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Abstract
The extracellular matrix microenvironment of adipose tissue is of critical importance for the differentiation, remodeling and
function of adipocytes. Fibrillin-1 is one of the main components of microfibrils and a key player in this process. Furin processing
of profibrillin-1 results in mature fibrillin-1 and releases the C-terminal propeptide as a circulating hunger hormone, asprosin.
Mutations in the fibrillin-1 gene lead to adipose tissue dysfunction and causes Marfan syndrome, marfanoid progeroid
lipodystrophy syndrome, and neonatal progeroid syndrome. Increased TGF-β signaling, altered mechanical properties and
impaired adipogenesis are potential causes of adipose tissue dysfunction, mediated through deficient microfibrils. Circulating
asprosin on the other hand is secreted primarily by white adipose tissue under fasting conditions and in obesity. It increases
hepatic glucose production and drives insulin secretion and appetite stimulation through inter-organ cross talk. This review
discusses the metabolic consequences of fibrillin-1 and fibrillin-1-derived asprosin in pathological conditions. Understanding the
dynamic role of fibrillin-1 in the adipose tissue milieu and of circulating asprosin in the body can provide novel mechanistic
insights into how fibrillin-1 may contribute to metabolic syndrome. This could lead to new management regimens of patients
with metabolic disease.
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Abbreviations
ECM Extracellular matrix
FBN1 Fibrillin-1 gene
MFS Marfan syndrome
MPLS Marfanoid progeroid lipodystrophy syndrome.
NPS Neonatal progeroid syndrome
TGF-β Transforming growth factor-β
MAGP-1 Microfibril-associated glycoprotein 1
cAMP Cyclic adenosine monophosphate
OLFR734 Olfactory receptor 734

Introduction

Adipose tissue and metabolic disorders

Energy metabolism involves a balanced action of energy in-
take, storage and expenditure maintained by inter-organ
crosstalk in the body. The central organ is the brain and the
peripheral organs include stomach, intestine, liver, adipose
tissue, pancreas, and skeletal muscle. Adipose tissue is a
unique form of loose connective tissue critically important to
regulate energy storage and expenditure (Fruhbeck 2008). It is
classified into white, brown and beige adipose tissue. White
adipose tissue is present throughout the body and functions
primarily as storage of energy-rich lipids (Gesta et al. 2007). It
was initially considered as a caloric reservoir of triglycerides
until the discovery of the hormone leptin (Zhang et al. 1994).
It is now well recognized that white adipose tissue secretes a
variety of “adipokines” and represents a major endocrine or-
gan. Important adipokines include leptin, adiponectin, resistin,
and asprosin (Zhang et al. 1994; Minokoshi et al. 1999; Gesta
et al. 2007; Denroche et al. 2012; Choe et al. 2016; Romere
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et al. 2016; D’Souza et al. 2017). Brown adipose tissue is
mainly involved in thermogenesis (Smith and Horwitz 1969;
Saely et al. 2012). Beige adipose tissue also plays a role in
thermogenesis, but it requires induction (Wu et al. 2012). Like
white adipocytes, brown and beige adipocytes also secrete
hormones and growth factors termed “batokines” that regulate
glucose homeostasis (Kajimura et al. 2015). Metabolic syn-
drome is a collection of conditions that increases the risk of
developing type 2 diabetes mellitus and cardiovascular dis-
eases (Kassi et al. 2011). For example, obesity and
lipodystrophy, when associated with insulin resistance, hyper-
glycemia, hyperinsulinemia, and liver hepatosteatosis, lead to
the risk of developing type 2 diabetes mellitus and cardiovas-
cular diseases (Herranz et al. 2008; Unger and Scherer 2010;
Virtue and Vidal-Puig 2010; Kassi et al. 2011; Bindlish et al.
2015; Czech 2017).

Adipose tissue components and remodeling

Adipose tissue consists of both cellular and non-cellular ex-
tracellular matrix (ECM) components. The cellular compo-
nents include adipocytes, pre-adipocytes, mesenchymal stem
cells, fibroblasts, pericytes, endothelial cells, macrophages,
and T cells (Eto et al. 2009; Garcia-Rubio et al. 2018).
Approximately 10% of all adipocytes are replenished each
year (Spalding et al. 2008). The main ECM components in
adipose tissues include fibronectin, fibrillin-1, elastin, colla-
gen I, III, IV, V and VI, as well as laminin α2 and α4
(Mariman and Wang 2010; Vaicik et al. 2014; Martinez-
Santibanez et al. 2015; Davis et al. 2016).

Although not well studied, some evidence shows the im-
portance of ECM-adipocyte interactions in adipogenesis.
During adipose tissue differentiation, pre-adipocytes trans-
form into mature adipocytes. Fibronectin appears early at the
pre-adipocyte stage of adipogenesis, but is degraded during
the differentiation process (Kubo et al. 2000). Pref-1, an in-
hibitor of adipocyte differentiation directly interacts with fi-
bronectin and downregulates the integrin signaling cascade to
inhibit adipocyte differentiation (Wang et al. 2010). Emerging
evidence suggests that fibrillin-1 follows a similar expression
pattern than fibronectin during adipogenesis (Davis et al.
2016). Several interstitial ECM collagens (collagen I, III, V,
VI), as well as the basement membrane protein laminin appear
during mid differentiation and are present until later stages
(Kubo et al. 2000). Other basement membrane components
(collagen IVand heparan sulfate proteoglycan) are detectable
around mature adipocytes (Pierleoni et al. 1998). These data
suggest that adipocytes assemble basement membranes in lat-
er differentiation stages (Fig. 1).

The interstitial ECM of adipose tissue and the basement
membranes undergo extensive remodeling to allow adipo-
cytes to expand or shrink in size during weight gain or loss,

respectively (Mariman and Wang 2010). This contributes to
diet-induced insulin resistance in several metabolic tissues
such as adipose tissue and skeletal muscles (Williams et al.
2015). mRNA expression levels of several basement mem-
brane components (COL4A1, LAMC1, SPARC, HSPG2,
NID1) were increased in visceral adipose tissue of obese com-
pared to non-obese humans. Also, increased COL4A1 posi-
tively correlated with parameters of glucose metabolism
(Reggio et al. 2016). Fibrosis in adipose tissue is commonly
observed in obesity which is aggravated by increased inflam-
matory cytokines, among others (Huber et al. 2007; Halberg
et al. 2009).

Marfan syndrome and related disorders with adipose
tissue abnormalities

Fibrillin-1 is a large ECM protein ubiquitously present in
many tissues throughout the body (Sakai et al. 1986).
Mutations in the fibrillin-1 gene (FBN1) cause a wide spec-
trum of type I fibrillinopathies (Dietz et al. 1991; Collod-
Beroud et al. 2003). While most of them are relatively rare
disorders, Marfan syndrome (MFS) is more common with a
prevalence of about 2–3 in 10,000 (Judge and Dietz 2005;
Groth et al. 2015). Type I fibrillinopathies are characterized
by clinical symptoms in the skeletal, cardiovascular, ocular,
and adipose tissues (Pyeritz 2000; Summers et al. 2005;
Robinson et al. 2006; Yetman and McCrindle 2010). More
than 1,800 different mutations in FBN1 leading to MFS have
been reported (Collod-Beroud et al. 2003). The underpinning
pathogenetic mechanism leading to MFS can include a dom-
inant negative mechanism, where mutated fibrillin-1 becomes
incorporated intomicrofibrils and compromises their function,
or by haploinsufficiency with reduced fibrillin-1 protein pres-
ent in the ECM due to a variety of mechanisms including
nonsense mediated mRNA decay, or secretion deficiency
(Hubmacher and Reinhardt 2011). The effective physiological
outcome in both cases is a reduced level of fully functional
microfibrils in tissues and elevated levels of active TGF-β
(Hubmacher and Reinhardt 2011). In addition to altering
TGF-β levels, fibrillin-1 sequesters other bioactive molecules,
such as bonemorphogenetic protein (BMP)-2, -4, -5, -7 and −
10 (Sengle et al. 2011; Wohl et al. 2016), and osteoclastogenic
cytokine receptor activator of nuclear factor κβ ligand
(RANKL) (Tiedemann et al. 2013). However, these interac-
tions have not been shown to be involved in MFS disease
pathogenesis.

Many individuals affected with MFS have an asthenic
body habitus. A subgroup of MFS patients classified as
marfanoid progeroid lipodystrophy syndrome (MPLS) caused
by mutations in the C-terminal domain of fibrillin-1 (Passarge
et al. 2016), exhibit a progeroid appearance and/or a
lipodystrophic phenotype (Goldblatt et al. 2011; Horn and
Robinson 2011; Takenouchi et al. 2013; Garg and Xing

160 M. L. Muthu, D. P. Reinhardt



2014; Jacquinet et al. 2014; Lin et al. 2019). Neonatal
progeroid syndrome (NPS) can also be caused by C-terminal
fibrillin-1 mutations and is characterized by lipodystrophy
from birth and premature aging (O’Neill et al. 2007; Romere
et al. 2016). However, there is also a subgroup of MFS pa-
tients who fall under the obese category with a body mass
index of > 30 kg/m2 (22% - similar to the common population)
(Yetman and McCrindle 2010). This shows that MFS patients
are not protected from obesity. Obesity in MFS patients in-
creases the risk of pre-existing cardiovascular complications,
such as aneurysm formation and aortic dissection (Orio et al.
2007; Bastien et al. 2012).

Fibrillin-1 and adipose tissue metabolism

Fibrillin-1 and microfibrils

In humans and most other mammals, fibrillins are encoded by
three active genes FBN1, FBN2 and FBN3, whereas in rodents
the FBN3 gene is inactivated (Zhang et al. 1995; Corson et al.
2004). Fibrillin-1 is expressed throughout life, whereas
fibrillin-2 and 3 is mainly present during fetal and embryonic
development (Zhang et al. 1995; Corson et al. 2004; Sabatier

et al. 2011). Due to its relevance to the review topic, we focus
on fibrillin-1. It is a 350 kDa glycoprotein typically expressed
in cells of mesenchymal origin (Summers et al. 2010; Davis
et al. 2014). It is a multi-domain protein containing 47 epider-
mal growth factor-like EGF domains (Pereira et al. 1993), the
majority of them (43) bind calcium (Corson et al. 1993) (Fig.
2). Other domains in fibrillin-1 include seven transforming
growth factor beta (TGF-β) binding protein domains, two
hybrid domains, and unique N- and C-terminal domains.
Fibrillin-1 is synthesized as a precursor profibrillin which is
processed by the endoprotease furin that cleaves in the N- and
C-terminal prodomains giving rise to the mature ~ 320 kDa
fibrillin-1 (Milewicz et al. 1995; Reinhardt et al. 1996b;
Lönnqvist et al. 1998) (Fig. 2). Processed fibrillin-1 assembles
together with other proteins, including microfibril-associated
glycoproteins (MAGPs) into bead-on-a-string microfibrils via
N-to-C-terminal interactions in a periodic fashion (Keene
et al. 1991; Reinhardt et al. 1996a; Hubmacher et al. 2008).
One of the main function of fibrillin-containing microfibrils is
their essential contribution in providing a scaffold for elastic
fiber formation in elastic tissues. In non-elastic tissues
fibrillin-containing microfibrils can serve structural roles by
intersecting firmly with basement membranes, such as in the
eye or kidney (Kriz et al. 1990; Tiedemann et al. 2005).

Fig. 1 Schematic stages of adipogenesis in relation to ECM protein
expression. Key steps of adipogenesis are indicated. Relative ECM
protein expression is shown as curves. Fibronectin and fibrillin-1 (green
curve) is present in the early commitment phase and decreases during
adipocyte differentiation, whereas collagen I, III, V, VI and laminin (red

curve) appear during mid-differentiation and increase further until matu-
ration. Basement membrane components, including collagen IVand hep-
aran sulfate proteoglycans (orange curve) are mainly present when adi-
pocytes are differentiated
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Another crucial function of fibrillin-1 is to regulate TGF-β
bioavailability in the ECM through direct interaction with la-
tent TGF-β binding protein (LTBP)-1 and − 4 and by stabiliz-
ing the large latent TGF-β complex (Isogai et al. 2003;
Neptune et al. 2003; Chaudhry et al. 2007; Zilberberg et al.
2012). Microfibril-associated MAGP-1 binds the active form
of TGF-β and bone morphogenetic protein-7, suggesting a
critical role in microfibril-mediated growth factor signaling
(Weinbaum et al. 2008; Broekelmann et al. 2020). Ablation
of MAGP-1 results in increased overall adiposity and body fat
and is associatedwith elevated TGF-β levels (Weinbaum et al.
2008; Craft et al. 2014).

Regulation of TGF-β signaling by fibrillin-1 in adipose
tissue metabolism

MFS and MPLS share characteristically reduced subcutane-
ous adipose tissue. Previous reports indicated that fibrillin-1
mutations in both patient groups upregulate TGF-β signaling
(Andelfinger et al. 2016; Lin et al. 2019). There is also evi-
dence that TGF-β is upregulated in obesity. 184 non-diabetic

obese human subjects from a diverse background showed in-
creased circulating TGF-β levels (Yadav et al. 2011). In addi-
tion, the levels of TGF-β positively correlated with the levels
of adipose tissue mass and negatively correlated with the en-
ergy expenditure in overweight subjects (Yadav et al. 2011).
Another study identified that the levels of TGF-β from white
adipose tissue positively correlated with the body mass index
from 13 female individuals after a bariatric surgery (Fain et al.
2005). Two mouse models of obesity, Leptinob/ob and high fat
diet-induced obesity, showed increased TGF-β in circulating
plasma and in white adipose tissue, as well as increased
TGF-β signaling in white adipose tissue (Samad et al. 1997;
Yadav et al. 2011). In addition, intraperitoneal injection of
TGF-β increased the gene expression levels of adipogenic
markers in white adipose tissue (Yadav et al. 2011). It is also
important to note that obese women were identified with in-
creased FBN1 gene expression levels in white adipose tissue
(Davis et al. 2016). Therefore, abnormal adipose tissue me-
tabolism strongly correlates with elevated TGF-β levels in
both humans and mice.

To unravel if fibrillin-1 contributes to adipose tissue ho-
meostasis through TGF-β signaling, Walji et al.. used three

Fig. 2 Furin processing of profibrillin-1 leads to microfibril assembly
and asprosin release. Profibrillin-1 is processed by furin cleavage in the
N- and C- terminals domains (arrowheads), giving rise to mature fibrillin-
1 and the N- and C-terminal propeptides. The C-terminal propeptide
(asprosin) is released into the circulation, whereas it is not knownwhether

the N-terminal propeptide fulfils further functions. Processed mature
fibrillin-1 assembles to form bead-on-the-string microfibrils. Regions in
the fibrillin-1 protein where mutations lead to MFS and MPLS/NPS are
indicated by black horizontal bars
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FBN1mouse models, heterozygous Fbn1+/− mice, mice lack-
ing the first hybrid domain in fibrillin-1 (Fbn1H1Δ/H1Δ), and
mice with a MFS causing mutation (Fbn1C1039G/+) (Walji
et al. 2016). Surprisingly, none of these mouse models showed
a lipodystrophic phenotype, which contrasts with the presen-
tation of human MFS caused by either dominant negative or
haploinsufficient mechanisms of the mutated fibrillin-1.
Moreover, these mice were slightly heavier than their wild-
type littermates. Interestingly, at 24 weeks these mice showed
an insulin resistance phenotype, possibly explained by slightly
increased body weight and excess circulating TGF-β levels.
TGF-β signaling was not different in white adipose tissue of
all three mouse models, whereas it was increased in bones
analyzed without the bone marrow compared to wild-type
mice.

The contradiction between data obtained from human and
mouse also becomes evident from a study addressing the role
of microfibril-associated MAGP-1. Ablation of the gene for
MAGP-1 leads to an obese phenotype in mice, which is aug-
mented with the intake of a high-fat diet (Craft et al. 2014).
This suggests that MAGP-1 is protective against obesity in
mice. MAGP-1 deficiency did surprisingly not alter the back-
bone of microfibrils, but rather increased TGF-β signaling.
These authors have also shown that the gene expression of
MAGP-1 in white adipose tissue of obese human individuals
was higher than in normal controls, not correlating with the
mouse studies. However, MAGP-1 protein expressionwas not
addressed in this study.

Overall, increased TGF-β signaling is associated with
obesity in humans and mice. However, MFS patients iden-
tified with mutations in fibrillin-1 have reduced body fat in
the presence of increased TGF-β signaling (Fig. 3). The
tested fibrillin-1 relevant mouse models do not mimic the
lipodystrophic phenotype observed in human MFS.
Importantly, these mouse models either have a relatively
mild MFS (Fbn1C1039G/+), or no MFS at all (Fbn1H1Δ/

H1Δ; Fbn1+/−). It is possible, that a more severe MFSmouse
model would better mimic the human conditions. In this
regard, Fbn1mgR/mgR mice expressing ~ 20% of normal
fibrillin-1 may be more useful to understand the mechanism
of fibrillin-1 in adipose tissue function and homeostasis. In
addition, the recently developed mouse (Fbn1NPS/+) and
rabbit (Fbn1 het) models harboring C-terminal deletions
of fibrillin-1 show severe lipodystrophic phenotypes and
should thus be well suited for such studies (Duerrschmid
et al. 2017; Chen et al. 2018).

Potential role of fibrillin-1 in maintaining
the mechanical properties of adipose tissue

Work over recent years clarified for the aortic disease patho-
genesis in MFS and related disorders that TGF-β upregulation

is not the primary disease driver. Instead, mutations in FBN1
and other genes coding for proteins of the contractile unit in
smooth muscle cells lead to compromised mechanosensing
and mechanoregulating responses, and TGF-β upregulation
appears to be a secondary unproductive response (Milewicz
et al. 2017a, b). It remains to be explored whether altered
ECM mechanical properties acting on adipose cells can lead
to similar cellular and functional responses (Fig. 3). It is clear
for example that mechanical regulation mediated through the
YAP/TAZ pathway plays a key role in mesenchymal stem cell
differentiation into adipocytes (Oliver-De La Cruz et al.
2019).

Generally, in obesity or lipodystrophy, the alterations in the
adipose tissue initiate fibrosis which is further enhanced by
inflammatory mechanisms (Buechler et al. 2015). In fibrotic
fat tissues of human and mice, several collagens are deposited
in large amounts (Huber et al. 2007; Khan et al. 2009; Pasarica
et al. 2009). In particular, collagen VI is upregulated in adi-
pose tissue of obese individuals as well as in leptin receptor-
deficient obese mice (Khan et al. 2009; Pasarica et al. 2009).
Hypoxic conditions during the adipose tissue expansion in
obese mice induce hypoxia inducible factor-1α (HIF-1α), a
critical molecule that initiates adipose tissue fibrosis (Halberg
et al. 2009). It has also been shown in mice that loss of mem-
brane type matrix metalloproteinase-1 gives rise to enlarged
collagen fibrils and leads to adipocyte dysfunction (Chun et al.
2006). Therefore, it is possible that the fibrotic ECM in fat
tissue establishes a mechanical barrier for the transport of
metabolic hormones, including glucose and insulin, which
may lead to defective insulin signaling and insulin resistance
(Williams et al. 2015) (Fig. 3). In addition, altered mechanical
properties of the adipose tissue alters angiogenesis that leads
to adipose tissue dysfunction (Corvera and Gealekman 2014).

Fibrillin-1 containing microfibrils are key elements for the
formation of elastic fibers in elastic tissues where they act as
scaffolds together with other proteins for deposition of the
soluble tropoelastin precursor (Kozel and Mecham 2019).
Elastin is present in the ECM of white adipose tissue where
it provides structural elasticity and interacts with collagens
(Khan et al. 2009; Alkhouli et al. 2013). During the develop-
ment of adipose tissue fibrosis in obese mice and humans, the
levels of elastin is downregulated in fibrotic areas compared to
lean white adipose control tissue (Khan et al. 2009; Spencer
et al. 2011; Martinez-Santibanez et al. 2015). This results in
structural rigidity in the white adipose tissue (Halberg et al.
2009). It is expected that deficient fibrillin-1 protein (either in
amount or function) in the ECM surrounding adipocytes
would alter the formation and stability of elastic assemblies.
While it is clear that the peri-adipocyte matrix contains elastin,
it is not known whether the macromolecular assembly status
represents fully functional elastic fibers that can confer micro-
elasticity to the peri-adipocyte ECM. Further in-depth studies
need to be performed to identify the role of fibrillin-1 in
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adipose tissue metabolism and how it affects the mechanical
cues in the microenvironment.

Role of fibrillin-1 in adipogenesis

Adipogenesis is a multi-step differentiation process which in-
volves two phases, an early commitment phase where mesen-
chymal stem cells differentiate into pre-adipocytes and a sub-
sequent expansion phase which coincides with ECM remod-
eling to form mature adipocytes (Lilla et al. 2002) (Fig. 1). As
mentioned above, fibrillin-1 is upregulated in the adipose tis-
sue of obese women, correlating with a size increase of the
adipocytes, but not with the cell number (Davis et al. 2016).
This indicates that fibrillin-1 plays a role in adipocyte metab-
olism rather than proliferation, either by providing mechanical
support to adipocytes or by signaling mechanisms induced by
apipocyte-fibrillin-1 interactions. Correlating with these data,
when wild-type mice were fed with a high-fat diet, the mRNA
expression levels of fibrillin-1 increased in white adipose tis-
sue (Moraes et al. 2003; López et al. 2004). Analyses of the
whole-body fat mass and body mass index in different wild-
type mouse strains (DBA/2J, CBA/J, C3H/HeJ and C57Bl/6J)
correlated positively with levels of fibrillin-1 mRNA expres-
sion. Based on these limited data in combination with the
lipodystrophic phenotype in MFS, NPS and MPLS
(Passarge et al. 2016), the emerging role of fibrillin-1 involves
positive regulation of adipose tissue development (Fig. 3).

In vitro data show that the fibrillin-1 protein and gene ex-
pression levels are high in undifferentiated adipose tissue-

derived mesenchymal stem cells and decline as the cells dif-
ferentiate into mature adipocytes (Davis et al. 2016) (Fig, 1).
These results suggest that fibrillin-1 plays a role in the early
phase of adipocyte differentiation, but they cannot explain the
positive correlation in the human and mouse studies outlined
above. In vitro adipocyte differentiation may not exactly mim-
ic the process under physiological conditions in vivo.

To further dissect the role of fibrillin-1 in adipogenesis,
detailed studies are required to identify the stage in which
fibrillin-1 interacts with the mesenchymal stem cells, as
well as its interacting partners and the receptors critical
for adipocyte differentiation. Such studies would likely
provide new and exciting insights in the molecular and
functional mechanisms of adipose tissue in normal and
pathological conditions.

Asprosin

Adipokines secreted by adipocytes play a major role in
whole body energy metabolism (Trayhurn et al. 2006).
Alterations in adipokine levels can contribute significantly
to the development of metabolic disorders. Recent studies
show the importance of a newly discovered fibrillin-1-
derived hormone, asprosin, that plays a role in NPS and
obesity. This part of the review discusses recent advance-
ments in asprosin biology and function (Fig. 4). It also
highlights some existing controversies, and summarizes
approaches that will advance this research.

Fig. 3 The proposed role of
fibrillin-1 in adipose tissue me-
tabolism and disease. Mutations
in fibrillin-1 results in reduced
functional microfibrils (green
boxes). Presumably, this leads to
elevated TGF-β signaling, altered
mechanical properties, and im-
paired adipogenesis in adipose
tissue (gray boxes). Either indi-
vidually or combinations of these
factors cause adipose tissue ab-
normalities such as lipodystrophy
in MFS, MPLS, and NPS, or
obesity (light orange boxes). Both
situations can lead to metabolic
syndrome (blue box)
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Asprosin, the C-terminal propeptide of fibrillin-1

It is now clear that cleavage of the C-terminal region of several
extracellular matrix proteins produce circulating peptides with
completely different functions than the ECM proteins the frag-
ments originate from. One prominent example is the angio-
genesis inhibitor endostatin proteolytically produced from
collagen XVIII (Wenzel et al. 2006). Recently, a new member
following this principal in biology was discovered, asprosin
(Romere et al. 2016). Asprosin is the C-terminal prodomain of
fibrillin-1 cleaved during or directly after secretion by the
proprotein convertase furin, giving rise to a bioactive 140
amino acid cleavage product (Lönnqvist et al. 1998; Wallis
et al. 2003; Romere et al. 2016) (Fig. 2). This propeptide
migrates much higher than expected in SDS gels (~ 30–32
kDa), likely due to the presence of three N-linked glycans
(Lönnqvist et al. 1998). Processing of the C-terminal
propeptide is a prerequisite for the ~ 320 kDa mature
fibrillin-1 to assemble into the typical bead-on-the-string mi-
crofibrils (Raghunath et al. 1999; Jensen et al. 2014) (Fig. 2).

The propeptide blocks a critical N- to C-terminal self-interac-
tion site in fibrillin-1 to prevent premature microfibril assem-
bly during secretion (Hubmacher et al. 2008; Jensen et al.
2014).

Several mutations in the C-terminal fibrillin-1 propeptide
giving rise to MFS inhibit processing of the propeptide
(Milewicz et al. 1995; Lönnqvist et al. 1998). Other mutations
in this region lead to NPS and MPLS (Graul-Neumann et al.
2010; Goldblatt et al. 2011; Horn and Robinson 2011;
Takenouchi et al. 2013; Garg and Xing 2014; Jacquinet et al.
2014; Romere et al. 2016; Lin et al. 2019), indicating a role of
the fibrillin-1 C-terminal prodomain in the regulation of adi-
pose tissue. Interestingly, a proteomic study analyzing micro-
fibrils from different tissues identified the C-terminal
propeptide associated with assembled microfibrils, suggesting
that it fulfills other functions in addition to controlling
fibrillin-1 assembly (Cain et al. 2006). Since no alternative
splicing mechanisms have been identified for fibrillin-1 that
would produce exclusively the C-terminal propeptide, each
molecule of the ~ 30–32 kDa C-terminal propeptide is

Fig. 4 The role of asprosin in metabolic organs. Left solid box: During
fasting or in obesity, increased circulating asprosin promotes hepatic
glucose production and increases insulin secretion from the pancreas
(Romere et al. 2016). Asprosin also activates the AgRP neurons in the
brain and increases appetite (Duerrschmid et al. 2017). Both asprosin
functions have been tested and validated in vivo and in vitro experiments.

Right dashed box: Other in vitro studies have shown that increased
asprosin levels lead to apoptosis and inflammation in pancreatic B cells
(Lee et al. 2019), and to inflammation and ER stress in the skeletal muscle
cells (Jung et al. 2019). However, further in vivo validation is required for
these functional aspects
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produced through the synthesis of the full length ~ 350 kDa
proform of fibrillin-1. This is an important aspect to realize for
the discussion below about the function and turnover of
asprosin. A recent discovery showed that under starving con-
ditions, circulating asprosin levels increase significantly and
promote hepatic glucose production (Romere et al. 2016).
Asprosin is elevated in humans and mice affected with insulin
resistance, obesity and diabetes mellitus (Romere et al. 2016;
Alan et al. 2019; Wang et al. 2019a; Zhang et al. 2019b), but it
is decreased in NPS patients characterized by a severe
lipodystrophic phenotype (Romere et al. 2016). The principle
functions of asprosin are summarized for different tissues in
the following paragraphs and in Table 1.

Asprosin source and function in metabolic tissues

Adipose Tissue

White adipocytes are the primary source of asprosin (Romere
et al. 2016) (Fig. 4). This was confirmed by (i) RNA sequenc-
ing and qPCR data, demonstrating highly expressed FBN1
mRNA levels in white adipose tissue in healthy humans and
mice, respectively (Romere et al. 2016); (ii) ablation of adi-
pose tissue in mice (Bscl2 knockout mice) led to a 2-fold
reduction in circulating asprosin; (iii) in vitro, mature adipo-
cytes produced and secreted asprosin, whereas pre-adipocytes
did not. In vitro and in vivo, glucose suppresses the production
of asprosin in white adipose tissue (Romere et al. 2016). For
example, treating mature adipocytes with high glucose sup-
pressed production of asprosin compared to glucose-free con-
ditions. In addition, wild-type mice treated with streptozotocin
to damage the functions of pancreatic cells have high blood
glucose and lower asprosin levels than the non-treated mice.

Liver

Liver is the target organ of asprosin (Romere et al. 2016; Ko
et al. 2019) (Fig. 4). A single dose of recombinant asprosin

injected subcutaneously in mice significantly increased blood
glucose levels by activating hepatic glucose production
(Romere et al. 2016). Asprosin did not directly affect insulin
production in the pancreas. This was confirmed by a
hyperinsulinemic-euglycemia clamp study with infusion of
insulin at high concentrations in wild-type mice, which ele-
vated circulating asprosin levels and glucose production in the
liver, whereas other metabolic organs were not affected.
Consistent with these results, single photon emission comput-
ed tomography after injection of iodinated recombinant
asprosin (125I-asprosin) in mice showed that the primary site
of asprosin accumulation was the liver (Romere et al. 2016).
Primary mouse hepatocytes exposed to recombinant asprosin
increased glucose production in a dose-dependent manner,
validating that asprosin directly acts on hepatocytes. It was
further identified by in vitro and in vivo assays that asprosin
acts via the G protein-cAMP-protein kinase A signaling axis
(Romere et al. 2016) (Fig. 4). Aerobic exercise training re-
duced the concentrations of asprosin in rats with type 1 dia-
betes mellitus. This inhibited glucose production, TGF-β
levels and protein kinase A in the liver (Ko et al. 2019).
However, this study was mainly limited to liver and the con-
sequence of aerobic training on the skeletal muscles was not
addressed.

Pancreas

Glucose homeostasis in the body is maintained by insulin
secretion from pancreatic β-cells. Insulin resistance leading
to obesity is associated with dysfunction of pancreatic β-cells
resulting in reduced insulin secretion (Cerf 2013). Several fat
tissue-derived adipokines promote failure of β-cell function
(Dunmore and Brown 2013). In obesity, uncontrolled produc-
tion of hepatic glucose is the main cause of hyperglycemia and
therefore asprosin-dependent hepatic glucose production
could potentially lead to glucose toxicity which affects pan-
creatic function (Petersen and Shulman 2018). As expected,
plasma asprosin levels are negatively correlated with first-
phase insulin secretion (Wang et al. 2018). Together, the data

Table 1 Summary of the principle roles of asprosin in different metabolic tissues and organs

Tissue Principle Function of Asprosin References

Adipose Tissue Main source of asprosin production and secretion Romere et al. 2016

Liver Primary target tissue; promotes hepatic glucose production Romere et al. 2016
Ko et al. 2019

Receptor binding (OLFR734) Li et al. 2019

Pancreas Reduces insulin secretion; amplifies inflammatory response and apoptosis of
pancreatic cells

Lee et al. 2019

Brain Increases appetite and food intake Duerrschmid et al. 2017

Skeletal Muscle Augments endoplasmic reticulum stress and inflammation Jung et al. 2019
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suggest that increased plasma asprosin concentrations in obe-
sity might contribute to β-cell malfunction and modify glu-
cose homeostasis.

Another problem that arises from hyperglycemia is pancre-
atic inflammation that can lead to the development of type 2
diabetes mellitus (Cerf 2013) (Fig. 4). Treatment of mouse
insulinoma pancreatic cells (MIN6) with palmitate increased
expression and secretion of asprosin from the MIN6 cells,
which further activated inflammatory markers and cytokines
(NFκβ, TNFα, MCP1) (Lee et al. 2019). Addition of recom-
binant asprosin to MIN6 cells amplified the inflammatory
response, whereas siRNA-mediated inhibition of fibrillin-1
mRNA (and consequently inhibition of asprosin) reversed
these changes. Asprosin induces inflammation through the
TLR4/JNK mediated pathway and promotes apoptosis in the
MIN6 cells (Lee et al. 2019). However, a human cohort (143
subjects) with groups of normal glucose regulation, impaired
glucose regulation, and newly diagnosed type 2 diabetes
mellitus showed no correlation between plasma asprosin
levels and the highly sensitive C-reactive protein, a systemic
marker of inflammation in all three groups (Wang et al. 2018).

Brain

NPS patients and Fbn1NPS/+ mice (secrete less than 50%
asprosin compared to wild-type, similar to human NPS) are
characterized by reduced appetite and food intake
(Duerrschmid et al. 2017). Subcutaneous injection of recom-
binant asprosin increased the appetite in Fbn1NPS/+ mice. The
injected recombinant asprosin crossed the blood-brain barrier
and activated orexigenic agouti-related peptide (AgRP) neu-
rons in the brain through the cAMP pathway, leading to stim-
ulation of appetite and increased food intake (Duerrschmid
et al. 2017). Also, individuals with obesity show elevated
circulating asprosin, causing increased appetite and food in-
take (Romere et al. 2016; Wang et al. 2018; Zhang et al.
2019a). Immunological sequestration of asprosin in obese
mice (Leprdb/db) protected against obesity by reducing food
intake and body weight (Duerrschmid et al. 2017). Overall,
the data support the concept of asprosin acting centrally as an
orexigenic hormone (Fig. 4).

Several aspects of the well-studied hunger hormone ghrelin
are similar to those of asprosin. This includes stimulation of
appetite by activating the AgRP neurons (Goto et al. 2006;
Wang et al. 2014). Also, fasting rats demonstrated higher
ghrelin levels that decreased after feeding (Nakazato et al.
2001). In addition, in humans and rats, administration of
ghrelin prior to meals increased food intake (Wren et al.
2001a, b). However, unlike the Fbn1NPS/+ mice, ablation of
ghrelin does not cause reduction in body weight (Tschop et al.
2001). Also, obese individuals are resistant to ghrelin and they
show reduced amounts of circulating ghrelin in the blood.

Therefore, the mechanism of asprosin is likely different than
that of ghrelin.

Skeletal Muscle

While skeletal muscle is the principal organ for glucose up-
take, very little is known about the role of asprosin in this
tissue. Insulin resistance in skeletal muscle leads to pancreatic
β-cells dysfunction in obese individuals (Czech 2017). Jung
et al.., reported that asprosin treatment of differentiated mouse
skeletal C2C12 cells disrupted insulin signaling through the
protein kinase Cδ pathway, which increased endoplasmic re-
ticulum stress (phosphorylated inositol-requiring enzyme 1,
eukaryotic initiation factor 2, and CCAAT-enhancer-binding
homologous protein expression), as well as inflammatory
markers (interleukin-6, NFκβ) (Jung et al. 2019) (Fig. 4).

An olfactory receptor is a receptor for asprosin

The identification of the receptor for asprosin in liver repre-
sents the most recent advancement in the field. Li et al.. has
identified the olfactory receptor OLFR734, a G-protein
coupled receptor of the rhodopsin family, as receptor for
asprosin in the liver (Li et al. 2019) (Fig. 4). Surface plasmon
resonance spectroscopy confirmed strong binding of asprosin
to OLFR734 with a KD of 18 nM. This is in the range of
circulating levels of asprosin under fasting conditions (5–15
nM) (Romere et al. 2016). As expected, OLFR734 knockout
mice did not respond to asprosin. Under both, basal fasting
conditions and high fat diet-induced obese conditions,
OLFR734 knockout mice displayed improved insulin sensi-
tivity (Li et al. 2019). OLFR734 knockout mice are character-
ized by low levels of circulating glucagon, a critical regulator
of the glucose homeostasis pathway. A comparison of the
signaling axis of asprosin/OLFR734 with the glucagon/
glucagon receptor axis in primary hepatocytes showed that
intracellular cAMP levels and hepatic glucose production
was 2-fold higher in the presence of glucagon compared to
asprosin. However, exposure of these cells to asprosin togeth-
er with glucagon increased hepatic glucose production syner-
gistically. In addition, OLFR734 deficiency in mice abolished
only the effect of asprosin but not that of glucagon. This sug-
gests that the asprosin/OLFR734 pathway works independent
of the glucagon/glucagon receptor pathway and both are im-
portant for hepatic glucose production (Li et al. 2019).

Clinical and biochemical analyses of asprosin
in metabolic diseases

Clinical studies investigated the levels of plasma asprosin and
its correlation with factors of obesity and diabetes mellitus.
Circulating asprosin concentrations were high in patients with
type 2 diabetes mellitus observed in four independent studies
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(Li et al. 2018; Wang et al. 2018; Zhang et al. 2019a, b). In
addition, plasma asprosin levels also dynamically increased
the blood glucose levels, fasting insulin concentrations,
markers of obesity and lipid profiles, but negatively correlated
with β-cell function in type 2 diabetes mellitus patients (Wang
et al. 2018; Zhang et al. 2019b). The response of asprosin to
glucose fluctuation was impaired in type 2 diabetes mellitus
patients compared to the control group, which might be one of
the reasons for the onset of type 2 diabetes mellitus (Zhang
et al. 2019b). Saliva and plasma asprosin concentrations were
also shown to be associated with indices of obese individuals
(Ugur and Aydin 2019).

A study with 87 obese children showed decreased levels of
plasma asprosin compared to the control group (Long et al.
2019). The circulating asprosin levels in this study were more
reduced in boys compared to girls, demonstrating a sexual
dimorphism. However, a recent publication with 119
Chinese children showed the opposite, increased asprosin
levels, and the results positively correlated with insulin resis-
tance (Wang et al. 2019b).

Altered asprosin levels were also observed in several other
metabolic disorders, some examples are listed below. Plasma
asprosin was demonstrated to be high in polycystic ovary
syndrome, which predisposes to type 2 diabetes mellitus in
female patients (Li et al. 2018; Alan et al. 2019). The concen-
trations of circulating asprosin was significantly increased in
mothers with gestational diabetes, as well as with preeclamp-
sia (Baykus et al. 2019). Acara et al.. have shown that circu-
lating asprosin levels correlate with the severity of acute cor-
onary syndrome with unstable angina pectoris (Acara et al.
2018). Reduced serum asprosin levels were associated with
weight loss after bariatric surgery, suggesting that asprosin
could serve as an important marker in this surgical approach
(Wang et al. 2019a). Future clinical trials and research will be
necessary to understand the relevance of these findings.

These results indicate the potential use of asprosin as a
biomarker to monitor the development of metabolic diseases
for example diabetes mellitus. The asprosin levels in these
studies were determined by commercially available ELISA
kits. However, the quality of these procedures is not always
transparent. To ensure consistency and reliability of these
tests, specificity and sensitivity for asprosin should be demon-
strated and harmonized between the products.

Open Questions

A number of critical aspects requires further studies to fully
understand the mechanisms fibrillin-1 and fibrillin-1-derived
asprosin adopt in fat tissue metabolism and metabolic disease.
One important point refers to the cyclic food intake-dependent
generation of asprosin that is inherently coupled to the syn-
thesis of the 350 kDa fibrillin-1. Fluctuating asprosin levels

during the course of a day would either require new fibrillin-1
synthesis, or alternatively, release of stored asprosin from
intra- or extracellular storage sites. Virtually nothing is known
about the turnover of fibrillin-1 in the extracellular matrix. In
elastic tissues the fibrillin-containing microfibrils are located
on the surface of elastic fibers, which are characterized by
minimal elastin synthesis and persistence during an entire hu-
man lifespan (Shapiro et al. 1991). In regenerating skin, the
time frame for new microfibrils to form close to the basement
membrane is days to months (Raghunath et al. 1996). We also
know that microfibrils are heavily cross-linked by
transglutaminase and disulfide-bond mediated mechanisms
(Qian and Glanville 1997), which presumably slows down
protein turnover within a microfibril. Overall, it is presently
difficult to understand how fibrillin-1 would rapidly turn over
to produce the required amounts of asprosin in a timely man-
ner several times during a day. Therefore, the field urgently
needs to understand the turnover of fibrillin-1 in all relevant
tissues, as well as how asprosin is possibly stored inside or
outside of cells to be readily available when needed.

The cellular source of fibrillin-1 in adipose tissue is pres-
ently not clear. Besides mesenchymal stem cells, pre-adipo-
cytes, and differentiated adipocytes, other cells such as fibro-
blasts, pericytes, and endothelial cells could also synthesize
fibrillin-1. It is also not known whether fibrillin-1 in the peri-
adipocyte matrix is indeed present in the typical beaded mi-
crofibrils known from other tissues (Keene et al. 1991; Davis
et al. 2002), or whether there is possibly another organization-
al form that better allows liberation of asprosin. For example,
in skin, fibrillin-1 labeling was in some instances not only
localized to microfibrils intersecting with the basement mem-
brane, but also to the lamina densa of the basement membrane
in the absence of beaded microfibrils (Dzamba et al. 2001). It
is possible that fibrillin-1 in the adipose extracellular matrix is
associated with the basement membrane that surrounds each
adipocyte. High resolution electron microscopy and pulse
chase studies would help shedding light on these important
questions to fully understand the source of asprosin.

One important feature of the C-terminal fibrillin-1
propeptide is the presence of three predicted N-linked glycans.
Comparing the recombinant propeptide/asprosin produced by
bacterial systems to either eukaryotic recombinant asprosin or
to human plasma derived asprosin strongly suggests that these
sites are indeed occupied (Lönnqvist et al. 1998; Romere et al.
2016; von Herrath et al. 2019). The role of these highly con-
centrated glycan chains within a 36 amino acid residue se-
quence close to the furin processing site has not been explored
in detail. It should be analyzed whether they contribute to the
stability and clearance of circulating asprosin and/or whether
they are critical for target receptor binding.

Another unanswered aspect ranks around the reproducibil-
ity of some data produced in this field. Recently, a group of
researchers from Novo Nordisk published a case report
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describing extensive efforts to reproduce some of the func-
tional aspects of asprosin with many recombinant asprosin
constructs produced by bacteria as well as bymammalian cells
(Li et al. 2019; von Herrath et al. 2019). Despite significant
efforts, these authors could not reproduce some of the original
data obtained in cell culture and in mouse models (Romere
et al. 2016). One interpretation alluded to potentially impure
and insufficiently validated purity of the asprosin used in the
original publication (von Herrath et al. 2019). This is an im-
portant aspect to consider, especially for future approaches
with recombinant asprosin produced by mammalian cells.
We have for example shown that fibrillin-1 fragments pro-
duced in HEK293 cells and purified by Ni2+-chelating chro-
matography consistently contains small traces of bioactive
TGF-β1 (Kaur and Reinhardt 2012). Another possibility of
the above described lack of reproducibility could be the dif-
ferences in the recombinant asprosin in terms of protein tags
(His tag versus GST fusion protein) as well as details in the
purification procedures.

In summary, a number of open questions need to be ad-
dressed to advance our understanding of these exciting new
roles of fibrillin-1 and the fibrillin-1-derived asprosin in adi-
pose tissue function and metabolic disorders.
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