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Hepatokines and metabolism: Deciphering
communication from the liver
Sharon O. Jensen-Cody 1,2,3, Matthew J. Potthoff 1,2,3,4,*
ABSTRACT

Background: The liver is a key regulator of systemic energy homeostasis and can sense and respond to nutrient excess and deficiency through
crosstalk with multiple tissues. Regulation of systemic energy homeostasis by the liver is mediated in part through regulation of glucose and lipid
metabolism. Dysregulation of either process may result in metabolic dysfunction and contribute to the development of insulin resistance or fatty
liver disease.
Scope of review: The liver has recently been recognized as an endocrine organ that secretes hepatokines, which are liver-derived factors that
can signal to and communicate with distant tissues. Dysregulation of liver-centered inter-organ pathways may contribute to improper regulation
of energy homeostasis and ultimately metabolic dysfunction. Deciphering the mechanisms that regulate hepatokine expression and commu-
nication with distant tissues is essential for understanding inter-organ communication and for the development of therapeutic strategies to treat
metabolic dysfunction.
Major conclusions: In this review, we discuss liver-centric regulation of energy homeostasis through hepatokine secretion. We highlight key
hepatokines and their roles in metabolic control, examine the molecular mechanisms of each hepatokine, and discuss their potential as ther-
apeutic targets for metabolic disease. We also discuss important areas of future studies that may contribute to understanding hepatokine
signaling under healthy and pathophysiological conditions.
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1. INTRODUCTION

The prevalence of obesity continues to increase worldwide due to
complex behavioral, genetic, and environmental factors. Obesity is a
major contributor to metabolic diseases including type 2 diabetes,
hypertension, and cardiovascular disease [1e3]. Tissue crosstalk
through autocrine, paracrine, and endocrine signals are critical regu-
lators of energy and nutrient homeostasis [4e6]. While adipose tissues
and pancreas are well known for their endocrine function, the liver has
more recently been identified to contribute to the endocrine control of
metabolism by producing liver-derived factors or hepatokines [7e13].
The liver can sense and respond to nutrient overabundance and deficit
by secreting hepatokines, which signal energy status and help regulate
nutrient availability to multiple peripheral tissues and the central
nervous system (CNS). While not meant to be an exhaustive list, in this
review we summarize recent findings about key hepatokines and
highlight their roles in physiology and metabolic disease.

1.1. The liver and hepatokines
In humans and other higher organisms, systemic metabolism is
controlled by complex pathways that regulate energy expenditure and
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nutrient intake. The liver is a major regulator of energy homeostasis by
sensing nutrient availability and altering energy and metabolite pro-
duction needed for other tissues. The liver regulates systemic glucose
homeostasis through hepatic glucose production and glycogen storage.
During the postprandial state, the liver increases glucose uptake in
response to elevated plasma glucose and insulin levels and then con-
verts glucose into glycogen or utilizes it for de novo lipogenesis. During
this time, hepatic glucose production is also reduced due to sufficient
circulating glucose availability [12,14]. In response to fasting, however,
the liver increases hepatic glucose production via glycogenolysis and
gluconeogenesis to supply glucose as a fuel source for non-hepatic
tissues including the brain and skeletal muscle [15,16]. In addition to
glucose production, the liver also supplies ketones from oxidation of
lipids, and supplies lipids to peripheral tissues through very low-density
lipoprotein (VLDL) production. This regulation of energy production,
utilization, and storage by the liver is essential for maintaining physi-
ological energy homeostasis. Dysregulation of any of these various
pathways may result in metabolic dysfunction that can contribute to the
development of insulin resistance or fatty liver disease.
Insulin resistance occurs when insulin is unable to properly (1) stim-
ulate glucose uptake into metabolic tissues (skeletal muscle and
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adipose tissues), (2) suppress hepatic glucose production, and/or (3)
reduce adipose tissue lipolysis [17]. During hepatic insulin resistance,
excess storage of ectopic fat in the liver can contribute to the devel-
opment of non-alcoholic fatty liver disease (NAFLD) [17e20]. NAFLD,
more recently proposed to be termed metabolic-associated fatty liver
disease (MAFLD) [19], covers a spectrum of liver disorders that can
progress to steatohepatitis (NASH) and cirrhosis [21]. NAFLD is the
most common chronic liver disease worldwide and a risk factor for
type 2 diabetes, obesity, and cardiovascular disease (CVD) [8,12,22].
NAFLD and type 2 diabetes are both multi-system diseases that involve
perturbations in crosstalk between peripheral tissues (the liver, adi-
pose tissue, and skeletal muscle) and the CNS. Disruption in the ability
of these tissues to communicate manifests as dysregulation of lipid
handling and mitochondrial function in the liver, excessive cytokine and
lipid release by adipose tissue, ectopic fat deposition in skeletal
muscle, and disruption of endocrine signaling in homeostatic neurons
in the hypothalamus [23].
The liver communicates with other organs including the CNS, adipose
tissues, and skeletal muscle in part by producing hepatokines, which
are essential for transmitting information regarding the metabolic
status of the liver (Figure 1). In recent years, several hepatokines have
been identified and examined for their roles in the development of
obesity, insulin resistance, and NAFLD [24]. While altered expression
levels of certain hepatokines are considered biomarkers of metabolic
dysfunction, expression of other hepatokines fluctuates dynamically
with physiological states (fed, fasted, etc.) reflecting their important
roles in maintaining metabolic homeostasis. The function of these
protein-encoded hepatokines in physiology and metabolic disease are
explored below.
Figure 1: Hepatic production of secreted factors controls nutrient and energy home
nutrient availability and altering metabolite and energy production used by various organ
hepatokines, which are responsible for transmitting information regarding the metabolic st
information is communicated back to the liver in a feedforward loop through hepatokines an
balance in response to constant changes in nutrient status. CNS, central nervous syste
Tsukushi; FST, follistatin; ANGPTL, angiopoietin-like; LCN13, lipocalin 13; SMOC1, SPARC
leukocyte cell-derived chemotaxin 2.
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1.1.1. Activin-E
Activins are members of the transforming growth factor-b (TGFb) su-
perfamily and disulfide-linked homo- or heterodimers of the b-subunits
of inhibin/activin A and B [25,26]. Activins were initially identified as
stimulators of follicle-stimulating hormone secretion, but several studies
revealed that activins play multiple roles in various cells and tissues.
Activin subunits and receptors are expressed ubiquitously and believed
to exert autocrine and paracrine effects. Activin-E (also called inhibin
subunit beta E) was recently identified in humans and rodents and,
unlike other activins that are expressed throughout the body, activin-E is
expressed and secreted primarily by the liver [27,28]. Activin-E is
elevated in the livers and serum of humans with obesity and NAFLD
(Table 1) [29] and was recently identified as an important regulator of
energy expenditure and insulin sensitivity in rodents [30] (Figure 2).
Expression levels of activin-E are closely related to those of other
thermogenic genes in subcutaneous white adipose tissue, and activin-E
directly enhances the expression of uncoupling protein 1 (UCP1) and
fibroblast growth factor (FGF21), two important regulators of adipose
thermogenesis, in cultured brown pre-adipocytes [30]. Activin-E
expression increases during fasting and is markedly suppressed by
loss of the insulin receptor in the liver [10], suggesting dynamic
regulation. Furthermore, circulating levels of activin-E are elevated in
high-fat diet-fed mice and are thought to contribute to resistance to
body weight gain [28,30]. Supporting a potential role for activin-E in
human diseases, activin-E levels in humans are increased in individuals
with obesity and insulin resistance [31]. Thus, obesity may reflect an
activin-E resistant state (Figure 3). Further studies are required to
assess the metabolic effects of activin-E and explore its potential as a
pharmacological agent for treating insulin resistance and NAFLD.
ostasis. The liver plays a central role in regulating systemic energy balance by sensing
systems. The liver communicates with these tissues in part through the production of
atus of the liver to target organs, including the CNS, adipose tissues, and muscle. This
d other secreted factors, including those produced by the pancreas, to maintain energy
m; GDF15, growth differentiation factor 15; FGF21, fibroblast growth factor 21; TSK,
-related modular calcium-binding protein-1; IGF1, insulin-like growth factor 1; LECT2,
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Table 1 e Known hepatokines and their role in metabolism and disease.

Hepatokine Target organs Metabolic roles Human serum
concentration in
insulin resistance

Reference

Activin-E Liver and adipose tissue Increases energy expenditure and insulin sensitivity
through brown and beige adipocyte activation

Increased [28e30]

ANGPTL3 Liver, adipose tissue, skeletal
muscle, and brain cardiac tissue

Regulates plasma triglycerides by inhibiting LPL and
increasing insulin resistance
Dissociates active dimeric LPL to monomers

Increased [37,39,40,42,45,46]

ANGPTL4 Liver, adipose tissue, skeletal
muscle, and brain

Enhances hepatic glucose production and promotes
disruption of glucose metabolism

Debated [59,60,67
e71,74,75,78,83]

ANGPTL6 Various peripheral tissues Regulates glucose and lipid metabolism and insulin
sensitivity

Increased [89,91,92,94]

ANGPTL8 Liver, adipose tissue, skeletal
muscle, and brain cardiac tissue

Regulates plasma triglycerides by binding ANGPTL3,
inhibiting LPL, and increasing insulin resistance
Downregulates ANGPTL4

Debated [38,59,81,100]

Fetuin-A Liver and skeletal muscle Promotes adipose tissue inflammation and insulin
resistance
Inhibits liver and skeletal muscle insulin receptor
phosphorylation

Increased [12,107
e112,117,119]

FGF21 Adipose tissue and brain Regulates energy homeostasis by increasing energy
expenditure, improving insulin sensitivity, decreasing
plasma triglycerides, and decreasing sugar intake

Increased [129,133e142,169]

Follistatin Various peripheral tissues Serves as a novel energy deprivation signal Increased [177,182,188e190]
GDF15 Adipose tissue, skeletal muscle,

liver, and brain
Regulates energy homeostasis by mediating increased
energy expenditure and reduced body weight gain

Increased [195,199,200,202
e205]

Hepassocin Liver, adipose tissue, and skeletal
muscle

Promotes insulin resistance and hepatic lipid
accumulation

Increased [29,208e210]

IGF1 Skeletal muscle Improves insulin sensitivity in skeletal muscle Decreased [214,219,225e229]
LECT2 Skeletal muscle, liver, and adipose

tissue
Impairs insulin signaling and promotes hepatic lipid
accumulation

Increased [230,239,241]

Lipocalin 13 Adipose tissue and liver Regulates glucose metabolism by enhancing insulin
sensitivity and regulating expression of gluconeogenic
genes

Decreased [245, 248, 249]

Selenoprotein-P Various peripheral tissues Impairs insulin signaling and augments glucose
metabolism

Increased [251,252]

SMOC1 Liver and skeletal muscle Improves glycemic control by suppressing hepatic
glucose output and skeletal muscle glucose uptake
and inhibiting hepatic glucagon-stimulated insulin
signaling

Decreased [257,259]

Tsukushi Various peripheral tissues Likely improves energy homeostasis by regulating
thermogenesis
Regulates cholesterol homeostasis

Increased [260e263]
1.1.2. Angiopoietin-like proteins
White adipose tissue (WAT) is a major site of lipid deposition and
production. Triglyceride-rich lipoproteins travel in the circulation until
they reach metabolic tissues that express lipoprotein lipase (LPL) on
the luminal surface of capillary endothelial cells. LPL is a critical
enzyme that hydrolyzes lipoprotein triglycerides (TGs) into fatty acids
that are then taken up by tissues (adipose tissue and muscle) [32].
Fatty acids taken up by target cells are either re-esterified for storage
(white adipose tissue) or utilized for energy (muscle). Angiopoietin-like
proteins (ANGPTL1-8) are a group of secreted glycoproteins that have
emerged as important regulators of lipid metabolism in part through
post-translational regulation of LPL activity. ANGPTLs are structurally
similar to angiopoietin family proteins as they contain an N-terminal
coiled-coil structure and a C-terminal fibrinogen-like domain [33].
Members of the ANGPTL family function as regulators of LPL activity in
WAT (Figure 3).
ANGPTL3 is exclusively expressed and secreted by the liver and has
emerged as an important regulator of plasma triglyceride levels due to
its inhibition of LPL in oxidative tissues [34] (Figure 3). ANGPTL3
positively correlates with plasma glucose, insulin, and HOMA-IR levels
in patients with insulin resistance [35,36] (Table 1). ANGPTL3 directly
binds LPL with its N-terminal coiled-coil domain and promotes
MOLECULAR METABOLISM 44 (2021) 101138 Published by Elsevier GmbH. This is an open access article
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dissociation of active LPL dimers into inactive monomers [37]. This
inhibitory action results in increased storage of lipoprotein-derived fatty
acids in WAT [38]. ANGPTL3 is proteolytically cleaved by proprotein
convertases, which allows complex formation with ANGPTL8 to
orchestrate the inhibition of LPL and the dysregulation of carbohydrate
and lipid homeostasis [37,39,40]. Furthermore, inhibition of ANGPTL3
reduces VLDL lipid content and size in an endothelial lipase-dependent
manner [41]. ANGPTL3 likely augments carbohydrate homeostasis by
inducing lipolysis in adipose tissue [42], attenuating de novo lipo-
genesis [43], and upregulating ANGPTL4 expression [44], factors that
result in decreased glucose uptake and insulin sensitivity. ANGPTL3 is
upregulated by liver X receptor (LXR) [45] and downregulated by
several factors, including insulin [42,46], leptin [42], peroxisome
proliferator-activated receptor-b (PPARb) [47], statins [48], and thyroid
hormone [49,50]. Individuals with loss of function alleles in ANGPTL3
exhibit reduced levels of plasma triglycerides, LDL-, and HDL-
cholesterol [51,52]. Mice lacking ANGPTL3 have increased LPL ac-
tivity and reduced circulating levels of triglycerides and free fatty acids
(FFA) [53e55], a phenotype that has been reproduced pharmacolog-
ically in monkeys and humans [56]. Recent findings from a phase 3
clinical trial and findings in rodents suggest that combinatorial treat-
ment of ANGPTL3 inhibitor evinacumab with other lipid-lowering
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 2: Mechanism for physiological effects of hepatokines in target tissues. Hepatokines elicit diverse effects on target tissues. Some hepatokines signal the CNS to
regulate body weight homeostasis and nutrient intake, while others act on adipose tissues and muscle to regulate lipid and glucose homeostasis. GDF15, growth differentiation
factor 15; FGF21, fibroblast growth factor 21; FST, follistatin; LCN13, lipocalin 13; TSK, Tsukushi; IGF1, insulin-like growth factor 1; UCP1, uncoupling protein 1; SMOC1, SPARC-
related modular calcium-binding protein-1; ANGPTL6, angiopoietin-like 6; AMPK, 50 adenosine monophosphate-activated protein kinase.

Figure 3: Regulation of hepatokine function during obesity and diabetes. Signaling of certain hepatokines to target tissues including skeletal muscle and adipose tissues may
result in impaired lipid and glucose homeostasis, ultimately leading to metabolic dysregulation. Some hepatokines increase in the circulation under inflammation conditions, which
may result in endocrine-signaling resistance. ANGPTL3, 8, 4, angiopoietin-like 3, 8, 4; LPL, lipoprotein lipase; FFA, free fatty acid; FST, follistatin; LECT2, leukocyte cell-derived
chemotaxin 2; HFREP1, hepassocin; IL1b, interleukin-1 beta; TNF-a, tumor necrosis factor alpha; IL6, interleukin-6; AMPK, 50 adenosine monophosphate-activated protein kinase;
FGF21, fibroblast growth factor 21; SMOC1, SPARC-related modular calcium-binding protein-1; ANGPTL6, angiopoietin-like 6.
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therapies, including statins and PCSK9 inhibitors, result in significant
reductions in hyperlipidemia compared to lipid-lowering therapies
alone [57,58]. These data support the possibility that inhibiting
ANGPTL3 represents a therapeutic strategy for the treatment of
obesity-related metabolic dysfunction.
4 MOLECULAR METABOLISM 44 (2021) 101138 Published by Elsevier GmbH. This is
ANGPTL4, also referred to as fasting-induced adipose factor (FIAF), is
the most studied ANGPTL family member. In humans and mice,
ANGPTL4 is predominantly expressed in adipose tissue and the liver
and meagerly in the skeletal muscle and heart [59e61]. ANGPTL4
plays important roles in regulating energy homeostasis and triglyceride
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metabolism [61,62], angiogenesis [63], and cancer cell invasion
[64,65]. Angptl4 mRNA expression in the liver increases during fasting
via PPARa and is suppressed during refeeding [66]. In addition to
nutritional status, ANGPTL4 expression can also be modulated by
various metabolic challenges including hypoxia and exercise [67,68].
ANGPTL4 regulates many metabolic processes through its N-terminal
(nANGPTL4) and C-terminal (cANGPTL4) domains. Full-length
ANGPTL4 and nANGPTL4 increase circulating triglyceride concentra-
tions in a nutrient-dependent manner by inhibiting LPL activity and
suppressing clearance of triglyceride-rich lipoproteins by WAT [69e
73] (Figure 3). Furthermore, ANGPTL4 induces adipose tissue lipol-
ysis, resulting in increased circulating FFA likely for redistribution to
oxidative tissues [71,74,75]. This increase in plasma FFA and tri-
glycerides is often associated with ectopic lipid deposition in the liver
and skeletal muscle [29]. To this end, the binding and inhibition of LPL
activity is limited to nANGPLT4 and full-length ANGPTL4, while
cANGPTL4 (and to a lesser extent nANGPTL4) is involved in regulating
several non-lipid metabolic-related processes [72].
ANGPTL4 is also upregulated in adipose tissue under fasted conditions
[75], which leads to decreased LPL levels in capillaries in adipose
tissue allowing for preferential triglyceride uptake into oxidative tissues
such as skeletal muscle [75,76]. Specifically, in the context of exer-
cise, ANGPTL4 selectively inhibits LPL in WAT to redirect FFAs for
catabolism in skeletal muscle, increasing its oxidative capacity [77].
Overexpression of ANGPTL4 in rodents maintains glucose tolerance but
results in hyperlipidemia and hepatic steatosis [78]. Mice that lack
ANGPTL4 fed a high-fat diet have increased body weight and visceral
fat mass compared with wild-type mice on the same diet [79]. Thus,
loss of ANGPTL4 results in increased LPL activity and triglyceride
uptake, leading to an increase in body weight, emphasizing its role in
the redistribution of lipoprotein-derived FFAs [77,80]. A recent study
demonstrated that ANGPTL3 and ANGPTL4 have opposite association
patterns with body weight, diabetes status, and glucose control pa-
rameters across a wide range of body mass indexes (BMI) [69]. While it
is widely accepted that ANGPTL4 correlates strongly with fasting
glucose levels, the influence of ANGPTL4 on glucose metabolism and
insulin resistance remains unresolved (Table 1). Overexpression of
ANGPTL4 in mice causes hepatic steatosis and the mice show
improved hepatic and systemic insulin sensitivity [29]. Several studies
reported that plasma levels of ANGPTL4 were elevated in patients with
type 2 diabetes and obese non-diabetic humans compared to non-
obese non-diabetic humans [69,81e84]. This increase in ANGPTL4
may result in a suboptimal lipid profile (increased triglycerides and
decreased high-density lipoprotein (HDL)) [78,84]. One study, how-
ever, reported that circulating levels of ANGPTL4 were lower in patients
with type 2 diabetes than non-diabetic subjects [78]. Human genetic
studies of ANGPTL4 variants support some of the mice findings.
Carriers of a low-frequency missense variant ANGPTL4, E40K,
exhibited lower circulating triglycerides, increased HDL cholesterol,
lower fasting glucose levels, and reduced risk of developing type 2
diabetes compared with non-carriers [85e89]. These human and
rodent genetic studies paved the way for developing novel ANGPTL4
antagonists to treat metabolic dysfunction. Preclinical studies in ro-
dents and non-human primates demonstrated that short-term treat-
ment with a monoclonal antibody against ANGPTL4 resulted in a
marked reduction in plasma triglyceride-rich lipoproteins without
major side effects [80,90]. Additional late stage clinical trials are
needed to define a conclusive role for targeting ANGPTL4 to treat
dyslipidemia in humans.
ANGPTL6, also called angiopoietin-related growth factor, is involved in
glucose, lipid, and energy metabolism [91,92]. ANGPTL6 is secreted
MOLECULAR METABOLISM 44 (2021) 101138 Published by Elsevier GmbH. This is an open access article
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into the circulation predominantly by the liver and is expressed at
relatively low levels in other tissues. Mice lacking ANGPTL6 have
higher incidences of obesity, increased lipid accumulation in the liver
and skeletal muscle, increased insulin resistance, and reduced energy
expenditure [91]. Conversely, overexpression of ANGPTL6 leads to
elevated energy expenditure, insulin sensitivity, and protection from
high-fat diet-induced obesity and hepatic steatosis [91]. A recent study
showed that ANGPTL6 increased adenosine monophosphate-activated
protein kinase (AMPK) activity to improve insulin signaling in skeletal
muscle [33] (Figure 2). ANGPTL6 can lower gluconeogenesis in the
liver by decreasing the expression of glucose-6-phosphatase by
reducing FoxO1 activity in the PI3K/AKT signaling pathway [93,94].
Together, these data suggest that ANGPTL6 acts as a protective factor
that may regulate energy and glucose homeostasis.
While there is limited information on whether these beneficial effects of
ANGPTL6 occur in humans, recent studies demonstrated that levels of
circulating ANGPTL6 increase in individuals with obesity and type 2
diabetes and positively correlate with fasting plasma glucose levels
[95,96] (Table 1). Additionally, high-fat diet fed mice showed higher
expression of ANGPTL6 in the liver and serum [97]. Consistent with the
disruption of other endocrine signaling pathways during obesity, these
data may also indicate impairments in ANGPTL6 signaling (resistance)
under obese and/or diabetic conditions (Figure 3).
ANGPTL8 (also called lipasin, Td26, and betatrophin) is a more
recently explored ANGPTL that negatively regulates glucose and lipid
metabolism. Sources of ANGPTL8 differ among species but it is mainly
produced by the liver and adipose tissue in humans and mice [98].
Expression levels can be regulated by various stimuli including hyp-
oxia, nutritional availability [99], non-esterified free fatty acids [100],
and thyroid hormone expression [101]. Circulating levels of ANGPTL8
in metabolic disease are controversial, with several studies reporting
both positive and negative correlations with obesity, type 2 diabetes,
NAFLD, and dyslipidemia [83,102e107] (Table 1). ANGPTL8 is ho-
mologous to ANGPTL3 and by itself has no measurable effect on LPL
activity. However, as previously stated, recent studies demonstrated
that ANGPTL8 requires ANGPTL3 or ANGPTL4 to elicit effects on LPL
[37,39,61]. ANGPTL8 and ANGPTL3 co-expression and complex for-
mation allow the maximal inhibition of LPL [38,61] (Figure 3).
Conversely, complex formation of ANGPTL8 and ANGPTL4 impairs
ANGPTL4’s ability to inactivate LPL [61]. ANGPTL8 expression is
upregulated when ANGPTL4 expression is downregulated [98], sug-
gesting that ANGPTL8 acts as a physiological inhibitor of ANGPTL4.
ANGPTL8 also affects appetite by altering the activity of neuropeptide-Y
(NPY) in the hypothalamus [108]. Similar to ANGPTL3, ANGPTL8 serves
as a potential biomarker for treating metabolic dysfunction.
Despite their common architecture, each ANGPTL family member
possesses distinct physiological functions and are involved in several
processes influencing glucose and lipid metabolism. While the bio-
logical mechanisms of ANGPTL members discussed above have not
been completely defined, it is clear that ANGPTL3, ANGPTL4,
ANGPTL6, and ANGPTL8 play vital roles in governing the activity of LPL
and energy metabolism.

1.1.3. Fetuin-A
Fetuins are glycoproteins that mediate the transport of a wide variety of
cargo substances present in the bloodstream. Fetuin-A (alpha2-HS-
glycoprotein) was the first hepatokine identified suggested to regulate
metabolic homeostasis through multi-organ crosstalk and among the
most important hepatokines regulating human metabolism. Predomi-
nantly synthesized and secreted from the liver, fetuin-A is a multi-
faceted protein that is an endogenous inhibitor of the insulin
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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receptor tyrosine kinase in the liver, adipose tissue, and skeletal
muscle [12,109e114] (Figure 3). Patients with insulin resistance,
obesity, and NAFLD have high circulating fetuin-A levels, making it a
potential marker of disease prediction and diagnosis [12,115e118]
(Table 1). Purified rat fetuin-A dose-dependently inhibits insulin re-
ceptor tyrosine kinase activity, altering insulin signaling and ultimately
resulting in insulin resistance [109] (Figure 3). Its involvement in insulin
resistance is further supported by fetuin-A-deficient mice that have
decreased body fat, improved insulin sensitivity, and resistance to
high-fat diet-induced body weight gain [119]. Fetuin-A can be upre-
gulated by NFkB and ERK1/2 following increased circulating levels of
free fatty acids and glucose, respectively [120]. Interestingly, fetuin-A
enhances the secretion of proinflammatory cytokines in monocytes
and adipose tissue and can act as an endogenous ligand and scaffold
protein for toll-like receptor 4 to promote lipid-induced proin-
flammatory responses and insulin resistance [121e123] (Figure 3).
Furthermore, fetuin-A is a negative regulator of the adipokine adipo-
nectin and organokines work in concert to regulate insulin resistance
(Figure 3) [121,124,125]. Conversely, adiponectin has been shown to
inhibit fetuin-A expression through the AMPK pathway, and it was
recently suggested that hypoadiponectinemia in patients with meta-
bolic syndrome may result in increased circulating fetuin-A [118]. In
patients with type 2 diabetes, 12 weeks of calorie restriction signifi-
cantly decreased circulating fetuin-A concentrations, resulting in
improved visceral fat, plasma glucose, blood pressure, and lipid pro-
files [126]. The anti-diabetic drug pioglitazone decreases both mRNA
and circulating levels of fetuin-A in individuals with type 2 diabetes
[127]. Interestingly, fetuin-B, which also increases in humans with liver
steatosis and patients with type 2 diabetes, has also been shown to
impair insulin action in myotubes and hepatocytes and cause glucose
intolerance in mice [128].
While regulation of fetuin-A remains largely unknown, this multi-
faceted hepatokine is a desirable target for obesity and insulin resis-
tance that acts as a vital link between metabolic syndrome and in-
flammatory responses.

1.1.4. FGF21
Fibroblast growth factor 21 (FGF21) is a promising pharmacological
therapeutic for metabolic dysfunction due to its pleotropic effects on
maintaining energy homeostasis in rodents and humans. FGF21, un-
like traditional FGFs, is an endocrine hormone produced and secreted
predominantly by the liver [129,130]. Pharmacological administration
of FGF21 decreases plasma glucose and lipid levels, improves insulin
and leptin sensitivity, decreases hepatic steatosis, increases energy
expenditure [131e136], and decreases sugar and alcohol intake in
mice [137e142]. FGF21 signals to a receptor complex comprised of
FGF receptor 1c (FGFR1c) and its co-receptor b-klotho (KLB) [143e
146]. FGF21 directly binds to KLB, which then facilitates binding to
FGFR1c and then initiates downstream signaling events [146e149].
While the specific signaling cascade of FGF21 has not been fully
determined, activation of the FGF21/FGFR1c/KLB receptor complex
results in the phosphorylation of ERK1/2 and FRS2a [135]. FGF21
expression is regulated by nutrient signals and subsequently functions
to regulate nutrient homeostasis. Classically recognized as a fasting
hormone regulated by the nuclear receptor peroxisome proliferator-
activated receptor a (PPARa) [150,151], several recent studies
confirmed that hepatic FGF21 increases in response to other nutritional
stimuli, including conditions of macronutrient imbalance [152], and in
response to alcohol intake [138,140,153].
Under fasted conditions, FGF21 increases hepatic gluconeogenesis, b-
oxidation, and ketogenesis in mice [142,154]. FGF21 facilitates the
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transition from the fasted to refed state by enhancing insulin-
stimulated glucose uptake [154]. Hepatic and circulating FGF21
levels also increase in response to low-protein content or amino acid
deprivation [152,155e160] in an ATF4-dependent mechanism
[155,161,162]. This robust increase in FGF21 results in increased
energy expenditure and lower body weight gain [155,156,160,163]
(Figure 2), which may function physiologically to achieve the protein
leverage effect without increasing body weight [155,164]. FGF21 also
regulates macronutrient-specific intake and sweet-taste preference in
response to the activation of the hepatic glucose-sensitive transcription
factor, carbohydrate responsive element-binding protein (ChREBP)
[137]. Excess simple sugar intake increases plasma FGF21 levels in
humans and rodents [137,138]. As such, maximal levels of circulating
FGF21 increase in response to a combination of low-protein and high-
carbohydrate conditions [152,158,165]. Various signals induce the
expression of hepatic FGF21 in wild-type mice, and while a lack of
FGF21 exacerbates liver and metabolic dysfunction in response to
high-fat diet [166], overexpression of FGF21 is highly protective [135].
Altogether, FGF21 seems to serve as a protective factor that limits
hepatic toxicity [141,167] and dysfunction [168].
Administration of FGF21 analogs to obese and type 2 diabetic subjects
improves dyslipidemia, decreases body weight, improves fasting in-
sulin levels, and was recently thoroughly reviewed [136] (Figure 2).
FGF21’s metabolic effects are achieved through actions on different
tissues [141]. FGF21 directly signals adipose tissue to improve insulin
sensitivity [169,170], while it signals the CNS to increase energy
expenditure and decrease body weight [169,171,172] (Figure 2).
Recent research demonstrated that FGF21 signaling to glutamatergic
neurons lowers carbohydrate intake and non-nutritive sweet-taste
preference in mice [173]. Interestingly, FGF21 signaling to the
ventromedial hypothalamus (VMH) is required for its effects on
lowering carbohydrate intake but not non-nutritive sweet-taste pref-
erence or body weight. FGF21 enhances the activity of VMH glucose-
sensing neurons in response to glucose presumably to regulate car-
bohydrate intake [173].
In humans, circulating FGF21 levels also increase with obesity [174e
176], type 2 diabetes [176e178], and NAFLD [179,180], making it a
marker for metabolic disorders [141] (Table 1). Given the demon-
strated beneficial effects of FGF21, this increase in circulating FGF21
levels may reflect impaired endocrine signaling that results in FGF21
resistance, similar to insulin or leptin resistance [141] (Figure 3).
Overall, FGF21 has a promising therapeutic potential for treating type 2
diabetes and NAFLD.

1.1.5. Follistatin
Follistatin (FST) was first identified in the 1980s as a secreted
glycoprotein that is found in most tissues throughout the body. FST
acts as a multi-faceted hepatokine that is involved in reproduction
[181], muscle growth [182], cancer development [183], and meta-
bolism [184]. FST acts as an inhibitor of members of the TGF-b su-
perfamily, including myostatin and activins [185,186], and can function
as a promoter of skeletal muscle growth [187]. Most of FST’s effects
on reproductive health and cancer development are related to its in-
teractions with activins and follicle-stimulating hormone, while its
effects on muscle growth result from interactions with myostatin [186].
FST is secreted by a broad range of cell types, and plasma levels are
thought to result from paracrine/autocrine signaling spillover [188].
However, recent work indicated that the liver is a key contributor to
circulating levels of FST in humans [188e190]. Patients with type 2
diabetes have slightly elevated levels of circulating FST and plasma
levels associated with glycemic parameters in these patients
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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[188,191,192] (Table 1). Similarly, serum levels of FST are also
significantly increased in individuals with NAFLD [193]. FST is present
in three main isoforms, FST288, FST303, and FST315, with FST315
being the predominant isoform found in the circulation [185,194,195].
Although the physiological role of circulating FST is not fully under-
stood, it is thought that FST is acutely regulated by the glucagon-to-
insulin ratio [190]. Under conditions of prolonged fasting or
increased energy demands (such as exercise), FST is significantly
upregulated in response to increased and decreased amounts of
glucagon and insulin, respectively [190]. Unlike other “energy depri-
vation” hepatokines that function to improve the metabolic profile, the
function of physiological increases in FST during energy deprivation is
not yet fully understood. Overexpression of FST in mice resulted in
insulin resistance in WAT, increased hepatic glucose production, and
impaired whole-body glucose tolerance, consistent with higher
expression in patients with type 2 diabetes [77,196]. Furthermore,
knockdown of FST in mice improved insulin sensitivity [29,196].
Although increased chronic levels of FST may be metabolically detri-
mental, acute expression of FST during exercise appears to be
beneficial as it results in FFA and glucose uptake in skeletal muscle.
FST has also been shown to promote brown adipocyte differentiation in
mice [197]. A recent study demonstrated that mice overexpressing FST
have increased expression of thermogenic markers, including UCP1, in
WAT and BAT [198]. FST functions to increase the phosphorylation of
MAPK/ERK1/2 proteins in WAT and increase the expression of Myf5
protein in BAT, which increases UCP1 expression in both tissues [198].
While there is a potential therapeutic role for acute FST treatment,
more research is needed to determine the acute and chronic effects of
FST in metabolic dysfunction.

1.1.6. GDF15
Growth differentiation factor 15 (GDF15), also called macrophage
inhibitory cytokine-1, is associated with numerous biological pro-
cesses and diseases including cancer, cardiovascular disease, and
obesity [199e202]. Physiological levels of circulating GDF15 are low in
healthy humans but increase in disease states and during pregnancy
[203] (Table 1). While GDF15 is not highly expressed in the human liver
under basal conditions, it is highly expressed in the liver, adipose, and
intestine in mice [204e206]. GDF15 belongs to the TGF-b superfamily
and is upregulated by several inflammatory or stress-related proteins,
including interleukin (IL)-1b, IL-2, and tumor necrosis factor (TNF)
alpha. Its role in regulating energy homeostasis and body weight was
first observed in 2006. The expression of human GDF15 (hGDF15)
improved glucose tolerance and insulin sensitivity, lowered body
weight and leptin levels, and increased oxidative metabolism and
energy expenditure in mice [207,208] (Figure 2). GDF15 transgenic
mice also exhibited a longer lifespan when fed both normal chow and
high-fat diets, suggesting its role as a survival factor [209]. Experi-
mental and clinical data have supported its role in regulating body
weight and energy homeostasis [210e213] (Figure 2). Interestingly,
GDF15 production is induced by the anti-diabetic drug metformin and
is partially responsible for improvements in the metabolic health of
patients taking this drug [214].
GDF15’s receptor, glial-derived neurotropic factor receptor-a family
(GFRAL), was recently identified, and multiple studies highlighted its
importance in GDF15-mediated improvements in energy homeostasis
[205,212,213]. GFRAL is exclusively expressed in the human brain-
stem and is responsible for the metabolic effects of GDF15 on regu-
lating appetite [201,215]. GDF15 binds with high affinity to GFRAL and
its co-receptor RET, which induces phosphorylation of RET, leading to
downstream signaling through the AKT, ERK1/2, and phospholipase C
MOLECULAR METABOLISM 44 (2021) 101138 Published by Elsevier GmbH. This is an open access article
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(PLCg) pathways [201,213,215]. Administration of hGDF15 to GFRAL-
deficient mice had no effect on body weight, energy expenditure,
serum leptin and insulin levels, and food intake compared to wild-type
mice given hGDF15 [213]. There have been conflicting results on the
relative importance of food intake on weight reduction in GDF15
transgenic mice vs mice administered GDF15. Two studies found that
GDF15 transgenic mice were protected against obesity and had
increased insulin sensitivity and energy expenditure without any
changes in food consumption compared to control mice
[207,208].Conversely, administration of GDF15 to wild-type mice
produced responses similar to those in transgenic mice; however,
these mice exhibited consistent reduction in food intake [201,213].
This discrepancy may have been due to differences in the mode and
duration of elevated GDF15 levels. A recent study found that GDF15
induced anorexia through nausea and emesis in mice and musk
shrews, respectively [216]. While more research is needed to deter-
mine the mechanism by which GDF15 fully regulates energy homeo-
stasis, targeting the GDF15/GFRAL axis to alter food intake and body
weight represents a promising therapeutic strategy in patients with
obesity or those with anorexia and/or cachexia caused by other chronic
diseases.

1.1.7. Hepassocin
Hepassocin (also called fibrinogen-like protein 1 and hepatocyte-
derived fibrinogen-related protein 1, HFREP1) is a hepatokine
involved in the development of insulin resistance and obesity [217].
Hepassocin has mitogenic activity on hepatocytes, serving as a
regulator of hepatic growth and proliferation [218]. Hepassocin is
secreted predominantly from the liver, but is also expressed in adipose
tissue where it is suggested to regulate lipid metabolism [219]. Plasma
levels of hepassocin are associated with fasted plasma glucose,
HOMA-IR, and prediabetes and increase in patients with type 2 dia-
betes (Table 1) [217,220]. Several studies demonstrated that hepatic
expression of hepassocin increased in mice with high-fat diet-induced
NAFLD [217,220,221]. Hepassocin increases the phosphorylation of
ERK1/2, leading to hepatic lipogenesis and the development of hepatic
steatosis [217,218]. Hepassocin has also been implicated in skeletal
muscle insulin resistance through an AMPK-dependent mechanism
[29] (Figure 3). Administration of recombinant hepassocin or hepatic
overexpression of hepassocin in mice induces insulin resistance in the
liver and skeletal muscle, while loss of hepassocin improves high-fat
diet-induced insulin resistance in wild-type and ob/ob mice [217]
(Figure 3). Liver injury in mice enhances the expression of hepassocin
in adipose tissues, suggesting crosstalk between the liver and adipose
tissue, although its role in obesity remains obscure [219]. Together,
these reports suggest that hepassocin may be a useful biomarker for
obesity and metabolic dysregulation.

1.1.8. Insulin-like growth factor 1
Insulin-like growth factors (IGFs) are structurally and functionally
related to insulin and play an important role in enhancing insulin
sensitivity [222]. While insulin regulates metabolism primarily in an
endocrine manner, IGFs promotes cell growth, proliferation, differen-
tiation, and survival in an endocrine, paracrine, and autocrine fashion.
The two main IGFs, IGF1 and IGF2, bind the IGF1 receptor (IGF1R),
which elicits phosphorylation of intracellular adaptor proteins and
activation of MAPK and PI3K/AKT signaling pathways [223]. IGFs are
regulated by a family of IGF-binding proteins (IGFBP) that can bind IGFs
with equal or greater affinity than IGF1R [224,225]. IGFBP1 is elevated
in patients with type 2 diabetes and has been shown to counteract the
hypoglycemic effect of insulin through inhibition of IGF1 [224]. While
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IGF2 functions predominantly in early embryogenesis [226], IGF1 is
secreted into the circulation by the liver in response to growth hormone
stimulation [227]. IGF1 acts primarily on skeletal muscle, where it
elicits its insulin-sensitizing effects [228] (Figure 2). While insulin and
IGF1 regulate metabolism in response to nutrient availability [229,230],
the role of IGF1 in obesity and insulin resistance is not fully known.
There is evidence that low plasma levels of IGF1 predict the devel-
opment of type 2 diabetes and correlate with insulin resistance and
increased risk of metabolic syndrome and cardiovascular disease
[231e233] (Table 1). Administration of IGF1 in humans results in
decreased blood glucose levels and improved insulin sensitivity in
those with and without type 2 diabetes [234e236]. Studies have also
shown a reduction in IGF levels in patients with obesity and NAFLD
[237,238]. Altogether, it is clear that IGF1 plays an important role in
maintaining insulin sensitivity; however, the full mechanism by which it
does so has not been completely resolved.

1.1.9. LECT2
Leukocyte cell-derived chemotaxin 2 (LECT2) is an energy-sensing
hepatokine that is positively associated with hepatic inflammatory
signaling, obesity, NAFLD, and insulin resistance [239,240]. LECT2
functions in liver regeneration, immune modulation, bone growth,
neural development, glucose metabolism, metabolic syndrome, and
cancer [241e246]. LECT2 is expressed in the liver, adipose tissue,
neurons, and white blood cells and is often found in the circulation.
Decreased expression of LECT2 is observed during tissue inflam-
mation, fibrosis, or pathology, suggesting that LECT2 functions
positively under normal conditions. Interestingly, tissues normally
lacking LECT2 exhibit increased expression of LECT2 in disease
settings, indicating that improper upregulation of LECT2 may
contribute to pathological conditions [246,247]. For example, mice
that were fed high-fat diets or exercised had increased or decreased
serum and hepatic levels of LECT2, respectively [239]. LECT2-
deficient mice showed improved insulin sensitivity in skeletal mus-
cle, while administration of recombinant LECT2 in mice led to
impaired insulin signaling and induced insulin resistance in skeletal
muscle [239] (Figure 3).
LECT2 alters insulin signaling through the JNK pathway in myocytes,
and the expression of LECT2 in the liver is negatively regulated by the
energy-depletion sensor AMPK [239,248,249]. LECT2-deficient mice
exhibited increased glucose tolerance and insulin sensitivity [239].
These mice also exhibited increased insulin-stimulated AKT phos-
phorylation in skeletal muscle but not in the liver or adipose tissue,
suggesting that loss of LECT2 selectively improves insulin sensitivity in
skeletal muscle [239]. Moreover, LECT2 treatment impaired insulin
signaling in differentiated 3T3-L1 cells by decreasing levels of the
insulin receptor and AKT phosphorylation, reducing insulin-stimulated
glucose uptake [250]. Interestingly, there is a positive relationship
between circulating LECT2 levels, BMI, and insulin resistance in
humans [239] (Table 1). Recent research demonstrated that acute
high-fat diet overfeeding increased circulating concentrations of LECT2
in healthy men [251]. While few studies have shown the effects of
LECT2 contribution to insulin resistance and obesity, more work is
needed to determine whether LECT2 can be used as a potential target
for the treatment of obesity-related insulin resistance.

1.1.10. Lipocalin 13
Lipocalin (LCN) proteins are secreted proteins that bind small hydro-
phobic ligands through their conical b barrels [252,253]. Some LCN
family members, including major urinary protein 1, retinol-binding
protein 4, LCN2, and LCN13, have been shown to regulate energy
8 MOLECULAR METABOLISM 44 (2021) 101138 Published by Elsevier GmbH. This is
metabolism [254e256]. LCN13 in particular is secreted from multiple
tissues including the liver to regulate glucose homeostasis and
improve insulin sensitivity [254]. Plasma levels of LCN13 decrease in
patients with obesity and type 2 diabetes [257], and both mRNA and
plasma levels of LCN13 are low in mice with genetic or high-fat diet-
induced obesity [254,257]. Expression and secretion of LCN13 in mice
vary in response to changes in metabolic states, suggesting a role for
this hepatokine in nutrient sensing and regulation [254]. While the
factors regulating LCN13 expression are unknown, it is well estab-
lished that LCN13 regulates glucose metabolism in adipocytes and
hepatocytes by enhancing insulin signaling, insulin-stimulated glucose
uptake, and insulin suppression of glucose production [254,258].
LCN13 has also been shown to regulate glucose metabolism inde-
pendent of insulin by regulating the expression of key gluconeogenic
genes including glucose-6-phosphate [258].
In contrast to glucose metabolism, LCN13 also decreases hepatic
steatosis in obese mice. Mice overexpressing LCN13 are resistant to
high-fat diet-induced hepatic steatosis and hyperlipidemia [259].
LCN13 likely regulates lipid metabolism by downregulating the
expression of key liver lipogenic genes including ChREBP and PPARg
and upregulating hepatic expression of carnitine palmitoyltransferase-
1a (CPT1a) to decrease lipogenesis and increase fatty acid b-oxidation
[259]. Interestingly, knockdown of LCN13 or administration of re-
combinant LCN13 protein in mice have no significant effects on body
weight or adipose tissue mass compared with control animals [257].
The molecular mechanisms of LCN13’s action on glucose and lipid
metabolism are largely unknown. It has been hypothesized that LCN13
binds to small hydrophobic bioactive molecules that regulate insulin
sensitivity and glucose metabolism to control their transportation,
activation, release, and/or clearance [254]. It is possible that LCN13
binds and activates LCN13 receptors on the plasma membranes of
target cells to activate downstream signaling pathways involved in
metabolic responses [254]. While it remains unclear whether LCN13’s
metabolic effects translate to humans, LCN13 may have therapeutic
potential for the treatment of type 2 diabetes, NAFLD, and other
obesity-related disorders.

1.1.11. Selenoprotein P
Selenium is an essential nutrient that is strongly related to carbo-
hydrate and lipid metabolism. The natural forms of selenium that are
present physiologically are selenocysteine and selenoproteins. Sele-
noprotein P (SeP) is a glycoprotein that is secreted predominantly
from the liver and is upregulated by selenium and glucose supplies
but downregulated by insulin and adiponectin [260,261]. SeP is
responsible for the distribution of selenium to other organs and tis-
sues [262]. SeP is associated with insulin resistance and increased
serum triglyceride, and patients with NAFLD, obesity, and type 2
diabetes have high circulating levels of SeP [260,263,264] (Table 1).
These findings coincide with studies in mice that demonstrate
increased hepatic expression of SeP in response to high-fat diet
feeding, NAFLD, and type 2 diabetes [29,260,265]. Wild-type mice
treated with SeP exhibited whole-body glucose intolerance and insulin
resistance [260], whereas SeP knockout mice showed improved
glucose tolerance and insulin resistance [260]. Thus, it is possible
that elevated circulating SeP contributes to insulin resistance. SeP
expression increased in mice in response to ER stress and JNK
activation, while activation of AMPK protected against SeP production
(Figure 3). Although studies demonstrating a marked role of SeP in the
development of insulin resistance and type 2 diabetes are limited,
studies in animals have suggested that SeP could be a promising
future drug target.
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1.1.12. SMOC1
SPARC-related modular calcium-binding protein-1 (SMOC1) is a
hepatokine recently identified to improve glucose homeostasis in
rodents [266]. SMOC1 belongs to a family of matricellular proteins
including secreted protein acidic and rich in cysteine (SPARC),
SMOC2, and testican-1 [267]. SMOC1 is known to regulate cell matrix
interactions by binding to cell surface receptors, including laminins,
C-reactive protein, and tenascin-C [266,268]. SMOC1 is widely
expressed in multiple tissues and generally localized at the basement
membrane of cells. However, SMOC1 is highly expressed and
secreted by the liver and regulates glucose homeostasis [266].
Plasma levels of SMOC1 decrease in patients with insulin-resistance
compared with insulin-sensitive individuals and correlate with hepatic
and peripheral insulin sensitivity (Table 1). Hepatic and circulating
SMOC1 levels are induced in response to glucose in hyperglycemic
high-fat diet-fed mice through a ChREBP-dependent mechanism.
Loss of hepatic SMOC1 impairs glycemic control in lean mice,
whereas acute SMOC1 administration and chronic hepatic SMOC1
overexpression improves glycemic control in lean and obese mice.
Interestingly, SMOC1 has no effect on food intake, body weight, or
energy expenditure. SMOC1 improves glucose homeostasis by (1)
acutely suppressing glucose output from the liver, (2) increasing
glucose uptake in skeletal muscle, and (3) inhibiting cAMP response
element-binding protein (CREB)-dependent gluconeogenesis and
glucagon-stimulated insulin signaling in hepatocytes (Figure 2).
Administration of a long-lasting SMOC1-Fc fusion protein improved
glycemic control, cholesterol, and NAFLD activity scores in lean and
obese mice up to 4 weeks following the final administration of
SMOC1-Fc [266]. While the effects of this fusion protein have not yet
been described in humans, SMOC1 represents a promising thera-
peutic for treating obesity and its related complications, including
insulin resistance and NASH.

1.1.13. Tsukushi
Tsukushi (TSK) is an inducible hepatokine that regulates energy
expenditure and is strongly associated with NAFLD, NASH, and obesity
[269,270]. TSK was recently identified as an atypical member of the
small leucine-rich proteoglycan family that regulates developmental
processes in various organisms [269e271]. Plasma levels of TSK have
been linked to NAFLD and NASH pathologies [269,270]. TSK regulates
energy expenditures at least in part through brown fat sympathetic
innervation. Hepatic and plasma levels of TSK were strongly induced
by different stimuli that increased thermogenesis and energy expen-
diture, including adrenergic agonists and cold exposure [271]. Mice
lacking TSK exhibit elevated core body temperatures and are unable to
adequately suppress energy expenditure during starvation, leading to
greater body weight loss. TSK-deficient mice were resistant to diet-
induced obesity, insulin resistance, and hepatic steatosis as a result
of enhanced sympathetic activation and brown fat thermogenesis
[271]. These results suggest that TSK deficiency protects from high-fat
diet-induced obesity and metabolic disorders. However, these results
with TSK knockout mice and TSK administration were not reproduced
in a subsequent study [272]. Instead, the latter study found that TSK
regulates systemic cholesterol homeostasis by reducing circulating
high-density lipoprotein cholesterol, lowering cholesterol efflux ca-
pacity, and decreasing the conversion of cholesterol to bile in the liver
[272]. The discrepancies in findings between groups may have been
due to the differences in TSK knockout mouse models that were
generated and/or variations in diet composition that were used. More
studies are required to understand the role of TSK in regulating energy
expenditure.
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2. CONCLUSION

The regulation of whole-body energy homeostasis by the liver is a
complex process that involves tissue crosstalk through the production
of hepatokines and changes in hepatic metabolism in response to
metabolic cues and substrates. The liver responds to energy influx and
demand by secreting hepatokines that act on various tissues to
facilitate energy utilization or storage. These hepatokines can act in
isolation or in conjunction with other factors to coordinate systemic
metabolic processes. Their concentrations and effects are altered in
response to metabolic stressors, and dysregulation in their signaling
can result in pathologies including obesity, type 2 diabetes, and
NAFLD.
Beneficial hepatokines that improve metabolic dysfunction include
activin-E, ANGPTL4, ANGPTL6, FGF21, GDF15, IGF-1, LCN13, SMOC1,
and TSK. These hepatokines improve whole organism energy ho-
meostasis by accomplishing one or more of the following (1) increasing
energy expenditure through brown and beige adipocyte activation, (2)
increasing insulin sensitivity, (3) increasing glucose uptake, (4)
decreasing plasma triglyceride concentrations and regulating choles-
terol homeostasis, (5) decreasing body weight, and (6) lowering food
intake. Chronic decreased levels of detrimental hepatokines, including
ANGPTL3, ANGPTL8, fetuin-A, hepassocin, LECT-2, and SeP aid in
maintaining insulin sensitivity, lipid homeostasis, and healthy body
weight by decreasing systemic inflammation and insulin resistance.
Important areas of future studies include (1) determining the mecha-
nisms by which hepatokines and other organokines may integrate to
regulate metabolism through inter-organ crosstalk, (2) understanding
how preclinical evidence for hepatokines may translate to human
studies, (3) determining how hepatokines contribute to disease pro-
gression, and 4) understanding the regulation and mechanisms of
action of each hepatokine under healthy and pathophysiological
conditions.
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