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Abstract: The physiological functions of lysophosphatidylethanolamine (lysoPE) have not been fully
elucidated. In this study, the effects of lysoPE on lipogenesis and lipolysis were investigated in
a cultured human liver-derived cell line. The intracellular lipid profile was investigated in detail
using liquid chromatography–tandem mass spectrometry (LC-MS/MS) to better understand the
underlying mechanism. The expression of genes related to lipid metabolism and catabolism was
analyzed using real-time PCR. LysoPE supplementation induced cellular lipid droplet formation and
altered triacylglycerol (TAG) profiles. Furthermore, lysoPE downregulated expression of the TAG
hydrolyzation regulation factor ATGL, and reduced the expression of fatty acid biosynthesis-related
genes SREBP1 and SCD1. LC-MS/MS-based lipidomic profiling revealed that the addition of lysoPE
18:2 increased the PE species containing linoleic acyl, as well as the CE 18:2 species, likely due to the
incorporation of linoleic acyl from lysoPE 18:2. Collectively, these findings suggest that lysoPE 18:2 is
involved in lipid droplet formation by suppressing lipolysis and fatty acid biosynthesis. Thus, lysoPE
might play a pathological role in the induction of fatty liver disease.

Keywords: lipid droplets; LC-MS/MS; triacylglycerol; adipose tissue triglyceride lipase; catabolism

1. Introduction

Lysophosphatidylethanolamine (lysoPE) is a lysophospholipid that is a deacylated
product of phosphatidylethanolamine (PE) hydrolysis induced by phospholipase A1/A2 [1].
LysoPE is a minor component of the cell membrane [2] and stimulates chemotactic migra-
tion and infiltration of ovarian cancer cells [3]. LysoPE also functions as a neuronutrient
activator through the mitogen-activated protein kinase signaling pathway in pheochromo-
cytoma cells [4]. LysoPE was recently reported to be involved in the stimulation of neurite
outgrowth and protection against glutamate toxicity in cultured cortical neurons [5,6]. A
previous study showed that lysoPE inhibits lipopolysaccharide-induced M1 macrophage
polarization in mouse peritoneal macrophages [7]. However, the function of lysoPE in the
liver has not been reported. Lysophosphatidylcholine (lysoPC) is structurally similar to
lysoPE but differs in its headgroup (choline instead of ethanolamine) and is known to form
lipid droplets in endothelial cells [8]. However, whether lysoPE has a similar effect on liver
steatosis remains unknown.

The incidence of non-alcoholic fatty liver disease (NAFLD) is continuously increasing
worldwide, with a prevalence of 20–30% in Europe, the Middle East and Japan, and
is estimated to be 33% in the United States [9]. NAFLD is defined as a multifactorial
metabolic disease composed of simple steatosis, or non-alcoholic fatty liver (NAFL), and
non-alcoholic steatohepatitis (NASH). Simple steatosis can progress to NASH, cirrhosis
and hepatocellular carcinoma owing to multiple factors, including oxidative stress and
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insulin resistance [10]. Lipidomic studies revealed an increase in lipid hydroperoxides in
both in vitro (lipid droplets from fatty-acid-supplemented hepatocytes) and in vivo (liver
of diet-induced mice) studies [11,12]. Therefore, fatty liver may be a potential risk factor for
NASH progression and should be prevented. Fructose and free fatty acids such as palmitic
acid, oleic acid and linoleic acid are known to induce hepatic fat accumulation, and can be
applied to cells or animals as hepatic steatosis models [11,13]. It is important to understand
whether lysoPE is involved in the alteration of lipid metabolism, which includes hepatic
lipid accumulation; however, the physiological functions of each lysoPE molecular species
remain unknown. Their elucidation may lead to a discovery of a novel pharmacological
target for hepatic steatosis as well as new physiological functions of lysoPE.

A major challenge in elucidating the physiological functions of lysoPE is the unavail-
ability of individual lysoPE molecular species. In our previous study, a series of authentic
lysoPE molecular species was prepared via chemical synthesis [14,15]. LysoPE 18:2 was
the most abundant species in the serum of healthy subjects, as determined by using liquid
chromatography–tandem mass spectrometry (LC-MS/MS) analysis [16].

Therefore, the aims of our study were (1) to investigate the physiological functions of
lysoPE, targeting its effect on lipid accumulation in human hepatocytes; (2) to explore the
modulation of intracellular lipid metabolism, including the changes in lipid content and the
alterations of molecular composition and (3) to analyze the expression of the genes related
to lipid metabolism and catabolism. The graphical representation of the present study
workflow is shown in the supplementary data (Scheme S1). Here, a combined analysis of
lipidomic profiling, biochemical examination and gene expression assays were performed
to better understand the biological effects of lysoPE.

2. Materials and Methods
2.1. Cell Culture

The human liver-derived cell line C3A (CRL-10741; ATCC, Manassas, VA, USA) was
incubated in minimum essential medium (MEM; Thermo Fisher Scientific, Waltham, MA,
USA) with GlutaMAX containing 10% fetal bovine serum (FBS; Biosera, Kansas City, MO,
USA) and penicillin-streptomycin-neomycin (Thermo Fisher Scientific) at 37 ◦C in a 5%
CO2 atmosphere prior to experimentation.

2.2. Cell Viability Assay

To assess cell viability, a 100 µL aliquot of a suspension of C3A cells was seeded in
96-well plates (2.0 × 104 cells/well). After 24 h, the medium was replaced with 100 µL
MEM containing 1% fatty-acid-free bovine serum albumin (BSA), without or with lysoPE
18:2 which was previously synthesized [15], and incubated at 37 ◦C in a 5% CO2 atmosphere
for 24 h. WST-1 was added at a concentration of 5 µL/well three hours before incubation
was ended. The absorbance was measured at 450 nm using a plate reader (ARVO-MX;
PerkinElmer, Waltham, MA, USA). Results are expressed as the percentage absorbance
compared to the control, which was set to 100%.

2.3. Oil Red O Staining

A suspension of C3A cells (1 mL) was seeded in 24-well plates at a concentration of
2.0 × 105 cells/well. After 24 h, the medium was replaced with 1 mL MEM containing 1%
fatty-acid-free BSA, without (control group) or with lysoPE 18:2 (lysoPE 18:2-supplemented
group; n = 4, each group) and incubated at 37 ◦C in a 5% CO2 atmosphere for another 24 h.
The supernatant was removed, and each well was washed twice with phosphate-buffered
saline (PBS). The cells were then fixed by incubation in 200 µL of 10% neutral-buffered
formalin solution for 10 min. The cells were washed twice with 200 µL PBS and isopropanol
(60%) was added (200 µL), followed by incubation for 10 min. The isopropanol was removed
and 200 µL of Oil Red O solution was added, followed by incubation for 20 min to stain the
cells. Each well was washed with 60% isopropanol and then 200 µL of PBS was added. The
cells were observed and images were obtained using a microscope (IX71; Olympus, Tokyo,
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Japan). The Oil Red O dye was then extracted using isopropanol and the extracts were
transferred to another 96-well plate. Isopropanol was used as the blank. The absorbance
of the Oil Red O extract was measured at 550 nm using a plate reader (xMark Microplate
Spectrophotometer; Bio-Rad, Hercules, CA, USA). The control was set to 100%.

2.4. Lipidomic Analysis Using Orbitrap LC-MS/MS

C3A cells (1 mL) were seeded in 24-well plates at a concentration of 2.0 × 105 cells/well
and incubated for 24 h. The medium was then replaced with 1 mL of MEM containing
1% fatty-acid-free BSA, without or with 20 µM lysoPE 18:2, and incubated at 37 ◦C in a
5% CO2 atmosphere for 24 h. The cells were washed with PBS and collected in 100 µL
of radioimmunoprecipitation assay (RIPA) buffer (FujiFilm Wako Pure Chemical, Tokyo,
Japan) containing a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and
phenylmethylsulfonyl fluoride (G-Biosciences, St. Louis, MO, USA) (98:1:1). Cell lysates
from four duplicate wells (under the same conditions) were mixed (400 µL) to obtain a
sufficient volume for the assay. Six samples were prepared for each experimental group. A
50 µL aliquot of each pooled cell lysate was used to measure the protein concentration using
the bicinchoninic acid (BCA) assay. The remaining 350 µL was used for comprehensive
lipid analysis via Orbitrap LC-MS/MS. The lipid classes evaluated were triacylglycerol
(TAG), cholesteryl ester (CE), PE, lysoPE, PC and lysoPC. TAG and CE were analyzed as
the core lipids in intracellular lipid droplets. Each lipid species amount was normalized to
the amount of protein, as determined using the BCA assay, which was measured using a
commercial kit (Thermo Fisher Scientific).

The Orbitrap LC-MS/MS conditions were previously described [17]. An Atlantis
T3 C18 column (2.1 mm × 150 mm, 3 µm; Waters, Milford, MA, USA) was used for
chromatographic separation. The mobile phase consisted of a 10 mM ammonium acetate
aqueous solution (A), isopropanol (B) and methanol (C). The measurements were obtained
using optimized gradient elution in electrospray ionization positive and negative modes,
with m/z ranges set at 150–1100 and 220–1650, respectively. MS/MS analysis was performed
via collision-induced dissociation in ion trap mode. Raw data were processed using
Xcalibur 2.2 (Thermo Fisher Scientific). The mass tolerance was within 5.0 ppm, and the
acyl composition was identified by comparing the MS/MS fragments with the LIPIDMAPS
database [18].

2.5. RNA Extraction and cDNA Conversion

C3A cells were seeded in 24-well plates at a concentration of 2.0 × 105 cells/well and
incubated for 24 h. The medium was then replaced with 1 mL of MEM containing 1%
fatty-acid-free BSA, without or with lysoPE 18:2 (20 µM), and incubated at 37 ◦C in a 5%
CO2 atmosphere for 24 h. The cells were washed with phosphate-buffered saline (PBS),
followed by RNA extraction using the PureLink RNA Mini Kit (Thermo Fisher Scientific),
according to the manufacturer’s protocol. RNA concentrations and purity were measured
using a NanoDrop spectrophotometer (Thermo Fisher Scientific). Next, 500 ng of RNA was
converted to complementary DNA (cDNA) using the ReverTra Ace qPCR RT Master Mix
with gDNA Remover (Toyobo, Osaka, Japan), according to the manufacturer’s protocol.
The acquired cDNA was stored at −80 ◦C until use.

2.6. Gene Expression Analysis Using Real-Time PCR

Gene expression of adipose tissue triglyceride lipase (ATGL), diacylglycerol acyltrans-
ferase 1 (DGAT1), sterol regulatory sequence binding protein 1 (SREBP1), stearoyl CoA
desaturase 1 (SCD1), peroxisome proliferator-activated receptor γ (PPARγ), CD36 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was analyzed through real-time
PCR using the THUNDERBIRD SYBR qPCR Mix (Toyobo), according to the manufacturer’s
protocol. Primer sequences are listed in Table S1 [19–22]. A CFX Connect Real-Time Sys-
tem real-time PCR analysis system (Bio-Rad Laboratories, Hercules, CA, USA) was used
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for all assays. All results were normalized to the expression level of the housekeeping
gene, GAPDH.

2.7. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 7.0e (GraphPad Soft-
ware, La Jolla, CA, USA). For comparisons of three or more groups, one-way analysis of
variance (ANOVA), followed by Dunnett’s test, was applied. The t-test was used for the
comprehensive analysis of lipids using Orbitrap LC-MS/MS and real-time PCR. Statistical
significance was set at p < 0.05. All results are depicted as the mean ± standard deviation.

3. Results
3.1. Supplementation of LysoPE 18:2 Showed No Cytotoxicity to Hepatocyte Cell Line

To confirm the cell toxicity of lysoPE 18:2 and to determine the appropriate concen-
tration of lysoPE 18:2 for C3A cells, we initially tested the cell viability within the range
up to 200 µM. As a result, cells treated with lysoPE 18:2 at the tested concentrations of
0.2 µM, 2 µM, 20 µM and 200 µM showed 118.8% ± 11.0%, 114.4% ± 6.1%, 117.7% ± 8.3%
and 125.3% ± 15.0% of the cell viability compared with control, respectively (Figure 1).
These data suggest that lysoPE 18:2 did not cause cytotoxicity to C3A cells. Moreover,
although the cell viability was even slightly increased with the addition of lysoPE 18:2 at
0.2, 20 and 200 µM, there was no evidence showing a dose-dependent effect on hepatocyte
proliferation. Thus, there was no cell toxicity induced by lysoPE 18:2 up to a concentration
of 200 µM.
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Figure 1. Cell viability assay of C3A liver-derived cells at 24 h after adding lysoPE 18:2. Cell viability
in the control group was set as 100%. Results are expressed as mean ± standard deviation. n = 6.
* p < 0.05, ** p < 0.01.

3.2. LysoPE 18:2 Supplementation Increased the Number of Lipid Droplets in Hepatocytes

Lipid staining with Oil Red O was performed to observe morphological features after
lysoPE 18:2 treatment, especially lipid droplets. More lipid droplets, which were dyed
red, were observed in cells supplemented with 0.2–200 µM lysoPE 18:2. The increase was
also dose-dependent (Figure 2A). The absorbance of Oil Red O was measured to express
the degree of lipid droplet formation. The absorbance was significantly elevated in a
dose-dependent manner in cells supplemented with 2–200 µM lysoPE 18:2 (Figure 2B),
consistent with microscopic observations.
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Figure 2. Oil Red O staining and evaluation of lipid accumulation. (A) Lipid droplets formed by C3A
cells supplemented with 0.2–200 µM lysoPE 18:2 (40×). (B) Quantification of lipid accumulation, as
measured by the absorbance of extracted Oil Red O dye. Absorbance in the control group was set as
100%. Results were expressed as mean ± standard deviation. n = 4. * p < 0.05, *** p < 0.001.

3.3. Hepatic Lipid Profile Changed following LysoPE 18:2 Supplementation

To better understand the biological effects of lysoPE, we investigated intracellular
lipid profiles using LC-MS/MS. TAG and CE species are the major components of lipid
droplets. We detected 51 molecular TAG species (Figure 3), 33 of which were significantly
increased in the lysoPE 18:2-supplemented group. Notably, 14 species showed a more
than 2-fold increase. TAG 54:4, which increased 2-fold in the lysoPE 18:2-supplemented
group, was identified as linoleic acyl using MS/MS analysis. Conversely, the levels of
three molecular species, TAG 46:0, 48:0 and 50:1, were significantly decreased in the lysoPE
18:2-supplemented group.

Four molecular CE species were also detected. CE 18:2 was significantly increased in
the lysoPE 18:2-supplemented group (p < 0.05). However, there were no obvious differences
in other CE species among the groups (Figure 4).
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Figure 3. Comparison of TAG species in the lysoPE-supplemented (black bars) and unsupplemented
(white bars) C3A cells detected using Orbitrap LC-MS/MS. Results are shown as mean ± standard
deviation. n = 6. Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. Comparison of CE species in lysoPE-supplemented (black bars) and unsupplemented
(white bars) C3A cells detected using Orbitrap LC-MS/MS. Results are shown as mean ± standard
deviation. n = 6. Student’s t-test, * p < 0.05.
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We also analyzed PE and lysoPE to investigate the dynamics of these molecular species.
Subsequently, 24 molecular PE species were detected. There were significant increases
in levels of PE 34:3, 36:3, 38:7, 40:8 and 44:12 in the lysoPE 18:2-supplemented group,
compared to those in the control group (Figure 5A). According to the MS/MS fragments,
PE 36:3 and 40:8 contained linoleic acyl. All other molecular species were significantly
decreased in the lysoPE 18:2-supplemented group.
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Figure 5. Comparison of PE (A) and lysoPE (B) species in lysoPE-supplemented (black bars) and
unsupplemented (white bars) C3A cells detected using Orbitrap LC-MS/MS. Results are shown as
mean ± standard deviation. n = 6. Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001.

Six molecular lysoPE species were detected. LysoPE 18:2 was the most abundant
species in the lysoPE 18:2-supplemented group (Figure 5B). It should be noted that this
included the supplemented lysoPE 18:2. LysoPE 18:1 and 22:6 levels were also significantly
increased, whereas lysoPE 16:0 and 20:4 were significantly decreased in the lysoPE 18:2-
supplemented group.

To investigate the behavior of the major cellular phospholipids, we analyzed the PC profile
and identified 16 molecular species. Overall, PCs were lower in the lysoPE 18:2-supplemented
group (Figure 6A). Levels of PC 28:0, 30:0, 30:1, 32:1, 34:2, 36:1, 36:2, 36:4, 36:5, 38:4, 38:5, 38:6 and
38:7 were significantly decreased in the lysoPE 18:2-supplemented group compared with those
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in the control group. Only PC 36:3 was increased in supplemented cells, and was identified
using MS/MS analysis as PC 18:1/18:2, a linoleic acyl-containing molecule.
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Figure 6. Comparison of PC (A) and lysoPC (B) species in lysoPE-supplemented (black bars) and
unsupplemented (white bars) C3A cells detected using Orbitrap LC-MS/MS. Results are shown as
mean ± standard deviation. n = 6. Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001.

We further analyzed the lysoPC species as the major lysophospholipids to better
understand the changes in lysoPE 18:2 supplementation. Six molecular lysoPC species
were identified. LysoPC species were also reduced in the lysoPE 18:2-supplemented group
(Figure 6B), with a significant decrease in lysoPC 16:0, 18:1 and 20:5.

3.4. LysoPE 18:2 Supplementation Altered the Expression of Genes Related to Lipid Metabolism

To determine whether lysoPE 18:2 affects lipid metabolism at the transcriptional level,
we analyzed the expression of several genes involved in TAG catabolism (ATGL), TAG
synthesis (DGAT1), de novo fatty acid synthesis (SREBP1 and SCD1) and FA uptake (PPARγ
and CD36) using real-time PCR. ATGL, SREBP1 and SCD1 expression was significantly
lower in the lysoPE 18:2-supplemented group than in the control group (Figure 7). In
contrast, DGAT1 levels did not differ between the two groups.
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Figure 7. Expression of genes related to lipid droplet formation in lysoPE 18:2-supplemented and
unsupplemented C3A cells. (A) ATGL; (B) DGAT1; (C) SREBP1; (D) SCD1; (E) PPARG (PPARγ);
(F) CD36. The vertical axis shows the relative expression levels compared to the untreated control
cells, which was set to 1.0. n = 6. Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significant.

4. Discussion

We found that lysoPE supplementation induced lipid droplet formation in hepatocytes
in a dose-dependent manner, similar to a previous report demonstrating that lysoPC formed
lipid droplets in endothelial cells [8]. This suggests that lysoPE may induce lipid droplet
formation in hepatocytes and may be related to the pathophysiology of NAFLD. Levels of
both serum lysoPE 18:2 and 20:4 were significantly decreased in mice with fatty livers fed a
high-fat diet [23]. Studies have shown that serum lysoPE levels in both simple steatosis and
NASH are lower than those in healthy subjects [15,24]. Hepatic lysoPE species were shown
to be higher in patients with simple steatosis than in those with normal steatosis [25,26],
whereas hepatic lysoPE levels were lower in NASH than in simple steatosis [25]. These
findings indicate the promotion of lysoPE uptake from the plasma to the liver during
simple steatosis. The specific receptor for lysoPE remains to be determined.

TAG and CE are the major lipid components in LDs [27]. Our lipidomic data showed
that lysoPE supplementation induced an overall increase in TAG. In particular, TAG
54:4 increased 2-fold in the lysoPE 18:2-supplemented group. TAG 54:4 also contained
linoleic acyl. This linoleic acyl may have originated from the linoleic acyl produced by
the decomposition of lysoPE 18:2; this finding is supported by a previous study showing
that the loading of fatty acids into cells induces TAG formation, including fatty acyl [28].
Similarly, CE with linoleic acyl was the only CE species that increased in the lysoPE 18:2-
supplemented group, which may have originated from the linoleic acyl produced by the
decomposition of lysoPE 18:2.

PE species that were markedly increased in the lysoPE 18:2-supplemented groups, such
as PE 36:3 (18:1/18:2) and 40:8 (18:2/22:6), also contained linoleic acyl. The supplemented
lysoPE 18:2 may have been a substrate for the increased production of these PE species. The
cleavage of linoleic acyl from the increased PE 36:3 and 40:8 may be the source of the increase
in lysoPE 18:1 and 22:6. In contrast, most PE and PC species were reduced in lysoPE 18:2-
supplemented cells. PEs and PCs are mainly synthesized via the Kennedy pathway in the
endoplasmic reticulum (ER) [29]. ER stress is present in NAFLD [30,31], which is followed
by a decrease in hepatic PE. Thus, the overall PE reduction observed in the present study
might be due to impaired PE production caused by ER stress. Although supplementation
with lysoPE 18:2 markedly elevated lysoPE 18:2 levels, it did not significantly affect its
profile. Additionally, the increase in lysoPE 18:2 levels reflected the addition of lysoPE 18:2
into the cells.
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Changes in the expression levels of genes related to lipid metabolism and catabolism
were also observed. ATGL expression was significantly downregulated in lysoPE 18:2-
supplemented cells. ATGL hydrolyzes TAGs, the main component of lipid droplets, and
converts them to diacylglycerols (DAGs) [32]. Conversely, DGAT1 is an enzyme that
acylates DAGs and synthesizes TAGs [33]. Deficiency of hepatic ATGL in mice causes
progressive hepatic steatosis [34,35], which suggests a suppression of TAG degradation in
lipid droplets. Thus, a reduction in hepatic ATGL expression and activity could lead to the
development of metabolic diseases, including NAFLD [36]. Mutations in the ATGL gene
were observed in patients with hepatic steatosis and cardiac myopathy with systemic TAG
accumulation in [37]. Supporting these reports, the present results suggest that lysoPE may
induce TAG accumulation by downregulating ATGL expression.

More extensive lipid metabolism markers were analyzed to elucidate hepatic steato-
sis [38–40]. SREBP1 and SCD1 expression were significantly reduced in lysoPE 18:2-
supplemented cells. SCD1 catalyzes the biosynthesis of monovalent unsaturated fatty
acids from saturated fatty acids [41]. SREBP1 is a transcription factor that regulates SCD1
expression and controls fatty acid biosynthesis [42]. Additionally, hepatic SCD1 levels
are decreased in fatty liver model mice on a fed a high-fat diet [43,44]. SCD1-deficient
mice are protected against steatosis owing to a reduction in lipogenesis and activation of
β-oxidation [45,46]. The present results also showed that excessive lipid accumulation
induced by lysoPE 18:2 could contribute to the decreased SREBP1 and SCD1 expression,
which might be part of a feedback loop that suppresses the intracellular biosynthesis of
excess fatty acids. Furthermore, PPARγ, a major regulator of lipid metabolism, controls
FA uptake and de novo hepatic lipogenesis. Hepatic knockdown of PPARγ in mice leads
to resistance to high-fat-diet-induced hepatic steatosis and the decrease of genes involved
in lipogenesis (SREBP1 and SCD1) and FA transporters regulated by PPARγ (CD36) [47].
Consistent with this, the downregulation of PPARγ, CD36, SREBP1 and SCD1 was found
in lysoPE 18:2-supplemented cells. The decrease in PPARγ and CD36 levels suggests a
protective response against hepatic steatosis (Figure 8).

Figure 8. Putative effects of lysophosphatidylethanolamine (lysoPE) on hepatic lipid metabolism. The
present study demonstrated that lysoPE 18:2 supplementation induced hepatic lipid accumulation
and caused lipid profile alteration, possibly related to the suppression of lipolysis, fatty acid synthesis
and fatty acid uptake.

5. Conclusions

In this study, we demonstrated that lysoPE supplementation induced lipid droplet
formation in a human liver-derived cell line, and revealed that lysoPE induced increases
in TAG, CE, PE, lysoPE and PC, containing linoleic acyl. Further, we found that lysoPE
supplementation led to the downregulation of ATGL and TAG accumulation, which may be
involved in impaired lipid droplet catabolism. According to these findings, lysoPE might
be a bioactive lipid that induces fatty liver formation. In that case, a protective response
against hepatic steatosis might occur due to the decrease of gene expressions related to
de novo lipogenesis and FA uptake. In terms of the limitations in this study, it should be
noted that whether other lysoPE species possess the same effects remains unclear, as only
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lysoPE 18:2 was investigated in the present study. Additionally, since this experiment was
based on cultured cells, it was difficult to elucidate whether the characteristics of lysoPE
18:2-supplemented cells were close to NAFL or NASH. Thus, the in vivo effects of lysoPE
are worthy of investigation in order to clarify whether lysoPE plays a pathological role in
the induction of fatty liver in animals and humans. Nevertheless, our data suggest that
lysoPE could be established as a novel pharmacological target for hepatic steatosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14030579/s1. Table S1: Primer sequences of each gene used
for real-time PCR. Scheme S1: Graphical scheme of the study approach. It is important to understand
if lysoPE is involved in the alteration of lipid metabolism, including hepatic lipid accumulation, as
the physiological functions of lysoPE have not yet been elucidated. In the present study, we focused
on the physiological functions of lysoPE 18:2 and investigated whether it affected lipid accumulation
in a human hepatoma cell line, C3A. First, we investigated the cellular toxicity of lysoPE 18:2 to
determine the optimal concentration of lysoPE added. Second, we observed lipid droplet formation
in the C3A cells supplemented with lysoPE 18:2 by using Oil Red O staining. Third, we investigated
the intracellular lipid profile using LC-MS/MS to understand the biological effects of lysoPE. Last,
we analyzed the expression of genes related to lipid metabolism and catabolism using real-time PCR.
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and Antiplatelet Therapy: Important Considerations and Future Perspectives. Int. J. Mol. Sci. 2021, 22, 3180. [CrossRef] [PubMed]
2. Makide, K.; Kitamura, H.; Sato, Y.; Okutani, M.; Aoki, J. Emerging Lysophospholipid Mediators, Lysophosphatidylserine,

Lysophosphatidylthreonine, Lysophosphatidyl Ethanolamine and Lysophosphatidylglycerol. Prostaglandins Other Lipid Mediat.
2009, 89, 135–139. [CrossRef] [PubMed]

3. Park, K.S.; Lee, H.Y.; Lee, S.Y.; Kim, M.K.; Kim, S.D.; Kim, J.M.; Yun, J.; Im, D.S.; Bae, Y.S. Lysophosphatidylethanolamine
Stimulates Chemotactic Migration and Cellular Invasion in SK-OV3 Human Ovarian Cancer Cells: Involvement of Pertussis
Toxin-Sensitive G-Protein Coupled Receptor. FEBS Lett. 2007, 581, 4411–4416. [CrossRef] [PubMed]

4. Nishina, A.; Kimura, H.; Sekiguchi, A.; Fukumoto, R.H.; Nakajima, S.; Furukawa, S. Lysophosphatidylethanolamine in Grifola
frondosa as a Neurotrophic Activator via Activation of MAPK. J. Lipid Res. 2006, 47, 1434–1443. [CrossRef]

5. Hisano, K.; Yoshida, H.; Kawase, S.; Mimura, T.; Haniu, H.; Tsukahara, T.; Kurihara, T.; Matsuda, Y.; Saito, N.; Uemura, T.
Abundant Oleoyl-Lysophosphatidyl Ethanolamine in Brain Stimulates Neurite Outgrowth and Protects Against Glutamate
Toxicity in Cultured Cortical Neurons. J. Biochem. 2021, 170, 327–336. [CrossRef]

6. Hisano, K.; Kawase, S.; Mimura, T.; Yoshida, H.; Yamada, H.; Haniu, H.; Tsukahara, T.; Kurihara, T.; Matsuda, Y.; Saito, N.; et al.
Structurally Different Lysophosphatidylethanolamine Species Stimulate Neurite Outgrowth in Cultured Cortical Neurons via
Distinct G-Protein-Coupled Receptors and Signaling Cascades. Biochem. Biophys. Res. Commun. 2021, 534, 179–185. [CrossRef]

7. Park, S.J.; Im, D.S. 2-Arachidonyl-Lysophosphatidylethanolamine Induces Anti-Inflammatory Effects on Macrophages and in
Carrageenan-Induced Paw Edema. Int. J. Mol. Sci. 2021, 22, 4865. [CrossRef]

https://www.mdpi.com/article/10.3390/nu14030579/s1
https://www.mdpi.com/article/10.3390/nu14030579/s1
http://doi.org/10.3390/ijms22063180
http://www.ncbi.nlm.nih.gov/pubmed/33804754
http://doi.org/10.1016/j.prostaglandins.2009.04.009
http://www.ncbi.nlm.nih.gov/pubmed/19427394
http://doi.org/10.1016/j.febslet.2007.08.014
http://www.ncbi.nlm.nih.gov/pubmed/17719584
http://doi.org/10.1194/jlr.M600045-JLR200
http://doi.org/10.1093/jb/mvab046
http://doi.org/10.1016/j.bbrc.2020.11.119
http://doi.org/10.3390/ijms22094865


Nutrients 2022, 14, 579 12 of 13

8. Corrêa, R.; Silva, L.F.F.; Ribeiro, D.J.S.; Almeida, R.d.N.; Santos, I.d.O.; Corrêa, L.H.; de Sant’Ana, L.P.; Assunção, L.S.; Bozza, P.T.;
Magalhães, K.G. Lysophosphatidylcholine Induces NLRP3 Inflammasome-Mediated Foam Cell Formation and Pyroptosis in
Human Monocytes and Endothelial Cells. Front. Immunol. 2020, 10, 2927. [CrossRef]

9. Loomba, R.; Sanyal, A.J. The Global NAFLD Epidemic. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 686–690. [CrossRef]
10. Videla, L.A.; Rodrigo, R.; Araya, J.; Poniachik, J. Insulin Resistance and Oxidative Stress Interdependency in Non-Alcoholic Fatty

Liver Disease. Trends Mol. Med. 2006, 12, 555–558. [CrossRef]
11. Tsukui, T.; Chen, Z.; Fuda, H.; Furukawa, T.; Oura, K.; Sakurai, T.; Hui, S.-P.; Chiba, H. Novel Fluorescence-Based Method to

Characterize the Antioxidative Effects of Food Metabolites on Lipid Droplets in Cultured Hepatocytes. J. Agric. Food Chem. 2019,
67, 9934–9941. [CrossRef] [PubMed]

12. Wu, Y.; Chen, Z.; Fuda, H.; Tsukui, T.; Wu, X.; Shen, N.; Saito, N.; Chiba, H.; Hui, S.-P. Oxidative Stress Linked Organ Lipid
Hydroperoxidation and Dysregulation in Mouse Model of Nonalcoholic Steatohepatitis: Revealed by Lipidomic Profiling of
Liver and Kidney. Antioxidants 2021, 10, 1602. [CrossRef] [PubMed]

13. Ter Horst, K.W.; Serlie, M.J. Fructose Consumption, Lipogenesis, and Non-Alcoholic Fatty Liver Disease. Nutrients 2017, 9, 981.
[CrossRef]

14. Furukawa, T.; Fuda, H.; Miyanaga, S.; Watanabe, C.; Chiba, H.; Hui, S.P. Rapid Tin-Mediated Access to a Lysophos-
phatidylethanolamine (LPE) Library: Application to Positional LC/MS Analysis for Hepatic LPEs in Non-Alcoholic
Steatohepatitis Model Mice. Chem. Phys. Lipids 2016, 200, 133–138. [CrossRef] [PubMed]

15. Yamamoto, Y.; Sakurai, T.; Chen, Z.; Furukawa, T.; Gowda, S.G.B.; Wu, Y.; Nouso, K.; Fujii, Y.; Yoshikawa, Y.; Chiba, H.; et al.
Analysis of Serum Lysophosphatidylethanolamine Levels in Patients With Non-Alcoholic Fatty Liver Disease by Liquid
Chromatography-Tandem Mass Spectrometry. Anal. Bioanal. Chem. 2021, 413, 245–254. [CrossRef]

16. Koistinen, K.M.; Suoniemi, M.; Simolin, H.; Ekroos, K. Quantitative lysoPhospholipidomics in Human Plasma and Skin by
LC-MS/MS. Anal. Bioanal. Chem. 2015, 407, 5091–5099. [CrossRef]

17. Chen, Z.; Wu, Y.; Nagano, M.; Ueshiba, K.; Furukawa, E.; Yamamoto, Y.; Chiba, H.; Hui, S.P. Lipidomic Profiling of Dairy
Cattle Oocytes by High Performance Liquid Chromatography-High Resolution Tandem Mass Spectrometry for Developmental
Competence Markers. Theriogenology 2020, 144, 56–66. [CrossRef]

18. Sud, M.; Fahy, E.; Cotter, D.; Brown, A.; Dennis, E.A.; Glass, C.K.; Merrill, A.H.; Murphy, R.C.; Raetz, C.R.; Russell, D.W.; et al.
LMSD: LIPID MAPS Structure Database. Nucleic Acids Res. 2007, 35, D527–D532. [CrossRef]

19. Ohyama, T.; Yamazaki, Y.; Sato, K.; Horiguchi, N.; Ichikawa, T.; Kakizaki, S.; Takagi, H.; Mori, M. Transforming growth factor-α
attenuates hepatic fibrosis: Possible involvement of matrix metalloproteinase-1. Liver Int. 2011, 31, 572–584. [CrossRef]

20. Yao-Borengasser, A.; Varma, V.; Coker, R.H.; Ranganathan, G.; Phanavanh, B.; Rasouli, N.; Kern, P.A. Adipose triglyceride lipase
expression in human adipose tissue and muscle. Role in insulin resistance and response to training and pioglitazone. Metabolism
2011, 60, 1012–1020. [CrossRef]

21. Ali, O.; Darwish, H.A.; Eldeib, K.M.; Azim, S.A.A. miR-26a Potentially Contributes to the Regulation of Fatty Acid and Sterol
Metabolism In Vitro Human HepG2 Cell Model of Nonalcoholic Fatty Liver Disease. Oxidative Med. Cell Longev. 2018, 30, 8515343.
[CrossRef] [PubMed]

22. Ryan, M.C.; Desmond, P.V.; Slavin, J.L.; Congiu, M. Expression of genes involved in lipogenesis is not increased in patients with
HCV genotype 3 in human liver. J. Viral Hepat. 2011, 18, 53–60. [CrossRef] [PubMed]

23. Kim, H.J.; Kim, J.H.; Noh, S.; Hur, H.J.; Sung, M.J.; Hwang, J.T.; Park, J.H.; Yang, H.J.; Kim, M.S.; Kwon, D.Y.; et al. Metabolomic
Analysis of Livers and Serum From High-Fat Diet Induced Obese Mice. J. Proteome Res. 2011, 10, 722–731. [CrossRef] [PubMed]

24. Tiwari-Heckler, S.; Gan-Schreier, H.; Stremmel, W.; Chamulitrat, W.; Pathil, A. Circulating Phospholipid Patterns in NAFLD
Patients Associated With a Combination of Metabolic Risk Factors. Nutrients 2018, 10, 649. [CrossRef]

25. Gorden, D.L.; Myers, D.S.; Ivanova, P.T.; Fahy, E.; Maurya, M.R.; Gupta, S.; Min, J.; Spann, N.J.; McDonald, J.G.; Kelly, S.L.; et al.
Biomarkers of NAFLD Progression: A Lipidomics Approach to an Epidemic. J. Lipid Res. 2015, 56, 722–736. [CrossRef]

26. Draijer, L.G.; Froon-Torenstra, D.; van Weeghel, M.; Vaz, F.M.; Bohte, A.E.; Holleboom, A.G.; Benninga, M.A.; Koot, B.G.P.
Lipidomics in Nonalcoholic Fatty Liver Disease: Exploring Serum Lipids as Biomarkers for Pediatric Nonalcoholic Fatty Liver
Disease. J. Pediatr. Gastroenterol. Nutr. 2020, 71, 433–439. [CrossRef]

27. Kory, N.; Farese, R.V., Jr.; Walther, T.C. Targeting Fat: Mechanisms of Protein Localization to Lipid Droplets. Trends Cell Biol. 2016,
26, 535–546. [CrossRef]

28. Zhao, Y.; Chen, Z.; Wu, Y.; Tsukui, T.; Ma, X.; Zhang, X.; Chiba, H.; Hui, S.P. Separating and Profiling Phosphatidylcholines and
Triglycerides from Single Cellular Lipid Droplet by in-Tip Solvent Microextraction Mass Spectrometry. Anal. Chem. 2019, 91,
4466–4471. [CrossRef]

29. Patel, D.; Witt, S.N. Ethanolamine and Phosphatidylethanolamine: Partners in Health and Disease. Oxidative Med. Cell. Longev.
2017, 2017, 4829180. [CrossRef]

30. Viswanath, P.; Radoul, M.; Izquierdo-Garcia, J.L.; Ong, W.Q.; Luchman, H.A.; Cairncross, J.G.; Huang, B.; Pieper, R.O.; Phillips,
J.J.; Ronen, S.M. 2-Hydroxyglutarate-Mediated Autophagy of the Endoplasmic Reticulum Leads to an Unusual Downregulation
of Phospholipid Biosynthesis in Mutant Idh1 Gliomas. Cancer Res. 2018, 78, 2290–2304. [CrossRef]

31. Lebeaupin, C.; Vallée, D.; Hazari, Y.; Hetz, C.; Chevet, E.; Bailly-Maitre, B. Endoplasmic Reticulum Stress Signaling and the
Pathogenesis of Non-Alcoholic Fatty Liver Disease. J. Hepatol. 2018, 69, 927–947. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2019.02927
http://doi.org/10.1038/nrgastro.2013.171
http://doi.org/10.1016/j.molmed.2006.10.001
http://doi.org/10.1021/acs.jafc.9b02081
http://www.ncbi.nlm.nih.gov/pubmed/31402655
http://doi.org/10.3390/antiox10101602
http://www.ncbi.nlm.nih.gov/pubmed/34679736
http://doi.org/10.3390/nu9090981
http://doi.org/10.1016/j.chemphyslip.2016.09.003
http://www.ncbi.nlm.nih.gov/pubmed/27702570
http://doi.org/10.1007/s00216-020-02996-9
http://doi.org/10.1007/s00216-014-8453-9
http://doi.org/10.1016/j.theriogenology.2019.11.039
http://doi.org/10.1093/nar/gkl838
http://doi.org/10.1111/j.1478-3231.2011.02475.x
http://doi.org/10.1016/j.metabol.2010.10.005
http://doi.org/10.1155/2018/8515343
http://www.ncbi.nlm.nih.gov/pubmed/30402207
http://doi.org/10.1111/j.1365-2893.2010.01283.x
http://www.ncbi.nlm.nih.gov/pubmed/20196803
http://doi.org/10.1021/pr100892r
http://www.ncbi.nlm.nih.gov/pubmed/21047143
http://doi.org/10.3390/nu10050649
http://doi.org/10.1194/jlr.P056002
http://doi.org/10.1097/MPG.0000000000002875
http://doi.org/10.1016/j.tcb.2016.02.007
http://doi.org/10.1021/acs.analchem.8b05122
http://doi.org/10.1155/2017/4829180
http://doi.org/10.1158/0008-5472.CAN-17-2926
http://doi.org/10.1016/j.jhep.2018.06.008
http://www.ncbi.nlm.nih.gov/pubmed/29940269


Nutrients 2022, 14, 579 13 of 13

32. Zimmermann, R.; Strauss, J.G.; Haemmerle, G.; Schoiswohl, G.; Birner-Gruenberger, R.; Riederer, M.; Lass, A.; Neuberger, G.;
Eisenhaber, F.; Hermetter, A.; et al. Fat Mobilization in Adipose Tissue Is Promoted by Adipose Triglyceride Lipase. Science 2004,
306, 1383–1386. [CrossRef] [PubMed]

33. Jenkins, C.M.; Mancuso, D.J.; Yan, W.; Sims, H.F.; Gibson, B.; Gross, R.W. Identification, Cloning, Expression, and Purifica-
tion of Three Novel Human Calcium-Independent Phospholipase A2 Family Members Possessing Triacylglycerol Lipase and
Acylglycerol Transacylase Activities. J. Biol. Chem. 2004, 279, 48968–48975. [CrossRef] [PubMed]

34. Wu, J.W.; Wang, S.P.; Alvarez, F.; Casavant, S.; Gauthier, N.; Abed, L.; Soni, K.G.; Yang, G.; Mitchell, G.A. Deficiency of Liver
Adipose Triglyceride Lipase in Mice Causes Progressive Hepatic Steatosis. Hepatology 2011, 54, 122–132. [CrossRef]

35. Turpin, S.M.; Hoy, A.J.; Brown, R.D.; Rudaz, C.G.; Honeyman, J.; Matzaris, M.; Watt, M.J. Adipose Triacylglycerol Lipase Is a
Major Regulator of Hepatic Lipid Metabolism but Not Insulin Sensitivity in Mice. Diabetologia 2011, 54, 146–156. [CrossRef]

36. Ong, K.T.; Mashek, M.T.; Bu, S.Y.; Greenberg, A.S.; Mashek, D.G. Adipose Triacylglycerol Lipase Is a Major Hepatic Lipase That
Regulates Triacylglycerol Turnover and Fatty Acid Signaling and Partitioning. Hepatology 2011, 53, 116–126. [CrossRef]

37. Schweiger, M.; Lass, A.; Zimmermann, R.; Eichmann, T.O.; Zechner, R. Neutral Lipid Storage Disease: Genetic Disorders Caused
by Mutations in Adipose Triglyceride Lipase/PNPLA2 or CGI-58/ABHD5. Am. J. Physiol. Endocrinol. Metab. 2009, 297, E289–E296.
[CrossRef]

38. Simoes, I.C.M.; Karkucinska-Wieckowska, A.; Janikiewicz, J.; Szymanska, S.; Pronicki, M.; Dobrzyn, P.; Dabrowski, M.; Dobrzyn,
A.; Oliveira, P.J.; Zischka, H.; et al. Western Diet Causes Obesity-Induced Nonalcoholic Fatty Liver Disease Development by
Differentially Compromising the Autophagic Response. Antioxidants 2020, 9, 995. [CrossRef]

39. Herman-Edelstein, M.; Scherzer, P.; Tobar, A.; Levi, M.; Gafter, U. Altered renal lipid metabolism and renal lipid accumulation in
human diabetic nephropathy. J. Lipid Res. 2014, 55, 561–572. [CrossRef]

40. Montandon, S.A.; Somm, E.; Loizides-Mangold, U.; De Vito, C.; Dibner, C.; Jornayvaz, F.R. Multi-technique comparison of
atherogenic and MCD NASH models highlights changes in sphingolipid metabolism. Sci. Rep. 2019, 9, 16810. [CrossRef]

41. Antal, O.; Péter, M.; Hackler, L.; Mán, I.; Szebeni, G.; Ayaydin, F.; Hideghéty, K.; Vigh, L.; Kitajka, K.; Balogh, G.; et al. Lipidomic
Analysis Reveals a Radiosensitizing Role of Gamma-Linolenic Acid in Glioma Cells. Biochim. Biophys. Acta 2015, 1851, 1271–1282.
[CrossRef] [PubMed]

42. Yi, J.; Zhu, J.; Wu, J.; Thompson, C.B.; Jiang, X. Oncogenic Activation of PI3K-AKT-mTOR Signaling Suppresses Ferroptosis via
SREBP-Mediated Lipogenesis. Proc. Natl. Acad. Sci. USA 2020, 117, 31189–31197. [CrossRef] [PubMed]

43. de Mendonça, M.; dos Santos, B.A.C.; de Sousa, É.; Rodrigues, A.C. Adiponectin Is Required for Pioglitazone-Induced Improve-
ments in Hepatic Steatosis in Mice Fed a High-Fat Diet. Mol. Cell. Endocrinol. 2019, 493, 110480. [CrossRef] [PubMed]

44. Kirpich, I.A.; Gobejishvili, L.N.; Bon Homme, M.; Waigel, S.; Cave, M.; Arteel, G.; Barve, S.S.; McClain, C.J.; Deaciuc, I.V.
Integrated Hepatic Transcriptome and Proteome Analysis of Mice With High-Fat Diet-Induced Nonalcoholic Fatty Liver Disease.
J. Nutr. Biochem. 2011, 22, 38–45. [CrossRef]

45. Gutiérrez-Juárez, R.; Pocai, A.; Mulas, C.; Ono, H.; Bhanot, S.; Monia, B.P.; Rossetti, L. Critical Role of Stearoyl-CoA Desaturase-1
(SCD1) in the Onset of Diet-Induced Hepatic Insulin Resistance. J. Clin. Investig. 2006, 116, 1686–1695. [CrossRef] [PubMed]
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