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A B S T R A C T   

Interleukin-6 is a pleiotropic cytokine regulating different tissues and organs in diverse and sometimes discrepant 
ways. The dual and sometime hermetic nature of IL-6 action has been highlighted in several contexts and can be 
explained by the concept of hormesis, in which beneficial or toxic effects can be induced by the same molecule 
depending on the intensity, persistence, and nature of the stimulation. According with hormesis, a low and/or 
controlled IL-6 release is associated with anti-inflammatory, antioxidant, and pro-myogenic actions, whereas 
increased systemic levels of IL-6 can induce pro-inflammatory, pro-oxidant and pro-fibrotic responses. However, 
many aspects regarding the multifaceted action of IL-6 and the complex nature of its signal transduction remains 
to be fully elucidated. In this review we collect mechanistic insight into the molecular networks contributing to 
normal or pathologic changes during advancing age and in chronic diseases. We point out the involvement of IL- 
6 deregulation in aging-related diseases, dissecting the hormetic action of this key mediator in different tissues, 
with a special focus on skeletal muscle. Since IL-6 can act as an enhancer of detrimental factor associated with 
both aging and pathologic conditions, such as chronic inflammation and oxidative stress, this cytokine could 
represent a “Gerokine”, a determinant of the switch from physiologic aging to age-related diseases.   

1. Introduction 

Interleukin-6 is pleiotropic cytokine, promptly produced by different 
cells and tissues, that exerts a wide range of physio-pathologic effects. 
How a single molecule, as IL-6, displays contradictory roles and can 
promote different and opposite effects remained unclear for long time. 
IL-6 represented a sort of hermetic molecule that can act as double-edge 
sword or a Janus-like factor (Kokje et al., 2016; Muñoz-Cánoves et al., 
2013). Nevertheless, a considerable number of studies clarified that the 
“hermetic” role of IL-6 can be explained considering the concept of 
hormesis, in which a molecule can exert negative or beneficial actions 
depending on the intensity, the persistence, and the nature of the 
response it evokes. Of note, circulating IL-6 levels are undetectable or 
very low under physiologic conditions but increase significantly in 
several diseases associated with inflammation and fibrosis (Gabay, 
2006; Pelosi et al., 2017, 2015; Petrillo et al., 2017). It is also generally 
accepted that the dual nature of IL-6 action is related to the activation of 
different signaling pathways (Forcina et al., 2018, 2019a; Fuster and 
Walsh, 2014; Muñoz-Cánoves et al., 2013). The classic signaling regu-
lates tissue homeostasis and promotes the anti-inflammatory activity of 

IL-6. IL-6 transignalling, mediated by the sIL-6R (detailed below), can 
promote a chronic inflammatory status, influencing the quality of leu-
cocytic populations at the site of inflammation by inducing a shift from 
neutrophilic to macrophagic accumulation. A role for IL-6 in regulating 
T and B lymphocytes has been also reported, demonstrating that it can 
induce B and Th17 cells and can inhibit Treg differentiation, favoring 
the persistence of the inflammatory response (Bettelli et al., 2006; 
Kimura et al., 2007; Veldhoen et al., 2006) This leads to an impaired 
physiologic resolution of the inflammatory response and therefore to the 
induction of inflammation-related fibrosis. 

2. IL-6 expression: transcriptional regulation and signal 
transduction 

The biological activity of IL-6 is the result of a multi-level regulation 
involving gene expression regulation, post-transcriptional mechanisms, 
the site and the time of production, the specific responsiveness of target 
cells, the activation of signalling pathways and downstream effectors. 
The complex transcriptional regulation of IL-6 gene involves several cis- 
regulatory elements and trans-acting factors. IL-6 gene promoter 
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contains transcriptional control motifs involved in the regulation of gene 
expression through the interaction of trans-regulatory factors. Cis-acting 
elements includes glucocorticoid response elements (GREs), activator 
protein 1 (AP-1)-binding site, cyclic AMP (cAMP)-response element 
(CRE), NF-IL6-binding sequence and a putative binding site for (NF)-κB 
transcription factor. (Luo and Zheng, 2016). In accordance with the 
regulatory prominence of these regions, it has been reported that poly-
morphisms in the promoter of IL-6 gene, such as − 572 G/C, − 597 G/A, 
− 1363 G/T, − 2954 G/C and − 174 G/C SNP, can affect IL-6 expression 
and have been associated with differences in the susceptibility to dis-
eases (Luo and Zheng, 2016; Terry et al., 2000; Tumu et al., 2013; Von 
Linsingen et al., 2005). 

In addition, the transcriptional rate of IL-6 is influenced by the action 
of trans-regulating factors including NF-κB, activator protein (AP)− 1, 
CCAAT/enhancer binding protein (C/EBP), and cAMP response element 
(CRE)-binding protein (CREB) (Akira, 1997; Hershko et al., 2002; Van-
den Berghe et al., 2000). Noticeably, these key transcription factors not 

only exert a differential influence on IL-6 expression, depending on the 
cell type and the nature of the stimulus, but can also act in a coopera-
tive/synergistic manner (Luo and Zheng, 2016; Vanden Berghe et al., 
2000). 

2.1. The molecular specificity of the IL-6 classical and transignalling 

The multifaceted action of IL-6 strictly reflects the complexity of its 
signal transduction that can have a wide range of impacts, depending on 
the activated receptor system and on the persistence of stimulation 
(Fig. 1). 

Based on the activation of receptor systems, IL-6 can respectively 
exert regenerative and anti-inflammatory activities or promote pro- 
inflammatory pathways and tissue wasting. 

IL-6 is a small glycoprotein protein of 21–28 kDa with a four-helix 
bundle structure characteristic for the IL-6 cytokine family, and its 
signal transduction needs the formation of an α/β receptor complex 

Fig. 1. IL-6 variants and receptor complexes activating or inhibiting signal transduction. (A) IL-6 classical signalling activated by IL-6 binding to membrane IL-6R 
and gp130 protein. (B) membrane IL-6R can be released as a soluble isoform (sIL-6R) that is able, in turn, to interact with IL-6 activating an alternative signalling, 
transignalling, in otherwise not responsive cells. (C) IL-6 can be trans-presented by a transmitter cell, expressing IL-6R on the cell surface, to a receiving cell which 
express only gp130 receptor. This cluster signalling has been described between dendritic cells and T cells. (D) The viral protein vIL-6, homologous of human IL-6, 
cand directly bind gp130, independently from IL-6R, mimicking IL-6 actions. (E) IL-6 transignalling can be inhibited by endogenous and exogenous molecules. A 
soluble isoform of gp130 (sgp130) neutralizes IL-6/sIL-6R complex; the IL-6 variant IL-6Δ4, being unable to bind gp130, cannot activate signal transduction 
sequestering sIL-6R; the administration of monoclonal antibodies (moAb) directed against sIL-6R can inhibit the formation of IL-6/sIL-6R complex. 
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(Fig. 1A). As a first event, IL-6 cytokine binds the specific α-receptor, 
glycoprotein 80 (also known as IL-6R, IL-6Rα or CD126). This binding 
event, that occurs with a low affinity, is known to be non-signalling. As 
identified by X-ray crystallographic and cryo-electron microscopy 
studies, IL-6 bound to IL-6R occurs via a conserved site, defined as site I 
(Boulanger et al., 2003; Skiniotis et al., 2005; Veverka et al., 2012). 

The resulting complex constitutes a composite interface, namely site 
II, necessary to the interaction with the β-receptor glycoprotein (gp) 130 
(also known as CD130 or IL6ST). The link between the IL-6/IL-6R 
complex and gp130 is mediated by fibronectin type III domains D2 
and D3 on gp130 protein, while another contact site has been identified 
as the D1 domain, allowing the formation of a clustered complex made 
of two molecules of each protein component (Veverka et al., 2012). 
Structural biology studies proposed an evolutionary modification of 
binding sites in which the original complex involved specific in-
teractions between IL-6 and IL-6R (site I) and between gp130 and 
IL-6/IL-6R (site III), with a later inclusion of nonspecific interactions 
contributing to the stabilization of the receptor cluster. Interestingly, the 
IIa IL-6 region involved in the interaction between IL-6/IL-6R and gp130 
is very poorly conserved across mammalian, with only a single residue 
unchanged between mouse and human (Veverka et al., 2012). Sequence 
alignments between murine and human revealed for IL-6 an amino acid 
identity and similarity score of 41.6% and 65% respectively, and scores 
of 53.4% and 65.8% for IL-6R (Weidle et al., 2010). Furthermore, it has 
been reported that murine IL-6 can act in a species-specific manner, 
showing no affinity to the human IL-6R. In contrast, human IL-6 is able 
to bind murine receptors (Weidle et al., 2010). IL-6 alone, without the 
α-receptor, is not able to bind gp130 receptor and thus to initiate the 
signal transduction (Figs. 1B, 1C). An exception is reported for viral IL-6 
(vIL-6). Viral IL-6 protein is a homologous of the human cytokine, 
sharing a 25% sequence homology, that retains the capability to directly 
bind and activate gp130, without engaging IL-6R (Fig. 1D) (Adam et al., 
2009; Hoischen et al., 2000; Neipel et al., 1997). This peculiar factor, 
mimicking various IL-6 activities, is encoded by the genome of the 
Human herpesvirus 8 (HHV-8), also called Kaposi’s sarcoma-associated 
herpesvirus, known to interfere with immune response. 

The specific nature of the connection between IL-6 and IL-6R is part 
of the complex regulation of its signalling pathway. Indeed, IL-6R is 
exposed on the membrane of few cell types, including hepatocytes, 
immune cells, and some endothelial cells. On the other hand, the gp130 
protein is widely, although not ubiquitously, expressed (Wilkinson et al., 
2018). The gp130 receptor is a common signal transducer for a family of 
cytokines such as that of leukemia inhibitory factor (LIF), oncostatin M 
(OSM), ciliary neurotrophic factor (CNTF), IL-11, cardiotrophin-1 
(CT-1), cardiotrophin-like cytokine factor 1 (CLCF1), Inteleukin-27 
(IL-27), Interleukin-35 (IL-35), and Interleukin-39 (IL-39) (Collison 
et al., 2012; Forcina et al., 2018; Jones and Jenkins, 2018; Murakami 
et al., 2019; Rose-John, 2018). This means that cells expressing both α 
and β receptors can respond to IL-6 stimulation in a classical trans-
duction, also called cis-signalling. The activation of the classic pathway, 
through membrane-bound receptors, has been associated with 
anti-inflammatory, pro-regenerative and protective responses in target 
cells and tissues (Fuster and Walsh, 2014). 

Nevertheless, cells that lack the expression of the membrane IL-6R 
can be otherwise stimulated by IL-6 cytokine. An alternative signal in-
duction, called IL-6 cluster signalling, has been recently described be-
tween dendritic cells (DCs) and T cells. (Heink et al., 2017; Korn and 
Hiltensperger, 2021). In particular, Heink and colleagues observed that 
IL-6 can be trans-presented by DCs, expressing IL-6R on cell surface and 
thus operating as transmitter cells, to receiving T cells, which express 
only the β receptor (Heink et al., 2017) (Fig. 1C). 

A soluble isoform of IL-6R (sIL-6R) has been detected in various body 
fluid, including blood and urine (Adam et al., 2009; Honda et al., 1992; 
Novick et al., 1989). This soluble receptor derives, in both human and 
mouse, from the proteolytic release of the ectodomain through the ac-
tion of specific A Disintegrin and Metalloproteinase (ADAM) proteases 

(Fig. 1B). In particular, the constitutive release of IL-6R is mainly 
mediated by ADAM10, whilst the inducible shedding is mediated by 
ADAM17. It has been also demonstrated that glycosylation is an 
important regulatory mechanism in terms of proteolysis and sIL-6R 
generation, whereas it is not dispensable for trafficking, stabilization, 
and signalling of the IL-6R (Riethmueller et al., 2017). Although in 
human, but not in mice, sIL-6R also derive from alternative mRNA 
splicing, the shedding of receptor is through to be responsible for the 
bulk of serum sIL-6R (Conceição et al., 2021; Dimitrov et al., 2006; 
Honda et al., 1992; Jones et al., 2001; Riethmueller et al., 2017; Schu-
macher et al., 2015). Contrasting data have been reported about the 
prevalent involvement of one or the other mechanism (Chalaris et al., 
2010; Ferreira et al., 2013; Garbers et al., 2014; Reich et al., 2007; 
Schumacher et al., 2016). Of note, Riethmueller and colleagues gener-
ated a polyclonal antibody (ds6R) able to distinguish sIL-6R, deriving 
from alternative splicing from the full-length, and cleaved sIL-6R in 
human serum. By using ds6R they observed that only a 15.1 ± 2.8% of 
total sIL-6R in human serum derived from alternative splicing (Rieth-
mueller et al., 2017). 

In addition, it has been recently reported the localization of 
membrane-IL-6R on circulating microvesicles, suggesting the existence 
of another mechanism generating sIL-6R with the full-length IL-6R 
initially released through microvesicles and only subsequently shed into 
soluble form (Schumacher et al., 2015). While the functional role of 
sIL-6R needs of a further investigation, its prominence in physiopa-
thology is mainly ascribed to the induction of the so called transignal-
ling. Noticeably, most cells presenting both α and β receptor showed a 
higher expression of gp130 respect to IL-6R, indicating that IL-6R 
abundance is a limiting factor for IL-6 stimulation and that sIL-6R can 
otherwise amplify IL-6 signal (Rose-John, 2012). This transignalling is 
known to amplify the IL-6 biological activity with pro-inflammatory and 
pro-oxidant implications (Mihara et al., 2012). 

Upon IL-6/IL-6R stimulation, either cis- and trans-signalling results 
in the activation of non-covalently associated janus kinases (JAKs), 
responsible for the phosphorylation of tyrosine residues within the 
cytoplasmic region of gp130. Phosphorylated gp130 recruits signal 
transducers and activators of transcription (STAT1 and STAT3). The 
phosphorylated forms of these factors can in turn form active dimers 
(homo- and hetero-dimer) and translocate into the nucleus where they 
mediate the transcription of IL-6 dependent genes. Of note, although IL- 
6 can regulate STAT1-inducible genes in absence of STAT3, it has been 
proposed a prominent role for STAT3 in driving the transcriptional 
output of L-6 cytokine (Costa-Pereira et al., 2002; Hirahara et al., 2015). 

As a negative feedback, IL-6 dependent STAT3 activation also leads 
to the transcription of SOCS3 (suppressor of cytokine signalling 3), the 
negative regulator of IL-6 signalling pathway. Furthermore, IL-6/IL-6R 
complex can induce a gp130/SHP-2 (Src homology 2 domain- 
containing protein tyrosine phosphatase-2)/ERK (extracellular-signal- 
regulated kinase)/MAPK (mitogen-activated protein kinase) pathway. 

To date, how cells sense trans- and classic signalling is largely un-
known. A proposed mechanism underlying the differences in response to 
the different signalling comprises the ratio of membrane-bound IL-6R to 
gp130 on the cell surface (Reeh et al., 2019). Furthermore, it has been 
observed that, after ligand binding, the signalling complex undergoes 
rapid internalization, and thereby to termination of signalling, in a 
mechanism mediated by dileucine-like-motifs in the cytoplasmic 
domain of gp130 (Dittrich et al., 1994; Scheller et al., 2011; Wang and 
Fuller, 2017). Internalized receptors can undergo either degradation or 
recycling; it has been suggested that the internalization of IL-6 receptor 
complex is a prerequisite for activation of the Jak/STAT signalling 
cascade and that, after internalization and activation of signalling, both 
the IL-6R and gp130 are recycled back to the cell surface, a process that 
is enhanced by IL-6 (Flynn et al., 2021). Although several findings 
supported the requirement of IL-6 binding for the endocytosis of re-
ceptors (Dittrich et al., 1994; Doumanov et al., 2006; Flynn et al., 2021; 
Martens et al., 2000), recent works reported a constitutive and IL-6 
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independent mechanism of gp130 and IL-6R internalization (Flynn 
et al., 2021; Fujimoto et al., 2015). 

How and whether differences in the quantity and/or quality of 
intracellular signalling exist between the classic and transignalling 
remain to be elucidated. 

As described for IL-6R, also soluble isoforms of the beta receptor exist 
in body fluids, being generated by alternative mRNA splicing events, 
alternative polyadenylation, and shedding (Wolf et al., 2016a, 2016b). 
The full-length soluble gp130 receptor (sgp130) and the sgp130-E10 
isoform are present in blood serum, while a shorter isoform 
(gp130-RAPS) can be detected in urine and synovial fluid under 
physio-pathological conditions (Narazaki et al., 1993; Rose-John, 2012; 
Sommer et al., 2014; Zhang et al., 1998). Recent works addressed the 
potential biological impact of the three different isoforms sgp130, also 
revealing a cell type-specific expression pattern of sgp130 isoforms in 
primary human immune cells and different established human cell lines. 
It has been shown that sgp130 is able to bind the IL-6/sIL-6R complex. 
Thus, in contrast to the stimulatory action of sIL-6R, the soluble isoforms 
of gp130 exerts an inhibitory function by sequestering IL-6/sIL-6R 
complexes (Fig. 1E) (Jostock et al., 2001; Müller-Newen et al., 1998; 
Reeh et al., 2019). Of note, secretion of sgp130-E10 and sgp130-RAPS 
also showed an inhibitory function, albeit less efficient compared with 
the full-length sgp130 (Wolf et al., 2016a). This suggests that the three 
isoforms showed not only a differential expression in primary human 
leukocytes, but also a variable efficacy in blocking IL-6 transignalling, 
suggesting the existence of a fine control or protective mechanism by 
which immune cells can prevent the activation of IL-6 transignalling 
(Wolf et al., 2016a, 2016b). 

Interestingly a potential inhibitory isoform of IL-6, namely IL-6Δ4, 
which lacks the IL-6 exon 4, has been identified in human lung speci-
mens (Bihl et al., 2002). This transcript encoded for a 17 kDa IL-6 iso-
form that retains the ability to form a stable complex with IL-6R. IL-6Δ4 
not only lacks residues necessary for IL-6/IL-6 homodimerization, but 
also those required for the interaction with gp130. These data suggested 
that IL-6Δ4 might act as a competitor of the native IL-6, sequestering 
IL-6R without activating the gp130-mediated signal transduction (Bihl 
et al., 2002) (Fig. 1E). 

3. Local/transient versus systemic/persistent effects of IL-6 

Since the cellular responses to the IL-6/sIL-6R complex can be dra-
matic, a control mechanism should be necessary to control the activation 
of the transignalling. In the serum of healthy subjects, IL-6 levels are 
quite undetectable or ranging between 2 and 6 pg/ml (Rose-John, 2012; 
Scambia et al., 1994). These levels can reach the order of micrograms 
(μg) or nanograms (ng) under inflammatory or pathologic conditions. In 
contrast, the levels of sIL-6R and sgp130 significantly exceed the IL-6 
quantity, being sIL-6R physiologically in the range of 75 ng/ml and 
sgp130 levels have been found at around 250–400 ng/ml (Honda et al., 
1992; Rose-John, 2012). As elegantly described by Rose John (Rose--
John, 2012) this concentration ratio implies that circulating IL-6 is 
readily bound by sIL-6R and the complex is neutralised by sgp130. Only 
when IL-6 levels exceed the levels of sIL-6R and sgp130, it is free to act 
systemically (Rose-John, 2012). 

Interestingly, it has been demonstrated that type 2 diabetes patients 
displayed high levels of circulating IL-6 with a concomitant significant 
reduction in both sIL-6R and sgp130 serum levels, compared with 
healthy control subjects (Aparicio-Siegmund et al., 2019). The authors 
of the study speculated that chronic overload of the buffer system due to 
high levels of IL-6 may contribute to the reduction in both sIL-6R and 
sgp130 serum levels and thus significantly disturb the buffer system 
(Aparicio-Siegmund et al., 2019). Altogether these observations clearly 
indicated how the optimal concentration of IL-6 and of its signalling 
components is determinant to guarantee homeostasis. 

Indeed, a low and/or time-controlled release of IL-6 is associated 
with anti-inflammatory, antioxidant, and homeostatic actions. In 

contrast, at deregulated levels, IL-6 can act as a pro-inflammatory, pro- 
oxidant and pro-fibrotic mediator, contributing to chronic diseases. 

Overall, the biphasic/opposite role of IL-6 activity can be explained 
by the concept of hormesis, in which a stressor can exert negative or 
beneficial actions depending on the intensity, the persistence, and the 
nature of the response it evokes (Fig. 2). 

IL-6 is produced by many cell types, including immune and non- 
immune cells, and is well recognised as a warning molecule, promptly 
activating the response against various stressors such as infections and 
tissue damage (Mauer et al., 2015). In infected lesion IL-6 production is 
stimulated by pathogen-associated molecular patterns (PAMPs) through 
the activation of pathogen-recognition receptors (PRRs) on immune 
cells. On the other hand, traumatic events lead to sterile inflammation 
and IL-6 production through the stimulation of TLRs by 
damage-associated molecular patterns (DAMPs), which are molecules 
released by damaged cells. Both mechanisms induce the activation of the 
NF-kB pathway, a master regulator of the inflammatory response lead-
ing to the expression of pro-inflammatory cytokines and chemokines, 
including IL-6. Once produced, IL-6 can locally act at the site of the 
lesion and can reach target tissues and organs through bloodstream. 
Under warning conditions, one of the main targets of circulating IL-6 is 
liver, where IL-6 induces the release of a wide range of acute phase 
proteins such as C-reactive protein (CRP), serum amyloid A (SAA), 
fibrinogen and haptoglobin (Heinrich et al., 1990). Acute phase pro-
teins, in turn, influence the stages of inflammation exerting both pro- 
and anti-inflammatory actions, favouring tissue repair or inducing 
pathologic changes. C-reactive protein is involved in the activation of 
the complement system. Furthermore, it can recognize pathogens and 
constituents of damaged cells, contributing to stimulate the elimination 
of targeted cells (Gabay and Kushner, 1999). SAA is known to influence 
cholesterol metabolism and the adhesion/chemotaxis of phagocytic cells 
and lymphocytes. However, elevated levels of SAA have been associated 
with secondary amyloidosis in chronic inflammatory conditions and to 
the establishment of a pro-metastatic niche (myeloid cell/fibrosis 
accumulation) in a murine model of cancer (J. W. Lee et al., 2019). It has 
been recently reported that SAA exerts a direct action on T naïve cells, 
promoting TH17 differentiation and response amplification. Interest-
ingly, the induction of a pathogenic/pro-inflammatory differentiation 
program by SAA involved the collaborative action of STAT3-activating 
cytokines, including IL-6 (Lee et al., 2020). Haptoglobin (Hp) and 
Hepcidin are physiologically involved in the iron homeostasis and, when 
deregulated, are correlated to the inflammation-related iron alteration 
(Cronjé et al., 2017; L. Forcina et al., 2019a, 2019b; Kemna et al., 2005; 
Weinstein et al., 2002). Fibrinogen can increase the permeability of 
blood vessels at the inflammatory lesion, where it is enzymatically 
converted to polymeric fibrin (Davalos and Akassoglou, 2012; Weisel 
and Litvinov, 2013). On the other hand, excessive fibrinogen accumu-
lation and fibrin deposition contribute to pathologic fibrogenesis. Since 
IL-6 is the main stimulator of the acute phase response, the deregulation 
of systemic levels of this cytokine and/or its long-lasting persistence in 
bloodstream can contribute to secondary pathogenic mechanisms asso-
ciated with a chronic stress response, including metabolic alterations, 
anaemia, impaired growth, and muscle mass. 

3.1. Skeletal muscle as a source and a physio-pathologic target of IL-6 

Skeletal muscle tissue, based on its metabolic, immunological, and 
mechanical activities, is known to influence the homeostatic balance of 
the entire organism, by releasing specific signalling molecules. During 
physical activity, muscle releases a series of factors and peptides, known 
as myokines, that stimulate muscle growth and hypertrophy, increase fat 
oxidation, enhance insulin sensitivity, and induce anti-inflammatory 
actions (Fig. 2) (Pedersen et al., 2003). These molecules are not only 
responsible for the autocrine regulation of metabolism in muscle tissue, 
but also contribute to the regulation of adipose tissue, liver, and brain, 
with a para/endocrine action (Carson, 2017; Lee and Jun, 2019). 
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Among myokines, IL-6 is expressed and released by both type I and 
type II muscle fibers and exerts its effects both locally, within the mus-
cle, and on peripheral organs, acting in a hormone like fashion. Spe-
cifically, in skeletal muscle, IL-6 acts through the gp130/IL-6R complex, 
resulting in the activation of different anabolic pathways, including 
AMP-kinase, phosphatidylinositol 3-kinase, increasing glucose uptake 
and fat oxidation, regulating the behaviour of satellite cells (SCs), the 
adult stem cell reservoir of the muscle (Fig. 2). Accordingly, mice 
lacking IL-6 showed reduced proliferation of SCs and SCs-derived 
myoblasts, and impaired incorporation of nuclei into growing myo-
fibers under overloading conditions (Serrano et al., 2008). 

Muscle-released IL-6 acts also in endocrine manner, increasing he-
patic glucose production and lipolysis in adipose tissue, and regulating 
tissue homeostasis. Of note, the peak IL-6 level is reached at the end of 
the exercise or shortly thereafter, followed by a rapid decrease towards 
pre-exercise levels. The rapid down-regulation of IL-6 levels in both 
muscle and plasma represents an important and critical parameter 
which guarantee the maintenance of tissues homeostasis (Pedersen 
et al., 2001; Petersen and Pedersen, 2005). This is an important mech-
anism that guarantee the maintenance of muscle and organs function 
and suggests that physical activity selectively adjusts the signalling 
network of cytokines toward lower levels of inflammation. Interestingly, 
Kistner and collaborators proposed a model in which IL-6, when released 
by skeletal muscle upon physical exercise, can act as a short-term energy 
allocator based on the following considerations: i) it is secreted from 
muscle in response to an energy deficit, ii) it liberates somatic energy 
through lipolysis and iii) it enhances muscular energy uptake and 
transiently downregulates immune function (Kistner et al., 2022 for a 
review). Thus, modelling IL-6 as an energy allocator elucidates how it 
can perform seemingly contradictory metabolic effects across the body 
(Kistner et al., 2022). 

Indeed, it has been demonstrated that physical activity is associated 
with lower circulating levels of proinflammatory biomarkers, including 
IL-6, in both young and older population (Elosua et al., 2005). Never-
theless, skeletal muscle, along with other tissues, is also a target of IL-6 
produced by other sources, which exerts opposite effect compared to the 
IL-6 myokine. Indeed, IL-6 is not only secreted by skeletal muscle but 

also by various cell types and tissues and organs, including activated 
immune, stromal and endothelial cells, adipose tissue, and liver (Tanaka 
et al., 2014). 

The catabolic effects of IL-6 are normally associated with prolonged 
and high levels of the cytokine into the circulation, as confirmed by 
several studies. Chronic administration of IL-6 to animal models, ob-
tained through various experimental approaches (systemic administra-
tion, local infusion or in vivo electroporation) significantly affects 
muscle mass, muscle protein content, and muscle growth (Bodell et al., 
2009; Carson and Baltgalvis, 2010; De Benedetti et al., 1997; Pelosi 
et al., 2021). Indeed, chronic exposure to elevated levels of this cytokine 
leads to muscle atrophy, exacerbates muscle diseases (Haddad et al., 
2005; Pelosi et al., 2015; Serrano et al., 2008) and interferes with 
myogenic differentiation in C2C12 myoblasts (M. Pelosi et al., 2014). 
Noticeably, IL-6 cytokine is known to be released by different type of 
tumours associated with cachectic conditions (Jones and Jenkins, 2018; 
Kistner et al., 2022; Petruzzelli et al., 2014; Rupert et al., 2021). In a 
murine model of cancer cachexia, it has been described that IL-6 
chronically released by C26 carcinoma cells plays an important role in 
inducing the browning of white adipose tissue and the development of 
cachectic phenotype (Petruzzelli et al., 2014). Furthermore, in pancre-
atic adenocarcinoma (PDAC) has been proposed that the development of 
cachexia can involve the establishment of an IL-6 transignalling loop 
between malignant cells, fat, and muscle (Rupert et al., 2021). 

Based on this evidence and on the fact that cancer cells compete with 
other cells for energy, it has been recently hypothesized that cancer cells 
can co-opt short-term energy-allocation mechanisms, such as IL-6, to 
gain continued access to somatic energy, which may sustain cancer 
proliferation (Kistner et al., 2022). 

Contrasting actions and pleiotropic functions of this factor has been 
associated with the complexity of signalling pathways it can induce, as 
well as with the hormetic nature of the signal transduction. In line with 
its pleiotropic functions, IL-6 emerges as an elective candidate to link the 
inflammatory and the oxidative aspect of aging and age-related diseases, 
as the two faces of the same coin. 

Although the causal relation between inflammation and disability 
has to be still clarified, one of the most corroborate hypothesis is that 

Fig. 2. The effects of IL-6 depending on con-
centration, persistence, and signal transduction. 
Muscle-derived IL-6, released upon physical 
exercise acts both locally and systemically on 
skeletal muscle and other tissues. The transient 
production of IL-6 positively influences muscle 
homeostasis and whole-body metabolism by 
enhancing glucose production/uptake, insulin 
secretion/sensitivity, lipolysis, hypertrophic 
and anti-inflammatory mechanisms. In contrast, 
the persistence of high-level IL-6 is associated 
with muscle atrophy, redox imbalance, insulin 
resistance and chronic inflammatory response. 
Mt (mitochondria); IGF-1 (Insulin-like growth 
factor-1); AMPK (Adenosine monophosphate- 
activated protein kinase); SCs (Satellite cells); 
m1ϕ/m2ϕ (m1/m2-like macrophages); IL-1β 
(Interleukin-1 beta); TNFα (Tumour Necrosis 
Factor alpha); ROS (Reactive oxygen species); 
sIL6R (soluble IL-6 receptor); m (membrane); 
GI (Gastro-intestinal trat); GLP-1 (Glucagon- 
like peptide-1); IL-1ra (Interleukin-1 receptor 
antagonist); IL-8 (Interleukin-8); IL-10 (Inter-
leukin-10).   
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inflammatory mediators may be determinants of physical decline 
exerting catabolic effects on skeletal muscle tissue (Schaap et al., 2006). 

In particular, IL-6 is known to be involved in the regulation of muscle 
protein degradation. As observed in murine models, increased levels of 
this cytokine were associated with significant increase of cathepsin 
levels in skeletal muscle (Tsujinaka et al., 1996), with the reduced 
phosphorylation of ribosomal protein kinase S6K1 (Haddad et al., 2005) 
and to the enhanced expression of markers of the ubiquitin-proteasome 
pathway, the muscle-specific E3 ubiquitin ligases MAFbx/Atrogin1 and 
Muscle RING Finger-1 (MURF-1) (Forcina et al., 2019c). Also in vitro 
studies, performed on myogenic cell line, showed that exogenous IL-6 
induced proteolysis by activating intracellular proteases. In particular, 
different authors reported increased lysosomal and ubiquitin-related 
proteins and enzymatic activity (cathepsins B and L, proteasome, ubiq-
uitin ligase E3 α-II) in C2C12 myoblasts treated with IL-6 (Belizário 
et al., 2016; Ebisui et al., 1995; Kwak et al., 2004). 

Although the connection between immune system and muscle tissue 
has been considered as a unidirectional signalling, mounting evidence 
indicate skeletal muscle as a regulator of immunological and inflam-
matory processes (Afzali et al., 2018). Indeed, since age-dependent al-
terations of the intrinsic immunological properties of skeletal muscle are 
described (Duggal et al., 2018; Quinn et al., 2010), a potential central 
role of muscle tissue in contributing to immune dysfunction during 
aging has been proposed (Afzali et al., 2018). Duggal and colleagues 
reported that physical activity can ameliorate major features of immu-
nosenescence. When compared with sedentary elder, master cyclists 
showed reduced signs of a decline in thymic output, inflammaging and 
increased Th17 cell responses (Duggal et al., 2018). Interesting, active 
elders showed increased circulating levels of IL-7 and IL-15, which are 
immunoregulatory myokines, and lower levels of IL-6. Although it is 
well known that IL-6 production is transiently induced by physical ex-
ercise, the described results on elder athletes are in accordance with the 
concept of pre-conditioning and hormesis. Indeed, a stressor can exert 
negative or beneficial actions depending on the intensity, the persis-
tence, and the nature of the response it evokes. Furthermore, the 
exposure to a low dose of a substance, with high-dose negative effect, 
can induce adaptive and protective mechanisms (Martucci et al., 2017). 

Indeed, despite the homeostatic action of pulse IL-6 secretion upon 
physical exercise, the persistence of high-level IL-6 is mainly associated 
with pro-inflammatory effects, enhancing T-cell recruitment and 
expansion, antibody production from B-cells, lymphocyte trafficking 
and abrogating of de novo regulatory T-cell (Treg) differentiation (Nelke 
et al., 2019; Schaper and Rose-John, 2015). 

IL-6 not only is a pro-inflammatory cytokine with a well-established 
role in the shift between acute and chronic inflammation, but it has been 
also recognised as a pro-oxidant factor able to disturb the systemic and 
local redox balance under physio-pathologic conditions (Forcina et al., 
2019c, 2019b; Pelosi et al., 2017, 2015; Petrillo et al., 2017; Rose-John, 
2012). It has been reported that high levels of IL-6 in the bloodstream of 
transgenic animals (NSE/hIL-6 mouse model) (De Benedetti et al., 1997) 
exert a local effect on skeletal muscle homeostasis. In particular, the 
persistent stimulation of IL-6 signalling enhanced the generation and 
accumulation of free radicals in the diaphragm muscle of adult mice 
overexpressing IL-6 (Forcina et al., 2019b). Interestingly, IL-6 deregu-
lation significantly impaired the endogenous antioxidant defence 
mediated by the nuclear factor erythroid 2-related factor 2 (Nrf2). The 
imbalance between ROS production and detoxification has been asso-
ciated with the occurrence of oxidative damage and with the alteration 
of molecular regulative circuits, resulting in the significative reduction 
of myofiber size and strength (Forcina et al., 2019b). More recently, the 
loss of muscle mass and force-generating capability in presence of 
deregulated levels of IL-6 has been further associated to both loss and 
switch of more resistant slow-type I oxidative fibers toward more sen-
sitive fast type II glycolytic fibers (Pelosi et al., 2021). These observa-
tions suggested that the persistence of supra-physiologic amounts of 
serum IL-6 can induce muscle atrophy through multiple wasting 

mechanisms: i) activating catabolic pathway of protein degradation; ii) 
promoting a slow to fast shift in fiber type composition; iii) enhancing 
the establishment of pro-oxidant conditions that can preferentially affect 
fast fibers, which present a lower antioxidant defence; iv) reducing the 
expression of antioxidants and thus weakening slow-oxidative fibers 
that are known to be subject to elevated levels of ROS because of their 
oxidative metabolism. 

4. Looking at Interleukin-6 as a “Gerokine”: the spectrum of IL-6 
actions in healthy and bad aging 

Aging represents an inexorable process that involves dynamic 
changes of biological mechanisms critical for survival. Although the age- 
related modification of some physiologic conditions can be considered 
as benign features of aged organisms, the progressive deterioration of 
physiological and biochemical functions significantly affects the quality 
and the duration of life. Nevertheless, the molecular mechanisms asso-
ciated to healthy or bad aging are largely unknown. 

The causes of ageing can be numerous: from genome to exposome, 
with positive and negative factors that can affect length and/or quality 
of life. In this context, define the factors, pathways and conditions that 
can discriminate the individual’s health status also represent an 
important issue for the predictive medicine. Among factors, IL-6 is a 
pleiotropic cytokine involved in aging and age-related diseases and a 
wealth of studies on humans and animal models highlighted the corre-
lation between IL-6 levels and aging-related syndromes (Mladen Jer-
govic et al., 2020). While the presence of a low-grade inflammation is 
not specifically associated with peculiar clinical signs, the persistence of 
inflammatory mediators in bloodstream is through to contribute to un-
healthy aging, increasing the risk of developing pathologies such as 
cardiovascular disease, cancer, sarcopenia, neurodegeneration, and 
frailty (Beyer et al., 2012; Jenny et al., 2012; Payette et al., 2003; 
Quaglia et al., 2014; Trichopoulos et al., 2006; Vasan et al., 2003). 
Indeed, an elevation of key inflammatory factors has been reported as 
predictor of mortality in unhealthy elderly individuals (Bruunsgaard 
et al., 2003; Ferrando-Martínez et al., 2013; Giovannini et al., 2011; 
Puzianowska-Kuźnicka et al., 2016; Wassel et al., 2010). It has been 
demonstrated that IL-6 serum levels, out of an extensive battery of po-
tential inflammaging markers, were most robustly associated with 
all-cause and cause-specific mortality in very old people, whereas low 
baseline IL-6 serum levels represent the best predictor for both survival 
and no or infrequent hospitalizations (Adriaensen et al., 2015; Akbaraly 
et al., 2013; Harris et al., 1999). Interestingly, centenarian people, dis-
playing an exceptional longevity, seem to retain the ability to efficiently 
repair DNA damage and are likely to be protected against inflamm-aging 
(Storci et al., 2019). Indeed, cells isolated from centenarians showed low 
levels of DNA damage and a peculiar anti-inflammatory molecular 
pattern. In particular, dermal fibroblasts isolated from centenarians 
presented a reduced expression of pro-inflammatory factors, such as 
specific micro-RNAs associated with age-related inflammatory diseases, 
and low levels of IL-6 cytokine compared with aged people (Storci et al., 
2019). Interestingly, the identification of an inflammatory clock of aging 
(iAge), which can be used as a metric for healthy/unhealthy aging, led to 
the observation that centenarians display lower inflammatory clock 
index (protecting phenotype) tracking with exceptional longevity 
(Sayed et al., 2021). Table 1. 

IL-6 can represent a good candidate in triggering age-related path-
ological changes and, in that regard, it has been defined as a cytokine for 
gerontologists by William Ershler in 1993 (Ershler, 1993). Furthermore, 
the GG single nucleotide polymorphism (SNP) in the IL-6 gene promoter 
(− 174 G/C), that has been associated to the enhanced IL-6 expression in 
both in vitro and in vivo studies, was reported in negative correlation 
with longevity (Bonafè et al., 2001; Di Bona et al., 2009; Fishman et al., 
1998; Giacconi et al., 2004; Hoffmann et al., 2001; Olivieri et al., 2002). 
Furthermore, a recent study performed on a mouse model with inducible 
IL-6 expression (IL-6TET-ON/+ mice) reported that elevated IL-6 serum 
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levels are directly associated with age-related frailty, proposing spleen 
neutrophils as the main source of IL-6 (Mladen Jergovic et al., 2020). 
Noticeably, elevated levels of IL-6 have been found in human cells and 
murine model of Hutchinson–Gilford progeria syndrome (HGPS) 
(Squarzoni et al., 2021). HGPS is a rare syndrome inducing premature 
aging in children and it is characterised by skin alterations, osteoporosis, 
lipodystrophy and cardiovascular disfunctions (Filgueiras-Rama et al., 
2018; Gonzalo et al., 2017; Hamczyk et al., 2018; Squarzoni et al., 
2021). In this context, Squarzoni and colleagues recently reported that 
IL-6 neutralization, obtained by anti-IL6 receptor antibody, ameliorates 
the features of accelerated aging in HGPS fibroblast and progeroid mice 
(Squarzoni et al., 2021). These results suggested a role for IL-6 and its 
signalling in contributing to aging-related alterations, highlighting a 
potential therapeutic use of IL-6 inhibitors in ameliorating the quality of 
life in elderly. Indeed, IL-6 is a pleiotropic factor that, when deregulated, 
has been associated to inflammatory diseases and a role for this cytokine 
in ageing and age-related diseases has been proposed over time. 

It is well known that IL-6 is normally low or undetectable in healthy 
adults, while a sensible elevation of serum IL-6 amounts with advancing 
age has been extensively described. Interestingly, a further elevation of 
IL-6 concentrations has been reported in very old people (Akbaraly 
et al., 2013; Bermejo-Martin et al., 2020; Puzianowska-Kuźnicka et al., 
2016). Moreover, although authors reported contrasting data, a wealth 
of studies support the potential correlation of IL-6 levels with aging and 
chronic morbidity (Maurel et al., 2007; Puzianowska-Kuźnicka et al., 
2016). Experimental conditions, stratification parameters and the 

medical health screening of enrolled subjects may explain contradicting 
results (Alley et al., 2008; Ferrucci et al., 2005). 

For Instance, in 2001, a study performed on twenty young (aged 
20–30 years) and twenty six elderly (>65 years) men, reported no dif-
ferences in serum IL-6 levels between the two groups, with variable but 
low IL-6 levels (<100 pg/ml) in both young and elderly healthy subjects 
(Beharka et al., 2001). 

In contrast, Wyczalkowska-Tomasik and colleagues investigated the 
dynamic of changes of serum levels of IL-6, IL-8, TNF, IL-6R, TNF-R1, 
and CRP according to age (Wyczalkowska-Tomasik et al., 2016). In this 
study they included healthy individuals of 20–90 years of age divided for 
decade of life and into subgroups of ≥ 65 or < 65 years. It has been 
observed that healthy older people presented low serum levels of 
pro-inflammatory factors, in accordance with the low-grade nature of 
inflammaging. However, detected levels were higher in elder partici-
pants than in younger population, highlighting the importance of 
considering the adjustment of normal ranges in the elderly (Wyczal-
kowska-Tomasik et al., 2016). 

A prospective population-based study evaluated, among other fac-
tors, blood levels of IL-6 as a potential predictor of mortality only in 
nonagenarians. Although an elevation of circulating IL-6 has been re-
ported in subjects lost at the follow-up than in those who survived, when 
data were adjusted for risk factors, IL-6 levels did not emerge as a sig-
nificant predictor of mortality (Jylha et al., 2007). 

In contrast, Reuben and colleagues (Reuben et al., 2000) reported a 
43% 4-year mortality rate in elderly people with high IL-6 levels 
(≥3 pg/ml), whilst subjects presenting low amounts of IL-6 into circu-
lation (IL-6 <3 pg/ml) showed a 19% mortality rate. Another study, 
considering 3044 middle-aged adults, reported that the persistence of 
high levels of IL-6 sensibly reduced the odds of successful aging at the 
10-year follow-up. In particular, the authors highlighted a correlation 
between increasing IL-6 levels (>2 pg/ml) and increasing probability of 
cardiovascular disease and death, in a dose–response fashion (Akbaraly 
et al., 2013). Since IL-6 levels are increased not only with advancing age 
but also in concomitance with pathologies, that are critical risk factors 
for mortality, IL-6 has been proposed as both a cause and a consequence 
of morbidity (Maurel et al., 2007). 

More recently, results from a PolSenior study, considering ≥ 65 years 
old seniors (n = 4979 individuals), revealed a significant association of 
elevated levels of serum IL-6 and CRP with poorer physical and cognitive 
performance. Puzianowska-Kuźnicka and colleagues (Puzianowska--
Kuźnicka et al., 2016) reported a general, age-dependent, increase of 
IL-6 levels in human subjects. Furthermore, stratifying subjects for dis-
eases or healthy aging, they observed that a longer survival was asso-
ciated with lower concentrations of IL-6 in individuals with 
aging-related diseases/disability and also in the successfully aging 
subgroup (Puzianowska-Kuźnicka et al., 2016). Accordingly, it has been 
recently highlighted a correlation between IL-6 levels and the severity of 
sarcopenia, a condition critically impairing physical function and 
quality of life in elderly (Resliany Rachim et al., 2020; Rong et al., 2018). 
Interestingly, IL-6 levels increased according to the severity of sarco-
penia with an IL-6 concentration of 67.47 pg/ml associated with prob-
able sarcopenia, 135.36 pg/ml in the sarcopenic group, and 
287.99 pg/ml in subjects affected by severe sarcopenia (Resliany 
Rachim et al., 2020). 

Noticeably, increased amounts of pro-inflammatory mediators such 
as TNFα, IL-1β and IL-6 into circulation has been implicated in the 
pathogenesis of age-related conditions and has been also proposed as 
biomarkers of vulnerability for cognitive disorders (Warren et al., 2018). 
Indeed, peripheral and local inflammation can play a determinant role 
in promoting brain degeneration. A chronic inflammatory condition has 
been associated with the occurrence of morphologic signs of brain 
alteration, dementia, and psychiatric disorders. On the other hand, a 
concomitance of both systemic inflammation, highlighted by elevated 
levels of serum C-reactive protein (CRP), and neuroinflammation have 
been found in Alzheimer’s Disease (AD) patients. 

Table 1 
Factors enhanced during aging, exerting nonmonotonic effects.   

Acute/Low-Level Chronic/High-Level References 

GDF- 
15 

It is recognised as a 
mitokine with 
cardioprotective and 
neuroprotective 
actions. 

Circulating levels of 
GDF15 are associated 
with cardiovascular 
diseases, insulin 
resistance and type 2 
diabetes, 
neurodegeneration, and 
mortality. 

(Conte et al., 2022, 
2020, 2019; Liu 
et al., 2021; 
Martucci et al., 
2020) 

IGFBP1 IGFBP1 protects 
from senescence in 
vitro. 

IGFBP1 levels increase 
with aging and 
correlate with the 
severity of coronary 
atherosclerosis in aging 
patients. 

(Nolte et al., 2015; 
Wu et al., 2019) 

IL-6 Anti-inflammatory 
and pro-regenerative 
actions. IL-6 local 
and transient 
production is 
involved in satellite 
cell proliferation and 
hypertrophic muscle 
growth. 

Pro-inflammatory, 
catabolic action. 
Alteration of muscle 
redox balance. 
Increased levels of IL-6 
during aging have been 
associated with 
sarcopenic condition 
and mortality. 

(Forcina et al., 
2019a, 2019c; 
Maurel et al., 2007; 
Muñoz-Cánoves 
et al., 2013; Pelosi 
et al., 2021; 
Resliany Rachim 
et al., 2020; Serrano 
et al., 2008) 

PTH Intermittent 
exposure to PTH 
increase bone mass; 
it has been approved 
as a therapy for 
osteoporosis. 

Persistent high-level 
PTH causes bone loss. 
PTH levels increase 
with age and correlate 
with age-related 
syndromes such as 
frailty, osteoporosis, 
and sarcopenia. 

(Carrivick et al., 
2015; Li et al., 2019; 
Miller et al., 2016; 
Murthy and Duque, 
2021; Wells, 2011) 

ROS Low levels of ROS 
modulate protein 
structure and 
function, activate 
signal transduction 
pathways, and 
modulate gene 
expression. ROS 
stimulate 
antioxidant and 
repair processes. 

Damage of DNA, 
proteins, and lipids; cell 
death and mutation. 
Induction of oxidative 
stress and cell 
senescence. 

(Davalli et al., 2016; 
Martin and Barrett, 
2002; Poljsak et al., 
2013)  
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Regarding pro-inflammatory factors that can play a central role in 
inducing age-dependent defects in aged brain, IL-6 is of particular 
relevance. Indeed, circulating levels of IL-6, which are normally quite 
undetectable, are known to increase during aging and several studies 
have correlated the persistence of plasma IL-6 with cognitive impair-
ments in aged individuals (Godbout and Johnson, 2004; Warren et al., 
2018; Weaver et al., 2002). The deregulation of IL-6 production in aging 
has been described as a possible consequence of the immunosenescence. 
In fact, it has been described that the tightening regulation of the im-
mune system decline over time leading to the unwarranted release of 
pro-inflammatory cytokines, including IL-1β, TNFα and IL-6. Accord-
ingly, it has been reported that lymphoid cells isolated from aged in-
dividuals are able to spontaneously secrete IL-6 (Daynes et al., 1993). In 
reference to the psycho-neuro-inflammatory theory, the age-related 
alteration of the peripheral immune system can contribute to the 
establishment of a local pro-inflammatory milieu specifically in the aged 
brain. It has been postulated that the dysregulation of the immune 
communication between peripheral and central nervous system can play 
a prominent role in the development of pathologic conditions which 
include Alzheimer’s disease (AD), dementia, depression, psychosis, and 
schizophrenia. Indeed, cytokines, such as IL-6, can pass the 
blood-brain-barrier (BBB), influencing the neural environment. 

However, the increased amount of IL-6 in aged brain has been rec-
ognised not only as a consequence of the systemic inflammation, but also 
as a local maladaptive mechanism in neural cells. During aging neurons 
undergo morpho-functional changes and start to overproduce inflam-
matory mediators. In aged mice, a significant increase of IL-6 has been 
reported in the whole brain and in regions specifically compromised 
during aging, such as cerebral cortex and hippocampus. Of note, 
increased amounts of IL-6 in relation with aging can significantly impact 
adult neurogenesis in the dentate gyrus of the hippocampus, which is 
known to retain adult neural progenitors in a peculiar stem cell niche 
(Fig. 3). Moreover, the persistent release of inflammatory cytokines in 
and out of brain can promote the alteration of the BBB, leading to im-
mune cell infiltration of the central nervous system (CNS). On the other 
hand, elevated levels of IL-6 in neuro-environment have been reported 
to induce the activation of microglia and astrocytes (Fattori et al., 1995; 
Godbout and Johnson, 2004; Gyengesi et al., 2019; Lin et al., 2018), 
non-neuronal cells involved in the immune regulation of the CNS. 

Noticeably, microglia isolated from aged murine brain spontaneously 
release IL-6 (Ye and Johnson, 1999) and transgenic mice characterized 
by a cerebral overexpression of IL-6 showed a precocious and persistent 
activation of microglia, that can contribute to the loss of brain volume 
over time (Gyengesi et al., 2019). Furthermore, transgenic mice char-
acterized by astrocyte production of IL-6 (GFAP-IL6 mice) displayed 
neuropathologic manifestations including neurodegeneration, impaired 
hippocampal neurogenesis, astrocytosis and angiogenesis (Campbell 
et al., 2014, 2010, 1993). Interestingly, the induction of sgp130 
expression in GFAP-IL6 model alleviates the gliosis, vascular changes, 
and rescues neurogenesis (Campbell et al., 2014). These findings not 
only highlighted a pivotal role of IL-6 deregulation in the development 
of degenerative changes in central nervous system (CNS) but also sug-
gested that the detrimental impact of IL-6 on CNS can be mainly 
mediated by transignalling. 

Another aspect worth considering is the neurotoxic effect of IL-6 
cytokine. Toulmond and colleagues (Toulmond et al., 1992) described 
that the local infusion of IL-6 was protective against the excitotoxic 
action of N-methyl-D-aspartate (NMDA) in rat brain. These data are in 
accordance with the recognised role of IL-6 in mediating the acute 
response to brain injury and promoting neuro-regeneration. However, in 
an hormetic fashion, the neuroprotective action of IL-6 has been asso-
ciated to a transient increase of local levels, whereas a chronic height-
ened expression of this cytokine has been shown to increase the 
membrane and current response to NMDA leading to neurotoxicity (Qiu 
et al., 1998). More recently, a synergic effect of IL-6 on β-amyloid 
peptide (Aβ) toxicity in AD patients has been reported, further broad-
ening the potential involvement of IL-6 cytokine in the occurrence and 
progression of neurodegenerative diseases (Rothaug et al., 2016). 

A role for IL-6 heightening with advancing age has been also pro-
posed in the development of bone disorders and cardiovascular diseases. 
Osteoporosis is a multifactorial bone disorder common in elderly. It is 
characterized by the progressive density reduction and micro-
architectural deterioration of bone tissue, resulting in the increase of 
bone fragility and fractures (Christodoulou and Cooper, 2003; Fajar and 
Azharuddin, 2017). 

Several studies have reported the role of IL-6 in the pathogenesis of 
osteoporosis and osteolytic bone disorders (Fajar and Azharuddin, 2017; 
Franchimont et al., 2005; Kudo et al., 2003; Roodman et al., 1992). A 

Fig. 3. IL-6 as a “gerokine” affecting the aged 
brain, bone, and skeletal muscle. A schematic 
overview of IL-6 actions on different tissues 
during aging. IL-6 can cross the blood brain 
barrier (BBB) and can be released by neural 
cells altering the neuroenviroment, exerting 
detrimental effects on neurogenesis and neu-
rons. In bone tissue, IL-6 can affect the balance 
between osteoblasts and osteoclasts, being 
associated with osteoporosis and osteolytic 
disorders. In skeletal muscle deregulated levels 
of IL-6 can exert catabolic actions and alter the 
local redox balance.   
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recent meta-analysis study investigating the association between the 
IL-6 − 174 G/C gene polymorphism and the risk of osteoporosis re-
ported that a positive correlation between G allele and susceptibility to 
osteoporosis. In contrast, the C allele, associated with reduced plasma 
levels of IL6, was correlated with a reduced risk of osteoporosis (Fajar 
and Azharuddin, 2017). The potential role of IL-6 in the regulation of 
bone turnover and bone loss further derived from several animal studies 
(De Benedetti et al., 2006; He et al., 2020; Li et al., 2016, 2021; Poli 
et al., 1994). In 1994, Poli and colleagues described that IL-6 deficient 
mice were resistant to bone loss caused by ovariectomy-induced estro-
gen depletion (Poli et al., 1994). More recently, it has been observed that 
IL-6 KO mice are protected against trabecular bone loss occurring under 
obesity conditions (Li et al., 2021). A potential mechanism by which IL-6 
deregulation can affect bone tissue may involve the disturbance of the 
balance between osteoblast and osteoclast activities (De Benedetti et al., 
2006). In particular, it has been described that IL-6 directly promotes 
osteoclastogenesis, by a RANKL-independent mechanism, and bone 
resorption in both in-vitro and in-vivo studies (Heymann and Rousselle, 
2000; Kudo et al., 2003). Furthermore, transgenic mice overexpressing 
IL-6, characterized by osteopenia and severe alterations in cortical and 
trabecular bone microarchitecture, presented decreased osteoblast and 
increased osteoclast number and activity (De Benedetti et al., 2006). 
Interestingly, IL-6 blockade through IL-6-neutralizing antibody (IL-6 
nAb) has shown to alleviate the loss of bone tissue induced by modelled 
microgravity (He et al., 2020). 

Aging also represents a risk factor for cardiovascular diseases (CVD). 
A persistent inflammatory status, and in particular cytokines, have been 
reported to directly affect vascular cells, causing vascular dysfunction 
(Cortez-Cooper et al., 2013). 

IL-6, based on its role in inflammatory events and in the regulation of 
fibrinogen synthesis, has been extensively proposed as a marker of 
vascular risk, cardiovascular burden and CVD events in both humans 
and rodents (Bao et al., 2015; Patterson et al., 2010; Ridker and Luscher, 
2014). Interestingly, increased levels of soluble IL-6R have been also 
identified as a potential indicator of early vascular changes associated 
with CVD (Cortez-Cooper et al., 2013). 

Thus, although the precise role of IL-6 as a “gerokine” has still to be 
clarified, several studies suggested IL-6 signalling as a key pathway 
involved in aging, aging-associated diseases, and chronic diseases 
occurring in advancing age (Akbaraly et al., 2013; Barbieri et al., 2003; 
Perry et al., 2003) (Fig. 3). 

5. IL-6, immune dysregulation, and COVID-19: Keep calm the 
cytokine storm 

Aging is associated with a wide range of physio-pathologic modifi-
cations affecting the entire organism and is associated with the increased 
risk to develop age-related diseases (ARDs) and geriatric syndromes 
(GSs). Recently, the aged population has been dramatically affected by 
COVID-19 outbreak all around the World, being the hardest hit popu-
lation by the pandemic. 

The worldwide expansion of Severe Acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), also known as 2019-nCoV, in light of the 
outbreak in China in December 2019, has rapidly become a “global heart 
concern”. This novel coronavirus, belonging to the Coronaviridae family 
of single-stranded RNA viruses, can induce a disease condition known as 
Coronavirus disease (COVID-19), mainly characterised by general clin-
ical features such as fever and respiratory symptoms with a broad range 
of severity and progression patterns (Tu et al., 2020; Zhai et al., 2020). 

Although the majority of affected people developed a mild flu-like 
symptomatology, with fever, fatigue, sore throat and cough, a not 
negligible percentage of infected people developed severe pneumonia 
with lethal consequences. Several epidemiologic studies are revealing 
that elderly people, with reference to those with concomitant pathol-
ogies, showed a major susceptibility to progress to severe disease. It has 
been reported a higher proportion of patients with IV and V pneumonia 

severity index (PSI) in the aged cohort compared to the young/middle- 
aged. Coherently, the mortality rate in old patients (≥60 years of age) is 
higher compared with middle aged patients (˂ 60 years of age). Why the 
spectrum of symptom intensity displayed by SARS-CoV-2 infected peo-
ple widely vary from asymptomatic to lung lesions, acute respiratory 
distress syndrome and death is still under investigation. 

Important evidence emerged by serological studies is that most of the 
patients with severe COVID-19 presented increased serum levels of pro- 
inflammatory cytokines, the so-called cytokine storm. Studies 
comparing opposite outcomes in COVID-19 patients (discharge and 
death) highlighted that markers of heart damage and inflammatory 
mediators, such as CRP, IL-6, and D-dimer, can be recognised as powerful 
predictors of mortality (Ponti et al., 2020; Sabaka et al., 2021; Velavan 
and Meyer, 2020). Among cytokines, IL-6 heightening in patients 
developing severe illness drew great clinical and scientific attention, 
based also on the involvement of this cytokine in aging and ARDs, that 
are known to increase the risk of poor outcomes of SARS-CoV-2 
infection. 

Mounting evidence strongly support the correlation between circu-
lating IL-6 (≥80 pg/ml) and respiratory failure in infected patients 
(Chen et al., 2020; Coomes and Haghbayan, 2020; Gubernatorova et al., 
2020; C. Zhang et al., 2020). Furthermore, serum SARS-CoV-2 nucleic 
acid (RNAemia), has been detected only in critically ill COVID-19 pa-
tients and has been correlated to the severity of the disease (Chen et al., 
2020). Interestingly, RNAemia was associated with elevated levels of 
serum IL-6, as a part of the cytokine storm contributing to a poor 
prognosis (Bermejo-Martin et al., 2020; Chen et al., 2020; Eberhardt 
et al., 2020). 

In the aged population, with reference to aged men and to people 
with comorbidities, systemic IL-6 elevation contributes to increase the 
risk of mortality and ARDs (Kennedy et al., 2016; Mocco et al., 2016). 
Furthermore, it has been reported that high-level IL-6 can promote lung 
tissue inflammation and injury (Saver et al., 2015) and foster viral 
replication (Sacks et al., 2018). As mentioned above, aging is charac-
terized by a progressive immune dysregulation highlighted by the 
gradual development of a subclinical systemic inflammation, and by the 
impairment of the immune system. Both inflammaging and immunese-
nescence seem to play a role in favouring a poorer outcome upon 
SARS-CoV-2 infection. The progressive decline of the adaptive immune 
response to pathogens is correlated to a shift of lymphocytes from naïve 
to memory effector cells (Linton and Dorshkind, 2004; Weng, 2006) and 
is associated with the upregulation of co-stimulatory molecules and the 
reduction of antiviral cytokines. Otherwise, the enhanced production of 
pro-inflammatory cytokines can contribute to tissue damage and to a 
blunted antiviral response. 

In this context it has been extensively described the immune role of 
IL-6 cytokine in regulating macrophage differentiation, B cell differen-
tiation and IgG production (Garbers et al., 2018). However, in accor-
dance with its anti-inflammatory action, it has been also highlighted a 
critical role for IL-6 signalling in inducing the IL-4-dependent M2 
macrophage polarization, by inducing IL-4R expression, under inflam-
matory conditions (Garbers et al., 2018; Mauer et al., 2014). Further-
more, IL-6 has a dual action on Th1/Th2 polarization. It is known to 
promote Th2 differentiation in a NFAT-dependent mechanism and can 
simultaneously inhibit Th1 by interfering with IFNgamma signalling 
through SOCS-1 upregulation (Diehl and Rincón, 2002). 

Previous studies, performed on animals infected by SARS-CoV1, 
revealed that aged animals with a severe phenotype showed increased 
production of IL-6 and a blunted type I IFN response (Bonafè et al., 2020; 
Smits et al., 2010). Furthermore, IL-6 can inhibit the differentiation of T 
regulatory cells, inducing the alteration of mechanisms regulating 
immunological tolerance (Bettelli et al., 2006; Tanaka et al., 2014). On 
the other hand, several studies have been performed to unveil genetic 
and molecular mechanisms underlying COVID-19 pathogenesis and 
COVID-19 susceptibility. Interestingly, it has been reported that genes 
encoding for host angiotensin-converting enzyme 2 (ACE2), the host 
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receptor for SARS-CoV-2, and for IL-6, triggering the cytokine storm, are 
both non-canonical interferon-stimulated genes (non-ISGs). The epige-
netic modifications of ACE2 and IL-6 genes have been proposed as 
biomarkers of COVID-19 susceptibility in vertebrates (Sang et al., 2021). 
Although IL-6 can early exert protective functions against viral in-
fections, by acting as a pyrogenic and pro-regenerative factor and 
inducing Th17 activation and differentiation, its extreme deregulation is 
associate with the cytokine storm, leading to multiple organ failure and 
to a dampened adaptive immunity (Dienz et al., 2012; Gubernatorova 
et al., 2020; Yang et al., 2017). 

Noticeably, a role for IL-6 deregulation has been proposed in the 
development of venous thromboembolism (VTE), a severe complication 
identified in critically ill COVID-19 patients (Eljilany and Elzouki, 2020; 
Zhou et al., 2020). Indeed, it is well known that inflammatory media-
tors, such as IL-6, can promote thrombosis by dysregulating coagulation. 
Indeed, IL-6 is known to contribute to deep venous thrombosis (DVT) (Y. 
Zhang et al., 2020). Furthermore, a study performed on experimental 
animal models indicates that IL-6 mediates the thrombocytosis, platelet 
hyperreactivity, and accelerated thrombus development in a 
dose-dependent manner (Senchenkova et al., 2013). Accordingly, IL-6 
and fibrinogen levels concomitantly increased in COVID-19 patients, 
supporting the existence of a link between IL-6 and procoagulant con-
ditions in SARS-CoV-2 infected patients (Ranucci et al., 2020). 

Since high-level IL-6 is one of the main contributors of the cytokine 
storm, worsening COVID-19 outcome, and since an increase of IL-6 
levels occurs in aged people, which represent the fraction of popula-
tion more susceptible to critical consequences of SARS-CoV-2 infection, 
IL-6 could represent a potential therapeutic target. Furthermore, the 
extent of IL-6 elevation has been also proposed as a marker of disease 
progression and a prognosis predictor in infected patients (Guberna-
torova et al., 2020; Ulhaq and Soraya, 2020). 

Among IL-6 inhibitors, Food and Drug Administration (FDA) 
approved for clinical use two different classes of drugs targeting IL-6 
receptor (e.g., sarilumab, tocilizumab) and the cytokine (i.e., siltux-
imab). Both approaches have been evaluated in patients with COVID-19. 

Tocilizumab is a recombinant humanized anti-IL-6 receptor mono-
clonal antibody (mAb) approved for patients with rheumatologic dis-
orders and recently for cytokine release syndrome induced by chimeric 
antigen receptor T cell (CAR) T-cell therapy-induced cytokine release 
syndrome (CRS). Despite contrasting results (Salvarani et al., 2021), 
reporting no differences in the risk of clinical worsening in COVID-19 
patients with pneumonia upon tocilizumab administration, a wealth of 
studies supported the promising effect of IL-6R neutralization for 
treating critical ill. 

In a non-controlled prospective clinical trial, as well as in studies 
evaluating efficacy and safety, the effect of Tocilizumab treatment in 
case of severe or critical SARS-CoV-2 infection has been evaluated, 
resulting in a decreased percentage of mortality rate and a reduced 
median hospital and the Intensive care Unit (ICU) length of stay (Dastan 
et al., 2020; Rosas et al., 2020). Furthermore, Guarald and colleagues 
reported that tocilizumab reduces the risk of invasive mechanical 
ventilation or death (Guaraldi et al., 2020) and a low-dose administra-
tion has been found to be effective in hospitalized patients with 
noncritical COVID-19 pneumonia (Strohbehn et al., 2021). 

Encouraging results also derived from clinical studies about the use 
of siltuximab, an anti-IL-6 chimeric monoclonal antibody, neutralising 
human IL-6. 

Siltuximab has been approved for patients with idiopathic multi-
centric Castleman’s disease (MCD) and its administration in COVID-19 
patients, requiring ventilatory support, resulted in the reduction 
(54%) in the risk of 30-day all-cause mortality (Gritti et al., 2021). 

It is worth to report that inhibitors of IL-6/IL-6R binding can led to 
increased concentration of IL-6 into circulation. Furthermore, IL6R ge-
netic variants, such as the common single nucleotide polymorphism 
(SNP) rs2228145, leading to enhanced levels of serum IL-6R, appears to 
be protective in case of SARS-CoV-2 infection (Bovijn et al., 2020; 

Garbers et al., 2014; Jones and Hunter, 2021). These apparently con-
tradictory observations could be due to variation in IL-6 bioavailability. 
Indeed, IL-6/sIL-6R complex is a target of sgp130, the endogenous in-
hibitor of IL-6 transignalling and systemic IL-6 can form a binary 
(IL-6/sIL-6R) active complex and a ternary (IL-6/sIL-6R/sgp130) inac-
tive complex. (Jones and Hunter, 2021; Rodríguez-Hernández et al., 
2022). Of note, a recent study reported that IL-6 signalling variables can 
be considered as disease biomarkers predicting the evolution of 
SARS-CoV-2 disease. In particular, Rodríguez-Hernández and colleagues 
considered not only the concentration of the cytokine and soluble re-
ceptors in COVID-19 patients, but also the ratio between the binary and 
the ternary complex (B/T), and the fold molar excess of sgp130 over 
sIL-6R (FME) to estimate the potential impact of IL-6 transignalling on 
the severity of the disease. This analysis in survivor COVID-19 patients 
highlighted the prognostic power of elevated levels of IL-6 and signal-
ling molecules (sIL-6R, sgp130). Furthermore, the authors reported that 
elevated values of B/T complex ratio and low FME, estimators of tran-
signalling activation, are also predictors of COVID-19 severity in survi-
vor patients (Rodríguez-Hernández et al., 2022). 

Further studies to investigate the role of IL-6 and its signalling 
pathways in fostering pathogenic events in COVID-19 patients, and to 
unveil potential mechanisms leading to the exacerbation of the disease, 
would be valuable for research and clinic purpose. 

6. Concluding remarks and open questions 

Several factors and lifestyle may influence the production and 
secretion of pro-inflammatory cytokines, leading causes of preventable 
deaths worldwide. Among cytokines, IL-6 is a pleiotropic factor pro-
duced by a variety of cell types that targets a plenty of cell types with a 
wide range of opposite biological effects and with the ability to induce 
several different intracellular signalling pathways. How a single sig-
nalling molecule is involved in diverse and opposite physio-pathologic 
processes remains to be fully elucidated. 

At first, the dual yin and yang activity of IL-6 can be justified 
considering the concept of hormesis, in which a low dose of a molecule is 
stimulatory/homeostatic, whereas a high dose is inhibitory/catabolic. 
Indeed, one important consideration related to this issue is the different 
expression levels of the cytokine and the length of time the circulating 
IL-6 is actually elevated; a chronic response versus a somewhat brief 
increase that returns to baseline. 

Increased circulating levels of IL-6 contributes to several pathologic 
states associated with aging. The complex phenomenon of aging is 
considered a multifactorial process in which endogenous and environ-
mental factors contribute to the progressive deterioration of the bio-
logical functions of the organism. A key role in the maintenance of 
homeostasis is played by the ability of the organism to adapt to envi-
ronmental stimuli through dynamic remodelling mechanisms, such as 
DNA repair, apoptosis, immune response, and antioxidant defence. In 
this context, the maintenance of robustness or the development of a frail 
phenotype during aging is thought to be related to the efficiency of the 
aged organism in repairing molecular damage and/or adapting to the 
accumulation of damage (Minciullo et al., 2016). However, the molec-
ular mechanisms associated to normal or unsuccessful aging are largely 
unknown and numerous factors have been proposed as contributors to 
aging and age-related diseases. Among factors, IL-6 has gained even 
more attention over time because of its recognised role as inflammatory 
mediator. However, the precise involvement of IL-6 in aging processes 
has to be still defined and several aspects contribute to make the 
comprehensive understanding of IL-6 impact difficult. The complexity of 
IL-6 signalling pathways, the dose and time-dependent bi-phasic effect 
of the cytokine, along with the variable amounts of serum levels in aged 
people must be considered. Indeed IL-6 is not only a pro-inflammatory 
mediator but also a pro-regenerative and stress-defensive factor exert-
ing hormetic and pleiotropic functions. Besides the basal variability 
existing among individuals, IL-6 levels have been reported as highly 
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variable in aged people, depending on decade of age, gender, and 
comorbidities. 

For instance, although plasma IL-6 levels negatively correlate with 
muscle performance in aging sarcopenia, it has been reported that men 
have higher levels of IL-6 compared with age-matched women but re-
tains a better muscle condition (Mikó et al., 2018). In addition, circu-
lating levels of IL-6 not always correlate with the effective activation of 
signal transduction in muscle, with differences observed in the activa-
tion levels of downstream targets (Hetzler et al., 2015). 

These variables tangle the interpretation of IL-6 data in epidemio-
logical and research studies. It would be valuable for future research to 
monitor not only IL-6 levels but also the concentration and/or activation 
of key factors mediating IL-6 action, including receptor systems and 
downstream mediators. Mounting specific observations might 
contribute to the direction of future development of personalized ther-
apies based on the individual response of the organism to stressors. 
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Mantecón, M.Á., Motos, A., Fernandez-Barat, L., Ferrer, R., Barbé, F., Torres, A., 
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Forcina, L., Miano, C., Musarò, A., 2018. The physiopathologic interplay between stem 
cells and tissue niche in muscle regeneration and the role of IL-6 on muscle 
homeostasis and diseases. Cytokine Growth Factor Rev. https://doi.org/10.1016/j. 
cytogfr.2018.05.001. 
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differentiation by downmodulation of p90RSK/eEF2 and mTOR/p70S6K axes, 
without affecting AKT activity. Biomed. Res. Int. 2014, 206026 https://doi.org/ 
10.1155/2014/206026. 

Perry, V.H., Newman, T.A., Cunningham, C., 2003. The impact of systemic infection on 
the progression of neurodegenerative disease. Nat. Rev. Neurosci. 4, 103–112. 
https://doi.org/10.1038/nrn1032. 

Petersen, A.M.W., Pedersen, B.K., 2005. The anti-inflammatory effect of exercise. J. Appl. 
Physiol. 98, 1154–1162. https://doi.org/10.1152/japplphysiol.00164.2004. 

Petrillo, S., Pelosi, L., Piemonte, F., Travaglini, L., Forcina, L., Catteruccia, M., Petrini, S., 
Verardo, M., D’Amico, A., Musaró, A., Bertini, E., 2017. Oxidative stress in Duchenne 
muscular DYSTROPHY: focus on the NRF2 redox pathway. Hum. Mol. Genet. 26 
https://doi.org/10.1093/hmg/ddx173. 

Petruzzelli, M., Schweiger, M., Schreiber, R., Campos-Olivas, R., Tsoli, M., Allen, J., 
Swarbrick, M., Rose-John, S., Rincon, M., Robertson, G., Zechner, R., Wagner, E.F., 
2014. A switch from white to brown fat increases energy expenditure in cancer- 
associated cachexia. Cell Metab. 20, 433–447. https://doi.org/10.1016/j. 
cmet.2014.06.011. 

Poli, V., Balena, R., Fattori, E., Markatos, A., Yamamoto, M., Tanaka, H., Ciliberto, G., 
Rodan, G.A., Costantini, F., 1994. Interleukin-6 deficient mice are protected from 
bone loss caused by estrogen depletion. EMBO J. 13, 1189–1196. https://doi.org/ 
10.1002/j.1460-2075.1994.tb06368.x. 
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