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Aging is associated with impairment of sensorial functions and with the onset of

neurodegenerative diseases. As pari passu circulating insulin-like growth factor 1

(IGF-1) bioavailability progressively decreases, we see a direct correlation with sensory

impairment and cognitive performance in older humans. Age-related sensory loss is

typically caused by the irreversible death of highly differentiated neurons and sensory

receptor cells. Among sensory deficits, age-related hearing loss (ARHL), also named

presbycusis, affects one third of the population over 65 years of age and is a major

factor in the progression of cognitive problems in the elderly. The genetic and molecular

bases of ARHL are largely unknown and only a few genes related to susceptibility to

oxidative stress, excitotoxicity, and cell death have been identified. IGF-1 is known to be

a neuroprotective agent that maintains cellular metabolism, activates growth, proliferation

and differentiation, and limits cell death. Inborn IGF-1 deficiency leads to profound

sensorineural hearing loss both in humans and mice. IGF-1 haploinsufficiency has also

been shown to correlate with ARHL. There is not much information available on the

effect of IGF-1 deficiency on other human sensory systems, but experimental models

show a long-term impact on the retina. A secondary action of IGF-1 is the control of

oxidative stress and inflammation, thus helping to resolve damage situations, acute or

made chronic by aging. Here we will review the primary actions of IGF-1 in the auditory

system and the underlying molecular mechanisms.

Keywords: ARHL, GH, IGF system, presbycusis, rare diseases

IGF SYSTEM, UPSTREAM REGULATION, AND DOWNSTREAM
IGF-1 SIGNALING

The mammalian IGF system is comprised of insulin-like growth factors (IGF), receptors and
binding proteins (IGFBP). IGFs and insulin are small polypeptides produced as pre-pro-peptides
that can bind the insulin (IR) and IGF-1 (IGF1R) tyrosine kinase receptors. IGFs also bind the
cation-independent mannose-6-phosphatase IGF-2 receptor (IGF2R; Foulstone et al., 2005). The
biological actions of IGFs are primarily mediated by binding to the IGF1R, a heterotetramer with
extracellular IGF binding domains and intracellular tyrosine kinase domains. The carboxy-terminal
domain has docking sites for intracellular substrates (IRS1-4/SHC; Laviola et al., 2007) that, in
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turn, bind and activate a network of intracellular signaling
molecules. Factor-receptor interactions are modulated by
binding proteins (IGFBPs) and associated proteases. In plasma,
IGFBPs carry IGFs and these regulate their half-life, distribution
and biological actions. IGFBPs control the bioavailability of
IGF-1 to its receptors by competing with receptors for free
factors (Firth and Baxter, 2002).

The growth hormone (GH) is a peptide hormone secreted
by somatotroph cells of the pituitary gland. GH stimulates the
growth of all body tissues, thus its level rises progressively during
childhood and peaks at puberty. IGF-1 is secreted by the liver as a
result of stimulation by GH, which binds to its receptor, GHR,
inducing homodimerization and initiating signal transduction
through receptor-associated Janus kinase (JAK) 2 (Herrington
et al., 2000). Activation of signal transducers and transcription
activators of STAT5b family members is critical for regulating
liver IGF-1 gene expression (Davey et al., 2001), as well as for the
transcriptional regulation of other IGF system genes, including
those coding for IGFBP3 and IGFALS. ALS is a secreted hepatic
protein that can be found freely circulating or forming a ternary
complex with IGF-1 and IGFBP-3, thus prolonging the half-life
of IGF-1 and decreasing its availability to tissues (Boisclair et al.,
2001).

At the cell surface, IGF-1 binds to high affinity IGF1R,
inducing autophosphorylation and allowing docking of the
receptor substrates IRS-1 to IRS-4, Grb2-associated binder 1
(Gab-1) and the Src homology 2 domain containing protein
(SHC). Activated docking proteins subsequently recruit
cytoplasmic components of downstream signaling pathways,
including the MAPK (RAF-MEK-ERK1/2 and p38) and the
PI3K-AKT pathways, and transduce the IGF signaling (Siddle,
2011). Depending on the cellular context, IGF-1 regulates
different processes. For example, IGF-1 modulates gene
expression in chondrocytes (Yang et al., 2017), protein synthesis
in osteoblasts (Guo et al., 2017), cell cycle in enterocytes (Van
Landeghem et al., 2015), metabolism in adipocytes (Chang et al.,
2016), survival in cochlear hair cells (Yamahara et al., 2017) and
autophagy in otic neural precusors (Aburto et al., 2012b). IGF1R
can also translocate to the nucleus, activate transcription and
regulate gene expression (Sehat et al., 2010).

Analysis of downstream signaling in the deaf Igf1−/− mouse
has further contributed toward understanding its cochlear
actions and demonstrated that an IGF-1 deficit is associated
with activation of the p38 MAPK pathway (related to the
cellular response to stress). RAF-ERK1/2 and AKT activity (cell
proliferation and survival) are also impaired (Sanchez-Calderon
et al., 2010) but the overall autophagic flux is unaffected (de
Iriarte Rodríguez et al., 2015b; Magariños et al., 2017). Further
analysis of IGF-1 signaling has been carried out by studying null
mice for downstream targets such as IRS1 (Tang et al., 2017),
IRS2, PTP1B (Murillo-Cuesta et al., 2012), GRF1 (Fernández-
Medarde et al., 2009), and CRAF (De Iriarte Rodriguez et al.,
2015a). Cochlear comparative transcriptomics have unveiled the
role of FoxM1 and FoxP3 forkhead box transcription factors, and
myocyte enhancer factor-2 (MEF-2) in inner ear development as
well as IGF-1 cochlear actions (Sanchez-Calderon et al., 2010).
The impact of IGF-1 deficiency depends on the tissue and

organs studied. In the Igf1−/− mouse bone, cell survival and
AKT signaling are gravely affected, but RAF kinase-mediated
proliferation is not (Rodríguez-de La Rosa et al., 2014). In the
mouse retina, however, IGF-1 deficit causes impairment of the
autophagic flux, leading to increased inflammation, apoptosis
and age-associated blindness (Rodriguez-de La Rosa et al., 2012;
Arroba et al., 2016). Finally, analysis of the Igf1−/− vestibule has
confirmed the role of p38 and added new players such as p53 and
microRNAs (Rodríguez-de la Rosa et al., 2015).

In summary, IGF-1 has a role in brain development and
maturation (Dyer et al., 2016). Later in life, bioactive IGF-1
circulating levels are reduced, a trend that has been associated
with human frailty and cognitive decline (Vestergaard et al.,
2014). IGF-1 deficiency leads to increased inflammation and
to the failure of intracellular cell renewal mechanisms. This is
critical in the inner ear because, as discussed below, none of
the main cell types essential for hearing regenerate (Mittal et al.,
2017).

INNER EAR DEVELOPMENT, ADULT
ANATOMY, AND AGE-ASSOCIATED
DEGENERATION

The inner ear develops from the otic ectodermal placode that
invaginates to form the otic vesicle. This transitory embryonic
structure contains the information required to generate most cell
types of the adult inner ear, including the sensory cells and the
auditory-vestibular neurons (Kelly and Chen, 2009; Magariños
et al., 2012, 2014; Burns et al., 2015). Development of the inner
ear is tightly regulated by intrinsic and extrinsic factors (Sanchez-
Calderon et al., 2007; Gálvez et al., 2017). Among these factors,
IGF-1 promotes proliferation and survival of otic progenitor
cells, supports neurogenesis and facilitates late differentiation
in species from fish to humans (Ayaso et al., 2002; Schlueter
et al., 2007; Zou et al., 2009; Aburto et al., 2012a; Varela-Nieto
et al., 2013; Tafra et al., 2014). IGF-1 plays a key role in brain
development and maintenance of stem cells (Nieto-Estévez et al.,
2016).

The adult inner ear comprises the cochlea and the vestibular
organ, which are responsible for hearing and equilibrium,
respectively. The organ of Corti in the cochlea contains highly
specialized hair cells (inner -IHC- and outer -OHC-), which
transform mechanical sounds into electrochemical signals that
are conveyed to the brain by the VII vestibulocochlear cranial
nerve (Stephenson, 2012). Sound induces the movement of
hair cell stereocilia, causing the opening of ion channels,
an influx of K+ ions and depolarization. Depolarization of
IHC results in glutamate release and synapse with 10–30
afferent auditory bipolar neurons. Meanwhile, OHCs amplify the
incoming sound stimulation and enhance frequency selectivity
of the cochlear response (Fettiplace and Kim, 2014; Reichenbach
and Hudspeth, 2014). The organ of Corti is connected to
the brain by two types of neurons in the spiral ganglion
(SGN; Coate and Kelley, 2013). Type I and type II neurons
innervate IHC and OHC respectively. Of these two kinds
of neurons, type I is the most abundant (95%). The SGN
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axons form the cochlear branch of the vestibulocochlear nerve
and connect the peripheral spiral ganglia with the cochlear
nuclei at the brainstem. Sound information progresses in a
complex multisynaptic, parallel, and ascendant pathway from
the cochlea through the brainstem nuclei to the auditory
cortex, preserving the tonotopic organization (Tsukano et al.,
2017).

Expression levels of IGF-1 and its high affinity receptor,
IGF1R, are elevated during late cochlear development, decline
significantly after birth, but baseline expression is maintained
throughout the organism’s life (Murillo-Cuesta et al., 2011;
Okano et al., 2011). In the mouse cochlea, IGF-1 is clearly
detected in spiral ganglion neurons and stria vascularis, and
its expression is modulated with aging (Riva et al., 2007). IGF
binding proteins are also expressed in the developing ear and
throughout life (Okano and Kelley, 2013). Finally, IGF system
elements are expressed in the vestibular system over a similar
time course (Degerman et al., 2013; Rodríguez-de la Rosa et al.,
2015).

During aging, peripheral and central auditory structures
degenerate, leading to ARHL (Fetoni et al., 2011). The primary
pathological alterations observed in mouse models include
progressive degeneration and loss of HC and SGN (Bao and
Ohlemiller, 2010; Bowl and Dawson, 2015), as well as changes in
the central auditory pathway. Typically, presbycusis debuts with
loss of OHC, mainly in basal cochlear regions (high frequencies),
and extends toward the apex and IHC (Ohlemiller and Gagnon,
2004). OHC defects result in a moderate increase of the hearing
threshold, whereas defects in IHC or the auditory neurons
can lead to profound deafness (Ouda et al., 2015). Swelling of
the afferent nerve terminals and a decrease in the density of
their associated ribbon synapses causes a synaptopathy that is
sometimes the primary defect (Wan and Corfas, 2015).

The stria vascularis is a three-cell layer structure within
the cochlea that maintains the K+ concentration and the
endocochlear potential (Magariños et al., 2012). During aging,
the stria vascularis shows disorganization and atrophy, with loss
of marginal cells and progressive merging of strial capillaries
(Ohlemiller, 2009). In addition, thinning, degeneration of
fibrocytes and loss of capillaries are observed in the spiral
ligament (Hequembourg and Liberman, 2001). In human
cohorts, decreased age-related-IGF-1 bioavailability correlates
with progression of hearing impairment (Lassale et al., 2017),
as will be discussed in depth below. Studies carried out with
Igf1−/− and Igf1−/+ mice confirmed this trend and showed
acceleration in the damage of the neural structures and stria
vascularis (Riquelme et al., 2010).

The molecular mechanisms underlying ARHL that have
been described include redox imbalance, accumulation of
mitochondrial DNA damage, and excitotoxicity, leading to
apoptotic and necrotic cell death (Menardo et al., 2012; Wong
and Ryan, 2015). Interestingly, experimental models indicate
that anti-oxidant therapy and control of micronutrients could
prevent or ameliorate ARHL (Fetoni et al., 2009; Guastini et al.,
2011; Ding et al., 2016). These mechanisms are similar to those
involved in drug- and noise-induced hearing loss (Frisina et al.,
2016; Kalinec et al., 2017).
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The central auditory system shows alterations that could be
secondary to the diminished input from the damaged periphery.
These include modifications in the expression of calcium binding
proteins (parvalbumin, calbindin and calretinin, and glutamate-
decarboxylase), atrophy of the gray and white matter and
changes in the content of some metabolites (Ouda et al., 2015).
However, a minimal age-related decline in the total number of
neurons in central auditory structures has been reported. IGF-
1 expression is modulated by cochlear damage in the auditory
central pathway (Alvarado et al., 2007) and its deficit also impacts
neurotransmission in the cochlear nucleus (Fuentes-Santamaria
et al., 2013, 2016).

To summarize, IGF system elements are expressed in the
inner ear and central auditory pathway, and their expression is
regulated by damage and age in different species. The importance
of this system in hearing loss has been further proven by the study
of human mutations and human cohorts as described below.

ASSOCIATION OF THE IGF SYSTEM WITH
HUMAN GENETIC DEAFNESS AND
AGE-RELATED HEARING LOSS

ARHL is a multifactorial process that results in cochlear damage
over the span of a life. Noise, ototoxic agents, trauma, vascular
insults, metabolic changes, hormones, diet, immune system, and
genetic predisposition are all contributing factors (Gates and
Mills, 2005; Fetoni et al., 2011). Given the increase in the average
age of the population as well as in noxious environmental agents,
the impact of ARHL is continuously growing.

The relationship between nutrition and ARHL is an emerging
interdisciplinary field and recent evidence points to vitamin
imbalances and high fat diets as risk factors (Partearroyo et al.,
2017). In addition, the genetic study of ARHL is an expanding
field that has rendered several gene candidates thus far (Salminen
and Kaarniranta, 2010; Op De Beeck et al., 2011; Fransen et al.,
2015; Koffler et al., 2015).

Mutations in human genes coding for IGF-1, IGF1R, and
other members of the GH/IGF-1 system cause rare diseases
(Tables 1, 2), which normally have an early onset. Patients show
growth retardation and frequent microcephaly. Interestingly,
only when IGF-1 actions are totally impaired do the affected
patients show syndromic hearing loss (Table 1). Indeed, of the
7 mutations described in young humans, hearing phenotype of
2 patients have not been reported (Van Duyvenvoorde et al.,
2010, 2011; Shaheen et al., 2014) and 3 show low to normal IGF-
1 levels, which show reduced affinity for IGF1R binding in the
case tested, and normal hearing (Netchine et al., 2009; Fuqua
et al., 2012; Batey et al., 2014). No data have been published on
the evolution of hearing loss associated with aging that these
patients present. Finally, 2 patients showed severe hearing loss
which was associated in one case with total absence of circulating
IGF-1 (Woods et al., 1996) and in the other with an extremely
low binding affinity (Walenkamp et al., 2005). Accordingly,
haploinsufficient IGF-1 availability causes growth retardation
and has been associated with short adult stature and hearing
loss in other genetic syndromes such as Noonan’s or Turner’
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syndromes (Barrenäs et al., 2000, 2005b; Welch and Dawes, 2007;
El Bouchikhi et al., 2016).

Human mutations in the gene coding for the high affinity
receptor IGF1R are even less frequent and normally found in
heterozygosis (Table 2; Abuzzahab et al., 2003; Ester et al., 2009;
Klammt et al., 2011; Fang et al., 2012; Gannagé-Yared et al., 2013;
Prontera et al., 2015). Reduced bioactive IGF-1 levels caused by
mutations in related genes, such as those coding for GH and the
GHR, are also associated with hearing loss (Table 1; Giordano
et al., 2015; Muus et al., 2017). In general, the authors have not
done a thorough study of sensory functions, including hearing.
However, it is worth noting that Laron’s syndrome patients have
been studied in depth and show early onset of ARHL (Attias
et al., 2012). Laron’s syndrome is an autosomal recessive human
disorder characterized by mutations in the GHR that cause
insensitivity to GH stimuli and, in turn, extremely low IGF-1
synthesis in the liver. Patients have a short stature, among other
characteristics, and normal hearing at young ages but develop
early onset ARHL, which could be prevented by IGF-1 treatment.
Still, much work is needed to fully understand the relationship
between genes associated with short stature (Baron et al., 2015;
Wit et al., 2016) and hearing loss.

Finally, epidemiologic studies of aging cohorts have shown
a relationship between bioactive IGF-1 and hearing loss
(Lassale et al., 2017). Furthermore, there is increasing evidence
linking these two factors with cognitive decline and onset of
neurodegenerative diseases (Dik et al., 2003; Watanabe et al.,
2005; Fortunato et al., 2016; Lassale et al., 2017; Wrigley et al.,
2017), dementia (Peracino, 2014; Su et al., 2017), depression (Van
Varsseveld et al., 2015; Kim et al., 2017), short stature (Barrenäs
et al., 2005a; Crowe et al., 2011), cardiovascular pathologies
(Burgers et al., 2011; Tan et al., 2017), and aging (Bainbridge and
Wallhagen, 2014; Vestergaard et al., 2014).

These data lead us to pose the following questions: (i)
which cochlear processes are IGF-1-dependent and dramatically
impaired during aging? And (ii) is there a potential for
prevention and repair interventions based on IGF-1 targets?
Insight into the first question has been obtained from the
study of the Igf1−/− mouse that shows profound syndromic
bilateral sensorineural hearing loss (Cediel et al., 2006). The main
cellular alterations reported were delayed postnatal development,
a significant decrease in the number and size of auditory neurons,
aberrant innervation patterns, increased neural apoptosis, deficits
in myelination and increased efficacy of glutamatergic synapses
(Camarero et al., 2001, 2002; Sanchez-Calderon et al., 2007;
Fuentes-Santamaria et al., 2016). Igf1−/− mice develop further
cellular degeneration with aging. As bioactive IGF-1 levels
decrease, the heterozygous mice also show an accelerated
hearing loss secondary to degeneration of the SGN (Riquelme
et al., 2010). Our findings support the idea that IGF-1 levels

may hold predictive value for the stratification of ARHL and,
secondary to hearing loss, for cognitive decline. Regarding the
aforementionedmechanisms, IGF-1 is a neurotrophic factor with
anti-inflammatory actions. It is anti-apoptotic and favors cell
renewal.

In this context, IGF-1 emerges as a potential protector of
the inner ear. Studies in animal models have shown that local
application of recombinant human IGF-1 (rhIGF-I) protects
the cochlea from functional and histologic losses induced by
aminoglycoside ototoxicity and noise exposure (Iwai et al., 2006;
Yamahara et al., 2015). IGF-1 rescued hair cells from apoptosis
by downregulating pro-apoptotic gene expression and regulating
glucose transporters (Yamahara et al., 2015). Similarly, IGF-1
and substance P protect vestibular hair cells against neomycin
ototoxicity (Yoshida et al., 2015). Recombinant IGF-1 therapy
has been approved to increase linear growth, and therefore
height, in humans, spurring an increasing interest in the potential
use of IGF-1 for the treatment of hearing loss (Yamahara et al.,
2015). IGF-1 potential has been studied in patients with sudden
sensorineural hearing loss who were resistant to treatment
with systemic glucocorticoids (Nakagawa et al., 2012, 2014). A
recent study with 120 patients concluded that treatment with
topical IGF-1 therapy had significant effects on hearing recovery
depending on their age (<60 years) and early initiation of salvage
treatment (Nakagawa et al., 2016). Prolonged activation of IGF1R
by treatment with IGF-1 or analogs might have undesired
secondary effects, thus their potential use to delay aging maybe
limited. However available data highlight the interest of exploring
IGF-1 downstream targets as drug candidates for ARHL.
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