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Introduction
Elevated hematocrit is associated with increased atherothrombotic 
cardiovascular disease (ACD), the number one cause of death and 
disability in Western societies (1, 2). Observational studies have 
shown that human coronary atherosclerotic lesions contain RBCs, 
RBC debris, and iron, and that RBC infiltration and macrophage 
erythrophagocytosis are associated with lesional lipid and pro-
tein oxidation (3–5). RBC fragments are more evident in unstable 
atherosclerotic plaques with large necrotic cores and thin fibrous 
caps, suggesting that RBCs may serve as a source of cholesterol  
and oxidized lipids that promote formation of unstable athero-
sclerotic plaques (3, 4). While these observations are suggestive,  
the causal role of RBCs in the development and progression of 

atherosclerosis remains uncertain, due in part to the concomitant 
infiltration and activation of inflammatory cells that have a well- 
established role in promoting ACD (6–8).

JAK2VF, a gain-of-function mutation that is a common driver 
of myeloproliferative disorders, such as polycythemia vera and 
essential thrombocytosis, is prominently associated with ACD (9, 
10). While JAK2VF-driven myeloproliferative disorders are asso-
ciated with increased hematocrit, platelet and leukocyte counts, 
mutations in JAK2 exon 12 have been identified in patients with 
myeloproliferative disorders who have isolated erythrocytosis (9) 
and increased atherothrombotic events (11). The JAK2VF variant is 
also associated with clonal hematopoiesis, a common condition 
in the elderly that increases the risk of atherothrombotic disease, 
including early onset myocardial infarction (12). Mouse models 
of clonal hematopoiesis have shown increased atherosclerosis 
(13–15) and heart failure (16, 17). The JAK2VF mutation, which is 
found in 3.1% of the general European population (18), occurs at a 
younger age and increases coronary artery disease (12) and venous 
thromboembolic disease (19, 20) more prominently than the other 
clonal hematopoiesis variants.

We have shown that hematopoietic Jak2VF expression increases 
ACD despite lowering LDL cholesterol in both mice and humans 
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We then characterized atherosclerosis in more advanced lesions 
after WD feeding for 22 weeks. VFEpoR and control mice again 
showed comparable plasma cholesterol levels, body weight, spleen 
weight, RBCs, hematocrit, WBCs, and platelet counts (Supplemen-
tal Figure 1, I–K). VFEpoR mice also showed increased RDW and 
lower serum EPO level (Supplemental Figure 1, J and L), similar to 
patients with JAK2VF myeloproliferative neoplasm (28). Total aortic 
root lesion area showed no change (Supplemental Figure 1M). How-
ever, features of plaque instability, including increased necrotic 
core area, decreased fibrous cap area, and reduced lesional collagen 
content, were all prominent in VFEpoR mice (Supplemental Figure 
1, M and N). Costaining of RBC and macrophage markers indicated 
increased erythrophagocytosis in VFEpoR compared with control 
mice (Figure 1C). Localization of RBCs inside macrophages was ver-
ified by 3D confocal immunofluorescence imaging in VFEpoR mice 
(Figure 1D). Excessive erythrophagocytosis can liberate non-trans-
ferrin-bound iron (29). Accordingly, Perl’s blue plus diaminoben-
zidine (DAB) staining revealed increased reactive iron deposits in 
VFEpoR mice (Figure 1C), in a similar distribution to erythrophago-
cytotic macrophages (Figure 1C). Aortic root lesions of VFEpoR 
mice had more TUNEL-positive macrophages, indicating increased 
macrophage death and consistent with the increased necrotic cores 
(Figure 1E). There was also evidence of increased lipid peroxidation 
in plaques as shown by increased 4-hydroxynonenal (4-HNE) stain-
ing (Figure 1F). Iron deposition and 4-HNE staining in tissues are 
markers of ferroptosis (30). Recently, a screen of mAbs produced in 
response to ferroptotic membranes uncovered increased transfer-
rin receptor (TfR) staining as a highly characteristic cellular marker 
of ferroptosis (25). We found increased TfR staining in atheroscle-
rotic lesions of VFEpoR mice relative to the control mice that was  
primarily colocalized with macrophages (Figure 1G), indicat-
ing macrophage ferroptosis. These findings suggest that even in 
the absence of erythrocytosis, increased erythrophagocytosis in 
VFEpoR mice leads to ferroptotic cell death that could contribute to 
increased necrotic core formation.

Jak2VF-induced erythrocytosis further aggravates atherosclerosis. 
Prominent increases in RBCs as well as increased WBCs and platelets 
are associated with increased risk of atherosclerosis in JAK2VF-driven 
polycythemia vera (22). Moreover, a recent study has linked clonal 
hematopoiesis mutations to erythrocytosis and increased ACD in 
a general population, with JAK2VF as a prominent contributor (31). 
We found that low-dose EPO administration selectively induced 
increased RBC counts, hematocrit, and RDW but not WBC and plate-
let counts in VFEpoR mice relative to EpoR-Cre control and WT mice 
over 12 weeks (Supplemental Figure 2A). To evaluate the atherogenic 
role of VFEpoR RBCs in a model that mimics human polycythemia, 
we injected the same low-dose EPO into hyperlipidemic littermate 
EpoR-Cre control and VFEpoR mice that were fed the WD for 12 
weeks. The phenotypes induced by low-dose EPO in hyperlipidem-
ic VFEpoR mice resembled those seen in human polycythemia, with 
increased RBC counts, hematocrit, RDW, and splenomegaly (Supple-
mental Figure 2B). However, there were no changes in WBC or plate-
let counts compared with control mice (Supplemental Figure 2C). 
Body weight and plasma cholesterol levels were comparable in these 
2 groups (Supplemental Figure 2, D and E) throughout the study.

Total lesion area and necrotic core area of aortic root plaques 
were significantly increased, whereas fibrous cap area and lesional  

(21, 22). Mice that express Jak2VF in multiple hematopoietic cell 
lineages have elevated RBCs, platelets, and WBCs; prominent 
lesional necrotic core formation; and inflammatory cell infiltra-
tion (22). Striking RBC accumulation and iron deposits as well as 
colocalization of RBC and macrophage markers suggest erythro-
phagocytosis within atherosclerotic lesions. Recent studies have 
shown that erythrophagocytosis can lead to ferroptotic cell death 
of splenic red pulp macrophages in mice transfused with aged 
RBCs (23). Ferroptosis is a form of caspase-independent cell death 
promoted by Fe2+ and phospholipid hydroperoxides (22) that could 
potentially promote atherosclerosis in Jak2VF mice.

To investigate whether RBCs contribute to atherogenesis inde-
pendently from leukocytes or platelets, we developed hyperlipidem-
ic mice with selective expression of Jak2VF in the erythroid lineage 
using erythropoietin receptor Cre (24), referred to as VFEpoR mice. 
These mice displayed increased RBC and Fe staining in plaques and 
increased plaque necrosis. Low-dose erythropoietin (EPO) injec-
tion induced erythrocytosis without concomitant leukocytosis or 
thrombocytosis and further exacerbated plaque necrosis. We used 
a marker of ferroptosis (25) to show prominent ferroptosis in ath-
erosclerotic lesions of mice. Moreover, inhibition of ferroptosis with 
liproxstatin-1 (Liprox-1) markedly reduced lesion area and necrosis 
in VFEpoR mice, including in a clonal hematopoiesis model, but not 
in control hyperlipidemic mice. Thus, we have established an inde-
pendent role of Jak2VF erythroid lineage expression in the exacerba-
tion of atherosclerosis and have identified ferroptosis as a potential 
therapeutic target in ACD.

Results
Erythroid lineage–specific expression of Jak2VF promotes features of 
plaque instability in VFEpoR mice. To restrict the expression of Jak2VF 
to the erythroid lineage, we used EpoR-Cre mice to create a condi-
tional knockin of Jak2VF. Allele-specific qPCR analysis showed that 
Jak2VF expression was restricted to erythroid progenitor and precur-
sor cells (Supplemental Figure 1A; supplemental material available 
online with this article; https://doi.org/10.1172/JCI155724DS1), 
leading to a modest increase in megakaryocyte-erythroid progeni-
tors and no significant change of hematocrit (Supplemental Figure 
1B). EpoR-Cre did not induce Jak2VF expression in aortic endothe-
lial cells, myeloid cells, or the heart (Supplemental Figure 1C). We 
monitored blood cell counts up to 11 months of age for the VFEpoR 
and littermate control EpoR mice and did not observe changes in 
hematocrit or RBC, WBC, and platelet counts in the VFEpoR mice, 
but we observed significantly increased red cell distribution width 
(RDW) over time (Supplemental Figure 1D), a known marker of 
CVD risk (26). We were unable to generate VFEpoR/Ldlr–/– mice by 
cross-breeding because of linkage disequilibrium between the Epor 
and Ldlr genes. As an alternative, we used Ldlr antisense oligonu-
cleotide (ASO; ref. 27) to knock down Ldlr in VFEpoR mice. After 12 
weeks of Western diet (WD) feeding, VFEpoR and littermate EpoR-
Cre control mice had comparable plasma cholesterol levels, body 
weight, spleen weight, RBC counts, hematocrit, WBC, and platelet 
counts (Supplemental Figure 1, E–H). VFEpoR mice displayed sig-
nificantly increased RDW (Supplemental Figure 1G). Although over-
all lesion area was not increased in VFEpoR mice, they displayed an 
increase in necrotic core area and lower overall collagen content 
(Figure 1, A and B), without a change in fibrous cap area (Figure 1B). 
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increased in VFEpoR RBCs (Figure 3C and Supplemental Figure 
3B). Cellular lipid peroxidation was also increased in splenic red 
pulp macrophages and CD11b+ myeloid cells, especially neutro-
phils in VFEpoR mice, consistent with phagocytic uptake of RBCs 
containing increased lipid peroxides in the spleen (Figure 3D). 
VFEpoR RBCs also showed increased annexin V staining, which 
has been associated with aging changes in RBCs (ref. 35 and Figure 
3E). Together, these observations suggest increased ROS and lipid 
peroxidation that may lead to premature aging of VFEpoR RBCs, 
potentially seeding lipid peroxidation in splenic and lesional WBCs 
and promoting atherosclerosis.

Proteomics analysis indicates reduced antioxidant defenses in 
VFEpoR RBCs. To explore underlying defects promoting oxidative 
changes in Jak2VF RBCs, we conducted unbiased, high-through-
put proteomics profiling. This showed a prominent increase in 
reticulocyte proteins consistent with reticulocytosis in VFEpoR 
mice (Supplemental Figure 3C). However, reticulocytes did not 
show an increase in ROS (Supplemental Figure 3D). There was 
an increase in EIF2AK1 (also known as heme-regulated inhibitor, 
HRI) and EIF2A (Figure 3F), consistent with increased oxidative 
stress (36). Notably, there were decreased levels of several key 
enzymes in glutathione metabolism in VFEpoR RBCs, including 
glutamate cysteine ligase catalytic subunit (GCLC), the rate-lim-
iting enzyme in GSH synthesis (37, 38); glutathione s-transferase 
theta 1 (GSTT1), involved in conjugating GSH to hydrophobic 
substrates (39), consistent with a previous report (40); and glu-
tathione peroxidase 1 (GPX1), the major isoform of GPX in RBCs 
(41) that utilizes GSH to reduce lipid hydroperoxides (Figure 3G). 
The decreased expression of these genes involved in glutathione 
metabolism was associated with a reduced glutathione to oxi-
dized glutathione ratio in VFEpoR RBCs (Figure 3H). Together, 
these data confirmed increased oxidative stress in VFEpoR RBCs 
and uncovered decreased antioxidant activity involving protective 
glutathione pathways that reduce lipid peroxidation.

Increased arterial endothelial permeability in VFEpoR mice. The 
increased entry of multiple cell types into atherosclerotic lesions 
suggested disruption of arterial endothelial barrier function. The 
uptake of hemoglobin by CD163+ macrophages has been shown 
to increase intraplaque angiogenesis in very advanced atheroscle-
rotic lesions, with increased neovascular permeability (42). How-
ever, assessment of Von Willebrand factor staining did not show 
increased lesional angiogenesis in VFEpoR mice (Supplemental 
Figure 3E). Intravenous administration of 70 kDa FITC-dextran 
followed by high-resolution imaging of the aortic root revealed 
increased lesional FITC-dextran deposition in VFEpoR mice 
(Figure 4A). In addition, intravascular administration of albumin 
complexed with Evans blue showed more intense staining in the 
aortic arch and descending aorta in VFEpoR mice fed the WD 
for 12 weeks (Figure 4B). Increased Evans blue staining was also 
observed after feeding the WD for only 6 weeks, prior to lesion for-
mation, indicating that increased permeability was not secondary 
to increased lesion formation in VFEpoR mice (Figure 4B). Hemo-
dynamic stress could induce breaches in the arterial intima, leading 
to RBC infiltration and increased atherogenesis (43). We assessed 
this possibility by scanning electron microscopy with VFEpoR and 
littermate controls fed the WD for 12 weeks. This showed marked 
endothelial injury, with prominent loss of endothelial cells in 

collagen content were reduced in EPO-injected hyperlipidem-
ic VFEpoR mice compared with control mice (Figure 2, A and B). 
Likewise, direct visualization of aortic arch lesions showed promi-
nently increased lesion formation along the lesser curvature of the 
aorta and at aortic branch points that are regions of disturbed blood 
flow (Supplemental Figure 2F). Consistent with the more severe 
atherosclerosis phenotypes, there was more prominent staining 
for lesional RBCs, iron, TUNEL, 4-HNE, and macrophage TfR in 
VFEpoR mice injected with EPO compared with VFEpoR mice 
not injected with EPO (Figure 2, C–F). Immunostaining of Mac2 
showed increased Mac2-positive aortic root lesion area (Figure 2G) 
without altered lesional macrophage proliferation (Supplemental 
Figure 2G) in VFEpoR mice, consistent with increased monocyte 
entry into plaques and monocyte-to-macrophage differentiation 
(32). VFEpoR lesions showed increased staining of H3cit, a mark-
er of citrullinated histone, which was largely colocalized with MPO 
immunostaining, suggesting increased neutrophil extracellular 
traps (NETs), although lower level MPO could be expressed in mac-
rophages (Figure 2H). Together, these results suggest increased 
entry not only of RBCs but also of WBCs into plaques, leading to 
increased macrophage burden and NETosis in addition to macro-
phage ferroptosis and lipid peroxidation products in VFEpoR mice.

Increased ROS and lipid peroxidation in VFEpoR RBCs. The 
infiltration of RBCs into plaques along with evidence of eryth-
rophagocytosis and lipid peroxidation suggested that VFEpoR 
RBCs might contain increased lipid peroxides. VFEpoR RBCs had 
elevated levels of ROS as assessed by staining with H2 DCFDA, 
regardless of EPO supplementation (Figure 3A and Supplemental 
Figure 3A). In addition to nonenzymatic production of ROS by Hb 
auto-oxidation and iron-mediated Fenton chemistry (33), enzy-
matic ROS production could also contribute to RBC ROS genera-
tion (34). Indeed, NADPH oxidase 2 (NOX2) levels were increased 
approximately 3-fold in VFEpoR RBCs (Figure 3B). Consistently, 
lipid peroxidation, as assessed with C11-BODIPY staining, was 

Figure 1. Characterization of atherosclerotic plaques of VFEpoR mice. 
Control (EpoR-Cre) and VFEpoR mice were fed a Western diet and treated 
with low-density lipoprotein receptor antisense oligonucleotides (ASO) 
weekly for 12 weeks. (A) H&E staining and quantification of total lesion 
area and necrotic core area in the aortic root. Necrotic core regions are 
indicated by broken lines. Scale bar: 100 μm. (B) Aortic root sections were 
stained with Masson’s trichrome staining for fibrous cap (red, outlined 
by broken lines) and collagen (blue) content area, and then quantified 
as the ratio of total lesion area. Scale bar: 100 μm. (C) Redox-active iron 
deposition (Perl’s blue + DAB); IHC staining of RBCs (anti-Ter119) and 
macrophages (anti-Mac2) in aortic roots. Bar graph shows quantification 
of iron (II)–positive and erythrophagocytosis (Ter119+Mac2+) cell counts 
per section. Scale bar: 100 μm. (D) Representative 3D-rendered image 
from VFEpoR mice aortic root lesions of macrophage (anti-Mac2, green), 
smooth muscle cell (ACTA-2, magenta), and RBCs (anti-Ter119, red). Size: 
332.80 μm × 332.80 μm × 7.50 μm. Calibration: XY:0.33 μm, Z:1.50 μm. 
Arrowheads show macrophage erythrophagocytosis. (E) TUNEL and 
immunofluorescence staining of macrophage (anti-Mac2) in aortic roots 
and quantification of TUNEL-positive cell counts per section. Scale bar: 
75 μm. (F) Lipid peroxidation product 4-HNE staining, quantified as the 
percentage of total lesion area. Scale bar: 100 μm. (G) Immunofluorescence 
staining of TfR1 and macrophage (anti-Mac2), and quantification of TfR1 
and macrophage costaining cell counts per section. Scale bar: 50 μm. 
Unpaired 2-tailed t test or Mann–Whitney U test, *P < 0.05.
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VFEpoR mice (Figure 4C). These aortic denudations were associ-
ated with local RBC clusters and sometimes platelets (Figure 4C). 
Such phenotypes were rare in littermate EpoR-Cre control mice 
with low-dose EPO treatment (Figure 4C). To determine whether 
endothelial damage was associated with increased entry of RBCs 
into atherosclerotic lesions, we labeled control and VFEpoR RBCs 
with a membrane-integrating dye (PKH26) (Supplemental Fig-
ure 3F), and then transfused them in Ldlr–/– mice fed a WD diet 
for 2 weeks, followed by injection once per week for another 5  
weeks to similar levels (Supplemental Figure 3G). 3D confocal 
imaging of aortic root lesions showed increased RBC infiltration 
and increased erythrophagocytosis of VFEpoR RBCs compared 
with WT RBCs (Figure 4D).

Erythrophagocytosis of VFEpoR RBCs promotes macrophage fer-
roptosis. The evidence of lipid peroxidation in RBCs, macrophage 
death in association with increased staining for ferroptosis marker 
TfR, and necrotic core formation led us to further investigate the role 
of macrophage ferroptosis in atherogenesis in VFEpoR mice. Ferro-
ptosis is a distinct mode of cell death induced by the accumulation 
of iron and lipid peroxides that is defined by the cellular response 
to specific chemical activators or inhibitors in the absence of evi-
dence for other modes of cell death (44). Moreover, ferroptosis is 
prominently induced by defects in glutathione metabolism, includ-
ing glutathione peroxidase 4 (GPX4) deficiency (44). To assess a 
potential role of ferroptosis, we incubated RBCs from control and 
VFEpoR mice with WT BM-derived macrophages (BMDMs). In 
order to increase the uptake of RBCs by phagocytosis, we treated 
macrophages with IL-4, which produced M2 macrophages, and 
compared their response to untreated (M0) or cytokine treated (M1) 
macrophages. Control and VFEpoR RBCs showed similar rates of 
erythrophagocytosis (Supplemental Figure 4A). After incubation 
with the same number of VFEpoR or littermate control RBCs for 6 
hours, cellular lipid peroxidation as assessed by C11-BODIPY stain-
ing was increased in M0 and M2 but not M1 macrophages (Figure 

5A), consistent with a report that M1 macrophages are resistant to 
ferroptosis (45). Phagocytosis of VFEpoR RBCs caused decreased 
GPX4 and increased formation of the lipid peroxidation end prod-
uct malondialdehyde in M2 macrophages (Figure 5B). VFEpoR or 
control RBC uptake by macrophages caused a comparable increase 
in the iron-binding protein ferritin (Figure 5B).

Cell death, assessed by propidium iodide staining and flow 
cytometry, was increased in M2 and M0 but not M1 macrophages 
after phagocytosis of VFEpoR RBCs (Figure 5C). This was con-
firmed by more pronounced lactate dehydrogenase release from 
M0 and M2 macrophages in response to VFEpoR RBC phago-
cytosis (Figure 5D), consistent with increased ferroptotic cell 
death. We also treated cells with the ferroptosis inhibitor Liprox-1 
that inhibits lipid peroxidation by functioning as a reactive radi-
cal-trapping antioxidant (46). Liprox-1 markedly reduced M0 
and M2 cell death induced by phagocytosis of VFEpoR or control 
RBCs, abolishing the difference between genotypes (Figure 5E). 
The reduced cell death was associated with a marked reduction of 
cellular lipid peroxidation (Figure 5E). Moreover, transgenic over-
expression of GPX4 (47) in macrophages (Supplemental Figure 
4B) completely reversed the increased lipid peroxidation and mac-
rophage cell death caused by VFEpoR RBCs (Figure 5F). In con-
trast, supplementation of GPX4 substrate glutathione ethyl ester 
(GSH-EE), ROS inhibitor N-acetyl cysteine (NAC), or inhibitors 
of other forms of cell death, including Z-VAD-FMK (pan-caspase/
apoptosis/pyroptosis inhibitor) and necrostatin-1 (necroptosis 
inhibitor), failed to rescue erythrophagocytosis-induced lipid per-
oxidation and cell death (Supplemental Figure 4, C and D). More-
over, caspase 1/11–deficient macrophages showed similar levels of 
cell death as WT macrophages in response to VFEpoR RBCs (Sup-
plemental Figure 4E), excluding a role of inflammasome-mediat-
ed caspase activation and pyroptosis in cell death. These results 
confirmed lipid peroxidation and ferroptosis as the likely cause of 
erythrophagocytosis-induced cell death.

To assess human relevance, we evaluated monocyte-derived, 
macrophage-mediated phagocytosis of control or JAK2VF RBCs 
from patients with polycythemia vera. Erythrophagocytosis of 
JAK2VF RBCs by WT macrophages increased macrophage lipid 
peroxidation and cell death compared with control RBCs, and both 
effects of JAK2VF RBCs were reversed by Liprox-1 (Figure 5G).

Liprox-1 reverses increased atherosclerosis in VFEpoR mice. To 
assess the role of ferroptosis in plaque formation in VFEpoR mice, 
we treated VFEpoR and littermate control mice with Liprox-1 or 
vehicle for 10 weeks (Figure 6A). Plasma total cholesterol, body 
weight, and blood cell counts were unaltered by Liprox-1 (Supple-
mental Figure 5, A–C). Liprox-1 reversed increased cellular lipid per-
oxidation in aortic CD11b+ myeloid cells in VFEpoR mice while hav-
ing no effect in littermate controls (Figure 6B). Liprox-1 completely 
reversed the increase in aortic root lesion area, largely reversed 
the increased necrotic core area, and augmented fibrous cap area 
and collagen content in VFEpoR mice while having no impact in 
controls (Figure 6, C and D). Liprox-1 decreased lesional 4-HNE 
staining, iron deposits, RBC fragment accumulation, erythrophago-
cytosis, and macrophage TfR staining (Figure 6, E–G). Liprox-1 also 
decreased endothelial permeability in VFEpoR mice (Figure 6H).

We carried out further experiments to determine the mech-
anism by which Liprox-1 reduced endothelial permeability. Lipid  

Figure 2. Increased lesion area, plaque instability, and iron deposition 
in VFEpoR mice after EPO injection. Control and VFEpoR mice were fed 
a Western diet and treated with LDLR ASO and EPO (3 times per week) 
for 12 weeks. (A) H&E staining of aortic root sections and quantification 
of absolute lesion and necrotic core area. Necrotic core regions indicated 
by broken lines. Scale bar: 200 μm. (B) Aortic root sections were stained 
with Masson’s trichrome staining for fibrous cap (red, outlined by broken 
lines) and collagen (blue) content area, and then quantified as the ratio of 
total lesion area. Scale bar: 100 μm. (C) Iron (Perl’s blue) and redox-active 
iron deposition (Perl’s blue + DAB), IHC staining of RBCs (anti-Ter119) and 
macrophages (anti-Mac2) in aortic roots. Bar graph shows quantification of 
iron (II + III)–positive and erythrophagocytosis (Ter119+Mac2+) cell counts per 
section. Scale bar: 100 μm. (D) TUNEL and immunofluorescence staining of 
macrophage (anti-Mac2) in aortic roots and quantification of TUNEL-posi-
tive cell counts per section. Scale bar: 50 μm. (E) Lipid peroxidation product 
4-HNE staining, quantified as the percentage of total lesion area. Scale bar: 
100 μm. (F) Immunofluorescence staining of TfR1 and macrophage (anti-
Mac2), and quantification of TfR1 and macrophage costaining cell counts 
per section. Scale bar: 50 μm. (G) Aortic root sections were immunostained 
for Mac2 and quantified as absolute Mac2-positive area. Scale bar: 250 μm. 
(H) Lesions were stained for citrullinated histones (H3Cit) and activated 
neutrophils using myeloperoxidase (MPO); the overlap H3cit and MPO 
(NETs) cell counts were quantified. Scale bar: 50 μm. Unpaired 2-tailed t 
test or Mann-Whitney U test, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. VFEpoR RBCs, red pulp 
macrophages, and splenic CD11b+ 
cells show increased ROS and lipid 
peroxidation. Control and VFEpoR 
mice were fed a Western diet and 
treated with LDLR ASO and EPO (3 
times per week) for 12 weeks. (A) 
ROS in RBCs was assessed by H2 
DCFDA staining and analyzed by flow 
cytometry as MFI. (B) Immunoblot and 
quantification of NOX2 expression in 
RBC lysates, which was normalized 
to β-actin. (C) RBC lipid peroxidation 
was assessed by C11 BODIPY staining 
and quantified by flow cytometry as 
MFI. (D) Splenic red pulp macrophages, 
CD11b+ cells, neutrophils, and Ly6Chi 
and Ly6Clo monocytes were stained 
with C11 BODIPY for lipid peroxidation 
and analyzed by flow cytometry. (E) 
Assessment of externalized phospha-
tidylserine level by annexin V staining 
in RBCs through flow cytometry. (F) 
Interaction network and clustering of 
upregulated proteins in VFEpoR RBCs. 
Bar graphs show relative abundance 
protein level of EIF2AK1 (also known 
as heme-regulated inhibitor, HRI) and 
EIF2A (eukaryotic translation initiation 
factor 2A). The lines between proteins 
represent interactions among proteins 
with confidence level; dashed line is 
the lowest and thick line is the highest 
confidence. (G) Proteins involved in cel-
lular oxidant stress were analyzed and 
quantifications of relative abundance 
of glutamate cysteine ligase catalytic 
subunit (GCLC), glutathione transfer-
ase theta 1 (GSTT1), glutathione perox-
idase 1 (GPX1) are shown. (H) The level 
of reduced and oxidized glutathione 
ratio in RBCs. Unpaired 2-tailed t test, 
*P < 0.05, **P < 0.01, ***P < 0.001.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2022;132(13):e155724  https://doi.org/10.1172/JCI1557248

or ROS levels in leukocytes but not RBCs suggests a major role of leu-
kocytes in the disruption of the endothelial barrier integrity in this 
setting. There was increased expression of adhesion molecules L- 
selectin and CD11a in circulating neutrophils and Ly6Chi monocytes 
in VFEpoR mice (Figure 6I), which could mediate increased binding 
to endothelial cells. Depletion of leukocytes positive for granulocyte 
receptor-1 (Gr-1), including neutrophils and monocytes by anti-Gr-1 
antibody, markedly reduced endothelial permeability in VFEpoR 

peroxidation in VFEpoR splenic CD11b+ cells was reduced by 
Liprox-1 (Supplemental Figure 5D). ROS levels were selectively 
increased in circulating neutrophils and in Ly6Chi but not Ly6Clo 
monocytes in VFEpoR mice, and this increased ROS was reversed by 
Liprox-1 (Supplemental Figure 5E). However, Liprox-1 did not affect 
ROS levels in RBCs, neither in VFEpoR nor in littermate controls 
(Supplemental Figure 5F). The finding that Liprox-1 decreased endo-
thelial permeability in association with reduced lipid peroxidation  

Figure 4. Aortic endothelial permeability was increased in VFEpoR mice. Control and VFEpoR mice were fed a Western diet (WD) and treated with LDLR 
ASO and EPO (3 times per week) for 6 or 12 weeks. (A) FITC dextran (green, 70 kDa) and nuclei (blue, DAPI) in aortic root cross-section, which were probed for 
endothelial permeability after 12 weeks of a WD. Scale bar: 50 μL. (B) Aortic arch and descending aorta were probed for endothelial permeability using Evans 
blue intravital staining after 6 or 12 weeks of a WD. The bar graph shows quantification of Evans blue extravasation normalized by the tissue weight. (C) En 
face scanning electron microscopy showing the luminal surface of the aortic arches; the bar graph shows numbers of the field that had RBC attachment or 
no RBC attachment (n = 3 per group); χ2 test. (D) Ldlr–/– mice were fed a WD for 2 weeks and then transfused with packed and PKH26-labeled 80–100 μL con-
trol or VFEpoR RBCs once per week for another 5 weeks, in total 7 weeks of WD. Representative 3D-rendered image from RBC-transfused mice aortic root 
lesions staining of macrophages (anti-Mac2, green) and RBCs (PKH26, red), and quantification of infiltrated RBC counts and erythrophagocytic macrophage 
counts in the lesions. Size: 332.80 μm × 332.80 μm × 7.50 μm. Calibration: XY:0.65 μm, Z:1.50 μm. Unpaired 2-tailed t test. *P < 0.05, **P < 0.01.
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deposition, erythrophagocytosis, and lipid peroxidation were also 
reduced by Liprox-1 (Figure 7, C and D). These data indicate that 
RBC-related ferroptosis promoted atherogenesis in Jak2VF clonal 
hematopoiesis. Since mice transplanted with 20% Jak2VF cells have 
some features of MPN, such as splenomegaly, they can be consid-
ered to model clonal hematopoiesis but do not fit the definition of 
clonal hematopoiesis of indeterminate potential (CHIP) (51).

Discussion
Our studies provide the first direct evidence for a causal role of 
Jak2VF erythroid lineage expression in exacerbated atherosclero-
sis. Mechanistically, increased RBC lipid peroxidation linked to 
reduced expression of glutathione-restoring proteins and increased 
entry of RBCs into plaques through damaged endothelium lead 
to macrophage erythrophagocytosis and ferroptosis. Endothelial 
damage appeared to be mediated not by RBCs but rather by neu-
trophils and monocytes containing increased ROS and lipid perox-
idation products. The reversal of RBC-exacerbated atherosclerosis 
by the ferroptosis inhibitor Liprox-1 suggests a potential treatment 
to reduce CVD risk in JAK2-mutant myeloproliferative disorders, in 
patients with JAK2VF clonal hematopoiesis, and even more broadly 
in patients with elevated hematocrit and coronary artery disease.

Macrophage death is a central event contributing to formation 
of plaques with increased necrotic cores, an important cause of 
plaque instability (52). Macrophage death secondary to increased 
free cholesterol–mediated ER stress and apoptosis that overwhelms 
efferocytotic capacity has been proposed as a key mechanism pro-
moting necrotic core formation (53–55). In addition, other forms of 
cell death, including pyroptosis secondary to inflammasome acti-
vation and necroptosis, can contribute to necrotic core formation 
(56–59). Heme has been reported as a potent stimulator of mac-
rophage NLRP3 inflammasome activation and pyroptosis (60). 
However, pan-caspase inhibition or caspase 1/11 deficiency did 
not reverse erythrophagocytosis-induced cell death, excluding this 
mechanism. Recently, our group showed that macrophage-specific 
expression of Jak2VF promotes atherogenesis and features of plaque 
stability through AIM2 inflammasome activation and gasdermin D 
cleavage (15, 22). In contrast, in the present study, we found that 
Jak2VF RBC phagocytosis by WT macrophages induced gasdermin 
D–independent ferroptotic cell death.

Ferroptosis is a mode of regulated cell death resulting from 
the peroxidation of phospholipids containing long chain polyun-
saturated fatty acids (44). Iron has a key role in lipid peroxidation 
and ferroptosis (44). However, the similar erythrophagocytosis 
rate of VFEpoR and control RBCs and a comparable increase in 
the iron-binding protein ferritin in macrophages do not support 
RBC-derived iron as a major cause of increased lipid peroxida-
tion in macrophages. Rather, ferroptosis is likely induced by the 
uptake of VFEpoR RBCs that contain increased amounts of ROS 
and lipid hydroperoxides that seed macrophages for further ROS 
and lipid peroxide generation and reduce GPX4 levels. The inhibi-
tion of this process by Liprox-1 is consistent with its known mech-
anism of action as a radical-trapping antioxidant, which protect 
lipids from autoxidation and the autocatalytic radical chain reac-
tion that produces lipid hydroperoxides (46). The increase in RBC 
lipid peroxides and ROS is related to increased NOX2 expression 
and decreased expression of several key enzymes in glutathione 

mice (Figure 6J and Supplemental Figure 3H). This suggests a major 
role of WBCs containing elevated ROS and lipid peroxidation prod-
ucts in mediating endothelial damage in VFEpoR mice.

There is evidence that lipid peroxidation drives gasdermin 
D–mediated cell death in lethal polymicrobial sepsis (48). Thus, 
we bred VFEpoR mice with mice deficient in gasdermin D, the 
common mediator of pyroptotic cell death downstream of inflam-
masome activation (48, 49). Gasdermin D deficiency had no 
effect on total lesion or necrotic core area (Supplemental Figure 
5G) in VFEpoR mice. We also assessed levels of phosphorylated 
mixed-lineage kinase domain-like (p-MLKL), a marker of necro-
ptosis (50), in lesional cells and showed no difference between 
VFEpoR and control mice (Supplemental Figure 5H). These in vivo 
results confirmed that ferroptosis is likely the major form of regu-
lated cell death that contributes to atherogenesis in VFEpoR mice.

Liprox-1 alleviates atherogenesis in Jak2VF clonal hematopoiesis. 
We next assessed the impact of ferroptosis inhibition on athero-
genesis in Jak2VF mice simulating human JAK2VF clonal hema-
topoiesis without EPO supplementation. We generated Ldlr–/–  
mice with chimeric Jak2VF expression by transplanting a mixture of 
20% Jak2VF BM cells from MX1-Cre/Jak2VF mice and 80% BM cells 
from WT mice, as previously reported (15). The recipients were fed 
a WD diet for 12 weeks with or without Liprox-1 (Figure 7A). The 
vehicle-treated Jak2VF chimeric mice showed marked atherosclero-
sis with pronounced necrotic cores, as previously reported (15), in 
association with prominent lesional iron deposition, erythrophago-
cytosis, and lipid peroxidation (Figure 7, C, D, and G). Liprox-1 
markedly reduced lesion area, decreased the necrotic core, and 
increased fibrous cap area (Figure 7, B, E, and F) without altered 
plasma cholesterol, blood cell counts, spleen weight, body weight, 
or plasma IL-18 levels (Supplemental Figure 6, A–E). Lesional iron 

Figure 5. Macrophage lipid peroxidation and ferroptosis induced by 
erythrophagocytosis are reversed by Liprox-1. WT BM-derived mac-
rophages were treated with vehicle (M0), LPS plus IFN-γ (M1), or IL-4 
(M2) for 24 hours and then incubated with an equal number of control 
or VFEpoR RBCs for another 6 hours. (A) Representative C11 BODIPY 
histogram and statistics of C11 BODIPY+ macrophage percentage by flow 
cytometry. (B) Immunoblot of glutathione peroxidase 4 (GPX4), malondi-
aldehyde modified proteins (MDA adduct), ferritin, arginase I, and induc-
ible NOS (iNOS) and β-actin of M0, M1, and M2 cell lysates. The bar graph 
shows quantification of immunoblots normalized to β-actin. C denotes 
control and VF denotes VFEpoR RBCs. (C) M0, M1, and M2 macrophage 
viability were quantified as the percentage of propidium iodide–negative 
macrophage (live cell) versus total macrophages by flow cytometry (n = 3 
replicates). (D) Macrophage LDH release in culture medium was measured 
after incubation with control or VFEpoR RBCs for 6 hours. (E) C11 BODIPY+ 
macrophage percentage and cell death ratio were tested by flow cytom-
etry after 6 hours of erythrophagocytosis assay with or without Liprox-1 
(200 nM) treatment. (F) M0 or M2 BM-derived macrophages from WT or 
GPX4 transgenic mice were treated with control and VFEpoR RBCs for 6 
hours. Lipid peroxidation and cell death were assessed by C11-BODIPY and 
propidium iodide staining and analyzed by flow cytometry. (G) Human 
peripheral monocyte-derived macrophages generated from healthy 
donors were treated overnight with RBCs from JAK2VF-positive patients 
with MPN or matched healthy controls in the presence or absence of 
Liprox-1 (200 nM). Lipid peroxidation and cell death were assessed by C11-
BODIPY and propidium iodide staining and analyzed by flow cytometry; 
unpaired 2-tailed t test (A, C, and D) or 1-way ANOVA (B and E–G). *P < 
0.05, **P < 0.01, ***P < 0.001.
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atherosclerosis. However, ferrostatin treatment was associated with 
reduced LDL and LDL oxidation, and a specific role of RBC infil-
tration and ferroptosis was not established. Moreover, RBCs are not 
usually prominent in atherosclerotic lesions of Ldlr–/– or Apoe–/– mice.

Our study has several translational and therapeutic implica-
tions. Inhibitors of lipid peroxidation and ferroptosis could have a 
role in preventing the atherothrombotic complications of Jak2VF- 
associated clonal hematopoiesis or polycythemia vera. Control of 
hematocrit in polycythemia vera via phlebotomy effectively reduces 
atherothrombotic risk (64). However, many patients have difficulty 
obtaining hematocrit goals by phlebotomy alone and may require 
additional treatments, such as the cytotoxic agent hydroxyurea or 
the JAK1/2 inhibitor ruxolitinib (65). Similar JAK1/2 inhibitors have 
recently received an FDA safety warning based in part on possibly 
increased coronary artery disease and thrombotic risk (66).

Beyond Jak2VF-accelerated atherothrombosis, there may be 
broader applications of ferroptosis inhibitors in RBC-promoted 
atherosclerosis. In a mouse atherosclerosis model with disturbed 
blood flow, RBC accumulation was associated with microscopic 
breaches in the endothelium and increased expression of VCAM-1, 
suggesting that endothelial disruption permits entry of RBCs and 
leukocytes into lesions, promoting vascular inflammation; these 
changes recapitulate findings in human coronary atherosclerosis 
(43, 67). RBC infiltration and macrophage erythrophagocytosis are 
associated with lesional lipid and protein oxidation, even at early 
stages of human atheroma (5). Notably, in our study, Liprox-1 mark-
edly reduced ferroptotic cell death in WT macrophages ingesting 
control RBCs. Thus, erythrophagocytosis and ferroptosis may pro-
mote advanced atherosclerosis in humans with intraplaque hem-
orrhage (3, 68, 69) or endothelial barrier breach (43) and erosion 
(70), and thus patients with established coronary atherosclerosis 
might also benefit from ferroptosis inhibition.

Finally, ferroptosis is being intensely investigated in the realm 
of cancer, with genetic evasion of ferroptosis worsening some 
malignancies and ferroptosis inducers ameliorating cancer pro-
gression in a variety of different models (71). Our studies raise a 
concern that such agents could have adverse effects by promoting 
features of atherosclerotic plaque instability.

Methods
Mice. Jak2V617F mice were created and reported previously (72); all 
results described pertain to Jak2V617F germline–expressing hetero-
zygous mice. EpoR-Cre mice were originally generated by Achim 
Heinrich et al. (73). Gasdermin D knockout mice were obtained from 
Genentech (49). GPX4 transgenic mice were provided by Holly Van 
Remmen (Oklahoma Medical Research Foundation; ref. 47). All mice 
were housed under a 12-hour light/12-hour dark cycle and bred in a 
pathogen-free condition. Where indicated, EPO (Genscript, Z02975) 
was injected 3 times per week or every other day at a dose of 0.5 U/g. In 
the Liprox-1 treatment cohort, Liprox-1 was dissolved with 5% DMSO. 
Control and VFEpoR mice or Jak2VF clonal hematopoiesis mice were 
i.p. injected 3 times per week with Liprox-1 (10 mg/kg) or vehicle (5% 
DMSO in saline). To create hypercholesterolemia, GalNAc-conjugat-
ed Gen 2.5 ASO targeting mouse low-density lipoprotein receptor pro-
vided by Ionis Pharmaceuticals was used. The mice were i.p. injected 
with LDLR ASO once a week at a dose of 5 mg/kg body weight for the 
indicated time. This study used 6- to 9-week-old female mice.

metabolism uncovered by our proteomics analysis. Defects in 
glutathione formation, regeneration, or reductive activity on lipid 
hydroperoxides are key features of ferroptosis (44).

Our studies suggest that both direct and indirect effects of Lip-
rox-1 ameliorate atherosclerotic plaque formation. Liprox-1 reduced 
lipid peroxidation and staining for the ferroptosis marker TfR in 
plaques, indicating a direct effect within plaques. Liprox-1 also 
reversed the increase in aortic permeability in VFEpoR mice and 
reduced RBC infiltration without changing hematocrit or RBC ROS. 
Although Jak2VF was not expressed in endothelium or in myeloid 
cells, splenic red pulp macrophages, neutrophils, and monocytes 
showed increased lipid peroxides, suggesting that ingestion of 
Jak2VF RBCs by WBCs in the spleen or other sites led to increased 
lipid peroxide formation, consistent with the role of splenic red 
pulp macrophages and Ly6Chi monocytes in erythrophagocytosis 
(23). Splenic WBC production contributes significantly to circulat-
ing and plaque WBCs (61). Liprox-1 selectively reversed increased 
ROS in circulating Ly6Chi monocytes and neutrophils in VFEpoR 
mice. Since increased ROS in circulating leukocytes cause endothe-
lial injury (62), this may explain why Liprox-1 treatment prevented 
increased endothelial permeability and entry of RBCs into plaques. 
This scenario is also supported by increased expression of integrins 
that would promote WBC binding to the endothelium in VFEpoR 
mice, even though WBCs did not express Jak2VF and WBC counts 
were not increased, and by reduced endothelial permeability when 
Gr-1+ leukocytes were depleted in VFEpoR mice.

In contrast to our findings in control hyperlipidemic mice, a 
recent study by Bai et al. (63) reported reduced atherosclerosis  
in Apoe–/– mice treated with the ferroptosis inhibitor ferrosta-
tin-1, perhaps suggesting a broader role of ferroptosis in murine  

Figure 6. Liprox-1 reverses VFEpoR-induced atherosclerosis progres-
sion. Control and VFEpoR mice were fed a Western diet and treated with 
LDLR ASO and EPO for 12 weeks, with Liprox-1 (10 mg/kg, 3 times per 
week) or vehicle injection for the last 10 weeks. (A) Experiment timeline. 
(B) Representative C11 BODIPY staining histogram and quantification of 
C11 BODIPY CD11b+ cells as the percentage of total aortic CD11b+ cells. (C) 
H&E-stained images of aortic root sections. Necrotic core regions indicat-
ed by broken lines and quantification of total lesion area and necrotic core 
area are shown. Scale bar: 200 μm. (D) Aortic root sections were stained 
with Masson’s trichrome staining for fibrous cap (red, outlined by broken 
lines) and collagen (blue) content area, and then quantified as the ratio 
of total lesion area. Scale bar: 100 μm. (E) 4-HNE IHC in the aortic root 
cross sections. Scale bar: 100 μm. (F) Representative images of Perl’s blue 
plus DAB staining, IHC staining of RBCs (anti-Ter119), and macrophages 
(anti-Mac2) in aortic roots. Bar graph shows quantification of iron (II 
+ III)–positive and erythrophagocytosis (Ter119+Mac2+) cell counts per 
section. Scale bar: 100 μm. (G) Immunofluorescence staining of TfR1 and 
macrophage (anti-Mac2), and quantification of TfR1 and macrophage 
costaining cell counts per section. Scale bar: 50 μm. (H) Evans blue intra-
vital staining of arches and quantification of Evans blue extravasation. 
(I) L-selectin and CD11a expression levels in neutrophils and monocytes 
from peripheral blood assessed by flow cytometry. (J) VFEpoR mice were 
fed a Western diet and injected with LDLR ASO and EPO for 3 weeks, then 
divided into two groups, treated with Isotype or anti–Gr-1 mAb twice per 
week for another 4 weeks. In total 7 weeks WD and EPO injection. Evans 
blue intravital staining of arches and descending aorta, and quantification 
of extravasation. One-way ANOVA (B–D) or unpaired 2-tailed t test (E–J). 
*P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7. Liprox-1 alleviated accelerated atherosclerosis progression in Jak2VFMx-Cre clonal hematopoiesis. 20% of Jak2VFMX-Cre (VFMX) mice were fed 
with Western diet together with Liprox-1 (10mg/kg, 3 times per week) or vehicle injection for 12 weeks. (A) Experiment timeline. (B) H&E-stained images of 
aortic root sections. Necrotic core regions indicated by broken lines, and quantification of total lesion area and necrotic core area are shown. Scale bar: 200 
μm. (C) Iron (Perl’s blue) and redox-active iron deposition (Perl’s blue + DAB); IHC staining of RBCs (anti-Ter119) and macrophages (anti-Mac2) in aortic roots. 
(D) Bar graph shows quantification of iron (II + III)–positive and erythrophagocytosis (Ter119+Mac2+) cell counts per section. Scale bar: 100 μm. (E) Aortic root 
sections were stained with Masson’s trichrome staining for fibrous cap (red, outlined by broken lines) and collagen (blue) content area, and then (F) quanti-
fied as the ratio of total lesion area. Scale bar: 100 μm. (G) Lipid peroxidation product 4-HNE staining, quantified as the percentage of total lesion area. Scale 
bar: 100 μm. Unpaired 2-tailed t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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determined by Pierce BCA peptide kit. An aliquot of 10 μg of peptides 
was desalted with C18 spin columns (Pierce), dried, and resuspended 
in 0.1% FA and 2% acetonitrile (ACN) prior to analysis.

Liquid chromatography tandem mass spectrometry data acquisition 
and extraction. Liquid chromatography tandem mass spectrometry 
(LC-MS/MS) analyses were performed using an UltiMate 3000 Nano 
UHPLC System connected to Q Exactive HF mass spectrometer (Ther-
mo Fisher Scientific). For each sample, approximately 2 μg protein was 
injected from a cooled autosampler onto 50 cm long EASY-Spray HPLC 
column (2 μm C18 particles, 75 μm × 500 mm, Thermo Fisher Scientif-
ic). The chromatographic separation was achieved using a gradient of 
90 minutes from 4% to 26% of solvent B (98% ACN/0.1% FA). Full 
mass spectra were acquired with a resolution of R = 120,000 (at 200 
m/z), followed by up to 17 consecutive data-dependent MS/MS spectra 
taken using higher-energy dissociation with 28 normalized collision-
al energy. Samples were analyzed in a randomized order. MS/MS data 
were extracted and processed in Proteome Discoverer v2.4 (Thermo 
Fisher Scientific) and searched against the UniProt complete proteome 
database (55,466 mouse protein sequences).

RBC preparation, PKH26 labeling, and RBC transfusion. Whole blood 
was collected from control and VFEpoR mice in 10% citrate phosphate 
dextrose adenine anticoagulant solution. After centrifuging at 300g 
for 10 minutes, the buffy coat was removed. RBCs were further leuko- 
reduced using a murine-adapted Pall Acrodisc PSF 25 mm WBC filter or 
a Pall neonatal filter with Leukosorb media. For the PKH26 labeling, 1 × 
108 RBCs were resuspended in 1 mL dilute C, and then mixed with anoth-
er 1 mL dilute C containing 4 μM PKH26 (Sigma-Aldrich, MIDI26). After 
incubating at room temperature for 5 min utes, staining was stopped by 
0.5% BSA. After washing 2 times with PBS, following centrifugation, 
packed RBCs were diluted 1:1 to 1:4 with sterile PBS. Diluted RBCs (80–
100 μL, hemoglobin range from 17 to 17.5 g/dl) (74) were i.v. transfused 
into Ldlr–/– recipient mice within 2 hours after preparation.

Immunofluorescence staining and IHC. For the immunofluorescence 
staining, paraffin-embedded slides were deparaffinized and rehydrat-
ed in Trilogy (Cell Marque, 920P-09). Identification of macrophages, 
NETosis, proliferation, and endothelial cells in atherosclerotic lesions 
were performed by immunostaining using anti-Mac-2 (Cedarlane, 
CL8942AP, 1:10,000), biotinylated myeloperoxidase (MPO) (R&D Sys-
tems, BAF3667, 1:30), anti-histone H3 antibody (Abcam, ab5103, 1:300), 
anti-Ki67(Abcam, ab15580, 1:100), anti-vWF (Abcam, ab117113, 1:100), 
anti–p-MLKL (Abcam, 196436, 1:100), and anti-TfR (Thermo Fisher Sci-
entific, 13-6800, 1:100). The sections were incubated with primary anti-
bodies overnight at 4˚C and then incubated with secondary antibodies 
for 30 minutes. TUNEL staining was performed using a commercially 
available kit (Roche, 12156792910). For the TfR staining, a M.O.M kit 
was used (Vector Laboratories, BMK-2202) following the manufactur-
er’s instructions. Sections were mounted using ProLong Gold Antifade 
Mountant with DAPI (Thermo Fisher Scientific, P3693) and imaged 
using a Leica DMI6000B microscope. For the confocal microscopy 
imaging, sections were incubated with primary antibodies, including 
anti-Mac-2, anti-Ter119 (Thermo Fisher Scientific, 13-5921-82, 1:200), 
and anti-ACTA2 Cy3 (Sigma-Aldrich, C6198 1:500). Sections were 
mounted using DAPI. Imaging was conducted on a Zeiss LSM 880 NLO 
confocal microscope with a 60× oil lens. Z-stack images were acquired 
with an average of 5 slices and analyzed using FIJI/ImageJ software.

For the IHC staining, secondary anti-rat IgG and anti-rabbit IgG 
(Vector Laboratories, MP-7405) were incubated with sections for 30 

Study participants. The JAK2V617F-positive patients with MPN were 
newly identified, untreated women (n = 3) and men (n = 2) from 38 to 
57 years old. Sex-, age-, and ethnic group–matched healthy individuals 
were used as the controls. Blood was taken from the vein and used for 
RBC preparation.

Atherosclerosis lesion analysis and metabolic profiling. The aorta 
was cleaned and exposed under a binocular microscope. Pictures of 
the aortic arch and brachiocephalic artery were taken using a camera 
fitted to the binocular microscope. The aortic root from the heart was 
embedded in paraffin and then serially sectioned. Six sections per 
mouse were stained with H&E for total lesion and necrotic core area 
quantification. Smooth muscle fiber and collagen content staining 
were performed using Masson’s trichrome staining kit (Sigma-Aldrich, 
HT15) following the manufacturer’s instructions. Total plasma choles-
terol was measured using kits from WAKO Diagnostics. Plasma EPO 
was tested using a commercial kit (BioLegend, 442707).

Complete blood count. Complete blood counts were performed 
using whole blood collected from facial vein bleeding in EDTA-coated 
tubes and then analyzed with Forcyte Veterinary Hematology Analyz-
er (Oxford Science, Inc.).

Erythrocyte protein isolation. First, 100 μL whole blood was collect-
ed from facial vein bleeding and centrifuged at 200g for 3 minutes to get 
rid of platelets and buffy coat, and then RBCs were washed with PBS; 
this step was repeated 3 times. RBC pellet was resuspended using PBS 
and filtered with Acrodisc PSF syringe filter to get rid of WBCs (Pall, 
DN AP4851). Cell lysates were incubated with protein A/G beads with 
rotation for 1 hour at 4˚C. After centrifugation at 11,773g for 10 minutes, 
the supernatant was collected and protein concentration was tested. We 
used approximately 50 μg protein/sample, mixed with 2-mercaptoeth-
anol in an SDS sample buffer, and then heated the samples at 95°C for 
5 minutes for Western blot. The supernatant was also used for the mea-
surement of reduced GSH and oxidized glutathione (GSSG) ratio in the 
red blood cells using a commercial kit (Abcam, ab205811).

RBC proteomics sample preparation. The blood from at least 3 mice 
were pulled for proteomics. For RBC lysis, hemoglobin removal, and 
on-bead digestion, RBCs (400 million cells per sample) were diluted 
with Milli-Q. water with protease inhibitor cocktail to a final volume of 
215 μL, mixed, incubated for 2 hours at –20°C, and thawed to room tem-
perature. The lysate was separated from cell debris by centrifugation 
(22 min, 4°C, 16,000g) and 190 μL of supernatant was transferred to 
pre-wettened Hemovoid beads (30 mg loaded on supplied membrane 
insert in the 1.5 mL tube). The hemoglobin removal was performed 
based on the protocol in the Hemovoid kit with mixing for 5 minutes 
on a thermal shaker (VWR, 1500 rpm, 24°C) and centrifugation at 
2400g. The sample was mixed with Hemovoid binding buffer (1:1) 
and washed 3 times with Hemovoid washing buffer (HVWB, 250 μL). 
After a last wash, 100 mM DTT in HVWB was added to the beads (final 
concentration 10 mM), mixed for 10 minutes at room temperature, 
and incubated for 30 minutes at 60°C. Samples were cooled and 200 
mM iodoacetamide (IAA) in HVWB was added (final concentration 10 
mM) and incubated for 45 minutes at room temperature in darkness 
with shaking and then centrifuged (5 min, 15,000g). Samples were first 
digested with LysC (MS grade, Pierce) in HVWB with protease/protein 
ratio 1:100 overnight at 37°C and then with trypsin (MS grade, VWR) in 
HVWB with protease/protein ratio 1:30. The peptide mixture was elut-
ed to the next protein low binding tube and the digestion was stopped 
by formic acid (FA, final concentration 5%). Peptide concentration was 
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Real-time quantitative PCR assay for JAK2V617F. The amplification 
and detection were performed on an ABI Prism 7000 analyzer (Applied 
Biosystems) with an initial step of 10 minutes at 95°C, followed by 40 
cycles of 15 seconds at 95°C and 1 minute at 60°C. The following PCR 
primers and probes were used: JAK2WT, forward, GTCAGCTTTCT-
CACAAGCATTT, probe, TGGTGTCTGTGTCTG; TGGAGAGGA, 
reverse, CTTCAGGTATGTATCCAGTGATCC; JAK2V617F, forward, 
GTCAGCTTTCTCACAAGCATTT, probe, TGGTGTCTGTTTCTGTG-
GAGA; GGAGA, reverse, CTTCAGGTATGTATCCAGTGATCC.

Endothelial permeability assays. Evans blue (0.5%, 200 μL, Sigma-Al-
drich, E2129) and dextran (70 kDa, 10 mg/mL, Sigma-Aldrich, 46945) 
were i.v. injected. After 1 hour, the mice were euthanized and the heart 
and aorta were carefully dissected under a microscope. For the Evans 
blue, the descending aorta and arch were separated and recorded with 
a microscope camera. For the mice receiving dextran injection mice, the 
aortic roots were embedded in OCT and serial sections were obtained by 
cryosectioning the frozen aortic roots. The sections were fixed in acetone 
for 5 minutes and washed in PBS 4 times. Sections were mounted using 
ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scientific, 
P3693) and imaged using a Leica DMI6000B microscope.

Depletion of Gr-1+ myeloid cells. Mice received i.p. injections of iso-
type control (BioXcell, BE0090, 250 μg/mouse) and anti–Gr-1 anti-
body (BioXcell, BE0075, 250 μg/mouse) twice per week. The success-
ful depletion after antibody injection was verified by flow cytometry.

Statistics. Data that passed the normality test were analyzed using 
2-tailed Student’s t test for 2 groups; 1-way ANOVA with Tukey’s post 
hoc analysis for more than 2 groups; or 2-way ANOVA with Šidák’s 
post hoc analysis for 2 factors. Data that were not normally distributed 
were analyzed using the nonparametric Mann-Whitney U test, or, for 
more than 2 groups, a Kruskal-Wallis test with post hoc analysis using 
Dunn’s test. Outliers were removed using Grubb’s test (GraphPad 
Prism). Data are presented as mean ± SEM. A P value less than 0.05 
was considered as a significant difference. Statistical analyses were 
conducted and analyzed using GraphPad Prism.

Study approval. Written consent was obtained from each patient 
before participation in this study and was approved by the First Hos-
pital of Jilin University. All protocols were approved by the IACUC of 
Columbia University.
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minutes. The reaction was developed with DAB staining (Vector Lab-
oratories, SK-4100). The iron staining (Abcam, ab150674) was per-
formed using a commercially available kit.

In all immunofluorescence or IHC staining, isotype-matched nor-
mal IgG was used as the negative control.

Flow cytometry. Flow cytometry to characterize peripheral blood 
neutrophils, monocytes, or BM hematopoietic stem and progeni-
tor cell profiles was performed as previously described (22). For the 
ROS measurement, RBCs or lysed WBCs were labeled with APC/Cy7 
LIVE/DEAD (Invitrogen, MP34955) and antibodies APC anti-Ter119 
(BioLegend, 116212), anti-CD45 (BioLegend, 103128), PE-Cy7 anti-
CD11b (BioLegend, 101216), BV421 anti–Gr-1 (BioLegend, 108445), 
and APC anti-CD115 (BioLegend, 134410) in staining buffer for 20 
minutes at 4°C, and then washed once with staining buffer and resus-
pended in 10 μM H2 DCFDA (Thermo Fisher Scientific, 88-5930-
74) for another 15 minutes at 37°C. For the lipid peroxidation assay,  
after labeling, the cells were resuspended in 2 μM C11-BODIPY 
(Thermo Fisher Scientific, D3861) for 30 minutes at 37°C. For circu-
lating leukocyte adhesion marker detection, PE anti-CD11a (BioLeg-
end, 101107) and L-selectin (BioLegend, 104406) were used. Flow  
cytometry was performed using the LSR Canto or LSRII (Becton  
Dickinson) and data were analyzed using FlowJo software (Becton 
Dickinson). Isotype-matched normal IgG was used as the control in 
each flow cytometry assay.

Erythrophagocytosis assays. BMDMs were prepared as described 
(22). For erythrophagocytosis assays, macrophages were plated in 
12-well culture plates. Refrigerator-stored 7–9 days erythrocytes from 
control and VFEpoR mice were added (macrophage/erythrocyte ratio 
was about 1:10) into macrophages. Fol lowing 6 hours of incubation, the 
macrophages were thoroughly washed with PBS 3 times and then ana-
lyzed by flow cytometry or Western blot.

For erythrophagocytosis assay using human RBCs, peripheral 
blood samples were obtained from patients with JAK2V617F or matched 
healthy controls. RBC-rich fractions were obtained with High Efficien-
cy Leukocyte Reduction Filter (Haemonetics Corporation, NEO1). 
Human peripheral monocyte-derived macrophages generated from 
healthy donors were used for the assays and plated in 24-well, no-tis-
sue culture plates as previously reported (22). RBCs were added and 
incubated overnight (macrophage/RBC ratio was about 1:10). After 
washing for 3 times with PBS to remove the free RBCs, the RBCs were 
labeled with PerCP/cyanine 5.5 anti-CD235a (BioLegend, 349110) 
and macrophages were stained with APC anti-CD68 (BioLegend, 
333810). Lipid peroxidation was measured by the C11-BODIPY, and 
cell death was determined by propidium iodide staining.

Immunoblotting. Macrophages were lysed in RIPA buffer contain-
ing protease inhibitor on the ice for 10 minutes and then centrifuged 
at 14,000g for 5 minutes to generate protein lysates. The protein 
concentration was determined by BCA assays and then mixed with 
4× Laemmli sample buffer and heated at 95°C for 5 minutes. Protein 
was separated by 4%–20% gradient SDS-PAGE and transferred onto 
nitrocellulose membranes. Then, the membranes were blocked with 
5% nonfat milk in TBST and immunostained with primary antibodies, 
anti-GPX4 (Novus, MAB5457, 1:1000) anti-ferritin (Abcam, ab65080, 
1:3000), anti-malondialdehyde (Abcam, ab6463, 1:2000), anti-argin-
ase 1 (Cell Signaling Technology, 93668s, 1:1000), and β-actin (Cell 
Signaling Technology, 4970s, 1:5000) at 4°C overnight and detected 
using HRP-conjugated secondary antibodies.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2022;132(13):e155724  https://doi.org/10.1172/JCI1557241 6

 1. Gagnon DR, et al. Hematocrit and the risk of cardio-
vascular disease--the Framingham study: a 34-year 
follow-up. Am Heart J. 1994;127(3):674–682.

 2. Danesh J, et al. Haematocrit, viscosity, erythro-
cyte sedimentation rate: meta-analyses of pro-
spective studies of coronary heart disease. Eur 
Heart J. 2000;21(7):515–520.

 3. Kolodgie FD, et al. Intraplaque hemorrhage and 
progression of coronary atheroma. N Engl J Med. 
2003;349(24):2316–2325.

 4. Michel JB, et al. Intraplaque haemorrhages as 
the trigger of plaque vulnerability. Eur Heart J. 
2011;32(16):1977–1985.

 5. Delbosc S, et al. Erythrocyte efferocytosis by the 
arterial wall promotes oxidation in early-stage ath-
eroma in humans. Front Cardiovasc Med. 2017;4:43.

 6. Tabas I, Glass CK. Anti-inflammatory therapy in 
chronic disease: challenges and opportunities. 
Science. 2013;339(6116):166–172.

 7. Libby P, Hansson GK. From focal lipid storage to 
systemic inflammation: JACC review topic of the 
week. J Am Coll Cardiol. 2019;74(12):1594–1607.

 8. Ross R. The pathogenesis of atheroscle-
rosis: a perspective for the 1990s. Nature. 
1993;362(6423):801–809.

 9. Scott LM, et al. JAK2 exon 12 mutations in polycy-
themia vera and idiopathic erythrocytosis. N Engl 
J Med. 2007;356(5):459–468.

 10. Landolfi R, et al. Efficacy and safety of low-dose 
aspirin in polycythemia vera. N Engl J Med. 
2004;350(2):114–124.

 11. Passamonti F, et al. Molecular and clinical 
features of the myeloproliferative neoplasm 
associated with JAK2 exon 12 mutations. Blood. 
2011;117(10):2813–2816.

 12. Jaiswal S, et al. Clonal hematopoiesis and risk of 
atherosclerotic cardiovascular disease. N Engl J 
Med. 2017;377(2):111–121.

 13. Fuster JJ, et al. Clonal hematopoiesis asso-
ciated with TET2 deficiency accelerates 
atherosclerosis development in mice. Science. 
2017;355(6327):842–847.

 14. Sano S, et al. CRISPR-mediated gene editing to 
assess the roles of Tet2 and Dnmt3a in clonal 
hematopoiesis and cardiovascular disease. Circ Res. 
2018;123(3):335–341.

 15. Fidler TP, et al. The AIM2 inflammasome exac-
erbates atherosclerosis in clonal haematopoiesis. 
Nature. 2021;592(7853):296–301.

 16. Sano S, et al. Tet2-mediated clonal hematopoiesis 
accelerates heart failure through a mechanism 
involving the IL-1β/NLRP3 inflammasome. J Am 
Coll Cardiol. 2018;71(8):875–886.

 17. Sano S, et al. JAK2 V617F -mediated clonal hema-
topoiesis accelerates pathological remodeling 
in murine heart failure. JACC Basic Transl Sci. 
2019;4(6):684–697.

 18. Cordua S, et al. Prevalence and phenotypes of 
JAK2 V617F and calreticulin mutations in a Danish 
general population. Blood. 2019;134(5):469–479.

 19. Edelmann B, et al. JAK2-V617F promotes venous 
thrombosis through β1/β2 integrin activation. J Clin 
Invest. 2018;128(10):4359–4371.

 20. Wolach O, et al. Increased neutrophil extracel-

lular trap formation promotes thrombosis in 
myeloproliferative neoplasms. Sci Transl Med. 
2018;10(436):eaan8292.

 21. Liu DJ, et al. Exome-wide association study of 
plasma lipids in &gt;300,000 individuals. Nat 
Genet. 2017;49(12):1758–1766.

 22. Wang W, et al. Macrophage inflammation, eryth-
rophagocytosis, and accelerated atherosclerosis 
in Jak2 V617F mice. Circ Res. 2018;123(11):e35–e47.

 23. Youssef LA, et al. Increased erythrophagocy-
tosis induces ferroptosis in red pulp macro-
phages in a mouse model of transfusion. Blood. 
2018;131(23):2581–2593.

 24. Mullally A, et al. Distinct roles for long-term 
hematopoietic stem cells and erythroid precursor 
cells in a murine model of Jak2V617F-mediated 
polycythemia vera. Blood. 2012;120(1):166–172.

 25. Feng H, et al. Transferrin receptor is a specific fer-
roptosis marker. Cell Rep. 2020;30(10):3411–3423.

 26. Danese E, et al. Red blood cell distribution 
width and cardiovascular diseases. J Thorac Dis. 
2015;7(10):E402–E411.

 27. Basu D, et al. Novel reversible model of ath-
erosclerosis and regression using oligonucle-
otide regulation of the LDL receptor. Circ Res. 
2018;122(4):560–567.

 28. Lupak O, et al. The role of a low erythropoietin 
level for the polycythemia vera diagnosis. Blood 
Cells Mol Dis. 2020;80:102355.

 29. Michel JB, Martin-Ventura JL. Red blood cells and 
hemoglobin in human atherosclerosis and related 
arterial diseases. Int J Mol Sci. 2020;21(18):6756.

 30. Hirschhorn T, Stockwell BR. The development 
of the concept of ferroptosis. Free Radic Biol Med. 
2019;133:130–143.

 31. Wouters H, et al. Erythrocytosis in the general 
population: clinical characteristics and asso-
ciation with clonal hematopoiesis. Blood Adv. 
2020;4(24):6353–6363.

 32. Honold L, Nahrendorf M. Resident and mono-
cyte-derived macrophages in cardiovascular 
disease. Circ Res. 2018;122(1):113–127.

 33. Sadrzadeh SM, et al. Hemoglobin. A biologic Fenton 
reagent. J Biol Chem. 1984;259(23):14354–14356.

 34. George A, et al. Erythrocyte NADPH oxidase 
activity modulated by Rac GTPases, PKC, and 
plasma cytokines contributes to oxidative stress in 
sickle cell disease. Blood. 2013;121(11):2099–2107.

 35. Chung SM, et al. Lysophosphatidic acid induces 
thrombogenic activity through phosphatidylser-
ine exposure and procoagulant microvesicle 
generation in human erythrocytes. Arterioscler 
Thromb Vasc Biol. 2007;27(2):414–421.

 36. Suragani RN, et al. Heme-regulated eIF2α 
kinase activated Atf4 signaling pathway in 
oxidative stress and erythropoiesis. Blood. 
2012;119(22):5276–5284.

 37. Yang Y, et al. Initial characterization of the glu-
tamate-cysteine ligase modifier subunit Gclm(-
/-) knockout mouse. Novel model system for a 
severely compromised oxidative stress response. 
J Biol Chem. 2002;277(51):49446–49452.

 38. Dalton TP, et al. Knockout of the mouse gluta-
mate cysteine ligase catalytic subunit (Gclc) 

gene: embryonic lethal when homozygous, and 
proposed model for moderate glutathione defi-
ciency when heterozygous. Biochem Biophys Res 
Commun. 2000;279(2):324–329.

 39. Beutler E, et al. Erythrocyte glutathione S-trans-
ferase deficiency and hemolytic anemia. Blood. 
1988;72(1):73–77.

 40. Poisson J, et al. Erythrocyte-derived microve-
sicles induce arterial spasms in JAK2V617F 
myeloproliferative neoplasm. J Clin Invest. 
2020;130(5):2630–2643.

 41. Low FM, et al. Peroxiredoxin 2 and peroxide 
metabolism in the erythrocyte. Antioxid Redox 
Signal. 2008;10(9):1621–1630.

 42. Guo L, et al. CD163+ macrophages promote 
angiogenesis and vascular permeability accom-
panied by inflammation in atherosclerosis. J Clin 
Invest. 2018;128(3):1106–1124.

 43. Franck G, et al. Haemodynamic stress-induced 
breaches of the arterial intima trigger inflam-
mation and drive atherogenesis. Eur Heart J. 
2019;40(11):928–937.

 44. Stockwell BR, et al. Ferroptosis: a regulated cell 
death nexus linking metabolism, redox biology, 
and disease. Cell. 2017;171(2):273–285.

 45. Kapralov AA, et al. Redox lipid reprogramming 
commands susceptibility of macrophages and 
microglia to ferroptotic death. Nat Chem Biol. 
2020;16(3):278–290.

 46. Shah R, et al. Resolving the role of lipoxygenases 
in the initiation and execution of ferroptosis. ACS 
Cent Sci. 2018;4(3):387–396.

 47. Ran Q, et al. Transgenic mice overexpressing 
glutathione peroxidase 4 are protected against 
oxidative stress-induced apoptosis. J Biol Chem. 
2004;279(53):55137–55146.

 48. Kang R, et al. Lipid peroxidation drives gasder-
min D-mediated pyroptosis in lethal polymicro-
bial sepsis. Cell Host Microbe. 2018;24(1):97–108.

 49. Kayagaki N, et al. Caspase-11 cleaves gasdermin 
D for non-canonical inflammasome signalling. 
Nature. 2015;526(7575):666–671.

 50. Sun L, et al. Mixed lineage kinase domain-like 
protein mediates necrosis signaling downstream 
of RIP3 kinase. Cell. 2012;148(1-2):213–227.

 51. Steensma DP, et al. Clonal hematopoiesis of inde-
terminate potential and its distinction from myel-
odysplastic syndromes. Blood. 2015;126(1):9–16.

 52. Bentzon JF, et al. Mechanisms of plaque formation 
and rupture. Circ Res. 2014;114(12):1852–1866.

 53. Devries-Seimon T, et al. Cholesterol-induced 
macrophage apoptosis requires ER stress path-
ways and engagement of the type A scavenger 
receptor. J Cell Biol. 2005;171(1):61–73.

 54. Tabas I. The role of endoplasmic reticulum stress 
in the progression of atherosclerosis. Circ Res. 
2010;107(7):839–850.

 55. Yurdagul A Jr, et al. Mechanisms and conse-
quences of defective efferocytosis in atheroscle-
rosis. Front Cardiovasc Med. 2017;4:86.

 56. Duewell P, et al. NLRP3 inflammasomes are 
required for atherogenesis and activated by choles-
terol crystals. Nature. 2010;464(7293):1357–1361.

 57. Lin J, et al. A role of RIP3-mediated macrophage 

address: nw30@cumc.columbia.edu (NW); Phone: 212.305.9418. 
Email address: art1@cumc.columbia.edu (ART).

building 8-401, New York 10032, USA. Phone: 212.305.3263; Email: 
wl2608@cumc.columbia.edu (WL); Phone: 212.342.1761. Email 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 7J Clin Invest. 2022;132(13):e155724  https://doi.org/10.1172/JCI155724

necrosis in atherosclerosis development. Cell 
Rep. 2013;3(1):200–210.

 58. Tall AR, Westerterp M. Inflammasomes, neutro-
phil extracellular traps, and cholesterol. J Lipid 
Res. 2019;60(4):721–727.

 59. Westerterp M, et al. Cholesterol efflux pathways 
suppress inflammasome activation, NETosis, and 
atherogenesis. Circulation. 2018;138(9):898–912.

 60. Dutra FF, et al. Hemolysis-induced lethality 
involves inflammasome activation by heme. Proc 
Natl Acad Sci U S A. 2014;111(39):E4110–E4118.

 61. Swirski FK, et al. Identification of splenic reser-
voir monocytes and their deployment to inflam-
matory sites. Science. 2009;325(5940):612–616.

 62. He P, et al. Oxidative stress and microvessel bar-
rier dysfunction. Front Physiol. 2020;11:472.

 63. Bai T, et al. Inhibition of ferroptosis alleviates ath-
erosclerosis through attenuating lipid peroxidation 
and endothelial dysfunction in mouse aortic endo-
thelial cell. Free Radic Biol Med. 2020;160:92–102.

 64. Marchioli R, et al. Cardiovascular events and inten-

sity of treatment in polycythemia vera. N Engl J 
Med. 2013;368(1):22–33.

 65. Vannucchi AM, et al. Ruxolitinib versus standard 
therapy for the treatment of polycythemia vera. 
N Engl J Med. 2015;372(5):426–435.

 66. US Food and Drug Administration. FDA requires 
warnings about increased risk of serious heart-re-
lated events, cancer, blood clots, and death for 
JAK inhibitors that treat certain chronic inflam-
matory conditions. https://www.fda.gov/drugs/
drug-safety-and-availability/fda-requires-warn-
ings-about-increased-risk-serious-heart-related-
events-cancer-blood-clots-and-death. Updated 
December 7, 2021. Accessed May 12, 2022.

 67. Libby P. Once more unto the breach: endothelial 
permeability and atherogenesis. Eur Heart J. 
2019;40(11):938–940.

 68. Matic LP, et al. Novel multiomics profiling of 
human carotid atherosclerotic plaques and plas-
ma reveals biliverdin reductase B as a marker of 
intraplaque hemorrhage. JACC Basic Transl Sci. 

2018;3(4):464–480.
 69. Michel JB, et al. Internal bleeding: is intraplaque 

hemorrhage a decoration or a driver? JACC Basic 
Transl Sci. 2018;3(4):481–484.

 70. Partida RA, et al. Plaque erosion: a new in vivo 
diagnosis and a potential major shift in the 
management of patients with acute coronary 
syndromes. Eur Heart J. 2018;39(22):2070–2076.

 71. Dixon SJ, Stockwell BR. The hallmarks of ferro-
ptosis. Annu Rev Cancer Biol. 2019;3(1):35–54.

 72. Mullally A, et al. Physiological Jak2V617F 
expression causes a lethal myeloproliferative 
neoplasm with differential effects on hemato-
poietic stem and progenitor cells. Cancer Cell. 
2010;17(6):584–596.

 73. Heinrich AC, et al. A mouse model for visualiza-
tion and conditional mutations in the erythroid 
lineage. Blood. 2004;104(3):659–666.

 74. Theurl I, et al. On-demand erythrocyte disposal 
and iron recycling requires transient macro-
phages in the liver. Nat Med. 2016;22(8):945–951.


	Graphical abstract

