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Abstract: Elevated cholesterol significantly increases the risk of developing atherosclerosis and
coronary heart disease. The key to treating hypercholesterolemia is lowering plasma cholesterol
levels. There have been no studies on the cholesterol-lowering potential of parthenolide (PTL), a
naturally occurring small molecule from Tanacetum parthenium. Here, we first put forth PTL’s
cholesterol-lowering ability to inhibit cellular uptake of cholesterol in a dose-dependent manner. Its
performance was on par with the positive control drug, ezetimibe. Niemann–Pick C1 Like-1 (NPC1L1)
has been identified as a potential therapeutic target for hypercholesterolemia. The interaction of PTL
with NPC1L1 could be explained by the results of molecular docking and filipin staining further
reinforces this hypothesis. Furthermore, PTL reduced the expression of NPC1L1 in HepG2 cells in a
concentration-dependent manner, which suggests that PTL functions as a potential NPC1L1 inhibitor
with therapeutic potential for hypercholesterolemia.
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1. Introduction

Cardiovascular diseases are the leading cause of morbidity and mortality world-
wide [1]. Hypercholesterolemia is a significant risk factor for cardiovascular disease. The
key to treating hypercholesterolemia is lowering plasma cholesterol levels. Statins, ezetim-
ibe, and evolocumab are currently the three main medications used to reduce cholesterol. By
preventing the rate-limiting step in cholesterol synthesis, which is mediated by 3-hydroxy-
3-methylglutaryl-CoA reductase (HMG-CoA reductase), statin medication reduces hepatic
cholesterol production. In addition, it reduces low-density lipoprotein (LDL) by 20 to
45 percent [2]. By specifically blocking the NPC1L1 protein at the jejunal brush barrier [3],
NPC1L1 inhibitors prevent intestinal cholesterol absorption and offer a vital adjunctive
method for treating hypercholesterolemia [4]. Evolocumab is a monoclonal anti-proprotein
convertase subtilisin/kexin type 9 (PCSK9) antibody that prevents serum PCSK9 from
binding to the hepatic low-density lipoprotein receptor and lessens low-density lipoprotein
receptor degradation, enhancing the clearance of serum-circulating low-density lipoprotein
cholesterol [5]. However, some patients are still unable to reach their ideal LDL targets
after statin therapy, and up to 15% of patients cannot endure the potential side effects
of high-dose statins [6]. A small percentage of patients who received ezetimibe orally
also suffered from side effects such as myalgia, increased blood creatine kinase, increased
transaminases, and thrombocytopenia [7].
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Natural products are an important source for screening new medications. Natural
products benefit from precise therapeutic actions and have few negative effects [8]. Numer-
ous investigations are being conducted to uncover natural phytochemical substances that
can decrease cholesterol [9,10]. The development of new cholesterol-lowering drugs could
be accomplished using natural products.

PTL is a sesquiterpene lactone extracted from the leaves of Tanacetum parthenium.
PTL’s anti-cancer abilities were first demonstrated in 1973 [11]. PTL has shown anti-cancer
activity against many tumor types such as colorectal cancer [12], melanoma [13], pan-
creatic cancer [14], prostate cancer [15], cervical cancer [16], kidney cancer [17], etc. In
addition, it exhibits potent anti-inflammatory properties and is widely used worldwide
to treat rheumatoid arthritis and prevent migraine headaches [18]. PTL has been demon-
strated to be a powerful NF-B activation inhibitor and is able to reduce the expression
of pro-inflammatory cytokines in both cultivated cells and experimental animals [19,20].
Furthermore, Monica L. Guzman et al. [21] reported that PTL induces apoptosis in human
acute myeloid leukemia stem cells and progenitor cells. The vital benefits of PTL are its
anti-inflammatory, anti-proliferative, and anti-cancer properties while not affecting nor-
mal cells [22]. During adipocyte differentiation, it has been noted that PTL reduces lipid
accumulation by increasing Nrf2/Keap1 signaling [23]. There is currently no evidence that
PTL affects how cholesterol is absorbed. In a preliminary analysis using the NBD approach,
we demonstrated that PTL could reduce cholesterol uptake in Caco-2 and HepG2 cells.
For the uptake of exogenous cholesterol, NPC1L1 is a crucial target. Through computer
simulations, we discovered that PTL could connect to NPC1L1’s cholesterol-binding site.
We consequently proposed the hypothesis that PTL may inhibit NPC1L1 and reduce cel-
lular cholesterol absorption. Subsequent experiments further reinforced this hypothesis.
PTL inhibited NPC1L1’s ability to transport cholesterol competitively and affected the
expression of NPC1L1.

2. Results
2.1. PTL Inhibits Cholesterol Absorption in Caco-2 and HepG2 Cells

Caco-2 and HepG2 cells are common cell models for cholesterol absorption inhibition
experiments [24–26] (Marques et al., 2018; Huang et al., 2021; Yao et al., 2020). In the present
study, we examined whether PTL could prevent cholesterol absorption using these two cell
models. NBD-cholesterol is a sensitive probe that binds cholesterol to NBD with fluorescent
characteristics. Cholesterol uptake and efflux can be reflected in the fluorescence signal
intensity. It has been applied to monitor intestinal cholesterol absorption in vivo [27] and
is frequently used to create assays for cholesterol uptake by cells [28–30]. The NPC1L1
inhibitor ezetimibe, which can significantly inhibit cholesterol uptake, was employed as a
positive control in the experiments. PTL had an inhibitory effect on cholesterol uptake in
HepG2 cells, as shown in Table 1, and its IC50 value was around 50 µM. Figure 1A,C shows
that PTL significantly and dose-dependently reduced cholesterol uptake in HepG2 and
Caco-2 cells. PTL had virtually the same impact as ezetimibe at 50 µM in terms of lowering
cholesterol uptake in Caco-2 cells (Figure 1A). Based on the findings above, PTL is capable
of preventing cells from absorbing cholesterol.

Table 1. IC50 value of PTL for inhibition of cholesterol uptake.

Inhibitors PTL Ezetimibe

IC50 (µM) 53.29 ± 1.39 51.49 ± 0.6652

2.2. Molecular Docking and Surface Plasmon Resonance (SPR)

According to the NBD-cholesterol results, PTL exhibited similar activity to ezetimibe
and reduced cholesterol uptake in a concentration-dependent manner. NPC1L1 is a critical
transporter for cellular cholesterol uptake so we speculated that PTL might inhibit cellular
cholesterol uptake by interfering with NPC1L1. Later, we conducted molecular docking
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simulations at the N-terminus to see if PTL binds to NPC1L1, as the N-terminal domain
of NPC1L1 can specifically bind cholesterol [31]. The docking results are displayed in
Figure 2A,B. The findings demonstrated that PTL could bind to the N-terminal domain of
NPC1L1’s cholesterol-binding site and that the interaction with PTL involved the amino
acid residue Ser52. SPR is a label-free optical detection method that can be used to identify
binding between two or more molecules quickly. As a result, we examined PTL’s binding
to NPC1L1 using SPR (Figure 2C). The response to ezetimibe in NPC1L1 was normalized
to 1.0. PTL demonstrated effective binding to NPC1L1. The observations of molecular
docking and SPR, therefore, provisionally supported our hypothesis.
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Figure 1. (A) Inhibitory effect of PTL on cholesterol absorption in Caco-2 cells. Caco-2 cells were
pretreated with PTL at different concentrations for 4 h and then incubated with NBD-cholesterol for
1 h. (B) Inhibitory effect of ezetimibe on cholesterol absorption in HepG2 cells. HepG2 cells were
pretreated with ezetimibe at different concentrations for 4 h and then incubated with NBD-cholesterol
for 1 h. (C) Inhibitory effect of PTL on cholesterol absorption in HepG2 cells. HepG2 cells were
pretreated with PTL at different concentrations for 4 h and then incubated with NBD-cholesterol for
1 h. Values are expressed as mean ± SD of three to five experiments. (#: control, * p < 0.05, ** p < 0.01,
*** p < 0.001, compared to control).
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Figure 2. Binding modes of the PTL to NPC1L1. (A) The cholesterol-binding cavity (red) in the
N-terminal domain. (B) Binding modes of the PTL to NPC1L1 (PDB: 6V3F). The PTL is shown in color
by element (carbon in cyan). The H-bonds are displayed using yellow dashed lines. The key amino
acid residues are shown in color by element (carbon in yellow). (C) Interaction assay of inhibitors
with NPC1L1 by SPR. Data are presented as relative maximum binding in 50 µM. The binding of
ezetimibe to NPC1L1 was normalized as 1.0.

2.3. PTL Inhibits Cholesterol Uptake by Interacting with NPC1L1

Filipin is a fluorescent staining reagent that can specifically bind to cholesterol, form a
complex, and generate fluorescence. The filipin staining method, employed in quantita-
tive studies on intracellular cholesterol content, can be used to determine the amount of
intracellular cholesterol present [32–34]. To identify potential cell models for the upcoming
filipin experiment, we first assessed the protein expression of NPC1L1 in Mcf-7, Hela,
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SW1990, U2OS, HepG2, and Caco-2 cells. Western blot analysis revealed that NPC1L1 was
highly expressed in Caco-2 and HepG2 cells, slightly more so in HepG2 than in Caco-2,
and barely expressed in U2OS cells (Figure 3). NPC1L1 was also shown to be expressed
in HepG2 and Caco-2 cells by Joanna P. Davies et al. [35] using mRNA and Western blot
analysis, with HepG2 cells expressing more NPC1L1 protein than Caco-2 cells. These
findings also support the use of HepG2 and Caco-2 cells to test PTL’s ability to prevent
cholesterol absorption.
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of Western blot results.

According to the results of the Western blot, we chose HepG2 cells with high NPC1L1
expression and U2OS cells with low NPC1L1 expression in the subsequent filipin staining
experiment. The method used was in reference to Liang Ge et al. [34]. Briefly, we added
a medium that depletes cholesterol at −120 min and cultivated cells in that environment.
The cholesterol-depleting medium was removed at 0 min and the cholesterol-replenishing
medium was added. The cells were then grown for 1 h in the cholesterol-replenishing
medium after the medication had been administered for 1 h (at −60 min) (Figure 4A).
Subsequently, intracellular cholesterol was stained with filipin and evaluated using high-
resolution, high-speed scanning confocal microscopy. We employed fat-free fetal bovine
serum, lovastatin, and mevalonate in the formulation of the cholesterol-depleting medium,
as per the procedure of Liang Ge et al. [34]. In this manner, intracellular cholesterol
auto synthesis was suppressed, the impact of intracellular cholesterol auto synthesis on
the outcomes of the experiments was diminished, and the cells received no additional
supply of cholesterol. In the cholesterol-replenishing medium, the inclusion complex of
cholesterol and CDX was included in addition to the ingredients listed above since CDX
makes cholesterol more soluble.

In Figure 4, the experimental results are displayed. The fluorescence intensity shown
in Figure 4D at −120 min (no treatment was given to HepG2 and U2OS cells at this
time) corresponds to the cholesterol level in healthy cells. The fluorescence levels of
the three groups of HepG2 and U2OS cells at −60 min decreased and were lower than
at −120 min, indicating that the cells’ cholesterol content had decreased following the
cholesterol-depleting culture. At 60 min, the intracellular fluorescence value increased and
was higher than at −60 min but lower than at −120 min, indicating that the cells may not
have had enough time to supplement cholesterol. It took longer for the cells to return to their
normal cholesterol levels. In the control group, among others, the fluorescence dropped
at −60 min and increased at 60 min, showing that the intracellular cholesterol decreased
when the cholesterol was removed and increased after the cholesterol was supplemented,
indicating that the cell modeling was successful. The same situation was also found in the
ezetimibe and PTL groups. Ezetimibe was chosen as the promising medication because
it targets the NPC1L1 protein [3]. In HepG2 cells with high NPC1L1 expression, the
intracellular cholesterol content in the ezetimibe group was higher at 60 min than at −60
min but lower than in the control group, indicating that the increase in cholesterol in the



Molecules 2022, 27, 6270 5 of 12

ezetimibe group after cholesterol recovery was much lower than that in the control group.
In addition, the membrane held the majority of the extra cholesterol. This may be due to
the blocking of NPC1L1 by ezetimibe, thereby reducing cholesterol uptake by cells. The
results in the PTL group were comparable and marginally superior to those in the ezetimibe
group. When we quantitatively evaluated the intracellular cholesterol of HepG2 cells, we
discovered that at 60 min, the control group was significantly different from the ezetimibe
and the PTL groups (Figure 4B). However, in U2OS cells with low expression of NPC1L1,
we found that after cholesterol supplementation, the fluorescence intensity of the ezetimibe
and PTL groups was comparable to that of the control group, and there was no significant
difference in the quantitative fluorescence analysis (Figure 4C). This demonstrated that PTL
could only reduce cholesterol absorption when cells expressed NPC1L1, and when cells
hardly expressed NPC1L1, it was unable to inhibit cholesterol uptake in the usual manner.
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Figure 4. PTL inhibits cholesterol uptake. (A) Diagram showing the procedure used to treat
the HepG2 and U2OS cells. Briefly, the cells were depleted of cholesterol by incubation in the
cholesterol−depleting medium for 60 min. The cells were then incubated for 60 min in the
cholesterol−depleted medium containing the indicated drugs. After 60 min, the cells were in-
cubated for 60 min with the cholesterol−supplemented medium containing the indicated drugs. The
PTL concentration was 50 µM and the ezetimibe concentration was 30 µM. Cells were subjected to
staining at various time points. (B) Quantification of intracellular cholesterol of the HepG2 cells in
(D). Error bars represent standard deviations. (C) Quantification of intracellular cholesterol of the
U2OS cells in (D). Error bars represent standard deviations. (D) HepG2 and U2OS cells were treated
as shown in (A). Cholesterol was labeled with filipin stain and examined using a high−resolution,
high−speed scanning confocal microscope. Scale bar = 20 µm. (** p < 0.01, *** p < 0.001 compared
to control).

2.4. PTL Is a Competitive Inhibitor

The type of PTL-initiated NPC1L1 inhibition was established by kinetic studies. By
using Lineweaver–Burk double-reciprocal plots, kinetic studies of PTL inhibition of cellular
cholesterol uptake were conducted. The reaction rate and substrate concentration were
used to determine whether PTL was a competitive inhibitor (Figure 5B). Figure 5A depicts
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our hypothesized PTL competitive inhibition mechanism in conjunction with the molecular
docking results. PTL competed with NPC1L1 to bind to the same active site of cholesterol,
amino acid residue Ser52, which interfered with the binding of NPC1L1 to cholesterol and
reduced the binding rate of NPC1L1 to cholesterol. As a result of NPC1L1 being moved
from the cytoplasm to the membrane, less cholesterol is transferred into the cytoplasm.
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2.5. PTL Affects NPC1L1 Protein Expression in HepG2 Cells

Intestinal cholesterol absorption was reduced by 70% in mice lacking the NPC1L1
gene, indicating that NPC1L1 is essential for increasing intestinal cholesterol absorption [3].
To determine if PTL could have an impact on NPC1L1 expression, we used the Western blot
to quantify NPC1L1 in HepG2 cells (Figure 6A). Western blot analysis results revealed that
the treatment of HepG2 cells with 50 µM PTL dramatically reduced the protein expression
of NPC1L1 in a dose-dependent manner (Figure 6B). At a concentration of 10 µM, ezetimibe
similarly decreased NPC1L1 protein expression. This revealed that PTL might reduce
the cellular absorption of cholesterol by inhibiting NPC1L1’s function and decreasing its
expression. Further investigation is required to determine how PTL alters the expression
of NPC1L1.
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Figure 6. Effects of PTL on NPC1L1 protein expression in HepG2 cells. (A) Cells were treated with 1,
10, 50 µM of PTL and 10, 30 µM of ezetimibe for 24 h, followed by Western blot analysis of NPC1L1 in
HepG2 cells. (B) A statistical representation of the Western blot showed that the expression of NPC1L1
was altered after PTL and ezetimibe treatments compared to controls. (** p < 0.01, *** p < 0.001
compared to control).

2.6. PTL Has Little Cytotoxicity against Caco-2 and HepG2 Cells

To examine the cytotoxicity of PTL, HepG2 cells and Caco-2 cells were exposed to
concentrations of 100, 50, and 1 µM PTL for about 24 h, respectively. The vitality of the
cells was then evaluated using the CCK-8 test. PTL at 100, 50, and 1 µM had little impact
on the cell viability of HepG2 cells and Caco-2 compared to the control group (Figure 7B).
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The safety of PTL at the cellular level was preliminarily confirmed by our experimental
findings, which can be applied to the thorough development of NPC1L1 inhibitors.
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3. Discussion

Hypercholesterolemia is a significant risk factor for the development of arteriosclerotic
cardiovascular disease. NPC1L1 is a crucial protein for the small intestine’s absorption of
cholesterol and a potential target for medicines to decrease cholesterol [3]. Sesquiterpene
lactones also exhibit lipid-lowering and anti-hyperlipidemic properties in addition to their
anti-inflammatory properties [36–38]. PTL, a naturally occurring sesquiterpene lactone pro-
duced from Tanacetum parthenium, exhibits remarkable anti-inflammatory and anti-cancer
properties [39–41], making it a key contender for future study and drug development [22].
This study is the first discussion of PTL’s potential ability to decrease cholesterol.

The balance between intestinal absorption and hepatic production of cholesterol
determines the level of circulating plasma cholesterol [42]. Plasma cholesterol content
and the rate of cholesterol absorption are intimately connected. We examined the impact
of PTL on cholesterol absorption in Caco-2 and HepG2 cells since intestinal cholesterol
absorption influences circulating cholesterol levels. We discovered that PTL prevented
cellular uptake of cholesterol in a dose-dependent manner (Figure 1A,C). Our findings
demonstrated that PTL suppressed cholesterol uptake by cells, with an IC50 value for
cholesterol in HepG2 cells of 53.29 µM (Table 1). We speculated that PTL might lower
cholesterol by a similar mechanism to ezetimibe, which involves reducing cellular uptake
of cholesterol by acting on NPC1L1. This hypothesis was initially supported by molecular
docking experiments, which demonstrated the connection between PTL and NPC1L1
(Figure 2A,B). Filipin staining tests were then carried out to fluorescently label cholesterol
utilizing HepG2 cells with high NPC1L1 expression and U2OS cells with low NPC1L1
expression as cell models. The results also revealed that PTL’s action on NPC1L1 inhibited
cells’ absorption of cholesterol (Figure 4). Subsequent kinetic studies confirmed that PTL
inhibited NPC1L1’s ability to transport cholesterol in a competitive manner (Figure 5B).
The additional benefit of lowering cholesterol absorption by inhibiting NPC1L1 is that it
does not affect the absorption of nutrients requiring fat, such as fat-soluble triglycerides,
vitamins, or bile acids [27]. Additionally, we discovered that PTL treatment dramatically
decreased NPC1L1 protein levels in cells, and at 50 µM, the effect was superior to ezetimibe
(Figure 6). Our findings imply that PTL can decrease cholesterol uptake in vitro and may
be a possible NPC1L1 inhibitor. These results could increase the range of alternatives for
treating hypercholesterolemia. In our group, additional research on the potential use of
PTL in the management of hypercholesterolemia is ongoing.

4. Materials and Methods
4.1. Materials

The HepG2 cell line, the Caco-2 cell line, filipin, Dulbecco’s modified Eagle’s medium,
penicillin/streptomycin (batch number PWL062), and the BCA protein quantification kit
(batch number MA0082-2) were purchased from Meilun Bio., Dalian, China; fetal bovine
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serum (FBS) was purchased from Gibco, Billings, MT, USA; dimethyl sulfoxide (DMSO, lot
number D8371) and the cell viability CCK-8 kit (lot number MA0718-L) were purchased
from the Biyuntian Institute of Biotechnology, Shanghai, China. NBD-cholesterol was pur-
chased from Bailingwei, Beijing, China; PTL, mevalonate, and methyl-β-cyclodextrin (CDX)
were purchased from Sigma, New York, NY, USA; lovastatin and cholesterol were pur-
chased from Macklin, Shanghai, China; defatted fetal bovine serum (LPDS) was purchased
from Biological Industries, Israel.

4.2. Cell Culture

HepG2 (human hepatocellular carcinomas), Caco-2 (human epithelial colorectal ade-
nocarcinoma cell line), MCF-7 (human breast cancer cell line), Hela (Human cervical cancer
cell line), SW1990 (human pancreatic cancer cell line) and U2OS (human osteosarcoma
cell line) cells were grown in the incubator at 37 ◦C in 5% CO2. The cells were maintained
in medium A (Dulbecco’s modified Eagle’s medium containing 100 units/mL penicillin
and 100 mg/mL streptomycin sulfate) supplemented with 10% FBS. Cholesterol-depleting
medium was medium A supplemented with 5% LPDS, 10 µM lovastatin, 50 µM mevalonate,
and 1.5% CDX. Cholesterol-replenishing medium contained medium A supplemented with
5% LPDS, 10 µM lovastatin, 50 µM mevalonate, and 15 µg/mL of cholesterol/CDX. The
sterol/CDX inclusion complexes were prepared as described previously [43].

4.3. CCK-8 Cell Viability Assay

HepG2 and Caco-2 cells were cultured in medium A containing 10% FBS. Cells in the
logarithmic growth phase were adjusted to 3 × 105 cells/mL, and 100 µL of cell suspension
was plated in a 96-well plate and cultured at 37 ◦C for 24 h. Then, 10 µL of PTL (100 µM)
was added to each well. After incubation for 24 h, 10 µL of CCK-8 solution was pipetted
into the 96-well plate and incubated for 1 h. The absorbance at 450 nm was measured with
a microplate reader.

4.4. Cholesterol Uptake Assay

The fluorescent analog, 22-(N-(7-Nitrobenz-2-Oxa-1,3-Diazol-4-yl) Amino)-23,24-Bisnor-
5-Cholen-3β-Ol (NBD-cholesterol), has previously been demonstrated to trace cholesterol
absorption in vitro and in vivo and is, therefore, a good tool for exploring cholesterol
uptake using a non-radioactive fluorescent alternative [27]. To simulate the intestinal envi-
ronment, drugs and NBD-cholesterol were formulated using 0.5 mM taurine sodium salt
(Beyotime, Shanghai, China) and medium A containing LPDS. Before checking cholesterol
absorption, the culture medium with 10% FBS was replaced with the medium containing
the LPDS, followed by incubating the cells for 24 h. Cells were then washed 3 times with
PBS buffer, incubated with drugs for 4 h, and then NBD-cholesterol for 1 h. Cells were
washed three times in PBS to remove any NBD-cholesterol that was not associated with the
cells, and then the fluorescence was measured at excitation and emission wavelengths of
λex = 485 nm and λem = 535 nm, respectively.

4.5. Filipin Staining

Filipin (25 mg/mL in DMSO) was diluted in PBS/10% FBS at a concentration of
0.05 mg/mL as a working solution. Cells were cultured in confocal culture chambers. After
washing three times with PBS, cells were fixed in 4% paraformaldehyde for 20 min at room
temperature, washed three times with PBS, stained with filipin working solution for 2 h
at room temperature, and then washed three times with PBS. Images were obtained by
observing cells with a high-resolution, high-speed scanning confocal microscope (Nikon
AIR HD25, Tokyo, Japan).

4.6. Western Blot

The total cellular proteins were prepared using RIPA buffer (Meilun Biotechnol-
ogy, Dalian, China). The protein lysates were analyzed by 8% sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis and then transferred onto a PVDF membrane (Millipore
Corporation, Darmstadt, Germany). Then, the NPC1L1 antibody (1:1000, CST, Parsons,
KS, USA) was used as the primary antibody to incubate overnight at 4 ◦C. Then, the mem-
brane was incubated with a horseradish peroxidase-conjugated secondary antibody (1:2000,
rabbit; ABclonal, Wuhan, China) for 1 h at room temperature. β-tubulin and β-Actin were
used as controls. Finally, the PVDF membrane was visualized using an enhanced chemi-
luminescence (ECL) kit (Meilun Biotechnology, China). All experiments were evaluated
by densitometric analysis with ImageJ software (National Institutes of Health, Bethesda,
MD, USA).

4.7. Kinetic Analysis

To analyze the dynamics of molecules, 3 × 103 HepG2 cells were evenly seeded in a
96-well plate, cultured in medium A with 10% FBS, and placed in an incubator at 37 ◦C
and 5% CO2 for 24 h. After 24 h, cells were washed 2–3 times with ice-cold 4 ◦C PBS.
Medium A was added and incubated at 37 ◦C under a 5% CO2 atmosphere. After 24 h,
different concentrations of PTL (50 µM,10 µM, 0 µM) were added and incubated for 4 h.
Then various concentrations of NBD-cholesterol (50 µM, 25 µM, 12.5 µM, 6.25 µM, and
1.5625 µM) were added and incubated for 1 h. Then, cells were washed 2–3 times with
ice-cold 4 ◦C PBS and the fluorescence density was measured at an excitation wavelength
of 485 nm and an emission wavelength of 535 nm. The Lineweaver–Burk double reciprocal
plot was used to determine the type of inhibition. All the analyses were carried out in
triplicate and the mean ± standard deviation values were used to plot the graph.

4.8. Method of Molecular Docking

The experiment was performed as previously described [44]. Briefly, docking simu-
lations were performed with SYBYL-X 2.0 software. All ligand molecules were plotted
using standard parameters for SYBYL-X. Their geometric conformational energy was min-
imized for 1000 steps using the Tripos force field, and Gasteiger–Huckel charges were
calculated. Protein receptors were prepared using standard methods. Hydrogen bonds
were indicated by dashed lines. Pymol was used to observe whether the ligands and
protein receptors interacted.

4.9. SPR Studies

SPR interaction analysis was conducted using Biacore T200 from GE Healthcare Life
Sciences. CM5 series sensor chips and coupling reagents EDC and NHS were purchased
from GE. NPC1L1 (final concentration 50 µg/mL) was dissolved in 10 mM sodium acetate
buffer (pH 4.4) and immobilized on a CM5 chip. The surface of the flow cell was activated
for 7 min using a 1:1 mixture of 100 mM EDC and 100 mM NHS at a flow rate of 10 µL/min.
Subsequently, the corresponding proteins were injected over the surface for 7 min using a
time and flow method (final immobilization level: 15,000 RU). Excess reactive esters on the
sensor chip surface were blocked with 1 M ethanolamine (pH 8.5) for 7 min. The flow cell
used for reference was activated and blocked as described above but remained uncoupled.
Binding was usually reported in response units (RU), defined as the response obtained
from the flow cell containing the immobilized receptor minus the response obtained from
the reference flow cell.

4.10. Statistical Analysis

The data were expressed as mean ± SD and analyzed with GraphPad Prism 5.0. The
differences among multiple groups were examined using one-way ANOVA. p values < 0.05
were considered statistically significant.
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