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Abstract

:

As a new target protein for Alzheimer’s disease (AD), the triggering receptor expressed on myeloid Cells 2 (TREM2) was expressed on the surface of microglia, which was shown to regulate neuroinflammation, be associated with a variety of neuropathologic, and regarded as a potential indicator for monitoring AD. In this study, a novel recognition system based on surface plasmon resonance (SPR) for the TREM2 target spot was established coupled with quadrupole time-of-flight tandem mass spectrometry (UPLC-MS), in order to screen the active ingredients targeting TREM2 from Datura metel seeds. The results showed that four lignan-amides were discovered as candidate compounds by SPR biosensor-UPLC/MS recognition analysis. According to the guidance of the active ingredients discovered by the system, the lignin-amides from Datura metel seeds (LDS) were preliminarily identified as containing 27 lignan-amides, which were enriched compositions by the HP-20 of Datura metel seeds. Meanwhile, the anti-inflammatory activity of LDS was evaluated in BV2 microglia induced by LPS. Our experimental results demonstrated that LDS could reduce NO release in LPS-treated BV2 microglia cells and significantly reduce the expression of the proteins of inducible Nitric Oxide Synthase (iNOS), cyclooxygenase 2 (COX-2), microtubule-associated protein tau (Tau), and ionized calcium-binding adapter molecule 1 (IBA-1). Accordingly, LDS might increase the expression of TREM2/DNAX-activating protein of 12 kDa (DAP12) and suppress the Toll-like receptor SX4 (TLR4) pathway and Recombinant NLR Family, Pyrin Domain Containing Protein 3 (NLRP3)/cysteinyl aspartate specific proteinase-1 (Caspase-1) inflammasome expression by LDS in LPS-induced BV2 microglial cells. Then, the inhibitory release of inflammatory factors Interleukin 1 beta (IL-1β), Interleukin 6 (IL-6), and Tumor necrosis factor-alpha (TNFα) inflammatory cytokines were detected to inhibit neuroinflammatory responses. The present results propose that LDS has potential as an anti-neuroinflammatory agent against microglia-mediated neuroinflammatory disorders.
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1. Introduction


AD is a progressive neurodegenerative disease with high incidence and severe economic burden. Microglial activation is one of the major pathological signs [1,2]. At the same time, neuroinflammation is closely related to AD, which is mediated by the activation of microglia [3]. One of the key molecules involved in the activation of small cells is TREM2, a cell surface receiver of the Ig superfamily. TREM2 and DAP12 are bound to produce complexes, which can regulate the phagocytosis of apoptotic neurons and inhibit the neuroinflammatory effect by regulating the inflammatory pathway [4,5,6,7]. In addition, it has been shown that a lack of TREM2 will lead to an Aβ prominent phenomenon [8,9]. In recent studies, the level of TREM2 as a new predictive biomarker for the occurrence of AD may have clinical significance [10,11]. Therefore, TREM2 has attracted lots of attention as a new target. Hence, we first established the SPR-UPLC-MS/MS system that targeted TREM2 protein for sifting the active ingredients from herbal medicine. The seeds of Datura metel had an intensive response signal in the SPR system targeted at TREM2, and four lignin-amides were identified that were regarded as TREM2 targeted active candidates by UPLC-MS analysis. Coincidentally, the lignan-amides demonstrated outstanding effects for AD treatment involving acetylcholinesterase inhibitory activity, anti-oxidation, and anti-inflammatory in previous modern pharmacological studies [12,13,14,15,16]. Simultaneously, the rich lignin-amides existed in the seeds of Datura metel including cannabisin D-H [17,18,19,20], and it possesses the traditional effects of the treatments of convulsion, epilepsy, and rheumatic arthralgia according to the Compendium of Materia Medica [3], together with analgesic, hypoglycemic, and anti-inflammation biological activities [21,22,23]. However, it should be noted that the underlying molecular mechanism remains unclear and needs further exploration, although some studies have indicated the anti-neuroinflammatory potential of LDS.



In this study, the TREM2 targeted SPR-UPLC-MS active ingredients recognition system was firstly established by determining optimal pH and the amount of protein immobilization for TREM2 coupling. Simultaneously, four lignan-amides were discovered and characterized from Datura metel seeds. Being limited to the components obtained by the SPR system, LDS were enriched by HP-20 macroporous resin and identified as covering 27 compounds, so as to perform more in-depth research and development. In this context, this was the first work to evaluate the capacity of LDS to inhibit neuroinflammation induced by LPS in BV2 microglial cells, which was regulated by the TREM2/DAP12, TLR4 pathway and NLRP3/Caspase-1 inflammasome expression. Thus, the possible mechanism of LDS in the treatment of anti-neuroinflammatory was discussed, and our research elucidated the diversity of anti-neuroinflammatory mechanisms exerted by a natural product.




2. Results and Discussion


2.1. Construction of SPR Biosensor-UPLC/MS Active Ingredient Recognition System for TREM2 Target


Immobilization of TREM2 on SPR Active Ingredients Recognition System


TREM2 was diluted in 10 mM sodium acetate (pH 4.0) that was determined by a pre-coupling experiment and immobilized by the amine coupling method on a CM5 sensor chip according to the manual-injections protocol. At the same time, 4 flow cells of the chip were selected for sample loading. Definitively, the target immobilization level of the TREM2 was 5000 RU (Figure 1A,B).





2.2. Identification of TREM2 Target Direct Binding Active Ingredients


In one single injection and recovery procedure, the amount of chip-bound ingredients was quite low and insufficient to meet the detection limit of QTOF/MS. A series of sample vials were obtained by repeated injection and recovery operations. Then, the different numbers of the vials were merged, dried under nitrogen, redissolved by mobile phase, and analyzed by UPLC-QTOF/MS system. According to the accurate mass data obtained by QTOF/MS and searching the chemical compound database of the components containing compounds built by our group, only cannabisin G (peak 1), lyciumamide K (peak 2), cannabisin F (peak 3), and cannabisin D (peak 4) were identified as the recovered ingredients (Figure 2 and Figure 3 and Table 1). Lyciumamide K was formed by the connection of hydroxyl cinnamic acid and purecine, the mass spectroscopic cracking pattern of which was a C-N bond fracture and α-elimination [24]. Its excimer ion peak was 643 [M+H]+ and its fragment ion were 625 and 462, which may be related to the loss of one fragment of H2O and C10H11NO2, respectively (Figure 4A). Among them, cannabinoid G, cannabinoid F, and cannabinoid D are all formed by the connection of lignans and two aromatic amines, which were confirmed to pass the comparison of the standard product (Figures S1–S3). The cannabinoid D was chosen as an example, and its excimer ion peak was 625 [M+H]+ while its fragment ion were 488, 462, which may be related to the neutral loss of C8H10NO and C9H10NO2, respectively (Figure 4B).




2.3. Annotation of the Enriched Ingredients LDS by UPLC-QTOF/MS Technique


Due to the small sample size of TREM2-bounding active ingredients, we could not meet the needs of a further experimental study of its mechanism. Therefore, the enrichment of lignan-amides in the seeds of Datura metel were conducted in this study. The results were as follows. The data obtained from the UPLC-QTOF/MS analytical technique annotated 27 lignan-amides (Table 2, Figure 5 and Figure 6) experiments (MS/MS) support the formation of fragment ions which were crucial to ensure greater reliability to authenticate the metabolites by comparison with the literature. The structures which could considered were formed by connecting phenylpropane and amine fragments through amide bonds [12,17,20,25,26,27,28,29,30,31,32].



Peaks 1 and 2 gave [M+H]+ ion at m/z 314.1388 with a molecular formula C18H19NO4, and produced fragment ions at m/z 177 [M+H-C8H10NO]+, which were presumed as N-trans-feruloyl tyramine, N-cis-feruloyl tyramine. Peak 3 gave [M+H]+ ion at m/z 510.2124 and fragment ions at m/z 312 [M+H-H2O-3CH3COOH]+, which indicated that it could be presumed as cannabisin H. It was identified by comparison to a standard product (Figure S1). The peaks 4, 6, 11, 14, 19, 22, and 25 were deemed as cannabisin G, Tribulusamide A, cannabisin F, cannabisin D, (2aS,3aS) lyciumamide D, and grossamide, which displayed [M+H]+ ion at m/z 625 and produced predominant fragment ions at 462 due to losses of [C9H10NO2] fragments.



For peak 5, except for the fragment ions 643 [M+H]+, the characteristic intermediate ions [M+H-H2O]+ at m/z 625 and [M+H-H2O-C10H11NO2]+ at m/z 462 from peak 5, which suggested the compound were lyciumamide K. The fragment ions at m/z 492 [M+H]+ and 462 [M+H-OCH3]+ corresponded with successive neutral losses of methoxy group residue, indicating that peaks 7, 8, and 15 were grossamide K, cis-grossamide K, and lyciumamide C, respectively. Peak 9 gave [M+H]+ at m/z 643.2657, which further fragmented into m/z 462 [M+H-H2O-C9H11NO]+, so their fragment ions suggested that it was cannabisin E. Peak 10, determined as N-trans-cinnamoyl tyramine, showed [M+H]+ at m/z 268.1342, and fragment ion at m/z 177, corresponding to missing of 103 Da. Peak 12, determined as N-trans-ferulyl tryptamine, showed [M+H]+ at m/z 337.1552, and fragment ion at m/z 177 [M+H-C10H11N2]+. The characteristic intermediate ions [M+H]+ at m/z 641 and [M+H-5H2O-2HOCH3-C8H9]+ at m/z 323 from peak 13 suggested it was (1R)-N, N'-Bis(4-hydroxyphenethyl)-1β-(3,4-dihydroxyphenyl)-6,8-dimethoxy-7-hydroxy-1,2-dihydronaphthalene-2α,3-dicarboxamide. Peak 16 was determined as Melongenamide B, which had fragment ion at m/z 625 [M+H-H2O]+ and 537 [M+H-3H2O-CH3COOH]+. Peak 17, determined as cannabisin A, showed [M+H+CH3COOH]+ at m/z 656 and MS/MS fragment ions at m/z 494 correspondings to the missing of the fragment [C9H10NO2]. Peaks 18 and 20 were determined as Melongenamide F ([M+H]+ at m/z 671) and Melongenamide G ([M+H]+ at m/z 671), respectively. Both constituents had fragment ions at m/z 437 (loss of 3H2O, HOOCH3, and C10H4). Chenoalbicin gave [M+H+H2O]+ ion at m/z 625.2550, which was observed in peak 21. Peak 23 displayed [M+H]+ ion at m/z 936.3699 ([M+H]+) and produced predominant fragment ions at 625 [M+H-C18H17NO4]+. The compound was referred to as Thoreliamide C. Peak 24 was assigned as lyciumamide F derivative based on the fragment ions at m/z 623.2397 ([M+Na]+). Peak 26 gave [M+H]+ ion at m/z 936.3713 and fragment ions at m/z 599 [M+H-H2O-CH3OH-CO-C17H17NO2]+, which indicated that it was presumed as cannabisin O. Peak 27, with deprotonated molecule ion [M+H+HCOOH]+ at m/z 538, was characterized as hibiscuwanin B by the existence of the fragment ions at m/z 439 (missing of two CH3OH groups and two water molecule).



Presently, only four lignan amides have been identified from the extract of Datura metel seeds, which were based on the SPR biosensor-UPLC/MS active ingredients recognition system for the TREM2 target spot. Some of the other lignan amides also showed good anti-neuroinflammatory activity. Most of them showed effects on memory dysfunction and biomarkers of neuroinflammation in the literature, such as cannabisin E (peak 9), N-trans-ferulyl tryptamine (peak 12), cannabisin A (peak 17), cannabisin O (peak 26), and grossamide (peak 25) [29,30,33]. For instance, studies have shown that N-trans-ferulyl tryptamine, cannabisin A, cannabisin H, grossamide K, cannabisin E, and other compounds which can induce apoptosis, inhibit autophagy, and significantly inhibit the proliferation of U-87 cancer cells. Meanwhile, the complex of cannabisin E (peak 9), cannabisin D (peak 14), cannabisin A (peak 17), and grossamide (peak 25) could significantly improve the learning and memory of LPS-induced neuro-inflammatory mice and it significantly improved their cognitive function. Moreover, the low-dose significantly reduced the expression of IL-1β, IL-6, and TNF-α in the brains of LPS-induced mice. According to the literature, cannabisin D (peak 9) and N-trans-ferulyl tryptamine (peak 12) exhibited powerful DPPH• radical-scavenging activity ranging from 69.1% to 86.9% at the concentration of 100 μg/mL. Cannabisin G (peak 4) exhibited significant inhibitory effects on TNF-α release from LPS-induced BV2 microglia cells. Moreover, anti-neuroinflammatory effects of grossamide (peak 25) suppression of TLR-4/MyD88-mediated NF-κB signaling pathways in LPS stimulated BV2 microglia cells. In total, further study still needs to be performed to elucidate the anti-neuroinflammatory contribution of Datura metel seeds.




2.4. The LDS Inhibited LPS-Induced NO Release in BV2 Cells


LPS, as an endotoxin, can induce inflammation by increasing the sensitive inflammatory pathway, activating and accumulating inflammatory molecules, thus promoting the production and release of NO (LPS+BV2). The BV2 microglia model induced by LPS is used as one of the commonly used cell models. The principal pathways of inflammation include TLR4/MyD88, NLRP3/Caspase1, and TREM2/DAP12 pathways, and so on [7,9,12,34,35,36]. In this study, an LPS induced microglia inflammatory cell model was used to study the inhibitory effect of lignan-amides in Datura metel seeds on the release of inflammatory factor NO. In order to avoid possible toxicity to biological systems caused by the use of natural bioactive compounds, the CCK-8 assay was used to test the cell viability, and the results showed that LDS (50–500 μg/mL) did not significantly reduce the viability of BV2 cells (Figure 7A). Therefore, 400, 200, and 100 μg/mL were selected for subsequent studies. The results showed that the LPS treatment model group induced an increase in NO concentration, while all the treatment groups significantly inhibited the release of inflammatory cytokine NO in BV2 cells (Figure 7B). The LDS may inhibit LPS excessive production of NO by down-regulating iNOS and COX-2 expression, as well as the inhibition of IL-1β, TNFα, and IL-6.




2.5. Protein Expression in BV2 Microglia Cells


Both iNOS and COX-2 were major inflammation-related enzymes involved in the production of NO and prostaglandins. The results showed that the LDS inhibited LPS excessive production of NO by downregulating of iNOS and COX-2 (Figure 8). The iNOS expressed in activated microglia cells played primary roles in NO production of CNS response to various stimuli, including LPS. iNOS was overexpressed in microglia and was likely to mediate programmed cell death in brain injury. The COX-2 protein was an inducible pro-inflammatory molecule. The results indicated that the DPZ and LDS could significantly inhibit NO production and down-regulate protein expression levels of iNOS and COX-2, which suggested that LDS acted to reduce NO production by interfering with TREM2/Dap12 and TLR4 pathways in LPS-stimulated BV2 microglia.



Essential gene expression for two inflammation-related pathways and two proteins, including the TREM2/DAP12 pathway, TLR4 pathway, Tau, and IBA-1, were investigated using Western blotting expression. TREM2 is an avital receptor of microglia, and DAP12 forms a complex with TREM2 through the electrostatic potential across the membrane. Interestingly, we found that LDS treatment dose-dependently increased the expression of TREM2/DAP12 at the protein levels, as we have shown in Figure 8 and Figure 9, suggesting the possible involvement of TREM2/DAP12 in the effects of LDS. As shown in Figure 5, we further examined the expression of main proteins, components in the TLR4 pathway, and NLRP3/Caspase-1 inflammasome expression involved in the production of inflammation-related in BV2 cells. The cells after LPS challenging showed higher expression of TLR4 (Figure 10), MyD88, NLRP3, Caspase-1, than those of the control group. Of importance, treatment with LDS obviously reduced the protein expression of Caspase-1, NLRP3, TLR4, and MyD88, consequently regulating the expression of arthritis factors. Moreover, the bioassay results displayed that the neuroinflammation of LPS stimulated mouse microglia BV2 cells was inhibited, which may be related to the upregulation of protein TREM2/DAP12 leading to the downward expression of TLR4/MyD88, NLRP3/Caspase1 pathway protein. We found that DPZ treatment increased the expression of TREM2/DAP12 and declined the expression in the TLR4 pathway and NLRP3/Caspase-1 inflammasome expression at the protein level. It can be speculated that the anti-inflammatory effect of TREM2 was correlated with the existence of TLR4-associated inflammatory.



Microglia constitute the main macrophage in the CNS, and their number and activation degree increase during aging [37,38]. Meanwhile, the activation of microglia was observed in the brain of AD patients, and the presence of Tau protein (Tau-2, Tau-66) in the microglia was also observed in the brain of AD patients [39]. LPS-induced activation of microglia could exacerbate major neuropathological changes in AD, such as the formation of neurofibrillary tangles [40,41]. In addition to neurons, tau protein was also observed in microglia [42,43,44,45,46]. Tau protein was a kind of microtubule-related proteins. When AD occurs, Tau protein was abnormally phosphorylated, and the over-phosphorylated Tau protein loses the microtubule-binding ability and tends to aggregate, forming insoluble helical filaments, leading to neuronal fiber tangles, cytoskeletal abnormalities, and cell death [6]. Our results suggested that the LDS reduced the expression of phosphorylated Tau by promoting the activation of TREM2/DAP12 [47]. This may be related to weakening the expression of NLRP3 and slowing down the inflammation induced by LPS. As a marker of microglia, the protein expression of IBA-1 (Figure 11) was increased in the LPS-induced microglia inflammatory cell model, whereas the expression of IBA-1 was significantly decreased in the LDS group, which may be related to the ascending expression of TREM2/DAP12 and anti-inflammatory activity.




2.6. Modulation of Cellular Production of IL-6, IL-1β and TNF-α by the LDS Extract


To confirm the anti-neuroinflammation potential of the LDS extract, the release of the pro-inflammatory cytokines IL-6, IL-1β, and TNF-α in the cultured medium was investigated by ELISA kits. However, this LPS-stimulated production of TNF-α, IL-6 and IL-1β were significantly down-regulated by the treatment of the LDS extract (Figure 12A–C), which meant the neuroinflammation of BV2 microglial cells could be suppressed by the effective concentration of the LDS extract and the DPZ. TNF-α was a tumor necrosis factor, which could promote T cells to produce a variety of inflammatory factors and promote the occurrence of inflammatory response. IL-6 was a pleiotropic cytokine playing a central role in inflammation, which was a signal transduction activator and transcriptional activator. IL-1β, also known as a leukocyte heat source, was an important part of inflammatory and closely related to Alzheimer’s disease. These expressions and releases were closely related to the expression of TLRs, NLRP3/Caspase1 influence. We speculated that the down-regulation of the above factors might be related to the activated expression of TREM2/DAP12 and the reduced expression of the TLR4 pathway by the LDS extract.





3. Materials and Methods


3.1. Materials


The seeds of Datura metel were collected in Lingao county, Hainan province. The plant was identified by Professor Rui-Feng Fan of the Heilongjiang University of Chinese Medicine, and its voucher specimen (NO. 20180827) had been deposited at Heilongjiang University of Chinese Medicine.



Mouse microglial BV2 cell was purchased from the Institute of Cells, Chinese Academy of Science (Shanghai, China). The recombinant protein TREM2 was purchased from Acro (Beijing, China).




3.2. Chemical, Reagents, Equipment


DMEM was purchased from Hyclone (Beijing, China). Fetal bovine serum (FBS) was purchased from BI (Israel). Griess reagent was purchased from Beyotime (Shanghai, China). LPS, RIPA buffer, and CF3COOH (TFA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Rabbit antibodies against mouse iNOS, COX-2, Tau, p-Tau, IBA-1 TREM2, DAP12, TLR4, MyD88, Caspase-1, and NLRP3 were obtained from Abclonal (Wuhan, China). HPLC-grade methanol and acetonitrile were supplied from Merck KGaA (Darmstadt, Germany). PBS, CM5 sensing chips were obtained from from GE Healthcare (Sweden). HP-20 macroporous resin was purchased from Mitsubishi Chemical Company (Japan).



An ultrasonic cleaner, high-speed freezing centrifuge, and electric heater were obtained from Branson (EYELA, Tokyo, Japan), and Biacore T200 (GE Healthcare, Sweden). The Xevo G2-XS Qtof was acquired from Waters Inc (Milford, USA.). Deionized water was collected from a Milli-Qwater purification system (Merck KGaA, Darmstadt, Germany). The rotavapor tandem cold trap was from EYELA (EYELA, Tokyo, Japan). The Epoch 2 microplate reader was got by BioTek (USA). The Electrophoresis Device and scanning imager were acquired from BIO-RAD.




3.3. Sample Preparation


In our previous study, we found that the optimized extraction procedure of the Datura metel seeds was 95% ethanol (ethanol: water at 95:5) for 90 min with heat-reflux, three times. The seeds of Datura metel (12 kg) were extracted according to the above method. The combined EtOH extract was concentrated to yield a residue (2.1 kg) under reduced pressure.



The extract of the Datura metel seeds was dissolved in 5 μL of DMSO to make a basic solution, and then Phosphate-buffered saline (PBS) was used to prepare the sample to be tested in the SPR experiment containing 5% DMSO. Then, the extract was centrifuged, and the supernatant was filtered through a 0.22-μm nylon filter.




3.4. Construction of SPR Biosensor-UPLC/MS Active Ingredient Recognition System for TREM2 Target


3.4.1. TREM2 Protein Pre-Coupling


In order to find the optimal equivalent point of the protein, more proteins could be fixed on the chip surface, and different pH values of sodium acetate were optimized. Hence, 100 mg/mL TREM2 was diluted to 20 mg/mL in sodium acetate of different pH (4.0, 4.5, 5.0, 5.5). The flow cell 2 was the detection cell. Then, samples were injected into the CM5 sensor surface for 120 s at a flow rate of 20 μL/min. The sensor-grams were recorded and analyzed by the BiacoreT200 system.




3.4.2. Recovery of TREM2-Bound Ingredients


The ingredients bound to TREM2 on the sensor surface were recovered by an injection and recovery program using the BiacoreT200 system. At the same time, a negative control experiment was established, in which the sample flows through 4 channels of a blank CM5 chip without binding TREM2 protein. Subsequently, the sensor-grams of Datura metel seeds were recorded and analyzed. Briefly, the extract was injected over the sensor surface for 180s at 5 μL/min and washed with distilled water. The TFA (2 μL) was injected into the flow cells and incubated for 20 s to allow the bound ingredients to dissociate into the recovery solution. Then, the flow direction over the sensor surface was reversed, and the recovered solution containing TREM2 bound ingredients was deposited in 10 μL ammonium bicarbonate (NH4HCO3, 50 mM). Eventually, the obtained TREM2 bound ingredients were combined and redissolved with methanol, and its composition was determined with mass spectrometry.




3.4.3. UPLC-QTOF/MS Analysis


A qualitative analyst was acquired using the UPLC-QTOF/MS analysis was conducted using the mass spectrometry ACQUITY UPLC I-Class System coupled to Xevo G2-S QTOF (Waters Corporation). The aqueous solution with 0.1% formic acid (v/v), methanol was treated as mobile phase A and B, respectively. Gradient elution was used starting with 5% B from 0 to 2.5 min, then increasing to 44% B until 26 min, with the addition in 60% B until 33 min, remaining at 100% B until 34 min. The flow rate was 0.3 mL/min, and the injection volume used was 3 μL. A reverse phase-column (Acquity UPLC®HSS T3, 1.7 μm; 2.1 × 100 mm) was used at 35 °C. The conditions for MS were set at ESI+ mode with a capillary voltage of 3 kV, the sample cone at 40 V, source temperature of 100 °C, acquisition range of 100–1500 D, and sampling rate of 20 points/sec. The collision energy ramp ranged 20–50 eV, and the MS collision energy was 10 eV.





3.5. The Lignan-Amides Preconcentration


The resulting residue was then subjected to HP-20 resin column and eluted successively by 40%, 60% EtOH. The 60% EtOH eluate was concentrated to give a brown group, and the sample was dissolved in methanol at 0.5 mg/mL and then stored at −20 °C after sealing for UPLC-MS/MS analysis for the treatment of LDS. Samples injected in UPLC/MS systems were filtered through a 0.22-µM membrane.




3.6. Cell Culture Assay


3.6.1. Cell Culture


BV2 microglial cells were maintained in DMEM buffer mixed with 10% FBS and 1% penicillin/streptomycin. The cultivation conditions were 37 °C and 5% CO2.




3.6.2. Cell Viability: CCK-8 Assay


A cell viability assay was performed according to the manufacturer’s instructions. Briefly, cells with a density of 5 × 106 cells/well were plated in a 96-well plate and incubated overnight. The medium was moved, and the LDS (50–500 μg/mL) with indicated reagents was added. Controls with the fresh medium were included in the assay. The plates were incubated at 37 °C and 5% CO2 for 24 h. After the treatment, 10 μL of CCK-8 solution were added. The cells were incubated at 37 °C for 2 h. The absorbance of 450 nm was detected by a microplate reader.




3.6.3. LPS-Induced Model


DMEM (containing 10% FBS and 1% double-antibody) was used to dissolve 10 mg lipopolysaccharide (LPS) to prepare 10 mg/mL mother liquor, which was diluted to 1 μg/mL for modeling. In addition to the cytotoxicity test, the cells were pretreated with 1 μg/mL LPS for 12 h and aspirated. Then, 1 mM donepezil (DPZ) and LDS were administered for 12 h. The experiment was repeated three times.




3.6.4. NO Release Analysis


Cells in the logarithmic growth phase were seeded in 96-well plates at a density of 5 × 106 cells/well and cultured for 24 h before treatment. NaNO2 was used as the reference substance for preparing the standard curve of NO concentration calculation. Then, the NO concentration standard curve was used to calculate the NO release inhibition rate. The 1 μg/mL LPS was incubated in the cells for 12 h and then removed. According to the results of the cells viability test, the concentrations of LDS for NO release analysis were selected at 400, 200, and 100 μg/mL. The LDS were dissolved in the DMSO and then added into the fresh medium to get different concentrations. After 24 h culture, and NO detection kit determined the NO content according to the manufacturer’s instruction. DMSO was used as solvent control.




3.6.5. Western Blotting


According to the results of the cells viability test and NO release analysis, the concentration of LDS for Western blotting was selected at 400, 200, and 100 μg/mL. After 24 h culture (LPS-incubated for 12 h and LDS-treated for 12 h), the cell proteins were extracted. The proteins were extracted in RIPA lysis buffer containing protease inhibitor cocktails. Samples containing 15 μg of protein were separated on SDS-PAGE gel and transferred onto nitrocellulose filter membrane (NC) membrane. After saturation with blocking buffer, the membranes were incubated with primary antibodies (iNOS, COX2, IBA-1, Tau, p-Tau, TREM2, DAP12, TLR4, MYD88, NLRP3, Caspase1, and GAPDH) at dilutions ranging from 1:1000 to 1:2000 at 4 °C overnight. After three washes with TBST, membranes were incubated with secondary antibodies. Signals were normalized to the GADPH signals to correct for unequal loading.




3.6.6. Elisa Analysis


The supernatant samples of the cytokines were gained while the BV2 microglial cells were treated using the same procedure for Western blotting. The supernatant samples for IL-1β, IL-6, and TNFα cytokine levels were analyzed by the corresponding ELISA kits according to the instructions and were chosen at identical time points. The absorbance of each sample was read at 450 nm with a microplate spectrophotometer.




3.6.7. Statistical Analysis


Triplicates of the measurements were expressed as mean ± standard error of the mean (SEM). All statistical analyses were performed using PRISM version 8.0 (GraphPad). Significant differences in differences were calculated using the Kruskal–Wallis test. Differences with a P value of less than 0.05 were considered statistically significant.






4. Conclusions


In conclusion, the SPR biosensor-UPLC/MS active ingredient recognition system of TREM2 was established, and the lignin-amides from the seed of Datura metel targeted TREM2 were discovered. In order to satisfy the further experimental study, 27 lignan-amides were preliminarily identified by UPLC-MS, which were compositions enriched by the HP-20 of Datura metel seeds. Moreover, the molecular mechanisms were investigated on BV2 cells induced by LPS between TREM2 and lignan-amides of Datura metel seeds. The results indicated that TREM2/DAP12 might mediate the down-regulation of TLR4/MyD88, NLRP3/Caspase1 signaling pathways, the AD signature protein of IBA-1/Tau, the inflammatory protein expression of iNOS/COX2, and the release of inflammatory factors TNF-α, IL-6, and IL-1β. On this basis, our study revealed the role of the lignan-amides in the treatment of inflammation-related AD from the Datura metel seeds. In addition, the DPZ was treated as a positive drug, which improved LPS-induced neuroinflammation of BV2 microglia by increasing TREM2/Dap12 protein expression and affecting TLR4/MyD88, NLRP3/caspase-1 pathway proteins. Thus, the expression of inflammatory proteins, including iNOS, COX2, and the release of inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, were affected. The DPZ was used as a positive drug, and we chose it because of its better efficacy among known drugs [48]. It had previously been used to support the efficacy of the LDS and validate experimental methods. Interestingly, the LDS was found to be as effective as the DPZ in treating LPS-induced BV2 cell neuroinflammation.



According to the literature, the effects of LDS on TREM2 may be related to its inhibition of the production of inflammatory cytokines and the clearance of damaged cell fragments [49]. The TREM2 protein may also play a role by down-regulating CARD9 (caspase recruitment domain protein 9)-TRL4 and PI3K (phosphatidylinositol 3 kinase)-AKT (protein kinase B)-NF-κB (nuclear factor activated B cells κ-Light chain reinforcement) signaling pathways, which provided ideas for further research [50,51]. Meanwhile, TREM2 may affect the occurrence of CNS (central nervous system) diseases, such as AD, Parkinson’s disease (PD), Amyotrophic lateral sclerosis (ALS), stroke, as well as traumatic brain injury [52]. Notably, the LDS may also affect the occurrence of CNS diseases by regulating the expression of TREM2 protein. Therefore, the plant can be used as a prospective source of natural lignin-amides and can be developed as a potentially effective medicine or functional food. However, further studies should be performed on its in vivo pharmacological effects and related mechanisms.
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	Full Name
	Acronyms



	Alzheimer’s disease
	AD



	triggering receptor expressed on myeloid Cells 2
	TREM2



	surface plasmon resonance
	SPR



	quadrupole time-of-flight tandem mass spectrometry
	UPLC-MS



	the lignin-amides from Datura metel seeds
	LDS



	inducible Nitric Oxide Synthase
	iNOS



	cyclooxygenase 2
	COX-2



	microtubule-associated protein tau
	Tau



	ionized calcium-binding adapter molecule 1
	IBA-1



	DNAX-activating protein of 12 kDa
	DAP12



	Toll-like receptor SX4
	TLR4



	Myeloid differentiation factor 88
	MyD88



	Recombinant NLR Family, Pyrin Domain Containing Protein 3
	NLRP3



	cysteinyl aspartate specific proteinase-1
	Caspase-1



	Inflammatory factors Interleukin 1 beta
	IL-1β



	Inflammatory factors Interleukin 6
	IL-6



	Tumor necrosis factor-alpha
	TNFα



	caspase recruitment domain protein 9
	CARD9



	phosphatidylinositol 3 kinase
	PI3K



	protein kinase B
	AKT



	nuclear factor activated B cells κ-Light chain reinforcement
	NF-κB



	central nervous system
	CNS



	Parkinson’s disease
	PD



	Amyotrophic lateral sclerosis
	ALS
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Figure 1. (A) The pre-coupling of TREM2 protein at different pH values of 4.0, 4.5, 5.0, 5.5; (B) The binding affinity of Datura metel seeds to TREM2 by SPR assay. 
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Figure 2. (A) The base peak chromatogram of the TREM2 bound ingredients from Datura metel seeds; (B) The base peak chromatogram of the negative control experiment for SPR assay; (C) The base peak chromatogram of the solvent blank. 
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Figure 3. Identification of the TREM2 bound ingredients from Datura metel seeds. 
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Figure 4. The possible fragment pathways of the TREM2 bound ingredients from Datura metel by using UPLC-QTOF-MS/MS. (A) lyciumamide K; (B) cannabisin D. 
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Figure 5. The base peak of LDS in UPLC-QTOF mass spectrometry. 
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Figure 6. The structures of lignan-amides identified from LDS. 
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Figure 7. Cell viability (% of cell control) of BV2 cell line treated with LDS according to CCK-8 assay (A). Inhibition of NO release in BV2 cells by the LDS (B). Values were expressed as mean ± SEM with at least three independent experiments. * p < 0.05, ** p < 0.01 vs. Control group; ## p < 0.01 vs. Model group. 
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Figure 8. The regulations of microglial cell inflammation of COX—2 and iNOS by LDS. (A) Western blotting bands. (B) Quantitative data on western blotting bands. Values were expressed as mean ± SEM with at least three independent experiments. ** p < 0.01 vs. Control group; # p < 0.05, ## p < 0.01 vs. Model group. 
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Figure 9. The regulations of microglial cell inflammation of TREM2 and DAP12 by LDS. (A) Western blotting bands. (B) Quantitative data on western blotting bands. Values were expressed as mean ± SEM with at least three independent experiments. ** p < 0.01 vs. Control group; # p < 0.05, ## p < 0.01 vs. Model group. 
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Figure 10. Effects of the LDS on protein expression, including TLR4, MyD88, NLRP3, and Caspase—1 in the BV2 cells of LPS—induced. (A) Western blotting bands. (B) Quantitative data on western blotting bands. Values were expressed as mean ± SEM with at least three independent experiments. ** p < 0.01 vs. Control group; # p < 0.05, ## p < 0.01 vs. Model group. 
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Figure 11. Inhibitory effects on the levels of IBA-1 and the ratio of p—Tau to Tau of LDS. (A,C) Western blotting bands. (B,D) Quantitative data on western blotting bands. Values were expressed as mean ± SEM with at least three independent experiments. ** p < 0.01 vs. Control group; # p < 0.05, ## p < 0.01 vs. Model group. 
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Figure 12. Effects on inflammatory factor TNF-α (A), IL-6 (B), and IL-1β (C) of LDS in the BV2 cells of LPS—induced. Values were expressed as mean ± SEM with at least three independent experiments. * p < 0.05, ** p < 0.01 vs. Control group; # p < 0.05, ## p < 0.01 vs. Model group. 
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Table 1. Identification of TREM2-bound ingredients from Datura metel seeds.
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	Peak No.
	Observed

tR (min)
	Observed

Ms (m/z)
	Adduct
	Compounds
	Products Ions





	1
	12.80
	625.2607
	H
	cannabisin G
	625 [M+H]+

488 [M+H-C8H10NO]+



	2
	12.94
	643.2651
	H
	lyciumamide K
	643 [M+H]+



	3
	13.87
	625.2607
	H
	cannabisin F
	625 [M+H]+

462 [M+H–C8H10NO-CO]+



	4
	15.60
	625.2607
	H
	cannabisin D
	625 [M+H]+

488 [M+H–C8H10NO]+

462 [M+H–C8H10NO-CO]+










[image: Table] 





Table 2. Ion information of lignan-amides in LDS by mass spectrometry.
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	Peak No.
	Observed

tR (min)
	Observed

MS (m/z)
	Adduct
	Compounds
	Mass Error

(ppm)
	Products Ions
	Reference





	1
	8.78
	314.1388
	H
	N-trans-feruloyl tyramine
	−1.3
	314 [M+H]+

177 [M+H C8H10NO]+
	[18]



	2
	8.78
	314.1388
	H
	N-cis-feruloyl tyramine
	−1.3
	314 [M+H]+

177 [M+H-C8H10NO]+
	[18]



	3
	8.80
	510.2124
	H
	cannabisin H
	2.4
	510 [M+H]+

312 [M+H-H2O-3CH3COOH]+
	[18]



	4
	12.41
	625.2547
	H
	cannabisin G (2)
	−0.43
	643 [M+H+H2O]+

625 [M+H]+

488 [M+H-C8H10NO]+
	



	5
	12.50
	643.2651
	H
	lyciumamide K
	−0.67
	643 [M+H]+

625 [M+H-H2O]+

462 [M+H-H2O-C10H11NO2]+
	[18]



	6
	12.51
	625.2550
	H
	Tribulusamide A
	0.05
	625 [M+H]+

488 [M+H-C8H10NO]+

462 [M+H-C8H10NO-H2O]+

177 [M+H-C27H26NO6]+
	[23]



	7
	12.75
	492.2021
	H
	grossamide K
	−0.21
	492 [M+H]+

462 [M+H-OCH2]+

357 [M+H-C8H10NO]+
	[18]



	8
	12.78
	492.2021
	H
	cis-grossamide K
	−0.21
	492 [M+H]+

462 [M+H-OCH2]+

357 [M+H-C8H10NO]+
	[15]



	9
	13.09
	643.2657
	H
	cannabisin E
	0.26
	643 [M+H]+

462 [M+H-H2O-C9H11NO]+

113 [M+H-C30H28NO8]+
	[16]



	10
	13.49
	268.1342
	H
	N-trans-cinnamoyl tyramine
	1.76
	268 [M+H]+

136 [M+H-C7H16O3]+

128 [M+H-H2O-C10H10]+

113 [M+H-C11H7O]+
	[18]



	11
	13.89
	625.2556
	H
	cannabisin F
	1.01
	625 [M+H]+
	[18]



	12
	15.05
	337.1552
	H
	N-trans-ferulyl tryptamine
	0.02
	337 [M+H]+

177 [M+H C10H11N2]+
	[24]



	13
	15.08
	641.2493
	H
	compound 13 *
	−0.9
	641 [M+H]+
	[31]



	14
	15.26
	625.2553
	H
	cannabisin D
	0.53
	625 [M+H]+

488 [M+H-C8H10NO]+

462 [M+H-C8H10NO-CO]+
	[18]



	15
	15.63
	492.2021
	H
	lyciumamide C
	−0.21
	492 [M+H]+

462 [M+H-OCH3]+
	[26]



	16
	15.85
	641.2493
	H
	Melongenamide B
	−0.91
	641 [M+H]+

625 [M+H-H2O]+

537 [M+H-3H2O-CH3COOH]+
	[18]



	17
	16.45
	657.2644
	H+CH3COOH
	cannabisin A
	2.1
	656 [M+H+CH3COOH]+

494 [M+H+CH3COOH-C9H10NO2]+
	[32]



	18
	17.06
	671.2614
	H
	Melongenamide F
	1.5
	671 [M+H]+

437 [M+H-C12H13NO4]+

318 [M+H-C20H21NO5]+
	[25]



	19
	17.35
	625.2556
	H
	lyciumamide B
	1.1
	625 [M+H]+

462 [M+H-H2O-CH3OH-C8H11NO]+
	[18]



	20
	17.67
	671.2471
	H
	Melongenamide G
	1.5
	671 [M+H]+

639 [M+H-2H2O]+

437 [M+2H-C12H13NO4]+

419 [M+2H-C12H13NO4-H2O]+
	[25]



	21
	17.86
	625.2550
	H+H2O
	Chenoalbicin
	−4.4
	625 [M+H+H2O]+
	[27]



	22
	18.86
	625.2553
	H
	(2aS,3aS) lyciumamide D
	0.37
	625 [M+H]+

113 [M+H-C30H25NO7]+
	[18]



	23
	19.23
	936.3699
	H
	Thoreliamide C
	−0.45
	936 [M+H]+

625 [M+H-C18H17NO4]+

454 [M+H-C25H23NO9]+

113 [M+H-C48H42N2O11]+
	[18]



	24
	20.82
	623.2397
	Na
	lyciumamide F
	4.3
	623 [M+Na]+
	[28]



	25
	22.17
	625.2470
	H
	grossamide
	−0.51
	625 [M+H]+

462 [M+H-C9H9NO2]+

316 [M+H-C18H18NO2]+

298 [M+H-H2O-C18H18NO2]+

113 [M+H-C30H25NO7]+
	[18]



	26
	22.53
	936.3713
	H
	cannabisin O
	0.6
	936 [M+H]+

599 [M+H-H2O-CH3OH-CO-C17H17NO2]+
	[12]



	27
	23.94
	538.2020
	H+HCOOH
	hibiscuwanin B
	−0.37
	538 [M+H+HCOOH]+

439 [M+H+HCOOH-2H2O-2HOCH3]+
	[18]







* Compound 13 was (1R)-N, N′-Bis(4-hydroxyphenethyl)-1β-(3,4-dihydroxyphenyl)-6,8-dimethoxy-7-hydroxy-1,2-dihydronaphthalene-2α, 3-dicarboxamide.
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