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Editorial on the Research Topic
Solving the plasmalogen puzzle—From basic science to clinical application

In the almost 100 years since their discovery, numerous scientific breakthroughs around
plasmalogens have been made, but at the same time the enigmatic phospholipid group is still
keeping scientists of various disciplines on their toes. For example, biophysicists have revealed
many biophysical properties of plasmalogens, but several aspects of their role in connection
with other phospholipids in membrane bilayers remain cloudy. Geneticists have mostly
elucidated the genetic basis of ether lipid biosynthesis but some genes involved in
plasmalogen metabolism are still unknown; molecular biologists have identified new roles
of plasmalogens in cellular processes but many puzzle pieces of the overall picture, particularly
in complex organisms, have yet to be added; and clinicians have made major progress in
diagnosing diseases involving plasmalogen deficiency but still lack suitable treatment strategies.
Certainly, none of these scientific fields works independently, but an interdisciplinary approach
is required to explore complex subjects like the biological role of plasmalogens. Many of the
disciplines mentioned above have cooperated for the generation of the present Research Topic,
which contains a balanced collection of reviews and original articles comprising a broad range
of topics associated with plasmalogens, from basic science to clinical application.

Due to their unique biochemical structure and the particular challenge to discriminate the
vinyl ether bond at the sn-1 position from double bonds of the alkyl chains of other ether lipid
species, the reliable analytical determination of plasmalogens has bothered researchers for a
long time (Koch et al., 2020). In their review article, Koch et al. give a comprehensive overview
over the historic milestones in the analytical detection and quantification of plasmalogens.
Subsequently, they highlight the progress made in recent years and demonstrate, how state-of-
the-art methodology can be utilized to gather novel information on ether lipid species, their
tissue distribution and physiological functions. In addition to technical advances in
plasmalogen analysis, recent research has also brought key developments in elucidating the
genes and enzymes involved in the generation of these lipids. One of the last orphan enzymes to
be assigned to the corresponding gene was plasmanylethanolamine desaturase, the crucial
enzyme for the introduction of the vinyl ether bond, which was recently shown by three
independent approaches to be encoded by the TMEM 189 gene in humans (Gallego-Garcia et al.,
2019; Werner et al., 2020; Wainberg et al., 2021). In the present Research Topic, Padmanabhan
et al. outline the hunt for that gene and narrate, how the use of a comparatively unconventional
model organism, Myxococcus xanthus, enabled the identification of this so crucial gene for
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plasmalogen biosynthesis. A more general overview of the steps
involved in plasmalogen generation and their regulation is
provided in the article authored by Dorninger et al. Moreover, the
authors elaborate on the most recent knowledge on plasmalogen
metabolism in different tissues as well as under physiological or
pathological conditions and discuss the therapeutic potential of
exogenous plasmalogen supplementation. While that article focuses
mainly on plasmalogen metabolism in mammals, the work of Goldfine
reminds us of the unusual distribution of plasmalogens in bacteria. As
a long-standing expert in the topic (Goldfine, 2010), the author
summarizes current knowledge on plasmalogen biosynthesis under
anaerobic conditions and the functions of these lipids in bacterial
species.

As a result of continuous research in the last years, important roles
of plasmalogens in a variety of cell types and organs have emerged.
Compared with other tissues, relatively little is known about their
function in the eye. However, here, following up on the previous work
of their group (Saab et al, 2014), Karadayi et al. reveal that
plasmalogens are essential for the stability and functioning of gap
junctions between Miiller cells, a glia cell type specific for the retina,
thus expanding our understanding of the role of plasmalogens in
intercellular communication. On the cellular level, their involvement
in signaling processes has become a major focus in the discussion
around the physiological role of plasmalogens (Dorninger et al., 2020)
and, accordingly, is also well represented in the current Research
Topic. Honsho et al. have previously shown that plasmalogen levels in
the inner leaflet of the plasma membrane bilayer govern a feedback
loop that regulates the stability of FARI, the rate-limiting enzyme in
the plasmalogen biosynthesis pathway (Honsho et al., 2017). In their
Original Research article in this Research Topic, they extend their
findings and identify ATP8B2 as the flippase enzyme responsible for
the asymmetric distribution of plasmalogens in the plasma membrane,
thus controlling the feedback loop and, consequently, downstream
processes like intracellular signaling. Previous work has shown that in
the mammalian nervous system, plasmalogens are crucial for the
adequate functioning of the Akt-ERK axis (da Silva et al., 2014), one of
the main signaling cascades in many cell types, and that G-protein
coupled receptors are important mediators of this effect (Hossain et al.,
2016). Following up on these findings, Hossain et al. provide
experimental evidence that signaling via brain-derived neurotrophic
factor is impacted by plasmalogens as a downstream effect of the Akt-
ERK modulation. Furthermore, they indicate that this mechanism is
responsible for learning and memory deficits observed in mice upon
plasmalogen deficiency, which can be alleviated by dietary plasmalogen
supplementation.

Based on their association with such important processes like
learning and memory, plasmalogens (or their deficiency) have been
ascribed major contributions to various human diseases. The most
obvious example is the inborn defect in plasmalogen biosynthesis,
which causes the rare disorder rhizomelic chondrodysplasia punctata
(RCDP). In this Frontiers Research Topic, Fallatah et al. use a series of
mouse models with graded plasmalogen deficiency to show that
genotype severity determines the levels of several biochemical
markers. This renders these mouse models particularly valuable for
the clinical evaluation of RCDP, where similar observations have been
made (Fallatah et al., 2021). Excitingly, also neurochemical markers
and the characteristic neurobehavioral alterations correlate with the
degree of plasmalogen deficiency, thus paving the way for establishing
novel readouts in clinical trials for this so far uncurable disease. Next
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to inborn errors in their biosynthesis, a role of plasmalogens has been
implicated in a variety of other human diseases. One so far unknown
example is studied by Karadayi et al. in the present Research Topic.
The research group has previously shown that in children developing
retinopathy of prematurity—an eye disease that can lead to early

abnormal retinal vessel

erythrocyte
accumulates with time in utero at the expense of docosahexaenoic
acid (Pallot et al, 2019). Here, the authors utilize data from a
that
plasmalogens play a major role in modulating the arachidonic acid/

blindness and is associated with

development—arachidonic  acid  in membranes

prospective cohort study to support the hypothesis
docosahexaenoic acid ratio in children with retinopathy of
prematurity.

A disease that has kept the world in suspense in the last 3 years is
COVID-19 caused by infection with the SARS-CoV-2 virus. Their
previous work on lipids in sepsis (Amunugama et al., 2021) and the
comparable disease courses in sepsis and severe COVID-19 prompted
the authors around Pike et al. to study plasmalogen levels in a mouse
model of SARS-CoV-2 infection. Remarkably, their experiments
reveal a reduction of lung plasmalogen levels in the infected mice,
thus showing similarities to the situation upon sepsis, for which the
authors demonstrate a depletion of plasmalogens in plasma of both
rats and humans. More than in any other disease, an involvement of
plasmalogens is debated in the pathogenesis of Alzheimer’s disease
(Senanayake and Goodenowe, 2019), the most common cause of
dementia worldwide. Goodenowe and Senanayake add to the
intrigue with a post-mortem analysis of temporal brain cortex
samples from patients with mild cognitive impairment and
Alzheimer’s disease compared with controls. The resulting data
with
circumstances, even predictive value of specific ethanolamine

show an association cognition and, under certain
phospholipid species, among them plasmalogens.

Their widespread involvement in disease mechanisms and maybe
also etiology has raised speculation and curiosity about the potential of
plasmalogens (or their precursors) as dietary supplements and
therapeutic substances (Paul et al., 2019; Bozelli and Epand, 2021).
A prerequisite for the evaluation of dietary supplementation strategies
is an understanding of the metabolization of plasmalogens after their
ingestion. Interestingly, previous work from Nishimukai and
coworkers has shown that the extent of lymphatic absorption is
heavily dependent on the type of headgroup (Nishimukai et al,
2011). In their article in the current Research Topic, Sato et al.
investigate the metabolic fate of bacterial plasmalogens, which
carry different sn-1 alkyl chains than those synthesized by
Adding an

plasmalogen metabolism, they show that also these atypical

mammals. important piece of knowledge on
plasmalogens are readily absorbed into the lymph after duodenal
infusion and remodeled at the sn-2 position, similar to what is known
for endogenous plasmalogen species. Several promising therapeutic
approaches involving plasmalogens or enhancements thereof are
featured in our Research Topic: Based on their previous expertise
in evaluating potential drugs against Alzheimer’s disease (Chowdhury
etal, 2021), Gu et al. utilize sea squirts to extract plasmalogens for the
treatment of aged mice. Remarkably, intragastric application of the
plasmalogen extract improved cognitive performance and aging-
related molecular changes, thus raising hope for a future use as
anti-neurodegenerative therapy. An alternative strategy is the use of
precursor substances, which can be converted to plasmalogens in situ

after oral application. One example is PPI-1011, a compound with a

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcell.2022.946393/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.962757/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.864599/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.915457/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.828282/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.886316/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.921691/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.912880/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.866156/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.836186/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.815320/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1137868

Dorninger et al.

preformed vinyl ether bond at the sn-1 position, docosahexaenoic acid
at sn-2 and lipoic acid as a stabilizer at sn-3 (Wood et al., 2011). Now,
Smith et al. investigate in detail the metabolization and excretion of
PPI-1011 in mice by using a radioactively labeled variant. The authors
show the distribution of the label across various tissues, including the
brain, which is an essential target for all therapeutic strategies in
plasmalogen deficiency. In view of these data, we are eagerly awaiting
future studies involving functional readouts after the supplementation
with PPI-1011. An additional step is taken by Goodenowe et al., who
have previously stressed the positive association between blood
plasmalogens and cognition in humans (Goodenowe and
Senanayake, 2019). Here, they orally provided a plasmalogen
precursor and show increased serum plasmalogen levels, reduced
signs of oxidative stress and even clinical relevance for cognitive
function in a small sample of cognitively trial
participants, further

compound. Also Fujino et al. have previously emphasized the value

impaired
which  warrants investigation of this
of plasmalogens for cognition in certain subgroups of cognitively
impaired patients (Fujino et al., 2017). In this Research Topic, they
indicate surprisingly positive effects of plasmalogens in a very different
population: Results after dietary supplementation of plasmalogens
extracted from scallops suggested improved mental health and
reduced fatigue in male students. Even though the molecular
mechanisms underlying the beneficial effect of plasmalogens or
their precursors on cognitive parameters remain largely unclear,
these data further position these compounds as complementary
therapeutic substances in various neurological diseases. From a
different perspective, this is also underlined in the review article of
Rong et al: After previously pointing out potential anti-viral
properties of plasmalogens (Deng and Angelova, 2021), the authors
here analyze structural similarities between plasmalogens and platelet-
activating factor (PAF), an ether lipid without vinyl ether bond. Based
on these, they hypothesize that plasmalogens could fine-tune PAF-
associated signaling, thus exerting anti-inflammatory function, which
may be favorable in pathological conditions involving a pro-
inflammatory milieu.

Overall, the variety of articles and wide range of subjects in the
present Research Topic well reflect the variegated research landscape
in the plasmalogen field and underline the versatility of this lipid
subgroup. They also demonstrate that major progress is made
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continuously to understand the role of plasmalogens in biological
systems, and exploit their therapeutic potential. However, as
researchers we are well familiar with the fact that every solved
scientific question raises several new ones and that is no different
for the field of plasmalogens. Accordingly, the research around
plasmalogens will remain vivid also in the future and we are
looking forward to the next revelations around this fascinating
group of phospholipids.
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Plasmalogens, the Vinyl Ether-Linked
Glycerophospholipids, Enhance
Learning and Memory by Regulating
Brain-Derived Neurotrophic Factor

Md. Shamim Hossain* Shiro Mawatari and Takehiko Fujino

Institute of Rheological Functions of Food, Fukuoka, Japan

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 (Banf)
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.

Keywords: plasmalogens, memory, BDNF, synaptic plasticity, lipid raft, long-term potentiation (LTP), dendritic spine
density

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.
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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 x 10° 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
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Our previous study showed that direct application of Pls
activated cellular survival signaling of Akt and ERKI/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.
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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 B-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.

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

BDNEF, 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.
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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 SI1A),
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.

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), Ca’*/calmodulin-dependent protein
kinase II-a (CamKII-«), Homer-1, and PSD-95 in the Pls
reduced hippocampus (Figure 2C).

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

Plasmalogens Regulate Memory

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 uM) or PI3K/Akt
inhibitor (LY294002, 0.19 nmol) into the hippocampus (0.5 puL of
50 uM 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-I 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.

in

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 uL of 50 pM
solution/site) when measured 24h 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
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FIGURE 3 | Impact of PlIs 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 pm. 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 Banf, 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,l).

hippocampus could be affected by the activation of Akt-induced
phosphorylation of CREB proteins.

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 CA1l 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 + 0.02mV and 0.11 + 0.0l 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
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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).

following stimulus artifact (triangle) and fiber volleys (two dots) at matured spines called mushroom spines (shown as yellow dots),
time —10 min (black) and 60 min (red) recorded from control and as well as stubby spines (white dots) at DIV 22, was also found to be
Pls diet mice (Figure 4A, middle and right panels), Percentage increased by the Pls treatments (Figures 5G,H).

changes in field EPSPs showed a significant enhancement of LTP in Neurogenesis in the hippocampus is known to play a role in
Pls-feeding mice compared with control-diet mice (Figure 4B). This ~ memory. To address whether Pls diet enhances neurogenesis, we
data suggest that Pls diet could enhance synaptic transmission of the ~ stained newborn neurons in the hippocampus with the antibody

hippocampal neurons. against doublecortin (DCX). There was a significant increase in
the DCX-positive neurons in the dentate gyrus region of the
Plasmalogens Treatments Enhance the hippocampus in the Pls diet mice compared to the control group

. s . mice (Figures 5L,)).
Maturation of Dendritic Spmes of To confirm the signaling mechanism of Pls-treatments

Hippocampal Neurons and Enhance induced enhancement of dendritic spines, we examined ERK
Neurogenesis in the Dentate Gyrus and Akt proteins. Western blotting assays showed significant
To examine whether the Pls diet mediated enhancement of synaptic ~ increases in p-ERK and p-Akt in the neurons of DIV 14 and DIV
plasticity is correlated with the changes in the synaptic morphology, 22 (Supplementary Figure S4A). The treatments of ERK and Akt
we performed Golgi-Cox staining and observed a significant increase  inhibitors reduced the Pls-induced increase in dendritic spines at
in the number of dendritic spines (shown as dots) in CA1 and CA3 ~ DIV 14 and DIV 22 (Supplementary Figure S4B), suggesting
regions of the hippocampus in the Pls group mice (Figures 5A, B).  that the Pls could enhance the spine formation by a mechanism
To see the direct effects, we treated primary hippocampal neurons  dependent on ERK and Akt signaling.

with Pls. After application of Pls (5 pg/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 Plasmalogens Treatments Enhance Bdnf

Pls enhanced neuronal cell body differentiation to form mature Gene Expression by Activating the

neurons. We further checked the number of dendritic spines in the ~ Transcriptional Factor CREB

matured neurons of DIV 14 and DIV 22 since the dendritic spines ~ We investigated whether Pls-treatments could induce Bdnf gene
appeared at these time points. The presence of Pls in the neuronal ~ expression by promoting the recruitment of CREB proteins onto the
culture medium increased dendritic spines (dots) significantly at ~ Bdnf promoter regions. Genomic sequence analysis revealed that
both time points (Figures 5E,F). In addition, the quantity of  there are eleven possible CREB recruitment sites onto the mouse
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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 um. (C-H) Effects of Pls
(5 pg/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 pm. (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 pm. (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).

Pls-diet

O-Comrol

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.

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.,
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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 w-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 w-3 PUFA, docosahexaenoic acid-containing Pls
was similar in both the rafts and non-rafts (Figure 7D).
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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 Bdnfbilaterally 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,
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FIGURE 8 | Attenuation of Pls-mediated memory enhancement by knockdown of hippocampal TrkB or Banf 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 Banf 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).

the Pls-induced enhancement of Bdnf and synapsin-1 expression
was canceled in the Bdnfand 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.

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.

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
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crucial role in synaptic plasticity and neuronal survival (Peng
etal., 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.
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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
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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
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TABLE 1 | The fatty acid composition of the Pls-Etn in the purified Pls from chicken
(cPIs) and scallop (sPls).

Fatty acid sPIs (% w/w) cPls (% w/w)
Linoleic acid 0.1 5.1

Oleic acid 2.5 33.1
Eicosapentaenoic acid, EPA 27.8 0.9
Arachidonic acid 24.9 21.9
Docosahexaenoic acid, DHA 37.1 23.8
Other acids 7.6 156.2
Total 100.0 100.0

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 15min. 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% CO,
humidified incubator. On DIV (Disk In Vitro) 3, 90% of the
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TABLE 2 | Composition of control and chicken derived Pls (0.01% w/w)
containing pellet food.

Component Control food (%) Pls—Containing food (%)
(AIN-93M, Clea, Japan)
cornstrach 61.1 60.6
Milk casein 14.0 14.0
Sugar 10.0 10.0
cellulose 5.0 5.0
Soybean oil 4.0 4.5 (0.01% Pls)
Mineral mixture 3.5 3.5
Vitamin mixture 1.0 1.0
a-cornstarch 1.0 1.0
Choline bitartrate 0.22 0.22
L-cystine 0.18 0.18
Total 100.0 100.0

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 uM 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.

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'-GTCCCAATTAGCATCAGT-
3"), sh-Bdnf (5'-AGTCCCGGTATCCAAAGG-3), sh-TrkB (5'-
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CCTGTACATGATGCTCTC-3') and sh-Luc (5'-CTTACGCTG
AGTACTTCGAG-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 x 10°
TDU (transduction units) were injected stereotaxically into the
bilateral hippocampus through the 30-gauge stainless steel tube at
an injection rate of 0.05uL/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 x
65cm x 30cm) 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
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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-GCGCTGTCTCAGACTTCCAT-3' and
reverse 5'-GGAGGACATCCACACCTGTC-3'; Bdnf, forward
5'-TGCAGGGGCATAGACAAAAGG-3' and reverse 5'-CTT
ATGAATCGCCAGCCAATTCTC-3"; synapsin-1, forward 5'-
GGCCTACATGAGGACATCAG-3' and reverse 5'-ACCACA
AGTTCCACGATGAG-3'; synapsin-2 forward 5'-CAGGTA
CTTCGGAATGGCAC-3' and reverse 5-CAAATGCATGCT
GTCGGAT-3'; synaptotagmin-1 (SYT-1), forward 5-CACCGT
GGGCCTTAATTGC-3' and reverse 5'-TGTTAATGGCGTTCT
TCCCTC-3'; Ca’'/calmodulin-dependent protein kinase II-a
(CamKII-«), forward 5'- ATGCTCCGTCCAAATACCCTCC-
3" and reverse 5-GCAGTGGTCATTCAAGTTCACAGC-3';
Homer-1, forward 5'-CTATATTCTCCGCGCAACCT-3' and
reverse  5'-GCAACTCAACAAGGCAGACA-3';  PSD-95,
forward 5-CACCGACTACCCCACAGC-3' and reverse 5'-
ACTGGCATTGCGGAGGTC-3'; and B-Actin, forward 5'-CAC
TGTGCCCATCTACGA-3' and reverse 5'-CAGGATTCCATA
CCCAAG-3'. To amplify the different isoforms of mouse Bdnf
genes, we have used the following primers Bdnf1, forward 5'-CTG
TAGTCGCCAAGGTGGAT-3' and reverse 5'-AGAAGTTCG
GCTTTGCTCAG-3"; Bdnf2/5, forward 5'-TGGAAGAAACCG
TCTAGAGCA-3' and reverse 5'-TCTGTCCAAGGTGCTGAA
TG-3'; Bdnf3, forward 5'-CGATCCTCGATGGATAGTTCTT-3'
and reverse 5'-CTTCCCTTGAGAAGCAGGAG-3'; Bdnf4,
forward 5'-CTGGGAGGCTTTGATGAGAC-3' and reverse 5'-
CATTGTTGTCACGCTTCTGG-3'; Bdnf6, forward 5'-CTC
CAGGACAGCCTGTATCC-3' and reverse 5'-TCCCGGATG
AAAGTCAAAAC-3'; and Bdnfl0, forward 5'-GGAACCACC
AGTTTTCTCCA-3" and reverse 5'-TGTGTGGGTAGATGC
CAAAA-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'-CAATGTGTCCGTCGTGGATCT-3' and reverse:
5'-GTCCTCAGTGTAGCCCAAGATG-3').

Western Blotting Assays
Western blotting assays were carried out by standard protocols
(Hossain et al., 2013) using antibodies against GNPAT (ab75060,

Frontiers in Cell and Developmental Biology | www.frontiersin.org

22

February 2022 | Volume 10 | Article 828282


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Hossain et al.

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 p-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-HCI) 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 pg 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 2h.
Specific signals from the transferred protein were then
visualized by SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific) using a LAS4000 biomolecular
imager. Image] 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 KCI, and
0.5% Nonidet P-40 dissolved in dH,0). 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 2h followed
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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 (ImM EDTA and 10mM 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 pg/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 (RO01A, Takara) as well as by the
real-time PCR assays using the following primer sets: for RE-1,
forward 5'-CCTCCCACGTCATTTTACGA-3' and reverse 5'-
AGCCAGTTTCCTGAGAATGC-3'; for RE-2, forward 5'-CTG
AGCAAAGCCGAACTTCT-3' and reverse 5'-GCTTTGCTG
TCCTGGAGACT-3'; for RE-3, forward 5'-TCTGGGCGACAA
GGAGAAAA-3" and reverse 5-TGGGTGTAAGAGGATGAC
GT-3', for RE-4, forward 5'-GGGGTTGCCTTAAGTGGAGA-3'
and reverse 5'-GAACAGCTCTACATTCCCAACT-3'; for RE-5,
forward 5'-CACAGTGACTTGGGTTCAAAGA-3' and reverse
5" "TGTGCATGGAAACAGAAACTG-3', for RE-6, forward 5'-
GCTGAATTTATTGTACATGCGGT-3' and reverse 5'-CCC
ACACTAACCAGCCTGAT-3'; for RE-7, forward 5'-TTTTCC
CCAAAGAAGAGTGAAG-3' and reverse 5-TTGGATGAG
GTCAATCCTACTATG-3', for RE-8, forward 5'-TGTCTA
TTTCGAGGCAGAGGA-3' and reverse 5'-CTCCTCGGTGAA
TGGGAAAG-3'; for RE-9, forward 5'-CAACGACACAGAACA
CACGTT-3' and reverse 5'-GCACAACAGTCTTGTTTATCT
GG-3', for RE-10, forward 5-TGTAATAGAAAGTCAGAT
AAATGTTTCAA-3' and reverse 5'-TACTGGGAAGTCTGG
GGAAA-3'; and RE-11, forward 5'-CCTCTTGGAAAGCAA
CGTGT-3' and reverse 5'-TGGTGGGAGACTGACATCAA-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'-TCACCGTATCCGCTGCCT-3' and reverse 5-CCAGGT
GGTGTCTCAGATAC-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 pm 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 1h 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
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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 3h 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 um
thick) were made perpendicular to the septotemporal axis and
incubated in Krebs-Ringer solution (124 mM NaCl, 4 mM KCl,
1.3mM MgSO4, 1.23mM NaH2PO4, 26 mM NaHCO3,
2.4mM CaCl2, and 10 mM glucose) bubbled with 95% O,
and 5% CO, 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
2.5ml/min. Extracellular recording of field excitatory
postsynaptic potential (EPSP) was made from the stratum
radiatum in the area CAl by a glass microelectrode filled
with Krebs-Ringer solution (tip diameter, 15-25um; DC
resistance, 3-5MQ). 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 us 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, K,Cr,0-, in
distilled water), solution B (5% mercuric chloride, Hg,Cl,, in
dH,0), and solution C (5% potassium chromate, K,CrOy, in
dH,0). 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
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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 um 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 dH,O for 1 min
followed by 30min treatments with 10% ammonium
hydroxide solution in a dark room. Slides were then washed
in dH,O 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 dH,O). Slides were washed in
dH20 for 1 min followed by the alcohol dehydration process:
30 in 70% ethanol, 30 s in 80% EtOH, 30 s in 90% ethanol,
30s 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, 5M 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 65, 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 pL 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 uL) 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
lonization-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
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and tissues were dissolved in PBS followed by sonication in the
ice-cold water. After checking the protein concentration, equal
amount (50 ug) of protein was dissolved in methanol/
chloroform/water (v/v/v: 2:1:0.8) and 50pmol 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 10puL 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 0-5min), 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 pL/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
pl8:1 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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Neurodegeneration is a pathological condition in which nervous system or neuron losses
its structure, function, or both leading to progressive neural degeneration. Growing
evidence strongly suggests that reduction of plasmalogens (Pls), one of the key brain
lipids, might be associated with multiple neurodegenerative diseases, including
Alzheimer’s disease (AD). Plasmalogens are abundant members of ether-
phosphoalipids. Approximately 1 in 5 phospholipids are plasmalogens in human tissue
where they are particularly enriched in brain, heart and immune cells. In this study, we
employed a scheme of 2-months Pls intragastric administration to aged female C57BL/6J
mice, starting at the age of 16 months old. Noticeably, the aged Pls-fed mice exhibited a
better cognitive performance, thicker and glossier body hair in appearance than that of
aged control mice. The transmission electron microscopic (TEM) data showed that 2-
months Pls supplementations surprisingly alleviate age-associated hippocampal synaptic
loss and also promote synaptogenesis and synaptic vesicles formation in aged murine
brain. Further RNA-sequencing, immunoblotting and immunofluorescence analyses
confirmed that plasmalogens remarkably enhanced both the synaptic plasticity and
neurogenesis in aged murine hippocampus. In addition, we have demonstrated that
Pls treatment inhibited the age-related microglia activation and attenuated the
neuroinflammation in the murine brain. These findings suggest for the first time that Pls
administration might be a potential intervention strategy for halting neurodegeneration and
promoting neuroregeneration.

Keywords: aging, plasmalogen, synaptogenesis, neurogenesis, microglia, neuroinflammation

1 INTRODUCTION

Plasmalogens (Pls) are a special type of vinyl ether-bonded phospholipids actively participating in
structure and function of biological membranes. Approximately 20% of phospholipids are
plasmalogens in human tissue, where they are particularly rich in the brain, heart, and immune
cells (Lessig and Fuchs 2009; Braverman and Moser 2012). In brain, ethanolamine plasmalogens
(PIsEtns) constitute approximately 60 and 80% of the total ethanolamine phospholipids in gray and
white matter, respectively (Macala et al., 1983). Pls are also concentrated in specialized membranes,
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FIGURE 1 | The chemical structure of plasmalogens. Plasmalogen is
characterized by a vinyl ether linkage with 16:0, 18:0, and 18:1 hydrocarbon
chains at sn-1 position, an ester bond linking PUFAs at sn-2 position, and a
phosphate group at sn-3 position (X denotes ethanolamine or choline) of

the glycerol backbone.

such as sarcolemma, myelin, and synaptic vesicles (Post et al.,
1988; Takamori et al., 2006; Poitelon et al., 2020). Reduced levels
of PlsEtns have been found to be associated with aging (Pradas
et al., 2019) and several neurodegenerative diseases, including
Alzheimer’s disease (AD) (Guan et al., 1999; Han et al., 2001;
Goodenowe et al., 2007; Wood 2010; Wood et al., 2015;
Yamashita et al., 2016b), Parkinson’s disease (PD) (Dragonas
et al., 2009; Fabelo et al.,, 2011; Xicoy et al., 2019), Niemann-Pick
type C disease (Schedin and Pavel 1997), multiple sclerosis (MS)
(Ferreira et al., 2021) and Zellweger syndrome (Heymans et al.,
1983).

Plasmalogens are one of the key determinants in membrane
dynamics and trafficking (Glaser and Gross 1994; Rog and
Koivuniemi 2016; Skotland et al, 2019; Jimenez-Rojo and
Riezman 2019; Dorninger et al, 2019). A recent structural
study revealed that Pls could strongly influence the membrane
thickness and curvature (Angelova et al, 2021). Due to their
abundance in brain and their “fusogenic” property, plasmalogens
have been proposed to play an important role in
neurotransmission (Dorninger et al., 2017). The Pls-containing
biomembranes have an increased propensity to undergo the
transition from lamellar to non-lamellar structures, which may
result in an increased leakage of membranes to ions and
induction of membrane fusion (Glaser and Gross 1994;
Lohner, 1996; Siegel and Epand 1997; Nagan and Zoeller
2001; Koivuniemi 2017). Plasmalogens as a major lipid
component in the membranes of synapses and synaptic
vesicles (Hofteig et al., 1985; Takamori et al., 2006), together
with their proposed role in membrane fusion and fission
processes have led to the speculations about their roles in
synaptic vesicle cycle and neurotransmission (Brites et al,
2004; Han 2005; Gorgas et al., 2006; Dorninger et al., 2017).
The reduction of PlsEtns may change the biophysical properties
of phospholipid-bilayered cell membranes and correlate with the
impairments of synaptic transmission and neurotransmitter
release (Brodde et al, 2012; Dorninger et al, 2019). A
neurolipidomics study showed that the aberrant PlsEtns might

Plasmalogens Eliminate Synaptic Defects

be involved in synaptic dysfunction in AD (Bennett et al., 2013).
Moreover, plasmalogens tend to carry polyunsaturated fatty acids
(PUFAs), specifically docosahexaenoic acid (DHA) or
arachidonic acid (AA) at sn-2 position of glycerol backbone
(Figure 1). These PUFAs may regulate the SNARE proteins,
which mediate synaptic vesicle exocytosis and membrane fusion
(Darios and Davletov 2006; Davletov et al., 2007; Davletov and
Montecucco 2010; Bazinet and Laye 2014; Lauwers et al., 2016).

Normal function of a brain requires the formation of complex
neuronal networks built based on numerous synaptic
connections appropriately formed and maintained. Synaptic
loss correlates strongly with cognitive decline mainly because
the integrity of structure and function of synapses underlie the
cognitive performance. It is widely recognized that alterations of
synaptic function are not only a core feature, but also a leading
cause of several neurodegenerative diseases, including AD (Selkoe
2002). The synaptic loss, triggered by amyloidosis, tauopathy and
inflammation, has been considered as a potential disease
biomarker in AD (Colom-Cadena et al., 2020). A recent report
showed a widespread synaptic loss across the brains of early AD
patients and the synapse loss was even more extensive than the
decrease of volume of gray matter, suggesting the synaptic
degeneration =~ may  precede  the  occurrence  of
neurodegeneration and brain atrophy (Mecca et al, 2020).
Aging is thought to drive a progressive decline in synaptic
connectivity of the brain, resulting in cognitive impairments
and predisposition to neurodegenerative disorders (Burke and
Barnes 2006; Bishop et al., 2010; Fan et al., 2017). The genetic
profiling studies of aging mouse, monkey and human brains have
revealed significant alterations in the expression of synapse-
associated genes (Jiang et al, 2001; Lu et al, 2004; Fraser
et al., 2005).

Accumulated evidence and data support that plasmalogens are
able to halt neuroinflammation mediated by microglial activation
both in vitro and in vivo (Ifuku et al., 2012; Hossain et al., 2018;
Sejimo et al., 2018; Ali et al., 2019; Youssef et al., 2019; Nguma
et al., 2021). Various inflammatory stimuli may reduce Pls levels
in murine microglia, and the reduction of Pls in the murine cortex
further increases the activated phenotype of microglia and also
the expression of pro-inflammatory cytokines (Hossain et al.,
2017). PlsEtns are also important in the phagocytosis of
macrophages (Rubio et al, 2018). Microglia of aged rodent
brain are less active in phagocytosis compared to those of
young rodent brain (Njie et al, 2012), suggesting the
reduction of brain plasmalogen level may contribute to the
decline in microglial phagocytosis. The impacts of aging on
both microglial and synaptic dysfunctions might be related to
the reduction of plasmalogen level in the brain. Aging brains are
often accompanying with the increased neuroinflammation and
synaptic loss, which may attribute to aging-dependent microglial
dysfunction (Niraula et al., 2017; Angelova and Brown 2019).
Based on these, we thus boldly speculate that plasmalogens may
act to modulate synaptic and microglial function separately in
addition to microglia-synapse interaction pathways.

Thus, we investigated the effects of an ascidian-derived
plasmalogens supplementation on the prevention of age-
related cognitive decline in mice. In the present study, we for
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the first time showed that the administration of Pls could
promote synaptic plasticity and neurogenesis, and inhibit the
age-related microglia-mediated neuroinflammation in a natural
aging mouse model. Our TEM data, immunoblotting and
immunofluorescence analyses demonstrate that plasmalogens,
the key brain phospholipids, improved cognition and memory
by reducing neuroinflammation and supporting synaptogenesis
and neurogenesis in aged mice. Our studies strongly suggest that
Pls administration may serve as a potential intervention strategy
for halting neurodegeneration and promoting neuroregeneration.

2 MATERIALS AND METHODS

2.1 Preparation of Plasmalogens

Plasmalogens (Pls) were extracted from ascidian (Halocynthia
roretzi) following the protocol described before (Mawatari et al.,
2009). The extracted plasmalogens were analyzed and confirmed
by HPLC and LC-MS methods (Mawatari et al., 2007; Otoki et al.,
2017). These purified Pls are enriched with eicosapentaenoic acid
(EPA), docosahexaenoic acid (DHA), and other omega-3 fatty
acids. Pls were dissolved in the sterilized water to the final
concentration of 50 mg/ml by sonication.

2.2 Animals and Study Design

7-month old (n = 40) female C57BL/6] mice were purchased from
GemPharmatech Co. Ltd., and raised to 16-month old in
Laboratory Animal Center of Shanghai Jiao Tong University.
16-month old mice were then randomly divided into two groups:
aged control group and aged Pls-fed group. To discern cognitive
function status in aged mice, 4-week old (n = 15) female C57BL/
6] mice (GemPharmatech) were used as young control group, and
raised in the same condition as aged mice. Mice in aged Pls-fed
group were supplemented with Pls in water by intragastric
administration for 2 months and mice in aged control group
were given the same amount of water. Pls were administrated at a
dosage of 300 mg/kg, once a day, and 5 days per week. Behavioral
tests were performed after 2 months of the Pls treatment. At the
time of behavioral tests, mice in aged Pls-fed group and aged
control group were 18 months old, and mice in young controls
group were 3 months old. The animal protocol was reviewed and
approved by the Shanghai Jiao Tong University Institutional
Animal Care and Use Committee (SJTU-IACUC). All mice
were housed in a pathogen-free facility with 12-h light/12-h
dark cycles, received food and water ad libitum.

2.3 Morris Water Maze Test

The Morris water maze test was performed as described
previously (Vorhees and Williams 2006). The apparatus was a
circular pool (120 cm diameter) filled with water. Tests were
performed at 22°C. A 10 cm diameter transparent platform was
placed 1 cm below the water surface at a fixed position. Mice were
taken to the behavior room, acclimatized, and trained on five
consecutive days, four trials per day. The starting point changed
after each trial of a daily training session. Each trial lasted 60 s or
until the mouse found the platform. If the platform was not
located during the time period, then the mouse was guided to the
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platform, and allowed to stay there for 15s. On day six, the
platform was removed for the probe trial. The duration of probe
trial was 60 s. All parameters were recorded by a video tracking
system.

2.4 Transmission Electron Microscope
Study

Mice were anesthetized with 1% pentobarbital sodium. Mice were
perfused transcardially with phosphate buffered saline (PBS)
followed by 4% paraformaldehyde (PFA) solution. The brains
were rapidly removed and placed on ice. CAl parts of
hippocampus were dissected out immediately. Tissue blocks
were first fixed in 2.5% glutaraldehyde overnight, followed by
2nd fixation of 1% osmium tetroxide for 20 min. Samples were
dehydrated through an ethanol gradient and finally infiltrated
and embedded in low viscosity epoxy resin kit (Spurr) containing
initiator and polymerized at 70°C for 12 h. Ultrathin (50-75 nm)
sections were cut with a diamond knife (DiATOME, ultra 45°) on
ultramicrotome (Leica, EM UC7) and collected on 200-mesh
copper grids. Sections were then stained with lead citrate for
10 min. Sections were then viewed on a transmission electron
microscope (FEI, Talos F200S) at 200 kV.

2.5 Western Blot Analysis

Mice hippocampus were dissected after sacrificed, snap frozen
and lysed in RIPA buffer (YoBiBio, China) with 1%
phenylmethanesulfonyl fluoride (PMSF) (YoBiBio, China). The
lysates were firstly separated on 8-12% SDS-PAGE and
transferred to Polyvinylidene difluoride (PVDF) membrane.
The separated proteins were immunoblotted with the
following  antibodies: ~ p-Tubulin  (ab6046,  Abcam),
Synaptophysin (ab52636, Abcam). Western blotting images
were obtained by ECL exposure and quantified by Image ]
software. The amount of protein was expressed as a relative
value to the levels of B-Tubulin.

2.6 RNA Sequencing Analysis

RNA purification, reverse transcription, library construction, and
sequencing were performed at Shanghai Biochip Co. Ltd.
(Shanghai, China) according to the manufacturer’s
instructions. The expression level of each transcript was
calculated according to the fragments per kilobase of exon per
million = mapped  reads  method. RNA-Seq by
expectation—maximization was used to quantify gene
abundances. Gene ontology (GO) annotation enrichment
analysis of differentially expressed genes was analyzed at
database for annotation, visualization and integrated discovery
(DAVID) version 6.8 (https://david.ncifcrf.gov/home.jsp).

2.7 Real-Time PCR Analysis

Total RNA was extracted from the mouse brain tissue using
Trizol reagent (Invitrogen), according to the manufacturer’s
instructions. Reverse transcription of RNA was performed
with the ReverTra Ace qPCR RT Master Mix with gDNA
Remover Kit (Toyobo). The cDNA was subsequently subjected
to Real-Time PCR by using SYBR Green Real-time PCR Master
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Mix (Toyobo). The qPCR primers used for amplifying each
mouse gene were as follows: Sox2, 5'-forward CCCACCTAC
AGCATGTCCTAC-3' and reverse 5'-GCCTCGGACTTGACC
ACAG-3% IL-1B, forward 5'-GAAATGCCACCTTTTGACAGT
G-3' and reverse 5'-TGGATGCTCTCATCAGGACAG-3’; TNF-
a, forward 5'-AAGCCTGTAGCCCACGTCGT-3' and reverse
5'-AGGTACAACCCATCGGCTGG-3’; IL-6, forward 5'-TAG
TCCTTCCTACCCCAATTTCC-3' and reverse 5'-TTGGTC
CTTAGCCACTCCTTC-3; GAPDH, forward 5'-CAATGT
GTCCGTCGTGGATCT-3' and reverse 5'-GTCCTCAGTGTA
GCCCAAGATG-3. The quantitative fold changes in mRNA in
each sample were normalized to GAPDH expression and
calculated using the 2 ““““Y method.

2.8 Immunofluorescence Study

Anesthetized mice were perfused with PBS buffer and then
with 4% paraformaldehyde (PFA) in PBS buffer. The brains
were then collected in 4% PFA solution, fixed overnight at 4°C
followed by the treatment with the sucrose solutions 30% until
they sink. The brains were then embedded in optimum cutting
temperature (O.C.T.) compound, and sectioned into 10 pm
slices on a freezing microtome. Sections were incubated
overnight at 4 C with primary antibodies in 3% bovine
serum albumin (BSA) in PBS containing 0.1% Tween 20.
Primary antibodies used in this study were rabbit anti-
Synaptophysin  (ab52636, Abcam), rabbit anti-Sox2
(ab93689, Abcam), rabbit anti-Ibal (17198S, Cell Signaling
Technology). Following the overnight primary antibody
incubation, sections were washed five times with PBS or
TBS buffer solution, incubated with the appropriate
secondary antibodies (1:100, Jackson ImmunoResearch
Laboratories). For quantification of the expression of Sox2,
Sox2-positive cells were counted in the DG of hippocampus.
For quantification of the expression of Synaptophysin, the
immunofluorescence intensity was quantified using the
Image J.

2.9 Morphometric Analysis of Iba1+
Microglia

Microglia were classified as activated when cells presented
shortening of processes and increase in cell body size
(dystrophic morphology) (Streit et al., 2004). The overall
morphologies of Ibal+ microglia from young control, aged
control and aged Pls-fed groups were analyzed with Image]
(NIH) by using skeleton analysis and sholl analysis as
described previously (Young and Morrison 2018). Ibal+
microglia were chosen randomly in the CAl region of
hippocampus, and investigators who performed tracings
were blinded to the experimental groups. Simple neurite
tracer plugin was used for tracing processes of microglia
cells. Cells were skeletonized using 3D skeletonize plugin
and labeled for slab, junctions, or end of branches.
Conformational Sholl analysis was performed through
concentric envelopes computed with a 1um radius step
starting from the cell body. In each group, 30 microglia (7-
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8 cells/animal, 4 animals/group) were analyzed by Sholl
analysis.

2.10 Statistical Analysis

GraphPad Prism 7.0 was used for statistical analysis. The data are
shown as the mean + SEM. Group differences were analyzed with
one-way ANOVA followed by the Tukey multiple comparisons
test for comparison among multiple groups. The two-tailed
unpaired t test was applied for comparisons between two
groups. Differences were considered statistically significant
with *p < 0.05, *p < 0.01 and ***p < 0.001.

3 RESULTS

3.1 Plasmalogens-Fed Intervention
Improves Memory and Cognition of Aged
Mice

In this report, we used a natural aged mice model to investigate
the effect of plasmalogens (Pls) supplementation on the cognition
performance. Supplementation with water or Pls by oral gavage in
the aged mice started at age of 16 months and continued until age
of 18 months. The body weight (Supplementary Figure S1) was
not statistically different between the aged control and aged Pls-
fed mice during the gavage administration period. The effect of
Pls supplementation on murine cognition behavior was assessed
by Morris Water Maze test. The aged mice swam a longer
distance (Figure 2B) and took a longer time (Figure 2C) to
find the escape platform compared to the young mice, suggesting
the cognitive impairments might occur in aged mice. In
comparison with aged controls, the data of aged Pls-fed mice
showed a significant shorter swimming distance and escape
latency to reach the escape platform on the 4th day and 5th
day (Figures 2B,C). In the probe trial, with the platform removed,
trials were performed to evaluate the spatial reference memory of
the mice. The aged Pls-fed mice spent more time in the target
quadrant and the crossing numbers were significantly increased
over that of aged control mice (Figures 2D,E). These outcomes
reveal that aged mice with 2-months Pls supplementation have
better spatial learning and memory capacity compared to aged
control mice. Of note, by the age of 18 months, the appearance of
aged control mice showed striking signs of senescence,
characterized by gray body hair and obvious hair loss, while
aged Pls-fed mice look healthy in appearance with glossier and
thicker hair compared to aged controls (Figure 2A). These data
suggest that Pls supplementation may alleviate age-related
cognitive decline and reverse the aged symptoms in mice.

3.2 Plasmalogen Treatment Alleviates
Age-dependent Synaptic Loss in Murine
Hippocampus

Synapses are specialized intercellular junctions with two apposed
compartments, pre-synaptic terminal and post-synaptic domain,
and synaptic cleft, a gap about 20 nm between pre- and post-
synaptic components (Hernandez-Nicaise 1973). As shown in
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FIGURE 2 | Effects of 2-months Pls supplementation on the appearance and cognitive behaviors of aged mice. (A) Representative photos of young mice
(8 months), aged Pls-fed mice (18 months), aged control mice (18 months). (B-E) Spatial reference learning and memory were determined and characterized in a Morris
water maze study. Mice were trained in Morris water maze for consecutive 5 days, four trials per day. The probe trials were tested on the 6th day. The distance traveled
(B) and time spent (C) to reach the escape platform are demonstrated respectively. A bar graph summarizes the time spent within the target quadrant (D) and
platform crossing numbers (E). Data are presented as mean + SEM, with 13—-16 mice in each group (Young, n = 14; Aged control, n = 13; Aged Pls-fed, n = 16). Asterisks
indicate statistical significances compared to Aged control using one-way ANOVA; Statistical significance ("p < 0.05; *p < 0.01).

Figure 3, pre-synaptic domains are marked with blue color, and  similar and comparable numbers of synapses, the number of
post-synaptic domains with pink color. The typical  synaptic vesicles in young mice is greater compared to aged Pls-
ultrastructures of synapse of young control (Figure 3B) and  fed group in the total viewed TEM images (each group 30-40
aged Pls-fed mice (Figures 3C,D) were examined by TEM.  images from 3-4 biologically independent samples), nevertheless
Remarkably, abundant synaptic structures are present in both  both young controls (Figure 3B) and aged Pls-fed mice (Figures
young controls (Figure 3B) and aged Pls-fed mice (Figures  3C,D) have much greater numbers of synaptic vesicles compared
3C,D), and the numbers of synapse are far more than we have  to aged controls (Figure 3A). In aged control samples, synaptic
observed in those of aged controls (Figure 3A). There are plenty  loss is visually obvious and synaptic ultrastructures showed severe
of synaptic vesicles in the presynaptic domains in both young  deterioration with few synaptic vesicles (Figure 3A). In aged Pls-
controls and aged Pls-fed mice. Although young controls  fed mice (Figures 3C,D), the synaptic structures are intact and
(Figure 3B) and aged Pls-fed mice (Figures 3C,D) have  look similar to those of young controls (Figure 3B), with synaptic
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of synaptic vesicles (C,D). Bars = 1 um.

FIGURE 3 | TEM ultrastructural study on murine hippocampal CA1 region. The TEM micrographs of aged control mice (A), young control mice (B), and aged Pls-
fed mice (C,D). Pre-synaptic terminals are marked with blue color, and post-synaptic domains with pink color. The synaptic loss, synaptic degradation and
deterioration were observed in aged controls (A). On the contrary, abundant synaptic vesicles are present in the pre-synaptic terminals (marked in blue) of
young controls (B). There is a pronounced increase in the numbers and density of synapses in aged Pls-fed murine hippocampus with moderate numbers

vesicles evenly distributed in the presynaptic domains. The TEM
data strongly indicate that Pls supplementation may protect
against the hippocampal synaptic loss in aged mice.

3.3 Plasmalogens Treatment Changed the
Transcriptomics Profile of Hippocampus in
Aging Mice

To investigate the molecular mechanism of plasmalogens
improving learning and memory of aged mice, transcriptome
analysis was performed by RNA-sequencing (RNA-seq) on the
experimental murine hippocampus tissues. There are 802
differentially expressed genes (Ratio >1.2 or Ratio <0.8, and
p < 0.05) in the aged Pls-fed mice compared with aged control
(Supplementary Table S1), and heatmap analysis of all the
differentially expressed genes was shown in Figure 4A.
GeneAnalytics  pathway  analysis showed that these
differentially expressed genes were involved in several
pathways, including ERK, PI3K-AKT signaling (Figure 4B).
The DAVID version 6.8 was used for function annotation
analysis and enrichment analysis, which shown that these
genes were engaged in synapse (Synpo, Synpr, Erbb3, and

Slc6a9, etc.), neurogenesis (Fabp7, Nrp2, Ephbl, and Insc,
etc.), neural stem cell (Nestin, Sox2, and Msil), nervous
system development (Ephb3, Dpysl3, Smarca2, and Efnb3,
etc.), neuotrophin signaling pathway (Vgf, Ntf3, Gabl, and
Irs, etc.), lipid metabolic process (Agpat4, Elovll, Elovl7, and
Fa2h, etc.) (Figure 4C). Neurotrophins including VGF and
neurotrophin-3 (Ntf-3), are considered powerful molecular
mediators in synaptic plasticity (Poo 2001; Park and Poo
2013). The elevated level of neurotrophins in aged Pls-fed
mice may contribute to potential neurogenesis and observed
synaptogenesis in aged Pls-fed murine hippocampus. These
RNA-sequencing data point out that Pls administration may
upregulate the expression of synapse-associated genes and
promote synaptogenesis and neurogenesis in aged murine
hippocampus.

3.4 Plasmalogens Enhance the
Hippocampal Synaptic Plasticity in the Aged
Mice

Learning and memory are associated with the remodeling and
growth of synapses (Bailey et al., 2015). Above-mentioned
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fed murine hippocampus based on RNA-seq (n = 4 mice per group). (B) GeneAnalytics pathway analysis of differentially expressed genes in hippocampus of aged
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TEM and RNA-seq results have suggested that Pls may
enhance the hippocampal synaptic plasticity. To further
verify the alterations of synaptic plasticity, we investigated

the expression of synaptic plasticity-related protein,
synaptophysin, by immunoblotting and
immunofluorescence  techniques. Immunofluorescence

studies showed that, the expression of synaptophysin was
significantly reduced in the CAl and DG regions of
hippocampus of aged controls mice compared with that of
young mice, and significantly increased in aged Pls-fed mice
compared with that of the aged controls (Figures 5A-C).
Furthermore, immunoblotting analysis also showed that
synaptophysin ~ was markedly upregulated in the

hippocampus of aged Pls-fed mice (Figures 5D,E). These
results indicate that synaptic plasticity decreases in an age-
related manner and can be enhanced by Pls supplementation.

3.5 Plasmalogens Promote Neurogenesis in
the Aged Murine Hippocampus

In the aged brain, neurogenesis decline leading to reduced
neuroplasticity and cognitive function (Villeda et al., 2011).
Adult neurogenesis usually occurs in neurogenic niches in the
dentate gyrus (DG) of hippocampus (Villeda et al., 2011). To
further investigate whether plasmalogens can affect the
neurogenesis, we examined the proliferative Sox2+ stem
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FIGURE 5 | Plasmalogens enhance synaptic plasticity in the hippocampus of aged mice. (A) Representative images showing the expression of synaptophysin
(green) inthe CA1 and DG region of mice hippocampus. (B-C) Graph showing quantification of the immunostaining of synaptophysin in the CA1 and DG region of murine
hippocampus (n = 4 mice for each group), and values are presented as mean + SEM. (D) Representative immunoblotting of synaptophysin levels and (E) graph showing
quantification of synaptophysin levels. The quantification is a ratio of synaptophysin/p-tubulin levels (n = 3 mice per group), and values are presented as mean + SD.
Asterisks indicate statistical significances compared to Aged control by one-way ANOVA,; significance (‘o < 0.05; “p < 0.01), scale bars, 50 pm.

cells in the  murine  hippocampal sections.  that of young controls, and significantly increased in the
Immunofluorescence data showed that, the number of  aged Pls-fed mice compared with that of the aged controls
Sox2+ stem cells was significantly reduced in the DG  (Figures 6A,B). Furthermore, the increased Sox2 mRNA level
regions of hippocampus of aged controls compared with  (Figure 6C) in the aged Pls-fed mice compared with that of
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FIGURE 6 | Plasmalogens promote neurogenesis in the aged murine hippocampus. (A) Representative fluorescence images showing neural stem cells in young
control, aged control and aged Pls-fed mice of hippocampal dentate gyrus (DG). Cells are identified based on anti-Sox2 (red). DAPI indicates nuclear staining (blue). (B)
graph showed quantification of Sox2+ cells among groups. (C) The real-time PCR data showed mRNA expression of Sox2 in hippocampus of young control, aged
control and aged Pls-fed mice. All values are presented as mean + SEM. Asterisks indicate statistical significances compared to Aged control by one-way ANOVA;

A Young
(&)
4
@]
9]
a
<
S
N
X
o
n
B
150+
2
]
o dedek
N
¢ 100 .
[®]
(2]
‘s —T
o 501
a
£
5
=z
0- T T
Young Aged Control Aged Pls-fed
significance (o < 0.05; **p < 0.01; **p < 0.001), scale bars, 50 um n = 4 mice for each group.

(@)

Aged Pls-fed 68

Sox2

et
2
1

g
o
1

- -
o o
1 1

o
0
1

Relative mRNA expression
(Fold change to Aged control)

2
o
1

T T
Aged control Aged Pls-fed

Young

the aged controls is consistent with previous RNA-seq data
(Figure 4C). These results demonstrate that plasmalogens
may activate the NSCs proliferation, which is beneficial to
stabilize the neural network in hippocampus.

3.6 Plasmalogens Suppress the Microglia
Activation and Attenuate
Neuroinflammation in the Aged Murine

Brain

Microglia partake in many important events in adult brain
including neurogenesis, synaptic plasticity, synaptic pruning
and maintenance of neuronal health (Kierdorf and Prinz
2017). In healthy brain, microglia exhibit a ramified
morphology, termed as “resting” or “surveying” microglia.
Whereas microglia in the aged brain display a dystrophic
morphology, classified as a “primed” or “sensitized”
phenotype (Niraula et al., 2017; Hanisch and Kettenmann
2007). Immunofluorescence analysis of Ibal+ cells allowed us
to view microglial shapes in the murine hippocampus
(Figure 7A). The morphological features of surveying

microglia with branched long processes were observed in
young control and aged Pls-fed samples, whereas the
dystrophic microglia were observed in aged control mice
(Figure 7A). Quantitative analysis of morphological
changes of microglia demonstrated the noticeable
differences among three groups. The skeleton analysis data
showed that endpoints were lower in the aged control
compared to young control and aged Pls-fed mice
(Figure 7B). The Sholl analysis data showed an increase in
the number of branches in microglia of aged Pls-fed mice
compared to those of aged controls (Figure 7C). The
experimental results indicate that plasmalogens may
alleviate age-related microglia activation. The primed
phenotype of microglia in the aged brain may produce
more pro-inflammatory cytokines such as TNF-a, IL-1p
and IL-6 (Sierra et al., 2007). The measurements of pro-
inflammatory cytokines, revealed that the levels of IL-1p,
IL-6 and TNF-a (Figures 7D-F) were significantly
reduced in the hippocampal tissues of aged Pls-fed mice
compared to aged controls. These experimental outcomes
demonstrate that plasmalogens may inhibit microglial
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FIGURE 7 | Effects of plasmalogens intervention on microglia activation and inflammatory cytokines expression. (A) Immunofluorescence staining of lbal+
microglia cells (red) in the hippocampus of young control, aged control and aged Pls-fed mice, scale bars, 50 um. Note that microglia of aged control mice display shorter
processes and diminished ramification of processes, whereas microglia of aged Pls-fed and young control show longer and ramified processes. (B) The graph bar of
skeleton analysis on microglia showed that the endpoints are increased in microglia of aged Pls-fed mice. (C) Sholl analysis of the number of branches plotted as a
distance from cell body (n = 30, microglial cells per experimental group). (D-F) The real-time PCR data showed mRNA expression of pro-inflammatory cytokines IL-1p,
TNF-q, IL-6 in hippocampus of young control, aged control and aged Pls-fed mice. All values are presented as mean + SEM. Asterisks indicate statistical significances
compared to Aged control by one-way ANOVA (*p < 0.05; **p < 0.01).

activation and reduce pro-inflammatory cytokines in the
aged mice.

4 DISCUSSION

There has been an increasing interest in plasmalogens research
due to the emerging roles they play in health and diseases (Su
et al., 2019; Dorninger et al., 2020; Bozelli et al., 2021). The
reduced level of plasmalogens has been commonly observed in
the patients suffering from neurodegenerative disorders and
appears to meet Bradford Hill criteria for causal association
with neurodegeneration to a considerable extent (Senanayake
and Goodenowe 2019). Moreover, plasmalogen replacement
therapy (PRT) has been shown to be a successful way to
restore plasmalogen levels as well as to ameliorate pathological
phenotypes (Bozelli and Epand 2021), and an increasing number
of studies suggests that plasmalogens may serve as potential
therapeutic intervention for multiple neurodegenerative

diseases, including AD and PD (Fujino et al.,, 2017; Yamashita
etal., 2017; Bourque et al., 2018; Fujino et al., 2018; Nadeau et al,,
2019; Mawatari et al., 2020). These reports all point to a fact that
the significance of plasmalogens in neuro-degeneration and
neuro-regeneration. However, these studies also raised some
puzzling questions about the actual mechanisms of
plasmalogens that remain to be revealed. Based on others” and
our own experimental data, we thus boldly propose that
plasmalogens may improve age-related cognitive decline
through the promotion of neurogenesis, especially
synaptogenesis and synaptic vesicles formation to counteract
the loss of synaptic connectivity and networking in aging and
neurodegenerative process.

In the present study, we attempt to answer these important
questions by examining the synaptic and microglial response to
plasmalogens treatment in the aged female mice. The decline of
cognitive function in humans is progressive, usually starting at
middle age (Schonknecht et al., 2005). Compared to males, age-
related cognitive decline and brain atrophy occur earlier in
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females (Yuan et al., 2012; Podgorski et al., 2021). Women have a
higher life expectancy than men, but reported a higher prevalence
of dementia (Corrada et al., 2008). For these reasons, naturally
aged female mice were used as experimental subjects in this study.
The 18-month old C57BL/6] mice showed significant cognitive
impairments compared to young controls, while the aged Pls-fed
mice have significantly better spatial learning and memory
performance than that of aged controls. Moreover, aged Pls-
fed mice look healthy in appearance with glossier and thicker
body hair comparable to young control mice. From our close
observations, the aged mice began to grow new black hair clearly
visible to the naked eyes since the 3rd week of Pls
supplementation. As Pls administration was continuously
introduced to the aged mice, the black hair became thicker
with glossy look. The intragastric administration of
plasmalogens effectively improved the physiological structure
and function of synapses in the aged murine hippocampus
and might further reverse the age-related cognitive functions
of the brains.

Aging is thought to drive a progressive decline in synaptic
connectivity and neurogenesis in brain, resulting in cognitive
impairments and predisposition to neurodegenerative disorders
(Burke and Barnes 2006; Dickstein et al., 2007; Rossi et al., 2008;
Villeda et al., 2011; Fan et al., 2017). Synaptic loss is correlated most
strongly with cognitive decline and synaptic function; the latter is
underlying the cognitive performance. In this report, the hippocampal
synaptic ultrastructures of CAl area in aged Pls-fed mice appear
comparable to those of young controls. Whereas the number and
density of synapses and synaptic vesicles of aged controls are visibly
much less compared to those of young controls and aged Pls-fed mice.
Our observations of synaptic damage and loss in the aged controls are
consistent with that of previous reports (Bondareff and Geinisman
1976; Geinisman et al., 1986; Geinisman et al., 1992). TEM data in this
report provide the first direct visual evidence that plasmalogens
supplementations may alleviate age-dependent synaptic loss and
also promote synaptogenesis and synaptic vesicles (SVs) formation.
Therefore, we further examined neurogenesis and synaptic plasticity
associated proteins. Synaptophysin is a synaptic vesicle glycoprotein,
involved in the fusion of neurotransmitter vesicles and regulation of
synaptic vesicle exocytosis (Siidhof 1995; Janz et al, 1999). The
markedly increased expression of synaptophysin in aged Pls-fed
mice, suggests that plasmalogens as a major lipid component of
synapses may play role in promoting the formation of SVs and
synaptic membrane. Moreover, plasmalogens can activate the neural
stem cells and promote neurogenesis in aged murine brain, and both
may have significant effects on maintaining the cognitive function of
animals. Furthermore, RNA-seq analysis on the murine hippocampus
revealed the obvious changes in synapse, neurotrophins, neurogenesis,
neural stem cell and lipid metabolism at the genetic and molecular
level in response to plasmalogen administration. All these findings
support that Pls may reverse cognitive aging by enhancing the
synaptic plasticity and neurogenesis in aging mice.

During aging process, activated microglia release a plethora of
cytokines, chemokines, and reactive oxygen species, which in turn
affect various aspects of adult neurogenesis (Sierra et al., 2010; Harry
2013). The continuous over-activated microglia may lead to the
development of neurodegeneration. Microglia in the aged brain

Plasmalogens Eliminate Synaptic Defects

have been characterized by the dystrophic morphologies (Niraula
et al, 2017), which are arguably less capable in securing CNS
homeostasis and may trigger the neuroinflaimmation to further
develop neurodegenerative disorders. The dystrophic microglia as
an indicator of pathological precursor may contribute to overall
weakening of synaptic connectivity and plasticity, often underlying
age-dependent cognitive decline. Downregulation of plasmalogens
synthesis by injection of lentiviral ShRNAs targeting the Gnpat mRNA
causes activated NF-kB in the cerebral cortex of mice, an observation
accompanied by a pro-inflammatory state of microglia in the
manipulated brain region (Hossain et al, 2017). Vice versa,
complementary experiments in vitro and in vivo indicate that
plasmalogens supplementation can halt inflammatory response,
through shifting microglia cell to a less pro-inflammatory state
(Hossain et al.,, 2018; Sejimo et al., 2018; Ali et al,, 2019; Youssef
etal, 2019). In our study, microglia in aged Pls-fed mice brain are less
activated (Figures 7A,B), suggesting that plasmalogens may alleviate
age-related microglial activation and retain them in a
surveillance state.

Neuroinflammation is a common feature of multiple
neurodegenerative disorders, including AD.
Neuroinflammation is known as a negative regulator of adult
hippocampal neurogenesis (Ekdahl et al, 2003; Monje et al.,
2003) and its progressive enhancement in hippocampus has been
considered as one of the hallmarks of aging. The aged microglia
produce more pro-inflammatory cytokines including TNF-q,
IL1-B, and IL-6 (Sierra et al, 2007). Our examinations on
microglia-mediated pro-inflammatory cytokines (IL-1p, IL-6
and TNF-a), demonstrated a significant decline of these
inflammatory factors in the hippocampus of aged Pls-fed mice
compared to that of aged controls. The reduced
neuroinflammation mediated by plasmalogens
supplementation in aged brain may help maintain a healthy
nervous system and against cognitive decline.

The bioavailability of oral supplements of plasmalogens to the
neuronal cells is still not clear. Although some studies suggest that
plasmalogen precursors can pass through the blood-brain barrier
(BBB) (Wood et al., 2011; Malheiro et al., 2019) the penetration of
plasmalogens across BBB may be low in efficacy (Fallatah et al.,
2020). Plasmalogen can be hydrolysed into PUFA and lyso-
plasmalogen by gut phospholipase A2 (Jurkowitz et al., 1999;
Wu et al, 2011). Lyso-plasmalogen could be transported to
various tissues and organs and be reused to synthesize new
plasmalogen species (Yamashita et al, 2021). Plasmalogens
from ascidians (Halocynthia roretzi) contain unsaturated fatty
acids such as DHA and EPA (Yamashita et al., 2014; Yamashita
etal,, 2016a). One study has suggested that the phospholipid form
of DHA could cross the blood-brain barrier at a rate of
approximately 10 times faster than that of the free fatty acid
form of DHA (Lagarde et al., 2015). Therefore, the ingestion of
plasmalogens with DHA might exert enhanced neuroprotective
and neural function maintenance effects in the brain. Further
studies are necessary to examine whether 2 months of oral Pls
supplements may improve the plasmalogen levels and/or change
the plasmalogen profiles or fatty acids profiles in the aged brain.

In conclusion, our results in the aging mouse model provide
novel evidence that ascidian-derived plasmalogens treatment for
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2 months is effective in improving cognitive function of the
elderly. Further analyses of suggested that improved cognitive
function following Pls treatment is linked to the enhanced
synaptic plasticity, anti-inflammatory effects, and enhanced
neurogenesis in the aged hippocampus. These results suggest
that administration of plasmalogens may offer a promising
strategy to improve cognitive function as we age.
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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 (PIsEtn). The molar ratios of PIsEtn 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 PIsEtns with
molar ratios p16:1/14:0 and p16:1/16:1, the main species of plasmalogens from S.
ruminantium, increased gradually until 3-4h after lipid injection and then gradually
decreased. In addition, the level of PIsEtns with p16:1/20:4 and p16:1/22:6 rapidly
increased, peaking at 1-1.5h and 1.5-2h after lipid injection, respectively. The
increase in the number of PIsEtns 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
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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 sun-3 position
(Panganamala et al., 1971; Heymans et al., 1983).

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 '*C-labeled FAs used for
cultivating S. ruminantium and the phospholipid (PL) fraction
obtained from ethanol-ether extraction of the cultivated cells
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sn-1cH- 0—cH=cH-Jif]  sn-1cHs- o-cH=cH |l
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Ethanolamine plasmalogens Choline plasmalogens
FIGURE 1 | Structures of ethanolamine plasmalogens (PIsEtn) and

choline plasmalogens (PIsCho). R1 and R2 denote the carbon chain at the sn-
1 and sn-2 positions, respectively.

(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 2.1L of the
988TYG medium and then incubated at 37°C with N, gas
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flowing. The 988TYG medium contained 0.2% trypticase, 0.2%
yeast extract, 0.5% glucose, 0.02% caproic acid sodium salt, 0.3%
Na,CO3, 0.09% KH,PO,4, 0.09% NaCl, 0.09% (NH,),SO,4, 0.001%
MnCl,-4H,0, 0.001% CoCl,-6H,0, 0.001% CaCl,-2H,0, and
0.0001% resazurin. After air in the 988TYG medium was
partially replaced with N,, the medium was autoclaved, and
then, 0.2ml (for 100ml medium) or 4.2ml (for 2.1L
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 x 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%
KCI 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 analyzed by ultra-performance liquid
chromatography-electrospray ~ ionization  tandem  mass
spectrometry (UPLC/ESI-MS/MS) and subjected to further
experiments.

was

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 pmol
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 (10g/L) and triolein (75g/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 2h 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.

Lymphatic Absorption of Microbial Plasmalogens

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 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 pm, 100 mm x 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
5mM 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. PIsEtn was quantified according to the principles
described (Zemski Berry and Murphy, 2004). In brief, PIsEtn
was identified by fragments derived from the sn-1 position
(pl6:0, pl6:1, pl17:0, 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.

Synthetic p18:0-18:1 and p18:0-20:4 of PlsCho and PIsEtn,
(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) wusing an Iatroscan MK-6
instrument (Mitsubishi Chemical Yatron, Tokyo, Japan)
(Watanabe et al., 2019).

and Dyer,

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.
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TABLE 1 | The parent and CID (collision induced dissociation) fragment ions of the measured plasmalogen molecular species.

PIsEtn
sn-1 sn-2 [M + H]* CID fragment ion
p16:0 14:0 648.49 364
15:0 662.50 364
156:1 660.49 364
16:0 676.52 364
16:1 674.50 364
17:0 690.54 364
17:1 688.52 364
18:0 704.55 364
18:1 702.54 364
18:2 700.52 364
20:4 724.52 364
20:5 722.51 364
22:4 752.55 364
22:5 750.54 364
22:6 748.52 364
p16:1 14:0 646.47 362
15:0 660.48 362
156:1 658.47 362
16:0 674.50 362
16:1 672.48 362
17:0 688.52 362
17:1 686.50 362
18:0 702.53 362
18:1 700.52 362
18:2 698.51 362
20:4 722.51 362
20:5 720.49 362
22:4 750.54 362
22:5 748.52 362
22:6 746.51 362
p17:0 14:0 662.51 378
15:0 676.52 378
156:1 674.51 378
16:0 690.54 378
16:1 688.52 378
17:0 704.56 378
17:1 702.54 378
18:0 718.57 378
18:1 716.56 378
18:2 714.54 378
20:4 738.54 378
20:5 736.52 378
22:4 766.57 378
22:5 764.55 378
22:6 762.54 378
pl17:1 14:0 660.49 376
15:0 674.50 376
15:1 672.49 376
16:0 688.52 376
16:1 686.50 376
17:0 702.54 376
17:1 700.52 376
18:0 716.55 376
18:1 714.54 376
18:2 712.52 376
20:4 736.52 376
20:5 734.51 376
22:4 764.55 376
22:5 762.54 376
22:6 760.52 376

Lymphatic Absorption of Microbial Plasmalogens

PIsCho
sn-1 sn-2 [M + H]* CID fragment ion
p16:0 14:0 690.54 184
15:0 704.55 184
156:1 702.54 184
16:0 718.57 184
16:1 716.55 184
17:0 732.58 184
17:1 730.57 184
18:0 746.60 184
18:1 744.58 184
18:2 742.57 184
20:4 766.57 184
20:5 764.55 184
22:4 794.60 184
22:5 792.58 184
22:6 790.57 184
p16:1 14:0 688.52 184
15:0 702.53 184
15:1 700.52 184
16:0 716.55 184
16:1 714.53 184
17:0 730.56 184
17:1 728.55 184
18:0 744.58 184
18:1 742.56 184
18:2 740.55 184
20:4 764.55 184
20:5 762.54 184
22:4 792.58 184
22:5 790.57 184
22:6 788.55 184
p17:0 14:0 704.56 184
15:0 718.57 184
15:1 716.56 184
16:0 732.59 184
16:1 730.57 184
17:0 746.60 184
17:1 744.59 184
18:0 760.62 184
18:1 758.60 184
18:2 756.58 184
20:4 780.58 184
20:5 778.57 184
22:4 808.61 184
22:5 806.60 184
22:6 804.58 184
p17:1 14:0 702.54 184
15:0 716.55 184
15:1 714.54 184
16:0 730.57 184
16:1 728.55 184
17:0 744.58 184
17:1 742.57 184
18:0 758.60 184
18:1 756.58 184
18:2 754.57 184
20:4 778.57 184
20:5 776.55 184
22:4 806.60 184
22:5 804.58 184
22:6 802.57 184

(Continued on following page)
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TABLE 1 | (Continued) The parent and CID (collision induced dissociation) fragment ions of the measured plasmalogen molecular species.

PIsEtn
sn-1 sn-2 [M + H]* CID fragment ion
p18:0 14:0 676.52 392
15:0 690.53 392
16:1 688.52 392
16:0 704.55 392
16:1 702.53 392
17:0 718.57 392
171 716.55 392
18:0 732.58 392
18:1 730.57 392
18:2 728.55 392
20:4 752.55 392
20:5 750.54 392
22:4 780.58 392
22:5 778.57 392
22:6 776.55 392
p18:1 14:0 674.51 390
15:0 688.52 390
156:1 686.51 390
16:0 702.54 390
16:1 700.52 390
17:0 716.56 390
17:1 714.54 390
18:0 730.57 390
18:1 728.56 390
18:2 726.54 390
20:4 750.54 390
20:5 748.52 390
22:4 778.57 390
22:5 776.55 390
22:6 774.54 390
RESULTS

Effects of Caproic Acid Concentration and
pH on Biosynthesis of PIsEtn 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), PIsEtn 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 PIsEtn
production was 10.5 + 3.5 umol/L of culture broth, and the
molar ratios of PIsEtn species were p16:1/14:0 (68.4%), p16:1/

PIsCho

sn-1 sn-2 [M + H]* CID fragment ion

p18:0 14:0 718.57 184
15:0 732.58 184
15:1 730.57 184
16:0 746.60 184
16:1 74458 184
17:0 760.61 184
17:1 758.60 184
18:0 774.63 184
18:1 772.61 184
18:2 770.60 184
20:4 794.60 184
20:5 792.58 184
22:4 822.63 184
22:5 820.62 184
22:6 818.60 184

p18:1 14:.0 716.56 184
156:0 730.57 184
156:1 728.56 184
16:0 744.59 184
16:1 742.57 184
17:0 758.60 184
17:1 756.59 184
18:0 772.62 184
18:1 770.60 184
18:2 768.58 184
20:4 792.58 184
20:5 790.57 184
22:4 820.61 184
22:5 818.60 184
22:6 816.58 184

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).

Lymphatic Absorption of PIsEtn 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 PIsEtn 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 PIsEtn 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
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FIGURE 2 | Effects of caproic acid concentration and pH on growth and PIsEtn production in S. ruminantium. Effect of caproic acid at different concentrations on
(A) growth of S. ruminantium and (B) PISEtn 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) PISEtn 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. PIsEtn production was measured by LC-MS/MS analysis of lipids extracted from dry cells. The data represent mean + SD (n = 3).

(initial) (Figure 3). However, the level of PIsEtn containing p16:1
at the sn-1 position was increased, reaching a peak value at 1-4 h
(Figure 4A). The molecular species of PIsEtn 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 PIsEtn with p16:1/20:4, p16:1/
22:6, plé6:1/18:1, and pl6:1/20:5 peaked at 1-3h 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 PIsEtn
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 PIsEtn 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 7h. With

regards to FAs at the sn-2 position, the amounts of PIsEtn 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).

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 PIsEtn containing pl6:1 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 sun-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 PIsEtn 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%, pl6:1; 66.6%, pl18:0; and 19.8%, pl8:1at 1-1.5h.
However, the ratios were returning to a level closer to that
as the initial lymph as follows: 24.2%, p16:0; 0.2%, pl6:1;
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
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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.

Origin

S. ruminantium 14:0 26.71
15:0 0.51

16:0 11.38

16:1 42.56

17:1 2.53

18:0 1.27

18:1 7.18

18:2 1.78

Others 6.09

100

sn-1 Alkenyl sn-2 Acyl Ethanolamine plasmalogen (%)

p16:1 14:0 68.4
p16:1 15:0 0.3
p16:1 156:1 0.1
p16:1 16:0 0.7
p16:1 16:1 29.2
p17:1 14:0 0.3
Others 1.0

100.0

Fatty acids (%)

Porcine brain 16:0 31.22
16:1 2.55

17:1 3.38

18:0 21.77

18:1 22.88

18:1 5.07

20:4 5.44

22:5 1.30

22:6 2.73

Others 3.66

100

sn-1 Alkenyl sn-2 Acyl Ethanolamine plasmalogen (%)

p18:1 18:1 21.4
p18:1 20:4 13.7
p18:0 22:6 12
Others 52.9

100

Fatty acids (%)

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 aresult, the total PIsEtn output in the lymph was increased
time-dependently by the injection of the porcine brain lipid
(p = 0.050) (Figure 3).

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 PIsEtn from
S. ruminantium into the lymph was approximately one-

Lymphatic Absorption of Microbial Plasmalogens

TABLE 3 | The composition (%) of lipids in the lipid extracts from S. ruminantium
and porcine brain.

Amount of lipid (%) in lipid extracts

S. ruminantium Porcine brain

PE 73 40.4
PC + SM - 23.3
ChoE + TG 3.59 4.87
Chol 3.66 22.3
Others 19.75 9.13

100 100

PE, phosphatidy! ethanolamine including PlsEtn; PC + SM, phosphatidy! choline +
sphingomyelin; ChoE + TG, cholesterolester + triglyceride; Chol, cholesterol.

winitial
u0~0.5 hr
#0.5~1 hr
u1~1.5hr
* = 1.5~2 hr
2~3 hr
3~4 hr
4~5 hr
5~6 hr
6~7 hr

PIsEtn

PlsCho PIsEtn PlsCho

Porcine brain

S. ruminantium

FIGURE 3 | Total amounts of PIsEtn 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 O (o < 0.05).

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 2-3h after administration and remained high until 7h
(Figure 6A); however, p16:1/14:0 and pl6:1/16:1 were not

Frontiers in Cell and Developmental Biology | www.frontiersin.org

49

March 2022 | Volume 10 | Article 836186


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Sato et al. Lymphatic Absorption of Microbial Plasmalogens
A B
20 winitial 16 ol
u0~0.5 hr u0~0.5 hr
%0.5~1 hr 1.4 50.5~1 hr
m1~15hr S
15 152 hr 12 mioeh
" 2~3 hr | l w23
* 3~4 hr
* 4~5 hr 1.0 4~5 hr
£ L, - i el
©1.0 H 67 hr 0.8
2 i b 2
i L Lo 0.6
i i
0.5 0.4
* * * *
s, 1t Hi.tttf 02
0.0 2 a a ) 0.0 .
p16:0 p16:1 p18:0 p18:1 14:0 16:1 18:1 18:2 20:4 20:5 22:4 22:5 22:6
sn-1 sn-2
C 0.8 = initial
. =0~0.5 hr
» #0.5~1 h
07 r ‘ 1215 hr
=1.5~2hr
06 o w2~3 hr
f 3~4 hr
4~5 hr
_05 I 5~6 hr
< 6~7 hr
S04 H
£
“o3 f e
‘TI?,
02 | T
0.1 .
0.0 aacll . bt L
p16:1/14:0 p16:1/16:1 p16:1/18:1 p16:1/18:2 p16:1/20:4 p16:1/20:5 p16:1/22:6
Molecular species
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 PIsEtn of thoracic lymph-cannulated rats for 7 h after duodenal administration of the emulsion containing
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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%, pl6:0; 1.1%, pl6:1; 29.8%, p18:0; and 14.4%, pl8:I,
whereas those in the lymph 1-1.5h 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).

In contrast, after the injection of the lipid derived from
porcine brain containing PlsEtn, the molecular species of
PlsCho containing pl6:1at the sn-1 position was barely
detected in the lymph, and the level of PlsCho with p16:0,
p18:0, and pl8:1 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.

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
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PIsEtn 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 O (p < 0.05).

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.

After administration of the lipid from S. ruminantium to rats,
the level of PIsEtn containing the p16:1 hydrocarbon chain at the
sn-1 position increased in the lymph (Figure 4A). The PIsEtn
with p16:1 at sn-1 is characteristic of PIsEtn 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 PIsEtn 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 PIsEtn with the pl6:1 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
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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
pl6:1, 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 (LPLATSs) (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 LPEAT? 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 PIsEtn. As mentioned earlier, most of the
PIsEtn absorbed in the small intestine was released into the
lymph as PIsEtn with polyunsaturated FAs (20:4 and 22:6) at
the sn-2 position. However, the levels of PlsEtn having p16:1/14:0
and pl16:1/16:1 were also increased in the lymph significantly
(Figure 4B). The ratio of these species was 4.3% of the total
PIsEtn 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 +
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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 PIsEtn with 16:1 at the sn-2 position was not high in the
lymph after the injection of the lipid derived from .
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 PIsEtn 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 PIsEtn 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
PIsEtn 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,
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the administration of lipids from S. ruminantium, containing
PlsEtn, time-dependently increased the level of PlsCho
containing pl6:1at the sn-1 position, temporarily decreasing
the levels of PIsEtn containing p16:0, p18:0, and p18:1 at the
sn-1 position. Furthermore, the peak lymphatic release of PlsCho
with pl6:1at the sn-1 position was delayed by about 1h
compared with that of PIsEtn with pl6:1 at the sn-1 position.
This is because, immediately after administration, the re-
synthesis of PIsEtn is promoted preferentially according to the
amounts of lyso-PlsEtn and FA, following which, the conversion
of PIsEtn 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 181 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

Lymphatic Absorption of Microbial Plasmalogens

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 PIsEtn during intestinal absorption,
that is, it undergoes 20:4 and 22:6 re-esterification and base
conversion (PIsEtn 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 Muller 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 Muller 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 Muller cells
content in plasmalogens was sufficient to significantly downregulate Cx43 expression,
while increasing its phosphorylation. Furthermore, plasmalogen-depleted Muller 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 Muller
cells migration. Taken together, these data confirm that plasmalogens are critical for the
regulation of Cx43 expression and for characteristics of retinal Mdller glial cells such as
GJIC and cell migration.

Keywords: plasmalogens, retina, miiller cells, connexin 43, gap junctional intercellular communication, cell
migration
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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, Miiller cells
represent the main glial cell type as they can make up to 90% of
macroglial cells (Bringmann et al., 2006). Miiller 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 Miiller cells, but also with other cell
types. For instance, it has been shown that Miiller 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 Miiller 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 Miiller 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

Plasmalogens Regulate Retinal Cx43

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
IExpérimentation Animale Grand Campus Dijon) and by the
French Ministry of Higher Education and Research (reference
number 02271.1).

2.1.2 Muller Cells

Primary Miiller 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 pL/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 1g/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).

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/100g. 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 pL/ml
of streptomycin-penicillin medium. Dissociated cells were then
plated onto a 75 cm’® culture flask, previously pre-coated with
poly-L-lysine (1X) and maintained in culture medium (DMEM
F12 + 10% FBS +10 pL/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, Miiller cells and astrocytes were seeded on
poly-L-lysine coated glass coverslips (18 mm diameter) in 6-wells
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FIGURE 1 | Experimental procedure of plasmalogen depletion using a siRNA-based approach targeting DHAPAT in primary rat retinal Mller cells. Primary Miller

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 cm? 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 Mller cells and astrocytes isolation, transfection
and co-culture procedure.

plates (25 mm diameter) at 5.10° cells/ml and 8.10°cells/ml,  increasing sucrose concentrations before being embedded in
respectively. Miiller cells were seeded 1day before astrocytes  Tissue-Tek O.C.T. (Sakura Finetek, Netherlands) and frozen
to allow the transfection with siRNA. Cells were co-cultured  into liquid nitrogen. 10 pm-thick cryo-sections were performed
together during 4 days before the experiment in DMEM F12 +  on a Leica microtome (CM 3050 S, Leica Microsystemes, France)
10% FBS +10uL/ml of streptomycin-penicillin medium  and were mounted on SuperFrost PlusTM slides (Thermo

(Figure 1). Scientific, United States). Primary Miiller cells were isolated as
previously described and seeded on microscope slides fixed for
2.2 Immunohistochemistry 2h in PFA 4% and kept in 1X PBS +0.01% thimerosal (Sigma-

Adult C57BL/6 mice (3 months of age, Centre d’Elevage Janvier, Aldrich, United States) until further experiments. Prior to
France) were euthanized by CO2 exposure. The eyeballs were  antibody labeling, both eye cryo-sections and Miiller cells-
isolated and fixed overnight in formaldehyde solution (PFA) 4% slides were blocked for 1h in 1% BSA (Sigma-Aldrich,
(Sigma-Aldrich, United States). Lens and cornea were then taken United States) + 0,1% Triton X-100 (Sigma-Aldrich,
out and eyecups were dehydrated in sucrose baths with gradually =~ United States) + 0,05% Tween (Sigma-Aldrich, United States).
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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 5136618 sense 5-CAUCGUUCUCAAUUCUGAALt-3/,
anti-sense 5'-UUCAGAAUUGAGAACGAUGga-3' and siRNA
ID 5136619 sense 5'-GGAUGUCCUUCAGUUGCUUULt-3/,
anti-sense 5'-AAGCAACUGAAGACAUCCtc-3') and the non-
targeting controls (siCTL) were purchased from Ambion
(references 4390771 and 4404020, ThermoFisher Scientific,
United States). The siRNA transfection of Miiller 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 Miiller Cells Plasmalogen

Content

Total lipid from Miiller 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 snu-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 (100m x 0.25mm i d, film thickness

Plasmalogens Regulate Retinal Cx43

0.20 um; Varian, France) equipped with a flame ionization
detector. Hydrogen was used as the carrier gas (inlet pressure
210kPa). 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 Miiller 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
5min in a 4X Laemmli buffer (40% glycerol, 240 mM Tris/HCI
pH 638, 8% SDS, 0.04% bromophenol blue, 5% beta-
mercaptoethanol) and then separated by electrophoresis at
125V for 1h (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 1h 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
B -tubulin (1:2000 dilution, ref 32-26,000, ThermoFisher) and
rabbit anti B-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, 2,7mM 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
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(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
Miiller 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 Miiller 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 pL 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 pL
aliquots at —20°C. 2puL of cDNA sample were added to 10 uL
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 15s at 95°C, 1 min at 60°C
and 30 s at 72°C. In addition to the Cx43-encoding gene (Gjal),
Gusb, and B2m were used as housekeeping genes. Primers
sequences were as follows: Gjal: Forward 5'-CAGCTGTTG
AGTCAGCTTGG - 3', Reverse 5-ACATGGGCCAAGTAC
AGGAG-3; Gusb: Forward 5'-CTCGAACAATCGGTTGCA-
3', Reverse 5'- TCATTGAAGCTGCAAGGGACC-3; B2m:
Forward 5'-CCGTGATCTTTCTGGTGCTTG -3', Reverse 5'-
CGGTGGATGGCGAGAGTACA-3.

2.7 ATP-Stimulated Miiller Cells Calcium

Response

Primary Miiller 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). Miiller 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 uM ATP-containing
stimulation plate. Miller cells were then stimulated with ATP
using the following injection parameters: volume = 50 pL, speed
rate 6 (~94 uL/s), height = 60 pL. 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 Miiller cells were loaded for 45 min at

Plasmalogens Regulate Retinal Cx43

United States) in a modified Hanks buffered saline solution
(HBSS: 135mM NaCl, 5mM KCl, 1.3mM CaCl2, 1 mM
MgCl2, 10mM 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 uM ATP onto a single Miiller cell with an
8.4-um 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 Miiller cell and neighboring
astrocytes following stimulation was recorded at 2Hz 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 Image] software (National Institute of Health,
United States, https://imagej.nih.gov/ij) to measure the
distance between the stimulated Miiller 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 um/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

Miiller cells migration was evaluated by a wound healing assay.
Miiller 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 x 10* cells/well. Inserts were
removed 5 days after the second siRNA transfection (P2), thus
creating a cell-free gap of 500 pm. 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

37°C under gentle agitation with 2, 5pM of Fura-2  were measured and calculated using the Image] software
acetoxymethylester (Fura-2AM, Molecular Probes, (National Institutes of Health, United States).
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FIGURE 2 | Downregulation of Cx43 gene and protein expression in the
retina of plasmalogen-deficient DAPAT adult mice. (A) RT-gPCR analysis of
Gjal 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 (o = 0.05; n = 3). Mann & Whitney
test. Data shown as mean + SEM.

2.11 Cell Proliferation
Cell proliferation was evaluated by Ki-67 labeling of Miiller

cells. Briefly, Miiller 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 Image] software. Proliferation was
evaluated as a ratio between the numbers of cells stained by Ki-
67 to total cells stained by DAPL.

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 Miller 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.
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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
(Gjal) and protein were significantly downregulated in a similar
fashion, as RT-qPCR revealed a reduction of Gjal 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).

3.2 Plasmalogens Are Synthesized and

Concentrated in Retinal Miiller 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 Miiller cells endfeet,
Soma and distal processes, respectively. DHAPAT expression in
Miller glia  was  then  further  confirmed by
immunocytochemistry. A glutamine synthetase (GS)-DHAPAT
double immunolabeling first confirmed the purity of our Miiller
cells culture and that Miiller cells strongly express DHAPAT
(Figures 3C-F). Finally, in order to assess the extent of
plasmalogen biosynthesis activity in Miiller glia, plasmalogen
concentrations were compared in total lipid extracts from
primary rat Miller cells and whole mouse retinas. A
significantly higher concentration of plasmalogen in Miiller
cells compared to whole retina extracts (17.67 + 0.30% vs.
7.53 + 0.30% of total phospholipids, p < 0.001) (Figure 3G),
confirming Miiller glia as a major reservoir of plasmalogens in the
retina. These data also reinforce the idea that plasmalogens might
play specific roles in Miiller cells physiology.

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 Miiller cells was assessed by a double
transfection of primary Miiller 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).

3.4 Plasmalogen Depletion of Miiller 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)
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FIGURE 3 | Miller 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 Mdller 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 Mdiller cells endfeet, Soma and
distal processes, respectively. (D-F) Micrographs of primary rat Mller cells labeled with GS and DHAPAT primary antibody showing that GS-positive MUller cells

also displayed a strong expression of DHAPAT. (G) Plasmalogen quantification by GC-FID reveals a strong concentration in Muller 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 M.
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(Figure 5A). RT-qPCR analyses further showed that Gjal
expression was also  significantly = downregulated in
siDHAPAT-transfected Miller cells (-47%, p < 0.01)

FIGURE 5 | Plasmalogen depletion impacts Cx43 expression in primary
Mdller cells culture. (A) Cx43 protein expression is significantly decreased in
siDHAPAT-transfected primary Mdiller cells. (B) Reverse transcription

(Figure 5B). In order to determine whether other Cx43- quantitative PCR (RT-gPCR) indicates that SDHAPAT transfection
dependent mechanisms are involved in Cx43 downregulation, significantly downregulated Gja? expression. (C,D) Western-blot analyses
we assessed Cx43 phosphorylation status, as it was shown that 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 &

phosphorylation of Cx43 on S368 and Y265 residues triggers its Whitney tost. 'p < 0.05; “0 < 0.01, Data shown as mean & SEM.

degradation through the ubiquitin-proteasome pathway (Leithe
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FIGURE 6 | Plasmalogen depletion enhances the calcium response of ATP-stimulated Mdiller cells. (A) Mean kinetic curves responses of control (siCTL) and
plasmalogen-depleted (SIDHAPAT) primary Mller cells stimulated with ATP. (B) Activation amplitude of ATP-stimulated Mdller cells show that plasmalogen-depleted
Muiller cells display a significantly increased calcium response. n = 4. Mann & Whitney test. *o < 0.05. Data shown as mean + SEM.

etal., 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).

3.5 Plasmalogen Depletion Affects Miiller
Glia Response to ATP

To evaluate whether Cx43 downregulation could be associated
with functional defects of Miiller cells, we investigated Miiller
cells direct response to ATP stimulation (Figure 6). Miiller 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).

3.6 Plasmalogen Depletion Alters Retinal
Glial Cells Gap Junction-dependent

Intercellular Communication

In the retina, Miiller cells not only engage in GJIC with other
Miiller 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

Miiller cells-astrocytes intercellular calcium-based
communication. siDHAPAT or siCTL-treated Miiller 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 Miiller 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 Miiller
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 Miiller 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 Miiller cell (T1 = 0-50 um; T2 = 50-100 um; T3 >
100 pm). Tertiles analyses confirmed that the increase in
activation delay of neighboring astrocytes was maintained as
the distance increased from the ATP-stimulated stimulated
Miiller cell (Figure 8B). Plasmalogen-depletion of Miiller 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 Miiller cell (0-50 um, p < 0.05; 50-100 um, p < 0.001;
>100 um, p < 0.01). ATP stimulation of plasmalogen-depleted
Miiller cells also led to a significant increase in the activation
amplitude of astrocytes whatever their distance to the ATP-
stimulated Miiller cells (p < 0.05) (Figure 8D), suggesting that
the previously shown over-activation of plasmalogen-depleted
Miiller cells (Figure 5) is maintained throughout the calcium
propagation to neighboring astrocytes.

Taken together, these results suggest that plasmalogens are
involved in the regulation of ATP-stimulated calcium response of
retinal Miiller cells as well as its propagation through gap
junctions to the neighboring astrocyte networks.

3.7 Plasmalogen Depletion Alters Miiller
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 Miiller cells as the rate of wound
closure was significantly reduced by 35-40% after 72h in
siDHAPAT-treated Miiller 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 P-Actin (Figure 9F) or (B-Tubulin (Figure 9G). Finally,
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FIGURE 7 | Evaluation of GJIC between retinal Miller cells and astrocytes. (A,B) Calcium imaging. Miller 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 Muller 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 pm.
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FIGURE 8 | GJIC alterations in astrocytes neighboring plasmalogen-depleted Miller cells. (A,B) Astrocytes stimulated by plasmalogen-depleted Miller cells
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alteration of Miiller cells migration was not associated with
modifications of cell proliferation as plasmalogen-depleted
Miiller cells did not exhibited any change in Ki-67 labeling
(Figures 9C,D).

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 Miiller 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 (Gjal)
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 Miiller 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
Miiller 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 Miiller 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 Miiller cells in vitro. Gjal
expression is known to be regulated by numerous mechanisms
such as transcription factors, epigenetic mechanisms (Oyamada
etal, 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 Gjal
downregulation in plasmalogen-depleted Miiller 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
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FIGURE 9 | Plasmalogen depletion of primary Muller 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 Mller 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
Muiller cells migration speed represented as a percentage of wound closure at indicated time points. Plasmalogen-depleted Mdiller 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) Muiller cells proliferation. Ki-67-labeled Mdller cells were quantified as a percentage (%) of DAPI-positive cells. Plasmalogen-depleted Mller 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 Muller cells in siCTL and siDHAPAT-transfected groups. (E-G) Western-blot analyses show a reduction of GFAP expression in siDHAPAT-
transfected Muiller cells (o = 0.05) (E), while other cytoskeleton-related proteins expression such as p-Actin (F) or § -Tubulin (g) remained unchanged. n = 4-5 cell cultures.

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 Miiller cells could be a direct
consequence of the changes in cell membrane composition.
Indeed, previous studies have shown that unlike usual diacyl
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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 Miiller 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 Miiller 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 Miiller cells to ATP-
stimulation with reproducible and well-calibrated parameters.
Our data reveal an increase in the activation amplitude of
plasmalogen-depleted Miiller 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 Miiller 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 Miller 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 Miiller 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 Miiller 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 Miiller 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

Plasmalogens Regulate Retinal Cx43

alterations of GJIC between plasmalogen-depleted Miiller cells
and astrocytes. Our data show that siDHAPAT-treated Miiller
cells evoked calcium waves that propagated slower than calcium
waves originating from control Miiller cells (Figure 8C), thus
resulting in a delayed activation of neighboring astrocytes
(Figure 8B). The average activation time of astrocytes closer
than 50 um from the Miiller 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 Miiller cells propagated at an average
speed of 37.3 um/s, which is consistent with previous studies
(Newman and Zahs, 1997; Scemes et al., 1998) measuring calcium
wave velocities of 25.3 um/s and 18.8 um/s, respectively. Calcium
waves originating from plasmalogen-depleted Miiller cells
propagated at 23.7 um/s, which represents a 37%-diminution
in propagation velocity. Interestingly, Scemes, Dermietzel and
Spray also found a 36% reduction of calcium wave velocity in
Cx43-KO astrocytes (Scemes et al., 1998). However, they also
found that knocking out Cx43 induced a reduction in astrocytes
activation amplitude, while we found that astrocytes stimulated
by plasmalogen-depleted Miiller cells (with downregulated Cx43)
exhibited stronger activation amplitudes (Figure 8D), which
seems consistent with the fact that plasmalogen-depleted
Miiller cells displayed an increase in their ATP-induced
calcium response (Figure 6). Accordingly, our results allow us
to hypothesize that astrocytes alteration in the plasmalogen-
deficient DAPAT™ mouse could be associated with (at least
partly) functional defects of Miiller cells. In order to validate our
findings, it would be of particular interest to assess Miiller cells
response to ATP and the subsequent GJIC in situ on whole retinas
or on isolated Miiller cells from ex vivo DAPAT ™" mice retinas
using previously described procedures (Uckermann et al., 2002;
Kurth-Nelson et al., 2009; Tchernookova et al., 2018). Further
studies would then be needed to evaluate to what extent the
defects in GJIC between Miiller cells and astrocytes participate to
the abnormal astrocytic template formation in the DAPAT ™
mice as observed previously (Saab et al., 2014).

Besides, the functions of Cx43 in glial cells are not restricted to
GJIC since several studies pointed out the implication of Cx43 in
other cellular mechanisms such as cell migration (Homkajorn
et al,, 2010; Lagos-Cabre et al., 2019; Olk et al., 2010). Indeed,
Cx43 is a transmembrane protein that acts as a membrane anchor
for cytoskeletal proteins (Butkevich et al.,, 2004; Crespin et al.,
2010; Matsuuchi and Naus, 2013), thereby regulating cell

cytoskeleton network. Therefore, it seemed likely that
alterations of Cx43 may induce modifications of the
cytoskeleton network organization and subsequent cell

migration (Figures 9A,B), potentially even without altering
the expression of its protein actors like B-actin or P-tubulin
(Figures 9F,G). Surprisingly, we found that reducing levels of
plasmalogens was associated with a downregulation of GFAP
(Figure 9E) in Miiller cells. As GFAP is overexpressed in
activated Miller cells during gliosis and considering its
implication in cell migration mechanisms, our data suggest
that lowering Miiller cells plasmalogen content may influence
the reactivity of Miiller cells to gliosis but also their ability to
migrate. To our knowledge, this is the first time that plasmalogen
metabolism is associated with such functional alterations of
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Miiller cells. Although these data could provide an interesting
insight into retinal gliosis mechanisms, further studies are needed
to unravel the precise cellular and molecular mechanisms linking
plasmalogen levels to GFAP and Cx43 protein metabolism.
Several mechanisms can be hypothesized. First, GFAP and
Cx43 have several common transcription factors regulating
sites in their promoter sequence such as NFkB, AP-1 or AP-2
(Geimonen et al,, 1996; Gomes et al., 1999; Wu et al., 2013;
Brenner et al., 2019). Quantifying these transcriptional regulators
could therefore be of great interest. Secondly, it has been shown
that plasmalogens regulate Protein Kinase C (PKC) activity
(Daniel et al., 1988; Sejimo et al., 2018), which is responsible
for Cx43 phosphorylation and subsequent degradation by the
ubiquitin-proteasome pathway (Leithe, 2016). Interestingly,
GFAP is also regulated by several mechanisms including
phosphorylation (Harrison and Mobley, 1991; Inagaki et al,
1994), and it have been suggested that phosphorylation status
of GFAP in glial cells may play an important role in astrocyte
remodeling during development and disease (Sullivan et al,
2012). Accordingly, we can hypothesize that plasmalogen
depletion could induce a greater activity of PKC and then
contribute at least partially to Cx43 and/or GFAP
downregulation.

It can be underlined that our model of partial reduction of
cellular plasmalogens presented in this study could be of
particular interest to investigate the plasmalogen-related
cellular mechanisms, as it may mimic biochemical alterations
that are closer to pathological conditions when compared to fully-
deficient cell lines, which are only relevant for rare diseases such
as Rhizomelic chondrodysplasia punctata (RCDP).

To conclude, we show that cell levels of plasmalogens
influence the expression and phosphorylation of Cx43, the
major protein in gap junctions. In addition to the Cx43
downregulation, plasmalogen-depleted Miiller cells displayed
defects in both the ATP-stimulated calcium response
(initiation) as well as calcium wave’s propagation to
neighboring astrocytes. Finally, we show that plasmalogen
depletion of Miiller cells was associated with an alteration of
their migration abilities, as well as a downregulation of GFAP
expression, a glia-specific cytoskeleton protein involved in glial
activation, but not with other cytoskeleton-related proteins.
Therefore, our data support the hypothesis that plasmalogen
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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

Frontiers in Cell and Developmental Biology | www.frontiersin.org 72

April 2022 | Volume 10 | Article 859421


http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.859421&domain=pdf&date_stamp=2022-04-12
https://www.frontiersin.org/articles/10.3389/fcell.2022.859421/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.859421/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.859421/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.859421/full
http://creativecommons.org/licenses/by/4.0/
mailto:phszama@nus.edu.sg
mailto:dengyr@wibe.ac.cn
https://doi.org/10.3389/fcell.2022.859421
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.859421

Rong et al.

Anti-oxidation

Lipid sources
for PAF

‘ precursor
W

PUFAs

reservoir
o

Plasmalogen

9 H,C—0—CH=CH—R,

R,—C——0—CH 9

H,C—0—P—0—"Head group

4
N

Cholesterol '

homeostasis Anti-PAF ?

Anti-inflammation

FIGURE 1 | General chemical structure of the vinyl-ether bonded
plasmalogen lipid and its proposed biological functions.

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).

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
etal,, 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

Plasmalogen as Anti-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
etal,, 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 (Almshergi 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 (Hj) 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).
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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
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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
etal, 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
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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 PLA, 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 A1 desaturase (reaction 9).

shown in Figure 2, which are structurally similar to plasmalogen
or PAF, are considered as plasmalogen analogs or plasmalogenic
analogs of PAF, respectively.

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 A, (PLA,, 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).

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 Al desaturase
(EC 1.14.19.77, reaction 9, blue arrow) (Maeba et al., 2018). Both
direction of chemical reaction processes, namely pPC to pPE,
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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 PLA,
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
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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 (Garcia-Nafria and Tate,
2021). After binding to PAF-R, PAF may activate intracellular
signaling pathways, including NF-xB 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)-q, interleukin (IL)-6, and IL-1P. All together they
may orchestrate the inflammatory responses (Jeong et al., 2016).
Particularly, NF-kB 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.,
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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-«kB
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 (Mclntyre 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
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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 (Echeverria 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
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PUFAs may provide anti-inflammatory activity through: 1)
inhibiting the expression of transcription factors (e.g., NF-kB),
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
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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
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Plasmalogen Precursor PPI-1011

Tara Smith*, Kaeli J. Knudsen and Shawn A. Ritchie

Med-Life Discoveries LP, Saskatoon, SK, Canada

PPI-1011 is a synthetic plasmalogen precursor in development as a treatment for multiple
plasmalogen-deficiency disorders. Previous work has demonstrated the ability of PPI-
1011 to augment plasmalogens and its effects in vitro and in vivo, however, the precise
uptake and distribution across tissues in vivo has not been investigated. The purpose of
this study was to evaluate the pharmacokinetics, mass balance, and excretion of ['*C]PPI-
1011 following a single oral administration at 100 mg/kg in Sprague-Dawley rats. Further
tissue distribution was examined using quantitative whole-body autoradiography after
both single and repeat daily doses at 100 mg/kg/day. Non-compartmental analysis
showed that following a single dose, PPI-1011 exhibited peak levels between 6 and
12 h but also a long half-life with mean t4» of 40 h. Mass balance showed that over 50% of
the compound-associated radioactivity was absorbed by the body, while approximately
40% was excreted in the feces, 2.5% in the urine, and 10% in expired air within the first
24 h. Quantitative whole-body autoradiography following a single dose showed uptake to
nearly all tissues, with the greatest initial uptake in the intestines, liver, and adipose tissue,
which decreased time-dependently throughout 168 h post-dose. Following 15
consecutive daily doses, uptake was significantly higher across the entire body at 24 h
compared to single dose and remained high out to 96 h where 75% of the initially-
absorbed compound-associated radioactivity was still present. The adipose tissue
remained particularly high, suggesting a possible reserve of either plasmalogens or
alkyl diacylglycerols that the body can pull from for plasmalogen biosynthesis. Uptake
to the brain was also definitively confirmed, proving PPI-1011’s ability to cross the blood-
brain barrier. In conclusion, our results suggest that oral administration of PPI-1011 results
in high uptake across the body, and that repeated dosing over time represents a viable
therapeutic strategy for treating plasmalogen deficiencies.

Keywords: PPI-1011, plasmalogen augmentation, absorption, excretion, distribution, metabolism

INTRODUCTION

Plasmalogens are naturally-occurring ethanolamine phospholipids derived in the peroxisome and
endoplasmic reticulum that contain a vinyl-ether bond at the sn1 position. Plasmalogens play diverse
roles within the body, but they primarily function as lipid membrane components modulating cell
membrane architecture (Rog and Koivuniemi, 2016), ﬂuidity (Lohner et al., 1984; Hermetter et al.,
1989; Lohner et al., 1991) and vesicular fusion (Glaser and Gross, 1994; Glaser and Gross, 1995;
Dorninger et al., 2017b). Plasmalogen deficiency is associated with several neurological disorders,
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including the pediatric rare disease Rhizomelic Chondrodysplasia
Punctata (RCDP) (Wanders et al., 1992; Wanders et al., 1994;
Braverman et al., 1997), Parkinson’s disease (Dragonas et al.,
2009; Fabelo et al., 2011), and Alzheimer’s disease (Han, 2005;
Goodenowe et al., 2007). Attention is therefore being given to the
potential of plasmalogen replacement as a therapeutic approach
for treating these conditions. Although there are some natural
dietary sources enriched in plasmalogens including select marine
invertebrates such as sea squirts (Yamashita et al, 2017) and
scallops (Fujino et al, 2017; Fujino et al, 2020), the
concentrations are well below what is anticipated for
therapeutic efficacy in humans (Bozelli and Epand, 2021). This
leaves the synthetic production of plasmalogens as the only viable
and practical approach for clinically-relevant therapeutic
intervention.

To address this issue, we have engineered a synthetic
plasmalogen precursor, PPI-1011, which has excellent shelf-
life stability and is amenable to formulation up to
concentrations as high as 500 mg/ml; a concentration high
enough to provide the dosing anticipated for clinical efficacy.
To our knowledge, PPI-1011 represents the first plasmalogen-
augmenting compound undergoing a formal drug development
process including preclinical safety-toxicology testing and
multi-kilogram GMP manufacturing. PPI-1011 contains an
ether-linked, 16:0 fatty alcohol at the snl position, 22:6 fatty
acid (DHA) at the sn2 position, and lipoic acid at the sn3
position (Wood et al., 2011d). The lipoic acid is a critical
component that stabilizes the molecule for long-term storage
and prevents migration of the DHA fatty acid from sn2 to sn3 of
the glycerol backbone (Wood et al, 2011a). Endogenously,
introduction of the ether bond in the peroxisome is the
critical step in plasmalogen biosynthesis, which is catalyzed
by alkylglycerone phosphate synthase (AGPS) following the
acylation of dihydroxyacetone phosphate by
glyceronephosphate O-transferase (GNPAT) (Nagan and
Zoeller, 2001). The ether is subsequently reduced to a vinyl-
ether by an enzyme of the endoplasmic reticulum following
export from the peroxisome (Gallego-Garcia et al, 2019;
Werner et al.,, 2020). Although diseases such as Parkinson’s
and Alzheimer’s have several possible explanations for the
associated plasmalogen deficiency, it has been suggested to
result from impairment of the peroxisomal steps of the
biosynthetic pathway (Kou et al., 2011; Dorninger et al,
2017a; Jo and Cho, 2019). Therefore, therapeutically
providing an ether precursor bypasses the enzymes of the
peroxisome, leaving the body to catalyze the reduction of the
ether to the plasmalogen-defining vinyl-ether bond.

Despite extensive academic in vitro and in vivo studies
examining multiple aspects of various plasmalogen extracts on
both biochemical and behavioral endpoints, none have been
scaled up and tested in a traditional safety program required
for all new drug products. PPI-1011 is one of several fully
synthetic plasmalogen precursors under development in our
lab, which we have shown over the years to not only augment
plasmalogens in multiple cell lines and species (Wood et al,
2011b; Wood et al., 2011c; Wood et al., 2011d; Wood et al., 201 1e;
Gregoire et al, 2015), but also exhibit a vast array of effects
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including neuroprotection (Miville-Godbout et al., 2016; Miville-
Godbout et al.,, 2017; Nadeau et al., 2019), protection against
inflammation and loss of dopaminergic neurons (Miville-
Godbout et al, 2016; Miville-Godbout et al., 2017; Nadeau
et al, 2019), shift towards non-amyloidogenic processing
(Wood et al,, 2011a), reduction of cholesterol (Mankidy et al.,
2010), improvement of remyelination in a model of multiple
sclerosis (Wood et al., 2011a), regulation of membrane protein
function (Wood et al.,, 2011c¢), potent anti-dyskinetic effect when
administered in combination with levodopa to primates treated
with MPTP (Gregoire et al., 2015; Bourque et al., 2018) and
normalization of behavior in plasmalogen-deficient mice
(Fallatah et al., 2019). Furthermore, PPI-1011 has an
acceptable safety profile and shows no toxicity or adverse
effects to date, including doses up to 1,000 mg/kg in adult rats
and 28-day repeat dosing at 400 mg/kg in primates (manuscript
in preparation).

Although we have previously demonstrated brain uptake of
PPI-1011 using a [?C]PPI-1011 as well as uptake to peripheral
tissues (Wood et al., 2011b), there remains a general uncertainty
about the in vivo pharmacokinetic behavior, absorption, and
distribution of orally administered plasmalogens or ether
precursors, as a quantitative assessment of pharmacokinetics
has never been performed. Therefore, as part of our ongoing
preclinical safety and toxicity program, and to better understand
plasmalogen disposition and excretion after treatment, we report
herein the pharmacokinetics and tissue distribution of [**C]PPI-
1011 following both single and repeat oral dosing in Sprague-
Dawley male rats.

MATERIALS AND METHODS

Chemicals

PPI-1011 (1-O-hexadecyl-2-O-cis-4, 7, 10, 13, 16, 19-
docosahexaenoyl-3-O-lipoyl glycerol) was synthesized at
Laxai Life Sciences Pvt Ltd. using a previously described
synthetic route (Wood al,, 2011a). Structure was
confirmed by mass spectrometry and NMR analysis. ['*C]
PPI-1011 was synthesized by RTI International using [HC]
sodium cyanide to introduce a single ['*C] label onto the first
carbon of palmitoyl alcohol, which was linked to the sul
position of the glycerol backbone. ["*C]PPI-1011 had a
specific activity of 70.2 uCi/mg and a radiochemical purity of
95.9%. Handling of this material was in accordance with US
Nuclear Regulatory Commission (NRC), Pennsylvania Bureau
of Radiation Protection regulations, Frontage QWBA final
study protocol, and all applicable Frontage Standard
Operating Procedures (SOP).

Ethanolamine and 2-methoxyethanolamine were purchased
from Sigma. Carbo-Sorb” E, PermaFluor~ E+, Ultima Gold™,
Hionic-Fluor, and Ultima-Flo™ M liquid scintillation cocktails
were obtained from Perkin Elmer Life Sciences. Stopflow AQ
liquid scintillation cocktails were purchased from AIM Research
Company. Solvents used for chromatographic analysis were
HPLC or ACS reagent grade and purchased from Fisher. All
other reagents were of analytical or ACS reagent grade.

et
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Animals
All animal studies were performed by Frontage Laboratories

using male Sprague-Dawley (SD) rats (Charles River Breeding
Laboratories) 8-10 weeks old with body weights between 208 and
283 g. Animals were acclimated for a minimum of 3 days and
examined to ensure their health status prior to dosing. The animal
room was controlled to maintain a temperature of 20 + 5°C,
relative humidity between 30 and 70%, and a 12 h light/12 h dark
cycle. Reverse osmosis filtered water and food (certified Purina
Rodent Diet) were available to animals ad libitum. Final study
plans were reviewed and approved by the Institutional Animal
Care and Use Committee at Frontage Laboratories and complied
with the applicable sections of the Final Rules of the Animal
Welfare Act regulations (9 CFR) and were in accordance with the
Association for the Assessment and Accreditation of Laboratory
Animal Care recommendation.

Dose Formulation

PPI-1011 and [**C]PPI-1011 were formulated together in liquid
coconut oil (LCO) containing 0.1% 1-thioglycerol for oral dosing.
For single dose studies, PPI-1011 and ['“C]PPI-1011 were
combined to generate an oral formulation with a
concentration of 20 mg/ml and 40 uCi/ml on the day before
dosing and stored at 4°C. Formulation for the repeat dosing
QWBA experiment was made on the day prior to the first dose
with a concentration of 20mg/ml and 20 uCi/ml. This
formulation was then aliquoted and stored frozen at —20°C
until the day of use. Concentration and radiochemical purity
of all formulations were confirmed by HPLC prior to dosing.

Pharmacokinetic Study

The pharmacokinetics of ["*C]PPI-1011 were performed in four
rats that were surgically implanted with femoral artery catheters
(FAC) for blood collection at least 2 days before dosing began.
["*C]PPI-1011 was administered as a single oral dose at
100 mg/kg (200 pCi/kg). Blood samples were collected in
EDTA tubes and centrifuged to obtain plasma at 1, 3, 6, 12,
18, 24, 48, and 72 h after drug administration. Duplicate aliquots
of plasma (~25pl or higher) were transferred to liquid
scintillation vials and the weights of sample aliquots were
recorded. Aliquots were mixed with Ultima Gold (5ml) as
scintillation fluid and total radioactivity was determined by
liquid scintillation counting (LSC) and used to calculate the
total radioactive concentration.

Mass Balance and Excretion Study

Four male rats were administered a single oral dose of [*C]PPI-
1011 at 100 mg/kg (200 pCi/kg). Feces, urine, and the cage rinse
samples were collected at pre-determined times up to 168 h post-
dose (HPD). The expired air was collected using a carbon dioxide
trapping apparatus equipped with airflow apparatus. Expired
["*C]CO, was collected for two of the four dosed animals for
24h after the dose in a solution of ethanolamine:2-
methoxyethanol (1:3, v/v) in two traps. Rats were sacrificed by
overdose of CO, and each cage was rinsed with 25% ethanol in
water (>50 ml) at the end of the study. The cage rinse sample and
the expired ["*C]CO, was stored at 4°C.

Pharmacokinetics and QWBA of PPI-1011

Diluted dose solutions, plasma, urine, and cage rinse were
analyzed in duplicate by LSC, as described above. The expired
CO, was analyzed the same day it was collected by mixing a 1 ml
aliquot of the carbon dioxide absorbents with 5 ml of Hionic-
Fluor for radioactivity concentrations with LSC. Feces samples
were homogenized in 5-fold volume of purified water then
duplicate fecal homogenate aliquots were transferred to
Combusto Cones and combusted with a Sample Oxidizer
(Model A307, Perkin Elmer) equipped with an Oximate 80
Robotic Automatic Samples. The [**C]CO, generated by the
combustion was also collected in Carbo Sorb E and
radioactivity was determined with PermaFluor as the
scintillant using a Tri-Carb LSC.

Single Dose Tissue Distribution Study

Six male rats were administered a single oral dose of [**C]PPI-
1011 at 100 mg/kg (200 puCi/kg) and one rat was sacrificed at
each of the following time points after the administration of
the dose: 8, 12, 18, 24, 48, or 168 h. Terminal blood was
collected by cardiac puncture directly into tubes with
K,EDTA, an aliquot was stored at 4°C until LSC was
performed for radioactivity, while the remaining blood was
processed to plasma and stored at —20°C until LSC. Following
blood collection, the carcasses were frozen in a cold bath with
hexanes and dry ice for at least 8 min and then dried and stored
at —=70°C for at least 5h. The carcasses were transferred to a
—20°C freezer for at least 12 h before embedding.

Repeat Dose Tissue Distribution Study

Three male rats were administered ['*C]PPI-1011 at 100 mg/kg
(100 uCi/kg) once daily for 15 days. One rat was sacrificed at each
of the following time points after the administration of the day 15
dose: 24, 48, and 96 h. Terminal blood was collected by cardiac
puncture directly into tubes with K,EDTA, an aliquot was stored
at 4°C until LSC was performed for radioactivity, while the
remaining blood was processed to plasma and stored at —20°C
until LSC. Following blood collection, the carcasses were frozen in
a cold bath with hexanes and dry ice for at least 8 min and then
dried and stored at —70°C for at least 12 h. The carcasses were
transferred to a —20°C freezer for at least 12 h before embedding.

QWBA Sectioning and Quantification
QWBA was used to determine radioactivity concentrations in the
caecum (contents and mucosa), large intestine (contents and
mucosa), small intestine (contents and mucosa), stomach
(contents and mucosa), brain, choroid plexus, spinal cord,
bone, skin, adrenal gland, pineal body, pituitary gland, thyroid
gland, liver, kidney (cortex, medulla and whole kidney), urinary
bladder (contents and wall), brown fat, white fat, eye (lens, uveal
tract and whole eye), epididymis, prostate gland, testis, ovary,
uterus, lung, exorbital lachrymal gland, Harderian gland,
pancreas, salivary gland, skeletal muscle, myocardium, cardiac
blood, bone marrow, lymph node, spleen, and thymus. As well,
LSC was used to determine the total radioactivity in the whole
blood and plasma.

The whole-body cryosectioning technique described by

(Ullberg, 1977) was the basis for embedding and
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cryosectioning the rats assigned to this study. Each frozen
carcass was shaved, and then the limbs and tail were removed
prior to embedding. Chilled (4°C) 3% CMC (low viscosity) was
utilized to provide a firm support of reinforced ice around each
rat and for a secure attachment to the microtome stage. Upon
thorough freezing of the embedding medium surrounding
each rat, the frozen CMC block was removed from the
freezing bath and four 3/8 inch holes were drilled into the
block. One cryosection quality control standard (CQCS) was
prepared with a known amount of radioactivity and at least
1 ml aliquots were added to each of the four drilled holes.
CQCS data were utilized to evaluate the overall performance of
the QWBA assay.

Each frozen rat was sagittally trimmed (50-100 pm) at —20°C
until exposure of a few target tissues employing a Leica
Cryomacrocut heavy-duty microtome (Leica Microsystems
Inc.,). Disposable stainless steel Feather type H45L knives
(Feather Safety Razor Co., Ltd.) were utilized for trimming
and sectioning each frozen rat. Several thinner sections
(50 um) were discarded prior to obtaining multiple 50 um
sections at various cryosectioning levels for QWBA analysis.
Upon the collection of at least 60 target tissues in multiple
cryosectioning levels, the cryosections were kept in the
Cryomacrocut cryochamber for a minimum of 18h for
dehydration depending upon the number of cryosections
within the cryochamber. After dehydration was complete, the
cryosections were transferred to ambient temperature for
processing. Mounted whole-body cryosections and a set of 15
standards were sandwiched between a standard phosphor
screen and an exposure cassette. All cryosections were
exposed to the phosphor screen for 4-days in a cabinet
protected with lead prior to scanning using a Typhoon
Phosphorlmager (Cytiva). MCID™  Analysis software
(InterFocus Ltd.) was utilized to generate a calibration curve
of the STD nominal concentrations (nCi/g) versus
Phosphorlmager response (counts/ym” minus background)
by weighted (1/x) linear regression analysis (Potchoiba et al.,
1995; Potchoiba et al., 1998). The linear regression curve was
then utilized to determine the concentration (nCi/g) of total
radioactivity in whole-body tissues and blood. Radioactivity
concentrations were expressed as pg Eq/g based on the
specific activity of the compound in the final dose
formulations. Radioactivity concentrations represent the
mean of all determinations for all whole-body cryosections
that contained the target tissue or blood for each individual rat.

Statistical Analysis

The PK calculations of total radioactivity in plasma were analyzed
with non-compartmental analyses using Phoenix~ WinNonlin®
software (version 8.1). Statistical calculations for the other studies
were limited to simple parameters such as means or averages,
standard deviations (sd), and percentages (%). The amount of
compound equivalents (Eq) in samples was calculated as
concentrations expressed in pg Eq/g. Dose, MCID™ generated
tissue concentrations, pharmacokinetic, and radioanalysis data
were compiled using Microsoft Excel for Microsoft 365,
Version 2010.

Pharmacokinetics and QWBA of PPI-1011

RESULTS

Dose Formulation Analysis

Radiochemical concentrations and purity of the oral dose
formulations were all confirmed to be >97% by HPLC with
radioactivity detection. The mean radioactivity concentrations
of dose formulations were 21.24uCi/g. Representative
radiochromatograms obtained from analysis of dose
formulation of ['*C]PPI-1011 are shown in Supplementary
Figure S1. The retention time of ['*C]PPI-1011 was
approximately 12 min. The stability of the dose formulation
at 20 mg/ml concentration was examined at 4°C and at —20°C
for up to 24 h. The results are shown in Supplementary Figure
§2. Under the experimental conditions utilized in this study,
the radioactive purity of ['*C]PPI-1011 at 20 mg/ml in LCO
with 0.1% 1-thioglycerol dose vehicle was stable up to 24 h at
4°C (96.5%) and -20°C (97.2%). The actual dose administered
to each rat in pCi as well as the animal weights are shown in
Supplementary Table S1.

For the repeat dose tissue distribution study, the
radiochemical purity of the pre-dose formulation on day
one was 97.9%. After being stored at —20°C, the presence of
['*C]PPI-1011 + O was detected in the pre-dose formulation
on day seven and the post-dose formulations on day eight and
on day 15 at levels ranging between 3.6 and 10.1%. The overall
total radiochemical purity of these formulations ranged
between 95.4 and 97.9%, confirming the stability of ['*C]
PPI-1011 the initial 15 consecutive daily dose
administration interval.

over

Pharmacokinetic Profile

Pharmacokinetics of PPI-1011 were evaluated in male rats
following a single oral dose of ['*C]PPI-1011 at 100 mg/kg
(200 pCi/kg). The total radioactivity concentrations in ng Eq/g
in rat plasma up to 72 h are plotted in Figures 1A,B. The mean
total radioactivity in plasma was approximately 500 ng Eq/g at
1 h, increased to ~27,000 ng Eq/g at 6 h, and then decreased
with time to ~4,000 ng Eq/g at 72 h. Pharmacokinetics were
characterized by a long elimination half-life (40 h), a mean t,,,
of 7.5 h, Cpax 0f 27,900 ng/ml, and AUC;,¢ of 867,000 h*ng/ml
(Table 1).

Recovery of Total Radioactivity

Recovery of total radioactivity was determined by measuring
radioactivity excreted in the urine and feces as well as expired
air (Figure 2). Following a single oral dose at 100 mg/kg
(200 uCi’kg) of ["*C]PPI-1011 in male SD rats,
approximately 50% of dosed radioactivity (45.10 + 7.34%)
was recovered in urine and feces including cage rinses
within the 168h collection period. Approximately 11% of
the dosed radioactivity was in expired air (as 4c.co,)
within 24 HPD, the only timepoint collected for expired air.
Feces was the major excretion pathway and recovered 42.51 +
7.16% of the dose, while a small amount of the dose (2.40 +
0.59%) was found in urine up to day seven. Between 24 and
48 h, approximately 6% of the total dose was excreted in urine

Frontiers in Cell and Developmental Biology | www.frontiersin.org

85

April 2022 | Volume 10 | Article 867138


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Smith et al.

Pharmacokinetics and QWBA of PPI-1011

45000

s J

40000

35000

30000

25000

(ng/Eq/qg)

20000

.'.. P

-,‘
o e

15000

T T~
.. P

10000

5000

Total Radioactivity Concentration in Plasma

~~

~~
~~a

el

20

100000

40
Time (hr)

80

10000

1000

(ng/Ea/g)

100

10

Total Radioactivity Concentration in Plasma

20
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and feces, with little additional excretion observed between 48
and 168 h (<3%). A complete breakdown of the excretion data
is available in Supplementary Table S2. The results indicate
that significant amounts of dosed radioactivity were not
recovered in male SD rats, suggesting high rate of
absorption of ['4C]PPI-1011 following oral administration,
and that a large proportion of the absorbed material is retained
within the tissue and serum beyond 7 days.

Tissue Uptake and Distribution Following a
Single Dose

[**C]PPI-1011 absorption across tissues was first determined by
QWBA for up to 168 h following a single dose at 100 mg/kg.
Compound-associated radioactivity was widely distributed into
most evaluated tissues (N = 51) at the first sampling time of 8
HPD after oral administration of a single, bolus dose of [*“C]PPI-
1011 to Sprague-Dawley male rats (Table 2 and Figure 3). The
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TABLE 1 | Plasma pharmacokinetic parameters of total radioactivity following a single dose of 100 mg/kg ['“C]PPI-1011 (200 puCi/kg) in male Sprague-Dawley rats.

Rat 1 Rat 2 Rat 3
AUC ¢t (h*ng/m) 702,000 659,000 507,000
AUCs (h*ng/ml) 753,000 953,000 542,000
AUC Extr (%) 6.8 31 6.5
MRT ¢ (h) 27 61 23
t1/s (h) 18 42 19
tmax () 6.0 6.0 6.0
Crnax (Ng/mI) 30,000 21,500 42,500
60
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FIGURE 2 | Recovery of radioactivity in excreta of male rats following a
single oral dose of [“C]PPI-1011 at 100 mg/kg.

highest concentrations of radioactivity occurred at 8 or 12 HPD
in most tissues (N = 17 and 21, respectively) with some
exceptions. Tissues with the highest peak concentrations of
radioactivity were observed in gastrointestinal tract tissues,
adipose (brown, subcutaneous, and visceral), adrenal gland,
liver, and preputial gland. Tissues with the lowest peak
concentrations of radioactivity were observed in the whole eye,
the non-circumventricular CNS tissues, bone surfaces, testis, and
uveal tract. Non-circumventricular CNS tissue was grouped
separately from other CNS tissues due to differences in the
blood-brain  barrier. Rather than a true barrier,
circumventricular CNS tissues are surrounded instead by
fenestrated capillaries that result in their exposure to larger
and more polar chemicals than other regions of the CNS
(Benarroch, 2011). The ocular lens and vitreous body were
the only tissues that were devoid of radioactivity throughout the
course of this study. Although tissue radioactivity
concentrations slowly declined over time in most tissues after
reaching peak levels, compound-associated radioactivity was
present in all but five tissues (bladder wall, bone surfaces, ocular
lens, vitreous body, and seminal vesicles) at the last sampling
time of 168 HPD.

Rat 4 Mean SD %CV
565,000 608,000 88,500 14.6
1,220,000 867,000 289,000 33.3
54 20 20 92.5
110 55 40 73
80 40 29 73
12 7.5 3.0 40
17,400 27,900 88,500 39.8

Brown adipose, subcutaneous adipose, and visceral adipose
had some of the highest concentrations of compound-associated
radioactivity at all timepoints through the last sampling time of
168 HPD. The highest peak concentrations occurred at 12 HPD
for all three adipose tissues. By 168 HPD, radioactivity declined
approximately 5, 2, and 3 -fold in brown adipose, subcutaneous
adipose, and visceral adipose, respectively, when compared with
peak concentrations. Except for the adrenal gland, preputial
gland, and small intestines, which had similar concentrations,
the average last measured radioactivity concentrations in the
three adipose tissues were 5 to 56 -fold greater than for all
other tissues. This suggests that the retained radioactivity
present in adipose tissue, along with its relatively slow release,
may serve as a potential reservoir for continual re-distribution to
other tissues prior to elimination.

The non-circumventricular CNS tissues (cerebellum,
cerebrum, colliculus, medulla oblongata, olfactory bulb, spinal
cord, and thalamus) had relatively radioactivity
concentrations throughout the study compared to other
tissues. However, presence of radioactivity in CNS tissue at all
samples times illustrated that [**C]PPI-1011 does distribute
across the blood-brain barrier, and while levels in the non-
circumventricular CNS tissue did not substantially change
throughout the sampling times, they all demonstrated peak
levels at 168 HPD. The choroid plexus, pineal gland, and
pituitary gland are CNS tissues that reside behind leaky
junctions of the blood-brain barrier. Concentrations of
compound-associated radioactivity were higher (approximately
4-fold higher) in these three brain tissues than those measured in
the non-circumventricular CNS tissues throughout the time
course of this study. The highest peak concentrations occurred
at 12, 18, and 48 HPD for the choroid plexus, pituitary gland, and
pineal gland, respectively.

The ocular lens and vitreous body were devoid of radioactivity
throughout the course of this study. Concentrations of
compound-associated radioactivity present in the uveal tract
did not substantially change between the first sampling time of
8 HPD through the last sampling time of 168 HPD. The
distribution pattern for the whole eye was similar to the uveal
tract, but radioactivity concentrations were 3 to 4 -fold lower than
the uveal tract due to the lack of radioactivity present in other
ocular tissues such as the lens and vitreous body.

Radioactivity concentrations were present in all male-specific
tissues from the first sampling time of 8 HPD through the last
sampling time of 168 HPD with one exception. By 168 HPD, the
radioactivity concentration in the seminal vesicles declined below

low
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TABLE 2 | Radioactivity concentrations (g equivalents/g) determined by
quantitative whole-body autoradiography in tissues and blood through 168 h
after a single oral dose of ["*C]PPI-1011 to Group 1 Sprague-Dawley male rats
(Nominal Dose Levels: 200 pCi/kg and 100 mg/kg).

Rat Identification: 01iM 02M O03M 04M 05M 06M
Time (Post-Dose): 8h 12h 18h 24h 48h 168h
Adipose - Brown 171 426 66.0 133 132 89.0
Adipose - Brown (Vessel Wall) 301 383 94.2 110 98.6 76.7
Adipose - Visceral 83.1 170 75.6 71.6 111 90.7
Adipose - Subcutaneous 740 242 739 701 82.1 89.3
Adrenal Gland® 195 367 185 155 201 142

Bladder Wall 86.0 193 145 7.69 10.7 nd

Blood - QWBA 354 164 9.62 5.62 419 2.56
Bone Marrow 235 23.0 2283 183 15.7 4.69
Bone Surface 230 115 125 0513 0.508 nd

Diaphragm 556 599 404 374 23.0 1.7
Exorbital Lacrimal Gland 287 345 874 9.66 6.13 7.36
Harderian Gland 144 108 147 105 1.1 3.67
Intra-Orbital Lacrimal Gland 104 889 891 7.56 6.64 5.01

Kidney 429 453 36.1 24.7 24.6 14.5
Renal Cortex 414 466 381 26.8 24.3 156.3
Renal Medulla 51.0 532 230 258 22.7 11.8
Liver 313 269 121 73.4 40.0 7.50
Lung 740 519 454 30.2 22.9 11.2
Lymph Node 22,7 226 225 174 20.0 12.3
Muscle 10.3 126 9.63 7.57 8.42 7.01

Myocardium 920 726 424 310 26.6 134
Nasal Turbinates 16.0 106 6.43 481 5.03 4.29
Pancreas 66.3 527 398 2438 28.0 18.2
Parotid Gland 39.1 304 352 205 20.9 12.3
Salivary Gland 533 314 288 21.3 22.9 15.4
Skin - Non-Pigmented 150 180 120 9.26 13.4 10.2
Spleen 105 111 71.3  46.3 331 9.36
Thymus 107 122 118 9.79 9.58 7.84
Thyroid 49.9 431 385 27.7 27.2 18.9
Ocular - Lens nd nd nd nd nd nd

Ocular - Uveal Tract 6.97 6,57 532 427 4.78 6.48
Ocular - Vitreous Body nd nd nd nd nd nd

Ocular - Whole Eye 183 203 165 1.14 1.30 1.55
Cerebellum 270 269 303 208 2.60 3.59
Cerebrum 239 222 249 161 2.23 2.94
Choroid Plexus 149 171 128 9.85 14.4 104
Colliculus 350 3.03 294 206 3.30 3.97
Medulla Oblongata 240 244 223 198 2.45 3.13
Olfactory Bulb 216 201 175 207 2.01 2.25
Pineal Gland 119 121 16.2 10.8 16.4 12.0
Pituitary Gland 212 212 220 167 19.2 12.9
Spinal Cord 271 276 320 175 2.56 3.33
Thalamus 227 231 220 1.71 1.91 2.78
Whole Brain 260 248 270 1.95 2.45 3.08
Epididymis 39.8 709 67.7 40.4 6.81 7.75
Preputial Gland 336 214 780 112 76.5 69.0
Prostate 496 11.8 280 56.7 7.15 4.44
Seminal Vesicles 12.8 299 as 5.38 9.12 nd

Testis 265 412 5.09 4.31 4.02 3.08
Cecum as 450 177 231 34.3 as

Esophagus 174 169 150 9.46 10.8 5.34
Gastric Mucosa 912 678 701 48.7 37.5 14.5
Large Intestines 125 209 154 180 19.1 14.0
Small Intestines 609 347 239 247 43.3 139

Stomach 226 229 216 108 8.01 4.97

%as: tissue was soaked with adipose. nd: radioactivity was not detectable

the lower limit of quantitation (LLOQ) of 0.485 ug Eq/g. The
highest peak concentrations in the epididymis, preputial gland,
testis, prostate, and seminal vesicles occurred at 12,12, 18, 24, and

Pharmacokinetics and QWBA of PPI-1011

48 HPD, respectively. The testis was the only male-specific tissue
where the concentrations of compound-associated radioactivity
did not substantially change throughout the course of this study.
These concentrations in the testis ranged from a low of 2.65 ug
Eq/gat 8 HPD, to a high of 5.09 ug Eq/g at 18 HPD, with a Cj,5 of
3.08 ug Eq/g at 168 HPD.

Radioactivity concentrations were present in the esophagus,
gastrointestinal tract tissues, and the bladder wall from the first
sampling time of 8 HPD through the last sampling time of 168 HPD
with one exception. By 168 HPD, the radioactivity concentration in
the bladder wall declined below the LLOQ of 0.485 pg Eq/g. The
highest peak concentrations occurred in the bladder wall, esophagus,
gastric mucosa, and small intestines at 8 HPD and in the cecum,
large intestines, and stomach at 12 HPD. There was no detection of
radioactivity in urine within the urinary bladder.

Concentrations of compound-associated radioactivity were
present in blood from the first sampling time of 8 HPD
through the last sampling time of 168 HPD. The highest
blood concentration of compound-associated radioactivity
occurred at 8 HPD with a concentration of 35.4ug Eq/g.
Blood concentrations of radioactivity declined at each
subsequent sampling time with a last measurable
concentration of 2.56 ug Eq/g at 168 HPD. Blood:plasma
concentration ratios ranged from 0.685 to 1.11 from 8 to 48
HPD suggesting that there was not an apparent preferential
uptake of [*“C]PPI-1011 associated radioactivity into the
cellular components of blood. By 168 HPD the blood:plasma
concentration ratio more than doubled to 2.96 from the 48 HPD
ratio suggesting an apparent uptake of ['*C]PPI-1011 associated
radioactivity into the cellular components of blood over time.

Tissue Uptake and Distribution Following

Repeat Dosing

QWBA was next used to determine [“*C]PPI-1011 uptake following
15-consecutive daily oral bolus doses of [**C]PPI-1011 at 100 mg/kg
(100 pCi/kg) to Sprague-Dawley male rats (Table 3 and Figure 4).
Compound-associated radioactivity was present in all evaluated
tissues (N 54) at 24, 48, and 96 HPD. The highest
concentrations of radioactivity occurred at 24 HPD in most
tissues (N = 42) except for five tissues showing highest levels at
48 HPD (adrenal gland, bladder wall, nasal turbinates, subcutaneous
adipose, and visceral adipose) and five tissues at 96 HPD (cerebrum,
medulla oblongata, spinal cord, ocular lens, and prostate).

Other than the adrenal gland, brown adipose, subcutaneous
adipose, and visceral adipose had the highest concentrations of
compound-associated radioactivity at 24, 48, and 96 HPD. The
highest peak concentrations occurred at 24 HPD for brown
adipose and at 48 HPD for subcutaneous and visceral adipose. By
96 HPD, radioactivity concentrations declined approximately 1.4, 1.1,
and 1.2 -fold in brown adipose, subcutaneous adipose, and visceral
adipose, respectively, when compared with peak concentrations.
Except for the adrenal gland, the average last measured
radioactivity concentrations in the three adipose tissues were 4 to
629 -fold greater than for all other tissues. Although tissue radioactivity
concentrations slowly declined over time in most tissues after reaching
peak levels, compound-associated radioactivity exhibited a greater
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FIGURE 3 | Selected autoradiography images (8, 12, 18, 24, 48, and 168 h post dose) of tissue distribution of in the whole rat body after single-dose oral
administration at 100 mg/kg ['*C]PPI-1011. The abbreviations are: AB, adipose brown; AS, adipose subcutaneous; AV, adipose visceral; AB-vw, adipose brown:vessel
wall; as-2, adipose-soaked:epididymis; as-3, adipose-soaked:testis; as-4, adipose-soaked:salivary gland; AG, adrenal gland; B, blood; BM, bone marrow; Br, brain;
CP, choroid plexus; GM, gastric mucosa; HG, harderian gland; It-W, intestinal tract wall; K, kidney; L, liver; LN, lymph node; Lu, lung; M, myocardium; Mu, muscle;

NT, nasal tubinates; P, pancreas; Pi, pineal gland; Pt, pituitary gland; SC, spinal cord; SG, salivary gland; Sp, spleen; Te, testis; Tm thymus; Ty, thyroid.
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TABLE 3 | Radioactivity concentrations (ug equivalents/g) determined by
quantitative whole-body autoradiography in tissues and blood through 96 h
after daily, multiple oral doses'*? of ['*C]PPI-1011 to Group 2 Sprague-Dawley
male rats (Nominal Dose Levels: 100 pCi’/kg and 100 mg/kg).

Rat Identification: 07M 08M 09M
Time (Post-Dose): 24 hr 48 hr 96 hr
Adipose - Brown 2211 1917 1301
Adipose - Brown (Vessel Wall) 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 55.0 34.3 29.5
Bone Marrow 160 113 77.3
Bone Surface 11.6 7.66 10.5
Diaphragm 204 172 125

Exorbital Lacrimal Gland 98.0 82.5 71.0
Harderian Gland 113 69.6 47.9
Intra-Orbital Lacrimal Gland 100 84.5 76.5
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 95.4 97.9
Myocardium 292 222 172
Nasal Turbinates 180 184 80.2
Pancreas 355 312 333
Parotid Gland 296 257 220
Salivary Gland 308 271 227
Skin - Non-Pigmented 161 101 129
Spleen 319 209 147
Thymus 153 131 107
Thyroid 373 297 259
Ocular - Lens 5.82 5.056 6.92
Ocular - Uveal Tract 105 59.6 68.9
Ocular - Vitreous Body 2.55 2.01 2.06
Ocular - Whole Eye 22.7 15.8 18.2
Cerebellum 57.8 54.9 55.8
Cerebrum 45.7 39.9 47.5
Choroid Plexus 186 131 121

Colliculus 68.3 68.0 67.3
Medulla Oblongata 51.0 48.4 51.8
Olfactory Bulb 47.8 35.0 42.2
Pineal Gland 230 156 179
Pituitary Gland 266 226 191

Spinal Cord 46.8 51.2 53.0
Thalamus 45.4 42.3 45.4
Whole Brain 48.8 43.7 47.3
Epididymis as as as

Preputial Gland as as as

Prostate 74.6 721 84.8
Seminal Vesicles 63.2 60.7 54.7
Testis 70.3 47.2 43.3
Cecum 300 95.7 as

Esophagus 161 94.8 87.1
Gastric Mucosa 415 307 210
Large Intestines 255 122 94.3
Small Intestines 420 164 112
Stomach 133 78.9 109

as: tissue was soaked with adipose.

than 2-fold decrease in only six tissues (bone marrow, Harderian
gland, liver, lymph nodes, nasal turbinates, and spleen) at the last
sampling time of 96 HPD. The data illustrated a retention of

Pharmacokinetics and QWBA of PPI-1011

compound-associated radioactivity in all tissues after multiple doses
at concentrations substantially greater than after a single oral dose.

Radioactivity present in the non-circumventricular CNS
tissues did not substantially change in concentration across the
three sampling times. This CNS concentration data showed that
after multiple doses ['*C]PPI-1011 radioactivity was present in
greater concentrations, approximately 16 to 33 -fold higher at the
24 HPD timepoint, compared to concentrations at the same
timepoint after a single oral dose.

After the 15-consecutive daily-dose administrations, radioactivity
was now of measurable concentration in the ocular lens and vitreous
body at the 24, 48, and 96 HPD. Concentrations of compound-
associated radioactivity present in all ocular tissues did not
substantially change in concentration across the three sampling
times. The highest peak concentrations occurred at 24 HPD for
the uveal tract, vitreous body, and whole eye and at 96 HPD for
the ocular lens. The distribution pattern for the whole eye was similar
to the uveal tract, but radioactivity concentrations were 4 to 5 -fold
lower than the uveal tract due to the lower concentrations of
radioactivity in other ocular tissues such as the lens and vitreous body.

Radioactivity concentrations were present in all the evaluated
male-specific tissues at the three sampling times. However, due to
adipose soaking, radioactivity concentrations were not measured in
the epididymis and preputial gland at all sampling times. The
highest peak concentrations occurred in the seminal vesicles and
testis at 24 HPD and in the prostate at 96 HPD, respectively.

Radioactivity concentrations were present in esophagus,
gastrointestinal tract tissues and the bladder wall at all three
sampling times of 24, 48, and 96 HPD. The highest peak
concentrations occurred in the cecum, esophagus, gastric
mucosa, large intestines, small intestines, and stomach at 24
HPD and in the bladder wall at 48 HPD. There was no
detection of radioactivity in urine within the urinary bladder.

Concentrations of compound-associated radioactivity were
present in blood for all three sampling times of 24, 48, and 96
HPD. The highest blood concentration of compound-associated
radioactivity occurred at 24 HPD with a concentration of
55.0 ug Eq/g. Blood concentrations of radioactivity declined
at each subsequent sampling time with measurable
concentrations of 34.3 ug Eq/g at 48 HPD and 29.5 ug Eq/g
at 96 HPD. Blood:plasma concentration ratios were 2.31, 2.86,
and 4.23 at 24, 48, and 96 HPD, respectively, suggesting that
there was an apparent preferential uptake of ["*C]PPI-1011
associated radioactivity into the cellular components of blood
following multiple dose administration.

In general, compound-associated radioactivity was detectable in
all tissues, including CNS, after 15-consecutive daily oral doses, and
radioactivity concentrations were substantially greater when
compared to those tissues from male rats after a single oral dose.
This QWBA study illustrated that all tissues accumulated and
retained ["*C]PPI-1011 associated radioactivity after multiple doses.

DISCUSSION

We report herein the comprehensive pharmacokinetics and tissue
distribution of synthetic plasmalogen precursor PPI-1011
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24 h post-dose

48 h post-dose

96 h post-dose

gland; SV, seminal vesicles; Te, testis; Tm thymus; Ty, thyroid.

FIGURE 4 | Selected autoradiography images (24, 48, and 96 h post final dose) of tissue distribution of in the whole rat body after 15 daily oral doses at 100 mg/kg
['*C]PPI-1011. The abbreviations are: AB, adipose brown; AS, adipose subcutaneous; AV, adipose visceral; AB-vw, adipose brown:vessel wall; as-2, adipose-soaked:
epididymis; AG, adrenal gland; Bl, blood; BM, bone marrow; Br, brain; Co, colliculus; CP, choroid plexus; GM, gastric mucosa; HG, harderian gland; It-W, intestinal tract
wall; K, kidney; L, liver; LN, lymph node; Lu, lung; M, myocardium; Mu, muscle; NT, nasal tubinates; Pi, pineal gland; Pt, pituitary gland; SC, spinal cord; SG, salivary

following oral administration. Although previous research has
addressed various aspects of the oral bioavailability, metabolism,
and tissue incorporation of PPI-1011 in vivo (Wood et al., 2011b;
Wood et al,, 2011d; Gregoire et al., 2015; Miville-Godbout et al.,
2016), the precise endogenous metabolic fate of PPI-1011
remained unknown. As far as we are aware, this is the first
report of mass balance and tissue distribution using a
radiolabeled orally-dosed plasmalogen precursor compound.

Pharmacokinetic analysis based on the single oral dose revealed
key observations. First, the elimination half-life appears to be long, at
approximately 40 h on average, but varied widely between 18 and
80 h. While there was a relatively high level of variation among the
peak radioactivity levels between animals observed in the first 12 h,
the overall PK profiles were similar. Furthermore, even at 72h,
radioactivity was still well above background. These observations
match the previously reported time course of augmentation of the
target 16:0/22:6 plasmalogen levels in rabbits following a single dose
of PPI-1011, which peaked 12 h after a single dose and remained
elevated at 48 h (Wood et al,, 2011d).

The second key observation was that over half of the drug is
retained and incorporated into the body following a single dose,
matching historical estimates of uptake of other ether precursors
(Das and Hajra, 1988). The vast majority of excretion of [*C]
PPI-1011 was observed within the first 48 h after administration,
with the primary route of excretion being in feces and only small
amounts (<2.5%) detectable in urine. What did surprise us was
the approximately 10% radioactivity present in expired air.
Although we only had the 24-h timepoint, expired

radioactivity past 24 h would likely have been minimal given
the plateau in the total cumulative percent of dose excreted, and
the relatively steady tissue levels observed between 24 and 168 h.
Given the location of the [**C] label on the alpha carbon of the 16
carbon snl chain, the results suggest that the ether and/or vinyl-
ether bond is cleaved, and the resulting fatty aldehyde/acid
amenable to oxidation and release of radioactive CO,. We
expand on this point later in the discussion. Overall, the rapid
uptake, long half-life, and high absorption are all highly desirable
PK characteristics for a therapy that is intended to systemically
replenish deficient levels of an endogenous metabolite. While this
['*C] data allowed for the first truly quantitative assessment of the
PK characteristics of PPI-1011, it supports all of our previous
work which has demonstrated that synthetic plasmalogens have
good bioavailability (Wood et al., 2011d), tissue absorption
(Wood et al., 2011a; Wood et al.,, 2011b; Fallatah et al., 2019),
and plasmalogen augmentation (Fallatah et al., 2019; Miville-
Godbout et al., 2017; Miville-Godbout et al., 2016; Gregoire et al.,
2015, Wood et al., 2011e) in vivo. Further, we have previously
demonstrated the pharmacodynamics of these compounds,
which have been shown to result in behavioral (Gregoire et al.,
2015; Bourque et al.,, 2018; Fallatah et al., 2019) and functional
improvements within the cells (Wood et al., 2011a; Miville-
Godbout et al, 2016; Miville-Godbout et al., 2017; Nadeau
et al.,, 2019) of treated animals.

Although the elevation of plasmalogens in the circulation and
tissues has been previously demonstrated following treatment
with various supplements and precursors (including PPI-1011),
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the assessment of tissue distribution has been at best restricted to
crude assays of homogenized whole tissues samples from a few
target tissues (Brites et al., 2011; Fujino et al., 2017; Yamashita
et al., 2017; Fujino et al., 2020; Todt et al., 2020; Nguma et al,,
2021; Paul et al., 2021). This has prevented a true understanding
of how orally administered ethers and plasmalogens are
distributed in vivo. Our QWBA results represent the first
visualization of plasmalogen uptake and metabolism in vivo
over time. Following a single oral administration, uptake of
PPI-1011 was observed widely throughout the body, with the
ocular lens and vitreous body being the only two tissues without
measurable levels at 8 h post-dose. Tissue levels peaked in most
tissues between 8 and 12 h following a single administration of
['*C]PPI-1011, mirroring the PK profile observed in plasma.
Also, as observed in the PK study, significant radioactivity was
still seen within tissues 7 days after a single dose, with only three
tissues that had originally displayed [*C]PPI-1011 associated
radioactivity (bladder wall, bone surfaces, and seminal vesicles)
no longer showing detectable radioactivity.

Following 15 consecutive daily doses, the relative tissue
distribution pattern mirrored that of the single dose, albeit
with much higher uptake across all tissues as well as
detectable radioactivity in the ocular lens and vitreous body.
As expected by the lipophilic nature of plasmalogens, high levels
of radioactivity were observed in adipose tissue, including brown
adipose, subcutaneous adipose, and visceral adipose. Except for
the adrenal gland, preputial gland, and small intestines, which
had similar concentrations, the average last measured
radioactivity concentrations in the three adipose tissues were 5
to 56 -fold greater than for all other tissues. This suggests that
adipose tissue may act as a reservoir for plasmalogens or alkyl
diacylglycerols, which are then slowly released over time and re-
distributed to other tissues in the body as required. Interestingly,
adipose tissue has been shown to be abnormal in severely
plasmalogen deficient mice, with decreased size and shape of
the adipocytes. Treatment with alkylglycerol was able to
normalize these differences in adipocytes, which corresponded
with a normalization of body weight in the animals (Brites et al.,
2011), suggesting a physiological function for plasmalogens
within adipose tissue. The rapid and robust uptake of PPI-
1011 into adipose tissue could be clinically beneficial,
particularly as a treatment for RCDP where patients have
serious challenges maintaining their body weight (Duker et al.,
2017).

Although comparing relative image intensity between the
single dose and multiple dose cross sections must be
approached with caution, it is worth noting the significant
increase in retained radioactivity at 24 h and beyond following
multiple doses compared to the single dose (compare Figure 3 to
Figure 4 at 24 h). Although the 24-h timepoint following 15 doses
did show the highest overall level of radioactivity in most tissues,
the mean percentage radioactivity (normalized by tissue) at 96 h
was still 75% that of the 24-h timepoint. This suggests that under
a daily dosing regimen, tissues continue to take up and
incorporate the drug throughout the body, and that due to
the long half-life, withdrawal of compound up to 96 h appears to
have little effect on overall levels in the body. One area worthy of
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future investigation would be studies aimed at better
characterizing the ADME of multiple sequential doses to
optimize dosing strategies for ensuring maximum
augmentation at the lowest required dose.

Of particular interest in this study was the evaluation of whether
the labeled ether backbone or resulting plasmalogens are capable of
crossing the blood-brain barrier and incorporating into brain tissue.
A historical "“C-labeled study suggested incorporation in a
homogenized total brain sample (Wood et al, 2011b), but
regional distribution in the brain of treated animals has never
been possible due to analytical challenges. QWBA imaging
allowed for a detailed evaluation of the distribution within the
brain after single and repeated administration of [**C]PPI-1011.
In both the single-dose and repeat-dose QWBA studies, there were
detectable radioactivity concentrations present in these CNS tissues
at all sampling times, confirming that the ["*C]PPI-1011 ether
backbone, and/or target plasmalogens, were able to cross the
blood-brain barrier. Whole brain concentrations of total
radioactivity were 4 to 6 -fold greater than the LLOQ of 0.485 ug
Eq/g from 8 through 168 HPD, confirming uptake [*C]PPI-1011 to
the brain after a single dose. Although this uptake to non-
circumventricular CNS tissues (cerebellum, cerebrum, colliculus,
medulla oblongata, olfactory bulb, spinal cord, and thalamus) was
relatively low compared to other tissues, uptake following 15 doses in
the brain was on average 16-18 times higher than after the single
dose, further proving that metabolized PPI-1011 can make it to the
brain in a dose-dependent manner. Previous work in a plasmalogen-
deficient mouse model demonstrated that with chronic
administration of an alkylglycerol over months, there was a
robust augmentation of plasmalogen levels in peripheral tissue
and a small but detectable increase in levels within the brain
(Brites et al, 2011). These observations, combined with slow
turnover and what appears to be the body’s ability to store
reserves in adipose tissue, suggests that a daily dosing regimen
over an extended period of time will result in plasmalogen
augmentation in the CNS. Our work also suggests that minor
changes in plasmalogen levels within the brain likely have a
meaningful impact, with PPI-1011 demonstrating neuroprotective
effects within the brain even when the difference in total
plasmalogen levels did not reach statistical significance (Wood
et al., 2011a; Miville-Godbout et al., 2016).

With respect to circumventricular tissues, the choroid plexus,
pineal gland, and pituitary gland are CNS tissues that reside
behind leaky junctions of the blood-brain barrier. Not
surprisingly, concentrations of ['*C]PPI-1011 associated
radioactivity were substantially higher in these three brain
regions than those measured in the non-circumventricular
CNS tissues. Seven days following a single dose of ['*C]PPI-
1011, the average radioactivity concentration for choroid plexus,
pineal gland, and pituitary gland was approximately 4-fold higher
when compared with the average concentration for the non-
circumventricular CNS tissues. This further supports that while
the blood-brain barrier does partially impede the uptake of
plasmalogen lipids, it does not prevent it.

Our study has a couple of limitations to address. First, the
determination of various in vivo radiolabeled plasmalogen
species originating from ['*C]PPI-1011 was not possible
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within this study due to restrictions on processing radioactive
samples. However, we have previously carried out numerous
studies with PPI-1011 that have clearly demonstrated its
ability to augment the entire snl 16:0 plasmalogen pool
(Gregoire et al., 2015; Miville-Godbout et al., 2016; Nadeau
et al,, 2019). In addition, we have previously evaluated the
metabolic fate of the ether backbone in vivo and in vitro using a
[13C] labeled version of PPI-1011 (Wood et al., 2011b). This
study clearly demonstrated that the ether bond remains intact
following oral administration and that once absorbed,
remodeling of the glycerol backbone is limited to the sn2
position. Further, a more recent study using a ['*C] labeled
intact plasmalogen (PPI-1040) demonstrated that following
absorption, rearrangement did not occur at the snl position
(Fallatah 2019). Additionally, loss of the sn3
phosphoethanolamine group was undetectable, suggesting
that remodeling at the sn3 position is also minimal.
However, we cannot exclude the possibility that the ether
backbone is  incorporated into  non-ethanolamine
glycerolipids. While it was outside of the scope of this
study, we suggest the need for a future study using a [*>C]
labeled version of PPI-1011 to evaluate the metabolic fate of
the ether backbone in non-phosphoethanolamine lipids.

A second limitation was our assumption that at least the
majority of radioactivity uptake, as measured, represented intact
plasmalogen. Previous studies with PPI-1011 have demonstrated a
rapid reacylation of the sn2 fatty acid, but that removal of the snl
was limited (Wood et al., 2011b; Wood et al., 2011d). Other reports
using radiolabeled 1-O-alkyl-sn-glycerols have also concluded that
absorption occurs without cleavage of the ether bond (Bergstrom
and Blomstrand, 1956; Das et al., 1992). Nevertheless, our studies
clearly demonstrate a large uptake to adipose tissue, of which it is
reasonable to assume that the lipid species would predominantly be
in an alkyl-acyl-acyl form given that adipose is primary a
triglyceride storage depot (Dawkins and Stevens, 1966). This is
consistent with studies by Paltauf who used tritium-labeled I-O-
octadecyl sn-glycerol to conclude preferential acylation of the
labelled precursor to form alkyl diacyl glycerols, whose stearic
configuration is that of naturally occurring alkyl glycerol lipids
(Paltauf, 1971). Our interpretation, therefore, based on our results
herein and all historical data available to date, is that the absorbed
radioactivity is represented by either alkyl diacyl species or by 1-
alkenyl (vinyl-ether) containing phosphoglycerolipids. We also
know that from previous PK studies in various species, PPI-
1011 effectively results in detectable increases in circulating
plasmalogen levels within hours of oral administration,
confirming a rapid conversion to the snl vinyl-ether bond
(Wood et al, 2011d; Gregoire et al, 2015). Our previous data
using a [">C] radiolabeled vinyl-ether containing plasmalogen
precursor, shows that the vinyl-ether is very stable
endogenously, and that at least under normal physiological
conditions, does not undergo rapid cleavage or rearrangement
(Fallatah et al., 2019).

However, despite the historical evidence suggesting that the
snl ether is maintained intact during absorption, we cannot
disregard the expired radioactivity that we observed in this
study. The only route by which this could occur would be

et al.,
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through the fatty oxidation of the radiolabeled snl 16:0 fatty
acid. This would require cleavage of the ether, yielding an
aldehyde that would likely undergo further oxidation to the
acid by fatty aldehyde dehydrogenase (FALDH), followed by
oxidation and subsequent release of the CO, during the
Krebb’s cycle. Alkylglycerol-mono-oxygenase (AGMO) has
recently been reported to cleave alkylglyercols into a glyerol
and fatty aldehyde (Tokuoka et al., 2013; Watschinger and
Werner, 2013). AGMO is expressed primarily in the liver (Yu
et al., 2019) making it likely that a small portion of the alkyl-acyl
glycerol absorbed in the gastrointestinal tract following ['*C]PPI-
1011 administration was broken down in the liver by AGMO
following first pass metabolism, leading to the observed
radioactive CO,. Our PK results following a single oral dose
showed that after 24 h, there was little further excretion in either
the feces or urine. We would expect a similar observation for
expired air, although the possibility that a small amount of
radioactivity could have been expired post 24h cannot be
excluded. Our overall interpretation, therefore, is that
relatively little of the compound-associated radioactivity would
likely be due to the free 16:0 aldehyde following a cleavage event
of the ether.

In summary, the results suggest that over half of the orally
administered dose of PPI-1011 is retained by the body and that
the ether backbone is well-absorbed in the gastrointestinal tract
and redistributed throughout the body, including into CNS
tissue. The long half-life (mean T;/, of 40 h) along with high
uptake to the adipose tissue suggests that the adipose tissue
might be acting as a reservoir from which the body can continue
to pull alkyl-diacyl glycerols for further incorporation into
plasmalogens. Overall, this supports the use of PPI-1011 as
an oral formulation for the augmentation of plasmalogens in
deficient individuals, including those with neurodegenerative
diseases that display deficient plasmalogen levels within
the brain.
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Typically, glycerophospholipids are represented with two esterified fatty acids. However,
by up to 20%, a significant proportion of this lipid class carries an ether-linked fatty alcohol
side chain at the sn-1 position, generally referred to as ether lipids, which shape their
specific physicochemical properties. Among those, plasmalogens represent a distinct
subgroup characterized by an sn-1 vinyl-ether double bond. The total loss of ether lipids in
severe peroxisomal defects such as rhizomelic chondrodysplasia punctata indicates their
crucial contribution to diverse cellular functions. An aberrant ether lipid metabolism has
also been reported in multifactorial conditions including Alzheimer’s disease.
Understanding the underlying pathological implications is hampered by the still unclear
exact functional spectrum of ether lipids, especially in regard to the differentiation between
the individual contributions of plasmalogens (plasmenyl lipids) and their non-vinyl-ether
lipid (plasmanyl) counterparts. A primary reason for this is that exact identification and
quantification of plasmalogens and other ether lipids poses a challenging and usually labor-
intensive task. Diverse analytical methods for the detection of plasmalogens have been
developed. Liquid chromatography—tandem mass spectrometry is increasingly used to
resolve complex lipid mixtures, and with optimized parameters and specialized
fragmentation strategies, discrimination between ethers and plasmalogens is feasible.
In this review, we recapitulate historic and current methodologies for the recognition and
quantification of these important lipids and will discuss developments in this field that can
contribute to the characterization of plasmalogens in high structural detail.

Keywords: ether lipid biosynthesis, mass spectrometry, phospholipid analytics, PEDS1, plasmalogen physiology,
plasmenyl and plasmanyl isomers

1 INTRODUCTION TO PLASMALOGENS AND OTHER ETHER
LIPIDS

Many complex lipids are made up of simple lipid building blocks such as fatty acids. In the case of
glycerophospholipids, these fatty acids are derivatized to a glycerol backbone as fatty acyl esters
(Figure 1A). However, besides this esterification, other linkage types also exist that lead to
structurally ~distinct subclasses of glycerophospholipids with divergent physicochemical
properties and cellular functions. The so-called ether lipids carry ether-linked fatty alcohols
instead of fatty acyls (Figure 1A). A well-known subgroup of ether lipids are plasmalogens,
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FIGURE 1 | (A) Overview of the chemical structures and unique features of diacyl (ester) lipids, and plasmanyl and plasmenyl lipids. Ether lipids comprise lipids that
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harbor both alkyl (1-O-alkyl, plasmanyl, indicated in blue) and alkenyl (1-O-alk-1'-enyl, plasmenyl, indicated in green) residues, while the latter is also referred to as
plasmalogens. The alkyl/alkenyl residues of mammalian ether lipids are predominantly localized at the sn-1 position, while the sn-2 position is frequently substituted with
polyunsaturated fatty acyls. Ether lipids belong for the most part to the lipid classes phosphatidylethanolamines (PEs), phosphatidylcholines (PCs), and 1-O-alkyl-2-
acylglycerols (alkyl-DG). (B) Ether lipid metabolism. The initial steps of ether lipid biosynthesis take place in the peroxisomes and are based on substrates derived from
glycolysis and fatty acid metabolism. The rate-determining step is the provision of fatty alcohols, which are formed from acyl-CoA by fatty acid reductase 1 (FAR1).
Remodeling/interconversion pathways of ether lipids are partially shared with their ester lipid analogs. The enzyme plasmanylethanolamine desaturase (PEDS1) is
responsible for converting plasmanyl! lipids (blue) into their plasmenyl counterparts (green) and accepts PE as substrates. The catabolism of ether lipids proceeds from
their lyso-forms and is catalyzed by alkylglycerol monooxygenase (AGMO; in the case of plasmanyl lipids) and (lyso)plasmalogenases (in the case of plasmenyl lipids).

which are characterized by a vinyl ether double bond (alkenyl)
instead of an ether bond (alkyl). Consequently, every plasmalogen
can be regarded as an ether lipid, while not every ether lipid is a
plasmalogen.

1.1 Occurrence and Molecular Composition

of Plasmanyl and Plasmenyl Lipids

In mammals, the ether bond of plasmalogens and other ether
lipids is predominantly located at the sn-1 position of the
glycerol backbone (Marinetti and Erbland, 1957; Rapport
et al., 1957; Debuch, 1958), typically substituted with a
saturated or mono-unsaturated alkyl/alkenyl residue, such
as palmitoyl, stearyl, and oleyl alcohols (Debuch, 1958). In
contrast, the fatty acyls of ether lipids, which are generally
derivatized to the sn-2 position, are frequently long-chained

(>20) and polyunsaturated (Arthur et al., 1985). The exact
fatty acyl composition strongly depends not only on the
respective organisms (Vitovd et al., 2021) but also follows a
pronounced tissue-specificity (Koch et al., 2020). The main
substituents at the sn-3 position of the glycerol backbone are
ethanolamine and choline, generating ether-linked
phosphatidylethanolamines (PEs) and phosphatidylcholines
(PCs), respectively. However, ether lipid analogs to the
neutral di- and triacylglycerides (DG and TG, respectively)
exist, which have already been known for decades (Schmid
et al., 1967; Snyder and Wood, 1968; Lin et al., 1977) and have
recently been getting more and more attention (Schievano
et al.,, 2013; Draijer et al., 2020; Meletis, 2020; Wang et al,,
20205 Beyene et al., 2021). Additionally, the presence of small
proportions of ether lipid species has also been described for
other lipid classes (Ivanova et al., 2010).
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Plasmalogens and ether lipids are abundant in animals across
invertebrate and vertebrate species (Goldfine, 2010), where they
can account for up to 20% of the phospholipid mass, depending
on the respective tissues (Nagan and Zoeller, 2001; Braverman
and Moser, 2012). Furthermore, plasmalogens are also present in
many anaerobic bacteria (Rezanka et al., 2012) and archaea (Jain
et al., 2014). However, these lipids typically do not occur in
aerobic bacteria (Kamio et al, 1969), fungi (Horrocks and
Sharma, 1982), and possibly plants (Felde and Spiteller, 1994).

1.2 Biosynthesis and Metabolism of

Plasmanyl and Plasmenyl Lipids

As shown in Figure 1B, ether lipids are initially synthesized in
peroxisomes (Wanders and Brites, 2010), where the glycolysis
intermediate glycerone-phosphate [GnP; previously called
dihydroxyacetone phosphate (DHAP)] is first acylated by

glycerone-phosphate  O-acyltransferase (GNPAT). This
produces acyl-GnP (which is a precursor for both
diacylglycerols and ether lipids) and is followed by

replacement of the acyl group for a fatty alcohol by
alkylglycerone-phosphate synthase (AGPS) (Nagan and
Zoeller, 2001). The so-formed alkyl-GnP is then reduced by
an alkylglycerone-phosphate reductase activity (encoded by
DHRS7B; also acting on acylglycerone-phosphate) to 1-alkyl-
glycero-sn-3-phosphate (alkyl-G3P) and exported from the
peroxisomes. The availability of fatty alcohols is thought to be
the rate-limiting factor in ether lipid and plasmalogen
biosynthesis and is controlled by fatty acid reductase 1 and
2 (FAR1/2) (Cheng and Russell, 2004; Honsho et al., 2010;
Ferdinandusse et al., 2021). A series of lipid metabolic
enzymes that catalyze reactions at the sn-2 and sn-3
positions of glycerophospholipids are thought to also
accept their ether lipid analogs as substrates and are
responsible for generating the main ether lipid classes 1-O-
alkyl-2-acyl-glycerol, alkyl-PE, and alkyl-PC. The formation
of plasmalogens is catalyzed by the enzyme
plasmanylethanolamine desaturase (PEDSI1), which is
capable of introducing the vinyl ether double bond at the
A1 position of an alkyl-PE. Despite its central position in
plasmalogen biosynthesis, the gene coding for PEDS1 has only
recently been identified (Gallego-Garcia et al., 2019; Werner
et al, 2020; Wainberg et al., 2021). In contrast to the
molecular oxygen requiring PEDSI, the anaerobic
biosynthetic pathway of plasmalogens that has been
characterized recently operates in an oxygen independent
manner (Jackson et al., 2021). This is in line with the
hypothesis that the capability of species to synthesize
plasmalogens was once lost during evolution and only later
reemerged in eukaryotes (Goldfine, 2010). Once formed,
plasmalogens follow a different catabolism regime from
other ether lipids. While the alkyl bond of ether lipids is
cleaved by the tetrahydrobiopterin-dependent enzyme
alkylglycerol monooxygenase (AGMO) (Watschinger et al.,
2010), the removal of an alkenyl residue requires specialized
(lyso)plasmalogenases (Warner and Lands, 1961; Jenkins
et al., 2018). However, the plasmanyl and plasmenyl

Tricky Ether Lipid Isomers

catabolic pathways both form fatty aldehydes that are toxic
to cells if not readily oxidized by the enzyme fatty aldehyde
dehydrogenase (FALDH) (Keller et al., 2014; Weustenfeld
et al., 2019). Genetic impairment of FALDH function leads
to the inherited metabolic disease Sjogren-Larsson Syndrome
(SLS) (Weustenfeld et al., 2019), in which fatty aldehydes are
interconverted into fatty alcohols, instead of fatty acids (Rizzo
and Craft, 2000; Keller et al., 2012). This represents a FAR1-
independent source of fatty alcohols that can induce the
biosynthesis of ether lipids, which accumulate, for example,
in the brain of SLS patients (Staps et al., 2020). Further
significant crosstalk has been reported between ether lipid
metabolism and other lipid classes such as cholesterol and
sphingolipids, indicating that the metabolic routes shown in
Figure 1B are additionally deeply rooted in the regulation of
cellular phospholipid homeostasis (Braverman and Moser,
2012; Dean and Lodhi, 2018; Harayama and Riezman, 2018).

1.3 Physiological Roles of Plasmanyl and
Plasmenyl Lipids

The full functional spectrum of plasmalogens and other ether
lipids is still far from being comprehensively elucidated. However,
it is clear that they are structural components of cellular
membranes across a broad range of different tissues
(Braverman and Moser, 2012) because ether lipids are found
in the plasma membrane and in different subcellular
compartments (Sun, 1973; Kuerschner et al, 2012). Due to
their frequently polyunsaturated fatty acid (PUFA)-rich sn-2
side chains, they are considered to be an important reservoir
for lipid second messenger precursors (Nagan and Zoeller, 2001).
In previous research studies, particular attention has been paid to
the specific properties of the vinyl ether bond of plasmalogens,
which was demonstrated to be much more susceptible to
oxidative cleavage than analog ester lipids (Broniec et al,
2011). Because of that, and due to their high PUFA content,
plasmalogens are considered to be efficient membrane-localized
antioxidants (Brites et al., 2004; Engelmann, 2004). More recently
(however due to the same physicochemical properties), ether
lipids have been implicated in the promotion of and robustness
against ferroptosis (Zou et al., 2020). Some individual ether lipid
species have been found to encompass highly specific functions.
An important representative is certainly the platelet-activating
factor (PAF), a 1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine
which acts as a highly potent intracellular signaling molecule, that
is involved in the regulation of many cellular processes
[discovered in Demopoulos et al. (1979) and reviewed in
Snyder (1999) and Lordan et al. (2019)]. Another example is
the ether lipid seminolipid - besides sulfatide the only other major
sulfoglycolipid - which is mainly synthesized in primary
spermatocytes and essential for spermatogenesis (Goto-Inoue
et al, 2009). A third important example are
glycosylphosphatidylinositol (GPI) anchors that
posttranslationally attach more than 250 different eukaryotic
proteins to the surface of membranes (Paulick and Bertozzi,
2008). A neglected aspect in many functional studies on ether
lipids is the clear differentiation between the potentially different
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biological functional spectrum of plasmanyl and plasmenyl lipids
(Jiménez-Rojo and Riezman, 2019).

2 THE ANALYTICAL CHALLENGE

Novel breakthroughs and findings in the field of plasmalogen and
ether lipid research are strongly linked to the available analytical
possibilities. An overview of respective developments throughout the
last century is provided in the Section 3. In the past until today,
reliable differentiation between plasmanyl and plasmenyl lipids
represents a major analytical challenge that determines the pace of
scientific progress. An important analytical principle that can be
exploited for the quantification of ether lipids is that their alkyl and
alkenyl residues are nonsaponifiable. Furthermore, the vinyl ether
bond of plasmalogens—but not the ether bond of all other ether
lipids—can be cleaved under acidic conditions, thereby yielding the
respective fatty aldehydes (Werner et al, 2018). Subsequent
derivatization of the released aldehydes allows for the
quantification of plasmalogen levels; however, the disadvantage is
that the presence of free fatty aldehydes, produced from other
sources, can significantly distort the validity of the results. With
measurement methods based on this principle, the concentrations of
plasmanyl ether lipids remain completely obscure.

In recent years, the use of liquid chromatography-tandem
mass spectrometry (LC-MS/MS) has become increasingly
popular, also for ether lipid analytics. Despite the great
possibilities this technology offers for characterizing complex
lipid mixtures, ether lipids still remain a challenging class of
analytes, as will be discussed in Section 4. Specifically, it is not
possible to univocally differentiate between monounsaturated

plasmanyl and saturated plasmenyl residues based on exact
mass-to-charge ratios and fragment spectra alone (Koch et al,
2020). This challenge can be overcome by employing specialized
instrumentation and techniques (Section 3, 4). Another
possibility is to exploit the differential chromatographic
behavior of isobaric plasmanyl and plasmenyl lipids, which
can, however, not always readily be integrated due to the lack
of sufficiently complete sets of commercially available standards
(Koch et al,, 2020). One property that eases the analysis of
molecular ether lipid species is that their structural variability
is less diverse than that of other phospholipid classes (Keller,
2021) because at the sn-1 position only a limited set of relevant
fatty alcohols is found (Cheng and Russell, 2004), while the sn-2
position is often occupied by polyunsaturated fatty acids (Arthur
et al., 1985; Koch et al.,, 2020). A further aspect that represents a
major challenge in the research of plasmalogens and other ether
lipids is that our knowledge about the respective metabolic
pathways for a long time (and partially still) showed
substantial gaps because the genes of several important
enzymes were not known. This rendered the establishment of
suitable model systems very difficult.

3 HISTORY OF ETHER LIPID RESEARCH
AND THE PROGRESS IN ETHER LIPID
ANALYTICS

3.1 Discovery and Characterization of Ether
Lipids

The first evidence for the existence of ether lipids was published in
1909, in which the presence of a nonsaponifiable lipid fraction in
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TABLE 1 | Milestones in plasmalogen research [expanded on the basis of Snyder (1999)].

Year Milestone Citation

1909 Nonsaponifiable lipid isolates from starfish Dorée (1909)

1924 Condensation of a long-chain fatty alcohol and glycerol forms an ether bond Toyama (1924)

1924 First detection of plasmalogens Feulgen and Voit (1924)

1928 Presence of an O-alkyl bond Heilbron and Owens (1928)

1933 O-Alkyl moiety located at the sn-1 position Davies et al. (1933)

1941 Stereochemistry of ether lipids Baer and Fischer (1941)

1967 O-Alk-1"-enyl moiety of plasmalogens Rapport et al. (1957); Debuch (1958)

1958 Presence of PE ether lipids in egg yolk Carter et al. (1958)

1960 First intact isolate of the glyceryl ethers Mangold and Malins (1960)

1960 Choline and ethanolamine phosphotransferases catalyze the transfer of CDP-choline and CDP-  Kiyasu and Kennedy (1960)

ethanolamine to O-alk-1’-enyl-acylglycerols

1961 Isolation of ether lipids from bovine erythrocytes Hanahan and Watts (1961)

1962 cis-nature of plasmalogen double bond Norton et al. (1962); Warner and Lands (1963)

1963 Double bond position in the O-alkyl chain of selachyl alcohol at carbons 9 and 10 Hanahan et al. (1963)

1969 Cell-free synthesis of O-alkyl bond Snyder et al. (1969)

1969 Alkyl-DHAP synthase forms ether lipids from glycerone-phosphate and a fatty alcohol Hajra (1969); Wykle and Snyder (1969)

1979 Discovery of the chemical structure of platelet-activating factor (PAF) Benveniste et al. (1979); Blank et al. (1979); Demopoulos
et al. (1979)

1985 Plasmalogens are the major phospholipid constituent of the cardiac sarcoplasmic reticulum Gross (1985)

1988 Plasmalogen bond protects against cell death Zoeller et al. (1988)

1993 Choline plasmalogens are mainly derived from the ethanolamine plasmalogens Blank et al. (1993)

1997 Identification of AGPS de Vet et al. (1997)

1997/1998 Identification of GNPAT Thai et al. (1997); Ofman et al. (1998)

2004 Identification of FART and FAR2 Cheng and Russell (2004)

2010 FAR1 is the rate-limiting enzyme in ether lipid biosynthesis Honsho et al. (2010)

2012 Identification of DHRS7b Lodhi et al. (2012)

2017 Identification of EPT1 (SELENOI) Ahmed et al. (2017)

2018 Role of SELENQOI for plasmalogen biosynthesis Horibata et al. (2018)

2019/2021 Identification of PEDS1 Gallego-Garcia et al. (2019); Werner et al. (2020);
Wainberg et al. (2021)

2020/2021 Role of ether lipids in ferroptosis Zou et al. (2020); Cui et al. (2021)

2021 Plasmalogen synthase in anaerobic bacteria Jackson et al. (2021)

isolates from starfish was established (Dorée, 1909). In the more
than 100 years that followed, a whole series of breakthroughs led
to our current understanding of ether lipids and plasmalogens, a
selection of which is represented in Figure 2 (for references,
Table 1). Fred Snyder, without a doubt one of the most central
figures in the advancement of the field, provided a detailed
personal and historical perspective on many of these
developments up to the turn of the millennium (Snyder,
1999). Until the 1970s, a majority of the research activities
relating to plasmalogens focused on the elucidation of their
fundamental structure and composition. Later on, important
further discoveries were made, such as solving the exact
chemical structure of the platelet-activating factor (PAF) in
1979 (Benveniste et al.,, 1979; Blank et al., 1979; Demopoulos
etal,, 1979). In parallel, but especially starting from the late 1950s,
increasing attention was paid to the natural occurrence of ether
lipids and plasmalogens in a wide variety of species, tissues, and
other diverse biological sources (Carter et al., 1958; Hanahan and
Watts, 1961; Gross, 1985). The growing understanding of
plasmalogens and ether lipids triggered an era of research on
their metabolism, biochemistry, and biological functions. The
first signs of this change in research focus appeared in the 1960s
(Kiyasu and Kennedy, 1960; Wykle and Snyder, 1969; Zoeller
et al., 1988; Blank et al., 1993), a strong intensification of efforts
was especially noticeable from the late 1980s onward. However,

many research questions still remain unanswered, particularly
regarding the enzymology of the metabolic network related to
ether lipids and plasmalogens. Surprisingly, for a long time, it was
not possible to identify the genes for many of the enzymes
involved in their metabolism, even after the human genome
had been deciphered. For example, only recently the genes
coding for important functions such as the catabolism of
plasmalogens (Wu et al., 2011), the sn-1 cleavage of plasmanyl
lipids (Watschinger et al., 2010), and the core enzyme responsible
for plasmalogen biosynthesis were identified (Gallego-Garcia
et al,, 2019; Werner et al, 2020; Wainberg et al, 2021). In
ether lipid metabolism other orphan enzymes might be
present, but it is unclear so far whether the respective ester
metabolizing enzymes that are already known also accept the
ether analogs as substrates.

3.2 The Role of Novel Analytical Techniques
A major driving force behind the scientific progress in ether lipid
and plasmalogen research was (and is) the different accessible
analytical technologies. Importantly, the analytical tools available
at the respective time also had a decisive influence on the
trajectory of the research activities (and vice versa). Several
methods for quantifying plasmalogen concentrations rely on
the cleavage of the vinyl ether double bond in the presence of
an acid, and the detection of the liberated aldehyde, frequently as
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an acetal or hydrazone derivative (Figure 2 and Table 1). While
the special reactivity of plasmalogens increases their specificity,
information on the remaining structure of the molecule, that is,
the residues at sn-2 and sun-3 of the glycerolipids, is lost. In
addition, proper controls need to be included to subtract the
amounts of free aldehydes present in the sample before acidic
liberation of the aldehyde at sn-1. This can be done by using
hydrochloric acid to cleave the vinyl ether double bond and
running an additional reaction with acetic acid instead of
hydrochloric acid in parallel, which leaves the vinyl double
bond intact and therefore represents the free aldehyde content
only (Werner et al., 2018). However, in the selected mouse tissues
investigated so far, the amount of free aldehydes was always below
1% as compared to the amount of plasmalogens (Werner et al,,
2018). An additional drawback of these methods is that they fail
to quantify ether lipids without the vinyl ether double bond, that
is, plasmanyl lipids.

Already the very first detection of plasmalogens in 1924 relied
on such a reaction, the formation of an adduct of aldehydes
liberated from plasmalogens with fuchsin in sulfuric acid
(Feulgen and Voit, 1924). A related procedure allowed high-
throughput screening for bacterial colonies lacking plasmalogen
formation in the search for genes responsible for plasmalogen
formation in anaerobic bacteria (Jackson et al., 2021). The
formation of dimethyl acetals by cleavage in acidic methanol
(Gray, 1969) is still frequently used to quantify plasmalogens by
gas chromatography-mass spectrometry (GC-MS) and liquid
chromatography-mass  spectrometry ~ (LC-MS)  methods
(Ingrand et al., 2000; Moraitou et al., 2008; Brites et al., 2009;
Bueno et al., 2012; Gallego-Garcia et al., 2019). Other methods
used 2, 4-dinitrophenyl hydrazine and thin layer chromatography
(Rhee et al., 1967), or staining of thin-layer chromatograms with
4-amino-5-hydrazino-1,2,4-triazole-3-thiol sprays (Rahn and
Schlenk, 1973). Derivatization with (pentafluorobenzyl)
hydroxylamine hydrochloride allowed analysis using GC-MS
(Ingrand et al., 2000). We developed a method to measure
plasmalogens using dansylhydrazine as a derivatization agent
and reversed-phase HPLC with fluorescence detection for
quantification (Werner et al., 2018). This method was essential
for independent measurement of total plasmalogen in mice
deficient in PEDS1 (Werner et al, 2020), enabling the
validation of LC-MS methods for the unequivocal
discrimination between plasmanyl and plasmenyl lipids (Koch
et al.,, 2020; Werner et al., 2020).

Besides the aforementioned thin layer chromatographic
techniques with varying detection reagents and principles for
the semi-quantitative analysis of ether lipids and plasmalogens
(Schmid et al., 1975; Shantha and Napolitano, 1998), and other
chromatographic approaches (Christie and Han, 2012), a
diversity of analytical approaches has been developed (Messias
et al., 2018). A series of assays based on radiolabeled substrates
have been established, often to study the respective metabolic
pathway structures and enzymology in a targeted manner
(Paltauf, 1972; Wykle et al, 1972; Blank and Snyder, 1992).
Furthermore, also 'H, °C, and especially *'P nuclear magnetic
resonance (NMR) approaches have been employed to quantify
PC and PE plasmalogens on the basis of the characteristic
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chemical shifts that vinyl ether double bonds cause (Meneses
and Glonek, 1988; Sacchi et al., 1995), a technology that provides
new scientific insights (Kimura et al., 2018; Bozelli et al., 2020). A
major disadvantage of many of these methods, is that only little or
no information about the respective molecular species, especially
the chemical structure of their side chains, is extractable. In
addition, the methods used often either do not allow a clear
distinction between plasmalogens and other ether lipids or can
solely quantify plasmalogens. Overcoming this often requires a
laborious combination of different methods, such as the
saponification of previously extracted and pre-separated ether
lipids followed by GC-MS analysis of the fatty acids released
(Maulik et al., 1993). For this reason, the analysis of ether lipids by
means of LC-MS/MS is increasingly pursued in light of the
rapidly improving instrumental performance in the field of
mass spectrometry. LC-MS/MS-based approaches are highly
attractive due to the abundance of extractable information, but
of course, they come along with their specific challenges and
problems, especially in regard to the reliable identification of
plasmanyl and plasmenyl species, which are summarized in
Section 4.

3.3 Implications for the Pathophysiological
Knowledge About Ether Lipids

These and other conceptual and technical advances have of
course had a major impact on our understanding of the role
of plasmanyl and plasmenyl lipids in health and disease. A
detailed summary would go far beyond the scope of this work
and is already part of excellent reviews such as Braverman and
Moser (2012) and Dean and Lodhi (2018). The functional
involvement of ether lipids has been discussed in many
pathologies. These include inherited peroxisomal disorders,
often caused by mutations in one of the 14 different peroxin
(PEX) genes (Berger et al, 2016) that lead to different
manifestations of the Zellweger syndrome, as well as in the
case of PEX7 to rhizomelic chondrodysplasia punctata (RCDP)

(Waterham and Ebberink, 2012). Additionally, reduced
plasmalogen  levels  have  been  associated  with
neurodegenerative diseases such as Alzheimer’s disease

(Dorninger et al, 2020) and are discussed as a potential
treatment target (Fujino et al, 2017). Furthermore,
plasmalogens were recognized for their protective role against
oxidative stress (Zoeller et al., 1988) and have been shown to
inhibit apoptosis (Yamashita et al., 2015). However, this behavior
has been reported to be cell-type specific, as plasmalogens play an
important role in the apoptotic behavior of mouse
neuroblastoma-derived cells but not in astrocyte-derived cells
(Hossain et al., 2013).

4 MASS SPECTROMETRY-BASED ETHER
LIPID ANALYSIS

Historically, characterizing the composition of alkyl and alkenyl
lipids with reliable molecular subspecies resolution has been a
highly laborious and tedious task, as detailed in the previous

Frontiers in Cell and Developmental Biology | www.frontiersin.org

April 2022 | Volume 10 | Article 864716


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Koch et al.

section. With the advent of omics technologies and related
bioinformatics capabilities, each of which is entangled with the
developments in mass spectrometry (MS) instrumentation, the
discriminative power and data quality were propelled forward.
This is also related to the generation of large, information-rich
data sets, where reliable data analysis strategies play a crucial role
in systematically deciphering complex lipid compositions. There
are a broad range of possibilities and different setups, where MS is
used as the core detection principle for the quantification of
plasmalogens and other ether lipids. Vitova et al. have recently
provided a comprehensive overview on plasmalogen analysis
methods and how they are used to study these lipids in
various species (Vitova et al, 2021). There are both targeted
and untargeted mass spectrometric approaches, and both have
their specific advantages and disadvantages in terms of reliability,
reproducibility, and information content. These are based on
either direct infusion (shotgun) lipidomics (Han and Gross, 2005;
Surma et al., 2021) or mass spectrometric detection after different
types of pre-separation, including gas or liquid chromatography
(Mawatari et al., 2007; Fauland et al., 2011; Lisa et al., 2017),
capillary electrophoresis (Zhang et al., 2017; Ly et al., 2021), ion
mobility separation (Vasilopoulou et al., 2020; Kirkwood et al.,
2022), and supercritical fluid chromatography (Lisa et al., 2017;
Schoeny et al., 2020). In this section, we will focus on how to
tackle the analytical challenge to discriminate between plasmanyl
and plasmenyl lipids. This differentiation is of great importance
as introduction of a vinyl ether double bond in ether lipids
severely alters the physicochemical properties of the molecule
(e.g., its oxidizability) and therefore defines the respective
functional roles.

4.1 Ether Lipid Identification by Mass
Spectrometry

In general, a distinction must be made between high-resolution
mass spectrometers, where the instrument can determine
masses with an accuracy of as low as 0.1 mDa in relation to
the exact mass, and low-resolution mass spectrometers that are
only accurate to approximately 1 Da (Wallace and McCord,
2020, 254). In the molecular context of lipids, this implies that
distinguishing between isobaric lipids such as the pair PE P-36:2
(plasmenyl) and PE 35:3 with respective mass-to-charge ratios
(m/z) of 726.5443 and 726.5079 m/z in electrospray ionization
(ESI) negative mode is possible only with high-resolution
instruments, while the isomeric counterpart PE 0O-36:3
(plasmanyl, 726.5443 m/z) cannot be readily differentiated
from PE P-36:2 even with highest resolution instruments
(Keller, 2021). A further challenge is that such non-resolvable
mass overlaps also occur between pairs of lipid species with a
nominal mass difference of 2 m/z, as is the case for plasmenyl
and plasmanyl species with identical side-chain substitution;
that is, the M+2 isotopologue of a plasmenyl species interferes
with the M+0 peak of the corresponding plasmanyl lipid (type-
11 isotopic effect) (Horing et al., 2021). This effect is particularly
important when significantly larger amounts of plasmenyl
species are present, which is often the case with PE ether
lipids (Koch et al., 2020). In addition, the possible distortion
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due to mass overlaps scales with increasing numbers of non-
most abundant (natural) isotopes contained within a lipid,
which are responsible for changing isotopic intensity
distributions (type-I isotopic effect) (Han and Gross, 2001).
In other words, with increasing numbers of, for example, carbon
atoms, the natural isotope prevalence causes changes in the
isotopic distribution from (M+0) to (M+1) and higher isotopes,
thus increasing the problem of interference due to signal
interference. A type-II isotopic effect, if lipids differ by one
double bond, can be (at least theoretically) circumvented when
reaching very high mass resolutions (R > 200,000 for PE O-36:2/
PE P-36:2); however, a correction using suitable deconvolution
approaches during data analysis is possible. In contrast, this is
not the case for the aforementioned overlap between isomers,
which can only be resolved through combination with
additional complementary analytical techniques.

4.2 Mass Spectrometry-Based
Fragmentation and Derivatization
Approaches

Several powerful possibilities to discriminate between plasmanyl
and plasmenyl lipids arise from the fragmentation capabilities
that many mass spectrometers provide. However, pure MS/MS
fragment spectra in the negative ESI mode are not sufficient to
achieve a clear assignment of plasmalogens and other ether lipids
(Koch et al., 2020). A more advanced approach is the generation
of unique fragmentation signatures obtained via repeated
collision dissociations of lithiated ether lipid precursor ions in
positive ESI mode [(M + Li)*, (M-H + 2Li)*, and (M-2H + 3Li)"]
(Hsu and Turk, 2008) restricted to mainly PE and PC, while in
negative mode distinction for all major glycerophospholipid
classes can be achieved by multistage fragmentation (Hsu and
Turk, 2007; Hsu et al.,, 2014). However, those approaches are
limited to mass spectrometers with MS" (n > 2), and therefore
intrinsically limited in their applicability (Hsu and Turk, 2008).
In  another = method, silver ion  adducts  of
phosphatidylethanolamine plasmalogens enabled their detection
via neutral loss scans in the positive ESI mode. In the presence of
Ag+ ions, a characteristic neutral loss of 141Da is also
predominantly observed for plasmenylethanolamines, and
quantification is enabled by differential analysis (Kim et al,
2012). A further possible workflow includes the combination of
ozone-induced dissociation (OzID) in the MS! dimension with
additional collision-induced dissociation (CID) fragment spectra
(MS?) acquired in direct infusion (shotgun) workflows boosting
lipidome coverage via a higher number of duty cycles (Deeley et al.,
2009; Marshall et al., 2019). Depending on the combinations of
CID and OzID, the sn position of each fatty acyl (FA) (CID/OzID),
the double bond positions in the sn-1 FA (CID/OzID?), and a full
characterization (all double bond positions and chain lengths of sn-
1 and sn-2 FA) are possible with (CID/OzID)? (Pham et al., 2014).

Also, derivatization strategies, for example, with iodine/
methanol derivatized plasmenyl lipids, enable the differentiation
between plasmanyl and plasmenyl species, and in combination
with °C,-S, §'-dimethylthiobutanoyl-N-hydroxysuccinimide ester
derivatization of aminophospholipids, this method can also resolve
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type-1 isotopic effects (Fhaner et al., 2013). Quite recently, a new
application was published where the acquisition of fragmentation
spectra at three different higher collision energy settings allowed an
established computational model to correct and deconvolute
different isobaric and isomeric features with different structural
compositions (Schuhmann et al, 2019). Theoretically, this
approach could also be able to distinguish between plasmanyl
and plasmenyl lipids, but this was not discussed by the authors. A
general discussion of the various derivatization strategies applied
for MS-coupled lipidomics can be found in Hu et al. (2019).
Furthermore, when primarily focusing on the quantification of
plasmalogens, a distinct fragmentation behavior of plasmenyl PE
lipids in the positive ESI mode can be exploited for their structure-
specific quantification (Tsugawa et al., 2020; Morel et al., 2021).

4.3 Exploiting Different Chromatographic
Properties of Plasmanyl and Plasmenyl
Lipids

In addition, but also as an alternative to more complex MS"
methods, the combination of MS with chromatographic
separation methods can in principle be wused for the
discrimination of plasmanyl and plasmenyl lipids. Generally,
normal phase chromatography and hydrophilic interaction
liquid chromatography (HILIC) separate lipids in a lipid class-
dependent manner, while in reversed-phase chromatography a
lipid species-specific separation behavior is facilitated. Both
principles are widely applied in lipidomic studies as described
by Harrieder et al. (2022), while promising methods utilizing
supercritical fluid chromatography for separation are under
development (Wolrab et al., 2020; Le Faouder et al., 2021) that
should enable class-wise separation of plasmanyl and plasmenyl
lipid species, which in comparison with strategies refined for DI
methods (necessary to correct for type-II isotopic effects) should
allow high-throughput lipidomics with plasmalogen resolution
on a whole lipidome scale.

A major limiting factor for the systematic characterization of
the separation properties of plasmalogens and other ether lipids is
the lack of commercially available standards in sufficient numbers
and variety. Pairs of plasmanyl/plasmenyl species rarely occur
together in the same sample, precluding mutual relative
referencing (Koch et al, 2020). However, with the help of a
plasmalogen-deficient mouse model (Werner et al., 2020), it was
possible to comprehensively describe that reversed-phase
gradients allow for distinguishing between plasmanyl and
plasmenyl lipids by a characteristic retention time offset (Koch
et al, 2020). Furthermore, this retention time behavior is
systematic (in addition to the contributions of double bond
content and carbon atom number within fatty acyl side
chains) and allows for building predictive models for the
retention time behavior of plasmanyl and plasmenyl lipids in a
lipid class-wise manner (Vankovd et al., 2022). This allows the
challenging mass spectrometric problem of deconvoluting
isomeric and isobaric ether lipids to be transformed into a
much easier solvable chromatographic and data analysis issue.
Even type-II isotopic effects can be readily resolved with baseline
separation (Lange and Fedorova, 2020; Vankova et al., 2022). This
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principle is also implemented in several targeted multiple reaction
monitoring (MRM) and selective reaction monitoring (SRM)
assays (Benjamin et al.,, 2013; Lee et al., 2021), which can be
expanded and improved with an increasing variety of commercial
standards. In contrast, in HILIC-based methods, the respective
lipid class-wise elution behavior (Buré et al., 2013) reduces the
potential to separate plasmanyl and plasmenyl species, although
they elute prior to the diacyl lipids (Otoki et al., 2017). With such
a separation method entirely focusing on the goal to distinguish
plasmalogens, it is possible to achieve a clear separation also with
HILIC; however, simultaneously there is a tradeoff in respect to
the applicability of the method to characterize the general
lipidome (Morel et al, 2021), which diminishes general
feasibility of HILIC for detailed lipidomics (Lange and
Fedorova, 2020).

4.4 Correctly Reporting the Level of
Structural Identification

Different identification and quantification strategies for the
analysis of plasmalogens and other ether lipids result from the
current set of utilized LC-MS/MS-based approaches. Since, as
discussed earlier, a differentiation between plasmanyl and
plasmenyl species cannot be automatically assumed, this must
be taken into account for both identification and lipid species
nomenclature. When following good practice rules (Kofeler et al.,
2021), it is clearly important to consider the level at which
identifications take place, which in turn should be reflected in
the name of the lipids (Liebisch et al., 2013, 2020). Depending on
how conscientiously this is implemented, this leads to lipidomic
studies in which a clear assignment of plasmalogens and other
ether lipids 1) is not regarded at all, 2) is based on educated
guesses, 3) is honestly reflecting the level of identification, or 4) is
explicitly executed with one of the approaches detailed
previously. Many general lipidomic studies that are based on
reversed-phase HPLC separation do not (yet) distinguish
between plasmanyl and plasmenyl lipids. Thus, it is advisable
to fully utilize the existing analytical potential of untargeted LC-
MS/MS-based lipidomics approaches, as already in standard
workflows the combined information of exact masses,
fragmentation behavior, and a well-characterized retention
time behavior would be sufficient to correctly assign the
otherwise tricky plasmanyl and plasmenyl isomers.

5 FUTURE PERSPECTIVES

PE, PC, and DG are the main lipid classes for which ether lipid and
plasmalogen analogs have been described and are currently studied.
However, ether-linked lipid species have also been found in a range of
different other lipid classes, including phosphatidylinositol,
phosphatidic acid, phosphatidylserine, and phosphatidylthreonines
(Ivanova et al., 2010). Although these occur in comparatively small
amounts, they must still be taken into account as part of the lipidome.
However, since commercially available standards are already limited
for the main lipid classes, this problem is even more pronounced for
rarer ether lipid variants.
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Likewise, much of the current research focus related to
plasmalogens and other ether lipids relies on a relatively small
subset of model organisms. Nevertheless, it has been shown that
ether lipids can be much more complex in other organisms such
as archaea (Albers et al., 2000; Pineda De Castro et al., 2016;
Vitova et al., 2021). For example, while in mammals it can be
assumed by default that the ether bond is located at the sn-1
position, this is far from set in stone in other species (Grossi et al.,
2015) and can also become relevant in the analysis of
plasmalogens in food (Yamashita et al, 2016). This
circumstance must be explicitly taken into account in ether
lipid and plasmalogen analytics.

Plasmanyl and plasmenyl ether lipids are increasingly being
associated with diseases other than specific inherited metabolic
diseases involving peroxisomes (Ferreira et al, 2021). In addition
to Alzheimer’s (Han et al, 2001; Igarashi et al, 2011; Kling et al,,
2020), Down syndrome (Murphy et al, 2000), and Parkinson’s
disease (Dragonas et al., 2009), these also include abnormalities in
the plasma of colorectal cancer patients (Liu et al., 2020). However,
the use of plasmalogens as early diagnostic biomarkers places
particularly strict demands on the performance of the analytical
approaches used.

From the point of view of ether lipid and plasmalogen
analytics, there are a number of important measures that
should be taken in light of these developments. 1) Above all, it
is important that the research field focuses on truthfully reporting
the exact structural level of analysis of ether lipids, which should
also be reflected in the respectively used lipid nomenclature
(Liebisch et al, 2013, 2020) and thereby render them
compatible with unified computational naming approaches like
Goslin (Kopczynski et al., 2020). This aspect should not only be
implemented “in-house” but also urged for, for example, in
reviewing activities. 2) A further step is to utilize the structural
information that is already available in the raw data more
comprehensively, to differentiate between plasmanyl and
plasmenyl lipids whenever applicable. 3) With increasing
demand, it would be a welcome development if a greater
diversity of commercial ether lipid and plasmalogen standard
substances becomes available. In this regard, the recent
identification of the gene that encodes for a key enzyme in
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As the history of plasmalogen analysis shows, the continuous
development of analytical possibilities has resulted in ever greater
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lipids. Nevertheless, the precise physiological functions of these
lipids are only superficially understood. Particularly, this applies
to the delimitation of the functional spectrum between lipid
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field, which is also reflected by this special issue, conveys a
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Plasmalogens are glycerophospholipids with a hallmark sn-1 vinyl ether bond that endows
them with unique physical-chemical properties. They have proposed biological roles in
membrane organization, fluidity, signaling, and antioxidative functions, and abnormal
plasmalogen levels correlate with various human pathologies, including cancer and
Alzheimer’s disease. The presence of plasmalogens in animals and in anaerobic
bacteria, but not in plants and fungi, is well-documented. However, their occurrence in
the obligately aerobic myxobacteria, exceptional among aerobic bacteria, is often
overlooked. Tellingly, discovery of the key desaturase indispensable for vinyl ether
bond formation, and therefore fundamental in plasmalogen biogenesis, emerged from
delving into how the soil myxobacterium Myxococcus xanthus responds to light. A recent
pioneering study unmasked myxobacterial CarF and its human ortholog TMEM189 as the
long-sought plasmanylethanolamine desaturase (PEDS1), thus opening a crucial door to
study plasmalogen biogenesis, functions, and roles in disease. The findings demonstrated
the broad evolutionary sweep of the enzyme and also firmly established a specific signaling
role for plasmalogens in a photooxidative stress response. Here, we will recount our take
on this fascinating story and its implications, and review the current state of knowledge on
plasmalogens, their biosynthesis and functions in the aerobic myxobacteria.

Keywords: plasmalogens, Myxococcus xanthus, CarF, lipid signaling, singlet oxygen, photoregulation, TMEM189,
PEDS1

INTRODUCTION

Membranes are vital barriers between a living cell and its environment, and between subcellular
compartments, which ensure selective trafficking of substances, signal sensing and transduction,
energy generation, and enable many other functions indispensable for cell viability (Harayama and
Riezman, 2018). Their basic and predominant components are lipids of highly diverse chemical
structures, composition, and distribution, depending on the organism, cell type or organelle. Lipids
affect membrane properties, like rigidity and fluidity, and serve as platforms for other crucial

Frontiers in Cell and Developmental Biology | www.frontiersin.org 109

May 2022 | Volume 10 | Article 884689


http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.884689&domain=pdf&date_stamp=2022-05-11
https://www.frontiersin.org/articles/10.3389/fcell.2022.884689/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.884689/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.884689/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.884689/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.884689/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.884689/full
http://creativecommons.org/licenses/by/4.0/
mailto:padhu@iqfr.csic.es
mailto:melias@um.es
https://doi.org/10.3389/fcell.2022.884689
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.884689

Padmanabhan et al.

Plasmalogens in Myxobacteria

ETHER PHOSPHOLIPIDS

Diacyl phospholipid
o

1l
sn-1 H,C—O0—C—CH,—R;

1]
sn2 HC—O—C—R,

9
sn-3 HZC—O—ﬁ—O—X

PE(P-18:0/18:1(92))

PE(P-18:0/20:4 (5Z,8Z,11Z,14Z))

C

R1\/‘0’Y‘0[PEtn] oxidation

o)
2

- PEDS1
(CarFITMEM189)

Alkyl Ether Bond

anaerobic bacteria.

(Plasmanyl)
Alkyl-acyl phospholipid

11 HyC—0—CH,—CH,—R,

i
53 HC—0—P—0—X

Human plasmalogens

NH
W\/\/\/\/\/\/:\O/\K\O/T\o/\/ 3

NWWVW\WO o

PE(P-18:0/22:6(42,7Z,10Z,132,16Z,19Z))
NH
\/\/\/\/\/\/\/\/=0/\(\0/T\o/\/ 3

— — — (o] o

[0}
RO Y O[PEtn] reduction R, _J
o < 0" O[PEtn]

Vinyl Ether Bond
(PLASMALOGEN)

AEROBES (myxobacteria, animals)
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highlighted in red and shaded orange and grey, respectively; sn positions are indicated; Ry and R, represent hydrocarbon chains at the sn-1 and sn-2 positions,
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names are used. (C) Vinyl ether bond formation in plasmalogens by the aerobic (oxidative) pathway in myxobacteria and animals and the anaerobic (reductive) route in
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biomolecules, like proteins and carbohydrates. Lipids are
classified into eight categories based on the chemically
functional backbone and further divided into classes and
subclasses depending on their alkyl/acyl unit size, number and
position(s) of double bond(s), hydroxylation, presence/type of
polar headgroups, and presence of ester or ether bonds (Fahy
et al., 2009). Plasmalogens, the theme of the current Research
Topic, belong to a major membrane lipid category known as
glycerophospholipids (GPs), defined by a glycerol backbone, one
of whose hydroxyl groups is esterified to a phosphate (or
phosphonate (Metcalf and van der Donk, 2009; Horsman and
Zechel, 2017)) group at the sn-3 position (sn, stereospecific

numbering). Typical GPs (or diacyl GPs) have both remaining
hydroxyl groups linked through ester bonds to long-chain fatty
acids, whereas ether GPs have an ether bonded alkyl chain at sn-1
and an ester bonded fatty acid at sn-2 (Figure 1A). Variants with
a second ether-linked alkyl group at sn-2 reportedly occur in
some bacteria (Caillon et al., 1983). The alkyl chains, especially in
mammals, are 16 or 18 carbon atoms long, usually saturated
(Figure 1B) or monounsaturated, while in bacteria they often
have odd number of carbon atoms and can be saturated,
unsaturated, and iso-branched (Kaneda, 1991; Rezanka and
Sigler, 2009; Sohlenkamp and Geiger, 2016). Among ether
lipids with an sn-2 fatty acyl group, plasmanyl GPs contain an
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sn-1 alkyl group (1-O-alkyl, linked by an ether bond), while
plasmenyl GPs contain an sn-1 alkenyl group (1-O-alk-1'-enyl,
with a double bond adjacent to the ether linkage or vinyl ether
bond) and are known as plasmalogens (Figure 1A).
Plasmalogens were identified a century ago and so named as
the source of “plasmal”, the aldehyde produced by acid treated
cell plasma (Feulgen and Voit, 1924; Snyder, 1999). Their
presence in animals and anaerobic bacteria is well established,
as also their absence (save some stray reports) in plants and fungi
(Braverman and Moser, 2012; Goldfine, 2017; Zhou et al., 2020;
Vitova et al.,, 2021). Obligate or facultative aerobic bacteria are
often described as lacking plasmalogens but this ignores a striking
exception, the obligately aerobic myxobacteria, where the
presence of plasmalogens was first reported 50 years ago
(Kleinig, 1972) and confirmed in subsequent studies (Stein
and Budzikiewicz, 1987; Curtis et al.,, 2006; Ring et al., 2006;
Lorenzen et al., 2014a; Lorenzen et al., 2014b; Gallego-Garcia
et al., 2019). When present, plasmalogens often exceed other
ether lipids in abundance and can constitute as much as a fifth of
the mammalian phospholipidome (Braverman and Moser, 2012).
Their composition varies with organisms, organelles, and cell
types. Enriched in the brain, heart, kidney, lung, skeletal muscle,
and neutrophils but low in the liver, plasmalogens occur in almost
all subcellular membranes except in peroxisomes, the site of the
early steps in their biosynthesis (Braverman and Moser, 2012).
Their levels fluctuate with age, growth, and environmental
conditions and reflect a balance between biosynthesis and
degradation. In mammals, the first step in their biosynthesis,
the generation of a fatty alcohol by FARI, a peroxisome-
associated fatty alcohol reductase that preferentially reduces
C16 and C18 fatty acyl-CoAs (see below), is proposed to be
rate-limiting. Plasmalogen levels appear to modulate feedback
regulation as well as degradation of FARI, but the underlying
molecular mechanisms for sensing, signaling and spatiotemporal
regulation remain undetermined (Honsho and Fujiki, 2017).
Moreover, crosstalk and co-regulation of ether lipids and
plasmalogens with other lipid classes form an important part
of the complex interconnections in membrane lipid metabolism
and homeostasis networks (Jiménez-Rojo and Riezman, 2019). In
bacteria, lipids and their compositions also vary with species,
growth and environmental conditions (Sohlenkamp and Geiger,
2016). For example, in the aerobic plasmalogen-producing soil
myxobacterium Myxococcus xanthus, large shifts in lipid
composition accompany the starvation-induced development
of vegetatively growing cells into multicellular spore-filled
fruiting bodies (Lorenzen et al., 2014b; Ahrendt et al., 2015).
Abnormalities and deficiencies in ether lipid/plasmalogen
levels have been linked to various human pathologies ranging
from rare genetic disorders (Rhizomelic chondrodysplasia
punctata, Zellweger syndrome) to cancer, neurodegenerative
diseases like Alzheimer’s disease, and metabolic disorders
(Braverman and Moser, 2012; Dean and Lodhi, 2018; Paul
et al, 2019). Recently, plasmalogens were implicated in cell
fitness under hypoxia (low oxygen) conditions (Jain et al,
2020) and in ferroptosis (Zou et al, 2020; Cui et al., 2021).
The special physicochemical attributes of the plasmalogen vinyl
ether bond can affect membrane fluidity, signaling and function

Plasmalogens in Myxobacteria

(Braverman and Moser, 2012; Jiménez-Rojo and Riezman, 2019),
and its susceptibility to cleavage by reactive oxygen species (ROS)
such as singlet oxygen (‘O,) yields products that may act as
second messengers (Morand et al., 1988; Zoeller et al., 1988;
Stadelmann-Ingrand et al.,, 2001; Jenkins et al., 2018; Gallego-
Garcia et al., 2019). Membrane microdomain platforms called
lipid rafts, proposed to recruit and activate signaling proteins, are
enriched in plasmalogens (Pike et al, 2002; Braverman and
Moser, 2012; Dean and Lodhi, 2018). Hence, plasmalogens
have been associated with antioxidative and signaling
mechanisms. Yet, despite their abundance, links to disease and
distinctive properties, studies on plasmalogens, although rising in
recent years, remain modest when compared to other lipid
classes, and their exact biological functions and the molecular
basis of their actions continue to be enigmatic.

Multistep pathways have been charted for the aerobic
plasmalogen biosynthesis in mammals and for a different
oxygen-independent route in anaerobic bacteria, with enzymes
for most of the proposed steps identified (Braverman and Moser,
2012; Goldfine, 2017; Vitova et al, 2021). Even so, the key
enzymes that generate the characteristic plasmalogen vinyl
ether bond in the final steps of both pathways remained
unknown and were discovered only very recently (Figure 1C).
A year ago, one study identified a two-gene bacterial operon
encoding a multidomain complex for the anaerobic reduction-
dehydration that converts the sn-1 ester bond of a diacyl lipid into
a vinyl ether one (Jackson et al, 2021). It also reported that
diverse facultative anaerobic bacteria, including many human gut
microbes, can and do make plasmalogens, not just obligate
anaerobes as suggested earlier (Goldfine, 2010). Two years ago,
work on photooxidative stress signaling in the obligately aerobic
M. xanthus led to the discovery that the oxygen-dependent
desaturase for plasmalogen biosynthesis is a membrane protein
called CarF, and that this protein is functionally conserved in
sequence homologues denoted TMEM189 in human, mouse,
zebrafish, fruit fly or nematodes (Gallego-Garcia et al., 2019).
The unmasking of this mammalian enzyme, now named PEDS1
and sought for five decades, was reinforced further in two
subsequent reports (Werner et al., 2020; Wainberg et al,
2021). Besides revealing the identity of a key enzyme for
aerobic  plasmalogen biogenesis and its remarkable
evolutionary conservation from bacteria to humans, the study
in M. xanthus unearthed a specific signaling role for plasmalogens
in directing a response to 'O, and photooxidative stress. We
discuss below these aspects of aerobic plasmalogen biosynthesis
and signaling roles in myxobacteria.

Myxococcus xanthus AND
MYXOBACTERIA- AN OVERVIEW

M. xanthus is a Gram-negative soil bacterium and the best
studied member of myxobacteria. These constitute the order
Myxococcales, currently in the Deltaproteobacteria class of the
phylum Proteobacteria, but recently proposed for
reclassification as a new phylum named Myxococcota, with
the order comprising three suborders (Cystobacterineae,
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FIGURE 2 | Aerobic plasmalogen biosynthesis pathway in mammals.
Synthesis of the major ethanolamine form of the plasmalogen (PIsEtn) begins
in the peroxisomes and ends in the ER, followed by transport to post-Golgi
compartments. The substrate and product (black boldface), abbreviated
enzyme names (blue boldface; see text for full names and Enzyme Comission
numbers), the organelle where each step takes place, and feedback regulation
of FAR1 by plasmalogens (red blunt ended arrow) are shown.

Sorangiineae, Nannocystineae) and 10 families (Mohr, 2018;
Vos, 2021; Pérez-Castaiio et al., 2022). Widely distributed,
most myxobacteria are soil-dwelling, though examples in
aquatic environments are also known, and all are obligate
aerobes except for the facultative anaerobic genus
Anaeromyxobacter. Their GC-rich (66-75%) genomes are
among the largest in bacteria (~9-16 Mb; 9.14 Mb and
around 7,500 genes in M. xanthus) but reduced with
extensive gene loss in Anaeromyxobacter (~4.4 Mb) and
Vulgatibacter incomptus (~5Mb). They are an important
source, albeit not fully tapped, of many unique bioactive
compounds and secondary metabolites that are often drug
leads for pharmaceutical applications (Bader et al.,, 2020).
Myxobacteria are striking in their complex lifestyles, with
some traits usually attributed to eukaryotes, like
multicellular development, social cooperative behavior, kin
recognition, predation, motility and, pertinent to this
review, biosynthesis of specialized lipids and steroids
(Munoz-Dorado et al.,, 2016; Cao and Wall, 2019; Gallego-
Garcfa et al., 2019; Hoshino and Gaucher, 2021). These aspects
have been investigated in Myxococcus xanthus that, as a model
bacterial system to study light sensing and response, has
uncovered new photosensory transduction and gene
regulation  paradigms  (Elias-Arnanz et al, 2011;
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Padmanabhan et al., 2021), including the aforementioned
conserved desaturase for plasmalogen biosynthesis (Gallego-
Garcia et al., 2019).

MAMMALIAN AEROBIC PLASMALOGEN
BIOSYNTHESIS

An obligate aerobe with the same enzyme PEDSI for a key late
step in plasmalogen biogenesis as in animals, M. xanthus may
share other parallels with the mammalian pathway. The latter
(Figure 2), which has been reviewed elsewhere (Nagan and
Zoeller, 2001; Braverman and Moser, 2012; Dean and Lodhi,
2018; Zhou et al, 2020; Vitova et al, 2021), begins in the
peroxisome and ends in the endoplasmic reticulum (ER). The
earliest steps in the peroxisomal lumen use as substrates: 1)
imported dihydroxyacetone phosphate (DHAP) or glycerone
phosphate (GNP), derived from glycerol 3-phosphate (G3P),
possibly catalyzed by glycerol 3-phosphate dehydrogenase 1
(GPD1; Enzyme Comission number EC 1.1.1.8); 2) long-chain
(C16, C18) fatty alcohols generated by the action of fatty acyl-
CoA reductase (FAR1 or the less broadly distributed FAR2; EC
1.2.1.84) on fatty acyl-CoA, produced from fatty acid by acyl-CoA
synthase (ACS; EC 6.2.1.3). FAR1 is tail anchored to the
peroxisome membrane cytosolic face and is also found in lipid
droplets (Exner et al, 2019). Glycerone phosphate
O-acyltransferase (GNPAT; EC 2.3.1.42) converts GNP to 1-
acyl-GNP, whose acyl chain is then replaced by a fatty alcohol to
yield 1-O-alkyl-GNP (AGP) in a reaction catalysed by
alkylglycerone-phosphate  synthase (AGPS; EC 2.5.1.26).
GNPAT and AGPS function as a complex to optimize
substrate channeling and catalytic efficiency. In the next step,
the acylglycerone-phosphate reductase (AGNPR or PexRAP, for
peroxisomal reductase activating PPARy; EC 1.1.1.101), localized
in the ER and peroxisomal membranes (Lodhi et al., 2012;
Honsho et al, 2020), reduces 1-O-alkyl-GNP to 1-O-alkyl-
G3P, which can also be supplied by phosphorylation of dietary
1-O-alkylglycerol (AG) by alkylglycerol kinase (AG kinase; EC
2.7.1.93) (Snyder, 1992). Exchange of 1-O-alkyl-G3P and other
lipids between peroxisomes and the ER is mediated by
peroxisome-ER tethering, which relies on the interactions of
the peroxisomal membrane protein ACBD5 (acyl-CoA binding
domain containing 5) with cytosolic regions of the ER-resident
VAMP-associated proteins VAPA and VAPB (Hua et al., 2017).

The remaining steps in the ER to produce plasmalogens
mirror those for ester-linked diacyl GP biosynthesis from
diacyl-G3P. Acylation at the sn-2 position of 1-O-alkyl-G3P by
an alkylglycerolphosphate 2-O-acyltransferase (AGPAT; EC
2.3.1.-) yields 1-O-alkyl-2-acyl-G3P, whose phosphate group
removal by phosphatidate phosphatase (PAP; EC 3.1.3.4)
produces 1-O-alkyl-2-acyl-glycerol. To this, ethanolamine
(Etn) phosphotransferase (EPT; EC 2.7.8.1) adds a phospho-
Etn group from cytidine diphosphate ethanolamine to produce 1-
O-alkyl-2-acyl-GPEtn. This alkyl ether (plasmanyl) lipid is the
substrate for the oxygen and cytochrome b5-dependent
TMEM189 or plasmanylethanolamine desaturase (PEDS1; EC
1.14.19.77), which generates the vinyl ether bond in PlsEtn, the
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Etn plasmalogen. Conversion of PlsEtn to the choline (Cho)
form, PlsCho, is achieved either by phosphatidylethanolamine
N-methyltransferase (PEMT; EC 2.1.1.17) or by removal of
phospho-Etn by phospholipase C (PLC; EC 3.1.4.3) and
phospho-Cho addition by choline/ethanolamine
phosphotransferase 1 (CEPT; EC 2.7.8.2). In most mammalian
tissues, PIsEtn generally predominates and is longer-lived than
PlsCho (Braverman and Moser, 2012; Messias et al., 2018).
Although the above enzymatic steps were established early on,
some of the actual enzymes involved were unknown and
described as “orphan” (Watschinger and Werner, 2013). The
identities of some of these, like TMEM189, or the exact roles and
cellular locations of others, like EPT/CEPT, were established just
recently (Horibata et al., 2020), which presages that new players
with possibly new roles may emerge in future studies.

Regulation of plasmalogen biosynthesis and metabolism
would be expected at several levels, given the multiple
enzymes involved, the need for coordinated transport of
precursors and products to target organelles and membranes,
and links to degradation and turnover. Feedback regulation and
degradation of FARI (hence, fatty alcohol substrate availability)
by cellular plasmalogen levels, and crosstalk and co-regulation of
ether lipids/plasmalogens and some other lipid classes, have been
mentioned (Honsho and Fujiki, 2017; Jiménez-Rojo and
Riezman, 2019). But in contrast to many other lipid classes,
transcriptional and post-translational regulatory mechanisms in
plasmalogen biosynthesis remain largely unknown. The
plasmalogen vinyl ether bond can be cleaved by
plasmalogenase activity of cytochrome ¢ in the presence of
cardiolipin, O, and H,0,, or oxidized cardiolipin and O,, to
produce 2-acyl-lysophospholipids and a-hydroxy fatty aldehydes;
or by acidic HOClI or HOBr generated by leukocyte
myeloperoxidase to yield a-haloaldehydes (Jenkins et al., 2018;
Ebenezer et al., 2020). The vinyl ether bond in lysoplasmalogen,
lacking the sn-2 acyl group, is reportedly targeted by
lysoplasmalogenase (TMEMS86B), which is localized at the
cytoplasmic membrane (Wu et al, 2011). On the other hand,
ER membrane-localized alkylglycerol monooxygenase (AGMO
or TMEM195) cleaves the alkyl (not vinyl) ether bond in
alkylglycerols or lyso-alkylGPs to generate a fatty aldehyde
and the corresponding glycerol derivative (Watschinger et al.,
2010). Although there is evidence that these degradation products
may act as signaling molecules or second messengers, many
questions remain, including their possible links to plasmalogen
biosynthesis (Dorninger et al.,, 2020; Ebenezer et al., 2020). In
short, regulation of plasmalogen biosynthesis may occur at
multiple levels but most of the mechanisms involved remain
to be elucidated.

AEROBIC PLASMALOGEN BIOSYNTHESIS
IN MYXOBACTERIA

Compared to mammals, far less is known about ether lipid or
plasmalogen biosynthesis in aerobic myxobacteria. In the best-
studied M. xanthus, a complete data set for molecular lipid
species was reported less than a decade ago (Lorenzen et al,
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2014a; Lorenzen et al., 2014b) and culminated preceding
studies (Curtis et al., 2006; Ring et al., 2006; Hoiczyk et al.,
2009). The predominance of iso-branched fatty acids (FAs) in
M. xanthus and some other myxobacteria was described
50 years ago (Ware and Dworkin, 1973), as also the
presence of alkyl-acyl and alk-1'-enyl-acyl
phosphoglycerides (Kleinig, 1972), with the latter shown to
correspond to plasmalogens over a decade later (Stein and
Budzikiewicz, 1987). The principal plasmalogen, denoted
MxVEPE, and the corresponding alkyl ether plasmanyl
form (MxAEPE) are both Etn GPs (M. xanthus is devoid of
Cho GPs) with iso-branched C15 (i15:0) chains at both the sn-
1 and sn-2 positions, although low levels of i17:0 can be found
at sn-2 (Figure 3A). Under both vegetative and starvation
conditions, MXVEPE far exceeds MXAEPE (Lorenzen et al,,
2014a; Lorenzen et al., 2014b). Moreover, during starvation,
which induces fruiting body formation, neutral ether lipids like
1-O-alkyl-sn-glycerol,  1-O-alkyl-2-acyl-sn-glycerol  and,
primarily, 1-O-alkyl-2,3-diacyl-sn-glycerol (TG-1;
Figure 3A), accumulate in lipid bodies (Ring et al., 2006;
Hoiczyk et al., 2009). TG-1, rare in nature like other
diacylglycerol ether lipids, is a reported signal for M.
xanthus fruiting body development (Bhat et al., 2014a).
Even though the identity of the Al’-desaturase required for
aerobic plasmalogen synthesis was first unmasked in M. xanthus
(Gallego-Garcia et al,, 2019), most other steps and relevant
enzymes in the pathway remain uncharacterized. A feature of
the mammalian pathway is the distribution of defined steps
among organelles. This is unlikely in a prokaryote like M.
xanthus, but there is increasing evidence that
microcompartments or organelles in Dbacteria, including
myxobacteria, can sequester and control specific metabolic
pathways (Kerfeld et al., 2018; Greening and Lithgow, 2020).
The formation of iso-branched FAs required early in M. xanthus
plasmalogen biosynthesis (Figure 3B), which has been studied in
some detail, occurs through two-carbon extensions of the starting
unit isovaleryl-CoA to full length via the fatty acid synthase cycle
and several proposed enzymes (Bhat et al., 2014b). Two distinct
pathways generate isovaleryl-CoA, whose levels fall drastically
when both routes are disrupted. One is the standard pathway for
leucine degradation (also for valine or isoleucine) by the
multisubunit branched-chain a-keto acid dehydrogenase (Bkd;
or Esg, from E-signal) complex (Toal et al., 1995). A two-gene
operon encodes the Ela and EIP a-ketoacid dehydrogenase
subunits, while two proximal genes at another genomic locus
encode the E2 dihydrolipoamide acetyl transacylase and E3
dihydrolipoamide dehydrogenase subunits. Transcription of
these genes, which would be important in the regulation of
branched-chain fatty acid synthesis, and thereby of ether
lipids, depends on the growth medium (Bartholomeusz et al.,
1998), but the molecular mechanisms involved remain
unresolved. The alternative isovaleryl-CoA biosynthesis (Aib)
pathway is an offshoot, possibly unique to myxobacteria, of
the well-known mevalonate pathway for isoprenoid
biosynthesis. It involves a gene for a 3-hydroxy-3-
methylglutaryl coenzyme A dehydratase (LiuC) and a five-
gene Aib operon. The latter operon encodes a transcriptional
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FIGURE 3| M. xanthus alkyl ether lipids, plasmalogens and their biosynthesis. (A) M. xanthus plasmalogen MXVEPE: 1-(13-methyl-1Z-tetradecenyl)-2-(13-methyl-
tetradecanonyl)-sn-glycero-3-phosphoethanolamine; its alkyl ether (plasmanyl) precursor MxAEPE: 1-(13-methyl-tetradecanyl)-2-(13-methyl-tetradecanoyl)-sn-
glycero-3-phosphoethanolamine; and the alkyldiacylglycerol ether lipid TG-1: rac1,2-di-(13-methyltetradecanoyl)-3-(13-methyltetradecyl)-glycerol. LIPID MAPS
Structure Database (https://www.lipidmaps.org/databases/Imsd) systematic and common names are used. (B) Plasmalogen biosynthesis pathway in M. xanthus
highlighting known and proposed steps. Top: The elbA-elbE and the MXAN_1676-MXAN_1674 operons. Arrows indicate genes and the ovals inside depict proteins or
putative domains. AGPS, FAR, and ACS are as in Figure 2, AT is acyltransferase (AGPAT/GNPAT-like); C is acyl-carrier protein or ACP; NAD is an NAD-dependent
epimerase/dehydratase family protein; “?” is a protein domain of unknown function. Bottom: Proposed and known steps in M. xanthus plasmalogen biosynthesis.
Broken arrows indicate multiple steps involved, and the thick arrow for ElboD indicates this pathway is predominant. Steps from the iso-branched fatty acid to the alkyl
ether lipid MxAEPE are unknown and may involve hypothetical conversion to a fatty alcohol (red dashed box) as in the mammalian aerobic plasmalogen biosynthesis

pathway.

regulator (AibR), the 3-hydroxy-3-methylglutaryl coenzyme A
synthase (Mva$), two subunits of a novel type of decarboxylase
(AibA and AibB), and a medium-chain reductase-dehydrogenase
(AibC). AibR, when bound to isovaleryl-CoA, downregulates the
Aib operon and a gene encoding a putative acetyl-CoA
acetyltransferase that likely catalyzes formation of the Mva$
substrate acetoacetyl-CoA (Mahmud et al, 2002; Bode et al,
2006; Bode et al., 2009; Li et al., 2013; Bock et al., 2016; Bock et al.,
2017a; Bock et al., 2017b). Interestingly, Aib pathway genes are
upregulated upon starvation (when Bkd pathway genes are
downregulated), and also in bkd mutants (Bode et al., 2009;
Bhat et al., 2014b; Mufoz-Dorado et al., 2019), presumably to
ensure supply of isovaleryl-CoA for iso-branched fatty acid
synthesis-homeostasis under different conditions.

The pathway from iso-branched fatty acids to plasmalogens
and the enzymes involved are unknown, except for the final steps,
which emerged from two key recent studies. The first (Lorenzen

et al,, 2014a) described a multidomain protein, EIbD, encoded in
a five-gene ether lipid biosynthesis elb operon (Figure 3B). Its
study stemmed from examining the M. xanthus genome for genes
encoding enzymes akin to ones known in plasmalogen
biosynthesis. Thus, EIbD was annotated as a putative long-
chain-fatty-acid CoA ligase with an N-terminal domain similar
to FAR1, which generates fatty alcohol from fatty acid early in the
mammalian pathway, and domains for ACS, which produces the
FAR1 substrate, for acyl-carrier protein (ACP) and for an
AGPAT-like acyltransferase (Figures 2, 3B). The elbD gene is
flanked by elbC, which encodes a protein of unknown function,
and by elbE, which encodes an NAD-dependent epimerase/
dehydratase family protein, as does elbA. The fifth gene in the
operon, elbB, encodes a protein of the haloacid dehalogenase
(HAD)-like phosphohydrolase superfamily, whose members
have diverse functions. The M. xanthus genome also revealed
a three-gene operon (Figure 3B) comprising: 1) MXAN_1676,
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whose product is ~42% identical (92% coverage) in sequence to
human AGPS, which acts in the second peroxisomal step of ether
lipid biosynthesis (Figure 2); 2) MXAN_1675, encoding a protein
with an N-terminal FARI-like domain and a C-terminal
GNPAT-like acyltransferase domain; 3) MXAN_1674,
encoding a putative NAD-dependent epimerase/dehydratase
family protein, like EIbA and EIbE. The similarities of
MXAN_1675 and MXAN_1676 to eukaryotic enzymes and
their possible implication in M. xanthus ether lipid
biosynthesis had been noted and suggested, but not
established, in an earlier study (Curtis et al., 2006). Disrupting
MXAN_1676, however, caused only a minor reduction in ether
lipids, suggesting an alternative pathway that was shown to
depend on EIbD (Lorenzen et al., 2014a).

Insertion mutagenesis of elbD was found to strongly reduce
vinyl and alkyl ether lipid content under both vegetative and
starvation conditions and was rescued by complementation with
elbD (Lorenzen et al., 2014a). Since insertions in elbA had no
effects, EIbA was considered to be uninvolved in ether lipid
synthesis. Insertions in elbB reduced vinyl and alkyl ether lipid
levels, though not as much as in elbD mutants, and was partially
restored by expression of elbD. This was attributed to polar effects
of the elbB disruption. Finally, inactivating elbE decreased ether
lipid formation and was not complemented by an extra copy of
elbD. The study thus concluded that EIbD, and possibly EIbE,
were important in M. xanthus ether lipid and plasmalogen
biosynthesis. EIbD and a truncated form lacking the
N-terminal putative FAR1-like domain could be purified as
soluble proteins, which suggests EIbD is cytosolic. Analysis
in vitro confirmed the ACP and ACS activities for these two
ElbD domains, but the FARI and AGPAT domains could not be
evaluated since no acyltransferase protein activity was detected
with isolated EIbD, and fatty alcohols linked to FAR activity were
undetected (Lorenzen et al., 2014a). Because an i15:0 aldehyde
could be identified in wild-type strains but not in elbD mutants, it
was proposed that the EIbD acyl-CoA reductase activity was to
reduce CoA-bound fatty acid to the aldehyde, and that this was
somehow involved in vinyl ether bond formation. Since only
alkenyl and not alkyl Etn GPs were detectable in M. xanthus
under vegetative and developmental conditions, a “reductive”
ether lipid formation pathway was considered, with conversion of
MxVEPE to MxAEPE to TG-1 (Ring et al., 2006; Lorenzen et al.,
2014a). Such a route, which drew upon clues from the anaerobic
pathway, would be unprecedented and is now implausible in light
of the discovery that CarF drives aerobic oxidation of MXAEPE to
MxVEPE (Figure 1C).

Lipid profiles along the M. xanthus life cycle have indicated
that alkyl ether lipids accumulate only during development, when
TG-1 reaches high levels while MxVEPE decreases gradually from
~10% relative abundance in vegetative cells to ~4% in mature
fruiting bodies (Lorenzen et al., 2014a; Lorenzen et al., 2014b;
Ahrendt et al,, 2015). By comparison, the most abundant diacyl
Etn GP decreases far more sharply, to 5% of the vegetative levels.
Ether lipid metabolism has thus been inferred to exhibit
differences in regulation and biosynthesis from the other
lipids. Conclusive data are, however, needed regarding if and
how the elb and MXAN_1676 operons are regulated and what

Plasmalogens in Myxobacteria

layers of regulation beyond transcription come into play.
Identification of EIbD as a key player in M. xanthus alkyl
ether lipid and plasmalogen biosynthesis provided a crucial
launch point for further investigations, but many questions
persist on the exact functions and biochemical mechanisms of
EIbD and on the other players mentioned above. The recent
finding that none of these generate the vinyl ether bond and that
this task falls on CarF was therefore an important breakthrough.

PHOTOSENSORY SIGNALING IN
M. xanthus CAROTENOID SYNTHESIS,
CarF AND ITS EARLY CHARACTERIZATION

The surprising road to unmasking CarF in M. xanthus and its
homologue TMEM189 in metazoa as the conserved Al'-
desaturase for plasmalogen formation was paved in studies
that examined how M. xanthus responds to light by
synthesizing carotenoids, which quench 'O, produced upon
illumination and thereby protect cells against photooxidative
damage (Padmanabhan et al., 2021). Carotenoids are lipophilic
isoprenoid pigments with extended, all-trans, conjugated polyene
chains (usually C40, sometimes C50, C45 and C30 terpenes) with
acyclic, monocyclic, or bicyclic ends. Their synthesis in M.
xanthus is visibly reflected by cells that are yellow in the dark
(due to noncarotenoid pigments) turning to an orange-red color
upon exposure to light (Figure 4A).

Two modes of light sensing and signaling operate in M.
xanthus to trigger a transcriptional response leading to
carotenoid biosynthesis (Padmanabhan et al, 2021; Pérez-
Castafio et al,, 2022). In one, the photoreceptor protein CarH,
with coenzyme By, as its chromophore, directly senses UV, blue
or green light and turns on transcription of genes encoding
enzymes required for carotenogenesis (Ortiz-Guerrero et al.,
2011; Jost et al, 2015; Padmanabhan et al, 2017;
Padmanabhan et al., 2019; Padmanabhan et al., 2022). In the
other mechanism (Figure 4B), blue light excites the iron-free
heme precursor protoporphyrin IX or PPIX, a hydrophobic cyclic
tetrapyrrole and photosensitizer that accumulates in the M.
xanthus cell membrane especially during stationary phase
(Burchard and Dworkin, 1966; Galbis-Martinez et al., 2012).
PPIX photoexcitation generates the high-energy *PPIX triplet
state, which can transfer energy to molecular oxygen yielding the
extremely reactive and cytotoxic 'O,, a relatively long-lived and
diffusible ROS in membrane environments (Ziegelhoffer and
Donohue, 2009; Glaeser et al., 2011). This photoinduced 'O,
inactivates CarR (with six transmembrane helices) by an
unknown mechanism to liberate CarQ, which is sequestered
specifically at the membrane via its physical interaction with
CarR. Free CarQ, in complex with RNA polymerase, activates
transcription of genes for carotenoid synthesis. CarR belongs to a
class of bacterial regulators known as anti-o factors, which
negatively control cognate factors known as extracytoplasmic
function or ECF o factors. Generally, specific signals inactivate a
given anti-o to liberate its cognate ECF o, which associates with
RNA polymerase to recognize defined promoters and initiate
transcription of the corresponding genes (de Dios et al., 2021).
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(adapted from (Gallego-Garcia et al., 2019)). (B) Simplified model for the blue light-PPIX-'0, signal transduction pathway in M. xanthus. In the dark, an inner membrane
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The quest to elucidate how light and 'O, cause inactivation of
CarR led to the discovery of CarF.

The carF gene was identified two decades ago (Fontes et al.,
2003) by genetic analysis of M. xanthus mutants devoid of light-
induced carotenogenesis (hence the car nomenclature). Strains
with carF disrupted or deleted (AcarF) failed to produce
carotenoids and therefore did not acquire the characteristic
orange-red color in the light (Figure 4A). Moderate and
steady levels of expression of carF over a wide range of
conditions (dark or light, vegetative or stationary phase) were
observed, and epistatic analysis established that CarF acted earlier
than CarR in the signaling cascade (Fontes et al., 2003). The 281-
amino acid CarF sequence was found to lack significant similarity
to any bacterial or archaeal protein. But it strongly resembled
(46% sequence identity, 59% similarity over a 237-residue stretch)
a human protein of unknown function at the time that was named
Kua (Thomson et al, 2000), but is now better known as
TMEM189. CarF/Kua homologues were found in mouse (Mus
musculus), zebrafish (Danio rerio), fruit fly (Drosophila
melanogaster), worm (Caenorhabditis elegans), protozoa
(Leishmania), and plants (Arabidopsis thaliana). The human
gene for Kua/TMEM189 lies adjacent to UEV1, which encodes
an inactive variant of E2 ubiquitin-conjugating enzymes. Kua and
UEV1 were found to be expressed as separate transcripts for the
individual Kua and UEV1 proteins, but also as a rare hybrid
transcript for a two-domain Kua-UEV1 fusion protein. The
fusion product was also observed in rhesus monkey and
chimpanzee but not in mice or non-mammals like C. elegans
or D. melanogaster (Thomson et al., 2000; Duex et al., 2010). The
Kua and CarF protein sequences suggested that they would be
membrane proteins, with several histidines (see below)
distributed in a pattern reminiscent of diiron histidine-rich
motifs found on the luminal side of membrane fatty acid

desaturases and hydroxylases (Shanklin et al,, 2009). Interest
in human Kua was, however, more centered on this rare
inactive UEV fusion. Indeed, Kua homologues figured only as
a UEVI1 localization domain in a protein family PF10520
described as Kua-UEV1_localn; and their true function
remained elusive even after a Tmem189 knockout mouse was
generated in a large-scale international mouse phenotyping
consortium and several associated phenotypes, such as
decreased body mass, and eye, bone and blood abnormalities
were described (White et al., 2013).

What role CarF played in light-regulated carotenogenesis also
remained enigmatic. It was demonstrated experimentally that
CarF is a four-transmembrane helix topology protein that self-
interacted and was essential in mediating the transmission of the
'0, signal in the trajectory from blue light to CarR inactivation
(Figure 4B) (Galbis-Martinez et al., 2008; Galbis-Martinez et al.,
2012). Nevertheless, the molecular interplay between CarF and
'0,, whether it was direct or it involved one or more intermediary
molecules still remained unanswered. How this was addressed
and uncovered CarF function is described next.

UNMASKING CarF/TMEM189 AS THE
CONSERVED A1’'-DESATURASE FOR
VINYL ETHER BOND FORMATION IN
PLASMALOGEN BIOSYNTHESIS

An extensive search for homologues across a wide range of
organisms revealed that CarF was confined to very few
bacteria, mainly myxobacteria and a few Leptospira and
Alphaproteobacteria, and that it was absent in archaea
(Gallego-Garcia et al, 2019). By contrast, CarF homologues
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FIGURE 5 | Phylogenetic distribution and conserved histidines of CarF homologues. (A) Phylogenetic tree for CarF homologues in metazoa, bacteria and plants

(maximum-likelihood with red branches for > 75% confidence from 200 bootstrap replicates; scale bar, number of substitutions per residue; key below for colored
sectors; adapted from (Padmanabhan et al., 2021). Homologues that were tested for CarF function in M. xanthus are indicated: Hs, Homo sapiens; Mm, M. musculus;
Dr, D. rerio (two homologues); Dm, D. melanogaster; Ce, C. elegans; Mx, M. xanthus; Li, Leptospira interrogans; Bd, Bradyrhizobium diazoefficiens; At, A. thaliana

(three homologues). (B) Top: M. xanthus CarF cartoon representation with its experimentally established four transmembrane-helix topology (helix delimiting residues
numbered) and twelve histidines (all cytoplasmic and numbered). CarF histidines conserved in all homologues, whose mutation abolishes function, are depicted by the
magenta dots; the one histidine in CarF present in homologues from metazoa, myxobacteria and Leptospira and also essential for function is depicted by the magenta
triangle; the two histidines conserved only in some homologues (primarily, from metazoa and myxobacteria), whose mutation has no effect, are depicted as green
triangles; the non-conserved and non-essential CarF histidine (H218) is depicted as a cyan square. Bottom: sequence logos for segments containing the conserved and
semi-conserved histidines in CarF homologues from metazoa, bacteria and plants (histidines are aligned with the equivalent ones in the CarF cartoon and marked using

the same symbols; adapted from (Gallego-Garcia et al., 2019)).

were very prevalent among eukaryotes, invertebrate or vertebrate
animal species, and also in plants, but very rare in fungi.
Phylogenetic analysis based on more than a hundred
homologues suggested that myxobacterial and Leptospira CarF
homologues are more closely related to those in animals
(TMEM189) than to those in Alphaproteobacteria and plants
(Figure 5A). Most species have a single copy of the gene, with
exceptions like zebrafish (with two copies at distinct loci; DR1
and DR2) or A. thaliana (with three copies; Atl, At2, At3).
Interestingly, within myxobacteria, CarF is largely restricted to
the suborder Cystobacterineae, as are the counterparts to all of the
known factors of the M. xanthus blue light-PPIX-'O,-CarR
signaling pathway (Pérez-Castaiio et al, 2022). Sequence
analysis of CarF homologues and mutational analysis revealed

that out of the twelve histidines in M. xanthus CarF, all of which
would be in the cytoplasm (Figure 5B): 1) the eight that are
conserved in all homologues, five of which are arranged as in
motifs typically found in membrane fatty acid desaturases and
hydroxylases, are essential for function (the orange-red colony
color in the light, when cells have a functional CarF, provided a
simple and valuable visual tool to assess function); 2) the one
histidine (H113) present in homologues from metazoa,
myxobacteria and Leptospira, but not in those from plants
(where it is usually an arginine) or from Alphaproteobacteria,
is also essential for function; 3) the remaining three histidines are
not essential for function. One of the three homologues in A.
thaliana, At3, turned out to be an elusive desaturase found in
chloroplasts, named FAD4, which is the founding member of a
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novel class of plant fatty acid desaturases that generate an unusual
trans double bond between carbons 3 and 4 from the carboxyl end
of the sn-2 acyl chain of a specific type of phosphatidylglycerol
(Gao et al., 2009; Horn et al., 2020). These observations hinted
that CarF could be a special type of desaturase, as was indeed
demonstrated.

Lipid analysis of wild-type versus a AcarF strain, and of the
latter complemented with an inducible carF copy in trans, all
pointed to CarF as essential in the formation of the M. xanthus
plasmalogen MxVEPE (Gallego-Garcia et al., 2019). Moreover,
MxVEPE was produced when purified CarF was added to cell
extracts of the AcarF strain together with NADPH (nicotinamide
adenine dinucleotide phosphate), a required cofactor for the A1’-
desaturase activity (Blank and Snyder, 1992). How CarF function
was linked to EIbD and MXAN_1676, implicated in M. xanthus
alkyl ether lipid and plasmalogen biosynthesis, was evaluated by
comparing the response to light and the lipid profiles of the AcarF
strain versus strains with a single in-frame deletion of elbD
(AelbD) or MXAN_1676 (A1676), or with the double AelbD
A1676 deletion (Figure 4A). Altogether, the data indicated
that whereas EIbD and to a minor degree MXAN_1676 were
required for MXAEPE formation, CarF was indispensable for
MxVEPE formation (Gallego-Garcia et al.,, 2019). Remarkably,
M. xanthus light-induced carotenogenesis could be chemically
complemented in strains lacking MxVEPE by feeding the cells
with any of three human plasmalogens tested, whose moieties at
sn-1 and sn-2 (Figure 1B) differ from those in MxVEPE
(Figure 3A). Furthermore, so long as CarF was present, a
human alkyl ether lipid precursor could also restore the
response to light, via its conversion intracellularly into the
corresponding plasmalogen (Gallego-Garcia et al, 2019).
These findings firmly established that CarF is the PEDS1
desaturase, whose principal specificity determinant appears to
be the alkyl ether linkage, with the type or length of the alkyl and
acyl chains in the plasmanyl precursor being less crucial. They
also demonstrated that plasmalogens, and not their precursors,
are specifically required in the blue light-PPIX-'O, signaling
pathway leading to CarR inactivation in the M. xanthus
carotenogenic response.

Consistent with the phylogenetic analysis of CarF
homologues, those from human, mouse, zebrafish, fruit fly and
worm, as well as from the animal pathogen Leptospira, could
complement lack of CarF in M. xanthus (Gallego-Garcia et al.,
2019), demonstrating that these were genuine functional
homologues of CarF, whereas the three plant homologues in
A. thaliana or that from Alphaproteobacteria were not.
Moreover, knocking out TMEM189 in a human cell line was
shown to produce loss of plasmalogens, which were restored by
supplying TMEM189 in trans; and mutational analysis revealed
that the nine histidines equivalent to those required for CarF
function were also essential for human TMEM189 to function in
M. xanthus (Gallego-Garcia et al., 2019). In sum, CarF PEDS1
activity was shared by its animal homologues but not by those in
plants, which accords with the presence of plasmalogens in
animals but not in plants, as well as with A. thaliana FAD4
having a different desaturase activity. Importantly, it revealed the
identity of the elusive desaturase for human plasmalogen
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synthesis, which was substantiated soon after by two other
studies demonstrating the same via completely different
approaches (Werner et al, 2020; Wainberg et al, 2021). In
one study (Wainberg et al, 2021), a statistical method to
identify gene co-essentiality and predict functions of
uncharacterized genes inferred TMEM189 to be PEDSI, and
experimentally demonstrated it by the marked decrease in
plasmalogen levels observed upon targeting TMEMI89
expression in human cell lines, as well as by the decrease in
TMEM189 protein levels in a plasmalogen-deficient cell line with
deficient PEDS] activity. In the other study (Werner et al., 2020),
TMEMI189 emerged as the candidate by comparing gene
expression data and PEDSI1 activity in various human cell
lines and mouse tissues, and using the criterion that PEDSI is
a probable membrane protein present only in animals (since
these, but not plants or fungi, synthesize plasmalogens) with
histidine motifs of the type found in lipid desaturases. This study
experimentally demonstrated loss of plasmalogen and PEDSI
activity by knocking out or silencing TMEM189 in human cell
lines (and recovery by specifically expressing TMEM189) as well
as by showing lack of plasmalogen/PEDS]1 activity in mice with
inactivated TMEM189. It further demonstrated that the same
nine histidines mentioned above as crucial for CarF and human
TMEM189 were also required for PEDSI activity of the murine
homologue, in which mutating H131 (the CarF HI113
counterpart) strongly reduced, but did not eliminate,
plasmalogen production. Besides these histidines, an aspartate
(D100) and a phenylalanine (F118) conserved in CarF/
TMEM189 homologues (D99 and FI117, respectively, in
human TMEMI189) were recently shown to be required for
PEDS1 activity (Werner et al., 2022).

High-resolution structures of CarF or TMEM189 can provide
valuable molecular insights into how PEDSI generates the
characteristic vinyl ether bond. These studies require pure
proteins but, to our knowledge, only M. xanthus CarF has
been purified as detergent-solubilized protein, which exhibited
some PEDSI activity and appeared oligomeric with two
equivalents of bound iron (Gallego-Garcia et al., 2019). CarF
thus shares the reported features of many lipid desaturases, which
use a diiron center to bind and activate molecular oxygen and
have an oligomeric nature proposed to be important for activity
(Shanklin et al., 2009; Liu et al., 2015). Because stable expression
and purification of integral membrane desaturases is generally a
formidable challenge, few high-resolution structures of these
proteins have been resolved. One is that of the quintessential
mammalian stearoyl-CoA desaturase (SCD), which catalyzes
double bond formation on saturated acyl-CoA as substrate.
Interestingly, like TMEMI189, the also ER-localized SCD
appears to be an oligomer (Zhang et al., 2005) and its regio-
and stereo-specific activity requires NADPH, cytochrome bs
reductase and cytochrome bs. The reported SCD structures
are, however, monomers with four transmembrane helices and
a diiron center with nine coordinating histidines and a water
molecule, that is, hydrogen bonded to an asparagine residue in
the cytosolic domain (Figure 6) (Bai et al, 2015; Wang et al,,
2015; Shen et al, 2020). In the absence of experimentally
determined structures, the single-chain AlphaFold2 structure
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FIGURE 6 | The AlphaFold2 predicted structure of human TMEM189 compared to the crystal structure of SCD. Left: Crystal structure determined for mouse
stearoyl-CoA desaturase/SCD (PDB accession code; 6WF2). Right: Single-chain AlphaFold2 structure of human TMEM189 (https://alphafold.ebi.ac.uk/entry/ASPLL7).
The grey box highlights the transmembrane region with four helices in each structure. Shown below are close-ups of: (left) the diiron centre (dark spheres) and the nine
coordinating His and one Asn (through a water molecule) in the SCD structure (a portion of the substrate in the active site is shown by thin lines); (right) the
conserved His (magenta), Asp and Phe (both yellow) essential for function, and two conserved histidines (green) not required for activity in human TMEM189 (see text).

Human TMEM189

Hzocfz‘

H213
H214 [ 2

of human TMEM189 (Figure 6) publicly available for nearly a
year now (Tunyasuvunakool et al, 2021), reveals the four
transmembrane helix topology experimentally demonstrated
for CarF (Galbis-Martinez et al., 2008) and a spatial
arrangement of the nine histidines, the aspartate and the
phenylalanine required for PEDS1 activity, all of which are
likely retained in the functionally equivalent CarF. This
predicted fold will aid future experimental structure
determinations and structure-based functional analyses of
CarF/TMEM189 and their mutants.

LIPID AND PLASMALOGEN SIGNALING IN
M. xanthus

One of the clearest and most striking examples of signaling
mediated specifically by plasmalogens is in the M. xanthus
response to photooxidative stress (Gallego-Garcia et al., 2019).
It represents a new example of lipid signaling in M. xanthus,
adding to those reported in gliding motility, chemotaxis, and the
development of fruiting bodies and mature spores. Specific
phosphatidylethanolamine (PE) lipids were described as

chemoattractants in M. xanthus over 20 years ago (Kearns and
Shimkets, 1998). They acted with two chemotaxis systems (Dif
and Frz) that direct cell movements required for predation and
fruiting body/spore formation of M. xanthus, a motile bacterium
lacking flagella that glides slowly over solid surfaces (Kearns and
Shimkets, 2001; Bonner and Shimkets, 2006; Zusman et al., 2007).
Two specific PEs signaling this chemotactic response were
dilauroyl (C12:0) and dioleoyl (C18:1 w9¢c) PEs, which are
absent in M. xanthus but occur in many of its prey bacteria
and may be important in prey recognition. On the other hand, di
[11-Z-hexadecenoyl] (C16:1w5c), the third PE, is rare in bacteria
but abundant in M. xanthus and may have roles in self-
recognition (Curtis et al., 2006; Zusman et al., 2007). The two
M. xanthus chemotaxis systems responded to these PEs via
parallel, competing sensory pathways, albeit with some
interdependence, to control motility (Kearns and Shimkets,
2001; Bonner and Shimkets, 2006; Zusman et al, 2007; Xu
et al, 2008). Chemoreceptors present in fibrils, the
extracellular appendages composed of a polysaccharide matrix
and decorated with proteins of unknown function, were proposed
for dilauroyl PE (Kearns and Shimkets, 2001), but those for the
other two PEs are unknown. Whether PE plasmalogens also
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FIGURE 7 | Plasmalogen signaling in the M. xanthus response to
photooxidative stress. (A) Cleavage by 'O, of the plasmalogen vinyl ether
bond and its products. (B) Model for the plasmalogen-based signal
transduction pathway leading to CarR inactivation in M. xanthus (arrows

for activation; blunt ended for inactivation). As the PEDS1 desaturase, CarF
converts (both in the dark and in the light) the plasmanyl precursor (AEPE) to
plasmalogen (VEPE), which is absolutely required in the response to blue light.
Generation of 'O, upon photoexcitation of PPIX provokes cleavage of VEPE at
the vinyl ether bond, generating a fatty aldehyde and lyso-PE. This may
inactivate CarR directly by adduct formation with the reactive fatty aldehyde or
by lipid remodeling and perturbation of the local membrane structure around
CarR, leading to a conformational change and/or degradation of CarR. As a
consequence, CarQ is liberated, associates with RNA polymerase (RNAP),
and activates specific genes leading to carotenoid synthesis.

participate, and details of the molecular mechanisms by which
these systems affect taxis to PE remain to be elucidated.

An essential signal (the E-signal) in the cell-cell communication/
signaling required to express many genes for production of
multicellular fruiting bodies and myxospores was genetically
mapped to the esg or bkd loci, linking the process to branched-
chain fatty acid metabolism, as mentioned earlier (Downard and
Toal, 1995; Toal et al., 1995). Subsequent studies focused on the rare
TG-1 alkyl ether lipid (Figure 3A), with its i15:0 O-alkylglycerol
moiety, as important in signaling this M. xanthus developmental
process (Bhat et al., 2014a; Ahrendt et al., 2016). Mutants in the Bkd
and Aib pathway that block synthesis of the starting isovaleryl-CoA
unit and, thereby, of i15:0 FA, were incapable of forming fruiting
body aggregates or viable myxospores and were rescued by feeding
isovalerate or i15:0 FA (Bode et al., 2009), besides TG-1 (Bhat et al.,
2014a). The Elb pathway mutants, with impaired ether lipid and TG-
1 formation, were delayed in fruiting body development, produced
defective spores (Lorenzen et al., 2014a), and were rescued by ether
lipids (Ahrendt et al., 2016). These studies thus emphasized that the
i15:0 FA and the ether linkage, both present in TG-1, are important
structural determinants in signaling by this alkyl ether lipid.
Nonetheless, the exact identity of the ether lipid signal, whether it
is TG-1 or a related lipid, has to be unequivocally established, as also
the mechanisms by which this signal is detected, what its targets are,
and how it is integrated into the complex cell differentiation and
developmental process.

Plasmalogens in Myxobacteria

Plasmalogen-specific ~ signaling in the M. xanthus
photooxidative stress response is triggered by production of
102 (Galbis-Martinez et al., 2012; Gallego-Garcia et al., 2019),
with protein CarR as the candidate molecular target.
Remarkably, both the natural M. xanthus plasmalogen, with
sn-1 vinyl ether-linked and sn-2 ester-linked i15:0 moieties, as
well as different human plasmalogens tested (bearing sn-1 vinyl
ether-linked C18 moieties and a variety of sn-2 ester-linked
straight chains), can signal the response (Gallego-Garcia et al,,
2019). The vinyl ether bond is therefore the crucial structural
determinant required, with little or no dependence on the
nature of the sn-1 and sn-2 chains. Since this photooxidative
stress response leads to synthesis of carotenoids, whose role as
antioxidants against 'O, and other ROS is well-established, the
part played by plasmalogens can be readily attributed to
signaling rather than as antioxidant. An antioxidant role for
plasmalogens, though speculative and debated (Dorninger et al.,
2020; Vitova et al., 2021), is often invoked based on early
findings showing the vinyl ether bond to interact with and
being cleaved by ROS (Morand et al., 1988; Zoeller et al., 1988;
Stadelmann-Ingrand et al., 2001).

The molecular basis for how plasmalogens signal the presence
of 'O, in M. xanthus is still an open question. Reasonable
conjectures can be made based on the known properties of
plasmalogens, whose vinyl ether bond is susceptible of
cleavage by 'O, to yield a fatty aldehyde and a 2-acyl lyso-PE,
with an sn-1 OH group, as illustrated in Figure 7A (Morand et al.,
1988; Stadelmann-Ingrand et al, 2001). Both these cleavage
products have been proposed as signaling molecules or second
messengers, and their possible modes of action have been
reviewed elsewhere (Jenkins et al, 2018; Dorninger et al,
2020; Ebenezer et al, 2020; Rangholia et al, 2021). Fatty
aldehydes are frequent intermediates in fatty acid-fatty alcohol
interconversions and are usually present at low cellular levels.
They are also highly reactive and can form adducts with
biomolecules such as proteins, through their cysteine, histidine
or lysine residues, and these post-translational modifications may
modulate cellular signaling and adaptive stress responses. Thus,
an attractive hypothesis for how the M. xanthus photooxidative
stress response may be signaled through plasmalogens is that 'O,-
mediated cleavage of their vinyl ether bond produces CarR
inactivation through adduct formation with the fatty aldehyde
product, which may cause a CarR conformational change or
trigger its degradation (Figure 7B). Nonetheless, other
mechanisms cannot yet be ruled out, such as that CarR
inactivation results from local perturbation of membrane
structure and properties caused by plasmalogen cleavage, or
more unlikely, that signaling proceeds without cleavage of the
vinyl ether bond. Moreover, even though CarR is the probable
direct target, the possibility of still unidentified intermediate
players cannot be excluded. Future studies that exploit state-
of-the-art lipidomics and click chemistry methods, combined
with genetic and functional analyses, should provide the answer,
and reveal the molecular intricacies underlying the M. xanthus
plasmalogen-based signaling mechanism, designed to alert the
cells that they are exposed to photooxidative stress stemming
from generation of the harmful 'O,.
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EVOLUTIONARY IMPLICATIONS OF
PLASMALOGEN AND CarF DISTRIBUTION
ACROSS THE TREE OF LIFE

The unusual distribution of plasmalogens, with their presence in
strictly anaerobic bacteria and in animals (vertebrates and
invertebrates), and their absence in nearly all aerobic or
facultatively anaerobic bacteria, fungi, or plants, led to the
hypothesis that they first evolved in anaerobic bacteria, were
lost in facultative and aerobic species with the advent of
increasing oxygen on earth, and reappeared in animals
(Goldfine, 2010). The loss in aerobes and facultative anaerobes
was ascribed to adverse lipid and cell damage resulting from the
increased breakdown of plasmalogens by 'O, and other ROS with
rising oxygen levels. Their reappearance in animals (with
mitochondria, respiration, and molecular oxygen dependence)
was attributed to the emergence of a new pathway for aerobic
plasmalogen biosynthesis, distinct from the anaerobic one, and
the ability to deal with cell damage from the breakdown of
plasmalogens as well as to exploit their unique properties in
signaling, in modulating membrane properties, and as
antioxidants. Why plants lack plasmalogens was, however,
unexplained, other than the aerobic pathway simply did not
evolve in them. On the other hand, plasmalogen occurrence in
aerobic myxobacteria was either overlooked or considered in the
context of that known in anaerobic bacteria. Admittedly, at the
time of the hypothesis, identifying species that made
plasmalogens to gain evolutionary insights was hampered by
the unknown identities of PEDS1 and of the genes for anaerobic
plasmalogen biosynthesis (Goldfine, 2010). But this has now
changed with the knowledge of PEDSI identity and its
remarkable conservation across a vast evolutionary distance
from the aerobic myxobacteria to animals (Gallego-Garcia
et al, 2019). Moreover, the anaerobic counterpart for
plasmalogen vinyl ether bond generation was also recently
identified and it was found that facultative anaerobic bacteria
can make plasmalogens (Jackson et al., 2021), contrary to earlier
thinking that this was confined to obligate anaerobes (Goldfine,
2010). These developments and the presence in plants of PEDS1
sequence homologues with a distinct and unusual desaturase
activity (Gao et al., 2009) warrant a fresh look at plasmalogen
biosynthesis, distribution and evolution.

In addition to the stark difference in how the signature vinyl ether
bond is created in the aerobic versus the anaerobic pathways for
plasmalogen biosynthesis (Figure 1C), a crucial dividing line between
the two mechanisms is the use of GNP in the aerobic route (Goldfine,
2010). In the aerobic animal ether lipid/plasmalogen biosynthesis,
except for vinyl ether bond formation catalyzed by the oxygen-
dependent PEDSI in a key late step, the other ER-localized reactions
mirror those for ester-linked diacyl GP, and it is in the earliest steps in
the peroxisome that the specialized FAR1, GNPAT and AGPS
enzymes ensure formation of the defining O-alkyl ether linkage
from GNP (Figure 2). Whether similar mechanisms operate in
the aerobic myxobacterial pathway is therefore an important
question. This is likely given the putative FAR1, GNPAT and
AGPS domains in EIbD, MXAN_1676 (both shown to participate
in alkyl ether lipid synthesis), and/or MXAN_1675 (Figure 3B),
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although these and other steps and enzymes need to be fully
characterized (Lorenzen et al., 2014a; Gallego-Garcia et al., 2019).
Strikingly, CarF homologues are found in just one myxobacterial
suborder, the Cystobacterineae (Pérez-Castafo et al., 2022), but elbD
and elbE (forming a cluster with elbB and elbC, or unlinked to them)
are found in all three suborders (Lorenzen et al, 2014a).
Consequently, alkyl ether lipids may be common across
myxobacteria, but plasmalogens are most likely restricted to a
single suborder. Interestingly, beyond myxobacteria, true CarF
homologues have been reported only in Leptospira (Gallego-
Garcfa et al, 2019), and the genome of L. interrogans, a Gram-
negative obligately aerobic animal pathogen, reveals an annotated
AGPS but no FAR1. Whether it is capable of ab initio plasmalogen
biosynthesis or requires the animal host for suitable precursors or
plasmalogens is unknown. On the other hand, some bacteria from
other phyla that lack CarF and are anaerobes, animal pathogens, or
extremophiles possess EIbD-like homologues, but almost all of these
lack a FAR1 domain (Lorenzen et al., 2014a), and little or no lipid
analysis is available for these bacteria.

Generally, the chemistry and composition of eukaryotic
membrane lipids are far more like those in bacteria than in
archaea (Lombard et al, 2012; Lépez-Garcia and Moreira, 20205
Hoshino and Gaucher, 2021). Myxobacteria, in particular, stand out
as a singular group among prokaryotes, with several typically
“eukaryotic” lipids that include phosphatidylinositol, sphingolipids
and steroids (or their molecular surrogates called hopanoids) besides,
of course, ether lipids/plasmalogens (Ring et al., 2009; Lorenzen et al,,
2014a; Lorenzen et al., 2014b; Sohlenkamp and Geiger, 2016; Gallego-
Garcia et al, 2019; Hoshino and Gaucher, 2021). Notably,
counterparts to both the eukaryotic oxygen-dependent steroid and
its isoprenoid precursor mevalonate biosynthesis pathways are near
exclusive to aerobic myxobacteria (Hoshino and Gaucher, 2021;
Pérez-Castanio et al, 2022). Thus, rather than an anomaly,
animal-like aerobic plasmalogen biosynthesis in myxobacteria
constitutes yet another candidate to add to a growing list of
eukaryotic-like factors and traits. This list has led to the
hypothesis that symbiosis or syntrophy of an ancestral host
myxobacterium, an Asgard-like archaeon as future nucleus, and
an alpha-proteobacterium as future mitochondrion may have been
a crucial early event in the origin of eukaryotes (Lopez-Garcia and
Moreira, 2020; Hoshino and Gaucher, 2021). If so, it would point to a
myxobacterial source in the beginnings of aerobic plasmalogen
biosynthesis. Studies to further elucidate the pathway in
myxobacteria may therefore reinforce such conjectures on its
origins and provide evolutionary insights into extant mechanisms.

CONCLUDING REMARKS

Unmasking the identity of the long-elusive oxygen-dependent
PEDSI and its largely unanticipated occurrence in bacteria is
arguably a turning point and a thrust to studies on the
biosynthesis, functions, origins, evolution, and roles in
disease of the enigmatic plasmalogens. It may also provide a
valuable synthetic biological tool for aerobic plasmalogen
synthesis. Strikingly, discovery of myxobacterial PEDSI
simultaneously uncovered a novel and specific role of
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plasmalogens as exquisitely sensitive signaling molecules
acting with 'O, in a photooxidative stress response.
Deciphering the complete pathway(s) in the biosynthesis of
plasmalogens, how they signal, and what their target molecules
and processes are in myxobacteria may reveal novel molecular
mechanisms. These may be universal, perhaps extensible, to
other cell types, notably mammalian, and shed light on
conserved as well as evolutionary aspects of plasmalogens in
prokaryotes and eukaryotes.
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Background: Plasmalogens have been shown to improve neurodegenerative pathology and
cognitive function. We hypothesized that plasmalogens work in small amounts as a kind of
hormone interacting with a G protein-coupled receptor, and then explored the effects of
scallop-derived purified plasmalogens on psychobehavioral conditions in a randomized
placebo-controlled trial of college athletes in Japan.

Methods and materials: Eligible participants were male students aged 18-22 years who
belonged to university athletic clubs. They were randomly allocated to either plasmalogen
(2 g per day) or placebo treatment of 4 weeks’ duration. The primary outcome was the
T-score of the Profile of Mood States (POMS) 2—-Adult Short, and the secondary outcomes
included the seven individual scales of the POMS 2, other psychobehavioral measures,
physical performance, and laboratory measurements. The trial was registered at the Japan
Registry of Clinical Trials (RCTs071190028).

Results: Forty participants (20 in the plasmalogen group and 20 in the placebo group)
completed the 4-week treatment. The Total Mood Disturbance (TMD) score of the
plasmalogen group showed a greater decrease at 4 weeks than that of the placebo
group while the between-group difference was marginally significant (p = 0.07). The
anger-hostility and fatigue-inertia scores of the POMS 2 decreased significantly in the
plasmalogen group, but not in the placebo group, at 4 weeks. Between-group
differences in those scores were highly significant (o = 0.003 for anger-hostility and
p = 0.005 for fatigue-inertia). The plasmalogen group showed a slight decrease in the
Athens Insomnia Scale at 2 weeks, and the between-group difference was near-
significant (p = 0.07). The elapsed time in minute patterns on the Uchida-Kraepelin
test, which is a marker of mental concentration, revealed significantly greater
performance in the plasmalogen group than in the placebo group. There were no
between-group differences in physical and laboratory measurements.
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Plasmalogens Improve Mood and Concentration

Conclusion: It is suggested that orally administered plasmalogens alleviate negative
mood states and sleep problems, and also enhance mental concentration.

Keywords: plasmalogen, scallop-derived, psychobehavioral effect, sleep, mental concentration, athlete,

randomized placebo-controlled trial

1 INTRODUCTION

Plasmalogens are a class of glycerophospholipids containing a vinyl
ether bond at the sn-1 position of the glycerol backbone and
polyunsaturated fatty acids (PUFA) at the sn-2 position, being
produced by the multistep process in peroxisome and
endoplasmic reticulum. In humans, plasmalogens exist mainly in
the forms of phosphatidyl ethanolamine plasmalogen (PIsPE) and
phosphatidyl choline plasmalogen (PIsPC), of which the former is
predominant in human tissues, especially in the brain (Farooqui and
Horrocks, 2001; Braverman and Moser, 2012). The levels of
plasmalogens have been reported to be decreased in the
postmortem brain of Alzheimer’s disease (AD) and in the blood
of AD patients (Ginsberg et al., 1995; Guan et al., 1999; Han et al,,
2001; Goodenowe et al., 2007; Wood et al., 2010; Oma et al., 2012;
Wood et al.,, 2015; Yamashita et al., 2016; Zarrouk et al., 2018).
Several recent reviews have suggested that plasmalogen
supplementation may improve cognitive function and
neurodegenerative pathology (Farooqui and Horrocks, 2001;
Braverman and Moser, 2012; Lizard et al., 2012; Dorninger et al.,
2017; Su et al., 2019). Moreover, a simple method was developed to
extract a large number of plasmalogens from animals (Mawatari
et al, 2007; Mawatari et al., 2009), which enabled research on
plasmalogen treatment. In mice, plasmalogen administration not
only suppressed inflammation-induced activation of microglia,
amyloid formation, and neuronal cell death in the brain but also
improved cognitive function (Ifuku et al., 2012; Katafuchi et al., 2012;
Hossain et al,, 2013; Hossain et al., 2018; Gu et al., 2022; Hossain
et al, 2022). A randomized controlled trial demonstrated that
scallop-derived ~ purified plasmalogens improved cognitive
function in patients with mild AD or mild cognitive impairment
(Fujino et al., 2017; Fujino et al., 2018). Improvement in cognitive
function associated with plasmalogen supplementation was also
observed in patients with moderate to severe AD (Fujino et al,
2019) and Parkinson’s disease (Mawatari et al., 2020).
Plasmalogens may also be potentially beneficial with respect to
psychobehavioral aspects other than cognition. However, the
effects of plasmalogen supplementation on psychological states
have not been investigated while psychological distress is very
common in free-living populations and affects mental and
physical health (Brandt et al, 2017). Training and
participation in competitive sport may affect athletes’ mood
and sleep, which in turn may influence their daily life and
competition performance (Weerakkody et al, 2021). We
explored the effects of scallop-derived purified plasmalogens
on psychobehavioral conditions of college athletes in a
randomized placebo-controlled trial. The Profile of Mood
States (POMS) Version 2 (Heuchert and McNair, 2012), other
psychobehavioral ~parameters, physical performance, and
laboratory measurements were used in the present study.

2 METHODS AND MATERIALS
2.1 Participants

Eligible participants were unmarried male students aged
18-22 years who belonged to the athletic clubs of Kyushu
Sangyo University. Those were excluded if they had regular
medical treatment or follow-up in hospitals or clinics; if they
participated in any other clinical trials; or if they had an allergy to
shellfish. Furthermore, students were not admitted to the trial if a
principal physician investigator (MF) or an organizing professor
of the University (TO) deemed them ineligible to participate.

2.2 Design and Procedures
Study participants were recruited at the University campus via
posters, brochures, and internet advertisements from October to
November 2019. All participants gave written informed consent,
and their guardians also gave consent in the case of students
under 20 years of age. Eligible students were randomly allocated
to either plasmalogen (2 mg per day) or placebo treatment of
4 weeks’ duration and ingested two capsules of 0.5mg
plasmalogen or placebo twice daily. Allocation was made at
the baseline examination according to the sequence of a
randomization  list. A  computer-generated list  of
randomizations was prepared by an independent statistician
(MedStat Corporation, Fukuoka) using the permuted block
method with a block size of four containing equal assignments
to the two groups. The plasmalogen and placebo capsules were
prepared by a manufacturer (B&S Corporation, Tokyo). Packages
of plasmalogen or placebo capsules were numbered according to
the list of randomizations and were transferred to the study site.
The central management center confirmed the eligibility of each
participant and monitored the enrollment. The list of random
allocation was kept confidential until the completion of the
electric data files used for the statistical analysis.

Participants visited the study site at the university campus at 0,
2, and 4 weeks for assessment of efficacy parameters and adverse
events. Laboratory measurements were performed at 0 and
4 weeks of the treatment. The baseline measurements were
taken on November 9-19, 2019, and the 4-week measurements
were on December 9-19, 2019. Compliance with the treatment
was assessed by counting the number of remaining capsules.

The primary efficacy outcome was the Total Mood Disturbance
(TMD) T-score of POMS 2-Adult Short (Heuchert and McNair,
2012). Secondary outcomes included the seven individual scales of
POMS 2, other psychobehavioral measures (Athens Insomnia
Scale and Uchida-Kraepelin test), physical performance test
(shuttle run, grip muscle strength, and standing long jump),
plasmalogen levels in plasma and erythrocytes, plasma levels of
brain-derived neurotrophic factor (BDNF), urinary 8-hydroxy-2'-
deoxyguanosine (8-OHdG), body mass index, and percent body
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fat. Adverse events were captured by self-report and in-person
interview if needed and by means of laboratory measurements at
4 weeks (serum biochemistry and blood cell counts).

2.3 Measurements

2.3.1 Psychological Assessment

The POMS 2-Adult Short is a mood inventory consisting of 35
items rated on a 5-point scale from 0 (not-at-all) to 4 (extremely)
to capture the seven scales measuring anger-hostility, confusion-
bewilderment, depression-dejection, fatigue-inertia, tension-
anxiety, vigor-activity, and friendliness during the past 1 week.
The TMD was obtained by summation of the six-scale scores
other than the friendliness score (Heuchert and McNair, 2012).
The Japanese version of POMS 2 is commercially available
(Yokoyama, 2015). We used the T-scores of the TMD and
seven scales, which are standardized so that the distribution
has a mean of 50 points and SD of 10 points based on a
survey of Japanese adults (Yokoyama, 2015).

The Athens Insomnia Scale is a self-administered
questionnaire asking eight questions rated on a 4-point scale
from 0 (no problem) to 3 (severe problem) in response (Soldatos
etal., 2000; Okajima et al., 2013). While the prototype is designed
to assess insomnia over the past 1 month, the present study used
the past 1 week as a reference period.

The Uchida-Kraepelin test is a psychodiagnostic test
derived from the Kraepelin’s work curve (Kashiwagi, 1962;
Seiwa, 1971), and has been used to measure work performance,
and to assess occupational aptitude and mental arithmetic
stressors (Sugimoto et al., 2009; Yoto et al, 2018). The
standard test sheets were purchased (Japan Psychiatric
Technology Institute, Inc., Tokyo). A test sheet contains an
array of 17 lines of 116 random single-digit numbers per line.
The task is a consecutive summation of two adjacent digits per
line in one minute, the answers being written down below the
line. Examinees are requested to perform calculations as
quickly and accurately as possible and to move sequentially
to the next line on the examiner’s cue. While the test is usually
performed in two 15 min sessions with a 5 min rest, the task in
the present study was one 10 min session using the first 10
lines. The number of attained calculations and incorrect
answers were counted per line. Total and line-specific
percentages of correct calculations were used as indices of
task performance.

2.3.2 Anthropometric Measurements

Height (in 0.1 cm) was measured in an upright position, and body
weight (in 0.1 kg) was measured with underwear on. Body mass
index (kg/m?) was calculated. Percent body fat was measured by
the impedance method using a commercial apparatus (In Body
770, In Body Japan Co., Tokyo).

2.3.3 Physical Performance Test

Physical performance was measured with respect to grip strength,
standing long jump, and 20 m shuttle run test in accordance with
the Manual for the New Physical Fitness Tests (age of
20-64 years) of the Japanese Ministry of Education, Culture,
Sports, Science and Technology [“Ministry of Education

Plasmalogens Improve Mood and Concentration

TABLE 1 | Lipid composition of purified ether phospholipid from scallop.

Lipid (mg/g)
Ethanolamine plasmalogen 39.7
Ethanolamine alkyl phospholipid 2.9
Choline plasmalogen 1.6
Choline alkyl phospholipid 32.6
Cholesterol 11.5
Ceramide aminoethyl phosphonate 10.6

Culture Sports Science and Technology. Manual for the New
Physical Fitness Tests (Age of 20-64 Years),” 1999]. The number
of repeats in the shuttle run test was transformed to VO, max by
using the conversion table of the Manual.

2.3.4 Laboratory Measurements

Venous blood was drawn after an overnight fast, and urine
sample was collected before blood sampling. Plasmalogen
levels in plasma and erythrocyte membrane were determined
at the Institute of Rheological Functions of Food (Hisayama-
machi, Fukuoka) according to the method described elsewhere
(Mawatari et al., 2007; Mawatari et al., 2016). Plasma BDNF and
urinary 8-OHdG and deoxyguanosine (dG) were determined at
the Department of Integrative Physiology, Kyushu University
Graduate School of Medical Sciences. Plasma BDNF was
determined by the ELISA method (Tiekou Lorinczova et al,
2020) using a commercial kit (biosensis, Adelaide). Urinary 8-
OHAG and dG were measured using a commercial kit by the TAS
system (TAS Project Co., Ltd., Fukuoka) (Matsuoka et al., 2010).
8-OHdG and dG were detected by electrochemical and UV
detector at 254 nm followed by HPLC, using the same sample.
Hereby, 8-OHdG/dG ratio indicating biological oxidation was
calculated. Routine biochemical measurements and blood cell
counting were carried out at an external laboratory (BML,
Tokyo). Adverse events in laboratory measurements were
defined in accordance with the Common Terminology Criteria
Adverse Events (CTCAE) version 5.0 (“U.S. Department of
Health and Human Servicee. Common Terminology Criteria
for Adverse Events (Ctcae) Version 5.0 Published: November
27, 20177).

2.4 Materials

The lipid composition of purified ether phospholipids from
scallop is shown in Table 1. One capsule, used in this study,
contained 0.48 mg of ethanolamine plasmalogen and 0.02 mg of
choline plasmalogen.

2.5 Statistical Analysis

The sample size was determined to be 20 in each group. On the
basis of the results from randomized and non-randomized trials
of psychobehavioral therapy or supplementation on POMS
(Katsuki et al., 2013; Okuyama et al., 2018; Irie et al, 2019),
we assumed a 20% greater improvement in the POMS T-score for
the plasmalogen group than for the placebo group. The SD of the
TMD T-score is 10, and the SD of the change in the T-score is 10
if the correlation between the T-scores before and after treatment
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TABLE 2 | Background characteristics of the study participants.

Variable Plasmalogen (n = 20)
Age (year), mean + SD 19.6 + 0.7
Current smoking, n (%) 0 (0.0

Alcohol use (=1/week), n (%) 0 (0.0)

Food allergy, n (%) 2 (10.0)

Height (cm), means + SD 1703 £ 5.2
Body weight (kg), means + SD 66.8 + 9.2

SD: standard deviation.

*Unpaired t-test for continuous variables and Fisher’s exact test for dichotomous variables.

is assumed to be 0.50 (Follmann et al, 1992). Under the
conditions of a two-sided significance level of 0.05 and
detection power of 0.80, the required sample size was
calculated as 17 for each group. The target number was set to
be 20 for each as a precaution against dropouts.

The safety analysis population consisted of all randomized
participants who received at least one dose of treatment and
completed both baseline and follow-up assessments regarding
adverse events. The efficacy analysis population comprised those
in the safety analysis population for whom efficacy data were
available.

Mean and standard deviation (SD) were presented for
continuous  variables, and proportion was used for
dichotomous variables. The changes from baseline at 2 and
4 weeks were compared between the two groups. The
magnitude of the between-group difference in the change from
baseline was expressed by mean difference and 95% confidence
interval (CI). The between-group difference was assessed by
unpaired t-test for continuous variables and by Fisher’s exact
probability for dichotomous variables. Statistical significance of
the change from baseline in each group was assessed by paired
t-test. The interaction between baseline value and treatment was
evaluated by using multiple regression analysis. The analysis on
the interaction had not been specified in the protocol; however, it
was adopted because it was naturally conceivable that
improvement, if any, could be expected in men having a poor
state of the outcome at baseline. The effects on daily physical and
mental conditions were examined by the mixed-model regression
analysis, in which days of assessment were nested in individuals.
Statistical significance was declared if the two-sided p was <0.05.
Statistical analyses were carried out by Stata Statistical Software
Release 13 (StataCorp, College Station, TX).

3 RESULTS

A total of 42 participants were randomly allocated to either
plasmalogen (n = 21) or placebo (n = 21) treatment, all of
which completed the 4-week treatment. All the participants
consumed more than 80% of the capsules containing the test
substance in each group. However, the efficacy analysis included
40 participants (20 in the plasmalogen group and 20 in the
placebo group) because the Review Board recommended that
the analysis should exclude the two last-enrolled students who
exceeded the target number specified in the protocol.

Plasmalogens Improve Mood and Concentration

Placebo (n = 20) p*
19.3+£0.9 0.23

2 (10.0) 0.49

3 (15.0) 0.23
2 (10.0) 1.00
1715+ 5.0 0.47
68.1 +5.6 0.59

3.1 Baseline Characteristics
There was no measurable between-group difference with

respect to Dbackground characteristics of the study
participants such as age, smoking, alcohol drinking, and
anthropometric measurements (Table 2). None of the
primary and secondary outcome variables showed an
appreciable difference between the two groups at baseline
(Table 3). Mean T-scores for the scales of vigor-activity and
friendliness were approximately 60 points while mean
T-scores were not more than 50 points for the TMD and
the other five individual scales.

3.2 Effects on POMS 2

Table 4 shows the changes from baseline in T-scores of the
TMD and the seven scales of POMS 2 at 2 and 4 weeks. Notable
changes were not observed for these scores at 2 weeks. The
TMD T-score at 4 weeks decreased statistically significantly in
the plasmalogen group (p < 107°) and decreased near-
significantly in the placebo group (p = 0.07), resulting in a
greater decrease in the former group than in the latter. While
the overall between-group difference in the decrease was not
statistically significant (p = 0.07), the decrease in the
plasmalogen group was more evident in those with higher
baseline scores (interaction p = 0.048), as illustrated in
Figure 1.

The scores of anger-hostility and fatigue-inertia decreased
significantly in the plasmalogen group, but not in the placebo
group, at 4 weeks. The decreases were statistically significantly
greater in the plasmalogen group than in the placebo group (p =
0.003 for anger-hostility and p = 0.005 for fatigue-inertia). The
vigor-activity score also showed a statistically significant
difference in the 4-week change between the two groups (p =
0.04) whereas the within-group change was not statistically
significant in either group; the T-score tended to decrease in
the plasmalogen group and to increase in the placebo group.
There was no measurable difference in the changes in the other
scales between the two groups.

P values for the interactions between baseline score and
treatment on the changes in the T-scores at 4 weeks were as
follows: anger-hostility 0.03, confusion-bewilderment 0.12,
depression-dejection 0.24, fatigue-inertia 0.07, tension-anxiety
0.19, vigor-activity 0.11, and friendliness 0.74. The decreases in
the scores of anger-hostility and fatigue-inertia in the
plasmalogen group were greater when the baseline scores were
higher (Figure 2).
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TABLE 3 | Primary and secondary outcomes at baseline lightfaced (means + SD).

Variable Plasmalogen (n = 20) Placebo (n = 20) p?
POMS2 T-score®
Total mood disturbance 46.4 + 7.6 443 +75 0.39
Anger-hostility 46.8 + 8.8 43.5 +6.3 0.17
Confusion-bewilderment 49.3 + 8.8 484 +7.0 0.72
Depression-dejection 476 + 6.5 46.1 + 6.8 0.49
Fatigue-inertia 48.4 + 7.1 46.4 + 6.5 0.36
Tension-anxiety 471 £ 8.6 46.4 + 8.9 0.79
Vigor-activity 57277 58.0 £ 7.7 0.73
Friendliness 59.7 £ 10.5 59.6 £ 11.2 0.97
Other psychological tests
Athens Insomnia Scale® 33+25 3.1+24 0.73
Uchida-Kraepelin Test 476 +11.8 43.0 + 13.3 0.26
Physical fitness test
Grip strength (kg) 43.7 £ 8.5 449 + 6.4 0.60
Standing long jump (cm) 234 + 19 224 + 29 0.22
VOomax (ml/kg/min) 49.0 £ 4.0 49.0 £ 3.2 0.99
Obesity-related measurement
Body mass index (kg/m?) 230+27 232 +20 0.81
Percent body fat (%) 14.8 + 5.1 143 £ 6.0 0.79
Laboratory measurement
Plasma PIsPE (mg/dl) 5156 £1.32 5.27 £ 2.06 0.83
Erythrocyte PISPE (%) 8.54 + 0.87 8.54 + 0.75 0.99
Plasma BDNF (ng/ml) 8.62 + 3.74 7.81 £ 2.41 0.48
Urinary 8-OHdG (ng/ml) 39.4 + 241 58.7 + 85.7 0.34
Urinary 8-OHAG/dG (%) 2.98 + 2.46 291 + 3.20 0.94

BDNF, brain-derived neurotrophic factor; dG, deoxyguanosine; 8-OHAG, 8-hydoroxy deoxyguanosine; PISPE, phosphatidyl ethanolamine plasmalogen; SD, standard deviation.
AUnpaired t-test.
bn = 19 in the plasmalogen group.

TABLE 4 | Changes of POMS 2 T-scores from baseline at 2 and 4 weeks in plasmalogen and placebo groups.

Scale Plasmalogen Placebo Difference
Mean = SD p? Mean = SD p° Mean 95% ClI p°

2 weeks (n=18) (h =19
Total mood disturbance -1.5+3.8 0.12 -0.6 +5.2 0.60 -0.9 -3.9,22 0.57
Anger-hostility -24+£50 0.06 0.5 £ 6.1 0.71 -2.9 -6.7, 0.8 0.12
Confusion-bewilderment -2.8 + 6.0 0.07 -1.0+7.7 0.58 -1.8 -6.4,2.8 0.44
Depression-dejection -0.1+£48 0.92 03 +53 0.80 -0.4 -3.8, 3.0 0.80
Fatigue-inertia -0.6 +5.7 0.65 1.1+£6.8 0.49 -1.7 -5.9,25 0.41
Tension-anxiety -26 +4.6 0.03 -1.8+5.5 017 -0.8 -4.2,2.6 0.63
Vigor-activity 14 +7A1 0.42 26+77 0.16 -4.0 -9.0, 0.9 0.11
Friendliness -3.5+10.5 0.17 14 +£70 0.39 -0.9 -10.8, 1.0 0.10

4 weeks (n=19 (n =20)
Total mood disturbance -42 +43 <107° -1.8+40 0.07 -2.5 -5.2,0.2 0.07
Anger-hostility -40+43 <1078 0.3 +4.1 0.75 -4.3 -7.0, -1.6 0.003
Confusion-bewilderment -4.9+6.9 0.006 -20+55 0.13 -3.0 -7.0,1.0 0.14
Depression-dejection -1.8+£59 0.19 -0.2 £ 3.1 0.77 -1.6 47,14 0.28
Fatigue-inertia -6.4 + 6.1 <1078 -09+54 0.49 -5.5 -9.2, -1.8 0.005
Tension-anxiety -6.0 + 5.6 <107 -3.4 + 6.1 0.02 -2.6 -6.4, 1.2 0.17
Vigor-activity -3.7+838 0.09 25+94 0.26 -6.1 -12.1,-0.2 0.04
Friendliness 6.4 +14.2 0.07 04 +75 0.81 -6.8 -14.1, 0.5 0.07

Cl: confidence interval; SD: standard deviation.
3Paired t-test for the within-group comparison.
PUnpaired t-test for the between-group comparison.

3.3 Effects on Other Psychological small, but statistically significant decreases in the Athens
Parameters Insomnia Scale score at both 2 and 4 weeks whereas no

Table 5 summarizes the results of the Athens Insomnia Scale  such decreases were noted in the placebo group; the
and Uchida-Kraepelin test. The Plasmalogen group showed  between-group difference in the decrease was nearly
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FIGURE 1| Change in total mood disturbance (TMD) T-score of POMS 2
at 4 weeks versus baseline score in plasmalogen and placebo groups.

significant at 2 weeks (p = 0.07), but not at 4 weeks (p = 0.26).
However, the decrease in the plasmalogen group was more
pronounced in those with higher baseline scores at 2 weeks
(interaction p = 0.02) and 4 weeks (interaction p = 0.004).

A highly significant improvement in the Uchida-Kraepelin test
was observed at 2 and 4 weeks in both groups. The improvement
seemed to be slightly greater in the plasmalogen group than in the
placebo group, but the between-group difference was not
significant at 2 and 4 weeks, respectively. The baseline values
did not affect the treatment effect either at 2 weeks (interaction
p = 0.85) or at 4 weeks (interaction p = 0.65). The post-hoc
analysis showed a significant interaction between treatment and
elapsed time in minute on the Uchida-Kraepelin test (p < 0.01).

Plasmalogens Improve Mood and Concentration

The Plasmalogen group showed a significantly increased
performance in the middle (5 and 6 min) and toward the end
of the 10 min task compared with the placebo group (Figure 3).

3.4 Physical Performance and
Obesity-Related Measures

There was no measurable effect of plasmalogen supplementation
on either physical performance or obesity-related measures
(Table 6).

3.5 Laboratory Outcomes

Plasma PIsPE levels significantly decreased in the plasmalogen
group (p < 107°) and non-significantly in the placebo group (p =
0.11), and the decrease did not differ by treatment group
(Table 6). On the other hand, erythrocyte PISPE increased to
almost the same magnitude in the plasmalogen (p < 10*) and the
placebo (p < 107°) groups, with no between-group difference in
the change of PIsPE. Plasma BNDF, urinary 8-OHdG, and
urinary 8-OHdG/dG did not change differentially in the
plasmalogen and placebo groups. Nor did body mass index
and percent body fat.

3.6 Adverse Events

Clinical adverse events were reported by three participants
(common cold, acute gastroenteritis, and calcaneal fracture) in
the plasmalogen group and by one participant (common cold) in
the placebo group (p = 0.61). Laboratory adverse events were
noted in 14 men (66.7%) in the plasmalogen group and in 13 men
(61.9%) in the placebo group (p = 1.00). The average numbers of
the laboratory adverse events were 1.1 (SD 1.0) in the
plasmalogen group and 1.3 (SD 1.5) in the placebo group (p =
0.63). Details of laboratory adverse events are described in
Supplementary Table S1. Almost all of the laboratory adverse
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FIGURE 2 | Changes in anger-hostility (AH) and fatigue-inertia (Fl) T-scores of POMS 2 at 4 weeks versus baseline scores in plasmalogen and placebo groups.
Points of identical values in the two dimensions are minimally shifted along the vertical direction and are displayed as aggregated circles.
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TABLE 5 | Changes from baseline in Athens Insomnia Score and Uchida-Kraepelin Test (achievement percentage) at 2 and 4 weeks.

Scale

Plasmalogen Placebo Difference

Mean = SD (n) p? Mean = SD (n) p? Mean 95% CI p°

2 weeks
Athens Insomnia Score -1.4+21(19 0.009 -0.2 + 1.9 (20) 0.64 -1.2 -2.5,01 0.07
Uchida-Kraepelin Test 9.5 £ 4.9 (20 <107 7.2 £4.9 (20 <107 2.3 -0.9, 5.5 0.15

4 weeks
Athens Insomnia Score -1.3+24(19) 0.03 -0.5 + 1.7 (20) 0.21 -0.8 -2.1,0.6 0.26
Uchida-Kraepelin Test 11.8 £ 6.7 (20) <1078 8.9 £ 5.4 (20) <107® 2.9 -1.0, 6.8 0.14

Cl: confidence interval; SD: standard deviation.
APaired t-test for the within-group comparison.
PUnpaired t-test for the between-group comparison.
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FIGURE 3 | Change in the Uchida-Kraepelin test performance according to time-course minutes of the task in plasmalogen and placebo groups. Based on
repeated measures analysis of variance with weeks of treatment (2 points) and elapsed minutes (10 points) specified as repeated measures. Vertical bars represent 95%

confidence intervals of marginal means. Interaction for treatment and elapsed minutes was statistically significant (p < 0.01, corrected by the Greenhouse-Geisser
method).

events were grade 1. The most common one was an elevation in

and the scales of anger-hostility and fatigue-inertia were greater
serum creatine phosphokinase (CPK).

in those with worse scores at baseline. These interactions further
support the beneficial effect of plasmalogens on mood state.
The finding on the vigor-activity score was an unexpected one.
The vigor-activity score decreased by 3.7 points in the
plasmalogen group and increased by 2.5 points in the placebo

4 DISCUSSION

In male college athletes, a 4-week supplementation with
plasmalogens improved the T-scores of anger-hostility and
fatigue-inertia more greatly than with placebo and also tended
to alleviate the overall mood disturbance. The findings suggest
that plasmalogens may mitigate a mood state of anger-hostility
and enhance the perception of recovery from fatigue-inertia. It is
of particular interest that the effects of plasmalogens on the TMD

group. While these changes were not statistically significant in
either group, the plasmalogen group statistically significantly
deteriorated the vigor-activity scale in comparison with the
placebo group. The vigor-activity scale represents a positive
mood state and seems to be the opposite mood of fatigue-
inertia. The vigor-activity scale represents the degree of being
“lively,” “active,” “energetic,” “vigorous” and “enthusiastic,”

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2022 | Volume 10 | Article 894734


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Fujino et al.

TABLE 6 | Changes in physical fitness, laboratory measurements, and obesity-related measures at 2 and 4 weeks from baseline.

Plasmalogens Improve Mood and Concentration

Plasmalogen (n = 20) Placebo (n = 20) Difference
Mean = SD p? Mean = SD p? Mean 95% CI p°
Physical fitness test
Grip strength (kg) -0.8 + 3.1 0.27 -14+21 0.01 0.6 -1.1,2.3 0.51
Standing long jump (cm) -3.4 +10.2 0.16 5.7 +19.6 0.21 -9.1 -19.3, 1.1 0.08
VO,max (ml/kg/min) 05+26 0.40 00+22 0.95 0.5 -1.1, 21 0.53
Laboratory measurement
Plasma PISPE (mg/dl) -0.84 £ 0.89 <1078 -0.62 + 1.66 0.11 -0.22 -1.07, 0.64 0.61
Erythrocyte PISPE (%) 0.64 + 0.57 <107 0.76 + 0.57 <107° -0.12 -0.48, 0.25 0.52
Plasma BDNF (ng/ml) 0.01 +4.32 0.99 0.14 + 3.80 0.87 -0.13 -2.73,2.48 0.92
Urinary 8-OHdG (ng/ml)° -0.171 + 0.656 0.26 0.005 + 1.054 0.98 -0.176 -0.738, 0.386 0.58
Urinary 8-OHAG/dG® -0.430 + 0.875 0.04 —0.080 + 0.900 0.69 -0.350 -0.918, 0.219 0.22
Obesity-related measure
Body mass index (kg/m?) 0.22 + 0.41 0.03 0.18 £ 0.35 0.04 0.05 -0.20, 0.29 0.71
Percent body fat (%) 0.93 +1.42 0.008 0.83 +1.57 0.03 0.10 -0.86, 1.06 0.83

Cl: confidence interval; SD: standard deviation.

APaired t-test for the within-group comparison.

bUnpaired t-test for the between-group comparison.
“Measurements were transformed to the natural logarithm scale.

whereas the fatigue-inertia scale measures the degree of being
“worn out,” “fatigued,” “exhausted,” “weary” and “drained”
(Heuchert and McNair, 2012). In a previous study of
government employees in the United States (Travis et al,
2018), a psychological intervention of meditation resulted in
an increase in the POMS vigor-activity score and consistent
decreases in the five other negative scales. In that study, the
Pearson correlation coefficient for the 4-month changes in the
scores between the vigor-activity and fatigue-inertia scales
was —0.52 (Travis et al, 2018). In the present study, the vigor-
activity score was weakly correlated with the fatigue-inertia score
negatively at baseline and in a positive direction longitudinally
(r = —0.13 for the baseline score and r = 0.17 for the change at
4 weeks). The decrease in the vigor-activity score may not
necessarily indicate an unfavorable effect on the present study
population. It deserves to be mentioned that the vigor-activity
scores were within normal limits at both baseline and 4 weeks. A
small decrease of four points in the vigor-activity score may have
reflected a change toward mental calmness and composedness or
weakening of aggressiveness and offensiveness in the young
athletes with a relatively high score at baseline.

The findings regarding the Athens Insomnia Scale suggest
that plasmalogens may alleviate sleep problems. It is
noteworthy that the effect of plasmalogens decreasing the
score of the Athens Insomnia Scale was greater in those
with higher baseline scores, consistently at 2 and 4 weeks. It
is also notable that the effect of plasmalogens was observable
even at 2 weeks of treatment.

A learning or practice effect has been documented in the
Uchida-Kraepelin test, particularly when the test is repeated at
short intervals (Seiwa, 1971). It is thus likely that the successive
increases in the performance at 2 and 4 weeks are ascribed to a
learning effect. It is known that the performance decreases with
the passage of time in a session of the Uchida-Kraepelin test
(Kashiwagi, 1962). It is thus of interest to examine the treatment
effect on minute-specific performance. Increased performance in

the plasmalogen group was more notable in the middle (5 and
6 min) and toward the end of the 10-min task (Figure 3). To our
knowledge, none of the previous intervention studies have
addressed the effect on the minute-specific performance in the
Uchida-Kraepelin test (Ataka et al., 2008; Johnson et al., 20165
Takanari et al., 2016; Saito et al., 2018). It could be argued that
plasmalogens may maintain the performance in the middle of
work, elicit the so-called last spurt in work performance, and
increase mental concentration. The present findings are
compatible with the abovementioned effect of plasmalogens
improving the POMS fatigue-inertia score.

It seems strange that a small dose (2mg per day) of
plasmalogens showed the prominent improvement and
enhancement in brain function as mentioned above although
the same small dose of plasmalogens also revealed the significant
efficacy on cognitive function in AD, mild cognitive impairment,
and Parkinson’s disease. One of the major mechanisms for such
effects is that plasmalogens may be the ligand of G protein-
coupled receptors and thus may act as a hormone. More detailed
mechanisms have been discussed in the previous report (Fujino
et al,, 2017; Fujino et al., 2020).

In this study, all participants were young athletes and there
was no improvement in physical performance measured by grip
strength, standing long jump, and 20 m shuttle run. However,
some improvement in competition performance might be
expected because it is well known that competition
performance is strongly affected by such negative mood states,
sleep disorders, and mental concentration (Mah et al, 2011;
Brandt et al., 2017; Weerakkody et al., 2021) as improved in
this study. Further research is required to determine a positive
correlation between plasmalogens and competition performance.

Despite the abovementioned significant improvement in
psychobehavioral ~measures in the plasmalogen group,
plasmalogen blood levels (plasma PISPE and erythrocyte PISPE)
showed no significant difference between the two groups. The reason
for that is not clear. However, it might be partly due to the fact that
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the study period was as short as 1 month, considering that there was
no significant between-group difference in plasmalogen blood levels
during the first 2 months after administration shown in the previous
study (Fujino et al., 2017).

Recent studies have demonstrated that oxidative stress-
induced neuroinflammation impairs brain function including
cognitive function. However, the present study did not find a
significant change in urinary 8-OHdG, known to reflect oxidative
stress (Valavanidis et al., 2009; Urbaniak et al., 2020). Moreover,
no statistically significant change was observed in blood BDNF
although plasmalogens are assumed to improve brain function by
increasing BDNF (Hossain et al., 2022). These results suggest that
neither urinary 8-OHdG nor blood BDNF may reflect a minute
change in the brain.

This study strongly suggests that oral administration of
plasmalogens alleviates negative mood states and sleep
disorders, and enhances mental concentration. These effects
may be responsible for the suppression effects of plasmalogens
on oxidative stress-induced neuroinflammation (Ifuku et al,,
2012; Hossain et al., 2018). Yet, the fact also remains that
most of the neuroinflammation-suppression effects observed in
animal studies were achieved using mouse hippocampus,
providing no direct evidence of suppression effects in the
amygdala or neocortex related to the abovementioned
symptoms and function. As another potential mechanism for
these effects, it may be suggested that plasmalogens improved
sleep conditions, resulting in the enhancement of mental
concentration.

There are several weaknesses to be noted in this study although
random allocation, use of placebo, and high compliance to test
substances are among the strengths of the present study. The
4 week treatment period may have been relatively short, and the
number of study participants was too small to detect an observed
between-group difference in terms of the TMD score (the
primary outcome) which turned out to be much smaller than
expected. Further studies are needed to corroborate the observed
effects of plasmalogens on negative mood states of the POMS 2,
sleep disorders, and mental concentration in large and different
populations such as insomnia and depression.
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Plasmalogens are plasma-borne antioxidant phospholipid species that provide protection
as cellular lipid components during cellular oxidative stress. In this study we investigated
plasma plasmalogen levels in human sepsis as well as in rodent models of infection. In
humans, levels of multiple plasmenylethanolamine molecular species were decreased in
septic patient plasma compared to control subject plasma as well as an age-aligned
control subject cohort. Additionally, lysoplasmenylcholine levels were significantly
decreased in septic patients compared to the control cohorts. In contrast, plasma
diacyl phosphatidylethanolamine and phosphatidylcholine levels were elevated in septic
patients. Lipid changes were also determined in rats subjected to cecal slurry sepsis.
Plasma plasmenylcholing, plasmenylethanolamine, and lysoplasmenylcholine levels were
decreased while diacyl phosphatidylethanolamine levels were increased in septic rats
compared to control treated rats. Kidney levels of lysoplasmenylcholine as well as
plasmenylethanolamine molecular species were decreased in septic rats. Interestingly,
liver plasmenylcholine and plasmenylethanolamine levels were increased in septic rats.
Since COVID-19 is associated with sepsis-like acute respiratory distress syndrome and
oxidative stress, plasmalogen levels were also determined in a mouse model of COVID-19
(intranasal inoculation of K18 mice with SARS-CoV-2). 3 days following infection, lung
infection was confirmed as well as cytokine expression in the lung. Multiple molecular
species of lung plasmenylcholine and plasmenylethanolamine were decreased in infected
mice. In contrast, the predominant lung phospholipid, dipalmitoyl phosphatidylcholine,
was not decreased following SARS-CoV-2 infection. Additionally total plasmenylcholine
levels were decreased in the plasma of SARS-CoV-2 infected mice. Collectively, these data
demonstrate the loss of plasmalogens during both sepsis and SARS-CoV-2 infection. This
study also indicates plasma plasmalogens should be considered in future studies as
biomarkers of infection and as prognostic indicators for sepsis and COVID-19 outcomes.
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INTRODUCTION

Sepsis has been a major threat to global health over the past
several decades. In the United States, approximately one million
individuals are diagnosed with sepsis annually, with mortality
estimated between 12 and 25 percent (Mayr et al.,, 2014; Paoli
et al., 2018). An estimated 20 percent of all deaths globally were
attributed to sepsis (Rudd et al., 2020). The more severe septic
shock has an estimated 38 percent mortality, and half of all
Americans who die in the hospital are diagnosed with sepsis (Liu
et al., 2014; Vincent et al., 2019). Sepsis occurs when an infection
triggers a dysregulated host immune response, leading to
systemic microcirculatory and immune dysfunction. This
dysregulated inflammatory response in the microvasculature
leads to direct damage of cells from reactive oxygen species
and other inflammatory mediators, activation of the
coagulation cascade, vasodilation, and tissue hypoxia with
subsequent mitochondrial dysfunction. This complex system
culminates in life-threatening organ injury and metabolic
derangements (Chuang et al, 2006; Robertson and
Coopersmith, 2006; Galley, 2011; Angus and van der Poll,
2013; Delano and Ward, 2016; Singer et al., 2016; Prauchner,
2017). Lipids and lipid-related signaling pathways have been
investigated as mediators, potentially at the blood-endothelial
interface during sepsis (Amunugama et al., 2021a). Specific lipids
may also have prognostic value as biomarkers in sepsis (Meyer
et al., 2017; Mecatti et al., 2018; Mecatti et al., 2020; Wang et al.,
2020; Amunugama et al., 2021a). Additionally, a major cause of
COVID-19 mortality is sepsis-associated acute respiratory
distress syndrome (ARDS). Similar to sepsis, lipids have been
investigated as important mediators and biomarkers in COVID-
19 (Tanner et al., 2014; Aktepe et al., 2015; Villareal et al., 2015;
Jean Beltran et al., 2018; Fernandez-Oliva et al., 2019; Sviridov
etal., 2020; Casari et al., 2021; Mesquita et al., 2021; Theken et al.,
2021).

Plasmalogens comprise a significant fraction of the lipid
content in the plasma, immune cells, and endothelium
(Chilton and Murphy, 1986; Chilton and Connell, 1988;
Kayganich and Murphy, 1992; Murphy et al.,, 1992; Briautigam
et al, 1996). There is considerable diversity in plasmalogen
molecular species. In general, plasmalogens contain either
phosphocholine or phosphoethanolamine at the sn-3 position
of the glycerol backbone. The vinyl ether aliphatic group attached
to the glycerol backbone predominantly contains sixteen and
eighteen carbon groups. Recently we have also shown neutrophil
plasmalogens contain vinyl ether groups that are greater than
twenty carbons in length (Amunugama et al, 2021b).
Plasmalogens have been suggested to have important roles in
biological membranes, which are due, in part, to their unique
packing in membranes compared to diacyl phospholipids (Han
and Gross, 1990; Han and Gross, 1991). Plasmalogens have been
shown to have roles in synaptic fusion, cholesterol efflux, lipid
rafts, and transmembrane protein function (Glaser and Gross,
1994; Ford and Hale, 1996; Mandel et al., 1998; Pike et al., 2002).
Plasmalogens likely have key roles in inflammation at several
levels. Plasmalogens are plasma-borne antioxidants and have
been shown to protect endothelium from oxidative stress
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(Vance, 1990; Zoeller et al.,, 1999). The vinyl ether bond of
plasmalogens is susceptible to attack by reactive species, and
this propensity suggests that these lipids can protect cells by
scavenging reactive oxygen species (Zoeller et al, 1988; Reiss
et al., 1997; Zoeller et al., 1999; Zoeller et al., 2002; Dean and
Lodhi, 2018). Additionally, plasmalogens have been shown to
have a key role in macrophage phagocytosis (Rubio et al., 2018).
Furthermore, plasmalogens are enriched with arachidonic acid
and docosahexaenoic acid at the sn-2 position, and their
metabolism by phospholipases leads to the mobilization of
these fatty acids and their subsequent oxidation to bioactive
eicosanoids and resolvins (Paul et al, 2019). Collectively, the
roles of plasmalogens in membrane molecular dynamics, as
antioxidants, and as precursors of bioactive lipids indicate they
may be important in inflammation associated with disease and
infection.

Plasma plasmalogen levels have been shown to decrease during
inflammation such as during endotoxemia (Ifuku et al, 2012),
Parkinson’s disease (Dragonas et al., 2009; Fabelo et al., 2011), and
lupus (Hu et al., 2016). Several of these previous studies (Dragonas
et al,, 2009; Hu et al., 2016) have suggested the loss of plasmalogens
during Parkinson’s disease and lupus is due to the associated oxidative
stress. Surprisingly only one study has investigated plasmalogen loss
during human sepsis, which also attributed plasmalogen loss to
oxidative stress (Brosche et al, 2013). This study was limited to
measuring dimethyl acetals as a measure of plasmalogen levels and
was performed in a limited number of geriatric septic patients. In
addition to sepsis, several investigations have emerged over the past
2 years demonstrating plasma plasmalogen levels in humans with
severe COVID-19 are decreased (Schwarz et al., 2021; Snider et al.,
2021). The loss of plasmalogens and other phospholipids enriched
with arachidonic acid and docosahexaenoic acid as well as increased
secretory phospholipase A, (Snider et al, 2021) in COVID-19
patients support an important role for plasmalogens as precursors
of oxylipids.

We have previously shown the plasmalogen vinyl ether bond is
targeted by neutrophil-derived HOCl (a product of
myeloperoxidase activity) resulting in 2-chlorofatty aldehyde
and 2-chlorofatty acid production (Albert et al, 2001;
Thukkani et al., 2002; Anbukumar et al., 2010). Furthermore,
increased 2-chlorofatty acid plasma levels associate with ARDS-
caused mortality in human sepsis (Meyer et al, 2017). 2-
Chlorofatty acids are also elevated in the plasma and several
organs in rats subjected to cecal slurry sepsis (Pike et al., 2020).
Since plasmalogens are the precursors of chlorinated lipid
production during sepsis and since limited molecular detail is
known about human plasma plasmalogen loss during sepsis, in
the present study we have investigated plasma plasmalogen levels
in human sepsis patients. Furthermore, we have employed the rat
cecal slurry sepsis model to identify both plasma plasmalogen loss
as well as changes in liver and kidney plasmalogen levels during
sepsis. Lastly, we examined changes in plasmalogen levels in
plasma and lung in mice challenged with SARS-CoV-2.
Collectively, these studies show the loss of plasmalogens
during sepsis and SARS-CoV-2 infection with new detail into
changes in plasma molecular species, as well as changes in organs
in rodent models of sepsis and COVID-19.
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MATERIALS AND METHODS

Human Plasma Specimens and Analysis
Sepsis plasma samples were obtained from subjects admitted to
the intensive care unit (ICU) with suspected infection and acute
organ dysfunction (sepsis) at day 7 in the ICU. The cohort has
been previously described (Reilly et al., 2018). The cohort study is
approved by the University of Pennsylvania institutional review
board (IRB protocol #808542), and all subjects or their proxies
provided informed consent to participate. Control healthy plasma
samples were obtained at Saint Louis University under IRB
protocol 26646. Plasma samples were stored in aliquots to
minimize freeze thaw cycles to two times or less.

Rat Cecal Slurry Studies

Rats were supplied from Envigo (Harlan—Indianapolis, IN,
United States). All rats were young adult male Sprague-Dawley
weighing between 270-330 g (8-12 weeks old). All animals were
maintained in a temperature and humidity-controlled room with
a 12 h light/dark cycle and unrestricted access to chow and water.
Upon arrival to Saint Louis University, rats were acclimated to the
environment for at least a week prior to experiments. All animal
experiments were conducted with the approval of the
Institutional Animal Care and Use Committee at Saint Louis
University. Cecal slurry (CS) was prepared from cecal contents of
donor male Sprague-Dawley rats as previously detailed (Pike
et al., 2020). Prior to ip CS administration for sepsis studies,
aliquots of CS were thawed quickly in warm water. Rats were
administered 15 ml/kg CS or 15% glycerol vehicle control (ip) in a
total volume of 20 ml/kg, with the remaining 5 ml/kg being sterile
saline (B Braun Medical, Bethlehem, PA, United States). At the
time of CS administration, animals were administered a
concurrent 30 ml/kg dose of subcutaneous sterile saline. Eight
hours following CS treatment, 25 mg/kg ceftriaxone (Hospira) in
sterile saline was administered intramuscularly in the hind limb
in a 1 ml/kg volume. A second subcutaneous 30 ml/kg dose of
sterile saline was administered concurrently with the ceftriaxone
in order to simulate treatment of human sepsis with crystalloid
and antibiotics. 20 h following CS injection, rats were euthanized,
and organs were collected, which were immediately frozen on dry
ice. Blood was collected via cardiac puncture, and plasma was
immediately prepared and then stored at —80°C. Plasma
preparation and storage was achieved within 30-45 min of the
blood draw. Plasma samples were stored in aliquots to minimize
freeze thaw cycles to two times or less. Rats were euthanized by
injecting 0.5 ml Somnasol (390 mg/ml sodium pentobarbital and
50 mg/ml phenytoin sodium), ip followed by thoracotomy.

Mouse SARS-CoV-2 Infection Studies

K18 mice (JAX strain 034860, human angiotensin converting
enzyme 2 (hACE2 transgenic)) were supplied from the Jackson
Laboratory (Bar Harbor, MA, United States). All mice were
young adult females weighing between 25-30 g (~9 weeks old).
All animals were maintained in a temperature and humidity-
controlled room with a 12h light/dark cycle and unrestricted
access to chow and water. Upon arrival to Saint Louis University,
mice were acclimated to the ABSL-3 environment for at least a
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week prior to experiments. All animal experiments were
conducted with the approval of the Institutional Animal Care
and Use Committee at Saint Louis University. K18 mice were
either mock infected or infected with 1 x 10* focus forming units
(FFU) of the beta variant B.1.351 of SARS-CoV-2 intranasally
(20 pl). The beta variant B.1.351 of SARS-CoV-2 was obtained
from BEI Resources (#NR55282). Tissues and plasma were
collected from euthanized mice three- or 4-days following
infection. Tissue homogenates were prepared for analyses of
either viral burden, cytokine mRNA, or lipids. SARS-CoV-2
viral burden was measured by focus forming assays (FFAs)
using Vero E6 cells transfected with hACE2 and TMPRSS2 as
we have previously described (Geerling et al, 2022).
Inflammatory cytokine levels were measured via qRT-PCR
using Tagman primer and probe sets from IDT as previously
described (Geerling et al., 2021).

Lipid Analysis

Tissue and plasma lipids were extracted in the presence of
internal standards (see Supplementary Table S1) by a
modified Bligh-Dyer extraction as previously described (Bligh
and Dyer, 1959; Maner-Smith et al., 2020; Pike et al., 2020;
Amunugama et al, 2021b). Individual choline and
ethanolamine glycerophosphospholipids were detected using
selected reaction monitoring (see Supplementary Table S1 for
transitions) with an Altis TSQ mass spectrometer equipped with a
Vanquish UHPLC System (Thermo Scientific) with isotopomer
corrections for each target molecular species compared to the
respective internal standard. Lipids were separated on an
Accucore™ C30 column 21mm x 150mm (Thermo
Scientific) with mobile phase A comprised of 60% acetonitrile,
40% water, 10 mM ammonium formate, and 0.1% formic acid
and mobile phase B comprised of 90% isopropanol, 10%
acetonitrile with 2 mM ammonium formate, and 0.02% formic
acid. Initial conditions were 30% B with a discontinuous gradient
to 100% B at a flow rate of 0.260 ml/min. Plasmalogen molecular
species were identified by acid lability and fatty acid aliphatic
group identification under identical conditions employed using
the TSQ mass spectrometer but using a Q-Exactive mass
spectrometer with choline glycerophospholipids detected in
negative ion mode.

Statistics

Student’s t-test was used to compare two groups in rat CS and
K18 mouse SARS-CoV-2 infection studies. Plasma
concentrations were compared between healthy control

subjects and sepsis subjects by Wilcoxon rank sum test.

RESULTS

Alterations in Plasma Plasmalogen and
Diacyl Phospholipids in Human Sepsis

Human geriatric septic patients have previously been shown to
have decreased plasma plasmalogen levels as determined by
assessing  dimethyl acetals of plasmalogens by gas
chromatography. These analyses did not identify the lipid class
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FIGURE 1 | Loss of plasma plasmenylethanolamine (pPE) and lysoplasmenylcholine (pLPC) in human sepsis. Plasma was collected from 31 healthy humans
(control) and 63 ICU patients with sepsis following 7 days in the ICU. Lipids were extracted and plasmalogen levels were quantitated as described in “Materials and
Methods.” Plasma plasmenylcholine (pPC) (A,D), pLPC (B,E), and pPE (C,F) are compared between the control and sepsis cohorts (A-C) and an age restricted control
and sepsis cohorts (D-F). *, **, ***, and *** indicate p < 0.05, 0.01, 0.001, and 0.0001, respectively, for comparisons between cohorts. Mean and standard
deviation values are indicated for each molecular species and condition.

TABLE 1 | Clinical characteristics of the sepsis and control population.

Sepsis (n = 63) Controls (n = 31) Age restricted controls
(n=7)
Age, years 59.8 £ 12.7 382+ 1561 56.6 + 8.4
Female sex (N, %) 25, 39.6% Not available Not available
APACHE Il score® 85 (68, 107) — —
Diabetes (N, %) 19, 30.2%
Solid organ malignancy (N, %) 12, 19%
Hematologic malignancy (N, %) 20, 31.7%
Mortality at 30 days (N, %) 17, 27%

aThe acute physiology and chronic health examination (APACHE) Il score is displayed as median (interquartile range) due to a skewed distribution.

(choline or ethanolamine) of the plasmalogen pool or the  age of these patients is 59.8 years. Interestingly, data shown in
molecular species that decrease during sepsis. Additionally, we  Figure 1A show levels of plasma plasmenylcholine (pPC)
have previously shown plasma 2-chloropalmitic acid levels are ~ molecular species either were unchanged or increased in septic
increased in human sepsis and associate with ARDS-caused  patients compared to control subjects. Since the control cohort
mortality (Meyer et al., 2017). 2-Chloropalmitic acid is derived = age was younger than the sepsis group (Table 1), we also
from 2-chloropalmitaldehyde produced by the action of HOCl ~ compared changes in plasma pPC levels between the sepsis
targeting the vinyl ether bond of plasmalogens (Albert etal.,, 2001;  cohort and an age restricted subgroup of the control subjects
Thukkani et al., 2002; Anbukumar et al., 2010). Accordingly, we  to testa cohort that was more closely aligned in age with the sepsis
performed a detailed study of plasma plasmalogens in septic ~ cohort (Figure 1D). A similar pattern of either increased or
humans. The plasma specimens of patients in this study are from  unchanged levels of pPC was observed in the septic patients
septic patients collected following 7 days in the ICU. The average ~ compared to the age restricted controls to sepsis. The two pPC
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FIGURE 2 | Increases in plasma phosphatidylcholine (PC) and phosphatidylethanolamine (PE) in human sepsis. Plasma was collected from 31 healthy humans
(control) and 63 ICU patients with sepsis following 7 days in the ICU. Lipids were extracted and plasmalogen levels were quantitated as described in “Materials and
Methods.” Plasma PC (A,C) and PE (B,D) are compared between the control and sepsis cohorts (A,B) and an age restricted control and sepsis cohorts (C,D). *, **, ***,
and **** indicate p < 0.05, 0.01, 0.001, and 0.0001, respectively, for comparisons between cohorts. Mean and standard deviation values are indicated for each
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molecular species elevated in sepsis were 16:0-18:1 pPC and 18:0-
20:4 pPC (x:y-x:y where x# of carbons and y# of double bonds in
aliphatic groups at the sn-1 and sn-2 position, respectively). In
contrast, significant decreases were observed with plasma 16:0
and 18:0 lysoplasmenylcholine (pLPC) in septic subjects with
comparisons to both the unrestricted control group (Figure 1B),
as well as the age restricted control group (Figure 1E).
Furthermore, all plasma plasmenylethanolamine (pPE)
molecular species in our targeted analyses were significantly
decreased in the septic patient cohort in comparison to both
the unrestricted control group (Figure 1C), as well as the age
restricted control group (Figure 1F). In contrast to pPE, plasma
levels of diacyl phosphatidylethanolamine (PE), as well as
phosphatidylcholine (PC), were increased in the sepsis cohort
in comparisons to both the unrestricted and age restricted cohorts
(Figures 2A-D).

Alterations in Plasmalogen and Diacyl
Phospholipids in Rodent Sepsis

To gain further insights into alterations in plasmalogens, as well
as diacyl phospholipids, during sepsis we examined both plasma
and tissue changes in these phospholipids in the cecal slurry (CS)
rodent model of sepsis. Previous studies have demonstrated

under the CS infection conditions followed by antibiotic
treatment 8 h post infection employed in these studies, rats
survive at least 20 h and have increased plasma 2-chlorofatty
acid levels in comparison to vehicle treated rats (Pike et al., 2020).
pPC was identified as the most abundant plasmalogen class in
both control and sepsis rat plasma compared to pPE. (Figures
3A,C). Plasma plasmalogen loss was observed in CS treated rats
compared to vehicle injected rats. Plasma 16:0-18:2, 18:0-18:2,
and 18:0-18:1 pPC levels were decreased in septic rats 20 h post
infection (Figure 3A). Similar to human sepsis, both 16:0 and 18:
0 pLPC levels were decreased in septic rats in comparison to
control vehicle-treated rats (Figure 3B). In contrast to human
sepsis, the predominant species of plasma pPE levels were not
significantly decreased in rat sepsis, however less abundant
species such as 16:0-18:2, 18:0-18:2, and 18:0-18:1 pPE did
significantly decrease (Figure 3C). For the diacyl species,
sepsis resulted in a decrease of only 16:0-20:4 PC in rat
plasma (Figure 3D). In stark contrast to the drop in plasma
pPE levels, all diacyl PE levels were significantly increased
(Figure 3E).

Previously in this rodent model we identified the kidney and
liver as primary sites of organ failure based on loss of permeability
barrier function as assessed by Evans blue extravasation (Pike
et al, 2020). Additionally, both liver and kidney levels of 2-
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FIGURE 3| Loss of plasma plasmalogens and increases in diacyl PC and PE in septic rats. Rats were injected with cecal slurry (sepsis) (n = 5) or vehicle (control) (0 =
6) and were subsequently treated with fluid replacement and ceftriaxone 8 h following cecal slurry injection as described in “Materials and Methods.” Plasma was
collected 20 h following cecal slurry or vehicle treatment, and lipids were extracted. Plasmalogen levels were quantitated as described in “Materials and Methods.”
Plasma pPC, pLPC, pPE, PC, and PE are shown in (A-E), respectively. *, **, ***, and *** indicate p < 0.05, 0.01, 0.001, and 0.0001, respectively, for comparisons
between control and septic rats. Mean and standard deviation values are indicated for each molecular species and condition.

chlorofatty acids were previously shown to be increased in this
sepsis model (Pike et al., 2020). 2-Chlorofatty acids are produced
as a result of neutrophil-derived HOCI targeting plasmalogens
(Thukkani et al., 2002; Anbukumar et al., 2010). Accordingly, we
examined plasmalogen levels in the kidney and liver of CS
infected rats. In contrast to plasma, pPE is the predominant
plasmalogen class in both rat kidney and liver compared to pPC
(Figures 4, 5). Multiple pPE molecular species in the rat kidney
were significantly decreased in septic rats, including the
predominant 16:0-20:4 and 18:0-20:4 pPE species (Figure 4C).
Renal 16:0 pLPC was also significantly decreased in sepsis
(Figure 4B). Meanwhile, some less predominant renal pPC
levels were increased (Figure 4A). In contrast to changes in
rat plasma and kidney plasmalogens, as well as in human plasma,
several liver plasmalogens increased during rat sepsis. All pPC
species significantly increased, including the predominant 16:0-
20:4 pPC and 18:0-20:4 pPC species, in livers of CS elicited septic
rats (Figure 5A). 16:0-20:4 pPE and 18:0-20:4 pPE, among others,
also were significantly increased in livers from septic rats
compared to control rats (Figure 5C). Further in contrast to
changes in the plasma and kidney, there was no significant
difference in pLPC levels in livers from septic rats compared
to those of control rats (Figure 5B). Diacyl species were measured
in the kidney and liver as well. In the kidney, multiple species of
diacyl PC and PE were significantly decreased (Figures 4D,E).

While in the liver, CS-elicited sepsis resulted in increases in both
diacyl PC and PE (Figures 5D,E).

Plasmalogens in SARS-CoV-2 Infected K18
Mice

Since plasmalogens have been shown to decrease in the plasma of
humans with severe COVID-19 (Schwarz et al., 2021; Snider
etal., 2021) and SARS-CoV-2 infection leads to a form of sepsis-
associated ARDS, we investigated the role of airway infection with
SARS-CoV-2 in K18-hACE2 transgenic mice. The human keratin
18 promoter (K18) in K18 mice directs human ACE2 expression
in the epithelium, which is important as SARS-CoV-2 infections
tend to begin in airway epithelia. Three days following nasal
inoculation with SARS-CoV-2 a robust viral burden was observed
in the lung (Figure 6A), which is similar to findings by others
(Zheng et al., 2021). The associated cytokine storm of SARS-CoV-
2 infection was confirmed with increases in interleukin-1p (IL-
1B), interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a)
mRNA expression in lung tissue (Figure 6B). These cytokine
mRNAs were not detected in mock-infected lung (data not
shown). 16:0-20:4 pPC and 18:0-20:4 pPC levels in the lung
were selectively decreased in SARS-CoV-2 infected K18 mice
(Figure 6C). Additionally, both 16:0-20:4 pPE and 18:0-20:4 pPE,
as well as 18:0-22:6 pPE, were decreased in the lung of SARS-
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FIGURE 4 | Alterations in kidney diacyl and plasmalogen phospholipids during rat sepsis. Rats were injected with cecal slurry (sepsis) (1 = 5) or vehicle (control) (n =
6) as described in Figure 3. Kidneys were collected 20 h following cecal slurry or vehicle treatment, and lipids were extracted. Plasmalogen levels were quantitated as
described in “Materials and Methods.” Kidney pPC, pLPC, pPE, PC, and PE are shown in (A-E), respectively. *, **, ***, and **** indicate p < 0.05, 0.01, 0.001, and
0.0001, respectively, for comparisons between control and septic rats. Mean and standard deviation values are indicated for each molecular species and condition.

CoV-2 mice (Figure 6D). As in rat tissues, pPE levels were higher
than that of pPC in the mouse lung. We also assessed the major
lung lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
in the lungs, which is the major phospholipid component of
surfactant. Lung DPPC levels were not altered in SARS-CoV-2
infected mice (Figure 6E). Changes in plasma plasmalogen levels
were only modestly decreased in SARS-CoV-2 infected mice
(Figure 6F).

DISCUSSION

Plasmalogens are a lipid subclass characterized by a vinyl ether
linked aliphatic group attached to the sn-1 position of glycerol, a
fatty acid esterified at the sn-2 position and, in general, either
phosphoethanolamine or phosphocholine at the sn-3 position.
The sn-2 fatty acid of plasmalogens is enriched with arachidonic
acid in many mammalian tissues and thus one role of
plasmalogens has been described as a storage depot for
arachidonic acid that is released during inflammation (Chilton
and Connell, 1988; Ford and Gross, 1989; Braverman and Moser,
2012). The sn-1 vinyl ether is a target for reactive oxygen species
leading to the release of free fatty aldehydes that subsequently can
be metabolized to free fatty acids (Khaselev and Murphy, 1999;
Stadelmann-Ingrand et al., 2001). The reaction of reactive oxygen
species with the vinyl ether is a terminal event for ROS and thus is
considered an antioxidant activity. Multiple studies have shown

plasmalogens protect tissues and cells from reactive oxygen
species and oxidative stress. Cells deficient in plasmalogens are
susceptible to free radical-mediated toxicity (Morand et al., 1988;
Zoeller et al., 1988). Furthermore, supplementing cells with
precursors to plasmalogens has been shown to protect cells
from reactive oxygen species including during hypoxic damage
to endothelial cells (Zoeller et al., 1999). Collectively, the
abundance of arachidonic acid esterified to plasmalogens that
can be mobilized for eicosanoid production and the susceptibility
of the vinyl ether to oxidative stress suggest plasmalogens may
have important roles in infection and inflammation. Plasma
plasmalogen depletion has also been demonstrated in humans
with Parkinson’s disease, Alzheimer’s disease, lupus and
endotoxemia (Dragonas et al., 2009; Fabelo et al., 2011; Ifuku
etal,2012; Huetal,, 2016; Su et al., 2019). In the present study we
provide further support for the involvement of plasmalogens in
inflammation by providing molecular detail to changes in
plasmalogen levels both in plasma and in organs during sepsis
as well as SARS-CoV-2 infection.

Previous studies showed the 16:0 dimethyl acetal derivative of
plasmalogens containing a sixteen-carbon vinyl ether aliphatic
group bound to the glycerol backbone are decreased 55% in
plasma of twenty geriatric septic patients compared to age-
matched healthy subjects (Brosche et al, 2013). In this
previous study, data for 18:0 dimethyl acetals were not
reported and changes in 16:0 dimethyl acetal were from
patient plasma collected within 24 h of severe sepsis diagnosis.
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FIGURE 5 | Alterations in liver diacyl and plasmalogen phospholipids during rat sepsis. Rats were injected with cecal slurry (sepsis) (n = 5) or vehicle (control) (1 = 6)
as described in Figure 3. Liver was collected 20 h following cecal slurry or vehicle treatment, and lipids were extracted. Plasmalogen levels were quantitated as
described in “Materials and Methods.” Liver pPC, pLPC, pPE, PC, and PE are shown in (A-E), respectively. *, **, ***, and *** indicate p < 0.05, 0.01, 0.001, and 0.0001,
respectively, for comparisons between control and septic rats. Mean and standard deviation values are indicated for each molecular species and condition.

Human plasma pPC levels are ~8-10 fold greater than pPE levels,
and pPC is highly enriched in molecular species containing a
sixteen-carbon vinyl ether aliphatic group bound to the glycerol
backbone, suggesting the plasma plasmalogens that decreased in
geriatric sepsis patients (Brosche et al., 2013) are from pPC pools.
In contrast to this previous study, our findings from the MESSI
cohort were from patient plasma collected 7d following ICU
admission for sepsis. This difference in time for plasma collection
prevents direct comparisons to the previously reported study
(Brosche et al, 2013). However, in the present studies pPE
molecular species containing 16:0 vinyl ether groups, as well
as 16:0 pLPC, were decreased in the human sepsis cohort. Plasma
pPE species containing 18:0 vinyl ether groups were also
significantly decreased in septic subjects investigated in our
study. Future studies should be directed at determining details
of plasmalogen loss at 24 h and examine longitudinal changes in
plasmalogen loss. It will also be interesting to compare changes in
human plasmalogen molecular species at 24 h to the changes we
observed in the rat plasma plasmalogen molecular species that
changed 20h post CS injection. Interestingly with rat sepsis,
plasma plasmalogen loss at 20 h decreased in several pPC and
pPE species as well as pLPC. A summary of levels of plasmalogen
and diacyl species shows a general downward trend in
plasmalogen levels in sepsis, excluding livers from of septic
rats (Figure 7). In particular, this summary highlights the

many differences in changes elicited during sepsis between
plasmalogen and diacyl phospholipid levels depending on the
tissue and particular phospholipid class. One of the more striking
observations is the loss of pPE in plasma in contrast to increases
in diacyl PE during sepsis in both humans and rats.

The mechanisms responsible for plasma pLPC and pPE loss
during sepsis are not known, but several mechanisms seem
likely. One mechanism is that loss of plasmalogen is due to
oxidative stress during sepsis. We have previously shown
plasma 2-chlorofatty acid levels are elevated in human
sepsis (Meyer et al., 2017; Amunugama et al., 2021b).
Furthermore, in this rat sepsis model there are increased
levels of 2-chlorofatty acid levels (Pike et al., 2020), which
is derived from plasmalogens (Albert et al., 2001; Thukkani
etal., 2002; Amunugama et al., 2021b). During sepsis the tissue
plasmalogen pool or the specific plasmalogen molecular
species targeted by HOCI has not been determined. In this
respect it could be speculated that the impressive loss of
plasma pLPC, which is overall a small pool of the total
plasmalogen, could be responsible for the nanomolar levels
of 2-chlorofatty acid observed during sepsis. It is also possible
that the loss of plasmalogens is due to the activation of
phospholipases. It has been suggested that phospholipase
A,-mediated release of arachidonic acid from plasmalogens
is important in the production of oxylipids in COVID-19
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FIGURE 6 | Plasmalogen changes in K18 mice infected with the beta B.1.351 SARS-CoV-2 variant. K18 mice were either mock infected (blue circles) or infected
(red squares) with 10* FFU of SARS-CoV-2, 20 ul, IN. 3 days post infection, lungs (C-E) and plasma (F) were collected for lipidomics analyses (n = 3 for both conditions).
*,**, and *** indicate p < 0.05, 0.01, and 0.001, respectively, for comparisons between mock and virus infected mice. (A) SARS-CoV-2 titers in lungs of infected (n = 4)
and uninfected (n = 4) mice from this study. N.d. indicates titers were not observed in the uninfected lungs. (B) Pro-inflammatory cytokine mRNA was detected in
the infected lungs (n = 4 or 5) but were not detected in the uninfected lungs. Mean and standard deviation values are indicated for each molecular species and condition.
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FIGURE 7 | Summary of plasmalogen and diacyl phospholipid changes observed in sepsis and SARS-CoV-2 infection. Arrow outlines indicate that fewer than half
of reported species show statistically significant increase or decrease. Solid arrows indicate that at least half of reported species show statistically significant increase or
decrease. For human sepsis, only trends in age restricted data are shown.
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(Schwarz et al., 2021; Snider et al., 2021). The phospholipase
A, mechanisms may be directly responsible for pPE loss. It is also
possible pLPC loss is due to either accelerated use as an acceptor by
acyltransferases leading to conserved levels of pPC despite putative
oxidative loss or tissue uptake during sepsis. Another possibility is
pPE and pLPC decrease as a result of reduced release from the liver
and vascular endothelium. In human sepsis, HDL-cholesterol
decreases (Vavrova et al., 2016; Tanaka et al., 2019), which may
also be due to decreased secretion from the liver. Decreased plasma
plasmalogens and increased liver plasmalogens during sepsis are
similar to plasmalogen changes in H-Lrpprc mice, a mouse model of
the monogenic form of the mitochondrial disease, Leigh syndrome
(Ruiz et al., 2019). In H-Lrpprc mice, hepatic Farl and Agps are also
elevated suggesting decreased plasma plasmalogen levels mediate a
feedback system to increase liver plasmalogen biosynthesis. Such a
feedback system may also be responsible for elevated liver
plasmalogen levels in livers during sepsis. It will be interesting
in future studies to examine Agps and FarI as well as differences in
the levels of the plasmalogen precursors, alkyl ether lipids, in the
livers from septic and control rats.

The possibility that pLPC is a circulating precursor to
enrich plasmalogens in endothelium is intriguing.
Plasmalogen enhancement in isolated cell studies protects
cells from oxidative stress (Zoeller et al, 1999).
Additionally, several studies have investigated plasmalogen
precursors as a potential treatment in inflammatory diseases
(Bozelli and Epand, 2021; Paul et al., 2021). Enhancing
plasmalogen levels is difficult since dietary consumption of
plasmalogens is reduced due to the acidic environment of the
gastrointestinal tract. Using acid-stable precursors such as
alkyl ether lipids will raise plasmalogen levels over time
following desaturation of the alkyl ether bond to the vinyl
ether. However, under acute conditions such as sepsis, the
conversion of an alkyl ether to plasmalogens likely will be very
slow. On the other hand, circulating pLPC already has the
vinyl ether bond and lysolipids are rapidly incorporated into
cells. It will be important in the future to determine the source
of circulating pLPC under physiological conditions as well as
during sepsis. It could be envisaged that pLPC is a product of
lipoprotein-associated pPC hydrolysis by either secretory
phospholipase A, or lipoprotein lipase. During sepsis pLPC
levels potentially are dependent on a combination of
oxidation of pPC or pLPC and pPC hydrolysis. Finally, the
role of pLPC during sepsis needs to be further considered as a
biomarker of outcomes. Similarly, the role of other
plasmalogens, as well as the relationship of plasma
plasmalogen levels with changes in plasma 2-chlorofatty
acid levels, need to be considered as outcome predictors.
The relationship of plasmalogen and chlorinated lipid
levels may also allow distinction of changes in these lipids
with greater specificity to infection compared to other disease
states associated with only decreased plasma plasmalogen
levels with the exception of lupus (Dragonas et al., 2009;
Fabelo et al.,, 2011; Ifuku et al., 2012; Mahieu et al., 2014;
Hu et al., 2016; Paul et al., 2019; Su et al., 2019).

The studies herein show plasmalogen loss during sepsis.
However, there are several limitations to these studies. In the

Plasmalogens During Sepsis and COVID-19

human studies we analyzed differences between septic humans
and healthy control humans. Our healthy cohort average age was
thirty-eight while the sepsis group was sixty. To overcome this
limitation, we selected the oldest individuals (n = 7) in the healthy
group and assessed differences in this control subset compared to
the larger group of septic subjects (Figures 1D-F, 2; Table 1).
These additional analyses indicated plasma pLPC and pPE levels
were reduced in the sepsis cohort when compared to this age-
aligned control subgroup. Another limitation is that we have no
data on the sex of individuals in our healthy cohort, while our
sepsis cohort was comprised of 40% females. Our rat studies
focused on changes occurring only in male rats and 20h
following cecal slurry injection. Thus, comparisons of rat
specimens to human specimens were collected at different
times and sex differences were not a parameter in the rat
studies. It should also be appreciated that plasma levels of
plasmalogens were considerably different in healthy controls
due to the inherent differences in plasmalogen levels in man
versus rat. Nevertheless, both human and rat sepsis led to
decreases in plasma plasmalogen levels, and the rat studies
afforded the opportunity to investigate changes in plasmalogen
levels in the liver and kidney during sepsis. There were also
limitations to the SARS-CoV-2 infection studies when
comparisons are made to the rat and human sepsis studies.
The SARS-CoV-2 infection studies were a viral infection
elicited by airway inoculation to transgenic mice expressing
the hACE2 receptor in all epithelial cells. Humans do not
express ACE2 in all epithelial cells. Furthermore, these studies
were performed only in female mice due to availability of
genotyped mice for this study. Future studies are needed to
consider sex as a parameter in both SARS-CoV-2 infected
mice and rat cecal slurry sepsis. Compared to the unknown
time for human sepsis beginning and the known time for CS
injection, mouse infections with SARS-CoV-2 leading to
pulmonary inflammation require time for viral replication to
elicit injury which is typically 3-5 days. While our human and rat
sepsis studies involved systemic infection, SARS-CoV-2 infection
of K18 mice initially was primarily localized to infection of the
respiratory tree. Infection led to robust increases in the expression
of pro-inflammatory cytokines. The loss of plasmalogen in the
lung during SARS-CoV-2 infection likely is the result of oxidative
stress. We did not observe a loss in DPPC in the lung of infected
mice. The chemical makeup of plasmalogens compared to DPPC
provides a contrast in susceptibility to oxidative stress. The
plasmalogen vinyl ether bond is a target for oxidation while
the saturated fatty acids of DPPC are very stable under oxidative
stress. Similar to findings with severe COVID-19 patients
(Schwarz et al, 2021; Snider et al, 2021) we detected
decreases in plasma plasmalogens in infected K18 mice.

This is the first demonstration of the loss of plasmalogens at a
molecular species level in human sepsis. Furthermore, we show
pLPCloss in both human and rodent sepsis. It is possible that plasma
pLPC is a critical lipid to maintain endothelial plasmalogen levels
under oxidative stress associated with sepsis. The demonstration of
plasmalogen loss during SARS-CoV-2 further highlights the nature
of plasmalogen loss during oxidative stress associated with infectious
disease. The role of plasmalogens as biomarkers of outcomes in
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sepsis and COVID-19 need to be explored as well as the potential
protective role of plasmalogens during infectious disease.
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Plasmalogens are a subclass of glycerophospholipid containing vinyl-ether bond at the sn-
1 position of glycerol backbone. Ethanolamine-containing plasmalogens (plasmalogens)
are major constituents of cellular membranes in mammalian cells and de novo synthesis of
plasmalogens largely contributes to the homeostasis of plasmalogens. Plasmalogen
biosynthesis is regulated by a feedback mechanism that senses the plasmalogen level
in the inner leaflet of the plasma membrane and regulates the stability of fatty acyl-CoA
reductase 1 (Far1), a rate-limiting enzyme for plasmalogen biosynthesis. However, the
molecular mechanism underlying the localization of plasmalogens in cytoplasmic leaflet of
plasma membrane remains unknown. To address this issue, we attempted to identify a
potential transporter of plasmalogens from the outer to the inner leaflet of plasma
membrane by focusing on phospholipid flippases, type-IV P-type adenosine
triphosphatases (P4-ATPase), localized in the plasma membranes. We herein show
that knockdown of ATP8B2 belonging to the class-1 P4-ATPase enhances localization
of plasmalogens but not phosphatidylethanolamine in the extracellular leaflet and impairs
plasmalogen-dependent degradation of Far1. Furthermore, phosphorylation of protein
kinase B (AKT) is downregulated by lowering the expression of ATP8B2, which leads to
suppression of cell growth. Taken together, these results suggest that enrichment of
plasmalogens in the cytoplasmic leaflet of plasma membranes is mediated by ATP8B2 and
this asymmetric distribution of plasmalogens is required for sensing plasmalogens as well
as phosphorylation of AKT.

Keywords: plasmalogen, sensing, asymmetric distribution, P4-ATPase, Akt, plasma membrane

INTRODUCTION

Alkenyl-ether glycerophospholipids characterized by the presence of a vinyl ether linkage at the sn-1
position are named plasmalogens, in which the head group of plasmalogens is commonly occupied
by ethanolamine in mammals (Nagan and Zoeller, 2001; Braverman and Moser, 2012). Physiological
roles of plasmalogens in the differentiation of Schwann cells, myelination of oligodendrocytes,
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neuron excitability, and homeostasis of cholesterol and
neurotransmitter have been explored from several in vitro and
in vivo studies using plasmalogen-deficient cells and mice (da
Silva et al., 2014; Dorninger et al., 2019; Honsho et al., 2019;
Malheiro et al., 2019; da Silva et al., 2021). Defect of plasmalogen
biosynthesis caused by the mutations in genes essential for
plasmalogen biosynthesis leads to extremely reduced levels of
plasmalogens and causes a human genetic disorder, rhizomelic
chondrodysplasia punctata (RCDP) (Wanders et al, 1992;
Wanders et al., 1994; Braverman et al, 1997; Motley et al,
1997; Purdue et al,, 1997; Buchert et al, 2014; Bargy et al,
2015). The patients with RCDP manifest severe growth
retardation, proximal shortening of the upper extremities, and
congenital cataract (Braverman and Moser, 2012). Plasmalogen
levels of peripheral tissues in the RCDP model mouse are restored
by the administration of alkylglycerol, by which the progression
of the pathology in peripheral tissues such as testis and adipose
tissue are suppressed (Brites et al., 2011), hence suggesting a
physiological importance of the plasmalogen homeostasis in the
functions of animal tissues.

The finding of a severe defect of plasmalogens in several
different tissues from a patient with RCDP highlights that de
novo synthesis of plasmalogens plays a pivotal role in the
homeostasis of plasmalogens in tissues (Malheiro et al., 2015).
Furthermore, recent findings of the elevation of plasmalogen
biosynthesis in the patient caused by the mutation of fatty acyl-
CoA reductase 1 (Farl), a rate-limiting enzyme of plasmalogen
biosynthesis (Honsho et al, 2010) and sharing neurological
symptoms such as spastic features, seizures with the patients
defective in plasmalogen synthesis further strengthen the
physiological importance of the regulation of plasmalogen
biosynthesis (Ferdinandusse et al, 2021). These studies
indicate that regulation of plasmalogen biosynthesis greatly
contributes to the homeostasis of plasmalogens in tissues.

Plasmalogen biosynthesis is initiated in peroxisome matrix by
acylation of dihydroxyacetonephosphate (DHAP) catalyzed by
glyceronephosphate O-acyltransferase (GNPAT). The acyl- DHAP
is further converted to alkyl-DHAP by alkylglycerone phosphate
synthase (AGPS) that replaces acyl-chain of acyl-DHAP with long
chain fatty alcohol (Nagan and Zoeller, 2001; Braverman and Moser,
2012). Farl, a peroxisomal C-tail anchored protein catalyzes the
generation of fatty alcohol by reducing fatty acyl-CoA (Cheng and
Russell, 2004). Based on the findings that Far1 activity is upregulated
in the absence of plasmalogens (Honsho et al., 2010; Wiese et al,
2012), whereas plasmalogen synthesis is downregulated by the
elevation of cellular plasmalogens by suppressing the activity of
Farl through augmenting degradation of Farl without altering a
transcription level of FARI (Honsho et al., 2010), we proposed that
Farl is a rate-limiting enzyme in the plasmalogen biosynthesis.
Given these results together with the recent study by Ferdinandusse
et al. (2021), it is now widely accepted that biosynthesis of
plasmalogens is regulated by modulating the stability of Farl via
sensing cellular plasmalogen level (Honsho and Fujiki, 2017).
However, precise mechanism of sensing the plasmalogen level
remains largely unknown.

To address this issue, we focused on the plasmalogens
asymmetrically enriched in the inner leaflet of plasma

Roles of Asymmetrically Plasmalemma-Localized Plasmalogens

membranes (Kirschner and Ganser, 1982; Fellmann et al,
1993; Honsho et al., 2017). This asymmetric distribution of
plasmalogens is likely established by the function of type-IV
P4-ATPase(s) that drives the outer-to-inner translocation of
phospholipids. As reported (Honsho et al, 2017), the
localization of plasmalogens in the outer leaflet of plasma
membrane is indeed augmented upon reducing the protein
level of CDC50A, a B-subunit of type-IV P4-ATPases that is
essential for localization of the most of P4-ATPases in plasma
membrane. Interestingly, the impairment of asymmetric
distribution of plasmalogens elevates Farl protein level
(Honsho et al, 2017), thereby suggesting that asymmetric
distribution of plasmalogens contributes to the regulation of
plasmalogen biosynthesis. In addition to these findings, the
recruitment of protein kinase B (AKT), a master regulator of
cellular metabolism, to the plasma membranes that is an essential
step for the phosphorylation of AKT is impaired in the absence of
plasmalogens in Schwann cells, mouse embryonic fibroblasts, and
neurons (da Silva et al., 2014; da Silva et al., 2021). This suggests
that the asymmetric distribution of plasmalogens is tightly linked
to cellular metabolism.

In the present study, we attempted to identify potential P4-
ATPase(s) involved in translocating plasmalogens from
extracellular leaflet to cytoplasmic leaflet and explore its
functional significance in the biosynthesis and cellular
functions of plasmalogens.

MATERIALS AND METHODS
Cell Culture, DNA Transfection, and RNAI

HeLa cells were maintained in DMEM (Invitrogen)
supplemented with 10% FBS (Sigma). All cell lines were
cultured at 37°C under 5% CO,.

siRNA-mediated knockdown was performed using predesigned
Stealth™ siRNAs (Invitrogen) and MISSION siRNAs (Sigma),
respectively. Cells were harvested at 72h after the initial
transfection using Lipofectamine 2000. The following siRNAs

were used: MISSION® siRNA for human CDC50A
(HS_TMEMB30A_4522), ATP8B2#9 (SASI_Hs01_00037709),
ATP8B2#13 (SASI_Hs01_00037913), ATP10D

(SASI_HsO01_00069039),  ATPI1IA  (SASI Hs01 00106358),
ATP11B  (SASI_Hs01_00045762), and Universal Negative
Control#1. Stealth™ siRNAs for AGPS#30 (Agps-MSS213530)
and AGPS#32 (AGPS-MSS213532). For counting cell numbers,
cells were harvested at 48 and 72 h after transfection of siRNA
and suspended in the equal volume of medium. An aliquot (30 pl) of
the cell suspension was diluted with the equal volume of trypan blue
(Fujifilm Wako Pure Chemical Corporation) and viable cells were
counted with hemocytometer.

Antibodies

We used rabbit antisera to AGPS (Honsho et al., 2008) and Farl
(Honsho et al., 2010). Rabbit antibodies to phospho-AKT (S473),
phospho-AKT (T308), AKT were purchased from Cell Signaling.
Rabbit antibody to ATP8B2 (Abgent) and mouse antibodies to
actin (Santa Cruz) and GAPDH (Santa Cruz) were used.
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RT-PCR

Total RNA was isolated from HeLa cells using a TRIzol reagent
(Ambion) and synthesis first-strand cDNA was performed using
the PrimeScript RT reagent Kit (Takara Bio). Quantitative real-
time RT-PCR was performed in an ABI7500 Real Time System
(Applied Biosystem) using SYBR Premix Ex TaqTM II (Ti
RNaseH Plus) (Takara Bio). Primers used were as follows:
human ATP8B2 sense: ATP8B2Fw. 5'-TCCTCCTTTCCAGCA
GTGAG-3' antisense: ATP8B2Rv. 5'-ACTTCACCGTCAAAC
TTGGC-3', human ATP10D sense: ATP10DFw. 5'-ACAGTC
AGTGGTTCCCTCAG-3' antisense: ATP10DRv. 5'-ACTGGC
TCCTTCTCCACTTC-3', human ATP11A sense: ATP11AFw.
5'-GGCTCCGAACTTTGTGTGTT-3' antisense: ATP11ARv. 5'-
TCTCTCGATCTTGAAGGGCC-3', and human ATP11B sense:
ATP11BFw. 5'-GACTCCATGTGCTGTTTCCC-3' antisense:
ATP11BRv. 5'-ATCTGCTGATGTGGGTTGGA-3’.

Immunoblotting

Protein  samples separated by SDS-PAGE and
electrotransferred to a nitrocellulose membrane (Bio-Rad).
After blocking for 1h in TBST (10mM Tris-HCl pH 7.4,
200 mM NaCl, and 0.05% Tween-20) containing 5% non-fat
dry milk, blots were subjected to immunoblotting with
primary antibodies overnight at 4°C, followed by incubating
with a secondary antibody for 2h at room temperature.
Immunoblots were developed with Clarity™ Western ECL
Substrate (Bio-Rad) and scanned with an ImageQuant LAS
4010 imager (GE Healthcare). For antibody reprobing,
membranes were incubated three times for 10 min in a mild
membrane stripping buffer (Abcam), extensively washed with
TBST, and incubated with antibody. The intensity of bands was
quantified by ImageJ software (National Institutes of Health).

were

Lipid Analysis

Distribution of plasmalogens in plasma membranes was assessed as
described (Honsho et al., 2017). In brief, cells were metabolically
labeled for 18h with 0.1 uCi of '*C-ethanolamine (Moravek),
washed with ice-cold SHT buffer (0.25 M sucrose, 10 mM Hepes-
KOH, pH 8.5) containing 1 pig/ml taxol (Sigma), incubated on ice for
5 min, and further treated with 10mM 2,4,6-trinitrobenzene
sulfonic acid (TNBS) (Wako) dissolved in SHT buffer on ice for
30 min in the dark. Excess TNBS was quenched for 15 min with
50 mM Tris-HCI, pH 8.0. Equal aliquots (100 pug protein) of cell
lysates were treated with 5% of trichloroacetic acid for 10 min at
room temperature and precipitated by centrifugation at 20,000 x g
for 1 min, followed by lipid extraction by the Bligh and Dyer method
(Bligh and Dyer, 1959). Lipids were analyzed on thin layer
chromatography plates (silica gel 60, Merck) with chloroform/
methanol/acetic acid solution (v/v/v: 65/25/10) (Honsho et al,
2008). "*C-labeled lipids were detected by autoradiography using
a FLA-5000 imaging analyzer (Fuji Film) and quantified using an
image analyzer software (Multi Gauge, Fuji Film).

Cellular plasmalogen level was determined by liquid
chromatography connected to tandem mass spectrometry (LC-
MS/MS) with modification of the method described by Abe et al.
(2014). Total cellular lipids were extracted by the Bligh and Dyer
method (Bligh and Dyer, 1959). Briefly, cell lysates containing 50 pg

Roles of Asymmetrically Plasmalemma-Localized Plasmalogens

of total cellular proteins were dissolved in methanol/chloroform/
water (v/v/v: 2:1:08) and 50pmol internal standard (1-
heptadecanoyl-sn-glycero-3-phosphocholine, 1, 2-didodecanoyl-
sn-glycero-3-phosphocholine and 1, 2-didodecanoyl-sn-glycero-3-
phosphoethanolamine). After 5min, 1 ml each of water and
chloroform was added and the whole mixtures were centrifuged
to collect the lower organic phase. One 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 Xevo TQ-S micro
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-pl 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), 70:30 (5-20 min),
45:55 (20-40 min), and 100:0 (40-51 min), with a flow rate (70 pl/
min at 35°C) and source temperature (150°C). Ethanolamine
plasmalogens (PlsEtns) were detected at positive ion mode and
the method used to detect plasmalogens is listed in Supplementary
Table S1. The data were analyzed and quantified using the
TargetLynx (Waters).

Statistical Analysis and Data Presentation
Statistical analysis was performed using one-tailed Student’s
t-tests unless otherwise described in figure legends. A p < 0.05
was considered statistically significant. Quantitative data were
shown as means + SD.

RESULTS

Identification of P4-ATPase Responsible for

Topogenesis of Plasmalogens

We earlier showed that asymmetric distribution of plasmalogens in
HeLa cells is compromised upon knocking down of CDC50A, a f-
subunit of P4-ATPases (Takatsu et al, 2011), resulting in the
elevation of Farl protein level (Honsho et al, 2017). Given these
results together with the fact that several P4-ATPases require the
association with CDC50A protein for their exit from the endoplasmic
reticulum (Bryde et al., 2010; Paulusma and Elferink, 2010; van der
Velden et al., 2010), we hypothesized that asymmetric distribution of
plasmalogens in plasma membrane is established by the function of
P4-ATPase(s). Therefore, we attempted to identify the P4-ATPase(s)
responsible for topogenesis of plasmalogens by focusing on P4-
ATPases expressed in HelLa cells.

Of the eleven P4-ATPase that are expressed in HeLa cells
(Takatsu et al., 2011), we selected four P4-ATPases (ATP8B2,
ATP10D, ATP11A, and ATP11B) that associate with CDC50A
(Shin and Takatsu, 2019) and present on plasma membranes
(Andersen et al., 2016), whereas ATP8B1 and ATP11C were not
considered here from potential P4-ATPases for plasmalogens
because of their functions in transport of phosphatidylcholine
(PC) and phosphatidylserine (PS), respectively (Takatsu et al.,
2014; Takada et al., 2015; Hayashi et al., 2018).
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FIGURE 1 | Elevated protein level of Far1 by knockdown of ATPSB2. (A)
Hel a cells were transfected with dsRNA against ATP8B2 (8B2), ATP10D
(10D), ATP11A (11A), or ATP11B (11B) and cultured for 72 h. Protein level of
Far1 and actin (Actin) was analyzed by immunoblotting with respective
antibodies as indicated. Actin was used as a loading control. (B) The amount
of Far1 was normalized by the actin level in respective transfectants and
presented relative to that in non-transfected cells (-) (0 = 3). Data indicate
means = SD. *p < 0.01 by Student’s t-test.

To assess whether localization of plasmalogens in the inner
leaflet of plasma membranes is mediated by any of these four P4-
ATPases, we verified protein level of Farl in HeLa cells that had
been treated for knocking down of P4-ATPases. The transfection of
siRNAs against four P4-ATPases successfully reduced the
expression of the target genes as assessed at mRNA level
(Supplementary Figure S1). The elevation of Farl protein levels
was detected upon transfection of siRNA against ATP8B2 but not
other P4-ATPases (Figure 1). These results suggest that the
plasmalogen-sensing mechanism regulating the levels of Farl is
affected by the downregulation of ATP8B2.

We next studied distribution of plasmalogens at the outer leaflet in
ATP8B2-knocked down HeLa cells with a membrane impermeable
amine-reactive reagent TNBS, by which phosphatidylethanolamine
(PE) and plasmalogens localizing at the outer leaflet of plasma
membranes are converted to TNBS-PE and TNBS-plasmalogens
distinguishable from PE and plasmalogens (Kobayashi and
Pagano, 1989; Honsho et al, 2017). By acid hydrolysis of vinyl-
ether bond of plasmalogens, TNBS-plasmalogens and plasmalogens
are converted to TNBS-2-acyl-glycerophosphoethanolamine (GPE)
and 2-acyl-GPE, respectively, thereby allowing separation of PE,
plasmalogens, and two  TNBS-modified ethanolamine

Roles of Asymmetrically Plasmalemma-Localized Plasmalogens

glycerophospholipids by thin layer chromatography (Honsho
et al, 2017). As anticipated, the amount of TNBS-plasmalogens
but not TNBS-PE was indeed elevated in ATP8B2-knocked down
HeLa cells, whereas distribution of plasmalogens and PE was not
altered in ATP11B-knocked down cells (Figure 2). Taken together,
these results suggested that ATP8B2 flips plasmalogens from the
exoplasmic to the cytosolic leaflet at the plasma membranes and a less
mount of plasmalogens in the inner leaflet of plasma membrane
induces the elevation of Farl protein due to the impairment of
sensing plasmalogens.

Plasmalogens Are Required for the
Phosphorylation of AKT

The physiological roles of plasmalogens localized in the inner leaflet
of plasma membranes remain largely unknown. The fact that
recruitment of AKT to the plasma membranes, a critical step in
its phosphorylation by phosphoinositide-dependent protein kinase
one and mammalian TOR complex 2 (Vivanco and Sawyers, 2002;
Bozulic and Hemmings, 2009; Gao et al,, 2011) is impaired in the
absence of plasmalogens in mouse embryonic fibroblasts, Schwan
cells, and neurons derived from anat‘/ " mice (da Silva et al., 2014;
da Silva et al., 2021), suggests the link of asymmetric distribution of
plasmalogens and cellular metabolism.

To assess whether plasmalogens are required for the
phosphorylation of AKT in other types of cells, we verified
phosphorylation state of AKT by lowering the level of
plasmalogens in HeLa cells. Upon knocking down AGPS with
two different double-strand RNAs, AGPS protein was lowered to
about 60-70% of that in mock-treated cells (Figures 3A,B) and
plasmalogen level was reduced by nearly 30% (Figure 3B). Under
these conditions, phosphorylation of AKT at both threonine 308
(T308) in the kinase domain and at serine 473 (S473) in the
C-terminal regulatory domain was suppressed (Figures 3C,D).
These results are consistent with the previous study showing the
impaired AKT-activation in plasmalogen-deficient cells and mouse
(da Silva et al., 2014; da Silva et al., 2021) and further reveal the
importance of plasmalogen homeostasis in the AKT activation.

Phosphorylation of AKT is Suppressed by a
Reduced Expression of ATP8B2

We next investigated whether plasmalogens in the cytoplasmic
leaflet of plasma membranes are required for the activation of
AKT. To this end, we verified the effect of the knocking down of
ATP8B2 on the phosphorylation level of AKT. Phosphorylation
of AKT at both threonine 308 and serine 473 was reduced upon
transfection of siRNA#9 against ATP8B2 (Figure 4), presumably
giving rise to an impaired asymmetric distribution of
plasmalogens (Figure 2). Likewise, phosphorylation of AKT
was significantly less efficient in HeLa cells transfected with
other ATP8B2 siRNA#13 (Supplementary Figure S2),
implying an impaired phosphorylation of AKT caused by
mislocalization of plasmalogen from the inner leaflet of
plasma membrane. Collectively, these results strongly suggest
that ATP8B2-mediated localization of plasmalogens in the inner
leaflet of plasma membrane linked to phosphorylation of AKT.
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FIGURE 2 | Knockdown of ATP8B2 elevates plasmalogens localization in outer leaflet of plasma membranes. (A) HelLa cells were transfected for 54 h with control
dsRNA (Con.) and dsRNA against CDC50A (CDC50), ATP8B2 (8B2), or ATP11B (11B), and further cultured in the presence of '“C-ethanolamine for 18 h. Cells were
incubated with TNBS, a membrane impermeable amine-reactive reagent. Total cellular lipids were extracted from equal aliquots of respective cell proteins after treatment
of trichloroacetic acid to cleave vinyl-ether bond of plasmalogens and analyzed by TLC. Note that plasmalogens and TNBS-modified plasmalogens are converted
to 2-acyl-GPE and TNBS-2-acyl-GPE, respectively, upon trichloroacetic acid treatment. (B,C) Relative amounts of TNBS-modified plasmalogens (B) and TNBS-
modified PE (C) were represented by taking as one those in HelLa cells transfected with control dsRNA (Con.) (n = 4). Data indicate means + SD. *p < 0.05, “*p < 0.01, by
one-way ANOVA with Dunnett’s post hoc test as compared with control dsRNA-transfected Hela cells (Con.).
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FIGURE 3 | Reduction of AKT activity by lowering plasmalogens. (A) HeLa cells were transfected with two different dsRNAs (#30 and #32) against AGPS and
cultured for 72 h. Protein level of AGPS was analyzed by immunoblotting. GAPDH was used as a loading control. (B) Protein level of AGPS (left) and plasmalogen level
(right) were represented by taking as one that in non-transfected HelLa cells. (C,D) Phosphorylation of AKT was analyzed by immunoblotting using antibodies specific for
the phosphorylated T308 (C) and S473 (D) and total unmodified AKT (arrowhead). The amounts of pAKT T308 (C) and pAKT S473 (D) relative to total AKT were
represented (lower panels). Data indicate means + SD (n = 3). *p < 0.05 and *p < 0.01, by one-way ANOVA with Dunnett’s post hoc test as compared with Hela cells (-).
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(A,B) Hela cells were transfected with SiRNA (#9) against ATP8B2 and enriched in the inner leaflet of plasma membranes are sensed
cultured for 72 h. Phosphorylation of AKT (A) and expression of ATP8B2 (B) by yet unknown mechanism (Honsho et al., 2017)_ We here
were verified by immunoblot using the indicated antibodies. Actin was a rovide several lines of evidence that asymmetric distribution of
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relative to total AKT were represented (n = 4). Data indicate means + SD. *p < plasmalogens is mediated by ATP8B2, a type—IV P4-ATPase
0.01, by Student’s t-test. (Figure 2). Furthermore, we demonstrated a role of

Knockdown of ATP8B2 Suppresses Cell
Growth

Inhibition of AKT activity in several cancer cell lines induces cell
death (Kostaras et al., 2020). In addition, suppression of AGPS
activity in cancer cells such as MDA-MB-231 expressing a higher
level of AGPS reduces cell proliferation, although the precise
mechanism underlying the suppression of cell growth by the
inhibition of AGPS activity remains unknown (Stazi et al., 2019).
Moreover, we frequently observed less acidification of the culture
medium in cells transfected with siRNA against ATP8B2
expression as compared with control cells (Figure 5A),
suggesting the reduced cell growth by lowering ATP8B2
expression. Consistent with this result, total number of the
ATP8B2 siRNA-transfected cells was less than that in control
siRNA-treated cells (Figure 5B). Taken together, these results
suggest that the reduced expression of ATP8B2 lowers
plasmalogens in the cytoplasmic leaflet of plasma membranes,
thereby reducing the cell growth via suppressing AKT activation.

DISCUSSION

Asymmetric distribution of plasmalogens in the plasma
membrane has been reported in red blood, myelin, and
cultured cells (Kirschner and Ganser, 1982; Fellmann et al,

plasmalogens enriched in the cytoplasmic leaflet of plasma
membranes by showing the reduced activation of AKT in cells
upon transfection of siRNA against ATP8B2 (Figure 4;
Supplementary Figure S2).

In the human protein atlas (https://www.proteinatlas.org/),
ATP8B?2 is described to be expressed in a wide range of tissues
including brain, kidney, and lung where plasmalogens are
enriched (Braverman and Moser, 2012). These data and the
findings reporting an elevated protein level of Farl in the
kidney of plasmalogen-deficient PEX7 knockout mouse (Wiese
etal, 2012) and the cerebellum of plasmalogen-deficient GNPAT
knockout mouse (Honsho et al., 2019) suggest that ATP8B2 is
involved in the regulation of plasmalogen synthesis in these
tissues.

ATP8B?2 is reported to have flippase activity toward PC with a
substrate, a fluorescent PC analogue, 1-oleoyl-2-{6-[(7-nitro-2-
,3-benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-
phosphocholine (Takatsu et al., 2014), although its PC flippase
activity is lower than that of ATP8B1 and ATP10A (Takatsu etal.,
2014; Naito et al, 2015). Substrate specificity of ATP8B2 was
assessed with several fluorescent phospholipids (Takatsu et al.,
2014). However, no fluorescent-conjugated plasmalogen is
commercially available, thus the topogenesis of plasmalogens
has not been addressed despite being one of the major
glycerophospholipids in mammalian cells. We here show that
ATP8B2 functions as a flippase of plasmalogens by assessing the
topology of chemically modified plasmalogens in the extracellular
leaflet of plasma membranes (Figure 2). Clearly, developing a
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plasmalogen  analogue such as fluorescent-conjugated
plasmalogen is required for further investigation of the
mechanistic insight to ATP8B2-mediated topogenesis of
plasmalogens and identification of other P4-ATPases acting as
another plasmalogen flippase, if any.

Physiological importance of plasmalogens enriched in the
cytoplasmic leaflet of plasma membranes is not fully
understood. We earlier proposed that topogenesis of
plasmalogens is important for sensing plasmalogens from the
finding that knockdown of CDC50A elevates the protein level of
Farl by compromising asymmetric distribution of plasmalogens
(Honsho et al., 2017). This notion is further supported in the
present study by the finding that a reduced expression of ATP8B2
induces the elevation of plasmalogens localized at the
extracellular leaflet of plasma membranes, thereby increasing
the Farl protein level (Figures 1, 2).

Synthesis of plasmalogen can be augmented by expression of
the mutant Farl harboring a mutation in the regulatory region
that is essential for the plasmalogen-induced degradation
(Ferdinandusse et al., 2021) or by ectopic expression of wild-
type Farl but not GNPAT (Hajra et al., 2000; Honsho et al., 2010;
Liu et al., 2005). Elevation of plasmalogens has been shown in
several cancer cells (Albert and Anderson, 1977; Roos and
Choppin, 1984; Snyder and Wood, 1969), which is likely
associated with the pathogenicity of tumors because an
inhibitor of AGPS lowers the plasmalogen levels and
suppresses the pathogenicity of various types of cancer cells
in vitro (Piano et al, 2015). According to the data from
GEPIA 2  (http://gepia2.cancer-pku.cn/), expression of
TMEM]I89 encoding plasmanylethanolamine desaturase that
introduces the  vinyl ether double-bond into
plasmanylethanolamine (Gallego-Garcia et al, 2019; Werner
et al, 2020) is upregulated in most of the human cancers,
although higher expression of TMEM189 reduces the protein
level of Farl (Cui et al, 2021). In contrast to the upregulated
expression of TMEM189, ATP8B2 expression is reduced in most
of those human cancers as searched in the GEPIA 2. Based on
these facts, it is tempting to speculate that elevation of
plasmalogens in human cancers is achieved by escaping from
the plasmalogen-sensing step via reducing the plasmalogens in
the cytoplasmic leaflet of plasma membrane. The higher level of
plasmalogens augments the sensitivity of cancer cells to
ferroptosis (Cui et al, 2021). Nevertheless, several different
cancer cells get sensitized to evasion from ferroptosis by
lowering plasmalogens where expression of ATP8B2 mRNA is
increased, though both protein and mRNA expressions of AGPS
and TMEM189 are reduced (Zou et al., 2020). These results
suggest that ATP8B2 is involved in the downregulation of
plasmalogens by lowering the protein level of Farl under
pathophysiological condition together with the reduction in
the expression of enzymes catalyzing plasmalogen biosynthesis.

AKT activation is reduced by lowering expression of ATP8B2
(Figure 4; Supplementary Figure S2), consistent with the earlier
report indicating the impaired AKT activation in plasmalogen-
deficient mouse embryonic fibroblasts, Schwann cells, and
neurons (da Silva et al, 2014; da Silva et al, 2021). In our
assay, PE was not exposed to the extracellular leaflet in
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ATP8B2-knocked down cells (Figure 2), which may be due to
the compensatory function of other P4-ATPases such as ATP11A
and ATP11C, both with a higher PE flipping activity than
ATP8B2 (Segawa et al,, 2016). In contrast, the exposure of PE
in the extracellular leaflet was evident upon knocking down of
CDC50A expression consistent with the earlier studies (Honsho
etal., 2017; Kato et al., 2013) (Figure 2), which is likely due to the
inactivation of several P4-ATPases simultaneously acting as PE
flippase. Similarly, three P4-ATPases, ATP8B1, ATP10A, and
ATP8B2, are a flippase towards PC in HeLa cells (Takatsu et al.,
2011; Takatsu et al., 2014; Naito et al., 2015), of which the former
two are suspected to compensate the PC flippase activity in cells
reduced in the expression of ATP8B2. In a very recent study, PS is
revealed as the most favored substrate for ATP8B1 (Cheng et al,,
2022). Based on these facts together with a higher similarity of
amino acid sequence between ATP8B2 and ATP8B1, ATP8B2
has a potential activity to transfer PS across membrane. The
reduced activity of ATP8B2 toward PS might suppress AKT
phosphorylation because PS is known to activate AKT (Huang
et al., 2011). However, PS exposure in extracellular leaflet is
unlikely in ATP8B2-knocked down cells, because plasma
membrane-localized ATP11A and ATP11C, both have much
higher PS-flipping activity as compared with ATP8B2 (Segawa
et al., 2016), are expressed in HeLa cells as well as several human
and mouse tissues (Takatsu et al., 2011). Taken together, these
findings strongly suggest that the lower activation of AKT in
ATP8B2-knocked down HeLa cells is most likely caused by the
impaired asymmetric distribution of plasmalogens, hence
strengthening the physiological consequence of asymmetrically
distributed plasmalogens in cellular metabolism.

The possible link between ATP8B2 and Parkinson’s disease
(PD) progression has been addressed by a genome-wide
association study on PD progression using more than three
thousand patients with PD (Tan et al., 2021). Noteworthily, the
abrogated AKT activation is detectable in postmortem tissue
from the substantia nigra of PD patients (Malagelada et al,,
2008; Timmons et al, 2009), whereas the expression of
constitutive active form of AKT blocks apoptosis of
dopamine neurons of substantia nigra in a neurotoxin
mouse model of Parkinsonism upon injecting 6-
hydroxydopamine, an endogenous metabolite of dopamine
(Ries et al., 2006). Based on these studies, we hypothesize
that impairment of asymmetric distribution of plasmalogens
mediated by ATP8B2 in dopamine neuron is a potential cause
of the PD pathogenesis. Nevertheless, further investigations to
address plasmalogen homeostasis, including the activity and
expression levels of proteins involved in the regulation of
plasmalogen biosynthesis, are required to understand how
abnormalities in plasmalogen homeostasis are responsible
for the pathogenesis of PD.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

Frontiers in Molecular Biosciences | www.frontiersin.org

June 2022 | Volume 9 | Article 915457


http://gepia2.cancer-pku.cn/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Honsho et al.

AUTHOR CONTRIBUTIONS

MH conceived, designed the study, and performed experiments.
SM performed LC-ESI-MS/MS analysis. MH and YF interpreted
the data, wrote, and edited the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported in part by the JSPS Grants-in Aid for
Scientific Research Grant Nos. JP17K07337 and JP21K06839
(to MH), JP26116007, JP17H03675 (to YF); grants (to YF)
from the Takeda Science Foundation, the Naito Foundation,
and the Novartis Foundation (Japan) for the Promotion of
Science.

REFERENCES

Abe, Y., Honsho, M., Nakanishi, H., Taguchi, R., and Fujiki, Y. (2014). Very-Long-
Chain Polyunsaturated Fatty Acids Accumulate in Phosphatidylcholine of
Fibroblasts from Patients with Zellweger Syndrome and Acyl-CoA Oxidasel
Deficiency. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids. 1841, 610-619. doi:10.
1016/j.bbalip.2014.01.001

Albert, D. H., and Anderson, C. E. (1977). Ether-Linked Glycerolipids in Human
Brain Tumors. Lipids 12, 188-192. doi:10.1007/bf02533292

Andersen, J. P., Vestergaard, A. L., Mikkelsen, S. A., Mogensen, L. S., Chalat, M.,
and Molday, R. S. (2016). P4-ATPases as Phospholipid Flippases-Structure,
Function, and Enigmas. Front. Physiol. 7, 275. doi:10.3389/fphys.2016.00275

Baroy, T., Koster, J., Stromme, P., Ebberink, M. S., Misceo, D., Ferdinandusse, S.,
et al. (2015). A Novel Type of Rhizomelic Chondrodysplasia Punctata, RCDP5,
is Caused by Loss of the PEX5 Long Isoform. Hum. Mol. Genet. 24, 5845-5854.
doi:10.1093/hmg/ddv305

Bligh, E. G., and Dyer, W. J. (1959). A Rapid Method of Total Lipid Extraction and
Purification. Can. J. Biochem. Physiol. 37, 911-917. doi:10.1139/059-099

Bozulic, L., and Hemmings, B. A. (2009). PIKKing on PKB: Regulation of PKB Activity
by Phosphorylation. Curr. Opin. Cell Bio. 21, 256-261. doi:10.1016/j.ceb.2009.02.002

Braverman, N. E., and Moser, A. B. (2012). Functions of Plasmalogen Lipids in
Health and Disease. Biochim. Biophys. Acta. 1822, 1442-1452. doi:10.1016/j.
bbadis.2012.05.008

Braverman, N, Steel, G., Obie, C., Moser, A., Moser, H., Gould, S.]., et al. (1997). Human
PEX7 Encodes the Peroxisomal PTS2 Receptor and is Responsible for Rhizomelic
Chondrodysplasia Punctata. Nat. Genet. 15, 369-376. doi:10.1038/ng0497-369

Brites, P., Ferreira, A. S., Ferreira da Silva, T., Sousa, V. F., Malheiro, A. R., Duran, M., et al.
(2011). Alkyl-Glycerol Rescues Plasmalogen Levels and Pathology of Ether-
Phospholipid Deficient Mice. PLoS One 6, €28539. doi:10.1371/journal.pone.0028539

Bryde, S., Hennrich, H., Verhulst, P. M., Devaux, P. F., Lenoir, G., and Holthuis, J. C. M.
(2010). CDC50 Proteins are Critical Components of the Human Class-1 P,-ATPase
Transport Machinery. J. Biol. Chem. 285, 40562-40572. doi:10.1074/jbc.m110.139543

Buchert, R., Tawamie, H., Smith, C., Uebe, S., Innes, A. M., Al Hallak, B., et al.
(2014). A Peroxisomal Disorder of Severe Intellectual Disability, Epilepsy, and
Cataracts Due to Fatty Acyl-CoA Reductase 1 Deficiency. Am. J. Hum. Genet.
95, 602-610. doi:10.1016/j.ajhg.2014.10.003

Cheng, J. B, and Russell, D. W. (2004). Mammalian Wax Biosynthesis. I.
Identification of Two Fatty Acyl-Coenzyme A Reductases with Different
Substrate Specificities and Tissue Distributions. J. Biol. Chem. 279,
37789-37797. doi:10.1074/jbc.m406225200

Cheng, M. T., Chen, Y., Chen, Z. P, Liu, X,, Zhang, Z., Chen, Y., et al. (2022).
Structural Insights into the Activation of Autoinhibited Human Lipid Flippase
ATP8BI1 upon Substrate Binding. Proc. Natl. Acad. Sci. USA 119, €2118656119.
doi:10.1073/pnas.2118656119

Roles of Asymmetrically Plasmalemma-Localized Plasmalogens

ACKNOWLEDGMENTS

We are especially grateful to Dr. Yuichi Abe (Kyushu Univ.) for
his efforts in setting up the mass-spectrometric experimental
system. We thank A. Tajima, S. Maeda, and Y. Nanri for technical
assistance, Y. Toyohama and K. Tanaka for preparing figures. We
appreciate the technical assistance from The Research Support
Center, Research Center for Human Disease Modeling, Kyushu
University Graduate School of Medical Sciences.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2022.915457/
full#supplementary-material

Cui, W., Liu, D., Gu, W., and Chu, B. (2021). Peroxisome-Driven Ether-Linked
Phospholipids Biosynthesis is Essential for Ferroptosis. Cell Death Differ. 28,
2536-2551. doi:10.1038/s41418-021-00769-0

da Silva, T. F., Eira, J., Lopes, A. T., Malheiro, A. R,, Sousa, V., Luoma, A, et al. (2014).
Peripheral Nervous System Plasmalogens Regulate Schwann Cell Differentiation
and Myelination. J. Clin. Invest. 124, 2560-2570. doi:10.1172/jci72063

da Silva, T. F., Granadeiro, L. S., Bessa-Neto, D., Luz, L. L., Safronov, B. V., and
Brites, P. (2021). Plasmalogens Regulate the AKT-ULKI Signaling Pathway to
Control the Position of the Axon Initial Segment. Prog. Neurobiol. 205, 102123.
doi:10.1016/j.pneurobio.2021.102123

Dorninger, F., Kénig, T., Scholze, P., Berger, M. L., Zeitler, G., Wiesinger, C., et al.
(2019). Disturbed Neurotransmitter Homeostasis in Ether Lipid Deficiency.
Hum. Mol. Genet. 28, 2046-2061. doi:10.1093/hmg/ddz040

Fellmann, P., Hervé, P., and Devaux, P. F. (1993). Transmembrane Distribution
and Translocation of Spin-Labeled Plasmalogens in Human Red Blood Cells.
Chem. Phys. Lipids. 66, 225-230. doi:10.1016/0009-3084(93)90010-z

Ferdinandusse, S., McWalter, K., te Brinke, H., IJIst, L., Mooijer, P. M., Ruiter, J. P.
N, etal. (2021). An Autosomal Dominant Neurological Disorder Caused by De
Novo Variants in FAR1 Resulting in Uncontrolled Synthesis of Ether Lipids.
Genet. Med. 23, 740-750. doi:10.1038/s41436-020-01027-3

Gallego-Garcia, A., Monera-Girona, A. J., Pajares-Martinez, E., Bastida-Martinez,
E., Pérez-Castafio, R, Iniesta, A. A,, et al. (2019). A Bacterial Light Response
Reveals an Orphan Desaturase for Human Plasmalogen Synthesis. Science 366,
128-132. doi:10.1126/science.aay1436

Gao, X., Lowry, P. R, Zhou, X,, Depry, C., Wei, Z, Wong, G. W, et al. (2011).
PI3K/Akt Signaling Requires Spatial Compartmentalization in Plasma
Membrane Microdomains. Proc. Natl. Acad. Sci. USA. 108, 14509-14514.
doi:10.1073/pnas.1019386108

Hajra, A. K., Larkins, L. K, Das, A. K, Hemati, N., Erickson, R. L., and
MacDougald, O. A. (2000). Induction of the Peroxisomal Glycerolipid-
Synthesizing Enzymes during Differentiation of 3T3-L1 Adipocytes. J. Biol.
Chem. 275, 9441-9446. doi:10.1074/jbc.275.13.9441

Hayashi, H., Naoi, S., Togawa, T., Hirose, Y., Kondou, H., Hasegawa, Y., et al.
(2018). Assessment of ATP8BI1 Deficiency in Pediatric Patients with Cholestasis
Using Peripheral Blood Monocyte-Derived Macrophages. EBioMedicine 27,
187-199. doi:10.1016/j.ebiom.2017.10.007

Honsho, M., Abe, Y., and Fujiki, Y. (2017). Plasmalogen Biosynthesis Is
Spatiotemporally Regulated by Sensing Plasmalogens in the Inner Leaflet of
Plasma Membranes. Sci. Rep. 7, 43936. doi:10.1038/srep43936

Honsho, M., Asaoku, S., and Fujiki, Y. (2010). Posttranslational Regulation of Fatty
Acyl-CoA Reductase 1, Farl, Controls Ether Glycerophospholipid Synthesis.
J. Biol. Chem. 285, 8537-8542. doi:10.1074/jbc.m109.083311

Honsho, M., Dorninger, F., Abe, Y., Setoyama, D., Ohgi, R., Uchiumi, T., et al. (2019).
Impaired Plasmalogen Synthesis Dysregulates Liver X Receptor-Dependent
Transcription in Cerebellum. J. Biochem. 166, 353-361. doi:10.1093/jb/mvz043

Frontiers in Molecular Biosciences | www.frontiersin.org

June 2022 | Volume 9 | Article 915457


https://www.frontiersin.org/articles/10.3389/fmolb.2022.915457/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.915457/full#supplementary-material
https://doi.org/10.1016/j.bbalip.2014.01.001
https://doi.org/10.1016/j.bbalip.2014.01.001
https://doi.org/10.1007/bf02533292
https://doi.org/10.3389/fphys.2016.00275
https://doi.org/10.1093/hmg/ddv305
https://doi.org/10.1139/o59-099
https://doi.org/10.1016/j.ceb.2009.02.002
https://doi.org/10.1016/j.bbadis.2012.05.008
https://doi.org/10.1016/j.bbadis.2012.05.008
https://doi.org/10.1038/ng0497-369
https://doi.org/10.1371/journal.pone.0028539
https://doi.org/10.1074/jbc.m110.139543
https://doi.org/10.1016/j.ajhg.2014.10.003
https://doi.org/10.1074/jbc.m406225200
https://doi.org/10.1073/pnas.2118656119
https://doi.org/10.1038/s41418-021-00769-0
https://doi.org/10.1172/jci72063
https://doi.org/10.1016/j.pneurobio.2021.102123
https://doi.org/10.1093/hmg/ddz040
https://doi.org/10.1016/0009-3084(93)90010-z
https://doi.org/10.1038/s41436-020-01027-3
https://doi.org/10.1126/science.aay1436
https://doi.org/10.1073/pnas.1019386108
https://doi.org/10.1074/jbc.275.13.9441
https://doi.org/10.1016/j.ebiom.2017.10.007
https://doi.org/10.1038/srep43936
https://doi.org/10.1074/jbc.m109.083311
https://doi.org/10.1093/jb/mvz043
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Honsho et al.

Honsho, M., and Fujiki, Y. (2017). Plasmalogen Homeostasis - Regulation of
Plasmalogen Biosynthesis and its Physiological Consequence in Mammals.
FEBS Lett. 591, 2720-2729. doi:10.1002/1873-3468.12743

Honsho, M., Yagita, Y., Kinoshita, N., and Fujiki, Y. (2008). Isolation and
Characterization of Mutant Animal Cell Line Defective in Alkyl-
Dihydroxyacetonephosphate Synthase: Localization and Transport of
Plasmalogens to Post-Golgi Compartments. Biochim. Biophys. Acta. 1783,
1857-1865. doi:10.1016/j.bbamcr.2008.05.018

Huang, B. X, Akbar, M., Kevala, K., and Kim, H.-Y. (2011). Phosphatidylserine is a Critical
Modulator for Akt Activation. J. Cell Biol. 192, 979-992. doi:10.1083/jcb.201005100

Kato, U., Inadome, H., Yamamoto, M., Emoto, K., Kobayashi, T., and Umeda, M.
(2013). Role for Phospholipid Flippase Complex of ATP8A1 and CDC50A Proteins
in Cell Migration. J. Biol. Chem. 288, 4922-4934. doi:10.1074/jbc.m112.402701

Kirschner, D. A, and Ganser, A. L. (1982). Myelin Labeled with Mercuric Chloride.
Asymmetric Localization of Phosphatidylethanolamine Plasmalogen. J. Mol.
Biol. 157, 635-658. doi:10.1016/0022-2836(82)90503-4

Kobayashi, T., and Pagano, R. E. (1989). Lipid Transport during Mitosis.
Alternative Pathways for Delivery of Newly Synthesized Lipids to the Cell
Surface. J. Biol. Chem. 264, 5966-5973. doi:10.1016/s0021-9258(18)83644-4

Kostaras, E., Kaserer, T., Lazaro, G., Heuss, S. F., Hussain, A., Casado, P., et al.
(2020). A Systematic Molecular and Pharmacologic Evaluation of AKT
Inhibitors Reveals New Insight into Their Biological Activity. Br. J. Cancer.
123, 542-555. doi:10.1038/s41416-020-0889-4

Liu, D,, Nagan, N., Just, W. W., Rodemer, C.,, Thai, T.-P., and Zoeller, R. A. (2005). Role of
Dihydroxyacetonephosphate Acyltransferase in the Biosynthesis of Plasmalogens and
Nonether Glycerolipids. J. Lipid Res. 46, 727-735. doi:10.1194/jlr.m400364-jlr200

Malagelada, C,, Jin, Z. H.,, and Greene, L. A. (2008). RTP801 Is Induced in Parkinson’s
Disease and Mediates Neuron Death by Inhibiting Akt Phosphorylation/Activation.
J. Neurosci. 28, 14363-14371. doi:10.1523/jneurosci.3928-08.2008

Malheiro, A. R,, Correia, B., Ferreira da Silva, T, Bessa-Neto, D., Van Veldhoven, P.
P., and Brites, P. (2019). Leukodystrophy Caused by Plasmalogen Deficiency
Rescued by Glyceryl 1-myristyl Ether Treatment. Brain Pathol. 29, 622-639.
doi:10.1111/bpa.12710

Malheiro, A. R,, da Silva, T. F., and Brites, P. (2015). Plasmalogens and Fatty Alcohols in
Rhizomelic Chondrodysplasia Punctata and Sjégren-Larsson Syndrome. J. Inherit.
Metab. Dis. 38, 111-121. doi:10.1007/s10545-014-9795-3

Motley, A. M., Hettema, E. H., Hogenhout, E. M., Brites, P., ten Asbroek, A. L. M.
A., Wijburg, F. A, et al. (1997). Rhizomelic Chondrodysplasia Punctata is a
Peroxisomal Protein Targeting Disease Caused by a Non-Functional PTS2
Receptor. Nat. Genet. 15, 377-380. doi:10.1038/ng0497-377

Nagan, N., and Zoeller, R. A. (2001). Plasmalogens: Biosynthesis and Functions.
Prog. Lipid Res. 40, 199-229. doi:10.1016/s0163-7827(01)00003-0

Naito, T., Takatsu, H., Miyano, R., Takada, N., Nakayama, K., and Shin, H.-W.
(2015). Phospholipid Flippase ATP10A Translocates Phosphatidylcholine and
is Involved in Plasma Membrane Dynamics. J. Biol. Chem. 290, 15004-15017.
d0i:10.1074/jbc.m115.655191

Paulusma, C. C,, and Elferink, R. P. (2010). P4 ATPases - The Physiological
Relevance of Lipid Flipping Transporters. FEBS Lett. 584, 2708-2716. doi:10.
1016/j.febslet.2010.04.071

Piano, V., Benjamin, D. I, Valente, S., Nendi, S., Marrocco, B., Mai, A., et al. (2015).
Discovery of Inhibitors for the Ether Lipid-Generating Enzyme AGPS as Anti-
Cancer Agents. ACS Chem. Biol. 10, 2589-2597. doi:10.1021/acschembio.
5b00466

Purdue, P. E, Zhang, ]. W.,, Skoneczny, M., and Lazarow, P. B. (1997). Rhizomelic
Chondrodysplasia Punctata is Caused by Deficiency of Human PEX7, a Homologue
of the Yeast PTS2 Receptor. Nat. Genet. 15, 381-384. doi:10.1038/ng0497-381

Ries, V., Henchliffe, C., Kareva, T., Rzhetskaya, M., Bland, R., During, M. J,, et al.
(2006). Oncoprotein Akt/PKB Induces Trophic Effects in Murine Models of
Parkinson’s Disease. Proc. Natl. Acad. Sci. USA 103, 18757-18762. doi:10.1073/
pnas.0606401103

Roos, D. S., and Choppin, P. W. (1984). Tumorigenicity of Cell Lines with Altered Lipid
Composition. Proc. Natl. Acad. Sci. USA. 81, 7622-7626. doi:10.1073/pnas.81.23.7622

Segawa, K., Kurata, S., and Nagata, S. (2016). Human Type IV P-Type ATPases That
Work as Plasma Membrane Phospholipid Flippases and Their Regulation by
Caspase and Calcium. J. Biol. Chem. 291, 762-772. doi:10.1074/jbc.m115.690727

Shin, H.-W., and Takatsu, H. (2019). Substrates of P4-ATPases: Beyond
Aminophospholipids (Phosphatidylserine and Phosphatidylethanolamine).
FASEB ]. 33, 3087-3096. doi:10.1096/1.201801873r

Roles of Asymmetrically Plasmalemma-Localized Plasmalogens

Snyder, F., and Wood, R. (1969). Alkyl and Alk-1-Enyl Ethers of Glycerol in Lipids
from Normal and Neoplastic Human Tissues. Cancer Res. 29, 251-257.

Stazi, G., Battistelli, C., Piano, V., Mazzone, R., Marrocco, B., Marchese, S., et al.
(2019). Development of Alkyl Glycerone Phosphate Synthase Inhibitors:
Structure-Activity Relationship and Effects on Ether Lipids and Epithelial-
Mesenchymal Transition in Cancer Cells. Eur. J. Med. Chem. 163, 722-735.
doi:10.1016/j.ejmech.2018.11.050

Takada, N., Takatsu, H., Miyano, R., Nakayama, K., and Shin, H.-W. (2015).
ATP11C Mutation Is Responsible for the Defect in Phosphatidylserine Uptake
in UPS-1 Cells. J. Lipid Res. 56, 2151-2157. doi:10.1194/jlr.m062547

Takatsu, H., Baba, K., Shima, T., Umino, H., Kato, U., Umeda, M,, et al. (2011).
ATP9B, a P4-ATPase (A Putative Aminophospholipid Translocase), Localizes
to the Trans-Golgi Network in a CDC50 Protein-independent Manner. J. Biol.
Chem. 286, 38159-38167. doi:10.1074/jbc.m111.281006

Takatsu, H., Tanaka, G., Segawa, K., Suzuki, J., Nagata, S., Nakayama, K., et al.
(2014). Phospholipid Flippase Activities and Substrate Specificities of Human
Type IV P-type ATPases Localized to the Plasma Membrane. J. Biol. Chem. 289,
33543-33556. doi:10.1074/jbc.m114.593012

Tan, M. M. X,, Lawton, M. A,, Jabbari, E., Reynolds, R. H., Iwaki, H., Blauwendraat, C,,
etal. (2021). Genome-Wide Association Studies of Cognitive and Motor Progression
in Parkinson’s Disease. Mov. Disord. 36, 424-433. doi:10.1002/mds.28342

Timmons, S., Coakley, M. F., Moloney, A. M., and O’ Neill, C. (2009). Akt Signal
Transduction Dysfunction in Parkinson’s Disease. Neurosci. Lett. 467, 30-35.
doi:10.1016/j.neulet.2009.09.055

van der Velden, L. M., Wichers, C. G. K., van Breevoort, A. E. D., Coleman, J. A.,
Molday, R. S., Berger, R,, et al. (2010). Heteromeric Interactions Required for
Abundance and Subcellular Localization of Human CDC50 Proteins and Class
1 P4,-ATPases. J. Biol. Chem. 285, 40088-40096. doi:10.1074/jbc.m110.139006

Vivanco, I, and Sawyers, C. L. (2002). The Phosphatidylinositol 3-Kinase-AKT
Pathway in Human Cancer. Nat. Rev. Cancer. 2, 489-501. doi:10.1038/nrc839

Wanders, R.J. A, Dekker, C,, Hovarth, V. A. P,, Schutgens, R. B. H., Tager, J. M., van Laer,
P, et al. (1994). Human Alkyldihydroxyacetonephosphate Synthase Deficiency: A New
Peroxisomal Disorder. J. Inherit. Metab. Dis. 17, 315-318. doi:10.1007/bf00711817

Wanders, R. J. A., Schumacher, H., Heikoop, J., Schutgens, R. B. H., and Tager, J. M.
(1992). Human Dihydroxyacetonephosphate Acyltransferase Deficiency: A New
Peroxisomal Disorder. J. Inher. Metab. Dis. 15, 389-391. doi:10.1007/bf02435984

Werner, E. R, Keller, M. A,, Sailer, S., Lackner, K., Koch, J., Hermann, M., et al. (2020).
The TMEMI189 Gene Encodes Plasmanylethanolamine Desaturase Which
Introduces the Characteristic Vinyl Ether Double Bond into Plasmalogens. Proc.
Natl. Acad. Sci. USA 117, 7792-7798. doi:10.1073/pnas.1917461117

Wiese, S., Gronemeyer, T., Brites, P., Ofman, R., Bunse, C., Renz, C,, et al. (2012).
Comparative Profiling of the Peroxisomal Proteome of Wildtype and Pex7
Knockout Mice by Quantitative Mass Spectrometry. Int. J. Mass Spectrom. 312,
30-40. doi:10.1016/j.ijms.2011.09.005

Zou, Y., Henry, W. S,, Ricq, E. L., Graham, E. T., Phadnis, V. V., Maretich, P., et al.
(2020). Plasticity of Ether Lipids Promotes Ferroptosis Susceptibility and
Evasion. Nature 585, 603-608. doi:10.1038/s41586-020-2732-8

Contflict of Interest: MH and SM are inventors of a patent application that covers
the screening methods for anticancer agents.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Honsho, Mawatari and Fujiki. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org

June 2022 | Volume 9 | Article 915457


https://doi.org/10.1002/1873-3468.12743
https://doi.org/10.1016/j.bbamcr.2008.05.018
https://doi.org/10.1083/jcb.201005100
https://doi.org/10.1074/jbc.m112.402701
https://doi.org/10.1016/0022-2836(82)90503-4
https://doi.org/10.1016/s0021-9258(18)83644-4
https://doi.org/10.1038/s41416-020-0889-4
https://doi.org/10.1194/jlr.m400364-jlr200
https://doi.org/10.1523/jneurosci.3928-08.2008
https://doi.org/10.1111/bpa.12710
https://doi.org/10.1007/s10545-014-9795-3
https://doi.org/10.1038/ng0497-377
https://doi.org/10.1016/s0163-7827(01)00003-0
https://doi.org/10.1074/jbc.m115.655191
https://doi.org/10.1016/j.febslet.2010.04.071
https://doi.org/10.1016/j.febslet.2010.04.071
https://doi.org/10.1021/acschembio.5b00466
https://doi.org/10.1021/acschembio.5b00466
https://doi.org/10.1038/ng0497-381
https://doi.org/10.1073/pnas.0606401103
https://doi.org/10.1073/pnas.0606401103
https://doi.org/10.1073/pnas.81.23.7622
https://doi.org/10.1074/jbc.m115.690727
https://doi.org/10.1096/fj.201801873r
https://doi.org/10.1016/j.ejmech.2018.11.050
https://doi.org/10.1194/jlr.m062547
https://doi.org/10.1074/jbc.m111.281006
https://doi.org/10.1074/jbc.m114.593012
https://doi.org/10.1002/mds.28342
https://doi.org/10.1016/j.neulet.2009.09.055
https://doi.org/10.1074/jbc.m110.139006
https://doi.org/10.1038/nrc839
https://doi.org/10.1007/bf00711817
https://doi.org/10.1007/bf02435984
https://doi.org/10.1073/pnas.1917461117
https://doi.org/10.1016/j.ijms.2011.09.005
https://doi.org/10.1038/s41586-020-2732-8
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

:' frontiers ‘ Frontiers in Cell and Developmental Biology

ORIGINAL RESEARCH
published: 06 July 2022
doi: 10.3389/fcell.2022.864842

OPEN ACCESS

Edited by:
Fabian Dorninger,
Medical University of Vienna, Austria

Reviewed by:

Md.Shamim Hossain,

Institute of Rheological Functions of
Food, Japan

Sonja Forss-Petter,

Medical University of Vienna, Austria

*Correspondence:
Dayan B. Goodenowe
d.goodenowe@
prodromesciences.com

Specialty section:

This article was submitted to
Cellular Biochemistry,

a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 28 January 2022
Accepted: 18 May 2022
Published: 06 July 2022

Citation:

Goodenowe DB, Haroon J, Kling MA,
Zielinski M, Mahdavi K, Habelhah B,
Shtilkind L and Jordan S (2022)
Targeted Plasmalogen
Supplementation: Effects on Blood
Plasmalogens, Oxidative Stress
Biomarkers, Cognition, and Mobility in
Cognitively Impaired Persons.

Front. Cell Dev. Biol. 10:864842.

doi: 10.3389/fcell.2022.864842

®

Check for
updates

Targeted Plasmalogen
Supplementation: Effects on Blood
Plasmalogens, Oxidative Stress
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Plasmalogens are a specific type of glycerophospholipid found in especially high levels in
neuronal membranes. Decreased blood and brain levels of docosahexaenoic acid (DHA)
containing plasmalogens are associated with decreased cognition and neuromuscular
function in humans. Administration of 1-O-alkyl-2-acylglycerol (AAG) plasmalogen
precursors containing DHA at the sn-2 position dose-dependently increase blood DHA
plasmalogens and are neuroprotective in animal models of neurodegeneration at doses
between 10 and 50 mg/kg. We conducted an investigational clinical trial in 22 cognitively
impaired persons to evaluate the effects of an escalating oral dosing regimen of DHA-AAG
from 900 to 3,600 mg/day over a 4-month period on blood serum plasmalogen and non-
plasmalogen phospholipids and oxidative stress biomarkers. Safety, tolerability and
therapeutic effects on cognition and mobility were also evaluated. DHA plasmalogen
levels increased with increasing dose and remained significantly elevated at all treatment
doses and durations. DHA plasmalogen levels were positively associated with catalase
activity and negatively associated with malondialdehyde (MDA) levels. DHA-AAG
supplementation normalized catalase activity in persons with low baseline catalase
activity, normalized MDA levels in persons with high baseline MDA levels, and
normalized superoxide dismutase activity in persons with high baseline SOD activity.
Cognition improved in nine participants, was unchanged in nine, and declined in four.
Mobility improved in twelve, was unchanged in five and declined in four participants.
Changes in cognition and mobility were statistically significant versus a random outcome.
Baseline DHA-plasmalogen levels were not predictive of clinical response. DHA-AAG was
well tolerated at all dosages and no adverse reactions were observed.

Keywords: plasmalogen, sarcopenia, dementia, oxidative stress, catalase, malondiadehyde, superoxide dismutase,
alkylglycerol (AKG)
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INTRODUCTION

A 2021 survey of 1,221 adults in the US revealed that cognitive
decline and the loss of mobility were the two most feared health
outcomes (Author Anonymous, 2021). The prevalence of
dementia in persons with sarcopenia is approximately three
times higher than in persons without sarcopenia (Pacifico
et al., 2020) and reduced muscle function is associated with
increased risk of incident dementia and a faster rate of
cognitive decline (Beeri et al., 2021). Reduced cognition and
reduced mobility are comorbid. Reduced cognition and
reduced mobility are also associated with plasmalogen
deficiency. In humans, the association between low blood and
brain plasmalogen levels and reduced cognition is robust and
reproducible (Ginsberg et al., 1995; Ginsberg et al., 1998; Guan
et al., 1999; Han et al., 2001; Han, 2005; Goodenowe et al., 2007;
Wood et al, 2010; Wood et al, 201la; Goodenowe and
Senanayake, 2019; Senanayake and Goodenowe, 2019; Kling
et al, 2020; Lim et al, 2020; Goodenowe, 2021). In animal
models of plasmalogen deficiency, neuromuscular junction
defects (Dorninger et al., 2017a; Dorninger et al., 2017b) have
been reported and the selective knockout of oligodendrocyte
peroxisomes cause white matter plasmalogen defects,
morphology and symptomology similar to multiple sclerosis
(Kassmann et al, 2007). These observations imply that
impaired or insufficient plasmalogen related functions may
represent a putative common link between dementia and
sarcopenia.

A core component of human physiology is the
compartmentalization of specific and distinct functions at both
the intra- and intercellular level. The integrity and maintenance
of function of these compartments are dependent upon efficient
communication and transport of materials between
compartments. This biochemical compartmentalization of
function is dependent upon the physical and operational
integrity of the biological membranes that separate cells from
one another and divide intracellular space into various organelles
and cytoplasm. These membranes are mostly comprised of
glycerol phospholipids and cholesterol. The ability of cells and
subcellular organelles to maintain optimal membrane
functionality is dependent upon the cell’s ability to regulate its
membrane composition. Membrane composition regulation, in
turn, is dependent upon a complex interdependent mix of
genetics, environment, and nutrition.

The backbone of most phospholipids is glycerol—a simple
three carbon molecule with a single free alcohol on each carbon.
The three carbons are commonly referred to as sn-1, -2, or -3.
Glycerol phospholipids contain a polar phosphate-linked head
group at sn-3. Phospho-ethanolamine or phospho-choline are the
most abundant and ubiquitous phospholipid head groups in the
human body. The sn-1 position is comprised of either a fatty
alcohol (plasmalogen) or fatty acid (phosphatidyl). The sn-1
bond type and the type of fatty acid at sn-2 are the key
determiners of the effect of membrane phospholipid
composition on membrane structure and cellular function
(Mankidy et al, 2010; Wood et al, 2011a). When alkyl-
acylglycerols (AAG) are converted to ethanolamine
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plasmalogens (PL) the PL species retains the sn-2 fatty acid of
the AAG. In vitro studies have shown that increasing membrane
levels of DHA-plasmalogens using DHA-AAG dose-dependently
increases the non-amyloidogenic processing of amyloid
precursor protein (APP) via an upregulation of the alpha-
secretase pathway resulting in an equally dose dependent
increase in secreted APP-alpha and a dose-dependent decrease
in AB; 4, (Wood et al,, 2011a). In addition, increasing membrane
DHA plasmalogen levels increases HDL-mediated cholesterol
transport by  dose-dependently increasing  cholesterol
esterification via acetyl-CoA acetyltransferase (ACAT) and
dose-dependently decreases the level of free cholesterol in
membranes (Mankidy et al, 2010). DHA-AAG plasmalogen
precursor also blocks the increase in Ap;4, caused by
cholesterol loading (Wood et al.,, 2011a).

There has been an increasing interest in plasmalogens as a
potential therapeutic agent for age-related cognitive decline and
neurodegenerative conditions, given the growing understanding
of their involvement in key cellular functions as well as the clinical
trends observed when plasmalogen levels are depleted. In
addition to supporting the structural integrity of membranes,
plasmalogens are also involved in a variety of critically important
cell functions: membrane fusion, ion transport, vesicle formation,
cholesterol and amyloid regulation, and oxidation-reduction
(Glaser and Gross, 1994; Glaser and Gross, 1995; Sindelar
et al.,, 1999; Zoeller et al., 1999; Farooqui et al., 2000; Munn
et al., 2003; Mankidy et al., 2010; Wood et al., 2011b; Wood et al.,
2011¢; Stables and Gilroy, 2011; Messias et al., 2018). In addition,
recent research has shown that oral, DHA-enriched plasmalogen
supplementation in mice increased hippocampal plasmalogen
levels, improved learning and memory, and modulated various
cell signaling pathways. In particular, research results suggested
that the observed effect of oral plasmalogens on memory and
learning were due, in part, to enhanced brain derived
neurotrophic factor (BDNF) expression (Hossain et al., 2022).
These observations are consistent with the detailed post-mortem
examination of plasmalogen and phosphatidyl ethanolamine
species, neuropathology and premortem cognition in human
(Goodenowe and Senanayake, in press). Epidemiologically, it
has been demonstrated that plasmalogen levels in the brain
increase up to 30-40years of age, and then significantly
decrease by around 70 years of age (Rouser and Yamamoto,
1968; Goodenowe, 2021) and plasmalogen supplementation
has been reported to improve cognition in humans (Fujino
et al,, 2017; Fujino et al., 2018).

Aging-related neurological and muscular degeneration lack
accessible and effective therapeutic interventions. A possible
treatment approach would involve a supplementation regimen
of a plasmalogen precursor, such as the DHA-AAG plasmalogen
precursor investigated in this study.

MATERIALS AND METHODS
Study Participants

Twenty-two persons diagnosed with cognitive impairment were
enrolled. Eleven were male and eleven were female and their ages
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ranged from 37 to 84 (average = 67). Cognitive impairment ranged
from mild/questionable cognitive impairment (n = 14), to mild
dementia (n = 4), to moderate dementia (n = 4) according to the
Clinical Dementia Rating Scale (CDR). No biomarker analyses were
performed prior to enrollment and no pre-selection occurred. 29
persons were screened, four were excluded due to non-compliance,
and three dropped out due to non-trial related reasons. All
participants signed informed consent forms and the trial
registration number was NCT04484454.

Study Materials

The DHA-AAG (Prodrome Sciences United States LLC) used was a
synthetic alkyl-acylglycerol comprised of C16 and C18 alkylglycerol
backbone (chimyl and batyl alcohol) with DHA covalently bound to
the sn-2 and sn-3 positions. The relative proportion of C16 and C18
plasmalogen backbone was 1:1 and the relative proportion of the fatty
acids at sn-2 and sn-3 were >95% DHA, 2-5% docosapentaenoic acid
(DPA) and <2% eicosapentaenoic acid (EPA). The DHA was purified
from an algae source. The average density of the final product was
0.9 g/ml which corresponded to 900 mg of active product per ml
Product purity was >98%. A 1-month supply of DHA-AAG was
provided to participants after each visit. Participants were instructed
to take DHA-AAG each morning at the following dosages: 1.0 ml/day
(Month 1, M1); 2.0 ml/day (Months 2 + 3, M2, M3); 4.0 ml/day
(Month 4, M4); 0 mg/day (Month 5, M5).

Clinical Assessments

Cognition and mobility assessments were administered at
baseline and the end of each month of the study. The primary
outcome for cognitive status was change in Clinical Dementia
Rating level (CDR) derived using the Quick Dementia Rating
System (QDRS). The QDRS is a 10-item questionnaire completed
by an informed third party to the participant (caregiver, spouse,
etc.,). Scores range from 0 to 30 with higher scores representing
greater cognitive impairment in a corresponding CDR level. The
CDR rates cognitive function in six categories (memory,
orientation, judgment and problem solving, and performance
in community affairs, home and hobbies, and personal care). A
CDR level of 0 indicates no dementia; CDR 0.5 represents MCI or
very mild dementia; CDR 1, 2, or three corresponds to mild,
moderate, or severe dementia respectively (Galvin, 2015).

The primary mobility outcome was the 30-s Sit/Stand test.
Participants were given 30 s to fully stand and sit for as many
repetitions as possible within the time window. The Sit/Stand test
has been found to be both reliable and valid in assessing the
functional mobility in older adults, and has also been shown to be
sensitive to change (McAllister and Palombaro, 2020).

A clinically relevant change in cognition or mobility was
defined as a change in CDR of one or more units or a change
in two or more sit/stands, respectively. The monthly CDR and sit/
stand performance of each participant were evaluated to
determine the relative cognitive and mobility status of each
participant at the end of months four and five relative to their
baseline assessment. Each participant was rated as either
exhibiting functional improvement, no change, or decline.

At the end of the study, each participant was asked to evaluate
the treatment regimen using an 11-point Global Rating of Change
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scale from -5 to +5 in which the participant rates the overall
change in their health. No change is rated as “0”, improved health
from minor “+1” to significant “+5”, and reduced health from
minor “-1” to significant “-5” (Kamper et al, 2009). The
individual participant results are presented in Table 4.

Blood Serum Collection

Blood was drawn by trained nurses in an on-site surgical center.
Venous blood was collected in a 10 ml redtop vacutainer tube and
allowed to clot for 45-120 min. Serum was separated from the
whole blood sample via centrifugation and stored at —80°C until
processing.

Plasmalogen Extraction and Analysis

Serum samples were extracted using a modified version of the
protocol described by Goodenowe et al. (Goodenowe et al., 2007).
Briefly, 10 uL of serum was diluted with 50 uL of 0.1% formic acid
and subjected to extraction three times with 1.0 ml of acidified ethyl
acetate (98:2 ethyl acetate: 0.1% formic acid). Extracts were directly
injected into a Thermo Fisher Scientific LTQ Orbitrap mass
spectrometer (Thermo Fisher Scientific, MA, United States) in
both positive and negative ionization electrospray modes at a flow
rate of 200 pL/min. Full scan mass spectral data were collected for
masses of 150-1,200 amu at maximum resolution. A common
pooled reference serum sample was prepared before the study and
aliquots of this pooled serum were extracted with each batch of study
samples and run on the mass spectrometer at the beginning, middle,
and end of each run batch to monitor and correct for batch-to-batch
variance throughout the study. Phospholipid species of interest were
identified based upon their (M-H)—- or (M) or (M + H)+ accurate
masses (mass accuracy <1ppm). Only accurate mass species
represented by single Gaussian peaks subjected to baseline
resolution from any surrounding mass peaks were included in the
analyses. The intensity of each species was determined by averaging
20 contiguous scans.

Serological Analyses

Catalase activity capacity (ThermoFisher Scientific), superoxide
dismutase activity capacity (Cayman Chemical Company), and
malondialdehyde levels (Northwest Life Science Specialties) were
measured according to the manufacturer’s specifications.

Statistical Analyses
Stata (version 14.2) was used for all statistical analyses.

RESULTS

Pharmacokinetic Evaluation of DHA-AAG

on Serum Levels of Omega-3 and Omega-6
Containing Ethanolamine Phospholipids.

To evaluate the dose effects of DHA-AAG administration on
serum ethanolamine phospholipid levels, four composite indices
representative of the key serum omega-6 [linoleic acid (LA) and
arachidonic acid (AA)] and omega-3 (DHA)
phosphatidylethanolamine (PE) and ethanolamine plasmalogen
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TABLE 1 | Ethanolamine phospholipid indices.

Index

(LA + AA)-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 [M-H]-
C41H7gNOgP 742.5392
C41H74NOgP 738.5079
Cy3H7sNOgP 766.5392
C43H74NOgP 762.5079
Cys5H7sNOgP 790.5392
C41H7gNO,P 726.5443
C41H74NOZP 722.5130
Cy43H7gNO,P 750.5443
Cy3H74NO7P 746.5130
CysH7eNO,P 774.5443

Targeted Plasmalogen Supplementation: Clinical Effects

(PL) species were created (Table 1). From these four composite
indices, three omega-3/6 ratio indices were created: DHA-PE/(LA
+ AA)-PE, DHA-PL/(LA + AA)-PL and DHA-PL/(LA + AA)-PE.
These seven indices were then used to evaluate the absolute and
relative effects of an escalating DHA-AAG dose on serum
ethanolamine  phospholipid  levels  (Figures  1A,B,
Supplementaray Table S1). The serum level of each index for
each participant at all time points was normalized to the
respective baseline group mean of that index.

Since DHA-AAG is comprised of a plasmalogen backbone
with DHA covalently bound at sn-2 it is a direct precursor to
DHA-PL; an indirect precursor to DHA-PE and (LA + AA)-PL;
and is biochemically unrelated to (LA + AA)-PE. Figure 1A
illustrates that the plasmalogen precursor DHA-AAG dose-
dependently elevated both direct and indirect target species
[DHA-PL, DHA-PE, and (LA + AA)-PL] and had no effect on
the levels of the biochemically unrelated PE species index (LA +
AA)-PE. DHA-AAG had a greater elevating effect on its direct
target, DHA-PL than its indirect targets. The 1-month washout

=

Baseline Mean Normalized

.; DHA-AAG Dose (mg/day)

B

w

Baseline Mean Normalized

[(X)

os

"= 900
M1 M2

1800

1800 3600 0

. —

M3 N4

B{LA+AA)-PE +DHA-PE #{LA+AA)-PL SDHA-PL

»; DHA-AAG Dose (mg/day)

500

1800

[ 13 < >

8

FIGURE 1 | (A)-Serum levels of direct (DHA-PL), indirect (DHA-PE (LA + AA)-PL), and non (LA + AA)-PE) target phospholipid species (B)-serum levels of selected
phospholipid ratios (C)-serum levels of DHA-PL in persons with high versus low baseline DHA-PL/(LA + AA)-PE levels. Values are means + SEM.*, p < 0.05 versus

M1 M2
SOHA-PL/(LA_AA)-PE

baseline, student’s t-test (two-tailed).

+OHA-PE/(LA+AA)-PE

1800

3600 0

M5

e —

M3 (553
*OHA-PL/(LA+AA)-PL

MS

C
21
T w0
2
: i’
[T
Ew
o
=Z 16
5 1
U o34
z
£ 12
T
M 10
o
LR J
08 <
07 ¥ &
52 \4 DHA-AAG Dose (mg/day)
%2 900 1800 1800 3600 0
Pt —>
8L L M2 M3 e ms
SAll +lower Half eUpper Half
D ..
2
s
27
- 2%
g e
% 23
22
g 21
o 0
=219
I3 is
m 17
U 18
=39
@ 14
£ 13
g1
[ RS
oM oy
os
0.
:
s v DHA-AAG Dose (mg/day)
oe 900 1800 _ _ 1800 3600 0
S —
Bl L M2 M3 s Ms
SAll +Lower Half wUpper Half

Frontiers in Cell and Developmental Biology | www.frontiersin.org

162

July 2022 | Volume 10 | Article 864842


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Goodenowe et al.

period resulted in decreased levels of both the direct and indirect
target species and no effect on the unrelated PE species.

To more precisely evaluate the effects of DHA-AAG on the
levels of the direct, indirect, and unrelated ethanolamine
phospholipid species, internal ratios of the omega-3 and
omega-6 indices were evaluated in each subject over the
course of the study as illustrated in Figure 1B. The relative
ratio of the direct target DHA-PL to the unrelated (LA +
AA)-PE was observed to exhibit the greatest elevation with
dose and time. The relative ratio of the indirect DHA-PE to
the unrelated (LA + AA)-PE exhibited the second greatest dose
and time elevation and the relative ratio of the direct DHA-PL to
the indirect (LA + AA)-PL exhibited the smallest dose and time
effect. Figures 1A,B illustrate that DHA-AAG is converted to its
direct and indirect target species in humans as predicted from
animal studies on similar AAG plasmalogen precursors (Wood
et al., 2011d).

Participants were not evaluated for DHA-PL levels prior to
enrollment. To evaluate the effect of baseline DHA-PL levels on
DHA-AAG pharmacokinetics, the participants were divided into
either lower or upper halves based upon their baseline DHA-PL
(Figure 1C) or their DHA-PL/(LA + AA)-PE (Figure 1D) levels.
As illustrated in Figures 1C,D, DHA-AAG elevated target species
levels regardless of baseline DHA plasmalogen levels. However,
participants with low baseline DHA-PL or DHA-PL/(LA + AA)-
PE ratios experienced a greater relative improvement due to their
low baseline levels and this relative improvement persisted even
after the 1-month washout. Each participant’s baseline mean-
normalized DHA-PL/(LA + AA)-PE ratio at baseline, end of
month 4, and the maximum ratio observed is presented in Table 4.

Higher age was associated with lower levels of DHA-PL (LA +
AA)-PL, higher levels of (LA + AA)-PE and lower levels of DHA-
PL/(LA + AA)-PE and DHA-PE/(LA + AA)-PE (Supplementary
Table S1). These data are consistent with previously published
results in a large random population cohort (Wood et al,, 2011a).
Male sex was associated with lower levels of DHA-PE and (LA +
AA)-PE (Supplementary Table S1). Lower levels of DHA-PE in
males is consistent with previously published results in a large
elderly cohort (Goodenowe and Senanayake, 2019).

Pharmacodynamic Evaluation of DHA-AAG
on Serum Malondialdehyde, Catalase, and

Superoxide Dismutase

The vinyl ether bond of the target ethanolamine plasmalogen
species chemically reacts with reactive oxygen species to
neutralize and prevent peroxidation of polyunsaturated fatty
acids (Sindelar et al., 1999; Stadelmann-Ingrand et al., 2001).
To determine if the DHA-PL elevating effect of DHA-AAG
had a pharmacodynamic effect, levels of malondialdehyde
(MDA), catalase (CAT), and superoxide dismutase (SOD)
were measured at baseline, and at end of months 3, 4, and
5. MDA is a final end-product of lipid peroxidation of LA and
AA. Penultimate to lipid peroxidation of all polyunsaturated
fatty acids such as LA and AA is the insufficient neutralization
of hydrogen peroxide. Excess hydrogen peroxide in the
presence of superoxide anion can undergo conversion to the
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hydroxyl radical, which can then react with polyunsaturated
fatty acids via a series of free radical reactions to form lipid
peroxides. The superoxide anion is neutralized by SOD into
molecular oxygen and hydrogen peroxide. Accordingly, SOD
is the main producer of hydrogen peroxide. Catalase is a
ubiquitous enzyme that neutralizes the hydrogen peroxide
produced by SOD into water and molecular oxygen. Both
SOD and CAT are potent inhibitors of lipid peroxidation
(Gutteridge, 1984). SOD is a self-inducing enzyme in that
the product of its activity (hydrogen peroxide) induces SOD
synthesis (Yoo et al., 1999). In contrast, catalase is inactivated
by hydrogen peroxide (Kokkaliari et al., 1992), and in an
animal model of sarcopenia, increased superoxide anion is
associated with increased SOD, increased hydrogen peroxide
and decreased catalase (Sullivan-Gunn and Lewandowski,
2013).

Linear regression analysis of the seven phospholipid
indices, MDA, CAT, and SOD is presented in Table 2.
MDA is derived from the lipid peroxidation of LA or AA,
so MDA levels are presumed to be influenced by both total LA
+ AA levels and overall peroxidation load. Interestingly (LA +
AA)-PE, butnot (LA + AA)-PL was positively associated with
MDA levels. This observation indicates that the PL vinyl
ether bond is likely protecting the PL bound AA from
peroxidation in vivo as predicted by previous in vitro
studies (Sindelar et al., 1999) thereby disassociating (LA +
AA)-PL from MDA formation. Although both DHA-PL and
DHA-PE levels were elevated by DHA-AAG treatment, only
DHA-PL was observed to be negatively associated with MDA
levels indicating that it is the PL vinyl ether bond, not DHA
that is responsible for the negative association with MDA
levels. All three omega-3/6 ratio indices were negatively
associated with MDA levels. Catalase activity was
negatively associated with MDA levels and DHA-PL was
both positively associated with catalase activity and
negatively associated with MDA.

Since it is unclear from the binary associations in Table 2 as
to the dominance, independence, or relative contributions of
the serological biomarkers to MDA and CAT levels,
multivariate linear regression analysis was performed using
multiple models (Table 3). This analysis showed that (LA +
AA)-PE was the dominant predictor MDA levels. CAT had a
strong negative association with MDA levels (Model 5), but
this association was lost when PL species were included
(Model 7). The increase in R-squared value when CAT was
added to the PL model (Model 7 vs. 2) was minimal indicating
that the effect of CAT on MDA levels was being caused by the
effect of the PL species on CAT. This is clearly observed by
comparing Model 9 vs. 14 wherein the PL species exhibited the
strongest association with CAT (Model 9) which was
minimally affected by the addition of MDA (Model 14).
Collectively, these data indicate that the elevation of DHA-
PL by DHA-AAG was independently associated with an
increase in (LA + AA)-PL, CAT, and a decrease in MDA
(Model 15).

To investigate potential ceiling or floor effects on MDA,
CAT, and SOD, participants were grouped based upon their
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TABLE 2 | Relationship between key serological indices.

Variable MDA (coef, p) CAT (coef, p) SOD (p) PE (LA + AA) (Coef, p) PE (DHA) (Coef, p)
(LA + AA)-PE 0.718 1.5e-07 - NS NS - - - -
DHA-PE - NS - NS NS 0.503 1.1E-14 - -
DHA/(LA + AA)-PE -0.427 5.7e-04 0.596 4.3e-03 NS - - - -
(LA + AA)-PL - NS - NS NS 0.254 2.4E-03 0.260 1.1e-02
DHA-PL -0.233 3.3e-02 0.549 2.2e-03 NS NS 0.431 1.7e-07
DHA/(LA + AA)-PL -0.372 8.9e-04 0.736 6.1e-05 NS -0.298 7.3E-05 0.291 1.6e-03
PL Omega-3/PE Omega-6 -0.349 6.4e-06 0.397 2.9e-03 NS - - - NS
MDA - - -0.474 7.9e-03 NS - - - -
CAT - - - - NS - - - -

Allvariables were mean normalized and log 10 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.

TABLE 3 | Multivariate analyses of selected serological markers associated with catalase and malondialdehyde.

Model Outcome Variables Coef P R-squared

1 MDA DHA-PE (LA + AA)-PE -0.225 5.4e-02 0.313
0.846 3.8e-08

2 MDA DHA-PL (LA + AA)-PL -0.368 2.1e-03 0.124
0.380 1.1e-02

3 MDA DHA-PL (LA + AA)-PE -0.146 1.3e-01 0.301
0.685 5.6e-07

4 MDA DHA-PL CAT -0.233 3.3e-02 0.053

5 MDA -0.474 7.9e-03 0.081

6 MDA DHA-PL CAT -0.156 1.6e-01 0.102
-0.141 3.6e-02

7 MDA DHA-PL (LA + AA)-PL CAT -0.290 2.5e-02 0.147
0.316 4.1e-02
-0.101 1.4e-01

8 CAT DHA-PE (LA + AA)-PE 0.577 1.0e-02 0.094
-0.634 2.0e-02

9 CAT DHA-PL (LA + AA)-PL 0.776 8.3e-05 0.179
-0.639 8.4e-03

10 CAT DHA-PL (LA + AA)-PE 0.525 3.9e-03 0.113
-0.187 4.3e-01

11 CAT DHA-PL 0.549 2.2e-03 0.106

12 CAT MDA -0.474 7.9e-03 0.081

13 CAT DHA-PL MDA 0.463 9.7e-03 0.153
-0.368 3.6e-02

14 CAT DHA-PL (LA + AA)-PL MDA 0.680 8.9e-04 0.200
-0.540 3.0e-02
-0.262 1.4e-01

15 DHA-PL (LA + AA)-PL CAT MDA 0.639 1.5e-07 0.378
0.186 8.9e-04
-0.207 2.5e-02

16 DHA-PL DHA-PE (LA + AA)-PE 0.807 1.2e-15 0.403
-0.716 7.0e-10

Allvariables were mean normalized and log 10 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.

baseline levels and the effect of DHA-AAG treatment MDA in persons with high baseline MDA levels, SOD activity
evaluated in the lower and upper halves of each (Figure 2).  in persons with high baseline SOD activity, and CAT activity in
This analysis revealed that DHA-AAG treatment normalized  persons with low baseline CAT activity.
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FIGURE 2 | (A) serum Malondialdehyde levels (B) Catalase capacity, and (C) superoxide Dismutase capacity. All values where normalized to the total baseline
average. values represent the mean + SEM. *,p < 0.05 versus baseline of that cohort subset, student’s t-test (two-tailed).
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Clinical Evaluation of DHA-AAG on

Cognition and Mobility

Of the 22 participants who completed the study, cognition improved
in 9 (41%), declined in 4 (18%) and remained stable in 9 (41%)
during the 4-months treatment period (Table 4). No relationship
between baseline DHA-PL levels and response or lack of response
was observed (5 in lower half and four in upper half). However, a
higher proportion of persons with more severe baseline cognitive
impairment improved than persons with mild cognitive impairment
(3/4 subjects with baseline CDR of 2; 2/4 subjects with baseline CDR
of 1, and 4/14 subjects with baseline CDR = 0.5). Mobility improved
in 12 participants (55%), remained stable in 5 (23%) and declined in
4 (18%). Using a random non-response based upon the observed
decline rate as the predictor, the observed response rates were
significant for both cognition and mobility (Table 5). At the end
of the trial each participant was asked to self-evaluate the overall
effect of the DHA-AAG treatment using the Global Rating of
Change scale (Kamper et al,, 2009). Of the eighteen participants
who completed the GRC, twelve reported that their health improved

over the 4-month trial and six reported no change. No participant
reported a negative change. The individual participant responses are
included in Table 4.

DISCUSSION

This open-label investigational study evaluated the clinical and
serological effects of an escalating dose of DHA-AAG (900 mg/
day—3,600 mg/day) in cognitively impaired persons. Each dose
was administered for at least 1 month and a 1-month washout at
the end of the trial used. Pharmacokinetic,
pharmacodynamic, and clinical outcomes were monitored.

The key pharmacological observation was that the
plasmalogen precursor DHA-AAG exhibited a dose-dependent
and species-selective elevating effect on serum ethanolamine
phospholipids. Specifically, DHA-containing PL species were
preferentially elevated. Non-DHA containing PL species and
DHA-containing PE species were also elevated, but to a lesser
extent. Non-DHA PE species were unaffected by the DHA-AAG

was
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TABLE 4 | Individual participant demographics and clinical responses.

Id Age Sex CDR S/S

(BL) (M4) (BL) (M4)
Group 1—Moderate Dementia (CDR = 2)
16 78 F 2 3 16 14
19 58 F 2 1 11 16
1 81 M 2 1 11 15
29 63 F 2 0.5 30 34
Group 2—Mild Dementia (CDR = 1)
12 75 M 1 1 15 21
18 80 M 1 1 21 16
8 84 M 1 0.5 12 15
21 48 M 1 0.5 14 14

Group 3—Mild Cognitive Impairment (CDR = 0.5)

I 69 F 0.5 2 NA NA
24 66 F 0.5 2 13 16
7 81 F 0.5 1 15 16
3 74 F 0.5 0.5 13 17
6 74 M 0.5 0.5 12 14
10 81 M 0.5 0.5 19 22
20 78 M 0.5 0.5 11 8

22 63 F 0.5 0.5 13 12
23 64 F 0.5 0.5 10 12
28 67 F 0.5 0.5 12 14
2 37 M 0.5 0 13 14
14 59 M 0.5 0 14 12
15 64 M 0.5 0 21 22
17 77 F 0.5 0 11 14

Targeted Plasmalogen Supplementation: Clinical Effects

CDR s/S DHA-PL/(LA + AA)-PE GRC
(+/-) (+/-) (BL) (M4) Max (month) GRC
- - 0.29 0.48 0.90 (M3) 0
+ + 0.88 2.15 2.15 (M4) 0
+ + 0.90 1.65 1.65 (M4) +5
+ + 1.26 2.56 2.69 (M5) +2
0 + 2.72 3.03 3.03 (M4) +2
0 - 0.69 0.90 1.35 (M2) 0
+ + 0.57 0.64 0.74 (M3) NA
+ 0 1.04 1.78 2.38 (M2) +1
- NA 1.03 2.44 2.44 (M4) +1
- + 0.36 1.96 1.96 (M4) NA
- 0 0.87 1.57 1.57 (M4) 0
0 + 0.41 1.33 1.33 (M4) 0
0 + 0.91 2.69 2.69 (M4) +1
0 + 0.87 0.87 117 (M2) +2
0 - 0.44 0.62 1.10 (M) 0
0 0 227 3.88 4.04 (M3) NA
0 + 0.40 1.79 1.79 (M4) +4
0 + 2.38 3.94 3.94 (M4) NA
+ 0 0.79 1.54 1.54 (M4) +1
+ - 1.24 2.92 2.92 (M4) +1
+ 0 1.33 1.36 2.73 (M5) +1
+ + 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.

TABLE 5 | Categorical treatment response summary.

Clinical Observation CDR (observed)

Improvement 9 4
No Change 9 14
Decline 4 4
Chi Squared p-value 1.8e-02

CDR (predicted)

Sit/Stand (observed) Sit/Stand (predicted)

12 4
5 13
4 4
2.96-05

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

administration. These observations are consistent with the
previously proposed metabolic fate of AAG (Mankidy et al,
2010; Wood et al, 201la; Wood et al, 2011d) and
summarized in Figure 3. In brief, 1-O-alkyl, 2,3-
diacylglycerols are metabolized by gut lipases to 1-O-alkyl, 2-
acylglycerol which is absorbed into the blood stream and then
converted to 1-O-alkyl-2-acylglycerophosphoethanolamine
which is then desaturated to the final vinyl ether ethanolamine
plasmalogen in endoplasmic reticulum of the cells of the body.
Since no peroxisome-specific biochemical steps are required to
convert AAG plasmalogen precursors into vinyl ether
plasmalogens, AAG plasmalogen precursors bypass the
obligate rate-limiting peroxisomal enzymes necessary for
endogenous plasmalogen biosynthesis.

Several key pharmacodynamic observations and interpretations
were made. First, serum MDA levels exhibited a strong positive

correlation with serum levels of AA and LA containing PE species,
but serum levels of AA and LA containing PL species were not
correlated with MDA levels. It is hypothesized that, consistent with
in vitro observations (Sindelar et al., 1999), the sn-1 vinyl ether bond
of plasmalogens protects the sn-2 AA and LA from peroxidation and
thus blocks the formation of MDA from AA and LA containing PL
species. A higher level of serum DHA-PL was associated with a lower
MDA level independent of LA and AA PE levels indicating a direct
anti-peroxidation effect of serum DHA-PL. Secondly, MDA was
negatively and DHA-PL was positively associated with serum CAT
capacity. Detailed multivariate statistical analyses revealed that the
positive association between serum DHA-PL levels and CAT
capacity was independent of the MDA lowering effect of DHA-
PL which is suggestive of a more generalized improvement in
peroxisomal function following DHA-AAG
supplementation—perhaps  due to reduced endogenous
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FIGURE 3 | Relationship between endogenous plasmalogeon biosynthesis pathways, plasmalogeon precursor supplement administration and serum

plasmalogen synthesis demand. Thirdly, the effect of DHA-AAG on
SOD activity appeared more complicated and less clear. Since SOD is
inducible as well as degradable, we looked at the effect of DHA-AAG
administration on persons with high or low SOD. DHA-AAG
normalized both groups of participants. Further investigation is
needed to confirm this observation, however it is possible that
persons with a robust SOD biosynthesis capacity exhibit elevated
SOD in the presence of excess hydrogen peroxide, which is alleviated
by DHA-AAG whereas persons with a weak SOD biosynthesis
capacity exhibit decreased SOD, which is enhanced by DHA-AAG.

Due to the small investigational nature of the study, cognition, as
measured by QDRS and sarcopenia, as measured by the sit-stand test
were evaluated as preliminary indices of potential clinical benefit
from DHA-AAG supplementation. Despite the small number of
participants, a clear participant benefit was observed. Participants
self-reported increased energy, clarity of thought, and fluidity of
movement. Two-thirds of the participants reported an increase in
their global rating of change evaluation and one-third reported no
change. None reported a decline (Table 4). QDRS is an objective
evaluation of a person (the trial participant) by a third-party witness
with intimate knowledge of the daily activities of the person.
According to such third person observation, 9 (41%) of the
participants displayed significant cognitive improvement, nine
remained stable and 4 declined. Participants with the most severe
cognitive impairment at baseline were observed to preferentially

benefit from the DHA-AAG therapy in that three of the four
participants with moderate dementia (CDR = 2) exhibited
clinically meaningful improvement and two of the four
participants with mild dementia (CDR = 1) exhibited clinically
meaningful improvement. Improved mobility, as measured by the
sit-stand test was more generally observed. Only one participant
exhibited a decline in both cognition and mobility, whereas five
participants exhibited improvements in both cognition and mobility
and ten exhibited improvements in either cognition or mobility.

SUMMARY AND CONCLUSION

The study has several obvious attributes and limitations. It was
designed to investigate the pharmacokinetic and pharmacodynamic
effects of an escalating oral dose of DHA-AAG. It was not designed to
critically evaluate clinical response. The pharmacokinetic (dose
dependent increase in serum levels of the target DHA-PL species)
and pharmacodynamic (increased CAT activity and decreased MDA
levels) are robust and consistent with previous research results in
animal models and in vitro studies. The DHA-AAG was well tolerated
at the doses and durations administered. The small number of
participants (22), short duration (4-months), and the lack of a
sufficient placebo control or cross-over design are obvious
limitations as to the interpretation of the positive clinical effects on
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cognition and mobility observed. Clinical response data should be
interpreted with caution. However, it is clear that subsequent clinical
trials designed to more critically evaluate the clinical utility of DHA-
AAG in dementia and sarcopenia are warranted.

Impact Statement

The study presented is the first targeted plasmalogen precursor
treatment evaluation in humans. Numerous epidemiological
and post-mortem studies have described structure-specific
associations between plasmalogen deficiencies and reduced
cognition and mobility. Numerous preclinical studies have
similarly described structure-specific biological activities of
plasmalogens. An escalating dose of a DHA-specific
plasmalogen precursor (DHA-AAG) was administered to
cognitively impaired persons and the pharmacokinetic,
pharmacodynamic, and clinical effects evaluated. A dose-
dependent elevation in DHA-plasmalogen levels was
observed. Oxidative stress biomarkers (malondialdehyde,
catalase, superoxide dismutase) improved and this
improvement was correlated with higher DHA-plasmalogen
levels. A statistically significant improvement in cognition
and mobility was observed. The research results establish that
blood levels of structurally specific plasmalogen species can be
preferentially targeted and modulated and that this is a
therapeutically ~ viable approach  worthy of further
investigation and optimization for the treatment of
plasmalogen deficiency mediated diseases.
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Rhizomelic chondrodysplasia punctata type 1 (RCDP1) is a peroxisome biogenesis
disorder caused by defects in PEX7 leading to impairment in plasmalogen (Pls)
biosynthesis and phytanic acid (PA) oxidation. Pls deficiency is the main pathogenic
factor that determines the severity of RCDP. Severe (classic) RCDP patients have negligible
Pls levels, congenital cataracts, skeletal dysplasia, growth and neurodevelopmental
deficits, and cerebral hypomyelination and cerebellar atrophy on brain MRI. Individuals
with milder or nonclassic RCDP have higher Pls levels, better growth and cognitive
outcomes. To better understand the pathophysiology of RCDP disorders, we
generated an allelic series of Pex7 mice either homozygous for the hypomorphic allele,
compound heterozygous for the hypomorphic and null alleles or homozygous for the null
allele. Pex7 transcript and protein were almost undetectable in the hypomorphic model,
and negligible in the compound heterozygous and null mice. Pex7 deficient mice showed a
graded reduction in Pls and increases in C26:0-LPC and PA in plasma and brain according
to genotype. Neuropathological evaluation showed significant loss of cerebellar Purkinje
cells over time and a decrease in brain myelin basic protein (MBP) content in Pex7 deficient
models, with more severe effects correlating with Pex7 genotype. All Pex7 deficient mice
exhibited a hyperactive behavior in the open field environment. Brain neurotransmitters
analysis of Pex7 deficient mice showed a significant reduction in levels of dopamine,
norepinephrine, serotonin and GABA. Also, a significant correlation was found between
brain neurotransmitter levels, the hyperactivity phenotype, Pls level and the severity of Pex7
genotype. In conclusion, our study showed evidence of a genotype-phenotype correlation
between the severity of Pex7 deficiency and several clinical and neurobiochemical
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Genotype-Phenotype Correlations in Pex7-Deficient Mice

phenotypes in RCDP1 mouse models. We propose that PA accumulation may underlie the
cerebellar atrophy seen in older RCDP1 patients, as even relatively low tissue levels were
strongly associated with Purkinje cells loss over time in the murine models. Also, our data
demonstrate the interrelation between Pls, brain neurotransmitter deficiencies and the
neurobehavioral phenotype, which could be further used as a valuable clinical endpoint for
therapeutic interventions. Finally, these models show that incremental increases in Pex7
levels result in dramatic improvements in phenotype.

Keywords: rhizomelic chondrodysplasia punctata (RCDP), peroxisome biogenesis disorders, PEX7 gene, adult
Refsum’s disease, neurobehavioral phenotypes, plasmalogens, phytanic acid, very long chain fatty acid (VLCFA)

1 INTRODUCTION

Rhizomelic chondrodysplasia punctata type 1 (RCDP1) is a
distinct peroxisome biogenesis disorder caused by defects in
PEX7 that impair the peroxisomal pathways of plasmalogen
(Pls) synthesis and phytanic acid (PA) oxidation. Clinically,
there is a spectrum of phenotype severity that can be
distinguished by the degree of Pls deficiency. Although the
majority of patients have classic (severe) RCDP, there are
patients with non-classic (mild) RCDP.

Classic (severe) RCDP is characterized by congenital cataracts,
proximal limb shortening (rhizomelia) and the radiographic
finding of punctate calcifications in the epiphyseal cartilages
(chondrodysplasia punctata, CDP). Most patients have
congenital cardiac defects. The clinical course involves
dramatic postnatal growth deficiency and profound global
cognitive and developmental disabilities [Braverman et al,
2001 November 16 (Updated 30 January 2020)]. Most patients
also develop seizures, frequent pulmonary infections, feeding and
swallowing disorders (White et al., 2003; Bams-Mengerink et al.,
2013; Huffnagel et al., 2013; Duker et al., 2016). Hypomyelination
and cerebellar atrophy has been observed on brain magnetic
resonance imaging (MRI) (Bams-Mengerink et al., 2006). Classic
RCDP has a 55% mortality rate by age 12 years and death usually
results from respiratory complications (Duker et al., 2019). The
biochemical profile of classic RCDP1 includes markedly reduced
erythrocyte Pls and high plasma PA levels (if not under dietary
restriction) with essentially normal plasma very long chain fatty
acids (VLCFA).

Nonclassic (mild) RCDP1 is characterized by congenital
cataracts, variable skeletal defects and neurobehavioral issues
(Braverman et al., 2002; Bams-Mengerink et al, 2013; Yu
et al, 2013; Fallatah et al, 2020). A recent survival analysis
and natural history study showed that 91% of mild RCDP1
individuals survive to adulthood and have better growth and
developmental outcomes (Braverman et al, 2002; Bams-
Mengerink et al., 2013; Yu et al, 2013; Duker et al,, 2019;
Fallatah et al., 2020). Their biochemical profile shows reduced
erythrocyte Pls levels that were higher than classical RCDP, and
up to 43% of healthy controls (Fallatah et al, 2020). These
individuals can accumulate high PA levels on unrestricted diets.

Additionally, mild PEX7 deficiency can result in a phenotype
like Adult Refsum disease (ARD), a disorder caused by isolated
accumulation of PA due to mutations in the peroxisomal enzyme,

PHYH (van den Brink et al,, 2003). PA is a saturated methyl-
branched-chain fatty acid that is exclusively of dietary origin,
obtained mainly from fat of ruminant animals that can release
phytol from chlorophyll. ARD presents with retinitis pigmentosa,
anosmia, peripheral neuropathy, cerebellar ataxia and hearing
loss in early adulthood due to gradual accumulation of dietary PA
[Wanders et al., 2006 March 20 [Updated 11 June 2015)]. Patients
with ARD due to PEX7 defects might present earlier with
sensorimotor neuropathy and cataract, an overlapping feature
of RCDP. These individuals usually have near normal erythrocyte
Pls levels and minimal impairment in Pls synthesis but have
significant elevation in plasma PA levels that could be within the
range of classic ARD patients (van den Brink et al., 2003; Horn
et al., 2007).

Genotype-phenotype correlations have shown that the
common PEX7 allele, p. L292X, is a founder allele in
individuals of northern European descent (Braverman et al,
2000). It is a nonfunctional protein and homozygosity is
associated with the classic RCDP phenotype (Braverman et al.,
2002). In contrast, unique hypomorphic variants were solely
linked to a milder RCDP or ARD phenotype and could be
associated to residual PEX7 protein activity (Braverman et al,,
2000; Braverman et al., 2002; Motley et al., 2002; Fallatah et al,,
2020). There is evidence that a few of these PEX7 hypomorphic
alleles result from residual amounts of normal PEX7 transcript
and protein possibly “leaking” through splice site or 5 UTR
mutations (Braverman et al., 2002).

The overall estimated RCDP prevalence rates are between 0.5
and 0.7 cases per 100,000 births in the US and Europe,
respectively (Luisman et al., 2021). RCDP can be caused by
defects in 5 peroxisomal genes that result in Pls deficiency.
RCDP1 accounts for 90% of cases and is caused by mutations
in PEX7, encoding the cytosolic receptor for peroxisomal matrix
proteins carrying the Peroxisomal Targeting Signal 2 (PTS2).
PEX7 receptor defects impair peroxisomal import of the three
known PTS2-enzymes: alkylglycerone-phosphate synthase
(AGPS), phytanoyl-CoA hydroxylase (PHYH) and 3-oxoacyl-
CoA thiolase or acetyl-CoA acyltransferase (ACAA1)
(Braverman et al, 1997; Motley et al., 1997; Purdue et al,
1997). Consequently, PEX7 deficiency results in reduced Pls
synthesis (due to AGPS deficiency) and PA degradation (due
to PHYH deficiency). Peroxisomal thiolase (ACAA1) deficiency
does not impair the oxidation of VLCFA in humans, presumably
due to availability of sterol carrier protein X (SCPx), a PTSI-
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enzyme with thiolase activity (Seedorf et al., 1994; Wanders et al.,
1997). The RCDP phenotype results also from isolated deficiency
in peroxisomal enzymes Glyceronephosphate O-acyltransferase
(GNPAT) (Wanders et al, 1992; Barr et al, 1993), AGPS
(Wanders et al., 1994) and fatty acyl-CoA reductase 1 (FARI)
(Buchert et al., 2014), causing RCDP2-4 respectively. RCDP5 is
caused by defects in a specific domain of the peroxisomal matrix
enzyme co-transporter, PEX5, that binds to PEX7 (Baroy et al,,
2015).

The unique deficiency of Pls phospholipids in RCDP
highlights their importance in the development and
homeostasis of multiple organ systems. Acquired Pls
deficiency has also been reported in common disorders
including neurodegenerative, respiratory, cardiovascular and
metabolic diseases that highlight the important role of Pls in a
wide range of physiological functions (Braverman and Moser,
2012; Dorninger et al., 2017a; Paul, Lancaster and Meikle, 2019).
Pls are ether phospholipids typically characterized by the
presence of a C16:0, C18:0 or C18:1 fatty alcohol with a vinyl
ether linkage at the sn-1 position, an ester bond linking mainly to
polyunsaturated fatty acids (such as arachidonic acid (AA) or
docosahexaenoic acid (DHA)) at the sn-2 position, and polar
head groups of phospho-ethanolamine (most abundant form in
the brain and many tissues) or phospho-choline at the sn-3
position of the glycerol backbone. Pls bring unique structural
and functional features to membranes, and are critical
components of myelin sheaths, synaptic vesicles in neuronal
junctions as well as the pulmonary surfactant barrier (Brites
et al., 2004; Braverman and Moser, 2012). Pls have antioxidant
effects (Luoma et al., 2015; Wu et al., 2019) and are considered a
valuable source of the polyunsaturated omega-3 fatty acid DHA
(C22:6 n-3), an essential structural component of the human
brain and retina (Hishikawa et al., 2017). Pls play a significant role
in modulating cellular signaling, cholesterol biosynthesis, innate
immunity and macrophage phagocytosis (Pike et al, 2002;
Brodde et al, 2012; Honsho, Abe and Fujiki, 2015; Di Cara
et al.,, 2017; Rubio et al., 2018).

Studying the neurological aspects of RCDP in terms of
pathology and function is critical to wunderstand the
pathophysiological consequences of Pls deficiency in the
nervous system and for determining endpoints in pre-clinical
therapeutic trials. Previous in-vivo nervous system studies of Pex”
null (RCDP1) and Gnpat null (RCDP2) mouse models showed
abnormal myelination in central and peripheral nervous systems,
impairment in cerebellar Purkinje cells foliation and innervation,
and deficits in brain neurotransmitters and nerve conduction
velocity (Brites et al., 2003; da Silva et al., 2014; Malheiro et al.,
2019; Rodemer et al., 2003; Teigler et al., 2009; Dorninger et al.,
2019b). Gupat null mice exhibited hyperactive and stereotypic
behavioral patterns, social interaction impairment as well as
defects in neuromuscular transmission and neuromotor
function (Dorninger et al, 2017b; Dorninger et al., 2019a;
Dorninger et al., 2019b).

We previously reported the initial characterization of a
hypomorphic Pex7 mouse model that resembled a mild
RCDP1 phenotype and showed early cataracts, abnormalities
of lens epithelial cells and delayed skeletal ossification

Genotype-Phenotype Correlations in Pex7-Deficient Mice

(Braverman et al, 2010). Full length Pex7 transcript was
reduced to <5% of control due to the intronic insertion of a
neo cassette. Here we used these mice to generate and
characterize a Pex7 deficient allelic mouse series representing
the severe (Pex7™"™ ! and milder RCDP1 phenotypes
(Pex7MPomull and Pex7™PONYPO)  These Pex7 deficient mice
show graded changes in growth, survival and biochemical
profiles including Pls, VLCFA, and PA levels that reflected the
degree of Pex7 deficiency. Histological assessment showed myelin
reduction and Purkinje cells loss. All Pex7 deficient mice reveal
increased activity levels in the open field environment. These
models help to correlate biochemical changes with disease
severity, including the correlation between Pls reduction and
neurotransmitter levels, and show a potential role for PA
accumulation in the cerebellar phenotype. Finally, the marked
reduction observed in Pex7 transcript and protein levels in the
hypomorphic mice suggest that small increases in Pex7 transcript
and protein result in large improvement in the RCDP phenotype
and are useful for pre-clinical trial planning.

2 MATERIALS AND METHODS

2.1 Generation, Care and Tissue Collection

of Pex7 Deficient Mouse Series

We used the previously reported Pex7 hypomorphic mouse
model (Braverman et al., 2010) B6;12986-Pex7™*%%=Y (named
here as Pex7™PO/NYPo) ¢4 generate an allelic series, (B6;129S6-
Pex7™22B1aV)  referred  as  Pex7™V™!  and  (B6;12956-
Pex7™2387%Y) referred to as Pex7™P™ ! The Pex7 null allele
was generated by breeding CMV-driven Cre recombinase deleter
mice, B6.C-Tg(CMV-cre)1Cgn/J, with Pex7YPO/MYPO mice  in
which loxP sites flanked exon 3. Four different primer sets
were used to distinguish the Pex7"P°, Pex7™! and Pex7™"
alleles; unique primer combinations distinguished each
genotype (see Supplementary Table S1 for primer list).
Pex7""™ ! mice were bred to obtain Pex7™™! mice.
Pex7V ™! females were bred with Pex7™P°™P° males to
generate the intermediate Pex7™P™! mouse model. SNP
genotyping showed a stable 87% 129S6/SvEvTac and 13%
C57BL/6NCrl strain background (MaxBax, Charles River,
Wilmington, MA). For PCR genotyping, ear notches were
collected in 75ul of alkaline lysis buffer (25mM NaOH/
0.2 mM Na,EDTA) at 95°C x 30 min for digestion followed by
neutralization with 250 ul of 40 mM Tris-HCl. Gnpat null mice
(Gnpat™/*!, MGI: 2670462) (Rodemer et al., 2003) were
maintained on an outbred C57BL/6 x CD1 background.
Experimental cohorts with Grpat™™! and Gnpat™""™™"
littermates were obtained by breeding Gnpat™""' animals;
genotypes were determined by PCR as described (Rodemer
et al., 2003). Mice were housed in the animal facility at the
RI-MUHC and the local animal facility of the Medical University
of Vienna with 12 h of dark and light cycles. Animals were fed a
commercial laboratory rodent diet [Teklad Global 18% Protein,
Envigo, Canada (that does not have sources of PA listed)] and had
free access to water. For all experiments, we used both males and
females at ages 1, 4, and 12 months. Control groups were
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7WT/ 'WT 7WT/ hypo

Pex and Pex littermates for experiments
involving Pex7-deficient mice and Gnpat™™™ littermates for
experiments involving Gnpat™/™" Euthanasia was
performed by CO, preceded by 5% isoflurane anesthesia. For
gene expression, protein studies and biochemical analysis, tissues
(cerebral cortex, cerebellum, heart, liver, lung, and kidney) were
collected, snap frozen in liquid nitrogen and stored at —80°C until
analysis. Blood samples and separation of plasma from
erythrocytes was prepared as described (Fallatah et al., 2019).
For histology, whole brain tissue was harvested and fixed in 10%
neutral buffered formalin at 4°C x 48 h, then transferred to 70%
ethanol and processed for paraffin embedding. This study was
conducted under a McGill University animal care committee
approved protocol (#5538) or a license by the Austrian Federal
Ministry of Science and Research (BMBWF-66.009/0174-V/
3b/2019).

2.2 Quantitative Real-Time PCR (qPCR)
Total RNA was extracted from ~20 mg of cerebral cortex or
cerebellum using TRIZOL™ (Invitrogeg). For cDNA synthesis,
we used 1pg of RNA and OneScript Plus ¢cDNA Synthesis
SuperMix reverse transcriptase (Abm, G453), and qPCR with
EvaGreen 2X qPCR Kit (Abm™ II) and CFX96 Touch Real-Time
PCR Detection System (Bio-Rad). Pex7 gene expression was
normalized to murine hypoxanthine guanine
phosphoribosyltransferase (Hprt) using Bio Rad software (Bio-
Rad CFX Maestro). qPCR experiments were performed twice per
sample; in each experiment, we used 3 biological and 2 technical
replicates per genotype. Primer sets are listed in Supplementary
Table S1.

mice.

2.3 Immunohistochemistry (IHC)/

Immunofluorescence (IF)

Paraffin embedded brain sections were sagittally sectioned (7 pm)
and used for protein detection. We used stainless-steel brain
matrices to obtain uniform sagittal sections across different
animals. Allen Mouse Brain reference Sagittal Atlas version 1,
2008 (Sunkin et al., 2013) was used as a reference to match levels
of cerebral cortex sections and all sections were between levels
15-16 (0.875-1.10 mm lateral to midline). Brain sections were
deparaffinized with xylene and rehydrated with decreasing
concentrations of ethanol and rinsed in 1X phosphate-buffered
saline (PBS). Following antigen retrieval and serum blocking,
sections were incubated overnight with primary antibody.
Secondary antibodies were applied, and sections processed by
fluorescent labeling and mounting using ProLong Gold antifade
reagent with DAPI (Invitrogen, Carlsbad, CA) for IF staining, or
DAB following a Vectorstain Elite ABC kit (Vector Laboratories)
and hematoxylin counterstaining for IHC staining. Images were
detected using a Leica DM6000B microscope with DFC345FX
camera and LASX software (Richmond Hill, Canada). Primary
antibodies and concentrations used were: mouse monoclonal
anti-msCalbindin-D-28K (1:200, C9848, Sigma Aldrich), rat
monoclonal anti-Myelin Basic Protein antibody “MBP” (1:
1000, ab7349, Abcam) and rabbit polyclonal anti-hsPEX7 (1:
200, Abcam, ab167036). Secondary antibodies were: goat anti-
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Mouse 1gG (H + L) Alexa Fluor Plus 488 (1:200, A32723,
Invitrogen), Goat Anti-Rat IgG H&L HRP conjugated (1:200,
ab205720, Abcam).

2.4 Quantification of Cerebellar Purkinje
Cells

To calculate the numbers of calbindin-D28K-positive Purkinje
cells, mid-sagittal cerebellar sections (0.875-1.10 mm lateral to
midline) from 3-4 independent samples per genotype were
analyzed. Purkinje cells were counted in three to four
cerebellar slices in entirety per mouse genotype at 1, 4, and
12 months of age by two independent researchers using the cell
counter plugin from Image] software (Schneider et al., 2012).

2.5 Immunoblotting

Cerebral cortex and cerebellar tissues from Pex7 deficient mice
were homogenized using TissueLyser II (QIAGEN, cat#:85300) in
RIPA buffer as previously described (Argyriou et al, 2019).
Primary antibodies used were: rabbit polyclonal anti-beta-
Tubulin (1:17,000, Abcam, ab6046), and rabbit monoclonal
anti-PEX7 (1:1000 Abcam, ab134962). Visualization of
membrane was performed using an Amersham 600 gel imager.
Immunoblotting and densitometric analyses were performed as
previously described (Argyriou et al., 2019; Fallatah et al., 2020).

2.6 Behavioral Tests

2.6.1 Open Field Test

The open field test was used to assess the general locomotor
activity in Pex7 deficient mice as described (Fallatah et al., 2019).
For activity measures, we evaluated the total distance traveled in
meters and activity time in 300 s. These parameters were analyzed
using Any-Maze software (Stoelting Co., IL, United States).

2.6.2 Noldus CatWalk Gait Analysis

To evaluate gait patterns of Pex7 deficient mice, we utilized the
CatWalk gait analysis system (Noldus information technology).
The mice were allowed to freely cross the pressure-sensitive plate
of the CatWalk. Paw prints were labeled [right-fore (RF), right-
hind (RH), left-fore (LF), left-hind (LH)] and analyzed using
CatWalk software. The mice were trained the first day followed by
3 days of experimental sessions. Gait parameters were recorded
and averaged over the 4 successful trials per session per day. A
successful complete trial was defined as uninterrupted tracks with
at least 4 cycles of complete steps and with speed variation less
than 25% between the mice. Any mouse that did not complete 4
cycles in 15 min was excluded from the analysis.

2.6.3 Forced Alternation Test (Y-Maze)

Forced alternation tests were performed using a symmetrical
Y-maze containing three identical arms and made of a grey
acrylic bottom and walls (Stoelting Co., Wood Dale, IL). Each
Y-maze arm was 50 cm long, 10 cm wide, and 20 cm high. The
mice were trained for 3 days followed by 3days of the
experimental test. The test used a 5-min sample trial (first
test) followed by a 5-min retrieval trial (second test). In the
first test, the mouse was placed at the end of the start arm, facing
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the wall and away from the center. The mouse was then
allowed to freely explore only two arms of the Y-maze,
while entry into the third arm was blocked. After the
sample trial, the mouse was returned to its home cage for
30 min. In the second test, the block in arm 3 was removed; the
mouse was again placed in the start arm and allowed to explore
all three arms of the maze. An arm entry was recorded when
90% of a mouse’s body entered the arm. Both tests were
recorded by an overhead USB camera (model 60531,
Stoelting CO., Wood Dale, IL, United States). Footage was
analyzed by an automated tracking system (Any-maze Video
Tracking Software, Stoelting CO. Wood Dale, IL,
United States) for the number of entries and the percentage
of time spent in each arm. A successful response considered to
be correct when the number of entries and the time spent in the
novel arm are significantly higher than other arms. Each
mouse was subjected to 5 consecutive trials in a session per
day. Any mouse with less than three arm entries in the first
minute of the second test was excluded from the analysis.

2.7 LC-MS/MS Analysis for PIsEtn and
C26:0-LPC Levels

Reagents used were authentic Pls standards, tetradeuterated
internal standards 26:0-D4 lysoPC (Avanti Polar Lipids,
Alabaster, Alabama), 16:0-D4 lyso PAF (Cayman Chemical
Company, Ann Arbor, Michigan) and HPLC grade solvents
(methanol, acetonitrile, chloroform, water) (Fisher Scientific,
Waltham, MA), formic acid (Honeywell Fluka), ammonium
formate (Sigma-Aldrich), and PBS (Thermo Fisher Scientific,
Waltham, MA). LC-MS/MS analysis was performed in blood
and tissues from Pex7 deficient mice as previously described
(Fallatah et al., 2019). PIsEtn were detected by multiple reaction
monitoring (MRM) transitions representing fragmentation of [M
+ H] + species to m/z 339, 361, 385, 389, and 313 for compounds
with 18:1, 20:4.22:6, 22:4, and 16:0, at the sn-2 position,
respectively. Lysophosphatidyl choline (LPC) species were
detected by MRM transitions representing fragmentation of
[M + H] + species to m/z 104.

2.8 GC/MS Analysis for PA and DHA

Analysis was done in plasma, cerebral cortex and cerebellum
from Pex7 and Gnpat deficient mice as well as rodent chow using
standard methods in the Peroxisome Disease Laboratory,
Kennedy Krieger Institute, Baltimore Maryland (Dacremont
et al., 1995; Dacremont and Vincent, 1995; Krauf3 et al., 2017).

2.9 High-Performance Liquid
Chromatography Analysis for Brain

Neurotransmitters

Analysis was performed on mice half cerebrum tissues without
cerebellum using High-Performance Liquid Chromatography
(HPLC) with electrochemical detection (monoamines) or
fluorometric detection (amino acids) as previously reported
(Hortnagl et al,, 1991; Peneder et al., 2011; Dorninger et al.,
2019b).

Genotype-Phenotype Correlations in Pex7-Deficient Mice

2.10 Statistical Analysis

Data analysis was done using the GraphPad Prism software
package (version 9.0) (GraphPad Software, La Jolla,
United States). Statistical analysis was performed using one
way or two-way analysis of variance (ANOVA) followed by
appropriate correction tests for multiple comparisons. Simple
linear regression was performed for correlation analysis
between specific variables. Data are shown as the mean + SD
and statistical significance was set at p < 0.05. Since we did not
observe any significant differences between male and female
animals in biochemical and behavioral results, the data obtained
from both genders were combined in the final statistical
analysis.

3 RESULTS

In this study, an allelic series of Pex7 deficient mice were generated
to investigate the broad phenotypic spectrum of RCDP1. These
mice include 2 hypomorphic models: a previously reported
homozygous, Pex7™P*/™P° (Braverman et al, 2010) and a novel
compound heterozygous, Pex7""P°™"!L resembling milder RCDP1.
The third model, Pex7""*"! represents severe RCDPI.

3.1 Pex7 Transcript and Protein Levels are
Extremely Reduced in Brain Tissues From

Pex7 Deficient Mice

The Pex7 hypomorphic mouse model contains a neo cassette in
reverse orientation in intron 2 and lox sites flanking exon 3
(Braverman et al., 2010). The intronic neo cassette reduces full
length transcript levels and the lox sites were used to generate the
null allele; thus all mice were generated from the same construct
(Meyers et al., 1998). To determine Pex7 transcript levels in our
Pex7 deficient mouse series, we performed quantitative RT-PCR
analysis in cerebral cortex, cerebellum, liver, lung and kidney
tissues. The average Pex7 gene expression levels for Pex7™P°/"P°
and Pex7™P°™! were 0.394 + 0.3% and 0.174 + 0.1% of wild type
Pex7 transcript, respectively. Pex7 transcript was not detected in
any tissues from Pex7™ Wl (Taple 1).

To investigate the endogenous amounts of PEX7 protein in
Pex7 deficient mice, immunoblot analysis using PEX7 antiserum
was performed on brain tissue homogenates. PEX7 protein could
not be detected in the brain tissue homogenates from Pex7"P°/™u!
or Pex7™"™!! mice. However, with higher protein quantity and
longer exposure, traces of PEX7 protein were detected in
Pex7MPO/YPO mice (Figure 1).

3.2 PEX7 Expression Is Reduced in the

Cerebellar Tissue From Pex7 Deficient Mice
The distribution of PEX7 was determined by IHC. PEX7
expression was markedly localized to cerebellar Purkinje cells.
Evaluation of cerebellar tissue sections of Pex7™P*™P° and
Pex7P°/™! at 1 month of age revealed a global reduction in
PEX7 expression within Purkinje cells. PEX7 expression was
completely undetectable in cerebellar Purkinje cells of the

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2022 | Volume 10 | Article 886316


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Fallatah et al.

Genotype-Phenotype Correlations in Pex7-Deficient Mice

TABLE 1 | Pex7 transcript levels according to the genotype severity of Pex7 deficient mice.

Pex7 genotype Pex7 Hprt
WT/WT hypo/hypo hypo/null null/null WT/WT hypo/hypo hypo/null null/null
Cerebral cortex
Relative expression? (SEM)° 100.0 (32.61) 0.061 (0.015) 0.016 (0.011) - - - - -
Mean Cqg° (SEM) 23.21 (0.286) 33.37 (0.311) 35.35 (0.885) - 18.77 (0.373)  18.26 (0.15416)  18.28 (0.495)  18.71 (0.411)
Cerebellum

Relative expression (SEM) 100.0 (17.49) 0.181 (0.030) 0.081 (0.039) - - - - -

Mean Cq (SEM) 23.85 (0.186) 32.64 (0.166) 35.10 (0.669) - 17.95 (0.232) 17.59 (0.348) 19.16 (0.235)  18.51 (0.189)
Liver

Relative expression (SEM) 100.0 (43.98) 0.529 (0.179) 0.245 (0.096) - - - - -

Mean Cq (SEM) 24.09 (0.459) 32.04 (0.321) 33.98 (0.422) - 20.22 (0.438) 20.60 (0.368) 21.43 (0.372)  21.06 (0.244)
Lung

Relative expression (SEM) 100.0 (16.97) 0.566 (0.193) 0.273 (0.076) - - - - -

Mean Cq (SEM) 26.14 (0.191) 33.91 (0.305) 36.95 (0.342) - 20.68 (0.155) 20.90 (0.137) 22.51(0.204)  21.19 (0.531)
Kidney

Relative expression (SEM) 100.0 (23.89) 0.6383 (0.134) 0.257 (0.056) - - - - -

Mean Cq (SEM) 25.26 (0.227) 33.11 (0.204) 33.77 (0.196) - 22.96 (0.259) 23.49 (0.225) 22.86 (0.248)  22.81 (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 duplicates.
PSEM (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.

A Pex7 genotype
WT/ hypo/ hypo/ null/
—_— hypo  null null 55 kDa
(36 kDa) > — 35 kDa
B-tubulin s I ce Gk
(50 kDa)

B PEX7 PR 55 kDa
B-tubulin
(50 kDa)

FIGURE 1 | PEX7 protein levels in the brain are undetectable in
Pex7MVndl o Pex 7PNl and barely detectable in Pex7™PMP° mice.
Immunobilotting of the cerebral cortex tissue lysates showing that PEX7
protein is not detected in any of the Pex7 deficient models at the amount

of 40 ug of protein and 10 min exposure time (A). However, at protein quantity
of 100 pg and exposure time of 20 min, small amounts of PEX7 protein are
only detected in Pex7™P°"P° mice (blue arrow) (B), the red dotted line
represents the omitted Pex7"V™T lane due to overexposure. B-tubulin was
used as a loading control.

Pex7™V™! mice (Figure 2). These observations suggested that

PEX?7 is highly expressed in Purkinje cells and thus could be
critical to their normal physiological function.

3.3 Pex7 Genotype Correlates With Survival
Rate and Weight Gain

Survival data of Pex7 deficient mice showed survival rates of 100%
and 91.2% in Pex7™P*/™P° and Pex7™Po"™! respectively, over the
150 days observation period. However, only 22.7% of the
Pex7™™ ! mice survived beyond 21days. Around 45% of
Pex7™™! pups died within the first 3 days of life and 32%
died before weaning (Figure 3A). Close observation of the latter

showed poor weight gain in general and reduced activity a few
days before death; the exact cause of death remains unknown.
The Pex7P°/™P° and Pex7™P°™ ! animals weighed 70%-80%
and 67%-78% of their control littermates respectively. However,
the Pex7™"™" mice weighed only 47%-53% of littermate
controls. Measurements were performed at 1, 4 and 12 months
of age (Figure 3B). Although body length was not measured, the
mice appeared smaller in size, and their length appeared
proportional to the reduction in weight.

3.4 Pex7 Genotype Correlates With

Peroxisome Metabolite Levels

3.4.1 Phosphatidylethanolamine Plasmalogens
(PIsEtn) Levels

We measured PlsEtn that contain C16:0, C18:0, and C18:1 fatty
alcohols at sn-1 in plasma, erythrocytes and tissues (cerebral cortex,
cerebellum, lung, heart, liver and kidney) from the Pex7 deficient
mouse series using LC-MS/MS. In Pex7™Po/™P0 and pex7™po/null
the total PlsEtn levels were reduced to 30%-69% and 20%-50% of
wild type controls, respectively. PIsEtn were undetectable in
cortical or cerebellar brain regions of Pex7™V™! mice, and
markedly decreased in blood and peripheral tissues to 5%-15%
of wild type littermates (Figure 4). Pls species containing DHA
(C22:6) at sn-2 showed graded and profound deficiency in all
tissues evaluated according to genotype severity.

In control mice (Pex7V W1 and Pex7"MP°) we observed
that distribution and quantity of PlsEtn subspecies were tissue
dependent. The highest amount of Pls was found in the brain
followed by heart, lung, erythrocyte and kidney while the lowest
Pls quantity was observed in liver and plasma (Supplementary
Figure S1). Among PlsEtn species, C18:0 was the most abundant
subclass in all tissues examined except lung which was enriched in
C16:0. In contrast, C18:1 was the least abundant Pls subspecies in
all peripheral tissues evaluated except lung in Pex7 deficient mice.
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FIGURE 2 | PEX7 protein expression in cerebellar tissues from 1 month old Pex7 deficient mice. A highly concentrated PEX7 expression was observed in the
cerebellar Purkinje cells of Pex7"V"T ((A, E) higher magnification). However, the cerebellar Purkinje cell sections from Pex7™P/MWPo pex7vPonul (B C) display a
reduction in PEX7 expression. PEX7 expression was entirely absent in the cerebellar Purkinje cells of Pex7nV/nl (D). Negative controlincludes Pex7VT"WT section without
primary PEX7 antibody (F). Slides were counterstained with hematoxylin (Scale bar = 100 pm), (n = 3 per genotype). Sections from the same mice at 1 month of age
were stained with anti-Calbindin to determine cerebellar Purkinje cells number (see Figure 8).

A Survival analysis There were no significant differences in terms of distribution or

quantity of total Pls between the two control groups, Pex7" """
::,g e \?varml\::nnypo and Pex7"WV 1o (Supplementary Figure S1).
o =
g :g 3.4.2 C26:0-LPC Levels
T 60 We examined the levels of C26:0-LPC, a sensitive measure of the
z ig VLCFA C26:0 content, in blood and tissues from Pex7 deficient
? a0 models using LC-MS/MS. Interestingly, these results showed tissue
fg dependent elevations in C26:0-LPC and a direct correlation
0 between Pex7 genotype and C26:0-LPC levels. C26:0-LPC levels
020060 IB0T 100 120 d40:- 160 were highest in lung, but also increased in blood and peripheral
Time (days) tissues (kidney, liver, heart). In contrast, C26:0-LPC levels were
B Body weight Pex7 genotype normal in cerebral cortex. Specifically, Pex7™P*"P° showed a 2-7-
- :Cpo"’:y'p":”““’" fold increase in C26:0-LPC levels over Pex7 controls in lung, liver
B hypoinul and blood, whereas Pex7"P°"™" exhibited a 2-9-fold increase in all
I ol peripheral tissues. However, Pex7™"™! mice displayed a more
marked elevation of 2-11-fold change over Pex7 wild type controls
in all peripheral tissues as well as the cerebellar region of the brain
(Figure 5).
3.4.3 Phytanic Acid Levels
Phytanic Acid (PA) levels were examined by GC/MS in plasma,
males females cerebral cortex and cerebellar tissues from the Pex7 deficient mice
at 1, 4, and 12 months of age. While PA was not elevated in
FIQURE 3] F’exl7 genotype Cgrrelates with survival rate.s and weight N plasma or brain tissues from Pex7hYP0/hYP0 mice, a minor and
o om0 o TR S it devaton of P levels was found in e i
showed significant differences between genotypes (o < 0.001) in only at 12 months of age. A much higher accumulation of PA was
accordance to the severity of Pex7 genotype (A). Graded and significant detected in the Pex7™V™! mice with the highest elevation
reduction in body weight according to Pex7 genotype severity is found in Pex7 observed in plasma compared to brain tissues (Figure 6).
mutants compared to controls at 1, 4, and 12 months (M) of age (0 = 10-12 There is a small amount of PA (0.373 mg/100 g) detected in

per genotype) (B). ns: nonsignificant, *p < 0.05, *p < 0.01, **p < 0.001,

w4 < 0.0001. standard mouse chow. The total free and esterified phytol in

standard mouse chow is 1.87 mg/100 g weight of mouse chow.
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FIGURE 4 | Pex7 genotype correlates with PISEtn levels. Pls levels [reported as the percentage of wild type (% of WT)] are significantly decreased in all tissues
studied in accordance to the severity of the genotype of Pex7 deficient mice (p < 0.0007, n = 4-6 per genotype). The C16:0, C18:0, and C18:1 represent the sum of
individual measurements of the PIsEtn species with C16:0, C18:0, or C18:1 fatty alcohol at the sn-1 position. Total PIsEtn refers to the sum of these species and the total
(C22:6 represents the sum of C16:0, C18:0, and C18:1 Pls containing C22:6 fatty acid side chains at the sn-2 position.
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FIGURE 5 | Pex7 genotype correlates with C26:0-LPC (VLCFA) levels. Elevations in C26:0-LPC represented as fold change over wild-type (WT) are detected in the
blood and several tissues of 4-month-old Pex7 deficient mice. No significant increase in C26:0-LPC levels was found in the cerebral cortex of Pex7 deficient mice (n = 4-6
per genotype). The dotted line represents the C26:0-LPC levels in Pex7""™ T mice. ns: nonsignificant, *p < 0.05, **p < 0.01, **p < 0.001, ***o < 0.0001.

Additionally, there is very little phytol in the chlorophyll fraction 3.6 Histopathology of Cortical and

of mouse chow. We concluded that even these small amounts of Cerebellar Brain Regions of Pex7 Deficient
PA in rodent diet could lead to PA toxicity over time in Pex” Mice

deficient mice. . ) o . . . )
Hematoxylin and eosin staining of cortical brain sagittal sections
did not show any gross anatomical differences between Pex7

3.5 Peroxisome Metabolites in anat“u"/ null  deficient mice and their littermate controls at 4 months of age
Mice (data not shown). However, a reduction in the number of

Pex7 deficiency results in a complex biochemical phenotype of Pls Purkllﬂlfnucf HS, on cerc.ebellar' sagittal sections was observed in
and DHA deficiencies in addition to elevations in VLCFA and PA ~ T¢%7 mice and investigated further.

(Brites et al., 2003; Brites et al., 2009; Braverman et al., 2010). To

determine whether these biochemical phenotypes were specific ~ 3.6.1 Cerebellar Purkinje Cells Number and

for RCDP1 due Pex7 deficiency or associated with other RCDP ~ Morphology

types, we concurrently examined the biochemical profiles of  To further examine and quantify Purkinje cells, we performed THC
plasma and brain tissues from 4-month-old Gnpat™"™" mice.  using an antibody directed to Purkinje cells (Calbindin-D28K) in the
We found that Grpat™™" mice were deficient in total PlsEtn  cerebellar tissues from Pex7 deficient mice at 1, 4, and 12 months of
and DHA levels. No accumulation of either C26:0-LPC or PA  age (Figure 7). We observed normal Purkinje cells morphology with
levels was found in plasma or brain tissues from Gnpat™"™"  reduced intensity of Calbindin staining in Pex7 deficient mice. At
mice compared to their littermate controls (Supplementary 1 month of age, there were no differences in Purkinje cells quantity
Figure S2). between Pex7 deficient mice and their littermate controls (Figure
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7A-D). As early as 4 months of age, Pex7™"™" mice showed a

significant loss of Purkinje cells (Figure 7E-H). In contrast,
Pex7Pop0 and Pex7P™! animals had a significant reduction
in Purkinje cells number only at 12 months of age (Figure 7I-L). In
order to determine whether Purkinje cells loss is due to Pls deficiency,
accumulated PA [since Purkinje cells loss was documented in the
ARD mice fed with 0.1% and 0.25% phytol diet (Ferdinandusse et al,
2008)] or a combination of both, we evaluated cerebellar samples from
the Gnpat™"™" mice at 4 months of age. There was no significant
difference in the number of Purkinje cells in Grpaf™™ ™" mice
compared to their wild-type controls (Figure 7M,N). These results
suggested that Purkinje cells loss in Pex7 deficient mice is due to either
PA accumulation alone, or the combination of Pls deficiency and
elevated PA in this model.

3.6.2 Myelin Content

Since Pls is a critical component of myelin and myelin deficits
were previously reported in Gnpat™/™" mice (Rodemer et al,
2003; Teigler et al, 2009; Malheiro et al., 2019), we evaluated
myelin content by IHC using MBP antibody. At 4 months of age,
Pex7™Po/MYP0 and pex7YP°’™!! mice had normal myelination in
the corpus callosum and cerebellum, however, reduced MBP
staining was observed in cerebellar white matter and corpus
callosum in the Pex7™"™ ! (data not shown). At 12 months of
age, there was a slight reduction in MBP in the corpus callosum
and cerebellar white matter of Pex7"P*™P® and Pex7™po/null
mice, and an even more pronounced reduction in Pex7™/™!
mice (Figures 8A-]). The MBP protein levels of 12-month-old
Pex7 deficient mice were also decreased by immunoblot analysis
in a graded fashion according to the genotype (Figures 8K,L).

3.7 Behavioral Assessments in Pex7

Deficient Mice

3.7.1 Increased Baseline Locomotor Activity of Pex7
Deficient Mice in the Open Field Environment

We performed the open field test to assess the baseline locomotive
function of Pex7 deficient mice in response to a novel environment. In
comparison to littermate controls, all Pex7 deficient mice exhibited
increased activity levels in the open field measured by increased total
distance traveled and movement (activity) time. This hyperactive

behavior was persistent at 1, 4, and 12 months of age in the Pex7
deficient mouse series and the overall data trended towards a negative
correlation between severity of Pex7 genotype and activity. In fact, the
Pex7™V™! showed the highest activity levels compared to Pex7
hypomorphic models (Figure 9).

3.7.2 Late Onset Cerebellar Ataxia was Only Evident in
the PeX?nuII/nuII

PA accumulation and Purkinje cells loss within the cerebellum are
often associated with the clinical finding of gait ataxia (Ferdinandusse
et al,, 2008). We have identified both cerebellar Purkinje cells drop out
and increases in plasma and brain PA levels in Pex7 deficient mice.
However, only Pex7™/™" mice displayed unsteady gait that was
clinically evident at the age of 12 months. Considering these findings,
we further analyzed the gait pattern and parameters in Pex7 deficient
mice using the CatWalk XT gait analysis system. The 12-month-old
Pex7™"™ ! mice showed abnormal gait parameters in the form of
reduced base of support of the hind paws. No significant differences
were found in any of the gait parameters analyzed in the Pex7 ™Po/™l
model compared to their littermate controls (Supplementary
Figure S3A).

3.7.3 Working Memory and Exploratory Behavior Were
Unaffected in Pex7 Deficient Mice

To evaluate working memory and exploration of new
environment in Pex7 deficient mice, we performed the forced
alternation of a 3-arm Y maze test that consists of 2 test trials with a
30-min interval between the 2 trials. We measured the number of
entries of each arm and percent time spent in the novel arm. No
significant difference was observed between Pex7 deficient mice and
their littermate controls in the percent of time spent in the novel
arm. However, Pex7 deficient mice showed increased number of
entries into each arm compared to littermate controls, which reflects
the higher activity levels in these mice that also shown in the open
field test (Supplementary Figures S3B-D).

3.8 Reduced Brain Neurotransmitter Levels
in Pex7 Deficient Mice

HPLC analysis was performed to examine the levels of the major
monoamine neurotransmitters dopamine (DA), norepinephrine (NE)
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FIGURE 7 | Progressive cerebellar Purkinje cells loss over time in Pex7 deficient mice. Sagittal sections of cerebellum showed loss of Purkinje cells in the cerebellum

of Pex7 deficient mice at 4 (E-H) and 12 months of age (I-L) using anti-Calbindin Immunofluorescence staining Negative control includes Pex7"V™"WT section without
primary Calbindin antibody (O). No loss of Purkinje cells in Pex7 deficient mice at 1 month of age (A-D) or in Gnpat™"™!" mice (M, N). Quantification of Purkinje cells in
Pex7 and Gnpat deficient mice in comparison to their littermate controls revealed significant decrease in Purkinje cells number in Pex7 deficient mice (P). The severe
model (Pex7™""" mice) showed the most significant decrease in Purkinje cells numbers, with the lowest number of Purkinje cells at 12 months of age using anti-
Calbindin Immunofluorescence staining. *p < 0.05, **p < 0.01, **p < 0.001 (Scale bar = 100 um), (1 = 3-4 per genotype).

and serotonin (5-hydroxytryptamine; 5-HT) in addition to the amino
acid neurotransmitter gamma aminobutyric acid (GABA) in whole
brain tissue homogenates from Pex7 deficient mice. Overall, we found
a trend toward reduction in the mean levels of brain neurotransmitters
across all genotypes of the Pex7 deficient mouse series. The deficiency
in DA and 5-HT levels was robust and significant in all Pex7 deficient
mice and the reduction of NE and GABA was significant in
Pex7P™ and Pex7™™™ ! mice. We also observed a tendency
toward gradual decrease in the levels of NE and 5-HT from mild
to severe Pex7 deficient mice (Figure 10B).

Additionally, we measured the baseline levels of metabolites
derived from monoamine neurotransmitters in whole brain tissue

homogenates from Pex7 deficient mice and calculated the ratio of the
metabolite to its respective transmitter. This ratio reflects the turnover
of monoamine neurotransmitters. No significant differences were
observed between Pex7 deficient mice and their littermate controls
for the following metabolites: 5-hydroxyindoleacetic acid (5-HIAA),
the main metabolite of 5-HT, 34-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA), the primary metabolites
for DA. Investigation of the ratio of the metabolites for the
monoamine neurotransmitters revealed a significantly higher
DOPAC/DA and 5-HIAA/5-HT ratios in Pex7™P™P° and
Pex7™V™! yhile the HVA/DA ratio was significantly higher only
in Pex7P°™P° mouse model. This increase in the metabolite/
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Pex7 genotype

neurotransmitter ratios mainly results from the significant reduction
in the levels of neurotransmitters without alteration in their
corresponding metabolites (Supplementary Figure S4).

3.9 An Association Between the Hyperactive
Behavior, Brain Neurotransmitters and Pls

Levels in Pex7 Deficient Mice

We repeated the open field test to evaluate the baseline activity
levels in a subgroup of adult Pex7 deficient mice prior to brain
neurotransmitter analysis. Our results confirmed the hyperactive
behavior in the Pex7 hypomorphic mouse series compared to
littermate controls (Figure 10A). Following the neurotransmitter
analysis, a statistical correlation analysis was made to investigate
the relation between the neurotransmitter deficits in cerebral
cortex and activity levels. We found that the hyperactivity
phenotype in Pex7 deficient mice is inversely correlated with
DA, NE, 5-HT, and GABA levels in cortical brain tissues
(Figure 10C). Additionally, we observed a significant inverse
correlation between hyperactivity and PlsEtn levels in plasma and
cerebral cortex of Pex7 deficient mice (Figure 10D).

3.10 Brain Neurotransmitter Deficits are
Strongly Linked to Cerebral Cortex and

Plasma Pls Levels in Pex7 Deficient Mice

We further investigated the interrelation between brain
neurotransmitter measurements and total PlsEtn levels in the
cerebral cortex and plasma samples from Pex7 deficient mice. We
found that brain neurotransmitters deficits are positively and
significantly correlated with the degree of Pls deficiency in
cerebral cortex and plasma from Pex7 deficient mice (Figure 11).

4 DISCUSSION

We generated and evaluated an allelic series of Pex” hypomorphic
mice to reflect the spectrum of human RCDP1 phenotypes. A
comparative analysis of behavioral, biochemical, histological
profiles of the nervous system was performed to highlight the
effect of Pls deficiency particularly in the milder form of RCDP1.
Furthermore, insight into disease pathophysiology can help to
improve RCDP1 patient care.
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4.1 Small Increases in Pex7 Transcript and
Protein Levels can Dramatically Improve
Phenotypes

Gene expression studies of Pex7P™P° and pex7vpolnull
revealed extremely low levels (<1%) of Pex7 transcript in all
tissues evaluated and undetectable Pex7 transcript in Pex7"/™ 1,
However, the high cycle quantification (Cq) values associated
with Pex7 relative expression (above 30) in the Pex7 hypomorphic
models, suggests that Pex7 transcript levels were extremely low
and could be beyond the limit of detection in qPCR analysis
(Taylor et al., 2010). Consistent with the reduced transcript levels
observed, PEX7 protein levels were very low in tissues from the
Pex7™P°/™YP° mice, and undetectable by immunoblotting in either
Pex7poinull op pex7rulVnull - Although Pex7 hypomorphic mice
exhibited very low Pex7 transcript and protein levels, the
phenotypic manifestations were dramatically improved in
comparison to Pex7™™™! Qverall, these data suggest that
small increases in Pex7 transcript and/or protein can markedly
improve the clinical phenotype, which might be substantially
beneficial to accelerate future therapeutic interventions.

4.2 Correlations Between Pex7 Genotype
Severity and Phenotypes

4.2.1 Survival

The Pex7™"™!! had the highest mortality rate of 77% within the
first 3 weeks of life, similar to the previously reported Pex7™"/™!
model (Brites et al., 2003). The mortality rate in human patients

with classic RCDP was 55% at the age 12 years (Duker et al,
2019). In individuals with mild (nonclassic) RCDP, the estimated
mortality rate was only 9% by the end of childhood stage (Duker
etal,, 2019), similar to the 10% mortality rate that was observed in
Pex7 hypomorphic mice.

4.2.2 Pls Levels

The concept that Pls deficiency plays a key role in determining the
degree of phenotype severity in RCDP was first introduced in the
initial genotype-phenotype correlation of human RCDP1 patients
(Braverman et al., 2002). Accordingly, in previously reported
RCDP mouse models, Pls levels were undetectable in
Gnpat™™! and severely reduced levels to 5% in erythrocyte
and 0.05% in brain tissues from Pex7™/™!! (Brites et al., 2003;
Rodemer et al., 2003). We observed graded reduction of Pls levels
in Pex7 deficient mice according to the severity of RCDP.

4.2.3 C26:0-LPC Levels as a Reflection of VLCFA
Levels

Human RCDP1 patients typically do not show elevated VLCFA
levels in plasma or have a measurable impairment in peroxisomal
fatty acid p-oxidation in cultured skin fibroblasts. However in one
study of 20 RCDP patients, a 2-fold increase in C26:0-LPC over
controls in blood cells was observed, with normal levels in plasma
and fibroblasts (Schutgens et al., 1993). We reported a transient
elevation in C26:0-LPC with 1.5-fold increase over controls in
erythrocytes from 4 mild RCDP patients (Fallatah et al., 2020).
Transient VLCFA elevation was also reported in liver and brain
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FIGURE 10 | Brain neurotransmitter deficits correlate with activity levels in Pex7 deficient mice. A significant increase in activity levels of a subset of Pex7 deficient
mice is confirmed before neurotransmitters analysis (A). A significant reduction in dopamine, serotonin, norepinephrine and GABA neurotransmitters is observed in
cortical brain tissues from Pex7 deficient mice compared to littermate controls (Pex7V™"T and Pex7"V7"™P°) (B). The hyperactive phenotype in Pex7 deficient mice is
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FIGURE 11 | Brain neurotransmitter deficits correlate with total Pls levels in plasma and cerebral cortex samples from Pex7 deficient mice. A significant positive
correlation was found between the brain neurotransmitter levels and total PIsEtn measurements in plasma and cerebral cortex tissue from Pex7 deficient mice. Total
PIsEtn in cerebral cortex was measured as (hnmol/mg protein) and in plasma was measured as (pmol). ***p < 0.0001 (n = 8-10 per genotype).

tissues from Pex7 null mice at birth, but normalized by age  severity in Pex7 deficient mice at 4 months of age. The extent of
2 months (Brites et al., 2003). In the current study, we showed  C26:0 elevation was variable between examined tissues and
that C26:0-LPC levels were elevated in accordance to genotype  showed a range of 2- to 11-fold increase over WT in sampled
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peripheral tissues. Surprisingly, no accumulation of C26:0-LPC
was found in cerebral cortex. We compared C26:0-LPC levels in
our Pex7 deficient mice to a previously reported mouse model of
the peroxisome biogenesis disorder Zellweger Spectrum disorder
(Pex5 KO) and the peroxisomal enzyme/transporter deficiency
X-linked adrenoleukodystrophy (Abcdl KO). Pex5 KO mice
showed a range of 3- to 9-fold increase over WT in C26:0
VLCFA in plasma and brain tissues at 3 months of age (Baes
et al., 1997; Baes et al., 2002). Abcdl KO mice displayed 4- to 5-
fold C26:0 increase over WT in brain, spinal cord, liver, spleen,
kidney and testis at 6 months of age (Brites et al., 2009). Thus, the
elevation of VLCFA in Pex7 deficiency is distinguished by being
absent in the cerebral cortex making it unlikely to contribute to
the cortical phenotype in Pex7 deficient mice. Tissue elevation is
most likely due to the absence of ACAALI thiolase without full
compensation from SCPx, which is imported by PEX5. Tissue
specific differences in VLCFA levels in the Pex7 deficient mice
could reflect tissue specific availability of the SCPx protein.

4.2.4 PA Levels

To determine the significance of elevated PA, we compared levels
in plasma and brain tissues from our Pex7 deficient mice and
previously reported ARD mouse model (Phyh™"™ mice) with
isolated defects in PA oxidation. To make the comparison of PA
levels between Pex7 deficient mice and ARD mice, we used fold
change over WT which would adjust and correct for unit
differences and make the comparison between studies possible.
Seven-week-old ARD mice on standard chow showed an 80-fold
increase over control in plasma with undetectable levels in
cerebellar tissues (Ferdinandusse et al., 2008). We have shown
that Pex7"""™!" have a gradual and significant accumulation of PA,
with 6-fold increase at 1 month and 18-fold increase at 12 months
of age compared to Pex7""™' in plasma, and 12- to 67-fold
increase compared to Pex7"""" in brain. In plasma and brain
tissues from Pex7"P°™!! mice, there was a 3- and 5-fold increase
respectively over Pex7" """ at 12 months of age. Thus, plasma PA
levels accumulate in Pex7 deficiency and partially correlate to
genotype but are higher in the ARD mouse model.

We found a small amount of PA (0.373 mg/100 g) in standard
mouse chow. The total free and esterified phytol in standard
mouse chow was 1.87 mg/100 g weight of mouse chow. If a mouse
eats 4 g of chow per day, then they are getting around 80 pg of
phytol/esters plus PA, equal to 96 ug per day. We concluded that
even these small amounts of PA in rodent chow could lead to PA
toxicity over time in Pex7 deficient mice. The 6-fold-67-fold
elevation over wild type (that is dependent on age and tissue)
observed in our mice corresponds to the 20-100-fold elevation
that can be seen in ARD patients on regular diets (Baldwin et al,
2010). The tolerable daily intake for ARD patients is less than
10 mg of phytol per day (Kraufi et al., 2017). Also, PA levels in liver
and brain tissue from 8-week-old PexI hypomorphic mice on
standard mouse chow were 100-fold and 7-fold elevated
respectively compared to wild type mice (Moser et al
unpublished data). Thus, it is apparent that significant amounts
of phytol are in standard mouse chow, and depending on the mice
ability to degrade this, can accumulate in tissues.

Genotype-Phenotype Correlations in Pex7-Deficient Mice

The pathological consequences of elevated PA were investigated
in ARD mice supplemented with 0.1%-0.25% phytol diet for
3-6 weeks (Ferdinandusse et al, 2008). Phytol-treated ARD
mice exhibited unsteady gait with reduced base of support for
the hind paws in the CatWalk system (ataxia), delayed motor nerve
conduction velocity (peripheral neuropathy) and loss of cerebellar
Purkinje cells. The 