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Introduction: Cognitive impairment is a common complication and comorbidity
of diabetes. However, the underlying mechanisms of diabetes-associated
cognitive dysfunction are currently unclear. M1 microglia secretes pro-
inflammatory factors and can be marked by CD16, iNOS, Iba1 and TNF-ɑ. The
decline of M2 microglia in the diabetic rats indicates that high glucose promotes
the differentiation of microglia into the M1 type to trigger neuroinflammatory
responses. Moreover, there is a lack of strong evidence for treatments of diabetes-
associated cognitive impairment in addition to controlling blood glucose.

Methods:Diabetic ratswere established by intraperitoneal injection of one dose of
streptozotocin (60 mg/kg). Polarization transitions of microglia were induced by
high glucose treatment in BV2 cells. Levetiracetam was orally administered to rats
72 h after streptozotocin injection for 12 weeks.

Results: In STZ-induced diabetic rats, the results demonstrated that levetiracetam
improved rat cognitive function (Morris water maze test) and hippocampus
morphology (Hematoxylin-eosin staining), and the effect was more evident in
the high-dose levetiracetam group. Microglia activation in the hippocampus was
inhibited by levetiracetam treatment for 12 weeks. Serum levels of TNF-α, IL-1β,
and IL-6 were reduced in the LEV-L and LEV-H groups, and IL-1β level was
obviously reduced in the LEV-H group. In vitro,we found that levetiracetam 50 µM
attenuated high-glucose induced microglial polarization by increasing IL-10 level
and decreasing IL-1β and TNF-α levels. Moreover, levetiracetam 50 µM increased
and decreased the proportion of CD206+/Iba1+ and iNOS+/Iba1+cells,
respectively. Western blot analysis illustrated that LEV 50 µM downregulated
the expression of MyD88 and TRAF6, and phosphorylation of TAK1, JNK, p38,
and NF-κB p65. The effect of levetiracetam on the anti-polarization and
expression of p-JNK and p-NF-κB p65 were partly reversed by anisomycin
(p38 and JNK activators).

Discussion: Together, our data suggest that levetiracetam attenuates
streptozotocin-induced cognitive impairment by suppressing microglia
activation. The in vitro findings also indicate that the levetiracetam inhibited
the polarization of microglia via the JNK/MAPK/NF-κB signaling pathway.
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1 Introduction

Diabetes is characterized by hyperglycemia due to insulin
secretion defects and/or insulin resistance. It might induce many
complications and comorbidities, including cognitive
dysfunction (McCrimmon et al., 2012). Epidemio-logical data
illustrated that cognitive decrease is more prone to patients with
diabetes and involves a process from cognitive decrement
(Biessels and Despa, 2018), to cognitive impairment, and even
dementia (Ennis et al., 2020; Willmann et al., 2020). However, the
etiologies and the underlying mechanisms are not very clearly.
Metaflammation refers to a combination of metabolic disorders
with chronic low-grade inflammation (Hotamisligil, 2017). High
levels of activated systemic inflammation factors in DM, such as
have been detected in diabetes patients, thus making them
potential predictors for cognitive impairment (Marioni et al.,
2010; Niewczas et al., 2019; Dyer et al., 2020). Very few clinical
studies on the DM related cerebral inflammation have been
conducted; however, diabetic animal studies illustrated that
cognitive impairment and neuronal injury were associated
with the microglia activation (Liu Y. et al., 2018). Natunen
et al. have found that in mice with genetic Alzheimer’s disease
(AD) and type 2 DM, the scale of microglia near β-amyloid
plaques is reduced owing to phagocytosis (Natunen et al., 2020).

Microglia in neurovascular units participate in brain injury response,
increase of blood-brain barrier permeability (Prince et al., 2013), synaptic
recombination, post-synaptic spinous process formation, nerve
regeneration and early connection of the nerve loop. Microglia are
categorized into pro-inflammatory (M1) and anti-inflammatory (M2)
(de la Monte et al., 2006), mutually transforming into each other in
different biological processes (Craft, 2009; Prince et al., 2013; Brady et al.,
2017; Kadohara et al., 2017). M1 microglia secretes pro-inflammatory
factors and can bemarked by CD16, iNOS, Iba1 and TNF-α. In addition,
according to flow cytometry results, the decline in M2 microglia in the
brain tissue of diabetic rats indicates that high glucose promotes the
differentiation of microglia into the M1 type to trigger
neuroinflammatory responses. Given that inflammation is associated
with cognitive impairment, modulating the ratio of M1/M2 types of
microglia might cope with cognitive dysfunction in DM. However, more
research is needed before realizing this hypothesis.

Synaptic vesicle glycoprotein 2A (SV2A) is a member of the
transporter super-family, and a component of the synaptic vesicle
membrane. SV2A is essential for the transport of neurotransmitters,
and the shuttle and exocytosis of vesicles. Levetiracetam (LEV), the
first identified SV2A ligand, has a broad-spectrum anti-epileptic
effect. Chronic epilepsy model was used to evaluate the effect of LEV
on histological changes, hippocampal neurogenesis and synaptic
plasticity in chronic epilepsy. 54 mg/kg LEV (once daily for 2 weeks,
intraperitoneal injection) had no effect on the hippocampal
neurogenesis but improved the CA1 subfield volume and
synaptic transmission in CA3-CA1 areas (Salaka et al., 2022).
These findings provide some bases for the further studies on
cognition. Differential effects of levetiracetam were observed on
the hippocampal CA1 synaptic plasticity and the dentate gyrus in
epileptic rats. Kainite-induced epileptic mice were used to illustrate

the effect of subchronic (continuous 7 days) and chronic
(continuous 35 days) LEV treatments on the hippocampal
neurogenesis. Chornic LEV administration could promote the
multiplication of progenitor cell neuroblasts and neural stem
cells. While subchronic LEV treatment inhibited the
multiplication of progenitor cells neuroblasts, but promoted the
multiplication of quiescent neural stem cells (Zhang et al., 2020).
Moreover, SV2A dysfunction is involved in many types of cognitive
disorders, suggesting the potential therapeutic value of LEV (Stienen
et al., 2011).Liu et al. conducted system reviews to evaluate the
effects of anti-epileptic drugs on epilepsy in people with AD in
2018 and 2023. In 2018, the results showed no significant differences
among generalized used anti-epileptic drugs, such as levetiracetam
(LEV), lamotrigine (LTG) and phenobarbital (PB). LEV, regardless
of its anti-epileptic effect, may also impair mood. Same results were
found in system reviews by Liu in 2023 (Liu S. et al., 2018; Liu et al.,
2021). However, LEV exhibits neuroprotective properties in rodent
TBI (traumatic brain injury) models. Some other mechanisms are
also involved in the neuroprotection of LEV in TBI mouse models,
such as inhibiting of mitochondiral dysfunction (Gibbs et al., 2006),
decreasing neruoinflammation (Kim et al., 2010) and microglia
phagocytosis (Itoh et al., 2019). Pavone et al. found that new
AEDs gabapentin, lamotrigine, tiagabine, and LEV did not exert
toxic effects on primary rat astrocytes at low and high
concentrations, proving that these new AEDs can prevent
inflammation, neuronal damage, and death upon pathological
stimuli, such as TBI and/or epilepsy (Pavone and Cardile, 2003).
Recent studies have suggested that LEV prevents acute
neuroinflammation by suppressing inflammatory neutrophil
(CD11b+ CD45+) infiltration after status epilepticus (SE) (Matsuo
et al., 2022). In another study, LEV might inhibit astrocyte reactivity
by decreasing the number of A2 astrocyte markers (Komori et al.,
2022). In addition to SE, few studies were been conducted to analyze
diabetic complications. LEV improves diabetic retinal structure
organization, alleviates retinal inflammation, and downregulates
retinal GLUT1 expression (Mohammad et al., 2019). Erbas et al.
demonstrated that LEV suppressed electrophysiological alterations
in the sciatic nerves via inhibiting inflammation and fibrosis,
indicating its therapeutic effects against diabetic neuropathy
(Erbas et al., 2016). However, the action mechanisms of LEV in
treating diabetes-associated cognitive dysfunction remain unclear.

The NF-κB and MAPK signaling pathways are involved in
M1 activation, and possibly subsequent inflammatory response
(Cho et al., 2019). NF-ĸB transcription activates pro-inflammatory
factors (Liu Y. et al., 2018; Liu et al., 2019). In addition, c-Jun, JNKs,
p38, and extracellular signal-related kinases (ERK) (Tang et al., 2013)
are activated through the MAPK pathway to increase the expression
of genes associated with inflammation, apoptosis, and differentiation
(Thalhamer et al., 2008). These mechanisms have not been proven to
induce the effect of LEV on cognitive deficits in STZ-induced diabetic
rats and in high glucose induced inflammation in BV2 cells.
Therefore, we designed this experiment to verify the effects of LEV
on the cognitive function of STZ-induced diabetic rats in vivo and the
transitions of microglia and the potential regulatory mechanisms in
vitro.
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2 Materials and methods

2.1 Animals model and group

Adult male Sprague-Dawley (SD) rats (200 ± 10 g) (Kaswin
Laboratory Animals Co.,Ltd., China) were housed in a room with a
temperature of 22°C ± 2°C and humidity of 55% ± 5% under a 12-h
light/dark cycle. All rats could freely drink and take food. One week
later, 30 rats were randomly divided into the control and STZ groups.
Animals in the control group were treated with sodium citrate buffer
(pH 4.5), whereas animals in the STZ groups were subjected to one dose
of intraperitoneal STZ (60 mg/kg, S0130, Sigma-Aldrich) dissolved in
100 mM sodium citrate buffer.The blood glucose in the tail vein
exceeded 16.7 mmol/L at 72 h after STZ injection was identified as
diabetic rats. Among 24 rats, 20 rats were successfully modeled and
divided randomly into the STZ group (gavage saline), LEV low-dose
group (LEV-L, gavage 10 mg/kg LEV, 12 weeks), and LEV high-dose
group (LEV-H, gavage 100 mg/kg LEV, 12 weeks). LEV (UCB Pharma
S.A, resuspended in 0.9%.

NaCl saline, 10 mg/kg; 100 mg/kg) and dissolved in the saline as
needed. Fasting blood glucose was measured via using a Bayer blood
glucometer at 1, 3, 5, 9, and 12 weeks.Weight Blood was measured at
1, 3, 5, 9, and 12 weeks. Fasting period lasted for 12 h, from 6:00 PM
to 6:00 AM of the next day. The rats in four groups were sacrificed at
12 weeks (2 rats died during the experiment). Blood was sampled
from the inner canthal orbital vein. Hippocampus slices were
collected following polyformaldehyde perfusion. All experiments
were approved by the animal ethics committee of Wuxi people’s
hospital affiliated to Nanjing medical university.

2.2 Morris water maze (MWM) test

The MWM test was performed to examine the spatial learning
and memory of rats (Tang et al., 2013). The training session lasted
for 5 days, and 4 successive trials were conducted each day, with a 2-
h interval. The test session was conducted at day 6. One circular pool
(160 cm in diameter, 50 cm in height) with a platform in the center
of one quadrant was used to train the rats individually at 25°C. In the
training session, four successive trails were conducted each day with
a 2-h interval and each trail lasted for 90 s. Once the rat arrived at the
platform for the first time, the time was recorded. If the rat could not
find the platform within 90 s, the researcher could direct the rat to
the platform and the trial ended. Test was carried out only once for
rats to find the platform within 90 s after the platform was removed
in the test session. The process of rats finding the platform was
recorded by video tracking equipment, while the data of retention
time in the target quadrant and escape latency were processed by an
analysis management system (DigBehV-MG; Ji Liang Instruments,
China).

2.3 Histopathological examination

Rats were perfused with 4% paraformaldehyde, and the brain
was removed. Slices containing hippocampus were embedded in
paraffin. For morphological evaluation, 5 µm-thick coronal sections
of the hippocampus were cut by paraffin slicer for later use. The

sections were dewaxed, hydrated with a series of graded alcohol, and
stained with hematoxylin and eosin. Morphological changes in CA1,
CA3 and DG areas of hippocampus were then observed under a
microscope (Olympus, Japan).

2.4 Immunohistochemistry

For immunohistochemical staining, brain hippocampus coronal
sections were dewaxed, rehydrated, and incubated with antigen
retrieval solution for 20 min to expose antigen epitopes. The
slices were incubated with primary antibodies in a 4°C
refrigerator overnight. Next, the slices were incubated again with
antigen retrieval solution for 20 min, and then washed with PBS
three times on a shaker, followed by incubation with secondary
antibodies at 37°C for 1 h. After that, the slices were treated with
DAB solution (ZLI-9018, Zhongshan Jinqiao, China) for 15 min and
subsequently rinsed with distilled water to stop color development.
Next, hematoxylin was treated for 10 min to counterstain the
nucleus. Having been dehydrated, the slices were sealed and
observed under a microscope. The IOD of Iba1 positive cells on
each image was calculated.

2.5 Cell culture and high-glucose BV2 cell
model

Microglia cell line BV2 (CC-Y2022, EK-Bioscience
Biotechnology Co., Ltd., ShangHai, China) were cultured in LD-
DMEM (5 mM glucose in Dulbecco’s Modified Eagle Medium,
BL308A; Biosharp) with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin and incubated at 37°C
and 5% CO2. Glucose at various concentrations (from 25, 50,
75–100 mM) was added to the cells to establish a BV2 cell model
of high glucose-induced inflammation as 25 mM concentration of
glucose was the upper limit of normal concentration in culture
medium.

2.6 Application of levetiracetam and
chemicals in vitro

To assess the effect of LEV, LEV (HY-B0106; MedChemExpress
LLC) was added to the culture medium of BV2 cells, followed by
incubation for 24 h. LEV was added at various concentrations to the
medium to examine the concentration-response of LEV.
Anisomycin (an activator of p38 and JNK, HY-18982;
MedChemExpress LLC) was added simultaneously for
investigation of the role of the MAPK signaling pathway.
Anisomycin concentration gradient was also evaluated in our study.

2.7 Cell viability analysis and lactate
dehydrogenase (LDH) assay

We used a CCK-8 Kit (CK04; Dojindo) to detect the cell viability.
BV2 cells were seeded at 5 × 104/mL and cultured in 96-well plate
overnight at 5% CO2 and 37°C. 10µL CCK-8 solution was added to each
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well and incubated for 3 h. At last, the absorbance was measured at
450 nm. The LDH kit (A020-2; Nanjing Jiancheng Bioengineering
Institute, China) was added to the 96-well plate to test the cell
viability in cell-free supernatant. Briefly, cell-free supernatant was
added to the 96-well plate when the cells were cultured in the
treatment medium. Double distilled water, 0.2 ul/mL pyruvate
standard solution, matrix buffer, coenzyme I and samples were added
to the corresponding wells, respectively, followed by incubation for
15min at 37°C. Then, 25 ul of 2,4-dinitrophenylhydrazine was
injected into each well, followed by a 15-min incubation again. After
that, NaOH solution was added into each well and reacted for 5min.
Finally, the absorbance was measured at 450 nm.

2.8 Immunofluorescence staining

BV2 cells were seeded in 24-well plates for immunofluorescence
staining after a glass sheet was prepared in each well. BV2 cells were
washed with three times with PBS, fixed with 4% paraformaldehyde for
10min, blocked by 5% bovine serum blocking solution for 2 h, incubated
with primary antibodies (Iba1, CD206 and iNOS) at 4°C for one night.
The cells were incubatedwith the corresponding secondary antibodies for
1 h at the second day. Hochest was added to the cells and reacted for
15min at room temperature. Finally, the images were observed under a
laser confocal microscope (Leica, Germany).

2.9 Real time -PCR

Trizol reagent was used to extract total RNA from BV2 cells, and
a Revert Aid First Strand cDNA Synthesis kit was used to reverse-
transcribe RNA into cDNA (R401-01-AA, Vazyme). The IL-1β, IL-
10, TNF-α, iNOS and CD206 mRNA levels were detected using the
2× SYBR Green qRCR Mix. The primes for RT-PCR were shown in
Table 1. The mRNA levels of genes were analyzed using 2−ΔΔCT

method. The expression of all genes was standardized to the
expression of GAPDH as the control GAPDH.

2.10 ELISA

Serum insulin, TNF-α, IL-1β and IL-6 levelswere analyzed at 12 weeks
after treatment via ELISA following the instructions. The blood samples
were detected by (insulin) EILISA kit (DL-INS-Ra; DLdevelop), (IL-1β)
ELISA Kit (DL-IL1b-Ra; DLdevelop), (IL-6) ELISA Kit (DL-IL6-Ra;
DLdevelop) and (TNF-α) ELISA Kit (DL-TNFα-Ra; DLdevelop). BV-2
cells were seeded at 5 × 104/mL and stimulated with glucose (50mM) in
96-well plate and then treated with LEV, LEV combined with anisomycin.
The medium concentrations of IL-1β, TNF-α, and IL-10 were detected
using ELISA kits (E-EL-M0037c, E-EL-M0046c, E-MSEL-M0002,
respectively; Elabscience). The absorbance value of the mixture was
measured at 450 nm.

2.11 Western blotting analysis

Total protein was extracted from BV2 cells, and the
concentration was measured using a BCA kit. Equal amount of

protein was loaded on a 10% SDS gel, separated by SDS-PAGE, and
transferred to PVDF membranes, which was blocked in 5% skim
milk for 1 h at room temperature. The membranes were incubated at
4°C overnight with primary antibodies, and then incubated with
secondary antibodies at 37°C for 40 min to 1 h. The primary
antibodies included pJNK (ab124956, Abcam) and JNK
(ab179461, Abcam), p-p38 (ab4822, Abcam), p38 (14064-1-AP,
Proteintech), p-p65 (ab76302, Abcam), p65 (ab16502, Abcam),
MyD88 (4283S, CST), TRAF6 (ab33915, Abcam), TAK1(4505S,
CST), p-TAK1(9339S, CST). For detection of the MyD88 and
TRAF6 proteins, individual gel was run for each immunoblotted
protein, with β-actin as an endogenous control. The membranes
were stripped by stripping buffer (P0025, Beyotime) after probing
MyD88 or TRAF6, and then incubated with the primary and the
corresponding secondary antibodies of β-actin, respectively. To
detect the expression of phosphorylated protein and the
corresponding total protein, such as pJNK and JNK, one gel was
run for each protein, with β-actin used as an endogenous control.
The same method was applied for measuring the levels of p-p38 and
p38, p-p65 and p65, and TAK1 and p-TAK1 expression. After
probing for phosphorylated protein, the membranes were
stripped using stripping buffer and then incubated with the
primary and the secondary antibodies against the corresponding
total protein. At last, the membranes were stripped as described
above and incubated with the primary and the corresponding
secondary antibodies against β-actin. The protein level was
normalized into that in the control group. The bands were
analyzed using the ImageJ software.

2.12 Statistical analysis

The SPSS 20.0 software was introduced for analysis. Measurement
datawere expressed as themean± standard deviation.OnewayANOVA
was carried out for comparison between groups. LSD (L) or Dunnett’s
test was conducted for inter-group analysis. Two-way repeated measures
analysis of variance was used to evaluate the role of time and different
treatment for blood glucose and body weight. GraphPad Prism 8 was
used to construct a graph for the results of data analysis. Differences were
considered to be statistically significant when p < 0.05.

3 Results

3.1 LEV ameliorated cognitive deficit and
hippocampal injury in STZ-induced rats at
12weeks

To verify the successful establishment of the diabetic rat model,
blood glucose level and body weight were tested at weeks 1, 3, 5,
9 and 12, while the insulin level at week 12. An interaction between
time and different treatments (STZ and STZ + LEV) was searched in
our study. Two-way repeated measures analysis of variance showed
that there was no interaction between group and time for blood
glucose and weight (F time × group = 0.420, p = 0.905; F time ×
group = 0.474, p = 0.870). Blood glucose level in experimental groups
increased at 1,3,5,9 and 12 weeks after the beginning of the
experiment (F time = 30.436, p = 0.000). One single dose of STZ

Frontiers in Pharmacology frontiersin.org04

Zhang et al. 10.3389/fphar.2023.1145819

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1145819


FIGURE 1
LEV ameliorated cognitive deficit and the injury in the hippocampus of STZ-induced rats at 12 weeks (A) Blood glucose levels and body weights at
weeks 1, 3, 5, 9, 12 of STZ-induced rats treatedwith low-dose and high-dose LEV or saline. An interaction between time and different treatments (STZ and
STZ + LEV) was analyzed via two-way repeated measures analysis of variance. No interaction between group and time for blood glucose and weight (F
time × group = 0.420, p = 0.905 df 8; F time × group = 0.474, p = 0.870 df 8). Blood glucose level in experimental groups increased at 1,3,5,9 and
12 weeks after the beginning of the experiment (F time = 30.436, p = 0.000, df 4). One single dose of STZ continuously increased the blood glucose level

(Continued )
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continuously increased the blood glucose level at weeks 1, 3, 5, 9 and
12 (p = 0.000 for all). The blood glucose levels at weeks 5, 9 and
12 were significantly increased compared with those at weeks 1 (p =
0.023, p = 0.001, p = 0.000), but without significant difference among
three expeimental groups (F group = 0.914, p = 0.422). The body
weight decreased at weeks 3, (p = 0.001) 5, 9 and 12 after STZ
administration (p = 0.000 for all). The weights at weeks 5, 9, 12 were
higher than those at week 3 (p = 0.003, p = 0.000, p = 0.044), but
without significant difference among three expeimental groups (F
group = 0.975, p = 0.400). In conclusion, LEV had no effect on the

blood glucose and body weight of rats. A single dose of STZ also
decreased the serum concentration of insulin (F = 15.97, p = 0.000)
and no difference was found between the three experimental groups
(p = 0.059, p = 0.094, p = 0.814). The above results indicated that the
diabetic rat model was successfully established (Figures 1A,B). As
shown in Figure 1C, the escape latency (EL) was prolonged and the
target quadrant residence time was shortened after STZ treatment
(F = 21.37, p = 0.000). Low and high doses of LEV could reduce the
escape latency (p = 0.001; p = 0.000) and prolong target quadrant
residence time after STZ treatment (p = 0.000; p = 0.000). The LEV-

FIGURE 2
(A–D) Levetiracetam decreased the expression of Iba1 in the hippocampus of STZ-induced diabetic rats (A) Immunohistochemical staining of the
protein expressions of Iba1 in hippocampus from control and STZ rats treated with LEV on week 12. (B–D) Analysis of expressions of Iba1 in CA1, DG and
CA3 regions in hippocampus of four groups (n = 6/group. One-way ANOVA was used to data analysis (df 3). Compared with control group, *p < 0.05;
**p < 0.01; Compared with STZ group, #p < 0.05, ##p < 0.01; Compared with LEV-L group, &p < 0.05, &&p < 0.01).

FIGURE 1 (Continued)
at weeks 1(F = 39.78, p= 0.000), 3 (F = 77.03, p = 0.000), 5 (F = 76.54, p= 0.000), 9 (F = 270.501, p = 0.000) and 12 (F = 145.62, p= 0.000). The blood
glucose levels at weeks 5,9 and 12 were significantly increased compared with those at weeks 1 (p =0.023, p =0.001, p =0.000), but without significant
difference among three expeimental groups (F group = 0.914, p = 0.422, df 2). The body weight decreased at weeks 3 (F = 8.759, p = 0.001), 5 (F = 19.89,
p = 0.000), 9 (F = 198.53, p = 0.000) and 12 (F = 153.00, p = 0.000) after STZ treatment.The weights at weeks 5, 9, 12 were higher than those at week
3 (p = 0.003, p = 0.000, p = 0.044), but without significant difference among three expeimental groups (F group = 0.975, p = 0.400 df 2). (B) The serum
concentration of insulin of STZ-induced diabetic rats in four groups at week 12. A single dose of STZ also decreased the serum concentration of insulin
(F = 15.97, p = 0.000 df 3). Compared with control group,*p < 0.05, **p < 0.01; Compared with week 1 or week 3, # p < 0.05, ## p < 0.01 Fig (A,B). (C)
Escape latency and time in target quadrant were recorded at day 6 in four groups. The EL was prolonged and the target quadrant residence time was
shortened after STZ treatment (F = 21.37, p = 0.000 df 3) Compared with control group,*p < 0.05, **p < 0.01; Compared with STZ group, # p < 0.05, ## p <
0.01; Compared with LEV-L group, &p < 0.05). (D)H&E staining of hippocampus from control and STZ-induced rats treated with low-dose and high-dose
LEV at week 12. LEV-L, 10 mg/kg; LEV-H, 100 mg/kg. Data are expressed as mean ± SEM. n = 6/group.
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H group showed a greater improvement in the target quadrant
residence time (p = 0.02).

As shown in Figure 1D, the experimental groups had looser
pyramidal cells in the CA1 region and larger nuclei than the control
group, but these changes were alleviated in the LEV-L and LEV-H
groups. The LEV-L group exhibited thickened cell layer and
increased number of neuronal cells in the DG region. These
changes were more evident in the LEV-H group. The cells in the
CA3 region were neatly arranged after treatment with LEV.
Furthermore, the pyramidal cell layer was much thicker in the
LEV-H group than in the other groups.

3.2 LEV treatment reduced the excessive
activation of microglia in the hippocampus
of STZ-induced rats at 12weeks

As shown in Figures 2A–D, the proportions of Iba1+ cells in the
CA1(F = 39.34, p = 0.000), CA3 (F = 153.92, p = 0.000) and DG (F =
147.82, p = 0.000) regions of the hippocampus were raised after STZ
treatment. LEV treatment could decrease the proportion of Iba1+
cells in the CA1, CA3 and DG regions after STZ treatment (p =
0.000 for all). Furthermore, the LEV-H group showed a greater
decrease in the expression of Iba1 in the DG (p = 0.01) and CA3 (p =
0.01) regions than the LEV-L group.

3.3 LEV decreased serum levels of
inflammatory factors in STZ-induced rats at
12weeks

Serum IL-1β (F = 181.73, p = 0.000), IL-6 (F = 29.54, p =
0.000) and TNF-α (F = 8.6, p = 0.001) levels were also higher in
the three experimental groups. Low and high dose of LEV
treatment could reduce the serum levels of IL-1β (p = 0.000,
p = 0.000), IL-6 (p = 0.015, p = 0.012) and TNF-α (p = 0.038, p =
0.012). Furthermore, the group administered with high-dose LEV
exhibited a greater decrease in the serum IL-1β level (p = 0.003)
(Figures 3A–C).

3.4 High glucose induced the activation and
polarization of BV2 cells

Following high glucose stimulation for 24 h, cell viability did
not change significantly (F = 1.595, p = 0.250), as shown by the
CCK-8 assay (Figure 4A). LDH release was higher after treatment
with high glucose at various concentrations (25, 50, 75, and
100 mM). LDH release was more higher in the 50, 75, and
100 mM groups (F = 12.09,p =0.001), without a significant
difference among the three glucose concentration groups
(Figure 4B). As Iba1 was the marker of microglia, the
expression of it was just used to identify BV2 cells. Detecting
the expression of Iba1 alone could not illustrate the activation of
BV2 cells. Could we remove the Immunofluorescence staining
results from our study. High glucose markedly increased the
expression of inflammatory genes at the mRNA level in BV2 cells,
such as IL-1β (F = 40.98), TNF-α (F = 66.42), and iNOS (F =
66.42) (p = 0.000 for all). The mRNA level of IL-1β was higher in
the 50, 75, and 100 mM glucose groups, than in 25 mM group;
while it was much higher in the 75 and 100 mM glucose groups
than in 50 mM group. Furthermore, 25 mM glucose increased the
expression of TNF-α and iNOS mRNA more prominently than
50, 75, and 100 mM glucose. In TNF-αmRNA expression, 50 mM
and 75 mM glucose brought no significantly differences. iNOS
mRNA expression was higher in 75 mM glucose group than in
50 mM group. In addition, high glucose treatment inhibited the
mRNA expression of IL-10 (F = 208.9, p = 0.000) and CD206 (F =
62.12, p = 0.000). Compared with the 25 mM group, the 50 and
100 mM groups exhibited decreased IL-10 mRNA expression (all
p < 0.05). CD206 mRNA expression in the 25 and 50 mM groups
was lower than that in the 75 mM group, but without significant
difference between the 25 and 50 mM groups. Considering its
effects on cell morphology, LDH release, and cell viability,
50 mM was determined as the optimum glucose concentration
to establish high glucose-induced inflammation model in
BV2 cells. CD206 and iNOS are markers of M2 and
M1 microglia, and our results showed that the high glucose
treatment induced inflammation and polarization of BV2 cells
from M2 to M1 (Figures 4C–G).

FIGURE 3
LEV reduced the serum concentration of IL-1β, TNF-α and IL-6 of STZ-induced diabetic rats in four groups (A–C) Analysis of serum levels of IL-1β,
TNF-α and IL-6 in control group, STZ induced-diabetic rats and LEV-L and LEV-H groups at 12 weeks after STZ Intraperitoneal injection. (n = 6/
group. One-way ANOVAwas used for data analysis (df 3). Compared with control group, *p < 0.05; **p < 0.01; Compared with STZ group, #p < 0.05, ##p <
0.05; Compared with LEV-L group, &p < 0.05, &&p < 0.01).
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3.5 LEV attenuated high glucose-induced
inflammation in BV2 cells by regulating cell
polarization

As shown in Figures 5A,B, different concentration of LEV
treatment for 24 h resulted in no decrease in cell viability in BV2 cells
with 50mM glucose induced-inflammation (F = 3.955, p =0.118).
300 μM LEV treatment for 48 h decreased the cell viability compared
to the control (p =0.037). Treatment with LEV for 24 h reduced LDH
release in the 50, 100, and 300 µM groups, with no significant difference
between these groups. Treatmentwith LEV for 48 h reduced LDHrelease

in the 30, 50, 100, and 300 µM groups, with no significant difference
between these groups. However, treatment with 50, 100, and 300 µM
LEVcaused a greater decrease in LDHrelease at 24 h than that at 48 h (all
p < 0.001, Figure 5C). The findings suggested that 50 µM LEV was the
optimal concentration for treatment. LEV of 50 µM decreased the IL-1β,
TNF-α, and iNOS mRNA expressions after high glucose stimulation in
BV2 cells (p =0.000; p =0.004 and p =0.000 Figures 5D–F).Moreover, the
mRNA expression of IL-10 and CD206 was upregulated after LEV
50 µM treatment (p =0.000 for all, Figures 5G,H). The levels of
inflammatory factors in the supernatant of BV-2 cells after treatment
with 50 µM LEV for 24 h were detected by ELISA. LEV of 50 µM

FIGURE 4
The cell viability, LDH release, activation and polarization of BV2 cells after high-glucose stimulation (A) The cell viability of BV2 cells in control and
25 mM, 50 mM, 75 mM and 100 mM glucose treatment groups for 24 h. (B) The LDH release of BV2 cells in control and various glucose concentration
stimulated groups for 24 h. (C–G) ThemRNA levels of IL-1β, TNF-α, iNOS, CD206 and IL-10 weremeasured in BV2 cells by RT-PCR assay and normalized
to that of β-actin. Data are expressed as mean ± SEM, n = 6/group (One-way ANOVA was used to data analysis df 4) (Compared with control group,
*p < 0.05, **p < 0.01, ***p < 0.001; Compared with 25 mM group, #p < 0.05, ##p < 0.01, ###p < 0.001; Compared with 50 mM group group, $p < 0.05;
Compared with 75 mM group, &p < 0.05, &&p < 0.01,&&&p < 0.001).
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decreased the levels of IL-1β and TNF-α (p = 0.000 for all), but increased
the level of IL-10 in BV2 cells after high glucose-induced inflammation
and polarization (p =0.000) (Figures 5I–K).

3.6 Anisomycin weakened the anti-
inflammatory and anti-polarization effects
of LEV in high glucose-stimulated BV-2 cells

The cell viability declined after administration with 0.5 and
1 µM anisomycin for 24 h, as measured by CCK-8 assay. Therefore,
we used anisomycin concentration of 0.2 µM in our study

(Figure 6A). LDH release was inhibited by 50 µM LEV, but the
effect was weakened by 0.2 µM anisomycin, as shown by the LDH
release assay results (F = 168.4, p = 0.000; Figure 6B). High glucose
treatment markedly increased inflammatory genes mRNA
expressions in BV2 cells, such as IL-1β (F = 40.98, p = 0.000),
TNF-α (F = 66.42, p = 0.000), and iNOS (F = 66.42, p = 0.000). LEV
50 µM decreased IL-1β, TNF-α, and iNOS mRNA expressions after
50 mM high glucose stimulation in BV2 cells (p = 0.000; p =
0.005 and p = 0.000). As a result, IL-1β, TNF-α, and iNOS
mRNA expressions were slightly increased in the HG + LEV +
Ani group than in the HG + LEV group (p = 0.007; p = 0.000; p =
0.000 Figures 6C–E). LEV of 50 uM decreased IL-1β and TNF-α

FIGURE 5
LEV attenuates high glucose-induced cell viability decline, LDH release and microglia polarization (A–B) BV2 cells viability detection after various
concentration of LEV treatment for 24 h and 48 h. (C) The LDH release of BV2 cells after treatment with different concentration of LEV for 24 h and 48 h
(Values are expressed as themean ± SD, n = 6; ***p < 0.001 versus the HG group for 24 h, ###p < 0.001 versus the HG for 48 h, &&&p < 0.001 compared the
LDH release at 24 h with the other at 48 h in each group). (D–F) The mRNA expressions of IL-1β, TNF-α and iNOS in BV-2 cells were tested by RT-
PCR after treated with 50 uM LEV for 24 h (G–H) The mRNA expressions of IL-10 and CD206 in BV-2 cells after treated with 50 uM LEV for 24 h were
detected via RT-PCR. (I–K) The inflammatory factor levels in supernatant of BV-2 cells after treatment with 50 uM LEV for 24 h were checked via ELISA.
Data are expressed as mean ± SEM, n = 6/group (One-way ANOVA was used to data analysis df 6) (Compared with control group, *p < 0.05, **p < 0.01,
***p < 0.001; compared with HG group, #p < 0.05, ##p < 0.01, ###p < 0.001).

Frontiers in Pharmacology frontiersin.org09

Zhang et al. 10.3389/fphar.2023.1145819

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1145819


levels in BV2 cell supernatant (p = 0.000; p = 0.008), but this effect
was partly reversed by anisomycin (p = 0.000 for all). IL-10 level
in BV2 cell supernatant was increased in the 50 µM LEV group
(p = 0.000) but decreased in the anisomycin combined with LEV
group (p = 0.000). These results indicated that anisomycin could
weaken the effect of LEV on microglia polarization in BV-2 cells
stimulated by high glucose (Figures 6F–H). Immunofluorescence
staining was performed to further examine the anti-polarization
effect and mechanisms of LEV. Based on Iba1/CD206 and iNOS/
CD206 co-localization, iNOS+/CD206+ BV2 cells presented
microglial polarization from M1 to M2. After 50 mM high
glucose stimulation, LEV 50 µM could decrease the proportion of
iNOS + cells and increase that of CD206+ cells (p = 0.000 for all).
Taken together, these results implied that LEV alleviated high
glucose-induced microglial polarization by increasing
CD206 expression and decreasing iNOS expression (Figures
7A–C). However, the anti-polarization effect of LEV was partly
eliminated by anisomycin (Figures 7A–C).

3.7 LEV suppressed microglial polarization
via JNK/MAPK/NF-κB in high glucose-
stimulated BV-2 cells

As shown in Figures 8A–I, the expression of MyD88, TRAF6,
TAK1, p-TAK1, JNK, p-JNK, p38, p-p38, NF-κB p65, p-NF-κB-
p65 was detected in microglia with high glucose-induced
polarization after treatment with 50 µM LEV. However, 50 µM
LEV decreased the expression of MyD88 and TRAF6, compared
to high glucose. The phosphorylation of TAK1, JNK, p38 and NF-
κB p65, induced by high glucose, was decreased in the LEV
treatment group (p = 0.000 for all). These results showed that
LEV suppressed high glucose-induced microglial polarization via
the MAPK/NF-κB signaling pathway. To further elucidate the
anti-polarization mechanisms of LEV, anisomycin was added to
BV2 cells simultaneously. The effect of LEV on the
phosphorylation of JNK (p = 0.001) and NF-κB p65 (p =
0.012) was partly reversed by anisomycin. However, no

FIGURE 6
Anti-polarization effects of LEV were blocked by Anisomycin in BV-2 cells induced by high glucose (A) BV2 cells viability detection after various
concentration of Anisomycin treatment for 24 h. (B) The LDH release of BV2 cells in high glucose stimulated after treated with LEV plus Anisomycin
(Values are expressed as themean ± SD, n = 6; ***p < 0.001 versus the HG group for 24 h, ###p < 0.001 versus the HG for 48 h, &&&p < 0.001 compared the
LDH release at 24 h with the other at 48 h in each group). (C–E) The mRNA expressions of pro-inflammatory genes in 50 mM glucose stimulated
BV-2 cells detected by RT-PCR after treated with LEV plus Anisomycin. (F–H) IL-1β, TNF-α and IL-10 factors in BV-2 cells supernatant were tested by
ELISA in five groups. Values are expressed as the mean ± SD. n = 6 (One-way ANOVA was used to data analysis df 4) (Compared with control group, *p <
0.05, **p < 0.01, ***p < 0.001; compared with HG group, #p < 0.05,##p < 0.01, ###p < 0.001; compared with HG + LEV group, &p < 0.05, &&p < 0.01,&&&p <
0.001).
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significant difference in the ratio of p-p38/p38 between the HG +
LEV and HG + LEV + Ani groups were found in our study (p =
0.149 Figures 9A–F). This suggested that the JNK/MAPK/NF-κB

signaling pathways were involved in the anti-polarization effect
of LEV on high glucose-induced microglial activation and
polarization from M2 to M1.

FIGURE 7
The Iba1/CD206 and iNOS/CD206 co-localization expression in high glucose induced BV2 cells in five groups by immunofluorescence (A–C) The
proportion of iNOS+/Iba1+ cells was decreased after LEV 50 uM treatment, while that of CD206+/Iba1+ was increased. The anti-polarization role of LEV
weakens via Anisomycin treatment for 24 h in high glucose induced BV2 cells. Values are expressed as the mean ± SD. n = 6 (One-way ANOVA was used
to data analysis df 3) (Compared with HG group, ###p < 0.001; compared with HG + LEV group, &&&p < 0.001).
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4 Discussion

Cognitive impairment is a complication of DM. Our study showed
that, at 72 h after intraperitoneal STZ injection, the high blood glucose
level, low body weight, and low insulin level were detected gradually in
rats from week 1–12. In our study, compared with the control rats, rats
with diabetes showed longer EL and shorter time spent in target
quadrant. LEV prolonged the target quadrant residence time, while
LEV-H achieved a greater improvement in the target quadrant
residence time. We confirmed that diabetes-induced cognitive
dysfunction occurred in these rats and that LEV improved the
behavioral deficits at week 12.

In addition, abnormal cell morphology and contracted cell
nuclei were observed in the hippocampus of the diabetic rats.
LEV (10 or 100 mg/kg) administered between 72 h and 12 weeks
after intraperitoneal STZ injection successfully alleviated the
impaired cell morphology and nuclear contraction. High-dose

LEV was better than low-dose LEV in ameliorating the cognitive
dysfunction and hippocampal damage. These results are similar to
those of other studies that LEV improved cognitive function. In a
previous study, STZ was injected intra-cerebroventricularly to
establish a sporadic AD model, and LEV was administered for
28 days. The results of MWM and passive avoidance tests showed
that LEV (100 and 150 mg/kg) significantly alleviated STZ -induced
cognitive impairment (Alavi et al., 2022). In another study, Different
concentrations of LEV were administered to APP23/MAPT mice
and the results suggested that a low dose of LEV alleviated the
memory defects (Zheng et al., 2022). In addition to animal studies, a
recent randomized clinical trial study also showed that LEV
improved executive function and spatial memory ability in
patients with AD and epileptiform activity (Vossel et al., 2021).
However, the meta-analysis of RCTs reported that LEV increased
the risks of psychobehavioural and cognitive adverse events
(PBAEs), especially in children. It indicates that LEV might have

FIGURE 8
Effect of LEV on the expression of MyD88, TRAF6 and the phosphorylation of TAK1, JNK, p38 and NF-ĸB p65 in BV2 cells. (A–C) The expression of
MyD88, TRAF6 and the phosphorylation of TAK1, JNK, p38 and NF-ĸB p65 in BV2 cells in four groups (D–I) Analysis of the expression of MyD88,
TRAF6 and the phosphorylation of TAK1, JNK, p38 and NF-ĸB p65 in ctrl, HG, LEV, HG + LEV groups. Values are expressed as the mean ± SD. n = 5–6
(One-way ANOVA was used to data analysis df 3) (Compared with control group, *p < 0.05, **p < 0.01, ***p < 0.001; compared with HG group, #p <
0.05, ##p < 0.01, ###p < 0.001).

Frontiers in Pharmacology frontiersin.org12

Zhang et al. 10.3389/fphar.2023.1145819

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1145819


a detrimental effect on psychobehavioural activity in children, due to
their higher susceptibility in this period of life. We should also be
cautious about this conclusion, because the evaluations provided by
caregivers were subjective and might lack standards to measure
behaviour and cognition for DEE (Strzelczyk and Schubert-Bast,
2022). Berk et al. found that in the offspring of LEV group, the
alveolar epithelium thickened, the Bowman’s space in renal
corpuscles dilated, and the brain cortex irregularly thickened, all
indicating that LEV has deleterious effects on the lungs, kidneys and
brains of newborns, when 100 mg/kg LEV were intraperitoneally
injected before pregnancy of Genetic Absence Epilepsy Rats from
Strasbourg rats (Can et al., 2022). These results were not similar to
that of our study, whichmight be due to the prenatal susceptibility of

rats and different models. The mechanisms of these results should be
further studied to illustrate the deleterious effect of LEV.

One previous study has found that LEV improves the cognitive
function of APP transgenic mice, whereas other anti-seizure agents
did not (Sanchez et al., 2012). Low-dose LEV (125 mg b.i.d)
moderately improved the activity of the hippocampus and
cognitive performance, although without significant difference
from that of the control (Bakker et al., 2012). Similar results have
also been observed in the rat model of age-related memory loss (Koh
et al., 2010). Although the mechanisms involved are not very clear,
our results are illustrative to some extent.

We observed higher serum TNF-α, IL-1β and IL-6 levels in diabetic
rats, which implied that metaflammation occurred in diabetic rats. Our
results also showed that LEV decreased them in diabetic rats. High-dose
LEV showed the strongest effect in decreasing the level of IL-1β. This
effect may be mediated by the inhibition of systemic-inflammatory
response. Further, we measured the expression of Iba1 (a marker of
microglia) in the hippocampus of STZ-induced diabetic rats in the four
groups. Microglia can promote inflammatory response, thus facilitating
neuronal apoptosis and brain damage (Voet et al., 2019; Ji et al., 2020;
Lynch, 2020). Microglia secrete pro-inflammatory factors during the
differentiation into M1. Several anti-inflammatory factors are secreted
during differentiation from M1 to M2. The level of Iba1 was
significantly increased in diabetic rats. Moreover, high-dose LEV
reduced the number of Iba1 positive cells in the CA3 and DG areas
of the hippocampus. Niidome et al. (2021) also demonstrated that LEV
decreased FosL1 expression and AP-1 activity and suppressed
neuroinflammation in BV2 cells pretreated with lipopolysaccharide.

FIGURE 9
Western blot assay showed the phosphorylation of JNK, p38 and NF-ĸB p65 in BV2 cells treated with LEV and Anisomycin. (A–C) The expression of
p-p38, p38, p-JNK, JNK, p-NF-ĸB p65 andNF-ĸB p65 in BV2 cells in five groups (D–F) Analysis of the ratio of p-p38/p38, p-JNK/JNK, p-NF-ĸB p65/NF-ĸB
p65 in ctrl, HG, HG+ LEV, HG+ Ani and HG+ LEV + Ani groups. Values are expressed as themean ± SD. n = 6 (One-way ANOVAwas used to data analysis
df 4) (Compared with control group, **p < 0.01, ***p < 0.001; compared with HG group, ##p < 0.01, ###p < 0.001; compared with HG + LEV group,
&p < 0.05, &&p < 0.01).

TABLE 1 The primes for RT-PCR.

Gene
name

Forward prime Reverse prime

IL-1β AGCATCCAGCTTCAAATC ATCTCGGAGCCTGTAGTG

IL-10 ACCTGGTAGAAGTGA
TGCC

CACCTTGGTCTTGGAGCT

TNF-α GTGGAACTGGCAGAA
GAGG

ACAGAAGAGCGTGGTGGC

iNOS GAGCGAGTTGTGGAT
TGTC

CCAGGAAGTAGGTGAGGG

CD206 AGGGTGCGGTACAAC CAGTAGCAGGGATTTCGT
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The results indicate that LEV can inhibit neuroinflammatory responses
in several neurological diseases. Several studies have been conducted to
explore whether LEV inhibits inflammation in other diseases. In one of
those studies and LEV inhibited microglial activation, suppressed TNF-
α and Il-1β levels, and promoted angiogenesis after cerebral ischemia in
rats (Yao et al., 2021). Xiong et al. (2020) showed that in
lipopolysaccharide-treated microglia cells, LEV treatment
significantly decreased inflammatory factors levels and reduced NF-
κB and STAT3 protein expressions. In an intracerebral hemorrhage
(ICH) rat model, LEV treatment improved neurological function,
alleviated brain edema, and decreased NF-κB, JAK2, and
STAT3 protein expressions, indicating that LEV can repress early
inflammatory responses induced by ICH. Moreover, in AD-related
mousemodels, microglial alterations are detected. LEV intervention can
reverse or prevent brainmicroglial gene expression in aged humanAPP
transgenic mice (Das et al., 2021). Our results suggested that the
proportion of Iba1+ cells was decreased after LEV treatment in the
hippocampus.

The results of CCK-8 showed that BV2 cell viability did not
change significantly after different glucose concentration treatment.
The expeimental principle of CCK-8 is to quantify the number of
live cells. The above results indicate that high glucose activated and
damaged BV2 cells, but not led to cell death. Lactate dehydrogenase
(LDH) is a stable cytosolic enzyme in cells. So LDH test is suitable
for cytotoxicity analysis by detecting the activity of LDH in cell
culture supernatant. The results illustrated that LDH release was the
most prominent in the 50 mM group. Meanwhile, the mRNA
expressions of inflammatory genes indicated that 75 mM glucose
enhanced the expressions of M2 markers than 50 mM glucose,
although it also increased the expressions of M1 markers.
Although 25 mM glucose could increase the mRNA expression of
IL-1β, TNF-α, and iNOS, this concentration of glucose slightly
increased LDH release. Moreover, 25 mM glucose is the upper
limit of normal glucose concentration in DMEM. Considering its
effects on cell viability, cell morphology, LDH release, and
inflammatory factor mRNA expression, 50 mM was determined
as the optimum glucose concentration to establish high glucose-
induced inflammation model in BV2 cells.

To further confirm the effect of LEV on inflammation in vitro,
BV2 cells were cultured in a high glucose medium to establish an
in vitro cell model. In high glucose-stimulated BV2 cells, the same
inflammatory response was observed as that found in vivo. In the
in vitro cell model (BV2 cells and the cell supernatant), LEV 50 µM
reduced IL-1β, TNF-α and iNOS mRNA and protein levels after
50 mM high glucose stimulation. Moreover, IL-10 and
CD206 mRNA expressions were upregulated in the LEV 50 µM
treatment group. In addition, 50 µM LEV decreased IL-1β and TNF-
α levels but increased IL-10 level in BV2 cells with high glucose-
induced inflammation. Furthermore, 50 µM LEV increased the
proportion of iNOS+/Iba1+ cells and decreased the proportion of
CD206+/Iba1+ cells, suggesting that LEV alleviated high glucose-
induced microglial polarization. However, the anti-polarization
effect of LEV was weakened by anisomycin, indicating that the
anti-polarization effect of LEV in BV2 cells with high glucose-
induced inflammation might be related to the MAPK signaling
pathway.

MAPKs regulate diverse in neuroinflammatory responses in
brain dysfunction (Das et al., 2012). MAPKs can activate the

ERK, JNK, and p38 pathways (Liu et al., 2019; Hammouda et al.,
2020; Mai et al., 2020), and the downstream genes to promote the
release of pro-inflammatory factors (Mai et al., 2020). The
phosphorylation of JNK is elevated in the brain tissue of AD
and the hippocampus of APP/PS1 transgenic mice (Bomfim et al.,
2012). To elucidate the signaling pathways involved in the anti-
polarization effect of LEV on microglia after glucose stimulation,
we measured the expression of MyD88, TRAF6, TAK1, p-TAK1,
JNK, p-JNK, p38, p-p38, NF-κB p65, p-NF-κB p65 in the control
group, high-glucose group, and LEV 50 µm treatment group by
Western blotting. High glucose enhanced the expression of
MyD88 and TRAF6 and the phosphorylation of TAK1, JNK,
p38, both then inhibited by LEV 50 µm. This finding implied that
LEV-mediated cognitive enhancement was mediated via
inhibiting abnormal phosphorylation of MAPKs. NF-κB,
which is activated by endotoxin, bacteria, cytokines, and
tumor antigens, can migrate to the nucleus to promote pro-
inflammatory protein expression (Liu J. et al., 2018; White et al.,
2020).

To characterize the mechanism underlying high glucose-
induced microglial polarization, NF-κB p65 and p-NF-κB
p65 expressions were detected via Western blotting. Our
results showed that the expression of NF-κB p65 and p-NF-
κB p65 was increased in high glucose-induced microglia.
However, 50 µm LEV markedly attenuated the STZ-induced
phosphorylation of NF-κB-p65, indicating that the anti-
polarization of LEV on microglia occurred via inhibition of
NF-κB signaling activation. Moreover, the anti-inflammatory
and anti-polarization effects of LEV were partly reversed in BV-
2 cells induced by high glucose. Thus, our results indicated that
LEV improved cognitive function through the JNK/MAPK/NF-
κB signaling pathways.

However, this study has several limitations. The diabetic rat
model was established using single-dose STZ injection to induce
insulin deficiency and hyperglycemia. The mechanism of
cognitive impairment related to insulin resistance was not
studied in our research. Despite these limitations, the study
has its own strengths. First, this is the first study to characterize
the effect of LEV on the cognitive function of STZ-induced
diabetic rats. Second, we also investigated the therapeutic
mechanism of LEV from the perspective of
neuroinflammation and microglial polarization, thus
providing a better understanding of diabetic cognitive
impairment.

In conclusion, LEV is efficacious in improving cognitive
function and hippocampal injury in STZ-induced diabetic rats.
The effect is associated with a reduction in inflammatory
cytokines. Our findings suggested that LEV exerts its protective
effect by preventing microglial polarization and inducing microglial
M2 transformation through the JNK/MAPK/NF-κB signaling
pathways.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Frontiers in Pharmacology frontiersin.org14

Zhang et al. 10.3389/fphar.2023.1145819

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1145819


Ethics statement

The animal study was reviewed and approved by The
Institutional Animal Care and Use Committee of The Affiliated
Wuxi People’s Hospital of Nanjing Medical University.

Author contributions

Conceptualization: YZ and XC; Formal analysis: LW; Funding
acquisition: XC and YZ; Methodology: YZ, LW, HG, YC, and TH;
Supervision, validation: XC; Writing-original article: YZ; Writing-
review and editing: LW and XC; All authors have read and approve
the submission of the manuscript.

Funding

This work was funded by the Talent Support Program for young
and middle-aged people of Wuxi Health Committee (BJ2020008)
and The “Taihu Light” Science and Technology Research Project of
Wuxi Science and Technology Bureau (K20221023).

Acknowledgments

Many thanks to Professor Li Gang for his help in the study
design.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Alavi, M. S., Fanoudi, S., Hosseini, M., and Sadeghnia, H. R. (2022). Beneficial effects
of levetiracetam in streptozotocin-induced rat model of Alzheimer’s disease. Metab.
Brain Dis. 37 (3), 689–700. doi:10.1007/s11011-021-00888-0

Bakker, A., Krauss, G. L., Albert, M. S., Speck, C. L., Jones, L. R., Stark, C. E., et al.
(2012). Reduction of hippocampal hyperactivity improves cognition in amnestic mild
cognitive impairment. Neuron 74 (3), 467–474. doi:10.1016/j.neuron.2012.03.023

Biessels, G. J., and Despa, F. (2018). Cognitive decline and dementia in diabetes
mellitus: Mechanisms and clinical implications. Nat. Rev. Endocrinol. 14 (10), 591–604.
doi:10.1038/s41574-018-0048-7

Bomfim, T. R., Forny-Germano, L., Sathler, L. B., Brito-Moreira, J., Houzel, J. C.,
Decker, H., et al. (2012). An anti-diabetes agent protects the mouse brain from defective
insulin signaling caused by Alzheimer’s disease-associated Aβ oligomers. J. Clin. Invest.
122 (4), 1339–1353. doi:10.1172/JCI57256

Brady, C. C., Vannest, J. J., Dolan, L. M., Kadis, D. S., Lee, G. R., Holland, S. K., et al.
(2017). Obese adolescents with type 2 diabetes perform worse than controls on cognitive
and behavioral assessments. Pediatr. Diabetes 18 (4), 297–303. doi:10.1111/pedi.12383

Can, K. B., Sanli, A., Gavas, S., Toplu, A., Nur Turgan Asik, Z., Tugce Cilingir-Kaya,
O., et al. (2022). Effects of in utero exposure to valproate or levetiracetam on the seizures
and newborn histopathology of genetic absence epilepsy rats. Neurosci. Lett. 776,
136574. doi:10.1016/j.neulet.2022.136574

Cho, J. J., Xu, Z., Parthasarathy, U., Drashansky, T. T., Helm, E. Y., Zuniga, A. N., et al.
(2019). Hectd3 promotes pathogenic Th17 lineage through Stat3 activation and
Malt1 signaling in neuroinflammation. Nat. Commun. 10 (1), 701. doi:10.1038/
s41467-019-08605-3

Craft, S. (2009). The role of metabolic disorders in alzheimer disease and vascular
dementia: Two roads converged. Arch. Neurol. 66 (3), 300–305. doi:10.1001/archneurol.
2009.27

Das, M., Lu, J., Joseph, M., Aggarwal, R., Kanji, S., McMichael, B. K., et al. (2012).
Kruppel-like factor 2 (KLF2) regulates monocyte differentiation and functions in mBSA
and IL-1β-induced arthritis. Curr. Mol. Med. 12 (2), 113–125. doi:10.2174/
156652412798889090

Das, M., Mao, W., Shao, E., Tamhankar, S., Yu, G. Q., Yu, X., et al. (2021).
Interdependence of neural network dysfunction and microglial alterations in
Alzheimer’s disease-related models. iScience 24 (11), 103245. doi:10.1016/j.isci.2021.
103245

de la Monte, S. M., Tong, M., Lester-Coll, N., Plater, M., and Wands, J. R. (2006).
Therapeutic rescue of neurodegeneration in experimental type 3 diabetes: Relevance to
alzheimer’s disease. J. Alzheimers Dis. 10 (1), 89–109. doi:10.3233/jad-2006-10113

Dyer, A. H., McKenna, L., Batten, I., Jones, K., Widdowson, M., Dunne, J., et al.
(2020). Peripheral inflammation and cognitive performance in middle-aged adults with
and without type 2 diabetes: Results from the ENBIND study. Front. Aging Neurosci. 12,
605878. doi:10.3389/fnagi.2020.605878

Ennis, G. E., Saelzler, U., Umpierrez, G. E., and Moffat, S. D. (2020). Prediabetes and
working memory in older adults. Brain Neurosci. Adv. 4, 2398212820961725. doi:10.
1177/2398212820961725

Erbas, O., Oltulu, F., Yılmaz, M., Yavaşoğlu, A., and Taşkıran, D. (2016).
Neuroprotective effects of chronic administration of levetiracetam in a rat model of
diabetic neuropathy.Diabetes Res. Clin. Pract. 114, 106–116. doi:10.1016/j.diabres.2015.
12.016

Gibbs, J. E., Walker, M. C., and Cock, H. R. (2006). Levetiracetam: Antiepileptic
properties and protective effects on mitochondrial dysfunction in experimental status
epilepticus. Epilepsia 47 (3), 469–478. doi:10.1111/j.1528-1167.2006.00454.x

Hammouda, M. B., Ford, A. E., Liu, Y., and Zhang, J. Y. (2020). The JNK signaling
pathway in inflammatory skin disorders and cancer skin disorders and cancer. Cells 9
(4), 857. doi:10.3390/cells9040857

Hotamisligil, G. S. (2017). Inflammation, metaflammation and immunometabolic
disorders. Nature 542 (7640), 177–185. doi:10.1038/nature21363

Itoh, K., Taniguchi, R., Matsuo, T., Oguro, A., Vogel, C. F. A., Yamazaki, T., et al.
(2019). Suppressive effects of levetiracetam on neuroinflammation and phagocytic
microglia: A comparative study of levetiracetam, valproate and carbamazepine.
Neurosci. Lett. 708, 134363. doi:10.1016/j.neulet.2019.134363

Ji, M. H., Lei, L., Gao, D. P., Tong, J. H., Wang, Y., and Yang, J. J. (2020). Neural
network disturbance in the medial prefrontal cortex might contribute to cognitive
impairments induced by neuroinflammation. Brain Behav. Immun. 89, 133–144. doi:10.
1016/j.bbi.2020.06.001

Kadohara, K., Sato, I., and Kawakami, K. (2017). Diabetes mellitus and risk of early-
onset alzheimer’s disease: A population-based case-control study. Eur. J. Neurol. 24 (7),
944–949. doi:10.1111/ene.13312

Kim, J. E., Choi, H. C., Song, H. K., Jo, S. M., Kim, D. S., Choi, S. Y., et al. (2010).
Levetiracetam inhibits interleukin-1 beta inflammatory responses in the hippocampus
and piriform cortex of epileptic rats. Neurosci. Lett. 471 (2), 94–99. doi:10.1016/j.neulet.
2010.01.018

Koh, M. T., Haberman, R. P., Foti, S., McCown, T. J., and Gallagher, M. (2010).
Treatment strategies targeting excess hippocampal activity benefit aged rats with
cognitive impairment. Neuropsychopharmacology 35 (4), 1016–1025. doi:10.1038/
npp.2009.207

Komori, R., Matsuo, T., Yokota-Nakatsuma, A., Hashimoto, R., Kubo, S., Kozawa, C.,
et al. (2022). Regulation of inflammation-related genes through Fosl1 suppression in a
levetiracetam-treated pilocarpine-induced status epilepticus mouse model. Int. J. Mol.
Sci. 23 (14), 7608. doi:10.3390/ijms23147608

Liu, C., Tang, X., Zhang, W., Chen, Y., Guo, A., et al. (2019). 6-Bromoindirubin-3’-
Oxime suppresses LPS-induced inflammation via inhibition of the TLR4/NF-κB and
TLR4/MAPK signaling pathways. Inflammation 42 (6), 2192–2204. doi:10.1007/
s10753-019-01083-1

Frontiers in Pharmacology frontiersin.org15

Zhang et al. 10.3389/fphar.2023.1145819

https://doi.org/10.1007/s11011-021-00888-0
https://doi.org/10.1016/j.neuron.2012.03.023
https://doi.org/10.1038/s41574-018-0048-7
https://doi.org/10.1172/JCI57256
https://doi.org/10.1111/pedi.12383
https://doi.org/10.1016/j.neulet.2022.136574
https://doi.org/10.1038/s41467-019-08605-3
https://doi.org/10.1038/s41467-019-08605-3
https://doi.org/10.1001/archneurol.2009.27
https://doi.org/10.1001/archneurol.2009.27
https://doi.org/10.2174/156652412798889090
https://doi.org/10.2174/156652412798889090
https://doi.org/10.1016/j.isci.2021.103245
https://doi.org/10.1016/j.isci.2021.103245
https://doi.org/10.3233/jad-2006-10113
https://doi.org/10.3389/fnagi.2020.605878
https://doi.org/10.1177/2398212820961725
https://doi.org/10.1177/2398212820961725
https://doi.org/10.1016/j.diabres.2015.12.016
https://doi.org/10.1016/j.diabres.2015.12.016
https://doi.org/10.1111/j.1528-1167.2006.00454.x
https://doi.org/10.3390/cells9040857
https://doi.org/10.1038/nature21363
https://doi.org/10.1016/j.neulet.2019.134363
https://doi.org/10.1016/j.bbi.2020.06.001
https://doi.org/10.1016/j.bbi.2020.06.001
https://doi.org/10.1111/ene.13312
https://doi.org/10.1016/j.neulet.2010.01.018
https://doi.org/10.1016/j.neulet.2010.01.018
https://doi.org/10.1038/npp.2009.207
https://doi.org/10.1038/npp.2009.207
https://doi.org/10.3390/ijms23147608
https://doi.org/10.1007/s10753-019-01083-1
https://doi.org/10.1007/s10753-019-01083-1
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1145819


Liu, J., Wang, L. N., Wu, L. Y., and Wang, Y. P. (2018). Treatment of epilepsy for
people with Alzheimer’s disease. Cochrane Database Syst. Rev. 12 (12), CD011922.
doi:10.1002/14651858.CD011922.pub3

Liu, J., Wang, L. N., Wu, L. Y., and Wang, Y. P. (2021). Treatment of epilepsy for
people with Alzheimer’s disease. Cochrane Database Syst. Rev. 5 (5), CD011922. doi:10.
1002/14651858.CD011922.pub2

Liu, S., Wang, X., Pan, L., Wu, W., Yang, D., Qin, M., et al. (2018). Endogenous
hydrogen sulfide regulates histone demethylase JMJD3-mediated inflammatory
response in LPS-stimulated macrophages and in a mouse model of LPS-induced
septic shock. Biochem. Pharmacol. 149, 153–162. doi:10.1016/j.bcp.2017.10.010

Liu, Y., Li, M., Zhang, Z., Ye, Y., and Zhou, J. (2018). Role of microglia-neuron interactions
in diabetic encephalopathy. Ageing Res. Rev. 42, 28–39. doi:10.1016/j.arr.2017.12.005

Lynch, M. A. (2020). Can the emerging field of immunometabolism provide insights into
neuroinflammation. Prog. Neurobiol. 184, 101719. doi:10.1016/j.pneurobio.2019.101719

Mai, L., Zhu, X., Huang, F., He, H., and Fan,W. (2020). p38mitogen-activated protein
kinase and pain. Life Sci. 256, 117885. doi:10.1016/j.lfs.2020.117885

Marioni, R. E., Strachan, M. W., Reynolds, R. M., Lowe, G. D. O., Mitchell, R. J.,
Fowkes, F. G. R., et al. (2010). Association between raised inflammatory markers and
cognitive decline in elderly people with type 2 diabetes: The edinburgh type 2 diabetes
study. Diabetes 59 (3), 710–713. doi:10.2337/db09-1163

Matsuo, T., Komori, R., Nakatani, M., Ochi, S., Yokota-Nakatsuma, A., Matsumoto, J.,
et al. (2022). Levetiracetam suppresses the infiltration of neutrophils andmonocytes and
downregulates many inflammatory cytokines during epileptogenesis in pilocarpine-
induced status epilepticus mice. Int. J. Mol. Sci. 23 (14), 7671. doi:10.3390/ijms23147671

McCrimmon, R. J., Ryan, C. M., and Frier, B. M. (2012). Diabetes and cognitive
dysfunction. Lancet 379 (9833), 2291–2299. doi:10.1016/S0140-6736(12)60360-2

Mohammad, H., Sami, M. M., Makary, S., Toraih, E. A., Mohamed, A. O., and El-
Ghaiesh, S. H. (2019). Neuroprotective effect of levetiracetam in mouse diabetic
retinopathy: Effect on glucose transporter-1 and GAP43 expression. Life Sci. 232,
116588. doi:10.1016/j.lfs.2019.116588

Natunen, T., Martiskainen, H., Marttinen, M., Gabbouj, S., Koivisto, H., Kemppainen,
S., et al. (2020). Diabetic phenotype in mouse and humans reduces the number of
microglia around beta-amyloid plaques. Mol. Neurodegener. 15 (1), 66. doi:10.1186/
s13024-020-00415-2

Niewczas, M. A., Pavkov, M. E., Skupien, J., Smiles, A., Md Dom, Z. I., Wilson, J. M., et al.
(2019). A signature of circulating inflammatory proteins and development of end-stage renal
disease in diabetes. Nat. Med. 25 (5), 805–813. doi:10.1038/s41591-019-0415-5

Niidome, K., Taniguchi, R., Yamazaki, T., Tsuji, M., Itoh, K., and Ishihara, Y. (2021).
FosL1 is a novel target of levetiracetam for suppressing the microglial inflammatory
reaction. Int. J. Mol. Sci. 22 (20), 10962. doi:10.3390/ijms222010962

Pavone, A., and Cardile, V. (2003). An in vitro study of new antiepileptic drugs and
astrocytes. Epilepsia 44 (10), 34–39. doi:10.1046/j.1528-1157.44.s10.5.x

Prince, M., Bryce, R., Albanese, E., Wimo, A., Ribeiro, W., and Ferri, C. P. (2013). The
global prevalence of dementia: A systematic review and meta-analysis. Alzheimers
Dement. 9 (1), 63–75. doi:10.1016/j.jalz.2012.11.007

Salaka, R. J., Nair, K. P., Sasibhushana, R. B., Udayakumar, D., Kutty, B. M., Srikumar,
B. N., et al. (2022). Differential effects of levetiracetam on hippocampal CA1 synaptic
plasticity and molecular changes in the dentate gyrus in epileptic rats CA1 synaptic

plasticity and molecular changes in the dentate gyrus in epileptic rats. Neurochem. Int.
158, 105378. doi:10.1016/j.neuint.2022.105378

Sanchez, P. E., Zhu, L., Verret, L., Vossel, K. A., Orr, A. G., Cirrito, J. R., et al. (2012).
Levetiracetam suppresses neuronal network dysfunction and reverses synaptic and
cognitive deficits in an Alzheimer’s disease model. Proc. Natl. Acad. Sci. U. S. A. 109
(42), E2895–E2903. doi:10.1073/pnas.1121081109

Stienen, M. N., Haghikia, A., Dambach, H., Thöne, J., Wiemann, M., Gold, R., et al.
(2011). Anti-inflammatory effects of the anticonvulsant drug levetiracetam on
electrophysiological properties of astroglia are mediated via TGFβ1 regulation. Br.
J. Pharmacol. 162 (2), 491–507. doi:10.1111/j.1476-5381.2010.01038.x

Strzelczyk, A., and Schubert-Bast, S. (2022). Psychobehavioural and cognitive
adverse events of anti-seizure medications for the treatment of developmental
and epileptic encephalopathies. CNS Drugs 36 (10), 1079–1111. doi:10.1007/
s40263-022-00955-9

Tang, S. S., Wang, X. Y., Hong, H., Long, Y., Li, Y. Q., Xiang, G. Q., et al. (2013).
Leukotriene D4 induces cognitive impairment through enhancement of CysLT₁
R-mediated amyloid-β generation in mice. Neuropharmacology 65, 182–192. doi:10.
1016/j.neuropharm.2012.08.026

Thalhamer, T., McGrath, M. A., and Harnett, M. M. (2008). MAPKs and their
relevance to arthritis and inflammation. Rheumatol. Oxf. 47 (4), 409–414. doi:10.1093/
rheumatology/kem297

Voet, S., Prinz, M., and van Loo, G. (2019). Microglia in central nervous system
inflammation and multiple sclerosis pathology. Trends Mol. Med. 25 (2), 112–123.
doi:10.1016/j.molmed.2018.11.005

Vossel, K., Ranasinghe, K. G., Beagle, A. J., La, A., Ah Pook, K., Castro, M., et al.
(2021). Effect of levetiracetam on cognition in patients with alzheimer disease with and
without epileptiform activity: A randomized clinical trial. JAMA Neurol. 78 (11),
1345–1354. doi:10.1001/jamaneurol.2021.3310

White, S., Lin, L., and Hu, K. (2020). NF-κB and tPA signaling in kidney and other
diseases. Cells 9 (6), 1348. doi:10.3390/cells9061348

Willmann, C., Brockmann, K., Wagner, R., Kullmann, S., Preissl, H., Schnauder, G.,
et al. (2020). Insulin sensitivity predicts cognitive decline in individuals with
prediabetes. BMJ Open Diabetes Res. Care 8 (2), e001741. doi:10.1136/bmjdrc-2020-
001741

Xiong, J., Zhou, H., Lu, D., Wang, Z., Liu, H., Sun, Y., et al. (2020). Levetiracetam
reduces early inflammatory response after experimental intracerebral hemorrhage
by regulating the janus kinase 2 (JAK2)-Signal transducer and activator of
transcription 3 (STAT3) signaling pathway. Med. Sci. Monit. 26, e922741.
doi:10.12659/MSM.922741

Yao, X., Yang,W., Ren, Z., Zhang, H., Shi, D., Li, Y., et al. (2021). Neuroprotective and
angiogenesis effects of levetiracetam following ischemic stroke in rats. Front. Pharmacol.
12, 638209. doi:10.3389/fphar.2021.638209

Zhang, K., Wang, F., Zhao, Y., Luo, Y., Cheng, Y., et al. (2020). The regulative effects
of levetiracetam on adult hippocampal neurogenesis in mice via Wnt/β-catenin
signaling. Neurochem. Int. 133, 104643. doi:10.1016/j.neuint.2019.104643

Zheng, X. Y., Zhang, H. C., Lv, Y. D., Jin, F. Y., Wu, X. J., Zhu, J., et al. (2022).
Levetiracetam alleviates cognitive decline in Alzheimer’s disease animal model by
ameliorating the dysfunction of the neuronal network. Front. Aging Neurosci. 14,
888784. doi:10.3389/fnagi.2022.888784

Frontiers in Pharmacology frontiersin.org16

Zhang et al. 10.3389/fphar.2023.1145819

https://doi.org/10.1002/14651858.CD011922.pub3
https://doi.org/10.1002/14651858.CD011922.pub2
https://doi.org/10.1002/14651858.CD011922.pub2
https://doi.org/10.1016/j.bcp.2017.10.010
https://doi.org/10.1016/j.arr.2017.12.005
https://doi.org/10.1016/j.pneurobio.2019.101719
https://doi.org/10.1016/j.lfs.2020.117885
https://doi.org/10.2337/db09-1163
https://doi.org/10.3390/ijms23147671
https://doi.org/10.1016/S0140-6736(12)60360-2
https://doi.org/10.1016/j.lfs.2019.116588
https://doi.org/10.1186/s13024-020-00415-2
https://doi.org/10.1186/s13024-020-00415-2
https://doi.org/10.1038/s41591-019-0415-5
https://doi.org/10.3390/ijms222010962
https://doi.org/10.1046/j.1528-1157.44.s10.5.x
https://doi.org/10.1016/j.jalz.2012.11.007
https://doi.org/10.1016/j.neuint.2022.105378
https://doi.org/10.1073/pnas.1121081109
https://doi.org/10.1111/j.1476-5381.2010.01038.x
https://doi.org/10.1007/s40263-022-00955-9
https://doi.org/10.1007/s40263-022-00955-9
https://doi.org/10.1016/j.neuropharm.2012.08.026
https://doi.org/10.1016/j.neuropharm.2012.08.026
https://doi.org/10.1093/rheumatology/kem297
https://doi.org/10.1093/rheumatology/kem297
https://doi.org/10.1016/j.molmed.2018.11.005
https://doi.org/10.1001/jamaneurol.2021.3310
https://doi.org/10.3390/cells9061348
https://doi.org/10.1136/bmjdrc-2020-001741
https://doi.org/10.1136/bmjdrc-2020-001741
https://doi.org/10.12659/MSM.922741
https://doi.org/10.3389/fphar.2021.638209
https://doi.org/10.1016/j.neuint.2019.104643
https://doi.org/10.3389/fnagi.2022.888784
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1145819

	Levetiracetam attenuates diabetes-associated cognitive impairment and microglia polarization by suppressing neuroinflammation
	1 Introduction
	2 Materials and methods
	2.1 Animals model and group
	2.2 Morris water maze (MWM) test
	2.3 Histopathological examination
	2.4 Immunohistochemistry
	2.5 Cell culture and high-glucose BV2 cell model
	2.6 Application of levetiracetam and chemicals in vitro
	2.7 Cell viability analysis and lactate dehydrogenase (LDH) assay
	2.8 Immunofluorescence staining
	2.9 Real time -PCR
	2.10 ELISA
	2.11 Western blotting analysis
	2.12 Statistical analysis

	3 Results
	3.1 LEV ameliorated cognitive deficit and hippocampal injury in STZ-induced rats at 12 weeks
	3.2 LEV treatment reduced the excessive activation of microglia in the hippocampus of STZ-induced rats at 12 weeks
	3.3 LEV decreased serum levels of inflammatory factors in STZ-induced rats at 12 weeks
	3.4 High glucose induced the activation and polarization of BV2 cells
	3.5 LEV attenuated high glucose-induced inflammation in BV2 cells by regulating cell polarization
	3.6 Anisomycin weakened the anti-inflammatory and anti-polarization effects of LEV in high glucose-stimulated BV-2 cells
	3.7 LEV suppressed microglial polarization via JNK/MAPK/NF-κB in high glucose-stimulated BV-2 cells

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


