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ABSTRACT

Type 2 diabetes mellitus (T2DM) is one of the most common modern “disease of affluence”, characterized by
hyperglycemia resulting from defective insulin secretion by pancreatic B cells and/or impaired tissue sensitivity to
insulin. In Poland, the incidence of this metabolic disease is 5-8% and is still increasing. The consequences of the
development of T2DM include, among others: changes in cardiovascular system, retinopathy, nephropathy and
neuropathy. Due to medical progress, it is easier to control glycemia, as well as to predict the occurrence of this
disease or the dynamics of its development and consequences. The molecules discussed in the article: growth
differentiation factor 15 (GDF-15), mesencephalic astrocyte-derived neurotrophic factor (MANF) and fetuin-A,
represent great promise both in the diagnosis and treatment of not only T2DM, but also obesity, which often
accompanies T2DM. Most of the studies reported in the literature were performed on animal models, mainly mouse.
This article presents arguments supporting the potential usefulness of the above-mentioned paracrine factors for
prognostic, diagnostic and therapeutic purposes.
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STRESZCZENIE

Cukrzyca typu 2 (type 2 diabetes mellitus — T2DM) to jedna z najczgéciej wystepujacych wspotczesnych chordb cywi-
lizacyjnych, odznaczajaca si¢ hiperglikemia bedaca skutkiem wadliwego wydzielania insuliny przez komorki B trzust-
ki i/lub niewta$ciwg wrazliwoscig tkanek na insuling. W Polsce zapadalno$¢ na t¢ chorobe metaboliczng wynosi 5-8%
i wcigz ma tendencje wzrostows. Konsekwencjg rozwoju T2DM sg m.in. zmiany w ukladzie sercowo-naczyniowym,
retinopatia, nefropatia i neuropatia. Dzigki postgpowi medycyny ulatwione jest kontrolowanie glikemii, jak réwniez
predykcja wystgpienia choroby badZ dynamiki jej rozwoju i nastepstw. Z omoéwionymi w artykule molekutami — r6z-
nicujacym czynnikiem wzrostu 15 (growth differentiation factor 15 — GDF-15), sr6dmoézgowym czynnikiem neurotro-
ficznym pochodzenia astrocytarnego (mesencephalic astrocyte-derived neurotrophic factor — MANF) i fetuing-A —
wiaza si¢ duze nadzieje zarbwno w diagnostyce, jak i leczeniu nie tylko T2DM, ale rowniez otylosci, ktéra niejedno-
krotnie towarzyszy T2DM. Wigkszo$¢ badan opisywanych w literaturze wykonywana byta na modelu zwierzecym,
glownie mysim. Niniejszy artykut przedstawia argumenty przemawiajace za potencjalng uzytecznos$cig wspomnianych

czynnikow parakrynnych w celach prognostycznych, diagnostycznych, jak rowniez leczniczych.

StOWA KLUCZOWE

czynniki parakrynne, cukrzyca typu 2, zaburzenia metaboliczne

INTRODUCTION

Diabetes is defined as a complex disease caused by
metabolic disorders occurring in the body. It is
manifested by abnormalities in the concentration of
glucose circulating in human blood, which over time
leads to multi-organ damage, such as: Kkidney
disorders, vision disorders, cardiovascular disorders
and many others. Diabetes mellitus (DM) is divided
into: type 1 (T1DM), type 2 (T2DM), gestational
diabetes and other specific types, such as maturity
onset diabetes of the young (MODY), diabetes
associated with genetic defects, drug-induced diabetes.
Currently, it is estimated that 537 million people are
affected by this disease on a global scale, and this
number may increase to up to 783 million patients by
2045 [1], and according to World Health Organization
(WHO), 90% of cases concern T2DM. For this reason,
it is crucial to thoroughly know all mechanisms
leading to T2DM development [2].

Screening tests are an important element in the
prevention process. It is indicated that patients who
should undergo annual screening for T2DM include
those with: over 45 years of age, HDL cholesterol
< 35 mg/dL, triglycerides > 250 mg/dL, history
of gestational diabetes, fasting blood glucose
> 99 mg/dL, blood pressure > 140/90 mmHg, and are
overweight or obese [3]. In T2DM, impaired
functioning of pancreatic islet B cells is observed,
resulting in deficiency of insulin secretion and the
progressive development of insulin resistance. Patients
affected by this disease most often struggle with
excessive body weight with a characteristic
concentration of fat tissue in the abdomen. The risk
factors for the development of T2DM include genetic,
metabolic and environmental factors. Available
epidemiological studies prove that modification of
some factors, such as obesity, low physical activity,
incorrect diet; protect against the development of the
disease [2].
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DISCUSSION

Growth differentiation factor 15

Growth differentiation factor 15 (GDF-15) is a peptide
discovered in 1990, with a molecular weight of
approximately 25-30 kDa, belonging to the
transforming growth factor B (TGF-B) superfamily.
GDF-15 is also synonymously referred to as non-
-steroidal anti-inflammatory drug-activated gene 1
(NAG-1), macrophage inhibitory cytokine 1 (MIC-1),
prostate-derived factor (PDF), placental bone
morphogenetic  protein  (PLAB) and placental
transforming growth factor  (PTGF-B) [4,5,6]. The
human GDF-15 gene, located on chromosomes
19p12-19p13.1, consists of two exons of 309 and
891 bp, which are separated by a single intron of
1,800 bp interrupting the coding sequences at identical
positions in the preprodomain of the corresponding
peptides [6,7]. GDF-15 is synthesized as an inactive
precursor that undergoes dimerization in the
endoplasmic reticulum, which is then transported to
the Golgi apparatus, where it undergoes proteolytic
cleavage under the influence of furin-like proteases,
and is consequently secreted as an active dimer [6].
The synthesis of this molecule takes place in particular
in the placenta, prostate, kidneys and large intestine,
occurring in the blood under physiological conditions
at concentrations of 150-1150 pg/ml, which may be
significantly increased in the course of inflammatory
disorders. GDF-15 concentrations higher than
physiological may be a manifestation of early tissue
damage, correlating with the possibility of damage to
the vascular endothelium [7]. The synthesis scheme is
presented in Figure 1. The agent stimulating the
biosynthesis and secretion — by specific cells (i.e.
macrophages, adipocytes, cardiomyocytes) of the
described regulatory factor is stress, which stimulates
the release of this cytokine. Last but not least, the
synthesis and release of GDF-15 is subject to strong
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stimulation conditioned by p53, a transcription factor
that regulates cycle progression and cell survival.
The adipokine in question may have both pro- and
anti-apoptotic functions [6]. GDF-15 participates in
the recruitment of inflammatory cells (mast cells,
macrophages) by modulating the activation and
extravasation of multinucleated leukocytes [7].
GDF-15 expression correlates with age and body mass
index (BMI), and is also associated with the
development of insulin resistance, T2DM, metabolic
syndrome, smoking, vascular diseases
(atherosclerosis, pulmonary embolism), heart failure,
acute and chronic inflammation, anemia and bleeding,
and cancer [4]. GDF-15 is a protein that is stable in
blood serum and plasma for at least 48 hours at room
temperature. Due to the correlation with age and
telomere length in the population, it can be considered
as a marker of aging (including vascular aging) [8].
The above-mentioned factors influencing the increase
in GDF-15 expression may translate into the condition
of the wvascular system and, consequently, its
resistance to albumin exudate [9]. GDF-15 may play
a significant role in the pathogenesis of
atherosclerosis, namely acting as a pro- and
anti-inflammatory factor depending on the stage and
pathophysiological environment [10]. Several years
ago, the orphan receptor — GDNF (glial cell
line-derived neurotrophic factor) family receptor
alpha like (GFRAL) - was identified, which is
a receptor for GDF-15 that mediates the metabolic
effects of GDF-15. In turn, GDF-15 fusion proteins
have shown potential as a therapeutic agent in the
treatment of obesity and its associated diseases [6].
GDF-15 may serve as a marker to assess the severity
of diabetes progression in patients with T2DM as
measured by the development of albuminuria. Both
diabetes and its complications are among the areas in
which differentiating growth factor 15 may find great
application. Research conducted by Chung et al. [11]
proves that the concentration of GDF-15 s
independently and positively correlated with diabetic
retinopathy in people with T2DM. The authors of
the above study also suggest the possibility of using
GDF-15 as a biomarker to distinguish diabetic

dimerization in the
endoplasmic reticulum

inactive
precursor

Fig. 1. Scheme of GDF-15 synthesis (according to [6], modified).

retinopathy in patients with T2DM. In turn, Ilhan
et al. [12] proved that increased GDF-15 concentration
in the vitreous humor was observed in inflammatory
vitreoretinal disorders. Charalambous et al. [13] report
the possible involvement of GDF-15 in retinal
inflammation and damage, where the level of GDF-15
may be increased in response to optic nerve damage.
Coll et al. [14] demonstrated an association between
treatment with the biguanide derivative metformin and
increased levels of circulating GDF-15 in people
without diabetes. They found that changes in GDF-15
levels in people treated with metformin were strongly
associated with weight loss. Cai et al. [15]
demonstrated an association of increased serum
GDF-15 concentration with metabolic improvement
caused by lifestyle changes in a population of
overweight and obese young adults. Despite the
obvious connection with body weight control, the
relationship of GDF-15 with glycemic control during
metformin treatment remains unclear. Literature data
report the possible use of GDF-15 as a biomarker
reflecting  the  effectiveness of  metformin
pharmacotherapy  during treatment with  this
preparation [16]. In their study, Govaere et al. [17]
demonstrate a positive relationship between GDF-15
expression in the liver and the severity of non-
-alcoholic fatty liver disease (NAFLD), which is
a multisystem disease increasing the risk of T2DM.
GDF-15 may serve as a marker to assess the severity
of diabetes progression in patients with T2DM as
measured by the development of albuminuria.
GDF-15 expression was significantly higher in
patients with advanced liver fibrosis. The above-
-mentioned study focused on the Asian population.
The conclusion of the cited research results is the
possible impact of GDF-15 on an increased risk of
liver fibrosis, which is a consequence of the probable
profibrinogenic effect of the factor in question in the
liver and other tissues [16]. Differentiating growth
factor 15 is a very promising and increasingly used
marker to determine the progressiof many diseases.
In the coming years, as further research on this peptide
progresses, we will probably discover more areas in
which it can be used.

transport into the
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the influence of furin-like
proteases
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Mesencephalic astrocyte-derived neurotrophic
factor

Mesencephalic astrocyte-derived neurotrophic factor
(MANF) is a protein discovered in 2003 in the cells of
the ventral part of the midbrain [18]. It has been
classified as a neurotrophic factor (NTF) due to its
protective effect on neurons and supporting their
regeneration. However, subsequent studies have
shown that MANF, in addition to previously known
NTFs, influences the regulation of processes related to
endoplasmic reticulum (ER) stress. Analysis of its
structure revealed that it contains, among others:
a different amino acid sequence from classic NTFs,
which allowed for a better understanding of the
specific functions of this factor. Its properties have
made it a target for research into new therapeutic
options in the treatment of diseases such as
Parkinson’s disease or diabetes [19,20].

MANF has a two-domain structure. The N-terminal
fragment is homologous to the family of saposin-like
proteins, while the C-terminal fragment is similar to
SAP proteins (serum amyloid P component) -
SAF-A/B (scaffold attachment factor A/B), Acinus,
PIAS and Ku70 proteins which are the inhibitor of
proapoptotic Bax protein [20,21].

MANF has both intracellular and extracellular effects.
The mechanisms of cellular actions are based on the
binding of MANF to glucose-regulated protein 78
(GRP78) within the ER. MANF bound to GRP78
inhibits its phosphorylation, which results in the
stabilization of the complex of GRP78 with activating
transcription factor 6 (ATF6) and prevents its
(MANF) transport to the cell nucleus. MANF
molecules bind to phosphatidylinositol-5-phosphate
4-kinase type-2 beta (PIP4k2b) within the ER,
resulting in inhibition of protein kinase B (AKT)
phosphorylation. In response to stress factors, such as
proinflammatory adipokines or reactive o0xygen
species (ROS), MANF is released from the
MANF-PIP4k2b complex into the cell cytoplasm.
“Free” MANF exhibits the ability to inhibit BAX,
which directly inhibits cell apoptosis processes, while
in the case of ongoing inflammation it penetrates cell
membranes to get into the cell nucleus, where it
inhibits the NF-kB signaling path by interacting
with the DNA-binding domains in the subunit p6b5.
This results in a modification of gene expression, in
a reduction in the production of pro-inflammatory
cytokines within the cell, such as TNF-a, IL-1p, IL-6,
and in an increase in the secretion of anti-
inflammatory cytokines (IL-13, Argl, Ym1) [18,22,
23,24].

The mechanisms of extracellular action result from
the release of MANF into the intercellular space after
its detachment from GRP78, where the regulatory
molecule in question affects other cells through
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probable interaction with membrane receptors
(KDELR and NPTN), which results in the inhibition
of autophagy. Additionally, binding of MANF to
NPTN inhibits NF-kB signaling pathways, which
reduces the amount of pro-inflammatory factors
produced by cells. Another mechanism of MANF
extracellular action is direct penetration into cells after
its binding to lipid sulfatides. This extracellular
MANF is responsible for maintaining ER homeostasis
and, through unknown mechanisms, inhibiting
autophagy [19,22,23,24]. The development of
metabolic diseases, including T2DM, is closely related
to the occurrence of chronic systemic inflammation.
MANF expression is dynamically regulated in
response to f-cell damage due to increased insulin
demand which is a direct result of tissue resistance in
T2DM and inflammatory signals within the pancreas
[25]. The latter, in turn, contribute to the manifestation
of the anti-inflammatory properties of the discussed
molecule, which was confirmed both in human and
mouse pancreatic B-cells [26,27,28]. As a result of
processes related to inflammatory reactions, these
cells are exposed to pro-inflammatory cytokines
through the activation of the NF-«B pathway, which
leads to ER stress and the release of MANF, as
a result of which the inflammatory process is
alleviated. The mechanism of the anti-inflammatory
effect of MANF begins with disruption of the binding
of the NF-xB p65 subunit to target gene promoters,
and then inhibiting the expression of NF-«xB-
-dependent inflammatory genes. In addition to the
previously mentioned reactions, MANF additionally
inhibits the p3862 mitogen-activated protein kinase
(MAPK) pathway [29].

The regulation of tissue sensitivity to insulin by
MANF is the subject of observations carried out in
mouse models. Overexpression of MANF in the
hypothalamus has been shown to trigger insulin
resistance by increasing the activity of PIP4k2b,
a negative regulator of insulin signaling [30]. MANF
supplementation in aged mice was also found to
significantly improve tissue insulin sensitivity,
regardless of body weight [22,31]. Taking into
account the results of the described studies, it can be
assumed that insulin resistance may be tissue- or
cell-specific, which results in differences in their
response to increasing MANF concentrations [22].
MANF may prevent the occurrence of ER stress by
regulating the UPR (unfolded protein response)
pathway or directly acting as a protection factor
against ER stress, preventing apoptotic cell death that
could lead to the development of diabetes [25,32].
Experiments conducted in mice have shown that
systemic MANF deficiency is associated with the
occurrence of diabetes. Last but not least, MANF
protects pancreatic B-cells against glucotoxicity and is
essential for their proliferation and survival [22,33].
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The latest studies conducted in groups of people at
high risk of the disease development and in
populations of patients diagnosed with T2DM show
that the concentration of MANF is in them
significantly reduced. These experimental results are
different from previous reports showing an increase in
plasma MANF concentration in people with newly
diagnosed T1DM and T2DM compared to the control
group [22].

In the light of new research, it can be assumed that
this effect is related to a temporary compensatory
reaction of the body, intended to prevent the
occurrence of ER stress and thus slow down the
development of the disease. This mechanism could be
considered analogous to the phenomenon of increased
insulin secretion in the initial stage of T2DM. In the
further course of T2DM, which is accompanied by
glucotoxicity and/or lipotoxicity, the concentration of
MANF decreases and, consequently, the disease
becomes more severe [34,35].

It was found that blocking the action of MANF results
in acceleration of lipogenesis and intensification of
steatosis in HepG2 hepatocytes (human liver cancer
cell line) while overexpression of MANF results in
inhibition of this process [22]. The role that MANF
plays in the development of obesity is the subject of
research conducted on mouse models. Some of them
showed that MANF derived from hepatocytes may
have a strong effect in inducing the browning of
adipose tissue, thus increasing energy expenditure,
which resulted in alleviation of diet-induced obesity.
Another study demonstrated that in obese mice treated
with a recombinant, long-acting form of MANF
protein (MANF-Fc), produced from the fusion of the
MANF protein with a mouse Fc fragment of IgG,
there is a significant reduction in body weight gain
and fat mass, which is also the result of an increase in
energy expenditure of the body, as well as significant
improvement in glucose tolerance and insulin
sensitivity [29]. In studies conducted on obese mice
and humans with metabolic disorders such as insulin
resistance, prediabetes or diabetes, increased plasma
concentrations of MANF were observed. It can be
assumed that this concentration cannot be increased to
a level that would allow to prevent-obesity, therefore
only increasing the concentration to an appropriate
value, as a result of pharmacological treatment, would
enable achieving a therapeutic concentration [32].
MANF, as well as its recombinant derivatives such as
MANF-Fc, can be considered in many therapeutic
aspects. This is the result of the mechanism of action
of this factor, which could prevent the development of
T2DM already at the stage of insulin resistance by
increasing tissue sensitivity to insulin and improving
glucose tolerance. Another synergistic mechanism
may be the alleviation of inflammatory processes
within pancreatic B cells, thus protecting them against

apoptosis. In addition, the use of MANF could
alleviate the course of T2DM and additionally prevent
the development of comorbidities. Of course, despite
many advances increasing knowledge about MANF,
many issues remain unresolved. Further research is
needed to address these issues, which may provide
new perspectives for the treatment of metabolic
diseases [20,34].

Fetuin-A

Cystatins are cysteine peptidase inhibitors that play
key roles in pathological and physiological processes
occurring in the body. These include type 1, type 2,
type 3 and unclassified. Fetuins belong to type 3
cystatins — plasma proteins. However, their target
peptidases have not been identified so far. The fetuin
family consists of two paralog proteins, i.e. fetuin-A
and fetuin-B. They are encoded by duplicate genes
located in the 3927 region of chromosome [36].
Fetuin-A, also called a2-Heremans-Schmid glycol-
protein (AHSG), was discovered less than 80 years
ago [37]. It has been isolated from the blood plasma
of many living creatures, including humans, but also
pigs, rats, gerbils, birds, marsupials and cows. It forms
a group of orthologous plasma glycoproteins with
a molecular weight of 60 kDa, consisting of two
amino acid chains. Chain A contains 282 amino acids,
chain B contains 27 amino acids, linked together by
one disulfide bond. It occurs in blood, embryonic
cells, hepatocytes and monocytes. It is also present in
the cerebrospinal fluid, but its origin there is currently
unknown. The discussed process of fetuin-A
biosynthesis is most pronounced in the liver and, to
a lesser extent, in monocytes, macrophages and
adipocytes [38]. The results of the research by
Harbuwono et al. [39] and Roshanzamir et al. [40]
require particular emphasis, because according to
them obese people may experience increased
biosynthesis and secretion of fetuin-A. The latter is
also increased in the course of hyperglycemia and
hyperinsulinemia. The intensity of the mentioned
processes is significantly reduced during periods of
fasting and increased physical exercise [39]. In fetal
life, the plasma concentration of fetuin-A may be 50
times higher than that observed in healthy adults,
whose plasma AHSG concentration does not change
beyond a precisely defined value range of 300-—
—1000 pg/ml [39,41]. Cohort studies have shown that
the highest AHSG concentration was recorded in
premature infants born between 24 and 30 weeks of
pregnhancy, up to 2-3 times higher than in full-term
children. During the same studies, it was shown that
the level of fetuin-A in the blood plasma of children
born after the 37th week of pregnancy is equal to the
concentration in adults [42]. The described signal
mediator fetuin-A, characterized by variability in
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plasma concentrations in pathological conditions,
has numerous biological functions, including:
participating in the regulation of osteogenesis,
endocytosis, transduction of the “insulin signal”, the
growth of brain tissue, and functioning as an acute
phase protein in the modulation of inflammation.
One of the most common clinical conditions to which
fetuin-A  contributes is  T2DM. Increased
concentration of AHSG in blood plasma increases the
risk of T2DM by 23% [36,37]. The described
adipokine plays one of the key roles in the
etiopathogenesis of  T2DM, constituting an
endogenous, non-competitive inhibitor of the tyrosine
kinase associated with the insulin receptor subunit
[37]. Fetuin-A binds to tandem domains of fibronectin
type 3 present in the extracellular portion of the
transmembrane  subunit of the insulin receptor. This
causes the inhibition of the tyrosine kinase pathway
stimulated by insulin, contributing to the development
of insulin resistance [36,38].

In 2013, WHO described obesity as an epidemic of the
21st century affecting people all over the world.
Obesity is caused by abnormal metabolic processes
occurring in the body. Recent reports indicate that
increased plasma levels of fetuin-A are associated
with obesity. Valuable information was provided by
studies conducted on rats, which showed that
individuals with higher concentrations of AHSG
circulating in the blood account for an increased
percentage of individuals suffering from obesity.
However, rats in which the level of fetuin-A was
artificially reduced showed resistance to obesity
associated with a high-calorie diet [36,43]. Individual
studies indicate that aerobic exercise, weight loss,
treatment with metformin and pioglitazone reduce the
concentration of AHSG circulating in the blood [36].
Therefore, it can be said that this gives hope to people
with a high BMI who also struggle with T2DM, or
pre-diabetes to improve their health. Research
conducted on people struggling with T2DM and at the
same time fasting for religious reasons has shown
that losing a few kilograms helps in controlling
glycemia. In the mentioned studies, participants fasted
for 14 days, and in some people the level of fetuin-A
circulating in the blood decreased for up to 4 weeks,
which correlated with improved health. It should be
noted that fasting is not a method recommended by
WHO for the treatment of T2DM [39,44].

Many differences can be observed in the functioning
of the body of women and men, resulting from, among
others, different hormonal balance. However, the
mechanism of pathogenesis of various diseases is very
similar or even identical in both sexes, including
the development of T2DM. Cohort studies indicate
a positive correlation between development of T2DM
and fetuin-A concentration in both women and men.
However, a correlation was slightly higher in women.
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There may be many reasons for this small difference.
It is assumed that it is related to the different
distribution of adipose tissue and differences in its
composition. A full answer to this issue requires
further research [45].

More and more pro-inflammatory markers are being
discovered in the human body, which are involved in
the development of insulin resistance and, later,
T2DM. Fetuin-A actively participates in the
movement of macrophages to adipose tissue and also
increases the expression of pro-inflammatory
cytokines, such as IL-6 and TNF-a, reducing
adiponectin expression [46].

Mechanism of hypoglycemic action of fetuin-A is
presented in Figure 2.

Insulin

00000000 90000000
00000000 DOOOO0EGD
Glucose transport f
GLUT-4
Insulin
Fetuin-A y/ie
00000000 00000000
0000206 00000000
Gluco

se transport
GEUT4 ‘

Fig. 2. Mechanism of blocking insulin transport by fetuin-A (according to
[47], modified). 1) Insulin binds to two alpha subunits and activates the
insulin receptor, which results in stimulation of glucose transport by
stimulating GLUT-4 transporters. 2) Fetuin-A binds to the insulin receptor
and blocks the beta subunit, which ultimately leads to inhibition of the
receptor and inhibition of insulin transport by GLUT-4 transporters.

CONCLUSIONS

With the development of science and the discovery of
new molecules, new possibilities appear for the
prediction and development of many diseases,
including T2DM. A review of selected paracrine
factors shows that they can be a valuable predictive
tool for this disease measured by various parameters.
With new information emerging and the discovery of
previously unknown molecules, new possibilities
appear for the prediction and monitoring of the
development of many diseases, including T2DM.
Each of the molecules discussed, i.e. GDF-15, MANF
and fetuin-A, seem to be promising factors allowing to
fight against the metabolic diseases among others
T2DM.
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