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Abstract
Autism spectrum disorder (ASD), a heterogeneous group of neurodevelopmental disorders, is characterized
by social impairment and repetitive and stereotypic behaviors. Because of the lack of approved laboratory
diagnostic markers and effective therapeutic medications, it is one of the most challenging diseases.
Therefore, it is urgent to explore potential diagnosis markers or therapeutic targets. Insulin-like growth
factor 1 (IGF-1) is a neurotrophic growth factor that enhances brain development. IGF-1 levels in body fluids
are lower in preschool children with ASD than in typically developing children, which may serve as a
potential diagnostic marker. In various ASD models associated with genetic or environmental exposure,
IGF-1 treatment can improve core symptoms or pathological changes, including neuronal development,
neural cell survival, balance of synaptic excitation and inhibition, neuroimmunology, and oxidative stress
status. In March 2023 an IGF-1 derivative was approved as the first drug for treating Rett syndrome, an ASD-
related neurodevelopmental disorder, to improve fundamental symptoms such as social communication.
Thus, in this review, we present accumulating evidence of altered IGF-1 levels in ASD patients and the
possible mechanisms, as well as evidence that IGF-1 treatment improves the pathophysiology in various
ASD models. IGF-1 has the potential to be an early diagnosis marker and an effective therapeutic for ASD.

Categories: Pediatrics, Therapeutics
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Introduction And Background
Autism spectrum disorder (ASD) is a neurodevelopmental disorder that manifests in early childhood and
persists throughout the lifespan. Its clinical characteristics mainly include complications with impaired
social interaction/communication and stereotyped behavior [1]. Patients with ASD likely suffer from other
developmental disorders or mental disorders, such as mental retardation, attention deficit hyperactivity
disorder, depression, anxiety, and obsessive-compulsive disorder [2,3]. According to the Centers for Disease
Control and Prevention, the prevalence of ASD increased from 1.85% in 2020 to 2.77% in 2023 [4,5]. Other
nations, including Korea, Germany, and Omani, also reported a considerable increase in the prevalence of
ASD [6-8]. However, the etiology and pathogenesis of ASD remain unknown, and early diagnosis and
effective treatment are insufficient, resulting in a poor prognosis for most children with ASD. Consequently,
most individuals with ASD cannot live, study, and work independently, causing a heavy burden on their
families and society [9].

Insulin-like growth factor 1 (IGF-1), a 7.5 kDa peptide hormone found in almost all tissues, is essential for
cell growth, differentiation, glucose and uric acid metabolism, and other biological processes [10-14]. It is
primarily involved in fetal development [15] and the growth and metabolic regulation of various tissues and
organs, including the brain [16], cardiovascular system [17], bone [18], muscle [19], eye [20], uterine [21], and
testis [22]. Patients with congenital IGF-1 deficiency exhibit dwarfism and obesity [23]. Increased IGF-1
levels are related to precocious puberty [24], polycystic ovary syndrome [25], and acne [26]. Several single
nucleotide polymorphisms (SNPs) of IGF-1 have been observed in non-alcoholic fatty liver disease
[27]. Abnormal IGF-1 activation and downstream signaling also contribute to various types of malignancies
and treatment resistance [28,29].

IGF-1 functions as a neurotrophic factor in the nervous system and helps in the development and
homeostasis of the central nervous system [30]. Abnormal IGF-1 levels in Alzheimer's and Parkinson's
diseases may be related to brain cell apoptosis, neuroinflammation, and altered synaptic function [31]. IGF-1
levels change in brain tissue and several types of body fluids of children with ASD [32-34]. A de
novo missense mutation of IGF-1 is discovered in children who have ASD with language regression and
brain hypometabolism [35]. Therefore, IGF-1 is probably involved in ASD. Maternal immune activation
(MIA) and perinatal hypoxia, which are potential causes of ASD [36,37], have been shown to reduce serum
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IGF-1 levels in mouse offspring [38-40]. Furthermore, IGF-1 treatment enhances neuronal development [41],
neuron proliferation [42], and equilibrium of excitatory and inhibitory circuits in brain development [43]; it
also elicits anti-inflammatory and antioxidant effects on multiple ASD models related to genetic or
environment exposure [44,45]. Therefore, IGF-1 improves ASD-related pathological changes. Indeed,
trofinetide (DAYBUE™), an oral small molecule synthetic analog of an N-terminal tripeptide derivative of
IGF-1, has been approved by the US Food and Drug Administration (FDA) as the first drug for the treatment
of Rett syndrome (RTT) to improve social communication [46]. It provides evidence of the therapeutic role of
IGF-1 in the same core symptoms with ASD. In this review, we summarize the changes in IGF-1 levels in
patients with ASD, the proposed causes for these changes, and current findings on IGF-1 therapy to offer a
treatment option for patients with ASD.

Review
Biological role of IGF-1 in the brain
Production of IGF-1 in the Brain

IGF-1 is primarily regulated by growth hormone (GH) and is secreted by almost all tissues in the body. The
liver synthesizes approximately 70% of the IGF-1 in the circulation after birth. Serum IGF-1 levels steadily
increase with age but decline after puberty. IGF-1 expression in the brain is primarily determined through
two mechanisms: (1) autocrine/paracrine signaling, where the majority of IGF-1 is produced locally by
various cell types in the brain. This production occurs in a diffuse pattern throughout the cerebral cortex,
hippocampus, cerebellum, brainstem, and other regions. (2) Endocrine signaling occurs when circulating
IGF-1 enters the brain by crossing the blood-brain barrier and the blood-cerebrospinal fluid (CSF) barrier.
Thus, increasing the levels of circulating IGF-1 may lead to an elevation in CSF levels [47,48].

Regulation of IGF-1 Activity

High-affinity IGF-binding proteins (IGFBPs) regulate the bioavailability of IGF-1 during embryonic and
postnatal development. Six members of the IGFBP family (IGFBP1-IGFBP6) have been identified as carrier
proteins that bind to nearly 98% of circulating IGF-1 and extend its half-life. IGFBP3 binds approximately
80% of IGF-1 and, together with the acid-labile subunit, forms a reservoir of IGF-1 in circulation [49]. In
addition, except for IGFBP-1, all IGFBPs can be expressed in the brain [50]. IGFBPs hydrolase-mediated
proteolytic cleavage, as well as phosphorylation of binding proteins, both reduce the activity of IGFBPs and
release free IGF-1. The free IGF-1 then binds to the cell surface glycoprotein insulin-like growth factor-1
receptor (IGF-1R), leading to the activation of the receptor tyrosine kinase. This activation, in turn,
phosphorylates insulin receptor substrates (IRS-1-IRS-4) and Src homology collagen (Shc) proteins, thereby
activating signal pathways such as the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) and
extracellular signal-regulated kinase (ERK) pathways [51]. These pathways are essential for regulating the
cell cycle, autophagy, apoptosis, and protein synthesis [52].

The Role of IGF-1 in Central Nervous System Development

Previous studies have found that both IGF-1 and IGF-1R are expressed in the central nervous system
throughout life, starting from the prenatal stage [52]. IGF-1 mRNA can be detected in almost every region of
the brain, especially in areas that have a high concentration of neurons, such as the cerebral cortex and the
hippocampus [50]. Similarly, IGF-1R is widely expressed in the brain, and its levels change during different
developmental stages. IGF-1R levels in the fetal brain, for instance, are 4-10 times higher than those in
adults [53]. Mice lacking IGF-1 or IGF-1R possess a smaller brain capacity and fewer neurons, as well as less
myelin and dendrite formation, compared to the control [54]. Serum IGF-1 levels were independently
positively linked with total brain, white matter, gray matter, and cerebellar volume in extremely preterm
infants born fewer than 28 weeks gestational age [55]. It has been reported that IGF-1 may play a vital role in
early brain development (Figure 1). IGF-1 is involved in neuron proliferation and neurite growth. It can
assist in the proliferation and differentiation of oligodendrocytes, which promotes myelin formation. In
addition, IGF-1 can influence synaptic functional plasticity, enhance neurotransmitter production, and
promote the activity of brain-derived neurotrophic factor (BDNF) to impact neuroplasticity [16]. Both in
vivo and in vitro, IGF-1 performs a neuroprotective role in brain injury by inhibiting the production of
proinflammatory factors, resisting apoptosis, and reducing levels of reactive oxygen species (ROS) [56,57].
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FIGURE 1: Insulin-like growth factor 1 (IGF-1) plays a role in brain
development.
IGF-1 regulates the growth and development of the brain through both endocrine and autocrine/paracrine modes.
During brain growth and development, IGF-1 promotes the proliferation of neurons and glial cells, as well as the
growth of neurites. It also has an impact on the production of neurotransmitters and neuroplasticity. Furthermore,
IGF-1 promotes the formation of myelin while suppressing neuroinflammation, apoptosis, and oxidative stress
[16,56,57].

The figure was created using Adobe Illustrator.

Abnormal IGF-1 levels in ASD
As IGF-1 plays a role in neurodevelopmental disorders, a growing number of studies have investigated
whether there are alterations in IGF-1 levels in children with ASD. IGF-1 levels in brain tissues and bodily
fluids, such as CSF, peripheral blood, and urine, are significantly different in children with ASD compared to
non-ASD controls (Table 1).
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Sample

type

Age (mean/mean ±S.D.)

(years)
IGF-1 levels in ASD compared to control Correlation between IGF-1 levels and symptoms Ref.

 ASD Control    

Brain

tissue
5-44 (-) 5-46 (-)

Upregulated in the anterior cingulate gyrus; no significant difference in the middle frontal

gyrus and cerebellum
- [32]

Brain

tissue

2-56 (19.3 ±

3.9)

7.7-56 (27.5

± 4.1)
No significant difference in the fusiform gyrus - [58]

CSF
1.9-6.5 (3.8

± 1.1)

1.9-5.5 (3.8

± 1.3)
Downregulated in children under 5 years old No correlation between IGF-1 levels and head circumference [59]

CSF 2-16 (-) 1-15 (-)
Downregulated in children under 5 years old; no significant difference in children over 5 years

old
Positive correlation between IGF-1 levels and head circumference [60]

Serum
5-15 (9.5 ±

0.6)

5-15 (8.7 ±

0.5)
Upregulated in serum Positive correlation between IGF-1 levels and CARS scores [33]

Serum
4–12 (7.0 ±

2.6)

4–12 (7.8 ±

2.1)
Upregulated in serum

No correlation between serum IGF-1 levels and clinical scale scores (CARS total

scores and ABC subscale scores)
[61]

Serum 2–7 (-) 2–7 (-) Upregulated in serum Positive correlation between IGF-1 levels and head circumference [62]

Serum 4–8 (-) 4–8 (-)
Downregulated in children aged 2-3 years; downregulated in children with severe ASD than in

children with mild-moderate ASD
Negative correlation between IGF-1 levels and CARS scores [63]

Urine
2–5 (3.1 ±

0.9)

2–5 (3.3 ±

1.2)
Downregulated in urine - [34]

TABLE 1: Abnormal insulin-like growth factor 1 (IGF-1) levels in autism spectrum disorder (ASD).
Refs. [32-34,58-63]

Abnormal IGF-1 Levels in the Brains of Patients With ASD

IGF-1 levels are significantly elevated in the anterior cingulate gyrus of postmortem brain tissues from ASD
patients, but not in the middle frontal gyrus, fusiform gyrus, and cerebellum [32,58]. IGF-1 levels in the CSF
are significantly lower in ASD patients under the age of five years when compared to non-ASD
controls [59,60]. However, there is no significant change in IGF-1 levels in the CSF in ASD patients beyond
the age of five years [60].

Aberrant IGF-1 Levels in the Peripheral Blood of Patients With ASD

There are conflicting results regarding the levels of IGF-1 in peripheral blood. Some studies have reported
that serum IGF-1 levels in children with ASD were significantly higher than in typically developing
children [33,61,62]. However, one analysis of the IGF-1 (rs12579108) promoter polymorphism has found that
children with the AA genotype showed decreased serum IGF-1 concentrations and a higher risk of ASD [64].
This implies that decreased IGF-1 serum levels may be associated with the development of ASD. Indeed, a
recent study discovered that serum IGF-1 levels in children with ASD aged two to three years were lower
than those in the healthy group. Further, children with severe ASD showed significantly lower serum levels
of IGF-1 and IGFBP-3 compared to children with mild-to-moderate ASD. The serum levels of IGF-1 and
IGFBP-3 were negatively correlated with the total score of CARS, indicating a connection to the severity of
ASD. However, no significant differences in serum IGF-1 and IGFBP-3 levels were found between children
aged three to seven years and the control group [63]. These results suggest that IGF-1 may be a potential
serum marker in toddlers with ASD.

Abnormal IGF-1 Levels in the Urine of Patients With ASD

Previous research has proposed that free IGF-1 in peripheral blood may be the main source of IGF-1 in
urine [65]. Thus, urine IGF-1 levels may reflect serum IGF-1 levels that are activated. One study has reported
that children with ASD aged two to five years showed lower levels of IGF-1 and IGFBP-3 in urine [34], which
is consistent with the findings of Li et al. in serum and Riikonen et al. in CSF [60,63]. The above results
suggest that IGF-1 might serve as a marker for bodily fluids in preschool-age children with ASD.
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Potential mechanisms of decreased IGF-1 levels in ASD
The reason for the decrease in body fluid IGF-1 levels in preschool children with ASD is unclear. However, a
recent study has found that a specific IGF-1 SNP in children with ASD may impact IGF-1 levels [64]. In
addition, risk factors for ASD such as maternal immune activation (MIA) and perinatal hypoxia may be linked
to reduced IGF-1 levels in the offspring.

The IGF-1 SNP May Decrease the Levels of IGF-1 in the Serum

A recent study investigated the association between the IGF-1 (rs12579108) promoter polymorphism and its
serum concentration with ASD, using 200 ASD patients and 198 normal controls. They reported that among
three genotypes (AA, CA, CC) in the IGF-1 (rs12579108) promoter, the incidence of the AA genotype was
significantly higher in ASD patients (11%) compared to controls (4.5%). The allele A was linked to an
elevated risk of ASD. Among the three genotypes, patients with the AA genotype exhibited the lowest serum
IGF-1 concentrations. Although serum IGF-1 concentrations were also the lowest in the control group with
the AA genotype, they were even lower in the ASD group with the AA genotype compared to the control
group with the AA genotype. This suggests that the AA genotype is associated with lower IGF-1 serum levels
and may act as a risk factor for ASD [64].

In addition, apart from reducing IGF-1 expression, some mutations may cause a functional defect in IGF-1.
Using whole exome sequencing in 100 children with ASD and their unaffected parents, researchers
identified a de novo missense mutation (c.251 G>A) in the IGF-1 gene in a female patient. This patient
experienced a decline in language and intellectual abilities after 18 months, suggesting that a functional
deficiency of IGF-1 may also be linked to ASD [35].

MIA Mediates the Suppression of IGF-1 Levels Through IL-6

Previous studies have found that multiple factors inducing MIA are associated with an increased risk of
ASD [37]. Offspring of mothers who were MIA exhibit ASD-like behaviors, such as repetitive behavior and
social abnormalities [66]. In a mouse model of MIA induced by prenatal infection, there was upregulation of
IL-6 and downregulation of IGF-1 expression in the placenta. The expression of IGF-1 was found to be
upregulated in the placentas of IL-6 knockout MIA mice [38], indicating that upregulated IL-6 is responsible
for the suppression of IGF-1 expression. Additionally, IL-6 treatment facilitated the binding of SOCS3 to
IRS-1 or IGF-1R, leading to the suppression of IGF-1 activation [67]. Interestingly, a simultaneous increase
in the expression of SOCS3 and IL-6 was observed in the placentas of MIA mice [38]. Therefore, the
decreased levels of IGF-1 in the MIA model may be attributed to the inhibitory effect of IL-6 through SOCS3.

Perinatal Hypoxia May Reduce Serum IGF-1 Levels

Perinatal hypoxia has been proposed to be associated with an increased risk of ASD [36]. In prospective
studies of newborns with perinatal hypoxic-ischemia encephalopathy (HIE) and healthy newborns, the mean
serum IGF-1 levels are significantly decreased in the HIE group. Furthermore, IGF-1 levels were lower in
severe HIE compared to mild HIE. The level rose as the patients showed clinical improvement in the
following days [68,69]. Mice with HIE induced by perinatal hypoxia exhibited social deficits similar to those
seen in individuals with ASD [70]. In both the acute (24-hour) and subacute (15-day) phases of perinatal
hypoxic-ischemia in mice, serum IGF-1 levels were reduced [40]. Therefore, the reduced levels of IGF-1 in
some ASD patients may be attributed to perinatal hypoxia. However, the mechanism is still unclear.

IGF-1 improves changes in multiple ASD models
ASD is highly genetically heterogeneous, with over 100 identified risk genes that play diverse roles in
epigenetic regulation and synaptic function. On the other hand, environmental risk factors are also receiving
increasing attention due to their pervasive effect and their ability to influence the early phases of fetal
development [71]. In various genetic forms of ASD models and ASD models associated with environmental
risk factors, IGF-1 treatment has been shown to improve core symptoms or pathological changes related to
ASD.

IGF-1 Enhances Neuronal Development

To obtain ASD-specific expression profiles, the authors performed RNA-sequencing on neurons derived from
eight patients with ASD and seven neurotypical individuals. They identified 345 differentially expressed
genes between ASD and control groups. After treatment with recombinant human IGF-1, 124 genes in ASD
neurons were restored to a neurotypical level. These genes were found to be enriched within synapse
genes Linker, Mendes, and Marchetto [72], indicating that IGF-1 can potentially restore synapse
development or function in ASD in vitro.

The scaffold protein SH3 and multiple ankyrin repeat domains 2 (SHANK2) act as a protein anchor at the
postsynaptic density. ASD is associated with SHANK2 heterozygous loss-of-function mutations [73,74].
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Neurons differentiated from human-induced pluripotent stem cells (iPSCs) with SHANK2 knockdown exhibit
shorter dendritic length and fewer neurite arborizations in glutamatergic neurons. After plating the
neurons, IGF-1 therapy significantly improves both dendritic length and neurite arborization defects in
SHANK2 knockdown excitatory neurons. However, no significant difference in neurite arborization was
observed in the control group, with or without IGF1 therapy [75]. These findings imply that the IGF-1 signal
plays a crucial role in correcting morphological deficiencies in glutamatergic neurons with SHANK2 loss.

Loss-of-function mutations in dual specificity tyrosine phosphorylation-regulated kinase 1A (DYRK1A) have
been reported to be associated with ASD [76]. DYRK1A conditional heterozygous (cHet) mice exhibit ASD-
like behaviors, such as social abnormalities and repetitive behavior, as well as microcephaly. A significant
decrease in soma size and basal dendritic branching is found in layer V pyramidal neurons in the medial
prefrontal cortex (mPFC) of the mouse model. Phosphorylation levels of S6, which serve as a readout of
mTORC1 activity, are also reduced in layer V pyramidal neurons, indicating a decrease in the transduction of
the mTOR signaling pathway. In addition, the authors have identified BDNF, mTOR, and IGF-1 as potential
upstream regulators of the altered proteome in DYRK1A cHet mice. (1-3) IGF-1, a tripeptide cleaved from
the N-terminus of IGF-1, treatment can rescue the decreased cortical mass, soma size, and phosphorylated
S6 in layer V neurons [77]. These studies suggest that IGF-1 may enhance neuronal morphology through
mTOR signaling in mice with DYRK1A deficits.

The Fragile X messenger ribonucleoprotein 1 (FMR1) gene mutations have been extensively documented to
be linked with ASD phenotypes [78]. FMR1 knockout mice exhibit hyperactivity, anxiety, deficits in learning
and memory, and abnormal social recognition. Furthermore, FMR1 knockout mice exhibit elevated levels of
phosphorylated ERK and phosphorylated Akt in their brain and peripheral blood lymphocytes. Spine density
is significantly increased in FMR1 knockout hippocampus primary cell culture [41]. NNZ-2566, a novel
analog of (1-3) IGF-1, improved social behavior, learning, and memory impairments in FMR1 knockout
mice. Further study revealed that (1-3) IGF-1 supplementation reversed the increased levels of
phosphorylated ERK and Akt protein expression in the brain and lymphocytes, as well as the increased spine
density in the hippocampus of FMR1 knockout mice [41]. These results suggest that IGF-1 may compensate
for the abnormal signaling pathway and hippocampal neuronal development disrupted by FMR1 gene
mutations.

MECP2 is also a risk gene for ASD [79]. A whole-exome sequencing study of 120 patients with ASD identified
three missense mutations in MECP2: p.P152L (c.455C>T), p.P376S (c.1162C>T), and p.R294X (c.880C>T).
These missense mutations caused the loss of function of MECP2 [80]. Using gene editing to generate human
embryonic stem cells (ESCs) with a MECP2 allele that has a loss of function, researchers found that the rates
of neurons (including excitatory and inhibitory neurons) and glial cells derived from mutant human ESCs
remained unchanged. However, the size of the soma and nucleus of neurons, particularly inhibitory neurons,
as well as the branching of neurites, were all reduced [81]. In addition, neurons with MECP2 mutations
exhibited reduced levels of phosphorylated AKT and S6, as well as decreased total RNA levels and protein
synthesis. IGF-1 treatment can enhance phosphorylated AKT and S6, as well as neuronal soma size, neurite
arborization, and protein synthesis in MECP2 mutant neurons, similar to the effects of PTEN deletion (a
negative regulator of PI3K) [81]. These studies suggest that IGF-1 may play a role in neuronal development
and protein synthesis through PTEN/PI3K. In a mouse model with MECP2 deficiency, reduced lifespan,
decreased brain weight, and impaired excitatory synaptic transmission have been observed. Notably, the
serum level of IGF-1 protein is also decreased in MECP2-deficient mice. Further study revealed that
treatment of MECP2-deficient mice with (1-3) IGF-1 from two weeks of age can improve survival in mice,
brain structure, increase brain weight, PSD-95 (a postsynaptic scaffold protein at excitatory synapses) levels,
and spine density of layer V pyramidal neurons. Furthermore, the reduction in the excitatory postsynaptic
current (EPSC) amplitude was partially reversed by treatment with (1-3) IGF-1 [82]. These studies support
the involvement of IGF-1 in neuronal development and synaptic function.

IGF-1 Promotes the Survival of Neurons

GRB10 interacting GYF protein 1 (GIGYF1) is a high-confidence ASD risk gene [83]. GIGYF1 cKO mice display
repetitive and stereotyped behaviors, anxiety, and learning and memory deficits. GIGYF1 cKO mice have a
decreased number of upper-cortical neurons, which can be attributed to the diminished proliferation of
neural progenitor cells (NPCs) due to the cell cycle remaining in the S phase. Furthermore, GIGYF1-deficient
mice exhibit disruption of the IGF-1R/ERK pathway during early brain development. In GIGYF1 KO HEK293T
cells, disruption of IGF-1R recycling from the nucleus to the cell membrane is observed, which also leads to
disruption of the IGF-1R/ERK pathway. It was discovered that treating neurospheres from GIGYF1-deficient
embryonic mice at E14.5 with IGF-1 can enhance neurosphere proliferation and improve the impaired
proliferation of NPC in the neurosphere using neurosphere formation assays [83]. This suggests that IGF-1
therapy may promote neuron proliferation during the embryonic period.

The EBF transcription factor 2 (EBF2) plays a crucial role in cerebellar development, especially in controlling
the development and survival of Purkinje cells [84]. The number of Purkinje cells is reduced by 38% through
apoptosis in EBF2 null mutant mice [85]. In EBF2-null mice, the levels of IGF-1 mRNA and protein, as well as
its downstream phosphorylated AKT (Thr308 and Ser473) and GSK3β (Ser9), are decreased in the cerebellum
and Purkinje cells. Further study has found that EBF2 can bind directly to the IGF-1 promoter and activate
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IGF1 expression. These results support the suppression of the IGF-1/PI3K/AKT pathway in EBF2 null mice.
In addition, H-1356, a competitive IGF1R inhibitor, increases the apoptosis of Purkinje cells in wild-type
slices, while exogenous IGF1 treatment significantly reduces the apoptosis of Purkinje cells in EBF2 null
cerebellar slices [86]. These studies confirm the crucial role of IGF-1 in the survival of Purkinje cells.

One study discovered that IGF-1 promotes cell survival and proliferation while decreasing the expression of
G protein-coupled receptor 17 (GPR17) and FOXO1 in SK-N-SH cells, a cell line model for ASD. GPR17 is a
P2Y-like receptor that has been reported to mediate neuronal injury and microglia proliferation following
focal cerebral ischemia in rats [87]. Antagonizing GPR17 and inhibiting FOXO1 both played a role
comparable to IGF-1. Blocking PI3K signaling with LY294002 prevented the impact of IGF-1 on GPR17
suppression. Moreover, IGF-1 led to an increase in FOXO1 nuclear export and a decrease in FOXO1 binding
to the GPR17 promoter in SK-N-SH cells. As a result, IGF-1 may improve cell survival and proliferation in
SK-N-SH cells by facilitating the nuclear export of FOXO1 and reducing its binding to the GPR17 promoter
via PI3K/Akt signaling [88].

In addition to genetic models of ASD, IGF-1 treatment can protect neurons from apoptosis in ASD models
produced by environmental factors. Subcutaneous administration of IGF-1 at 24 and 48 hours following
hypoxic ischemia can decrease brain atrophy and improve long-term memory and cognitive function in rats.
In the cortex of newborn rats, neurons deprived of oxygen and glucose showed a significant reduction in
neuronal apoptosis after 24 hours of treatment with IGF-1 [89].

IGF-1 Influences the Balance of Synaptic Excitation and Inhibition

The synaptic excitation-to-inhibition ratio refers to the relative contributions of excitatory and inhibitory
synaptic inputs. The ratio of synaptic excitation to inhibition is altered in individuals with ASD who have
distinct genetic forms. Some studies have reported a greater decrease in inhibition than excitation [90],
while others have reported a greater decrease in excitation than inhibition [91,92], which may cause
dysregulation of synapse and circuit excitability. Marchetto et al. reprogrammed skin fibroblasts from ASD
patients with early brain overgrowth and non-ASD controls with normal brain size, to generate iPSCs, NPCs,
and neurons. When recombinant human IGF-1 was added during the differentiation process, the number of
GABAergic neurons increased in all cells derived from individuals with ASD. After differentiation, mature
ASD-derived cultures treated with IGF-1 displayed an inclination to improve neuronal spike quantity,
suggesting that IGF-1 may partially restore network establishment in ASD-derived neuronal cultures [93].

IGF-1 treatment can also correct impairments in hippocampal alpha-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) signaling, long-term potentiation (LTP), and motor function in autism
mouse models with SHANK3 deficiency. This indicates that IGF1 can restore postsynaptic excitability [94].
Further research has revealed that IGF-1 suppresses N-methyl-D-aspartate (NMDA)-induced excitotoxicity
via IRS2, resulting in neuroprotection. In turn, the excitatory neurotransmitter glutamate reduces IGF-1R
phosphorylation, disrupting IGF-1 signaling. Additionally, IGF-1-induced phosphorylation of GSK3β
regulates the connection between N-methyl-D-aspartate receptor (NMDAR)-dependent LTP and long-term
depression (LTD), which are the primary forms of enduring synaptic strength changes in the brain [43].
These results imply the role of IGF-1in regulating the E-I ratio. However, further attention and effort are
needed to clarify its mechanism in ASD.

IGF-1 Regulates Neuroinflammation

Multiple studies have reported unregulated inflammation in patients with ASD in the absence of insult or
injury. Sustained activation of microglia and astrocytes contributes to neural deficits in ASD, which may
disrupt neural connectivity and contribute to core symptoms in ASD [95,96]. Since MIA inhibits IGF-1 levels
in the placenta through increased IL-6, it is worth exploring the role of IGF-1 in the neuroinflammation in
ASD. In a mouse model of ASD with a SHANK3 gene mutation, hyperbaric oxygen therapy dramatically
increases the expression levels of IGF-1 and decreases the number of microglia expressing ionized calcium-
binding adapter molecule 1 (Iba1), a marker of microglia activation. This suggests a negative correlation
between IGF-1 levels and microglia activation [97]. Injection of propionic acid (PPA) into rats is a commonly
used animal model for ASD. IGF-1 levels in brain homogenate and CSF were significantly reduced in ASD
mice model induced with PPA. After 4-hydroxyisoleucine therapy, increased levels of IGF-1 and decreased
levels of inflammatory cytokines (TNF-α and IL-1β) were observed in the plasma and brain homogenate of
the PPA-induced ASD animal model. It indirectly suggests a link between IGF-1 and neuroinflammation [98].
Substantial evidence has shown that IGF-1 signaling reduces neuroinflammation by inhibiting glial
activation and cytokine levels, such as IL-1β, IL-6, IL-10, and TNF-α [99-101]. As a result, investigating the
role of IGF-1 in ASD with dysregulated neuroinflammation driven by different etiologies may provide
potential therapeutics for ASD.

IGF-1 Protects Against Oxidative Stress

An imbalance between pro-oxidants and antioxidants causes oxidative stress, which triggers the attack of
cells by ROS or reactive nitrogen species (RNS). When ROS accumulate within cells and are not properly
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scavenged, they can cause oxidative stress. Superoxide (O2−) is formed during normal oxygen metabolism
and is quickly transformed into hydrogen peroxide (H2O2) by superoxide dismutases (SODs) [102]. O2− and
H2O2 are both harmful to cells. Some pathways, such as catalase and glutathione peroxidase (GPx), can
convert H2O2 to H2O. Free reduced glutathione (GSH), an antioxidant with cytoprotective effects, donates
an electron to H2O2 and is converted to the oxidized form GSSG through the catalytic action of GPx. GSH
can be replenished through the action of GSH reductase (GR) [102]. In recent years, several groups have
reviewed the neuropathology of ASD concerning oxidative stress, which includes mitochondrial
dysfunction, decreased antioxidant enzyme activity, and increased lipid peroxidation [103-105]. In addition,
due to their low cellular GSH concentrations and poor GSH redox capacity, children with ASD are more
vulnerable to oxidative stress [106].

IGF-1-deficient mice exhibit increased expression of pro-oxidant genes (e.g., prostaglandin-endoperoxide
synthase 2, nitric oxide synthase 1), suppressed expression of antioxidant genes (e.g., GPx 1 and 8, catalase,
superoxide dismutase 2), and elevated levels of lipid peroxidation markers. Brian’s oxidative damage is
mitigated by IGF-1 treatment [45]. IGF-1 also boosts GSH synthesis in neuroblastoma SH-SY5Y cells (a cell
line model for ASD) by upregulating the expression of the glutamate-cysteine ligase modifier subunit
(GCLM), which is mediated by increased nuclear factor erythroid 2-related factor 2 (Nrf2) protein in the
nucleus. Interestingly, a PI3K inhibitor abrogated the IGF-1-induced upregulation of GCLM [107].
Furthermore, inhibition of IGFR elevated ROS levels induced by glutamate stimulation in both astrocytes
and cerebrovascular endothelial cells [108], demonstrating that IGF-1 signaling contributes to astrocyte
protection by inhibiting ROS levels. Furthermore, the accumulation of ROS can lead to the production of
oxidized proteins and lipid peroxidation, which may directly increase neuroinflammation in ASD [102].
Hence, it is important to investigate whether IGF-1 is involved in the interaction between oxidative stress
and neuroinflammation in ASD.

These improvements encompass neuronal development, neural cell survival and proliferation, the balance
of excitation and inhibition in brain circuits, neuroimmunology, and the status of oxidative stress (Figure 2).
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FIGURE 2: Treatment with insulin-like growth factor 1 (IGF-1) improves
pathological changes in multiple models of autism spectrum disorder
(ASD).
IGF-1 enhances neuronal development in neurons derived from individuals with ASD and in genetic-associated
ASD mice, such as those with DYRK1A deficit, FMR1 knockout, and MECP2 deficit. IGF-1 promotes the survival
of neurons in GIGYF1 conditional knockout neurospheres, EBF2 null cerebellar slices, and the SK-N-SH cell line.
IGF-1 enhances the balance of synaptic excitation and inhibition in induced pluripotent stem cells (iPSCs) derived
from skin fibroblasts of individuals with ASD and SHANK3-deficient mice. IGF-1 protects against oxidative stress
in the SH-SY5Y cell line. IGF-1 may also regulate neuroinflammation directly or indirectly. This is evidenced by the
increased IGF-1 and decreased microglia activation or cytokine levels observed in both hyperbaric oxygen
treatment in SHANK3 mutant mice and 4-hydroxyisoleucine therapy in propionic acid (PPA)-induced ASD rats
[41,72,75,77,81-83,86,88,93,94,97,98,107].

The figure was created using Adobe Illustrator.

Application of IGF-1 in the treatment of neurodevelopmental disorders
with ASD-like core symptoms
Recombinant IGF-1 (mecasermin) was approved for the treatment of GH insensitivity (GHI) syndrome or
IGF-1 deficiency (IGFD) by the US FDA in 2005 [109]. Because of IGF-1’s function in brain
development [110] and its ability to cross the blood-brain barrier, it has emerged as a viable therapeutic
method for neurodevelopmental disorders [111]. In the last decade, numerous studies have indicated IGF-1’s
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efficacy in rescuing neurodevelopmental deficits in diseases with ASD-like phenotypes, especially in
RTT [77,78,112]. We are thrilled to learn that the FDA-approved trofinetide (DAYBUE™), an oral small
molecule synthetic analog of glycine-proline-glutamate (GPE), an N-terminal tripeptide derivative of IGF-1,
as the first drug for the treatment of RTT in adult and pediatric patients two years of age and older in March
2023 [46].

In RTT patients, four weeks of incremental dose treatment with mecasermin increased IGF-1 levels in both
peripheral blood and CSF, as well as improved anxiety and respiratory function [113]. Trofinetide therapy
resulted in clinically relevant improvements in a phase 2 randomized investigation of 82 patients with RTT
aged 5 to 15 [114]. In a recent randomized phase 3 study, females aged 5 to 20 with RTT were given twice-
daily oral trofinetide (n = 93) or placebo (n = 94) for 12 weeks, which improved key symptoms, including
communication capacity [112].

Phelan-McDermid syndrome (PMS) is characterized by general developmental delays, deficiencies in verbal
or motor skills, and ASD-like behaviors due to a heterozygous deletion of chromosome 22q13.3 coupled with
SHANK3 deletion or mutation [115]. A clinical trial of nine PMS kids aged 5-15 years has found that IGF-1
treatment was safe and resulted in significant improvements in social deficits and repetitive behaviors [116].

Fragile X syndrome (FXS) is the most common single-gene disorder associated with ASD, exhibiting
phenotypic features such as ASD-like behaviors and cognitive abnormalities [117]. In a phase 2 randomized
study, trofinetide at a dose of 70 mg/kg demonstrated improvements in social avoidance, anxiety,
communication, repetitive behaviors, hyperactivity, motor impairments, and sensory sensitivity.
Furthermore, there were no reported deaths or serious adverse events during trofinetide treatment,
indicating initial evidence of the safety of trofinetide therapy [118]. These studies indicate that IGF-1 can
alleviate core symptoms of ASD.

Conclusions
Because of the reduced levels of IGF-1 in human body fluids of preschool-age ASD patients, as well as the
correlation between serum IGF-1 level and ASD core symptoms, IGF-1 has the potential to be a molecular
marker of ASD to assist in its early diagnosis. Further research may broaden our application of IGF-1 as a
molecular marker. Since the FDA recently approved IGF-1 as the sole drug for RTT for partially improving
ASD-like core disorders, it may be beneficial in the treatment of ASD. More academic and clinical
communities could prioritize IGF-1 research in ASD treatment. In fact, a clinical trial to investigate the
efficacy of IGF-1 in ASD individuals is presently underway [ClinicalTrials.gov identifier: NCT01970345]. The
outcomes are fundamental in identifying new ASD interventions.
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