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Abstract

Insulin-like growth factor 1 (IGF-1) exhibits neuroprotective properties, such as vasodilatory and anti-
inflammatory effects following ischemic stroke. However, the specific molecular mechanisms of action of
IGF-1 following ischemic stroke remain elusive. We wanted to explore whether IGF-1 regulates Hippo/YAP
signaling pathway, potentially via activation of the PI3K/AKT signaling pathway to exert its
neuroprotective effects following ischemic stroke. In the in vitro study, we used oxygen—glucose
deprivation to injure cultured PC12 and SH-5YSY cells, and cortical primary neurons. Cell viability was
measured using CCK-8 assay. For the in vivo analyses, Sprague—Dawley rats were subjected to middle
cerebral artery occlusion; neurological function was assessed using the neurological deficit score; infarct
volume was measured using triphenyltetrazolium chloride staining, and neuronal death and apoptosis
was evaluated by TUNEL staining, H&E staining and Nissl staining. Western blot was used to measure the
levels of YAP/TAZ, PI3K and phosphorylated AKT (p-AKT) both in vitro and in vivo. We found that IGF-1
induced activation of YAP/TAZ, which resulted in improved cell viability in vitro, and decreased
neurological deficits, neuronal death and apoptosis, and cerebral infarct volume in vivo. Notably, the
neuroprotective effects of IGF-1 were reversed by an inhibitor of the PI3K/AKT signaling pathway,
LY294002, which not only reduced expressions of PI3K and p-AKT, but also down-regulated expression of
YAP/TAZ, leading to aggravation of neurological dysfunction. These findings indicate that
neuroprotective effect of IGF-1 is partly realized by up-regulation of YAP/TAZ, which is mediated by
activation of the PI3K/AKT signaling pathway following cerebral ischemic stroke.

Highlights

» |IGF-1 exerts neuroprotective effects following ischemia-reperfusion injury.
e |IGF-1 activates the PI3K/AKT signaling pathway following ischemia-reperfusion injury.

» |IGF-1 regulates Hippo/YAP signaling pathway through the activation of PI3K/AKT signaling pathway
to exert its protective effects following ischemia-reperfusion injury.

Introduction

Insulin-like growth factor 1 (IGF-1) is a single-chain polypeptide with 70 amino acids with a primary
amino acid sequence and tertiary structure that is similar to insulin [1]. IGF-1 is primarily produced in the
liver in response to growth hormone, and exerts multiple metabolic actions and induces cell proliferation
and differentiation [2]. Several studies have shown that IGF-1 plays an important role in brain
development and function by regulating neuronal cell proliferation, differentiation and synaptogenesis
through unique membrane receptors that are abundantly expressed in neurocytes [3]. In addition, IGF-1 is
expressed at low levels in the olfactory bulb, cerebral cortex, hypothalamus, brainstem, and cerebellum,
and has a neuroprotective function in adults [4]. Previous reports have suggested that IGF-1 exerts
protective actions in many types of central nervous system (CNS) diseases, especially in ischemic stroke
[5-7]. Ischemic stroke accounts for approximately 87% of cases of stroke, which is the second most
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common cause of mortality and the leading cause of adult disability worldwide [8]. Thrombolytic therapy
with tissue plasminogen activator (tPA) or mechanical thrombectomy induces reperfusion that can be
life-saving for patients with ischemic stroke. However, reperfusion not only brings restoration of blood
flow to the brain, but also to the ischemia-reperfusion (I/R) injury, which worsens the prognosis of
patients with cerebral ischemic stroke. Thus, it is important to identify the underlying mechanisms of I/R
injury and identify new methods to counteract I/R injury.

Some reports have suggested that IGF-1 plays a major role in the long-term recovery process following
ischemic stroke or I/R injury by enhancing regeneration via stimulation of the proliferation and
differentiation of neurons, oligodendrocyte progenitors and myelin expression [9]. IGF-1 has also been
found to stimulate neuroplasticity, which is vital for the brain’s survival following stroke [10-12]. Among
patients with stroke, plasma IGF-1 levels have been reported to be lower in individuals with a relatively
large infarct [13], and stroke-associated mortality was lower in patients with higher IGF-1 levels [14].
Furthermore, higher IGF-1 levels have been associated with improved stroke outcomes [15].

The neuroprotection conferred by IGF-1 refers to the mechanisms and strategies of IGF-1 that limit the
extent of neuronal injury, which decreases mortality and improves prognosis for patients with ischemic
stroke. Treatment with IGF-1 before or after ischemic insult in animal models has been found to
significantly decrease both lesion volume and apoptosis in injured areas [16]. The underlying mechanism
of this protective effect of IGF-1 might be its action against excitotoxicity, oxidative stress [17], and
apoptosis [18]; however, the molecular mechanisms have not yet been thoroughly explored.

The Hippo/YAP kinase cascade is a critical regulator of organ size, tissue regeneration and tumor
suppression [19]. The key proteins in the Hippo/YAP kinase cascade are YAP and TAZ, which were found
to have a neuroprotective effect against I/R injury in our previous study [19]. Recent research has
suggested that IGF-1 activates phosphatidyl inositol-3-kinase (PI3K)—phosphoinositide-dependent kinase
1 (PDK1)-protein kinase B (AKT) to inhibit the Hippo/YAP signaling pathway or increase YAP levels,
which results in cell proliferation and tissue growth in both Drosophila and mammals [20]. However, it
remains unclear whether the Hippo/YAP pathway and PI3K/AKT signaling pathway are involved in the
mechanism of IGF-1 in ischemic stroke and I/R injury.

In the present study, we examined whether IGF-1 exerts its neuroprotective actions following ischemic
stroke via the Hippo/YAP signaling pathway, and whether this is mediated by the PI3K/AKT signaling
pathway.

Materials And Methods
Cells and cell culture

PC12 cells were purchased from the Kunming Institute of Zoology (Kunming, China). To transform PC12
cells into neuron-like cells, the cells were differentiated with 50 ng/mL nerve growth factor (NGF, 450-01,

PeproTech, Rocky Hill, USA) for 2 days before the experiments. These cells were seeded into flasks
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(density of 1 x 10 cells/mL) in Dulbecco’s minimal Eagle medium (DMEM, 8119174, Gibco, NY, USA)
supplemented with 10% (v/v) fetal bovine serum (FBS, 1989478, Gibco, Penrose, Auckland), 100 U/mL
penicillin and 100 pg/mL streptomycin (Genom, GNM15140, Hangzhou, China). Cells were cultured at
37°C in a humidified incubator with 5% CO,.

SH-SY5Y cells were purchased from Procell (CL-0208, Wuhan, China). SH-SY5Y cells were maintained in
Dulbecco's modified Eagle medium: nutrient mixture F-12 (DMEM/F-12, Meilun Biotechnology, MAO214-
Mar-19E (R), Dalian, China) in flasks (density of 1 x 10# cells/mL) supplemented with 10% FBS, 100
U/mL penicillin and 100 pg/mL streptomycin at 37°C in a humidified incubator with 5% CO, for 7 days
before the experiments [21, 22].

Cortical primary neurons were isolated from one-day-old Sprague—Dawley rats according to a previously
published protocol with some modifications [23]. Briefly, the newborn rats were sacrificed and their brains
were collected. Cortices were isolated, removed and placed in a Petri dish. Meninges and blood vessels
surrounding the brain tissue were removed under a microscope. The left hemisphere cortices were quickly
moved to a 15 mL centrifuge tube filled with 5 mL Neurobasal Medium (2073081, Gibco, NY, USA)
containing 2% B27 (17504044, Thermo Fisher Scientific, MA, USA) and 0.5 uM L-glutamine (Genom,
GNM21051, Hangzhou, China). Samples were minced and homogenized and the solution was left to
stand for 1T min. The supernatant was discarded, and 2 mL Neurobasal Medium with 0.5% FBS, 2% B27
and 0.5 pM L-glutamine was added to the centrifuge tube. The solution with brain tissue was
mechanically dissociated into a single cell suspension by mixing with a plastic straw 20 times. After
funnel filtration, the single cell suspension with the highest purity was cultured at 37°C in a humidified
incubator with 5% CO,. Primary neurons were cultured for 8 days before experiments.

Oxygen And Glucose Deprivation (ogd) Model

The culture medium was changed to glucose-free DMEM (11966025, Gibco, NY, USA) without FBS and
cells were placed in an anaerobic, temperature-controlled (37°C) chamber flushed with 5% CO, and 95%

N, (v/v) for different durations according to the cell type and treatment (12 h for PC12 and SH-SY5Y cells,
and 6 h for primary neurons).

Then, PC12 and SH-SY5Y cells were removed from the incubator, cultured with the normal DMEM
(8119174, Gibco, NY, USA) containing 10% FBS (1989478, Gibco, Penrose, Auckland) and 1 g/L glucose,
and returned to the incubator under normoxic conditions (37°C, 5% CO,) for 24 h, resulting in reperfusion.
The primary neurons were cultured with Neurobasal Medium containing 0.5% FBS (1989478, Gibco,
Penrose, Auckland), 2% B27 and 0.5 pM L-glutamine in an incubator under normoxic conditions (37°C, 5%
C02) for 24 h. The cells were collected for experiments after reperfusion.

Experimental groups and drug treatmentin vitro

Page 4/29



Both IGF-1 (recombinant human IGF-1, Intergen, NY, USA) and LY294002 (Sigma-Aldrich, St. Louis, MO,
USA) were dissolved in dimethyl sulfoxide (DMSO0). First, we wanted to explore the effects of different
IGF-1 concentrations in three kinds of cells. The different concentrations administered in different cells
were as follows: 5, 10, 50, 100, and 200 ng/mL [24] for both PC12 and SH-SY5Y cells that underwent OGD
for 12 h,and 5, 15, 25, and 50 ng/mL [25] for primary neurons that underwent OGD for 6 h. Cell Counting
Kit-8 (CCK-8) assay was used to assess cell viability of the three kinds of cells at different concentrations
of IGF-1 to determine the optimal IGF-1 concentrations in PC12 cells, SH-SY5Y cells and primary neurons.

Then, we defined several groups to detect the effects of IGF-1 on cells that underwent OGD. In the
Normoxia group, cells (1 x 10° cells/mL) were cultured under normal conditions for 24 h without OGD. In
the OGD group, PC12 and SH-SY5Y cells (1 x 10° cells/mL) underwent OGD for 12 h and primary neurons
(1 x 10° cells/mL) underwent OGD for 6 h. In the OGD + DMSO group, PC12 and SH-SY5Y cells were
administered with DMSO and simultaneously underwent OGD for 12 h, and primary neurons were
administered with DMSO and simultaneously underwent OGD for 6 h. In the OGD + IGF-1 group, PC12 and
SH-SYS5Y cells were administered with IGF-1 (100 ng/mL) and simultaneously underwent OGD for 12 h,
and primary neurons were administered with IGF-1 (25 ng/mL) and simultaneously underwent OGD for 6
h. In the OGD + IGF-1 +LY294002 group, PC12 and SH-SY5Y cells were administered with both IGF-1 (100
ng/mL) and LY294002 (10 uM for PC12 cells [26] and 30 uM for SH-SY5Y cells [21] ) and simultaneously
underwent OGD for 12 h, and primary neurons were administered with IGF-1(25 ng/mL) and LY294002
(10 uM) [27] and simultaneously underwent OGD for 6 h.

CCK-8 assay

Cells were seeded at a suitable density in 96-well plates (10000 cells/well) and cell viability was
measured using a CCK-8 assay (Meilun Biotechnology, Dalian, China) according to the manufacturer’s
instructions. CCK-8 solution was added to the culture medium, and cells were incubated for 4 h at 37°C in
a humidified incubator with 5% CO,. The absorbance was measured at 450 nm using a Microplate

Reader (Bio-Rad, Hercules, CA, USA).
Animals

Adult male Sprague-Dawley rats, weighing 240—-270 g, were purchased from the Wuhan University Center
for Animal Experiments and housed under controlled conditions (3 rats per cage, 22-25°C, 50-60%
relative humidity, and 12 h light/dark cycle) with free access to water and food. The rats were allowed to
adjust to the environment for 3 days before the surgery, and their weights were properly controlled. The
protocols used were approved by the Institutional Animal Care and Use Committee of Wuhan University.
All procedures adhered to the regulations specified by the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. All efforts were made to minimize the number of rats used, as well as
their suffering and mortality. The investigators were blinded to the treatment status of the animals during
all surgical procedures.

Middle cerebral artery occlusion (MCAQ) model
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We established the MCAO model as described in our previous studies [23, 28]. The rats were
anaesthetized with 4% isoflurane followed by an incision approximately 15 mm in the middle of the neck.
A silicone-coated nylon monofilament (SunbioBiotech, Beijing, China) with a diameter of 0.45 mm was
gently inserted via a bevel incision into the left external carotid artery (ECA) to a point approximately 18.5
+ 0.5 mm away from the bifurcation of the left carotid artery (CCA), where resistance was felt. The
monofilament was fixed by suture and the connective tissue and skin were stitched up. After 90 min, the
monofilament was removed for reperfusion injury and the external carotid artery was ligated. Rats that
underwent the surgery were housed at a constant 25°C (temperature was maintained by an electric
heater) with free access to water and food. The brains were harvested for experiments 24 h after surgery.

Experimental groups and drug treatmentin vivo

Both IGF-1 (recombinant human IGF-1, Intergen, NY, USA) and LY294002 (Sigma-Aldrich, St. Louis, MO,
USA) were dissolved in DMSO. In the Sham group, rats underwent 4% isoflurane anesthesia, identical
surgery and lateral ventricle injection except for the insertion of monofilament, in that it was withdrawn
immediately. In the MCAO group, rats underwent I/R injury. In the MCAO + DMSO group, rats were given
DMSO (5 pL) 30 min before the MCAO surgery through a lateral ventricle injection (using the bregma as
the anatomical reference point: anteroposterior, 0.8 mm; lateral, 1.5 mm; depth, 3.5 mm) at the rate of 1.0
pL/min by 10 pL microsyringe. In the MCAO + IGF-1 group, rats were given IGF-1 (0.1 mg, 5 pL) [29] 30
min before the MCAO surgery through a lateral ventricle injection at the rate of 1.0 yL /min. In the MCAO
+IGF-1 +LY294002 group, rats were given 5 yL DMSO solution, in which IGF-1 (0.1 mg) and LY294002
(50 mM) [30] were dissolved 30 min before the MCAO surgery, through a lateral ventricle injection at the
rate of 1.0 yL/min.

Neurological deficit score

The neurological examination was performed 24 h after MCAO surgery using a previously published
modified neurologic scoring system [31, 32] as follows: 0, no deficits; 1, difficulty in fully extending the
contralateral forelimb; 2, inability to extend the contralateral forelimb; 3, mild circling toward the
contralateral side; 4, severe circling; and 5, falling onto the contralateral side. A higher score indicates a
more critical I/R injury.

Triphenyltetrazolium chloride (TTC) staining

The cerebral infarct volume was evaluated by 2% 2, 3, 5-triphenyltetrazolium chloride (TTC, Sigma, St.
Louis, MO, USA,; dissolved in phosphate buffer saline) [33, 34] staining. Rats were anesthetized by 5%
isoflurane 24 h after the MCAO surgery, and brains were collected quickly. A 2 mm section of the frontal
pole was discarded, and the remaining brain tissue was sliced into eight coronal sections approximately
2 mm in thickness using a sharp blade. Each slice was submerged into 2% TTC solution and stained at
37°C for 30 min in the dark. Finally, 4% paraformaldehyde was poured over to immerse the brain sections
overnight in a fridge maintained at 4°C.
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Normal tissue was stained bright red, while the infarct area remained pale gray. The stained tissues were
imaged and analyzed using Image J software (National Institutes of Health, Bethesda, MD, USA). The
infarct volume percentage was calculated as the infarct area of the ipsilateral hemisphere/total area of
ipsilateral hemisphere x 100% [28].

TdT-mediated dUTP Nick-End Labeling (TUNEL) assay,
immunofluorescence, Hematoxylin-eosin (H&E) staining
and Nissl staining

As soon as rats had been sacrificed, the brains were removed and quickly frozen at -80°C. Brains were
fixed by 4% paraformaldehyde for 24 h, and then dehydrated, embedded in transparent, dipped paraffin
wayx, and sliced (10 pm-thick coronal sections). Then, the TUNEL assay was applied according to the
manufacturer’s instructions. Three stained sections were collected from the core ischemic area of every
rat. Five different fields in each section were randomly selected for analysis under a microscope at 400 x
magnification. The percentage of TUNEL-positive nuclei in the region was calculated to evaluate
apoptosis.

Immunofluorescence was performed as described in our previous studies [19, 35]. The paraffin sections
were incubated with the following primary antibodies: rabbit polyclonal anti- GFAP antibody (1:200,
17490-1-AP, Santa Cruz); rabbit polyclonal anti- IBA-1 antibody (1:200, 019-19741, Wako); mouse
monoclonal anti- IGF-1 antibody (1:200, NBP2-34361, Novus Biologicals); and rabbit polyclonal anti-
MAP2 antibody (1:200, 17490-1-AP, Santa Cruz,). Images were collected by fluorescence microscopy at
200 x or 400 x magnification.

For H&E and Nissl staining, the paraffin sections were stained with H&E and toluidine blue (Nissl staining)
reagent at room temperature for 10 min. An observer who was blinded to the experiment counted the
number of normal neurons and viable neurons in the three different fields. Pathological changes were
observed using a light microscope at 40 x magnification.

Western blot

Cells were lysed with RIPA lysis buffer on ice for 30min. Lysates were centrifuged at 4°C and 12000 x g
for 15 min and supernatants were collected. Brain tissue was cut into pieces with small scissors and
washed several times with 0.9% saline at 4°C. The brain tissue was grinded into pulp with a grinding rod,
and the pulp was transferred to a 10 mL centrifugal tube. Tissue RIPA lysis buffer and
Phenylmethanesulfonyl Fluoride (PMSF) were added and the solution was lysed on ice for 30 min. The
solution was blown repeatedly with a micro pipette to ensure that samples were completely lysed.
Lysates were centrifuged at 4°C and 14000 x g for 20 min and the supernatants were collected.

To each protein sample, 5 x sample buffer was added at a ratio of 4:1. Samples were heated at 100°C for
10min and B-mercaptoethanol was added.
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Western blot was performed as described in our previous work [36]. Briefly, after SDS-PAGE, the proteins
were transferred to a PVDF membrane (Millipore, Billerica, MA, USA). Western blot analysis was
performed with the following antibodies: rabbit polyclonal anti-GAPDH antibody (1:2000, 10494-1-AR,
Santa Cruz Biotechnology, Dallas, TX, USA); rabbit polyclonal anti-B-actin antibody (1:2000, ab8227,
Abcam, Cambridge, MA, USA); rabbit polyclonal anti-PI3K antibody (1:2000, ab191606, Abcam,
Cambridge, MA, USA); rabbit polyclonal anti-p-AKT antibody (1:2000 ab8805, Abcam, Cambridge, MA,
USA); rabbit polyclonal anti-YAP antibody (1:1000, ab76252, Abcam, Cambridge, MA, USA); rabbit
monoclonal anti-TAZ antibody (1:1000, ab84927, Abcam, Cambridge, MA, USA); and rabbit polyclonal
anti-Caspase 3 antibody (1:1000, ab13847, Abcam, Cambridge, MA, USA).

The membrane was then incubated with a secondary goat anti-rabbit antibody (1:1000, ab6721, Abcam,
Cambridge, MA, USA) for 2 h at room temperature. The protein electrophoresis bands were imaged using
an Odyssey infrared scanner (LICOR Bioscience, Lincoln, NE, USA) and analyzed using Image J software.

Statistical analysis

The data were analyzed with the SPSS for Windows 20.0 software package and GraphPad Prism Version
6.0 software (GraphPad Software Inc., La Jolla, CA, USA) and were expressed as means + SD. The images
were analyzed by Image J software. Differences among groups were determined by performing a one-
way ANOVA, followed by Turkey posthoc tests. Two-tailed t tests were used for comparisons between two
groups. A two-tailed p value < 0.05 was considered statistically significant.

Results
IGF-1 improved cell viability in the OGD model

As mentioned earlier, PC12 and SH-SY5Y cells underwent OGD for 12 h and primary neurons underwent
OGD for 6 h. We first explored the optimal concentrations of IGF-1 in the OGD models for PC12 cells, SH-
SY5Y cells, and primary neurons, and CCK-8 assay revealed that IGF-1 had a dose-dependent effect on
the activity of PC12 cells (Fig. 1A), SH-SY5Y cells (Fig. 1B) and primary neurons (Fig. 1C). CCK-8 analysis
suggested that the IGF-1 concentration of 100 ng/mL resulted in increased cell viability in PC12 and SH-
SY5Y cells, and an IGF-1 concentration of 25 ng/mL resulted in increased cell viability in primary neurons.
Thus, the concentration of 100 ng/mL was administered in both PC12 and SH-SY5Y cells, and 25 ng/mL
was administered in the primary neurons in the following OGD experiments.

IGF-1 affected the Hippo/YAP signaling pathway, potentially
via the PI3BK/AKT cascade

Considering the potent neuroprotective and regenerative effects of IGF-1 and our previous findings that
YAP/TAZ exerted a neuroprotective effect following I/R injury, we examined whether administration of
exogenous IGF-1 increased YAP/TAZ expression. As predicted, IGF-1 increased the levels of YAP and TAZ
in PC12 cells, SH-SYS5Y cells, and primary neurons that underwent OGD (Fig. 2A, B, C, D, E, H, |, L and M).
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Moreover, PI3K and p-AKT expressions increased following IGF-1 treatment (Fig. 2A, B, C, F, G, J, K, N and
0), which suggests that IGF-1 conferred neuroprotective effects in ischemic stroke by interfering with the
PI3K/AKT signaling pathway. Interestingly, the inhibitor of the PI3K/AKT cascade, LY294002, not only
repressed the expression of PI3K, but also reversed the IGF-1-induced increase in YAP (Fig. 3A, B, C, D, E,
G, H, J and K), which further indicates that the PI3K/AKT cascade facilitates the increment of YAP/TAZ
and even the neuroprotective effect of the Hippo/YAP signaling pathway in I/R injury. Furthermore, to
investigate the effect of IGF-1 on apoptosis, we measured the expression of Caspase 3, and the result
showed that IGF-1 decreased the expression of Caspase 3, which suggested that IGF-1 attenuated the
apoptosis induced by OGD (Fig. 3A, B, C, F, | and L). However, the protective effects of IGF-1 were reversed
by LY294002, which not only implies that inhibition of the PI3K/AKT signaling pathway aggravates
neural apoptosis in the OGD model, but also shows that one mechanism underlying the neuroprotective
effects of IGF-1 could be activation of the PI3K/AKT signaling pathway.

IGF-1 expression in astrocytes and microglia was increased in response to ischemic stroke.

To determine how IGF-1 is expressed in ischemic stroke in vivo, we implemented the double
immunofluorescence staining method. To assess the quantity changes and locations of astrocytes and
microglia, as well as the expression of IGF-1 in infarct cortices, we labeled IGF-1, GFAP (which represents
astrocytes; Fig. 4A), and IBA-1 (which represents microglia; Fig. 4B). Moreover, to explore the survival of
neurons in different groups, MAP2 was used to label neurons (Fig. 5).

GFAP* and IBA-1* cell counts were elevated in the MCAO groups relative to the Sham group, which
revealed apparent neuroinflammation. IGF-1 was expressed in astrocytes and microglia, and the IGF-1
level was higher in the MCAO group than in the Sham group (Fig. 4A and B).

Compared to the MCAO group and MCAO + DMSO group, MAP2* cell numbers in the MCAO + IGF-1 were
relatively increased (Fig. 5). However, LY294002 reversed the effects of IGF-1 on neurons to some extent
(Fig. 5), which not only indicates that the neuroprotective effect of the PI3K/AKT signaling pathway was
inhibited by LY294002, but also shows that the protective effect of IGF-1 might be mediated by the
PI3K/AKT signaling pathway in ischemic stroke.

Both IGF-1 and the PI3K/AKT signaling pathway mediated
neuroprotection

A neurological deficit score system was applied to evaluate the neurological functional recovery of rats.
As illustrated in Fig. 6A, the neurological deficit score of the MCAO +IGF-1 group increased compared to
the MCAO group and MCAO + DMSO group (Fig. 6A). However, LY294002 reversed the improved
neurological function induced by IGF-1 (Fig. 6A).

To further test whether IGF-1 conferred neuroprotection against ischemic stroke, we measured infarct
volume of rats in different groups by TTC staining (Fig. 6B and C). IGF-1 clearly decreased the infarct
volume. To investigate whether this IGF-1-induced decrease in infarct volume was mediated by the
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PI3K/AKT signaling pathway, we administered LY294002 together with IGF-1; LY294002 reversed the IGF-
1-induced decrease in infarct volume (Fig. 6B and C). This indicates that IGF-1 exerted protective effects
by activating the PI3K/AKT signaling pathway.

Both IGF-1 and the PI3K/AKT signaling pathway repressed
apoptosis

According to the above findings, we hypothesized that IGF-1 can inhibit neuronal apoptosis in ischemic
stroke. We measured neuronal apoptosis using TUNEL staining 24 h after the MCAO surgery. IGF-1
decreased the number of apoptotic cells in the core infarct area (Fig. 7). However, the beneficial effects of
IGF-1 were reversed by LY294002 (Fig. 7A and B). As expected, inhibition of the PI3K/AKT signaling
pathway aggravated apoptosis (Fig. 7A and B). Thus, both IGF-1 and the PI3K/AKT signaling pathway
activation might contribute to neuroprotection in ischemic stroke and PI3K/AKT pathway activation could
be a neuroprotective mechanism of IGF-1 in ischemic stroke.

Both IGF-1 and the PI3K/AKT signaling pathway protected
neurons against ischemic stroke

H&E staining showed that normal neurons in the Sham group exhibited regular round and bright blue
nuclei, while in the MCAO groups, injured neurons showed apparent apoptotic features, including nuclear
chromatin pyknosis, side scatter, and fracture. IGF-1 reduced the number of dead neurons in rats that
underwent MCAO surgery (Fig. 8A and C). However, LY294002 reversed the protective effects of IGF-1 on
neurons (Fig. 8A and C). Nissl staining revealed normal neurons without cerebral cortex edema in the
Sham group, and apparent neuronal necrosis and irregularly arranged Nissl substance in the MCAO
groups. Less neuronal necrosis and irregularly arranged Nissl substance were observed in the MCAO +
IGF-1 group (Fig. 8B and D). Similarly, the effects of IGF-1 were reversed by LY294002 (Fig. 8B and D).

IGF-1 regulated the Hippo/YAP signaling pathway in vivo, potentially via the PIBK/AKT cascade

To further investigate whether IGF-1 regulated YAP/TAZ expression in vivo, we performed western blot of
the brain tissue. As shown in our previous study, the levels of YAP and TAZ in MCAO-treated rats were
clearly lower than those seen in the Sham-operated rats (Fig. 9A, B, C and G). IGF-1 increased the
expressions of both PI3K and p-AKT, which is suggestive of the proliferative effect of IGF-1 in ischemic
stroke (Fig. 9A, B, D and F). LY294002 not only decreased the levels of PI3K and p-Akt, but also decreased
the levels of YAP and TAZ, which suggests that the PI3K/AKT signaling pathway might regulate the
Hippo/YAP pathway to relieve I/R injury. YAP/TAZ expression in the MCAO + IGF-1 +LY294002 group was
lower than in the MCAO + IGF-1 group, which suggests that IGF-1 activated the PI3K/AKT signaling
pathway to elevate the level of YAP/TAZ, resulting in protection against I/R injury. Moreover, we also
tested the expression of Caspase 3 in vivo (Fig. 9A and E). Compared to the MCAO group and MCAO +
DMSO group, IGF-1 decreased the expression of Caspase 3 in the MCAO + IGF-1 group (Fig. 9A and E).
Furthermore, the anti-apoptotic effect of IGF-1 was reversed by LY294002.

Page 10/29



Discussion

In this study, we first wanted to determine whether IGF-1 protected neurons against I/R injury. We found
that appropriate concentrations of IGF-1 exerted its neuroprotective effect in three kinds of neural cells
that underwent OGD, and that IGF-1 increased cell viability alongside modified levels of PI3K/p-AKT and
YAP/TAZ. Thus, we then explored whether the mechanism underlying the neuroprotective effect of IGF-1
was related to the PI3BK/AKT and Hippo/YAP signaling pathways following ischemic stroke. IGF-1
induced activation of YAP/TAZ, which resulted in increased cell viability in vitro, and decreased
neurological deficits, neural death and apoptosis, and cerebral infarct volume in vivo. In the experiments
in which both IGF-1 and LY294002 were administered, IGF-1-induced YAP/TAZ activation was eliminated
by LY294002 to some extent along with decreased expression levels of PI3K and p-AKT and relatively
serious brain damage. This indicates that the neuroprotective effect of IGF-1 might be partly mediated by
up-regulation of YAP/TAZ through activation of the PI3K/AKT signaling pathway in cerebral I/R injury.
Furthermore, we found that GFAP* and IBA-1" cell counts were elevated in brains with I/R injury, which is
indicative of the reactive proliferation of astrocytes and microglia and apparent neuroinflammation
observed following ischemic stroke. We also found that IGF-1 was expressed in astrocytes and microglia,
and the IGF-1 expression level was increased along with the proliferation of astrocytes and microglia.
MAP2* cells were decreased in rats with I/R injury and were up-regulated by IGF-1, which indicates that
neuronal damage can be alleviated by IGF-1.

Consistent with our previous research [19], the current results showed that the Hippo/YAP signaling
pathway was involved in the pathophysiological process following ischemic stroke. We also found that
regulation of YAP/TAZ reduced I/R injury, and that YAP/TAZ expression was increased by IGF-1. These
results reveal a new neuroprotective mechanism of IGF-1 following ischemic stroke. Our study is the first
to suggest the presence of an IGF-1-PI3K/AKT-Hippo/YAP cascade following ischemic stroke of rats and
this cascade may play an important role in the pathogenesis and prognosis of ischemic stroke, providing
a new therapeutic target of cerebral ischemic stroke.

The Hippo/YAP signaling pathway is an evolutionarily conserved kinase cascade, and the YAP/TAZ
downstream transcription activator plays an important role in organ size, tissue regeneration, and tumor
suppression by controlling the proliferation, differentiation and apoptosis of cells [19]. Multiple studies
have demonstrated the prominent role of YAP/TAZ in the CNS, including in neural development and
neural diseases [37, 38]. YAP interacts with TEA domain transcription factor 1 (TEAD1), which results in
an increased expression of cyclin D1 and the proliferation of neural stem cells [39]. The complex of
phosphorylated YAP and B-catenin leads to inhibition of neural stem cells differentiation [40—42]. Our
previous studies have expounded the important role and functionary mechanisms of the Wnt/$-catenin
signaling pathway in ischemic stroke [43], which implies that the Hippo/YAP signaling pathway plays a
complex role in ischemic stroke.

YAP has also been reported to negatively regulate inflammatory signaling and astrocyte activation in
brain injury; the BMP2/Neogenin/RhoA/YAP/Smad1 signaling pathway has been reported to regulate the

Page 11/29



differentiation of cortical astrocytes [44-47]. One study on Huntingtin's disease showed that neural death
was partially caused by the loss of YAP/TEAD-dependent transcriptional function [48]. These results
suggest that YAP or the Hippo/YAP signaling pathway may be involved in the occurrence and
development of CNS diseases.

In recent years, research has indicated that the Hippo/YAP signaling pathway plays a role in stroke. One
study reported that TEADs, the major transcriptional co-factor of YARP, mediated vascular smooth muscle
cell proliferation and neointima formation by activating the SLC1A5-glutamine uptake axis, which could
represent a promising curative strategy for vascular occlusive disease and ischemic stroke [49].
Mammalian Ste20-like kinase1 (MST1) is an important upstream factor that activates YAP and functions
as the key kinase in Hippo/YAP signaling [50]. MST1 precipitates microglial activation and activates NF-
KB, thus playing a crucial role in the pathological process of acute cerebral ischemic injury by controlling
both neuronal cell death and microglial activation [51]. Furthermore, in hemorrhagic stroke, MST1
alleviates both early brain injury and secondary brain injury by reducing brain edema, blood-brain barrier
(BBB) damage, and neuroinflammation [52, 53]. These studies indicate that Hippo/YAP is a promising
therapeutic target for the treatment of cerebral stroke injury and perhaps also other neurological
disorders. However, the role and mechanisms of action of the Hippo/YAP signaling pathway in cerebral
disease and other CNS disorders are unclear, and further research is required.

IGF-1 is involved in many physiological, anabolic and metabolic processes and functions as a major
homeostatic regulator in growth, development, life-span control and ageing in mammals. IGF-1 activates
the phosphorylation of the insulin receptor substrate molecules, the PI3K/AKT signaling pathway, and the
mitogen activated protein kinase (MAPK) signaling cascade, to control multiple cellular factors, including
the mechanistic target of rapamycin (mTOR) activity and FoxO translocation [54].

Previous work has shown that IGF-1 is involved in the occurrence of multiple cancers through promoting
cell growth and proliferation. While research has explored the possibility of targeting IGF-1 to prevent
cancer progression, clinical trials have not been successful [55, 56]. However, in hematological
neoplasmes, arsenite-inducible RNA-associated protein-like (AIRAPL) exerts anti-neoplastic functions by
regulating IGF-1 expression [57]. Thus, IGF-1 may be a complex therapeutic target for the treatment of
neoplastic disease [58, 59].

IGF-1 is a naturally occurring neurotrophic factor in the CNS that is essential for brain development and
plasticity [60]. Circulating IGF-1 readily crosses the BBB into the cerebrospinal fluid and brain parenchyma
via a saturable transport system [61]. Local paracrine production is thought to be the major source of IGF-
1 within the brain [62]. IGF-1 binds to its receptor IGF1R and activates MAPK and the PI3K/AKT signaling
pathway to contribute to the control of neuronal excitability, nerve cell metabolism and cell survival in the
CNS [63-65].

In an Alzheimer mouse model, IGF-1 protects against ABO-induced neuronal oxidative stress and loss of
dendritic spines through inhibiting the binding of ABOs to neurons [66], which suggests that IGF-1 helps

to prevent neuronal damage and memory loss [67]. IGF-1 also regulates the PI3K/AKT signaling pathway
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to decrease the phosphorylation of amyloid precursor protein (APP), which is a key stage in promoting
amyloid plaque formation in Alzheimer’s disease [68]. We can thus speculate that IGF-1 is involved in the
pathophysiological process of many CNS diseases and may serve as a promising therapeutic target.

Recent studies have shown that circulating IGF-1 levels can predict cardiovascular events and ischemic
stroke risk [69, 70]. Higher IGF-1 levels have been associated with early carotid artery atherosclerosis [71].
Circulating IGF-1 levels are associated with a lower risk of incident ischemic stroke among adults, which
is indicative of the involvement of IGF-1 in the pathogenesis of ischemic stroke [70]. Higher serum IGF-1
levels just after ischemic stroke onset has been associated with better neurological recovery and
functional outcome [72], which suggests that endogenous IGF-1 levels also impact the evolution of
cerebral infarction. While these studies present evidence of the involvement of IGF-1 in ischemic stroke,
the precise mechanism of IGF-1 in ischemic stroke remains an important question.

The PI3K/AKT signaling pathway regulates YAP/TAZ expression and YAP in turn integrates PI3K/AKT
cascade with mechanical and polarity cues, which has been found to result in tissue growth control in
Drosophila [20]. In addition, PI3K is activated by IGF-1 [73]. Our previous study suggested that the
Hippo/YAP signaling pathway mitigated brain damage by protecting the BBB in cerebral I/R injury [74].
Therefore, in the present study, we explored whether IGF-1 activates the Hippo/YAP signaling pathway to
exert its neuroprotective effects following ischemic stroke, and whether these effects were mediated by
the PIBK/AKT signaling pathway. As we hypothesized, IGF-1 activated the PI3K/AKT signaling pathway,
leading to up-regulation of YAP/TAZ followed by neurological protection.

Our study has limitations. Previous studies showed that the levels of IGF-binding proteins may affect the
actions of IGF-1 in ischemic stroke [75]. We did not measure biologically active IGF-binding proteins. The
effect of IGF-1 in brain is highly correlated with the ratio of IGF-1 to IGF-binding proteins, and therefore,
measuring IGF-1 alone may lead to an underestimation of the true relationships between IGF-1 and
ischemic stroke. Further research is needed to illustrate the precise effects of IGF-1 in ischemic stroke, as
well as its correlation with the Hippo/YAP signaling pathway.

Conclusion

In conclusion, our study indicates that IGF-1 activates the Hippo/YAP signaling pathway via regulation of
the PI3K/p-AKT signaling pathway, which results in increased cell viability and decreased neural
apoptosis in vitro, and decreased neurological deficits, neural death and apoptosis, and cerebral infarct
volume in vivo. Additionally, we found evidence of obvious reactive proliferation of astrocytes and
microglia in the rat ischemic brain. IGF-1 was expressed in astrocytes and microglia and its expression
level increased alongside the proliferation of astrocytes and microglia. Furthermore, MAP2 + cells or
neurons were decreased in the rat model of ischemic stroke and were up-regulated by IGF-1, which
indicates that neuronal damage can be alleviated by IGF-1.
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Figure 1

Cell viability and apoptosis were measured in PC12 cells, SH-SY5Y cells and primary neurons that
underwent OGD. (A) CCK-8 assay measured the cell viability of PC12 cells that underwent OGD and were
treated with different concentrations of IGF-1 (5 ng/mL, 10 ng/mL, 50 ng/mL, 100 ng/mL and 200
ng/mL). (B) CCK-8 assay measured the cell viability of SH-SY5Y cells that underwent OGD and were
treated with different concentrations of IGF-1 (5 ng/mL, 10 ng/mL, 50 ng/mL, 100 ng/mL and 200
ng/mL). (C) CCK-8 assay measured the cell viability of primary neurons that underwent OGD and treated
with different concentrations of IGF-1 (5 ng/mL, 15 ng/mL, 25 ng/mL and 50 ng/mL). *P < 0.05, **P <

0.01.
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Figure 2

IGF-1 increased the expression of YAP/TAZ and activated the PI3K/AKT signaling pathway in different
cells and groups. (A) Western blots showing the expressions of YAP/TAZ and PI3K/AKT in the different
cells and groups. The levels of YAP/TAZ and PI3K/p-AKT decreased in the cells that underwent OGD.
These decreases were reversed by IGF-1. GAPDH was used as loading control. (D-0) Quantified levels of
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YAP/TAZ and PI3K/p-AKT in the different cells and groups. +P < 0.05, ++P < 0.01 vs. the Normoxia group;
&P < 0.05 vs. the OGD group.
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Figure 3

Expression levels of YAPR, PI3K and Caspase 3 in the different cells and groups. (A-C) IGF-1 increased the
expressions of YAP and PI3K, and decreased the expression of Caspase 3. Up-regulation of YAP and PI3K
and down-regulation of Caspase 3 were reversed by LY294002 treatment. B-actin was used as loading
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control. (D-L) Quantified levels of YAR, PI3K and Caspase 3 in the different cells and groups. +P < 0.05,
++P < 0.01 vs. the Normoxia group; &P < 0.05, &&P < 0.01 vs. the OGD group; *P < 0.05, **P < 0.01 vs. the
OGD+IGF-1 group.

A Sham MCAO B Sham MCAO
GFAP+IGF-1 Lo S ' IBA-1+IGF-1-
Figure 4

Immunofluorescence staining results of GFAP, IBA-1 and IGF-1 in brain tissue. (A) Double
immunofluorescence staining of GFAP and IGF-1 showed that IGF-1 was expressed in astrocytes and that
astrocyte count and IGF-1 expression level were elevated in the MCAO group (n = 5 rats per group, scale
bar = 100 ym, 200x magnification). (B) Double immunofluorescence staining of IBA-1 and IGF-1 showed
that IGF-1 was expressed in microglial cells and that the microglia count and IGF-1 expression level were
elevated in the MCAO group (n = 5 rats per group, scale bar = 100 pm, 200x magnification).
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Figure 5

Expression of MAP2 in the different groups. MAP2 expression level was lower in the MCAO group and
MCAO+DMSO group compared to the Sham group. IGF-1 increased the MAP2 expression and this effect
of IGF-1 was reversed to some extent by LY294002 (n = 5 rats per group, scale bar= 50 pm, 400x
magnification).
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Figure 6

IGF-1 reduced neurological deficits and infarct volume. (A) Neurological deficit scores were lower in IGF-
1-treated rats than in untreated and vehicle-treated rats (n = 15 rats per group). (B) Representative images
of TTC-stained brain slices from Sham-operated and MCAO-injured rats (n = 5 rats per group). (C)
Quantification of the infarct volume showed that IGF-1 reduced the infarct volume and that the protective
effect of IGF-1 was reversed by LY294002. The percentage of infarct volume was 27.2% in the MCAO
group, 25.1% in the MCAO+DMSO group, 15.6% in the MCAO+IGF-1 group, and 21.3% in the MCAO+IGF-
1+ LY294002 group. +p < 0.05, ++p < 0.01 vs. the Sham group; &p < 0.05, &&p < 0.01 vs. the MCAO group;
*p < 0.05 vs. the MCAO+IGF-1 group.
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Figure 7

IGF-1 attenuated apoptosis induced by I/R injury. (A) TUNEL staining in the cortex of the different groups
(n = 5 rats per group, scale bar = 100 ym, 200x magnification). (B) Quantitative analysis of apoptosis in
the groups. The percentage of apoptotic cells was 45.1% in the MCAO group, 47.2% in the MCAO+DMSO
group, 24.5% in the MCAO+IGF-1 group, and 34.5% in the MCAO+IGF-1+LY294002 group. &p < 0.05, &&p <
0.01 vs. the MCAO group; *p < 0.05 vs. the MCAO+IGF-1 group.
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IGF-1 protected neurons against I/R injury. Compared with the Sham group, the MCAO group and MCAO +
DMSO group showed (A) apparent brain edema, abnormal neurons, and (B) irregularly arranged Nissl
substance. The MCAO+IGF-1 group showed partial edema, more surviving neurons and increased visible
Nissl substance (n = 5 rats per group). Arrows indicate necrotic nuclei. (C-D) Quantified levels of surviving
neurons and Nissl-positive cells. +p < 0.05, ++p < 0.01 vs. the Sham group; &p < 0.05 vs. the MCAO group;
*p < 0.05 vs. the MCAO+IGF-1 group.
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Figure 9

IGF-1 promoted YAP/TAZ and PI3K/p-AKT expression, and down-regulated Caspase 3 expression. (A)
YAPR, p-AKT and Caspase 3 in the different groups were detected using western blot. B-actin was used as
Page 28/29



loading control (n = 5 rats per group). (B) PI3K and TAZ in the different groups were detected using
western blot. GAPDH was used as loading control (n = 5 rats per group). (C-G) Quantified levels of
YAP/TAZ, PI3K/p-AKT and Caspase 3 in the different groups. +p < 0.05, ++p < 0.01 vs. the Sham group;
&p < 0.05, &&p < 0.01 vs. the MCAO group; *p < 0.05, **p < 0.01 vs. the MCAO+IGF-1 group.
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