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ABSTRACT

In inflammatory disorders such as pancreatitis, immune cells are activated and produce pro-inflammatory cytokines
and chemokines, including IL-1, IL-6, and tumor necrosis factor (TNF). These cytokines mediate the immune response
while insulin-like growth factors (IGFs), hormones that promote physiological growth, also participate in the
inflammatory response. Macrophages play an important role in this process since polarized M1 macrophages provoke
acute inflammation, while the polarized M2 type is involved in the anti-inflammatory response and the development of
tissue fibrosis. Neuroendocrine and metabolic responses are also present during the inflammatory process, and there is
pituitary generation of IGF. A mitogen-activated protein kinase (MAPK) phosphorylation cascade is activated with the
binding of IGF-1 to its receptor IGF-1R, which leads to gene expression and key biological responses such as cell
proliferation. An increase of IGF-2 and its receptor IGF-2R is associated with diverse biological effects including
hypertrophy and cardiac contraction, increases in cardiomyocytes and cardiomyocyte apoptosis, and decreased muscle
regeneration and capillary remodeling, amongst others. IGF-2 also mediates chondrocyte hypertrophy with an increase in
oxidative phosphorylation, as the inhibition of this process damages hypertrophic differentiation. In this article, we discuss
the impact of IGFs in the inflammatory response that is mediated by cytokines.
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INTRODUCTION

Numerous inflammatory mediators, such as pro-inflammatory cytokines, are involved in pancreatitis where immune
cells are activated, including macrophages that produce IL-1, tumor necrosis factor (TNF), and other pro-inflammatory
cytokines and chemokines. Macrophages are known to play an important role in the pathogenesis of pancreatitis. They
can be polarized as M1, that become protagonists of acute inflammation, while those that are polarized as M2 participate
in the anti-inflammatory process and promote the development of pancreatic tissue fibrosis (1).

In addition, activated macrophages, in collaboration with IL-18 and IL-3, can stimulate mast cells (MCs) to produce
IL-4 and IL-13 cytokines which increase the number of M2 macrophages (2) (Fig.1).
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Fig. 1. Diagram depicting the involvement of macrophages and mast cells in the pathogenesis of pancreatitis.
Macrophages (M1) become activated and secrete IL-1 and tumor necrosis factor (TNF) amongst other pro-inflammatory
cytokines and chemokines. These cytokines activate mast cells (MCs), which secrete IL-4 and IL-13, increasing the
amount of M2 macrophages.

Activated M2 macrophages are divided into M2a, M2b, M2c and M2d and are mainly involved in anti-inflammatory
responses, while M1 macrophages are involved in pro-inflammatory ones (1). In acute pancreatitis, damaged pancreatic
cells release molecules such as zymogen, trypsin, and other cell degradation compounds which activate and recruit
macrophages that secrete pro-inflammatory cytokines such as IL-1, TNF, IL-6, interferon-y (IFNy), and IL- 18, which
participate in the resulting damage (3). The cytokines that are released from the muscle are called myokines and regulate
myogenesis and muscle hypertrophy. Myokines can have a systemic action on the immune system and on the adipose
tissue that accumulates in the viscera following physical inactivity. The accumulation of adipose tissue results in low-
grade inflammation mediated by the recruitment of monokine-releasing macrophages including TNF, I1L-1, and IL-6 (4).
On the other hand, physical activity activates muscles to produce myokines, such as the above cytokines, which participate
in muscle growth and hypertrophy. Physical activity increases insulin sensitivity and fat oxidation leading to the reduction
of the inflammatory state.

Insulin growth factor binding proteins (IGFBPSs) bind insulin-like growth factor (IGF)-1 and IGF-2 with high affinity,
causing biological effects (5). IGF is ubiquitous in all human and rodent fetal tissues and tends to decrease after birth,
although, in humans, the serum and tissue levels of IGF-2 remain elevated (6).

IGF-1

IGF-1 is a growth factor of human muscles and bones that is synthesized in the liver and carries out its biological
activity by binding to the IGF-1R receptor. IGF-1 mediates bone homeostasis and activates the mitogen-activated protein
kinase (MAPK) pathway resulting in cell proliferation (7). MAPK is important in signal transduction and
phosphorylation, crucial biological activities for cell signaling (8) (Fig.2).
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Fig. 2. Insulin growth factor (IGF)-1 binds to the IGF-R1 receptor, which results in the activation of the mitogen-
activated protein kinase (MAPK) pathway with protein kinase cascades; activation of a MAPK kinase kinase
(MAPKKK) phosphorylates and activates the MAPKK, which, in turn, activates the MAPK that phosphorylates different
substrates in the cytosol and nucleus, resulting in changes in gene expression that cause the biological response of cell
proliferation.
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IGF-1 contributes to maintaining bone homeostasis and induces osteogenesis by acting on osteoclasts through receptor
activator of nuclear factor kappa beta (RANKL) in in vitro experiments (9). In some experiments it has been observed
that the overexposed IGF-1 in the osteoblasts leads to an elongation of the bones, while its inhibition reduces bone volume
(10). It has been reported that IGF-1 is important for cell development such as chondrocytes and bone growth and plays
a crucial role in metabolism by regulating energy function by acting on mitochondria (11). This effect would increase cell
proliferation and differentiation, as well as protein synthesis (10). It appears that IGF-1 is instrumental in osteoblast
differentiation since the lack of the IGF-1R receptor inhibits bone development. Therefore, IGF-1 is important for the
correct development of the skeleton and is correlated with increased levels of this myokine in the muscle where it
participates in its growth. In fact, a decrease of IGF-1 in muscle, where it is abundant, can lead to a reduction in bone
development (12). Therefore, IGF-1 can be of ubiquitous circulating origin, and is particularly present in bone and muscle,
playing a crucial role in bone metabolism.

IGF-2

IGF-2 is an endocrine hormone included in the family of three hormones that possess an insulin-like structure. In
humans, the IGF-2 gene is located on chromosome 11 at position p15.5, while in mice, the gene is located on chromosome
7.This peptide has biological activity similar to insulin, with mitogenic and cell growth regulating activity (13). IGF-2
ispart of the IGF family made up of IGF-1 and IGF-2, whose biological activity is regulated by 6 proteins ranging from
IGFBP-1 to 6 (14).

IGF-2 is the ubiquitous ligand of the IGF-2R receptor and has a crucial role in the physiological development and
differentiation of the mouse embryo mesoderm (15). In rodents, IGF-2 is a highly expressed embryonic growth factor,
already present in the first days of embryonic development, while it is decreased after birth (16, 17). The binding of IGF-
2 to its receptor IGF-2R could favor both tumor growth and onset and influence proliferative cellular pathologies (18). In
various inflammatory diseases, such as muscle, rheumatic and cardiac diseases, it has been observed that the expression
of IGF-2R is increased, favoring these pathological phenomena (19). Therefore, targeting the IGF-2R receptor could be
a new therapeutic approach for proliferative cellular diseases.

The increase of IGF-2 has an important positive action on the development of apoptosis, a phenomenon that occurs in
tumors and where IGF-2 and its receptor IGF-2R could have a tumor suppressor effect. Lack of expression of the IGF-
2R gene delays the onset of breast cancer, but also the onset of other cancers, an effect that could be inconsistent with the
activity of IGF-2 in cervical tumors or glioblastoma, where it acts as an oncogene (20). Inflammation and fibrosis can
occur in dystrophic muscle with consequent overexpression of IGF-2 with action on fibroblasts, pericyte endothelial cells,
myocytes, and cardiomyocytes (21, 22). In the repair process, immune cells such as macrophages, the complement system,
MCs, lymphocytes and neutrophils are involved. The recruitment of these cells regulates the activation, proliferation, and
differentiation of muscle cells (Table I).

Table 1. Some biological effects caused by an increase of IGF-2 after binding its receptor IGF-2R.

Increase of: e Hypertrophy and cardiac contraction

e  Cardiomyocyte apoptosis

e  Size of cardiomyocytes

e EPC migration, adhesion, and invasion

o Elasticity and adhesion of the vascular SHC

o  Development of tumors

Decrease of: e Muscle regeneration
e  Capillary remodeling

e Muscle force

IGF-2R performs an important function in suppressing IGF-1 signaling, an effect that could be useful against tumor
development (23).

Compared to IGF-1, IGF-2 appears to be more effective against apoptosis (or programmed cell death) in the cells of
the placenta. IGF-1 promotes the growth of muscle, which is a major storehouse of energy molecules required for
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gluconeogenesis. IGF-1 is an important hormone for the energy system and the immune system, regulating the synthesis
of some minerals (24). The factors responsible for the storage of energy-rich fuels include insulin IGF-1, testosterone,
estrogens, vitamin D, and others, while the factors involved in their release include the renin-angiotensin-aldosterone
system, the sympathetic nervous system, the hypothalamic-pituitary-thyroid axis, and the hypothalamic-pituitary-adrenal
axis (25).

Somatotropin regulates IGF-2 during intrauterine life, promoting growth during gestation, in contrast to IGF-1, which
is synthesized later in adult life. IGF-2 carries out its biological activity through binding to its receptor IGF-1R. During
the maturation process of the follicles, the connective cells synthesize and secrete IGF-2, promoting follicular proliferation
together with the hormone follicular stimulating hormone (FSH) (26). Subsequently, after ovulation, IGF-2 stimulates the
secretion of the hormone progesterone which acts synergistically with the luteinizing hormone (LH) (27). IGF-2 has also
been reported to promote survival of hippocampal neurons in newborns, a finding that may have therapeutic implications
(28).

By acting on mitochondria, IGF-2 has anti-apoptotic properties, inhibiting cell death and improving the survival of
cells such as islet transplantation and cartilage cells (29). It has been reported that physical activity allows for important
physiological development through the muscle production of cytokines (also called myokines), including IGFs that
perform an anti-inflammatory action (30).

The inflammatory process and the role of pro-inflammatory cytokines

During the inflammatory process, there are neuroendocrine and metabolic responses, and pituitary generation of IGF,
which allows for cell survival. Cytokines have autocrine, paracrine, or endocrine effects and include IGF-1 and IGF-2
molecules, which are involved in enhancing vascular endothelial activity in ischemic vessels (31). IGF-1 and IGF-2 are
found in various tissues, including muscle tissue, which acts in an endocrine way by targeting other organs including the
kidneys, and therefore, could carry out a crosstalk between muscle and bone cells (32).

Indeed, it seems that IGF-1 does not protect against the pro-inflammatory and apoptotic action induced by cytokines.
A protective effect occurs with IGF-2, which by binding to the IGF-1R receptor, induces IL-10, an anti-inflammatory
cytokine which protects islet transplantation and improves survival (18).

In rheumatic diseases, the severity of the pathological state may depend on the balance between pro-inflammatory and
anti-inflammatory cytokines. In rheumatoid arthritis (RA), the joint-inflamed site harbors many pro-inflammatory
cytokines that belong to the IL-1 family such as IL-1, IL-18, IL-33, IL-36a, IL-36p and IL-36y; but anti-inflammatory
anti-receptors can also be found, such as the IL-1 receptor antagonist (IL-1Ra) and IL-36 receptor antagonist (IL-36Ra),
and two cytokines, 1L-37 and IL- 38, which inhibit innate immunity and inflammation. IL-37 acts as a suppressor by
inhibiting mammalian target of rapamycin (MTOR) and increases AMP Kkinase activity. 1L-38 performs its anti-
inflammatory activity by binding to the IL-1R6 receptor, a complex that causes the recruitment of IL-1R9.

IGF-2 regulates bone development by acting on chondrocytes, osteoblasts, osteocytes, and osteoclasts, and is
implicated in skeletal ageing (33). In fact, the serum levels of IGF-2 tend to decrease with the ageing of the bones, an
action that takes place with the reduction of the mineral bone density (33).

IGFBP is involved in many biological activities including cartilage failure during osteoarthritis (OA) (34). In the
synovial fluid and cartilage of OA patients, it was seen that IGFBP levels were increased (35), an effect that implicates
IGF-1 and 2 as important factors in inflammation. IGFBP overexpression could influence the availability of IGFs with
alteration of the chondrocyte vital pathway.

Chondrocyte hypertrophy is characterized by an increase in oxidative phosphorylation which is regulated by IGF-2.
In a recent interesting article, Hollander JM et al., reported that the chondrocyte maturation during cartilage development
indicates that the inhibition of oxidative phosphorylation in murine chondrocytes can damage hypertrophic differentiation
(36). These authors reported that an IGF-2 deficiency can result in increased oxidative phosphorylation in hypertrophic
chondrocytes. The results demonstrate that IGF-2 is important in evading excessive glucose metabolism and is
determinant for bone development (36).

CONCLUSIONS

In conclusion, the inflammatory cytokines IL-1 and TNF mediate the immune response with the participation of IGFs.
During inflammation, there are also neuroendocrine and metabolic responses with pituitary generation of IGF.
Furthermore, IGF-1 and IGF-2 have different biological effects. IGF-1 mediates bone homeostasis and activates the
MAPK pathway, resulting in cell proliferation. IGF-2 plays a crucial role in the physiological development and
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differentiation of the mouse embryo mesoderm, favoring tumor growth and influencing cellular proliferative pathologies.
A protective effect of IGF-2 is induced by the activation of IL-10, while IGF-1 does not protect against pro-inflammatory
and apoptotic responses. Moreover, IGF-2 mediates chondrocyte hypertrophy with an increase in oxidative
phosphorylation.
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