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Abstract
Aim: Glucose-dependent insulinotropic polypeptide (GIP) is a ligand of glucose-
dependent insulinotropic polypeptide receptor (GIPR) that plays an important role 
in the digestive system. In recent years, GIP has been regarded as a hormone-like 
peptide to regulate the local metabolic environment. In this study, we investigated the 
antioxidant role of GIP on the neuron and explored the possible mechanism.
Methods: Cell counting Kit-8 (CCK-8) was used to measure cell survival. TdT-
mediated dUTP Nick-End Labeling (TUNEL) was used to detect apoptosis in  vitro 
and in vivo. Reactive oxygen species (ROS) levels were probed with 2', 7'-Dichloro 
dihydrofluorescein diacetate (DCFH-DA), and glucose intake was detected with 2-
NBDG. Immunofluorescence staining and western blot were used to evaluate the 
protein level in cells and tissues. Hematoxylin-eosin (HE) staining, immunofluorescence 
staining and tract-tracing were used to observe the morphology of the injured spinal 
cord. Basso-Beattie-Bresnahan (BBB) assay was used to evaluate functional recovery 
after spinal cord injury.
Results: GIP reduced the ROS level and protected cells from apoptosis in cultured 
neurons and injured spinal cord. GIP facilitated wound healing and functional 
recovery of the injured spinal cord. GIP significantly improved the glucose uptake of 
cultured neurons. Meanwhile, inhibition of glucose uptake significantly attenuated 
the antioxidant effect of GIP. GIP increased glucose transporter 3 (GLUT3) expression 
via up-regulating the level of hypoxia-inducible factor 1α (HIF-1α) in an Akt-dependent 
manner.
Conclusion: GIP increases GLUT3 expression and promotes glucose intake in neurons, 
which exerts an antioxidant effect and protects neuronal cells from oxidative stress 
both in vitro and in vivo.
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1  |  INTRODUC TION

Spinal cord injury always leads to ischemia and hypoxia within 
the injured area, which is accompanied with a sharp increase of 
ROS.1,2 ROS is mainly produced by mitochondria, which are recip-
rocally the target of harmful effects of ROS.3 ROS could interact 
with proteins to trigger an apoptotic cascade, which leads to the 
death of neuronal cells. Therefore, inhibition of oxidative stress is 
a key issue in protecting injured tissue and reserving neural func-
tion. The injury-induced ischemia and hypoxia also reduce glucose 
utilization in neural tissues. Then, metabolic stress is another ob-
stacle for neural tissues after injury. The approach to attenuate 
oxidative stress and energy shortage will promise a favorable out-
put for nerve injury.4

GIP is an intestinal hormone that belongs to the glucagon poly-
peptide superfamily. It consists of 42 amino acids and is secreted 
by intestinal endocrine cells K cells under the stimulation of food 
intake. GIP is well-known for its ability to stimulate insulin secretion 
that is essential for maintaining glucose homeostasis.5 Meanwhile, a 
growing body of evidence indicates that GIPR is expressed in many 
tissues other than the pancreas islet, which proposes alternative 
physiological effects of GIP in an insulin-independent manner. The 
previous studies clearly suggest that GIPR signaling plays a role in 
regulating osteogenesis. GIP increases cAMP and intracellular cal-
cium levels in osteoblasts and improves type I collagen expression 
during osteogenesis.6

GIP/GIPR is also implicated in peripheral inflammation in a tis-
sue/cell-specific manner. Peripheral in  vivo infusion of GIP could 
increase proinflammatory cytokines in adipocytes.7 GIP and GIPR 
expression have also been detected in the nervous system.8 In our 
previous study, we demonstrated that GIP/GIPR could significantly 
promote axon growth of cortical neuron9 and facilitate Schwann cell 
migration after periphery injury.10 Moreover, GIP was reported to 
show neuroprotective effects in animal models of neurodegenera-
tive disease,11,12 while the underlying mechanism is elusive yet.

In this study, we revealed the antioxidant effect of GIP during 
nerve injury. GIP/GIPR regulates systemic levels of blood glucose 
via modulating insulin secretion. The neuronal expression of GIPR 
proposed a possibility of whether GIP/GIPR could directly regulate 
neuronal glucose metabolism and exert a protective effect. Then we 
investigated the effect of GIP/GIPR signaling on oxidative and meta-
bolic stress during spinal cord injury and explored the mechanism of 
the protective effect of GIP.

2  |  MATERIAL S AND METHODS

2.1  |  Animal

Sprague–Dawley rat embryos at 18 days (E18) and adult rats 
(200 ± 20 g) were obtained from the Laboratory Animal Center of 
Nantong University (Nantong, China) and kept in a temperature and 
humidity-controlled environment with a light/dark cycle of 12/12 h, 

food and water freely available. The rats were sacrificed by CO2 in-
halation. All biological sample acquisition procedures were reviewed 
and approved by the Institutional Animal Care and Use Committee 
of Nantong University. All animal surgeries were conducted in ac-
cordance with Institutional Animal Care guidelines, as well as with 
the National Institutes of Health (Bethesda, MD) guidelines.

2.2  |  Primary E18 neuron culture

Cortical neurons were obtained from Sprague–Dawley rats at E18. 
The bilateral cerebral cortex was placed in a culture dish contain-
ing ice-cold Hank's buffer (Cat. C0218; Beyotime, Shanghai, China), 
followed by the removal of the meninges. The cortex tissues were 
treated with 0.25% trypsin–EDTA for 12 min at 37°C, then gen-
tly dropped through a sterile 38-μm Nitex mesh (BD Falcon, San 
Jose, CA, USA). The cells were resuspended in DMEM/F-12 (Cat. 
10-092-CV; Thermo Fisher Scientific, USA) supplemented with 
10% FBS, 1% penicillin–streptomycin (Cat. C0222; Beyotime), and 
0.5 mM glutamine (Cat. C0212; Beyotime), and plated into the Petri 
dishes which coated with 0.1 mg/mL Poly-L-Lysine (PLL Cat. P4832, 
Sigma) to allow incubation in a humidified atmosphere of 5% CO2 at 
37°C for 6 h. Then, the culture medium was replaced by Neurobasal 
medium (Cat. 2,110,349; Gibco) supplemented with 2% NeuroCult™ 
SM1 Neuronal Supplement (Cat. 05711; Stem Cell), 1% penicillin–
streptomycin, and 0.5 mM glutamine.

2.3  |  RNA isolation and quantitative real-time PCR

Total RNA was isolated from cultured cortical neurons using 
the RaPure Total RNA Micro Kit (Cat. R4012-2; Magen Biotech, 
Guangzhou, China) according to the manufacturer's instructions. 
Briefly, neurons were lysed with lysis buffer and mixed with an 
equal volume of RNA binding buffer. RNA samples were added to 
the spin column, centrifuged, and washed with RNase-free water. 
The concentrations of isolated RNA samples were determined using 
a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA). 
Complementary DNA (cDNA) was synthesized using the OminScript 
RT Kit (Qiagen, Germantown, USA), and quantitative real-time poly-
merase chain reaction (qRT-PCR) was performed using the DyNAmo 
Flash SYBR Green qPCR Kit (Thermo Fisher Scientific, USA) follow-
ing the manufacturer's instructions. Two micrograms of cDNA per 
well were used to detect the relative mRNA levels. Relative mRNA 
expression levels were calculated according to the 2−ΔΔCT method. 
18 s was used as an internal control. The sequences of the primers 
used in this study are listed in Table 1.

2.4  |  Spinal cord injury

Adult male Sprague–Dawley rats weighing 200 ± 20 g were pro-
vided by the Laboratory Animal Center of Nantong University 
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(Nantong, China). Animal surgeries were performed according 
to Institutional Animal Care and National Institutes of Health 
(Bethesda, MD, USA) guidelines, and all procedures were ap-
proved by the Administration Committee of Experimental Animals 
of Jiangsu Province. Anesthesia was conducted with isoflurane 
in oxygenated air provided by a small animal anesthesia machine 
(RWD Life Science, Jiangsu, China). Sprague–Dawley rats were 
placed on a temperature-maintaining device in a prone position. 
Surgeries were performed by the same person to ensure injury 
consistency. A T10 lateral hemisection surgical procedure based 
on the protocol used in our previous study was utilized.13 After an-
esthesia and disinfection with 75% alcohol, an incision was made 
in the dorsal midline skin. The subcutaneous tissue extending at 
T10 and the muscle and tissue overlying the spinal column were 
bluntly dissected to expose the T10 laminae. A hemisection was 
then carefully created at T10 on the right side with an ophthal-
mic iris knife. The muscle layers were sutured, and the skin was 
secured with wound clips. After surgery, 100 μL gentamicin-saline 
was applied at the injury site for anti-infection.

2.5  |  Tract tracing of propriospinal neurons

The tracing procedure of spinal cord proprioceptive neurons was 
performed as follows, with T8 laminectomy performed with-
out touching the spinal cord. The tracer virus (pAAV2/9-syn-
mCherry-3FLAG; OBIO), was injected into the spinal cord at a rate 
of 0.15 μL/min using a special fine glass needle with a microinjec-
tion pump. The injection method was as follows: before the spinal 
cord was semi-transversed, one injection point was set at 0.2 mm 
from the central canal of the spinal cord on each side, and 0.4 μL 
was injected at each point; 0.2 μL was injected 0.7 mm below the 
dura mater, and then 0.2 μL was slowly lifted up to 0.5 mm. To pre-
vent reflux and virus spread, the needle was suspended for 2 min 
after injection. So as not to obstruct the view, T10 lateral hemi-
section surgical was not performed until all microinjections were 
completed.

2.6  |  Drug treatment

For cortical neurons, after culturing 36 h, the primary cultured 
cortical neurons were treated with 100 μM H2O2 for 3 h, then the 
H2O2 was removed and 100 nM GIP was added for 24 h. To inves-
tigate the molecular pathway, inhibitor for AKT signal pathway 
(Mk2206, 20 μM, Cat. HY-10358; MCE Co., Monmouth Junction, NJ, 
USA) and inhibitor for HIF-1α signal pathway (KC7F2, 20 μM, Cat. 
S7946; Selleck) and 2-Deoxy-D-glucose (Cat. HY-13966; MCE Co., 
Monmouth Junction, NJ, USA) was added into cell culture for further 
assays.

In the rat spinal cord injury model, 10 μM D-Ala2-GIP was in-
jected in  situ near the injury site with a glass electrode needle, 
and a total of three sites were injected, 1 μL for each site. Then 
D-Ala2-GIP was injected into the tail vein at the dose of 50 nmol/
kg every 2 days, and about 500 μL was injected into each rat ac-
cording to the body weight. The changes of the levels of reactive 
oxygen species and proteins were detected 3 days after the injury. 
Hematoxylin-eosin staining was used to observe the morphology 
of spinal cord tissue at 3 and 14 days after spinal cord injury. BBB 
functional scores were performed on the hind limbs of rats at 1, 3, 
7, 10, and 14 days after spinal cord injury to assess the functional 
recovery of the hind limbs.

2.7  |  In situ spinal cord GIP injection

During the T10 hemisection of the rat spinal cord, GIP was injected 
according to the need of the experiment. A glass micropipette (with a 
tip diameter of about 20 μm) was mounted on a microfeeding pump, 
and 3 μL of GIP was aspirated at a time, while the control group was 
injected with the same volume of saline; after exposing the spinal 
cord, a dry cotton ball was used to remove the excess blood and 
tissue fluid to ensure a wide field of vision; the injection site was 
determined, and the spine of the rat was fixed using the Rodent 
Stereotactic Positioning Device (RSPD). Move the glass micropipette 
to the dura mater, and set the Z-axis to 0. In this experiment, there 

Name Sense (5′-3′) Antisense (5′-3′)

18 s GGACACGGACAGGATTGACA CAATCTCGGGTGGCTGAAC

Glut3 TCAACCGCTTTGGCAGACGCA AGGCGGCCCAGGATCAGCAT

Hk1 GAAATCTTAACCCGCTTGG TGTGCCCTTGTTGTCCC

Pfkfb3 GTCTGTGACGACCCTA CTTCTGCGGAGTTGC

Pkm2 TCTGGAGGCTGTTCGC GGGTCGCTGGTAATGG

Ldha AAAGTCCAAGATGGCAGCCC GCTCATCAGCCAAGTCCTTCA

Sod1 CGAGCAGAAGGCAAGC GCCCAGGTCTCCAACA

Sod2 AGCCTCCCTGACCTGC CCCCGCCATTGAACTT

Sod3 CCAGCGGGTTGTAGTGT CCAGCGGGTTGTAGTGT

Cat TGAAGCAGTGGAAGGAGC CATCTTGAACGAGGAGGG

Gpx CGGGACTACACCGAAAT CCGCAGGAAGGTAAAGA

TA B L E  1 Primer sequences used in this 
study.
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were three injection points for GIP, located on the opposite, above, 
and below side of the hemisection injury; 10 μM GIP was injected 
into the spinal cord at T10 with a speed of 0.2 μL/min, and the same 
injection point was divided into three injection depths; 0.3 μL of GIP 
was injected into the spinal cord at a distance of 1.2 mm below the 
dura mater, and the needle was slowly lifted to 0.2 mm below the 
dura mater, and then the needle was injected into the spinal cord 
at a speed of 1.2 mm below the dura mater. Inject 0.3 μL at 1.2 mm 
below the dura mater, slowly lift the needle to 0.9 mm and inject 
0.3 μL, and finally position the injection depth to 0.6 mm below the 
dura mater and inject 0.3 μL, and then stop the needle for 1–2 min 
after the injection.

2.8  |  Peptide

The GIP and GIP analogs D-Ala2−GIP (Peptide Purity: 96.91%) were 
obtained from the Nanjing Yuanpeptide Biological Technology 
(Nanjing, China). The purity of the peptide was confirmed by 
reversed-phase HPLC and characterized using matrix-assisted 
laser desorption/ionization time of flight (MALDI-TOF) mass 
spectrometry. Peptide sequence of the GIP analogs D-Ala2GIP: 
Y-(D-Ala)-EGTFISDYSIAMDKIRQQDFVNWLLAQK.

2.9  |  Cell viability, apoptosis analysis

Cell counting Kit-8 (CCK-8) was used to measure cell survival ac-
cording to the manufacturer's protocol. Cultured neurons were in-
oculated into 96-well plates with 3 × 104 per well for 36 h. Cells were 
treated with the indicated drug and incubated with 10 μL CCK-8 
solution (Cat. A311; Vazyme) per well 2 h before the specified time-
point. Optical density (OD) at 450 nm was measured using a minia-
ture tablet reader (Synergy 2; Bio Tek, USA).

To assess cell apoptosis, samples were washed with cold PBS and 
fixed with precooled 4% paraformaldehyde at 4°C for 25 min, then 
stained using an apoptosis analysis kit (Cat. A112; Vazyme) accord-
ing to manufacturer's instructions. The number of apoptotic cells 
was evaluated by BD FACSCalibur (BD Biosciences, USA).

2.10  |  Detection of ROS levels

2.10.1  |  ROS assay for cell

ROS levels were probed with DCFH-DA produced by China 
Maokang Biological Company. The samples were cleaned twice 
with PBS and the DCFH-DA (Cat. MX4801-1KIT; Maokang) solu-
tion of 2.5 μM was added to the cells. Then, the cells were incu-
bated at 37°C for 20 min. The cells were washed three times with 
serum-free cell culture solution and photographed with Leica fluo-
rescence microscope.

2.10.2  |  ROS assay for tissue

ROS levels were probed with DCFH-DA produced by China Bestbio 
Company (Cat. BB-470535). Specific steps are: Prepare 10 μm thick 
unfixed frozen sections to be tested; at room temperature, care-
fully add 200 μL of cleaning solution, spread over the entire section 
surface, and let it stand for 5–10 min; carefully remove the cleaning 
solution; add 100 μL of staining solution drop by drop, and incubate 
at 37°C in an incubator, protected from light, for 20–60 min; remove 
the staining solution; wash the sections with PBS for 2–3 times; seal 
the sections with coverslips or glycerol; and detect the sections with 
fluorescence microscope.

2.11  |  Glucose uptake assay

Utilizing 2-NBDG (Cat. GC10289, Glpbio), a glucose uptake assay 
was performed as described previously.14 2-NBDG solution was 
diluted to 100 μM with glucose-free neurobasal. Cells were seeded 
in plates. After treatment with drugs, cortical neurons were treated 
with 2-NBDG diluted solution for 15–120 minat 37°C. The cells were 
observed with a DMi8 microscope (Leica Microsystems, Wetzlar, 
Germany). The fluorescence intensity was analyzed by ImageJ.

2.12  |  Immunofluorescence assay

Immunofluorescence (IF) assays were performed as described 
previously.15 Cultured neurons were fixed with a buffer contain-
ing 4% paraformaldehyde, 0.2% glutaraldehyde, 1× PHEM (60 mM 
PIPES, 25 mM HEPES, 10 mM EGTA, and 2 mM MgSO4), and 0.1% 
Triton X-100 for 20 min. Cultures were then washed with PBS 
three times and blocked with 10% goat serum containing 10 mg/
mL bovine serum albumin for 60 min at 37°C. Cultures were in-
cubated with primary antibodies (rabbit anti-Tuj1, 1:1000, Cat. 
ab18207, Abcam; mouse anti-Glut3, 1:500, Cat. Sc-74,399, Santa; 
mouse anti-Glut1, 1:500, Cat. ab40084, Abcam; rabbit anti-Glut4, 
1:500, Cat. ab654, Abcam.) overnight at 4°C. After rewarming for 
30 min the next day, the cultures were rinsed with PBS and then 
incubated with the corresponding species-specific fluorescence-
conjugated secondary antibodies (488-conjugated goat anti-rabbit 
IgG, 1:400; cy3-conjugated goat anti-mouse IgG, 1:400; Jackson 
ImmunoResearch, West Grove, PA, USA) at room temperature for 
2 h. The cells were counterstained with DAPI stain (1:2500, Cat. 
D9542, Merck, Germany) at room temperature for 15 min. The 
cells were then washed with PBS and mounted in an anti-fade 
mounting medium.

For immunohistochemistry, rats were perfused with 4% para-
formaldehyde, and perilesional spinal cord tissues measuring 
1.5 cm were collected and cryoprotected in 30% sucrose. Then, 
tissue sections (14 μm) were prepared by cryostat sectioning and 
treated with a blocking buffer (0.4% BSA, 5% goat serum, and 0.3% 
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Triton-X 100 in PBS) for 120 min at room temperature. Primary 
antibodies against glial fibrillary acidic protein GFAP (1:1000, Cat. 
ab4676; Abcom), GAP43 (1:200, Cat. 16,971-1-AP; Proteintech), 
Tuj1 (1:800, Cat. 801,201; BioLegend), mcherry (1:600, Cat. 
ab205402; Abcam), and chondroitin sulfate proteoglycan CSPG 
(1:400, Cat. C8035; Sigma) were incubated overnight at 4°C in a 
blocking buffer. After rinsing with PBS, the corresponding second-
ary antibodies were incubated for 120 min at room temperature. 
All the tissues were counterstained with DAPI. The tissues were 
washed and mounted. Fluorescence images were obtained using a 
fluorescence microscope (Zeiss).

For fluorescence intensity analysis, images were transformed 
to 16-bit TIFF, and analyzed in ImageJ for mean fluorescence in-
tensity. For neurite length analysis, images were obtained at 20× 
using a Zeiss microscope and analyzed in IPP for length using 
length analysis.

2.13  |  Western Blotting

Cells or tissues were lysed to extract total proteins, which were 
further quantified using BCA reagents (Cat. P0011; Beyotime). 
Total protein samples (20 μg) were separated by SDS-PAGE and 
then transferred onto PVDF membranes. After blocking with 5% 
skim milk, the membranes were incubated overnight at 4°C with 
the following primary antibodies (rabbit anti-P-Akt, 1:1000, Cat. 
13,038, CST; rabbit anti-Akt, 1:1000, Cat. 4685 s, CST; mouse 
anti-Glut3, 1:1000, Cat. sc-74,399, Santa; rabbit anti-AMPK, 
1:1000, Cat. 5832 s, CST; rabbit anti-P-AMPK, 1:1000, Cat. 2535 s, 
CST; rabbit anti-PKA, 1:1000 Cat. 4782, CST; rabbit anti-P-PKA, 
1:1000, Cat. 5661, CST; rabbit anti-mTOR, 1:1000, Cat. 2983, 
CST; rabbit anti-P-mTOR, 1:1000, Cat. 2976, CST; rabbit anti-BAX, 
1:1000, Cat. 2772 T, CST; rabbit anti-Bcl2, 1:1000, Cat. 26,593-
1-AP, Proteintech; mouse anti-β-Actin, 1:1000, Cat. 66,009-1-lg, 
Proteintech; rabbit anti-HIF-1α, Cat. Ab179483, Abcam). After 
washing with TBST and 0.1% Tween 20, membranes were incu-
bated with horseradish peroxidase-conjugated secondary anti-
rabbit or anti-mouse antibodies at room temperature for 2 h. Blots 
were covered with ECL (Cat. 180–5001; Tanon). The membrane 
was then covered in the chemical ECL A/B mix and visualized with 
X-ray films or a chemiluminescence image analysis system (Tanon 
5200), and analyzed using Multi Gauge software (FujiFilm Corp. 
Life Science Division, Tokyo, Japan). β-Actin was used as a loading 
control.

2.14  |  Oxidative damage of neurons

The neurons were cultured in Petri dishes coated with poly-lysine. 
After 36 h, the basal medium was replaced with Neurobasal medium 
containing 100 μM H2O2 for 3 h, the medium containing H2O2 was 
discarded and the neurons were cultured for a further 24 h.

2.15  |  Hematoxylin-eosin staining

Hematoxylin-eosin staining experiment was conducted using the 
kit provided by Beyotime Biotechnology Company. Remove frozen 
slices from the −80°C refrigerator and rewarm them at room tem-
perature for 15 min. Wash the slice with water for 3 min and remove 
OCT embedding agent. Then frozen slices were incubated with he-
matoxylin for 7 min. Discard hematoxylin and wash slices with dd 
H2O for 30 min. Then stain with eosin for 10 s. Discard eosin and put 
the slices into the staining tank as follows: 95% ethanol (2 s), 95% 
ethanol (2 s), 100% ethanol (2 s), and 100% ethanol (1 min). In the 
fume hood, put the frozen slices into the following glass dyeing jars: 
xylene I (1 min), xylene II (1 min), xylene III (1 min). Then blow and dry 
the slices in the fume hood. After that, use sealing tablets (neutral 
resin: xylene = 7:3) to take pictures.

2.16  |  Statistical analysis

The data were presented as mean ± standard error (SE), and all 
data were tested for normal distribution. The Student's t-test was 
used to compare the means between two groups, whereas one-
way ANOVA was used to compare the means among three or more 
groups. The BBB scores were analyzed using two-way ANOVA and 
post hoc Bonferroni's test. Prior to statistical analyses, the data sets 
for each group were tested for normality of distribution using the 
Kolmogorov–Smirnov test. Values of p < 0.05 were considered sta-
tistically significant. Data analysis was performed using GraphPad 
Prism version 8.0.

3  |  RESULTS

3.1  |  Effect of GIP on oxidative stress of cultured 
neurons in vitro

Excess ROS is a major cause of injury and death in neurological 
diseases for the reason that neurons are susceptible to oxidative 
damage than other cells.16,17 We cultured E18 cortical neurons and 
treated them with H2O2 of different concentrations (50, 100, 200, 
and 500 μM). Morphological analysis of neurons revealed a decrease 
in cell density and axon length following oxidative damage (100 μM 
H2O2) to neurons, all of which were significantly ameliorated by GIP 
stimulation (Figure 1A–C). Axon length significantly increased after 
GIP treatment (Figure  1B,C). The results of CCK-8 assay showed 
that the cell viability decreased significantly after the treatment 
of 100 μM H2O2 for neurons, and the administration of 200 and 
500 μM H2O2 caused more cell death (Figure 1D). Then the treat-
ment of 100 μM H2O2 was applied for the following experiments. 
The administration of GIP significantly improved the cell viability of 
neurons upon H2O2 treatment as shown in Figure  1E, which pro-
posed a protective effect of GIP.
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Under normal conditions, small amounts of ROS are produced 
within cells, and these ROS play an important role in cellular signal-
ing and can be cleared by antioxidant defense systems.18 Under ox-
idative stress, the excessive ROS exceeds the buffering capacity of 
the antioxidant system, which can lead to cell damage and death. In 
this study, we observed the effect of GIP on ROS levels in neurons, 
which increased sharply after oxidative injury and decreased signifi-
cantly after GIP treatment (Figure 2A,B). These results showed that 
GIP reduced intracellular ROS production after oxidative damage. 
We next examined the effect of GIP on the apoptosis of cultured 
neurons, as shown in Figure 2C,D, with a significant increase in the 

number of apoptotic cells in the H2O2 group and a significant de-
crease in the number of apoptotic neurons after GIP treatment. GIP 
could decrease the number of apoptotic cells after oxidative dam-
age. We further used western blot to identify the expression levels 
of apoptosis-related markers Bcl-2 and BAX in neurons. The ratio of 
these two proteins indicated that GIP treatment attenuated H2O2-
induced apoptosis (Figure 2E,F).

In addition, we examined the mRNA level of ROS-related genes 
(SOD1, SOD2, SOD3, GPX, and CAT) in cultured neurons and in the 
model of spinal cord injury upon GIP treatment. However, we did 
not observe significant changes between the control and GIP group 

F I G U R E  1 GIP restored the cell 
viability of primary cultured E18 cortical 
neurons after oxidative damage. (A) 
Representative images of neurons 
after 3 h of H2O2 injury and 24 h of GIP 
treatment. The enlarged views of dotted 
boxes were shown in the down panel. 
Scale Bar = 250 μm. (B) Representative 
images of neurons stained with anti-
TUJ1 (red), DAPI (blue) after 3 h of 
H2O2 injury and 24 h of GIP treatment. 
Scale Bar = 75 μm. (C) GIP increased 
the length of the axon. The data were 
shown as mean ± SE, and were analyzed 
by Student's t-test, n = 200–220 neurons 
for each group per test, N = 3 (cells were 
from rats interpedently). ***p < 0.001. 
(D) Cell viability was evaluated by CCK8 
assay after treatment with different 
concentrations of H2O2. The data were 
shown as mean ± SE, and were analyzed 
by one-way ANOVA, n = 3, ns represents 
no statistical difference, ****p < 0.0001. 
(E) GIP attenuates the detrimental effect 
of H2O2 on cultured neurons. Neurons 
were treated with 100 μM H2O2 for 
3 h and treated with 100 nM or 1 μM 
GIP for 24 h. The data were shown as 
mean ± SE, and were analyzed by one-way 
ANOVA, n = 3. **p < 0.01, ***p < 0.001, 
****p < 0.0001.
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(Figure S1). These data indicated the GIP did not regulate the tran-
scription of these ROS-related genes, and might exert the antioxi-
dant effect via alternative mechanisms, such as metabolic regulation.

3.2  |  Protective effect of GIP on spinal cord injury 
model of rat

Ischemia and hypoxia after traumatic spinal cord injury always lead 
to a sharp increase in ROS level,19 which could result in direct cell 
damage and the development of secondary injury.20–22 Therefore, 
we sought to determine whether GIP could reduce ROS levels and 
show protective effects in the model of rat spinal cord injury, sur-
gery for SCI can be referenced in the schematic in Figure S2.

GIP is a short peptide that is easy to be degraded by dipepti-
dyl peptidase-4 (DPP-4) in vivo.23 Then, we used the modified GIP 
(D-Ala2GIP) that substituted the left-handed Ala with right-handed 
Ala for the experiment of spinal cord injury, which acts as a GIPR 
agonist with a long half-life in vivo.24 The spinal cord hemisection 
injury was conducted and tail intravenous injection of D-Ala2GIP 
was performed at a dose of 50 nmol/kg (the schematic diagram of 
drug administration and spinal cord injury is shown in Figure 3A,B). 

The results (Figure 3C,D) showed that GIP significantly reduced the 
DCFH-DA probed ROS signals in the injury site on day 3 after spi-
nal cord injury. To observe the effect of GIP on the level of apop-
tosis in vivo, TUNEL assay was conducted and the results showed 
(Figure 3E,F) that apoptotic cells were significantly reduced in the 
GIP-treated group after spinal cord injury. In addition, we also de-
tected the protein levels of BCL2/BAX to show the effect of GIP 
treatment on apoptosis. The results showed that GIP significantly 
increased the ratio of BCL2/BAX that was consistent with the data 
of TUNEL assay (Figure S3). These data suggest that GIP can reduce 
oxidative stress and apoptosis after spinal cord hemisection injury 
in vivo.

3.3  |  GIP promotes recovery of spinal cord injury

To maintain the concentration of GIP in  vivo, we administered 
intravenous injections to rats every other day after spinal cord 
injury (Figure  4A). Spinal cord injury results in significant tissue 
damage featuring with glial scar and tissue cavity. The results of 
HE staining at 3 dpi and 14 dpi injury are evaluated (Figure 4B,D), 
the area of injury-induced cavities was smaller with GIP treatment. 

F I G U R E  2 Effect of GIP on the ROS 
level in neurons under oxidative stress. 
(A, B) GIP decreased ROS level after H2O2 
treatment. ROS signals were probed by 
DCFH-DA. Scale Bar = 200 μm. n = 100–
150 neurons for each group per test, 
N = 3 (cells were from rats interpedently). 
The data were shown as mean ± SE, and 
were analyzed by one-way ANOVA, 
****p < 0.0001. (C, D) GIP decreased 
the number of apoptotic cells. The cell 
apoptosis was determined by TUNEL 
assay. n = 30 for each group per test, 
N = 3. The data were shown as mean ± SE, 
and were analyzed by one-way ANOVO, 
***p < 0.001, ****p < 0.0001. Scale 
Bar = 200 μm. (E, F) GIP increased the ratio 
of BCL2/BAX protein after treatment 
of H2O2. The data were normalized by 
negative ctrl (NC) group. n = 3. The data 
were shown as mean ± SE, and were 
analyzed by one-way ANOVA, **p < 0.01, 
****p < 0.0001.
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Immunofluorescence staining showed more Tuj1 signals in the GIP 
group than that of the control group at 14 dpi (Figure 4C,E), and 
the axon length of GIP-treated neurons entering the injury zone 
was significantly longer than that of the control group (Figure 4F), 
which indicated that more neuronal projections were present in 
injury site after GIP administration. We also evaluated the effect 
of GIP treatment on functional recovery after spinal cord injury 
as shown in Figure 4G, the BBB score of SCI rats in the GIP group 
was higher than those of the control group and showed significant 
improvement at 14 dpi. The above results demonstrate that GIP 
can promote morphological and functional recovery after spinal 
cord injury in rats.

To validate this result, we further performed a virus tracing 
experiment. The propriospinal neurons were labeled with syn-
mCherry virus before the injury, then the regenerated axon could 
be traced by mCherry (Figure S4A,B). In addition to TUJ1 immu-
nofluorescence staining, we additionally labeled neurons in the 
spinal cord using GAP43 (Figure S4C,D). The result proposed that 
GIP treatment significantly facilitated the axon regeneration of 
propriospinal neurons.

3.4  |  GIP promotes neuron glucose uptake

Our study revealed the effect of GIP on oxidative stress both in vitro 
and in vivo. Then we questioned what is the underlying mechanism. 
Glucose metabolism and oxidative stress are two important meta-
bolic processes in organisms. There is a close relationship between 
glucose metabolism and oxidative stress. GIP was originally discov-
ered as a glucose-dependent insulin-stimulating polypeptide, and 
also as a dietary-regulated intestinal polypeptide that is critical for 
the maintenance of glucose homeostasis. So, can GIP regulate neu-
ronal metabolism and provide metabolic support for nerve injury 
repair?

We verified the expression of genes for glucose transport and 
the glycolytic process by qRT-PCR (Figure 5A). After 24 h of ex-
posure, GIP up-regulated the expression of GLUT3 and key glyco-
lytic process enzymes in neurons. These results proposed that GIP 
could modulate glucose intake via regulating glucose transporter. 
Then, we tested this hypothesis using 2-NBDG, a fluorescent an-
alog of glucose, as a probe for the detection of glucose uptake 
in cultured neurons. The cultured neurons in the presence or ab-
sence of GIP were incubated with 2-NBDG for 15, 30, 60, and 

120 min to evaluate glucose uptake. We found that the fluores-
cence intensity of the GIP group was significantly higher than that 
of the control group after 30 and 60 min incubation of 2-NBDG 
(Figure 5B,C). The data showed that GIP can significantly enhance 
the glucose uptake in neurons.

3.5  |  GIP protects against oxidative damage by 
regulating glucose transport

GIP showed protective effect against oxidative stress and facili-
tated glucose uptake. Then, we asked whether this effect is asso-
ciated with the glucose transport. Previous studies have reported 
that 2-Deoxy-D-glucose (2-DG), a glucose transport inhibitor, is 
transported across the membrane and rapidly phosphorylated 
into 2-deoxy glucose 6-phosphate, which cannot be further me-
tabolized by glycolytic enzymes, this hinders the transport of 
glucose.25 After GIP treatment of neurons under normal and oxi-
dative conditions, 2-DG was added, and we found that 2-DG coun-
teracted the proposed effect of GIP on glucose uptake in neurons 
(Figure 6A,B). CCK-8 assay also showed that 2-DG reversed the 
enhancing effect of GIP on the viability of oxidatively damaged 
neurons (Figure 6C). In conclusion, the results suggested that GIP 
might protect cells from oxidative damage by regulating glucose 
transport.

3.6  |  GIP increased the expression of the 
neuron-specific glucose transporter GLUT3

GIP increases glucose uptake in neurons, the raised question is 
whether GIP promotes glucose uptake by affecting the expression 
of glucose transporters. We examined the expression levels of glu-
cose transporters upon GIP treatment in neurons. The cellular im-
munofluorescence results showed that GIP could upregulate the 
expression level of glucose transporter GLUT3 on the neuronal cell 
membrane (Figure 7A,B), while did not significantly affect the other 
two glucose transporters, GLUT1 and GLUT4 (Figure S5). Western 
blots also showed that GIP up-regulated the protein expression level 
of the glucose transporter GLUT3 (Figure 7E,F).

Since GIP increases the expression level of the neuron-specific 
glucose transporter GLUT3 and increases the glucose uptake of 
neurons, we further investigated what pathway is involved in the 

F I G U R E  3 Effect of GIP on oxidative stress in rats with spinal cord hemisection injury. (A) Timeline of spinal cord hemisection injury, 
D-Ala2GIP administration, and tissue collection. (B) Model of GIP injection in spinal cord injury. Spinal cord hemisection was conducted 
at T10. For saline and D-Ala2GIP treatments, each rat was injected with 3 μL saline or D-Ala2GIP at three sites. R: Rostral, C: Caudal. (C, 
D) D-Ala2GIP decreased ROS level after spinal cord hemisection injury for 3 days. The white “*” shows the injury sites and the white box 
shows the area for statistics of ROS signal. Scale Bar = 500 μm. Statistical results of ROS-positive cells were shown. n = 3 for sham group, 
n = 6 for SCI group and SCI + GIP group. The data were shown as mean ± SE, and were analyzed by one-way ANOVA, **p < 0.01, ***p < 0.001. 
(E, F) D-Ala2GIP decreased the number of apoptotic cells after spinal cord hemisection injury for 14 days. The white “*” shows the injury 
sites, the white arrows are representative TNUEL-positive signals, and the images on the right are magnified views of the boxed area. Scale 
Bar = 250 μm, Statistical result of TUNEL mean fluorescence intensity after spinal cord hemisection injury for 14 days. n = 5 for each group. 
The data were shown as mean ± SE, and were analyzed by Student's t-test, ***p < 0.001.
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GIP-mediated upregulation of GLUT3. We examined some sig-
nal molecules associated with GIP/GIPR pathway including Akt, 
mTOR, PKA, CREB, and AMPK. Western blots showed that the 
level of phosphorylated Akt significantly up-regulated upon GIP 
treatment (Figure 7C,D). Then the Akt-specific inhibitor MK2206 
was administrated to investigate the correlation between GIP 
and GLUT3, and the results (Figure  7E,F) showed that MK2206 
attenuated the GIP-mediated upregulation of GLUT3. This sug-
gests that GIP might regulate glucose uptake by up-regulating 

GLUT3 expression through Akt pathway. It has been shown that 
activation of Akt can enable glucose uptake by promoting GLUT1 
accumulation at the plasma membrane.26 Whereas in our study, 
we found that the GIP-induced upregulation of GLUT3 level was 
significantly inhibited using the Akt pathway inhibitor MK2206, 
which suggests that GIP increases the expression level of GLUT3 
in an Akt pathway-dependent manner. As shown in Figure  S6, 
GIP does not show a significant effect on the activation of mTOR, 
PKA, CREB, and AMPK signaling pathways.

F I G U R E  4 Effect of D-Ala2GIP on locomotor function and histomorphology recovery in spinal cord injured rats. (A) Schematic diagram 
of experiment. D-Ala2GIP was injected at a dose of 50 nmol/kg. (B, D) GIP reduced the area of the cavity of the injured spinal cord. 
Representative HE staining and statistical result. The box showed the area of injury. Scale Bar = 1 mm; R: Rostal, C: Caudal. n = 6 for each 
group. The data were shown as mean ± SE, and were analyzed by two-way ANOVA post hoc Bonferroni's test, **p < 0.01, ***p < 0.001. (C, E, 
F) GIP increased the number neurites grown into injured area. Representative immunostaining staining and statistical results of Tuj1 (in red), 
GFAP (in green) at 14 dpi. Spinal cord was treated with NC or D-Ala2GIP. Neurons were labeled with Tuj1. The white box shows the injury 
area and the magnified views are shown in the right panel. Scale Bar = 250 μm. The data were normalized by NC. n = 3 for each group. The 
data were shown as mean ± SE, and were analyzed by Student's t-test, **p < 0.01, ***p < 0.001. (G) BBB scores at 1, 4, 7, 10, and 14 days after 
spinal cord injury. n = 12 for each group. The data were shown as mean ± SE, and were analyzed by two-way ANOVA post hoc Bonferroni's 
test, *p < 0.05.

F I G U R E  5 Effect of GIP on glucose uptake in neurons. (A) GIP increased the mRNA level of Glut3, Hk1, Pfkfb3, Pkm2, and Ldha in 
neurons after H2O2 treatment. n = 3. The data were normalized by NC and shown as mean ± SE, analyzed by one-way ANOVA, **p < 0.01, 
***p < 0.001, ****p < 0.0001. (B, C) GIP augmented glucose uptake in cultured neurons. Statistical results and representative images were 
shown in B and C. n = 150 neurons, N = 3 rats, the experiment repeated three times independently. The data were shown as mean ± SE, 
analyzed by Student's t-test vs. NC 15 min, NC 30 min, NC 60 min, and NC 120 min, ns represents no statistical difference, *p < 0.05, 
****p < 0.0001. C: Scale Bar = 200 μm.
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F I G U R E  6 GIP-protected neurons 
from oxidative damage by regulating 
glucose transport. (A) Representative 
immunostaining result of 2-NBDG (Green) 
after GIP and 2-DG treatment. Scale 
Bar = 200 μm. (B) Statistical result of 2-
NBDG fluorescence intensity. n = 100–150 
neurons, N = 3 rats. The data were shown 
as mean ± SE, and were analyzed by one-
way ANOVA, *p < 0.05, ****p < 0.0001. (C) 
Statistical result of OD value at 450 nm. 
n = 3. The data were shown as mean ± SE, 
and were analyzed by one-way ANOVA, 
*p < 0.05, ***p < 0.001, ****p < 0.0001.

F I G U R E  7   GIP up-regulated GLUT3 expression via Akt pathway. (A, B) GIP increased GLUT3 level in neurons. Representative 
immunostaining results and statistical result were shown in A and B. Scale Bar = 10 μm. n = 20–50 neurons for each group per test, N = 3 
(cells were from 3 rats). The data were normalized by NC and shown as mean ± SE, analyzed by Student's t-test, ****p < 0.0001. (C, D) GIP 
treatment resulted in enhanced activation of Akt. The phosphorylation of both Ser473 and Thr308 site was increased. n = 3. The data 
were normalized by NC and shown as mean ± SE, analyzed by Student's t-test, ***p < 0.001. (E, F) Akt inhibitor attenuated GIP-induced 
upregulation of GLUT3. n = 3. The data were shown as mean ± SE, analyzed by one-way ANOVA, *p < 0.05, **p < 0.01.
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3.7  |  GIP increased GLUT3 expression via 
up-regulating the level of HIF-1α  in neurons

The transport of glucose across cell membranes is mainly facili-
tated by glucose transporter 3 (GLUT3). In ischemia/reperfusion 
injured brains, an increase of IGF-1 secretion and GLUT3 upregu-
lation, are regarded as protective processes. Recent works have 
shown that various growth factors and cytokines including IGF-1 
can stimulate HIF-1α expression, thereby triggering transcription 
of numerous hypoxia-inducible genes by oxygen-independent 
mechanisms.27 So, we hypothesized that HIF-1α might play an im-
portant role in the process of GIP-induced GLUT3.To examine the 
effect of GIP on HIF-1α and GLUT3 expression, we measured their 
protein levels in GIP-stimulated neurons. The protein was ana-
lyzed by western blot using antibodies to HIF-1α and GLUT3. We 
observed that GIP increased the protein level of both HIF-1α and 
GLUT3 (Figure 8A,B,E,F).

In addition, the Akt-specific inhibitor MK2206 was adminis-
trated to investigate the correlation between GIP and HIF-1α, and 
the results showed that MK2206 can reduce the expression level 
of HIF-1α and attenuate the GIP-mediated upregulation of HIF-1α. 
This suggests that GIP might regulate glucose uptake by up-
regulating HIF-1α expression through Akt pathway (Figure 8C,D).

Then, we investigated whether the level of HIF-1α could affect 
the GLUT3 expression. KC7F2 is a potent HIF-1α pathway inhibi-
tor. Western blots showed that KC7F2 could reduce the expression 

level of GLUT3 and attenuate the GIP-mediated upregulation of 
GLUT3. This suggested that GIP might regulate glucose uptake by 
up-regulating GLUT3 expression via HIF-1α pathway (Figure 8E,F). 
The transcription factor HIF-1α has been reported to bind the pro-
moter of GLUT3 gene and increase its transcription,28,29 which is 
consistent with the effect of GIP in our study. In summary, we have 
identified a novel mechanism through the above studies: GIP-Akt- 
HIF-1α-GLUT3 signaling axis, which regulates glucose transporters 
in neurons.

4  |  DISCUSSION

GIP/GIPR signaling exerts multiple physiological and pathological 
functions beyond a gastrointestinal incretin. GIP can also be de-
tected in the cerebral cortex, and neurons could produce or respond 
to GIP signals.30,31 Previous studies have shown that GIP promotes 
axonal growth of cortical neurons.9 In this study, we investigated the 
effect of GIP on neurons undergoing oxidative stress. The results 
showed that GIP could decrease ROS level in neurons after oxidative 
damage. This effect was further verified in vivo using a rat model of 
spinal cord hemisection injury.

The antioxidant effect of GIP had been proposed by previous 
studies,24,32 while the underlying mechanisms were not well docu-
mented. In this study, we revealed that GIP could facilitate glucose 
intake in an insulin-independent manner, and the antioxidant effect 

F I G U R E  8 GIP increased GLUT3 
expression via HIF-1α/Akt pathways in 
neurons. (A, B) GIP treatment increased 
HIF-1α level. n = 3. The data were shown 
as mean ± SE, analyzed by Student's t-test, 
**p < 0.01. (C, D) Akt inhibitor MK2206 
reduced HIF-1α level both in the presence 
and absence of GIP. n = 3. The data were 
shown as mean ± SE, analyzed by one-way 
ANOVA, **p < 0.01, ***p < 0.001. (E, F) 
HIF-1α inhibitor attenuated GIP-induced 
upregulation of GLUT3. n = 3. The data 
were shown as mean ± SE, analyzed by 
one-way ANOVA. *p < 0.05, **p < 0.01.
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was significantly attenuated when the GIP-enhanced glucose up-
take was inhibited. Glucose metabolism and oxidative stress are two 
important metabolic processes in organisms. We examined the ex-
pression of some glycolytic genes after oxidative stress in neurons 
and found that oxidative stress inhibited the expression of glycolytic 
genes in neurons, while GIP stimulation reversed this effect. These 
results indicated that an augmented glycolysis occurred upon GIP 
treatment, which might contribute to the antioxidant effect.

We demonstrated that GIP might promote glycolysis and allevi-
ate oxidative stress by increasing glucose transport. Therefore, we 
examined the expression of glucose transporters that are present 
in neuronal cells.33 The results showed that GIP could increase the 
expression of GLUT3, a neuron-specific glucose transporter, by acti-
vating Akt pathway. The transport and utilization of glucose ensures 
the substantial amount of energy required for neuronal activity.34 
Following neuronal injury, energy fluctuations induced by changes 
in glucose uptake are strongly associated with neuronal survival.35 
To explicit the mechanism of how GIP increases GLUT3 level, we 
screened the expression of some transcription factors and found 
that GIP could increase the level of HIF-1α, which is a key regulator 
of cell metabolism against ischemia or oxidative stress.36,37 HIF-1α 
promoted glycolysis and inhibited oxidative phosphorylation for the 
energy metabolism.38,39 Then, we could speculate that GIP exerted 
the antioxidant effect by augmenting the glycolytic process while 
inhibiting oxidative phosphorylation during glucose metabolism. We 
further reported the activation of Akt was essential for HIF-1α up-
regulation. PI3K/Akt is required for heat shock proteins to stabilize 
HIF-1α.40 Then, we linked the GIP signal to the level of HIF-1α, which 
could subsequently affect glucose transport and metabolism.

In this study, we demonstrated the beneficial effect of GIP on 
the recovery of spinal cord injury. The expression of GIP and GIPR 
after spinal cord injury had been described previously,41 and our re-
sults showed the exogenous administration of GIP facilitated wound 
healing and decreased the number of apoptotic cells, and this ef-
fect might be due to the protective effect of GIP for the neurons 
adjacent to epicenter of injury site. In addition, the results showed 
that more neuronal projections were presented in the injury sites 
after the treatment of GIP, which might be due to the stimulative 
effect on axon growth. These effects have been described in our 
previous study.9,10 Then, we could speculate a promising approach 
for the application of GIP or GIPR agonist in spinal cord injury, which 
could combine the properties of neuronal protection and axon re-
generation. Moreover, GIP and GIPR agonists are feasible for cross-
ing the blood–brain barrier,42,43 which is another advantage for their 
potential application. In conclusion, our study provides a mechanism 
insight into the protective effect of GIP on neurons under oxidative 
stress, meanwhile, our data also proposes an alternative approach 
for the treatment of spinal cord injury.
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