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Short-chain fatty acids
 

Aygul Dagbasi1, Mingzhu Cai    1, Aanya Hirdaramani1,2, Aylin Hanyaloglu    2, 
Douglas J. Morrison3 & Gary Frost    1 

Short-chain fatty acids (SCFAs), principally acetate, propionate and 
butyrate, are produced by the gut microbiota through the fermentation of 
non-digestible carbohydrates. Beyond serving as energy substrates, SCFAs 
act as signalling molecules that influence metabolism, immune function 
and physiological homeostasis across multiple organ systems. This Review 
consolidates the fragmented literature on SCFAs and provides an overview 
of their production, metabolism and physiological actions. We discuss 
the microbial and dietary determinants of SCFA production, including 
the roles of the gut microbiome, cross-feeding interactions and dietary 
carbohydrates. We then examine the mechanisms through which SCFAs 
exert their effects, focusing on receptor-mediated signalling, epigenetic 
regulation and tissue-specific physiological functions. Finally, we evaluate 
the current evidence linking SCFAs to metabolic health and disease and 
consider the translational potential of targeting SCFA pathways through 
dietary and therapeutic approaches. At a time when inadequate dietary 
fibre intake is a growing public health concern, this Review highlights the 
physiological importance of SCFAs and their potential role in metabolic 
health and disease prevention.

SCFAs are fatty acids with an aliphatic chain length of fewer than six 
carbons and mainly comprise formate (C1), acetate (C2), propionate 
(C3), butyrate (C4) and valerate (C5). They are major microbial fermen-
tation products derived from the anaerobic metabolism of unabsorbed 
carbohydrates in regions of the gut that harbour microbial communi-
ties, with the largest community located in the colon. For this Review, 
we will focus on acetate, propionate and butyrate. SCFAs serve not 
only as key energy substrates for colonocytes but also as pleiotropic 
signalling molecules that exert profound physiological effects across 
multiple organ systems, thereby influencing gene transcription and 
epigenetic programming.

At the systemic level, SCFAs have been shown to regulate hepatic 
gluconeogenesis1, adipogenesis2 and energy expenditure3, and to 
influence insulin sensitivity and glucose tolerance4 through both 
direct hepatic actions and enteroendocrine pathways involving 
peptide YY (PYY) and glucagon-like peptide 1 (GLP1) secretion5.  
In adipose tissue, SCFAs affect lipolysis6 and thermogenesis7, while in 

the immune system, they modulate the differentiation and function 
of regulatory T cells8, macrophages9 and dendritic cells10, contribut-
ing to the maintenance of immune tolerance and the suppression of 
low-grade systemic inflammation.

Moreover, recent studies have elucidated a role for SCFAs in the 
gut–brain axis, with implications for appetite regulation11, neuroin-
flammation12 and behaviour13, mediated in part by vagal afferents and 
central modulation of neuropeptide expression. The relative abun-
dance and ratios of SCFAs are influenced by dietary composition, host 
genetics, and the structure and function of the microbial commu-
nity. Transporter genes of the SLC16A family (SLC16A1/MCT1) and the 
sodium-coupled monocarboxylate transporter SLC5A8 are crucial for 
the absorption of SCFAs from the gut lumen into the circulation. Pertur-
bations in SCFA production or signalling have been implicated in a range 
of pathophysiological states, including obesity14, type 2 diabetes15, 
metabolic dysfunction-associated steatotic liver disease (MASLD)16, 
inflammatory bowel disease17 and neurodegenerative disorders18.
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as Faecalibacterium prausnitzii, Roseburia spp. and Eubacterium rectale 
(reclassified as Agathobacter rectalis) through the butyryl-CoA:acetate 
CoA-transferase pathway23. Acetate production is more widespread 
across bacterial groups, contributing to its dominance in the 
gut lumen24.

Faecal SCFA measurements reflect a balance between microbial 
production, host absorption and microbial use, and may not accurately 
represent luminal concentrations. Acetate remains the most abundant 
SCFA owing to its limited hepatic metabolism, whereas butyrate is rap-
idly used by colonocytes and propionate and residual butyrate are fur-
ther metabolized in the liver25. Although colonic SCFA concentrations 
reach ~50–150 mM, levels in the portal circulation drop to micromolar 
ranges (~100–500 μM), highlighting a substantial gradient and limiting 
faecal measurements as precise indicators of in vivo conditions (Fig. 1).

Cross-feeding and microbial interdependencies
SCFA production is not solely dependent on individual microbial taxa 
but rather emerges from cooperative metabolic networks (Fig. 2). A 
key example is cross-feeding: primary degraders of complex polysac-
charides release intermediate metabolites that are used by other bacte-
rial species22. Primary degraders release molecules including lactate, 
succinate and acetate, which are then used by secondary fermenters to 
produce butyrate or propionate. For instance, Bifidobacterium adoles-
centis ferments oligosaccharides to acetate and lactate, which can sub-
sequently be converted to butyrate by Eubacterium hallii (reclassified 
as Anaerobutyricum hallii), Anaerostipes spp. and Megasphaera indica23. 
Similarly, propionate producers such as Veillonella spp. convert lactate 
into propionate through the acrylate pathway26,27.

These metabolic interdependencies enhance SCFA production to 
optimize electron disposal and ATP production, shaping the microbial 
ecology of the gut and underscoring the importance of community-level 
metabolic fluxes over the function of individual species28.

In this Review, we provide an integrative overview of the current 
mechanistic understanding of SCFA biology, with an emphasis on 
their receptor-mediated signalling, epigenetic effects and systemic 
physiological roles. We discuss emerging evidence linking SCFAs to 
host metabolic homeostasis and immune regulation, and highlight the 
translational potential of modulating SCFA pathways for the prevention 
and treatment of metabolic and inflammatory diseases.

Microbial production of SCFAs and the roles 
of the microbiome, cross-feeding and dietary 
carbohydrates
The gut microbiome refers to the trillions of microorganisms inhabit-
ing the human gastrointestinal tract, primarily including bacteria and 
viruses, as well as smaller populations of fungi and archaea. Among 
these, bacteria have the highest biomass and biological impact. The 
gut microbiota produces metabolites that can act as biochemical mes-
sengers, including SCFAs, which affect human health by influencing 
digestion, immunity and metabolism. The impact of the gut microbi-
ome on human health is reviewed elsewhere19.

Microbial SCFA production is tightly coupled to the composi-
tion and metabolic activity of the gut microbiota, the availability of 
fermentable substrates and intricate microbial interactions such 
as cross-feeding20,21.

Microbiome-mediated SCFA production and the colonic 
luminal environment
The colonic microbiota consists of diverse obligate anaerobes, pri-
marily from the Firmicutes, Bacteroidetes, Actinobacteria and Ver-
rucomicrobia phyla, which ferment complex carbohydrates into 
SCFAs. Specific taxa contribute to distinct SCFA profiles: Bacteroides 
spp. mainly produce acetate and propionate through the succinate 
pathway22, whereas butyrate production is driven by Firmicutes such 
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Fig. 1 | Gradient of SCFA uptake and systemic availability. Acetate has high systemic availability, whereas propionate and butyrate have lower systemic availabilities 
due to the metabolism of butyrate by colonocytes and the metabolism of both propionate and butyrate in the liver.
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Spatial aspects of SCFA production
The gastrointestinal tract has a dynamic environment across its regions 
that influences bacterial production of SCFAs. The proximal regions 
of the gut have a lower pH, higher oxygen levels, increased concentra-
tions of digestive enzymes and bile, and a faster transit time compared 
with the distal regions. All of these factors contribute to a less hospita-
ble environment for bacterial growth in the proximal gut. As a result, 
bacterial numbers increase along the gut, with the greatest densities 
observed in the colon. Nevertheless, bacteria, including saccharolytic 
bacteria, are detected in all parts of the gastrointestinal tract from the 
mouth to the rectum.

SCFA concentrations vary markedly along the gastrointestinal 
tract, reflecting regional differences in microbial density and substrate 
availability. The highest concentrations are found in the colon, par-
ticularly in the caecum and ascending colon, where active microbial 
fermentation occurs, with levels decreasing distally due to reduced 
fermentable substrates29. In pigs, total SCFA concentrations range 
from approximately 63–140 mM in the caecum to 19–65 mM in the 
distal colon30–33. Human data show a similar pattern, with concentra-
tions of around 131 mmol kg−1 in the caecum and 80 mmol kg−1 in the 
descending colon, while the relative proportions of acetate, propionate 
and butyrate remain consistent at roughly 60:20:20 throughout the 
colon29,34. Functional differences are also evident, as increasing colonic 
acetate through rectal infusion elevates circulating PYY and fat oxida-
tion only when delivered to the distal colon, suggesting region-specific 
physiological responses35.

Beyond the colon, SCFAs are also produced in the small intes-
tine, albeit at substantially lower concentrations. The ileum contains 
a modest and dynamic microbiota, partly of oral origin, capable of 
producing SCFAs in both fasted and fed states36. However, levels fluc-
tuate considerably, with higher concentrations during fasting and 
marked reductions postprandially, probably due to increased motility 

or absorption36. Notably, ileal SCFA concentrations are approximately 
25-fold lower than those found in stool samples36. More proximal 
regions exhibit even lower levels; in animals, SCFA concentrations 
in the jejunum are lower than in the ileum but higher than in other 
proximal regions37. Trace amounts have also been detected in the oral 
cavity, duodenum and stomach, albeit at very low concentrations38.

SCFAs as energy substrates
SCFAs have essential roles as energy substrates both locally in the colon 
and systemically (Box 1). Butyrate is the primary fuel for colonocytes, 
supplying up to 70% of their energy needs39,40. It supports oxidative 
phosphorylation while suppressing glycolysis, processes closely linked 
to epithelial barrier integrity41 and anti-inflammatory signalling42. In 
conditions of butyrate deficiency, such as low-fibre diets or antibiotic 
use, colonocytes shift to glucose metabolism, impairing barrier func-
tion and increasing susceptibility to inflammation43.

Acetate largely escapes metabolism in colonocytes and the liver, 
entering the systemic circulation where it is used by peripheral tis-
sues such as muscle and adipose tissue28. It contributes to acetyl-CoA 
production and lipid synthesis, influencing hepatic metabolism and 
adiposity44,45. Propionate, in contrast, is primarily taken up by the 
liver28, where it supports gluconeogenesis through propionyl-CoA and 
succinyl-CoA intermediates46.

Beyond their metabolic roles, SCFAs regulate whole-body energy 
balance by promoting satiety47 and increasing energy expenditure3, 
partly through gut–brain axis signalling11, gut hormone release5 and 
activation of the sympathetic nervous system48.

Impact of diet on SCFA production
Having described the microbial pathways underlying SCFA production, 
we next examine how the availability and characteristics of dietary 
substrates shape SCFA production by the gut microbiota.
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Fig. 2 | SCFA production and microbial cross-feeding. Many bacterial groups 
ferment dietary fibres through pyruvate to produce SCFAs. Some bacteria are 
more specialized; for example, rhamnose is fermented through 1,2-propanediol 
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R. bromii, Ruminococcus bromii; D. longicatena, Dorea longicatena; E. ventriosum, 
Eubacterium ventriosum; A. hadrus, Anaerostipes hadrus; S. variabile, 
Subdoligranulum variabile; C. bolteae, Clostridium bolteae (reclassified as 
Enterocloster bolteae); C. eutactus, Coprococcus eutactus; F. saccharivorans, 
Fusicatenibacter saccharivorans; P. merdae, Parabacteroides merdae.
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Fibre and resistant starch
Dietary fibre and resistant starch, collectively termed non-digestible 
carbohydrates, are plant-derived substrates that fuel microbial SCFA 
production49. Resistant starch is classified into five types based on 
structural resistance to digestion: physically inaccessible starch (type 
1), native granular forms (type 2), retrograded starch (type 3), chemi-
cally modified starch (type 4) and lipid-complexed forms (type 5)50,51. As 
mammals lack enzymes to degrade these complex carbohydrates, the 
carbohydrates reach the colon intact, where microbial enzymes such as 
carbohydrate-active enzymes (CAZymes) enable their fermentation52. 
SCFA production depends on specialist primary degraders capable of 
breaking down dietary fibre and resistant starch, as identified through 
recent metagenomic studies53.

Impact of different carbohydrates on SCFA production profile
The fermentation of non-digestible carbohydrates and the subsequent 
production of SCFAs are influenced by multiple factors, including 
intestinal conditions such as pH, microbiota composition and the 
physicochemical properties of the substrates21,54. Variations in the 
type, structure and intake of dietary fibre and resistant starch lead to 
distinct fermentation patterns. However, direct in vivo measurement 
of SCFA production is challenging, with most data derived from in vitro, 
animal or faecal studies. Methodological variability across in vitro 
studies complicates comparisons; however, a scoping review identi-
fied galacto-oligosaccharides as highly effective for butyrate and total 
SCFA production, while rhamnose favoured propionate; polydextrose 
and cellulose showed minimal effects55.

Animal studies indicate that diets high in dietary fibre and resistant 
starch increase SCFA production, although proportions vary by fibre 
type56,57. Acetate generally predominates, but fibres such as inulin can 
shift production towards propionate and butyrate58. Human studies 
show considerable variability; a systematic review reported increased 

SCFAs in 38–58% of trials, influenced by fibre type, dose and individual 
factors such as age. Resistant starch is particularly associated with 
butyrate production59.

Dietary protein and SCFA production
Protein that escapes host enzymatic digestion and absorption in the 
small intestine can also undergo microbial fermentation in the large 
intestine. Because fermentable carbohydrates are the preferred energy 
source for gut bacteria, they are predominantly used more proximally, 
whereas protein fermentation typically occurs more distally when 
carbohydrate availability declines60. Acidic pH suppresses proteolysis, 
whereas higher distal pH favours protein fermentation61. Bacteroides 
and Propionibacterium have been identified as the predominant pro-
teolytic genera in the human gut62. These bacteria produce proteases 
that hydrolyse undigested proteins into peptides and free amino acids, 
which are then fermented into various metabolic end products, includ-
ing SCFAs and some deleterious by-products such as ammonia, phenols, 
hydrogen sulfide, amines and indole63. Where saccharolytic fermenta-
tion predominates, the fate of protein-derived amino acids is bacterial 
biomass and, ultimately, faecal excretion64.

Evidence from human studies is limited and inconsistent, with 
high-protein diets showing either reduced65 or no change in SCFA 
production66, potentially due to variability in background dietary 
intake. It is believed that protein fermentation is physiologically rel-
evant only when fibre intake is low.

Dietary sources of SCFAs
Although SCFAs are produced primarily by bacterial fermentation in the 
gastrointestinal tract, small amounts are present in fermented foods 
such as kimchi, kombucha and yogurt67. However, orally consumed 
SCFAs are rapidly absorbed in the proximal gastrointestinal tract, with 
little reaching the colon, where they are thought to exert most of their 
physiological effects. Consequently, the physiological relevance of 
dietary SCFAs remains unclear67.

Dietary patterns and SCFAs
Human studies have demonstrated that dietary patterns can alter fae-
cal SCFA levels. Mediterranean diets are most consistently associated 
with higher faecal SCFA concentrations, particularly butyrate and pro-
pionate68. Diets low in fermentable oligosaccharides, disaccharides, 
monosaccharides and polyols (FODMAP), which reduce the availability 
of fermentable substrates, have shown no meaningful changes in total 
or individual SCFA concentrations69. Ketogenic or high-fat diets have 
been reported to reduce faecal SCFAs, particularly butyrate, poten-
tially through decreases in butyrate-producing taxa70–72. Plant-based 
diets increase faecal SCFA concentrations, whereas animal-based diets 
have been linked to reductions in fibre-fermenting taxa and decreased 
SCFA production73.

Although dietary factors have a key role in SCFA production, sub-
stantial interindividual variability exists. This variability may arise from 
differences in food mastication74, digestion, colonic transit time75 and 
gut microbiota39. Whereas dietary patterns set the overall direction of 
SCFA production, precision nutrition approaches may be required to 
optimize SCFA-mediated health outcomes.

SCFA signalling within a widespread  
receptor network
The physiological effects of SCFAs are determined not only by their 
production and availability within the gastrointestinal tract (discussed 
above) but also by the mechanisms through which host tissues detect 
and respond to these microbial metabolites.

SCFAs function as signalling molecules through members of a 
superfamily of G-protein-coupled receptors (GPCRs)40, which are 
expressed across various tissues, including the gut epithelium76,77, 
immune cells41, adipose tissue42, the liver43 and the nervous system44. 

BOX 1

Ancestral importance of SCFAs
The coevolution of mammals and their gut microbiota has been 
shaped, in part, by their ability to use SCFAs generated in the 
colon. Early hominid ancestors of humans and other primates 
consumed fibre-rich diets, in excess of 100 g per day compared 
with less than 20 g in most modern Western societies236. This 
intake results in microbial fermentation, which would have 
contributed up to 50% of total energy needs in early humans 
compared with around 2% of total energy requirements in modern 
humans237. This consistent and bioavailable energy source 
probably exerted selective pressure favouring host traits that 
capitalized on SCFA use. For example, butyrate is the preferred 
energy source for colonocytes owing to the high butyrate 
production in the colon, but not for enterocytes, which are from 
the same lineage238–240. Meanwhile, acetate and propionate enter 
the portal circulation, contributing to systemic metabolism. The 
widespread presence of SCFA-sensing receptors and transport 
systems across diverse mammalian lineages attests to their deep 
evolutionary integration241. It is possible to hypothesize that the 
importance of SCFAs in maintaining physiological homeostasis 
across a number of organs in early hominins has led to the 
vulnerability of modern human physiology to dietary patterns that 
lack fermentable fibre, leading to reduced SCFA production and 
potentially predisposing individuals to chronic inflammatory and 
metabolic diseases45,242.
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These receptors mediate an array of physiological processes, from 
immune regulation to energy metabolism and neuronal function44–46,78. 
Notably, SCFAs also inhibit histone deacetylases (HDACs), leading to 
epigenetic remodelling in immune and epithelial cells79. This dual 
signalling capacity—through both membrane-bound receptors and 
intracellular epigenetic mechanisms—enables SCFAs to exert highly 
context-specific effects across diverse cell types.

The integration of SCFA signalling into neuroimmune and meta-
bolic circuits reflects a systems-level role for these metabolites in host 
physiology. For example, SCFA-induced, receptor-mediated secre-
tion of GLP1 and PYY from enteroendocrine cells mediates appetite 
regulation and glucose tolerance80, while SCFA sensing in the vagus 
nerve influences autonomic tone and behaviour81,82. Emerging data 
also suggest a role for SCFAs in shaping brain development, microglial 
maturation and neuroinflammatory processes83,84.

SCFAs as signalling molecules
SCFAs are ligands for free fatty acid (FFA) receptor 2 (FFAR2; previously 
known as GPR43) and FFAR3 (previously known as GPR41), members of 
the class A subfamily of GPCRs85–87. Thus, it is not surprising that they 
also share overlapping ligand selectivity profiles. FFAR2 is equally 
activated by acetate (C2) and propionate (C3), followed by butyrate 
(C4). Formate (C1) and valerate (C5) can also activate FFAR2 but to a 
lesser extent88. By contrast, FFAR3 exhibits a more potent response 
to longer SCFAs, with C3, C4 and C5 exhibiting similar potencies to 
the receptor80. There are also distinct interspecies differences in the 
SCFA-mediated activation profiles of FFAR2 and FFAR3. For example, 
C2 is 20-fold more selective for human FFAR2 than for human FFAR3 
(refs. 85,86).

In addition to FFARs, three other GPCRs have been reported to be 
activated by SCFAs: GPR109A and the olfactory receptors OR51E1 and 
OR51E2 (ref. 87). GPR109A is a receptor for hydroxycarboxylic acids and 
is therefore known as the HCA2 receptor89. However, it also responds to 
C4–C8 fatty acids but at low potencies. Butyrate-mediated activation of 
GPR109A promotes anti-inflammatory phenotypes in colonic immune 
cells78. Acetate and propionate, but not butyrate, are also ligands of 
OR51E2 (also known as olfactory receptor 78 (Olfr78) in mice)90 and 
have been shown to positively modulate the secretion of PYY from 
enteroendocrine L-cells91 and blood pressure in renal muscle cells90. 
Butyrate, but not acetate or propionate, activates OR51E1 (Olf558 in 
mice) and has been reported to be central to protecting the integrity 
of the colonic epithelial barrier92.

Regulation of SCFA and FFA signalling
The heterotrimeric G-protein pathways involved in SCFA-mediated 
GPCR signalling are summarized in Fig. 3. Following activation, GPCR 
signalling is regulated at multiple levels. Classically, GPCR–G-protein 
signalling is rapidly desensitized by phosphorylation of intracellular 
serine/threonine residues by GPCR kinases, resulting in the recruitment 
of arrestins—adaptor proteins that uncouple GPCRs from their hetero-
trimeric G proteins—and, through interactions with the clathrin-coated 
pit machinery, triggering rapid internalization from the plasma mem-
brane. FFAR2 exhibits cell-type-specific patterns of C-terminal tail 
phosphorylation in L-cells, immune cells of Peyer’s patches and white 
adipose tissue93, potentially suggesting context-dependent regula-
tion of SCFA/FFAR2 activity. Both FFAR2 and FFAR3 are internalized in 
response to activation by SCFAs in an arrestin-dependent manner86,94 
(Fig. 4); however, it has not yet been determined whether arrestins 
also desensitize FFAR2-mediated G-protein signalling or activate addi-
tional G-protein-independent signalling pathways (for example, MAPK 
and Src-family kinases), as they do for other GPCRs. Interestingly, an 
FFAR2–arrestin 3 axis has been implicated in negatively regulating the 
expression of inflammatory cytokines through inhibition of nuclear 
factor-κB (NF-κB) activity in immune cells; however, its role in the gut 
is poorly understood95.

Mouse FFAR2, when activated by propionate, has been shown 
to undergo post-endocytic sorting following internalization into a 
distinct endosome type termed the very early endosome (VEE). This 
process facilitates both activation of Gαi signalling and rapid recycling 
back to the plasma membrane96 (Fig. 4). GPCRs targeted to VEEs are 
regulated by the adaptor protein APPL1 (adaptor protein containing 
pleckstrin homology domain, phosphotyrosine-binding domain and 
leucine zipper motif)97,98, which acts as both a negative regulator of 
G-protein signalling from the VEE and a driver of receptor recycling. 
This spatial regulation of propionate-mediated FFAR2 signalling facili-
tates the activation of distinct signalling pathways from the endomem-
brane compartment, notably the p38 MAPK pathway96. By contrast, 
butyrate-mediated regulation of L-cell programming to PYY-producing 
L-cells may involve a plasma membrane FFAR2–Gαi signalling pathway, 
indicating a location-biased mechanism in the differentiating activities 
of various SCFAs99.

Role of SCFA and FFA signalling pathways in the gut
Both Gαi and Gαq mechanisms have been implicated in driving 
FFAR2-dependent acute GLP1 and PYY release downstream of SCFA 
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treatment in mouse models5,96. FFAR2–Gαq signalling has been asso-
ciated with GLP1 release, supported by SCFA-induced increases in 
calcium influx in mouse reporter systems and by the insensitivity of 
GLP1 secretion to the Gαi/o inhibitor pertussis toxin5,100. By contrast, 
pertussis toxin-dependent inhibition of both upstream signalling 
and downstream GLP1 secretion stimulated by propionate has been 
observed in mouse L-cells and colonic crypts96,101. However, the FFAR2–
Gαi-biased agonist AZ-1729 does not stimulate GLP1 secretion in mouse 
colonic crypts100. As evidenced by recent structural insights obtained 
through cryogenic electron microscopy, SCFA-mediated activation of 
FFAR2 engages receptor conformations distinct from those of synthetic 
ligands, which might underlie the recruitment of unique downstream 
signals101. While FFAR2 is known to be a pleiotropically coupled receptor 
in certain cell types86, there are system-dependent biases, such as in 
white adipocytes, which primarily activate Gi signalling86.

SCFA-derived post-translational modifications
SCFAs influence epigenetic regulation through effects on DNA 
methylation and post-translational modifications. In mice, SCFAs 
alter DNA methylation and metabolic regulation102, whereas limited 
human evidence suggests that butyrate can influence DNA methyla-
tion in Parkinson’s disease and human cancer cell lines103–105. SCFAs 
also serve as substrates for protein acylation and regulate enzymes 
involved in histone modification and gene expression102. In particu-
lar, propionate and butyrate increase chromatin accessibility and 
promote the expression of genes involved in growth, differentiation 
and ion transport106.

Propionate and butyrate further regulate post-translational modi-
fications through the inhibition of HDACs107. By increasing histone 
acetylation, SCFAs influence chromatin structure, gene transcription 
and cellular phenotype. Butyrate is a particularly potent HDAC inhibitor 
and has been implicated in immune regulation and host physiology107.

SCFAs also regulate bacterial protein acylation. Acetylation 
in Salmonella and Escherichia coli influences virulence and acid 
resistance108,109, whereas propionate and butyrate regulate key viru-
lence factors in Salmonella through modification of the transcriptional 

regulators HilD and HilA110. These effects may contribute to coloniza-
tion resistance and protection against enteric infection111.

An emerging area of interest is the interaction between SCFAs 
and the NAD+-dependent deacetylases of the SIRT family, which inte-
grate metabolic signals to regulate energy homeostasis and immune 
function112. Butyrate has been linked to SIRT-mediated effects in can-
cer, gut inflammation, metabolic dysfunction, renal physiology and 
neurodegeneration113–117, although the relevance of these findings to 
human disease remains uncertain given the low peripheral availability 
of butyrate.

Physiological and metabolic functions of SCFAs
Much of the current understanding of the physiological functions of 
SCFAs is based on animal and in vitro models. This is due to the difficulty 
of delivering SCFAs into the human colon, their rapid uptake and their 
diverse metabolism by a wide range of tissues. The paucity of evidence 
in humans is highlighted by a recent systematic review undertaken by 
our team on SCFAs and glycaemic control118, in which we concluded that 
the heterogeneity made interpretation of the results difficult. Here, we 
bring together human, in vitro and animal model evidence to describe 
the currently known physiological and metabolic functions of SCFAs 
in different regions of the body (Fig. 5).

Gastrointestinal tract
Gut epithelium. As described above, SCFAs directly interact with the 
epithelium either through FFAR2 and FFAR3 or by direct metabolism. 
Acetate is highly absorbed across the epithelium, whereas butyrate 
serves as the primary fuel for colonocytes and is preferentially used as 
an energy substrate over acetate or propionate, providing up to 70% 
of their energy requirements119–121.

Although butyrate has been highly associated with enhancing 
gut barrier integrity, all three SCFAs contribute to promoting mucus 
production through goblet cells and upregulating tight junction pro-
teins, thereby regulating the spaces between epithelial cells122. Propi-
onate can increase the expression of tight junction proteins and the 
production of protective mucins123, whereas acetate has been shown 
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to increase tight junction proteins and reduce gut permeability in 
experimental models124. SCFAs can also activate the intestinal NLRP3 
inflammasome to induce interleukin-18 (IL-18) secretion125, which 
further boosts epithelial cell defence and repair. Additionally, SCFAs 
stimulate epithelial cell proliferation and differentiation, aiding the 
regeneration of damaged intestinal tissue126. Butyrate, in particular, 
exerts anti-inflammatory actions by inhibiting NF-κB activation127. 
Butyrate functions as an HDAC inhibitor that modulates gene expres-
sion in epithelial cells, promoting the expression of genes that support 
barrier function and suppressing pro-inflammatory genes128,129.

Gut immune cells. SCFAs regulate immune function through both 
receptor-mediated and epigenetic mechanisms. Activation of FFAR2 on 
colonic leukocytes suppresses NF-κB signalling and pro-inflammatory 
cytokine production130. Butyrate and propionate promote the differen-
tiation of regulatory T cells through increased histone acetylation131, 
whereas butyrate suppresses tumour necrosis factor (TNF) and IL-6 
production in macrophages and inhibits HDAC activity in macrophages 
and dendritic cells, thereby promoting anti-inflammatory immune 
phenotypes132–134.

SCFAs also stimulate regulatory T cell production of IL-10 and 
other anti-inflammatory cytokines8, and can activate epithelial inflam-
masome pathways leading to protective IL-18 release78,135. Acetate addi-
tionally inhibits neutrophil chemotaxis and oxidative burst in vitro136.

Although SCFAs are generally anti-inflammatory, these effects 
are concentration-dependent. High concentrations of acetate or 
butyrate induce the release of IL-6, IL-8 and IL-1β from human periph-
eral blood mononuclear cells137, whereas acetate can also stimulate 
cytokine production through FFAR2 and FFAR3 signalling in intestinal 
epithelial cells138.

Clinical evidence. Patients with gastrointestinal tract disorders, 
characterized by inflammation and barrier dysfunction, often exhibit 
reduced faecal SCFA concentrations. For example, inflammatory 
bowel disease is associated with a loss of butyrate-producing bacte-
ria and reduced faecal SCFAs, which correlate with a compromised 
intestinal epithelial barrier, heightened inflammation and increased 
gut permeability139,140. Conversely, diets rich in fermentable fibres 
correlate with lower colonic inflammation and improved immune 
homeostasis. Clinical approaches to restore SCFAs (for example, 
high-fibre diets or butyrate supplementation) have been explored 
to heal the colonic mucosa. SCFA enemas have shown benefit in con-
ditions such as diversion colitis (where lack of luminal SCFAs leads 
to inflammation)141, although trials in active ulcerative colitis have 
produced mixed results142. Nevertheless, higher faecal butyrate con-
centrations are associated with increased colonic regulatory T cell 
markers and remission in some patients with ulcerative colitis143. 
Overall, higher luminal SCFA availability is generally associated with 
improved epithelial integrity and reduced inflammation in the gut. It 
should be noted that these observational findings cannot establish a 
causal relationship between SCFAs and gut integrity or inflammation 
in humans.

Enteric nervous system and gut neuronal cells
Locally, SCFAs interact with the enteric nervous system and associated 
enteroendocrine cells to modulate gut neuronal activity. Colonic L-cells 
sense SCFAs through FFAR2, leading to the secretion of neuroactive 
peptides such as GLP1 and PYY144,145. These gut hormones act on vagal 
afferents and enteric neurons to influence gastrointestinal motility 
and signal the brain to reduce appetite. Propionate is a potent FFAR2 
agonist on L-cells80, and its sensing triggers increased PYY and GLP1 
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release47, which in turn slows intestinal transit and reduces appetite 
through gut–brain neural circuits in humans47.

FFAR3 is expressed on certain enteric neurons and vagal nerve 
endings, suggesting a role for the direct sensing of SCFAs by enteric 
neurons81. However, the functional relevance of the SCFA gut–brain 
signalling network is not clear146. Activation of neural FFAR3 has been 
linked to modulating reflex arcs that control motility and even glucose 
homeostasis, as seen in animal models81. SCFAs can thus signal through 
afferent neurons in the gut wall (through the nodose ganglion/vagus 
nerve pathway) to inform the central nervous system of the gut con-
tents147. Data from FFAR3 knockout experiments in mice suggest a role 
for SCFA-mediated vagal signalling in fine-tuning regulatory signals 
controlling food intake81.

Additionally, SCFAs influence neurotransmitter pathways in the 
gut. Butyrate has been hypothesized to increase the release of seroto-
nin (5-HT)—a key modulator of peristalsis—from enterochromaffin cells 
in the colon, based on animal studies148. By enhancing 5-HT production, 
butyrate could stimulate enteric neural circuits that promote motility 
in animals149. Mechanistic studies in rodents also show that SCFAs can 
affect the excitability of enteric neurons150.

Clinical studies provide evidence that SCFAs influence enteric neu-
ral function and gut motility. Ileal infusion of SCFAs in humans induces 
propagated contractions and pressure waves, often accompanied by 
cramps and an urgency to defecate, suggesting activation of enteric 
neural reflexes151. SCFAs also engage neuroendocrine pathways. Colonic 
delivery of propionate using inulin-propionate ester (IPE) increases 
PYY and GLP1 secretion, reducing appetite and weight gain in adults 
with overweight77. In addition, patients with irritable bowel syndrome 
exhibit higher stool SCFA concentrations, which are associated with 
faster colonic transit and increased visceral sensitivity152.

Liver
SCFAs influence liver physiology both as metabolic substrates and 
as signalling molecules. Of the SCFAs produced in the colon, ace-
tate and propionate represent the main flux of SCFAs through the  
liver (Fig. 1).

Acetate can be used by hepatocytes through its conversion to 
acetyl-CoA by the mitochondrial enzyme acetyl-CoA synthetase 2. 
Acetyl-CoA can then be used either for energy production (TCA cycle) 
or for de novo lipogenesis and cholesterol synthesis in the liver. Small 
human studies suggest that acetate can acutely suppress whole-body 
lipolysis and shift the liver towards using acetate for fuel, thereby 
sparing endogenous glucose153. Tissue and subcellular localization of 
acyl-CoA synthetase short-chain (ACSS) 1–3 enzymes control acyl-CoA 
formation and the use of SCFAs154.

Propionate serves as a substrate for gluconeogenesis through its 
conversion to succinyl-CoA. However, the quantitative contribution 
of propionate to hepatic gluconeogenesis in humans remains unclear. 
Studies using 13C-labelled propionate155 and 13C-labelled IPE156 demon-
strate rapid and extensive oxidation of propionate, potentially through 
gluconeogenic pathways. Beyond its role as a substrate, propionate 
influences hepatic metabolism through signalling mechanisms. In 
HepG2 hepatocytes, SCFAs suppress gluconeogenesis and glycolysis 
while promoting glycogen storage and fat oxidation157.

Mechanistically, acetate and propionate activate FFAR2 and FFAR3 
in hepatocytes and portal vein chemosensors. Receptor activation 
suppresses genes involved in glucose production and lipogenesis in 
mice58, and propionate signalling through FFAR3 can reduce hepatic 
gluconeogenic enzyme expression in rodent models157.

Butyrate, although mostly consumed in the gut, can reach the 
liver in small amounts through the portal circulation. It has notable 
anti-steatotic and anti-inflammatory effects on the liver. In mouse mod-
els of metabolic fatty liver disease, butyrate supplementation activated 
AMPK in the liver and reduced hepatic lipid accumulation by promot-
ing fatty acid oxidation158. Butyrate’s HDAC inhibition in hepatocytes 

increased the expression of the GLP1 receptor and other metabolic 
regulators, improving insulin signalling and mitochondrial function158. 
Moreover, butyrate and propionate can enter hepatocytes and inhibit 
HDACs, leading to upregulation of genes that enhance insulin sensitiv-
ity and fat oxidation (for example, peroxisome proliferator-activated 
receptor-γ (PPARγ) target genes)106.

SCFAs contribute to liver health by reinforcing the gut barrier and 
reducing endotoxin (lipopolysaccharide) translocation into the portal 
circulation, thereby limiting hepatic inflammation. In mice, butyrate 
lowers circulating lipopolysaccharide and hepatic TNF levels159, while 
SCFA receptor activation in Kupffer cells suppresses inflammatory 
responses160. However, excessive fermentable fibre intake has also 
been linked to adverse outcomes; for instance, an inulin-enriched diet 
induced cholestasis, hepatocyte death and hepatocellular carcinoma 
in mice161.

Diets rich in fermentable fibre are associated with a lower risk of 
MASLD and improved liver health markers in humans162,163. Propionate 
reduces hepatic lipogenesis and blood cholesterol164, with oral supple-
mentation lowering the levels of low-density lipoprotein cholesterol 
in humans165, consistent with the inhibition of hepatic cholesterol 
synthesis166. Reduced abundance of SCFA-producing bacteria is fre-
quently observed in fatty liver disease and metabolic syndrome and 
may contribute to impaired barrier function, inflammation and insulin 
resistance167. Although clinical evidence remains limited, interventions 
that increase SCFA availability have been associated with improve-
ments in liver enzymes, hepatic steatosis and liver inflammation in 
preliminary human studies168,169.

Other organs
Through receptor-mediated signalling, epigenetic modulation and 
neuroendocrine pathways, SCFAs influence adipose tissue function, 
pancreatic β-cell activity and central nervous system processes, col-
lectively supporting metabolic homeostasis.

Adipose tissue. Adipose tissue is a major target of SCFAs, which act 
directly on adipocytes and resident immune cells through the recep-
tors FFAR2 (ref. 6) and FFAR3 (ref. 170). Activation of these receptors 
in adipocytes triggers Gi/o signalling that lowers cyclic AMP levels and 
suppresses hormone-sensitive lipase activity171, resulting in reduced 
lipolysis and decreased release of FFAs in mice. Experimental studies in 
human adipose cells demonstrate that physiological concentrations of 
acetate attenuate triglyceride breakdown, explaining the FFA-lowering 
effects observed in clinical settings172.

Beyond suppressing lipolysis, SCFAs promote adipogenesis and 
the expansion of adipose tissue. Acetate and propionate enhance 
adipocyte differentiation through FFAR2-dependent upregulation 
of adipogenic transcription factors such as PPARγ (ref. 2), whereas 
butyrate promotes adipogenesis through HDAC inhibition170. These 
effects may increase adipose storage capacity and reduce ectopic 
lipid deposition173.

SCFAs also influence adipose endocrine and thermogenic func-
tions. Acetate and propionate stimulate leptin secretion174, and SCFAs 
promote the browning of white adipose tissue through increased 
expression of thermogenic genes, including those encoding UCP1 and 
PGC-1α. Sustained acetate or propionate exposure increases beige 
fat formation and reduces adiposity in animal models, although high 
acetate concentrations may attenuate thermogenic responses175–177.

In addition, SCFAs reduce adipose inflammation by promoting 
anti-inflammatory macrophage phenotypes and suppressing the pro-
duction of inflammatory cytokines. Human studies support these 
findings, with acetate infusion and rectal SCFA administration reducing 
circulating FFA and glycerol levels178. Higher fibre intake and circulat-
ing SCFA concentrations are also associated with improved insulin 
sensitivity, reduced visceral adiposity and increased thermogenic 
gene expression179,180.
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Pancreas. SCFAs also regulate pancreatic β-cell function through 
both direct and indirect mechanisms. Pancreatic islets express FFAR2 
and FFAR3, allowing SCFAs to potentiate glucose-stimulated insulin 
secretion. In β-cells, propionate activates FFAR2–Gαq/11 signalling, 
which increases intracellular calcium and enhances insulin granule 
exocytosis independently of incretin hormones181.

SCFAs also influence β-cell function indirectly through stimula-
tion of GLP1 secretion, enhancing insulin release and postprandial 
glucose control5,96. Propionate protects β-cells from inflammatory 
and lipotoxic stress181, whereas butyrate may support β-cell func-
tion through epigenetic regulation of insulin gene expression and 
cellular metabolism182,183.

By contrast, excessive acetate production in rats fed a high-fat 
diet increased parasympathetic activity, glucose-stimulated insulin 
secretion, ghrelin release, hyperphagia and obesity184—a finding that 
may relate to elevated stool SCFA concentrations observed in obesity14.

Human studies show that increasing colonic propionate produc-
tion improves meal-stimulated insulin secretion, β-cell function and 
glycaemic control in individuals with overweight181. Higher fibre intake 
and circulating propionate concentrations are also associated with a 
lower risk of type 2 diabetes.

Central nervous system. SCFAs can influence the central nervous 
system through direct entry into the brain, neural signalling, immune 
modulation and epigenetic regulation. Acetate and propionate can 

cross the blood–brain barrier through monocarboxylate transporters, 
reaching micromolar concentrations in brain tissue185,186. In the brain, 
acetate serves as an energy substrate for astrocytes and supports 
neuronal metabolism.

SCFAs also regulate appetite and energy balance. Acetate acts 
directly on hypothalamic circuits to suppress food intake, whereas 
propionate and butyrate activate vagal afferent neurons to transmit 
satiety signals to the brain. These gut–brain pathways integrate micro-
bial metabolism with the central control of feeding behaviour187.

In addition, SCFAs are critical for neuroimmune homeostasis. They 
promote microglial maturation and suppress neuroinflammation188,189, 
with butyrate shifting microglia towards anti-inflammatory states190. As 
epigenetic modulators, particularly through HDAC inhibition, SCFAs 
enhance the expression of genes involved in synaptic plasticity, neu-
roprotection, mood regulation and memory191–193.

Overall, clinical data in humans, although still limited, suggest 
that SCFAs can affect the brain’s stress axis194, cognitive–emotional 
processing112 and appetite regulation195.

Summary of physiological effects
In summary (Fig. 5 and Table 1), SCFAs create an immunological milieu 
in the gut that is skewed towards regulation rather than inflamma-
tion—by fostering regulatory T cells, suppressing NF-κB and inflam-
matory cytokines, and engaging receptors (FFAR2, FFAR3, GPR109A) 
that constrain immune cell activation. Notably, butyrate’s dual action 
as both an energy source and an epigenetic modulator makes it a key 
immune regulator in the colon.

SCFAs act as signalling molecules in the gut–brain axis, working 
locally to activate enteric neurons and endocrine cells. Acetate has a 
more systemic role but can signal through the vagus nerve to regulate 
appetite in mice11. Propionate robustly triggers gut hormone release 
and subsequent neural satiety pathways in humans and animals5,47, 
whereas butyrate predominantly acts locally (fuelling enteric glia 
and neurons) and modulates neurotransmitter release in the gut150. 
Through these mechanisms, SCFAs link the gut microbiota’s activity 
to neural outputs such as motility patterns and appetite sensations. 
Human data illustrate that SCFAs engage the gut’s neural circuitry, 
affecting bowel motility and appetite regulation. Nevertheless, there 
is limited human data highlighting the relationship between SCFAs and 
the enteric nervous system.

Taken together, acetate and propionate primarily act as metabolic 
regulators in the liver. Propionate inhibits lipogenesis and cholesterol 
synthesis and serves as a gluconeogenic precursor without causing 
hyperglycaemia196, whereas acetate can act as an energy substrate 
and a modulator of lipid metabolism176. Acetate is the only SCFA that 
circulates in the peripheral blood at substantial concentrations, and 
there is evidence of its metabolic impact on adipocytes, affecting FFA 
output174 and browning197, as well as hypothalamic signalling11 and β-cell 
function198. Butyrate’s influence is more indirect albeit substantial. 
It signals through epigenetic mechanisms and improves gut barrier 
integrity to enhance liver insulin sensitivity and reduce inflamma-
tion199. Human data linking SCFAs to liver physiology are limited to 
observational studies that show inverse associations between SCFAs 
and liver fat accumulation.

Body weight
Evidence indicates that SCFAs regulate body weight through both 
appetite suppression and increased energy expenditure. In animal 
models, fibre and SCFA supplementation consistently reduce weight 
gain during high-fat feeding200,201. Acetate is particularly effective, 
reducing weight gain by up to 72% (ref. 200), partly through increased 
energy expenditure, white adipose tissue browning and enhanced lipid 
oxidation, as reflected by lower respiratory exchange ratios48,202. Some 
studies report that these effects occur independently of reduced energy 
intake, supporting a direct metabolic mechanism.

Table 1 | Clinical evidence of the physiological effects 
of SCFAs

Organ Clinical evidence

Gut epithelium 
and immune 
cells

Higher stool SCFA concentrations are associated with 
improved epithelial integrity and reduced inflammation in 
the gut
Stool SCFA concentrations are reduced in GIT 
disorders139,140

Higher faecal butyrate levels are associated with increased 
colonic regulatory T cell markers and remission in patients 
with ulcerative colitis143,235

Enteric nervous 
system

IPE consumption considerably increased the release of PYY 
and GLP1, which act on the enteric nervous system to slow 
gastric emptying and reduce appetite47

Patients with IBS have higher stool SCFA concentrations, 
which are associated with faster colonic transit and 
increased sensitivity in the gut152

Liver High-fibre diets are linked to a reduced risk of MASLD and 
improved markers of liver health162,163

Propionate reduces blood cholesterol, hepatic fat 
synthesis164 and LDL cholesterol levels165

Lower colonic SCFA levels are associated with greater liver 
fat accumulation and insulin resistance167

Increasing SCFA supply can improve liver enzymes and 
decrease hepatic steatosis168

Adipose tissue Acetate infusion and rectal SCFA administration reduce 
circulating FFA and glycerol levels176

High fibre intake and high circulating SCFA 
concentrations lead to improved insulin sensitivity, 
reduced visceral fat and increased expression of 
thermogenic genes in adipose tissue179,180

Pancreas Long-term supplementation that increases colonic 
propionate production improves meal-stimulated insulin 
secretion and β-cell function in individuals with overweight181

Higher fibre intake and elevated circulating propionate 
levels are associated with a reduced risk of type 2 diabetes

Central nervous 
system

Interventions that increase SCFA production are associated 
with reduced appetite, improved stress responses and 
better metabolic outcomes
Overall, limited clinical data in humans suggest that SCFAs 
can affect the brain’s stress axis, cognitive–emotional 
processing and appetite regulation

GIT, gastrointestinal tract; IBS, irritable bowel syndrome; LDL, low-density lipoprotein.
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Evidence for SCFA-induced weight loss is less consistent. SCFA sup-
plementation can reduce food intake203,204, although the effects depend 
on the route of administration, with intraperitoneal—but not intraco-
lonic—acetate suppressing appetite11. Butyrate also induces modest 
weight loss in obese mice205. Although SCFAs provide energy and faecal 
SCFA concentrations are often elevated in obesity14, their anorectic and 
metabolic effects may outweigh their caloric contribution.

SCFA production is not the only mechanism linking fibre to body 
weight regulation. Fibre lowers dietary energy density (2 kcal g−1), slows 
gastric emptying, prolongs gastric distension, suppresses ghrelin 
and enhances satiety206,207. Soluble fibres also increase chyme viscos-
ity, slowing nutrient absorption and prolonging the stimulation of 
enteroendocrine cells that release anorexigenic gut hormones208,209.

Clinical evidence. Epidemiological studies consistently show an 
inverse association between dietary fibre intake and body weight, 
central adiposity and waist circumference210,211. Clinical trials, however, 
have produced mixed results, probably due to lower fibre doses in 
humans (~1.5% of energy) than in animal studies (~5%), owing to gas-
trointestinal side effects. A dose–response relationship is supported 
by findings that oligofructose increases plasma PYY only at intakes 
greater than 35 g per day212.

Despite this, acute fibre supplementation reduces ad libitum 
energy intake, increases GLP1 and PYY concentrations, and lowers ghre-
lin levels213. Longer-term supplementation (15–30 g per day) is associ-
ated with reduced body weight and sustained increases in GLP1 and 
PYY214. For example, 30 g per day of oligofructose for 6 weeks increased 
postprandial PYY and reduced energy intake in healthy adults215.

Clinical studies of SCFA supplementation remain limited because 
SCFAs are rapidly absorbed in the proximal gut and have poor palat-
ability. To overcome this, IPE is used to deliver propionate to the colon. 
IPE supplementation for 24 weeks reduced weight gain, energy intake 
and appetite in adults with overweight47, while shorter studies also 
reported reduced energy intake169 and increased fat oxidation during 
exercise216. However, 12-month supplementation did not reduce body 
weight or adiposity, although fat-free mass increased, suggesting that 
responses may vary with participant characteristics, including age3.

The importance of colonic delivery is further supported by 
infusion studies. Distal, but not proximal, colonic acetate infusion 
increases fasting fat oxidation and plasma PYY217, while rectal adminis-
tration of acetate elicits greater hormonal responses than intravenous 
infusion218. Similarly, distal colonic infusion of physiological SCFA 
mixtures increases resting energy expenditure and satiety hormone 
release, highlighting the site-specific metabolic actions of SCFAs 
in humans219.

Host metabolism–microbiome–SCFA crosstalk
In most metabolic diseases, such as obesity and diabetes, research 
has focused on the microbiome’s capacity to produce SCFAs from the 
dietary substrates provided to it. Very little attention has been paid 
to changes in signalling pathways for SCFAs in different metabolic 
states. Emerging evidence suggests that metabolically healthy phe-
notypes have a more favourable response to SCFAs than metabolically 
unhealthy phenotypes220,221. Our team has also reported differences in 
the hepatic handling of SCFAs between healthy individuals and those 
with MASLD, where greater colonic fermentation was associated with 
increased lipid accumulation in MASLD169. This remains an important 
and emerging area of research.

New approaches to gain understanding of the 
physiological effects of SCFAs
Evidence presented in this Review demonstrates that SCFAs are impor-
tant bioactive metabolites that translate dietary fibre intake and gut 
microbial fermentation into host metabolic regulation. Complement-
ing this evidence are pharmacological studies using selective agonists 

and antagonists that provide causal insights into SCFA signalling, indi-
cating that FFAR2 and FFAR3 directly regulate adipose tissue metabo-
lism, insulin secretion, immune tone and neuroendocrine pathways80,87.

Chemical tools and SCFA receptor interaction
To specifically understand SCFA receptor interactions, new chemi-
cal biology approaches are needed to probe non-canonical GPCR 
regulation. These receptors do not follow simple, classical signalling 
paradigms, and two- to four-carbon ligands are challenging to study 
in their own right; therefore, newer tools are required to dissect their 
behaviour in a physiologically relevant way. Chemical probes allow 
precise spatial and temporal control of receptor activation and help 
reveal complex features such as receptor cooperativity, biased sig-
nalling and dimerization. These approaches provide a more nuanced 
understanding of how SCFAs elicit distinct downstream effects depend-
ing on the context. In parallel, chemogenetic strategies enable the 
selective activation or inhibition of specific receptor populations in 
defined cell types, linking receptor engagement directly to physiologi-
cal outcomes in vivo. Proteomic techniques further complement this by 
identifying receptor-interacting partners and downstream signalling 
complexes, uncovering previously unrecognized pathways involved 
in SCFA signalling222.

The use of artificial ligands to understand SCFA receptor 
interaction
Evidence from synthetic FFAR2 ligands demonstrates that this recep-
tor mediates many of the canonical effects of acetate and propionate. 
Selective FFAR2 agonists suppress adipocyte lipolysis, promote adipo-
genic differentiation and reduce pro-inflammatory cytokine produc-
tion in adipocytes and immune cells, closely recapitulating endogenous 
SCFA actions87. Conversely, FFAR2 genetic deletion or pharmacological 
antagonism abolishes these effects and exacerbates adipose inflam-
mation and insulin resistance in preclinical models223. Importantly, the 
selective FFAR2 antagonist GLPG0974 has been tested in humans, where 
it effectively blocks SCFA-induced neutrophil activation224.

Pharmacological targeting of FFAR3 has clarified the role of 
SCFAs in gut–brain and neuroendocrine signalling. Selective FFAR3 
agonists activate vagal and sympathetic pathways, increasing 
energy expenditure and modulating glucose homeostasis in ani-
mal models225. By contrast, FFAR3 antagonism or knockout blunts 
propionate-induced satiety, thermogenic activation and gut–brain 
signalling, providing direct evidence that the neural effects of SCFAs 
are receptor-mediated121.

SCFA receptor pharmacology has also strengthened the evi-
dence for direct pancreatic action. FFAR2 agonism potentiates 
glucose-stimulated insulin secretion and promotes β-cell survival 
independently of incretin hormones, positioning FFAR2 as a potential 
target for preserving islet function in early metabolic disease226.

Translation of pharmaceutical findings using human and 
animal models
Translation of pharmaceutical findings from model studies (see above) 
remains challenging. As highlighted in this Review, FFAR2 and FFAR3 
signalling are very complex. Pharmacological modulation of SCFA 
receptors continues to pose challenges. However, targeted SCFA deliv-
ery approaches, such as through IPE, have demonstrated the feasibility 
of selectively increasing colonic SCFA exposure and have shown promis-
ing physiological effects47,169. As understanding of microbial pathways 
and cross-feeding interactions improves, dietary fibres may also be 
designed to selectively enhance the production of specific SCFAs. If 
successful, such approaches could shift SCFAs from therapeutic agents 
to tools for disease prevention.

Targeted delivery strategies overcome the rapid proximal 
absorption of SCFAs. IPE selectively releases propionate in the 
distal colon, where enteroendocrine L-cells are abundant. Human 
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studies have shown that these strategies reduce energy intake, alter 
appetite-regulating hormones and attenuate weight gain47,169.

Human studies using depletion and add-back experiments could 
provide stronger causal evidence by reducing endogenous SCFA pro-
duction through antibiotics or low-fibre diets before the controlled 
reintroduction of SCFAs or fermentable substrates227,228. Although 
widely used in animal studies229, this approach has rarely been applied 
in humans.

Rare genetic models, including individuals with ACADS mutations 
causing short-chain acyl-CoA dehydrogenase deficiency, offer unique 
insights into SCFA metabolism and oxidation, although interpretation 
is complicated by the rarity and complexity of the condition230,231.

Human colonic infusion and perfusion studies provide a direct 
assessment of site-specific SCFA effects219,232. When combined with 
metabolic phenotyping and stable-isotope tracing, these methods can 
define SCFA absorption, distribution and metabolic fate with greater 
precision than dietary interventions alone.

Large-animal models provide an important translational bridge 
between rodents and humans because of their similar gastrointestinal 
physiology, microbiota and dietary patterns233,234. These models enable 
the controlled investigation of SCFA delivery, metabolism and physi-
ological outcomes before translation to human studies.

Conclusion
This Review synthesizes recent advances in understanding the diverse 
physiological roles of SCFAs—acetate, propionate and butyrate—high-
lighting their microbial origins, systemic functions and therapeutic 
potential. SCFAs are produced in millimolar quantities through the 
microbial fermentation of dietary carbohydrates in the colon and act 
both as energy substrates and as signalling molecules. Their effects 
across tissues, including the gut, liver, adipose tissue, immune system 
and brain, are mediated through GPCRs (FFAR2, FFAR3, GPR109A) and 
epigenetic mechanisms such as HDAC inhibition.

SCFA production depends on microbiota composition, 
substrate availability and metabolic cooperation, particularly 
cross-feeding. Bacteroides spp. produce acetate and propionate, while 
butyrate-producing Firmicutes such as F. prausnitzii and Roseburia spp. 
generate butyrate through specific pathways. Spatial gradients exist: 
acetate circulates systemically, whereas propionate and butyrate are 
largely used by the liver and colonocytes, respectively. Dietary fibre 
and resistant starch enhance SCFA production, whereas high-protein 
diets may reduce butyrate levels and increase harmful metabolites.

Systemically, SCFAs regulate metabolism and immunity. Propion-
ate modulates gluconeogenesis and lipogenesis in the liver, whereas 
acetate influences lipid metabolism. In adipose tissue, SCFAs promote 
insulin sensitivity and thermogenesis. They also enhance insulin secre-
tion through FFAR2 activation and exert anti-inflammatory effects, with 
butyrate supporting regulatory T cell differentiation and maintaining 
epithelial barrier integrity.
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