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Abstract

Overweight and obesity are characterized by excessive fat mass 
accumulation produced when energy intake exceeds energy 
expenditure. One plausible way to control energy expenditure is to 
modulate thermogenic pathways in white adipose tissue (WAT) and/or  
brown adipose tissue (BAT). Among the different environmental factors 
capable of influencing host metabolism and energy balance, the gut 
microbiota is now considered a key player. Following pioneering studies 
showing that mice lacking gut microbes (that is, germ-free mice) or 
depleted of their gut microbiota (that is, using antibiotics) developed 
less adipose tissue, numerous studies have investigated the complex 
interactions existing between gut bacteria, some of their membrane 
components (that is, lipopolysaccharides), and their metabolites 
(that is, short-chain fatty acids, endocannabinoids, bile acids, aryl 
hydrocarbon receptor ligands and tryptophan derivatives) as well as 
their contribution to the browning and/or beiging of WAT and changes 
in BAT activity. In this Review, we discuss the general physiology of 
both WAT and BAT. Subsequently, we introduce how gut bacteria 
and different microbiota-derived metabolites, their receptors and 
signalling pathways can regulate the development of adipose tissue 
and its metabolic capacities. Finally, we describe the key challenges in 
moving from bench to bedside by presenting specific key examples.
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Types of adipose tissue
For a long time, adipose tissue was thought to be simply a passive stor-
age site for excess energy in the form of fat. However, research has 
revealed that it is an active and dynamic endocrine organ that secretes 
hormones and has a crucial role in regulating metabolism and other 
physiological processes in the body (for a historical perspective, see 
ref. 5). Adipose tissues in the human body can be divided based on their 
location (subcutaneous and visceral) or based on their morphology 
(WAT or BAT), and each depot has its own unique physiological and 
metabolic characteristics (Box 1 and Fig. 2). It has been suggested that, 
when subcutaneous adipose tissue (SAT) expansion is impaired, espe-
cially when hyperplasia is restricted, it leads to ectopic fat deposition 
in the liver and skeletal muscle, contributing to the pathogenesis of 
obesity-related disorders6–8. Sustained metabolic alterations might 
drive changes from healthy to dysfunctional adipose tissues that can 
have systemic consequences9–11. Although excess visceral fat corre-
lates with both metabolic and cardiovascular risk factors, expansion 
of subcutaneous fat in humans is associated with neutral or beneficial 
effects on metabolism12,13. There is a growing recognition that subcuta-
neous adiposity might have a protective role in metabolism14,15. In line 
with this, human trials have revealed that large-volume liposuction 
of subcutaneous WAT offers minimal to no metabolic advantages16. 
Evidence from mouse models has further suggested that transplant-
ing subcutaneous WAT into the visceral cavity of recipient mice led to 
decreased body weight, total fat mass, glucose, and insulin levels and 
improved insulin sensitivity, whereas transplanted visceral fat had 
no effect17. These data suggest that subcutaneous fat is intrinsically 
different from visceral fat.

White adipose tissue
WAT is the most abundant type of adipose tissue in the body and 
is responsible for storing excess energy in the form of triglycerides. 
WAT is composed of adipocytes, which are specialized cells that can 
store and release lipids depending on the energy needs of the body. 
In addition to adipocytes, WAT contains stromal cells, immune cells 
and extracellular matrix components18.

WAT is primarily located in subcutaneous and visceral depots, 
with the latter being more strongly associated with metabolic dysfunc-
tion and disease18. Subcutaneous WAT is located beneath the skin and 
is more metabolically active than visceral WAT (VAT), whereas VAT is 
located around internal organs and is more associated with insulin 
resistance and other metabolic disorders18 (Fig. 3).

Within these adipose tissue categories (VAT and subcutaneous 
WAT), there are several subtypes of depots. VAT includes epicardial 
adipose tissue, perirenal adipose tissue, retroperitoneal adipose tissue 
and mesenteric adipose tissue located along the gastrointestinal tract. 
These depots have different anatomical locations, cellular character-
istics, metabolic functions and health implications19,20. For example, 
adipose tissue surrounding the kidneys acts primarily as a cushion and 
thermal insulator. It also influences renal function and blood pressure 
regulation by secreting adipokines and pro-inflammatory cytokines. 
The mesenteric adipose tissue, on the other hand, has a role in intestinal 
immunity, barrier function and nutrient absorption21,22. It also modu-
lates gut motility, secretion and hormone release by interacting with 
the enteric nervous system and the gut microbiota23.

Brown adipose tissue
BAT is less abundant than WAT, primarily located in the supraclav-
icular and interscapular regions of the body, and its distribution is 

Key points

•• Approximately 40% of the global population is affected by 
overweight or obesity; novel treatments focusing on modulating 
thermogenic pathways in adipose tissue and altering gut microbiota 
are being explored.

•• Adipose tissues, categorized as white, brown and beige, have distinct 
roles in energy storage, thermogenesis and metabolism in the body.

•• Environmental factors substantially influence energy metabolism, 
with diet, exercise and sleep being primary contributors.

•• Gut bacteria are involved in bidirectional communication between 
the gut and adipose tissue, influencing energy metabolism, nutrient 
absorption, appetite and adipose tissue function.

•• Adipose tissue hosts its own distinct microbiota, which varies based 
on metabolic health and other factors; its understanding could offer 
novel insights.

•• Translating gut microbiota research from animal models to human 
applications faces methodological and biological challenges.

Introduction
Today, approximately 2.6 billion people globally — roughly 40% of the 
population in the world — are affected by overweight or obesity. Unless 
drastic and decisive actions are taken to curb this growing epidemic, it 
is estimated that more than 4 billion people (half of the population in 
the world) will be affected by overweight or obesity by 2035 (research 
by the World Obesity Federation).

Overweight and obesity are characterized by an excessive accu-
mulation of fat (adipose) mass, which results from an imbalance 
between energy intake (calories consumed through food and bever-
ages) and energy expenditure (calories burned through metabolic 
processes). Excessive calorie intake and a sedentary lifestyle are 
considered the primary factors contributing to the development 
of overweight and obesity — the underlying causes are complex and 
multifactorial and can be influenced by genetic, environmental 
and behavioural factors.

Obesity is associated with several adverse health consequences, 
including metabolic disorders such as type 2 diabetes, cardiovascular 
disease and certain types of cancer1,2. Therefore, novel therapeutic 
strategies are urgently needed to address the increasing prevalence of 
obesity and its associated health problems. One promising approach 
is the modulation of thermogenic pathways in white adipose tissue 
(WAT) and brown adipose tissue (BAT), which can help control energy 
expenditure and contribute to weight loss  (Fig. 1). Additionally, the gut 
microbiota has emerged as a key player in regulating host metabolism 
and energy balance, and its modulation through targeted approaches 
might hold promise for the treatment of overweight and obesity3,4. 
In this Review, we first provide a general overview of adipose tissues 
and highlight the distinctions between humans and mice, the most 
commonly used animal model for the study of obesity and associated 
comorbidities. Subsequently, we delve into a comprehensive examina-
tion of the intricate mechanisms linking the gut microbiota and adipose 
tissue metabolism.

http://www.nature.com/nrgastro
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highly variable between individuals24 (Fig. 3). It comprises multilocular 
adipocytes that contain numerous cytoplasmic lipid droplets with 
a central nucleus and a very large number of mitochondria, giving 
them their characteristic brown colour25. This specialized type of 
adipose tissue is responsible for producing heat by burning stored 
lipids through a process called non-shivering thermogenesis. This 
process is achieved through high expression of uncoupling protein 1 
(UCP1), a protein of the inner mitochondrial membrane responsible 
for the uncoupling of respiration and thermogenic activity25. BAT is 
more metabolically active than WAT and has been shown to have a 
role in regulating energy homeostasis and glucose metabolism (Fig. 2). 
In addition, BAT has also been shown to secrete various cytokines and 
other factors that can influence systemic metabolism25–27. Brown adi-
pocytes might share a common origin with skeletal muscle cells in the 
form of MYF5-expressing progenitor cells28–30. However, as shown in  

mice, MYF5 precursors are not the exclusive source of brown adipo-
cytes, and they might also contribute to the mature white and beige 
adipocyte populations31. In addition, inducible non-MYF5-expressing 
progenitors of brown adipocytes have also been found in WAT depots 
and between muscle bundles in mice32. In 2023, two complementary 
papers demonstrated that adipose progenitors from different human 
fat depots, including BAT and WAT, shared similar transcriptomes, 
indicating a common progenitor. These progenitors differentiated into 
one of two main cell fates: adipogenic cells or multipotent cells called 
structural WNT-regulated adipose tissue-resident (SWAT) cells33,34, 
providing a pool of progenitors that is maintained throughout life. 
The researchers suggested that the delicate balance between those 
two cell fates — differentiated adipocytes and undifferentiated, multi-
potent progenitors — might be a determining factor in adipose tissue 
composition and function.

Adipose tissue
Lipid
storage

Adipokines

• Appetite
• Energy expenditure
• Activity

• Glucose homeostasis
• Lipid metabolism
• Growth factors

• Insulin secretion
• Glucagon secretion

• Insulin sensitivity
• Lipid storage

White
adipocyte

Beige
adipocyte

Heat
production

Fig. 1 | Effect of adipose tissues and adipokines on peripheral tissues and 
metabolism. Besides storing lipids (white and beige adipose tissue) and 
producing heat (beige and brown adipose tissue), adipose tissue in humans 

participates in various metabolic functions through the production of 
adipokines. A representation of the main peripheral target organs and the 
physiological process involved is depicted.
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Beige adipose tissue
Beige adipose tissue (sometimes referred to as brite adipose tissue) is a 
type of adipose tissue that is intermediate between WAT and BAT. Beige 
adipose tissue is found within some WAT depots and shares morpho-
logical and functional features of BAT such as the ability to burn stored 
lipids and produce heat25 (Fig. 2). The possibility that thermogenesis can 
be induced within adipose tissue to regulate energy homeostasis and 
combat the development of obesity has led to high interest in the iden-
tification of so-called browning agents (that is, conditions or agents that 
can increase the amount or activity of UCP1 in adipose tissues)35. Despite 
promising results in animal (mouse and rat) studies showing that beige 
adipocytes can be induced in response to various stimuli, including cold 
exposure, exercise and certain pharmacological agents, the pathophysi-
ological relevance of this remains unclear, as the thermogenic capacity 
associated with beige browning is probably only of secondary physiologi-
cal importance compared to that of classical BAT35. Indeed, in mice, the 
amount of UCP1 expressed by beige adipocytes is less than 10% of that 
expressed by brown adipocytes36, and the physiological effects might 
be disproportionately ascribed to beige tissues because most experi-
ments in mice are still conducted below thermoneutral temperatures, 
which is the range of temperatures in which an animal does not need to 
regulate its body temperature. In contrast, adult humans usually live in 
thermoneutral conditions, so they might not activate their beige adipose 
tissue as much as mice do in these studies36 (Figs. 2 and 3).

Environmental factors affecting energy metabolism
Energy metabolism is a complex process that involves converting 
food into energy forms usable by the body. The accurate regulation 
of energy metabolism is critical for maintaining energy balance and 

preventing the development of obesity and associated metabolic 
disorders. Although intrinsic biological factors, such as age, sex and 
genetics, certainly have a role in energy metabolism, environmental fac-
tors, including diet, exercise and sleep, also have a substantial effect37 
(Fig. 4). Finally, it is worth noting that the gut microbiota can also have 
a role in regulating adipose tissue metabolism and thermogenesis and 
the composition and function of the gut microbiota can differ between 
humans and mice38. These differences highlight the importance of 
studying both human and mouse models to fully understand the role 
of adipose tissue in metabolic health and disease.

Diet
Diet is one of the most important environmental factors affecting 
energy metabolism. Besides the number of calories consumed, research 
has shown that the quality of the diet can markedly affect energy intake, 
energy expenditure and energy metabolism39,40.

Energy intake is affected by the quality of the diet in several ways. 
For example, foods high in fibre and protein tend to be more fill-
ing and can reduce overall calorie intake. In contrast, highly processed 
and energy-dense foods are often less satiating and can lead to overcon-
sumption. Additionally, the source of calories can affect appetite and 
food choices, with some studies suggesting that high-fat diets might 
increase hunger and promote the consumption of calorie-dense foods41.

The quality of the diet can also influence energy expenditure. 
Physical activity and exercise are important factors in energy expendi-
ture but the thermic effect of food (TEF) also contributes to about 
10% of the total energy expenditure42,43. TEF is the energy required to 
digest, absorb and metabolize food; it varies between individuals44 
and depends on the levels of physical activity and the macronutrient 

Box 1

Key differences between human and mouse adipose tissues245,246

•• Mouse and human white adipose tissue (WAT) is divided into two 
major anatomical regions — subcutaneous and visceral fat — but 
the distribution can be different between species.

•• Mouse (white) subcutaneous fat is primarily located in the 
posterior inguinal and the anterior axillary region.

•• Human subcutaneous fat develops in the abdominal region and 
the femoral and gluteal regions, especially in women245.

•• Human abdominal subcutaneous adipose tissue consists of 
two individual layers — the superficial layer and deep adipose 
tissue — separated by the fascia of Scarpa, whereas mice lack this 
anatomical division245.

•• Human omental WAT is the major visceral depot, whereas, in 
mice, this is the perigonadal WAT (also referred to as epididymal 
fat in males and periovarian fat in females), which humans almost 
completely lack.

•• Some depots that are physiologically important in humans are 
not commonly present in lean, adult mice and only become 
apparent after induction of obesity247. This is the case for 
mesenteric and omental visceral WAT, and their effect on mouse 
systemic metabolism might be limited248.

•• Although most researchers agree that mouse inguinal WAT and 
human abdominal WAT are comparable, this is not the case for 

mouse perigonadal WAT and human omental WAT, which differ  
in location, function and draining circulation, and eventually 
have distinct physiological roles249–251. In mice, mesenteric fat is 
likely the most comparable visceral adipose tissue. ‘True’ visceral 
depots are omental and mesenteric as they are fat drained by 
the portal vein, whereas intra-abdominal depots are drained 
by the inferior vena cava, including perigonadal, retroperitoneal 
and perirenal fat.

•• Hypertrophy and hyperplasia are two mechanisms by which 
adipose tissue can grow. Hypertrophy refers to an increase 
in the size of existing adipocytes, whereas hyperplasia refers 
to an increase in the number of adipocytes through the 
proliferation and differentiation of preadipocytes. Hypertrophy 
and hyperplasia can occur in humans and mice; hypertrophy is 
believed to be the primary mechanism by which adipose tissue 
grows in humans, whereas hyperplasia occurs more often 
in mice. Hypertrophic cells are considered less metabolically 
favourable and are associated with pathophysiological 
conditions252.

•• Mice have higher levels of brown and beige adipose tissue than 
humans, which might contribute to their increased metabolic rate 
and resistance to obesity253.

http://www.nature.com/nrgastro


Nature Reviews Gastroenterology & Hepatology | Volume 21 | March 2024 | 164–183 168

Review article

composition of the diet43,45. Protein has a higher TEF than carbohydrates 
or fats, meaning a high-protein diet might increase energy expenditure 
compared to a low-protein diet43,46.

Diet composition can also affect energy metabolism. Diets high in 
sugar and refined carbohydrates have been linked to insulin resistance 
and impaired glucose metabolism, affecting the ability of the body to 
use energy efficiently47. In contrast, diets rich in fibres, whole grains, 
fruits and vegetables can improve insulin sensitivity and promote more 
efficient energy use48–50.

Exercise
Exercise can increase energy expenditure and improve metabolic health 
by promoting the development of lean muscle mass, improving insu-
lin sensitivity and reducing inflammation51. In addition, exercise can 
increase the expression of genes involved in energy metabolism. One 
important pathway is the AMP-activated protein kinase (AMPK) path-
way, which is activated during exercise and increases glucose uptake 
and fatty acid oxidation in muscle cells52. AMPK also regulates mito-
chondrial biogenesis and oxidative metabolism, improving energy 
metabolism and metabolic health52. Another crucial pathway is the 
peroxisome proliferator-activated receptor-γ coactivator 1α (PGC1α) 

pathway, which is involved in mitochondrial biogenesis and oxidative 
metabolism. Exercise has been shown to increase PGC1α expression, 
leading to increased mitochondrial biogenesis and improved energy 
metabolism53.

It has been shown that exercise could directly influence the 
production of specific bioactive lipids from the BAT. The release of 
substances from this tissue during exercise has been suggested as a 
possible mechanism for some health benefits associated with regular 
physical activity. Through lipidomic analysis, researchers found that a 
session of moderate-intensity exercise significantly (P < 0.05) raises the 
levels of a circulating linoleic acid metabolite called 12,13-dihydroxy-
9Z-octadecenoic acid (12,13-diHOME) in individuals of various demo-
graphics, including men, women, young (age 24–42 years) and older 
(age 65–90 years) individuals, as well as those who are physically active 
or follow a sedentary lifestyle54. 12,13-DiHOME, a BAT-derived metabo-
lite (batokine), is also released in response to cold55. However, in the 
context of exercise, studies conducted in mice have shown that both a 
single exercise session and regular exercise training increase the levels 
of circulating 12,13-diHOME directly from BAT54. If BAT is surgically 
removed, this increase in 12,13-diHOME is abolished. Furthermore, 
administering 12,13-diHOME to mice resulted in enhanced uptake and 

White adipose tissue Beige adipose tissue Brown adipose tissue

ThermogenesisLipid storage

Morphology

Primary function

UCP1 expression

Mitochondrial density

Heat production

Nucleus

Mitochondrion

Lipid droplet

Large, spherical cell with a large, 
unilocular fat droplet and a 
flattened peripheral nucleus

Small, elliptical cell with 
multilocular fat droplets with an 
oval central nucleus 

Smaller, elliptical cell with 
multilocular fat droplets 

Energy storage Energy storage and 
thermogenic potential
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Fig. 2 | Different types of adipose tissues and adipocytes. Comparison of white, 
beige and brown adipocytes regarding their morphology, primary function, 
uncoupling protein 1 (UCP1) expression (brown staining), mitochondrial content, 
and capability to store fat and produce heat. White adipose tissue comprises 
unilocular white adipocytes characterized by a single large lipid droplet and a  

low number of mitochondria. Brown adipose tissue consists of brown adipocytes 
with small multilocular lipid droplets and high mitochondrial density. White 
adipocytes can adopt brown-like characteristics under specific stimuli, like  
cold exposure, a process called white adipose tissue beiging.
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oxidation of fatty acids in skeletal muscle but did not affect glucose 
uptake54. These findings suggest that this batokine represents a novel 
class of circulating factors induced by exercise, which might contribute 
to the metabolic changes that occur during physical activity.

Sleep
Sleep is an often overlooked environmental factor that can affect energy 
metabolism. In humans, lack of sleep or poor sleep quality has been 
associated with an increased risk of obesity and metabolic disorders56,57. 
Sleep deprivation can disrupt the regulation of appetite hormones, 
leading to increased hunger and food intake58–60. In fact, blood samples 
from people who get little sleep show similar metabolic profiles to 
those of individuals with obesity61. In addition, sleep deprivation can 
impair glucose metabolism and insulin sensitivity, which can contrib-
ute to the development of type 2 diabetes. Interestingly, long sleep 
duration was also associated with an elevated risk of type 2 diabetes  
in humans62,63.

One important connection affected by sleep deprivation is the 
hypothalamic–pituitary–adrenal axis, responsible for the release of 
the stress hormone cortisol, which regulates glucose metabolism and 
appetite64. Chronic sleep deprivation can lead to dysregulation of the 
hypothalamic–pituitary–adrenal axis, resulting in increased cortisol 
release and impaired glucose metabolism in humans65. Another impor-
tant pathway is the circadian clock system, which regulates the timing 
of physiological processes, including metabolism. Sleep deprivation 
can disrupt the circadian clock system, leading to dysregulation of 
energy metabolism. In mice, this dysregulation is mediated by several 
genes, including Clock, Bmal1, Dec, Per1 and Cry1, which are involved 
in the regulation of circadian rhythm66,67.

Sleep deprivation can also impair insulin signalling and glucose 
metabolism through the AKT pathway. AKT is a key regulator of glu-
cose metabolism, and sleep deprivation has been shown to decrease 
AKT phosphorylation and impair glucose uptake in adipocytes and 
muscle cells in both humans and mice68,69.

Finally, sleep deprivation can affect the regulation of appetite 
hormones, including ghrelin and leptin, in humans70–72. Ghrelin is a 
hormone that stimulates appetite, and sleep deprivation has been 
shown to increase ghrelin levels, leading to increased hunger and food 
intake70. Leptin is a hormone that signals satiety, and sleep depriva-
tion has been shown to decrease leptin levels, further contributing to 
increased appetite in humans71,72.

Gut microbiota
The gut microbiota is a complex ecosystem of microorganisms encom-
passing bacteria, viruses, fungi, protozoa and archaea that reside in the 
gastrointestinal tract. Gut bacteria are by far the most extensively stud-
ied and understood members of this community owing to their cultur-
ability, relatively large genome size, intricate functional diversity and 
promising therapeutic potential. Although it is important to recognize 
that other microorganisms in the gut also exert a substantial influence 
on gut health and disease and are rightfully gaining increasing attention 
from researchers, this Review primarily concentrates on the bacterial 
community within the gut and, for convenience, can be referred to as 
‘gut microbiota’, in alignment with current research trends.

The gut microbiota can have a substantial effect on energy metab-
olism by modulating the absorption and utilization of nutrients, regu-
lating appetite, and influencing the development and function of 
adipose tissue73. In addition, the gut microbiota can produce a wide 
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• Perirenal

Abdominal WAT
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Anterior axillary
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Gluteofemoral WAT
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Interscapular BAT

Gonadal
(Visceral)

Posterior inguinal
(Subcutaneous)

• Perirenal
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• (Mesenteric)
• (Omental)
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Fig. 3 | Different types of adipose tissues in humans and rodents. Adipose 
tissue in mice, like in humans, consists of multiple depots. Subcutaneous white 
adipose tissue (WAT) is spread under the skin throughout the body, whereas 
visceral WAT envelops the organs within the abdomen. However, whereas 
humans have two primary subcutaneous fat depots situated in the abdominal 
and gluteofemoral regions, the two main subcutaneous fat pads of mice are 

located anteriorly and posteriorly. In adult humans, most heat-producing beige 
adipose tissue (BAT) depots are found in the supraclavicular area of the neck. 
In contrast, the interscapular depot is the most dominant BAT in mice. Notably, 
BAT is more pronounced and visible in adult mice compared to adult humans. 
The gonadal WAT depots, found near the ovaries and testes, are often used as a 
representation of visceral WAT in research.
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range of metabolites that can influence energy metabolism, includ-
ing short-chain fatty acids (SCFAs), bile acids and different bioactive 
lipids, including endocannabinoids (eCB), oxylipins and amino acid 
derivatives3,4,38.

The gut microbiota has been implicated in the development of 
obesity and metabolic disease. For example, studies in germ-free 
mice have shown that the absence of gut microbes can protect 
against diet-induced obesity and improve glucose tolerance74,75. In 
addition, the gut microbiota has been shown to regulate the develop-
ment and function of adipose tissue in mice76–78. For example, specific 
gut microbiota can promote or abolish the browning of WAT, lead-
ing to increased energy expenditure and improved metabolic health 
in mice79–81. In addition, targeting the gut microbiota using prebiot-
ics, probiotics or postbiotics has emerged as a potential therapeutic 
strategy for the treatment of obesity and metabolic disease (Box 2).  
A prebiotic is a “substrate that is selectively utilized by host microor-
ganisms conferring a health benefit”82. Probiotics are “live microorgan-
isms that, when administered in adequate amounts, confer a health 
benefit on the host”83. Postbiotics are the “preparation of inanimate 
microorganisms and/or their components that confers a health ben-
efit on the host”84; however, this definition has been challenged and 
debated in the literature over the past 2 years as some definitions 
also consider the metabolites produced by probiotics or other gut  
microbes85,86.

Strikingly, the environmental factors mentioned earlier and affect-
ing energy, such as diet, sleep and exercise, are all associated with changes 
in the gut microbiota composition in mice and humans87–94 (Fig. 4). 
More importantly, several preclinical studies have shown that the gut 
microbiota might be one of the key factors contributing to their effect 
on energy metabolism by acting via changes in several metabolites such 
as bile acids, SCFAs, bioactive lipids and others, which will be described 
in the next section (Fig. 4).

Microbiota-related compounds influencing 
adipose tissue metabolism
Fasting-induced adipose factor
Fasting-induced adipose factor (FIAF), also known as angiopoietin-like 
protein 4 (ANGPTL4), is a circulating protein produced by vari-
ous tissues, including the intestine, liver and adipose tissue, in 
response to fasting95, and it is the main site of action for peroxisome 
proliferator-activated receptor (PPAR) proteins96.

FIAF has been shown in mice to have a role in the regulation of lipid 
metabolism by inhibiting lipoprotein lipase (LPL), the rate-limiting 
enzyme for the hydrolysis of the triglyceride core in circulating lipo-
proteins, thereby decreasing the uptake of fatty acids into adipose 
tissue and muscle97.

Mouse studies have suggested that the gut microbiota regulates 
FIAF production. FIAF is constitutively expressed in germ-free mice74, 
and conventionalization (colonization with the gut microbiota of 
non-germ-free mice) decreased FIAF expression and increased LPL 
activity, resulting in increased body fat mass76. Moreover, germ-free 
mice with the Fiaf gene knocked out lost their resistance to obesity 
induced by a high-fat diet74. However, it is crucial to approach these find-
ings with caution. Although initial studies on germ-free mice piqued 
substantial interest over the past two decades regarding the involve-
ment of the gut microbiota in obesity development, its role remains 
ambiguous74,76. Current findings have challenged the widely held belief 
that the absence of gut microbiota inherently confers resistance to 
obesity, with divergent outcomes potentially linked to the source of 
dietary fat employed98,99. Markedly, replication attempts of a seminal 
study failed to mirror the original findings, leaving the influence of 
the absence of the gut microbiota on obesity still inconclusive100. This 
evidence underscores the complexity of the relationship between gut 
bacteria and metabolic diseases and suggests the need for further 
exploration. Whether FIAF production has a causal role in the gut 
microbiota-mediated effects on fat storage is still debated, especially 
as high-fat diet-induced obesity in germ-free mice only increased 
protein expression of FIAF in the intestine but not in the circulation98.

Several studies have shown that the administration of certain bac-
teria can increase circulating FIAF levels in mice and increase its expres-
sion in human intestinal epithelial cells101, suggesting that modulation 
of the gut microbiota can influence FIAF production.

The exact mechanism by which the gut microbiota regulates FIAF 
protein expression is still not fully understood, although FIAF also 
seems to have a crucial role in the central regulation of energy metabo-
lism via inhibition of hypothalamic AMPK activity in mice102. Whether 
the gut microbiota regulates hypothalamic FIAF is unknown.

SCFAs and key receptors
Humans do not possess the digestive enzymes required to break down 
dietary fibres. Consequently, undigestible carbohydrates remain unaf-
fected as they pass through the upper gastrointestinal tract and reach 
the large intestine, where they become available for fermentation by 

Gut microbiota

Intrinsic factors
• Age
• Genetic susceptibility
• Biological sex

Environmental factors
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• Environment
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• Medications
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Fig. 4 | Environmental factors and intrinsic factors affecting the gut 
microbiota composition. The gut microbiota is a dynamic ecosystem, and its 
composition and function are influenced by multiple environmental and 
external factors such as diet, smoking, drug use, sleep, exercise and emotional 
stress. However, the extent of modulation caused by changes in these factors 
can vary greatly among individuals. This variability is influenced by the initial 
composition of the gut microbiota and intrinsic factors like age, biological sex 
and genetic susceptibility. This delicate balance results from a complex interplay 
between our lifestyle choices and inherent characteristics, and any disruption 
can profoundly affect our overall health.
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anaerobic bacteria103,104. This fermentation process leads to the produc-
tion of various groups of metabolites, of which SCFAs are the primary 
group105. The amount and type of fibre consumed have substantial 
effects on the diversity and composition of the gut microbiota, which 
in turn affects the production of SCFAs106.

SCFAs, of which acetate, butyrate and propionate are the domi-
nant forms in the gut, are an important source of additional energy 
acquisition from undigested food. It has been estimated that SCFAs 
can provide up to 10% of the daily calories in humans, and colonocytes 
use SCFAs, especially butyrate, as their preferred energy source107.

In addition, gut-derived SCFAs can be transported across colono-
cytes into the bloodstream, in which they are mixed with endogenous 
SCFAs (produced and released by tissues and organs) and from where 
they exert various effects on lipid, glucose and cholesterol metabolism 
in multiple tissues by acting as substrates or signalling molecules3 
(Fig. 5).

Adverse effects on health have been described in humans and 
mice for both low and excessive concentrations of SCFAs, although 
it remains unclear what the optimal levels of SCFAs would be in the 
body. To prevent excessive SCFA levels in the blood, the liver effectively 
absorbs most SCFAs from circulation108. In the liver, acetate is used as an 
energy source and serves as a substrate for the synthesis of long-chain 
fatty acids and cholesterol, and propionate acts as a precursor for 
gluconeogenesis108.

Low SCFA concentrations have been associated in humans, mice 
and rats with the development of chronic metabolic disorders such 

as obesity, insulin resistance and diabetes109–112, and studies in mice 
and rats have confirmed that dietary fibre or SCFA supplementation 
can alleviate the development of high-fat diet-induced obesity3. The 
underlying mechanisms are believed to engage several pathways.

One such mechanism is the role of SCFAs as signalling molecules. 
SCFAs, particularly butyrate and propionate, act as signalling mol-
ecules that can modulate the secretion of various hormones involved 
in appetite regulation, satiety and energy expenditure108. For instance, 
SCFAs can stimulate the release of glucagon-like peptide 1 (GLP1), pep-
tide YY (PYY) and leptin108,113. GLP1 and PYY are hormones that promote 
satiety and reduce food intake, whereas leptin helps regulate energy 
balance by signalling the brain about energy stores. Furthermore, 
SCFAs can interact with G protein-coupled receptors (GPRs), particu-
larly GPR41 and GPR43, on the surface of enteroendocrine L cells to 
stimulate the secretion of gut peptides108,113 (Fig. 5). Besides the direct 
effect of SCFAs on the stimulation of the secretion of gut peptides 
involved in appetite regulation, it has also been proposed that SCFAs 
trigger intracellular signalling pathways upon activation of these recep-
tors and eventually affect energy metabolism, inflammation and insulin 
sensitivity in different cell types (that is, white and brown adipocytes, 
hepatocytes, neurons, and immune cells)109,110.

However, the relationship between SCFAs and adipose tissue is 
complex and not fully understood. For example, some studies have 
suggested that elevated SCFA concentrations might contribute to the 
development of obesity and insulin resistance, whereas others have 
found that SCFAs can improve insulin sensitivity and aid in weight loss 

Box 2

Microbiota-targeted approaches to change adipose tissue 
metabolism
All the dietary components listed here have been described to 
increase the beiging or browning of adipose tissue and affect the 
microbiota (for reviews, see refs. 254–256). They all protect against 
diet-induced obesity in mice. Most of these compounds act in both 
brown adipose tissue (BAT) and white adipose tissue by changing 
the same markers of adipose browning and fatty oxidation, such 
as increasing levels of uncoupling protein 1 (UCP1), DIO2, CPT1α, 
Cidea, peroxisome proliferator-activated receptor-γ coactivator 
1α (PGC1α), SIRT1 and BMP7. Some of them increase cold-induced 
thermogenesis and mitochondrial amount and/or activity.

Most studied dietary components
•• Resveratrol: also known as trans-3,5,4′-trihydroxystilbene, an 
organic compound categorized as a natural polyphenol. It is 
predominantly present in plants and plant-derived items such 
as Polygonum cuspidatum, various fruits, including grapes and 
berries, peanuts, and red wine257–259.

•• Capsaicin: an alkaloid compound found in pepper260,261.
•• Quercetin: a prominent flavonoid that can be commonly found 
in the human diet262,263, present in apples, berries and onions.

•• Epigallocatechin-3-gallate: a polyphenolic compound present 
in the unfermented dried leaves of the plant Camellia sinensis264.

•• Berberine: a naturally derived alkaloid present in specific 
flowering plants such as Berberidaceae, Coptis rhizomes 
and Hydrastis canadensis, utilized in traditional Chinese 
medicine265–267.

•• Rhubarb extract: an anthraquinone-rich crude extract derived 
from Rheum palmatum (rhubarb) roots268,269.

•• Camu Camu (Myrciaria dubia): an Amazonian fruit with a unique 
phytochemical profile270.

Specific bacteria
•• Akkermansia muciniphila: has been shown to increase browning, 
fatty acid oxidation, and BAT activity136,271–273 and is linked with an 
increased gut barrier function.

•• Dysosmobacter welbionis J115T: is a butyrate producer recently 
identified and described to decrease BAT whitening and to 
increase mitochondrial activity likely by producing several 
bioactive lipids, including 12,13-dihydroxy-9Z-octadecenoic 
acid (12,13-diHOME)204,205.

Several other strains have been proposed, although studied only once or not confirmed, and are therefore not shown in this box.
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in vivo in mice, rats and humans108,113–117. Additionally, the effects of 
individual SCFAs on adipose tissue metabolism can vary. For instance, 
butyrate has been shown, both in vitro and in vivo, to induce adipo-
genesis through GPR43 activation, whereas propionate stimulates 
lipogenesis in mature adipocytes via GPR41 activation118–122.

Indeed, in adipose tissue, activation of GPR41 and GPR43 can 
promote adipocyte differentiation and adipogenesis, leading to the 
formation of new adipocytes (hyperplasia) and increased adipose tis-
sue mass121. The exact effect of SCFAs on BAT remains poorly explored. 
One study showed in vitro that acetate promotes the upregulation 
of both gene and protein expression of adipocyte protein 2 (AP2; 
a marker of adipocyte differentiation), PGC1α and UCP1 in mouse 
brown adipocytes, consequently increasing mitochondrial biogen-
esis, and these effects were impaired in cells with reduced GPR43 
expression123. However, in human white adipocytes, the results are 
different. Preadipocytes isolated from human omental adipose tissue 
cultured for 13 days and exposed to different GPR43 agonists (that is, 

physiological or synthetic) to study the effect on adipocyte differentia-
tion did not show any effects on AP2 gene expression and, eventually, 
differentiation. In contrast, troglitazone (a PPARγ agonist) increased 
AP2 gene expression in these cells with a tendency to decrease GPR43 
gene expression (P = 0.06)120. This observation suggests that, unlike in 
mice, there is no relationship between GPR43 and adipocyte differentia-
tion in humans. Additionally, the same researchers found that GPR43 
gene expression did not increase in adipose tissue from individuals 
with obesity but was mostly associated with tumour necrosis factor  
(TNF)-related inflammatory processes120.

If we focus on butyrate, there are still mechanisms by which 
butyrate confers metabolic benefits in mice and humans that are not 
fully understood. In 2018, Li et al. investigated the effect of butyrate 
on appetite and energy expenditure to determine the extent to which 
these two factors contribute to the beneficial metabolic effects of 
butyrate and found that one acute oral administration of butyrate 
via intra-gastric gavage (but not intravenous injection) reduced food 
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Fig. 5 | Molecular mechanisms and metabolites produced by the gut 
microbiota and acting on specific receptors in the intestine or the white and 
brown adipose tissues. Metabolites secreted by certain microbes (for example, 
lipopolysaccharides (LPS), pathogen-associated molecular patterns (PAMPs), 
endocannabinoids), generated by microbial digestion of dietary components (for 
example, short-chain fatty acids (SCFAs)) or by transformation of host-derived 
factors (for example, endocannabinoids and bile acids) can be sensed through 
various receptors and pathways to alter intestinal integrity and host health. 
Upper right panel refers to specific receptors expressed in colonocytes or 

enteroendocrine cells, the different specific receptors and their ligands coming 
from microbial metabolites or components. The lower right panel depicts the 
receptors expressed in white and brown adipocytes, the specific ligands coming 
from microbial metabolites or components, and the specific metabolic effects 
induced by the activation of these receptors. AHR, aryl hydrocarbon receptor; 
CB, cannabinoid receptor; CD14, cluster of differentiation 14; GLP1, glucagon-like 
peptide 1; GPR, G protein-coupled receptor; MYD88, myeloid differentiation 
primary response 88; PPAR, peroxisome proliferator-activated receptor; PYY, 
peptide YY; TGR5, Takeda G protein-coupled receptor 5; TLR, Toll-like receptor.
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intake in overnight fasted mice within 1 h after refeeding124. Butyrate 
also suppressed the activity of orexigenic neurons in different areas of 
the brain. The researchers confirmed that chronic supplementation 
of butyrate in the drinking water prevented diet-induced obesity, 
hyperinsulinaemia, hypertriglyceridaemia and hepatic steatosis, 
but they primarily attributed this effect to a decrease in food intake. 
Butyrate also modestly enhanced fatty acid oxidation and activated 
BAT, leading to increased utilization of fatty acids, not solely owing 
to reduced food intake but mostly thanks to an augmented sympa-
thetic outflow to BAT. The investigators finally found that the effects of 
butyrate on food intake and the stimulation of metabolic activity in BAT 
were abolished by subdiaphragmatic vagotomy124. In conclusion, these 
findings suggest that butyrate acts on the gut–brain neural circuitry to 
improve energy metabolism by reducing energy intake and enhancing 
fatty acid oxidation through the activation of BAT (Figs. 4 and 5).

Additionally, SCFAs can influence the epigenetic regulation of 
genes related to metabolism and adipose tissue development such as 
histone deacetylases and DNA methyltransferases125. These enzymes 
modify the chromatin structure and DNA methylation status of target 
genes, altering their accessibility and affecting their transcriptional 
activity125. By influencing gene expression patterns, SCFAs can promote 
metabolic homeostasis and mitigate the development of metabolic 
disorders (Fig. 5).

LPS and other pathogen-associated molecular patterns
Low-grade inflammation is one of the hallmarks of obesity and 
related metabolic disorders126. The origin of this inflammation was 
initially linked with the gut microbiota due to the development of 
metabolic endotoxaemia127. Metabolic endotoxaemia is also known 
as endotoxin-induced metabolic inflammation and refers to a condi-
tion characterized by increased levels of circulating lipopolysaccha-
rides (LPS; frequently referred to as endotoxins) in the bloodstream, 
which can lead to low-grade chronic inflammation and metabolic 
dysfunction128. LPS are molecules found on the outer membrane of 
certain types of bacteria such as Gram-negative bacteria. Under normal 
circumstances, the gut barrier prevents the translocation of endotoxins 
from the gut lumen into the bloodstream128,129 (Fig. 5). However, besides 
typical infections or inflammatory bowel diseases, certain factors can 
compromise the integrity of the gut barrier, enabling endotoxins to 
leak into the circulation. These factors include a high-fat diet78, exces-
sive alcohol consumption130, obesity131–133, hyperglycaemia134 and lack 
of dietary fibres135, all contributing to distinct modifications in the  
integrity of the gut barrier. These alterations involve changes in  
the arrangement and positioning of tight junction proteins, variations 
in the production of antimicrobial peptides, and modifications in the 
composition of the mucus layer136–139.

Several mechanisms have been proposed by which gut-derived 
compounds, such as LPS, can influence adipose tissue metabolism 
in mice, rats and humans. One of these is the stimulation of inflam-
matory pathways via Toll-like receptor 4 (TLR4) and its co-receptor 
CD14 triggering immune responses in adipose tissue77,127,140,141. When 
exposed to LPS, adipocytes and preadipocytes can undergo changes 
that interfere with normal adipogenesis. For instance, LPS can inhibit 
the differentiation of mouse preadipocytes into mature adipocytes 
by disrupting the expression of key transcription factors involved in 
adipogenesis such as PPARγ and CCAAT–enhancer-binding protein-α 
(CEBPA)77,142–144. LPS triggers the release of pro-inflammatory cytokines, 
such as TNF, which interferes with the differentiation process through 
the WNT–β-catenin–T cell factor 4 (TCF4) pathway. Specifically, in vitro, 

TNF enhances TCF4-dependent transcriptional activity and promotes 
the stabilization of β-catenin and of a pro-inflammatory environment 
that hinders adipogenesis145,146 (Fig. 4). Besides the direct effect of 
LPS and inflammation on the processes of adipogenesis, it has also 
been shown in mice that LPS can change the secretion of different 
adipokines, including increasing the secretion of apelin, adiponec-
tin and leptin, which have crucial roles in regulating energy metabo-
lism and inflammation but also adipogenesis147,148. In vitro, LPS might 
also have a role in impaired adipogenesis and the onset of cellular 
senescence in adipose tissue, particularly in the context of obesity 
and ageing149.

However, it is important to note that the effects of LPS on adi-
pogenesis can vary depending on the concentration and duration of 
exposure and the specific cellular context. Indeed, some in vivo and in 
vitro studies have shown that LPS can increase preadipocyte prolifera-
tion and adipogenesis via JAK–STAT and AMPK-dependent cPLA2 pro-
tein expression but also through a CD14-dependent mechanism150,151. 
Furthermore, although LPS-induced inflammation can interfere with 
adipogenesis, the relationship between LPS, adipose tissue and meta-
bolic disorders is complex and still an active area of research. Although 
there is evidence showing that germ-free mice are protected against 
diet-induced obesity and exhibit reduced WAT inflammation and insu-
lin resistance74,75,152, it is not clear which microbial factors promote WAT 
inflammation. To investigate whether LPS in the gut is sufficient to 
promote glucose and insulin tolerance and macrophage accumulation 
in WAT, Caesar et al. mono-colonized germ-free mice with Escherichia 
coli and found that the colonization of the gut with this LPS-producing 
bacteria led to impaired glucose metabolism, increased macrophage 
accumulation, and polarization towards the pro-inflammatory M1 
phenotype in WAT140. Conversely, mono-colonization of germ-free 
mice with an E. coli expressing LPS but with reduced immunogenicity 
(that is, E. coli MLK1067) did not induce macrophage accumulation or 
inflammation in the WAT140.

Similarly, data suggests that LPS from specific bacteria can 
have an antagonistic effect on TLR4 but still contribute to endotox-
aemia as measured by endotoxin units. Anhê et al. found that LPS 
from E. coli impaired the integrity of the gut barrier and exacerbated 
glycaemic control in mice153. However, when comparing equal endo-
toxin unit doses of LPS from other bacteria (for example, Rhodobacter 
sphaeroides), the researchers discovered that the mice did not have the 
same negative effects or even counteracted the dysglycaemia caused by 
an equivalent dose of LPS from E. coli LPS in obese mice153. These find-
ings suggest that metabolic endotoxaemia should extend beyond the 
mere LPS load and consider specific characteristics of LPS molecules 
such as lipid A acylation.

Besides LPS, the disruption of the gut barrier associated with 
overweight and obesity is also linked with the translocation of other 
pathogen-associated molecular patterns and fat mass development. 
For example, studies have shown that peptidoglycans and lipopeptides 
can also contribute to the onset of metabolic disorders and individuals 
affected by obesity have been shown to have increased blood concen-
trations of peptidoglycans and lipopeptides154. Peptidoglycans are 
components of the bacterial cell wall found in both Gram-positive 
and Gram-negative bacteria. It has been demonstrated that bacte-
rial peptidoglycan can induce lipolysis in adipocytes via activation 
of nucleotide-binding oligomerization domain-containing protein 1 
(NOD1). This NOD1-mediated lipolysis involves the stress kinases (ERK1 
and ERK2), PKA and NF-κB pathways, converging on hormone-sensitive 
lipase155. Endoplasmic reticulum stress inositol-requiring protein 1 has 
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been proposed as a key regulator of lipolysis and blood triglycerides 
during inflammation156.

These data suggest that receptors of pathogen-associated molecu-
lar patterns, such as TLRs and NOD-like receptors, are a convergence 
point that can link immune responses associated with obesity to 
hyperlipidaemia and insulin resistance, at least in mice157.

Flagellin (a protein component of bacterial flagella), bacterial 
DNA and bacterial lipoproteins are molecules also acting on specific 
TLRs and are released into the bloodstream owing to increased gut 
permeability or translocation from the gut in obesity and diabetes158–160. 
However, the role of these compounds in the onset of metabolic dis-
orders remained controversial. For instance, mice with a genetic 
deficiency in Tlr5 (the receptor for bacterial flagellin) have a modi-
fied microbiota species composition and display characteristics 
associated with metabolic syndrome161. Also linked to specific alter-
ations in the composition of the gut microbiota, mice lacking Tlr2 
(a pattern-recognition receptor that detects many ligands from bac-
teria) exhibited a metabolic syndrome phenotype characterized by 
insulin resistance, glucose intolerance, fat mass and weight gain as well 
as elevated levels of circulating LPS and subclinical inflammation162. 
Finally, mice lacking Nod2 (detecting peptidoglycan) showed higher 
inflammation in adipose tissue and liver, exacerbated insulin resist-
ance during high-fat diet feeding, and augmented translocation of 
commensal bacteria from the gut into adipose tissue and liver163.

Altogether, these findings underscore the importance of investi-
gating the detection of bacterial components and better understanding 
the connections between gut microbes, inflammation and adipose 
tissue in the context of obesity and type 2 diabetes.

Tryptophan derivatives
Tryptophan can be metabolized into different metabolites in the gut 
microbiota and tissue cells. Bacterially derived tryptophan-metabolite 
indoles, such as indole-3-propionate (IPA), are present at lower levels 
in blood samples from individuals with obesity than in samples from 
controls with normal weight. The kynurenine pathway is responsible for 
the degradation of tryptophan into kynurenine (Kyn), kynurenic acid 
(Kyna) and quinolinic acid. Conversely, compelling evidence indicates 
that increased levels of Kyn are observed in the plasma of individuals 
with obesity, which might be attributed to the heightened enzymatic 
activity of indoleamine 2,3-dioxygenase 1 (IDO1)164,165. However, sev-
eral intestinal bacteria encode enzymes homologous to those of the 
eukaryotic Kyn pathway166. Tryptophan derivatives and indole from 
the gut microbiota can regulate adipose tissue development by pro-
moting the differentiation of preadipocytes into mature adipocytes 
by activating the aryl hydrocarbon receptor (AHR) signalling path-
way (Fig. 4). The AHR signalling pathway is involved in the regulation 
of adipogenesis and adipocyte metabolism167,168. However, the main 
source of Kyn and its effect on metabolic syndrome have not been 
fully investigated. Along these lines, Agudelo et al. demonstrated that 
Kyna, through the activation of GPR35, promoted fatty acid oxidation, 
thermogenesis and anti-inflammatory gene expression in adipose tis-
sue, leading to a suppression of weight gain in high-fat diet-fed mice 
and an improvement in glucose tolerance169 (Fig. 5). Moreover, Kyna and 
GPR35 enhanced the expression of PGC1α and cellular respiration 
and increased gene expression levels of Rgs14 in adipocytes, result-
ing in enhanced signalling of β-adrenergic receptors. Conversely, the 
genetic deletion of Gpr35 caused progressive weight gain, glucose intol-
erance and heightened susceptibility to a high-fat diet. Additionally, 
Gpr35 knockout mice exhibited compromised adipose tissue browning 

induced by exercise. These findings unveiled a novel pathway through 
which gut microbiota-derived metabolites communicate to regulate 
energy homeostasis169. As stated earlier, increased enzymatic activ-
ity of IDO1 has been observed in obesity, but its role in metabolic dis-
ease remains poorly explored. A study in mice and humans revealed 
that obesity is linked to heightened enzymatic activity of IDO1 in the 
intestine, leading to a shift in tryptophan metabolism from indole 
derivative and IL-22 production to kynurenine production170. It was 
shown that deleting or inhibiting IDO1 improved insulin sensitivity, pre-
served the gut mucosal barrier, reduced metabolic endotoxaemia and  
inflammation, and changed lipid metabolism in the liver and adipose 
tissues170.

Besides the gut microbiota, data suggest that adipose tissue might 
be a major direct source of Kyn. It has been shown in vivo that the IDO1 
gene and protein are expressed in adipocytes. Depleting Ido1 in adi-
pocytes prevented the accumulation of Kyn and protected mice from 
obesity. Interestingly, the mechanism behind this effect still involves 
the activation of AHR, as genetically removing Ahr from adipocytes 
negates the impact of Kyn171 (Fig. 5).

It was also demonstrated that tryptophan-derived metabolites 
produced by the gut microbiota controlled the expression of the 
miR-181 family in white adipocytes in mice to regulate energy expend-
iture and insulin sensitivity172. Moreover, dysregulation of the gut 
microbiota–miR-181 axis contributes to the development of obesity, 
insulin resistance and WAT inflammation in mice. It was found in a 
cohort of children, categorized by their weight percentiles (n = 19 with 
a healthy weight, n = 19 with obesity), that miR-181 expression in WAT 
and the plasma abundance of tryptophan-derived metabolites were 
dysregulated in obesity172.

Bioactive lipids
Bioactive lipids are a class of signalling molecules derived from lipids 
(fatty acids, phospholipids and sphingolipids) with crucial roles in 
various physiological and pathological processes within the human 
body173. They are also involved in a wide range of biological activities, 
including inflammation, pain modulation, blood pressure regulation, 
cell growth and differentiation, apoptosis (programmed cell death), 
and immune responses174,175. Bioactive lipids produced by both the 
host and gut microbiota can influence the composition and activity 
of the microbiota and various host metabolic processes176,177.

Bile acids. Bile acids are produced by the liver but are highly regu-
lated by the activity and composition of the microbiota178,179. Primary 
bile acids, such as cholic acid and chenodeoxycholic acid (CDCA) in 
humans (and muricholic acid in mice and rats), can be conjugated 
with glycine or taurine before being released into bile and stored in the 
gallbladder178–180. When we consume food, bile acids are released into 
the small intestine to aid in the digestion and absorption of dietary fat. 
Approximately 95% of the bile acids in the intestine are reabsorbed in 
the ileum and returned to the liver for re-secretion. Only a small por-
tion of bile acids escapes this efficient cycle and reaches the colon. 
From there, they are either passively reabsorbed into circulation or 
excreted through faeces181. Although the primary function of bile acids 
is to regulate the digestion and absorption of cholesterol, triglycer-
ides and fat-soluble vitamins, it has been discovered in both mice and 
humans that they also serve as signalling molecules, functioning as 
hormones179. The effect of bile acids on the regulation of glucose, lipid 
and energy metabolism has been previously reviewed179,182 and will be 
briefly discussed here (Fig. 5).

http://www.nature.com/nrgastro


Nature Reviews Gastroenterology & Hepatology | Volume 21 | March 2024 | 164–183 175

Review article

Among the different receptors, G protein-coupled bile acid recep-
tor 1 (also known as Takeda G protein-coupled receptor 5 (TGR5)) is 
found in various tissues and is highly expressed in BAT. TGR5 has a role 
in transmitting signals and activating gene expression related to the 
metabolism of lipids and carbohydrates as well as to energy expendi-
ture and inflammation183. In adipocytes isolated and differentiated 
from Tgr5+/+ mice, the bile acid mimetic INT-777 showed a dependent 
activation of Tgr5, increased mitochondrial biogenesis, and improved 
mitochondrial function and mitochondrial β-oxidation by both increas-
ing lipolysis and substrate availability184. A pilot study performed 
on 12 healthy women investigated the effect of orally supplementing 
CDCA on BAT activity. The researchers found that administration 
of CDCA for 2 days resulted in higher BAT activity and whole-body 
energy expenditure. Using primary human brown adipocytes, the 
researchers also found that CDCA or specific TGR5 agonists increased 
mitochondrial uncoupling. Strikingly, these effects were not observed 
in primary human white adipocytes185.

It is worth noting that signalling through the TGR5 receptors 
expressed on the enteroendocrine L cells has also been associated in 
both mice and humans with the release of gastrointestinal hormones 
like PYY and GLP1, which are important for maintaining energy and 
metabolic balance but mostly by acting on food intake186–188 (Fig. 5).

Endocannabinoids. The eCB system is known for its wide range of 
physiological effects, including the regulation of appetite (that is, 
energy metabolism), glucose and lipid metabolism, as well as its role in 
immunity, inflammation, and interactions between microbiota and the 
host77,176. The identification of the first endogenous cannabinoid recep-
tor type 1 (CB1) occurred in 1988 when it was found to be activated by 
the psychoactive compound Δ9-tetrahydrocannabinol from Cannabis 
sativa189. Subsequently, the discovery of a second receptor, CB2, 
occurred in 1993 (ref. 190). Both receptors belong to the GPR family and 
share similar signalling mechanisms. The first endogenous endocan-
nabinoid discovered was anandamide (N-arachidonoylethanolamide), 
which is both a CB1 and CB2 ligand and would later become known as 
part of a larger group of bioactive lipids known as N-acylethanolamines. 
2-Arachidonoylglycerol was the second endogenous cannabinoid 
receptor ligand identified176. Since the initial discovery of these two 
major compounds, the eCB family has expanded beyond those with 
specific activity on CB1 and CB2 receptors. Several pioneering studies 
in mice, rats and humans have indicated the involvement of eCBs in the 
metabolism of adipose tissue and that activation of the eCB system 
promotes adipogenesis191–194 (Fig. 5).

However, in 2010, researchers made a substantial discovery 
regarding the regulation of gut barrier function, gut microbiota and 
adipose tissue metabolism, showing that the eCB system had a major 
role. Specifically, in mice, there was an increased presence of ananda-
mide during obesity and diabetes, which triggered gut permeability 
through CB1-dependent mechanisms77,195. Furthermore, when the 
eCB system was pharmacologically activated using a potent eCB ago-
nist, it increased adipogenesis and disruption of the gut barrier196. 
This increase in permeability further amplified the levels of LPS (that 
is, metabolic endotoxaemia) in the bloodstream, disturbing the gut 
barrier and affecting both the eCB system in the entire intestine and 
adipose tissues77 (Fig. 4). In the pathological state of obesity, the altered 
eCB tone and elevated LPS levels contributed to the dysregulation 
of adipogenesis, perpetuating the initial imbalance and establish-
ing a harmful cycle contributing to the onset of an altered adipose 
tissue metabolism. This was a novel pathophysiological mechanism 

connecting the gut microbiota to the eCB system in the intestine and 
having a substantial role in regulating adipogenesis. Moreover, this 
finding demonstrates that adipogenesis is influenced by a feedback 
loop involving LPS and the eCB system. Given that obesity is commonly 
associated with changes in eCB system tone (that is, alterations in the 
levels of eCBs, the expression of CB1 and CB2 receptors, and the levels of 
enzymes involved in both synthesis and degradation of eCBs), elevated 
plasma LPS levels, disrupted composition of the gut microbiota and 
impaired adipose tissue metabolism, it is plausible that the altered eCB 
system tone observed in obesity is a consequence of a malfunction or an 
ongoing vicious cycle within the pathways governing the eCB system.

After this discovery, numerous independent mouse studies pro-
vided further evidence for the connection between the gut microbiota, 
adipose tissue metabolism and the eCB system. Genetically obese and 
diabetic mice (ob/ob and db/db, respectively) displayed a substantial 
shift in their gut microbiota composition linked to changes in overall 
tissue metabolism and eCB system function147,197. This observation 
was also shown in diet-induced obesity mouse models and germ-free 
mice92,198,199. Collectively, these findings strongly support the exist-
ence of a relationship between specific bioactive lipids from the eCB 
system, the gut microbiota, adipose tissue development and intestinal 
function.

Finally, to delve deeper into the underlying mechanisms and inves-
tigate whether the synthesis of some of these bioactive lipids could 
contribute to the onset of metabolic disorders and alterations in the 
gut microbiota, researchers generated various mouse models selec-
tively deactivated for N-acylphosphatidylethanolamine-hydrolysing 
phospholipase D (NAPEPLD), a key enzyme involved in the synthesis 
of these lipids in adipocytes80. Mice that lacked Napepld, specifically 
in their adipocytes, exhibited spontaneous development of obesity, 
insulin resistance and inflammation despite being on a normal calorie 
diet. These mice were also more susceptible to metabolic disorders 
induced by a high-fat diet. Deletion of Napepld specifically in adipo-
cytes reduced the thermogenic programme in adipose tissue, known as 
browning or beiging, and caused a marked alteration in the gut micro-
biota composition80. When the microbiota from these Napepld-deleted 
mice was transferred to germ-free recipient mice, it replicated the 
overall phenotype, including a lower browning or beiging, indicating a 
causal role of the gut microbiota80. Collectively, these findings suggest 
that the eCB system, specifically the NAPEPLD enzyme, interacts with 
the gut microbiota through the production of bioactive lipids, and any 
dysregulation of this enzyme can lead to metabolic complications.

In conclusion, all the evidence indicates a bidirectional commu-
nication between the host eCB system and the gut microbiota. How-
ever, further investigations are necessary to unravel the remaining 
mysteries of this relationship. Adding to the complexity, bioinformatics 
analysis of human microbiome data has shown that the gut microbiota 
itself can produce specific N-acyl amides that are structurally similar 
to human GPCR ligands200. Gnotobiotic mice colonized with bacteria 
expressing the synthase for N-acyl serinols showed decreased blood 
glucose levels in an oral glucose tolerance test, consistent with action 
on host GPR119 (ref. 200). This discovery opens exciting opportunities 
for exploration of the interaction between the microbiota and the host, 
presenting several potential new targets for therapy.

Oxylipins. Oxylipins are a diverse group of bioactive lipid molecules 
derived from the oxidation of polyunsaturated fatty acids. These com-
pounds act as signalling molecules and have crucial roles in various 
physiological processes, including inflammatory processes such as 
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those that occur in obesity201. Studies in rats have demonstrated the 
effect of the gut microbiota in regulating these metabolites, thereby 
suggesting an effect of the gut microbiota on oxylipin-mediated 
inflammatory processes202.

12,13-DiHOME (also known as isoleukotoxin diol) is an oxylipin 
formed from linoleic acid by the action of cytochrome P450 and soluble 
epoxide hydrolase enzymes. 12,13-DiHOME is produced mainly by BAT 
or beige adipose tissue, and factors like exercise, diet and temperature 
influence its concentration in the body54. It has a role in regulating 
fatty acid uptake in adipose tissue and thermoregulation during cold 
exposure.

12,13-DiHOME concentrations were found to be lower in 28 ado-
lescent men with obesity than in 28 men of the same age with nor-
mal weight, and increased with acute exercise203. In mice with obesity 
induced by a high-fat diet, administration of 12,13-diHOME for 2 weeks 
promoted fatty acid transport into BAT, decreasing circulating triglyc-
eride concentrations and increasing gene expression of LPL (an enzyme 
that hydrolyses triglycerides found in lipoproteins) in BAT55.

Interestingly, some gut bacteria can produce and secrete 
12,13-diHOME. For example, 12,13-diHOME was identified among the 
several bioactive lipids produced by Dysosmobacter welbionis, and 
the administration of this bacterium to mice significantly (P < 0.001) 
reduced the whitening of BAT induced by a high-fat diet and increased 
mitochondrial activity204,205.

Role of succinate and GPR91. Succinate is an intermediate in the 
tricarboxylic acid cycle, also known as the citric acid cycle or Krebs 
cycle, which is central to cell metabolism and energy homeostasis206.

Succinate can escape this cycle and act as an extracellular ligand 
by binding to a GPR called succinate receptor 1 (SUCNR1), also known 
as GPR91, which is expressed in the kidney, liver, heart, retinal cells 
and many other tissues, leading to a wide array of physiological and 
pathological effects207. Through GPR91 on adipocytes, succinate is also 
involved in the regulation of metabolism206. Notably, succinate can be 
derived from microbial carbohydrate fermentation and serves as a cata-
bolic metabolite206. The primary fermenters predominantly utilize the 
succinate pathway to produce propionate, making it the most prevalent 
biochemical pathway for propionate production. Additionally, succi-
nate and propionate can arise as metabolites through the fermentation 
of amino acids208 (Fig. 5). Furthermore, the importance of succinate 
as a vital microbial product in the advantageous metabolic effects of 
consuming dietary fibre has been uncovered in mice: this consump-
tion leads to an augmentation of Prevotella-produced succinate209,210. 
Interestingly, it is known that inverse correlations exist between the 
abundance of Akkermansia muciniphila, which produces succinate 
as one of the primary metabolites during mucin degradation211, and 
obesity, diabetes and related metabolic disorders212. Moreover, the 
introduction of other succinate producers, like Parabacteroides dista-
sonis, has also proven effective in ameliorating metabolic dysfunctions 
associated with obesity in mice213.

Using mouse and rat models of type 2 diabetes, obesity and hyper-
tension, elevated concentrations of circulating succinate were also 
observed compared to healthy animals with normal weight214. Interest-
ingly, contrary to rodents, hypertension and type 2 diabetes were not 
associated with elevated circulating succinate levels in human blood 
samples214.

It was shown that GPR91 is highly expressed in WAT in mice and 
regulates adipose mass and glucose homeostasis215. By generat-
ing a Gpr91–/– mouse model, the loss of succinate receptor affected 

metabolism and body weight. However, the precise effects (increase 
or decrease in weight or cumulative fat content) varied depending on 
the specific experimental conditions. On a regular diet, Sucnr1–/– mice 
exhibited a smaller WAT compartment, smaller adipocytes, increased 
energy expenditure and improved glucose regulation. Surprisingly, the 
deletion of Gpr91 did not alter adipogenesis but resulted in reduced 
lipid accumulation and smaller adipocyte size. Further evaluation of 
the metabolic changes due to Gpr91 deletion using VO2 tests revealed 
a reduced oxygen consumption rate in Sucnr1–/– mice compared to 
wild-type counterparts215. When Sucnr1–/– mice were fed a high-fat diet, 
they were protected from obesity only in the first couple of weeks. At 
later stages (after 16 weeks), the mice exhibited increased fat deposi-
tion, hyperglycaemia, reduced insulin secretion and enhanced hepato-
cyte damage compared to wild-type littermates. These findings suggest 
that GPR91 acts as a sensor for dietary energy and could be a potential 
therapeutic target for obesity, hypertension and diabetes214.

Although not directly linked to overweight or obesity, data sug-
gest an intricate relationship between Crohn’s disease, gut bacteria 
and adipose tissue. A study found the presence of beige adipose tissue 
depots in Crohn’s disease216. The study revealed that plasma succinate 
levels were significantly (P < 0.0001) higher in 17 individuals with active 
Crohn’s disease than in 10 healthy controls. The expression of SUCNR1 
was higher in VAT, adipose-derived stem cells and adipose tissue macro
phages from the active Crohn’s disease group compared to the healthy 
controls or patients with inactive Crohn’s disease (n = 12). Interest-
ingly, treating adipose-derived stem cells with succinate increased the 
expression of several beige adipose tissue markers, including UCP1, 
in controls and patients with inactive Crohn’s disease216.

In conclusion, these findings indicate that succinate and bacteria 
have a role in triggering the transition from white to beige adipocytes 
in Crohn’s disease; however, this remains to be explored in the context 
of obesity.

Adipose tissue microbiota
Current human studies have suggested that there is a microbiota sig-
nature in the adipose tissue of individuals and that this signature might 
be distinct according to the metabolic burden of the host217–219. In this 
section, we discuss this novel subject, focusing on the following aspects: 
(1) the methods and challenges of detecting and characterizing the 
adipose tissue microbiota; (2) the potential sources and mechanisms 
of microbial translocation from the gut to adipose tissue; (3) the diver-
sity and functional roles of the adipose tissue microbiota in different 
fat depots and metabolic conditions; and (4) the implications and  
perspectives for future research and therapeutic interventions.

One of the main challenges of studying the adipose tissue micro
biota is to ensure the reliability and validity of microbial detection meth-
ods. Several studies have used 16S ribosomal RNA (rRNA) gene-based 
bacterial quantification to identify and compare the microbial profiles 
in different adipose tissue depots and metabolic conditions. However, 
this approach has some limitations, such as the risk of contamination 
from environmental or reagent sources, the low sensitivity and speci-
ficity of some primers and probes, and the difficulty distinguishing 
between viable and dead bacteria220. Moreover, 16S rRNA gene-based 
methods cannot provide information on the functional capacity or 
activity of the adipose tissue microbiota, which might be more relevant 
for understanding its metabolic effect221. Although efforts have been 
made to overcome some of these obstacles by carefully controlling for 
contamination218, complementary methods, such as metagenomics, 
metatranscriptomics, metabolomics and culture-based techniques, 
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will be needed to complement current studies and obtain a more 
comprehensive picture of the adipose tissue microbiota.

The origin and routes of microbial translocation from the gut to 
adipose tissue are not fully understood but several mechanisms have 
been proposed. One possibility is that bacteria or their components 
cross the intestinal barrier through increased intestinal permeability, 
often observed in obesity and type 2 diabetes217. Another possibility 
is that bacteria or their genetic material are actively transported by 
immune cells, such as macrophages or dendritic cells, that migrate 
from gut-associated lymphoid tissue to adipose tissue217,222. A third 
possibility is that bacteria or their components are carried by the portal 
vein or the lymphatic system to the liver or other organs, where they 
can affect local or systemic inflammation and metabolism217,222.

The diversity and functional roles of the adipose tissue microbiota 
might vary depending on several factors, such as the anatomical loca-
tion of the fat depot, the metabolic state of the host and the interaction 
with other host factors. For instance, Anhê et al. found that different 
adipose tissue depots (subcutaneous, mesenteric, omental and liver) 
had distinct microbial signatures in individuals with obesity with or 
without type 2 diabetes and that these signatures were independent 
of BMI (samples from 20 individuals with morbid obesity who had 
type 2 diabetes (average BMI of 50.2 ± 7.9 kg/m2) were compared to 
samples from 20 individuals who had normoglycaemia (average BMI 
of 50.9 ± 9.1 kg/m2))218. That same year, Massier et al. found evidence 
for tissue-specific quantitative, taxonomic and compositional bacterial 
signatures associated with inflammatory markers and metabolic traits 
in a tissue-dependent manner217. Similarly, Sun et al.222 reported that 
individuals with obesity had higher bacterial load and lower bacterial 
diversity in SAT than individuals with normal weight and that these 
differences were associated with altered expression of genes involved 
in lipid metabolism and inflammation217.

Another important challenge in the context of adipose tissue 
microbiota concerns the link between the presence of specific bacteria 
in breast milk, their origin and, eventually, the possible link with the 
development of ‘pink’ adipocytes, a distinct kind of adipocyte that 
can be found in the subcutaneous fat depots of mice during pregnancy 
and lactation223. These pink adipocytes, specialized cells that originate 
from subcutaneous white adipocytes, produce and release milk223. The 
growing body of evidence indicates that they undergo a process called 
transdifferentiation to become mammary gland alveolar epithelial 
cells223. Evidence also supports the hypothesis that transdifferentiation 
can occur from white to pink, pink to brown, and brown to myoepithe-
lial cells in a reversible manner223. Strikingly, a microbiota with a distinct 
composition is found in human milk. Milk from healthy women typically 
has a low bacterial presence, primarily comprising Staphylococcus, 
Streptococcus, lactic acid bacteria and other gram-positive bacteria 
like Corynebacterium, Propionibacterium and Bifidobacterium, though 
DNA from strictly anaerobic bacteria can also be found224–226. It is struc-
tured by coordinated groups of microorganisms and interconnected 
networks227,228. One of the key unknowns is whether the alteration of 
the microbiota present in breast tissue and eventually in human milk 
can potentially affect mammary health, the breast adipose tissue and 
transdifferentiation from white to pink adipocytes. Notably, in addition 
to colostrum and milk, breast tissue of both women who lactate or not, 
might harbour a microbiota, which might have implications for breast 
cancer development, progression and treatment227.

The study of the adipose tissue microbiota is a novel and promis-
ing field of research that might provide new insights into the patho-
physiology and treatment of metabolic diseases229. However, many 

unanswered questions and challenges still need to be addressed. 
For example, what are the causal relationships between the adipose 
tissue microbiota and metabolic outcomes? How do diet, lifestyle, 
genetics, medications or other environmental factors influence the 
adipose tissue microbiota? How can we manipulate or modulate the adi-
pose tissue microbiota to improve metabolic health? More longitudi-
nal, interventional and mechanistic studies are needed to answer these 
questions as are standardized protocols for sampling, processing, 
analysing and reporting data on the adipose tissue microbiota.

Gut–adipose axis and the search for biomarkers in 
obesity and insulin resistance
Research into the complex interactions between gut microbiota and 
adipose tissue has unveiled a fascinating interplay that goes well beyond 
digestion and metabolism. As described earlier, the gut microbiota, a 
diverse community of microorganisms residing in the gastrointestinal 
tract, has been found to influence various physiological processes, 
including energy homeostasis, inflammation and insulin sensitivity.

The gut–adipose axis represents a bidirectional communication 
system that involves signalling molecules, metabolites and immune 
mediators exchanged between the gut microbiota and adipose tissue. 
Adipose tissue — once considered an inert energy storage depot — is 
now recognized as an active endocrine organ that releases adipokines, 
cytokines and other factors with systemic effects. On the other hand, 
the gut microbiota produces an array of metabolites influencing host 
metabolism and immune responses. This dynamic interplay between 
gut microbiota and adipose tissue opens new avenues for the identifica-
tion of biomarkers related to obesity and insulin resistance. Potential 
biomarkers are summarized in Box 3.

The intricate crosstalk between gut microbiota and adipose tissue 
provides a fascinating insight into the complex mechanisms underlying 
obesity and insulin resistance. The potential biomarkers arising from 
this interplay hold promise for the identification of individuals at risk 
of metabolic disorders, enabling early interventions and personalized 
strategies to mitigate the effect of obesity and improve insulin sensi-
tivity. Further research is warranted to unravel the precise molecular 
mechanisms underlying these interactions and to validate the utility 
of these biomarkers in clinical settings.

Moving from bench to bedside: key challenges
Although valuable insights into the crosstalk between the gut micro-
biota and adipose tissue have been gained over the past few years, 
translating findings from in vitro and animal studies to humans remains 
particularly challenging.

One major hurdle is the limitations that are inherent to animal 
models. Germ-free mice, which are raised without gut microbiota, 
provide insights into the role of certain gut bacteria or bacterial combi-
nations. However, these mice lack microbial interactions during devel-
opment and consequently have altered metabolism and compromised 
immune system function, which might not accurately reflect human 
physiology. Genetically obese mice (like ob/ob and db/db mice) have 
helped our understanding of the pathophysiology of obesity, but their 
genetic basis limits their translation to human obesity as leptin and 
leptin-receptor deficiencies are rare in humans and the mutations cause 
major disruptions of metabolic regulatory pathways230. High-fat diet 
obese mice, on the other hand, mimic some aspects of human obesity 
but fail to replicate the multifactorial nature of the disease231. Genetic 
and lifestyle factors have a substantial role in human obesity and are 
difficult to replicate in a laboratory.
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Translating findings from animal models to humans is also chal-
lenging owing to biological differences between species. Genetic varia-
tions, diet, gut microbiota composition and environmental influences 
differ, making direct translation difficult. Animal models often oversim-
plify the complex human metabolic pathways and fail to account for the 
heterogeneity observed in human populations. This is one of the main 
reasons that findings from animal studies often remain unconfirmed in 
human studies and why data obtained solely from animal experiments 
must be cautiously interpreted.

Though many animal studies suggest that interventions targeting 
the gut microbiota and their metabolites hold promise in combat-
ing obesity and metabolic disorders, designing clinical trials to con-
firm these findings presents unique challenges. The gut microbiota 
exhibits substantial inter-individual variability, making it difficult to 
establish a standardized intervention with consistent effects across 
diverse populations232. Adding to the complexity is the fact that the 
gut microbiota is a highly dynamic and complex ecosystem that can 
be influenced by various factors, such as diet, medications, stress and 
other environmental factors, and that changes in the gut microbiota 
might take time to manifest or might fade over time233.

The lack of standardization in the field of gut microbiota interven-
tions extends to study design, sample collection and data analysis, 
making it incredibly difficult to compare and evaluate the effectiveness 
of these interventions.

There is considerable variability in the parameters of gut micro-
biota interventions. This variability includes the types of probiotics 
and prebiotics used, the dosages administered, and the duration and 
timing of the interventions. Different clinical and preclinical studies 
utilize various strains or combinations of strains, making it challenging 
to compare their efficacy. Furthermore, the optimal dosage and dura-
tion of interventions are not well established, leading to inconsistency 
in treatment regimens. The timing of intervention initiation and the 

route of administration also differ, introducing additional variability 
into the studies234.

Data collection is another area where standardization is lacking. 
Variations in sample collection methods, such as stool collection tech-
niques, storage conditions and transportation protocols, can affect the 
quality and consistency of gut microbiota data235,236. Additionally, 
the collection and reporting of metadata, including dietary informa-
tion, lifestyle factors, medication use and clinical characteristics, are 
often inconsistent across studies235,236. The lack of standardized data 
collection procedures hampers the ability to accurately interpret and 
compare results.

Owing to their non-invasive collection method and sufficient 
biomass yield for analysis, faecal samples remain the primary source of 
material in most gut microbiota studies. Nevertheless, it is important to 
acknowledge the limitations when relying solely on faecal samples as 
the microbiota in faeces might not accurately represent the microbial 
communities at different locations within the intestine, leading to an 
incomplete understanding of the role and impact of gut microbiota 
on (human) health237.

The gut microbiota varies along the length of the gastrointestinal 
tract with factors such as shifting environments, nutrient availability 
and distinct oxygen levels from the stomach to the large intestine238. 
Different microbial communities thrive in these varying conditions. 
Furthermore, the gut microbiota in the lumen of the intestine (faeces) 
might differ substantially from those residing closer to the mucosa, 
which lines the gut wall239,240. The mucosal layer is a dynamic interface 
where host–microorganism interactions occur. Microbes attached 
to the mucosa can have different roles and effects than those float-
ing freely in the lumen240. Additionally, microbial communities in 
different parts of the gut might have distinct metabolic activities.  
For example, bacteria in the colon produce various metabolites 
through fermentation that can have systemic effects on host health241.  

Box 3

Biomarkers related to obesity and insulin resistance
•• Microbial diversity and composition. Altered gut microbiota 
diversity and abundance of specific microbial taxa have been 
associated with obesity and insulin resistance. For instance, 
adipocyte diameter, glucose and surrogates of insulin sensitivity 
seemed tightly linked with the abundance of Akkermansia 
muciniphila in humans. Subcutaneous white adipocyte diameter 
was inversely associated with A. muciniphila abundance, and 
individuals with a high A. muciniphila abundance had a lower 
mean adipocyte size274. Although still under heavy debate because 
of the many confounding factors and the great inter-individual 
variations, the identification of certain microbial (core) signatures 
could serve as early indicators of metabolic dysfunction.

•• Metabolites. Microbial metabolites, such as short-chain fatty 
acids, secondary bile acids and trimethylamine-N-oxide, can 
reflect gut microbiota activity and potentially predict obesity 
and risk of insulin resistance (for a review, see ref. 275). Increased 
levels of short-chain fatty acids have also been associated with 
decreased body weight, fat mass, waist circumference, fasting 
glucose, insulin resistance and inflammation109. Increased 

levels of secondary bile acids have been linked to decreased 
BMI, waist-to-hip ratio, fasting glucose, insulin resistance and 
inflammation. Increased levels of trimethylamine-N-oxide have 
been correlated with increased BMI, waist circumference, body  
fat percentage, fasting glucose, insulin resistance, blood pressure, 
inflammation and oxidative stress3.

•• Adipokines and inflammatory markers. Numerous circulating 
levels of adipokines and inflammatory markers, influenced  
by adipose tissue health, could serve as indicators of obesity- 
associated insulin resistance. Given the extent of the literature on 
this topic, they are not listed here (for reviews, see refs. 276–279).

•• Metabolic response to diet. Individual variations in how the gut 
microbiota responds to dietary interventions might correlate with 
obesity risk and insulin sensitivity, paving the way for personalized 
dietary recommendations (for reviews, see refs. 280–282).

•• Microbial–host interaction genes. Genetic variations that affect 
the interaction between gut microbes and the host can contribute 
to obesity and insulin resistance susceptibility, offering genetic 
markers for risk assessment.

http://www.nature.com/nrgastro


Nature Reviews Gastroenterology & Hepatology | Volume 21 | March 2024 | 164–183 179

Review article

Studying only faecal metabolites might not provide their complete pic-
ture, as they can be influenced by interactions between bacteria in vari-
ous gut segments. Lastly, certain bacteria or metabolites can translocate 
from the gut lumen to other parts of the body, potentially affecting dis-
tant organs and systems241. Understanding the translocation dynamics 
and the specific microbial populations involved requires a more com-
prehensive sampling strategy beyond just faecal samples. However, so 
far, there are no clear biomarkers easily used in clinics to fully reflect 
gut permeability and its dynamics. As such, although faeces provide 
valuable insights, recognizing their limitations and addressing the 
challenges of accurately characterizing gut microbiota along the entire 
gastrointestinal tract is essential for a more holistic understanding  
of their roles in health and disease.

Moreover, analysing the gut microbiota presents its own chal-
lenges owing to the absence of standardized techniques and work-
flows. Different studies employ diverse approaches for profiling gut 
microbiota such as 16S rRNA gene sequencing, shotgun metagen-
omics or metatranscriptomics. Each method has its own strengths 
and limitations, and the choice of technique can affect the accu-
racy and comprehensiveness of the results. The functional metagen-
omic approach using shotgun sequencing and biochemical 
interpretation has emerged as a powerful tool in microbiome research 
through the identification of functional bacterial genes and pathways 
that contribute to various physiological processes242, but even this 
technique has its limitations. Besides the high cost, the complexity 
of data interpretation and functional annotation challenges, shotgun 
metagenomic sequencing only provides information about the pres-
ence of functional genes but might not fully capture information about 
gene expression and regulation243. Furthermore, no standardized bio-
informatics pipeline exists for processing and analysing gut microbiota 
data. Varying approaches for quality control, taxonomic assignment 
and statistical analysis can lead to discrepancies and difficulties in 
comparing results across studies235.

Conclusions
Over the course of the last two decades, substantial advancements 
have been made in understanding the relationship between gut micro-
biota and human health. Initially, the field relied on clinical observa-
tions. However, as research progressed, scientists began adopting 
more mechanistic approaches to delve deeper into the underlying 
mechanisms at play. As a result of these efforts, the field has evolved 
to establish, as much as possible, irrefutable causal links between gut 
microbiota and health outcomes. This means that some researchers 
have been able to demonstrate that certain changes in the gut micro-
biota composition directly led to specific health effects. For example, 
researchers have found that alterations in the gut microbiota can con-
tribute to conditions such as obesity, diabetes, inflammatory bowel 
disease and even mental health disorders.

However, despite these marked strides, it is important to acknowl-
edge that numerous studies still mistakenly conclude direct causal 
relationships when they only demonstrate correlations. In other words, 
they identify a relationship between the gut microbiota and certain 
health outcomes but do not establish a cause-and-effect relationship. 
Moving from correlation to causality remains a crucial and necessary 
step in the field244. By accurately determining the causal links between 
specific gut microbiota changes and health effects, researchers can bet-
ter design potential interventions. These interventions might involve 
manipulating the gut microbiota through various means or utiliz-
ing specific active compounds to achieve desired health outcomes. 

Developing specific interventions that target adipose tissue by influ-
encing the gut microbiota or their metabolites continues to pose chal-
lenges. Fortunately, thanks to the concerted efforts of scientists and the 
advancements in omics analysis, the scientific community is gradually 
progressing towards personalized medicine. This emerging field aims 
to tailor medical treatments and nutritional approaches to individual 
patients based on their unique gut microbiota composition and other 
personal factors. The microbiome era, with its focus on understanding 
and harnessing the potential of the gut microbiota, including its role 
in the different adipose tissues, is undeniably a crucial component of 
this paradigm shift in the future of medicine and health care.
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