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The Sonic hedgehog (SHH) pathway affects neurogenesis and neural patterning during the
development of the central nervous system. Dysregulation of the SHH pathway in the brain
contributes to aging-related neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis. At present, the SHH signaling
pathway can be divided into the canonical signaling pathway and non-canonical signaling
pathway, which directly or indirectly mediates other related pathways involved in the
development of neurodegenerative diseases. Hence, an in-depth knowledge of the SHH
signaling pathway may open an avenue of possibilities for the treatment of
neurodegenerative diseases. Here, we summarize the role and mechanism of the SHH
signaling pathway in the development of the central nervous system and aging-related
neurodegenerative diseases. In this review, we will also highlight the potential of the SHH
pathway as a therapeutic target for treating neurodegenerative diseases.
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INTRODUCTION

Aging is a major risk factor for most neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis (Hou et al., 2019). Most neurodegenerative
diseases manifest in the elderly. However, there is still lack of effective treatment strategies against
aging-related neurodegenerative diseases, which irreversibly progress and are related to much
socioeconomic and personal costs (Ransohoff, 2016). Hence, novel and effective therapeutic
strategies are desperately needed to combat these devastating diseases. The hedgehog (HH) gene
was first found in wingless mutation of Drosophila (Lee et al., 1992). The secreted proteins encoded
by the HH gene family act upon intracellular and distant cells to mediate relevant gene expression. In
mammals, the HH family contains three members: desert hedgehog (DHH), Indian hedgehog (IHH),
and Sonic hedgehog (SHH). Among them, SHH is widely expressed in human tissues and is involved
in the development of the brain and spinal cord, axial bone, limbs, skin, hairs, teeth, cochlea, and
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lungs (Yang et al., 2018; Echevarría-Andino and Allen, 2020). The
SHH signaling pathway can be classified into canonical and non-
canonical pathways. The canonical SHH pathway primarily
contains three components: a 12-domain transmembrane
receptor (patched1, PTCH1), a seven-domain transmembrane
receptor (Smoothened, SMO), and a GLIoma-associated
oncogene homolog (GLI) family of transcription factors (GLI1,
GLI2, and GLI3) (Espinosa-Bustos et al., 2019). The SHH ligand
activates the SHH pathway and promotes the interaction between
SMO and PTCH, thereby activating GLI protein (Figure 1).
Particularly, SMO agonists seem to be promising for
neurodegenerative diseases (Ruat et al., 2014). The interaction
between activated GLI and CREB-binding protein (CBP)
activates the transcription expression of downstream genes of
SHH. Cell fusion inhibitor (SuFu), a key negative regulator in the
SHH signaling pathway, inhibits GLI-mediated feedback
activation by binding to GLI and acts as an adaptor protein
that connects GLI protein and limb-dependent protease
degradation pathway (Stone et al., 1999). The non-canonical
SHH signaling pathway can be categorized into three types, as
follows: 1) PTCH-mediated, 2) SMO-dependent/GLI-
independent, and 3) SMO-independent GLI activation
(Rimkus et al., 2016). Studies suggest that SHH exerts a
decisive function in establishing the ventral spinal cord,
inducing the basal lamina, and forming motor neurons and
possesses various functions during the early stage of
embryonic development such as forming a neural tube
pattern, establishing the anterior–posterior axis and
dorsal–ventral axis, and forming the body (Kvon et al., 2016).
Dysregulation of SHH can induce neurodegenerative diseases
(Patel et al., 2017). For instance, activation of the SHH pathway

may protect dopaminergic neurons and attenuate inflammatory
response through regulating the PI3K/Akt pathway in
Parkinson’s disease (Shao et al., 2017). Meanwhile, it is
cytoprotective against oxidative damage due to ALS (Peterson
and Turnbull, 2012). Interference with the SHH pathway may
sensitize HT22 cells, while augmentation of the SHH pathway
may protect cells against hydrogen peroxide (H₂O₂) challenge
(Peterson and Turnbull, 2012). Therefore, an in-depth study of
this signaling pathway has important guiding significance and
scientific value for understanding the pathogenesis, clinical
diagnosis, and novel therapeutic strategies of
neurodegenerative diseases. This mini-review will summarize
the roles and mechanisms of the SHH pathway during the
development of the central nervous system and
neurodegenerative diseases.

Role of Sonic Hedgehog Pathway in the
Development of the Central Nervous
System
During the development of the vertebrate central nervous system,
SHH mediates ventral configurable, proliferative, and
differentiated capacities of precursor cells (including
telencephalon), thereby coordinating size, shape, and cell type
(Ni et al., 2020). During the neocortex development, the SHH
signaling pathway regulates proliferation of radial glial cells and
intermediate precursor cells to maintain the proliferative
capacity, differentiation, and survival of neocortex neurons
(Komada, 2012). Dysregulation of SHH can lead to
developmental disorders. In the central nervous system
development of SHH gene knockout embryos of mice, early

FIGURE 1 | Sonic hedgehog signaling pathway. Two states are depicted. Under normal conditions, PTCH1 inhibits the activity of SMO protein, thereby inhibiting
the downstream pathway. COS2/Kif7 and PKA play a negative regulatory role. When PTCH1 binds with SHH, the inhibition of SMO is released and the GLI protein and
microtubule complex enters the nucleus to activate downstream target gene transcription.
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deficiency occurs in the midline structure and late deficiency
includes the loss of distal limb structure, ciliary eye, the lack of
ventral cell type in the neural tube, and the loss of spine and most
ribs (Echevarría-Andino and Allen, 2020). In humans, SHH
mutations have severe effects on the development of the
forebrain and face, such as holoprosencephaly (Monteagudo,
2020). During the embryonic development, the interaction of
bone morphogenetic protein (BMP) and SHH signaling pathway
plays a decisive role in regulating the development of organ
epithelial stem cells (Li et al., 2015). Moreover, SHH induces the
development of other tissues or organs (Mangum et al., 2016).
SHH deficiency affects the formation of the spinal cord structure
as well as the development of the brain. The development of the
vertebrate brain needs to create many types of cells at precise
location and time, thereby forming functional connections. To
produce the right number of cells, the brain must produce many
precursors in a limited time. The SHH signaling pathway can
control the brain developmental pattern as well as the size, shape,
and direction of cells. First, SHH is expressed in the ventral side of
the early embryonic development including the ventral
hindbrain, midbrain, and forebrain, ensuring the normal
constitution of the ventral structure. The early expression of
SHH can induce forming aberrant brain structure. The cortex and
basal ganglia are the main structures of the adult brain, which
originate from embryonic telencephalon. SHH may induce
diverse ventral neurons for the basal forebrain through GLI
and regulate the size of the ventral midbrain (Ruiz i Altaba
et al., 2002).

Recent studies show that SHH regulates the development of
the nervous system through a synergistic effect with many factors.
For example, the Nurr1 gene can inhibit cell apoptosis and
inflammation, protect neurons, and cooperate with SHH to
promote the development and maturation of neuron precursor
cells (Palma et al., 2005). SHH can mediate the expression of
Nkx2.1 in a GLI3-independent manner during embryonic
neurogenesis, thus maintaining the normal activity of
interneurons in the medial ganglionic eminence (MGE), which
is the key determinant of the balance of excitation and inhibition
in the postnatal cerebral cortex (Gulacsi and Anderson, 2006).
SHH and basic fibroblast growth factor 8 (FGF-8) synergistically
act on neural precursor cells and induce the expression of genes
related to the development of dopamine neurons (Britto et al.,
2002). Furthermore, this synergy can effectively induce human
dental pulp stem cells to differentiate into nerve cells in vitro
(Lambrichts et al., 2017). Experimental studies report that SHH
cannot induce axon growth alone but can enhance retinoic acid
receptor β 2 (RAR β 2), thereby stimulating the axon growth of
neurons (So et al., 2006). Studies have shown that the
nNOS–Sox2–SHH axis, as a new feedback compensation
mechanism, participates in ischemic neuronal damage and
plays a neuroprotective role in glutamate-induced
excitotoxicity (Zhang et al., 2016). Furthermore, activation of
the SHH signaling pathway can increase the expression of nerve
growth factor (NGF), p75, and TrkA in the dorsal root ganglion
(DRG) (Han et al., 2020).

SHH protein may produce amino and carboxyl terminal
products by its own proteolysis. The amino terminal cleavage

product (SHH-N) of SHH autoproteolysis can induce the
differentiation of floor plate cells and motor neurons (Roelink
et al., 1995). SHH-induced ventral neurons exhibit the gene
expression pattern of lateral ganglion eminence, which is the
embryonic structure derived from the striatum. The temporal
regulation of SHH activity is indispensable in the sequential
induction of basal telencephalon structures. Furthermore, the
SHH signal may control cerebellum growth at different levels
(Northcott et al., 2019). SHH is necessary for the proliferation of
precursor cells of granular neurons. SHH that can be produced by
Purkinje neurons induces the differentiation of Bergmann glial
cells. In vivo, blocking SHH may lead to insufficient
differentiation of granular neurons and Bergmann glial cells
and abnormal development of Purkinje neurons (Wang and
Almazan, 2016). According to numerous research studies,
SHH can mediate to produce oligodendrocyte precursors
(Namchaiw et al., 2019; Starikov and Kottmann, 2020). By the
chemical inhibitor or anti-SHH antibody, inhibiting SHH may
inhibit the differentiation of oligodendrocytes (Yang et al., 2020).

Combining previous studies, the SHH pathway plays a key role
in the development of the central nervous system. Due to the
complexity of distinct regions in the central nervous system,
mechanisms involving SHH for neural precursor cell growth,
neuron formation, and spinal cord syndesmosis need to be
further studied.

Roles and Mechanism of Sonic Hedgehog
Pathway in Neurodegenerative Diseases
Sonic Hedgehog Signaling Pathway in Alzheimer’s
Disease
Alzheimer’s disease (AD) is the most common neurodegenerative
disease in adults characterized by progressive and irreversible
memory decline, which mainly manifests cognitive impairment,
behavioral change, and dysfunction (Cortes-Canteli and Iadecola,
2020). Neuropathological features include progressive
degeneration of cholinergic neurons in the cholinergic
projection system of the forebrain, especially in the basal
nucleus of Meynert. However, the specific pathogenesis of AD
has not been elucidated. The aggregation of the amyloid β (Aβ)
peptide that is produced by the hydrolysis of amyloid precursor
protein, as the main component of senile plaques, plays an
important function on AD development. Recent evidence has
demonstrated that SHH may participate in the cell cycle of post-
mitotic neurons, and abnormal cell cycle promotes Aβ-induced
neuronal death (Vorobyeva and Saunders, 2018). Furthermore,
blockage of the SHH pathway may reduce apoptosis of
hippocampal neurons to improve spatial learning and memory
capacity in AD mice (Li et al., 2020). Primary cilia are small and
static microtubules and cell membrane protuberance expressed in
most vertebrate cells (like cortical and hippocampal neurons).
They can be modified by various receptor proteins and are of
necessity upon particular pathway cascades (like the SHH signal).
Destruction of ciliary structures and functions can lead to various
ciliary diseases. Cognitive impairment is a common human
ciliary disease and a symptom of AD. A study has shown that
the Aβ peptide can change the structure of primary cilia and
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damage the SHH signaling pathway via inhibiting the expression
of Ptc1 and Gli1 in glial precursor cells (Chen et al., 2020).

Under normal circumstances, high levels of PTCH1 induced
by SHH and relevant transcription factor GLI1 are related to the
generation of specific neuronal progeny. However, their role in
neural stem cells of AD remains unclear.
Glycerylphosphorylcholine (GPC), a common choline
compound and acetylcholine precursor in the brain, enhances
memory and cognitive function in AD (Lee et al., 2017). The
abnormal loss of GPC caused by out of control of the PTCH1/
GLI1 signal may be one of the reasons for the cognitive
impairment of the brain in AD (Moghadam et al., 2009). In
the ventromedial cells of the developing central nervous system,
SHH has been shown to affect the proliferation, differentiation,
survival, and apoptosis of precursors. Transplantation of neural
progenitor cells and cholinergic cells derived from mouse
embryonic stem cells can promote the behavioral recovery of
the AD rodent model (Reilly et al., 2002). Reilly et al. found that
SHH exerts an important function on cholinergic neuron
development, and its receptor PTCH1 is specifically expressed
in cholinergic neurons of the adult rat basal forebrain, suggesting
the therapeutic value of SHH in AD (Town et al., 2009). In the
screening of genes regulated by the SHH signal in mouse limbs,
the loss of GLI3 transcription factor may promote the up-
regulation of PITRM1, a zinc metal endopeptidase that is
related to AD and mitochondrial peptide degradation
(Noguchi et al., 2015). However, some studies demonstrate
that the SHH signal may induce AD. As an example, through
establishing the “Aβ→ Id1→HIF-1→ SHH” signal cascade
reaction in the rat cortex, Hong et al. found that SHH may be
partly involved in the neurotoxicity of the Aβ peptide (Hung
et al., 2016). Li et al. found that protease nexin-1 (PN-1) could
reduce apoptosis of hippocampal neurons and improve spatial
learning and memory ability by blocking the SHH pathway,
thereby playing a protective role in AD (Li et al., 2020).

Collectively, the SHH pathway exerts an important function
upon the neuronal activity for AD. Due to the complexity of the
mechanism of the SHH pathway, its specific role in the
pathogenesis of AD needs to be further explored, thereby
providing the theoretical basis for the early intervention and
therapy of AD.

Sonic Hedgehog Signaling Pathway in Parkinson’s
Disease
The most important pathological change of Parkinson’s disease is
the degeneration and death of dopaminergic neurons in the
substantia nigra and striatum, which leads to the significant
decrease of dopamine content in the substantia nigra and
striatum pathway. As confirmed, SHH can suppress midbrain
dopaminergic neuron deaths that are mediated via neurotoxin
n-methyl-4-phenylpyridine (MPP+) (Ugbode et al., 2017).
Intracerebral injection of SHH-N improves the motor function
of rats with Parkinson’s disease and increases tyrosine
hydroxylase immunoreactive neuron expression for the
striatum, demonstrating that SHH possesses a specific
treatment foreground against Parkinson’s disease, and SHH
may be used as a potential therapeutic agent for

neurodegenerative diseases (Dass et al., 2002). The SHH
pathway can also protect dopaminergic neurons from
oxidative stress by enhancing the activity of superoxide
dismutase 1 (SOD1) (Ji et al., 2012). Xia Y-P et al. found that
oxidative stress induces astrocytes to secrete endogenous SHH,
and exogenous SHH may protect astrocytes by activating the
PI3K/Akt/Bcl-2 pathway and reduce the apoptosis rate induced
by H2O2 (Xia et al., 2012). The interaction between wingless-type
MMTV integration site family (Wnt)/β-catenin and SHH-
Smoothened pathways plays an important role in the
development of dopaminergic progenitors and neurons (Luo
and Huang, 2016).

Therefore, the SHH signaling pathway can protect
dopaminergic neurons, which provides an important clue for
developing the effective therapeutic strategies against Parkinson’s
disease.

Sonic Hedgehog Signaling Pathway in Amyotrophic
Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is one of the most common
motor neuron diseases (Chiò et al., 2020). The loss of the upper
and lower motor neurons is the main aspect of ALS. The average
course of ALS is only 3–5°years. Nevertheless, there are no
effective therapeutic strategies (Turner et al., 2020). Most
scholars believe that ALS is a complex disease caused by the
interaction of multiple factors and genes. The main pathogenic
theories include glutamate excitotoxicity, oxidative stress, protein
misfolding, mitochondrial changes, axonal transport disorder,
neuroinflammation, exogenous toxin and virus infection, gene
mutation, abnormal RNA metabolism, etc. (Bennett et al., 2019;
Calió et al., 2020; Harrison and Rafuse, 2020; Herrando-
Grabulosa et al., 2021). However, little is known about its
etiology, and there is no effective treatment for ALS. SHH is
an essential morphological gene during the development of
nervous systems. SHH exerts a critical function on promoting
cell proliferation and differentiation, maintaining the integrity of
blood–brain barrier, and protecting cells from oxidative stress
(Xia et al., 2012). There is evidence that SHH exerts a key function
on ALS (Lin et al., 2020). A study found that the decrease in the
expression of cellular retinoic acid–binding protein 1 (CRABP1)
is correlated with motor neuron degeneration (Lin et al., 2020).
SHH may elevate CRABP1 expression through mediating GLI1,
which involves specific chromatin remodeling (Lin et al., 2020).
Because purmorphamine acts on Smoothened, downstream of
SHH and its receptor Patched, the inhibitory action is
downstream of Smoothened (Drannik et al., 2017). With
purmorphamine, the induction activity of cerebrospinal fluid
(CSF) in the control group is significantly enhanced, while
there is no significant change in ALS, suggesting that the SHH
signal may be inhibited in the CSF of ALS (Drannik et al., 2017).
This proves that the SHH signal in the CSF of patients with ALS is
damaged. The SHH signaling pathway may participate in the
progression of ALS via interaction with other signaling pathways.
For example, a study found that, in the spinal cord of mutant
superoxide dismutase mice, the key markers of Notch signaling
pathway change with age, and this trend is positively correlated
with the change of the SHH signaling pathway, indicating that the
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association of these two pathways in vivo may contribute to
dysfunction and death of motor neurons in ALS (Ma et al., 2017).

Collectively, targeting the SHH pathway could provide a novel
insight into the therapeutic strategies against ALS. However,
more cellular experiments and animal models should be
performed to investigate the effects of SHH pathway on ALS
progression.

DISCUSSION

The neurodegenerative disease represents the most common
aging-related disease in the central nervous system. It is
pathologically characterized by ion metabolism disorder,
protein toxicity, oxidative stress, and neurotransmitter
deficiency. Although numerous studies have been performed
to elucidate the pathological mechanism of neurodegenerative
diseases, the main reasons are still elusive. The aging population
and the lack of effective therapeutic strategies make the
prevention and treatment of neurodegenerative diseases face
great challenges and bring heavy burden to the society,
families, and individuals. The repair of central and peripheral
nerve injury requires differentiating neural stem cells from
functional neural cells. SHH may maintain neural stem cells
and promote the formation of oligodendrocytes. This mini-
review has summarized that the SHH signal exerts a key
function on neurodegenerative diseases and becomes a key
factor in the normal development of the vertebrate central
nervous system. The SHH signaling pathway not only is a
carrier of intracellular signal transmission but also participates
in the normal development and differentiation of nerve cells.
However, the abnormal SHH signaling pathway can lead to a

variety of nervous system diseases. Although a lot of scientific
research on SHH has been carried out in the past decades, many
problems remain unsolved. In the future studies of patients with
neurodegenerative diseases or animal models of neurological
disorders, manipulation of SHH signaling by pharmacological
or molecular approaches will improve our understanding of
neurodegenerative diseases and may guide the way to new
strategies for prevention and treatment.

FUTURE PERSPECTIVES

Despite many scientific studies on SHH in the past few decades,
there are still many problems that have not been solved. New
animal experimental models and technical means, gene,
transcription, and protein detection technologies are
increasingly improving, which may provide conditions for
humans to conquer neurodegenerative diseases. Therefore, it is
very important to deeply study the role and specific molecular
mechanism of the SHH signaling pathway in the development of
the central nervous system and neurodegenerative diseases.
Moreover, exploring specific diagnostic and prognostic
biomarkers and finding new therapeutic targets will bring
hope for the cure of neurodegenerative diseases.
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