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A B S T R A C T

Up-regulated glutaminyl cyclase (QC) plays crucial roles in the initiation of Alzheimer's disease (AD) and kinds
of chronic diseases mediated by inflammation. QC is supposed as a novel target for the therapeutics of these
diseases. Here, we explored the anti-inflammation effects of diphenyl conjugated imidazole (DPCI) derivatives
which were previously designed, synthesized and evaluated as novel QC inhibitors for AD treatment in our lab.
Behavioral tests, QC activity assay, histology and ELISA analysis were conducted on both AD and lipopoly-
saccharides (LPS)-induced inflammatory model mice. It was shown that behavioral and cognitive performance in
AD mice treated with the selected compound DPCI-23 were enhanced notably. QC activity, the formation of pE-
Aβ and Aβ plaques and the activation of astrocytes and microglia cells in AD mice brains were inhibited, and the
levels of inflammatory factors such as IL-6, IL-1β and TNF-α in serum were reduced remarkably. Furthermore,
elevated QC activity in inflammatory mice brains was also inhibited, and levels of IL-1β, IL-1ra, TNF-α and CCL2
in serum, kidneys and brains together with the activated astrocytes and microglia cells in brains were all re-
pressed significantly after the treatment of DPCI-23. These findings observed in this research demonstrated the
anti-inflammation potency of DPCI-23 in modal of AD and inflammation by inhibiting QC activity, and may
contribute to the employment of QC inhibitors for the prevention and treatment of AD and other inflammatory
diseases.

1. Introduction

Pyroglutamate (pE) residue, post-translationally formed from a
glutaminyl precursor, constitutes the N-terminus of kinds of peptides,
proteins and hormones [1]. This modification is commonly required for
the maturation of proteins, enhanced lipophilicity, increased proteo-
lytic resistance, intensified recognition and interaction with receptors
[1,2]. Investigations in vitro and in vivo indicate that the formation of pE
is mainly catalyzed by glutaminyl cyclase (E.C. 2.3.2.5, QC, also known
as QPCT), an enzyme secreted from secretory granules in expressing
cells and distributed mainly in the brain and liver of mammals, or by
isoQC (also known as QPCTL) which is exclusively localized within the
Golgi complex in different organs [3,4].

However, abnormal up-regulation of QC/isoQC is supposed as the
key factor engaging in the initiation and development of many chronic
diseases. Alzheimer's disease (AD), the most common form of dementia,

is a progressive neurodegenerative disorder characterized by evident
memory loss, cognitive impairments and functional decline, which in-
evitably leads to incapacitation and death [5]. So far, effective and safe
pharmacologic agents can be offered to prevent or cure AD in clinical
are insufficient. Although a great deal of efforts has been made in the
past decades, the pathogenesis of AD is still unclear. Recently, a variety
of N-truncated β-amyloid (Aβ) peptides have been identified in AD
brains, especially pE-Aβs, which are the main components of senile
plaques (> 50% of total plaques) [6–8]. Compared with normal Aβs,
pE-Aβs exhibit higher proteolytic resistance and much stronger neuro-
toxicity [8–11]. pE-Aβs promote the formation of plaques by seeding
further Aβ aggregation due to its increased hydrophobicity and can be
detected much earlier than other bio-markers [11,12]. It has been
confirmed that the generation of pE-Aβs is mainly catalyzed by QC in
AD brains, and the reducing of pE-Aβs by inhibiting the activity of QC is
helpful for the prevention and treatment of AD in different models
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[13–20].
Meanwhile, up-regulated QC boosts acute and chronic inflammatory

reactions in vivo [1]. In brains of AD individuals and animals, activated
microglia cells and astrocytes distribute around Aβ plaques and induce
neuro-inflammation by secreting a large amount of inflammatory
components [21,22]. And these secreted inflammatory molecules will
activate more microglia and astrocytes to generate more inflammatory
mediators in turn. It has been demonstrated that QC plays a dominant
role in the inflammation at early stages of AD by catalyzing the gen-
eration of pE-Aβs and pE modified inflammatory molecules such as
monocyte chemoattractant protein-1 (MCP-1, also designated CCL2)
which is associated with a faster rate of cognitive decline [1,23]. Fur-
thermore, inflammation correlates with tumor progress in kinds of
cancers although the mechanism in details needs further investigation.
For instance, significant up-regulation of QC (not iso-QC) was identified
in the pathological tissues of human thyroid carcinomas [24]. Septic
arthritis caused mainly by Staphylococcus aureus is a severe and rapidly
debilitating disease. QC inhibitors exerted strong anti-inflammatory
potency in an animal model of S. aureus-induced septic arthritis by
reducing the levels of synovitis, bone erosion, myeloperoxidase in sy-
novial tissue, affecting the expression pattern of adhesion molecules,
and preventing the up-regulation of cells expressing CD11b/CD18 [25].
In a mouse model of non-alcoholic fatty liver disease, inflammatory
responses were inhibited significantly after the treatment of QC in-
hibitor through lowing collagen deposition and the number of F4/80-
positive macrophages in liver parenchyma [26]. This research indicated
that QC inhibitors may present a promising class of anti-non-alcoholic
steatohepatitis agents due to their disease-modifying effects. Besides,
up-regulated QC is involved in the pathology of Huntington's disease
[27], malignant melanoma [28], osteoporosis [29], and rheumatoid
arthritis [30].

Because of the positive correlation between the up-regulation of QC
and the development and severity of these diseases, QC is thought as a
reasonable target for the discovery of disease-modifying agents
[19,20,25–27,31]. Then, several compounds have been reported, which
exhibited remarkable potency to prevent or treat these diseases by in-
hibiting QC activity [24–27,32–40]. Especially, PQ912, one QC in-
hibitor, has been in phase II clinical trials for AD treatment [41–43]. So,
inhibition of QC by small molecule inhibitors may offer a novel ap-
proach for the disease-modifying therapies in AD and other disorders
related with up-regulation of QC.

To explore new QC inhibitors, a series of diphenyl conjugated imi-
dazole (DPCI) derivatives were designed, synthesized and evaluated as
potential anti-AD chemicals in our previous report [40]. Here, anti-in-
flammation effects of DPCI-23 (Fig. 1A, IC50= 0.50 μM, [40]) in AD
mice and LPS-induced inflammatory mice were presented furtherly.
The potency of the selected compound exhibited in this research sup-
ports the employment of QC inhibitor in the treatment of these chronic
diseases mediated by up-regulated QC.

2. Materials and methods

2.1. DPCI-23

DPCI-23 (C19H20FN3, MW: 309.38) was synthesized in our lab.
Stock solution (10mg/mL) was prepared in 100 μL DMSO containing
60mg DPCI-23 and 50mg Solutol HS15 (BASF, Ludwigshafen,
Germany), and diluted in sterilized saline to make secondary stock
solution (10mg/mL).

2.2. Mice and treatment

Animal experiments were in line with the guidelines for the welfare
of experimental animals, approved by the Animal Ethic Committee at
Shenzhen University and carried out in accordance with the approved
guidelines. B6C3-Tg (APPswe/PSEN1dE9)85Dbo/J double transgenic

mice (5month, female) were obtained from Guangdong Medical
Laboratory Animal Center (Foshan, China) as certified AD model mice
and housed in Shenzhen University Animal Care Facility in a 12 h light/
dark cycle with free access to food and water. Mice (n=8 mice/group)
were treated with contrast solution (Control), 1.7 mg/kg (Low dose)
and 5mg/kg (High dose) of DPCI-23 respectively by intraperitoneal
injection for 4 weeks, 3 times per week.

For LPS-induced inflammatory model, C57BL/6 mice (6month, fe-
male) were obtained from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China) and divided into 3 groups (n=10
mice/group): Control, Inflammation and DPCI-23. Mice in DPCI-23
and Inflammation were intraperitoneally injected with 100 μL LPS
(1mg/mL, Sigma-Aldrich, St. Louis, USA) for 3 days, then treated with
DPCI-23 (5 mg/kg) and control solution respectively for one day. Mice
in Control were intraperitoneally injected with sterilized saline only.

2.3. Behavioral tests

2.3.1. Open field
Exploration was assessed by placing mice individually in the center

of a 36×36 cm black box with 2mm white lines drawn on the bottom,
separating the space of box into 36 small squares with the width of
6 cm. The behavior of mice was recorded for 3min. The horizontal
movement (e.g. walk, run) was evaluated by counting the number of
squares while the vertical movement (e.g. stand, jump) was examined
according to the number of action [44].

2.3.2. Nest construction
Mice were housed individually in cages each containing eight pieces

of square paper with the width of 5 cm for nesting. The nests were
assessed according to a four-point scale after 24 h: 0 point, the paper
remained> 90% intact; 1 point, the paper remained 60–90% intact
with no identifiable nest; 2 points, the paper was 30–60% intact with an
identifiable nest shape; 3 points, the paper was 10–30% intact with a
noticeably identifiable nest [45].

2.3.3. T-slot water maze
T-slot water maze assay was performed according to Paban et al'

method with following modifications [46]. Simply, the water maze
consisted of a transparent T-slot (74×60×14 cm) filled with water
(24 to 26 °C, 8 cm deep). A circular platform (5 cm in diameter) was
located at one arm, and three drawings were pasted on one wall of the
slot. Mice were allowed to enter the slot from 3 random directions and
swim until they found the platform in 60 s. Mice were guided to the
platform and allowed to rest for 10 s when they could not reach the
platform in time. Mice were subjected to two trials per day with an
interval of 20min for 3 days. The spatial learning of mice was de-
termined by the time they spent reaching the platform on the 4th day.

2.4. QC activity assay

For AD mice, one day after the behavioral testing, mice were sa-
crificed by CO2 inhalation; the brains were removed, divided into 3
groups (cortex, hippocampus, hemisphere) and homogenized in chilled
PBS (m/v 1:9) complemented with 1% (v/v) protease inhibitors (Roche,
Basel, Switzerland). After centrifugation, the supernatants were used
for QC activity assay according to the report [47]. Briefly, reactions
were started by the addition of supernatants into the assay buffer
(30 U/mL glutamate dehydrogenase, 3.84mM Gln-Gln, 14 mM α-Ke-
toglutaric acid, 0.3 mM NADH, 150mM NaCl, 50mM Tris, pH 8.0) at
25 °C. Activity (μM/min) was monitored by recording the decrease in
absorbance at 340 nm for 15min with an interval of 30 s using Thermo
Multiscan GO 1510 spectrophotometer (Thermo Fisher Scientific,
Vantaa, Finland).

QC activities in the supernatants of cortex and hippocampus from
LPS-induced inflammatory model mice were determined using the same

X. Wang, et al. International Immunopharmacology 75 (2019) 105770

2



assay as mentioned above.

2.5. Histology

Deeply anesthetized mice were perfused intracardially with PBS and
with 4% PFA (Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China) for 20min respectively. Brains were removed, fixed in 4% PFA
at 4 °C overnight and dehydrated in ascending concentrations of sac-
charose (10%, 20%, 30%) at 4 °C. When embedded in Optimal cutting
temperature Compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan),
9 μm sections were prepared, dried at 60 °C for 24 h and stored at
−80 °C.

2.5.1. Immunohistochemistry
UltraSensitive™ SP (Mouse/Rabbit) IHC Kit (Fuzhou Maixin Biotech.

Co., Ltd., Fuzhou, China) was used here. Briefly, pre-treated sections
were incubated with 50 μL peroxidase blocking solution (Solution A) for
10min, followed by 50 μL goat serum (Solution B). 50 μL rabbit anti-
QPCT antibody [ab201172] (1:100, Abcam, Cambridge, USA), mouse
monoclonal antibody against Abeta-pE3, clone 2–48 (1:200, Synaptic
Systems, Goettingen, Germany) or mouse monoclonal anti-β-amyloid
antibody (Sigma-Aldrich, St. Louis, USA) were added to detect QC, pE-
Aβ3-42 and total Aβs respectively. Treated with 50 μL biotin-labeled
goat anti-mouse/rabbit IgG (Solution C) for 10min at room tempera-
ture, sections were incubated with 50 μL streptavidin-peroxidase
(Solution D). Staining was performed using ABC method with DAB Plus
Kit (Fuzhou Maixin Biotech. Co., Ltd.), which results in a brown pre-
cipitate. Dehydration of sections was carried out with ascending con-
centrations of ethanol (30%, 50%, 75%, 85%, 95%, 100%), di-
methylbenzene/ethanol (1:1, v/v) and dimethylbenzene then. Sections
were mounted with Antifade Mounting Medium (Beyotime

Biotechnology, Shanghai, China).

2.5.2. Thioflavin T staining
Pre-washed with PBS, sections were incubated with 100 μL 0.1%

thioflavin T in 0.1N HCl at room temperature for 30min, and mounted
with Antifade Mounting Medium after washing with 75% ethanol and
PBS.

2.5.3. Immunofluorescence staining
To detect microglia and astrocytes, sections pro-treated with goat

serum were incubated with rabbit anti-Iba1 antibody [EPR16589]
(1:100, Abcam) and GFAP rabbit polyclonal antibody (1:100,
Proteintech, Rosemont, USA) at 4 °C overnight respectively. Dylight488
goat anti-rabbit IgG [H+ L] (1:200, MultiSciences, Hangzhou, China)
was used as secondary antibody. After washing three times with PBS,
sections were mounted with Antifade Mounting Medium.

2.5.4. Imaging
Mounted sections were observed using Nikon Y-Tv 55 microscopy

(Nikon, Tokyo, Japan) equipped with epifluorescence and visualized
with a CCD camera (Nikon DS-RI2). Regions of dentate gyrus, CA3 and
cortex were captured on six sections/animal at 10×or 20×magnifi-
cation. Integral optical density (IOD) of images were analyzed by
Image-Pro Plus 6.0 software.

2.6. ELISA

After centrifugation, the levels of IL-1β, IL-6, and TNF-α in super-
natants of blood samples from AD mice were determined using Mouse
IL-1β ELISA kit (GenScript USA Inc., Piscataway, USA), 96T Mouse IL-6
ELISA kit (4A biotech Co. Ltd., Beijing, China) and 96T Mouse TNF-α

Fig. 1. Effects of DPCI-23 on cognitive and behavioral performance in AD mice.
(A)The structure of DPCI-23; (B,C) Open field. Mice were placed individually in the center of a 36×36 cm black box with 2mm white lines drawn on the bottom,
separating the space of box into 36 small squares with the width of 6 cm. The behavior of mice was recorded for 3min. The horizontal movement was evaluated by
counting the number of squares while the vertical movement was examined according to the number of action; (D) Nest construction. Mice were housed individually
in cages each containing eight pieces of square paper with the width of 5 cm for nesting. The nests were assessed according to a four-point scale after 24 h; (E) T-slot
water maze. The water maze consisted of a transparent T-slot (74× 60×14 cm) filled with water (24 to 26 °C, 8 cm deep). A circular platform (5 cm in diameter)
was located at one arm, and three drawings were pasted on one wall of the slot. Mice were allowed to enter the slot from 3 random directions and swim until they
found the platform in 60 s. Mice were guided to the platform and allowed to rest for 10 s when they could not reach the platform in time. Mice were subjected to two
trials per day with an interval of 20min for 3 days. The spatial learning of mice was determined by the time they spent reaching the platform on the 4th day.
⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001, n=8.
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ELISA kit (4A biotech Co. Ltd., Beijing, China) respectively.
The levels of IL-1β, IL-1ra, CCL2 and TNF-α in the supernatants of

brain (cortex, hippocampus, hemisphere), kidney and blood from LPS-
induced inflammatory mice were quantified using Mouse IL-1β ELISA
kit (GenScript USA Inc., Piscataway, USA), 96T Mouse IL-1ra/IL-1F3
ELISA kit (4A biotech Co. Ltd., Beijing, China), 96T Mouse MCP-1
ELISA kit (4A biotech Co. Ltd., Beijing, China) and 96T Mouse TNF-α
ELISA kit (4A biotech Co. Ltd., Beijing, China) respectively. The levels
of QC in brains were determined by AMEKO Mouse QPCT ELISA kit
(Shanghai Lianshuo Biological Co., Ltd., Shanghai, China). ELISA
measurements were performed according to the manuals in triplicate,
repeated three times.

2.7. Statistical analysis

Statistical comparisons were evaluated using SPSS 19.0 statistics
software (IBM Corporation, Armonk, NY, USA). One way analysis of
variance followed by S-N-K test was performed to evaluate the differ-
ences between groups and significance was considered at p < 0.05. All
data were graphed using GraphPad Prism 5 (GraphPad Software, Inc.,
La Jolla, USA) and presented as mean ± standard deviation.

3. Results

3.1. DPCI-23 exhibited anti-AD and anti-inflammation effects in AD mice

3.1.1. Treatment of DPCI-23 enhanced cognitive and behavioral
performance

DPCIs were designed based on the crystal structure of QC and de-
veloped as potential anti-AD chemicals. The effects of DPCI-23, which
exhibited inhibitory potency on QC activity in vitro, on cognition and
behavior of AD mice were examined here firstly. As we expected, the
performance of AD mice treated with DPCI-23 to move in horizontal
direction and stand in vertical direction were improved remarkably in a
dose-dependent manner (Fig. 1B and C). And in nest construction test,
no obvious bites were observed on nesting paper in cages housing mice
in control group, with the score of nest shape averaged to 0.53
(Fig. 1D). By comparison, the average scores of nest shape constructed
by AD mice treated with DPCI-23 at low and high doses were 1.18 and
2.59 respectively, with the identifiable nests distributed in cages. Be-
sides, it was hard for mice in control group to find the right direction
and reach the destination in T-slot water maze (58.53 s) (Fig. 1E).
However, the average time for treated AD mice in low and high dose
groups to reach the platform were reduced (50.59 and 30.37 s respec-
tively). Data obtained in behavioral tests suggested that the treatment
of DPCI-23 significantly enhance the performance of spatial explora-
tion, nest building, context memory and spatial learning in AD mice.

3.1.2. Treatment of DPCI-23 inhibited QC activity and reduced pE-Aβ3-x
and Aβ plaques dramatically

To investigate the potential actions involved in the enhancement of
cognitive and behavioral performance, the activity and expression of
QC in AD mice brain were determined consequently. It was found that
QC activities in cortex, hippocampus and hemisphere in treated AD
mice were inhibited significantly in a dose-dependent manner (Fig. 2A).
The irregular expression of QC in the brains of AD mice with treatment
or not illustrated that the treatment exhibited no obvious effects on the
expression of QC (Fig. 2B). This observation is also in line with the
phenomenon that the expression of QC in different regions in brain is
different. Then, the treatment of DPCI-23 was shown to inhibit the
activity of QC in AD mice brain instead of its expression.

According to the histochemical analysis, pE-Aβ3-x plaques in dentate
gyrus, CA3 and cortex were reduced dose-dependently after the treat-
ment. Integrated optical density (IOD) values of pE-Aβ3-x plaques de-
tected in these three regions in brains of AD mice without treatment
were 1871.13, 1607.01 and 1516.70 respectively. In contrast, IOD

values in the brains of AD mice treated at high dose were reduced to
139.61, 242.33 and 175.29 respectively (Fig. 2C and D). Along with the
reducing of pE-Aβ3-x plaques, the formation of total Aβ plaques in
dentate gyrus, CA3 and cortex in treated AD mice was inhibited re-
markably in a dose-dependent manner (Fig. 3A and C). Similar results
were obtained in ThT analysis (Fig. 3B and D). The significantly in-
creased Aβ1-40/pE-Aβ3-x ratios furtherly indicated the inhibition on the
transformation of Aβ to pE-Aβ in AD mice treated with DPCI-23
(Fig. 3E). These results demonstrated that QC inhibitor could reduce the
formation of pE-Aβ3-x plaques and total Aβ plaques by inhibiting QC
activity, and supported the hypothesis that pE-Aβ could seed the ag-
gregation and formation of total Aβ plaques in AD progress.

3.1.3. Treatment of DPCI-23 attenuated inflammatory responses
significantly

The occurrence of chronic neuro-inflammation, another clin-
icopathologic feature of AD induced mainly by over-activated glial cells
and increased inflammatory factors, is usually accompanied by the up-
regulation of QC in AD brain. Here, DPCI-23 exhibited notable effects
on inflammatory responses in AD mice in a dose-dependent manner.
Activations of astrocytes and microglia cells in brains were both in-
hibited obviously after the treatment. Few activated astrocytes and
microglia cells could be detected in dentate gyrus, CA3 and cortex in
AD mice treated at high hose (Fig. 4A–D). Meanwhile, levels of in-
flammatory factors in the serum were reduced dose-dependently in
treated AD mice, for instance, the levels of IL-6, IL-1β and TNF-α were
significantly reduced to 12.55, 25.86 and 162.36 pg/mL respectively
after the treatment at high dose as shown in ELISA analysis (Fig. 4E–G).
So, these data suggested the potency of DPCI-23 to attenuate neuro-
inflammation reactions in AD mice by inhibiting the activation of as-
trocytes and microglia cells and reducing the levels of inflammatory
mediators.

3.2. DPCI-23 exhibited anti-inflammation effects in inflammatory mice
induced by LPS

3.2.1. DPCI-23 attenuated inflammatory responses
In view of the effects on inflammation in AD model mice, anti-in-

flammatory effects of DPCI-23 were furtherly assessed in a widely used
inflammatory model here. LPS, known as endotoxins existing in Gram-
negative bacteria, prompts acute immune responses in animals by sti-
mulating the secretion of pro-inflammatory cytokines, eicosanoids, NO
and so on through the binding with CD14/TLR4/MD2 receptor complex
in cells, especially in monocytes and macrophages [48,49]. In this
study, C57BL/6 mice were intraperitoneally injected with LPS for
3 days to induce inflammation responses. As a result, the contents of
TNF-α, IL-1ra and CCL2 in serum were increased to 178.8, 68.6 and
265.9 pg/mL (Fig. 5A–C), the levels of TNF-α, IL-1ra and IL-1β in kid-
neys were evaluated to 34.2, 47.3 and 85.0 pg/mL (Fig. 5D–F), and the
contents of TNF-α, IL-1ra and CCL2 in cortex, hippocampus and
hemisphere of brains were increased to 87.3, 97.7 and 72.3 pg/mL
(Fig. 5G), 62.2, 55.3 and 34.0 pg/mL (Fig. 5H), 15.6, 27.5 and 17.8 pg/
mL (Fig. 5I), respectively. The remarkably increased pro-/inflammatory
mediators shown in ELISA indicated the obvious inflammation in
C57BL/6 mice after the injection of LPS.

Interestingly, the evaluations of these mediators in inflammatory
mice were repressed significantly with the treatment of DPCI-23. The
levels of TNF-α, IL-1ra and CCL2 in serum were 53.7, 40.8 and
142.1 pg/mL (Fig. 5A–C). Similarly, the contents of TNF-α, IL-1ra and
IL-1β in kidneys were reduced to 19.9, 44.6 and 59.6 pg/mL obviously
(Fig. 5D–F). And in cortex, hippocampus and hemisphere of treated
mice, the levels of TNF-α, IL-1ra and CCL2 were also dropped to 56.9,
63.8 and 42.0 pg/mL (Fig. 5G), 18.5, 31.7 and 10.3 pg/mL (Fig. 5H),
6.2, 2.5 and 7.4 pg/mL (Fig. 5I), respectively. These data demonstrated
the significant potency of QC inhibitor to attenuate inflammatory re-
sponses in inflammatory mice.
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3.2.2. DPCI-23 reduced QC activity and activation of microglia cells
The activity and expression of QC in brains of inflammatory mice

treated with DPCI-23 or not were investigated. It was shown that QC
activities in cortex and hippocampus of inflammatory mice induced by
the injection of LPS were increased to 0.016 and 0.028 μM/min, but the
activities in cortex and hippocampus of treated mice were reduced to
0.007 and 0.003 μM/min respectively based on the data obtained in
GD-QC assay (Fig. 6A). Similar as in AD mice, the treatment also ex-
hibited no obvious effects on the irregular expression of QC in brains
(Fig. 6B and C). These results suggested that up-regulated QC activity in
brain of inflammatory mice induced by LPS could be inhibited by the
treatment of QC inhibitor.

Analysis of the inflammatory reactions in central neuron system
(CNS) was carried out to understand the anti-inflammatory potency of
QC inhibitor. Over-activation of microglia and astrocytes always in-
dicates the presence of inflammation, especially in CNS. As shown in
Fig. 7A–D, over-activation of microglia and astrocytes in brain of LPS-
induced inflammatory mice was observed. By contrast, over-activated
microglia and astrocytes were reduced significantly after the treatment
of DPCI-23. Results obtained here confirmed the anti-inflammation
effects of QC inhibitor in widely used inflammatory model mice.

4. Discussion

Recently, QC has become an attractive target for the therapeutics of
disorders such as AD, thyroid carcinomas, septic arthritis, and non-al-
coholic fatty liver disease because of the positive correlation between
the QC activity and the initiation of inflammation. Abnormally up-
regulated QC results in the development of inflammation by catalyzing
the generation of pE-modified mediators. Then, a few compounds have
been designed and synthesized as QC inhibitors which exhibit notable
QC inhibitory potency in vitro and in vivo [23–26,33–39]. DPCIs were
reported as a series of novel QC inhibitors in our previous research

[40]. To illustrate the potency of DPCIs furtherly, DPCI-23 was selected
and its effects on inflammatory reactions in AD and inflammatory
model mice were assessed in this study.

Expectedly, behavioral and cognitive performance in AD mice were
all improved in a dose-dependent manner after the treatment of DPCI-
23 based on behavioral tests (Fig. 1). Significantly enhanced mental
state, nesting behavior, context memory and spatial learning ability of
AD mice indicated the anti-AD effects of the selected compound. It was
confirmed that QC activities in cortex and hippocampus in treated AD
mice brains were inhibited dose-dependently (Fig. 2A). As the sub-
sequent results, the generation of pE-Aβ and the formation of pE-Aβ
plaques were inhibited remarkably (Fig. 2C and D). And the reducing of
total Aβ plaques (Fig. 3), together with the increased proportion of Aβ1-
40/pE-Aβ3-x, supported the involvement of pE-Aβ in the formation of
plaques by seeding further aggregation in the presence of Aβ. These
results illustrated the crucial role of up-regulated QC in the develop-
ment of AD. Interestingly, the evaluation of QC activity in brains of
inflammatory mice induced by the injection of LPS was observed for the
first time (Fig. 6 A). The elevated QC activities were also inhibited
significantly after the treatment. As similar in AD mice, this chemical
exhibited no obvious effect on the expression of QC in brains of in-
flammatory mice (Figs. 2B, 6B and C). Although the causes up-reg-
ulating QC activity need further research, data obtained here demon-
strated the inhibitory potency of DPCI-23 on QC in both AD and
inflammatory model mice.

Then, effects of DPCI-23 on inflammatory reactions in these models
were investigated. Inflammation in brains was detected firstly as QC is
mainly distributed in brain [1,26,50–53]. Microglia cells are known as
primary immune effector cells, and astrocytes act as supporting cells for
the architecture, function and genesis of neurons [54,55]. Over-acti-
vation of microglia cells and astrocytes is thought as one of the in-
dicators of inflammation. The robust inflammatory reactions in brain is
caused mainly by “activated” microglia and astrocytes which are

Fig. 2. Effects of DPCI-23 on QC activity and the formation of pE-Aβ plaques in AD mice.
(A) QC activity. After centrifugation, reactions were started by the addition of supernatants extracted from cortex, hippocampus and hemisphere into the assay buffer
(30 U/mL glutamate dehydrogenase, 3.84mM Gln-Gln, 14mM α-Ketoglutaric acid, 0.3 mM NADH, 150mM NaCl, 50mM Tris, pH 8.0) at 25 °C. Activity (μM/min)
was monitored by recording the decrease in absorbance at 340 nm for 15min with an interval of 30 s; (B) The expression of QC. Pre-treated sections (9 μm) were
incubated with 50 μL peroxidase blocking solution for 10min, followed by 50 μL goat serum. 50 μL rabbit anti-QPCT antibody (1:100) was added to detect QC.
Treated with 50 μL biotin-labeled goat anti-mouse/rabbit IgG for 10min at room temperature, sections were incubated with 50 μL streptavidin-peroxidase. Staining
was performed using ABC method with DAB Plus Kit; (C) pE-Aβ plaques. pE-Aβ3-x plaques were detected using mouse monoclonal antibody against Abeta-pE3, clone
2–48 (1:200). The protocol was the same as mentioned in (B); (D) IOD values of (C). Bar= 100 μm. ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001. (A) n=5, (B-D) n=3.
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Fig. 3. Effects of DPCI-23 on the formation of Aβ plaques in AD mice.
(A) Aβ plaques detected by immunohistochemistry. Pre-treated sections (9 μm) were incubated with 50 μL peroxidase blocking solution for 10min, followed by 50 μL
goat serum. 50 μL mouse monoclonal anti-β-amyloid antibody was added to detect Aβ plaques. Treated with 50 μL biotin-labeled goat anti-mouse/rabbit IgG for
10min at room temperature, sections were incubated with 50 μL streptavidin-peroxidase. Staining was performed using ABC method with DAB Plus Kit; (B) Aβ
plaques detected by Thioflavin T staining. Pre-washed with PBS, sections were incubated with 100 μL 0.1% thioflavin T in 0.1 N HCl at room temperature for 30min,
and mounted with Antifade Mounting Medium after washing with 75% ethanol and PBS; (C) IOD values of (A); (D) IOD values of (B); (E) Aβ1-40/pE-Aβ3-x ratios.
Bar= 100 μm. ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001, n= 3.

Fig. 4. Effects of DPCI-23 on inflammatory responses in AD mice.
(A) Astrocytes. Sections pro-treated with goat serum were incubated with GFAP rabbit polyclonal antibody (1:100) at 4 °C overnight. Dylight488 goat anti-rabbit IgG
[H+ L] (1:200) was used as secondary antibody. After washing three times with PBS, sections were mounted with Antifade Mounting Medium; (B) Microglia.
Activated microglia were detected using rabbit anti-Iba1 antibody (1:100). The protocol was the same as mentioned in (A); (C, D) IOD values of (A) and (B)
respectively; (E, F, G) The levels of IL-1β, IL-6, and TNF-α. The contents of these inflammation factors in serum were determined using Mouse IL-1β ELISA kit, Mouse
IL-6 ELISA kit and Mouse TNF-α ELISA kit respectively. Bar= 100 μm. ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001. (A-D) n=3, (E-G) n=5.
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Fig. 5. Effects of DPCI-23 on inflammatory responses in LPS-induced inflammatory mice.
(A, B, C) The levels of TNF-α, IL-1ra and CCL2 in blood. The contents were determined using 96T Mouse TNF-α ELISA kit, 96T Mouse IL-1ra/IL-1F3 ELISA kit and 96T
Mouse MCP-1 ELISA kit respectively; (D, E, F) The levels of TNF-α, IL-1ra and IL-1β in kidneys. The contents of IL-1β were determined using Mouse IL-1β ELISA kit;
(G, H, I) The levels of TNF-α, IL-1ra and CCL2 in brains. ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001, n= 8.

Fig. 6. Effects of DPCI-23 on QC activity in
brain of LPS-induced inflammatory mice.
(A) QC activity. After centrifugation, reac-
tions were started by the addition of super-
natants extracted from cortex and hippo-
campus into the assay buffer (30 U/mL
glutamate dehydrogenase, 3.84mM Gln-Gln,
14mM α-Ketoglutaric acid, 0.3mM NADH,
150mM NaCl, 50mM Tris, pH 8.0) at 25 °C.
Activity (μM/min) was monitored by re-
cording the decrease in absorbance at
340 nm for 15min with an interval of 30 s;
(B) The expression of QC by ELISA. The
contents of QC in cortex, hippocampus and
hemisphere were determined by AMEKO
Mouse QPCT ELISA kit; (C) The expression of
QC by immunohistochemistry. Pre-treated
sections (9 μm) were incubated with 50 μL
peroxidase blocking solution for 10min, fol-
lowed by 50 μL goat serum. 50 μL rabbit anti-
QPCT antibody (1:100) was added to detect
QC. Treated with 50 μL biotin-labeled goat
anti-mouse/rabbit IgG for 10min at room
temperature, sections were incubated with
50 μL streptavidin-peroxidase. Staining was
performed using ABC method with DAB Plus
Kit. Bar= 100 μm. ⁎p < 0.05, ⁎⁎p < 0.01,
⁎⁎⁎p < 0.001, n= 8.
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commonly sensitive to kinds of inflammatory mediators and other ab-
normal factors such as pE-Aβ and Aβ plaques [56]. In AD mice, over-
activated microglia cells and astrocytes in dentate gyrus, CA3 and
cortex were all reduced significantly after treatment (Fig. 4). This may
result from the reducing of pE-Aβ by inhibiting QC activity and the
inhibition on Aβ plaques consequently after the treatment of QC in-
hibitor. Meanwhile, microglia cells and astrocytes in C57BL/6 mice
were over-activated after the injection of LPS (Fig. 7). And the over-
activation of these effector cells were inhibited notably in inflammatory
mice treated with DPCI-23. So, it was demonstrated that QC inhibitor
could attenuate inflammatory reactions in brain based on the inhibitory
potency on QC activity.

Besides, increased levels of inflammatory mediators are usually
considered as the bio-markers of inflammation. For instance, elevated
IL-1β, IL-6 and TNF-α are used as inflammatory markers that are de-
leterious to neurons in AD patients [57]. It is confirmed that activation
of microglia cells and astrocytes result in the generation of a large
amount of cytokines and cytotoxic factors including NO, O2

−, IL-1β, IL-
6 and TNF-α [21,22]. Thus, the elevated levels of IL-1β, IL-6, and TNF-α
in serum of AD mice (Fig. 4) might due to the activated microglia and
astrocytes and/or other possible sources related with AD. After the
treatment of DPCI-23, the levels of these mediators were reduced sig-
nificantly in a dose-dependent manner. In C57BL/6 mice injected with
LPS which prompts acute immune responses in animals by stimulating
the secretion of kinds of inflammatory cytokines, levels of TNF-α, IL-
1ra, IL-1β in kidneys and levels of TNF-α, IL-1ra, CCL2 in serum and
brains were all increased notably (Fig. 5). But the elevation of these
pro-/inflammatory factors in inflammatory mice was inhibited sig-
nificantly after the treatment. These data furtherly illustrated the sig-
nificant potency of QC inhibitor to attenuate inflammatory responses in
AD and inflammatory mice.

5. Conclusion

Up-regulated QC could induce inflammatory reactions by catalyzing
the generation of inflammatory mediators and/or activating other po-
tential pathways. Results obtained in this research confirmed the anti-
AD potency of DPCI-23, and more importantly, this study indicated the
anti-inflammation effects of QC inhibitor in both AD and inflammatory
models. Although molecular mechanisms in detail need further in-
vestigate, QC inhibitor could be used as leading agents for the treatment
of these disorders. And DPCIs and corresponding research may con-
tribute to new approaches for the prevention and treatment of in-
flammation-related diseases.
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