
Vol.:(0123456789)1 3

Neurochemical Research (2018) 43:2199–2211 
https://doi.org/10.1007/s11064-018-2645-1

REVIEW PAPER

The Neuroprotective Roles of Sonic Hedgehog Signaling Pathway 
in Ischemic Stroke

Lian Liu1 · Bo Zhao1 · Xiaoxing Xiong2 · Zhongyuan Xia1 

Received: 9 March 2018 / Revised: 29 July 2018 / Accepted: 19 September 2018 / Published online: 28 September 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Ischemic stroke is characterized by high morbidity, mortality and disability rate worldwide. Because of its complexity in 
pathogenesis and lack of effective therapeutic strategies and drugs, great breakthrough has not yet been made in the treat-
ment of cerebral ischemic stroke. Therefore, to explore a more effective and safer therapeutic strategy for cerebral ischemic 
stroke has been the focus of numerous researchers. Neuroprotective effects of sonic hedgehog (Shh) signaling pathway in 
ischemic stroke have been reported in recent studies, but have not been fully elucidated. In our review, we elaborate the roles 
of Shh signaling in ischemic stroke from different aspects, including oxidative stress, excitotoxicity, neuroinflammation, 
apoptosis, angiogenesis, neuroplasticity, neurogenesis, astrogliosis and oligodendrogenesis. Meanwhile, Shh signaling based 
therapeutic approaches for cerebral ischemic stroke are also included in our review. We hope it will benefit the readers to 
better understand the roles of Shh signaling pathway in cerebral ischemic stroke and provide more comprehensive insights 
for basic research and novel strategies for the clinical treatment of cerebral ischemic stroke.
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Introduction

Ischemic stroke (also referred to as “cerebral ischemia”) 
exhibits one of the highest rates of morbidity and disabil-
ity, which leads to a heavy economic burden on society [1]. 
To date, thrombolysis is the only Food and Drug Adminis-
tration (FDA)-approved therapy for the treatment of acute 
ischemic stroke patients. However, only a small number of 
patients benefit from thrombolysis therapy because of its 
narrow therapeutic window, and various co-morbid medical 
conditions limit the use of thrombolysis [2]. Thus, a novel 

therapeutic strategy to restore the central nervous system 
(CNS) and promote subsequent functional recovery for 
patients with cerebral ischemia is urgently needed. Abundant 
evidence has demonstrated the role of the sonic hedgehog 
(Shh) signaling pathway in CNS repair and regeneration 
after brain injury, including ischemia [3]. Shh signaling is 
up-regulated following CNS injury, and it is finely regulated 
depending on the severity and type of injury [4]. Numer-
ous studies have investigated the roles of Shh in physiologi-
cal and pathological processes and have made substantial 
progress. The present review provides an overview of the 
protective roles and potential mechanisms of the Shh sign-
aling pathway in cerebral ischemia to provide a more com-
prehensive reference for basic researchers and to aid in the 
development of better clinical therapeutic interventions for 
ischemic stroke.

Characteristics of Sonic Hedgehog Signaling 
Pathway

Researches into Hh family for the past three decades have 
revealed many fundamental components of the Hh path-
way. In mammals, the Hh signaling pathway is triggered 
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by one of three family members, including Sonic hedgehog 
(Shh), Desert hedgehog (Dhh) and Indian hedgehog (Ihh) 
[5] (Fig. 1). Among the Hh homologues, Shh is the most 
widely studied one, which plays an important role in neu-
rogenesis and neural patterning during the development of 
CNS [6]. Shh in humans is identified as a homology to the 
Hh in Drosophila. Shh is able to be proteolytically cleaved to 
form two secreted proteins: a 25 kDa C-terminal domain of 
Shh (Shh-C) acts as protease and 19 kDa N-terminal domain 
(Shh-N) mediates the signaling activities [6] (Fig. 1).

Dispatched (Disp) and Patched1 (Ptch1) are both trans-
membrane proteins and have similar sequence. Disp is 
required for the secretion of cholesterol modified Shh, while 
Ptch1is functioning as a receptor for the Shh [7] (Fig. 1). In 
mammals, the primary cilium is the main target site for the 
Shh binding to Ptch1 and Shh cannot exert signaling activity 
in cells without the combination to the primary cilium [8]. In 
the absence of Shh, Ptch1 inhibits the activity of G protein-
coupled receptor Smoothened (Smo) [9]. Smo is a trans-
membrane protein that allows downstream nuclear transloca-
tion of glioma-associated oncogene homolog 1 (Gli1), a key 
regulator of the Shh pathway [4] (Fig. 1). The transcription 
factor Gli3 functions as a transcriptional inhibitor, while 
Gli2 acts as a transcriptional activator in the stimulation of 
Shh and can trigger the transcription of Gli1 [10] (Fig. 1). 
Inactivation of Gli1 results in the repression of Shh signaling 

pathway and its activation presents a high level of the path-
way activity [11]. Gli1 up-regulates the expression of target 
genes downstream of Shh pathway, including Gli1 itself and 
Ptch1 [10]. Binding of Shh to Ptch1, leads to removal of its 
inhibitory effect on Smo followed by activation of down-
stream pathway and consequently initiates the expressions 
of target genes associated with cellular cycle progression 
[12]. Thus, Ptch1 and Gli1 are both regular components 
and transcriptional targets of the Shh pathway. Especially, 
nuclear translocation of Gli1 leads to the activation of its 
target genes, including cyclin E, cyclin D, N-Myc, Bcl-2, 
mammalian achaete scute homolog-1 (Mash1), and Bmi1 
which are involved in cell proliferation, anti-apoptosis, adult 
neurogenesis, and self-renewal [13] (Fig. 1). The steroidal 
alkaloid cyclopamine, a natural Shh antagonist, induces con-
formational change of Smo and impedes the nuclear translo-
cation of its downstream components [14].

The high affinity of Shh binding to Ptch1 (in mammals) 
requires the presence of at least one of three co-receptors: 
Boc (Boi, counterpart in drosophila), Cdo (Ihog, counterpart 
in drosophila) or Gas1 [9]. Boc (Boi) and Cdo (Ihog) are 
transmembrane proteins, but Gas1 (no homolog in drosoph-
ila) binds to cell membrane via a GPI anchor [15] (Fig. 1). 
Shh can affect cells 300 µm away from the secretion site 
in an autocrine and paracrine manner [12]. The three co-
receptors are found to up-regulate Shh pathway and make 

Fig. 1   Schematic of the canoni-
cal Shh signaling pathway. 
In Hh secreting cells, the 
N-terminal fragment (HhN) is 
generated by full-length Hh in 
the modification of cholesterol. 
Hh signaling reception is facili-
tated by Ihog/Boi in Drosophila 
and Cdo/Boc/Gas1 in mammals. 
Once secreted, the biologically 
active N-terminal fragment 
of Shh (Shh-N); exerts its 
effects by binding to patched1 
(Ptch1) with high affinity. The 
combination of Shh and Ptch1 
blocks the normal inhibition of 
smoothened (Smo). Within the 
nucleus of the responding cell, 
zinc-finger transcription factors 
of the Ci/Gli family (Gli1-3) 
act in the last known step of the 
Shh pathway
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cells sensitive to low level of Shh released from a remote site 
[16]. The definite mechanism mediates the indirect inhibi-
tory effect of Ptch on Smo remains elusive [6]. The genetic 
details of the Shh pathway have been well characterized, 
however, more precise mechanisms underlying the multiple 
steps in the movement of Shh ligand and the nuclear trans-
duction of Shh signaling need to be further elucidated.

There are three non-canonical Shh signaling pathways 
besides the aforementioned canonical one: Type I, core 
components of Shh signaling interacting with others in a 
" non-contiguous " or “atypical” way; Type II, the signal-
ing components directly interact with constituents of other 
molecular pathways and opposed to the indirect regulation of 
Gli-mediated transcription cellular processes; Type III, sign-
aling pathway which functions through Smo in an Gli- inde-
pendent way or via Ptch1 in an Smo-independent way [6, 
17, 18]. It is worth noting that, despite the presence of non-
canonical pathways, the canonical Shh signaling pathway is 
the principal mechanism used for interpreting most relevant 
consequences of disturbed Shh signaling. The non-canoni-
cal signaling pathways serve as a modifier to the canonical 
pathway, which may play a role in moderating disruptions, 
fluctuations or play as a checkpoint in the pathway [17].

Potential Mechanisms 
of the Neuroprotective Effects of Shh 
in Cerebral Ischemia

Recent studies have suggested that Shh can not only play a 
positive role in neurogenesis of the CNS, but also exhibit 
neuroprotective effects in adults [3, 19]. Animal models of 
stroke have confirmed this hypothesis. Moreover, the acti-
vation of specific Shh pathway components protected brain 
function after ischemia [20].

Oxidative Stress

Oxidative stress is the primary mechanism of cerebral 
ischemia [21]. An overproduction of free radicals or dys-
function of the body’s anti-oxidation system creates an 
imbalance in oxygen free radical metabolism in vivo, which 
results in oxidative stress [22]. Brain tissues are particularly 
vulnerable to oxidative stress because of their high oxygen 
utilization as well as the high levels of polyunsaturated fatty 
acids and low levels of anti-oxidant enzymes in neural cell 
membranes. Cerebral ischemia increases the level of reac-
tive oxygen species (ROS) in cerebral tissue. Excessive 
ROS generation activates diverse signaling pathways and 
regulates the expression of genes that encode various pro-
inflammatory proteins [21, 22] (Fig. 2). Several beneficial 
factors are induced to combat ischemia-induced injury fol-
lowing stroke onset [20].

Shh attenuates protein oxidation and lipid peroxidation 
following middle cerebral artery occlusion (MCAO). MCAO 
is a classical and generally accepted model to induce cer-
ebral ischemia in rats/mice [23]. The Shh signaling pathway 
plays an important role in protecting against oxidative stress 
by increasing the activities of the anti-oxidant enzymes glu-
tathione peroxidase (GSH-PX) and superoxide dismutase 
(SOD) [24] (Fig. 2). Rats with permanent middle cerebral 
artery occlusion (pMCAO) exhibit a significant increase 
in Ptch1, Gli1 and SOD1 expression in ischemic cortex-at 
6 h, 12 h, 24 h and 48 h after pMCAO, but not 72 h after 
pMCAO. Ptch1, Gli1 and SOD1 may play a role in patho-
logical progression during the acute stage [25]. Inhibition 
of the Shh pathway exacerbates neurological deficits and 
increases the brain water content and infarct size during the 
acute phase of cerebral ischemia, which are caused by the 
down-regulation of Ptch1, Gli1 and SOD1 [20] (Fig. 2). 
Hydrogen peroxide (H2O2) is widely used to simulate oxida-
tive stress because it is the primary type of ROS and exhibits 
membrane permeability [26]. A previous study used H2O2 to 
induce oxidative stress in rat primary cortical neurons and 
identified activation of the endogenous Shh pathway in corti-
cal neurons under oxidative stress [24]. Brain-derived neu-
rotrophic factor (BDNF) is an important neurotrophic factor 
that widely exists in the brain and is reported to have pro-
tective effects against oxidative stress [27]. H2O2 treatment 
induces a slight increase in BDNF expression in primary 
neurons, while exogenous Shh pretreatment significantly 
upregulates the expression of BDNF in primary neurons. 
This effect of exogenous Shh is partially reversed by cyclo-
pamine (a specific antagonist of Shh signaling) treatment 
[24]. Therefore, activation of Shh signaling can exert neu-
roprotective effects against oxidative stress, partly via the 
regulation of BDNF (Fig. 2).

Oxidative stress also activates mitogen-activated pro-
tein kinases (MAPKs), which include several important 
members, such as extracellular signal-regulated kinase 
(ERK), p38 kinase, and phosphoinositol 3-kinase (PI3K) 
[28]. Increasing evidence has indicated that ERK inhibi-
tion protects neurons from death and apoptosis induced by 
oxidative stress [29]. The PI3K pathway exerts protective 
effects via activation of its direct downstream effector, Akt 
kinase, which controls multiple biological processes includ-
ing cell growth, proliferation, survival, apoptosis and glyco-
gen metabolism [30]. ERK, PI3K/Akt and the Shh pathway 
are involved in cell apoptosis and survival during oxida-
tive stress, and further research examined the relationship 
between these factors. H2O2-induced oxidative stress in 
cultured cortical neurons did not influence the expression 
of Akt, ERK and p38 proteins; however, it decreased phos-
phorylated-Akt (p-Akt) and increased phosphorylated-ERK 
(p-ERK) and phosphorylated-p38 (p-38). Exogenous Shh 
treatment increased p-Akt expression and alleviated p-ERK 
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expression, which was partially reversed following the 
addition of an inhibitor (cyclopamine) of the Shh pathway. 
However, Shh treatment did not impact the phosphorylation 
of p38 protein expression [31]. The neuroprotective effects 
of Shh against oxidative stress are independent of the p38 
MAPK pathway; however, it is associated with PI3K/Akt 
pathway activation and ERK pathway inhibition (Fig. 2).

Excitotoxicity, Neuroinflammation and Apoptosis

Excitotoxicity is an important mechanism in cerebral 
ischemia, and it refers to the hyperactivation of glutamate 
receptors, in which the n-methyl-d-aspartate receptor 
(NMDAR) plays a key role due to its high Ca2+ perme-
ability [32]. Overexpression of NMDAR leads to neuronal 
death via the induction of a cascade of downstream signaling 
molecules [33]. Superfluous Ca2+ influx through NMDARs 
activates the overexpression of nitric oxide (NO) via the 
activation of neuronal nitric oxide synthase (nNOS), which 
exacerbates neuronal injury [34, 35]. nNOS promotes the 
transcriptional activity of Shh, which is a compensatory 

mechanism to protect neurons from NMDAR-mediated exci-
totoxicity and cerebral ischemic stroke [36] (Fig. 2).

Neuroinflammation is destructive and protective in 
brain injury and is a trigger for Shh signaling [37–39]. 
Cytokine exposure to astrocytes activates the NF-κB 
pathway directly in vivo and induces Shh transcription in 
these cells. Increased neuroinflammation and the upregula-
tion of Gli1 in the ipsilateral cortex suggest Shh pathway 
activation in the early stage after stroke [38] However, 
increased Gli1 levels and the lack of neuroinflammation 
on the contralateral side indicate that neuroinflamma-
tion is not the only trigger of Shh signaling after stroke. 
Neuroinflammation may be a neuroprotective mechanism 
in the early stages of stroke, during which cell prolifera-
tion is induced to repair the injured blood–brain barrier 
(BBB) [38, 40] A favorable argument for its positive role 
in neuroinflammatory signals during acute brain ischemia 
is that treatment with various anti-inflammatory agents 
is largely unsuccessful or detrimental; this finding indi-
cates that neuroinflammation aids in the recovery from 
brain ischemia via the upregulation of Shh, at least in the 

Fig. 2   Simplified diagram of the role of the Shh signaling pathway 
in oxidative stress, excitotoxicity, neuroinflammation and apopto-
sis. The Shh signaling pathway can exert protective roles in the cer-
ebral ischemia via the inhibition of oxidative stress, excitotoxicity, 
inflammation and apoptosis of neurons. The Shh/PI3K/Akt pathway 
may be the underlying mechanism. Shh signaling pathway activation 

exerts protective effects by increasing anti-oxidant enzymes (such as 
superoxide dismutase (SOD) and glutathione peroxidase (GSH-PX)), 
decreasing apoptotic genes (such as P53 and caspase-3), and increas-
ing anti-apoptotic genes (such as Bcl-2) and BDNF. Shh is also 
involved in protecting neurons against NMDAR-dependent excitotox-
icity
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acute stage. However, the failure to restrict neuroinflam-
mation ultimately results in widespread neuronal death 
in the later stage of brain ischemia [38]. Neuronal death 
caused by cerebral ischemia can triggers local immune 
responses, which result in microglial activation and leuko-
cyte infiltration to the injured brain tissue. This activation 
produces multiple inflammatory mediators and leads to 
BBB damage, cerebral edema, hemorrhage and neuronal 
death [41]. Activation of Shh decreases the mRNA lev-
els of the microglia/ macrophage marker CD11b and the 
pro-inflammatory cytokines IL6, TNFα and IL1β in the 
ischemic cortex in the late stage after MCAO [4]. Shh 
also regulates the inflammation via a reduction of NF-κB 
activation, which is a well-established upstream target of 
iNOS [25]. Therefore, Shh provides a protective effect for 
stroke via the regulation of microglia/macrophages and a 
series of related inflammatory cytokines (Fig. 2).

Apoptosis is an active, programmed cell death process 
that activates by intrinsic and extrinsic signals [42]. Shh 
significantly upregulated the expression level of Bcl-2 (an 
anti-apoptotic protein) and downregulated the expression 
level of Bax (a pro-apoptotic protein) in the primary cul-
tured neurons of rats with H2O2-induced oxidative stress 
compared to H2O2 treatment alone, and the addition of the 
PI3K/Akt pathway blocker LY294002 or the Shh blocker 
cyclopamine reversed these effects. The PI3K/Akt pathway 
is necessary for the anti-apoptotic effects of Shh and the Shh/
PI3K/Bcl-2 pathway, which is the underlying mechanism to 
protect impaired neurons against oxidative stress-induced 
apoptosis [31]. Cerebral ischemia is characterized by high 
levels of oxidative stress in neurons, which leads to necro-
sis and apoptosis. Neuronal ischemic necrosis is difficult 
to reverse; however, apoptosis is able to be altered via the 
regulation of its upstream signals. The treatment strategy for 
ischemic stroke is aimed at apoptotic cells, which are also 
the target for drug action [43]. Shh is a necessary survival 
factor in various cell types, and the Shh signaling pathway 
inhibits apoptosis [44]. Gli1and Gli3 upregulate the anti-
apoptotic Bcl2 gene, which is dependent on the canonical 
Shh signaling pathway [45, 46] (Fig. 2). Ptch1 regulates 
apoptosis via caspase activation in the neural tube without 
the participation of Shh in the non-canonical signaling path-
way [47]. Shh signaling promotes cell survival via inhibition 
of the p53 pathway, which is essential for the acceleration 
of apoptosis [48] (Fig. 2). Shh also suppresses cell death 
by reducing the generation of active caspase-3, which is an 
executioner enzyme of apoptosis [49] (Fig. 2). Shh decreases 
the number of TUNEL+ cells in the cortices of rats in a 
stroke model, which is consistent with its anti-apoptotic role 
[13]. Therefore, the elucidation of the underlying mechanism 
by which the Shh signaling pathway exerts anti-apoptotic 
effects in cerebral ischemia may improve the therapeutic 
approach to cerebral ischemic stroke.

Angiogenesis

In general, stroke is caused by a rapid cerebrovascular steno-
sis or occlusion, and it is always accompanied by the necro-
sis of brain cells and deficits in neurological function [50]. 
Organisms possess multiple compensatory mechanisms to 
increase the oxygen supply in ischemic brain tissue, which 
promotes angiogenesis [51]. Angiogenesis is defined as the 
formation of new capillary networks via vascular endothelial 
cell proliferation, migration, sprouting, vascular division and 
branching of the original blood vessels [52]. Angiogenesis 
in ischemic brain tissue is an important factor in determin-
ing local blood flow, neuronal restoration and regeneration, 
and the recovery of neurological function. Angiogenesis 
is also the basis for the reconstruction and remodeling of 
synaptic links in neurons [53]. Early collateral circulation 
of ischemic stroke depends on the openness of the original 
vascular network, and it relies heavily on neovascularization 
in the later stage. New blood vessels begin to appear 3 days 
after cerebral ischemia and continue to increase until at least 
21 days [54]. Stroke patients with a high cerebral vascu-
lar density exhibited a better prognosis than patients with a 
lower vascular density [55]. Various angiogenic factors, such 
as vascular endothelial growth factor (VEGF) and angiopoi-
etin-1/angiopoietin-2 (Ang-1/Ang-2), promote angiogenic 
and vascular repair processes in an animal model of cerebral 
ischemia [56, 57].

Shh signaling is essential to the development of embry-
onic blood vessels and is able to be reactivated during vessel 
repair in adults [58]. However, the endogenous regulation of 
Shh signaling in ischemia is largely unknown; identification 
of the mechanism by which Shh promotes the angiogenesis 
of blood vessels may provide novel therapeutic targets for 
the treatment of ischemic diseases. Previous reports have 
demonstrated that Shh signaling partially rescued heart and 
skeletal muscle from ischemic injury via the promotion of 
angiogenesis [59, 60]. A recent study reported that Shh 
can also enhance post-ischemic angiogenesis in a pMCAO 
model [61]. VEGF is an important factor for angiogenesis 
in ischemic tissue, as it enhances vascular permeability [62]. 
Shh promotes angiogenesis and neuron survival by increas-
ing VEGF expression (Fig. 3), and VEGF inhibition weak-
ens the pro-angiogenic effects of Shh in models of ischemic 
stroke [61]. Shh promotes the formation of capillary-like 
tubes and the migration of rat brain micro-vessel endothe-
lial cells (RBMECs), partially via VEGF. It also signifi-
cantly promotes cell proliferation and angiogenesis via the 
upregulation of Ki-67 (a marker for cell proliferation) and 
CD31 (a marker for cell proliferation) after pMCAO. In con-
trast, administration of a VEGF antibody or cyclopamine 
decreases the pro-angiogenesis effect of Shh [61]. However, 
Shh-induced blood vessels exhibit more smooth muscle cells 
and greater lumens than VEGF-induced vessels [63], which 
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suggests that Shh exerts stronger effects on the promotion 
of angiogenesis than VEGF, and the underlying mechanism 
must be further clarified.

Shh increases Ang-1 expression, which is crucial for the 
sprouting of endothelial cells (Fig. 3). Ang-1 prevents vaso-
genic brain edema via the inhibition of VEGF-induced vas-
cular leakage [64]. Shh decreases Ang-2 expression, which 
is a negative modulator of Ang-1. Cyclopamine signifi-
cantly reverses this pattern of Shh-mediated Ang-1/Ang-2 
gene expression, and it blocks the Shh signaling pathway 
through Smo. These results suggest that Ang1/Ang-2 are 
downstream of Gli1 [63]. Shh promotes cerebral angio-
genesis via activation of the RhoA/ROCK pathway or the 
nuclear receptor NR2F2, which are part of the non-canonical 
pathway, in an in vitro model of cerebral ischemia [65, 66]. 
Thus, Shh promotes cerebral angiogenesis via both canoni-
cal and non-canonical pathways.

Zonula occludens-1 (ZO-1) is a well-studied tight junc-
tion protein that reflects the pathological changes of the 
BBB, and it is a valuable marker of the endothelial barrier 

[67]. Shh-triggered Ang-1 is primarily produced in astro-
cytes under ischemic injury, and secreted Ang-1 acts on 
brain microvascular endothelial cells to upregulate ZO-1, 
which repairs the tight junction and limits brain edema 
and BBB leakage (Fig. 3). Cyclopamine does not reverse 
this effect, which suggests that Shh upregulates Ang-1 in 
astrocytes via non-canonical signaling and in a Gli-1 inde-
pendent manner [64].

Vessels with newly formed endothelial cells have been 
identified in the peri-infarct area following Shh agonist 
treatment in a mouse stroke model [4]. Capillary tube for-
mation and migration are widely used to evaluate angio-
genesis in in vitro experiments [68]. Shh increases the 
number of luminal formation and tubular branches of brain 
microvessels. Moreover, Shh increases the permeability, 
migration distance and vitality of cerebral microvascular 
endothelial cells [61]. However, the associated mecha-
nisms of Shh promotion of angiogenesis and vascular 
maturation require further examination.

Fig. 3   Simplified diagram of role of the Shh signaling pathway in 
angiogenesis, neurogenesis, astrogliosis and oligodendrogenesis. The 
Shh signaling pathway improves the recovery of neurological func-
tion after cerebral ischemic stroke by increasing angiogenesis, neu-
rogenesis, and oligodendrogenesis and reducing astrogliosis. Granule 
neurons in the dentate gyrus of the hippocampus and olfactory bulb 

interneurons are continuously produced in adults. The Shh pathway 
in the SVZ is involved in generating specific neuronal progeny. Shh 
induces angiogenesis by increasing the expression of VEGF and Ang-
1, which contribute to neurogenesis. Shh secreted by astrocytes inter-
acts with cerebral endothelial cells or attenuates glial scar formation 
to facilitate the repair of BBB integrity
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Neuroplasticity

The capacity of neural regeneration is limited; however, 
the CNS circuitry exhibits substantial neuroplasticity after 
injury, which is vital for the CNS to recover from functional 
deficits [69]. Neuroplasticity is characterized by anatomi-
cal remodeling and functional restoration of the CNS, and 
various factors interfere with neuroplasticity and its assess-
ment [70]. The formation of new synapses, axonal sprout-
ing and growth factors secreted from surviving neurons and 
glia play a role in neuroplasticity [69]. The following three 
mechanisms are involved in brain neuroplasticity: (1) acti-
vation of functional pathways that are silent prior to injury; 
(2) compensatory regulation from parallel brain circuits and 
pathways to restore impaired functions; and (3) new syn-
apse formation and sprouting of survival neurons. The first 
two mechanisms are short-term mechanisms, and the third 
mechanism is typical in long-term plasticity [70]. Shh is a 
pivotal regulator of multiple pathways in the developing, 
postnatal and adult brain and is proved to promote brain 
remodeling process [71]. Shh promotes neurite outgrowth of 
primary cortical neurons partially by regulating the expres-
sion of BDNF which plays multiple roles in maintaining and 
promoting brain plasticity [72]. Activation of Shh signaling 
stimulates axonal elongation in hippocampal neurons and 
accelerates its interaction with target neurons and synaptic 
connections as part of the recovery process for the ischemic 
stroke [73]. Selective inhibition of Shh signaling impairs 
the ability of mesenchymal stem cells to promote synap-
togenesis, neurite outgrowth and functional recovery after 
focal ischemic stroke in mice [74]. Therefore, interventions 
to activate the Shh signaling will contribute to the promotion 
of neural restoration and functional recovery.

Neurogenesis

Neurogenesis has been observed in animal ischemic stroke 
models and the adult human ischemic boundary particularly 
in the sub ventricular zone (SVZ) [75]. The SVZ is the larg-
est germinal zone in the adult brain, and it generates vari-
ous immature neurons of different types daily. Shh protein 
is present in cells positive for the neuronal marker protein 
NeuN in the apical and basal surfaces of the SVZ [3, 16] 
Pharmacological and genetic research has demonstrated 
that the Shh pathway is vital for the post-natal maintenance 
and self-renewal of SVZ neural stem cells, the generation 
of transit-amplifying progeny, and the migration of the 
neuroblast. Progenitors located in the ventral SVZ respond 
to high levels of Shh and primarily generate interneurons 
of the deep granule. Strong Shh pathway activation over-
rides the intrinsic programming of neural progenitors, and 
the reprogramming of neural stem cells induces progeni-
tors within the SVZ to differentiate into neurons of certain 

types, depending on relevant molecular signals [16] (Fig. 3). 
Newly generated neurons in the SVZ exhibit properties of 
stem cells and play a critical role in the remodeling process 
after cerebral ischemia [3]. Cerebral infarction increases 
neuronal proliferation, which leads to an early expansion of 
the neural progenitor pool in the SVZ. The neural progeni-
tor cells differentiate into neuroblasts, which migrate from 
the progenitor pool of the SVZ to the ischemic cortex and 
striatum [76]. Endogenous neural progenitors migrate from 
germinal zones to brain damaged areas and differentiate into 
mature neurons (and/or glial cells) that blend with the pre-
existing neurons after cerebral ischemia [14, 69].

Increasing evidences suggests that Shh is involved in the 
regulation of adult neurogenesis. Shh expression and its tran-
scription factor Gli1 in neural progenitor cells (NPCs) are 
up-regulated in the ischemic brain. Activation of the Shh 
pathway improved motor function in stroke mice, which 
indicates a protective role for Shh signaling in stroke [3, 24]. 
The Shh signaling pathway regulates neuronal proliferation, 
migration, and apoptosis [77]. Recent studies have demon-
strated that the activation of Shh signaling pathway leads to 
high Gli1 levels in the ventral SVZ and the genesis of several 
specific progeny of neurons [16] (Fig. 3). The Shh pathway 
is critical in the generation of transit-amplifying progeny, the 
self-renewal of stem cells and neuroblasts migrations [78]. 
Shh organizes the development of neural tubes by establish-
ing a different region of the homologous domain along the 
dorsal ventral axis [7]. Shh induces numerous transcription 
factors in ventral progenitor cells and determines the fates 
of different cell types using a gradient concentration and 
time-dependent mechanism [79]. Shh in the ventral forebrain 
is necessary for the generation of cells in the medial and 
lateral ganglionic eminences, and in the midbrain and hind-
brain, it is necessary for the generation of dopaminergic and 
serotonergic neurons [7]. Shh controls the division of adult 
stem cells, which contribute to the maintenance of the neural 
stem cell niche in neurogenic regions such as SVZ, which is 
vital for adults [80] (Fig. 3). Therefore, the up-regulation of 
Shh expression may represent a primary mechanism of neu-
rogenesis. Moreover, cyclopamine reverses this effect [81].

Astrogliosis and Oligodendrogenesis

It is widely accepted that neurons comprise less than 25% 
of the cells in the brain, and astrocytes are the most abun-
dant cell type in the brain, accounting for 30–65% of glia 
[82]. Astrocytes exert multiple functions, including the 
maintenance of optimal ionic conditions and osmotic bal-
ance for neurons, the processing of information via neu-
rotransmitter recycling and the maintenance of metabolic 
homeostasis [83]. Oligodendrocytes provide axonal support 
via the production of the myelin sheath, which is critical for 
rapid impulse conduction across white matter tracts [82]. 
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Coordination between neurons and glial cells is vital to the 
functional and structural integrity of the CNS [84]. Injuries 
to neural tissues lead to a reestablishment of the microen-
vironment, which contains neurons, astrocytes, microglia 
cells, oligodendrocytes and other cell types [85]. Microglia 
secrete inflammatory cytokines and arrive at the injury site 
within a few hours, whereas proliferating oligodendrocytes 
and astrocytes are observed during 24–72 h [86]. However, 
the role of these cells in microenvironment reconstruction 
in the context of cerebral ischemia must be further clarified.

The expression of Shh receptors is up-regulated in the 
ischemic area of neurons, astrocytes, microglia and oli-
godendrocytes in the early stage of ischemic stroke [4] 
(Fig. 3). The Shh-Smo pathway reduces astrocyte apoptosis 
and results in astrocyte activation [72]. Reactive astrocytes 
exhibit high levels of glial fibrillary acidic protein (GFAP), 
and these cells are the primary components of the glial scar 
[38, 87]. The glial scar separates the injury tissue from 
healthy tissue, fills the cavity of the lesion area, reduces 
the infiltration of immune cells and promotes BBB repair 
[88]. The glial scar and inflammatory environment restrict 
axonal sprouting and post-injury tissue regeneration [72]. 
Upregulated Shh production is dependent on cellular sources 
of pro-inflammatory cytokines and inflammation and astro-
cytes, microglia, oligodendrocytes and endothelial cells in 
the ischemic area. Shh increases the neurite outgrowth of 
cortical neurons and attenuates the formation of the glial 
scar to play a protective role in cerebral ischemia (Fig. 3). 
Astrocyte apoptosis also contributes to astrogliosis, and Shh-
Smo pathway activation reduces the apoptosis of cultured 
astrocytes [13, 38, 72].

Oligodendrocytes are the only myelin-generating cells 
in the CNS. Oligodendrocytes exhibit rapid-pulse electri-
cal conduction and are particularly sensitive to ischemic 
injury [89]. The Shh pathway is essential for the survival, 
proliferation and migration of oligodendrocytes [90], and 
regulates oligodendrogenesis (Fig. 3). Myelinating oligo-
dendrocytes play critical roles in the remodeling processes 
of white matter in brain ischemia. Cerebrolysin (a mixture 
of neurotrophic peptides) enhanced oligodendrogenesis 
and neurogenesis and improved the neurological outcome 
in animal models of cerebral ischemia. The Shh pathway 
has been proven to play vital roles in cerebrolysin-mediated 
neurorestoration in the ischemic brain. In vitro and in vivo 
data have demonstrated that inactivation of the Shh sign-
aling pathway using the pharmacological blocker cyclopa-
mine abolished the beneficial effects of cerebrolysin. Shh 
promoted the migration of oligodendrocyte progenitor cells 
(OPCs) that originated from the SVZ into white matter and 
promoted OPC differentiation into mature oligodendrocytes 
in the white matter of the peri-infarct region [71, 91]. Oligo-
dendrocytes die after MCAO, which leads to demyelination 
and damage to axonal conduction [92]. The Shh pathway 

contributes to remyelination and improves the neurological 
functional recovery after stroke [93].

Pharmacological and Cell‑Based Therapeutic 
Approaches for Cerebral Ischemic Stroke

Ischemic stroke always results in structural and functional 
damage. Thrombolytic therapy using tissue-type plasmino-
gen activator (tPA) is the only FDA-approved treatment for 
stroke, however, the effectiveness and application are limited 
because of its narrow time window after ischemia [3]. There-
fore, safer and more efficient therapeutic approaches are cur-
rently under investigation to promote brain remodeling and 
the subsequent functional recovery of stroke patients.

Shh Signaling in Pharmacological Therapy

Shh is upregulated in multiple cell types in ischemic brain, 
including neurons, activated astrocytes and neural stem cells 
(NSCs) in the SVZ niche [3]. Sims et al. demonstrated that 
Shh played a role in the regulation of ischemia-induced neu-
ral progenitor cells proliferation and it may participate in 
injury remodeling [81]. Direct application of Shh peptide 
produced an improvement in neurological outcome after cer-
ebral ischemia [3]. Bambakidis et al. affirmed that intrathe-
cal administration of Shh protein upregulated Gli1 transcrip-
tion and increased the proliferation and migration of neural 
precursor cells in the injury site in the rat MCAO model, 
which improved behavioral recovery [94]. Delayed treat-
ment (24 h after stroke) with Salvianolic Acids for Injection 
(SAFI) activated Shh signaling pathway, which significantly 
promoted neurogenesis and long-term functional recovery 
after MCAO in mice [95]. The area of ischemia and sever-
ity of behavioral deficits were exacerbated in Shh knockout 
mice with cortical stroke. Animals that received post-stroke 
treatment with a Shh signaling agonist exhibited fewer defi-
cits in behavioral function than vehicle-treated mice [3]. 
Mice treated with the Shh signaling agonist exhibited higher 
values in many horizontal movement parameters 7 days after 
stroke than the control group, however, there were no signifi-
cant differences in the pre-stroke measurements [3]. After-
wards, Luo and his colleagues further explored the effect of 
delayed treatment (3–8 days after stroke) of the Shh agonist 
on long-term functional recovery after stroke and found 
that delayed administration of the Shh agonist after stroke 
improved survival of adult NSCs in both SVZ and subgranu-
lar zone, enhanced angiogenesis and cerebral blood flow 
reperfusion of ischemic brain, as well as improved long-term 
functional recovery of stroke in mice [96].

Purmorphamine (PUR) is a small molecular agonist 
of the Shh co-receptor Smo that exerts protective effects 
in the MCAO model [97]. PUR treatment decreased BBB 
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permeability, up-regulated tPA expression and reduced 
apoptosis in the ischemic cortex. Inflammation and astro-
gliosis were alleviated 14 days after cerebral ischemia in 
PUR-treated animals. It also promoted neuron regenera-
tion and neovascularization in the ischemic zone [4]. Cer-
ebrolysin is a mixture of neurotrophic peptides that plays an 
important role in the promotion of neuronal regeneration 
and functional recovery in rats with ischemic stroke in a 
Shh signaling pathway-dependent manner [91]. Resveratrol 
is a natural polyphenolic phytoalexin which significantly 
improves neurological function, reduces infarct volume, 
enhances vitality and decreases apoptosis of neurons after 
stroke in vivo and in vitro. Shh signaling pathway is proved 
to be one of the mechanisms by which resveratrol exerts the 
protective effects above [98]. Sirtuin l (Sirt1) is a critical 
member of sirtuins enzyme family which presents in the 
CNS. Upregulation of Sirt1 plays a protective role in neu-
ronal plasticity after ischemic stroke [99]. Resveratrol has 
been demonstrated to enhance neurite outgrowth and syn-
aptogenesis by upregulating the expression of Sirt1, which 
result from the activation Shh signaling [100]. Therefore, 
the identification of potential pharmacological activators of 
the Shh signaling pathway may advance the treatment of 
cerebral ischemic stroke via improvements in neurogenesis 
and functional recovery.

Shh Signaling in Cell‑Based Therapy

Cell therapy is a method to simulate the neural restorative 
process that naturally occurs in the brain [70]. Bone marrow 
stromal cell (MSC) treatment promotes oligodendrogenesis 
and remyelination via Shh/Gli1 signaling pathway activation 
in rats subjected to MCAO [93]. The Shh signaling pathway 
also promotes brain plasticity by increasing tPA expression 
and achieves better improvements in neurological recovery 
after MSC treatment in stroke models [74]. Recombinant 
mouse Shh (rm-Shh) and co-culture with mesenchymal stro-
mal cells decreased transforming growth factor-β1 (TGF-
β1), which regulates the expression of PAI-1 in astrocytes. 
The Shh pathway inhibitor cyclopamine reversed these 
effects. These results indicate that mesenchymal stromal 
cells stimulate parenchymal cells to secrete Shh, which sub-
sequently promotes cellular activation of tPA directly via 
an increase in tPA expression or indirectly via a decrease in 
TGF-β1/PAI-1 expression [101].

MSC treatment increases endogenous tPA and acceler-
ates neurite outgrowth within the ischemic zone in mice 
subjected to MCAO, which is activated by the Shh path-
way [102]. MSC mediates gene expression in parenchymal 
cells via the release of exosomes that contain microRNAs 
(miRNAs) [103]. miRNAs belong to the short non-coding 
RNA family, which exerts crucial effects on neural stem 
cells during brain development and is associated with 

physio-pathological progresses via the downregulation of 
gene expression through translational repression and/or 
mRNA destabilization [104]. The Shh pathway regulates 
the expression of the miR17-92 cluster in progenitor cells 
in the ischemic brain by mediating a downstream molecular 
of Shh, Myc. The miR17-92 cluster is a direct transcriptional 
target of c-Myc, and the promoter region of the miR17-92 
cluster is bound to c-Myc to a higher degree in neural pro-
genitor cells following ischemic stroke [76]. Therapy based 
on marrow stromal cells has exhibited remarkable potential 
for an improved neurological outcome when employed soon 
after stroke onset.

Umbilical cord blood cells exhibit a lower risk of rejec-
tion, immunogenicity, and a greater potential for differentia-
tion than bone marrow stem cells [105]. Neural stem cells 
(NSCs) exist in brain tissues throughout the lifespan and 
are able to be activated in certain circumstances. Umbili-
cal cord blood mononuclear cells (UCBMCs) secrete vari-
ous cytokines, which regulate the immune inflammatory 
responses, alleviate brain damage, and promote NSCs pro-
liferation via Shh signaling pathway activation [106]. UCB-
MCs also contain numerous immature stem cells, which 
secrete neurotrophic and nutritional factors and these factors 
are able to activate the Shh pathway [107]. Transplantation 
with UCBMCs promoted NSC proliferation by increasing 
the levels of Shh and Gli1 proteins in hypoxic ischemic 
rats within the hippocampus and cortex, and cyclopamine 
reversed the neuronal protective effects [106]. Proliferating 
NSCs differentiate into mature neurons, which are associ-
ated with the Shh signaling pathway via the up-regulation 
of Ngn1 (which activates neuronal transcription factors to 
promote neurogenesis and restrain glial differentiation) and 
the down-regulation of BMP4 (which is likely to inhibit neu-
rogenesis) [108–110]. These two studies used neonatal rats; 
however, the adult brain substantially differs from the neo-
natal brain. Therefore, the analogous studies in the neonate 
must be replicated in the adult.

Conclusion and Future Perspectives

Cerebral ischemia leads to a series of pathological events 
and results in irreversible damage to neurons within a few 
minutes of stroke [82]. Various factors are involved in the 
damaged tissues after stroke, including oxidative stress, neu-
roinflammation and apoptosis [111]. This summary of the 
most recent research literature shows that the Shh signaling 
pathway exhibits positive neuroprotective effects in cerebral 
ischemic stroke via multiple pathway such as the inhibition 
of oxidative stress, mitigation of excitotoxicity, suppression 
of neuroinflammation, increase in angiogenesis, and promo-
tion of neurogenesis.
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Neuronal restorative strategies to promote brain remod-
eling and functional recovery after cerebral ischemia are 
under extensive investigation. Targeting the factors respon-
sible for damage and the related cellular pathways may rep-
resent potential treatments for cerebral ischemia. The present 
review provides a better understanding of the neuroprotec-
tive mechanisms of the Shh pathway in cerebral ischemic 
stroke to promote new insights into novel therapeutics. 
The Shh pathway plays ongoing and vital roles in cerebral 
ischemia to improve the infarction volume and functional 
outcome after ischemic injury. Endogenous activation of 
the Shh pathway with more effectiveness in brain parenchy-
mal cells is a promising restorative treatment for cerebral 
ischemia and a potential therapeutic strategy for other neu-
rological diseases. This review further elucidates the neu-
roprotective mechanisms of the Shh signaling pathway and 
clarifies the specific interactions between its downstream 
and upstream components, which can aid in the discovery of 
specific targets for basic research and more effective strate-
gies for clinical therapy.
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