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Abstract

Background: The formation of foam cells occurs due to the increase in low-density plasma lipoprotein (LDL) and 
dysregulation of inflammation, which is important for the development of atherosclerosis.

Objective: To evaluate the profile of tumor necrosis factor-alpha (TNF-α) and Interleukin-6 (IL-6) in the existing foam cell 
formation method, optimizing this protocol.

Methods: The LDL was isolated, oxidized, and labeled with a Fluorescein isothiocyanate (FITC) probe. Foam cells were 
generated from THP-1 human monocyte-derived cells and incubated in the absence (control) or presence of FITC-ox-LDL (10, 
50, 100, 150, or 200 μg/mL), for 12, 24, 48, or 72 hours. The accumulated FITC-ox-LDL in the cell was quantified by microscopy. 
The enzyme-linked immunosorbent assay was evaluated to quantify the IL-6 and TNF-α, with p < 0.05 considered significant.

Results: All the FITC-ox-LDL concentrations tested showed a higher fluorescence when compared to the control, 
showing a greater accumulation of lipoprotein in cells. The higher the concentration of FITC-ox-LDL, the greater 
the production of TNF-α and IL-6. The production of IL-6 by foam cells was detected up to the value of 150 µg/
mL of the maximum stimulus for LDL. Concentrations above 50 μg/mL LDL stimulated greater release of TNF-α 
compared to control.

Conclusions: Our model contributes to the understanding of the release of IL-6 and TNF-α in response to different 
concentrations of ox-LDL, using an optimized method for the formation of foam cells.
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Introduction
Atherosclerosis is one of the most important causes of 

morbidity and mortality worldwide, and is detected by the 
accumulation of lipids in macrophages that in this stage are 
known as foam cells in the sub-endothelial space of the 
arterial wall.1 Foam cell formation occurs by the increase 
of plasma low-density lipoprotein (LDL), which undergoes 
various physiological processes mediated by oxidation, 
acetylation, and denaturation. These modifications are 
physiological stimuli that favor the Internalization of 
lipid particles by macrophages generating the foam cell.2 
Alternative cell types present in the neointima, such as 
smooth muscle and endothelial cells, can also internalize 

lipid droplets and transdifferentiate to a state similar to foam 
cells from macrophages, contributing to the formation of 
atherosclerotic plaque.3,4

Macrophages can contribute to the development of 
atherosclerosis, displaying high heterogeneity5 due to its 
resulting phenotype. This phenotype can be classified 
as M1 and M2. M1 macrophages are characterized as 
pro-inflammatory and have a high expression of pro-
inflammatory proteins that contribute to the formation of 
atherosclerotic plaque. M2 macrophages play a preventive 
role by reducing the size and improving the stability of the 
plaque, as it has an anti-inflammatory profile.5,6

Stimulating the pro-inflammatory profile is important in 
the process of foam cell formation, given that inflammatory 
mechanisms can act both as precursors in the lipid-centric 
formation as well as promote atherogenesis via cholesterol 
absorption and a decrease in cholesterol efflux.2 Although 
hyperlipidemia stimulates atherogenesis by providing more 
lipids for foam cell formation, some induced inflammatory 
mediators increase lipid oxidation, such as tumor necrosis 
factor alpha (TNF-α) and Interleukin-6 (IL-6).7 IL-6 is a 
pleiotropic cytokine that exhibits pro and anti-inflammatory 
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properties, depending on the type of target cell. An increase 
in IL-6 in atherosclerosis results in effects on multiple cells 
involved in lipid processing and plaque formation, such 
as the activation of endothelial cells, smooth muscle cell 
proliferation, and accumulation of macrophage lipids.8 
There is now strong evidence for the role of macrophage-
derived TNF-α in the development of atherosclerosis and 
increased vascular inflammation.9 Therefore, investigating the 
physiopathology of foam cell formation is useful in developing 
new therapeutic interventions for atherosclerosis.10

The most commonly used techniques for studying foam 
cell formation are ox-LDL-labeled quantification inside 
the macrophages or using non-specific stains such as oil. 
The present study aimed to evaluate the profile of TNF-α 
and IL-6 in the existing foam cell formation method, 
thereby optimizing this protocol. The presence of these 
inflammatory mediators act as markers of the formation of 
pro-inflammatory foam cells, the beginning of the formation 
of atherosclerotic plaque.

Materials and methods

Chemicals and reagents
This study used RPMI 1640, Fetal Bovine Serum (FBS) 

(Vitrocell Embriolife, Campinas, SP, BR), PMSF (phenyl-
methyl-sulfonyl-fluoride), Phorbol 12-myristate 13-acetate 
(PMA), Fluorescein Isothiocyanate (FITC), 4′,6-Diamidine-
2′-phenylindole dihydrochloride (DAPI), benzamidine, 
gentamicin chloramphenicol, aprotinin, Thiazolyl Blue 
Tetrazolium Bromide (MTT), which were purchased from 
Sigma-Aldrich, St. Louis, MO, USA, Amplex Red Cholesterol 
Assay Kit (Catalog no. A12216, Invitrogen, Molecular Probes, 
Eugene, OR); IL-6 and TNF-α R&D Systems, 614 McKinley 
Pl NE, Minneapolis, MN, USA.

LDL isolation
The present study was approved by the Human 

Research Ethics Committee at the Universidade Federal 
de São Carlos - UFSCar (#2.243.706) and the participants 
provided their written consent. Blood was collected from 
10 normolipidemic volunteers (men and women, aged 18 
to 45 years), and plasma was obtained after centrifugation 
at 1,000 g for 15 min in the presence of K2EDTA 0.1mL 
for each 5 mL of blood. Next, benzamidine (2 mM), 
gentamicin (0.5%), chloramphenicol (0.25%), PMSF 
(phenyl-methyl-sulfonyl-fluoride) (0.5 mM), and aprotinin 
(5µl/mL) (all acquired from Sigma-Aldrich, St. Louis, 
MO, USA) were added to the plasma pool, as described 
in previous report.11 The plasma density was raised to 
1.021 g/mL by KBr (the plasma volume is multiplied by 
factor 0.3265, and the amount is then obtained in grams 
of solid KBr). After, 2.5 mL of plasma was added to the 
polypropylene tube (4 mL), and the tube was completed 
with a KBr solution of d = 1.006. The LDL was isolated 
by ultracentrifugation (337 g for 4h at 4°C) in a SW60TI 
fixed-angle rotor (Beckman Coulter, Beckman).  The 
yellow-orange LDL fraction remained in the infranatant. 
The LDL fraction was collected by suction, using a 1 mL 

syringe. The collected LDL was dialyzed in the dark at 
4ºC in 2 L of PBS, pH 7.4, with four PBS exchanges for 
24 hours. After dialysis, LDL was filtered (0.22 μm) and 
stored at 4°C. The protein concentration was determined 
by using the Folin phenol reagent  method.12 

Oxidative modification of LDL
Oxidized LDL (ox-LDL) was obtained by incubating LDL 

with CuSO4 (5μmol/mL per mg of LDL protein/ 4 h/ 37°C). 
Oxidation was stopped by adding 20 µmol/mL EDTA. The 
degree of oxidation was determined by measuring the ferrous 
oxidation-xylenol orange.13 After oxidation, the ox-LDL was 
dialyzed in the dark for 24 h at 4°C and washed 4 times with 
2 L of PBS and EDTA (0.3 mM).

	
Fluorescent labeling of LDL

The oxidized LDL was labeled with Fluorescein 
isothiocyanate (FITC). All procedures were performed in the 
dark. LDL (1 mg/mL) and FITC (50 μg ̸mL) were mixed and 
incubated at 37°C for 3h. Unbound FITC was removed by 
dialysis against PBS for 48h at 4°C with eight changes of PBS 
and filtered through a 0.22 μm filter.14 FITC-ox-LDL was then 
stored at 4°C and used for up to two months.

Cell culture
The THP-1 human monocyte-derived cell line was 

purchased from the Rio de Janeiro Cell Bank, Rio de Janeiro, 
Brazil, and was grown at 37°C in a 5% CO2 atmosphere to 
a density of 106 cells/mL. The growth medium for the THP-
1 cells was RPMI Medium 1640 supplemented with 10% 
Fetal Bovine Serum (FBS) (Gibco BRL), 50 mg/L Gentamicin 
Sulfate, and 2 mg/L Amphotericin B. The THP-1 cells were 
used in the experiments for induction in macrophages, 
using the  100 nM phorbol myristate acetate (PMA, 
Sigma)15 and interferon (IFN)-γ (500 U/mL)  to  induce the 
M1 phenotype.16 PMA induces THP-1 cell differentiation 
through direct interaction with PKCδ, which binds to 
Thrombomodulin and activates ERK1/2, which in turn 
increases cell the cycle inhibitor p21Cip1/WAF1 expression via 
NF-kB p65 signaling. In addition, ERK1/2 participates in the 
phosphorylation of paxillin, cofilin, LIMK1, and PYK2, which 
mediate cytoskeletal remodeling to promote differentiation.17 
Interferon γ (IFN-γ), through the activator of transcription 1 
(STAT1), favors the polarization of M1 macrophages, which 
produce pro-inflammatory mediators, including TNF-α, IL-6, 
and IL-1.18 After this induction, the THP-1 macrophage cells 
were incubated without FITC-ox-LDL or with 10, 50, 100, 
150, or 200 μg/mL, for different times (12, 24, 48 or 72 
hours), depending on the experimental purpose.

Cellular uptake of cholesterol
To induce THP-1 monocyte differentiation in macrophages, 

THP-1 monocytes (104 cells/mL) in 96-well plates were treated 
with 100 nM PMA for 48 hours at 37°C. To identify the best 
ox-LDL concentration to induce foam cell formation, a 
concentration-response curve was performed: for 24 hours at 
10 μg/mL, 50 μg/mL, 100 μg/mL, 150 μg/mL, and 200 μg/mL 
FITC-ox-LDL + IFN-γ (500 U/mL). For the temporal analysis, 
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differentiated cells were incubated in the absence or presence 
of FITC-ox-LDL (100 μg/mL) + interferon γ (500 U/mL) 
for 12h, 24h, 48h, and 72h. The cell nucleus was labeled with 
1 μg/mL DAPI fluorescent probe (Sigma) for 10 minutes and 
washed 3 times with PBS. To analyze the fluorescence image, 
an automated fluorescence microscope system, ImageXpress 
Micro (Molecular Devices), with 495nm excitation, 525 nm 
FITC-ox-LDL emission, 340 nm excitation, and 488 nm 
emission for DAPI was used.

Cholesterol/cholesteryl ester quantitation in cell lysate
Foam cell cholesteryl ester content was quantified 

by the Amplex Red Cholesterol Assay Kit (Catalog no. 
A12216, Molecular Probes, Eugene, OR), according to 
the manufacturer’s protocol. For this analysis, the THP-
1 cells (2x106 cells/well) were cultured in 6-well plates; 
differentiated into macrophages, as described above; and 
incubated with or without ox-LDL. Foam cells were fixed in 
2% paraformaldehyde for 15 min, washed once with PBS, 
and incubated with a 200 μl/well of absolute ethanol for 
30 min at 4°C to extract cellular lipids. Cholesterol content 
was determined by incubating 50 µl of ethanol-extracted 
lipids diluted in 1x reaction buffer (0.1 M K2HPO4, pH 
7.4, 0.05 M NaCl, 5 mM Cholic acid, 0.1% Triton X-100) 
or undiluted solution with 50 µl of assay solution (total 
cholesterol) or 50 µl of assay solution lacking cholesterol 
esterase (free cholesterol), for 30 min at 37°C in the 
dark and then by measuring the fluorescence (HTS-7000 
microplate fluorometer; 530-nm excitation, 590-nm).  
The value was relativized for the total cellular protein levels. 
To quantify the total cellular protein levels, the lipid-extracted 
foam cells were incubated with 0.1% (weight/volume ratio 
[w/v]) SDS/0.2 M NaOH for 30 min at room temperature to 
extract the cellular protein. Total cellular protein levels were 
determined by using the Folin phenol reagent method.12 Total 
cholesterol and cholesteryl ester levels were represented 
as nanograms of total cholesterol or cholesteryl ester per 
microgram of protein.

Cytokine measurements
Quantification of inflammatory cytokines in foam 

cell lysate was performed using the enzyme-linked 
immunosorbent assay (ELISA). IL-6 and TNF-α concentration 
in the supernatants of macrophages were measured using 
DuoSet kits (R&D Systems, 614 McKinley Pl NE, Minneapolis, 
MN, USA). Macrophages that incubated in absence of ox-LDL 
were defined as the control group (M).

Cell viability
Cell viability was determined by MTT (Thiazolyl Blue 

Tetrazolium Bromide) (Sigma- Aldrich, St. Louis, MO, USA) 
(Mosmann, 1983). THP-1 monocytes (104 cells/mL) were 
seeded in 96-well plates and treated with 100 nM PMA 
for macrophage differentiation, for 48 hours, maintained at 
37°C in a humidified incubator containing 5% CO2. After 
48 hours, cells were exposed for 24 hours to 10 μg/mL, 
50 μg/mL, 100 μg/mL, 150 μg/mL, and 200 μg/mL of FITC-ox-LDL 
 + interferon γ (500 U/mL). The analysis of cell viability over 

time was also performed, where the cells were incubated 
in the absence (Control group - M) or presence of FITC-
ox-LDL (FC) (100 μg/mL) + interferon γ (500 U/mL) for 
12h, 24h, 48h, and 72h. Later, 5 mg/mL of MTT was 
added, followed by 4 hours of incubation at 5% CO2, 37°C. 
After this time, 100 μL of dimethylsulfoxide (DMSO) was  
added, and the plate remained on the plate shaker for  
10 minutes. The absorbance was measured at 540 nm, 
using a microplate reader SpectraMax GeminiXS (Molecular 
Devices, Sunnyvale, CA, USA). 

Statistical analysis
The entire study was carried out at least in triplicate, 

in three independent experiments,  according to 
recommendations for Good Cell  Culture Practice 
(GCCP).19,20 Data normality was verified by the Kolmogorov-
Smirnov test; equality of variance (Levene’s test).  
All values were presented as mean ± standard deviation 
(SD). To determine the difference between conditions, 
ANOVA was applied with the Bonferroni post hoc test 
for multiple comparisons. To determine the difference 
between two conditions, the unpaired Student’s t-test was 
used (SigmaStat version 3.5; Systat). The significance level 
adopted in the statistical analysis was 5%.

Results
There was a greater accumulation of ox-LDL labeled 

with a FITC probe (indicated by the presence of green 
fluorescence), not only in the perinuclear area, but also 
distributed throughout the cytosol of most cells, as shown in 
Figure 1B. As expected, no accumulation of LDL was found 
in the untreated cells (Figure 1A), which exhibited only blue 
fluorescence, which labels the cell nucleus.

In Figure 2B, the microscopic fluorescence images show 
that FITC-ox-LDL was absorbed in all concentrations, 
showing higher fluorescence when compared to the control, 
using 24h of incubation. Above 50 μg/mL, the fluorescence 
was higher when compared to 10 μg/mL, but no difference 
was observed between them (Figure 2A). 

The THP-1 macrophages were incubated with 100 μg / mL 
of FITC-ox-LDL for 0, 12, 24, 48, and 72 h (Figure 3). It was 
observed that within 12, 24, 48, and 72h the fluorescence 
intensity of the cells treated with FITC-ox-LDL increased 
significantly from the background level (Control group 0), 
but only after 72h was the fluorescence greater than other 
times (Figure 3A and 3B). 

Figure 4 showed the relative cholesterol, other techniques 
to confirm the presence of cholesterol in cells, and the 
survival of the cells in this condition. Quantitatively, when 
the cell was incubated for 24h in different concentrations, 
only with 150 and 200 µg/mL of ox-LDL, a greater cholesterol 
concentration was found when compared to the control that 
was not incubated with ox-LDL (Figure 4A). This condition 
did not cause a major change in cell survival (Figure 4C). In 
Figure 4B, incubations of 100 µg/mL at different times of 
exposure of ox-LDL showed no difference between times, 
but all times showed a greater concentration of cholesterol 
the compared to time 0 (Figure 4B). Macrophages reduced 
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their viability over time (24, 48, and 72h) as compared to 
the time of 12h; however, foam cells showed a reduction 
in viability only at times of 24 and 48h. By contrast, in 
72h, these cells had a greater viability when compared to 
macrophages in 72h, which was similar to that found for the 
group of foam cells at 12h (Figure 4D).

In the production of inflammatory cytokines, the time 
curve shows that both IL-6 and TNF-α were higher in 
foam cells when compared to macrophages at each time 
of exposure to ox-LDL (Figure 5A, 5B), but only IL-6 was 
higher in times 48h and 72h when compared to 12h and 
24h (Figure 5A). Considering the ox-LDL concentration 
curve, IL-6 production was higher in all tested concentrations 
when compared to cells without exposure to ox-LDL (control 
group 0) (Figure 5C). In addition, when exposed to 50, 
100, and 150 µg/mL, the production of IL-6 was greater 
when compared to the concentration of 10 µg/mL. The 
concentration of 200 µg/mL also decreased the release of 
IL-6, matching the values of concentration of 10 µg/mL. The 
release of TNF-α was only more expressive at concentrations 
of 50 to 200 µg / mL (Figure 5D).

Discussion
Our experiments document an optimization of the 

existing method of oxidized LDL-induced foam cell formation 
for in vitro foam cell formation, from THP-1 macrophages and 
incubation with FITC-ox-LDL, in addition to the verification 
of the response of such cytokines as IL6 and TNF-α. With 

12h of incubation, foam cell formation takes place with the 
M1 pro-inflammatory phenotype, that is, with an increase in 
the concentrations of Il-6 and TNF-α. The characterization 
of the inflammatory profile of macrophages is important, 
considering that classically activated pro-inflammatory 
M1 macrophages stimulate atherogenesis, while M2 
macrophages stabilize the atherosclerotic plaque.6

Other studies have used the foam cell formation 
technique, adopting such protocols as Oil Red O staining 
or labeled LDL with their own probes, together with 
oxidized LDL complexed with DiL dye (DiL-Ox-LDL). A 
study conducted by  Xu et al.,21  showed that incubation 
with DiL-ox-LDL (10 µg/mL) for 4h resulted in a significant 
increase in ox-LDL uptake in macrophages; however, they 
did not evaluate the inflammation of these macrophages.21 
Although the foam cell induction protocol using the DiL-
ox-LDL probe is more efficient when compared to other 
techniques, it also has a low yield, that is, a large amount of 
material is needed to perform it, making it rather costly. In 
addition to this technique, this work points out that foam 
cell formation using Oil Red staining and LDL-ox incubation 
(50 μg/mL) for 24h is not an accurate protocol, since in this 
protocol neutral lipids (mainly triglycerides) are stained with 
an orange-red dye,22 which may cause a low specificity in 
the technique, as in foam cells there is more cholesterol ester 
and no neutral lipids. Therefore, the present study sought to 
optimize the methods using oxidized LDL labeled with an 
FITC fluorescent probe (FITC-ox-LDL), introducing a simple 
and practical staining method for foam cell formation from 

Figure 1 – Representative images of FITC-ox-LDL uptake in THP-1 macrophages. THP-1 were incubated in the absence (Ctrl group - A or presence B) of indicated 
concentrations of FITC-ox-LDL for 24h. Cells were then washed, fixed, and examined, using a 546 nm filter set. FITC-ox-LDL uptake was shown in green and 
the cells´ nucleus was labeled using DAPI (blue).
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Figure 2 – Measurement of FITC-ox-LDL concentration in THP-1 cells. A) Concentration-dependent fluorescent cholesterol uptake by THP-1 macrophages 
in arbitrary unit (AU). B) Representative images of FITC-ox-LDL uptake in THP-1 macrophages. THP-1 were incubated in the absence (Control group: 0) or 
presence of indicated concentrations of FITC-ox-LDL (10 – 200 μg/mL) for 24 h. FITC-ox-LDL uptake was shown in green, and cell nucleus was labeled using 
DAPI (blue). Cells were viewed under fluorescence microscope (20× objectives).  Values are expressed as mean ± SD. * P < 0.05, compared to cells incubated 
with 10 μg/mL; ** P < 0.01, compared to cells incubated in absence of FITC-ox-LDL.

Figure 3 – Measurement of time-dependent increased uptake of cholesterol by THP-1 macrophages. A) Time-dependent fluorescent cholesterol uptake by 
THP-1 macrophages in arbitrary unit (AU). B) Representative images of FITC-ox-LDL uptake in THP-1 macrophages. THP-1 were incubated which 100 ug/mL 
of FITC-ox-LDL for 0h, 12h, 24h, 48h, and 72h. FITC-ox-LDL uptake was shown in green, and cell nucleus was labeled by DAPI (blue). Cells were viewed under 
fluorescence microscope (20× objectives). M, macrophage; FC, foam cells. Values are expressed as mean ± SD. * P < 0.05, compared to cells incubated in 
absence of FITC-ox-LDL; γ P < 0.001, compared to cells incubated with the other FITC-ox-LDL concentrations.
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Figure 4 – Lipid uptake in THP-1 macrophage and cell viability. A) Concentration-dependent increased uptake of cholesterol by THP-1 macrophages (Relative 
cholesterol - the value was relativized for the total cellular protein levels); B) Time-dependent increased uptake of cholesterol by THP-1 macrophages (Relative 
cholesterol - the value was relativized for the total cellular protein levels). C) Survival rate in different concentrations of FITC-ox-LDL. D) Survival rate in different 
exposure time of FITC-ox-LDL. M, macrophage absence of FITC-ox-LDL; FC, foam cells. Values are expressed as mean ± SD. P < 0.05: * M vs FC per Time;  
** compared to cells incubated in absence of FITC-ox-LDL (time 0); γ compared to 12h M; β compared to 12h FC.

macrophages. Using ox-LDL labeling with FITC and the 
quantification of inflammation in cell formation, a method 
with the quality of low-cost fluorescent probes was obtained, 
producing high quality photos. 

For foam cell formation, human LDL was isolated by 
ultracentrifugation, oxidized, and labeled with fluorescein 
isothiocyanate conjugate (FITC). The use of FITC as a 
fluorescent probe is widely used because the isothiocyanate 
group reacts with terminal and primary amino groups 
in proteins, making it a viable and highly accessible 
technique.11,14 Adherent THP-1 cells accumulate numerous 
lipid droplets (stained with green) upon exposure to a 
100 μg/mL concentration of oxidized LDL for 24 hours, as 
shown in the literature.23,24 In addition, the macrophage-
differentiated THP-1 assumed the morphological appearance 
of foam cells with fluorescent lipid droplets present along 
the cytosol and near to the nucleus of most cells. THP-1 
monocytes have been extensively used as an in vitro model 
of macrophages, but little care has been given to optimizing 
foam cell formation from macrophages without checking for 
inflammation. 

The concentration of 100 μg/mL is most commonly 
used in the literature;23,24 however, the present study’s data 
show that macrophages derived from THP-1 monocytes 
are well differentiated in foam cells with 50 μg/mL FITC-
ox-LDL for only 12h. Under these conditions, there is an 
accumulation of cholesterol in the cell with an increased 

production of pro-inflammatory cytokine drugs, such as 
IL-6 and TNF-α, without altering the viability of this cell. 
The pro-inflammatory phenotype is of great importance in 
foam cell formation, as the components present in ox-LDL 
can induce diverse biological effects in vitro and in vivo, 
such as monocyte differentiation, activation of endothelial 
cells, and activation of the immune system. Moreover, there 
is evidence that its action is due to the activation of TLR4.25 
Therefore, the oxidative process seems to be directly involved 
in the stimulation of these substances.

In addition to the concentration of LDL in the macrophage 
cytoplasm, it is important to monitor the production of 
inflammatory cytokines, as macrophages can contribute 
to atherogenesis, mainly after its interaction with ox-LDL 
in the intima layer of the artery, producing cytokines and 
inflammatory mediators.7 The increasing expression of 
inflammatory markers can be caused by the activation of 
macrophages during the atherosclerotic process, leading to 
an increase in the uptake of ox-LDL.2 The results shown in this 
work demonstrated that IL-6 and TNF-α production increased 
in macrophages when exposed to different exposure times. 
IL-6 was released in a higher concentration in the foam cells 
when compared to its controls; in addition, the longer the 
exposure time to the ox-LDL, the greater the release of IL-6, 
so that 48h and 72h had a greater release when compared 
to 12h and 24h. Considering TNF-α, all times were greater 
than their controls, but there was no difference between 
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exposure times. In an environment with high inflammation, 
it is of utmost importance to consider the viability of these 
cells, so that under these experimental conditions, the 72-
hour exposure to FITC-ox-LDL reduced cell viability when 
compared to 12 hours of exposure. Together, these data 
may suggest that the production of IL-6 and TNF-α could 
contribute to the upregulation of macrophage phagocytosis, 
especially if in this microenvironment the macrophages (M1) 
are in greater quantities, thus promoting an inflammatory 
process, inducing chronicity, and promoting deleterious 
effects on tissues.

The foam cells in the atherosclerotic plaque produce 
proinflammatory cytokines that may contribute to local 
inflammation. Their inflammatory nature has been supported 
by in vitro studies that show human monocyte-derived M2 
macrophages, which normally have an anti-inflammatory 
phenotype, consume high levels of ox-LDL, and produce 
proinflammatory factors (IL-6, IL-8, MCP-1), followed by 
the formation of foam cell, thus taking on a more M1-like 
proinflammatory phenotype.2 Macrophages, in vivo, are a 
dynamic cell population with both phenotypic and functional 
traits that differ significantly one with another, depending 
on their maturation environment and the nature of the 
added stimuli.7 For example, THP-1 cells can be directed 

to an M1 phenotype using the  IFN-γ,16 as we used in our 
protocol and which was confirmed by the high release of 
inflammatory cytokines. Other studies use a very prolonged 
LDL exposure protocol lasting 48h or more,26,27  which we 
show has no viability, given that, with 12h of incubation, 
the foam cell formation is already obtained, ensuring a high 
degree of inflammation. In addition, at 48h, the cell viability 
was reduced by approximately 50%, hindering possible 
interventions. 

Thus, the lack of a uniform protocol that presents 
inflammatory components greatly affects the interpretation of 
results and the ability to compare studies. This is because the 
experimental design does not represent possible phenotypic 
and/or functional differences in the macrophage populations 
that are attributable to the use of different maturation 
protocols, exposure time, and LDL concentration, without 
evaluating the inflammatory profile. 

Conclusion
The present study ’s results suggest a model that 

contributes to the understanding of the release of IL-6 and 
TNF-α in response to different concentrations of ox-LDL 
using an optimized method for the formation of foam cells. 
Therefore, the understanding of the phenotypic relationships 

Figure 5 – Time and concentration effect of ox-LDL in the proinflammatory cytokines of THP-1 cell:  A) Interleukin 6 at different times with 100 μg/mL ox-LDL; B) 
Tumor Necrosis Factor alpha (TNF-α) at different times with 100 μg/mL ox-LDL. C) Interleukin 6 in different concentrations of ox-LDL, treated for 24 hours. D) 
Tumor Necrosis Factor alpha (TNF-α) in different concentrations of ox-LDL, treated for 24 hours. Values are expressed as mean ± SD. M, macrophage absence 
of FITC-ox-LDL; FC, foam cells. * P < 0.001, M vs FC per Time (Test T Student); P < 0.05: ** compared to cells incubated in absence of FITC-ox-LDL (time 0); 
γ compared to cells incubated with 10 μg/mL. +  P < 0.01, compared to 12h and 24h.
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of macrophages and inflammatory mechanisms is important 
for the development of research to fight/attenuate the 
condition of atherosclerosis.

Acknowledgments
This work was supported by funding from FAPESP 

(Program CEPID-CEPOF), as well as from CNPq (Program 
INCT), the Coordenação de Aperfeiçoamento de Pessoal 
de Nível Superior - Brazil (CAPES) – (Finance Code 
001), and the São Paulo Research Foundation (FAPESP 
2018/10588-9).

Author Contributions
Conception and design of the research: Castro CA, 

Bagnato VS, Inada NM, Aníbal FF, Rodrigues GJ; Acquisition 
of data: Castro CA, Buzinari TC, Lino RLB, Selistre-de-Araújo 
HS, Aníbal FF, Rodrigues GJ; Analysis and interpretation of 
the data: Castro CA, Buzinari TC, Lino RLB, Rodrigues GJ; 
Statistical analysis: Castro CA, Buzinari TC, Bagnato VS; 

Obtaining financing: Bagnato VS, Inada NM, Selistre-de-
Araújo HS, Rodrigues GJ; Writing of the manuscript: Castro 
CA, Lino RLB, Bagnato VS, Inada NM, Aníbal FF; Critical 
revision of the manuscript for intellectual content: Castro 
CA, Lino RLB, Bagnato VS, Inada NM, Selistre-de-Araújo 
HS, Aníbal FF, Rodrigues GJ.

Potential Conflict of Interest
No potential conflict of interest relevant to this article 

was reported.

Sources of Funding
This study was funded by FAPESP (CEPID-CEPOF) and 

CNPq (INCT) and partially funded by FAPESP.

Study Association
This study is not associated with any thesis or dissertation 

work.

1.	 Tabas I, García-Cardeña G, Owens GK. Recent insights into the cellular 
biology of atherosclerosis. J Cell Biol. 2015;209(1):13-22. doi: 10.1083/
jcb.201412052. 

2. 	 Angelovich TA, Hearps AC, Jaworowski A. Inflammation-induced 
foam cell formation in chronic inflammatory disease. Immunol Cell 
Biol.2015;93(8):683-93.  doi: 10.1038/icb.2015.26

3. 	 Bao Z, Li L, Geng Y, Yan J, Dai Z, Shao C. Advanced Glycation End Products 
Induce Vascular Smooth Muscle Cell-Derived Foam Cell Formation 
and Transdifferentiate to a Macrophage-Like State. Mediators Inflamm. 
2020:6850187. doi: 10.1155/2020/6850187. 

4. 	 Maguire EM, Pearce SWA, Xiao Q. Foam cell formation: A new target for 
fighting atherosclerosis and cardiovascular disease. Vascul Pharmacol. 
2019;112;54-71. doi: 10.1016/j.vph.2018.08.002. 

5. 	 Yang S, Yuan HQ, Hao YM, Ren Z, Qu SL, Liu LS, et al. Macrophage 
polarization in atherosclerosis. Clin Chim Acta.2020;501:142-6. doi: 
10.1016/j.cca.2019.10.034.

6. 	 Volobueva A, Zhang D, Grechko A V, Orekhov AN. ScienceDirect Review 
article Foam cell formation and cholesterol trafficking and metabolism 
disturbances in atherosclerosis. Cor Vasa. 2019;61:e48–e55. doi:10.1016/j.
crvasa.2018.06.006

7. 	 Valledor AF, Lloberas J, Celada A. Macrophage Foam Cells. In: eLS. Wiley; 
2015.p: 1–10. https://doi.org/10.1002/9780470015902.a0020730

8. 	 Reiss AB, Siegart NM, Leon J De, Reiss AB, Siegart NM, Interleukin- JDL, et 
al. Interleukin-6 in atherosclerosis: atherogenic or atheroprotective? Clin 
Lipidol. 2017112(1):14-23.doi: 10.1080/17584299.2017.1319787  

9. 	 Lu X-T, Zhao Y-X, Zhang Y, Jiang F. Psychological Stress, Vascular Inflammation, 
and Atherogenesis: Potential Roles of Circulating Cytokines. J Cardiovasc 
Pharmacol. 2013;62(1):6–12. doi: 10.1097/FJC.0b013e3182858fac

10. 	 Yu XH, Fu YC, Zhang DW, Yin K, Tang CK. Foam cells in atherosclerosis. Clin 
Chim Acta. 2013;424:245–52. doi: 10.1016/j.cca.2013.06.006.

11. 	 Rios FJO, Ferracini M, Pecenin M, Koga MM, Wang Y, Ketelhuth DFJ, et al. 
Uptake of oxLDL and IL-10 Production by Macrophages Requires PAFR and 
CD36 Recruitment into the Same Lipid Rafts. Cignarella A, editor. PLoS One. 
2013;8(10): e76893. doi: 10.1371/journal.pone.0076893.

12. 	 Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement 
with the Folin phenol reagent. J Biol Chem. 1951;193(1):265–75. PMID: 
14907713

13. 	 Jiang ZY, Woollard AC, Wolff SP. Lipid hydroperoxide measurement by 
oxidation of Fe2+ in the presence of xylenol orange. Comparison with the 
TBA assay and an iodometric method. Lipids. 1991;26(10):853–6. PMID: 
8613704

14. 	 Bian F, Yang X, Zhou F, Wu PH, Xing S, Xu G, et al. C-reactive protein 
promotes atherosclerosis by increasing LDL transcytosis across endothelial 
cells. Br J Pharmacol. 2014;171(10):2671–84. doi: 10.1111/bph.12616

15. 	 Schwende H, Fitzke E, Ambs P, Dieter P. Differences in the state of 
di f ferent iat ion of  THP-1 cel l s  induced by phorbol  es ter  and 
1,25-dihydroxyvitamin D3. J Leukoc Biol. 1996;59(4):555–61. PMID: 
8613704

16. 	 Chanput W, Mes JJ, Savelkoul HFJ, Wichers HJ. Characterization of polarized 
THP-1 macrophages and polarizing ability of LPS and food compounds. Food 
Funct. 2013;4(2):266–76. doi: 10.1039/c2fo30156c

17. 	 Tsai CS, Lin YW, Huang CY, Shih CM, Tsai YT, Tsao NW, et al. Thrombomodulin 
regulates monocye differentiation via PKCÎ and ERK1/2 pathway in vitro and 
in atherosclerotic artery. Sci Rep. 2016;6:1–15. doi: 10.1038/srep38421

18. 	 Liu YC, Zou XB, Chai YF, Yao YM. Macrophage polarization in inflammatory 
diseases. Int J Biol Sci. 2014;10(5):520–9. doi: 10.7150/ijbs.8879 

19. 	 Eskes C, Boström AC, Bowe G, Coecke S, Hartung T, Hendriks G, et al. Good 
cell culture practices & in vitro toxicology. Toxicol Vitr. 2017;45(April):272–7. 
doi: 10.1016/j.tiv.2017.04.022 

20. 	 Hirsch C, Schildknecht S. In vitro research reproducibility: Keeping up 
high standards. Front Pharmacol. 2019;10:1484;1-9. doi:10.3389/
fphar.2019.01484.

21. 	 Xu S, Huang Y, Xie Y, Lan T, Le K, Red ÁO. Evaluation of foam cell formation 
in cultured macrophages: an improved method with Oil Red O staining and 
DiI-oxLDL uptake. 2010;473–81. doi: 10.1007/s10616-010-9290-0

22. 	 Lillie RD AL. Supersaturated solutions of fat stains in dilute isopropanol for 
demonstration of acute fatty degeneration not shown by Herxheimer’s 
technique. Arch Pathol. 1943. 

References

540

https://doi.org/10.1002/9780470015902.a0020730
https://doi.org/10.1080/17584299.2017.1319787


Arq Bras Cardiol. 2022; 119(4):533-541

Original Article

Castro et al.
IL-6 and TNF in Foam Cell: Improved Method

This is an open-access article distributed under the terms of the Creative Commons Attribution License

23. 	 Li XY, Kong LX, Li J, He HX, Zhou Y Da. Kaempferol suppresses lipid 
accumulation in macrophages through the downregulation of cluster 
of differentiation 36 and the upregulation of scavenger receptor class B 
type i and ATP-binding cassette transporters A1 and G1. Int J Mol Med. 
2013;31(2):331–8. doi.org/10.3892/ijmm.2012.1204

24. 	 Banka CL, Black AS, Dyer CA, Curtiss LK. THP-1 cells form foam cells in 
response to coculture with lipoproteins but not platelets. J Lipid Res. 1991 
Jan;32(1):35–43. doi:10.1016/S0022-2275(20)42241-2

25. 	 Miller YI, Choi SH, Fang L, Harkewicz R. Toll-Like Receptor-4 and 
Lipoprotein Accumulation in Macrophages. Vol. 19, Trends Cardiovasc Med. 
2009.19:227-32.  doi.org/10.1016/j.tcm.2010.02.001

26. 	 Singh V, Rana M, Jain M, Singh N, Naqvi A, Malasoni R, et al. Curcuma 
oil attenuates accelerated atherosclerosis and macrophage foam-cell 
formation by modulating genes involved in plaque stability, lipid homeostasis 
and inflammation. Br J Nutr. 2015;113(1):100–13. doi: 10.1017/
S0007114514003195.

27. 	 Zhang XX, Wu C, Wu H, Sheng L, Su Y, Zhang XX, et al .  Anti-
Hyperlipidemic Effects and Potential Mechanisms of Action of the 
Caffeoylquinic Acid-Rich Pandanus tectorius Fruit Extract in Hamsters 
Fed a High Fat-Diet. PLoS One. 2013;8(4).e61922. doi: 10.1371/
journal.pone.0061922.

541

http://dx.doi.org/10.1016/S0022-2275(20)42241-2
https://doi.org/10.1016/j.tcm.2010.02.001

