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Abstract. Macrophage cholesterol efflux is important in 
maintaining cellular lipid homeostasis and preventing the 
formation of lipid‑laden foam cells. Although radioactive 
[3H]‑cholesterol is widely used as a tracer in cholesterol efflux 
assays, the lengthy and labor‑intensive assay procedure, and the 
radioactivity disposal procedure limit the use of this assay for 
high‑throughput screening. In the present study, a novel proce-
dure using fluorescent N‑(7‑nitrobenz‑2‑oxa‑1,3‑diazol‑4‑yl)
amino)‑23,24‑bisnor‑5‑xholen‑3β‑ol (NBD)‑cholesterol was 
developed as a substitute for [3H]‑cholesterol for the measure-
ment of cholesterol efflux in THP‑1‑derived macrophages. 
NBD‑cholesterol uptake and metabolism in the THP‑1 
cells were characterized using fluorescent microscopy and 
spectrophotometry. NBD‑cholesterol distributed rapidly into 
the cell organelles, with the exception of the nucleus. The 
uptake of NBD‑cholesterol in the THP‑1 macrophages was 
concentration‑ and time‑dependent, and reached a plateau 
following 4 h  incubation. The present study subsequently 

investigated whether NBD‑cholesterol efflux was correlated 
with [3H]‑cholesterol efflux in THP‑1 derived macrophages 
and in human peripheral blood mononuclear cells (PBMCs). 
The results demonstrated that the percentage of efflux of 
NBD‑cholesterol in the THP‑1 cells was significantly correlated 
with that of [3H]‑cholesterol, at various concentrations of HDL 
or apoA‑1 as lipid acceptors (R2=0.876 for HDL; R2=0.837 for 
apoA‑1; P<0.001). In the PBMCs, NBD‑cholesterol efflux also 
correlated significantly with [3H]‑cholesterol efflux (R2=0.887 
for HDL; R2=0.872 for apoA‑1; P<0.001). Furthermore, 
NBD‑cholesterol efflux in the THP‑1 cells exhibited a similar 
trend to that obseved in the PBMCs. In conclusion, the results of 
the present study suggested that fluorescent NBD‑cholesterol 
can be used as a sensitive and specific probe in cholesterol 
efflux assays in THP‑1‑derived macrophages.

Introduction

Coronary artery disease (CAD) is the leading contributor 
to morbidity and mortality rates worldwide, and results in 
a mortality rate of >7,000,000 per year (1). Atherosclerotic 
plaques are key in the pathophysiology of CAD, in which 
macrophages initially become foam cells and initiate plaque 
formation. The imbalance of cholesterol uptake and efflux in 
macrophages may cause excessive accumulation of choles-
terol and foam cell formation, which is a hallmark in the 
development of atherosclerosis (2). Cholesterol efflux from 
macrophages is a critical step in reverse cholesterol transport, 
which may prevent macrophages from becoming foam cells 
and thus reduce atherosclerosis (3,4). Free cholesterol is trans-
ported from macrophages in the arterial atherosclerotic plaque 
to an extracellular acceptors, including apoliporotein (apo)
A‑1 and high‑density lipoprotein (HDL), and then back to 
the liver for bile acid synthesis and excretion (5). Previously, 
Khera et al reported a reverse correlation between choles-
terol efflux capacity and atherosclerosis (6). To understand 
the underlying mechanism regulating cholesterol efflux, it is 
important to develop a reliable assay for measuring cholesterol 
efflux in vitro.

Traditionally, radioisotope‑labeled cholesterols have 
been used as probes in cholesterol efflux assays. However, 
the procedure is lengthy and labor‑intensive, and the radio-
activity disposal procedure can limit the use of this assay 
in high‑throughput screening. By contrast, f luorescent 
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cholesterol analogs have demonstrated potential as suitable 
alternatives for radioisotope‑labeled cholesterols  (7). For 
decades, fluorescent cholesterol analogs have been used in 
membrane biophysics for the investigation of lipid trafficking 
and the membrane organization of native cholesterol  (8,9). 
Until recently, fluorescent sterols were also used in choles-
terol efflux assays as an alternative for radioisotope‑labeled 
cholesterol  (10,11). Commonly used fluorescent analogs of 
cholesterol include N‑(7‑nitrobenz‑2‑oxa‑1,3‑diazol‑4‑yl)
amino)‑23,24‑bisnor‑5‑xholen‑3β‑ol (NBD)‑cholesterol, 
boron‑dipyrromethene (BODIPY)‑cholesterol and dehydroer-
gosterol with intrinsic fluorescence (8). The analogs bearing 
the NBD fluorophore have demonstrated advantageous prop-
erties for membrane investigations. There are three versions of 
NBD‑cholesterol: The NBD flurophore attached to the 3β‑OH 
group of cholesterol, NBD linked to carbon 22 in the sterol 
side chain (22‑NBD‑cholesterol) and NBD linked to carbon 
25 (25‑NBD‑cholesterol).

The THP‑1 human monocytic leukemia cell line is a differ-
entiated monocytic cell line, which exhibites macrophage‑like 
characteristics when stimulated with phorbol ester (12,13). 
Notably, THP‑1‑derived macrophages have been widely 
used as a suitable in vitro model for investigating cholesterol 
efflux  (14‑16). At present, there is a lack of information 
regarding the use of fluorescent cholesterol analogs, including 
NBD‑cholesterol, in efflux assays in THP‑1‑derived macro-
phages. The present study aimed to characterize a cholesterol 
efflux assay using fluorescent NBD‑cholesterol as a probe in 
THP‑1‑derived macrophages, as well as in human peripheral 
blood mononuclear cells (PBMCs). The results may assist in 
the development of an in vitro model for cholesterol efflux, 
which can be used as a high‑throughput screening assay.

Materials and methods

Reagents and materials. THP‑1 cells were obtained from 
the Cell Bank of Basic Research Institute of the Chinese 
Academy of Medicine Sciences (Beijing, China). RPMI 1640 
medium and Triton X‑100 were purchased from Gibco 
Life Technologies (Carlsbad, CA, USA). Phorbol myristate 
acetate (PMA) and macrophage colony stimulating factor 
(M‑CSF) were purchased from Sigma‑Aldrich (St. Louis, 
MO, USA). 22‑(N‑nitrobenz‑2‑oxa‑1,3‑diazol‑4‑yl‑amino)‑23, 
24‑bisnor‑5‑cholen‑3‑ol (NBD)‑cholesterol was obtained from 
Molecular Probes (Eugene, OR, USA). The fluorescent choles-
terol was diluted in ethanol, with a final concentration of 0.5% 
ethanol. Purified human high‑density lipoprotein (HDL) and 
apolipoprotein A1 (apoA‑1) were obtained from CalBiochem 
(San Diego, CA, USA). Ficoll‑Paque Premium was purchased 
from Haoyang Biosciences (Tianjing, China). Ox‑LDL was 
purchased from the Basic Research Institute of the Chinese 
Academy of Medicine Sciences (cells were preloaded with 
50 µg/ml Ox‑LDL for 48 h).

Isolation of human PBMCs. The human PBMCs were isolated 
from 13  volunteers. All the volunteers were healthy men 
(average age, 32 years) screened in Peking Union Medical 
College Hospital (Beijing, China). A total of 30 ml of blood 
was collected by venipuncture following 12 h fasting, which 
was anticoagulated with heparin vacutainer tubes (BD 

Biosciences, San  Jose, CA, USA). The procedures of the 
present study were approved by the Human Ethics Committee 
of Peking Union Medical College Hospital (Beijing, China; 
registration no. ChiCTR‑RCH‑10000748). Each participant 
provided written informed consent.

The isolation of PBMCs was performed by gradient 
centrifugation at room temperature for 40 min at 400 x g, 
by layering 30  ml heparinized (10  U/ml) blood over 
15 ml NycoPrep (Invitrogen Life Technologies, Carlsbad, 
CA, USA). Following centrifugation at room temperature 
for 40 min at 400 x g on a Ficoll‑Paque density gradient, the 
resting human PBMCs were collected from the interface and 
washed with 0.9% (w/v) sodium chloride (17). The viability 
and purity of the monocytes were determined using flow 
cytometric analysis (CD14 staining), which confirmed a purity 
of at least 85% in all the experiments. The culture conditions 
were set at 37˚C in a humidified atmosphere with 5% CO2. 
The cells were cultured in a polystyrene 12‑well plate at a 
density of 5x106 cells/ml in serum‑free RPMI 1640 medium 
containing 25 mmol/l HEPES (Sigma‑Aldrich) and 10 ng/ml 
human M‑CSF for 4‑6 h. Subsequently, the cells were cultured 
in RPMI 1640 containing 10% autologous serum for 7 days. 
The macrophages were serum‑starved for 6 h and washed 
with phosphate‑buferred saline (PBS) prior to incubation with 
NBD‑cholesterol.

Cell culture and treatment. The cells of the THP‑1 human 
monocytic cell line were cultured in RPMI 1640 medium 
supplemented with 20% heat‑inactivated fetal bovine serum 
(FBS) and 100 µg/ml penicillin‑streptomycin in 5% CO2 at 
37˚C. The THP‑1 cells were seeded at a density of 2x106 in 
a 12‑well plate (Costar; Corning Incorporated, New York, 
NY, USA) and differentiated into macrophages by treatment 
with 100 ng/ml PMA for 72 h (18). To assess NBD‑cholesterol 
uptake, the differentiated THP‑1 cells were incubated at 37˚C 
with various concentrations of NBD‑cholesterol (0.1, 1, 5 
and 10 µmol/l) in basic phenol red‑free RPMI 1640 medium. 
Following incubation, the supernatant was removed and the 
cells were washed three times with PBS. Cellular cholesterol 
was then extracted using 0.1% Triton X‑100. The cells were 
harvested at different time‑points for the detection of fluo-
rescence intensity (FI), and images were captured using a 
fluorescence microscope (EVOS‑fl; Thermo Fisher Scientific, 
Waltham, MA, USA). Cellular NBD‑cholesterol uptake was 
also evaluated under microscopy.

FI detection. The FI of NBD‑cholesterol in the medium and 
cell lysate was measured in a black polystyrene 96‑well plate 
(Costar; Corning Incorporated) using a microplate spectropho-
tometer (EnVision®; PerkinElmer, Inc., Waltham, MA, USA) 
at a wavelength of 469 nm for excitation and a wavelength of 
537 nm for emission. The parameter of sensitivity was set to 
100 and the final volume for the assay was 200 µl.

Cholesterol efflux assays. For the [3H]‑cholesterol assay, the 
cells were washed with cold PBS three times and were then 
labeled with 1 µCi/ml [3H]‑cholesterol (NEN Life Science 
Products, Inc., Boston, MA, USA) in 10% FBS RPMI 1640 
medium for 12 h. Following incubation at 37˚C, the cells were 
washed with PBS and equilibrated for an additional 2 h at 37˚C 
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in medium containing 2% FBS, apoA‑1 or HDL, used as a lipid 
acceptor, in which the cells were incubated for an additional 
4 h at 37˚C. The same concentrations of apoA‑1 and HDL were 
used in the NBD‑cholesterol efflux assay. The medium was 
collected, and the cells were lysed in 0.1% Triton X‑100 for at 
least 1 h at room temperature. The cell lysate and medium were 
each mixed with scintillation fluid and incubated for 24 h at 
room temperature, protecting the cells from light prior to scin-
tillation counting (LS 6500 Scintillation Counter; Beckman 
Coulter, Brea, CA, USA). Medium radioactivity was taken 
for 3H radioactivity determination in the scintillation counter. 
The cholesterol efflux rate was expressed as the percent efflux 
calculated by disintegrations per minute of [3H] cholesterol in 
medium/([3H] cholesterol in medium + [3H] cholesterol in cell 
lysates) x100.

To assess NBD‑cholesterol efflux, macrophages were 
incubated in phenol red‑free RPMI 1640 medium containing 
5 µmol/l NBD‑cholesterol for 4 h at 37˚C. Following incuba-
tion, the cells were washed with PBS three times and were 
then incubated with HDL or apoA‑1, as lipid acceptors. To 
determine the correlation, various concentrations of HDL (5, 
20, 50 and 100 µg/ml) and apoA‑1 (10, 20, 50 and 100 µg/ml) 
were used for the [3H]‑cholesterol and NBD‑cholesterol efflux 
assays. HDL concentrations ranged between 5 and 100 µg/ml, 
and apoA‑1 ranged between 10 and 100 µg/ml. Subsequently, 
the cells were harvested after 4 h, and the medium and cell 
lysate were collected for the detection of FI. Triton X‑100 
(0.1%) was used to lyse the cells in a 12‑well plate, and the 
cells lysate was homogenized by pipetting up and down 
several times. A total volume of 600 µl was then aliquoted 
into three wells of a 96‑well plate for the measurement of FI. 
The percentage of NBD‑cholesterol efflux was calculated by 
dividing the FI in the medium by the sum of the FI in the 
medium and cell lysate. All data were from three independent 
experiments, each performed in triplicate.

Statistical analysis. Data were analyzed using Prism software 
version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). The 
determination of correlation was performed using Deming's 
regression. All data are presented as the mean ± standard 
deviation. P<0.05 was considered to indicate a statistically 
significant difference.

Results

NBD‑cholesterol uptake and metabolism in THP‑1‑derived 
macrophages. The THP‑1‑derived macrophages were incu-
bated with 0.1‑10 µM 22‑NBD‑cholesterol and then harvested 
at different time‑points for the determination of FI. Using a 
fluorescent microscope, real‑time images were captured of the 
monolayer cells following 4 h incubation with NBD‑cholesterol. 
The results revealed that NBD‑cholesterol uptake from the 
medium occurred in a concentration‑ and time‑dependent 
manner (Fig. 1C). When 0.1 µM of NBD‑cholesterol was used, 
which represents a concentration reported in several previous 
studies  (10,19,20), for up to 12  h of incubation, real‑time 
imaging yielded dim fluorescent images. This finding was 
confirmed by quantitative FI detection, in which the FI of the 
cell lysate was undetectable following 12 h incubation. The FI 
increased with increasing concentrations of NBD‑cholesterol, 

reaching the highest levels at an NBD‑cholesterol concentra-
tion of 10 µM. Similar results were obtained in the fluorescent 
imaging (Fig. 1B). NBD‑cholesterol uptake in the THP‑1 cells 
also exhibited a time‑dependent effect. The FI was markedly 
increased within the first 30 min of incubation and reached 
a plateau following incubation for 6 h, which was observed 
at all concentrations, with the exception of 0.1 µM. Real‑time 
imaging revealed that NBD‑fluorescence was distributed 
equally inside the cell, but not in the nucleus.

Oxidized LDL (ox-LDL) increases NBD‑cholesterol uptake 
by macrophages. Exogenous cholesterol is taken up by 
macrophages through the LDL receptor‑mediated pathway, 
as well as by the HDL‑mediated pathway (21). The present 
study investigated the role of ox-LDL in NBD‑cholesterol 
uptake. The THP‑1‑derived macrophages were incubated 
with 5 µM NBD‑cholesterol for up to 8 h in the presence and 
absence of 50 µg/ml ox‑LDL. The FI of the cell lysate was then 
measured at different time‑points. The results demonstrated 
that ox‑LDL significantly increased NBD‑cholesterol uptake 
by the macrophages (Fig. 2).

Optimization of the NBD‑cholesterol eff lux assay in 
THP‑1‑derived macrophages. When using 2% FBS to 
induce NBD‑cholesterol efflux, the present study found that 
the percentage of NBD‑cholesterol efflux increased in a 
time‑dependent manner and had a marked increase within 
the first 30  min, reaching a plateau after 8  h (Fig.  3A). 
Subsequently, NBD‑cholesterol efflux was measured using 
either HDL (50 µg/ml) or apoA‑1 (50 µg/ml) as lipid acceptors. 
The results revealed that the percentage of NBD‑cholesterol 
efflux was increased in a similar time‑dependent manner. 
However, when apoA‑1 was used as an inducer, the percentage 
of efflux was markedly lower than that observed when HDL 
was used as an inducer (Fig. 3B and C). Based on these results, 
a duration of 4 h was set as the efflux assay duration for the 
subsequent NBD‑cholesterol efflux assays.

In addition, the present study characterized the dose‑response 
effect of HDL on NBD‑cholesterol efflux in the THP‑1 cells, 
using various concentrations of HDL (5‑100 µg/ml) as a lipid 
acceptor. The results indicated that the percentage efflux of 
NBD‑cholesterol increased, also in a time‑dependent manner, 
at different concentrations of HDL (Fig. 4).

Correlation of NBD‑cholesterol and [3H]‑cholesterol efflux 
in THP‑1‑derived macrophages. To determine the correla-
tion between the percentage of efflux of NBD‑cholesterol and 
[3H]‑cholesterol in the THP‑1‑derived macrophages, the present 
study used various concentrations of HDL and apoA‑1 as lipid 
acceptors for the [3H]‑cholesterol and NBD‑cholesterol efflux 
assays. The HDL concentrations ranged between 5 and 100 µg/
ml, and the apoA‑1 concentrations ranged between 10 and 
100 µg/ml (Fig. 5). Correlation coefficiency was determined 
using Deming regression. The results demonstrated a significant 
correlation between NBD‑cholesterol efflux and [3H]‑cholesterol 
efflux in the HDL‑ (R2=0.876; P<0.001) and apoA‑1‑mediated 
cholesterol efflux (R2=0.837; P<0.001) in the THP‑1 cells, 
suggesting that NBD‑cholesterol may be a suitable substitute for 
[3H]‑cholesterol in the cholesterol efflux assay (Fig. 5). These 
results also indicate a potential in vitro model for developing a 
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sensitive, high‑throughput screening method for investigating 
the regulation of cholesterol efflux in macrophages.

Correlation of NBD‑cholesterol and [3H]‑cholesterol efflux in 
PBMCs. To further assess this hypothesis, the presents study 
compared NBD‑cholesterol with [3H]‑cholesterol in the efflux 
assay in human macrophages isolated from 13 healthy volun-
teers. HDL (50 µg/ml) and apoA‑1 (50 µg/ml) were used as 
lipid acceptors for the [3H]‑cholesterol and NBD‑cholesterol 
efflux assays. The results demonstrated a significant correla-
tion between NBD‑cholesterol efflux and [3H]‑cholesterol 
efflux in HDL‑ (R2=0.887; P<0.001) and apoA‑1‑ (R2=0.882; 
P<0.001) mediated cholesterol efflux in the PBMCs (Fig. 6), 
which was consistent with the data obtained from the THP‑1 
cells.

Comparison of NBD‑cholesterol efflux in THP‑1‑derived 
macrophages and PBMCs. THP‑1 cells resemble human 
macrophages in certain biological characteristics. To vali-
date the efficiency of these cells as macrophages in the 
NBD‑cholesterol efflux assay, the present study further 

Figure 2. Effects of ox‑LDL on NBD‑cholesterol uptake in the THP‑1 
cells. THP‑1 cells were treated with 50 µg/ml ox‑LDL or medium (basal) 
prior to incubation with NBD‑cholesterol. The cells were then labeled with 
NBD‑cholesterol and harvested at different time‑points. The fluorescence 
intensity was determined using a microplate spectrophotometer. The values 
are presented as the mean ± standard deviation of triplicate wells and the 
results are representative of three independent experiments. *P<0.01 vs. the 
BLT‑1 group; †P<0.01 vs. the basal group. ox‑LDL, oxidized low‑density 
lipoprotein; NBD‑cholesterol, N‑(7‑nitrobenz‑2‑oxa‑1,3‑diazol‑4‑yl)amino)
‑23,24‑bisnor‑5‑xholen‑3β‑ol‑cholesterol.

Figure 1. NBD‑cholesterol uptake in THP‑1 cells. (A) Molecular structures of cholesterol and 22‑NBD‑cholesterol. (B) Representative images of THP‑1 cells 
treated with various concentrations of fluorescent NBD‑cholesterol ranging between 0.1 and 10 µmol/l for 4 h. Magnification, x200. (C) Quantification of the 
fluorescence intensity of NBD‑cholesterol uptake in the THP‑1 cells. THP‑1 cells were treated with various concentrations of NBD‑cholesterol (0.1‑10 µmol/l) 
and harvested at different time‑points. The fluorescence intensity of the cell lysate was measured using a microplate spectrophotometer. The values are pre-
sented as the mean ± standard deviation of triplicate wells and are representative of three independent experiments. *P<0.01 vs. NBD (0.1 µM) group; †P<0.01 
vs. NBD (1 µM) group; §P<0.01 vs. NBD (5 µM) group. 22‑NBD‑cholesterol, 22‑(7‑nitrobenz‑2‑oxa‑1, 3‑diazol‑4‑yl‑amino)‑23‑cholesterol.

  A

  B

  C
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Figure 3. Optimization of the NBD‑cholesterol efflux assay in THP‑1 cells. 
Following labeling with NBD‑cholesterol for 4 h, the THP‑1‑derived macro-
phages were incubated with (A) 2% FBS, (B) 50 µg/ml HDL and (C) 50 µg/ml 
apoA‑1, as lipid acceptors for the cholesterol efflux assay. The percentage of 
NBD‑cholesterol efflux was measured at the indicated times and was calcu-
lated, as described in the Materials and methods. The values are presented 
as the mean ± standard deviation of triplicate wells and the data were plotted 
using non‑linear regression. The results are representative of three indepen-
dent experiments. NBD‑cholesterol, N‑(7‑nitrobenz‑2‑oxa‑1,3‑diazol‑4‑yl)
amino)‑23,24‑bisnor‑5‑xholen‑3β‑ol‑cholesterol; FBS, fetal bovine serum; 
HDL, high‑density lipoprotein; apoA‑1, apolopoprotein A‑1.

Figure 4. NBD‑cholesterol efflux to different concentrations of HDL in THP‑1 
cells. The THP‑1 cells were labeled with NBD‑cholesterol for 4 h, following 
which NBD‑cholesterol efflux was measured using HDL as a lipid acceptor. 
HDL concentrations varied between 5 and 100 µg/ml. Efflux duration was 
4 h. The fluorescence intensities of the cell lysate and medium were measured 
using a microplate spectrophotometer. The percentage of NBD‑cholesterol 
efflux was calculated, as described in the Materials and methods. The values 
are presented as the mean ± standard deviation of triplicate wells. Data were 
plotted using non‑linear regression. The results are representative of at least 
three independent experiments. #P<0.05 vs. HDL (5 µg/ml) group; *P<0.01 vs. 
HDL (20 µg/ml) group; †P<0.01 vs. HDL (50 µg/ml) group. NBD‑cholesterol, 
N‑(7‑nitrobenz‑2‑oxa‑1,3‑diazol‑4‑yl)amino)‑23,24‑bisnor‑5‑xholen‑3β‑ol‑c
holesterol; HDL, high‑density lipoprotein.

  B

  A

  C

Figure 5. Correlation of NBD‑cholesterol and [3H]‑cholesterol efflux in 
THP‑1 cells. The THP‑1 cells were labeled with either NBD‑cholesterol 
for 4 h or [3H]‑cholesterol for 12 h. NBD‑cholesterol and [3H]‑cholesterol 
efflux were then measured using various concentrations of (A)  HDL 
ranging between 5 and 100 µg/ml and (B) apoA‑1 ranging between 10 and 
100 µg/ml, as lipid acceptors. Efflux duration was 4 h. Correlation efficiency 
was determined using Deming's regression (P<0.001). NBD‑cholesterol, 
N‑(7‑nitrobenz‑2‑oxa‑1,3‑diazol‑4‑yl)amino)‑23,24‑bisnor‑5‑xholen‑3β‑ol‑c
holesterol; HDL, high‑density lipoprotein; apoA‑1, apolopoprotein A‑1.

  B

  A

Figure 6. Correlation of NBD‑cholesterol and [3H]‑cholesterol efflux in 
PBMCs. Following labeling PBMCs with either NBD‑cholesterol for 4 h or 
[3H]‑cholesterol for 12 h, NBD‑cholesterol and [3H]‑cholesterol efflux were 
measured using (A) 50 µg/ml HDL or (B) 50 µg/ml apoA‑1 as lipid accep-
tors. Efflux duration was 4 h. The fluorescence intensity of the cell lysate or 
medium was measured using a microplate spectrophotometer. Correlation 
efficiency was determined using Deming's regression (P<0.001). The results 
are representative of three independent experiments, each performed in 
triplicate. PBMCs, peripheral blood mononuclear cells; NBD‑cholesterol, 
N‑(7‑nitrobenz‑2‑oxa‑1,3‑diazol‑4‑yl)amino)‑23,24‑bisnor‑5‑xholen‑3β‑ol‑c
holesterol; HDL, high‑density lipoprotein; apoA‑1, apolopoprotein A‑1.
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compared the THP‑1 cells with the PBMCs isolated from 
volunteers. HDL and apoA‑1 were used as lipid acceptors. 
The percentages of NBD‑cholesterol efflux in the THP‑1 
cells and PBMCs were markedly increased within the first 
hour, and continuously increased between 1 and 4 h (Fig. 7). 
The percentage of efflux of NBD‑cholesterol reached a peak 
at 8 h with either HDL or apoA‑1 as an inducer. Although 
the percentage of NBD‑cholesterol efflux in the THP‑1 cells 
appeared lower than that in the PBMCs, NBD‑cholesterol 
efflux in the THP‑1 cells exhibited a similar trend to that in the 
PBMCs, suggesting that THP‑1 cells may be a suitable alterna-
tive model in this NBD‑cholesterol efflux assay (Fig. 7).

Discussion

Fluorescent cholesterol analogs, which can closely mimic the 
properties of natural cholesterol, whilst permitting detection 
by microscopic techniques, have been widely used to investi-
gate the intracellular distribution and membrane organization 
of cholesterol. These fluorescent cholesterol analogs have also 
demonstrated significant potential as substitutes for traditional 
radioisotope‑labeled cholesterol for investigating lipid traf-
ficking, including cholesterol efflux (7,22). Cholesterol efflux 
may prevent the development of atherosclerosis by reducing 
the accumulation of cholesterol in the artery wall (2,23) and 
is a key step in RCT. Understanding the regulation of choles-
terol efflux can be useful therapeutically and merits in‑depth 
investigation. Previously, Zhang et al developed fluorescent 
cholesterol bearing the Pennsylvania Green fluorophore for 
use as a molecular probe for the cholesterol efflux assay. This 
fluorescent sterol exhibits good correlation with radioiso-
tope‑labeled cholesterol in the efflux assay in THP‑1 cells (24). 
Sankaranarayanan et al demonstrated that another fluorescent 
sterol, bearing a BODIPY fluorophore, can be used as a 
sensitive probe in the cholesterol efflux assay in J774 mouse 
macrophages (11). NBD‑cholesterol is a commercially avail-
able and widely used fluorescent analog of cholesterol, which 
may be used in cholesterol efflux assays (25‑27). Frolov et al 
used 22‑NBD‑cholesterol in an investigation of HDL‑mediated 
cholesterol efflux in mouse L‑cells (21). Storey et al also used 

this fluorescent sterol in an investigation of HDL‑mediated 
cholesterol efflux in cultured primary mouse hepatocytes (10). 
Although these studies demonstrated the potential application 
of NBD‑cholesterol, there remains a lack of data regarding 
NBD‑cholesterol uptake and efflux in THP‑1 cells, which is 
a more physiologically relevant human cell line that exhibits 
macrophage‑like characteristics. In the present study, the 
cholesterol efflux assay was characterized and optimized using 
fluorescent NBD‑cholesterol in THP‑1‑derived macrophages.

The initial step of a cholesterol efflux assay is to pre‑incu-
bate cells with NBD‑cholesterol, which is a prerequisite for 
the assay (22). Therefore, the present study first characterized 
NBD‑cholesterol uptake in the THP‑1‑derived macrophages 
and optimized the experimental conditions. The cells were 
incubated with various concentrations of NBD‑cholesterol, 
and the cellular FI was measured at different time‑points. The 
results revealed that NBD‑cholesterol uptake in the THP‑1 
cells was increased over time and reached a plateau after 4 h 
incubation, suggesting that intracellular NBD‑cholesterol 
metabolism may reach equilibrium over time. The results 
also demonstrated that pre‑incubation of the cells with 5 µM 
NBD‑cholesterol resulted in optimal outcomes in fluorescence 
microscopy and scintillation counting. Thus, the optimized 
conditions for cellular NBD‑cholesterol uptake were estab-
lished for the subsequent experiments. Previously, Storey et al 
investigated cholesterol uptake in cultured primary mouse 
hepatocytes using 0.1 µM NBD‑cholesterol (10), which was a 
lower level than that used in the present study. In another study, 
Portioli Silva et al analyzed cholesterol incorporation in rat 
macrophages using 2 µM NBD‑cholesterol, which was close to 
the concentration used in our study (28). Notably, the present 
study used ethanol as a specific solvent for NBD‑cholesterol 
solubilization, which was also used in the study by Portioli 
Silva et al, but not in the study by Storey et al. The use of a 
solvent is important for the fluorescence quantum yield and 
extinction coefficient, and may be the cause of the difference 
between the results of the studies (8).

The present study also demonstrated that by treating the 
cells with ox‑LDL, NBD‑cholesterol uptake in the THP‑1 cells 
was significantly increased. Previous studies have reported that 

Figure 7. Comparison of NBD‑cholesterol efflux between different cells. THP‑1 cells were differentiated into macrophages by treatment with 100 ng/ml phorbol 
myristate acetate for 72 h. PBMCs were differentiated into macrophages, by treatment in serum‑free RPMI 1640 medium containing 25 mmol/l HEPES 
and 10 ng/ml human macrophage colony stimulating factor. The cells were labeled with NBD‑cholesterol for 4 h. NBD‑cholesterol efflux was measured 
in the THP‑1 cells or PBMCs using (A) 50 µg/ml HDL or (B) 50 µg/ml apoA‑1 as lipid acceptors. Efflux duration was 4 h. The values are presented as the 
mean ± standard deviation. Data were plotted using non‑linear regression. The results are representative of three independent experiments, each performed in 
triplicate. PBMCs, peripheral blood mononuclear cells; NBD‑cholesterol, N‑(7‑nitrobenz‑2‑oxa‑1,3‑diazol‑4‑yl)amino)‑23,24‑bisnor‑5‑xholen‑3β‑ol‑cholest
erol; HDL, high‑density lipoprotein; apoA‑1, apolopoprotein A‑1.
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ox‑LDL is a specific ligand for peroxisome proliferator‑acti-
vated receptors and, upon binding, may increase its target gene 
expression and regulate lipid homeostasis (29,30). The results 
of the present study demonstrated that NBD‑cholesterol 
absorption in macrophages was increased by ox‑LDL treat-
ment, which was similar to native cholesterol.

Subsequently, the present study investigated whether 
NBD‑cholesterol efflux was well‑correlated with [3H]‑labeled 
cholesterol efflux in the THP‑1‑derived macrophages. [3H] 
radioisotope‑labeling is a classical labeling method for inves-
tigating intracellular cholesterol trafficking and metabolism 
due to its sensitivity and specificity. In the present study, 
[3H]‑cholesterol efflux and fluorescent NBD‑cholesterol efflux 
were measured in the THP‑1 cells using various concentra-
tions of HDL or apoA‑1 as lipid acceptors. The data revealed 
a significant correlation between NBD‑cholesterol efflux 
and [3H]‑cholesterol efflux in the THP‑1 cells. In addition, 
NBD‑cholesterol efflux and [3H]‑cholesterol effluxwere 
examined in PBMCs isolated from healthy volunteers. A 
significant correlation between NBD‑cholesterol efflux and 
[3H]‑cholesterol efflux was also observed in the PBMCs.

Cellular cholesterol transportation to extracellular accep-
tors either occurs through aqueous diffusion or is mediated 
by the ABCA1 or ABCG1 transmembrane proteins, which are 
essential in the process (31‑33). Previous studies have revealed 
that cellular cholesterol is transported to either lipid‑depleted 
apoA‑1 through the ABCA1‑mediated pathway or HDL 
through the ABCG1‑mediated pathway (34‑36). Therefore, the 
present study used apoA‑1 and HDL as extracellular acceptors 
for evaluating cellular cholesterol efflux. The resulting data 
demonstrated that the percentage of NBD‑cholesterol efflux 
was significantly correlated to that of [3H]‑cholesterol in the 
different cholesterol efflux pathways in macrophages. Thus, 
these findings support NBD‑cholesterol as a sensitive and 
specific probe, which may be used efficiently for cholesterol 
efflux measurement. Several other studies have reported 
that f luorescent BODIPY‑cholesterol and Pennsylvania 
Green‑cholesterol can also be used in cholesterol efflux assay 
as substitutes for [3H]‑cholesterol (11,24). Further investiga-
tion to compare different fluorescent analogs in parallel with 
[3H]‑cholesterol may assist in determining which fluorescent 
analog can mimic native cholesterol efflux most closely in the 
assay.

The THP‑1 cells used in the present study are a human 
monocytic leukemia cell line, which can be differentiated 
into macrophage‑like cells. Therefore, THP‑1 cells were used 
as an in vitro model relevant to human macrophages for the 
NBD‑cholesterol efflux assay. It is important to determine 
whether NBD‑cholesterol metabolism and efflux in THP‑1 
cells is similar to that in PBMCs. In the present study, 
NBD‑cholesterol efflux in THP‑1 cells was compared with 
that in PBMC. NBD‑cholesterol efflux in the THP‑1 cells 
exhibited a similar trend to that in PBMCs, suggesting that 
THP‑1 is a suitable model for assessing NBD‑cholesterol 
efflux in macrophages. By contrast, with regard to the lower 
percentage of NBD‑cholesterol efflux observed in THP‑1 cells 
than in the PBMCs, it is possible that the expression levels of 
lipid transporters, including ABCA1 may be lower in THP‑1 
cells than in PBMCs, which may be responsible for a lower 
efflux percentage. Further investigation on the comparison 

between THP‑1 cells and PBMCs, in terms of the expression 
and function of ABCA1 amay answer this important question.

In conclusion, the present study demonstrated a simpler 
procedure with a similar efficiency for performing fluores-
cent NBD‑cholesterol efflux assays, compared with [3H] 
radioisotope‑labeled cholesterol. The results may assist in the 
development of a rapid sensitive high‑throughput screening 
assay for investigating macrophage cholesterol efflux.
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