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Abstract

Neuronal apoptosis induced by oxidative stress is one of the major pathological processes involved 

in neurological impairment after hypoxic-ischemic encephalopathy (HIE). Ghrelin, the unique 

endogenous ligand for the growth hormone secretagogue receptor-1α (GHSR-1α), could take an 

anti-apoptotic role in the brain. However, whether ghrelin can attenuate neuronal apoptosis by 

attenuating oxidative stress after hypoxia-ischemia (HI) insult remains unknown. To investigate 

the beneficial effects of ghrelin on oxidative stress injury and neuronal apoptosis induced by HI, 

ten-day old unsexed rat pups were subjected to HI injury and exogenous recombinant human 

ghrelin(rh-Ghrelin) was administered intranasally at 1 h and 24 h after HI induction. [D-Lys3]-

GHRP-6, a selective inhibitor of GHSR-1α and Ex527, a selective inhibitor of GHSR-1α were 

administered intranasally at 1 h before HI induction respectively. Small interfering ribonucleic 

acid (siRNA) for GHSR-1α were administered by intracerebroventricular (i.c.v) injection at 24 h 

before HI induction. Neurological tests, immunofluorescence, MitoSox staining, Fluoro-Jade C 

staining, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining, and 

western blot experiments were performed. Our results indicated that ghrelin significantly improved 

neurobehavioral outcomes and reduced oxidative stress and neuronal apoptosis. Moreover, ghrelin 

treatment significantly promoted phosphorylation of AMPK, upregulated the expression of Sirt1, 
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PGC-1α, UCP2 and the ratio of Bcl2/Bax, while it downregulated cleaved caspase-3 levels. The 

protective effects of ghrelin were reversed by [D-Lys3]-GHRP-6, GHSR-1α siRNA or Ex527. In 

conclusion, our data demonstrated that ghrelin reduced oxidative stress injury and neuronal 

apoptosis which was in part via the GHSR-1α/AMPK/Sirt1/PGC-1α/UCP2 signalling pathway 

after HI. Ghrelin may be a novel therapeutic target for treatment after neonatasl HI injury.
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1. Introduction

Hypoxic–ischemic encephalopathy (HIE) is one of the most common causes of brain injury 

in infants, occurring in 1 to 8 per 1000 live births in developed countries and as high as 26 

per 1000 newborns in developing countries (1). Severe HIE has tremendous detrimental 

effects on the developing brain and leads to long lasting neurological sequelae, including 

cerebral palsy, mental retardation, seizures, epilepsy and other neurological disabilities (2–

5). Despite the effectiveness of current clinical treatments such as therapeutic hypothermia 

(6), anticonvulsants (4) and fluid and electrolyte management (7), there are still no specific 

treatments to repair the damage caused by HIE. Therefore, it is imperative to develop 

effective and safe complementary therapies that will add onto the current therapeutic 

strategies for infants with HIE.

Ghrelin is a brain-gut hormone with 28 amino acid peptide, which is secreted to regulate the 

release of growth hormone (GH) and promote adiposity and appetite (8). Ghrelin has been 

identified as the unique endogenous ligand for the growth hormone secretagogue 

receptor-1α (GHSR-1α) (9). GHSR-1α is a G-protein-coupled receptor, expressed in 

peripheral tissues and extensively in the central nervous system, such as pituitary gland, 

hypothalamus, thalamus, cortex and hippocampus (10–13).
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Up until now, myriad studies have shown that neuronal apoptosis, due to oxidative stress, 

plays a major role in brain injury associated with HIE (14). It has been established that 

ghrelin could inhibit cell apoptosis in various cells, such as cardiocytes, hepatocytes, 

epithelial cells and endotheliocytes (15–18). Moreover, ghrelin can also take anti-apoptotic 

effect on neurons in some experiments in vivo and in vitro. Chung et al reported that ghrelin 

acts as a survival factor for hypothalamic neuronal cells by inhibiting apoptosis induced by 

glucose-oxygen deprivation (19). Ghrelin has also been reported to protect cortical neurons 

and retinal neurons against focal ischemia/reperfusion and glaucoma injured rats 

respectively (20, 21). However, little is known on ghrelin’s protective and antiapoptotic 

effects after HIE. We will explore this question in the present study.

Accumulating scientific evidence indicates that most of the biological effects of ghrelin are 

mediated by the activation of adenosine monophosphate-activated protein kinase (AMPK) 

(22, 23). AMPK acts as a metabolic stress-sensing protein kinase, switching off biosynthetic 

pathways to maintain the local and systemic energy balance under energetic stress (24). 

Recently, activation of AMPK to inhibit neuronal apoptosis has been considered as a 

therapeutic strategy for neuronal diseases (25, 26). One of the downstream pathways of 

AMPK activation is Sirt1/PGC-1α. AMPK activates the NAD+-dependent type III 

deacetylase Sirt1 by increasing the intracellular NAD+/NADH ratio. Once Sirt1 is activated 

it results in the deacetylation and modulation of the activity of the peroxisome proliferator-

activated receptor-gamma coactivator 1 alpha (PGC-1α) (24, 27).

The uncoupling protein 2 (UCP2) is an inner-membrane mitochondrial protein, which has 

been proposed to be the direct target of PGC-1α transcriptional regulation (28, 29). Recent 

evidence has shown that UCP2 is involved in reducing reactive oxygen species (ROS) 

generation and clearance of mitochondrial ROS (30, 31). Concomitantly, it was found that 

UCP2 can prevent neuronal apoptosis and diminish brain dysfunction after stroke and brain 

trauma (32).

Based on the aforementioned evidence, we hypothesized that intranasal administration of 

ghrelin can attenuate neuronal apoptosis via the GHSR-1α/AMPK/Sirt1/PGC-1α/UCP2 

pathway in a rat model of neonatal HIE.

2. Material and methods

2.1. Animals

All experimental protocols were approved by the Institutional Animal Care and Use 

Committee of Loma Linda University (IACUC) in accordance with the NIH Guide for the 

Care and Use of Laboratory Animals. All studies comply with the ARRIVE guidelines.

Sprague Dawley rat mothers, with litters of 12 pups, were purchased from Envigo 

(Livermore, CA). A total of 196 ten-day old unsexed rat pups (weighing 16–20g) were used 

for this study. All animals were housed in a controlled humidity and temperature room with 

a 12 h light and dark cycle and raised with free access to breast milk, water and food. We 

chose the neonatal rat model in this study for several reasons. Firstly, using the Sprague-

Dawley Rat carries several advantages amongst other small species: a) it has been used in 
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hundreds of studies over the past 20 years to study stroke in adults and neonates and can be 

readily compared to the literature; b) the post brain injury sequelae is similar to humans and 

HI brain injury induced in P10 rats mimics pre and perinatal brain injuries in humans; c) 

their small size allows for the use of smaller amounts of drugs for testing; d) it allows us to 

study mechanisms and signaling pathways and e) we have already established a SD rat HI 

model with less than 10% mortality that creates significant reproducible neurological 

deficits. Second, the immunologic and local milieu following HI cannot be mimicked in cell 

culture or effectively modeled by computers. Furthermore, our interests lie in the 

pathophysiological (e.g. cell apoptosis) and neurobehavioral outcomes after neonatal HI and 

these cannot be replicated in-vitro.

2.2. HIE model

The animal model used in this study is the standard HIE Rice-Vannucci model, with some 

modification, as previously described (26, 33). Briefly, ten-day old neonatal rat pups were 

placed into a temperature-controlled chamber for induction of general anesthesia. The 

animals were anesthetized with 3% isoflurane gas in air and maintained at 2.0% isoflurane 

in air. Throughout the surgical and postoperative period, temperature was controlled with 

heating blankets and incubators. After induction of anesthesia the neck of the rats was 

prepared and draped using standard sterile techniques. Skin preparation consisted of 

swabbing the neck with alcohol. Next a small midline neck incision on the anterior neck was 

made with a No. 11 blade surgical knife (approximately 3–5 mm in length). Using gentle 

blunt dissection the right carotid artery was isolated and gently separated from surrounding 

structures. The carotid artery was ligated with 5-O surgical suture, and cut between the 

ligatures. All bleeding was controlled with gentle pressure and electrocautery as needed. 

After ligation of the carotid artery the surgical field was irrigated with several drops of 

saline, dried, and the skin was closed with sutures. All surgeries were performed aseptically 

and lasted no longer than 10 minutes. After the surgical procedure was completed, the rats 

were allowed to wake and recover for 1 hour. Thereafter, they were placed in an airtight jar 

partially submerged in a 37 °C water bath to maintain a constant thermal environment. A gas 

mixture of 8% oxygen and 92% nitrogen was delivered into the jars through inlet and outlet 

portals. The rat pups were exposed to this gas mixture for 150 minutes. Thereafter, the 

animals were returned to their mothers. Animals were monitored daily post-op for any 

bleeding, swelling, pain or distress. For the sham animals, CCA was just exposed without 

ligation or cutting, and pups did not experience the hypoxic insults.

2.3. Experimental design

The experiment was designed as follows.

2.3.1. Experiment I—To evaluate the time course expression of endogenous ghrelin and 

GHSR-1α after HI, rats were randomly divided into 6 groups: Sham, 6 h HI, 12 h HI, 24 h 

HI, 72 h HI and the right (ipsilateral) hemisphere was collected for western blot analysis. 

The Sham group rat pups were euthanized at 24 h post HI.

2.3.2. Experiment II—To assess the short-term outcome of recombinant human ghrelin 

(rh-Ghrelin) treatment and to establish the optimal dose of rh-Ghrelin treatment for HI 
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insults, pups were randomly divided into 5 groups: Sham, HI + Vehicle, HI + rh-Ghrelin 

(0.02μg/kg), HI + rh-Ghrelin (0.04μg/kg), and HI + rh-Ghrelin (0.12μg/kg). rh-Ghrelin or 

Vehicle (10% Glycerol, 20mM Tris HCl, pH 8.0) were administered intranasally at 1 h after 

HI followed by one more injection at 24 h after HI. Infarct volume, short term 

neurobehavioral tests, negative geotaxis, and body weight were evaluated at 48 h after HI.

2.3.3. Experiment III—To verify that GHSR-1α is expressed in neurons, the 

colocalization of GHSR-1α with neuron marker, NeuN, was checked at 48 h post HI. Rats 

were divided into 3 groups: Sham, HI + Vehicle, HI + rh-Ghrelin (optimal dose).

2.3.4. Experiment IV—To assess the long-term outcomes of exogenous rh-Ghrelin 

treatment, rats were divided into 3 groups: Sham, HI + Vehicle, HI + rh-Ghrelin (optimal 

dose). Neurobehavioral test: Foot-fault, Rota-rod and Morris water maze were conducted at 

4 weeks post HI, then rats were sacrificed for Nissl staining.

2.3.5. Experiment V—To explore whether GHSR-1α was involved in the underlying 

mechanisms of rh-Ghrelin mediated neuroprotective effects, GHSR-1α inhibitor, [D-Lys3]-

GHRP-6 was used to inhibit GHSR-1α. Rats were randomly divided into 5 groups: Sham, 

HI + Vehicle 1 (Vehicle of rh-Ghrelin), HI + rh-Ghrelin, HI + rh-Ghrelin + Vehicle 2 

(Vehicle of [D-Lys3]-GHRP-6, 0.9% NaCl), HI + rh-Ghrelin + [D-Lys3]-GHRP-6. Rh-

Ghrelin or Vehicle 1 were injected intranasally 1 h and 24 h after HI. [D-Lys3]-GHRP-6 or 

Vehicle 2 were administered intranasally at 1 h before HI induction. Western blot, 

mitochondrial oxidative stress, neuronal degeneration and neuronal apoptosis were 

examined at 48 h after HI.

2.3.6. Experiment VI—To further explore whether GHSR-1α was involved in the 

underlying mechanisms of rh-Ghrelin mediated neuroprotective effects, GHSR-1α siRNA 

(Si-GHSR-1α) was used to inhibit GHSR-1α. Rats were randomly divided into 2 groups: HI 

+ rh-Ghrelin + scramble siRNA, HI + rh-Ghrelin + si-GHSR-1α. Rh-Ghrelin was injected 

intranasally 1 h and 24h after HI. Si-GHSR-1α or scramble siRNA were administered 

intracerebroventricularly at 24 h before HI. Western blot, mitochondrial oxidative stress, 

neuronal degeneration and neuronal apoptosis were examined at 48 h after HI.

In addition, to detect the effectiveness of siRNA access to brain, the colocalization of a non-

target siRNA with red fluorescence tag on neurons/astrocytes/microglias was evaluated at 24 

h post siRNA injection in naïve 10-day-old rats.

2.3.7. Experiment VII—To explore whether Sirt1 was involved in the underlying 

mechanisms of rh-Ghrelin mediated neuroprotective effects, Sirt1 inhibitor, Ex527 was used 

to inhibit GHSR-1α. Rats were randomly divided into 2 groups: HI + rh-Ghrelin + Vehicle 

of Ex527(DMSO), HI + rh-Ghrelin + Ex527. Rh-Ghrelin was injected intranasally 1 h and 

24h after HI. Ex527 or Vehicle were administered intranasally at 1 h before HI induction. 

Western blot, mitochondrial oxidative stress, neuronal degeneration and neuronal apoptosis 

were examined at 48 h after HI.
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2.4. Drug administration

Rh-Ghrelin (0.02, 0.04, 0.12 μg/kg, Abcam, USA) or vehicle of rh-Ghrelin were 

administered intranasally at 1 and 24 h after HI. [D-Lys3]-GHRP-6 (Abcam, USA), 

Ex527(Abcam, USA) or vehicle of them were administered intranasally at 1 h before HI. 

1.25 μl of rh-Ghrelin, [D-Lys3]-GHRP-6, Ex527 or vehicle per drop was given every 2 min 

in alternating nares.

2.5. In vivo RNAi

After anesthetized with isoflurane, rat pups were fixed in a stereotactic frame in a prone 

position. A 10-μl micro syringe (Hamilton Co, USA) was inserted at 1.5 mm posterior, 1.5 

mm lateral to the bregma and 1.7 mm deep from the skull surface into the right lateral 

ventricle. At 24 h before HI induction, 2 μl GHSR-1α siRNA (300 pmol/ μl, Dharmacon, 

USA) or scramble siRNA (300 pmol/ μl, Dharmacon, USA) was injected slowly over 5 min. 

To prevent liquid reflux, the syringe was allowed to stand in place for 10 min and then 

withdrawn slowly for 5 min.

2.6. Infract area measurements

As previously described, 2,3,5-triphenyltetrazolium chloride monohydrate (TTC) staining 

was used to evaluate the infarct area (34). Rat pups were anesthetized with isoflurane and 

perfused transcardially with 20 ml 4 ℃ phosphate-buffered saline (PBS) at 48 h post HI. 

The brains were dissected out and sectioned into coronal brain slices (2 mm) in a rat brain 

matrix. The slices were stained with 2 % TTC (Sigma Aldrich Inc., USA) solution for 5 min 

and then washed in PBS, followed by digitally photographed. Un-infarcted area of ipsilateral 

hemispheres and total area of contralateral hemispheres were traced and analyzed using 

Image J software (NIH, USA). The percent of infarcted area for each slice was calculated as 

following formula: [(total area of contralateral hemisphere) - (area of un-infarcted area of 

ipsilateral hemisphere)] / (total area of contralateral hemisphere × 2). The average value of 

each slice in one brain was taken to represent the percentage of infarcted area for that 

animal.

2.7. Neurobehavioral tests

Negative geotaxis tests were performed at 48 h post HI for evaluating short-term 

neurological function. Foot-fault, Rotarod and Morris water maze were performed at 4 

weeks post HI for evaluating long-term neurological function.

2.7.1. Negative geotaxis—The pups were put head downward on a 40-degree sloping 

board, the time taken for the pups to turn their body around and face upward was recorded. 

The maximum testing time was 60 s and the time taken more than 60 s was recorded as 60 s.

2.7.2. Rotarod test—Rat pups were placed on a rotating horizontal rod (Columbus 

Instruments Rotamex, USA) and the time it took for them to fall was recorded. The rotation 

speed started from 5 or 10 rpm separately with an acceleration of 2 rpm per 5 s. The 

maximum testing time was 60 s and the time taken more than 60 s was recorded as 60 s.
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2.7.3. Foot-fault test—Rat pups were placed on an elevated (1 m above the floor) 

horizontal grid piece (square size 20 × 40 cm with a mesh size of 4cm2, wire diameter 0.4 

cm) for 1 min. Foot-fault was defined as when the pup could not place a for- or hind limb 

accurately and it fell down between the grid bars. The number of foot faults of each animal 

were recorded by video device and analyzed by an investigator blinded to the experimental 

groups.

2.7.4. Morris water maze test—Morris water maze testing was used to evaluate the 

animal ability of spatial locations learning and memory (35). Rats performed a 6-day test 

and 5 trials were applied to each rat per day. Between successive trials, there was a 10 min 

interval. All trials lasted no more than 60 s. On day 1, rats were trained using a visible 

platform with 10 cm diameter (cued test, block 1). If the rats had not discovered the platform 

in 60s, they were manually guided to the platform. On days 2 – 5, the time taken to find a 

platform submerged 1 cm below the water was measured (memory test, blocks 2–5). On day 

6, the platform was removed, and the time rats took in the platform quadrant were tested 

(probe trial, block 6). All of the animals’ swimming paths, the quantification of distance, 

latency and swimming speed was recorded by the Video Tracking system SMART-2000 

(San Diego Instruments Inc, USA).

2.8. Western blotting analysis

Western blot was performed as previously described (36). After TTC staining and images 

recording at 48 h after HI, brain slices were separated immediately into the contralateral and 

ipsilateral cerebrums and stored instantly at −80 °C freezer until lysis. The right/ipsilateral 

hemisphere tissue was homogenized by RIPA lysis buffer (Santa Cruz Biotechnology, USA) 

with protease inhibitor cocktail and then centrifuged at 14,000 g at 4 °C for 20 min, 

followed by the supernatant was collected. After protein concentration assay (DC™ Protein 

Assay, Bio-Rad, USA), equal amounts of protein were loaded into a 7.5 % - 12 % sodium 

dodecyl sulfate–polyacrylamide (SDS-PAGE) gel for electrophoresis and then transferred to 

a nitrocellulose membrane, which was blocked with 5% non-fat blocking grade milk (Bio-

Rad, USA) for 1h at room temperature. The membranes were incubated with the primary 

antibody overnight at 4 °C. The following primary antibodies were used: anti-GHSR-1α 
(1:1000, Abcam, USA), anti-ghrelin (reacts with human and rats, 1:2000, Thermo fisher, 

USA), anti-ghrelin (reacts specifically with human, 1:2000, Abcam, USA), anti-AMPK 

(1:1000, Cell Signaling Technology, USA), anti-p-AMPK (1:500, Cell Signaling 

Technology, USA), anti-Sirt1 (1:1000, Abcam, USA), anti-PGC1α (1:1000, Cell Signaling 

Technology, USA), anti-UCP2 (1:1000, Cell Signaling Technology, USA), anti-Bcl2 

(1:1000, Abcam, USA), anti-Bax (1:500, Abcam, USA), and anti-cleaved caspase-3(1:500, 

Cell Signaling Technology, USA). Goat anti-β-actin (1:3000, Santa Cruz Biotechnology, 

USA) was used on the same membrane as loading control. The membranes were then 

incubated with appropriate secondary antibodies (1:3000, Santa Cruz Biotechnology, USA) 

for 1 h at room temperature. Immunoreactive bands were visualized with an ECL Plus kit 

(American Bioscience, UK) followed by exposure to X-ray films, then analyzed using Image 

J software (NIH, USA).
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2.9. Tissue processing

Rats were deeply anesthetized and transcardially perfused with 4 °C PBS and 10% formalin. 

The brains were removed and fixed with 10% formalin for 24 h, and then immersed in 30% 

sucrose until they sank. After being embedded into OCT compound (Scigen Scientific, 

USA) and frozen, serial 10 μm thick coronal sections through the infarct region were cut 

sequentially at −20 °C with a cryostat (LM3050S; Leica Microsystems, Germany) for 

double immunofluorescence, Fluoro-Jade C, and TUNEL staining.

2.10. Double immunofluorescence staining

The prepared sections were permeabilized with 0.3% Triton X-100 for 15 min at room 

temperature and then blocked with 5% donkey serum at 37 °C for 30 min. Subsequently, 

each coronal section was incubated at 4 °C overnight with primary antibodies: rabbit anti-

Ghrelin (1:100, Abcam, USA), and mouse anti-NeuN (1:400, Abcam, USA). Sections were 

washed in PBS and appropriate secondary antibodies fluorescence-conjugated were applied 

at the dilution of 1:200 for 1 h at 37 °C and then washed in PBS. To facilitate proper 

photographic orientation, sections were mounted with Vectashield Antifade Mounting 

Medium with DAPI (Vector Laboratories Inc., USA). Images were then captured by a 

fluorescence microscope (Leica DMi8, Leica Microsystems, Germany).

2.11. MitoSOX staining

To assess the oxidative stress level in the mitochondria, freshly prepared frozen brain 

sections were incubated with 5 μmol/L MitoSOX (Thermo Fisher Scientific, USA) at 37 °C 

for 10 min in a dark humidified chamber. Sections were mounted with Vectashield Antifade 

Mounting Medium with DAPI (Vector Laboratories Inc., USA). Digital images were 

captured and the number of MitoSOX-positive cells per field of view were counted manually 

in the ipsilateral cortex. Six sections with ischemic regions were picked in each brain to be 

analyzed. Data was expressed as ratio of MitoSOX-positive cells (%).

2.12. Fluoro-Jade C staining

Fluoro-Jade C (FJC) staining was performed according to the manufacturer’s protocol 

(Fluoro-Jade C Ready-to-Dilute Staining Kit, Biosensis, USA). The number of FJC-positive 

cells per field of view were counted manually in the ipsilateral cortex. Six sections with 

ischemic regions were picked in each brain to be analyzed. The data were presented as the 

average number of FJC-positive cells/mm2 in the microscopic field of 20 ×.

2.13. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining

Double staining of TUNEL and neuron marker NeuN was performed for quantification of 

neuronal cell death (37). TUNEL staining was performed according to the manufacturer’s 

instructions at 48 h after HI (in situ Apoptosis Detection Kit, Roche, USA). NeuN staining 

was performed as the immunofluorescence procedure above mentioned. The number of 

TUNEL-positive neurons and NeuN-stained positive cells were counted manually in the 

ipsilateral cortex. Six sections with ischemic regions were picked in each brain to be 

averaged. Data was expressed as ratio of TUNEL-positive neurons (%).
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2.14. Tissue loss measurement

Nissl staining was performed to evaluate the brain tissue loss. The process of coronal brain 

sections (20mm thick) were prepared as that in the tissue processing of 

immunofluorescence, Fluoro-Jade C, and TUNEL staining. The sections were dehydrated in 

95% and 70% ethanol for 1 min successively, and then stained with 0.2 % cresyl violet 

(Sigma-Aldrich, USA) for 2 min. Following dehydrated in 100% ethanol and xylene for 1.5 

min, respectively, sections were mounted with DPX (Sigma-Aldrich, USA). A total of 4 

slices were used to average percent tissue loss in each brain. The percentage of brain tissue 

loss = [(contralateral hemisphere − ipsilateral hemisphere) / 2 × contralateral hemisphere] × 

100%.

2.15. Statistical analysis

Statistical analyses were performed with SPSS v. 21.0 software (IBM, USA). The data were 

expressed as means ± SD. Differences between individual groups were first compared using 

analysis of variance (one-way ANOVA) and then post hoc testing were analyzed with Tukey 

or Student-Newman-Keuls multiple comparisons. Differences between two groups were 

compared using Student’s t test. All reported P values were two-sided, and a value of P < 

0.05 was considered statistically significant.

3. Results

3.1. Expression levels of endogenous ghrelin and GHSR-1α decreased in time-dependent 
manner post HI

The endogenous expression levels of ghrelin and GHSR-1α in the brain were measured at 6 

h, 12 h, 24 h, 48 h and 72 h after HI. Ghrelin expression level decreased significantly from 6 

h to 72 h post HI when compared with sham group (P < 0.05), reaching the lowest point at 

24h post HI (Fig. 1A and B). GHSR-1 α expression level decreased significantly from 6 h to 

72 h post HI when compared with sham group (P < 0.05), reaching the lowest point at 48 h 

post HI (Fig. 1A and C).

3.2. Intranasal administration of exogenous rh-Ghrelin reduced infarct area, improved 
short-term neurological function, and reduced body weight loss at 48 h post HI

To determine the best dosage of rh-Ghrelin treatment, three doses were used: low (0.02 μg/

kg), medium (0.04 μg/kg) and high (0.12 μg/kg). TTC staining results (Fig. 2A and B) 

showed that the medium (0.04μg/kg) and high (0.12 μg/kg) doses of rh-Ghrelin treatment 

significantly reduced percent infarct area when compared with vehicle group (P < 0.05). No 

significant differences in infarcted area were found in the low dose (0.02 μg/kg) group when 

compared with vehicle group (P > 0.05).

Geotaxis test results (Fig. 2C) showed that pups reflex time increased significantly after HI 

when compared with sham group (P < 0.05). All three doses of rh-Ghrelin decreased the 

reflex time significantly compared with the vehicle group (P < 0.05), while the medium dose 

group (0.12 μg/kg) showed the best performance compared to the other two dose groups.
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Body weight measurement results (Fig. 2D) showed that vehicle group had significant body 

weight loss at 48 h post HI when compared with sham and rh-Ghrelin treated groups (P < 

0.05, Fig. 2D). No difference in body weight loss was observed between treatment groups (P 
> 0.05).

3.3. Immunofluorescence staining showed the colocaliztion of GHSR-1α with neurons at 
48h post HI

Immunofluorescence staining showed that GHSR-1α colocalized with the neuronal marker, 

NeuN, at 48h post HI in the following three groups: sham, vehicle, and rh-Ghrelin treatment 

(0.04 μg/kg). Expressions of GHSR-1α on neurons was lower in vehicle and rh-Ghrelin 

treatment group compared to the sham group (Fig 3).

3.4. Rh-Ghrelin reduced mitochondria oxidative stress injury and neuronal apoptosis at 
48 h post HI

Mitochondria oxidative stress level in the ipsilateral hemisphere after HI was measured by 

MitoSOX staining (Fig. 4 A, B). MitoSOX-positive cells in vehicle group were more evident 

compared with sham group at 48 h after HI. Intranasal administration of rh-Ghrelin (0.04 

μg/kg) significantly reduced MitoSOX-positive cells when compared to the vehicle group.

Neuronal degeneration in the ipsilateral hemisphere, after HI, was measured by Flouro-Jade 

C (FLJ) staining (Fig. 4 C, D). No FJC-positive cell was detected in sham group, while 

degenerated neurons were detected easily in the vehicle group at 48 h after HI. Rh-Ghrelin 

(0.04 μg/kg) treatment significantly reduced FJC-positive neurons in comparison to the 

vehicle group.

Neuronal apoptotic cells in the ipsilateral hemisphere after HI were measured by TUNEL 

staining (Fig. 4 E, F). There was a higher level of TUNEL-positive cells in vehicle group 

compared to sham at 48 h after HI. Rh-Ghrelin (0.04 μg/kg) treatment significantly reduced 

TUNEL-positive cells in comparison with vehicle group. In addition, western blot data 

showed that cleaved caspase-3 and Bax were significantly increased and Bcl-2 was 

significantly decreased after HI, and rh-Ghrelin (0.04 μg/kg) treatment could reduce the 

expression of Bax while upregulating the expression of cleaved caspase-3 and Bcl-2 (Fig. 

10).

3.5. Rh-Ghrelin reduced brain atrophy and improved long-term neurological functions at 
4 weeks post HI

To test the effects of rh-Ghrelin treatment on brain atrophy at 4 weeks after HI, tissue loss 

was assessed by Nissl’s staining. There was no tissue loss in the sham group. Intranasal 

administration of rh-Ghrelin (0.04 μg/kg) significantly reduced brain tissue loss in the 

ipsilateral hemisphere in comparison to vehicle group (P < 0.05, Fig. 5A, B).

In the rotarod test, animals in vehicle group had significantly lower falling latency when 

compared with sham group; rh-Ghrelin treatment (0.04 μg/kg) markedly improved rotarod 

latency at both 5 rpm and 10 rpm acceleration when compared with vehicle group (P < 0.05, 

Fig. 5C).

Huang et al. Page 10

Free Radic Biol Med. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the foot-fault test, vehicle group displayed more foot-faults on contralateral side(left) 

compared to the sham group (P < 0.05); the performance was significantly improved in rh-

Ghrelin (0.04 μg/kg) group compared to the vehicle group (P < 0.05, Fig. 5D).

In water maze test, vehicle group showed substantial spatial memory loss in terms of 

swimming longer distance (Fig. 5E), longer time taken to find the platform (Fig. 5F) and less 

time spent in the platform quadrant (Fig. 5G, H) when compared with sham group (P < 

0.05). Rh-Ghrelin treated group (0.04 μg/kg) showed significant memory function recovery 

compared with vehicle group as seen from the decreased swimming distance(Fig. 5E), time 

to find platform(Fig. 5F), and more time spent in platform quadrant (Fig. 5G, H).

3.6. Rh-Ghrelin treatment upregulated p-AMPK, Sirt1, PGC-1α, UCP2 levels at 48h post HI

To investigate whether AMPK, Sirt1, PGC-1α or UCP2 are involved in the mechanism of 

ghrelin treatment after HI, these protein expression levels were tested by western blot. 

Western blot data showed that p-AMPK, Sirt1, PGC-1α and UCP2 expression significantly 

increased in vehicle group when compared with sham group (P < 0.05, Fig. 10). Rh-Ghrelin 

treatment further upregulated p-AMPK, Sirt1, PGC-1α and UCP2 expression when 

compared with vehicle group (P < 0.05, Fig. 10).

3.7. Inhibition of GHSR-1α attenuated the neuroprotective, anti-oxidative and anti-
apoptotic effects induced by rh-Ghrelin treatment at 48 h post HI

To determine GHSR-1α’s role in rh-Ghrelin’s neuroprotective effects we used a specific 

inhibitor and a siRNA to inhibit GHSR-1α: the specific GHSR-1α inhibitor, [D-Lys3]-

GHRP-6, was administered intranasally (i.n.) and the GHSR-1α siRNA was administered 

via an intracerebroventricular (i.c.v.) injection. Both [D-Lys3]-GHRP-6 and si-GHSR-1α 
reversed rh-Ghrelin’s neuroprotective effects as seen from the increase in infarction area 

(Fig. 6), MitoSOX-positive cells, FJC-positive neurons and the TUNEL-positive cells (Fig. 

7, 8). Furthermore, we also observed that [D-Lys3]-GHRP-6 and si-GHSR-1α made a 

decrease in the Bcl2/Bax ratio (Fig. 10, 11) and an increase in cleaved caspase-3 expression 

when compared with their respective control group in the rh-Ghrelin treated HI rats (P < 

0.05).

To detect the effectiveness of siRNA’s access to the brain, we injected scramble siRNA with 

red fluorescence tag intracerebroventricularly to the naïve rat brain. Results showed that the 

red fluorescence colocalized with the neuronal marker (NeuN), astrocyte marker (GFAP), 

and microglial marker (Iba-1), respectively (Fig. 9).

3.8. Inhibition of GHSR-1α reversed the upregulation of p-AMPK, Sirt1, PGC-1α and UCP2 
induced by rh-Ghrelin treatment at 48 h post HI

To investigate the role of GHSR-1α and its downstream signaling molecules in rh-Ghrelin’s 

protective effects we administered a selective inhibitor or siRNA and measured their 

expression levels. Both [D-Lys3]-GHRP-6 and si-GHSR-1α significantly decreased 

expression of p-AMPK, Sirt1, PGC-1α, UCP2 and the ratio of Bcl2/Bax and increased 

expression of cleaved caspase-3 when compared to the control groups (P < 0.05, Fig. 10, 

11).
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3.9. Inhibition of Sirt1 reversed rh-Ghrelin’s protective effects at 48 h post HI

To determine the role of Sirt1 in rh-Ghrelin’s signaling mechanism, we administered Ex527 

to inhibit Sirt1. Inhibition of Sirt1 significantly increased infarction area (Fig. 6), MitoSOX-

positive cells, FJC-positive neurons, TUNEL-positive cells (Fig. 12) and the expression of 

cleaved caspase-3 (Fig. 13), while the ratio of Bcl2/Bax decreased (Fig. 13) in the rh-

Ghrelin treated HI rats when compared with the vehicle group (P < 0.05).

3.10. Inhibition of Sirt1 reversed the upregulation of PGC-1α and UCP2 induced by rh-
Ghrelin treatment at 48 h post HI

To investigate whether Sirt1 is involved in the mechanism between ghrelin treatment with 

the downstream proteins PGC-1α and UCP2, Ex527 was administered to inhibit Sirt1 in the 

rh-Ghrelin treated rats. Inhibition of Sirt1 resulted in a significant decrease in PGC-1α and 

UCP2 expression levels (P < 0.05, Fig. 13).

4. Discussion

In this study, we demonstrated that intranasal administration of exogenous rh-Ghrelin was 

able to significantly prevent HI-induced brain injury by reducing oxidative stress and 

neuronal apoptosis which was at least in part mediated via the GHSR1α/AMPK/Sirt1/

PGC-1α/UCP2 signaling pathway. Summary of our findings showed that: Firstly, the level 

of endogenous ghrelin and GHSR-1α decreased in a time-dependent manner post HI and 

that they were mainly expressed on neurons. Secondly, administration of 0.04ug/kg rh-

Ghrelin remarkably reduced oxidative stress and neuronal apoptosis after HI, which was 

accompanied by a reduction in infarcted area and improvement in short-term and long-term 

neurobehavioral outcomes. Western blot assays showed that rh-Ghrelin upregulated the 

expression of p-AMPK, Sirt1, PGC-1α, and UCP2. Finally, Inhibition of GHSR-1α using 

GHSR-1α siRNA or inhibitor [D-Lys3]-GHRP-6 abolished the anti-oxidative and anti-

apoptotic effects of rh-Ghrelin, and reversed the upregulation of p-AMPK, Sirt1, PGC-1α, 

and UCP2. Inhibition of Sirt1 by the specific inhibitor, Ex527, in the presence of rh-Ghrelin 

also offset the rh-Ghrelin beneficial effects and reversed the upregulation of PGC-1α and 

UCP2 induced by rh-Ghrelin treatment.

Ghrelin influences many physiological and pathological processes including food intake, 

adiposity, memory, neuronal apoptosis, neuroinflammation and so on (8, 38, 39). Given the 

multifunction of ghrelin by binding and activating its endogenous receptor GHSR-1α in the 

central nervous system of humans and animals, GHSR-1α is extensively distributed within 

the brain organs (thalamus, hypothalamus, cortex, hippocampus, etc.) as well as in 

peripheral organs (heart, stomach, adrenals, etc.) (20, 40, 41). Our present data showed that 

GHSR-1α immunoreactivity was colocalized with neurons in the per-infarcted area, which 

was consistent with previous study (20). GHSR-1α upregulation was reported previously in 

a myocardial injury induced by isoproterenol rat models (42); however, the other two studies 

showed slightly different findings with downregulation in GHSR-1 α following ischemia/

reperfusion injury in spinal cord and brain respectively (20, 43). In our study, we found that 

GHSR-1α expression in the brain was decreased and reached to the lowest level at 48 h after 

HIE. According to previous studies, the brain injury was much worse at 48 h in experimental 

Huang et al. Page 12

Free Radic Biol Med. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HIE models, of which the damaging factors may include oxidative stress, mitochondria 

dysfunction, neuronal apoptosis, and inflammation (44). The lowest expression of GHSR-1α 
at 48h after HIE corresponds to the severity of brain injury in HIE. It is likely that the 

declining appetite caused by the brain injury after HIE played a feedback effect on the 

induction of GHSR-1α expression. Taken together, current results indicate that the 

GHSR-1α was suppressed by deleterious stress at 48 h after HIE.

Ghrelin is principally released into bloodstream by endocrine gastric cells of the stomach 

and demonstrates a very limited ability to cross the blood brain barrier (BBB) from the 

circulation into the brain (40, 45, 46). Although some insist that ghrelin is likewise produced 

in the brain, the validity of its central synthesis is a topic of contention (40). Since its 

predominant peripheral production and poor ability to cross the BBB, one of the issues 

needed to be considered in this study is the effectiveness of the exogenous ghrelin 

administration delivery route to CNS. Intranasal delivery is an innovative approach since it is 

non-invasive and clinically relevant (47, 48). Drugs can be rapidly absorbed through the 

large surface area of the nasal mucosa, resulting in a rapid onset of action and avoiding 

degradation in the gastrointestinal tract and first-pass metabolism in the liver. Furthermore, 

the nose also serves as a direct route to the brain. It has been shown that drugs administered 

with the intranasal method can be transported from the nose to brain along the olfactory and 

trigeminal nerve pathways (49). The intranasal method of delivery circumvents the BBB and 

minimizes systemic exposure, since it is transported directly to the brain. Results indicate 

that the brain uptake of intranasal delivered therapeutics is 5 times greater than that after 

intraperitoneal delivery (50). Based on the above advantages of intranasal administration, we 

have selected it as the optimal delivery rout of ghrelin treatment for the neonatal HIE rat 

model in our study.

The results (Fig. 10) showed that intranasal administration of rh-Ghrelin increased ghrelin 

expression in the brain after intranasal administration, which indicates the effectiveness of 

ghrelin delivery to the brain in the HIE rat model. To determine the best dose of intranasal 

ghrelin delivery, three doses of ghrelin (0.02 μg/kg, 0.04 μg/kg, 0.12 μg/kg) treatment effects 

were investigated by measuring percent infarcted area and short-term neurobehavioral tests. 

TTC staining results showed that 0.04 μg/kg and 0.12 μg/kg ghrelin treatment significantly 

reduced the percent infarcted area when compared to the vehicle group. Geotaxis reflex 

results showed that all three doses of ghrelin treatment significantly decreased the reflex 

time compared with vehicle group animals, with 0.04 μg/kg showing to be the most 

effective. At the same time, the three doses of ghrelin treatment can significantly reduce 

body weight loss compared with the vehicle animals. Based on the above results we select 

the medium dose of 0.04 μg/kg ghrelin as the most effective treatment for the remainder of 

our studies.

Growing evidence suggests that neuronal apoptosis is one of the major pathological 

processes involved in neurological impairment after HIE (51). Oxidative stress induced by 

hypoxia/ischemic could lead to neuronal apoptosis via various signaling pathway, such as 

PI3K/Akt/Caspase, MAPK/p38/cPLA2 (52, 53). Over production of reactive oxygen species 

(ROS) in mitochondria leads to an overwhelmed antioxidant system and oxidative stress 

(54). Previous studies explored many important mechanistic details involved in 

Huang et al. Page 13

Free Radic Biol Med. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mitochondrial ROS metabolism and factors that regulate ROS generation and removal (55). 

The components related with mitochondrial ROS production consists of cytochrome b5 

reductase, monoamine oxidases, dihydroorotate dehydrogenase, dehydrogenase of α-

glycerophosphate, succinate dehydrogenase and NADH-ubiquinone oxidoreductase, etc. 

(55) The antioxidant systems for ROS clearance system include enzymes and non-enzymatic 

antioxidants, such as phospholipid hydroperoxide glutathione peroxidase, MnSOD, 

cytochrome c, catalase, and glutathione, etc. (55) Recently, uncoupling the mitochondrial 

respiratory chain mediated by UCP2 has been proposed as an important mechanism to 

reduce mitochondrial ROS levels and attenuate cell death (56, 57). It was suggested that 

compounds inducing UCP2 expression or activity would be neuroprotective and prevent 

neuronal apoptosis via inhibiting oxidative stress after stroke, epilepsy or neurodegenerative 

disease (58–60). UCP2 was demonstrated to be involved in ghrelin treatment effects in 

various experiments in vivo and in vitro. For example, Ghrelin suppressed Ang II-induced 

renal damages through its UCP2 dependent anti-oxidative stress effect and mitochondria 

maintenance (61). The inhibitory effects of ghrelin on the inflammatory response relied on 

its ability to induce the accumulation of cellular UCP2 levels in human umbilical vein 

endothelial cells (HUVECs) (62). In this study, exogenous rh-Ghrelin treatment could 

promote the upregulation of UCP2 expression and reduce the damage caused by oxidative 

stress and apoptosis, which is consistent with previous studies. In addition, inhibition of the 

unique receptor of ghrelin, GHSR-1, with either GHRP-6 inhibitor or siRNA silencer, 

significantly reduced UCP2 levels and the beneficial effects of ghrelin on the marker of 

oxidative stress and apoptosis deteriorated correspondingly. These mentioned results 

indicated that ghrelin can enhance mitochondrial uncoupling by upregulating UCP2 

expression and reduce oxidative stress injury and neuronal apoptosis in a GHSR-1 α 
dependent manner after HI injury. However, the exact mechanism between ghrelin/GHSR-1 

α and UCP2 has not yet been elucidated.

Given the high metabolic energy demands of the brain and the relative intolerance to energy 

depletion induced by ischemia and hypoxic insults, mounting evidence suggests that AMPK, 

which serves as an energy sensor and master regulator of metabolism, plays a pivotal role in 

modulating cell survival in vivo and in vitro (63). Until now, the role of AMPK activation on 

neuronal apoptosis are controversial. Some studies results showed that AMPK activation is 

associated with the de-phosphorylation of mTOR, Akt, FOXO3a and upregulation of Bim 

and the induction of neuronal apoptosis (64, 65); while in other studies, pharmacological 

activation or genetic upregulation of AMPK has been shown to be neuroprotective against 

glucose deprivation, ischemia, and hypoxia insults (25, 26, 66). AMPK activation may have 

dual roles in the regulation of neuronal apoptosis. The transient versus persistent activation 

kinetics may critically determine the functions of AMPK and cell fate (65). A transient 

activation of AMPK protected the neurons from glucose deprivation, metabolic, excitotoxic 

and oxidative insults (25),whereas prolonged activation would trigger Bim-dependent 

apoptosis in neurons (64, 65). Studies have shown that ghrelin could transiently promote 

AMPK phosphorylation and inhibit neuronal apoptosis in various cell lines and tissues (21, 

67). Consistent with these findings, our study showed that intranasal administration of rh-

Ghrelin increased AMPK phosphorylation. Collectively, these observations suggest that the 
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ghrelin/AMPK regulatory signaling axis functions to modulate neuronal survival under 

ischemic conditions, protecting against cerebral injury after HI.

One of the mechanisms employed by AMPK to regulate metabolism is protein acetylation 

(68). AMPK activation induces expression of nicotinamide phosphoribosyl transferase 

(NAMPT), the rate-limiting enzyme in the NAD+ salvage pathway that converts 

nicotinamide to nicotinamide mononucleotide to enable NAD+ biosynthesis. AMPK 

activation thus increases NAD+ level, elevating NAD+-dependent type III deacetylase, Sirt1 

activity (27, 68, 69). Sirt1-mediated protein deacetylation subsequently activates 

downstream targets, including peroxisome proliferator-activated receptor gamma coactivator 

1-α (PGC-1α) and forkhead box protein O1 (FOXO1) (27, 68). In addition to being an 

important functional regulator of PGC-1α, Sirt1 could also regulate PGC-1α target genes 

under conditions of nutrient restriction in myotubes (70). Other researchers found that the 

change of Sirt1 expression is related to the change of PGC-1α expression as well, in 

myocardial (71), human pancreatic cancer cells (72), male germ cells (73), and kidneys (74), 

etc. Our results demonstrated that rh-Ghrelin treatment resulted in upregulation of Sirt1 and 

PGC-1α expression, which suggested that Sirt1/PGC-1α signaling axis is involved in the 

beneficial effects of ghrelin treatment after neonatal HI injury.

To date, limited information is available on the regulation of UCP-2 expression. PGC-1α 
and cAMP response element binding protein (CREB) were proposed as the transcriptional 

regulators in previous studies (58, 75). In this study, we only focused on PGC-1α since 

AMPK could be activated by ghrelin in various cells and Sirt1/PGC-1α is one of the 

downstream pathways of AMPK. In the present study, ghrelin treatment could upregulate 

Sirt1, PGC-1α and UCP2 expression. In addition, the Sirt1 inhibitor, EX527, offset the 

upregulation of UCP2 induced by ghrelin treatment. These results indicated that Sirt1/

PGC-1α was involved in the mechanism between ghrelin and UCP2 expression. To this end, 

the current results shed new light on the role of ghrelin in reducing oxidative stress and 

neuronal apoptosis through the GHSR-1α/AMPK/Sirt1/PGC-1α/UCP2 pathway.

Anti-inflammatory properties of ghrelin are well documented and in vivo data suggests that 

ghrelin has activity in a number of disease models that are partly driven by the inflammatory 

response (76–78). The excess of ROS production induced by hypoxia-ischemia insults will 

modify or degenerate cellular macromolecules, such as membranes, proteins, lipids, and 

DNA, and lead to a cascading inflammatory response(14). Therefore, neuroinflammation is 

also a substantial component of HI brain injury as neuronal apoptosis. We speculate it is 

possible that some part of the observed protective effect of ghrelin may be attributed to the 

regulation of cytokine production and attenuation of neuroinflammation, which we will 

focus on in future studies.

In conclusion, intranasal administration of rh-Ghrelin reduced the percent infarcted area, 

improved short term neurobehavioral deficits, as well as long-term neurological function 

after HI. The neuroprotective effects of ghrelin could be mediated via the GHSR-1α/AMPK/

Sirt1/PGC-1α/UCP2 signaling pathway. Due to limited current therapies and failed trails, 

this study provides a basis for ghrelin as a promising therapeutic candidate for patients with 

HIE.
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Highlights

1. The level of endogenous ghrelin and GHSR-1α decreased in a time-

dependent manner post HI.

2. Rh-Ghrelin administration remarkably reduced oxidative stress and neuronal 

apoptosis after HI.

3. Rh-Ghrelin taking its anti-oxidative stress and anti-apoptotic effects in 

neurons after HI at least in part is mediated by GHSR1α/AMPK/Sirt1/

PGC-1α/UCP2 signaling pathway.
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Fig. 1. 
Temporal expression of endogenous Ghrelin and GHSR-1α in the brain after HI. (A) 

Representative pictures of western blot data. (B) Western blot data analysis showed that 

endogenous ghrelin expression levels significantly decreased in a time-dependent manner 

from 6 h to 72 h reaching the lowest point at 24 h post HI. (C) Western blot data analysis 

showed that endogenous GHSR-1α expression levels significantly decreased in a time-

dependent manner from 6 h to 72 h reaching the lowest point at 48 h post HI. *P < 0.05 vs. 

Sham; #P < 0.05 vs. 6 h HI; @P< 0.05 vs. 12 h HI; &P < 0.05 vs. 24 h HI. Data are 

represented as mean ± SD, n= 6 for each group.
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Fig. 2. 
Effect of intranasal administration of rh-Ghrelin on brain infarct area (A-B), short-term 

neurological function (C) and body weight (D) at 48 h post HI. (A-B) TTC staining showed 

that medium (0.04μg/kg) and high (0.12μg/kg) doses of rh-Ghrelin treatment significantly 

reduced infarct area when compared with vehicle. (C) Geotaxis test showed reflex time 

increased significantly after HI when compared with sham group. All three doses of rh-

Ghrelin decreased the reflex time significantly compared with the Vehicle group, and the 

medium dose group (0.12 μg/kg) showed the shortest time in the three doses groups. (D) 
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Animals in vehicle group showed to lose significant weight compared with sham and all 

three treatment groups after HI. *P < 0.05 vs. sham; #P < 0.05 vs. vehicle; @P < 0.05 vs. HI

+ rh-Ghrelin (0.02 μg/kg). Data are represented as mean ± SD, n= 6 for each group.
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Fig. 3. 
Representative immunofluorescence staining of GHSR-1α and the neuron marker NeuN in 

the brain at 48 h post HI. GHSR-1α was colocalized with NeuN in the sham, vehicle, and 

rh-Ghrelin treatment (0.04 μg/kg) group respectively. Compared with the sham group, there 

were lower expressions of GHSR-1α on neurons in vehicle and rh-Ghrelin treatment group. 

Red was for GHSR-1α, green was for NeuN, and blue was for DAPI. Top panel indicates 

the location of staining (small black box). 1 rat for each group. Scale bar = 50 μm.
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Fig. 4. 
Effects of rh-Ghrelin on mitochondria oxidative stress, neuronal degeneration and apoptosis 

after HI. (A) Representative microphotographs of MitoSOX staining in the ipsilateral cortex 

of rat brain. (B) Quantitative analysis of MitoSOX-positive cells in the ipsilateral cortex 48 h 

after HI. (C) Representative microphotographs of FJC-positive cells in the ipsilateral cortex 

48 h after HI. (D) Quantitative analysis of FJC-positive cells in the ipsilateral cortex 48 h 

after HI. (E) Representative microphotographs of TUNEL-positive neurons in the ipsilateral 

cortex 48 h after HI. (F) Quantitative analysis of TUNEL-positive neurons in the ipsilateral 

cortex 48 h after HI. Top panel indicates the location of staining (small black box). *P < 0.05 

vs. sham; #P < 0.05 vs. HI+ vehicle. Data are represented as mean ± SD, n= 3 for each 

group. scale bar = 100μm.
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Fig. 5. 
Effects of rh-Ghrelin treatment on brain atrophy and neurological function at 4 weeks after 

HI. (A) Representative pictures of Nissl’s stained brain slices. (B) Quantitative analysis of 

tissue loss showed by Nissl’s staining. (C) The falling latency at 5 rpm and 10 rpm 

acceleration in rotarod test. (D) Percentage of foot-faults in each limb on each side. (E) 

Swimming distance of Morris Water Maze. (F) Escape latency of Morris Water Maze. (G) 

Representative heatmaps of the probe trial. The probe platform was located at southwest 

quadrant. (H) Quantification of the probe quadrant duration in the probe trial. *P < 0.05 vs. 

sham; #P < 0.05 vs. HI+ vehicle. Data are represented as mean ± SD, n= 8 for each group.
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Fig. 6. 
Effect of GHSR-1α inhibitor, si-GHSR-1α and Sirt1 inhibitor on brain infarction area in the 

rh-Ghrelin treated HI rats respectively. (A) Representative pictures of TTC stained brain 

slices. (B) Quantitative analysis of infarction area showed in TTC stained brain slices. 

Vehicle 1 is the vehicle of rh-Ghrelin, Vehicle 2 is the vehicle of [D-Lys3]-GHRP-6, Vehicle 

3 is the vehicle of Ex527. #P < 0.05 vs. Vehicle 1; @P < 0.05 vs. Vehicle 2; &P < 0.05 vs. 

Scramble siRNA; $P < 0.05 vs. Vehicle 3. Data are represented as mean ± SD, n= 6 for each 

group.
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Fig. 7. 
Representative microphotographs and quantification data showing effects of [D-Lys3]-

GHRP-6 intervention on oxidative stress, neuronal degeneration and apoptosis in rh-Ghrelin 

treated animals at 48h post HI. The MitoSOX-positive cells (A), FJC-positive neurons (B) 

and TUNEL-positive cells (C) were significantly increased in [D-Lys3]-GHRP-6 

intervention group when compared with [D-Lys3]-GHRP-6 vehicle control group. Top panel 

indicates the location of staining (small black box). @P < 0.05 vs. HI+ rh-Ghrelin+ Vehicle. 

Data are represented as mean ± SD, n= 3 for each group. Scale bar = 100μm.
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Fig. 8. 
Representative microphotographs and quantification data showing effects of locking down 

GHSR-1α on oxidative stress, neuronal degeneration and apoptosis in rh-Ghrelin treated 

animals at 48h post HI. The MitoSOX-positive cells (A), FJC-positive neurons (B) and 

TUNEL-positive cells (C) were significantly increased in si-GHSR-1α group when 

compared with scramble siRNA control group. Top panel indicates the location of staining 

(small black box). &P < 0.05 vs. HI+ rh-Ghrelin+ Vehicle. Data are represented as mean ± 

SD, n= 3 for each group. Scale bar = 100μm.
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Fig. 9. 
Representative microphotographs of siRNA staining in neurons, astrocytes and microglia in 

naïve rats. The upper panel showed the colocalization of siRNA red fluorescence tag with 

neurons marker NeuN; the middle panel showed the colocalization of siRNA red 

fluorescence tag with astrocytes marker GFAP; the lower panel showed the colocalization of 

siRNA red fluorescence tag with neurons marker Iba-1. Top panel indicates the location of 

staining (small black box). Scale bar = 100μm.
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Fig. 10. 
Representative picture of western blot bands (A) and quantification of data(B-I) showing the 

effects of [D-Lys3]-GHRP-6 intervention on proteins in proposed signaling pathway and 

proteins related to apoptosis in rh-Ghrelin treatment animals at 48h post HI. Vehicle 1 is the 

vehicle of rh-Ghrelin, Vehicle 2 is the vehicle of [D-Lys3]-GHRP-6. *P < 0.05 vs. sham, #P 
< 0.05 vs. HI+ Vehicle 1, @P < 0.05 vs. HI+ rh-Ghrelin+ Vehicle Data are represented as 

mean ± SD, n= 6 for each group.
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Fig. 11. 
Representative picture of western blot bands (A) and quantification of data(B-H) showing 

the effects of locking down GHSR-1α on proteins in proposed signaling pathway and 

proteins related to apoptosis in rh-Ghrelin treatment animals at 48h post HI. &P < 0.05 vs. 

HI+ rh-Ghrelin+ scramble siRNA. Data are represented as mean ± SD, n= 6 for each group.
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Fig. 12. 
Representative microphotographs and quantification data showing effects of Ex527 

intervention on oxidative stress, neuronal degeneration and apoptosis in rh-Ghrelin treated 

animals at 48h post HI. The MitoSOX-positive cells (A), FJC-positive neurons (B) and 

TUNEL-positive cells (C) were significantly increased in Ex527 intervention group when 

compared with Ex527 vehicle control group. Top panel indicates the location of staining 

(small black box). $P < 0.05 vs. HI+ rh-Ghrelin+ vehicle. Data are represented as mean ± 

SD, n= 3 for each group. Scale bar = 100μm.
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Fig. 13. 
Representative picture of western blot bands (A) and quantification of data(B-F) showing the 

effects of Ex527 intervention on proteins in proposed signaling pathway and proteins related 

to apoptosis in rh-Ghrelin treatment animals at 48h post HI. Vehicle is the vehicle of Ex527. 
$P < 0.05 vs. HI+ rh-Ghrelin+ Vehicle. Data are represented as mean ± SD, n= 6 for each 

group.
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