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Abstract

Cyclo-glycylproline (cGP), a cyclic dipeptide containing a condensation bond
between glycine and proline, is produced by the cyclization of the N-terminal
tripeptide of insulin-like growth factor-1. Previous studies have shown that cGP
administration exerts a neuroprotective effect and enhances the regenerative ability
in rats with ischemic brain injury. The efficacy of cGP is medicated by regulating the
bioavailability of insulin-like growth factor-1 (IGF-1), however, the molecular
mechanisms underlying the neuroprotective effects of cGP on brain damage
remains to be elucidated. In the current study, we investigated the cGP-mediated
molecular mechanism in human fetal neural stem cells (hfNSCs) exposed to oxidative
stress, which is a key factor affecting the development of several brain diseases,
including traumatic brain injury and Parkinson's disease. We found that cGP
treatment attenuated oxidative stress-induced cell death in cultured hfNSCs in a
dose-dependent manner. Transcriptome analysis revealed that under oxidative
stress conditions, p53-mediated signaling was activated, accompanied by upregula-
tion of mouse double minute 2 homolog (MDM2), a p53-specific E3 ubiquitin ligase,
in cGP-treated hfNSCs. By using a comprehensive protein phosphorylation array, we
found that cGP induced the activation of Akt signaling pathway, which enhanced the
expression of MDM2, in hfNSCs exposed to oxidative stress. Moreover, the MDM2
inhibitor nutlin-3 inhibited the protective effect of cGP on oxidative stress-induced
cell death and apoptosis. Therefore, cGP attenuates oxidative stress-induced cell
death mediated by the interplay between IGF-1 signaling and the MDM2-p53
pathway in human NSCs. We revealed the molecular mechanism underlying cGP-

induced neuroprotective properties in a model of brain damage.

KEYWORDS

cyclic peptide, cyclo-glycylproline, MDM2, neural stem cell, neuroprotection, oxidative
stress, p53

434 © 2022 Wiley Periodicals LLC.

wileyonlinelibrary.com/journal/jcp J Cell Physiol. 2023;238:434-446.


http://orcid.org/0000-0002-2124-1538
mailto:m-namihira@aist.go.jp
mailto:k-murotomi@aist.go.jp
https://wileyonlinelibrary.com/journal/jcp
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjcp.30940&domain=pdf&date_stamp=2022-12-31

MUROTOMI ET AL.

1 | INTRODUCTION

Oligopeptides, which consist of two or more amino acids, are
transported across the blood-brain barrier (Smith et al., 2004) and
function as neurotransmitters and neuromodulators (Rehm et al.,
2008). Certain peptides can ameliorate ischemic brain injury and
Parkinson's disease owing to their antioxidant and anti-inflammatory
effects in neurons and glial cells (Boldyrev et al., 2013; Korkmaz and
Tuncel, 2018). For instance, cyclo-glycylproline (cGP), a cyclic
dipeptide containing a condensation bond between glycine and
proline, may exert neuroprotective effects against cerebral ischemia.
cGP present in human plasma and cerebrospinal fluid (Fan et al.,
2018, 2019) is produced by cyclization of the N-terminal tripeptide of
insulin-like growth factor-1 (IGF-1) to form glycine-proline-glutamate
(Nilsson-Hakansson et al., 1993). It has been reported that external
treatment of rats with cGP prevents brain damage and retains spatial
memory function in ischemic brain injury (Guan et al., 2007;
Ostrovskaya et al,, 1999). In addition, oral administration of cGP
facilitates the rehabilitation process by enhancing neural plasticity in
rats with focal ischemic infarction (Kaneko et al., 2022). As cGP also
exhibits antiamnestic activity (Gudasheva et al., 1996), anxiolytic
effects (Gudasheva et al., 2020), and retention of memory
(Ostrovskaya et al., 1999) by regulating several aspects of neuronal
functions, cGP may represent a promising peptide for improving brain
function under physiological and pathological conditions.

cGP can bind to IGF-1-binding protein 3 (IGFBP-3) (Guan et al.,
2014), which regulates the homeostasis of IGF-1 by binding to
circulating IGF-1 (Jogie-Brahim et al., 2009). It has been suggested
that ¢cGP modulates the IGF-1 signaling pathway by regulating
bioavailability of IGF-1, which provides neuroprotective effects
against ischemic brain damage (Serhan et al., 2020) and B-amyloid-
induced neural death (Aguado-Llera et al., 2018), mediated by the
regulation of bioavailable IGF-1 (Fan et al., 2018). cGP also induces
an increase in brain-derived neurotropic factor levels (Gudasheva
et al., 2016) and ionic currents via the GABA receptor (Sharonova
et al., 2019), which provide protection against neuronal death in
cerebral ischemic stroke (Schwartz-Bloom & Sah, 2001). These
findings suggest that the activation of IGF-1 signaling and increase
in brain-derived neurotropic factor levels represent one of the
mechanisms underlying the cGP-mediated neuroprotective effect
against ischemic brain injury. However, the downstream molecular
mechanisms that cGP-induced regulation of bioavailable IGF-1 in
brain damage remains unclear. Additionally, the neurotrophin-like
activity of cGP in human neural cells has not yet been examined.

Recent studies have shown that human neural stem cells, which
can differentiate into neurons, astrocytes, and oligodendrocytes, are
valuable for screening therapeutic and toxic agents to identify factors
affecting the human brain (Patnaik & Padhy, 2017). Therefore, in the
present study, we investigated the cGP-mediated molecular mecha-
nism in human fetal neural stem cells (hfNSCs) exposed to oxidative
stress, which induces brain damage during the development of
several brain diseases, including ischemic stroke, traumatic brain

injury, and Parkinson's disease (Navarro-Yepes et al., 2014). We
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identified a novel molecular mechanism for the protective effect of

cGP against brain damage.

2 | MATERIALS AND METHODS
2.1 | hfNSC culture

hfNSCs were purchased from PhoenixSongs Biologicals, Inc. The cell
line was derived from a human cerebral cortex from a male fetus at
embryonic week 14. The cells were seeded into culture dishes or
plates coated with poly-L-ornithine (Sigma-Aldrich) and laminin
(Corning, Inc.) and cultured in N2-supplemented Dulbecco's modified
Eagle medium/nutrient mixture F-12 (DMEM/F-12; Thermo Fisher
Scientific) containing 0.1% B27 supplement (Thermo Fisher Scien-
tific), 10 ng/ml human recombinant basic fibroblast growth factor
(Wako Pure Chemical Industries), and 20 ng/ml human recombinant
epidermal growth factor (Wako Pure Chemical Industries) in a
humidified atmosphere containing 5% CO, at 37°C. All experiments
involving human cells were approved by the Committee for the Ethics
on the Experiments with Human Derivative Samples of the National
Institute of Advanced Industrial Science and Technology.

For neuronal differentiation, hfNSCs were cultured in neurobasal
medium (Thermo Fisher Scientific) containing 2% B27 supplement
and GlutaMAX (Invitrogen) for 7 days. For astrocyte differentiation,
hfNSCs were cultured in N2-supplemented DMEM/F-12 containing
10 ng/ml leukemia inhibitory factor for 3 days. To measure the
differentiation rate, the cells were washed with phosphate-buffered
saline (PBS), fixed in 4% paraformaldehyde (PFA) in PBS, and stained
with BllI-tubulin (Tuj-1, 1:400 dilution; R&D Systems) or GFAP (1:500
dilution; Cell Signaling Technologies) antibodies. Nuclei were stained
with Hoechst 33342 (Dojindo Laboratories). Stained cells were
visualized using a fluorescence microscope (BX53; Olympus), and
the differentiation rate was calculated as the ratio of Tuj-1- or GFAP-
positive cells to Hoechst-positive cells.

To analyze apoptotic cells, hfNSCs were seeded into a 35 mm-
dish (Nunc; Thermo Fisher Scientific). After overnight incubation,
hydrogen peroxide (H,O,) and cGP were added to the hfNSCs for
12h and the cells were stained with antibodies against active
caspase-3 (1:250 dillution; R&D Systems) and nestin (1:500 dilution;
Abcam). The nuclei were stained with Hoechst 33342. The apoptotic
cells were calculated as the ratio of active caspase-3-positive cells to

Hoechst-positive cells.

2.2 | Measurement of cell viability

hfNSCs were plated into a 96-well microplate (Nunc; Thermo Fisher
Scientific) and incubated overnight at 37°C with 5% CO,. Culture
medium containing 100 uM H,0, and different concentrations of
cGP, which was synthesized by Bachem Japan K. K. and dissolved in
PBS, was added to the microplate at 100 pl/well for 8 h. In the case of
the SH-SY5Y neuroblastoma cell line, 300 uM H,0, and different
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concentrations of cGP were added to the cells for 24 h. After
incubation at 37°C with 5% CO, Cell Counting Kit-8 (Dojindo
Laboratories) reagent was added to each well and the absorbance
was measured at 450 nm. Cell viability was calculated relative to the
absorbance of control cells set at 100%.

2.3 | Measurement of cell proliferation rate

hfNSCs were plated into a 35 mm-dish (Nunc; Thermo Fisher
Scientific) and incubated overnight at 37°C with 5% CO.,. Visualiza-
tion of proliferative cells was performed using a Click-iT EdU Cell
Proliferation Kit (Thermo Fisher Scientific) according to the manufac-
turer's instructions. Briefly, 2.5 uM 5-ethynyl-2'-deoxyuridine (EdU)
was added to the cells for 2 h, after which the cells were fixed in 4%
PFA. After the Click-iT reaction, the nuclei were stained with Hoechst
33342. Stained cells were visualized using a fluorescence microscope
(THUNDER Imaging Systems; Leica Microsystems), and the rate of
cell proliferation was calculated by dividing EdU-positive cells (green)

by Hoechst-positive cells (blue).

2.4 | Measurement of antioxidant capacity

The antioxidant capacity of the cGP solutions was measured using a
2,2-diphenyl-1-picrylhydrazyl (DPPH) antioxidant assay kit (Dojindo
Laboratories) according to the manufacturer's instructions. A vitamin
E analog, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox), was used as a positive control.

2.5 | RNA-seq analysis

RNA was extracted from the cells using TRIzol reagent (Invitrogen)
according to the manufacturer's instructions. RNA-seq was performed at
Macrogen Japan Corp. Three independent samples were assayed to
evaluate the reproducibility of the experimental procedures. The quantity
and integrity of total RNA (2ug) were evaluated using an Agilent
Bioanalyzer (Agilent Technologies). All samples provided for sequencing,
except for HyO,-treated cells, had an RNA integrity number >7.0. A
sequencing library was prepared using the TruSeq Stranded messenger
RNA (mRNA) Library Prep kit (lllumina) according to the manufacturer's
instructions. The libraries for RNA sequencing were sequenced using
lllumina Sequencing by Synthesis chemistry with 2 x 100-bp paired-end
reads on a NovaSeqé000 (lllumina). The obtained sequencing data were
analyzed using an open bioinformatics tool for quick analysis of RNA-seq
data, RaNA-seq (Prieto & Barrios, 2019). In the pipeline, the FASTQ files
were preprocessed using the Fastp tool (Chen et al, 2018), and the
expression was quantified using Salmon (Patro et al., 2017). The quality of
raw data was represented in graphs produced using the package RJSplot
(Barrios & Prieto, 2018), and the distances between plots in the graphs
were calculated using SERE (Schulze et al., 2012). DEseg2 (Love et al.,
2014) was used to identify differentially expressed genes (DEGs) with

more than twofold-changes in transcripts per million between the control
and cGP, H,O,, or H,O,+cGP-treated groups. Enrichment analysis
based on the DEGs (fold-change > 2.0, p<0.05 in Wald test) was
performed using the Reactome pathways database (Jassal et al., 2020) in
the PANTHER Classification System.

2.6 | Quantitative PCR

Total RNA (2 pg) was used as a template for complementary DNA
synthesis, which was performed using SuperScript IV VILO (Invitro-
gen). Gene expression was analyzed using KOD SYBR gPCR Mix
(Toyobo) and a CFX Connect Real-Time System (Bio-Rad). The
primers used are listed in Table S1. The cycling conditions were as
follows: initial denaturation at 95°C for 30 s, followed by 40 cycles of
95°C for 5s and 60°C for 30s. Subsequently, the melting curve was
analyzed over a linear temperature gradient from 65°C to 95°C to
assess whether a single PCR product was synthesized. Relative gene
expression levels were determined after normalization to the

corresponding sample expression levels of 18S ribosomal RNA.

2.7 | Analysis of active signaling pathway using
phosphorylation protein array

A phosphorylation protein array was used as previously described
(Kagiwada et al., 2021). At 4 h after H,O, and cGP treatment, the
hfNSCs were washed with ice-cold PBS and lysed with M-PER
(Thermo Fisher Scientific) containing a protease inhibitor cocktail.
The protein content in the lysates was measured using a BCA protein
assay kit (Takara Bio), and 80 pg protein was applied to a protein
array of 1,200 proteins loaded on a GST/GSH-coated glass slide.
After the kinase reaction and detection of phosphorylated proteins
on the array, phosphorylation levels were compared between the
nontreated control and H,O,- and/or cGP-treated samples using the
rank product test (Breitling et al., 2004). All p-values <0.05, with
increased phosphorylation levels, were considered as statistically
significant. The probability of each pathway was estimated based on

the hypergeometric distribution for the 376 pathways.

2.8 | Western immunoblotting

The cell lysates were prepared using the aforementioned method in
phosphorylation protein array section, and the samples were
incubated with sample buffer (Nacalai Tesque) for 5min at 95°C.
Aliquots of the samples were separated using 5%-20% SuperSep
(Wako Pure Chemical Industries) and transferred onto polyvinylidene
fluoride membranes (EMD Millipore). After blocking with Bullet
Blocking One (Nacalai Tesque), the membranes were incubated with
the appropriate primary antibodies at 4°C. The membranes were
washed with Tris-buffered saline containing 0.1% Tween 20 and
incubated with the appropriate horseradish peroxidase-conjugated
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secondary antibodies (Cell Signaling Technology). The bound anti-
body was detected using ECL Prime reagents (GE Healthcare Bio-
Sciences). Immunoblots were semi-quantified using computerized
densitometry and an image analyzer (Image Stadio Software;
SCRUM, Inc.).

2.9 | Statistical analysis

The results are expressed as the mean + standard error (SE). Statistical
analysis was performed via analysis of variance followed by Tukey's
test for multiple comparisons and Mann-Whitney U test for
nonparametric comparisons using Ekuseru-Toukei 2012 software

and GraphPad Prism ver. 9 (Dotmatics).

3 | RESULTS

3.1 | Effect of cGP on hydrogen peroxide-induced
death of hfNSCs

To determine whether cGP exerts protective effects against oxidative
damage in hfNSCs, we measured the viability of cGP-treated cells
after treatment with hydrogen peroxide (H,O,), which is used to
simulate oxidative stress conditions in cultured cells. H,O»-induced
cell death was attenuated by treatment with cGP in a dose-
dependent manner, and treatment with >100 nM cGP considerably
inhibited the reduction in cell viability after H,O, treatment
(Figure 1). Pretreatment with 1mM cGP for 2h had no effect on
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FIGURE 1 Viability of hfNSCs after treatment with H,O, and
cGP. Cells were treated with H,O, (100 uM) and cGP (0.1 nM-1 mM)
for 8 h. The results are presented as the mean + SE (n = 5), and black
dots indicate individual values in the group. Statistical analyses were
carried out using analysis of variance (Tukey's test). Cells treated
without H,O, and cGP were used as controls. **p < 0.01 compared
with control. cGP, cyclo-glycylproline; hfNSCs, human fetal neural
stem cells; H,O,, hydrogen peroxide
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viability in H,O,-treated hfNSCs (Figure S1a). Treatment with more
than 1 uM cGP also significantly attenuated H,O,-induced cell death
in SH-SY5Y cells (Figure S1b). Although the proliferation rate of
H,O,-treated hfNSCs could not be measured accurately because the
H,0,-treated hfNSCs had damaged and aggregated nuclei, the
addition of cGP at least prevented H,O,-expossed cell damage with
maintained cell proliferative capacity (Figure S2). The DPPH-radical
scavenging ratio of cGP (10 uM-10 mM) was 0.06%-0.6%, whereas
that of Trolox (positive control) was 25.5%, indicating that cGP had
no antioxidant capacity (Figure S3). These results indicate that cGP
prevents oxidative stress-induced cell death in hfNSCs without direct
radical-scavenging activity. Additionally, cGP had no effect on the
differentiation of hfNSCs into astrocytes and neurons (Figure S4). As
the protective effect of cGP against oxidative stress was in a dose-
dependent manner, the highest concentration (1 mM) of cGP was

used throughout subsequent experiments.

3.2 | Analysis of global gene expression in H,O,-
and cGP-treated hfNSCs

To elucidate the potential mechanism of cGP in preventing oxidative
damage in NSCs, we performed comprehensive gene expression
analysis using RNA-seq. All DEGs (a, 24,039; b, 23,839) were
visualized using Volcano plots for H,O, treatment of hfNSCs for
8h. H,O, treatment considerably upregulated (>2-fold) 259 genes
and downregulated (<0.5-fold) 698 genes in hfNSCs (Figure 2a). To
visualize the biological response after H,O, treatment, the genes
were sorted according to the Reactome pathway. The enriched
pathways in upregulated genes included TP53-mediated transcrip-
tion, which is triggered by various external stress stimuli (Figure S5a);
enriched pathways in downregulated genes included a gene cluster
related to neuronal functions, such as protein-protein interactions at
synapses, neuronal system, and axon guidance (Figure S5b). In
enrichment analysis using the Reactome pathway database, addition
of cGP with H,O, upregulated various gene exprssion (transcription),
including transcriptional regulation by TP53 compared to treatment
of H,0, alone (Figure S5c). Genes associated with the cell cycle were
downregulated following cGP treatment (Figure S5d). Treatment with
cGP alone altered the expression of only 14 genes in hfNSCs
(Figure S5e), whereas co-treatment with cGP and H,O, significantly
altered the expression of >500 genes compared to that obtained via
treatment with H,O, alone (Figure 2b). To identify the group of
genes regulated via cGP treatment, we focused on the upregulated
and downregulated genes only in the H,O, + cGP treatment group.
For the 223 upregulated genes, we observed significant enrichments
in external stress-induced signals, including TP53 and p38MAPK
(Figure 2c). In contrast, cell cycle-associated genes were significantly
enriched in downregulated genes following treatment with H,O, +
cGP (Figure 2d).

To validate the results of whole-transcriptome RNA-seq, the
expression levels of genes related to p53 and the cell cycle were

evaluated using quantitative PCR. The expression levels of some p53
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(a) Control vs H,0, (b) H,0, vs H,0,+cGP
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pathway-related genes, such as TP53I3, PIDD1, TNFRSF10B, and p21,
in H,O,-treated hfNSCs were significantly higher than those in
control cells (Figure 3a). Consistent with the results of RNA-seq
analysis, the expression of upregulated genes induced by activation
of the p53 pathway, including mouse double minute 2 homolog
(MDM2), TP53I3, PIDD1, TNFRSF10B, ZMAT3, and p21, in H,O,+
cGP-treated cells were considerably increased compared to that in

H,0,-treated cells alone (Figure 3a). In contrast, the expression levels
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of some cell cycle-associated genes, such as CDC20, CCNB1, and
CCNB2, in H,O,-treated hfNSCs were 1.2-1.4-fold higher than those
in control cells (Figure 3b). The gene expression of cell cycle-
associated genes, such as CDC20, CCNB1, CCNB2, CENPA, and
EHMT2, in H,O, +cGP-treated cells was considerably decreased
compared to that in H,O,-treated cells, which agreed with the RNA-
seq results (Figure 3b). p53 protein levels in H,O, + cGP-treated

hfNSCs for 4 h were significantly increased compared with those in

(a) p53 pathway

1.04

o
0.5+
0.0

FIGURE 3 Gene expression associated with the p53 pathway and cell cycle in hfNSCs after treatment with H,O, and cGP. The expression
levels of p53-related (a: MDM2, TP53I3, PIDD1, TNFRSF10B, ZMATS3, p21, and Tp53) and cell cycle-associated (b: CDC20, CCNB1, CCNB2,
CENPA, and EHMT2) genes were measured at 8 h after treatment with H,O, and 1 mM cGP. Results are expressed as values (mean * SE) relative
to the control (n = 3 each). Statistical analyses were carried out using analysis of variance (Tukey's test). *p < 0.05; **p < 0.01. cGP, cyclo-
glycylproline; hfNSCs, human fetal neural stem cells; H,O,, hydrogen peroxide

MDM2 TP53I3 PIDD1 TNFRSF10B ZMAT3
] e PR [ 3 s s  am 21 x_ax -
3+ : o 2-
2
c 21 | 1
9 ! o 2
- "
* | | i
Q
x5 0 0 0 0
(]
c
o
o
o
2
ki
o O Control
x B H,0,
[ H,0,+cGP
(b) Cell cycle

S cDC20 CCNB1 CCNB2 CENPA EHMT2
‘B 24 1.5 29
8 154 x e * _mx o _wk T
E— o] 1.0
5 109 12 [ Control
g 14 1 HH,0,
g’ ’ 0.5+ T 0.5 O H,0,+cGP
> )
2 =
: i I ]
oy 0 0.0 0.0 0-
(2

FIGURE 2 Transcriptomic and enrichment analyses in hfNSCs treated with 100 uM H,0, and 1 mM cGP for 8 h. (a, b) Volcano plots
indicating -log10 p-value in relation to the log2 scaled fold-change for the (a) control versus H,O, treatment and (b) H,O, versus H,O, + cGP
treatment. Genes that passed the significance threshold false discovery rate adjusted p-value <0.05 and expression cut-off log, (fold-change) >1.
0 and <-1.0 are indicated in red and blue, respectively. (c, d) Venn diagram indicating the numbers of (c) upregulated and (d) downregulated
DEGs identified by comparing the control and H,O, or H,O, + cGP treatments. In total, 223 genes (red) were upregulated, and 370 genes (blue)
were downregulated in only the H,O, + cGP treatment group; these genes were enriched in the Reactome pathway in the PANTHER
Classification System. cGP, cyclo-glycylproline; hfNSCs, human fetal neural stem cells; H,O,, hydrogen peroxide

85U80|7 SUOWIWOD aAIe1D 3|cedljdde aup Aq peusenob ase sspie YO ‘88N Jo Sejni 10y ArIqiT8ul|UO /8|1 UO (SUOTPUCD-pUR-SLUBY 0D A8 1M ATeIq 1 U1 UO//SANY) SUORIPUOD pUe SWid | 841 89S *[Z0zZ/0T/6T] U0 Akigi]auluo A8 |IM BuUIYD JO AiseAIUN Ueso0 Aq 0r60€E dol/Z00T 0T/I0p/LI0o" A8 | ARelq 1jeul|uo//SANY WOl papeo|umod ‘Z ‘€202 ‘269260T



MUROTOMI ET AL.

440 Journalof:
—LWI |B) DA & Collular Physiology

H,0,-treated cells (Figure Sé). These results suggest that cGP
induces the additional increase in p53 protein after the addition of
H,0,, resulting in upregulation of TP5313, MDM2, and p21 expres-
sion levels compared to the cells treated with H,O, (Figure 3a). Given
that activation of the p53 pathway induces cell cycle arrest and
apoptosis (Chen, 2016), our gene expression analyses indicate that
cGP treatment may promote the activation of the p53 pathway and
subsequent downregulation of cell cycle-associated gene expression
under oxidative stress conditions in hfNSCs.

Although the p53 pathway was activated in H,O,-treated hfNSCs in
GO analysis (Figure S5a), the degree of activation of p53 signaling in
H,O,-treated cells was not higher than that in H,O,- and cGP-treated
cells (Figure Sé). The mild activation of p53 signaling may not contribute
to downregulating cell cycle-related genes that were not included in the
group of downregulated genes in H,O,-treated cells in the enrichment
analysis (Figure S5b). RT-qPCR analysis revealed that the cell cycle-related
gene expression levels in the H,O,-treated group were significantly
higher than those in the control group, but the degree of increase was
observed to be only 1.2-1.4-fold (Figure 3b). These results suggest that
the effect of oxidative stress on the cell cycle in hfNSCs may be mild
since the activity of the p53 pathway in these cells is only slightly higher
under the oxidative stress conditions.

3.3 | cGP-induced signal transduction pathway in
hfNSCs

cGP has been reported to promote the activation of tyrosine
phosphorylation of the IGF-1 receptors in rat brain (Guan et al.,
2014) and inhibiting in mammary gland (Singh-Mallah et al., 2017), and
protein phosphorylation regulates the activity of the p53 signaling
pathway (Maclaine & Hupp, 2009). Therefore, we used a comprehen-
sive protein phosphorylation array to investigate whether cGP affects
the activation of intracellular signaling pathways via protein phospho-
rylation in hfNSCs (Figure 4a). The active pathways based on rank
product analysis (p < 0.05) in hfNSCs after H,O, + cGP treatment are
indicated by colored and yellow lines and are listed in a table in
Figure S7. This array revealed that the epidermal growth factor signal
was significantly activated from the receptor and nuclear transcription
in H,O5 + cGP (Figure S7). The activated pathways in H,O, + cGP-
treated cells were included in the mitogen-activated protein kinase 6
(MAPK6)-MAPK4 (extracellular signal-regulated kinase 3 [ERK3]-ERK4)
and phosphoinositide 3-kinase-protein kinase B (Akt) signaling path-
ways (Figure S7). The subtracted fluorescence intensity of the pathway
comprising proteins, such as CDC14A, CDKN1B, and MAPKAPKS5, in
H,0, + cGP-treated cells was significantly increased compared to that
in HyO,-treated cells (Figure 4b). Western blotting analysis similarly
showed that the ratio of phosphorylated ERK and Akt in H,O, + cGP-
treated cells was significantly increased compared to that in H,O,-
treated cells (Figure 4c,d). The ratio of pERK in H,O, + cGP-treated
cells was similar to that in the control (Figure 4c), suggesting that
treatment of hfNSCs with H,O, suppresses the activity of the MAPK
pathway, and cGP may prevent the inactivation of its pathway. The

levels of phosphorylated Akt in the H,O, + cGP treatment group were
considerably increased compared to those in the H,O, treatment group
(Figure 4d). These results suggest that cGP not only contributes to the
maintenance of MAPK but also activates Akt-mediated signals in NSCs
exposed to oxidative stress.

3.4 | Effect of an MDM2 inhibitor on the
protective effect of cGP against oxidative stress-
induced cell death

cGP treatment induced the expression of MDM2, the principal
cellular antagonist of p53 (Moll & Petrenko, 2003), suggesting that
cGP inhibits excessive activation of the p53 pathway via upregulation
of MDM2 in hfNSCs exposed to oxidative stress. To test this
hypothesis, we investigated the effect of the MDM2 inhibitor nutlin-
3 on H,05-induced cell death in hfNSCs. The expression level of p21,
a p53-dependent transcriptional factor, after nutlin-3 treatment was
significantly increased in control cells and H,O, + cGP-treated
hfNSCs (Figure S8), suggesting that upregulated MDM2 by cGP
contributes to regulating the transcriptional activation of p53.
Treatment with nutlin-3 alone had no effect on the decrease in
viability of H,O,-treated hfNSCs (Figure 5). Although cGP treatment
prevented the H,O,-induced decrease in the viability of hfNSCs,
treatment with nutlin-3 considerably reduced cell viability, even in
the presence of cGP, in a concentration-dependent manner. These
results demonstrate that the protective effects of cGP on oxidative
stress-induced cell death in hfNSCs is mediated by MDM2 activation.

Furthermore, to reveal the involvement of MDM2 in cell apoptosis,
we analyzed apoptosis in hfNSCs in the absence or presence of the
MDM2 inhibitor nutlin-3 using an antibody against active caspase-3, a
marker for apoptotic cells. As shown in Figure S9, the rate of active
caspase-3-positive cells was significantly increased with H,O, treatment,
and the increase in active capsase-3 levels were completely inhibited by
the addition of cGP. In the presence of nutlin-3, the rate of active
caspase-3-positive cells in cGP-treated cells tended to increase, but there
were no significant differences in the rate of active caspase-3-positive
cells between the H,O,+cGP and nutlin-3+H,0O,+cGP groups
(Figure S9). However, there were clear abnormalities in cell morphology,
such as cell shrinkage and nuclear fragmentation, which occurs during the
apoptotic process, that were observed in the nutlin-3 +H,O, +cGP
group when hfNSCs were visualized using an antibody against nestin, an
intermediate filament expressing neural stem cell (Figure S9). This result
suggests that the inhibition of MDM2 prevents the cytoprotective effect

of cGP during oxidative stress conditions.

3.5 | Involvement of Akt phosphorylation in
MDM2 expression in hfNSCs

MDM2-mediated ubiquitination and degradation of p53 are
mediated by Akt phosphorylation in human breast cancer cells
(Ogawara et al., 2002). To investigate whether Akt contributes to
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FIGURE 4 cGP-mediated phosphorylation pathway in hfNSCs. (a) Schematic diagram of the experimental workflow for phosphorylation
profiling in hfNSCs. The cells were treated with 100 uM H,O, and 1 mM cGP for 4 h before extracting the cell lysates. Phosphorylation degrees
of 1,200 proteins were determined using the protein array, and the activity of the 376 pathways was estimated via computational analysis. Data
in nontreated cells were used for comparison. (b) Subtracted fluorescence intensity of proteins (indicated by red squares in Figure S7) comprising
the active pathway are indicated as a bar graph. Statistical analyses of the probability of each pathway and fluorescence intensity were carried
out using hypergeometric distribution and Mann-Whitney U test, respectively. (c) Phosphorylated ERK and (d) Akt in hfNSCs at 4 h after H,O,
and cGP treatments were analyzed via western immunoblotting. Bands corresponding to p-ERK and p-Akt were scanned, and the scanned bands
were normalized by ERK or Akt, respectively, in their same samples. The results are expressed as values (mean * SE) relative to the control (n =3
each). Statistical analyses were carried out using analysis of variance (Tukey's test). *p < 0.05; **p < 0.01. Akt, protein kinase B; cGP, cyclo-
glycylproline; ERK, extracellular signal-regulated kinase; hfNSCs, human fetal neural stem cells; H,O,, hydrogen peroxide
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regulate MDM2 expression, we investigated the effect of the PI3K/
Akt inhibitor LY294002 on MDM2 upregulation by H,O, and cGP
treatment in hfNSCs. The treatment of more than 50 uM LY294002
for 6h completely inhibited Akt phosphorylation in hfNSCs
(Figure S10). Treatment of LY294002 significantly decreased the
expression of MDM2 in both normal and H,O, + cGP-treated cells
(Figure 6), indicating that cGP-mediated Akt activation upregulates

the expression of MDM2 under oxidative stress conditions.
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FIGURE 5 Effects of MDM2 inhibitor nutlin-3 on cell viability
after treatment with H,O, and cGP in hfNSCs. Nutlin-3 was added to
the hfNSCs for 24 h, and the cells were treated with 100 uM H,O,
and 1 mM cGP for 8 h. The results are presented as the mean + SE
(n=5) and black circles indicate individual values in the group. Cells
treated without nutlin-3, H,O,, and cGP were used as controls.
Statistical analyses were carried out using analysis of variance
(Tukey's test). **p < 0.01 compared with 100 uM H,O, and 1 mM
cGP treatments. cGP, cyclo-glycylproline; hfNSCs, human fetal neural
stem cells; H,O,, hydrogen peroxide
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FIGURE 6 Gene expression of MDM2 in hfNSCs after treatment
with PIBK/Akt inhibitor LY294002. The expression levels of MDM2 were
measured at 8 h after treatment with H,O,, cGP, and LY294002. Results
are expressed as values (mean * SE) relative to the control (n = 3 each).
Statistical analyses were carried out using analysis of variance (Tukey's
test). *p < 0.05; **p < 0.01. cGP, cyclo-glycylproline; hfNSCs, human fetal
neural stem cells; H,O,, hydrogen peroxide

4 | DISCUSSION

cGP administration has been reported to exert beneficial effects on
the brain, including the improvement of tissue damage and
facilitation of task learning after ischemic brain injury (Kaneko
et al,, 2022). Even though cGP effects are mediated through IGF-1
signaling pathway (Guan et al., 2014), the molecular mechanism and
specific signaling pathway underlying the protective effects of cGP
has not been elucidated. In the present study, we found that cGP
attenuates oxidative stress-induced cell death mediated by the
MDM2-p53 pathway in hfNSCs.

Oxidative stress is involved in the development of various brain
diseases, including brain ischemia, Alzheimer's disease, and Parkin-
son's disease (Navarro-Yepes et al., 2014). As neurons are highly
susceptible to oxidative stress owing to their low antioxidant defense
and lipid-rich content (Cobley et al., 2018), it is important to prevent
reactive oxygen species-induced oxidative damage in neurons to
maintain brain health. Our results indicate that simultaneous
treatment of hfNSCs with cGP and H,0, attenuated H,O,-
mediated cell death, although cGP showed no radical scavenging
capacity and did not affect the differentiation of hfNSCs to
astrocytes, which has a higher antioxidant capacity due to the stable
expression of nuclear factor erythroid-derived 2-like 2-mediated
transcriptional activation of antioxidant genes (Bolafios, 2016).
Notably, treatment with cGP alone did not affect gene expression
in hfNSCs under non-stress conditions (Figure S5e), suggesting cGP
did not alter cell survival mechanism without injury due to its mode of
action that normalizes IGF-1 function. Co-treatment with H,O, and
cGP significantly altered the expression of >500 genes compared to
after H,O, treatment (Figure 2b), and enrichment analysis revealed
that co-treatment with H,O, and cGP induced upregulation of p53
pathway-related genes and downregulation of cell cycle-related
genes (Figures 2c¢,d and 3a,b). Activation of p53 signaling has been
reported to lead to apoptotic cell death (Prives & Hall, 1999). The two
results, attenuation of cell death and activation of p53 pathway
observed by co-treatment of cGP and H,0, seems to be
contradictory. However, we found that MDM2, a central regulator
of the p53 pathway, was upregulated in H,O,- and cGP-treated
hfNSCs, and that nutlin-3, an inhibitor of the MDM2-p53 interaction,
reversed the inhibition of cell death following treatment with cGP
(Figure 5). Furthermore, nutlin-3 induced the morphological abnor-
malities that occurred during the apoptotic process in H,O, + cGP-
treated hfNSCs (Figure S9). These findings demonstrate that MDM2
plays a key role in the protective effect of cGP against oxidative
damage in NSCs. Although an increase in p53 transcriptional activity
induces MDM2 expression (Perry et al.,, 1993), MDM2 promotes
degradation of p53 protein via ubiquitination (Haupt et al., 1997) and
inhibits p53-mediated cellular responses, such as apoptosis. In fact,
inhibition of MDM2 significantly upregulated the expression of p21, a
p53-dependent transcriptional factor (Figure S8), which is consistent
with a previous study (Enge et al., 2009). As the two proteins
negatively regulate each other, p53 and MDM2 form an autoregu-
latory feedback loop (Moll & Petrenko, 2003; Prives & Hall, 1999; Wu
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et al., 1993). Considering our results together with these findings,
cGP-mediated upregulation of MDM2 may be an essential event in
attenuating oxidative damage in hfNSCs, and it is strongly suggested
that MDM2/p53 activation is involved in the protective effect of cGP
against oxidative stress-induced cell death.

MDM2 and p53 activities are regulated by protein phosphoryl-
ation (Chibaya et al., 2021; Maclaine & Hupp, 2009). Our results
indicate that MAPK and Akt signaling pathways are activated by cGP
treatment under oxidative stress conditions, and that these pathways
represent targets for the regulation of cGP-mediated MDM2-p53
activation. cGP retains the affinity of binding to IGFBP3, which
regulates bioavailable IGF-1 by competing with IGF-1 to bind IGFBP3
(Guan et al., 2014). hfNSCs endogenously expressed IGFBP3 and
IGF-1 mRNA, and these expression levels were disturbed in H,O,-
treated hfNSCs (Figure S11). As IGF-1, which is secreted from NSCs
themselves (McGinley et al., 2016), activates phosphoinositide
3-kinase/Akt signaling via the receptor tyrosine kinase IGF-1
receptor, the increase in Akt phosphorylation in cGP-treated hfNSCs
(Figure 4b,c) may have resulted from upregulation of bioavailable
IGF-1. Akt enhances the ubiquitination and degradation of p53
mediated by MDM2 (Ogawara et al., 2002). In hfNSCs, the Akt
inhibitor LY294002 significantly decreased the expression of MDM2
in both normal and H,O, + cGP-treated cells (Figure 6), indicating

that cGP-mediated Akt activation upregulates the expression of
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MDM2 under oxidative stress conditions. Thus, cGP-induced activa-
tion of Akt-MDM2 may be linked to negative regulation of the p53
pathway and subsequently leads to attenuation of NSC death
induced by oxidative stress (Figure 7). cGP may also attenuate
H,0,-induced cell death mediated by the activation of other signals
except for IGF-1 signal as MAPK6-MAPK4 pathway, which is
activated as downstream signal of class | p21 activated kinases in
RAC- or CDC42-dependent manner (Déléris et al., 2008, 2011), was
also activated by treatment of cGP (Figure S7). Considering previous
reports, IGF-1-mediated Akt activation may be more strongly
affected by cGP than MAPK6-MAPK4 pathway.

Although it is well-known that oxidative stress adversely affects
neural cells, the molecular mechanism underlying H,O,-mediated cell
damage in hfNSCs has not been investigated. GO enrichment analysis
revealed that H,O, treatment upregulated stress-induced cellular
responses, including p53-mediated transcription regulation and cellular
responses to stress (Figure S5a) and downregulated neuronal function-
related pathways, including protein-protein interactions at synapses and
neuronal systems (Figure S5b). Activation of p53 not only induces cell
cycle arrest via the transcriptional activation of p21/WAF1 (Harper et al.,
1993), which can inhibit Cdk2- and Cdc2-mediated regulation of G1/S
and G2/M transition, respectively (Chen, 2016) but also induces apoptotic
cell death by inducing ERK dephosphorylation (McCubrey et al., 2008). In
fact, the level of phosphorylated ERK was decreased in H,O,-treated
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FIGURE 7 Putative mechanism of the protective effect of cGP on oxidative stress-mediated neural stem cell damage. (a) Mechanism of
neuronal cell death mediated by H,O,-induced oxidative damage. H,O, induced inactivation of ERK accompanied by activation of p53 signaling,
which can lead to apoptosis and neural dysfunction. (b) cGP induced p53 negative feedback via Akt-mediated MDM2 activation. The p53
negative feedback prevents p53-induced inactivation of ERK, subsequently leading to apoptosis and neural dysfunction. cGP, cyclo-
glycylproline; ERK, extracellular signal-regulated kinase; H,O,, hydrogen peroxide
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hfNSCs (Figure 4c). Activation of ERK by phosphorylation contributes to
neuronal survival by protecting against p53-dependent apoptosis
(Anderson & Tolkovsky, 1999), and inactivation of ERK disrupts neuronal
function in fragile X syndrome (Kim et al., 2008). These findings indicate
that p53 activation and downstream inactivation of ERK are pivotal
pathways involved in H,Os-induced oxidative damage in hfNSCs. In
addition, we found that the simultaneous addition of cGP inhibited the
dephosphorylation of ERK by H,O, treatment (Figure 4c). Our results
suggest that cGP is also involved in the reduction of oxidative damage via
regulation of ERK phosphorylation.

It has been reported that the activation of the p53 pathway
induces cell cycle arrest (Chen, 2016). Our results show that some
cell cycle-related genes were significantly increased in H,O,-treated
hfNSCs whereas the p53 pathway was activated in GO analysis in
H,O,-treated hfNSCs after 8 h (Figure S5a). However, the p53
protein levels in H,O,-treated cells after 4 h was comparable to those
in control cells (Figure Sé), resulting in the activity of the p53
pathway in H,O,-treated cells possibly being basal level or only
slightly elevated. Due to the slight activation of the p53 pathway in
H,O,-treated cells, it is hypothesized that the expression levels of
cell cycle-related genes upon H,O, treatment were not significantly
decreased (Figure 3b), and the decrease in the pathway annotated as
“cell cycle” were not observed in GO analysis (Figure S5b). Further-
more, p53 protein levels and MDM2 expression in H,O, + cGP-
treated cells were significantly increased compared with those in
H,O,-treated cells, suggesting that the p53 pathway activity in the
H,0, + cGP group is higher than that in the H,O,-treated group. It
was previously indicated that activation of the IGF-1 receptor after
cisplatin treatment contributes to the accumulation of p53 protein
(Davaadelger et al., 2016). Therefore, the addition of cGP to H,0,-
treated cells induces accelerated activation of the p53 pathway
accompanied with the marked upregulation of MDM2 under
oxidative stress conditions. Furthermore, the distinct downregulation
of cell cycle-related gene expression was observed. Previous research
has indicated that MDM2 regulates apoptosis in acute myeloid
leukemia cells mediated by p53-dependent ERK activation, and the
authors postulated that abundant p21 protein induced by p53
activation may trigger pro-survival cell cycle arrest (Pan et al., 2017).
Considering this report and our findings, we speculate that the
upregulation of MDM2 with cGP treatment may strongly contribute
to the regulation of p53-mediated cell apoptosis rather than cell cycle
arrest under oxidative stress conditions.

In the current study, we demonstrated that cGP attenuated
oxidative stress-induced cell death in hfNSCs by activating the
MDM2-p53 pathway. This is the first study to reveal the molecular
mechanism underlying cGP-induced neuroprotective properties in a
model of brain damage. cGP can bind to IGFBP-3 and modulate the
IGF-1 signaling pathway by regulating the bioavailability of IGF-1
(Guan et al., 2014; Singh-Mallah et al., 2017). Further, we confirmed
that IGF-1 and IGFBP3 mRNA were endogenously expressed in
hfNSCs (Figure S11). IGFBP3 mRNA expression levels were
significantly increased after H,O, treatment and were further
increased with the addition of cGP (Figure S11). In contrast, IGF-1

mRNA levels were significantly decreased with H,O, treatment
(Figure S11). These results are sufficiently assumed under the
treatment with H,O, and cGP because IGF-1 expression is reduced
by H,O, treatment (Tang et al., 2020), and IGFBP3 is transcribed by
p53 (Buckbinder et al., 1995). Although we could not measure the
bioavailable IGF-1 content after H,O, and cGP treatments, the
exogenous cGP allowed for the increase in bioavailable IGF-1 levels
by inhibiting IGFBP3 binding to IGF-1, resulting in the induced
activation of IGF-1 signaling in hfNSCs (Figure 7). It is also important
to identify the molecular mechanisms for modulating enzymatic
activities to cleave IGF-1 to cGP and break down IGFBP-3, the
content of bioavailable IGF-1, and time course of changes in activity
of p53 pathway after H,O,+cGP treatment, which we hope to
investigate in future studies. Severe life stress is closely related to
brain oxidative stress via excessive generation of reactive oxygen
species, and long-lasting chronic life stress leads to the development
of neurodegenerative and psychiatric disorders (Schiavone et al.,
2013). Although MDM2-mediated inhibition of p53 may be involved
in oncogenesis (Konopleva et al., 2020), treatment with cGP alone
cannot upregulate MDM2 under nonstress conditions. Furthermore,
cGP treatment inhibits EL-4 thymic lymphoma-derived tumor growth
in mice (Guan et al., 2014). Considering that cGP has almost no effect
on NSCs without injury due to its mode of action that normalizes IGF-
1 function, cGP intake may exert beneficial effects for preventing
neurodegenerative and psychiatric disorders in the damaged brain
and in the healthy brain exposed to some life stress. Therefore, cGP
administration represents a promising strategy for preventing and

improving brain damage without adverse effects.
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