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Abstract: Oxidized low-density lipoproteins (oxLDLs) induce oxidative stress in the liver tissue,
leading to hepatic steatosis, inflammation, and fibrosis. Precise information on the role of oxLDL in
this process is needed to establish strategies for the prevention and management of non-alcoholic fatty
liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH). Here, we report the effects of native
LDL (nLDL) and oxLDL on lipid metabolism, lipid droplet formation, and gene expression in a human
liver-derived C3A cell line. The results showed that nLDL induced lipid droplets enriched with
cholesteryl ester (CE) and promoted triglyceride hydrolysis and inhibited oxidative degeneration of
CE in association with the altered expression of LIPE, FASN, SCD1, ATGL, and CAT genes. In contrast,
oxLDL showed a striking increase in lipid droplets enriched with CE hydroperoxides (CE-OOH) in
association with the altered expression of SREBP1, FASN, and DGAT1. Phosphatidylcholine (PC)-
OOH/PC was increased in oxLDL-supplemented cells as compared with other groups, suggesting
that oxidative stress increased hepatocellular damage. Thus, intracellular lipid droplets enriched
with CE-OOH appear to play a crucial role in NAFLD and NASH, triggered by oxLDL. We propose
oxLDL as a novel therapeutic target and candidate biomarker for NAFLD and NASH.

Keywords: LDL; non-alcoholic steatohepatitis; non-alcoholic fatty liver disease; liquid chromatography-mass
spectrometry; lipidomics

1. Introduction

Non-alcoholic fatty liver disease (NAFLD), characterized by the accumulation of fat
stored in liver cells, affects people who consume little to no alcohol [1]. These patients are
referred to as having simple steatosis (SS). Simple steatosis can progress to non-alcoholic
steatohepatitis (NASH) with hepatitis and liver fibrosis when additional oxidative and
cytokine stress occurs [2]. Non-alcoholic steatohepatitis is irreversible and progresses to
cirrhosis and hepatic carcinoma [3]. Simple steatosis and NASH are collectively defined
as NAFLD, which is often observed in patients with metabolic disorders (such as obesity
and type 2 diabetes) [4,5]. The global prevalence of NAFLD and NASH in the general
population is estimated to be 10–35% and 3–5%, respectively [2]. In the USA, 34% of
the general adult population (or at least 43 million adults) have NAFLD, and 12% have
NASH [6,7]. Furthermore, an estimated 20% of patients with NASH develop cirrhosis, and
NASH is projected to become the leading indication for liver transplantation in the United
States [8,9]. Thus, it is important to prevent the progression of SS to NASH. Currently,
the histopathological diagnosis of NASH requires invasive liver biopsies and is clinically
problematic because of the lack of useful noninvasive blood testing methods. Therefore,
elucidation of NASH pathogenesis is urgently required.

Int. J. Mol. Sci. 2023, 24, 4281. https://doi.org/10.3390/ijms24054281 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms24054281
https://doi.org/10.3390/ijms24054281
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-1759-3802
https://orcid.org/0000-0002-5606-7576
https://orcid.org/0000-0003-4640-7730
https://orcid.org/0000-0001-9973-6461
https://doi.org/10.3390/ijms24054281
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24054281?type=check_update&version=2


Int. J. Mol. Sci. 2023, 24, 4281 2 of 15

In addition to the fatty liver, NAFLD and NASH are also associated with dyslipi-
demia [10]. Particularly, patients with NASH have increased plasma oxidized low-density
lipoproteins (oxLDL), which contain lipid hydroperoxides [11]. Lipid peroxidation is a
leading factor in the development and progression of NASH [12]. Therefore, the oxLDL
level is considered a risk factor for NASH.

Our laboratory previously reported a NASH mouse model that was fed a long-term
high-fat diet and administered with oxLDL [13]. This suggests that oxLDL is one of the
factors involved in the pathogenesis of NASH. Clarifying the association between oxLDL
and lipid droplet formation in hepatocytes can contribute to the understanding of NASH
pathogenesis. However, only a few studies have focused on oxLDL levels and hepatocytes.
There have been no reports on the involvement of oxLDL compared with native low-density
lipoproteins (nLDL) in the mechanism of lipid droplet formation, the components of lipid
droplets, and the increase of oxidative stress in hepatocytes. Herein, we clarified that the
addition of nLDL or oxLDL to human liver-derived C3A cells causes fat accumulation and
analyzed the lipid components using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) and transcriptional expression analyses to better understand lipid metabolic
changes in the cells.

2. Results
2.1. Lipidomic Analysis in LDL

We analyzed the profiles of cholesteryl ester (CE), triacylglycerol (TG), and their
hydroperoxides in nLDL and oxLDL (which were added to C3A cells) because the major
lipid components in lipid droplets are CE and TG [14]. Six CE molecular species were
detected in the LDL particles (Supplementary Figure S1). All molecular species except CE
16:0 decreased with increasing oxidation time. The behavior of the sum of CE was consistent
with that of each CE molecular species (Supplementary Figure S2). CE 20:5 was not detected
in oxLDL (24 h). In the detection of CE hydroperoxide (CE-OOH), only CE-OOH 18:2, which
increased considerably only in oxLDL (2 h), was detected (Supplementary Figure S3).

Furthermore, 41 TG molecular species were detected in the LDL particles
(Supplementary Figure S4). Similar to CE, almost all TG molecular species decreased
with longer oxidation times. The behavior of the sum of TG was consistent with that of each
TG molecular species (Supplementary Figure S5). In the detection of TG hydroperoxide
(TG-OOH), 12 TG-OOH molecules were detected (Supplementary Figure S6). Similar to
CE-OOH, the sum of the TG-OOH levels was considerably high in oxLDL (2 h) under all
conditions (Supplementary Figure S7).

Regarding phosphatidylcholine (PC), 22 PC and 10 PC hydroperoxides (PC-OOH)
were detected in LDL (Supplementary Figures S8–S11). Additionally, the sum of PC-OOH
was the highest in oxLDL (2 h).

Taken together, oxLDL (2 h) was enriched in CE-OOH, TG-OOH, and PC-OOH
compared with LDL at other oxidation times (8, 24 h).

2.2. Cell Toxicity Test

To evaluate the toxicity of LDL in C3A cells, lactate dehydrogenase (LDH) in the
culture supernatant was analyzed (Figure 1). Under the present ranges of added LDL
concentrations, no reduction in cell toxicity was observed in nLDL and any oxLDL groups (2,
8, and 24 h) compared with the control group at 50, 100, and 200 ng protein of LDL/104 cells.
Thus, nLDL/oxLDL concentrations of 200 ng protein/104 cells were used to stimulate
nLDL/oxLDL in this study.
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Figure 1. Cell toxicity test of C3A cells at 24 h after adding nLDL or oxLDL. Cell toxicity in the control
group phosphate-buffered saline (PBS) was set as 100%. Results are expressed as mean ± standard
deviation. n = 6. One-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test,
n.s. not significant.

2.3. Fluorescence Imaging of LDL-Induced Lipid Droplets

According to a previous report [15], fluorescence imaging was used for observing
nLDL- or oxLDL (2 h)-induced lipid droplets, nuclei (blue), and the accumulation of neutral
lipids (red) and lipid hydroperoxides (green) (Figure 2A–C). The locations where neutral
lipids and lipid hydroperoxides overlapped are shown in yellow. As a result, their behaviors
were different from each other. Native LDL increased the number of non-oxidized lipid
droplets (non-oxLDs) and not oxidized lipid droplets (oxLDs), whereas oxLDL increased
the number of oxLDs and non-oxLDs compared with the control (Figure 2D,E).
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Figure 2. Evaluation of accumulation of neutral lipids and lipid hydroperoxides using fluorescence
imaging. (A–C) Lipid droplets with neutral lipids and lipid hydroperoxides formed by C3A cells
supplemented with (A) PBS, (B) 2.0 ng protein/µL nLDL, and (C) 2.0 ng protein/µL oxLDL (100×).
(D) Number of non-oxidized lipid droplets (non-oxLDs) per cell analyzed using fluorescence imaging.
(E) Number of oxidized lipid droplets (oxLDs) per cell analyzed using fluorescence imaging. Results
were expressed as a box plot (n = 53–84). One-way ANOVA with Kruskal–Wallis test, * p < 0.05,
*** p < 0.001, **** p < 0.0001.
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2.4. Lipidomic Analysis in LDL-Supplemented C3A Cells

Five CE molecular species were detected in LDL-supplemented cells (Figure 3A). The
levels of all molecular species were considerably high in the nLDL group. Similarly, the
sum of CE was also increased considerably in the nLDL group (Figure 3B).

Figure 3. Comparison of CE and CE-OOH species in the LDL-supplemented C3A cells detected using Orbitrap 
LC-MS/MS. (A) CE species, (B) The sum of CEs detected in this experiment, (C) The CE-OOH species, (D) The 
sum of CE-OOHs detected in this experiment. Results are shown as mean ± standard deviation. n = 6. One-way 
ANOVA with Tukey’s multiple comparisons test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 3. Comparison of CE and CE-OOH species in the LDL-supplemented C3A cells detected
using Orbitrap LC-MS/MS. (A) CE species. (B) The sum of CEs detected in this experiment. (C) The
CE-OOH species. (D) The sum of CE-OOHs detected in this experiment. Results are shown as mean
± standard deviation. n = 6. One-way ANOVA with Tukey’s multiple comparisons test, * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

Three types of CE-OOH molecules (CE-OOH 18:1, CE-OOH 18:2, and CE-OOH 22:6)
were also detected in LDL-treated cells (Figure 3C). The sum of CE-OOH increased consid-
erably only in oxLDL (2 h)-treated cells (Figure 3D).

Regarding the TG profile, 28 TG molecular species were detected in the LDL-supplement-
ed cells (Figure 4A). In addition, 17 TG molecular species showed a considerable decrease
in the nLDL group compared with the control. Furthermore, seven TG molecular species
were decreased considerably in the oxLDL group compared with the control. The sum
of the TG molecular species was reduced considerably in the nLDL and oxLDL groups
compared with that in the control group (Figure 4B). Furthermore, three types of TG-OOH
molecules (TG-OOH 52:2, TG-OOH 56:7, and TG-OOH 62:12) were detected in LDL-treated
cells (Figure 4C). Overall, there was no notable difference in the sum of TG-OOH levels
among the three groups (Figure 4D).



Int. J. Mol. Sci. 2023, 24, 4281 5 of 15

Figure 4. Comparison of TG and TG-OOH species in the LDL-supplemented C3A cells detected using Oritrap
LC-MS/MS. (A) TG species, (B) The sum of TGs detected in this experiment, (C) TG-OOH species, and (D) 
The sum of TG-OOHs detected in this experiment. Results are shown as mean ± standard deviation. n = 6. 
One-way ANOVA with Tukey’s multiple comparisons test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, 
n.s. not significant.
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Figure 4. Comparison of TG and TG-OOH species in the LDL-supplemented C3A cells detected
using Orbitrap LC-MS/MS. (A) TG species. (B) The sum of TGs detected in this experiment.
(C) TG-OOH species. (D) The sum of TG-OOHs detected in this experiment. Results are shown
as mean ± standard deviation. n = 6. One-way ANOVA with Tukey’s multiple comparisons test,
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. not significant.

Seventeen PC molecular species were detected in LDL-supplemented cells
(Supplementary Figure S12A). The levels of all molecular species and the sum of PC were
considerably higher in the nLDL-supplemented cells than in the oxLDL-supplemented
cells and the control (Supplementary Figure S12B).

Two types of PC-OOH molecules (36:5 and 36:6) were also detected in LDL-supplement-
ed cells (Supplementary Figure S12C). Although there was no notable difference, the sum
of PC-OOH showed an increasing trend in the oxLDL-supplemented cells (Con. vs. oxLDL,
p = 0.093; nLDL vs. oxLDL, p = 0.103) (Supplementary Figure S12D). The sum of PC-
OOH/PC, used as an index of cellular oxidative stress, increased considerably only in
oxLDL-supplemented cells (Figure 5).
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Figure 5. The molar ratio of PC-OOH/PC. Results are shown as mean ± standard deviation. n = 5–6.
One-way ANOVA with Tukey’s multiple comparisons test, * p < 0.05.

2.5. Expression of Genes in Lipid Metabolism

To investigate the transcriptional changes in lipid metabolism in LDL-supplemented
C3A cells, real-time polymerase chain reaction (PCR) was performed under the same
conditions as the LC-MS/MS experiments. The expression level of sterol O-acyltransferase
1 (SOAT1), a gene associated with CE biosynthesis, was reduced considerably in the oxLDL
group compared with that in the control and nLDL groups (Figure 6A). The expression
of lipase E, a hormone-sensitive-type (LIPE) gene associated with the degradation of CE,
was markedly reduced in the nLDL- and oxLDL-supplemented cells compared with that in
the control (Figure 6A). No considerable differences were observed in the expression of
diacylglycerol O-acyltransferase 1 (DGAT1), associated with TG biosynthesis (Figure 6B).
The expression level of adipose triglyceride lipase (ATGL), a gene associated with TG
degradation, was considerably increased in the nLDL group only (Figure 6B).
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Figure 6. Expression of genes related to lipid metabolism in the LDL-supplemented C3A cells detected
using real-time PCR. (A) Biosynthesis and degradation of CE: SOAT1 and LIPE; (B) Biosynthesis and
degradation of TG: DGAT1 and ATGL; (C) Biosynthesis marker of fatty acids: SREBP1, FASN, and
SCD1; (D) Antioxidants: CAT. Results are shown as the relative expression levels compared to the
control (PBS), which was set to 1.0. n = 6–8. One-way ANOVA with Tukey’s multiple comparisons
test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. not significant.

The expression level of sterol regulatory element-binding protein 1 (SREBP1), a factor
that regulates fatty acid biosynthesis, was decreased considerably in the oxLDL group
compared with that in the control group (Figure 6C). The expression level of fatty acid
synthase (FASN) was considerably reduced in the nLDL and oxLDL groups compared with
that in the control group (Figure 6C). The expression of stearoyl-CoA desaturase (SCD1) for
fatty acid unsaturation was considerably reduced in the oxLDL group compared with that
in the control group and notably reduced in the nLDL group (Figure 6C). The expression
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of catalase (CAT), a hepatic antioxidant enzyme, was considerably increased in the nLDL
group compared with that in the control and oxLDL groups (Figure 6D).

From the above results, the lipid metabolic changes in nLDL- (Figure 7A) and oxLDL-
supplemented C3A cells (Figure 7B) are summarized.
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Figure 7. The hypothesized mechanism of lipid metabolism changes in the LDL-supplemented C3A
cells. (A) Changes in lipid metabolism in the nLDL-supplemented C3A cells. nLDL decreased the
expression of genes involved in CE lipolysis (LIPE), which may be associated with accumulated CE
and increased lipid droplets. nLDL increased the expression of genes involved in fatty acid synthesis
(FASN and SCD1) and TG hydrolysis (ATGL). Additionally, nLDL decreased some TG molecular
species. Moreover, nLDL increased the expression of an antioxidative enzyme, CAT. Taken together,
nLDL might exert protective effects on the hepatocytes by increasing TG hydrolysis and antioxidant
enzyme expression. (B) Changes in lipid metabolism in the oxLDL-supplemented C3A cells. oxLDL
caused downregulation of genes involved in CE metabolism (LIPE and SOAT1) and increased lipid
hydroperoxide-containing lipid droplets, CE-OOH and PC-OOH/PC. oxLDL also decreased the
expression of genes involved in fatty acid synthesis (SREBP1, FASN, and SCD1) and some TG.
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3. Discussion

The degree of oxidation varies among oxLDLs in plasma [16]; thus, oxLDL is a hetero-
geneous particle. Lipid components in LDL become hydroperoxides (-OOH) under early
oxidative conditions and aldehydes (-CHO) with increasing degrees of oxidation [17,18].
Mild oxLDL reflects the physiological form of oxLDL and contains lipid hydroperox-
ides [19]; thus, mild oxLDL is toxic to the body. To determine the optimal oxidative
conditions with high levels of lipid hydroperoxides, oxLDL was prepared using different
oxidation times (0–24 h). The present experiments showed that the sum of CE decreased
with increasing LDL oxidation time and that LDL oxidized for 2 h contained the highest
levels of CE-OOH (Supplementary Figures S2 and S3). This suggests that CE may have
been reduced by oxidative denaturation and transformed into CE-OOH in LDL, which
was oxidized for 2 h. Further oxidation (8 and 24 h) resulted in the reduction of CE-OOH
species (Supplementary Figure S3), which may subsequently produce aldehydes and other
oxidative compounds. Similar to CE, the TG and PC levels decreased with increasing
oxidation time (Supplementary Figures S4, S5, S8 and S9). TG-OOH and PC-OOH were
the most abundant in LDL oxidized for 2 h (Supplementary Figures S6, S7, S10 and S11).
Based on these results, oxLDL (2 h) with increased CE-OOH, TG-OOH, and PC-OOH was
adopted as mildly oxidized LDL for the stimulation condition.

Fluorescence imaging analysis showed that both nLDL and oxLDL accumulated neu-
tral lipids in hepatocytes, suggesting that nLDL or oxLDL was incorporated into the cells
and excess lipids were stored in lipid droplets. Furthermore, oxLDL-supplemented cells
were observed to have lipid hydroperoxides overlapping with neutral lipids as a refer-
ence [15]. This suggests that lipid hydroperoxides of added oxLDL may have accumulated
in lipid droplets. CE-OOH levels in the liver tissue of patients with NASH are elevated [20],
and the presence of lipid hydroperoxides (-OOH) in hepatocytes is closely associated with
NASH [21]. Thus, oxLDL uptake may enhance oxidative stress in the hepatocytes.

Native LDL is taken up by hepatocytes via LDLR [22] and oxLDL via scavenger
receptors, such as CD36 and LOX1 [23,24]. Simultaneous analysis of lipids in hepato-
cytes revealed that CE increased in the nLDL group. Native LDL is a CE-rich lipoprotein
(Supplementary Figure S2). The lipid droplets that were stained in the fluorescence mi-
croscopy experiment can be derived from the CE in the incorporated nLDL (Figure 2). CE
taken into cells can be degraded by hydrolysis [25,26], or CE synthesis can be suppressed by
the downregulation of SOAT1 (a gene associated with CE biosynthesis) [27]. In the present
study, the expression level of SOAT1 remained unchanged in nLDL-supplemented cells. In
contrast, the expression level of LIPE (a gene involved in CE degradation) showed a distinct
decrease (Figure 6A). Therefore, CE degradation can be suppressed, and subsequent CE
accumulation occurs in hepatocytes. In contrast, CE was at the same level in the oxLDL
group as in the control group (Figure 3A,B). This could be reasonable because oxLDL was
markedly poor in CE owing to oxidative modifications of CE. The increase in CE-OOH in
oxLDL-supplemented cells was smaller than the increase of CE in nLDL-supplemented
cells. This might indicate that CE-OOH reacted with numerous other oxidative species
(e.g., CE-CHO) that were not targeted in this study.

CE-OOH 18:2 and CE-OOH 22:6 were increased only in oxLDL-supplemented cells
(Figure 3C), suggesting a state of increased intracellular oxidative stress. The increase
in CE-OOH 18:2 levels in the cells implied that oxLDL (2 h) was rich in CE-OOH 18:2
(Supplementary Figure S3). These acyl chains are polyunsaturated fatty acids (PUFAs).
Because PUFAs are susceptible to oxidation, CE with PUFA may be oxidized in oxLDL-
supplemented cells. This increase was consistent with the detection of more lipid hydroper-
oxide using fluorescence staining (Figure 2) and was likely to be attributed to CE-OOH in
oxLDL. In contrast, nLDL-supplemented cells showed no increase in CE-OOH (Figure 3),
which can be attributed to less CE-OOH in nLDL-supplemented cells. Thus, hepatic antiox-
idant enzymes may exert inhibitory effects on the excessive oxidation of CE incorporated
into the cells. The present transcriptional study revealed an increased expression of the
antioxidant enzyme-related gene CAT in nLDL-supplemented cells (Figure 6D). CAT is a
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family of antioxidant enzymes induced by the activation of the Keap1-Nrf2 pathway [28].
It is most abundant in the liver, kidneys, and erythrocytes and is responsible for degrading
most of the hydrogen peroxide [29]. Hydrogen peroxide generates lipid hydroperoxides.
Thus, the induction of CAT could eliminate CE-OOH.

We predicted that TG derived from LDL might accumulate via LDL uptake. However,
TG levels decreased in both nLDL- and oxLDL-treated cells (Figure 4A,B). An increase in
ATGL (a gene involved in TG hydrolysis) promotes a decrease in TG accumulation [30].
Thus, in nLDL, the high expression level of ATGL in nLDL-supplemented cells may have
promoted TG degradation and prevented TG accumulation in hepatocytes. However, the
effects on the reduction of TG species were weaker in oxLDL-supplemented cells than
in nLDL-supplemented cells (Figure 4A,B). This might be due to fewer TG species in the
added oxLDL (Supplementary Figures S4 and S5) or few changes in TG species due to little
induction of ATGL (Figures 4A and 6B).

The sum of TG-OOH in the cells did not change among the three groups (Figure 4D),
despite the addition of oxLDL, including high levels of TG-OOH. Because the amount of TG-
OOH was smaller than that of CE-OOH, even in oxLDL (Supplementary Figures S3 and S7),
the changes in the cells caused by TG-OOH of oxLDL may have been neglected.

PC-OOH is a primary peroxidative lipid that has been used to monitor hepatocellular
damage by lipid peroxidation [31]. Liver PC-OOH levels were higher in NASH model
mice than in control mice [21]. Furthermore, PC-OOH/PC has been used as an index
of cellular oxidative damage [32]. Thus, we analyzed the PC-OOH and PC-OOH/PC
using LC-MS/MS. We found that PC-OOH/PC was increased in oxLDL-supplemented
cells compared with that in other groups, which suggests hepatocellular damage due to
oxidative stress (Figure 5). In contrast, PC-OOH/PC was unchanged in nLDL, which
suggests a protective effect of CAT against oxidation.

In the nLDL and oxLDL groups, the expression levels of genes associated with the
synthetic pathway of fatty acids induced by acetyl-CoA were suppressed despite the
formation of lipid droplets (Figure 6C). This was consistent with previous reports on mice
with fatty livers [33]. This might indicate negative feedback against the accumulation of
excessive lipids, possibly suppressing TG accumulation.

4. Materials and Methods
4.1. Separation of Total Lipoproteins

Blood samples were obtained from healthy participants after overnight fasting. Serum
samples were separated by centrifugation at 2200× g for 10 min at 4 ◦C using a CE16RX
(Hitachi Koki Co., Ltd., Tokyo, Japan). As previously reported, total lipoproteins were
separated by ultracentrifugation [34]. Briefly, 2.0 mL of serum was adjusted to a density of
1.225 kg/L using potassium bromide (Fujifilm Wako Pure Chemical Corporation, Osaka,
Japan) and mixed with 6.0 mL of a specific density solution (density = 1.225). The mixed
solution was then ultracentrifuged at 50,000 rpm for 20 h at 4 ◦C in an Optima MAX
Ultracentrifuge (Beckman Coulter Inc., Brea, CA, USA) with a near-vertical rotor MLN-80
(Beckman Coulter Inc., Brea, CA, USA). The total lipoprotein fraction was collected from
the top layer.

4.2. Separation of LDL Fraction

Gel filtration chromatography was performed to separate LDL and other lipoproteins
(very low-density lipoprotein and high-density lipoprotein) [34]. The total lipoprotein
fraction was injected into a high-performance liquid chromatograph (HPLC, Shimadzu
Corp., Tokyo, Japan) equipped with a Superose 6 column (GE Healthcare, Little Chalfont,
UK). The lipoproteins were then eluted with 50 mM phosphate-buffered saline (PBS)
(pH 7.4) at a rate of 0.5 mL/min and monitored at OD 280 nm. The LDL fractions were
collected at an elution time of 21–27 min. The protein concentrations of these fractions were
determined using the Lowry method [35].
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4.3. Oxidization of LDL

As indicated in previous reports [36], LDL fractions were diluted to a protein con-
centration of 0.2 mg/mL with phosphate buffer (50 mM PBS, pH 7.4); copper sulfate was
added to a final concentration of 0.06 mM and incubated for 2, 8, and 24 h in a thermo-
static chamber at 37 ◦C. Oxidation was stopped by adding ethylenediaminetetraacetic acid
(EDTA) to a final concentration of 1.0 mM. To prevent oxidation due to residual copper
ions, the solvent was replaced with phosphate buffer (50 mM PBS, pH 7.4) using a 100 kDa
filter (Merck Millipore Ltd., Cork, Ireland) [37]. Oxidized LDL solutions were diluted to a
protein concentration of 0.2 mg/mL and stored at 4 ◦C until immediately before use. nLDL
was added to equal volumes of water instead of copper sulfate. As with oxLDL, EDTA was
added and stored at 4 ◦C until use.

4.4. Lipidomics Using LC/MS

Lipid extraction from each LDL was performed following the procedure described
by Folch et al. [38] and Hui et al. [36] (n = 4 for each group). nLDL or oxLDL (600 µL) was
added to 1.4 mL of distilled water and stirred (3500 rpm, 1 min) using a Multi-Speed Vortex
(BIOSAN Ltd., Riga, Latvia). The mixture was transferred to a screw-tip test tube. Internal
standards (IS, SPLASH™LIPIDOMIX® Quantitative Mass Spec Internal Standard, Avanti
Polar Lipids, Inc., Alabaster, AL, USA) were diluted 50-fold with methanol. Next, 100 µL
of diluted IS, 300 µL of methanol, and 2 mL of chloroform were added sequentially, stirred,
and centrifuged (2200× g, 4 ◦C, and 10 min). The lower chloroform layer was collected.
Then, 2 mL of chloroform was added to the remaining upper layer, the above collection
procedure was repeated, and the lower layer was collected again. The solution was then
dried using an evaporator (centrifugal concentrator CC-105; Tomy Industries, Tokyo, Japan).
After drying, 300 µL of methanol was added, and the mixture was stirred to collect the total
volume. The samples were centrifuged (18,800× g, 4 ◦C, 10 min), and the supernatant was
collected. The samples were stored at −80 ◦C until immediately before measurement.

For the simultaneous analysis of lipids using Orbitrap LC-MS, cells stimulated with
LDL were collected (n = 6 for each group). C3A cell suspensions (10% fetal bovine serum,
FBS) were seeded in 24-well plates at 2.0 × 105 cells/mL and 1 mL/well, and preincubation
and stimulation were performed under the same conditions as for fluorescence staining.
The cells were then washed once with PBS. PBS (500 µL) was added, and the cells were
collected using a scraper. Fifty microliters of this solution were used to determine the
protein concentration of the cells. The cells in the remaining 450 µL were precipitated by
centrifugation, and the supernatant was discarded. Next, the cells were washed with PBS,
centrifuged again, and the supernatant discarded. The precipitated cell mass was used as a
sample and stored at −80 ◦C until immediately before lipid extraction from the cell mass.

Lipids were extracted from each cell following the procedure described by Hara
et al. [39] (n = 6 for each group). Diluted IS (200 µL) and chloroform (400 µL) were added
to the collected cell mass and agitated using a Multi-Speed Vortex (BIOSAN, Ltd, Riga,
Latvia.). The mixture was then centrifuged (Himac CE15R, Hitachi Koki Co., Ltd., Tokyo,
Japan, 18,800× g, 4 ◦C, 10 min). The supernatant was collected, and the solution was
allowed to dry using a centrifugal concentrator (CC-105, Tomy Industries, Tokyo, Japan).
Next, 400 µL chloroform was added to the sample before transferring the supernatant
and stirring under the same conditions. It was centrifuged, and the supernatant was
collected into a sample that had just been allowed to dry. The solution was allowed to dry
again, 100 µL of methanol was added, and the mixture was stirred using a Multi-Speed
Vortex (BIOSAN Ltd., Riga, Latvia). The mixture was centrifuged, and the supernatant was
collected. The samples were stored at −80 ◦C until immediately before measurement.

Orbitrap LC-MS/MS was used for the simultaneous analysis of lipids in LDL and
liver culture cell C3A, based on previous reports [40]. The LC section was performed on a
Shimadzu Prominence HPLC system (Shimadzu Corp., Kyoto, Japan), and the analytical
column was an Atlantis T3 Column (C18, 2.1 × 150 nm, and 3 µm; Waters Corp., Milford,
CT, USA). The column temperature was 40 ◦C, and the sample injection volume was
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10 µL. A gradient elution method was used, and the mobile phase consisted of 5 mM
ammonium acetate (A), isopropanol (B), and methanol (C). The flow rate was 0.2 mL/min;
the MS section was an LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Depending on the target molecule, the analysis was performed in
the electrospray ionization (ESI)-positive ion mode (Supplementary Table S1). Peak areas
were calculated using Xcalibur 2.2 (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Based on published data, we identified the peak using the LIPIDMAPS database [21].
The identified species were annotated as class abbreviations: lipid class, total number of
carbons in fatty acid moieties:total number of double bonds in the acyl chains (e.g., TG 52:2)
(Supplementary Tables S2–S5).

When calculating the lipid concentrations in LDL, the peak areas of the target molecules
were corrected using the peak area of the IS. When calculating intracellular lipid concentra-
tions, the peak area was corrected using the peak area of the IS and protein concentration
in the hepatocytes. CE, TG, PC, and their peroxides (CE-OOH, TG-OOH, and PC-OOH)
were analyzed.

4.5. Cell Culture and Toxicity Test

Human liver-derived strain C3A (ATCC) cells were passaged and cultured in MEM
supplemented with fetal bovine serum (FBS, Thermo Fisher Scientific Inc., Waltham, MA,
USA, final concentration of 10%), penicillin-streptomycin (Thermo Fisher Scientific Inc.,
Waltham, MA, USA, final concentration 1%), and GlutaMAX supplement (GlutaMAX,
Thermo Fisher Scientific Inc., Waltham, MA, USA, final concentration of 1%) at 37 ◦C and
5% CO2.

To confirm the hepatotoxicity of LDL, a cell toxicity test was performed (n = 6 for
each group): 1.0 × 104 cells/mL of C3A (10% FBS-containing medium) were seeded in
96-well plates at 100 µL/well and pre-incubated at 37 ◦C and 5% CO2 for 24 h. For the
preparation of stimulants, the supernatant was mixed with Clear MEM (0% FBS, Thermo
Fisher Scientific Inc., Waltham, MA, USA) with LDL solution adjusted to 50, 100, and
200 ng protein per 1 × 104 cells in the nLDL and oxLDL groups. An equal volume of PBS
was used instead of LDL for the control group. The supernatant was then replaced with
stimulants (100 µL/well), and cells were stimulated at 37 ◦C and 5% CO2 for 22 h. At the
end of stimulation, the supernatant was collected. LDH was measured for toxicity testing
according to the manufacturer’s instructions (Takara Bio Inc., Shiga, Japan). Absorbance at
490 nm was measured using a microplate reader (xMark™ Microplate Spectrophotometer,
Bio-Rad Laboratories, Inc., Hercules, CA, USA). The values are shown as the percentage of
cell toxicity, with the control set to 100%.

4.6. Fluorescence Microscopy

With reference to Tsukui et al. [15], fluorescence staining was performed to quantify the
lipid droplets observed when LDL was added. C3A cell suspensions (10% FBS) were seeded
with 2.0 × 105 cells of C3A in glass-bottomed dishes and pre-cultured for 24 h at 37 ◦C and
5% CO2. The cells were washed once with PBS (Fujifilm Wako Pure Chemical Corporation,
Osaka, Japan). For the preparation of the stimulant medium, Clear MEM (0% FBS) was
mixed with nLDL or oxLDL and adjusted to 200 ng protein/104 cells for nLDL, oxLDL, or
phosphate buffer (50 mM PBS, pH 7.4) in the same volume as LDL for the control group.
Subsequently, the cells were incubated at 2 mL/dish at 37 ◦C and 5% CO2 for 24 h. At the
end of the stimulation, the cell supernatant was discarded. The staining solution was added
at 1 mL/dish at 37 ◦C, 5% CO2, and light-shielded conditions for 30 min. The staining
solution was a mixture of Clear MEM, SRfluor (a fluorescence probe for neutral lipids,
Molecular Targeting Technologies, Inc., West Chester, PA, USA), Liperfluo (a fluorescence
probe for lipid peroxides, Dojin Chemical Laboratories, Kumamoto, Japan), and Hoechst
33342 (a fluorescence probe for nuclei, Fujifilm Wako Pure Chemical Corporation) at a ratio
of 1000:5:5:1. After staining, the cells were washed twice with PBS, and the supernatant was
replaced with 2 mL/dish of FluoroBrite™ DMEM (Thermo Fisher Scientific Inc., Waltham,
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MA, USA). Cells were observed under a fluorescence microscope (HS all-in-one fluorescence
microscope BZ-9000, Keyence Co. Ltd., Osaka, Japan). Excitation/emission wavelengths
for SRfluor, Liperfluo, and Hoechst 33342 were 620 nm/700 nm, 470 nm/525 nm, and
360 nm/460 nm, respectively. Exposure times for SRfluor, Liperfluo, Hoechst 33342, and
bright field observations were unified at 1/1.5, 1/2.5, 1/12, and 1/120 s, respectively.

With reference to Piao et al. [41], the images were converted to images suitable
for analysis using the HS all-in-one fluorescence microscope BZ-II analysis application
(Keyence Co. Ltd., Osaka, Japan) and analyzed for the total number and area of lipid
droplets using ImageJ software (NIH, Bethesda, MD, USA) [41,42]. For simplicity, cells
in which the entire cell could be identified were included in the analysis (number of
counted cells = 53–84 in each group) (Supplementary Figure S13). The images were then
converted to 8-bit grayscale images for binarization. A grayscale threshold (0–10) was
applied to the images to remove hepatocellular structures that did not exhibit lipid droplet
features. All particles with a circularity of 0.00–1.00 and an area of 0.1–50 µm2 were counted.
The total number of particles was calculated using this method. The settings of the various
analysis parameters were standardized for all images.

4.7. Real-Time PCR

To confirm the hepatocellular lipid metabolic changes induced by LDL, transcrip-
tional expression analysis was performed under the same conditions as in LC-MS/MS
experiments (n = 6–8 for each group) [43]. After stimulation for 24 h in an incubator, the
cells were washed with PBS, and RNA was extracted from the cells using an RNA extrac-
tion kit (PureLink™ RNA Mini Kit, Thermo Fisher Scientific Inc., Waltham, MA, USA)
according to the manufacturer’s instructions. RNA concentrations were measured using
NanoDrop One (Thermo Fisher Scientific Inc., Waltham, MA, USA). RNA was converted
to complementary DNA (cDNA) using ReverTra Ace® qPCR RT Master Mix with gDNA
Remover (TOYOBO, Co., Ltd., Osaka, Japan) in a thermal cycler (GeneAmp® PCR System
9700, Applied Biosystems, Foster City, CA, USA). The cDNA was stored at −80 ◦C. For the
PCR reaction, Thunderbird® Next SYBER® qPCR Mix (TOYOBO, Co., Ltd., Osaka, Japan)
was mixed with cDNA samples and primers according to the manufacturer’s instructions.
Target genes included SOAT1, LIPE, DGAT1, ATGL, SREBP1, FASN, SCD1, and CAT, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was the housekeeping gene. Gene-
specific primers were used to analyze gene expression (Supplementary Table S6). Gene
expression levels were analyzed by the 2−(∆∆Cq) method using a real-time PCR analysis
system (CFX Connect Real-Times System, Bio-Rad Laboratories, Inc., Hercules, CA, USA).
The expression levels of each target gene were corrected for the expression level of the
housekeeping gene GAPDH.

4.8. Statistical Analysis

All data obtained were subjected to statistical analysis using the GraphPad Prism V7.0
software (GraphPad Software Inc., San Diego, CA, USA). Statistical analysis was performed
using rejection tests to identify outliers where necessary. Then, we performed one-way
analysis of variance (ANOVA), followed by Tukey’s multiple comparisons test, or one-way
ANOVA, followed by Dunnett’s multiple comparisons test, or followed by Kruskal-Wallis
test, or Student’s t-test. The significance level was set at 5%. All results are expressed as
mean ± standard deviation (SD) or box plots.

4.9. Ethics Approval

Ethical approval for blood sampling from healthy subjects was obtained from Hokkaido
University (approval number: 19-107-3). Informed consent was obtained from all the subjects.
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5. Conclusions

The present study demonstrated that nLDL causes the accumulation of CE and the
formation of lipid droplets, possibly due to the reduced expression of LIPE in hepatocytes.
In contrast, oxLDL appeared to increase lipid hydroperoxide-rich LDs and PC-OOH/PC,
mainly CE-OOH and PC-OOH derived from oxLDL. These results suggest that stimulation
by oxLDL mediates oxidative stress in the liver and could trigger NASH development.
The limitation of the present study is that it is difficult to determine whether this model is
closer to NASH or NAFLD because it is a simple cell experiment. Further studies using
various cell lines, primary cells, and in vivo experiments are needed to determine the
interaction between oxLDL and the liver in detail. However, our demonstration of an
association between oxLDL and hepatocytes may lead to new findings in understanding
the pathogenicity of oxLDL in NASH. In addition, our data suggest that oxLDL could be
established as a novel pharmacological target and candidate biomarker for NAFLD/NASH.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms24054281/s1.

Author Contributions: Conceptualization: T.S., H.C. and S.-P.H.; validation, I.S., N.I., K.I. and A.K.;
formal analysis, I.S., A.Y., S.M., N.I., K.I., A.K. and H.T.; investigation, I.S., T.S., A.S. and Y.T.; data
curation, I.S.; writing—original draft preparation, I.S., T.S., A.S., Y.T., H.C. and S.-P.H.; supervision:
T.S., H.C. and S.-P.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Japan Society for the Promotion of Science, KAKENHI
(grant numbers: 19K20174 and 22K11797).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Faculty of Health Sciences of Hokkaido
University (approval code 19-107-3).

Informed Consent Statement: Informed consent was obtained from all the subjects involved in
the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the Central Research Laboratory, Faculty of Health Sciences,
Hokkaido University for kindly providing the workspace and laboratory apparatus. We thank
members of Laboratory for Advanced Lipid Analysis for kind discussion and technical advices.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Walenbergh, S.M.; Koek, G.H.; Bieghs, V.; Shiri-Sverdlov, R. Non-alcoholic steatohepatitis: The role of oxidized low-density

lipoproteins. J. Hepatol. 2013, 58, 801–810. [CrossRef] [PubMed]
2. Vernon, G.; Baranova, A.; Younossi, Z.M. Systematic review: The epidemiology and natural history of non-alcoholic fatty liver

disease and non-alcoholic steatohepatitis in adults. Aliment. Pharmacol. Ther. 2011, 34, 274–285. [CrossRef] [PubMed]
3. Dufour, J.F.; Scherer, R.; Balp, M.M.; McKenna, S.J.; Janssens, N.; Lopez, P.; Pedrosa, M. The global epidemiology of nonalcoholic

steatohepatitis (NASH) and associated risk factors—A targeted literature review. Endocr. Metab. Sci. 2021, 3, 100089. [CrossRef]
4. Fabbrini, E.; Sullivan, S.; Klein, S. Obesity and nonalcoholic fatty liver disease: Biochemical, metabolic, and clinical implications.

Hepatology 2010, 51, 679–689. [CrossRef] [PubMed]
5. Anstee, Q.M.; McPherson, S.; Day, C.P. How big a problem is non-alcoholic fatty liver disease? BMJ 2011, 343, d3897. [CrossRef]
6. Kim, D.; Kim, W.R.; Kim, H.J.; Therneau, T.M. Association between noninvasive fibrosis markers and mortality among adults

with nonalcoholic fatty liver disease in the United States. Hepatology 2013, 57, 1357–1365. [CrossRef]
7. Williams, C.D.; Stengel, J.; Asike, M.I.; Torres, D.M.; Shaw, J.; Contreras, M.; Landt, C.L.; Harrison, S.A. Prevalence of nonalcoholic

fatty liver disease and nonalcoholic steatohepatitis among a largely middle-aged population utilizing ultrasound and liver biopsy:
A prospective study. Gastroenterology 2011, 140, 124–131. [CrossRef]

8. Matteoni, C.A.; Younossi, Z.M.; Gramlich, T.; Boparai, N.; Liu, Y.C.; McCullough, A.J. Nonalcoholic fatty liver disease: A spectrum
of clinical and pathological severity. Gastroenterology 1999, 116, 1413–1419. [CrossRef]

9. Sheka, A.C.; Adeyi, O.; Thompson, J.; Hameed, B.; Crawford, P.A.; Ikramuddin, S. Nonalcoholic steatohepatitis: A review. JAMA
2020, 323, 1175–1183. [CrossRef]

10. Pei, K.; Gui, T.; Kan, D.; Feng, H.; Jin, Y.; Yang, Y.; Zhang, Q.; Du, Z.; Gai, Z.; Wu, J.; et al. An overview of lipid metabolism and
nonalcoholic fatty liver disease. BioMed Res. Int. 2020, 2020, 4020249. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms24054281/s1
https://www.mdpi.com/article/10.3390/ijms24054281/s1
http://doi.org/10.1016/j.jhep.2012.11.014
http://www.ncbi.nlm.nih.gov/pubmed/23183522
http://doi.org/10.1111/j.1365-2036.2011.04724.x
http://www.ncbi.nlm.nih.gov/pubmed/21623852
http://doi.org/10.1016/j.endmts.2021.100089
http://doi.org/10.1002/hep.23280
http://www.ncbi.nlm.nih.gov/pubmed/20041406
http://doi.org/10.1136/bmj.d3897
http://doi.org/10.1002/hep.26156
http://doi.org/10.1053/j.gastro.2010.09.038
http://doi.org/10.1016/S0016-5085(99)70506-8
http://doi.org/10.1001/jama.2020.2298
http://doi.org/10.1155/2020/4020249


Int. J. Mol. Sci. 2023, 24, 4281 14 of 15

11. Chalasani, N.; Deeg, M.A.; Crabb, D.W. Systemic levels of lipid peroxidation and its metabolic and dietary correlates in patients
with nonalcoholic steatohepatitis. Am. J. Gastroenterol. 2004, 99, 1497–1502. [CrossRef] [PubMed]

12. Bellanti, F.; Villani, R.; Facciorusso, A.; Vendemiale, G.; Serviddio, G. Lipid oxidation products in the pathogenesis of non-alcoholic
steatohepatitis. Free Radic. Biol. Med. 2017, 111, 173–185. [CrossRef]

13. Yimin; Furumaki, H.; Matsuoka, S.; Sakurai, T.; Kohanawa, M.; Zhao, S.; Kuge, Y.; Tamaki, N.; Chiba, H. A novel murine model
for non-alcoholic steatohepatitis developed by combination of a high-fat diet and oxidized low-density lipoprotein. Lab. Investig.
2012, 92, 265–281. [CrossRef] [PubMed]

14. Zweytick, D.; Athenstaedt, K.; Daum, G. Intracellular lipid particles of eukaryotic cells. Biochim. Biophys. Acta 2000, 1469, 101–120.
[CrossRef] [PubMed]

15. 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]

16. Chang, Y.H.; Abdalla, D.S.P.; Sevanian, A. Characterization of cholesterol oxidation products formed by oxidative modification of
low density lipoprotein. Free Radic. Biol. Med. 1997, 23, 202–214. [CrossRef]

17. Girotti, A.W. Lipid hydroperoxide generation, turnover, and effector action in biological systems. J. Lipid Res. 1998, 39, 1529–1542.
[CrossRef]

18. Karten, B.; Boechzelt, H.; Abuja, P.M.; Mittelbach, M.; Sattler, W. Macrophage-enhanced formation of cholesteryl ester-core
aldehydes during oxidation of low density lipoprotein. J. Lipid Res. 1999, 40, 1240–1253. [CrossRef]

19. Oteiza, A.; Li, R.; McCuskey, R.S.; Smedsrød, B.; Sørensen, K.K. Effects of oxidized low-density lipoproteins on the hepatic
microvasculature. Am. J. Physiol. Gastrointest. Liver Physiol. 2011, 301, G684–G693. [CrossRef]

20. Podszun, M.C.; Frank, J. Impact of vitamin E on redox biomarkers in non-alcoholic fatty liver disease. Redox Biol. 2021, 42, 101937.
[CrossRef]

21. 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]

22. Goedeke, L.; Fernández-Hernando, C. Regulation of cholesterol homeostasis. Cell. Mol. Life Sci. 2012, 69, 915–930. [CrossRef]
[PubMed]

23. Rhainds, D.; Brodeur, M.; Lapointe, J.; Charpentier, D.; Falstrault, L.; Brissette, L. The role of human and mouse hepatic scavenger
receptor class B type I (SR-BI) in the selective uptake of low-density lipoprotein-cholesteryl esters. Biochemistry 2003, 42, 7527–7538.
[CrossRef] [PubMed]

24. Zhang, Y.; Ge, C.; Wang, L.; Liu, X.; Chen, Y.; Li, M.; Zhang, M. Induction of DKK1 by ox-LDL negatively regulates intracellular
lipid accumulation in macrophages. FEBS Lett. 2015, 589, 52–58. [CrossRef]

25. He, H.; Lancina, M.G., 3rd; Wang, J.; Korzun, W.J.; Yang, H.; Ghosh, S. Bolstering cholesteryl ester hydrolysis in liver: A
hepatocyte-targeting gene delivery strategy for potential alleviation of atherosclerosis. Biomaterials 2017, 130, 1–13. [CrossRef]

26. Sekiya, M.; Osuga, J.; Yahagi, N.; Okazaki, H.; Tamura, Y.; Igarashi, M.; Takase, S.; Harada, K.; Okazaki, S.; Iizuka, Y.; et al.
Hormone-sensitive lipase is involved in hepatic cholesteryl ester hydrolysis. J. Lipid Res. 2008, 49, 1829–1838. [CrossRef]

27. Zhu, Y.; Gu, L.; Lin, X.; Zhou, X.; Lu, B.; Liu, C.; Li, Y.; Prochownik, E.V.; Karin, M.; Wang, F.; et al. P53 deficiency affects
cholesterol esterification to exacerbate hepatocarcinogenesis. Hepatology 2022. [CrossRef]

28. Reisman, S.A.; Yeager, R.L.; Yamamoto, M.; Klaassen, C.D. Increased Nrf2 activation in livers from Keap1-knockdown mice
increases expression of cytoprotective genes that detoxify electrophiles more than those that detoxify reactive oxygen species.
Toxicol. Sci. 2009, 108, 35–47. [CrossRef]

29. Ismail, N.A.; Okasha, S.H.; Dhawan, A.; Abdel-Rahman, A.O.; Shaker, O.G.; Sadik, N.A. Antioxidant enzyme activities in hepatic
tissue from children with chronic cholestatic liver disease. Saudi J. Gastroenterol. 2010, 16, 90–94. [CrossRef]

30. Ahmadian, M.; Duncan, R.E.; Varady, K.A.; Frasson, D.; Hellerstein, M.K.; Birkenfeld, A.L.; Samuel, V.T.; Shulman, G.I.; Wang, Y.;
Kang, C.; et al. Adipose overexpression of desnutrin promotes fatty acid use and attenuates diet-induced obesity. Diabetes 2009,
58, 855–866. [CrossRef] [PubMed]

31. Takayama, F.; Egashira, T.; Kudo, Y.; Yamanaka, Y. Effects of anti-free radical interventions on phosphatidylcholine hydroperoxide
in plasma after ischemia-reperfusion in the liver of rats. Biochem. Pharmacol. 1993, 46, 1749–1757. [CrossRef]

32. Trudel, S.; Kelly, M.; Fritsch, J.; Nguyen-Khoa, T.; Thérond, P.; Couturier, M.; Dadlez, M.; Debski, J.; Touqui, L.; Vallée, B.;
et al. Peroxiredoxin 6 fails to limit phospholipid peroxidation in lung from Cftr-knockout mice subjected to oxidative challenge.
PLoS ONE 2009, 4, e6075. [CrossRef]

33. Vida, M.; Gavito, A.L.; Pavon, F.J.; Bautista, D.; Serrano, A.; Suarez, J.; Arrabal, S.; Decara, J.; Romero-Cuevas, M.; Rodriguez
de Fonseca, F.; et al. Chronic administration of recombinant IL-6 upregulates lipogenic enzyme expression and aggravates
high-fat-diet-induced steatosis in IL-6-deficient mice. Dis. Model Mech. 2015, 8, 721–731. [CrossRef]

34. Ikuta, A.; Sakurai, T.; Nishimukai, M.; Takahashi, Y.; Nagasaka, A.; Hui, S.-P.; Hara, H.; Chiba, H. Composition of Plasmalogens
in Serum Lipoproteins from Patients with Non-Alcoholic Steatohepatitis and Their Susceptibility to Oxidation. Clin. Chim. Acta
2019, 493, 1–7. [CrossRef] [PubMed]

35. Markwell, M.A.; Haas, S.M.; Bieber, L.L.; Tolbert, N.E. A modification of the Lowry procedure to simplify protein determination
in membrane and lipoprotein samples. Anal. Biochem. 1978, 87, 206–210. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1572-0241.2004.30159.x
http://www.ncbi.nlm.nih.gov/pubmed/15307867
http://doi.org/10.1016/j.freeradbiomed.2017.01.023
http://doi.org/10.1038/labinvest.2011.159
http://www.ncbi.nlm.nih.gov/pubmed/22064320
http://doi.org/10.1016/S0005-2736(00)00294-7
http://www.ncbi.nlm.nih.gov/pubmed/10998572
http://doi.org/10.1021/acs.jafc.9b02081
http://www.ncbi.nlm.nih.gov/pubmed/31402655
http://doi.org/10.1016/S0891-5849(96)00626-0
http://doi.org/10.1016/S0022-2275(20)32182-9
http://doi.org/10.1016/S0022-2275(20)33486-6
http://doi.org/10.1152/ajpgi.00347.2010
http://doi.org/10.1016/j.redox.2021.101937
http://doi.org/10.3390/antiox10101602
http://doi.org/10.1007/s00018-011-0857-5
http://www.ncbi.nlm.nih.gov/pubmed/22009455
http://doi.org/10.1021/bi026949a
http://www.ncbi.nlm.nih.gov/pubmed/12809509
http://doi.org/10.1016/j.febslet.2014.11.023
http://doi.org/10.1016/j.biomaterials.2017.03.024
http://doi.org/10.1194/jlr.M800198-JLR200
http://doi.org/10.1002/hep.32518
http://doi.org/10.1093/toxsci/kfn267
http://doi.org/10.4103/1319-3767.61234
http://doi.org/10.2337/db08-1644
http://www.ncbi.nlm.nih.gov/pubmed/19136649
http://doi.org/10.1016/0006-2952(93)90579-L
http://doi.org/10.1371/journal.pone.0006075
http://doi.org/10.1242/dmm.019166
http://doi.org/10.1016/j.cca.2019.02.020
http://www.ncbi.nlm.nih.gov/pubmed/30796899
http://doi.org/10.1016/0003-2697(78)90586-9
http://www.ncbi.nlm.nih.gov/pubmed/98070


Int. J. Mol. Sci. 2023, 24, 4281 15 of 15

36. Hui, S.P.; Taguchi, Y.; Takeda, S.; Ohkawa, F.; Sakurai, T.; Yamaki, S.; Jin, S.; Fuda, H.; Kurosawa, T.; Chiba, H. Quantitative
determination of phosphatidylcholine hydroperoxides during copper oxidation of LDL and HDL by liquid chromatography/mass
spectrometry. Anal. Bioanal. Chem. 2012, 403, 1831–1840. [CrossRef] [PubMed]

37. Takeda, S.; Subagyo, A.; Hui, S.P.; Fuda, H.; Shrestha, R.; Sueoka, K.; Chiba, H. Elastic modulus of low-density lipoprotein as
potential indicator of its oxidation. Ann. Clin. Biochem. 2015, 52, 647–653. [CrossRef]

38. Folch, J.; Lees, M.; Sloane Stanley, G.H. A simple method for the isolation and purification of total lipides from animal tissues.
J. Biol. Chem. 1957, 226, 497–509. [CrossRef]

39. Hara, A.; Radin, N.S. Lipid extraction of tissues with a low-toxicity solvent. Anal. Biochem. 1978, 90, 420–426. [CrossRef]
40. 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]

41. Piao, D.; Ritchey, J.W.; Holyoak, G.R.; Wall, C.R.; Sultana, N.; Murray, J.K.; Bartels, K.E. In vivo percutaneous reflectance
spectroscopy of fatty liver development in rats suggests that the elevation of the scattering power is an early indicator of hepatic
steatosis. J. Innov. Opt. Health Sci. 2018, 11, 1850019. [CrossRef]

42. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

43. Yamamoto, Y.; Sakurai, T.; Chen, Z.; Inoue, N.; Chiba, H.; Hui, S.-P. Lysophosphatidylethanolamine affects lipid accumulation
and metabolism in a human liver-derived cell line. Nutrients 2022, 14, 579. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s00216-012-5833-x
http://www.ncbi.nlm.nih.gov/pubmed/22367245
http://doi.org/10.1177/0004563215584958
http://doi.org/10.1016/S0021-9258(18)64849-5
http://doi.org/10.1016/0003-2697(78)90046-5
http://doi.org/10.1016/j.theriogenology.2019.11.039
http://doi.org/10.1142/S1793545818500190
http://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://doi.org/10.3390/nu14030579
http://www.ncbi.nlm.nih.gov/pubmed/35276938

	Introduction 
	Results 
	Lipidomic Analysis in LDL 
	Cell Toxicity Test 
	Fluorescence Imaging of LDL-Induced Lipid Droplets 
	Lipidomic Analysis in LDL-Supplemented C3A Cells 
	Expression of Genes in Lipid Metabolism 

	Discussion 
	Materials and Methods 
	Separation of Total Lipoproteins 
	Separation of LDL Fraction 
	Oxidization of LDL 
	Lipidomics Using LC/MS 
	Cell Culture and Toxicity Test 
	Fluorescence Microscopy 
	Real-Time PCR 
	Statistical Analysis 
	Ethics Approval 

	Conclusions 
	References

