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Abstract

:

Simple Summary


N-Palmitoyl serinol is a commensal bacterial metabolite that acts as an endocannabinoid CB1 and GPR119 agonist. We investigated the potential of N-Palmitoyl serinol (NEUROIMIDE) to exert its neuroprotective effects via the gut–brain axis. NEUROMIDE improves cell survival and can reduce and even prevent scopolamine-induced memory impairments and passive avoidance disorder while increasing acetylcholine levels. These results suggest that the endocannabinoid system can act via the gut–brain axis.




Abstract


GPR119 is a novel cannabinoid receptor that is primarily expressed in the pancreas and gastrointestinal tract and has beneficial effects on glucose homeostasis exerted through the stimulation of GLP-1 secretion, as demonstrated in the rodent brain. GLP-1 also has important anti-inflammatory effects in chronic inflammatory diseases, including type 1 and 2 diabetes, asthma, psoriasis, and neurodegenerative disorders. Recently, there has been increasing interest in the effect of the gut microbiota on both the gut and the brain. However, few studies have examined how gut microbes affect brain health through the endocannabinoid system. NEUROMIDE is a compound that shares a bioidentical structure with certain commensal bacterial metabolites, acting as a CB1 and GPR119 agonist. In an in vitro system exposed to reactive oxygen species (ROS), pretreatment with NEUROMIDE resulted in a significant increase in cell viability. The ROS-exposed system also showed decreased acetylcholine and an increase in inflammatory cytokines such as IL-1β, changes that were counteracted in a dose-dependent manner in the NEUROMIDE treatment groups. To measure the effectiveness of NEUROMIDE in an in vivo system, we used scopolamine-treated mice as a neurodegenerative disease model and performed a series of passive avoidance tests to observe and quantify the cognitive impairment of the mice. Mice in the NEUROMIDE treatment group had increased latency time, thus indicating an improvement in their cognitive function. Furthermore, the NEUROMIDE treatment groups showed dose-dependent increases in acetylcholine along with decreases in TNF-α and IL-1β. These experiments demonstrate that NEUROMIDE can potentially be used for neuroprotection and the improvement of cognitive ability.
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1. Introduction


N-Palmitoyl serinol is an endogenous compound belonging to the N-acylamide family. Within this family, N-arachidonoylethanolamide, anandamide (AEA) and oleoylethanolamide (OEA) are two of the most well-known endocannabinoids. AEA is an endogenous endocannabinoid reported to act as an agonist toward CB1, CB2 [1], and GPR55 [2], and OEA is an endogenous GPR119 agonist [3]. Additionally, 2-arachidonylglycerol (2-AG) has been reported as a full agonist of the CB1 and CB2 receptors [4] and a GRP119 agonist [5].



Structurally, 2-AG has two hydroxyl groups derived from glycerol (Figure 1). N-Palmitoyl serinol harbors an amide bond from AEA and OEA and two hydroxyl groups from 2-AG.



N-Palmitoyl serinol is a human metabolite that is found as a component of membranes or in the cytoplasm [6,7]. In a paper published in 2000, the authors observed that the incubation of neuroblastoma cells with N-palmitoylated serinol (C16 serinol) caused apoptosis, with an IC50 of approximately 80 µM. C16 Serinol increased ceramide synthesis by 50–80% via PKCζ activation, thereby inducing apoptosis in neuroblastoma cells [8].



A report in 2017 described the extraction and characterization of N-acylamides from 128 human stool samples from 21 participants. Through comparisons with an authentic standard, N-palmitoyl serinol was confirmed as one of the N-acylamides present in the human fecal extracts [9].



It was also confirmed that E. coli transfected with the human microbiome N-acyl synthase hm-NAS) gene, which was derived from Desulfitobacterium hafniense DP7 (gastrointestinal tract, Firmicutes) and Bacillus sp. 2_A_57_CT2 (oral, Firmicutes), produces N-palmitoyl serinol [9]. N-Palmitoyl serinol acts as an agonist toward GPR119, an endocannabinoid receptor (EC50 = 9 µM), and has been shown to increase GLP-1 and lower blood glucose levels [9].



GPR119 is an effective target in the context of metabolic fatty liver disease [10], anti-inflammation [11], analgesia [12], colonic motility [13], gut microbiome interactions [14], homeostasis in skin sebocytes [15], and the biology of skin melanocytes [16].



In our previous study, we synthesized N-palmitoyl serinol (NEUROMIDE) and demonstrated its agonistic effects toward CB1R [17]. Activation of CB1R increased skin barrier recovery and showed effectiveness in treating inflammatory diseases such as atopic dermatitis [18]. In response to N-palmitoyl serinol, the inhibition of cannabinoid receptor CB1 as induced by the CB1 antagonist (AM-251) failed to increase levels of total ceramides and very-long-chain ceramides. These studies demonstrate that N-palmitoyl serinol stimulates the synthesis of very-long-chain ceramides (C22 and C24) and increases the total amount of ceramides via an endocannabinoid receptor CB1-dependent mechanism [19].



Transcript levels of CB1 and GPR119 are decreased in Crohn’s disease patients [20], indicating the significant role that CB1 and GPR119 agonists play in intestinal inflammation.



Previous research has shown that gastrointestinal inflammation can bidirectionally affect the brain via the gut–brain axis [21].



In this study, we examined whether N-palmitoyl serinol (NEUROMIDE) shows a neuroprotective effect under oxidative stress, by observing the levels of inflammatory cytokines in PC-12 cells and the effects on cognitive function using an in vivo mouse model.




2. Materials and Methods


2.1. Cell Culture


The PC-12 cell line was purchased from ATCC. Cells were maintained in RPMI1640 medium (Gibco BRL, Grand Island, NY, USA) supplemented with 10% horse serum, 5% fetal bovine serum (Gibco BRL), and antibiotic–antimycotic (Gibco BRL, penicillin 100 units/mL, streptomycin 100 units/mL, Amphotericin B 0.25 μg/mL in final concentration) at 37 °C in a 5% CO2 humidified incubator.




2.2. Cell Viability Test


PC-12 cells were seeded at a density of 1 × 105 cells/well in a 96-well plate and cultured for 24 h. N-Palmitoyl serinol (NEUROMIDE) (Dr. Raymond Laboratories, Inc., Englewood Cliffs, NJ, USA) was applied at different concentrations with incubation for 24 h, followed by evaluation using the MTT Cell Proliferation Assay Kit (Abcam, Cambridge, UK), according to manufacturer’s instructions. The absorbance was measured at 590 nm using a microplate reader, to determine the cell viability.




2.3. Induction of Cell Damage


PC-12 cells were seeded at a density of 1 × 105 cells/well in a 96-well plate or 1 × 106 cells/well in a 6-well plate and cultured for 24 h. The medium was replaced with a serum-free medium containing NEUROMIDE and cultured for 2 h. Then, 400 µM H2O2 was added, and the cells were incubated for an additional 2 h. The well plate was centrifuged to separate the medium, and RNA was extracted from the cells. After induction of cell damage, cell viability testing, acetylcholine measurement, and qRT-PCR for IL-1β RNA in PC-12 cells were performed.




2.4. Cell Viability Test


Cell viability testing was performed according to the manual of the MTT Cell Proliferation Assay Kit (Abcam, Cambridge, UK). The absorbance was measured at 590 nm using a microplate reader, to determine cell viability.




2.5. Measurement of Acetylcholine (Ach) in PC-12 Cells


PC-12 cells were seeded and incubated at 1 × 106 cells/well in a 6-well plate. After treatment with NEUROMIDE and induction of damage, the cells were centrifuged, and the amount of Ach in the supernatant was measured. Acetylcholine was measured using the Choline/Acetylcholine Quantification Kit (Biovision, Milpitas, CA, USA).




2.6. RNA Preparation and qRT-PCR


PC-12 cells were seeded at 1 × 106 cells/well in a 6-well plate and cultured. After treatment with NEUROMIDE and the induction of damage, cells were harvested, and total RNA was extracted according to the manual of the RNA Extraction Kit (Qiagen, Hilden, Germany). Primers with the following sequences were used: IL-1β, 5′-TGACCCATGTGAGCTGAAAG-3′ (forward) and 5′-GGGATTTTGTCGTTGCTTGT-3′ (reverse); GAPDH, 5′-ACTCCCATTCTTCCACCTTTG-3′ (forward) and 5′-CCCTGTTGCTGTAGCCATATT-3′ (reverse). One-step real-time PCR was performed with 100 ng RNA using the TOPreal™ One-step RT-qPCR Kit (SYBR Green with low ROX) (Enzynomics, Daejeon, Korea), according to the manufacturer’s instructions, and analyzed using the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). For reverse transcription, qRT-PCR was performed at 50 °C for 30 min, followed by pre-denaturation at 95 °C for 15 min, 45 cycles of denaturation at 95 °C for 5 s, and annealing and elongation at 60 °C for 30 s. All measurements were normalized according to GAPDH using the 2−ΔΔCT method based on the hydrogen-peroxide-only treatment group.




2.7. Animal


In passive avoidance tests, significant differences in experimental results have been observed according to sex and time of day [22]. In this experiment, only male mice were purchased and used, to avoid differences according to sex.



Male ICR mice (CrljOri:CD1, 7 weeks old) were purchased from Orient Bio Inc. (Seongnam, South Korea). Mice were kept at 19–25 °C with a 12:12 h light/dark cycle and fed with a rodent diet and water ad libitum. All animal experimental procedures were approved by the KBIOHealth Institutional Animal Care and Use Committee (approval no. KBIO-IACUC-2020-050, KBIO-IACUC-2020-111).



NEUROMIDE was dissolved in 0.5% carboxymethyl cellulose (CMC) with 4 mg/mL glyceryl stearate. The mice were divided into 5 groups of 7 animals each: a normal control group, a scopolamine group, and three NEUROMIDE (16, 40, or 100 mg/kg) pretreated groups. All treatments were orally administrated. For the untreated vehicle control group, 0.5% CMC solution with 4 mg/mL glyceryl stearate was administered. In the NEUROMIDE-pretreated groups, mice received 16, 40, or 100 mg/kg NEUROMIDE for 29 days (passive avoidance task) or 42 days (Morris water maze).




2.8. Morris Water Maze


The Morris water maze task was performed in a circular pool (100 cm in diameter and 50 cm in height), according to a previously published method [23]. The circular pool was divided into right-angled quarters to set an arbitrary direction. A circular platform (10 cm in diameter and 35 cm high) was placed in the center of the SW quadrant, and black paint was applied to prevent the mouse from seeing the platform (Figure 4). A visual cue was placed on the outside of the pool, facing the platform, and the platform was placed 1 cm below the water level. Data were recorded using a video camera connected to software (Smart 3.0, Barcelona Panlab, Barcelona, Spain), to perform behavioral observations. Mice underwent training to memorize the location of the platform 4 times a day (1 min/time) for 5 consecutive days. Mice were placed on the platform for 10 s then removed from the pool. Escape latency was recorded during each acquisition attempt. On day 6, all mice were subjected to a probe test without a platform and recorded for 60 s. Time spent in the target quadrant (SW) and swimming distance were measured to assess spatial learning and memory. Scopolamine was injected intraperitoneally at 1 mg/kg, 30 min prior to the acquisition test, for 5 days. Vehicle and NEUROMIDE were administered 60 min prior to the Morris water maze task. Scopolamine was not injected into the mice on day 6 (the day of the probe test).




2.9. Passive Avoidance Test


On the 25th day of N-palmitoyl serinol administration, the white light of the passive avoidance test box was turned off. The animal was placed in the room and allowed to acclimatize for 60 s; then, the LED light in the white room was turned on and the guillotine door was simultaneously opened. The animal was left to explore and adapt to the dark room for 180 s.



The above procedure was repeated on the 26th day, adapted so that the time from entering the dark room to turning on the light was approximately 30 s. The next day, NEUROMIDE was ingested, and 30 min later scopolamine was administered intraperitoneally at 1 mg/kg. A further 30 min after the scopolamine injection, the animal was placed in the white room, the LED light was turned on, and the guillotine door was simultaneously opened. When the animal entered the dark room, the guillotine door was closed, and 0.5 mA was applied for 3 s for electrical stimulation.



Latency time was measured 24 h after electrical stimulation. NEUROMIDE was administered 1 h before latency time measurement. The animal was placed in a white room with the light off, the LED was turned on after 10 s, and the guillotine door was simultaneously opened. The latency time was measured up to the point at which all four paws of the animal had entered the dark room. The test was terminated if the animal did not enter the dark room within 300 s.



The day after the end of the passive avoidance test, NEUROMIDE was administered, and after 30 min, scopolamine was intraperitoneally injected at a dose of 1 mg/kg. After 30 min, the hippocampus and forebrain were collected.




2.10. Measurement of Acetylcholine and Acetylcholine Esterase Activity in Brain Tissue


Forebrain tissues were homogenized in Choline Assay Buffer (Biovision, Milpitas, CA, USA). After centrifuging, the supernatant was used for the measurement of acetylcholine and acetylcholine esterase activity. It was measured using the Choline/Acetylcholine Quantification Kit and Acetylcholinesterase Activity Colorimetric Assay Kit (Biovision, Milpitas, CA, USA).




2.11. Measurement of Cytokines in Brain Tissue


Hippocampal tissues were homogenized in Tissue Protein Extraction Reagent (Biovision, Milpitas, CA, USA). After centrifuging, the supernatant was used for the measurement of TNF-α and IL-1β, employing an ELISA kit (R&D System, Minneapolis, MN, USA).




2.12. Statistical Analysis


Statistical analyses of all results were performed using Student’s t-test in SPSS (SPSS Version 21.0, IBM, Armonk, NY, USA) as previously described [19]. Data are presented as means ± SE. Independent t-tests for pairwise comparisons were used for data analysis. p-values < 0.05 were considered statistically significant. If statistical analyses had been performed using ANOVA testing, slightly different results may have been possible.





3. Results


3.1. NEUROMIDE Protects Neuronal Cells from Oxidative Stress


No statistically significant decreases in cell viability were observed for PC-12 cells treated with NEUROMIDE up to a concentration of 30 μM (Figure 2a).



Nerve cells can be damaged due to several factors, such as loss of mitochondrial function, apoptosis induced by caspase activation, inflammation, oxidative stress, and increased acetylcholinesterase activity. We first evaluated the effects of NEUROMIDE on the PC-12 Adh cell line under oxidative stress. Cell viability was then evaluated in a hydrogen-peroxide-treated group that had been pretreated with NEUROMIDE, in comparison to the vehicle group (Figure 2b). The cell viability of the hydrogen-peroxide-treated group was reduced by 20% compared with that of the vehicle group.



Following hydrogen peroxide treatment, the 1.2 and 6 µM NEUROMIDE treatment groups showed increased cell viability compared to the group treated with only hydrogen peroxide. Cell viability in the corresponding group treated with 30 µM NEUROMIDE was slightly decreased. This assay confirmed that the groups treated with 1.2 and 6.0 µM NEUROMIDE showed statistically significant neuroprotective effects in response to subsequent hydrogen peroxide exposure.




3.2. Effects of NEUROMIDE on Acetylcholine and Cytokines in PC-12 Cells


Acetylcholine is required for motor function at neuromuscular junctions, but less so for learning and cognition. However, acetylcholinesterase inhibitors have long been prescribed for degenerative brain diseases such as Alzheimer’s disease. For this reason, acetylcholine was explored as a relevant biomarker in this study.



Previous research has shown that oxidative stress increases the activity of acetylcholinesterase, resulting in reduced levels of acetylcholine [24]. Therefore, preventing reductions in acetylcholine is a crucial strategy target in the field of neuroprotection.



Under oxidative stress, acetylcholine concentrations were reduced to 40% of the levels in the vehicle group. The acetylcholine level increased in a NEUROMIDE-concentration-dependent manner relative to that of the group treated with only hydrogen peroxide (Figure 3a).



Oxidative stress increases the inflammatory response, e.g., via IL-1β, which is a cytokine closely linked with immunity and inflammation [25]. To test this, RT-qPCR was carried out to evaluate the effect of NEUROMIDE on the relative mRNA levels of inflammatory cytokines in response to oxidative stress.



The relative IL-1β mRNA levels in the NEUROMIDE-negative control group, i.e., treated with only hydrogen peroxide, were five times higher than those of the untreated vehicle control group (Figure 3b) and decreased in a NEUROMIDE-concentration-dependent manner. In particular, the IL-1β expression level in the 16 μM NEUROMIDE treatment group was similar to that in the vehicle group. This test confirmed that higher doses of NEUROMIDE significantly reduced IL-1β expression.




3.3. Effect of NEUROMIDE on Improving Spatial Memory


The Morris water maze task was performed to determine the effect of NEUROMIDE (42 days’ administration) on spatial memory following scopolamine-induced memory impairment. Training to find the hidden platform was conducted for five consecutive days. Pretreatment with NEUROMIDE reduced the time required to find the platform, compared with scopolamine-only treatment, albeit not statistically significantly (Figure 4a). Additionally, NEUROMIDE treatment significantly increased the swimming time and distance in the target quadrant in which the hidden platform was located (Figure 4b,c). This result shows that NEUROMIDE can partially alleviate scopolamine-induced spatial memory impairments.




3.4. Effect of NEUROMIDE on Improvements in Learning and Memory


Passive avoidance tests were performed to evaluate the effect of NEUROMIDE (29 days’ administration) on the learning and memory of mice treated with scopolamine. Scopolamine-treated mice received an electric shock in a dark room. After 24 h, we measured the latency time when moving to the dark room in which the electric shock was administered. Following electric shock, scopolamine-treated mice entered the dark room (7 s) very quickly compared to untreated mice (205.9 s). The latency time was significantly increased in the corresponding NEUROMIDE-pretreated mouse groups (Figure 5). This result shows that NEUROMIDE can partially alleviate scopolamine-induced learning and memory deficits.




3.5. Effect of NEUROMIDE on Acetylcholine and Acetylcholine Esterase in the Forebrain


To evaluate the effect of NEUROMIDE at the molecular level, acetylcholine levels in the forebrain were measured after completion of the passive avoidance test. Acetylcholine was reduced in the brains of scopolamine-treated mice, compared with mice not treated with scopolamine. Acetylcholine was increased in the brains of mice pretreated with NEUROMIDE (Figure 6a). The activity of acetylcholinesterase (AchE) was increased in scopolamine-treated mice, and only to a lesser degree in mice that had received NEUROMIDE (Figure 6b). This result shows that NEUROMIDE can increase acetylcholine in the brain by inhibiting AchE activity, preventing the disruption of acetylcholine.




3.6. Effect of NEUROMIDE on Inflammatory Cytokines in the Hippocampus


We quantified the cytokine content of TNF-α and IL-1β in the hippocampus (Figure 7a,b). Contents of TNF-α and IL-1β increased in scopolamine-treated mice compared with untreated mice, and decreased in mice given NEUROMIDE compared with mice treated with only scopolamine.





4. Discussion


Within the endocannabinoid system (ECS), CB1 has received much attention as an important component of the signaling network, regulating many biological responses in various organs as well as the nervous system [26]. GPR119 is a novel endocannabinoid receptor that is mainly expressed in the pancreas and gastrointestinal tract, and has been reported to contribute to glucose homeostasis by stimulating GLP-1 secretion in the rodent brain [27].



Activation of GPR119 has been reported to increase GLP-1 [10,28]. This is known to have beneficial effects on glucose homeostasis by stimulating the insulin secretion of pancreatic beta cells, reducing plasma glucagon, reducing food intake, and delaying gastric emptying [10,29]. In addition, GLP-1 has also been reported to have important anti-inflammatory properties with potential for treating chronic inflammatory diseases, such as type 1 and type 2 diabetes mellitus, asthma, psoriasis, and neurodegenerative disorders [30].



Recently, there has been growing interest in the effect of gut microbiota on the gut and brain. However, few studies have examined how gut microbes affect brain health through the endocannabinoid system.



N-Palmitoyl serinol has been reported as a metabolite in the human microbiome [9]. It is structurally simple and can be chemically synthesized. In previous reports, synthesized N-palmitoyl serinol was found to act as an agonist of CB1 and an endocannabinoid receptor, and to improve skin barrier function by promoting ceramide synthesis [19].



As N-palmitoyl serinol acts as an agonist for GPR119, we aimed to confirm whether it has a similar neuroprotective effect to the GLP-1 family of proteins that has recently attracted attention [31].



In our in vitro tests, NEUROMIDE did not show toxic effects up to 30 μM. In the case of the H2O2 ROS system, cell viability decreased, and groups pretreated with low (1.2 μM) and medium dosages (6 µM) of NEUROMIDE showed statistically significant increases in cell viability compared with the negative control group. In the case of 30 μM, cell viability decreased with no statistical significance. According to our previous study [19], ceramide synthesis increased by about 20% due to NEUROMIDE (PS, 25 μM) alone. The ROS system also can increase ceramide levels [32].



In this experimental system, stress caused by ROS greatly increased ceramide syn-thesis. NEUROMIDE (30 μM) also increased de novo ceramide synthesis. The increased total ceramide from ROS + NEUROMIDE (30 μM) may decrease cell viability slightly.



The ROS-exposed system also showed an increase in inflammatory cytokines such as IL-1β [33]. In line with previous research suggesting that GPR119 agonists decrease in-flammatory cytokines [10], the treatment groups showed dose-dependent decreases in IL-1β gene expression levels. The ROS-exposed system showed dose-dependent increases in acetylcholine for all cases of pretreatment with different NEUROMIDE concentrations, in comparison with the hydrogen-peroxide-treated group. These in vitro results suggest that NEUROMIDE can have a positive effect in protecting nerve cells from damage caused by oxidative stress.



To measure the effectiveness of NEUROMIDE in an in vivo system, we used scopolamine-treated mice as the neurodegenerative disease model. In the case of N-palmitoylethanolamide (PEA), which is very similar structure with NEUROMIDE, 3~30 mg/kg/day showed neuroprotective effects on an Alzheimer model [34]. In our experiment, we aimed to investigate the effectiveness of 16~100 mg/kg/day to assess toxicity or other side effects at higher concentrations of PEA.



After daily oral administration of NEUROMIDE for 4 weeks, a passive avoidance test was performed, and levels of acetylcholine, AchE activity, IL-1β, and TNF-α in the brain were compared with those in the scopolamine-treated group. Scopolamine-treated mice have already been shown to have elevated levels of inflammatory cytokines (e.g., TNF-α, IL-1β, and IL-18) and cognitive impairment [35].



After daily oral administration of NEUROMIDE for 5 weeks, the Morris water maze task was performed. Mice administered NEUROMIDE showed increased swimming time and distance in the quadrant in which the platform was hidden, compared with mice treated with only scopolamine, suggesting that NEUROMIDE had an effect in improving memory.



To observe and quantify cognitive impairment in the mice, we performed a series of passive avoidance tests. After administration of scopolamine to induce a decline in memory and learning ability, an electric shock was applied. The average latency time for the scopolamine-treated group was 7 s, which was significantly shorter than the average of 205.9 s for the vehicle control group. This shows that the cognitive function of the mice was heavily impaired by scopolamine. Furthermore, the acetylcholine levels decreased and the levels of TNF-α and IL-1β increased.



When treated with NEUROMIDE, however, the latency times increased from 7 s (sco-polamine treated) to 35.7 s (100 mg/kg NEUROMIDE) in a dose-dependent manner. TNF-α content in the hippocampus decreased from 239 pg/mg tissue protein (scopolamine treated) to 189 pg/mg tissue protein (100 mg/kg NEUROMIDE), dose dependently. IL-1β content decreased from 214 pg/mg tissue protein (scopolamine treated) to 151 pg/mg tissue protein (100 mg/kg NEUROMIDE). Acetylcholine levels increased from 0.9 mmol/mg protein (scopolamine treated) to 1.1 mmol/mg protein (16 mg/kg), 1.1 mmol/mg protein (40 mg/kg), and 1.5 mmol/mg protein (100 mg/kg).



The experiments performed in this study aimed to determine the neuroprotective potential of NEUROMIDE for treating cognitive impairment and memory impairment, which were induced by scopolamine in vivo and H2O2-induced oxidative stress in vitro.



In our previous study, NEUROMIDE was found to activate CB1R and improve skin barrier recovery [17], and it has shown effectiveness in an atopic dermatitis model, representative of inflammatory skin disease [18].



It has been reported that the activation of GRP119 increases the level of GLP-1 in the blood and is ultimately beneficial for glucose homeostasis [10]. In addition to benefits associated with GPR119, research results suggest that GLP-1-based therapies also show anti-inflammatory effects in chronic inflammation. In Figure 8, the pathway is proposed by which the endocannabinoid receptor agonist lowers the levels of proinflammatory cytokines. In this experiment, NEUROMIDE showed effectiveness in decreasing IL-1β in ROS-stressed PC-12 cells, and IL-1β and TNF-α in scopolamine-treated mice.



There seem to be no clear research results to confirm whether inflammatory cytokines increase the activity of acetylcholinesterase, but it is known that when the levels of inflammatory cytokines increase, the amount of acetylcholine decreases [36]. In our experiment, NEUROMIDE reduced the levels of inflammatory cytokines. NEUROMIDE showed inhibition of acetylcholine esterase compared with scopolamine-treated group, albeit not dose-dependently, and the level of acetylcholine in-creased compared with the scopolamine group.



Recently, there has been rising interest in the effect of the gut microbiota on the gut and the brain. However, few studies have examined how gut microbes affect brain health. NEUROMIDE, with bio-identical structure to the gut microbiome’s metabolite, has been reported as an agonist of CB1 and GPR119 [9,17]. In this experiment, NEUROMIDE showed effectiveness in reducing inflammatory cytokines and increasing levels of acetylcholine in the PC-12/ROS system and scopolamine cognitive impairment system. In this experiment, NEUROMIDE showed some mitigation of cognitive decline, but further study is necessary to verify the direct consequences of the reduction of inflammatory cytokines, and the mechanism by which cognitive decline is mitigated through the endocannabinoid system. Toxicology tests will be needed to confirm these results, to determine the safety of NEUROMIDE in oral administration and its effectiveness in healthy subjects.
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Figure 1. Structures of common endocannabinoids and N-palmitoyl serinol (NEUROMIDE). 
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Figure 2. Effects of NEUROMIDE on cell viability in PC-12 cells. (a) PC-12 cells were treated with NEUROMIDE (0.03, 0.3, 3, and 30 μM) for 12 h. and (b) with serum-free medium containing NEUROMIDE (1.2, 6, and 30 μM) for 2 h, and hydrogen peroxide was added at 400 μM followed by incubation for a further 2 h. The values are the mean + SE, n = 3. Significant difference based on comparison with the group treated with only hydrogen peroxide, as determined by independent t-test: * p < 0.05, ** p < 0.01. 
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Figure 3. Effect of NEUROMIDE on acetylcholine and IL-1β in hydrogen-peroxide-treated PC-12 cells: (a) acetylcholine levels; (b) IL-1β mRNA expression levels. The values are means + SE, n = 3. Significant difference based on comparison with the group treated with only hydrogen peroxide, as determined by independent t-test: * p < 0.05, ** p < 0.01. 
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Figure 4. Neuroprotective effect of NEUROMIDE on SCOP-induced memory impairment in the Morris water maze task, as determined according to (a) escape latency time after five-day acquisition trial; (b) swimming time spent in the target SW quadrant on day 6; (c) swimming distance in the SW quadrant on day 6. SCOP: scopolamine. The values are means + SE, n = 7. Significant difference based on comparison with the group treated with scopolamine only, as determined by independent t-test: * p < 0.05, ** p < 0.01. 
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Figure 5. Effect of NEUROMIDE on scopolamine-induced memory impairment in a passive avoidance task. Latency time was measured when moving from the white room to the dark room on the day after administration of an electric shock in the dark room. SCOP: scopolamine. The values are means + SE, n = 7. Significant difference based on comparison with the group treated with scopolamine only, as determined by independent t-test: * p < 0.05, ** p < 0.01. 
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Figure 6. Effect of NEUROMIDE on acetylcholine and acetylcholine esterase activity in brain tissue of scopolamine-treated mice, as determined by measurements of (a) acetylcholine content and (b) acetylcholine esterase activity in the forebrain. SCOP: scopolamine. The values are means + SE, n = 7. Significant difference based on comparison with the group treated with scopolamine only, as determined by independent t-test: ** p < 0.01. 
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Figure 7. Effect of NEUROMIDE on cytokines in brain tissue of scopolamine-treated mice: (a) TNF-α content in hippocampus; (b) IL-1β content in hippocampus. SCOP: scopolamine. The values are means + SE, n = 7. Significant difference based on comparison with the group treated with scopolamine only, as determined by independent t-test: * p < 0.05, ** p < 0.01. 
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Figure 8. A proposed scheme of the pathway by which NEUROMIDE can inhibit the expression of inflammatory cytokines. 
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