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ABSTRACT: Ethanolamine plasmalogen (PlsEtn) is a subtype of ethanolamine
glycerophospholipids (EtnGpl). Recently, PlsEtn has attracted increasing research
interest due to its beneficial effects in health and disease; however, its functional
role in colonic health has not been well established. This study was conducted to
determine the mechanism underlying the antiapoptotic effect of PlsEtn in human
intestinal tract cells under induced inflammatory stress. Lipopolysaccharide
induced apoptosis of differentiated Caco-2 cells, which was suppressed by EtnGpl
in a dose-dependent manner. Cells treated with ascidian muscle EtnGpl containing
high levels of PlsEtn demonstrated a lower degree of apoptosis, and downregulated
TNF-α and apoptosis-related proteins compared to those treated with porcine liver
EtnGpl containing low PlsEtn. This indicates that PlsEtn exerted the observed effects, which provided protection against induced
inflammatory stress. Overall, our results suggest that PlsEtn with abundant vinyl ether linkages is potentially beneficial in preventing
the initiation of inflammatory bowel disease and colon cancer.

1. INTRODUCTION

Ethanolamine plasmalogen (PlsEtn), a subclass of ethanol-
amine glycerophospholipids (EtnGpl) is a universal phospho-
lipid in mammalian membranes. PlsEtn contains a vinyl-ether
(alkenyl) linkage at the sn-1 position, whereas at the sn-2
position, it is enriched with polyunsaturated fatty acids
(PUFA).1,2 Marine sources such as sea squirt and mussel
muscles are enriched with n-3 PUFA, notably docosahexaenoic
acid (DHA, 22: 6n-3) and eicosapentaenoic acid (EPA, 20:5n-
3), while land sources such as pig and cattle muscles are
enriched with n-6 PUFA arachidonic acid (ARA, 20:4n-6) at
the sn-2 position.3,4 The vinyl ether linkage in PlsEtn has high
oxidative potential, which enables the scavenging of free
radicals and singlet oxygen, in addition to altering membrane
properties.1,2 Increased cellular levels of PlsEtn bearing n-3
PUFA have shown potential for the prevention of neuro-
degenerative disorders like Alzheimer’s disease.5 It has also
been reported that PlsEtn is involved in the development of
other diseases such as Parkinson’s disease and atheroscle-
rosis.6,7 Consequently, several researchers are currently
interested in the association between colon carcinogenesis
and PlsEtn levels.
Currently, colon cancer is a major health problem in both

developed and developing nations. Worldwide, colon cancer
ranks third in incidence and fourth in mortality rates among
cancers.8 Chronic colon inflammation has been associated with
an increased inflammatory bowel disease (IBD), which is a risk
of colon cancer initiation and promotion.9 Chronic inflamma-

tion is associated with excessive colon cell death (apoptosis),
and on the other hand, disturbed regulation of colon cell death,
leading to uncontrolled growth of cells (resistance to
apoptosis), contributes to colon cancer promotion.10,11

Patients with chronic colon inflammation exhibit increased
levels of pro-inflammatory cytokines such as interleukin (IL)-6,
IL-1β, IL-8, and tumor necrosis factor-alpha (TNF-α).12 This
inflammatory microenvironment facilitates crosstalk with
infiltrating immune cells to create a pro-carcinogenic environ-
ment.11

It is well established that several endogenous regulatory
molecules play a key role in regulating intestinal homeostasis,
but their presence is significantly influenced by dietary
compounds.11 Dietary compounds come into direct contact
with the colonic epithelium cells and may affect growth,
differentiation, and cell death within the tissue.13 In the recent
past, research interest in the benefits of PlsEtn in health and
disease has increased;1,14 however, its functional role in colonic
health has not been well established. In our previous study, we
observed that diet with high PlsEtn levels more efficiently
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suppressed aberrant crypt foci (ACF) formation and apoptosis
compared to the diet with low PlsEtn levels. The observed
suppression was a consequence of higher downregulation of
the pro-inflammatory mediator TNF-α and oxidative stress in
1,2-dimethylhydrazine(DMH)-treated mice.15 This suggests
that the abundance of dietary PlsEtn altered the colon
epithelial microenvironment and conferred a low susceptibility
to carcinogenesis.
Based on our previous study, the aim of this study was to

clarify the functional role of PlsEtn and the molecular
mechanisms underlying its effects on colonic health. In this
study, we investigated the effects of extrinsic PlsEtn from the
ascidian muscle and porcine liver EtnGpl on inflammatory
stressed differentiated Caco-2 cells as a human intestinal tract
in vitro model and the possible underlying mechanisms.
Extrinsic EtnGpl from the ascidian (Holacynthia roretzi)
muscle contained higher levels of PlsEtn, EPA, and DHA,
while EtnGpl from the porcine liver contained low levels of
PlsEtn and high ARA.

2. RESULTS
2.1. EtnGpl Fraction from Ascidian Muscle and

Porcine Liver. The level of PlsEtn in the ascidian muscle
was 87.3 mol % EtnGpl. The prominent acyl carbon chains in
ascidian muscle EtnGpl were 18:0, EPA, and DHA, while
PlsEtn-18:0/20:5, PlsEtn-18:0/22:6, and phosphatidylethanol-
amine (PtdEtn)-18:0/22:6 were the main phospholipid
species.15 The porcine liver contained lower PlsEtn, 7.2 mol
% EtnGpl compared to ascidian muscle. The prominent acyl
carbon chains in porcine liver EtnGpl were 18:0, 18:2n-6, and
ARA, while PtdEtn-18:0/20:4 was the main phospholipid
species. Ascidian muscle EtnGpl had higher ratios of n-3/n-6
and (EPA + DHA)/ARA compared to porcine liver EtnGpl.
2.2. Extrinsic EtnGpl Enhances Cell Viability of

Differentiated Caco-2 Cells under Inflammatory Stress.
Figure 1 shows that differentiated Caco-2 cells stimulated with

lipopolysaccharide (LPS; control) had significantly reduced
cell viability compared to the blank (untreated cells) (P <
0.05). Treatment of differentiated Caco-2 cells with increasing
concentrations of EtnGpl under LPS-induced inflammatory
stress increased the cell viability in a dose-dependent manner
(Figure 1). Cells treated with ascidian muscle and porcine liver
EtnGpl at 20 and 50 μM showed significantly higher cell
viability than those treated with LPS (P < 0.05). Moreover,
ascidian muscle EtnGpl led to significantly higher cell viability
compared to porcine liver EtnGpl at 20 and 50 μM (P < 0.05).

2.3. Extrinsic EtnGpl Inhibits Apoptosis by Modulat-
ing Apoptosis Related Proteins in Inflammatory
Stressed Differentiated Caco-2 Cells. Induction of
apoptosis by LPS and the subsequent inhibition by extrinsic
EtnGpl was evaluated by identifying apoptotic cells in TUNEL
assay and cells that showed characteristic morphological
changes as determined by DAPI staining (Figure 2a−d).

Differentiated Caco-2 cells treated with LPS showed blebbing
of the membrane and aggregated and fragmented nuclei
(Figure 2b). Differentiated Caco-2 cells exposed to LPS
showed a significantly greater number of apoptotic-like cells
when compared to the blank (P < 0.05) (Figure 2e). When
differentiated Caco-2 cells were exposed to LPS and EtnGpl,
the degree of apoptotic cell death was significantly reduced
compared with the LPS treatment, with ascidian muscle
EtnGpl showing greater suppression of apoptosis compared to
porcine liver EtnGpl (P < 0.05).
To gain further insight into the inhibition of apoptosis by

EtnGpl during LPS-induced inflammatory stress, we evaluated
the relative levels of apoptosis-related proteins (Figure 3).
LPS-treated differentiated Caco-2 cells showed significantly
higher levels of proapoptotic Bad and cytochrome c compared
to blank cells (P < 0.05). Furthermore, LPS treatment

Figure 1. Cell viability during LPS induced inflammatory stress in
differentiated Caco-2 cells. Differentiated Caco-2 cells were cultured
for 48 h with 1−50 μM (a) porcine liver EtnGpl and (b) ascidian
muscle EtnGpl containing LPS (50 μg/mL). Cell viability was
estimated by counting viable cells under a light microscope in two
independent experiments. Values represent means ± SEM, n = 8.
Different letters indicate significant differences at P < 0.05,
determined by ANOVA (Tukey’s test). Asterisks indicate significantly
higher cell viability in ascidian muscle EtnGpl-treated cells than
porcine liver EtnGpl-treated cells (t test, *P < 0.05).

Figure 2. Apoptotic cells during LPS induced inflammatory stress in
differentiated Caco-2 cells. Differentiated Caco-2 cells were cultured
for 48 h with 50 μM porcine liver or ascidian muscle EtnGpl
containing LPS (50 μg/mL) and then stained with TdT-mediated
dUTP nick end labeling (TUNEL) immunofluorescence followed by
staining with 4′,6-diamidino-2-phenylindole (DAPI). Representative
images (objective, 100× ). (a) Blank. (b) LPS (control). (c) LPS + 50
μM porcine liver EtnGpl. (d) LPS + 50 μM ascidian muscle EtnGpl.
Scale bar indicates 20 μm. (e) Induction of apoptosis in differentiated
Caco-2 cells by LPS. Values represent means ± SEM, n = 3. Different
letters indicate significant differences at P < 0.05, determined by
ANOVA (Tukey’s test).
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significantly upregulated apoptosis executioner pro-caspase 3,
TNF R1 death receptor, and P-p53 (S392) antibody protein
(P < 0.05), and showed a tendency to upregulate SMAC/
Diablo and cleaved caspase 3 compared to the blank cells.
Notably, co-treatment with LPS and ascidian muscle EtnGpl
significantly downregulated the relative levels of Bad,
cytochrome c, and SMAC/Diablo proapoptotic proteins,
claspin and survivin antiapoptotic proteins, TNF R1 death
receptor, P-p53 (S392) antibody protein, and pro-caspase 3,
and cleaved caspase 3 apoptosis executioner proteins
compared to the LPS-treated cells (P < 0.05). On the other
hand, although LPS and porcine liver EtnGpl co-treatment
downregulated the aforementioned apoptosis-related proteins,
the effect was less remarkable compared to that observed with
LPS and ascidian muscle EtnGpl co-treatment.
2.4. Extrinsic EtnGpl Ameliorates Inflammation in

Differentiated Caco-2 Cells by Lowering Cytokine
Levels. A cytokine array assay was conducted to determine
the effect of extrinsic EtnGpl on human intestinal tract cells
under inflammatory stress (Figure 4). Treatment of differ-
entiated Caco-2 cells with LPS led to higher relative levels of
eight pro-inflammatory cytokines, anti-inflammatory cytokines,
MCP-1, MIP-1β, and SDF-1 chemokines and CD-40 ligand
and G-CSF cytokines, while C5/C5a, GROα, IP-10, and IL-8
chemokines were decreased compared to the blank cells
(Figure 4a−d). Co-treatment with LPS and ascidian muscle
EtnGpl downregulated 11 pro-inflammatory cytokines, four
anti-inflammatory cytokines, four chemokines, and SDF-1

chemokine, while co-treatment with LPS and porcine liver
EtnGpl downregulated five pro-inflammatory cytokines, two
anti-inflammatory cytokines, and SDF-1 chemokine (Figure
4a−d). However, four chemokines were upregulated in porcine
liver EtnGpl-treated cells compared to LPS-treated cells.

2.5. Uptake of Extrinsic EtnGpl by Differentiated
Caco-2 Cells. The lipid composition of the cell lysate was
determined to characterize the phospholipid species, acyl, and
alkenyl carbon chains of EtnGpl taken up by differentiated
Caco-2 cells over time (Figure 5 and Figure S1). Acyl and
alkenyl carbon chains of EtnGpl taken up by differentiated
Caco-2 cells under LPS treatment were analyzed over time
(Figure S2). As shown in Figure 5, we observed that the levels
of PlsEtn-18:0/20:4, PlsEtn-18:0/20:5, and PlsEtn-18:0/22:6
from ascidian muscle EtnGpl moved up from 0 to 24 h, with a
peak at 16 h except for PlsEtn-18:0/20:4. The levels of PtdEtn-
18:0/20:4 from porcine liver EtnGpl showed a steady increase
from 0 to 24 h. The levels of choline plasmalogen (PlsCho)
and the other PtdEtn and phosphatidylcholine (PtdCho)
species from ascidian muscle and porcine liver EtnGpl
remained unchanged during the exposure time, except for
PtdCho-18:0/20:4 from ascidian muscle EtnGpl, which
showed a decrease. Meanwhile, EtnGpl hydrolysis products,
lysoPlsEtn-18:0 from ascidian muscle EtnGpl increased during
the 24 h uptake time with a peak at 16 h, while lysoPtdEtn-
16:0 and 18:0 from ascidian muscle and porcine liver EtnGpl
increased in a similar manner with a peak at 16 h.
In addition, we determined the change in the acyl and

alkenyl carbon chains over time. As shown in Figure S1, we
observed that 18:0ol and EPA levels from ascidian muscle
EtnGpl increased from 0 to 24 h and reached a peak at 16 h.
DHA from ascidian muscle EtnGpl decreased in the first 4 h

Figure 3. Relative levels of apoptosis-related proteins (fold change vs
blank) during LPS induced inflammatory stress in differentiated Caco-
2 cells. (a) Antiapoptotic proteins. (b) Proapoptotic proteins. (c)
Cysteine proteases. (d) Other apoptosis-related proteins. (e) Death
receptors. (f) Antibody proteins. The dashed line indicates the blank
group = 1.0. Different letters indicate significant differences at P <
0.05, determined by ANOVA (Tukey’s test). For abbreviations, refer
to Section 4.5.

Figure 4. Relative levels of cytokines (fold change vs blank group =
1.0) during LPS induced inflammatory stress in differentiated Caco-2
cells. (a) Pro-inflammatory cytokines. (b) Chemokines. (c) Anti-
inflammatory cytokines. (d) Other cytokines. The dashed line
indicates the blank group = 1.0. Different letters indicate significant
differences at P < 0.05, determined by ANOVA (Tukey’s test). For
abbreviations, refer to Section 4.6.
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followed by an increase up to 24 h, with a peak at 16 h. Alkenyl
and acyl carbon chains remained unchanged during porcine
liver EtnGpl uptake. On the other hand, the changes in acyl
and alkenyl carbon chains under LPS treatment over time are
shown in Figure S2. For 18:0ol, EPA, and DHA from ascidian
muscle EtnGpl, a sharp increase in the first 2 h followed by a
steady increase up to 24 h was observed. For porcine liver
EtnGpl, we observed a steady increase in ARA over time while
the other acyl and alkenyl carbon chains remained unchanged.
2.6. Extrinsic EtnGpl Suppresses TNF-α in Differ-

entiated Caco-2 Cells under Inflammatory Stress. TNF-
α is a major mediator of inflammation and apoptosis in cells.
To examine if EtnGpl suppressed inflammation and apoptosis,
TNF-α was quantified in differentiated Caco-2 cells with LPS
and EtnGpl-treatment using an ELISA kit (Figure 6).

Differentiated Caco-2 cells treated with LPS for 24 h
demonstrated upregulation of TNF-α compared to the blank
cells. Cells cultured for 24 h in the presence of LPS and EtnGpl
exhibited lower levels of TNF-α compared with LPS-treated
cells. Moreover, cells treated with LPS and ascidian muscle
EtnGpl showed significantly reduced TNF-α levels (almost
similar to those in blank cells) compared to LPS-treated cells
(P < 0.05). In addition, TNF-α levels were lower in LPS and
ascidian muscle EtnGpl-treated cells than in LPS and porcine
liver EtnGpl-treated cells. On the other hand, there were no
significant differences (P < 0.05) in TNF-α levels between
differentiated Caco-2 cells co-treated with EtnGpl and LPS in
the same medium and those treated with EtnGpl first followed
by LPS. The treatment of the cells with EtnGpl for 16 h was
based on our uptake experiment, which showed that uptake of
EtnGpl by differentiated Caco-2 cells reached a peak at 16 h.
This suggests that the uptake of EtnGpl by the cells led to the
observed functionality during LPS-induced inflammatory
stress.

3. DISCUSSION
In the present study, we demonstrate that an increase in
intracellular PlsEtn levels is associated with anti-inflammatory
and antiapoptotic effects in human intestinal tract cells. We
employed LPS for the induction of inflammatory stress in vitro,
which has been extensively used in studies on pro-
inflammatory and proapoptotic responses in differentiated
Caco-2 cells.16,41 Moreover, in vitro epithelial cell studies have
been shown to play a critical role in understanding specific
aspects related to IBD.17 Here, using an in vitro model, we
observed that in comparison to extrinsic EtnGpl with low
PlsEtn content, the one having high PlsEtn content and
distinct PUFA at the sn-2 position showed superior inhibition
of inflammation and apoptosis in human intestinal tract cells
under LPS-induced inflammatory stress via downregulation of
inflammatory cytokines and modulation of apoptosis-related
proteins. Extrinsic EtnGpl from the ascidian muscle was found
to maintain higher intracellular levels of PlsEtn species
compared to that from the porcine liver. These results suggest
that the uptake of PlsEtn by colon epithelial cells provides
protection against induced inflammatory stress by suppressing
apoptosis. This evidence shows a clear relationship between

Figure 5. Time-dependent changes in the levels of various
phospholipids in differentiated Caco-2 cells. Values represent means
± SEM, n = 3. Different letters indicate significant differences at P <
0.05 among cells treated with the same EtnGpl determined by
ANOVA (Tukey’s test). Asterisks indicate significant differences
between cells treated with different EtnGpl. (t test, *P < 0.05).

Figure 6. TNF-α levels during LPS induced inflammatory stress in
differentiated Caco-2 cells. (a) Differentiated Caco-2 cells were
cultured for 24 h with LPS + 50 μM EtnGpl, and in another
experiment, differentiated Caco-2 cells were treated with 50 μM
EtnGpl for 16 h (pre-treatment) followed by 50 μg/mL of LPS for 24
h (post-treatment after EtnGpl was taken up). Values represent means
± SEM, n = 3. Different letters indicate significant differences at P <
0.05, determined by ANOVA (Tukey’s test). ns, not significant (t test,
*P < 0.05).
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increased PlsEtn levels in colon epithelial cells and attenuation
of tissue injury during induced stress.
Chronic colon inflammation has been closely associated with

the development of IBD and colon cancer.9,18 Chronic
inflammation induced by stress stimuli has been linked to
the deregulation of apoptosis, which disrupts normal cellular
homeostasis.19 In neuronal cells under serum starvation,
EtnGpl containing high PlsEtn levels suppresses the activities
of caspases 3, 8, and 9, which are involved in the mitochondrial
and death receptor pathways.4 In our study, LPS treatment
upregulated proapoptotic Bad and cytochrome c, while co-
treatment with LPS and EtnGpl downregulated their relative
levels (ascidian muscle > porcine liver EtnGpl) (Figure 3b).
Moreover, the uptake of ascidian muscle EtnGpl resulted in
higher levels of PlsEtn species, EPA, and DHA compared to
porcine liver EtnGpl. Based on these findings, we suggest that
the uptake of PlsEtn might have limited the release of
proapoptotic cytochrome c into the cytosol. The release of
cytochrome c activates initiator caspase 9, which in turn,
activates the apoptosis executioner caspase 3.10 Our results
further confirmed the possibility of a limited release of
cytochrome c due to the downregulation of apoptosis
executioner pro-caspase 3 and cleaved caspase 3 by LPS and
EtnGpl co-treatment (ascidian muscle > porcine liver EtnGpl)
compared to LPS treatment (Figure 3c). Moreover, phosphor-
ylation of p53 protein is known to trigger the induction of
apoptosis via activation of proapoptotic related protein, leading
to the release of cytochrome c.20 We observed that LPS
treatment upregulated P-p53 (S392) and not P-p53 (S15 and
S46); however, all were downregulated by ascidian muscle
EtnGpl and LPS co-treatment. Upon DNA damage,
phosphorylation of p53 at S394 is within its COOH-terminal
region that enhances p53 DNA binding activity while that of
p53 at S15 and S46 is within its NH2-termimal region that
promotes dissociation of MDM2, which might possibly explain
the observed differences.21 Taken altogether, this explains the
observed effect on cell viability and suppression of apoptotic
cells by PlsEtn (ascidian muscle EtnGpl > porcine liver EtnGpl
> LPS).
TNF-α is known to control inflammatory cell populations

and mediate many other aspects of the inflammatory process,
contributing to the disruption of the intestinal epithelial
barrier.18 It has been shown that i.p. administration of
plasmalogens (Pls) reduces the expression of TNF-α in the
hippocampus of LPS-treated mice.22 In our in vitro study, we
found that extrinsic EtnGpl suppressed the LPS-induced high
levels of TNF-α. Furthermore, TNF-α is implicated in the
induction of apoptosis involving the death receptor TNF-R1
via the extrinsic apoptosis pathway.10 In the present study, we
observed that extrinsic EtnGpl lowered the relative levels of
TNF-R1 induced by LPS (ascidian muscle > porcine liver
EtnGpl) (Figure 3c). It is possible that EtnGpl might have
suppressed caspase-dependent apoptosis via the extrinsic
pathway. Cytokines are important in the pathogenesis of
colon inflammation, and their manipulation can reduce disease
severity and maintain remission. Cellular secretion of pro-
inflammatory cytokines mediates many responses, including
apoptosis during chronic colon inflammation.23 We showed
here that an increase in pro-inflammatory cytokines by LPS
treatment was downregulated by extrinsic EtnGpl (ascidian
muscle > porcine liver EtnGpl), which possibly generated a
favorable microenvironment for the survival of the cells.

PlsEtn has been shown to form more condensed and thicker
membranes, possibly due to the vinyl ether linkage at the sn-1
position.24 Furthermore, EPA-PlsEtn exerts a better effect in
lowering amyloid-β levels in CHO-APP/PS1 cells in vitro,
which is partly attributed to the vinyl ether linkage.25 In the
present study, the observed increase in PlsEtn levels in
differentiated Caco-2 cells (ascidian muscle > porcine liver
EtnGpl) might have influenced the intracellular microenviron-
ment differently. Moreover, chemically induced inflammatory
stress is associated with reactive oxygen species (ROS), and
ROS play a central role in the regulation of main pathways in
apoptosis.26 However, the vinyl ether linkage at the sn-1
position makes Pls more susceptible to oxidative stress.27

Indeed, it has been demonstrated that one vinyl ether double
bond in Pls can scavenge two peroxy radicals.28,29 This might
partly explain the superior antiapoptotic effect of the ascidian
muscle EtnGpl over the porcine liver EtnGpl observed in our
study (Figures 1 and 2). Therefore, PlsEtn might have acted as
an antioxidant and protected cells from LPS-induced
inflammatory stress.
Ascidian muscle EtnGpl containing EPA and DHA had a

superior antiapoptotic effect compared to porcine liver EtnGpl
containing ARA. Extrinsic ascidian muscle EtnGpl yielded
higher levels of intracellular PlsEtn containing DHA and EPA
compared to porcine liver EtnGpl (Figure 5 and Figures S1
and S2). PlsEtn-selective phospholipase A2 is activated by
inflammation, and quarried EPA and DHA give rise to
eicosanoids and docosanoids, which serve as inflammation-
resolving mediators.30,31 This changes the pattern of cellular
inflammatory mediators and decreases chemically induced
colonic damage and inflammation.32 In this study, ascidian
muscle EtnGpl, which led to increased PlsEtn containing EPA
and DHA, showed a higher suppression of apoptotic responses
in the cells. Furthermore, since ARA is metabolized to form
eicosanoids that serve as inflammatory mediators, the observed
increase in PtdEtn-containing ARA with porcine liver EtnGpl
could possibly explain the relatively similar levels of a few pro-
inflammatory cytokines between porcine liver EtnGpl-treated
cells and LPS-treated cells.
During intestinal absorption of phospholipids, fatty acids are

released as a result of hydrolysis at the sn-2, which yields
lysophospholipids.33 Lysophospholipids have been identified as
biologically active lipid mediators.34 For instance, lysoPtdCho
bearing DHA have been shown to exhibit anti-inflammatory
effects in vivo and in vitro in mouse and macrophage models,
respectively.35 In the present study, we observed an increase in
lysoPlsEtn-18:0 from ascidian muscle EtnGpl and an increase
in lysoPtdEtn-18:0 from both EtnGpl treatments (Figure 5).
This possibly suggests their involvement in suppressing colon
inflammation and apoptosis during LPS-induced stress. We
have recently demonstrated that lysoEtnGpl improves the
absorption kinetics of PlsEtn in vivo in the plasma of mice
through re-esterification.36 Therefore, it would be interesting
to elucidate the protective role of lysoPlsEtn vis-a-̀vis PlsEtn
during colon inflammation and carcinogenesis in vivo and in
vitro. Thus, further detailed studies to clarify the food
functionality of lysoPlsEtn in the colon should be conducted.
In conclusion, our findings provide evidence that the

elevation of PlsEtn in colon epithelial cells might contribute
to the alleviation of stress-induced inflammation and apoptosis
responses. The resulting intracellular antiapoptotic effect was
achieved via suppression of pro-inflammatory cytokines and
inhibition of proapoptotic proteins. Our present research
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findings suggest that the intake of PlsEtn with abundant vinyl
ether linkages and n-3 PUFA efficiently inhibits the down-
stream inflammatory and apoptotic signaling cascade in the
colon. Therefore, PlsEtn derived from food sources with high
vinyl ether linkages and n-3 PUFA is potentially beneficial in
averting the initiation of IBD and colon cancer, which are
strongly associated with chronic colon inflammation.

4. MATERIALS AND METHODS
4.1. Materials. Materials used in the cell culture experi-

ment were purchased as follows: human colon carcinoma cell
line Caco-2 from Riken Gene Bank (Tsukuba, Japan);
Dulbecco’s modified Eagle’s medium (DMEM), trypsin-
EDTA (×10), and protease inhibitor cocktail for use with
mammalian cell and tissue extracts from Sigma-Aldrich, Inc.
(Missouri, MO, USA); lysis buffer 17 from R&D Systems
(Minneapolis, MN, USA); phosphate-buffered saline (PBS)
from Nissui (Tokyo, Japan); fetal bovine serum (FBS) from
Biowest (Nuaille,́ France); penicillin-streptomycin-amphoter-
icin B (×100), MEM non-essential amino acids (×100), LPS,
and bovine serum albumin (BSA) fatty acid free from Fujifilm
Wako Pure Chemical Corp. (Gunma, Osaka, Japan); and
phospholipid species from Avanti Polar Lipids (Alabaster, AL,
USA). PlsEtn-18:0/20:5 was purified according to our
previously reported method.37

4.2. Ascidian Muscle and Porcine Liver EtnGpl
Preparation. Purified ascidian muscle and porcine liver
EtnGpl were prepared as previously described in our study.37

Purified EtnGpl was dissolved in ethanol to a stock solution of
10 mM and diluted to 0.5% ethanol by adding to DMEM
containing 0.1% BSA at the time of use.
4.3. Cell Culture. The human colon carcinoma cell line

Caco-2 was cultured in DMEM supplemented with 10% heat-
inactivated FBS (v/v), 1% penicillin-streptomycin-amphoteric
B (v/v), and 1% non-essential amino acids (v/v) in an
incubator at 37 °C and 5% CO2 under humid conditions. Cells
were continuously passaged at 1.5 × 106 cells/mL in 100 mm
dishes every 3−4 days. Differentiated Caco-2 cells were
obtained by seeding Caco-2 cells, and when they reached
>90% confluence, they were designated as day 0 and incubated
for 21 days to differentiate. In this study, differentiated Caco-2
cell medium was changed to DMEM with 0.1% BSA
containing 50 μg/mL LPS (control), LPS, and ascidian muscle
or porcine liver EtnGpl (1 to 50 μM), and a blank treatment.
The dose levels of EtnGpl used in this study were based on our
previous study in which 5 to 50 μM of EtnGpl increased the
viability of serum-starved Neuro-2A cells.38

4.4. Cell Viability. Caco-2 cells at a concentration of 2.0 ×
105 were seeded into 24-well plates (Nunc, Rochester, NY)
containing 1 mL of culture medium. The cells were incubated
for the indicated times and conditions. Differentiated Caco-2
cells were then treated with LPS (50 μg/mL) and EtnGpl in a
dose-dependent manner (1, 10, 20, and 50 μM) for 48 h
followed by rinsing with pre-warmed PBS, trypsinized, and
counted using a counting chamber (EM-Techcolor; Hirsch-
mann, Eberstadt, Germany).
4.5. Apoptosis Detection. Caco-2 cells at a concentration

of 1.0 × 105 were seeded in eight-well Lab-Tek chamber slides
(Thermo Scientific, Waltham, MA) containing 0.5 mL of
culture medium. Differentiated Caco-2 cells were then treated
with 50 μM EtnGpl and LPS for 24 h. Apoptotic cells were
visualized and determined by double staining method using the
TACS 2 TdT-Flour in situ apoptosis detection kit (Trevigen)

as per manufacturer’s instruction followed by DAPI staining
under a fluorescence microscope (BX-51; Olympus, Tokyo,
Japan). The percentage of apoptotic cells was determined by
dividing the number of apoptotic cells by the total number of
cells and multiplying by 100.39−41

To confirm the results of morphological analysis, the relative
levels of apoptosis-related proteins were examined using the
Human Apoptosis Array Kit (R&D Systems, Minneapolis,
MN). Briefly, Caco-2 cells were seeded in 100 mm dishes (1.5
× 106 cells) and incubated as indicated. Differentiated Caco-2
cells were treated with 50 μM EtnGpl and LPS (50 μg/mL) for
24 h and then rinsed with cold PBS followed by lysis with cold
lysis buffer 17 containing 10 μL/mL protease inhibitor
cocktail. Membranes coated with 35 different anti-apoptosis-
related antibodies were exposed to the cell lysate, and
apoptosis-related proteins were detected according to the
manufacturer’s protocol. Data of captured antibody pixel
densities from an image of the developed X-ray film were
acquired using ImageJ software. The detected apoptosis-related
proteins were denoted as follows: Bcl-xL/Bcl-2 associated
death promoter (Bad), Bcl-2-associated X protein (Bax), B-cell
lymphoma 2 (Bcl-2), Bcl/leukemia x (Bcl-x), pro-caspase 3,
cleaved caspase 3, catalase, cytosolic inhibitors of apoptosis-1
(cIAP-1), cytosolic inhibitors of apoptosis-2 (cIAP-2), claspin,
clusterin, cytochrome c, TNF receptor 1 (TNF R1), TNF-
related apoptosis-inducing ligand receptor 1 (TRAIL R1),
TRAIL R2, Fas associated protein with death domain
(FADD), fibroblast-associated (Fas), hypoxia-inducible tran-
scription factor (HIF)-1α, heme oxygenase (HO)-1, HO-2,
heat shock protein (HSP)27, HSP60, HSP70, high temper-
ature requirement protein A2 (HTRA2/Omi), livin, para-
oxonase 2 (PON2), cyclin-dependent kinase 4 inhibitor 1
(p21), cyclin-dependent kinase 4 inhibitor 1 (p27), phos-
phorylated p53 at serine 15 [phospho-p53 (S15)], phospho-
p53 (S46), phospho-p53 (S392), phospho-Rad17 (S635),
second mitochondria-derived activator of caspase/direct
inhibitor of apoptosis-binding protein with low pI (SMAC/
Diablo), surviving, and X-linked inhibitor of apoptosis (XIAP).

4.6. Cytokine Array. Relative cytokine levels were
determined using a Human Cytokine Array Kit (R&D
Systems, Minneapolis, MN). The cells were cultured,
incubated, and treated as indicated in the analysis of
apoptosis-related proteins. Membranes coated with 36 differ-
ent anti-cytokine antibodies were exposed to the cell lysate,
and cytokines were detected according to the manufacturer’s
protocol. Then, data were acquired as described above. The
detected cytokines were denoted as follows: chemokine (C-C
motif) ligand 1 (CCL1/I-309), chemokine (C-C motif) ligand
2 (CCL2)/monocyte chemoattractant protein 1 (MCP-1),
macrophage inflammatory protein-1 alpha (MIP-1α:CCL3)/
macrophage inflammatory protein-1 beta (MIP-1β:CCL4),
regulated on activation, normal T cell expressed and secreted
(RANTES), CD-40 ligand, complement component 5a (C5/
C5a), growth related oncogene-alpha (GRO-α), interferon-γ-
induced protein 10 (IP-10), interferon-inducible T cell alpha
chemoattractant (I-TAC), stromal cell-derived factor 1 (SDF-
1), granulocyte colony stimulating factor (G-CSF), granulocyte
macrophage colony-stimulating factor (GM-CSF), intercellular
adhesion molecule 1 (ICAM-1), interferon-gamma (IFN-γ),
interleukins (IL-1α, IL-1β, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-8,
IL-10, IL-12p70, IL-13, IL-16, IL-17A, IL-17E, IL-18, IL-21,
IL-27, and IL-32a), macrophage migration inhibitory factor
(MIF), plasminogen activator inhibitor-1 (PAI-1:Serpin E1),
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TNF-α, and triggering receptor expressed on myeloid cells 1
(TREM-1).
4.7. TNF-α Assay. TNF-α levels were quantified using a

Human TNF-α ELISA kit (FUJIFILM Wako Shibayagi Corp.,
Gunma, Japan). Briefly, the cells were cultured and incubated
as indicated. The differentiated cells were treated for 24 h, and
the cell lysates were collected as described. Additionally,
differentiated Caco-2 cells were treated with 50 μM EtnGpl for
16 h followed by LPS (50 μg/mL) treatment for 24 h to
confirm whether LPS inhibited the functionality and/or uptake
of EtnGpl by differentiated Caco-2 cells. The cell lysates (20
μL) were added to 96-well microplates with the standards, and
the assay was performed according to the manufacturer’s
protocol. Absorbance at 450 and 620 nm was read using a 96-
well microplate read (ThermoScietific Multiskan FC version
2.5, Finland). Protein contents of samples were measured
using a DC protein assay kit (Bio-rad, CA, USA).
4.8. Lipid Extraction and Assay. To determine the

uptake of extrinsic EtnGpl by differentiated Caco-2 cells, fatty
acid methyl esters (FAME), dimethyl acetals (DMA), and
phospholipid species in cell lysates were analyzed over a period
of 24 h. Briefly, differentiated Caco-2 cells were treated with 50
μM EtnGpl for 0, 2, 4, 8, 16, and 24 h with 0.1% BSA instead
of 10% FBS. At each time interval, the cell surface binding
lipids were removed by washing the cells twice with 20 mmol/
L Tris−HCl, 2 mol/L NaCl, pH 4.0.42 The cells were scraped
off the plate, ultrasonicated for 10 s on ice, and stored at −80
°C until use. Total lipids were extracted according to the Folch
method.43 To obtain the phospholipid fraction, 1 mL of the
extracted total lipids was dried by N2 flux and dissolved in 200
μL of chloroform−isopropanol (2:1), and then loaded onto a
silica Sep-Pak cartridge (Waters, Tokyo, Japan) in which very
fine silica particles had been removed by passing 1.5 mL of
methanol and equilibrated with 1.5 mL of chloroform−
isopropanol (2:1). The loaded sample was eluted with 1.5 mL
of chloroform−isopropanol (2:1) to remove nonpolar
compounds followed by elution with 1.5 mL of methanol,
and the eluted methanol solution was collected as the
phospholipid fraction. FAME and DMA prepared from the
lipid extracts were analyzed by gas chromatography.44

Phospholipid species were analyzed by LC-MS/MS in multiple
reaction monitoring (MRM) mode.45

4.9. Statistical Analysis. The results are represented as
mean ± SEM. All data were subjected to analysis of variance
using SPSS software (version 17.0; SPSS Inc., Chicago, IL,
USA). Differences between the means were tested using one-
way ANOVA followed by Tukey’s post hoc test. P < 0.05 was
considered statistically significant.
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Šafarǐkova,́ B.; Skender, B.; Kozubík, A. Interaction of Dietary Fatty
Acids with Tumour Necrosis Factor Family Cytokines during Colon
Inflammation and Cancer. Mediators Inflamm. 2014, 2014, 848632.
(12) Krzystek-korpacka, M.; Diakowska, D.; Kapturkiewicz, B.;
Bebenek, M.; Gamian, A. Profiles of Circulating Inflammatory
Cytokines in Colorectal Cancer (CRC), High Cancer Risk
Conditions , and Health Are Distinct . Possible Implications for
CRC Screening and Surveillance. Cancer Lett. 2013, 337, 107−114.
(13) Hossain, Z.; Hosokawa, M.; Takahashi, K. Growth Inhibition
and Induction of Apoptosis of Colon Cancer Cell Lines by Applying
Marine Phospholipid. Nutr. Cancer 2009, 61, 123−130.
(14) Messias, M. C. F.; Mecatti, G. C.; Priolli, D. G.; de Oliveira
Carvalho, P. Plasmalogen Lipids: Functional Mechanism and Their
Involvement in Gastrointestinal Cancer. Lipids Health Dis. 2018, 17,
41.
(15) Nguma, E.; Tominaga, Y.; Yamashita, S.; Otoki, Y.; Yamamoto,
A.; Nakagawa, K.; Miyazawa, T.; Kinoshita, M. Dietary Ethanolamine
Plasmalogen Ameliorates Colon Mucosa Inflammatory Stress and
Pre-Cancerous ACF in 1,2-DMH-Induced Colon Carcinogenesis
Mice Model: Protective Role of Vinyl Ether Linkage. Lipids, in press,
DOI: 10.1002/lipd.12283.
(16) Jutanom, M.; Higaki, C.; Yamashita, S.; Nakagawa, K.;
Matsumoto, S.; Kinoshita, M. Effects of Sphingolipid Fractions from
Golden Oyster Mushroom (Pleurotus Citrinopileatus) on Apoptosis
Induced by Inflammatory Stress in an Intestinal Tract in Vitro Model.
J. Oleo Sci. 2020, 69, 1087−1093.
(17) McKay, D. M.; Philpott, D. J.; Perdue, M. H. Review Article: In
Vitro Models in Inflammatory Bowel Disease Research - A Critical
Review. Aliment. Pharmacol. Ther. 1997, 11, 70−80.
(18) Coussens, L. M.; Werb, Z. Inflammation and Cancer. Nature
2002, 420, 860−867.
(19) Fulda, S.; Gorman, A. M.; Hori, O.; Samali, A. Cellular Stress
Responses: Cell Survival and Cell Death. Int. J. Cell Biol. 2010, 2010,
214074.
(20) Yogosawa, S.; Yoshida, K. Tumor Suppressive Role for Kinases
Phosphorylating P53 in DNA Damage-Induced Apoptosis. Cancer Sci.
2018, 109, 3376−3382.

(21) Ozaki, T.; Nakagawara, A. Role of P53 in Cell Death and
Human Cancers. Cancers (Basel). 2011, 3, 994−1013.
(22) Ifuku, M.; Katafuchi, T.; Mawatari, S.; Noda, M.; Miake, K.;
Sugiyama, M.; Fujino, T. Anti-Inflammatory/Anti-Amyloidogenic
Effects of Plasmalogens in Lipopolysaccharide-Induced Neuroin-
flammation in Adult Mice. J. Neuroinflammation 2012, 9, 197.
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