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Alzheimer's disease (AD) is a prevalent neurodegenerative disorder with multifactorial causes, of which systemic inflammation may play a key role to promote neurodegeneration, and acetylcholinesterase (AChE) is a target protein to induce cholinergic transmission. Inhibitors toward inflammation and targeting AChE are regarded to promote cholinergic signaling of the central nervous system in AD therapy. During the search for neuroprotection agents from marine-derived compounds, seven circumdatin-type alkaloids from a coral-associated fungus Aspergillus ochraceus LZDX-32-15 showed potent inhibition against lipopolysaccharide (LPS)-induced nitric oxide (NO) production and activation of NF-κB report gene along with anti-AChE activities. Among the tested compounds, circumdatin D showed the most potent inhibitory effect against AChE activity and NO production. In vivo experiments using AD-like nematode models demonstrated that circumdatin D effectively delayed paralysis of CL4176 worms upon temperature up-shift via suppression of AChE activity and inflammatory-related gene expression. Moreover, circumdatin D interfered with inflammatory response by inhibiting the secretion of pro-inflammatory cytokines in LPS-induced BV-2 and primary microglia cells. Mechanistically, circumdatin D modulated Toll-like receptor 4 (TLR4)-mediated NF-κB, MAPKs and JAK/STAT inflammatory pathways in LPS-stimulated BV-2 cells, and protected primary neurons cells from LPS-induced neurotoxicity. Thus, circumdatin D is a potential agent for neuroprotective effects by the multi-target strategy.
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Introduction

Alzheimer's disease (AD) is a prevalent neurodegenerative disorder accompanied with progressive memory loss and cognitive functions impairment (Hardy and Selkoe, 2002). According to World Health Organization, AD affects 47.5 million individuals worldwide in 2015, and epidemiological data predict that over 115 million of people will be affected by 2050 (Hung and Fu, 2017). Pathological AD is marked by the deposition of amyloid-β (Aβ) plaques, formation of neurofibrillary tangles, as well as activation of microglia and astrocytes, which ultimately lead to neuronal dysfunction and death (Hardy and Selkoe, 2002). Up to date, five drugs including four acetylcholinesterase inhibitors and one N-methyl D-aspartate receptor antagonist, have been approved by FDA to treat AD. These drugs can only postpone the progression development of the disease, but fail to achieve a definite cure (Kumar and Singh, 2015; Briggs et al., 2016; Khoury et al., 2017; Behrens et al., 2018). Thus, discovery of new agents for a cure for AD is urgently in need. Considering the extraordinarily complicated pathogenesis of AD, simultaneous impact on multi-targets are regarded as an important therapeutic strategy for treatment of this disease. (de Freitas Silva et al., 2018; Li et al., 2018; Cummings et al., 2019; Mesiti et al., 2019).

Neuroinflammation process plays a pivotal role in the initiation and progression of various neurodegenerative diseases. Physiologically, neuroinflammation is originally a protective response in the brain, but an overreacting inflammatory response is harmful. In fact, it inhibits the neuronal regeneration (Heneka and Kummer, 2014; Schain and Kreisl, 2017). Microglia, the brain's resident immune cells, are pivotal for the neuroinflammatory response observed in AD. Under normal conditions, microglia protect the brain from pathogens and help to maintain homeostasis of the tissue. When pathologically insulted, either via endogenous or exogenous stimulations, microglia can transform to an “activated” state, that modified their shapes to enable their phagocytic functions and release a variety of pro-inflammatory or cytotoxic factors, such as nitric oxide (NO), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), reactive oxygen species (ROS), prostaglandin E2 (PGE2) and cyclooxygenase-2 (COX-2) (Salter and Stevens, 2017; Cowan and Petri, 2018; Hansen et al., 2018). The accumulation of proinflammatory factors resulted in neighboring neuronal damage and degeneration. Damaged neurons subsequently release certain immune substances, aggravating the inflammatory neurotoxicity, consequently causing chronically irreversible neuroinflammation (Colonna and Butovsky, 2017; Dong et al., 2019; Liu et al., 2019). Accordingly, inhibiting inflammatory response of microglial cells and protection of neuronal cells from damage may potentially prevent the development of AD. Therefore, a potential therapeutic strategy for AD is regarded to discover agents for inhibiting microglia activation and controlling systemic inflammation.

Acetylcholine (ACh) is an important neurotransmitter which has been implicated in learning and memory processes. Cognitive decline in AD patients was associated with the deficiency of brain neurotransmitter Ach. Acetylcholinesterase (AChE) is a hydrolase that hydrolyzes acetylcholine into acetic acid and choline (Anand and Singh, 2013; Galimberti and Scarpini, 2016). The AChE levels elevated 20% in the plasma of AD patients when compared with those of age- and gender-matched controls (Sun et al., 2017). Inhibition of AChE prevents the breakdown of ACh and subsequently increases in ACh concentration and duration of action, which are considered to be clinically beneficial for AD patients. Thus, AChE inhibitors are widely used for the treatment of AD (Ferreira-Vieira et al., 2016). Currently, four of the five prescribed treatments for AD are AChE inhibitors. Apart from alleviation of some AD symptoms by promoting cholinergic signaling, these cholinergic drugs have weak efficacy to cure the disease (Ritchie et al., 2004; Li et al., 2016). Hence, it is important to develop new AChE inhibitors for the treatment of AD.

Nowadays, multi-targeting agents have been referred as an effective strategy for the treatment of multifactorial diseases like AD (de Freitas Silva et al., 2018; Cummings et al., 2019; Mesiti et al., 2019; Wang et al., 2019). Among several degenerative features that have been identified, neuroinflammation and cholinergic deficit are considered as the major contributing factors in the pathogenesis of AD. Thus, compounds with both AChE inhibition and anti-inflammatory qualities are attractive for the discovery of multi-targeted drugs acting with different mechanisms related to the disease. Natural products especially alkaloids are the prospective source for the discovery of new AChE inhibitor (Ng et al., 2015). Among naturally occurring alkaloids, circumdatins are a series of quinazoline benzodiazepine alkaloids isolated from coral-associated fungus Aspergillus ochraceus. Some of these alkaloids have been reported to have several biochemical activities such as cholecystokinin antagonism, inhibition of substance P and mitochondrial NADH oxidase production (Bock et al., 1986; Sun et al., 1994; López-Gresa et al., 2005; Chuan et al., 2009). In the process of seeking bioactive compounds derived from marine-associated fungi to assess anti-inflammation and the neuroprotective properties, a bioassay guided fractionation led to the isolation of seven circumdatin-type alkaloids, of which circumdatin D exhibited potent neuroprotective effects by the multi-target strategy, including the inhibitory effect toward AChE and interference with pro-inflammatory response in vitro and in vivo.



Methods


Chemicals and Materials

Dulbecco's modified Eagle medium (DMEM), α-minimum essential medium (α-MEM) and fetal bovine serum (FBS) were provided by Hyclone (Waltham, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), acetylcholinesterase (AChE) from Electrophorus electrics (Electric eel) and lipopolysaccharide (LPS) (Escherichia coli 055: B5) were provided by Sigma Chemical Co. (St Louis, MO, USA). Enzyme-linked immunosorbent assay (ELISA) kits for IL-1β and TNF-α and Griess reagent for nitric oxide (NO) assay kit were provided by ExCell Bio (Shanghai, China). Antibodies for TLR4, MyD88, JNK, p-JNK, p38, p-p38, ERK, p-ERK, IκB, p-IκB, IKK, p-IKK, NF-κB, STAT3、p-STAT3、Jak2, p-Jak2, GAPDH and Histone H3 were purchased from Cell Signaling Technology (Danvers, USA). Antibodies for iNOS and COX-2 were provided by Abcam (Cambridge, UK).



Isolation of Circumdatins From Fungus A. ochraceus LZDX-32-15

A gorgonian coral (LZDX-32)-associated fungus A. ochraceus LZDX-32-15 was collected from the South China Sea. Fungal strains were cultured on potato agar medium (PDA). The protocol for a large-scale fermentation refereed to the method reported in the literature (Hu et al., 2019). The fermented material was extracted successively with EtOAc (3 × 500 ml) to obtain EtOAc extract (3.46 g) under vacuum concentration. After removing fatty acids, the EtOAc extract (1.0 g) was subjected to a silica gel column eluting with dichloromethane-acetone (15:1) to yield 10 fractions (F1 to F10). A bioassay using Griess method showed F3 fraction to be the most active against the NO production in LPS-induced BV-2 cells. F3 (400 mg) was repeatedly separated on ODS (C18) column using MeOH–H2OH (1:5) to collect three subfractions (F31–F33). F31 (180 mg) was separated upon ODS column eluding with MeOH–H2OH (1:5) to obtain circumdatin C (2, 128 mg) and circumdatin J (7, 39 mg). F32 (120 mg) was purified by semi-preparative HPLC using MeOH–H2O (1:4) as a mobile phase to yield circumdatin F (1, 46 mg), circumdatin G (3, 34 mg), and circumdatin H (6, 28 mg). F33 (60 mg) followed the same protocol as for F32 to obtain circumdatin I (4, 20) and 2-hydroxycircumdatin C (5, 21 mg). Their structures were identified on the basis of spectroscopic data and comparison of the data with those of authentic samples (see S1).



Cell Culture and Treatment

BV-2 cells (murine microglia cell line) was obtained from Peking Union Medical College, Cell Bank (Beijing, China) and maintained in DMEM containing 10% FBS. Cells were grown in a humidified atmosphere of 5% CO2 incubator at 37°C.

BV2 cells were seeded and incubated overnight, and followed by treatment with different doses of circumdatins for indicated period with or without LPS (1 μg/ml) stimulation. The cells without circumdatins and LPS treatment were used as the control group.

Primary microglia were prepared from the cortical tissue of neonatal (1–3 d) Sprague Dawley rats as Ni and Aschner (2010) described and primary cortical neurons were isolated from embryos of pregnant Sprague Dawley rats of E-18 (Zeng et al., 2012). All experimental manipulations with the animals was reviewed and approved by the animal experimental ethics committee of Peking University. The animals used in the work were performed in accordance with the Animal Care and Use Guidelines of Peking University.



MTT Assay

In vitro cytotoxicity was detected using the MTT assay. Cells were treated with different concentrations of circumdatins in the presence or absence of LPS for 48 h. Then, MTT reagent was added to each well and the plates were further incubated at 37°C for 4  h. The absorbance was read at 570 nm using a microplate spectrophotometer (Thermo Scientifics, USA).



Measurement of NO Production

The NO levels in culture media was determined using a Griess method. Cells were treated with different concentrations of circumdatins in the presence or absence of LPS for 24 h. After that, the supernatant fraction of the culture media was collected and mixed with the same volume of Griess reagent (1% sulfanilamide/0.1% naphthyl ethylene diamine dihydrochloride/2% H3PO4). Then, the absorbance was measured at 540 nm using a microplate spectrophotometer (Thermo Scientifics, USA). The concentration of nitrite was calculated from a calibration curve obtained from standards sodium nitrite solutions.



ELISA Assay for TNF-α and IL-β

Cells were treated with different concentrations of circumdatin D in the presence or absence of LPS for indicated time. Then, the culture media were collected and centrifuged at 12,000g, 4°C for 20 min. The levels of TNF-α and IL-β in the supernatants were determined by ELISA kits according to the manufacturer's instructions.



NF-κB Luciferase Reporter Assay

SW480-NF-κB cells were seeded at a density of 5 × 104 cells/well in 24-well plates and incubated with circumdatins with or without LPS stimulation for 6 h. The κB-dependent luciferase reporter activity in cell extracts was monitored using an automated microplate reader.



Evaluation of Acetylcholinesterase Inhibitory Activity In Vitro and In Vivo

AChE activities in vitro and in vivo were assessed by a modified Ellman's spectrophotometric method (Szwajgier, 2015). Briefly, AChE (80 μl) in phosphate buffer (Na2HPO4/NaH2PO4, pH 8.0) and compound (20 μl) diluted in same phosphate buffer were added to 96 microplates as the reaction mixture. The mixture was incubated at 37°C for 30 min before addition of 10 μl 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) (3 mM) and 10 μl acetylthiocholine iodide (ATCI) (15 mM). After incubation for 20 min, the absorbance was detected at 412 nm using a microplate spectrophotometer (Thermo Scientifics, USA). Galanthamine hydrobromide (1 µM) was used as positive control. The inhibitory rate of AChE was calculated, and the IC50 values were calculated by GraphPad Prism® 5.0 software (GraphPad Inc., San Diego, USA).



Affinity Detection Between Circumdatins and Acetylcholinesterase

The experiments for surface plasmon resonance (SPR) interaction were conducted at 25°C using the Biacore T200 system (GE Healthcare, Sweden). Recombinant AChE diluted in sodium acetate buffer (100 mM, pH 4.5) was used as the stock for the following experiments. CM5 sensor chips were coupled with AChE using an amine coupling kit (GE Healthcare, Buckinghamshire, UK). Thereafter, different concentrations of compounds were injected as analytes using PBS-P (10mM phosphate buffer with 2.7 mM KCl and 137 mM NaCl, 0.05% polysorbate 20, pH 4.5) as running buffer. For binding assays, the analytes were introduced with a 60 s contact time followed by a 60 s dissociation time at a flow rate of 45 μl/min. The surface was regenerated with 10 mM glycine (pH 3.0) for 30 s. The affinity constants were calculated using the 1:1 Langmuir binding model of Biacore evaluation software (T200 Version 1.0).



Microglia-Neuron Co-Culture

For co-culture experiments, primary microglia cells were seeded on the upper insert of Transwell chambers (pore size 3 μm; Corning Costar, USA) in 24-well plates, and neurons were grown in the lower plate wells. Circumdatin D was added to primary microglia cells 1 h before LPS stimulation. After 48 h of coculture, the neurons in the bottom of 24-well plate were collected for the following experiments.

After microglia-neuron co-culture for 36 h, the neurons were washed twice with PBS and fixed with cold 4% paraformaldehyde for 30 min. Then, the cells were stained with 1% crystal violet solution for 15 min. Images were captured with an optical microscope. Five different fields were selected for each group for observing cellular morphology.

After microglia-neuron co-culture for 36 h, neurons were washed twice with PBS, fixed with cold 4% paraformaldehyde for 30 min and permeabilized with 0.1% Triton X-100 for 10 min. TUNEL staining was performed to detect apoptosis using in situ cell death detection Kit (Roche Diagnostics, Mannheim, Germany). Hochest 33342 staining was used to detect total cell nuclei. Images were taken and analyzed on a confocal microscopy (Leica, Germany). Six fields from each sample were randomly selected and analyzed.



Immunocytochemistry Assay

BV2 cells were seeded on glass coverslips and treated with circumdatin D in the presence or absence of LPS for indicated time. After that, the cells were washed twice with PBS and fixed with cold 4% paraformaldehyde for 30 min. Then, the cells were permeabilized with 0.1% Triton X-100 for 10 min and blocked with 5% bovine serum albumin for 1 h. After incubation with primary antibodies overnight at 4°C, the cells were incubated with Alexa Fluor 488-conjugated secondary antibodies (Proteintech, USA) for 1 h at room temperature. Furthermore, Hochest 33342 was added to stain cell nuclei. Images were acquired and analyzed using a confocal microscope (Leica, Germany).



Western Blot

Total cell proteins were lysed using cell extraction buffer containing phenylmethylsulfonyl ﬂuoride and protease inhibitor cocktail. The cytosolic and nuclear extracts were collected using the Nuclear and Cytosolic extraction kit. The protein extracts were separated on SDS-PAGE and transferred to PVDF membranes (Millipore). The membrane was blocked with 5% nonfat milk for 1 h at room temperature, and incubated with indicated primary antibodies overnight at 4°C. After washing, the membrane was incubated with secondary antibodies conjugated to horseradish peroxidase (Proteintech, USA) at room temperature for 1 h. Then, the proteins of interest were visualized utilizing a chemiluminescence (ECL) detection system. The relative optical densities were analyzed using the Image Master™ 2D Elite software.



Reverse Transcription and Polymerase Chain Reaction (RT-PCR) Analysis

Total RNA was extracted using TRIzol reagent (Life Technologies, NY) and then reverse-transcribed into cDNA by reverse transcriptase (Invitrogen). mRNA expression of target genes iNOS, COX-2, IL-1β and TNF-α was quantified in comparison to housekeeping gene GAPDH using SYBR green detection method on ABI 7500 system (Applied Biosystems). The relative gene expression was calculated using comparative Ct (ΔΔCt) method. The following primers in Table 1 were used in this study.


Table 1 | Primer Sequences for Real-Time PCR.





In Vivo Caenorhabditis elegans Assay

The in vivo effects of circumdatin D on pro-inflammatory response and AChE activity were evaluated using C. elegans as animal model. Transgenic C. elegans CL4176 and E. coli OP50 were bought from the Caenorhabditis Genetics Center (University of Minnesota, Minneapolis, MN, USA). CL4176 strain become paralysis after up-shifting temperature from 16 to 25°C due to expressing human β-amyloid peptide in muscle cells. The nematodes were cultivated on nematode growth medium (NGM) plates (1.7% Agar, 0.3% NaCl, 0.25% peptone, 1 mM CaCl2, 1 mM MgSO4, 5 mg/L cholesterol, and 2.5 mM K2HPO4) with E. coli OP50 at 16°C. In paralysis assay, egg-synchronized CL4176 nematodes were incubated on solid NGM plates with E. coli OP50 at 16°C. When the age of the worms grew to L4 stage, nematodes were divided into four groups and exposed to appropriate concentrations of circumdatin D or vehicle control (0.4% DMSO) at 16 °C for 36 h. The temperature was then raised from 16 to 25°C, the number of paralyzed worms was counted under the microscope. The paralyzed worms were recognized for those with no response or only moved head when gently touched with a platinum wire. Each independent assay included three NGM plates with 30 worms for each one. Likewise, the AChE activity and RT-PCR assay was employed using similar conditions.

AChE activity of C. elegans was determined by the method as described (Xin et al., 2013). Briefly, approximately 1,000 nematodes with or without circumdatin D treatment were collected and then triturated mechanically in PBS (50 mM, pH 7.4) on ice. The lysate supernatant was collected by centrifugation and AChE activity in the supernatant was determined using modified Ellman method. The protein concentration was determined by BCA protein assay. AChE activity was expressed as U/mg proteins.

Related gene expression levels were detected as Xin et al. (2013) described. After treatment, CL4176 worms were collected and total RNA was extracted using TRIzol method. The cDNA was synthesized using cDNA synthesis kit (Invitrogen) according to manual instructions. The mRNA expression of target genes viz. F22E5.6, ZC239.12, ace-1 and ace-2 was quantified in comparison to housekeeping gene F23B2.13 using SYBR green detection method on ABI 7500 system (Applied Biosystems). The relative gene expression was calculated using comparative Ct (ΔΔCt) method. The following primers in Table 2 were used in this study.


Table 2 | Primer Sequences for Real-Time PCR.





Statistical Analysis

All data were expressed as mean ± standard deviations (SD) and analyzed using GraphPad Prism® 5.0 software. Statistical analysis was carried out using a two-tailed Student's t-test when two groups were compared. A value of p <0.05 was considered as statistically signiﬁcant.




Results


Bioassay-Guided Separation of Circumdatins With Inhibition Pro-Inflammatory Response

Gorgonian coral (LZDX-32)-associated fungus A. ochraceus LZDX-32-15 was cultured in liquid fermentation. A bioassay guided fractionation showed that EtOAc fraction possessed inhibitory effects against LPS-induced nitric oxide production in BV-2 cells. Chromatographic separation of the bioactive fraction resulted in the purification of seven alkaloids, while they were identical to circumdatin C (1), circumdatin D (2), circumdatin F (3), circumdatin G (4), circumdatin H (5), circumdatin I (6), and 2-hydroxycircumdatin C (7) (Figure 1 and Figures S1–S15), based on the spectroscopic data and comparison with those of authentic samples.




Figure 1 | Structures of compounds 1–7.





Effects of Circumdatins on NO Production and NF-κB Dependent Luciferase Gene Expression

NO is a critical signaling molecule produced by enzyme iNOS at inflammatory sites, and high expression of NO is a significant feature of neuroinflammation and related disease conditions. Seven circumdatin-type alkaloids (1–7) showed inhibitory effects against LPS-stimulated NO production in BV-2 cells under non-toxic dose (Figure S16). As shown in Figure 2, circumdatins D and G exhibited significant reduction of NO levels in LPS-stimulated BV-2 cells with a dose-dependent manner (p < 0.05). Circumdatins C, F, H and I decreased NO production only in high dose. In addition, circumdatins (1–7) showed potential inhibitory effects toward NF-κB reporter gene expression (Table 3), of which circumdatin D was the most active with the IC50 value lower than others. As an important transcription factor in the inflammatory pathway, NF-κB plays an important role in the regulation of various inflammatory factors (Shih et al., 2015), while compounds with the inhibition of NF-κB activation may be active to reduce inflammatory response.




Figure 2 | Effects of different concentrations of circumdatins on LPS-induced nitric oxide (NO) production in BV-2 cells. Cells were treated with circumdatin C, circumdatin D, circumdatin F, circumdatin G, circumdatin H, circumdatin I and 2-hydroxycircumdatin C in the presence or absence of 1 μg/ml LPS for 24 h. NO levels were measured by Griess method, Values represent the mean ± SD of three independent experiments (#compared with the control, *compared with LPS, */#P < 0.05, **/##P < 0.01.




Table 3 | Inhibitory Effects of Circumdatins toward NF-κB Activation and AChE Activity.





Effects of Circumdatins on AChE Inhibition

AChE inhibitory activity of circumdatins was examined by modified Ellman's method. Circumdatins moderately inhibited AChE activities with IC50 values ranging 2.4–98.1 μM (Table 3), comparing to the positive control galanthamine (IC50 0.1 μM), a well-known AChE inhibitor. Particularly, circumdatin D is the most active compound among the tested compounds with an IC50 value of 2.4 μM. In SPR experiment, the capability of the affinity of circumdatins with AChE was in binding equilibrium dissociation constant (KD = kd/ka). Among the tested compounds, circumdatin D had a lower KD value than other circumdatins, indicating a higher affinity with AChE (Table 3). This result consists with the aforementioned enzyme inhibition for that circumdatin D possessed inhibitory activity, assigning it to be an AChE inhibitor.



Circumdatin D Inhibited IL-1β and TNF-α Production in LPS-Induced BV-2 Cells

The effects of circumdatin D on the BV-2 cells cytotoxicity in the presence of LPS were detected by MTT assay. As shown in Figure S17, circumdatin D at the doses ranging 0–100 μM did not induce significant cellular death in BV-2 cells. Subsequently, the inhibitory effects of circumdatin D on pro-inflammatory cytokines secretion were detected. LPS alone (1 μg/ml) significantly increased the levels of TNF-α and IL-1β in BV-2 cells compared to that of the control, whereas circumdatin D suppressed LPS-induced TNF-α and IL-1β production in BV-2 cells with dose dependently (Figure 3A). In addition, circumdatin D also significantly decreased proinflammatory cytokines in LPS-stimulated BV-2 cells in the mRNA levels (Figure 3B).




Figure 3 | Circumdatin D downregulated inflammatory cytokines in LPS-induced BV-2 cells. (A) Cells were stimulated with 1 μg/ml LPS in the absence or presence of circumdatin D (10, 20, and 50 μM) for 6 h for measurement of TNF-α, and 8 h for measurement of IL-1β. The production of TNF-α and IL-1ß were measured by ELISA. (B) Cells were stimulated with 1 μg/ml LPS in the absence or presence of circumdatin D (10, 20, and 50 μM) for 24 h. Total RNA was prepared, and the mRNA levels of TNF-α, IL-1β, iNOS and COX-2 were determined using RT-PCR. GAPDH mRNA served as a control. (C) Cells were stimulated with 1 μg/ml LPS in the absence or presence of circumdatin D (10, 20, and 50 μM) for 24h. The protein expressions of iNOS and COX-2 were determined by Western blot assay. The data are represented as a mean ± S.D. from independent experiments performed in triplicate (#compared with the control, *compared with LPS, */#P < 0.05, **/##P < 0.01, ***P < 0.001).





Circumdatin D Suppressed iNOS and COX-2 Expression in LPS-Induced BV-2 Cells

Nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) are two important enzymes in the inflammatory response. Using q-PCR analysis, circumdatin D showed dose-dependently decreasing the expression levels of both iNOS and COX-2 in LPS-induced BV-2 cells (Figure 3B). Furthermore, LPS significantly increased the protein expression of iNOS and COX-2 (Figure 3C), while circumdatin D reduced LPS-induced COX-2 and iNOS expression dose-dependently. These findings indicated that the anti-inflammatory activity of circumdatin D was induced by the inhibition of pro-inflammatory cytokine expression.



Circumdatin D Protects Neurons Through Inhibition of Microglial Activation and Decreasing Acetylcholinesterase Activity

Since inflammation is associated with neurodegeneration during AD process, the neuroprotective effect of circumdatin D on activated primary microglia-induced neuronal cell death was investigated. In initial experiment, circumdatin D was added to primary microglial cultures in both untreated cells and LPS-stimulated cells. MTT data revealed that circumdatin D was low toxicity in these cultures within the doses of 1–100 μM (Figure S18). To assess the cytokine secretion in the supernatants of cultured microglial cells, LPS (1.0 μg/ml) induced primary microglia cells were treated with or without circumdatin D (10, 20 and 50 μM) in indicated times, and then inflammation mediators were quantified by appropriate assay kit. As shown in Figure 4A, circumdatin D significantly decreased the production of NO, TNF-α and IL-1β that were stimulated by LPS, showing the similar data as found in BV-2 cells. Subsequently, the neuroprotective effect of circumdatin D in neurons-microglia co-culture system was tested. As a preliminary assessment, incubating primary neuron-enriched cells with circumdatin D for 48 h was performed. MTT assay showed circumdatin D with no direct toxic to neurons in the tested doses (Figure 4B). In the co-culture system, primary microglia treated with LPS alone caused neuron death in a high level. This illustrated that LPS-activated microglia were able to induce neuron death by secreting pro-inflammatory cytokines and then migrating through the insert. Notably, treatment of primary microglia with circumdatin D prior to LPS stimulation reduced neuron death in the co-cultures as detected by MTT assay (Figure 4B). These data suggested that circumdatin D possessed cytoprotective effect by inhibiting microglial activation. Furthermore, a TUNEL assay was performed to examine cell apoptosis. In microglial-neuronal co-cultures, stimulation of primary microglia with LPS alone significantly enhanced neurons apoptosis as evidenced by an increase of the ratio of TUNEL-positive cells as compared to control (Figure 4D). Circumdatin D significantly reduced the numbers of TUNEL-positive cells and improved the LPS-induced survival. These data further confirmed the cytoprotective effect of circumdatin D on primary cortical neurons. In addition, crystal violet staining was used to observe cell morphology. Figure 4E clearly showed that neurons suffered inflammation-associated injury as obvious neurite loss and cleavage after LPS stimulation for 48 h, and circumdatin D markedly reversed the neuronal injury. These results suggested that circumdatin D exerted its neuroprotective effects, at least in part, via reducing the production and secretion of inflammatory mediators from the microglia.




Figure 4 | Circumdatin D prevented inflammation-induced neuronal death in microglial-neuronal co-culture and decreased acetylcholinesterase activity. (A) Primary microglia cells were stimulated with 1 μg/ml LPS in the absence or presence of circumdatin D (10, 20, and 50 μM) for measurement of NO, TNF-α, and IL-1β. NO levels were measured by Griess method. The production of TNF-α and IL-1ß were measured by ELISA. (B) Primary neuron cell was treated with or without circumdatin D (1–100 μM) in the absence or presence of 1 μg/ml LPS for 48 h by MTT assay. (C) Primary neurons were stimulated with 1 μg/ml LPS in the absence or presence circumdatin D (1–100 μM) for 48 h and AChE enzyme activity were tested by modified Ellman's spectrophotometric method. (D) Microglial–neuronal co-cultures were treated with 1 μg/ml LPS in the absence or presence of circumdatin D for 48 h, and then apoptotic neuronal cells were determined by TUNEL assay. Data were expressed as the ratio of the number of TUNEL-positive cells to the number of Hoechst-positive cells. (E) Microglial-neuronal co-cultures were treated with 1 μg/ml LPS in the absence or presence of circumdatin D for 48 h, and then crystal violet staining was performed to observe changes in morphology. Values represent the mean ± SD of three independent experiments (#compared with the control, *compared with LPS, */#P < 0.05, **/##P < 0.01, ***P < 0.001. N.S., no significant differences from the control cells).



Increasing the level of AChE led to acetylcholine deficit in AD, while the experimental data showed that the LPS-treated primary cortical neurons resulted in a significantly increasing AChE activity compared to the control group. Circumdatin D markedly reduced the LPS-induced AChE activities in primary neuronal cells (Figure 4C), suggesting circumdatin D directly inhibited AChE activity in neurons.



Circumdatin D Attenuates Paralysis of Transgenic C. elegans Upon Temperature-Upshift

As an ideal model organism, C. elegans has been widely utilized to assess the efficacy of anti-AD drug candidates (Lublin and Link, 2013). In the present work, the in vivo effect of circumdatin D on AD-like symptom was evaluated using a transgenic C. elegans CL4176 as a model organism. C4176 nematodes become paralyzed owning to the expression of a heat-induced human Aβ1–42 gene in the muscle cells, resulting in the production of inflammation cytokines and AChE elevation (Xin et al., 2013). Firstly, the toxicity of circumdatin D on CL4176 nematodes in 24 and 48 h was detected (Figure S19), showing no toxicity on the normal survival of the nematode at tested dose. Figure S20 showed the paralysis time course for the non-treated CL4176 nematode. C. elegans displayed the paralysis phenotype during 24 h when temperature elevated from 16 to 25°C and the majority of the worms were paralyzed or die by 36 h. Therefore, 36 h post the temperature up-shift was used for all of the following experiments. To study protective effect of circumdatin D on CL4176 nematode, the percentage of paralyzed worms were recorded at 36 h after the temperature upshift according to the timeline (Figure 5A). Feeding with 50, 100, 200 μM of circumdatin D significantly reduced paralysis by about 24.9, 42.8 and 74.8% respectively (Figure 5B). This observation suggests that circumdatin D was potential to rescue paralysis in CL4176 nematodes. Upon temperature upshifted, the AChE activity was elevated in CL4176 nematodes. Circumdatin D significantly attenuated these changes in a dose-dependent manner (Figure 5C), indicating that circumdatin D is able to inhibit AChE in vivo. To delineate the mode of action, the expression levels of AChE genes (ace-1 and ace-2) and inflammation related gene (F22E5.6 and ZC239.12) were tested by qRT-PCR in CL4176. Circumdatin D inhibited temperature raise-induced AChE and inflammation-associated gene expressions respectively (Figure 5D), suggesting that circumdatin D alleviating paralysis in CL4176 was due to its capacity to inhibit AChE elevation and down-regulate inflammation gene expressions.




Figure 5 | Circumdatin D delayed nematode paralysis upon temperature up-shift via suppression AChE and inflammatory-related gene expression in CL4176 transgenic C. elegans strains. (A) Timeline illustrating the time at which the temperature was raised from 16 to 25°C in egg-synchronized CL4176 worms, when worms were fed on circumdatin D-containing NGM medium and when the paralysis assay was scored. (B) The paralysis assays were quantified in the transgenic CL4176 strain treated with or without different concentrations of circumdatin D. Egg-synchronized CL4176 worms were incubated at 16°C for 48 h, treated with appropriate concentrations of circumdatin D at 16 °C for 36 h, then up-shifted to 25°C, and harvested at 36 h after temperature being up-shifted. Data are shown as percentages ± SD of worms paralyzed (n = 90, three independent assays). (C) Effect of circumdatin D on AChE activities, as measured by modified Ellman's spectrophotometric method in CL4176 transgenic C. elegans. Data are normalized with respect to control, and values are the mean ± SD of three independent experiments. (D) Real-time qRT-PCR analysis of AChE and inflammation -associated gene expression in CL4176 transgenic C. elegans. Total RNA was isolated from worms 36 h post temperature up-shift and subjected to DNase digestion. The gene expression levels were normalized to F23B2.13 mRNA. Values represent the mean ± SD of three independent experiments (#compared with blank, *compared with the control, *P < 0.05, **P < 0.01, ***P < 0.001).





Effect of Circumdatin D on the TLR4 and MyD88 Expression in LPS-Induced BV-2 Cells

As the major LPS receptor, Toll-like receptor 4 (TLR4) plays an important role in activation microglial through regulation of downstream NF-κB and MAPK signaling pathway (Wang et al., 2014; Cho et al., 2016; Rahimifard et al., 2017; Shabab et al., 2017). The effect of circumdatin D on LPS-induced TLR4 expression was examined to elucidate its anti-inflammatory mechanism. As shown in Figure 6, LPS enhanced TLR4 expression in BV-2 cells compared with untreated control. However, circumdatin D dramatically reversed the LPS-induced TLR4 expression. Moreover, Myeloid differentiation primary response protein 88 (MyD88) is an important adapter protein that could transduce signals from TLR4 to downstream NF-κB and MAPK signaling pathway and active inflammatory response. In LPS-treated BV-2 cells, MyD88 expression was increased, while circumdatin D suppressed the MyD88 expression (Figure 6). These results demonstrated that inhibition of pro-inflammatory response by circumdatin D was related to its regulation of TLR4 and MyD88 expression.




Figure 6 | Circumdatin D inhibition of TLR4 and MyD88 protein expression in LPS-induced BV-2 cells. Cells were stimulated with 1 μg/ml LPS in the absence or presence of circumdatin D (10, 20, and 50 μM) for 6 h, cell lysates were prepared and subjected to western blot analysis for TLR4 and MyD88 expression. Values represent the mean ± SD of three independent experiments (#compared with the control, *compared with LPS, */#P < 0.05, **P < 0.01).





Circumdatin D Attenuated LPS-Induced NF-κB, STAT3 Activation and MAPK Phosphorylation in BV-2 Cells

In BV-2 microglial cells, circumdatin D inhibited LPS-induced NF-κB nuclear translocation as detected by immunofluorescence staining (Figure 7A). This result was further confirmed by western blot analysis of the expression of NF-κB p65 in the nucleus and in the cytoplasm. Nuclear accumulation of NF-κB p65 was increased in LPS-treated BV-2 cells as compared to control, whereas circumdatin D reduced nuclear NF-κB p65 levels significantly. This fact provided an evidence that circumdatin D inhibited LPS-induced NF-κB nuclear translocation. In addition, circumdatin D also down-regulated the phosphorylation levels of IKK and IκB, the important upstream signals of NF-κB dose-dependently (Figure 7B). Therefore, circumdatin D exerted inhibition of pro-inflammatory response in LPS-stimulated BV-2 cells via inhibiting the activation of NF-κB signaling pathway.




Figure 7 | Circumdatin D inhibition of NF-κB/STAT3 activation and MAPK phosphorylation in LPS-induced BV-2 cells. (A) BV-2 cells were stimulated with LPS (1 μg/ml) in the absence or presence of circumdatin D (10, 20 and 50 μM) for 3 h, followed by detection of the NF-κB p65 subunit translocation by immunocytochemistry. Red fluorescence represents the NF-κB p65 subunit, and blue fluorescence represents nuclear Hoechst staining. (B) BV-2 cells were stimulated with LPS (1 μg/ml) in the absence or presence of circumdatin D (10, 20 and 50 μM) for 3 h, NF-κB p65 levels in the nucleus and cytoplasm, the phosphorylated and total IKKβ and IκB proteins were determined by Western blot. Histone H3 and GAPDH were used as endogenous controls for nuclear and cytoplasmic proteins, respectively. (C) BV-2 cells were stimulated with LPS (1 μg/ml) in the absence or presence of circumdatin D (10, 20 and 50 μM) for 3 h, the phosphorylated and total ERK1/2-JNK1/2-p38 MAPKs were determined by Western blot. (D) BV-2 cells were treated with LPS (1 μg/ml) in the absence or presence of circumdatin D (10, 20 and 50 μM) for 3 h, followed by detection of the STAT3 translocation by immunocytochemistry. Red fluorescence represents the STAT3, and blue fluorescence represents nuclear Hoechst staining. (E) STAT3 levels in the nucleus and cytoplasm, the phosphorylated and total JaK2 and STAT3 proteins were determined by Western blot. Histone H3 and GAPDH were used as endogenous controls for nuclear and cytoplasmic proteins, respectively. Values represent the mean ± SD of three independent experiments (# compared with the control, *compared with LPS, */# P < 0.05, **/## P < 0.01, ***P < 0.001).



LPS rapidly activated the phosphorylation of mitogen-activated protein kinase (MAPK) signals, whereas western blot revealed that circumdatin D markedly suppressed the phosphorylation in LPS-induced BV-2 cells (Figure 7C). The result suggested that circumdatin D exerted its inhibition of pro-inflammatory response by downregulating MAPK signaling pathways.

Activation of the STAT3 signaling pathway mediates inflammatory-associated factor expression (Zeng et al., 2012; Zeng et al., 2015). Herein, the translocation of STAT3 in response to LPS-induced neuroinflammation in BV-2 cells was examined. In LPS-treated BV-2 cells, circumdatin D effectively inhibited the phosphorylation and translocation of STAT3 from the cytoplasm to the nucleus. Moreover, circumdatin D strongly reduced LPS-induced phosphorylation of JaK2. In immunofluorescence staining experiment, circumdatin D inhibiting nuclear translocation of STAT3 was observed by the staining nucleus of LPS-activated BV-2 cells (Figures 7D, E). These results suggest that JaK2/STAT3 signaling pathway may be another potential anti-inflammatory mechanism of circumdatin D in BV-2 cells. Taken together, the proposed mechanism underlying the inhibition of pro-inflammatory response by circumdatin D in LPS-activated microglia via modulating TLR4-mediated NF-κB, MAPKs and JAK/STAT inflammatory pathways (Figure 8).




Figure 8 | Schematic illustration of anti-inflammatory responses of circumdatin D. Circumdatin D negatively regulated TLR4-mediated NF-κB, MAPKs and JAK/STAT inflammatory signaling pathway and reduced the production of pro-inflammatory factors from LPS stimulated microglia. ERK, extracellular signal‐regulated kinase; JNK, c‐Jun N‐terminal kinase; NF‐kB, nuclear factor kappa‐light‐chain‐enhancer of activated B cells; TNF‐α, tumor necrosis factor‐α; IL‐1β, interleukin‐1β.






Discussion

Present work provided a group of marine-derived alkaloids, circumdatins as a new natural scaffold with AChE and pro-inflammatory response dual inhibitory activity. Circumdatin D as the most active compound exhibited potential neuroprotective effects against microglial activation-mediated neurotoxicity. Mode of action investigation revealed that circumdatin D inhibited the TLR4-mediated NF-κB, MAPKs and JAK/STAT inflammatory signaling pathways.

Overactivated microglia are associated with many kinds of neurodegenerative disease through release of NO and various proinﬂammatory cytokines. (Tuppo and Arias, 2005; Cai et al., 2014; Shabab et al., 2017). LPS, a component derived from Gram-negative bacterial cell wall, can activate microglial cells to release inflammatory cytokines. Thus, LPS has been widely used for inducing pro-inflammatory response caused by microglial activation. Circumdatin D significantly inhibited LPS-induced NO production, as well as iNOS and COX-2 expression in BV-2 cells. In addition, circumdatin D significantly decreased TNF-α and IL-1β releasing in LPS-activated BV-2 cells, while those inflammatory cytokines augmented neurodegeneration and neuronal death. The attenuation of pro-inflammatory response by circumdatin D was also declared in primary microglia by decreasing LPS induced NO, TNF-α, and IL-1β production. In the inflammatory cascades, LPS is recognized by TLR4 on the surface of microglia to recruit and interact with MyD88, leading to the activation of down-stream MAPK and NF-κB signals, which subsequently regulated the release of pro-inflammatory cytokines (Wang et al., 2014; Rahimifard et al., 2017; Shabab et al., 2017). Thus, activation of TLR4 was the primary event in the induction of inflammatory processes. Circumdatin D attenuated LPS-induced TLR4 and MyD88 expression in BV-2 cells, indicating its attenuation of pro-inflammatory response initially induced by inhibiting the TLR4 signaling pathway. NF-κB plays an important role in the inflammatory responses and the release of IL-1β, TNF-α. In the active state, NF-κB liberates from IκBα through phosphorylation and degradation, and then translocates into the nucleus where it transcriptionally regulates proinflammatory genes expression. In the present study, circumdatin D attenuated NF-κB p65 subunit nuclear translocation and markedly decreased the IKKα phosphorylation and IκB degradation. These findings supported that circumdatin D exerted an effective anti-inflammatory activity via blockage TLR4-mediated NF-kB signaling pathway. The MAPK signaling pathway, ERK1/2-JNK1/2-p38 MAPKs, is also involved in LPS-induced inflammatory mediator expression and pro-inflammatory cytokine production (Yang et al., 2014; Cho et al., 2016; Shabab et al., 2017). These events agreed our experimental data that LPS increased the expression of phosphorylated ERK, p38 and JNK in BV-2 cells. As we expected, pretreatment of LPS-stimulated BV-2 microglia with circumdatin D significantly inhibited the phosphorylation of ERK, p38 and JNK. These findings concluded that circumdatin D interfered LPS-induced pro-inflammatory responses by suppressing activation of TLR4-dependent NF-κB and MAPKs signal pathways in BV-2 microglial cells. Multiple signal transduction pathways are involved in the induction of inflammatory factor production. JAK/STAT signaling pathway was explored to extend our understanding of inhibition of pro-inflammatory mechanism of circumdatin D. Herein, circumdatin D markedly inhibited phosphorylation of Jak2 as well as STAT3 nuclear translocation in LPS-activated BV-2 cells, suggesting that JAK/STAT signaling pathway is another potential mode of action for circumdatin D exerting inhibitory effects upon LPS-induced pro-inflammatory responses in BV-2 cells.

Prolonged activation of microglia resulted in a state of neurotoxicity in which overproduction of proinflammatory cytokines are harmful for neurons (Ransohoff, 2016; Hickman et al., 2018). Thus, inhibiting an uncontrolled neuro-inflammatory response in microglial cells may potentially prevent neuronal cells from damage. Based on circumdatin D obviously inhibiting LPS-induced production of pro-inflammatory factors, whether circumdatin D protected neurons against inflammation-induced neuronal death was conducted. In microglial-neuronal co-cultures, circumdatin D was found to protect neurons from inflammation-associated injury according to the data of neuronal viability, apoptosis and morphological assays. The results demonstrated that circumdatin D exhibited indirectly neuroprotective effects against microglia activation-mediated neurotoxicity induced by LPS. Cholinergic deficiency is an important cause of AD, and AChE is still the most viable therapeutic target for AD therapy (Beach et al., 2000; Ferreira-Vieira et al., 2016). Circumdatin D showed inhibitory effects toward AChE, that was corresponded with the strong interaction between circumdatin D and AChE in SPR experiment. Furthermore, circumdatin D suppressed AChE activity in LPS-stimulated rat primary neuronal cells and increased cell viability, thus alleviated the corresponding apoptosis. These findings were relevant to the reported results that cell apoptosis associated with AChE expression (Zhang et al., 2002; Pérez-Aguilar et al., 2015), suggesting the neuroprotective effects of circumdatin D partly related to downregulating AChE expression.

C. elegans strain CL4176 expresses Aβ in muscle cells upon temperature up-shift, leading to progressive neurodegeneration and paralysis, and thus has been employed as a valid AD model. In addition, the pathological features of CL4176 include AChE and inflammation gene overexpression (Link et al., 2003; Link, 2006; Xin et al., 2013; Cacabelos et al., 2014; Li et al., 2018). In present work, CL4176 was used as an AD pathological model to evaluate the efficacy of circumdatin D in vivo. Bioassay data indicated that circumdatin D effectively reduced the paralysis of CL4176 nematodes upon temperature up-shift comparing to untreated animals. In addition, circumdatin D significantly inhibited the AChE activities and relevant gene expression in C. elegans C4176. Acetylcholine has been reported to be intimately associated with C. elegans behaviors such as muscle contraction, paralysis, and locomotion by affecting interneuronal, neuromuscular, and neuroendothelial signaling (Ahmad and Ebert, 2017). Therefore, the reduced paralysis by circumdatin D in the CL4176 nematodes could be attributed to its AChE inhibiting activities, which could prevent the breakdown of acetylcholine and maintains its normal levels. F22E5.6 and ZC239.12 genes are closely related to inflammation response in CL4176 nematodes (Link et al., 2003; Link, 2006; Xin et al., 2013). Circumdatin D significantly reduced these inflammation genes expression in CL4176 worms induced by temperature up-shift. Thus, circumdatin D effectively improved the paralysis of CL4176 nematodes via suppression of AChE activity and inflammatory-related gene expression in the in vivo test.

In summary, present study revealed that circumdatin D exerted neuroprotective effects by attenuating pro-inflammatory response and downregulating acetylcholinesterase activity in vitro and in vivo. Although further studies are required to test circumdatin D in other animal models, current data suggested that circumdatin D may be a reliable and promising multifunctional drug candidate for treating AD.
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