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ARTICLE INFO ABSTRACT

Keywords: The conjunctiva of primary open angle glaucoma patients showed high level of oxidized low-
Oxidized low-density lipoprotein density lipoprotein (ox-LDL), which is associated with the inflammatory response. Microglia
Macrophages

and macrophages are the immune cells involved in retinal ganglion cell survival regulation; yet,
their roles of the ox-LDL-induced inflammation in glaucoma remain elusive. Here we aimed to
investigate the lipid uptake, inflammatory cytokine expression, and metabolomics profiles of
human and murine-derived microglial and macrophage cell lines treated with ox-LDL. Under the
same ox-LDL concentration, macrophages exhibited higher lipid uptake and expression of pro-
inflammatory cytokines as compared to microglia. The ox-LDL increased the levels of fatty acid
metabolites in macrophages and sphingomyelin metabolites in microglia. In summary, this study
revealed the heterogeneity in the inflammatory capacity and metabolic profiles of macrophages
and microglia under the stimulation of ox-LDL.

Microglia
Inflammatory response
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1. Introduction

Glaucoma is a leading cause of global irreversible visual impairment and blindness, with 76.0 million people worldwide in 2020,
and expected to increase to 111.8 million in 2040 [1]. Primary open-angle glaucoma (POAG), the most common form of glaucoma, is
characterized by the progressive degeneration of retinal ganglion cells (RGCs) [2]. Apart from the increased intraocular pressure (IOP),
inflammation has been suggested to be involved in POAG [3-5].

We previously identified the association of caveolin-1 and ATP-binding cassette transporter Al gene variants with POAG, both of
which are crucial regulators in cholesterol homeostasis [6]. We also observed that the POAG patients carrying the risk allele exhibit
higher cholesterol levels [7]. Previous studies have also reported significantly higher peripheral blood LDL levels in the POAG patients
as compared to the control subjects [8,9]. The elevated LDL levels can increase blood viscosity and affect the ocular microcirculation,
thereby contributing to the pathogenesis of POAG [10]. The oxidized low-density lipoprotein (ox-LDL), resulted from the low-density
lipoprotein (LDL) cholesterol, is present in the conjunctival specimens of the POAG patients, especially accumulated in the
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inflammatory cells [11]. In atherosclerosis, ox-LDL induces lipid metabolism disorders in macrophages and forms foam cells, which
then release pro-inflammatory cytokines and trigger the inflammatory response [12-14]. Macrophages, derived from bone marrow
hematopoietic stem cells, develop into the circulating monocytes with the stimulation by the macrophage colony-stimulating factor
[15]. Under the disease conditions, macrophages breach the blood-retinal barrier by releasing inflammatory mediators that target the
vascular endothelial cells [16-18]. Previous studies have shown that the monocytes/macrophages transendothelially migrate and
aggregate at the optic nerve head (ONH), which could contribute to the early glaucomatous damage [5,19]. The numbers of mac-
rophages increase in the ONH of the patients with both mild and severe glaucomatous optic neuropathy [20]. In addition, the internal
limiting membrane macrophages are also involved in the nerve fiber layer phagocytosis in the areas with active glaucoma [21].
Microglia are the resident immune cells resided in the retina, derived from yolk sac progenitor cells. With the inflammatory stimu-
lation, microglia increase in number, alter their morphology to remove cell debris by phagocytosis, and release a range of inflam-
matory mediators [16,22,23]. Previous studies have shown that microglia increase in numbers and become activated in glaucoma
patients and animal models of glaucoma [24]. Nevertheless, the precise involvement of macrophages and microglia in the develop-
ment of ox-LDL-induced inflammation in glaucoma remains insufficiently investigated.

Metabolomics characterizes the end products of cellular regulatory pathways, providing insights on how cells respond to the
environmental changes [25]. Cell metabolism is able to determine the cell function [26,27]. Metabolic regulation of immune cells is of
high importance as metabolic reprogramming drives both proinflammatory and anti-inflammatory processes [28-30]. Here, in this
study, we aimed to investigate the changes in the phagocytosis, inflammatory capacity, and metabolomics profiles of both murine and
human microglia and macrophages under the treatment of ox-LDL in vitro.

2. Results
2.1. Effect of ox-LDL on the viability of macrophages and microglia

We first determined the cytotoxicity of ox-LDL in macrophages and microglia. The cell viability of murine J774A.1 macrophage
cells treated with 25 pg/mL and 50 pg/mL ox-LDL for 48 h decreased by 24.4% (P = 0.006) and 63.1% (P < 0.0001) respectively as
compared to that before treatment (Fig. 1A). In contrast, the cell viability of BV2 microglial cells treated with 50 pg/mL ox-LDL for 48 h
only decreased by 14.5% (P < 0.0001). Similar trends were observed in human cells. Treatment with 50 pg/mL ox-LDL for 48 h
decreased the viability of THP-1 macrophages by 55.4% (P < 0.0001), whereas only 100 pg/mL of ox-LDL would decrease the viability
of HMC3 cells by 9.7% (P = 0.0030). Consistently, under the same ox-LDL concentration treatment (25 pg/mL), macrophages (J774A.1
and THP-1 cells) showed a significant decrease in cell viability at 48 h, whereas microglia did not (Fig. 1B). Our results suggested that
ox-LDL induces macrophage death at a lower concentration than the microglia.
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Fig. 1. Effect of ox-LDL on the viability of macrophage and microglia cell lines. (A) Changes in macrophage and microglial cell viability after
treatment with 0, 6.25, 12.5, 25, 50 and 100 pg/mL ox-LDL for 48 h. (B) Changes in macrophage and microglial survival rate after treatment with
0 and 25 pg/mL ox-LDL for 0, 24, 48, and 72 h. Data presented are mean + SD. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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2.2. Effect of ox-LDL on lipid phagocytosis in macrophages and microglia

To assess the lipid uptake of macrophages and microglia, the intracellular lipid accumulation was evaluated by the oil red O
staining. Both microglia (BV2 (79.24 + 35.5 vs 5.715 + 3.956, P < 0.0001) and HMC3 cells (44.81 + 29.19 vs 9.727 + 10.41, P =
0.0112)) and macrophages (J774A.1 (263.5 + 103.2 vs 13.67 + 8.307, P < 0.0001) and THP-1 cells (1352 + 240.9 vs 302.7 + 72.46,
P < 0.0001)), under the ox-LDL treatment, showed significantly higher intensity of oil red O staining as compared to their respective
control groups (Fig. 2A and B). Notably, the intensities of oil red O staining in macrophages were much higher than that in microglia.
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Fig. 2. Lipid accumulation in control and cells after treatment with 25 pg/mL ox-LDL for 48 h are stained by Oil Red (200 x ). (A) Lipids were
stained with oil red O and examined by microscopy. (B) Quantification for foam cell. Intensity measured as integrated optical density refers to the
degree of lipid accumulation. (C) Dil-ox-LDL uptake. Data presented are mean + SD. *P < 0.05, ****P < 0.0001. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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Similarly, both microglia (BV2 and HMC3 cells) and macrophages (J774A.1 and THP-1 cells), under the ox-LDL treatment, showed
significantly greater number of Dil-ox-LDL-positive cells as compared to their respective control groups (Fig. 2C). J774A.1 and THP-1
macrophages exhibited higher intensity of Dil-ox-LDL than the BV2 and HMC3 microglia. Collectively, our results suggested that
macrophages are more likely to uptake lipids than microglia upon the ox-LDL treatment.

2.3. Effect of ox-LDL on inflammatory cytokine expression in macrophages and microglia

The expression pattern of inflammatory cytokines in ox-LDL-treated cells was determined by the qPCR analysis. Significant
upregulation of tumor necrosis factor-a (TNF-a) and downregulation of interleukin-10 (IL-10) were found in J774A.1 and THP-1
macrophages treated with ox-LDL as compared to the control group (Fig. 3). In addition, THP-1 cells treated with ox-LDL also
showed significant downregulation of transforming growth factor-beta (TGF-f) as compared to the control group. No significant
differences were observed in the expression of inflammatory cytokine genes in the ox-LDL-treated microglial cell lines as compared to
the control group. Our results indicated that ox-LDL promotes the pro-inflammatory status of macrophages, but not microglia.

2.4. Metabolomics analysis of ox-LDL-treated macrophages and microglia

For all four cell lines, the principal component analysis (PCA) results showed a clear separation between the ox-LDL treatment and
control groups, and th e Orthogonal partial least squares-discriminant analysis (OPLS-DA) model was reliable and valid (table S1).
Compared to the control group, the metabolic footprints of the ox-LDL treatment group changed, indicating that the metabolic path
was changed under the ox-LDL treatment (Fig. 4A).

The volcano plots identified 122 differentially abundance metabolites between the ox-LDL treatment and control groups in
J774A.1 cells, 24 differentially abundance metabolites in BV2 cells, 28 differentially abundance metabolites in THP-1 cells, and 17
differentially abundance metabolites in HMC3 cells (Fig. 4B). Among the differentially abundance metabolites, lipids were the most
significantly altered metabolites by the ox-LDL treatment in the four cell lines, accounting for 37% in J774A.1 cells, 38% in BV2 cells,
54% in THP-1 cells, and 47% in HMC3 cells (Fig. 4C). In addition, the levels of the glucose and amino acid metabolites were also
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Fig. 3. Expression of inflammatory cytokines in control and cells treated with 25 pg/mL ox-LDL for 48 h. (A) J774A.1 cell line. (B) BV2 cell line. (C)
THP-1 cell line. (D) HMCS3 cell line. Relative mRNA levels of indicated genes were calculated by normalizing results to f-actin. Data presented are
mean + SD. *P < 0.05, ***P < 0.001, ****P < 0.0001.
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Fig. 4. Effect of ox-LDL on the metabolism of macrophage and microglia cell lines. (A) PCA plots and OPLS-DA plots of the four cell types. (B)
Volcano plot analysis of differential metabolites in control and ox-LDL groups of the four cell lines. (C) Pie chart of the differential metabolite
classification of the four cell lines.

substantially affected by the ox-LDL treatment (tables S2-5).
2.5. Effect of ox-LDL on lipid metabolism in macrophages and microglia

In the J774A.1 cells, the levels of long-chain carnitine metabolites and oxidized fatty acids were elevated under the treatment of ox-
LDL. Similarly, ox-LDL treatment also increased the levels of fatty acid metabolites in the THP-1 cells. However, there was no sig-
nificant change in the levels of long-chain carnitine metabolites in BV2 and HMC3 cells treated with ox-LDL as only two fatty acids
were significantly altered (Fig. 5). In contrast, SM(d18:1/16:0) in the phospholipid metabolism increased in BV2 and HMCS3 cells after
ox-LDL treatment by 147.67 and 7.29 folds respectively as compared to their respective control groups (Fig. 6 and tables S3 and S5).
Our findings suggested that the ox-LDL treatment increases the fatty acid metabolite levels in macrophages and sphingomyelin SM
(d18:1/16:0) metabolites in microglia.
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Fig. 5. Effect of ox-LDL on fatty acid metabolites of macrophage and microglia cell lines. (A) J774A.1 cell line. (B) BV2 cell line. (C) THP-1 cell line.
(D) HMCS3 cell line. *P < 0.05, **P < 0.01.

2.6. Effect of ox-LDL on glucose metabolism in macrophages and microglia

In J774A.1 cells with the ox-LDL treatment, gluconic acid, fructose, phosphoenolpyruvic acid, and pyruvic acid in the glycolytic
pathway., ribose 5-phosphate and erythrose 4-phosphate in the pentose phosphate pathway (PPP), and citric acid, a-ketoglutaric acid
and fumaric acid in the tricarboxylic acid (TCA) cycle were decreased (Fig. 7A). In addition, maleic acid and malic acid were also
decreased. In contrast, the ox-LDL treatment exhibited little effect on glucose metabolism in the THP-1, BV2, and HMCS3 cells (tables
S$2-5). Our results indicated that J774A.1 cells show reduced glucose metabolism capacity after ox-LDL treatment.

Glucose metabolism is accompanied by energy release and consumption. Creatinine, phosphocreatine, and adenosine diphosphate
(ADP) metabolites were decreased in the J774A.1 cells after the ox-LDL treatment. In the ox-LDL-treated BV2 cells, only ADP was
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Fig. 6. Effect of ox-LDL on phospholipid metabolites of macrophage and microglia cell lines. (A) J774A.1 cell line. (B) BV2 cell line. (C) THP-1 cell
line. (D) HMC3 cell line.

decreased. Instead, phosphocreatine, ADP, and adenosine triphosphate (ATP) were decreased in the ox-LDL-treated THP-1 cells. In the
HMC3 cells treated with ox-LDL, only phosphocreatine metabolites were decreased (Fig. 7B). Our results suggested that the energy
metabolisms in both macrophages and microglia are affected by the ox-LDL treatment.

2.7. Effect of ox-LDL on amino acid metabolism in macrophages and microglia

The glutathione (GSH) metabolism was altered in the ox-LDL-treated J774A.1 cells, with decreased glutathione, glutamic acid,
cysteine, and glycine metabolites. The BV2 cells under the ox-LDL treatment also showed similar changes as the J774A.1 cells. On the
contrary, glutamic acid and glycine metabolites were increased in the THP-1 cells. The GSH metabolism was not altered in the HMC3
cells.

The branched-chain amino acids are composed of valine, leucine, and isoleucine, which can be converted into pyruvic acid for
energy generation. Both leucine and isoleucine metabolites were decreased in the ox-LDL-treated J774A.1 cells, and only ketoleucine,
the upstream product of leucine, was decreased in the ox-LDL-treated BV2 cells. In the ox-LDL-treated THP-1 cells, the isoleucine
metabolites were decreased, but leucine did not change significantly. In the HMC3 cells treated with ox-LDL, both y-glutamyl leucine
and ketoleucine were decreased. Our findings suggested that ox-LDL differentially affects the branched-chain amino acid metabolism
in macrophages and microglia (Fig. 8).
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2.8. Correlation analysis of key metabolites with lipid accumulation and cytokines

The correlation analysis showed that, in the J774A.1 and THP-1 cells, there was a positive correlation between the fatty acids and
their conjugates with TNF-a and IOD, while a negative correlation was observed with IL-10. Conversely, the glucose metabolites
showed a positive correlation with IL-10 and a negative correlation with TNF-a and IOD (Fig. 9). However, no correlation was found
between key lipid metabolites and cytokines in the BV2 and HMC3 microglia.

3. Discussion

In this study, we investigated the cell viability, lipid uptake, inflammatory gene expression and metabolomics profiles of macro-
phages and microglia treated with ox-LDL in vitro. Our findings indicated that macrophages and microglia display distinct responses to
ox-LDL. The ox-LDL enhanced the lipid uptake in both macrophages and microglia, but more accumulated lipids in macrophages than
in microglia. Moreover, in macrophages, ox-LDL increased mRNA expression of the pro-inflammatory cytokine TNF-o gene and
decreased the mRNA for the anti-inflammatory cytokine IL-10 gene, while there was no difference in cytokine gene expression in
microglia. In addition, ox-LDL had varying effects on the dysregulation of lipid, glucose, and amino acid metabolites in macrophages
and microglia. Furthermore, fatty acids and their conjugates metabolites showed a positive correlation with TNF-a and a negative
correlation with IL-10 in macrophages, but not in microglia.

It has been reported that ox-LDL promotes the transformation of macrophages into foam cells which engage the nuclear factor
k-light-chain-enhancer of activated B cells (NF-xB) pathway that transcriptionally activates the production of pro-inflammatory cy-
tokines and chemokines to sustain the local inflammatory environment [31-36]. Our findings are consistent with previous research
that ox-LDL can lead to lipid accumulation in macrophages and foam cell formation, up-regulation of TNF-a mRNA expression, and
down-regulation of IL-10 mRNA expression. This study, for the first time, compared the responses of macrophages and microglia under
same ox-LDL concentration. Our data suggested that lipid accumulates in microglia treated with ox-LDL, albeit to a lesser extent than in
macrophages. Besides, the changes in cytokine expression were not observed in microglia. These results indicated that ox-LDL-induced
local inflammation by macrophages could be a potential cause of the inflammatory damage. This could be explained by a study on
age-related macular degeneration [37] that the ox-LDL-induced macrophages and microglia can enhance the apoptosis of retinal
pigment epithelium cells. The impact of macrophages on retinal pigment epithelium cell apoptosis after ox-LDL treatment is greater
than that of microglia. The variations in the immune responses of macrophages and microglia to ox-LDL suggest that the heterogeneity
in cell origin and tissue localization might be critical in influencing the function of immune cells. Macrophages originating from the
progenitor cells in the bone marrow are the immune cells widely distributed in the bloodstream and tissues throughout the body [38,
39]. On the other hand, microglia are the resident immune cells present in the central nervous system (CNS) and retina, derived from
primitive yolk sac progenitor cells [16,40].

Metabolomics analysis not only reveals different responses of organisms to various microenvironmental perturbations, but also
distinguishes the metabolic differences among different individuals of same species. Since ox-LDL influences the function of macro-
phages and microglia, the cellular metabolism of macrophages and microglia should be altered under ox-LDL treatment. In this study,
non-targeted metabolomics approach was used to analyze the changes in metabolites in human and mouse-derived macrophages and
microglia under same ox-LDL concentration. In macrophage cell lines, most obvious metabolic effect of the ox-LDL treatment was the
up-regulation of fatty acids, especially the oxidized fatty acids, suggesting a potential oxidative stress response in macrophages after
the ox-LDL treatment. Lipid aggregation combined with oxidative stress may lead to the formation of lipid peroxidation products and
induce the inflammatory response [41]. In this study, we found that, in macrophages (J774A.1 and THP-1 cells), fatty acids and their
conjugates were positively correlated with TNF-a and IOD and negatively correlated with IL-10. Carnitine, a fatty acid conjugate, can
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Fig. 10. Schematic representation of the mechanism. Schematic illustration of macrophages and microglia showing different responses to ox-LDL.
Ox-LDL induces inflammatory response by enhancing fatty acid metabolism in macrophage. Ox-LDL enhances sphingomyelin metabolism in
microglia and may alter AMPK.
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facilitate the transport of medium-long chained fatty acids across the outer mitochondrial membrane and undergo p-oxidation to
produce acetyl-coA [42]. Inhibition of fatty acid oxidation can enhance the resistance to hypoxia as well as the cardiomyocyte survival
and proliferation in adult mice [43]. We therefore speculated that the increased fatty acid oxidation after the ox-LDL treatment in
macrophages could inhibit macrophage proliferation. The up-regulation of fatty acid metabolites would induce inflammation,
oxidative stress, and mitochondrial dysfunction [44,45]. Unlike macrophages, the primary metabolic change in microglia (BV2 and
HMC3) cells after the ox-LDL treatment was the increase in sphingomyelin SM(d18:1/16:0) metabolites. Sphingomyelin SM
(d18:1/16:0) plays a role in regulating ATP levels and the AMP-activated protein kinase (AMPK) pathway. AMPK is responsible for
maintaining cellular energy balance [46]. The presence of SM(d18:1/16:0) would reduce the AMPK activity, leading to the disruption
of cellular energy homeostasis [46].

The accumulation of lipids disrupts the metabolic balance of the cells and causes a decrease in glucose and amino acid metabolism.
The glucose metabolism includes glycolysis, the TCA cycle, and the PPP. In this study, we demonstrated that the metabolites involved
in glycolysis, the TCA cycle, and the PPP were down-regulated in J774A.1 cells treated with ox-LDL, as compared to the control cells.
Previous studies have shown that alterations in the glucose metabolites can affect the macrophage function [47,48]. Macrophages are
heterogeneous cell populations that adapt and respond to a variety of microenvironmental stimuli [49]. Depending on the cell surface
markers and cytokines release, macrophages are conventionally classified into pro-inflammatory M1 macrophages and
anti-inflammatory M2 macrophages [50,51]. Lipopolysaccharide (LPS) induces classical activation of M1 macrophages, whereas IL-4
and IL-13 induce alternative activation program in M2 macrophages [52]. Previous study reported an overall decrease in TCA cycle
activity in LPS-activated M1 macrophages [53]. In this study, we showed that the content of TCA cycle metabolites decreased after the
ox-LDL treatment in macrophages, indicating that macrophages might convert to M1 after the ox-LDL treatment. We also demonstrated
that, in macrophages, glucose metabolites were positively correlated with IL-10 and negatively correlated with TNF-a and IOD, which
were related to the inflammatory state of macrophages. Changes in glucose metabolism are accompanied by the alterations in energy
levels [27,54]. Creatine, phosphocreatine, ADP, and ATP were all decreased in the four cell lines under the treatment of ox-LDL.

For the amino acid metabolism, both GSH and branched-chain amino acid metabolism were both affected after the ox-LDL
treatment. GSH, which is composed of glutamic acid, cysteine and glycine, is the major anti-oxidant in the body and involved in
maintaining intracellular redox balance. The decrease in GSH in the ox-LDL-treated J774A.1 and BV2 cells could lead to the reduction
of defense against oxidative stress, suggesting that the cells are more prone to oxidative stress after the ox-LDL treatment. Previous
studies have demonstrated that dihydromyricetin, xanthoangelol, and isothiocyanates can protect human umbilical vein endothelial
cells from inflammatory injury and endothelial dysfunction induced by ox-LDL via increasing GSH [55-57]. The decrease in GSH
metabolites suggested that the anti-oxidant defense could be reduced in the J774A.1 and BV2 cells treated with ox-LDL. However,
there was no change in GSH in ox-LDL-treated THP-1 cells. On the contrary, glutamate and glycine metabolites, the upstream of GSH,
were increased. Their increase might indicate that the THP-1 cells attempt to produce more anti-oxidants to resist oxidative stress
following the ox-LDL treatment. Moreover, the metabolism of branched-chain amino acids was also altered in the ox-LDL treated cells.
The branched-chain amino acids can be converted into pyruvate for energy generation [58]. The down-regulation of these metabolites
might suggest that the cells further experience a decrease in the energy production after the ox-LDL treatment. Compared to the control
group, N-acetylalanine was decreased in the J774A.1 cells, but increased in the HMC3 cells. N-acetylalanine can enhance the intra-
cellular anti-oxidant generation and inhibit apoptosis [59]; therefore, under same ox-LDL concentration, the cell viability of J774A.1
cells was decreased, while the cell viability of HMC3 cells remained unchanged. Collectively, our results suggested that ox-LDL me-
diates the up-regulation of fatty acid metabolites in macrophages, which initiates the inflammatory response, followed by the changes
in glucose metabolism and amino acid metabolism to counteract the metabolic instability in the cells. However, ox-LDL mediates the
changes in sphingomyelin metabolism in microglia, reduces the AMPK activity, and leads to the dysregulation of cellular energy
homeostasis. The heterogeneity of macrophages and microglia in response to the ox-LDL-mediated changes in the microenvironment
might explain the inflammatory damage in glaucoma.

There are several limitations in this study. First, cell lines rather than primary cells were used in this study. Limited donor eyes are
available for microglia isolation. Second, the results of metabolomics analysis need to be further validated by other experiments. Third,
this study was lack of protein expression analysis and animal study. Further investigations are needed to resolve these issues.

In summary, results from this study demonstrated the ox-LDL-mediated changes in the metabolomics profiles of macrophages and
microglia that their functional heterogeneity could be related to cell origin and tissue localization, confirming macrophages and
microglia as distinct lineages. The extent to which ox-LDL induces lipid loading in macrophages affects inflammatory state. Macro-
phages may play a role in ox-LDL-induced inflammation in POAG.

4. Materials and methods
4.1. Cell culture

The BV2 murine microglial, J774A.1 murine macrophage, HMC3 human microglial, and THP-1 human monocytic cell lines were
purchased from Procell Life Science & Technology Co., Ltd (Procell, Wuhan, China). BV2 and HMC3 cells were cultured in minimum
essential medium. J774A.1 cells were cultured in Dulbecco’s modified Eagle’s medium and THP-1 cells were cultured in RPMI-1640
medium. The media were supplemented with 10% fetal bovine serum and 1% antibiotics. The cells were cultured in an incubator with
5% CO2 and at 37 °C, and the cells at logarithmic growth phase were taken for the experiments. THP-1 differentiation to macrophages
was induced with 200 nM phorbol 12-myristate-13-acetate (PMA; MedChemExpress, Shanghai, China) for 48 h. In the control group,
the cells were not treated to the ox-LDL. In the ox-LDL group, the cells were exposed to the ox-LDL. All experiments were performed in
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triplicate.

4.2. Preparation of oxidized LDL

Native LDL (Yiyuan Biotechnology Co., Ltd., Guangzhou, China) was oxidized to ox-LDL with 5 pM CuSO4 for 8 h at 37 °C as
previously described [60]. To terminate the oxidation, 1 mM EDTA (Sangon Biotech Co., Ltd., Shanghai, China) was added, and the
degree of oxidation was determined using an MDA assay kit (Beyotime Institute of Biotechnology, Jiangsu, China). The ox-LDL was
then dialyzed extensively with phosphate-buffered saline (PBS) to remove the CuSO4 and concentrated using an ultrafiltration device
(Millipore, Billerica, MA). The protein concentration of ox-LDL was quantified with a BCA protein assay kit (Thermo Fischer Scientific,
Waltham, MA).

4.3. Cell viability assay

Cell viability was evaluated by the Cell Counting Kit-8 (CCK-8; APExXBIO Technology LLC, Houston, TX). The cells were seeded in
96-well plates at 5 x 103 cells/100 pL/well and incubated with variable concentrations of ox-LDL (0, 6.25, 12.5, 25, 50, and 100 pg/
mL) for 0, 24, 48, and 72 h. At each time point, the medium was replaced by a fresh medium containing 10 pL. CCK-8 and incubated for
3 h. Absorbance was measured at 540 nm using a microplate reader (BioTek, Winooski, VT).

4.4. Oil red O staining assays

The cells were seeded in 24-well plates at 5 x 104 cells/ml. After ox-LDL treatment, cells were fixed in 4% paraformaldehyde for 15
min. The cells were then washed three times with PBS and placed in propylene glycol for 5 min. The cells were stained with oil red O
solution (Abcam, Cambridge, the United Kingdom) for 30 min at room temperature and differentiated in 85% propylene glycol for 1
min. The cells were rinsed twice with distilled water and observed under a light microscope (Leica Microsystems, Wetzlar, Germany).
Nine microscopic fields were imaged in each slide. The data were presented as mean intensity (integrated optical density, IOD) using
the Image-Pro Plus software.

4.5. Dil-ox-LDL uptake assay

The cells were seeded in 24-well plates at 5 x 104 cells/ml. To assess ox-LDL uptake, cells were incubated with Dil-ox-LDL (Yiyuan
Biotechnology Co., Ltd., Guangzhou, China), washed three times with PBS and visualized with an inverted fluorescence microscope
(Leica Microsystems).

4.6. Quantitative PCR analysis

The cells were seeded in 24-well plates at 5 x 104 cells/ml. After ox-LDL treatment, total RNAs were extracted using the TRIzol
reagent (Thermo Fischer Scientific, Waltham, MA) and reverse transcribed into cDNA according to the RevertAid First Strand cDNA
Synthesis Kit (Thermo Fischer Scientific) instructions for subsequent detection by TB Green Premix EX Taq (Tli RNaseH Plus; Takara
Biomedical Technology Co. Ltd., Beijing, China) in a real-time PCR machine (Roche, Basel, Switzerland). Primers were show n in table
S7.

4.7. Cellular metabolite analysis

The cells were seeded in 60 mm dishes at 1.5 x 105 cells/ml. After ox-LDL treatment, cells were washed twice with PBS and
immediately cooled in liquid nitrogen. The cell metabolites were extracted with 1 mL 80% (v/v) methanol and collected for the
untargeted metabolomics analysis by the liquid chromatography-mass spectrometry (LC-MS) platform (Waters, UPLC; Thermo, Q
Exactive). The LC-MS was performed using a Waters ACQUITY UPLC HSS T3 (2.1 mm x 100 mm 1.8 pm columns) using the following
chromatographic separation conditions: column temperature at 40 °C; flow rate at 0.3 mL/min; mobile phase A as water (0.05%
ammonium); mobile phase B as acetonitrile; injection volume of 5 pL; automatic injector temperature at 4 °C. The gradient elution
procedures are described in table S6.

4.8. LC-MS data collection and analysis

Raw data obtained by the LC-MS was imported into Compound Discoverer 3.1 software, and data quality control was carried out.
The data was subjected to the multivariate statistical analysis, using unsupervised principal component analysis (PCA) and orthogonal
projections to latent structures-discriminant analysis (OPLS-DA) to evaluate the whole clustering trends and visualize the distributions.
The quality of the models was evaluated with the relevant R2Y and Q2. The differentially abundance metabolites were screened based
on criteria of a variable importance in the projection (VIP) > 1 and P < 0.05.
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4.9. Statistical analysis

Data were presented as mean of 3 repeated experiments + standard deviations (SD). SPSS 27.0 software (SPSS, Chicago, IL) was
used to perform independent T-test to compare two groups. P < 0.05 was considered as statistically significant. GraphPad Prism 7.0
(GraphPad Software Inc., San Diego, CA, USA) was used for graphing.
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