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The systemic metabolism of higher organisms involves a com-
plex series of pathways that regulate energy and nutrient 
intake and disposition. Multiple organ systems work together 

to absorb, store, sense and use chemical energy, and must com-
municate with one another to maximize the efficiency of these 
processes. Dysfunction of these systems results in metabolic dis-
ease, which is quickly becoming one of the most pressing current  
public-health concerns.

Metabolic syndrome is a group of conditions, including hyper-
glycaemia, hypertension, abdominal obesity and dyslipidaemia, that 
increase the risk of cardiovascular disease, diabetes and associated 
morbidities. Current estimates suggest that more than one in three 
adults in the United States and approximately 40% of people over 
the age of 40 have metabolic syndrome, defined as exhibiting three 
or more of these risk factors1. Obesity is a marker of metabolic dys-
regulation and an enormous public-health concern in its own right; 
currently, 12% of adults are obese worldwide2, and in the United 
States, more than two-thirds of adults are overweight or obese3. The 
global effects of metabolic disease are difficult to overstate. In 2015, 
more than 600 million adults and 100 million children globally were 
estimated to be obese4. Although statistics on the global incidence 
of metabolic syndrome do not exist, current estimates suggest that 
one-quarter of the global population—more than 1 billion people—
has metabolic syndrome5. Markers of metabolic syndrome are also 
increasing, thus suggesting that this condition will be a pressing 
public-health concern in the coming decades. The global prevalence 
of diabetes, for example, is expected to increase from 8.8% to 10.4% 
by the year 2040 (ref. 6). Currently, environmental interventions 
such as increased exercise and modified diet are the most effective 
treatments for metabolic syndrome7,8. Although pharmacologic 
strategies to target individual components of metabolic syndrome 
exist, none have yet been demonstrated to affect the root causes.

The aetiology of metabolic syndrome is believed to involve dys-
regulation of metabolic homeostasis. The molecular mechanisms 
that underlie both healthy and pathological metabolic states are 
still being elucidated. Tissues such as the liver, adipose, muscle and 
intestine have well-established roles in energy intake and utiliza-
tion. However, how these organs interact with one another is still 
being uncovered. One key strategy for coordinating whole-body 
metabolism is communication between tissues via secreted fac-
tors. These include protein hormones, small molecules, lipids and 

other factors such as exosomes that relay important information 
about metabolic flux between physically distant cell types. Proper 
production and target-tissue action of such factors is important 
for metabolic homeostasis, and disruption of one or more of these  
signalling axes often underpins the development of metabolic dis-
ease. In recent years, several secreted mediators have been identified 
that may help to explain the links between individual risk factors 
and the development of metabolic syndrome. Understanding how 
organs communicate via secreted factors may also be the most 
promising avenue to discover therapeutic targets. Because many 
secreted factors are more easily manipulated than other determi-
nants of metabolic disease (for example, genetic makeup or envi-
ronmental factors), they may provide more tractable therapeutic 
opportunities. Modified synthetic secreted factors or inhibitors 
hold promise as pharmacological agents for interventions in meta-
bolic syndrome.

In this Review, we summarize current knowledge about secreted 
factors involved in the coordination among key metabolic tissues. 
We additionally discuss links to metabolic disease as well as poten-
tial therapeutic applications.

Hepatokines and factors secreted by the liver
The liver plays essential roles in both glucose and lipid metabo-
lism and is therefore central to the ability of organisms to respond 
to changing nutritional states. Given the liver’s critical functions, 
declining metabolic health of the liver is unsurprisingly one of the 
first indications of metabolic disease. Hepatic steatosis, the accumu-
lation of excess lipids in the liver, is correlated with obesity and car-
diovascular disease and is an early indicator of insulin resistance9. 
Non-alcoholic fatty liver disease (NAFLD), encompassing mild ste-
atosis to fibrosis and cirrhosis of the liver, is the most common liver 
disease in the United States, and its incidence increases dramatically 
with body mass index10,11. Liver dysfunction can have deleterious 
effects on whole-body metabolic health.

Factors secreted by the liver affect metabolism in distant tis-
sues and exert wide-ranging effects (Fig. 1). These factors take 
diverse forms, from small molecules to secreted peptides to lipids.  
The term ‘hepatokine’ has been coined to indicate the group of  
hormones secreted by the liver, mostly in response to metabolic 
state. Accumulation of excess lipids in the liver is an important sig-
nal that triggers the production and release of bioactive molecules. 
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Altered levels of hepatokines in steatotic livers affect whole-body 
metabolism and provide a mechanism linking liver health to other 
components of metabolic syndrome.

Several hepatokines specifically highlight the links between accu-
mulation of lipids in the liver and glucose intolerance and insulin 
resistance. Altered levels of these hepatokines may be used to iden-
tify individuals with metabolic dysregulation. Sex-hormone-binding 
globulin12, a hepatokine involved in trafficking steroid hormones, 
shows diminished expression in steatotic livers, and low levels of sex-
hormone-binding globulin are correlated with type 2 diabetes (T2D) 
risk13. Hepassocin is a protein involved in the regeneration of hepato-
cytes after liver injury14. Elevated levels of hepassocin are associated 
with NAFLD and are correlated with insulin resistance and elevated 
fasting glucose levels15. Angiopoietin-like 4 (ANGPTL4) is another 
peptide secreted from the liver and adipose tissue, whose expression 
is decreased in steatosis induced by a high-fat diet16. Levels of growth 
differentiation factor 15 (GDF15), a member of the TGFβ superfam-
ily, are elevated in non-alcoholic steatohepatitis17. Recent studies in 
mice suggest that exogenous GDF15 might be used as a therapy for 
treating fatty liver disease18.

Beyond simply indicating metabolic dysfunction, many hepato-
kines have been identified that actively modify metabolism in dis-
tant tissues. Several of these illuminate the connection between liver 
disease and impaired glucose metabolism. For example, ANGPTL4 
expression increases glucose tolerance and insulin sensitivity, and 
additionally inhibits lipoprotein lipase in adipose tissue, thereby 
decreasing the clearance of triglycerides and lipoproteins from 
plasma19. Adropin expression is also diminished in steatotic livers20. 
This hepatokine, which is normally induced by feeding, decreases 
adiposity and insulin resistance. Although its molecular mecha-
nism remains to be identified, this peptide enhances insulin signal-
ling and improves mitochondrial function21, thus suggesting that 
it has broad metabolic benefits. Fetuin A and B are liver-secreted 

proteins that have provided insights into the link between steato-
sis and T2D. Expression of the fetuins is elevated in steatotic liv-
ers, and these proteins have been reported to exert systemic effects 
that may contribute to insulin resistance22,23. For example, Fetuin 
A stimulates inflammatory-cytokine production in adipose tissue  
and macrophages24.

Selenoprotein P is another hepatokine linked to insulin resis-
tance25. This protein causes insulin resistance in mouse mod-
els, and its expression is elevated in humans with obesity and 
NAFLD26, thus supporting a mechanistic link between fatty liver 
and the development of insulin resistance. Retinol-binding protein 
4 (RBP4) was originally identified as a hepatokine that is elevated 
in people with T2D27. It has been shown to activate immune cells, 
thus contributing to adipose tissue inflammation and insulin 
resistance28. Although some studies have not found a correlation 
between RBP4 and insulin sensitivity, these observations may be 
explained by differences in RBP4 levels during circadian oscilla-
tion29. Lect2 is another peptide heptatokine correlated with obesity 
and insulin resistance in humans. It has been shown to cause insu-
lin resistance in skeletal muscle, thus potentially contributing to 
the diabetic phenotype30.

Fibroblast growth factor (FGF) 21 is a hepatic secreted factor 
with a particularly well-established link to human metabolic dis-
ease31. FGF21 is expressed in adipose, brain and possibly other tis-
sues; however, most circulating FGF21 is produced by the liver in 
response to fasting or exercise32. This protein affects energy expen-
diture and insulin sensitivity, acting primarily in the central ner-
vous system (CNS) and perhaps also directly on adipose tissue33. 
In adipose tissue, FGF21 signalling increases glucose uptake and 
decreases lipolysis. In the CNS, FGF21 promotes energy expen-
diture via sympathetic-nerve activation of brown adipose tis-
sue (BAT)34. The potent effects of FGF21 in the CNS highlight 
the important role that the brain plays in regulating metabolism  
(Box 1). Levels of FGF21 are paradoxically elevated in obesity in 
humans and independently correlate with metabolic syndrome, 
thus suggesting possible resistance to FGF21 in this setting35. 
Nonetheless, administration of FGF21 shows beneficial meta-
bolic effects in obese mice, including increased insulin sensitivity, 
decreased body mass, improved lipoprotein profiles and even lifes-
pan extension36. People with T2D treated with an FGF21 analogue 
show decreased body weight, and decreased LDL and insulin lev-
els37. Although long-term treatment with FGF21 may cause compli-
cations, including bone loss38 and effects on female reproduction39, 
this pathway still is a promising avenue for the treatment of meta-
bolic syndrome in humans.

Metabolic signals from the liver are not limited to protein hor-
mones. Bile acids are well known for their roles in potentiating 
the absorption of lipids and vitamins in the intestine, as well as in 
facilitating cholesterol efflux. However, these molecules also act as 
hormones that control gene expression in distant tissues. Bile acid 
salts released into the intestine from the liver activate the bile acid 
receptor farnesoid X receptor (FXR), thus stimulating expression of 
FGF15 and FGF19 in enterocytes. Consequently, these hormones 
act on the liver by suppressing bile acid synthesis, thus creating a 
negative feedback loop40. Moreover, release of FGF15 from entero-
cytes after hepatic bile acid production decreases hepatic gluco-
neogenesis, thus indicating a role of the enterohepatic circulation 
in regulating metabolism41. Early studies of FXR-deficient and 
genetically obese mice have demonstrated that bile acid signalling 
also affects plasma lipid levels and insulin sensitivity42–44, and these 
effects are linked to FXR-dependent gene regulation. Activation 
of hepatic FXR induces receptors that clear lipoproteins from the 
plasma and also inhibits the expression of gluconeogenic genes45. 
Plasma bile acids decrease blood glucose levels and increase insulin  
sensitivity through activation of TGR5, a G-protein-coupled receptor  
that is potently activated by bile acids46. TGR5 is expressed in the 
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Fig. 1 | Liver-secreted factors. The liver has a central role in metabolism 
and communicates with other organ systems by using many secreted 
factors. These factors, including protein hepatokines, lipids and other 
small molecules, have diverse effects on target organs including the gut, 
muscle and adipose tissues, as well as the CNS, that help maintain energy 
homeostasis in response to rapidly changing nutritional states.
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liver, immune cells, BAT, enteroendocrine cells and neurons in the 
intestine and brain46,47. Activation of TGR5 by bile acids affects both 
obesity, by increasing energy expenditure48, and glucose homeo-
stasis, by inducing GLP-1 secretion from the intestine49. The broad 
beneficial metabolic effects of TGR5 activation make activation of 
this receptor a promising avenue for therapy.

Lipid signals emanating from the liver have been identified. 
After cold exposure, the liver activates an HNF4α transcriptional 
program that generates acyl-carnitines from adipose-derived fatty 
acids. Acyl-carnitines are released from the liver and act as fuel for 
BAT, thereby increasing thermogenic output50.

The liver is a central player in the control of organismal metabolic 
homeostasis in both normal physiology and metabolic disease. This 
organ secretes a wide variety of types of signals that affect metabo-
lism in distant organs in myriad ways. Because dysregulation of this 
complex system is one of the first indicators of metabolic dysfunc-
tion, liver-secreted factors are likely to be predictive biomarkers for 
metabolic disease. Furthermore, given that accumulation of lipids 
in the liver is one of the earliest manifestations of metabolic disease, 
the effects of NAFLD on other organ systems, especially the link 
between fatty liver disease and insulin resistance, will continue to be 
active areas of study. A better understanding of how dysregulation 
of metabolism in the liver affects other organ systems may lead to 
new therapeutic strategies.

Adipokines and adipose-secreted factors
Owing to intensive investigation over the past several decades, the 
appreciation of adipose tissue function has moved far beyond the view 
of this organ as simply a site for energy storage. Adipose tissue is now 
recognized to also be an endocrine organ that engages in sophisticated 
cross-talk with other organ systems. As the primary site of energy 
storage and release, adipose tissue is uniquely positioned to signal  
the nutritional state of an organism and indeed has an important 

regulatory role in the control of systemic metabolism. In response to 
fasting, lipolysis in the adipose tissue releases fatty acids that provide 
fuel for mitochondrial oxidation and stimulate gluconeogenesis in the 
liver. Beyond these signals, numerous peptide and lipid hormones 
produced by adipose tissue have been identified, and many of these 
have been shown to have important effects on whole-body metabo-
lism. The actions of various adipokines have been linked to obesity, 
diabetes, inflammation, atherosclerosis and liver disease (Fig. 2).

One key concept emerging over the past 30 years is that obe-
sity and adipose tissue inflammation can disrupt proper adipose 
signalling, thus leading to deleterious effects in distant tissues. In 
fact, an increase in visceral fat is one of the strongest predictors of 
metabolic syndrome51, thus supporting the idea that adipose tissue 
function is linked to systemic metabolic regulation and disease. One 
of the first indications that adipose-secreted factors, or adipokines, 
are linked to systemic metabolism was the discovery of adipsin52, 
an adipose-secreted peptide also known as complement factor D, 
whose expression is decreased in obesity. Since then, the discovery 
of the key adipokines leptin and adiponectin has demonstrated that 
signals from adipose tissue can have dramatic effects on whole-
body metabolism and has cemented the role of adipose tissue as an 
important endocrine organ.

Leptin is a hormone secreted from white adipose tissue (WAT) 
that negatively regulates food intake and increases energy expendi-
ture53 and has been extensively studied in relation to obesity. Leptin 
is a peptide that is produced by mature adipocytes and acts mainly 
on the CNS54,55. Levels of leptin are positively correlated with fat 
mass, and a decrease in leptin levels triggers several mechanisms 
in the organism that replenish nutrient stores. In addition to an 
increase in food intake and a decrease in energy expenditure, these 
include inhibition of energy-intensive processes, including repro-
duction and immune responses56. Leptin can also modulate whole-
body metabolism, for example by increasing fatty acid oxidation via 
activation of 5′-AMP-activated protein kinase57.

Adiponectin is also secreted by mature adipocytes58. In contrast 
to leptin levels, however, levels of adiponectin are inversely corre-
lated with fat mass59. Adiponectin signalling increases insulin sensi-
tivity60 and has other beneficial metabolic effects, including reduced 

Box 1 | CNS control of metabolism

Acting in concert with hormones and secreted factors, the CNS 
playa a critical role in control of peripheral metabolism. The CNS 
coordinates inputs from various organ systems and synthesizes 
responses that enable survival and procreation of organisms. The 
ways in which this coordination participates in the control of 
whole-body metabolism are only beginning to be understood. 
One important system in brain regulation of metabolism is the 
melanocortin system in the arcuate nucleus of the hypothalamus. 
Within this region, orexigenic neuropeptide Y/agouti-related 
peptide (NPY/AGRP) and anorexigenic pro-opiomelanocortin 
(POMC) neurons control energy expenditure, glucose metabo-
lism and food-intake behaviour192. However, in humans, homeo-
static control, reward, cognitive control and emotional pathways 
are involved in the control of food intake and other behaviours 
linked to metabolic disequilibrium199. Brain regions outside the 
hypothalamus, including the amygdala and hippocampus, re-
spond to metabolic state and control systemic metabolism and 
behaviour200. Metabolic tissues in the periphery can also signal 
to the CNS, thus exerting effects on metabolic control as well as 
neuroprotective effects. Exercise has been shown to affect whole-
body metabolism via NPY/AGRP and POMC neurons of the 
hypothalamus201. Several secreted factors with well-established 
effects on metabolism exert their effects via the CNS, including 
insulin, ghrelin, leptin and GLP-1. A more comprehensive un-
derstanding CNS pathways controlling metabolism has the po-
tential to inform new therapies that address metabolic syndrome 
as well as neurodegenerative disorders linked to metabolism, 
such as Alzheimer’s disease.
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Fig. 2 | Adipose-secreted factors. Some adipose-secreted factors signal 
to the CNS to communicate nutritional state. Others, including adipokines 
and lipokines, have diverse effects on target organs including the liver and 
muscle. Some adipose-secreted factors with demonstrated effects on 
whole-body metabolism have target organs that are yet to be determined. 
FAHFAs, fatty acid esters of hydroxy fatty acids.
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adiposity61, inflammation and atherosclerosis62. Adiponectin-target 
organs include the liver, where it decreases gluconeogenesis63, the 
skeletal muscle, where it increases oxidation of fatty acids64 and the 
brain, where it stimulates energy expenditure61. Although leptin and 
adiponectin have been well studied over the past two decades, more 
remains to be learned about their complex mechanisms of actions 
and their far-reaching metabolic consequences.

Since the discovery of leptin and adiponectin, dozens of other 
secreted factors from adipose tissue have been identified and impli-
cated in the control of systemic metabolism, many of which remain 
to be fully understood. One of these is lipocalin-2, a member of the 
lipocalin family of transport proteins. Plasma lipocalin-2 levels have 
been correlated with adiposity, insulin resistance, increased inflam-
matory markers and cardiovascular disease65,66. However, studies in 
knockout mice have yielded inconclusive and sometimes conflict-
ing results about the roles of lipocalins in systemic metabolism67,68, 
and further study is required to clarify these roles. Neuregulin 4 
(NRG4), a member of the epidermal growth factor family, is also 
produced by adipose tissue. Circulating levels are inversely corre-
lated with obesity and stimulated by cold exposure69. NRG4 appears 
to have beneficial effects on metabolism, including improved glu-
cose metabolism and reduced inflammation and steatosis, although 
the mechanisms underlying these effects are unclear70.

Fatty acid–binding protein 4 (FABP4), also known as adipocyte 
protein 2 (aP2), is the major fatty acid–binding protein (FABP) in 
adipose tissue. Deficiency of this protein was initially observed to 
be correlated with increased insulin sensitivity71. In recent years, 
FABP4 has been found to be secreted from adipocytes and to act as 
an adipokine. In fact, FABP4 secreted by adipose tissue in response 
to fasting and lipolysis has been reported to stimulate hepatic glu-
coneogenesis72. Levels of FABP4 are elevated in obese humans, and 
inhibition of this protein has been proposed as a treatment for both 
atherosclerosis and diabetes73. Both small-molecule inhibitors of 
FABP4 and a monoclonal antibody against this peptide have been 
developed as potential therapeutics, and inactivation of FABP4 in 
obese mice has been shown to improve systemic glucose metabo-
lism74,75. However, the utility of these therapies in humans remains 
to be determined.

The development of obesity can have deleterious effects on the 
secretome of adipose tissue. One hallmark of adipose tissue in obe-
sity and diabetes is infiltration of the tissue with immune cells and 
increased secretion of pro-inflammatory cytokines. Several factors 
secreted by adipose tissue itself are pro-inflammatory and/or pro-
mote insulin resistance, including TNF, CRP and MCP-1 (ref. 76). 
Resistin, another pro-inflammatory adipokine, promotes inflam-
mation and insulin resistance in obesity by binding Toll-like recep-
tor 4 (refs. 77,78). These adipokines, in concert with inflammatory 
factors secreted by immune cells, contribute to inflammation of 
adipose tissue and the development of obesity-related metabolic 
disease, including atherosclerosis (Box 2).

Lipid signals, termed lipokines, have also emerged as a class of 
molecules that participate in inter-organ signalling in metabolism. 
Among the first of these to be identified was C16:1n7 palmitoleate, 
a lipid that is produced in adipose tissue in response to FABP defi-
ciency and affects liver lipogenesis and insulin sensitivity in muscle. 
This lipid is produced in response to de  novo lipogenesis in adi-
pose tissue and subsequently increases insulin sensitivity in skeletal 
muscle79. Other lipokines include lysophosphatidic acids (LPAs). 
LPAs in circulation are primarily produced by WAT and are corre-
lated with obesity80. These lipids have been implicated in the control 
of insulin secretion, hepatocyte glycogenolysis and skeletal muscle 
glucose utilization81, and appear to have mostly negative effects on 
systemic metabolism.

Branched fatty acid esters of hydroxy fatty acids are another 
biologically relevant class of lipid signals from adipose tissue. A 
specifically well-studied subgroup of these compounds, palmitic 

acid esters of hydroxy stearic acids (PAHSAs), has been linked to 
glucose metabolism. Levels of PAHSAs are correlated with insulin 
sensitivity in humans82. Recent studies have shown that PAHSAs 
have anti-inflammatory effects, and increase glucose tolerance and 
insulin sensitivity in mice83. One group has observed no beneficial 
effects with PAHSA administration84; however, methodological dif-
ferences among studies preclude direct comparison of the results85. 
Whether the PAHSA pathway can be harnessed for therapeutic ben-
efit remains to be addressed.

BAT is a specialized adipose tissue that allows mammals to ther-
moregulate by producing heat from futile metabolic cycles. These 
cycles consume a large quantity of energy in the form of fatty acids 
and glucose and contribute to a high metabolic rate. Consequently, 
increasing BAT thermogenic activity has been considered as a 
therapeutic avenue to increase energy expenditure and decrease 
adiposity and its concurrent negative health outcomes. Although 
the relevance of BAT to human biology has long been questioned, 
decreased levels of BAT have been observed in obese individuals, 
thus suggesting that BAT activity negatively correlates with meta-
bolic disease in humans86. Beyond BAT, a subset of white adipocytes 
can be induced to contribute to thermogenesis in response to cold 
or hormonal stimuli. Termed beige adipocytes, these cells affect 
energy expenditure and glucose metabolism. Secreted factors from 
other metabolic tissues, including FGF21 from the liver and irisin 
from muscle, can cause a metabolically beneficial increase in beige 
adipocytes, termed ‘browning’87.

In addition to increasing energy expenditure, BAT activity 
remodels organismal metabolism by signalling to distant tissues. In 
response to activation of the transcriptional coregulator PRDM16, 
beige adipocytes secrete a fragment of the protein Slit2, which 
induces thermogenesis and results in increased energy expenditure 
and improved glucose clearance88. The transcription factor IRF4 
in BAT inhibits expression of myostatin, a myokine that inhibits 
skeletal muscle function. Through inhibition of myostatin, IRF4 

Box 2 | Role of the immune system in vascular metabolic 
health

The components of metabolic syndrome contribute to the devel-
opment of atherosclerosis and cardiovascular disease, which are 
major public-health concerns in their own right. One-quarter 
of adult deaths in industrialized countries can be attributed to 
atherosclerosis, and cardiovascular disease is the leading cause 
of death worldwide193. Dyslipidaemia, specifically an excess of 
cholesterol-rich low-density lipoprotein (LDL), is the single 
most important risk factor in the development of this disease194. 
Effective treatments, including statins, have been developed to 
treat dyslipidaemia. However, inflammation is also accepted to 
be a major contributor to atherogenesis195,196. Accumulation of 
LDL particles in the vascular endothelium activates components 
of the innate and adaptive immune responses, thus resulting in 
recruitment of immune cells and release of inflammatory signals. 
Mechanistic links between the improved cholesterol clearance 
and reduced inflammation have been elucidated in recent years. 
For example, liver X receptors, sterol-responsive transcription 
factors that improve reverse cholesterol transport, exert their 
atheroprotective effects both by promoting cholesterol efflux 
and by reducing inflammation197. Recent studies have suggested 
that increased inflammation contributes to the risk of heart at-
tack even after LDL-cholesterol lowering and that regression of 
atherosclerotic plaques depends on the resolution of inflamma-
tory signaling198. In light of these discoveries, future therapies for 
cardiovascular disease should enable the targeting of both dys-
lipidaemia and inflammation as underlying causes.
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signalling in BAT results in increased mitochondrial function and 
exercise capacity in skeletal muscle via activation of the mammalian 
target of rapamycin pathway89.

Improvements in lipidomics have additionally enabled the dis-
covery of lipokines from BAT. The first of these is 12,13-diHOME, 
a lipokine produced from BAT in humans and mice in response to 
exercise. This lipid causes increased uptake and oxidation of fatty 
acids in skeletal muscle90, providing a link between BAT and the 
beneficial effects of exercise. Another lipokine produced by BAT 
is the lipid 12-HEPE, which is secreted in response to cold expo-
sure and β-adrenergic signalling, and promotes glucose uptake by 
muscle and adipose tissues, thus improving glucose metabolism91.

Increased adiposity is highly correlated with metabolic disease 
and is also the most visible trait associated with dysregulation of 
metabolism. As the site of energy storage and a potent endocrine 
organ, adipose tissue plays a central role in regulating organismal 
metabolism. Inflammation of this tissue is correlated with disrupted 
signalling and deleterious effects on health, including insulin resis-
tance and atherosclerosis. The extent to which dysregulation of 
adipose tissue causes or results from dysregulation of metabolism 
in other organ systems is an open question. Further insight into the 
roles of adipose tissue in metabolic disease, including the roles of 
BAT in human biology and disease, will be provided by the contin-
ued study of adipose signalling factors, including previously under-
studied classes of mediators, such as lipokines and other lipid signals.

Myokines and muscle-secreted factors
Medical science and conventional wisdom have long indicated that 
exercise has beneficial effects on metabolism and overall health. 
Exercise is effective in treating and preventing many of the hall-
marks of metabolic syndrome. However, the molecular mechanisms 
that underpin the effects of exercise on these conditions remain an 
area of active investigation. Muscle contraction has benefits on 
metabolism beyond consuming excess energy directly. Muscle tis-
sue undergoes extensive adaptation to increased exercise, includ-
ing increased expression of enzymes involved in beta-oxidation 
and glycogen metabolism. Exercise also increases the sensitivity 
of adipose tissue to epinephrine-stimulated lipolysis and increases 
the utilization of intramuscular triglycerides, thus suggesting that 
muscle contractions can affect distant tissues90.

The effects of exercise on metabolism are increasingly being 
shown to depend heavily on muscle-secreted factors, known as 
myokines, which have varied and far-reaching effects (Fig. 3). Some 
evidence indicates that the effects of muscle contractions persist 
even in the absence of cross-talk between muscle and the CNS92. 
Muscle has been predicted to secrete hundreds of factors, many of 
which have not been characterized93. Many myokines are secreted 
in response to muscle contractions, and many have been shown 
to increase energy expenditure, decrease inflammation and have 
neuroprotective effects. Although myokines can have autocrine, 
paracrine and endocrine effects, here we focus on myokines that 
allow the muscle to signal to distant tissues and affect whole-body 
metabolism.

One of the earliest-discovered myokines was interleukin (IL) 6, 
a circulating peptide with effects on liver, adipose and endocrine 
tissues94. IL-6 was first identified as a myokine after observations 
that its plasma levels markedly increase after exercise in proportion 
to muscle mass, up to 100-fold, even in the absence of exercise-
induced muscle damage95. This observation is consistent with find-
ings that immune responses do not have a role in exercise-induced 
increases in IL-6, which is produced by myoblasts96. The circum-
stances of IL-6 secretion by muscle also suggest that the role of this 
myokine is primarily regulation of metabolism rather than immune 
responses. For example, IL-6 release is reduced by high glycogen 
levels in muscle and by ingestion of glucose during exercise97. These 
data suggest a role of IL-6 in the response to muscular energy stores. 

IL-6 production after exercise is believed to potentiate the beneficial 
effects of exercise on the metabolism of distant tissues. Infusion of 
recombinant IL-6 into humans has been found to increase whole-
body insulin sensitivity in hyperinsulinaemic/euglycaemic clamp 
studies98. Additionally, IL-6 activates hepatic production of glucose 
during exercise99 and increases systemic fatty acid oxidation100. 
However, recombinant IL-6 alone is insufficient to increase glucose 
production or uptake, thus suggesting that it may work in concert 
with other factors100. Individuals with obesity and metabolic syn-
drome exhibit elevated basal levels of IL-6, thus possibly suggesting 
resistance to IL-6 signalling under these conditions101. This possibil-
ity complicates the clinical promise of IL-6 treatment.

Myostatin, a well-described myokine that negatively regulates 
muscle growth102, also has effects on whole-body metabolism. In 
addition to its inhibitory effects on muscle, this secreted protein 
regulates adipose tissue mass and function103,104. Increased myo-
statin expression is correlated with obesity105, thereby providing 
further evidence that myokine signalling is perturbed by meta-
bolic disease and that obesity can negatively affect muscle function. 
Ablation of myostatin potentiates the beneficial effects of long-term 
exercise105, thus raising the possibility that inhibition of this path-
way might be a viable avenue for treatment of metabolic syndrome. 
In contrast, levels of follistatin, a negative regulator of myostatin, 
increase after exercise106. There is some debate regarding the origin 
of circulating follistatin, and its effects on metabolism remain under 
investigation107.

Studies in lean and obese humans have shown that exercise 
induces browning of subcutaneous fat (as evidenced by increased 
thermogenic gene expression) and increases insulin sensitivity in 
the absence of substantial changes in body composition108. This 
observation provides another mechanism through which exer-
cise may improve overall metabolism, even in the absence of a 
decrease in adipose tissue. Exercise can also affect whole-body 
metabolism via the well-characterized transcriptional coactivator 
PGC1α. Stimulation of this protein by muscle contraction results in 
increased expression of Fndc5, a membrane protein whose cleavage 
product is secreted as the protein hormone irisin109. Irisin stimulates 
white adipose cells to express uncoupling protein 1 (UCP1), thus 
contributing to browning of these cells and promoting thermogen-
esis. Browning of WAT increases energy expenditure, which in turn 
decreases adiposity and increases insulin sensitivity. In addition, iri-
sin has been shown to have neuroprotective effects in the brain via 
induction of bone-derived neurotrophic factor110.

PGC1α promotes the expression of other secreted factors in 
addition to irisin, and other myokines that have yet to be described 
may also be under its control109. One other myokine under the  

IL-6
Myostatin

Irisin
BAIBA
IL-15

IL-6
MOTS-c

Fig. 3 | Muscle-secreted factors. Muscle-secreted factors or ‘myokines’ 
have effects on the adipose and liver that potentiate the beneficial effects 
of exercise on metabolism.
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control of PGC1α is beta-aminoisobutryic acid (BAIBA). This small 
molecule is secreted from myocytes after muscle contraction. In 
addition to reducing insulin resistance in muscle, BAIBA induces 
WAT browning and hepatic fatty acid oxidation, thereby increasing 
energy expenditure111.

Because exercise and oxidative metabolism are intrinsically 
linked, mitochondrial factors have been hypothesized to play a 
role in adaptation to exercise. The mitochondrial-encoded peptide 
MOTS-c is expressed in the muscle, liver and brain112. Exogenous 
MOTS-c has a host of beneficial metabolic effects when adminis-
tered to mice, including increased energy expenditure, increased 
glucose utilization and fatty acid oxidation, and decreased lipid 
accumulation in the liver112. Plasma levels of this peptide are cor-
related with obesity and markers of insulin resistance in humans113.

IL-15 is a putative myokine produced by skeletal muscle that has 
anabolic effects in this tissue114. IL-15 decreases both lipid deposition 
in preadipocytes and WAT mass overall. Thus, although it has not 
yet been observed in plasma, it may act as a myokine regulating adi-
pose tissue115,116. This hypothesis is consistent with observations that 
IL-15 is inversely correlated with adipose tissue mass and abdominal 
adiposity in humans116. Expression of IL-15 in mouse skeletal muscle 
has been shown to reduce abdominal adipose mass, thus suggesting 
a causative connection between IL-15 and adiposity116.

Additional potential myokines have been identified that affect 
bone formation117, increase vascularization of muscle118 and have 
cardioprotective effects119—beneficial functions consistent with 
adaptation to exercise. Exercise is now well appreciated to exert 
positive effects on markers of metabolic syndrome, thereby sug-
gesting causal linkages. The secretome of skeletal muscle remains 
largely uncharacterized, and additional mechanisms through which 
muscle exerts control over whole-body metabolism are likely to be 
discovered. The study of muscle tissue and its adaptation to exercise 
continues to be a promising avenue for the discovery of secreted fac-
tors that might be harnessed as metabolic therapies.

Secreted gastrointestinal and endocrine factors
The pancreas has long been studied for its central role in endocrine 
control of metabolism. Secreted insulin and glucagon together reg-
ulate a large portion of glucose homeostasis, and disruption of this 
system in diabetes is a major health concern (Fig. 4). Insulin and 
glucagon secretion act in concert with factors secreted from the gut 
in response to nutrient absorption, thereby coordinating efficient 
nutrient metabolism and regulating energy utilization.

Insulin is perhaps the best-characterized of any secreted factor. 
For almost a century, insulin has been studied as a factor dysregu-
lated in individuals with high blood glucose120. Insulin is a peptide 
hormone released in response to increased blood glucose from 
pancreatic beta cells, and it is the primary signal coordinating the 
response of an organism to ingestion of nutrients. In adipose and 
muscle tissues, insulin triggers translocation of the Glut4 glucose 
transporter to the cell membrane, where it potentiates glucose 
absorption and rapidly decreases blood glucose121. In the liver, insu-
lin inhibits gluconeogenesis and promotes the synthesis of glycogen 
and lipids, so that energy can be stored for later use122. Insulin can 
cross the blood–brain barrier and signal in the CNS, thereby modu-
lating reward pathways and food-intake behaviour123. Insulin has 
well-established effects on cell growth, metabolism and survival, 
and the molecular mechanisms underlying insulin signalling have 
been studied extensively. Insulin exerts its effects via activation of 
the insulin receptor, which in turn activates cascades of downstream 
signalling proteins including the MAPK and PI3K pathways124.

Insulin replacement is the dominant therapeutic approach to 
treating type 1 diabetes, and recent advances in formulation have 
improved the outcomes of insulin therapy for this disease125. The 
therapeutic potential of insulin in people with T2D, who are resis-
tant to insulin, is somewhat more complicated. Insulin resistance 

is one of the cornerstones of metabolic syndrome, and treatment 
of this symptom has a beneficial effect on patients, including pre-
vention of the deleterious vascular effects of hyperglycaemia126. 
However, treatment of people with T2D with insulin or insulin sen-
sitizers can increase obesity, owing to the lipogenic effects of insu-
lin. As the disease progresses, increasing insulin resistance coupled 
with declining reserves of insulin necessitate increasingly large 
doses to maintain effective therapy127. Nevertheless, insulin remains 
a mainstay therapy for people with T2D, and advances in delivery 
have improved treatment outcomes128.

Glucagon, a peptide hormone secreted from pancreatic alpha 
cells in response to fasting, acts in opposition to insulin and allows 
organisms to adapt to nutrient-scarce conditions129. Glucagon acts 
in the liver by increasing glycogenolysis and gluconeogenesis while 
inhibiting glycogen synthesis. Although these actions may contrib-
ute to hyperglycaemia in the context of T2D, glucagon has several 
beneficial metabolic effects. Glucagon signalling increases fatty acid 
oxidation and counteracts dyslipidaemia, thus suggesting that ago-
nism of glucagon signalling may be a therapeutic avenue for treat-
ing metabolic syndrome130. Treatment with glucagon has also been 
shown to have anti-obesogenic effects131, which are at least partially 
mediated by stimulation of FGF21 (ref. 132).

As the primary site of nutrient absorption, the gastrointestinal 
tract signals to remote tissues during digestion and acts in concert 
with insulin secretion in maximizing nutrient storage and utili-
zation. Peptides released from enteroendocrine cells in the gut, 
including glucose-dependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide 1 (GLP-1), increase insulin secretion in the 
pancreas in response to glucose absorption133. Together known as 
the incretin hormones, GIP and GLP-1 are primarily responsible for 
the incretin effect: the observation that insulin secretion in response 
to oral glucose administration is higher than that elicited by intrave-
nous glucose. In individuals with T2D this effect is blunted, owing 
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Fig. 4 | Gut- and endocrine-secreted factors. Factors secreted by the 
pancreas in response to nutrient uptake include the well-characterized 
hormones insulin and glucagon. Hormones secreted by the gut, including 
ghrelin and the incretin hormones GIP and GLP-1, potentiate nutrient 
uptake and storage. Hormones secreted from the gut and endocrine system 
act on the CNS and modify food intake, and also have effects on target 
organs including the liver, muscle and adipose tissue.
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to diminished sensitivity of the pancreas to GIP134. Although GIP 
is a more potent activator of insulin secretion in individuals with-
out diabetes135, resistance to GIP signalling in people with T2D 
suggests that GLP-1 is the more promising therapeutic target in 
T2D136. Activation of GLP-1 signalling decreases plasma glucose 
and has other beneficial metabolic effects, including decreased food 
intake and increased weight loss137,138. GLP-1 secretion is inhibited 
in obesity139, but patients who have undergone gastric bypass sur-
gery show elevated levels of GLP-1 secretion, which may mediate 
some of the beneficial effects of this intervention on metabolic 
health140. GLP-1 agonists have also been shown to reduce the risk of 
cardiovascular events in people with T2D, and GLP-1 has multiple 
beneficial effects in the cardiovascular system, including reducing 
both inflammation and the progression of atherosclerosis141. These 
observations suggest that activation of this pathway has broad ther-
apeutic potential for individuals with metabolic syndrome.

In the liver, the incretin hormones are degraded by dipeptidyl-
peptidase 4 (DPP-4). Increased activity of DPP-4 is associated with 
insulin resistance and lipid accumulation in the liver, and inhibition 
of this protein is a potential therapy for diabetes and liver disease142. 
Another gut peptide, peptide Y (PYY) may act synergistically with 
GLP-1 in decreasing food intake143.

Ghrelin is a factor released from the gastric mucosa that was 
identified 20 years ago as an agonist for the growth hormone secre-
tagogue receptor 1α (GHSR1α)144. It was quickly identified as an 
important metabolic regulator acting on the CNS and increasing 
food intake and consequently fat mass145. Since then, many addi-
tional functions have been ascribed to this protein hormone, includ-
ing modulating taste sensation, anxiety and circadian rhythms146. 
Ghrelin has additionally been implicated in signalling to other 
organs important for whole-body metabolism. For example, ghrelin 
has been reported to modulate thermogenesis in BAT147 and lipid 
utilization in WAT148. Ghrelin receptors are most highly expressed 
in the brain but can also be found in other organs, including the 
pancreas149. Because of its positive effect on food intake, antagonism 
of the ghrelin pathway has been explored as a potential therapeu-
tic avenue for obesity. Unfortunately, knockout studies of ghrelin 
and its receptor have yielded mixed results, and have suggested 
that inhibition of ghrelin alone may be insufficient to ameliorate 
diet-induced obesity146. Inhibition of ghrelin signalling has been 
proposed as a treatment for T2D, although the effects of ghrelin 
on glucose metabolism depend heavily on its post-translational 
acylation150,151. Interestingly, ghrelin improves glucose clearance in 
diabetic mice without affecting adiposity152 and decreases inflam-
mation in several tissues. Administration of ghrelin has been shown 
to ameliorate the inflammatory effects of a high-fat diet in the liver 
and muscle, to have beneficial effects on glucose metabolism153,154 
and to increase fatty acid oxidation in skeletal muscle155. Ghrelin 
treatment may additionally exert cardioprotective effects in rodents 
and humans with metabolic syndrome156.

Serotonin, a well-studied neurotransmitter that was first identi-
fied as a factor secreted from the gut157, also plays a role in meta-
bolic signalling, particularly in the adaptation to fasting. Peripheral 
serotonin, which is secreted primarily by the intestinal mucosa, has 
effects on glucose metabolism in the pancreas, liver and adipose. In 
the pancreas, serotonin increases beta-cell mass, glucose sensitiv-
ity and insulin production158,159. In the liver, serotonin facilitates the 
adaptation to fasting by increasing gluconeogenesis and decreas-
ing glucose uptake160. In the adipose, serotonin improves lipolysis, 
inhibits lipogenesis and increases glucose tolerance160,161.

Secreted factors from the gastrointestinal tract show potential 
promise in the treatment of metabolic syndrome. Modulation of the 
ghrelin and the incretin hormone pathways is under investigation 
as a therapy in humans and has shown promise in the treatment of 
metabolic syndrome. Moreover, the gut is host to a large and impor-
tant portion of the microbiome. Potential interactions between gut 

microbes and the metabolism in distant organs under physiological 
and pathological conditions is an area of active investigation, and 
ongoing studies in this area may open new avenues for the treat-
ment of metabolic syndrome.

Secreted factors and the vasculature
Metabolic health has long been understood to be intimately related 
to cardiovascular health. Dysfunctional lipid metabolism and 
inflammation are major factors underlying atherosclerosis. A host 
of secreted factors from metabolically important organs are released 
into the circulation and influence the complex pathogenesis of car-
diovascular disease (Fig. 5). For example, secreted signals acting on 
the vasculature affect hypertension, a major contributor to cardio-
vascular events. Investigation of the functions of vascular-acting 
factors continues to provide insight into the links among obesity, 
hypertension, insulin resistance and cardiovascular disease.

Hypertension, one of the hallmarks of metabolic syndrome, 
is closely associated with dysregulation of metabolism162. Recent 
observations suggest that salt intake, long established as a risk 
factor for hypertension, is an independent risk factor for obesity, 
even when food intake is considered163. A high-salt diet can affect 
adipokine expression, thereby providing one mechanism for this 
connection. Excess salt levels have been reported to induce adipo-
genesis and the production of inflammatory adipokines in adipo-
cytes, thus providing a mechanism by which salt can exacerbate 
obesity, hypertension and adipose inflammation164. Moreover, 
obesity regulates the production of secreted factors affecting blood 
pressure. Intestinal mediators, including GLP-1 and ghrelin, have 
been shown to decrease blood pressure and to be decreased in obe-
sity165. Obesity causes adipocytes to overproduce components of the 
renin-angiotensin system, thereby increasing blood pressure and 
exacerbating adipose inflammation and atherogenesis166. Plasma 
adiponectin, which is lowered in obesity, reduces blood pressure in 
obese mice at least in part via regulation of the SGLT2 sodium/glu-
cose cotransporter in the kidneys167,168.

Adiponectin and other adipokines affect the development of 
atherosclerosis, a complex process exacerbated by inflammation 
and dyslipidaemia, both of which are components of metabolic 
syndrome. Adiponectin has been shown to decrease atherogenesis 
in mouse models169; consequently, reduced adiponectin in obesity 
may exacerbate this pathology. Adiponectin also exhibits cardiopro-
tective effects. Overexpression of adiponectin ameliorates cardiac 
hypertrophy and reduces myocardial infarct size in mouse mod-
els170,171. Low adiponectin levels have been correlated with athero-
sclerosis in humans; these observations may therefore have clinical 
relevance172. FABP4, an adipokine that links adipose tissue to liver 
lipogenesis and insulin sensitivity in muscle, also affects atherogen-
esis. FABP4 deficiency decreases atherosclerosis in mice and has 
been demonstrated to affect macrophage cholesterol trafficking and 
inflammation173,174.

Myokines may have roles in the development of atherosclero-
sis. Overexpression of PGC1α, which is also elevated after exercise, 
ameliorates atherosclerosis in mice175. The PGC1α target irisin is 
inversely correlated with atherosclerosis in patients receiving dialy-
sis176. BAIBA has been shown to reduce vascular inflammation177. 
These myokines provide potential mechanisms through which exer-
cise directly exerts beneficial effects on the vasculature, although 
additional factors probably remain to be identified.

Inflammatory mediators produced by the immune system are 
subject to changes in metabolism and are a major contributor to 
cardiovascular disease (Box 2). Numerous studies have suggested 
links between levels of trimethylamine N-oxide (TMAO), a choline-
derived metabolite produced in the intestine and liver, and diet. 
Moreover, plasma levels of TMAO have been correlated with ath-
erosclerosis. The mechanism underlying this association appears to 
be the activation of endothelial inflammation by TMAO178. FMO3, 
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the enzyme that produces TMAO, has been shown to respond to 
insulin, thus suggesting a connection to diabetes-related athero-
sclerosis179, and TMAO has also been implicated in the browning 
of WAT180. Therapeutic strategies aimed at modulating the TMAO 
pathway have yet to be developed.

Other adipose-secreted factors have effects on the vasculature 
related to angiogenesis. These factors include members of the angio-
poietin and angiopoietin-like families. Angiopoietin 1 and 2 (ANG1 
and ANG2) are mediators that are expressed in adipose tissue and 
affect angiogenesis and vascular function181,182. Their expression 
is reduced in WAT in obesity183, thus suggesting that this pathway 
may be disrupted by metabolic disease. Expression of these proteins 
has been demonstrated to have beneficial metabolic consequences, 
a finding at least in part attributable to effects on adipose angio-
genesis182,184,185. Plasma levels of another member of this family of 
proteins, angiopoietin-like 2 (ANGPTL2), increase with obesity and 
are correlated with insulin resistance186. Expression of ANGPTL2 
worsens atherosclerosis in mice and exacerbates insulin resistance 
in mice187; consequently, its increased expression may contribute 
to metabolic syndrome. ANGPTL3, ANGPTL4 and ANGPTL8 
are produced by liver and adipose tissue and regulate triglyceride 
metabolism by collectively inhibiting lipoprotein lipase, endothelial 
lipase and pancreatic lipase188. Loss-of-function alleles of these pro-
teins have been linked to decreased triglyceride levels in humans189, 
and deletion of ANGPTL4 in a mouse model has been found to 
ameliorate inflammation and atherosclerosis190.

Cardiovascular diseases are enormous public-health concerns 
on their own; however, hypertension and atherosclerosis should be 
viewed as key components of metabolic syndrome. Common mech-
anisms are likely to contribute to cardiovascular and whole-body 
metabolic health. As a complement to existing therapies (those 
targeting plasma cholesterol levels, for example), future therapies 
or preventive strategies for cardiovascular disease show promise 
in inhibiting inflammatory signals from the adipose tissue or liver. 
As more is understood about the links between metabolic health 

and its effects on the vasculature, more avenues for interventions in 
these diseases are likely to be elucidated.

Conclusions
Over the past several decades, the rich diversity of signals that 
mediate inter-organ communication in the control of whole-body 
metabolism have come to be appreciated. From peptide hormones 
to small molecules to lipids, these factors coordinate myriad pro-
cesses in target organs, thus enabling responses to fluctuating nutri-
tional states. Here, we have discussed factors secreted from classical 

Box 3 | Exosomes in metabolism

The study of exosomes, small membrane-bound extracellular 
compartments that may contain proteins, lipids, coding and 
non-coding RNAs, or signalling molecules, is an emerging field 
of study. The secretion of exosomes is a controlled process known 
to respond to nutrient-related cues, including fasting, refeeding 
and obesity, thus suggesting that this method of communication 
may play a role in responses to changing nutritional states202,203. 
In support of this idea, exosome secretion from WAT increases 
in response to obesity, whereas BAT produces exosomes in re-
sponse to cold exposure204,205. Exosomes have also been shown 
to elicit changes in the metabolic states of target tissues. For ex-
ample, exosomes collected from the WAT in mice fed a high-fat 
diet have been reported to disrupt glucose homeostasis, increase 
inflammation and exacerbate atherosclerosis when administered 
to recipient mice206. These studies suggest that exosome secretion 
may be a method allowing cells and tissues to rapidly exchange 
cellular components in response to nutritional changes. The 
study of exosomes expands the landscape in the search for inter-
organ mediators that might be exploited as targets in therapies 
for metabolic diseases.
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Fig. 5 | Secreted factors and the vasculature. Various factors secreted from the gut, adipose, muscle and liver affect the vasculature. These include 
members of the angiopoietin and angiopoietin-like families of proteins, which mediate angiogenesis and lipid metabolism, as well as hormones and small 
molecules that affect blood pressure and vascular inflammation—important factors in the development of atherosclerosis.
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metabolically relevant organs. These systems interact with factors 
secreted from the bone, the immune system and even the micro-
biome, and consequently influence metabolism. These interactions 
are currently active areas of investigation.

As techniques improve, additional ways in which tissues com-
municate in maintaining homeostasis, and how these networks are 
perturbed by disease, will undoubtedly be discovered. Advances in 
proteomics and lipidomics are likely to enable the identification of 
new secreted factors by analysis of plasma in normal and diseased 
states. Improved sequencing and advanced data-processing tech-
niques are expected to continue to provide insight into genes that 
affect metabolic traits across tissues191,192, thereby elucidating new 
pathways, or new roles for established pathways, in inter-organ com-
munication. Studies on emerging classes of factors, including exo-
somes (Box 3), may also yield unexpected insights that are now only 
beginning to be appreciated. Investigation of secreted factors and 
their roles in inter-organ communication has the potential to address 
many unresolved questions in the field of metabolism, including the 
mechanisms through which organs alter catabolism in the overfed 
state and how organisms sense and regulate body mass. The study of 
secreted factors in control of metabolism continues to hold promise 
for the study of metabolic regulation and the identification of new 
therapeutic targets for treatment of human metabolic disorders.
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