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Abstract. Excitotoxic neuronal injury is associated with 
numerous acute and chronic neurological disorders, such as 
Alzheimer's disease and glaucoma. Neuroprotection is a direct 
and effective therapeutic approach, with small‑molecule bioac‑
tive peptides displaying certain advantages, including high 
membrane permeability, low immunogenicity and convenient 
synthesis and modification. FK18 is a novel peptide derived 
from basic fibroblast growth factor, which is a protein with 
neuroprotective effects. The present study aims to evaluate the 
neuroprotective effect of FK18 against excitotoxic injury. For 
this purpose, cell viability was determined by the MTS assay, 
cell apoptosis was assessed by flow cytometry and the TUNEL 
assay; expression of antiapoptotic proteins Bcl‑2, proapoptotic 
protein Bax and caspase‑3 as well as the phosphorylation of 
Akt and Erk was estimated by western blotting. The results of 
the present study demonstrated that FK18 effectively increased 
the viability of, and attenuated glutamate‑induced apoptosis 
of SH‑SY5Y cells. In addition, FK18 significantly increased 
Akt phosphorylation and decreased Erk phosphorylation 
in SH‑SY5Y cells. FK18 also increased the Bcl‑2/Bax ratio 
and decreased the level of cleaved‑caspase‑3 in SY5Y cells, 
which was reversed by the Akt pathway inhibitor LY294002, 
but not by the Erk pathway inhibitor U0126. The findings of 
the present study suggested that FK18 may be a promising 

therapeutic agent for the inhibition of neuronal cell death in 
multiple neurological diseases involving excitotoxicity.

Introduction

Glutamate‑induced excitotoxicity is one of the major patho‑
logical mechanisms associated with a number of chronic 
neurodegenerative disorders, such as Alzheimer's disease and 
Parkinson's disease in the brain (1‑3) and glaucoma, retinitis 
pigmentosa and age‑associated macular degeneration in the 
eyes (4‑6). Excessive accumulation of extracellular glutamate 
may lead to the hyperexcitability of neurons, calcium overload 
and increased intracellular oxygen free radicals, resulting in 
DNA injury and apoptosis (7,8). Massive death of neurons 
inevitably leads to the dysfunction of nervous system, irrevers‑
ible vision loss and is life threatening; therefore, minimizing 
neuronal apoptosis is the most direct and effective therapeutic 
approach for patients with the aforementioned diseases (9,10).

Small‑molecular chemicals, including glutamate antago‑
nists, calcium channel blockers and antioxidant/radical 
scavenging agents, are primarily used to provide pharma‑
cological neuroprotection (11‑13); however, the unexpected 
side effects associated with their low target specificity have 
impeded their wider application  (14). Supplementation of 
downregulated neurotrophic factors is another approach 
to neuroprotection, such as growth factors and erythro‑
poietin  (15‑17). Nevertheless, it requires repeated invasive 
administration, which is not suitable for long‑term therapy 
in chronic diseases, such as glaucoma and diabetic retinop‑
athy (18,19). In contrast, small‑molecule bioactive peptides are 
becoming a hotspot for research, due to their relatively high 
membrane permeability, low immunogenicity and convenient 
synthesis and modification (20‑22).

FK18 is a small peptide composed of 18 amino acids that 
is derived from basic fibroblast growth factor (bFGF) using 
bioinformatics screening methods  (23). The sequence is 
located in the conserved receptor‑binding domain of human 
bFGF, which is known for its neuroprotective activity against a 
series of cerebral and ocular diseases, such as cerebral ischemia 
and light damage in eyes (24‑26). SH‑SY5Y cells were chosen 
in the current study as they share similar morphological, 
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neurochemical and electrophysiological properties to neurons. 
The aim of the present study was to examine the protective 
effect of FK18 on neurodegenerative diseases and further 
investigated its mechanisms.

Materials and methods

Preparation of peptides. FK18 peptide (sequence, 
FFFERLESNNYNTYSRK) and a scrambled negative control 
peptide, SCpep (sequence, SFLNKTNFREFRNYSEYF), 
were prepared using a high‑efficiency solid‑phase method by 
China Peptides Co., Ltd. All the peptides had a purity >98% as 
tested by high‑performance liquid chromatography (Shimadzu 
Corporation) and were freeze‑dried and stored at ‑20˚C until 
further use.

Cell culture and treatment. SH‑SY5Y cells were purchased 
from the Shanghai Cell Bank at the Chinese Academy of 
Sciences (cat. no. SCSP‑5014) and were authenticated using 
STR profiling. The cells were maintained in a DMEM/F‑12 
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.) and 1% penicillin/streptomycin (Gibco; Thermo Fisher 
Scientific, Inc.) at 37˚C in a humidified atmosphere containing 
5% CO2. Cells between the fourth and the seventh passages 
were used in the present study, to ensure their stable proper‑
ties, including morphology, function and viability. Cells were 
seeded in 96‑well plates to test cell viability, in 24‑well plates 
to conduct TUNEL assay, in 6‑well plates to perform flow 
cytometry and 10‑cm dishes to perform western blotting. 
A cell density of 1x106/ml was used for each type of plate in 
following experiments. Excitotoxicity was induced by exposing 
the cultures to different concentrations of glutamate (4, 6, 8 and 
10 mM; Sigma‑Aldrich; Merck KGaA) for 24 h at 37˚C.

To determine the effect of FK18, its dose‑response effect 
was tested, and the result demonstrated a plateau of protection 
reached under the dose of 10 µg/ml (data not shown), which was 
similar to that against oxygen and glucose deprivation‑induced 
injury as previously reported  (23). Hence, 10  µg/ml was 
selected as the dosage in subsequent experiments. The cells 
were pretreated with normal saline, 10  µg/ml FK18, or 
recombinant human bFGF (100 ng/ml; R&D Systems, Inc.) 
2 h before, at the same time or 30 min after the induction of 
excitotoxicity at 37˚C. The timepoint was chosen according 
to preliminary experiment results (data not shown). For the 
detection of Akt, phospho‑Akt, Erk1/2, and phospho‑Erk1/2, 
the cells were treated with either LY294002 (20 µM; Beyotime 
Institute of Biotechnology), a PI3K inhibitor, or U0126, a highly 
selective inhibitor of MEK1/2 (20 µM; Beyotime Institute of 
Biotechnology ), 2 h prior to the addition of FK18.

Cell viability assay. Viability of SH‑SY5Y cells was quantita‑
tively evaluated using an MTS kit (Promega Corporation). Briefly, 
20 µl MTS was added to each well of a 96‑well plate for 2 h at 
37˚C. Absorbance was measured photometrically at 490 nm and 
cell viability was expressed as a percentage of the optical density 
measured in the control group treated with normal saline.

Annexin  V staining and f low cytometry for measuring 
apoptosis. The percentage of SH‑SY5Y apoptotic cells 

following glutamate injury was determined by flow cytom‑
etry using an Annexin  V‑FITC/propidium iodide  (PI) 
Detection kit (BD Pharmingen; BD Biosciences), according 
to the manufacturer's instructions. Briefly, the cells were 
digested with 0.05% trypsin and collected by centrifugation 
(1,000 x g for 5 min) at room temperature. The pellets were 
washed in PBS and resuspended in binding buffer. A 100 µl 
volume of the cell suspension (~1x105 cells) was treated in 
the dark with 5 µl FITC Annexin V and 5 µl PI at room 
temperature for 15 min. The stained cells were analyzed 
using a FACSCalibur (Becton‑Dickinson and Company) 
and FlowJo version 10.4 (Becton‑Dickinson and Company). 
Both early and late apoptotic cells were included in the final 
analysis.

TUNEL assay. TUNEL staining was performed according to 
the manufacturer's instructions for 1 h at 37 ˚C (DeadEnd™ 
Fluorometric TUNEL System; Promega Corporation) to 
detect apoptotic cells. For the in vitro experiments, following 
glutamate treatment, SH‑SY5Y cells were fixed with 4% PFA 
for 25 min at 4˚C. After fixation, the cells were permeabilized 
with 0.2% Triton X‑100 for 5 min. The nuclei were imaged 
after counterstaining with 0.5 µg/ml DAPI at room tempera‑
ture for 10 min. TUNEL‑positive cells were viewed using a 
laser scanning confocal microscope (magnification, x20; Zeiss 
LSM 510; Carl Zeiss AG) in six random fields (at least 100 
DAPI‑positive cells per field).

Western blotting. SH‑SY5Y cells were lysed in RIPA 
lysis buffer containing PMSF and phosphatase inhibitor 
(v/v=98:1:1) for 5, 10, 20, 30 and 60 min after 8 mM gluta‑
mate addition for detecting phosphorylated related proteins. 
For detection of apoptosis‑associated markers, cell lysates 
were prepared 24 h after 8 mM glutamate addition. The cell 
lysates were then prepared and the amount of protein in each 
lysate was determined using a bicinchoninic acid  (BCA) 
protein assay kit (Beyotime Institute of Biotechnology). The 
mass of protein loaded per lane was 10 µl. The extracted 
proteins were subjected to either 10 or 12% SDS‑PAGE and 
transferred onto PVDF membranes electrophoretically. After 
blocking non‑specific sites with 5% non‑fat milk for 1 h at 
37 ˚C, the membrane was incubated with primary antibodies 
(all from Cell Signaling Technology, Inc.) against phosphor‑
ylated‑(p) Akt (1:1,000; cat. no. 4060S), Akt (1:1,000; cat. 
no. 4691S), p‑Erk (1:1,000; cat. no. 4370S), Erk (1:1,000; cat. 
no. 4695S), Bcl‑2 (1:1,000; cat. no. 4223S), Bax (1:1,000; 
cat. no. 5023S), cleaved caspase‑3 (1:1,000; cat. no. 9664S), 
full‑length caspase‑3 (1:1,000; cat. no. 14220S) or GAPDH 
(1:1,000; cat. no.  2118L) overnight at 4˚C and detected 
with HRP‑conjugated anti‑rabbit IgG secondary antibody 
(1:10;000; cat. no. 111‑035‑003; Jackson ImmunoResearch 
Laboratories, Inc.) for 2 h at room temperature. Bands were 
visualized using an enhanced chemiluminescence detection 
system (Merck KGaA), and band densities were quantified 
using Adobe Photoshop version 19.1.8 (Adobe Systems, Inc.).

Statistical analysis. All experiments were performed at least 
three times. Data are expressed as the mean ± SD and analyzed 
using IBM SPSS statistics version 24.0 (IBM Corp). The distri‑
bution of data was examined using the Kolmogorov‑Smirnov 
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test. Differences were evaluated by one‑way ANOVA followed 
by a post hoc Tukey's HSD test. Non‑parametric data were 
analyzed using the Kruskal‑Wallis test and Bonferroni's post 
hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

FK18 improved cell viability in SH‑SY5Y cells after gluta‑
mate injury. The cell viability of SH‑SY5Y cells decreased 
gradually as the concentration of glutamate increased, with the 
survival rates being 79.48±1.84, 69.58±1.59, 59.16±2.21 and 
41.18±2.77% after exposure to 4, 6, 8 and 10 mM of glutamate, 
respectively  (Fig. 1A). The insult of 8 mM glutamate was 
chosen for the present study. Pretreatment with FK18 dramati‑
cally increased cell viability, with an increase in cell viability 
from 58.50±3.22 to 71.78 ± 1.87% (P<0.01; Fig. 1B). However, 
when cells were exposed to FK18, either simultaneously or 
30 min after adding glutamate, the neuroprotective effect was 
lost (Fig. 1B).

FK18 attenuated glutamate‑induced cell apoptosis 
in SH‑SY5Y cells. FK18 protective ability against 
glutamate‑induced apoptosis was assessed using f low 
cytometry and TUNEL assay. The flow cytometry results 
demonstrated that pretreatment with FK18 reduced cell 
apoptosis from 32.58±1.63 to 22.35±2.26% in the glutamate 
group (Fig. 2A and B). The TUNEL assay demonstrated that 
the percentage of TUNEL‑positive cells decreased from 
26.77±1.10 to 19.34±1.60% in the glutamate group following 
the application of FK18 (Fig. 3A and B). The bFGF group 
demonstrated a decrease in apoptosis to 17.62±1.83 and 
13.33±1.03% compared with the glutamate group according 
to the flow cytometry and the TUNEL assay, respectively. 
The SCpep group demonstrated no significant difference 
compared with the glutamate group (Figs. 2 and 3).

Effect of FK18 on phosphorylation of Akt and Erk in 
SH‑SY5Y cells. To investigate the potential mechanisms 

underlying the protective effects of FK18, the present 
study investigated p‑Akt and p‑Erk expression with the 
treatment of glutamate or FK18 at different time points 
using western blotting. Treatment with 8  mM glutamate 
decreased the basal p‑Akt level in a time‑dependent manner 
by 4.17, 9.38, 12.50, 13.50 and 21.88% compared with the 
control group after 5, 10, 20, 30 and 60 min of treatment, 
respectively, while it significantly increased the basal p‑Erk 
level in a time‑dependent manner 1.12‑, 1.23‑, 1.37‑, 1.43‑ 
and 1.58‑fold, respectively  (Fig.  4A‑C). The decrease of 
Akt phosphorylation reached significance 60 min after the 
glutamate injury when compared with the control group, 
while the increase of Erk phosphorylation reached signifi‑
cance 20 min and peaked at 60 min, following glutamate 
injury (Fig. 4A‑C). FK18 pretreatment maintained a relatively 
high level of p‑Akt and a low level of p‑Erk compared with 
the glutamate group (Fig. 4A‑C). The addition of LY294002 
significantly blocked the Akt phosphorylation caused by 
FK18 and promoted the Erk phosphorylation that had been 
decreased by FK18 (Fig. 4D‑F). The addition of U0126 had 
no effect on the p‑Akt level, but significantly downregulated 
p‑Erk expression (Fig. 4D‑F) compared with the FK18 group. 
LY294002 abolished the neuroprotective effect of FK18, with 
a decrease in cell viability from 76.23±4.58 to 61.83±2.40%, 
while U0126 facilitated the effect of FK18, increasing cell 
viability from 76.23±4.58 to 88.23±3.33% (Fig. 4G).

Effect of FK18 on apoptosis‑associated proteins in SH‑SY5Y 
cells. Bcl‑2/Bax ratio was a sensitive determinant of the regu‑
latory effects of glutamate, with or without FK18 and pathway 
inhibitor pretreatment (27). The ratio significantly decreased 
following glutamate injury, whereas it significantly increased 
following the addition of FK18 and was further inhibited by the 
effect of LY294002, but not affected by U0126 compared with 
the FK18 group (Fig. 3H and I). The relative protein expression 
level of cleaved caspase‑3 significantly increased following 
glutamate injury, whereas FK18 pretreatment suppressed this 
change. The addition of LY294002 reversed this effect, but 
U0126 was not able to do so (Fig. 3H and J).

Figure 1. Neuroprotective effect of FK18 on cell viability tested by the MTS assay. (A) Viability of SH‑SY5Y cells following exposure to different concentra‑
tions of glutamate for 24 h. (B) Viability of SH‑SY5Y cells incubated with SCpep, FK18 and bFGF, at three different time points: 2 h before, simultaneously 
and 30 min after glutamate addition. The data are expressed as the mean ± SD. **P<0.01 vs. control group; ##P<0.01 vs. glutamate group. Con, control group 
treated with normal saline; Glu, glutamate; bFGF, basic fibroblast factor.
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Figure 2. Neuroprotective effects of FK18 against glutamate‑induced apoptosis of SH‑SY5Y cells tested by flow cytometry. (A) Apoptotic cells assessed 
by flow cytometry. (B) Histogram indicating the percentages of apoptotic cells following various treatments. The data are expressed as the mean ± SD. 
**P<0.01 vs. control group; ##P<0.01 vs. glutamate group. Control group, cells treated with normal saline; Glu, glutamate; bFGF, basic fibroblast factor; 
PI, propidium iodide.

Figure 3. Neuroprotective effects of FK18 against glutamate‑induced apoptosis of SH‑SY5Y cells tested by TUNEL assay. (A) Representative immunofluores‑
cence images of TUNEL‑positive (green) SH‑SY5Y cells. Scale bar, 50 µm (magnification, x20). (B) Histogram indicating the percentages of TUNEL‑positive 
cells relative to the total number of neurons following various treatments. The data are expressed as the mean ± SD. **P<0.01 vs. control group; ##P<0.01 vs. glu‑
tamate group. Control group, cells treated with normal saline; Glu, glutamate; bFGF, basic fibroblast factor.
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Discussion

The present study demonstrated, for the first time that FK18 
protects against neuronal cell death induced by glutamate in 
SH‑SY5Y cells. The findings of the present study suggested 
that the FK18 neuroprotective role is mediated via the Akt 

and Erk pathways, which may be affected by Akt and Erk 
phosphorylation, but independently of the caspase apoptotic 
pathway.

The human neuroblastoma cell line SH‑SY5Y possesses 
similar morphological, neurochemical and electrophysi‑
ological properties to neurons and has been widely used for 

Figure 4. Effect of FK18 on Akt, Erk phosphorylation and apoptosis‑associated proteins in SH‑SY5Y cells. (A) Representative western blot image demon‑
strating the effect of FK18 on p‑Akt and p‑Erk expression following the induction of glutamate in a time‑dependent manner. (B and C) Semi‑quantification 
of the relative expression of p‑Akt/total Akt and p‑Erk/total Erk following glutamate injury in a time‑dependent manner. (D) Representative western blot 
image demonstrating the effect of FK18 on p‑Akt and p‑Erk expression in the presence or absence of LY294002 or U0126. (E and F) Semi‑quantification 
of the relative expression of p‑Akt/total Akt and p‑Erk/total Erk in the presence or absence of LY294002 and U0126. (G) Cell viability of SH‑SY5Y cells 
following glutamate injury in the presence or absence of LY294002 or U0126, as determined by MTS assay. (H) Representative western blots demonstrating 
the expression of Bcl‑2, Bax and caspase‑3 following glutamate injury, with or without FK18 pretreatment, in the presence or absence of LY294002 or U0126. 
(I) Bcl‑2/Bax protein expression ratio following various treatments. (J) Semi‑quantification of cleaved caspase‑3 protein expression expressed as a ratio full 
length caspase‑3 expression. The data is expressed as the mean ± SD. *P<0.05 and **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. glutamate group; $P<0.05 
and $$P<0.01 vs. glutamate‑plus‑FK18 group. Control group, treated with normal saline; Glu, glutamate; bFGF, basic fibroblast factor; PI, propidium iodide; 
p, phosphorylated; LY294002, Akt pathway inhibitor; U0126, Erk pathway inhibitor.
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researching the disease pathogenesis and mechanism under‑
lying drugs in the nervous system (28‑30). Glutamate‑induced 
injury of SH‑SY5Y cells provides a rapid and sensitive in vitro 
model of neuronal excitotoxicity, with concentrations of gluta‑
mate ranging from 2‑100 mM (28,31‑33). In the present study, 
it was demonstrated that the injurious effect of glutamate was 
concentration‑dependent using MTS assay; 8 mM of glutamate 
decreased cell viability by ~50% and was the most suitable 
concentration for the subsequent observation of drug effects.

The results of the present study demonstrated that FK18 
protected against neuronal excitatory injury in SH‑SY5Y cells. 
However, the neuroprotective effect of FK18 only occurred 
when the peptide was applied before the excitotoxic stimulus 
and did not occur when it was added simultaneously or after 
glutamate. This is a common difficulty in other neuroprotec‑
tive agents, such as neuropeptide Y (34). As for peptides, it may 
be improved by chemical modification and optimization of its 
sequence and structure, or by the development of a targeted 
drug delivery system (35). In addition, the neuroprotective 
effects of FK18 against excitotoxicity in vitro were relatively 
weak in the present study, which could be associated with the 
non‑specific mechanism of FK18 against excitotoxic injury. 
The aforementioned anti‑excitotoxic effect of FK18 may be a 
part of its neuroprotection and other mechanisms that may be 
involved need further investigation.

The Akt pathway is a central signal transduction pathway 
involved in cell proliferation, survival and metabolism (36,37). 
A previous study demonstrated that Akt activity is responsible 
for as much as 80% of neurotrophin‑regulated cell survival, 
indicating that Akt is the major survival‑promoting protein for 
neurons (38). Akt signaling inhibits apoptosis by regulating 
the expression of Bcl‑2 and Bax and finally, the expression 
of caspase‑3 (39,40). The findings of the present study were 
consistent with those of the aforementioned studies. As 
demonstrated by western blotting in the present study, FK18 
activated the Akt pathway, significantly promoted Akt phos‑
phorylation and increased the cell viability of SH‑SY5Y cells. 
With the addition of the Akt inhibitor LY294002, protection of 
SH‑SY5Y cells by FK18 was significantly reversed. In addition, 
the present study revealed that the expression of the Bcl‑2/Bax 
ratio decreased significantly after exposure to glutamate and 
that this process could be reversed in the presence of FK18 
(which was accompanied by lower cleaved‑caspase‑3 activity). 
When adding the Akt inhibitor LY294002 to FK18, this effect 
was eliminated in the present study.

The Erk signaling pathway is not only involved in synaptic 
plasticity and neuronal development under physiological 
conditions (41,42), but is associated with cell apoptosis and 
neurodegeneration under pathological conditions  (43,44). 
In the present study, a role that the Erk pathway serves was 
revealed, albeit a smaller one, in the protective effect of FK18. 
When glutamate‑injured SH‑SY5Y cells were treated with 
FK18, Erk1/2 phosphorylation was significantly suppressed, 
this decrease was further promoted by the addition of the 
Erk1/2 inhibitor U0126. In the present study, cell viability 
increased by FK18 was further improved by U0126; however, 
there were no significant changes of the Bcl‑2/Bax ratio and 
cleaved‑caspase‑3 with the addition of U0126 compared with 
the FK18 group, suggesting that the Erk‑mediated neuroprotec‑
tive effects of FK18 may be independent of caspase‑3. Previous 

studies have also demonstrated that persistent active Erk trans‑
locates to the nucleus, causing cell apoptosis by regulating gene 
expression and cell differentiation in a caspase‑3‑independent 
manner (45,46). In addition, cross‑talk between the Akt and 
Erk pathways was observed in the present study, with the Akt 
inhibitor LY294002 promoting the phosphorylation of Erk. 
Other studies have also suggested a negative regulatory effect 
of Akt on the Erk pathway (47,48), although the exact mecha‑
nisms need to be further investigated.

Several limitations should be acknowledged. First, the 
effects of FK18 in animal disease models have not been evalu‑
ated in the current study, which needs further investigation. 
Second, the specific target of FK18 has not been fully eluci‑
dated; its effects on the Akt and Erk pathways as suggested in 
the current study might provide some clues for future investi‑
gation Third, the protection of FK18 against excitotoxic injury 
is relatively weak, future modifications of the peptide would 
be helpful to improve its effect.

In conclusion, the present study extended present knowl‑
edge of the application of FK18 to neuronal excitatory diseases 
by demonstrating the protective effects of FK18 against 
excitotoxic injury in SH‑SY5Y cells. In addition, the present 
study elucidated the mechanism of FK18 by demonstrating 
that apart from activating the Akt pathway, FK18 could exert 
its neuroprotective effect through the suppression of the Erk 
pathway, which cross‑talks with the Akt pathway, but involves a 
caspase‑3‑independent mechanism. The findings of the present 
study indicated that FK18, a novel peptide derived from human 
bFGF may be a promising therapeutic agent for the inhibition 
of neuronal death in multiple neurological diseases involving 
excitotoxicity, including Alzheimer's disease and Parkinson's 
disease in the brain and glaucoma, retinitis pigmentosa and 
age‑associated macular degeneration in the eyes.
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