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We aimed to assess the anti-inflammatory and antioxidative properties of KHG26792, a 

novel azetidine derivative, in amyloid β (Aβ)-treated primary microglial cells. KHG26792 

attenuated the Aβ-induced production of inflammatory mediators such as IL-6, IL-1β, TNF-α, 

and nitric oxide. The levels of protein oxidation, lipid peroxidation, ROS, and NADHP 

oxidase enhanced by Aβ were also downregulated by KHG26792 treatment. The effects of 

KHG26792 against the Aβ-induced increases in inflammatory cytokine levels and oxidative 

stress were achieved by increasing the phosphorylation of Akt/GSK-3β signaling and by 

decreasing the Aβ-induced translocation of NF-κB. Our results provide novel insights into the 

use of KHG26792 as a potential agent against Aβ toxicity, including its role in the reduction 

of inflammation and oxidative stress. Nevertheless, further investigations of cellular signaling 

are required to clarify the in vivo effects of KHG26792 against Aβ-induced toxicity. 
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INTRODUCTION 

 

Amyloid beta (Aβ) peptide accumulation and neurofibrillary tangle formation are major 

events in the pathology of Alzheimer’s disease (AD) [1]. Aβ deposition activates microglia 

and triggers the release of proinflammatory cytokines such as interleukin-1 beta (IL-1) and 

tumor necrosis factor alpha (TNF-α), which induce neuroinflammation and neuronal 

degeneration in the brain [2]. The suppression of glial activation attenuated synaptic 

dysfunction in a mouse model of AD and activated microglia surrounding neuritic plaques 

have been found to continuously release pro-inflammatory mediators [3]. Thus, microglia-

mediated neuroinflammation is one of the key characteristics of AD. Aβ-induced microglial 

activation also leads to the secretion of cytotoxic factors such as reactive oxygen species 

(ROS) and nitric oxide (NO), which can cause neuronal cell damage and contribute to the 

progression of AD [4]. The p38 signaling pathway and the transcription factor nuclear factor 

kappa B (NF-κB) play an important role in the regulation and activity of pro-inflammatory 

cytokines in microglial cells [5]. Hence, regulatory substances that attenuate Aβ-induced 

microglial activation may be a suitable target when developing drugs for AD.  

 To identify more effective drugs against Aβ-induced cell death, we synthesized and 

characterized azetidine derivatives, which have been suggested to be useful therapeutic 

agents for several diseases [6]. For instance, previous studies described the memory-

restorative effect of ezetimibe—another well-known azetidine derivative—in memory 

dysfunctions associated with dementia of Alzheimer's type, and discussed the potentially 

beneficial action of ezetimibe in suppressing plaque inflammation [7]. The biological 

functions of azetidine derivatives against serotonin, norepinephrine, and dopamine 

transporters have also been reported [8,9]. Recently, we described the protective effects of 

KHG26792—a novel azetidine derivative—on the ATP-induced activation of the NFAT and UN
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MAPK pathways through the P2X7 receptor in BV-2 cells and on hypoxia-induced toxicity 

through the suppression of microglial activation in BV-2 cells [10,11]. Nevertheless, the 

mechanism responsible for the action of KHG26792 remains unclear. 

 In our current study, we investigated the mechanism and antioxidative and anti-

inflammatory potential of KHG26792 in primary microglial cells to evaluate the efficacy of 

KHG26792 against Aβ-induced microglial activation. 

 

RESULTS AND DISCUSSION 

 

KHG26792 attenuates the Aβ-induced toxicity in primary microglial cells  

Unregulated neuroinflammatory responses following exposure to Aβ in activated microglia 

may induce neurodegeneration and the production of various pro-inflammatory cytokines that 

cause neurotoxicity in neighboring neurons [12]. Hence, the regulation of microglia-

meditated inflammation may be a suitable novel therapeutic approach for the treatment of 

neurodegenerative diseases such as AD [13]. In the present study, we aimed to clarify the 

anti-inflammatory effects of KHG26792 on Aβ-induced microglial activation in rat primary 

microglia cells, and the possible underlying mechanisms. 

 When microglial cells were incubated with Aβ, cell viability was decreased (Fig. 1A) 

and LDH leakage was increased (Fig. 1B). However, treatment with 50 μM of KHG26792 

significantly attenuated the percentage of both cell viability and LDH leakage as compared 

with the Aβ-treated control. KHG26792 alone did not affect any appreciable toxicity and the 

viability of microglial cells treated with KHG26792 alone approached to almost 100% of the 

control (Fig. 1). Based on these results, 50 μM KHG26792 was selected as an optimal 

KHG26792 concentration for subsequent experiments. 
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KHG26792 attenuates the Aβ-induced production of inflammatory molecules in 

primary microglial cells  

Next, we investigated the effects of KHG26792 on the Aβ-induced production of 

inflammatory molecules in primary microglial cells. The production of IL-6, IL-1β and TNF-

α was markedly increased by Aβ, although KHG26792 attenuated the Aβ-induced levels of 

pro-inflammatory cytokines (Fig. 2A-C). Aβ treatment also increased NO production, 

compared with the untreated controls (Fig. 2D). NO—a reactive nitrogen intermediate—plays 

an important role in cellular signaling pathways and can mediate many pathophysiological 

processes [14]. However, the NO levels significantly decreased in the KHG26792-treated 

groups, as compared with the corresponding Aβ-treated groups (Fig. 2D). Moreover, 

treatment with KHG26792 alone did not lead to any significant effects on inflammatory 

molecules in cultured microglia cells (Fig. 2).  

 Although our results showed that KHG26792 successfully inhibits the levels of 

cytokines, we can't completely exclude the possibility that the effects of KHG26792 may be 

due to the reduction of Aβ-induced cytotoxicity. This remains for the future study. 

 

Anti-oxidative effects of KHG26792 in Aβ-induced primary microglial cells  

AD is a well characterized disease and wherein Aβ-stimulated oxidative stress is closely 

related to AD pathogenesis and progression, where Aβ induces an increase in protein 

oxidation and lipid peroxidation [15]. Previous studies reported that protein oxidation levels 

are increased in the brains and ventricular cerebrospinal fluid of AD patients [16]. Consistent 

with these previous reports, our present results showed that Aβ increased the level of protein 

carbonyl (Fig. 3A), whereas KHG26792 effectively attenuated the Aβ-induced protein 

oxidation. These results support the potential of KHG26792 in the regulation of Aβ-induced 

protein oxidation in primary microglia cells. Increased HNE level has been implicated as UN
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lipid peroxidation markers in experimental AD models and in the brain or cerebrospinal fluid 

of AD patients [17]. Compared with the control group, HNE level increased in the Aβ-treated 

group and were significantly downregulated by KHG26792 treatment (Fig. 3B). 

 ROS are formed as byproducts of various normal cellular processes involving 

interactions with oxygen, and increased ROS generation plays an important role in the 

pathological features of AD [18]. Moreover, Aβ has been found to impair mitochondrial 

redox activity and induce ROS generation and oxidative stress during the early stages of AD 

pathogenesis, and this increased ROS formation may consequently lead to senile plaque 

accumulation in AD brains [19]. In the present study, we found that Aβ increased ROS 

generation up to 4-fold, and that KHG26792 significantly attenuated the Aβ-induced ROS 

generation by 50% (Fig. 3C), thus indicating that the anti-oxidative effects of KHG26792 

against Aβ-induced oxidative stress could be due to its inhibition of excessive ROS 

generation by the Aβ insult.  

 Previous studies have reported that the stimulation of NADPH oxidase increases the 

levels of superoxide and that Aβ induces strong ROS production through NOX in BV2 

microglial cells [20]. Moreover, Aβ increased the mRNA and protein expression levels of 

p47phox and gp91phox, along with the production of pro-inflammatory cytokines [2,21]. 

Therefore, we further examined the effect of KHG26792 on NOX activity in the Aβ-induced 

microglial cells. After exposure to 50 μM Aβ, the NOX activity was enhanced up to 3-fold, 

relative to the control levels, whereas treatment with KHG26792 exerted a protective effect 

by lowering the NOX activity (Fig. 3D). Thus, our results suggest that KHG26792 reduces 

the Aβ-induced accumulation of ROS by regulating NOX, which is a source of Aβ-induced 

ROS formation in primary microglial cells. 

 

Effects of KHG26792 on the protein expression of GSK3, Akt, NF-κB, and p38 in Aβ-UN
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induced primary microglial cells  

To further explore the mechanisms underlying the anti-inflammatory and anti-oxidative 

effects of KHG26792 in the primary microglial cells, we determined the alterations in the 

potential signal transduction pathway mediated by GSK3, Akt, p38, and NF-κB by using 

western blot analysis. Previous studies reported a direct or indirect relationship between 

GSK-3β and the neuropathology of AD [22]. Furthermore, GSK-3β is part of the survival 

mechanism ensuring the control of Aβ-induced oxidative stress, and serves as a vital 

regulator in the inflammation responses of microglia [23]. Moreover, the phosphorylation of 

GSK-3β plays an important role in the regulation of GSK-3β activity. Hence, it is worth 

evaluating whether the anti-oxidative effects of KHG26792 against ROS are mediated 

through the GSK-3β pathway. In the present study, we found that Aβ did not affect the protein 

expression of GSK-3β, although Aβ treatment reduced the expression of p-GSK-3β in 

primary microglial cells (Fig. 4A). However, treatment with KHG26792 significantly 

attenuated the protein level of p-GSK-3β close to the control levels (Fig. 4A-B).  

 Previous studies reported that Akt/GSK-3β is implicated in Aβ-induced toxicity. For 

instance, Aβ inhibited the proliferation of neural stem cells by activating the PI3K/Akt/GSK-

3β pathway, and the up-regulation of the AKT/GSK-3β pathway was correlated with the 

improvement of amyloid and tau pathologies in AD model mice [24]. Consistent with these 

findings, our results showed that the phosphorylation of Akt was decreased in Aβ-treated 

cells. However, treatment with KHG26792 significantly attenuated the ratios of 

immunoreactivity for p-Akt/Akt, when compared with the ratios in the Aβ-induced cells (Fig. 

4A, C). These results suggest that increased inflammatory cytokine levels and oxidative stress 

caused by Aβ are accompanied by the phosphorylation of Akt/GSK-3β/p38, whereas the 

effects of KHG26792 against Aβ-induced toxicity in primary microglial cells are achieved by 

increasing the phosphorylation of Akt/GSK-3β signaling. UN
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 The activation of NF-κB has been observed in AD brains, and Aβ stimulation can 

trigger NF-κB activation in neurons and glia [25]. Therefore, the suppression of the NF-κB 

pathway in activated microglial cells may be a major target for anti-inflammatory disease 

treatment. Previous studies also suggested the possible involvement of the Aβ/ROS/NF-κB 

pathway in the progression of AD, because Aβ-induced ROS generation subsequently 

activates NF-κB [26]. Upon activation, NF-κB is translocated from the cytosol to the nucleus. 

Therefore, we analyzed the cellular localization of NF-κB using western blot analysis. Our 

results showed that Aβ induced the translocation of NF-κB from the cytosol to the nucleus in 

primary microglial cells (Fig. 4A, D), in agreement with the previous observations [66]. 

However, KHG26792 treatment significantly decreased the nuclear expression of NF-κB, 

with an attendant increase in the cytosolic expression of NF-κB (Fig. 4A, D). These results 

indicate that the attenuation of Aβ-induced toxicity by KHG26792 may be related to a 

reduction in the activation of NF-κB.  

 Chronic exposure of human microglia to Aβ can lead to an increase in p38 MAPK 

expression, and p38 MAPK activation has been considered to be involved in the pathogenesis 

of AD [27]. Our results showed that Aβ induced an up-regulation of phosphorylated p-38 and 

that this up-regulation was effectively reduced by KHG26792 treatment (Fig. 4A, E). Hence, 

it is possible that the KHG26792-mediated inactivation of p38 and inhibition of NF-κB (Fig. 

4) are associated with a reduced release of pro-inflammatory cytokines (Fig. 2) in Aβ-induced 

primary microglial cells. Thus, it is it is reasonable to speculate that the effects of KHG26792 

against Aβ-induced toxicity may be related to the regulation of Akt/GSK-3β signaling as well 

as p38 and the NF-κB pathway, thereby enabling microglial cells to activate their antioxidant 

defense system.  

 Taken together, our findings suggest that KHG26792 may be a potential agent for 

treating Aβ-mediated toxicity. Nevertheless, further investigations of cellular signaling are UN
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required to clarify the in vivo effects of KHG26792 against Aβ-induced toxicity. 

 

MATERIALS AND METHODS 

Materials  

Aβ25–35, phosphate-buffered saline (PBS), and dimethyl sulfoxide (DMSO) were obtained 

from Sigma-Aldrich (St. Louis, MO). Antibodies against GSK-3β, p-GSK-3β, Akt, p-Akt, p-

38, p-p38, NF-κB p65, and β-actin were purchased from Cell Signaling Technology (Beverly, 

MA). 3-(Naphthalen-2-yl(propoxy)methyl)azetidine hydrochloride (KHG26792) was 

synthesized and purified as previously described [28]. All other commercial reagents were of 

the highest available purity. 

 

Primary cultures of microglial cells and drug treatments  

All cell culture protocols were reviewed and approved by the Institutional Animal Care and 

Use Committee (IACUC) of the Asan Institute for Life Sciences, Asan Medical Center, 

which abides by the Institute of Laboratory Animal Resources (ILAR) guide. Primary rat 

microglial cells were prepared from the brains of embryonic day 16/17 Sprague–Dawley rats, 

and were digested by trypsin, followed by trituration as previously described, with a slight 

modification [3]. In brief, after dissociation, homogenization, and resuspension, the mixed 

cells were cultured in DMEM/F-12 medium (Gibco, Grand Island, NY), supplemented with 

10% fetal bovine serum, and maintained in a humidified incubator with 5% CO2 at 37°C. The 

media were changed twice a week. This procedure results in mixed glial cultures consisting 

of dividing astrocytes and microglial cells. After 14 days, microglia were separated from 

astrocytes by mild trypsinization and gentle shaking for 20 min at room temperature. Isolated 

microglial cells were plated into 24-well plates at a density of 2 × 105 cells/well, and the 

purity of microglia cultures was assessed using the CD11b antibody; more than 90% of cells UN
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were stained positively.  

 For drug treatment, cultured cells were incubated with 50 μM Aβ for 2 h, followed by 

various concentrations of KHG26792 for 24 h. Aβ25–35 was dissolved in sterile deionized and 

distilled water as a stock solution (1 mM). Aliquots were incubated at 37°C for 72 h, to 

promote the formation of aggregates [10]. The Aβ25–35 stock solution was diluted to the 

desired final concentrations in treatment medium. KHG26792 was freshly prepared as a stock 

solution (10 mM) in DMSO, and then diluted to the desired final concentrations in treatment 

medium. Equivalent amounts of DMSO were used for controls and Aβ-treated cells 

throughout the entire experiment. LDH (lactate dehydrogenase) activity released from the cell 

was evaluated as an index of cellular toxicity. Briefly, cells were plated at a density of 5 x 105 

cells in 96-well plates, and the extracellular and intracellular amounts of LDH were 

determined with the LDH toxicity detection kit from the Roche (Mannheim, Germany) 

according to the manufacturer’s instructions. MTT assay was performed to determine cell 

viability by quantifying the color formation at 595 nm with an enzyme-linked immunosorbent 

assay (ELISA) microplate reader as described before [11].  

 

Measurement of IL-6, IL-1β, TNF-α, and NO  

TNF-α, IL-6, and IL-1β levels were measured using commercial ELISA kits (R&D Systems, 

Minneapolis, MN) according to the manufacturer’s instructions, as previously described 

[3,11]. The optical density was detected with a microplate reader. The concentration of each 

sample was calculated from the linear equation derived from a standard curve of known 

concentrations of the cytokine. Samples of crude extracts with equal amounts of protein were 

used to determine the NO levels. Nitrite is a major product of NO, and therefore, the 

concentration of NO in supernatants was measured from the amount of nitrite generated by 

using the Griess reagent [29]. Optical density was measured at 540 nm by using a microplate UN
CO
RR
EC
TE
D 
PR
O
O
F



11 

 

reader (Molecular Devices Corp., Sunnyvale, CA).  

 

Measurement of protein oxidation, lipid peroxidation, ROS, and NOX  

The levels of protein carbonyls for protein oxidation were measured with the 

spectrophotometric method using an extinction coefficient of 22,000 × 106 nmol/ml for 

aliphatic hydrazones [30]. The levels of HNE were measured by slot-blot analysis using the 

anti-HNE antibody raised in rabbits as the primary antibody (5:1,000 dilution) [31]. The 

membrane was developed with nitro-blue tetrazolium chloride and 5-bromo-4-chloro-3'-

indolyphosphate p-toluidine substrate. 

 ROS levels were measured using 2′,7′-dichlorofluorescin diacetate (DCF-DA), which is 

converted by ROS to fluorescent DCF [11]. The concentrations of ROS were determined 

using the oxidation-sensitive probe DCF-DA according to the manufacturer’s protocol. The 

fluorescence intensity of the DCF product was determined using a SpectraMax GEMINI XS 

fluorescence spectrophotometer (Molecular Devices) at an excitation of 485 nm and an 

emission of 538 nm. 

 NADPH oxidase (NOX) activity was determined from the oxidation of 

dihydroethidium to ethidium by measuring the superoxide anion formed [32]. Cells were 

incubated with 0.2 mmol/L NADPH as substrate, 0.5 mg/mL salmon testis DNA, and 0.02 

mmol/L dihydroethidium. Ethidium-DNA fluorescence was measured over 30 min at 

excitation and emission wavelengths of 480 nm and 610 nm, respectively. NOX was 

expressed as the change in ethidium fluorescence per mg per hour.  

 

Western blotting  

Crude extracts were mixed with sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) loading buffer, boiled for 5 min, and analyzed with 12% SDS-PAGE. Equal UN
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amounts of proteins were loaded into 12% SDS-PAGE, and resolved proteins were 

transferred to a nitrocellulose membrane. Immunoreactive bands of GSK-3β, p-GSK-3β, Akt, 

p-Akt, p-38, p-p38, NF-κB p65, and β-actin in the crude extracts were detected and analyzed 

using an enhanced chemiluminescence kit according to the manufacturer’s instructions 

(Amersham Bioscience, Piscataway, NJ, USA).  

 

Statistical analysis  

All data are the mean ± SD of 3 independent experiments. Individual differences between the 

groups were analyzed using one-way analysis of variance. The Student’s t test was used to 

analyze the differences between two groups, and P < 0.01 was considered to indicate 

statistical significance. 
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Figure Legends 

 

Fig. 1. Protective effects of KHG26792 in the Aβ-induced primary microglial cells. Cells 

were incubated with 50 μM Aβ for 2 h, followed by various concentrations of KHG26792 for 

24 h. MTT assay (B) and LDH assay (C) and was assessed as described in MATERIALS 

AND METHODS. The resulting values represent the mean ± SD of 3 independent 

experiments. * indicates statistical significance between Aβ group and Aβ group treated with 

KHG26792 (P < 0.01). 

 

Fig. 2. Anti-inflammatory effects of KHG26792 in Aβ-induced primary microglial cells. 

Cells were incubated with 50 μM Aβ for 2 h, followed by 50 μM KHG26792 for 24 h. The 

levels of IL-6 (A), IL-1 (B), TNF-α (C), and NO (F) were assayed. The resulting values 

represent the mean ± SD of 3 independent experiments. * indicates statistical significance 

between Aβ group and Aβ group treated with KHG26792 (P < 0.01). 

 

Fig. 3. Anti-oxidative effects of KHG26792 in Aβ-induced primary microglial cells. Cells 

were incubated with 50 μM Aβ for 2 h, followed by 50 μM KHG26792 for 24 h. The levels 

of protein carbonyls (A), HNE (B), ROS (C), and the activity of NOX (D) were assayed. The 

resulting values represent the mean ± SD of 3 independent experiments. * indicates statistical 

significance between Aβ group and Aβ group treated with KHG26792 (P < 0.01). 

 

Fig. 4. Effects of KHG26792 on the protein expression of GSK3, Akt, and p38 in Aβ-induced 

primary microglial cells, as well as on the nuclear translocation of NF-κB p65. Primary 

microglial cells were incubated with 50 μM Aβ for 2 h, followed by 50 μM KHG26792 for 

24 h. Nuclear extracts were obtained from cell homogenates by using a nuclear extraction kit, UN
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according to the manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO). (A) 

Representative western blot images. (B-E) Relative expression levels were calculated using 

densitometry. The resulting values represent the mean ± SD of 3 independent experiments. * 

indicates statistical significance between Aβ group and Aβ group treated with KHG26792 (P 

< 0.01). 
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Fig. 2. 
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Fig. 3. 
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