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Abstract 
Background Macrophages that accumulate in atherosclerotic plaques contribute to progression of the lesions to 
more advanced and complex plaques. Although iron deposition was found in human atherosclerotic plaques, 
clinical and pre-clinical studies showed controversial results. Several epidemiological studies did not show the 
positive correlation between a systemic iron status and an incidence of cardiovascular diseases, suggesting that 
the iron involvement occurs locally, rather than systemically. 
Results To determine the direct in vivo effect of iron accumulation in macrophages on the progression of 
atherosclerosis, we generated Apoe-/- mice with a macrophage-specific ferroportin (Fpn1) deficiency (Apoe-/-

Fpn1LysM/LysM). Fpn1 deficiency in macrophages dramatically accelerated the progression of atherosclerosis in 
mice. Pathophysiological evidence showed elevated levels of reactive oxygen species, aggravated systemic 
inflammation, and altered plaque-lipid composition. Moreover, Fpn1 deficiency in macrophages significantly 
inhibited the expression of ABC transporters (ABCA1 and ABCG1) by decreasing the expression of the 
transcription factor LXRα, which reduced cholesterol efflux and therefore promoted foam cell formation and 
enhanced plaque formation. Iron chelation relieved the symptoms moderately in vivo, but drastically ex vivo. 
Conclusions Macrophage iron content in plaques is a critical factor in progression of atherosclerosis. The 

interaction of iron and lipid metabolism takes place in macrophage-rich atherosclerotic plaques. And we also 

suggest that altering intracellular iron levels in macrophages by systemic iron chelation or dietary iron restriction 

may be a potential supplementary strategy to limit or even regress the progression of atherosclerosis. 

Keywords  

Atherosclerosis, Iron metabolism, Fpn1, Macrophages, Foam cell formation 

  



 

1 

 

Background 

Atherosclerosis is the underlying cause of a majority of clinical cardiovascular events, including myocardial 

infarction, peripheral artery disease, stroke and coronary artery disease (CAD) (1). Excessive fatty deposits and 

inflammatory cells accumulate during the formation and development of atherosclerotic lesions. As the major 

immune cells in atherosclerotic lesions, macrophages play a critical role in the development of atherosclerosis (2). 

A central hallmark of atherosclerosis is foam cell formation characterized by uncontrolled lipoprotein 

accumulation within macrophages (3). Despite decades of research, the molecular mechanisms underlying the 

uptake and efflux of lipids during this process remain to be fully understood (4). 

Iron is an essential element for many biological processes, such as DNA repair, cellular respiration, oxidation 

and reduction reactions, and oxygen transport. In 1981, Sullivan initially found a correlation between 

atherosclerosis and iron deposition, called the “iron hypothesis”, which proposes that iron overload promotes 
cardiovascular diseases, while iron deficiency protects against ischemic heart disease (5, 6). Interestingly, several 

epidemiological studies found that a high iron status was not associated with an increased incidence of CAD in 

humans; in contrast, an elevated status was correlated with a reduced CAD risk (7, 8). Although the iron 

concentration is higher in human atherosclerotic plaques than in healthy arterial tissue (9), it is still unclear 

whether iron accumulation in atherosclerotic plaques is a cause or a consequence, whether iron deposition is 

deleterious, and whether the associated harmful effects are cell specific (10). Considering the key roles of 

macrophages in the formation and progression of atherosclerotic plaques, combined with the fact that 

macrophages provide a large amount of iron in the circulation to meet systemic requirements by recycling iron 

from senescent red blood cells (11), selective iron deposition in macrophages has been proposed as a mechanism 

underlying accelerated atherosclerosis progression via catalytic generation of reactive oxygen species (ROS) and 

thus promotion of foam cell formation (12, 13). Several mouse models of iron overload (i.e., high-iron diet or 

injection with iron-dextran (14, 15) and hereditary hemochromatosis (HH) (16-18) characterized by systemic iron 

overload rather than macrophage-specific iron deposition are likely not suitable to integrate the current data for 
elucidating the impact of iron on atherosclerosis. 

Macrophage iron efflux is performed by ferroportin 1 (Fpn1), which is currently the only known mammalian 

iron exporter (19, 20). Systemic deletion of Fpn1 is embryonic lethal in mice, and heterozygotes with one targeted 
deletion of Fpn1 appear normal (20). A mouse strain with cell-specific deletion of Fpn1 (Fpn1LysM/LysM) was 

generated and showed iron accumulation specifically in macrophages (21). In this study, we generated a mouse 

model (Apoe-/-Fpn1LysM/LysM) by breeding Fpn1LysM/LysM mice with Apolipoprotein E-deficient (Apoe-/-) mice, a 

classic mouse model of atherosclerosis, to investigate the role of macrophage iron in atherosclerosis. Here, we 

demonstrated that iron overload in macrophages in Apoe-/-Fpn1LysM/LysM mice promotes foam cell formation and 

drastically accelerates atherosclerosis progression. 

 

Results 

Macrophage-specific Fpn1 deficiency drastically promotes atherosclerosis progression 

To determine the role of macrophage iron accumulation in the development of atherosclerosis, we crossed 

Fpn1LysM/LysM mice (21) with Apoe-/- mice to generate Apoe-/-Fpn1LysM/LysM mice, in which Fpn1 was specifically 

deleted in macrophages on the genetic background of global Apoe knockout. In male Apoe-/-Fpn1LysM/LysM and 
Apoe-/- mice, feeding of a high fat diet was initiated at 8 weeks of age and continued for another 16 weeks to 
induce atherosclerosis. Hematological assessment confirmed that macrophage-specific Fpn1 deficiency induced 
mild anemia (Table S1 and (21)). No differences were observed in body weight or the levels of plasma lipids, 
including cholesterol and triglycerides, between the Apoe-/-Fpn1LysM/LysM and Apoe-/-mice (Table S2). More iron 
accumulation in plaques was confirmed in Apoe-/-Fpn1LysM/LysM than in Apoe-/-mice (Fig. S1). 
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Strikingly, the severity of atherosclerosis was significantly increased after Fpn1 depletion in mice fed with 
high-fat chow (Fig. 1). We quantified the plaques in en face preparations of the aorta. As shown in Fig. 1a-b, the 
percentage of lesion area in the aorta were significantly higher in Apoe-/-Fpn1LysM/LysM mice than in Apoe-/- mice, 
as determined by Oil Red O staining. In accordance with the increase in overall lesion area, plaque size in the 
aortic root was also increased in Apoe-/-Fpn1LysM/LysM mice (Fig. 1c-d). Moreover, the Oil Red O-stained area in 
aortic roots presented more lipid content in Apoe-/-Fpn1LysM/LysM mice than in Apoe-/- mice (Fig. 1e-f). These results 
demonstrate that the Fpn1 deletion-induced iron accumulation in plaque macrophages is associated with the severe 
atherosclerosis. 
Macrophage-specific Fpn1 deficiency modulates the composition of atherosclerotic plaques 

The plaque composition in the aortic root was further analyzed in detail. Apoe-/-Fpn1LysM/LysM mice exhibited 
significantly stronger CD68-staining intensity than their Apoe-/- littermates, indicating that there were greater 
numbers of macrophages within the atherosclerotic lesions in the aortic roots of Apoe-/-Fpn1LysM/LysM mice (Fig. 
S2a). Furthermore, the area of immunostaining for α-SMA and the corresponding staining intensity were also 
increased in Apoe-/-Fpn1LysM/LysM mice (Fig. S2b), suggesting more proliferation of intimal vascular smooth muscle 
cells. However, plaque collagen content, as evidenced by Masson's Trichrome staining, was reduced in Apoe-/-

Fpn1LysM/LysM mice (Fig. S2c). In combination with the increased lesion area and plaque count, these compromised 
collagen levels render atherosclerotic plaques prone to rupture. Therefore, the results suggest that the 
atherosclerotic plaques in Apoe-/-Fpn1LysM/LysM mice are more advanced and less stable than those in Apoe-/- mice. 
Macrophage-specific Fpn1 deficiency increases oxidative stress in the aorta 

Iron loading may promote the formation of hydroxyl radicals via the Fenton reaction. Since oxidative stress 
plays a crucial role in the pathogenesis of atherosclerosis (22), we examined whether macrophage-specific Fpn1 
deficiency-mediated iron retention increased ROS levels in the aortas of Apoe-/-Fpn1LysM/LysM mice by performing 
dihydroethidium (DHE) fluorescence staining and measuring malondialdehyde (MDA) content. The results 
revealed that the intensities of DHE and MDA were increased in Apoe-/-Fpn1LysM/LysM mouse aortas, indicating that 
macrophage-specific Fpn1 deficiency increased oxidative stress in the vascular walls (Fig. 2a-c). Oxidative 
damage to DNA was also assessed by immunostaining for 8-hydroxy-2’-deoxyguanosine (8-OHdG). The results 
showed a significant increase in the 8-OHdG-positive area in the aortic roots of Apoe-/-Fpn1LysM/LysM mice (Fig. 
2d). As a result, cellular defenses against oxidative stress should be activated. We therefore measured the protein 

levels of catalase (CAT), heme oxygenase 1 (HO-1), and superoxide dismutase (SOD) to assess the cellular 

responses to oxidative stress. Western blotting showed that the expression levels of these scavengers (CAT, HO-
1, and SOD2) were all increased in the aorta (Fig. 2e-f). Among these enzymes, HO-1 presented the most 
remarkable change, which was correlated with increased macrophage infiltration (Fig. S2a). Taken together, these 
results suggest that iron accumulation in macrophages mediated by Fpn1 deficiency increases oxidative stress in 
the aorta and promotes atherosclerosis progression. 
Macrophage-specific Fpn1 deficiency increases arterial and systemic inflammation 

Macrophages play important roles in inflammatory responses, and chronic inflammation is one of the 
pathogenic features of atherosclerosis. Therefore, we investigated whether the loss of Fpn1 in macrophages can 
enhance the secretion of cytokines during atherosclerosis progression. IL-6, IL-1β, and TNF-α are 
proinflammatory cytokines released by macrophages and other cell types that can produce distant inflammatory 
effects. Western blotting showed that the expression of IL-1β and TNF-α in the aortas of Apoe-/-Fpn1LysM/LysM mice 
was significantly increased, while the protein level of IL-6 remained constant (Fig. 3a-b). The serum 
concentrations of hepcidin and IL-6, which were measured by ELISA, did not differ significantly between the 
mouse strains (Fig. 3c-d), while serum IL-1β and TNFα levels were significantly increased in Apoe-/-Fpn1LysM/LysM 
mice (Fig. 3e-f). The adhesion of monocytes to the endothelium should be accelerated by monocyte 
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chemoattractant protein (MCP)-1 and intercellular cell adhesion molecule-1 (ICAM-1). Consistent with the 
increased number of macrophages in plaques, the levels of MCP-1 and ICAM-1 were found to be significantly 
increased in the serum of Apoe-/-Fpn1LysM/LysM mice (Fig. 3g-h). Collectively, these results suggest that Fpn1 
deficiency in macrophages increases the production of proinflammatory cytokines and promotes aortic and 
systemic inflammation, which is the basis of monocyte recruitment to and infiltration into plaques. 
Macrophage-specific Fpn1 deficiency accelerates foam cell formation 

The formation of foam cells from macrophages is a crucial step in the development of atherosclerosis. To 
determine whether macrophage-specific Fpn1 deficiency-induced iron retention affected foam cell formation, we 
isolated primary peritoneal macrophages from mice and loaded the cells with oxLDL (50 μg/ml) for 48 h in the 
presence or absence of 100 μM FAC, an iron source, or 50 μM DFP, an iron chelator. DAB-enhanced Perls’ 
Prussian blue staining showed extensive iron accumulation in Apoe-/-Fpn1LysM/LysM macrophages, and this staining 
was further enhanced by treatment with FAC, confirming that the staining was iron specific and that Fpn1 
deficiency led to intracellular iron accumulation (Fig. 4a). After treatment with oxLDL, Oil Red O staining was 
performed. The results showed that more lipids accumulated in the Apoe-/-Fpn1LysM/LysM macrophages than in Apoe-

/- cells, and this accumulation was significantly enhanced by treatment with FAC and reduced by treatment with 
DFP, indicating that iron overload strengthened lipid deposition (Fig. 4b). Consistent with the Oil Red O staining 
results, the levels of total and esterified cholesterol were significantly increased in Apoe-/-Fpn1LysM/LysM 
macrophages compared with Apoe-/- macrophages, whereas iron chelation reduced cholesterol levels (Fig. 4c). 
Next, we measured the cytokines released by the macrophages. Culture medium from Apoe-/-Fpn1LysM/LysM 
macrophages exhibited higher levels of both TNF-α and IL-1β than medium from Apoe-/- macrophages, while iron 
chelation suppressed the release of these proinflammatory factors (Fig. 4d). These results indicate that Fpn1 
deficiency-mediated iron accumulation dramatically increases the potential of macrophages to form foam cells. 
Fpn1 deficiency-mediated iron accumulation in macrophages suppresses ABC transporters through 
downregulated LXRα expression 

Both uncontrolled uptake of modified LDL and impaired cholesterol efflux lead to lipid accumulation. 
Therefore, we asked whether the observed iron overload could cause uncontrolled uptake of modified LDL or 
impaired cholesterol efflux in Fpn1-deficient macrophages. To this end, we examined the expression of ABCA1 
and ABCG1, two important transporters mediating cholesterol efflux, and CD36 and LOX1, two receptors 
responsible for the uptake of oxLDL. Apoe-/-Fpn1LysM/LysM macrophages expressed significantly lower levels of 
ABCA1 and ABCG1 than Apoe-/- cells, while no difference in the expression of CD36 or LOX1 was found 
between Apoe-/- and Apoe-/-Fpn1LysM/LysM macrophages (Fig. 5a), suggesting that compromised efflux of cholesterol 
occurred when iron was overloaded in the macrophages. 

Liver X receptors (LXRs) are transcriptional regulators of lipid homeostasis that play an important role in 

the development of atherosclerosis (see review (23)). We thus asked whether LXRα expression was 

downregulated to reduce the expression of ABCA1 and ABCG1 in Fpn1-depleted macrophages. As expected, the 

protein level of LXRα was downregulated in Fpn1-depleted macrophages (Fig. 5a). To further examine whether 

the high level of intracellular iron, mediated by Fpn1 depletion, caused the change in LXRα expression, we treated 

Apoe-/-Fpn1LysM/LysM macrophages with DFP to reduce their iron content. Treatment with DFP significantly 
increased the expression of LXRα, as revealed by Western blot analysis (Fig. 5b). In addition, the protein and 
mRNA levels of ABCA1/ABCG1 were also increased by treatment with DFP (Fig. 5b and c). These data suggest 

that iron overload represses LXRα expression and subsequently reduces the expression of the cholesterol exporters 
ABCA1 and ABCG1 to enhance cellular lipid retention and promote macrophage differentiation into foam cells. 

In Apoe-/-Fpn1LysM/LysM mice, iron overload increased oxidative stress, which could play critical roles in the 

regulation of various cell functions and biological processes. Here, we postulate that ROS are the critical factors 
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in foam cell formation, more precisely in the downregulation of lipid exporters; thus, we chose an antioxidant, α-

LA, to modulate the differentiation of macrophages. We first used DHE fluorescence staining to evaluate ROS 
production. Apoe-/-Fpn1LysM/LysM macrophages presented a higher intensity of red fluorescence than Apoe-/- 
macrophages, and both DFP and α-LA treatment reduced the ROS levels (Fig. 5d). Interestingly, Western blot and 
qPCR analyses showed that treatment with α-LA significantly increased the expression of ABCA1/ABCG1 at 

both the protein and mRNA levels and that their upstream transcription factor subunit LXRα was also upregulated 
after treatment with α-LA (Fig. 5b and c), supporting the idea that iron-induced oxidative stress played an 

important role in blocking lipid efflux via LXRα repression (24). 

Since Fpn1 deficiency decreases the expression of ABCA1 and ABCG1 in macrophages, in vitro functional 

assays were performed to detect the capacity for cholesterol efflux mediated by ApoAI, a major structural protein 

of high-density lipoprotein involved in cellular cholesterol efflux. We incubated macrophages with oxLDL (50 

μg/ml) for 48 h to induce cholesterol accumulation and then exposed the cells to ApoAI (100 μg/ml) for 24 h to 
induce cholesterol efflux in the presence or absence of DFP or α-LA. Intracellular total cholesterol levels were 

determined by enzymatic assays. The results showed that ApoAI-stimulated cholesterol efflux in Apoe-/-

Fpn1LysM/LysM macrophages was markedly weaker than that in Apoe-/-, Apoe-/-Fpn1LysM/LysM + DFP and Apoe-/-

Fpn1LysM/LysM + α-LA macrophages (Fig. 5e). 
Iron chelation therapy prevents severe atherosclerosis in Apoe-/-Fpn1LysM/LysM mice 

Since treatment with the iron chelator DFP reduced intracellular iron levels and lipid deposits ex vivo, we 
hypothesized that DFP would reverse lipid accumulation and diminish plaque formation in vivo. Therefore, we 
administered DFP to 8-week-old Apoe-/-Fpn1LysM/LysM mice maintained on a high fat diet for 16 weeks. 

Hematological assessment showed that red blood cell counts, hemoglobin levels, hematocrit values and mean 
corpuscular hemoglobin values were reduced in the iron chelation group (DFP) compared with the vehicle group 
(Table S3). The serum iron level and transferrin saturation were significantly lower in the DFP-treated mice (Table 
S3). No differences were observed in body weight or the levels of plasma lipids, including cholesterol and 
triglycerides, between the DFP-treated and saline-treated mice (Table S4). However, DFP administration 

significantly reduced lesion area, as revealed by en face preparations of the aorta for Oil Red O staining (Fig. 6a-

b). In agreement with these observations, plaque size in the aortic root decreased after DFP administration, as 

indicated by the measured reductions in lesion percentage and lesion size (Fig. 6c-d). Moreover, the Oil Red O-

stained area in the aortic root also showed less lipid content in the DFP-treated mice than in the saline-treated 

mice (Fig. 6e-f). In addition, the expression of ABCA1/ABCG1 was increased within plaques after DFP 

administration (Fig. 6g). These data demonstrated that chronic systemic iron chelation has therapeutic effect in 

Apoe-/-Fpn1LysM/LysM mouse model of atherosclerosis. 

 

Discussion 

We report here that Fpn1 deficiency in macrophages dramatically accelerates the progression of 
atherosclerosis in mice despite the mice with mild anemia and without significant change of plasma hepcidin 
levels. These results provide direct evidence for the local contribution of macrophage iron to atherosclerosis 
development. Moreover, we report that iron accumulation mediated by Fpn1 deficiency in macrophages promotes 
lipid retention for foam cell formation via downregulated LXRα expression (model in Fig. S3). 

Although iron accumulates in human atherosclerotic lesions (25), epidemiological and experimental studies 
have produced controversial results regarding the role of iron in atherosclerosis development and progression. 
Considering the natural function of macrophages in iron recycling, macrophages need to export iron by, at least 
partially, the currently only known transporter Fpn1. In the classical HH patients and animal models, Fpn1 
function is enhanced by downregulated hepcidin (16, 26), which may explain systemic iron overload in HH 
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patients. Though, systemic iron overload is not a risk factor in atherosclerotic patients (7, 8). Later, the role of 
macrophage iron was proposed. Given these findings and the proposal, we generated Apoe-/-Fpn1LysM/LysM mice to 

investigate the role of macrophage iron. The symptoms of the mice presented a severe atherosclerosis as observed 
clinically. A very recent report has demonstrated that hepcidin deficiency protects against atherosclerosis in a 
hyperlipidemic mouse (Hamp−/−/Ldlr−/−) model, in which hepcidin deficiency is associated with both an increased 
serum iron level and a decreased macrophage iron level (16). The data from both Hamp−/−/Ldlr−/− (16) and Apoe-

/-Fpn1LysM/LysM (this work) models reciprocally demonstrated that low levels of iron in macrophages induced by 
upregulated Fpn1 protected against atherosclerosis and that high levels of iron in macrophages induced by Fpn1 
depletion accelerated the progression of atherosclerosis. These results were further confirmed by the observation 

in this study that Apoe-/-Fpn1LysM/LysM mice developed typical atherosclerotic plaques at 6 months of age more 

severely than Apoe-/- mice when fed a normal diet (results not shown). Thus, we emphasize the important role of 

macrophage iron that differs from the role of systemic iron overload in HH patients because macrophages in 
classical HH patients do not overload iron.  

Very interestingly, another mouse model (Apoe−/−Fpnwt/C326S), generated by Vinchi recently (17), presented 
aggravated atherosclerosis. This Fpn mutation (C326S) leads to type IV HH by rendering Fpn1 resistant to 
hepcidin binding, internalization, and degradation (27). Another mouse model with mutation (ffe, H32R) of Fpn1 
combining Apoe−/− to generate mice with macrophage-specific iron accumulation (18). Both mutations are 
dominant negative and animals homozygous for the mutations die early in gestation. The former mutation 
produced the aggravated atherosclerosis, compared with the control mice, as we observed in this study. However, 
the mice Apoe-/-/ffe did not exhibit more severe atherosclerosis than Apoe-/- mice. Comparing with Apoe-/-Fpn 

LysM/LysM mice, Apoe-/-Fpn1wt/C326S and Apoe-/-ffe mice may have less iron accumulation in macrophages, 
theoretically, due to a small portion of functional Fpn1 in the two heterozygous mutants though its gain-of function 
mutation. And the effects of mutation C326S might be stronger than H32R mutation, which is supported by 
patients with C326S mutation and none with H32R (H30 in human) so far and by remarkably diminished binding 
capacity of C326S mutant with hepcidin (27). Taken together, the content of macrophage iron matters when the 
deposited iron reaches a certain level and acts as a detrimental factor to aggravate atherosclerosis. Clinically, the 
deposited iron might not result from deficiency of functional Fpn1. We found significantly low levels of the 

ferroxidases, ceruloplasmin and hephaestin, in plaques comparing to normal vessel tissue, whereas the levels of 

ferritin and FPN1 were quite high (4). The accumulated iron may result from the inability to be released due to 
the insufficient ferroxidase. Thus, systemic iron chelation would be beneficial, as shown in our study and others 

(reviewed in (28)). 

Due to the significant role of accumulated iron in generating ROS via the Fenton reaction, one important 

aspect in Apoe-/-Fpn1LysM/LysM mice was oxidative stress, which was significantly higher than in Apoe-/- mice. It has 

been shown that ROS stress promotes foam cell formation. Here, we provide more evidence to support the role of 

iron-dependent oxidative stress in suppressing cholesterol efflux through the downregulation of ABC transporter 

expression. It is well accepted that LXRα and LXRβ complexes control cholesterol removal from macrophages 

by upregulating the expression of ABC transporters, including ABCA1 and ABCG1(29). We further demonstrate 

that the suppression of LXRα decreases the expression of ABCA1 and ABCG1 as occurred in Kupffer cells 

(reviewed in (30)). Notably, Bories et al demonstrated that iron loading in IL-4-polarized M2 macrophages drove 

the activation of LXRα and enhanced the transcription of ABCA1/ABCG1 (31). Although discussing each 

previously published result that contradicts our findings is beyond the scope of this manuscript, one major 

distinction that deserves attention is the different approaches that have been used to alter macrophage plasticity. 

In our study, the plasticity of Fpn1-deleted macrophages was directly shaped by retained iron, whereas the 

plasticity of IL-4-induced M2-like macrophages was directed by iron-induced ferroportin expression (28). 
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Therefore, the macrophage phenotypes are distinct with more M1-like macrophages in our study and more M2-

like macrophages in Bories’ study. As reviewed in (24), M2-like macrophages undergo a protective response to 

erythrophagocytosis and to oxidized LDL. It also supports that hemoglobin-stimulated macrophages display 

reduced intracellular iron content through upregulation of ferroportin expression, which in turn reduces iron-

induced oxidative stress and further increases the expression of ABCA1/ABCG1 through the activation of LXRα 

(32). 

Conclusions 

In summary, the present study provided direct evidence that iron accumulation in macrophages accelerated 

the development of atherosclerosis. The interaction of iron and lipid metabolism takes place in macrophage-rich 

atherosclerotic plaques. And we also suggest that altering intracellular iron levels in macrophages by systemic 

iron chelation or dietary iron restriction may be a potential supplementary strategy to limit or even regress the 

progression of atherosclerosis. 

 

Materials and Methods 

Detailed information on the methods used for histological, biochemical, and enzymatic assays is available 
in the supplementary data. 

Animals 

Apoe-/- mice were obtained from the Model Animal Research Center of Nanjing University (Nanjing, China). 

Fpn1-floxed (Fpn1flox/flox) mice on the 129/SvEvTac background were generated in our previous study (21). 

Fpn1flox/flox mice were mated with LysM-Cre mice to create LysM(Cre/Cre) Fpn1(flox/flox) (named Fpn1LysM/LysM) 

mice in which Fpn1 was specifically deleted in macrophages. Fpn1LysM/LysM and Fpn1flox/flox mice were crossed 

with Apoe-/- mice (C57BL/6J background) and backcrossed for more than 10 generations to generate Apoe-/-

Fpn1LysM/LysM and Apoe-/- Fpn1flox/flox (named Apoe-/-) mice before any experimentation was performed. At the age 

of 8 weeks, male Apoe-/- mice and their Apoe-/-Fpn1LysM/LysM littermates were fed a high fat diet (0.2% cholesterol 

and 20% fat) for 16 weeks in a SPF animal facility with a normal 12-h light-and-dark cycle and controlled 

temperature conditions (25°C). All animals were anesthetized with an intraperitoneal injection of pentobarbital 

sodium (40 mg/kg) and euthanized by cervical dislocation. For sample collection, all protocols were approved by 

the Animal Investigation Ethics Committee of The Affiliated Drum Tower Hospital of Nanjing University Medical 
School and were performed according to the Guidelines for the Care and Use of Laboratory Animals published 

by the National Institutes of Health, USA. 

Treatment with an iron chelator 

Apoe-/-Fpn1LysM/LysM mice were randomly divided into 2 groups: the vehicle (saline injection) and iron 

chelation (treatment with deferiprone, DFP, Sigma-Aldrich, St. Louis, MO) groups. DFP at a dose of 80 mg/kg 

or the same-volume saline was administered to these 8-week-old mice (fed a high fat diet) by daily intraperitoneal 

injection for 16 weeks. No mice were excluded during the experiments. 

Cell culture 

Peritoneal macrophages were collected from peritoneal exudates 4 days after injecting 8-week-old mice with 

0.3 ml of 4% BBL thioglycollate, Brewer modified (BD Biosciences, Shanghai, China), and then cultured in 

RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) for 8 h. The macrophages were then 

cultured in medium containing 50 μg/ml human oxidized low-density lipoprotein (oxLDL) for 48 h in the presence 

of 100 μM ferric ammonium citrate (FAC), 50 μM DFP or 200 nM alpha lipoic acid (α-LA; an antioxidant). Oil 

Red O staining was performed to evaluate foam cell formation. Cellular iron staining was performed using Perls’ 
Prussian blue stain. The protein levels of ABCA1, ABCG1, CD36, LOX-1 and LXRα were determined by Western 
blot analysis. 
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Statistical analysis 

All experiments were randomized and blinded. All the data are presented as the mean ± SEM. A two-tailed 

Student’s t-test (for two groups) or one-way analysis of variance followed by multiple comparisons test with 
Bonferroni correction (for more than two groups) was performed by using SPSS 17.0 (SPSS Inc, Chicago, IL). 

P < 0.05 indicated statistical significance. 
 

Abbreviations: 

CAD: coronary artery disease; ROS: reactive oxygen species; HH: hereditary hemochromatosis; Fpn1: ferroportin 

1; Apoe-/-: Apolipoprotein E-deficient; DFP: deferiprone; oxLDL: oxidized low-density lipoprotein; FAC: ferric 

ammonium citrate; α-LA: alpha lipoic acid; DHE: dihydroethidium; MDA: malondialdehyde; 8-OHdG: 8-
hydroxy-2’-deoxyguanosine; CAT: catalase; HO-1: heme oxygenase 1; SOD: superoxide dismutase; MCP-1: 
monocyte chemoattractant protein-1; ICAM-1:intercellular cell adhesion molecule-1; LXRs: Liver X receptors           

 

Acknowledgments: The authors would like to thank Dr. Dong Wang for reading our manuscript and giving 
valuable suggestions. 
 

Author contributions: JC, MZ, YL, HL, LS, TX and ZC performed the research and analyzed the data; 
FW, TQ, and KL analyzed the data; JC, MZ, and KL designed the study; TQ and KL supervised the study; 
and JC and KL wrote the paper. 
 

Funding This work was supported by the Basic Research Program of China [grant number: 2015CB856300] 
and the National Nature Science foundation of China [grant numbers: 81370387, 81870348, 31871201]. 
 

Competing interests: The authors declare that there is no conflict of interest. 

 

Ethics approval and consent to participate: All protocols were approved by the Animal Investigation Ethics 

Committee of The Affiliated Drum Tower Hospital of Nanjing University Medical School and were performed 

according to the Guidelines for the Care and Use of Laboratory Animals published by the National Institutes of 

Health, USA. 

 

Consent for publication: All authors have given consent for publication. 
 

Availability of data and materials: The data generated or analyzed during this study are included in 
this published article and its supplementary information files. 
 

References 

1. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, et al. Heart disease and stroke 
statistics--2015 update: a report from the American Heart Association. Circulation. 2015;131(4):e29-322. 
2. Tabas I, Bornfeldt KE. Macrophage Phenotype and Function in Different Stages of Atherosclerosis. 
Circulation research. 2016;118(4):653-67. 
3. Glass CK, Witztum JL. Atherosclerosis. the road ahead. Cell. 2001;104(4):503-16. 
4. Patel KM, Strong A, Tohyama J, Jin X, Morales CR, Billheimer J, et al. Macrophage sortilin promotes LDL 
uptake, foam cell formation, and atherosclerosis. Circulation research. 2015;116(5):789-96. 
5. Sullivan JL. Iron and the sex difference in heart disease risk. Lancet. 1981;1(8233):1293-4. 



 

8 

 

6. Sullivan JL. The iron paradigm of ischemic heart disease. American heart journal. 1989;117(5):1177-88. 
7. Sullivan JL. Do hemochromatosis mutations protect against iron-mediated atherogenesis? Circulation 
Cardiovascular genetics. 2009;2(6):652-7. 
8. Gill D, Del Greco MF, Walker AP, Srai SKS, Laffan MA, Minelli C. The Effect of Iron Status on Risk of 
Coronary Artery Disease: A Mendelian Randomization Study-Brief Report. Arteriosclerosis, thrombosis, and 
vascular biology. 2017;37(9):1788-92. 
9. Stadler N, Lindner RA, Davies MJ. Direct detection and quantification of transition metal ions in human 
atherosclerotic plaques: evidence for the presence of elevated levels of iron and copper. Arteriosclerosis, 
thrombosis, and vascular biology. 2004;24(5):949-54. 
10. Vinchi F, Muckenthaler MU, Da Silva MC, Balla G, Balla J, Jeney V. Atherogenesis and iron: from 
epidemiology to cellular level. Frontiers in pharmacology. 2014;5:94. 
11. Andrews NC. Forging a field: the golden age of iron biology. Blood. 2008;112(2):219-30. 
12. Hao S, Ji J, Zhao H, Shang L, Wu J, Li H, et al. Mitochondrion-Targeted Peptide SS-31 Inhibited Oxidized 
Low-Density Lipoproteins-Induced Foam Cell Formation through both ROS Scavenging and Inhibition of 
Cholesterol Influx in RAW264.7 Cells. Molecules. 2015;20(12):21287-97. 
13. Wang Q, Ji J, Hao S, Zhang M, Li K, Qiao T. Iron Together with Lipid Downregulates Protein Levels of 
Ceruloplasmin in Macrophages Associated with Rapid Foam Cell Formation. Journal of atherosclerosis and 
thrombosis. 2016;23(10):1201-11. 
14. Hu X, Cai X, Ma R, Fu W, Zhang C, Du X. Iron-load exacerbates the severity of atherosclerosis via inducing 
inflammation and enhancing the glycolysis in macrophages. Journal of cellular physiology. 2019;234(10):18792-
800. 
15. Marques VB, Leal MAS, Mageski JGA, Fidelis HG, Nogueira BV, Vasquez EC, et al. Chronic iron overload 
intensifies atherosclerosis in apolipoprotein E deficient mice: Role of oxidative stress and endothelial dysfunction. 
Life Sci. 2019;233:116702. 
16. Malhotra R, Wunderer F, Barnes HJ, Bagchi A, Buswell MD, O'Rourke CD, et al. Hepcidin Deficiency 
Protects Against Atherosclerosis. Arteriosclerosis, thrombosis, and vascular biology. 2019;39(2):178-87. 
17. Vinchi F, Porto G, Simmelbauer A, Altamura S, Passos ST, Garbowski M, et al. Atherosclerosis is aggravated 
by iron overload and ameliorated by dietary and pharmacological iron restriction. Eur Heart J. 2019. 
18. Kautz L, Gabayan V, Wang X, Wu J, Onwuzurike J, Jung G, et al. Testing the iron hypothesis in a mouse 
model of atherosclerosis. Cell reports. 2013;5(5):1436-42. 
19. Nemeth E, Tuttle MS, Powelson J, Vaughn MB, Donovan A, Ward DM, et al. Hepcidin regulates cellular 
iron efflux by binding to ferroportin and inducing its internalization. Science. 2004;306(5704):2090-3. 
20. Donovan A, Lima CA, Pinkus JL, Pinkus GS, Zon LI, Robine S, et al. The iron exporter ferroportin/Slc40a1 
is essential for iron homeostasis. Cell metabolism. 2005;1(3):191-200. 
21. Zhang Z, Zhang F, An P, Guo X, Shen Y, Tao Y, et al. Ferroportin1 deficiency in mouse macrophages impairs 
iron homeostasis and inflammatory responses. Blood. 2011;118(7):1912-22. 
22. Wang JC, Bennett M. Aging and atherosclerosis: mechanisms, functional consequences, and potential 
therapeutics for cellular senescence. Circulation research. 2012;111(2):245-59. 
23. Wang B, Tontonoz P. Liver X receptors in lipid signalling and membrane homeostasis. Nature reviews 
Endocrinology. 2018. 
24. Moore KJ, Sheedy FJ, Fisher EA. Macrophages in atherosclerosis: a dynamic balance. Nat Rev Immunol. 
2013;13(10):709-21. 
25. Sullivan JL. Iron in arterial plaque: modifiable risk factor for atherosclerosis. Biochimica et biophysica acta. 
2009;1790(7):718-23. 



 

9 

 

26. Brissot P, Pietrangelo A, Adams PC, de Graaff B, McLaren CE, Loreal O. Haemochromatosis. Nat Rev Dis 
Primers. 2018;4:18016. 
27. Aschemeyer S, Qiao B, Stefanova D, Valore EV, Sek AC, Ruwe TA, et al. Structure-function analysis of 
ferroportin defines the binding site and an alternative mechanism of action of hepcidin. Blood. 2018;131(8):899-
910. 
28. Guo L, Harari E, Virmani R, Finn AV. Linking Hemorrhage, Angiogenesis, Macrophages, and Iron 
Metabolism in Atherosclerotic Vascular Diseases. Arteriosclerosis, thrombosis, and vascular biology. 
2017;37(4):e33-e9. 
29. Li AC, Glass CK. The macrophage foam cell as a target for therapeutic intervention. Nature medicine. 
2002;8(11):1235-42. 
30. Scott CL, Guilliams M. The role of Kupffer cells in hepatic iron and lipid metabolism. J Hepatol. 
2018;69(5):1197-9. 
31. Bories G, Colin S, Vanhoutte J, Derudas B, Copin C, Fanchon M, et al. Liver X receptor activation stimulates 
iron export in human alternative macrophages. Circulation research. 2013;113(11):1196-205. 
32. Finn AV, Nakano M, Polavarapu R, Karmali V, Saeed O, Zhao X, et al. Hemoglobin directs macrophage 
differentiation and prevents foam cell formation in human atherosclerotic plaques. Journal of the American 
College of Cardiology. 2012;59(2):166-77. 
 

  



 

10 

 

Figure legends 

 

Figure 1. Macrophage-specific Fpn1 deficiency promotes atherosclerosis progression. Apoe-/- and Apoe-/-

Fpn1LysM/LysM male mice were fed a high fat diet for 16 weeks. (a) Representative images of Oil Red O staining of 

en face preparations of aortas. (b) Quantification of the aortic lesion area, n = 20. (c) and (d) Determination of 

aortic root lesion area and size, n = 4. (e) Representative images of Oil Red O staining and (f) quantification of 

lipid content in the aortic root in Apoe−/− and Apoe-/-Fpn1LysM/LysM mice, n = 4. Scale bar, 100 μm. Data are 
presented as the mean ± SEM. Statistical significance was determined using Student’s t-test. **P < 0.01, and ***P 

< 0.001 vs. Apoe-/- mice. 

 

Figure 2. Macrophage-specific Fpn1 deficiency increases oxidative stress in the aorta. (a) Representative 

images of DHE staining in the aortas of Apoe-/- and Apoe-/-Fpn1LysM/LysM mice and (b) quantification of DHE 

fluorescence intensity. (c) Malondialdehyde (MDA) content in the aortas of Apoe-/- and Apoe-/-Fpn1LysM/LysM mice. 

(d) Representative images of IHC staining for 8-OHdG and quantification of stained areas. (e) Western blot 

analysis of catalase (CAT), heme oxygenase 1 (HO-1) and superoxide dismutase (SOD2) protein expression in 

the aortas of Apoe-/- and Apoe-/-Fpn1LysM/LysM mice and (f) the quantification of this analysis. Data are presented as 

the mean ± SEM; n = 4. Statistical significance was determined using Student’s t-test. *P < 0.05, **P < 0.01, and 

***P < 0.001 vs. Apoe-/- mice. 

 

Figure 3. Macrophage-specific Fpn1 deficiency increases arterial and systemic inflammation. (a) and (b) 

Western blot analysis of IL-1β, IL-6 and TNF-α in the aortas of Apoe-/- and Apoe-/-Fpn1LysM/LysM mice, n = 4. 

Determination of the concentrations of serum hepcidin (c), IL-6 (d), IL-1β (e), TNF-α (f), MCP-1 (g), and ICAM-

1 (h) in Apoe-/- and Apoe-/-Fpn1LysM/LysM mice, n = 5. Data are presented as the mean ± SEM. Statistical significance 

was determined using Student’s t-test. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. Apoe-/- mice. NS, no 

significance. 

 

Figure 4. Macrophage-specific Fpn1 deficiency exacerbates foam cell formation and proinflammatory 

cytokine expression. (a) Representative images of DAB-enhanced Perls’ Prussian blue staining for iron. (b) Oil 

red O-stained images. (c) Determination of cellular total and esterified cholesterol contents. (d) Secreted TNF-α 
and IL-1β levels in culture medium. Cell treatments for A-D: peritoneal cavity-derived macrophages, referred to 

as peritoneal macrophages, were incubated with oxLDL (50 μg/mL) in the presence or absence of DFP (50 μM) 
for 48 h. Data are presented as the mean ± SEM; n = 6. Statistical significance was determined using one-way 

ANOVA followed by Tukey’s multiple comparisons test. ***P < 0.001 Apoe-/-Fpn1LysM/LysM vs. Apoe-/-, ††P < 0.01 

and †††P < 0.01 Apoe-/-Fpn1LysM/LysM + DFP vs. Apoe-/-Fpn1LysM/LysM. FAC: ferric ammonium citrate; DFP: 

deferiprone; oxLDL: oxidized low-density lipoprotein. 

 

Figure 5. Macrophage-specific Fpn1 deficiency suppresses ABC transporters by downregulating LXRα 
expression. Peritoneal macrophages from Apoe-/- and Apoe-/-Fpn1LysM/LysM mice were collected, cultured, and 

treated with the iron chelator DFP or the antioxidant α-LA as indicated. (a) Protein levels of ABCA1, ABCG1, 

LXRα, CD36 and LOX1 revealed by Western blot analysis. (b) Protein levels of ABCA1, ABCG1, and LXRα 
after the macrophages were treated with DFP (50 μM) or α-LA (200 nM) for 48 h. (c) The relative mRNA levels 

of ABCA1 and ABCG1, as determined by qPCR. (d) Representative images of DHE staining following treatment 

with DFP (50 μM) or α-LA (200 nM) for 48 h. (e) ApoAI-mediated cholesterol efflux in Apoe-/-Fpn1LysM/LysM 
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macrophages. The cholesterol-loaded macrophages were incubated with or without ApoAI (100 µg/ml) in the 

presence or absence of DFP (50 μM) or α-LA (200 nM) for 24 h. The results are expressed as the percentage 

change in the intracellular total cholesterol amount in the presence of ApoAI relative to that in ApoAI-free medium. 

Data are presented as the mean ± SEM; n = 4. Statistical significance was determined using Student’s t-test and 

one-way ANOVA followed by Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001 

Apoe-/-Fpn1LysM/LysM vs. Apoe-/-; †P < 0.05, ††P < 0.01 and †††P < 0.001 Apoe-/-Fpn1LysM/LysM + DFP vs. Apoe-/-

Fpn1LysM/LysM; ‡P < 0.05, ‡‡P < 0.01 Apoe-/-Fpn1LysM/LysM + α-LA vs. Apoe-/-Fpn1LysM/LysM. α-LA: alpha lipoic acid. 

 

Figure 6. Iron chelation therapy prevents severe atherosclerosis in Apoe-/- Fpn1LysM/LysM mice. Eight-week-

old male Apoe-/-Fpn1LysM/LysM mice were fed a High fat diet and randomly divided into 2 groups: the vehicle- 

(saline) and iron chelator-treated (DFP, 80 mg/kg) groups. (a) Representative images of Oil Red O staining of 

aortas. (b) Quantification of the aortic lesion area, n = 10. (c) and (d) Determination of aortic root lesion area and 

size, n = 4. (e) and (f) Representative images and quantification of Oil Red O staining of the aortic roots of Apoe-

/-Fpn1LysM/LysM mice, n = 4. (g) Representative images of IHC staining for ABCA1 and ABCG1 and the 

quantification of the stained areas, n = 4. Scale bar, 100 μm. Data are presented as the mean ± SEM. Statistical 

significance was determined using Student’s t-test and one-way ANOVA followed by Tukey’s multiple 
comparisons test. *P < 0.05 Apoe-/-Fpn1LysM/LysM + saline vs. Apoe-/- mice, †P < 0.05, †††P < 0.001 Apoe-/-

Fpn1LysM/LysM + DFP vs. Apoe-/-Fpn1LysM/LysM + saline. 
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Macrophage-speci�c Fpn1 de�ciency promotes atherosclerosis progression. Apoe-/- and Apoe-/-
Fpn1LysM/LysM male mice were fed a high fat diet for 16 weeks. (a) Representative images of Oil Red O
staining of en face preparations of aortas. (b) Quanti�cation of the aortic lesion area, n = 20. (c) and (d)
Determination of aortic root lesion area and size, n = 4. (e) Representative images of Oil Red O staining
and (f) quanti�cation of lipid content in the aortic root in Apoe−/− and Apoe-/-Fpn1LysM/LysM mice, n =
4. Scale bar, 100 μm. Data are presented as the mean ± SEM. Statistical signi�cance was determined
using Student’s t-test. **P < 0.01, and ***P < 0.001 vs. Apoe-/- mice.



Figure 2

Macrophage-speci�c Fpn1 de�ciency increases oxidative stress in the aorta. (a) Representative images of
DHE staining in the aortas of Apoe-/- and Apoe-/-Fpn1LysM/LysM mice and (b) quanti�cation of DHE
�uorescence intensity. (c) Malondialdehyde (MDA) content in the aortas of Apoe-/- and Apoe-/-
Fpn1LysM/LysM mice. (d) Representative images of IHC staining for 8-OHdG and quanti�cation of
stained areas. (e) Western blot analysis of catalase (CAT), heme oxygenase 1 (HO-1) and superoxide
dismutase (SOD2) protein expression in the aortas of Apoe-/- and Apoe-/-Fpn1LysM/LysM mice and (f)



the quanti�cation of this analysis. Data are presented as the mean ± SEM; n = 4. Statistical signi�cance
was determined using Student’s t-test. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. Apoe-/- mice.

Figure 3

Macrophage-speci�c Fpn1 de�ciency increases arterial and systemic in�ammation. (a) and (b) Western
blot analysis of IL-1β, IL-6 and TNF-α in the aortas of Apoe-/- and Apoe-/-Fpn1LysM/LysM mice, n = 4.
Determination of the concentrations of serum hepcidin (c), IL-6 (d), IL-1β (e), TNF-α (f), MCP-1 (g), and
ICAM-1 (h) in Apoe-/- and Apoe-/-Fpn1LysM/LysM mice, n = 5. Data are presented as the mean ± SEM.
Statistical signi�cance was determined using Student’s t-test. *P < 0.05, **P < 0.01, and ***P < 0.001 vs.
Apoe-/- mice. NS, no signi�cance.



Figure 4

Macrophage-speci�c Fpn1 de�ciency exacerbates foam cell formation and proin�ammatory cytokine
expression. (a) Representative images of DAB-enhanced Perls’ Prussian blue staining for iron. (b) Oil red
O-stained images. (c) Determination of cellular total and esteri�ed cholesterol contents. (d) Secreted TNF-
α and IL-1β levels in culture medium. Cell treatments for A-D: peritoneal cavity-derived macrophages,
referred to as peritoneal macrophages, were incubated with oxLDL (50 μg/mL) in the presence or absence
of DFP (50 μM) for 48 h. Data are presented as the mean ± SEM; n = 6. Statistical signi�cance was
determined using one-way ANOVA followed by Tukey’s multiple comparisons test. ***P < 0.001 Apoe-/-
Fpn1LysM/LysM vs. Apoe-/-, ††P < 0.01 and †††P < 0.01 Apoe-/-Fpn1LysM/LysM + DFP vs. Apoe-/-
Fpn1LysM/LysM. FAC: ferric ammonium citrate; DFP: deferiprone; oxLDL: oxidized low-density
lipoprotein.



Figure 5

Macrophage-speci�c Fpn1 de�ciency suppresses ABC transporters by downregulating LXRα expression.
Peritoneal macrophages from Apoe-/- and Apoe-/-Fpn1LysM/LysM mice were collected, cultured, and
treated with the iron chelator DFP or the antioxidant α-LA as indicated. (a) Protein levels of ABCA1,
ABCG1, LXRα, CD36 and LOX1 revealed by Western blot analysis. (b) Protein levels of ABCA1, ABCG1, and
LXRα after the macrophages were treated with DFP (50 μM) or α-LA (200 nM) for 48 h. (c) The relative
mRNA levels of ABCA1 and ABCG1, as determined by qPCR. (d) Representative images of DHE staining
following treatment with DFP (50 μM) or α-LA (200 nM) for 48 h. (e) ApoAI-mediated cholesterol e�ux in
Apoe-/-Fpn1LysM/LysM macrophages. The cholesterol-loaded macrophages were incubated with or
without ApoAI (100 µg/ml) in the presence or absence of DFP (50 μM) or α-LA (200 nM) for 24 h. The
results are expressed as the percentage change in the intracellular total cholesterol amount in the
presence of ApoAI relative to that in ApoAI-free medium. Data are presented as the mean ± SEM; n = 4.



Statistical signi�cance was determined using Student’s t-test and one-way ANOVA followed by Tukey’s
multiple comparisons test. *P < 0.05, **P < 0.01, and ***P < 0.001 Apoe-/-Fpn1LysM/LysM vs. Apoe-/-; †P
< 0.05, ††P < 0.01 and †††P < 0.001 Apoe-/-Fpn1LysM/LysM + DFP vs. Apoe-/-Fpn1LysM/LysM; ‡P <
0.05, ‡‡P < 0.01 Apoe-/-Fpn1LysM/LysM + α-LA vs. Apoe-/-Fpn1LysM/LysM. α-LA: alpha lipoic acid.

Figure 6

Iron chelation therapy prevents severe atherosclerosis in Apoe-/- Fpn1LysM/LysM mice. Eight-week-old
male Apoe-/-Fpn1LysM/LysM mice were fed a High fat diet and randomly divided into 2 groups: the
vehicle- (saline) and iron chelator-treated (DFP, 80 mg/kg) groups. (a) Representative images of Oil Red O
staining of aortas. (b) Quanti�cation of the aortic lesion area, n = 10. (c) and (d) Determination of aortic



root lesion area and size, n = 4. (e) and (f) Representative images and quanti�cation of Oil Red O staining
of the aortic roots of Apoe-/-Fpn1LysM/LysM mice, n = 4. (g) Representative images of IHC staining for
ABCA1 and ABCG1 and the quanti�cation of the stained areas, n = 4. Scale bar, 100 μm. Data are
presented as the mean ± SEM. Statistical signi�cance was determined using Student’s t-test and one-way
ANOVA followed by Tukey’s multiple comparisons test. *P < 0.05 Apoe-/-Fpn1LysM/LysM + saline vs.
Apoe-/- mice, †P < 0.05, †††P < 0.001 Apoe-/-Fpn1LysM/LysM + DFP vs. Apoe-/-Fpn1LysM/LysM +
saline.
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