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Purpose: β-amyloid overload-induced neuroinflammation and neuronal loss are key pathological changes that occur during the 
progression of Alzheimer’s disease (AD). Dexmedetomidine (Dex) exhibits neuroprotective and anti-inflammatory effects on the 
nervous system. However, the effect of Dex in AD mice remains unclear, and its neuroprotective regulatory mechanism requires 
further investigation. This study aimed to reveal how Dex protects against Aβ induced neuropathological changes and behavior 
dysfunction in AD mice.
Methods: An AD mouse model was established by the injection of Aβ into the brains of mice, followed by intraperitoneal injection 
with Dex. CXCL2 overexpression and Yohimbine, a Dex inhibitor, were used to investigate the role of Dex and CXCL2 in the 
regulation of neuronal loss, cognitive decline, and anxiety-like behavior in AD mice. Behavioral tests were performed to evaluate the 
cognitive and anxiety status of the mice. Nissl staining and immunofluorescence experiments were conducted to evaluate the status of 
the hippocampal neurons and astrocytes. qRT-PCR was performed to detect the expression of CXCL2, IL-1β, INOS, SPHK1, Bcl2, 
IFN-γ, and Caspase 1. The malondialdehyde (MDA) level was detected using an ELISA kit. Terminal TUNEL and Fluoro-Jade 
C (FJC) staining were used to measure the cell apoptosis rate.
Results: In AD mice, cognitive decline and anxiety-like behaviors were significantly improved by the Dex treatment. The number of 
neurons was increased in mice in the Dex + AD group compared to those in the AD group, and the number of astrocytes was not 
significantly different between the two groups. CXCL2, IL-1β, iNOS, and SPHK1 levels were significantly lower in Dex-treated AD 
mice than those in AD mice. Overloading of CXCL2 or Yohimbine reversed the protective effect of Dex on neuron number and 
cognitive and anxiety symptoms in AD mice.
Conclusion: Our results suggest that Dex exerts neuroprotective effects by downregulating CXCL2. Dex shows potential as 
a therapeutic drug for AD.
Keywords: dexamethasone, Alzheimer’s disease, chemokine CXCL2, anxiety, cognitive dysfunction, behavioral Tests

Introduction
Alzheimer’s disease (AD) is the most common type of dementia in older people.1 Forty million people, mostly older than 60 
years, were estimated have dementia worldwide, and this population is predicted to double at 2050.2 Patients with AD 
experience cognitive decline and emotional impairment. Currently, there are no effective drugs for alleviating the neuro-
pathological damage and neurological symptoms associated with AD.1 Evidence suggests that vascular health status and many 
other lifestyle-related factors, such as diabetes, obesity, physical and mental inactivity, depression, smoking, low educational 
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attainment are all have a role in AD. Genetically, APOE4 is the major genetic risk factor for AD.2 Mostly due to that APOE4 is 
responsible for the Aβ aggregation and transportation. It is widely accepted that Aβ plaques and tau tangles are typical 
pathology changes occurring in the late stage of AD. However, genetic, pathological, and biomarker-related studies have 
illustrated that tauopathy and abnormal behavior appear later than Aβ accumulation.3 The development of neurofibrillary 
tangles, inflammation-mediated neuronal dysfunction, and chronic inflammation are also consequences of Aβ overload.2 Aβ 
caused neuronal death in the hippocampus is the main cause of anxiety and memory loss in AD patients. Aβ has such a crucial 
role in AD, a rational way to treat or prevent AD is to block the accumulation of Aβ. Rescuing neuronal death to attenuate 
cognitive and emotional damage is crucial in AD therapy.

Dexmedetomidine (Dex) is a highly selective α2-adrenoceptor agonist with sedative, anxiolytic, and analgesic-sparing 
effects.4 An increasing number of studies have shown that Dex has anti-inflammatory effects, which improve cognitive 
decline and attenuate anxiety.5 Dex also activates anti-apoptotic signaling pathways, alleviating neuronal damage and 
neurological deficits,6 including apoptosis,7 pyroptosis,8 and autophagy.9 A clinical studied performed by Glumac et al 
demonstrated that dexamethasone, akin to dexmedetomidine, can decrease the severity and incidence of cognitive decline 
in patients with Postoperative cognitive decline after surgery through its anti-inflammatory effect.10 Pretreatment with 
Dex prior to ischemic manipulation reduced neurobehavioural scores and reduced cerebral infarct volume in mice at 
1 hour of ischemia and 24 hours of reperfusion injury.11 Moreover, administration of Dex once daily for one week to 
mice with chronic pain-induced depression could ameliorate depression.12 However, there is limited understanding of the 
underlying intrinsic mechanism of the Dex-mediated protective effect on cognitive impairment in AD.

Aβ42 overload causes an increase in chronic inflammatory cytokines in the nervous system, including interleukin 6 
(IL-6), tumor necrosis factor-α (TNF-α), and chemokines.13 The C-X-C motif chemokine ligand CXCL2 was found to be 
upregulated in the brain tissues of AD patients whose major pathological characterization was depression. The afore-
mentioned neuroinflammatory responses are highly correlated with the development of psychiatric disorders and are 
considered promising targets for drug development for AD therapy. The anti-inflammatory and neuroprotective effects of 
Dex have been widely reported. Collectively, we hypothesis that, Dex may conduct neuron protective effect, ameliorate 
cognitive and emotional damage in AD mice model through its anti-inflammation effect. To study how Dex protects 
against Aβ induced neuropathological changes and behavior dysfunction in AD mic, we conducted the following 
experiments. Firstly, intracerebral injection of Aβ-42 was used to establish an in vivo mouse model of AD. Following 
7 days of Dex injection, behavioral tests were performed to evaluate its effect on cognitive decline and anxiety in AD 
mice. Subsequently, the effects of Dex on neuronal status, astrocytes, inflammatory responses, and Aβ accumulation in 
the CA1 region were investigated. Based on CXCL2, the potential mechanism of action of Dex in AD was analyzed. Our 
study suggests that Dex and CXCL2 are an effective drug and a promising target for AD therapy.

Material and Methods
Animal Model
All animal experiment were conducted at Xi’an Jiaotong University, health science center, China. All experiments were 
started at July, 2021 and lasted till August, 2024. Animal experimental procedures were approved by and conducted in 
accordance with the guidelines of the Animal Care and Use Committee of the Xi’an Jiaotong University Health Science 
Center. All efforts were made to minimize animal suffering.

Two months old (25–30 g) male C57BL/J6 mice was used in all the experiments. Mice were maintained in a light– 
dark cycle and allowed access to food and water at room temperature.

Study Design
In the first part of the study, mice were randomly divided into 4 groups: control, AD, AD + Dex T1, and AD + Dex T2. In the 
control group, 3 μL of 0.01 M PBS was injected into the lateral ventricles (ML: 1.13 mm, AP: 1.0 mm, DV: 3.0 mm). In 
the AD group, 3 μL of 100 μM Aβ was injected stereotaxically. For mice in the AD + Dex T1 and AD + Dex T2 groups, 25 μg/ 
kg and 50 μg/kg Dex, respectively, was injected for 8 days after 7 days of Aβ injection (Figure 1A). In the second part of the 
study. We chose a concentration of 25μg/kg Dex in this study. Mice were randomly divided into 3 groups: control, AD, AD + 
Dex T1 (Figure 1B). After Aβ and Dex injection, mice were subjected to Y maze and new object recognition test. Mice were 
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randomly assigned to three groups: AD + Dex, AD + Dex + CXCL2, and AD + Dex + Yohimbine. For mice in the AD + Dex 
group, 25 μg/kg Dex was injected intraperitoneally (ip) for 7 days; in the AD + Dex + CXCL2 group, CXCL2 monomer was 
injected using two cannulas implanted in the brain (see next section for the detailed method of CXCL2 injection) before 7 days 
of Dex injection; and for mice in the AD + Dex + Yohimbine group, Yohimbine (1.25 mg/kg) was injected intraperitoneally for 
7 days along with Dex treatment (Figure 1C). All mice were subjected to behavioral tests.

CXCL2 Injection
CXCL2 monomer was injected through cannulas previously implanted in the mouse brain. After all treatments, the 
animals were anesthetized with tribromoethanol (100 mg/kg, 0.25%, i.p.) and fixed in a stereotaxic apparatus. Mice were 
placed on a warming pad to maintain their body temperature. The skull was exposed, and cannulas were implanted at 
a section in the CA1 region, which was 1 mm caudal to the bregma, 1.3 mm lateral to the midline, and 2.5 mm ventral to 
the bregma. The cannulas and screws were fixed to the skull using stainless-steel screws and dental cement. After 
a recovery period (48 h) in individual metal cages, mice were anesthetized using sevoflurane for 10 min. The CXCL2 
monomer (10 mg/kg) was injected slowly (0.25 c/min) using a system consisting of a 30G needle inserted into the guide 
cannula and connected to a Hamilton microsyringe with a polyethylene catheter. After injection, the animals were placed 
on a warm pad for a few minutes to recover from anesthesia and then allowed to settle in experimental cages.

Animal Behavior Test
The mice were transferred to a testing room 2 h before the behavioral tests for acclimation. The mice were given 30 min to 
adapt to the dark environment. Subsequently, a 1-day window was maintained between each test to avoid inter-test effects. The 
detailed timeline and method of testing followed those previously published. The testing room was dimly lit using a red lamp. 
Animal activities were recorded for 8 min and analyzed. Smart version 3.0 was used to analyze the recordings and data.

Open Field Test
The open-field test was used to examine the locomotor activity and anxious behavior of the mice. A video camera was 
placed in the clamp of the retort stand above the open-field box (45 cm × 45 cm × 31 cm, gray background). One mouse 
was placed in the center of the arena, and the operators left the testing room.14 The spontaneous behavior of the mice was 
recorded for 8 min. The entire area of the box was cleaned with 75% ethanol and a paper towel before proceeding to the 
next test.15 The traveling speed and distance in the center and total zones were recorded and calculated using Smart 3.0.

Figure 1 Experiment design. (A) the experiment schedule of mice in the first part of the study. Mice were randomly assigned to four groups: control, AD, AD + Dex T1, and 
AD + Dex T2. (B) The experiment schedule of mice in the second part of the study. Mice were randomly assigned to control, AD, AD + Dex T1 groups. (C) The experiment 
schedule of mice in the last part of the study. Mice were randomly assigned to three groups: AD + Dex, AD + Dex + CXCL2, and AD + Dex + Yohimbine groups.

Drug Design, Development and Therapy 2024:18                                                                             https://doi.org/10.2147/DDDT.S489860                                                                                                                                                                                                                       

DovePress                                                                                                                       
5353

Dovepress                                                                                                                                                               Ma et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Marble-Burying Test
Burying marbles is a natural defense mechanism that occurs in mice under conditions of anxiety or stress.16 Unscented 
corncob bedding material was spread in the cage at a depth of 5 cm. Twenty marbles were then distributed across the 
bedding, evenly spaced in four rows. The testing period was 30 min. A marble with at least two-thirds of its total size 
covered was considered “buried.”17

New Object Recognition Test
Mice were individually exposed to an empty arena for environmental habituation (10 min). The following day, the mice 
were placed in the arena for 8 min. After 2 h of rest, one of the objects was exchanged, and the mice were returned to the 
arena for another 8 min. The time the mice spent exploring novel and familiar objects was recorded. Finally, the 
recognition index (RI), a value representing the learning and memory abilities of mice when exploring novel objects, was 
calculated: RI = Time spent on new object / (time spent on new object + time spent on original object) × 100%.

Y Maze Test
Y-maze was used to assess working memory in mice.18 Ensure that the Y-maze is clean and dry prior to testing using the 
75% ethanol and paper towels. Place the camera on the retort stand above the Y-maze (30 x 5×15 cm, equal length arms). 
Leave the testing room and allow the mouse to explore the maze 8 min. Examine the video and record the number of all 
arm entries and alternations. Alternation is determined from successive entries of the three arms on overlapping triplet 
sets in which three different arms are entered. The number of alternations is then divided by the number of alternation 
opportunities namely, total arm entries minus one.

Morphology Study
Brain Tissue Preparation
Mice were deeply anesthetized with tribromoethanol and transcardially perfused with 4% paraformaldehyde in 0.1 M (pH 
7.4) phosphate buffer. Their brains were dissected, immersed overnight, and transferred into 0.1 M phosphate buffer 
containing 30% sucrose for 3 days for cryoprotection.19 Brain samples were frozen and cut into 14-μm–thick coronal 
sections using a microtome (Leica CM1950).

Nissl Staining
After drying, unstained coronal sections were stained with buffered thionin for 10 min. Finally, the sections were 
dehydrated, cleared, and coverslipped with neutral resin.

Immunofluorescence Staining
For immunostaining, the cryostat sections were rinsed with PBS after antigen repair and permeabilization with Triton, and 
then blocked with 5% normal serum for 2 h. Sections were incubated for 36 h at 4°C using the following primary antibodies: 
Aβ (Proteintech, 1:100, rabbit), NeuN (Abcam, 1:1000, rabbit), and GFAP (Thermo Fisher, 1:400, rat). The sections were then 
incubated at room temperature for 2 h with 594-conjugated anti-rabbit IgG antibody (Invitrogen, 1: 400), 488-conjugated anti- 
mouse IgG antibody (Invitrogen, 1: 400), or 594-conjugated anti-rat IgG antibody (Invitrogen, 1: 400). Nuclear DNA was 
labeled with DAPI. Fluorescence signals were detected using a fluorescence microscope (Olympus).

TUNEL Staining
An in situ cell death detection kit, Fluorescein (Roche, Basel, Switzerland), was used for TUNEL staining. After antigen repair 
and permeabilization with Triton, sections were rinsed with PBS. A system containing 50 μL TdT buffer and 450 μL dUTP buffer 
was constructed, and the section samples were incubated with this system for 1 h at 37 °C. Sections were rinsed and incubated for 
1–5 min at room temperature in DAPI labeling solution. Fluorescence microscopy was used to evaluate fluorescent signals.

Fluoro-Jade C Staining
Fluoro-Jade C (FJC) is a marker of degenerating neurons that specifically binds to degenerating neurons. The brain sections 
were incubated with NaOH and ethanol, followed by potassium permanganate to block background staining. Fluoro-Jade 
C (Fluoro-Jade® C RTDTM Stain Reagent, Biosensis) and DAPI were then added for 30 min of incubation in the dark.
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Real-Time Quantitative Reverse Transcription PCR (RT-qPCR)
Hippocampal tissues were homogenized and resuspended in RNA lysis buffer. TRIzol reagent was used to isolate total 
RNA according to the manufacturer’s protocol (Thermo Fisher Scientific). A RevertAid First Strand cDNA Synthesis Kit 
was used to synthesize cDNA samples. The qPCR reaction was initiated with a 2 × RealStar Fast probe-based qPCR 
premix with added cDNA template, primers (primer sequences listed in Table 1), probe, and water. The qPCR process 
included pre-denaturation (95°C, 2 min), 35 cycles of denaturation (95°C, 15s), and annealing and extension (60°C, 30s).

Colorimetric Malondialdehyde (MDA) Assay Kit
Total malonaldehyde (MDA) were assayed using the MDA assay kit (S0131S, Beyotime, China), according to the 
manufacturer’s instructions. After configuring the TBA storage solution and MDA assay working solution, diluting the 
standards and establishing a blank control, brain tissue samples were homogenized and centrifuged. The supernatant was 
aspirated and the absorbance was measured at 532 nm with an enzyme marker, and then the molar concentration of MDA 
in the sample was calculated according to the standard curve.

Statistics
Data are presented as mean  ± standard division (SD) and were analyzed by Student’s t-test or One-way ANOVA using 
GraphPad Prism 8.0. Normality of the data was assessed individually, and non-parametric tests were used when the 
P value was < 0.05, which was also regarded as statistically different.

Results
Dex Improved Cognitive Decline and Anxiety-Like Behavior in AD Mice
To investigate the effect of Dex on cognition and anxiety during AD progression, 25 μg/kg and 50 μg/kg Dex were 
injected (i.p). into AD mice. The body and brain weights of the mice were monitored and a series of behavioral tests were 
performed (Figure 2A). The body weights of mice in all groups decreased during the Aβ stimulation period and 
continuously decreased under Dex treatment, except for the AD group, which showed a slight increase (Figure 2B). 

Table 1 mRNA Primer Sequences

Gene Name Sequences

Atg5-F TGTGCTTCGAGATGTGTGGTT
Atg5-R GTCAAATAGCTGACTCTTGGCAA

Maplic3b-F TTATAGAGCGATACAAGGGGGAG

Map1lc3b-R CGCCGTCTGATTATCTTGATGAG
NLRP3-F ATTACCCGCCCGAGAAAGG

NLRP3-R CATGAGTGTGGCTAGATCCAAG

GAPDH-F GCCAAGGCTGTGGGCAAGGTl
GAPDH-R TCTCCAGGCGGCACGTCAGA

iNOS-F CACCAAGCTGAACTTGAGCG

iNOS-R CGTGGCTTTGGGCTCCTC
IL-1β-F TGGGAAACAACAGTGGTCAGG

IL-1β-R CCATCAGAGGCAAGGAGGAA

IFN-γ-F GAACTGGCAAAAGGATGGTGA
IFN-γ-R TGTGGGTTGTTGACCTCAAAC

TNF-α-F GACGTGGAACTGGCAGAAGAG

TNF-α-R TTGGTGGTTTGTGAGTGTGAG
CXCL2-F GCCCAGACAGAAGTCATAGCC

CXCL2-R CTCCTCCTTTCCAGGTCAGTTA

caspase1-F CGTACACGTCTTGCCCTCAT
caspase1-R CTCTTTCACCATCTCCAGAGC
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Figure 2 Dex attenuates the abnormal behavior of AD mice. (A) Schematic of experimental design. Aβ was injected into mouse brains on day 0 (D0); 7 days after Aβ injection, Dex 
was injected for 7 days. (B) The body weight of each mouse from D0 to D17 is shown in the line chart; body weight of mice at D20 is shown in the bar chart (n = 4 in each group); the 
ratio of brain weight to body weight is shown in the last bar chart (n = 5 in control and AD + Dex T2 groups, n = 6 in AD and AD + Dex T1 groups). (C) Trajectory diagram in the 
open-field test for each group; total distance, average speed, distance in center zone, and time in center zone were calculated and are shown in the bar graph (n = 7 in control group, 
n = 6 in AD + Dex T1 group, n = 8 in AD and AD + Dex T1 groups). (D) Bar graph showing the number of marbles buried in each group (n = 12 in control group, n = 10 in AD 
and AD + Dex T1 group, n = 8 in AD + Dex T2 group). (E) The alternation triplet was calculated and shown in the bar graph (n = 7 in control group, n = 8 in AD and AD + Dex T1 
groups). (F) The percentage of time exploring new objects was calculated and is shown in the bar graph (n = 9 in control and AD groups, n = 10 in AD + Dex T1 group).
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However, the rates of weight loss in the AD + Dex T1 and AD + Dex T2 groups were significantly higher than those in 
the AD and control groups. In addition, mouse body weights in all groups increased when Dex treatment was removed, 
and there were no significant differences found between the final weights of the control, AD, and AD + Dex T1 groups 
at day 17, while the AD + Dex T2 group showed an obvious decrease in body weight compared to the other three groups. 
Next, the cognitive ability and anxiety levels of the mice were assessed using behavioral tests. In the open-field test, the 
total distance traveled by mice in the control, AD, AD+Dex-T1, and AD+Dex-T2 groups was similar, indicating that Aβ 
and Dex treatment had no significant effects on the mobility of the mice. AD mice traveled less distance and spent less 
time in the center zone compared to mice in the control group, while mice receiving Dex treatment traveled a greater 
distance and spent more time in the center zone (Figure 2C). Mice in the control and AD + Dex groups buried fewer 
marbles than those in the AD group (Figure 2D). In Y maze test, the percentage of spontaneous alternation time was of 
mice in AD + Dex T1 group was significantly higher than mice in the AD group (Figure 2E). The same with this, in the 
new object recognition test, mice in the AD + Dex T1 group spent more time on new objects than mice in the AD group 
(Figure 2F). Our results indicate that Dex improves cognitive impairment and anxiety in AD mice.

Dex Rescued Neuron Damage in the Hippocampal CA1 Region of in AD Mice
Neuron loss is a key pathological injury caused by Aβ-42, which leads to behavioral disability during AD progression. 
Therefore, we evaluated the effects of Dex on neuronal damage in the hippocampal CA1 region. Compared with the 
control group, NeuN-positive cells were reduced in the AD group and significantly increased in the AD + Dex T2 group; 
however, the ratio of GFAP/DAPI-positive cells showed no significant changes among the four groups (Figure 3A–E). In 
line with this, the intensities of Aβ-positive particles in the hippocampal CA1 region of the AD + Dex T1 and AD + Dex 
T2 groups were lower than those in the AD group, and the Aβ-positive particles were not co-localized with GFAP- 
positive cells in the CA1 region of the hippocampus, indicating that Aβ aggregates in neurons during this period 
(Figure 3F–I).

To investigate the mechanism of action of Dex in rescuing neuronal damage, the expression of genes related to cell 
injury and apoptosis was detected using RT-qPCR. Malondialdehyde (MDA) levels, which indicate the degree of lipid 
peroxidation and cellular damage, were increased in the AD group, and the AD + Dex T1 and AD + Dex T2 groups 
showed decreased MDA levels compared to the AD group (Figure 3J). The expression of CXCL2, IL-1β, iNOS, and 
SPHK1 was significantly upregulated in the Aβ-induced AD model, and the DX treatment dramatically decreased 
CXCL2, iNOS, and SPHK1 expression, but not IL-1β, in AD mice. The mRNA level of Bcl2 was decreased in AD mice 
compared with the control mice and increased again in AD mice after treatment with Dex T2. No significant changes 
were observed between the mRNA levels of IFN-γ, TNF-α, and Caspase 1 among all groups (Figure 3K–R).

Dex Improved Cognitive Decline and Anxiety-Like Behavior in AD Mice by Regulating 
CXCL2
To explore the potential mechanism by which Dex alleviates AD development, the role of CXCL2 was investigated. 
The AD mouse model was treated with Dex (i.p)., Dex (i.p). + CXCL2 monomer (intracerebral injection), or Dex (i.p). + 
Yohimbine (i.p). for 7 days. The experimental procedure is illustrated in Figure 4A. The body weight of mice in the AD + 
Dex + CXCL2 group was significantly decreased compared with that of the AD + Dex group, and body weight was 
increased in the AD + Dex + Yohimbine group. In addition, the brain weight proportion of mice in the AD + Dex + 
CXCL2 group was higher than that in the AD + Dex group and decreased further in the AD + Dex + Yohimbine group 
(Figure 4B). Animal behavior test results indicated that the injection of CXCL2 monomer and Yohimbine reversed the 
inhibitory effect of Dex on the marble-burying ability of AD mice (Figure 4C). The results of the open-field test showed 
that the total traveling distance of AD mice receiving the Dex treatment was not affected by CXCL2 monomer and 
Yohimbine treatment, whereas the traveling distance in the center zone was shortened by CXCL2 monomer and 
Yohimbine treatments (Figure 4D). In addition, mice in the AD + Dex + CXCL2 group spent less time exploring new 
objects compared with mice in the AD + Dex and AD + Dex + Yohimbine groups (Figure 4E). These results indicate that 
reloading CXCL2 and Dex inhibitors reversed the protective effect of Dex against AD.
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Figure 3 Dex attenuates neuron reduction in the CA1 region of AD mice. (A) NeuN was used to detect neuron cells (green), GFAP was used to detect astrocytes (red), 
and DAPI was used to detect the nucleus (blue). (B and C) The bar chart shows the number of NeuN-positive cells in each brain slide from 3 mice, and each dot in the bar 
chart represents the NeuN-positive cell number or the percentage of NeuN-positive cells in the CA1 region from one brain slide. (D and E) The bar chart shows the 
number of GFAP-positive cells in each brain slide from 3 mice, and each dot in the bar chart represents the GFAP-positive cell number or the percentage of GFAP-positive 
cells in the CA1 region from one brain slide. (F) Aβ was used to stain Aβ-42 positive particles (red), and DAPI was used to stain the nucleus (blue). (G) Illustrated the 
observed area in the brain. (H) The fluorescence intensity is shown in the bar chart. (I) The fluorescence intensity was measured using ImageJ. The x axis of the line chart 
represents the distance (arrowhead line). The y-axis represents the fluorescence intensity of Aβ-42-positive particles. (J) The concentration of MDA in the hippocampus was 
measured using an ELISA kit (n = 4 in each group). (K–R) Inflammation and cell death-related gene expression in the hippocampus of Dex-treated AD mice. Samples were 
collected from the hippocampus of mouse brains in each group. qRT-PCR was performed to detect the mRNA expression of CXCL2, IL-1β, iNOS, SPHK1, Bcl2, IFN-γ, and 
Caspase 1. GAPDH was used as a control.
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Figure 4 Dex improves the behavior of AD mice by downregulating CXCL2. (A) Schematic of the experimental design for studying the role of Dex/CXCL2 in the neuron loss of AD 
mice. Mice were divided into 3 groups: AD + Dex, AD + Dex + CXCL2, and AD + Dex + Yohimbine. Aβ was injected into mouse brains on day 0 (D0); 7 days after Aβ injection, the AD 
mice model was treated with Dex (0.5 μg/kg, ip), CXCL2 (intracerebral injection), or Yohimbine (ip) for 7 days, respectively. (B) The body weight and brain weight of the mice were 
monitored (n = 5 in each group). The body weight and brain weight of each mouse at D20 were measured and are shown in the bar graph. (C) Bar graph comparing number of marbles 
buried by each group (n = 7 in AD + Dex + CXCL2 group and n = 8 in AD + Dex + Yohimbine group). (D) Bar graphs showing the total distance and percentage of distance in the open 
zone in the open-field test (n = 6 in AD + Dex group, n = 7 in AD + Dex + CXCL2 group, and n = 8 in AD + Dex + Yohimbine group). (E) The percentage of time mice spent exploring 
new objects was calculated and is shown in the bar graph (n = 7 in AD + Dex + CXCL2 group and n = 8 in AD +Dex + Yohimbine group).
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CXCL2 Injection Reversed Dex-Depressed Neuron Damage in the CA1 Region 
of AD Mice
The results showed that the number of NeuN-positive cells decreased in the AD + Dex + CXCL2 group, and the number 
of GFAP-positive cells showed no apparent change (Figure 5A–E). Nissl-positive cell numbers in the hippocampal CA1 
region of the AD + Dex + CXCL2 and AD + Dex + Yohimbine groups were significantly decreased compared with 
the AD + Dex group, while CXCL2 monomer and Yohimbine treatments had no significant effects on Nissl-positive cells 
in the CA2 and CA3 regions, except that a slight decrease was found in the Nissl-positive cell number in the CA3 region 
in the AD + Dex + Yohimbine group (Figure 5F–I). Moreover, the number of Aβ-positive particles in the CA1 region in 
the AD + Dex + CXCL2 and AD + Dex + Yohimbine groups was higher than in the AD + Dex group (Figure 5J–L). As 

Figure 5 Role of CXCL2 and Yohimbine in regulating neuron damage in Dex-treated AD mice. (A) Representative immunofluorescence images of dual NeuN (green) or 
GFAP (red) and DAPI (blue) from the hippocampal CA1 region. (B–E) The bar chart shows the number of NeuN or GFAP-positive cells in each brain slide from 3 mice, and 
each dot in the bar chart represents the NeuN or GFAP-positive cell number in the CA1 region from one brain slide. (F) Nissl staining was used to observe the neuron 
numbers in hippocampal CA1, CA2, and CA3. (G–I) The bar chart shows the Nissl body positive cell numbers in the hippocampal regions in the AD + Dex, AD + Dex + 
CXCL2, and AD + Dex + Yohimbine groups. (J) Aβ1-42 was used to stain the Aβ-42-positive particles (red) and DAPI to stain the nucleus (blue). (K and L) The fluorescence 
intensity was measured using ImageJ. The x axis of the line chart represents the distance (arrowhead line). The y-axis represents the fluorescence intensity of Aβ-42-positive 
particles. The fluorescence intensity is shown in the bar chart.
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shown in Figure 6A–C, the AD + Dex + CXCL2 and AD + Dex + Yohimbine groups presented more TUNEL-positive 
cells in the hippocampal CA1 region than the AD + Dex group. Although the CXCL2 monomer dramatically increased 
TUNEL-positive cells in the CA2 region in Dex-treated AD mice, Yohimbine showed an inhibitory effect. The results of 
FJC staining and MDA levels showed the same phenomenon (Figure 6D and E). Moreover, the mRNA levels of CXCL2, 

Figure 6 Increasing CXCL2 reverses the protective effect of Dex in AD mice. (A–C) Representative immunofluorescence images of TUNEL (green) and DAPI (blue) 
staining from hippocampal CA1. The bar chart shows the number of TUNEL-positive cells in each brain slide from 3 mice. (D and E) Fluoro-Jade C staining was used to 
observe the FJC level in the hippocampus. The bar chart shows the intensity of FJC levels in the hippocampus in the AD + Dex, AD + Dex + CXCL2, and AD + Dex + 
Yohimbine groups. (F–J) Samples were collected from the hippocampus of mouse brains in each group. qRT-PCR was performed to detect the mRNA expression of CXCL2, 
NLRP3, Atg5, and Mapl1c-3b. GAPDH was used as a control. Concentration of MDA in the hippocampus was measured using an ELISA kit (n = 4 in each group).
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NLPR3, Atg5, and Mapl1c-3b were significantly upregulated in the AD + Dex + CXCL2 group and decreased in 
Yohimbine-treated AD + Dex mice (Figure 6F–J).

Discussion
Patients with AD suffer from progressive cognitive decline, memory loss, anxiety, and depression, which have also been 
observed in Aβ-stimulated AD mice. Aβ is one of the main neuropathological hallmarks of AD.2 Aβ plaques can be 
recognized by the brain as foreign bodies, leading to activated microglia and triggering inflammation and immune 
responses, ultimately causing neuronal death and degeneration.20 Research on drug therapy for AD is continuously 
developing, mainly focusing on anti-amyloid and anti-tau therapeutics, cholinergic neurotransmission, symptom relief, 
and immunotherapy.21 However, due to the multifactorial pathogenesis of AD, finding an effective anti-AD drug is still 
complex. Dex is a lipophilic compound that can pass through the blood–brain barrier and penetrate brain tissue, reduces 
the inflammation in some disease model.4

Dex is being used during anesthesia, mostly because it reduces the incidence of postoperative cognitive dysfunction and 
postoperative delirium.22 But its role in the AD mice model still needs further study. In the present study, we showed that DEX 
ameliorated cognitive and anxiety abnormalities in AD mouse model, with a remarkably drop of the body weight.

On one hand, we find that Dex (25μg and 50μg/kg) decreased the body weight of AD and wild type C57Bl/J6 male mice. 
Body weight dropped remarkably in mice treated with Dex. It was reported that Dex using at high dose (20mg/kg body weight for 
10 days, i.p). could cause skeletal muscle atrophy, with loss of body weight and impaired quality of life.23 Chronic Dex treatment 
is also associated with increased fat mass and weight gain. After intraperitoneally injection of Dex (5 mg/kg every other day for 
6 weeks), the adipose tissue of C57BL/6J mice expanded and the body weight decreased.24 Previous study revealed Dex were 
used at mg/kg body weight,25 here we illustrate that Dex causes the loss of body weight even in a low dose range.

On the other hand, we find that 25μg and 50μg/kg Dex attenuates the cognitive decline and anxiety in AD mice 
model. Dex was used to alleviates the cognitive decline in different kind of disease models in mice and rat. The dose 
ranged from 20 μg/kg −100 μg/kg. Our result illustrated that the performance of mice in Dex 25 μg/kg and 50 μg/kg 
group were the same in behavior test. About 25 μg/kg of Dex treatment was proved to attenuate the cognitive decline in 
previous studies. Previous results from the Morris water maze illustrated 20 μg/kg Dex decreased the post-operative 
cognitive dysfunction in rat.26 Pretreatment with 25 µg/kg Dex prior to ischemic manipulation reduced neuro behavioral 
scores and cerebral infarct volume in mice at 1 hour of ischemia and 24 hours of reperfusion injury.11 Administration of 
25µg/kg Dex once daily for one week to mice with chronic pain-induced depression resulted in an increase in realistic 
sucrose preference and a shortening of immobility time in the forced swimming test, indicating that Dex ameliorates 
depression induced by chronic pain in mice.12 Therefore, our result is in line with the previous studies in other animal 
models, which is Dex attenuates the cognitive and anxiety in neurovegetative disease models.

Our findings illustrate the crucial role of the protective effect of Dex on neuronal loss. Dex protected neurons against 
apoptosis and neurological deficits through several ways,6 anti-inflammation, reducing Aβ degradation and other neuro- 
protective mechanisms.

Firstly, Dex attenuates anxiety and cognitive decline in AD mice partly through its protective effect on CA1 neurons. 
We find that Dex reduces the neuron loss in the CA1 region. The dorsal CA1 subregion of the hippocampus is enriched in 
place cells, ventral CA1 is enriched in anxiety cells. These anxiety cells were enriched in the vCA1 and projected to the 
lateral hypothalamic.27 Which means other than contributing to working memory, CA1 region of the hippocampus is also 
important for the memory of anxiety. Dex may contributes to the cognitive decline and anxiety through protecting the 
neurons in the CA1 region of the hippocampus in AD mice.

Secondly, the neuron protective function of Dex on CA1 neurons may due to the decrease of Aβ level in CA1 region. 
This study reveals that Dex dramatically decreased Aβ levels in the CA1 region and protects neuron degeneration in this 
region. Dex injection decreased Fe2+ levels and alleviated cognitive decline and neuronal loss in Aβ-induced AD mice.28 

Dex increased the expression of LC3-LAMP2 and LC3-cathepsin D, which are one of the main factors for Aβ 
degradation.29 Deng et al indicated that Dex plays a role in LAMP5-mediated hyperexcitation and Dex is a potent 
regulator of AD therapy due to its beneficial effect on neuronal activation, which promotes Aβ and tau clearance to 
weaken AD neuronal function deficits.30
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Thirdly, the protective effect of Dex on AD mice may due to its anti-inflammation function. Neuro inflammation 
caused by Aβ is a major cause for the development of AD, and is a critical contributor for neuron damage in the 
hippocampus of AD mice model. Dex administered at 0, 2 and 4 h after systemic lipopolysaccharide injection can 
attenuate the LPS administration-induced elevation of IL-1β and TNF-α, and alleviate neuronal turnover.31 Recent 
research has demonstrated the effectiveness of Dex in attenuating hippocampal neuronal apoptosis induced by LPS; 
meanwhile, Dex also suppresses IL-1β, IL-6, IL-18, and TNF-α levels in the hippocampus, thereby inhibiting LPS- 
induced inflammation.32

More importantly, other than the previous studies. In the present study, Dex suppressed CXCL2 expression and 
ameliorated neuronal inflammatory injury and cognitive decline. CXCL2 is a pro-inflammatory cytokine with chemotactic 
activity toward neutrophils.33 A previous clinical study based on blood expression levels of cytokines revealed that CXCL2 
was significantly upregulated in AD patients, contributing to cognitive impairment and brain amyloidosis.34 In another 
study, gene expression from the intact micro vessels of the dorsolateral prefrontal cortex derived from 16 advanced AD and 
control subject groups was compared, and the results indicated that SERPINE1, IL8, CXCL1, ICAM-2, TIE1, and CXCL2 
were promoted in the late stage of cognitive impairment.35 Moreover, CXCL2 is a crucial factor regulating neuronal 
dysfunction, and the suppression of CXCL2 may be an effective way to resolve inflammatory injury in the nervous system. 
Zhao et al found that the overproduction of CXCL2 in neurons induced by Cathepsin C aggravated cryogenic brain 
lesions.36 Another study used MIP-2, an agonist of CXCL2, to stimulate rat primary motor neurons, and discovered dose- 
dependent neurotoxicity in the CNS.37 Although these findings support our conclusion about the important role of CXCL2 
in nervous system regulation, few studies have reported the regulatory mechanism of CXCL2 in AD. Our study proves that 
CXCL2 is a key influence factor at Dex treated AD mice which may become a future therapy target for reducing the 
cognitive decline in Alzheimer’s disease.

Conclusion
DEX can produce neuroprotective effects through various mechanisms, such as antioxidation, inhibition of apoptosis, 
inhibition of neuron inflammation, promotion of neurogenesis, and through the influence of various cell signaling 
pathways. Our research concluded that Dex attenuated abnormal behavior and pathological changes in AD mice by 
mediating CXCL2 and attenuating Aβ degradation and neuronal degeneration in the hippocampal CA1 region. Our study 
demonstrated the effectiveness of Dex in AD therapy and primarily investigated its mechanism of action, presenting 
a promising therapeutic target for AD treatment. However, there are also some limitations in this study which provokes 
further study. For instance, whether other inflammation-related cytokines are related with Dex still needed further 
exploration. The mechanism by which Dex affects CXCL2 expression by interacting with post-transcriptional modifica-
tions requires further investigation. Moreover, since Dex could promote neurogenesis, it is interesting to find out whether 
any neurogenesis was activated through Dex. More importantly, astrocyte and microglia were acknowledged to be crucial 
for neuron inflammation, CXCL2 is closely related to microglial function, whether Dex exerts effects on microglia to 
attenuate AD progression might be an interesting aspect to focus on in the future. The role of these two types of cells in 
Dex treated AD mice should be addressed further.
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