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The worldwide prevalence of obesity, obesity-associated 
nonalcoholic fatty liver disease (NAFLD), insulin resist-
ance and type 2 diabetes mellitus (T2DM) has grown 
dramatically since the 1980s1–4. Driven by easy access to 
energy-dense foods and increasingly sedentary lifestyles, 
obesity is a major global health and socio-economic 
problem in the 21st century1,5.

Obesity develops in the setting of a chronic positive 
energy balance (where energy intake exceeds energy 
expenditure). In this situation, the adipose tissue exceeds 
its buffering capacity to store all surplus energy as tri-
glycerides, resulting in lipid overflow into the circulation. 
This increased supply of lipids to nonadipose tissues such 
as the liver and skeletal muscle, together with an impaired 
ability to adjust lipid oxidation to lipid supply (‘metabolic 
inflexibility’6), results in ectopic fat storage7. Together 
with the reduced adipose tissue lipid-buffering capac-
ity, adipose tissue inflammation develops, resulting in 
increased production and secretion of pro-inflammatory 
adipokines8. Altogether, these obesity-related distur-
bances in tissue and organ function and crosstalk contrib-
ute to the development of peripheral and hepatic insulin 
resistance and the development of T2DM and NAFLD7,9.

Over the past 15 years, the gut microbiome has 
emerged as an important regulator of host energy metab-
olism and substrate metabolism10–13. Abnormalities in 
gut microbiota composition and/or its functionality 

might contribute to a disturbed energy and substrate 
metabolism, including effects on metabolism in adi-
pose tissue, muscle and liver. In addition, the gut micro-
biota has been associated with the development of 
obesity-related chronic low-grade inflammation14–16.  
A putative nutritional strategy to modulate the gut micro-
biome, thereby preventing and alleviating these meta-
bolic disorders, is to enhance the availability of dietary 
fibre to colonic microorganisms17–21. The fermentation of 
these indigestible carbohydrates (saccharolytic fermen-
tation) yields the short-chain fatty acids (SCFAs) ace-
tate, propionate and butyrate as end products, as well 
as other products such as succinate22,23. Animal studies 
suggest that SCFAs and succinate have an important role 
in the prevention and treatment of obesity-associated 
insulin resistance19,24–29. Furthermore, human evidence 
for a beneficial effect of SCFAs on body weight control, 
inflammatory status and insulin sensitivity, as well as in 
glucose and lipid homeostasis, is increasing17,30–35.

Interestingly, the distal colonic microbiota uses 
mainly residual peptides and proteins to gain energy 
(proteolytic fermentation)36 because its preferred fuel, 
fermentable carbohydrates, is already utilized in the 
more proximal colon36. Of note, microbial fermentation 
of proteins yields a great diversity of metabolites, which 
are most often considered detrimental for gut integrity 
and metabolic health17,37.
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In this Review, we focus on the role of gut microbial 
metabolites derived from carbohydrate fermentation 
(including acetate, propionate, butyrate, succinate and 
ethanol) and protein fermentation (including ammo-
nia, phenolic compounds, indoles, hydrogen sulfide 
and branched-chain fatty acids (BCFAs)) in body 
weight control, NAFLD, insulin resistance and T2DM. 
Further microbial metabolites, such as dimethylamine 
and trimethylamine, lipopolysaccharide and secondary 
bile acids, which are strongly involved in the gut host–
microorganism metabolic axis and the development 
of metabolic disorders, have been excellently reviewed 
elsewhere38–40.

We review human studies that provide evidence 
for a role of microbial metabolites in these metabolic 
disturbances and diseases and we discuss the putative 
mechanisms involved. We aim to identify gaps in the 
literature and to provide leads for future research in 
the emerging field of the gut microbiome in relation  
to the development of human metabolic diseases.

Microbial fermentation in the colon
The human gut microbiome contains ~500–1,000 
bacterial species with an estimated 2,000,000 genes, 
which outnumbers the number of human genes by 
~100 times41. The small intestine is colonized with a 
low abundance of mainly facultative anaerobic micro-
organisms (microbial density <107 microorganisms per 
gram of content). By contrast, the caecum and colon 
are inhabited by up to 1012 microorganisms per gram of 
content41. The microbial composition and abundance are 
dependent on a number of intrinsic factors (for exam-
ple, pH, gut motility, mucus and antimicrobial peptides) 
and extrinsic factors such as medications (for example, 
antibiotics, laxatives, opioids and NSAIDs) and dietary 
components42–44.

Indigestible foods have a major role in shaping the 
composition of the gut microbiota. Fermentable carbo-
hydrates, including malabsorbed carbohydrates, resist-
ant starch and prebiotics, are preferred substrates for 
most members of the colonic microbiota as they like 
to incorporate available proteins and amino acids into 
their own biomass and enzyme machinery. However, as 

they travel from the proximal portion of the colon to 
the distal portion, fermentable carbohydrates become 
depleted (especially with current Western diets that 
contain low amounts of indigestible carbohydrates) and 
microorganisms switch to protein fermentation.

Not much is known about the communities and micro-
biological networks that produce saccharolytic and pro-
teolytic metabolites. Certain members of the microbiota  
have been shown to contribute to particular microbial 
pathways (Fig. 1). However, because most members of 
the microbiota are difficult to culture and hence are chal-
lenging to investigate in detail, knowledge of microbial 
pathways is lacking for most of the ~250 members that 
make up an individual’s microbiota, and we have little 
understanding of the redundancy that exists between 
different microorganisms. Moreover, individuals share 
only a limited number of microorganisms: 57 micro-
organisms have been shown to constitute the core spe-
cies, being present in ≥90% of the individuals tested45. 
Therefore, microbial communities and microbiological 
networks might differ between individuals, depending 
on the degree of redundancy present within the gut 
microbiota.

The fermentation of dietary fibre yields high 
amounts of SCFAs, as well as lactate, succinate and 
gases such as methane, carbon dioxide and hydrogen46. 
As indicated above, most saccharolytic fermentation 
occurs in the proximal colon and is mostly finalized in 
the transverse colon. Hence, only a minor amount of 
fermentable fibre reaches the distal colonic site. This 
pattern is also reflected in the concentrations of sac-
charolytic metabolites found in sudden-death victims, 
in which a progressive decline in SCFA, lactate and 
succinate concentrations was shown in passing down 
the colon47.

The distal colonic microbiota is therefore special-
ized towards gaining energy from the fermentation of 
residual peptides and proteins. Proteolytic fermentation 
also yields SCFAs. However, the contribution of protein 
fermentation to the amount of SCFAs produced in the 
distal colon is not known and would require experi-
ments using stable isotope-labelled proteins, for exam-
ple. Furthermore, in comparison to the fermentation of 
carbohydrates, proteolytic fermentation yields a more 
diverse range of metabolites, including the following: 
gaseous products such as hydrogen, methane, carbon 
dioxide and hydrogen sulfide; the BCFAs isobutyrate, 
2-methylbutyrate and isovalerate derived from fermen-
tation of branched-chain amino acids (BCAAs); and 
phenolic and indolic compounds derived from microbial 
fermentation of aromatic amino acids (AAAs)37. Many of 
these compounds are toxic and have been considered as 
being detrimental for colonic and metabolic health17,37,48. 
However, metabolites such as indole and hydrogen 
sulfide might beneficially affect gut and peripheral tis-
sue function49,50. In addition, microbial proteolysis can 
yield BCAAs and AAAs, which can be further metab-
olized by microbial cross-feeding (nutritional interde-
pendence of microbial species)44,48. Disturbances in these 
cross-feeding pathways lead to increased absorption of 
these amino acids and are associated with impairments 
in gut integrity and insulin resistance44,48,51.

Key points

•	Gut microbial metabolites such as short-chain fatty acids (SCFAs) and succinate, 
which are derived from the fermentation of dietary fibre, have important metabolic 
functions.

•	SCFAs and succinate might prevent obesity by increasing energy expenditure, 
increasing anorexic hormone production and improving appetite regulation.

•	SCFAs have a crucial role in gut homeostasis, adipose tissue and liver substrate 
metabolism and function, through which they can prevent the progression of type 2 
diabetes mellitus (T2Dm) and nonalcoholic fatty liver disease (NAFlD).

•	The site of microbial SCFA production in the colon might be an important 
determinant for the aforementioned beneficial effects.

•	The microbial metabolites derived from protein fermentation, which are mainly 
produced in the distal colon, are most often considered detrimental for gut integrity 
and metabolic health.

•	Providing mixtures of dietary fibres to increase distal colonic microbial carbohydrate 
fermentation and thereby inhibit protein fermentation might be a putative target to 
ameliorate obesity, T2Dm and NAFlD.

www.nature.com/nrendo
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Colonic metabolite concentrations
In individuals who died suddenly, total SCFA con-
centrations (mean ± s.e.) of 123 ± 12 mmol/kg luminal 
content in the proximal colon and 100 ± 30 mmol/kg  
luminal content in the sigmoid and rectum region 
have been found with a molar ratio of acetate to pro-
pionate to butyrate of roughly 3:1:1 (reF.47). These data 

already indicate that SCFA production rates are highly 
variable in the colon and strongly depend on nutri-
tional status, amount of complex foods in the diet, gut 
microbial composition and colonic transit time52–54. 
In the study of SCFA concentrations in sudden-death 
victims, succinate concentrations were also meas-
ured in the colon47. Concentrations of succinate in the 
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Fig. 1 | Microbial communities and microbiological networks involved in saccharolytic and proteolytic metabolite 
production. The figure shows an overview of the functional groups of gut microorganisms, major metabolic pathways and 
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including the saccharolytic products short-chain fatty acids, succinate and ethanol as well as proteolytic metabolites including 
ammonia, indolic and phenolic compounds, hydrogen sulfide, amines and branched-chain fatty acids (BCFAs).
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proximal and sigmoid colon were 3.1 ± 0.9 mmol/kg 
and 2.1 ± 1.0 mmol/kg luminal content, respectively47. 
Whereas colonic concentrations of SCFAs and succinate 
are found in concentrations of millimoles per kilogram 
luminal content, a completely different situation pre-
vails in the blood compartment, where concentrations 
of SCFAs and succinate are in the micromole per litre 
range. Succinate concentration in the blood plasma is 
~5–200 μmol/l (reF.55). Acetate is the most abundant 
SCFA systemically and its serum and plasma mean con-
centrations range from 5 μmol/l to 220 μmol/l (reFs56,57). 
Propionate and butyrate are found at much lower 
concentrations of ≤13 μmol/l and ≤12 μmol/l, respec-
tively56,57. Circulating SCFA concentrations strongly 
depend on diet, gut microbial SCFA production, 
absorption, splanchnic extraction and hepatic metab-
olism. Therefore, human in vivo studies should use sta-
ble, isotopically labelled fermentable fibres and SCFAs58 
in order to help to identify the actual contribution of 
microorganism-derived SCFAs.

Interestingly, the greatest release of SCFAs from the 
gut into the blood system has been demonstrated to 
occur in the distal colon59. SCFAs absorbed in the prox-
imal colon are transported via the portal vein to the liver.  
Butyrate and propionate are highly extracted and metab-
olized by the liver, whereas acetate gets extracted in a 
lower percentage by the liver and therefore reaches the 
systemic circulation in significantly higher amounts47,57. 

By contrast, SCFAs absorbed in the distal colon can 
bypass the liver via the pelvic plexus, which drains into 
the vena cava inferior, thereby reaching the systemic 
circulation directly. This finding suggests that a higher 
amount of microbial metabolites will reach peripheral 
organs if administered or produced in the distal colon.

Concentrations of proteolytic metabolites have 
not been greatly studied and have mainly been deter-
mined in faecal samples. In healthy individuals, mean 
concentrations of total BCFAs, ammonia, p-cresol, 
total phenols (phenol and 4-ethylphenol), total indoles 
(indole, 2-methylindole, 3-methylindole (skatole) and 
2,3-dimethylindole), total amines (agmatine, cadaver-
ine, histamine, phenylethylamine, putrescine, spermi-
dine, spermine, tryptamine and tyramine) and dimethyl 
disulfide were 18.87 mmol/kg dry matter, 160.93 mmol/kg 
dry matter, 2.12 mmol/kg dry matter, 2.39 mmol/kg dry 
matter, 1.56 mmol/kg dry matter, 22.32 mmol/kg dry mat-
ter and 1.97 mmol/kg dry matter, respectively60. Studies in 
pigs61 and humans37,62 demonstrated that increased avail-
ability of dietary proteins and diminished availability of 
fermentable fibres increased the production of metabo-
lites derived from proteolytic fermentation in the colon. 
Furthermore, in 1992, seminal data from two individuals 
who died suddenly showed that concentrations of soluble 
proteins and proteolytic compounds including ammonia, 
p-cresol, phenylacetate and phenylpropionate are signif-
icantly lower in the proximal colon than in the sigmoid 
and rectum regions63.

Microbial metabolites in weight control
This section focuses on the impact of the saccharolytic 
fermentation products (SCFAs and succinate) on body 
weight control, including effects on appetite regulation 
and energy intake, energy expenditure and lipid oxida-
tion. Literature on a direct role of metabolites derived 
from protein fermentation on body weight control is 
thus far lacking. A schematic view on the role of SCFAs 
and succinate is presented (Fig. 2).

SCFAs in appetite regulation and energy intake. 
SCFAs affect appetite and energy intake via various 
mechanisms. One of the best studied mechanisms 
is the ability of SCFAs to stimulate the production of 
satiety hormones. In vitro studies showed that SCFAs 
stimulate the secretion of peptide YY (PYY) and 
glucagon-like peptide 1 (GLP1) from enteroendocrine 
cells through the G protein-coupled receptors (GPRs) 
GPR41 and GPR43 (also known as FFAR3 and FFAR2, 
respectively) in rodent64,65 and human66,67 cell lines. 
Furthermore, results of rodent in vivo studies con-
firmed that SCFAs stimulate the release of GLP1 and 
PYY64,68,69. In addition, SCFAs can stimulate the secre-
tion of the adipose-tissue-derived satiety hormone lep-
tin, as demonstrated in mouse70, bovine71 and human 
adipocytes72 in vitro. Moreover, human in vivo studies 
showed that acute rectal infusions of sodium acetate34,73 
and SCFA mixtures30 increased circulating concentra-
tions of PYY in individuals who were overweight. In 
line with these findings, an interesting study in patients 
with obesity showed that acute oral intake of 10 g of 
inulin propionate ester increased postprandial plasma 
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Fig. 2 | Metabolites derived from carbohydrate fermentation in relation to body 
weight control. Propionate, butyrate and succinate induce intestinal gluconeogenesis, 
thereby beneficially regulating energy homeostasis. Acetate and butyrate have also been 
demonstrated to induce satiety via a central mechanism and to increase thermogenesis 
in adipose tissue and liver as well as to induce adipose tissue browning and leptin 
secretion. In addition, acetate, propionate and butyrate stimulate the secretion of  
the satiety hormones glucagon-like peptide 1 (GLP1) and peptide YY (PYY) in a  
G protein-coupled receptor (GPR)-dependent manner.
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concentrations of PYY and GLP1, which resulted 
in a 14% reduction in food intake (versus 10 g inulin 
alone)32. However, despite the positive effects on body 
weight control, no differences in satiety hormones were 
seen after 24 weeks of inulin propionate ester supple-
mentation at 10 g per day when compared with 10 g per 
day inulin alone32. Therefore, although the metabolic 
effects of (targeted) SCFA delivery or production seem 
promising, the long-term metabolic consequences, in 
particular the effects on satiety-stimulating hormones, 
require further study.

Elegant rodent studies demonstrated that SCFAs 
also have a suppressive effect on appetite and energy 
intake via central nervous system-related mecha-
nisms and the gut–brain axis19,25,29,74. A study in mice 
demonstrated that colonically derived 11C-acetate 
can pass through the blood–brain barrier and reach 
the hypothalamus25. Increased hypothalamic acetate 
availability induced a glutamate–glutamine transcel-
lular cycle and increased the production of lactate and 
GABA, which resulted in the suppression of appetite 
and energy intake25. In line with this finding, a 2017 
study in mice indicated that chronic oral butyrate 
administration prevented diet-induced obesity, pro-
gression of NAFLD and insulin resistance29. These 
effects were mainly related to reduced food intake, via 
a butyrate-induced suppression of the activity of orexi-
genic neurons that express neuropeptide Y in the hypo-
thalamus, and diminished neuronal activity within the 
nucleus tractus solitarius and dorsal vagal complex in 
the brainstem29.

Intraperitoneal injection of acetate, propionate and 
butyrate has been shown to inhibit energy intake in 
mice via a mechanism related to vagal afferent stimu-
lation74. Indeed, vagal afferent chemoreceptors might 
have a central role in SCFA-induced appetite regulation 
by sensing SCFAs or gut hormones such as PYY and 
GLP1. The importance of the vagus nerve in GLP1-
related energy intake regulation was demonstrated by 
a study showing that the ability of GLP1 to reduce food 
intake was completely lost in humans who had under-
gone truncal vagotomy75. However, the relevance of a 
direct SCFA-induced vagal afferent neuron stimulation 
in human energy homeostasis warrants further inves-
tigation. Furthermore, a series of elegant experiments 
in mice demonstrated that propionate and butyrate  
prevented obesity and insulin resistance via the induc-
tion of intestinal gluconeogenesis (IGN)19. Whereas 
butyrate directly induced IGN in enterocytes, propionate 
activated GPR41 in the periportal afferent neural system 
to induce IGN. The increased IGN resulted in decrea-
sed hepatic glucose production and improved energy  
homeostasis19. Whether IGN has a central role in  
metabolic health in humans still needs to be determined.

A first indication that SCFAs might affect central 
appetite regulation in humans is shown by an acute 
study in healthy individuals76. Using functional MRI, 
this study demonstrated that colonic propionate delivery 
(using 10 g inulin propionate ester) diminished activity 
in the caudate and the nucleus accumbens (both brain 
regions that are linked to food cravings) when the par-
ticipants looked at high-calorie foods. These central 

effects were directly related to decreased ad libitum food 
intake76. Whether this finding is true in the long term 
and whether it can be translated to a more metabolically 
disturbed phenotype should be investigated in the future 
via the use of isotopically labelled SCFAs and advanced 
imaging techniques77.

SCFAs affect energy expenditure. SCFAs might also 
beneficially affect body weight by influencing energy 
expenditure. In obese mice, oral administration of 
butyrate resulted in decreases in body weight, mainly 
driven by an increase in energy expenditure and lipid 
oxidation78. This effect was associated with the upregu-
lation of expression of the thermogenesis-related genes 
peroxisome proliferator-activated receptor-γ (PPARγ) 
co-activator 1α (PPARGC1A, encoding PGC1α) and 
uncoupling protein 1 (UCP1) in brown adipose tis-
sue78. In line with this finding, nanoparticle-delivered 
acetate to white adipose tissue induced adipose tissue 
browning and increased thermogenic capacity, thereby 
preventing adiposity in mice79. In addition, intragas-
tric and oral SCFA administration to mice fed a high-
fat diet decreased total body fat content and hepatic fat 
accumulation without changing food intake24,80. This 
finding has been linked with increased expression of 
the thermogenesis-related proteins acetyl-CoA oxidase, 
carnitine palmitoyltransferase I and UCP2 in the liver 
and adipose tissue24,80. These animal data provide impor-
tant evidence for SCFA-induced upregulation of genes 
related to thermogenesis and lipid oxidation resulting  
in the prevention of weight gain and adiposity. However, 
the relevance and contribution of uncoupling processes 
and/or adipose tissue browning to energy homeosta-
sis and control of body weight in humans is not yet fully 
understood. Interestingly, human in vivo data indicated 
that acute infusions of acetate as well as SCFA mixtures 
of acetate, propionate and butyrate in the distal part of 
the colon increased fasting lipid oxidation and resting 
energy expenditure in volunteers who were overweight 
or obese30,34. In addition, a 2018 in vivo study in healthy 
men showed that acute oral propionate administration 
raised resting energy expenditure and fasting lipid oxida-
tion, independent of insulin and glucose levels and sym-
pathetic nervous system activity33. Unfortunately, these 
acute studies did not provide mechanistic insight. In vivo, 
stable isotope tracers as well as analysis of tissue biopsy 
samples of adipose tissue and skeletal muscle could help 
to elaborate on the underlying mechanisms. In addition, 
mechanistic cell culture studies should be performed to 
further detect key regulators and pathways involved in 
human-derived adipocyte, hepatocyte or skeletal muscle 
cell models. Furthermore, additional human intervention 
studies are required to investigate whether these SCFA-
induced improvements in oxidative metabolism translate 
into long-term benefits in weight control.

SCFAs and energy harvesting. Whereas the mech-
anisms described above suggest beneficial effects of 
SCFAs on the control of body weight and adiposity, data 
are available suggesting that microbial SCFA production 
and metabolism by the host lead to extra energy harvest 
from the diet. Human cross-sectional studies showed 
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that individuals with obesity had higher faecal concen-
trations of SCFAs than individuals who were lean81,82. 
However, whether faecal concentrations are the best 
predictor of microbial SCFA production is debatable, as 
only 5–10% of the produced SCFAs are excreted. More 
direct evidence for a role of microbial-derived SCFAs 
in energy harvest comes from a study in genetically 
obese mice83. These mice had increased amounts of 
SCFAs in their caecum and reduced faecal energy con-
tent compared with their lean littermates83. However, 
rodent experiments with isotopically labelled SCFAs 
demonstrated that absorption of SCFAs, not caecal con-
centration of SCFAs, is relevant for metabolic health84. 
Interestingly, this study showed an inverse correlation 
between caecal SCFA absorption (as calculated via a 
mathematical model) and body weight and percentage 
body fat84. Thus far, no human data are available quanti-
fying the contribution of microbial SCFAs to host energy 
balance, taking into account both the extra energy pro-
vided by SCFAs as well as the SCFA-induced increases 
in energy expenditure and decreases in food (and thus 
energy) intake.

Succinate in energy homeostasis. Succinate, classically 
described as being an intermediate in the microbial syn-
thesis of propionate, has been shown to have an interest-
ing role in control of body weight27. In mice, the caecal 
concentration of succinate was increased after fructo-
oligosaccharide supplementation. Similar to the previ-
ously described mechanism for propionate, increased 
caecal levels of succinate resulted in the activation of 
IGN, which prevented the obese and glucose-intolerant 
phenotype of mice fed a high-fat and high-sucrose 
diet27. However, whether the beneficial effect of suc-
cinate can be translated into humans requires further 
investigation. Controversial data were reported in a 
2018 explorative study in humans with a wide range 
of BMIs55. This study showed that an increased abun-
dance of succinate-producing bacteria and a decreased 
abundance of succinate-consuming bacteria as well as 
increased circulating concentrations of succinate were 
all associated with obesity and impairments in glucose 
homeostasis. Interestingly, diet-induced weight loss 
reduced the abundance of microorganisms related to 
succinate metabolism and correlated with reduced cir-
culating concentrations of succinate55. Whether suc-
cinate represents a microbial-derived disease-causing 
metabolite in humans, or whether the increased circu-
lating concentrations of succinate are a consequence 
of obesity-related dysbiosis and impairments in gut 
permeability, remains to be determined.

Human intervention studies in body weight con-
trol. Human epidemiological and intervention stud-
ies demonstrated an inverse relationship between 
dietary fibre intake and body weight20,85–87. Indeed, 
several dietary intervention studies have demonstrated 
that long-term supplementation with fermentable 
fibres increases the production of satiety-stimulating 
hormones and reduces food intake in humans21,88–90.

However, owing to the complex and multiple inter-
actions between dietary fibre and human metabolism, 

it is not clear to what extent these effects are related to 
saccharolytic microbial metabolites per se or to other 
fibre effects such as their effects on macronutrient 
absorption and glycaemic response, faecal bulking, 
changes in gastrointestinal transit time, direct effects 
on satiety hormones or interactions with the gut 
immune system.

Direct evidence indicating a beneficial role of 
SCFAs in body weight control is thus far limited. In 
a study in which faecal microbiota were transplanted 
from human twins discordant for obesity to germ-free 
mice, mice receiving the obese microbiota transplant 
showed increased adiposity, reduced caecal concen-
trations of SCFAs and increased monosaccharide and 
disaccharide concentrations after dietary fibre intake91. 
Furthermore, mice harbouring the transplanted obese 
microbiome exhibited higher expression of microbial 
genes involved in the biosynthesis of several amino 
acids and had higher serum levels of BCAAs than mice 
harbouring the lean microbiota91. This finding suggests 
that the microbiota from individuals with obesity has a 
lower capacity to completely ferment fermentable fibres 
and that microbial-derived SCFAs are of major impor-
tance for host energy homeostasis. In addition, these 
data indicate that the microbiome of individuals with 
obesity can contribute to metabolites (such as BCAAs) 
that are associated with the obese, insulin-resistant 
phenotype92.

Furthermore, another study showed that 12 weeks 
of daily intake of oral apple cider vinegar containing 
1.5 g acetate was associated with reduced body weight, 
reduced total body fat percentage and reduced visceral 
fat percentage in patients with obesity93. Finally, in adults 
with obesity, 10 g of daily inulin propionate ester intake 
for 24 weeks prevented body weight gain and reduced 
intra-abdominal adipose tissue compared with 10 g per 
day of inulin alone32. As described above, several animal 
and acute human studies also demonstrated beneficial 
effects of enhanced colonic acetate and butyrate avail-
ability on mechanisms related to body weight control. 
Thus, the interesting approach of esterifying propionate 
to a fermentable fibre32, thereby increasing the availa-
bility of SCFAs in the ileum and colon in a controlled 
manner, should also be tested with acetate and butyrate. 
Overall, more human studies are needed to demonstrate 
whether the SCFA-related benefits in appetite regula-
tion and energy homeostasis translate into weight loss 
or prevention of weight gain in the long term.

Microbial metabolites in NAFLD
NAFLD is highly prevalent in individuals with obesityand 
is strongly associated with insulin resistance and T2DM94. 
NAFLD has become the most common liver disease in 
Western countries, and its incidence is still increasing2.

The gut and liver are intrinsically connected and 
strongly depend on each other in terms of metabolic 
functioning. Not surprisingly, disturbances in the gut–liver 
axis, including increased gut permeability and dysbiosis, 
are linked to NAFLD. Microbial products derived from 
saccharolytic and proteolytic fermentation might affect 
the gut–liver axis via multiple mechanisms, as described 
below, and hence contribute to NAFLD pathogenesis.
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SCFAs in NAFLD. Studies in rodents suggest that SCFAs 
have a beneficial role in hepatic metabolism and func-
tioning. In particular, butyrate has a major role in main-
taining gut integrity by upregulating the expression of 
tight junction proteins and mucins, which improves the 
gut barrier function and prevents the migration of toxic 
compounds, including ethanol and pro-inflammatory 
molecules, to the liver95,96. One of the best studied 
microorganism-derived pro-inflammatory components 
is lipopolysaccharide, which is continuously released 
into the colon upon the death of Gram-negative bacte-
ria. Rodent14–16 and human association97–99 studies have 
demonstrated that microorganism-derived lipopolysac-
charide has a key role in the progression of metabolic 
diseases such as NAFLD, insulin resistance and T2DM. 
Furthermore, butyrate has been demonstrated to sup-
press inflammation in mice via enhanced differentiation 
of colonic anti-inflammatory regulatory T cells100,101 and 
induced the NLRP3 inflammasome101 in a GPR-coupled 
manner, which have all been shown to be involved in 
NAFLD progression16,102.

More direct evidence for a beneficial function of 
SCFAs in the prevention of NAFLD was provided by 
a number of in vivo studies that used rodent mod-
els24,28,79,80,103,104. Supplementation of acetate, propionate 
or butyrate to animals reduced hepatic fat accumula-
tion, decreased hepatic inflammation and suppressed 
cholesterol synthesis. The underlying mechanisms 
are related to increased hepatic lipid oxidation via an 
AMPK–acetyl-CoA carboxylase pathway, reduced 
tumour necrosis factor (TNF) expression, increased gly-
cogen storage and reduced hepatic fatty acid synthase 
activity24,28,79,80,103,104.

However, owing to the complexity and invasiveness 
of such a study, no human in vivo data on a direct link 
between microbial-derived SCFAs, liver function and 
NAFLD progression are available.

Microbially derived ethanol in NAFLD. Ethanol is a 
microbial metabolite derived from saccharolytic fer-
mentation and microbial cross-feeding. Patients with 
nonalcoholic steatohepatitis (NASH) and obesity show 
an increased abundance of ethanol-producing bacteria 
in faeces as well as increased concentrations of ethanol in  
the systemic circulation and breath105–107. Gut-bacteria-
derived ethanol (or the oxidized metabolite acetalde-
hyde) is possibly involved in NAFLD progression via 
direct toxic effects on hepatic cells108,109, via impairments 
in gut barrier function resulting in increased portal endo-
toxaemia110, and via the upregulation of nuclear factor-κB 
(NF-κB) signalling pathways in peripheral cells111,112. 
Future research needs to demonstrate whether patients 
with NAFLD should avoid the consumption of specific 
indigestible carbohydrates and instead consume other 
carbohydrates that do not increase microbial ethanol 
production and reduce high ethanol-producing bacteria.

Proteolytic metabolites in NAFLD. Protein fermen-
tative strains of the gut microbiota might be involved 
in mediating pro-inflammatory responses and NAFLD 
progression113. In particular, hydrogen sulfide, ammo-
nia and phenolic compounds have been associated 

with detrimental effects on gut epithelial health and 
gut permeability, as shown in rodent models fed with 
high-protein diets114,115. Therefore, these proteolytic 
metabolites might indirectly contribute to NAFLD pro-
gression via increased translocation of toxic compounds 
to the liver. An interesting study116 using a germ-free 
mouse model indicated a potential direct link between 
products of microbial protein fermentation and NAFLD. 
Mice fed a high-fat diet developed hepatic macrovesic-
ular steatosis after colonization with microbiota of dia-
betic mice, whereas the control mice that were treated 
with microbiota of normoglycaemic mice developed 
only low-level steatosis. In comparison with control 
mice, mice with macrovesicular steatosis had markedly 
increased caecal concentrations of the BCFAs isovalerate 
and isobutyrate derived from the microbial fermentation 
of BCAAs. In addition, these mice developed insulin 
resistance and leptinaemia116.

By contrast, the microbial metabolite indole specifi-
cally derived from the AAA l-tryptophan by the micro-
bial enzyme tryptophanase has been shown to decrease 
gut inflammation and prevent gut barrier dysfunc-
tion117,118. In a mouse experiment, acute orally admin-
istered indole alleviated lipopolysaccharide-induced 
upregulation of pro-inflammatory cytokines and 
downregulated key proteins of the NF-κB pathway in 
the liver49. However, whether this result can be translated 
into humans and whether it would result in long-term 
benefits in patients with NAFLD still needs to be 
determined.

In an intriguing 2018 publication99, faecal metagen-
ome analysis was combined with analysis of the hepatic 
transcriptome and plasma and urine metabolomes in 
women with morbid obesity but without evidence of 
T2DM. Here, the status of steatosis was associated with 
decreased gut microbial gene richness and dysregulation 
of microbial AAA and BCAA metabolism. Furthermore, 
by using a rodent model and human hepatocytes, this 
study identified microbial-derived phenylacetic acid, a 
product of phenylalanine catabolism, as a contributor to 
steatosis progression. Phenylacetic acid might increase 
hepatic lipid accumulation via a synergetic increase in 
BCAA utilization in the tricarboxylic acid cycle. These 
observations again identified proteolytic fermentation 
products as being important contributors to the devel-
opment of hepatic steatosis. However, it should be noted 
that this study also identified other dysbiosis-associated 
factors, including lipopolysaccharide and trimethylamine 
N-oxide, as being important contributors to hepatic stea-
tosis. This finding further emphasizes the idea that multi-
factorial processes related to the microbiome are involved 
in the progression of metabolic diseases.

Human data in NAFLD. Evidence for a role of the gut 
microbiome in NAFLD development in humans is 
mainly derived from cross-sectional observations. On the 
phylum level, some studies have demonstrated a relation-
ship between an increased Bacteroidetes to Firmicutes 
ratio and NAFLD progression, but data are not consist-
ent105,119,120. On the family level, however, data are more 
consistent. A number of studies indicated a decrease 
in butyrate-producing Ruminococcaceae in patients 
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with NAFLD105,119,121. However, whether NAFLD causes 
dysbiosis or whether the reverse happens is not yet clear.

Furthermore, direct evidence for a role of the gut 
microbiome in NAFLD is derived from studies using 
probiotics and prebiotics122,123. Fructooligosaccharide 
supplementation to the diet of patients with NASH 
was associated with decreased serum levels of alanine 
transaminase, aspartate transaminase and insulin after 
8 weeks122. Furthermore, in patients diagnosed with 
NAFLD, oral intake of combinations of the acetogenic 
Bifidobacterium longum and fructooligosaccharide was 
associated with reductions in steatosis, NASH activ-
ity index, serum levels of TNF and serum levels of 
endotoxin after 24 weeks123.

Overall, evidence for a causal role of microbial 
metabolites in NASH in humans is limited because the 
gold-standard method for assessing and diagnosing 
NASH is still a liver biopsy, which means that only small 
numbers of patients are included in clinical trials using 
this invasive protocol. Improved noninvasive techniques 
will help enable well-powered studies to be performed 
to elucidate the role of the gut microbiome in NAFLD.

Microbial metabolites in T2DM
In individuals with obesity, T2DM can develop following 
a progressive rise in insulin resistance and a progressive 
relative deficiency in insulin secretion. As described 
above, adipose tissue dysfunction, characterized by 

reduced lipid storage capacity as well as low-grade 
inflammation and an increase in ectopic fat depots, is 
specifically associated with insulin resistance124. The 
aforementioned mechanism by which proteolytic and 
saccharolytic fermentation-derived metabolites affect 
gut barrier function and the gut immune system in 
relation to liver metabolism and fat accumulation is not 
only of importance for NAFLD progression but also can 
contribute to the development of insulin resistance and 
T2DM in individuals with obesity14,16,102. In this section, 
we focus on gut microbial products derived from car-
bohydrate and protein fermentation that affect adipose 
tissue, skeletal muscle and β-cell function and metab-
olism. A schematic view on the role of gut microbial 
metabolites in T2DM is provided (Fig. 3).

SCFAs affect adipose tissue metabolism. SCFAs 
have been shown to affect adipose tissue metabolism. 
In particular, acetate, the systemically most abun-
dant SCFA, might inhibit basal and β-adrenergic 
receptor-mediated intracellular lipolysis in adipocytes. 
The antilipolytic effect of acetate might be caused by 
decreased phosphorylation of hormone-sensitive 
lipase in a GPR-dependent manner, as recently 
demonstrated in 3T3-L1 rodent cell lines125 and in a 
human adipocyte model126. Combined data derived 
from rodents and humans demonstrated that a par-
tial inhibition of intracellular lipolysis has beneficial 
effects on insulin sensitivity without affecting adi-
pose tissue mass in the longer term127. Nevertheless, 
the obese insulin-resistant state is characterized by 
both elevated basal lipolysis and blunted β-adrenergic 
receptor-mediated lipolysis. This finding raises the 
question of whether using SCFAs to further decrease 
β-adrenergic receptor-mediated lipolysis in individu-
als with obesity would have a positive effect on meta-
bolic health. In line with the in vitro findings, several 
in vivo studies have also shown that acetate can inhibit 
whole-body lipolysis in humans22. For instance, rec-
tal administrations of SCFA mixtures high in acetate 
decreased circulating concentrations of glycerol30. 
Furthermore, acute intravenously administered ace-
tate decreased plasma levels of free fatty acid in healthy 
individuals and those who were hyperinsulinaemic 
and obese128.

In addition to its effects on lipolysis, acetate might 
also increase adipogenesis. Treatment of 3T3-L1 
preadipocytes with acetate (0.1 μmol/l) enhanced 
mRNA expression of genes involved in adipogenic 
differentiation22.

The obese insulin-resistant state is characterized 
by chronic low-grade inflammation, mainly related to 
adipose tissue inflammation9. Co-incubation of murine 
3T3-L1 adipocytes with RAW264.7 macrophages and 
butyrate for 24 h reduced TNF, monocyte chemoattract-
ant protein 1 and IL-6 concentrations129. Furthermore, 
incubation of human adipose tissue explants with pro-
pionate attenuated secretion of the pro-inflammatory 
cytokines IL-4, IL-10, TNF and several chemokines130.

In conclusion, evidence exists that SCFAs, in par-
ticular acetate, can inhibit lipolysis and increase 
adipogenesis, thereby improving the lipid storage 
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Fig. 3 | The relationship of metabolites derived from protein and carbohydrate 
fermentation and interorgan crosstalk with insulin resistance and type 2 diabetes 
mellitus. Carbohydrates and proteins are the major fuels for gut microbial fermentation 
in the colon. Carbohydrate fermentation mainly occurs in the proximal colon and 
resulted in the production of gases, short-chain fatty acids (SCFAs) and succinate. The 
SCFAs acetate, propionate and butyrate as well as succinate are important players in 
interorgan crosstalk by regulating gut integrity and improving liver and peripheral tissue 
function and metabolism. Protein fermentation mainly occurs in the distal colon and 
yields a more diverse range of metabolites, several of which are associated with 
detrimental effects on gut and metabolic health. BCFAs, branched-chain fatty acids.

www.nature.com/nrendo

R e v i e w s

268 | mAY 2019 | volume 15 



capacity of adipose tissue, preventing lipid overflow 
and ectopic fat storage. Notably, in view of the blunted 
catecholamine-induced (β-adrenergic receptor-mediated) 
lipolysis in obesity, further inhibition of lipolysis might 
not be beneficial under all metabolic conditions, indi-
cating the need for long-term human studies of SCFAs 
in individuals who are obese, with ectopic fat stor-
age and insulin sensitivity as outcomes. Additionally, 
SCFAs might attenuate adipose tissue inflammation, 
thereby preventing low-grade inflammation in the obese 
insulin-resistant phenotype.

SCFAs affect lipid oxidation capacity in skeletal mus-
cle. As described above, SCFA-induced improvements 
in adipose tissue metabolism might lead to decreased 
lipid overflow and intramuscular lipid accumulation 
and attenuated supply of pro-inflammatory cytokines 
to the skeletal muscle, preventing insulin resistance. In 
addition, SCFAs might directly improve skeletal mus-
cle functioning by increasing the skeletal muscle lipid 
oxidative capacity, as demonstrated in rodents78,131. 
Supplementation with sodium butyrate for 16 weeks 
to mice fed a high-fat diet increased the proportion of 
type 1 oxidative muscle fibres and expression of PPARδ 
via PGC1α activation, resulting in enhanced mitochon-
drial lipid oxidation78. In obese rats, 6 months of acetate  
treatment improved expression of genes involved in 
lipid oxidation including increased AMPK activity  
in skeletal muscle131. Thus far, no human data are 
available demonstrating effects of SCFAs on skeletal 
muscle lipid oxidation and no data are available on 
SCFA-induced AMPK and/or PGC1α activity-related 
pathways in human skeletal muscle cells.

SCFAs affect β-cell function and insulin secretion. 
T2DM is characterized by a decreased capacity to pro-
duce the amounts of insulin required to maintain nor-
moglycaemia in the face of insulin resistance. The ability 
to secrete insulin depends on the functioning and mass 
of pancreatic β-cells. Pancreatic β-cells express the SCFA 
receptors GPR41 and GPR43 in mice and humans132,133. 
Receptor-knockout experiments in obese and 
insulin-resistant mice have demonstrated that SCFAs 
have the capacity to increase glucose-stimulated insulin 
secretion via GPR43 (reF.132). In line with this finding, 
depletion of GPR43 in mice with diet-induced obesity 
was associated with deteriorated β-cell function and 
increased β-cell mass133. Furthermore, SCFA–GPR41 
signalling seems to be of particular importance in con-
trolling pancreatic β-cell insulin secretion in fed and 
fasting states, as GPR41 knockout or overexpression in 
mice resulted in impairments in glucose control without 
effects on insulin sensitivity134. Using a propionate inulin 
ester, a human in vivo study demonstrated that propi-
onate has beneficial effects on β-cell function and insu-
lin secretion, independent of GLP1 (reF.135). An in vitro 
follow-up experiment using human islets demonstrated 
that propionate potentiated glucose-stimulated insulin 
release and maintained β-cell mass through inhibition 
of apoptosis135. Thus, increasing evidence indicates that 
the SCFA–GPR axis is of major relevance for the control 
of insulin secretion and β-cell functioning.

Succinate in insulin resistance. As mentioned earlier, 
succinate resulted in the activation of IGN in mice fed 
a high-fat and high-sucrose diet. Microbial-derived 
succinate not only prevented the obese phenotype but 
also improved glucose tolerance and insulin sensitiv-
ity in wild-type mice. These effects were abolished in 
mice deficient in IGN (I-G6pc−/− mice)27. By contrast, 
succinate might act as a metabolite in innate immune 
signalling. In lipopolysaccharide-activated mac-
rophages, succinate stabilized the transcription factor 
hypoxia-inducible factor 1α, which increased IL-1β 
production and exacerbated inflammation; therefore, 
succinate might contribute to progression of insulin 
resistance136. However, whether microbial-derived 
succinate is of relevance in these processes in humans 
requires further investigation.

Proteolytic metabolites in insulin resistance and 
T2DM. An interesting study used computational pre-
diction models in mice to investigate dietary interven-
tion strategies that varied in protein content137. The 
data demonstrated that decreased protein intake and 
the resulting microbial nitrogen competition promoted 
a microbial composition associated with improved 
intestinal function and metabolic health137.

Hydrogen sulfide is a major product of protein fer-
mentation. Studies in animal models suggest that excess 
hydrogen sulfide negatively affects pancreatic islet 
function, thereby contributing to the development of 
T2DM138,139. In addition, hydrogen sulfide stimulates 
gluconeogenesis and glycogenolysis and decreases 
glucose utilization and glycogen storage in rodent 
hepatocyte models, indicating impairments in glucose 
homeostasis140. On the other hand, human data showed 
that patients with T2DM have reduced plasma concen-
trations of hydrogen sulfide compared with healthy 
individuals141. In addition, a mouse study demonstrated 
that hydrogen sulfide has a protective role in pancreatic 
β-cells and prevents the onset of T2DM50.

Another metabolite specifically originating from 
proteolytic fermentation by gut microorganisms is 
p-cresol, which is converted to p-cresyl sulfate by the 
host. In mice, administration of p-cresyl sulfate for  
4 weeks increased ectopic fat accumulation in liver and 
muscle and triggered peripheral insulin resistance142. 
Interestingly, a study combining cross-sectional analyses 
of insulin sensitivity, the fasting serum metabolome and 
the gut microbiome showed that individuals with insulin 
resistance and T2DM had increased serum levels of the 
gut microbial-associated phenolic compounds hydrocin-
namic acid and indole-3-lactic acid as well as BCAAs51. 
Furthermore, the data demonstrated that the gut micro-
biome from insulin-resistant individuals had increased 
BCAA biosynthesis potential (largely driven by Prevotella 
copri and Bacteroides vulgatus) but a reduced potential 
for BCAA uptake and catabolism51. These data suggest 
that the microbiome contributes to increased peripheral 
BCAA concentrations and insulin resistance.

Overall, hydrogen sulfide, p-cresol, phenolic com-
pounds and BCAAs derived from proteolytic fermenta-
tion seem to be involved in the development of insulin 
resistance. However, no human intervention studies 
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have yet measured the contribution of different protein 
sources and microbial proteolytic metabolites on host 
insulin resistance. An interesting approach to perform 
such a study would be via the use of isotopically labelled 
complex (indigestible) peptides or proteins.

Human data in insulin resistance and T2DM. Long-term 
evidence for a direct link between microbial metabo-
lites and insulin resistance is still limited. However, two 
intriguing dietary intervention studies provide strong 
indications that SCFAs could be the major driver of the 
beneficial relationship between fermentable carbohydrate 
intake and insulin sensitivity17,31.

Daily supplementation with 30 g resistant starch for  
4 weeks improved peripheral insulin sensitivity in healthy 
individuals, which was also associated with increased sys-
temic levels of acetate and propionate and an increase 
in acetate uptake by adipose tissue and skeletal muscle31.

A study published in 2018 showed that a diet rich in 
complex fibre mixtures for 12 weeks decreased HbA1c 
levels, fasting blood levels of glucose and glucose toler-
ance by ~20% in individuals with T2DM17. A metagen-
omics analysis of the faecal microbiota revealed that 
microbial pathways for acetate and butyrate production 
were significantly increased in patients following the 
diet rich in complex fibre mixtures. A trend towards 
increased faecal acetate and butyrate concentrations 
in patients following the diet was also seen, and this 
trend coincided with increased circulating levels of 
PYY in fasting conditions and GLP1 in postprandial 
conditions. Interestingly, when responder analyses  
of the genomes of the faecal bacteria were performed, 
the positive responders (bacterial strains that were sig-
nificantly increased after the high-fibre diet) showed 
an increased genetic microbial capacity to ferment 
fibres and to produce SCFAs, in particular acetate and 
butyrate. By contrast, the genome of negative responders  
(bacterial strains that were decreased after the interven-
tion) harbours genes that are involved in the pro duction 
of proteolytic metabolites such as indoles and hydrogen 
sulfide17. This finding is in contrast to observations 
in animals, which have suggested beneficial effects of 
indolic compounds on gut integrity, liver function and 
glucose homeostasis49,50. This discrepancy should be 
further investigated in human clinical intervention trials.

In addition, in a pilot study published in 2018, healthy 
lean men as well as men with the metabolic syndrome were 
treated with 4 g of sodium butyrate daily for 4 weeks35. 
Interestingly, an improvement in peripheral and hepatic 
insulin sensitivity (determined via hyperinsulinaemic–
euglycaemic clamp) was observed in the lean, but not 
in the metabolically compromised, participants35. These 
pilot data suggest that SCFA handling and/or signalling 
is disturbed in individuals with the metabolic syndrome. 
However, the data should be confirmed in a larger cohort 
and the underlying mechanisms need to be investigated.

Future perspectives
Consideration of studies investigating the metabolic 
consequences of saccharolytic and proteolytic micro-
bial fermentation strongly suggests that an increase in 
metabolites derived from the fermentation of dietary 

fibre and a decrease in proteolytic products could be a 
valuable strategy to prevent and/or alleviate metabolic 
diseases such as obesity, NAFLD and T2DM. However, 
data on the metabolic benefits of fermentable fibres are 
inconsistent, which might relate to the characteristics 
of the specific fibres, including their fermentation type, 
site of fermentation, amount and/or type of metabolites 
produced10,143. Previous human intervention studies have 
mainly focused on one specific type of fibre — fermenta-
ble oligosaccharides — to alter microbiota composition 
and elicit metabolic effects. The handful of longer-term 
human intervention studies using these fermentable 
fibres alone, however, showed only minor effects144–146 
or no effects147 on circulating SCFA concentrations 
and insulin sensitivity (indices). Of note, a 2017 study 
in healthy young individuals showed that fermentable 
oligosaccharides increased the abundance of bifido-
bacteria, but decreased the abundance of several other 
SCFA-producing bacteria, and even resulted in adverse 
effects on glucose homeostasis148. This study suggests 
two main points: first, that it is important to keep the 
diversity and abundance of SCFA-producing bacteria 
high, instead of stimulating only one bacteria genus 
(even if these bacteria are considered to be beneficial for 
gut and metabolic health); and second, that the colonic 
fermentation site of fibres is of importance. In this study, 
fibre fermentation occurred in the proximal colon 
owing to the fairly low molecular mass of the products. 
Interestingly, acute human studies demonstrated that 
infusions of SCFAs in the distal, but not proximal, colon 
modulated whole-body substrate metabolism, with an 
increased lipid oxidation and PYY concentration, and 
attenuated lipolysis30,34.

The study findings do not imply that saccharolytic fer-
mentation in the more proximal colon is not relevant. As 
shown in animal models, microbial SCFA and succinate 
production (primarily occurring in the caecum, which 
equals the proximal colon in humans) is of immense 
relevance for gut homeostasis and the innate immune 
system and might be important in the prevention and 
treatment of NAFLD. However, performing interven-
tion studies would be of interest, focusing on provid-
ing both the proximal and distal colonic microbiota its 
preferred energy source — that is, fermentable dietary 
fibres. This approach might increase the proliferation 
of SCFA-producing bacteria and saccharolytic metab-
olites and inhibit the production of potential harmful 
metabolites derived from protein fermentation in the 
distal colon. An innovative fibre mixture to target and 
reach the distal colonic microbiota might be a combina-
tion of readily fermentable oligomers and more complex 
fermentable fibres with a high degree of poly merization 
and side chains. The oligomers are the preferred micro-
bial nutritional source and will satisfy the microbiota in 
the proximal colon, whereas the complex fibres might 
reach the distal colon. Furthermore, combining such a 
fibre mixture with SCFA-producing bacteria (a symbiotic 
intervention) might be another strategy to inhibit  
products derived from proteolytic fermentation and 
overgrowth of proteolytic microorganisms.

As the microbiome–host signalling axis might be 
more resistant to such a fibre (symbiotic) intervention, 
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in particular in the obese insulin-resistant pheno-
type35,128,149, the approach should be tested for a long 
time period of ≥3 months17. Controlling for factors 
that could shape the microbial composition and might 
directly affect host substrate and energy metabolism 
would also be very important. Such factors include diet 
and physical activity, which should be assessed or pos-
sibly even standardized during the intervention period. 
In addition, medications, changes in gut transit time, 
stress, illness, sleep quality and emotional well- being 
should be (if possible) avoided or at least assessed. 
Combining in vivo gold-standard clinical techniques 
such as hyperinsulinaemic–euglycaemic clamp with 
advanced metabolomics, metatranscriptomics and 
metagenomics approaches will help to further deter-
mine the relationship between the microbiome and host 
metabolic health.

Conclusions
An overwhelming amount of animal data provides 
strong evidence of a beneficial role of the primary 
saccharolytic-derived microbial fermentation products 
— the SCFAs acetate, butyrate and propionate — in the 

prevention of obesity, NAFLD, insulin resistance and 
T2DM. Furthermore, studies in humans have indicated 
causality for the metabolic health effects of SCFAs. 
However, the metabolic consequences of other micro-
bial products derived from saccharolytic fermentation, 
such as succinate and ethanol, are not yet fully under-
stood. Proteolytic fermentation, which mostly occurs 
in the distal colon, produces molecules such as BCFAs, 
phenolic and indolic compounds, ammonia and hydro-
gen sulfide. These products are far less studied in terms  
of their metabolic consequences. The limited amount of  
animal and human data on these metabolites suggests a 
more detrimental role of these products on gut integrity 
and metabolic health. Of note, animal data also sug-
gest a beneficial role of proteolytic metabolites such as 
indole on gut barrier and liver function. A ‘microbial 
substrate switch’, increasing dietary fibre availability and 
SCFA formation in the distal colon and thereby decreas-
ing detrimental proteolytic products, might provide a 
novel dietary strategy for preventing and/or treating 
metabolic diseases.
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