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KEYWORDS Abstract Obesity plays a crucial role in the development of non-alcoholic fatty liver disease
Exosomes; (NAFLD). However, the underlying mechanism for the pathogenesis of obesity-associated
Hormones; NAFLD remains largely obscure. Although the “multiple hit” theory provides a more accurate
Non-alcoholic fatty explanation of NAFLD pathogenesis, it still cannot fully explain precisely how obesity causes
liver disease (NAFLD); NAFLD. The liver is the key integrator of the body’s energy needs, receiving input from multi-
Obesity; ple metabolically active organs. Thus, recent studies have advocated the “multiple crosstalk”
Organokines hypothesis, highlighting that obesity-related hepatic steatosis may be the result of dysregu-

lated “crosstalk” among multiple extra-hepatic organs and the liver in obesity. A wide variety
of circulating endocrine hormones work together to orchestrate this “crosstalk”. Of note, with
deepening understanding of the endocrine system, the perception of hormones has gradually
risen from the narrow sense (i.e. traditional hormones) to the broad sense of hormones as or-
ganokines and exosomes. In this review, we focus on the perspective of organic endocrine hor-
mones (organokines) and molecular endocrine hormones (exosomes), summarizing
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systematically how the two types of new hormones mediate the dialogue between extra-
hepatic organs and liver in the pathogenesis of obesity-related NAFLD.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most com-
mon liver disease worldwide. The estimated global preva-
lence of NAFLD is 25.24%, with the highest prevalence in
South America (31%) and the Middle East (32%), and the
lowest in Africa (14%)." In China, the prevalence of NAFLD
in adults was estimated to be 20.1-29.2%, and has
increased over time.? However, the treatment status of
NAFLD/non-alcoholic steatohepatitis (NASH) remains un-
satisfactory, there are no FDA-approved NASH medications
currently.® The ongoing medical therapies for NAFLD/NASH
that can be concluded as the following categories: anti-
diabetic agents, such as glucagon-like peptide-1 receptor
(GLP-1R) agonist, dipeptidyl peptidase 4 (DPP4) inhibitor,
thiazolidinedione and sodium-glucose cotransporter 2
(SGLT2) inhibitors; new agents targeting intermediary
metabolism in NAFLD, such as farnesoid X receptor (FXR)
agonists, peroxisome proliferator-activated receptor
(PPAR) agonists, thyroid hormone receptor (THR) agonists,
inhibitors of de novo lipogenesis (DNL) and fibroblast
growth factors 19 and 21 (FGF19 and FGF21); vitamin E and
drugs to regulate gut microbiota, et al.>* Though, several
drugs are in advanced stages of development for NAFLD/
NASH, multiple failures have occurred due to disease het-
erogeneity, variable placebo response, low efficacy, and in
some cases, over-interpretation of phase Il results. There-
fore, new therapeutic targets remain imminent.

Obesity is the most common and well-described risk factor
for NAFLD." As it is estimated that 70—80% of individuals with
obesity have hepatic steatosis and 15—30% have NASH.®
NAFLD can be detected by ultrasound in approximately 65%
of patients with overweight, compared to only 25% of
normal individuals.” Although NAFLD is strongly associated
with obesity, the etiopathogenesis is still in the process of
being defined. Obesity-induced overnutrition and insulin
resistance (IR) are the main risk factors for the occurrence
and development of NAFLD.® However, the underlying
mechanism for the development and progression of obesity-
associated NAFLD is complex and multifactorial. Different
theories have been proposed. The most widely regarded
theory is the so-called “two-hit hypothesis”.” This theory
proposes that steatosis is the first hit for a non-alcoholic fatty
liver (NAFL), and a second hit, such as reactive oxygen species
(ROS) and endoplasmic reticulum (ER) stress, are needed for
the progression to NASH and advanced fibrosis. The “two-hit”
pathophysiological theory has subsequently been challenged,
hepatic steatosis is considered to represent an epiphenom-
enon of several distinct injurious mechanisms, rather than a
true “first hit”.'° For this reason, a “multiple parallel hits”
hypothesis, involving a myriad of factors, offers a more
acceptable delineation of the pathogenesis of NAFLD.'

However, these hypotheses are focused on the end-stage
pathogenesis of obesity-associated NAFLD, the contributing
factors that trigger these pathological mechanisms have
rarely been summarized in the literature, particularly as
related to the state of obesity.

The liver is a key integrator of the body’s energy needs
and metabolic balance, receiving multiple afferent meta-
bolic signals from metabolically active organs. Accordingly,
attention has recently been focused on the "multiple
crosstalk” hypothesis, which advocates that obesity-related
NAFLD may be the result of dysregulated “crosstalk” be-
tween multiple extra-hepatic organs and the liver, in the
setting of obesity.'? The “crosstalk” is generally considered
to be mediated by metabolic signals in an endocrine
manner.'® Apart from metabolites (such as lipids, glucose
and lipopolysaccharides [LPS], etc.), hormones are recog-
nized to be the mainstay of endocrine metabolic signals. Of
note, with deepening understanding of the endocrine sys-
tem, the perception of hormones has gradually expanded
from the narrow sense of traditional hormones to the broad
sense of hormones as organokines and components in
exosomes.'*'® |n this review, we propose a potential
pathological link between obesity and NAFLD from a macro-
endocrine to a micro-endocrine perspective, summarizing
the current understanding of how the new sense of hor-
mones (organokines and exosomes) mediate the inter-organ
and inter-cell crosstalk in the pathogenesis of obesity-
associated NAFLD.

Organokines in obesity-associated NAFLD

Recently, evidence has emerged that adipose tissue, skel-
etal muscle, gut, and bone also function as endocrine or-
gans that each secrete a complex array of cytokines, called
organokines."” Similar to traditional hormones, organokines
exert autocrine, paracrine, or endocrine effects for the
maintenance of inter-organ crosstalk and energy homeo-
stasis.'® " In the state of obesity, the balance of organo-
kines is disrupted, accompanied by increased secretion of
harmful organokines or decreased secretion of beneficial
organokines targeting the liver (Supplemental table). This
is proposed to be a new mechanism contributing to obesity-
linked NAFLD. In this section, we outline the recent updates
on how metabolic organokines (adipokines, myokines, gut
cytokines and osteokines) influence the pathogenesis of
obesity-associated NAFLD in an endocrine manner.

Adipokines
The current multiple crosstalk hypothesis has thrown the

dialogue between adipose tissue and the liver into sharp
focus.?° Adipose tissue produces circulating factors, known
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as adipokines, which exert several effects on hepatocytes,
promoting the onset of NAFLD and its progression to NASH in
subjects with obesity.?' Data of the association between
NAFLD and some well-documented adipokines (e.g., adi-
ponectin, leptin, and tumor necrosis factor alpha [TNF-a])
or inconclusive adipokines (e.g., IL-6, resistin, visfatin) are
summarized in a chart (Supplementary table). Below, we
describe in detail the role and mechanisms of three newly
identified and better recognized adipokines (Nrg4, ZAG and
CCN4) in obesity-linked fatty liver (Fig. 1).

Nrg4

Neuregulin 4 (Nrg4), a newly identified adipokine, is hy-
pothesized to play a crucial role in metabolism.?° It is highly
enriched in brown adipose tissue (BAT), and rarely
expressed in skeletal muscle, heart, liver, and brain.?? Both
serum and adipose tissue Nrg4 expression are reduced in
rodents and humans with obesity.?®> Consistently, serum
Nrg4 level is significantly lower in the NAFLD group with
obesity.?* Moreover, Nrg4~/~ mice fed a high-fat diet (HFD)
exhibit a significant increase in body weight as well as an
exacerbation of hepatic steatosis.?® In contrast, transgenic
expression of Nrg4 in adipose tissue alleviated diet-induced
NAFLD.” To determine the target tissue of Nrg4, re-
searchers perform binding assays on sections of BAT, heart,
muscle, liver and spleen, and found that Nrg4 binding is
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Figure 1

restricted to the liver, emphasizing that Nrg4 appears to be
involved in crosstalk between BAT and the liver.?*?
Mechanistically, based on the available literature, BAT-
derived Nrg4 counteracts obesity-linked NAFLD at least in
three ways. First, it activates erb-b2 receptor tyrosine ki-
nase 3/4 (ErbB3/4) signaling in hepatocytes and negatively
regulates DNL mediated by liver x nuclear receptor (LXR)
and sterol regulatory element binding protein-1c (SREBP-
1c) in an endocrine manner.?>?’” Second, it alleviates he-
patic steatosis by enhancing autophagy via the amp-
activated protein kinase (AMPK)/mammalian target of
rapamycin (mTOR)-dependent signaling pathway.?® Third, it
reduces macrophage infiltration in the liver and lowers
expression of inflammatory factors, such as F4/80, Cdé8,
Cd11, and Mcp1.2® Thus, obesity-induced reduction of
circulating BAT-derived Nrg4 may be one of the main causes
of disturbed hepatic metabolic homeostasis.

ZAG

Recently, it has been proposed that the zinc-alpha2-
glycoprotein (ZAG) could be a new lipolytic adipose
tissue-derived candidate involved in the pathogenesis of
obesity.”” Numerous data have shown that the serum con-
centration of ZAG is significantly lower in subjects and mice
with obesity.>%*" Uniformly, ZAG expression is also signifi-
cantly lower in the adipose tissue of patients with obesity,
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organokines (adipokines, myokines, gut cytokines, and osteokines) is disrupted, accompanied by increased secretion of harmful
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as well as HFD-induced obesity and genetic leptin-deficient
obese (ob/ob) mice.?** Very recently, work from our
group have uncovered a novel role of ZAG in regulating
hepatic steatosis, IR, and inflammation in the obesity-
related fatty liver.*>3* More specifically, ZAG ameliorates
hepatic intracellular lipid accumulation via upregulating
adiponectin and lipolytic genes, while downregulating
lipogenic genes. ZAG restores HFD- or palmitic acid-induced
impaired hepatic insulin receptor substrate (IRS)/AKT
signaling, thereby exerting a protective effect against
obesity-related IR. ZAG also inhibits the nuclear factor
kappa-B (NF-kB)/jun n-terminal kinase (JNK) signaling,
resulting in suppression of obesity-related inflammation in
hepatocytes. Moreover, our current unpublished study
showed that adipose tissue-specific ZAG-knockout mice
display significantly reduced serum ZAG levels and exhibit
more severe hepatic steatosis than their littermate control
mice when challenged with a HFD. This indicates that ZAG
is an protective endocrine factor that mediates fat and
liver dialogue under obesity.

CCN4

Cellular communication network factor 4 (CCN4), a mem-
ber of the CCN family of secreted, extracellular matrix-
associated signaling proteins, was recently validated as a
novel adipokine involved in pathophysiology of obesity and
its related metabolic diseases.*>*® Since CCN4 is a matri-
cellular protein, it may be sequestered in the extracellular
matrix, however, CCN4 is found in the circulation.?’ In
humans, circulating CCN4 levels are higher in men with
obesity than in normal-weight men.*®>° Moreover, CCN4
expression in visceral adipose tissue is 1.9-fold higher in
men with obesity than in normal-weight men. Likewise,
feeding mice a HFD also increases the expression of CCN4 in
adipose tissue.>® Furthermore, knockdown of CCN4 in HFD-
fed mice significantly attenuates hepatic lipid accumula-
tion, inflammation, and IR.** Mechanistically, the increases
in circulating adipose tissue-derived CCN4 during obesity
directly impacts the liver through two main pathways.>%
First, it contributes to hepatic steatosis and inflammation
through a toll like receptor 4 (TLR4)-activated inflamma-
tion/JNK signaling pathway. Secondly, it impairs insulin
action on the phosphorylation of insulin receptor B (IRB),
Akt, and glycogen synthase kinase 3 beta (GSK3B),
demonstrating an deteriorative role of CCN4 in obesity-
associated NAFLD hepatic steatosis.

Myokines

Recent advances have shown the existence of direct mus-
cle-liver crosstalk in response to obesity,*' indicating that
muscle-derived myokines may play a key role in energy
homeostasis and in the pathogenesis of obesity-linked
NAFLD (Supplementary table). Here, we summarize three
candidate myokines (myostatin, irisin, BAIBA), and describe
how they contribute to the evolution of fatty liver in the
state of obesity (Fig. 1).

Myostatin
Myostatin (MSTN) is the first secreted muscle factor that
fulfils the criteria of a myokine.*> Beyond its traditional

role, MSTN has been reported to be secreted into the cir-
culation in an endocrine manner, facilitating biological
crosstalk among organs via activin-type Il B receptors.*’
Several lines of evidence have demonstrated that obesity is
associated with increased MSTN levels. Clinically, circu-
lating MSTN levels are increased in individuals with
obesity.* In animal study, MSTN levels are also elevated in
plasma and peripheral tissues from ob/ob and HFD-obese
mice.”® Conversely, exercise and weight loss reduce mus-
cle and circulating MSTN levels in human subjects.*® Evi-
dence suggests that increased circulating MSTN levels are
observed in patients with liver disease and are associated
with worse survival in patients with liver cirrhosis.*’” More-
over, a constitutive MSTN loss-of-function mutation atten-
uates hepatic steatosis in mice fed an HFD.*® Even though
the details of the mechanism by which MSTN affects liver
metabolism remains largely unknown, some possible mo-
lecular signaling pathways have recently been proposed.
MSTN induces IR by degrading the IRS1 protein via cbl proto-
oncogene B (Cblb), an E3 ligase, in a Smad3-dependent
manner.”> MSTN elevates hepatocellular lipid levels by
suppressing AMPK signaling.“*>® MSTN reduces fatty acid p-
oxidation by diminishing hepatic PPARx signaling.” MSTN
promotes hepatic inflammation via upregulating CD36 and
TNF-0..®® Thus, it is plausible that an obesity-induced in-
crease in plasma MSTN may contribute to development of
obesity-related NAFLD.

Irisin

Initially identified as a myokine, muscle-derived irisin rep-
resents ca. 72% of the total circulating levels of the pro-
tein.”" Several studies have emphasized that obesity is
closely related to a disorder of serum irisin.>>> As irisin
plays a protective role in obesity, it might be expect that
levels of irisin would be lower in populations with obesity.
However, most, but not all, clinical studies have described
a positive association between circulating levels of irisin
and BMI.>*>> To comprehend this somewhat contradictory
clinical picture, a plausible explanation for this phenome-
non is “irisin resistance” similar to that observed for insu-
lin.>® In this regard, the hyper-irisinemia seen in obesity
might be a compensatory mechanism to maximize energy
usage and glucose homeostasis to combat irisin resis-
tance.’>>* In the event of decompensation, compensatory
high secretion of irisin in simple obesity switches to low
secretion, further triggering obesity-related metabolic
syndrome.>® In line with this, clinical studies have indicated
that serum irisin levels are reduced in patients with
obesity-related NAFLD.>” A study with '?I-labeled irisin
showed high radioactivity in the mouse liver, implying that
the liver is a target for irisin.”” In connection with this
concept, recent studies have shown several candidate
signaling pathways of irisin in hepatocytes. Irisin improves
glucose homeostasis by activating the phosphoinositide-3-
kinase (PI3K)-AKT and AMPK pathways.?>>¢ Irisin prevents
palmitic acid-induced lipid accumulation by inhibiting he-
patic lipogenic regulators (LXR and SREBP-1c).>® Irisin re-
duces cholesterol content by inhibiting SREBP-2.°° It
downregulats inflammatory markers via NF-«B and p38
mitogen activated protein kinase (p38 MAPK) pathways and
ameliorates hepatic oxidative stress in a protein arginine
methyltransferase 3 (PRMT3) dependent manner.??>8
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Hence, obesity-induced decompensated reduction of irisin
levels is an important factor mediating disorder of muscle-
liver dialogue, leading to obesity-related fatty liver.

BAIBA

B-Aminoisobutyric acid (BAIBA), a newly identified myo-
kine, is a muscle-derived signal factor, acting particularly
on metabolic organs (such as the liver) to improve the
metabolic profile.®® In humans, plasma BAIBA concentra-
tions are reduced in obesity and are inversely associated
with metabolic risk factors.®® Inversely, exercise training
intervention increases plasma BAIBA concentration.®’
Moreover, accumulating experimental evidence suggests
that BAIBA treatment improves HFD-induced body adiposity
and hepatic steatosis.®>®* It has been clarified that BAIBA
can prevent body fatness through stimulating browning of
white adipose tissue.®” However, the mechanisms by which
BAIBA favors improvement of hepatic steatosis are more
comprehensive and complicated, as follows. BAIBA im-
proves hepatic IR by decreasing gluconeogenesis via both
the IRS1/AKT and AMPK pathways.®* BAIBA down-regulates
expression of ACC and SREBP-1c, reduces apoB-containing
lipoprotein production by activation of AMPK in hepato-
cytes.®® BAIBA drives an increase in hepatic fatty acid p-
oxidation through a conserved PPARq« and leptin-dependent
mechanism. %% BAIBA reduces hepatic necroinflammation,
apoptosis, and fibrosis, possibly through activation of the
glycine receptor in ob/ob mice.®*%® Accordingly, consid-
ering that BAIBA plays such an protective role in liver
metabolism, obesity-induced reduction in muscle-derived
BAIBA levels should be taken into account in the patho-
genesis of obesity-related fatty liver.

Gut cytokines

In the recent years, research on the biology of the gut—liver
axis has assisted in understanding the basic biology of
obesity-associated fatty liver.®* Obesity impairs the gut
barrier, which results in the translocation of disordered gut-
derived hormones into the circulation and distant meta-
bolic organs, particularly the liver (Supplementary table).
Here, we focus on three key gut cytokines [5-hydroxytryp-
tamine (5-HT), FGF15/19 and GLP-1] that are involved in
the dialogue between obesity and fatty liver (Fig. 1).

5-HT

Emerging evidence suggests an important role for periph-
eral 5-HT as a factor that enhances nutrient absorption and
storage.®® Peripheral 5-HT is synthesized by enterochro-
maffin (EC) cells scattered throughout the gastrointestinal
tract. It can enter the bloodstream and act as an endocrine
factor to promote a dialogue between gut and multiple
metabolic organs, particularly white adipose tissue and the
liver.®® Recent findings support a positive correlation be-
tween obesity and peripheral 5-HT levels. For example,
elevated serum 5-HT levels are observed both in individuals
with obesity and HFD mice.®”-°® Moreover, obesity also in-
creases EC cell numbers and disrupts the circadian rhythm
of circulating 5-HT.®° Of interest, researchers have also
highlighted the involvement of 5-HT in the development of
obesity-related NAFLD, as evidence suggests that serum

5-HT levels are elevated in both NAFLD patients and rats
with obesity.”° In terms of the mechanism, a previous study
has demonstrated an indirect effect of 5-HT on promoting
fatty liver by inhibiting BAT thermogenesis in mice with
obesity.”" Besides the indirect manner, recent studies have
implicated a direct role for gut-derived 5-HT in the patho-
genesis of hepatic steatosis: locally produced 5-HT can
directly travel to and affect the liver via the hepatic portal
vein in HFD mice.”? The direct action of 5-HT on the liver is
dependent on its receptors (5-HT2AR and 5-HT2BR).”%73 5-
HT promotes liver gluconeogenesis and inhibits glucose
uptake via activation of 5-HT2BR.”* 5-HT promotes lipid
synthesis and an inflammatory response through the 5-
HT2AR/PPARy signaling in hepatocytes.”® It induces
autophagy-mediated hepatic steatosis via 5-HT2BR/Notch
signaling.”® It stimulates overproduction of hepatic TG and
very low-density lipoprotein (VLDL) by acting 5-HT2R/
mTOR-S6K pathway.”* 5-HT also activates 5-HT2R in hepatic
stellate cells to trigger liver fibrosis and steatohepatitis.””
Hence, on the basis of the available evidence, we conclude
that 5-HT may be one of the deteriorative gut-to-liver sig-
nals mediating obesity-associated NAFLD.

FGF15/19

FGF19 (and its mouse ortholog FGF15) mainly controls bile
acid (BA) metabolism in various target organs (liver, adipose
tissue, and brain).”® Recently, interest has focused on the
role of FGF15/19 in obesity. FGF15/FGF19 overexpression
confers resistance to diet-induced obesity (DIO) and allevi-
ates genetic obesity in ob/ob mice.”” Conversely, FGF15~/~
mice show increased weight gain and exacerbated systemic
adiposity when fed a HFD.”® Basal circulating FGF19 levels
are significantly lower in patients with obesity than in non-
obese controls.”” Moreover, circulating FGF19 levels in pa-
tients with obesity are increased after bariatric surgery-
induced weight loss.?° Recently, growing evidence suggests
that changes in circulating levels of FGF19 contribute to the
pathogenesis of obesity-related NAFLD. Most reports have
indicated decreased fasting FGF19 levels in patients with
obesity-related NAFLD as compared to controls.®" Never-
theless, some studies have reported that patients with
NAFLD present basal FGF19 levels similar to healthy sub-
jects, but their hepatic response to FGF19 is impaired.®?
Furthermore, in the context of obesity-induced NAFLD,
transgenic expression of FGF19 or its pharmacological
administration to obese mice resulted in increased insulin
sensitivity and reduced hepatosteatosis.”® In terms of the
potential underlying mechanism, the direct signaling path-
ways of FGF15/19 triggered by its FGFR4-B-klotho receptor
complex in the hepatocyte can be summarized as follows.
FGF15/19 stimulates glycogen synthesis, but reduces glu-
cogenesis by inactivating GSK3 and camp responsive
element binding protein (CREB).®%* It represses hepatic
lipogenesis via inhibiting SREBP-1c—-stearoyl-coa desaturase
1 (SCD1) and activating SHP-dna methyltransferase 3 alpha
(DNMT3A) axis.®>® FGF15/19 also suppresses the synthesis
of bile acid by inhibiting cytochrome p450 family 7 sub-
family a member 1 (CYP7A1).2® Taken together, obesity-
associated reduction of gut-derived FGF19 should certainly
be taken into account in the pathogenesis of obesity-
associated NAFLD.
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GLP-1

Recently, reports have emphasized that GLP-1 is an inter-
esting target for the treatment of obesity.?® Although
increased and unchanged GLP-1 responses have also been
reported,®”-®® it has generally been accepted that there is
an attenuated postprandial GLP-1 response in subjects with
obesity. A large study population of 1462 Danish adults
demonstrated that individuals with obesity have an up to
20% reduced GLP-1 response to oral glucose as compared
with normal weight individuals.?’ In addition, the attenu-
ation of the postprandial GLP-1 response in obesity is
somewhat improved by jejunoileal bypass surgery and
dietary-induced weight reduction.”® Of note, the lower
GLP-1 response to a meal in individuals with obesity was
likely to be a consequence, rather than a cause. Obesity-
induced increased concentrations of non-esterified fatty
acid (NEFA) and glucose are thought to be inhibitors of GLP-
1 release.”’ Moreover, the obesity-induced delay in gastric
emptying also leads to impaired secretion of GLP-1.2
Congruously, GLP-1 responses are also blunted in patients
with obesity-induced NAFLD.”*> Importantly, growing evi-
dence indicates a direct protective effect of GLP-1 on the
liver, which can be summarized as follows. GLP-1 exerts an
insulin-sensitizing action via PKC and PPARy signaling.’*®°
GLP-1 also decreases hepatic DNL by activating AMPKa2 and
PKA-dependent increased of PPARx.”>?® GLP-1 reduces
hepatic cholesterol accumulation via the ATP binding
cassette subfamily a member 1 (ABCA1)/calcium/calmod-
ulin dependent protein kinase kinase (CaMKK)/prolactin
regulatory element binding (PREB) pathway.®” GLP-1 alle-
viates hepatic ER stress by enhancing the SIRT1/heat shock
transcription factor 1 (HSF1)/HSPs pathway.’® GLP-1 miti-
gates hepatic inflammation by inducing liver-specific anti-
inflammatory M2 macrophages polarization via signal
transducer and activator of transcription 3 (STAT3) activa-
tion.”>? GLP-1 deactivates hepatic stellate cells by
decreasing expression of fibrosis-associated proteins, and
therefore reduces liver fibrosis and cirrhosis.”>°° These
effects seem to be GLP-1R-mediated, since the treatment
of GLP-1R-deficient mice with GLP-1 analogues has no ef-
fect on hepatic lipid concentration. Whether GLP-1R is
expressed on hepatocytes is controversial. It has been
suggested that GLP-1 can even signal through a neural cir-
cuit originating in the hepatic-portal area.’® All in all, as a
direct protective effect on the liver, obesity-induced
reduced GLP-1 responses are crucial factors contributing
to obesity-associated NAFLD.

Osteokines

Bone-derived secreted factors, called osteokines, comprise
an important endocrine system that is finely tuned to other
organs (particularly adipose tissues, muscle, and liver) to
ensure homeostatic balance and health.'”" The evidence
obtained over the past few decades have shown that at least
three hormones or osteokines from bone cells have endo-
crine functions and promote hepatic metabolic disorders in
response to obesity (Supplementary table). Here, we high-
light three well-documented osteokines (osteopontin,
osteocalcin, and periostin) and describe their contribution
to the evolvement of obesity-associated NAFLD (Fig. 1).

Osteopontin

Besides its function as a pivotal molecule regulating bone
mineralization, osteopontin (OPN) has recently come to
light as a key component in the development of obesity and
metabolic disorders.'*” Elevated plasma levels of OPN have
been detected in humans and mice with obesity.'%* %4
Moreover, diet-induced weight loss could decrease plasma
OPN levels.’™ It has been proposed that elevated circu-
lating and local OPN concentrations in individuals with
obesity are a key risk factor for obesity-related NAFLD, %
an effect that is mainly attributed to OPN-induced systemic
metabolic inflammation.'®'%” Additionally, genetic OPN
deficiency and antibody-mediated neutralization improve
obesity-associated hepatic TG synthesis and inflammation
in murine models."®® "% More specifically, the direct
mechanisms connecting OPN to obesity-associated NAFLD
can be concluded as follows. OPN facilitates hepatic stea-
tosis by up-regulating PPARy and down-regulating PPARa
and PGC1o expression.'® It promotes hepatic IR by inacti-
vating STAT3, further increasing the gluconeogenetic en-
zymes phosphoenolpyruvate carboxykinase (PEPCK) and
glucose-6-phosphatase (G6P) expression.'” OPN acceler-
ates hepatic inflammation by augmenting hepatic macro-
phage infiltration.'® OPN exacerbates hepatic fibrosis via
activation of the PI3K/pAkt/NF-kB pathway in hepatic
stellate cells."'? Hence, it is reasonable to assume that OPN
acts as one of the key drivers in the development of
obesity-related NAFLD by mediating the dialogue between
bone and the liver.

Osteocalcin

Osteocalcin (OCN) is a bone-derived protein, classically
considered as a clinical marker of bone turnover. It has
recently arisen as a circulating hormone involved in the
regulation of energy metabolism.""" OCN-deficient mice
exhibit increased fat mass and glucose intolerance.''? In
contrast, OCN treatment in HFD-fed mice results in
improved glucose tolerance and less visceral fat deposi-
tion.""® Several clinical studies have shown that individuals
with obesity present lower serum levels of OCN than
normal-weight individuals.”'*""> Of note, recent studies
have indicated that circulating OCN is negatively associated
with NAFLD,"" consistent with the situation in obesity.
Fernandez-Real et al pointed out that OCN may play a role
in the development of obesity-associated fatty liver dis-
ease.""” Moreover, previous animal studies also showed that
OCN treatment prevents obesity-induced hepatic TG accu-
mulation and liver injury in mice."" "> We summarize the
possible mechanisms connecting OCN to obesity-associated
NAFLD as follows. OCN reduces HFD-induced hepatic lipo-
genesis in a SREBP-1c-dependent manner."'® It attenuates
ER stress and rescues impaired insulin sensitivity via the NF-
kB signaling."" OCN also protects HFD mice from oxidative
stress by activating the hepatic nuclear factor 2 (Nrf2) and
inhibiting the JNK pathway.'?° Moreover, it robustly reduces
expression of pro-inflammatory and pro-fibrotic genes
(Cd68, Mcp1, Spp1, and Col1a2) in the liver."?" Therefore, it
is feasible that the reduced circulatory levels of the bone-
derived hormone OCN observed in patients with obesity
could be a potential link between the presence of obesity
and obesity-associated NAFLD.
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Periostin

Periostin is a secreted cell-adhesion protein that was
initially identified in periosteal osteocytes and osteoblasts.
It functions as a homophilic adhesion molecule during bone
formation.'?* Beyond bone, periostin has been linked to
several primarily metabolic inflammatory diseases,
including obesity, type 2 diabetes, and atherosclerosis.'?*
More recently, increasing evidence has suggested that
periostin is involved in the development of obesity-linked
hepatosteatosis.’>* Epidemiological studies have noted
that serum periostin concentrations are increased in human
with obesity, and have speculated that an elevated serum
periostin level is associated with an increased risk of NAFLD
among overweight and obese individuals.'*'?® Consis-
tently, preclinical study also revealed that obese HFD-fed
and ob/ob mice have higher circulating periostin
levels.'” To clarify the precise role of periostin in the
pathogenesis of obesity-induced hepatosteatosis further,
both gain- and loss-of-function mouse models were used in
the research. Overexpression of periostin in the liver of
wild-type mice promoted hepatic steatosis, while knock-
down of the periostin gene or administration of a periostin-
neutralizing antibody in obese mice reduced hepatic and
serum TG and improved steatosis.'”” Furthermore,
periostin-knockout mice fed a methionine choline deficient
(MCD) diet, a model known to develop NASH, had a mark-
edly lower degree of hepatic steatosis, inflammation, and
fibrosis than wild-type mice fed an MCD diet."”® Two
possible mechanistic pathways were illuminated by the
studies: First, periostin reduces hepatic fatty acid oxidation
via downregulation of PPARa. Secondly, periostin sup-
presses rar related orphan receptor o (RORa) transcrip-
tional activity, which finally results in hepatic TG
accumulation and inflammation. Together, periostin is ex-
pected to be a promising extracellular diagnostic biomarker
and mediator of obesity-linked NAFLD.'?7-128

Exosomes in obesity-associated NAFLD

Extracellular vesicles (EVs, including exosomes), a new
class of microscopic endocrine hormone, mediate long-
distance cell-to-cell communication at the molecular level.
Exosomes are circulating, cell-derived nanoparticles con-
taining proteins and nucleic acids. An emerging property of
exosomes is their ability to target and modify specific
cells.’ In the context of obesity, exosomes may serve as
mediators of NAFLD. This section aims to improve under-
standing of exosome-mediated crosstalk of various cells
(adipocytes, macrophages, intestinal epithelia, etc.) with
hepatocytes or hepatic macrophages/stellate cells in the
pathogenesis of obesity-associated NAFLD (Fig. 2).

Adipocyte-derived exosomes

microRNA-containing exosomes

Recent years have witnessed a growing interest in exosomal
miRNA-mediated crosstalk among metabolic organs. Inter-
estingly, the recent work of Thomou and co-authors showed
that the majority of circulating exosomal miRNAs are
derived from adipose tissue and can travel to the liver,
resulting in functional changes in hepatocytes.'?’ Of note,

recent findings have suggested that obesity changes the
profile of circulating exosomal miRNAs in humans and mice,
thus disturbing the normal dialogue between adipose tissue
and the liver, which may lead to the progression of obesity-
related fatty liver.”*° To date, four types of white
adipocyte-derived exosomal miRNAs (EXO-miR-122, EXO-
miR-22, EXO-miR-199, and EXO-miR-141—-3p) have been
confirmed to be involved in obesity-linked fatty liver. These
miRNAs have been reported to undergo significant changes
in circulating levels in obesity. "'~ "3* |n the state of obesity,
elevated EXO-miR-122 could inhibit hepatic fatty acid
oxidation via the LKB1/AMPK/Sirt1 pathway.'*> Elevated
EXO-miR-22 contributes to development of steatosis by
simultaneously reducing hepatic FGF21."*¢ Elevated EXO-
miR-199 promotes hepatic lipid accumulation by down-
regulating hepatic macrophage stimulating 1 (MST1)
expression.’** Reduced EXO-miR-141-3p significantly in-
hibits hepatic insulin sensitivity and glucose uptake.”** In
addition to white adipocyte-derived exosomal miRNAs,
brown adipocyte-derived exosomal miRNAs have also been
confirmed to mediate obesity-induced fatty liver. Obesity
alters the composition of brown adipocyte-derived exoso-
mal miRNAs. Among them, exosomal miR-99 b and miR-
132—3p were identified to regulate hepatic glucose toler-
ance and lipogenesis by targeting FGF21 and sterol regu-
latory element binding transcription factor 1 (Srebf1) in
mouse liver, respectively.'?% 37

Protein-containing exosomes

Interestingly, recent findings have pointed out that
adipocyte-derived exosomal proteins can also be endocy-
tosed by hepatocytes and take part in the development of
obesity-related NAFLD. For example, adipocyte-derived
exosomal resistin is responsible for the communication
from adipose tissue to the liver, leading to hepatic ER stress
by inhibiting AMPKa signaling, which finally contributes to
the development of obesity-linked hepatic steatosis.'®
Furthermore, obesity-associated inactivation of AMPKa1 in
white adipose tissue contributes to increased adipocyte-
derived exosomal CD36 secretion, mediating HFD-induced
hepatic lipid accumulation and inflammation."** Recently,
Gu et al indicated that obesity-induced adipose tissue ER
stress promotes release of adipocyte-derived exosomal
Aldo-keto-reductase 1b7 (Akr1b7), leading to hepatic
steatosis, inflammation, and fibrosis.

Macrophages derived exosomes

In addition to anti-inflammatory and pro-inflammatory cy-
tokines, adipose tissue macrophages (ATMs) can also
secrete miRNA-containing exosomes into the circulation.
Importantly, ATM-derived exosomes containing increased
levels of "harmful” miRNAs and decreased levels of “pro-
tective” miRNAs, in obese mice, can be transported to the
liver and where they regulate hepatic gene expression. For
instance, M1-polarized macrophage-derived exosomal miR-
155 and miR-29a are increased in obesity and impair he-
patic glucose output by targeting PPAR-y and PPAR-3,
respectively.*"'*? However, miR-690, an exosome-derived
miRNA from M2-polarized macrophages, is decreased in
obesity. This “protective” miRNA improves hepatic insulin
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sensitivity by targeting Nadk in obese mice."** More
recently, macrophage-derived exosomal miR-223 has been
identified as an anti-fibrotic factor that hinders liver fibrosis
in HFD-fed mice by targeting tafazzin (TAZ), a well-known
factor that promotes NASH-fibrosis. '

Intestinal epithelial and microbial-derived
exosomes

Emerging evidence has indicated that gut-derived exo-
somes are also enriched in the circulation in individuals
with obesity, and could be targeted to the liver, triggering
obesity-associated hepatic lipid deposition and inflamma-
tion. One such example is exosomal high mobility group box
1 (HMGB1), the levels of which are elevated in both intes-
tinal epithelia and circulation of mice with obesity as
compared with lean mice."* HMGB1 is a proinflammatory
cytokine, which serves as a damage-associated molecular
pattern molecule (DAMP) that mediates TLR4 activation.
HMGB1 is released via the exosomes from the intestine due
to HFD-induced gut dysbiosis and then exerts its harmful
action on the liver. A previous study also revealed that a
HFD markedly changes the lipid profile of intestinal
epithelial exosomes from predominantly phosphatidyleth-
anolamine (PE) to phosphatidylcholine (PC), which results
in inhibition of the hepatic insulin response via binding of
PC to the aryl hydrocarbon receptor expressed in hepato-
cytes.'® Moreover, recent studies have underlined the
pathogenic effects of obesity-associated microbial EVs on
the development of NAFLD."* For example, a recent study
has shown that patients with intestinal barrier dysfunction
demonstrate increased systemic levels of LPS-positive
bacterial EVs. As bacterial EVs can reach and accumulate

in the liver, hepatocytes/Kupffer cells carry LPS from EVs
into the cytosol by TLR4-toll like receptor adaptor mole-
cule 1 (TRIF) signaling, mediating inflammation and other
pathological processes related to NAFLD.'*® Furthermore, a
recent study revealed that microbiota-derived bacterial
DNA-containing EVs can pass through the disrupted intes-
tinal barrier, subsequently exacerbating obesity-linked he-
patic inflammation and IR via the cGAS/STING pathway.'*

Myocyte-derived exosomes

No direct evidence yet exists that muscle-derived exosomal
miRNAs facilitate communication with the liver in the state
of obesity. Only one study has reported that exercise trig-
gers the release of exosomes by the trained muscle, car-
rying the miR-133 b signature that induces forkhead box o1
(Fox01) expression changes in the liver, finally contributing
to increased insulin sensitivity.'*° Since exercise can com-
bat obesity and enhance the secretion of muscle-derived
EXO-miR-133 b, obesity may impair the secretion of EXO-
miR-133 b. Hence, decreased EXO-miR-133 b may further
interfere with the normal dialogue between the muscle and
the liver, contributing to obesity-related hepatic IR. This
assumption should be addressed in future studies.

Pancreatic B cell-derived exosomes

It has recently been verified that pancreatic islets release
not only conventional hormones but also exosomal miRNAs/
proteins to mediate the dialogue between the pancreas and
insulin-responsive organs, including the liver, adipose tis-
sue, and skeletal muscle. Of note, pancreas-liver crosstalk
mediated by exosomes has been confirmed to be involved in
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obesity-associated fatty liver disease. For example, one
study has indicated that, in response to chronic obesity-
associated high levels of free fatty acids, pancreatic B
cells secrete exosomal miR-29s to target hepatocytes and
promote hepatic IR and steatosis.”>' Furthermore, an
in vitro experiment noted that neutral ceramidase-
enriched exosomes from INS-1 cells rescue palmitic acid-
induced hepatic IR and ROS production.’>?

Hepatocyte-derived exosomes

Activation of hepatic stellate cells (HSCs) and Kupffer cells
play critical roles in the development of NASH. Evidence
has suggested that exosomes have a critical function in
paracrine actions between lipotoxic hepatocytes and mac-
rophages in the liver, exacerbating obesity-associated
NASH. For instance, palmitic acid-induced, hepatocyte-
derived EVs are enriched in both C16:0 ceramide and its
metabolite sphingosine-1-phosphate (S1P), which are ef-
fectors of macrophage infiltration into the liver microen-
vironment during hepatic lipotoxicity.'*'>* Moreover, Liu
et al reported that lipotoxic injury-induced release of
hepatocyte-derived exosomal miR-192—5p plays a critical
role in the activation of M1 macrophages and hepatic
inflammation by modulating Rictor/Akt/FoxO1 signaling. '’
Additionally, there is cross-talk between fat-laden hepa-
tocytes and hepatic stellate cells via exosomes, which plays
a key role in liver fibrosis during NAFLD. It has been re-
ported that overloading of hepatocytes with toxic lipids
results in the release of exosomal miR-128—3p, which can
be efficiently internalized by HSCs and induce a profibro-
genic phenotype by suppressing PPARy expression.'>®

Conclusions

Previously, the mechanisms underlying NAFLD have been
summarized by investigators mainly focusing on the end-
stage pathogenesis, such as hepatic lipidosis, IR, ER stress,
ROS, mitochondrial autophagy, ferroptosis and pyroptosis.
However, the contributing factors that trigger these path-
ological mechanisms have rarely been summarized in the
literature, particularly as related to the state of obesity.
This review provides a comprehensive view of how obesity
drives the development and progression of fatty liver from
an endocrine perspective. We focused on the perspective of
organic endocrine hormones (organokines) and molecular
endocrine hormones (exosomes), to improve understanding
of how they are altered in the circulation, whether they are
in direct dialogue with the liver, and how they influence the
mechanisms of metabolic disturbances in hepatocytes
during obesity.

The discovery and elucidation of novel endocrine regu-
latory cytokines is critical for the early diagnosis and
treatment of NAFLD. The current identification of novel
cytokines is based on genomics, proteomics, tran-
scriptomics, metabolomics and lipidomics, and even on the
combination of part or all these omics.””” Here, we sum-
marized a series of new candidate hormones that may
mediate obesity-associated fatty liver, the preclinical
mechanisms of some of which have been intensively stud-
ied, only a few have been developed for their clinical

value. For example, among the series of hormones we
summarized, only organokines (adiponectin, leptin, resis-
tin, visfatin, RBP4, FABP4, FGF21) and miRNAs (miRNA-34a,
miRNA-122 and miRNA-192) were considered as promising
clinical indicators for the diagnosis of NAFLD and
NASH."”"%8 |n addition, only FGF19, FGF21 and GLP-1 are
currently beyond phase Il for the treatment of NAFLD/
NASH.* Hence, gaps and limitations in current knowledge
are highlighted together with the need to further decipher
the full array of the summarized hormones in their actions
in actual clinical application.

Of note, the hormone network is complex, in addition to
acting directly on the liver, the hormones could also indi-
rectly interact with other hormones or organs to regulate
liver metabolism. For example, upregulation of hormones
such as irisin, IL-15, FGF21, ZAG and OCN has been shown in
preclinical studies to stimulate the release of the hep-
atoprotective hormone adiponectin.’® Besides, hormones
such as ZAG, Nrg4, FGF21, GLP-1, IL-6, BAIBA, irisin and
OCN may indirectly improve NAFLD by promoting anorexi-
genic hormone brain-derived neurotrophic factor (BDNF)
synthesis in the central nervous system (CNS) or promoting
browning of WAT."%'° Moreover, the dialogue between
organokines and exosomes also plays an important role in
the development of NAFLD. For instance, adiponectin was
found to enhance exosomes biogenesis and secretion,
leading to a decrease in cellular ceramides. While excess
ceramide is known to cause IR and fatty liver phenotype.'®"
In addition, obesity-related circulating exosomes could
reduce FGF21 levels and impair hepatic insulin signaling
pathways.'?? It is well known that exercise and diet re-
striction are the most effective ways to amplify the syn-
ergistic effects of metabolically beneficial hormonal
network. Hence, regardless of the progress that has been,
or will be, made in diagnostic tests and drug treatments,
weight reduction through exercise and diet restriction re-
mains crucial for the prevention and treatment of NAFLD/
NASH, as obesity is the main driver of this common liver
disease and its associated metabolic comorbidities.?
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