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Abstract 

Rationale: Neuroinflammation plays a critical role in the pathogenesis of diabetes-associated depression. Tissue kallikrein-related 
peptidase 8 (KLK8), a secreted serine protease, has been implicated in the pathogenesis of depression- and anxiety-related 
behaviors across various etiologies, however the underlying mechanisms remain largely unexplored. This study elucidates a novel 
mechanism by which KLK8 upregulation contributes to diabetes-induced microglial activation and neuroinflammation in the 
hippocampus through modulating the hepatocyte growth factor (HGF)/Met signaling pathway.  
Methods and Results: Streptozotocin (STZ)-induced diabetic mice exhibited increased KLK8 expression in the hippocampus, an 
effect that was mitigated in KLK8-deficient or aerobic running-exercised mice. KLK8 deficiency significantly reduced 
depression-like behaviors, microglial activation, and neuroinflammation in diabetic mice. In BV2 mouse microglial cells, 
adenovirus-mediated overexpression of KLK8 (Ad-KLK8) was sufficient to induce microglial activation. Co-immunoprecipitation 
(Co-IP) coupled with mass spectrometry revealed that CD44 might interact with KLK8. KLK8 overexpression decreased CD44 
levels in microglial cells. However, the CD44 activator Angstrom6 further exacerbated KLK8-induced microglial activation. 
Conversely, transcriptional profiling of KLK8-overexpressing microglial cells and subsequent validation demonstrated that the 
Met/Src/Btk/NF-κB signaling pathway played a central role in mediating the stimulatory effects of KLK8 on microglial activation in 
both Ad-KLK8-treated BV2 cells and human microglial cell line HMC3 cells stably transfected with KLK8 lentivirus (Lv-KLK8). The 
Met receptor is activated upon binding to its ligand HGF, which exists as an inactive precursor (pro-HGF). Our findings showed 
that KLK8 cleaved pro-HGF, promoting HGF release and subsequently activating the Met/Src/Btk/NF-κB signaling pathway in 
microglial cells. High glucose conditions increased KLK8 expression and enhanced HGF release, thereby stimulating the 
Met/Src/Btk/NF-κB signaling pathway and microglial activation in a KLK8-dependent manner. Systemic administration of a Met 
inhibitor inactivated the Met/Src/Btk/NF-κB pathway, reducing depression-like behaviors, microglial activation, and 
neuroinflammation in STZ-induced diabetic mice. Both Met inhibitor and KLK8 deficiency enhanced hippocampal neuroplasticity in 
STZ-induced diabetic mice. Finally, we demonstrated that running exercise reversed KLK8 upregulation and inactivated 
Met/Src/Btk/NF-κB signaling pathways, thereby attenuating neuroinflammation, improving neuroplasticity, and alleviating 
depression-like behaviors in STZ-induced diabetic mice. 
Conclusions: This study provides evidence that the KLK8/HGF/Met signaling pathway mediates diabetes-associated hippocampal 
neuroinflammation and depression-like behaviors, highlighting the therapeutic potential of targeting this pathway in 
diabetes-associated depression. 
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Introduction 
Diabetes is a global health concern characterized 

by chronic hyperglycemia, leading to a variety of 
complications that significantly impact global health 

and mortality rates [1]. Approximately 65% of 
individuals with diabetes also experience depressive 
symptoms, a complication that exacerbates health 
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outcomes and diminishes quality of life [2]. The 
precise mechanisms linking diabetes and depression 
remain incompletely understood. Recent studies on 
the pathophysiology of diabetes-associated 
depression have highlighted the critical role of 
microglia, the primary immune cells in the brain [3, 4]. 
Comprising 5% to 10% of all brain cells, microglia 
play an essential role in orchestrating the 
inflammatory response within the central nervous 
system [5]. Prolonged hyperglycemia can lead to 
excessive microglial activation, resulting in increased 
release of pro-inflammatory cytokines, neurological 
impairments, and neuronal loss [6]. This 
neuroinflammatory pathway is increasingly 
recognized as a key factor in the development of 
depression among individuals with diabetes, 
underscoring the intricate interplay between 
metabolic and mental health disorders. 

KLK8, also referred to as neuropsin, is present at 
high levels in the brain, particularly in regions such as 
the hippocampus and amygdala which are of 
paramount importance for regulating our emotions [7, 
8]. It assumes a significant role in the adaptability and 
learning processes of our brain, influencing our 
memory [7, 8]. Several studies have indicated the 
crucial role of KLK8 in the pathogenesis of 
depression- and anxiety-related behaviors resulting 
from different etiologies [9-11]. Our recent research 
revealed that KLK8 mediated the proteolytic 
processing of the NCAM1 extracellular domain, 
thereby exerting a pro-apoptotic effect on 
hippocampal neurons during the pathogenesis of 
chronic unpredictable mild stress (CUMS)-induced 
depression [11]. Nevertheless, the connection between 
KLK8 and depression related to diabetes, particularly 
its role in modulating microglial cells, remains largely 
undetermined. 

In the present study, we first examined the 
effects of KLK8 deficiency on hippocampal microglial 
activation, neuroinflammation, and depression-like 
behaviors in streptozotocin (STZ)-induced diabetic 
mice. Furthermore, we elucidated the molecular 
mechanisms underlying KLK8-mediated microglial 
activation in the context of hyperglycemia. 
Accumulating evidence highlights the benefits of 
physical exercise in alleviating depression arising 
from diverse causes, such as post-stroke, postpartum, 
and stress-related neuroendocrine disorders [12-14]. 
Our findings further revealed that the antidepressant 
effects of aerobic running exercise in diabetic mice 
were associated with reduced KLK8 expression in the 
hippocampus. 

Materials and Methods  
Animals 

All laboratory mice employed in this study were 
maintained within a pathogen-free facility at the 
Animal Research Center of Naval Medical University. 
The animal studies were conducted in accordance 
with the Guide for the Care and Use of Laboratory 
Animals published by the NIH (NIH publication No. 
85-23, revised 1996), and were sanctioned by the 
Ethics Committee of Naval Medical University. The 
KLK8 knockout mice utilized in this study were 
generated by Shanghai Biomodel Organism Science & 
Technology Development Co., Ltd. (Shanghai, China) 
as previously described [11, 15]. The KLK8-flox mouse 
line was developed using a LoxP targeting system, 
with two LoxP sites flanking exons 1-3 of the mouse 
KLK8 gene. Specifically, the LoxP elements were 
introduced into the KLK8 gene via homologous 
recombination in embryonic stem cells. Global KLK8 
knockout mice were obtained by crossing KLK8-flox 
mice with EIIa-Cre transgenic mice (The Jackson 
Laboratory). Successful deletion of the KLK8 gene 
was confirmed by PCR analysis of genomic DNA 
using the primers (5’-GGACGTTGGAGTCACAGC- 
3’) and (5’-CCCAGGAGCAGAAGAGTG-3’). In this 
study, KLK8flox/flox; EIIa-Cre(+) mice (KLK8-/-) and 
their age-matched KLK8flox/flox; EIIa-Cre(-) littermates 
(serving as controls) were employed to investigate the 
effects of KLK8 deficiency. Animal experiments were 
randomized using a random number table. During 
the measurement and analysis phases of all in vivo 
studies, both genotype and treatment were blinded. 
To eliminate the potential interference of different 
sexes, only male mice were incorporated in the 
experiments of this study. 

The administration of STZ 
 In the STZ administration protocol, diabetes was 

induced through intraperitoneal injection of STZ 
(100 mg/kg, Sigma, USA) dissolved in citrate buffer 
(pH: 4.5) for two consecutive days as described [16]. 
Mice of the same age injected with an equivalent 
volume of citrate buffer alone served as the control 
group. With this protocol, approximately 90% of the 
mice developed hyperglycemia, as characterized by 
non-fasting blood glucose levels of ≥ 16.7 mmol/L on 
the seventh day after the final STZ injection. 

Treadmill exercise training 
The treadmill exercise program was conducted 

as previously described [17]. Initially, the mice 
underwent a one-week adaptation phase on the 
treadmill. During this period, they were trained at 
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incrementally increasing speeds of 4, 5, 6, 8, 10, and 12 
meters per minute, with each speed maintained for 
5 min at a 0% slope. Following the adaptation phase, 
the mice in the exercise training groups engaged in 
regular treadmill exercise for 4 weeks, running 5 
days/week at a speed of 12 m/min for 45 min per day 
without exhaustion. In contrast, the control and 
Diabetes groups remained under sedentary 
conditions throughout the study. 

Experimental groups and drug treatment 
For the first part, the experiments were designed 

to investigate the impact of KLK8 deficiency on the 
depression-like behaviors, hippocampal microglial 
activation, and neuroinflammation in the STZ- 
induced diabetic mice. Mice were randomly assigned 
to the following four groups: (a) KLK8+/++Control 
group. KLK8+/+ mice were intraperitoneally injected 
with citrate buffer. (b) KLK8+/++Diabetes group. 
KLK8+/+ mice were intraperitoneally injected with 
STZ. (c) KLK8-/-+Control group. KLK8-/- mice were 
intraperitoneally injected with citrate buffer. (d) 
KLK8-/-+Diabetes group. KLK8-/- mice were 
intraperitoneally injected with STZ. Behavioral testing 
and hippocampal sample collection were conducted 5 
weeks after the measurement of blood glucose levels. 

For the second part, the experiments were 
designed to explore the impact of aerobic exercise on 
the depression-like behaviors, hippocampal 
microglial activation, and neuroinflammation in the 
STZ-induced diabetic mice. Mice were randomly 
assigned to the following four groups: (a) 
Sedentary+Control group. Mice were subjected to 
sedentary conditions and intraperitoneally injected 
with citrate buffer. (b) Sedentary+Diabetes group. 
Mice were subjected to sedentary conditions and 
intraperitoneally injected with STZ. (c) Exercise+ 
Control group. Mice were subjected to regular 
treadmill exercise and intraperitoneally injected with 
citrate buffer. (d) Exercise+Diabetes group. Mice were 
subjected to regular treadmill exercise and 
intraperitoneally injected with STZ. Behavioral testing 
and hippocampal sample collection were conducted 5 
weeks after the measurement of blood glucose levels. 

For the third part, we aimed to investigate the 
effect of systemic administration of Met inhibitor 
JNJ-38877605 on the depression-like behaviors, 
hippocampal microglial activation, and 
neuroinflammation in the STZ-induced diabetic mice. 
JNJ-38877605 (MCE, Princeton, NJ, USA) was 
dissolved in corn oil. Mice were randomly allocated to 
the following groups: (a) Control group. Citrate 
buffer-treated mice were intraperitoneally injected 
with corn oil. (b) Diabetes group: STZ-treated mice 
were intraperitoneally injected with corn oil. (c) 

JNJ-38877605 10 mg/kg group: Citrate buffer-treated 
mice were intraperitoneally injected with 10 mg/kg 
JNJ-38877605. (d) JNJ-38877605 20 mg/kg group: 
Citrate buffer-treated mice were intraperitoneally 
injected with 20 mg/kg JNJ-38877605. (e) Diabetes+ 
JNJ-38877605 10 mg/kg group: STZ-treated mice were 
intraperitoneally injected with 10 mg/kg JNJ- 
38877605. (f) Diabetes+JNJ-38877605 20 mg/kg group: 
STZ-treated mice were intraperitoneally injected with 
20 mg/kg JNJ-38877605. JNJ-38877605 or corn oil 
treatment commenced 24 h after blood glucose 
measurement, administered once every two days for a 
period of 5 weeks. The selection of the JNJ-38877605 
dosage was based on previous studies [18] and our 
preliminary experiments. Behavioral testing and 
hippocampal sample collection were conducted 5 
weeks after the measurement of blood glucose levels. 

Behavioral testing and sample collection were 
performed 5 weeks after the measurement of blood 
glucose levels. Mice used for behavioral tests were 
subsequently subjected to immunofluorescence 
analysis and Golgi staining (n = 7 per group). 
Furthermore, an additional 7 mice per group were 
exclusively allocated for PCR and Western blot 
analyses. 

Behavioral measurements 
The forced swimming test (FST) was conducted 

in accordance with the method described previously 
[11] with minor modifications. Animals were placed 
in plexiglas cylinders (20 cm in diameter × 35 cm in 
height) filled with water at 23 - 25 °C. All animals 
were compelled to swim for 6 min, and the 
immobility time and swimming time were recorded 
during the last 5 min of the experiment. 

The Tail Suspension Test (TST) was carried out 
as described previously [11]. Each mouse was 
fastened with tape approximately 1 cm from the tip of 
the tail for 6 min, and the duration of immobility 
during the last 5 min of the test was recorded. 

The Novelty-Suppressed Feeding Test (NSFT) 
was executed as described previously [11]. Animals 
were deprived of food 24 h prior to the test. In the test, 
equal amounts of food were placed in the center of the 
apparatus (25 cm in length × 25 cm in width × 30 cm 
in height). The animals were placed in the corner of 
the apparatus, freely biting the food for 5 min, and the 
time to the first feeding was recorded. Immediately 
thereafter, the animals were returned to the cages, and 
food and water were provided ad libitum. 

In the Open Field Test (OFT), mice were placed 
at the center of the open field (40 cm in length × 40 cm 
in width × 40 cm in height, Shanghai Ruanlong 
Science and Technology Development Co., Ltd., 
Shanghai, China) and permitted to freely explore for 
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5 min. A video-computerized tracking system was 
utilized to record the behavior of the animals. The 
parameters assessed were the frequency of crossing 
squares, the total distances traveled, and the duration 
of time spent in the central and peripheral areas [16]. 
The next test was conducted after cleaning the 
chamber. 

Cell culture and infection of adenovirus or 
lentivirus 

BV2 mouse microglial cell lines were purchased 
from Servicebio (Wuhan, China) and cultivated in 
Dulbecco's modified Eagle's medium (DMEM, Gibco, 
New York, USA) containing normal glucose (NG, 
5.5 mM D-glucose),10% fetal bovine serum (FBS, 
Gibco, New York, USA), and 1% penicillin/ 
streptomycin (Gibco, New York, USA) at 37 ℃ in a 
humidified atmosphere consisting of 95% O2 and 5% 
CO2. KLK8 adenovirus (Ad-KLK8) was generated by 
employing the AdEasyTM adenoviral vector system 
(Stratagene, La Jolla, CA, USA) as previously 
described [11]. The cell infection was carried out 
according to the manufacturer’s protocol in DMEM 
medium supplemented with 10% FBS.  

HMC3 human microglial cell lines were obtained 
from Servicebio (Wuhan, China) and cultivated in 
DMEM (Gibco, New York, USA) containing 10% FBS 
(Gibco, New York, USA), and 1% penicillin/ 
streptomycin (Gibco, New York, USA) at 37 ℃ in a 
humidified atmosphere consisting of 95% O2 and 5% 
CO2. To achieve stable expression of KLK8, HMC3 
cells were transfected with KLK8-expressing lentiviral 
vector (Lv-KLK8), which was designed and 
synthesized by Shanghai GeneChem Co. (Shanghai, 
China). Briefly, HMC3 cells were seeded in 6-well 
plates at a density of 1 × 105 cells/well one day prior 
to lentivirus infections. Then, in accordance with the 
reference [19] and the manufacturer’s instructions, 
HMC3 cells were transfected with lentivirus vectors at 
a multiplicity of infection (MOI) of 50, which was 
removed and replaced with a fresh medium 
containing 10% FBS after 16 h of incubation. After 72 h 
of transfection, cells were treated with 2 μg/mL 
puromycin (MCE, Princeton, NJ, USA) to generate a 
stable KLK8-overexpression cell line. The stable 
overexpression efficiency of Lv-KLK8 was confirmed 
by qRT-PCR and western blot analysis. 

RNA Sequencing (RNA-seq) and bioinformatic 
analysis 

BV2 for RNA-seq experiments were seeded into 
6-well plates, and infected with Ad-KLK8 or 
Ad-Vector at a MOI of 3 in serum-free medium for 
48 h. After treatment, BV2 was collected for RNA-seq 
analysis. Total RNA of BV2 was extracted using Trizol 

reagent (Vazyme, Nanjing, China). RNA-seq analysis 
was performed by OE Biotech (Shanghai, China). The 
constructed library was qualified with the Agilent 
2100 Bioanalyzer, and the Illumina HiSeq™ 2500 
platform was used for sequencing. The gene 
expression was measured in units of fragments per 
kilobase of exon model per million mapped reads 
(FPKM). A p-value with correction for multiple testing 
using the Benjamini-Hochberg (BH) procedure, 
BH-corrected false-discovery rate (FDR) < 0.05, and 
|Fold Change (FC)| ≥ 1.5 were set as the threshold for 
significant differential expression. 

Transfection of Small interfering RNA (siRNA)  
Human and Mouse KLK8 small interfering RNA 

(siRNA) was synthesized by Genepharma Corp. 
(Shanghai, China). The target sequences for human 
KLK8 siRNA and mouse KLK8 siRNA are as follows: 
5’-TGGAGGACCACAACCATGATCTGAT-3’ and 5′- 
CCUGGAUCAAGAAGACCAUTT-3′, respectively. 
Negative control siRNA was scrambled sequence 
without any specific target: 5’-TTCTCCGAACGTGT 
CACGT-3’. Transfection of siRNA in BV2/HMC3 cells 
was performed by using the XfectTM RNA 
transfection reagent (TaKaRa, Japan) according to the 
manufacturer’s instructions. 

Western blot and Immunoprecipitation 
Hippocampus tissue, BV2 and HMC3 cells were 

lysed using chilled RIPA lysis buffer (Beyotime, 
Jiangsu, China) containing protease and phosphatase 
inhibitor cocktail (Beyotime, Jiangsu, China) in 
accordance with the manufacturer's instructions. 
Protein concentration was determined by BCA 
Protein Assay Kit (Beyotime, Jiangsu, China). Equal 
amounts of protein were separated by 10% 
SDS-PAGE and transferred to PVDF membrane 
(Millipore, Billerica, MA, USA). The membranes were 
blocked with 5% nonfat milk and then incubated with 
primary antibodies against KLK8 (Santa Cruz, 
sc-67666), p-Met (Cell Signaling Technology, 3077), 
Met (Cell Signaling Technology, 3127), p-Btk (Affinity 
Biosciences, AF8361), Btk (Cell Signaling Technology, 
8547), p-p65 (Cell Signaling Technology, 3033), p65 
(Cell Signaling Technology, 8242), Src (Proteintech, 
11097-1-AP), Iba1 (Proteintech, 26177-1-AP), PSD-95 
(Servicebio, GB11277), SYP (Servicebio, GB15553) and 
β-actin (Sigma-Aldrich, A5441). Subsequently, the 
membrane was incubated with a secondary 
horseradish peroxidase-conjugated antibody for 1 h at 
room temperature. Immunoreactive proteins were 
visualized using the chemiluminescence imaging 
system (Tanon, Shanghai, China). 

For the Immunoprecipitation assay, BV2 cell 
lysates were incubated on ice for 2 h, and cell debris 
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was removed by centrifugation. The clarified 
supernatants were incubated with antibodies against 
KLK8 (Santa Cruz, sc-67666) and CD44 (Proteintech, 
60224-1-Ig) at 4 °C for 16 h with gentle rotation. IgG 
was used as a control for nonspecific interaction. 
Protein A and G sepharose beads (Beyotime, Jiangsu, 
China) were added and incubated at 4 °C for an 
additional 3 h, and the immune complexes were 
washed four times. The final precipitate was boiled in 
a protein loading buffer for 5 min and eluted on 10% 
SDS-PAGE for western blot analysis using the 
respective antibodies. 

Quantitative Real-Time Polymerase Chain 
Reaction (PCR) Analysis 

Total RNA of hippocampal tissues, BV2 
microglial cells and HMC3 microglial cells was 
extracted by Trizol Reagent (Life Technologies, 
California, USA) in accordance with the 
manufacturer's instructions. 1 μg RNA was utilized 
for reverse transcription to synthesize cDNAs in a 
20 μL reaction system using a PrimeScriptTM RT 
reagent Kit (TaKaRa, Japan). The quantitative PCR for 
target mRNA expression was conducted with a 
QuantStudio 7 Real-Time PCR detection biosystem. 
β-actin was employed as an internal control. The 
quantification of relative gene expression was 
analyzed by the comparative threshold cycle (CT) 
method with formulae (2−ΔΔCT). The primer sequences 
used in the PCR reactions are listed in Supplemental 
Table 1 (Supplemental Table S1). 

Measurements of HGF release 
The contents of HGF in cell culture supernatant 

were determined using commercial ELISA kits (R&D, 
Minneapolis, MN, USA) following the manufacturer’s 
instruction. 

Immunofluorescence 
Hippocampal cryosections (8 μm) were blocked 

with 5% goat serum for 2 h at room temperature and 
then incubated overnight at 4 °C with primary 
antibodies against Iba1 (Servicebio, GB15105), p-Met 
(Cell Signaling Technology, 3077), p-Btk (Affinity 
Biosciences, AF8361), p-p65 (Cell Signaling 
Technology, 3033) and PSD-95 (Servicebio, GB11277). 
After washes, the sections were incubated with the 
corresponding secondary antibody at 37 °C for 1 h in 
the dark. The sections were counterstained with DAPI 
for 10 min at room temperature. The fluorescent 
images were captured by Pannoramic MIDI (3D 
HISTECH, Budapest, Hungary) and analyzed using 
ImageJ software. 

Golgi staining 
Golgi staining was performed using a kit from 

Servicebio (Wuhan, China) according to the 
manufacturer's instructions, as previously described 
[20]. Briefly, brain tissues were rapidly excised and 
rinsed in double-distilled water, followed by 
immersion in impregnation solutions A and B. The 
samples were then incubated in a dark, well- 
ventilated room at room temperature for 14 days 
while shielded from light. Subsequently, the brain 
sections were stained with solution C following the 
specified protocols. Brain tissue was sectioned into 
60-micron slices using an oscillating microtome and 
mounted on gelatin-coated slides for staining. 
Dendritic spines in the hippocampus were visualized 
under an optical microscope (Olympus, Japan) and 
analyzed using Fiji software. 

Mass Spectrometry 
Mass Spectrometry and Bioinformatics were 

carried out as described previously [11]. Proteins from 
Ad-KLK8-treated BV2 cells were immunoprecipitated 
with primary antibodies against KLK8. The 
immunoprecipitates were separated by SDS-PAGE 
and stained with the Colloidal Blue Staining kit 
(Beyotime, Jiangsu, China). Protein sections from the 
SDS-PAGE gel were digested in the gel with trypsin to 
extract the peptide markers, and the resulting peptide 
mixture was resuspended in 1% formic acid and 
identified by ultra performance liquid 
chromatography tandem mass spectrometry (UPLC- 
MS/MS) (Bioclouds, Shanghai, China). Briefly, 
peptide samples were separated with the nano 
ACQUITY UPLC (Waters Corporation, Milford) and 
detected with the Q Exactive hybrid quadrupole- 
Orbitrap mass spectrometer (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA). The MS/MS spectra 
were preprocessed with PEAKS studio version 8.5 
(Bioinfor Inc., CA), and the PEAKS DB was searched 
against the Rattus database (UniProtKB/Swiss-Prot). 
The following search parameters were used: Fixed 
modifications: Carbamidomethyl (C); Acetylation 
(Protein N-term), Deamidation (NQ); Variable 
modifications: Oxidation (M); Missed cleavages: 2; MS 
mass tolerance: ± 10.0 ppm; MSMS mass tolerance: ± 
0.02 Da. 

Analysis of Gene Expression Omnibus datasets 
The gene chip dataset and single-cell RNA 

sequencing (scRNAseq) datasets were retrieved from 
the NCBI Gene Expression Omnibus (GEO, 
https://www.ncbi.nlm.nih.gov/geo/). The GEO 
dataset GSE34451 was analyzed to identify the 
differentially expressed genes (DEGs) in the 
hippocampus obtained from the STZ-induced diabetic 
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rat model as compared with those from control 
animals. Genes with a p value < 0.05 and the |LogFC| 
≥ 1.5 were regarded as DEGs. Two published 
scRNAseq datasets (GSE217045, GSE201644) related 
to hippocampal tissues from diabetic mice were 
analyzed to explore the alterations of microglial KLK8 
expression under high glucose conditions.  

Statistical analysis 
All data are expressed as means ± SEM. 

Two-tailed unpaired t-tests was used to compare the 
differences between the means of two groups. 
One-way or two-way analysis of variance (ANOVA) 
with Bonferroni’s post hoc test was performed for 
comparisons among multiple groups using SPSS 22.0 
(SPSS Inc., Chicago, USA). p < 0.05 was considered 
statistically significant. 

Results 
KLK8 deficiency mitigates depression-like 
behaviors, microglia activation, and 
neuroinflammation in STZ-induced diabetic 
mice  

To explore the mechanisms underlying the 
diabetes-induced microglial activation and 
neuroinflammation in the hippocampus, we analyzed 
a published GEO dataset (GSE34451) and identified 
1183 upregulated DEGs and 203 downregulated 
DEGs in the hippocampus obtained from the 
STZ-induced diabetic rat model compared with those 
from control animals (Supplemental Table S2). 
Among these DEGs, KLK8, a gene implicated in the 
pathogenesis of stress-induced depression-like 
behaviors [7, 8, 11], was significantly upregulated in 
the hippocampus obtained from the STZ-induced 
diabetes group compared with those from the control 
group (Figure 1A). Validation through qRT-PCR and 
western blotting confirmed the upregulation of KLK8 
in the hippocampus of STZ-induced diabetic mice 
(Figure 1B). 

 Subsequently, we examined whether KLK8 
deficiency influenced the depression-like behaviors in 
STZ-induced diabetic mice. As anticipated, the 
upregulation of hippocampal KLK8 induced by 
diabetes was blunted in KLK8-deficient (KLK8-/-) 
mice (Supplemental Figure S1A). Additionally, 
STZ-induced diabetic mice had significantly longer 
immobility times in the FST (Figure 1C) and the TST 
(Figure 1D), as well as an increase in the latency to 
feed in the NSFT (Figure 1E), compared to control 
mice. Anxiety is a common symptom of depression. 
OFT were then employed to assess anxiety-like 
behavior in mice. STZ-induced diabetic mice 
displayed significant decreases in the total distance 

traveled in the test field (Figure 1F), in the distance 
traveled in the central area of the test field (Figure 
1G), and the number of crossing squares (Figure 1H), 
when compared to control mice. These results 
confirmed the emergence of depression-like behavior 
in STZ-induced diabetic mice. 

Notably, the STZ-induced increases in the 
immobility time in the FST (Figure 1C) and the TST 
(Figure 1D), as well as the increases in the latency to 
feed in the NSFT (Figure 1E), were dramatically 
decreased in KLK8-/- mice. Moreover, KLK8 
deficiency significantly increased the distance 
traveled in the test field (Figure 1F), the distance 
traveled in the central area of the test field (Figure 
1G), and the number of crossing squares (Figure 1H) 
in the OFT in STZ-induced diabetic mice. These 
results indicated that KLK8 deficiency alleviated 
STZ-induced depression-like behaviors. 

Microglial activation and neuroinflammation are 
important contributors to depression pathogenesis. 
We then investigated the effect of KLK8 deficiency on 
the number of microglia by quantitatively analyzing 
the number of Iba1+ cells in three subregions of the 
hippocampus through immunofluorescence staining. 
The results revealed that the numbers of Iba1+ cells in 
the Cornus Ammonis (CA)1, CA2/3, and dentate 
gyrus (DG) subregions of the hippocampus were 
significantly increased in the STZ-induced diabetic 
mice compared to the control mice (Figure 1I). 
However, KLK8 deficiency reduced Iba1+ cells in each 
subfield of the hippocampus in the STZ-induced 
diabetic mice (Figure 1I). Moreover, compared with 
the control mice, the STZ-induced diabetic mice had 
significantly higher Iba1 mRNA levels, which were 
decreased by KLK8 deficiency (Figure 1J). 

Microglia represent the primary immune cell 
type in the hippocampus to orchestrate a potent 
pro-inflammatory response during the pathogenesis 
of depression. qRT-PCR analysis demonstrated that 
the expression of proinflammatory cytokines and 
chemokines, including tumor necrosis factor-α 
(TNF-α), interleukin-6 (IL-6), CC Chemokine Ligand 2 
(CCL2), as well as induced nitric oxide synthase 
(iNOS), in the hippocampus was increased in the 
STZ-induced diabetic mice compared to the control 
mice (Figure 1K). However, KLK8 deficiency also 
markedly reduced the STZ-induced mRNA 
expression of proinflammatory cytokines, 
chemokines, and iNOS in the hippocampus (Figure 
1K). 

Taken together, these findings indicated that 
KLK8 deficiency attenuates depression-like behaviors, 
microglia activation, and neuroinflammation in 
STZ-induced diabetic mice. 
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Figure 1. KLK8 deficiency mitigates depressive-like behaviors, microglia activation, and neuroinflammation in STZ-induced diabetic mice. A, Published 
GEO dataset GSE34451 was analyzed for hippocampal KLK8 expression in STZ-induced diabetic rats (n = 3, unpaired t-test, p = 0.008). B, The levels of KLK8 mRNA and protein 
were measured in the hippocampus after 5 weeks of STZ-induced diabetes by qRT-PCR (n = 7, unpaired t-test, p < 0.001) and western blotting (n = 7, unpaired t-test, p < 0.001), 
respectively. Representative protein bands were presented on the top of the histograms. C-H, Depressive behavioral tests were performed in wild-type and KLK8-/- mice after 
5 weeks of STZ-induced diabetes. C, The immobility time in the FST (n = 7, two-way ANOVA, F1,24 (genotype) = 5.006, p = 0.035; F1,24 (treatment) = 24.253, p < 0.001; F1,24 (genotype×treatment) 
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= 4.039, p = 0.056). D, The immobility time in the TST (n = 7, two-way ANOVA, F1,24 (genotype) = 16.824, p < 0.001; F1,24 (treatment) = 29.507, p < 0.001; F1,24 (genotype×treatment) = 14.443, 
p < 0.001). E, The latency to feed in the NSFT (n = 7, two-way ANOVA, F1,24 (genotype) = 10.934, p = 0.003; F1,24 (treatment) = 28.872, p < 0.001; F1,24 (genotype×treatment) = 10.129, p = 0.004). 
F, Total distance in the OFT (n = 7, two-way ANOVA, F1,24 (genotype) = 4.171, p = 0.052; F1,24 (treatment) = 35.471, p < 0.001;F1,24 (genotype×treatment) = 7.207, p = 0.013). G, Central distance 
in the OFT (n = 7, two-way ANOVA, F1,24 (genotype) = 9.261, p = 0.006; F1,24 (treatment) = 438.822, p < 0.001;F1,24 (genotype×treatment) = 14.077, p < 0.001). H, Number of crossing squares 
in the OFT (n = 7, two-way ANOVA, F1,24 (genotype) = 6.572, p = 0.017; F1,24 (treatment) = 65.507, p < 0.001; F1,24 (genotype×treatment) = 10.818, p = 0.003). I, Immunofluorescent staining 
showed Iba1 (red) expression in the CA1, CA2/3, and DG subregions of the hippocampus in wild-type and KLK8-/- mice after 5 weeks of STZ-induced diabetes. Nuclei were 
counterstained with DAPI (blue). Scale bar = 100 μm. The quantifications of Iba1+ cell numbers in each subfield of the hippocampus were presented in the right panels (n = 7, 
two-way ANOVA, CA1: F1,24 (genotype) = 21.571, p < 0.001; F1,24 (treatment) = 22.334, p < 0.001; F1,24 (genotype×treatment) = 13.913, p = 0.001. CA2/3: F1,24 (genotype) = 39.5, p < 0.001; F1,24 

(treatment) = 27.288, p < 0.001; F1,24 (genotype×treatment) = 22.219, p < 0.001. DG: F1,24 (genotype) = 51.154, p < 0.001; F1,24 (treatment) = 70.554, p < 0.001; F1,24 (genotype×treatment) = 46.632, p < 0.001). 
J, The mRNA expression levels of Iba1 in the hippocampus of wild-type and KLK8-/- mice after 5 weeks of STZ-induced diabetes were detected by qRT-PCR (n = 7, two-way 
ANOVA, F1,24 (genotype) = 65.845, p < 0.001; F1,24 (treatment) = 141.79, p < 0.001; F1,24 (genotype×treatment) = 72.842, p < 0.001). K, The mRNA expression levels of TNF-α, IL-6, CCL2, and 
iNOS in the hippocampus of wild-type and KLK8-/- mice after 5 weeks of STZ-induced diabetes were detected by qRT-PCR (n = 7, two-way ANOVA, TNF-α: F1,24 (genotype) = 
50.468, p < 0.001; F1,24 (treatment) = 66.765, p < 0.001; F1,24 (genotype×treatment) = 13.231, p = 0.001. IL-6: F1,24 (genotype) = 30.734, p < 0.001; F1,24 (treatment) = 69.409, p < 0.001; F1,24 

(genotype×treatment) = 25.936, p < 0.001. CCL2: F1,24 (genotype) = 65.209, p < 0.001; F1,24 (treatment) = 90.244, p < 0.001; F1,24 (genotype×treatment) = 48.218, p < 0.001. iNOS: F1,24 (genotype) = 19.097, 
p < 0.001; F1,24 (treatment) = 36.559, p < 0.001; F1,24 (genotype×treatment) = 17.733, p < 0.001). Data were presented as means ± SEM. * p < 0.05, ** p < 0.01.  

 

KLK8 promotes microglial activation via a 
Met-dependent signaling pathway 

The present study subsequently confirmed the 
effect of KLK8 on microglial cells in vitro. Infection of 
BV2 mouse microglial cells with increasing 
concentrations of KLK8 adenovirus (Ad-KLK8) 
resulted in a corresponding augmentation in the 
mRNA and protein expression levels of KLK8 
(Supplemental Figure S1B) and Iba1 (Figure 2A). 
Additionally, Ad-KLK8 treatment for 48 h dose- 
dependently elevated the mRNA expression levels of 
proinflammatory cytokines and chemokines, 
including TNF-α, IL-6, and CCL2, as well as iNOS, in 
BV2 cells (Figure 2B). These findings imply that the 
overexpression of KLK8 alone can instigate the 
activation of microglia. 

As a secreted serine protease, KLK8 is known to 
cleave the extracellular portion of several membrane 
proteins, including neuregulin-1, synaptic adhesion 
molecule L1, and NCAM1 [9, 11, 21, 22]. Using 
co-immunoprecipitation (Co-IP) combined with mass 
spectrometry, the present study initially identified 
proteins associated with KLK8 in BV2 microglial cells 
treated with Ad-KLK8. Mass spectrometry disclosed 
that CD44, a membrane receptor known to modulate 
microglial activation [23, 24], was the potential 
matched protein (Supplemental Table S3). As shown 
in Supplemental Figure S2A, CD44 was co- 
immunoprecipitated by anti-KLK8, and vice versa, in 
BV2 cells. In addition, western blot analysis affirmed 
that KLK8 overexpression led to the downregulation 
of CD44 in BV2 cells (Supplemental Figure S2B). 
Unexpectedly, we discovered that the CD44 activator 
Angstrom6 per se promoted the activation of 
microglia and neuroinflammation, and further 
exacerbated the activation of microglia and the 
expression of inflammatory factors induced by 
Ad-KLK8 (Supplemental Figure S2C). Therefore, we 
surmise that the downregulation of CD44 is not the 
cause of microglial activation and the increased 
expression of inflammatory factors in microglial cells 
treated with Ad-KLK8. 

To further elucidate the mechanisms underlying 
KLK8-induced microglial activation, we subsequently 
performed RNA-seq analysis of BV2 cells treated with 
Ad-KLK8 or Ad-Vector (n = 3 per group). We 
identified 775 up-regulated and 550 down-regulated 
DEGs in Ad-KLK8-treated BV2 cells compared with 
those in Ad-Vector-treated BV2 cells (|FC| ≥ 1.5, false 
discovery rate < 0.05, Figure 2C-D). Gene set 
enrichment analysis (GSEA) was then conducted to 
determine the enriched biological pathways in 
KLK8-overexpressing BV2 cells. By using Hallmark, 
Kyoto Encyclopedia of Genes and Genomes (KEGG), 
Gene Ontology (GO), and Reactome pathway 
analyses of GSEA, gene sets associated with 
Inflammatory response, TNFA signaling via NFκB, 
IL6-JAK-STAT3 signaling, and Met signaling pathway 
were significantly enriched in Ad-KLK8-treated BV2 
cells (Figure 2E, Supplemental Figure S3A-C). 

Met activation leads to the recruitment of 
intracellular effector molecules such as Src, thereby 
activating downstream signaling pathways and 
regulating inflammatory responses [25, 26]. Recently, 
it was also discovered that Met contributes to the 
pathogenesis of brain injury by activating the 
Btk/NF-κB pathway in microglia [27]. We found that 
Ad-KLK8 treatment led to significant increments in 
the phosphorylation of Met, Btk, and NF-κB p65 
subunit, as well as Src expression, which were 
blocked by the Met inhibitor JNJ-38877605 in BV2 
microglial cells (Figure 2F, Supplemental Figure S3D). 
Additionally, the treatment of BV2 cells with 
increasing concentrations of JNJ-38877605 (10~ 
1000 nM) dose-dependently inhibited Ad-KLK8- 
induced BV2 microglial activation, as evidenced by 
the downregulation of Iba1 and the decreased mRNA 
expression levels of TNF-α, IL-6, CCL2, and iNOS 
(Figure 2G). 

We then established Lv-KLK8-mediated stable 
KLK8 overexpression in the human microglial cell 
line HMC3 cells to confirm the role of the Met 
signaling pathway in KLK8-induced microglial 
activation. The efficacy of KLK8 overexpression in 
HMC3 microglial cells was confirmed by qRT-PCR 
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and western blot analysis (Supplemental Figure S1C). 
As shown in Figure 2H and Supplemental Figure S3E, 
it was found that the Met inhibitor JNJ-38877605 also 
inhibited the stable KLK8 overexpression-induced 
activation of the Met/Src/Btk/NF-κB signaling 
pathway in HMC3 cells. The inhibitory effects of the 

Met inhibitor JNJ-38877605 on Lv-KLK8-induced 
HMC3 microglial activation also mirrored the results 
observed in Ad-KLK8-treated BV2 microglial cells 
(Figure 2I). These results suggest that KLK8 may 
promote microglial activation through a Met- 
dependent signaling pathway. 

 

 
Figure 2. KLK8 promotes microglial activation via a Met-dependent signaling pathway. A-B, BV2 mouse microglial cells were infected with Ad-KLK8 at a MOI of 1, 
3, or 10 for 48 h. A, mRNA and protein expression levels of Iba1 were detected by qRT-PCR (F3,12 = 167 .971 , p < 0.001)  and western blotting (F3,12 = 124 .428 , p < 0.001) , 
respectively. Representative protein bands were presented on the left of the histograms. B, The mRNA expression levels of TNF-α, IL-6, CCL2, and iNOS were detected by 
qRT-PCR (TNF-α: F3,12 = 225 .322 , p < 0.001. IL-6: F3,12 = 23 .992 , p < 0.001. CCL2: F3,12 = 59 .73 , p < 0.001. iNOS: F3,12 =  127 .568 , p < 0.001) . C-E, BV2 cells were infected 
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with Ad-Vector or Ad-KLK8 at a MOI of 3 for 48 h. Dysregulated genes were analyzed by RNA-seq. C, Volcano plots showing DEGs in Ad-KLK8-treated BV2 cells. Red reflects 
upregulated and blue indicates downregulated genes. D, Heat map of DEGs, red indicates upregulated and blue shows downregulated genes. E, GSEA was then performed to 
determine the enriched signaling pathways in KLK8-overexpressed BV2 cells. GSEA gene sets associated with Met-activates-PTK2 (top) and Met-promotes-cell-motility (bottom) 
signaling pathways were significantly enriched in the Ad-KLK8-treated BV2 cells. Heat maps of the dysregulated target genes of Met-activates-PTK2 and 
Met-promotes-cell-motility (bottom) signaling pathways in Ad-KLK8 treated BV2 were presented on the right of the GSEA plots. Red reflects upregulated and blue indicates 
downregulated genes. F-G, BV2 cells were infected with Ad-KLK8 at a MOI of 3 for 48 h in the presence or absence of the Met inhibitor JNJ-38877605 at the indicated 
concentrations. H-I, A stably KLK8-overexpressing HMC3 cell line was generated through infection with Lv-KLK8. Cells infected with an empty lentivirus served as the control 
group (Lv-Vector). Stably KLK8-overexpressing HMC3 cells and control cells were treated with or without the Met inhibitor JNJ-38877605 at the indicated concentrations for 
48 h. Protein levels of p-Met, Met, p-Btk, Btk, p-p65, p65, Src, and Iba1 in BV2 cells (F) or HMC3 cells (H) were determined by western blot analysis. The mRNA expression 
levels of Iba1, TNF-α, IL-6, CCL2, and iNOS in BV2 cells (G, Iba1: F5,18 = 68 .758 , p < 0.001. TNF-α: F5,18 =  43 .501 , p < 0.001. IL-6: F5,18 = 259 .947 , p < 0.001. CCL2: F5,18 =  
61 .644 , p < 0.001. iNOS: F5,18 = 111 .889 , p < 0.001)  or HMC3 cells (I, Iba1: F5,18 = 23 .051 , p < 0.001. TNF-α: F5,18 = 17 .202 , p < 0.001. IL-6: F5,18 = 61 .04 , p < 0.001. CCL2: 
F5,18 = 12 .358 , p < 0.001. iNOS: F5,18 = 19 .215 , p < 0.001) were detected by qRT-PCR. Data were presented as means ± SEM (n = 4 ,  one-way ANOVA) . * p < 0.05, ** 
p < 0.01. JNJ represents JNJ-38877605. 

 

KLK8 cleaves pro-HGF and augments HGF 
release, thereby facilitating Met signaling and 
microglial activation 

We then delved into the mechanisms by which 
KLK8 initiates the activation of the Met signaling 
pathway. Conventionally, the Met receptor is 
activated through binding with its ligand HGF, which 
leads to its homo-dimerization and subsequently 
triggers the downstream signaling pathways [28]. 
HGF naturally exists as an inactive precursor, known 
as pro-HGF. For it to fulfill its vital biological 
functions, pro-HGF must be transformed into its 
mature, active form via a process of proteolytic 
cleavage [29]. Members of the KLK family, including 
KLK4, KLK5, and KLK14, are acknowledged for their 
effective role in activating pro-HGF and converting it 
into its active form [30, 31]. We then examined 
whether KLK8 mediated the proteolytic process of 
pro-HGF into mature HGF. 

ELISA analysis disclosed that Ad-KLK8 
treatment significantly enhanced the release of HGF 
in the culture medium of BV2 cells, and this was 
inhibited by the anti-KLK8 neutralizing antibody 
(Figure 3A). We then employed two serine protease 
inhibitors, Antipain and ZnSO4, to impede the 
proteolytic activity of KLK8 [32]. As depicted in 
Figure 3B, both Antipain and ZnSO4 effectively 
suppressed Ad-KLK8- or Lv-KLK8-induced HGF 
release in the culture medium of BV2 or HMC3 
microglial cells, respectively. To determine whether 
KLK8 could directly cleave pro-HGF, we 
subsequently incubated recombinant human pro- 
HGF with recombinant human KLK8 at 37 °C for 3 h 
and observed a dose-dependent reduction in pro- 
HGF (Figure 3C). These findings imply that KLK8 
could directly cleave pro-HGF through its proteolytic 
activity, thereby promoting the release of HGF. 

We next observed the effect of rilotumumab, a 
fully human monoclonal antibody against HGF, on 
KLK8-induced Met signaling and microglial 
activation. We discovered that Lv-KLK8 treatment 
resulted in significant increments in phosphorylation 
of Met, Btk, and NF-κB p65 subunit, as well as Src 
expression, which were blocked by rilotumumab in 

HMC3 human microglial cells (Figure 3D). 
Additionally, treatment of HMC3 cells with 
increasing concentrations of rilotumumab (1~ 
10 μg/mL) dose-dependently inhibited Lv-KLK8- 
induced HMC3 microglial activation, as evidenced by 
the downregulation of Iba1 and decreased mRNA 
expression levels of TNF‐α, IL-6, CCL2, and iNOS 
(Figure 3E). These results suggest that KLK8 may 
promote microglial activation through a Met- 
dependent signaling pathway (Figure 3F). 

High glucose enhances the release of HGF, 
thereby stimulating Met signaling and 
microglial activation via a mechanism 
dependent on KLK8 

To explore the alterations of microglial KLK8 
expression under high glucose conditions, we initially 
analyzed two published single-cell RNA sequencing 
(scRNAseq) datasets (GSE201644, GSE217045) 
involving hippocampal tissues from diabetic mice. A 
significant upward tendency of microglia KLK8 
expression was identified in the hippocampus 
obtained from the diabetic mice compared with those 
from control animals (Figure 4A, Supplemental Figure 
S4A-K). Validation through qRT-PCR and western 
blotting confirmed that BV2 microglial cells treated 
with escalating concentrations of glucose (15 and 
25 mM) for 2 days displayed increments in the mRNA 
and protein expression levels of KLK8 in a dose- 
dependent manner (Figure 4B). 

The present study next explored whether the 
upregulation of KLK8 contributes to high glucose- 
induced microglial activation using an in vitro model. 
KLK8 siRNA not only led to a significant reduction of 
KLK8 mRNA and protein expression in BV2 cells but 
also blocked the high glucose-induced upregulation 
of KLK8 (Supplemental Figure S1D). KLK8 
knockdown significantly attenuated high glucose- 
induced the mRNA and protein expression levels of 
Iba1 (Figure 4C). Furthermore, the high glucose- 
induced increases in the mRNA expression levels of 
proinflammatory cytokines and chemokine including 
TNF‐α, IL-6, and CCL2, as well as iNOS, were largely 
prevented by KLK8 knockdown in BV2 cells (Figure 
4D). Collectively, these findings suggest that the 
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upregulation of KLK8 contributes to high glucose- induced microglia activation. 
 
 

 
Figure 3. KLK8 cleaves pro-HGF and augments HGF release, thereby facilitating Met signaling and microglial activation. A, BV2 cells were infected with 
Ad-KLK8 at a MOI of 3 for 48 h with or without anti-KLK8 neutralizing antibody (2.5 μg/mL). HGF contents in the cell medium were measured by ELISA assay (F3,12 = 16 .994 , 
p < 0.001) . B, BV2 cells were infected with Ad-KLK8 at a MOI of 3 for 48 h with or without serine protease inhibitors ZnSO4 (0.05 mM) and antipain (0.05 mM), respectively 
(left, F5,18 = 39 .434 , p < 0.001) . A stably KLK8-overexpressing HMC3 cell line was generated through infection with Lv-KLK8. Cells infected with an empty lentivirus served as 
the Lv-Vector. Stably KLK8-overexpressing HMC3 cells and control cells were treated with or without serine protease inhibitors ZnSO4 (0.05 mM) and antipain (0.05 mM), 
respectively (right, F5,18 = 14 .914 , p < 0.001) . HGF contents in the cell medium were measured by ELISA assay. C, Purified recombinant human pro-HGF (rhpro-HGF) was 
incubated with or without activated recombinant human KLK8 (rhKLK8) at the indicated concentrations, and analyzed by western blot using a pro-HGF antibody. D-E, A stably 
KLK8-overexpressing HMC3 cell line was generated through infection with Lv-KLK8. Cells infected with an empty lentivirus served as the Lv-Vector. Stably KLK8-overexpressing 
HMC3 cells and control cells were treated with or without a fully human anti-HGF neutralizing antibody Rilotumumab at the indicated concentrations. D, Protein levels of p-Met, 
Met, p-Btk, Btk, p-p65, p65, Src, and Iba1 were determined by western blot analysis. Representative protein bands were presented on the left of the histograms (p-Met/Met: F3,12 

=  50 .48 , p < 0.001. p-Btk/Btk: F3,12 = 90 .277 , p < 0.001. p-p65/p65: F3,12 = 89 .791 , p < 0.001. Src/β-actin: F3,12 = 555 .454 , p < 0.001. Iba1/β-actin: F3,12 = 141 .437 , p < 0.001). 
E, The mRNA levels of Iba1, TNF-α, IL-6, CCL2, and iNOS were detected by qRT-PCR (Iba1: F5,18 = 44 .23 , p < 0.001. TNF-α: F5,18 = 52 .255 , p < 0.001. IL-6: F5,18 = 99.978 , 
p < 0.001. CCL2: F5,18 = 41 .607 , p < 0.001. iNOS: F5,18 = 77 .973 , p < 0.001) . F, Schematic diagram of the mechanism underlying KLK8-induced microglial activation. KLK8 
cleaves pro-HGF and augments HGF release, leading to the activation of the Met/Src/BTK/NF-κB signaling pathway and subsequent microglial activation. Data were presented as 
means ± SEM (n = 4 ,  one-way ANOVA) . * p < 0.05, ** p < 0.01. 
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Figure 4. High glucose enhances the release of HGF, thereby stimulating Met signaling and microglial activation via a mechanism dependent on KLK8. A, 
Two published scRNA-seq datasets were analyzed for KLK8 mRNA expression in microglial cells from the hippocampus of db/db mice (GSE201644) and whole brain of high-fat 
diet-treated mice (GSE217045). B, BV2 cells were treated with increasing concentration of glucose (15 and 25 mM) for 48 h. The mRNA and protein expression levels of KLK8 
were examined by qRT-PCR (F2,9 = 45 .421 , p < 0.001)  and western blotting (F2,9 = 23 .053 , p < 0.001) , respectively. Representative protein bands were presented on the top 
of the histograms. C-F, BV2 cells were transfected with control siRNA or KLK8 siRNAs, and then treated with normal glucose (NG, 5.5 mM D-glucose) or high glucose (HG, 
25 mM D-glucose) for 48 h. G-I, BV2 cells were treated with NG or HG with or without JNJ-38877605 at the indicated concentrations for 48 h. C and H, The mRNA and protein 
levels of Iba1 were examined by qRT-PCR(C,  F3,12 = 106 .815 , p < 0.001; H,  F3,12 = 78 .039 , p < 0.001)  and western blotting (C,F3,12 = 121 .672 , p < 0.001; H,  F3,12 = 74 .815 , 
p < 0.001) , respectively. Representative protein bands were presented on the top of the histograms. D and I, The mRNA levels of TNF-α, IL-6, CCL2, and iNOS were detected 
by qRT-PCR (D, TNF-α: F3,12 = 62 .381 , p < 0.001. IL-6: F3,12 = 78 .392 , p < 0.001. CCL2: F3,12 = 88 .773 , p < 0.001. iNOS: F3,12 = 87 .725 , p < 0.001; I, TNF-α: F3,12 = 81 .468 , 
p < 0.001. IL-6: F3,12 = 96 .25 , p < 0.001. CCL2: F3,12 = 71 .734 , p < 0.001. iNOS: F3,12 =  93 .927 , p < 0.001) . E, HGF contents in the cell medium were measured by ELISA assay 



Theranostics 2025, Vol. 15, Issue 13 
 

 
https://www.thno.org 

6302 

(F3,12 = 17 .209 , p < 0.001) . F and G, The protein levels of p-Met, Met, p-Btk, Btk, p-p65, p65 and Src were determined by western blot analysis. J, Schematic diagram of the 
mechanism underlying high glucose-induced microglial activation. Exposure to high glucose results in the upregulation of KLK8, which subsequently enhances HGF release in 
microglial cells, leading to the activation of the Met/Src/BTK/NF-κB signaling pathway and subsequent microglial activation. Data were presented as means ± SEM (n = 4 ,  
one-way ANOVA) . ** p < 0.01. JNJ represents JNJ-38877605. 

 
As depicted in Figure 4E, we observed that high 

glucose (25 mM) treatment resulted in an increase in 
HGF release in the cell culture supernatants of the 
BV2 microglial cells, which was reversed by KLK8 
knockdown. Additionally, we discovered that high 
glucose treatment also led to significant increments in 
phosphorylation of Met, Btk, and NF-κB p65 subunit, 
as well as Src expression. We found that both the 
KLK8 knockdown (Figure 4F, Supplemental Figure 
S5A) and Met inhibitor JNJ-38877605 (Figure 4G, 
Supplemental Figure S5B) largely inhibited the high 
glucose-induced activation of the Met/Src/Btk/ 
NF-κB signaling pathways in microglial cells. 
Moreover, JNJ-38877605 treatment significantly 
attenuated the high glucose-induced BV2 microglial 
activation, as evidenced by the downregulation of 
Iba1 (Figure 4H) and decreased mRNA expression 
levels of TNF‐α, IL-6, CCL2, and iNOS (Figure 4I). 

In human HMC3 microglial cells, we found that 
high glucose treatment also led to an increase in HGF 
release, which was markedly decreased by KLK8 
siRNA (Supplemental Figure S5C). Furthermore, 
treatment with the human anti-HGF neutralizing 
antibody rilotumumab (5 μg/mL) significantly 
inhibited the high glucose-induced activation of the 
Met/Src/Btk/NF-κB signaling pathway 
(Supplemental Figure S5D). High glucose-induced 
microglial activation and neuroinflammation were 
also largely prevented by rilotumumab treatment in 
HMC3 cells (Supplemental Figure S5E).  

Taken together, these findings suggest that high 
glucose can enhance the release of HGF, thereby 
stimulating Met signaling and microglial activation 
through a mechanism dependent on KLK8 (Figure 4J). 

Met inhibitor inactivates Src/Btk/NF-κB 
signaling pathways and attenuates depression- 
like behaviors, microglia activation, and 
neuroinflammation in STZ-induced diabetic 
mice 

To evaluate the anti-depression effects of the Met 
inhibitor, STZ-induced diabetic mice were treated 
with Met inhibitor JNJ-38877605 at a dose of 10 or 20 
mg/kg for five weeks (Supplemental Figure S6A). It 
was found that the STZ-induced increases in 
immobility time during the FST (Figure 5A) and TST 
(Figure 5B), along with the prolonged latency to feed 
in the NSFT (Figure 5C), were dose-dependently 
reduced in mice treated with JNJ-38877605. In the OFT 
test, it was found that treatment with Met inhibitor 
JNJ-38877605 increased the distance traveled in the 

test field (Figure 5D), the distance traveled in the 
central area of the test field (Figure 5E), and the 
number of crossing squares (Figure 5F) in 
STZ-induced diabetic mice in a dose-dependent 
manner. Moreover, JNJ-38877605 treatment at a dose 
of 20 mg/kg had no significant effect on the 
behavioral parameters tested in FST, TST, NSFT, and 
OFT in the control group (Figure 5A-F). These results 
indicated that the Met inhibitor alleviated 
STZ-induced depression-like behaviors. 

As expected, treatment with the Met inhibitor 
JNJ-38877605 at a dose of 20 mg/kg significantly 
blocked the elevated phosphorylation of Met in the 
hippocampus of STZ-induced diabetic mice 
(Supplemental Figure S6B-C). JNJ-38877605 treatment 
also led to significant decreases in Src expression 
(Figure 5G) and the phosphorylation of Btk 
(Supplemental Figure S6D-E) in the hippocampus of 
STZ-induced diabetic mice. To investigate whether 
the Met inhibitor inactivated NF-κB in the microglia, 
double-immunofluorescence staining for Iba1 and 
phosphorylated NF-κB p65 subunit was performed. 
As shown in Figure 5H-I and Supplemental Figure S7, 
STZ-induced diabetic mice exhibited increased Iba1+ 
and phosphorylated p65 (p-p65)+ cells in the 
hippocampus, as compared to control mice. The 
quantification analysis showed that STZ treatment 
significantly increased the percentage of Iba1+/p-p65+ 
cells in total Iba1+ cells as compared to the control, 
which was largely reversed by the Met inhibitor 
JNJ-38877605. 

We then investigated the effect of the Met 
inhibitor on the number of Iba1+ microglia in three 
subregions of the hippocampus. The results showed 
that treatment with the Met inhibitor JNJ-38877605 
significantly decreased the numbers of Iba1+ cells in 
the CA1, CA2/3, and DG subregions of the 
hippocampus in the STZ-induced diabetic mice 
(Figure 5J, Supplemental Figure S8). In addition, 
qRT-PCR results demonstrated that the STZ-induced 
mRNA expression of Iba1 (Figure 5K), as well as 
pro-inflammatory mediators including TNF‐α, IL-6, 
CCL2, and iNOS, were also markedly reduced in the 
hippocampus by treatment with the Met inhibitor 
JNJ-38877605 (Figure 5L). Taken together, these 
findings indicated that the Met inhibitor inactivates 
Met/Src/Btk/NF-κB signaling pathways and 
attenuates depression-like behaviors, microglia 
activation, and neuroinflammation in STZ-induced 
diabetic mice. 
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Figure 5. Met inhibitor inactivates Src/Btk/NF-κB signaling pathways and attenuates depressive-like behaviors, microglia activation, and 
neuroinflammation in STZ-induced diabetic mice. Control or STZ-induced diabetic mice were intraperitoneally injected with the Met inhibitor JNJ-38877605 at the 
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indicated concentrations once every two days for a period of 5 weeks. A-F, Depressive behavioral tests were performed in diabetic mice injected with or without JNJ-38877605. 
A, The immobility time in the FST (F2,36 (Met inhibitor) = 33.722, p < 0.001; F1,36 (treatment) = 338.557, p < 0.001; F2,36 (Met inhibitor×treatment) = 31.517, p < 0.001). B, The immobility time in the 
TST (F2,36 (Met inhibitor) = 30.134, p < 0.001; F1,36 (treatment) = 274.868, p < 0.001; F2,36 (Met inhibitor×treatment) = 29.59, p < 0.001). C, The latency to feed in the NSFT (F2,36 (Met inhibitor) = 13.162, 
p < 0.001; F1,36 (treatment) = 67.763, p < 0.001; F2,36 (Met inhibitor×treatment) = 9.069, p < 0.001). D, Total distance in the OFT (F2,36 (Met inhibitor) = 18.756, p < 0.001; F1,36 (treatment) = 69.048, p 
< 0.001; F2,36 (Met inhibitor×treatment) = 11.387, p < 0.001). E, Central distance in the OFT (F2,36 (Met inhibitor) = 21.682, p < 0.001; F1,36 (treatment) = 564.581, p < 0.001; F2,36 (Met inhibitor×treatment) 

= 21.773, p < 0.001). F, Number of crossing squares in the OFT (F2,36 (Met inhibitor) = 6.708, p < 0.001; F1,36 (treatment) = 47.193, p < 0.001; F2,36 (Met inhibitor×treatment) = 4.162, p < 0.001). G, 
The protein levels of Src were examined by western blotting in hippocampal tissue. Representative protein bands were presented on the top of the histograms (F1,24 (Met inhibitor) 

= 8.067, p < 0.001; F1,24 (treatment) = 44.705, p < 0.001; F1,24 (Met inhibitor×treatment) = 17.681, p < 0.001). H, Hippocampal sections were stained with fluorophore-labeled antibodies against 
the microglial cell marker Iba1 (red) and phosphorylated p65 (p-p65, green). DAPI staining was used to detect nuclei (blue). The merge image represents double positive staining 
for Iba1 and p-p65. Areas in white boxes were shown enlarged. Scale bar = 50 μm. I, The quantification of the percentage of Iba1+/p-p65+ cells in total Iba1+ cells (F1,24 (Met inhibitor) 

= 41.553, p < 0.001; F1,24 (treatment) = 57.86, p < 0.001; F1,24 (Met inhibitor×treatment) =48.965, p < 0.001). J, Immunofluorescent staining showed Iba1 (red) expression in the CA1, CA2/3, 
and DG subregions of the hippocampus. Nuclei were counterstained with DAPI (blue). Scale bar = 100 μm. K, The mRNA levels of Iba1 in the hippocampus were detected by 
qRT-PCR (F1,24 (Met inhibitor) = 39.264, p < 0.001; F1,24 (treatment) = 112.522, p < 0.001; F1,24 (Met inhibitor×treatment) =38.966, p < 0.001). L, The mRNA levels of TNF-α, IL-6, CCL2, and iNOS 
in the hippocampus were detected by qRT-PCR (TNF-α: F1,24 (Met inhibitor) = 40.845, p < 0.001; F1,24 (treatment) = 118.166, p < 0.001; F1,24 (Met inhibitor) = 26.897, p < 0.001. IL-6: F1,24 (Met 

inhibitor) =57.168, p < 0.001; F1,24 (treatment) = 159.94, p < 0.001; F1,24 (Met inhibitor×treatment) = 19.772, p < 0.001. CCL2: F1,24 (Met inhibitor) = 13.547, p = 0.001; F1,24 (treatment) = 46.115, p < 0.001; 
F1,24 (Met inhibitor×treatment) = 13.512, p = 0.001. iNOS: F1,24 (Met inhibitor) = 44.11, p < 0.001; F1,24 (treatment) = 171.468, p < 0.001; F1,24 (Met inhibitor×treatment) = 58.915, p < 0.001). Data were 
presented as means ± SEM (n = 7, two-way ANOVA). ** p < 0.01. JNJ represents JNJ-38877605. 

 

Effects of Met inhibitor or KLK8 deficiency on 
hippocampal neuroplasticity in STZ-induced 
diabetic mice 

A growing body of evidence suggests that 
microglial activation plays a critical role in the 
development of abnormal neuroplasticity associated 
with depression [33-35]. To further investigate the 
effects of Met inhibition or KLK8 deficiency on 
hippocampal neuroplasticity, we assessed synaptic 
plasticity and dendritic spine formation using 
immunofluorescence labeling, western blot analysis, 
and Golgi staining. Our immunofluorescence analysis 
demonstrated a significant reduction in the mean 
fluorescence intensity of postsynaptic density 
protein-95 (PSD-95) in the hippocampus of STZ- 
induced diabetic mice compared to control mice. This 
impairment was significantly ameliorated by either 
Met inhibitor treatment (Figure 6A-B) or KLK8 
deficiency (Figure 6F-G). Western blot analysis 
confirmed that both interventions effectively reversed 
the diabetes-induced downregulation of 
synaptophysin (SYP) and PSD-95, which are key 
markers for evaluating synaptic integrity and 
plasticity (Figure 6C, Figure 6H). 

We subsequently examined whether Met 
inhibitor treatment or KLK8 deficiency influenced 
dendritic spine formation in hippocampal neurons 
using Golgi staining. As illustrated in Figure 6D- 
E&Figure 6I-J, STZ-induced diabetic mice exhibited a 
significant reduction in the number of spines in 
hippocampal neurons compared to control mice. Both 
Met inhibitor treatment (Figure 6D-E) and KLK8 
deficiency (Figure 6I-J) markedly restored spine 
density in these neurons. These findings suggest that 
the KLK8/Met signaling pathway plays a critical role 
in diabetes-induced synaptic plasticity deficits in the 
hippocampus. 

Running exercise reverses KLK8 upregulation 
and inactivates Met/Src/Btk/NF-κB signaling 
pathways, thereby attenuating microglia 

activation and neuroinflammation in the 
hippocampus of STZ-induced diabetic mice 

Several studies have demonstrated that exercise 
training can ameliorate behavioral abnormalities 
associated with various mental disorders, including 
anxiety and depression [14, 36-42]. To explore the 
effects of aerobic exercise on hippocampal KLK8 
expression and the depression-like behavior in the 
STZ-induced diabetic mice, we subjected both control 
and STZ-induced diabetic mice to five weeks of 
aerobic treadmill training (Supplemental Figure S9A). 
We found that aerobic exercise training significantly 
reduced the mRNA and protein expression levels of 
KLK8 in the hippocampal tissues of STZ-induced 
diabetic mice (Figure 7A). 

It was discovered that running exercise training 
gave rise to significant declines in the 
phosphorylation of Met (Figure 7B, Supplemental 
Figure S9B-C) and Btk (Figure 7C, Supplemental 
Figure S9D-E), as well as Src expression in the 
hippocampus of STZ-induced diabetic mice 
(Supplemental Figure S9F). The quantification 
analysis of double-immunofluorescence staining for 
Iba1 and phosphorylated NF-κB p65 subunit 
demonstrated that exercise training notably decreased 
the percentage of Iba1+/p-p65+ cells in total Iba1+ cells 
in the hippocampus of STZ-induced diabetic mice 
(Figure 7D, Supplemental Figure S10). These findings 
indicated that running exercise inactivates 
Met/Src/Btk/NF-κB signaling pathways in the 
hippocampus of STZ-induced diabetic mice. 

We then examined the effect of exercise training 
on the number of Iba1+ microglia in three subregions 
of the hippocampus. The results indicated that aerobic 
exercise training significantly decreased the numbers 
of Iba1+ cells in the CA1, CA2/3, and DG subregions 
of the hippocampus in the STZ-induced diabetic mice 
(Figure 7E, Supplemental Figure S11). Additionally, 
qRT-PCR results manifested that the STZ-induced 
mRNA expression levels of Iba1 (Figure 7F), as well as 
pro-inflammatory mediators including TNF‐α, IL-6, 
CCL2, and iNOS in the hippocampus were also 
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markedly mitigated by aerobic exercise training 
(Figure 7G). Taken together, these findings suggest 
that aerobic exercise reverses KLK8 upregulation and 
mitigates depression-like behaviors, microglia 
activation, and neuroinflammation in STZ-induced 
diabetic mice. 

Running exercise improves hippocampal 
neuroplasticity and alleviates depression-like 
behaviors in STZ-induced diabetic mice 

We further examined the effects of running 
exercise training on hippocampal neuroplasticity. 
Immunofluorescence analysis revealed that aerobic 

exercise training significantly reversed the STZ- 
induced reduction in the mean fluorescence intensity 
of PSD-95 in the hippocampus (Figure 8A-B). Western 
blot analysis confirmed that running exercise 
markedly restored the diabetes-induced 
downregulation of SYP and PSD-95 (Figure 8C). 
Moreover, Golgi staining demonstrated that running 
exercise effectively reversed the diabetes-induced 
decrease in dendritic spine density in hippocampal 
neurons of STZ-induced diabetic mice (Figure 8D-E, 
Supplemental Figure S12A-B).  

 

 
Figure 6. Effects of Met inhibitor or KLK8 deficiency on hippocampal neuroplasticity in STZ-induced diabetic mice. Control or STZ-induced diabetic mice were 
subjected to moderate intensity treadmill training for 5 weeks. A and F, Hippocampal sections were stained with fluorophore-labeled antibodies against PSD-95 (green). DAPI 
staining was used to detect nuclei (blue). Scale bar = 50 μm. B and G, The quantification of the fluorescence intensity of PSD-95 (B, F1,24 (Met inhibitor) = 50.246, p < 0.001; F1,24 (treatment) 
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= 243.038, p < 0.001; F1,24 (Met inhibitor×treatment) =54.295 , p < 0.001. G, F1,24 (genotype) = 52.468, p < 0.001; F1,24 (treatment) = 99.466, p < 0.001; F1,24 (genotype×treatment) = 34.622, p < 0.001). C 
and H, protein expression levels of PSD-95 (C, F1,24 (Met inhibitor) = 31.067, p < 0.001; F1,24 (treatment) = 89.132, p < 0.001; F1,24 (Met inhibitor×treatment) = 34.285, p < 0.001. H , F1,24 (genotype) = 
67.412, p < 0.001; F1,24 (treatment) = 169.259, p < 0.001; F1,24 (genotype×treatment) = 48.346, p < 0.001) and SYP (C, F1,24 (Met inhibitor) = 37.682, p < 0.001; F1,24 (treatment) = 180.341, p < 0.001; F1,24 

(Met inhibitor×treatment) = 30.558, p < 0.001. H, F1,24 (genotype) = 49.441, p < 0.001; F1,24 (treatment) = 119.223, p < 0.001; F1,24 (genotype×treatment) = 39.381, p < 0.001) were detected by western 
blotting. Representative protein bands were presented on the left of the histograms. D and I, Representative microphotograph of Golgi-Cox staining in the hippocampal sections. 
Scale bar = 10 μm. E and J, Quantification of dendritic spine density of neurons in the hippocampus (E, F1,24 (Met inhibitor) = 25.859, p < 0.001; F1,24 (treatment) = 109.214, p < 0.001; F1,24 

(Met inhibitor×treatment) = 17.078, p < 0.001. J, F1,24 (genotype) = 20.743, p < 0.001; F1,24 (treatment) = 73.995, p < 0.001; F1,24 (genotype×treatment) = 11.577, p = 0.002) . Data were presented as means 
± SEM (n = 7, two-way ANOVA). ** p < 0.01. JNJ represents JNJ-38877605. 

 

 
Figure 7. Running exercise reverses KLK8 upregulation and inactivates Met/Src/Btk/NF-κB signaling pathways, thereby attenuating microglia activation 
and neuroinflammation in the hippocampus of STZ-induced diabetic mice. Control or STZ-induced diabetic mice were subjected to moderate intensity treadmill 
training for 5 weeks. A, The levels of KLK8 mRNA and protein were measured in the hippocampus of the STZ-induced diabetic mice subjected to sedentary conditions or 
running exercise by qRT-PCR (F1,24 (running exercise) = 57.427, p < 0.001; F1,24 (treatment) = 74.348, p < 0.001; F1,24 (running exercise×treatment) = 37.177, p < 0.001) and western blotting F1,24 (running 

exercise) = 157.255, p < 0.001; F1,24 (treatment) = 195.184, p < 0.001; F1,24 (running exercise×treatment) = 78.996, p < 0.001), respectively. Representative protein bands were presented on the top 
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of the histograms. B, Hippocampal sections were stained with fluorophore-labeled antibodies against phosphorylated Met (p-Met, red). DAPI staining was used to detect nuclei 
(blue). Scale bar = 50 μm. C, Hippocampal sections were stained with fluorophore-labeled antibodies against phosphorylated Btk (p-Btk, red). DAPI staining was used to detect 
nuclei (blue). Scale bar = 50 μm. D, Hippocampal sections were stained with fluorophore-labeled antibodies against the microglial cell marker Iba1 (red) and p-p65 (green). DAPI 
staining was used to detect nuclei (blue). The merge image represents double positive staining for Iba1 and p-p65. Areas in white boxes were shown enlarged. Scale bar = 50 μm. 
E, Immunofluorescent staining showed Iba1 (red) expression in the CA1, CA2/3, and DG subregions of the hippocampus. Nuclei were counterstained with DAPI (blue). Scale bar 
= 100 μm. The quantification of Iba1+ cell numbers in each subfield of the hippocampus were presented in the right panels (CA1: F1,24 (running exercise) = 30.348, p < 0.001; F1,24 (treatment) 

= 37.189, p < 0.001; F1,24 (running exercise×treatment) = 26.515, p < 0.001. CA2/3: F1,24 (running exercise) = 17.621, p < 0.001; F1,24 (treatment) = 32.211, p < 0.001; F1,24 (running exercise×treatment) = 15.279, 
p < 0.001. DG: F1,24 (running exercise) = 33.171, p < 0.001; F1,24 (treatment) = 32.722, p < 0.001; F1,24 (running exercise×treatment) = 17.916, p < 0.001). F, The mRNA expression levels of Iba1 in the 
hippocampus were detected by qRT-PCR (F1,24 (running exercise) = 9.947, p = 0.004; F1,24 (treatment) = 15.644, p < 0.001; F1,24 (running exercise×treatment) = 8.656, p < 0.007). G, The mRNA 
expression levels of TNF-α, IL-6, CCL2, and iNOS in the hippocampus were detected by qRT-PCR (TNF-α: F1,24 (running exercise) = 85.403, p < 0.001; F1,24 (treatment) = 28.816, p < 0.001; 
F1,24 (running exercise×treatment) = 36.099, p < 0.001. IL-6: F1,24 (running exercise) =17.182, p < 0.001; F1,24 (treatment) = 33.374, p < 0.001; F1,24 (running exercise×treatment) = 14.296, p < 0.001. CCL2: F1,24 

(running exercise) = 24.974, p < 0.001; F1,24 (treatment) = 10.641, p = 0.003; F1,24 (running exercise×treatment) = 8.261, p = 0.008. iNOS: F1,24 (running exercise) = 71.497, p < 0.001; F1,24 (treatment) = 15.102, 
p < 0.001; F1,24 (running exercise×treatment) = 27.053, p < 0.001). Data were presented as means ± SEM (n = 7, two-way ANOVA) . ** p < 0.01. 

 
As depicted in Figure 8F-H, the STZ-induced 

increases in the immobility time in the FST (Figure 8F) 
and the TST (Figure 8G), as well as the increases in the 
latency to feed in the NSFT (Figure 8H), were 
significantly decreased in running exercise-trained 
mice. In the OFT test, we discovered that running 
exercise training increased the distance traveled in the 
test field (Figure 8I), the distance traveled in the 
central area of the test field (Figure 8J), and the 
number of crossing squares (Figure 8K) in 
STZ-induced diabetic mice. 

These findings suggest that running exercise 
enhances hippocampal neuroplasticity and mitigates 
depression-like behaviors in STZ-induced diabetic 
mice. 

Discussion  
Several clinical studies have reported the 

positive correlation between systemic inflammation 
and depressive symptoms in patients with type 1 and 
type 2 diabetes [43-45]. Notably, a recent study 
indicated that type 2 diabetic patients with 
insufficient physical activity or high systemic 
immune-inflammation index levels were significantly 
more prone to have higher stress, anxiety, and 
depression [46]. Indeed, laboratory studies have 
achieved significant advancements in uncovering the 
contribution of microglial activation and 
neuroinflammation to the onset of diabetes-associated 
depression [3, 4]. However, the mechanism 
underlying the diabetes-induced neuroinflammation 
remains largely unexplored. By integrating the public 
gene-chip data and our validation results, we 
identified that KLK8 was upregulated in the 
hippocampus of diabetic mice and high glucose- 
treated microglial cells. KLK8 (also known as 
neuropsin) is highly expressed in the hippocampus, 
amygdala, and other brain regions related to emotion 
management, and plays a crucial role in 
neuroplasticity, learning, and memory processes 
[7-11]. Previous studies have demonstrated that KLK8 
inactivation protected against chronic stress-induced 
depression-like behaviors by alleviating hippocampal 
glutamate dysregulation [10] and neuronal apoptosis 
[11]. In the present study, we demonstrated for the 

first time that hyperglycemia-induced KLK8 
upregulation per se was sufficient to induce 
microglial activation and neuroinflammation. In 
addition, the inactivation of KLK8 by exercise training 
or genetic knockout of KLK8 significantly mitigated 
hippocampal microglial activation, 
neuroinflammation, and depression-like behaviors in 
STZ-induced diabetic mice. These findings 
collectively emphasize the critical role of KLK8 in 
diabetic-induced neuroinflammation, while 
suggesting that the antidepressant effects provided by 
aerobic exercise training during diabetes in mice may 
be attributed at least partly to the inactivation of 
KLK8 and the consequent suppression of microglial 
activation and neuroinflammation. 

The transcription profiling of KLK8- 
overexpressed microglial cells disclosed a crucial role 
for the Met signaling pathway in mediating the 
stimulatory effects of KLK8 on these cells. Met is a 
receptor tyrosine kinase (RTK) encoded by the Met 
gene and has HGF as its native peptide ligand, which 
is known to be secreted by microglial cells [27, 47]. 
HGF is synthesized and secreted as an inactive 
precursor termed pro-HGF, with its active form 
generated through proteolytic cleavage of pro-HGF 
[29]. In vitro studies have manifested that several 
secreted serine proteases, including urokinase, 
tissue-type plasminogen activator (tPA), HGF 
activator and various members of the KLK family 
such as KLK4, KLK5, and KLK14, can convert 
pro-HGF into mature HGF [30, 31, 48-50]. The present 
study provides compelling evidence indicating that 
KLK8 plays a critical role in the proteolytic processing 
of pro-HGF, thereby mediating the high 
glucose-induced release of HGF from microglial cells. 
Furthermore, the application of an HGF-neutralizing 
antibody effectively inactivated the Met signaling 
pathway and inhibited microglial activation in both 
KLK8- or high glucose-treated microglial cells. These 
findings imply that the upregulation of KLK8 
contributes to the enhanced stimulation of the 
HGF/Met signaling pathway and subsequent 
microglial activation under hyperglycemic conditions 
by directly mediating the proteolytic cleavage of 
pro-HGF. 
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Figure 8. Running exercise improves hippocampal neuroplasticity and alleviates depression-like behaviors in STZ-induced diabetic mice. Control or 
STZ-induced diabetic mice were subjected to moderate intensity treadmill training for 5 weeks. A, Hippocampal sections were stained with fluorophore-labeled antibodies 
against PSD-95 (green). DAPI staining was used to detect nuclei (blue). Scale bar = 50 μm. B, The quantification of the fluorescence intensity of PSD-95 (F1,24 (running exercise) = 73.555, 
p < 0.001; F1,24 (treatment) = 253.885, p < 0.001; F1,24 (running exercise×treatment) = 47.885, p < 0.001). C, protein expression levels of PSD-95 (F1,24 (running exercise) = 140.206, p < 0.001; F1,24 

(treatment) = 327.622, p < 0.001; F1,24 (running exercise×treatment) = 136.337, p < 0.001) and SYP (F1,24 (running exercise) = 19.705, p < 0.001; F1,24 (treatment) = 133.349, p < 0.001; F1,24 (running 

exercise×treatment) = 14.086, p < 0.001) were detected by western blotting. Representative protein bands were presented on the left of the histograms. D, Representative 
microphotograph of Golgi-Cox staining in the hippocampal sections. Scale bar = 10 μm. E, Quantification of dendritic spine density of neurons in the hippocampus (F1,24 (running 

exercise) = 15.754, p < 0.001; F1,24 (treatment) = 51.924, p < 0.001; F1,24 (running exercise×treatment) = 18.282, p < 0.001). F-K, Depressive behavioral tests were performed in the STZ-induced 
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diabetic mice subjected to sedentary conditions or running exercise. F, The immobility time in the FST (F1,24 (running exercise) = 20.277, p < 0.001; F1,24 (treatment) = 42.65, p < 0.001; F1,24 

(running exercise×treatment) = 1.196, p = 0.285). G, The immobility time in the TST (F1,24 (running exercise) = 47.15, p < 0.001; F1,24 (treatment) = 76.039, p < 0.001; F1,24 (running exercise×treatment) = 28.555, 
p < 0.001). H, The latency to feed in the NSFT (F1,24 (running exercise) = 13.423, p = 0.001; F1,24 (treatment) = 39.99, p < 0.001; F1,24 (running exercise×treatment) = 9.068, p = 0.006). I, Total distance 
in the OFT (F1,24 (running exercise) = 55.501, p < 0.001; F1,24 (treatment) = 77.358, p < 0.001; F1,24 (running exercise×treatment) = 1.188, p = 0.287). J, Central distance in the OFT (F1,24 (running exercise) 

= 129.104, p < 0.001; F1,24 (treatment) = 150.511, p < 0.001; F1,24 (running exercise×treatment) = 1.244, p < 0.276). K, Number of crossing squares in the OFT (F1,24 (running exercise) = 31.274, p < 
0.001; F1,24 (treatment) = 64.746, p < 0.001; F1,24 (running exercise×treatment) = 0.027, p < 0.872). Data were presented as means ± SEM (n = 7, two-way ANOVA) . ** p < 0.01. 

 
Met is expressed in immune and glial cells and is 

implicated in cell migration, proliferation, 
chemotaxis, cytokine secretion, and antigen 
presentation [51-53]. Many peripheral diseases, 
including skeletal muscle injury [54], rheumatoid 
arthritis [55], autoimmune heart disease [56], and 
ulcerative colitis [57], exhibit activation of the Met 
signaling pathway, but there has been contradictory 
evidence regarding whether it promotes or inhibits 
inflammation. Several groups have reported that Met 
stimulates the secretion of IL-10 and TGF-β1 and leads 
to tissue repair by shifting macrophage polarization 
towards the anti-inflammatory M2 phenotype [58, 59]. 
In contrast, Met activation augments monocyte 
migration and chemokine secretion in rheumatoid 
arthritis [55]. Elevations in Met+ T cells or neutrophils 
are found to exacerbate local inflammation and tissue 
damage during cardiac autoimmunity [56] and colitis 
[57], respectively. To date, limited studies have 
explored the contribution of the HGF/Met signaling 
pathway in the pathogenesis of non-cancer diseases in 
the central nervous system, but have yielded 
relatively consistent results. Met drives the 
proliferation of M1-polarized macrophages [60], and 
is regarded as an immune marker of highly 
pathogenic pro-inflammatory and pro-migratory 
CD4+ T lymphocytes associated with 
neuroinflammation during experimental autoimmune 
encephalomyelitis [52]. Rehman et al report that 
HGF/Met triggers detrimental reactive microglia and 
neuroinflammation through activating the Btk/NFκB 
signaling pathway in traumatic brain injury [27]. Our 
in vitro studies manifested that KLK8/high 
glucose-induced microglial activation could be 
blocked by either HGF-neutralizing antibody or Met 
inhibitor. Additionally, systemic administration of 
Met inhibitor effectively attenuated hippocampal 
microglia activation and neuroinflammation and 
prevented the depression-like behaviors in diabetic 
mice. These findings imply that the contribution of the 
HGF/Met signaling to the regulation of inflammatory 
responses varies in significance depending on the 
local microenvironment and cell type. Inactivation of 
the HGF/Met signaling pathway might be an 
effective strategy to inhibit microglia activation and 
neuroinflammation during diabetes. 

Microglia are specialized brain-resident 
macrophages that integrate information about the 
brain and immune context under inflammatory 

conditions [61, 62]. Notably, a recent study 
demonstrates that overexpression of KLK8 
significantly increased Iba-1+/iNOS+ microglia, 
thereby exacerbating neuroinflammation and 
behavioral deficits in a rat model of intracranial 
hemorrhage [63]. Inhibition of Btk signaling in 
myeloid cells induces a phenotypic switch in adipose 
tissue macrophages from a pro-inflammatory state to 
a pro-resolution phenotype, effectively reducing both 
local and systemic inflammation in diabetic mice [64]. 
NF-κB activation has been widely recognized as a 
critical factor in the induction of microglial activation 
across various brain pathologies, including diabetic 
encephalopathy [65, 66]. Recent studies indicate that 
running exercise decreases Iba-1+/iNOS+ microglia 
or Iba-1+/CD68+ microglia and alleviates 
neuroinflammation in the hippocampus of murine 
models of HFD-induced type 2 diabetes and chronic 
unpredictable stress-induced depression [41, 67]. 
Taken together with the evidence provided by the 
present study that exercise training suppresses 
microglial KLK8/Met/Btk/NF-κB activation in the 
hippocampus of STZ-induced diabetic mice, these 
findings suggest that inactivation of KLK8 may 
contribute to the antidepressant effects of exercise by 
preserving the microglial homeostatic state in the 
hippocampus. 

It is widely acknowledged that microglia 
provide protection and nutritional support to 
neurons, maintain neuronal homeostasis, and 
regulate synaptogenesis under normal physiological 
conditions. In response to various pathological 
stimuli, activated microglia progressively transition 
from supporting and repairing neurons to 
contributing to neuronal dysfunction [68]. A growing 
body of evidence indicates that microglial activation 
plays a critical role in abnormal neuroplasticity 
during the development of depression [33-35]. 
Consistent with these findings, we demonstrated that 
KLK8 deficiency, Met inhibition, and exercise training 
not only suppressed microglial activation and 
neuroinflammation but also enhanced neuroplasticity 
in the hippocampus of diabetic mice. Previous studies 
have shown that KLK8 inhibition or KLK8 deficiency 
counteracts defects in neuroplasticity under 
pathological conditions such as Alzheimer's disease 
and chronic stress [10, 69, 70]. In vitro, treatment with 
KLK8 impairs proliferation and differentiation of 
neuronal cells and reduces the expression of 
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neuroplasticity-supporting proteins such as EPHB2 
[70]. Conversely, inhibition of excess KLK8 enhances 
proliferation, neurite density, neuronal soma size, and 
increases EPHB2 expression in neurons [70]. 
Collectively, these findings suggest that KLK8 
upregulation may contribute to hippocampal 
neuroplasticity deficits in diabetic mice either through 
direct effects on neurons or indirectly by promoting 
microglial activation. 

The primary limitation of this study lies in the 
lack of clarification regarding the mechanisms 
governing KLK8 expression regulation under 
hyperglycemic conditions. Indeed, clinical studies 
have manifested significantly elevated circulating 
levels of KLK8 in diabetic individuals [71]. With 
respect to individuals with depressive disorders, 
previous studies have indicated that peripheral blood 
KLK8 mRNA levels were markedly higher in patients 
with recurrent depressive disorders compared to 
either those with the first episode of depression or 
healthy controls [72, 73]. These findings were further 
substantiated by an epigenome-wide association 
study of monozygotic twins, which identified that the 
depression symptomatology score was negatively 
associated with blood DNA methylation levels in the 
promoter region of KLK8 [74]. Notably, the 
cumulative evidence has emphasized the role of DNA 
methylation in the pathogenesis of behavioral 
impairment, including its function as an epigenetic 
transducer of the adaptive response to physical 
exercise [75-77]. In the future, it will be crucial to 
collaborate with clinical experts to monitor circulating 
KLK8 levels in patients with diabetes-associated 
depression and investigate whether KLK8 levels 
correlate with DNA methylation levels in the KLK8 
promoter region and the severity of depression 
symptomatology in diabetic patients. 

Conclusion 
We documented for the first time that 

hyperglycemia-induced upregulation of KLK8 was a 
critical event capable of initiating microglial 
activation and neuroinflammation. Mechanistic 
exploration revealed that KLK8 upregulation 
contributed to the activation of the HGF/Met 
signaling pathway and subsequent microglial 
activation under hyperglycemic conditions by directly 
mediating the proteolytic cleavage of pro-HGF. Both 
Met inhibitor and KLK8 deficiency enhanced 
hippocampal neuroplasticity in STZ-induced diabetic 
mice. Additionally, running exercise reversed KLK8 
upregulation and inactivated Met/Src/Btk/NF-κB 
signaling pathways, thereby attenuating 
neuroinflammation, improving neuroplasticity, and 
alleviating depression-like behaviors in diabetic mice. 

Thus, inhibiting the KLK8/Met pathway through 
genetic or pharmaceutical approaches to mitigate 
neuroinflammation may offer potential therapeutic 
strategies for diabetes-associated depression. 
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