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A B S T R A C T   

We recently demonstrated that prothrombin kringle-2 (pKr-2) derived from blood-brain barrier (BBB) disruption 
could induce hippocampal neurodegeneration and object recognition impairment through neurotoxic inflam
matory responses in the five familial Alzheimer’s disease mutation (5XFAD) mice. In the present study, we aimed 
to determine whether pKr-2 induces microglial activation by stimulating toll-like receptor 4 (TLR4) upregulation 
and examine whether this response contributes to pKr-2-induced neuroinflammatory damage in the hippocampi 
of mice models. We observed that inflammatory responses induced by pKr-2 administration in the hippocampi of 
wild-type mice were significantly abrogated in TLR4-deficient mice (TLR4− /− ), and caffeine supply or rivarox
aban treatment that inhibits the overexpression of hippocampal pKr-2 reduced TLR4 upregulation in 5XFAD 
mice, resulting in the inhibition of neuroinflammatory responses. Similar to the expression patterns of pKr-2, 
TLR4, and the TLR4 transcription factors, PU.1 and p-c-Jun, seen in the postmortem hippocampal tissues of 
Alzheimer’s disease (AD) patients, our results additionally showed the influence of transcriptional regulation on 
TLR4 expression following pKr-2 expression in triggering the production of neurotoxic inflammatory mediators. 
Therefore, we conclude that pKr-2 may play a role in initiating upregulation of microglial TLR4, consequently 
inducing hippocampal neurodegeneration. Furthermore, the control of pKr-2-induced microglial TLR4 could be a 
useful therapeutic strategy against hippocampal neurodegeneration in AD.   

1. Introduction 

Alzheimer’s disease (AD) is a common brain disorder characterized 
by hippocampal neurodegeneration, which plays a major role in 
cognitive impairment and memory loss (Burns and Iliffe, 2009; Cum
mings, 2004; Kawas, 2003; Querfurth and LaFerla, 2010). Although the 
etiology of AD is still unclear, accumulating evidence suggests that 
neuroinflammation mediated by glial activation is an important 
neurotoxic mechanism associated with AD initiation and progression 
(Heneka et al., 2015; Heppner et al., 2015; Kinney et al., 2018; Morales 
et al., 2014), with activated microglia being reported as crucial media
tors of neurotoxic inflammatory processes (Baker et al., 2018; Heneka 
et al., 2015; Sarlus and Heneka, 2017). Thus, to determine whether 

neurotoxic inflammation is a definitive cause of AD, an examination of 
the key pathological mechanisms and endogenous molecules involved in 
initiating microglial activation is necessary. 

Prothrombin kringle-2 (pKr-2) is a domain of prothrombin origi
nating from its cleavage by active thrombin (Leem et al., 2016; Mann, 
1976; Shin et al., 2015; Taneda et al., 1994). We have previously re
ported that the upregulation of pKr-2, which is not toxic to neurons by 
itself, can induce microglia-mediated neurotoxic inflammation, result
ing in neurodegeneration in the nigrostriatal dopaminergic (DA) system 
in vivo (Kim et al., 2010, 2018; Leem et al., 2016; Shin et al., 2015). 
Moreover, we recently reported that pKr-2 upregulation was derived 
from blood-brain barrier (BBB) disruption in the hippocampus of the five 
familial AD (5XFAD) mouse model, while inhibition of its upregulation 
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decreased hippocampal neurodegeneration and cognitive impairment in 
5XFAD mice (Kim et al., 2022). Additionally, the protein levels of pKr-2 
expression were significantly increased in postmortem brain tissues of 
patients with Parkinson’s disease (PD) and AD when compared to that in 
age-matched controls, thus, suggesting a clinical correlation between 
pKr-2 overexpression and PD (Leem et al., 2016; Shin et al., 2015) and 
AD (Kim et al., 2022) pathogenesis. 

Toll-like receptor 4 (TLR4) is a well-known innate immune receptor, 
associated with neuroinflammatory responses in the brain (Bachiller 
et al., 2018; Calvo-Rodriguez et al., 2020; Kettenmann et al., 2011) and 
regulated by transcription factors such as PU.1 and p-c-Jun (Gosselin 
et al., 2014, 2017; Gupta et al., 2009; Kierdorf et al., 2013; Tsatsanis 
et al., 2006; Waetzig et al., 2005). Although the pattern of TLR expres
sion remains controversial, many reports consider microglia to be the 
key cells in TLR4-mediated neuroinflammatory responses, which may be 
involved in neurodegenerative diseases, such as AD and PD, via the 
production of neurotoxic and pro-inflammatory mediators, such as 
tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and 
inducible nitric oxide synthase (iNOS) (Bachiller et al., 2018; Calvo-R
odriguez et al., 2020; Fellner et al., 2013; Fiebich et al., 2018; Ketten
mann et al., 2011). PU.1 has been identified as the crucial regulator of 
microglial growth, differentiation, and associated inflammatory re
sponses (Pimenova et al., 2021), and controls TLR4 transcription start 
site positioning and TLR4 promoter usage by collaborating with its 
activator c-Jun (Lichtinger et al., 2007; Behre et al., 1999). Furthermore, 
c-Jun is critical during forced overexpression of TLR4 expression as it 
functions as a mediator of pro-inflammatory effects in microglia (Tsat
sanis et al., 2006; Waetzig et al., 2005). 

We previously found that microglial TLR4 upregulation following 
pKr-2 administration contributes to the degeneration of the nigrostriatal 
DA system in vivo (Leem et al., 2016; Shin et al., 2015) and recently 
demonstrated that pKr-2 derived from BBB disruption could induce 
hippocampal neurodegeneration and object recognition decline through 
neurotoxic inflammatory responses in animal models of AD (Kim et al., 
2022). However, the molecular mechanism that regulates the initiation 
and intensity of pKr-2-mediated neurodegeneration and cognitive 
impairment remains unknown. In the present study, we have examined 
whether pKr-2 overexpression induces TLR4 upregulation via tran
scriptional regulation and whether pKr-2-mediated TLR4 upregulation 
contributes to neurotoxic inflammation involved in microglial activa
tion in the hippocampi of adult mice. To this aim, we injected pKr-2 in 
the CA1 region of mouse hippocampus in a time-dependent manner and 
performed western blot analysis and immunofluorescence double 
staining. Cognitive impairment was recorded in WT and TLR4− /− mice 
using novel object and novel location recognition tests. 

2. Materials and methods 

2.1. Animals and ethics approval 

Male C57BL/6J wild-type (WT) mice (8-week-old, weighing 20–22 
g) were purchased from Daehan Biolink (Eumseong, Korea). Male 
TLR4− /− mice on a C57BL/6J background were provided by Prof. Sung 
Joong Lee (Seoul National University, Seoul, Korea). TLR4− /− genotype 
was confirmed by polymerase chain reaction using 5′-CGT GTA AAC 
CAG CCA GGT TTT GAA GGC-3′ (forward) and 5′-TGT TGC CCT TCA 
GTC ACA GAG ACT CTG-3′ (reverse) primer set. The polymerase chain 
reaction product was separated by electrophoresis in a 1.5% agarose gel, 
stained with RedSafe Nucleic Acid stain, and visualized under ultraviolet 
light. 

Littermate WT mice and 5XFAD mice (as a model for AD) on a 
C57BL/6 background were provided by the Korea Brain Research 
Institute, Daegu, South Korea. The ratio of male and female mice was 3:2 
to avoid gender bias in the results. 

Animals were group housed in a controlled environment (22–23◦C, 
14/10 h light/dark cycle) and were fed ad libitum. All animal-related 

procedures were conducted in accordance with the Institutional Ani
mal Care and Use Committee of Kyungpook National University (No. 
KNU 2016-0042, 2019-0002, and 2022-0018) guidelines and were 
consistent with the ethical guidelines of the National Institutes of 
Health. Additionally, all animal studies were conducted according to the 
ARRIVE guidelines (Kilkenny et al., 2010). 

2.2. Human brain samples with AD and ethics approval 

This study included ten postmortem human brain samples (8 men 
and 2 women) with a mean age of 76.6 ± 2.6 years, obtained from the 
Victorian Brain Bank Network. The present investigation is supported by 
The Florey Institute of Neuroscience and Mental Health and The Alfred 
and the Victorian Forensic Institute of Medicine and funded by Aus
tralia’s National Health & Medical Research Council. Human tissue ex
periments were approved by the Bioethics Committee, Institutional 
Review Board, Kyungpook National University Industry Foundation 
(IRB Number: 2016–0011 and 2018-0207-1). Details of the human 
postmortem hippocampal tissues are shown in Fig. 1A. 

2.3. Materials 

Materials were purchased from the following suppliers: pKr-2 (He
matologic Technologies Inc., Essex Junction, VT, USA), rivaroxaban 
(Selleckchem, Houston, TX, USA), and caffeine (Sigma, St. Louis, MO, 
USA). Antibodies were purchased as follows: anti-neuronal nuclei 
(NeuN) and rabbit anti-glial fibrillary acidic protein (GFAP) (Millipore, 
Billerica, MA, USA); goat anti-ionized calcium-binding adapter molecule 
1 (Iba1) and rabbit anti-iNOS (Abcam, Cambridge, UK); rabbit/mouse 
anti-TLR4, rabbit anti- IL-1β, mouse anti-TNF-α, mouse anti-PU.1, 
mouse anti-phospho-c-Jun (p-c-Jun), and mouse anti-β-actin (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA); rabbit anti-PU.1, rabbit anti- 
β-amyloid (Aβ), rabbit anti-p-c-Jun, and rabbit anti-c-Jun (Cell 
Signaling, Beverly, MA, USA); rabbit anti-Iba1 (Wako Pure Chemical 
Industries, Osaka, Japan); sheep anti-prothrombin fragment 2 (Fitzger
ald, Acton, MA, USA); biotinylated anti-rabbit IgG, Texas Red- 
conjugated anti-rabbit/mouse IgG, fluorescein isothiocyanate (FITC)- 
conjugated anti-mouse IgG, and FITC-conjugated anti-goat IgG (Vector 
Laboratories, Burlingame, CA, USA); biotinylated anti-mouse IgG (Kir
kegaard & Perry Laboratories Inc., Gaithersburg, MD, USA); FITC- 
conjugated anti-rabbit IgG (Jackson ImmunoResearch Laboratories, 
Bar Harbor, ME, USA); horseradish peroxidase (HRP)-conjugated anti- 
rabbit IgG (Enzo Life Sciences, Farmingdale, NY, USA); HRP- 
conjugated anti-mouse IgG (Thermo Fisher Scientific, Rockford, IL, 
USA); and HRP-conjugated anti-sheep IgG (GenWay Biotech Inc., San 
Diego, CA, USA). Sterile phosphate-buffered saline (PBS) was used as a 
vehicle to dissolve pKr-2. 

2.4. Stereotaxic intrahippocampal pKr-2 injection 

Mice were anesthetized with an intraperitoneal injection of a mixture 
of ketamine (115 mg/kg; Yuhan, Korea) and xylazine (23 mg/kg; Bayer 
Korea Ltd., Korea), and placed in a stereotaxic frame (David Kopf In
struments, Tujunga, CA, USA). A 10-μL Hamilton syringe (30 S needle) 
equipped with an automated syringe pump was used to perform ste
reotaxic injections of pKr-2 (24 μg in 2 μL PBS; 0.5 μL/min) on 5XFAD 
mice and respective controls either unilaterally (anterior-posterior [AP]: 
− 2.0 mm, medial-lateral [ML]: − 1.2 mm, dorsal-ventral [DV]: − 1.5 
mm) or bilaterally (AP: − 2.0 mm, ML: ±1.2 mm, DV: − 1.5 mm), relative 
to the bregma (Kim et al., 2018; Leem et al., 2016; Paxinos and Franklin, 
2004; Shin et al., 2015), in the cornu ammonis (CA1) region of the 
hippocampus. The injection needle was left in place for another 5 min 
before being slowly withdrawn. 
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2.5. Immunostaining procedures 

Brain tissues were prepared for immunostaining analysis as 
described previously (Jeon et al., 2020; Shin et al., 2015). The animals 
were transcardially perfused and fixed using paraformaldehyde. Animal 
brains were removed, frozen, and cut into 30-μm coronal sections using 
a cryostat microtome (Thermo Fisher Scientific). 

For immunohistochemistry, free-floating brain sections were washed 
with ice-cold PBS and blocked using 0.5% bovine serum albumin in PBS. 
Sections were subsequently incubated for 48 h at 4◦C with mouse anti- 
NeuN (1:500) and rabbit anti-Iba1 (1:2000) primary antibodies. After 
initial incubation with primary antibodies, brain sections were incu
bated with the secondary antibodies, biotinylated anti-mouse IgG 
(1:400) and anti-rabbit IgG (1:400), for 1 h at room temperature (RT). 

The signal following treatment with avidin-biotin reagent (Vectastain 
ABC kit) was detected by incubating the sections in 0.5 mg/mL 3,3′- 
diaminobenzidine (DAB; Sigma) in 0.1 M PB containing 0.015% H2O2. 
The stained sections were mounted on slides (Paul Marienfeld, Baden- 
Württemberg, Germany), and further analyzed under a bright-field mi
croscope (Axio Imager, Carl Zeiss, Germany). 

For immunofluorescence staining, washing and blocking were per
formed as indicated above. Sections were incubated at 4◦C for 48 h with 
the following primary antibodies: rabbit anti-Iba1 (1:2000), goat anti- 
Iba1 (1:500), rabbit anti-GFAP (1:2000), mouse anti-TLR4 (1:500), 
mouse anti-PU.1 (1:500), mouse anti-p-c-Jun (1:500), mouse anti-TNF-α 
(1:500), rabbit anti-IL-1β (1:500), and rabbit anti-iNOS (1:500). Sections 
were then rinsed and incubated with fluorescence-conjugated secondary 
antibodies, including Texas Red-conjugated anti-rabbit IgG (1:400) or 
anti-mouse IgG (1:400) and FITC-conjugated anti-rabbit IgG (1:400), 
anti-mouse IgG (1:400), or anti-goat IgG (1:400) antibodies for 1 h at RT. 
Finally, the sections were washed and mounted using Vectashield 
mounting medium (Vector Laboratories). Each slide was examined and 
photographed using a fluorescence microscope (Carl Zeiss). 

2.6. Caffeine and rivaroxaban treatment in 5XFAD mice 

Caffeine was supplied as previously described by Kim et al. (2022). 
Briefly, 0.6 mg/mL of caffeine was dissolved in the drinking water of the 
mice. Considering that mice drink approximately 2.5 mL water/day, we 
administered a daily dose of 1.5 mg caffeine to each mouse daily for 7 
months from the age of 2 months. To ensure that the caffeine remained 
thoroughly absorbed, the caffeinated water was changed every two 
days. 

Rivaroxaban, an inhibitor of factor Xa (Perzborn et al., 2010; Verma 
and Brighton, 2009), was treated as previously described by Kim et al. 
(2022). 5XFAD mice received daily oral administration of rivaroxaban 
(2 mg/kg) dissolved in 1% ethanol for 3 months starting at the age of 6 
months. 

2.7. Western blot analysis 

Western blotting was performed as described previously (Jeon et al., 
2020; Shin et al., 2015). Mouse or human hippocampal tissues were 
homogenized and centrifuged at 14,000×g for 15 min at 4◦C. The su
pernatant was transferred to a fresh tube, and protein concentrations 
were measured using a bicinchoninic acid assay kit (BCA assay, Bio-Rad 
Laboratories, Hercules, USA). A total of 50 μg of protein was electro
blotted (Bio-Rad Laboratories) onto a polyvinylidene fluoride mem
brane (Millipore), which was subsequently incubated with primary 
antibodies specific for pKr-2 (1:500), TLR4 (1:1000), IL-1β (1:500), 
TNF-α (1:500), iNOS (1:1000), PU.1 (1:1000), p-c-Jun (1:1000), c-Jun 
(1:1000), Aβ (1:1000), and β-actin (1:1000). The membranes were then 
washed and incubated at RT for 1 h with HRP-conjugated anti-mouse 
IgG (1:4000), anti-sheep IgG (1:4000), and anti-rabbit IgG (1:4000) 
secondary antibodies. Protein complexes were visualized using 
enhanced chemiluminescence western blot detection reagents (GE 
Healthcare Life Sciences, Little Chalfont, UK). The signals were analyzed 
using a LAS-500 image analyzer (GE Healthcare Life Sciences). Relative 
band intensities were quantified using Multi-Gauge version 3.0 (Fuji 
Film, Tokyo, Japan), and the density of target proteins was normalized 
to that of the β-actin band for each sample. 

2.8. Counting of hippocampal CA1 neurons 

The hippocampal CA1 neurons were quantified as described previ
ously, with some modifications (Jeon et al., 2020; Shin et al., 2015). 
Alternate sections were prepared from the coronal brain slices of each 
animal 1.7, 1.8, 2.0, and 2.1 mm posterior to the bregma. A rectangular 
box (1.5 × 0.5 mm) was centered over the CA1 cell layer beginning 0.5 
mm lateral to the midline to ensure consistency in tissue sampling. Only 

Fig. 1. Upregulation of pKr-2, TLR4, and TLR4 transcription factors in post
mortem hippocampal tissues of patients with AD. (A) Details of the human 
postmortem hippocampal tissues are obtained from the Victorian Brain Bank 
Network. (B) Western blot analysis shows significantly increased protein levels 
of pKr-2, TLR4, p-c-Jun, c-Jun, and PU.1 in the postmortem hippocampal tis
sues of patients with AD compared to age-matched controls (CON). *p < 0.05 
and ***p < 0.001 vs. CON (t-test; n = 5 for each group). 
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neurons with visible nuclei in the CA1 cell layer were counted under a 
light microscope (Carl Zeiss) at × 200 magnification. A percentage of the 
contralateral control was used to measure the number of CA1 neurons in 
the ipsilateral hippocampus. 

2.9. Object recognition test 

Novel object recognition and object location recognition tests were 
conducted as described previously (Bevins and Besheer, 2006; Kim et al., 
2022), with some modifications. Briefly, the mice were preadapted to an 
open-field testing arena (40 × 40 × 40 cm, white, opaque, acrylic 
open-field square box) for 10 min per day for three consecutive days 
prior to starting behavioral tests. The arena was cleaned with 70% ethyl 
alcohol between attempts. All behavioral tests were performed under 
low illumination light to minimize the stress levels of the animals. 

In the object recognition test, the mice in both groups were allowed 
to explore two identical objects for 10 min, after which they were 
returned to their home cages for 24 h. During the test, the mice were 
exposed for 5 min to one familiar object and one novel object (a different 
shape and color) or one familiar object and one novel object (placed in a 
new position compared to earlier). A video camera was used to record 
the duration of the object exploration. Results of the object recognition 
test were analyzed using SMART 3.0 video tracking software (PanLab, 
Barcelona, Spain). To avoid observer bias, the behavioral experiments 
were scored with the help of a blinded experimenter who was 
completely unaware of the identity of the treatment group of mice. 

2.10. Statistical analysis 

All values are expressed as mean ± standard error of the mean. 
Differences between the two groups were analyzed using a t-test. Mul
tiple comparisons between the groups were performed using one-way 
analysis of variance (ANOVA) or two-way ANOVA, followed by 
Tukey’s post-hoc test. Western blot results were analyzed using one-way 
ANOVA, two-way ANOVA, and t-tests. Hippocampal cell counting re
sults and behavioral test results were analyzed using two-way ANOVA. 
Genotype effect, treatment effect, and interaction effect were analyzed 
using two-way ANOVA and the results are provided as supplementary 
data in table 1. All statistical analyses were conducted using SigmaStat 
software (Version 14.0, Systat Software, San Leandro, CA, USA) and 
GraphPad Prism (Version 8.30, GraphPad Software, San Diego, CA, 
USA). 

3. Results 

3.1. Increase in the levels of pKr-2, TLR4, and TLR4 transcription factors 
in AD patients 

We previously reported on pKr-2 overexpression and microglial 
TLR4 upregulation in the substantia nigra and hippocampus of PD and 
AD brains, respectively (Kim et al., 2022; Leem et al., 2016; Shin et al., 
2015), indicating a significant pathological correlation between pKr-2 
and TLR4 upregulation in those diseases. However, it remains unclear 
whether pKr-2 overexpression contributes to TLR4 upregulation in 
microglia, resulting in neurodegeneration via microglial activation in 
the adult brain. In the present study, we investigated the protein levels 
of pKr-2 and TLR4, as well as those of p-c-Jun, c-Jun, and PU.1 as 
transcriptional regulators of TLR4, in the hippocampi of AD patients and 
age-matched controls using western blotting (Fig. 1A and B). Consistent 
with the increase in pKr-2 and TLR4 expression [*p < 0.05 and ***p <
0.001 vs. CON (Kim et al., 2022; Shin et al., 2015);], western blotting 
analysis showed a significant increase in the protein levels of both 
p-c-Jun and PU.1 in the hippocampi of AD patients compared to their 
age-matched controls (*p < 0.05 and ***p < 0.001 vs. CON). 

3.2. Involvement of transcriptional activation in pKr-2-mediated 
upregulation of microglial TLR4 in the hippocampus of the adult brain 

TLR4 is a crucial receptor for microglia-mediated neurotoxic 
inflammation, resulting in neurodegeneration in the adult brain (Cal
vo-Rodriguez et al., 2020; Fellner et al., 2013; Fiebich et al., 2018; 
Kettenmann et al., 2011; Lehnardt et al., 2002; Shin et al., 2015). To 
examine the transcriptional regulation in increasing TLR4 expression by 
pKr-2 overexpression, we examined the protein levels of p-c-Jun and 
PU.1 as transcriptional factors for TLR4 expression (Gosselin et al., 
2014, 2017; Kierdorf et al., 2013; Tsatsanis et al., 2006; Waetzig et al., 
2005) following an intrahippocampal injection of pKr-2 into mouse 
brain in a time-dependent manner (Fig. 2A and B). Results revealed a 
significant difference in p-c-Jun and PU.1 protein levels compared to 
non-treated controls after 1 h, 3 h, and 24 h post-pKr-2 injection into the 
hippocampi of mice (Fig. 2B; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. 
intact controls). Similar trends in TLR4 levels were observed (Fig. 2B; 
**p < 0.01 and ***p < 0.001 vs. intact controls), indicating that there is 
a correlation between the upregulation of transcription factors and TLR4 
following pKr-2 administration. Additionally, the increase in TLR4 
expression following pKr-2 administration was primarily co-localized 
with Iba1-positive microglia but not with GFAP-positive astrocytes 
(Fig. 2C). Consistent with the increase in TLR4 expression, results ob
tained from immunostaining analysis revealed that the increased protein 
levels of transcription factors, p-c-Jun and PU.1, were mainly observed 
within Iba1-positive microglia, suggesting that TLR4 upregulation 
following pKr-2 administration could be influenced by these transcrip
tion factors (Fig. 2D). 

3.3. pKr-2-induced neuroinflammation and neurodegeneration are 
inhibited in TLR4− /− mice 

To further confirm the correlation of pKr-2-induced microglial acti
vation and neurotoxicity with TLR4 induction, pKr-2 was unilaterally 
injected into the hippocampi of WT or TLR4− /− mice. TLR4− /− mice 
were confirmed using TLR4 genotyping and western blotting (Supple
mentary Fig. 1). To verify the possible link between TLR4 function and 
microglial activation, we assessed the extent of microglia in the hippo
campus using immunostaining with an Iba1 antibody. In WT mice, 
activated microglia stained with anti-Iba1 were observed in the CA1 
regions of the hippocampi at 1 and 7 days following pKr-2 administra
tion; however, no morphological transformation of microglia was 
observed in the hippocampi of pKr-2-treated TLR4− /− mice (Fig. 3A). 
PBS injection did not alter the microglial morphology in the hippocampi 
of either WT or TLR4− /− mice compared to contralateral controls 
(Supplementary Fig. 2A). Moreover, hippocampal injection of pKr-2 in 
WT mice increased the expression levels of TNF-α, IL-1β, and iNOS in 
Iba1-positive microglia, as demonstrated by immunofluorescence 
staining performed on day 1 following pKr-2 administration; however, 
this increase was not observed in TLR4− /− mice (Fig. 3B). 

Western blotting demonstrated that pKr-2 administration signifi
cantly increased the protein levels of p-c-Jun, PU.1, and neurotoxic in
flammatory molecules, such as TNF-α, IL-1β, and iNOS, in the 
hippocampi of pKr-2-treated WT mice compared to intact controls 
(Fig. 4A; *p < 0.001 vs. non-treated WT mice). We also confirmed 
changes in TLR4 expression in both pKr-2-treated WT and TLR4− /−

groups (Fig. 4A; *p < 0.001 vs. non-treated WT mice; #p < 0.001 vs. pKr- 
2-treated WT mice). In addition, our results demonstrated that the in
crease in p-c-Jun and PU.1 protein levels following pKr-2 administration 
was observed in TLR4− /− mice (Fig. 4A; &p < 0.001 vs. non-treated 
TLR4− /− mice); moreover, there were no significant difference in p-c- 
Jun and PU.1 expression in the hippocampi of pKr-2-treated WT and 
TLR4− /− mice (Fig. 4A; NS, no significance), indicating that pKr-2 
upregulation affected the increase in transcription factors for TLR4. 
However, the observed increase in the levels of inflammatory molecules, 
such as TNF-α, IL-1β, and iNOS, was significantly diminished in TLR4− /−
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Fig. 2. Upregulation of TLR4 and its transcription factors in the hippocampi of pKr-2-treated mice. (A) Schematic representing the intrahippocampal injection in the 
mouse brain. Created with http://biorender.com. To investigate whether there are changes in the protein levels of TLR4 and its transcription factors at early time 
points after pKr-2 overexpression, we examined the protein levels of p-c-Jun and PU.1 as transcriptional factors for TLR4 expression following an intrahippocampal 
unilateral (right side) injection of pKr-2 in the male mouse brain in a time-dependent manner (15 m, 30 m, 1 h, 3 h and 24 h after pKr-2 injection). (B) Western 
blotting for TLR4, p-c-Jun, c-Jun, and PU.1 expression in the hippocampi at 15 min, 30 min, 1 h, 3 h, and 24 h following intrahippocampal injection of pKr-2. *p <
0.05, **p < 0.01, and ***p < 0.001 vs. intact controls (one-way ANOVA with Tukey’s post-hoc analysis; n = 5 for each group). (C) Immunofluorescence double 
staining for Iba1 (green) and TLR4 (red) or GFAP (green) and TLR4 (red) in the hippocampal CA1 region on day 1 following PBS or pKr-2 injection. White arrowheads 
indicate an increase in TLR4 expression co-localized within the microglia. Scale bar, 10 μm. (D) Immunofluorescence double staining for Iba1 (red) and p-c-Jun 
(green), or Iba1 and PU.1 (green), GFAP (red) and p-c-Jun (green), or GFAP (red) and PU.1 (green) in the hippocampal CA1 regions at 24 h after PBS or pKr-2 
injection. Scale bar, 10 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Inhibition of pKr-2-induced microglial activation resulting in neuroinflammation in the hippocampi of TLR4− /− mice (A) Hippocampal sections obtained 
from male WT and TLR4− /− mice are immunostained with anti-Iba1 antibody (brown color) on 1 and 7 days following pKr-2 administration. The image in each 
rectangular box is magnified in the bottom panel. Scale bars, 500 and 50 μm, respectively. (B) Immunofluorescence double staining for Iba1 (green) and TNF-α (red), 
Iba1 (green) and IL-1β (red), and Iba1 (green) and iNOS (red) in the hippocampi of WT and TLR4− /− mice at 1 day following pKr-2 administration. White arrowheads 
indicate microglial cells co-localized with each inflammatory molecule. Scale bar, 20 μm. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
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mice (Fig. 4A; #p < 0.001 vs. pKr-2-treated WT mice). These results 
suggest that pKr-2 activates p-c-Jun and PU.1, which in turn positively 
regulates TLR4-triggered cytokine and inflammatory molecules pro
duced in the hippocampus of the adult brain. 

Furthermore, we investigated the number of preserved hippocampal 
neurons stained with anti-NeuN in the hippocampal CA1 regions of WT 
and TLR4− /− mice at 7 days following pKr-2 administration. Consistent 
with the findings of inhibition of pKr-2-induced microglial activation in 
TLR4− /− mice, pKr-2 administration induced the loss of hippocampal 
CA1 neurons in WT mice; however, the neuronal loss was not evident in 
TLR4− /− mice (Fig. 4B; ***p < 0.001 vs. CON; #p < 0.05 vs. pKr-2- 
treated WT mice). PBS-treated WT and TLR4− /− mice showed no signs 
of neurotoxicity (Supplementary Fig. 2B). Thus, our results suggest that 
pKr-2-induced microglial TLR4 may be a major mediator of pKr-2- 
induced neuroinflammation and neurotoxicity in the adult brain. 

3.4. pKr-2 administration causes object cognitive impairment in WT mice 
but not in TLR4− /− mice 

We investigated the differences in pKr-2-induced object cognitive 
impairment between WT and TLR4− /− mice treated with bilateral in
jections of pKr-2 in the CA1 region of the hippocampus of mice (Fig. 5A). 
The mice were subjected to two behavioral tests for object recognition, 
namely, novel object recognition and object location recognition (Kim 
et al., 2022), as depicted in the experimental schematic (Fig. 5A). In the 
novel object recognition test, the exploration time for the novel object 
(at 24 h after exploring two identical objects) was significantly shorter in 
pKr-2-injected WT mice than in non-treated control mice (Fig. 5B; **p <
0.01 vs. non-treated WT mice); however, the observed decline in 
recognition memory following pKr-2 administration in WT mice was 
significantly preserved in pKr-2-injected TLR4− /− mice (Fig. 5B; #p <
0.05 vs. pKr-2-injected WT mice). Similarly, in the object location 
recognition test, the exploration time for the location-changed object (at 

Fig. 4. pKr-2 administration leads to 
neurotoxicity mediated by TLR4 induction 
in the hippocampus in vivo. To examine the 
protein levels of neuroinflammatory mole
cules at the early time point after pKr-2 
overexpression, we checked 1 day after 
pKr-2 injection in the hippocampi of male 
WT and TLR4− /− mice. Moreover, to inves
tigate the neurotoxicity caused by the pKr-2 
injection, we checked the hippocampi of 
male WT and TLR4− /− mice, 7 days after the 
injection. (A) Western blot analysis of TLR4, 
p-c-Jun, PU.1, TNF-α, IL-1β, and iNOS pro
tein levels in the hippocampus at day 1 
following pKr-2 administration. *p < 0.001 
vs. non-treated WT mice; &p < 0.001 vs. non- 
treated TLR4− /− mice; #p < 0.001 vs. pKr-2- 
treated WT mice; NS, no significance (two- 
way ANOVA with Tukey’s post-hoc analysis; 
n = 5 for each group). (B) Representative 
images of immunohistochemical staining for 
anti-NeuN at day 7 following pKr-2 admin
istration. Each image within a rectangular 
box is magnified in the bottom panel. Scale 
bars, 500 and 50 μm, respectively. The his
togram quantitatively demonstrates NeuN- 
positive neurons in the counting area of the 
ipsilateral injection side compared to those 
of the contralateral control side (CON). ***p 
< 0.001 vs. CON; #p < 0.05 vs. pKr-2-treated 
WT mice (two-way ANOVA with Tukey’s 
post hoc analysis; n = 5 for each group).   
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24 h after exploring two identical objects) was significantly shorter in 
pKr-2-injected WT mice than in non-treated WT mice (Fig. 5C; **p <
0.01 vs. non-treated WT mice). However, pKr-2-injected TLR4− /− mice 
did not exhibit significant object recognition impairment as observed in 
pKr-2-injected WT mice (Fig. 5C; #p < 0.05 vs. pKr-2-injected WT mice). 

3.5. Inhibition of hippocampal pKr-2 expression reduces TLR4 
upregulation in 5XFAD mice 

To further investigate whether inhibition of pKr-2 reduces TLR4 and 
its transcriptional factors in the hippocampi of 5XFAD mice, we carried 
out the following two experiments: 1) 2-month-old 5XFAD mice were 
provided with caffeine water (0.6 mg/mL; Fig. 6A) for 7 months to 
enhance the BBB and prevent penetration of pKr-2 into the brain (Chen 
et al., 2008, 2010; Kim et al., 2022); and 2) 2-month-old 5XFAD mice 
received oral administration of rivaroxaban (2 mg/kg/day in 1% 
ethanol; Fig. 6C), an inhibitor of factor Xa (Perzborn et al., 2010; Verma 
and Brighton, 2009). Brain samples were collected when the mice were 
aged nine months to measure the protein levels of pKr-2, TLR4, and 
TLR4 transcription factors. The results shown in Fig. 6B revealed a sig
nificant increase in the protein levels of pKr-2 and TLR4 in the hippo
campi of 9-month-old 5XFAD mice compared to WT mice (Fig. 6B; *p <
0.001 vs. 9-month-old WT mice). Additionally, p-c-Jun and PU.1 
increased significantly in the hippocampi of 9-month-old 5XFAD mice 
(Fig. 6B; *p < 0.001 vs. 9-month-old WT mice). However, caffeine supply 
significantly attenuated the increased levels of pKr-2, TLR4, p-c-Jun, and 
PU.1 in the hippocampi of 5XFAD mice (Fig. 6B; #p < 0.001 vs. 
unsupplied 5XFAD mice). Similar to the results regarding caffeine sup
ply, the increased protein levels of pKr-2, TLR4, and TLR4 transcription 
factors in 5XFAD mice were significantly decreased by oral 

administration of rivaroxaban for three months from the age of six 
months to 5XFAD mice (Fig. 6D; *p < 0.001 vs. 9-month-old WT mice; 
#p < 0.001 vs. non-treated 5XFAD mice). However, the protein levels of 
Aβ were not altered by either caffeine supply or rivaroxaban treatment 
(Supplementary Fig. 3; *p < 0.001 vs. 9-month-old WT mice) (Kim et al., 
2022). Altogether, these results indicate that pKr-2 may play a crucial 
role in the induction of TLR4, which, in turn, is controlled by tran
scriptional activation. 

4. Discussion 

Previous studies have established that microglia activated through 
the TLR4-mediated signaling pathway undergo phagocytic morpholog
ical changes in the brain, which result in the production of pro- 
inflammatory mediators, such as cytokines, chemokines, iNOS, and 
cyclooxygenase-2, ultimately resulting in neuronal damage, which may 
be crucial for AD initiation and progression (Choi et al., 2005; Heneka 
et al., 2015; Hensley, 2010; Heppner et al., 2015; Leem et al., 2016; 
Merlini et al., 2019; Shin et al., 2015). Recently, we demonstrated that 
pKr-2, a domain of prothrombin generated during its cleavage by active 
thrombin (Leem et al., 2016; Mann, 1976; Shin et al., 2015; Taneda 
et al., 1994), does not cause direct neurotoxicity (Kim et al., 2010) but 
can activate microglia, and the resulting production of neuro
inflammatory cytokines from pKr-2 upregulation may contribute to 
neurodegeneration in the nigrostriatal DA system of the murine brain 
(Leem et al., 2016; Shin et al., 2015). In this study, we aimed to decipher 
whether the upregulation of pKr-2, which is seen in the hippocampi of 
AD patients, contributes to TLR4 upregulation in microglia, resulting in 
microglial activation and neurotoxic inflammation in the adult brain. 
Our results provide experimental evidence for the role of pKr-2 in 

Fig. 5. Intrahippocampal administration of 
pKr-2 induces cognitive impairment in WT 
mice. (A) Behavioral tests (Novel object 
recognition test, Location-changed object 
recognition test) for assessing object recog
nition are conducted on day 8 following 
bilateral injections of pKr-2 into the hippo
campal CA1 regions of male WT and TLR4− / 

− mice. (B) Novel object recognition tests 
(familiar object: purple square; novel object: 
blue square). Results are represented as the 
time ratio exploring the novel object (novel 
object/total object exploring time). **p <
0.01 vs. non-treated WT mice; #p < 0.05 vs. 
pKr-2-treated WT mice (two-way ANOVA 
with Tukey’s post-hoc analysis; n = 8 for 
each group). (C) Object location recognition 
tests (familiar object: purple square; 
location-changed object: blue square). Re
sults are represented as the time ratio 
exploring the location-changed object (loca
tion-changed object/total object exploring 
time). **p < 0.01 vs. non-treated WT mice; 
#p < 0.05 vs. pKr-2-treated WT mice (two- 
way ANOVA with Tukey’s post-hoc analysis; 
n = 8 for each group). (For interpretation of 
the references to color in this figure legend, 
the reader is referred to the Web version of 
this article.)   
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microglial TLR4-mediated neuroinflammatory responses via the upre
gulation of transcription factors for TLR4 induction. Although an in
crease in protein levels of p-c-Jun and PU.1 as transcriptional factors for 
TLR4 expression was observed following pKr-2 administration in 
TLR4− /− mice, pKr-2-increased-neuroinflammatory molecules, such as 
TNF-α, IL-1β, and iNOS, in WT mice were significantly diminished in 
TLR4− /− mice (Fig. 4A). These results demonstrated that pKr-2-induced 
microglial activation in the hippocampus of the adult brain requires 
TLR4 expression. Hence, limiting pKr-2-induced microglial activation 
may be an effective therapeutic strategy for protecting hippocampal 
neurons in the adult brain. In addition, the control of pKr-2 upregulation 
by rivaroxaban or caffeine treatment in 5XFAD mice, which results in 
the protection of hippocampal neurons and cognitive function by 
impeding microglial activation (Kim et al., 2022), inhibited transcrip
tional activation of TLR4 expression (Fig. 6). Considered together with 
our previous data, the present results not only provide the first evidence 
of the critical role of TLR4 response in pKr-2-induced microglial acti
vation but also provide new insight into the basic mechanisms involved 
in pKr-2-induced neuroinflammatory damage in the hippocampus of the 
adult brain. Moreover, since neuroinflammation contributes to the pa
thology and progression of a wide range of neurodegenerative disorders, 
these findings could explain the previously reported association between 
specific protein levels in blood and AD (Choi et al., 2005; Kim et al., 
2022; Merlini et al., 2019). 

Increased levels of both prothrombin and thrombin have been pre
viously reported in the brains of patients with AD and PD (Arai et al., 
2006; Ishida et al., 2006; Leem et al., 2016; Sokolova and Reiser, 2008). 
Additionally, pKr-2 expression is also upregulated in the brains of pa
tients with neurodegenerative disorders (Kim et al., 2010; Leem et al., 
2016; Mann, 1976; Shin et al., 2015; Taneda et al., 1994). We recently 
reported on the upregulation of pKr-2 in the hippocampus of 5XFAD 
mice and that inhibition of pKr-2 upregulation through BBB reinforce
ment and control of enzyme activity associated with its production could 
decrease neurotoxic symptoms in 5XFAD mice (Kim et al., 2022). 
However, we did not assess the potential pathways involved in 
pKr-2-mediated neurodegeneration and cognitive impairment. Based on 
previous reports, it is presumed that pKr-2 upregulation induces 
microglia-mediated neuroinflammation in the hippocampus (Chung 
et al., 2020); however, no report clearly describes the role of pKr-2 
associated with the neuroinflammatory mechanisms that cause neuro
degeneration in the hippocampus of an adult brain. Moreover, it remains 
unexplored whether an increase in pKr-2 expression is associated with 
the transcriptional regulation of microglial TLR4. TLR4 is the 
best-characterized inflammation inducer activated against various 
pathogen-associated molecular patterns (PAMPs), damage-associated 
molecular patterns (DAMPs), and endogenous stimuli (Liew et al., 
2005). As the immune system needs to constantly strike a balance be
tween activation and inhibition to avoid harmful and unwarranted 

Fig. 6. Inhibition of pKr-2 expression by 
caffeine supply or rivaroxaban treatment 
decreases TLR4 transcription factors in the 
hippocampi of 5XFAD mice. (A) Experi
mental schematic demonstrating caffeine 
(0.6 mg/mL) supply. (B) Western blot anal
ysis of pKr-2, TLR4, p-c-Jun, PU.1 protein 
levels in the hippocampi of male and female 
WT and 5XFAD mice aged seven months 
following caffeine supply. *p < 0.001 vs. WT 
mice; #p < 0.001 vs. unsupplied 5XFAD 
mice; (one-way ANOVA with Tukey’s post- 
hoc analysis; n = 5 for each group). (C) 
Experimental schematic demonstrating 
rivaroxaban (2 mg/kg/day) oral treatment. 
(D) Western blot analysis of pKr-2, TLR4, p- 
c-Jun, PU.1 protein levels in the hippocampi 
of male and female WT and 5XFAD mice 
aged three months following rivaroxaban 
oral administration. *p < 0.001 vs. WT mice; 
#p < 0.001 vs. non-treated 5XFAD mice; 
(one-way ANOVA with Tukey’s post hoc 
analysis; n = 5 for each group).   
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inflammatory responses, TLR signaling should be tightly regulated 
(Kumar, 2019). A crucial point of its control is at the level of gene 
transcription, which in turn is controlled by several transcription fac
tors, as well as various transcriptional co-regulators and co-repressors 
(Medzhitov and Horng, 2009; Rosenfeld et al., 2006). 

In previous studies, pKr-2 upregulation has been shown to strongly 
induce microglial TLR4 upregulation, resulting in neurodegeneration in 
the nigrostriatal DA system in vivo (Leem et al., 2016; Shin et al., 2015), 
thus, suggesting that pKr-2-induced TLR4 overexpression and the TLR4 
signaling pathway may be important mechanisms for harmful microglial 
activation that contributes to neurodegeneration and cognitive impair
ment (Fellner et al., 2013; Jung et al., 2005; Reed-Geaghan et al., 2009). 
Here, we first determined whether the levels of TLR4 expression and 
TLR4-associated transcription factors, PU.1 and p-c-Jun, were increased 
in the brains of patients with AD; we measured their expression via 
western blotting in postmortem human hippocampal tissues obtained 
from control and AD brains (Fig. 1). Microglia are reported to recruit 
PU.1, an important lineage-determining transcription factor (LDTF), 
which mediates cell-type specific responses to inflammatory signals 
following the detection of pathogens or tissue damage (Davies et al., 
2013; Medzhitov and Horng, 2009). Moreover, PU.1 binds to most en
hancers in mouse and human microglia, thereby integrating cellular 
signaling pathways and emphasizing its crucial role in establishing the 
microglial enhancer landscape (Gosselin et al., 2014, 2017; Kierdorf 
et al., 2013). PU.1 deficiency also ablates microglia in mice (Kierdorf 
et al., 2013). Furthermore, c-Jun also plays a critical role during forced 
overexpression of TLR4, since they act as crucial mediators of 
pro-inflammatory responses in microglia (Tsatsanis et al., 2006; Waetzig 
et al., 2005). Additionally, the complex formation of PU.1 and c-Jun is 
essential for inflammatory gene expression (Gupta et al., 2009). 

However, the existence of an endogenous molecules capable of 
inducing hippocampal neurodegeneration through microglial activation 
via TLR4 induction remained unclear. Here, we found that levels of 
TLR4 and TLR4-associated transcription factors as well as pKr-2 were 
elevated in the hippocampus of AD patients compared to their age- 
matched controls (Fig. 1), suggesting the possibility of a clinical corre
lation between the induction of microglial TLR4 expression and asso
ciated transcription factors following pKr-2 upregulation. We observed 
that an increase in TLR4 expression following pKr-2 administration was 
positively correlated with the expression levels of PU.1 and phosphor
ylation of c-Jun in the mouse hippocampus in a time-dependent manner, 
thus providing evidence for influencing transcriptional regulation of 
TLR4 expression following pKr-2 administration (Fig. 2). Although the 
pattern of TLR4 expression in the brain is still debated, microglia are 
considered as resident cells for TLR4-mediated neuroinflammatory re
sponses (Kielian, 2006; Olson and Miller, 2004). Furthermore, several 
reports have also demonstrated TLR4 expression in various types of 
brain cells, including astrocytes, oligodendrocytes, and neurons 
(Bowman et al., 2003; Lehnardt et al., 2006; Tang et al., 2007). We 
observed that pKr-2 expression was co-localized within activated 
microglia in the present investigation, which was in line with the study 
findings of Lehnardt et al. (2002) demonstrating that TLR4 was mainly 
expressed in microglia (Fig. 2C). Moreover, increased PU.1 and p-c-Jun 
expression was mainly upregulated in Iba1-positive microglia in the 
hippocampus at 24 h following pKr-2 administration (Fig. 2D). Based on 
these collective findings, we can speculate an intriguing possibility that 
PU.1 and c-Jun may modulate each other’s activity, and in the case of 
pKr-2, their activation might upregulate TLR4 signaling, thus orches
trates the neuroinflammatory responses. This is further corroborated by 
the results of the studies conducted by Behre et al. (1999), Joo et al. 
(2009), and Rehli et al. (2000), which showed that formation of a 
complex between PU.1 and c-Jun is essential for the expression of in
flammatory genes including those encoding TLR4 and COX-2 (Behre 
et al., 1999; Joo et al., 2009; Rehli et al., 2000). Inactivation of c-Jun 
following treatment with JNK or p38 kinase inhibitors abolished this 
complex formation and suppressed PU.1 transcriptional activity (Joo 

et al., 2009). 
Little evidence exists that indicates the role of endogenous molecules 

capable of inducing hippocampal neurodegeneration and impaired ob
ject cognition via neuroinflammatory responses through microglial 
activation without a direct neurotoxic effect (Choi et al., 2005; Chung 
et al., 2020; Kim et al., 2022; Merlini et al., 2019). Our experimental 
results revealed that pKr-2 administration induced a loss of NeuN 
expression in WT mice but not in TLR4− /− mice, and the increase in the 
protein levels of neuroinflammatory molecules caused by pKr-2 
administration in WT mice was not observed in TLR4− /− mice (Figs. 3 
and 4). Our findings further indicated that pKr-2 upregulation contrib
utes to cognitive impairment (Fig. 5) owing to neurodegeneration 
attributed to neurotoxic inflammatory responses in the hippocampus in 
vivo, which was not observed in TLR4− /− mice. Moreover, 
pKr-2-induced microglial-mediated neuroinflammation was dramati
cally attenuated in TLR4− /− mice compared to WT mice (Figs. 3 and 4). 
These outcomes were consistent with studies conducted by Tang et al., 
Hyakkoku et al., and Lehnardt et al. (Hyakkoku et al., 2010; Lehnardt 
et al., 2002; Tang et al., 2007), indicating that knocking out or inhibiting 
TLR4 results in neuroprotective effects (Cui et al., 2020). Interestingly, 
transcription factors were increased when pKr-2 was injected into 
TLR4− /− mice; however, no significant increase was observed in the 
cytokines and pro-inflammatory marker levels (Fig. 4). These observa
tions provide compelling evidence that activation of TLR4 expression by 
PU.1 and p-c-Jun is important for pKr-2 mediated neuroinflammation 
and subsequent neurodegeneration. 

Our data are consistent with the findings of our previous study, 
which demonstrated that BBB dysfunction preservation via caffeine 
supply or by factor Xa inhibition associated with thrombin production 
by rivaroxaban can inhibit pKr-2 upregulation and reduce the corre
sponding neurotoxic conditions, such as the secretion of cytokines and 
pro-inflammatory markers, which in turn are responsible for hippo
campal neurodegeneration and decline in object recognition in vivo (Kim 
et al., 2022). However, our study expands on previous work by 
demonstrating that TLR4 activation via pKr-2 depends on PU.1 and 
c-Jun activation during leakage of endogenous molecules from an 
impaired BBB. The results indicate that PU.1 and c-Jun activation by 
pKr-2 upregulation activates the TLR4 signaling pathway, which is 
supported by the observation that the effects of pKr-2 on the phos
phorylation of c-Jun and PU.1 were reversed by inhibiting pKr-2 via 
caffeine and rivaroxaban administration (Fig. 6). These results were 
consistent with earlier observations in TLR4− /− mice, where after pKr-2 
administration, an increase in transcription factor levels consistent with 
the reduction in microglia-mediated neuroinflammation was observed 
in the absence of the TLR4 gene (Fig. 4). Considered together with our 
previous studies, the present data indicate that pKr-2 activates TLR4 
upregulation in microglia and is an important determinant of neuro
inflammatory changes that occur in the hippocampus of AD brain. 

To determine whether this pathway operates the same way in the 
presence of specific inhibitors and to examine the significance of pKr-2 
blockage or modulation of TLR4 in AD, further research is required. 
Furthermore, it is yet unknown whether pKr-2 requires binding for its 
activity. Henceforth, we cannot rule out the possibility that another 
mechanism may also be involved in pKr-2-induced neurotoxicity. 
However, our observation in the present study shows that the upregu
lation of pKr-2, which is a major endogenous activator of microglial 
activation, results in microglial TLR4 upregulation by activating the 
transcription factors PU.1 and c-Jun, which contributes to hippocampal 
neurodegeneration and object cognition impairment in adult mice, since 
activation of this pathway resulted in the production of neurotoxic 
molecules such as TNF-α, IL-1β, and iNOS form activated microglia 
(Fig. 7). Therefore, our current findings suggest that control of pKr-2- 
induced TLR4 upregulation in microglia could be crucial in preventing 
hippocampal neurodegeneration in AD. 
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