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Glucose-dependent insulinotropic polypeptide (GIP), a 42-amino- 
acid hormone, exerts multifaceted effects in physiology, most 
notably in metabolism, obesity, and inflammation. Its significance 
extends to neuroprotection, promoting neuronal proliferation, 
maintaining physiological homeostasis, and inhibiting cell 
death, all of which play a crucial role in the context of neu-
rodegenerative diseases. Through intricate signaling pathways 
involving its cognate receptor (GIPR), a member of the G pro-
tein-coupled receptors, GIP maintains cellular homeostasis and 
regulates a defense system against ferroptosis, an essential pro-
cess in aging. Our study, utilizing GIP-overexpressing mice 
and in vitro cell model, elucidates the pivotal role of GIP in 
preserving neuronal integrity and combating age-related damage, 
primarily through the Epac/Rap1 pathway. These findings shed 
light on the potential of GIP as a therapeutic target for the patho-
genesis of ferroptosis in neurodegenerative diseases and aging. 
[BMB Reports 2024; 57(9): 417-423]

INTRODUCTION

Glucose-dependent insulinotropic polypeptide (GIP) is a 42- 
amino-acid polypeptide initially discovered in endocrine K 
cells of the upper small intestine. While GIP’s primary func-

tion as an incretin hormone involves inhibiting gastric secre-
tion and enhancing insulin release during hyperglycemia, its 
signaling effects also reach to the brain (1). It also acts as a 
neurotrophic factor, promoting cell proliferation and protec-
ting neurons by enhancing repair and blocking cell death. 
Through this, GIP demonstrates neuroprotective effects against 
various stressors implicated in neurodegenerative diseases like 
Alzheimer's and Parkinson's disease (2). 

Ferroptosis, a form of programmed cell death instigated by 
iron-dependent lipid peroxidation through divalent iron or 
ester oxygenase, is critical in diverse physiological processes 
(3). Lipid peroxidation plays an important role in regulating the 
aging process, and extensive evidence suggests that lipid 
peroxidation increases with advancing age (4). Its impact on 
managing cellular homeostasis has become a central focus of 
contemporary aging research (5). 

Neuronal complexity of the brain is a multifaceted process 
involving intricate cellular and molecular events (6). While neural 
interactions are largely associated with the activation of protein 
kinase A (PKA) by the second messenger cAMP, an alternative 
cAMP-dependent mechanism has emerged involving exchange 
protein directly activated by cAMP (Epac). Epac responds to 
fluctuations in cAMP concentrations, facilitating the activation of 
small Rap GTPases. Growing pieces of evidence suggest that Epac 
plays a significant role in cell physiology including integrin- 
mediated cell adhesion, vascular endothelial cell barrier forma-
tion, hormone gene expression, and mitogen-activated protein 
kinase (MAPK) signaling. Once, Epac functions as a cAMP-binding 
protein with guanine nucleotide exchange factor (GEF) activities 
for the small GTPase, Rap1 that modulate these cellular functions 
(7, 8). Thus, the Epac/Rap1 pathway is valuable for cell growth, 
tissue damage, and homeostasis maintenance (9). Here, our fin-
dings unveil the exceptional role of GIP, acting through the 
Epac/Rap1 signaling pathway, in inhibiting ferroptotic cell death 
and maintaining homeostasis in the aging brain.
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Fig. 1. GIP overexpression facilitates cell proliferation through a 
well-coordinated cell cycle progression in NB41A3 cells. The (A) 
mRNA expression and (B) protein levels of GIP were confirmed in 
mock and GIP overexpressing cells using qRT-PCR and Western
blotting, respectively. (C) The rate of cell proliferation was analyzed 
daily using CCK-8 assays until 72 h to compare proliferation between 
the control (Mock) and GIP overexpressing cells. (D) NB41A3 cells 
were collected and stained with PI to monitor cell cycle profiles for 
a FACS analysis. (E) A bar graph displaying the percentage of cells 
in each cell phase. (F–L) Real-time qPCR was used to measure the 
relative mRNA expression levels of cell cycle markers. Data from 
three independent experiments are presented as means ± SEM, and 
t-tests were performed to assess statistical significance: *P ＜ 0.05; 
**P ＜ 0.01; ***P ＜ 0.001; ****P ＜ 0.0001.

Fig. 2. GIP maintains cellular homeostasis by regulating lipid per-
oxidation in NB41A3 cells. (A) The viability of cells treated with 
glutamate at the indicated concentrations (x-axis) for 24 h was 
measured using CCK-8 assays. (B) Images of C11-BODIPY stained 
cells using a fluorescence microscope and bright-field images in 
the glutamate treatment or not. (C) The lipid peroxidation levels 
of cells treated with glutamate for 6 h and untreated cells (con-
trol) were measured using flow cytometry after C11-BODIPY staining.
The median fluorescence intensity of flow cytometric results were 
quantified. (D-G) The relative mRNA levels of four ferroptosis mar-
ker genes. (H) Western blot data represent between mock and GIP
overexpressing NB41A3 cells. (I-J) Bright-field images and quanti-
fication data indicate the mean of cell viability and recovery 
ability in the presence of Glu and Fer-1. All data from more than 
three independent experiments are presented as mean ± SEM, 
and t-tests were performed to assess statistical significance: *P ＜
0.05; **P ＜ 0.01; ***P ＜ 0.001; ****P ＜ 0.0001.

RESULTS

GIP overexpressing cells exhibit enhanced cell proliferation
To examine the effect of the GIP gene in the brain, we 
transfected a GIP overexpressing vector with a neuron-specific 
enolase (NSE) promoter into the NB41A3 mouse neuroblas-
toma cell line. Then we confirmed that GIP mRNA expression 
increased approximately 140-fold (Fig. 1A) and a significant 
increase in GIP protein abundance was also seen (Fig. 1B). 
Next, using a CCK-8 assay, we showed that cell proliferation 
was enhanced after 24 h in the GIP overexpressing cells (Fig. 
1C). Based on these data, the differences in cell cycle pro-
gression were further investigated using propidium iodide (PI) 
staining. Fluorescence-activated cell sorting (FACS) results 
showed that the proportion of cells in the G0/G1 phase ratio 
was reduced while that in the G2/M phase was significantly 
increased in NB41A3 cells overexpressing GIP (Fig. 1D, E). In 
addition, the mRNA expression level of Ki67 (Fig. 1F), a cell 
proliferation marker, was significantly increased in the GIP– 
overexpressing group, while those of p53 and p21 were dec-
reased (Fig. 1G, H). These proteins regulate cell cycle arrest 
and death in various neurological diseases (10-12). Moreover, 
the mRNA expressions of cdc25a and three CDK-series 
proteins, which facilitate the cell cycle, were also elevated in 
the GIP overexpressing cells (Fig. 1I–L).

GIP maintains cellular homeostasis and protects against 
ferroptotic cell death in NB41A3 cells by reducing lipid 
peroxidation, even in the absence of excessive inducers
The precision control of cell survival and death is crucial for 
maintaining homeostasis, facilitating cell-cell interactions, and 
regulating proliferation (13). In various neurodegenerative 
diseases, glutamate-induced oxidative stress causes a loss of 
cellular homeostasis and ultimately leads to neuronal cell 
death (14). To validate the adequate concentration of gluta-
mate (Glu) needed to induce neuronal cytotoxicity in NB41A3 
cells, we performed 24-hour glutamate treatments at increasing 
dosages on NB41A3, and cell viability was assessed (Fig. 2A). 
Cell viability continuously decreased, reaching about 50% 
with a 50 mM glutamate treatment. Though much higher 
glutamate concentrations were tested, NB41A3 cell viability 
was maintained even up to a glutamate concentration of 100 
mM, with viability changing little above 150 mM. Therefore, 
we selected 100 mM glutamate as a treatment to trigger 
intracellular oxidative stress under conditions that could maxi-
mize the difference between mock and GIP cells. To further 
examine the effects of glutamate-induced ferroptosis, bright- 
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Fig. 3. GIP-overexpressing TG mice exhibit reduced aging-induced 
ferroptosis. (A) Western blotting analyses were performed to detect 
GIP protein expression in whole brain sections by period. (B) Pro-
teins, including the gut, epididymis (EpiD), kidney (Kid), brain (Br), 
heart (He), lung (Lu), and spleen (Spl), in tissue samples from
11-week-old C57BL/6J WT mice were analyzed through western 
blotting. And (C) The cortex (Ctx), hippocampus (Hipp), cerebellum
(CB), olfactory bulb (OB), midbrain (Mid), and medulla (Med) re-
gions of WT mice were determined for GIP expression level. (D) A 
schematic showing the construction of the GIP-overexpression vector. 
(E) In TG mice, GIP-overexpression was confirmed using RT-PCR with 
primers targeting the transfected protein. (F) GIP level in mouse 
whole brain was analyzed in WT and GIP-Tg mice. (G) Light 
microscopy images of H&E-stained brain sagittal sections collected from 
1-year-old mice (n = 3). (magnification: bar 100 m). Thin arrows 
indicate intracerebral hemorrhages around blood vessels, and thick 
arrows indicate pyknotic nuclei. (H) Confocal microscopy images of 
cells stained with DAPI and immunostained for 4-HNE (red) in 
1-year-old WT and GIP-TG mice, merged staining images are 
included on the right (scale bars represent 20 m). (I) Quantification 
of 4-HNE positive cells (counts/mm2). (J-M) mRNA levels of ferroptosis 
markers were assessed by qRT-PCR. (N) Protein levels of ferroptosis 
markers were evaluated by western blot. All data are presented as 
the mean ± SEM (n = 3), and t-tests were performed to evaluate 
statistical significance: ***P ＜ 0.001 and ****P ＜ 0.0001.

field and C11-BODIPY581/591 fluorescence images were taken 
(Fig. 2B). The C11-BODIPY581/591 stain characteristically shifts 
from red to green fluorescence when lipids are oxidized, 
indicating lipid peroxidation (15). Therefore, we detected a 
significantly reduced level of green fluorescence intensity in 
the GIP overexpressing cells. A FACS analysis also showed 
that GIP exhibited low lipid peroxidation during the excessive 
glutamate treatment and even under normal untreated condi-
tions (Fig. 2C). This indicates that intracellular homeostasis 
was much better preserved in the GIP overexpressing NB41A3 
cells than in the mock cells, in general. In addition to the 
FACS results, previous studies using HT-22 overexpressing GIP 
cells also demonstrated the effectiveness of the GIP gene with 
or without glutamate treatment (16). Thus, to clarify the intra-
cellular protective function of GIP itself, we measured the 
mRNA expression levels of ferroptosis-related markers without 
glutamate treatment. The relative mRNA expression levels of 
xCT (Fig. 2D),GPX4 (Fig. 2E) (17), and Nrf2 (Fig. 2F) factors 
that suppress ferroptosis were elevated in the GIP overex-
pression group (18). In contrast, Nox1 (Fig. 2G), ferroptosis 
inducers, were significantly lower. The protein expression of 
relevant markers was also confirmed to be equally significant 
as the mRNA level (Fig. 2H). To affirm that GIP regulates 
glutamate-induced ferroptosis in NB41A3 cells, we observed a 
change in cell viability using a well-known ferroptosis inhi-
bitor, Fer-1. We confirmed that cell recovery was significantly 
improved in GIP-overexpressing cell lines when treated with 
Fer-1 through cell morphology and quantification of cell 
counts (Fig. 2I, J). Therefore, NB41A3 neuronal cells overex-
pressing GIP run active homeostatic mechanisms even with no 
additional glutamate-induced oxidative stress.

GIP-overexpressing transgenic mice exhibit reduced 
ferroptosis
To determine the basal expression level of GIP in vivo, we first 
measured GIP levels in whole brains harvested from WT 
C57BL/6J mice at 13.5, 15.5, and 18.5 of the embryonic stage 
and at weeks 0, 1, and 10 of postnatal stage. In a western blot, 
the signal from the GIP protein bands was increased drama-
tically on day 15.5 of the embryonic stage (Fig. 3A). After that, 
expression remained high for the rest of the testing period 
without significant change until the 10-week stage. Given 
these findings, we assumed that GIP would play a more 
substantial role in adult mice. In Fig. 3B, the protein levels of 
GIP was confirmed in various tissues of wild-type (WT) mice at 
11 weeks of age. As GIP is an incretin hormone (19), it was 
highly expressed in the gut (Fig. 3B). When the brain sections 
of 10-week-old wild-type mice were analyzed by region, the 
expression of GIP was exceptionally high in the cortex, 
hippocampus, and cerebellum and was lowest in the olfactory 
bulb of the mouse brain (Fig. 3C).

To prove the protective role of GIP in the mouse brain in vivo, 
we generated transgenic mice overexpressing GIP (GIP-TG mice) 
under the neuron-specific enolase (NSE) promoter using a vector 

that included a His-tagged stuffer gene (Fig. 3D). Genotyping was 
performed using RT-PCR to verify the successful generation of 
GIP-TG mice (Fig. 3E). In addition, we confirmed that the protein 
expression level of GIP was significantly higher in the whole 
brain of GIP-Tg mice compared to WT, thereby laying the 
foundation for establishing transgenic mice (Fig. 3F). Hemato-
xylin and eosin (H&E) staining was performed on sagittal sections 
spanning whole hemispheres 1-year-old mice, and the brain 
sections were imaged and measured (Fig. 3G). In control mice, 
several brain damage indicators were observed on the H&E- 
stained histological images that were absent in GIP-TG mice. In 
aging wild-type mouse brains, particularly in the cerebellum, 
hippocampus, and cerebral cortex, intracerebral hemorrhage 
around blood vessels (thin arrows in Fig. 3G) and a decrease in 
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Fig. 4. Activation of the Epac–Rap1b signaling pathway by GIP 
alleviates brain damage. Relative mRNA levels of Epac (A), Rap1a 
(B), and Rap1b (C) in mock and GIP-overexpressing NB41A3 cells 
were determined using qPCR. (D) The protein expressions of Epac
and Rap1b, as detected by western blotting. (E, F) Bright-field ima-
ges and its quantification in the treatment of CE3F4, glutamate, 
and Ferrostain-1. (G, H) Mice sagittal sections from the cerebellum 
of 1-year-old mice were immunofluorescence stained for GIP (red),
Epac1 (green), and DAPI (blue). (I) Coronal sections showing Epac
and Rap1b staining, showing notable signal increases in the TG 
mice (scale bars represent 100 m). Data are presented as means ±
SEM from more than three independent experiments, and t-tests 
were performed to assess statistical significance: **P ＜ 0.01.

the number of neurons were observed even though no specific 
disease was induced. Furthermore, some pyramidal cells 
exhibited vesicular nuclei, and most neurons became shrunken 
with vacuolated cytoplasm and pyknotic nuclei in the aged WT 
mice (thick arrows in Fig. 3G). An increase in the population of 
glial cells within the molecular layer was noted in 12-month-old 
WT mice (arrowheads). Additionally, we verified that while these 
brain damage and deformation of various neuronal or glial cells 
were evident in all the aged mice, the extent of it was 
significantly lower in GIP-TG mice. 

Given the findings of the in vitro experiments focusing on 
lipid peroxidation, we assessed the degree of ferroptosis in the 
brain tissue of 1-year-old mice through 4-hydroxynonenal (HNE) 
staining. The prevalent, highly toxic, stable end product of lipid 
peroxidation has been implicated in tissue damage, dysfunction, 
injury associated with aging, and other pathological conditions 
(20, 21). The intensity of 4-HNE staining, observed via immuno-
fluorescence, was found to be significantly higher in aged WT 
mice, while it was scarcely observed in GIP-TG mice (Fig. 3H, I). 
These in vivo experiments proved that overexpression of GIP 
greatly inhibits the occurrence of the ferroptosis associated with 
aging, so we examined the expression of ferroptosis marker 
genes in WT and GIP-TG mice. The relative mRNA levels (Fig. 
3J-M) and protein expression (Fig. 3N) of the negative ferroptosis 
regulators xCT/SLC7A11, glutathione peroxidase 4 (GPX4), and 
nuclear factor erythroid-2-related factor 2 (Nrf2) increased mark-
edly in GIP-TG mice, while NOX1 for a ferroptosis inducer, 
levels decreased. In both the in vivo (Fig. 2) and in vitro (Fig. 3) 
experiments, GIP inhibited or delayed the ferroptosis associated 
with aging, which results from lipid peroxidation and fluctua-
tions in the relevant proteins.

GIP maintains neuronal homeostasis during aging through 
the Epac-Rap1b signaling pathway

In previous research, GIP has been shown to mediate 
several physiological cAMP signal actions involving crosstalk 
between PKA and MAPK that are important for neuronal 
development and survival (22). Because of this, we delibera-
tely chose to investigate the intricate relationship between GIP 
and Epac, focusing on their interactions within the cAMP 
downstream signaling pathway. Beginning with an investigation 
into mRNA levels using qRT-PCR in NB41A3 cells overex-
pressing GIP in vitro, our findings unveiled a notable increase 
in Epac expression (Fig. 4A). Although we observed a slight 
uptick in Rap1a levels, the change was not statistically signi-
ficant (Fig. 4B). Therefore, we focused on other monomeric 
G-proteins, particularly Rap1b (23), which exhibited a clear 
and statistically considerable expression increase (Fig. 4C). 
Subsequently, western blot analyses revealed discernible in-
creased expression of both Epac and Rap1b in GIP overex-
pressing cells (Fig. 4D). To clarify GIP-Epac-Rap1 signaling 
pathway for ferroptosis inhibition for the first time, we used 
the CE3F4 as an Epac1 inhibitor. We discovered that the 
reduction in cell number and increased cell death in the GIP 

overexpressing cell line was more pronounced with Epac 
inhibitor treatment compared to the mock group. And gluta-
mate treatment in the presence of an Epac inhibitor signifi-
cantly exacerbated glutamate-induced cell death in GIP over-
expressing cell lines, markedly reducing cell viability. Additionally, 
when cell recovery was assessed with Ferrostatin-1 (Fer-1), a 
well-known ferroptosis inhibitor, there was a substantial 
increase in cell viability and recovery in the GIP overexpressing 
cell line compared to the mock cells (Fig. 4E, F). Furthermore, 
in vivo immunofluorescence experiments using cerebellum 
tissue of both WT and GIP-TG mice showed the co-loca-
lization of Epac and GIP (Fig. 4G). Notably, a distinct increase 
in Epac and Rap1b levels in GIP-TG was observed (Fig. 4H). 
Combining the co-localization and protein expression data of 
these related markers, the activation of signal transduction 
between GIP and Epac was successfully demonstrated. Addi-
tionally, Rap1b, a downstream signaling factor of Epac, was 
shown to be activated in the cerebral cortex of WT and 
GIP-TG mice, confirming once again through immunohisto-
chemistry that GIP protects against oxidation by activating the 
Epac–Rap1b signaling pathway (Fig. 4I). In summary, we 
investigated the Epac-Rap1 signaling cascade both in neuronal 
cells and mice by specifically augmenting GIP expression in 
neurons showing that GIP at least delays age-related brain 
damage and injury occurring from ferroptosis.
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DISCUSSION

Although extensive research is needed to prove the associa-
tions between lipid peroxidation and aging, recent studies 
suggest that oxygen-derived free radicals and membrane lipid 
modifications are probably critical factors in the aging process. 
These age-associated pathologies are related to changes in 
cellular components and metabolism homeostasis and are also 
inevitable in the central nervous system. We may have also 
elucidated a positive correlation between aging and lipid pero-
xidation, as evidenced by the extent of lipid peroxidation 
observed in younger and older mice. 

This study expanded on our previous research investigating 
the impact of GIP overexpression in HT-22 cells (16), broa-
dening the range to encompass neuronal cell lines beyond 
hippocampal cells. As seen in HT-22 cells, upon overex-
pression of GIP in NB41A3 cells, we observed a smoother 
transition to the S and G2/M phases. The FACS data showing a 
decrease in the observed cell ratio of G0/G1 phase cells may 
imply GIP decreases cell death. Furthermore, for the first time 
in vivo, established neuron-specific GIP-TG mice showed 
reduced oxidative stress and the maintenance of homeostasis 
without damage or induction. Consequently, we opted for an 
aging model instead of artificial ferroptosis inducer injections 
to observe the protective effect of GIP in vivo. 

Our findings also revealed that GIP triggers the activation of 
the Epac/Rap1b signaling pathway (Fig. 4), thereby protecting 
neuronal cells from ferroptosis-induced damage. It is known 
that Epac/Rap1b stimulation plays a crucial role in synaptic 
plasticity, neuronal excitability, and neuronal polarity to memory 
and learning (8). However, we demonstrated for the first time 
that aging-induced ferroptosis and possibly related chronic 
diseases are alleviated through GIP/Epac/Rap1 signaling using 
in vitro and in vivo systems. The various demonstrated effects 
of GIP suggest that Epac is responsible for Rap1b activation 
during ferroptosis inhibition and homeostasis maintenance. 
Also, Epac promotes the proliferation and migration of vascular 
smooth muscle cells and increases anti-inflammatory gene 
expression (24). In this regard, Fig. 3G and 4H could also be 
interpreted as showing enhanced blood vessels in GIP-TG 
mice due to the vascular endothelial cell stabilizing ability of 
Epac. Leveraging this insight may allow GIP to be a more 
effective therapeutic hormone to prevent or slow down blood 
vessel damage or destruction during aging while potentially 
expanding such therapies to other age-related diseases.

MATERIALS AND METHODS

Cell cultures and reagents
NB41A3 mouse neuroblastoma cells were maintained at 37 oC 
and 5% CO2 in RPMI-1640 (Thermo Fisher Scientific, Waltham, 
MA, USA), and supplemented with fetal bovine serum (FBS; 
Gibco, Auckland, New Zealand) at 5% and streptomycin- 

penicillin (Gibco) at 1% and subcultured every two days. 
For stimulation, the cells were seeded at a concentration of 

2.0 × 105 cells/ml and incubated overnight in a 6-well culture 
plate (SPL Life Science, Pocheon-si, Korea) in 2 ml of RPMI. 
Then, the cells were treated with 100 mM glutamate (Sigma- 
Aldrich, St. Louis, MO, USA) in the absence or presence of 
ferrostatin-1 (Fer-1) (12 M; Selleck, Shanghai, China). Another 
control used to investigate the downstream effects of GIP on 
neuronal protection was the Epac1 inhibitor (CE3F4) (20 M; 
Cayman Chemical, Michigan, USA).  

Establishment of GIP-overexpressing neuroblastoma cell 
lines

Mouse GIP was cloned into the pEGFP-N3-NSE vector and 
digested with HindIII and NotI. The correct sequence was then 
verified and amplified. NB41A3 cells (2 × 105 cells/well) were 
plated on six-well plates and transfected with a recombinant 
plasmid using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA). Following transfection, the cells were selected by asse-
ssing their resistance to 800 g/ml neomycin (G418) (Invitrogen, 
Carlsbad, CA, USA) for 2 weeks.

Generation of GIP-overexpressing mice
The neuron-specific enolase (NSE) promoter was used to 
generate the neuron-specific GIP overexpressing mice. Twelve- 
month-old C57BL/6J WT and GIP-Tg mice were housed in 
cages under a strict light/dark cycle. Genomic DNA was 
extracted from the tail, and the GIP transgene was detected via 
polymerase chain reaction (PCR) using GIP-specific primers. 
The protocols for all animal experiments followed the National 
Institutes of Health guidelines for the care and use of labora-
tory animals and were approved by the Committee for Handling 
and Use of Animals, Kyungpook National University.

Cell counting kit-8 (CCK-8) assay
Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) was 
used to assess cell viability and proliferation. First, NB41A3 
cells were seeded in 96-well plates at a density of 5,000 cells 
per well for 24 h. Then, glutamate was added to produce 
concentrations of 0-50, 80, 100, 150, and 200 mM, and the 
medium was seeded with NB41A3 cells and incubated for 24 
h. Cell proliferation was assessed every 24 h, and relative data 
were calculated as a percentage of the control, which was not 
treated with glutamate. Cell viability and proliferation were 
evaluated by measuring absorbance (450 nm) using a micro-
plate reader (BGM RABTECH, Ortenberg, Germany) after adding 
the CCK-8 reagent (10 l/well).

RNA isolation and quantitative reverse transcription PCR 
(qRT-PCR) analysis
Cells were collected, and total cellular RNA was extracted using 
TRI Solution (BSK-BIO, Daegu, Korea) according to the manufact-
urer's instructions. Then, cDNA was synthesized with 1 g of 
total RNA using the 1st Strand cDNA Synthesis Kit (TaKaRa Bio 
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Inc., Shiga, Japan). Real-time qPCR was performed using Step-
OnePlus (Applied Biosystems, Foster City, CA, USA) with SYBR 
Premix Ex Taq (Takara Bio Inc., Otsu, Shiga, Japan). The thres-
hold cycle (Ct) values obtained for each reaction were normali-
zed using the Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) 
Ct values. All reactions were performed in triplicate.

Western blotting
Cells were lysed with lysis buffer (Thermo Fisher Scientific, Wal-
tham, MA, USA), a 10% glycerol, 1% phosphatase, and protease 
inhibitor cocktail (Complete EDTA-free; Roche, Basel, Switzer-
land). Western blotting was performed using antibodies against 
anti-GIP (GTX55639; GeneTex, Irvine, CA, USA), Epac (sc-28366, 
1:1,000; Santa Cruz), RAP1B (NBP1-54871, 1:1,000; Novus Biolo-
gicals), xCT/SLC7A11 (MA5-35360, Thermo Fisher Scientific), 
Gpx-4 (sc-166570; Santa Cruz Biotechnology, Dallas, TX, USA), 
nuclear factor erythroid 2-related factor (Nrf2) (sc-365949), Nox1 
(ab131088; Abcam), -actin (sc-47778), and GAPDH (#5174; Cell 
Signaling Technology, Danvers, MA, USA). Specific bands on the 
membranes were detected using the Davinch-Chemi Chemilu-
minescence Imaging System (CoreBio, Seoul, Korea).

Flow cytometry
For cell cycle analysis, NB41A3 cells (in a 60 mm cell culture 
dish) were harvested 24 after seeding, and fixed using 100% 
ethanol (Merck, Kenilworth, NJ, USA) at 4 oC for 1 h. Follo-
wing this, the cells were washed twice with DPBS, resuspended 
in DPBS containing 100 g/ml RNase A (Thermo Fisher, 
Waltham, MA, USA) and incubated at 37 oC for 1 h. Then, the 
cells were stained using 1,000 g/ml PI (Invitrogen, Carlsbad, CA, 
USA) for 30 min, and fluorescence was measured with on an FACS 
Verse System (Becton-Dickinson, Mountain View, CA, USA).

To assess lipid peroxidation of experimental NB41A3 cell lines 
were either treated with 100 mM glutamate or incubated without 
treatment for 6 h. Then C11-BODIPY581/591 (Thermo Fisher) was 
added to 2.5 M, and the cells were incubated for 30 min. 

Histologic analysis
For histologic analyses, brains from 3-month-old and 1-year- 
old WT and GIP-TG mice were dissected and fixed in 4% 
paraformaldehyde (MilliporeSigma) for 1 d after perfusion with 
PBS. Fixed samples were embedded in paraffin and sectioned 
to a thickness of 5–15 mm. The sections were then stained 
with H&E to evaluate the morphologic differences between the 
brains of WT and GIP-TG mice. Paraffin-embedded sections 
were used for immunofluorescent and immunohistochemistry 
analyses. The following antibodies were used: GIP (GTX55 
639), Epac1 (sc-28366), RAP1B (NBP1-54871), 4-HNE (MA5- 
27570, 1:50; Thermo Fisher Scientific), anti-mouse Alexa 488 
(A11001, 1:1000; Thermo Fisher Scientific), and anti-rabbit 
Alexa 555 (A21428, 1:1000; Thermo Fisher Scientific).

Statistical analysis
All data are presented as means ± SEM. Statistical analyses 

were performed using GraphPad Prism version 10 (GraphPad 
Software, San Diego, CA, USA), and P-values of ＜ 0.05 were 
accepted as indicating statistical tests. *P ＜ 0.05, **P ＜ 0.01, 
***P ＜ 0.001, and ****P ＜ 0.0001.
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