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Abstract
Background Alzheimer's disease (AD) is one of the most prevalent neurodegenerative disorders
characterized by gradual memory loss and neuropsychiatric symptoms. We have previously
demonstrated that the 2-({3-[2-(1-Cyclohexen-1-yl)ethyl]-6,7-dimethoxy-4-oxo-3,4-dihydro-2-
quinazolinyl}sulfanyl)-N-(4-ethylphenyl)butanamide (K284-6111), the inhibitor of CHI3L1, has an
inhibitory effect on memory impairment in Αβ infusion mouse model and on LPS-induced
neuroin�ammation in the murine BV-2 microglia and primary cultured astrocyte.

Methods In the present study, we investigated that the inhibitory effect of K284-6111 on memory
dysfunction and neuroin�ammation in Tg2576 transgenic mice, and more detailed correlation of CHI3L1
and AD. To investigate the effects of K284-6111 on memory dysfunction, we administered K284-6111 (3
mg/kg, p.o.) daily for four weeks to Tg2576, followed by behavioral tests of water maze test, probe test,
and passive avoidance test.

Results Administration of K284-6111 alleviated memory impairment in Tg2576 mice and had the effect
of reducing accumulation of Aβ and neuroin�ammatory responses in the mouse brain. K284-6111
treatment also selectively inactivated ERK and NF-κB pathways, which were activated when CHI3L1 was
overexpressed, in mouse brain and in BV-2 cells. Web-based gene network analysis and our results of
gene expression level in BV-2 cells showed that CHI3L1 is closely correlated with PTX3. Our result
revealed that knockdown of PTX3 has inhibitory effect on the production of in�ammatory proteins and
cytokines, and on the phosphorylation of ERK and IκBα.

Conclusion These results suggest that K284-6111 could improve memory dysfunction by alleviating
neuroin�ammation through inhibiting CHI3L1 through blocking ERK dependent PTX3 pathway.

1. Background
Alzheimer's disease (AD) is the most common neurodegenerative disease, with 46.8 million people
currently suffering from AD worldwide, and the number is expected to reach 131.5 million by 2050 [1]. AD
is generally characterized by reduced cognitive function, including memory loss, but it is also
characterized by behavioral or psychological symptoms such as anxiety, depression and delusions [2].
Despite decades of research, AD is still one of the major human medical challenge that is incurable [3].
Currently, there are six FDA-approved drugs for treating AD, but none of them stop the progression or
provide any fundamental treatment for AD [4].

The pathological features of AD are accumulation of β-amyloid (Aβ) plaques, neuro�brillary tangles,
cerebral atrophy, and neuroin�ammation [5, 6] It is known that neuroin�ammatory responses occur in the
AD brain, such as changes in morphology and distribution of microglia and astrocytes, and increased
expression of in�ammatory mediators [7]. One of the major factors involved in neuroin�ammation in the
central nervous system (CNS) is the activation of microglia, which is the major cell type in CNS and has a
role of immune function in CNS whenever injure occurs [8, 9]. Microglia have two types of activation
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phenotype within the in�ammatory environment: the traditional activation (M1) phenotype and the
alternative activation (M2) phenotype [8, 9]. The M1 phenotype is the pro-in�ammatory microglia, the
main characteristic of which is the production of pro-in�ammatory mediators such as pro-in�ammatory
cytokines including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, and in�ammatory proteins [10,
11]. On the other hand, the M2 phenotype is the anti-in�ammatory microglia, the main characteristic of
which is the production of anti-in�ammatory mediators such as anti-in�ammatory cytokines including
arginase-1 (Arg1), transforming growth factor β1 (TGFβ1), and Mannose receptor C-type 1 (MRC1), and
immunosuppressive proteins [10, 11]. Previous studies have shown that in�ammatory damage due to
excessive M1 microglia activation and dysfunction of M2 microglia further develop AD [12]. In the
APP/PS1 AD mouse model, markers of the M1 microglia phenotype, such as CD36, CD14, CD11c, MHC-II
and iNOS, in particular strong expression of CD11b and TREM2 and highly activated phenotypes
surrounding synaptic clefts were increased [13]. In the brain of AD patients, apoptotic and pro-
in�ammatory signaling including M1 microglia phenotypes such as IFN-γ, and IL-1β are up-regulated [8].

Chitinase-3-like 1 (CHI3L1), which is expressed in various cell types including epithelial cells, smooth
muscle cells, macrophages, and neutrophils, is a glycoprotein that binds to chitin, but lacks chitin
hydrolase activity[14, 15]. There is growing evidence showing that CHI3L1 plays an critical role in
in�ammation, proliferation, and angiogenesis, and is associated with a lot of disease including
rheumatoid arthritis, liver �brosis, in�ammatory bowel disease, and neurological diseases [16, 17].
Especially, CHI3L1 is up-regulated in various diseases characterized by chronic in�ammation [18, 19]. It is
known that pro-in�ammatory cytokines such as IFN-γ, TNF-α, IL-1β, and IL-6 are involved in the
expression of CHI3L1 [20]. The excessive increase in CHI3L1 can have unpredictable pathological effects
by initiating and persisting chronic in�ammation [21]. Several clinical studies reported that the elevation
of CHI3L1 was observed in patients suffering from a wide range of diseases: cancer, metabolic, and
neurological diseases [22–27]. Recent studies have shown a signi�cant increase in CHI3L1 in
cerebrospinal �uid in AD patients, correlating with widely accepted biomarkers of AD such as tau proteins
or Aβ [28].

Pentraxin-3 (PTX3) is the prototypic member of the long pentraxin family and is expressed in a variety
cell types, including monocytes, macrophages, dendritic cells, adipocyte, �broblasts, vascular smooth
muscle cells, and endothelial cells [29]. PTX3 can be upregulated by lipopolysaccharide (LPS), IL-1β, IL-
10, and TNF-α [30]. Zhao et al. reported that knockdown of PTX3 inhibited the production of nitric oxide
and the expression of iNOS in HUVEC cells [31]. Ko et al. reported that PTX3 secretion exacerbate
neuronal cell death, therefore, PTX3 secretion could worsen AD [32]. Using the web-based gene network
analysis, we found that PTX3 was associated with CHI3L1 (Fig. 7A). However, the involvement of PTX3 in
the CHI3L1-mediated neuroin�ammation and the role of PTX3 in microglia polarization still unclear.

In our previous study, we found that the 2-({3-[2-(1-Cyclohexen-1-yl)ethyl]-6,7-dimethoxy-4-oxo-3,4-dihydro-
2-quinazolinyl}sulfanyl)-N-(4-ethylphenyl)butanamide (K284-6111) alleviated memory dysfunction and
neuroin�ammation by inhibiting CHI3L1 in Αβ infusion AD mouse model [33]. However, studies of the
detailed mechanisms of K284-6111 that inhibits neuroin�ammation and memory impairment by



Page 4/28

inhibition of CHI3L1 function have not been performed yet. In the present study, we investigated that
K284-6111 could exert these inhibitory effects in another AD mouse model, Tg2576 transgenic mice, and
the more detailed mechanisms of K284-6111 action.

2. Methods

2.1 Materials
The 2-({3-[2-(1-Cyclohexen-1-yl)ethyl]-6,7-dimethoxy-4-oxo-3,4-dihydro-2-quinazolinyl}sulfanyl)-N-(4-
ethylphenyl)butanamide (K284-6111) was synthesized by Professor Jae-Kyung Jung, a specialist in
pharmaceutical organic chemistry. The K284-6111 was dissolved in Dimethyl sulfoxide (DMSO; �nal
concentration of 100 µM) and stored at -20 °C until use. The Aβ1−42 was purchased from Sigma Aldrich
(St. Louis, MO, USA). The U0126, SP600125, SB203580, and Bay 11-7082 were purchased from Sigma
Aldrich (St. Louis, MO, USA).

2.2 Animal and treatment
Twelve-month-old Tg2576 mice were maintained and handled in accordance with the guidelines for
animal experiments of the institutional animal care and use committee of the Laboratory Animal
Research Center at Chungbuk National University, Korea (ethics approval No. CBNUA-1329-19-01). All
efforts were made to minimize animal suffering and to reduce the number of animals used. All mice were
housed in 4-mouse cages with automatic temperature control (21 °C-25 °C) at relative humidity levels of
45–65% with a 12-hour light-dark cycle. Food and water were provided ad libitum. Tg2576 mice harboring
human APP695 with Swedish double mutation (hAPP; HuAPP695; K670N/M671L) were purchased from
Taconic Farms (Germantown, NY, USA), and the strain was maintained in the animal laboratory at
Chungbuk National University. Tg2576 mice were randomly divided into two groups: ( ) the control
vehicle-treated group and ( ) the K284-6111 (3 mg/kg)-treated group. The K284-6111 was administered
by oral gavage for 4 weeks daily. The K284-6111 solution to be administered to the mice was prepared by
dissolving K284-6111 stock (100 µM) dissolved in DMSO in saline to the dose of 3 mg/kg. Control mice
were alternatively given an equal volume of vehicle. The behavioral tests of learning and memory
capacity were assessed using the water maze, probe, and passive avoidance tests. Mice were sacri�ced
after behavioral tests by CO2 asphyxiation.

2.3 Morris Water Maze
The water maze test is a commonly accepted method for assessing cognitive function, and we performed
as described by Morris et al [34]. Maze testing was carried out by the SMART-CS (Panlab, Barcelona,
Spain) program and equipment. A circular plastic pool (height: 35 cm, diameter: 100 cm) was �lled with
water made opaque with skim milk kept at 22–25 °C. An escape platform (height: 14.5 cm, diameter:
4.5 cm) was submerged 1-1.5 cm below the surface of the water in position. Testing trials were
performed on a single platform and at two rotational starting positions. Each trial lasted for 60 s or ended
as soon as the mouse reached the submerged platform. After testing trial, the mice were allowed to
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remain on the platform for 120 s and were then returned to their cage. Escape latency and escape
distance of each mouse were monitored by a camera above the center of the pool connected to a SMART-
LD program (Panlab, Barcelona, Spain). A quiet environment, consistent lighting, constant water
temperature and a �xed spatial frame were maintained throughout the experimental period.

2.4 Probe test
To assess memory retention, a probe test was performed 24 h after the water maze test. The platform
was removed from the pool which was used in the water maze test, and the mice were allowed to swim
freely. The swimming pattern of each mouse was monitored and recorded for 60 s using the SMART-LD
program (Panlab, Barcelona, Spain). Retained spatial memory was estimated by the time spent in the
target quadrant area.

2.5 Passive avoidance performance test
The passive avoidance test is generally accepted as a simple method for testing memory. The passive
avoidance response was determined using a “step-through” apparatus (Med Associates Inc., Vermont,
USA) that is divided into an illuminated compartment and a dark compartment (each 20.3 × 15.9 × 
21.3 cm) adjoining each other through a small gate with a grid �oor, 3.175 mm stainless steel rods set
8 mm apart. A training trial was performed 2 days after the probe test. For the training trial the mice were
placed in the illuminated compartment facing away from the dark compartment. When the mice moved
completely into the dark compartment, it received an electric shock (0.45 mA, 3 s duration). Then the mice
were returned to their cage. One day after training trial, the mice were placed in the illuminated
compartment and the latency to enter the dark compartment de�ned as “retention” was measured. The
time taken for the mice entered into the dark compartment was recorded and described as step-through
latency. The cut-off time limit of the retention trials was set at 3 min.

2.6 Collection and preservation of brain tissues
After the completion of all the behavioral tests, the mice were perfused with PBS with heparin under
inhaled CO2 anesthetization. The brain was immediately removed from the skull of mouse, separated into
left and right brain, and randomly allocated either for storage at − 80 °C or �xation in a 10% formalin
solution for 3 days at room temperature.

2.7 Thio�avin S staining
The brain �xed in a 10% formalin solution was embedded in para�n wax, and then the brain was cut into
Sect. 5-µm-thick slices. Thio�avin S staining was performed as described previously [4]. The sections
were mounted in a mounting medium (Vectashield® mounting medium for �uorescence with DAPI;
Vector laboratories, Burlingame, CA, USA). The thio�avin S staining was examined using a confocal
�uorescence microscope (K1-Fluo; Nanoscope systems, Daejeon, Korea) (× 50 and × 200).

2.8 Assay of β-secretase activities
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β-secretase activity in the mice brains was determined using a commercially available β-secretase activity
kit (Abcam, Inc., Cambridge, MA, USA). Solubilized membranes were extracted from hippocampus tissues
using β-secretase extraction buffer, incubated on ice for 1 h and centrifuged at 5000 × g for 10 min at
4 °C. The supernatant was collected. A total of 50 µL of sample (total protein 100 µg) or blank (β-
secretase extraction buffer 50 µL) was added to each well (used 96-well plate) followed by 50 µL of 2X
reaction buffer and 2 µL of β-secretase substrate incubated in the dark at 37 °C for 1 h. Fluorescence was
read at excitation and emission wavelengths of 335 and 495 nm, respectively, using a �uorescence
spectrometer (Gemini EM; Molecular Devices, CA, USA).

2.9 ELISA assay
Cytokine levels (TNF-α, IL-1β, and IL-6) were measured by ELISA kits purchased from KOMA Biotech
(Seoul, Korea) following the manufacturer’s protocol.

2.10 Western blot analysis
Homogenized brain hippocampus tissues were lysed by protein extraction solution (PRO-PREP, iNtRON,
Kyungki-do, Korea) and the total protein concentration was determined using the Bradford reagent (Bio-
Rad, Hercules, CA, USA). 40 µg of extracted protein were separated by SDS/PAGE and transferred to
Immobilon® PVDF membranes (Millipore, Bedford, MA, USA). The membrane was blocked with 5% BSA in
Tris-buffered saline containing 0.05% Tween-20 (TBST) for 1 h at room temperature, followed by
incubation with speci�c primary antibodies for overnight at 4 °C. The membranes were washed with
TBST and incubated with diluted HRP-conjugated secondary antibodies for 1 h at room temperature.
After washes, binding of antibodies to the PVDF membrane was detected using the Immobilon Western
Chemiluminescent HRP Substrate (Millipore, Bedford, MA, USA). The band intensities were measured
using the Fusion FX 7 image acquisition system (Vilber Lourmat, Eberhardzell, Germany) and quanti�ed
using Image J software. To detect target proteins, speci�c primary antibodies against iNOS, IBA-1, GFAP,
APP, and BACE1 (1:1000; Abcam, Inc., Cambridge, UK), COX-2 (1:1000; Novus Biologicals, Inc., CO, USA),
ERK 1/2, p-ERK 1/2, JNK, p38, p-p38, IκBα, and p-IκBα (1:000; Cell signaling Technology, Inc., MA, USA), p-
JNK and β-actin (1:200; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), and PTX3 (1:1000;
Invitrogen, Waltham, MA, USA) were used. The corresponding conjugated secondary antibodies such as
anti-mouse, anti-rabbit and anti-goat purchased from Abcam (Cambridge, UK).

2.11 Immunohistochemistry
The brain �xed in a 10% formalin solution was embedded in para�n wax, and then the brain was cut into
Sect. 5-µm-thick slices. Immunohistochemistry was performed as descrived previously [4]. To detect
target proteins, speci�c antibodies against GFAP, IBA-1, iNOS (1:250; Abcam, Inc., Cambridge, MA, USA),
and COX-2 (1:100, Novus Biologicals, Inc., CO, USA) were used. Brain sections were visualized by a
chromogen diaminobenzidine (Vector Laboratories, Burlingame, CA, USA). Finally, brain sections were
mounted with mounting medium Cytoseal XYL (Thermo Scienti�c, Waltham, MA, USA), and evaluated on
a light microscope (Microscope Axio Imager. A2; Carl Zeiss, Oberkochen, Germany; × 50 and × 200).
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2.12 quantitative real-time PCR
The mRNA level was measured by quantitative real-time polymerase chain reaction(qRT-PCR). Total RNA
was extracted using RiboEX (Geneall biotechnology, Seoul, Korea) from hippocampus tissue and cDNA
was synthesized using High-Capacity cDNA Reverse Transcription kit (Thermo Scienti�c, Waltham, MA,
USA). Quantitative real-time PCR was performed on a 7500 real-time PCR system (Applied Biosystems,
Foster City, CA, USA) for custom-designed primers and β-actin was used for house-keeping control using
HiPi Real-Time PCR SYBR green master mix (ELPIS biotech, Daejeon, Korea). Cycling conditions
consisted of a initial denaturation step of 3 min at 94 °C, a denaturation step of 30 s at 94 °C, an
annealing step of 30 s at 60 °C and an extension step of a minute at 72 °C followed by 40 cycles. The
values obtained for the target gene expression were normalized to β-actin and quanti�ed relative to the
expression in control samples. Each sample was run with the following primer pairs shown in the
supplementary material (Supplementary table S1).

2.13 BV-2 microglial cell culture
Microglial BV-2 cells were obtained from the American Type Culture Collection (Rockville, Maryland,
United States). Microglial BV-2 cells were maintained with serum-supplemented culture media of DMEM
supplemented with FBS (10%) and antibiotics (100 units/mL). The microglial BV-2 were incubated in the
culture medium in a humidi�ed incubator at 37 °C and 5% CO2. The cultured cells were treated with
several concentrations (0.5, 1, 2 µM) of K284 -6111, 2 h before Aβ (5 µM) treatment. The cells were
harvested after 24 h.

2.14 Transfection
BV-2 cells were transiently transfected with siRNA (20 nM/well/6-well plate) or using the Lipofectamine®
RNAiMAX transfection reagent in Opti-MEM, according to the manufacturer’s speci�cation (Invitrogen,
Waltham, MA, USA). BV-2 cells were transiently transfected with pcDNA3.1(+)-6 × Myc-CHI3L1 vector or
control vector using the Lipofectamine® 3000 transfection reagent in OPTI-MEM, according to the
manufacturer’s speci�cation (Invitrogen, Waltham, MA, USA). Negative control (NC), PTX3 siRNA were
purchased from OriGene Technologies, Inc. (Rockville, MD, USA). pcDNA3.1(+)-6 × Myc-CHI3L1 vector was
cloned from Bionics (Seoul, Republic of Korea).

2.15. Gene network analyses
The gene network of CHI3L1 was analyzed using the web-based analysis tool, String (https://string-
db.org), based on the publicly available biological datasets.
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2.16 Statistical analysis
The data were statistically analyzed using the GraphPad Prism software (Version 4.03; GraphPad
software, Inc., San Diego, CA, USA). Data are presented as mean ± S.E.M. The group differences in all
data were assessed by Student’s t test or one-way analysis of variance (ANOVA) followed by the Tukey
multiple comparison test. A value of p < 0.05 was considered statistically signi�cant. *, Signi�cantly
different between two groups (p < 0.05). **, Signi�cantly different between two groups (p < 0.01). ***,
Signi�cantly different between two groups (p < 0.001).

3. Results

3.1 K284-6111 alleviates memory impairment in Tg2576
mice
To assess inhibitory effect of K284-6111 on the memory impairment in Tg2576 AD mouse model, K284-
6111 (3 mg/kg) was orally administered to Tg2576 mice daily for four weeks. After four weeks of
administration, a series of behavioral tests were conducted to evaluate learning ability and memory of the
Tg2576 mice (Fig. 1A). The spatial learning and memory abilities in Tg2576 mice were assessed by the
water maze test. On the �nal day of the water maze, the mean escape latency and swimming distance of
the control group were about 41.6 ± 3.9 s and 3494 ± 238.7 cm, respectively. The K284-6111-treated group
showed signi�cantly decreased the mean escape latency and swimming distance compared to that of
the control group, which were 28.1 ± 2.2 s and 2140 ± 272.4 cm, respectively (p = 0.0055 and p = 0.0016,
respectively; Fig. 1B, 1C). In order to evaluate the effect of K284-6111 on memory consolidation in
Tg2576 mice, the probe test was performed after removing the hidden platform in water the day after the
�nal day of water maze testing. In the probe test, memory consolidation was determined by the
percentage of the mean time spent in the target quadrant where the platform was located. The mean time
spent in the target quadrant was signi�cantly increased in the K284-6111-treated group (24.6 ± 2.7%)
compared to that in the control group (15.2 ± 1.3%) (p = 0.0073; Fig. 1D). To investigate the effect of
K284-6111 on the memory retention ability of Tg2576 mice, the passive avoidance test was carried out.
There was no signi�cant difference between the two groups in the training trial, but K284-6111-treated
group showed higher an average step through latency (171.2 ± 8.8 s) than that in the control group (41.2 
± 8.0 s) in the testing trial (p < 0.0001, Fig. 1E).

3.2 K284-6111 inhibits accumulation of Aβ in Tg2576
mouse brain
The amyloid cascade hypothesis is by far the most well-known and accepted hypothesis of the causes of
AD. According to this hypothesis, Αβ accumulation is highly associated with and is a major cause of AD.
To investigate the effect of K284-6111 on the Aβ plaque accumulation in the brain of Tg2576 mice,
Thio�avin S staining was performed to stain β-sheet-rich structures of Aβ. The accumulation of Aβ
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plaques were reduced in the K284-6111-treated group compared to that in the control group (Fig. 2A).
ELISA was performed to quantitatively measure the inhibitory effect of K284-6111 on Aβ accumulation in
the brain of Tg2576 mice. The Aβ1−42 level in the mouse hippocampus was 180.4 ± 4.1 pg/mg of protein
in the control group and 165.4 ± 3.9 pg/mg of protein in K284-6111-treated group (p = 0.0147; Fig. 2B).
The Aβ1−40 level in the mouse hippocampus was 792.5 ± 16.7 pg/mg of protein in the control group and
733.7 ± 17.2 pg/mg of protein in K284-6111-treated group (p = 0.0231; Fig. 2C). Taken together, the K284-
6111-treated group exhibits signi�cantly lower Aβ levels than that of the control group. To determine how
K284-6111 inhibits Aβ accumulation, we measured the levels of proteins and the activity of β-secretase
involving in Aβ production. The administration of K284-6111 reduced the levels of APP and BACE1 in the
brain of Tg2576 mice detected by the Western blot (Fig. 2D), and signi�cantly reduced the β-secretase
activity in the brain of Tg2576 mice (p = 0.0178; Fig. 2E).

3.3 Effect of K284-6111 against neuroin�ammation in
Tg2576 mouse brain
Increasing evidence suggests that the development of AD is accompanied by neuroin�ammation, such as
the activation of astrocytes or microglia. In order to investigate the effect of K284 on neuroin�ammation,
immunohistochemistry, Western blot, and qRT-PCR were performed to determine changes in factors
associated with neuroin�ammation between the two groups. The number of GFAP (the marker of reactive
astrocyte)-reactive cells and IBA-1 (the marker of activated microglia)-reactive cells was reduced in the
K284-6111-treated group compared to that of the control group. The number of iNOS and COX-2-reactive
cells involved in the neuroin�ammatory response was reduced in the brain of K284-6111-treated group
(Fig. 3A). Consistent with immunohistochemistry results, the expression of GFAP, IBA-1, iNOS, and COX-2
in Western blot results also signi�cantly decreased in the brain of mouse treated with K284 (Fig. 3B).
There have been reports that the activation of microglia to excessive M1 phenotype or dysfunction of M2
phenotype contributes to AD development [12]. To investigate the effect of K284 on two phenotypes of
activated microglia, M1 phenotype and M2 phenotype, which play a major role in neuroin�ammatory
conditions, the expression levels of the markers of M1 microglia (Tnf, Il1b, Il6, and Cd86) and the markers
of M2 microglia (Arg1, Mrc1, Tgfb, and Il10) were determined by qRT-PCR. M1 microglia markers such as
Tnf, Il1b, Il6, and Cd86 were signi�cantly decreased in the brain of the K284-6111-treated group, but M2
microglia markers such as Arg1, Mrc1, Tgfb, and Il10 were hardly affected by the administration of K284-
6111 (n = 10–12; Tnf: p = 0.0019; Il1b: p = 0.0046; Il6: p = 0.0097; Cd86: p = 0.0199; Arg1: p = 0.5442; Mrc1:
p = 0.6494; Tgfb: p = 0.7419; Il10: p = 0.7462) (Fig. 3C).

3.4 Effect of K284-6111 against neuroin�ammation in
murine microglial BV-2 cells
Activation of microglia is considered one of the major factors involved in neuroin�ammation in AD. In
order to explain the inhibitory effect of K284-6111, Nitric Oxide (NO) concentration and expression levels
of in�ammatory proteins and cytokines in BV-2 cells were measured. The NO concentration was elevated
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in the Aβ-treated group, and the NO concentration was decreased by the treatment of K284-6111 in a
concentration-dependent manner (n = 4; F(5, 18) = 106.5, p < 0.0001) (Fig. 4A). The expression of iNOS,
COX-2, and IBA-1 was also signi�cantly increased by Aβ, and decreased in the K284-6111-treated groups
(Fig. 4B). The mRNA expression level of pro-in�ammatory cytokines such as Tnf, Il1b, and Il6, and Cd86
as M1 microglia marker was increased in Aβ-treated group, whereas their expression levels were
signi�cantly reduced by K284-6111 treatment in a concentration dependent manner (n = 3–4; Tnf: F(5,
18) = 40.65, p < 0.0001; Il1b: F(5, 17) = 67.99, p < 0.0001; Il6: F(5, 17) = 75.28, p < 0.0001; Cd86: F(5, 18) = 
54.97, p = 0.0729) (Fig. 4C). The level of pro-in�ammatory cytokines such as TNF-α, IL-1β, and IL-6 were
increased by Aβ treatment, whereas their levels were decreased by K284-6111 treatment (n = 3–4; TNF-α:
F(5, 18) = 252.6, p < 0.0001; IL-1β: F(5, 17) = 11.51, p < 0.0001; IL-6: F(5, 18) = 37.35, p < 0.0001) (Fig. 4D).

3.5 Inhibitory effect of K284-6111 on ERK and NF-κB
signaling pathway
To identify the signaling pathways involved in the anti-neuroin�ammatory effects of K284-6111, the
levels of NF-κB and mitogen-activated protein kinases (MAPK) signaling pathways known to be related in
in�ammation were determined using Western blot analysis in Tg2576 mouse brain and BV-2 microglial
cells. Among the factors involved in these signaling pathways, the levels of p-IκBα, p-ERK1/2 and p-JNK
were reduced in the brain of the K284-6111-treated group (Fig. 5A). In Aβ-induced BV-2 cells, the levels of
p-IκBα and p-ERK were decreased in a concentration-dependent manner in the K284-6111-treated groups
(Fig. 5B). To determine whether NF-κB and ERK signaling pathway are related to each other or to
determine which of the these two signals is the upper signal, ERK inhibitor (U0126; 20 µM), JNK inhibitor
(SP600125; 20 µM), p38 inhibitor (SB203580; 10 µM), and NF-κB inhibitor (Bay 11-7082; 5 µM) were
treated to BV-2 cells and the levels of p-ERK and p-IκBα were measured by Western blot. The level of p-
IκBα was decreased with ERK inhibitor (Fig. 5C). This result suggests that the ERK and NF-κB signals are
implicated in inhibitory effect of K284-6111 on neuroin�ammation. To verify the combination effect of
ERK inhibitor (U0126) and K284-6111 on neuroin�ammation, the microglial BV-2 cells were treated with
Aβ (5 µM), U0126 (20 µM), and K284-6111 (2 µM), and then the levels of M1 microglia markers and
in�ammatory proteins were measured. The intracellular levels of in�ammatory proteins such as iNOS and
COX-2, and the marker of microglia activation, IBA-1, increased by Aβ were reduced by U0126 or K284-
6111 (Fig. 5D). However, when U0126 and K284-6111 were treated together, there was no better anti-
in�ammatory action than when U0126 or K284-6111 was treated respectively. The expression levels of
Tnf, Il1b, Il6, and Cd86, which were increased by Aβ treatment, decreased when treated with U0126 or
K284-6111. When U0126 and K284-6111 were treated together, the mRNA expression levels of Tnf, Il1b,
and Cd86 did not differ from co-treatment and single treatment, whereas the expression level of Il6
showed lower level when treated U0126 and K284-6111 together than single treatment (Fig. 5E).

3.6 Inhibitory effect of K284-6111 on neuroin�ammatory
responses induced by CHI3L1
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In our previous study, we demonstrated that K284-6111 directly binds to CHI3L1 using computational
docking study and that K284-6111 has anti-in�ammatory effect on Aβ-infusion AD mouse model and BV-
2 cells [33]. However, our previous study has not demonstrated whether CHI3L1 could cause
neuroin�ammation and whether K284-6111 could mitigate neuroin�ammatory responses induced by
CHI3L1. Thus, we transfected BV-2 cells with CHI3L1 expression vector and then treated with K284-6111.
BV-2 cells overexpressing CHI3L1 had higher levels of iNOS, COX-2, and IBA-1 and had higher levels of p-
ERK and p-IκBα than that of normal cells (Fig. 6A, 6B). However, these levels elevated in CHI3L1
overexpressing BV-2 cells were decreased by treatment of K284. The expression of M1 microglia markers
such as Tnf, Il1b, Il6, and Cd86 were remarkably increased by CHI3L1 overexpression, however
signi�cantly also decreased by treatment of K284-6111 (n = 6–8; Tnf: F(2, 21) = 186.5, p < 0.0001; Il1b:
F(2, 19) = 108.2, p < 0.0001; Il6: F(2, 20) = 125.9, p < 0.0001; Cd86: F(2, 17) = 17.27, p = 0.0001) (Fig. 6C).

3.7 K284-6111 inhibits PTX3-mediated neuroin�ammation
We screened genes that were reported to be associated with CHI3L1 through web-based GWAS analysis,
and then selected Ptx3 that was reported to be associated with in�ammatory response (Fig. 7A). The
expression of Ptx3 was elevated by Aβ treatment, and the expression of Ptx3 was reduced by the
treatment of K284-6111 (Fig. 7B). In order to investigate the effect of K284-6111 on the level of PTX3 in
the brain of Tg2576 mice and microglial BV-2 cells stimulated by Aβ, we performed Western blot analysis.
In the brains of the K284-6111-treated group, the levels of PTX3 were lower than that of the control group
(Fig. 7C). In BV-2 cells, the PTX3 level was increased by Aβ treatment, and concentration-dependently
decreased by K284-6111 treatment (Fig. 7D). To investigate the correlation between PTX3 and
neuroin�ammation, BV-2 cells were transfected with PTX3 siRNA and the levels of in�ammatory
cytokines were determined by qRT-PCR, and in�ammation related proteins were determined by Western
blotting. In control siRNA-treated cells, the levels of pro-in�ammatory cytokines were signi�cantly
increased by Aβ treatment. However, in PTX3-knockdown BV-2 cells treated Aβ showed signi�cantly lower
expression levels of M1 microglia markers such as Tnf, Il1b, Il6, and Cd86 than normal cells (n = 4–6; Tnf:
F(3, 18) = 38.52, p < 0.0001; Il1b: F(3, 18) = 247.9, p < 0.0001; Il6: F(3, 19) = 121.4, p < 0.0001; Cd86: F(3,
18) = 48.29, p = 0.0001) (Fig. 7E). When PTX3 siRNA was treated, the Aβ-induced levels of iNOS, COX-2,
and p-IκBα were lower in the siRNA-treated group than in the control group (Figs. 7F, 7G). But not in p-ERK
1/2. In order to investigate which signaling pathway is involved in the expression of PTX3, the levels of
PTX3 were measured by western blot in Aβ-treated BV-2 cells or in CHI3L1 overexpressing BV-2 cells with
treatment of ERK inhibitor and NF-kB inhibitor. The level of PTX3 increased when Aβ was treated or when
CHI3L1 was overexpressed, and signi�cantly decreased when U0126 and K284-6111 were treated
(Fig. 7H, 7I).

4. Discussion
Our previous study suggested that K284-6111 could act as an inhibitor of CHI3L1 by directly binding to
CHI3L1 [33]. In this study, we also found that administration of K284-6111 markedly attenuated impaired
cognitive function and memory in Tg2576 AD mouse model. Consistent with the impaired memory and
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cognitive mitigating effects, K284-6111 relieved amyloidogenesis and neuroin�ammation in Tg2576
mouse. In addition, K284-6111 affected the ERK and NF-κB signaling pathways involved in the
neuroin�ammation associated with development and progression of AD.

Neuroin�ammation, which is the activation of microglia and astrocytes, the immune cells of the CNS, is
known to contribute to the development of neurodegenerative diseases [35]. In�ammatory responses,
including the release of pro-in�ammatory cytokines and reactive oxygen species, can damage neurons,
leading to synaptic dysfunction or loss and even neuronal death [36]. Activation of immune cells in brain
and increased expression of pro-in�ammatory cytokines, i.e. neuroin�ammation, is one of the main
features of AD [37]. In serum of AD patients, pro-in�ammatory cytokines such as TNF-α, IL-1β, and IL-6
have been reported to be higher than normal [38, 39]. Nobili et al. showed that neuro-in�ammatory events,
such as activation of microglia and astrocytes, occurred in Tg2576 mice compared to WT mice [40]. In
this study, we showed that administration of K284-6111 resulted in decreased levels of pro-in�ammatory
cytokines such as TNF-α, IL-1β and IL-6 in the brain of Tg2576 mice, while simultaneously inhibiting the
activation of microglia and astrocytes. In addition, K284-6111 had the effect of inhibiting the expression
of Aβ-induced pro-in�ammatory cytokines in BV-2 cells. The expression of iNOS and the increase of NO
synthesis from iNOS contribute to the pathology of AD, and the increased expression of iNOS in the
brains of AD patients has reported [41]. Nathan et al. reported that iNOS de�ciency has a protective effect
against neurotoxicity of Aβ and that iNOS may be considered a major factor in increasing Aβ
accumulation [42]. There are studies showing that COX-2 is upregulated in AD patients’ hippocampus and
there is a study that COX-2 in�uences APP processing and accelerates amyloidogenesis in the brain [43,
44]. We found that K284-6111 reduced the levels of iNOS and COX-2 in the brain of Tg2576 mice and
inhibited Aβ induced iNOS and COX-2 expressions in BV-2 cells. These data suggest that K284-6111
could be effective for AD treatment through inhibition of neuroin�ammation.

CHI3L1 is speci�cally expressed in diseases involving in�ammation, such as in�ammatory bowel
disease, hepatitis and asthma. Little is known about how CHI3L1 functions in the in�ammatory response,
but it plays an critical role in exacerbating the process of in�ammation [45]. In the brain, the activated
microglia due to neuroin�ammation produce CHI3L1 [46]. San�lippo et al. discussed that the secretion of
CHI3L1 by microglia and astrocytes could lead to peripheral immune cell in�ltration including monocyte
and macrophage to brain and consequently could increase neuronal death [22]. Pranzatelli et al. reported
that the CHI3L1 is increased in CSF and serum of in�ammatory neurological disorders in children [47]. In
our previous study, Aβ-induced AD mouse model showed higher level of CHI3L1 in brain compared to that
of controls, and we also demonstrated that CHI3L1-knockdown reduced in�ammatory proteins such as
iNOS and COX-2 in LPS-stimulated BV-2 cells [33]. Consistent with our previous �ndings, the present
study showed that overexpression of CHI3L1 increased expression of pro-in�ammatory cytokines, Cd86,
one of the markers of M1 microglia, and in�ammatory proteins in CHI3L1 overexpressing BV-2 cells.
Other studies have reported that CHI3L1 contributes to polarization to M2 macrophage [48–50], but in our
results, K284-6111-administrated Tg2576 mouse showed lower mRNA level of Tnf, Il1b, Il6, and Cd86.
Moreover, overexpression of CHI3L1 increased the expression of markers of M1 microglia, Tnf, Il1b, Il6,
and Cd86, and inhibited by K284-6111 treatment.
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ERK and NF-κB signals are known to be highly involved in AD and neuroin�ammation. There have been
numerous studies on the relationship between increased Aβ level and activation of ERK pathway,
suggesting that ERK signal could be related to AD [51–53]. Chronic activation of ERK pathway was found
in the hippocampus slide of the Aβ overexpressing AD transgenic animal model [51], moreover, Kirouac et
al. reported that the level of p-ERK in AD patients' brains increased as AD progressed [52]. Park et al.
showed that Asiatic acid inhibited methamphetamine-induced neuroin�ammation through blocking of
ERK pathway [53]. NF-κB could modulate more than 400 different genes including genes engaged in
innate immunity and associated with AD [54]. Chen et al. demonstrated that BACE1, which is deeply
involved in amyloiogenesis, was upregulated when the NF-κB signal was activated [55]. Studies have
been conducted on drugs that have been effective in alleviating AD and neuroin�ammation by inhibiting
the NF-κB signal. Alawdi et al. reported that nanodiamond could exerts neuroprotective effect in AD rat
model through modulating NF-κB signal [56]. In our previous study, bee venom, ethanol extract of
Nannochloropsis oceanica, and punicalagin had inhibitory effect on neuroin�ammation and
amyloidogenesis through blockade of NF-κB pathway [57–59]. Based on our in vivo and in vitro results,
K284-6111 inhibits NF-κB and ERK signaling. The reduction of p-IκBα and of p-ERK in the brain of Tg2576
mice administered K284-6111 were greater than that of p-JNK or p-p38. And we observed that when
K284-6111 was treated in Aβ-induced BV-2 cells, only p-IκBα and p-ERK decreased in a concentration-
dependent manner. We found that ERK and NF-κB signals were activated in BV-2 cells with increased
CHI3L1 expression. The ERK and NF-κB signals activated by CHI3L1 overexpression were inhibited by the
treatment of K284-6111. Consistent with our �ndings, Tang et al. showed that ERK and NF-κB signals
were activated in a concentrate-dependent manner when recombinant CHI3L1 (YKL-40) was treated to
Beas-2B cells [60]. He et al. demonstrated that CHI3L1 binds to IL-13Rα2 and induces ERK, AKT, and Wnt/
β-catenin signals independent of IL-13 pathway [61]. Subramaniam et al. described in their review paper
that CHI3L1 binds to RAGE (Receptor for Advance Glycation End Product), resulting in the activation of
the NF-κB, β-catenin and MAPK signaling pathways [62]. In addition, we observed that p-IκBα was
inhibited when the ERK inhibitor was treated, however, p-ERK was not changed when the NF-κB inhibitor
was treated. Thus, the ERK dependent NF-κB pathway could be associated with reduced
neuroin�ammation by K284-6111.

PTX3 is also known to be involved in the ampli�cation of the in�ammatory response and innate immune
regulation, and therefore it could be a candidate marker for in�ammation in many chronic diseases [63].
We found that PTX3 is associated with CHI3L1 through the web-based GWAS analysis, moreover, we
veri�ed the association between CHI3L1 and PTX3 experimentally in BV-2 cells. The expression of PTX3
was increased when CHI3L1 expression increased, and the expression of PTX3 was decreased when
CHI3L1 knock-downed. We observed that when PTX3 was knockdowned, Aβ-induced iNOS, COX-2, and p-
IκBα except p-ERK were decreased. We also observed that when PTX3 was knockdowned, Aβ-induced M1
microglia markers expressions including Tnf, Il1b, Il6, and Cd86 were decreased. In addition, we found
that K284-6111 inhibits ERK and NF-κB signaling by inhibiting CHI3L1. Several previous studies reported
that PTX3 could be regulated by ERK signals and that PTX3 could regulate NF-κB signals. Hwang et al.
reported that the elevated PTX3 expression by sodium iodate treatment were decreased when treated with
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ERK inhibitors, in primary human H-RPE and ARPE-19 cells [64]. Also, Zhang et al. showed that JNK and
ERK speci�c inhibitors down regulates TNF-induced PTX3 promoter activity and PTX3 release in HASMC
cells [63]. Qi et al. reported that silencing of PTX3 mitigates the LPS-induced in�ammatory response in
BV-2 cells and mice, which occurs by down-regulating the TLR4/NF-κB signaling pathway [65]. Ahmmed
et al. showed when they caused the deglycosylation of PTX3 and changed its function, the AKT/NF-κB
signaling pathway was inactivated [66]. These data indicated that PTX3 pathway could play a signi�cant
role in K284-6111 inhibiting effect on CHI3L1-mediating M1-speci�c neuroin�ammation associated with
AD development.

Our current study demonstrated that CHI3L1 is an important factor for AD pathogenesis and
neuroin�ammation, and suggests the possibility of K284-6111, an inhibitor of CHI3L1, as a new
therapeutic candidate for AD patients.

5. Conclusion
These results suggest that CHI3L1 exacerbate neuroin�ammation through ERK-mediated PTX3 and NF-
κB pathways, and become a new therapeutic target for AD. Therefore, the CHI3L1 inhibitor, K284-6111, is
a potential candidate as a therapeutic agent that could relieve neuroin�ammation and could improve
memory dysfunction.

6. List Of Abbreviations
Aβ: β-amyloid; AD: Alzheimer's disease; APP: amyloid precursor protein; Arg1: arginase-1; BACE1: β-
secretase 1; CHI3L1: Chitinase-3-like 1; CNS: Central nervous system; COX-2; cyclooxygenase 2; ERK:
Extracellular signal-regulated kinases; GFAP: glial �brillary acidic protein; IBA-1: ionized calcium binding
adaptor molecule 1; IκB: Nuclear factor-kappa B inhibitor; IL: interleukin; iNOS: Inducible nitric oxide
synthase; LPS: Lipopolysaccharide; MRC1: Mannose receptor C-type 1; NF-κB: Nuclear factor-kappa B;
PTX3: Pentraxin-3; TGF: Transforming growth factor; TNF: tumor necrosis factor.
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Figure 1

Effects of K284-6111 on memory impairment in Tg2576 mice. (A) A timeline have been described that
demonstrate the administration of K284-6111 and the assessment of cognitive function in Tg2576 mice.
To investigate effect of K284-6111 on memory impairment, we carried out (B, C) the water maze test, (D)
the probe test, and (E) the step-through type passive avoidance test. Memory and learning ability in
Tg2576 were determined by the escape latencies (B, sec) and escape distance (C, cm) for 6 days, and
time spent in target quadrant (D, %) in the probe test.
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Figure 2

Effect of K284-6111 on deposition of Aβ and amyloidogenic factors in Tg2576 mice brain. (A) The
accumulation of Aβ plaques in hippocampus was determined by Thio�avin S staining. (B) The levels of
Aβ1-42 and (C) Aβ1-40 in Tg2576 mice brain were assessed using the speci�c ELISA kits. (D) The
expression of APP and BACE1 were detected by Western blot. (E) The activity of β-secretase in mice brain
was investigated by β-secretase activity assay kit.
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Figure 3

Inhibitory effect of K284-6111 on neuroin�ammation in Tg2576 mice brain. (A) Expression of GFAP, IBA-1,
iNOS, and COX-2 in Tg2576 mice hippocampus were determined by immunohistochemistry analysis. (B)
Expression of iNOS, COX-2, GFAP, and IBA-1 were detected by Western blot. (C) The mRNA expression
level of M1 microglia phenotype markers (Tnf, Il1b, Il6, and Cd86) and M2 microglia phenotype markers
(Arg1, Mrc1, Tgfb, and Il10) were assessed by qRT-PCR.
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Figure 4

Inhibitory effect of K284-6111 on Aβ-induced neuroin�ammation in BV-2 cells. BV-2 cells were treated
with Aβ (5 µM) and K284-6111 (0.5, 1, and 2 μM). (A) The inhibitory effect of K284-6111 on nitric oxide
production were determined using nitric oxide assay kit in BV-2 cells. (B) Expression of iNOS, COX-2, and
IBA-1 were detected by Western blot. (C) The mRNA expression level of pro-in�ammatory cytokines (Tnf,
Il1b, and Il6) and M1 microglia phenotype marker (Cd86) were assessed by qRT-PCR. (D) The production
levels of TNF-α, IL-1β, and IL-6 were assessed using the speci�c ELISA kits.
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Figure 5

Inhibitory effect of K284-6111 on ERK and NF-κB pathway. (A) Level of p-IκBα, IκBα, p-p38, 38, p-ERK 1/2,
ERK 1/2, p-JNK, and JNK were detected by Western blot in the Tg2576 mice brain. BV-2 cells were treated
with Aβ (5 µM) and K284-6111 (0.5, 1, and 2 μM). (B) Level of p-IκBα, IκBα, p-p38, 38, p-ERK 1/2, ERK 1/2,
p-JNK, and JNK were detected by Western blot. BV-2 cells were treated with Aβ (5 µM), U0126 (20 μM),
SP600125 (20 μM), SB203580 (10 μM), and Bay 11-7082 (5 μM). (C) Level of p-ERK 1/2, ERK 1/2, p-IκBα,
and IκBα were detected by Western blot. BV-2 cells were treated with Aβ (5 µM), K284-6111 (2 μM), and
U0126 (20 μM). (D) Expression of iNOS, COX-2, and IBA-1 were detected by Western blot. (E) The mRNA
expression level of pro-in�ammatory cytokines (Tnf, Il1b, and Il6) and M1 microglia phenotype marker
(Cd86) in BV-2 cells were assessed by qRT-PCR.



Page 26/28

Figure 6

Inhibitory effect of K284-6111 on CHI3L1-induced neuroin�ammation. BV-2 cells were transfected with
CHI3L1 plasmid vector. After 24hr, cells were treated with K284-6111 (2 µM). (A) Expression of iNOS, COX-
2, and IBA-1 were detected by Western blot analysis using speci�c antibodies in BV-2 cells. (B) Level of p-
ERK 1/2, ERK 1/2, p-IκBα, and IκBα were detected by Western blot. (C) The mRNA expression level of pro-
in�ammatory cytokines (Tnf, Il1b, and Il6) and M1 microglia phenotype marker (Cd86) in BV-2 cells were
assessed by qRT-PCR.
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Figure 7

Effect of K284-6111 on PTX3-involved neuroin�ammation. (A) Gene network analysis associated with
CHI3L1 was carried out using the web-based analysis tool. BV-2 cells were treated with Aβ (5 µM) and
K284-6111 (2 µM). (B) The mRNA expression level of Chi3l1 and Ptx3 in BV-2 cells were assessed by qRT-
PCR. Expression of PTX3 were detected by Western blot (C) in the Tg2576 mice brain and (D) in the BV-2
cells. BV-2 cells were transfected with PTX3 siRNA (20 nM). After 24hr, cells were treated with Aβ (5 µM).
(E) The mRNA expression level of pro-in�ammatory cytokines (Tnf, Il1b, and Il6) and M1 microglia
phenotype marker (Cd86) in BV-2 cells were assessed by qRT-PCR. (F) Expression of iNOS and COX-2
were detected by Western blot. (G) Level of p-ERK 1/2, ERK 1/2, p-IκBα, and IκBα were detected by
Western blot. BV-2 cells were treated with Aβ (5 µM), K284-6111 (2 µM), U0126 (20 μM), and Bay 11-7082
(5 μM). (H) Expression of PTX3 were detected by Western blot. BV-2 cells were transfected with CHI3L1
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plasmid vector. After 24hr, cells were treated with Aβ (5 µM), K284-6111 (2 µM), U0126 (20 μM), and Bay
11-7082 (5 μM). (I) Expression of PTX3 were detected by Western blot.
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