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Abstract 19 

The neural cell adhesion molecule (NCAM) promotes neural development and 20 

regeneration. Whether NCAM mimetic peptides could synergize with bone marrow 21 

mesenchymal stem cells (BMSCs) in stroke treatment deserves investigation. We found 22 

that the NCAM mimetic peptide P2 promoted BMSC proliferation, migration, and 23 

neurotrophic factor expression, protected neurons from oxygen-glucose deprivation 24 

through ERK and PI3K/AKT activation and anti-apoptotic mechanisms in vitro. 25 

Following middle cerebral artery occlusion (MCAO) in rats, P2 alone or in combination 26 

with BMSCs inhibited neuronal apoptosis and induced the phosphorylation of ERK and 27 

AKT. P2 combined with BMSCs enhanced neurotrophic factor expression and BMSC 28 

proliferation in the ischemic boundary zone. Moreover, combined P2 and BMSC therapy 29 

induced nuclear translocation of factor erythroid 2-related factor, up-regulated heme 30 

oxygenase-1 expression, reduced infarct volume, and increased functional recovery as 31 

compared to monotreatments. Treatment with LY294002 (PI3K inhibitor) and PD98059 32 

(ERK inhibitor) decreased the neuroprotective effects of P2 in oxygen-glucose 33 

deprivation neurons and in MCAO rats receiving P2 and BMSC therapy. Collectively, P2 34 

is neuroprotective while P2 and BMSCs work synergistically to improve functional 35 

outcomes after ischemic stroke, which may be attributed to mechanisms involving 36 
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enhanced BMSC proliferation and neurotrophic factor release, anti-apoptosis, and 37 

PI3K/AKT and ERK pathways activation. 38 

Keywords: Ischemic stroke, Bone marrow mesenchymal stem cells, Neural cell adhesion 39 

molecule, NCAM mimetic peptide, Middle cerebral artery occlusion 40 

  41 
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Introduction 42 

Despite the massive personal, societal, and economic burden of stroke, effective 43 

restorative treatments are not yet available. Currently, the only validated therapeutic 44 

intervention for ischemic stroke is timely recanalization by thrombolysis or mechanical 45 

thrombectomy.1 However, the number of patients benefitting from those interventions 46 

remains very low despite continues progress in the field. 47 

Stem cell-based approaches have received much attention as potential treatments for a 48 

wide variety of diseases, including stroke.2, 3 Preclinically, transplantation experiments 49 

using bone marrow mesenchymal stem cells (BMSCs) improve functional recovery by a 50 

broad spectrum of mechanisms.4-7 Mesenchymal stem cell therapy appears to be clinically 51 

safe,8 however, the efficacy of the treatment is less apparent.9 A comprehensive analysis 52 

of several clinical studies showed that there was neither lower mortality nor improvement 53 

in National Institute of Health Stroke Scale scores after BMSC therapy in ischemic stroke 54 

patients.3 This indicates that effect sizes of BMSC treatments in human patients might be 55 

considerably lower than in animal models. Enhancing the efficacy of BMSC treatments, 56 

for instance by designing synergistic combination therapies, is therefore a valuable 57 

approach. Indeed, a few studies combining BMSC administration with pharmacological 58 

agents have shown improved therapeutic effects.10, 11 59 
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The neural cell adhesion molecule (NCAM) plays a pivotal role in neural development, 60 

synaptic plasticity, and regeneration of damaged neural tissue.12, 13 NCAM homophilic 61 

(NCAM-NCAM) and heterophilic (NCAM-other receptors) binding induce cellular 62 

reactions by activating a series of intracellular signaling cascades, most notably the Ras-63 

mitogen-activated protein kinase (MAPK) pathway.14 NCAM mimetic peptides such as 64 

C3, plannexin, FGL, P2, and others are functional fragments of NCAM. Preclinical 65 

studies indicate that NCAM mimetic peptides may be successfully used to treat 66 

neurological disorders including traumatic brain injury and Alzheimer’s disease.12, 15, 16 67 

NCAM mimetics have displayed neuritogenic and neuroprotective capabilities, as well as 68 

synaptic modulation properties in vitro and in vivo.17 P2, a 12-amino-acid peptide derived 69 

from the second immunoglobulin-like (Ig) module of NCAM, is a potent NCAM agonist. 70 

It is a particularly promising therapeutic candidate that is capable of promoting neuronal 71 

differentiation and survival.18, 19 P2 was shown to activate the MAPK/extracellular signal 72 

regulated kinase (ERK) pathway, inducing neurite extension in primary rat hippocampal 73 

neurons.19 There is also preliminary evidence that P2 exerts neuritogenic and 74 

neuroprotective effects in primary dopaminergic and cerebellar neurons through the 75 

phosphatidylinositol-3-hydroxykinase (PI3K)/protein kinase B (AKT) pathway.18 Both 76 

MAPK and PI3K pathways can promote the activation and nuclear translocation of factor 77 
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erythroid 2-related factor (Nrf2)20, 21 to increase the expression of downstream target 78 

heme oxygenase-1 (HO-1) to counteract oxidative damage.22 However, it is currently 79 

unclear whether P2 may act synergistically with BMSCs to improve stroke recovery, and 80 

whether this may be mediated through ERK or PI3K/AKT pathways. 81 

In the present study, we uncovered the role of P2 on BMSC proliferation, migration, 82 

and neurotrophic factor production as well as its neuroprotective effects on ischemia-83 

challenged neurons. We also showed enhanced therapeutic effects of a combined P2-84 

BMSC treatment for acute ischemic stroke in rats. We further demonstrated that these 85 

effects are potentially mediated by PI3K/AKT and ERK pathways. 86 

  87 
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Materials and Methods 88 

Peptide 89 

The P2 peptide, GRILARGEINFK, was synthesized as a dendrimer coupled to a lysine 90 

backbone19 by Scilight Biotechnology LLC (Beijing, China). For subcutaneous injection, 91 

P2 was dissolved in normal saline (NS). 92 

Animals 93 

A total of 226 adult male Sprague–Dawley (SD) rats (8-10 weeks, weighing 200-250 94 

g) and 10 newborn SD rats (1-3 days, for isolation of neurons) were enrolled (Additional 95 

file 1: Table S1 for an overview on animal assignment and treatment). Adult rats were 96 

subjected to sham-operation (n=23) or middle cerebral artery occlusion (MCAO, n=203). 97 

Rats were housed in a clean environment with adequate food and water, daily light hours 98 

of 8:00-20:00, temperature maintained at 24-26°C, and humidity maintained between 99 

40%-60%. All experiments were performed in accordance with the National Institute of 100 

Health Guide for the Care and Use of Laboratory Animals, with a completely randomized 101 

(drawing lots) and blinded fashion according to protocols approved by the Institutional 102 

Animal Care and Use Committee of Dalian Municipal Central Hospital (No. 2017-031-103 

05). Experiments and results are reported in compliance with the ARRIVE guidelines 104 

(Animal Research: Reporting in Vivo Experiments). Please refer to Additional file 2: 105 
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Figure S1 for the animal study flowchart. 106 

Culture of primary cortical neurons 107 

Primary cortical neurons were prepared as described previously.23 In brief, newborn 108 

SD rats were sacrificed by excessive isoflurane inhalation. The heads were quickly cut 109 

off, brains were carefully taken out, and the meninges were removed. The cerebral cortex 110 

was cut into small pieces using micro-scissors. Chemical digestion was performed with 111 

trypsin and DNaseI, followed by repeated gentle pipetting with different sizes of pipettes 112 

until the tissues were separated into single cells. Neurons were collected by centrifugation 113 

and filtering with 40 μm sterile microfiltration membranes. Harvested neurons were 114 

cultured in Neurobasal A medium (Cat. 10888022, Gibco) supplemented with 2% B-27 115 

(Cat. 17504044, Gibco), 2 mM glutamine (Cat. 25030081, Gibco) and 2 ng/ml fibroblast 116 

growth factor-2 (Cat. 233-FB-010, R&D Systems) on 10-cm disks or 96-well plates 117 

coated with poly-L-lysine (Cat. P-2636, Sigma).  118 

Culture of BMSCs 119 

Cryopreserved green fluorescent protein (GFP)-BMSCs (Cat. RASMX-01101) and 120 

BMSCs (Cat. RASMX-01001) from syngeneic SD rats were both purchased from Cyagen 121 

Biosciences. Cells were thawed and expanded in Dulbecco’s modified Eagle’s medium 122 

(DMEM)/F12 (Cat. 11320033, Gibco) supplemented with 10% fetal bovine serum (Cat. 123 
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16140071, Gibco) and 1% penicillin/streptomycin at 37°C under 5% CO2. Cells were 124 

stored in liquid nitrogen for no more than one year and cultured for no more than eight 125 

passages before use. The cell number and viability were determined by incubating with 126 

Acridine Orange/Propidium lodide Stain (Cat. F23001, Logos Biosystems) and counting 127 

with Luna™ Dual Fluorescence Cell Counter (Logos Biosystems). The vials of cells with 128 

more than 90% viability were used in further experiments. 129 

BMSC proliferation analysis 130 

The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) assay was 131 

performed as previously described.24 Briefly, BMSCs were seeded at 5×104 cells/ml in 132 

96-well plates. After 24, 48 and 72 hours (h) of incubation with phosphate buffered saline 133 

(PBS) or different concentrations of P2 (ranging from 0.5 to 20 μM) at 37℃ in a serum 134 

free medium, 20 μl MTT (5 mg/ml, Cat. M2003, Sigma) was added to each well. Four 135 

hours later, the MTT solution was removed and 150 μl dimethylsulfoxide (DMSO, Cat. 136 

D2650, Sigma) was added to each well. Absorbance at 570 nm was measured using a 137 

microplate reader (Thermo). 138 

In the molecular mechanism studies, 10 μM LY294002 (PI3K inhibitor, PI3KI; 139 

Cat.154447-36-6, MCE) or 10 μM PD98059 (ERK inhibitor, ERKI; Cat.167869-21-8, 140 

MCE) were added to the cells immediately after P2 incubation. The same volume of 141 
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DMSO (dissolution medium of the inhibitors) was applied to an additional group as a 142 

control.  143 

Cell migration assay 144 

Cell migration was assessed using a Transwell Boyden chamber (Corning, USA). In 145 

brief, BMSCs were harvested, counted, resuspended in DMEM/F12, and loaded (3×104 146 

in 100 μl medium) into the upper compartment of each chamber. The lower compartment 147 

was filled with 600 μl of DMEM/F12 supplemented with P2. The upper and lower 148 

compartments were separated by a polycarbonate filter (pore diameter of 8 µm) coated 149 

with 50 µg/ml collagen (Cat. C7661, Sigma). Control BMSCs were cultured under the 150 

same conditions but without P2 supplementation. The cells were cultured at 37°C in an 151 

incubator containing 95% air and 5% CO2 for 24 h. A cotton-tipped swab was used to 152 

remove the cells on the upper side of the filters, and the cells that migrated through the 153 

filter pores were stained with 0.05% crystal violet in PBS for 30 minutes (min). Then, the 154 

filters were washed with PBS. The stained Transwell membranes were cut, mounted onto 155 

microscope slides, and visualized under a Nikon Eclipse Ti microscope (Nikon). Three 156 

randomly selected non-overlapping fields were counted for the average numbers of 157 

migrated cells using ImageJ software (Version 1.52p). 158 

Oxygen-glucose deprivation (OGD) and cell viability assay 159 
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The culture media for primary neurons and BMSCs were discarded. Cells were washed 160 

with PBS and incubated with glucose- and serum-free DMEM (Cat. 11966025, Gibco). 161 

Then, the cells were transferred to the anaerobic incubator saturated with 94% N2/5% 162 

CO2/1% O2 at 37°C. Following incubation under OGD conditions for 2 h, the cells were 163 

removed from the anaerobic incubator, rinsed with PBS, and fresh growth medium was 164 

supplied. 165 

Cell viability was evaluated by the cell counting kit-8 (CCK-8) assay (Cat. CK04, 166 

Dojindo) according to manufacturer’s instruction. Briefly, BMSCs (5×104 cells/ml) or 167 

neurons (5×105 cells/ml) were plated into 96-well plates (100 μl/well), incubated at 37°C 168 

for 24 h, and treated with 0-5 μM P2 for 24 h. Then, 10 μl CCK-8 solution were added 169 

into each well followed by incubation at 37°C for 2 h. The absorbance value of each well 170 

was recorded using a microplate reader (Thermo) at a wavelength of 450 nm. 171 

Annexin V/Propidium iodide assay for apoptosis assessment 172 

Neuronal apoptosis was examined by Annexin V (AV)-FITC and propidium iodide (PI, 173 

Cat. KGA108, KeyGen Biotech) staining according to the manufacturer’s protocol. After 174 

OGD treatment, 1×106 neurons were collected and washed twice with cold PBS. The 175 

samples were gently resuspended in 500 μl of binding buffer mixed with 5 μl of AV and 176 

5 μl PI solutions, followed by incubation in the dark at room temperature for 15 min. 177 
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Samples were then analyzed using a FACSCalibur flow cytometer (Becton-Dickinson). 178 

The apoptotic rate was calculated as the sum of early-stage apoptotic cells (AV positive) 179 

and middle- to late-stage apoptotic cells (both AV and PI positive). 180 

Ischemic stroke model  181 

Ischemic stroke was induced by transient MCAO as described elsewhere.25 Briefly, rats 182 

were anesthetized by isoflurane (5% for induction, 2% for maintenance). Body 183 

temperature was maintained at 37℃ throughout surgery using a heating pad. The right 184 

common carotid artery (CCA), external carotid artery (ECA), and internal carotid arteries 185 

(ICA) were exposed and a 3.0 monofilament nylon suture with rounded tip (0.32±0.02 186 

mm diameter) was inserted via ECA into the lumen of ICA until it blocked the origin of 187 

the middle cerebral artery (≈18-20 mm). Two hours after MCAO, the filament was gently 188 

pulled out and the ECA was closed by electro-coagulation leaving a long ECA stump for 189 

subsequent cell infusion (MCAO rats). Sham-operated animals underwent the same 190 

procedure but without filament insertion. Buprenorphine (0.03 mg/kg) was applied for 191 

post-surgical pain relief every 12 hours for at least 3 days. Successful infarct induction 192 

was confirmed by beam-walking test which is sensitive to motor dysfunctions.26 193 

Exploration of the therapeutic doses of P2 for in vivo experiment 194 
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To determine P2 therapeutic dose in vivo, we started with a dose (5 mg/kg, 195 

subcutaneously injected for 15 d) reported in the literature27 and then conducted a series 196 

of dose-descent  trials. Briefly, 34 MCAO rats were included (4 dead and 2 model failure 197 

rats were excluded prior to group assignment). Rats were subcutaneously injected with 198 

different doses of P2 daily for 14 d beginning at 24 h after stroke induction, including 0 199 

(NS, n=6), 0.5 mg/kg (n=6), 1 mg/kg (n=6), 2 mg/kg (n=6), and 5 mg/kg (n=10). The 200 

beam-walking test was used to evaluate the therapeutic effects at 1, 7, 14, 28 d after 201 

MCAO. The numbers of deaths in different groups were recorded. 202 

BMSC transplantation and P2 injection 203 

One hundred and thirty-five  MCAO rats were included (17 dead and 11 model failure 204 

rats were excluded prior to group assignment). Twenty-four hours after surgery, MCAO 205 

rats were randomly assigned into NS (n=26), BMSC (n=26), P2 (n=25), BMSC+P2 206 

(n=26), BMSC+P2+PD98059 (n=16), orBMSC+P2+LY294002 (n=16) groups. Since the 207 

risk of cell-evoked cerebral embolism is increased at high cell dose infusion,28 a 208 

concentration of 5×105 GFP-BMSCs (in 0.5 ml NS), being safe according to the literature, 209 

was infused. Cells were slowly (0.17 ml/min) injected into the ICA (via the ECA stump 210 

following re-anesthesia using isoflurane) to the BMSC, BMSC+P2, 211 

BMSC+P2+PD98059, and BMSC+P2+LY294002 groups, respectively. Rats from sham-212 
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operated (n=23), NS and P2 groups received 0.5 ml NS intra-arterially. Rats from P2, 213 

BMSC+P2, BMSC+P2+PD98059, and BMSC+P2+LY294002 groups were injected 214 

subcutaneously with P2 peptide (1 mg/kg at 2 mg/ml concentration) daily for 14 d 215 

beginning 24 h after MCAO. Rats in BMSC and BMSC+P2 groups were injected 216 

intraperitoneally with bromodeoxyuridine (BrdU, 50 mg/kg, Cat. 5002, Sigma) twice per 217 

day for 10 d starting from BMSC infusion. Rats in BMSC+P2+PD98059 or 218 

BMSC+P2+LY294002 groups were injected intraperitoneally with PD98059 (1 mg/kg) 219 

or LY294002 (10 mg/kg) at day 1, 5, 10, 14 after MCAO operation, respectively. The 220 

beam-walking and adhesive tape removal tests were performed to evaluate motor29 and 221 

sensorimotor functional outcome30 before and at 1, 7, and 14 d after MCAO. 222 

Beam-walking test 223 

Three days before surgery, all rats received daily training sessions. Each rat was tested 224 

twice in succession. Tests were videotaped and analyzed by calculating the slip ratio of 225 

the impaired (contralateral to lesioned hemisphere) forelimb and hindlimb. Steps onto the 226 

ledge were scored as a full slip, and a half slip was given if the limb touched the side of 227 

the beam. The slip ratio was calculated as: (full slips+1/2 half slips) / (total steps) ×100%. 228 

Adhesive tape removal test 229 
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The adhesive tape removal test was conducted to evaluate the sensorimotor integration 230 

as previously described.30 An adhesive tape was affixed to the bottom of the left forepaw 231 

(contralateral to the cerebral lesion) of each rat. The time until the animal removed the 232 

adhesive tape was measured. The test was stopped when the animal did not remove the 233 

adhesive tape at this time, and 180 s were recorded. Animals were pretrained before 234 

sham/MCAO surgery and tested before surgery as well as 1, 7 and 14 d after MCAO or 235 

sham operation. Each rat was tested three times per day. 236 

Terminal-deoxynucleoitidyl transferase mediated dUTP nick end labeling (TUNEL) 237 

assay and immunofluorescence staining 238 

On day 1 or 14 following BMSCs and/or P2 therapy (day 2 after sham/MCAO surgery), 239 

rats were deeply anesthetized with isoflurane and transcardially perfused with 5% sucrose, 240 

followed by 4% paraformaldehyde (PFA). After perfusion, brains were removed and post-241 

fixed in 4% PFA for 24 h at 4℃. Then the brains were transferred to 30% sucrose at 4℃ 242 

for dehydration, followed by fast-frozen, and cryosectioned into 30-μm slices.  243 

Antibody details are given in Additional file 1: Table S2. A TUNEL (Cat. KGA7062, 244 

KeyGen Biotech) assay was performed for histological evaluation of apoptotic neurons 245 

in situ (on post BMSC or P2 therapy day 1) according to the manufacturer’s instructions. 246 

Sections were then incubated overnight at 4°C with anti-NeuN antibodies (a neuronal 247 
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marker) and incubated for another 2 h with Alexa-488 secondary antibodies at room 248 

temperature. Tissues were then mounted with VECTASHIELD® Antifade Mounting 249 

Medium with 4',6-diamidino-2-phenylindole (DAPI, Cat. H-1200-10, Vector 250 

Laboratories). Five randomly selected areas from the ischemic boundary zone defined as 251 

the area between the infarct core (with significantly reduced viable cells) and normal brain 252 

tissues (with comparable numbers of viable cells to the contralateral brain regions, n=4 253 

brains/group) were investigated under the microscope (Nikon Eclipse Ti, Nikon). Then, 254 

TUNEL-positive or NeuN-positive cells were counted using ImageJ software. The 255 

apoptosis rate was calculated as the percentage of TUNEL-positive neurons (%). 256 

BMSC proliferation in MCAO rat brains was evaluated by immunofluorescence on 257 

post-treatment day 14. Sections were blocked using 3% bovine serum albumin (BSA, Cat. 258 

SRE0096, Sigma) in Tris-buffered saline (TBS) plus 0.1% Triton and incubated overnight 259 

with primary antibodies including anti-BrdU (a marker for cell proliferation) and anti-260 

GFP at 4°C. Sections were washed three times with TBS and incubated for 2 h with either 261 

goat anti-rabbit IgG (Alexa-488) or goat anti-mouse IgG (Alexa-594) secondary 262 

antibodies at room temperature. Sections were then washed three times with TBS and 263 

mounted. For quantification, five randomly selected areas from the ischemic boundary 264 
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zone (n=4 brains/group) were investigated under a microscope (Nikon Eclipse Ti, Nikon). 265 

Both BrdU- and GFP-positive cells were counted using ImageJ. 266 

Nissl staining and infarct volume assessment  267 

Nissl staining was performed to calculate the cerebral infarct area at day 1 and 14 after 268 

BMSC and/or P2 therapy. Brain slices were washed with distilled water and stained with 269 

Nissl solution (Cat. C0117, Beyotime Biotechnology) for 10 min at 37°C, then rinsed 270 

twice with distilled water, and immersed in 95% ethanol (two changes) for decoloration. 271 

Following exposure to xylene (2 times for 5 min each), the sections were mounted using 272 

DPX Mounting medium (Sigma-Aldrich) and observed under a microscope (Axio Scope 273 

A1, Zeiss). The infarct area was traced and analyzed using ImageJ. The infarct volumes 274 

were calculated by taking into consideration the inter-slice distance (480 μm) from five 275 

consecutive brain slices. Brain infarct volume was calculated as: (volume of contralateral 276 

- volume of non-ischemic ipsilateral)/2×volume of contralateral×100%. 277 

Real-time quantitative polymerase chain reaction (RT-qPCR) 278 

On day 14 following BMSCs and/or P2 therapy, rats were deeply anesthetized with 279 

isoflurane and brains were collected on ice. The RNAs from cultured BMSCs or rat brains 280 

were isolated using RNAiso Plus Kit (Cat. 9108, Takara Bio). RNA concentration and 281 

purity were evaluated by Nanodrop One (Thermo). The RNAs were converted to cDNA 282 
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by reverse transcription with the PrimeScriptTM RT Master Mix (Cat. RR036A, Takara 283 

Bio). The primers of neurotrophic factors and reduced glyceraldehyde-phosphate 284 

dehydrogenase (GAPDH) were synthesized (Ruizhen Bio Inc.) and primer sequences are 285 

listed in Additional file 1: Table S3. RT-qPCR reaction was conducted according to 286 

manufacturer’s instruction (Tli RNaseH Plus, Cat. RR820A, Takara Bio Inc.). Samples 287 

were amplified and quantified using the AB Applied Biosystems Viia7 DX device (Life 288 

Technologies). Each reaction was performed in triplicates and the melting curves were 289 

constructed to ensure that a single product was amplified. The threshold cycle (CT) was 290 

determined, and the relative gene expression was calculated as follows: fold change = 2-291 

ΔΔCT, where ΔCT = CTtarget - CThousekeeping, and ΔΔCT = ΔCTtreated - ΔCTcontrol. 292 

Western blotting 293 

Total proteins were extracted from cultured neurons, BMSCs, or rat brain tissues. 294 

Nuclear proteins were isolated with 5000 g centrifugation (5 min) using a Subcellular 295 

Protein Fractionation Kit (Cat. 87790, Thermo) according to the manufacturer’s 296 

instructions. Proteins were separated in SDS-PAGE gels and transferred to PVDF 297 

membranes (Immobilon®-P, Merck). The membranes were blocked for 1 h with 3% BSA 298 

in TBS with 0.1% Tween-20 (TBST), and then incubated with primary antibodies 299 

(detailed information given in Additional file 1: Table S2) at 4°C overnight. Thereafter, 300 
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horseradish peroxidase-conjugated goat anti-rabbit/mouse secondary antibodies were 301 

applied at room temperature for 2 h before washing with TBST. The blots were then 302 

incubated in SuperSignal West Pico Chemiluminescent Substrate (Cat. 34577, Thermo) 303 

working solution according to the manufacturer’s instructions and exposed for 304 

visualization. The data was adjusted to β-actin expression levels (integral optical density 305 

(IOD) value of the target protein/IOD of β-actin) using ImageJ software. Original 306 

(uncropped Western blots are provided in Additional file 3: Figures S3 to S8). 307 

Statistical analysis 308 

Since this is an exploratory study, we decided to keep group sizes relatively low (n=4-309 

6 for in vivo, n=4-7 for in vitro experiments, please see Figure legends for details). Data 310 

distribution was examined by Shapiro-Wilk test. Normally distributed data are presented 311 

as mean±standard deviation (SD). Independent t-tests were used to analyze the difference 312 

between two groups, and the analysis of variance (ANOVA) test was used for multiple 313 

group comparisons followed by a post hoc test (least significant difference). Non-314 

normally distributed data were presented as median (interquartile range, IQR), and Mann-315 

Whitney or Kruskal-Wallis tests were used when comparing intergroup differences, 316 

respectively. All statistical analyses were performed using SPSS software package 317 

(Version 22.0, USA). p<0.05 was considered as statistically significant. All statistical tests 318 
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and results for multiple group comparisons are given in Additional file 4.  319 

  320 



21 
 

Results 321 

Low concentrations of P2 promote proliferation and migration of BMSCs in vitro 322 

Cultured BMSCs were supplemented with PBS or different concentrations of P2 for 323 

24, 48, and 72 h before MTT assay (n=6/group). Compared to PBS treatment, 0.5-2 μM 324 

P2 treatment increased BMSC numbers after 24 h (p<0.05, Figure 1A). The proliferation-325 

promoting effect of 1 μM P2 extended to 48 h and 72 h after treatment (p<0.05, Figure 326 

1A). Higher concentrations of P2 (5, 10, and 20 μM) did not increase but inhibited BMSC 327 

proliferation after 48 h at 10 and 20 μM (p<0.01, Figure 1A). Moreover, 0.5 and 1 μM P2 328 

promoted BMSC proliferation under OGD (p<0.001, n=6/group, Figure 1B). Based on 329 

these results, a concentration of 1 μM P2 was chosen for the following in vitro 330 

experiments. 331 

The number of migrated BMSCs in a Transwell Boyden Chamber was increased in 1 332 

μM P2-treated group than in PBS-treated group (p<0.05, n=6/group, Figure 1C), 333 

indicating that P2 promoted BMSC migration.  334 

P2 promoted BMSC proliferation through ERK and PI3K/AKT pathways 335 

MAPK/ERK and PI3K/AKT pathways are involved in the neuroprotective and 336 

neuritogenic effects of P2 on primary neurons.18, 19 We therefore examined whether these 337 

pathways also mediate the effects of P2 on BMSC proliferation. The levels of 338 
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phosphorylated ERK (p-ERK, Thr202/Tyr204) in P2-treated BMSCs were increased 339 

compared to the controls (p<0.001), and this effect was inhibited by PD98059 (ERK 340 

inhibitor, p<0.001, n=6/group, Figure 1D-E). There were no differences in 341 

phosphorylated P38 (p-P38, Thr180/Tyr182) and phosphorylated JNK (p-JNK, 342 

T183/T221) levels between P2- and PBS-treated BMSCs (n=6/group, Figure 1D-E). Total 343 

protein levels of ERK, P38, and JNK were also comparable between the two groups. 344 

Furthermore, level of phosphorylated AKT (p-AKT, Ser473, p<0.001) in the P2-treated 345 

group was increased compared to the PBS group (n=6/group). LY294002 (PI3K inhibitor) 346 

blocked P2-induced upregulation of p-AKT (p<0.001, Figure 1D-E). The total protein 347 

level of AKT was not changed by P2- or PI3K inhibitor-treatment. 348 

MTT assays showed that the promoting effect of P2 on BMSC proliferation was 349 

eliminated by ERK inhibitor (p<0.001) and PI3K inhibitor (p<0.001), but not the control 350 

DMSO solvent (n=6/group, Figure 1F). These observations indicate that P2 promotes 351 

BMSC proliferation through activation of MAPK/ERK and PI3K/AKT pathways. 352 

P2 enhances neurotrophic factor expression of BMSCs in vitro  353 

Since neurotrophic effects are believed to be one of the principal mechanisms of BMSC 354 

therapy for stroke,4, 31 we further investigated whether P2 promotes neurotrophic factor 355 

expression by BMSCs in vitro. P2 (1 μM) significantly increased the mRNA levels of 356 
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BDNF (p<0.01), GDNF (p<0.05), IGF-1 (p<0.01), and NGF (p<0.01), but not of VEGF 357 

in BMSCs when compared to PBS treatment (n=6/group, Figure 2A). The protein levels 358 

of BDNF (p<0.01) and IGF-1 (p<0.05) in BMSCs were increased after 24 h of P2 359 

incubation, while GDNF, VEGF, and NGF protein levels were unchanged (n=6/group, 360 

Figure 2A). 361 

P2-mediated neuroprotection under OGD through anti-apoptotic pathways 362 

To investigate whether P2 could exert neuroprotective effects under hypoxic/ischemic 363 

stress, primary cortical neurons were cultured and exposed to OGD in the presence of 364 

different concentrations of P2. CCK8 assays showed that OGD induced considerable 365 

neuronal cell death (p<0.001), while P2 mitigated neuronal OGD damage at 366 

concentrations of 0.5 (p<0.001), 1 (p<0.001) and 2 μM (p<0.01), but not 5 μM (n=7/group, 367 

Figure 2B). This neuroprotective effect was diminished by ERK inhibitor or PI3K 368 

inhibitor (p<0.001, n=6/group, Figure 2C). 369 

To further investigate the neuroprotective mechanisms of P2, we conducted apoptosis 370 

screening by flow cytometry and Western blotting. Neuronal apoptosis rates were 371 

increased under OGD condition as compared to normal culture conditions (p<0.001). 372 

Apoptosis was reduced in the presence of 1 μM P2 (p<0.001, n=4/group, Figure 2D). 373 

Western blotting of neuron lysates showed that the generation of activated fragments of 374 
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caspase-3 (cleaved caspase-3, CC3, p<0.001) and caspase-9 (cleaved caspase-9, CC9, 375 

p<0.01), as well as the pro-apoptotic protein Bax (p<0.05) were all increased in OGD-376 

treated neurons. The neuronal expression of anti-apoptotic protein Bcl-2 was decreased 377 

under OGD (p<0.001). In contrast, the protein levels of CC3 (p<0.001), CC9 (p<0.01), 378 

and Bax (p<0.05) were all decreased, while Bcl-2 (p<0.01) was increased after 1 μM P2 379 

treatment compared to PBS treatment under OGD. Moreover, ERK and PI3K 380 

inhibitorsblocked the regulatory effects of P2 on the expression of these apoptosis-related 381 

proteins (p<0.05, n=6/group, Figure 2E-F). 382 

P2 is neuroprotective after MCAO 383 

Compared to NS treatment, 1 mg/kg P2 promoted functional recovering of MCAO rats 384 

at 28 d after surgery (p<0.05, n=6/group, Additional file 2: Figure S2), while no effect 385 

was found at doses of 0.5 and 2 mg/kg. A concentration 5 mg/kg P2 even resulted in 386 

harmful effects, inducing a mortality rate of 60% (6 death out of 10). Thus, 1 mg/kg P2 387 

was chosen for the following in vivo experiments.  388 

Since our in vitro data indicated that P2 protected neurons from apoptosis under OGD, 389 

we performed TUNEL staining to confirm this effect in vivo (n=6/group, Figure 3). There 390 

were few apoptotic neurons in the sham-operation group. MCAO increased neuronal 391 

apoptosis (TUNEL+NeuN+) in the ischemic boundary zone (p<0.001), while the number 392 
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of apoptotic neurons in that area of P2-treated MCAO rats was reduced (p<0.05). P2 393 

combined with intraarterial BMSC infusion reduced neuronal apoptosis when compared 394 

to NS-treated (p<0.001) or BMSC-treated (p<0.05) MCAO rats. Nevertheless, this anti-395 

apoptosis effect was decreased by both PD98059 and LY294002 (p<0.001).  396 

P2 promotes BMSC proliferation in MCAO rat brains 397 

To investigate whether P2 promotes the proliferation of BMSCs in vivo, BrdU was 398 

repetitively injected to label intraarterially administered, proliferating GFP-BMSCs after 399 

subcutaneous administration of P2 or NS in MCAO rats. GFP-BMSCs were found to 400 

distribute mostly in the ischemic boundary zone 14 d after transplantation. The number 401 

of BrdU+ GFP-BMSCs in the P2 group was higher than in the NS group (p<0.05), 402 

suggesting that P2 increases BMSC proliferation in MCAO rat brains after intraarterial 403 

infusion (n=4/group, Figure 4A). 404 

P2 synergizes with BMSCs in enhancing neurotrophic factor expression in vivo 405 

Using RT-qPCR and WB, we investigated whether subcutaneous administration of P2 406 

promotes neurotrophic factor expression in rat brains after MCAO and whether P2 could 407 

synergize with BMSCs on this effect. Compared to sham-operated rats, BMSCs increased 408 

the mRNA levels of IGF-1 (p<0.05), P2 slightly increased the mRNA levels of GDNF 409 

(p<0.05), and P2 in combination with BMSCs increased the mRNA levels of GDNF 410 
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(p<0.05) and IGF-1 (p<0.001). Moreover, P2 in combination with BMSCs increased the 411 

mRNA expression of VEGF as compared to BMSC treatment alone (p<0.01) and 412 

increased the mRNA expression of IGF-1 as compared to vehicle-treated MCAO rats 413 

(p<0.05, n=5/group, Figure 4B). BMSC or P2 treatment alone increased the protein levels 414 

of BDNF and IGF-1 (p<0.05). Moreover, the protein levels of BDNF, GDNF, and IGF-1 415 

(but not VEGF) were higher after P2/BMSC combination treatment compared to levels 416 

in sham (all p<0.001) or vehicle-treated MCAO rats (p<0.001, n=5/group, Figure 4C-D). 417 

P2 synergizes with BMSCs in reducing the infarct volume after MCAO 418 

Nissl staining was used to assess the infarct volume at 1 d and 14 d after P2 and/or 419 

BMSC therapy (Figure 5A). There was no difference in infarct volume between NS-, 420 

BMSC-, P2- or P2 combined BMSC-treated MCAO rats 1 d after intervention (n=6/group, 421 

Figure 5B). P2 in combination with BMSCs reduced the infarct volume and tissue loss in 422 

the ipsilateral hemisphere of MCAO rat brains 14 d after treatment in comparison to NS 423 

treatment (p<0.01, n=6/group, Figure 5C). Moreover, the infarct volume of P2 combined 424 

BMSC-treated MCAO rats was smaller than BMSC treated MCAO rats (p<0.05).  425 

P2 synergizes with BMSCs in promoting the functional recovery after MCAO  426 

Fore- and hindlimb motor function was assessed with the beam-walking test 427 

(n=6/group, Figure 6A). No inter-group differences were noticed prior to ischemia. There 428 
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was an apparent fore- and hindlimb (contralateral to the lesion site) dysfunction after 429 

MCAO on postoperative day 1, 7, and 14 in all groups. Fewer fore- and hindlimb slips 430 

were observed in BMSC-treated (p<0.05) rats or rats treated with P2 in combination with 431 

BMS (p<0.001) rats with MCAO on postoperative day 14. Moreover, the combined 432 

treatment of P2 and BMSCs resulted in better hindlimb functional recovery compared to 433 

BMSC or P2 treatment alone (p<0.05). However, PD98059 or LY294002 administration 434 

impeded the limb functional recovery as compared to the combined therapy group 435 

(p≤0.001). 436 

Sensorimotor function was assessed with the adhesive tape removal test (n=6/group, 437 

Figure 6A). There were no inter-group differences on baseline or 1 d performance after 438 

operation. Compared with sham-operated rats, MCAO rats needed more time to remove 439 

the adhesive tapes on postoperative days 1 (p<0.01), 7 (p<0.05) and 14 (p<0.01). 440 

Furthermore, there was no tape removal time difference between P2 or BMSC-treated 441 

alone and NS-treated MCAO rats at any observation timepoints after therapy, while the 442 

time in P2 combined BMSCs-treated MCAO rats was significantly shorter than the 443 

vehicle-treated (p<0.01) or BMSC-treated (p<0.05) MCAO rats on postoperative day 14, 444 

which indicated a better sensorimotor functional recovery under combination treatment 445 



28 
 

regimen. Similarly, this sensorimotor function recovery was hindered by both ERK 446 

inhibitor and PI3K inhibitor (p<0.001). 447 

P2 activates ERK and AKT pathways in MCAO rat brains 448 

Since the in vitro experiments showed that P2 increased BMSC proliferation through 449 

ERK and PI3K/AKT pathways, we further examined whether these pathways are also 450 

involved in the therapeutic effects of P2 in vivo. Western blotting showed that the cerebral 451 

protein levels of p-ERK as well as p-AKT in P2- and P2 in combination with BMSC-452 

treated MCAO rats were higher than in NS- or BMSC-treated MCAO rats (p<0.01, 453 

n=5/group, Figure 6B), while there was no difference in the total protein levels of ERK 454 

and AKT between these groups. The combined therapy also increased the protein levels 455 

of Nrf2 in the nucleus and upregulated the expression of HO-1 in MCAO rats. After 456 

intraperitoneal injection of PD98059 or LY294002, the levels of phosphorylated ERK and 457 

AKT in MCAO rats receiving P2 in combination of BMSC treatment were decreased 458 

(p≤0.001, n=6/group, Figure 6C), which indicated the successful inhibition of the 459 

activation of these two proteins in the brain tissues. In addition, treatment with LY294002 460 

or PD98059 attenuated Nrf2 nucleus translocation and HO-1expression in response to P2 461 

combined with BMSC treatment (p≤0.001, n=5-6/group, Figure 6D). These data 462 

suggested that ERK and AKT phosphorylation contributed to the activation of Nrf2/HO-463 
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1 pathway, which may be the molecular mechanisms of P2 in combination with BMSC 464 

therapy.   465 
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Discussion 466 

We investigated the effects of the NCAM mimetic peptide P2 on cultured BMSCs and 467 

neurons as well as possible synergistic effects of a combined P2 and BMSC treatment 468 

after ischemic stroke in rats. We found that P2 promoted BMSC proliferation, migration, 469 

and neurotrophic factor expression in vitro. P2 achieved neuroprotection through anti-470 

apoptotic mechanisms. The cytoprotective effects of P2 depended on ERK and 471 

PI3K/AKT pathways. Combined P2 and BMSC treatment was superior to monotreatment 472 

in key readouts after ischemic stroke including increased neurotrophic factor secretion 473 

and functional recovery, as well as reduced infarct volume. These results suggest 474 

synergistic effects of the combination approach. 475 

P2 represents the natural cis-binding site for the first NCAM Ig module12 and induces 476 

NCAM activation on cell membranes, thereby initiating a number of intracellular 477 

signaling events leading to the stimulation of neurite outgrowth and promotion of 478 

neuronal survival in vitro.18 Our study added evidence for beneficial P2 effects after 479 

ischemic stroke both in the absence and presence of BMSCs. This is consistent with a 480 

previous study showing that P2 promoted motor and cognitive function recovery, 481 

modulated emotional behavior,27, 32 and promoted neuroanatomical remodeling in the 482 

neocortex after traumatic brain injury.27 P2 can pass blood-brain barrier after systemic 483 
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administration.27 It targets polysialylated-NCAM molecules expressed on immature 484 

neurons33 and modulates their decision on migration or differentiation. This neurogenesis-485 

activating role probably contributes to the beneficial effects of P2 in the damaged central 486 

nervous system. Other probable cyto-/neuroprotective mechanisms of P2 include anti-487 

oxidative stress,27 stimulation of neuronal survival by activating the MAPK pathway and 488 

increasing intracellular Ca2+, and anti-apoptosis through the PI3K/AKT pathway.18, 19, 34  489 

In our study, the neuroprotective effect of P2 on neurons was investigated by exposing 490 

cultured cortical neurons to OGD causing metabolic stress and inducing apoptosis. 491 

Cortical neurons were chosen because they are one of the most commonly used neuronal 492 

cell types for in vitro experiments. Robust protocols for isolation, characterization and 493 

cultivation have been established, and using cortical neurons also allows comparability 494 

to other studies. Moreover, the 2-hour MCAO protocol used in our study reliably 495 

produces combined striatal and cortical lesions that lead to motor, sensory, and cognitive 496 

dysfunctions. We found that P2 inhibited neuronal apoptosis by inhibition of pro- and 497 

activation of anti-apoptotic proteins. Caspase-3 is considered to be the major effector 498 

caspase in mammalian cells,35 while DNA fragmentation appears downstream from 499 

caspase-3 activation.36 Our data shows that P2 reduced the caspase-3 activity in vitro and 500 

DNA fragmentation (TUNEL) in vivo. Caspase-3 can also be expressed in other cell 501 
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populations after hypoxia and ischemia and does not necessarily indicate apoptosis.37, 38 502 

However, we also found that P2 inhibited neuronal apoptosis by decreasing the expression 503 

of cleaved caspase-9, pro-apoptotic Bax, and by increasing the expression of anti-504 

apoptotic Bcl-2 upstream of caspase-3. 505 

Neuroprotective and neuritogenic effects of P2 on primary dopaminergic and cerebellar 506 

neurons depend on PI3K/AKT pathways.18 We found that AKT was phosphorylated, and 507 

thus activated after P2 treatment both in vitro and in vivo. The blockage of P2-dependent 508 

BMSC proliferation and anti-neuronal apoptosis functions by a PI3K inhibitor confirmed 509 

that the PI3K/AKT pathway is an important downstream effector pathway of P2. ERK, 510 

but no other MAPK family members (JNK and P38), were activated by P2, suggesting 511 

that ERK plays a central role in mediating P2 treatment effects. Indeed, ERK inhibition 512 

repressed promotion of BMSC proliferation, anti-apoptotic protein expression, and 513 

inhibition of pro-apoptotic protein expression by P2. Therefore, both PI3K/AKT and ERK 514 

pathways are involved in the regulatory function of P2 on BMSCs. Moreover, we 515 

demonstrated that the anti-neuronal apoptosis and neurological recovery promoting 516 

effects of the combined P2 and BMSC therapy in MCAO rats were attenuated by injection 517 

of PI3K and ERK inhibitors, suggesting that the PI3K/AKT and ERK pathways are 518 
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important downstream effectors of the combined therapy in vivo. Therapeutic effects may 519 

be achieved through Nrf2 and HO-1. 520 

Although intravenous transplantation is the most commonly used approach for stem 521 

cell therapy in both preclinical and clinical trials,39-41 it is not the optimal strategy for 522 

intracerebral lesions. Limited numbers of BMSCs could enter the brain after intravenous 523 

transplantation due to pulmonary passage filtering and cell relocation to internal organs.41, 524 

42 Intra-arterial cell delivery has been postulated to enhance the homing efficiency to the 525 

target organ, which may also be associated with additional therapeutic benefits, 526 

particularly in the brain.43, 44 However, the risk of microembolism should be considered.45, 527 

46 Cell dose and infusion velocity define the safety of intra-arterial administration, and 528 

both lower cell doses and infusion velocity (≤0.2 ml/min) were proven safe. Thus, 529 

administration of 5×105 BMSCs in 0.5 ml NS at an infusion velocity of 0.17 ml/min was 530 

chosen for in vivo experiments in this study, and was proven to be effective in previous 531 

studies.28, 47 Safety of intraarterial infusion might be improved by increasing vessel 532 

clearance of BMSCs by bioengineering approaches48 what could allow administration of 533 

even larger BMSC numbers in future studies. 534 

Our study has several limitations. First, the sample size in this exploratory study is 535 

small. Small sample sizes severely hinder interpretation of neutral results, but the 536 
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statistically significant benefits seen in our investigations indicate a remarkable effect size 537 

of the treatment approaches. Nevertheless, larger, and adequately powered confirmative 538 

studies are imperative to verify these large effects. Such confirmative studies should also 539 

investigate the therapeutic impact in mixed-sex and comorbid cohorts. Second, the overall 540 

surveillance time of 14 d falls short of the recommended 3- or 4-week follow ups.49 On 541 

the other hand, the chosen time point is a reasonable tradeoff between the investigation 542 

of processes such as apoptosis predominantly occurring in acute and sub-acute stages 543 

after stroke and a sufficiently long surveillance time. Application of the therapeutic 544 

regimen in a model simulating late recanalization also meets current recommendations in 545 

the field50, 51 and should contribute to the external validity of our study. Third, the applied 546 

behavioral tests are robust, but not highly sensitive, in particular at late time points.26 The 547 

fact that they clearly indicated therapeutic effects and even revealed evidence for 548 

superiority of the combination approach again suggests relatively large effect sizes. 549 

Nevertheless, further confirmative studies should include additional tests assessing fine 550 

motor function, being applied over a longer time. Fourth, future studies should include a 551 

scrambled amino acid peptide of P2 as a control that would be unlikely to have beneficial 552 

therapeutic effects.  553 
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Other NCAM mimetic peptides, including FGL and C3, also activate MAPK and 554 

PI3K/AKT pathways,52-54 but the high rate of adverse events when using FGL55 and the 555 

NCAM-antagonistic effects of C3 (interference with cell adhesion and inhibition of 556 

transmitter release) may make safe and efficient use of these peptides complicated, 557 

potentially hindering their widespread application in combination treatment.54 A big 558 

advantage of P2 is its easy applicability and excellent bioavailability.27 Its plasticity-559 

promoting effects might also be beneficial for approaches including neurorehabilitation 560 

which is considered an important element of future restorative therapies in stroke.56 561 

Clinical translation of the combination approach might be further facilitated by the fact 562 

that BMSC treatments were already shown to be safe. Translation should, however, be 563 

based on experimental results suggesting which stroke patient populations may benefit 564 

most from the approach to specifically address these patients into clinical trials.57 565 

In conclusion, we demonstrate that the combination treatment of P2 and BMSCs has 566 

the potential to enhance BMSC proliferation and migration, to increase the expression of 567 

multiple trophic factors and to ameliorate neurological deficits after stroke, and that these 568 

effects were mostly superior to either P2 or BMSC monotreatment. P2 provides protective 569 

effects probably through the activation of PI3K/AKT and ERK pathways (Figure 7). 570 
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Titles and legends to figures 735 

Figure 1. P2 promotes proliferation and migration of BMSCs through ERK and 736 

PI3K/AKT pathways in vitro. (A) BMSC proliferation under different concentrations of 737 

P2 at 24, 48, and 72 h. (B) BMSC proliferation after treatment with different P2 738 

concentrations after 2 h of OGD. (C) Migration of BMSCs in the absence or presence of 739 

1 μM P2 was visualized with 0.05% crystal violet staining and evaluated using a 740 

Transwell assay. Scale bar: 50 μm. (D) Protein levels in the MAPK pathway including p-741 

ERK, ERK, p-P38, P38, p-JNK, JNK, and PI3K/AKT in BMSCs were detected by 742 

Western blotting. β-actin served as a control. (E) Quantitative analysis of p-ERK, ERK, 743 

p-P38, P38, p-JNK, JNK, p-AKT, and AKT. Data are presented as relative expression (P2 744 

or P2+inhibitor group/PBS group). (F) BMSC proliferation under ERK and PI3K 745 

inhibitors was examined by MTT assay. N=6/group for all experiments. *p<0.05, 746 

**p<0.01 versus PBS group. ##p<0.01 versus P2 group. 747 

 748 

Figure 2. P2 enhances neurotrophic factor expression by BMSCs and reduces 749 

neuronal cell death through anti-apoptosis pathways. (A) RT-qPCR and Western 750 

blotting showed elevated mRNA and protein levels of BDNF and IGF-1 in BMSCs. 751 

GAPDH and β-actin served as controls. Protein quantification results are presented as 752 
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relative expression (P2 group/PBS group). N=6/group. *p<0.05, **p<0.01 versus PBS 753 

group. (B) CCK8 assay of neurons cultured under normal conditions (control), OGD, or 754 

OGD with different concentrations of P2. *p<0.05, **p<0.01 versus control (non-OGD) 755 

group, ##p<0.01 versus OGD+PBS (0 μM) group. N=7/group. (C) ERK inhibitor (ERKI) 756 

and PI3K inhibitor (PI3KI) nullified the neuroprotective effects of P2 under OGD 757 

condition. N=6/group. **p<0.01 versus OGD+PBS group, ##p<0.01 versus OGD+P2 (1 758 

μM) group. (D) Flow cytometry was performed to evaluate the numbers of apoptotic 759 

neurons under normal (control), OGD, and OGD+1 μM P2 conditions. The apoptosis rate 760 

was calculated as the sum of quadrant 2 (Q2, middle- to late-stage apoptotic cells) and 761 

quadrant 3 (Q3, early-stage apoptotic cells). N=4/group. **p<0.01 versus control (non-762 

OGD) group, ##p<0.01 versus OGD+PBS group.  (E) The expression of cleaved caspase-763 

3 (CC3), cleaved caspase-9 (CC9), Bax, and Bcl-2 in neurons in the presence or absence 764 

of ERKI and PI3KI were analyzed by Western blotting. (F) Quantitative analysis of CC3, 765 

CC9, Bax, and Bcl-2 expression. N=6/group. *p<0.05, **p<0.01 versus control (non-766 

OGD) group; #p<0.05, ##p<0.01 versus OGD+P2 group. 767 

 768 

Figure 3. P2 and P2 in combination with BMSCs decrease the number of apoptotic 769 

neurons after MCAO. (A) Representative images of neurons (NeuN, green), apoptotic 770 
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cell (TUNEL, red), and nuclei (DAPI, blue) immunostaining in sham-operated rats, as 771 

well as in vehicle (NS)-, P2-, BMSC-, P2+BMSC-, P2+BMSC+ERK inhibitor (ERKI, 772 

PD98059), and P2+BMSC+PI3K inhibitor (PI3KI, LY294002)-treated rats after MCAO. 773 

Scale bars: 50 μm. (B) Quantitative analysis of TUNEL-positive neurons in rat brains. 774 

Neuronal apoptosis was calculated as the percentage of TUNEL+NeuN+ cells in all NeuN+ 775 

cells. N=6 rats/group. *p<0.05 or **p<0.01 versus MCAO+NS group, #p<0.05 or 776 

##p<0.01 versus MCAO+P2+BMSC group. M: MCAO; B: BMSC. 777 

 778 

Figure 4. P2 promotes BMSC proliferation and synergizes with BMSCs in 779 

upregulating neurotrophic factors expression in vivo. (A) Immunofluorescence 780 

staining for GFP-positive BMSCs (green) and a proliferation marker (BrdU, red) in the 781 

ischemic boundary zone of BMSC- or P2+BMSC-treated MCAO rat brains. Scale bar: 782 

50 μm. Quantification of proliferating BMSCs in BMSC- or P2+BMSC-treated MCAO 783 

rat brains. N=4 rats/group. *p<0.05 versus MCAO+BMSC group. (B) The mRNA levels 784 

of BDNF, GDNF, NGF, VEGF, and IGF-1 in rat brain tissues were evaluated using RT-785 

qPCR. GAPDH served as a control. N=5/group. &p<0.05 or &&p<0.01 versus SHAM 786 

group, *p<0.05 versus MCAO+NS group, ##p<0.01 versus MCAO+BMSC group. (C) 787 

The protein levels of BDNF, GDNF, IGF-1, VEGF and NGF in rat brains were examined 788 
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using Western blotting. (D) Quantitative analysis of neurotrophic protein levels in rat 789 

brains after MCAO. Data are presented as relative expression (each group/SHAM group). 790 

N=5/group. &p<0.05 or &&p<0.01 versus SHAM group, *p<0.05 or **p<0.01 versus 791 

MCAO+NS group, #p<0.05 or ##p<0.01 versus MCAO+BMSC group. 792 

 793 

Figure 5. P2 synergizes with BMSCs in reducing infarct volume after MCAO. (A) 794 

Representative images of the Nissl-stained brain sections in SHAM, MCAO+NS, 795 

MCAO+BMSC, MCAO+P2, MCAO+P2+BMSC rats. Quantitative analysis of the 796 

infarction volume at 1 d (B) and 14 d (C) after P2 and/or BMSC treatment. N=6/group. 797 

**p<0.01 versus MCAO+NS group, #p<0.05 versus MCAO+P2+BMSC group. 798 

 799 

Figure 6. P2 synergizes with BMSCs in promoting functional recovery and increases 800 

the activation of ERK, AKT, Nrf2, and HO-1 post-MCAO. (A) Forelimb and hindlimb 801 

slip ratios in the beam-walking test as well as tape removal time in adhesive tape removal 802 

test. N=6/group. *p<0.05 or **p<0.01 versus MCAO+NS group, #p<0.05 or ##p<0.01 803 

versus MCAO+P2+BMSC group. (B) Representative Western blots and quantification of 804 

p-ERK, ERK, p-AKT, and AKT in rat brains. **p<0.01 versus MCAO+NS group, 805 

##p<0.01 versus MCAO+BMSC group. N=5/group. (C) Representative Western blots and 806 
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quantification of p-ERK, ERK, p-AKT, and AKT in rat brains with ERK inhibitor or PI3K 807 

inhibitor. N=6/group. *p<0.05 or **p<0.01 versus MCAO+NS group, ##p<0.01 versus 808 

MCAO+P2+BMSC group. (D) Representative Western blots and quantification of HO-1 809 

and nuclear Nrf2 in rat brains. Lamin B served as the loading control of nuclear protein. 810 

N=5-6/group. *p<0.05 or **p<0.01 versus MCAO+NS group, ##p<0.01 versus 811 

MCAO+P2+BMSC group. 812 

 813 

Figure 7. P2 and BMSCs exert synergistic neuroprotective effects. The combination 814 

treatment of P2 and BMSCs reduces brain infarct volume, ameliorates neurological 815 

deficits after stroke, and these effects are mostly superior to either P2 or BMSC 816 

monotreatment. Both PI3K/AKT and MAPK/ERK pathways are involved in the 817 

regulatory function of P2 on BMSC and neurocyte behavior, and Nrf2 and HO-1 are 818 

potential downstream effectors. 819 


