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A reliable and reproducible assay for determining the effect of natu-
ral product on macrophages lipid uptake and cholesterol efflux: A case
study of maslinic acid
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Abstract : Macrophage foam cell formation represents a key feature that contributes to the development of atherosclerotic
lesions. Assessment of cardioprotective natural compounds targeting macrophage foam cell formation processes including
lipid uptake and cholesterol efflux could lead to the identification of potential lead compounds for development into novel
anti-atherosclerotic drugs. In this case study, maslinic acid, a natural product was used to study the effect on lipid uptake and
cholesterol efflux in THP-1-derived macrophages. Oil red O (ORO) staining and 1,1’-dioctadecyl-3,3,3”,3’-tetramethylin-
docarbocyanine perchlorate-labeled oxidized low-density lipoprotein (Dil-labeled oxLDL) uptake assays were performed to
determine lipid uptake by macrophages while cholesterol efflux was assessed using 3-hexanoyl-NBD labeled cholesterol.
ORO-stained images were further analyzed using ImageJ analysis software to determine intracellular lipid droplets accumu-
lation and flow cytometric analysis of median fluorescence intensity were obtained to quantify Dil-labeled oxLDL uptake by
macrophages. Meanwhile, 3-hexanoyl-NBD labeled cholesterol uptake and efflux from THP-1-derived macrophages were
characterized. The fluorescence intensity values obtained from the medium and cell lysates were used to determine the cho-
lesterol efflux. The results have shown that incubation with maslinic acid suppressed oxLDL-induced macrophage foam cell
formation which may be contributed from its effect in reducing lipid uptake and enhancing cholesterol efflux. In conclusion,
the optimized ORO staining, Dil-labeled oxLDL uptake, and fluorescent-labeled cholesterol efflux assays provide reproduc-
ible and reliable results for assessment of foam cells formation.
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Introduction 25 nm and has a density range of 1.019 - 1.063 g/mI®“L.
It can be obtained from commercial suppliers or iso-

Foam cell formation represents one of the early hallmarks lated from human plasma by ultracentrifugation meth-

of atherosclerotic lesion, which may result from imbal- ods"*'. In this experiment, LDL was isolated from

anced lipid uptake' and impaired' cho'lesterol 'efﬂux in human plasma by density gradient ultracentrifugation
macrophages. Modified 'low-densny llpoprotlen (LDL) using Beckman Coulter Optima L-100XP with an SW40
is thought fo act as an 1gﬂammatqw ' factor in evoking Ti swinging-bucket rotor, and followed by overnight di-
atherosclerosis!'?. LDL within the intima layer may un- alysis at 4°C. Two conventional methods including Oil
dergo modifications, including oxidation, glycation, desi- red O (ORO) staining™® and 1,1’-dioctadecyl-3,3,3",3’-
alylation, and acylation. The modified LDL is recognized tetramethylindocarbocyanine perchlorate-labeled oxi-
by macrophages scavenger receptors. In contrast, the dized low density lipoprotein (Dil-labeled oxLDL)
efflux of cholesterol in macrophages can be mediated uptake assay!'>'¥), were used to assess foam cell forma-
through reverse cholesterol transporters or by a passive tion in macrophages. Meanwhile, several methods have
aqueous diffusion proce;s[ﬁ’”. Therapeutlc intervention been used to study cholesterol efflux from macrophages.
targeting foam cell formation which focuses on decreasing Radioisotope-labeled cholesterol method has been tradi-
lipid uptake while enhancing cholesterol efflux in macro- tionally used for measuring cholesterol efflux. Howev-
phages are expected to retard atherosclerosis progression. er, this method is labor-intensive, and radioisotope has
short shelf-life after preparation. Therefore, fluorescent-
labeled cholesterol (3-hexanoyl-NBD labeled choles-
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LDL is a spherical shaped particle with a diameter of 18 -
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terol) was chosen as an alternative method for studying
cholesterol efflux in this study!>1¢],

Natural products (bioactive compounds) have been
proven to be a great source of novel drug leads and
therapeutic agents for the prevention and treatment of
various diseases. There are many studies reporting that
cardioprotective natural compounds can alleviate athero-
sclerotic plaque formation!'"", Maslinic acid, a natural
pentacyclic triterpene compound found in numerous me-

dicinal plants has been shown to exhibit antioxidant and
anti-inflammatory properties®*?!l. These evidences sug-
gest that maslinic acid could be a potential natural com-
pound capable of protecting against foam cells formation.

In this study, a rapid and direct assay for assessing the
effect of natural products such as maslinic acid on macro-
phages lipid uptake and cholesterol efflux was developed
and optimized (Figure 1). The present work generated re-
producible and reliable results.
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Figure 1: Schematic flow chart of the protocol on LDL isolation, assessment of lipid uptake and cholesterol efflux in THP-1 macrophages. Red arrow indicates the involvement

of LDL oxidation; blue arrow indicates the absence of LDL oxidation.

Method details

Isolation of low-density lipoprotein (LDL) from human
plasma

Materials

»  Fasting peripheral venous blood samples preserved
in BD Vacutainer® K2 EDTA tubes

e Centrifuge
* 15 mL and 50 mL Falcon tubes
*  Solid potassium bromide (KBr)

e KBr solution (density=1.21 g/mL) by dissolving
31.7 g of KBr in 100 mL of deionized water con-
taining 0.05% EDTA

*  KBr solution (density=1.063 g/mL) by dissolving
9.03 g of KBr in 100 mL of deionized water con-
taining 0.05% EDTA

*  KBr solution (density=1.006 g/mL) by dissolving
1.01 g of KBr in 100 mL of deionized water con-
taining 0.05% EDTA

* 13.2 mL polyallomer ultracentrifuge tube
*  Ultracentrifuge tube rack

*  Beckman Coulter Optima L-100XP

*  SW40 Ti swinging-bucket rotor

*  Pur-A-Lyzer maxi dialysis kit

*  Phosphate-buffered saline (PBS)

* 0.2 um Millipore CA membrane

*  Pierce BCA protein assay kit containing BCA Re-
agent A (sodium carbonate, sodium bicarbonate,
bicinchoninic acid and sodium tartrate in 0.1M sodi-
um hydroxide), BCA Reagent B (4% cupric sulfate)
and bovine serum albumin (BSA) standard ampules
(2 mg/mL)

. 1.5 mL microcentrifuge tubes

Procedures

1. Collect blood samples from volunteers who have
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read and signed the patient information sheet and con-
sent form (Inclusion criteria: 18 years old and above).

2. Centrifuge the blood samples at 2700 rpm for 15 min-
utes at room temperature to separate the red blood
cells and plasma.

3. Carefully transfer the plasma into 50 mL falcon tube.

4. Perform second centrifugation at 3300 rpm for 10
minutes to remove any residual intact blood cells that
were carried over from the first centrifugation.

5. The plasma can be subjected to ultracentrifugation im-
mediately by following the subsequent steps or stored
at -80°C until further usage.

6. Adjust the plasma density to 1.35 g/mL with solid
KBr, according to Radding and Steinberg formula®*
prior to density gradient ultracentrifugation.

X = V(df-di)
1- (0.312 xdf)

Whereby:

X = mass of KBr (g)

\Y% = volume of plasma (mL)

df = final density/desired density

di = initial density

0312 = partial specific volume of KBr

7. A discontinuous gradient was constructed by carefully
layering 3.5 mL of plasma into a 13.2 mL polyallomer
ultracentrifuge tube, followed by 2 mL of 1.21 g/mL
KBr solution, 4 mL of 1.063 g/mL KBr solution and 2
mL of 1.006 g/mL KBr solution.

8. Place the tubes into the chilled SW40 Ti swinging-
bucket rotor.

9. Ultracentrifuge the samples at 40,000 rpm for 6 hours
at 4°C.

10. Thereafter, carefully remove the tubes from the rotor.

11. Using a marker pen, label the individual lipid fractions
(the yellow-orange fraction indicates the LDL frac-
tion).

12. Transfer the LDL fractions into 15 mL falcon tubes.

13. Measure the density of LDL fraction prior dialysis
process.

14. Dialyze the LDL fraction using the Pur-A-Lyzer maxi
dialysis kit (Sigma-Aldrich, USA) in dark for 24 hours
at 4°C against 3 changes of 1 L of 0.01 M PBS.

15. Filter the LDL fraction using 0.2 um Millipore CA
membrane.

16. Determine the protein concentration of LDL fraction
using Pierce BCA protein assay kit and aliquot the
LDL fractions into 1.5 mL microcentrifuge tubes.

17. Store the LDL fractions in -80°C until further analysis.

Copper_sulfate (CuSOi)—induced LDL modification and

foam cell formation (Oil red O staining)

Materials

*  Phosphate-buffered saline (PBS)

»  Copper sulfate (CuSO,)

* 1.5 mL microcentrifuge tubes

* 37°C CO, incubator

e 24 well tissue culture plate

e Phorbol 12-myristate-13-acetate (PMA)
e Maslinic acid stock solution (21mM) in DMSO
*  10% paraformaldehyde

*  60% isopropanol

*  Deionized water (ddH,0)

e Oil Red O stock (ORO) and working solution: Dis-
solve 0.5 g ORO powder in 80 mL of 100% isopro-
panol. Adjust the volume to 100 mL with isopropa-
nol after 24 hours incubation at 56°C in the water
bath. Prepare the fresh working solution by diluting
the pre-warmed stock solution at 60°C with deion-
ized water in 6:4 (v: v) ratio. Allow the working
solution to stand at room temperature for 10 min-
utes and then filter it using 0.2 um Millipore CA
membrane before use.

Procedures

1. Dilute LDL sample to a concentration of 2 mg/mL
in PBS prior to the oxidation process.

2. Incubate LDL with 50 uM (final concentration) of
CuSO, at 37°C in dark for 24 hours.

3. Determine the extent of LDL oxidation using thio-
barbituric acid-reactive substances (TBARS) assay.

4. To assess the effect of maslinic acid on foam cell
formation, seed THP-1 cells in 24 well tissue cul-
ture plate (3 x 10° cells/ml) and induce THP-1 dif-
ferentiation with 100 ng/ml PMA for 72 hours.

5. Resazurin assay was performed to select maslinic
acid concentration at sub-cytotoxic level. Maslinic
acid showed cytotoxicity effect on PMA-differenti-
ated THP-1 macrophages at 50 uM onwards. There-
fore, 20 uM was selected for the following experi-
ment (Appendix 1).

6. Incubate the PMA-differentiated THP-1 macro-
phages with either native low-density lipoprotein
(nLDL) or oxLDL (100 pg/mL) in the presence or
absence of 20 uM maslinic acid for 24 hours. Four
treatment groups are indicated as below:

e Untreated
e Treatment with nLDL only
*  Treatment with oxLDL only

¢ Treatment with oxLDL and maslinic acid
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7.

10.

11.
12.

13.

14.

15.

After 24 hours of treatment, aspirate the medium and
gently rinse the cells twice with PBS.

Fix the cells with 10% paraformaldehyde in PBS for
30 minutes.

Rinse the cells twice with PBS and followed by 60%
isopropanol for 15 seconds.

Stain the cells with filtered ORO solution for 30 min-
utes in dark.

Destain the cells with 60% isopropanol for 15 seconds.

Wash the cells twice with ddH,O, 1 minute each and
always cover the cells with ddH20.

Capture the macrophage-derived foam cells (positive-
ly ORO-red stained) via Eclipse-Ti inverted micro-
scope with a camera.

Analyze the stained intracellular lipids in THP-1 mac-
rophages by using ImageJ analysis software!?3!.

Integrated density data representing the extent of lipid
droplets accumulation was recorded.

Dil-labeled oxidized LDL uptake assay (Analysis by flow

cytometry)

Materials

Phosphate-buffered saline (PBS)

1,1’-dioctadecyl-3,3,3°,3’-tetramethylindocarbocy-
anine perchlorate (Dil) stock solution (3 mg/mL) in
DMSO

1.5 mL microcentrifuge tubes

37°C CO, incubator

Copper sulfate

24 well tissue culture plate

Phorbol 12-myristate-13-acetate (PMA)
Maslinic acid stock solution (21mM) in DMSO
1 X trypsin

Accuri C6 flow cytometer

Procedures

1.

Incubate 1.5 mg/mL of LDL with 0.15 mg/mL (final
concentration) of Dil at 37°C in dark for 24 hours.

Incubate Dil-labeled LDL with 50 uM (final concen-
tration) of CuSO, at 37°C in dark for 24 hours.

To assess the effect of maslinic acid on uptake of Dil-
labeled oxLDL, seed THP-1 cells in 24 well tissue
culture plate (3 x 10° cells/ml) and induce THP-1 dif-
ferentiation with 100 ng/ml PMA for 72 hours.

Incubate the PMA-differentiated THP-1 macrophages
with nLDL, oxLDL, Dil-labeled nLDL or Dil-labeled
oxLDL (50 pg/mL) in the presence or absence of 20
UM maslinic acid for 4 hours. Six treatment groups of
macrophages consist:

e Untreated

*  Treatment with nLDL only (neg-
ative control)

e Treatment with oxLDL only
(negative control)

*  Treatment with Dil-nLDL only
*  Treatment with Dil-oxLDL only

e Treatment with Dil-oxLDL and
maslinic acid

5. Aspirate the medium and gently rinse the cells
thrice with ice-cold PBS containing 2 mg/mL BSA.

6. Detach the cells with 0.5 mL of 1X trypsin and har-
vest the culture.

7. Centrifuge the cells at 4000 rpm for 5 minutes at
4°C.

8.  Wash the cells twice with ice-cold PBS and resus-
pend the cells with 200 pL of ice-cold PBS.

9. Analyze the cells at a slow flow rate (14 uL/min, 10
pum core) using Accuri C6 flow cytometer equipped
with a 488 nm laser.

10. Set up a dot plot with FL2 on the x-axis and cell
count on the y-axis to analyze the gated population
of living THP-1 macrophages, recording 10,000
events for each sample.

11. Record the median fluorescence intensity (MFI)
values.

Cholesterol efflux assay

Materials

e 24 well tissue culture plate

* 37°C CO, incubator

e Phorbol 12-myristate-13-acetate (PMA)
e Maslinic acid stock solution (21mM) in DMSO
*  3-hexanoyl-NBD labeled cholesterol

*  Phosphate-buffered saline (PBS)

*  RPMI-1640 medium

e Fetal bovine serum (FBS)

e Lysis buffer

*  FLUOstar OPTIMA fluorimeter
Procedures

1. To assess the effect of maslinic acid on cholesterol
efflux, seed THP-1 cells in 24 well tissue culture
plate (3 x 10° cells/ml) and induce THP-1 differen-
tiation with 100 ng/ml PMA for 72 hours.

2. Pre-treat PMA-converted THP-1 macrophages in
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the presence or absence of 20 uM maslinic acid for 24
hours at 37°C.

3. Incubate the cells with 1 pg/ml 3-hexanoyl-NBD la-
beled cholesterol (without FBS) for an additional 6
hours.

4. Wash the cells twice with PBS.

5. Incubate the cells with RPMI-1640 (with 10% FBS as
lipid acceptor) for 4 hours.

6. Collect the fluorescence-labeled cholesterol in the su-
pernatant medium as well as the cell lysates (lysed us-
ing lysis buffer from Thermo Fisher Scientific, USA)

7. Detect the fluorescence intensity of the labeled choles-
terol at 485 nm excitation/ 520 nm emission filter set
using FLUOstar OPTIMA fluorimeter.

8. Calculate the rate of cholesterol efflux by following
formula: Cholesterol efflux=cholesterol in medium/
(cholesterol in medium +cholesterol in cells)

Method validation

Isolation of low-density lipoprotein (LDL) from human
plasma

To confirm the identity of the isolated LDL fraction, sev-
eral assays were carried out to determine its density and
electrophoretic mobility. The experimental results showed
that the isolated LDL fraction was in the density range of
1.019 - 1.063 g/mL. Apart from density, lipoproteins can
be classified according to their electrophoretic mobility as
alpha (HDL), pre-beta (VLDL) and beta (LDL)?*%*]. Based
on Figure 2, the electrophoretic mobility of isolated LDL
fraction was observed in the beta region.
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Figure 2. Electrophoretic mobility patterns. Lane 1 indicates human plasma;

and Lane 2 indicates LDL fraction.

Foam cell formation (Qil red O staining) and inhibitory

effects of maslinic acid

Oil red O staining is a lychrosome and it is commonly
used for detection of neutral triglycerides and lipids
within cultured cells and tissues!’*?¢l. Based on Figure
3A, exposure of THP-1 macrophages to oxLDL for 24
hours resulted in an increased accumulation of the Oil
red O-stained intracellular lipid droplets. This cell mor-
phology indicates the characteristic appearance of foam
cells formation. Meanwhile, co-incubation of oxLDL
with maslinic acid resulted in an evident reduction of
intracellular lipid accumulation in THP-1 macrophages.
The captured images of ORO-stained THP-1 macro-
phages were analyzed for their accumulated intracellular
lipids using ImageJ software. Statistical analysis (Figure
3B) shown that maslinic acid treatment have resulted in
significantly lower lipids accumulation, compared to the
oxLDL treatment group.
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Figure 3. Effects of maslinic acid on oxLDL-induced THP-1 macrophage foam cell formation. A) Representative ORO-stained images and B) mean integrated density of untreated

THP-1 macrophages, THP-1 macrophages treated with either nLDL, oxLDL, or oxLDL and maslinic acid. Each bar represents the mean + standard deviation from three inde-

pendent experiments. One-way ANOVA with a post hoc Tukey correction was used to compare the different means. A value of p < 0.05 was considered statistically significant. *

denotes statistical difference compared to cells treated with oxLDL alone.

Dil-labeled oxidized LDL uptake assay (Fluorescence-ac-
tivated cell sorting)

1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate (Dil) is a lipophilic carbocyanine dye. It can
diffuse laterally into the lipid bilayers through their alkyl
chains. It is commonly used to label oxLDL to quantify
the uptake of Dil-labeled oxLDL in human endothelial
cellst!2627281 As shown in Figure 4A and 4B, the median

fluorescence intensity (MFI 1.05105 + 7.4510%) indicated
that 50 pg/mL of Dil-labeled oxLDL can be up taken and
aggregated by THP-1 macrophages. THP-1 macrophages
incubated with both Dil-labeled oxLDL and 20 pM of
maslinic acid have shown a significant reduction in uptake
of Dil-labeled oxLDL (MFI 7.3610* + 1.7010%). Nega-
tive controls including untreated THP-1 macrophages and
THP-1 macrophages incubated with nLDL or oxLDL alone
were also included.
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Figure 4. Effect of maslinic acid on Dil-labeled oxLDL uptake in THP-1 macrophages as determined by flow cytometry analysis. A) Representative flow cytometric histogram

analysis and B) the median fluorescence intensity of Dil-oxLDL uptake by THP-1 macrophages. Each bar represents the mean + standard deviation from three independent experi-

ments. One-way ANOVA with a post hoc Tukey correction was performed. A value of p < 0.05 was considered statistically significant. * denotes statistical difference compared

to cells treated with Dil-oxLDL alone.

Cholesterol efflux assay

3-hexanoyl-NBD cholesterol, a fluorescently-labeled cho-
lesterol, as a probe for the measurement of cholesterol ef-
flux in macrophages™!. As shown in figure 5, it was shown
that maslinic acid increased cholesterol efflux by 9.46 +
1.382 as compared to the untreated group. It indicated that
maslinic acid can counteract the pathogenesis of athero-
sclerosis via promoting cholesterol efflux from the mac-
rophage. It is postulated that maslinic acid may target the
passive diffusion as well as active cholesterol efflux mech-
anism which mediated by ATP-binding cassette (ABC)

transporters and scavenger receptor class B type I (SR-BI)
[30-32]
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Figure 5. Effect of maslinic acid on cholesterol efflux from THP-1 macrophages.
Each bar represents the mean + standard deviations of three independent experi-
ments. Independent sample test was run to compare the different means. A value
of p < 0.05 was considered statistically significant. * denotes statistical difference

compared to untreated cells.

Summary

In summary, these simple and cost-effective assays can be
used in assessing the effect of natural products on foam cell
formation. In this case study, maslinic acid was shown to
suppress foam cells formation by reducing oxLDL uptake
as well as marginally promoting cholesterol efflux in mac-
rophages.
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Appendix

Appendix 1: Cytotoxic effects of maslinic acid on PMA-differentiated THP-
1 macrophages. Values represent means + SD of three independent
experiments performed in triplicates. Statistical significance was
determined by One-way ANOVA followed by a Tukey’s test were
compared to the control group. * represents p < 0.05 compared to
untreated cells.



