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Abstract 
Objective: To explore the effects of astragalus injection (AI) in patients with diabetic cognitive impairment (DCI).

Methods: First, to screen for effective chemical components of astragalus, we searched Traditional Chinese Medicines Systems 
Pharmacology (TCMSP) and Analysis Platform databases. We then predicted the corresponding potential target genes using Swiss 
Target Prediction, searched and filtered three disease databases to identify DCI targets, and constructed a drug-component-target-
disease interaction network and protein–protein interaction (PPI) network. The core targets and pathways of AI against DCI were 
predicted using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analyses. In 
vivo experiments demonstrated the efficacy of AI in alleviating diabetes-associated cognitive impairment, whereas in vitro studies 
verified its anti-inflammatory and antioxidant stress mechanisms. Finally, western blot analysis identified key regulatory proteins 
involved in inflammation and oxidative stress, proposing a potential mechanism by which AI mitigates DCI through modulation of 
these proteins.

Results: We screened 25 active components of astragalus and 251 drug targets and obtained 220 common targets after 
intersecting 8,036 DCI targets. GO enrichment analysis showed that astragalus mainly treats DCI by regulating the response to 
external stimuli, lipopolysaccharide, hypoxia, and oxygen levels. KEGG pathway enrichment analysis revealed that it was mainly 
involved in cancer, calcium signaling, p53 signaling, vascular endothelial growth factor (VEGF) signaling pathway, and Toll-like 
receptor (TLR) signaling pathways. Experimental results demonstrated that AI alleviates diabetes-associated cognitive impairment 
through dual mechanisms: activating the Kelch-like ECH-associated protein (Keap1)/nuclear factor-erythroid-derived related factor 
2 (Nrf2) signaling pathway to exert antioxidant effects, and inhibiting the TLR-4/nuclear factor-kappa B (NF-κB) signaling pathway 
to mitigate neuroinflammation, thereby improving cognitive dysfunction and hyperglycemia.

Conclusions: Network pharmacology identified potential AI interventions for DCI, and experiments were conducted to confirm some 
of the major targets in the predictive signaling pathway. Our study offers new insights into the mechanisms of AI treatment for DCI.
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Introduction

Type 1 diabetes mellitus (T1DM), one of the most prev-
alent chronic autoimmune diseases, typically mani-
fests in pediatric and adolescent populations. Globally, 
approximately 500,000 individuals are diagnosed with 
T1DM, representing 10% of all cases[1]. T1DM, also 
known as insulin-dependent diabetes mellitus (IDDM), 
is characterized by insulin deficiency and is com-
monly treated with various forms of exogenous insu-
lin (rapid-acting, short-acting, intermediate-acting, and 
long-acting)[2]. Notably, microvascular dysfunction and 
neuronal impairment within the central nervous system 
resulting from diabetes, referred to as diabetic cogni-
tive impairment (DCI), are significant complications of 
various types of diabetes[3]. Persistent hyperglycemia 
significantly increases the risk of cognitive impairment, 
which may progress to dementia[4–6]. Numerous studies 
have demonstrated that individuals with T1DM, both 
children and adults, exhibit diverse levels of cognitive 
dysfunction, primarily characterized by deficits in cog-
nitive flexibility, attention, psychomotor speed, learning, 
and memory, which tend to worsen over time[3,7]. The 
incidence of T1DM is increasing worldwide. However, 
efficacious and definitive treatment modalities are lack-
ing. Consequently, exploring the precise pathogenesis of 
T1DM and its associated complications, as well as devel-
oping effective therapeutic interventions, is imperative.

Traditional Chinese medicine has a wealth of experi-
ence and distinctive advantages in the treatment of diabe-
tes[8–9]. Astragalus injection (AI) is effective in treating a 
range of systemic ailments, including weakness, wounds, 
anemia, fever, multiple allergies, chronic fatigue, loss of 
appetite, uterine bleeding, and uterine prolapse, and also 
plays a crucial role in preventing diabetes and its com-
plications, including nephropathy, cardiomyopathy, and 
retinopathy[10–12]. Numerous studies have indicated that 
AI exhibits a wide array of functions, including immune 
regulation, anti-hyperglycemia, anti-inflammation, 
anti-oxidation, and antiviral activities. Specifically, the 
protective effect of AI against neurological disorders in 
the presence of diabetes has been extensively validated, 
possibly due to its ability to attenuate neuroinflamma-
tory processes and mitigate oxidative stress triggered by 
hyperglycemia[13–14]. Several studies have used AI as a 
therapeutic intervention to manage diabetes and its asso-
ciated complications. Nevertheless, additional research is 
required to establish its effectiveness and pharmacologi-
cal effects on DCI.

Network pharmacology is an interdisciplinary field 
integrating systems biology and network informatics. 
In recent years, this method has been extensively used 
in the development of novel medications and offers 
significant benefits in understanding the pharmaco-
logical mechanisms of traditional Chinese medicine 
with multiple components, targets, and pathways[15]. 
Consequently, in this study, we utilized network phar-
macology to screen the intersection target of AI and DCI, 
identified the important research pathways, and further 
confirmed that AI played both antioxidative stress and 
anti-neuroinflammation effects by regulating Kelch-like 
ECH-associated protein (Keap1)/nuclear factor-eryth-
roid-derived–related Factor 2 (Nrf2) pathway and 

TLR-4/nuclear factor-kappa B (NF-κB) pathway to treat 
DCI rats through animal experiments.

Materials and methods

Chemicals and reagents

AI was provided by Shijiazhuang Shineway Pharma- 
ceutical Co., Ltd. (Hebei, China; Z13020999). 
Streptozotocin (STZ) was purchased from Sigma-Aldrich 
Corporation (St. Louis, MO, USA; S0130). Saline–sodium 
Citrate (SSC) Buffer and lipopolysaccharide (LPS) were 
purchased from Beijing Solarbio Technology Co., Ltd. 
(Beijing, China; S8050; C1013; L8880). A glucose oxi-
dase peroxidase diagnostic enzyme kit was purchased 
from Shanghai Rongsheng Biotech Co., Ltd. (Shanghai, 
China; CAT361500). Tumor necrosis factor-α (TNF-α), 
interleukin (IL) 1β, and IL-10 enzyme-linked immuno-
sorbent assay (ELISA) kits were purchased from Wuhan 
Uscn Sciences Co., Ltd. (Wuhan, China; SEA133Ra, 
SEA563Ra, SEA056Ra). Superoxide dismutase (SOD) 
Colorimetric Assay Kit (E-BC-K020-M) and malondial-
dehyde (MDA) colorimetric assay kits (E-BC-K028-M) 
were purchased from Elabscience Biotechnology Co., 
Ltd. (Wuhan, China). A hydrogen peroxide solution 
(DGH2O2) was obtained from Dingguo Changsheng 
Biotechnology (Beijing, China). The Cell Counting 
Kit-8 (CCK-8) (GK10005) was acquired from GLPBIO 
(Montclair, CA, USA). The DMEM-H Liquid Medium 
(C11995500BT) was obtained from Gibco (Thermo 
Fisher Scientific, Waltham, MA, USA).

Animals and experimental grouping

Animals feeding

Specific pathogen-free (SPF) male Wistar rats (8 weeks 
old, weight 220 ± 20 g) were purchased from Beijing 
Vital River Laboratory Animal Technology Co., Ltd. 
(Certificate No.: SCXK (JING) 2021-0006). All the 
animals were housed in the SPF animal room of the 
Animal Center of Tianjin University of Traditional 
Chinese Medicine and had ad libitum access to food 
and water in a 12-hour light/dark cycle (temperature 
22 ± 2°C, humidity 50 ± 10%). All animal experiments 
were approved by the Ethics Committee of the Tianjin 
University of Traditional Chinese Medicine (Animal 
Experiment Ethics No.: TCM-LAEC2023267X1634), 
and all laboratory procedures were performed according 
to the principles outlined in the National Institutes of 
Health (NIH) Guide for the Care and Use of Laboratory 
Animals.

Model replication

Following adaptive feeding for 1 week, the Morris 
Water Maze (MWM) experiment was performed to 
remove rats with cognitive impairments. Rats with 
normal cognitive function were randomly divided into 
control and model groups. The model group rats were 
intraperitoneally injected with STZ dissolved in SSC 
(60 mg/kg)[16] for 3 consecutive days. After 72 hours 
of the last injection of STZ, the fasting blood glucose 



232

Xia et al.  •  Volume 6  •  Number 2  •  2026� www.ahmedjournal.com

(FBG) in the tail vein of the rats was measured using 
a blood glucose meter (URIT-80; URIT MEDICAL 
Electronic Co., Ltd., Guilin, China). Rats with FBG 
≥11.1 mmol/L were considered successfully modeled 
for T1DM. In the control group, the rats received the 
same volume of SSC solution for three consecutive 
days. Having successfully replicated the T1DM model, 
the rats were fed a normal diet for 10 weeks in both the 
control and model groups. After 10 weeks, behavioral 
changes in each group were detected using an MWM 
test to evaluate cognitive impairment.

Experimental design

The model group rats were randomly divided into 
four groups: DCI, DCI + low-dose AI group (AI-L), 
DCI + medium-dose AI group (AI-M), and DCI + high-
dose AI group (AI-H). Owing to mortality in the exper-
iment, the final control group and four intervention 
groups had an average of six rats each. Based on a com-
prehensive literature review, the administered dose in 
rats is approximately 6.3 times the equivalent human 
dose[17]. The rats in the treatment group were intraper-
itoneally injected with AI 0.4, 0.8, and 1.6 mL/kg for 10 
weeks; the control group and DCI group received the 
same volume of normal saline (Figure 1).

Cell culture

Rat brain microvascular endothelial cells (RBMECs, 
BNCC337717) were purchased from Beijing Beina 
Chuanglian Biotechnology Research Institute. The cells 
were cultured in high-glucose Dulbecco’s modified Eagle 
medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS), 100 U/mL penicillin/streptomycin in an 
incubator with 5% CO2 at 37°C.

Experimental methods

Morris Water Maze

The MWM (ZH0065; Anhui Zhenghua Biological 
Apparatus Facilities Co., Ltd., Huaibei, China), which 
consists of a large circular pool (diameter, 150 cm; 
height, 60 cm) and a platform (diameter, 12 cm; height, 

20 cm), has become a popular tool for evaluating spa-
tial learning and memory[18]. The pool was divided into 
four quadrants, with different marks on the left and 
right sides of each quadrant’s wall serving as visual 
cues. The pool was filled with water to a depth of 2 cm 
above the platform and maintained the water tempera-
ture at 25°C ± 2°C. Rats were required to undergo a 
4-day training experiment to enhance memory and a 
1-day spatial exploration experiment to evaluate the 
degree of memory. To get accustomed to the environ-
ment, the rats were placed in water for 90 seconds the 
day before training. In each training session, the rats 
were slowly placed in the water facing the mark in the 
second quadrant, and the time taken to reach the plat-
form was recorded. The upper limit was 90 seconds, 
and the time allowed to stand on the platform was 20 
seconds. The time taken to find the platform is called 
the escape latency, and the time spent in the target 
quadrant indicates the degree of memory used after 
learning and training. On day 5, the space exploration 
experiment was conducted, the platform in the pool 
was removed, and the rats were slowly placed into the 
water from quadrant 2 facing the mark; escape latency, 
times across the platform, times in the target quadrant, 
and mean swimming speed were recorded within 90 
seconds.

Hematoxylin–eosin (HE) staining and Nissl staining

The whole brain of the rat was collected, and the hippo-
campus of the left cerebral hemisphere was stripped and 
stored in cryopreserved tubes at −80°C; meanwhile, the 
right was taken into 4% paraformaldehyde for 48 hours 
and finally embedded in the paraffin through dehydration 
by gradient ethanol, obliteration by xylene, and deben-
zolization by paraffin. The brains were coronally cut into 
5 μm sections that contained the complete hippocampus, 
then the sections were baked in the oven for 30 minutes 
at 60°C and stored at 4°C. After dewaxing with xylol, 
debenzolization with ethanol, and rehydration with dis-
tilled water, the nuclei were stained for 8 minutes with 
hematoxylin. The sections for 20 seconds with 1% hydro-
chloric acid alcohol, and the cytoplasm was stained for 
1 minute with eosin. Brain sections were observed, and 
images of the CA1 and CA3 regions of the hippocampus 

Figure 1.  Specific modeling, grouping, and intervention process of the control and DCI rats. DCI: Cognitive Impairment of Diabetes; FBG: Fasting 
blood glucose; MWM: Morris Water Maze; STZ: Streptozotocin.
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were captured using an optical microscope (Olympus, 
Tokyo, Japan). To better calculate the neuron numbers, 
the sections were stained with 0.1% toluidine blue for 3 
minutes. High magnification (400×) was used to quantify 
the neuronal density as the average number of surviving 
hippocampal CA1 and CA3 pyramidal neurons.

Network pharmacology

The drug targets related to AI were collected from the 
Traditional Chinese Medicine System Pharmacology 
Database and Analysis Platform (Traditional Chinese 
Medicines Systems Pharmacology [TCMSP], http://tcm-
spw.com/tcmsp.php). Compounds with oral bioavail-
ability ≥30% and drug-likeness ≥0.18 were selected. 
The literature has been consulted for additional major 
chemical components. The PubChem database (https://
pubchem.ncbi.nlm.nih.gov) was searched for SMILES 
of obtained compounds, and the SMILES were entered 
into Swiss Target Prediction (http://www.swisstargetpre-
diction.ch). As a result, we acquired the potential targets 
of the primary active chemical composition and selected 
the target with a predicted score greater than 0 as the 
drug target. DCI-related targets were retrieved from 
on-line Mendelian Inheritance in Man (OMIM, https://
www.omim.org), GeneCards (https://genealacart.gene-
cards.org), Pharmacogenetics and Pharmacogenomics 
Knowledge Base (PharmGkb, https://www.pharmgkb.
org), and to obtain the Uniprot ID of each target gene, we 
removed all the targets after normalizing and importing 
them into Uniprot (https://www.uniprot.org/). Potential 
targets for the AI treatment of DCI were obtained by 
intersecting AI drug targets with DCI-related targets. 
These targets were imported into Cytoscape 3.8.0 to 
construct a drug-component-target-disease interac-
tion network that visualized and integrated topologi-
cal parameters. The identified potential proteins were 
imported to the String database (https://string-db.org/), 
and limited the species to “Homo sapiens.” The mini-
mum required interaction score was set to the highest 
confidence (0.900) to obtain corresponding relationships 
about protein interactions. Using the STRING database, 
all known and predicted protein functional associations 
were collected and integrated into the functional con-
nections of the protein network, and Cytoscape 3.8.0 
was used to construct the protein–protein interaction 
(PPI) network. Next, CytoNCA was used for optimiza-
tion. Goplot in the R software was used to perform Gene 
Ontology (GO) enrichment and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment anal-
yses for the key targets. Using P < 0.05 as the significant 
enrichment criterion.

Screening of optimal modeling agent and drug intervention 
concentrations using the CCK-8 assay

This study employed the Cell Counting Kit-8 (CCK-8) 
assay to conduct cellular modeling and drug concen-
tration screening experiments. RBMECs were seeded in 
96-well plates at a density of 5 × 103 cells/well and cul-
tured for 24 hours at 37°C with 5% CO2 until complete 
cell adhesion was achieved. Subsequently, the cells were 
treated with varying concentrations of the modeling 

agents and gradient concentrations of AI. After treat-
ment, 10 μL of CCK-8 reagent was added to each well, 
followed by additional incubation for 2 to 4 hours. The 
absorbance of each well was measured at 450 nm by 
using a microplate reader.

Determination of biochemical indicator

Blood glucose levels were measured in rat tail vein blood 
samples using a glucometer (URIT, Guilin, China) after 
overnight fasting. Blood samples were collected via the 
femoral artery and centrifuged at 3,000 rpm for 15 min-
utes. The obtained serum was aliquoted into centrifuge 
tubes and stored at −80°C until analysis. The concentra-
tions of MDA and SOD were determined in both serum 
and cellular samples, and catalase (CAT) and glutathi-
one peroxidase (GSH-Px) levels were measured in serum 
samples.

ELISA assays

Levels of TNF-α, IL-1β in the serum and Nrf2, TNF-α, 
IL-1β, and IL-10 in the supernatant of the hippocam-
pus were assayed by ELISA. The absorbance was mea-
sured at 450 nm using an ELISA multimode plate reader 
(PerkinElmer, Waltham, MA, USA).

Real-time polymerase chain reaction analysis

Total RNA was extracted from the homogenized 30 mg 
hippocampal tissue samples using TRIzol reagent kits 
and the Transcription First Strand cDNA Synthesis Kit 
(Tiangen Biotech, Beijing, China). Quantitative real-time 
polymerase chain reaction (RT-PCR) was initiated with 1 
μL cDNA using SYBR Green PCR reagent kit (Tiangen 
Biotech) by 7500 fast Real-time System (ABI, Foster City, 
CA, USA). The primer sequences used for RT-PCR anal-
ysis are listed in Table 1. The program settings were as 
follows: pre-denaturation at 95°C for 10 minutes, dena-
turation at 95°C for 15 seconds, annealing at 60°C for 1 
minute, 40 cycles. Relative mRNA values were normal-
ized to the GAPDH gene control values and were cal-
culated using the comparative cycle threshold method 
(2−△△CT).

Immunohistochemistry

After pretreatment with 3% H2O2 for 10 min at room 
temperature, paraffin sections were immersed in citrate 
buffer (pH 6.0) and microwaved for 15 minutes. To 
block nonspecific sites, after three times washing with 
phosphate-buffered saline (PBS), the slides were incu-
bated with 5% goat serum for 30 minutes at 37°C. 
Sections were incubated with mouse monoclonal anti-
body TLR-4 (1:100; Santa Cruz, Dallas, TX, USA) and 
TNF-α (1:100; Boster, Wuhan, China) overnight at 
4°C. After washing, the sections were incubated with 
horseradish peroxidase (HRP) enzyme labeling second 
antibody IgG (goat anti-mouse IgG H&L [HRP], goat 
anti-rabbit IgG H&L [HRP]; Boster) at 37°C for 30 min. 
The cells were then washed thrice with PBS for 5 min-
utes. Subsequently, hippocampal sections were stained 
with diaminobenzidine (DAB) to visualize the pyramidal 

http://tcmspw.com/tcmsp.php
http://tcmspw.com/tcmsp.php
https://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov
http://www.swisstargetprediction.ch
http://www.swisstargetprediction.ch
https://www.omim.org
https://www.omim.org
https://genealacart.genecards.org
https://genealacart.genecards.org
https://www.pharmgkb.org
https://www.pharmgkb.org
https://www.uniprot.org/
https://string-db.org/
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cells. The nuclei of the cells were counterstained with 
hematoxylin, and the sections were dehydrated with 
conventional gradient alcohol, observed, and photo-
graphed under a microscope.

Western blot analysis

The hippocampal tissues stored at −80°C and cells from 
the cell culture incubator were homogenized in ice-cold 
radioimmunoprecipitation assay (RIPA) lysis buffer 
(containing protease and phosphatase inhibitor cocktail; 
Beyotime Biotechnology, Shanghai, China). The protein 
concentration of the samples was determined using a 
bicinchoninic acid (BCA) kit (Beyotime Biotechnology). 
The samples were subjected to sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred onto polyvinylidene difluoride membranes 
using an electrophoretic transfer system. The membranes 
were blocked with tris-buffered saline mixed with tween-
20 (TBST) containing 5% skim milk for 60 minutes. After 
overnight incubation at 4°C, various antibodies were 
used to probe the membranes, including p-IκB-α, IκB-
α, NF-κBp65, and Nrf2 (all diluted 1:500; ZSGB-BIO, 
Beijing, China). Incubation with secondary antibodies 
conjugated with HRP was performed after washing the 
membranes (diluted 1:20,000; ZSGB-BIO) for 1 hour at 
37°C. Binding was detected using an enhanced chemilu-
minescence (ECL) detection reagent.

Statistical analysis

The data are expressed as the mean ± standard error. 
SPSS statistical software (SPSS 19.0 version; SPSS Inc., 
Chicago, IL, USA) was used for the statistical analysis, 
using one-way analysis of variance (ANOVA) followed 
by the Dunnett’s test for individual comparisons between 
groups. Statistical significance was set at P < 0.05.

Results

AI improves cognitive impairment and ameliorates 
hyperglycemia in DCI rats

To verify whether AI can improve cognitive function 
in rats with DCI, we performed an MWM experiment. 

By analyzing the trajectories in the water maze, it was 
found that the rats in the control group could find the 
hidden platform in the water rapidly, whereas the move-
ment paths of the rats in the DCI group were extended 
and messy, and they could not find the platform within 
a set time. The AI-L, AI-M, and AI-H groups were 
able to find the platform in the water more smoothly 
(Figure 2A). In the acquisition phase, it was found by 
recording and analyzing the escape latency of each 
group of rats that with the increase in training days, 
the escape latency of all five groups of rats decreased, 
and the escape latency of the DCI group significantly 
increased in comparison to the control group. After 
10 weeks of drug treatment, the escape latencies of the 
AI-L, AI-M, and AI-H groups were significantly reduced 
(Figure 2B). In the space exploration test, the mean 
swimming speed, times across the platforms, and times 
in the target quadrant of rats in the DCI group were sig-
nificantly reduced compared to the control group. After 
AI treatment, the mean swimming speed, times across 
the platforms, and times in the target quadrant of rats 
in the AI-L, AI-M, and AI-H groups were significantly 
increased (Figure 2C–E).

Because hyperglycemia is an important clinical symp-
tom in patients with DCI, we measured FBG levels 
in each group at three time points: at the start of the 
experiment, before AI treatment, and after AI treatment. 
According to the results, at the start of the experiment, 
the FBG of each group of rats was at normal levels (FBG 
≤11.0 mmol/L)[19]; before AI treatment, in compari-
son with the control group, the FBG of the DCI, AI-L, 
AI-M, and AI-H groups significantly increased; after AI 
treatment, the FBG of rats in the AI-L, AI-M, and AI-H 
groups was significantly reduced compared with the DCI 
group (Figure 2F).

AI attenuates neuronal damage in DCI rats

Owing to the frequent occurrence of hippocampal dam-
age in patients with DCI[20], we observed morphologi-
cal changes in the hippocampal tissues of each group of 
rats using HE and Nissl staining. According to the HE 
staining results, the CA1 and CA3 regions of the control 
rats’ hippocampus contained two to three layers of small 

Table 1

Primer sequences used in real-time RT-PCR

Gene Primer sequences(5’–3’) PCR product size

TLR-4 Forward, 5’-TGGCATCATCTTCATTGTCC-3’ 115 bp

Reverse, 5’-CAGAGCATTGTCCTCCCACT-3’

TNF-α Forward, 5’-TCGTAGCAAACCACCAAGC-3’; 148 bp

Reverse, 5’-TGGAAGAGAACCTGGGAGTAGA-3’

IL-1β Forward, 5’-GCCAACAAGTGGTATTCTCCA-3’ 118 bp

Reverse, 5’-CCGTCTTTCATCACACAGGA-3’

Nrf2 Forward, 5’- CTGCTGCCATTAGTCAGTCG-3’ 101 bp

Reverse, 5’- GCCTTCAGTGTGCTTCTGGT-3’

GAPDH Forward, 5’-GTTACCAGGGCTGCCTTCTC-3’ 177 bp

Reverse, 5’-GATGGTGATGGGTTTCCCGT-3’
IL-1β: Interleukin-1β; Nrf2: Nuclear factor-erythroid-derived–related factor 2; TLR: Toll-like receptor; TNF-α: Tumor necrosis factor-α.
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pyramidal cells, with full and tightly arranged nuclei, 
deep-stained nucleoli, clear boundaries, and light-stained 
cytoplasm. The hippocampal CA1 and CA3 regions of 
the DCI group were observed to have abnormal struc-
tures and morphologies compared to those of the con-
trol group. The arrangement of pyramidal cells gradually 
became loose and irregular in shape, and the boundary 
between the nucleus and cytoplasm became unclear. Some 
neurons were gradually lost, accompanied by eosinophilic 
cytoplasm and dense triangular nuclei. After 10 weeks of 
AI treatment, the neurons in the hippocampal CA1 and 
CA3 regions of rats in the AI-L, AI-M, and AI-H groups 
were arranged in a more regular and orderly manner than 
those in the DCI group, with clear cell structures and no 
significant neuronal damage (Figure 3A).

According to the Nissl staining results, the CA1 and 
CA3 hippocampal neurons in the control group rats 
showed clear and intact structures, with Nissl bod-
ies distributed evenly around the nucleus and clearly 
visible neuronal axons. By analyzing the images with 

ImageJ, we found that a considerable number of neu-
rons in the DCI group were damaged, characterized 
by the loss of cell integrity, cytoplasmic atrophy, Nissl 
body condensation, and blurred nuclei, and the num-
ber of healthy neurons declined significantly. In the 
AI-L, AI-M, and AI-H groups, the hippocampal CA1 
and CA3 regions were tightly arranged, which was sig-
nificantly reversed after 10 weeks of AI treatment. The 
cytoplasmic content of Nissl bodies increased, indicat-
ing a significant reduction in the symptoms of neuronal 
damage (Figure 3B–D).

Network pharmacology results

Active components in Astragalus membranaceus and target 
prediction

By retrieving the TCMSP and meeting the screening 
criteria (oral bioavailability ≥30% and drug-Likeness 
≥0.18), a total of 20 active components of Astragalus 

Figure 2.  AI improved cognitive function and lowered blood sugar in DCI rats. (A) The swimming traces of each group of rats during the space 
exploring test. (B) The escape latency in each water maze test group during the acquisition phase. (C–E) The mean swimming speed, times across 
the platforms, and times in the target quadrant in the space exploring test. (F) Levels of FBG in rats within each experimental group. Data were 
expressed as mean ± standard error. *P < 0.05, **P < 0.01, ****P < 0.0001 compared to the DCI group. AI: Astragalus injection; DCI: Cognitive 
Impairment of Diabetes; FBG: Fasting blood glucose.
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membranaceus were selected, five components includ-
ing Astragaloside I, Astragaloside II, Astragaloside III, 
Astragaloside IV, and Astragalus membranaceus polysac-
charides were supplemented through literature. Finally, 
25 potentially active components were obtained[21]. A 
total of 537 drug targets of the effective components were 
retrieved from the Swiss Target Prediction Database. The 
full name of the gene was converted to a gene symbol 
using the UniProt database, duplicate values were elimi-
nated, and 251 targets remained. The active components 
of Astragalus membranaceus are listed in Table 2.

Potential targets prediction of DCI

By searching the GeneCards, OMIM, and PharmGkb 
databases, 7,967, 179, and 103 DCI targets were 
obtained, respectively. We merged the targets from the 
three databases, removed duplicates, and obtained 8,036 
DCI-related targets. By considering the intersection of 
Astragalus membranaceus drug targets and DCI-related 
targets, 220 intersection targets were obtained, which 
were potential targets for AI in the treatment of DCI 
(Figure 4A).

Construction of drug-component-target-disease interaction 
network

Twenty-five potentially active components and 220 
drug-disease common targets in Astragalus membra-
naceus were input into Cytoscape 3.8.0; the isolated 

components that did not intersect with the target were 
deleted, and the drug-component-target-disease inter-
action network was drawn. A network analyzer was 
used to perform topology analysis on the network dia-
gram, where the degree value represented the number 
of associations between the active components and the 
target. The higher the degree value, the more important 
the component. The results illustrated that Quercetin, 
kaempferol, 2-(Chloromethyl)-4-(4-nitrophenyl)-1,3-
thiazole, formononetin, isorhamnetin, and Astragaloside 
I–IV exhibited high levels of activity, suggesting that 
these components may be responsible for the pharmaco-
logical effects of AI (Figure 4B).

PPI network construction and key targets

Using the STRING database, a PPI network with 179 
nodes and 1,138 edges was constructed to identify the 
core proteins for AI intervention in DCI (Figure 4C, 
a). Betweenness centrality (BC), Closeness Centrality, 
Degree Centrality (DC), Eigenvector Centrality (EC), 
Local Average Connectivity-based method (LAC), and 
Network Centrality (NC) of each target protein were 
calculated using CytoNCA. According to BC ≥90.73 
(average), CC ≥0.06 (average), DC ≥8.00 (average), EC 
≥0.02 (average), LC ≥4.00 (average), NC ≥4.57 (aver-
age), 49 target proteins were screened, and subnetworks 
were created (Figure 4C, b) with 49 nodes and 456 
edges. Again, CytoNCA was used to calculate the BC, 
Closeness Centrality, DC, EC, LAC, and NC of the target 

Figure 3.  AI reduced neuronal damage in DCI rats. (A) HE staining of hippocampal CA1 and CA3 regions (200×, scale bar = 100 µm). (B) Nissl 
staining of hippocampal CA1 and CA3 regions (400×, scale bar = 100 µm). (C) Number of neurons in the hippocampal CA1 region. (D) Number of 
neurons in the hippocampal CA3 region. Data were expressed as mean ± standard error. *P < 0.05, **P < 0.01, ***P < 0.001 compared to DCI 
group. AI: Astragalus injection; DCI: Cognitive Impairment of Diabetes; HE: Hematoxylin-eosin.
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proteins in the subnetwork. According to BC ≥12.67 
(average), CC ≥0.48 (average), DC ≥16.00 (average), 
≥EC 0.11 (average), LAC ≥8.00 (average), NC ≥9.23 
(average), 13 target proteins were screened, and there 
were 13 nodes and 92 edges in the diagram (Figure 4C, 
c). These 13 proteins are key target proteins of AI in the 
treatment of DCI.

GO enrichment and KEGG enrichment

Subsequently, based on the potential targets of AI, GO, 
and KEGG functional enrichment analyses were con-
ducted to explore the potential signaling pathways or 
biological processes (BP) that may be regulated by AI. 
According to GO analysis, 220 genes were enriched in 
2,998 GO entries (P < 0.05), including 2,656 BP, 113 
cellular components, and 229 molecular functions 
(MF), and the top 10 entries of BP, cellular component, 
and MF are shown in Figure 4D. BP analysis indicated 
that potential targets were predominantly concentrated 
on the response to xenobiotic stimulus, response to 
lipopolysaccharide, response to nutrient levels, response 
to molecules of bacterial origin, and wound healing. 
Cellular component analysis indicated that potential 

targets were predominantly concentrated on membrane 
rafts, membrane microdomains, integral components of 
the presynaptic membrane, and potential targets were 
identified as G protein–coupled amine receptors, neu-
rotransmitter receptors, nuclear receptors, etc, based 
on MF analysis. KEGG functional enrichment analy-
sis indicated 179 pathways, among which pathways 
related to DCI were primarily associated with path-
ways in cancer, calcium signaling, p53 signaling, vas-
cular endothelial growth factor (VEGF) signaling, and 
Toll-like receptor (TLR) signaling pathway. Based on 
the P value, the top 20 signaling pathways were cho-
sen for visual display (Figure 4E). The color represents 
enrichment significance; if the color is darker, the target 
protein is more significant in this pathway, and the P 
value is smaller.

Animal experiment results

AI alleviates oxidative stress in DCI rats

As shown in Figure 5, MDA levels increased in the DCI 
group, whereas SOD, CAT, and GSH-Px levels were 
comparatively lower than those in the control group. 
The AI groups exhibited a notable reduction in MDA 

Table 2

Active components of Astragalus membranaceus

MOL ID Component name Oral bioavailability % Drug-likeness

MOL000211 Mairin 55.38 0.78

MOL000239 Jaranol 50.83 0.29

MOL000296 Hederagenin 36.91 0.75

MOL000033 (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-[(2R,5S)-5-propan-2-yloctan-2-
yl]-2,3,4,7,8,9,11,12,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthren-3-ol

36.23 0.78

MOL000354 Isorhamnetin 49.6 0.31

MOL000371 3,9-Di-O-methylnissolin 53.74 0.48

MOL000374 5’-Hydroxyiso-muronulatol-2’,5’-di-O-glucoside 41.72 0.69

MOL000378 7-O-Methylisomucronulatol 74.69 0.3

MOL000379 9,10-Dimethoxypterocarpan-3-O-β-D-glucoside 36.74 0.92

MOL000380 (6aR,11aR)-9,10-Dimethoxy-6a,11a-dihydro-6H-benzofurano[3,2-c]chromen-3-ol 64.26 0.42

MOL000387 Bifendate 31.1 0.67

MOL000392 Formononetin 69.67 0.21

MOL000398 Isoflavanone 109.99 0.3

MOL000417 Calycosin 47.75 0.24

MOL000422 Kaempferol 41.88 0.24

MOL000433 Ferulic acid 68.96 0.71

MOL000438 (3R)-3-(2-Hydroxy-3,4-dimethoxyphenyl)chroman-7-ol 67.67 0.26

MOL000439 Isomucronulatol-7,2’-di-O-glucosiole 49.28 0.62

MOL000442 1,7-Dihydroxy-3,9-dimethoxy pterocarpene 39.05 0.48

MOL000098 Quercetin 46.43 0.28

MOL000401 Astragaloside I 46.79 0.11

MOL000403 Astragaloside II 46.06 0.13

MOL000405 Astragaloside III 31.83 0.10

MOL000407 Astragaloside IV 46.06 0.18

– Astragalus polysaccharides – –
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levels following the AI intervention, in contrast to the 
DCI group. However, a dose-dependent increase in SOD, 
CAT, and GSH-Px levels was observed. Based on these 
results, it can be seen that AI has the effect of reducing 
DCI rats’ oxidative stress.

AI exerts antioxidative stress by activating the Keap1/Nrf2 
pathway

DCI has been demonstrated to be significantly influenced 
by oxidative stress. Nrf2 is an important transcription 
factor regulating antioxidative stress. It has been found 

Figure 4.  Complete network pharmacology flowchart of the mechanism of AI treatment for DCI. This includes (A) potential target identification, (B) 
construction of the drug-component-target-disease interaction network, (C) PPI network and cluster analysis of the disease targets, (D) GO, and 
(E) KEGG functional analysis. AI: Astragalus injection; DCI: Cognitive Impairment of Diabetes; GO: Gene Ontology; PPI: protein–protein interaction; 
KEGG: Kyoto Encyclopedia of Genes and Genomes.
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that the improvement of cognitive effect and neuronal 
function in DCI rats after AI treatment may be due to 
the increased activation of Nrf2 and its target genes. We 
evaluated the Nrf2 and Keap1 mRNA levels in the hip-
pocampus using RT-PCR. The DCI group experienced a 
notable decrease in the mRNA expression of these fac-
tors (Figure 6A and B), compared with the DCI group, 
this downward trend in the AI groups was alleviated in 
a dose-dependent manner. ELISA was used to study the 
effect of AI on Nrf2 protein expression in the hippocampi 
of DCI rats. The DCI group had significantly decreased 
Nrf2 protein levels, whereas the AI group had dose- 
dependently increased Nrf2 levels (Figure 6C). Overall, 
we believe that the effect of AI on DCI may be attrib-
utable to the activation of Nrf2 and its upstream genes.

By detecting the expression of Nrf2 protein in the 
total hippocampal, nuclear, and cytoplasmic extracts 
of each group, western blotting revealed that AI treat-
ment led to a significant increase in nuclear Nrf2 expres-
sion compared to that in the DCI group, suggesting 
enhanced nuclear translocation of Nrf2 in rat neurons 
(Figure 6D–G). These findings indicate that AI can acti-
vate the Keap1/Nrf2 signaling pathway.

AI mitigates neuroinflammation in DCI rats

STZ-induced DCI rats had significantly higher serum lev-
els of TNF-α and IL-1β in contrast to the control group. 

However, after 10 weeks of AI treatment, serum TNF-α 
and IL-1β levels were significantly lower than in the 
DCI group (Figure 7A). The DCI group exhibited nota-
ble elevations in TNF-α and IL-1β protein and mRNA 
expression, while IL-10 decreased when compared to 
the control group. In AI groups, both TNF-α and IL-1β 
proteins and mRNA levels declined while IL-10 levels 
increased compared to the DCI group (Figure 7B and C).

AI exerts an anti-neuroinflammation effect by inhibiting the 
TLR-4/NF-κB pathway

Based on immunohistochemical staining, the CA1 and 
CA3 of the hippocampus in the DCI group indicated a 
significant increase in levels of TLR-4 and TNF-α than 
in the control group. After 10 weeks of AI treatment, 
TLR-4 and TNF-α expression in the hippocampus were 
significantly declined (Figure 8A–D). Additionally, west-
ern blots were also performed to investigate the effects of 
AI on the NF-κB signal pathway. According to the results, 
the DCI group had significantly higher levels of IκB-α 
phosphorylation and NF-κBp65 protein expression than 
the control group, and AI therapy could decrease IκB-α 
phosphorylation. Although the inhibitory effect of AI on 
the expression of NF-κBp65 protein in DCI rats showed 
an increasing trend with the increase of dose, there was 
no statistical significance. The DCI group exhibited a 
notably elevated ratio of p-IκB-α/IκB-α in comparison 

Figure 5.  AI alleviated oxidative stress in DCI rats. The levels of serum (A) MDA, (B) Total SOD (T-SOD), (C) CAT, and (D) GSH-Px in each group 
of rats. Data were expressed as mean ± standard error. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared to the DCI group. AI: 
Astragalus injection; CAT: Catalase; DCI: Cognitive Impairment of Diabetes; GSH-Px: Glutathione peroxidase; MDA: Malondialdehyde; SOD: 
Superoxide dismutase.
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to the control group, and 10 weeks after administration 
in AI groups, a dose-dependent decline in p-IκB-α/IκB-α 
ratio was observed in AI groups, particularly in AI-H. 
The NF-κBp65 level in the DCI group showed a signifi-
cant increase when compared to the control group, while 
AI treatment reduced NF-κBp65 levels in dose-dependent  
ways (Figure 8E–G). The findings indicate that AI can 
suppress the neuroinflammation pathway mediated by 
TLR-4/NF-κB.

Cell experiment results

Screening of optimal concentrations for hydrogen peroxide 
and lipopolysaccharide

To determine the optimal intervention concentrations of 
hydrogen peroxide (H2O2) and lipopolysaccharide (LPS) 
for establishing oxidative stress and inflammatory cell 
models, cell viability was assessed using the CCK-8 assay 
after treatment with different concentrations of the mod-
eling agents. Oxidative Stress Model: H2O2 was diluted 
in cell culture medium to various concentrations and 
applied to cells for 6 hours. The CCK-8 assay revealed 
that 400 μM H2O2 significantly reduced cell viabil-
ity compared to the control group, with the inhibition 
rate approached 50%. Subsequent measurements using 
MDA and SOD assay kits confirmed that the model 
group exhibited significantly altered levels of MDA and 
SOD compared to the control group, indicating success-
ful establishment of the oxidative stress model.

LPS was dissolved and diluted in the cell culture 
medium and used to incubate the cells for 24 hours. The 
CCK-8 assay showed that 400 μg/mL LPS significantly 
decreased cell viability compared to the control group, 

with the inhibition rate approached 50%. Further analy-
sis using ELISA kits demonstrated that the model group 
had significantly elevated levels of IL-1β and TNF-α 
compared to the control group, confirming the successful 
replication of the inflammatory cell model (Figure 9A–F).

Screening of optimal intervention concentrations for AI

To determine the optimal protective concentration of 
AI against oxidative stress- and inflammation-induced 
cellular damage, cell viability was assessed using the 
CCK-8 assay following treatment with varying drug 
concentrations.

The results demonstrated that 400 μg/mL AI signifi-
cantly enhanced cell viability compared to the untreated 
oxidative stress and inflammation group (control), indi-
cating its efficacy in alleviating cellular damage. Lower 
concentrations showed no significant protective effect. 
Based on these findings, 400 μg/mL AI was selected as 
the optimal intervention concentration for subsequent 
experiments (Figure 10A and B).

AI mitigates oxidative stress and inflammation in RBMECs

Western blot analysis of Keap1 and Nrf2 protein expres-
sion in RBMECs revealed that, compared to the DCI 
group, the AI-treated group exhibited significantly 
increased expression of both proteins, which is consis-
tent with the animal experimental results. These findings 
suggest that AI exerts antioxidant effects by activating 
the Keap1/Nrf2 signaling pathway.

Furthermore, western blot analysis of the p-IκB-α/
NF-κB signaling pathway in RBMECs demonstrated 
that, compared to the control group, the DCI group 

Figure 6.  AI activates the Keap1/Nrf2 pathway. (A–B) Nrf2 and Keap1 mRNA levels in the hippocampus of rats in each group. (C) Nrf2 protein 
levels in the hippocampus. (D) Representative bands from Western blot data. (E) Quantitative analysis of t-Nrf2 western blot bands. (F) Quantitative 
analysis of c-Nrf2 western blot bands. (G) Quantitative analysis of n-Nrf2 western blot bands. Data were expressed as mean ± standard error. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001compared to the DCI group. AI: Astragalus injection; DCI: Cognitive Impairment of Diabetes; 
Keap1: Kelch-like ECH-associated protein; Nrf2: Nuclear factor-erythroid-derived related factor 2.
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showed significantly elevated levels of p-IκB-α and 
NF-κB p65. However, AI treatment reduced IκB-α phos-
phorylation and NF-κB p65 expression, aligning with 
the in vivo observations. These results indicate that AI 
alleviates NF-κB–mediated inflammatory responses 
(Figure 11A–F).

Discussion

T1DM is a chronic autoimmune disease that affects 
many organs and is characterized by a lack of total insu-
lin necessary for glucose metabolism, which can harm 
the brain. The hippocampus, situated deep in the medial 
temporal lobe of the brain, is responsible for consolidat-
ing episodic memory and context-sensitive spatial learn-
ing, along with regulating emotional behaviors[22]. Studies 
have demonstrated a significant reduction in CA1 and 
CA3 neurons within the hippocampus of diabetic rats, a 

phenomenon closely associated with DCI[23–24]. Despite 
this correlation, the specific pathogenesis of DCI remains 
largely unknown and there is no effective way to prevent 
or delay it. Therefore, the identification of effective drugs 
for the treatment of DCI is of great importance.

For millennia, evidence has suggested that Astragalus 
membranaceus can prevent and treat diabetes and its 
associated complications. Clinical practice indicates that 
Astragalus membranaceus exhibits promising efficacy 
in ameliorating memory impairment in patients with 
diabetes and may protect nerve cells through antioxida-
tive, anti-infective, and anti-apoptotic functions. These 
findings suggest that Astragalus membranaceus could 
improve the cognitive function in individuals with dia-
betes to a certain degree[25–26]. However, further research 
is required to fully understand the specific mechanism. 
In light of this, our study conducted an experimental 
validation by utilizing AI as an intervention drug to 

Figure 7.  AI reduced neuroinflammation in DCI rats. AI’s impact on (A) TNF-α and IL-1β serum levels of rats in each group, (B–C) TNF-α, IL-1β, 
IL-10 protein and mRNA levels in the hippocampus. Data were expressed as mean ± standard error. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001compared to the DCI group. AI: Astragalus injection; DCI: Cognitive Impairment of Diabetes; IL: Interleukin; TNF-α: Tumor necrosis 
factor-α.
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explore its effect on STZ-induced DCI in rats and its spe-
cific mechanism. The results indicated that AI improved 
blood glucose levels and cognitive ability of learning 
and memory in DCI rats in a dose-dependent manner. 
However, in the DCI group, FBG levels decreased after 
injection of normal saline, which may be related to other 
hypoglycemic hormones or substances in the body, such 
as leptin, insulin-like growth factor 1 (IGF-1), intesti-
nal hypoglycemic hormone, intestinal microflora, and 
exogenous fibroblast growth factor 1 (FGF-1), and so 
forth[27–28]. The FBG levels were not significantly lower 
in the AI-L group than in the DCI group. This may be 
due to the drug concentrations. Subsequently, network 
pharmacology was used to screen potential targets of 
AI to alleviate DCI. Twenty-five kinds of potentially 
active components of Astragalus membranaceus were 
screened using the TCMSP database and literature. The 
primary active ingredients were quercetin, kaempferol, 
2-(chloromethyl)-4-(4-nitrophenyl)-1-methyl-3-thiazole,  
formononetin, isorhamnetin, and Astragaloside I–IV and 
so forth. The core targets of Astragalus membranaceus 
related to DCI were screened by the PPI network, and 
the core signaling pathway of Astragalus membranaceus 

against DCI was screened by GO and KEGG enrich-
ment analysis. The results showed that antioxidative and 
anti-neuroinflammation may be the dual mechanisms of 
AI in improving DCI.

Based on the network pharmacology results, we con-
ducted an experimental verification. Oxidative stress is a 
primary factor contributing to the occurrence and devel-
opment of DCI. Studies have shown that diabetics have 
heightened levels of oxidative stress and compromised 
antioxidant capacity, which is mainly characterized by 
an increase in the levels of reactive oxygen species (ROS) 
and MDA, and the inhibition of the activities of anti-
oxidants SOD, CAT, and GSH-Px, resulting in damage 
to neurons and decreased cognitive function in patients 
with diabetes[29–30]. BMECs are the most critical struc-
tural components of the blood-brain barrier. Prolonged 
exposure to a hyperglycemic environment can disrupt the 
blood-brain barrier (BBB) integrity, leading to increased 
permeability. These pathological changes trigger neuroin-
flammation and oxidative stress, ultimately resulting in 
DCI[31]. In our study, AI was found to lower MDA levels 
and elevate SOD, CAT, and GSH-Px levels in DCI rats, 
confirming that AI could effectively alleviate oxidative 

Figure 8.  AI inhibited the TLR-4/NF-κB pathway. (A, C) Changes of TLR-4, TNF-α in the CA1 region of hippocampus and (B, D) changes of TLR-4, 
TNF-α in the CA3 region of hippocampus CA3 of rats in each group (200×, scale bar = 100 µm). AI’s impact on the expression of (E, F) p-IκB-α, IκB-
α, and (E, G) NF-κBp65 in the hippocampus. Data were expressed as mean ± standard error. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 
compared to the DCI group. AI: Astragalus injection; DCI: Cognitive Impairment of Diabetes; NF-κB: Nuclear factor-kappa B; TLR: Toll-like receptor; 
TNF-α: Tumor necrosis factor-α.
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damage induced by T1DM. In addition, many stud-
ies have shown that the neuritis cascade caused by the 
accumulation of pro-inflammatory cytokines TNF-α and 
IL-1β plays a vital role in DCI and may be the pathologi-
cal basis for aggravating neurodegenerative diseases[32–33]. 
Compared to the DCI group, the AI groups significantly 
decreased and downregulated the levels and expression of 
TNF-α and IL-1β in the peripheral blood and hippocam-
pus of rats, while IL-10 with an anti-inflammatory effect 

showed the opposite result. These results confirm that 
AI reduces the level of inflammation in DCI rats, espe-
cially neuroinflammation, thus treating DCI and relieving 
related symptoms. The in vitro experiments in this study 
revealed that AI exerts dual neuroprotective effects by 
simultaneously upregulating the expression of Keap1 and 
Nrf2 proteins to combat oxidative stress while suppress-
ing the expression of p-IκB-α and NF-κB p65 proteins to 
mitigate inflammatory responses. These findings suggest 

Figure 9.  Screening of optimal concentrations for H2O2 and LPS. (A) Screening of H2O2 concentrations, (B) concentration of MDA in cells, (C) 
concentration of SOD in cells, (D) LPS concentration screening, (E) content of IL-1β in cells, (F) content of TNF-α in cells, data were expressed as 
mean ± standard error. ***P < 0.001 compared to the DCI group. H2O2: Hydrogen peroxide; IL-1β: Interleukin-1β; LPS: Lipopolysaccharide; MDA: 
Malondialdehyde; SOD: Superoxide dismutase; TNF-α: Tumor necrosis factor-α.

Figure 10.  Optimization of AI concentration. (A) Optimization of AI concentration for oxidative stress models, (B) optimization of AI concentration 
for inflammatory models, data were expressed as mean ± standard error. ****P < 0.0001 compared to the DCI group. AI: Astragalus injection; DCI: 
Cognitive Impairment of Diabetes; H2O2: Hydrogen peroxide; LPS: Lipopolysaccharide.



244

Xia et al.  •  Volume 6  •  Number 2  •  2026� www.ahmedjournal.com

that AI may improve DCI through its potential to main-
tain blood-brain barrier integrity by coordinating both 
antioxidant and anti-inflammatory pathways.

Nrf2 is a prominent transcription factor that plays 
a crucial role in the regulation of redox-related genes. 
It exhibits a close relationship with Keap1 and forms 
complexes, participating in the process of regulating the 
expression of important antioxidant proteins, such as 
SOD and GSH-P. Consequently, the imbalance in redox 
molecular signal transduction mediated by the damaged 
Keap1/Nrf2 signaling pathway may be the potential 
pathogenesis of DCI. Numerous drug studies have been 
conducted to alleviate oxidative stress in mice and rats 
by regulating the Keap1/Nrf2 signaling pathway, verify-
ing that it is an effective target and pathway for treating 
neurodegenerative diseases[34–35]. Our results show that 
AI can upregulate Nrf2 and Keap1 protein expression in 
the hippocampus of DCI rats, promote the nuclear trans-
location of Nrf2 in neurons, activate the Keap1/Nrf2 
pathway to facilitate the release of downstream anti-
oxidant mediators, and ultimately ameliorate oxidative 
stress resulting from T1DM. A deep-seated antagonistic 
relationship exists between the Nrf2 and NF-κB signal-
ing pathways. Specifically, key antioxidant enzymes such 
as heme oxygenase-1, which are upregulated by Nrf2, 
and their metabolites can directly interfere with NF-κB 
signaling, thereby suppressing the expression of down-
stream pro-inflammatory cytokines[36].

NF-κB, an important regulator of inflammatory cell 
production, covalently binds to the inhibitor protein IκB 
in the cytoplasm. Stimulation of TLRs with their cor-
responding ligands can activate NF-κB by promoting 

the phosphorylation of IκB[37]. When activated, NF-κB 
translocates to the nucleus where it binds to specific 
target genes, initiating gene transcription and regu-
lating inflammatory mediators expression, including 
pro-inflammatory factors TNF-α and IL-1β, as well as 
the anti-inflammatory factor IL-10[38]. Among them, 
NF-κBp65, as a member of the NF-κB family, its nuclear 
translocation is usually regarded as a marker of NF-κB 
activation, which plays a vital role in inflammation 
and acute immune response under various pathophys-
iological conditions[39]. Many studies have focused on 
inhibiting the TLR-4/NF-κB signaling pathway to treat 
inflammation in a variety of systems, including the ner-
vous system[40–43]. We found that the TLR-4 and TNF-α 
expression in the hippocampus of the AI-M and AI-H 
group rats decreased significantly, p-IκB-α/IκB-α ratio 
decreased, and the content of NF-κBp65 decreased, 
which suggested that the activity of inflammatory sig-
nal pathway mediated by NF-κB was inhibited by AI. 
The p-IκB-α/IκB-α ratio in the AI-L group was not sig-
nificantly lower than that in the DCI group, which was 
speculated to be related to its failure to reach the corre-
sponding drug concentration. AI may reduce the release 
of inflammatory mediators by suppressing the TLR-4/
NF-κB pathway, thereby improving neural function and 
attenuating the occurrence and development of DCI.

In conclusion, this study integrated network phar-
macology and experimental validation to elucidate the 
potential mechanisms of AI in the treatment of DCI. 
However, limitations remain: first, the accuracy of 
database information may affect predictions, and the 
pharmacological effects of AI’s active components have 

Figure 11.  AI mitigates oxidative stress and inflammation in RBMECs. (A, D) Representative bands from western blot data; (B) quantitative anal-
ysis of Keap1 western blot bands; (C) quantitative analysis of Nrf2 western blot bands; (E) quantitative analysis of NF-κBp65 western blot bands; 
(F) quantitative analysis of p-IκB-α western blot bands; data were expressed as mean ± standard error. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 compared to the DCI group. AI: Astragalus injection; DCI: Cognitive Impairment of Diabetes; Keap1: Kelch-like ECH-associated 
protein; NF-κB: Nuclear factor-kappa B; Nrf2: Nuclear factor-erythroid-derived related factor 2; RBMECs: Rat brain microvascular endothelial cells.
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not been validated individually. Regarding the cellular 
model, LPS-induced inflammation was used primarily to 
verify the direct anti-inflammatory effects of AI by acti-
vating explicit signaling pathways. Notably, this model 
mimics acute infection-related inflammation, which 
differs from the chronic low-grade inflammation in the 
diabetic microenvironment. Nonetheless, the shared 
downstream NF-κB signaling pathway supports the rel-
evance of our findings. Further studies using models that 
better simulate metabolic inflammation are warranted. 
Additionally, the expression of Nrf2 downstream targets 
was not measured; thus, although Nrf2 nuclear translo-
cation was confirmed, functional activation of the entire 
pathway requires further verification. Despite these lim-
itations, our study provides foundational evidence for 
AI’s activation of the Keap1/Nrf2 pathway and offers 
new insights into AI’s potential as a therapeutic agent 
for DCI.

Conclusion

Our results indicated that AI can effectively alleviate 
hyperglycemia and improve cognitive impairment in 
T1DM rats with DCI. This compound may protect the 
BBB by alleviating oxidative stress and inflammation- 
induced damage to brain microvascular endothelial cells.
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