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ARTICLE INFO ABSTRACT
Keywords: Exserolides are isocoumarin derivatives containing lactone moiety. Recently, some isocoumarins
Foam cell have been demonstrated to ameliorate hyperlipidemia, a major factor for inducing cardiovascular
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PPAR« agonist

diseases. However, the effects and mechanisms of action of exserolides on hyperlipidemia are not
known. The aim of this study is to investigate whether the marine fungus Setosphaeria sp.-derived
exserolides (compounds I, J, E, and F) exert lipid-lowering effects via improving reverse
cholesterol transport (RCT) in vitro. RAW264.7 macrophages and HepG2 cells were used to
establish lipid-laden models, and the levels of intracellular lipids and RCT-related proteins were
determined by assay kits and Western blotting, respectively. We observed that exserolides (at a 5
puM concentration) significantly decreased intracellular cholesterol and triglyceride levels in
oxidized low-density lipoprotein-laden RAW264.7 cells and markedly improved [*H]-cholesterol
efflux. Among the four tested compounds, exserolide J increased the protein levels of ATP-binding
cassette transporter Al, peroxisome proliferator-activated receptor o (PPARa), and liver X re-
ceptor o (LXRa). Furthermore, treatment with exserolides significantly decreased oleic acid-laden
lipid accumulation in HepG2 hepatocytes. Mechanistically, exserolides enhance PPARa protein
levels; furthermore, compound J increases cholesterol 7 alpha-hydroxylase A1 and LXRx protein
levels. Molecular docking revealed that exserolides, particularly compound J, can interact with
PPARa and LXRa proteins. These data suggest that the terminal carboxyl group of compound J
plays a key role in lowering lipid levels by stimulating LXRa and PPAR« proteins. In conclusion,
compound J exhibits powerful lipid-lowering effects in vitro. However, its hypolipidemic effects in
vivo should be investigated in the future.
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1. Introduction

Dyslipidemia is generally defined as elevated plasma levels of total cholesterol (TC), low-density lipoprotein (LDL) cholesterol or
triglyceride (TG), or low levels of high-density lipoprotein (HDL) cholesterol (HDL-c) or a combination of these features [1].
Hyperlipidemia, as a kind of dyslipidemia, is primarily characterized as hypercholesterolemia and/or hypertriglyceridemia. In recent
years, the prevalence of dyslipidemia and hyperlipidemia maintains at a high level globally. For instance, the prevalence of hyper-
cholesterolemia, high LDL cholesterol, hypertriglyceridemia, and low HDL-c is found to be 18.8 %~29.2 %, 19.2 %~30.2 %, 31.1 %
~41.8 %, and 29.3 %~53.9 %, in different areas of India [2]. The prevalence of dyslipidemia, hypercholesterolemia, hyper-
triglyceridemia, high LDL cholesterol, and low HDL-c is 39.3 %, 9.8 %, 19.6 %, 14.9 %, and 17.5 % in Xinjiang province of China, as
revealed by a recent study [3]. Research has demonstrated that hyperlipidemia, particularly LDL cholesterol, are the primary risk
factors for atherosclerosis, a basic pathological change of cardiovascular diseases (CVDs) [4]. Mechanistically, hyperlipidemia results
in atherosclerosis by promoting the formation and accumulation of lipid plaques in the arteries [4-6]. At present, statins remain the
leading lipid-lowering drugs that primarily inhibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, which is involved
in the synthesis of mevalonate, a sterol precursor. However, many studies have revealed that statins and other synthetic and
commercially available drugs exhibit side effects including muscle-related adverse events (e.g. cramps, myalgia, weakness, and
rhabdomyolysis) and cognitive side effects [7,8]. Although proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors can lower
cholesterol levels as an adjunct to statins [9], their actual effects on ameliorating CVDs need be to be investigated using large-scale
clinical data. Therefore, discovering and exploring innovative strategies for lowering lipid levels are continuously warranted [10].

Notably, reverse cholesterol transport (RCT) promotes the transport of lipids from peripheral cells, such as macrophage, to
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Fig. 1. Structure and cytotoxicity of exserolides (n = 3). A, structure of the four exserolides; B, cell viability of RAW264.7 macrophages in the
presence of 0-20 pM exserolides; C, viability of HepG2 cells in the presence of 0-20 uM exserolides. * means p < 0.05 vs blank control; ** means p <
0.01 vs blank control.
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apolipoprotein Al and/or HDL particles in circulation via the liver X receptor (LXR) a~ATP binding cassette (ABC) Al and/or ABCG1
signaling pathway. Next, plasma LDL particles and HDL particles are transported into liver for metabolism primarily by hepatic LDL
receptor (LDLR) and scavenger receptor B type 1 (SR-B1), respectively [11]. In the liver, TGs are generally decomposed into fatty acids,
which can be further catabolized primarily through peroxisome proliferator-activated receptor (PPAR) a-mediated p-oxidation; and
cholesterol esters are decomposed into free cholesterol, which may be converted into bile acids via a series of enzymes, particularly
cholesterol 7 alpha-hydroxylase A1 (CYP7A1) [12,13]. In the following, these lipid metabolites may be excreted from the liver via the
LXRo~ABCG5/8 signaling pathways [14,15]. Notably, the RCT process has been demonstrated to attenuate hyperlipidemia as well as
atherosclerotic CVDs in different models [6,11,16].

Owing to their novel structural characteristics and various biological activities, secondary metabolites from marine-derived mi-
croorganisms have garnered considerable attention [17]. Notably, fungi are a vital source for lipid-lowering drugs. For example,
statins, a series of hydroxymethyl glutaryl CoA reductase (HMGCR) inhibitors, are originally isolated from the metabolites of Peni-
cillium citrinum Pen-51 and Aspergillus terreus [18]. Exserolides are derivatives of isocoumarins, which are a class of distinctive fungal
polyketides with various activities including antifungal, antibacterial, cytotoxic, anti-inflammatory, and enzyme-inhibitory activities
[19,20]. Interestingly, some natural polyketides are found to improve the expression of the cholesterol transporter ABCA1, suggesting
their potential roles in treatment of hyperlipidemia, especially hypercholesterolemia [21]. The endophytic fungus Neofusicoccum
parvum JS-0968-derived isocoumarin derivative, (3R)-5-hydroxymellein, exhibits attractive lipid-lowering and anti-atherosclerotic
activities [22]. Compared to other isocoumarin derivatives, exserolides are rarely reported. In 2014, Li et al. isolated 6 exserolides
with potential antifungal and antibacterial activities. In 2018 and 2023, Pang et al. isolated 6 exserolides in total from the Callyspongia
sp. Sponge-derived fungus Setosphaeria sp. SCSI041009; and these exserolides exhibited potential antifungal, antioxidant, and anti-
viral activities [23,24]. Recently, exserolides L. and M are demonstrated to have no effects on inhibition of HMGCR activity based on a
non-cellular model [24]. However, whether exserolides have lipid-lowering effects in lipid-laden cellular models and the underlying
mechanisms of action are unclear. In the present study, we evaluated the lipid-lowering effects of four exserolides (Fig. 1A) in
lipid-laden RAW264.7 macrophages and HepG2 cells and investigated their potential mechanisms of action via focusing on
RCT-related proteins. Given molecular docking is useful for explaining ligand—protein interactions of interested compounds, we also
applied this in-silico technique to clarify the potential mechanisms of action of these four exserolides [25,26].

2. Materials and methods
2.1. Materials

Macrophage cell line RAW 264.7 (SCSP-5036) and human hepatocellular carcinoma cell line HepG2 (SCSP-510) were purchased
from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). Oleic acid (01008) and Oil Red O (00625) were bought from
Sigma-Aldrich (St. Louis, MO, USA). [H]-cholesterol was obtained from China Isotope & Radiation Corporation (Beijing, China). Liver
X receptor (LXR) agonist TO901317 (293754-55-9) and fenofibrate (S1794) were purchased from Selleck (Shanghai, China). Cell
Counting Kit-8 (CCK-8, CK04) and dimethyl sulphoxide (DMSO, 821D035) were purchased from Solarbio (Beijing, China). Dulbecco’s
modified Eagle’s medium (DMEM, C11995500BT) and fetal bovine serum (FBS, 10270) were bought from Gibco (Gaithersburg, MD,
USA). Radio Immunoprecipitation Assay (RIPA) lysis buffer was provided by Merck (3108491, Darmstadt, Germany). A mouse
monoclonal antibody against ABCA1 (ab18180, 1:200), rabbit polyclonal antibodies against LXRa (ab3585, 1:200) and cluster of
differentiation 36 (CD36, ab64014, 1:500), and rabbit monoclonal antibodies against SR-B1 (ab217318, 1:2000), ABCG1 (ab52617,
1:1000), and LDLR (ab52818, 1:1000) were bought from Abcam (Cambridge, MA, USA). Mouse monoclonal antibodies against sterol
regulatory element-binding protein (SREBP)-1c (sc-13551, 1:100), SREBP-2 (sc-271616, 1:200), and peroxisome proliferator-activated
receptor (PPAR) a (sc-398394) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). A rabbit polyclonal antibody
against CYP7A1 (TA351400, 1:1000) and a rabbit polyclonal antibody against ABCG8 (TA388255, 1: 2000) were provided by OriGene
(Shanghai, China). Mouse monoclonal antibodies against p-actin (66009-1-Ig, 1:5000) and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (60004-1-Ig, 1: 5000) and a rabbit monoclonal antibody against PCSK9 (55206-1-AP, 1:500) were purchased from
Proteintech (Chicago, IL, USA). Complete protease inhibitor (HY-K0011) was obtained from MedChem Express (NJ, USA). Secondary
antibodies (CW0103S and CWO0102S) were bought from CWBIO (Beijing China). Enhanced chemiluminescence (ECL) kits
(WBKLS0500) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Total cholesterol (TC, 100000180) and TG (100000220)
assay kits were obtained from Biosino Bio-technology and Science Inc. (Beijing, China). All reagents used in this study were of
analytical grade.

2.2. Preparation of lipoproteins

After signing the informed consent form for blood donation, approximately 20 mL of blood was collected from a healthy volunteer
by a professional physician. Based on a previously described method, lipoproteins were prepared through sequential ultracentrifu-
gation [27]. Plasma density was orderly adjusted to 1.006 and 1.063 g/mL and put into a CS150FNX type ultracentrifuge (Hitachi,
Japan, Serial No. 281131), followed by centrifugation at 400,000xg for 24 h to obtain upper layers containing very low-density li-
poproteins and LDL particles, respectively. Oxidized LDL (ox-LDL) was prepared according to our previously described method [27].
Briefly, LDL (~10 mg/mL) was incubated with CuSO4 (10 pM) at 37 °C for 24 h. The reaction was terminated by adding 500 M
ethylenediaminetetraacetic acid disodium salt. The obtained ox-LDL particles were dialyzed against phosphate-buffered saline (PBS,
pH = 7.4) at 4 °C for 24 h, followed by filtration and storage at 4 °C until use within 2 weeks.
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2.3. Cell culture

RAW264.7 macrophages or HepG2 cells were seeded in 25-cm? flasks and cultured in DMEM (containing 4.5 g/L p-glucose, 1-
glutamine, and 110 mg/L sodium pyruvate) supplemented with 10 % FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin. Cells
were grown in a humidified incubator with 5 % CO; at 37 °C. In general, the cell culture medium was exchanged every 2 days [27].

2.4. Cell viability assay

Cells were seeded into a 96-well plate at a density of 1.0 x 10* cells/well. Compounds were dissolved in DMSO, with 0.1 % being
the final DMSO concentration in the cell culture media. Negative controls were prepared using DMSO at a final concentration of 0.1 %
[28]. Cells were treated with 0.0, 1.0, 5.0, 10.0, and 20.0 pM exserolides for 24 h. The CCK-8 method was used to evaluate cell
viability. Briefly, after drug intervention, 10 pL of commercially available CCK-8 solution was added. Cells were incubated for an
additional 3 h. Then, the absorbance was measured at 450 nm using the SpectraMax i3x Multi-Mode Microplate Platform (Molecular
Devices, San Jose, CA, USA).

2.5. Cholesterol efflux assay

The cholesterol efflux assay was performed as previously described [27,28]. Appropriate concentrations of [3H]—cholesterol and
ox-LDL were preincubated at 37 °C for 30 min; thereafter, they were added to DMEM supplemented with 1 % FBS. The final con-
centrations of [*H]-cholesterol and ox-LDL were 1 pCi/mL and 100 pg/mL, respectively. [°H]-cholesterol loaded cells were cultured
with 500 pL of DMEM containing supplemented with 1 % FBS in the presence or absence of exserolides (5.0 pM) or TO901317 (1.0 pM)
for 4 h. To imitate the actual situation in vivo, plasma was used as the cholesterol acceptor. Finally, [*H]-cholesterol content was
measured in the culture media and within the cells using the Tri-Carb 2810 TR type liquid scintillation counter (PerkinElmer, USA).
The percentage of [*H]-cholesterol efflux was calculated using the following equation [27,28]. CPM is the abbreviation for counts per
minute.

Efflux% = [CPM of media / (CPM of media + CPM of cell extract)] x 100%.

2.6. Determination of intracellular TC and TG levels

RAW264.7 macrophages were seeded into 6-well plates (1 x 10° cells/well) and incubated with ox-LDL (50 pg/mL) in DMEM for
24 h. Then, cells were treated with DMEM supplemented with 10 % FBS in the presence of 5 pM exserolides or 1 pM T0901317 for an
additional 24 h. Cells were gently washed with PBS and treated with 0.2 mL of RIPA lysis buffer at 4 °C for 30 min, followed by heating
at 70 °C for 10 min and centrifugation at 1500xg for 5 min to remove cellular debris [27-29]. Finally, commercially available assay
kits were used to measure the TC and TG levels in the supernatant. The absorbance was measured at 505 nm using the SpectraMax i3x
Multi-Mode Microplate Platform (Molecular Devices).

HepG2 cells were incubated with 0.5 mM oleic acid for 24 h. Then, they were treated with DMEM supplemented with 10 % FBS in
the presence of 5 pM exserolides or 2 uM fenofibrate for an additional 24 h [27,28]. Thereafter, intracellular TC and TG levels were
measured using the above-described methods.

2.7. Oil red O staining

After the intervention, cells grown on glass slides in 6-well plates were fixed with 4 % (w/v) paraformaldehyde at 25 °C for 30 min,
followed by staining with freshly prepared oil red O solution (5 mg/mL in 60 % isopropanol) at 25 °C for approximately 1.0 h [28].
Lipid-stained cells were captured using the Axio Vert. Al inverted microscope (Zeiss, Jena, Germany). Images were recorded on the
Axiocam 506 color camera (Zeiss).

2.8. Immunoblotting

Total proteins were extracted using RIPA lysis buffer. Equal amounts of protein (approximately 50 ug) were subjected to 12 % or 10
% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes via electro-
blotting. After blocking with 5 % defatted milk (dissolved in PBS-Tween20 solution), the membranes were horizontally cut to probe
different target proteins before 2020. Thereafter, intact membranes were used to bolt target proteins. The membranes were washed
three times with PBS-Tween 20 solution and incubated with horseradish peroxidase-conjugated secondary antibodies for 2 h at 25 °C.
An enhanced chemiluminescence reaction was used to analyze the immunoblots. Images were captured on the Clinx ChemiScope 6000
pro system (Shanghai, China). Densitometric analysis was conducted using Image J Software. Protein levels were normalized using the
housekeeping protein p-actin or GAPDH [28].

2.9. Molecular docking

Molecular docking was performed using the DELL T5820 workstation along with Pymol and Autodock Vina software. The three-
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dimensional (3D) crystal structures of LXRa (ID: 3IPQ) and PPAR« (ID: 117G) were obtained from the Protein Data Bank RCSB (http://
www.pdbus.org/). Notepad was used to remove the ligand molecule linked to the downloaded LXRa or PPAR« protein-ligand com-
plex. After adding a hydrogen atom and correcting the electric charge using AutoDock software, the 3D protein structures were
retained for subsequent analysis. The active sites and parameters for molecule docking were determined based on the ligand and active
pocket of the downloaded ligand-protein complex. The stable optimized conformation of exserolides was determined by minimizing
the energy module using the MM2 molecular program. Chem3D software was used to convert the preferred conformation of exser-
olides to the mol2 format, which was then converted to the pdbqt format using Open Babel software. The central coordinate values and
sizes of the GridBox for LXRa were 43.752, 26.263, and —0.676, and 45.90, 55.65, and 46.80, respectively. The central coordinate
values and sizes of the GridBox for PPARa were 33.245, 27.154, and 30.800 and 47.60, 57.75, and 47.75, respectively. AutoDock Vina
software combined with the Lamarckian genetic algorithm was used to search the conformation by focusing on the active center of
LXRa or PPAR« protein. The maximum time for energy evaluation was 2,500,000. Protein-Ligand Interaction Profiler (PLIP) (https://
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Fig. 2. Effects of exserolides on lipid accumulation in ox-LDL-laden RAW264.7 macrophages (n = 3). Ox-LDL-laden RAW264.7 macrophages were
treated with exserolides or LXRa agonist TO901317. A, typical pictures of oil red O staining; B, intracellular TC levels; C, intracellular TG levels; D,
percentage of [°H]-cholesterol efflux from macrophages to culture medium. TO: TO901317; I: exserolide I; J: exserolide J; E: exserolide E; F:
exserolide F. The abbreviations are suitable for the rest figures. *# means p < 0.01 vs blank control; * means p < 0.05 vs model group; ** means p <
0.01 vs model group;  means p < 0.05 vs TO901317.
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plip-tool.biotec.tu-dresden.de) was used to determine ligand—protein interactions such as hydrophobic contacts, salt bridges, and
n-stacking according to a previous study [25,30]. Furthermore, root mean square deviation (RMSD) of the ligand-protein interaction
was computed to determine the reliability of the molecular docking. In general, the docking approach is considered to be credible if
RMSD<2 A [31,32].

2.10. Data analysis

All bioassay results were expressed as mean + standard deviation for at least three independent experiments. Data normality was
carried out using the SPSS software version 26. Paired Student-T-Test was used to perform statistical analysis. Differences were
considered to be significant at a P-value of <0.05.

3. Results
3.1. Cytotoxicity

We investigated whether exserolides from the fungus Setosphaeria sp. SCSIO41009 exert lipid-lowering effects in vitro and revealed
the underlying mechanisms of action using fenofibrate and the LXR agonist TO901317 as positive controls in HepG2 cells and mac-
rophages, respectively. Because higher levels of TO901317 and fenofibrate may induce cytotoxicity [27,28], the concentrations of
T0901317 and fenofibrate were set at 1 and 2 pM, respectively. Fig. 1B (RAW264.7) and Fig. 1C (HepG2) illustrate that these
compounds exhibited no significant cytotoxicity compared with the blank control within the concentration range of 0-5 pM. To obtain
a potential maximum lipid-lowering effect without inducing cytotoxicity, 5 M exserolides were used in the subsequent studies.
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Fig. 3. Effects of exserolides on RCT-related protein levels in RAW264.7 macrophages. A, B, C, D, E, and F, ABCA1 (n = 3), ABCG1 (n = 4), SR-B1
(n = 3), LXRa (n = 3), PPARa (n = 3), and CD36 protein levels (n = 3), respectively. The raw images were provided as supplementary material for
Fig. 3A-F. # means p < 0.05 vs blank control; *# means p < 0.01 vs blank control; * means p < 0.05 vs model group.
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3.2. Exserolides decreased lipid accumulation in ox-LDL-laden RAW264.7 cells

Fig. 2A demonstrates that 50 mg/mL ox-LDL significantly increased lipid accumulation in RAW264.7 cells, as revealed by oil red O
staining. In contrast, treatment with TO901317 or exserolides, particularly exserolide J, significantly decreased intracellular lipid
accumulation. To more accurately quantify their lipid-lowering effects, intracellular TC and TG levels were measured using assay kits
rather than the semiquantitative analysis of oil red O-stained areas. The LXR agonist TO901317 markedly decreased intracellular TC
levels by 43.7 % (P < 0.001, Fig. 2B); however, it did not affect TG levels (Fig. 2C). Compounds I and J significantly decreased TC levels
by 18.8 % (P < 0.05) and 35.6 % (P < 0.01), respectively. However, compounds E or F did not affect TC levels in ox-LDL-laden
RAW264.7 cells (Fig. 2B). Moreover, exserolides, particularly compound J, significantly decreased intracellular TG levels (Fig. 2C).
Therefore, although exserolides exhibited weaker TC-lowering effects, they exhibited better TG-lowering effects in RAW264.7 cells
compared with TO901317.

To imitate the actual situation in vivo, plasma, rather than apolipoprotein A1l or HDL particle, was used as the acceptor in the
following isotope tracing experiments. We observed that TO901317 significantly improved [°H]-cholesterol efflux by 94.7 %
compared with the blank control (P < 0.001, Fig. 2D). Furthermore, compounds I and J enhanced [3H]-cholesterol efflux by 21.5 %
and 38.8 %, respectively (P < 0.05, Fig. 2D). However, compounds E and F exhibited no significant effects on [3H]-cholesterol efflux,
whereas compound E exhibited much weaker effects than compound J (P < 0.05, Fig. 2D).

3.3. Exserolide J enhanced ABCA1, LXRa, and PPAR« protein levels in ox-LDL- laden RAW264.7 cells

Many important membrane transporters, including ABCA1, ABCG1, and SR-B1, mediate cholesterol homeostasis in cells [6,16]. In
our study, ox-LDL accumulation significantly decreased ABCA1 protein levels and increased ABCG1 protein levels compared with the
blank control (P < 0.05, Fig. 3A and B). Furthermore, compared with the model group, TO901317 significantly increased ABCA1 and
LXRa protein levels by approximately 15.9-fold (P < 0.01) and 61.7 % (P < 0.05), respectively (Fig. 3A and D); however, it did not
affect ABCG1 protein levels (Fig. 3C). Importantly, exserolides I, J, E, and F significantly improved ABCA1 protein levels by 4.4-, 6.6-,
2.4-, and 4.9-fold, respectively, compared with the model group (P < 0.05, Fig. 3A). Notably, among these four exserolides, compound
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TC levels; C, intracellular TG levels. Feno.: fenofibrate.



Y. Zhang et al. Heliyon 10 (2024) e31861

J exhibited the highest effect on improving ABCA1 protein levels. Similar t0901317, these compounds did not affect ABCG1 protein
levels compared with the model group. Moreover, ox-LDL accumulation significantly enhanced SR-B1 protein levels by 61.7 % (P <
0.05, Fig. 3C). The LXRa agonist significantly decreased SR-B1 expression by 57.5 % (P < 0.01). Interestingly, the four exserolides,
particularly compounds J and F, dramatically decreased SR-B1 protein levels (Fig. 3C); this suggests that these compounds inhibit lipid
accumulation by suppressing SR-B1-mediated lipid uptake. Additional investigations indicated that compound J, but not compounds I,
E, or F, significantly increased LXRa protein levels by 83.2 % (P < 0.05, Fig. 3D). Among the four exserolides, only compound J
significantly enhanced PPAR« protein levels by approximately 77.8 % (P < 0.05, Fig. 3E) in ox-LDL-laden RAW264.7 cells. Compared
with the blank control, ox-LDL intervention significantly increased CD36 protein levels (P < 0.05, Fig. 3F). In addition, exserolides J
and E dramatically decreased CD36 protein levels by 67.2 % and 63.3 %, respectively (P < 0.05, Fig. 3F).

3.4. Exserolides decreased lipid levels in oleic acid-laden HepG2 cells

Fig. 4A illustrates that 0.5 mM oleic acid treatment significantly increased lipid accumulation in HepG2 hepatocytes, whereas 2 pM
fenofibrate markedly decreased lipid levels in HepG2 cells, as revealed by oil red O staining. Notably, exserolides significantly
decreased intracellular accumulation. Further quantification using assay kits revealed that fenofibrate significantly decreased TC and
TG levels by 43.2 % (P < 0.01, Figs. 4B) and 34.1 % (P < 0.05, Fig. 4C), respectively, compared with the model group. Furthermore,
compounds I, J, E, and F markedly decreased intracellular TC levels by approximately 28.6 % (P < 0.05), 42.8 % (P < 0.01), 30.6 % (P
< 0.05), and 28.3 % (P < 0.05), respectively, compared with the model group. Additionally, exserolides I, J, E, and F significantly
decreased TG levels by 31.4 % (P < 0.05), 35.9 % (P < 0.01), 38.9 % (P < 0.01), and 14.8 %, respectively, compared with the model
group (Fig. 4C). Therefore, exserolide J exhibited the best TC-lowering effect and exserolide J was the most effective in TG-lowering in
this study using lipid-laden HepG2 cells.

3.5. Exserolides did not affect SR-B1, SREBP-2, LDLR, or PCSK9 protein levels in HepG2 cells

Fenofibrate did not affect SR-B1, LDLR, PCSK9, or SREBP-2 protein levels in HepG2 hepatocytes (Fig. 5). Fig. 5A illustrates that
compound F decreased SR-B1 protein levels; however, this alteration did not exhibit significant differences, as revealed by three in-
dependent experiments. Similar to fenofibrate, the four exserolides did not affect LDLR, PCSK9, or SREBP-2 protein levels compared
with the vehicle group (Fig. 5B-D).

3.6. Exserolide J increased PPARa, CYP7A1, and LXRa protein levels in HepG2 cells
At the concentration of 2 pM, fenofibrate, a PPAR«a agonist, significantly improved PPAR« protein levels by approximately 44.0 %
(P < 0.05, Fig. 6A). More importantly, exserolides I, J, and E significantly improved PPAR« protein levels by 85.6 %, 56.4 %, and 60.7

%, respectively (P < 0.05, Fig. 6A). However, exserolide F did not affect PPARa levels. Furthermore, these four exserolides exhibited no
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Fig. 5. Effects of exserolides on SR-B1 (A), LDLR (B), precursor PCSK9 (C), and SREBP-2 (D) protein levels (n = 3). The raw images were provided as
supplementary material for Fig. 5A-D.
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effects on SREBP-1c protein levels as that of fenofibrate (Fig. 6B). CYP7A1 is a vital enzyme for converting cholesterol into bile acids. In
our study, fenofibrate significantly enhanced CYP7A1 protein levels by approximately 87.1 % (P < 0.05, Fig. 6C). Interestingly,
exserolide J, but not I, E, or F, significantly elevated CYP7A1 protein levels by approximately 51.4 % (P < 0.05, Fig. 6C), suggesting it
enhances cholesterol conversion to bile acids. Furthermore, fenofibrate significantly enhanced LXRa levels by 64.5 % (P < 0.05,
Fig. 6D). Interestingly, compound J, but not I, E, or F, dramatically elevated LXRa protein levels by 1.2-fold (P < 0.05, Fig. 6D).
However, neither fenofibrate nor these four exserolides exhibited significant effects on ABCG8 protein levels (Fig. 6E).

3.7. Molecular docking between exserolides and LXRa or PPARa protein

Fig. 7A illustrates that the docking score between LXRa protein and exserolide I was —7.7 keal/mol (RMSD = 0.90 A), suggesting an
effective interaction between these two molecules. The hydroxyl group and several oxygen atoms of exserolide I could form hydrogen
bonds with the hydrogen atoms of ILE336, PHE340, and HIS421 of LXRa. Hydrophobic interactions were observed between exserolide
I and THR302, PHE326, LEU331, and ILE339 of LXRa protein. Furthermore, PHE335 of LXRa protein and exserolide I could form
n-stacking (perpendicular). Notably, among the four compounds, exserolide J exhibited the strongest interaction with LXRa protein,
with a docking score of —7.9 kcal/mol (RMSD = 1.94 ;\) (Fig. 7B). ALA261, SER264, and THR302 of LXRa protein could form
hydrogen bonds with exserolide J, whereas PHE257, LEU260, and TRP443 formed hydrophobic interactions with exserolide J.
Importantly, PHE335 of LXRa protein and exserolide J could form n-stacking in a parallel model, whereas the amino acid HIS421 of
LXRa protein formed a salt bridge with the carboxyl group of exserolide J; this contributed to the strong interaction between LXRa
protein and exserolide J (Fig. 7B). Fig. 7C illustrates that among the four exserolides, exserolide E exhibited the weakest interaction
with LXRa protein (docking score: —6.5 keal/mol, RMSD = 1.12 A). This compound formed weak hydrogen bonds with THR302 of
LXRa protein. Furthermore, the amino acids PHE254, THR258, ALA261, LEU331, PHE335, and LEU428 of LXRa formed hydrophobic
interactions with exserolide E. Moreover, the docking score between exserolide F and LXRa protein was —7.7 kcal/mol (RMSD = 0.99
A) (Fig. 7D). SER264 and THR302 of LXRa could form hydrogen bonds with compound F, whereas PHE257, THR258, and LEU 260
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Fig. 6. Effects of exerolides on PPAR« (A, n = 3), SREBP-1c¢ (B, n = 3), CYP7AL1 (C, n = 3), LXRa (D, n = 4), and ABCG8 (E, n = 3) protein levels in
HepG2 hepatocytes. The raw images were provided as supplementary material for Fig. 6A-E. * means p < 0.05 vs vehicle group; ** means p < 0.01
vs vehicle group.
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Fig. 7. Interactions between exserolides and LXRa protein, as reveal by molecule docking. A, the interaction between exserolide I and LXRa protein;
B, the interaction between exserolide J and LXRa protein; C, the interaction between exserolide E and LXRa protein; D, the interaction between
exserolide F and LXRa protein.

formed hydrophobic interactions with this compound. Additionally, n-stacking (parallel) was observed between PHE315 of LXRa
protein and compound F.

Fig. 8 summarized the molecule docking data between exserolides and PPAR« protein. Exserolide I interacted with the amino acid
TYR334 via hydrogen bonds. Furthermore, it formed hydrophobic interactions with THR279 and MET320 of PPAR«a protein. The
docking score was —7.6 kcal/mol (RMSD = 0.76 ;\) (Fig. 8A). Exserolide J had a higher docking score (—8.0 kcal/mol, RMSD =1.15 A)
compared with exserolide I, suggesting a stronger interaction. Fig. 8B illustrates that ASN219, MET220, THR279, GLU286, ALA333,
and TYR334 of PPAR« protein formed hydrogen bonds, whereas THR279, LEU321, and VAL324 of PPARa« protein formed hydrophobic
interactions with exserolide J. Interestingly, the interaction between exserolide E and PPARa (docking score: —8.1 kcal/mol, RMSD =
0.74 }D\, Fig. 8C) was similar to that between exserolide J and PPARa. THR279, THR283, ALA333, and TYR334 of PPAR« protein could
form hydrogen bonds, whereas PHE218, MET220, THR279, THR283, and LEU321 formed hydrophobic interactions with exserolide E.
Additionally, exserolide F could interact with THR283, TYR334, and GLY335 of PPAR«a protein via hydrogen bonds, and formed
hydrophobic interactions with MET220, THR279, THR283, ILE317, MET320, and LEU321 of PPAR« protein. The docking score be-
tween exserolide F and PPAR« protein was —7.8 kcal/mol (RMSD = 1.12 A (Fig. 8D).
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protein; B, the interaction between exserolide J and PPAR« protein; C, the interaction between exserolide E and PPAR« protein; D, the interaction
between exserolide F and PPAR« protein.

4. Discussion

Given the vital roles of peripheral cells, such as macrophages, and hepatic cells in the process of RCT as described in the intro-
duction section, two cell lines were used to establish lipid-laden models in the present study. Briefly, RAW264.7 cells and HepG2 cells
were used to imitate peripheral cells and hepatic cells, respectively. In this study, we observed that four exserolides, particularly
exserolide J, can decrease ox-LDL-laden lipid accumulation and cholesterol efflux primarily by activating the LXRa—ABCA1 signaling
pathway and PPARa expression and decreasing CD36-mediated lipid uptake in RAW264.7 macrophages. Furthermore, these four
exserolides can decrease intracellular TC and TG levels in lipid-laden HepG2 cells. In addition, exserolides I, J, and E can enhance
PPARa protein levels. Notably, compound J significantly improved CYP7A1 and LXRa protein levels in HepG2 cells. Molecule docking
revealed that exserolide J exhibits the strongest interaction with LXRa and exserolide J and E exhibit powerful interaction with PPARx
protein. However, exserolide E exhibits the weakest interaction with LXRa protein. Collectively, these data suggest that the terminal
carboxyl group of exserolide J contributes to its lipid-lowering effects by interacting with LXRa and PPARa proteins.

Hyperlipidemia, characterized by abnormally increased non-HDL-c and TG levels, contributes to the onset and development of
atherosclerosis and other lipid metabolism-associated diseases [1-6]. RCT is a physiological process in which excess peripheral
cholesterol is transported to the liver for conversion and/or excretion. Studies suggest that RCT can attenuate hyperlipidemia [6,11,
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16]. In this study, the positive control TO901317 exerted powerful effects on improving ABCA1 and LXRa levels. These data were
consistent with those of previous studies [27,28]. Importantly, we observed that exserolides not only decreased ox-LDL-laden lipid
accumulation but also enhanced [H]-cholesterol efflux from RAW264.7 macrophages. It is worth noting that exserolides I and J
exhibited better TC-lowering and cholesterol efflux-improving effects than exserolides E and F, suggesting the terminal carboxyl or
hydroxyl group benefits the TC-lowering effects of exserolides. ABCA1 mediates cholesterol efflux to apolipoprotein Al, and ABCG1
mediates cholesterol efflux to HDL particles [5,6,28]. In line with the TC-lowering effects, these exserolides, particularly compound J,
significantly improved ABCA1 protein levels, suggesting that the terminal carboxyl group of compound J contributes to ABCA1
improving effects of exserolides. Moreover, SR-B1 plays a key role in cholesterol homeostasis in macrophages. The four exserolides
significantly decreased SR-B1 protein levels as that of TO901317. Therefore, exserolides may improve RCT by enhancing ABCA1
protein levels and inhibiting SR-B1 protein. LXRa is an activator of ABC transporters [16,33]. In the present study, exserolide J
significantly enhanced LXRa protein levels as that of the LXRa agonist TO901317, suggesting that this compound enhances the
LXRa/ABCA1 signaling pathway. However, the increased multiple of ABCA1 protein was much greater than that of ABCG1 or LXRa
protein, suggesting that ABCA1 expression was more sensitive after LXRa activation. Furthermore, exserolide J exhibited the strongest
effect on improving the levels of PPARa, a key protein responsible for TG hydrolysis via fatty acid p-oxidation. Interestingly, PPAR«
activation can induce ABC transporter expression; therefore, exserolide J may also improve the first step of RCT in macrophages by
upregulating PPAR« expression [12,34,35]. In addition, the terminal carboxyl group of exserolide J may decrease the levels of CD36
protein, a typical class B scavenger receptor responsible for the uptake of modified lipoproteins, including ox-LDL, in macrophages
[36].

Ligand—protein interactions are used to investigate mechanisms of action of bioactive compounds, and PLIP is a useful tool in this
field [25]. Interestingly, exserolide J exhibited the strongest interaction with LXRa protein, followed by exserolides I, F, and E.
Notably, the ligand-binding sites of TO901317 with LXRa are demonstrated to include THR302, TRP443, HIS421, and PHE257 [37,
38], which are consistent with the binding sites between exserolides and LXRa protein in this study. Furthermore, the docking score
between exserolide J and LXRa (—7.9 kcal/mol) was close to that of TO901317 and LXRa (—10.8 and —7.5695 kcal/mol), as
demonstrated by distinct groups [38,39]. Importantly, the RMSD values were less than 2.0 A, suggesting the accuracy of the docking
method in our study [31,32]. Additionally, the carboxylic group is demonstrated to contribute the formation of hydrogen bonds with
THR302, HIS421, and TRP443, and the basic phenyl structure may contribute to the formation of n-stacking with amino acids, such as
PHE [37,40,41]. These molecular docking data were consistent with ABCA1 and LXRa protein levels after treating RAW264.7 mac-
rophages with exserolides (Fig. 3). Among the exserolides, exserolide J exhibited the best effects on ABCA1, a downstream molecule of
LXRa. Furthermore, compound J exhibited a powerful effect on LXRa protein stimulation in HepG2 cells. Therefore, our molecular
docking data further confirm that exserolide J may directly activate the LXRa/ABC transporter pathway.

In this study, the positive control fenofibrate significantly decreased intracellular TC and TG levels in HepG2 cells. This finding is
consistent with that of previous studies [28,42]. Importantly, the four exserolides, particularly compounds J and E, exhibited powerful
effects on decreasing oleic acid-induced TC and TG accumulation in HepG2 cells compared with the model group. LDLR and SR-B1
mediate the transfer of non-HDL-c and HDL-c, respectively, to hepatic cells for metabolism [4-6]. PCSK9 binds to the epidermal
growth factor-like repeat A domain of LDLR, inducing its degradation [43]. However, these four exserolides did not significant affect
LDLR and PCSK9 proteins, suggesting that they do not affect lipoprotein uptake via LDLR. SREBPs are important transcription factors
involved in regulating lipid metabolism and homeostasis in the liver. The SREBP family comprises three members: SREBP-1a,
SREBP-1c, and SREBP-2 [44]. SREBP-2 is tightly regulated by the cholesterol content in the endoplasmic reticulum; it specifically
modulates the genes involved in cholesterol synthesis and uptake, including HMG-CoA reductase, PCSK9, and LDLR, thereby
modulating cholesterol homeostasis [44]. However, in our study, the four exserolides did not affect SREBP-2 protein levels as that of
fenofibrate. Among the four exserolides, no compound significantly affected SR-B1 levels, suggesting these compounds do not affect
the SR-B1l-mediated transfer of HDL particles. These insignificant data in Fig. 5 may be partially induced by the lipid-laden model used
in the present study. Given cells were pre-loaded with sufficient lipids before the addition of exserolides, the lipid uptake-related
molecules including SR-B1, LDLR, and PCSK9, and lipid synthesis-related proteins, such as SREBP-2 and SREBP-1c, may be sup-
pressed as a feedback mechanism or even lose efficacy. Therefore, it is hard to observe obvious differences among groups. However,
this model may activate lipid catabolism and excretion mechanisms as discussed in the following.

CYP7A1, a downstream molecule of LXRa, converts cholesterol to 7-alpha-hydroxycholesterol, which is the first and rate-limiting
step in bile acid synthesis, thereby contributing to cholesterol metabolism [13]. Interestingly, exserolide J may accelerate the con-
version of cholesterol to bile acid by enhancing CYP7A1 protein levels. However, the other three exserolides did not significantly affect
CYP7A1 protein levels. These results indicate that the substitution of -COOH at C12 (CH;COOH) of exserolide benefits CYP7A1
expression by activating LXRa. These data are consistent with the strongest interaction between exserolide J and LXRa protein (Fig. 7).
Studies have revealed that ABCG5 and ABCG8 play key roles in biliary sterol secretion and RCT [14,15]. However, the four exserolides
may not affect ABCG8-mediated lipid excretion.

SREBP-1c regulates the expression of lipogenic genes, including acetyl-CoA carboxylase and fatty acid synthase, thereby regulating
the synthesis of fatty acid and TG [4,44]. In this study, we observed that the four exserolides did not affect SREBP-1c protein levels,
suggesting that these compounds do not affect TG synthesis. However, investigating whether these compounds induce lipogenesis in
vivo in the future is vital. PPAR« is a nuclear hormone receptor that is activated by fatty acids and their derivatives; it is the primary
target of fibrates, a class of widely used drugs [12,45]. In line with the findings of a previous review [12], the PPAR« agonist feno-
fibrate significantly improved PPARx protein levels in HepG2 cells. Interestingly, exserolides, particularly compounds J and E
significantly improved PPAR« protein levels, and the effects were even higher than those of fenofibrate; this indicates the terminal
carboxyl group and the configuration of the hydroxyl group play a key role in regulating of PPARx expression. Importantly, our
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molecule docking data confirmed that exserolides J and E form stronger interactions with PPAR«a protein compared with exserolides I
and F. In line with our finding, previous studies demonstrate that PPAR«a ligands may bind with the amino acids including TYR334,
THR279, LEU321, ALA333, and MET220 [26,30,46]. The docking scores between exserolides and PPAR« (ranging from —7.6 to —8.1
kcal/mol) were close to that of fenofibrate and PPARa (—6.24 or —11.525 kcal/mol), as revealed by distinct groups [26,47]. Moreover,
the RMSD values between exserolides and PPAR«x were less than 2.0 A, indicating the accuracy of the docking process and credible of
these data [31,32]. Our data demonstrated that exserolides J and E may directly activate PPARa. It is worth noting that compounds I
and E exhibited different effects on PPAR«a protein levels in distinct cell models, suggesting that cellular environments and cell type
modulate the final effects of these molecules. Although compounds I, E, and F exhibited no significant effects on PPARa and LXRa
protein levels, these molecules also demonstrated hypolipidemic effects in RAW264.7 cells by improving ABCA1 protein levels,
indicating that the basic exserolide structure exerts lipid-lowering effects via some unknown mechanisms of action, which should be
further investigated. Indeed, this may also be explained by the distinct sensitivity of these proteins, including LXRa and ABCA1, after
exserolide intervention, as discussed above.

In conclusion, four exserolides, particularly compound J, exhibited good lipid-lowering capacity. Their underlying mechanisms of
action are similar to but not limited to that of fenofibrate or the LXRa agonist TO901317. Interestingly, exserolide J accelerates the first
step of RCT by stimulating ABCA1; furthermore, it may enhance bile acid production by improving CYP7A1 protein levels. The
mechanisms of action of exserolide J on activating ABCA1 and CYP7A1 may be attributed to its interactions with LXRa and PPARa, as
demonstrated by molecule docking and western blotting. Importantly, the terminal carboxyl group of exserolide J contributes to its
hypolipidemic effects in vitro. Considering that TO901317 induces severe lipogenesis [48] and exserolide J exhibits no significant
effects on SREBP-1c in vitro, this molecule may be explored as a potential compound for preventing or treating lipid disorders. Pre-
sumably, the appropriate activation of LXRa and not the intensive activation of LXRa, similar to901317, is important for maintaining
lipid homeostasis and avoiding side effects such as lipogenesis.

However, there are some limitations in the present study. It is estimated that approximately 50 % of drug research and development
failures are originated from the in vivo pharmacokinetic properties, particularly hepatic metabolism, of the interested compound [49].
Cytochrome P450 (CYP) enzymes and other enzymes, such as UDP-glucuronosyltransferases, play vital roles in the metabolism of
xenobiotics. Several literatures have demonstrated that isocoumarins may interact with CYP family members, such as CYP2D6 [49,50].
Based on these available literatures, exserolides, a minor existing form of isocoumarin, are predicted be metabolized into their hydroxy
and/or ester forms as well as conjugated derivatives with glutathione, sulfate, and glucuronic acid groups. However, these predictions
need to be investigated using the modern analysis techniques, such as liquid chromatography-tandem mass spectrometry, in the future
[50,51]. Considering the potential cytotoxicity, whether these exserolides exhibit similar lipid-lowering effects at concentrations of
less than 5.0 pM need to be investigated in the future. Given these exserolides exhibit insignificant effects on hepatic proteins that are
related to lipoprotein absorption, whether these exserolides exert their lipid-regulatory effects in normal hepatic cells via modulating
these proteins also need to be clarified in the future. As exserolide J is demonstrated to lower intracellular levels of TC via activating
LXRa, the in vivo lipid-lowering effects of this compound, particularly its effects on lipogenesis, should to be clarified in the future.
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