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Abstract— Insulin-like growth factors 1 and 2 (IGF-1 and IGF-2) play a key role in the maintenance of the nervous tissue 
viability. IGF-1 and IGF-2 exhibit the neuroprotective effects by stimulating migration and proliferation of nervous cells, 
activating cellular metabolism, inducing regeneration of damaged cells, and regulating various stages of prenatal and post-
natal development of the nervous system. The availability of IGFs for the cells is controlled via their interaction with the 
IGF-binding proteins (IGFBPs) that inhibit their activity. On the contrary, the cleavage of IGFBPs by specific proteases 
leads to the IGF release and activation of its cellular effects. The viability of neurons in the nervous tissue is controlled by 
a complex system of trophic factors secreted by auxiliary glial cells. The main source of IGF for the neurons are astrocytes. 
IGFs can accumulate as an extracellular free ligand near the neuronal membranes as a result of proteolytic degradation 
of IGFBPs by proteases secreted by astrocytes. This mechanism promotes interaction of IGFs with their genuine receptors 
and triggers intracellular signaling cascades. Therefore, the release of IGF by proteolytic cleavage of IGFBPs is an important 
mechanism of neuronal protection. This review summarizes the published data on the role of IGFs and IGFBPs as the key 
players in the neuroprotective regulation with a special focus on the specific proteolysis of IGFBPs as a mechanism for the 
regulation of IGF bioavailability and viability of neurons. 
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INTRODUCTION

Insulin-like growth factor (IGF)-dependent sig-
naling regulates cell growth, proliferation, viability and 
more. This signaling takes place in every organ, system, 
and tissue. IGF signaling controls cell motility, includ-
ing cell migration and proliferation and triggers the 
mechanisms that stimulate cell growth and development, 
maintain cell survival, inf luence cell metabolism, and 
provide the neuroprotective and cardioprotective effects 
(Fig. 1) [1].

In eukaryotes, IGF signaling involves several ligand- 
receptor subsystems with partially cross talking path-
ways, including six IGF-binding proteins (IGFBPs) that Fig. 1. Functions of IGF signaling in human body.
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Fig. 2. IGF signaling. a) Main ligands and receptors; high- and low-affinity ligand–receptor interactions are shown with solid and dashed lines, 
respectively. b) Mechanism of IGF release from the complex with IGFBP. IGFBP 1-6 interact with IGF-1 or IGF-2 resulting in the decreased 
IGF availability to the cells. Proteases specifically cleave IGFBPs in the complexes with IGF, leading to the IGF release and activation of IGF 
cellular effects.

can undergo protease-specific cleavage (Fig. 2, a and b). 
Among the ligands are insulin interacting with its genu-
ine receptor (insulin receptor, IR), IGF-1 that displays a 
high-affinity to both IGF-1R (IFG-1 receptor) and IR/
IGF-1R hybrid receptor; IGF-2 that binds to IFG-2R 
(IGF-2 receptor) as well as mannose 6-phosphate/
IGF-2 receptor [2].

Components of the IGF signaling are expressed vir-
tually in all organs and tissues. In most tissues, expres-
sion of IGF signaling proteins in embryogenesis is sig-
nificantly higher than in an adult organism [3].

At the whole-body level, IGF-1 and IGF-2 (also 
known as somatomedins C and A, respectively) mediate 
the tissue-related effects of the growth hormone (GH, 
somatotropin). GH induces hepatic expression of the 
IGF-1 gene, thus triggering its activity. In embryogen-
esis, IGF activates fetal growth, especially of the bone 
and muscle tissues, mammary glands, and prostate [4]. 
The concentration of IGF-1 in the mother’s serum in-
creases along with the fetal growth and development; 
both IGF-1 mRNA and protein have been found at var-
ious stages of gestation, starting from preimplantation 
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to the fully developed fetus. Postnatally, IGF mediates 
tissue growth and remodeling. For example, IGF sig-
naling plays a crucial role in the development of repro-
ductive system, in particular, oogenesis, sex determina-
tion, normal testicular function and spermatogenesis, 
ovulation, production of steroids, follicle viability, and 
placenta formation [5]. IGF signaling is also crucial for 
the development of skeletal muscle tissue. It was found 
that mutations in the nucleotide sequences of the IGF-1 
and IGF-2 genes result in the retardation of the skele-
tal muscle growth and development [6]. The deficit of 
IGF negatively affects the nervous system development. 
Children with the IGF-1 insufficiency displayed various 
cranio-facial abnormalities due to the GH insensitivi-
ty, although their cognitive abilities were similar to the 
children of the same age [7,  8]. Children with reduced 
paracrine and autocrine activities of IGF-1 caused by 
mutations in the IGF-1 or IGF-1R genes suffered from 
microcephaly and demonstrated decreased cognitive 
abilities [9, 10].

At the cellular level, IGF-1 and IGF-2 activate 
cell migration, proliferation, differentiation, and an-
giogenesis. It was demonstrated that during the myo-
blast-to-myocyte cell differentiation, IGFs trigger both 
cell proliferation and differentiation simultaneously, 
whereas in osteoclasts, chondrocytes, and neural cells, 
IGFs induce only the process of cell differentiation 
[6-13]. IGF promotes cell survival and exerts the an-
ti-apoptotic effect in various cell lines [14-17].

IGF signaling regulates multiple metabolic path-
ways. IGFs activate protein production and inhibit pro-
tein proteolytic degradation, resulting in the stimula-
tion of cell growth [18]. In vivo and in vitro studies have 
shown that IGF-1 promotes the glucose uptake by the 
cells, thus contributing to the maintenance of a stable 
glucose level inside and outside the cell [19]. Moreover, 
IGFs activate metabolism of free fatty acids, downregu-
late secretion of insulin and GH, and enhance cell sen-
sitivity to insulin. Low IGF-1 levels in the serum are as-
sociated with the development of insulin resistance [20].

IGF-1 and IGF-2 are involved in the development 
or suppression of various pathological conditions. Mul-
tiple studies have demonstrated that IGFs play a cru-
cial role in carcinogenesis; for instance, both IGF-1 and 
IGF-2 promote proliferation of cancer cells [21]. High 
IGF-1 levels correlate with the development of pan-
creatic, breast, hepatic, and colorectal cancers [22-25]. 
The risk of developing gastrointestinal cancer in patients 
with acromegaly (disorder associated with excessive GH 
production) is two times higher than in healthy individ-
uals [26]. In some cancer types, IGF-1 is expressed in 
malignant tissues during carcinogenesis and promotes 
the viability of cancer cells. Moreover, IGF-1 and IGF-2 
can activate tumor metastasis [21].

On the contrary, IGFs prevent the development of 
some pathological conditions in case of cardiovascular 

and neurodegenerative diseases. As an agent increasing 
cell sensitivity to insulin, IGF-1 is used to treat the pa-
tients with severe insulin resistance in type 1 and type 2 
diabetes, resulting in the improved glycemic control, 
lowered blood glucose, and increased insulin sensitivity 
[27]. Several studies have shown that IGF-1 and IGF-2 
exert the cardioprotective and atheroprotective effects 
on the cardiac tissue [28-30]. Reduced IGF-1 serum 
levels correlate with the development of coronary heart 
disease and stroke [28]. Currently, IGF-1 is consid-
ered as a promising therapeutic agent for the treatment 
of cardiovascular diseases. IGF-1 and IGF-2 promote 
the survival of nervous tissue cells, in particular, neu-
rons [31]; their neuroprotective effect was demonstrated 
in the Huntington’s [32] and Alzheimer’s [33] diseases.

Therefore, IGF signaling inf luences multiple pro-
cesses at the cellular, tissue, and organ levels. In this 
review, we summarize the data on the role of IGFs 
and  IGFBPs in the nervous system development and 
homeostasis. In addition, we present at a new angle 
the mechanism of IGF release via specific proteolysis 
of IGFBPs that promotes the activation of motility and 
increases viability of nervous tissue cells, in particular, 
neurons.

THE ROLE OF IGF SIGNALING 
IN THE NERVOUS TISSUE

IGF signaling in embryonic and adult nervous system. 
During embryogenesis, the genes for IGF-I and IGF-2 
and their genuine receptors IGF-1 receptor (IGF-1R) and 
mannose 6-phosphate/IGF-2 receptor (M6P/IGF-2R), 
respectively, are expressed at different levels in vari-
ous brain areas. IGF-1 expression is observed in all re-
gions of the central nervous system, in both neurons 
and all types of glial cells. High brain levels of IGF cor-
relate with proliferation of neural precursors. The high-
est IGF-1 expression occurs at the early postnatal stage 
followed by its decline to a lower level which is then 
maintained during the lifetime. Frequently, the maximal 
IGF-1 expression is observed in the regions with active 
proliferation, differentiation, and growth of nerve cells. 
IGF-1 and IGF-1R are typically detected in a close vi-
cinity to each other, thereby confirming the idea that 
IGF-1 serves as a paracrine and autocrine regulator in 
brain development [34, 35].

The highest IGF-2 expression in the nervous tis-
sue occurs during embryogenesis. In adult brain, IGF-2 
is expressed in the meninges and choroid plexuses [34]. 
Expression of the IGF-2 gene in rat hypothalamus, hip-
pocampus, and cerebellum can be activated by intrave-
nous administration of GH or somatotropin-releasing 
hormone [36].

IGF-1R and insulin receptor (IR), which interacts 
with IGFs, have been found in multiple brain areas. 
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Expression of IGF-1R and IR is downregulated in the 
postnatal period compared to embryonic period [37].

The expression patterns of IGFBPs in the nervous 
system are different. For instance, IGFBP-1 is not nor-
mally found in the brain, but under certain pathologies, 
e.g., glioblastoma, its expression can be elevated  [38]. 
IGFBP-2 and IGFBP-5 are among most abundant brain 
proteins of the IGFBP family. The  highest expression 
of IGFBP-2 was found in cortical astrocytes  [39], pre-
sumably, due to the activation of NMDA receptors [40]. 
IGFBP-4 was detected in various brain areas during em-
bryogenesis and postnatal period as a protein involved in 
the maintenance of cerebellar plasticity [41]. IGFBP-3 is 
not expressed in the nervous tissue, but can pass through 
the blood–brain barrier [42].

During rat embryogenesis, mRNA of IGF-1 is found 
in the peripheral nervous system and such areas of cen-
tral nervous system as cervical-thoracic spinal cord, and 
epithelium of the ventral plate of the conus medullaris 
[43, 44]. IGF-1 and IGF-2 are expressed in the neural 
target areas, including groups of limb progenitor cells, 
but not in developing peripheral nerves [45]. IGF-1 and 
IGF-1R were found in neurons of developing trigeminal 
ganglia [43] and related axonal target areas in the face 
skin [46]. IGF-2 is predominantly expressed in the brain 
stem cells and neurons of the ventral plate [47]. In mice, 
IGF-2 is expressed in the neural crest and its derivatives 
[48], including cranial sensory, dorsal root, and sym-
pathetic ganglia, as well as in the adrenal medulla [49]. 
In adulthood, IGF-1 is found in the ventral horn, sym-
pathetic and dorsal root ganglia, and in the axons and 
Schwann cells of the sciatic nerve [50].

IGF signaling plays a crucial role in the develop-
ment of nervous system, cell homeostasis maintenance, 
adaptation to stress factors, and neuroplasticity. Below, 
we describe various aspects related to the activity of IGF 

signaling components in the nervous system (see also 
Fig. 3) [34, 35, 42].

IGF signaling and neurogenesis. IGF-1 promotes 
neurogenesis starting from week three of gestation, 
when neural stem cells begin to proliferate, migrate 
from the  subventricular zone, and undergo differentia-
tion with the production of neurotransmitters and neu-
rotrophic factors. IGF-1 activates these processes, as 
well as the events resulting in the formation of synaptic 
contacts (axons and dendrites). In the postnatal period, 
IGF-1 continues to exert its stimulatory effect on neu-
rogenesis, as neurogenesis occurs during the lifetime 
in  certain brain areas, e.g., dentate gyrus of the hippo-
campus (important for learning and memory), subven-
tricular zone (experiments in mice showed that cells 
migrate to the olfactory bulb), and striatum (voluntary 
motor control) [51].

IGF-1 activates proliferation, migration, and mat-
uration of glial cell (oligodendrocytes, astrocytes, and 
microglia) through the juvenile period and maintains 
the viability of glial progenitor cells in the adult brain. 
IGF-1 also promotes differentiation of glial cells in re-
sponse to tissue damage [52]. Local paracrine/autocrine 
IGF-1 sources are essential for the normal development 
of the entire nervous system. Children with reduced en-
docrine IGF-1 levels due to the GH insensitivity typi-
cally display normal cognitive abilities despite craniofa-
cial abnormalities. At the same time children with the 
IGF-1 gene deletion or mutations in the IGF-1R gene 
and, therefore, reduced paracrine/autocrine activity of 
IGF-1, suffer from microcephaly and cognitive impair-
ments [53]. The endocrine activity of IGF also plays an 
important role in the development of the nervous sys-
tem. In preterm infants, the levels of circulating IGF-1 
and IGFBP-3 correlate with the brain volume in the 
postnatal period [54].

Fig. 3. The role of IGF signaling in the central nervous system.
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Less is known about the IGF-2 role in neurode-
velopment. It was found that hypermethylation of ma-
ternally imprinted IGF-2 gene is a potential risk factor 
for the development of the neural tube defects [55].

Overexpression/deficit of IGF signaling components 
in the neural cells. Overexpression of the IGF-1 in mice 
resulted in the increased number of brain cells and, 
therefore, brain enlargement [56], whereas the knockout 
of the IGF-1 gene caused an impaired somatic and den-
dritic growth of neurons [57]. Neither overexpression, 
nor the knockout of the IGF-2 gene caused any notice-
able effect on the developing brain [58, 59]. The knock-
out of the IGF-1R gene led to the developmental disor-
ders in multiple organs, including the brain, which was 
manifested in the underdevelopment of nerve fibers, 
as well as reduction in the volume and increase in the 
number of neurons [60]. The knockout of the IR gene 
had no profound effect on the nervous system function-
ing [61]. Overexpression of IGF-1 in mice revealed that 
IGF-1 increased the number of neurons by promoting 
proliferation and suppressing apoptosis of these cells 
and stimulated synaptogenesis during the development 
of the nervous system [62]. IGF-1 signaling is interrelat-
ed with the pathways triggered by other factors involved 
in the nervous system functioning. Among these factors 
are neurotransmitters, transcription factors regulating 
neurogenesis, and growth factors, e.g., fibroblast growth 
factor (FGF), epidermal growth factor (EGF), vascular 
endothelial growth factor (VEGF), and brain-derived 
neurotrophic factors (BDNFs), which together support 
proliferation of neural stem cells [63].

In many cases, alterations in the expression of 
IGFBP genes do not lead to the impaired brain devel-
opment; however, there are exceptions. Overexpression 
of the IGFBP-1 gene in the brain leads to the delayed 
brain development and decreased proliferation of glial 
cell in response to traumatic injury [64]. Overexpression 
of the IGFBP-5 gene inhibits brain growth [65]. Overex-
pression of the IGFBP-6 gene in the brain results in the 
delayed development of cerebellar structures [66].

Therefore, IGFs and their regulation by IGFBPs 
are essential factors in the organism development 
during embryogenesis, postnatal period, and adulthood. 
The action of IGF-1 and IGF-2 on the central and pe-
ripheral nervous systems development is related to vari-
ous processes, such as cell migration, proliferation, and 
differentiation, as well as the maintenance of the viabili-
ty of different types of nervous tissue cells.

EFFECT OF IGFs ON THE MOTILITY 
AND SURVIVAL OF NEURAL CELLS

Neurons. Axonal guidance and growth. IGF-1 spe-
cifically affects the axonal guidance in the olfactory 
neurons. Both IGF-1 and IGF-1R are expressed in the 

developing olfactory bulb during embryogenesis. IGF-1 
was found to act as a chemoattractant in the prima-
ry cultures of olfactory and cerebellar granule neurons. 
In vitro experiments on the growth cone turning demon-
strated that the growth cones of both olfactory and cer-
ebellar granule neurons showed a marked positive motil-
ity along the IGF-1 gradient. Expression of IGF-1 and 
IGF-2 in the neural crest cells and neural target areas 
suggested the importance of these cytokines in the neu-
ronal migration, axonal guidance, and related neuro-
trophic support [67]. Axonal growth, which is important 
in the neural development, especially for the peripheral 
motor and sensory neurons, involves IGF-1 signaling via 
IGF-1R. Apart from stimulating axonal growth, IGF-1 
initiated cell motility in the two neuroblastoma cell lines: 
neuronal SH-SY5Y cells and SHEP Schwann cells [68].

Neurons of chick dorsal root ganglia exposed to 
IGF-1 and grown in the medium supplemented with 2% 
fetal calf serum have not only survived but also demon-
strated accelerated axonal growth [69]. Moreover, axo-
nal growth of the myenteric plexus neurons was activat-
ed by both IGF-1 and IGF-2 [70]. On the other hand, 
Kimpinski and Mearow [71] demonstrated that IGF-1 
affected the axonal growth in a culture of adult rat cells 
of the dorsal root ganglia. The authors compared the ac-
tion of IGF-1 with the action of EGF, FGF, and nerve 
growth factor (NGF). It was found that the effect of 
IGF-1 on the axonal growth was similar to that exerted 
by NGF. In addition, IGF-1 promoted axonal growth 
in the corticospinal motor and vestibulospinal neu-
rons [71]. IGF-1 and IGF-2 stimulated the branching of 
dendrites and increased the density and stability of den-
dritic spines [35].

Repair of peripheral nerve damage and tissue regener-
ation. IGF expression correlates with regeneration after 
peripheral nerve injury. IGF-1 was detected in the ax-
ons and Schwann cells of the sciatic nerve; in the case 
of nerve damage, IGF-1 accumulated in the injured ax-
ons within 2 h after the trauma [72]. In rats, the level of 
IGF-1 at site of injury reached its maximum two weeks 
after sciatic nerve dissection. Moreover, IGF-1 contrib-
uted to the elongation of regenerating axons [73].

Astrocytes. Astrocytes constitute the majority of 
brain cells (in mammals, an average astrocyte/neuron 
ratio is 10/1). The body of a neuron, except its synaptic 
contacts, is fully covered with the membranes of astro-
cytes. Astrocytes produce a great diversity of neuropro-
tective molecules; the neuron–astrocyte dyad represents 
a system composed of the functional cell and its own 
neuroprotector. Astrocytes ensure physical and nutritive 
support for neurons, maintain the blood–brain barrier, 
and modulate synaptic transmission. It is not surprising 
that components of the IGF signaling are not only found 
in astrocytes, but also play an important role in main-
taining the functional activity of the nervous tissue in 
general. IGF-1 activates astrocyte proliferation, affects 
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expression of the cytoskeletal proteins (e.g., glial acidic 
protein and vimentin), promotes the activity of nuclear 
and mitochondrial enzymes, stimulates production of 
growth factors (erythropoietin), upregulates expression 
of gap junction proteins (connexin-43), regulates glu-
tamate inf lux and intracellular signaling, and activates 
glucose metabolism [74].

Oligodendrocytes and microglial cells. Oligoden-
drocyte differentiation is related to the upregulation of 
myelin expression and production of trophic factors 
necessary for the neuronal survival and axonal integri-
ty. IGF-1 promotes differentiation of oligodendrocyte 
precursors cell and, therefore, myelination of axons. 
There is a solid evidence showing that IGFs are involved 
in oligodendrocyte differentiation and survival, myelin 
production, and Schwann cell survival and motility. 
IGF-1 expression in the microglia after epileptic sei-
zures is elevated and may play a role in the minimization 
of cell damage [75].

Therefore, IGFs are essential in the development 
and homeostasis of the nervous tissue. The effects of 
IGF-1 and IGF-2 on cells are mediated by their binding 
to the genuine receptors. The bioavailability of IGF-1 
and IGF-2 for receptors is mainly regulated by two 
mechanisms: either by interaction with IGFBPs (which 
prevent IGF binding to the receptors) or by IGFBP pro-
teolysis by specific proteases (that results in the IGF 
release and related biological effects). In the next sec-
tion of the review, we describe the structural features 
of IGFs and IGFBPs, as well as the major mechanism 
providing IGF-1 and IGF-2 bioavailability via pro-
teolytic degradation of IGFBPs in the nervous tissue 
in details.

IGFs AND IGFBPs: 
STRUCTURE AND FUNCTIONS

IGFs. IGF-1 and IGF-2 belong to the family of reg-
ulatory proteins that also includes insulin, relaxin, and 
some invertebrate hormones [76,  77]. Structurally and 
functionally, IGFs resemble insulin. IGFs and insulin 
activate similar signaling pathways, but their overall ef-
fects are different. Insulin mainly regulates cell metab-
olism, whereas IGFs induce cell growth, development, 
and differentiation [78].

IGF-1 is a 70-amino acid polypeptide (7649  Da) 
that contains three disulfide bonds [79]; IGF-2 mole-
cule consists of 67 amino acids (7471 Da) [80]. The ho-
mology between IGF-1 and IGF-2 is 62%, whereas the 
homology between IGFs and insulin is only 50% [80].

The IGF molecule consists of the A, B, C, and  D 
domains (Fig.  4). The 3D structure of IGFs is sim-
ilar to that of insulin: like insulin, IGFs contains three 
α-helices (one in the B domain, and two in the A do-
main). Other amino acids in the primary sequences 
of IGF-1 and IGF-2 do not form secondary structure 
elements  [81]. The A domain consists of the second 
and third α-helices, whereas the B-domain is made up 
of the first α-helix (counting from the N-terminus). 
The  A and B domains of IGFs are homologous to the 
A and B chains of insulin, respectively, and contain 
a large number of highly conserved amino acid sub-
stitutions accounting for the similarity of their spatial 
structures. The  IGF molecules also have the C and D 
domains absent in proinsulin [79,  80] (Fig.  4). Despite 
the high structural homology, IGF-1 and IGF-2 differ 
significantly in the C-terminal parts of their molecules, 

Fig. 4. Alignment of IGF-1, IGF-2, and insulin sequences. Amino acids identical or similar between all three proteins are highlighted in light red, 
between IGFs – in blue, between IGF-1 and insulin – in green, between IGF-2 and insulin – in yellow; non-overlapping or lacking residues are 
highlighted in gray and depicted by dots, respectively. Residue numbering (A1-A21 and B1-B30) corresponds to the positions of amino acid resi-
dues in insulin A- and B-chains, respectively. Bottom panel, 3D- structures of IGF-1, IGF-2, and insulin (PDB structures 2C8R, 1GZR, 2L29) 
are shown. A, D, B, and C are depicted in red, yellow, cian blue, and green, respectively (adapted from [82]).
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Fig. 5. Site-specific proteolytic cleavage of IGFBPs.

as well as in the region located near the start of the third 
α-helix, which might explain a higher affinity of IGF-2R 
to IGF-2 than to IGF-1 [81].

IGF binding proteins (IGFBPs). The key feature 
of the IGFBP family proteins is the ability for a specif-
ic high-affinity binding of IGFs, which mostly inhibits 
the biological effects of the latter [83]. However, in some 
cases, the binding to IGFBP may promote the action 
of IGF [84]. The inhibitory effect of IGFBPs may be 
based on the fact that the IGF binding to IGFBP cre-
ates steric difficulties for the IGF binding to the genu-
ine receptor, whereas the mechanisms underlying the 
IGFBP- mediated activation of IGFs remain unknown 
[85]. Seven IGF-binding proteins (IGFBP1-7) with mo-
lecular weights ranging from 22.8 up to 31.3  kDa (216-
289 amino acids) have been identified [86]. All IGFBPs 
have a common structure and consist of three domains 
of a similar size: highly conserved N- and C-terminal 
domains and the linker L-domain, whose structure dif-
fers in different IGFBPs.

All IGFBPs form high-affinity binary complexes 
with IGFs [83] through the N- and C-terminal domains. 
The L-domain is not involved in the direct interaction 
with IGFs and contains sites for glycosylation, phos-
phorylation, and protease-specific cleavage (Fig.  5). 
Compared to the full-sized proteins, the N- or C-ter-
minal domains interact with IGFs with a much low-
er affinity. For instance, the affinity of the N-terminal 
fragment to IGFs is 10 to 1000-fold lower compared to 
IGFBPs [87]. The L-domain interacts with the cell sur-
face, heparin, and IGFALS protein (insulin-like growth 
factor-binding protein complex acid labile subunit) [83].

Posttranslational modifications and adhesion to 
the extracellular matrix (ECM) components may affect 

the affinity of IGFBP binding to IGFs, thus impact-
ing the availability of IGF to the cells. A large portion 
of circulating IGFs exists in the IGFBP-bound state, 
which affects the stability of the serum IGF. The most 
stable are the ternary complexes composed of IGF, 
IGFBP, and IGFALS [88,  89]. The N-terminal do-
mains in all IGFBPs except IGFBP-6, contain 6 disul-
fide bonds (IGFBP-6 has 5 disulfide bonds) and con-
served GCGCC motif (IGFBP-6 lacks two adjacent 
cysteine residues in this motif) [85, 90]. The N-terminal 
domain also contains a high-affinity IGF-binding site 
consisting of three-stranded β-sheet stabilized by two 
disulfide bonds [91-93]. As exemplified by IGFBP-6, 
the structure of the C-terminal domain is similar to that 
of thyroglobulin type-1 fold and comprises an α-helix, 
three-stranded β-sheet, and three loops. The first loop 
is between the α-helix and β-sheet; the second loop sep-
arates the strands in the β-sheet, and the third loop is 
located after the β-sheet. It is assumed that the C-termi-
nal domain accounts for multiple IGF-independent ef-
fects of IGFBPs. For instance, the C-terminal domains 
of IGFBP-1 and IGFBP-2 contain the integrin-binding 
motif [94]; the C-terminal domains of IGFBP-3 and 
IGFBP-5 contain the motifs enriched in basic amino 
acids that bind heparin, IGFALS [95, 96], plasminogen 
activator-1 inhibitor [97], and transferrin, participate in 
the association with cell surface and ECM [98], and are 
responsible for the IGFBP nuclear import [99].

IGFBP-1 (molecular weight, 28  kDa [100]) in-
teracts with IGF-1 and IGF-2 with similar affini-
ty [101]. IGFBP-1 phosphorylation at serine residues 
in the linker (Ser101, Ser119) and C-terminal domain 
(Ser169) increases its affinity to IGF-1 [102]. Ser101 
is the major phosphorylation site in IGFBP-1 [102]. 
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IGFBP-1  phosphorylation promotes protein interaction 
with IGF-1, whereas dephosphorylation, on the contrary, 
activates IGF-1 release from the complex [103]. The ob-
served relationship between the casein kinase 2 activation 
and activity of the mTOR pathway in the case of nutrient 
deficit results in the increased level of IGFBP-1 phos-
phorylation, lower IGF bioavailability, and intrauterine 
growth retardation [104]. High IGFBP-1 expression lev-
els and high serum concentration of this protein were ob-
served in embryogenesis and early childhood, whereas in 
the adulthood, both parameters decline [105].

IGFBP-2. According to the amino acid sequence, 
the molecular weight of IGFBP-2 is 31.3  kDa [94]. 
IGFBP-2 interacts with IGF-2 with a 10 to 20-fold high-
er affinity than with IGF-1 [101]. Similar to IGFBP-1, 
the C-terminal domain of IGFBP-2 contains the Arg-
Glu-Asp motif responsible for the binding to the cell 
surface integrins [94]. The linker domain of IGFBP-2 
contains the heparin-binding motif PKKLRP [106] 
presumably involved in IGFBP-2 binding to the cell 
surface glycosaminoglycans [107]. Interactions between 
IGFBP-2 and ECM components ensure cell prolifer-
ation and migration induced by the IGFBP-2 nuclear 
translocation [108]. It was shown in vitro that IGFBP-2 
interaction with glycosaminoglycans decreases its affin-
ity to IGF-1 approximately three times, which facili-
tates the binding of IGF-1 to its genuine receptor [107]. 
The  heparin-binding motif mediates the IGFBP-2 in-
teraction with the receptor tyrosine phosphatase-β 
(RPTPβ) [109]. Moreover, the C-terminal domain of 
IGFBP-2 also contains another heparin-binding motif 
[110]. The linker domain of IGFBP-2 includes the nu-
clear localization signal (NLS) 179PKKLRPP185 that en-
sures interaction between IGFBP-2 and α-importin, fol-
lowed by the nuclear import of the former. After entering 
the nucleus, IGFBP-2 upregulates VEGF expression, 
thereby stimulating angiogenesis [111]. IGFBP-2 con-
tains no glycosylation sites [112], and no IGFBP-2 phos-
phorylation was observed despite the presence of po-
tential phosphorylation site in its sequence [113]. In the 
nervous system, IGFBP-2 plays an important role in the 
regulation of the IGF activity (see “IGFBP proteolysis 
in the nervous system” below) [114].

IGFBP-3. The majority of circulating IGF-1 and 
IGF-2 molecules are found in the high-molecular-weight 
complexes (apparent molecular weight, ~150  kDa) also 
including IGFBP-3 and IGFALS (85  kDa). The stabil-
ity of IGF within these complexes is substantially high-
er than that of the free IGF or in the binary complexes 
with IGFBPs [88]. IGFBP-3 is the only IGFBP isoform 
capable of transporting IGFs in the content of the ter-
nary complexes [83]. An apparent molecular weight for 
IGFBP-3 is ~50 kDa. In the plasma, IGFBP-3 circulates 
as a glycoprotein [115].

IGFBP-3 binds IGF-1 and IGF-2 with approxi-
mately equal affinities [115]. The N-terminal domain of 

IGFBP-3 contains phosphorylation [116] and glycosyla-
tion [112] sites. IGFBP-3 may either inhibit or facilitate 
the IGF activity [117]. Due to the presence of NLS in the 
C-terminal domain, IGFBP-3 is translocated to the nu-
cleus via the importin-β-dependent pathway [99]. In  the 
nucleus, IGFBP-3 interacts with receptors (RXR-α, 
PPAR-γ, vitamin  D receptor, Nur77), thus affecting 
cell apoptosis, proliferation, and differentiation  [118]. 
IGFBP-3 phosphorylation by the dsDNA- dependent 
kinase (DNA-PK) promotes its nuclear accumulation 
and interaction with nuclear components. At the same 
time, IGFBP-3 phosphorylation decreases its affin-
ity to IGF-1, which can result in the IGF-1 release in 
the nucleus [119]. IGFBP-3 interaction with DNA-PK 
and nuclear EGF receptor activates cell response to 
the DNA-damaging agents [120]. The C-terminal do-
mains of IGFBP-3 and IGFBP-5 contain the heparin- 
binding motif accounting for the binding of these pro-
teins to the cell surface [98]. It is possible that IGFBP-3 
and IGFBP-5 also bind to fibrinogen and fibrin via the 
heparin-binding motif, which may provide IGF-1 accu-
mulation at the sites of mechanical tissue damage [121]. 
The heparin-binding motif participates in the IGFBP-3 
binding to plasminogen [122]. At the same time, IGFBP-3 
is cleaved by plasmin [123]. IGFBP-3 also binds to fi-
bronectin [124]. When IGFBP-3 attaches to the cell sur-
face, its affinity to IGF-1 decreases tenfold, which may 
account for the IGFBP-3-mediated stimulation of IGF-1 
activity [125]. In  vitro, IGFBP-3 inhibits the IGF-de-
pendent cell proliferation and maintenance of cell via-
bility, i.e., the processes leading to carcinogenesis [126]. 
IGFBP-3 can either suppress [127] or activate angiogen-
esis [128].

IGFBP-4. IGFBP-4 is the smallest protein among 
IGFBPs (molecular weight, 25 kDa; 237 amino acid res-
idues). Both non-glycosylated and glycosylated IGFBP-4 
was found in the human serum (molecular weight of 
the glycosylated protein is slightly above 30 kDa) [129]. 
IGFBP-4 can be N-glycosylated at Asn104 in the C-ter-
minal domain [130,  131], although this modification 
does not affect its binding to IGF [132]. Compared 
to other IGFBPs that contain 18 cysteine residues, 
IGFBP-4 has two additional cysteines in the linker do-
main [129, 132]. The affinity of IGFBP-4 to IGF-2 (dis-
sociation constant KD, 0.2 nM) exceeds by more than an 
order of magnitude its affinity to IGF-1 (KD,  4.5  nM) 
[133]. IGFBP-4 has a single binding site for IGF-1 and 
IGF-2 [134]. IGFBP-4 is cleaved by PAPP-A between 
Met135 and Lys136 in the linker domain, resulting in 
the increased IGF bioavailability and manifestation of 
its effects [135]. PAPP-A-specific IGFBP-4 proteol-
ysis is IGF-dependent. It was suggested that the bind-
ing of IGF (especially, IGF-2) makes IGFBP-4 a pref-
erable target for PAPP-A [136]. Apart from PAPP-A, 
IGFBP-4 can be cleaved by matrix metalloproteinases, 
e.g., MMP-2, MMP-7, and MMP-9 [137]. IGFBP-4 
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mainly inhibits the IGF-1/IGF-2 activity, but can also 
facilitate it.

IGFBP-5. IGFBP-5 has a molecular weight of 
28.5 kDa [138]. About half of the circulating IGFBP-5 is 
found in the ternary complexes with IGFALS and IGF-1/
IGF-2. The remaining protein exists either as a binary 
complex with IGF-1 or IGF-2 or in a free form [83]. 
The major IGFALS-binding site in IGFBP-5 is located 
in the C-terminal domain and contains basic amino acid 
residues [139]. The central domain of IGFBP-5 contains 
another IGFALS-binding site [140]. The IGFBP-5 af-
finity to IGF-2 compared to IGF-1 is 3 to 10-fold higher 
[129]. The adhesion of IGFBP-5 to the extracellular ma-
trix decreases 7-fold its affinity to IGF-1. The extracellu-
lar matrix components inhibit the IGFBP-5 proteolysis. 
Thus, IGFBP-5 binding to the ECM makes the accu-
mulation of IGF-1 on the cell surface possible and pro-
motes its interaction with the cell receptors [141,  142]. 
IGFBP-5 binds with the ECM components, such as gly-
cosaminoglycans in some proteoglycans, type III and IV 
collagens, laminin, fibronectin, plasminogen activator 
inhibitor  I, thrombospondin, and osteopontin [97, 141, 
143]. The linker and the C-terminal domain of IGFBP-5 
contain conserved motifs composed of basic amino acid 
residues that ensure the binding between IGFBP-5 and 
glycosaminoglycans, in particular, heparin. The bind-
ing of IGFBP-5 to heparin lowers 17-fold its affinity 
to IGF-1 [144]. Phosphorylation and O-glycosylation 
of residues in the IGFBP-5 linker domain reduces the 
efficiency of IGFBP-5 binding to heparin, but does 
not affect its interaction with IGF and IGFALS [145]. 
The C-terminal domain of IGFBP-5 contains the NLS 
sequence that accounts for the IGFBP-5 nuclear import 
via the importin-β-dependent pathway [99, 146]. In the 
nucleus, IGFBP-5 affects gene expression via the N-ter-
minal region [147]. IGFBP-5 interacts with the nuclear 
protein FHL2 involved in the activation of transcription 
of certain genes, as well as with the nucleolar protein nu-
cleolin. Regardless of the presence of IGF, metallopro-
teases PAPP-A and PAPP-A2 cleave IGFBP-5 at a sin-
gle specific site in the linker domain [148].

IGFBP-6. IGFBP-6 is a glycoprotein with a mo-
lecular weight of 34  kDa [149]; the “protein part” of 
IGFBP-6 corresponds to 22.847  kDa. The affinity of 
IGFBP-6 for IGF-2 exceeds its affinity for IGF-1 from 10 
to 100 times [150]. As mentioned earlier, the structure 
of the N-terminal domain of IGFBP-6 differs from that 
found in other IGFBPs. IGFBP-6 suppresses the IGF-2-
induced cell proliferation, vital activity, and metabo-
lism in some cell lines [151, 152], and acts as a relatively 
specific inhibitor of IGF-2 effects [153]. The linker of 
IGFBP-6 can be O-glycosylated, resulting in the inhi-
bition of IGFBP-6 binding to glycosaminoglycans and 
cell membranes, as well as IGFBP-6 proteolysis, thus 
sustaining the inhibitory effect of IGFBP-6 on IGF-2. 
However, glycosylation per se does not affect the IGF-2 

binding to IGFBP-6 [154]. IGFBP-6 undergoes proteol-
ysis by the acid-activated cathepsin D-like protease that 
cleaves both IGFBP-6 and IGFBP-3 [155]. All IGFBPs 
are hydrolyzed by MMP-7 to ensure IGF availability to 
IGF-1R [156]. IGFBP-6 is also cleaved by MMP-9 and 
MMP-12, which might result in the increased IGF-1 
bioavailability to IGF-1R and abolish the inhibitory ef-
fect of IGFBP-6 on oligodendrocyte maturation [157]. 
Moreover, IGFBP-6 is hydrolyzed by MMP-2, presum-
ably resulting in the activation of angiogenesis [158].

IGFBP PROTEOLYSIS AS A MECHANISM 
FOR THE REGULATION OF IGF 

BIOAVAILABILITY IN THE NERVOUS TISSUE

As mentioned above, proteolysis of IGFBP–IGF 
complexes ensures IGF bioavailability to the cell surface 
receptors and, therefore, is one of the key mechanisms 
that positively regulates cell migration and proliferation, 
thus contributing to the cell homeostasis. Since neu-
rons are unable to maintain their own viability and rely 
on astrocytes secreting neurotrophic factors and IGFs, 
proteolytic degradation of IGFBPs by specific proteases 
contributes to the free IGF accumulation on the cell sur-
face, that is especially important in nervous tissue.

Proteases cleaving IGFBPs. The cleavage of IGFBPs 
is protease-specific. For example, non-phosphorylated 
IGFBP-1 (but not its phosphorylated form) is cleaved 
by the protease secreted by decidual membrane cells 
[159]. IGFBP-3 is cleaved by plasminogen [123], 
PSA (prostate-specific antigen; serine protease of the 
kallikrein family isolated from the seminal f luid) [160], 
nerve growth factor displaying high structural similarity 
with PSA [161], and cathepsin-D-like protease [155]. 
PAPP-A (pregnancy-associated plasma protein  A) spe-
cifically hydrolyzes IGFBP-4 [135]. Apart from PAPP-A, 
IGFBP-4 is cleaved by the matrix metalloproteinas-
es MMP-2, MMP-7, and MMP-9 [137,  156]. PAPP-A 
and PAPP-A2 hydrolyze IGFBP-5 at a single site in 
the linker domain regardless of the presence of bound 
IGF [148]. PAPP-A also cleaves IGFBP-2 [162]. Sim-
ilar to IGFBP-3, IGFBP-6 is cleaved by the acid-acti-
vated cathepsin D-like protease [155]. IGFBP-6 is also 
cleaved by MMP-2, which results in the IGF release 
and activation of angiogenesis [158]. All IGFBPs are hy-
drolyzed by MMP-7, thus ensuring IGF availability for 
IGF-1R [156]. By activating cell growth and viability, 
IGFBP proteolysis plays a crucial role in the tumor cell 
viability and tumor progression. Recent findings suggest 
that IGFBP-2 and IGFBP-4 proteolysis are particularly 
involved in carcinogenesis.

IGFBP proteolysis in the nervous system has been 
investigated over last years. We believe that it represents 
an important mechanism of promoting IGF release near 
the cell surface and its interaction with genuine receptor. 
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Fig. 6. The role of IGFBP proteolysis in the nervous system. Extracellular IGFs mainly exist as complexes with IGFBPs. Astrocytes secrete various 
proteases that cleave IGFBPs in the complexes with IGFs, thus increasing the IGF level near the membranes of neurons and astrocytes and promot-
ing the IGF interaction with the cell receptors, which results in the triggering of the IGF signaling and corresponding cellular effects.

Proteolysis of IGFBPs ensures IGF bioavailability, thus 
supporting the functioning of neural cells. It is especial-
ly important for the viability of neurons, because neu-
rons require additional trophic factors to maintain their 
viability. The data on the proteolysis of IGFBPs in the 
nervous system suggest that (i) IGFs released due to the 
IGFBP proteolysis exert the neuroprotective activity, 
(ii)  proteolysis occurs mainly on the astrocyte surface 
and involves specific proteases secreted by the astro-
cytes. Some examples of specific IGFBP proteolysis in 
the nervous system are described below. For instance, 
IGFBP-2 undergoes proteolysis in proliferating (but not 
in differentiating) astrocytes [114]. IGFBP-5, which is 
one of the most abundant IGFBPs in the brain, is hy-
drolyzed by the tissue kallikrein; brain regions express-
ing IGFBP-5 co-localize with the areas of kallikrein 
expression. Therefore, it is possible that kallikrein is 
involved in the local regulation of IGF bioavailabili-
ty [163]. Fibroblast growth factor-2 (FGF2) activates 
IGFBP proteolysis by a serine protease in the extracel-
lular f luid in the near-membrane pool of IGFBP-2, re-
sulting in the increased bioavailability of IGFs for their 
genuine receptors [164]. Glial cells derived from mes-
enchymal stem cells secrete IGFBP-4 that increases 
the survival of neurons in the case of oxygen deficit and 
glucose starvation by regulating the extracellular levels 
of IGF-1 and IGF-2. These cells were also found to ex-
press PAPP-A [165], which cleaves IGFBPs at specific 
sites and increases the IGF bioavailability [135]. In the 
nervous tissue, IGFBP-6 is hydrolyzed by MMP-9 and 
MMP-12, which results in the elevated IGF-1 bioavail-
ability for IGF-1R and abolishes the inhibitory effect of 
IGFBP-6 on the maturation of oligodendrocytes [157]. 

Moreover, in some cases, neurons intrinsically initiate 
IGFBP proteolysis. For instance, the electrical activity 
of neurons in some regions of the nervous system acti-
vates MMP-9, which cleaves IGFBP-3 with the release 
of IGF-1 [166].

Hence, the release of IGF resulting from the 
IGFBP proteolysis by astrocyte-secreted specific pro-
teases and accumulation of free IGF near the neuronal 
membrane may play an important role in the neuronal 
homeostasis. In some cases, neurons themselves can ini-
tiate this process (Fig. 6).

CONCLUSION

One of the physiological features of the nervous 
tissue is that the functioning of neurons critically de-
pends on the cell environment, in particular, astrocytes 
that support the extracellular homeostasis via secretion 
and internalization of various trophic factors. Free ex-
tracellular IGFs in the nervous tissue can appear via 
(i) secretion by the nervous system cells and (ii) specif-
ic proteolysis of IGFBPs resulting in the IGF release. 
What is intriguing is that compared to the IGF secretion 
by neurons and astrocytes, proteolysis-mediated release 
of IGF mainly depends on astrocytes secreting specific 
proteases. Free IGFs interact with their genuine recep-
tors and induce intracellular signaling cascades leading 
to the activation of multiple cell processes. How does 
such interplay between different types of cells occur? 
How do astrocytes “sense” that the level of IGF should 
be increased or decreased? These topics still remain the 
terra incognita. Taking into consideration the key role 
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of insulin-like factors in the stimulation of neuronal cell 
growth and proliferation, as well as their neuroprotective 
effects, we are certain that further investigations of the 
IGF signaling in the nervous system will shed a light on 
the fundamental adaptive mechanisms of the nervous 
tissue and nervous system as a whole.
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