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Abstract

BACKGROUND

Type 2 diabetes mellitus (T2DM) is often accompanied by impaired glucose
utilization in the brain, leading to oxidative stress, neuronal cell injury and infla-
mmation. Previous studies have shown that duodenal jejunal bypass (D]B)
surgery significantly improves brain glucose metabolism in T2DM rats, the role
and the metabolism of DJB in improving brain oxidative stress and inflammation
condition in T2DM rats remain unclear.

AIM
To investigate the role and metabolism of DJB in improving hypothalamic
oxidative stress and inflammation condition in T2DM rats.

METHODS

A T2DM rat model was induced via a high-glucose and high-fat diet, combined
with a low-dose streptozotocin injection. T2DM rats were divided into DJB
operation and Sham operation groups. DJB surgical intervention was carried out
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on T2DM rats. The differential expression of hypothalamic proteins was analyzed using quantitative proteomics
analysis. Proteins related to oxidative stress, inflammation, and neuronal injury in the hypothalamus of T2DM rats
were analyzed by flow cytometry, quantitative real-time PCR, Western blotting, and immunofluorescence.

RESULTS

Quantitative proteomics analysis showed significant differences in proteins related to oxidative stress, inflam-
mation, and neuronal injury in the hypothalamus of rats with T2DM-D]JB after DJB surgery, compared to the
T2DM-Sham groups of rats. Oxidative stress-related proteins (glucagon-like peptide 1 receptor, Nrf2, and HO-1)
were significantly increased (P < 0.05) in the hypothalamus of rats with T2DM after D]B surgery. D]JB surgery
significantly reduced (P < 0.05) hypothalamic inflammation in T2DM rats by inhibiting the activation of NF-xB and
decreasing the expression of interleukin (IL)-1B and IL-6. DJB surgery significantly reduced (P < 0.05) the
expression of factors related to neuronal injury (glial fibrillary acidic protein and Caspase-3) in the hypothalamus
of T2DM rats and upregulated (P < 0.05) the expression of neuroprotective factors (C-fos, Ki67, Bcl-2, and BDNF),
thereby reducing hypothalamic injury in T2DM rats.

CONCLUSION
DJB surgery improve oxidative stress and inflammation in the hypothalamus of T2DM rats and reduce neuronal
cell injury by activating the glucagon-like peptide 1 receptor-mediated Nrf2/HO-1 signaling pathway.

Key Words: Duodenal jejunal bypass surgery; Type 2 diabetes mellitus; Neuron apoptosis; Inflammatory; Oxidative stress;
Hypothalamic injury

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Duodenal jejunal bypass (DJB) increases serum glucagon-like peptide 1 (GLP-1) Levels and enhances brain
glucose utilization, playing a positive role in the treatment of diabetes. The GLP-1 signal may play a significant role after
DJB surgery in brain injury related to type 2 diabetes mellitus (T2DM). In the current study, DJB surgery increased the
serum levels of GLP-1 and upregulated the expression of GLP-1 receptor and antioxidant signaling proteins (Nrf2 and HO-
1) in the hypothalamic tissue of T2DM rats. DJB reduced the expression of hypothalamic inflammatory and nerve cell
injury-related factors. Therefore, DJB surgery improve oxidative stress and inflammation in the hypothalamus of T2DM rats
and reduce neuronal cell injury by activating the GLP-1-mediated Nrf2/HO-1 signaling pathway.

Citation: Wang HJ, Zhang LB, Sun SP, Yan QT, Gao ZQ, Fu FM, Qu MH. Duodenal-jejunal bypass improves hypothalamic oxidative
stress and inflammation in diabetic rats via glucagon-like peptide 1-mediated Nrf2/HO-1 signaling. World J Diabetes 2024; 15(2):
287-304

URL: https://www.wjgnet.com/1948-9358/full/v15/i2/287.htm

DOI: https://dx.doi.org/10.4239/wjd.v15.i2.287

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a condition characterized by high blood glucose and insulin resistance. It accounts for
approximately 90% of adult diabetes patients worldwide[1,2]. Long-term uncontrolled diabetes conditions with high
blood glucose levels and whole-body insulin resistance are associated with neurodegeneration[3,4]. This often results in
impaired glucose utilization and energy metabolism, leading to oxidative stress in the brain[5-9]. Prolonged oxidative
stress in the brain can eventually lead to complications, such as inflammation of the central nervous system (CNS) and
neuronal cell apoptosis[10,11].

Metabolic surgery (also known as bariatric surgery) has been proven to have a beneficial effect on the management of
type 2 diabetes and obesity[12,13]. For individuals with diabetes, this surgical procedure leads to substantial weight loss,
improved management of blood glucose levels, and reduced reliance on medication[14-16]. Duodenal jejunal bypass
(DJB) surgery is one of the procedures based on metabolic surgery and can be used to investigate the mechanisms of
metabolic surgery in the treatment of diabetes mellitus[17,18]. DJB surgery significantly improves peripheral glucose
metabolism in T2DM rats, but its effects on diabetes-induced central brain injury remain unclear[19,20].

Glucagon-like peptide 1 (GLP-1) is a hormone produced by L cells in the gastrointestinal tract, that serves multiple
biological functions[21]. The combination of this hormone and its receptor, GLP-1 receptor (GLP-1R), can increase insulin
secretion, enhance glucose metabolism, and play an important role in controlling blood glucose homeostasis[22]. Ruze et
al[23] showed that central GLP-1 improved cerebral glucose uptake in obese and diabetic rats after DJB[23]. In addition to
its metabolic effects, GLP-1 has also been shown to have neuroprotective effects, and upregulation of GLP-1 can protect
cells from oxidative stress caused by hyperglycemia and limit brain inflammation[24,25]. Kim et al[26] demonstrated that
the activation of GLP-1R can enhance the expression of proteins related to oxidative stress and the cell metabolism
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regulatory protein NRF2, and upregulate antioxidant enzymes such as HO-1 and SOD to alleviate oxidative stress[26-28].
According to research by Shan Y et al[29], GLP-1R agonists decrease blood-brain barrier breakdown and brain inflam-
mation in an astrocyte-dependent manner[29].

In our previous studies, we found that DJB can increase serum GLP-1 Levels and enhance brain glucose utilization,
playing a positive role in the treatment of diabetes[30-32].Therefore, GLP-1 might play a role in DJB surgery for T2DM-
related brain injury. In the current study, we investigated the role and mechanism of GLP-1 signaling in neuronal cell
injury and inflammation in the hypothalamus of T2DM rats treated with the DJB procedure. This study can provide new
insights into the role and molecular mechanisms of metabolic surgery in the treatment of diabetes and its central complic-
ations.

MATERIALS AND METHODS

Animals and treatment

The male Wistar rats (n = 40, 8 wk old) used in this study were obtained from Jinan Pengyue Animal Ltd. (Pengyue,
Jinan, China). Rats were housed in individually ventilated cages with 12-h light/dark cycles at 21-23 °C and 30%-40%
humidity. The rats had free access to food and water. T2DM rat models were established using a high-fat and high-
glucose diet induction paired with streptozotocin intraperitoneal injection (35 mg/kg, Sigma, United States), with
random blood glucose > 16.7 mmol/L. We randomly divided the T2DM rats into two groups: The DJB group (T2DM-D]JB,
n =10) and the Sham group (T2DM-Sham, n = 10). Normal control rats (control group, n = 10) were fed a normal diet. All
the research related to the use of animals in this study has complied with all relevant national regulations and institu-
tional policies for the care and use of animals. The research plan was followed by the National Natural Science
Foundation of China, No. 82070856, and conducted in Laboratory Animal Center of Weifang Medical University. The
experimental protocols were approved by the Institutional Animal Care and Use Committee (No. 2021SDL574) and
Institutional Review Board (No. 2020SDL074).

The detailed surgical and nursing procedures of the animals were performed as previously described[31]. For the DJB
operation, distal pyloric transection was performed, and the duodenal stumps were closed with nylon sutures (6-0,
Zhejiang, China). The distal pylorus was anastomosed to the distal stump of the jejunal limb after the jejunum was
transected 10 cm from the ligament of Treitz. The proximal stump of the small intestine was connected to the digestive
limb 15 cm from the distal end of the gastrointestinal anastomosis. Sham operations were performed to transect the
gastrointestinal tract and create an in-situ anastomosis, mimicking DJB surgery. The determination of glucose
homeostasis pre- and postoperatively was performed as previously described[31].

Tissue processing and preparation

Six weeks after the operation, rats were sacrificed following the completion of testing for blood glucose homeostasis
indicators, including blood glucose, serum GLP-1, and insulin levels. A portion of the hypothalamic tissues was collected
from the rat hemisphere and frozen in liquid nitrogen for analysis of mRNA and protein expression. The other cerebral
hemispheres of the rats were fixed in 4% formalin for immunohistochemistry (IHC) and immunofluorescence (IF) assays.

The expression of differential hypothalamic proteins analyzed by protein chip assay

Hypothalamic tissues were dissected and immediately placed into the SDT lysate buffer (100 mM Tris-HCL, 2% SDS, 100
mM DTT, pH 7.6.) and then homogenized. The quality of the supernatant proteins was analyzed using SDS-PAGE. The
supernatant of the hypothalamus homogenate was prepared using filter-aided sample preparation filtration. The prepar-
ations were lyophilized and then redissolved in a 40 pL solution of 0.1% formic acid using a C18 cartridge. Peptide
segments were separated using the Easy-nLCNano lift flow system and analyzed with the Q Exactive™ Plus Mass
Spectrometer. Quantitative analysis was performed using the label-free quantitation algorithm in this project. The
significance level of protein enrichment for a specific gene ontology (GO) term or Kyoto encyclopedia of genes and
genomes (KEGG) pathway was assessed using Fisher's exact test. Using Matplotlib software, we categorized the samples
and proteins, and generated hierarchical clustering heatmaps simultaneously.

Western blotting analysis

Hypothalamus supernatants containing 30 pg of proteins were separated by 12% SDS-PAGE at 110 V for 2 h. The proteins
were transferred onto a nitrocellulose membrane at 300 mA for 2 h at 4 °C. TBS pH 8.0 with 0.5% Tween 20 was used to
block the membranes for 1 h. After each membrane was incubated with the primary antibody overnight at 4 °C
(Supplementary Table 1), it was washed three times with TBS for 30 min. The appropriate secondary antibody was then
applied to the membrane and incubated for one hour at 23 °C. Protein analysis was conducted using western blotting
detection equipment from Bio-Rad (United States) and Image] software (United States).

Flow cytometry

An ultrasonic sonicator (Virsonic 60) was used to lyse 50 mg of rat hypothalamus tissue. Cytokines interleukin (IL)-1p, IL-
2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-17A, tumor necrosis factor a, interferon (IFN)-y, and IFN-owere measured in
hypothalamic homogenate supernatants using cytokines combined detection kit (Jiangxi Cell-Gene Biotech CO., Ltd) and
were analyzed by FCAP Array 3.0 software (BD Biosciences) after collection of events in a flow cytometer (Beckman
Coulter).
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Immunohistochemistry and immunofluorescence assays

Sections were dewaxed, rehydrated, and then blocked with 10% fetal bovine serum for 30 min before undergoing an
overnight incubation at 4 °C with the primary antibodies. Sections were incubated with a horse radish peroxidase-
conjugated secondary antibody after being washed with phosphate buffered solution. The slides were exposed to
diaminobenzidine for five minutes at room temperature prior to IHC examination. Hematoxylin was used for nuclear
counterstaining. For the IF experiment, the slides were first incubated with the primary antibody. Then, the sections were
incubated with goat anti-rabbit IgG H&L (Alexa Fluor® 488) (ab150077, 1:1000) secondary antibody for one hour. 4', 6-
Diamidino-2-Phenylindole dye (blue) was used for nuclear staining. Image acquisition was performed using a microscope
(IX71, Olympus, Japan). The primary antibodies are listed in Supplementary Table 1.

Quantitative real-time PCR

Total RNA was extracted from the hypothalamus using TRIzol reagent (Thermo Fisher, United States) and then reverse
transcribed to cDNA using a reverse transcription kit (TOYOBO, Japan). SYBR Green (GeneCopoeia, United States) was
used in the quantitative real-time (qQRT)-PCR reaction, which was performed on a Roche Diagnostics (Germany) machine
and analyzed using the Bio-Rad system. Supplementary Table 2 contains a list of the primer sequences that were used.

Statistical analysis

The data are presented as the mean + SD by Graph Pad Prism 8.0. Differences between pre and post operation were
evaluated with a t-test. One-way ANOVA followed by Tukey's test was used to analyze differences between multiple
groups. P < 0.05 indicated statistical significance.

RESULTS

The expression of different proteins in the hypothalamus after DJB intervention

The results of blood glucose and insulin detection pre and post operation showed that DJB surgery can significantly
improve glucose homeostasis and alleviate insulin resistance in T2DM rats (Supplementary Figure 1). To investigate the
expression of different proteins in the hypothalamus of rats between the T2DM-DJB and T2DM-sham groups, we
conducted a quantitative proteomics (label-free) analysis. The results showed that at least 120 proteins were significantly
altered (Figure 1A). KEGG enrichment and GO analysis revealed significant differences in signaling pathways and

proteins related to oxidative stress, inflammation, and neuronal cell injury between the two groups of rats (Figure 1B and
Q).

DJB surgery inhibits hypothalamic oxidative stress in rats with T2DM by activating the Nrf2/HO-1 signaling pathway
The effects of oxidative stress on various stages of diabetic encephalopathy have been demonstrated in recent studies, and
supporting antioxidant stress therapy is beneficial for improving complications of diabetes in the central nervous system
[6]. We assessed the redox status of hypothalamic tissue using multiple assays (Figure 2A and B). The levels of MDA
decreased, while the content of SOD increased in the hypothalamus of the T2DM-DJB rats after the operation, compared
to the T2DM-Sham rats. Nrf2 is involved in antioxidation by upregulating the expression of HO-1 and is inhibited under
high glucose (HG) conditions, resulting in inflammatory responses and cell injury[33]. We evaluated the effects of DJB
surgery on the expression of Nrf2 and HO-1 in the hypothalamus of rats with T2DM. As shown in Figure 2C-E, the
number of Nrf2- and HO-1- positive cells in the hypothalamus of T2DM-D]JB rats decreased significantly after the DJB
operation. The qRT-PCR and western blot data indicated a significant increase in Nrf2 and HO-1 expression following
DJB surgery in the hypothalamus of T2DM rats (Figure 2F and G). These results indicate that DJB surgery improves
diabetic hyperglycemia-induced hypothalamic oxidative stress in T2DM rats, possibly achieved by activating the Nrf2/
HO-1 signaling pathway.

DJB surgery exerts antioxidant effects by activating hypothalamic GLP-1 signaling in T2DM rats

GLP-1R has been shown to be expressed in neurons in key regions of the brain and has neuroprotective and anti-inflam-
matory properties, which enhance the expression of the oxidative stress regulatory protein Nrf2/HO-1 to alleviate
oxidative stress[26]. We measured serum GLP-1 Levels and the expression of hypothalamic GLP-1R in each group of rats.
The results showed that the fasting serum GLP-1 Level of T2DM-DJB rats after DJB surgery was significantly higher than
that of T2DM-Sham rats (Figure 3A). In addition, we found that GLP-1R was highly expressed in the hypothalamic tissue
of T2DM-D]JB rats after DJB surgery (Figure 3B-D). These results indicate that DJB surgery enhances the expression of
Nrf2/HO-1 by upregulating GLP-1 signaling in T2DM rats and plays a role as an antioxidant.

DJB blocks the activation of NF-kB signaling and inhibits the production of proinflammatory cytokines in the
hypothalamus of T2DM rats

Oxidative stress triggers an inflammatory response by activating the NF-«B signaling pathway, which regulates the
release of numerous inflammatory cytokines[34]. To determine whether DJB blocked oxidative stress-induced NF-xB
activation, we used western blotting and qRT-PCR to compare the total NF-xB and its phosphorylation levels in the
hypothalamus of the three groups of rats. Figure 4A-C shows that the expression of NF-xB and p-NF-kB in the
hypothalamus of T2DM-D]JB rats was significantly reduced compared to that in T2DM-Sham rats after DJB surgery. To
confirm whether DJB surgery could ameliorate the inflammatory state of the hypothalamus by inhibiting NF-xB
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Figure 1 The expression of differential proteins in the hypothalamus after duodenal jejunal bypass intervention. A: Heat map of the expression
of the 120 DEPs between the T [type 2 diabetes mellitus (T2DM)-Sham] rats and D [T2DM-duodenal jejunal bypass (DJB)] rats. The colored column represents the
sample number, the row name indicates the DEGs, each rectangle in the graph corresponds to the expression value of a sample, red indicates high expression and
blue indicates low expression; B: Statistics of significantly enriched Kyoto encyclopedia of genes and genomes pathways (T2DM-Sham vs T2DM-DJB); C: GO term
statistics for significantly enriched genes (T2DM-Sham vs T2DM-DJB).

signaling, we used flow cytometry to measure the levels of the proinflammatory cytokines IL-1 and IL-6. As shown in
Figure 4D-F, DJB surgery resulted in a significant reduction in the abnormally high expression of IL-1f and IL-6 observed
in the hypothalamic tissue of T2DM-DJB rats. The qRT-PCR and Western blot results showed a similar trend in the gene
and protein expression of IL-1f, and IL-6 as observed in the flow cytometry assay (Figure 4G-I). These findings suggest
that DJB surgery significantly inhibits the NF-«B signaling pathway, effectively improving the inflammatory state of the
hypothalamus.
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normalize to GAPDH

Figure 2 Duodenal jejunal bypass surgery inhibits hypothalamic oxidative stress in rats with type 2 diabetes mellitus by activating the
Nrf2/HO-1 signaling pathway. A: Analysis of SOD content in the hypothalamus of rats; B: Analysis of MDA content in the hypothalamus of rats; C: Nrf2 and HO-
1 expression in the hypothalamus detected by immunofluorescence (scale bar, 130 um); D: The percentage of cells expressing Nrf2; E: The percentage of cells
expressing HO-1; F: Expression levels of Nrf2 and HO-1 in hypothalamus detected by Western blotting; G: The quantitative densitometric analysis of Nrf2 and HO-1.
3P < 0.05,°P < 0.01, °P < 0.001. T2DM: Type 2 diabetes mellitus; DJB: Duodenal jejunal bypass.

Jg%,@ WID | https://www.wjgnet.com 293 February 15,2024 | Volume15 | Issue2 |



Wang H]J et al. D]B alleviates T2DM rats hypothalamic injury

A Control mmm T2DM-Sham mmm T2DM-DIB B Control mmmm T2DM-Sham mmm T2DM-DIB
80 - b b 1.5 7
— <Z: C b
-
w2 60+ < F
==, Z T 1.0 o
0.8 X
i Eg
5 £ 40 X
T O )
58 33
S O > 0.5
20 &
[
0 T 0.0 -
C D
Control mmmm T2DM-Sham mmm T2DM-DIB
c 1.5 =
Re]
.
» i = 7 ;C} E C c
s 1 Eg
= e b < 1.0 4
GLP-1R e TR 4 £g -
-y = T iz
3 o
y s 5.
2o
14
Control T2DM-Sham T2DM-DIB
0.0

DOI: 10.4239/wjd.v15.i2.287 Copyright ©The Author(s) 2024.

Figure 3 Duodenal jejunal bypass surgery increases type 2 diabetes mellitus glucagon-like peptide 1 signals and enhances the
expression of Nrf2/HO-1. A: Serum glucagon-like peptide 1 (GLP-1) secretion of rats in the three groups; B: The quantitative real-time PCR results of GLP-1
receptor (GLP-1R) expression; C: Expression levels of GLP-1R in the hypothalamus detected by Western blotting; D: The quantitative densitometric analysis of GLP-
1R. 3P < 0.05, °P < 0.01, °P < 0.001. T2DM: Type 2 diabetes mellitus; DJB: Duodenal jejunal bypass; GLP-1: Glucagon-like peptide 1; GLP-1R: Glucagon-like peptide
1 receptor.

DJB surgery improves hypothalamic nerve injury induced by oxidative stress

Glial fibrillary acidic protein (GFAP) is a specific marker of mature astrocytes, and its elevated expression indicates the
onset of CNS injury[35]. To determine whether DJB surgery ameliorates oxidative stress-induced neuronal injury in the
hypothalamus of T2DM rats, the number of GFAP-positive glial cells was determined, and the expression levels of GFAP
were measured using IF, qRT-PCR and western blot analysis. The number of GFAP-positive astrocytes was significantly
reduced in T2DM-D]JB rats after DJB surgery compared to T2DM-Sham rats (Figure 5A and B). The expression of GFAP
mRNA and protein in the hypothalamus was significantly reduced in T2DM-DJB rats after D]JB surgery, as indicated by
qRT-PCR and western blot analysis (Figure 5C-E). These results suggest that DJB surgery ameliorates oxidative stress-
induced hypothalamic neuronal cell injury.

DJB surgery improves diabetes-induced hypothalamic cell apoptosis in T2DM rats

Oxidative stress induced by diabetes mellitus is a key factor in promoting apoptosis[24]. To evaluate the impact of DJB
surgery on diabetes-induced hypothalamic cell apoptosis, we analyzed the expression of Cleaved-caspase-3, Caspase-3,
and Bcl-2 in the hypothalamus of three groups of rats using qRT-PCR and western blot techniques. As depicted in
Figure 6, the expression of Cleaved-caspase-3 and Caspase-3 was significantly reduced, whereas the expression of Bcl-2
was increased in the hypothalamus of T2DM-D]JB rats following DJB surgery, in comparison to T2DM-sham rats. These
results confirm that DJB surgery can inhibit the apoptosis of hypothalamic cells and reduce oxidative stress damage.

DJB surgery promotes hypothalamic neurogenesis in T2DM rats

The occurrence of CNS degenerative diseases in diabetic patients is probably caused by a decrease in activated neurons
and an increase in cell apoptosis. A common method of evaluating a cell's proliferation capacity is to stain it with Ki67.
Immunohistochemical analysis showed that T2DM-DJB rats had significantly more Ki67-positive cells in the
hypothalamus post operation than T2DM-Sham rats (Figure 7A and B). The C-fos proteins are often used as markers of
neuronal activation. IHC staining indicated a significant increase in the number of hypothalamic C-fos positive cells in
T2DM-D]JB rats compared to T2DM-Sham rats (Figure 7C and D). DJB surgery significantly increased the expression of C-
fos and BDNF in the hypothalamus of T2DM-DJB rats compared to T2DM-Sham rats, according to the qRT-PCR and
western blot analysis (Figure 7E-H). These results suggest that DJB surgery promotes hypothalamic cell growth and
neuronal activation in T2DM rats.
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Figure 4 Duodenal jejunal bypass inhibits the production of proinflammatory cytokines by blocking the activation of NF-kB signaling in
the hypothalamus of type 2 diabetes mellitus rats. A: The quantitative real-time (qQRT)-PCR results of NF-kB and p-NF-kB expression; B: The expression
levels of NF-kB and p-NF-kB detected by Western blotting; C: The quantitative densitometric analysis of NF-kB and p-NF-kB; D: Flow cytometry results for standards;
E: Flow cytometry results for samples; F: Flow cytometry results for the levels of proinflammatory cytokines interleukin (IL)-1f and IL-6; G: The qRT-PCR results of IL-
1B and IL-6 expression; H: Expression levels of IL-1p and IL-6 detected by Western blotting; I: The quantitative densitometric analysis of IL-1p and IL-6. 2P < 0.05, °P
<0.01,°P < 0.001. T2DM: Type 2 diabetes mellitus; DJB: Duodenal jejunal bypass; IL: Interleukin.

DISCUSSION

Diabetic encephalopathy is one of the chronic complications of T2DM. The World Epidemiological Survey showed that
patients with T2DM usually have by mild to moderate brain dysfunction[36,37]. Growing evidence has demonstrated that
an imbalance in glucose homeostasis in T2DM can exacerbate oxidative stress and tissue inflammation in the brain[38].
Long-term brain inflammation is typically the main cause of neuronal cell apoptosis, resulting in mild cognitive
impairment and even neurodegenerative diseases[39,40].

Previous studies have shown that metabolic surgery is effective for weight loss, remission of T2DM, and improvements
in brain glucose metabolism[23,41].However, the role and mechanisms of DJB surgery in alleviating diabetes-induced
central brain injury are unclear. In this study, we analyzed the differential protein expression in the hypothalamus
between the T2DM-Sham group and the T2DM-DJB group of rats using quantitative proteomics (label-free). We found
that at least 120 proteins in the hypothalamic tissues exhibited significant changes. KEGG enrichment and GO analysis
revealed significant differences in signaling proteins associated with oxidative stress, inflammation, and neurological
damage in the hypothalamic tissues of the two groups of rats. Therefore, DJB surgery may improve hypothalamic injury
in diabetic rats by modulating oxidative stress, inflammation, and neuronal survival.

Recent studies have confirmed the impact of oxidative stress on various stages of diabetic encephalopathy, supporting
the idea that treatments targeting antioxidant stress can help improve CNS complications associated with diabetes[42].
Our results showed that DJB surgery significantly increased the level of SOD and inhibited MDA production in the
hypothalamus of T2DM rats, thereby effectively reducing hypothalamic oxidative stress. The Nrf2/HO-1 signaling
pathway is a significant regulator of oxidative stress[43,44]. Yang et al[45] found that HG induced inflammation and
apoptosis in cerebral microvascular endothelial cells, which may be a result of inhibiting the Nrf2/HO-1-mediated
antioxidant pathway[45]. Hence, we examined the impact of DJB surgery on the hypothalamic expression of Nrf2 and
HO-1 in rats with T2DM. The expression of Nrf2 and HO-1 in the hypothalamus of T2DM rats was significantly
upregulated after DJB surgery. Studies have shown that GLP-1 is involved in regulating oxidative stress and inflam-
mation, in addition to its metabolic effects[46]. Kim ef al[26] demonstrated that EX4 exerts antioxidant effects and reduces
damage to pancreatic B-cells by activating the Nrf2 signaling pathway[26,47]. In this study, DJB surgery increased the
serum levels of GLP-1 and upregulated the expression of GLP-1R in the hypothalamic tissue of T2DM rats. D]B surgery
reduces hypothalamic oxidative stress in rats with T2DM by activating the GLP-1-mediated Nrf2/HO-1 signaling
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Figure 5 Duodenal jejunal bypass surgery improves hypothalamic cell injury induced by oxidative stress. A: The expression of glial fibrillary
acidic protein (GFAP) in the hypothalamus determined by immunohistochemistry (scale bar, 130 um); B: The percentage of cells expressing GFAP; C: The
quantitative real-time PCR results of GFAP expression in the hypothalamus; D: Expression levels of GFAP detected by Western blotting; E: The quantitative
densitometric analysis of GFAP. 2P < 0.05, °P < 0.01, °P < 0.001. T2DM: Type 2 diabetes mellitus; DJB: Duodenal jejunal bypass; GFAP: Glial fibrillary acidic protein.

pathway.

Oxidative stress triggers the massive secretion and release of proinflammatory cytokines in the body, ultimately
leading to an inflammatory response, which is probably mediated by NF-«B signaling activation[48]. Nrf2 activation
inhibits the accumulation of ROS and reduces NF-kB activation, thereby suppressing the inflammatory response. Tu et al
[49] demonstrated that GEN, a novel agonist of GLP-1R, provides protection against the hyperglycemia-induced inflam-
matory response in Miiller cells and the retinal blood barrier in DR mice. This protective effect is primarily attributed to
the upregulation of the Nrf2 antioxidant signaling pathway through GLP-1R[49]. The levels of inflammatory cytokines
and NF-xB activation in the hypothalamus of the three groups of rats were assessed using western blot, flow cytometry,
and qRT-PCR to investigate the role of DJB in hypothalamic inflammation induced by oxidative stress in T2DM rats.
Therefore, DJB surgery improved the hypothalamic inflammatory state in T2DM rats by inhibiting NF-«B signaling
activation and reducing the secretion of proinflammatory cytokines.

Increased expression of the astrocyte biomarker GFAP in the brains of diabetic patients is believed to be a significant
indication of CNS damage caused by neuroinflammation and tissue changes[35,50]. HG conditions significantly increased
the expression of GFAP in Miiller cells, as demonstrated by both in vivo and in vitro studies. Liraglutide treatment
reduced oxidative stress and downregulated GFAP expression in Miiller cells, protecting them from HG-induced injury
[51]. To investigate the effect of DJB surgery on hypothalamic cell injury in diabetic rats, we evaluated the expression of
GFAP protein and compared the differences in the number of GFAP-positive cells in hypothalamic tissues among the
three groups of rats. The experimental results showed that DJB significantly reduced GFAP expression in the
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Figure 6 Duodenal jejunal bypass surgery improves diabetes-induced hypothalamic cell apoptosis in type 2 diabetes mellitus rats. A: The
quantitative real-time (qQRT)-PCR results of Caspase-3 expression; B: The qRT-PCR results of Bcl-2 expression; C: Expression levels of apoptosis-related proteins in
the hypothalamus by Western blotting; D: The quantitative densitometric analysis of apoptosis-related proteins. 2P < 0.05, °P < 0.01, °P < 0.001. T2DM: Type 2
diabetes mellitus; DJB: Duodenal jejunal bypass.

hypothalamus of T2DM rats and alleviated hypothalamic cell injury.

Oxidative stress induced by chronic hyperglycemia in diabetes mellitus is an important factor that promotes neuronal
cell apoptosis[52,53]. Growing evidence suggests that Caspase-3 activation is essential for apoptosis because it regulates
the translocation and activation of Bcl-2 family proteins, thereby promoting the final stages of apoptosis[50,54]. In this
study, DJB surgery significantly upregulated the expression of Bcl-2 in the hypothalamus of rats with T2DM, downreg-
ulated the expression of Caspase-3, and inhibited the apoptosis of hypothalamic cells. We evaluated the expression of
Ki67, C-fos, and BDNF, which are associated with neuronal proliferation, differentiation, and maturation, in diabetic rats
to determine the effects of DJB surgery on neuronal injury[55]. We found that the number of C-fos positive and Ki67
positive nerve cells in the hypothalamus was significantly reduced in diabetic rats, accompanied by downregulation of
hypothalamic BDNF expression. However, DJB significantly reversed these changes. These data suggest that DJB can
inhibit hypothalamic cell apoptosis in T2DM rats, promote neurogenesis, and reduce diabetes-induced neuronal cell
damage.

In the present study, we demonstrated that DJB enhanced hypothalamic antioxidant activity and alleviated
hypothalamic neuronal apoptosis and inflammation in T2DM rats, partly through the upregulation of peripheral GLP-1
secretion (Figure 8). Since enteric GLP-1 can act on the CNS through two pathways (neural or humoral), our current
study did not involve the specific pathways through which enteric GLP-1 affects central brain injury[56]. Further invest-
igation is needed to determine the influence of enteric neural or endocrine pathways after DJB surgery on the
amelioration of diabetes-induced central brain injury by GLP-1.

CONCLUSION

DJB surgery can improve oxidative stress and inflammation in the hypothalamus of T2DM rats and reduce neuronal cell
injury. This improvement is achieved by upregulating the GLP-1-mediated Nrf2/HO-1 signaling pathway.
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Figure 7 Duodenal jejunal bypass surgery promotes hypothalamic neurogenesis in type 2 diabetes mellitus rats. A: Inmunofluorescence
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analysis the expression of Ki67 (scale bar, 130 um); B: The percentage of cells expressing Ki67; C: The percentage of cells expressing C-fos; D:
Immunofluorescence analysis the expression of C-fos (scale bar, 120 um); E: The quantitative real-time (QRT)-PCR results of C-fos expression; F: The gRT-PCR
results of BDNF expression; G: Expression levels of C-fos and BDNF detected by Western blotting. The quantitative densitometric analysis of C-fos and BDNF. 2P <
0.05, °P < 0.01, °P < 0.001. T2DM: Type 2 diabetes mellitus; DJB: Duodenal jejunal bypass.
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Figure 8 A schema summarizing the protective effects of duodenal jejunal bypass surgery on hypothalamic cell injury induced by
diabetes. Duodenal jejunal bypass (DJB) surgery significantly reduces hypothalamic oxidative stress injury and inflammation in type 2 diabetes mellitus rats by a
mechanism depending on glucagon-like peptide 1 (GLP-1)-mediated activation of Nrf2/HO-1 signaling pathway. DJB therapy effectively inhibits hypothalamic
oxidative stress and inflammatory damage caused by diabetes by GIP-1-mediated activation of Nrf2/HO-1 to inhibit oxidative stress damage in the hypothalamus. In
addition, DJB inhibits inflammation by upregulating Nrf2 expression, activating the Nrf2/HO-1 axis, and inhibiting the NF-kB pathway. T2DM: Type 2 diabetes mellitus;
DJB: Duodenal jejunal bypass; GLP-1: Glucagon-like peptide 1; GLP-1R: Glucagon-like peptide 1 receptor; IL: Interleukin.

ARTICLE HIGHLIGHTS

Research background

Type 2 diabetes mellitus (T2DM) is often accompanied by impaired glucose utilization in the brain, leading to oxidative
stress, neuronal injury and inflammation. Previous studies have shown that duodenal jejunal bypass (D]B) surgery
significantly improves brain glucose metabolism in T2DM rats, but its role in brain injury and the underlying
mechanisms are still unclear.

Research motivation

DJB can increase serum glucagon-like peptide 1 (GLP-1) Levels and enhance brain glucose utilization, playing a positive
role in the treatment of diabetes. Therefore, GLP-1 signaling may play a significant role after DJB surgery in alleviating
T2DM-related brain injury.

Research objectives
To investigate the role and metabolism of DJB in improving hypothalamic oxidative stress and inflammation condition in
T2DM rats.

Research methods
A T2DM rat model was induced via a high-glucose, high-fat diet, and a low-dose streptozotocin injection. T2DM rats
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underwent DJB surgery or Sham surgery. Differential expression of hypothalamic proteins and genes was analyzed by
protein microarray, flow cytometry, quantitative real-time PCR, western blot, and immunofluorescence.

Research results

Protein microarray results showed significant differences between the T2DM-Sham rats and the T2DM-DJB rats in
signaling proteins related to oxidative stress, inflammation, and neuronal injury. DJB surgery increased the serum levels
of GLP-1 and upregulated the expression of GLP-1 receptor and antioxidant signaling proteins (Nrf2 and HO-1) in the
hypothalamic tissue of T2DM rats. DJB also reduced the expression of hypothalamic inflammatory and nerve cell injury-
related factors, playing a neuroprotective role and reducing hypothalamic injury.

Research conclusions
DJB surgery improve oxidative stress and inflammation in the hypothalamus of T2DM rats and reduce neuronal cell
injury by activating the GLP-1-mediated Nrf2/HO-1 signaling pathway.

Research perspectives
Further investigation is needed to determine the influence of enteric neural or endocrine pathways after DJB surgery on
the amelioration of diabetes-induced central brain injury by GLP-1.

FOOTNOTES

Co-corresponding authors: Fang-Ming Fu and Mei-Hua Qu.

Author contributions: Qu MH and Fu FM had equal contribution to this paper; Qu MH and Fu FM designed the research scheme and
directed the relevant experimental techniques and methods; Wang HJ, Zhang LB, Sun SP, Yan QT, Gao ZQ performed the research and
data analysis; Wang HJ, Qu MH analyzed the data and wrote the manuscript; All authors have read and approve the final manuscript.
Qu MH and Fu FM contributed to the experimental design. Qu primarily developed the research direction and experimental hypothesis
based on literature and previous research. Fu FM participated in the design of the experimental verification scheme. Qu MH and Fu FM
jointly supervised the modeling and duodenal jejunal bypass surgery-related experiments. They are co-corresponding authors of this
study, and there is no conflict of interest between them.

Supported by the Natural Science Foundation of China, No. 82070856; the Science and Technology Development Plan of Shandong
Medical and Health Science, No. 202102040075; Scientific Research Plan of Weifang Health Commission, No. WFWSJK-2022-010 and No.
WEWSJK-2022-008; and Weifang Science and Technology Development Plan, No. 2021YX071 and No. 2021YX070.

Institutional review board statement: This study was carried out following the recommendations of Weifang Medical University, China.
The experimental protocol was approved by the Research Ethics Committee of Weifang Medical University, China, Approval No.
2020SDL074.

Institutional animal care and use committee statement: The experimental protocols were approved by the Institutional Animal Care and
Use Committee, No. 2021SDL574.

Conflict-of-interest statement: All the authors report no relevant conflicts of interest for this article.
Data sharing statement: No additional data are available.

ARRIVE guidelines statement: The authors have read the ARRIVE guidelines, and the manuscript was prepared and revised according to
the ARRIVE guidelines.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers.
It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license, which permits others to
distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the
original work is properly cited and the use is non-commercial. See: https:/ /creativecommons.org/ Licenses/by-nc/4.0/

Country/Territory of origin: China
ORCID number: Mei-Hua Qu 0000-0003-2464-6773.

S-Editor: Li L
L-Editor: A
P-Editor: Chen YX

Buisdenge WID | hittps:/ /www.wjgnet.com 301 February 15,2024 | Volume15 | Issue2 |


https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0003-2464-6773
http://orcid.org/0000-0003-2464-6773

Wang H]J et al. D]B alleviates T2DM rats hypothalamic injury

REFERENCES

1

N

W

W

6

10

23

24

27

Magliano DJ, Boyko EJ; IDF Diabetes Atlas 10th edition scientific committee. IDF DIABETES ATLAS [Internet]. 10th ed. Brussels:
International Diabetes Federation, 2021 [PMID: 35914061]

Roomi AB, Al-Salih RMH, Ali SA. The Effect Insulin Therapy and Metformin on Osteoporosis in Diabetic Post-Menopausal Iraqi Women.
Indian J Public Health Res Dev 2019; 10: 1544 [DOI: 10.5958/0976-5506.2019.00935.5]

Buse JB, Wexler DJ, Tsapas A, Rossing P, Mingrone G, Mathieu C, D'Alessio DA, Davies MJ. 2019 Update to: Management of
Hyperglycemia in Type 2 Diabetes, 2018. A Consensus Report by the American Diabetes Association (ADA) and the European Association for
the Study of Diabetes (EASD). Diabetes Care 2020; 43: 487-493 [PMID: 31857443 DOI: 10.2337/dci19-0066]

Maciejezyk M, Zebrowska E, Chabowski A. Insulin Resistance and Oxidative Stress in the Brain: What's New? Int J Mol Sci 2019; 20 [PMID:
30781611 DOI: 10.3390/ijms20040874]

Sun Y, Ma C, Sun H, Wang H, Peng W, Zhou Z, Pi C, Shi Y, He X. Metabolism: A Novel Shared Link between Diabetes Mellitus and
Alzheimer's Disease. J Diabetes Res 2020; 2020: 4981814 [PMID: 32083135 DOI: 10.1155/2020/4981814]

Miao C, Chen H, Li Y, Guo Y, Xu F, Chen Q, Zhang Y, Hu M, Chen G. Curcumin and its analog alleviate diabetes-induced damages by
regulating inflammation and oxidative stress in brain of diabetic rats. Diabetol Metab Syndr 2021; 13: 21 [PMID: 33602334 DOL:
10.1186/s13098-021-00638-3]

Zhang Z, Zhou H, Zhou J. Neuritin inhibits astrogliosis to ameliorate diabetic cognitive dysfunction. J Mol Endocrinol 2021; 66: 259-272
[PMID: 33729996 DOI: 10.1530/JME-20-0321]

Elsharkawy RE, Abdel Azim GS, Osman MA, Maghraby HM, Mohamed RA, Abdelsalam EM, Ebrahem EE, Seliem NMA. Peripheral
Polyneuropathy and Cognitive Impairment in Type II Diabetes Mellitus. Neuropsychiatr Dis Treat 2021; 17: 627-635 [PMID: 33658784 DOI:
10.2147/NDT.S284308]

Burillo J, Marqués P, Jiménez B, Gonzalez-Blanco C, Benito M, Guillén C. Insulin Resistance and Diabetes Mellitus in Alzheimer's Disease.
Cells 2021; 10 [PMID: 34069890 DOI: 10.3390/cells10051236]

Maciejczyk M, Zebrowska E, Zalewska A, Chabowski A. Redox Balance, Antioxidant Defense, and Oxidative Damage in the Hypothalamus
and Cerebral Cortex of Rats with High Fat Diet-Induced Insulin Resistance. Oxid Med Cell Longev 2018; 2018: 6940515 [PMID: 30271528
DOI: 10.1155/2018/6940515]

Dhaliwal J, Dhaliwal N, Akhtar A, Kuhad A, Chopra K. Tetramethylpyrazine Attenuates Cognitive Impairment Via Suppressing Oxidative
Stress, Neuroinflammation, and Apoptosis in Type 2 Diabetic Rats. Neurochem Res 2022; 47: 2431-2444 [PMID: 35665448 DOI:
10.1007/s11064-022-03640-x]

Roth AE, Thornley CJ, Blackstone RP. Outcomes in Bariatric and Metabolic Surgery: an Updated 5-Year Review. Curr Obes Rep 2020; 9:
380-389 [PMID: 32607822 DOI: 10.1007/s13679-020-00389-8]

Sandoval DA, Patti ME. Glucose metabolism after bariatric surgery: implications for T2DM remission and hypoglycaemia. Nat Rev
Endocrinol 2023; 19: 164-176 [PMID: 36289368 DOI: 10.1038/s41574-022-00757-5]

Leonardou AS, Karystianos C, Argyropoulos C, Nikiforidis GC, Kalfarentzos F, Alexandrides TK. Restoration of high-frequency glucose-
entrained insulin oscillations in obese subjects with type 2 diabetes after biliopancreatic diversion. Surg Obes Relat Dis 2016; 12: 1539-1547
[PMID: 27425836 DOI: 10.1016/j.s0ard.2016.04.009]

Soong TC, Lee MH, Lee WJ, Almalki OM, Chen JC, Wu CC, Chen SC. Long-Term Efficacy of Bariatric Surgery for the Treatment of Super-
Obesity: Comparison of SG, RYGB, and OAGB. Obes Surg 2021; 31: 3391-3399 [PMID: 33993423 DOI: 10.1007/s11695-021-05464-0]
Fink J, Seifert G, Blither M, Fichtner-Feigl S, Marjanovic G. Obesity Surgery. Dtsch Arztebl Int 2022; 119: 70-80 [PMID: 34819222 DOI:
10.3238/arztebl.m2021.0359]

Rubino F, Marescaux J. Effect of duodenal-jejunal exclusion in a non-obese animal model of type 2 diabetes: a new perspective for an old
disease. Ann Surg 2004; 239: 1-11 [PMID: 14685093 DOI: 10.1097/01.51a.0000102989.54824.fc]

Kashihara H, Shimada M, Yoshikawa K, Higashijima J, Nakao T, Nishi M, Takasu C. Duodenal-jejunal bypass changes the composition of
the gut microbiota. Surg Today 2017; 47: 137-140 [PMID: 27412617 DOL: 10.1007/s00595-016-1373-x]

Shen SC, Lee WJ, Kasama K, Seki Y, Su YH, Wong SK, Huang YM, Wang W. Efficacy of Different Procedures of Metabolic Surgery for
Type 2 Diabetes in Asia: a Multinational and Multicenter Exploratory Study. Obes Surg 2021; 31: 2153-2160 [PMID: 33523416 DOI:
10.1007/s11695-021-05239-7]

Wu W, Lin L, Lin Z, Yang W, Cai Z, Hong J, Qiu J, Lin C, Lin N, Wang Y. Duodenum Exclusion Alone Is Sufficient to Improve Glucose
Metabolism in STZ-Induced Diabetes Rats. Obes Surg 2018; 28: 3087-3094 [PMID: 29790129 DOI: 10.1007/s11695-018-3291-7]

Miiller TD, Finan B, Bloom SR, D'Alessio D, Drucker DJ, Flatt PR, Fritsche A, Gribble F, Grill HJ, Habener JF, Holst JJ, Langhans W, Meier
JJ, Nauck MA, Perez-Tilve D, Pocai A, Reimann F, Sandoval DA, Schwartz TW, Seeley RJ, Stemmer K, Tang-Christensen M, Woods SC,
DiMarchi RD, Tschép MH. Glucagon-like peptide 1 (GLP-1). Mol Metab 2019; 30: 72-130 [PMID: 31767182 DOIL:
10.1016/j.molmet.2019.09.010]

Hutch CR, Sandoval D. The Role of GLP-1 in the Metabolic Success of Bariatric Surgery. Endocrinology 2017; 158: 4139-4151 [PMID:
29040429 DOI: 10.1210/en.2017-00564]

Ruze R, Xu Q, Liu G, Li Y, Chen W, Cheng Z, Xiong Y, Liu S, Zhang G, Hu S, Yan Z. Central GLP-1 contributes to improved cognitive
function and brain glucose uptake after duodenum-jejunum bypass on obese and diabetic rats. Am J Physiol Endocrinol Metab 2021; 321:
E392-E409 [PMID: 34370593 DOI: 10.1152/ajpendo.00126.2021]

Candeias E, Sebastido I, Cardoso S, Carvalho C, Santos MS, Oliveira CR, Moreira PI, Duarte Al. Brain GLP-1/IGF-1 Signaling and
Autophagy Mediate Exendin-4 Protection Against Apoptosis in Type 2 Diabetic Rats. Mol Neurobiol 2018; 55: 4030-4050 [PMID: 28573460
DOI: 10.1007/s12035-017-0622-3]

Pelle MC, Zaffina I, Giofre F, Pujia R, Arturi F. Potential Role of Glucagon-like Peptide-1 Receptor Agonists in the Treatment of Cognitive
Decline and Dementia in Diabetes Mellitus. Int J Mol Sci 2023; 24 [PMID: 37511061 DOI: 10.3390/ijms241411301]

Kim MH, Kim EH, Jung HS, Yang D, Park EY, Jun HS. EX4 stabilizes and activates Nrf2 via PKC3, contributing to the prevention of
oxidative stress-induced pancreatic beta cell damage. Toxicol Appl Pharmacol 2017; 315: 60-69 [PMID: 27939242 DOI:
10.1016/j.taap.2016.12.005]

Liao Z, Zhang J, Liu B, Yan T, Xu F, Xiao F, Wu B, Bi K, Jia Y. Polysaccharide from Okra (Abelmoschus esculentus (L) Moench) Improves
Antioxidant Capacity via PI3K/AKT Pathways and Nrf2 Translocation in a Type 2 Diabetes Model. Molecules 2019; 24 [PMID: 31108940
DOI: 10.3390/molecules24101906]

Buisdenge WID | hittps:/ /www.wjgnet.com 302 February 15,2024 | Volume15 | Issue2 |


http://www.ncbi.nlm.nih.gov/pubmed/35914061
https://dx.doi.org/10.5958/0976-5506.2019.00935.5
http://www.ncbi.nlm.nih.gov/pubmed/31857443
https://dx.doi.org/10.2337/dci19-0066
http://www.ncbi.nlm.nih.gov/pubmed/30781611
https://dx.doi.org/10.3390/ijms20040874
http://www.ncbi.nlm.nih.gov/pubmed/32083135
https://dx.doi.org/10.1155/2020/4981814
http://www.ncbi.nlm.nih.gov/pubmed/33602334
https://dx.doi.org/10.1186/s13098-021-00638-3
http://www.ncbi.nlm.nih.gov/pubmed/33729996
https://dx.doi.org/10.1530/JME-20-0321
http://www.ncbi.nlm.nih.gov/pubmed/33658784
https://dx.doi.org/10.2147/NDT.S284308
http://www.ncbi.nlm.nih.gov/pubmed/34069890
https://dx.doi.org/10.3390/cells10051236
http://www.ncbi.nlm.nih.gov/pubmed/30271528
https://dx.doi.org/10.1155/2018/6940515
http://www.ncbi.nlm.nih.gov/pubmed/35665448
https://dx.doi.org/10.1007/s11064-022-03640-x
http://www.ncbi.nlm.nih.gov/pubmed/32607822
https://dx.doi.org/10.1007/s13679-020-00389-8
http://www.ncbi.nlm.nih.gov/pubmed/36289368
https://dx.doi.org/10.1038/s41574-022-00757-5
http://www.ncbi.nlm.nih.gov/pubmed/27425836
https://dx.doi.org/10.1016/j.soard.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/33993423
https://dx.doi.org/10.1007/s11695-021-05464-0
http://www.ncbi.nlm.nih.gov/pubmed/34819222
https://dx.doi.org/10.3238/arztebl.m2021.0359
http://www.ncbi.nlm.nih.gov/pubmed/14685093
https://dx.doi.org/10.1097/01.sla.0000102989.54824.fc
http://www.ncbi.nlm.nih.gov/pubmed/27412617
https://dx.doi.org/10.1007/s00595-016-1373-x
http://www.ncbi.nlm.nih.gov/pubmed/33523416
https://dx.doi.org/10.1007/s11695-021-05239-7
http://www.ncbi.nlm.nih.gov/pubmed/29790129
https://dx.doi.org/10.1007/s11695-018-3291-z
http://www.ncbi.nlm.nih.gov/pubmed/31767182
https://dx.doi.org/10.1016/j.molmet.2019.09.010
http://www.ncbi.nlm.nih.gov/pubmed/29040429
https://dx.doi.org/10.1210/en.2017-00564
http://www.ncbi.nlm.nih.gov/pubmed/34370593
https://dx.doi.org/10.1152/ajpendo.00126.2021
http://www.ncbi.nlm.nih.gov/pubmed/28573460
https://dx.doi.org/10.1007/s12035-017-0622-3
http://www.ncbi.nlm.nih.gov/pubmed/37511061
https://dx.doi.org/10.3390/ijms241411301
http://www.ncbi.nlm.nih.gov/pubmed/27939242
https://dx.doi.org/10.1016/j.taap.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/31108940
https://dx.doi.org/10.3390/molecules24101906

Wang H]J et al. DJB alleviates T2DM rats hypothalamic injury

28 Yoo J, Cho 1J, Jeong IK, Ahn KJ, Chung HY, Hwang YC. Exendin-4, a glucagon-like peptide-1 receptor agonist, reduces hepatic steatosis and
endoplasmic reticulum stress by inducing nuclear factor erythroid-derived 2-related factor 2 nuclear translocation. Toxicol Appl Pharmacol
2018; 360: 18-29 [PMID: 30253173 DOIL: 10.1016/j.taap.2018.09.032]

29 Shan Y, Tan S, Lin Y, Liao S, Zhang B, Chen X, Wang J, Deng Z, Zeng Q, Zhang L, Wang Y, Hu X, Qiu W, Peng L, Lu Z. The glucagon-like
peptide-1 receptor agonist reduces inflammation and blood-brain barrier breakdown in an astrocyte-dependent manner in experimental stroke. J
Neuroinflammation 2019; 16: 242 [PMID: 31779652 DOI: 10.1186/s12974-019-1638-6]

30 Jiang B, Wang H, Li N, Yan Q, Wang W, Wang Y, Xue H, Ma S, Li X, Diao W, Pan R, Gao Z, Qu MH. Role of Proximal Intestinal Glucose
Sensing and Metabolism in the Blood Glucose Control in Type 2 Diabetic Rats After Duodenal Jejunal Bypass Surgery. Obes Surg 2022; 32:
1119-1129 [PMID: 35080701 DOI: 10.1007/s11695-021-05871-3]

31 Li N, Yan QT, Jing Q, Pan RY, Wang HJ, Jiang B, Li XJ, Wang Y, Dong JH, Wang XJ, Zhang MJ, Meng QG, Li XZ, Liu ZJ, Gao ZQ, Qu
MH. Duodenal-Jejunal Bypass Ameliorates Type 2 Diabetes Mellitus by Activating Insulin Signaling and Improving Glucose Utilization in the
Brain. Obes Surg 2020; 30: 279-289 [PMID: 31605365 DOI: 10.1007/s11695-019-04153-3

32 Lv R, Du L, Zhang L, Zhang Z. Polydatin attenuates spinal cord injury in rats by inhibiting oxidative stress and microglia apoptosis via Nrf2/
HO-1 pathway. Life Sci 2019; 217: 119-127 [PMID: 30481506 DOI: 10.1016/j.1fs.2018.11.053]

33 He T, Shen H, Zhu J, Zhu Y, He Y, Li Z, Lu H. Geniposide attenuates cadmiuminduced oxidative stress injury via Nrf2 signaling in
osteoblasts. Mol Med Rep 2019; 20: 1499-1508 [PMID: 31257486 DOI: 10.3892/mmr.2019.10396]

34 Shukla V, Mishra SK, Pant HC. Oxidative stress in neurodegeneration. Adv Pharmacol Sci 2011; 2011: 572634 [PMID: 21941533 DOI:
10.1155/2011/572634]

35 Coleman ES, Dennis JC, Braden TD, Judd RL, Posner P. Insulin treatment prevents diabetes-induced alterations in astrocyte glutamate uptake
and GFAP content in rats at 4 and 8 wk of diabetes duration. Brain Res 2010; 1306: 131-141 [PMID: 19822133 DOI:
10.1016/j.brainres.2009.10.005]

36 Rivas AB, Lopez-Picado A, Salas-Butron MDR, Terleira A, Sanchez Pernaute A, Torres Garcia AJ, Moreno Lopera C, Chicharro LM, Bandrés
F, Rubio Herrera MA, Portolés A, Vargas E. Effect of Roux-en-Y gastric surgery on ciprofloxacin pharmacokinetics: an obvious effect? Eur J
Clin Pharmacol 2019; 75: 647-654 [PMID: 30649602 DOI: 10.1007/s00228-018-02623-8]

37 Riederer P, Korczyn AD, Ali SS, Bajenaru O, Choi MS, Chopp M, Dermanovic-Dobrota V, Griinblatt E, Jellinger KA, Kamal MA, Kamal W,
Leszek J, Sheldrick-Michel TM, Mushtaq G, Meglic B, Natovich R, Pirtosek Z, Rakusa M, Salkovic-Petrisic M, Schmidt R, Schmitt A, Sridhar
GR, Vécsei L, Wojszel ZB, Yaman H, Zhang ZG, Cukierman-Yaffe T. The diabetic brain and cognition. J Neural Transm (Vienna) 2017; 124:
1431-1454 [PMID: 28766040 DOI: 10.1007/s00702-017-1763-2]

38 Ye S, Xie DJ, Zhou P, Gao HW, Zhang MT, Chen DB, Qin YP, Lei X, Li XQ, Liu J, Cheng YX, Yao YC, Cai B, Shen GM. Huang-Pu-Tong-
Qiao Formula Ameliorates the Hippocampus Apoptosis in Diabetic Cognitive Dysfunction Mice by Activating CREB/BDNF/TrkB Signaling
Pathway. Evid Based Complement Alternat Med 2021; 2021: 5514175 [PMID: 34211563 DOI: 10.1155/2021/5514175]

39 Song Y, Ding W, Bei Y, Xiao Y, Tong HD, Wang LB, Ai LY. Insulin is a potential antioxidant for diabetes-associated cognitive decline via
regulating Nrf2 dependent antioxidant enzymes. Biomed Pharmacother 2018; 104: 474-484 [PMID: 29793180 DOI:
10.1016/j.biopha.2018.04.097]

40 Sabari SS, Balasubramani K, Iyer M, Sureshbabu HW, Venkatesan D, Gopalakrishnan AV, Narayanaswamy A, Senthil Kumar N, Vellingiri
B. Type 2 Diabetes (T2DM) and Parkinson's Disease (PD): a Mechanistic Approach. Mol Neurobiol 2023; 60: 4547-4573 [PMID: 37118323
DOI: 10.1007/s12035-023-03359-y]

41 Rebelos E, Immonen H, Bucci M, Hannukainen JC, Nummenmaa L, Honka MJ, Soinio M, Salminen P, Ferrannini E, lozzo P, Nuutila P. Brain
glucose uptake is associated with endogenous glucose production in obese patients before and after bariatric surgery and predicts metabolic
outcome at follow-up. Diabetes Obes Metab 2019; 21: 218-226 [PMID: 30098134 DOI: 10.1111/dom.13501]

42 Zuliani I, Urbinati C, Valenti D, Quattrini MC, Medici V, Cosentino L, Pietraforte D, Di Domenico F, Perluigi M, Vacca RA, De Filippis B.
The Anti-Diabetic Drug Metformin Rescues Aberrant Mitochondrial Activity and Restrains Oxidative Stress in a Female Mouse Model of Rett
Syndrome. J Clin Med 2020; 9 [PMID: 32492904 DOI: 10.3390/jcm9061669]

43 FanJ,LiL, QuP, Diao Y, Sun Y. kopioid receptor agonist US0488H attenuates postoperative cognitive dysfunction of cardiopulmonary
bypass rats through the PI3K/AKT/Nrf2/HO1 pathway. Mol Med Rep 2021; 23 [PMID: 33649775 DOI: 10.3892/mmr.2021.11933]

44 Habotta OA, Abdeen A, Roomi AB, Elgndy Al, Sorour SM, Morsi MH, Kamal KM, Ibrahim SF, Abdelrahaman D, Fericean L, Banatean-
Dunea I, Ghamry HI, El-Nablaway M, Atawia RT, Abdelhady D. Nootkatone Mitigated Melamine-Evoked Hepatotoxicity by Featuring
Oxidative Stress and Inflammation Interconnected Mechanisms: In Vivo and In Silico Approaches. Toxics 2023; 11 [PMID: 37755794 DOI:
10.3390/toxics11090784]

45 Yang MY, Fan Z, Zhang Z, Fan J. MitoQ protects against high glucose-induced brain microvascular endothelial cells injury via the Nrf2/HO-1
pathway. J Pharmacol Sci 2021; 145: 105-114 [PMID: 33357768 DOL: 10.1016/j.jphs.2020.10.007]

46 Oh YS, Jun HS. Effects of Glucagon-Like Peptide-1 on Oxidative Stress and Nrf2 Signaling. Int J Mol Sci 2017; 19 [PMID: 29271910 DOI:
10.3390/ijms19010026]

47 Farkas E, Szilvasy-Szabo A, Ruska Y, Sinko R, Rasch MG, Egebjerg T, Pyke C, Gereben B, Knudsen LB, Fekete C. Distribution and
ultrastructural localization of the glucagon-like peptide-1 receptor (GLP-1R) in the rat brain. Brain Struct Funct 2021; 226: 225-245 [PMID:
33341919 DOI: 10.1007/s00429-020-02189-1]

48 Ma X, MaJ, Leng T, Yuan Z, Hu T, Liu Q, Shen T. Advances in oxidative stress in pathogenesis of diabetic kidney disease and efficacy of
TCM intervention. Ren Fail 2023; 45: 2146512 [PMID: 36762989 DOI: 10.1080/0886022X.2022.2146512]

49 TuY,LiL,Zhu L, Guo Y, Du S, Zhang Y, Wang Z, Zhu M. Geniposide Attenuates Hyperglycemia-Induced Oxidative Stress and
Inflammation by Activating the Nrf2 Signaling Pathway in Experimental Diabetic Retinopathy. Oxid Med Cell Longev 2021; 2021: 9247947
[PMID: 34938383 DOI: 10.1155/2021/9247947]

50 Qin L, Chong T, Rodriguez R, Pugazhenthi S. Glucagon-Like Peptide-1-Mediated Modulation of Inflammatory Pathways in the Diabetic
Brain: Relevance to Alzheimer's Disease. Curr Alzheimer Res 2016; 13: 1346-1355 [PMID: 27033055 DOI:
10.2174/1567205013666160401114751]

51 Ren X, Sun L, Wei L, Liu J, Zhu J, Yu Q, Kong H, Kong L. Liraglutide Up-regulation Thioredoxin Attenuated Miiller Cells Apoptosis in High

Glucose by Regulating Oxidative Stress and Endoplasmic Reticulum Stress. Curr Eye Res 2020; 45: 1283-1291 [PMID: 32180468 DOI:

10.1080/02713683.2020.1737137]

Xiong J, Yang J, Yan K, Guo J. Ginsenoside Rk1 protects human melanocytes from H(2)O(2)induced oxidative injury via regulation of the

PI3K/AKT/Nrf2/HO1 pathway. Mol Med Rep 2021; 24 [PMID: 34558653 DOI: 10.3892/mmr.2021.12462]

W
[\%)

Buisdenge WID | hittps:/ /www.wjgnet.com 303 February 15,2024 | Volume15 | Issue2 |


http://www.ncbi.nlm.nih.gov/pubmed/30253173
https://dx.doi.org/10.1016/j.taap.2018.09.032
http://www.ncbi.nlm.nih.gov/pubmed/31779652
https://dx.doi.org/10.1186/s12974-019-1638-6
http://www.ncbi.nlm.nih.gov/pubmed/35080701
https://dx.doi.org/10.1007/s11695-021-05871-3
http://www.ncbi.nlm.nih.gov/pubmed/31605365
https://dx.doi.org/10.1007/s11695-019-04153-3
http://www.ncbi.nlm.nih.gov/pubmed/30481506
https://dx.doi.org/10.1016/j.lfs.2018.11.053
http://www.ncbi.nlm.nih.gov/pubmed/31257486
https://dx.doi.org/10.3892/mmr.2019.10396
http://www.ncbi.nlm.nih.gov/pubmed/21941533
https://dx.doi.org/10.1155/2011/572634
http://www.ncbi.nlm.nih.gov/pubmed/19822133
https://dx.doi.org/10.1016/j.brainres.2009.10.005
http://www.ncbi.nlm.nih.gov/pubmed/30649602
https://dx.doi.org/10.1007/s00228-018-02623-8
http://www.ncbi.nlm.nih.gov/pubmed/28766040
https://dx.doi.org/10.1007/s00702-017-1763-2
http://www.ncbi.nlm.nih.gov/pubmed/34211563
https://dx.doi.org/10.1155/2021/5514175
http://www.ncbi.nlm.nih.gov/pubmed/29793180
https://dx.doi.org/10.1016/j.biopha.2018.04.097
http://www.ncbi.nlm.nih.gov/pubmed/37118323
https://dx.doi.org/10.1007/s12035-023-03359-y
http://www.ncbi.nlm.nih.gov/pubmed/30098134
https://dx.doi.org/10.1111/dom.13501
http://www.ncbi.nlm.nih.gov/pubmed/32492904
https://dx.doi.org/10.3390/jcm9061669
http://www.ncbi.nlm.nih.gov/pubmed/33649775
https://dx.doi.org/10.3892/mmr.2021.11933
http://www.ncbi.nlm.nih.gov/pubmed/37755794
https://dx.doi.org/10.3390/toxics11090784
http://www.ncbi.nlm.nih.gov/pubmed/33357768
https://dx.doi.org/10.1016/j.jphs.2020.10.007
http://www.ncbi.nlm.nih.gov/pubmed/29271910
https://dx.doi.org/10.3390/ijms19010026
http://www.ncbi.nlm.nih.gov/pubmed/33341919
https://dx.doi.org/10.1007/s00429-020-02189-1
http://www.ncbi.nlm.nih.gov/pubmed/36762989
https://dx.doi.org/10.1080/0886022X.2022.2146512
http://www.ncbi.nlm.nih.gov/pubmed/34938383
https://dx.doi.org/10.1155/2021/9247947
http://www.ncbi.nlm.nih.gov/pubmed/27033055
https://dx.doi.org/10.2174/1567205013666160401114751
http://www.ncbi.nlm.nih.gov/pubmed/32180468
https://dx.doi.org/10.1080/02713683.2020.1737137
http://www.ncbi.nlm.nih.gov/pubmed/34558653
https://dx.doi.org/10.3892/mmr.2021.12462

Wang H]J et al. D]B alleviates T2DM rats hypothalamic injury

53 Guo Z, Wan X, Luo Y, Liang F, Jiang S, Yuan X, Mo Z. The vicious circle of UHRF1 down-regulation and KEAP1/NRF2/HO-1 pathway
impairment promotes oxidative stress-induced endothelial cell apoptosis in diabetes. Diabet Med 2023; 40: 15026 [PMID: 36510823 DOI:
10.1111/dme.15026]

54 Li WC, Yao SP, Zhang J, Liu WB, Liu J, Geng CK. Low-dose lipopolysaccharide protects nerve cells against spinal cord injury via regulating
the PI3K-AKT-Nrf2 signaling pathway. Biochem Cell Biol 2021; 99: 527-535 [PMID: 34424795 DOI: 10.1139/bcb-2020-0641]

55 Luo C, Fan H, Li S, Zou Y. Therapeutic of Candesartan and Music Therapy in Diabetic Retinopathy with Depression in Rats. Evid Based
Complement Alternat Med 2021; 2021: 5570356 [PMID: 33833815 DOI: 10.1155/2021/5570356]

56 Kababhizi A, Wallace B, Lieu L, Chau D, Dong Y, Hwang ES, Williams KW. Glucagon-like peptide-1 (GLP-1) signalling in the brain: From
neural circuits and metabolism to therapeutics. Br J Pharmacol 2022; 179: 600-624 [PMID: 34519026 DOI: 10.1111/bph.15682]

Buisdenge WID | hittps:/ /www.wjgnet.com 304 February 15,2024 | Volume15 | Issue2 |


http://www.ncbi.nlm.nih.gov/pubmed/36510823
https://dx.doi.org/10.1111/dme.15026
http://www.ncbi.nlm.nih.gov/pubmed/34424795
https://dx.doi.org/10.1139/bcb-2020-0641
http://www.ncbi.nlm.nih.gov/pubmed/33833815
https://dx.doi.org/10.1155/2021/5570356
http://www.ncbi.nlm.nih.gov/pubmed/34519026
https://dx.doi.org/10.1111/bph.15682

JRnishideng®

Published by Baishideng Publishing Group Inc
7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA
Telephone: +1-925-3991568
E-mail: office(@baishideng.com
Help Desk: https://www.t6publishing.com/helpdesk

https:/ /www.wjgnet.com

© 2024 Baishideng Publishing Group Inc. All rights reserved.


mailto:office@baishideng.com
https://www.f6publishing.com/helpdesk
https://www.wjgnet.com

	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and treatment
	Tissue processing and preparation
	The expression of differential hypothalamic proteins analyzed by protein chip assay
	Western blotting analysis
	Flow cytometry
	Immunohistochemistry and immunofluorescence assays
	Quantitative real-time PCR
	Statistical analysis

	RESULTS
	The expression of different proteins in the hypothalamus after DJB intervention
	DJB surgery inhibits hypothalamic oxidative stress in rats with T2DM by activating the Nrf2/HO-1 signaling pathway
	DJB surgery exerts antioxidant effects by activating hypothalamic GLP-1 signaling in T2DM rats
	DJB blocks the activation of NF-κB signaling and inhibits the production of proinflammatory cytokines in the hypothalamus of T2DM rats
	DJB surgery improves hypothalamic nerve injury induced by oxidative stress
	DJB surgery improves diabetes-induced hypothalamic cell apoptosis in T2DM rats
	DJB surgery promotes hypothalamic neurogenesis in T2DM rats

	DISCUSSION
	CONCLUSION
	ARTICLE HIGHLIGHTS
	Research background
	Research motivation
	Research objectives
	Research methods
	Research results
	Research conclusions
	Research perspectives

	FOOTNOTES
	REFERENCES

