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Abstract 
To analyze the effects of plasmalogen-containing scallop-derived lipids on 
lifespan, health span, and neuroendocrine status, we assessed the effects of 
these lipids on the lifespan, health (motility), aging (lipofuscin accumulation), 
oxidative stress resistance, and neurotransmitter (dopamine, serotonin, and 
oxytocin) levels of Caenorhabditis elegans. The administration of scallop-de-
rived lipids extended the lifespan of C. elegans and suppressed the age-related 
reduction in movement. Additionally, its oxidative stress resistance increased, 
despite the higher intracellular levels of reactive oxygen species. Moreover, 
scallop-derived lipids reduced the accumulation of lipofuscin, which is an ag-
ing marker in nematodes, and increased the levels of neurotransmitters (do-
pamine, serotonin, and oxytocin). Furthermore, the gene expression levels of 
pmk-1 (p38 mitogen-activated protein kinase 1) and daf-16 (dauer formation-
16) were increased. These results indicate that plasmalogen-containing scal-
lop-derived lipids may extend the lifespan and health span of C. elegans, and 
affect its neurotransmitter secretion. 
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1. Introduction 

Plasmalogens (Pls) are glycerophospholipids characterized by the presence of an 
aliphatic alcohol with a vinyl ether bond at the sn-1 position and polyunsaturated 
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fatty acids at the sn-2 position. In mammals, Pls account for up to 20% of total 
membrane lipids and are most common in the brain [1]. Pls are more susceptible 
to oxidation by reactive oxygen species (ROS) than other lipids owing to their 
vinyl ether bond, and are believed to protect cells from oxidative stress [2]. Pl lev-
els decrease with age. Pl levels in the serum of the elderly are 40% lower than those 
in the young [3]. In a study by Han et al., Pl levels were reduced in the brains of 
humans and mice [4]. This reduction in Pl levels has been confirmed in neuro-
degenerative diseases, such as Alzheimer’s disease and Parkinson’s disease [5] [6]. 

The hippocampus is crucial for memory. Hippocampal neuronal degradation 
through oxidative stress or amyloid beta accumulation results in reduced brain 
function, such as a decline in memory [7]. Pls enhance the phosphorylation of 
protein kinase B (Akt) and extracellular signal-regulated kinase (ERK) in neurons 
and prevent neuronal death by suppressing apoptosis [8]. Additionally, Pls sup-
press lipopolysaccharide (LPS)-induced brain inflammation and amyloid-β accu-
mulation [9]. Moreover, the oral administration of Pls enhances behavior in Alz-
heimer’s model rats and increases blood Pl levels [10]. 

Fujino et al. [11] administered 1 mg/day of scallop-derived Pls for 6 months to 
patients with mild Alzheimer-type dementia and healthy individuals with mild 
cognitive impairment (MCI). Therefore, the cognitive function assessment scale, 
Wechsler Memory Scale-Revised (WMS-R), was substantially enhanced in the treat-
ment group, whereas no significant enhancement was observed in the placebo group, 
with a significant reduction in the plasma Pl levels [11]. 

Scallop-derived Pls were administered at 1 mg/day for 3 months to patients 
with major depressive disorder or persistent depressive disorder, in addition to 
the usual treatment. This administration demonstrated a marked enhancement in 
state and trait anxiety scores, physical and mental fatigue, mood and emotion 
scales, and sleep quality (feeling sleepy and refreshed upon waking up) [12]. 

Lewis and Fravel [13] administered scallop-derived lipids containing plasmal-
ogens (SLPls) at a dose of 0.5 or 1 mg/day for 90 d to elderly individuals with 
cognitive impairment. Therefore, a significant enhancement occurred in the cogni-
tive function assessment scale, mini-mental state examination (MMSE), and a clin-
ically significant alteration was observed in the Center for Epidemiologic Studies 
Depression Scale (CES-D) depression rating scale, although no significant differ-
ence was observed [13]. 

The effect of SLPls on cognitive function enhancement and depression appears 
to be related to anti-inflammatory, neuroprotective, and antioxidant mechanisms, 
and amyloid-β accumulation suppression. However, the anti-aging effects of SLP1 
and its effect on neurotransmitter secretion remain to be elucidated. The purpose 
of this study was to analyze the physiological effects of SLPI on aging (lifespan, 
aging-dependent motility, and lipofuscin accumulation) and secretion of neuro-
transmitters (dopamine, serotonin, and oxytocin) using the nematode Caeno-
rhabditis elegans [14] [15] as a model organism, which is suitable for aging-related 
analysis. 
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2. Materials and Methods 
2.1. Caenorhabditis Elegans 

The C. elegans strain used in this study was N2 Bristol (wild type). Worms were 
cultured at 20˚C on nematode-growth medium (NGM) plates with Escherichia 
coli (OP50). 

2.2. Synchronization Processing of C. elegans 

To collect eggs, adult worms were crushed in a NaClO solution (containing 10 N 
NaOH [Wako Pure Chemical Industries, Ltd., Osaka, Japan] and NaClO [Haiter; 
Kao, Tokyo, Japan] mixed at a ratio of 1:10), and their growth levels were syn-
chronized in this process. 

2.3. SLPls 

SLPls provided by Daiwa Pharmaceutical Co., Ltd. were extracted from the scallop 
mantle using ethanol, and the lipids obtained were powdered using γ-cyclodextrin 
to contain 0.34% ethanolamine Pls. The SLPls were dissolved in dimethyl sulfox-
ide (DMSO) (Kanto Chemical Co., Tokyo, Japan) to create a 100 mg/mL stock 
solution, which was stored at −20˚C. For the assays, SLPls and DMSO were indi-
vidually mixed with E. coli OP50 to obtain final SLPl concentrations of 0.1, 1, and 
5 mg/mL, and a final DMSO concentration of 5%. In preliminary experiments, we 
applied PLSI at concentrations ranging from 0.01 to 10 mg/mL, and determined 
that 0.1 and 5 mg/mL were appropriate for further experiments. This mixture was 
spread onto NGM plates at 200 µL/60 mm or 1000 µL/90 mm. For the control, 
DMSO was mixed with the E. coli OP50 solution to obtain a final concentration 
of 5% and spread on NGM plates. 

2.4. Intracellular ROS Levels 

Synchronized worms were cultured for 96 h on SLPl plates (0 control treatment 
[CT], 0.1, 1, and 5 mg/mL). Subsequently, worms were washed and collected in a 
1.7-mL tube. Dichlorodihydrofluorescein diacetate (DCFH-DA) (Wako Pure 
Chemical Industries, Ltd.) was diluted with S-basal (0.01 mM cholesterol, 100 mM 
NaCl, and 50 mM potassium phosphate; pH 6.0) to produce a 50-µM DCFH-DA 
solution, and 400 µL was added to the tube containing worms. After shaking for 
1 h and discarding the DCFH-DA solution, 10% ethanol was added to fix C. ele-
gans. Fluorescence images were captured using a BZ8000 microscope (Keyence, 
Osaka, Japan) and analyzed using the ImageJ software. The fluorescence level of 
the control C. elegans was set at 100%, and 30 worms from each group were as-
sessed. The experiment was repeated thrice. 

2.5. Oxidative Stress Resistance 

Synchronized worms were cultured for 96 h on SLPl plates (0 CT, 0.1, 1, and 5 
mg/mL). Subsequently, they were transferred to each well of a 24-well plate con-
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taining 400 µL of 0.05% hydrogen peroxide solution (H2O2; Sigma Aldrich Japan, 
Tokyo, Japan) (0th hour). The survival rate was measured every hour from 2 h 
post-transfer. The survival rate at the 0th hour was set at 100%, and 12 worms from 
each group were assessed. The experiment was repeated thrice. 

2.6. Motility of C. elegans 

Synchronized worms were cultured at 20˚C for 96 h on NGM plates containing E. 
coli OP50, transferred to SLPl plates (0 CT, 0.1, 1, and 5 mg/mL), and maintained 
at 20˚C. The transfer day was designated as day 0. Subsequently, worms were 
transferred to novel SLPl plates (0 CT, 0.1, 1, and 5 mg/mL) every 3 days. Thrash-
ing movements were measured for 15 s on each transfer day. To prevent offspring 
generation, 0.5 mg/mL 2'-deoxy-5-fluorouridine (FUdR; [Wako Pure Chemical 
Industries, Ltd.]) was added to the plates on days −1, 0, and 3. Ten worms from 
each group were assessed. The experiment was repeated thrice. 

2.7. Lipofuscin Accumulation 

Synchronized worms were cultured at 20˚C for 96 h on NGM plates containing E. 
coli OP50, transferred to SLPl plates (0 CT, 5 mg/mL), and maintained at 20˚C. 
The day of transfer was designated as day 0. Subsequently, worms were transferred 
to novel plates containing SLPls (0 CT, 5 mg/mL) every 3 days. On day 18, worms 
were collected, photographed using a BZ8000 microscope (Keyence, Osaka, Ja-
pan), and analyzed using ImageJ software. To prevent offspring generation, 0.5 
mg/mL FUdR (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was added to 
the plates on days –1, 0, and 3. The fluorescence level of the control worms was 
set at 100%, and the survival rate of 20 worms from each group was measured. 
The experiment was repeated thrice. 

2.8. Lifespan Analysis 

Synchronized worms were cultured at 20˚C for 96 h on NGM plates containing E. 
coli OP50, transferred to SLPl plates (0 CT, 5 mg/mL), and maintained at 20˚C. 
The day of transfer was designated as day 0. Subsequently, worms were transferred 
to novel plates containing SLPls (0 CT, 5 mg/mL) every 2 days. Live and dead 
worms were counted on each day of transfer, with dead worms defined as those 
unresponsive to gentle poking with a platinum picker. To prevent offspring gen-
eration, 0.5 mg/mL FUdR (Wako Pure Chemical Industries, Ltd., Osaka, Japan) 
was added to the plates on days −1, 0, 2, and 4. The survival rate of 40 worms from 
each group was measured. The experiment was repeated thrice. 

2.9. Neurotransmitter Levels 

Approximately 3000 synchronized worms were cultured for 96 h on SLPl plates 
(0 CT, 5 mg/mL). Subsequently, cultured C. elegans were homogenized and cen-
trifuged to recover the supernatant. Analyses were performed using a dopamine 
ELISA kit (ImmuSmol, Bordeaux, France), serotonin ELISA kit (ImmuSmol), and 
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oxytocin ELISA kit (Cayman Chemical Company, Ann Arbor, MI, USA) follow-
ing the manufacturers’ instructions. The experiment was duplicated four times 
and repeated thrice. 

2.10. Gene Expression 

Approximately 3000 synchronized worms were cultured for 96 h on SLPl plates 
(0 CT, 5 mg/mL) and homogenized. Following a reverse transcriptase reaction 
(PrimeScript RT Reagent Kit with gDNA Eraser, Takara, Shiga, Japan), real-time 
quantitative PCR (qPCR) was performed using a Thermal Cycler Dice Real Time 
System Lite (Takara Biotechnology Inc., Shiga, Japan) with Thunderbird SYBR Green 
Mix (Toyobo, Co., Osaka, Japan) and the primer sequences for each gene (dauer 
formation-16 [daf-16], age-related gene-1 [age-1], superoxide dismutase [sod-1], 
sod-2, sod-3, skinhead-1 [skn-1], neuronal symmetry-1 [nsy-1], p38 mitogen-ac-
tivated protein kinase 1 [pmk-1], and actin). Actin was used as a reference gene. 
The experiment was duplicated three times and repeated thrice. 

2.11. Statistical Analysis 

Data were presented as the mean ± SEM, and statistical analysis was performed 
using one-way ANOVA followed by Tukey’s HSD post hoc test. The survival rate 
was analyzed using the log-rank test. Graphs were generated using Microsoft Ex-
cel and Microsoft PowerPoint software (Microsoft Corp., Redmond, WA, USA). 
A P value < 0.05 was considered to indicate statistical significance. 

3. Results 
3.1. Lifespan 

To assess the effect of SLPls on lifespan, the lifespan of the nematode worms was 
analyzed. The synchronized worms were transferred to SLPl plates (0 CT, 5 mg/mL) 
(day 0), and their survival rate was observed every two days. The plates were re-
placed every two days. The average lifespan was significantly extended in the SLPl-
administered group compared with that in the control group (Figure 1). Addi-
tionally, the maximum lifespan was extended in the SLPl-administered group. 

3.2. Motility 

To assess the effect of SLPls on health, systemic movement (thrashing movement) 
of the worms was analyzed. The synchronized worms were transferred onto SLPl 
plates (0 CT, 0.1, 1, and 5 mg/mL) (day 0), and systemic whiplash movements 
were measured every 3 d for 15 s. The plates were replaced every 3 days. The 
movement frequency was significantly reduced as the culture progressed in the 
control group. In contrast, in the SLPl-administered group, the reduction in 
movement frequency, dependent on the number of culture days, was suppressed, 
and the movement frequency increased compared with that of the control group 
(Figure 2). 
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Figure 1. Lifespan analysis. Effect of SLPls on lifespan of wild type C. elegans. Worms were 
cultured at 20˚C on NGM-OP50 plates, treated with (5 mg/ml) or without (CT) SLPls. Sur-
vival of SLPl-treated and non-treated worms (n = 40 worms/group) was determined every 
two days. Statistical differences compared with the control (CT) were considered significant 
at ***P < 0.001 using the log-rank test. Data are represented by the mean ± SD. Experiments 
were performed in triplicate. 

 

 

Figure 2. Motility analysis. Effect of SLPls on motility of wild-type C. elegans. Worms were 
cultured at 20˚C on NGM-OP50 plates, treated with (0.1, 1, 5 or mg/mL) or without (CT) 
SLPls for 96 h. Thrashing motility of SLPl-treated and non-treated worms (n = 10 
worms/group) was measured every 3 days (0, 3, 6, and 9 days). Statistical differences com-
pared with the control (CT) were considered significant at *P < 0.05 and **P < 0.01 accord-
ing to the Tukey’s HSD test. All assays were conducted three times independently. 

3.3. Lipofuscin Accumulation 

To assess the effect of SLPls on aging, the lipofuscin accumulation levels were meas-
ured. Synchronized worms were transferred onto SLPl plates (0 CT, 5 mg/mL) 
(day 0), and the plates were replaced every three days. When worms were collected 
on day 18 and observed under a fluorescence microscope (Keyence, BZ8000), the 
lipofuscin accumulation levels were significantly lower in the SLPl-administered 
group compared with those in the control group (Figure 3). 

3.4. Intracellular ROS Levels 

Synchronized worms were cultured on SLPl plates (0 CT, 0.1, 1, and 5 mg/mL) for 
96 h, treated with DCFH-DA, and fluorescence was observed using a BZ8000 mi-
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croscope (Keyence). Fluorescence was analyzed using the ImageJ software. The ROS 
levels increased based on the concentration of SLPls administered (Figure 4). 

 

 

Figure 3. Lipofuscin accumulation. Effect of SLPls on lipofuscin accumulation in wild-type 
C. elegans. Worms were cultured at 20˚C on NGM-OP50 plates, and treated with (5 mg/mL) 
or without (CT) SLPls for 18 days. The lipofuscin accumulation level of worms (n = 20 
worms/group) was observed under a fluorescence microscope (Keyence, BZ8000). Scale 
bars, 100 µm. Data are presented as the mean ± SEM. *P < 0.05, ***P < 0.001 according to 
the Tukey’s HSD test. All assays were conducted three times independently. 
 

 

Figure 4. Intracellular ROS levels. Effect of SLPls on intracellular ROS levels of wild type C. 
elegans. Worms were cultured at 20˚C on NGM-OP50 plates, treated with (0.1, 1, or 5 
mg/mL) or without (CT) SLPls for 96 h. Fluorescence images were captured using a BZ8000 
microscope (Keyence, Osaka, Japan) and analyzed using ImageJ software. The fluorescence 
level of the control C. elegans was set at 100%, and 30 worms from each group were assessed. 
Scale bars, 100 µm. Data are presented as the mean ± SEM. *P < 0.05, ***P < 0.001 according 
to the Tukey’s HSD test. All assays were conducted three times independently.  

3.5. Oxidative Stress Resistance 

Synchronized worms were cultured on SLPl plates (0 CT, 0.1, 1, and 5 mg/mL) for 
96 h. The survival rate was measured every hour post-treatment with H2O2 solu-
tion. The survival rate of worms significantly increased depending on the concen-
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tration of SLPls (Figure 5).  
 

 

Figure 5. Oxidative stress tolerance. Effect of SLPls on stress tolerance of wild-type C. ele-
gans. Worms were cultured at 20˚C on NGM-OP50 plates, treated with (0.1, 1, 5 mg/mL) or 
without (CT) SLPls for 96 h. Oxidative stress survival of worms exposed to 0.1% hydrogen 
peroxide (n = 12 worms/group). Statistical differences compared with control (CT) were 
considered significant at *P < 0.05 using the log-rank test. All assays were conducted thrice 
independently. 

3.6. Endocrine Levels 

To assess the effect of SLPls on the endocrine system, synchronized worms were 
cultured on SLPl plates (0 CT, 5 mg/mL) for 96 h. They were homogenized, and 
the dopamine, serotonin, and oxytocin levels were quantified using the ELISA 
method. The dopamine, serotonin, and oxytocin levels significantly increased in 
the SLPl-administered group compared with that in the control group (Figure 6). 

 

 

Figure 6. Endocrine levels. Effects of SLPls on the secretion levels of neurotransmitters (do-
pamine, oxytocin, serotonin) in wild-type C. elegans. Worms were cultured at 20˚C on NGM-
OP50 plates, treated with (5 mg/mL) or without (CT) SLPls for 96 h (n ≈ 3000 worms/group). 
Neurotransmitter production was assessed, and its quantity in worm homogenate was de-
termined by ELISA. Statistical differences compared with control (CT) were considered sig-
nificant at *P < 0.05 and ***P < 0.001 using Student’s t-test. The experiment was duplicated 
four times and repeated thrice. 
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3.7. Gene Expression 

To assess the effect of SLPls on gene expression, the synchronized worms were 
cultured for 96 h on plates containing SLPls (0 CT, 5 mg/mL). The expression of 
genes associated with insulin/insulin-like growth factor (IGF)-like signal trans-
duction and mitogen-activated protein kinase (MAPK) signaling pathways was 
analyzed using qPCR in worms treated with the homogenized extract. Although 
the activity of DAF-16 remains unclear, at least, daf-16 gene expression level was 
increased approximately 1.6-fold by SLPIs. SLPIs also significantly increased gene 
expression of age-1, skn-1, nsy-1 and pmk-1 (Figure 7). 

 

 

Figure 7. Gene expression. Effects of SLPls on the mRNA expression of genes (daf-16, age-
1, sod-1, sod-2, sod-3, skn-1, nsy-1, pmk-1, and actin) in wild-type C. elegans. Worms were 
cultured at 20˚C on NGM-OP50 plates, treated with (5 mg/mL) or without (CT) SLPls for 
96 h (n ≈ 3000 worms/group). Statistical differences compared with control (CT) were con-
sidered significant at *P < 0.05 and **P < 0.01 using multiple t-tests. Data are represented as 
the mean ± SD. The experiment was duplicated three times and repeated thrice. 

4. Discussion 

The administration of SLPls extended the lifespan and improved the health of C. 
elegans by suppressing age-associated motility reduction and lipofuscin accumu-
lation while increasing oxidative stress resistance, despite the increased ROS lev-
els. This may indicate that SLPls exhibit strong antioxidant activity. It is very in-
teresting that oxidative stress resistance improved (Figure 5) despite the increase 
in intracellular ROS concentration (Figure 4). This may be due to the increased 
motility caused by the antioxidant effect of PLSI, which resulted in an increase in 
ROS. Alternatively, it is possible that the increase in intracellular ROS led to a kind 
of hormesis effect, which increased oxidative stress resistance. 

Dopamine activates the MAPK signaling pathway, which is involved in lifespan 
regulation and stress responses [16]. Additionally, the dopamine receptor D2 (DOP-
2) in C. elegans activates adenosine monophosphate (AMP) kinase, which further 
activates DAF-16, a transcription factor known as the longevity gene [17]. In this 
study, it was clarified that SLPls increase dopamine levels and have physiological 
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effects, such as the extension of lifespan. These findings indicate that SLPls increase 
the levels of dopamine, which activates AMP kinase and DAF-16 through the MAPK 
signaling pathway and DOP-2. Therefore, the physiological actions, such as extend-
ing lifespan, suppressing age-related reduction in motility, reducing lipofuscin ac-
cumulation, and increasing oxidative stress resistance, may have worked. 

There are limited reports on the relationship between serotonin, oxytocin, and 
lifespan regulation, with numerous unclear aspects. However, certain studies in-
dicate an interaction between serotonin and insulin/IGF-like signaling transduc-
tion pathways that regulate DAF-16, which antagonistically regulates lifespan 
[18]. In this study, it was clarified that SLPls increase serotonin and oxitocin levels, 
and that the mRNA expression of AGE-1, which suppresses DAF-16, increases. 
Therefore, the serotonin pathway may be involved in dopamine-mediated physi-
ological actions. In C. elegans, decreased levels of dopamine, serotonin, and oxy-
tocin and a decrease in motility occur with aging, whereas increased levels of do-
pamine and oxytocin are closely associated with the suppression of motility re-
duction [19] [20]. Therefore, it is possible that SLPls suppressed the reduction in 
age-related motility of C. elegans by increasing the levels of dopamine and sero-
tonin. In this study, we have not used gene knockout mutants such as da-16 and 
age-1, etc. Therefore, future experiments using mutants are essential to clarify the 
molecular mechanisms involved in the physiological actions of SLP1s. 

Pl administration has been reported to enhance cognitive function and exhibit 
antidepressant effects [11] [12]. Additionally, it is involved in neuronal death sup-
pression by inhibiting apoptosis and reducing brain inflammation and amyloid-β 
accumulation [8] [9]. In contrast, as dopamine, serotonin, and oxytocin affect 
cognitive functions [21]-[23], an increase in their levels may also be involved in 
the effect of SLPls on cognitive function enhancement and depression [13].  

This study confirmed that SLPls increased oxidative stress resistance and ex-
tended the lifespan of C. elegans. Additionally, SLPls suppressed aging and im-
proved their health. Moreover, SLPls increased the levels of dopamine, serotonin, 
and oxytocin, potentially affecting neurotransmitter secretion. It is believed that 
Pls within SLPls may be responsible for these functions. 

In the future, we will conduct experiments using mutants, such as a deletion mu-
tant of DAF-16, which is a transcription factor that regulates aging and lifespan. 
Additionally, these experiments aimed to elucidate the mechanism of action un-
derlying the effects of SLPls. Moreover, we will clarify the relationship between an 
increase in intracellular ROS levels, lifespan extension, and increased oxidative 
stress resistance, confirmed in this study using mutants. 
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