
Cell Biochemistry and Biophysics (2021) 79:649–658
https://doi.org/10.1007/s12013-021-01004-w

ORIGINAL PAPER

Atherogenic oxoaldehyde of cholesterol induces innate immune
response in monocytes and macrophages

Xueli Gao1
● Achuthan C. Raghavamenon1

● Deidra S. Atkins-Ball2 ● Rao M. Uppu 1

Accepted: 24 May 2021 / Published online: 15 June 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
Cholesterol oxidation product, 3β-hydroxy-5-oxo-5,6-secocholestan-6-al (cholesterol 5,6-secosterol, ChSeco or Atheronal-A),
formed at inflammatory sites, has been shown to promote monocyte differentiation into macrophages and cause elevated
expression of macrophage scavenger receptors. Since inflammation is a key event at all stages of atherosclerotic plaque formation,
the pro-inflammatory actions of ChSeco in human THP-1 monocytes and mouse J774 macrophages were investigated in the
present study by employing ELISA, qRT-PCR, and functional assays. An increase in the secretion of interleukin-8 and platelet-
derived growth factor (PDGF) isoform AA and, to a limited extent, PDGF isoform BB was observed into the culture medium of
THP-1 monocytes exposed to ChSeco. However, no changes were seen in the secretion of tumor necrosis factor-alpha. In J774
macrophages treated with ChSeco, there was an upregulation of gene expression of several pro-inflammatory cytokines and their
receptors. Concomitantly, there was down-regulation of gene expression of interleukin-1ß, interleukin-10, and lymphotoxin-beta.
An increase in the release of interleukin-18 and chemokine (C–C motif) ligand-20 from J774 macrophages (which corroborated
well with their gene expression profiles) and increased binding of THP-1 monocytes to ChSeco-exposed human aortic endothelial
cells were observed. The results of the present study, for the first time, demonstrate the pro-inflammatory action of ChSeco and
suggest the underlying pro-atherogenic mechanisms. These could be mediated through enhanced monocyte recruitment into the
sub-endothelial space and subsequent proliferation of smooth muscle cells under the influence of monocyte-derived PDGF.
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Abbreviations
Atheronal-
B

3-hydroxy-5-hydroxy-B-norcholestan-6-
carboxaldehyde

BCL B-cell lymphoma protein
ChSeco 3β-hydroxy-5-oxo-5,6-secocholestan-6-al (cho-

lesterol secoaldehyde or Atheronal-A)
CASP caspase
CCL chemokine (C–C motif) ligand
CCR chemokine receptor
CMH2D-
CFDA

5-(and-6)-chloromethyl-2, 7-dichlorodihydro-
fluorescein diacetate

CMDCF-
DA

5-(and-6)-chloromethyl-2,7-dichlorodihydro-
fluorescein

CMDCF 5-(and-6)-chloromethyl-2,7-dichlorofluorescein
CXCL chemokine (C–X–C motif) ligand
HAECs human aortic endothelial cells
IL interleukin
LTA lymphotoxin-alpha
MCP monocyte chemo-attractant protein
PDGF platelet-derived growth factor
ROS reactive oxygen species
TNFα tumor necrosis factor-alpha
TNFRSF tumor necrosis factor receptor superfamily
TOLLIP toll interacting protein

Introduction

Cholesterol secoaldehyde (3β-hydroxy-5-oxo-5,6-secocho-
lestan-6-al, ChSeco or Atheronal-A; Fig. 1) is an oxysterol
known to be formed in reactions of ozone with cholesterol
[1, 2] and when cholesterol-5α-hydroperoxide undergoes
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Hock cleavage [3]. Because of its wide-spread occurrence
in the arterial plaque [4] and other areas of inflammation [5]
and because of its cytotoxic effects in various mammalian
cell types including immune cells [6–12], ChSeco and its
aldolized product, 3β-hydroxy-5β-hydroxy-B-norcholestan-
6β-carboxaldehyde (Atheronal-B; Fig. 1), have raised much
concern and interest [13–20]. While early studies focused
largely on ozone-specific oxidation of cholesterol to be the
primary source of ChSeco [1, 4, 7, 21–23], recent studies
suggest that this oxysterol is formed in vivo mainly as a
result of singlet oxygen-mediated oxidation of cholesterol
and the subsequent Hock cleavage of the product choles-
terol-5α-hydroperoxide [3, 12, 24, 25].

We have previously shown that ChSeco is cytotoxic to
mouse J774 macrophages and that the cell death at low
concentrations of ChSeco conforms to several characteristic
features of apoptosis mediated by the mitochondrial path-
way but not involving the reactive oxygen species (ROS) as
mediators [6]. Based on these observations, and the fact that
Atheronal-B has been shown to be pro-atherogenic in that it
promotes maturation of monocytes to macrophages and
causes upregulation of endothelial adhesion molecules and
macrophage scavenger receptor, a suggestion has been put
forth that ChSeco formed in vivo contributes to the initia-
tion, progression, and culmination of atherosclerotic pla-
ques as these processes are critically dependent on

macrophage apoptosis [6, 20]. In view of these reports, we,
in the present study, investigated the inflammatory actions
of ChSeco in vitro by determining the inflammatory cyto-
kine release and gene expression in human THP-1 mono-
cytes and mouse J774 macrophages using ELISA and RT-
PCR. Additionally, we examined the adhesion of THP-1
monocytes to human aortic endothelial cells (HAECs)
previously exposed to sub-cytotoxic concentrations of
ChSeco. The results demonstrated the inflammatory
potential of ChSeco and a possible pro-atherogenic role(s)
for this unique oxysterol. It is suggested that ChSeco con-
tributes to atherogenesis by enhancing the recruitment of
monocytes into the sub-endothelial space and by facilitating
the proliferation of smooth muscle cells through increased
production of monocyte-derived PDGF.

Materials and methods

Chemicals, cell lines, and reagents

All chemicals were procured from Sigma-Aldrich (St.
Louis, MO) unless otherwise specified. Fetal bovine serum
(FBS) was from Atlanta Biologicals (Lawrenceville, GA);
BCA protein assay kit from Pierce Biotechnology
(Rockford, IL); 5-(and-6)-chloromethyl-2,7-dichloro-

Fig. 1 Possible routes for the formation of ChSeco (Atheronal-A) and
Atheronal-B (aldolized ChSeco) in vivo: A pathway involving direct
reactions of ozone in the breathing air with cholesterol in the epithelial
lung lining fluids (tracheobronchial surface fluid and alveolar and

small airway lining fluid) at the air-lung interface; and B pathway
involving singlet oxygen-mediated oxidations of cholesterol at
inflammatory sites in most extrapulmonary tissues and organs
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dihydrofluorescein (CMH2DCFDA) from Invitrogen
(Carlsbad, CA); CellTiter 96 Aqueous One (MTS/PMS)
reagent for measurement of cell viability from Promega
(Madison, WI); ELISA kits specific for human monocyte
chemo-attractant protein-1 (MCP-1) from R&D Systems
(Minneapolis, MN), tumor necrosis factor-alpha (TNF-α)
from BD Bioscience (San Jose, CA); and chemokine (C–C
motif) ligand-20 (CCL-20), interleukin-8 (IL-8), and
interleukin-18 (IL-18) from MBL (Nagoya, Japan); RNeasy
mini kit from Qiagen (Valencia, CA); cytoselect leukocyte-
endothelium adhesion assay kit from Cell Biolabs (San
Diego, CA); and cDNA synthesis kit from SuperArray
(Frederick, MD). Culture plates (24- and 96-well) and 25
cm2 culture flasks were purchased from Corning (Acton,
MA). Mouse J774 macrophages, human acute monocytic
leukemia THP-1 cells (THP-1 monocytes), and human
aortic endothelial cells (HAECs) were purchased from
ATCC (Rockville, MD).

Cholesterol secoaldehyde was synthesized by ozonation of
cholesterol in mixed solvents of methanol and dichlor-
omethane (1/1, v/v) as described in previous publications
[9, 26]. Stock solutions of ChSeco were prepared in DMSO at
a concentration of 20mM and stored in small aliquots at
−80 °C until use.

Cell culture

Mouse J774 macrophages were maintained in DMEM
containing 4 mM L-glutamine,1.5 g/L sodium bicarbonate,
4.5 g/L glucose, and 10% FBS. THP-1 monocytes were
cultured in RPMI-1640 supplemented with 0.05 mM
2-mercaptoethanol and 10% FBS. HAECs were cultured in
Ham’s F12K medium supplemented with 2 mM L-gluta-
mine, 1.5 g/L sodium bicarbonate, 0.1 mg/mL heparin,
0.03 mg/mL ECGS and 10% (v/v) FBS. Cell lines were
maintained at 37 ± 0.5 °C in 5% CO2/95% humidified air.
All treatments, including exposure to ChSeco, were per-
formed in a medium that contained a low serum supple-
ment (i.e., 2% FBS).

Cell viability and proliferation

THP-1 monocytes, seeded in 24-well culture plates (3 × 104

cells/well; volume: 500 μL), were exposed to ChSeco or un-
oxidized cholesterol (control) for 24 h. At the end of the
incubation period, the MTS/PMS reagent (10 μL) was
added to each well and incubated for 3 h [8, 11]. The extent
of MTS reduction was then measured at 490 nm using a
BioTek EL 800 microplate reader (Winooski, VT). Back-
ground absorbance from wells that contained cholesterol or
ChSeco in DMEM but without cells was subtracted. THP-1
monocytes exposed to vehicle (untreated control) were set

to 100% and changes in viability of THP-1 monocytes
exposed to ChSeco or cholesterol were measured relative to
the corresponding untreated controls.

Measurement of intracellular ROS

Intracellular ROS was measured based on the hydrolysis 5-
(and-6)-chloromethyl-2,7-dichlorodihydrofluorescein diacetate
(CMH2DCFDA) and subsequent oxidation of 5-(and-6)-
chloromethyl-2,7-dichlorodihydrofluorescein (CMH2DCF) to
a fluorescent compound, 5-(and-6)-chloromethyl-2,7-dichlor-
ofluorescein (CMDCF). THP-1 monocytes (1 × 105/well) in
24-well plates were incubated with 10 μM CMH2DCFDA in
Krebs-Ringer-HEPES (KRH) buffer at 37 ˚C for 30min.
Following a brief wash, THP-1 monocytes were exposed to
ChSeco (0–100 μM) in KRH buffer. The time-course of
appearance of CMDCF was measured at excitation and
emission wavelengths of 485 and 538 nm (respectively) using
a SpectraMax Gemini EM fluorescence microplate reader
(Molecular Devices; Sunnyvale, CA). THP-1 monocytes
treated with vehicle, but no ChSeco were used as the negative
control, and menadione (25 or 50 μM)-exposed cells served as
the positive control.

Quantification of cytokine (protein) expression

Human THP-1 monocytes in 24-well plates (1 × 105 cells/
well) were cultured in the absence or presence of ChSeco
(30 μM) or LPS (10 ng/mL; positive control) for up to 24 h.
Cell-free supernatants were collected at 2, 6, 18, and 24 h and
stored at −70 °C until assayed. The concentrations of MCP-1,
TNF-α, IL-8, PDGF (AA and BB isoforms) in culture
supernatants were quantified using commercially available
ELISA kits. In each case, a standard curve was established
using known amounts of authentic cytokines. The ELISA kits
used were specific for the measurement of human (natural as
well as recombinant) cytokines with little or no cross-reactivity
with cytokines (or growth factors) from non-human species.

Mouse J774 macrophages (1 × 106/well) in 24-well
plates were cultured in the absence or presence of ChSeco
(10–15 μM) or LPS (50 ng/mL; positive control) for 24 h.
The concentrations of IL-18 and CCL-20 in the cell-free
supernatants were quantified using commercially available,
mouse-specific ELISA kits.

Quantification of cytokine and their receptor (gene)
expression

Mouse J774 macrophages, grown in 25 cm2
flasks, were

exposed to 0 (control) or 15 μM ChSeco for 4, 16, and 24 h.
The total RNA was isolated using the RNeasy mini kit
(Qiagen). The quality of RNA was ascertained by
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formaldehyde-denaturing gel electrophoresis (1.2%) and UV
absorbance at 260 and 280 nm. Approximately 2 μg of total
RNA was reverse transcribed with random hexamer primers
using the first-strand synthesis kit (SuperArray). The cDNA
(10-fold diluted) was used in a two-step RT-PCR (quantita-
tive) assay, with a single-reporter measurement using the ABI-
Prism SDS 7900 HT Fast RT-PCR system (Applied Biosys-
tems; Foster City, CA). The RT² Profiler PCR array for mouse
inflammatory cytokine and receptors (SuperArray) contained
the necessary primer pairs for the amplification. The RT-PCR
methodology used here allows simultaneous detection of 86
genes related to inflammation along with five housekeeping
genes. The threshold cycle (Ct) for each well was calculated
using the instrument’s software (SDS version 2.1). The
resulting threshold cycle values for all wells were analyzed
using the excel spreadsheet tool provided by the manufacturer.
Values were expressed as fold change in expression relative to
the untreated control group(s).

Monocyte-endothelial cell adhesion assay

Adhesion of THP-1 monocytes to HAECs, previously
exposed to ChSeco, was measured using a cytoselect
leukocyte-endothelium adhesion assay kit. For this,
HAECs grown to confluence in gelatin-coated 96-well
plates were exposed to either ChSeco (0–15 μM) or IL-8
(50 ng/mL; positive control) for 4 h. The medium was
removed after the exposure period, and the HAECs were
washed twice with PBS. A suspension of THP-1 mono-
cytes (5 × 105) labeled with leuko tracker in a final
volume of 200 μL was added to each well and incubated
for 1 h at 37 °C. Non-adherent THP-1 monocytes were
removed by washing (thrice) with buffer. The THP-1
monocytes adhered to HAECs were lysed and the fluor-
escence was measured at excitation and emission wave-
lengths of 480 and 520 nm, respectively, using a
SpectraMax Gemini EM spectrofluorimeter. The fluor-
escence intensity of the control HAECs that were not
exposed to ChSeco was set at 1 and the values of fluor-
escence associated with ChSeco exposed HAECs were
expressed relative to this control.

Statistical analysis

Data are presented as ±SD of at least three independent
experiments performed in duplicates. Data analysis was
done using GraphPad Prism software and comparison was
made between untreated and ChSeco-treated cells as well as
by means of unpaired Student’s t-test and their significance
was established by ANOVA. A difference of p < 0.05 was
considered statistically significant.

Results

ChSeco induces upregulation of IL-8 and PDGF-AA
but not TNF-α, MCP-1, and PDGF-BB in THP-1
monocytes

When THP-1 monocytes were exposed to ChSeco (30 μM),
there was a time-dependent increase in the level of IL-8 in
the culture medium (Fig. 2A). The concentration of IL-8 in
the culture medium of cells exposed to ChSeco for 24 h was
typically 176 ± 8 pg/mL. This value of IL-8 was about one-
third of what was observed in culture supernatants of THP-1
monocytes exposed to LPS (10 ng/mL) for 24 h (539 ±

Fig. 2 Secretion of IL-8 and TNF-α by THP-1 monocytes exposed to
ChSeco. THP-1 monocytes (1 × 105/well) in 24-well plates were
treated with either ChSeco (5–30 μM) or LPS (10 ng/mL; positive
control). Cell-free supernatants were collected at 24-h time period after
ChSeco or LPS treatment. IL-8 (A, B) and TNF-α (C) were determined
using commercially available ELISA kits as described in the Methods
section. Results are expressed as pg of IL-8 (or TNF-α) released per
mL medium. Values are the average of three independent experiments
performed in duplicates. The comparison was made between LPS-
treated and ChSeco-exposed cells. *p < 0.05 indicates significance
with respect to the untreated controls
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28 pg/mL; positive control) (Fig. 2B). In all these cases,
control THP-1 monocytes that were not exposed to ChSeco
showed negligible release of IL8 into the medium.

Human THP-1 monocytes, with or without exposure to
ChSeco (30 μM) for periods up to 24 h, did not show any
evidence of TNF-α release into the culture medium
(Fig. 2C). While it was observed that the concentration of
TNF-α in these cultures was below the detection limit, we
further confirmed the validity of the ELISA assay by
exposing THP-1 monocytes to LPS (10 ng/mL; positive
control). It was observed that, within 4 h of exposure to
LPS, there was a substantial release of TNF-α into the
medium (1155 ± 128 pg/mL) by THP-1 monocytes, the
level of which declined thereafter (Fig. 2C).

There was a substantial increase in the level of PDGF-AA
in the culture medium of THP-1 monocytes that were exposed
to ChSeco (30 μM) (79 ± 25.3 pg/mL) when compared to
vehicle-only-exposed THP-1 monocytes (18 ± 5.6 pg/mL)
(Fig. 3A). Nevertheless, we did not observe significant dif-
ferences in the release of PDGF-BB dimmer into the culture
medium of THP-1 monocytes that were exposed to ChSeco
(9 ± 2.6 pg/mL) as against the respective controls (5 ± 3.6 pg/
mL) (Fig. 3B). We did not detect MCP-1 in the culture
supernatants of THP-1 monocytes that were exposed to
ChSeco (30 μM) or LPS (10 ng/mL) for periods up to 24 h.

ChSeco reduces the viability of THP-1 monocytes

Exposure of THP-1 monocytes to ChSeco for 24 h resulted
in a significant decrease in cell viability as determined by
the extent of reduction of MTS to MTS formazan by viable
cells in a PMS-assisted reaction (Fig. 4). The extent of
ChSeco-induced loss of cell viability was found to be dose-
dependent with an IC50 value of 16 ± 2.2 μM. In compar-
ison, exposure of THP-1 monocytes to un-oxidized cho-
lesterol did not result in a significant change in the cell
viability or proliferation (Fig. 4).

ChSeco does not induce the generation of
intracellular peroxides in THP-1 monocytes

THP-1 monocytes exposed to ChSeco (0–30 μM) did not
generate ROS over a period of 8 h (Fig. 5). In comparison,
menadione (50 μM), a strong inducer of ROS, caused THP-
1 monocytes to generate intracellular peroxides. Practically
no DCF fluorescence was observed in control cultures that
contained ChSeco but devoid of THP-1 monocytes.

ChSeco upregulates inflammatory gene expression
in mouse J774 macrophages

To confirm the inflammatory potential of ChSeco, we per-
formed a quantitative real-time PCR array analysis of genes

associated with inflammation. The profiling of gene
expression in mouse J774 macrophages was performed at 4,
16, and 24 h following exposure to ChSeco (Table 1). It was
found that, at 4 h, there was significant upregulation of
CCL8, CCL20, CCR1, and CCR8 (p < 0.05; a change in
gene expression of ≥2-fold relative to vehicle control was

Fig. 3 Secretion of PDGF-AA and PDGF-BB by THP-1 monocytes
exposed to ChSeco. THP-1 monocytes (1 × 105 /well) in 24-well plates
were treated with ChSeco (30 μM) for 24 h. A PDGF-AA and B
PDGF-BB in the culture medium were quantitatively determined using
commercially available human ELISA kits as described in the Methods
section. Values are the average of three independent experiments in
duplicate wells. *P < 0.001 is significant for ChSeco treatment against
the untreated controls

Fig. 4 Loss of viability in THP-1 monocytes exposed to ChSeco. THP-
1 monocytes (3 × 104/well) in 24-well culture plates at 70% confluence
were exposed to varying concentrations of ChSeco and un-oxidized
cholesterol for 24 h. At the end of the incubation period, cell viability
was assessed using MTS/PMS reagent (Cell Titer 96 Aqueous One
reagent) as described in the Methods section. The viability of cells
exposed to vehicle (untreated control) was set to 100% and the per-
centage viability in ChSeco-treated cultures was expressed relative to
the controls. Values are average of quadruplicate measurements from
three independent experiments
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considered significant). At 16 h of ChSeco treatment, there
were 28 genes that were found to be differentially regulated
(p < 0.05 for those with fold change of ≥+2 or ≤−2). Out of
these 28 genes, 25 genes (BCL6, CASP1, CCL1, CCL8,
CCL11, CCL17, CCL20, CCL25, CCR1, CCR2, CCR3,
CCR8, CXCL12, IL16, IL18, IL1R1, IL1R2, IL2RG, IL3R,
IL6ST, LTA, SPP1, TGFB1, TNFRSF1A, and TOLLIP)
were upregulated and 3 genes (IL1B, IL10, and LTA)
downregulated relative to the untreated controls. At 24 h of
treatment with ChSeco, there were18 genes that were found
to be differentially regulated (p < 0.05 for those with fold
change of ≥+2 or ≤−2); out of 18 genes, 15 genes (BLR1,
CASP1, CCL8, CCL17, CCL20, CCR1, CCR2, CCR3, IL13,
IL16, IL18, IL1R1, ILR2RG, LTA, and TOLLIP) were
upregulated and 3 genes (IL1B, IL10, and LTB) down-
regulated relative to the vehicle control. Among the various
genes upregulated, IL18 and CCL20 were the two most
highly expressed genes at 16 h with an overall fold increase
of 4.3 and 8.0, respectively (i.e., relative to the untreated,
vehicle only-exposed controls).

ChSeco induces the release of IL-18 but not CCL-20
in J774 macrophages

Further, to confirm the results of gene expression at protein
expression/synthesis level, we measured by ELISA the
concentrations of IL-18 and CCL-20 in the culture super-
natants of J774 macrophages that were exposed to ChSeco
(0, 10, or 15 μM) or LPS (10 ng/mL; positive control) for
24 h. The concentration of IL-18 in culture supernatants of
J774 macrophages that were not exposed to ChSeco was
68 ± 0.2 pg/ mL (Fig. 6A). This value was found to be much

higher in culture supernatants of J774 macrophages exposed
to either 10 (137 ± 24.5 pg/mL) or 15 μM ChSeco (214 ±
22.4 pg/mL) (Fig. 6A). As anticipated, exposure to LPS
showed the highest level of expression of IL-18 (270 ±
25.0 pg/mL). In all these assays, we did not detect any sig-
nificant release of CCL-20 into the culture medium (Fig. 6B).

Pretreatment of HAECs with ChSeco facilitate
adhesion to THP-1 monocytes

We examined the possibility that ChSeco induces the
expression of cell adhesion molecules on HAECs and
thereby facilitates the binding of THP-1 monocytes. For
this, we exposed HAECs to various low concentrations of
ChSeco for 2 h, and thereafter ChSeco-containing medium
was removed and the HAECs were co-incubated with THP-
1 monocytes for 4 h. Compared to the untreated HAECs,
there was 2.0 (±0.33)-fold increase in the adhesion of THP-
1 monocytes to HAECs previously exposed to ChSeco
(15 μM) (Fig. 7). HAECs exposed to IL8 (50 ng/mL; posi-
tive control) increase their adhesion to THP-1 monocytes by
5.3 (±1.2)-fold.

Discussion

According to the “response to injury” hypothesis, a loss or
alteration(s) in the physiological function of the endothelium
initiates the process of atherogenesis [27–29]. Accordingly,
the adhesion of circulating monocytes to the vascular
endothelium is often considered to be one of the earliest
steps in this process [27, 30, 31]. Both endothelial cells and
adherent monocytes are known to secrete pro-inflammatory
cytokines which increase the expression of adhesion mole-
cules and thereby facilitate binding and subsequent trans-
migration of circulating leukocytes into the sub-endothelial
space. In this study, we show that human THP-1 monocytes
when exposed to ChSeco, release IL-8 and PDGF-AA, but
not TNF-α, in a time- and/or dose-dependent manner (Figs.
2 and 3). IL-8 is a chemo-attractant protein with known
mitogenic and pro-inflammatory properties. Both PDGF
isoforms AA and BB have been shown to elicit mitogenic
responses in smooth muscle cells present in the athero-
sclerotic plaques [32, 33]. The observation that ChSeco
promotes the release of not only IL8 but also PDGF-AA
and, to a limited extent, PDGF-BB by THP-1 monocytes,
suggests that ChSeco could play a direct role in the induc-
tion of inflammation and an indirect role in smooth muscle
cell proliferation. Several investigators have reported a
similar pro-inflammatory potential with other oxysterols that
are present in oxidized LDL [34–37].

The pro-inflammatory potential of ChSeco was further
confirmed by studies of protein and gene expression in

Fig. 5 Generation of intracellular reactive oxygen species in human
THP-1 monocytes exposed to ChSeco. THP-1 monocytes were
exposed to ChSeco (30 μM) or menadione (50 μM; positive control)
and the generation of ROS was measured by uptake, hydrolysis, and
subsequent oxidation of CMH2DCFDA to CMDCF. ** p < 0.01 versus
untreated controls. Data presented are mean ± SD of three independent
experiments
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mouse J774 macrophages. Unlike THP-1 monocytes, J774
macrophages exposed to ChSeco had increased release of
IL-18 and CCL-20, the latter being known as macrophage
inhibitory protein-3-alpha (MIP-3-α). Both IL-18 and CCL-
20 are known for their chemo-attractant properties and
recruit immune cells to the site of inflammation [38–40]. An
increased expression of IL-18 (protein) alone was suggested
to be a good predictor of cardiovascular risk [41, 42]. While
this is the case, in the present study, we show that IL10
(gene expression) was downregulated (Table 1). IL-10 is an

anti-inflammatory cytokine [43], its lowered gene expres-
sion, as observed by us, may result in lowered protein
expression. The combined effect of increased IL-18
expression and lowered IL-10 expression could therefore
be potentially detrimental.

The gene expression studies using RT-PCR (Table 1) are
corroborated by protein expression of pro-inflammatory
cytokines and their receptors (Figs. 2, 3, and 6). Of parti-
cular interest in the present work is the increased expression
of the IL1R1 gene. It has been shown that in the IL1R1

Table 1 Fold changes in the
expression of inflammatory
cytokines and receptors in J774
macrophages exposed
to ChSeco

Fold up or
Downregulation

T-test p value

Gene Description 4 h 16 h 2 4 h 4 h 16 h 24 h

BCL6 B-cell leukemia/lymphoma 6 1.07 2.60 1.82 0.0521 0.0958 0.0001

BLR1 Burkitt lymphoma receptor 1 −1.22 1.88 2.09 0.0241 0.0980 0

CASP1 Caspase 1 1.22 4.22 3.14 0.5580 0.0188 0.0001

CCL1 Chemokine (C–C motif) ligand 1 1.63 2.18 1.21 0.4721 0.0516 0.0047

CCL11 Small chemokine (C–C motif) ligand 11 1.63 2.18 1.21 0.0451 0.0516 0.0047

CCL17 Chemokine (C–C motif) ligand 17 −1.18 2.55 2.99 0.0597 0.0472 0.0198

CCL20 Chemokine (C–C motif) ligand 20 2.16 8.00 7.86 0.0500 0.0230 0.0005

CCL25 Chemokine (C–C motif) ligand 25 1.49 3.40 1.88 0.2014 0.0445 0.0100

CCL8 Chemokine (C–C motif) ligand8 2.99 5.99 2.08 0.0257 0.0500 0.0540

CCR1 Chemokine (C–C motif) receptor 1 1.98 6.63 2.81 0.0541 0.0597 0.0060

CCR2 Chemokine (C–C motif) receptor 2 1.03 5.97 2.99 0.4010 0.0167 0.0017

CCR3 Chemokine (C–C motif) receptor 3 −1.04 5.46 2.73 0.0554 0.0076 0.0554

CCR8 Chemokine (C–C motif) receptor 8 2.21 2.18 1.21 0.0568 0.0516 0.0047

CXCL12 Chemokine (C–X–C motif) ligand 12 1.63 2.20 1.27 0.1140 0.0505 0.0059

IL10 Interleukin 10 −1.79 −7.49 −3.08 0.7240 0.0243 0.0700

IL13 Interleukin 13 1.27 1.40 2.64 0.0652 0.0556 0.0520

IL16 Interleukin 16 1.72 3.22 2.05 0.5500 0.0075 0.0005

IL18 Interleukin 18 1.17 4.30 2.09 0.4250 0.0441 0.0018

IL1B Interleukin 1 beta −1.16 −4.96 −10.28 0.7365 0.0276 0.0013

IL1R1 Interleukin 1 receptor, type I −1.17 2.44 8.48 0.0845 0.1569 0.0003

IL1R2 Interleukin 1 receptor, type II 1.14 2.57 −1.28 0.2240 0.0052 0.1640

IL2RG Interleukin 2 receptor, gamma chain 1.22 2.00 2.03 0.1123 0.1107 0.0025

IL3 Interleukin 3 1.63 2.31 1.21 0.0635 0.0482 0.0047

IL6ST Interleukin 6 signal transducer 1.38 4.23 1.80 0.0124 0.0142 0.0083

LTA Lymphotoxin A 1.16 4.57 2.85 0.2250 0.0099 0.0026

LTB Lymphotoxin B 1.41 −1.98 −3.15 0.0478 0.0570 0.0043

SPP1 Secreted phosphoprotein 1 1.23 4.68 1.92 0.1200 0.0213 0.0940

TGFB1 Transforming growth factor, beta 1 1.20 2.09 1.07 0.0025 0.0906 0.4110

TNFRSF1A Tumor necrosis factor receptor
superfamily, member 1a

−1.09 2.59 1.77 0.679 0.0038 0.0034

TOLLIP Toll interacting protein 1.08 2.88 2.00 0.0865 0.0384 0.0001

J774 macrophages were exposed to ChSeco (15 μM). The total cellular RNA was isolated and cDNA was
prepared. The RT² Profiler PCR array for mouse inflammatory cytokines and receptors contained the
necessary primer pairs for the amplification. The RT-PCR methodology used here allows simultaneous
detection of 86 genes related to inflammation along with five housekeeping genes. The threshold cycle (Ct)
for each well was calculated using the instrument’s software (SDS version 2.1)
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knockout mouse which has lowered expression of the cor-
responding receptor protein, there was evidence of reduced
atherosclerotic plaque formation [44, 45]. Although we do
not have data on IL1R1, by analogy it is possible that
increased expression of IL1R1 by ChSeco may promote
atherosclerotic plaque formation.

Caspase -1 which is responsible for the maturation and
release of IL-1β and IL-18 in the inflammasome pathway

[46, 47] was found to be over-expressed at the gene level in
ChSeco-treated J774 macrophages. This suggests the pos-
sibility of inflammasome signaling, which, again, is in
agreement with increased expression of IL18 in ChSeco-
treated J774 macrophages.

The reasons for an apparent lack of expression of TNF-α
in ChSeco-exposed monocytes are not clear. TNF-α is a
known inducer of adhesion molecules and is considered to
be a marker of cardiovascular events [48, 49]. In many cell
types, under conditions of oxidative stress, TNF-α has been
shown to be expressed through activation of the NF-kB
pathway [50, 51]. In the present study, THP-1 monocytes
exposed to ChSeco failed to induce the production of
intracellular ROS and this could be a reason for the lack of
TNF-α expression.

In studies, where THP-1 monocytes were co-incubated
with HAECs previously exposed to a sub-cytotoxic level of
ChSeco, there was evidence of increased cell-to-cell adhe-
sion (Fig. 7). This raises the possibility that ChSeco induces
the expression of adhesion molecules in HAECs which act
as ligands for the binding of THP-1 monocytes. The
increased expression of adhesion molecules could result
from the direct action of ChSeco on HAECs. Alternatively,
it is possible that ChSeco induces the secretion of pro-
inflammatory cytokines, and these, in turn, act on HACEs
causing increased expression of adhesion molecules.

The concentration of ChSeco in the human atheromatous
plaque was found to be as high as 60 μM [4, 9]. This value
is 2- to 3-fold higher than the IC50 values of ChSeco
observed in immune and non-immune cell types [6, 52].
Apart from being cytotoxic to monocytes and macrophages,
ChSeco at sub-cytotoxic concentrations is a potent inducer
of pro-inflammatory cytokines and adhesion molecules.
These attributes make ChSeco or any other oxysterol as an
important contributor to early as well as late events in
atherosclerotic plaque formation.

In conclusion, the present study, for the first time,
demonstrates that low, biologically relevant concentrations
of ChSeco and, by inference its aldolized product, Ather-
onal-B, can up-regulate the gene as well as protein
expression profiles of several inflammatory cytokines in
human THP-1 monocytes and mouse J774 macrophages.
Together with the fact ChSeco is cytotoxic monocytes and
macrophages, the increased adhesion of THP-1 monocytes
to HAECs previously exposed to sub-cytotoxic levels of
ChSeco, suggests that this unique oxysterol may have sig-
nificant roles to play in early as well as late stages of
atherosclerosis.
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