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Over the past decades, global consumption of industrially processed fructose has surged,
increasingly separating this sugar from its natural, fiber-rich context. Fructose provides a
striking example that not all calories are metabolically equivalent, regardless of their
source. Fructose is particularly detrimental to intestinal and hepatic homeostasis, with
mounting evidence implicating the gut microbiota as key contributors. Under
contemporary dietary patterns, fructose increasingly reaches intestinal regions—and their
resident microbial communities—that would normally be spared in healthier nutritional
contexts. Here, we review recent advances in understanding gut–liver fructose metabolism
and the role of the gut microbiota in linking excess fructose to host dysmetabolism.

Introduction
Fructose is a naturally occurring sugar found mainly in fruits and honey [1]. Its consumption has tripled
in the Western world with agricultural and industrial advances, which substantially increased access to
sweeteners like sucrose (i.e., table sugar) and high-fructose corn syrup (HFCS) [2,3]. While sucrose is a
disaccharide containing equimolar amounts of glucose and fructose, HFCS comes in various
formulations, the most common being HFCS-55 (55% fructose, 45% glucose) [4]. Because of its intense
sweetness—greater than that of sucrose and glucose—and its low cost, fructose is widely used in
sugar-sweetened beverages (SSBs) and other industrial food products [5]. This fuels a contemporary
surge in fructose consumption fundamentally driven by its industrial extraction and concentration into
ultra-processed matrices [6], a transition that uncouples this hexose from the ancestral nutritional
context of fiber and phytochemicals (i.e., de-matrixing).

The World Health Organization (WHO) recommends limiting added sucrose intake to less than 10%
kcal/day (∼50 g)—which equates to less than 5% kcal fructose ingested as added sucrose. One would
need to consume approximately 6–7 medium oranges or 4–5 medium apples within a single sitting to
reach these amounts of sugar, which is difficult for most individuals to ingest. By contrast, consuming
355 ml of orange or apple juice or Coca Cola—a far more feasible and realistic intake—can readily
provide ∼40 g of free sugars, quickly approaching the daily added-sugar threshold without the fiber
matrix that slows ingestion and absorption. Importantly, many other ultra-processed staples—such as
sweetened breakfast cereals, flavored yogurts, pastries, energy drinks, and specialty coffee
beverages—can provide comparable amounts of free sugars in a single serving. Moreover, added sugars
are not confined to overtly sweet products and are ubiquitous throughout the modern food supply.
Consequently, excessive fructose intake stems from ultra-processed foods rich in added sugars, with
SSBs being an important contributor [7].

Added fructose consumption exceeds WHO recommendations across the globe, with Latin America,
the Caribbean, and sub-Saharan Africa bearing the highest proportional excess sugar-related type 2
diabetes (T2D) and cardiovascular disease (CVD) burdens [8]. In North America, while National Health
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and Nutrition Examination Survey data from 2001–2018 reveal a downward trend in added sugar consumption in
the U.S.A., significant overconsumption remains, as analysis from the 2015–2018 period indicates that 30% of
Americans (approximately 103 million people) still exceed 15% of total daily caloric intake from added sugars
[9,10]. In Canada, the 2015 Community Health Survey reported that 65% of Canadians (approximately 23 million
people) consume more than 10% of their daily calories from added sucrose [11]. It is noteworthy that, although
excess fructose intake is a widespread issue, adolescents tend to demonstrate particularly high fructose intake habits
fueled by SSBs [12]. This is troublesome given it coincides with a critical period of growth and habit formation.

Excessive sugar intake—much of it in the form of fructose—contributes substantially to the global burden of
T2D, CVD, metabolic dysfunction-associated steatotic liver disease (MASLD), and obesity. In 2020, data from the
Global Dietary Database indicated, on the basis of SSB consumption, that excess sugar was responsible for
approximately 2.2 million new T2D cases and 1.2 million new CVD cases worldwide, corresponding to 9.8% and
3.1% of all incident cases, respectively [8]. These observations align with epidemiological evidence linking high
added sugar consumption to an increased risk of MASLD [13–15] and obesity [16,17].

These data underscore a fundamental paradox in modern nutrition: while simple sugars—fructose included—are
metabolically tolerated when sequestered within their usual plant matrices, the industrial de-matrixing of these
saccharides has transformed them into important drivers of obesity, T2D, and MASLD. Beyond the caloric load,
fructose exhibits a unique capacity to disrupt metabolic homeostasis via biochemical pathways distinct from those
of glucose. Elucidating the mechanisms by which fructose drives adverse metabolic outcomes is therefore essential
for the development of targeted therapeutic and dietary interventions. In the present review, we synthesize the
current understanding of excessive fructose consumption on metabolic regulation, with a focused examination of
the signaling within the gut–liver axis and the resulting shifts in the functional landscape of the microbiome.

Fructose metabolism by the host: from tolerable to excess
Following ingestion, fructose is absorbed in the small intestine by facilitated diffusion, primarily via the apical
fructose transporter GLUT5 [6,18–21]. Recent studies using spatial metabolic gradient analysis revealed this
process takes place at the bottom of the crypts and not at the tip of the villi [22]. Within bottom crypt enterocytes,
fructose is metabolized to yield glucose and organic acids, such as citrate, malate, and succinate [23] (Figure 1,
bottom left). Under moderate fructose intake, studies conducted in mice suggest that fructose enterocyte
metabolism can shield both the liver and distal gut (i.e., ileum, colon) from fructose [23,24].

In contrast with glucose—which undergoes rapid and near-exhaustive absorption in the proximal jejunum via
the high-affinity sodium-glucose cotransporter 1—fructose uptake is characterized by a low-capacity, flux-limited
process mediated by GLUT5 [25]. Thus, upon excessive fructose intake, GLUT5 saturation precipitates a fructose
spillover into the distal small intestine and colon. This redistribution exposes the distal microbiota to a hexose load
from which they are evolutionarily spared under ancestral dietary conditions (Figure 1, top). Concurrently,
excessive fructose intake saturates the metabolic capacity of the enterocyte, overwhelming the intracellular
sequestration pathways and precipitating a direct efflux via basolateral GLUT2 into the portal circulation (Figure 1,
bottom left). This process bypasses intestinal clearance, delivering an ‘unfiltered’ fructose bolus to the hepatic
parenchyma, where this sugar serves as a potent substrate for DNL (Figure 1, bottom right).

At what dose does fructose escape enteric clearance?
In fasted mice, fructose spillover into the lower gut (i.e., feces) and liver is thought to happen at doses ≥0.5 g/kg.
However, during chronic fructose feeding, nutrient-sensing mechanisms enable rapid adaptation of the intestine
(within hours) to luminal fructose. This adaptation increases the availability of GLUT5 and enzymes involved in
fructose metabolism in enterocytes. Although reversible within one week of fructose withdrawal, these changes can
raise the maximal fructose absorption capacity and increase the threshold for colonic and hepatic spillover in fed
mice to ∼1.0 g/kg [23,26].

The role of nutrients other than fructose in influencing the gut’s capacity to gatekeep fructose delivery to the
lower intestine and liver remains poorly understood. Studies by independent groups suggest dietary glucose,
galactose, xylose, or mannose cannot induce higher fructose absorption by up-regulation of this sugar’s transport
machinery [23,27,28]. In contrast, dietary fat can alter the metabolic fate of fructose within enterocytes. Specifically,
dietary fat has been shown to enhance the synthesis of glycerate from fructose in mouse enterocytes, a metabolite
implicated in pancreatic β-cell damage and T2D [29]. Interestingly, studies in mice suggest that high fructose intake
can enhance gut absorptive capacities for both glucose [30] and fat [31], suggesting that fructose broadly enhances
the absorption of nutrients.
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Figure 1. Fructose metabolism across the gut–liver axis

Bottom left: Dietary fructose is partially absorbed via GLUT5 by small-intestinal enterocytes, which metabolize fructose into

glucose and organic acids. Fructose absorption and metabolism in enterocytes are considered protective mechanisms that limit

fructose delivery to the distal gut (ileum and colon) and to the liver.

Top left: De-matrixed, ultra-processed foods rich in added sugars promote excessive fructose intake, overwhelming GLUT5

transport capacity and enterocyte enzymatic processing. Consequently, fructose spills over into the portal circulation, reaching

the liver, and into the distal gut, where it becomes available to bacterial communities inhabiting these compartments (enteric

compartments not depicted in the illustration).

Bottom right: In the liver, fructose is taken up by hepatocytes via GLUT2 and rapidly phosphorylated to fructose-1-P by KHK.

Fructose-1-P is then cleaved by aldolase B to produce triose intermediates. These trioses fuel de novo lipogenesis (DNL) by

generating citrate-derived acetyl-CoA and providing glycerol backbones for triglyceride synthesis. Hepatic lipid accumulation is a

hallmark of MASLD and contributes to hepatic inflammation and insulin resistance.

Top right: Excess fructose reaching the lower gut becomes available to strict anaerobic fermentative bacteria. These microbes

use PTS and ABC transport systems to import and phosphorylate fructose, directing it toward metabolic pathways that support

either energy production or structural synthesis. PTS-mediated uptake generates fructose-1-P, which can be directly converted

into the trioses glyceraldehyde and DHAP, bypassing PFK-regulated steps. These trioses are often diverted toward biosynthetic

processes, including exopolysaccharide and lipopolysaccharide (LPS) production.

By contrast, fructose uptake via ABC transporters requires intracellular phosphorylation by hexokinase, producing fructose-6-P.

This intermediate is more frequently routed through the Embden–Meyerhof–Parnas (EMP) pathway for pyruvate generation and

energy production, yielding fermentation by-products such as acetate, ethanol, acetaldehyde, and branched-chain amino acids

(BCAA).

Microbially derived acetate, ethanol, and acetaldehyde produced from fructose metabolism may contribute to hepatic DNL by

supplying an additional pool of acetyl-CoA independent of host citrate export. Moreover, bacterial LPS-mediated hepatic

inflammation can further enhance lipogenic programming by up-regulating key DNL enzymes. Collectively, these microbial

metabolites and components may promote ectopic hepatic fat accumulation, inflammation, and insulin resistance—central

features of MASLD. The potential contribution of microbiota-derived BCAA from fructose metabolism to systemic BCAA pools

warrants further investigation.

Created in BioRender. Cheikh, M. (2026) https:// BioRender.com/2v4y20t
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Preclinical studies that have advanced our understanding of the gut–liver axis in fructose metabolism—including
the threshold for spillover beyond the intestine—are highly valuable, as they provide key insights into the
pathophysiology of metabolic diseases such as MASLD and may inform novel therapeutic approaches. However, it
is important to note that these studies were conducted exclusively in male mice. A more comprehensive, sex-specific
evaluation of the mechanisms described above is therefore warranted, particularly in light of clinically relevant,
sex-dependent differences observed in MASLD [32].

The exact amount of fructose driving malabsorption and liver spillover in humans is not yet well-defined. In a
Japanese population, fecal fructose concentration was estimated to range between 5.7 and 57 μg/g and were
associated with insulin resistance. These fructose concentrations were approximately sevenfold lower than those
observed in mice fed a high-fat/high-sucrose diet for four weeks [33]. While this finding indicates that fructose
malabsorption does occur in humans, it also highlights that mouse models may exaggerate this phenotype, thereby
limiting their translational relevance.

In humans, one study reported fructose malabsorption after participants consumed ≥15 g of fructose four times
per week over four weeks [34]. Another study reported that 53% of healthy participants exhibited malabsorption
following ingestion of 25 g of fructose, increasing to 73% after a 50 g dose [35]. Similarly, a review of multiple
studies found that 38%–81% of healthy individuals exhibited malabsorption of 50 g of fructose, whereas 11%–50%
showed malabsorption at a 25 g dose [36]. These fructose doses often match typical fructose intake in a substantial
proportion of populations in Canada, the U.S.A., and globally, as discussed above [37,38]. Interestingly, the
pronounced interindividual variability in postprandial fructose responses [39] indicates that both intestinal
absorption and hepatic metabolism of fructose differ markedly among individuals. This variability underscores the
need for mechanistic studies to identify the factors underlying these differences to uncover new opportunities for
early assessment of MASLD risk. Moving forward, the inclusion of biological sex as a variable of interest should be
standard practice in studies of MASLD to ensure mechanistic and translational findings are representative and
clinically relevant.

What occurs when fructose reaches the liver?
Fructose that reaches the portal compartment is rapidly taken up by the liver through the low-affinity, high-capacity
transporter GLUT2, allowing rapid equilibration with plasma concentrations. Once inside hepatocytes, fructose is
swiftly phosphorylated by the high-affinity enzyme ketohexokinase (KHK, also called fructokinase) to
fructose-1-phosphate (F1P), ensuring that virtually no free fructose accumulates intracellularly. KHK-derived F1P
is thereafter cleaved by aldolase B into the trioses glyceraldehyde and dihydroxyacetone phosphate (DHAP). This
rapid phosphorylation to F1P maintains a strong concentration gradient, driving the continuous influx of fructose
from the bloodstream into the liver. Moreover, unlike glucose metabolism, which is tightly regulated at the
rate-limiting step catalyzed by phosphofructokinase-1 (PFK-1), fructose metabolism bypasses this major control
point. In fact, glucose is phosphorylated to glucose-6-phosphate by hepatic glucokinase, a rather low-affinity
enzyme that limits flux at physiological glucose concentrations. This combination of bypassing PFK-1 and rapid
phosphorylation allows fructose carbons to enter triose phosphate pools in a comparatively less regulated manner,
facilitating direct substrate availability for downstream pathways. Triose phosphates can enter glycolysis to generate
pyruvate, which is subsequently converted into acetyl-CoA. The latter, depending on the cell’s energy status, can be
oxidized to CO2 and H2O to generate ATP or accumulate and exceed TCA cycle capacity, which leads to citrate
accumulation and conversion to fatty acids, fueling DNL. In parallel, DHAP can be reduced to
glycerol-3-phosphate, providing the backbone for triglyceride (TG) synthesis [40,41] (Figure 1, bottom right).

The unregulated and rapid flux through KHK also leads to intracellular ATP depletion and inorganic phosphate
trapping as F1P accumulates. The resulting activation of AMP deaminase increases uric acid production,
contributing to oxidative stress and mitochondrial dysfunction, key features linked to MASLD [42]. Collectively,
these processes make hepatic fructose metabolism highly lipogenic and energetically costly, distinguishing it
fundamentally from the more controlled and homeostatic processing of glucose. Therefore, excess fructose has been
implicated as a driver of ectopic fat accretion in the liver, a process that subsequently enhances inflammation and
oxidative stress, leading to hepatic insulin resistance and dysregulated blood glucose regulation [43]. This results in
compensatory hyperinsulinemia, which progresses to systemic insulin resistance, conditions that set the stage for
overt T2D [44].

Recent findings suggest that fructose reaching the liver undergoes a ‘second chance’ at metabolism and clearance.
Periportal hepatocytes, which express higher levels of aldolase B than pericentral hepatocytes, are more efficient at
processing F1P. This enables conversion of F1P into glyceraldehyde and DHAP, which can subsequently enter

1134 © 2026 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society
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glycolysis or glycogen synthesis. When fructose intake is high enough to exceed the metabolic capacity of periportal
hepatocytes, unmetabolized fructose reaches pericentral hepatocytes. In this region, where aldolase B expression is
lower, F1P accumulates, increasing availability of glycerol and acetyl-CoA while triggering potent lipogenic
signaling [22]. This cascade promotes ectopic lipid deposition and ATP depletion, both key contributors to the
pathogenesis of MASLD [45].

Fructose provides a clear and instructive example that not all calories are metabolically equivalent, regardless of
their source. In addition, as noted above, there is compelling evidence that, under current dietary patterns, fructose
increasingly reaches not only the liver but also distal intestinal regions—and their associated gut microbial
communities—that would normally be spared under healthier diets. However, the extent to which this excess
fructose exposure in distal gut segments contributes to impaired glucose homeostasis and hepatic lipid
accumulation via microbial alterations remains poorly understood. We will return to these topics in more detail
later in the present review.

Excess fructose: is it just about the calories?
Evidence from preclinical and human studies indicates that, when consumed in excess, fructose is more detrimental
than glucose to metabolic regulation [46–55]. Despite its low glycemic index, which can sometimes be leveraged to
improve glycemic control [56], the unique characteristics of fructose absorption, gut microbial availability, and host
metabolism discussed above create a strong link between excess intake and the development of T2D [7,57] and
MASLD [58–61]. One key question remains unresolved: to what extent is the metabolic harm of high fructose
intake driven by a net increase in energy intake and obesity? Moreover, are the methodologies used to address this
question always appropriate?

Some reports suggest that excess dietary fructose impairs metabolic control primarily by increasing energy intake
[62–65]. In contrast, a substantial body of evidence supports that excess fructose can induce metabolic dysfunction
independently of energy balance and body weight [1,66–71]. A key confounding factor here is the frequent use of
body weight (in rodents) and body mass index (BMI, in humans) as a surrogate for obesity, even though
metabolically relevant changes in adiposity can occur without being captured by BMI or body weight changes. In
fact, fat mass redistribution—rather than absolute body weight—is sufficient to disrupt metabolic homeostasis.
While reports such as in Chen et al. found increased body weight in mice after 16 weeks of fructose
supplementation in drinking water (30%) [5], Do et al. observed increased adiposity in mice fed an 80% fructose
diet in the absence of weight gain [71]. Very importantly, Wang et al. demonstrated that graded fructose intake in
rats (2.6–10.5 g/kg/day for 20 weeks) produced dose-dependent hepatic steatosis and low-grade systemic and
colonic inflammation without affecting body weight [72]. These findings collectively demonstrate that body weight
is an insufficient standalone marker of obesity and that mechanistic assessment of fructose-induced metabolic
dysregulation requires a more rigorous investigation of fat accumulation. At minimum, this can be assessed using
indices like the waist-to-hip ratio in humans, but preferably with advanced body composition techniques
(time-domain nuclear magnetic resonance (TD-NMR) or dual-energy X-ray absorptiometry), together with
measurements of liver lipids and individual fat depots at necropsy in mice.

Beyond the need for more appropriate tools to enable a robust mechanistic analysis of high fructose intake, the
use of mouse models that are too distant from human physiology can also hinder the discovery of mechanisms
relevant to the human population. Our group found evidence that excess fructose, at a nutritionally relevant dose,
can impair glycemic regulation before any measurable change in fat mass or insulin resistance in mice. When starch
(a key energy source across dietary habits) was partially replaced with 8.5% kcal fructose for 7 weeks, there were no
changes in calorie intake, fat mass (as assessed by TD-NMR), or body weight between groups, though fructose-fed
mice still developed marked hepatic steatosis as well as fasting and post-prandial glucose intolerance measured
during an oral glucose tolerance test [30]. We also demonstrated that fructose-induced, weight-independent
impairment in glycemic regulation was linked to a rewiring of gut glucose sensing via the gut hormone
glucagon-like peptide (Glp)-2.

Is there a role for Glp-2 in fructose-induced dysmetabolism?
Enteroendocrine cells function as nutrient sensors that release hormones regulating intestinal activity. One such
hormone, Glp-2, is produced by L-cells through the intracellular processing of proglucagon, which also generates
the functionally distinct hormone Glp-1. By signaling through its receptor (Glp-2r), Glp-2 promotes the expression
of nutrient transporters, mobilization of chylomicrons, and increases mucosal absorptive surface, thereby

© 2026 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 1135
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enhancing gut nutrient uptake. On the other hand, endogenous Glp-1 acts primarily as an incretin hormone and
exerts negligible effects on nutrient absorption in vivo [73–76].

Although both glucose and fructose stimulate L-cell secretion [77,78], evidence suggests a sugar-specific effect in
vivo. Notably, while an acute fructose bolus was shown to elicit greater L-cell stimulation than glucose in humans
with obesity [79], chronic high-fructose intake can drive Glp-2 hyper-responsiveness in hamsters [80]. Consistent
with fructose-induced L-cell hypersecretion, gut compartment-specific analysis of Gng mRNA performed by our
group suggests that high fructose, but not glucose, enhances L-cell secretion primarily from the terminal jejunum
and ileum, where L-cells are highly abundant [30]. This effect may reflect fructose’s propensity to reach the lower
gut, accessing a larger L-cell pool and boosting hormone release [23].

As noted, L-cells secrete both Glp-1 and Glp-2, which have distinct bioactivities in vivo. Understanding the
interplay between these hormones during high-fructose intake is critical. In hamsters, Hein et al. showed that Glp-2
raises circulating TG levels, whereas Glp-1 inhibits them; under co-infusion at physiological levels, Glp-2’s effect
predominated. Interestingly, prolonged co-infusion—mimicking pharmacological Glp-1r activation—shifted the
balance, allowing Glp-1’s hypolipidemic effect to prevail [80]. Based on these findings, one could speculate that
fructose-induced Glp-2 secretion may override endogenous Glp-1’s influence on lipid absorption, although direct
experimental evidence is lacking.

Murao et al. reported that mice drinking 20% fructose water secreted high levels of Glp-1 and insulin, interpreted
by the authors as a protective response against fructose-induced hyperglycemia [81]. However, this model
encompassed a supra-physiological fructose dose, representing ∼200 g/day in a 70 kg human. In contrast, in our
mouse experiments, a more physiologically relevant high-fructose intake (corresponding to ∼70 g/day in humans,
slightly above WHO’s recommended maximum) elevated Glp-2 but not Glp-1 in circulation [30]. While this
dichotomy may partly reflect Glp-2’s longer half-life [74], we speculate that, as with lipid absorption, Glp-2-driven
enhancement of gut glucose absorption and consequent hyperglycemia may override Glp-1’s hypoglycemic effects
during high fructose consumption.

In genetically obese (Ob/Ob) mice, Glp-2r knockout improved glucose tolerance during oral, but not
intraperitoneal, glucose administration [82]. Consistently, our group found that Glp-2r pharmacological inhibition
improved fructose-induced glucose intolerance by limiting intestinal glucose uptake [30]. In contrast, Glp-2r
deletion had no effect on glycemia in lean mice, high-fat/high-sucrose-fed obese mice, or β-cell-ablated mice [82].
While compensatory mechanisms may confound the interpretation of outcomes using knockout models, these
findings indicate that the metabolic impact of Glp-2r inhibition depends on diet and model context. Further work is
needed to determine when Glp-2r targeting improves glucose control and whether this approach is relevant
specifically under conditions of high added-sugar intake, where fructose is a major contributor.

We interpret these findings to suggest that excess fructose initially perturbs gut–liver homeostasis by
dysregulating nutrient sensing and GLP-2 signaling, resulting in early hyperglycemia and hepatic fat accumulation
independent of adipose mass. With prolonged exposure, enhanced intestinal caloric absorption—potentially
accompanied by increased energy intake—promotes further ectopic and visceral fat deposition, exacerbating
metabolic dysfunction.

Fructose and gut microbiota
The gut microbiota is a complex, dynamic ecosystem shaped by both internal (e.g., host genetics) and external (e.g.,
environmental) factors and comprises trillions of microorganisms living in symbiosis with the host, thereby acting
as a key regulator of human health. Beyond its role in digestion, it exerts profound effects on metabolic, immune,
and neuroendocrine functions, contributing critically to the maintenance of systemic homeostasis [83]. Conversely,
gut microbiota disruption, or dysbiosis, has been implicated in numerous chronic diseases, particularly those linked
to obesity, such as T2D [84] and MASLD [85]. These diseases are of particular concern due to their rapidly growing
prevalence and serious impact on public health [86–90].

Diet is the single major environmental factor shaping the diversity and stability of the gut microbiota [91,92]. In a
seminal study, David et al. showed that a short-term, animal-based diet rapidly altered the gut microbiota, which
reverted to baseline two days after returning to a plant-based diet, highlighting the microbiota’s plasticity and
impressive capacity to adapt to changes in substrate availability [93]. Given the widespread consumption of Western
diets—rich in saturated and trans fat, sugary drinks, sweets, and ultra-processed products [94]—understanding how
key dietary factors, such as fructose, influence the gut microbiota is essential for elucidating the microbiome’s role
in the development of metabolic diseases.
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Excess fructose can overwhelm the intestine’s absorptive capacity, leading to substantial amounts reaching the
lower gut [23,24]. In these gut compartments, fructose serves as a fermentable substrate that may selectively favor
certain microbial groups at the expense of others. However, high fructose intake can also promote obesity, with the
accompanying inflammatory and endocrine dysregulation potentially exerting independent effects on the
composition of gut microbial communities. Moreover, high fructose may alter the cross-feeding dynamics within
the gut microbiota, which may also exert selective pressure over certain members. Disentangling these effects is
particularly challenging—and beyond the scope of the present review. Here, we focus on a central question in
microbiota-mediated, fructose-induced dysmetabolism: In what ways can fructose utilization by gut bacteria lead to
detrimental metabolic outcomes in the host?

Bacterial sugar metabolism
In bacteria, the phosphotransferase system (PTS) is a central mechanism that couples sugar uptake with
phosphorylation, simultaneously linking nutrient acquisition to metabolic regulation. In gut communities, PTSs are
especially common in fast-growing, saccharolytic, Gram-positive bacteria—particularly Firmicutes (e.g.,
Clostridia, Streptococcaceae, Lactobacillales)—as well as in certain Gram-negative Proteobacteria, such as
Escherichia coli and Klebsiella. In PTS, sugars are transported across the membrane while being phosphorylated
by specific EII permeases, using phosphoenolpyruvate as the phosphate donor. The nature of the EII determines
sugar fate. For instance, glucose uptake via EIIGlc yields glucose-6-phosphate, predominantly channeling carbons
into EMP pathway for energy production. By contrast, fructose transported via the EIIFru system is phosphorylated
to F1P. While F1P can be further phosphorylated to fructose-1,6-bisphosphate by F1P kinase (FruK)—a step that
commits carbon flux toward the EMP pathway for energy generation—an alternative route exists to increase
metabolic flexibility. PTS-derived F1P can be cleaved directly into trioses by bacterial class II aldolases (e.g., FruA,
FruB). This metabolic bypass avoids the rate-limiting steps of upper glycolysis, instead shunting carbons toward the
synthesis of structural components. These include lipid A and 3-deoxy-d-manno-octulosonic acid (KDO)—for LPS
assembly, exopolysaccharides, and a diverse range of sugar derivatives essential for cell wall components and
bacterial antigens (Figure 1, top right). This F1P-aldolase strategy is characteristic of Proteobacteria, such as E. coli,
and several Firmicutes.

In the gut microbiome, metagenomic and metatranscriptomic analyses indicate strong sugar-metabolizing
capacity in small intestine communities, with marked enrichment of PTS systems as well as central pathways
involved in sugar degradation and fermentation. In agreement, analyses of ileostomy (lower gut) effluents revealed
minimal postprandial accumulation of mono- and disaccharides, indicating rapid microbial uptake of unabsorbed
sugars [95]. It is possible that the host’s highly efficient glucose absorption may create a glucose-limited
environment in the gut lumen, thereby activating bacterial PTS—including those with EIIFru permeases—to enable
the uptake and metabolism of alternative sugars. This may synergize with high luminal fructose availability to
provide a competitive advantage to bacterial species better equipped for fructose utilization.

Bacteroidales are importantly represented by the genus Bacteroides but also by Alistipes and Parabacteroides
and comprise a group of Gram-negative, obligate anaerobic bacteria that are among the most abundant and
influential members of the human gut microbiota. These organisms are highly adapted to the intestinal
environment, with a remarkable capacity to degrade complex dietary and host-derived polysaccharides.
Bacteroides spp. can exhibit a different strategy for sugar acquisition compared with classical PTS-dependent
bacteria. In Bacteroides, PTS are rather sparse and play a limited role in global carbon flux. Bacteroides rely on
polysaccharide utilization loci encoding dedicated transporters and enzymes to depolymerize and internalize a wide
range of mono-, di-, and oligosaccharides. This includes ABC transporter systems (also known as ATP-binding
cassettes), where sugars enter the cytoplasm via ABC transporters and are thereafter phosphorylated by
ATP-dependent kinases (Figure 1, top right). The use of ABC systems is often associated with substrate flexibility
and efficient exploitation of multiple sugars, including fructose and host-derived glycans [96].

By integrating fecal metabolomics with microbiome composition and host metabolic phenotypes, Takeuchi et al.
demonstrated that the accumulation of monosaccharides—including fructose—in human feces is a strong predictor
of insulin resistance. Notably, their findings suggest that fecal abundance of bacteria capable of monosaccharide
uptake via PTS (e.g., Firmicutes, including Lachnospiraceae such as Blautia and Dorea) is strongly associated with
fecal sugar accumulation, insulin resistance, and intestinal inflammation, whereas individuals whose microbiomes
rely more on ABC transporters (e.g., Bacteroidales) showed the opposite pattern. The same group showed that
administration of Alistipes indistinctus, Alistipes finegoldii, or Bacteroides thetaiotaomicron reduced intestinal
monosaccharide levels, including fructose, while improving lipid accumulation and insulin sensitivity in mice.
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These findings support the concept that microbial sugar oxidation through ABC transporter systems can more
effectively withdraw simple sugars from the luminal environment and spare host reliance on carbohydrates as an
energy source, which can confer metabolic benefits to the host [33]. However, if, on one hand, fructose oxidation
may reduce the availability of sugars to the host, on the other hand, it generates by-products that may also influence
host physiology.

End-products of microbial fructose metabolism and their effects on host
physiology
Using tracer analysis, Jang et al. found only labeled F6P, but not F1P, in the cecum of mice following an oral bolus of
13C-fructose. This finding may suggest the gut microbiome predominantly resorts to ABC system-related,
hexokinase-dependent, cytoplasmic phosphorylation to F6P rather than PTS-related phosphorylation to F1P [23].
However, because F1P is rapidly converted to triose phosphates to serve structural demands within the cell, its
accumulation is relatively rare. Therefore, these findings may also reflect a prompter channeling of F1P to
downstream metabolic steps in bacteria. Both F1P and F6P bacterial processing can yield by-products accessible to
the host. Although the full identity of the microbiota-derived fructose metabolites and their effects on host
metabolism remain poorly understood, recent studies in rodents suggest they are primarily organic acids, amino
acids, and acetaldehyde [15,23,78,97] (Figure 1, top right).

Acetate
Among short-chain fatty acids (SCFAs), acetate is produced by a broad range of gut bacteria, notably Firmicutes,
Bacteroides, and Akkermansia [98]. Consistently, acetate is among the most abundant microbial fermentation end
product in the gut microbiota and is readily available to the host. Moreover, microbial acetate is particularly
lipogenic. In fact, Zhao et al. elegantly demonstrated that microbially derived acetate from dietary fructose directly
feeds hepatic DNL in mice [99]. While fructose metabolism by hepatocytes generates acetyl-CoA exclusively within
the mitochondria—limiting fatty acid synthesis in the cytosol to citrate export from the mitochondria—microbial
acetate can be taken up by host cells and converted into acetyl-CoA in the cytosol. This cytosolic acetyl-CoA
bypasses the mitochondrial export step, providing a more direct and readily available substrate for DNL, thereby
increasing fatty acid synthesis and MASLD risk [99]. Interestingly, acetate’s fate in the host is regulated by hepatic
enzymes such as acyl-CoA synthetase short-chain family and stearoyl-CoA desaturase (SCD1), highlighting an
interplay between microbial metabolites and the host’s endogenous enzymatic capacity may influence the lipogenic
impact of this SCFA in the liver (Figure 1, top and bottom right).

The interplay between sugar availability and SCFA production is further illustrated by studies with dietary fibers.
Jung et al. showed that priming the gut microbiota with inulin, a polymeric fructose soluble fiber, enhances small
intestinal fructose catabolism, reducing spillover to the distal gut and attenuating hepatic lipogenesis [100].
Interestingly, inulin increased SCFA levels in the small intestine—predominantly acetate—but not in the portal
circulation or colon, indicating that excess acetate may be metabolically better tolerated when produced proximally,
whereas its ‘ectopic’ overproduction in the lower gut may be more detrimental to the host. Alongside evidence that
microbially derived acetate from dietary fructose can fuel DNL [99], these findings suggest that both the
compartmentalization of SCFA production, in addition to the host’s metabolic context, may influence the lipogenic
effect of fructose-derived microbial acetate.

Branched-chain amino acids
In bacteria, carbon derived from carbohydrates metabolized through the EMP pathway can be redirected from
energy metabolism toward amino acid biosynthesis, including BCAA leucine, valine, and isoleucine. Pyruvate,
generated from glucose or fructose catabolism, is the key precursor: it condenses via acetohydroxyacid synthase
(IlvB/IlvN) to form 2-acetolactate (valine/leucine) or 2-acetohydroxybutyrate (isoleucine), which are further
processed by IlvC, IlvD, and LeuABCD enzymes before transamination to the final amino acids. This pathway is
widespread in gut microbes. Prominent examples include Bacteroides, Lactobacillus, and Clostridium species as
well as E. coli. Through these metabolic routes, dietary sugars can be converted into amino acids that contribute to
microbial cross-feeding networks or modulate host amino acid pools [101,102].

Accumulation of BCAAs in the circulation is a well-established biomarker of obesity and insulin resistance [103].
High fructose intake has been shown to impair mitochondrial BCAA catabolism in rats and in myotubes [104,105]
and promote the accumulation of BCAAs in circulation [97]. The demonstration that gut microbes in mice produce
significant amounts of valine and leucine from fructose [23] indicates another pathway through which high fructose
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intake might contribute to high circulating BCAA (Figure 1, top and bottom right). While more research is
warranted to establish a causal link between gut microbial BCAAs and fructose-induced dysmetabolism, to the best
of our knowledge human studies linking fructose intake specifically with circulating BCAA levels independent of
overall diet and metabolic health are limited, and current evidence comes from animal models or in vitro systems.

Acetaldehyde and ethanol
In a recently published article, Tang et al. showed that acetaldehyde produced by gut bacteria—notably by E. coli,
Alistipes onderdonkii, Bilophila wadsworthia, and the poorly characterized Firmicutes Fimenecus
sp000432435—mediates fructose-induced progression of MASLD to metabolic dysfunction-associated
steatohepatitis (MASH) in humans, a complication that can ultimately lead to irreversible fibrosis. Similar findings
were observed by the same group using mouse models of MASLD and MASH. While excess fructose intake was
associated with microbial enrichment of acetaldehyde-producing pathways in both humans and mice, the specific
taxa responsible differed between host species: in mice, acetaldehyde synthesis was linked to Faecalibacterium
rodentium, Allobaculum sp. Allo2, Enterocloster bolteae, Flavonifractor plautii, and Longicatena caecimuris
[15].

Lactic acid bacteria, such as the Leuconostocaceae family and Lactobacillus species, utilize the phosphoketolase
pathway to synthesize lactate, acetate, and ethanol. Moreover, ethanol can also arise from mixed-acid fermentation,
a pH-sensitive process yielding ethanol, acetate, lactate, succinate, formate, and gases, mainly performed by
Enterobacteriaceae such as E. coli and Klebsiella pneumoniae but also by the Firmicutes Lachnospiraceae,
Clostridiaceae, and Lactobacillales. Ethanol produced by microbes is converted to acetaldehyde and acetate by the
host and perturbs lipid metabolism, promoting hepatic fat accumulation, insulin resistance, and MASLD [106–109].
To the best of our knowledge, direct evidence for fructose-driven, microbially derived ethanol causing metabolic
disturbances, such as MASLD, is lacking. However, fructose fermentation has been shown to generate ethanol in
Weissella confusa and in fructose-fed mice colonized with Klebsiella species [110,111]. This highlights the need
for further studies to clarify the role of microbially derived ethanol in fructose-associated metabolic disorders
(Figure 1, top and bottom right).

Excess fructose adversely affects Bacteroides population
Diets enriched in fructose have been shown to reduce gut microbial diversity and promote dysbiosis [112,113], a
trait frequently characterized by an increased Firmicutes-to-Bacteroidetes (F/B) ratio and driven largely by a
selective reduction in Bacteroidetes abundance in response to high fructose intake [112,114]. It is important to
emphasize, however, that the relevance of the (F/B) ratio as a marker of metabolic disease remains controversial and
should be interpreted with caution [115].

In a recent review, Westerbeke et al. evaluated 17 studies published between 2014 and 2023 and found that 10
reported a significant reduction in fecal Bacteroides or Bacteroidetes, or an increased F/B ratio, in rodents exposed
to high-fructose feeding protocols [116] (we refer the reader to their article for a more comprehensive overview of
fecal taxonomic changes associated with excess fructose). Importantly, this shift does not appear to reflect a
generalized ecological collapse, but rather a sugar-specific impairment of Bacteroides biology.

In a series of elegant studies, the group led by Dr. Guy Townsend demonstrated that high luminal concentrations
of fructose and glucose reduce the fitness and intestinal abundance of Bacteroides spp. by repressing the expression
of a key colonization factor, the rhomboid outer membrane protein Roc. This effect is mediated through diminished
activity of BT4338, a master regulator of carbohydrate utilization in Bacteroides [117,118]. In parallel, excessive
simple sugar intake was shown to inhibit the carbohydrate utilization regulator (Cur), further compromising
Bacteroides fitness and limiting their capacity to catabolize monosaccharides [119]. Together, these findings
suggest that fructose-rich diets selectively disadvantage microbial taxa specialized in sugar oxidation, thereby
favoring communities that channel carbohydrates towards non-oxidative, structural, or storage pathways. In this
context, members of the phylum Bacteroidetes—including Bacteroides—emerge not only as sensitive responders
but also as potential biomarkers of fructose-induced dysmetabolism.

Metabolic endotoxemia
Elevated luminal concentrations of monosaccharides not only impair Bacteroides fitness but also create a
competitive advantage for certain Proteobacteria, including E. coli, Salmonella, Sutterella, and Klebsiella. These
taxa frequently possess PTS systems that facilitate rapid uptake of monosaccharides and channel these carbons
towards the synthesis of structural components such as LPS rather than oxidation for energy. As highlighted above,
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this non-oxidative routing of sugars—analogous to the PTS-driven biofilm and cell-envelope synthesis observed in
Firmicutes—were linked to metabolically deleterious consequences for the host [33]. In agreement, excess fructose
can compromise intestinal barrier function by favoring a pro-inflammatory milieu in the gut and thereby reducing
the expression of tight junction proteins—the molecular ‘glue’ that maintains enterocyte organization in a
semi-permeable band [47]. This disruption is thought to facilitate systemic translocation of microbial products that
negatively affect metabolic regulation, notably bacterial LPS [120–122]. In fact, during high fructose, elevated
endotoxemia was found to enhance DNL enzymes and facilitate lipid synthesis in murine and human hepatocytes
[47] while boosting cytokine production in M1 macrophages [123]. Therefore, fructose-induced LPS translocation
promotes systemic inflammation and is tightly linked to the development of insulin resistance, T2D, MASLD
[124–126] (Figure 1, top and bottom right). For a more detailed discussion of fructose’s impact on gut barrier
integrity, we refer the reader to these recent reviews [45,127].

Potential microbiome-based strategies to counter
fructose-induced metabolic disease
Targeting the gut microbiome to enhance fructolytic capacity represents an innovative strategy with potential to
counteract fructose-induced metabolic dysfunction. This can be achieved using prebiotics (compounds that
selectively stimulate the growth or activity of beneficial gut microbes) or probiotics (live microorganisms that, when
administered in adequate amounts, confer a health benefit on the host).

Using a prebiotic-based approach, Jung et al. showed that supplementation with inulin promotes gut microbiota
adaptation, with specific bacteria—especially Bacteroides acidifaciens—proliferating and expressing enzymes that
cleave the polymer and metabolize the released monomeric fructose. In inulin-fed mice, the near-absence of F1P in
the cecum indicated that microbial fructose turnover occurs before it can spill over the colon or portal circulation.
Consequently, less fructose reaches the liver, and fructose-induced lipid peroxidation and DNL were reduced. Inulin
also increased the Firmicutes-to-Bacteroides ratio and enhanced SCFA production in the jejunum, further
protecting the host and mitigating the deleterious effects of free fructose [100]. These results support a protective
effect of inulin against fructose-induced metabolic dysfunction, as reported independently [128]. Moreover, the
findings of Jung et al. [100] together with those of Takeuchi et al. discussed above [33], suggest that harnessing the
fructose-catabolizing capacity of Bacteroides (and potentially other Bacteroidetes) represents a particularly
promising probiotic strategy tailored to counter high-fructose-induced dysmetabolism.

Xu et al. evaluated the impact of a fructolytic probiotic strain, Apilactobacillus kunkeei, on a mouse model of
high-fructose diet. The authors found that probiotic administration prevented glucose intolerance and attenuated
hepatic and visceral lipid accumulation by modulating the gut microbiota. A. kunkeei administration increased the
abundance of microbial genes encoding carbohydrate-active enzymes, indicative of enhanced fructose oxidation
[129]. Yet, whether the probiotic’s fructolytic activity directly contributes to metabolic effects—and how these
findings translate to humans—remains to be determined. Similarly, several Lactobacillus strains (e.g., L. casei
Shirota, L. rhamnosus GG, L. Kefiri, and L. fermentum) have been reported to mitigate fructose-induced liver
injury dysbiosis and barrier dysfunction in rodents [127]. However, the underlying mechanisms and relevance to
humans remain unclear.

Another microbiota-based strategy to counter fructose-induced metabolic dysfunction may involve targeting
by-products of microbial fructose metabolism. In this context, Tang et al. used culturomics to isolate several
bacterial strains with high acetaldehyde-metabolizing capacity. Among the most effective isolates were Bacteroides
uniformis, Lacticaseibacillus rhamnosus, Parabacteroides distasonis, Bacteroides dorei, Bacteroides
thetaiotaomicron, Bacteroides cellulosilyticus, Leuconostoc lactis, Bifidobacterium bifidum, and Lactobacillus
salivarius, with the latter showing the highest activity. The authors subsequently leveraged the
acetaldehyde-metabolizing capacity of their L. salivarius isolate by engineering it to overexpress the
aldehyde-alcohol dehydrogenase gene (adhE), generating a novel probiotic strain, L. salivarius HAM. In a mouse
model of MASLD and MASH, six weeks of treatment with this probiotic reduced hepatic and fecal acetaldehyde
levels and improved steatohepatitis [15]. Validation of L. salivarius HAM in human intervention trials for MASLD
and MASH is warranted.

Conclusion
The present review synthesizes compelling evidence that the metabolic burden of fructose is not simply a matter of
caloric load but is strongly influenced by the fructose’s metabolic fate once intestinal absorption thresholds are
exceeded. In addition, moving beyond BMI and body weight as sole markers of metabolic health, and employing
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preclinical models that more accurately reflect human physiology, are crucial steps toward generating robust
mechanistic evidence linking excess fructose to metabolic disease.

The interplay between dietary fructose, the gut microbiome, and host metabolism constitutes a critical axis in the
development of modern metabolic diseases. By focusing on the gut–liver axis and the microbiota’s capacity to
catabolize dietary sugars, future interventions can more effectively target the root causes of fructose-induced
metabolic dysfunction, enabling personalized and mechanism-driven therapeutic strategies.
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