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Fetuin-A is a heterodimeric plasma glycoprotein containing an A-chain of

282 amino acids and a B-chain of 27 amino acid residues linked by a single

inter-disulfide bond. It is predominantly expressed in embryonic cells and adult

hepatocytes, and to a lesser extent in adipocytes and monocytes. Fetuin-A

binds with a plethora of receptors and exhibits multifaceted physiological and

pathological functions. It is involved in the regulation of calcium metabolism,

osteogenesis, and the insulin signaling pathway. It also acts as an ectopic

calcification inhibitor, protease inhibitor, inflammatory mediator, anti-

inflammatory partner, atherogenic factor, and adipogenic factor, among

other several moonlighting functions. Fetuin-A has also been demonstrated

to play a crucial role in the pathogenesis of several disorders. This reviewmainly

focuses on the structure, synthesis, and biological roles of fetuin-A. Information

was gathered manually from various journals via electronic searches using

PubMed, Google Scholar, HINARI, and Cochrane Library from inception to

2022. Studies written in English and cohort, case-control, cross-sectional, or

experimental studies were considered in the review, otherwise excluded.
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Introduction

Fetuin-A, formerly known as phosphoprotein 63 KDa (pp63)

or countertrypin, is a plasma carrier protein that helps to transport

and make a wide range of substances available in the bloodstream.

It is a negatively charged glycoprotein circulating in the blood and

extracellular fluid with several days of half-life (Kettler et al., 2003;

Wojtysiak-Duma et al., 2010). The molecular weight of fetuin-A

ranges from 51 to 67 kDa, depending on the degree of

glycosylation (Brown et al., 1992). According to numerous

studies, fetuin-A is considered a multifunctional protein that

participates in myriads of essential biological activities, such as

the regulation of bone and calcium metabolism and the insulin

signaling pathway. Besides, it acts as a protease inhibitor,

inflammatory mediator, anti-inflammatory partner, atherogenic

factor, and adipogenic factor, among several other moonlighting

functions. Fetuin-A has also been found to have a key role in the

development of various clinical conditions, such as insulin

resistance (IR), type 2 diabetes mellitus (T2DM), metabolic

disorders, nonalcoholic fatty liver disease (NAFLD),

cardiovascular diseases (CVDs), tumors, and brain disorders

(Kettler et al., 2003; Wojtysiak-Duma et al., 2010; Mori et al.,

2012; Sardana et al., 2021). This review article primarily aimed to

explore the structure, biosynthesis, and biological roles of fetuin-A.

Information was manually retrieved from PubMed, Google

Scholar, HINARI, and Cochrane Library from inception to 2022.

The search was done using search terms: fetuin-A,

alpha2 Heremans-Schmid Glycoprotein, fetuin-A structure,

function, fetuin-B structure, function, the role of fetuin-A in

insulin signaling, bone metabolism, the inflammation, protease

regulation. Besides, the adipogenic role, the atherogenic role, and

opsonizing properties of fetuin-A. The role of fetuin-A in the

tumor, NAFLD, CVDs, brain development, and lesions. Those

articles written in English and which were cross-sectional, cohort,

case-control, or experimental studies were included in the study.

However, articles written in languages other than English were

excluded from the review. As this review primarily focused on the

physiological roles of fetuin-A, some articles detailing the clinical

disorders associated with fetuin-A were also not included.

Moreover, articles about the clinical implications of fetuin-A,

such as diagnostic and therapeutic roles, are outside the scope of

this review and were excluded.

Overview of the fetuin family

Fetuins are a family of a large group of proteins belonging to

the cystatin superfamily of cysteine protease inhibitors of the

metalloprotease, papain, calpain, cathepsin, and caspase families,

possessing a domain of conserved cysteine residues responsible

for their protease inhibitory activity (Sardana et al., 2021). The

cystatin superfamily comprises type 1 (mainly intracellular

proteins), type 2 (mainly extracellular proteins), type 3

(plasma proteins), and unclassified cystatins (Jahnen-Dechent

et al., 2011). The fetuin family is members of four structurally

related type 3 cystatins. Along with the fetuin family, cystatins,

histidine-rich glycoproteins, and kininogens are grouped under

the type 3 cystatin family (Brown and Dziegielewska, 1997). The

fetuin family constitutes two paralogue proteins, which are

homologous proteins encoded by duplicated genes, known as

fetuin-A and fetuin-B (Olivier et al., 2000; Sardana et al., 2021).

A group of orthologous plasma proteins referred to as fetuin-

A was isolated long years ago in different animals, including

humans, sheep, pigs, cows, reptiles, fish, birds, marsupials,

gerbils, rats, mice, and rodents. The first discovery of fetuin-A

dates back to 1944 by K. Pedersen in the blood of a fetal calf

(hence the name “fetuin”) (Lin et al., 2018). Many years later, the

independent studies by J.F. Heremans and K. Schmid with W.

Burgi in 1960 and 1961, respectively, purified fetuin-A in

humans, and hence it is now also known as α2-Heremans-

Schmid glycoprotein (AHSG) in recognition of the

discoverers. The comigration of fetuin-A with the α2-globulin
fraction of plasma proteins during electrophoresis provides the

prefix “α2” in its official name, AHSG (Jahnen-Dechent et al.,

2011). Fifty-five years later, in 1999, Olivier et al. discovered the

second member of the mammalian fetuin family and the paralog

of fetuin-A in rats, mice, and humans, designated as fetuin-B

(Olivier et al., 2000).

Fetuin-A and fetuin-B were demonstrated to have a similar

evolutionary origin and close chromosomal locations within the

vertebrate genomes. In humans, both are encoded from

duplicated genes which are still co-localized side by side in a

single chromosomal area (3q27). Their encoding genes are

thought to have evolved phylogenetically from cystatin via the

process of gene duplication and gene segment exchange

(Pedersen, 1944; Olivier et al., 2000; Floehr et al., 2016).

Moreover, fetuin-A and fetuin-B have structural similarities,

such as domain homology and conserved cysteine residues.

Both fetuins contain three domains (D1, D2, and D3),

identical numbers and locations of all C-residues, as well as

an identical short LETXCHXL motif (Olivier et al., 2000). Unlike

other members of the cystatin superfamily, fetuins lack cystatin

activity due to the mutation and loss of relevant sequence motifs

(G residue, QXVXG motif, and PW dipeptide) that are required

to activate the cystatin inhibitory domain and exhibit cystatin

protease activity (Dziegielewska and Brown, 1995; Olivier et al.,

2000). However, they exhibit significant differences in amino acid

sequences as well as other important residues/motifs, as

summarized in Table 1.

In addition, these paralogue proteins are found to have

similar biological functions and both serve as acute-phase

proteins (APP) as well as regulators of insulin signaling and

bone metabolism, but they differ in many other biological

functions. Fetuin-A has a well-established broad range of

functions in humans, such as regulation of osteogenesis,

calcium metabolism, endocytosis, and brain growth, among
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many other moonlighting functions (Denecke et al., 2003). On

the other hand, fetuin-B has a crucial role in fertilization by

blocking the proteolytic activity of ovastacin, which is a member

of the astacin family that mediates the hardening of the zona

pellucida (Dietzel et al., 2013; Cerdà Costa and Xavier Gomis

Rüth, 2014; Stöcker et al., 2014).

Furthermore, fetuin-A and fetuin-B are closely related with

regard to their site of synthesis and tissue distribution. Fetuin-A

is secreted largely by the liver in adults, but it is extensively

expressed by multiple tissues such as the liver, kidney, brain,

choroid plexus, skin, and gastrointestinal tract in the fetus

(Kettler et al., 2003; Stefan et al., 2006a). Blood fetuin-A is

found in relatively high concentrations throughout life, with

substantially higher levels in fetuses than in adults. According

to a large cohort study of neonates, blood levels of fetuin-A are

highest in very low birth weight newborns between 24 and

30 completed weeks of gestational age, with levels 2–3 times

greater than those observed in term birth. Fetuin-A levels

gradually declined with intrauterine as well as extrauterine

maturation, reaching adult levels at about 37 completed weeks

of pregnancy (Häusler et al., 2009). Serum levels of fetuin-A

normally range between 300 and 1000 μg/ml in both sexes of

healthy adult humans, though it is a 5–50 fold more abundant in

fetal blood (Kaushik et al., 2009; Singh et al., 2012). These

development-associated changes in fetuin levels, however, are

known to vary substantially between species (Dziegielewska and

Brown, 1995). Concerning fetuin-B, it is also predominantly

produced by hepatocytes and, to a lesser extent, by many

secretory tissues, including the placenta. Quantitatively, fetuin-

B is found to be less plentiful in the blood than fetuin-A (Floehr

et al., 2016). A study by Olivier et al. (2000)indicated that the

expression level of fetuin-A and fetuin-B in hepatocytes is in the

ratio of eight to one, as demonstrated in adult rats.

Structure and biosynthesis of fetuin-A

Fetuin-A is a hepatokine that is predominantly (more than

95%) synthesized in the adult liver, with the remaining lesser

extent produced in adipocytes, monocytes/macrophages, and

TABLE 1 Comparisons between human fetuin-A and fetuin-B.

Features Fetuin A Fetuin B References

Discovery In 1944 by K. Pedersen In 1999 by Olivier et al Pedersen. (1944); Olivier et al. (2000)

Tissue distribution Hepatocytes and embryonic cells Hepatocytes and placenta Olivier et al. (2000); Kettler et al. (2003); Stefan
et al. (2006a)

Serum concentration More abundant (300–1000 μg/ml) Less abundant Olivier et al. (2000); Kaushik et al. (2009); Singh
et al. (2012); Floehr et al. (2016)

Encoding gene AHSG gene in 3q27 FETUB gene in 3q27 Pedersen. (1944); Olivier et al. (2000)

Molecular weight 51-67KDa 42-60KDa Brown et al. (1992); Olivier et al. (2000); Kettler
et al. (2003); Wojtysiak-Duma et al. (2010);
Karmilin et al. (2019)

Number of amino
acids (including SS)

367 382 Olivier et al. (2000); Mori et al. (2011)

Structural domains Possesses three domains (D1, D2, D3) Contains the three domains, identical number
and location of all C-residues; identical short
LETXCHXL motif as in fetuin-A

Olivier et al. (2000); Mori et al. (2012);
Komsa-Penkova et al. (2017)

DPTP tetrapeptide Present and serve as a signature of fetuin-A Absent Olivier et al. (2000)

Calcium binding
motif

Found in D1 domain Absent Olivier et al. (2000)

Connecting peptide Found between A- and B-chain Absent Olivier et al. (2000)

Kunitz-type motif D2 of fetuin-A harbors active Kunitz-type
inhibitory site

Both the D1 and D2 of fetuin-B contain Kunitz-
type motif

Olivier et al. (2000)

Cystatin activity Specific amino acid residues activating
cystatin inhibitory domain are partly lost and
hence no cystatin activity

Most likely absent due to lack of these amino
acid residues

Dziegielewska and Brown. (1995); Olivier et al.
(2000)

Endogenous
inhibitory activities

TGF-β, BMP, meprin-α and-β Ovastacin, meprin-β Dietzel et al. (2013); Cerdà-Costa and Xavier
Gomis-Rüth. (2014); Stöcker et al. (2014); Cuppari
et al. (2019); Karmilin et al. (2019); Afrisham et al.
(2020)

Function Serves as APP and takes part in osteogenesis,
calcium metabolism, insulin signaling,
endocytosis, and brain growth

Act as APP and involved in bone metabolism
and fertilization

Denecke et al. (2003); Mori et al. (2011); Dietzel
et al. (2013); Cerdà-Costa and Xavier Gomis-Rüth.
(2014); Stöcker et al. (2014)

Abbreviations: AHSG, α2-Heremans-Schmid glycoprotein; APP, acute phase protein; BMP, bone morphogenetic protein; DPTP, Aspartate-proline-threonine-proline tetrapeptide; TGF,

transforming growth factor; SS, signal sequence.
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other cells (Stefan et al., 2006a; Wojtysiak-Duma et al., 2010;

Chatterjee et al., 2013). It is a heterodimeric globular protein that

is encoded by the AHSG gene located on the 3q27 human

chromosome locus, containing seven exons and six introns of

nearly 8.2 kb long in length (Mori et al., 2011). The transcription

of this gene produces a single copy of mRNA that encodes a

single chain preprotein of human fetuin-A containing 367 amino

acids (Osawa et al., 1997; Reinehr and Roth, 2008; Kaushik et al.,

2009). The process of transcription is regulated by several

CCAAT enhancer-binding proteins (C/EBP)-β and nuclear

factor (NF)-1 binding sites in the promoter region (Falquerho

et al., 1992; Banine et al., 2000). The pre-fetuin-A consists of two

polypeptide chains, namely the heavy A-chain, which was first

demonstrated by Yoshioka et al. in 1986, and the light B-chain,

which was first reported by Gejyo et al. in 1983 (Gejyo et al., 1983;

Yoshioka et al., 1986). While the A-chain is a larger polypeptide

chain possessing 282 amino acid residues, the B-chain is a smaller

chain consisting of 27 amino acids (Osawa et al., 1997). This

precursor protein also encompasses an additional 18 amino acid

containing signal sequence (SS) in N-terminus and a 40 amino

acid long connecting peptide (CP) in between the two chains

(Figure 1A) (Lee et al., 1987; Osawa et al., 1997).

Although posttranslational modification (PTM) of fetuin-A

is less clearly understood and variable, a plethora of studies

indicated that both A and B polypeptide chains of human fetuin-

A undergo PTMs involving glycosylation, proteolytic cleavage,

folding, and phosphorylation to form active fetuin-A (Figure 1B)

(Haglund et al., 2001; Wilson et al., 2002; Kübler et al., 2007;

Dabrowska et al., 2015). A study by Lin et al. (2018) showed that

the modification of native fetuin-A frequently begins with

N-glycosylation in the rough endoplasmic reticulum followed

by the O-glycosylation in the Golgi apparatus to add up to 23.6%

FIGURE 1
Schematic representation of (A) Fetuin-A structure. The pre-fetuin-A contains 367 amino acids, including 18 amino acid size SS (Pedersen,
1944; Brown et al., 1992; Dziegielewska and Brown, 1995; Brown and Dziegielewska, 1997; Olivier et al., 2000; Denecke et al., 2003; Kettler et al.,
2003; Stefan et al., 2006a; Häusler et al., 2009; Wojtysiak-Duma et al., 2010; Jahnen-Dechent et al., 2011; Mori et al., 2012; Dietzel et al., 2013;
Cerdà-Costa and Xavier Gomis-Rüth, 2014; Stöcker et al., 2014; Floehr et al., 2016; Lin et al., 2018; Sardana et al., 2021); 282 amino acids
A-chain (19–300), 40 amino acids CP (301–340), and 27 amino acids long B-chain (341–367). A-chain is composed of two cystatin-like domains
(D1 and D2) and a variable non-cystatin domain, D3 (D3a and D3b). Functionally, the D1 provides binding sites for calcium, TGF- β, and BMP, the
D2 inhibits cysteine protease and D3 interacts with the insulin receptor. (B) Fetuin-A biosynthesis. Fetuin-A is encoded by the AHSG gene located on
the 3q27 locus that produces a single copy of mRNA encoding a pre-fetuin-A. The pre-fetuin-A consisting of SS, A-chain, CP, and A-chain
undergoes PTMs (glycosylation, proteolysis, folding, and phosphorylation). Glycosylation takes place at Asp residues (N-glycosylation), Thr and Ser
residues (O-glycosylation). Then SS and Arg322 will be removed through proteolysis with certain unknown proteinase to form a mature fetuin-A
containing a full length of CP apart from Arg322 or C-terminally trimmed CP, interlinked by a disulfide bond formed between Cyst-14 and Cys-340.
Then phosphorylation at multiple Ser and Thr residues, mostly in plasma, occurs by FAM20C. Abbreviations: AHSG, α2-Heremans-Schmid
glycoprotein; BMP, Bone Morphogenic protein; CP, connecting peptide; FAM20C, family with sequence similarity 20 member C; PTMs, post-
translational modifications; rER, rough endoplasmic reticulum; RTK, receptor tyrosine kinase; SS, signal sequence; TGF- β, Transforming growth
factor-beta.
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of carbohydrate. N-linked glycosylation is identified to take place

at asparagine (Asn) residues (Asn156 and Asn176) of the A

chain, whereas O-linked glycosylation may occur at threonine

(Thr) residues (Thr270, Thr339, and Thr 342) and serine (Ser)

residues (Ser280, Ser293, and Ser346) of the A and B chains

(Gejyo et al., 1983; Yoshioka et al., 1986). The glycosylated fetuin-

A then has been demonstrated to undergo proteolytic processing

and phosphorylation (Haglund et al., 2001; Lin et al., 2018).

Proteolytic processing of preprotein involves removal of SS from

the N-terminus and cleavage of C-terminal arginine at position

322 with a certain unknown proteinase, forming an opening

between arginine-322 and threonine-323 of the two polypeptide

chains. The full length of CP other than arginine-322 or trace

C-terminally trimmed CP fragments of various degrees could be

formed. A 40-amino acid containing CP has been reported to be

completely cleaved off in abnormal conditions such as sepsis.

Thus, modified fetuin-A proved to possess an A-chain between

1–282 amino acids, CP from 283–321 residues, and a B-chain

between 323–349 amino acid residues (Kellermann et al., 1989;

Haglund et al., 2001; Lin et al., 2018; Ochieng et al., 2018).

Subsequently, modified A- and B-chains undergo proper

folding and are held together by a single interchain disulfide

bridge to form a heterodimeric, three-dimensional mature

glycoprotein. Indeed, there are six disulfide bridges within

fetuin-A, but only a disulfide bond formed between cysteine-

14 and cysteine-340 links the A-chain and the B-chain

(Dabrowska et al., 2015). Fetuin-A is eventually released into

the bloodstream from the liver, although it is influenced by many

positive and negative factors (Icer and Yıldıran, 2020).

Endogenous factors such as increased blood glucose and free

fatty acid (FFA) levels have been established to enhance fetuin-A

release. While high blood glucose levels induce fetuin-A release

by stimulating extracellular signal-regulated kinase 1/2, increased

blood FFA promotes fetuin-A secretion by increasing NF-KB

activity (An et al., 2012; Icer and Yıldıran, 2020). It is evident

from the increased expression of fetuin-A in fatty livers and its

decreased levels in people who had less liver fat. High-fat diet-fed

animals and obese diabetic patients are associated with increased

plasma levels of fetuin-A, indicating FFA enhances the secretion

of fetuin-A from the liver (Lin et al., 1998; Kelley et al., 2003;

Stefan et al., 2006b).

In addition, several prior studies suggested that low and high

dietary energy intake may affect serum fetuin-A levels (Choi et al.,

2013; Samocha-Bonet et al., 2014). Exogenous factors like curcumin,

resveratrol, dairy products, niacin, alcohol, and coffee consumption

have all been demonstrated in studies to be negative factors that

decrease fetuin-A release and its blood concentrations (Kaushik

et al., 2009; An et al., 2012; Öner-İyidoğan et al., 2013; Ghaffari et al.,

2017; Mukhuty et al., 2017). On the other hand, dietary intake of

omega-3 fatty acids has been shown to increase hepatic fetuin-A

secretion (An et al., 2012). The mechanism of how several of these

factors affect fetuin-A release has not yet been clearly understood,

but some of them have postulated mechanisms. For instance,

curcumin has been shown to reduce fetuin-A expression by

regulating peroxisome proliferator-activated receptor-γ (PPAR-γ)
and stimulating AMP-activated kinase (AMPK) (Ochi et al., 2014;

Seyithanoğlu et al., 2016). Dietary niacin intake lowers blood lipids

that negatively affect fetuin-A expression (Andersen et al., 2008). In

contrast, Kaushik et al. (2009) indicated that dietary niacin may

enhance fetuin-A expression by increasing endogenous

glucocorticoids, showing the need for further confirmatory

studies. The accumulated body of data confirmed that increased

dietary intake of FFA can positively affect fetuin-A expression by

elevating blood levels of FFA (Okamoto et al., 2018).

In the blood circulation, secreted fetuin-A will undergo

phosphorylation at several phosphosites to form

phosphorylated fetuin-A (Haglund et al., 2001). Studies done

on hepatoma cell lines (HepG2) demonstrated multiple

phosphorylations at serine residues (Ser134, Ser135, Ser138,

Ser 325, Ser328, and Ser330) and threonine residue (Thr319)

by the family with sequence similarity 20 member C (FAM20C)

kinase (Falquerho et al., 1992; Haglund et al., 2001; Matsui et al.,

2009). It has been shown that up to 20% of human plasma fetuin-

A is phosphorylated at Ser330 (Stirnberg et al., 2015).

Phosphorylated fetuin-A seems physiologically important to

counteract both the insulin signaling pathway and ectopic

calcification (Matsui et al., 2009). Overall, the PTM of fetuin-

A is thought to be responsible for its extensive range of functions

identified in the past few decades.

The A-chain of mature fetuin-A is composed of two

homologous, tandemly arranged cystatin-like domains,

D1 and D2. These two domains contain 116–118 amino acid

residues located in the N-terminal end and form α-helical
structure, beta-pleated sheet, and reverse turns, accounting

for 29, 24, and 26%, respectively (Mori et al., 2012; Komsa-

Penkova et al., 2017). The D1 and D2 of most fetuin-A

sequences contain two dibasic motifs, db1 and db2,

respectively, that are responsible for the trypsin susceptibility

of fetuin-A (Olivier et al., 2000). While the D1 domain is a well-

studied domain with binding motifs for hydroxyapatite and

transforming growth factor-β (TGF- β) superfamily in its beta

sheet, the D2 domain is still not well characterized, but it has

been proposed to inhibit cysteine protease in the rats (Komsa-

Penkova et al., 2017). The third domain found in the A-chain,

which is less conserved (or variable) between species and has a

unique histidine-rich C-terminal domain, is known as D3.

Although it lacks sequence homology to cystatins, the

D3 domain has been suggested to have a high affinity for the

insulin receptor. It can be classified as the D3a subdomain,

which is a hydrophobic, proline-rich subunit found in the

N-terminal region, and the D3b subdomain, which is found

in the C-terminal end, consisting of a connecting peptide

(Brown et al., 1992; Brown et al., 1992). On the other hand,

the B chain is a short polypeptide chain made up of 27 amino

acid residues and may undergo PTMs like O-linked and

N-linked glycosylation (Brown et al., 1992; Singh et al., 2012).
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Biological roles of fetuin-A

Reports from a plethora of evidence indicate that fetuin-A is a

multifunctional protein that plays a wide array of important

physiological and pathological roles. (Wojtysiak-Duma et al.,

2010; Brown and Dziegielewska, 1997; Pedersen, 1944; Dietzel

et al., 2013; Mori et al., 2012). This is achieved by binding with

multiple receptors, such as insulin, growth hormone, growth

factors [nerve growth factor (NGF), platelet-derived growth

factor (PDGF), transforming growth factor (TGF)-II, TGF-β2
and basic fibroblast growth factor (bFGF)], and a number of

toll-like (TLR) receptors (Nie, 1992; Jahnen-Dechent et al.,

2011; Pal et al., 2012). In the last few decades, the number of

biological functions attributed to fetuin-A has increased

exponentially. It has been identified to take part in a myriad of

important biological activities, such as regulation of bone

remodeling (osteogenesis and bone resorption) and calcium

metabolism, insulin signaling, endocytosis, brain development,

and protein metabolism. Besides, fetuin-A is involved in

varieties of anti-inflammatory and inflammatory attributes,

neutrophil and platelet degranulation, lymphocyte stimulation,

keratinocyte migration, and carriers of metals and small

molecules in the bloodstream by binding with fatty acids,

thyroid hormones, phosphate, and calcium ions (Dabrowska

et al., 2015; Lin et al., 2018). Furthermore, fetuin-A plays a key

role in the pathogenesis of several metabolic disorders such as IR,

T2DM, NAFLD, CVDs, and autoimmune disorders; breast tumor

cell proliferative signaling; brain disorders such as ischemic stroke

and neurodegenerative disease and more recently, psoriasis

(Kettler et al., 2003; Wojtysiak-Duma et al., 2010; Mori et al.,

2012; Sardana et al., 2021; Abebe et al., 2022). This part of the

review comprehensively explores various biological roles of fetuin-

A, with special emphasis on its physiological roles.

Regulatory roles of fetuin-A in bone and
calcium metabolism

Fetuin-A acts as a plasma carrier protein for calcium and

phosphate to exquisitely regulate their levels in extracellular fluid.

It represents a major proportion (25%) of the non-collagenous

bone proteins found in bones and teeth (Jahnen-Dechent et al.,

2011). Compared to other plasma proteins, fetuin-A is 300-fold

more abundant in the adult and fetal bone matrix. The bone level

of fetuin-A, however, progressively declines from childhood to

maturity. Its levels are seven times and ten times, respectively,

higher in neonatal bone and fetal bone than in adult bone (Lee

et al., 1987; Jahnen-Dechent et al., 2011).

Recently, fetuin-A has been established as a negative

regulator of bone and calcium metabolism (Binkert et al.,

1999; Swallow et al., 2004). It serves as a potent local and

systemic endogenous inhibitor of pathological calcification

and mineralization, which is indeed associated with an

increased risk of different cardiovascular morbidities (Heiss

et al., 2003; Kettler et al., 2003). In mice devoid of fetuin-A,

aberrant systemic ectopic calcification of soft tissues was seen,

demonstrating the regulating role of fetuin-A on undesired

calcification and bone osteogenesis (Jahnen-Dechent et al.,

2011). This inhibitory action on extraosseous calcification is

mediated by the binding of fetuin-A with insoluble calcium

phosphate (or hydroxyapatite) and forming highly soluble,

inactive, and stable colloidal fetuin-A-mineral complexes in

the circulation called calciprotein particles (Heiss et al., 2003).

Fetuin-A is responsible for the inhibition of about half of the

calcium and phosphorus precipitation, implying that it is a major

serum agent preventing vascular calcification. Thus, fetuin-A

functions as a mineral chaperone, which is a carrier protein that

aids in the transportation and clearance of potentially

proinflammatory and procalcific cargo (Jahnen-Dechent et al.,

2011).

A growing body of evidence proposes that the clustered,

strongly negatively charged acidic amino acids (motif) in the

D1 domain of fetuin-A have high-affinity binding sites for

calcium-rich minerals and TGF-β superfamily (Kübler et al.,

2007). Calciprotein particle prevents calcium salt precipitation,

vascular calcification, and thus CVD by counteracting the actions

of the TGF-β superfamily, such as TGF-β and bonemorphogenetic

protein (BMP), which are required for bonemineralization, as well

as by acting as vacuum cleaners to remove precipitated calcium in

extraosseous areas of the bone (Heiss et al., 2003; Swallow et al.,

2004). Notably, fetuin-A only prevents the de novo formation of

calcium phosphate (mineralization), not the dissolution of

preformed minerals (Jahnen-Dechent et al., 2011). It does not

interfere with the formation of mineral nuclei; rather, it acts as a

shield for spontaneously formed mineral nuclei and keeps

calciprotein particles stable. Fetuin-A, on the other hand,

prevents mineral nuclei from growing and aggregating into

larger entities, curbingmineral precipitation (Rochette et al., 2009).

Moreover, fetuin-A abrogates vascular calcification by

directly binding to the vascular smooth muscle cells and

thereby limits oxidative stress, inflammation, and vascular

damage (Jahnen-Dechent et al., 2011). This is largely achieved

by inhibiting apoptosis and caspase cleavage (Jahnen-Dechent

et al., 2011). Fetuin-A is taken up by vascular smooth muscle cells

and concentrated in intracellular vesicles. Then, through

secretory vesicles, fetuin-A is released from both apoptotic

and viable vascular smooth muscle cells. Consequently, fetuin-

A in vesicles rendered them incapable of nucleating calcium

phosphate precipitation. Fetuin-A also enhanced phagocytosis of

vesicles by vascular smooth muscle cells. Hence, the uptake of

fetuin-A by cells and the vesicular recycling of calciprotein

particles decrease both apoptosis and calcification of these

cells (Reynolds et al., 2004). Altogether, fetuin-A protects

against aberrant calcification by stabilizing mineral complexes

in the calciprotein particles and mediating their transport and

clearance.

Frontiers in Cell and Developmental Biology frontiersin.org06

Chekol Abebe et al. 10.3389/fcell.2022.945287

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.945287


Low levels of fetuin-A, on the other hand, have been found to

increase the propensity for systemic vascular calcification and

cardiovascular morbidities (Jahnen-Dechent et al., 2011).

Patients with different heart diseases, such as coronary artery

disease, ischemic cardiomyopathy, and aortic stenosis, have

lower levels of fetuin-A. An inverse correlation has also been

found between fetuin-A concentrations and calcified coronary

artery disease, showing the vascular calcification inhibitory

function of fetuin-A (Mori et al., 2012). Moreover, severe

abnormalities in fetuin-A levels occur in chronic kidney disease

(CKD) and are correlated with the mineral bone disorder. Caglar

et al. (2008) found that circulating fetuin-A levels drop

dramatically as CKD progresses, and fetuin-A deficiency is

linked with an increased propensity for calcification and a poor

prognosis in CKD patients. This has recently been confirmed by

another study demonstrating that fetuin-A (especially those

derived from the kidney) locally safeguards the kidney from

hypoxia-induced renal damage and functional deterioration by

acting as a potent mineral scavenger. It plays a salient role in

binding and clearance of accumulated calciummineralized matrix

in fetal hypoxic kidney and acting as an ectopic calcification

inhibitor protecting the integrity of kidney tissues and

preventing the progression to CKD (Rudloff et al., 2021).

Inflammatory and anti-inflammatory roles
of fetuin-A

Fetuin-A has a very complex role in modulating

inflammatory responses, with increasing evidence pointing

to both pro-inflammatory and anti-inflammatory attributes

(Mukhopadhyay et al., 2014). Even though it is still not clear

which effect is dominant, fetuin-A seems to have both anti-

inflammatory and inflammatory activity depending on its

mode of activation (stimulus) in various clinical conditions

(Komsa-Penkova et al., 2017). It is well established that fetuin-

A is a negative acute-phase protein that is quickly lowered in

response to acute inflammation (Ombrellino et al., 2001).

Several studies have shown an inverse relationship between

the serum level of fetuin-A and C-reactive protein (CRP), with

fetuin-A levels decreasing and CRP levels rising following an

inflammatory response (Kettler et al., 2003; Chen et al., 2009;

Wojtysiak-Duma et al., 2010). The mechanism by which the

serum level of fetuin-A decreases is more likely multifactorial,

such as reduced hepatic production in response to

inflammatory cytokines, increased excretion, or enhanced

breakdown (Dabrowska et al., 2015). More importantly, the

inflammatory cytokines released by the plethora of TLR

(TLR2, TLR4, and TLR9) mediated immune responses have

an inhibitory effect on hepatic fetuin-A synthesis

(Mukhopadhyay et al., 2014).

Thus, fetuin-A has been shown to exhibit anti-inflammatory

properties that serve as a protective agent against lethal systemic

inflammation (Mori et al., 2012). This has been reported to have a

beneficial role against various clinical conditions, like sepsis,

endotoxemia, injury, chronic obstructive pulmonary disease

(COPD), Crohn’s disease, ulcerative colitis, rheumatoid

arthritis, pancreatitis, CKD, and brain pathologies

(Ombrellino et al., 2001; Sato et al., 2007; Metry et al., 2008;

Kuśnierz-Cabala et al., 2010; Wang et al., 2010; Wang and E

Sama, 2012; Mukhopadhyay et al., 2014). The anti-inflammatory

role of fetuin-A is possibly due to its direct antagonist role on

TGF-β and tumor necrosis factor-alpha (TNF-α) mediated

inflammation, as well as fetuin-A mediated inhibition of

pathogen-associated molecular pattern (PAMP) induced

release of high mobility group box protein 1 (HMGBP1) by

innate immune cells. Fetuin-A has a protective role against

inflammatory bowel disease (IBD) by blocking a zinc

metalloproteinase (known as meprin-α), which is a key player

in the development of IBD by stimulating inflammatory

cytokines, as well as by protecting against intestinal

inflammation by inhibiting HMGB1 release (Li et al., 2011).

In addition, recent studies have convincingly demonstrated the

role of decreased fetuin-A concentration in the pathogenesis of

different brain pathologies, including cerebral ischemic injury

and neurodegenerative diseases (multiple sclerosis and

Alzheimer’s disease), indicating its anti-inflammatory

attributes (Laughlin et al., 2014). This is reinforced by the fact

that exogenous administration of fetuin-A attenuates neuronal

inflammation and provides neuroprotection (Wang et al., 2010).

Fetuin-A also exerts anti-inflammatory activities by a polyamine

(known as spermines) and protects against brain lesions by

suppressing inflammatory cytokine release (Wang and E

Sama, 2012).

Moreover, a recent report by Rudloff et al. (2021) has

elucidated that fetuin-A blocks molecular mechanisms linking

fetal hypoxia and progression to renal fibrosis and inflammation

in adults, thereby preserving kidney function. In contrast to the

liver-derived fetuin-A, which is produced for systemic use, the

kidney-derived fetuin-A has been demonstrated to play a local

role with no systemic relevance. The kidney-derived fetuin-A has

been identified as a hypoxia-inducible transcription factor (HIF)

target gene, which locally safeguards the integrity of kidneys from

hypoxia-induced chronic and progressive renal damage. Fetuin-

A has been observed to possess evolutionarily conserved putative

HIF-binding sites overlapping with its enhancer regions that

increase the expression of fetuin-A in proximal kidney tubules in

hypoxic conditions. It attenuates hypoxia-induced renal fibrosis

and inflammation by employing several mechanisms, such as

counteracting TGF-β1 andmodulating macrophage polarization,

in addition to antagonizing local calcification as discussed in the

earlier section of this review. Fetuin-A inhibits the expression of

fibrosis markers that cause renal fibrosis by counteracting TGF-β
signaling. This has been reaffirmed by the antagonizing role of

fetuin-A supplementation on the expression of fibrotic markers

and renal tissue remodeling upon ischemia-reperfusion injury
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(Rudloff et al., 2021). This supports prior findings indicating

fetuin-A as a soluble decoy receptor mimicking the TGF-β type II
receptor and cytokine antagonist (Demetriou et al., 1996; Szweras

et al., 2002). Fetuin-A also plays anti-inflammatory activities to

protect the kidney against renal fibrosis by mitigating hypoxia-

induced renal infiltration and polarization of pro-inflammatory

M1 macrophages (Rudloff et al., 2021).

Fetuin-A has also been found as a positive acute phase

reactant that increases in blood circulation in response to

inflammation (Mukhopadhyay et al., 2014). This is supported

by the study showing a significant positive relationship between

fetuin-A and CRP, indicating the inflammatory activity of fetuin-

A (Borsky et al., 2021). Different clinical studies revealed the pro-

inflammatory effects of fetuin-A by demonstrating increased

levels of fetuin-A in patients with metabolic syndrome, IR,

T2DM, obesity, early-stage atherosclerosis, CVD such as

coronary artery disease and peripheral artery disease, and

NAFLD (Mathews et al., 2002; Stefan et al., 2006a; Mori et al.,

2006; Sardana et al., 2021). Fetuin-A is not only a hepatokine but

also an adipokine secreted from adipocytes, and its expression is

directly linked to the amount of fat in adipocytes. In

hyperlipidemic conditions, FFA upregulates fetuin-A

expression, which occurs by stimulating its promotor activity

through a transcription factor known as nuclear factor κB
(NFκB) (Lin et al., 1998; Kelley et al., 2003; Stefan et al.,

2006b; Das et al., 2021). But lipid-induced NF-κB-mediated

fetuin-A promoter activation is not associated with C/EBP-β
as demonstrated by Dasgupta et al. (2010) FFA fails to trigger

fetuin-A expression in NF-κB-knockout HepG2 cells, while it

substantially enhanced fetuin-A levels in the cells injected with

FIGURE 2
The putative inflammatory role of fetuin-A. FFA-mediated oversecretion of fetuin-A from the liver, adipocytes, and pancreatic beta cells induces
an inflammatory signaling pathways by employing several mechanisms. Fetuin-A acts as a ligand for TLR-4 and a macrophage-polarizing agent that
transforms the anti-inflammatory (M2) to the inflammatory (M1) phenotype of macrophages. It also induces an inflammatory process by directly
recruiting macrophages (acts as a chemoattractant) and by stimulating MCP1 and iNOS through the JNK-cJun-IFNγ-JAK2-STAT1-
NOX4 pathway. Eventually, fetuin-A triggered inflammation leads to NAFLD, ATI, beta cell apoptosis, IR, and hence T2DM. Abbreviations: ATI,
Adipose tissue inflammation; FFA, free fatty acid; IFN-γ, interferon-gamma; iNOS, inducible nitric oxide synthase; IR, insulin resistance; JAK 2, Janus
kinase; MCP-1, monocyte chemoattractant protein-1; NAFLD, nonalcoholic liver disease; NOX4, NADPH oxidase 4; STAT1, signal transducer and
activator of transcription; T2DM, type 2 diabetes mellitus; TLR-4, toll-like receptor-4.
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NF-κB, likely via the stimulatory effect of NF-κB on the promoter

region of fetuin-A other than C/EBP-β.
Lipid-induced increment of fetuin-A exhibits inflammatory

activity and triggers inflammation in different tissues, including

adipocytes, leading to adipose tissue inflammation (ATI) and loss

of insulin sensitivity. Fetuin-A has been observed to transport

lipid throughout the body. A lipid-laden fetuin-A is considered a

missing link between FFA–induced inflammation (Zhou et al.,

2018). It promotes ATI by acting as an endogenous ligand for

TLR-4, chemoattractant, and macrophage-polarizing agent

(Figure 2). It has been found that fetuin-A exposes FFA to

TLR-4 and triggers TLR-4-mediated expression of

proinflammatory cytokines from adipocytes and macrophages

using the TLR4-NFκB pathway (Tang et al., 2015). This was

further proven by several in vitro and in vivo studies claiming that

FFA-induced proinflammatory cytokine expression in

adipocytes occurs only when both fetuin-A and TLR-4 are

present, implying that fetuin-A acts as an endogenous ligand

for TLR-4 in activating an inflammatory signaling pathway and

resulting in ATI and IR (Pal et al., 2012).

Besides, macrophage migration and macrophage

polarization from anti-inflammatory (M2) to pro-

inflammatory phenotype (M1) are the other pivotal

mechanisms through which FFA-fetuin-A complexes derive

inflammation in adipose tissues (Chatterjee et al., 2013).

According to a growing body of evidence, fetuin-A instigates

inflammation by recruiting macrophages into inflamed adipose

tissues and functioning as a chemoattractant, similar to

monocyte chemoattractant protein-1 (MCP-1). It also induces

ATI by transforming macrophages from M2 to M1, albeit the

mechanism is still not well known. The recruitedM1macrophage

then secretes proinflammatory cytokines that triggers

inflammation and results in IR and T2DM (Pal et al., 2012;

Chatterjee et al., 2013; Bhattacharya and Mukherjee, 2016). A

more recent study by Chattopadhyay and his coworkers revealed

that fetuin-A is a positive regulator ofMCP-1 and inducible nitric

oxide synthase (iNOS). This was demonstrated by considerable

repression ofMCP-1 and reduction of the macrophage content of

adipose tissue from fetuin-A knockdown high fat diet-fed mice.

In the fetuin-A knockdown mice, the expression of iNOS is

significantly subdued and macrophage polarization flips from

proinflammatory M1 to anti-inflammatory M2. This implies that

fetuin-A upregulates the expression of both MCP-1 and iNOS

that induce ATI through the JNK-cJun-IFNγ-JAK2-
STAT1 pathway. Fetuin-A stimulates cJun N-terminal kinase

(JNK) and cJun that increase the expression of interferon-gamma

(IFN-γ) to stimulate the JAK2-STAT1-NOX4 cascades

(Chattopadhyay et al., 2021).

Moreover, normal levels of intracellular fetuin-A have been

found to play an antiapoptotic role by inhibiting the proteolytic

cleavage and activation of caspases (Reynolds et al., 2005).

However, excess fetuin-A secreted from pancreatic beta cells

and/or circulating in the plasma, like in hyperlipidemic

situations, elicits inflammation and damages to the beta cells

(Mukhuty et al., 2017). Pancreatic β-cells treated with fetuin-A

and FFA (palmitate) have been associated with beta cell failure

and apoptosis, which is suggested to be mediated through the

TLR4-signaling pathway (Shen et al., 2015). Consistently, a

follow-up study by Mukhuty et al. (2022) unveiled that fetuin-

A plays a critical role in triggering FFA-mediated beta cell

inflammation, beta-cell dysfunction, and apoptosis by

inducing lipotoxicity and activating the TLR4-NF-κB pathway

in hyperlipidemic conditions. More interestingly, the apoptosis-

inducing activity of fetuin-A has also been observed in cancer cell

lines, such as mouse P388 leukemia and PC-3 prostate cancer

models, with no effect on normal cell lines, suggesting its

potential use as a selective anticancer agent. Fetuin-A has

been proposed to induce apoptosis in cancer cells by raising

the production of alkaline phosphatase (ALP), though the

mechanism needs further elucidation (Yu and Tsai, 2001).

Overall, fetuin-A plays a significant anti-apoptotic effect in

normal circumstances, making it essential for cell survival. On

the other hand, overexpression of fetuin-A induced by excess

FFA in hyperlipidemic or other abnormal situations increases

apoptotic activity by inducing inflammation in cells such as

pancreatic beta cells, demonstrating its detrimental impact

when produced excessively.

Adipogenic role of fetuin-A

Fetuin-A has adipogenic properties that increase the uptake

and storage of FFA in adipocytes, and impair adipocyte function

by inhibitory phosphorylation of PPARγ and stimulatory

phosphorylation of mammalian target of rapamycin (mTOR)

(Figure 3) (Hennige et al., 2008; Dasgupta et al., 2010; Ix and

Sharma, 2010). PPARγ is a nuclear transcription factor that

serves as a master regulator of adipogenesis, lipid and glucose

metabolism, and insulin sensitivity. It is essential to control the

expression of several target genes, including adiponectin, fatty

acid-binding proteins 4 (FABP4), and fatty acid translocase (FAT

or CD36). Post-translational phosphorylation of PPARγ at

Ser273 in adipose tissue dysregulates the expression of these

target genes (Iwaki et al., 2003; Choi et al., 2010; Pal et al., 2012;

Agarwal et al., 2017; Chattopadhyay et al., 2018).

Adiponectin is the main fat-derived athero-protective

(antiatherogenic) and insulin-sensitizing (antidiabetic)

adipokine that is involved in energy hemostasis and lipid

mobilization (Arita et al., 1999; Haque et al., 2002). According

to recent findings, fetuin-A has an inverse association and an

inhibitory effect to adiponectin. It has been proposed that fetuin-

A induces TLR-4 mediated antagonizing action on adiponectin

via Wnt3a-PPARy signaling, inhibiting the insulin-sensitizing

and anti-inflammatory effect of adiponectin (Sardana et al.,

2021). Fetuin-A is reported to be an upstream regulator of

PPARγ phosphorylation at serine 273 (S273) through the Ras-
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MEK-ERK pathway, which inhibits adiponectin activity (Das

et al., 2021). It was proven that fetuin-A overexpression in high-

fat diet-fed mice has shown a robust association with increased

phosphorylation of PPARS273 in inflamed adipocytes, whereas

fetuin-A knockdown inhibited it. The stimulatory effect of

fetuin-A on MEK-ERK for PPARγS273 inhibitory

phosphorylation is induced by TNFα-mediated Ras activation

through TLR4-NFκB (Isayama et al., 2004). This ultimately

results in decreased adiponectin expression that leads to

disrupted AMP-activated protein kinase (AMPK) activation.

Impaired AMPK negatively affects lipid mobilization and

energy production in the mitochondria of skeletal muscle,

losing insulin sensitivity and enhancing IR (Das et al., 2021).

Additionally, fetuin-A plays a central adipogenic role by

cross-talking with FAT or CD36 through the inhibition of

PPARy in adipocytes. CD36 is a key fatty acid-binding

protein involved in regulating FFA uptake across the cell

membrane in the heart and skeletal muscles. Experimental

studies revealed that CD36 deficiency lowers FFA metabolism

and uptake by myocytes, whereas its overproduction increases

FFA metabolism and uptake (Bonen et al., 2004).

CD36 expression is downregulated by fetuin-A-induced

inhibitory phosphorylation of PPARy, resulting in an excess

fat buildup that impairs insulin sensitivity (Hotamisligil et al.,

1996; Bonen et al., 2004). According to observations from many

animal studies, fetuin-A also increases the uptake and storage of

FFA in adipocytes, resembling the activity of FABP-4. FABP4,

also known as adipocyte protein 2 (aP2) or adipocyte FABP

(A-FABP), is a major cytosolic adipocyte protein that regulates

the intracellular mobilization of lipid (Hotamisligil et al., 1996). It

is an important lipid chaperone that is involved in intracellular

transport of FFA such as oleic and retinoic acid and also

augments lipolysis in adipocytes. Both fetuin-A and FABP-4

reversibly bind, with high affinity, to hydrophobic ligands such as

saturated and unsaturated long-chain fatty acids and other lipids

(Cayatte et al., 1990; Kumbla et al., 1991; Furuhashi and

Hotamisligil, 2008). It has been shown that FABP4 may link

fatty acid metabolism to the expression of TNFα and possibly

FIGURE 3
The diagrammatic illustration of the adipogenic role of fetuin-A. Excess fetuin-A release (from liver and adipocytes) may increase FFA uptake
and accumulation in adipocytes and impair their function by inhibiting PPARγ and stimulating mTOR. Fetuin-A-mediated inhibition of PPARγ occurs
through phosphorylation at serine 273 by TLR4-induced activation of NFκB-TNFα-Ras-MEK-ERK cascading. This suppression of PPARy lowers
adiponectin levels and antagonizes its insulin-sensitizing and anti-inflammatory actions by impairing AMPK and mitochondrial bioenergetics.
Besides, inhibition of PPARy downregulates the expression of CD36, resulting in lipogenesis and excess fat accumulations in adipocytes, disrupting
insulin sensitivity. Excess fetuin-A also plays builds up excess fat in the liver and adipocytes by the stimulatory phosphorylation of mTOR that
enhances the expression of SREBP-1c inducing lipogenesis. Ultimately, fetuin-A-induced disruption of mitochondrial bioenergetics and increased
lipogenesis results in hepatic steatosis, NAFLD, IR, and T2DM. Abbreviations: AMPK, AMP-activated kinase; mTOR, phosphorylation of mammalian
target of rapamycin; NFκB, nuclear factor κB; PPARy, Peroxisome proliferator-activated receptor-gamma; SREBP-1c, steroid regulatory element-
binding protein-1c; TNF-α, tumor necrosis factor-alpha.
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play a key role in the development of obesity and IR (Hotamisligil

et al., 1996). In line with this, increased plasma FABP4 levels have

been proven to have direct correlations with IR, metabolic

syndrome, obesity, dyslipidemia, hypertension, and diabetes

mellitus. This is accomplished through FABP4-dependent

PPARγ inhibition that ubiquitinates and then degrades a key

regulator of adipogenesis and insulin sensitivity, PPARγ. Which

ultimately increases the accumulation of lipids in adipocytes

(Furuhashi, 2019; Sun et al., 2020; Xiao et al., 2021). In the

same way as FABP-4 does, fetuin-A accelerates the incorporation

of exogenous fatty acids into cellular triglycerides including the

liver and adipocytes through PPARγ phosphorylation. Fetuin-A

knockout mice did not show weight gain when they were given a

high-fat diet and showed lower serum levels of FFA and

triglyceride (Mathews et al., 2002; Reinehr and Roth, 2008; Ix

and Sharma, 2010). This revealed that fat accumulation in the

liver, like in NAFLD, may be linked with the upregulation of

fetuin-A levels (Sardana et al., 2021). Increased triglyceride

accumulation and hepatic steatosis in NAFLD with elevated

fetuin-A could be due to fetuin-A–induced phosphorylation of

mTOR enhancing the expression of steroid regulatory element-

binding protein-1c (SREBP-1c) (Mukhopadhyay et al., 2014).

Altogether, fetuin-A and FABP4 have a synergistic action

towards lipid deposition, and they have positive correlations

with obesity, metabolic syndrome, and IR, but the relationship

between them still needs further study (Kaess et al., 2012).

The role of fetuin-A in insulin signaling

Numerous in vivo and in vitro studies have revealed that

fetuin-A regulates insulin receptor sensitivity and insulin

signaling pathway at the insulin receptor level (Stefan et al.,

2008; Wojtysiak-Duma et al., 2010; Song et al., 2011). Fetuin-A

acts as a natural inhibitor of the insulin receptor known as the

receptor tyrosine kinase (RTK). The RTK, which is found

abundantly in peripheral tissues such as liver, muscle, and

adipose tissues, comprises two ligand (insulin) binding alpha

subunits and two intracellular insulin signals mediating beta

subunits. Fetuin-A is identified to bind with RTK away from the

binding site of insulin, though it has not yet been well known

which domain of fetuin-A interacts with RTK. Indeed, there are

some reports unveiling the increased likelihood and high affinity

of the D3 domain of fetuin-A for binding directly and non-

competitively to the insulin receptor, but there needs to be more

research to verify this finding (Brown et al., 1992; Brown et al.,

1992). In particular, fetuin-A attaches to the tandem fibronectin

type 3 (fn3) domains situated in the extracellular domain of the

transmembrane subunit of RTK. This interaction of fetuin-A

with the RTK turns off the intracellular insulin signaling pathway

by impeding the autophosphorylation of tyrosine kinase and

insulin receptor substrate-1 (IRS-1). Besides, fetuin-A may

decrease glucose uptake by inhibiting the phosphorylation of

AKT, AS160, and GLUT4, and thus control the insulin signaling

pathway (Figure 4) (Stefan et al., 2008; Wojtysiak-Duma et al.,

2010). This is congruent with other mouse studies indicating that

fetuin-A null mice have been observed to have enhanced basal

and insulin-mediated phosphorylation of RTK, increased glucose

clearance, and improved insulin sensitivity (Stefan et al., 2006b;

Reinehr and Roth, 2008). Another study has also found that

fetuin-A levels are positively correlated with fasting and elevated

insulin levels, and negatively associated with insulin sensitivity

(Stefan et al., 2006b).

Elevated circulating levels of fetuin-A is, however, linked with

impaired insulin sensitivity that leads to the development of IR

and related comorbidities such as hypertriglyceridemia, obesity,

impaired glucose tolerance, T2DM, metabolic syndrome,

NAFLD, and early-stage CKD (Ix and Sharma, 2010; Song

et al., 2011). Fetuin-A mediated development of IR has been

documented in a number of previous human studies

demonstrating the positive association between fetuin-A level

and IR (Weikert et al., 2008; Erdmann et al., 2012). This is

corroborated by mice studies that show the development of IR in

wild-type mice on exogenous fetuin-A therapy and increment of

insulin sensitivity in fetuin-A deficient mice (Mathews et al.,

2002; Hennige et al., 2008). Fetuin-A triggered development of IR

and associated comorbidities are mediated by several interwoven

molecular mechanisms. One is that fetuin-A mediates inhibition

of RTK and disrupts the insulin signaling pathway, leading to IR.

In addition, fetuin-A attenuates insulin sensitivity and is involved

in the occurrence of IR by inducing lipid deposition in the

adipocytes and liver that causes inflammation (Pal et al., 2012;

Trepanowski et al., 2015; Gerst et al., 2017). It also enhances

lipid-induced IR through the interactions of FFAwith TLR-4 that

activate transcription factor NF-κB and activator protein-1 (AP-

1) or Fos/Jun. This induces the production of inflammatory

cytokines that further intensifies ATI and increases IR (Pal et al.,

2012). Moreover, fetuin-A antagonizes the insulin-sensitizing

properties of adiponectin, which worsen beta cell

inflammation and IR (Chatterjee et al., 2013).

Fetuin-A also aggravates IR by inducing fetuin-A secretion

from pancreatic beta cells, which promotes macrophages

migration and transformation into the M1 phenotype in islets,

elicits beta cell inflammation, and impairs their function.

(Agarwal et al., 2017; Mukhuty et al., 2017; Mukhuty et al.,

2021a; Mukhuty et al., 2022). This fetuin-A-mediated chronic

beta cell inflammation occurs in hyperlipidemic conditions and

is linked with beta cell apoptosis, mass reduction, and

dysfunction, leading to decreased insulin secretion and

worsening of IR (Hennige et al., 2008; Shen et al., 2015). A

recent publication deciphered that a fatty liver-derived fetuin-A

may impair glucose-induced insulin secretion and plays a

diabetogenic role. It has been found to mediate the metabolic

crosstalk between the fatty liver and the fatty pancreas, which

augments local pancreatic inflammation and beta cell failure.

This lowers glucose-induced insulin secretion and speeds up the
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progression to overt T2DM (Gerst et al., 2017). Fetuin-A triggers

beta cell inflammation (and hampers insulin secretion) via its

direct proinflammatory, TLR4-independent, or TLR4-dependent

effects (Gerst et al., 2017). Lipid-induced fetuin-A secretion from

beta cells and/or fatty liver directly instigates beta cell

inflammation and apoptosis and reduced insulin secretion

(Hennige et al., 2008; Shen et al., 2015). Fetuin-A also inhibits

glucose-induced insulin secretion by activating JNK in a Ca2+-

dependent but TLR4-independent manner (Gerst et al., 2017).

Activation of JNK in pancreatic beta cells has also been observed

to be linked with glucose intolerance and IR in previous

investigations (Kim et al., 2008; Lanuza-Masdeu et al., 2013).

Notably, fetuin-A, in the presence of FFA, is a potent

activator of pancreatic adipocytes and pre-adipocytes to

produce chemokine (MCP-1 and IL-8) and cytokine (IL-6)

in TLR4 dependent manner. Fetuin-A has also been

demonstrated to stimulate islet resident macrophages

expressing cytokines (IL-6 and IL-1β) through the TLR4-

NK-κB pathway. The released chemo attractants increase

macrophage or monocytes infiltration of islets that express

cytotoxic cytokines triggering a local proinflammatory

response in the pancreatic adipocytes and islet macrophages

(Gerst et al., 2017). Consequently, fetuin-A and FFA induced

chronic beta cell inflammation that results in beta cell death and

mass reduction hampers insulin secretion (Ehses et al., 2007;

Richardson et al., 2009; Eguchi et al., 2012; Nackiewicz et al.,

2014). Consistently, another study indicates that the

combination of FFA and fetuin-A stimulates TLR4-NF-κB

FIGURE 4
The postulated regulatory mechanism of fetuin-A in insulin signaling. Fetuin-A interacts with the tandem Fn3 situated in the extracellular
domain of the transmembrane subunit of the RTK, which is away from the binding site of insulin. The D3 domain of fetuin-A is postulated to bind with
the RTK. The interaction of fetuin-Awith insulin receptor switches off the intracellular insulin signaling pathway by impairing the autophosphorylation
of tyrosine kinase and IRS-1, as well as lowers glucose uptake by inhibiting phosphorylation of AKT, AS160, andGLUT4 (as shown in dotted lines),
and thus controlling the overall insulin signaling pathway. Abbreviations: As160, Akt substrate of 160 kDa; Fn3, fibronectin type 3 domains; GLUT4,
glucose transporter 4; GSK3, Glycogen synthase kinase 3; IRS-1, insulin receptor substrate-1; MAPK, Mitogen-activated protein kinase; MEK, MAPK
kinase; PI-3k, Phosphoinositide 3-kinase; TK, Tyrosine kinase.
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induced inflammation in pancreatic beta cells and impairs

insulin secretion (Mukhuty et al., 2021b). In hyperlipidemic

circumstances, a significant reduction of insulin gene

expression and secretion is owing to the downregulation of

Pdx1, GLUT2, and pAkt, as well as the upregulation of FoxO1.

Concomitantly, there is an increment of islet-derived fetuin-A

expression hyperlipidemic conditions, which further reduces

glucose-induced insulin secretion from beta cells. It has been

confirmed that inhibiting fetuin-A, TLR4, and NF-κB in mouse

models prevents the combinatorial negative impacts of FFA and

fetuin-A on pancreatic β-cells while eliciting insulin secretion.

While silencing of TLR4 in islets averts the action of FFA and

fetuin-A, inhibition of NF-κB reduces fetuin-A secretion and

restores insulin secretion (Mukhuty et al., 2021b).

Furthermore, fetuin-A may impair insulin sensitization and

results in IR by increasing the plasma levels of blood glucose.

Increased fetuin gene expression in response to higher blood

glucose levels reveals a positive correlation between plasma

fetuin-A and glucose levels. Fetuin-A downregulates the

glucose uptake of skeletal muscle by suppressing

phosphorylation of Akt, AS160, and intracellular

GLUT4 translocation to the plasma membrane, resulting in

obesity, IR, and NAFLD (Ou et al., 2012). This can be

corroborated by fetuin-A mediated interruption of energy

homeostasis in the adipocytes of insulin-resistant obese mice

by disrupting energy sensors, NAD+ dependent deacetylase

sirtuin1 (SIRT1), and AMPK (Gerst et al., 2017). Overall,

elevated levels of fetuin-A potentially cause impaired glycemic

control, IR, and overt T2DM ascribed to fetuin-A mediated

blockade of insulin signaling, TLR-4 activation, macrophage

migration, and polarization, adipocyte dysfunction, liver lipid

deposition, inflammation, and fibrosis, as well as FFA-mediated

inflammation of pancreatic beta cells.

Atherogenic role of fetuin-A

More intriguingly, due to its underlying causative link with

IR and adipocyte dysfunction, fetuin-A has atherogenic features

that worsen atherosclerosis and CVD (Heiss et al., 1991). Serum

fetuin-A levels were found to be positively correlated with carotid

arterial stiffness that measures atherosclerotic changes,

speculating fetuin-A as an atherogenic factor rather than as a

vascular calcification inhibitor, mainly during the early stages of

atherosclerosis (Mori et al., 2006). The severity and hard plaque

formation of atherosclerosis increase as fetuin-A levels decrease

due to the lowering of its role as a vascular calcification inhibitor.

When its levels rise, however, fetuin-A may have an atherogenic

effect, showing its dual role in the formation of atherosclerosis.

Similarly, both elevated and reduced fetuin-A may be linked with

increased cardiovascular events. CVD may be caused by vascular

calcification associated with low fetuin-A, as well as IR and

dyslipidemia linked to elevated fetuin-A levels, revealing the

biphasic roles of fetuin-A in CVD etiology (Mori et al., 2012).

Taken together, while high fetuin-A exacerbates the early stages

of CVD due to its enhancing effects on IR and dyslipidemia, it has

protective effects in the later stages of CVD by abrogating ectopic

vascular calcification (Zhao et al., 2013; Gerdes et al., 2014).

The role of fetuin-A in regulating protease
enzymes

Fetuin-A also exhibits molecular functions as an enzyme

regulator, modulating a wide range of proteases. It has been

demonstrated to interact with proteases in both positive and

negative ways, such as metalloproteinase, papain, calpain,

cathepsin, caspases, and matriptase-2 (Jahnen-Dechent et al.,

2011). Fetuin-A has been discovered to be an endogenous

inhibitor of metalloprotease activities, including matrix

metalloprotease-3, matrix metalloprotease-9, and meprin

metalloprotease (meprin α and β) (Tajirian et al., 2000; Leite-

Browning et al., 2002; Hedrich et al., 2010). Likewise, it negatively

regulates lysosomal cysteine proteases, such as m-calpain,

cathepsins L, and cathepsin V (Nakamura et al., 1999;

Tajirian et al., 2000; Mellgren and Huang, 2007; Broder and

Becker-Pauly, 2013). The interactions of fetuin-A and these

proteases are hypothesized to have a role in the regulation of

tumorigenesis and tumor progression (Leite-Browning et al.,

2002; Leite-Browning et al., 2004; Kundranda et al., 2005).

Kundranda et al. (2005) found that fetuin-A promotes the

tumorigenesis of Lewis lung carcinoma via adhesive-

dependent and adhesive-independent pathways. In addition,

bovine fetuin-A was demonstrated to bind to the plasma

membrane of squamous and spindle cell carcinoma cells

(Leite-Browning et al., 2002). Consistently, another study

suggests that fetuin-A contributes to the early stages of skin

tumorigenesis (Leite-Browning et al., 2004).

Previous studies indicated that fetuin-A is the inhibitor of

caspases that are involved in apoptotic cascades. Intracellular

fetuin-A directly interacts with caspase 3, 8, and 9 and prevents

them from being cleaved and activated, indicating its

antiapoptotic roles (Reynolds et al., 2005). Generally, the anti-

proteolytic activity of fetuin-A against different proteases,

including caspases, is localized in its D1 and D2 domains

(Ray et al., 2003). Furthermore, fetuin-A has been observed to

interact with a member of type II transmembrane serine

proteases, known as matriptase-2 (Stirnberg et al., 2015).

More recently, fetuin-A is considered a putative substrate of

matriptase-2, in addition to hemojuvelin and matriptase-2 itself

(Silvestri et al., 2008; Stirnberg et al., 2015). An in vitro study by

Stirnberg et al. (2015) identified matriptase-2 utilizing fetuin-A

as a substrate and suppresses its activity. This is done through

proteolytic processing of the Arg and Lys residues of the CP of

fetuin-A to yield a disulfide-linked two-chain form. The

expression of hepcidin, which is a liver-derived key regulator
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of iron homeostasis, was suggested to be inducted by fetuin-A.

This provides new insights into the implication of fetuin-A in

iron homeostasis (Stirnberg et al., 2015).

Other biological functions of fetuin-A

Fetuin-A has also been postulated to play an important

physiological role in brain physiology, such as brain

development and/or protection (Elsas et al., 2013). This is

evident from the abundance of fetuin-A in the CSF and

serum throughout brain development during intrauterine life,

its anti-inflammatory and probable neuroprotective function in

ischemic stroke, and its interactions with growth factors or

cytokines (Wang et al., 2010; Elsas et al., 2013; Harris et al.,

2013). More interestingly, fetuin-A has been shown to possess

opsonic properties that enhance endocytosis and modulate

innate immunity (Li et al., 2011). For several decades, fetuin-

A has been known to be an opsonizing serum protein with a

strong affinity not only for mineral complexes but also for debris.

It influences dendritic cell phagocytosis of microparticles,

macrophage phagocytosis of apoptotic cells, and opsonization

of phospholipid particles (Van Oss et al., 1974; Lewis and Andre,

1980; Lewis and Andre, 1981; Moghimi and Hunter, 2001;

Jersmann et al., 2003; Thiele et al., 2003).

Discussion

It was 80 years ago that fetuin-A was first discovered in the

blood of a fetal calf, and later, 60 years ago, it was first isolated in

human blood. Nowadays, the molecular structure, biosynthesis,

and several biological functions of fetuin-A have been illustrated.

Hence, this article comprehensively reviews several recent

publications that are useful in providing current and up-to-

date information regarding fetuin-A, which will shed light on

easing the understanding of this complex topic for readers. The

molecular structure of fetuin-A has been extensively studied in

different species, both in intrauterine and extrauterine life.

According to the coding sequences of 16 primate species,

fetuin-A has shown molecular evolution. Its D3 domain is

remarkably characterized by accelerated sequence evolution,

which is driven by positive Darwinian selection, but by not

GC-biased gene conversion. Besides, the D3 domain is

associated with a significant accumulation of proteolytic

cleavage sites, likely due to the evolution of differential

cleavage site patterns across primates. But this area remains

complex and needs further research to demonstrate its structure

as well as to show the structural differences among different

species.

Regarding biosynthesis, fetuin-A is produced primarily in the

liver and, to a lesser extent, in other tissues. Its synthesis starts

with the expression of the AHSG gene located on the

3q27 human chromosome locus. The process of fetuin-A

expression is found to be highly regulated, although it is still

vague and warrants further elucidation. A plethora of data has

also documented that human fetuin-A undergoes PTMs, such as

glycosylation, proteolysis, folding, and phosphorylation to form

mature fetuin-A, although it is still less clearly understood and

variable.

Fetuin-A is identified to have diverse physiological functions

in human beings. In normal circumstances, it is involved in

various regulatory roles, including regulation of insulin signaling

pathway, calcium metabolism, and enzyme activities.

Furthermore, collective evidence confirmed that fetuin may

play an important role in embryonic development, as well as

other functions in the human body, such as antiapoptotic

activities, brain development, endocytosis, opsonizing

activities, and transport function. This indicates that fetuin is

a very essential protein in the maintenance of normal body

functioning. However, when the level of fetuin-A is out of the

normal range (either increased, decreased, or even absent) due to

several underlying causes, it is demonstrated to have a

pathological role that is associated with the development of a

broad range of clinical disorders. Abnormal levels of fetuin-A or

fetuin-A in abnormal conditions, such as hyperlipidemic state,

contribute to a major role in the development of various diseases,

either directly or indirectly. Given its critical involvement in a

vast array of disorders, fetuin-A may be used as a potential

diagnostic marker and therapeutic target for different pathologies

in the future.

A number of biological functions (whether physiological or

pathological roles) ascribed to fetuin-A has increased

exponentially in the last few decades. However, despite the

multifaceted functions of fetuin-A, further thorough studies

need to be done to fully understand all its possible roles in

humans. In spite of our extensive effort to provide

comprehensive and up-to-date reviews regarding the structure,

biosynthesis, and biological roles of fetuin-A, this review gave

more emphasis on the physiological roles of fetuin-A. Besides,

although it has been found to be a major player in the

development of several disorders, and it may have therapeutic

and diagnostic roles, this work did not incorporate the details on

these areas of fetuin-A.

Concluding remarks

In summary, fetuin-A is a multidomain hepato-adipokine

protein that is primarily produced from the liver and encoded

by the AHSG gene located on the 3q27 human chromosome

locus. It is a pleiotropic protein that plays a pivotal role in a

wide range of physiological and pathological activities.

Fetuin-A is involved in local calcium mineral scavenging,

insulin signaling, modulating macrophage polarization, brain

development, endocytosis, and cysteine protease inhibitory
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activities. Besides, it exhibits functions in different

pathologies such as IR, T2DM, metabolic syndrome, sepsis,

brain lesions, NAFLD, atherosclerosis, CVD, and

autoimmune disorders. These diverse effects of fetuin-A

are brought about by its interaction with a plethora of

receptors, like insulin, growth factors, TGF-β, and TLR

receptors. Taken together, fetuin-A can serve as a

biomarker and a target for the diagnosis and treatment of

clinical diseases associated with it.
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