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Tissue-to-tissue crosstalk regulates organ function, according to growing data. This
phenomenon is relevant for pancreatic b-cells and the liver, as both tissues are involved in
glucose homeostasis and lipid metabolism. The ability to fine-tune regulation and adaptive
responses is enabled through communication between pancreatic b-cells and the liver.
However, the crosstalk between both tissues changes when metabolic dysregulation is
present. Factors and cargo from extracellular vesicles (EVs) released by liver and
pancreatic b-cells that reach the circulation form the words of this interaction. The
molecules released by the liver are called hepatokines and are usually secreted in
response to the metabolic state. When hepatokines reach the pancreatic islets several
mechanisms are initiated for their protection or damage. In the case of the crosstalk
between pancreatic b-cells and the liver, only one factor has been found to date. This
protein, pancreatic derived factor (PANDER) has been proposed as a novel linker between
insulin resistance (IR) and type 2 diabetes mellitus (T2D) and could be considered a
biomarker for non-alcoholic fatty liver disease (NAFLD) and T2D. Furthermore, the cargo
released by EVs, mainly miRNAs, plays a significant role in this crosstalk. A better
knowledge of the crosstalk between liver and pancreatic b-cells is essential to
understand both diseases and it could lead to better prevention and new
therapeutic options.
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INTRODUCTION

To coordinate their metabolic response to changes in their
environment, organisms need to establish communication
systems between their constituent tissues. These dialogs
between organs allow fine-tuned regulation and adaptive
response. Currently, it is known that an alteration in these
communication channels contributes to the appearance of
multiple pathologies. Among the tissues that communicate
with each other, the most common are those responsible for
the maintenance of energetic and metabolic homeostasis. This
conversation brings together multiple organs (liver, muscle,
adipose tissue, pancreas, digestive system and brain) to
maximize the efficiency of the processes responsible for
maintaining homeostasis and energy balance. In this type of
communication, the words are formed by the factors secreted by
the tissues that reach the bloodstream and from there goes to
various organs to foster the communication. These factors can
range from small molecules to peptides and even hormones.
Presumably, these words will vary depending on the
pathophysiological situation of the tissues sending the
messages. Finding the meaning of these words is important in
elucidating the pathophysiology of metabolic diseases. In the case
of communication between the liver and the pancreas, the
messages sent by the liver are called hepatokines. In contrast,
the words used by the pancreas have not yet been given a
specific name.

The crosstalk between the liver and pancreas plays an
essential role in glucose and lipid metabolism and is therefore
central to the ability of organisms to respond to changing
nutritional states. Given the critical functions of the liver,
declining metabolic health is unsurprisingly one of the first
indications of metabolic disease. Hepatic steatosis is correlated
with T2D and is an early indicator of IR (1).

T2D and NAFLD often occur together, as both share similar
pathogenic mechanisms. In fact, NAFLD has a prevalence of
approximately 70-80% in T2D patients (2). The relationship
between T2D and NAFLD was first described a decade ago in
Pima Indians with T2D (3). T2D has been shown to be an
independent predictor factor for the progression of NAFLD to
non-alcoholic steatohepatitis (NASH) and liver fibrosis (4).
However, NAFLD is also associated with a higher risk of
incident T2D and diabetes-related complications (5). The
relationship between both metabolic diseases could be
considered a vicious cycle because NAFLD is associated with a
higher risk of developing T2D, and patients with T2D have a
higher prevalence of NAFLD.

The link between NAFLD and IR has been extensively
described and characterized (6). When T2D is diagnosed,
patients have hyperglycemia, IR and b-cell function
impairment. Both pathologies are closely related, and before
overt T2D appears, the pancreas responds to increased IR by
releasing more insulin, while the liver decreases insulin clearance
to boost plasmatic insulin concentrations and prevent T2D
onset. However, frequently, the higher insulin concentrations
are insufficient due to b-cell dysfunction, which is caused by an
increased b-cell workload and the effects of glucolipotoxicity.
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Finally, when b-cells are unable to overcome peripheral IR,
patients develop T2D. However, whether NAFLD is the cause,
the consequence, or both of IR is still unknown.

In this review, we will describe the crosstalk between liver cells
and insulin producing b-cell and how liver seems to detect the
loss of b-cell function and cell mass and release molecules to
communicate with pancreatic b-cell. This communication can
contribute to improve or impairs islet function. On the other way
round, we will illustrate, that in situations of IR, pancreatic b-
cells increase the release of a cytokine that binds the liver
promoting gluconeogenesis and steatosis.
HEPATOKINES AND FACTORS
SECRETED BY THE LIVER THAT
MEDIATE COMMUNICATION WITH
PANCREATIC ISLETS

Hepatokines are proteins secreted by hepatocytes responsible for
regulating energy homeostasis and may affect metabolism in
distant tissues. These proteins are usually secreted in response to
the metabolic state. Many hepatokines have been linked to the
induction of metabolic dysfunction (7). The fatty liver secretome
has been suggested to contribute to the appearance of a
diabetogenic milieu throughout the release of hepatokines (8).
In this sense, evidence is accumulating showing that an increase
in the presence of lipids in the liver initiates the secretion
processes of numerous hepatokines (8).

This process begins with increased energy availability, which
leads to lipid accumulation in the liver and local infiltration and
activation of immune cells (9). As a consequence, the liver
releases proinflammatory factors that reach the tissues and
exert their effects. Some of these hepatokines, which regulate
the metabolism of the organism, reach the pancreatic islets and
initiate a series of mechanisms for their protection or damage.

Here, we will focus on the hepatokines and factors released by
the steatotic liver that have been found to regulate pancreatic islet
cel l function and mass as a consequence of organ
crosstalk (Table 1).

Angiopoietin Like 8
Angiopoietin like 8 (ANGPTL8) is also known as refeeding
induced fat and liver, lipasin or betatrophin. This hormone
regulates serum triglyceride levels and is probably involved in
the transition between fasting and refeeding (10). Recently,
several human studies have shown that serum ANGPTL8
levels are increased in patients with obesity (11), T2D (11) and
NAFLD (12). Concerning its role in b-cell physiology,
ANGPTL8 has been shown to induce pancreatic b-cell
proliferation and insulin release in an insulin-deficient mouse
model of IR (13).

Fetuin-A
This protein is part of the fetuin family. Fetuins are involved in
the transport of several substances in the bloodstream. Fetuin-A
mainly binds free fatty acids (14). This protein is secreted by the
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liver, and its release is higher in fatty liver hepatocytes (15). It has
been shown that fetuin-A increases adipose tissue inflammation
via activation of Toll-like receptor 4 (TLR4) (14). Thus, this
protein is partly responsible for IR and T2D.

Gerts et al. showed that fetuin-A inhibited glucose-stimulated
insulin secretion (GSIS) in adult human islets (16). In another
study, Gerts et al. identified its mechanism of action (17). Fetuin-
A retards pancreatic islet functional maturation, impairing the
TGFBR-SMAD2/3 signaling pathway (17). Moreover, the
protein downregulates the expression of FOXM1 and its target
genes, restraining b-cell adaptive proliferation. It has been shown
that fetuin-A decreases peripartum. This decrease contributes to
postnatal maturation and proliferation of neonatal pancreatic
islet cells. During adult life, the presence of liver steatosis
generates increases in fetuin-A release, which impairs the
function of b-cells and the adaptive increase in their mass in
response to IR. This last event precipitates the onset of T2D.

Fibroblast Growth Factor 21
Fibroblast growth factor (FGF) 21 is an endocrine factor that
belongs to the FGF family. It is a regulator of glycemia, lipid
metabolism and energy homeostasis. Studies in animal models of
metabolic diseases have shown that FGF21 can reduce plasma
glucose and insulin levels and triglycerides, as well as improve
insulin sensitivity and glucose clearance. Moreover, in the
presence of a high-fat diet (HFD), FGF21 prevented weight
gain and liver steatosis in mice (18, 19). Patients with NAFLD
(20), steatohepatitis (NASH) (21), obesity (21) and T2D (21)
displayed much higher FGF21 serum concentrations. In several
Frontiers in Endocrinology | www.frontiersin.org 3
clinical trials, FGF21 analogs have been shown to improve liver
health (22). This result suggests that in the future, FGF21 analogs
could be used as therapeutic agents for NASH.

Pancreatic islets are an important target for FGF21. In an animal
model of diabetes, FGF21 improved b-cell function and survival
(23). Moreover, in FGF21-KO mice, altered islet morphology and
impaired GSIS were observed. These effects are probably meditated
viamodulation of growth hormone (GH) signaling (24). Finally, in
db/db mice, downregulation of FGF21 expression was observed
(25). This finding could indicate a role for FGF21 in maintaining
insulin homeostasis and islet b‐cell function. In db/db mice, FGF21
knockout increased lipid-induced islet b‐cell failure and suppressed
GSIS. In contrast, pancreatic FGF21 overexpression significantly
increased insulin expression, enhanced GSIS, improved islet
morphology and reduced b‐cell apoptosis. The FGF21 mechanism
of action indicates an increase in insulin gene transcription factors
and soluble N‐ethylmaleimide‐sensitive factor attachment protein
receptor (SNARE) proteins, as well as the activation of islet
phosphatidylinositol 3‐kinase (PI3K)/Akt signaling (25). Other
signaling pathways involved are i) the upregulation of carnitine
palmitoyltransferase 1 (CPT1) expression and the downregulation
of sterol regulatory element binding transcription factor 1 (SREBF1)
and fatty acid synthase (FASN) expression, which decreases lipid
accumulation in b-cells; ii) the restoration of the expression of genes
responsible for the differentiation and maintenance of the b-cell
phenotype [pancreatic and duodenal homeobox 1 (PDX1), insulin
(INS) and MAF BZIP transcription factor A (MafA)] and iii) the
reduction of immune cell infiltration and activation within
islets (22).

Follistatin
Follistatin is a monomeric glycosylated protein, expressed in
several tissues, including the liver, that binds and neutralizes
activins with high affinity and neutralizes their bioactivity.
Follistatin also binds with lower affinity to other members of
the transforming growth factor-b superfamily including
myostatin and bone morphogenic proteins 2, 5, 7, and 8 (26).
Activin A plays an important role in pancreatic development and
homeostasis (27). Its production is increased in many acute and
chronic inflammatory conditions stimulated by inflammatory
cytokines, toll-like receptor ligands, and oxidative stress (28).
Activin A can decrease the number of mature b-cells and
increase the number of immature b-cells when essayed on
primary mouse islets.

Follistatin has been linked to T2D and NAFLD. In this regard,
higher levels of follistatin have also been recently associated to a
higher risk of developing T2D, independently of established risk
factors (29). Hansen et al. have shown that the liver is a major
contributor to circulating follistatin in response to exercise. This
increase in its expression by hepatocytes seems to be regulated by
glucagon and insulin, which can either promote or inhibit its
expression both, in vivo and in vitro. Authors also show that
short-term follistatin treatment reduces glucagon secretion from
pancreatic islets, whereas long-term follistatin treatment
prevents apoptosis and induces proliferation of rat b-cells (30).
Overexpression of follistatin in the pancreas of db/db mouse
increases b-cell islets mass and decreases fasting glucose levels.
TABLE 1 | Hepatokines released by fatty liver and their role in liver and
pancreatic islet crosstalk.

Hepatokine Expression in liver metabolic
disease

Effect on pancreatic
islet

ANGPTL8 Increased Improves b-cell
proliferation
Improves GSIS

Fetuin A Increased Decreases b-cell
proliferation
Decreases GSIS

FGF21 Increased Improves b-cell
proliferation
Improves GSIS
Decreases b-cell
apoptosis

Follistatin Not modified Decreases b-cell
apoptosis
Improves b-cell
proliferation

HGF Increased Improves b-cell
proliferation
Improves GSIS

IGFBPs Decreased Improves b-cell
proliferation

KISS1 Increased Improves GSIS
Serpin B1 Decreased Improves b-cell

proliferation
SHBG Decreased Not clear action
SeP Increased Increases b-cell apoptosis

Decreases GSIS
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Islet enlargement in this context seems to be attributed to b-cell
proliferation resulting from the bioneutralization of myostatin
and activin A by this hormone (31). Follistatin gene delivery has
also recently shown to be able to promote insulinemia and
abundance of insulin-positive pancreatic b-cells in mice, even
when the treatment is administered to mice with advanced
diabetes, supporting a mechanism for improved glycemic
control associated with the maintenance of functional
b-cells (32).

Hepatic Growth Factor
Hepatic growth factor (HGF) is a mesenchyme-derived factor
that acts as a circulating molecule involved in liver regeneration
after hepatic damage. More recently, HGF was shown to be a
pleiotropic factor that promotes cell survival and tissue
regeneration and improves chronic inflammation and fibrosis
in a wide variety of tissues (33).

Serum HGF levels are associated with liver diseases, obesity
and IR. Almost two decades ago, Balaban et al. showed that
NASH patients had higher serum HGF levels, although the
observed increase was not significant (34). In a mouse model
of HFD-NASH, Li et al. showed that HGF ameliorated liver
steatosis and inflammation by activating the Janus kinase (JAK)
2- signal transducer and activator of transcription (STAT) 3
signaling pathway (35).

In the case of pancreatic islets, HGF has been observed in
islets of different species (36). Moreover, Garcıá-Ocaña et al.
showed that HGF is a mitogen and an insulinotropic agent for
fetal and adult islet cells in vitro (36). To do this, the authors
developed transgenic mice overexpressing HGF in the islet under
rat insulin promoter (RIP) control. These researchers observed
that the RIP-HGF mice had increased islet sizes and b-cell
numbers. Moreover, the mice displayed lower fasting and non-
fasting blood glucose concentrations, higher plasma insulin levels
and better glucose tolerance than their normal littermates. The
pancreatic islets of these mice showed better GSIS (36). In
addition, HGF could increase the expression of regenerating
protein, a protein implicated in pancreatic regeneration, in
human fetal islets (37). Another study demonstrated that
intraperitoneal administration of HGF in diabetic mice
improved blood glucose levels after transplantation of an
insufficient number of pancreatic islets (38). These studies
suggest that HGF can improve the quantity, function and
survival of pancreatic islets. Other studies using a HGF
receptor KO mouse model have shown that when HGF is
inhibited in pancreatic b-cells. In HGF receptor KO animals,
there was a reduction in b-cell GLUT-2 expression, a reduction
in insulin secretion and a decrease in glucose tolerance. However,
total b-cell mass, proliferation and islet morphology did not
change (39). In contrast, Dai et al. showed a reduction in the size
of the islets, together with lower circulating insulin levels and
moderate hyperglycemia (40). Álvarez-Perez et al. showed that
HGF signaling is required for b-cell regeneration after b-cell
ablation (41). In a model of T2D (insulin receptor substrate (IRS)
KO mice), b-cell HFG overexpression compensated for the
negative effects related to the absence of IRS2 by normalizing
b-cell mass and improving glucose homeostasis (42). Finally, in
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obesity, pancreatic b-cells release more insulin to compensate for
IR and in an attempt to normalize blood glucose levels. The
observed hyperinsulinemia is the first step toward the onset of
T2D. Because HGF improves GSIS and b-cell mass and because
HGF plasma levels are higher in obesity, it has been suggested
that HGF might link IR and b-cell hyperplasia (43).

Insulin-Like Growth Factor
Binding Proteins
Insulin-like growth factor binding proteins IGFBPs) are
produced in several tissues, including the liver, in response to
growth hormone (GH). The majority of circulating IGFBPs are
synthesized in the liver (44). Recently, several IGFBPs have been
implicated in the regulation of glucose homeostasis and NAFLD
pathophysiology. In particular, IGFBP-7 could be used as a
circulating marker of NAFLD severity. Finally, the same study
suggested that IGFBP-3 and IGFBP-7 promote IR (45).

IGFBPs are crucial for insulin signaling. In this regard, low
circulating IGFBP levels are associated with T2D. Moreover, in
mice, an increase in IGFBP levels raises insulin sensitivity (46).
Finally, in zebrafish, mouse and human pancreatic islets, IGFBP1
was shown to promote b-cell regeneration by inducing a-to-b-
cell transdifferentiation (47). In fact, culturing mouse and human
islets with recombinant IGFBP1 increased the number of cells
co-expressing insulin and glucagon (47).

Kisspeptin
Kisspeptins are a family of peptides encoded by the KISS1 gene
that have been identified as endogenous ligands for G-protein-
coupled receptor 54 (GPR-54). KISS1 was initially identified in
breast cancer and melanoma cell lines and acts as a metastatic
suppressor gene (48). In addition, this molecule plays an
important role in the hypothalamus-pituitary gonadal axis
regulating the onset of puberty (49). KISS1 expression is
increased in the liver and sera of patients with T2D and in
mouse models of obesity and diabetes (50).

Hauge-Evans et al. demonstrated, in isolated mouse and
human islets, that KISS1 potentiates GSIS in a glucose-
dependent manner (51).

Leukocyte-Neutrophil Elastase Inhibitor
Leukocyte-neutrophil elastase inhibitor, also known as serpin B1,
has been identified as a hepatocyte-derived secretory protease
inhibitor protein. A synthetic specific and competitive inhibitor
of neutrophil elastase called sivelestat has shown protective
effects in liver inflammatory states and ischemia and
reperfusion injury (52). In addition, it has been shown that an
increased ratio of neutrophil elastase and its inhibitor alfa1-
antitrypsin is closely related to liver inflammation in patients
with NASH (53).

In pancreatic islets, serpin B1 regulates mouse, zebrafish and
human b-cell proliferation (54). In addition, sivelestat was shown
to increase b-cell proliferation in cultured pancreatic islets and in
transplanted islets (55). As serpin B1 is well conserved and has a
defined activity among different species, it has potential as a
therapeutic compound to promote b-cell regeneration.
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Sex Hormone-Binding Globulin
Sex hormone-binding globulin (SHBG) is a glycoprotein
produced by the liver and responsible for the transport of sex
steroid hormones (56). SHBG has been previously related to IR,
liver lipid metabolism and NAFLD (57). Low serum levels of
SHBG are associated with a higher prevalence of NAFLD in T2D
patients (58). In vitro, it has been demonstrated that insulin
inhibits hepatic SHBG synthesis (59). Moreover, several studies
have shown a negative correlation between SHBG and
insulinemia, indicating that SHBC could be considered a
marker of IR, thereby predicting a later onset of T2D (60).

Reis et al. investigated the correlation between SHBG and
pancreatic b-cell secretion in men with different body
compositions. The researchers observed a negative correlation
between SHBG circulating levels and pancreatic b-cell secretion
(61). This study showed that in men, there exists a negative
correlation between SHBG levels and b-cell function.

Selenoprotein
Selenoprotein (SeP) is a selenium (Se)-rich plasma protein
mainly produced in the liver. SeP functions as a Se-transport
protein to deliver Se from the liver to other tissues (62). This
protein play a pivotal role in Se metabolism and antioxidant
defense (63). The majority of studies show that Se has a positive
effect on liver steatosis, inflammation and fibrosis (64). In
addition, SeP has been identified as a hepatokine that causes
IR in T2D patients (65) and therefore was found to be increased
in T2D patients (66). However, despite this, there are only a few
studies reporting the association between SeP and liver diseases,
such as NAFLD or NASH. In addition, these clinical studies
show conflicting data among them. However, more studies have
shown higher circulating levels in NAFLD and NASH patients
(64). In fact, a recent study showed that in NAFLD patients,
increased concentrations of SeP correlate with abdominal obesity
and IR. Moreover, the study demonstrated that higher levels of
SeP increase the risk of NAFLD development by 7.5 times (67).

In this regard, a decade ago, Steinbrenner et al. showed that
SeP was present in a- and b-cells from mouse pancreatic islets.
The islet-cell SeP expression was upregulated in the presence of
high glucose concentrations and when islet-cells were subjected
to oxidative stress conditions, such as streptozotocin. This
suggest that SeP might act as an antioxidant to protect islet
cells (68) from oxidative stress injury. However, more recent
studies have shown that in vivo injection of SeP in T2D mouse
models reduced GSIS, insulinemia and the area of pancreatic
islets (69). There was also a decrease in the levels of b-cells and
a-cells within pancreatic islets (69). All these data suggest that
SeP affects pancreatic islet function and regeneration.
FACTORS SECRETED BY PANCREATIC
ISLETS THAT COMMUNICATE WITH
THE LIVER

The pancreatic islet can be considered a small organ, which is
composed of a variety of endocrine cells and other cells of non-
Frontiers in Endocrinology | www.frontiersin.org 5
endocrine lineage that support the mini-organ. The functioning
and activity of the pancreatic islet are determined by circulating
glucose levels and by a complex variety of endocrine, paracrine,
neuronal, and nutritional signals that act at multiple levels.
Because the pancreatic islets are made up of various types of
endocrine cells and their function and coordination between
them are finely regulated, it is assumed that there is intense
crosstalk within the pancreatic islets. Regarding intra-islet
crosstalk, the relationship between a- and b-cells is the most
studied aspect. More recently, d cells have been shown to be
important modulators of insulin and glucagon release (70).

In addition to communication within the islets, neighboring
tissues, especially those that contribute to metabolic homeostasis,
also participate in this dialog. In this sense, in the last decade,
increasing evidence has shown that peripheral tissues such as
adipose tissue, skeletal muscle, liver, intestine, bone, brain and
the immune system send messages to the pancreatic islets (71).

Notably, all the communication that takes place within the
interior of the pancreatic islet, as well as the conversation with
other organs, changes under conditions of metabolic
dysregulation. In fact, there is evidence indicating that many of
the clinical manifestations that occur in metabolic diseases are
due to a breakdown or modification of the communication
already mentioned and that finely regulates the functioning of
healthy pancreatic islets (72).

Notably, the dialog between the different tissues and the
pancreatic islets is extensive and involves many partners. In
contrast, the islet cells only appear to talk among themselves with
little communication with the outside world. Although the islets are
not very communicative, they receive a lot of information from the
outside, but they do not communicate with the rest of the tissues of
the organism. Therefore, it seems that communication is essentially
unidirectional. The reasons for this finding may be threefold: i) this
phenomenon has been little studied; ii) the islets do not have to
communicate much; and iii) thus far we have not found many
messengers from the pancreatic islets to the rest of the tissues. If we
select the simplest explanation, which is usually the correct one, the
most likely of all the reasons must be the third one.

In the case of communication between the pancreatic islets
and the liver, a factor has been found called PANDER.

Pancreatic Derived Factor
PANDER, also known as Family with Sequence Similarity 3
Member B (FAM3B), is a cytokine that has been implicated in
multiple biological processes, among which the best-
characterized is its role as a hormone in glucose and lipid
metabolism (73). PANDER is a 235-amino acid protein with a
secretion signal peptide (74). This protein is secreted together
with insulin by pancreatic islet b-cell granules. Similar to insulin
release, PANDER secretion also occurs in a Ca2 + influx-
dependent manner in pancreatic b cell lines and primary
cultured mouse islets (75). PANDER secretion is also induced
by glucose and is involved in glucose homeostasis (76, 77). Thus,
PANDER could be involved in the regulation of insulin
secretion. Recombinant PANDER treatment or PANDER gene
overexpression induced pancreatic a and b cell apoptosis (77,
78). In addition, glucose, free fatty acids and pro-inflammatory
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cytokines were shown to induce PANDER gene expression in
pancreatic b cells (79, 80). In pancreatic islets of db/db mice,
PANDER mRNA and protein expression were increased. This
expression was reversed by rosiglitazone and induced a decrease
in hyperglycemia and IR (81). All of these findings indicate that
PANDER has deleterious effects on pancreatic b cells under IR or
hyperglycemic conditions. However, PANDER knockout mice
exhibited impaired GSIS. Isolated islets from these animals also
showed blunted insulin secretion when challenged with glucose
(82). These observations suggest that PANDER has dual roles in
pancreatic b cell functions. Under physiological conditions,
PANDER improves insulin secretion, whereas in conditions of
IR, an increase in PANDER expression and secretion exerts
deleterious effects on pancreatic b cell functions.

Circulating PANDER was increased in patients with
metabolic syndrome and could predict the risk of T2D in a
Chinese population (83). It has been found that serum PANDER
levels are negatively correlated with b-cell function in diabetic
patients (84), indicating that PANDER is associated with b-cell
dysfunction in these patients. An increase in circulating
PANDER levels could be associated with the progression of T2D.

It has been shown that PANDER interacts with some
unknown proteins on the liver membrane. In fact, the liver
PANDER receptor has still not been identified. PANDER binds
to the cell membrane of mouse liver cells and human HepG2
cells, inducing IR (85). In HepG2 cells, pretreatment with
PANDER significantly inhibited the activation of insulin-
stimulated proteins involved in the insulin signaling pathway
(86). Thus, these results suggest that the liver is a novel target for
islet-secreted PANDER. Transgenic mice with PDX-1-driven
specific overexpression of PANDER in pancreatic b-cells
developed fasting hyperglycemia, liver IR and increased
steatosis (87). PANDER mRNA and protein expression were
increased in the livers of HFD-fed mice and db/db mice. In
contrast, hepatic PANDER silencing improved global IR and
steatosis in db/db mice (88).

Overall , chronic hyperglycemia and IR induce a
compensatory increase in insulin secretion. As PANDER is co-
secreted with insulin, this may result in an increased production
of PANDER in islets. Excess PANDER negatively affects GSIS.
Moreover, PANDER binds liver cells and increases steatosis and
hepatic glucose metabolism, generating a higher IR. Thus,
PANDER has been proposed as a novel linker between IR and
T2D suggesting that circulating PANDER could be a novel
biomarker for NAFLD and T2D and could represent a novel
strategy for the treatment of both diseases.
EVS ALSO CONTRIBUTES TO LIVER AND
PANCREATIC ISLET CROSSTALK

During the last decade, plenty of studies have shown the
contribution of EVs as mediators of organ crosstalk. EVs, that
include microvesicles and exosomes, carry different bioactive
cargo of proteins, lipids, metabolites, DNA and RNA
(particularly micro RNAs (miRNAs) and small regulatory RNAs).
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More recently, EVs have been shown to participate in
metabolic diseases, such as NAFLD, IR and T2D (89). One
important aspect of the role of EVs in the dialogue is that the
miRNA cargo is able to modify the gene expression of tissues
targets. This could mean that the different pathways organ
crosstalk could be connected to each other and act in a
synergistic way.

EVs release is frequently increased in liver diseases and often
with a different cargo. This means that they are probably
involved in the pathogenesis of liver alterations (90). In this
regard, mouse, rat and human hepatocytes increased their EVs
release when cultured in the presence of saturated fatty acids
(90). Moreover, in NASH mouse models, it has been found a
serum increase of EVs, together with a correlation with liver
apoptosis and fibrosis (91). The majority of the cargo released by
the EVs are related with liver physiology and pathophysiology. In
fact, et al. using proteomic analysis from protein extracts of rat
hepatocyte exosomes identified more than 251 different proteins,
that could be assigned to diverse genome ontology
categories (92).

Among the cargo released by liver EVs, several miRNAs can
regulate different metabolic functions in several tissues like
pancreatic b-cells. In this regards, several miRNA that are
increased in the liver with NAFLD have been shown to
regulate insulin release. For example, miRNA-375 (93),
miRNA-9 (94) and miRNA-143 (95) decreased GSIS. Finally,
miRNA-7218-5p, released from EVs derived from HFD induced
obese mice promoted proliferation of the b-cell line MIN6 (96).

In the case of pancreatic islets, many studies have
demonstrated the important role of exosomes in b-cell
development, function and survival. In addition, modifications
in miRNAs has been observed mice models of diabetes and in
diabetic patients (97). As happens with hepatocytes, many of the
exosomal miRNAs are transferred between b-cells forming a
communications network (98). Nevertheless, some exosomal
miRNAs derived from b-cells also exerts effects on hepatocytes.
Xu et al. showed that miRNA-26a not only modulate insulin
secretion and b-cell replication but also prevents obesity-induced
metabolic liver alterations and IR (99). Finally, miRNA-29s has
been shown to regulate liver insulin sensitivity and control
glucose homeostasis (100).

The field of EVs is rapidly evolving and the role of their cargo,
mainly miRNAs, in the regulation of glucose homeostasis
through their participation in hepatocytes and b-cells crosstalk
is becoming increasingly important.
DISCUSSION

In this review, we focused on analyzing the crosstalk between
pancreatic b-cells and the liver and how this communication
affects pancreatic b-cell physiology. In this sense, we found that
pancreatic b-cells do not live isolated from their environment,
and in addition to establishing relationships with other cell lines
of the pancreatic islets, they also do so with the liver tissue, with
which they share the important function of regulating
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metabolism. In summary, we found that proteins and factors
released by the liver contribute to regulating the pathophysiology
of pancreatic b-cells. Similarly, factors released by pancreatic
b-cells act on the liver, regulating the metabolic functions of
this organ.

Notably, although there is fluid communication between the
liver and pancreatic b-cells, the same does not occur in the
opposite direction. For the liver, up to nine proteins and factors
involved in crosstalk with pancreatic islets have been described
(Figure 1). In contrast, only one protein released by b-cells that
acts on the liver has been found thus far, and furthermore, the
hepatic receptor to which this protein binds is not known
(Figure 2). The explanation for this could be that pancreatic
b-cells are the nerve center of communication between both
tissues. However, it is also plausible that more signaling
molecules originating in pancreatic b-cells have not yet
been found.

In the last 5 years, EVs have strongly entered in the scene of
hepatocyte- b cell crosstalk. The majority of the cargo released by
EVs in the liver and pancreatic islets mostly serves to regulate the
physiology and pathophysiology of both tissues. However,
increasing evidence is accumulating for the involvement of
molecules released by EVs, particularly miRNAs, in the
dialogue between both tissues (Figure 3). This new data
suggests that there exist potential for a bigger importance of
EV-mediated crosstalk, since nearly all tissues in the body release
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EVs. Further research is needed to understand how EVs cargo
will affect the complex crosstalk between hepatocytes and b-cells.

Another aspect that is important to discuss is that the proteins
that participate in the dialog are released by both tissues in a
different way in pathological situations, and even their role in the
regulation of both tissues is different. Thus, it important to
further study the crosstalk between liver and pancreatic b-cells
under conditions of T2D, steatosis and steatohepatitis. However,
the role that drugs used for T2D treatment might play in the
interaction between the liver and pancreatic b-cells has not been
explored thus far.

Finally, in the coming years, we should investigate the
crosstalk between the two organs, since there are many aspects
of this dialog that remain unresolved. It is certain that b-cells are
not alone in the task of regulating glycemia and that the input
they receive from the liver is fundamental. However, the liver
most likely needs the help of b-cells to contribute to the
regulation of glucose homeostasis. In this sense, it will be
discovered that islets are interactive structures connected with
other tissues through intense communication. Advances in this
knowledge will most likely translate into new developments for
the prevention and treatment of metabolic diseases. Finally, a
better understanding of the bidirectional conversations between
the liver and pancreatic b-cells may lead to new therapeutic
avenues aimed at preventing or improving the treatment of T2D
and NAFLD.
FIGURE 1 | Liver factors involved in the talk of hepatic tissue with pancreatic b-cells in the presence of fatty liver. In conditions of nutrient excess, a fatty liver is
produced, together with IR. This fatty liver generates an increased release of hepatokines that have deleterious effects on pancreatic b-cells (red box). In addition,
there is an increase in other hepatokines that trigger compensatory mechanisms of increased b-cell proliferation and GSIS enhancement to try to fight IR (blue box).
In contrast, there is a decrease in the release of other hepatokines that produce an increase in b-cell proliferation to compensate for the dysfunction that exists in
them (green box).
May 2022 | Volume 13 | Article 892672

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
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FIGURE 2 | Pancreatic derived factor (PANDER) is the only word used by pancreatic b-cells to communicate with the liver. In the presence of nutrients, PANDER is
co-secreted with insulin and acts to regulate insulin release. When IR is present, b-cells increase insulin and PANDER release. In this situation, the increase in
PANDER induces b-cell apoptosis and a decrease in GSIS. In addition, PANDER travels to the liver, binds to its receptors on hepatocyte membranes and leads to
increased gluconeogenesis and steatosis.
FIGURE 3 | Participation of EVs cargo in the crosstalk between hepatocytes and pancreatic b-cells. Steatotic hepatocytes release EVs with miRNAs-375, 9 and 143
that reduced b-cell GSIS. Moreover, miRNA-7218-5p released by fatty liver promotes b-cell proliferation. In addition, miRNAs-26a and 29s released by b-cell EVs
regulate liver IR.
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López-Bermudo et al. Liver and Pancreatic Islet Crosstalk
71. Tanabe K, Amo-Shiinoki K, Hatanak M, Tanizawa Y. Interogan Crosstalk
Contributing to b-Cell Dysfunction. J Diabetes Res (2017) 3605178:1–8.
doi: 10.1155/2017/3605178

72. Shirakawa J, De Jesus DF, Kulkarni RN. Exploring Inter-Organ Crosstalk to
Uncover Mechanisms That Regulates b-Cell Function and Mass. Eur J Clin
Nutr (2017) 71(7):896–903. doi: 10.1038/ejcn.2017.13

73. Zhang X, YangW, Wang J, Meng Y, Guan Y, Jichun Y. FAM3 Gene Family: A
Promising Therapeutical Target for NAFLD and Type 2 Diabetes.Metabolism
(2018) 81:71–82. doi: 10.1016/j.metabol.2017.12.001

74. Zhu Y, Xu G, Patel A, McLaughlin MM, Silverman C, Knecht K, et al. Cloning,
Expression, and Initial Characterization of a Novel Cytokine-Like Gene
Family. Genomics (2002) 80(2):144–50. doi: 10.1006/geno.2002.6816

75. Yang J, Robert CE, Burkhardt BR, Young RA, Wu J, Gao Z, et al. Mechanisms
of Glucose-Induced Secretion of Pancreatic-Derived Factor (PANDER or
FAM3B) in Pancreatic Beta-Cells. Diabetes (2005) 54:3217–28. doi: 10.2337/
diabetes.54.11.3217

76. Cao X,Gao Z, Robert CE, Greene S, XuG, XuW, et al. Pancreatic-Derived Factor
(FAM3B), a Novel Islet Cytokine, Induces Apoptosis of Insulin-Secreting Beta-
Cells. Diabetes (2003) 52:2296–303. doi: 10.2337/diabetes.52.9.2296

77. Yang J, Gao Z, Robert CE, Burkhardt BR, Gaweska H, Wagner A, et al.
Structure-Function Studies of PANDER, an Islet Specific Cytokine Inducing
Cell Death of Insulin-Secreting Beta Cells. Biochemistry (2005) 44:11342–52.
doi: 10.1021/bi0503908

78. Cao X, Yang J, Burkhardt BR, Gao Z, Wong RK, Greene SR, et al. Effects of
Overexpression of Pancreatic Derived Factor (FAM3B) in Isolated Mouse
Islets and Insulin-Secreting Betatc3 Cells. Am J Physiol Endocrinol Metab
(2005) 289:E543–50. doi: 10.1152/ajpendo.00113.2005

79. Wang O, Cai K, Pang S, Wang T, Qi D, Zhu Q, et al. Mechanisms of Glucose-
Induced Expression of Pancreatic-Derived Factor in Pancreatic Beta-Cells.
Endocrinology (2008) 149:672–80. doi: 10.1210/en.2007-0106

80. Xu W, Gao Z, Wu J, Wolf BA. Interferon-Gamma-Induced Regulation of the
Pancreatic Derived Cytokine FAM3B in Islets and Insulin-Secreting Betatc3
Cells. Mol Cell Endocrinol (2005) 240:74–81. doi: 10.1016/j.mce.2005.05.010

81. Wang C, Burkhardt BR, Guan Y, Yang J. Role of Pancreatic-Derived Factor in
Type 2 Diabetes: Evidence From Pancreatic Beta Cells and Liver. Nutr Rev
(2012) 70:100–6. doi: 10.1111/j.1753-4887.2011.00457.x

82. Robert-Cooperman CE, Carnegie JR, Wilson CG, Yang J, Cook JR, Wu J, et al.
Targeted Disruption of Pancreatic-Derived Factor (PANDER, FAM3B) Impairs
Pancreatic Beta-Cell Function.Diabetes (2010) 59:2209–18. doi: 10.2337/db09-1552

83. Cao X, Yang C, Lai F, Hong Z, Lin H, Liu J, et al. Elevated Circulating Level of
a Cytokine, Pancreatic-Derived Factor, Is Associated With Metabolic
Syndrome Components in a Chinese Population. J Diabetes Investig (2016)
7:581–6. doi: 10.1111/jdi.12437

84. Shehata MM, Kamal MM, El-Hefnawy MH, El-Mesallamy HO. Association of
Serum Pancreatic Derived Factor (PANDER) With Beta-Cell Dysfunction in
Type 2 Diabetes Mellitus. J Diabetes Complications (2017) 31:748–52.
doi: 10.1016/j.jdiacomp.2017.01.001

85. Yang J, Wang C, Li J, Burkhardt BR, Robert-Cooperman CE, Wilson C, et al.
PANDER Binds to the Liver Cell Membrane and Inhibits Insulin Signaling in
HepG2 Cells. FEBS Lett (2009) 583:3009–15. doi: 10.1016/j.febslet.2009.08.008

86. Wang C, Guan Y, Yang J. Cytokines in the Progression of Pancreatic b-Cell
Dysfunction. Int J Endocrinol (2010) ID:515136. doi: 10.1155/2010/515136

87. Robert-Cooperman CE, Dougan GC, Moak SL, Athanason MG, Kuehl MN,
Bell-Temin H, et al. PANDER Transgenic Mice Display Fasting
Hyperglycemia and Hepatic Insulin Resistance. J Endocrinol (2014)
220:219–31. doi: 10.1530/JOE-13-0338

88. Li J, Chi Y, Wang C, Wu J, Yang H, Zhang D, et al. Pancreatic-Derived Factor
Promotes Lipogenesis in the Mouse Liver: Role of the Forkhead Box 1 Signaling
Pathway. Hepatology (2011) 53:1906–16. doi: 10.1002/hep.24295
Frontiers in Endocrinology | www.frontiersin.org 11
89. Watt MJ, Miotto PM, De Nardo W, Montgomery MK. The Liver as an
Endocrine Organ Linking NAFLD and Insulin Resistance. Endocr Rev (2019)
40:1367–93. doi: 10.1210/er.2019-00034

90. Hirsova P, Ibrahim SH, Verma VK, Morton LA, Shah VH, LaRusso NF, et al.
Extracellular Vesicles in Liver Pathobiology: Small Particles With Big Impact.
Hepatology (2016) 64(6):2219–33. doi: 10.1002/hep.28814

91. Povero D, Eguchi A, Li H, Johnson CD, Papouchado BG, Wree A, et al.
Circulating Extracellular Vesicles With Specific Proteome and Liver Micro
RNAS Are Potential Biomarkers for Liver Injury in Experimental Liver
Disease. PloS One (2014) 9:e113651. doi: 10.1371/journal.pone.0113651

92. Conde-Vancells J, Rodriguez-Suarez E, Embade N, Gil D, Matthiesen R, Valle
M, et al. Characterization and Comprehensive Proteome Profiling of
Exosomes Secreted by Hepatocytes. J Proteome Res (2008) 7(12):5157–66.
doi: 10.1021/pr8004887

93. Poy MN, Eliasson L, Krutzfeldt J, Kuwajima S, Ma X, Macdonald PE, et al. A
Pancreatic Islet-Specific microRNA Regulates Insulin Secretion. Nature (2004)
432(7014):226–30. doi: 10.1038/nature03076

94. Plaisance V, Abderrahmani A, Perret-Menoud V, Jacquemin P, Lemaigre F,
Regazzi R, et al. MicroRNA-9 Controls the Expression of Granuphilin/Slp4
and the Secretory Response of Insulin Producing Cells. J Biol Chem (2006) 281
(37):26932–42. doi: 10.1074/jbc.M601225200

95. Jordan SD, Krüger M, Willmes DM, Redemann N, Wunderlich FT, Brönneke
HS, et al. Obesity-Induced Overexpression of miRNA-143 Inhibits Insulin-
Stimulated AKT Activation and Impairs Glucose Metabolism. Nat Cell Biol
(2011) 13(4):434–46. doi: 10.1038/ncb2211

96. Fu Q, Li Y, Jiang H, Shen Z, Gao R, He Y, et al. Hepatocytes Derived
Extracellular Vesicles From High-Fat Diet Induce Obsess Mice Modulate
Genes Expression and Proliferation of Islet b Cells. Biochem Biophys Res
Commun (2019) 516(4):1159–66. doi: 10.1016/j.bbrc.2019.06.124

97. Guay C, Regazzi R. Exosomes as New Players in Metabolic Organ Cross-Talk.
Diabetes Obes Metab (2017) 19(Suppl1):137–46. doi: 10.1111/dom.13027

98. Guay C, Menoud V, Rome S, Regazzi R. Horizontal Transfer of Exosomal
microRNAs Trnasduce Apoptotic Signals Between Pancreatic Beta-Cells. Cell
Commun Signal (2015) 19(13):17. doi: 10.1186/s12964-015-0097-7

99. Xu H, Du X, Xu J, Zhang Y, Tian Y, Liu G, et al. Pancreatic b Cell microRNA-
26a Alleviates Type 2 Diabetes by Improving Peripheral Insulin Sensitivity and
Preserving b Cell Function. PloS Biol (2020) 18829:e30000603. doi: 10.1371/
journal.pbio.30000603

100. Li J, Zhang Y, Ye Y, Li D, Liu Y, Lee E, et al. Pancreatic b Cells Control Glucose
Homeostasis via the Secretion of Exosomal miR-29 Family. J Extracell Vesicles
(2021) 10:e12055. doi: 10.1002/jev2.12055

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
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