacillus and Ruminococcus, leading to reduced BA metabolism and SCFA
production [7,8], while saccharin selectively enriches Bacteroides species and reduces Prevotella, resulting in elevated
indoxyl sulfate production via altered tryptophan metabolism [6]. @ Dose and duration modulate microbial responses; short-
term saccharin exposure (28 days) can transiently increase acetate, propionate, and butyrate production [5,19], whereas long-
term sucralose exposure (6 months) induces chronic dysbiosis characterized by SCFA depletion, reduced BA metabolism,
and disrupted intestinal barrier function [7,8,20]. ® Mode of consumption introduces dietary matrix effects; commercial AS
formulations containing additional carbohydrates (e.g., 5% saccharin with 95% glucose) produce different microbial outcomes
compared to isolated AS administration [5], highlighting the need to consider AS within their typical dietary contexts. These
context-dependent dynamics underscore the necessity of moving beyond generalized safety assessments toward population-
and exposure-tailored evaluation frameworks.

3. AS-induced alterations in gut microbiota composition: A foundational mechanism for downstream health effects

3.1. AS-mediated gut microbiota dysbiosis as a central mediator

Chronic AS consumption fundamentally reshapes the taxonomic and functional architecture of the gut microbiome,
establishing a dysbiotic state that serves as the proximal driver of downstream metabolic, immune, and neurological
perturbations. Across multiple AS classes, including saccharin, sucralose, aspartame, and Ace-K, consistent patterns emerge:
depletion of beneficial commensal taxa and expansion of opportunistic or pro-inflammatory groups (Fig. 2).
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Fig. 2. Gut microbiota-derived metabolites mediate artificial sweetener-induced health risks. ASs affect host health through BA metabolism,



tryptophan metabolism pathways, SCFAs metabolism pathways, and LPS pathways. First, disrupted enterohepatic circulation reduces SBA
production; diminished TGRS and FXR receptor activation suppresses GLP-1 secretion from enteroendocrine cells and promotes hepatic NF-«kB-
driven inflammation, thereby elevating risk for T2DM, NAFLD, and CVD. Second, altered tryptophan catabolism shifts flux away from indole
derivatives (IAA, IPA) toward the kynurenine-KMO—quinolinic acid branch; reduced AHR/PXR activation impairs mucosal immune tolerance,
while elevated quinolinic acid crosses the blood—brain barrier and activates neuroinflammatory cascades associated with depression, dementia,
and Alzheimer’s disease. Third, SCFA depletion, particularly butyrate, which reduces GPR41/GPR43 signaling in colonocytes, impairing
mitochondrial pyruvate entry into the TCA cycle, promoting gluconeogenesis, and suppressing intestinal immune cell homeostasis, with
downstream consequences for IBD, CKD, and metabolic disease. Fourth, expansion of Gram-negative bacteria elevates luminal LPS, activating
TLR4/TLRS on epithelial and immune cells; systemic LPS translocation triggers chronic NF-kB-mediated inflammation and enables direct CNS
injury via disruption of the blood-brain barrier. Collectively, these four axes converge on shared inflammatory endpoints, including NF-xB
activation, immune cell dysregulation, and organ-level pathology, underscoring the pleiotropic health risks of chronic AS exposure illustrated at
the base of Fig. 2. PBAs: primary bile acids, SBAs: secondary bile acids, FXR: farnesoid X receptor, TGR5: Takeda G-protein-coupled receptor
5, NF-kB: nuclear factor kappa B, GLP-1; glucagon-like peptide-1, IAA: indole-3-acetic acid, 3-IPA: 3-indolepropionic acid, AHR: aryl
hydrocarbon receptor, PXR: pregnane X receptor, KMO: kynurenine 3-monooxygenase, GPR: G protein-coupled receptors, TLR: toll-like receptor,
T2DM: type 2 diabetes, IBD: inflammatory bowel disease.

ASs selectively suppress key beneficial commensal taxa critical for maintaining intestinal homeostasis. Most notably,
Lactobacillus depletion is consistently observed across multiple ASs: saccharin [8,19], sucralose [7,8], and Ace-K [21], all of
which significantly reduce Lactobacillus abundance. Similarly, Ruminococcus and related Ruminococcaceae family members
are depleted by saccharin [7,20], sucralose [7,22], Ace-K [21,23], and neotame [24], representing one of the most consistent
microbial shifts induced by AS consumption. Lachnospiraceae family members, major butyrate producers including
Lachnoclostridium, are also reduced by sucralose [22], Ace-K [23], and neotame [24]. Long-term AS exposure (=11 weeks)
further depletes Akkermansia muciniphila, a mucin-degrading bacterium essential for maintaining intestinal barrier integrity
[8]. Additional taxa showing depletion include Oscillospira [20,22], Dorea [20], and Adlercreutzia [20]. These commensal
bacteria collectively constitute the core functional guilds responsible for producing SCFAs, maintaining epithelial barrier
function, and preventing pathogen colonization through competitive exclusion and bacteriocin production [25,26]. Their
depletion compromises colonization resistance, the microbiota’s intrinsic capacity to prevent pathogen establishment, thereby
increasing susceptibility to enteric infections [26,27].

Conversely, AS exposure promotes the expansion of potentially pathogenic and pro-inflammatory taxa. Notably, ASs
increase Proteobacteria phylum abundance, and sucralose elevates multiple Proteobacteria classes, including
Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, and Epsilonproteobacteria in Crohn’s
disease models [28], while also increasing overall Proteobacteria levels in colitis models [29]. Streptococcus expansion is
observed following saccharin [8] and sucralose [8,22] exposure. Concurrently, specific Bacteroides species undergo selective
enrichment: saccharin increases Bacteroides fragilis and Bacteroides vulgatus [5], while aspartame enriches Bacteroides
fragilis, Bacteroides acidifaciens, and Bacteroides coprocola [6]. Additional pro-inflammatory taxa showing expansion
include Prevotella, Fusibacter [8], Alistipes [19], and Mucispirillum [19,21]. These compositional shifts collectively favor a
pro-inflammatory microbial community structure characterized by elevated endotoxin production potential and reduced
beneficial metabolite synthesis capacity.

These AS-induced shifts in microbial community structure translate into profound alterations in four key metabolite classes:
SCFAs, BAs, tryptophan-derived metabolites, and LPS. The depletion of SCFA-producing taxa reduces butyrate and
propionate levels [8,20], while loss of BA-metabolizing bacteria disrupts secondary BA biosynthesis [7]. Tryptophan
metabolism is redirected toward pro-inflammatory pathways, decreasing beneficial indole derivatives and increasing indoxyl
sulfate [6,8]. Concurrently, expansion of Gram-negative Proteobacteria upregulates LPS biosynthesis genes [8,20]. The
subsequent sections detail how each metabolite class mediates AS-induced pathophysiology: BA alterations impair
TGRS5/FXR signaling, tryptophan metabolite shifts dysregulate AHR/PXR pathways, SCFA depletion compromises
colonocyte energy metabolism and barrier integrity, and LPS accumulation drives TLR4/TLRS - NF-kB inflammatory
cascades (Fig. 2).

3.2. Disruption in bile acid enterohepatic circulation homeostasis

Impaired enterohepatic circulation of BAs has been identified as a major contributor to the pathogenesis of metabolic and
gastrointestinal disorders [30]. Ace-K treatment in Crohn’s disease mice has been demonstrated to notably raise levels of the
PBAs - cholic acid (CA) while simultaneously lowering the concentrations of SBAs-deoxycholic acid (DCA) [21]. In contrast,
long-term consumption of sucralose (0.1 mg-mL™! in drinking water for 11 weeks) resulted in elevated levels of DCA in
feces, blood, and liver, and concurrently reduced the contents of taurine-conjugated BA and free BAs in the liver [7,31].
However, these contrasting findings should not be overinterpreted as inherently opposite actions of Ace-K and sucralose on
BA metabolism. A key difference is that Ace-K was evaluated in a Crohn’s disease model, whereas sucralose was tested in
healthy mice. Since disease-associated inflammation can substantially alter gut microbial ecology, bile salt hydrolase/7a-
dehydroxylation capacity, and enterohepatic BA circulation, the direction and magnitude of BA changes induced by ASs may
be highly context dependent [7,31,32]. At present, whether the observed divergence is primarily driven by sweetener
chemistry or by the host’s pathological background remains unresolved. This unresolved issue should be considered a critical
knowledge gap in the field.

Besides, BAs act as signaling molecules through FXR and TGRS, which regulate various physiological processes, including



inflammation and metabolism |30]. A previous study has shown that consumption ot sucralose (0.1 mg-mL™" in drinking
water) inhibits FXR expression [7], which is involved in the formation of metabolic diseases such as T2DM and NAFLD
[33,34]. Additionally, ASs may influence the secretion of GLP-1 by TGRS signaling pathways, potentially contributing to the
development of T2DM and NAFLD. Given that TGRS and FXR regulate NF-«B activity [35], their suppression further links
ASs to inflammation (Fig. 2, bile acid pathway). Further studies have highlighted a potential link between certain BAs, such
as DCA and neurological conditions. DCA can cross the blood-brain barrier and activate microglia, causing
neuroinflammation and Tau hyperphosphorylation [36] (Fig. 2, bile acid pathway). These findings underscore the need to
account for gut microbiome—mediated BA regulation when assessing the physiological effects of AS.

3.3. Alteration in tryptophan metabolite levels

Gut tryptophan metabolism is a multifaceted, tightly controlled process encompassing three principal pathways: Indole
derivatives, serotonin pathway, and kynurenine pathway [37]. AS exposure consistently reduces microbiota-derived indole
metabolites such as IAA and 3-IPA [8,19], leading to impaired activation of AHR and PXR. These receptors normally promote
epithelial integrity, immune tolerance, and neuronal protection through transcriptional programs involving CYP enzymes and
detoxification pathways [38—41]. Loss of this signaling axis facilitates NF-xB activation and may contribute to IBD, MetS,
and neurobehavioral alterations [8,19] (Fig. 2, tryptophan pathway). Additionally, saccharin exposure has been associated
with an increased production of the uremic toxin indoxyl sulfate, a tryptophan-derived metabolite linked to intestinal and
systemic pathology [6]. Indoxyl sulfate disrupts intestinal barrier integrity by promoting mitophagy through the dynamin-
related protein 1—interferon regulatory factor 1 axis, leading to mitochondrial dysfunction and increased epithelial
permeability. This barrier disruption amplifies systemic inflammation and has been implicated in the pathogenesis of CVD
and CKD, in part through activation of the AHR—NF-«kB signaling pathway [42,43] (Fig. 2, tryptophan pathway).

In parallel, the kynurenine pathway, one of the principal routes of tryptophan metabolism regulated by indoleamine 2,3-
dioxygenase (IDO) [44], is also profoundly affected by AS-induced dysbiosis [6,8,20]. For example, sucralose administration
increased the levels of kynurenine and a higher kynurenine/tryptophan ratio [6,8]. Quinolinic acid, a potent neurotoxin, is
synthesized from kynurenine via the enzyme kynurenine 3-monooxygenase [45]. It contributes to excitotoxicity in the brain
by over-activating NMDA receptors, potentially leading to neuronal death. ASs, such as saccharin, have been shown to
increase the levels of quinolinic acid [20], suggesting a potential mechanistic nexus that warrants investigation in the context
of neurodegenerative diseases, such as AD and depression (Fig. 2, tryptophan pathway). Together, these findings underscore
how AS-driven microbial perturbations reprogram tryptophan metabolism toward pro-inflammatory and neuroactive outputs.

3.4. Alteration in short-chain fatty acid levels

SCFAs exert broad physiological effects by activating GPRs, thereby influencing energy metabolism, glucose regulation,
and immune function [46]. Emerging evidence indicates that ASs, such as saccharin, sucralose, and Ace-K, exert bidirectional
modulation of SCFA levels, a process governed by host-specific physiological variables, including baseline microbial
diversity, intestinal permeability, metabolic status, and duration of exposure. These factors collectively determine whether
elevated SCFAs act as beneficial metabolic signals or as contributors to energy overaccumulation and inflammation [47,48].
Specifically, baseline microbial diversity and community structure influence the abundance of SCFA-producing taxa and
microbial cross-feeding capacity, thereby affecting whether AS exposure leads to transient increases in SCFA production or
reduced SCFA biosynthesis under dysbiosis [5,6,8,24]. In parallel, intestinal permeability and host metabolic status shape the
downstream consequences of altered SCFA levels by determining whether SCFAs predominantly support barrier integrity
and anti-inflammatory signaling or instead contribute to endotoxin-associated inflammation and metabolic stress [25,47,48].
For instance, short-term exposure to AS may enhance the proliferation of SCFA-producing taxa, resulting in elevated SCFA
concentrations [5,6]. Elevated SCFA levels under AS exposure have been linked to enhanced gluconeogenesis, driven by the
upregulation of key intermediates like pyruvate, associated with altered carbohydrate fermentation and host glucose metabolic
intermediates [21,49]. Increased pyruvate levels may lead to excessive glucose production and energy overaccumulation,
thereby impairing glucose regulation and promoting insulin resistance [50] (Fig. 2, SCFA pathway). Besides, acetate can also
feed into the TCA cycle, generating excess ATP and promoting hepatic lipogenesis and adiposity [51]. This evidence suggests
that ASs may potentially impact host health through elevated SCFA levels. Although SCFAs are generally considered
beneficial, this is not always the case, as high levels of SCFAs have been reported to exert certain adverse effects. In healthy
individuals, SCFAs exert anti-inflammatory and immunomodulatory properties through the activation of G protein-coupled
receptors such as GPR41 and GPR43 [25] (Fig. 2, SCFA pathway). However, consistent with findings observed under AS
exposure, one study reported that treatment with di-(2-ethylhexyl) phthalate led to elevated SCFA levels and upregulation of
Gpr41 and Gpr43 expression in the colon, which in turn enhanced caloric extraction from the diet and promoted hepatic
steatosis and weight gain in mice [52]. Besides, high levels of SCFAs can limit the effectiveness of cancer drugs [53]. Thus,
the physiological effects of SCFAs appear to depend on the host’s health status and specific contextual factors, emphasizing
the need for nuanced evaluation of their roles in AS-related pathways.

In contrast, chronic exposure to sucralose may induce gut microbial dysbiosis, thereby impairing the expression or activity
of enzymes essential for SCFA biosynthesis [8,24]. A study in humans showed that 21 days of sucralose intake at 180 mg-d™!
increased SCFAs (propionate, butyrate, and valerate) production [6], whereas 11 weeks of intake at the same concentration



reduced SCFAs (propionate and butyrate) levels in mice |8]. As a key energy source for colonocytes, butyrate supports
mucosal integrity by upregulating tight junction proteins such as occludin and ZO-1 [54] (Fig. 2, SCFA pathway). Its depletion
facilitates the translocation of endotoxins like LPS into circulation, initiating inflammatory cascades that contribute to insulin
resistance and metabolic disorders such as MetS and NAFLD [8,24]. Collectively, while ASs may transiently enhance SCFA
production by stimulating microbial fermentation, sustained intake appears to disrupt microbial and metabolic homeostasis.
Notably, SCFA is more susceptible to interference when the diversity of host microbiota decreases, and intestinal permeability
increases [55]. These findings underscore the necessity of elucidating the long-term consequences of AS consumption and
the host factors that modulate their divergent physiological effects.

3.5. Lipopolysaccharide leakage

Emerging research indicates that ASs markedly enhance the expression of genes responsible for LPS biosynthesis in gut
Gram-negative bacteria [20,21,56]. Elevated LPS levels compromise bacterial outer membrane stability, facilitating its
translocation across the intestinal epithelium and promoting endotoxemia, a critical contributor to systemic inflammation and
metabolic disorders [57]. LPS-mediated disruption of the intestinal barrier also triggers innate immune activation via TLR
signaling, subsequently inducing NF-«B pathway activation and upregulation of pro-inflammatory cytokines, including IL-6,
IL-17, TNF-a, and IL-1p [56]. Sucralose has been reported to increase the expression of TLRs, notably TLR4 and TLRS, in
intestinal epithelial cells [56] (Fig. 2, LPS pathway). This upregulation may enhance the cellular sensitivity to their respective
ligands, such as TLR4, thereby potentiating the inflammatory signaling pathways triggered by LPS exposure [58]. The
sustained elevation of cytokines promotes a persistent inflammatory state, a key driver of various pathological conditions,
including metabolic disorders and autoimmune conditions [59] (Fig. 2, LPS pathway). Meanwhile, this dysregulated
inflammatory response impacts immune cells, including neutrophils, lymphocytes, and T cells, contributing to increased
production of myeloperoxidase (MPO) [60]. Sucralose exposure has been shown to increase MPO activity in neutrophils,
leading to elevated oxidative stress and tissue damage in the colon [29]. Elevated MPO levels have been associated with CVD,
as they promote atherosclerosis by oxidizing low-density lipoprotein and generating foam cells [61] (Fig. 2, LPS pathway).
Notably, these pro-inflammatory mediators are not only implicated in metabolic disorders like diabetes and obesity but also
contribute to the pathogenesis of autoimmune diseases, gastrointestinal disorders, and even neurodegenerative conditions.
This suggests that the impact of ASs extends beyond metabolic dysfunction to encompass broader immunological effects. A
thorough understanding of these mechanisms is crucial for developing interventions aimed at reducing the adverse health
effects of AS consumption and promoting gut and immune homeostasis.

4. Artificial sweeteners and host physiological axes: Implications for special populations and disease states

Over the past decade, a growing body of research has investigated AS effects in vulnerable groups, including individuals
at different stages of life (e.g., early life, the elderly) and those with chronic conditions (e.g., diabetes, IBD). These studies
have revealed that gut microbiota, immune function, and metabolic homeostasis, dynamic factors shaped by both
developmental transitions and disease pathophysiology, play pivotal roles in mediating responses to ASs (Table S1 in
Appendix A). We synthesize current evidence through a novel, integrated framework centered on three core host physiological
axes: immune competence, metabolic state, and developmental/epigenetic plasticity (Fig. 3). This framework transcends
traditional boundaries between life stages and disease states, enabling a more holistic analysis of how ASs interact with gut
microbiota to modulate host physiology across interconnected vulnerable populations.
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Fig. 3. Artificial sweeteners modulate host physiology via gut microbiota across three core physiological axes. Artificial sweeteners (ASs) perturb
gut microbiota composition and diversity through multiple mechanisms, including depletion of SCFA-producing commensals, expansion of pro-
inflammatory taxa, disruption of intestinal barrier integrity, and increased reactive oxygen species (ROS) production, with consequent LPS
translocation. Downstream effects are channelled through three context-dependent physiological axes. Axis I (immune competence) encompasses
populations with dynamic or impaired immunity: early-life individuals (impaired Paneth cell function, AHR-mediated T cell differentiation,
increased Candida colonization), the elderly (immunosenescence, inflammaging, altered drug metabolism via (-glucuronidase),
immunocompromised patients (blunted CD8* T cell responses, diminished anti-PD-1 immunotherapy efficacy, reduced arginine availability), and
IBD patients (NF-xB/TLR4-MyD88 pathway activation, loss of colonization resistance, and horizontal ARG transfer via eftflux pump
upregulation). Axis II (metabolic state) integrates paediatric and adolescent populations (GLP-1R and GLP-2R downregulation, hypothalamic
signaling disruption, long-term obesity risk), patients with diabetes (short-term glycaemic benefit versus long-term increased type 2 diabetes
mellitus (T2D) risk and reduced metformin efficacy), and elderly individuals with metabolic comorbidities (worsened insulin resistance and CVD
risk via reduced SCFA production, metabolic inflammation, and polypharmacy drug—microbe interactions). Axis III (developmental and epigenetic
plasticity) highlights the maternal-offspring axis, encompassing epigenetic reprogramming (altered offspring BMI, reduced indole-3-carboxylic
acid and bile acids (BAs) profiles persisting into adulthood), disrupted vertical microbial transmission (increased Candida colonization in preterm
infants, impaired tryptophan—AHR signaling and neonatal immunity), and hypothalamic - pituitary - adrenal (HPA) axis dysregulation (pancreatic
nerve damage, impaired wound healing, disrupted parasympathetic innervation of pancreatic islets). Cross-axis amplification occurs when
comorbidities, polypharmacy, and age-related physiological changes interact synergistically with AS-induced perturbations. ARG: antimicrobial
resistance gene; GLP-1R/2R: glucagon-like peptide-1/2 receptor.

4.1. Immune competence axis: From developmental vulnerability to age-related and disease-associated immune
dysregulation

The immune competence axis encompasses populations with dynamic or impaired immune function, including early-life
individuals, the elderly, immunocompromised patients, and those with inflammatory IBD (Fig. 3, Axis I). The gut microbiota
is a key regulator of immune development and function; thus, AS-induced microbial perturbations can disproportionately
affect immune responses in these groups, either by disrupting immature immune networks (early life), exacerbating age-
related immune decline (elderly), or amplifying pre-existing inflammation (IBD/immunocompromised states).

4.1.1. Early-life populations: Immune development and microbial programming

In early development, gut microbiota and immune networks are still being established, making them highly sensitive to



dietary perturbations like ASs. Maternal AS consumption during pregnancy can disrupt oftspring immune function via
microbial and epigenetic mechanisms, representing a critical intergenerational link. For instance, maternal sucralose intake
impairs Paneth cell function in offspring by reducing lysozyme expression and antimicrobial peptides (cryptdin-1 and
cryptdin-5), leading to increased intestinal inflammation and the expansion of pro-inflammatory taxa [62,63]. This early-life
dysbiosis often persists into adulthood and is associated with altered microbial metabolites (e.g., reduced indole-3-carboxylic
acid and BAs) [64].

ASs also interfere with tryptophan metabolism, a key pathway for neonatal immune development. High-dose sucralose
disrupts AHR signaling, mediated by microbiota-derived tryptophan metabolites, thereby impairing T cell proliferation and
differentiation [65,66]. This leads to altered intestinal lymphocyte composition (increased CD3*/CD4" T cells, reduced CD8*
T cells in Peyer’s patches) and elevated mucosal infiltration [67], while AHR - NF-kB crosstalk amplifies inflammatory
potential [68]. Additionally, prenatal AS exposure alters fungal microbiota development (e.g., increased Candida species)
[69,70], which can damage the infant’s immune system, particularly in preterm newborns [71]. These findings highlight that
AS-induced perturbations during immune development may have long-lasting consequences for offspring’s health.

4.1.2. Elderly populations: Immunosenescence and comorbid immune vulnerability

Aging is characterized by immunosenescence (e.g., declined T-cell function, altered macrophage polarization) and reduced
gut microbiota diversity, rendering the elderly highly susceptible to AS-mediated disturbances [72,73]. ASs may further
deplete SCFA-producing taxa [74], impairing intestinal barrier repair (via reduced ZO-1 expression) and exacerbating
inflammaging [74]. Compromised barrier integrity also enables translocation of AS-induced microbial byproducts (e.g., LPS),
worsening age-related chronic diseases.

Beyond immune decline, AS-induced immune perturbations may weaken pathogen resistance and wound healing in a
population already at elevated infection risk [73]. Additionally, polypharmacy (e.g., antidiabetics, statins) in the elderly raises
concerns about AS-microbe-drug interactions; specifically, AS-induced shifts in gut microbial enzyme activity (e.g., B-
glucuronidase) may alter drug metabolism and therapeutic efficacy [73,75]. Observational data link AS consumption to
increased frailty and depression risk in the elderly [76,77], underscoring the need to integrate immune competence and
comorbidities into risk assessments.

4.1.3. Immunocompromised individuals: Synergistic immune dysfunction

Individuals with compromised immune function (e.g., chemotherapy recipients, organ transplant patients) face unique risks
from AS exposure, as pre-existing microbiota instability and impaired intestinal barrier function amplify AS-induced
perturbations [78]. Sucralose (at doses equivalent to the FDA and EFSA acceptable daily intake in humans, achieved via
0.17 - 0.72 mg'mL™! in mouse drinking water), a widely used AS, has been shown to directly disrupt T cell membrane
organization and signaling, blunting CD8* T cell responses to infections and tumors [65]. In cancer patients receiving anti-
PD-1 immunotherapy, sucralose alters microbial composition, reduces microbiota-accessible arginine levels, and impairs T
cell metabolism, diminishing immunotherapy efficacy (reversible via amino acid supplementation or fecal microbiota transfer)
[78]. These effects are context-dependent: while AS-induced immune suppression may be detrimental in infection/cancer
settings, it could potentially mitigate autoimmunity [65]. However, for immunocompromised populations, the synergy
between direct T cell suppression and microbiota-driven immune impairment necessitates targeted dietary guidance.

4.1.4. Patients with IBD: Inflammation, barrier disruption, and antimicrobial resistance

IBD is characterized by gut dysbiosis, barrier dysfunction, and chronic inflammation, conditions that enhance AS sensitivity.
Despite ASs being perceived as “healthier” alternatives to sugar, clinical guidelines recommend limiting their intake in
Crohn’s disease and ulcerative colitis patients [79]. Preclinical studies confirm sucralose exacerbates DSS-induced colitis via
NF-«B activation (upregulating pro-inflammatory cytokines) and downregulates barrier proteins (claudins, MUC-2, TFF3),
increasing gut permeability [56,80]. Sucralose also accelerates colitis-associated colorectal cancer via TLR4/5 - MyDS88 -
NF-«B pathways and elevated fecal B-glucuronidase (enhancing BA toxicity) [81].

Beyond direct inflammatory effects, AS-mediated dysbiosis critically impairs gut colonization resistance, the ability of
commensal microbiota to prevent pathogen invasion and establishment. Colonization resistance relies on microbial diversity,
niche competition, and production of inhibitory metabolites (e.g., SCFAs, bacteriocins) that limit pathogen growth. In IBD
patients, baseline colonization resistance is already compromised due to reduced microbiota diversity and inflammation; AS
exposure further disrupts this balance by depleting key commensal taxa that produce SCFAs and bacteriocins [74,82]. This
loss of protective microbiota creates ecological niches that facilitate colonization by enteric pathogens such as Clostridioides
difficile, Escherichia coli, and Salmonella enterica, a major concern in IBD, where recurrent infections drive disease flares
and complications [83]. For example, in murine models, sucralose exposure reduced levels of Lactobacillus and
Ruminococcus, correlating with increased C. difficile spore germination and colonization [84]. These findings highlight a
critical but understudied link: AS-induced dysbiosis not only worsens inflammation but also undermines the gut’s first line
of defense against pathogens, amplifying infection risk in vulnerable IBD patients.

First, ASs facilitate conjugative plasmid transfer, a primary route for antimicrobial resistance gene (ARG) dissemination,



by increasing bacterial cell membrane permeability, promoting cell-to-cell contact, and upregulating conjugation-related
genes. In vitro studies show saccharin, sucralose, aspartame, and Ace-K promote horizontal ARG transfer between commensal
and pathogenic bacteria via increased membrane permeability, reactive oxygen species production, SOS response activation,
and efflux pump upregulation [85-87]. For example, Ace-K enhances AcrAB - TolC efflux pump activity in Escherichia coli
and Klebsiella pneumoniae, contributing to multidrug resistance [88]. Notably, horizontal transfer of antimicrobial resistance
genes in inflamed gut environments is frequently mediated by bacteriophages, which constitute a major genetic reservoir
within the human gut microbiome [89]. ASs have also been implicated in triggering the transition of prophages from lysogeny
to the lytic cycle, inducing prophage excision and phage release from host bacteria [90]. Although the direct contribution of
AS to phage-mediated gene transfer in clinical settings remains to be fully elucidated, AS-associated dysbiosis and
inflammation may create ecological conditions that facilitate phage-driven genetic exchange and destabilize the gut ecosystem
[90,91]. These findings underscore the need for cautious AS use in IBD, given their potential to worsen inflammation and
antimicrobial resistance.

4.2. Metabolic state axis: Obesity, diabetes, and age-related metabolic comorbidities

The metabolic state axis integrates populations with altered metabolic homeostasis, including children/adolescents (at risk
of obesity), patients with diabetes, and elderly individuals with metabolic comorbidities (e.g., diabetes, CVD) (Fig. 3, axis
IT). ASs are widely used to manage weight and glycemia, but their effects are modulated by microbial-metabolic crosstalk,
with context-dependent benefits and risks.

4.2.1. Pediatric and adolescent populations: Developmental metabolic plasticity and obesity risk

Global trends show a doubling of overweight/obesity prevalence in children/adolescents between 1990 and 2021,
coinciding with increased AS intake [92—94]. Evidence on ASs and BMI remains conflicting: meta-analyses of prospective
cohorts suggest smaller BMI gains compared to sugar [95], while other studies report no significant impact [96]. However,
this population’s unique metabolic plasticity, coupled with maturing gut microbiota and gut-brain axis, renders them sensitive
to long-term AS-induced perturbations.

ASs may influence appetite regulation via microbial-metabolic pathways: sucralose alters the hypothalamic functional
connections with motivation/somatosensory brain regions, increasing hunger compared to sugar or water [97].
Mechanistically, ASs reduce satiety by downregulating GLP-1R and GLP-2R [23], while gut microbiota maturation amplifies
dietary influences on metabolic trajectories [98,99]. Since childhood dietary habits persist into adulthood, AS exposure during
this stage may shape long-term metabolic health beyond immediate BMI effects.

4.2.2. Patients with diabetes: Glycemic management vs long-term microbial-metabolic risks

ASs can reduce acute postprandial glycemic spikes [4], aligning with clinical recommendations. However, epidemiological
data link habitual AS intake to an increased T2D risk (hazard ratios up to 1.69), though confounding dietary/lifestyle factors
limit interpretation [9,100]. A key mechanism involves AS-induced gut microbial shifts: alterations in glucose-metabolizing
taxa and pro-inflammatory genera may progressively impair insulin sensitivity [6,101]. Critically, first-line antidiabetic drugs
like metformin rely on gut microbial function for efficacy [102], suggesting that AS-induced dysbiosis could diminish
therapeutic responses. Thus, while ASs offer short-term glycemic benefits, their long-term impacts on microbial-metabolic
pathways and drug responsiveness require further investigation, including dose-dependent effects and susceptibility
biomarkers.

4.2.3. Elderly populations with metabolic comorbidities: Amplified risks of dysmetabolism

Elderly individuals frequently present with metabolic comorbidities (diabetes, CVD), which interact with age-related
physiological changes to modify AS responses [72]. Reduced gut microbiota diversity exacerbated by ASs impairs SCFA
production, worsening insulin resistance and CVD risk [74]. AS-induced microbial byproducts (e.g., LPS) may also contribute
to metabolic inflammation, amplifying comorbidity progression. Additionally, polypharmacy in this group raises concerns
about AS-microbe-drug interactions affecting antidiabetic or lipid-lowering medications [73,75]. Observational data linking
AS consumption to frailty [76] further highlights the need to integrate metabolic state and age-related vulnerabilities in risk-
benefit analyses.

4.3. Developmental and epigenetic plasticity axis: Maternal-offspring transmission and lifelong programming

The developmental and epigenetic plasticity axis focuses on early life and the maternal-offspring axis, periods of heightened
susceptibility to AS-induced epigenetic reprogramming and microbial programming, with long-lasting intergenerational
effects (Fig. 3, axis III).

Maternal AS consumption during pregnancy and lactation influences offspring health via epigenetic modifications and gut
microbiota transmission. Sucralose exposure during pregnancy induces epigenetic reprogramming in offspring, altering
metabolic phenotypes (e.g., increased BMI) [103,104]. This is mediated by microbial perturbations: maternal sucralose intake



disrupts the otfspring’s gut microbiota balance, reduces Paneth cell function, and downregulates microbiota-derived
metabolites (indole-3-carboxylic acid and BAs) [62,64]. These changes persist from weaning into adulthood, highlighting the
lifelong impact of early-life AS exposure.

Beyond metabolism, maternal AS intake affects the HPA-axis in offspring, leading to pancreatic nerve damage, delayed
wound healing [105], and disrupted parasympathetic innervation of pancreatic islets [106]. The tryptophan-AHR pathway,
critical for neonatal immune development, also plays a role: maternal AS exposure disrupts AHR signaling, compromising
offspring immunity [107]. Additionally, prenatal AS exposure alters vertical transmission of fungal microbiota (e.g., increased
Candida species) [69,70], which can impair immune development in preterm infants [71].

Notably, the maternal-offspring axis represents a key intergenerational link for AS effects: microbial and epigenetic
changes induced by maternal AS consumption are transmitted to offspring, thereby programming their long-term health
trajectories. This underscores the importance of dietary guidance for pregnant and lactating individuals, as early-life
programming has implications for metabolic, immune, and neurological health across generations.

5. Concluding remarks and future perspectives

The evidence synthesized AS-induced alterations in BA profiles, tryptophan-derived metabolites, SCFA levels, and LPS
dynamics converges on three core host physiological axes, including immune competence, metabolic state, and
developmental/epigenetic plasticity (Fig. 4), each integrating populations with shared susceptibility mechanisms despite
differences in age or disease state. For instance, the immune competence axis encompasses early-life individuals with
maturing immune networks, elderly populations experiencing immunosenescence, immunocompromised patients, and IBD
patients with chronic inflammation, all of whom share heightened vulnerability to AS-induced immune and microbial
perturbations. Similarly, the metabolic state axis integrates pediatric obesity risk, diabetes management challenges, and age-
related metabolic comorbidities through common dysregulation of glucose-lipid homeostasis and microbial-metabolic
crosstalk. This axis-based framework transcends traditional demographic categorization, revealing that AS responses are
governed by physiological state rather than age or diagnosis alone. Such mechanistic heterogeneity challenges one-size-fits-
all safety paradigms and necessitates a shift toward population-tailored dietary guidance informed by host-microbiota-
physiological axis interactions.
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Fig. 4. Integrating machine learning to assess and mitigate health risks associated with artiticial sweeteners. Data acquisition from multi-omics
sources such as metagenomics, metabolomics, and dietary records, followed by data preprocessing and feature extraction to identify critical
patterns. Machine learning models are applied to analyze these patterns, uncover biomarkers (e.g., microbial taxa or metabolites), and predict
individual responses to ASs consumption. Insights from these analyses inform precision dietary interventions aimed at mitigating adverse health
effects while advancing our understanding of the long-term effects of ASs on host health. Trp: tryptophan.

Several considerations remain to be addressed. Current research often aggregates different AS types, overlooking potential
variations in how sucralose, aspartame, Ace-K, or saccharin interact with microbial communities. Additionally, large-scale
studies focusing on population-specific responses are still scarce. Moving forward, prioritizing targeted investigations into
these population groups will be pivotal. Regulatory efforts should focus on enhancing labeling transparency to support
informed choices, particularly for special needs populations. It is also worth noting that natural sugar substitutes warrant
similar scrutiny. High-fat diets, for example, can induce sorbitol intolerance following antibiotic-induced Clostridia depletion,
exacerbating intestinal inflammation and disrupting homeostasis [82]; trehalose has been linked to enhanced C. difficile
virulence [83]; and erythritol has been associated with increased cardiovascular risk [84]. These observations emphasize the
need for systematic evaluation of all sugar substitutes, both artificial and natural, through the lens of host-microbiota
interactions. Ultimately, the goal is not to overstate risks but to develop a contextual understanding that maximizes the
practical benefits of ASs (such as aiding glycemic control in diabetes) while mitigating potential adverse effects. By centering
population-specific microbiota profiles in future research, we can refine dietary strategies to enable the effective and safe use
of ASs as part of personalized nutritional management.

Probiotic supplementation, dietary fiber enrichment, and personalized dietary adjustments represent feasible interventions
to restore microbial balance and counteract AS-induced dysbiosis, particularly in vulnerable populations (e.g., elderly,
immunocompromised, IBD patients) where baseline microbiota instability amplifies susceptibility. Early microbial
intervention in these groups holds translational promise for the reduction of AS-related metabolic and immune perturbations
[108,109].

As conceptualized in Fig. 4, precision application of ASs can be operationalized as a stepwise integration of three contextual
inputs: @ host physiological status (immune competence, metabolic state, developmental stage); @ microbiota-derived
metabolic readouts (BA composition, indole derivatives, SCFA profiles, LPS burden); and ® dietary or pharmacological co-
exposures. This framework yields stratified assessments that identify populations who may benefit from AS use (e.g.,
glycemic control in diabetes) versus those requiring heightened caution, monitoring, or dietary alternatives. Notably, habitual
dietary patterns further modulate AS—microbiota interactions: high-fiber diets, prevalent in many Asian populations, support
microbial diversity and SCFA production, potentially buffering AS-induced perturbations, whereas high-fat Western-style
diets may exacerbate microbial instability and inflammatory signaling. Given the global heterogeneity in AS consumption
(Fig. 1), integrating cultural dietary context represents a critical future direction for refining risk assessment.

The goal is not to overstate risks but to develop a contextual understanding that maximizes AS benefits (e.g., aiding
glycemic control) while mitigating adverse effects. By centering population-specific microbiota profiles in future research
and regulatory frameworks, we can refine dietary strategies to enable the effective and safe use of ASs as part of personalized
nutritional management.
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