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Plasmalogens (Pls), a kind of glycerophospholipids, have shown potent biological effects but their role in hippocampus-dependent memory remained mostly elusive. Here, we first report Pls can enhance endogenous expression of brain-derived neurotrophic factor (Bdnf) in the hippocampus and promotes neurogenesis associated with improvement of learning and memory in mice. Genomic and proteomic studies revealed that Pls enhanced recruitment of CREB transcription factor onto the murine Bdnf promoter region via upregulating ERK-Akt signaling pathways in neuronal cells. Reduction of endogenous Pls in murine hippocampus significantly reduced learning and memory associated with the reduction of memory-related protein expression, suggesting that Pls can regulate memory-related gene expression in the hippocampus.
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INTRODUCTION
Plasmalogens (PLs) are ether-linked glycerophospholipids that contain a vinyl ether bond at the sn-1 position of the glycerol moiety and consist of two main types, ethanolamine Pls (Pls-Etn) and choline Pls (Pls-Cho) (Braverman and Moser, 2012). The Pls-Etn are enriched mostly in the brain whereas the Pls-Cho are mostly abundant in other tissues including the heart and kidney (Braverman and Moser, 2012). It has been reported that up to two-thirds of the Etn-phospholipids in the whole brain is Pls-Etn (Nagan and Zoeller, 2001). Reduction of Pls-Etn in the brain and blood samples of Alzheimer’s disease (AD) patients and its association with the cognitive decline (Ginsberg et al., 1995; Wood et al., 2010; Braverman and Moser, 2012) has raised the question of whether there is a direct relation between Pls and the hippocampal-dependent memory.
Genetic mutation of two major peroxisomal enzymes related to Pls synthesizing enzymes, glyceronephosphate O-acyltransferase (GNPAT) and alkylglycerone phosphate synthase (AGPS), and their modulator Pex-7 has been found in Rhizomelic Chondrodysplasia Punctata (RCDP), which is a disorder characterized by developmental problems, congenital contractures, and severe intellectual disability (Braverman and Moser, 2012; Itzkovitz et al., 2012). The knockout mice of AGPS are lethal and those of Pex-7 and GNPAT showed eye cataracts (Braverman and Moser, 2012; da Silva et al., 2014; Liegel et al., 2014) giving a difficulty to use these Pls-reduced mice models for a memory test. Due to the limitation of using the knockout mice, we employed a lentivirus system (sh-RNA) to knock down GNPAT mRNA expression, aiming to reduce local Pls content in the mouse hippocampus.
Our previous study showed that direct application of Pls activated cellular survival signaling of Akt and ERK1/2, resulting in the inhibition of neuronal cells death (Hossain et al., 2013). Consistent with our report, Pex-7 and GNPAT knockout mice showed a deficit in Akt signaling in the peripheral Schwann cells, resulting in the development and differentiation problem of the myelination (da Silva et al., 2014). Our recent study showed that the Pls-induced activation of Akt and ERK signaling might be mediated by specific orphan G-protein coupled receptors (GPCR) expressed in neurons (Hossain et al., 2016). These studies indicate that Pls may act as mediators of cellular signaling in the nervous system.
BDNF is well known to regulate memory-related changes in the brain such as adult neurogenesis, synaptic protein expression, dendritic spine maturation, and synaptic plasticity including long-term potentiation (LTP) (Yamada and Nabeshima, 2003; Binder and Scharfman, 2004). It has been reported that BDNF can recruit TrkB, a target receptor of BDNF, into the membrane microdomains called lipid rafts to induce cellular signaling (Suzuki et al., 2004). Here, we studied the effects of Pls in the memory process and examined its regulating effects on BDNF-TrkB signaling. We also investigated whether oral ingestion of Pls could improve learning and memory in mice.
RESULTS
Reduction of Hippocampal Plasmalogens Promoted Learning and Memory Loss in Adult Male Mice
To reduce the endogenous Pls synthesis, we injected lentiviral shRNA to knockdown GNPAT expression bilaterally into the mouse hippocampus (Figure 1A). Morris water maze tasks were performed following 1 (Memory task 1) and 3 weeks (Memory task 2) of the injection, each of which was followed by a probe test (Figure 1A). Reduction of brain Pls in the sh-GNPAT injected hippocampus was confirmed by liquid chromatography-mass spectrometry (LC-MS) analysis (Figure 1B). At both time points, significant increases in escape latency were observed in the sh-GNPAT group of mice compared with the control lentiviral (sh-Luciferase) group (Figure 1C). These data suggest that reduction of the hippocampal Pls reduced the learning performance in the mice. To assess the memory performance, we performed the probe tests after finishing the training phases. Probe tests showed that there was a significant reduction of the memory in mice groups lacking hippocampal Pls (Figures 1D,E). These findings suggest that the reduction of hippocampal Pls causes impairment of spatial learning and memory in mice. Control lentiviral injection showed no significant changes in the memory performance compared with the uninfected mice (Supplementary Figure S1A), indicating that the hippocampal injection itself did not disturb the spatial memory. In addition, the swimming speed of the mice was not affected by the lentivirus injection (Supplementary Figure S1B), suggesting that the decrease in learning and memory process in the sh-GNPAT mice was not associated with the motor activities.
[image: Figure 1]FIGURE 1 | Memory impairment by the reduction of plasmalogen in the hippocampus. (A) Schematic diagram shows the memory tasks and probe trials schedule after the intrahippocampal injection of sh-RNA against Gnpat. (B) Mass spectroscopic data show the relative amount of ethanolamine Pls (Pls-Etn) in the hippocampus infected with lentiviruses (5 × 105 TDU). (C) Morris water maze task shows in the change in escape latency at the first week (left panel) and third week (right panel). Data are the mean ± S.E.M. of three independent experiments. Each experiment included more than five mice whose hippocampus was successfully infected by sh-GNPAT. (D) Probe tests showed the time spent in the target quadrant. (E) Examples of traces for control (left) and sh-GNPAT (right) mice in probe test one performed after memory task 1. The red circle shows the place of the missing platform. *, p < 0.05 and **, p < 0.01, in each experimental group compared with the respective control group were analyzed by ANOVA test followed by post hoc Bonferroni’s tests.
Knockdown of Hippocampal Plasmalogens Reduced the Memory-Related Gene Expression
To find out the cause of memory loss by the reduction of Pls in the hippocampus, we performed real-time PCR analysis with the infected hippocampal tissue samples, which showed a reduction of GNPAT mRNA expression both 1 and 3 weeks after the sh-GNPAT injection (Figure 2A). BDNF, one of the major memory-related neurotrophic factors, showed a significant reduction of its mRNA expression in the sh-GNPAT infected hippocampus (Figure 2B). Quantitative PCR data also showed a significant reduction of other memory-related gene expressions; e.g., synapsin-1, synapsin-2, synaptotagmin-1 (SYT-1), Ca2+/calmodulin-dependent protein kinase II-α (CamKII-α), Homer-1, and PSD-95 in the Pls reduced hippocampus (Figure 2C).
[image: Figure 2]FIGURE 2 | Alteration of memory-related gene expression and cellular signaling in the hippocampus following the Gnpat knockdown. (A,B) Real-time PCR data show the changes of Gnpat (A) and Bdnf (B) mRNA expressions in the hippocampus following 1 and 3 weeks after microinjection of sh-Gnpat lentiviruses. (C) Real-time PCR data show the changes in memory-related gene expressions in the hippocampus 3 weeks after the injections of lentiviruses. (D) Western blotting assays show the representative protein expressions in the hippocampus 3 weeks after the sh-control and sh-Gnpat injection. (E) Quantification data of panel (D) show the relative change of GNPAT, p-Akt, p-CREB, p-ERK, pro-BDNF, Synapsin-1, SYT-1, and PSD-95 in the hippocampus. The protein expression was normalized with the endogenous expression of β-Actin. The data represent the mean ± S.E.M. Each experiment included more than five mice. *, p < 0.05 and **, p < 0.01. The p values were obtained by Student’s t-tests.
We have previously found that the extracellular addition of Pls can activate ERK and Akt signaling in neuronal cells (Hossain et al., 2013). To examine the relationship between the reduction of Pls and the signaling of these kinases in the hippocampus, we performed Western blotting assays and found a significant reduction of phosphorylated proteins of ERK and Akt in the sh-GNPAT infected brain compared with the control group (Figure 2D). Protein expression of BDNF, synapsin-1, SYT-,1, and PSD95 was also found to be reduced in the knockdown tissues (Figures 2D,E) consistent with the mRNA expression data (Figures 2B,C). To confirm the regulatory effects of ERK and Akt phosphorylation on the expression of BDNF, synapsin-1, and SYT-1, we injected either ERK (U0126, 20 μM) or PI3K/Akt inhibitor (LY294002, 0.19 nmol) into the hippocampus (0.5 µL of 50 μM solution/site) stereotaxically in normal mice. It has been reported that these doses of U0126 and LY294002 were effective in blocking the signaling pathways in the brain tissues (Arroyo et al., 2018; Wang et al., 2018). Twenty-four hours after the injection we found a significant decrease in the mRNA expression of Bdnf, synapsin-1, and SYT-1 in the hippocampus (Supplementary Figure S2). We, therefore, suggest that the reduction of the memory-related gene expression could be due to the down-regulation of ERK and Akt signaling pathways by the reduction of Pls in the hippocampus tissues.
Plasmalogens Diet Enhances Memory and Memory-Related Gene Expression in the Hippocampus
After confirming that the reduction of Pls in the hippocampus resulted in memory loss, we investigated whether the oral intake of Pls had any effect on learning and memory. Mice were given 0.01% Pls-containing or control diet for 6 weeks. There were no differences in food intake and body weight increase between Pls-feeding and control mice. After 6 weeks of Pls feeding, we found that Pls content in the hippocampus increased significantly (Figure 3A). The Pls diet improved the learning process in the water maze tasks compared with the control group (Figure 3B). The probe test also showed a significant increase in the exploration time in the target compartment (Figure 3C), suggesting that Pls diet enhanced memory acquisition and maintenance. The enhancement of the memory was not associated with the physical activity of the mice since the swimming speed was not affected by the Pls diet (Figures 3D,E). Consistent with the knockdown data, we observed that Pls diet enhanced phosphorylation of ERK and Akt in the mouse hippocampus, especially in the CA3 region (Figure 3F). Western blotting data showed that the Pls diet increased p-ERK, p-Akt, phosphorylated cAMP-regulated element-binding proteins (p-CREB), synapsin-1, PSD-95, and SYT-1 proteins in the hippocampus (Figures 3G,H). Real-time PCR data also showed the upregulation of mRNA expression of Bdnf, synapsin-1, SYT-1, and PSD-95 in the hippocampus (Figure 3I). The increases in hippocampal p-Akt and p-CREB expression induced by Pls diet were completely abolished by bilateral microinjection of a phosphoinositide 3-kinase (PI3K)/Akt inhibitor (LY294002) into the hippocampus (0.5 µL of 50 μM solution/site) when measured 24 h after the injection (Supplementary Figure S3A). Quantitative analysis showed that not only p-Akt and p-CREB, but also the Pls-induced increase in Bdnf mRNA was suppressed by PI3K/Akt inhibitor (Supplementary Figure S3B). These findings suggest that the Pls diet-induced enhancement of Bdnf expression in the hippocampus could be affected by the activation of Akt-induced phosphorylation of CREB proteins.
[image: Figure 3]FIGURE 3 | Impact of Pls diet in spatial memory and memory-related protein expression in the hippocampus. (A) Mass spectroscopic data show the expression of hippocampal Pls in the mice fed with the diet containing 0.01% Pls for 6 weeks (0.2–0.25 mg Pls/day/mouse, n = 5). (B) Memory tasks show the change in escape latency by Pls diet. (C) The probe test following the memory task shows the changes of time spent in the target quadrant. The right panel shows examples of traces for control (upper) and Pls diet (lower) mice. The red circle indicates the place of the missing platform. (D,E) The swimming speed of the mice in both groups during the memory tasks (D) and the probe tests (E). (F) Immunohistochemistry data show the expression of p-Akt and p-ERK in the control and Pls diet mice hippocampus. Scale bar, 300 μm. The right panel shows the image intensities in relative pixel values. (G) Representative Western blotting assays show the protein expression in the control and Pls diet mice hippocampus tissue. (H) Quantification data of the panel (G) show the relative change in the expression of p-Akt, p-ERK, p-CREB, synapsin-1, PSD-95, and SYT-1 by the Pls diet in the mice hippocampus (n = 5). (I) Real-time PCR data show the mRNA expression of Bdnf, Synapsin-1, Syt-1, and Psd-95 in the mice hippocampus (n = 5). The data represent mean ± S.E.M. *, p < 0.05 and **, p < 0.01. The p values of panel B were obtained from ANOVA analysis followed by post hoc Bonferroni’s tests. Student’s t-tests were performed in panels (D,E,F,H,I).
Plasmalogens-Feeding Enhances Synaptic Plasticity of Hippocampal Synapses
We investigated hippocampal plasticity by recording long-term potentiation (LTP) of the synaptic transmission. We have recorded the field excitatory postsynaptic potentials (EPSPs) from the stratum radiatum in the area CA1 of hippocampal slices in control and Pls diet mice (Figure 4A, left) and added tetanic stimulation to the Shaffer collaterals to evoke LTP. The basal averages of the first EPSP amplitude and slope of control-diet mice were 0.31 ± 0.02 mV and 0.11 ± 0.01 mV/ms (n = 12) and those of Pls diet mice were 0.33 ± 0.02 mV and 0.10 ± 0.01 mV/ms (n = 15), respectively. Two superimposed traces showed EPSPs following stimulus artifact (triangle) and fiber volleys (two dots) at time −10 min (black) and 60 min (red) recorded from control and Pls diet mice (Figure 4A, middle and right panels), Percentage changes in field EPSPs showed a significant enhancement of LTP in Pls-feeding mice compared with control-diet mice (Figure 4B). This data suggest that Pls diet could enhance synaptic transmission of the hippocampal neurons.
[image: Figure 4]FIGURE 4 | Enhancement of synaptic plasticity by Pls diet. (A) The field EPSPs were evoked by stimulation of Schaffer collaterals and recorded in stratum radiatum in the mouse hippocampal slices (left panel). DG, dentate gyrus. The superimposed traces show the EPSP field potentials at time −10 min (black) and 60 min (red) in control and Pls diet mice (middle and right panels). In the traces of control diet [(A), middle], the biphasic wave (dots) just after the stimulus artifact (triangle) was considered to be a fiber volley recorded from nerve fibers since the amplitude was not affected by stimulation (black and red). Then the next downward wave was the first EPSP. The small fiber volley was also observed in the Pls diet. (B) Percent changes in the field EPSPs of Pls diet mice (n = 15) show a significant enhancement of LTP after the tetanus stimuli compared with the control slices (n = 12). The data represent five mice in each group and three to four slices from each mouse were examined). The data represent mean ± S.E.M., n = 5 in each group. **, p < 0.01 (Student’s t-test).
Plasmalogens Treatments Enhance the Maturation of Dendritic Spines of Hippocampal Neurons and Enhance Neurogenesis in the Dentate Gyrus
To examine whether the Pls diet mediated enhancement of synaptic plasticity is correlated with the changes in the synaptic morphology, we performed Golgi-Cox staining and observed a significant increase in the number of dendritic spines (shown as dots) in CA1 and CA3 regions of the hippocampus in the Pls group mice (Figures 5A, B). To see the direct effects, we treated primary hippocampal neurons with Pls. After application of Pls (5 μg/ml) on the DIV (Disc in vitro) 3, the number of branching from the neuronal cell body was increased at DIV 6, 14, and 22 (Figures 5C,D), suggesting that Pls enhanced neuronal cell body differentiation to form mature neurons. We further checked the number of dendritic spines in the matured neurons of DIV 14 and DIV 22 since the dendritic spines appeared at these time points. The presence of Pls in the neuronal culture medium increased dendritic spines (dots) significantly at both time points (Figures 5E,F). In addition, the quantity of matured spines called mushroom spines (shown as yellow dots), as well as stubby spines (white dots) at DIV 22, was also found to be increased by the Pls treatments (Figures 5G,H).
[image: Figure 5]FIGURE 5 | PLs-induced increase in dendritic spines in vivo and in vitro. (A,B) Golgi-cox staining shows the representative dendritic-like spines (dots) of CA1 (A) and CA3 neurons (B) in control and Pls diet mice. Quantification data show the changes in the number of spines in Pls diet mice. Scale bar, 10 μm. (C–H) Effects of Pls (5 μg/ml) application on the cultured neuronal cells. Neuronal cells derived from E18 mice embryo were cultured with Pls-containing medium for the indicated days (DIV = disc in vitro culture) and stained by Dil to visualize (red color) the morphology of the cells. Pls were added on the DIV3. Branching per cell body (C,D) and the number of spines (dots) were enhanced by Pls (E,F). The stubby spines (white dots) and mushroom-shaped spines (yellow dots) were also enhanced by Pls (G,H). Scale bar, 20 μm. (I) Immunohistochemistry data show the increased amount of doublecortin (DCX) positive neurons (arrowheads) in the dentate gyrus of Pls diet mice hippocampus. Scale bar, 50 μm. (J) Quantification data of panel (I) show the significant increase in the DCX-positive neurons in Pls diet mice. The data represent mean ± S.E.M. These values were drawn from the three independent experiments with triplicates. For each sample, more than 20 different locations were photographed by the microscope (40 and 60 X) and scored the spines number per unit length and branching per cell body. *, p < 0.05 and **, p < 0.01. The p values in panels of D and F were calculated by ANOVA followed by Bonferroni’s post hoc tests whereas Student’s t-tests were performed in panels (A,B,H,J).
Neurogenesis in the hippocampus is known to play a role in memory. To address whether Pls diet enhances neurogenesis, we stained newborn neurons in the hippocampus with the antibody against doublecortin (DCX). There was a significant increase in the DCX-positive neurons in the dentate gyrus region of the hippocampus in the Pls diet mice compared to the control group mice (Figures 5I,J).
To confirm the signaling mechanism of Pls-treatments induced enhancement of dendritic spines, we examined ERK and Akt proteins. Western blotting assays showed significant increases in p-ERK and p-Akt in the neurons of DIV 14 and DIV 22 (Supplementary Figure S4A). The treatments of ERK and Akt inhibitors reduced the Pls-induced increase in dendritic spines at DIV 14 and DIV 22 (Supplementary Figure S4B), suggesting that the Pls could enhance the spine formation by a mechanism dependent on ERK and Akt signaling.
Plasmalogens Treatments Enhance Bdnf Gene Expression by Activating the Transcriptional Factor CREB
We investigated whether Pls-treatments could induce Bdnf gene expression by promoting the recruitment of CREB proteins onto the Bdnf promoter regions. Genomic sequence analysis revealed that there are eleven possible CREB recruitment sites onto the mouse Bdnf genomic regions (Figure 6A). We found that Pls diet enhanced expression of all the Bdnf isoforms in the mouse hippocampus (Figure 6B) and in the primary cultured neurons at DIV 22 treated with Pls (Figure 10C), suggesting a possibility that Pls could enhance CREB recruitments onto those promoter sites. Extensive ChIP assays data showed that Pls diet significantly enhanced CREB recruitments onto the putative binding sites of RE (Responsive elements) 1, 2, 3, 5, 6, 7, 8, and 11 (Figures 6D–F). Negative control was performed to amplify the genomic region between the exon10 and 11, which did not show any recruitment of CREB (data not shown). IgG control of the ChIP assays did not show any nonspecific recruitments (Figure 6E) onto these recruitment sites. To our knowledge, it is the first report of comprehensive ChIP data that suggests a CREB-mediated regulation of the Bdnf isoforms in neuronal cells.
[image: Figure 6]FIGURE 6 | Changes of CREB recruitment onto the Bdnf promoters in the hippocampus tissue by Pls diet. (A) The possible CREB recruitment sites (RE indicates responsive element) and the reported promoters onto the mouse Bdnf genomic DNA. (B) Real-time PCR data show the relative increase in the Bdnf transcripts from the different promoters by Pls diet in the mice hippocampus. The values show relative increases compared with the control diet (n = 5, in each group). (C) Real-time PCR data show the relative increase in Bdnf transcripts in primary neuronal cells (at DIV 22) cultured with Pls (5 μg/ml). Pls were added on the DIV3. (D,E) ChIP assays show the relative pulldown of the genomic DNA fragments by the phosphorylated CREB antibody (D) and the control rabbit IgG (E) in the hippocampus of a control diet and Pls diet mice. (F) Real-time PCR data following the ChIP assays show the relative recruitment of the p-CREB onto the different responsive elements. In panels, (B,C,F) the data represent mean ± S.E.M. (n = 5, *, p < 0.05 and **, p < 0.01). The p values were calculated by ANOVA followed by Bonferroni’s post hoc tests to compare the multiple groups.
Plasmalogens Are Enriched in the Lipid Rafts and Enhance TrkB Expression in the Rafts to Accelerate BDNF Signaling
It has been known that the receptor for BDNF, TrkB, can be recruited in lipid raft microdomains of the cell membrane to induce BDNF signaling (Suzuki et al., 2004; Assaife-Lopes et al., 2010). The membrane fraction assays of the mouse hippocampal tissues showed a significant amount of TrkB in the lighter upper fractions (Fraction No. 4, 5, and 6), which were enriched in lipid raft marker protein Flotillin (Figure 7A) as well as cholesterol (Figure 7B). The LC-MS assays revealed that the lipid raft fractions have more Pls than the non-raft fractions (fraction no. 8, 9, and 10) (Figure 7C). We, therefore, suggest that a high content of Pls-Etn in the hippocampal lipid rafts might promote BDNF-TrKB signaling from the lipid rafts. The LC-MS assay also showed that Pls containing monounsaturated fatty acids such as oleic acid and eicosanoic acid, and ω-6 polyunsaturated fatty acids (PUFA) such as arachidonic acid and docosatetraenoic acid were enriched in lipid rafts compared with non-rafts whereas the amount of ω-3 PUFA, docosahexaenoic acid-containing Pls was similar in both the rafts and non-rafts (Figure 7D).
[image: Figure 7]FIGURE 7 | The changes of TrkB recruitment into the lipid rafts of hippocampal tissues by the Pls diet. (A) Western blotting data show the expression of TrkB protein in the lipid raft fractions (sucrose gradient fraction no. 4, 5, and 6) of the hippocampus tissue. The Flotillin was used as a lipid raft marker. (B) Concentration of cholesterol in the sucrose gradient fractions of the hippocampus tissue. (C) LC-MS analysis shows the total Pls content in the rafts and non-raft factions of the hippocampus tissue. (D) LC-MS analysis shows the distribution of sn-2 fatty acid components of Pls in the raft and non-raft fractions. (E) Western blotting data show the expression of TrkB in the lipid raft fractions in the control and Pls diet mice hippocampus. (F) TrkB contents in the hippocampal lipid raft fractions of control and sh-GNPAT group. The data represent mean ± S.E.M. The values were drawn from the three independent experiments with triplicates (n = 3). *, p < 0.05 and **, p < 0.01. The p values in the panels (C,D) were calculated by Student’s t-test whereas ANOVA test (followed by Bonferroni’s post hoc tests) was performed to get the significance values in the panels (E,F).
We examined the TrkB expression in the lipid rafts of hippocampal tissues in Pls diet mice and found an increase in TrkB proteins in the raft fractions compared with the control-diet mice (Figure 7E). We also detected a reduction of TrkB protein in the hippocampus raft fraction in GNPAT knockdown mice (Figure 7F), suggesting that hippocampal Pls could control TrkB expression level in the lipid raft fractions. These cumulative data, together with the evidence that expression of BDNF itself is dependent on Akt/ERK activation (Supplementary Figure S2), suggest that Pls may not only induce BDNF expression through the Akt/ERK activation but also enhance the BDNF actions through the TrkB expression in the lipid rafts.
Plasmalogens-Induced Enhancements of Learning and Memory Are Dependent on the BDNF-TrkB Signaling Pathway
To address whether the Pls-induced enhancements of learning and memory are dependent on BDNF-TrkB signaling in the hippocampus, we injected the lentiviral sh-RNA vectors against either TrkB or Bdnf bilaterally into the hippocampus 4 weeks after the start of Pls-feeding in mice. The Pls diet was continued for additional 2 weeks following the injection. The water maze test was performed after a total of 6 weeks of Pls diet (Figure 8A). Pls diet-mediated improved learning was attenuated in the mice injected with sh-Bdnf and sh-TrkB (Figure 8B). In addition, the Pls-induced enhancement of Bdnf and synapsin-1 expression was canceled in the Bdnf and TrkB knockdown mice (Figure 8C). These findings suggest that the Pls-induced enhancements of learning and memory are dependent on BDNF-TrkB signaling in the hippocampus.
[image: Figure 8]FIGURE 8 | Attenuation of Pls-mediated memory enhancement by knockdown of hippocampal TrkB or Bdnf expression. (A) Mice were subjected to the Pls feeding for 4 weeks followed by the sh-Bdnf or sh-TrkB injection bilaterally into the hippocampus. The water maze task was performed 6 weeks after Pls feeding. (B) Water maze data show the difference in escape latency between the experimental group mice. The data represent the mean values of the swimming time to reach the goal on the fourth-day trails (3 trails per day). (C) Real-time PCR data show the expression of Bdnf and synapsin-1 in the hippocampus tissues of the mice. The data represent the mean ± S.E.M. Each experiment included more than five mice. *, p < 0.05 and **, p < 0.01 (ANOVA followed by Bonferroni’s post hoc tests).
Effects of the Plasmalogens Derived From Scallop in Learning and Memory
Recent clinical studies showed that scallop-derived Pls (sPls) improved cognition among AD patients (Fujino et al., 2017; Fujino et al., 2018). To screen the effects of sPls, we have performed the learning and memory tests and compared with the effects of the Pls derived from chicken (cPls). We employed a novel object recognition test to check short and long memory (Figure 9A). Both the Pls treatments (sPls and cPls) improved the novel object exploration time in the short-term memory training (Figure 9B). sPls-treated mice showed an increase of novel object exploration time during the long-term memory training, whereas cPls-treated mice failed to do so (Figure 9C). When we examined the discrimination index (DI), we observed the same effect in short-term memory training (Figure 9D). In the long-term memory training, the sPls-treated mice showed a significant increase in DI values compared to the control group (Figure 9E). These data suggest that scallop-derived Pls which are rich at DHA Pls showed relatively better effects than chicken-derived Pls in the long-term memory performance.
[image: Figure 9]FIGURE 9 | Memory enhancing effects of plasmalogens derived from scallop and chicken. (A) Diagram of the novel object recognition test. The mice were subjected to the cPls (Pls from chicken) and sPls (Pls from scallop) drinking (0.01% w/v) for 6 weeks before the tests. (B) The data show the time spent near the novel platform when the mice were placed in the chamber after 1 h of the testing phase. (C) The data show the average time spent near the novel platform when mice were subjected to the testing phase of 18 h following the training phase. (D) The data show the discrimination index in the short-term memory. (E) Discrimination index of the long-term memory. Each experimental group contained five mice (n = 5). The p values were calculated by ANOVA followed by Bonferroni’s post hoc tests to compare the multiple groups.
DISCUSSION
The mechanism of progressive memory loss in patients with AD remained largely unknown. It has been shown that patients with AD have reduced Pls-Etn levels in the cortex and hippocampus (Ginsberg et al., 1995; Guan et al., 1999; Han et al., 2001), suggesting a possibility that Pls content in the hippocampus might regulate the memory process in humans. Interestingly, oral intake of Pls has improved cognition among AD patients (Fujino et al., 2017; Fujino et al., 2020). This evidence indicated a possibility that Pls could play a significant role in the memory process of the human brain, especially in the hippocampus. Our recent findings of the mice study clearly showed that the reduction of hippocampal Pls reduced learning and memory associated with the reduction of BDNF-TrkB signaling. To our knowledge, it is the first report indicating the possibility that a reduction of brain Pls could be a risk factor for memory loss in humans. The patients with AD also showed a reduction of BDNF expression in the brain (Peng et al., 2009). Since BDNF plays a crucial role in synaptic plasticity and neuronal survival (Peng et al., 2009; Cunha et al., 2010; Lu et al., 2014), we propose that brain Pls can improve hippocampus-dependent learning and memory by regulating the BDNF expression. As with the neuroprotective effects of BDNF, we previously found that Pls inhibited apoptosis of neuronal cells (Hossain et al., 2013). It has been known that BDNF treatments could induce synaptic plasticity as measured by the increase of LTP (Miao et al., 2021). Therefore, we suggest that Pls treatments-mediated increase in BDNF expression in the hippocampus could enhance the synaptic transmission of hippocampal neurons as measured by LTP assays. It was known that BDNF treatments could enhance spine maturation of hippocampal neurons, which is similar to the effects of the Pls treatments, suggesting further that the Pls treatments showed BDNF-like effects. We also noticed that Pls diet-induced learning and memory was inhibited when hippocampal Bdnf and TrkB were knockdown, suggesting that Pls could enhance memory by increasing the BDNF signaling n the hippocampus.
The precise mechanism of Pls diet-induced Bdnf expression in the hippocampus remained unknown. We observed a slight increase of hippocampal Pls by the Pls diet, suggesting that this increase of Pls content could enhance the Bdnf expression in the hippocampus. Activation of Akt is known to be an upstream event of CREB phosphorylation and the transcriptional regulation of Bdnf gene (Du and Montminy, 1998). We previously reported that Pls enhanced phosphorylation of Akt and ERK protein in neuronal cells (Hossain et al., 2013). Inconsistent with the previous findings, the Pls treatments have been shown to enhance the expression of p-ERK and p-Akt protein in the hippocampus tissues. In addition, the Inhibition of Akt and ERK attenuated the Pls-induced Bdnf expression and reduced the dendritic spine formation, suggesting that Pls-mediated activation of ERK and Akt proteins could play a significant role in the memory process possibly by inducing Bdnf expression. In the present study, we cannot claim that the Pls treatment-induced alteration of cellular signaling is a direct effect of Pls because Pls can be degraded in the cells to produce PUFA and lyso-Pls. Further studies will be necessary to address whether the PUFA and lyso-Pls can regulate the cellular signaling in our experimental condition. However, we could suggest that Pls might function as ligands to activate the cellular signaling. It can be supported by the previous findings that membrane-bound GPCRs were critical to induce Pls-mediated cellular signaling in the neuronal cells (Hossain et al., 2016). The previous report showed that CREB was localized at upstream of exon-1 of Bdnf gene (Zheng et al., 2012). However, we detected the CREB recruitment in other regions within the Bdnf genomic region and found the transcriptional upregulation of various Bdnf isoforms. These findings suggested that Pls treatments could induce the expression of the Bdnf isoforms by promoting the CREB recruitments onto those promoter regions of Bdnf. It has been known that the Bdnf transcription in neuronal cells can be regulated by other transcriptional factors including AP-1 (Tuvikene et al., 2016), In addition to the CREB recruitment, the promoter activity can also be regulated by the epigenetic factor such as histone acetyl transferase (HAT) and it has been known that the Bdnf expression was critically controlled by the treatments of HAT inhibitor (SAHA) (Mattson and Meffert, 2006; Guan et al., 2009; Sartor et al., 2019). We have not studied whether Pls treatments could regulate AP-1 and HAT activity and future experiments will be necessary to address this issue. The involvement of Bdnf isoform in the learning and memory process is complex and further experiments will be necessary to identify which Bdnf isoform is involved in the regulation of memory by the Pls treatments.
It has been shown that Pls are important for the organization of cholesterol-rich lipid raft microdomains in the membrane (Thai et al., 2001; Pike et al., 2002), which is known to participate in cellular signaling (Allen et al., 2007). Pls-deficient mice lacking GNPAT showed disruption of these membrane microdomains (Rodemer et al., 2003). Our data showed the localization of Pls in the lipid rafts of mice hippocampus tissue where TrkB was found to be accumulated. Our results, increased TrkB localization by the Pls-diet, could suggest that an association of Pls to the raft could enhance the localization of TrkB because we detected a reduction of TrkB in the Gnpat knockdown hippocampus. The localization of membrane proteins including TrkB in the lipid-raft microdomains is known to enhance Akt and ERK signaling (Suzuki et al., 2004; Cao et al., 2013; Assaife-Lopes et al., 2014). Therefore, it is likely that the Pls could facilitate TrkB-signaling in the lipid rafts to induce Bdnf expression. However, the mechanism of how the Pls enhanced TrkB localization in the lipid-raft remained unknown. We have observed that the knockdown of TrkB and Bdnf in the hippocampus resulted in an increase in escape latency, suggesting that the TrkB signaling can regulate the memory which can be supported by the published literature (Yamada and Nabeshima, 2003; Wang et al., 2019).
In the present study, we observed that scallop-derived Pls treatments significantly enhanced the short-term and long-term memory whereas chicken-derived Pls only enhanced the short-term memory. We still do not know why the cPls treatments in contrast to the sPls treatments failed to show a significant effect at long-term memory. It is known that sPls are enriched in DHA-containing Pls which are absent in cPls (Youssef et al., 2019). We previously found that DHA-containing Pls were more effective in inhibiting the microglial activation (Ali et al., 2019; Youssef et al., 2019). The neuroinflammation, characterized by microglial activation in the brain, is a well-known pathological event associated with memory impairment in patients with AD (Heneka et al., 2015). Therefore, we suggest that the presence of DHA-containing Pls in the sPls could have a better effect in reducing neuroinflammation in the brain and improving the long-term memory than the cPls. We still do not know whether the DHA-Pls content in the lipid-raft could be involved in the long-term memory as we also observed enrichment in the non-raft fraction. Further experiments will be necessary to address whether the DHA-Pls content in the sPls is important for long-term memory. Our previous study showed that the reduction of the Pls induced neuroinflammation in the hippocampus (Hossain et al., 2017), suggesting that the deficiency of memory by the Pls knockdown in hippocampus might be due to the neuroinflammation. Although further studies will be necessary to address the mechanism of memory-enhancing effects by sPls and cPls, our findings indicate that there might be a difference in pharmacological function of Pls depending on the source. Though the Pls treatments enhanced cellular signaling to induce Bdnf expression and neuronal differentiation (in vitro studies) which might explain that a reduction of brain Pls could lead to the loss of memory, our present findings have the limitation in understanding how the oral intake of Pls improved memory (in vivo effects) because it remains unknown whether Pls can cross the blood-brain barrier (BBB). It has been known that PUFA can improve cognitive function (Yurko-Mauro et al., 2015; Pifferi et al., 2021), The sn-2 position of Pls can be cleaved by enzymatic reaction in the blood giving rise to PUFA, suggesting a possibility that PUFA derived from the dietary Pls could also improve learning and memory. Although PUFA can cross the BBB, it has been known that PUFA can also alter the intestinal microbial flora and gut hormone secretion including glucagon-like peptide-1 (GLP-1) (Shida et al., 2013; Menni et al., 2017; Parolini, 2019), which could stimulate the vagus nerve to modulate learning and memory (Clark et al., 1999; Hossain et al., 2020). Therefore, PUFA and the dietary Pls might have a significant effect to alter the gut microbial flora and secretion of gut hormones to regulate learning and memory. Further studies will be necessary to address whether the dietary Pls could affect the gut-brain axis to improve learning and memory in mice. However, our present results could suggest that a reduction of brain Pls, which is common in patients with AD, might lead to a reduction in learning and memory.
Our cumulative pieces of evidence suggest that a reduction of hippocampal Pls could be a risk factor for AD. These lines of evidence of Pls-mediated memory improvement in experimental mice and patients with AD (Fujino et al., 2017) suggest that the oral intake of Pls could be a potent therapeutic strategy to improve memory by enhancing the synaptic plasticity in the hippocampus.
MATERIALS AND METHODS
Animal, and Cell Treating Reagents
All the animal experiments were followed by the guidelines provided by the Committee on the Ethics of Animal Experiments, Kyushu University, and carried out by the Guidelines provided by the National Institute of Health in the United States regarding the care and use of animals for experimental procedures. All efforts were made to minimize animals’ suffering and the number of animals used for the study.
Male C57BL/6 mice (8 weeks old) were used for in vivo study. Primary hippocampal neurons were prepared from the E-18 embryo of mice. After dissection of anesthetized pregnant mice, the meninges of the embryo were removed carefully. The hippocampus was cleared with the surrounding cortex and dissolved in trypsin solution containing phosphate-buffered saline (PBS), bovine serum albumin (BSA), and glucose at 37°C for 15 min. FBS was used to neutralize the trypsin activity. The hippocampus was then dissociated in neurobasal medium (GIBCO) supplemented with B27 (GIBCO) by appropriate pipetting using different pour-sized Pasteur pipettes. The dissociated neurons were then cultured on poly-D-lysine coated glass coverslips (30,000 cells/15 mm coverslip) with the neurobasal medium in a 5% CO2 humidified incubator. On DIV (Disk In Vitro) 3, 90% of the cultured medium was replaced with a B27 free neurobasal medium. Cytosine arabinoside (Ara-C) purchased from Sigma was added to DIV three primary neurons at a concentration of 1 μM to inhibit microglial proliferation. More than 95% pure primary hippocampal pyramidal neuronal cells (on DIV 21) were used as primary neurons (Hossain et al., 2013). To visualize the neuronal cells, we performed Dil (tetramethylindocarbocyanine perchlorate) staining by following the recommended protocol (Invitrogen). PI3K/AKT and MAPK ERK Kinase (MEK) inhibitors named LY294002 (Catalog number #9901) and U0126 (#9903), respectively, were purchased from Cell Signaling Technology (Boston, MA, United States) and human recombinant BDNF from WAKO (Osaka, Japan).
Preparation of Plasmalogens Containing Food and Water
The Pls used in the present study were extracted from chicken and scallop by using a previously reported method (Mawatari et al., 2009) and kindly donated by Central Research Institute, Marudai Food Co. Ltd. (Osaka, Japan) and B&S Corporation Co., Ltd. (Tokyo, Japan). The purified Pls consisted of 96.5% Pls-Etn, 2.5% Pls-Cho, 0.5% sphingomyelin (SM) and 0.5% other phospholipids (Mawatari et al., 2007). The composition of fatty acids of Pls-Etn was analyzed using the high-performance liquid chromatography method (Mawatari et al., 2009) and shown in Tables 1, 2. Pls (0.01%)-containing pellet food was prepared by Clea Japan Inc. (Tokyo, Japan). The composition of control and chicken Pls containing food was shown in Table 2. We have used Pls (chicken and scallop derived Pls) dissolved (0.01% w/v) in drinking water for the novel object recognition test.
TABLE 1 | The fatty acid composition of the Pls-Etn in the purified Pls from chicken (cPls) and scallop (sPls).
[image: Table 1]TABLE 2 | Composition of control and chicken derived Pls (0.01% w/w) containing pellet food.
[image: Table 2]Preparation of sh-RNA Lentiviruses and in vivo Injection Into Mouse Brain
The sh-RNA sequences were cloned into the pLL3.7 lentiviral vector following the protocol provided in the Addgene website (Plasmid No 11795 (Rubinson et al., 2003)). The target sequences were as follows: sh-GNPAT (5′-GTC​CCA​ATT​AGC​ATC​AGT-3′), sh-Bdnf (5′-AGT​CCC​GGT​ATC​CAA​AGG-3′), sh-TrkB (5′-CCT​GTA​CAT​GAT​GCT​CTC-3′) and sh-Luc (5′-CTT​ACG​CTG​AGT​ACT​TCG​AG-3′). For the viral constructs, we transfected the Hek-293T cells with the cloned pLL3.7 vectors along with the vectors pMD2. G (Addgene plasmid 12,259), pRSV-Rev (Addgene plasmid 12,253), and pMDLg/pRRE (Addgene plasmid 12,251). The cells supernatant was centrifuged at 24,000 rpm for 3 h at 4°C and the viral pellet was dissolved in PBS (1% BSA). After checking the viral titer in N2A cells, 5 × 105 TDU (transduction units) were injected stereotaxically into the bilateral hippocampus through the 30-gauge stainless steel tube at an injection rate of 0.05 μL/min after making holes on the temporal bone. The stereotaxic coordinates of the hippocampus were A, 1.67 mm posterior to bregma; L, 1.25; and H, 2.0 from the surface of the brain. The wound was sutured and treated with an antibiotic. After the experiments, the injection site was confirmed by immunohistochemistry.
Morris Water Maze Task
Morris water maze task was performed in a black plastic circular pool (diameter, 100 cm; wall height, 45 cm) containing water at 22–23°C. The pool was surrounded by a gray curtain wall, on which 3 rectangular, triangle, and circular drawings brightly illuminated were placed and served as the spatial cues. A circular, transparent plastic platform (diameter, 12 cm) was placed in one quadrant of the pool 2 cm below the surface of the water. After the pre-swimming task performed 1 day before the maze task, mice were released from one of four randomly chosen starting points in the circular pool to search for the hidden escape platform for 60 s. They were allowed to rest for 30 s on the platform after they found it. If mice could not find the platform within 60 s, the experimenter placed the animal on the platform for 10 s. Mice were then placed for 30 min in a waiting cage for the next trial and were dried under a heating lamp. The mice received 4 trials in a day for 4 consecutive days. There were no mice that did not show motivation for swimming (floating behavior). The mice were tracked by an infrared-sensitive camera connected to a maze analysis unit (SMART, Panlab S. L., Barcelona, Spain). A probe test was performed after the end of the maze task, in which the mice were allowed to search for 60 s in the absence of the platform. The duration of cumulative time they spent in the target quadrants was measured in the probe test. In the experiments of Pls diet mice, they received three trials in a day until day 6 (D6).
Novel Object Recognition Test
The novel object recognition test was performed according to the published paper (Lueptow, 2017). Mice were subjected to Pls drinking (cPls and sPls) at the dose of 0.01% w/v for 6 weeks. Before starting the habituation phase, mice were kept in the experimental room for 1 hour to adjust the room condition. For the habituation phase, mice were placed in a chamber (65 cm × 65 cm x 30 cm) and allowed to explore for 10 min. For the training phase, mice were placed in the same chamber containing two similar objects for 5 min while being recorded by camera overhead. To remove the odor left by the previous mice, we cleaned the chambers with 70% alcohol. For the testing of short-term memory, mice were placed in the same box with the novel object for 5 min after 1 hour of the training phase. To check the long-term memory, mice were placed in the chambers after about 18 h of the training phase. The discrimination index was calculated by the formula: (time exploring near the novel object—time exploring the familiar object)/(time exploring the novel object + time exploring the familiar object).
Real-Time PCR Analyses
Mice were deeply anesthetized with pentobarbital (50 mg/kg) and transcardially perfused with sterile PBS. For each animal, the brain was removed and the hippocampus was dissected in a dish filled with ice-cold PBS. The tissue samples were stored at −80°C until PCR analyses. Total RNAs were extracted from tissues using TRIZOL reagents (Life Technologies) following standard protocols. cDNAs were then prepared from the purified total RNAs using ReverTra Ace qPCR RT Kit (Toyobo). All the Real-time qPCR reactions were carried out by SYBR Premix ExTaq (RR420Q, Takara) followed by the real-time quantification using 7,500 Real-Time PCR System (Applied Biosystems). The specific primer sets used for amplifying each mouse gene were as follows: GNPAT, forward 5′-GCG​CTG​TCT​CAG​ACT​TCC​AT-3′ and reverse 5′-GGA​GGA​CAT​CCA​CAC​CTG​TC-3′; Bdnf, forward 5′-TGC​AGG​GGC​ATA​GAC​AAA​AGG-3′ and reverse 5′-CTT​ATG​AAT​CGC​CAG​CCA​ATT​CTC-3′; synapsin-1, forward 5′- GGC​CTA​CAT​GAG​GAC​ATC​AG-3′ and reverse 5′-ACC​ACA​AGT​TCC​ACG​ATG​AG-3′; synapsin-2 forward 5′-CAG​GTA​CTT​CGG​AAT​GGC​AC-3′ and reverse 5′-CAA​ATG​CAT​GCT​GTC​GGA​T-3′; synaptotagmin-1 (SYT-1), forward 5′-CAC​CGT​GGG​CCT​TAA​TTG​C-3′ and reverse 5′-TGT​TAA​TGG​CGT​TCT​TCC​CTC-3′; Ca2+/calmodulin-dependent protein kinase II-α (CamKII-α), forward 5′- ATG​CTC​CGT​CCA​AAT​ACC​CTC​C-3′ and reverse 5′-GCA​GTG​GTC​ATT​CAA​GTT​CAC​AGC-3′; Homer-1, forward 5′-CTA​TAT​TCT​CCG​CGC​AAC​CT-3′ and reverse 5′-GCA​ACT​CAA​CAA​GGC​AGA​CA-3′; PSD-95, forward 5′-CAC​CGA​CTA​CCC​CAC​AGC-3′ and reverse 5′- ACT​GGC​ATT​GCG​GAG​GTC-3΄; and β-Actin, forward 5′-CAC​TGT​GCC​CAT​CTA​CGA-3′ and reverse 5′-CAG​GAT​TCC​ATA​CCC​AAG-3′. To amplify the different isoforms of mouse Bdnf genes, we have used the following primers Bdnf1, forward 5′-CTG​TAG​TCG​CCA​AGG​TGG​AT-3′ and reverse 5′-AGA​AGT​TCG​GCT​TTG​CTC​AG-3΄; Bdnf2/5, forward 5′-TGG​AAG​AAA​CCG​TCT​AGA​GCA-3′ and reverse 5′-TCT​GTC​CAA​GGT​GCT​GAA​TG-3΄; Bdnf3, forward 5′-CGA​TCC​TCG​ATG​GAT​AGT​TCT​T-3′ and reverse 5′-CTT​CCC​TTG​AGA​AGC​AGG​AG-3΄; Bdnf4, forward 5′-CTG​GGA​GGC​TTT​GAT​GAG​AC-3′ and reverse 5′-CAT​TGT​TGT​CAC​GCT​TCT​GG-3′; Bdnf6, forward 5′-CTC​CAG​GAC​AGC​CTG​TAT​CC-3′ and reverse 5′-TCC​CGG​ATG​AAA​GTC​AAA​AC-3′; and Bdnf10, forward 5′-GGA​ACC​ACC​AGT​TTT​CTC​CA-3′ and reverse 5′-TGT​GTG​GGT​AGA​TGC​CAA​AA-3′. The mRNA expression was calculated using delta-delta Ct method and the expressional level of mRNA was normalized with the endogenous expression of mouse Gapdh (forward: 5′-CAA​TGT​GTC​CGT​CGT​GGA​TCT-3′ and reverse: 5′-GTC​CTC​AGT​GTA​GCC​CAA​GAT​G-3′).
Western Blotting Assays
Western blotting assays were carried out by standard protocols (Hossain et al., 2013) using antibodies against GNPAT (ab75060, Abcam, Cambridge, MA), CREB (9,197, Cell signaling), p-CREB (9,191, cell signaling), Akt (610,860, BD Biosciences), p-Akt (s-473, 4,060, Cell signaling), ERK (4,695, Cell signaling), p-ERK (4,370, Cell signaling), pro-BDNF (ANT-006, alomone labs), Synapsin-1 (AB1543, Millipore), SYT-1 (AB5600, Millipore), PSD-95 (MAB1598, Millipore), Flotillin (610,820, BD Biosciences), TrkB (610,102, BD Biosciences) and β-Actin (sc-47778, Cell Signaling).
Hippocampal tissues were dissected in the same way as PCR analyses and lysed using the RIPA buffer (1% NP40, 0.5% sodium deoxycholate, and 0.1% SDS dissolved in 1X TBS) mixed with the complete protease inhibitor cocktail tablets (Roche). After 30 min on ice with the lysis buffer, cells were subjected to brief sonication at 4°C followed by centrifugation at 15,000 rpm for 10 min to remove insoluble cell debris. For subcellular fractionation assays, cells were suspended in mild buffer (0.5% NP40, 1 mM EDTA, and 10 mM Tris-HCl) followed by centrifugation at 15,000 rpm and the supernatant (cytoplasmic fraction) was collected. The precipitate was then washed three times by the same mild buffer and dissolved with RIPA buffer to collect the nuclear fraction. Protein concentration was measured by the BCA protein assay kit (Thermo Scientific) and a total of 20 μg protein was loaded for analysis by SDS-PAGE. After the protein transfer, nitrocellulose membranes (BIO-RAD) were blocked with Tris-buffered saline containing 5% Difco Skim Milk (BD) and 0.1% Tween 20 for 1 h at room temperature. Membranes were then incubated at 4°C overnight with the primary antibodies. After treatments with primary antibodies, membranes were washed, and then incubated with horseradish peroxidase-coupled goat anti-mouse or anti-rabbit IgG secondary antibody (Cell Signaling Technology, Boston, MA, United states) at room temperature for 2 h. Specific signals from the transferred protein were then visualized by SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) using a LAS4000 biomolecular imager. ImageJ software was used to quantify the signals.
Chromatin Immunoprecipitation (ChIP) Assays
ChIP assays were conducted as the published protocol (Carey et al., 2009). DNA/protein complexes in culturing cells were cross-linked with 4% paraformaldehyde (PFA) for 20 min at 4°C, and those in brain tissues were cross-linked by the transcardial perfusion of 4% PFA (30 ml/mice). Cells and tissues were then lysed in the lysis buffer (5 mM PIPES of pH8.0, 85 mM KCl, and 0.5% Nonidet P-40 dissolved in dH2O). DNA in the DNA/protein complexes was fragmented to 200–400 bp, which correspond to the size of mono-to di-nucleosomes, by sonication in ice-cold water. We then used 1 mg DNA-protein complexes in dilution buffer (16.7 mM Tris, 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, and 1.1% Triton X-100) for each experimental group, and treated with the protein A-agarose/salmon sperm DNA (Millipore) for 2 h at 4°C with rotation. After centrifuging at 3,000 rpm for 2 min, supernatants were collected into a new tube and rotated with 500 ng of the primary antibodies (p-CREB, 9,197, Cell Signaling) overnight at 4°C. We then added protein A-agarose/salmon sperm DNA to the supernatant and rotated for 2 h followed by centrifugation at 3,000 rpm for 2 min. The precipitated beads were then washed with high-salt wash buffer (50 mM HEPES, 500 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, and 0.1% deoxycholate) with rotation for 10 min at room temperature followed by centrifugation at 3,000 rpm for 2 min. This high-salt wash was repeated 8 times followed by 2 times wash with the TE buffer (1mM EDTA and 10 mM Tris). The precipitated chromatins were then re-suspended in elution buffer (50 mM Tris pH8.0, 10 mM EDTA and 1% SDS) followed by treatment with Proteinase-K (20 μg/ml) at 55°C for 2 h. To reverse cross-links, samples were then treated at 65°C overnight followed by centrifugation at 12,000 rpm for 5 min. The supernatant was then collected and subjected to DNA purification by standard phenol: chloroform extraction method. Amplification of CREB binding sites mentioned here as responsive elements (RE) onto the mouse Bdnf genomic region was carried out using conventional PCR with rTaq DNA polymerase (R001A, Takara) as well as by the real-time PCR assays using the following primer sets: for RE-1, forward 5′-CCT​CCC​ACG​TCA​TTT​TAC​GA-3′ and reverse 5′-AGC​CAG​TTT​CCT​GAG​AAT​GC-3′; for RE-2, forward 5′-CTG​AGC​AAA​GCC​GAA​CTT​CT-3′ and reverse 5′-GCT​TTG​CTG​TCC​TGG​AGA​CT-3′; for RE-3, forward 5′-TCT​GGG​CGA​CAA​GGA​GAA​AA-3′ and reverse 5′-TGG​GTG​TAA​GAG​GAT​GAC​GT-3′, for RE-4, forward 5′-GGG​GTT​GCC​TTA​AGT​GGA​GA-3′ and reverse 5′-GAA​CAG​CTC​TAC​ATT​CCC​AAC​T-3′; for RE-5, forward 5′-CAC​AGT​GAC​TTG​GGT​TCA​AAG​A-3′ and reverse 5′-TGT​GCA​TGG​AAA​CAG​AAA​CTG-3′, for RE-6, forward 5′-GCT​GAA​TTT​ATT​GTA​CAT​GCG​GT-3′ and reverse 5′-CCC​ACA​CTA​ACC​AGC​CTG​AT-3′; for RE-7, forward 5′-TTT​TCC​CCA​AAG​AAG​AGT​GAA​G-3′ and reverse 5′-TTG​GAT​GAG​GTC​AAT​CCT​ACT​ATG-3′, for RE-8, forward 5′-TGT​CTA​TTT​CGA​GGC​AGA​GGA-3′ and reverse 5′-CTC​CTC​GGT​GAA​TGG​GAA​AG-3′; for RE-9, forward 5′-CAA​CGA​CAC​AGA​ACA​CAC​GTT-3′ and reverse 5′-GCA​CAA​CAG​TCT​TGT​TTA​TCT​GG-3′, for RE-10, forward 5′-TGT​AAT​AGA​AAG​TCA​GAT​AAA​TGT​TTC​AA-3′ and reverse 5′-TAC​TGG​GAA​GTC​TGG​GGA​AA-3′; and RE-11, forward 5′-CCT​CTT​GGA​AAG​CAA​CGT​GT-3′ and reverse 5′-TGG​TGG​GAG​ACT​GAC​ATC​AA-3′. For the negative control of ChIP assays, we amplified the intron-region right after the exon-10 (Bdnf-10) by the primers forward 5′-TCA​CCG​TAT​CCG​CTG​CCT-3′ and reverse 5′-CCA​GGT​GGT​GTC​TCA​GAT​AC-3′. The size of the amplified genome by these primer sets was within 100–150 bp.
Immunohistochemical Staining
To prepare the cryosections, mice were perfused transcardially with phosphate-buffered saline (PBS) followed by 4% PFA solution. The brains were then collected in 4% PFA solution, fixed overnight at 4°C followed by treatment with 30% sucrose solution, embedded in optimum cutting temperature (O. C. T.) compound, and frozen in −70°C before making thin sections (30 μm thick). Sections were collected in ice-cold PBS and treated to 3N HCl for 30 min followed by extensive washing with PBS on a shaker. After 1 h treatment with a blocking solution (0.2% TritonX-100 and 5% BSA dissolved in PBS), tissue slices were incubated with the antibodies, dissolved in the same blocking solution, overnight at 4°C on a shaker. Antibodies were diluted as follows: p-Akt (Cell signaling, 1:500), p-ERK (Cell signaling, 1:500), and DCX (Abcam, 1:500). After brief washing in PBS, the brain slices were then incubated with fluorochrome-conjugated secondary antibodies (1:1,000 in blocking solution; Alexa Fluor 488/568, Life technologies) for 3 h at room temperature. 4′,6-diamidino-2-phenylindole (DAPI) was used for nuclear staining. The images were analyzed by BZ-9000 Fluorescence Microscope (KEYENCE, Osaka, Japan).
Electrophysiology
The electrophysiology assay of the mice hippocampal slices was performed according to the protocol described in the published paper (Hossain et al., 2018). Under deep anesthesia with isoflurane, mice were sacrificed and the brain was quickly excised. The hippocampal slices (350 μm thick) were made perpendicular to the septotemporal axis and incubated in Krebs-Ringer solution (124 mM NaCl, 4 mM KCl, 1.3 mM MgSO4, 1.23 mM NaH2PO4, 26 mM NaHCO3, 2.4 mM CaCl2, and 10 mM glucose) bubbled with 95% O2 and 5% CO2 at 32–34°C with pH 7.4. After 2 h incubation, slices were transferred to a recording chamber, which was perfused with Krebs-Ringer solution at a constant rate of about 2.5 ml/min. Extracellular recording of field excitatory postsynaptic potential (EPSP) was made from the stratum radiatum in the area CA1 by a glass microelectrode filled with Krebs-Ringer solution (tip diameter, 15–25 μm; DC resistance, 3–5 MΩ). Orthodromic stimuli were delivered through a coaxial bipolar electrode (diameter, 0.3 mm) that was placed in the stratum radiatum in the CA3 region to stimulate the Schaffer collateral-CA1 pathway. The test-stimulus intensity of 50 µs square pulses ranged from 0.15 to 0.4 mA to give a field EPSP amplitude of 0.2–0.4 mV at 0.03 Hz. After confirmation of stable amplitude of EPSP at least for 10 min, tetanic stimulation was delivered, and data were collected further for 60 min. To induce LTP, a train of 100 Hz for 1 s was delivered at the same stimulus intensity used for the test stimulus. Responses were acquired, digitized, and stored by a Macintosh computer interfaced with PowerLab (AD instruments, New South Wales, Australia) at 20 kHz for 64 ms, beginning 4 ms before the stimulation. For LTP analysis, the initial slope of the EPSP at each time point was expressed as a percentage of control values (averages before tetanic stimulation).
Golgi Cox Staining
To prepare the Golgi-Cox solution, we first prepared three solutions: solution A (5% potassium dichromate, K2Cr2O7, in distilled water), solution B (5% mercuric chloride, Hg2Cl2, in dH2O), and solution C (5% potassium chromate, K2CrO4, in dH2O). 200 ml of each solution A and B were mixed in a glass bottle followed by adding 160 ml of solution C slowly under continuous agitation by glass rods (special precaution was taken to avoid the skin and inhalation contact and all these mixings were done under fume hood chamber). The mixed solution (Golgi-Cox solution) was kept in the dark for 5 days followed by adding the intracardiac saline perfused mice brains. After 14 days in the solution, the brains were kept in 30% sucrose solution overnight followed by freezing at −70°C with the O.C.T. compound (Tissue-Tek). The frozen brain tissues were then cut into 30 μm slices and collected on FRONTIER coated glass slides (FRC-03, Matsunami Glass Ind. Ltd., Osaka, Japan) followed by stock in −70 °C. Before use, the slides were kept in 70% EtOH for 3 min followed by drying at room temperature aimed to improve the tissue adhesion. The slides were then subjected to dH2O for 1 min followed by 30 min treatments with 10% ammonium hydroxide solution in a dark room. Slides were then washed in dH2O for 1 min followed by 30min treatments with Kodak Fix Solution (251 ml of Kodak Fix Solution A and 28 ml of Kodak Fix Solution B in 2000ml dH2O). Slides were washed in dH2O for 1 min followed by the alcohol dehydration process: 30 s in 70% ethanol, 30 s in 80% EtOH, 30 s in 90% ethanol, 30 s in 95% ethanol, and 2 min in 100% ethanol (2 times). Before mounting with the Permafluor (Thermo scientific) the slides were treated with CXA (Chloroform, Xylene, and Alcohol in a ratio of 1:1:1) for 15 min. Photographs were taken by the BZ-9000 Fluorescence Microscope by using the bright field filter.
Lipid Raft Isolation and Cholesterol Assays
Brain tissues were dissolved in the raft buffer composed of 100 mM HEPES, 5 M NaCl, and 50 mM EGTA by passing through 25 G needles 15 times. We then added 1% Brij-58 (P5884, Sigma) and passed through 25 G needles for 15 times followed by keeping the solution in Ice for 30 min. A total of 1 mg protein was then dissolved in sucrose-PBS solution to make 4 ml volume of 40% sucrose mixture followed by adding it in the centrifuge tube (13PET TUBE ASSY, S303276A, Hitachi, Japan) keeping on ice. We then slowly added 4 ml of 25% sucrose-PBS solution followed by adding 4 ml of 5% sucrose-PBS solution to make a total of 12 ml solution in the tube. The centrifuge tubes were then placed in the ultracentrifuge machine (himac CP 65β, Hitachi Centrifuges, Japan) at a speed of 36,000 rpm for 26 h at 4°C. After the centrifuge, 12 fractions of 1ml volume were collected gently from top to the bottom and labeled fractions No. 1–12. A total of 250 μL 59% (w/v) trichloroacetic acid (TCA) solution was added to each 1 ml fraction and mixed vigorously followed by centrifugation at 14,000 rpm for 10 min. The protein precipitates were then washed with acetone 3 times followed by being subjected to the heat block at 95°C until dried up. SDS sample buffer (50 μL) was used to dissolve the protein before performing Western blotting. The cholesterol contents of the lipid raft fractions were analyzed by the total cholesterol assay kit (Cell Biolabs, Inc. Catalog number STA-384) by following the recommended protocol.
Liquid Chromatography-Electronspray Ionization-Tandem Mass Spectrometry (LC-MS) Assays
Extraction of the total lipids was performed by Bligh and Dyer method (Bligh and Dyer, 1959; Abe et al., 2014). Briefly, the cells and tissues were dissolved in PBS followed by sonication in the ice-cold water. After checking the protein concentration, equal amount (50 μg) of protein was dissolved in methanol/chloroform/water (v/v/v: 2:1:0.8) and 50 pmol internal standard (1-heptadecanoylsn-glycero-3-phosphocholine, 1, 2-didodecanoyl-sn-glycero-3-phosphocholine and 1, 2-didodecanoyl-sn-glycero-3-phosphoethanolamine). After 5 min, 1 ml each of water and chloroform was added and the whole centrifuged to collect the lower organic phase. 1 ml chloroform was added again to re-extract the lipids. Collected organic phase was then evaporated under the nitrogen stream and suspended in pure methanol. LC-MS assay was performed using a 4000 Q-TRAP quadrupole linear ion trap hybrid mass Q8 spectrometer (AB Sciex) with ACQUITY UPLC System (Waters). Samples were injected into an ACQUIRY UPLC BEH C18 column and then directly subjected to ESI-MS/MS analysis. A 10 μL aliquot of each sample was directly introduced by autosampler injector and the samples were separated by step gradient elution with mobile phase A (acetonitrile:methanol:water at 2:2:1 (v/v/v), 0.1% formic acid and 0.028% ammonium) and mobile phase B (isopropanol, 0.1% formic acid and 0.028% ammonium) at the ratios: 100:0 (for 0–5 min), 95:5 (5–20 min), 70:30 (20–21 min), 50:50 (21–45 min), 50:50 (45–100 min) and 100:0 (100–120 min). The flow rate (70 μL/min at 30°C), source temperature (200°C), declustering potential (60), and collision cell exit potential (15) was kept constant. Ethanolamine Pls (PlsEtns) with alkenyl p16:0, p18:0, and p18:1 at the sn-1 position was detected by precursor ion scan of m/z 364, m/z 392, and m/z 390, respectively, at positive ion mode. The data were analyzed and quantified using the Analyst software (AB Sciex).
Statistical Analyses
All data were expressed as mean ± S.E.M (standard error of mean). To analyze the statistical significance among experimental groups, we performed one-way ANOVA followed by a post hoc test (Bonferroni’s test). Student’s t-tests were performed to find the significance values in the case of two experimental groups. p values less than 0.05 were considered significant.
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Plasmalogens, functional glycerophospholipids with biological roles in the human body, are associated with various diseases. Although a variety of saturated and/or unsaturated fatty acids in plasmalogens are presumed to have different functions in the human body, there are limited reports validating such functions of plasmalogens. In this study, we focused on the bacterial plasmalogen derived from Selenomonas ruminantium subsp. lactilytica (NBRC No. 103574) with different main species of hydrocarbon chains at the sn-1 position and shorter fatty acids at the sn-2 position than animal plasmalogens. Optimum culture conditions of S. ruminantium for high-yield production of plasmalogens, such as pH and the concentration of caproic acid, were investigated under anaerobic conditions using a 2-L scale jar fermenter. The obtained plasmalogen mainly consisted of the ethanolamine plasmalogen (PlsEtn). The molar ratios of PlsEtn species obtained from S. ruminantium, at sn-1/sn-2 positions, were p16:1/14:0 (68.4%), p16:1/16:1 (29.2%), p16:1/16:0 (0.7%), p16:1/15:0 (0.3%), and p17:1/14:0 (0.3%). Subsequently, duodenal infusion of the emulsion carrying the lipid extracted from S. ruminantium was carried out in lymph duct-cannulated rats. In the lymphatic plasmalogen of rats, the level of PlsEtns with molar ratios p16:1/14:0 and p16:1/16:1, the main species of plasmalogens from S. ruminantium, increased gradually until 3–4 h after lipid injection and then gradually decreased. In addition, the level of PlsEtns with p16:1/20:4 and p16:1/22:6 rapidly increased, peaking at 1–1.5 h and 1.5–2 h after lipid injection, respectively. The increase in the number of PlsEtns with p16:1/20:4 and p16:1/22:6 suggested that 20:4 and 22:6, the main fatty acids at the sn-2 position in the rat lymphatic plasmalogen, were preferentially re-esterified at the sn-2 position, regardless of the types of hydrocarbon chains at the sn-1 position. Thus, we showed that bacterial PlsEtns with “unnatural” structures against rats could be absorbed into the lymph. Our findings provide insights into the association between the chemical structure of plasmalogens and their biological functions in humans.
Keywords: ethanolamine plasmalogen, Selenomonas ruminantium, lymphatic absorption, molecular species, microbial plasmalogen
INTRODUCTION
Glycerophospholipids, the main components of biological membranes, play important roles in maintaining the structure and function of biological membranes, as well as in the overall physiology of the organism. They are classified into three subclasses: diacyl, alkyl, and alkenyl, based on the aliphatic hydrocarbon chain at the sn-1 position of the glycerol backbone, via ester, ether, and vinyl-ether binding, respectively.
Plasmalogens that we focused on the present study are a subclass of glycerophospholipids containing a vinyl-ether bond at the sn-1 position and an ester bond at the sn-2 position of the glycerol backbone (Figure 1). The sn-1 and -2 positions consist of saturated and/or unsaturated fatty acids (FAs) with various carbon chains. It is well known that plasmalogens are present in human and animal tissues (Bradley et al., 2015). In the brain and lungs, the content of ethanolamine plasmalogen (PlsEtn), which has ethanolamine bound to the phosphate group at the sn-3 position, is relatively higher than that in other organs (Panganamala et al., 1971; Heymans et al., 1983). In addition, the heart contains choline plasmalogen (PlsCho), which has choline bound to the phosphate group at the sn-3 position (Panganamala et al., 1971; Heymans et al., 1983).
[image: Figure 1]FIGURE 1 | Structures of ethanolamine plasmalogens (PlsEtn) and choline plasmalogens (PlsCho). R1 and R2 denote the carbon chain at the sn-1 and sn-2 positions, respectively.
Multiple physiological functions of plasmalogens have been presumed: 1) structural components of the cell membrane (Lee, 1998; Nagan and Zoeller, 2001), 2) maintaining cell membrane dynamics (Koivuniemi, 2017), 3) storage compounds of arachidonic acid, a precursor of functional lipid mediators (Garg and Haerdi, 1993), and 4) antioxidants. The antioxidant effect was confirmed by both in vivo and in vitro radical scavenger examination of reactive oxygen species, and was found to be a result of the vinyl-ether double bond of plasmalogens (Hahnel et al., 1999a; Maeba and Ueta, 2003; Wu et al., 2019). It is not certain whether this antioxidative ability of plasmalogens is the main cause or not, but many previous studies have reported that the composition of plasmalogens is strongly related to the etiopathogenesis of many kinds of diseases (Ginsberg et al., 1995; Hahnel et al., 1999b; Maeba et al., 2007; Khan et al., 2008; Nishimukai et al., 2014a; Nishimukai et al., 2014b). For instance, the presence of plasmalogens in the serum reportedly prevented arteriosclerosis, and a deficiency of plasmalogens was involved in nerve degeneration in Alzheimer’s disease (Goodenowe et al., 2007; Su et al., 2019). Thus, understanding of the physiological function of plasmalogens can provide clarity on disease pathogenesis and/or its prevention.
Plasmalogens are contained in the cell membrane of not only animals but also some strictly anaerobic bacteria such as Selenomonas ruminantium, Ruminococcus albus, Ruminococcus flavefaciens, Bacteroides succinogenes, Borrelia sp., and Clostridium butyricum, which are classified as rumen bacteria (Kamio et al., 1969). In particular, S. ruminantium has been well studied as a typical bacterium which contains plasmalogens in the cell membrane (Kamio et al., 1970). Kanegasaki and Takahashi demonstrated that plasmalogens are derived from FA present in the medium containing glucose and 14C-labeled FAs used for cultivating S. ruminantium and the phospholipid (PL) fraction obtained from ethanol–ether extraction of the cultivated cells (Kanegasaki and Takahashi, 1968). Furthermore, it was reported that the type of energy source in the culture medium affects the plasmalogen content in S. ruminantium (Kamio et al., 1969; Kim et al., 1970; Takatsuka and Kamio, 2004). The plasmalogen content of S. ruminantium cultivated in a medium containing lactate was approximately three times higher than that of the cells cultivated in a medium containing glucose. Although microbial cells mainly contain PlsEtns, a difference in the chemical structure is found between microbial and animal plasmalogens. Microbial plasmalogens have FAs with a shorter carbon chain length at the sn-1 and -2 positions compared to animal plasmalogens (Watanabe et al., 1982). Thus, microorganisms are a good source of plasmalogens which consist of FAs different from that of animal plasmalogens.
In this study, our final goal is to elucidate the physiological structure–function correlation of plasmalogens in humans by comparing the function of plasmalogens having “unnatural” chemical structures against mammals. We investigated optimum large-scale culture conditions, such as the concentration of FAs and pH, to obtain high productivity of microbial plasmalogens derived from S. ruminantium. However, plasmalogens are unstable compounds and easily broken under acidic conditions, such as in the stomach, because of its vinyl-ether bond at the sn-1 position (Figure 1). We assumed to utilize capsules containing plasmalogens to absorb intact plasmalogens into the small intestine in our future experiments. It is important to perform not only general gavage experiments but also lymphatic absorption experiments. Thus, the lymphatic absorption of microbial plasmalogens from the small intestine was studied using lymph duct-cannulated rats as a first step toward our goal.
MATERIALS AND METHODS
Strain and Culture Conditions
S. ruminantium subsp. lactilytica (NBRC No. 103574) (Kaneko et al., 2015) was obtained from the National Institute of Technology and Evaluation. The seed culture was carried out in 100-ml sealed vials containing 100 ml of the 988TYG medium (pH 7.0) at 37°C for 24 h under anaerobic conditions. Eighty milliliters of the culture was inoculated into a 2-L jar fermenter (M-1000B, EYELA, Tokyo, Japan) containing 2.1 L of the 988TYG medium and then incubated at 37°C with N2 gas flowing. The 988TYG medium contained 0.2% trypticase, 0.2% yeast extract, 0.5% glucose, 0.02% caproic acid sodium salt, 0.3% Na2CO3, 0.09% KH2PO4, 0.09% NaCl, 0.09% (NH4)2SO4, 0.001% MnCl2·4H2O, 0.001% CoCl2·6H2O, 0.001% CaCl2·2H2O, and 0.0001% resazurin. After air in the 988TYG medium was partially replaced with N2, the medium was autoclaved, and then, 0.2 ml (for 100 ml medium) or 4.2 ml (for 2.1 L medium) of filter-sterilized L-cysteine hydrochloride solution (250 mg/ml) was aseptically added to the medium using syringes.
Extraction of Lipids From S. ruminantium and Porcine Brain
After cultivation, the cells were harvested by centrifugation (6,400 g × 15 min, 4°C) and washed thrice with distilled water. The microbial cells or porcine brain were lyophilized using an FD-1000 vacuum freeze dryer (EYELA, Japan) at −80°C for 2 days. Lipids were extracted with chloroform/methanol/1% KCl solution (1.1: 1.1: 1, by volume), followed by extraction with chloroform twice. All extract solutions were collected, evaporated to dryness, and dissolved in methanol. This fraction was analyzed by ultra-performance liquid chromatography–electrospray ionization tandem mass spectrometry (UPLC/ESI-MS/MS) and subjected to further experiments.
Preparation of Emulsion
The extracted lipids (25 g/L) from S. ruminantium and porcine brain in a 1 ml emulsified solution contained 1.83 and 2.77 µmol PlsEtn (estimated average molecular weight, 638 and 768), respectively. The FA composition and molecular species composition of plasmalogens in the PlsEtn are shown in Table 2. These test lipid preparations were emulsified with sodium taurocholate (10 g/L) and triolein (75 g/L) using a sonicator just prior to use.
Animals
Male Wistar/ST rats (Japan SLC Inc., Hamamatsu, Japan), aged 9 weeks, were fed a standard diet (AIN 93G formula) for a 3-day acclimation period.
After overnight fasting, a vinyl catheter and a silicone catheter were implanted in the thoracic lymph duct and the duodenum, respectively, as described previously (Nishimukai et al., 2011). After the collection of lymph for 30 min (initial lymph) on the day after implanting the indwelling catheter, the rats were administered 1 ml of an emulsified test solution containing 25 mg test lipids for 1 min. The glucose-NaCl isotonic solution without test lipids was infused continuously at 1.8 ml/h through the duodenal tube after the implants of the catheter until the end of the experiment except during an administration of the emulsified test solution.
The lymph was collected from the thoracic duct lymph over time, that is, at 0.5 h intervals during the first 2 h and at 1-h intervals during the next 7 h, following the administration of the test solution. The collected lymph was frozen immediately and kept at –80°C until subsequent analyses.
This study was approved by the Iwate University Animal Committee (approval number; A201450), and animals were maintained in accordance with the Iwate University guideline for the care and use of laboratory animals.
Analyses
Total lipids in the lymphatic fluid were extracted by the Bligh & Dyer method (Bligh and Dyer, 1959). All plasmalogens in the lipid extracts were analyzed by UPLC/ESI-MS/MS, as previously described (Nishimukai et al., 2011; Nishimukai et al., 2014b). Briefly, liquid chromatography (LC) separation was performed using a Dionex UltiMate 3000 system (Thermo Fisher Scientific, Waltham, MA, United States) with a BEH C8 column (1.7 µm, 100 mm × 2.1 mm I.D.; Waters Corp., Milford, MA, United States) at 60°C and a flow rate of 0.45 ml/min. The mobile phase A consisted of water containing 5 mM ammonium formate, and the mobile phase B consisted of acetonitrile. Mass spectrometry (MS) analysis was performed using a TSQ Quantum Access MAX instrument (Thermo Fisher Scientific) equipped with an ESI probe in the positive ion mode. We checked many molecular species in a preliminary experiment and selected those in order of the quantity contained in the sample. PlsEtn was quantified according to the principles described (Zemski Berry and Murphy, 2004). In brief, PlsEtn was identified by fragments derived from the sn-1 position (p16:0, p16:1, p17:0, p17:1, and p18:1). “p” indicates the carbon chain of sn-1 in plasmalogens with a vinyl-ether linkage. PlsCho was identified by three fragments and was quantified by phosphocholine as a fragment ion at m/z 184 after the separation of each PlsCho molecule by UPLC. In addition, the presence of plasmalogens was confirmed by the disappearance of the peak after treatment with acid. The parent and fragment ions of the plasmalogen molecular species measured in this study are shown in Table 1. The collision energy for PlsCho and PlsEtn was 32 and 18 eV, respectively.
TABLE 1 | The parent and CID (collision induced dissociation) fragment ions of the measured plasmalogen molecular species.
[image: Table 1]Synthetic p18:0–18:1 and p18:0–20:4 of PlsCho and PlsEtn, (Avanti Polar Lipids, Alabaster, AL, United States) were used to generate a standard curve to quantify individual species of ether glycerophospholipids. Total PlsEtn and PlsCho were taken as the sum of all molecular species in each class measured by UPLC-MS/MS. The lipid composition in the lipid extracts from bacteria and porcine brain was measured by thin layer chromatography on chromarods with flame ionization detection (FID) using an Iatroscan MK-6 instrument (Mitsubishi Chemical Yatron, Tokyo, Japan) (Watanabe et al., 2019).
Calculation and Statistical Analysis
Data are expressed as mean ± SEM (standard error of the mean). The results were analyzed by one-way analysis of variance followed by Dunnett multiple comparisons. Data analysis was performed by the add-in software Statcel 3 (OMS, Tokyo, Japan). Differences with p < 0.05 were taken to be statistically significant.
RESULTS
Effects of Caproic Acid Concentration and pH on Biosynthesis of PlsEtn in S. ruminantium
First, we optimized culture conditions such as the concentration of caproic acid and pH in a glucose medium for 2.1-L scale anaerobic cultivation of S. ruminantium. The effects from 0.001 to 0.04% caproic acid in the glucose medium (component is similar to the 988TYG medium except to concentration of caproic acid sodium salt) were examined at 37 °C and pH 7.0 for 24 h. Although there was no effect on the cell growth at different caproic acid concentrations (0.001–0.04%) (Figure 2A), PlsEtn production per 1 L culture broth was the maximum in the glucose medium containing 0.02% caproic acid (Figure 2B). Subsequently, we investigated the effect of pH on growth and PlsEtn production when S. ruminantium was cultured in the glucose medium containing 0.02% caproic acid at 37°C for 24 h. Growth increased along with pH from 6 to 8 (Figure 2C), but PlsEtn production was the highest at pH 7 (Figure 2D). The maximum PlsEtn production was 10.5 ± 3.5 μmol/L of culture broth, and the molar ratios of PlsEtn species were p16:1/14:0 (68.4%), p16:1/16:1 (29.2%), p16:1/15:0 (0.3%), p16:1/15:1 (0.1%), p16:1/16:0 (0.7%), and p17:1/14:0 (0.3%) (Table 2). Furthermore, phosphatidyl ethanolamine including PlsEtn accounted for 73% of the lipid extract from S. ruminantium (Table 3).
[image: Figure 2]FIGURE 2 | Effects of caproic acid concentration and pH on growth and PlsEtn production in S. ruminantium. Effect of caproic acid at different concentrations on (A) growth of S. ruminantium and (B) PlsEtn production of S. ruminantium in the glucose medium at 37°C and pH 7.0 for 24 h. Effect of pH on (C) the growth of S. ruminantium and (D) PlsEtn production of S. ruminantium in the glucose medium containing 0.02% caproic acid at 37°C for 24 h. Dry cell weight was measured after freeze drying. PlsEtn production was measured by LC-MS/MS analysis of lipids extracted from dry cells. The data represent mean ± SD (n = 3).
TABLE 2 | The composition of fatty acids in the lipid extracts and molecular species composition in ethanolamine plasmalogen of lipid extracts from Selenomonas ruminantium and porcine brain.
[image: Table 2]TABLE 3 | The composition (%) of lipids in the lipid extracts from S. ruminantium and porcine brain.
[image: Table 3]Lymphatic Absorption of PlsEtn Derived From S. ruminantium and Porcine Brain in Rats
To examine the characteristic of absorption of plasmalogens derived from S. ruminantium, the lymphatic output of plasmalogens in rats administered with bacterial plasmalogens from S. ruminantium or porcine brain was analyzed using the UPLC-MS/MS method and compared. In the lipid extract from porcine brain, the molar ratios of PlsEtn species were p18:1/18:1 (21.4%), p18:1/20:4 (13.7%), and p18:0/22:6 (12%) (Table 2). Phosphatidyl ethanolamine including PlsEtn accounted for 40.4% of the lipid extract (Table 3). In addition, phosphatidyl choline and sphingomyelin including PlsCho accounted for 23.3% of the lipid extract.
After the injection of the lipid derived from S. ruminantium containing the PlsEtn, the total PlsEtn output in the lymph was not significantly increased compared to that prior to the administration of the lipid emulsion containing plasmalogens (initial) (Figure 3). However, the level of PlsEtn containing p16:1 at the sn-1 position was increased, reaching a peak value at 1–4 h (Figure 4A). The molecular species of PlsEtn with p16:1 at sn-1 detected using the UPLC-MS/MS method were p16:1/14:0, p16:1/16:1, p16:1/18:1, p16:1/18:2, p16:1/20:4, p16:1/20:5, and p16:1/22:6 (Figure 4C). The amounts of PlsEtns with p16:1/14:0 and p16:1/16:1 peaked at 3–4 h and nearly returned to the initial level at 4–5 h. Furthermore, the levels of PlsEtn with p16:1/20:4, p16:1/22:6, p16:1/18:1, and p16:1/20:5 peaked at 1–3 h after administration and remained higher than the initial level thereon; the levels of PlsEtns, especially with p16:1/20:4 and p16:1/22:6, rapidly increased. However, the amounts of PlsEtn containing p16:0, p18:0, and p18:1 at the sn-1 position decreased over time and remained at levels lower than that of the initial level up to 7 h (Figure 4A). The molar ratios of the hydrocarbon chain at the sn-1 position of PlsEtn in the lymph are as follows: 21.4%, p16:0; 0.2%, p16:1; 64.3%, p18:0; and 14.1%, p18:1 for the initial lymph, and 9.9%, p16:0; 43.3%, p16:1; 35.9%, p18:0; and 10.9%, p18:1 at 1–1.5 h after the administration of plasmalogens from S. ruminantium, which were mostly maintained up to 7 h. With regards to FAs at the sn-2 position, the amounts of PlsEtn with 18:2, 22:4, and 22:5 decreased after administration, whereas those with 14:0, 16:1, 18:1, and 20:5 increased (Figure 4B).
[image: Figure 3]FIGURE 3 | Total amounts of PlsEtn and PlsCho in the lymph of thoracic lymph-cannulated rats for 7 h after duodenal administration of the emulsion containing lipids extracted from S. ruminantium or porcine brain. Lipids extracted from S. ruminantium and porcine brain were adjusted to the same amount in total lipids when the duodenal administration was conducted. Data are represented as mean ± SEM (n = 5–6). Asterisk indicates significant difference with respect to the values at time 0 (p < 0.05).
[image: Figure 4]FIGURE 4 | Change in molecular species due to the classification in (A) the hydrocarbon chain at the sn-1 position and (B) FA at the sn-2 position and (C) change in molecular species with p16:1 at the sn-1 position, in lymphatic PlsEtn of thoracic lymph-cannulated rats for 7 h after duodenal administration of the emulsion containing the lipid extracted from S. ruminantium. Data are represented as mean ± SEM (n = 5–6). Asterisk indicates significant difference with respect to the values at time 0 (p < 0.05).
We used the lipid extract from porcine brain, which is known to be rich in PlsEtn, as a comparison control. After the injection of the lipid derived from porcine brain, the molecular species of PlsEtn containing p16:1 at the sn-1 position was barely detected in the lymph, and the level of PlsEtn containing p16:0, p18:0, and p18:1 at the sn-1 position increased, particularly that of 18:0 (Figure 5A). As for the molar ratios of the hydrocarbon chain at the sn-1 position of the PlsEtn, the levels of the PlsEtn with p18:0 and p18:1 at the sn-1 position increased after administration and that of p16:0 decreased as follows: 25.2%, p16:0; 0.5%, p16:1; 58.3%, p18:0; and 15.8%, p18:1 for the initial lymph, and 13.1%, p16:0; 0.5%, p16:1; 66.6%, p18:0; and 19.8%, p18:1 at 1–1.5 h. However, the ratios were returning to a level closer to that as the initial lymph as follows: 24.2%, p16:0; 0.2%, p16:1; 55.5%, p18:0; and 20.1%, p18:1 at 6–7 h. Furthermore, with regard to FAs at the sn-2 position, the amounts of almost all PlsEtns were time-dependently increased compared to that in the initial lymph; in particular, the level of the molecular species with 20:4 at the sn-2 position increased (Figure 5B). As a result, the total PlsEtn output in the lymph was increased time-dependently by the injection of the porcine brain lipid (p = 0.050) (Figure 3).
[image: Figure 5]FIGURE 5 | Change in molecular species due to the classification in (A) the hydrocarbon chain at the sn-1 position and (B) FA at the sn-2 position in lymphatic PlsEtn of thoracic lymph-cannulated rats for 7 h after duodenal administration of the emulsion containing the lipid extracted from porcine brain. Data are represented as mean ± SEM (n = 5–6). Asterisk indicates significant difference with respect to the values at time 0 (p < 0.05).
The total lymphatic outputs of PlsEtn for 7 h after the administration of plasmalogens derived from S. ruminantium and porcine brain were 6.2 ± 0.5 nmol and 33.0 ± 6.5 nmol, respectively. The absorption percentage of total PlsEtn from S. ruminantium into the lymph was approximately one-fourth compared to that derived from the porcine brain (0.33 ± 0.03% for S. ruminantium and 1.19 ± 0.23% for porcine brain).
Lymphatic Absorption of PlsCho Derived From S. ruminantium and Porcine Brain in Rats
After the injection of the lipid derived from S. ruminantium containing PlsEtn, the lymphatic output of total PlsCho was decreased and then gradually recovered by half of the initial value at 6–7 h (Figure 3). The level of PlsCho containing p16:0, p18:0, and p18:1 at the sn-1 position reached its lowest at 1–2 h after administration and then gradually increased (Figure 6A). On the other hand, the level of PlsCho containing p16:1 at the sn-1 position, particularly that of p16:1/18:1, reached the peak value at 2–3 h after administration and remained high until 7 h (Figure 6A); however, p16:1/14:0 and p16:1/16:1 were not detected (Figure 6C). The molar ratios of the hydrocarbon chain at the sn-1 position of PlsCho in the initial lymph are as follows: 54.7%, p16:0; 1.1%, p16:1; 29.8%, p18:0; and 14.4%, p18:1, whereas those in the lymph 1–1.5 h after plasmalogen (from S. ruminantium) administration are as follows: 41.0%, p16:0; 13.5%, p16:1; 32.6%, p18:0; and 12.9%, p18:1. Moreover, only the p16:1 ratio was maintained until after 6–7 h. With regard to FAs at the sn-2 position, PlsCho with 16:0, 18:2, 20:4, 22:4, 22:5, and 22:6 was decreased after administration of porcine plasmalogens, whereas those with 18:1 and 20:5 was increased (Figure 6B).
[image: Figure 6]FIGURE 6 | Change in molecular species due to the classification in (A) the hydrocarbon chain at the sn-1 position and (B) FA at the sn-2 position and (C) change in molecular species with p16:1 at the sn-1 position in the lymphatic PlsCho of thoracic lymph-cannulated rats for 7 h after duodenal administration of the emulsion containing the lipid extracted from S. ruminantium. Data are represented as mean ± SEM (n = 5–6). Asterisk indicates significant difference with respect to the values at time 0 (p < 0.05). The data of 3–4 h were missing in order to mistake analyzing.
In contrast, after the injection of the lipid derived from porcine brain containing PlsEtn, the molecular species of PlsCho containing p16:1 at the sn-1 position was barely detected in the lymph, and the level of PlsCho with p16:0, p18:0, and p18:1 increased to the same extent time-dependently (Figure 7A). With regard to FAs at the sn-2 position, the lymphatic output of almost all PlsCho, and especially that of the molecular species with 20:4 at the sn-2 position, was time-dependently increased compared to the initial lymph, regardless of the type of FA binding at the sn-2 position in PlsCho (Figure 7B). There was almost no change in the composition of both sn-1 and sn-2 in PlsCho after the injection of the lipid extract from porcine brain.
[image: Figure 7]FIGURE 7 | Change in molecular species due to the classification in (A) the hydrocarbon chain at the sn-1 position and (B) FA at the sn-2 position in the lymphatic PlsCho of thoracic lymph-cannulated rats for 7 h after duodenal administration of the emulsion containing the lipid extracted from porcine brain. Data are represented as mean ± SEM (n = 5–6). Asterisk indicates significant difference with respect to the values at time 0 (p < 0.05).
There were no significant differences in the amount of lymph flow among rats administered with each plasmalogen emulsion (data not shown).
DISCUSSION
The results of plasmalogen production by S. ruminantium in the present study show differences when compared to results of other previous experiments. A previous study showed that glucose media containing volatile FAs or lactate media containing biotin were appropriate for the growth of S. ruminantium (Kanegasaki and Takahashi, 1967). However, in the present study, S. ruminantium grew well in the glucose medium and not so much in the lactate medium (data not shown). In addition, the production of serine plasmalogens (PlsSer) was not detected in our study, although it is reported that PlsEtn and PlsSer are the main plasmalogens produced in S. ruminantium (Watanabe et al., 1982). These differences could be due to differences in culture conditions such as the culture volume and anaerobic level.
In general, in the small intestine, most of the dietary PLs are hydrolyzed at the sn-2 position by pancreatic phospholipase A2 (pPLA2) and then absorbed by the intestinal mucosal cells as free FAs and lyso-phospholipids (Lyso-PLs) in the small intestinal lumen (Figure 8). Lyso-PLs and some free-FAs are re-esterified to PLs by acyltransferase in the small intestinal epithelial cells and released into the lymph flow incorporated in chylomicrons. However, it has been assumed that some intestinal PLs are absorbed passively and without hydrolyzation (Scow et al., 1967; Zierenberg and Grundy, 1982). The most common PL present in food is phosphatidylcholine, whereas other PLs, such as phosphatidylethanolamine, phosphatidylserine, and phosphatidylinositol, are present in much smaller amounts (Murru et al., 2013). Therefore, although there are more reports about phosphatidylcholine compared to other PLs, it is reported that phosphatidylethanolamine goes through similar stages of digestion and absorption as phosphatidylcholine, despite their differences in the efficiency of digestion and uptake (Ikeda et al., 1987; Nishimukai et al., 2011). Based on this knowledge, it is considered that plasmalogens are absorbed in the small intestine through a process similar to that of the absorption of other PLs.
[image: Figure 8]FIGURE 8 | Predicted lymphatic adsorption of plasmalogens from S. ruminantium in rats.
After administration of the lipid from S. ruminantium to rats, the level of PlsEtn containing the p16:1 hydrocarbon chain at the sn-1 position increased in the lymph (Figure 4A). The PlsEtn with p16:1 at sn-1 is characteristic of PlsEtn from S. ruminantium and is barely detected from the initial lymph fluid of rats under normal diet. In contrast, after the injection of the lipid from porcine brain, the level of PlsEtn with p18:0 and p18:1 at the sn-1 position, which is the main hydrocarbon chain at the sn-1 position of plasmalogens in mammalian tissues such as brain (Nishimukai et al., 2011), increased without an increase in the level of PlsEtn with the p16:1 hydrocarbon chain. Thus, the compositions of the sn-1 position of plasmalogens in the lymph roughly reflected the composition of the administered plasmalogens, which suggests that at least part of microbial plasmalogens administered to rats was absorbed from the small intestine and released into the lymph while maintaining the molecular structure of sn-1 (Figure 8).
The level of PlsEtn with p16:1/20:4 and p16:1/22:6 (Figures 4, 8) increased significantly in the lymph compared to that in the initial lymph after administration of plasmalogens from S. ruminantium. Lipids from S. ruminantium were rich in 14:0 and 16:1 but not in 20:4 and 22:6 (Table 2). On the other hand, FAs of the sn-2 position in PlsEtn in the lymph were very rich in 20:4 and 22:6 but only slightly in 14:0 and 16:1. Similarly, after the administration of plasmalogens from porcine brain, nearly half of the FAs at the sn-2 position in the lymphatic plasmalogens were 20:4 and 22:6 and did not reflect the FA composition of the injected lipid. From these results, we confirmed that 20:4 and 22:6 were preferentially re-esterified at the sn-2 position during absorption of PlsEtn in the small intestine, regardless of the types of carbon chain at the sn-1 position. Previously, studies conducted by us and others have shown that PlsEtn preferentially selected 20:4 for re-esterification in the intestine using plasmalogens with p16:0, p18:0, and p18:1 at the sn-1 position (Nishimukai et al., 2011; Takahashi et al., 2020). However, the present study is the first to show that plasmalogens containing p16:1, which is rarely found at the sn-1 position in animal plasmalogens, have similar characteristics to those containing p16:0, p18:0, and p18:1. The level of PlsEtn with 20:5 at the sn-2 position (Figure 4B) also increased significantly in the lymph compared to that in the initial lymph after administration of plasmalogens from S. ruminantium. This phenomenon is interesting because the abundance of 20:5 in phospholipids is generally at the low level in the phospholipids. However, we have no reasonable reasons until now.
The structural change, which is the replacement of FAs with 20:4 and 22:6, is possibly involved in FA turnover during PL remodeling by reacylation of lyso-PL by lysophospholipid acyltransferases (LPLATs) (Cao et al., 2008; Harayama et al., 2014; Bradley et al., 2015; Hashidate-Yoshida et al., 2015; Eto et al., 2020). Lyso-phosphatidylcholine acyltransferase 3 (LPCAT3) is highly expressed in the small intestine and involved in incorporating 20:4 into PLs (Hashidate-Yoshida et al., 2015). Further, lyso-phosphatidylethanolamine acyltransferase 2 (LPEAT2) preferentially incorporates 22:6 into PLs in mouse brain cells, unfortunately but not the report about LPEAT2 in the small intestine (Cao et al., 2008; Eto et al., 2020). Though not certain, it is possible that these lysophospholipid acyltransferases equally act for the re-esterification of PlsEtn. As mentioned earlier, most of the PlsEtn absorbed in the small intestine was released into the lymph as PlsEtn with polyunsaturated FAs (20:4 and 22:6) at the sn-2 position. However, the levels of PlsEtn having p16:1/14:0 and p16:1/16:1 were also increased in the lymph significantly (Figure 4B). The ratio of these species was 4.3% of the total PlsEtn released into the lymph after administration of plasmalogens from S. ruminantium. This result may be consistent with the activity of lysophospholipid acyltransferase mentioned previously. It is possible that lysophospholipid acyltransferases in the rat intestine act weakly in incorporating 14:0 and 16:1 into the sn-2 position in PlsEtn. Further studies are required to evaluate the structural change that where and how the ingested lipids are re-esterified.
The absorption rate of PlsEtn derived from S. ruminantium (0.33 ± 0.03%) into the lymph for 7 h after administration was lower than that of PlsEtn derived from porcine brain (1.19 ± 0.23%). This might be a result of the LPLAT activity for PlsEtn with p16:1 being weaker than that for PlsEtn with p18:0 and p16:0 during re-esterification. Moreover, bacterial lipids consist of relatively short-chain FAs with less than 16 carbons such as 14:0 and 16:1, while pig brain lipids consist of long-chain FAs with more than 18 carbons including 20:4 and 22:6 (Table 2). There are many kinds of PLAs, which hydrolyze FAs at the sn-2 position of PLs, with various substrate specificities. Therefore, it is possible that the difference in composition, that is, the number of carbon and double bonds in PlsEtn, has an effect on the activity of phospholipase A2 for PlsEtn. However, the detailed mechanisms are still unclear. Therefore, further study is needed to clarify the relation between these enzymes and the structure of plasmalogens.
The lipid from S. ruminantium used in this study was rich in 16:1 (palmitoleic acid), according to the composition analysis using the GC and LC-MS/MS method (Table 2). However, the level of PlsEtn with 16:1 at the sn-2 position was not high in the lymph after the injection of the lipid derived from S. ruminantium (Figure 4C). In this case, 16:1, which is produced by hydrolysis, is re-esterified to other PLs and triglycerides, and released into the lymph after incorporation into chylomicrons. Consumption of palmitoleic acid prevents hypercholesterolemia, atherosclerosis, fatty liver, and metabolic disorders caused by a high-fat, high-carbohydrate diet (Nunes and Rafacho, 2017; Huang et al., 2020; Souza et al., 2020). Although 16:1 incorporated in the sn-2 position of PlsEtn was detected in traces, 16:1 incorporated in other lipids is possibly beneficial to the human body, suggesting new usage of bacterial lipids.
After administration of PlsEtn from S. ruminantium, PlsCho with the p16:1 at the sn-1 position increased significantly in the lymph, even though PlsCho was absent in the lipid from S. ruminantium (Figure 6). This result shows that ingested microbial PlsEtn was converted to PlsCho in the small intestinal absorptive cells. PlsCho is known to be formed from PlsEtn by enzymes such as phospholipase C and choline phosphotransferase (Strum et al., 1992; Strum and Daniel, 1993). Previous reports have also indicated the conversion of PlsEtn to PlsCho in small intestinal cells in rats (Nishimukai et al., 2011; Takahashi et al., 2020). Furthermore, we have confirmed such conversion in Caco-2 cells (data not shown). Furthermore, the administration of lipids from S. ruminantium, containing PlsEtn, time-dependently increased the level of PlsCho containing p16:1 at the sn-1 position, temporarily decreasing the levels of PlsEtn containing p16:0, p18:0, and p18:1 at the sn-1 position. Furthermore, the peak lymphatic release of PlsCho with p16:1 at the sn-1 position was delayed by about 1 h compared with that of PlsEtn with p16:1 at the sn-1 position. This is because, immediately after administration, the re-synthesis of PlsEtn is promoted preferentially according to the amounts of lyso-PlsEtn and FA, following which, the conversion of PlsEtn to PlsCho proceeds. Moreover, unexpectedly, we found that the level of PlsCho with p16:1/18:1 was significantly increased in the lymph after the administration of the lipid from S. ruminantium (Figure 6). Previous reports have suggested a strong correlation between blood concentrations of PlsCho having an 18:1 FA bound at the sn-2 position and atherosclerosis-related factors, as well as a protective function against atherosclerosis (Nishimukai et al., 2014a; Nishimukai et al., 2014b); the increase in the level of p16:1/18:1 PlsCho in the body after administration of microbial plasmalogens may have some positive effect on atherosclerosis.
In this study, we focused on bacteria as the resource of plasmalogens. However, bacteria such as S. ruminantium are not appropriate to food resource, because S. ruminantium is classified into gram-negative bacteria containing endotoxin in the outer membrane of their cell walls. We assumed to utilize plasmalogens extracted from bacteria for dietary supplement in future work. Also, both general gavage experiments as well as lymphatic absorption experiments are required to understand the structure–function correlation of plasmalogens. Therefore, in this study, the lymphatic absorption of microbial plasmalogens in the small intestine was investigated using lymph duct-cannulated rats as a first step toward this goal. In the future, owing to the instability of plasmalogens under acidic conditions, such as in the stomach, we will develop how to facilitate delivery of intact plasmalogens into the small intestine as utilization of capsules containing plasmalogens.
CONCLUSION
In this study, we focused on S. ruminantium as a new source of PlsEtn and investigated the absorption mechanism of bacterial PlsEtns with an “unnatural” structure in lymph-cannulated rats. As a result, despite having different chemical structures, it was suggested that a part of bacteria PlsEtn shows the structural change as similar to animal PlsEtn during intestinal absorption, that is, it undergoes 20:4 and 22:6 re-esterification and base conversion (PlsEtn into PlsCho). This finding is expected to not only lead the effective utilization of bacterial resources as food but also clarify the relationship between the chemical structure of plasmalogens and their biological functions in humans.
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Plasmalogens are a specific glycerophospholipid subtype characterized by a vinyl-ether bound at their sn-1 moiety. Their biosynthesis is initiated in the peroxisome by dihydroxyacetone phosphate-acyltransferase (DHAPAT), which is encoded by the DAPAT gene. Previous studies have shown that plasmalogen-deficient mice exhibit major physiological dysfunctions including several eye defects, among which abnormal vascular development of the retina and a reactive activation of macroglial Müller cells. Interestingly, plasmalogen deficiency in mice is also associated with a reduced expression of brain connexin 43 (Cx43). Cx43 is the main connexin subtype of retinal glial cells and is involved in several cellular mechanisms such as calcium-based gap junction intercellular communication (GJIC) or cell migration. Thus, the aim of our work was 1) to confirm the alteration of Cx43 expression in the retina of plasmalogen-deficient DAPAT−/- mice and 2) to investigate whether plasmalogens are involved in crucial functions of Müller cells such as GJIC and cell migration. First, we found that plasmalogen deficiency was associated with a significant reduction of Cx43 expression in the retina of DAPAT−/- mice in vivo. Secondly, using a siRNA targeting DHAPAT in vitro, we found that a 50%-reduction of Müller cells content in plasmalogens was sufficient to significantly downregulate Cx43 expression, while increasing its phosphorylation. Furthermore, plasmalogen-depleted Müller cells exhibited several alterations in ATP-induced GJIC, such as calcium waves of higher amplitude that propagated slower to neighboring cells, including astrocytes. Finally, in vitro plasmalogen depletion was also associated with a significant downregulation of Müller cells migration. Taken together, these data confirm that plasmalogens are critical for the regulation of Cx43 expression and for characteristics of retinal Müller glial cells such as GJIC and cell migration.
Keywords: plasmalogens, retina, müller cells, connexin 43, gap junctional intercellular communication, cell migration
1 INTRODUCTION
The ether-lipid plasmalogens represent a specific glycerophospholipid subgroup that is characterized by the presence of a vinyl-ether bond at the sn-1 position of the glycerol backbone. They are synthesized by a multi-step process that starts in the peroxisome with the first and key enzyme of plasmalogen biosynthesis DHAPAT (dihydroxyacetone phosphate-acyltransferase) (Liu et al., 2005). Plasmalogens are present in various concentrations in all cell types and tissues. The heart and nervous tissues are particularly enriched in plasmalogens, where they can make up to 20–30% of total phospholipids (Nagan and Zoeller, 2001). As an extension of the central nervous system, the retina also contains high amounts of plasmalogens, which are mostly represented in the ethanolamine phospholipids subclass (PE) and can make up to 30% of total PE species (Dorman et al., 1976; Acar et al., 2007; Nagy et al., 2012). Interestingly, plasmalogen-deficient mice exhibit several eye defects, including retinal vascular development abnormalities (Saab et al., 2014), as well as a downregulation of brain connexin 43 (Cx43) (Rodemer et al., 2003).
Cx43 is considered as being ubiquitously distributed and is the major connexin in mammal cells (Laird, 2006). Cx43 is implicated in several key cellular functions of glial cells such as gap junction-intercellular communication (GJIC) (Goodenough et al., 1996) or cell migration (Homkajorn et al., 2010). In the retina, Müller cells represent the main glial cell type as they can make up to 90% of macroglial cells (Bringmann et al., 2006). Müller cells are involved in crucial features of the retina, including water and ions homeostasis, angiogenesis, and inflammation (Bringmann et al., 2006; Reichenbach and Bringmann, 2013; Vecino et al., 2016; Toft-Kehler et al., 2018). Such abilities require multiple means of communication between Müller cells, but also with other cell types. For instance, it has been shown that Müller cells can communicate directly through gap junctions-dependent pathways, namely GJIC (Newman and Zahs, 1997; Newman, 2001). Gap junctions are intercellular channels that allow for calcium waves to propagate between adjacent cells among cell networks (Herve and Derangeon, 2013). In the retina, gap junctions between glial cells mostly rely on Cx43 (Zahs and Ceelen, 2006; Kerr et al., 2010), including with astrocytes, which are critical for proper vascular development of the retina (O'Sullivan et al., 2017).
Interestingly, previous data from our laboratory revealed high plasmalogen levels in the retina and suggested that Müller cells play a leading role in plasmalogens biosynthesis (Acar et al., 2007). Thus, using complementary in vivo and in vitro approaches targeting DHAPAT, our study aimed at determining the impact of plasmalogen depletion on Cx43 expression in the retina as well as on key functional tasks of Müller cells.
2 MATERIALS AND METHODS
2.1 Animals and Cells
2.1.1 Animals
Experiments on animals were performed in accordance with the ARRIVE guidelines, the Association for Research in Vision Ophthalmology (ARVO) statement for the use of animals in ophthalmic and vision research, and with French legislation (personal authorization number 21CAA086 for N.A and animal quarters agreement number A21231010 EA), after approval by ethics committees (#105 Comité d’Ethique de l’Expérimentation Animale Grand Campus Dijon) and by the French Ministry of Higher Education and Research (reference number 02271.1).
2.1.2 Müller Cells
Primary Müller cells were prepared from rat retinas according to a procedure previously described by Hicks and Courtois with slight modifications (Hicks and Courtois, 1990). Nine to 12 days-old animals were obtained from a Wistar rat colony established in our animal quarters. Animals were killed by decapitation. Eyes were isolated and placed in Dulbecco’s Modified Eagles Medium (DMEM; Pan Biotech, Germany) with 10% Fetal Bovine Serum (FBS) overnight at room temperature in the dark. Eyeballs were then pre-digested in DMEM containing 0.1% Trypsin-EDTA 10X (Sigma-Aldrich, United States) and 70 U/ml collagenase (Sigma-Aldrich, United States) at 37°C for 45 min. Eyeballs were then placed in DMEM—10% FBS, corneas were incised, lenses and vitreous bodies taken out, and retinas were gently isolated. Retinas were dissociated into small pieces and placed into a Petri dish containing DMEM with 4.5 g/L of glucose, 10% FBS and 10 μL/ml of streptomycin (10 mg/ml)—penicillin (10,000 U/mL) (Pan Biotech, Germany). The medium was not changed during the first 2 days and then progressively substituted by DMEM with 1 g/L of glucose. Cells at 80% confluence were reseeded on different materials depending on their final use (P1) (Figure 1). They were used at second generation (P2).
[image: Figure 1]FIGURE 1 | Experimental procedure of plasmalogen depletion using a siRNA-based approach targeting DHAPAT in primary rat retinal Müller cells. Primary Müller cells were prepared from rat retinas according to a previously described procedure (Hicks and Courtois, 1990) with slight modifications. Briefly, eyes were isolated from 9 to 12 days-old rats. Isolated retinas were then dissociated into small pieces and placed into a petri dish. Cells at 80% confluence were reseeded (P1) in a 75 cm2 culture flask and transfected with a control or DHAPAT-targeting siRNA depending on their final use. The procedure was repeated until the cells have received a second transfection and were then used at second generation (P2). See Materials and methods 2.1 for the complete primary Müller cells and astrocytes isolation, transfection and co-culture procedure.
2.1.3 Astrocytes
Primary astrocytes were extracted from rat cerebral cortex. Twenty-one days-old pups were obtained from the same Wistar rat colony established in our animal quarters. Anesthesia was performed via an intraperitoneal injection of pentobarbital (Ceva, France) at 0.1 mg/100 g. Animals were perfused through heart’s left ventricle with a cold PBS solution. The brain was removed and astroglial cells isolation was performed according to a previously described protocol (Schildge et al., 2013) with slight modifications. Briefly, cortices were separated from the brain and the meninges removed. Cortices were cut into small pieces using sharp blades, and cells were then dissociated by three successive trituration and sedimentation steps in DMEM F12 + 10 μL/ml of streptomycin-penicillin medium. Dissociated cells were then plated onto a 75 cm2 culture flask, previously pre-coated with poly-L-lysine (1X) and maintained in culture medium (DMEM F12 + 10% FBS +10 μL/ml of streptomycin-penicillin) in an incubator at 37°C with 5% CO2 and 95% humidity. The media was changed every 3–4 days. At 80% confluence, the flask was shaken overnight at 200 rpm to remove non-astroglial cells.
2.1.4 Co-Culture Model
At second generation, Müller cells and astrocytes were seeded on poly-L-lysine coated glass coverslips (18 mm diameter) in 6-wells plates (25 mm diameter) at 5.105 cells/ml and 8.105 cells/ml, respectively. Müller cells were seeded 1 day before astrocytes to allow the transfection with siRNA. Cells were co-cultured together during 4 days before the experiment in DMEM F12 + 10% FBS +10 μL/ml of streptomycin-penicillin medium (Figure 1).
2.2 Immunohistochemistry
Adult C57BL/6 mice (3 months of age, Centre d’Elevage Janvier, France) were euthanized by CO2 exposure. The eyeballs were isolated and fixed overnight in formaldehyde solution (PFA) 4% (Sigma-Aldrich, United States). Lens and cornea were then taken out and eyecups were dehydrated in sucrose baths with gradually increasing sucrose concentrations before being embedded in Tissue-Tek O.C.T. (Sakura Finetek, Netherlands) and frozen into liquid nitrogen. 10 µm-thick cryo-sections were performed on a Leica microtome (CM 3050 S, Leica Microsystemes, France) and were mounted on SuperFrost PlusTM slides (Thermo Scientific, United States). Primary Müller cells were isolated as previously described and seeded on microscope slides fixed for 2 h in PFA 4% and kept in 1X PBS +0.01% thimerosal (Sigma-Aldrich, United States) until further experiments. Prior to antibody labeling, both eye cryo-sections and Müller cells-slides were blocked for 1 h in 1% BSA (Sigma-Aldrich, United States) + 0,1% Triton X-100 (Sigma-Aldrich, United States) + 0,05% Tween (Sigma-Aldrich, United States). They were then incubated overnight at +4°C in the same BSA/Triton/Tween solution with the following primary antibodies: GNPAT at a dilution of 1:250 (PA5-36447, rabbit polyclonal, Invitrogen, United States), and Glutamin synthetase at a dilution of 1:10,000 (MA5-27749, mouse monoclonal, Invitrogen, United States). After 5 consecutive washes in 1X-PBS, samples were then incubated for 1 h at room temperature in BSA/Triton/Tween solution with DAPI (1:200, Sigma-Aldrich, United States), Alexa Fluor 488 (A11001, goat anti-mouse, Invitrogen, United States) and Alexa Fluor 594 conjugated secondary antibodies (A-11032, goat anti-rabbit, Invitrogen, United States). Samples were then washed again with 5 consecutive 5 min PBS before being sealed in mounting media (Dako, Denmark) for imaging on an inverted confocal microscope (TCS SP8, Leica Microsystemes, France).
2.3 Inhibition of DHAPAT-Mediated Plasmalogen Biosynthesis by siRNA Transfection
Silencer® Select siRNAs were used to knockdown expression of DHAPAT. DHAPAPT-targeting siRNA (siDHAPAT) (siRNA ID s136618 sense 5′-CAU​CGU​UCU​CAA​UUC​UGA​Att-3′, anti-sense 5′-UUC​AGA​AUU​GAG​AAC​GAU​Gga-3′ and siRNA ID s136619 sense 5′-GGA​UGU​CCU​UCA​GUU​GCU​UUt​t-3′, anti-sense 5′-AAG​CAA​CUG​AAG​ACA​UCC​tc-3′) and the non-targeting controls (siCTL) were purchased from Ambion (references 4390771 and 4404020, ThermoFisher Scientific, United States). The siRNA transfection of Müller cells was performed using Lipofectamine RNAiMAX transfection reagent (ThermoFisher Scientific, United States) in OPTIMEM medium (ThermoFisher Scientific, United States) overnight at 37°C in 5% CO2 humidified atmosphere according to manufacturer’s instructions. Medium was then replaced by DMEM supplemented with 10% FBS on the next morning. Finally, cells were used for experiments 5 days after the second transfection.
2.4 Evaluation of Müller Cells Plasmalogen Content
Total lipid from Müller cells were extracted according to the method described by Folch and collaborators (Folch et al., 1957) by using a mixture of chloroform/methanol (2:1, v:v). Lipid extracts were stored at −20°C under inert gas until further analyses. Total lipids previously extracted were transmethylated using boron trifluoride (BF3) in methanol according to Morrison and Smith (Morrison and Smith, 1964). Fatty acid methyl esters (FAMEs; formed by the transmethylation of fatty acids at sn-1 and sn-2 positions of diacylglycerophospholipids and the sn-2 of plasmalogens) and dimethylacetals (DMAs; formed by the transmethylation of the aldehyde aliphatic groups on sn-1 position of plasmalogens) were subsequently extracted with hexane and analyzed by gas chromatography on a Trace 1310 gas chromatograph (ThermoScientific, Waltham, MA, United States) using a CPSIL-88 column (100 m × 0.25 mm i. d, film thickness 0.20 µm; Varian, France) equipped with a flame ionization detector. Hydrogen was used as the carrier gas (inlet pressure 210 kPa). The oven temperature was held at 60°C for 5 min, increased at 165°C with a 15°C/min rate, held for 1 min and then to 225°C at 2°C/min and finally held at 225°C for 17 min. FAMEs and DMAs were identified by comparison with their commercial and synthetic standards. The data were processed using the EZChrom Elite software (Agilent Technologies, France) and reported as a percentage of total FAMEs and DMAs. Plasmalogen levels were calculated as 2 x (% of total DMAs) as previously described by Acar and collaborators (Acar et al., 2007).
2.5 Protein Expression
Proteins were first extracted from Müller cells in RIPA lysis buffer (ThermoFisher Scientific, United States) with extemporaneous addition of a phosphatase inhibitor (Roche, Sigma-Aldrich, United States) and protease inhibitor (Roche, Sigma-Aldrich, United States) cocktails. After a 30-min centrifugation at 10,000 x g, the supernatant containing proteins was isolated. Protein content was measured by using Pierce BCA Protein Assay Kit (ThermoFisher Scientific, United States) at 562 nm by a multilabel plate reader (Victor 3V, PerkinElmer, United States). Dilutions of known concentrations of BSA were prepared and used to determine standard curve.
Twenty five micrograms of protein extracts were boiled for 5 min in a 4X Laemmli buffer (40% glycerol, 240 mM Tris/HCl pH 6.8, 8% SDS, 0.04% bromophenol blue, 5% beta-mercaptoethanol) and then separated by electrophoresis at 125V for 1 h (Mini-PROTEAN® Tetra System, BioRad, United States) using 4–15% SDS-PAGE Stain-Free precast gels (Mini-PROTEAN®, TGX Stain-Free, BioRad, United States). After UV activation of the protein gels on a Chemidoc (BioRad, United States), proteins were subsequently transferred on a nitrocellulose membrane (BioRad, United States) using a Transblot Turbo (BioRad, United States). Membranes were blocked for 1 h at room temperature in a PBS solution with 3% BSA (Sigma-Aldrich, United States) and then incubated for 1 h at room temperature with primary antibodies. Primary antibodies used were 1:1,000 rabbit anti DHAPAT (ref 14931-1-AP, ProteinTech, United Kingdom), mouse anti-Cx43 at 1:1,000 dilution (ref 610062, BD Biosciences, United States), 1:1,000 mouse anti-pCx43 (S368) (ref 52559, Cell Signaling Technology, Netherlands), 1:1,000 rabbit anti-pCx43 (Y265) (ref ab193373, Abcam, United Kingdom), rabbit anti GFAP (1:1,000 dilution, ref sc-6171-R, Santa Cruz Biotechnology, United States), mouse anti β -tubulin (1:2000 dilution, ref 32–26,000, ThermoFisher) and rabbit anti β-actin (1:2000 dilution, ref A2066, Sigma-Aldrich). Membranes were then rinsed for 30 min at room temperature using a mixture of PBS-T (10 mM Na2HPO4, 1,76 mM KH2PO4, 137 mM NaCl, 2,7 mM KCl, and 0.1% Tween 20 w/v) and incubated with HRP-conjugated secondary goat anti-mouse antibodies (reference P0161, Dako, Denmark) for 1 h at room temperature. After another 30min-rinsing, blots were incubated for 2min with ECL reagents (Perkin Elmer, United States) and visualized by chemiluminescence using a charge-coupled device (CCD) camera (Chemidoc, BioRad, United States). Protein expression was then quantified using total protein loads.
2.6 Gene Expression
After being grown and transfected as described in 2.1, primary Müller cells were collected from culture flask in PBS solution, snap-frozen in liquid nitrogen and stored at −80°C. Total RNA was isolated from primary Müller cells using the NucleoSpin RNA Plus XS Kit (Macherey-Nagel, France) and quantified using a NanoDrop 2000 (Thermo Scientific, United States). RNA samples were then divided in 10 µL aliquots each containing 100 ng of RNA and stored at −20°C. cDNA was synthesized from RNA samples using the high capacity cDNA reverse transcription Kit (Applied Biosystems, United States) and stored in 20 µL aliquots at −20°C. 2µL of cDNA sample were added to 10 µL of iTaq Universal SYBR® Green Supermix (BioRad, United States) plus the corresponding primers. Finally, qPCR was performed on a StepOnePlusTM (ThermoFisher, United States). The qPCR run consisted of a first step at 95°C for 10 min, followed by 40 cycles of 15 s at 95°C, 1 min at 60°C and 30 s at 72°C. In addition to the Cx43-encoding gene (Gja1), Gusb, and B2m were used as housekeeping genes. Primers sequences were as follows: Gja1: Forward 5′-CAG​CTG​TTG​AGT​CAG​CTT​GG - 3′, Reverse 5′-ACA​TGG​GCC​AAG​TAC​AGG​AG-3’; Gusb: Forward 5′-CTC​GAA​CAA​TCG​GTT​GCA-3′, Reverse 5′- TCA​TTG​AAG​CTG​CAA​GGG​ACC-3’; B2m: Forward 5′-CCG​TGA​TCT​TTC​TGG​TGC​TTG -3′, Reverse 5′-CGG​TGG​ATG​GCG​AGA​GTA​CA-3’.
2.7 ATP-Stimulated Müller Cells Calcium Response
Primary Müller cells were isolated, cultured and transfected according to the previously described conditions in 2.1 (Hicks and Courtois, 1990). Cells were seeded in Poly-d-lysine coated 96-wells plastic plates (Corning BiocoatTM, Falcon, United States). Müller cells were loaded for 45 min at 37°C with the calcium probe Fluo-4 AM (Molecular Probes, United States) and the organic anion transporters inhibitor probenecid (Invitrogen, United States) in the same modified HBSS. After incubation, plates were placed in a multi-mode microplate reader FlexStation® 3 (Molecular Devices, United States) together with a 500 µM ATP-containing stimulation plate. Müller cells were then stimulated with ATP using the following injection parameters: volume = 50 μL, speed rate 6 (∼94 μL/s), height = 60 µL. Calcium response was recorded during 90 s with the following recording parameters: sensitivity = 50 readings, PMT high; reading interval = 5.04 sec. Data were recorded and analyzed using the SoftMax Pro 5.4.6 software (Molecular Devices, United States). Three 96-wells plates were used as replicates for each experiment. The mean of the three plates was used for analysis.
2.8 Calcium Imaging
Co-cultured astrocytes and Müller cells were loaded for 45 min at 37°C under gentle agitation with 2, 5 µM of Fura-2 acetoxymethylester (Fura-2AM, Molecular Probes, United States) in a modified Hanks buffered saline solution (HBSS: 135 mM NaCl, 5 mM KCl, 1.3 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 2.5 D-glucose, and pH 7.4) supplemented with 0.002% pluronic acid (P3000MP, Molecular Probes, United States). After incubation, glass plates covered with cells were mounted in a thermostatically regulated microscope chamber on an inverted Olympus microscope (IX 70, Olympus Corporation, Japan) and visualized with a 20X objective. Intercellular calcium waves were induced by the application of 100 µM ATP onto a single Müller cell with an 8.4-µm glass micropipette. Two 100 msec-pulses at 10 psi were delivered with a pneumatic PicoPump (PV830, World Precision Instruments, United States). A real-time movie of intercellular calcium waves of stimulated Müller cell and neighboring astrocytes following stimulation was recorded at 2 Hz for 4 min by alternating excitations at 340 and 380 nm (emission spectrum: 420–600 nm). Images were recorded using a CCD camera with the live acquisition software (TiLL photonics, United States). The 340/380 nm fluorescence ratio was calculated after correction for background fluorescence values. A baseline recording was performed for 2 min before stimulation.
2.9 Quantitative Analysis of Intercellular Ca2+ Waves
Each cell was considered as an individual region of interest (ROI). For each ROI, we obtained a curve representing the 340/380 nm fluorescence ratio. Since the fluorescence intensity of Fura-2AM is proportional to calcium concentrations, changes in cytosolic calcium concentrations were inferred from the fluorescence profile of individual cells. The mask of each ROI was imported on ImageJ software (National Institute of Health, United States, https://imagej.nih.gov/ij) to measure the distance between the stimulated Müller cell and the subsequently activated astrocytes. Astrocytes were considered as activated once they reached a 10% increase of the baseline (0.1 x Imax + baseline), and the corresponding latency time was evaluated (activation time). The velocity of calcium wave propagation was calculated and expressed in µm/s. Finally, astrocytes calcium response intensity following their activation was evaluated and expressed as a percentage of increase of the baseline (activation amplitude = ((Imax x 100)/baseline)—100). The change in fluorescence intensity was normalized to the level of baseline fluorescence.
2.10 Cell Migration
Müller cells migration was evaluated by a wound healing assay. Müller cells were isolated and generated as previously described (see 2.1 and Figure 1). At P2, cells were seeded in a culture-Insert (Ibidi, Germany) at a density of 1 × 104 cells/well. Inserts were removed 5 days after the second siRNA transfection (P2), thus creating a cell-free gap of 500 µm. Cell migration was monitored under microscope by recording a picture each hour during 72 h. Three fields per insert were observed and the results were averaged. The cell-free area and the percentage of recovery were measured and calculated using the ImageJ software (National Institutes of Health, United States).
2.11 Cell Proliferation
Cell proliferation was evaluated by Ki-67 labeling of Müller cells. Briefly, Müller cells were washed with PBS and fixed for 10 min with 4% formaldehyde in PBS. After washes and permeabilization steps with TritonX100 (Sigma-Aldrich), cells were incubated with primary antibodies (mouse anti-ki67, dilution 1:1,000, reference M7248, Dako, Denmark) overnight at 4°C. Then, secondary antibody (reference A11001, Thermo Fischer Scientific, dilution 1:1,000) and DAPI were added and cells were cover slipped using a fluorescence-mounting medium. Fluorescence microphotographs were taken using a Nikon microscope (Eclipse E600, Nikon, France) and a Nikon digital camera (DS-Ri2, Nikon) equipped with the Nikon Nis BR software. Images were analyzed with ImageJ software. Proliferation was evaluated as a ratio between the numbers of cells stained by Ki-67 to total cells stained by DAPI.
2.12 Statistical Analysis
Statistical analysis was performed using GraphPad Prism v6.05 (GraphPad software, United States). For gene and protein expression, comparisons between two groups were performed using a non-parametric Mann-Whitney test. For the calcium wave quantitative analysis, Pearson correlation coefficients were determined to assess linear associations between astrocytes activation time and their distance from the ATP-stimulated Müller cell. Radius-dependent comparisons between groups were performed by Mann & Whitney test. A p value lower than 0.05 was considered as statistically significant and noted by one star (*). Two (**) and three stars (***) were used for p values lower than 0.01 and 0.001, respectively.
3 RESULTS
3.1 Plasmalogen Deficiency is Associated With Retinal Cx43 Downregulation
Cx43 gene and protein expression were quantified in 13 weeks-old DAPAT+/+ and DAPAT−/- mice retinas. Both Cx43 gene (Gja1) and protein were significantly downregulated in a similar fashion, as RT-qPCR revealed a reduction of Gja1 expression by 83% (p < 0.01, n = 6–8) (Figure 2A), while western-blots revealed a reduction of Cx43 protein expression by 89% (p = 0.05; n = 3) (Figure 2B).
[image: Figure 2]FIGURE 2 | Downregulation of Cx43 gene and protein expression in the retina of plasmalogen-deficient DAPAT adult mice. (A) RT-qPCR analysis of Gja1 expression shows a significant downregulation in 13 weeks-old plasmalogen-deficient DAPAT−/- mice retina compared to DAPAT+/+ mice retina (**p < 0.01; n = 6–8). (B) Western-blot analysis of Cx43 expression reveals a downregulation in 13 weeks-old plasmalogen-deficient DAPAT−/- mice retina compared to DAPAT+/+ retina (p = 0.05; n = 3). Mann & Whitney test. Data shown as mean ± SEM.
3.2 Plasmalogens Are Synthesized and Concentrated in Retinal Müller Glial Cells
Immunohistochemical staining of retinal cryosections revealed DHAPAT expression in several layers corresponding to the ganglion cell layer (GCL), the inner nuclear layer (INL) and the photoreceptors inner segments (IS) (Figures 3A,B). Such a pattern is consistent with the localization of Müller cells endfeet, Soma and distal processes, respectively. DHAPAT expression in Müller glia was then further confirmed by immunocytochemistry. A glutamine synthetase (GS)-DHAPAT double immunolabeling first confirmed the purity of our Müller cells culture and that Müller cells strongly express DHAPAT (Figures 3C–F). Finally, in order to assess the extent of plasmalogen biosynthesis activity in Müller glia, plasmalogen concentrations were compared in total lipid extracts from primary rat Müller cells and whole mouse retinas. A significantly higher concentration of plasmalogen in Müller cells compared to whole retina extracts (17.67 ± 0.30% vs. 7.53 ± 0.30% of total phospholipids, p < 0.001) (Figure 3G), confirming Müller glia as a major reservoir of plasmalogens in the retina. These data also reinforce the idea that plasmalogens might play specific roles in Müller cells physiology.
[image: Figure 3]FIGURE 3 | Müller glia express DHAPAT and concentrate plasmalogens in the retina. (A–C) Immunohistochemical staining of glutamine synthetase (GS) and DHAPAT in retinal slices. GS expression pattern confirmed the radial Müller cells localization (A,B). DHAPAT-positive cells showed a strong expression pattern in the ganglion cells layer (GCL), the inner nuclear layer (INL) and photoreceptors inner segments (IS) (B,C), corresponding to the localization of Müller cells endfeet, Soma and distal processes, respectively. (D–F) Micrographs of primary rat Müller cells labeled with GS and DHAPAT primary antibody showing that GS-positive Müller cells also displayed a strong expression of DHAPAT. (G) Plasmalogen quantification by GC-FID reveals a strong concentration in Müller glia compared to whole retina extracts, suggesting a particular function of these ether-lipids in their physiology. n = 10. Mann & Whitney test. ***p < 0.001. Data shown as mean ± SEM. GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; ONL = outer nuclear layer; OS = outer segments of the photoreceptors. Scale bars = 50 µM.
3.3 DHAPAT-Targeting siRNA Treatment is Associated to a Depletion of Plasmalogen Cell Content
In a second series of experiments, we decided to assess the efficiency of our siRNA-based plasmalogen depletion protocol. Plasmalogen content in Müller cells was assessed by a double transfection of primary Müller cells with a DHAPAT-targeted siRNA (siDHAPAT). siDHAPAT treatment induced a significant decrease in DHAPAT protein expression (−56%, p < 0.01) (Figure 4A) as well as a significant 56%-decrease in the cellular plasmalogen content (7.74 ± 0.59% vs. 17.61 ± 0.35% of total phospholipids, p < 0.001) (Figure 4B).
[image: Figure 4]FIGURE 4 | Loss of DHAPAT expression in siDHAPAT-transfected Müller glial cells. (A) Western-blot analysis shows a significantly reduced expression of DHAPAT in primary Müller cells transfected with a DHAPAT-targeting siRNA (siDHAPAT) compared to control siRNA-transfected Müller cells (siCTL). (B) Plasmalogen concentrations determined by GC-FID are significantly reduced in siDHAPAT-transfected cells. Mann & Whitney test. **p < 0.01; ***p < 0.001. n = 10. Data shown as mean ± SEM.
3.4 Plasmalogen Depletion of Müller Cells is Associated With Cx43 Protein Downregulation
Reduced levels of plasmalogens were significantly associated with a 47%-decrease in Cx43 protein expression (p < 0.01) (Figure 5A). RT-qPCR analyses further showed that Gja1 expression was also significantly downregulated in siDHAPAT-transfected Müller cells (−47%, p < 0.01) (Figure 5B). In order to determine whether other Cx43-dependent mechanisms are involved in Cx43 downregulation, we assessed Cx43 phosphorylation status, as it was shown that phosphorylation of Cx43 on S368 and Y265 residues triggers its degradation through the ubiquitin-proteasome pathway (Leithe et al., 2018). We found that plasmalogen depletion was associated with a significant increase by 52% on the S368 (p < 0.05) (Figure 5C) but not on the Y265 residue (Figure 5D).
[image: Figure 5]FIGURE 5 | Plasmalogen depletion impacts Cx43 expression in primary Müller cells culture. (A) Cx43 protein expression is significantly decreased in siDHAPAT-transfected primary Müller cells. (B) Reverse transcription quantitative PCR (RT-qPCR) indicates that siDHAPAT transfection significantly downregulated Gja1 expression. (C,D) Western-blot analyses show a significant increase in the phosphorylation status of Cx43 on its S368 residue (C) but not on its Y265 residue (D). n = 6–8 cell cultures. Mann & Whitney test. *p < 0.05; **p < 0.01. Data shown as mean ± SEM.
3.5 Plasmalogen Depletion Affects Müller Glia Response to ATP
To evaluate whether Cx43 downregulation could be associated with functional defects of Müller cells, we investigated Müller cells direct response to ATP stimulation (Figure 6). Müller cells treated with siDHAPAT exhibited a significant increase of the ATP-mediated calcium response, which was 36%-higher when compared to siCTL-treated cells (149 ± 5% vs. 113 ± 12%, p < 0.05) (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Plasmalogen depletion enhances the calcium response of ATP-stimulated Müller cells. (A) Mean kinetic curves responses of control (siCTL) and plasmalogen-depleted (siDHAPAT) primary Müller cells stimulated with ATP. (B) Activation amplitude of ATP-stimulated Müller cells show that plasmalogen-depleted Müller cells display a significantly increased calcium response. n = 4. Mann & Whitney test. *p < 0.05. Data shown as mean ± SEM.
3.6 Plasmalogen Depletion Alters Retinal Glial Cells Gap Junction-dependent Intercellular Communication
In the retina, Müller cells not only engage in GJIC with other Müller cells, but also with astrocytes, which are critical for numerous physiological features, including vascular development (O'Sullivan et al., 2017). We then used calcium imaging to determine whether plasmalogen depletion affects Müller cells-astrocytes intercellular calcium-based communication. siDHAPAT or siCTL-treated Müller cells were selectively activated in response to topical ATP application using a glass micropipette placed adjacently to the cell (Figure 7A). Astrocytes could be morphologically distinguished from Müller cells (Figures 7A,B), and the activation of neighboring astrocytes could be effectively monitored as the calcium wave propagated among the astrocytic network (Figures 7C,D). Astrocytes activation time data were plotted against the radius from the stimulated Müller cell and Pearson’s correlation coefficients were determined to assess the statistical relationship between these two variables. The data showed positive linear associations for each group, confirming that astrocytes activation time is directly correlated to their distance from the ATP-stimulated Müller cell (rPearson: siCTL = 0.517; siDHAPAT = 0.5175) (Figure 8A). To further analyze astrocytes responses, we decided to split these data among 3 radius tertiles according to their distance from the ATP-stimulated Müller cell (T1 = 0–50 µm; T2 = 50–100 µm; T3 > 100 µm). Tertiles analyses confirmed that the increase in activation delay of neighboring astrocytes was maintained as the distance increased from the ATP-stimulated stimulated Müller cell (Figure 8B). Plasmalogen-depletion of Müller cells was associated to an increase of astrocytes activation time (Figure 8B) as well as a decrease of calcium wave velocity (Figure 8C), regardless of the distance between the astrocyte and the Müller cell (0–50 µm, p < 0.05; 50–100 µm, p < 0.001; >100 µm, p < 0.01). ATP stimulation of plasmalogen-depleted Müller cells also led to a significant increase in the activation amplitude of astrocytes whatever their distance to the ATP-stimulated Müller cells (p < 0.05) (Figure 8D), suggesting that the previously shown over-activation of plasmalogen-depleted Müller cells (Figure 5) is maintained throughout the calcium propagation to neighboring astrocytes.
[image: Figure 7]FIGURE 7 | Evaluation of GJIC between retinal Müller cells and astrocytes. (A,B) Calcium imaging. Müller cells (red arrow) can be morphologically distinguished from astrocytes (yellow circles) under brightfield (A) and fluorescent (B) modes. (C) ATP-stimulated calcium response of the Müller cell and neighboring astrocytes could be monitored under fluorescent microscopy as a function of time (white arrows). Pseudocolor images were obtained by the 340 nm/380 nm fluorescence ratio and the pseudocolor scale indicates fluorescence ratio values. (D) Graphical representation of astrocytes calcium response curves with the parameters selected for further analyses: cell activation threshold (Imax10), activation amplitude (% of baseline increase) and cell activation threshold time (T Imax10) were analyzed. Scale bars = 50 µm.
[image: Figure 8]FIGURE 8 | GJIC alterations in astrocytes neighboring plasmalogen-depleted Müller cells. (A,B) Astrocytes stimulated by plasmalogen-depleted Müller cells display a significant increase in the activation time (A,B) and amplitude (D), as well as in calcium wave velocity in all tertiles of distance (C). n ≥ 75 astrocytes. Student t test. *p < 0.05; **p < 0.01; ***p < 0.001. Data shown as mean ± SEM.
Taken together, these results suggest that plasmalogens are involved in the regulation of ATP-stimulated calcium response of retinal Müller cells as well as its propagation through gap junctions to the neighboring astrocyte networks.
3.7 Plasmalogen Depletion Alters Müller Cells Migration
Through wound healing assays, we observed that the wound closure was about 70% after 72 h for siCTL-treated cells (Figures 9A,B). Inhibition of plasmalogen biosynthesis strongly affected the migration ability of retinal Müller cells as the rate of wound closure was significantly reduced by 35–40% after 72 h in siDHAPAT-treated Müller cells (p < 0.05) (Figures 9A,B). Interestingly, plasmalogen depletion was also associated with a 28%-decrease in GFAP protein expression (p = 0.057) (Figure 9E), but not that of other cytoskeleton proteins such as β-Actin (Figure 9F) or β-Tubulin (Figure 9G). Finally, alteration of Müller cells migration was not associated with modifications of cell proliferation as plasmalogen-depleted Müller cells did not exhibited any change in Ki-67 labeling (Figures 9C,D).
[image: Figure 9]FIGURE 9 | Plasmalogen depletion of primary Müller cells is associated with a decrease of cell migration as well as GFAP expression, but does not modify cell proliferation or other cytoskeleton-related proteins expression. (A) Representative micrographs of primary Müller cells treated with a control siRNA (siCTL) or a DHAPAT-targeting siRNA (siDHAPAT) in a wound closure assay before treatment (T0), 36 and 72 h after treatment. (B) Quantification of wound closure assays. Summary graph of Müller cells migration speed represented as a percentage of wound closure at indicated time points. Plasmalogen-depleted Müller cells exhibited a significant reduction of migration speed when compared to controls (siDHAPAT vs. siCTL, p < 0.05) (n = 10 for siCTL, n = 9 for siDHAPAT). Two-way ANOVA with Tukey’s multiple comparisons test. (C) Müller cells proliferation. Ki-67-labeled Müller cells were quantified as a percentage (%) of DAPI-positive cells. Plasmalogen-depleted Müller cells did not show any alteration of proliferation when compared to controls (siDHAPAT vs. siCTL) (n = 10 for siCTL, n = 9 for siDHAPAT). (D) Fluorescence microphotographs of DAPI and Ki-67-labeled Müller cells in siCTL and siDHAPAT-transfected groups. (E–G) Western-blot analyses show a reduction of GFAP expression in siDHAPAT-transfected Müller cells (p = 0.05) (E), while other cytoskeleton-related proteins expression such as β-Actin (F) or β -Tubulin (g) remained unchanged. n = 4-5 cell cultures. Mann & Whitney test. *p < 0.05. Data shown as mean ± SEM.
4 DISCUSSION
In this study, we used a double approach that relied on both in vivo and in vitro models to investigate the role of plasmalogens in Cx43-related functions of Müller cells. First, we used a plasmalogen-deficient mouse model (DAPAT mice) to assess the existence of an association between plasmalogens and Cx43 in the retina, which was previously identified in plasmalogen-deficient mice brains (Rodemer et al., 2003). Our results show that plasmalogen deficiency is associated with a significant downregulation of both Cx43 protein and gene (Gja1) in the retina of 13 weeks-old mice. To our knowledge, this is the first time that Cx43 downregulation is highlighted in the retina of adult DAPAT−/- mice, thereby confirming previously published results in the brain and the heart of plasmalogen-deficient mice (Rodemer et al., 2003; Todt et al., 2020) and suggesting that several tissues may face the same dysregulation mechanisms regarding Cx43 expression. Further studies are required to determine if such a Cx43 downregulations takes place progressively during post-natal growth or if mice pups are born with these alterations already in place, which could be another mechanism underlying the vascular development and glial abnormalities described in the developing DAPAT−/- mouse (Saab et al., 2014).
We then confirmed that not only Müller cells do express the plasmalogen-synthetizing enzyme DHAPAT, but that they also concentrate plasmalogens when compared to whole retinal extracts, suggesting a specific role for these ether-lipids in Müller cells. Yet, we did not know to what extent they are significant for their physiological functions. Furthermore, considering that plasmalogen metabolism seem to be associated with Cx43 regulation, we decided to further investigate this association and the main mechanisms involved in vitro using primary Müller cells.
Using molecular and biochemical approaches, we showed that plasmalogen depletion was sufficient to trigger Cx43 downregulation by affecting both transcriptional and post-translational mechanisms in Müller cells in vitro. Gja1 expression is known to be regulated by numerous mechanisms such as transcription factors, epigenetic mechanisms (Oyamada et al., 2013), and even vitamin-associated compounds (Vine et al., 2005). It would be of particular interest to conduct dedicated studies in order to determine the mechanisms leading to Gja1 downregulation in plasmalogen-depleted Müller cells. Moreover, one of the key features of the Cx43 stands to its C-terminus tail. Cx43 C-terminus consists in an unusually long intracytoplasmic tail with many binding sites for several enzymes, making it a target for various regulation mechanisms such as phosphorylation (Leithe et al., 2018), which is known to regulate its degradation by the ubiquitin-proteasome pathway (Leithe and Rivedal, 2004; Kimura and Nishida, 2010). Here we focused on the main phosphorylation sites linked to PKC (S368) and Src (Y265) activities. Our results indicate that plasmalogen depletion resulted in Cx43 overphosphorylation by PKC, but not by Src. Therefore, we suggest that Cx43 degradation is increased by a PKC-mediated overphosphorylation that may be further reducing cell content in Cx43. Cx43 overphosphorylation by PKC in plasmalogen-depleted Müller cells could be a direct consequence of the changes in cell membrane composition. Indeed, previous studies have shown that unlike usual diacyl glycerol (DAG) generated from phospholipids by phospholipase C (PLC) activity, alkenylacyl-glycerides (plasmalogen-derived DAG) does not induce PKC activation despite being ligands of the enzyme (Cabot and Jaken, 1984; Ganong et al., 1986; Heymans et al., 1987; Daniel et al., 1988). Instead, they would rather act as DAG competitive inhibitors, therefore representing an inhibition mechanism for PKC activity (Clark and Murray, 1995; Warne et al., 1995; Mandal et al., 1997). Besides, PKC activation requires prior docking to the cell membrane. Several phospholipid species of the choline (PC) and serine (PS) subgroups, as well as DAG or even phosphoinositides such as phosphatidylinositol bisphosphate (PIP2) are involved in this mechanism (Gould and Newton, 2008; Guerrero-Valero et al., 2009; Lucic et al., 2016). Accordingly, one could hypothesize that plasmalogen depletion induces spatial and molecular rearrangements of the cell membrane, leading to a facilitated recruitment of PKC. Further studies are needed to elucidate the association between plasmalogens and Cx43 expression and phosphorylation in Müller cells.
Moreover, Cx43 being the major component of retinal gap junctions, we aimed to look for potential alterations of GJIC in a two-steps manner: 1) the initiation steps in Müller cells, and 2) propagation of the calcium wave to neighboring cells. By using the Flexstation 3® plate reader device, we were able to precisely study the isolated calcium response of Müller cells to ATP-stimulation with reproducible and well-calibrated parameters. Our data reveal an increase in the activation amplitude of plasmalogen-depleted Müller cells (siDHAPAT = 85% vs. siCTL = 64%). Interestingly, previous research reported a decrease of the activation amplitude in Cx43 KO astrocytes (Scemes et al., 1998). Even though our model only exhibited partial Cx43 depletion, this suggests the existence of some distinct mechanisms between Müller cells and astrocytes to ATP-induced calcium response. To our knowledge, our data are the first reporting an increase of ATP-induced calcium response following a plasmalogen depletion in Müller cells. Interestingly, previous studies have linked calcium release from the endoplasmic reticulum (ER) to n-3 polyunsaturated fatty acids (PUFAs) such as docosahexaenoic acid (DHA) in astrocytes (Sergeeva et al., 2005; Begum et al., 2012) showing that DHA reduces astrocytic calcium response amplitudes, partly by inhibiting the IP3 receptors activity. As plasmalogens are known to be “reservoirs” of PUFAs (including DHA) in the cell membrane (Nagan and Zoeller, 2001), we could hypothesize that plasmalogen depletion is associated to a lower DHA bioavailability in Müller cells, thereby preventing its inhibitory effects on the calcium release from the ER. This hypothesis is supported by a significant reduction of the n-6/n-3 PUFAs ratio in siDHAPAT-treated Müller cells (data not shown), and by a previous work from our laboratory showing that inhibiting PUFAs release from plasmalogens leads to alterations similar to plasmalogen deficiency in mouse (Saab et al., 2014).
Considering that Müller cells also engage in GJIC with astrocytes, which are crucial for vascular development of the retina (Saab et al., 2014) and other key features of retinal physiology like blood flow regulation (Metea and Newman, 2006; Newman, 2015), we aimed at checking for potential alterations of GJIC between plasmalogen-depleted Müller cells and astrocytes. Our data show that siDHAPAT-treated Müller cells evoked calcium waves that propagated slower than calcium waves originating from control Müller cells (Figure 8C), thus resulting in a delayed activation of neighboring astrocytes (Figure 8B). The average activation time of astrocytes closer than 50 µm from the Müller cell was 1.8 s for the siCTL group, while it rose to 2.5 s for the siDHAPAT group. Here, we show that calcium waves from control Müller cells propagated at an average speed of 37.3 μm/s, which is consistent with previous studies (Newman and Zahs, 1997; Scemes et al., 1998) measuring calcium wave velocities of 25.3 μm/s and 18.8 μm/s, respectively. Calcium waves originating from plasmalogen-depleted Müller cells propagated at 23.7 μPlasmalogenic Lipid Analogs as Platelet-Activating Factor Antagonists: A Potential Novel Class of Anti-inflammatory Compounds
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Plasmalogens and Platelet-Activating Factor (PAF) are both bioactive ether phospholipids. Whereas plasmalogens are recognized for their important antioxidant function and modulatory role in cell membrane structure and dynamics, PAF is a potent pro-inflammatory lipid mediator known to have messenger functions in cell signaling and inflammatory response. The relationship between these two types of lipids has been rarely studied in terms of their metabolic interconversion and reciprocal modulation of the pro-inflammation/anti-inflammation balance. The vinyl-ether bonded plasmalogen lipid can be the lipid sources for the precursor of the biosynthesis of ether-bonded PAF. In this opinion paper, we suggest a potential role of plasmalogenic analogs of PAF as modulators and PAF antagonists (anti-PAF). We discuss that the metabolic interconversion of these two lipid kinds may be explored towards the development of efficient preventive and relief strategies against PAF-mediated pro-inflammation. We propose that plasmalogen analogs, acting as anti-PAF, may be considered as a new class of bioactive anti-inflammatory drugs. Despite of the scarcity of available experimental data, the competition between PAF and its natural plasmalogenic analogs for binding to the PAF receptor (PAF-R) can be proposed as a mechanistic model and potential therapeutic perspective against multiple inflammatory diseases (e.g., cardiovascular and neurodegenerative disorders, diabetes, cancers, and various manifestations in coronavirus infections such as COVID-19).
Keywords: ether lipids, plasmalogen, platelet-activating factor, anti-PAF, anti-inflammation
INTRODUCTION
The interest in new classes of lipid-based anti-inflammatory drugs constantly increases in view of their critical role in the strategies to inhibit the inflammatory component of the coronavirus SARS-CoV-2 (severe acute respiratory syndrome-coronavirus-2) infection (Casari et al., 2021; Deng and Angelova, 2021; Schwarz et al., 2021), modulation of respiratory distress diseases (Mirastschijski et al., 2020; Zhuo et al., 2021) as well as in cancer and diabetes (Paul et al., 2019), and neuro-inflammation (Ifuku et al., 2012). Plasmalogens exert anti-inflammatory effects and have been first described by Feulgen and Voit in 1924 in relation to their characteristic production of aldehydes in acidic environment (Rapport, 1984). Plasmalogens are an unique type of ether glycerophospholipids carrying a vinyl-ether bond at sn-1 position of the glycerol backbone (Dorninger et al., 2020; Eiriksson et al., 2018) and typically a very long polyunsaturated fatty acid (PUFA) chain at sn-2 position (Figure 1). The head group usually comprises ethanolamine or choline at sn-3 position of glycerol backbone, which distinguishes plasmalogen phosphatidylethanolamine (pPE, or PE[P]) and plasmalogen phosphatidylcholine (pPC, or PC[P]) derivatives respectively (Dorninger et al., 2020). The levels of pPE often predominate over those of pPC (Paul et al., 2019). Of note, pPE is abundant in brain, especially in gray matter and white matter (Naughton and Trewhella, 1984; Lessig and Fuchs, 2009), whereas pPC is highly enriched in heart and skeletal muscles (Lessig and Fuchs, 2009; Braverman and Moser, 2012). Various biological functions have been proposed for plasmalogens including their protective role against oxidative damage as well as modulatory role in cell membrane structure and dynamics (Braverman and Moser, 2012; Almsherqi, 2021). In addition, plasmalogen deficiency has been reported to be associated with multiple diseases categorized as chronic inflammation triggered by oxidative stress (Pham et al., 2021).
[image: Figure 1]FIGURE 1 | General chemical structure of the vinyl-ether bonded plasmalogen lipid and its proposed biological functions.
Platelet activating factor (PAF), also known as acetyl-glyceryl-ether-phosphorylcholine, is an ether phosopholipid which is a potent lipid chemical mediator of inflammation (Demopoulos et al., 1979). PAFs are a family of endogenous pro-inflammatory lipids that may trigger many inflammatory and allergic responses (Palur Ramakrishnan et al., 2017). Noteworthy, plasmalogens can be the lipid sources for the precursor of PAF in lipid biosynthesis (Dorninger et al., 2020). However, the relationship between these two lipid species has been rarely studied in terms of their metabolic interconversion and reciprocal modulation in inflammation/anti-inflammation processes. The plasmalogenic analogs of PAF have been first introduced by Kulikov and Muzia (1992), referring to a family of molecules with similar chemical structures to plasmalogen or PAF. Compounds that inhibit PAF function are referred to as PAF antagonists (anti-PAF) and they may act as potential anti-inflammatory agents (Lordan et al., 2019). In this work, we argue and discuss the potential role of plasmalogenic analogs of PAF as PAF antagonists (anti-PAF). In our opinion, targeting the PAF receptor (PAF-R) by plasmalogenic analogs of PAF (anti-PAF) may provide an alternative strategy in the prevention and therapy for inflammation-mediated diseases.
SIGNIFICANCE OF PLASMALOGENS AS BIOACTIVE VINYL-ETHER LIPIDS
Plasmalogens represent approximately one in five phospholipids in mammalian and human tissues, and they are particularly abundant in brain, heart, skeletal muscles and immune cells (Braverman and Moser, 2012). These vinyl-ether bonded lipids are also richly distributed in food products including fish, mollusk, livestock and poultry (Yamashita et al., 2016; Wu et al., 2019), however they have not been reported in plants or fungi yet (Braverman and Moser, 2012). Of interest, they have a multistage evolutionary history emphasizing their first appearance in anaerobic bacteria and absence in most aerobic bacteria and re-appearance in protozoa and animals (Goldfine, 2010). Plasmalogens also have been found accounting for 21–24 mol % of total phosopholipids in the slime molds (Physarum polycephalum) (Poulos et al., 1971), belonging to the class of Myxomycetes (Fiore-Donno et al., 2008).
Figure 1 summarizes a variety of proposed biological functions for plasmalogens as antioxidants in addition to their modulatory role in membrane structure and dynamics (Bozelli et al., 2021). The high susceptibility of the vinyl-ether bond at sn-1 position to radicals including reactive oxygen species (ROS) and reactive nitrogen species (RNS) as well as to the traces of acids supports their important role as a first-line defense system in biology against oxidative damages (Zhuo et al., 2021; Bozelli et al., 2021). Previously, Deng and colleagues have proposed that plasmalogens carrying PUFA chains may promote intracellular cubic membranes (CM) formation (Deng et al., 2009) with the implication in virus-induced host CM formation (Deng et al., 2010; Deng and Angelova, 2021). In addition, PUFA-plasmalogens may also act as an integrated antioxidant defense system to provide a protective shelter for nucleic acids (RNAs) and other biomolecules (Almsherqi et al., 2008; Deng and Almsherqi, 2015). It has been reported that plasmalogens are highly concentrated in lipid bilayer microdomains in cellular and subcellular organelle membranes (Messias et al., 2018). They naturally participate in multiple cellular processes including membrane fusion (Zhuo et al., 2021), cholesterol homeostasis (Honsho et al., 2015), ion transport (Messias et al., 2018) and immunomodulation (Deng and Angelova, 2021). In lipid biosynthesis, plasmalogens can be the source of supply for the precursor of PAF (Dorninger et al., 2020) (Figure 1). The modulatory role of plasmalogens in membrane dynamics mainly relies on their preference for the formation of non-lamellar inverted hexagonal (HII) structures (Lohner, 1996) and cubic phases (Angelova et al., 2021). Their role in membrane fusion and fission processes has been suggested and reviewed (Koivuniemi, 2017; Dean and Lodhi, 2018). Plasmalogens may also serve as a reservoir of omega-6 and/or omega-3 PUFAs whose metabolites are important in various cell signaling pathways (Messias et al., 2018; Dorninger et al., 2020). Moreover, plasmalogen has shown its anti-inflammatory effect both in vitro and in vivo (Sejimo et al., 2018).
The biosynthesis of plasmalogens starts in the subcellular organelle peroxisome and completed in the endoplasmic reticulum (ER) (Rangholia et al., 2021). Plasmalogen deficiency has been reported to be associated with several human diseases as well as aging (Bozelli et al., 2021; Pham et al., 2021). Low levels of plasmalogens have been manifested in Zellweger Syndrome (ZS) (Heymans et al., 1983,1984), and Rhizomelic Chondrodysplasia Punctata (RCDP) (Huffnagel et al., 2013; Buchert et al., 2014), both belong to the peroxisome biogenesis disorders (PBDs) (Wanders and Waterham, 2006). Reduced levels of plasmalogens have been found in the brain and serum of patients with neurodegenerative diseases including Alzheimer’s disease (AD), Parkinson’s disease (PD), Multiple Sclerosis (MS), depression and Niemann-Pick type C disease (Schedin et al., 1997; Dragonas et al., 2009; Wood et al., 2016; Bozelli et al., 2021; Rangholia et al., 2021). Plasmalogens deficit is also implicated in other neurological disorders. For instance, the total level of plasmalogens is reduced by 15–20 % in the plasma of autistic patients (Dorninger et al., 2017). Similarly, pPE levels are decreased by 15% in the brain of autism rat model (Thomas et al., 2010). A significant drop of plasmalogens levels has been reported in the red blood cells and fibroblasts of schizophrenia patients as well (Thomas et al., 2010). Plasmalogens deficiency may be a secondary effect outcome of metabolic and inflammatory disorders including cancer, diabetes mellitus, various cardiac and respiratory diseases (Braverman and Moser, 2012; Pham et al., 2021). Plasmalogen supplementations have been reported to improve cognition (Hossain et al., 2018) and inhibit oxidative damage, neuro-inflammation and apoptosis (Che et al., 2018; Bozelli et al., 2021). Restoring plasmalogens levels has been achieved by the use of plasmalogen replacement therapy (Bozelli and Epand, 2021), which turned out to be a successful way to restore plasmalogen level as well as to improve diseased conditions via the potential anti-inflammatory property of plasmalogens (Bozelli et al., 2021).
CHEMICAL ANALOGS OF PLASMALOGEN AND PAF
The ether-bonded phospholipid PAF has attracted much attention (Dorninger et al., 2020), similarly to its precursor vinyl-ether bonded plasmalogen derivatives (Braverman and Moser, 2012; Pham et al., 2021), due to their importance in cell signaling, neurodegeneration, and severe coronavirus COVID-19 disease manifestations (Demopoulos et al., 2020; Deng and Angelova, 2021).
Figure 2 summarizes the chemical structures of plasmalogens (pPE and pPC), lyso-plasmalogens (lyso-pPE and lyso-pPC), PAF and its analogs (1-alkenyl-PAF, alkyl-PC, acyl-PAF and lyso-PAF). The latter are similar to PAF, with differences as the vinyl ether bond or the ether bond at sn-1 position, and specific chemical groups at sn-2 position while PAF includes an alkyl ether bond. In the following, 1-alkenyl-PAF (PAF-like molecule with vinyl ether bond at sn-1 position) is referred to as a plasmalogenic analog of PAF. This designation was first termed by Kulikov and Muzia (1992) in their study in the effect of acyl-PAF and vinyl-PAF (1-alkenyl-PAF) on the PAF-platelet interaction. Thus, the polar lipid molecules shown in Figure 2, which are structurally similar to plasmalogen or PAF, are considered as plasmalogen analogs or plasmalogenic analogs of PAF, respectively.
[image: Figure 2]FIGURE 2 | The chemical structures of vinyl ether-bonded plasmalogen lipids as compared to the family of plasmalogen analogs and plasmalogenic analogs of PAF. The head group of plasmalogen at the sn-3 position of glycerol backbone can be either ethanolamine or choline, designated as pPE or pPC, respectively. The lyso forms of plasmalogen are labeled as lyso-pPE and lyso-pPC. The chemical structures of plasmalogens (pPE and pPC) and lyso-plasmalogens (lyso-pPE and lyso-pPC), PAF and its analogs (1-alkenyl-PAF, alkyl-PC, acyl-PAF and lyso-PAF) are all structurally related. The different colors represent the specific chemical structure and functional group: alkyl groups (ether-bond) at sn-1 position are marked in red color; alkenyl groups (vinyl ether-bond) are marked in orange color; acyl groups (ester-bond) at sn-2 position are marked in blue (acyl groups are light blue while acetyl groups are dark blue); the lyso form (hydroxyl-bond) are marked with pink color; and the head groups at sn-3 position are green. R1 represents the alkyl chains. The saturated or unsaturated fatty acyl chains are labeled as R2, which is usually PUFA in plasmalogens and alkyl-PC, an acetyl group in PAF, acyl-PAF and 1-alkenyl-PAF, or a hydroxyl group in lyso-plasmalogens and lyso-PAF. The head groups of PAF and plasmalogenic analogs of PAF are often choline type, but can be ethanolamine type for pPE or lyso-pPE. In the upper row of the figure, the molecular structures are considered as plasmalogen analogs. In the lower row, the molecular structures are more similar to PAF, and therefore termed as plasmalogenic analogs of PAF.
Figure 3 depicts the interconversion pathway between plasmalogen and PAF. Plasmalogens may supply as lipid source of precursors for the generation of eicosanoids and PAF (Toyoshima et al., 1995). Evidence shows that interconversion beween pPC and pPE can be through the head group transfer (Nagan and Zoeller, 2001) (reaction 1 and 10). Lyso-pPE can be generated through the hydrolytic cleavage of pPE by phospholipase A2 (PLA2, EC 3.1.1.4, reaction 2, red arrow). The lyso-pPE can be reacylated by a coenzyme A-independent transacylase (CoA-IT, reaction 3, red arrow) (Uemura et al., 1991), and the donor in reaction 3 is alkyl-PC. The latter reaction may result in the production of lyso-PAF that can be further converted to PAF by acetyl-CoA: lyso-PAF acetyltransferase (lyso-PAF AcT, EC 2.3.1.67, reaction 4, red arrow) (Shindou et al., 2007; Goracci et al., 2009). The remodeling pathway of PAF biosynthesis is considered to be responsible for the pro-inflammatory behavior of PAF in response to acute and/or chronic inflammation (Lordan et al., 2019).
[image: Figure 3]FIGURE 3 | Interconversion pathway between plasmalogen and PAF. pPC can interconvert with pPE via head group transfer (reaction 1 and 10), Plasmalogen PE (pPE) is hydrolyzed by PLA2 to form lyso-pPE (reaction 2). The lyso-PE can be further reacylated by CoA-IT to form lyso-PAF (reaction 3) with the presence of alkyl-PC, and is subsequently converted to PAF by lyso-PAF AcT (reaction 4). PAF can be converted to pPE through the several steps. Losing its acetyl group by PAF-AH (reaction 5) forms lyso-PAF, which can be further converted to alkyl-PC by LPCAT (reaction 6). The alkyl-PC might be hydrolyzed by PLC to form 1-alkyl-2-acyl-glycerol (reaction 7), which then is converted to alkyl-PE by E-PT (reaction 8), and alkyl-PE is further converted to pPE with Δ1 desaturase (reaction 9).
PAF can be converted to pPE via a series of enzymatic reactions (Frenkel and Johnston, 1992; Lee et al., 1992) (Figure 3). In vivo pPE can be converted into pPC through the head group transfer (reaction 10, blue arrow in Figure 3) (Nagan and Zoeller, 2001). PAF may lose its acetyl group by PAF acetylhydrolase (PAF-AH, EC 3.1.1.47, reaction 5, blue arrow) to form lyso-PAF, which can be further converted to alkyl-PC by the enzymatic action of lysophosphatidylcholine acyltransferase (LPCAT, EC 2.3.1.23, reaction 6, blue arrow) (Snyder, 1995; Shindou et al., 2007). The 1-alkyl-2-acyl-glycerol is formed by the hydrolytic cleavage of alkyl-PC at the sn-3 position by phospholipase C (PLC, EC 3.1.4.3, reaction 7, blue arrow), resulting in alkyl-PE geneartion by a ethanolamine-phosphotransferase (E-PT, EC 2.7.8.1, reaction 8, blue arrow). The alkyl-PE can be further converted to pPE with Δ1 desaturase (EC 1.14.19.77, reaction 9, blue arrow) (Maeba et al., 2018). Both direction of chemical reaction processes, namely pPC to pPE, lyso-PAF to alkyl-PC and PAF to lyso-PAF, are reversible (Figure 3). The relation between PAF and plasmalogen is most likely interconvertible and therefore several potential analogs of PAF and plasmalogen might be generated as shown in Figure 3.
SIGNIFICANCE OF PAF AS A BIOACTIVE ALKYL-ETHER LIPID
PAF is a pro-inflammatory lipid mediator with well-known messenger functions (Damiani and Ullrich, 2016). Compounds, which inactivate PAF-R, can act as PAF-R inhibitors. Demopoulos and colleagues have discovered the chemical structure of PAF and have synthesized it for confirmation using plasmalogen with a semi-synthetic method, and the alkenyl ether double bond at the sn-1 position is chemically converted into ether bond through catalytic hydrogenation (Demopoulos et al., 1979). Structurally, PAF is characterized by an alkyl ether linkage at sn-1 position, acetyl groups at sn-2 position, and a phosphocholine group at sn-3 position of the glycerol backbone (Demopoulos et al., 1979) (Figure 2). At variance, the potential plasmalogen analogs of PAF have a vinyl-ether bond at sn-1 position and a PUFA chain at sn-2 position (Figure 2). PAF analog per se has been commonly referred to as phospholipids similar in chemical or spatial structure as PAF. Notably, these PAF analogs may compete for binding to the PAF-R and are collectively known as PAF-like lipids or PAF-agonists (Lordan et al., 2019; Tsoupras et al., 2018) (see Figure 2). PAF is produced by a plethora of blood and immune cells including platelets, neutrophils, monocytes/macrophages, lymphocytes, basophiles, eosinophils and mast cells (Papakonstantinou et al., 2017). They can further act back to stimulate the cells of its origin via autocrine action (Demopoulos et al., 2020).
The pathophysiological role of PAF is primarily determined by its produced amount via lipid biosynthesis and by the extent of its enzymatic regulation. There are two enzymes that regulate the PAF activity (Figure 3), namely acetyl transferase (PAF-AT) and acetyl hydrolase (PAF-AH). The latter is a subtype of the PLA2 enzyme (Palur Ramakrishnan et al., 2017; Papakonstantinou et al., 2017). The homeostatic level of PAF present in plasma and biological tissues, is regulated by the balance between its anabolic and catabolic pathways (Tsoupras et al., 2018). There are two synthetic pathways of PAF, namely “de novo” and “re-modeling” pathways (Liu et al., 2017; Tsoupras et al., 2018; Rangholia et al., 2021). The latter is considered as the main pathway of PAF biosynthesis in response to inflammatory stimuli.
PAF may participate in multiple cellular processes, including inflammation, apoptosis, reproduction, angiogenesis, and glycogen degradation in addition to its physiological roles in brain function, lung maturation, regulation of blood circulation, blood pressure and coagulation (Tsoupras et al., 2018; Lordan et al., 2019). Under the diseased conditions, the excess PAF may act as a potent pro-inflammatory mediator, involved in a variety of chronic inflammatory diseases, including cardiovascular diseases, atherosclerosis, diabetes, neurodegenerative disorders and cancers. Moreover, several recent reports have suggested the implication of PAF in viral infections such as HIV (Papakonstantinou et al., 2017; Lordan et al., 2019) and even COVID-19 pathogenesis (Demopoulos et al., 2020; Klein et al., 2021).
PAF/ANTI-PAF SIGNALING CASCADES IN INFLAMMATORY RESPONSES
Human and guinea pig PAFRs consist of a single polypeptide chain composed of 342 amino acids with seven transmembrane domains, with the characteristics of G-protein coupled receptors (GPCRs) superfamily (Chaudhary and Kim, 2021; Ishii et al., 2002). GPCRs are the largest and most diverse group of membrane receptors in the eukaryotes. These cell surface receptors act like sensors for receiving the information in the form of light energy, peptides, proteins, lipids, and sugars (Ritter and Hall, 2009), and they are the molecular targets for nearly half of the therapeutic drugs prescribed worldwide (Bridges and Lindsley, 2008). Approximately 1,000 members of the GPCRs family exhibit a conserved 7-transmembrane domain topology and can be divided into 3 main subfamilies, termed A, B and C, based on sequence similarity. The canonical view of how GPCRs may modulate cellular physiology is that the binding of ligands (such as hormones, neurotransmitters or sensory stimuli) induces the conformational changes of transmembrane and intracellular domains of the receptor, further allowing interactions with heterotrimeric G proteins (Ritter and Hall, 2009). Up to July 2021, there are total 99 GPCR structures deposited in the Protein Data Bank (PDB: www.pdbus.org), and most of them were determined by the cryo-EM method (García-Nafría and Tate, 2021). After binding to PAF-R, PAF may activate intracellular signaling pathways, including NF-κB and MAPK pathways (Lordan et al., 2019). These important inflammatory signaling pathways are initiated in macrophages (Jeong et al., 2016). They may further trigger the expression and release of a wide range of PAF-mediated inflammatory factors such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, and IL-1β. All together they may orchestrate the inflammatory responses (Jeong et al., 2016). Particularly, NF-κB pathway is one of the key transcriptional pathways in PAF-mediated inflammatory response associated with the regulation of pro-inflammatory factors expression (Jeong et al., 2016). It has been demonstrated that both endogenous and exogenous anti-PAF (PAF antagonists) may inhibit the PAF activities (Lordan et al., 2019). The absence of circulating anti-PAF in the blood may result in an increase of the PAF activity and further worsen the situations of inflammation. The PAF antagonists may halt or diminish the expressions of pro-inflammatory mediators at different levels (Lordan et al., 2019).
There is a vast number of natural and synthetic anti-PAF compounds known to inhibit PAF activity and act as potential anti-inflammatory agents. The anti-PAF compounds of synthetic origin, such as statin drugs (Tsantila et al., 2011), thiazolium derivative (CV-3988), thienodiazepine derivatives such as brotizolam, WEB 2086 (apafant), and WEB 2170 (bepafant) or the natural origin, such as Ginkgolides (Papakonstantinou et al., 2017), may competitively or non-competitively inhibit PAF activity through binding to the active site of PAF-R on the cell membrane, and therefore, directly inhibit PAF signaling cascades (Papakonstantinou et al., 2017). The anti-PAF may exert anti-inflammatory effects by impeding the binding of PAF to PAF-R. This may result in the down-regulation of pro-inflammatory mediators and cytokine production via inhibition of NF-κB and/or MAPK pathways (Singh et al., 2013; Jeong et al., 2016; Zhaocheng et al., 2016; Li et al., 2017; Sarkar et al., 2020). It has been reported that other PAF agonists may also indirectly affect the PAF/anti-PAF signaling cascades by affecting the upstream and/or the downstream of nearby microenvironment of the PAF-R in the cell membrane or of other related membrane receptors (Tsoupras et al., 2018).
PLASMALOGENIC ANALOGS OF PAF AS POTENTIAL ANTI-PAF AND ANTI-INFLAMMATION AGENTS
Oxidation of PC phospholipids (including pPC) may generate a series of lyso-phospholipids. Lyso-pPC carrying PUFA, usually arachidonic acid (AA), can be further fragmented to shorter-chain-length fatty acid (McIntyre et al., 1999). Some of these oxidized phospholipids carrying very short sn-2 residues (among other structural features) make them recognizable by PAF-R receptor (Zimmerman et al., 2002). There is a strong preference for PAF-R to bind PAF-like lipid molecules with ether bond at sn-1 position, acetyl residue at sn-2 position, and choline head group at sn-3 position (McIntyre et al., 1999). Plasmalogens, especially pPC (1-alkenyl PC), together with its hydrolysated form of lyso-pPC, are important polar phospholipids with similar spatial structure to PAF. The structural match between pPC/lyso-pPC and PAF may determine the high affinity to the same binding site at PAF-R (Snyder, 1990). Either pPC or lyso-pPC is potentially as a PAF analog that may compete with PAF for binding to PAF-R.
In this way, plasmalogenic analogs may effectively inhibit PAF-induced platelet aggregation through competitive binding to the receptor PAF-R (McManus et al., 1993; Smaragdi Antonopoulou and Demopoulos, 2008). It has been reported that 1-alkenyl-PAF, a plasmalogenic analog of PAF (similar to pPC or lyso-pPC), exhibited high anti-inflammatory activity in two inflammatory models of rat paw edema (Kulikov and Muzya, 2002). The authors have examined the mechanism of interaction of the plasmalogenic analogs of PAF with human platelets (Kulikov and Muzya, 1999). Of interest, 1-alkenyl-PAF has been established to act as an inhibitor of PAF-induced platelet aggregation without the influence on ADP- or thrombin-induced platelet aggregation (Kulikov and Muzya, 1999; Lordan et al., 2017). The acyl-PAF has been reported to act as potential anti-inflammatory molecules to suppress the action of PAF (Chaithra et al., 2018), Therefore, we speculate plasmalogens may be also work as a potential anti-PAF lipid compound.
Here we emphasize that plasmalogens and some plasmalogenic analogs of PAF (Figure 2) may act as novel PAF antagonists, which play an important role in modulating PAF/anti-PAF signaling cascades with implication in inflammation and inflammation-mediated disease processes (Kulikov and Muzya, 1999; Lordan et al., 2017). More about the anti-PAF effect of plasmalogen together with their analogs may inspire more future studies to approve or disapprove the hypothesis.
Plasmalogen has been demonstrated to exert an anti-inflammatory activity (Sejimo et al., 2018; Ali et al., 2019), to ameliorate neurotoxicity and inhibit neuro-inflammation and neuronal apoptosis (Yamashita et al., 2016; Che et al., 2018). A recent report showed that the intake of pPE with vinyl ether linkages at sn-1 and omega-3 PUFA at sn-2 position efficiently inhibited the downstream inflammatory and apoptotic signaling cascades in a human colon (Nguma et al., 2021). The intracellular anti-apoptotic effect of pPE has been achieved through suppressing the generation of pro-inflammatory cytokines and pro-apoptotic factors (Nguma et al., 2021).
PUFAs carried by plasmalogens at sn-2 position, especially omega-3 long-chain PUFAs, are good ligands for peroxisome proliferator-activated receptors (PPARs). These PUFAs may effectively reduce inflammatory responses through activating the PPARs proteins (Deplanque et al., 2003; Farooqui et al., 2007; Korbecki et al., 2019). Moreover, PUFAs can easily be oxidized to further activate PPARs (Echeverría et al., 2016) and form a heterodimer with the 9-cis retinoic acid receptor (RXR) (D'Angelo et al., 2018) and modulate the transcription of the target genes. In brief, plasmalogens carrying omega-3 long-chain PUFAs may provide anti-inflammatory activity through: 1) inhibiting the expression of transcription factors (e.g., NF-κB), intracellular signaling proteins (e.g., MAP kinases) and inflammatory mediators (Carvalho et al., 2021); 2) reducing the level of reactive oxygen species (ROS) by upregulation of antioxidant enzyme expression (Carvalho et al., 2021); and 3) inhibiting microglial activation and generation of pro-inflammatory factors (Yan et al., 2003).
Plasmalogen and cholesterol are both enriched in microdomains of cell membranes. Thus, there may exist a metabolic reciprocity between them (Paul et al., 2019). Plasmalogens are proved to play important roles at multiple steps in cholesterol homeostasis via regulation of membrane cholesterol esterification and transportation (Mandel et al., 1998; Munn et al., 2003; Mankidy et al., 2010). The esterification of cholesterol is also dependent on the amount of pPE present in the membranes (Mankidy et al., 2010). A plasmalogen-deficient cell has lower esterified cholesterol and lower rate of HDL-mediated cholesterol efflux compared to normal wild-type cell (Mandel et al., 1998) in addition to the reduced synthesis of cholesterol (Mankidy et al., 2010). Nevertheless, these impairments are repaired by restoring the level of plasmalogens (Honsho and Fujiki, 2017), suggesting that cholesterol homeostasis is tightly regulated by plasmalogen metabolism.
Statin drugs can lower the biosynthesis of both cholesterol and farnesol (Honsho and Fujiki, 2017), the latter being involved in PAF/anti-PAF signaling cascades (Stancu and Sima, 2001). Statins have pleiotropic functions beyond cholesterol reduction, such as improvement of endothelial function, thrombogenesis reduction, and protection against oxidative stress and inflammation (Harada et al., 2015). In addition, statins may exhibit anti-PAF activity and suppress PAF biosynthesis via the “de novo” pathway in vivo (Tsantila et al., 2011). Hence, plasmalogens have been suggested as an alternative of statin drugs to reduce cholesterol levels (Mankidy et al., 2010; Deng and Angelova, 2021). Of interest, PUFA-pPE precursors are approximately twice as effective as statins at lowering cholesterol levels (Mankidy et al., 2010). Both outcomes of lowering cholesterol and anti-inflammation can be achieved by either plasmalogens or statins. In addition, plasmalogen is a natural product that may avoid the side effects of statin drugs, including hepatotoxicity and increased risk of diabetes mellitus (Sirtori, 2014). Thus, plasmalogens are potentially safe and efficient candidates as PAF antagonists (anti-PAF) compared to statin drugs.
CONCLUSION
Plasmalogens, especially pPC, lyso-pPC and other plasmalogenic analogs of PAF (Figure 2), are characterized by the similar chemical structures as PAF, and may be considered as natural PAF analogs acting as anti-PAF compounds (PAF antagonists). This structural analogy is suggested to be beneficial for modulation of inflammatory/anti-inflammatory responses. Plasmalogens and plasmalogenic analogs of PAF may compete with PAF or PAF-like molecules (PAF agonists) for binding to the PAF-R (Figure 4). As a consequence, they may modulate PAF/anti-PAF signaling cascades and further re-balance PAF levels in various inflammation-mediated disease processes. Plasmalogens, with a vinyl-ether bond at sn-1 position and PUFA chain at sn-2 position, reveal per se their remarkable roles as antioxidants and anti-inflammatory agents as well as regulators of cholesterol homeostasis. Plasmalogen, plasmalogen analogs and plasmalogenic analogs of PAF may thus offer novel therapeutic developments as potential anti-PAF compounds for the prevention and treatment of a variety of inflammation-mediated diseases including diabetes, cancers, cardiovascular and neurodegenerative disorders in addition to the expansive manifestations of the COVID-19 pathology (Demopoulos et al., 2020). In addition, the prevention and inhibition of neuro-inflammation is of particular interest for slowing down neuro-degeneration.
[image: Figure 4]FIGURE 4 | Suggested modes of action of plasmalogen, plasmalogen analogs and plasmalogenic analogs of PAF as PAF antagonists (i.e., anti-PAF). Plasmalogen and its analogs, as well as plasmalogenic analogs of PAF, may compete with the other PAF lipid family (PAF and PAF-like lipids) to bind to the membrane receptor, PAF-R. Consequently, they may modulate the PAF/anti-PAF signaling pathways, such as NF-κB and MAPK, and further inhibit the expression of transcription factors and genes. The potential PAF antagonists (anti-PAF) may modulate the downstream inflammation-mediated pathways and other cellular responses.
In conclusion, we propose that plasmalogens supplementation together with anti-PAF enriched food, such as the Mediterranean diet (Tsoupras et al., 2018; Detopoulou et al., 2021), may provide an alternative strategy (Bozelli and Epand, 2021) in inflammatory disease prevention and treatment through rebalancing of the inflammatory mediators and radicals, consequently return or regain system homeostasis.
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Variable®

Cognitively
Abnormal vs. NCI

Coefficient (95% CI)

Non-demented vs. demented

Coefficient (95% CI)

PL 18:0/22:6

<Mean-1SD
Mean + 1SD
>Mean+1SD
Tangles
<Mean-1SD
Mean + 1SD
>Mean+1SD
Flotillin
<Mean-1SD
Mean + 1SD
>Mean+1SD
Amyloid
<Mean-1SD
Mean + 1SD
>Mean+1SD

Ref
0.56 (~0.82 to 1.95)
1.67 (027 to 3.06)*

17.1 (~4108.5 to 4142.6)
16.8 (~4108.8 to 4142.4)
Ref

0.74 (093 to 2.41)
=0.13 (-1.38 to 1.12)
Ref

0.62 (-1.41 to 2.66)
0.43 (=151 to 2.37)
Ref

273 (100 to 4.46)**
152 (0.06 to 2.99)
Ref

Ref
062 (-1.38 0 2.61)
4.85 (1.44 to 8.26)*

Ref
165 (~0.35 to 3.65)
227 (0012 to 4.52)*

Ref
287 (0.57 to 5.17)*
153 (~1.15 to 4.20)

“Logistic regression analysis to determine the effects of low, medium and high levels of phospholipids and pathological parameters on cognitively normal state (NCI) and dementia
diagnosis. Dummy variables were created from continuous variables of these parameters to derive categories representing low, medium and high levels. Each model was adjusted for age, sex
and education in addition to PL 18:0/22:6, tangles, flotillin as continuous variables, when the corresponding categorical variable is not included in the model. NCI, No cognitive impairment.

*p < 0.05; *p < 0.01.
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Variable Geog®

Base model Model A Model B Final model
PL 18:0/22:6 (Coef") Not Included Not Included 05194 05058
PE 18:0/22:6 (Coef) Not Included Not Included ~0.0520 Not Included
Amyloid (Coef) -0.2435" -0.2315* -0.1267 Not Included
Tangles (Coef) -0.4792+** ~0.4569"* -02815* -0.3069 **
Flotillin (Coef) Not Included ~0.1605 ~02029 -0.2027%
Age (Coef) -02168* -0.1574 -02145 -0.2109%
Education (Coef) 0.1803 0.1501 0.0622 0.0628
Male sex (Coef) ~0.0811 ~0.0700 ~0.0005 -0.0053
F 9.18% 7710 9.39°% 12844
Adjusted R* 02965 03045 04219 04331
N 98 93 93 94

Independent multivariate regression models with Gcog as the outcome and phospholipids and pathological parameters as variables.

“Geog (Global Cognition) represents a composite measure of cognitive function assessed by a battery of cognitive tests.
nt of association) for continuous variables expressed per Standard Deviation; Base Model: demographics + amyloid and tangles; Model A: Base Model + Flotillin; Base
n and DHA ethanolamine phospholipids; Final Model: only demographics and variables independently associated with Geog after multivariate assessment (p < 0.05). “p <

"Coef (Coeffici
Model + Flo
0.05; **p < 0.01, ***p < 0.00001.
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Variable® Gceog

n Coef® P Adj R*
PE18:0/18:1 99 04950 6.0e-06* 02346
PE18:0/18:2 99 04882 1.7e-05* 02180
PE18:0/20:4 99 0.5983 4.1e-08* 0.3095
PE18:0/22:6 99 05989 24e-08* 03174
PL 18:0/18:1 99 0.0380 74e-01 0.0483
PL 18:0/18:22 99 0.1692 14e-01 0.0691
PL 18:0/20:4 99 04981 9.0e-06* 02283
PL 18:0/22:6 99 06191 9.6e-09* 03300
Amyloid 98 -0.3901 5.7e-04* 0.1499
Tangles 99 ~05510 67e-07* 02685
Flotillin 94 ~02601 34e-02* 0.0879

*Multiple regression analysis with phospholipids or pathological parameters as the
independent variable and Geog as the dependent variable. Geog represents a composite

measure of cognitive function assessed by a battery of cognitive tests

"Coefficients for continuous variables expressed per Standard Deviation; Models were

adiusted for age, education, and gender. *p < 0.05.
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Phosphatidylethanolamines (PE)

Analyte
"C-PE 16:0/22:6
PE 18:0/18:1
PE 18:0/18:2
PE 18:0/20:4
PE 18:0/22:6

Molecular Formula
Cay"CioH;NOGP
CuHgoNOgP
CiHrNOGP
CisHysNOgP
CisHzsNOsP

MRM Transition
781.5/327.2
744.5/283.2
742.5/283.2
766.5/283.2
790.5/283.2

Ethanolamine plasmalogens (PL)

Analyte
“C-PL 16:0/22:6
PL 18:0/18:1
PL 18:0/18:2
PL 18:0/20:4
PL 18:0/22:6

Molecular Formula
Cy7"*CeH,NOP
CyHgNOP
CayHzNO,P
CaaHzsNOP
CisHysNOP

MRM Transition
752.5/327.2
728.5/281.2
72651279.2
750.6/303.2
774.5/327.2

MRM, Multiple reaction monit
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Variable NCI* MCI AD Non- Non- Demented p-value
cognitively demented
normal
Mean (SD) Mean Mean p-value Mean Mean p-value Mean Mean
(SD) (SD) (SD) (SD) (SD) (SD)
Gender
Male () 18 n 19 95e-1 18 30 9.2e-1 2 19 75e-1
Female () 20 13 19 20 2 E) 19
Age (SD) 867 (6.16) 886 (566) 902 (501) 2602 867 (6.16) 896 (5.29) lde-2t 874599 902(501)  17e-2
Education (SD) 142 (279) 147 (2.16) 148 (3.20) LsEe-l 142 (279) 147 (282) 3d4e-2' 144255  148(319) 471
Post-mortem 3694 (1363) 4925 (3202) 3942 (2720) 53e-1 369.4 (136.3) 913 924) 231 4166 (2307) 3942 272.0)  66e-1
Interval (min)
MMSE 284 (159) 256 (299) 120 (805) <L0e-5 284 (159) 174 932) <L0e-5* 273 (261)  120(804)  <L0e-5"
Geog 0213 (0421)  -0436 (0.33) -191 (101) <L0e-5* 0213 (042) ~1.33 (1.08) <10e-5 -004(050) 191 (101) <10
Braak " n " pwalie 0 n pale 0 n pvalue
I 13 6 2 <L0e-3 13 8 <L0e-3 19 2 <10e-3"
m 1 7 5 1 12 2 5
w n 5 12 n 17 16 12
vivI 0 6 19 0 2 6 19
Cerad " " n pvalue  n n pvalue  n n pvalue
1 6 4 2 <Loe-3 6 29 80e-3 10 25 <10e-3*
2 12 7 9 12 16 19 9
3 5 5 2 7 10 2
4 15 8 2 15 10 b5 2
Tangles 313 (3.92) 7.03 (8.39) 138 (137) <L0e-5 445 (3.92) 111 (123) 20e-4"  464(629)  138(137)  <10e-5*
Amyloid 262 2.95) 352 (4.33) 503 (320) Lle2 262 (295) 444 372) 13e2* 297(355)  502(320)  45e-3
PE 18:0/18:1 0037 (0.085)  -0001 (0.087)  -0074 (0.127)  <10e-5'  0.04 (0.09) 005 (0.12) 30e4*  002(009)  -007(043)  <L0e-5*
PE 18:0/182 0052 (0131)  -0031 (0132)  -0089 (0.117)  <10e-5*  0.05 (0.13) 007 (0.12) <L0e-5' 002(013)  -009 (0.12)  10e-4
PE 180/20:4 0034 (0076)  0.012 (0.084) 0074 0119)  <10e-5* 003 (0.08) 004 (0.11) 60e-4  003(008)  -007(0.12)  <lOe-5*
0034 (0.070) 0017 (0.079) 0072 (0105)  <L0e-5* 003 (0.07) ~0.04 (0.11) 30e4*  003(007) 007 (011)  <LOe-5*
PL 180/18:1 0073 (0239)  -0084 (0242)  -0078 (0236) 991 ~0.08 (0.24) 008 (024) 88e-1 008 (024)  -0.08(024)  98e-1
PL180/182 0014 (0120)  -0032 (0.116)  -0039 (0.117)  12e-1 001 (0.12) 0,04 (0.12) 40e-2 0004 013) -004(0.12)  LSe-l
PL 1807204 0019 (0.064)  0.009 (0.074) 0051 (0114)  20e-3 002 (0.06) 0,03 (0.10) L5e-2* 002007 -005(011)  40e-4*
PL 1807226 0032 (0.071)  0.004 (0.055) 0054 0088)  <10e-5* 003 (0.07) 0,03 (0.08) L0e-4*  002(007)  -005(009) <105
Flotillin 0039 (0.015) 0037 (0.012) 0,052 (0.020) 40e-4 004 (002) 005 (002) 792 004(001)  005(002) 10e-4*
NCI, No cognitive impairment; MCI, Mild Cognitive Impairment; AD, Alzheimer’s Disease; SD, Standard Deviation. *p < 0.05.
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Sepsis (n = 63) Controls (n = 31)

Age, years 508+ 127 382x 15.1
Female sex (N, %) 25, 39.6% Not available
APACHE Ill score® 85 (68, 107) -
Diabetes (N, %) 19, 302%

Solid organ malignancy (N, %) 12, 19%

Hematologic malignancy (N, %) 20,31.7%

Mortality at 30 days (N, %) 17, 27%

4The acule physiology and chronic health examination (APACHE) il score is displaved as median (inferquartie range) due to a skewed distribution.

Age restricted controls
(n=17)

56.6 + 8.4
Not available
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Pex7 genotype

Relative expression® (SEM)®
Mean Cq® (SEM)

Relative expression (SEM)
Mean Cq (SEM)

Relative expression (SEM)
Mean Cq (SEM)

Relative expression (SEM)
Mean Cq (SEM)

Relative expression (SEM)
Mean Cq (SEM)

Pex7 Hprt
WTWT hypo/hypo hypo/null  null/null WT/WT hypo/hypo hypo/null null/null
Cerebral cortex
1000 (3261)  0.061(0.015)  0.016 (0.011) - - - - -
2321(0286) 3337 (0.311)  35.35 (0.885) - 1877 (0373) 1826 (0.15416)  18.28 (0.495) 1871 (0.411)
Cerebellum
1000 (17.49)  0.181(0.030)  0.081 (0.039) - - - = -
2385(0.186) 3264 (0.166)  35.10 (0.669) - 17.95(0282)  17.50(0.348)  19.16(0.235) 18,51 (0.189)
Liver
1000 (43.98) 0529 (0.179)  0.245 (0.096) - - - - =
2400 (0.459) 3204 (0.321)  33.98 (0.422) = 2022 (0438 2060 (0368)  21.43(0372  21.06 (0.244)
Lung
1000 (1697)  0.566 (0.193)  0.273 (0.076) - - - - -
2614(0.191)  3391(0.305  36.95(0.342) - 2068 (0.155) 2090 (0.137) 2251 (0204)  21.19 (0.531)
Kidney
1000 (2389)  0633(0.134)  0.257 (0.056) - - - - -
2526 (0227)  83.11(0.204)  83.77 (0.196) - 2206 (0259) 2349 (0225)  2286(0248) 2281 (0.275)

“Relative expression of Pex7 to Hprt is reported as the percentage of Pex7 wild type expression. Each tissue and genotype represent the means of 3 mice performed in dupicates.

"SEM (the standard error of mean) which is used as a measure of precision for the estimated mean.

°Cq (the quantification cycle value of an amplification reaction) is defined as the fractional number of cycles that were needed for the fluorescence to reach a quantification threshold.
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Component Control food (%) Pls—Containing food (%)
(AIN-93M, Clea, Japan)

comstrach 61.1 60.6
Milk casein 14.0 14.0
Sugar 100 10.0
celluiose 50 50
Soybean ol 40 4.5 (0.01% Pls)
Mineral mixture 35 35
Vitamin mixture 1.0 1.0
a-comstarch 1.0 1.0
Choline bitartrate 022 022
L-cystine 0.18 0.18

Total 100.0 100.0
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Index
(LA + AN)-PE
PE Omega-6 Index

DHA-PE
PE Omega-3 Index

(LA + AA)-PL
PL Omega-6 Index

DHA-PL
PL Omega-3 Index

Species

PtdEtn 18:0/18:2
PtdEtn 16:0/20:4
PtdEtn 18:0/20:4

PtdEtn 16:0/22:6
PtdEtn 18:0/22:6

PIsEtn 18:0/18:2
PIsEtn 16:0/20:4
PIsEtn 18:0/20:4

PIsEtn 16:0/22:6
PIsEtn 18:0/22:6

Molecular formula

CaiH7sNOgP
CaiH7aNOgP
CuagHzeNOsP

CagH74NOsP
CasHzeNOsP

CaiH7gNOP
CaH74NOP
CagHzsNO,P

CugHz4NOP
CasHzsNO;P

[M-H]-

742.5392
738.5079
766.5392

762.5079
790.5392

726.5443
722.5130
750.5443

746.5130
774.5443
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Variable MDA (coef, p) CAT (coef, p) SOD (p) PE (LA + AA) (Coef, p) PE (DHA) (Coef, p)

(LA + AA)-PE 0718 1.56:07 - NS NS - - - -
DHA-PE - NS - NS NS 0503 1.1E-14 - -
DHA/LA + AA)-PE -0.427 5.76-04 0596 43603 NS - - - -
(LA + A8)-PL - NS - NS NS 0254 2.4E-03 0.260 1.1e-02
DHA-PL -0.233 33002 0549 22603 NS NS 0.431 1.76.07
DHA/(LA + AA)-PL -0.372 89604 0736 6.16-05 NS -0.208 7.3E-05 0291 1.66-03
PL Omega-3/PE Omega-6 -0.349 6.46-06 0397 29603 NS - - - NS
MDA - - -0.474 7.9e-03 NS - - - -
CAT - - - - NS - - - -

Al variables were mean normalized and log10 transformed prior to linear regression analysis. Abbreviations: MDA = Malondialdehyde, CAT = Catalase, SOD = Superoxide Dismutase. For
description of PE and PL species and indices see Table 1.
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Fatty acid

Linoleic acid

Oleic acid

Eicosapentaenoic acid, EPA
Arachidonic acid
Docosahexaenoic acid, DHA
Other acids

Total

sPls (% w/w)

0.1
25
278
249
37.1
7.6
100.0

cPls (% w/w)

5.1
33.1

09
219
238
16.2
100.0
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Year

1909
1924
1924
1928
1933
1941
1967
1958
1960
1960

1961
1962
1963
1969
1969
1979

1985
1988
1993
1907
1997/1998
2004
2010
2012
2017
2018
2019/2021

2020/2021
2021

Milestone

Nonsaponifiable lipid isolates from starfish

Condensation of a long-chain fatty alcohol and glycerol forms an ether bond

First detection of plasmalogens

Presence of an O-alkyl bond

O-Alkyl moiety located at the sn-1 position

Stereochemistry of ether liids

O-Ak-1"-enyl moiety of plasmalogens

Presence of PE ether lipids in egg yolk

First intact isolate of the glyceryl ethers

Choline and ethanolamine phosphotransferases catalyze the transfer of CDP-choline and CDP-
ethanolamine to O-alk-1'-enyl-acylglycerols

Isolation of ether lpids from bovine erythrocytes

cis-nature of plasmalogen double bond

Double bond position in the O-alkyl chain of selachyl alcohol at carbons 9 and 10
Cell-free synthesis of O-alkyl bond

Allyl-DHAP synthase forms ether lipids from glycerone-phosphate and a fatty alcohol
Discovery of the chemical structure of platelet-activating factor (PAF)

Plasmalogens are the major phospholipid constituent of the cardiac sarcoplasmic reticuium
Plasmalogen bond protects against cell death

Choline plasmalogens are mainly derived from the ethanolamine plasmalogens
Identification of AGPS

Identification of GNPAT

Identification of FART and FAR2

FAR1 is the rate-limiting enzyme in ether lipid biosynthesis

Identification of DHRS7b

Identification of EPT1 (SELENOI)

Role of SELENO! for plasmalogen biosynthesis

Identification of PEDS1

Role of ether lipids in ferroptosis
Plasmalogen synthase in anaerobic bacteria

Citation

Dorée (1909)

Toyama (1924)

Feuigen and Voit (1924)

Heilbron and Owens (1928)

Davies et al. (1933)

Baer and Fischer (1941)

Rapport et al. (1957); Debuch (1958)
Carter et al. (1958)

Mangold and Malins (1960)

Kiyasu and Kennedy (1960)

Hanahan and Watts (1961)

Norton et al. (1962); Warner and Lands (1963)
Hanahan et al. (1963)

Snyder et al. (1969)

Haira (1969); Wykle and Snyder (1969)
Benveniste et al. (1979); Blank et al. (1979); Demopoulos
etal. (1979)

Gross (1985)

Zoeler et al. (1988)

Blank et al. (1993)

de Vet et al. (1997)

Thai et al. (1997); Ofman et al. (1998)

Cheng and Russell (2004)

Honsho et al. (2010)

Lodhi et al. (2012)

Ahmed et al. (2017)

Horibata et al. (2018)

Gallego-Garcia et al. (2019); Wemer et al. (2020);
Wainberg et al. (2021)

Zou et al. (2020); Cui et al. (2021)

Jackson et dl. (2021)
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(M + H|+ No-ROP n =25 P n=27
or
[M-H]-* rho R®> p-value rho R* p-value
Phosphatidylcholine species
PdChol6:0/20:4 + PtdChol6:1/20:3 782.5695 ~0511 0225 0.009 0013 0001 0945
PtdChol8:2/20:4 + PtdChol6:0/22:6 8065695 ~0346  0.127 0089 ~0.016 0000 0936
PtdChol8:0/20:5 + PtdChol8:1/20:4 + PtdChol6:0/22:5 + PtdChol8:2/20:3 + 8085851 ~0479 0165 0015 0023 0033 0.906
PtdCho20:3/18:2
PtdChol8:0/20:4 8106008 ~0517  0.199  0.008 0183 0003 0.360
PtdCho20:5/22:6 8285538 ~0338 0073 0097 0123 0008 0538
PtdCho22:3/18:4 + PtdCho20:3/20:4 + PtdChol8:1/22:6 8325851 ~0304 0069 0138 058 0003 0772
PdChol8:0/22:6 + PtdCho20:2/20:4 834.6008 ~0331 0068 0.105 ~0.088 0005 0.660
PtdChol8:0/22:4 + PtdCho20:0/20:4 838.6321 ~0350 0.087 0.086 0045 0002 0822
Plasmenylcholine species
PIsChol8:1/20:4 + PlsChol6:1/22:4 7925902 ~0352 0057 0083 0122 0012 0542
PIsChol8:0/20:4 + PIsChol6:0/22:4 794.6058 ~0336 0070  0.100 0104 0001  0.603
PIsChol8:0/22:6 818.6058 ~0308 0053 0133 0131 0010 0514
Phosphatidylethanolamine species
PtdEtn16:0/20:4 + PtdEtn16:1/20:3 7385079 ~0298 0111 0.147 0196 0071 0327
PdEn16:0/22:6 + PtdEtn18:1/20:5 + PtdEtn18:2/20:4 762.5079 ~0213 0.115 0306 0188 0035 0.347
PtdEtn18:1/20:4 + PtdEtn16:0/22:5 7645236 0432 0215 0030 0082 0010 0.683
PtdEtn18:0/20:4 + PtdEtn16:0/22:4 7665392 ~0344 0130 0091 0200 0065 0315
PdEtn20:4/20:4 + PtdEtn18:2/22:6 7865079 0001 0.056 0992 0185 0128 0.354
PtdEtn18:1/22:6 + PtdEtn20:3/20:4 7885236 ~0259 0051 0210 0106 0004 0.59
PtdEtn18:0/22:6 7905392 -0306 0106 0136 0083 0005 0.678
PdEn18:0/22:4 + PtdEtn20:0/20:4 794.5705 ~0282 0.148 071 0314 0062 0110
PIdEt20:4/22:6 8105079 ~0047 0.002 0821 0285 0103 0.148
PtdEn22:6/22:6 8345079 0439 0.168 0027 0011 0113 0.954
Plasmenylethanolamine species
PIsEtn16:0/20:4 7225130 6 0.069 0063 0179 0018 0.369
PIsEtn16:0/22:6 7465130 ~0343 0070 0092 0193 002 0333
PIsEtn18:1/20:4 7485287 ~0395 0,065  0.049 0214 0019 0283
PISEtn18:0/20:4 + PlsEtn16:0/22:4 7505443 ~0298 0066 0.146 0117 0021 0560
PIsEtn18:1/22:6 772.5287 ~0326 0064 0111 0223 0033 0262
PISEtn18:0/22:6 + PlsEtn18:1/22:5 7745443 ~0326 0059 0.111 -0216 0040 0277

“[M + H]+ for PtdCho and PIsCho, and [M + H]+ for PtdEtn and PlsEtn species. PtdCho: Phosphatidylcholine; PlsCho:

Plasmenylcholine; PtdEtn: Phosphatidylethanolamine; PlsEtn:
Plasmenylethanolamine; ROP: Retinopathy of prematurity. abrAbbreviationsof individual PtdCho, PlsCho, PtdEtn, and PlsEtn species are as follows: Position on the glycerol backbone as
i TS of G Bty e xid Bty wieotit adicale Calisivraind i omnhed aE wirboiis Wi oF dowtls Bonds).
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Total PtdCho and PlsCho with n-6 PUFAs
Total PtdCho and PlsCho with n-3 PUFAs
Total PtdEtn and PIsEtn with n-6 PUFAs
Total PtdEtn and PlsEtn with n-3 PUFAs
Total PtdCho with n-6 PUFAs

Total PlsCho with n-6 PUFAs

Total PtdCho with n-3 PUFAs

Total PlsCho with n-3 PUFAs

Total PtdEtn with n-6 PUFAs

Total PlsEtn with n-6 PUFAs

Total PtdEtn with n-3 PUFAs

Total PlsEtn with n-3 PUFAs

Total PtdCho with ARA

Total PlsCho with ARA

Total PtdEtn with ARA

Total PlsEtn with ARA

Total PtdCho with DHA

Total PIsCho with DHA

Total PtdEtn with DHA

Total PlsEtn with DHA

Total PtdCho with n-6 PUFAs/total PtdCho with
n-3 PUFAs

Total PtdCho with ARA/total PtdCho with DHA

Total PlsCho with n-6 PUFAs/total PlsCho with
n-3 PUFAs

Total PlsCho with ARA/total PlsCho with DHA

Total PtdEtn with n-6 PUFAs/total PtdEtn with
n-3 PUFAs

Total PtdEtn with ARA/total PtdEtn with DHA

Total PlsEtn with n-6 PUFAs/total PISEtn with n-
3 PUFAs

Total PlsEtn with ARA/total PIsEtn with DHA

No-ROP n = 25

Median

3121
1.81
64.70
21.64
3110
0.80
155
0.16
53.05
077
18.25
<001
19.00
<001
3824
<001
155
<001
8.93
<001
1057

1027
<001

<001
299

433
<001

<001

[IQR]*

[9.27-43.84]
[0.55-4.46]
[28.52-70.89]
[15.28-24.81]
[9.27-42.67)
[0.19-2.18]
[<0.01-4.04]
[<0.01-0.42]
[28.52-63.07)
[0.33-12.68]
[13.88-21.64]
[<0.01-3.26]
[3.06-30.88]
[<0.01-1.01]
[17.95-46.04]
[<0.01-9.33]
[<0.01-3.14]
[<0.01-0.16]
[7.43-11.97]
[<0.01-1.32]
[<0.01-16.63]

[<0.01-11.06]
[<001-2.27]

[<0.01-6.33]
[257-4.11]

[3.88-5.15]
[<001-2.71]

[<0.01-5.70]

rho

-0485
-0375
-0477
-0.117
~0.509
-0.191
-0391
-0.093
-0311
-0.587
0025

-0326
-0495
-0340
-0319
-0.286
-0359
~0308
0.189

-0.338
-0.286

-0410
~0.355

-0390
-0.072

-0239
-0308

-0.296

R?

0202
0.109
0.200
0.004
0208
0.028
0.126
0.000
0.123
0075
0.000
0.062
0204
0.068
0.130
0.066
0.128
0.053
0.069
0.067
0.039

0.127
0.062

0.106
0.027

0033
0.059

0.056

p-value

0013
0.064
0015
0575
0.009
0359
0.052
0.657
0.129
0.002
0.904
0111
0011
0.096
0.119
0164
0.077
0133
0364
0.098
0.165

0.041
0.081

0.053
0731

0249
0133

0150

ROP n

Median

36.86
2.03
67.43
19.62
36.56
0.60
2.03
028
4536
058
1732
<0.01
26.57
<0.01
3292
<0.01
2.03
<0.01
877
<0.01
10.96

1113
<0.01

<0.01
319

4.58
<0.01

<0.01

[1QR]

[7.09-45.82]
[0.58-4.50]
[25.10-69.83)
[13.88-24.64]
[6.72-43.73)
[0.05-2.07]
[<0.01-3.89]
[<0.01-0.83]
[25.04-65.50]
[0.13-18.47]
[12.68-19.94]
[<001-5.08]
[1.74-31.86]
[<0.01-1.04]
[14.28-47.04]
[<0.01-14.25]
[<0.01-271]
[<001-0.17]
(5.97-10.48)
[<0.01-2.04]
[<0.01-1679]

[<0.01-12.46]
[<0.01-1.44]

[<001-6.27]
[2.62-431]

[3.84-491]
[<0.01-2.83]

[<0.01-5.79]

rho

0.079
~0.160
0.050
-0.380
0.122
~0.198
~0.011
-0352
0211
0.027
~0.260
-0215
0.062
~0.104
0243
-0.110
-0.016
~0.131
-0.132
~0.206
0312

0242
~0.063

~0.088
0.420

0.366
0.886

0.843

R

0.001
0010
0016
0.084
0.002
0.029
0.000
0.105
0.050
0019
0.063
0035
0.000
0.003
0.039
0.020
0.000
0010
0.097
0.028
0.090

0052
0.001

0.001
0032

0.057
0269

0214

p-value

0.693
0.422
0.801
0.034
0.544
0319
0.953
0.071
0.288
0.892
0.189
0.281
0.756
0.603
0.221
0.583
0.936
0.514
0.509
0.300
0.112

0.222
0.752

0.661
0.029

0.060
0.006

0.011

*IQR: Interquartile range; median and IQR, values are given as % of total choline phospholipids or % of total ethanolamine phospholipids. ARA: Arachidonic acid; DHA, docosahexacnoic

tdChe

thoabatidvibieline Pt Se Mamenyidul

PtdEtn: Phosph:

vlethanolamine; PIsEt

lasmenylethanolamine; ROP: Retinopathy of prematurity.
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Sampling time (h)
Male

Gestational age (weeks)
Birth weight (g)

ROP

ROP treated

ROP detection (weeks)
Mechanical ventilation (days)
Sepsis

Erythropoietin use
RBC transfusion

Cerebral haemorrhage

P n=27

12 [12-21]

14 (51.8)

265 [255-27.1)
815 [735-967]
27 (100)
3(1L1)

82 [66-95]
110 [5.5-16.5]
16 (59.2)

18 (6.6)

17 (62.9)

13 (48.1)

No-ROP n =25

12 (12-30]

12 (48.0)

27.6 [27.1-284]
1020 (870-1160]

2.0 [1.0-7.0]
7 (28.0)

15 (60.0)
8(320)

12 (48.0)

p-value

0.056
0.781
<0.001
0.001

<0.001
0.023
0.617
0.025
0.991

Continuous variables are expressed as median [IQR], categorical variables are expressed as No (%).

ROP: Retinopathy of prematurity; RBC: Red blood cells,

porsare. B folil indicaticn: statiotiontiy

nificant difference (p < 0.05).
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Variable

POMS2 T-score®
Total mood disturbance
Anger-hostilty
Confusion-bewilderment
Depression-dejection
Fatigue-inertia
Tension-anxiety
Vigor-activity
Friendliness

Other psychological tests
Athens Insomnia Scale®
Uchida-Kraepelin Test

Physical fitness test
Grip strength (<g)
Standing long jump (cm)
VOzmax (ml/kg/min)

Obesity-related measurement
Body mass index (kg/m?)
Percent body fat (%)

Laboratory measurement
Plasma PISPE (mg/d))
Erythrocyte PIsPE (%)
Plasma BONF (ng/mi)
Urinary 8-OHdG (ng/mi)
Urinary 8-OHdG/dG (%)

BONF, brain-derived neurotrophic factor; oG, deoxyguanosine; 8-OHAG, 8-hydoroxy deoxyguanosine; PISPE, phosphatidyl ethanolamine plasmalogen; SD, standard deviation.

“Unpaired t-test.
®n = 19 in the plasmalogen group.

Plasmalogen (n = 20)

464+76
468 +88
493 +88
47665
484 £7.1
471 £86
57277
59.7 £ 105

3325
476+ 118

437 £ 85
234 + 19
49.0 £ 40

23027
148 £ 5.1

5.16 + 1.32
854 +0.87
852 + 3.74
39.4 +24.1
298 + 246

Placebo (1 = 20)

443175
43563
48470
461 £68
46.4 + 6.5
464 +89
58077
506 + 11.2

31£24
43.0+ 133

449 £ 6.4
224 29
490 3.2

23220
143+ 6.0

5.27 + 2.06
8.54 + 0.75
781 x2.41
68.7 + 86.7
291 320

0.39
0.17
0.72
0.49
0.36
0.79
0.73
097

0.73
0.26

0.22
0.99

0.81
0.79

0.99
0.48
0.34
0.94
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Scale

2 weeks
Total mood disturbance
Anger-hostiity
Confusion-bewilderment
Depression-dejection
Fatigue-inertia
Tension-anxiety
Vigor-activity
Friendiiness

4 weeks
Total mood disturbance
Anger-hostiity
Confusion-bewiderment
Depression-dejection
Fatigue-inertia
Tension-anxiety
Vigor-activity
Friendiiness

Plasmalogen Placebo Difference
Mean = SD p° Mean = SD p° Mean 95% CI P°
=18 =19
-15:38 0.12 0652 060 -09 -39,22 057
2450 006 0561 071 -29 67,08 0.12
-28:60 007 1077 058 18 -6.4,28 044
01248 092 0353 080 04 -38,30 080
06257 065 1168 0.49 -17 -59,25 041
2646 003 18155 017 -08 063
1471 0.42 26+7.7 0.16 -40 011
35105 017 1470 039 -09 0.10
=19 n=20)

42243 <10°° 1840 007 -25 007
40243 <10°° 0344 075 -43 0.003
49269 0.006 20:55 0.13 -30 014
-18259 0.19 0231 077 -16 028
64 £6.1 <10 09:54 0.49 -55 0.005
-6056 <10°° 34261 002 -26 017
-37:88 009 25:04 026 6.1 004
6.4 142 007 04£75 081 638 007

Cl: confidence interval; SD: standard deviation.
"Paired t-test for the within-group comparison.
bUnpaired t-test for the between-group comparison.
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Scale

2 weeks
Athens Insomnia Score
Uchida-Kraepelin Test
4 weeks
Athens Insomnia Score
Uchida-Kraepelin Test

Plasmalogen Placebo Difference

Mean = SD (1) p° Mean = SD (1) p° Mean 95% Cl P°
~1.4£2.1(19) 0,009 0219 (20) 064 -12 25,01 007
95 £ 4.9 (20) <107 72549 (20) <10° 23 09,55 0.15
-13£24(19) 003 -05£1.7 (20) 021 -08 21,06 0.26
118 £ 6.7 (20) <10°® 89 5.4 (20) <10°® 29 -1.0,68 0.14

Cl: confidence interval; SD: standard deviation.

‘Paired t-test for the within-group comparison.

bUnpaired t-test for the between-group comparison.
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Physical fitness test
Grip strength (kg)
Standing long jump (cm)
VO,max (mkg/min)

Laboratory measurement
Plasma PIsPE (mg/dl)
Erythrocyte PISPE (%)
Plasma BDNF (ng/mi)
Urinary 8-OHdG (ng/mi)®
Urinary 8-OHdG/dG®

Obesity-related measure
Body mass index (kg/m?)
Percent body fat (%)

Plasmalogen (n = 20) Placebo (n = 20) Difference
Mean = SD P Mean = SD p° Mean 95% CI P
-0.8+3.1 0.27 -14x21 0.01 0.6 -1.1,23 0.51
84102 016 571196 021 91 -19.3,1.1 008
0526 040 00222 095 05 -1.1,24 053
-0.84 + 0.89 <10 -0.62 + 1.66 o1 -0.22 -1.07, 0.64 061
064 + 057 <107 0.76 + 057 <10 -0.12 -0.48,0.25 052
001 £ 432 099 0.14 £ 380 087 -0.13 -273,2.48 092
0171 £ 0,656 026 0.005 = 1.054 098 -0.176 -0.738, 0.386 053
-0.430 + 0.875 004 ~0.080  0.900 069 -0.350 -0918,0219 022
022+ 041 003 018035 004 0.05 -020,0.29 071
093 £ 1.42 0,008 083+ 157 003 0.10 -0.86, 1.06 083

Cl: confidence interval; SD: standrd deviation.
*Paired -test for the within-group comparison.
“Unpaired t-test for the between-group comparison.

“Measurements were transformed to the natural logarithm scale.
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Lipid (mg/g)

Ethanolamine plasmalogen 307
Ethanolamine alkyl phospholipid 29
Choline plasmalogen 16
Choline alkyl phospholipid 326
Cholesterol 1.5

Ceramide aminoethyl phosphonate 106
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Variable Plasmalogen (n = 20)

Age (year), mean + SD 196 +0.7
Current smoking, n (%) 0(00)
Alcohol use (>1/week), n (%) 0(00)
Food allergy, n (%) 2(100)
Height (cm), means + SD 1703+ 5.2
Body weight (kg), means + SD 668+92

SD: standard deviation.
“Unpaired t-test for continuous variables and Fisher's exact test for dichotomous variables.

Placebo (n = 20)

19309
2(10.0)
3(15.0)
2(10.0

1715 £ 50

68.1:56

P

0.23
0.49
0.23

0.47
0.59
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AUC,; (nng/m)
AUC, (h*ng/m)
AUC Bxtr (%)
MRT,; ()

tizz ()

v ()

Crmax (Ng/MI)

Rat 1

702,000
753,000
6.8
27
18
6.0
30,000

Rat 2

659,000
953,000
31
61
42
6.0
21,500

Rat 3

507,000
542,000
6.5
23
19
6.0
42,500

Rat 4

566,000
1,220,000
54
110
80
12
17,400

Mean

608,000
867,000
20
55
40
75
27,900

SD

88,500
289,000
20
40
29
3.0
88,500

%CV

14.6
333
925
73
73
40
39.8
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Rat Identification: 0fM 02M 03V 04M 05M  06M
Time (Post-Dose): 8h 12h 18h 24h 48h 168h
Adipose - Brown 171 426 660 133 132 890
Adipose - Brown (Vessel Wal) 301 383 942 110 986 767
Adipose - Visceral 81 170 756 716 111 907
Adipose - Subcutaneous 740 242 739 704 821 893
Adrenal Gland® 196 367 185 155 201 142
Bladder Wall 86.0 193 145 7.69 10.7 nd
Blood - QWBA 354 164 962 562 419 256
Bone Marrow 235 230 223 183 157 469
Bone Surface 230 145 125 0513 0508 nd
Diaphragm 556 599 404 87.4 230 117
Exorbital Lacrimal Gland 287 345 874 966 613 7.36
Harderian Gland 144 108 147 105 111 367
intra-Orbital Lacrimal Gland 104 889 891 7.56 664 501
Kidney 429 453 361 247 246 145
Renal Cortex 414 466 381 268 243 153
Renal Medulla 510 532 230 258 227 118
Liver 313 269 121 734 400 7.50
Lung 740 519 454 302 229 112
Lymph Node 227 226 225 17.4 20.0 123
Muscle 103 126 963 7.57 8.42 7.01
Myocardium 920 726 424 310 266 134
Nasal Turbinates 160 106 643 481 503 429
Pancreas 663 527 308 248 280 182
Parotid Gland 391 304 352 205 209 123
Salivary Gland 533 314 288 213 229 154
Skin - Non-Pigmented 150 180 120 926 134 102
Spleen 105 111 713 463 331 936
Thymus 107 122 11.8 979 958 7.84
Thyroid 499 431 385 277 272 189
Ocular - Lens nd nd nd nd ndnd
Ocular - Uveal Tract 697 657 532 427 478 648
Ocular - Vitreous Body nd nd nd nd nd nd
Ocular - Whole Eye 183 203 165 1.14 1.30 1.55
Cerebellum 270 269 803 208 260 359
Cerebrum 239 222 249 161 223 294
Choroid Plexus 149 171 128 985 144 104
Coliculus 350 303 294 206 330 897
Medulla Oblongata 240 244 223 198 245 313
Olfactory Bulb 216 201 175 207 201 225
Pineal Gland 19 121 162 108 164 120
Pitutary Gland 212 212 220 167 192 129
Spinal Cord 271 276 320 175 256 833
Thalamus 227 281 220 171 191 278
Whole Brain 260 248 270 195 245 308
Epicidymis 398 709 677 404 681 775
Preputial Gland 336 214 780 112 765 690
Prostate 496 118 280 567 715 4.44
Seminal Vesicles 128 299 as 538 912 nd
Testis 265 412 500 431 402 308
Cecum as 450 177 231 343 @
Esophagus 174 169 150 946 108 534
Gastric Mucosa 912 67.8 701 487 375 145
Large Intestines 125 209 154 180 19.1 14.0
Small Intestines 600 347 289 247 433 139
Stomach 226 229 216 108 801 497

aas: tissue was soaked with adipose. nd: radioactivity was not detectable
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Rat Identification: oM 08M 09M
Time (Post-Dose): 24 hr a8 hr 96 hr
Adipose - Brown 2211 1917 1301
Adipose - Brown (Vessel Wal) 1423 1017 1249
Adipose - Visceral 1402 1500 1265
Adipose - Subcutaneous 1316 1498 1373
Adrenal Gland® 1830 2346 1636
Bladder Wall 102 108 101

Blood - QWBA 550 343 295
Bone Marrow 160 13 773
Bone Surface 16 7.66 105
Diaphragm 204 172 126
Exorbital Lacrimal Gland 980 825 71.0
Harderian Gland 13 69.6 47.9
Intra-Orbital Lacrimal Gland 100 845 765
Kidney 304 221 238
Renal Cortex 323 244 250
Renal Medulla 238 183 186
Liver 412 186 129
Lung 217 181 191

Lymph Node 347 165 127
Muscle 115 954 97.9
Myocardium 292 222 172
Nasal Turbinates 180 184 80.2
Pancreas 355 312 333
Parotid Gland 296 267 220
Salivary Gland 308 27 207
Skin - Non-Pigmented 161 101 129
Spleen 319 209 147

Thymus 153 131 107

Thyroid 373 207 259
Ocular - Lens 5.82 5.05 692
Ocular - Uveal Tract 105 506 68.9
Ocular - Vitreous Body 255 201 2.06
Ocular - Whole Eye 227 158 182
Cerebelum 578 54.9 558
Cerebrum 457 39.9 475
Choroid Plexus 186 131 121

Collcuius 68.3 68.0 67.3
Medulla Oblongata 510 484 518
Offactory Bulb 478 35.0 422
Pineal Gland 230 156 179
Pituitary Gland 266 226 191

Spinal Cord 468 51.2 53.0
Thalamus 454 423 454
Whole Brain 488 437 473
Epididymis as as as

Preputial Gland as as as

Prostate 746 721 84.8
Seminal Vesicles 632 60.7 54.7
Testis 703 472 433
Cecum 300 95.7 as

Esophagus 161 948 87.1

Gastric Mucosa 415 307 210
Large Intestines 255 122 943
Small Intestines 420 164 12

Stomach 133 789 109

aas: tissue was soaked with adipose.
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Clinical Observation CDR (observed) CDR (predicted) Sit/Stand (observed)
Improvement 9 4 12

No Change 9 14 5

Decline 4 4 4

Chi Squared p-value 1.8e-02 29605

Predicted responses were based upon an assumed random non-response rate based upon the observed decline rate for each outcome.

Sit/Stand (predicted)





OPS/images/fcell-10-864842/fcell-10-864842-t004.jpg
Id Age Sex CDR s/s CDR sis DHA-PL/(LA + AA)-PE GRC
(BL) (M4) (BL) (M4) (+/) (+1) (BL) (M4) Max (month) GRC
Group 1—Moderate Dementia (CDR = 2)
16 78 F 2 3 16 14 - - 029 0.48 0.90 (M3) o
19 58 F 2 1 11 16 + + 088 215 215 (M4) 0
1 81 M 2 1 1" 15 + + 0.90 1.65 1.65 (M4) +5
29 63 F 2 05 30 34 + + 1.26 256 2,69 (M5) +2
Group 2—Mild Dementia (CDR = 1)
12 75 M 1 1 15 21 0 + 272 308 3.03 (M4) +2
18 80 M 1 1 21 16 0 - 069 090 1.35 (2) 0
8 84 M 1 05 12 15 + + 057 064 0.74 (M3) NA
21 48 M 1 05 14 14 A 0 1.04 1.78 2.38 (M2) +1
Group 3—Mild Cognitive Impairment (CDR = 0.5)
11 69 F 05 2 NA NA . NA 1.03 2.44 2.44 (M4) +1
24 66 F 05 2 13 16 = + 0.36 1.96 1.96 (M4) NA
7 81 F 05 1 15 16 ¥ 0 0.87 1.57 1.57 (M4) 0
3 74 F 05 05 13 17 0 * 041 1.33 1.33 (M4) 0
74 M 05 05 12 14 0 + 091 2.69 2.69 (M4) +1
10 81 M 05 05 19 22 0 + 087 0.87 1.17 (M2) +2
20 78 M 05 05 11 8 0 - 0.44 062 1.10 (M3) 0
22 63 F 05 05 13 12 0 0 227 3.88 4.04 (M3) NA
23 64 F 05 05 10 12 0 + 0.40 1.79 1.79 (M4) +4
28 67 F 05 05 12 14 0 + 238 394 3.94 (M4) NA
2 37 M 05 0 13 14 + 0 079 1.54 1.54 (M4) +1
14 59 M 05 0 14 12 o # 124 292 2.92 (M4) +1
15 64 M 05 0 21 22 + 0 1.33 1.36 2.73 (Ms5) +1
17 v F 05 0 1" 14 + + 0.34 0.51 1.16 (M3) +4

BL-baseline, M4 —Month 4, S/S— Sit/Stand, GRC, Global Rating of Change, NA-Not Available.
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Model ‘Outcome

1 MDA

2 MDA

3 MDA

4 MDA

5 MDA

6 MDA

7 MDA

8 CAT

9 CAT

10 CAT

1 CAT

12 CAT

13 CAT

14 CAT

15 DHA-PL
16 DHA-PL

Variables Coef
DHA-PE (LA + AA)-PE -0.225
0.846

DHA-PL (LA + AA)-PL -0.368
0.380

DHA-PL (LA + AA)-PE -0.146
0.685

DHA-PL CAT -0.233
-0474

DHA-PL CAT -0.156
-0.141

DHA-PL (LA + AA)-PL CAT -0.290
0.316

-0.101

DHA-PE (LA + AA)-PE 0.577
-0.634

DHA-PL (LA + AA)-PL 0.776
-0.639

DHA-PL (LA + AA)-PE 0.525
-0.187

DHA-PL 0.549
MDA -0.474
DHA-PL MDA 0.463
-0.368

DHA-PL (LA + AA)-PL MDA 0.680
-0.540

-0.262

(LA + AA)-PL CAT MDA 0.639
0.186

-0.207

DHA-PE (LA + AA)-PE 0.807
-0.716

P

5.4e-02
3.8e-08

2.1e-03
1.1e-02

1.3e-01
5.6e-07

3.3e-02
7.9e-03

1.6e-01
3.6e-02

2.5e-02
4.1e-02
1.4e-01

1.0e-02
2.0e-02

8.3e-05
8.4e-03

3.9e-03
4.3e-01

2.2e-08
7.9e-03

9.7¢-03
3.6e-02

8.9e-04
3.0e-02
1.4e-01

1.5e-07
8.9e-04
2.5e-02

1.2e-15
7.0e-10

R-squared

0313
0.124
0.301
0.053
0.081

0.102

0.147

0.094

0.179

0.113

0.106
0.081
0.153

0.200

0.378

0.403

Al variables were mean normalized and log10 transformed prior to linear regression analysis. Abbreviations: MDA = Malondlaldehyde, CAT = Catalase, SOD = Superoxide Dismutase. For

description of PE and PL species and indices see Table 1.
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M + H]*

648.49
662.50
660.49
676.52
674.50
690.54
688.52
704.55
702.54
700.52
72452
72251
752.65
750.54
74852

646.47
660.48
65847
674.50
67248
688.52
686.50
702.53
700.52
698.51
72251
720.49
750.54
74852
74651

662.51
676.52
674.51
690.54
688.52
704.56
70254
71857
716.56
71454
738.54
736.52
766.57
764.55
762.54

660.49
674.50
672.49
688.52
686.50
702.54
700.52
71655
71454
71252
736.52
73451
764.55
762.54
760.52
676.52
690.53
688.52
704.55
70253
71857
716.55
73258
73057
72855
752.55
750.54
780.58
77857
776.55

674.51
688.52
686.51
702.54
700.52
716.56
71454
730.67
728.56
72654
75054
74852
77857
77655
77454

CID fragment ion

364
364
364
364
364
364
364
364
364
364
364
364
364
364
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[M + H]*
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704.55
702.54
71857
71655
732.58
73057
746.60
74458
74257
766.57
764.55
794.60
792.58
790.57

688.52
702.53
700.52
71655
71453
730.56
72855
74458
742,56
74055
764.55
762.54
792.58
790.57
788.55

704.56
71857
716.56
73259
73057
746.60
74459
760.62
758.60
756.58
780.58
77857
808.61
806.60
804.58

70254
716.55
71454
73057
72855
74458
74257
758.60
756.58
75457
77857
776.55
806.60
804.58
802.57
71857
732.58
73057
746.60
74458
760.61
758.60
77463
77261
77060
794.60
792.58
82263
820.62
818.60

716.56
73057
728.56
74459
74257
758.60
756.59
77262
77060
768.58
792.58
790.57
82061
818.60
81658

CID fragment ion

184
184
184
184
184
184
184
184
184
184
184
184
184
184
184

184
184
184
184
184
184
184
184
184
184
184
184
184
184
184

184
184
184
184
184
184
184
184
184
1