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Aim: Iron accumulation in foam cells was previously shown to be involved in atherogenesis. How-
ever, the mechanism for iron accumulation was not clarified. Ceruloplasmin (Cp) is an important 
factor in cellular iron efflux and was found to be downregulated in atherosclerotic plaques in our pre-
vious study. The current study is to investigate the role of Cp in atherosclerosis.
Methods: We used RAW264.7 cells, a well-accepted cell model of atherosclerosis, which were treated 
with lipopolysaccharides (LPS), ferric ammonium citrate (FAC) or deferoxamine, and oxidized low 
density lipoprotein (ox-LDL) to detect the regulation of Cp and its influence in iron efflux and lipid 
accumulation using biochemical and histological assays.
Results: Our results showed that the Cp protein level increased after 200-μM FAC treatment in LPS-
activated RAW264.7 cells. Ox-LDL treatment (50 μg/ml) moderately reduced both mRNA and pro-
tein levels and ferroxidase activity of Cp (p＜0.05). No significant difference was observed in the 
expression of ferritin and ferroportin, two important iron-related proteins for iron storage and efflux, 
respectively, after ox-LDL treatment. However, co-treatment with ox-LDL and FAC drastically 
reduced the expression of Cp. Accordingly, the ferroxidase activities simultaneously decreased, 
whereas the protein levels of Ft and Fpn1 significantly increased, indicating further iron accumula-
tion. Moreover, co-treatment with FAC and ox-LDL enhanced the accumulation of cholesterol com-
pared with ox-LDL-only treatment to trigger apoptosis.
Conclusion: Our findings suggest that physiological interaction of iron and lipid obstructs iron efflux 
and accelerates the lipid accumulation in macrophages during foam cell formation, which implicates 
the role of iron in the pathology of atherosclerosis.
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Introduction

Atherosclerosis is a systemic multifactorial disease 
characterized by lipid deposition and hardening of the 
vascular walls of the large- and medium-sized arteries. 
The recruitment of monocytes from circulation to the 
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arterial wall is a noteworthy feature of atherogenesis1). 
A few decades ago, Sullivan proposed the iron hypoth-
esis2), which suggests that iron deficiency in lipid-
laden macrophages, namely foam cells, plays a protec-
tive role against atherosclerosis. In foam cells, over-
loaded iron catalyzes the generation of reactive oxygen 
species (ROS) and could therefore promote lipid oxi-
dation and contribute to atherosclerotic plaque insta-
bility3). Ferroportin (Fpn1), encoded by SLC40A1, is 
the only known mammalian free iron exporter 
expressed by macrophages and intestinal epithelial 
cells4). Reducing intracellular free iron levels within 
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were purchased from Thermo Fisher Scientific® 
(Waltham, MA, USA). The RAW264.7 cell line was 
purchased from the American Type Culture Collection® 
(ATCC®, Rockefeller, MD, USA). RAW 267.4 mac-
rophage cells were maintained at 37℃ in a 5% CO2 
incubator in a basal medium, which consisted of RPMI 
1640, 10% FBS, 10 mM HEPES (4-(2-Hydroxyethyl)
piperazine-1-ethanesulfonic acid) Buffer, 2 mM L-glu-
tamine, 100 U/ml penicillin, and 100 μg/ml strepto-
mycin. Cells (1×105 cells/ml) were plated 1 day before 
experiment in 6-well plates (1×105 cells/ml) or 3-cm-
diameter culture plates.

Cell Treatment
Ferric ammonium citrate (FAC), deferoxamine 

(DFO), lipopolysaccharides (LPS), and oxidized low 
density lipoprotein (ox-LDL) were purchased from 
Sigma-Aldrich® (St. Louis, MO, USA). Cell iron 
interference comprised incubating cells for 24 h in the 
presence of 200 μM FAC (in H2O) or in the presence 
of 100 μM DFO (in H2O) after 12-h stimulation of 
LPS (50 ng/ml in H2O). To format the foam cell, 
RAW264.7 cells were treated with ox-LDL (50 μg/
ml) for 24 h19) after 12-h activation by LPS.

RNA Isolation and Real-Time Quantitative PCR 
Analyses 

Total cellular RNA was isolated from RAW264.7 
cells using Trizol (InvitrogenTM, Carlsbad, CA, USA) 
and was reverse-transcribed to create cDNA. cDNA 
was quantified by quantitative polymerase chain reac-
tion on a StepOne Plus system (Applied Biosystems®, 
Foster, CA, USA). Primers for Cp were designed span-
ning the intron–exon boundaries to amplify the corre-
sponding mRNAs and minimize amplification of 
potentially contaminating genomic DNA. For Cp, the 
forward primer was 5′-GTAAACAAAGACAACGAG-
GAA T-3′ and the reverse primer was 5′-TATTTCAT 
TCAGCCAGACTTAG-3′20). mRNA levels were nor-
malized to those of GAPDH.

Western Blot Analysis
Western blot was performed as previously 

described21). Briefly, cells were harvested and com-
pletely homogenized using lysis buffer (Thermo Fisher 
Scientific®, Waltham, MA, USA) and were then 
placed on ice for 10 min. After centrifugation at 
12,000 rpm for 10 min at 4°C, the supernatant was 
collected. Protein concentration was determined with 
a BCA kit (Beyotime Biotechnology®, Shanghai, 
China). Proteins (35 μg) were denatured at 95℃ for 5 
min in SDS and β-mercaptoethanol-containing sam-
ple buffer, separated on 15% gradient SDS-PAGE, 
and electro-blotted onto nitrocellulose membranes 

macrophages by increasing the expression of Fpn1 
may be a promising strategy to promote macrophage 
cholesterol efflux and steady the plaque. 

Iron taken up by epithelial cells is either seques-
tered to iron storage in ferritin (in ferric form) or 
transported across the cell membrane (in ferrous form) 
by Fpn1 into plasma5). Fpn1 is systemically degraded 
through ubiquitination after binding to a hepatic hor-
mone, hepcidin6). Clinical studies demonstrated that 
serum hepcidin was associated with the presence of 
atherosclerosis7-9); however, this is still controversial10). 
It was also reported that pharmacological suppression 
of hepcidin could increase lipid efflux and reduce 
foam cell formation in ApoE－/－ mice11). However, a 
recent in vivo study in a mouse model showed that the 
specific mutation of Fpn1 in macrophages had no sig-
nificant influence on atherogenesis12). Therefore, there 
may be other molecules involved in iron deposition in 
foam cells.

Fpn1 is not the only key protein in macrophage 
iron efflux. Ceruloplasmin (Cp) is another factor that 
is very important in this process. After being trans-
ported by Fpn1 to the outside of the cells, ferrous iron 
needs to be oxidized to ferric form by ferroxidases 
such as Cp and then released to bind transferrin (Tf ), 
which is the primary carrier of soluble iron in 
plasma13). Absence of functional Cp (aceruloplasmin-
emia in human or Cp knockout in mice) leads to iron 
accumulation in several tissues including the liver and 
brain14). The ferroxidase activity of Cp prevents fer-
rous iron-mediated production of ROS and thus Cp 
can have a potent antioxidant activity15). Cp is a posi-
tive acute-phase reactant that is involved in host 
defense and repair processes mediated by the immune 
system16). As a circulating antioxidant and oxygen free 
radical scavenger17), Cp appears to be an effective pro-
tective agent against tissue injuries generated by oxy-
gen free radicals. More recently, we found that the 
expression of Cp is markedly reduced in atheroscle-
rotic plaques18). Therefore, we propose that Cp may 
function to delay the progression of atherosclerosis. 

The main purpose of this study was to investi-
gate the influence of iron and lipid deposition on the 
expression of Cp in RAW264.7 cells and its role in 
foam cell formation. Our results support the notion 
that iron with lipid, and not alone, downregulates the 
protein levels of Cp in macrophage and further accel-
erates lipid-laden macrophage foam cell formation. 

Materials and Methods

Cell Cultures
Cell culture growth medium, antibiotics (penicil-

lin and streptomycin), and fetal bovine serum (FBS) 



Iron Worsens ox-LDL Induced Downregulation of Ceruloplasmin in Macrophages

1203

Ferroxidase Enzyme Activity Assay 
Cp catalyzes the transfer of electrons from Fe2＋ 

through its T1-T3 Cu2 sites, resulting in a 4-electron 
reduction of O2 to 2H2O, forming Fe3＋. Para-phenyl-
enediamine (pPD) assay is a surrogate for Fe2＋ oxida-
tion and was used in the present study to measure the 
activity of Cp. As previously described23), pPD can be 
converted to a fused ring aromatic compound with 
the formula C18H18N6. It has an absorption maxima 
at ~530 nm, which can be quantified by reading A530 
in a spectrophotometer. Cells were lysed and proteins 
were harvested to perform the pPD assay. 

Oil Red Stain
For oil red O staining, cells were seeded on 

6-well plate and treated with FAC for 12 h, followed 
by ox-LDL for 24 h. After treatment, cells were fixed 
in 4% paraformaldehyde (10 min), washed with dis-
tilled water, and completely dried before applying 
0.6% oil red O solution in 60:40 (v/v) isopropyl 
alcohols:H2O (room temperature, 30 min).

Flow Cytometric Analysis 
RAW264.7 cells were treated with iron or/and 

ox-LDL as needed. Apoptotic cells were quantified by 
flow cytometric analysis (FACSCalibur®, Becton, 
Dickinson and Company, NJ, USA) using Annexin 
V-FITC and propidium iodide double staining using 
a detection kit (KeyGE N Biotech®, Nanjing, China) 
according to the manufacturer instructions.

Statistical Analysis
All statistical analyses were performed using Sta-

tistical Product and Service Solutions (SPSS) statistics 
for Windows (Release 21.0; SPSS®, Armonk, NY, 
USA). All data were subjected to one-way ANOVA. 
Differences between different samples were deter-
mined by the Fisher’s LSD post-test. Statistical signifi-
cance was inferred at p＜0.05. Quantitative analysis 
and comparison for band-intensity in western blot 
were based on the averages of four repeats.

Results

Treatment of FAC Upregulates the Expression of 
Cp in Activated RAW264.7 Cells 

Previous studies have demonstrated that Cp was 
expressed in monocytic cells and can be induced by 
inflammation or iron loading24-26). Little data are avail-
able about the expression of Cp in macrophage-like 
RAW264.7 cells. Because RAW264.7 cells are well-
known and well-accepted cell model to investigate 
atherosclerosis, we examined the iron effect on Cp 
expression in LPS-activated RAW264.7 cells. The 

(Pall® Corporation, New York, NY, USA). The blots 
were incubated overnight at 4℃ in 5% (w/v) skim 
milk with the primary antibodies for ferritin (Abcam®, 
Cambridge, MA, UK) (1:1000), Cp (GeneTex®, San 
Antonio, TX, USA) (1:1000), transferrin receptors 
(TfR) (Santa Cruz Biotechnology®, Inc., Santa Cruz, 
CA, USA) (1:200), hephaestin (Hp) (GeneTex®) 
(1:1000), CD36 (ProteintechTM Group, Inc., Chi-
cago, IL, USA) (1:1000), ATP-binding cassette trans-
porter A1 (ABCA1) (Signalway Antibody® LLC, Col-
lege Park, MD, USA) (1:500), B-cell lymphoma-2 
(Bcl2) (Santa Cruz Biotechnology®, Inc.) (1:1000), 
Bax (Santa Cruz Biotechnology®, Inc.) (1:1000), β
-actin (Abcam®) (1:1000), or GAPDH (Bioworld 
Technology®, St. Louis Park, MN, USA) (1:10000). 
Following this, the blots were incubated with HRP-
conjugated secondary antibodies (goat anti-rabbit). 
Blotted protein bands were visualized by enhanced 
chemiluminescence Western blot detection reagents 
(Thermo Fisher Scientific®). Relative changes in pro-
tein expression were estimated from the mean pixel 
density using Image J software, normalized to that of 
β-actin or GAPDH.

Iron Staining 
Iron staining was performed to detect cellular 

iron content as previously described22). RAW264.7 
cells were seeded in 24-mm glass-bottom coverslip 
microscopy dishes. Cells were fixed using 4% parafor-
maldehyde in PBS for 10 min. Following this, dishes 
were washed with PBS and then incubated in the dark 
with freshly made Prussian blue staining solution (2% 
K4[Fe(CN)6] and 2% HCl) for 1 h. After being 
washed with PBS again, the dishes were incubated in 
the dark with freshly made diaminobenzidine solution 
(30 mg DAB tablet, 40 ml 1 M Tris pH 7.5, 1 ml 3% 
H2O2) for 1 h. The dishes were then washed with 1× 
PBS twice and mounted in glycerinum. Photographs 
were obtained under a light microscope (at 400× 
magnification) by an investigator blinded to the treat-
ment. Five photographs from each dish were obtained, 
and quantitation was performed using Image J soft-
ware.

Cholesterol Content 
The content of lipids including total cholesterol 

(TC) and free cholesterol (FC) of ox-LDL-treated 
RAW264.7 cells were measured using enzymatic assay 
kits according to manufacturer instructions (Abcam®). 
The conjugated cholesterol was calculated as choles-
teryl ester (CE) using the following formula: CE=  
TC－FC.
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estingly, the treatment with LPS and FAC could inde-
pendently and/or synergistically induce the expression 
of Cp at the mRNA and protein levels and ferroxidase 
activity of Cp (Fig.1C). This suggests that induced 
increase of Cp occurred in response to iron and/or 
LPS challenge for facilitating the release of iron from 
cells.

Treatment of the Oxidized LDL Significantly 
Reduces the Expression of Cp in the Activated 
RAW264.7 Cells

Foam cells derived from macrophages are the 
main components in atherosclerotic plaques. We 
treated LPS-activated RAW264.7 cells with ox-LDL 
to mimic the formation of foam cells and determined 
the effect of ox-LDL on Cp expression. As shown in 

results showed that iron content increased after FAC 
treatment, which was revealed by iron Perl’s staining 
(Fig.1A). Iron-related proteins were then determine  d. 
The expression of ferritin (Ft) and Fpn1 were upregu-
lated and TfR was downregulated by FAC treatment. 
On the contrary, the iron chelator DFO downregu-
lated the expression of Ft and upregulated that of TfR 
(Fig.1B), indicating that iron repletion reduces iron 
uptake, whereas iron depletion enhances iron uptake 
and diminishes the storage. LPS-alone treatment did 
not significantly change the iron status compared with 
the non-treated control. However, co-treatment with 
LPS and FAC made cells form more sharp spikes com-
pared with FAC or LPS treatment only (Fig.1A), sug-
gesting that LPS-mediated activation of macrophages 
was further enhanced by iron for phagocytosis. Inter-

Fig.1. Both iron and LPS promote the expression and activities of ceruloplasmin

(A) Cellular iron Perl’s stain. The relative values are shown (inset). (B) Western blot for iron related proteins, Ft, Fpn1, and 
TfR. (C) The expression and ferroxidase activity of Cp, revealed by real-time quantitative PCR, western blotting and ferroxi-
dase enzyme activity assays. FAC: ferric ammonium citrate; DFO: deferoxamine; LPS: lipopolysaccharides; Ft: ferritin; Fpn1: 
Ferroportin 1; TfR: Transferrin receptor; Cp: ceruloplasmin; PCR: polymerase chain reaction. ＊p＜0.05 compared with PBS-
treated group, #p＜0.05 compared with LPS-treated group.
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protein levels of Fpn1 in FAC＋ox-LDL and FAC 
groups were comparable (Fig.3C), the remarkably 
reduced protein levels of Cp may have caused the 
higher ferritin levels in FAC＋ox-LDL group than in 
FAC group.

Because of the positive correlation between FAC 
treatment and Cp expression and the negative correla-
tion between FAC＋ox-LDL treatment and Cp expres-
sion, we treated the cells with different concentration 
of iron with or without ox-LDL to see if the increase 
or decrease of Cp expression is iron-dependent. The 
results showed that Cp expression increased without 
ox-LDL and decreased with ox-LDL in an iron-
dependent manner (Fig.3D), which strongly sup-
ported the notion that ox-LDL completely reverses 
the effect of iron on Cp expression to make the cells 
accumulate more iron in the foam cells. We examined 
another ferroxidase, Hp, which showed constant 
expression in the presence of iron or iron＋ox-LDL 
(Fig.3D). To exclude the physical interaction of iron 
and ox-LDL, we treated RAW264.7 cells first with ox-
LDL for 2 h then added iron. The expression of Cp is 
similar to that when iron and ox-LDL were added 
simultaneously (Fig.3D, last lane).

Cp is found as a soluble isoform in plasma or as 
a membrane-associated isoform (GPI-Cp) or just as a 
cytosolic isoform in specific cell types. To see the cel-
lular localization of Cp, immunofluorescent assay was 
performed. The results clearly showed the dotted and 
scattered Cp after FAC treatment, which was hardly 
visible in the control and FAC＋ox-LDL groups 
(Fig.4). Because we treated the cells with Triton 
X-100 to make the cells permeable in the immunoflu-
orescent assay, more cytosolic Cp than membrane Cp 
was observed, which is in line with a previous 

Fig.2A, the cholesterol content, including TC, FC, 
and cholesterol ester, was significantly increased after 
the treatment of ox-LDL, indicating that RAW264.7 
cells were transformed into foam cells. The expression 
of the iron-related proteins was then determined by 
western blotting. We found that the expression of Cp, 
but not Ft and Fpn1, was moderately and significantly 
reduced (down to 76.2±10.3%) after the treatment 
of ox-LDL in LPS-activated RAW264.7 cells 
(Fig.2B). Given the role of Cp in iron metabolism, 
this moderate reduction is likely not enough to change 
cellular iron status because of the unchanged protein 
levels of Ft and Fpn1. 

Iron Overload Worsens Cp Reduction in Lipid-Laden 
Macrophages Leading to Obstructed Iron Efflux

Human atherosclerosis was always associated 
with micro-vessel hemorrhage and therefore, foam 
cells were often iron-overloading27). As the moderately 
reduced Cp expression had no significant influence on 
iron efflux in lipid-laden macrophages (so called foam 
cells) under the low and normal iron conditions 
(Fig.2B), we then investigated Cp expression under 
high iron condition in foam cells. Strikingly, we found 
that not only the mRNA levels, but also protein levels 
of Cp dramatically decreased (Fig.3A). This is oppo-
site to that after treatment with FAC alone and is 
more severe than that after treatment with ox-LDL 
alone. Accordingly, the ferroxidase activities of Cp 
were reduced by co-treatment with iron and ox-LDL 
(Fig.3A), suggesting that the iron efflux might be 
obstructed. As shown in Fig.3B, the ferritin levels sig-
nificantly increased in FAC＋ox-LDL-treated group, 
compared with that in ox-LDL or FAC-treated group, 
indicating cellular iron accumulation. Although the 

Fig.2. Uptake of the oxidized-LDL by activated RAW264.7 cells significantly reduces the expression of Cp

(A) The content of CE, FC, TC, and CE/TC(%) in LPS-activated RAW264.7 cells after the treatment of ox-LDL. (B) Repre-
sentative western blots to show the effect of ox-LDL on Cp, Ft, and Fpn1 expression. ox-LDL: oxidized low density lipopro-
tein; TC: total cholesterol; FC: free cholesterol; CE: cholesteryl ester. ＊p＜0.05 compared with LPS-treated group.
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Fig.3. Physiological interaction of iron and ox-LDL accelerates the decrease of ceruloplas-
min expression in LPS-treated RAW264.7 cells

(A) Co-effect of iron and ox-LDL on mRNA and protein levels and activity of Cp, (B) the protein 
levels of Ft, and (C) the protein levels of Fpn1. (D) Effects of ox-LDL on the expression of Cp in 
an iron dependent manner. Delayed-200 in the last lane means 2-h delayed treatment of FAC 
after ox-LDL addition. The treatment for the rest lanes is simultaneous addition of FAC and ox-
LDL. Hp: hephaestin; REL: Relative intensity. ＊p＜0.05 vs. ox-LDL treated group, #p＜0.05 vs. 
FAC group in (A-C); ＊p＜0.05 vs. non-treated group, #p＜0.05 vs. ox-LDL-only group in (D).
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report26). The cytosolic dotted Cp is supposed to be in 
lipid rafts as suggested26). Consistent with the above 
western blot results, co-treatment of iron with ox-LDL 
brought the level of Cp back to basic line (Fig.4).

Iron Overload Accelerates Ox-LDL-Mediated Foam 
Cell Formation in the Activated RAW264.7 Cells

To visualize the effect of iron overload on lipid 
content in ox-LDL-treated cells, oil-red staining was 
performed and cholesterol content was measured. The 
results showed that co-treatment of FAC and ox-LDL 
did not only make the macrophages take up more lip-
ids (Fig.5A and 5B), but also made the macrophages 
aggregated and deformed (Fig.5B). This observation 
suggests that a strong physiological interaction 
between the overloaded iron and laden lipid brings 
about the damage of the foam cells.

To reveal the mechanism of how the presence of 
iron worsens lipid accumulation in macrophages, we 
detected the expression of CD36, a scavenger receptor 
of cholesterol influx, and ABCA1, an important trans-
porter for cholesterol efflux after co-treatment of FAC 
with ox-LDL. The results showed that the expression 
of ABCA1 kept constant when the cells were treated 
with ox-LDL and/or iron, whereas ox-LDL alone 
induced the upregulation of CD36 (Fig.5C), which 

Fig.5. Iron promotes the lipid deposition in ox-LDL-treated 
RAW264.7 cells

(A) Iron enhancement of lipid uptake in RAW264.7 cells. (B) More 
lipid in the deformed RAW264.7 cells when co-treated with iron 
and ox-LDL, revealed by oil red stain. (C) A severe imbalance 
between lipid influx and efflux after the co-treatment of FAC with 
ox-LDL. CD36: a scavenger receptor of cholesterol influx; ABCA1 
(ATP-binding cassette transporter A1): an important transporter for 
cholesterol efflux. ＊p＜0.05 vs. ox-LDL treated group in (A); ＊p＜
0.05 vs. non-treated group, #p＜0.05 vs. ox-LDL group in (C).

Fig.4. Cellular localization of Cp is determined in RAW264.7 
cells

Immuno-fluorescence assays showed upregulated cellular expres-
sion of Cp by iron is reversed by the additon of ox-LDL in 
RAW264.7 cells. Most Cp is localized in the cytoplasm as shown 
by dots, which are suggested to be lipid rafts 26). DAPI: 
4′,6-diamidino-2-phenylindole.
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the early apoptotic event. The decreased ratio of Bcl2/
Bax after co-treatment with iron and ox-LDL sup-
ported the elevated rate of apoptosis compared with 
ox-LDL treatment (Fig.6D). 

Discussion

The association between iron overload and ath-
erogenesis has been widely studied28, 29). However, iron 
hypothesis of cardiovascular diseases (CVD) is still 
controversial. The reason is probably that people focus 
on the association between CVD and systemic iron 
status. The parameters tested generally include serum 
ferritin, iron, and hepcidin30). CVD, in the case of 
atherosclerosis, may display a focal iron deposition or 
accumulation in atherosclerotic plaques rather than a 
systemic iron overload. Focal plaque expansion can be 
promoted when microvessels become thrombotic or 
rupture prone27). Apart from supplying plaques with 
leukocytes and lipoproteins, focal intraplaque micro-
hemorrhages initiate erythrocyte phagocytosis, further 
leading to iron deposition and neovascularization. 

level was elevated further when co-treatment with iron 
was performed. These data suggest that the stimulated 
lipid accumulation by ox-LDL or by ox-LDL plus 
iron likely results from the enhanced influx of lipid.

Iron Overload Stimulates the Detrimental Effects 
of Ox-LDL in the Activated RAW264.7 Cells

The aggregated and deformed RAW264.7 cells 
induced by co-treatment of FAC with ox-LDL sug-
gested the occurrence of apoptosis. Therefore, we 
determined if iron stimulated the apoptosis of ox-
LDL-mediated foam cells using flow cytometry, 
directly counted the living cells, and conducted bio-
chemical assays. The results showed an increased num-
ber of apoptotic cells after ox-LDL treatment (9.753±
0.510% vs. 2.730±0.140% in control), whereas co-
treatment of iron with ox-LDL pushed apoptosis up 
to 13.900±1.434% (Fig.6A and 6B). Consistently, 
the survival rate data supported the results (Fig.6C). 
The ratio of Bcl2, an integral outer mitochondrial 
membrane protein that blocks apoptotic death, to 
Bax, a pro-apoptotic regulator, is often used to judge 

Fig.6. Physiological interaction of iron with ox-LDL increases apoptosis of RAW264.7 cells

(A-B) Flow cytometry assays demonstrated the enhancement of apoptotic rates of RAW264.7 by co-treatment of FAC with ox-
LDL versus FAC or ox-LDL treatment alone. (C) Cell survival rate was significantly decreased after the co-treatment of FAC 
with ox-LDL versus FAC or ox-LDL treatment alone by counting the living cells. (D) Apoptotic index (Bcl2/Bax ratio) con-
firmed the occurrence of apoptosis. PI: propidium iodide; Bcl2 (B-cell lymphoma-2): an anti-apoptotic regulator; Bax: a pro-
apoptotic regulator; ＊p＜0.05, ＊＊p＜0.01, ＊＊＊p＜0.001.
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might be a protective factor in atherosclerosis. We 
propose that the reduced Cp promoted by lipid load-
ing, particularly further diminished by subsequent 
iron deposition, may trigger detrimental effects on 
foam cells in atherosclerotic plaques. Thus, our results 
support this notion that reduction of macrophage 
intracellular iron may be a promising avenue to 
increase macrophage reverse cholesterol transport38).

How ox-LDL and FAC interact after uptake to 
drastically reduce the expression of Cp is an interest-
ing question to be addressed. Little is known about 
this phenomenon. The complexes formed by myelo-
peroxidase (MPO), Cp, and LDL have been 
reported39), and it is known that Cp inhibits peroxi-
dase activity of MPO40). The complex formation 
might shield the ferroxidase activity of Cp, which 
could be one of the reasons for the reduced activity of 
Cp besides the low protein levels of Cp when co-treat-
ment of iron with ox-LDL was performed in the pres-
ent study. Cp mRNA level is known to be regulated 
by a cis-regulato  ry GAIT (IFN-γ activated inhibitor 
of translation complex) element and binding of the 
GAIT complex leads to translational silencing of Cp 
to some minimal basal level41). However, the effect of 
ox-LDL on GAIT and how iron enhances the effect of 
ox-LDL remain elusive.

In summary, the present study shows that Cp 
expression and activity were reduced in lipid-laden 
foam cells, which was especially further diminished by 
iron-overloading. This synergized reduction leads to 
obstructed iron efflux and enhanced cholesterol influx, 
possibly causing iron toxicity and oxidative stress to 
trigger apoptosis. The detailed mechanism on how Cp 
is regulated in the macrophages of atherosclerotic 
plaques by the interaction of ox-LDL with iron needs 
to be further elucidated. Nevertheless, this study opens 
new prospects for exploring the role of iron in athero-
sclerosis.
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