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A B S T R A C T

Abdominal aortic aneurysm (AAA) with potentially fatal outcomes affects cardiovascular health via 
inflammation-related abnormalities. We revealed the presence of the oxidized hemoglobin (Hb), ferrylHb in the 
circulation in patients diagnosed with ruptured AAA. The aim of our study was to identify the source of oxidation 
of Hb in human hemorrhaged AAA and in an angiotensin II provoked AAA model in mice leading to generation of 
ferrylHb and to describe its fate in the pathophysiology. We demonstrate that two electron oxidations of Hb 
leading to the formation of ferrylHb with the characteristics of oxidation of βCys93, αCys104, and βCys112 
residues is the terminal product of the interaction of neutrophils and macrophages with Hb in the hemorrhaged 
AAA. This oxidized Hb, ferrylHb is taken up by neutrophils and macrophages via CD163 mediated endocytosis 
with subsequent activations including peptidylarginine deiminase 4 (PAD4) driven NETosis, liberation of elas
tase, myeloperoxidase and subsequent degradation of extracellular matrix. AAA exhibits increased expression of 
CD163 in macrophages and neutrophils revealed to be inducible by ferrylHb involving PAD4 signaling. RNA-seq 
analysis demonstrated that human ruptured AAA has a unique transcriptomic profile, different from healthy 
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aorta, with a 43 % overlap in the differential gene expressions of human macrophages exposed to ferrylHb. 
Among these 884 genes, we found inflammatory-, angiogenesis-, and tissue remodeling gene clusters. These data 
suggest that oxidation of Hb to ferryl state and the interactions of neutrophils and macrophages with ferrylHb 
within aortic wall contribute to AAA progression.

1. Introduction

Abdominal aortic aneurysm (AAA) with potentially fatal outcomes 
affects cardiovascular health via inflammation-related abnormalities 
[1–4], and neutrophil granulocytes and macrophages are implicated in 
the pathogenesis [5–8]. Neutrophils were demonstrated to infiltrate 
vessel walls during the progression of AAA [9,10] and contribute to the 
loss of vessel integrity [5,6,11]. Depletion of circulating neutrophils was 
shown to inhibit AAA development in mice in an elastase perfusion 
experimental model [5]. The retardation of neutrophil infiltration of 
artery walls in L-selectin-deficient mice inhibited AAA formation [6]. 
Neutrophils in the aorta are particularly sensitive to extracellular acti
vators, among them to inducers for generating reactive oxygen species, 
to mechanical stretching, and to neurohormonal factors [12]. In parallel 
to neutrophils, macrophages also accumulate within the aortic wall 
during AAA progression, where they contribute to extracellular matrix 
degradation and amplify inflammatory responses, further promoting 
vessel wall weakening [13].

Neutrophils have the capability to generate extracellular reticular 
structures known as neutrophil extracellular traps (NETs), comprising 
histones, granule proteins, and depolymerized genomic DNA through a 
process called NETosis [14]. Neutrophil proteases, elastase and 
proteinase-3 were revealed to promote AAA via extracellular trap 
release [15,16]. NETs exacerbate inflammation and induce endothelial- 
and vascular smooth muscle cell death [17], thus closely linking them to 
AAA. Inhibition of NET formation reduces neutrophil infiltration in the 
arterial wall [18], and mitigates AAA formation [19].

Intramural hemorrhage is characteristic of the progression of AAA 
[9,20]. It was shown that neutrophils and macrophages readily oxidize 
hemoglobin (Hb) [21,22] and globin radicals are formed when metHb 
reacts with peroxides [23]. The reaction is rapid (within seconds) and 
results in metHb oxidation at two sites; heme is oxidized to the ferryl 
form, and a free radical is formed on the globin chain [23,24]. The 
spectral fingerprints of the transient ferryl-Hb can be captured by a 
spectrophotometric method [25]. This method has been applied to 
quantify the oxidative states of heme-iron in Hb within complicated 
atherosclerotic plaques of carotid arteries showing that 55 % of the total 
Hb is ferryl-Hb, 39 % is metHb, and 1.4 % is ferroHb [22]. Redox cycling 
of human metHb by peroxides has been revealed to yield persistent 
ferryl iron and protein-based radicals [26].

While studies have highlighted a notable protective effect of 
reducing neutrophil infiltration and NET formation on AAA, the causal 
role of the interaction between neutrophils and Hb in aortic aneurysm 
progression remains uncertain. In this study, we uncovered significant 
abnormalities in Hb-, neutrophil- and macrophage markers both in AAA 
patients and in angiotensin II (AngII)-induced AAA in apolipoprotein E- 
deficient (ApoE− /− ) mice models, and elucidated their causal relation
ship. Our findings indicate that Hb and ferrylHb exacerbate AAA pro
gression by enhancing neutrophil activation, inducing cell death, and 
promoting NET formation within the aortic wall. By raising a novel 
mouse monoclonal antibody against human ferrylHb and developing an 
ELSA method for measurement of ferrylHb antigen concentrations we 
detected elevated circulating ferrylHb levels in patients diagnosed with 
ruptured AAA.

2. Methods

2.1. Study approval

The participation of patients undergoing open aneurysm surgeries 
was in accordance with the research protocol approved by the Hun
garian National Center for Public Health and Pharmacy (No. 164482) 
and the Regional and Institutional Committee on Scientific and Research 
Ethics of Semmelweis University (No. 7891/2012). In addition, the 
operation of the aortic aneurysm biobank was approved by the Hun
garian National Center for Public Health and Pharmacy (No. 9882–8/ 
2022) and the Regional and Institutional Committee on Scientific and 
Research Ethics of Semmelweis University (No. 111/2022). In compli
ance with the EüM decree, the human studies were conducted in 
accordance with applicable laws and the Helsinki Declaration of the 
World Federation of Physicians. All patients or their proxies provided 
written informed consent before specimen collection. The presence of an 
aortic aneurysm was documented before surgery using echocardiogra
phy or computed tomography angiography/magnetic resonance imag
ing. Expert vascular specialist established clinical diagnoses before 
surgery. The surgical indication for infrarenal AAA was 5.5 cm in men 
and 5.0 cm in women, which was not ruptured and showed no signs of 
infection. Aortic samples were conserved, stored, and used for scientific 
research in accordance with European Union legislation. We adhere to 
the provisions of the Basic Law of Hungary and current legislation 
regarding personal rights, the protection of personal health data, and 
copyright protection during research.

An aortic aneurysm biobank was established for the purpose of 
examining AAA. The thrombus filling the lumen of the affected vessel 
from the patient’s aortic wall samples, as well as blood, saliva, urine and 
anal smear are stored in the biobank. Patient demographic findings, 
clinical data and laboratory parameters are recorded in a database 
developed for this purpose. For all patients included in the study, aortic 
wall samples undergo histological analysis. The processing of these 
histological specimens is performed by cardiovascular expert 
pathologists.

Healthy aortic tissue samples were obtained from deceased organ 
donors without aneurysms or other vascular diseases within 4–6 h after 
organ donation. Sampling of donors is in accordance with international 
and national legislation and the principles of national multi-organ 
donation. The study was approved by the Regional and Institutional 
Committee on Scientific and Research Ethics of Semmelweis University 
(license number: 257/2018.). Donor consent is not available, as the 
analysis of vascular tissue from brain-dead donors during multi-organ 
donation was done anonymously. In accordance with the General Data 
Protection Regulation of the European Union, the anonymous data of the 
donors were prospectively collected from the donor’s electronic health 
information system.

Detailed information regarding the patients, and deceased organ 
donors is listed in Tables 1 and 2. Neutrophils and macrophages from 
healthy volunteers were isolated from whole blood (Regional Research 
Ethical Committee, Project No.: 3853–2013 and 4699–2016) (Table 3).

Animal experiments performed in this study were approved by the 
Scientific and Research Ethics Committee of the Scientific Council of 
Health of the Hungarian Government under the registration number 1/ 
2021/DEMÁB. The Institutional and National Guidelines for the care 
and use of animals were followed. C57BL/6 ApoE− /− mice were main
tained at the University of Debrecen under specific pathogen-free con
ditions in accordance with guidelines from the Institutional Ethical 

Y. Ding et al.                                                                                                                                                                                                                                     Redox Biology 88 (2025) 103908 

2 



Committee.

2.2. Measurement of ferryl hemoglobin level in serum

After the development and characterization of a novel anti-ferrylHb 

monoclonal antibody (ferrylHb specific mouse monoclonal antibody: 
anti-ferrylHb mAb [22]), we established an in-house sandwich ELSA 
method for measurement of ferrylHb antigen concentrations. The 
epitope of the antibody located to the LLVVYPWTQR sequence at posi
tions 32–41 of the beta subunit and exposed only in oxidized Hb [22]. 
Flat-bottomed 96-well high-binding ELISA plates (EB, Thermo Fischer 
Scientific Oy Vantaa, Finland) were coated with unlabeled anti-ferrylHb 
mAb (10 μg/ml, 0.1 ml/well in 0.2 M NaHCO3, pH 9.6) and incubated 
overnight at 4 ◦C. Plates were blocked with 0.15 ml/well assay buffer 
(0.5 % BSA 0.5 M NaCl and 0.05 % Tween 20 in PBS, pH: 7.2) for 1 h at 
room temperature. After blocking, 0.1 ml/well standard or serum sam
ples, diluted 1:2500 in assay buffer, were added and plates were incu
bated for 1 h at room temperature. In the next step, captured ferrylHb 
was incubated with 0.1 ml/well of HRPO-labeled anti-ferrylHb mAb for 
1 h at room temperature and developed using 0.1 ml/well of 3,3′,5, 
5′-Tetramethyl-benzidine (TMB, One Component HRP Microwell Sub
strate, Diarect Ag, Freiburg, Germany). After 15 min at room tempera
ture, the reaction was stopped by adding 0.05 ml/well 2 M H2SO4, and 
the absorbance was read at 450 nm using a Labsystems iEMS MF 
microplate reader (Labsystems Oy, Helsinki, Finland). Between all in
cubation steps, wells were washed three times with PBS containing 
0.05 % Tween 20 (0.3 ml/well). A diluted series of ferrylHb in the range 
of 2.5–100 μg/l was used in parallel to create calibration curves. The 
within-run coefficient of variation of the assay was 4.1 %, 5.9 %, and 
7.1 % for samples with 189 μg/ml, 98 μg/ml, and 22 μg/ml ferrylHb, 
respectively.

2.3. Mouse abdominal aortic aneurysms model induction

Eight-to ten-week-old male ApoE− /− mice were randomly assigned 
to either the AngII infusion group or the saline infusion group. Only male 
mice were used due to the potential influence of female sex hormones on 
AngII and the male predominance in human aortic hematoma. Mice 
were fed either an high-fat diet (HFD) containing 18 % protein, 12.6 % 
carbohydrate, 15 % fat, and 1.25 % cholesterol (Sniff Spezialdiäten 
GmbH, DE-59494, Soest, Germany) or a standard diet (STD) for 12 
weeks. During the last 4 weeks, they were subcutaneously infused with 
1000 ng/min/kg AngII (Sigma-Aldrich Corp., St. Louis, MO) or saline 
through an osmotic minipump (Model 2004; ALZA Scientific Products, 
Mountain View, CA).

At the end of the 12-week study period, mice were euthanized via 
intraperitoneal injection of a mixture of ketamine (80 mg/kg) and 
xylazine (5 mg/kg). The aorta of each mouse was exposed and rinsed 
with cold saline, and the peri-aortic tissues were removed. The aorta was 
then excised, further cleaned, and rinsed with cold saline to remove any 
residual blood from the lumen. Segments of the abdominal aorta were 
processed for AAA evaluation and tissue analysis or were snap-frozen for 
protein analysis. Macroscopic pictures of the arteries were taken with a 
Nikon D3200 camera (Nikon Corp.; Minato, Tokyo, Japan).

2.4. Abdominal ultrasonography in mice

In vivo ultrasonography of the abdominal aortas was performed 
using the Vevo 3100 (MX550D) ultrasound system with a 32 MHz linear 
transducer (FUJIFILM VisualSonics, Inc., Toronto, Canada). Mice were 

Table 1 
Clinical characteristics of patients with abdominal aortic aneurysm.

Parameters Data

Sampling period From January 2022 to January 2025.
Total sample number Out of a total of 42 samples, 40 were 

utilized for serum measurement, 10 for 
histological analysis, and 10 were 
allocated for spectrophotometric analysis, 
proteomic analysis, biochemical 
examinations, molecular biology studies, 
and RNA sequencing.

Gender 33 males (33/42, 78.6 %); 9 Females (9/ 
42, 21.4 %).

Age 59–80 years (average: 69.3 years, SD: 5.4 
years).

Localization Suprarenal (1/42, 2.4 %); Infrarenal (25/ 
42, 59.5 %); Suprarenal and infrarenal (2/ 
42, 4.8 %); Juxta renal (11/42, 26.1 %); 
Thoracal (1/42, 2.4 %); Iliac (2/42, 
4.8 %).

Aneurysm morphology Fusiform (34/42, 80.9 %); Saccular (6/42, 
14.3 %); Dual (2/42, 4.8 %).

Symptoms Asymptomatic (33/42, 78.6 %); 
Symptomatic (8/42, 19.0 %); Uncertain 
(1/42, 2.4 %).

Maximal axial diameter (mm) 41–82 mm (average: 60.1 mm, SD: 
11.2 mm).

Progression (mm/year) 2–19 mm/year (average: 7.0 mm/year, 
SD: 3.9 mm/year; 21/42, 50 %); Primary 
detected before the surgery (21/42, 50 %).

Comorbidities and conditions of 
patients

Hypertension (33/42, 78.6 %); Ischemic 
heart disease (6/42, 14.3 %); Type 2 
diabetes mellitus (NIDDM; 6/42, 14.3 %); 
Stroke (ischemic and hemorrhagic; 5/42, 
11.9 %); Hyperlipidemia (8/42, 19.0 %); 
Myocardial infarction (AMI; 8/42, 
19.0 %); COPD (9/42, 21.4 %); 
Hypothyroidism (3/42, 7.1 %); Heart 
surgery-CABG (0/42, 0 %); Bronchial 
asthma (1/42, 2.4 %); Glaucoma (2/42, 
4.8 %); Cancer (12/42, 28.6 %).

Intensity of inflammation in 
abdominal aortic aneurysm 
according to histological analysis

None (1/42, 2.4 %); Mild (2/42, 4.8 %); 
Moderate (4/42, 9.5 %); Serious (6/42, 
14.2 %); Tertiary lymphoid tissue (28/42, 
66.7 %); No data (1/42, 2.4 %).

Most frequent medications Antiplatelet (33/42, 78.6 %); Antacids (7/ 
42, 16.6 %); Beta-blocker (19/42, 45.2 %); 
Diuretics (8/42, 19.0 %); Allopurinol (6/ 
42, 14.3 %); Calcium channel blocker (10/ 
42, 23.8 %); ACE inhibitor or ATII receptor 
antagonists (12/42, 28.6 %); Statins (15/ 
42, 35.7 %); Alpha 1-receptor blocker (6/ 
42, 14.3 %); Levothyroxine (8/42, 
19.0 %); Anticholinergic (4/42, 9.5 %).

FerrylHb, ferryl hemoglobin; SD, standard deviation; NIDDM, noninsulin- 
dependent diabetes mellitus; COPD, chronic obstructive pulmonary disease; 
CABG, coronary artery bypass surgery; ACE inhibitor, angiotensin-converting- 
enzyme inhibitor; ATII receptor, angiotensin II receptor.

Table 2 
Clinical characteristics of healthy individuals.

Parameters Data

Sampling period From 2022 to 2025
Total sample 

number
Out of a total of 31 samples, 26 were utilized for serum 
measurement, 5 (from organ donors) for histological analysis, 
spectrophotometric analysis, proteomic analysis, biochemical 
examinations, molecular biology studies, and RNA sequencing.

Table 3 
Data of healthy blood donor volunteers (Isolation of neutrophils and macro
phages from whole blood).

Parameters Data

Sampling period From September 2023 to August 2025
Total volunteer number 8
Total sample number 21
Gender 8 Males (100 %)
Age 25–62 Years (average: 41.1 years, SD: 11.5 years)
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anesthetized with 1 %–2 % isoflurane. After shaving the abdominal hair, 
mice were transferred to and fixed on the imaging stage in a supine 
position. Ultrasound transmission gel was then applied to the abdominal 
skin. Long-axis ultrasound scans of the suprarenal aorta were conducted 
from the aortic hiatus to the left renal artery. Images of the abdominal 
aorta were captured at mid-systole. The maximal internal diameters of 
the aorta were measured by two independent investigators in a blinded 
manner.

2.5. Blood pressure and heart rate measurements

Systolic blood pressure and heart rate were measured using a CODA 
noninvasive blood pressure system (tail-cuff method, Kent Scientific 
Corporation) before and after pump implantation. Briefly, mice were 
placed in a holder on an Animal Warming Platform. An occlusion cuff 
and a volume pressure recording (VPR) cuff were placed near the base of 
the tail and connected to the CODA Controller. Ten measurement cycles 
were performed, with accepted cycles automatically displayed in a 
spreadsheet format within the CODA application. Data were then pro
cessed in Microsoft Excel to calculate the average and standard 
deviation.

2.6. Classification of aneurysm severity

The severity of aortic aneurysm was classified according to our 
previously reported modification of the classification system described 
by Daugherty and colleagues [27,28]: Stage I, normal aorta; Stage II, 
aortic aneurysm without hemorrhage; Stage III, aortic aneurysm with 
hemorrhage; and Stage IV, ruptured aorta. Aneurysmal tissue was 
evaluated by three independent observers who were blinded to the 
experimental groups. In the case of a discrepancy, the observers dis
cussed the case and reached a consensus on the classification.

2.7. Histology

Tissue sections (human and mouse samples) of 4 μm thickness from 
representative formalin-fixed paraffin-embedded tissues were used for 
serial Hematoxylin-eosin (H&E), Naphthol AS-D (NASD) chloroacetate 
esterase staining, Verhoeff-Van Gieson (EVG) staining, Masson’s tri
chrome staining, and special immunohistochemistry (IHC) staining. 
Deparaffinization, antigen retrieval, and staining for myeloperoxidase 
(MPO), Hb, ferrylHb, and cluster of differentiation 163 (CD163) anti
bodies were performed according to the manufacturer’s instructions. 
Anti-MPO antibody (Thermo Scientific, RB373A) was used at a dilution 
of 1:1000 for 1 h; anti-Hb antibody (Abcam, ab92492, clone: EPR3608) 
at a dilution of 1:500 for 1 h; mouse monoclonal anti-human ferrylHb 
antibody (developed by our group) at a dilution of 1:100 for 1 h; and the 
CD163 primary antibody (Cat. No. 16646-1-AP, Proteintech) was incu
bated at a 1:500 dilution for 1 h. After rinsing with PBS, the slides were 
incubated with the MACH 2 Rabbit HRP-Polymer (cat. No.: RP520H, 
Biocare, Concord, CA, USA) for 30 min, followed by chromogen staining 
using the DAB Chromogen Kit and a subsequent H2O rinse. Slides were 
then counterstained with Mayer’s hematoxylin for 1 min and rinsed with 
tap water for 10 min. Finally, slides were dehydrated through graded 
alcohols to xylene and mounted. For digital documentation, slides were 
scanned with a Mirax Midi scanner (3D Histech, Budapest, Hungary).

Elastin degradation was quantified using a grading system based on 
EVG staining, which evaluates the integrity, waviness, and fragmenta
tion of elastic fibers. The grading was performed as follows [29]: Grade 1 
(normal), Intact, organized elastin fibers with a wavy appearance; Grade 
2, Visible breaks, partial loss of waviness, and some fragmentation of 
elastic fibers; Grade 3, Significant fragmentation, with ≥50 % loss of 
elastin signal or structural integrity; Grade 4, Severe disruption, most or 
all elastic fibers broken or absent, often accompanied by increased 
collagen and disorganization. Three independent observers performed 
the grading. To minimize potential artifacts due to tissue processing, all 

aortic samples were handled consistently using standardized fixation, 
dehydration, and embedding protocols. Sections were cut at uniform 
thickness and stained in parallel to ensure comparability.

2.8. Immunofluorescent staining

Cells were fixed in 3.7 % formaldehyde for 15 min and then per
meabilized with 0.3 % Triton X-100 for 15 min. The scavenger receptor 
CD163 or MPO were stained using a rabbit anti-CD163 primary antibody 
(Novus Biologicals, NB110-40686) or rabbit anti-MPO primary antibody 
(Thermo Scientific, RB373A), followed by an Alexa Fluor 488 F (ab’)2 
fragment of goat anti-rabbit IgG (H + L) secondary antibody (Cat. No. 
A11070, Thermo Fisher Scientific Inc., Waltham, MA, USA). FerrylHb 
was stained using a mouse monoclonal primary antibody (developed by 
our group), followed by an Alexa Fluor 568 F (ab’)2 fragment of goat 
anti-mouse IgG (H + L) secondary antibody (Cat. No. A11004, Thermo 
Fisher Scientific Inc., Waltham, MA, USA). Nuclei were stained with 
Hoechst 33,258. The CD163, MPO and ferrylHb primary antibodies were 
incubated at a 1:500 dilution for 1 h at room temperature. All secondary 
antibodies were used at a 1:500 dilution for 1 h at room temperature.

For tissue samples (human and mouse, n = 5/group) were labeled 
with mouse anti-human ferrylHb antibody (dilution of 1:1000 for 2 h) 
and stained with Alexa Fluor 488 F (ab’)2 fragment of goat anti-mouse 
IgG (H + L) at a dilution of 1:1000 for 2 h (Cat no. A11070, Thermo 
Fisher Scientific Inc., Waltham, MA U.S.A.), and labeled with rabbit anti- 
human CD163 antibody (Abcam, ab182422) at a dilution of 1:400 for 2 
h, and stained with Alexa Fluor 647 of goat anti-rabbit IgG (H + L) at a 
dilution of 1:1000 for 2 h (Cat no. A21244, Thermo Fisher Scientific Inc., 
Waltham, MA U.S.A.), or labeled with either anti-MPO (Thermo Scien
tific, RB373A) or anti-CD68 antibodies (Invitrogen, PA5-78996) at a 
dilution of 1:500 for 1 h, and stained with Alexa Fluor 568 of goat anti- 
rabbit IgG (H + L) at a dilution of 1:500 for 1 h (Invitrogen, A11011).

In other cases, human samples (n = 5/group) were labeled with 
mouse anti-human ferrylHb antibody (dilution of 1:1000 for 2 h) and 
stained with Alexa Fluor 488 F (ab’)2 fragment of goat anti-mouse IgG 
(H + L) at a dilution of 1:1000 for 2 h (Cat no. A11070, Thermo Fisher 
Scientific Inc., Waltham, MA U.S.A.), and labeled with rabbit anti- 
human MPO antibody (Cat. No. RB373A, Thermo Fisher Scientific 
Inc., Waltham, MA, USA) at a dilution of 1:1000 for 2 h or with rabbit 
anti-human carboxypeptidase M (CPM) antibody (ab150405 clone: 
EPR8052; Abcam Plc, Cambridge, United Kingdom) at a dilution of 
1:200 for 1 h, and stained with Alexa Fluor 647 of goat anti-rabbit IgG 
(H + L) at a dilution of 1:1000 for 2 h (Cat no. A21244, Thermo Fisher 
Scientific Inc., Waltham, MA U.S.A.).

2.9. Western blot

Human healthy arteries (n = 4) and AAA (n = 5) were homogenized 
in liquid nitrogen. The samples were then solubilized in protein lysis 
buffer (10 mmol/l Tris-HCl, 5 mmol/l EDTA, 150 mmol/l NaCl, pH 7.2), 
1 % Triton X-100, 0.5 % Nonidet P-40, and protease inhibitors (Com
plete Mini, F. Hoffmann-La Roche Ltd., Basel, Switzerland). 50 μg of 
protein from each sample were loaded onto 10 % SDS-polyacrylamide 
gels. After electrophoresis, proteins were transferred to a nitrocellu
lose membrane (Amersham Biosciences Corp., Piscataway, NJ, USA). 
The blot was incubated overnight with HRP-conjugated goat anti-human 
Hb antibody (Cat. No. ab19362-1, Abcam Plc., Cambridge, UK) at a 
dilution of 1:15,000 or with mouse anti-human ferrylHb antibody 
labeled with HRP (developed by our group) at a dilution of 1:1000, 
followed by HRP-conjugated secondary antibody. Antigen-antibody 
complexes were detected using chemiluminescence according to the 
manufacturer’s instructions (GE Healthcare Life Sciences, Piscataway, 
NJ, USA).

10 mm sections of aneurysm tissue from mice (n = 3/group) were 
taken and placed in protein lysis buffer. The samples were then soni
cated three times for 10 s on ice, followed by centrifugation at 12.000g 
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for 15 min at 4 ◦C. Eighteen micrograms of protein from each sample 
were loaded onto 10 % SDS-polyacrylamide gels. The Hb protein was 
detected by incubating the membrane overnight with goat anti-human 
Hb antibody (Cat. No. ab19362-1, Abcam Plc., Cambridge, UK) at a 
dilution of 1:5000.

Human neutrophils were treated with 10 μmol/l Hb or 10 μmol/l 
ferrylHb for 24 h, followed by solubilization in protein lysis buffer. 20 μl 
of the supernatant samples, after protein isolation, were applied to 10 % 
SDS-PAGE gels. The MPO protein was detected by incubating the 
membrane overnight with rabbit anti-human MPO antibody (Thermo, 
RB373A) at a dilution of 1:15,000, followed by incubation with HRP- 
conjugated anti-rabbit secondary antibody (Cell Signaling, 7074S) at a 
dilution of 1:15,000 for 1 h.

Human neutrophils were treated with 10 μmol/l Hb or 10 μmol/l 
PMA for 16 h. After treatment, the cells were solubilized in protein lysis 
buffer. 20 μg of total protein were applied to 10 % SDS-PAGE gels. The 
Hb protein was detected by incubating the membrane overnight with 
rabbit anti-human Hb antibody (Cat. No. ab19362-1, Abcam Plc., 
Cambridge, UK) at a dilution of 1:5000.

Human neutrophils were treated with 5 μmol/l ferrylHb or 5 μmol/l 
GSK484 for 16 h. After treatment, 37.5 μl of total supernatant samples 
were applied to 10 % SDS-PAGE gels. The CD163 protein was detected 
by incubating the membrane overnight with rabbit anti-human CD163 
antibody (Cat. No. 16646-1-AP, Proteintech) at a dilution of 1:500. The 
MPO protein was detected by incubating the membrane overnight with 
rabbit anti-human MPO antibody (Cat. No. RB373A, Thermo) at a 
dilution of 1:500.

Human macrophages were treated with 5 μmol/l ferrylHb or 5 μmol/ 
l GSK484 for 16 h. After treatment, 20 μg of total proteins were applied 
to 10 % SDS-PAGE gels. The CD163 protein was detected by incubating 
the membrane overnight with rabbit anti-human CD163 antibody (Cat. 
No. 16646-1-AP, Proteintech) at a dilution of 1:500. Uncropped raw 
images of all blots were included as Source Data.

2.10. Immunoprecipitation

Human healthy arteries (n = 4) and AAA (n = 5) were homogenized 
in liquid nitrogen. Then, the samples were solubilized in protein lysis 
buffer (10 mM Tris-HCl, 5 mM EDTA, and 150 mM NaCl, pH 7.2), 1 % 
Triton X-100, 0.5 % Nonidet P-40, and protease inhibitors (Complete 
Mini; F. Hoffmann-La Roche Ltd.). Pierce Protein A/GTM magnetic 
agarose beads (40 μl, Cat. No. 78609; Thermo Scientific, Waltham, MA) 
were added to a 1.5 ml microcentrifuge tube. A total of 460 μl of 
binding/wash buffer (10 mM phosphate buffer [pH 7.4], 150 mM NaCl) 
was added to the beads. The tube was placed into a magnetic stand to 
collect the beads against the side of the tube. The supernatant was 
removed and discarded. Binding/wash buffer (0.5 ml) was added to the 
tube and gently mixed for 1 min. The beads were collected with the 
magnetic stand, and the supernatant was removed and discarded.

Anti-human ferrylHb antibody at a 10-fold higher concentration than 
that used for Western blotting was added to a total volume of binding/ 
wash buffer of 500 μl. The antibody-bead mixture was incubated for 4 h 
at 4 ◦C by gentle mixing on a suitable shaker. The tube was placed into a 
magnetic stand to collect the beads against the side of the tube, and the 
supernatant was removed and discarded. Binding/wash buffer (0.5 ml) 
was added to the tube and gently mixed for 1 min. The washing step was 
repeated twice. Fifteen microliters of tissue lysate was added with 450 μl 
of binding/wash buffer to a 1.5 ml microcentrifuge tube. The lysate- 
bead/antibody conjugate mixture was incubated at 4 ◦C under rotary 
agitation for 16 h. The beads were washed three times with binding/ 
wash buffer containing a 1:20 volume of protease inhibitor. The tube 
was placed into a magnetic stand to collect the beads against the side of 
the tube, and the supernatant was removed and discarded. One hundred 
microliters of elution buffer (0.1 M glycine, pH 2.0–3.0) was added to 
the tube and incubated for 10 min at room temperature with occasional 
mixing. The beads were collected with a magnetic stand, and the 

supernatant was then removed and saved. To neutralize the low pH, 
100 μl of neutralization buffer (1 M Tris-HCl, pH 7.5) was added for each 
100 μl of eluate. Western blot analysis was performed using anti-human 
ferrylHb antibody for the detection of ferrylHb in abdominal aorta 
samples.

2.11. Hemoglobin separation and purification

OxyHb (Fe2+) was prepared as described before [30]. Hb was iso
lated from fresh blood drawn from healthy volunteers and purified using 
ion-exchange chromatography on a DEAE Sepharose CL-6B column. The 
isolation process yielded 98–99 % oxyHb, with 1–2 % of Hb underwent 
oxidation. Aliquots were snap-frozen in liquid nitrogen and stored at 
− 70 ◦C. The purity of the Hb preparation was assessed by silver staining. 
Hb concentrations were calculated as described by Winterbourn [31]. In 
this study, Hb concentration was always expressed as heme 
concentration.

2.12. Analysis of various redox states of hemoglobin

Human healthy arteries and AAA tissues (n = 5/group) were placed 
in saline. The samples were then sonicated three times for 10 s on ice 
using an Ultrasonic Cell Disrupter (Virtis Virsonic 323,410), followed by 
centrifugation at 12.000g for 15 min at 4 ◦C. The supernatants were 
analyzed using a spectrophotometer (Beckman Coulter Inc., Brea, CA, 
USA). The following equations were used to measure the contents of 
oxyHb, metHb, and ferrylHb in the aneurysm tissues [32]. 

[OxyHb] = − 75.78OD560 + 103.16OD576 – 38.39OD630 

[MetHb] = − 26.09OD560 + 12.48OD576 – 280.70OD630 

[FerrylHb] = 132.60OD560 – 74.10OD576 – 68.33OD630 

The processing method for mouse aneurysm samples was the same as 
described above.

After 16 h of treatment with PMA or Hb, neutrophils were collected. 
The concentrations of different redox states of Hb were determined by 
analyzing the visible spectra.

2.13. Determination of total heme content

Heme measurements in the healthy aorta and AAA tissue samples 
were performed as previously described by our study and by Huy et al. 
[33,34].

2.14. LC-MS/MS analysis

Mouse aorta lysates (STD + Saline, n = 2; HFD + Saline, n = 2; STD 
+ AngII, n = 2; HFD + Saline, n = 2), human healthy aortic tissue lysates 
(n = 5) and human aneurysm lysates with rupture (n = 5) were subjected 
to in-solution trypsin digestion. Proteins were denatured with 6 M urea 
(Bio-Rad, Hercules, CA, USA) for 30 min; thereafter, reduced with 
10 mM dithiothreitol (Bio-Rad, Hercules, CA, USA) at 56 ◦C for 60 min 
and further alkylated with 20 mM iodoacetamide (Bio-Rad, Hercules, 
CA, USA) in the dark for 45 min at room temperature. Before trypsin 
digestion, samples were diluted with 25 mM ammonium bicarbonate 
(Sigma-Aldrich, St. Louis, MO, USA) to decrease the urea concentration 
to 1 M. Trypsin digestion was performed at 37 ◦C overnight by adding 
MS-grade modified trypsin (Sciex, Framingham, MA, USA) in 1:25 
enzyme to protein ratio. The digested proteins were dried in speed-vac 
and dissolved in 1 % formic acid. The samples were desalted with C18 
PierceTips (ThermoFisher Scientific, Waltham, MA, USA), dried, and re- 
dissolved in 1 % formic acid before mass spectrometry analyses.

The LC-MS/MS analysis of trypsin-digested samples was carried out 
on Easy nLC 1200 ultra-performance liquid chromatography coupled to 
the Orbitrap Fusion mass spectrometer (Thermo Scientific, Waltham, 
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MA, USA). The peptide mixtures were desalted on an ACQUITY UPLC 
Symmetry C18 trap column (20 mm × 180 μm, 5 μm particle size, 100 Å 
pore size, Waters, Milford, MA, USA), followed by separation on an 
Acclaim PepMap RSLC column (75 μm × 250 mm, 2 μm particle size, 
100 Å pore size, Thermo Scientific, Waltham, MA, USA). The chro
matographic separation was done using a 180-min-long gradient, 5 % 
solvent B over 5 min, followed by a rise to 10 % of solvent B over 5 min, 
and then to 35 % solvent B over 120 min. Thereafter, solvent B was 
increased to 50 % over 15 min and then to 85 % over 5 min, followed by 
a 10-min rise to 85 % of solvent B, after which the system returned to 
5 % solvent B in 1 min for a 19-min hold-on. Solvent A was 0.1 % formic 
acid in LC water (Merck, Darmstadt, Germany); solvent B was 95 % 
acetonitrile (Merck, Darmstadt, Germany) containing 0.1 % formic acid. 
The flow rate was set to 400 nl/min.

Data-dependent acquisition experiments were carried out by select
ing the top 14 ions from each survey scan (scan range: 350–1600 m/z, 
Orbitrap analyzer resolution: 60,000, AGC target: 4.0e5, acquired in 
profile mode) for MS/MS analyses. HCD fragmentation was performed 
with 35 % normalized collision energy and MS/MS spectra were regis
tered in the linear ion trap (AGC target: 1.0e6, acquired in centroid 
mode). Dynamic exclusion was enabled during the cycles (45 s exclusion 
time).

2.15. Data processing and analysis

Protein identification was done with MaxQuant 2.0.1 software [35] 
searching against the Human SwissProt database for human aortic 
aneurysm samples (release: 2022.01, 20,394 sequence entries) and 
Mouse SwissProt database (release: 2022.02, 17,082 sequence entries) 
for mouse aortic aneurysm samples along with the contaminants data
base provided by the MaxQuant software. Cys oxidation, trioxidation, 
and carbamidomethylation along with Met oxidation and N-terminal 
acetylation were set as variable modifications. A maximum of two 
missed cleavage sites were allowed. The results were imported into the 
Scaffold 5.0.1 software (Proteome Software, Inc.). Proteins were 
accepted with at least 2 identified peptides using a 1 % protein false 
discovery rate and 95 % peptide probability thresholds.

Human Hb was visualized using CAVER Analyst 2.0 software with 
RCSB PDB entry 1BUW, while mouse Hb was visualized using RCSB PDB 
entry 3HRW.

2.16. Separation of human blood-derived monocytes and treatment of 
macrophages

The human macrophages used were derived from blood monocytes 
collected from healthy donors. Monocytes were separated using density- 
gradient centrifugation with Histopaque-1077 and differentiated into 
macrophages over 6 days in Dulbecco’s Modified Eagle Medium 
(DMEM) containing 15 % FBS and 50 ng/ml M-CSF. After 6 days, 
macrophages were treated with 10 μM of ferrylHb for 8 h at 37 ◦C in 0 % 
FBS-containing DMEM [22].

2.17. Isolation of neutrophils from whole blood

Twenty milliliters of anticoagulated blood were collected from 
healthy volunteers into a 50 ml conical plastic tube and diluted with 
20 ml of 0.9 % saline. The blood was then carefully layered on 10 ml of 
polysucrose and sodium diatrizoate solution (Histopaque®-1077; 
Product No: 10,771) and centrifuged at 400 g for 40 min at 24 ◦C. 
Following centrifugation, the plasma and the layer containing mono
nuclear cells were discarded. The polymorphonuclear leukocytes, which 
had some erythrocyte contamination, were collected into a new tube. 
The cells were resuspended in <5 ml of sterile distilled water for 25 s and 
then the tonicity was promptly restored by adding an equal volume of 
1.8 % sterile saline. The cells were then washed with 0.9 % saline and 
centrifuged at 500 g for 5 min at 24 ◦C. Finally, the cells were 

resuspended in 500 μl of 10 % DMEM with high glucose.

2.18. Neutrophils treated with hemoglobin or ferryl hemoglobin

Neutrophils were isolated, resuspended in DMEM, and seeded into 
24-well plates (500 μl/well). The cells were then treated with Hb 
(10 μmol/l) or ferrylHb (10 μmol/l). Following treatment, the 24-well 
plates were incubated at 37 ◦C in a 5 % CO2 humidified atmosphere 
for specified durations (4, 8, 16, and 24 h). At each time point, cells were 
collected and photographed using a Leica DMC 4500 microscope.

To monitor Hb oxidation, neutrophils were stimulated with PMA 
(10 μg/ml; Product No: P1585) followed by treatment with 10 μmol/l 
Hb for a total of 16 h.

Human neutrophils were treated with 5 μmol/l ferrylHb or 5 μmol/l 
GSK484 (ab223598, Abcam) for 16 h.

2.19. Polymorphonuclear leukocyte elastase assay

Polymorphonuclear leukocyte (PMN) elastase was quantified using a 
Human PMN-Elastase ELISA kit (Affymetrix eBioscience) [36]. Briefly, 
10 μl of each sample was added to a microwell plate along with 90 μl of 
Sample Dilution Buffer and incubated at room temperature for 1 h. After 
washing, the samples were incubated with 150 μl of HRP-conjugate at 
room temperature for 1 h. Following another wash, 200 μl of TMB 
Substrate Solution was added to each well and incubated at room tem
perature for 30 min in the dark. The reaction was stopped by adding 
50 μl of Stop Solution to each well. Absorbance was measured at 450 nm 
using a microplate reader (PMT 49984, Biotek Synergy HT). Concen
trations were expressed as ng/ml.

2.20. RNA-sequencing

To obtain global transcriptome data, high-throughput mRNA 
sequencing was performed on samples from various groups: Hb and 
ferrylHb-stimulated human neutrophils (n = 5), aortic aneurysm tissues 
from patients (n = 4), healthy aorta samples from organ donors (n = 5), 
and AAA tissues from ApoE− /− mice (n = 5/group). Total RNA was 
extracted from these samples, quantified, and assessed for quality using 
the Agilent BioAnalyzer with the Eukaryotic Total RNA Nano Kit (Agi
lent Technologies, Santa Clara, CA, USA), following the manufacturer’s 
protocol. Sequencing was conducted using the Illumina Sequencing 
Platform (Illumina, San Diego, CA, USA). Due to the high degradation of 
RNA samples, a ribosomal RNA (rRNA) depletion method was employed 
to remove rRNA species. The NEBNext ® rRNA Depletion Kit (Human/ 
Mouse/Rat) (New England BioLabs) was utilized for this purpose. For 
RNA-Seq library preparation, 200 ng of total RNA was used with the 
NEBNext® Ultra II RNA Sample Preparation Kit for Illumina (New En
gland BioLabs, Ipswich, MA, USA) according to the manufacturer’s in
structions. Briefly, poly-A-tailed RNAs were purified using oligodT- 
conjugated magnetic beads. The purified RNAs were fragmented by 
heating at 94 ◦C for 15 min. First-strand cDNA synthesis was carried out 
using random primers, followed by second-strand cDNA synthesis to 
produce double-stranded cDNA. Following end repair and adapter 
ligation, the adapter-ligated fragments were amplified through enrich
ment polymerase chain reaction (PCR) to generate the sequencing li
braries. Sequencing was performed on the Illumina NextSeq 500 
instrument (Illumina) using single-end 75-cycle sequencing.

2.21. Analysis of RNA-Sequencing data

Raw sequencing data (FASTQ) were aligned to the human or mouse 
reference genome version (GRCh37) using the HISAT2 algorithm, 
generating BAM files. Downstream analysis was performed using iDEP 
2.01 software (http://ge-lab.org/idep/). BAM files were imported into 
iDEP 2.01 and DESeq2 algorithm was used for normalization. To iden
tify differentially expressed genes between untreated and ferrylHb- 
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stimulated conditions, or between aortic aneurysms and healthy aorta, 
DESeq2 test was applied. ANOVA with Tukey post hoc test was applied 
to four groups of aorta samples from ApoE− /− mice. Heatmaps and dot 
plots were drawn using GraphPad Prism 10 (GraphPad Prism Software 
Inc., La Jolla, CA, USA) or automatically generated by iDEP 2.01. Lists of 
differentially expressed genes were analyzed using the gene ontology 
(GO) Enrichment Analysis function in iDEP 2.01. GOs with fold 
enrichment ≥2 and P-value <0.05 were selected and results were pre
sented according to their -log10 P-value. The bar graph was automati
cally generated using the iDEP 2.01.

2.22. Statistical

All statistical analyses were conducted using GraphPad Prism 10 
(GraphPad Software Inc., La Jolla, CA, USA). Data are presented as 
mean ± standard error of the mean (SEM), except for mouse blood 
pressure, heart rate, and the percent survival chart. The normality of the 
data was assessed using the Shapiro-Wilk test, and the homogeneity of 
variances was evaluated using Levene’s test. For data sets that met the 
criteria for normality and equal variances, Student’s t-test or one-way 
ANOVA followed by Bonferroni post hoc tests were applied, as indi
cated in the figure legends. The survival curve was analyzed using the 
Log-rank and Gehan-Breslow-Wilcoxon tests. The correlation between 
ferrylHb and heme content was assessed using Pearson’s correlation 
analysis. Statistical significance was determined at a P-value of <0.05.

3. Results

3.1. Circulating ferryl hemoglobin in patients with ruptured abdominal 
aortic aneurysms

We developed a monoclonal antibody-based enzyme-linked immu
nosorbent assay using anti-ferrylHb monoclonal antibody [22] specific 
for ferrylHb to measure ferrylHb levels in the serum of patients diag
nosed with ruptured AAA and healthy volunteers. Blood samples were 
collected from 40 patients undergoing open vascular surgery and 26 
healthy donors. As shown in Fig. 1A, the mean serum ferrylHb con
centration in patients with AAA was significantly elevated 
(320.12 ± 339.26 μg/ml) compared to healthy individuals 
(122.36 ± 106.53 μg/ml), with a 2.6-fold increase in ferrylHb concen
tration in patients (P < 0.01). These surprising findings suggest a strong 
correlation between ferrylHb levels and AAA rupture and prompted us 
to investigate the source and potential role of ferrylHb in AAA 
pathophysiology.

3.2. Ferryl hemoglobin accumulates in human abdominal aortic 
aneurysms associated with hemorrhage and is taken up by neutrophils and 
macrophages

To examine Hb oxidation and ferrylHb accumulation in AAA, we 
collected human aneurysmal tissues from ten patients who underwent 
open AAA repair surgery and healthy aortic tissue samples from five 
deceased organ donors for analysis (Fig. 1B). The conditions and 
comorbidities that occurred, as well as medications, are shown in 
Table 1. As expected, the abdominal aortas from AAA exhibit partial 
hemorrhage compared to healthy arterial tissues. IHC with anti-ferrylHb 
antibodies [22] revealed oxidized Hb accumulation both intracellular 
and extracellular localizations in the aneurysmal arterial wall (Fig. 1C). 
No ferrylHb was detected in healthy aortas.

Further histopathological analysis revealed extensive disruption of 
the aortic architecture, characterized by the accumulation of cells with 
dense and irregular nuclear contours characteristic of granulocytes. 
These cells were positive for NASD chloroacetate esterase, a granulocyte 
marker, and MPO [37,38] (Fig. 1C), indicating neutrophil infiltration of 
the arterial wall that primarily localized around the site of adventitia in 
the hemorrhagic regions of the AAA. IHC staining for CD163 revealed a 

high number of CD163-positive cells in the AAA group compared to the 
healthy controls (Fig. 1C). Additionally, double staining for ferrylHb and 
MPO confirmed ferrylHb uptake by neutrophils, suggesting a link be
tween Hb oxidation and neutrophil-mediated inflammation in AAA. 
Double immunofluorescence staining further confirmed the colocaliza
tion of ferrylHb with CPM, suggesting that not only neutrophils but also 
macrophages are involved in the uptake of oxidized Hb, and may 
contribute to the inflammatory response in AAA (Fig. 1D and Supple
mental Fig. 1). Double immunofluorescence staining confirmed robust 
colocalization of ferrylHb with CD163 (Fig. 1E). Quantitatively, the 
colocalization rate of ferrylHb with CD163 was 72.37 % ± 3.88 % in 
neutrophils (MPO-positive cells), whereas the ferrylHb and CD163 
colocalization rate was 78.92 % ± 5.89 % in macrophages (CD68-po
sivive cells) (Fig. 1F). Our study demonstrates significant colocalization 
of ferrylHb with neutrophils and macrophages, indicating that both 
leukocytes actively participate in the uptake of oxidized Hb within AAA 
lesions.

3.3. Oxidation of hemoglobin to the ferryl state followed by oxidative 
modification of globin chains and liberation of heme moieties occurs in 
cases of hemorrhaged abdominal aortic aneurysm

Oxidation of Hb and generation of the ferryl form is marked by the 
formation of cross-linked Hb, a hallmark of ferrylHb [22]. To confirm 
the presence of ferrylHb in human AAA tissues, we performed Western 
blot analysis on AAA and healthy abdominal artery tissues. As shown in 
Fig. 2A, Hb dimers and tetramers (only one of five AAA patients showed 
a tetramer) accumulated in AAA samples (upper panel), which indicates 
globin radical formation and covalent crosslinking of globin chains [39]. 
The presence of ferrylHb in AAA samples was also confirmed by 
immunoprecipitation (Fig. 2A, lower panel). Spectral analysis [22,25] of 
AAA tissues revealed significant Hb oxidation compared to controls 
(Fig. 2B). In ferroHb, as a control, the absorption spectra exhibited two 
peaks at 542 and 577 nm, which were diminished in AAA samples, 
indicating the oxidation of Hb. Subsequently, we determined ferrylHb 
concentrations of oxidized Hb in the same aortic samples using the 
method described by Alayash [25]. The results from these assays indi
cate that the ferrylHb levels were significantly elevated in AAA tissues, 
while ferrylHb was almost undetectable in healthy controls.

Furthermore, Hb oxidation can lead to the release of the heme group 
from the globin chain, resulting in the formation of non-Hb-bound (free) 
heme. To investigate this, total heme concentrations were measured in 
AAA samples showing significantly higher levels of heme 
(78.29 ± 23.27 μmol/mg protein) compared to healthy controls 
(7.67 ± 5.86 μmol/mg protein) (Fig. 2C). These findings suggest that 
oxidation of Hb, generation of ferrylHb, and release of heme moieties 
are key characteristics of AAA pathophysiology.

Multiple lines of evidence indicate that βCys93 is a critical residue for 
free radical-induced oxidation of Hb [40–42]. Mass spectrometry was 
thus employed to identify oxidative modifications of cysteine residues 
within the Hb molecules in AAA tissues. This analysis confirmed 
oxidation at βCys93, with additional oxidative modifications identified 
at βCys112 and αCys104 (Fig. 2D and Proteomics Data 1) [43].

3.4. Hemoglobin oxidation to ferryl hemoglobin is characteristic of 
angiotensin II-induced abdominal aortic aneurysms in apolipoprotein E- 
deficient mice

In order to explore further the mechanistic aspects of our findings we 
employed a mouse model of aortic aneurysm. ApoE− /− mice were fed 
either a STD or a HFD for 12 weeks, followed by subcutaneous infusion 
of saline or 1000 ng/kg/min AngII for 28 days to induce AAA (Fig. 3A). 
The progression of AAA was monitored by measuring the diameter of the 
abdominal aorta using ultrasonography at 0, 7, 14, and 28 days of AngII 
infusion (Supplemental Fig. 2A). AngII infusion led to dilation of 
abdominal aorta in mice, and it was more pronounced in mice on HFD 
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Fig. 1. Circulating ferryl hemoglobin is detected in the blood of patients diagnosed with ruptured abdominal aortic aneurysms, and accumulation of ferryl 
hemoglobin-positive neutrophils and macrophages in human hemorrhaged aortic aneurysm. 
(A) We developed an enzyme-linked immunosorbent assay utilizing monoclonal antibodies against human ferryl hemoglobin (ferrylHb) to measure the concentration 
of ferrylHb in the serum of patients who were diagnosed with ruptured abdominal aortic aneurysm (AAA) and underwent open vascular surgery as well as in healthy 
volunteers. Results are shown as mean values. Statistical significance was determined using an unpaired t-test: **P < 0.01 (n = 26/healthy donors; n = 40/AAA 
patients). (B) Macroscopic views of a hemorrhaged abdominal aorta with an AAA and a healthy aorta harvested from deceased organ donors are shown. (C) 
Hematoxylin-eosin (H&E), ferrylHb immunohistochemical (IHC), myeloperoxidase (MPO), naphthol AS-D chloroacetate esterase (NASD), and CD163 of abdominal 
aorta tissues are shown (n = 5). Quantitative analysis of ferrylHb, MPO, NASD, and CD163 staining of tissue sections was performed using ImageJ software (n = 5). 
*P < 0.05; **P < 0.01; ***P < 0.001 (unpaired t-test). ND, not detectable. (D) Images from the hemorrhagic AAA sections were stained with Hoechst 33,258 to 
visualize DNA (blue), an anti-ferrylHb antibody coupled with Alexa Fluor 488 to identify ferrylHb (green), and either anti-MPO or anti-carboxypeptidase M (CPM) 
antibodies conjugated with Alexa Fluor 647 to detect MPO or CPM, respectively (red). (E and F) Images from the healthy aorta sections and the hemorrhagic AAA 
sections were stained with Hoechst 33,258 to visualize DNA (blue), an anti-ferrylHb antibody coupled with Alexa Fluor 488 to identify ferrylHb (green), an anti- 
CD163 antibody coupled with Alexa Fluor 647 to identify CD163 (red), and either anti-MPO or anti-CD68 antibodies conjugated with Alexa Fluor 568 to detect 
MPO or CD68, respectively (yellow). All images were captured using a Leica TCS SP8 gated STED-CW nanoscopic system and subsequently deconvolved with 
Huygens Professional software to enhance image clarity and resolution. The images presented are representative of the findings from five separate samples (n = 5). 
Scale bars shown in the images represent 10 μm, 20 μm or 50 μm. Super-resolution images (2D techniques) confirmed the co-localization of ferrylHb and CD163 
receptor. Representative image, colocalization rate is the average value ± SD (n = 4).
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compared to those on STD (Fig. 3B and Supplemental Fig. 2B). Blood 
pressure levels did not differ between the two AngII-treated groups 
(Supplemental Fig. 3A). Control groups (STD and HFD without AngII) 
did not develop aneurysms. Based on previously established criteria 
[44], aneurysms were classified into four stages: I) normal aorta; II) 
aortic aneurysm without hemorrhage; III) aortic aneurysm with hem
orrhage; and IV) ruptured aorta (Supplemental Fig. 3B). Notably, the 
incidence of hemorrhage (n = 17/19) and rupture (n = 8/19) was higher 
in AngII-treated mice on HFD compared to those on STD (n = 9/19 and 
n = 4/19, respectively) (Supplemental Fig. 3C and D).

Due to the fact that ferrylHb was found to accumulate in human 
hemorrhaged AAA, we tested whether AngII-induced AAA tissue speci
mens shared the same characteristics of Hb oxidation. Spectral analysis 
of Hb derived from hemorrhaged AAA samples showed peaks at 533 and 
571 nm, indicating the presence of Hb. Oxidative states of Hb were 
quantified, showing that metHb and ferrylHb were more prevalent in 
hemorrhaged AAAs compared to ferroHb, particularly in HFD-fed mice 
(Fig. 3C). Additionally, Western blot analysis further supported the 
oxidation of Hb to the ferryl state, as evidenced by the formation of Hb 
dimers and the covalent crosslinking of globin chains in ApoE− /− mice 
treated with AngII on an HFD (Fig. 3D).

To further explore the oxidative alteration of the globin chain we 
determined oxidation hotspots of Hb in hemorrhaged mouse aneurysm 
tissue. Comparing to human aneurysms, where βCys93, βCys112, and 
αCys104 were identified to be critical for free radical-induced oxidation, 
we detected oxidation specifically at βCys93 (Fig. 3E and Proteomics 
Data 2).

As in human AAAs, the accumulation of oxidized Hb was accompa
nied by elevated heme levels in AAA tissue samples of HFD-fed mice 
treated with AngII (Fig. 3F).

Importantly, when ferrylHb and heme contents of the artery walls 
from human samples and from animal experimental groups are com
bined and evaluated by correlation analyses, a strong relationship can be 
observed between the ferrylHb concentrations and the free heme levels 
especially at extremely high values of ferrylHb in cases of hemorrhaged 
abdominal aneurisms (R = 0.717, P = 0.030) (Fig. 3G).

3.5. Hemoglobin is taken up by neutrophils and macrophages in 
hemorrhaged abdominal aortic aneurysms in mice

In cases of human AAA, neutrophils and macrophages internalize 
ferrylHb (Fig. 1). To determine whether a similar phenomenon occurs in 

Fig. 2. Oxidative modification of hemoglobin and heme release in human abdominal aortic aneurysm tissues. 
(A) The representative Western blot and immunoprecipitation (IP) analysis were performed to compare the levels of Hb dimers (upper panel) and ferrylHb (lower 
panel) between healthy aorta tissues (n = 4) and AAA tissues (n = 5). To detect Hb in healthy aorta and AAA tissues Western blot analysis was performed employing 
anti-human Hb antibody. The protein levels of Hb dimers were normalized to GAPDH. For IP of ferrylHb the pulldown was carried out using anti-human ferrylHb 
antibody then the same antibody was utilized for detection. Quantitative results for each protein group are presented, with data shown as the mean ± SEM for each 
group (n = 4 or 5 per group). *P < 0.05 using unpaired t-test. (B) Spectral analysis of aortic tissue from healthy (n = 5), AAA (n = 5), and Hb control are shown. 
FerrylHb concentration was calculated. The results are shown as the mean values ± SEM of the experiments. ***P < 0.001 (unpaired t-test). (C) Total heme con
centrations (μmol/mg protein) of human healthy (n = 4) and AAA (n = 4) abdominal aorta tissue lysates were determined spectrophotometrically and calculated 
according to the heme standard curve. **P < 0.01 using unpaired t-test. (D) Trypsin-digested samples from human aortic aneurysm tissues (n = 5) were used for LC- 
MS/MS analysis to investigate the oxidation of cysteine (CYS) residues in Hb chains. The image illustrates the specific sites of CYS oxidation within the Hb α and β 
chains 
α chain104 CYS, LLSHCLLVTLAAHLPAEFTPAVHASLDKFLASVSTVLTSK 
β chain112 CYS, LLGNVLVCVLAHHFGK 
β chain93 CYS residue, GTFATLSELHCDKLHVDPENFR 
Human Hb was visualized with CAVER Analyst 2.0 software using RCSB PDB entry 1BUW. The mass spectrometry results are presented in Proteomics Data 1.
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our mouse model of the hemorrhaged aneurysm, we performed IHC 
staining to assess Hb uptake by neutrophils and macrophages in mouse 
AAA samples. Saline-treated mice exhibited normal morphology, with 
intact elastin layers in the suprarenal aortas, as confirmed by histolog
ical analysis using H&E and EVG staining. In contrast, AngII infusion 
induced AAA formation and significant elastin degradation in the aortic 
walls (Fig. 4A and Supplemental Fig. 4). HFD feeding further exacer
bated these effects, increasing both cell number and the severity grade of 
elastin degradation in AngII-treated mice compared to those on a STD.

Histological analysis revealed that in the area of the ruptured aortic 
wall extracellular accumulation of Hb occurred and that was taken up by 
neutrophils (highlighted inside the rectangle) (Fig. 4B). Similarly, 

macrophages (Fig. 4C) were also positive for Hb in the ruptured lesion. 
Extending the treatment duration to 15 weeks led to the appearance of 
NETs in advanced aortic aneurysm tissues as indicated by the arrow in 
EVG-stained sections (Fig. 4C). The filamentous structures composed of 
decondensed chromatin (DNA) and granular proteins such as MPO are 
demonstrated in Fig. 4D.

3.6. Uptake of ferryl hemoglobin occurs via CD163 by neutrophils

CD163 is a member of the scavenger receptor superfamily class B of 
the first subgroup [45]. This receptor binds Hb-haptoglobin complexes, 
facilitating their internalization and subsequent lysosomal degradation 

Fig. 3. Ferryl hemoglobin is present in abdominal aneurysms of mice on a high-fat diet treated with angiotensin II. 
(A) Experimental Schema: 8-week-old ApoE− /− male mice were maintained on a high-fat diet (HFD) or a standard diet (STD) for a total duration of 12 weeks. During 
the last 4 weeks of feeding, they were implanted with osmotic pumps containing angiotensin II (AngII) or saline. (B) Representative photographs of aortic tissues in 
four groups of mice who received treatment with saline, AngII, saline plus HFD, and AngII plus HFD, respectively. Yellow triangles indicate an aortic aneurysm 
without hemorrhage; light red triangles indicate an aortic aneurysm with hemorrhage; dark red triangles indicate a ruptured aorta. Maximal suprarenal abdominal 
aortic diameter (in mm) measured from the isolated aorta at day 28 post-infusion; ***P < 0.001 (unpaired t-test). (C) Spectral analysis of aortic tissue from the 
following groups: Hb control, HFD, AngII, and HFD + AngII (AAA) (n = 5). The concentrations and ratios of ferroHb, metHb, and ferrylHb were calculated. Results 
are presented as mean values ± SEM. Statistical significance is indicated as follows: **P < 0.01 (unpaired t-test). ND, not detectable. (D) Representative Western blot 
of the HFD and HFD + AngII tissues using anti-Hb antibody. The expression levels of Hb dimers were assessed. The protein levels were normalized to GAPDH. 
Quantitative results for each protein group are presented, with data shown as the mean ± SEM for each group (n = 3 per group); ***P < 0.001, unpaired t-test. (E) 
Oxidation hotspots in the globin chains were identified in mouse aortic aneurysm tissue. Trypsin-digested samples from HFD + AngII-treated mice (aneurysms with 
rupture) were analyzed using LC-MS/MS (n = 4/group). The image highlights the location of CYS oxidation within the Hb chains. Specifically, the β chain at residue 
93 (CYS) within the sequence GTFASLSELHCDKLHVDPENFR. Visualization of mouse Hb was conducted using CAVER Analyst 2.0 software, with structural data 
obtained from RCSB PDB entry 3HRW. The mass spectrometry results are presented in Proteomics Data 2. (F) Heme levels of AAA in mice on HFD (n = 5) and HFD +
AngII (n = 5) were measured and quantified by the fluorescence assay; *P < 0.05 using an unpaired t-test. (G) The correlation between ferrylHb and heme content of 
aortic wall from humans and mice was assessed using Pearson’s correlation analysis. Correlation coefficient (R) and P values were calculated. A two-tailed P < 0.05 
was considered statistically significant.
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during hemolysis [46,47]. Importantly, it mediates non-inflammatory 
clearance of free, non oxidized Hb, thereby protecting tissues from 
oxidative stress.

We previously demonstrated that uptake of ferrylHb by macrophages 
occurs via CD163 even in the absence of haptoglobin [22]. As shown in 
Fig. 4E, a significant colocalization of CD163 and ferrylHb within neu
trophils and macrophages was found in AngII- and HFD-induced AAA 
tissues. In contrast, such expression or colocalization was not detected in 
the aortas of healthy mice (Saline + STD).

To further test whether CD163 similarly mediates ferrylHb inter
nalization in neutrophils, we conducted stimulated emission depletion 
microscopy (STED) nanoscopy (Fig. 4F). This analysis revealed signifi
cant co-localization of CD163 with ferrylHb in neutrophils. Further, 
pretreatment of cells with a CD163-blocking antibody resulted in a 
robust reduction of ferrylHb internalization, indicating that CD163 is 
critical for ferrylHb uptake in neutrophils. These findings strongly sug
gest that CD163 expressed in neutrophils mediates the uptake and 
clearance of ferrylHb.

Fig. 4. Hemoglobin uptake by neutrophils and macrophages in hemorrhaged abdominal aortic aneurysms in mice. 
(A) Mice were infused with AngII for 4 weeks and abdominal aortas were harvested for histological analysis. H&E and Verhoeff’s elastin staining (EVG) of mouse AAA 
sections are shown. Cell number expressed as relative to the control (n = 7–8), **P < 0.01 (unpaired t-test). Quantitative analysis of elastin degradation grade 
(n = 5–7). (B) Hb IHC staining of mouse AAA sections. Red dashed circles indicate intracellular Hb. High-magnification insets on the right highlight neutrophils 
exhibiting multilobed nuclei with intracellular cytoplasmic Hb staining. Quantitative analysis of Hb staining of tissue sections was performed using ImageJ software 
(n = 5). **P < 0.01 (unpaired t-test). ND, not detectable. (C) H&E, EVG, Masson’s trichrome, and Hb staining in advanced aortic aneurysm tissues. Red dashed circles 
inset on the right highlight intracellular Hb staining and round large single nucleus characteristics of macrophages. Lower panels provide higher magnification 
images with the arrow indicating neutrophil extracellular traps (NETs). (D) Mouse AAA (AngII + HFD) sections were stained with Hoechst 33,258 to visualize DNA 
(blue) and anti-MPO antibody conjugated with Alexa Fluor 647 to detect MPO (red). Images were captured using a Leica TCS SP8 gated STED-CW nanoscopic system 
and subsequently deconvolved with Huygens Professional software to enhance image clarity and resolution. Scale bars shown in the images represent 20 μm. The 
arrow indicates NETs. (E) FerrylHb and CD163-positive cells were detected by immunofluorescence staining in AAA (HFD + AngII) and in healthy aortas (STD +
Saline) of mice. (F) Human neutrophils (NEUs) were isolated from the blood of healthy donors and subsequently treated with ferrylHb with or without anti-CD163 
pretreatment for 16 h. The cells were then stained with Hoechst 33,258 for DNA (blue), an anti-ferrylHb antibody with Alexa Fluor 488 secondary antibody for 
ferrylHb (green), and CD163 antibody for the scavenger receptor (red). Images were acquired using a Leica TCS SP8 gated STED-CW nanoscopy and deconvolved 
using Huygens Professional software. Scale bars represent 5 μm. Pixel intensity for red color and green color were quantified using ImageJ software (n = 5). 
**P < 0.01, ***P < 0.001 (unpaired t-test).
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3.7. Transcriptomic profile of human hemorrhaged abdominal aortic 
aneurysms is associated with inflammation and neutrophil activation

To further investigate the molecular mechanisms underlying AAA, 
we performed bulk RNA-seq analysis on aneurysmal and healthy aortic 
tissues to identify differentially expressed genes (DEGs) and associated 
pathways. Principal component analysis (PCA) revealed distinct tran
scriptomic profiles between AAA and healthy aortas, with biological 
replicates clustering closely together, explaining 55.45 % of the varia
tion along PC1 (Fig. 5A).

In total, we identified 4327 DEGs, with 2473 genes significantly 
upregulated, and 1854 genes downregulated in AAA compared to 
healthy tissues (Fig. 5B; FDR<0.05, |log2FC|>1). The upregulated genes 
are largely associated with neutrophil activation, inflammation, calci
fication, apoptosis and iron metabolism. Gene Ontology (GO) enrich
ment analysis highlighted significant associations with biological 
processes such as “Neutrophil Chemotaxis”, “Neutrophil Migration”, 
and “Neutrophil Aggregation” (Fig. 5C). A more detailed assessment of 
neutrophil-related genes showed the upregulation of S100A8, ADAM8, 
DOCK8, and SELL, among others (Fig. 5D).

In addition to neutrophil activation pathways, several inflammatory 
genes, including IL1B, and IL6, were notably affected raising the 

potential of macrophage involvement. Calcification, apoptosis, and iron 
metabolism-related genes, including HBB, HMOX1, and LTF, were also 
significantly dysregulated in AAA samples compared to controls. These 
findings underscore the involvement of ferrylHb and neutrophil- 
mediated inflammation in the pathogenesis of AAA.

3.8. Ferryl hemoglobin induces transcriptomic changes in human 
macrophages that overlap with those observed in abdominal aortic 
aneurysms

To investigate the molecular impact of ferrylHb on macrophages in 
more detail and its potential involvement in AAA pathophysiology, we 
analyzed DEGs from human AAA biopsies and ferrylHb-treated human 
macrophages (8-h incubation). Comparative analysis revealed a signif
icant overlap, with 884 shared DEGs-685 upregulated and 199 
downregulated-between the two datasets (Fig. 6A). This corresponds to 
57.18 % of upregulated and 23.78 % of downregulated DEGs from the 
ferrylHb-treated monocytes, suggesting that ferrylHb may drive the key 
transcriptomic changes observed in AAA in macrophages.

Notably, overlapping DEGs included genes involved in oxidative 
stress (HMOX1, HBA1), pro-inflammatory mediators (IL6, CCL8, CCL9), 
and matrix remodeling enzymes (MMPs) (Fig. 6B). To visualize the 

Fig. 5. Distinct transcriptomic profile between healthy aorta tissue and hemorrhaged abdominal aortic aneurysm in human. 
(A) RNA-seq transcriptomic analysis was conducted on human aorta samples from healthy patients (n = 5, purple circle) and patients with AAA (n = 4, red circle). 
The principal component analysis (PCA) plot demonstrates the variance between these two groups. Unit variance scaling and singular value decomposition (SVD) 
with imputation were utilized to calculate the principal components. The X and Y axes represent principal component 1 (PC1) and principal component 2 (PC2), 
which account for 55.45 % and 16.03 % of the total variance, respectively. (B) The DEGs between healthy aorta and AAA are represented in a volcano plot. Red dots 
indicate upregulated genes, blue dots represent downregulated genes, and gray dots denote genes that are not differentially expressed. Inset highlights top upre
gulated DEGs. (C) The Gene Ontology (GO) enrichment analysis of DEGs focuses on the biological processes that are significantly affected. The overview displays the 
top 10 significantly enriched GO terms ranked by -log10 of the False Discovery Rate (FDR). These terms represent the biological processes that are most impacted by 
the DEGs in the context of healthy aorta versus AAA. A heatmap was generated to represent the expression levels of gene markers associated with specific pathways in 
healthy aorta and AAA samples. The heatmap is divided into three sections. (D) Targeted clustered analysis showing absolute expression patterns of genes associated 
with calcification, apoptosis, and inflammation, neutrophil, and iron metabolism from healthy and AAA groups.
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overlapping transcriptomic response, a heatmap was generated using 
the 685 consistent upregulated DEGs (Fig. 6C). Genes related to in
flammatory signaling (IFNG, IL1B, IL6, CCL2, CXCL10, CXCL8) and iron 
metabolism (HMOX1, HBA1, HBA2, HBB, HBD) were highly upregu
lated in both datasets, further supporting the hypothesis that ferrylHb- 
mediated oxidative stress and immune activation are connected in 
AAA pathophysiology.

GO enrichment analysis further highlighted biological processes 
including inflammatory response, blood vessel development, and 
angiogenesis (Fig. 6D and Supplemental Table 1). Disease enrichment 
analysis using DisGeNET [48] via Metascape [49] identified significant 
associations with vascular and inflammatory diseases, including 
abdominal aortic aneurysm and vascular inflammation (Fig. 6E and 
Supplemental Table 2). To visualize relationships among enriched 

terms, a network plot was generated using Cytoscape 5. Nodes were 
colored by cluster ID (Supplemental Fig. 5A) and by statistical signifi
cance (Supplemental Fig. 5B).

3.9. Transcriptomic signatures of ruptured aneurysms in mice resemble 
those observed in human hemorrhagic aneurysms

To identify the genes and pathways that differ among the groups 
treated with HFD + AngII, STD + AngII, HFD + Saline, and STD + Saline 
(healthy aorta), we performed RNA-seq analysis. Despite the genetic 
variability commonly observed in human samples, the transcriptomic 
profiles of the HFD + AngII and STD + AngII groups were distinct, with 
biological replicates clustering together when compared to healthy tis
sue segments (Supplemental Fig. 6A).

Fig. 6. Comparative analysis between human abdominal aortic aneurysms and human macrophages exposed to ferryl hemoglobin. 
(A) Venn diagram of the DEGs identified from RNA-seq analysis of human AAA tissues vs healthy (yellow circle) and ferrylHb-treated macrophages (8h exposure) 
(red circle). The human macrophages used were derived from blood monocytes collected from healthy donors. (B) Scatter plot depicting the number of commonly 
regulated genes from each group comparison. The Y-axis shows the DEGs in the AAA versus healthy samples, and the X-axis shows the human macrophages treated 
with ferrylHb comparison. Data sets were filtered for logFC >2, and the top genes are labeled. (C) Clustered heatmap of upregulated genes (685 genes) belonging to 
the commonly regulated and overlapping gene set from the Venn diagram. The expression scale indicates log2 (TPM+1). (D) Top 20 GO pathway enrichment analysis 
on common overlapping DEGs in AAA when compared with healthy donors, and human macrophages treated with ferrylHb compared with control. All genes in the 
genome have been used as the enrichment background. Terms with a P-value <0.01, a minimum count of 3, and an enrichment factor >1.5 are collected and grouped 
into clusters based on their membership similarities. Kappa scores are used as the similarity metric when performing hierarchical clustering on the enriched terms, 
and sub-trees with a similarity of >0.3 are considered a cluster. The most statistically significant term within a cluster is chosen to represent the cluster. (E) Disease 
associations were assessed using human disease-associated genes and variants (DisGeNET). The figure displays the most significantly enriched disease terms, ranked 
by -log10(P-value), with terms grouped by semantic similarity. Only terms with adjusted P-value <0.05 were considered significant.
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In the comparison of HFD + Saline and HFD + AngII mice, 3056 
DEGs were identified, including 1945 upregulated and 1111 down
regulated genes (Supplemental Fig. 6B). Similarly, a comparison be
tween STD + AngII and HFD + AngII samples revealed 2924 DEGs with 
1569 genes upregulated and 1355 genes downregulated. Several of the 
top DEGs related to neutrophil function, such as S100A8 and S100A9, 
and inflammatory response cytokines like IL6, CCL7, IL1R2, and IL1B. 
Genes encoding various members of the hemoglobin family, including 
HBA-A1, HBA-A2, HBB-BT, and HBB-BS, were also differentially 

expressed.
An unbiased investigation using the GO database highlighted several 

affected pathways related to NET formation and inflammation, consis
tent with our findings in human aneurysm samples (Supplemental 
Fig. 6C). Further deconvolution of bulk RNA-seq data using Granulator, 
a cell composition matrix revealed that neutrophils represented the most 
abundant cell type (Supplemental Fig. 7). Targeted analysis of gene 
expression associated with neutrophils, inflammation, iron metabolism, 
calcification, and apoptosis indicated a greater severity of the aneurysms 

Fig. 7. Neutrophils activated by ferryl hemoglobin exhibit upregulation of genes associated with the recruitment of macrophages, liberation of elastase and mye
loperoxidase, and aggravation of aortic elastin degradation. 
(A) The experimental procedure is illustrated. Human neutrophils (NEU) were isolated from the blood of healthy donors and subsequently treated with 10 μmol/l Hb 
or 10 μmol/l ferrylHb. The cells were incubated for 4, 8, 16, or 24 h. RNA-seq transcriptomic analysis was performed on human neutrophils treated with Hb or 
ferrylHb for 4 h. To assess the effect of NEU-elastase on vascular extracellular matrix integrity, media (supernatants) from neutrophils were collected and incubated 
with human aortic tissue sections at room temperature overnight. Elastin degradation was subsequently evaluated. (B) Gene set enrichment of differentially 
expressed genes enriched in neutrophils treated by Hb or ferrylHb (n = 5). (C) Heatmap of differentially expressed genes associated with macrophages. Hierarchical 
clustering is also visualized (n = 4). (D) Expression levels of extracellular MPO were assessed. 20 μl of supernatant samples were analyzed for extracellular MPO and 
MPO heavy chain by Western blotting. For control, albumin (20 μl/lane) was used. Quantification of MPO is presented, with results shown as mean values ± SEM. 
Statistical significance was determined using an unpaired t-test: *P < 0.05; ***P < 0.001 (n = 5/group). ND, not detected. (E) NEU-elastase release was quantified 
using an ELISA. 10 μl of each sample were added to a microwell plate and incubated. The absorbance was measured at 450 nm using a microplate reader. The 
concentrations of NEU-elastase were expressed as ng/ml. Statistical significance was determined using an unpaired t-test: **P < 0.01, ***P < 0.001 (n = 8/group). (F) 
The concentrations of various redox states of Hb were determined by analyzing the visible spectra of the samples. The presence of different Hb redox states was 
calculated as a percentage of the total heme content. (G) Human aortic tissue sections were incubated overnight at room temperature with conditioned media from 
four groups: Negative control, DMEM culture medium only; Positive control, DMEM containing the 2 units/ml elastase; NEU supernatant, supernatant from untreated 
human NEU; NEU + ferrylHb supernatant, supernatant from neutrophils treated with ferrylHb (n = 5/group). Elastin integrity was assessed by EVG staining, and 
elastin degradation was scored using the following grading system: 1, Intact elastin; 2, Mild fragmentation; 3, Rupture; 4, Rupture with dissolution and loss of 
elastin fibers.
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in the HFD + AngII group compared to the other experimental groups 
(Supplemental Fig. 6D).

3.10. Neutrophils are transcriptionally active under the stimulus of ferryl 
hemoglobin - upregulation of genes involved in the recruitment of 
macrophages

To investigate the potential relationship between Hb uptake by 
neutrophils in human and mouse aneurysms and the transcriptional 
changes observed at the tissue level, we performed RNA-Seq analysis on 
human neutrophils exposed to ferrylHb and ferroHb for 4 h (Fig. 7A). 
Gene set and GO network enrichment analysis (Fig. 7B and C) revealed 
differentially expressed pathways in neutrophils treated with ferrylHb 

or ferroHb. GO analysis identified several of these pathways as being 
associated with macrophage chemotaxis or migration. Additionally, GO 
analysis indicated that many of these DEGs are associated with processes 
involved in cell uptake and secretion, such as macrophage phagocytosis 
and endocytosis, which were among the top GO terms. Numerous DEGs 
identified between the control and treated groups were inflammatory 
genes, including several chemokine and cytokine genes previously found 
to be elevated in aneurysms (Supplemental Fig. 8).

3.11. Activation of neutrophils occurs in response to ferryl hemoglobin

To confirm the activation of neutrophils by ferrylHb, we measured 
the release of MPO (Fig. 7D) and neutrophil elastase (Fig. 7E) at 24 h. A 

Fig. 8. Ferryl hemoglobin - induced NETosis occur via PAD4. 
(A) Human neutrophils (NEUs) collected from healthy donors were stimulated under the following conditions: 10 μg/ml 12-myristate 13-acetate (PMA), 10 μg/ml 
PMA combined with 10 μmol/l Hb, 10 μmol/l Hb alone, or 10 μmol/l ferrylHb alone. NEUs were cultured on coverslips. Cells were stained with Hoechst 33,258 to 
visualize DNA (blue), an anti-MPO antibody conjugated with Alexa Fluor 647 to detect MPO (red), and an anti-ferrylHb antibody conjugated with Alexa Fluor 488 to 
identify ferrylHb (green). Imaging was performed using Leica TCS SP8 gated STED-CW nanoscopy, and images were subsequently deconvolved using Huygens 
Professional software. (B) The concentrations of various redox states of Hb were determined by analyzing the visible spectra of the samples. The presence of different 
Hb redox states was calculated as a percentage. (C) Hb was analyzed using an anti-Hb antibody. The Western blots show the presence of Hb and ferrylHb in NEUs. A 
quantitative analysis of Western blots was performed (n = 3); *P < 0.05 (unpaired t-test). (D) Western blot analysis was performed to assess CD163 and extracellular 
MPO levels in supernatants. NEUs treated with peptidylarginine deiminase 4 (PAD4) inhibitor GSK484. For each lane, 37.5 μl of supernatant was loaded. Quanti
fication of CD163 and MPO expression is presented as mean ± SEM (n = 3 per group). Statistical significance was determined by paired t-test, with *P < 0.05 
indicating significance. (E) NEU-elastase release was quantified using an ELISA. The absorbance was measured at 450 nm using a microplate reader. The concen
trations of NEU-elastase were expressed as ng/ml. Statistical significance was determined using an unpaired t-test: **P < 0.01 (n = 3/group). (F) Cells were stained 
with Hoechst 33,258 to visualize DNA (blue), an anti-CD163 antibody conjugated with Alexa Fluor 647 to detect CD163 (red), and an anti-ferrylHb antibody 
conjugated with Alexa Fluor 488 to identify ferrylHb (green). Imaging was performed using Leica TCS SP8 gated STED-CW nanoscopy, and images were subsequently 
deconvolved using Huygens Professional software. Scale bars shown in the images represent 5 μm. (G) Super-resolution images (2D techniques) confirmed the co- 
localization of ferrylHb and CD163 receptor. Representative image, colocalization rate is the average value ± SD, n = 3. (H) Western blot analysis was performed to 
assess CD163 expression in macrophages (MAC). MAC were treated with GSK484; for each lane, 20 μg of proteins were loaded. CD163 expression is presented as 
mean ± SEM (n = 3 per group). Statistical significance was evaluated using a paired t-test, with *P < 0.05 considered significant.
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robust release of MPO and elastase was observed in response to ferrylHb 
exposure. Importantly, exposing neutrophils to ferroHb for 24 h also 
elevated extracellular MPO levels and elastase, although to a lesser 
extent than ferrylHb. No extracellular MPO was detected in the control 
group.

Given previous reports indicating neutrophils can oxidize Hb [50,
51], we tested whether this oxidation occurred during the 24-h expo
sure. As shown in Fig. 7F, ferrylHb constituted 16.26 % of total Hb at 
24 h in the presence of neutrophils.

3.12. Ferryl hemoglobin induced elastase release from neutrophils 
degrades elastin in human aortic tissue

After ferrylHb exposure, the neutrophil supernatant was applied to 
human aortic tissue and incubated overnight at room temperature. As 
demonstrated in Fig. 7G, elastin fibers were fragmented in the human 
abdominal aorta as a result of treatment with the supernatant of fer
rylHb stimulated neutrophils. In contrast, in the unstimulated neutro
phil group, the elastic fibers were well organized throughout the wall.

3.13. Hemoglobin induces NETosis

Exposure of neutrophils to ferrylHb for 4 h induces a transcriptional 
response, and a subset of neutrophils exposed to both ferrylHb and 
ferroHb for prolonged periods (16–24 h) undergo cell death, as 
demonstrated in Supplemental Fig. 9. Since NETosis was observed in 
AAA in humans [16,19] and the formation of NETs was detected in our 
animal model of hemorrhaged AAA, we sought to determine whether Hb 
acts as a trigger for NETosis. As shown in Fig. 8A, both ferrylHb and 
ferroHb exposure resulted in the expulsion of NETs into the extracellular 
space, similar to the effect induced by phorbol 12-myristate 13-acetate 
(PMA), a known neutrophil activator [52–54]. Extracellular DNA, MPO, 
and ferrylHb were co-localized in NETs as visualized using STED 
nanoscopy. It’s important to note ferrylHb was detected in neutrophils 
and trapped in NETs not only in experiments where ferrylHb was the 
inducer but also after exposure to Hb alone or in combination with PMA, 
indicating that Hb undergoes oxidation to ferrylHb. Furthermore, 
spectrophotometric analysis and Western blot analysis (Fig. 8B and C) 
confirmed the oxidation of Hb to ferrylHb by neutrophils, even in the 
absence of PMA, following 24 h of exposure.

3.14. Ferryl hemoglobin induced NETosis occur via PAD4

To further elucidate the regulatory mechanisms underlying ferrylHb- 
induced NETosis, we assessed the role of peptidylarginine deiminase 4 
(PAD4), a key enzyme involved in chromatin decondensation during 
NET formation [55–57]. Immunofluorescence analysis demonstrated 
that treatment with GSK484, a selective PAD4 inhibitor, markedly 
suppressed the extracellular release of NETs following ferrylHb stimu
lation (Fig. 8F), indicating that PAD4 activity is essential for 
ferrylHb-induced NETosis.

In addition to its role in NET formation, PAD4 also regulates the 
release of extracellular MPO and elastase in response to ferrylHb 
(Fig. 8D and E). Western blot analysis showed a substantial increase in 
extracellular MPO levels upon ferrylHb treatment, which was signifi
cantly attenuated by GSK484-mediated PAD4 inhibition.

Moreover, ferrylHb stimulation led to an upregulation of CD163 
expression in neutrophils (Fig. 8D). Importantly, PAD4 inhibition 
significantly reduced ferrylHb-induced CD163 expression. Immunoflu
orescence co-localization analysis further revealed a high degree of 
spatial overlap between ferrylHb and CD163 in neutrophils 
(75.67 % ± 8.07 %) (Fig. 8G), suggesting a potential interaction be
tween ferrylHb signaling and CD163-mediated pathways. In line with 
the findings in neutrophils, ferrylHb-treated macrophages exhibited 
PAD4-dependent CD163 upregulation that was attenuated by GSK484, 
highlighting the importance of PAD4 in mediating ferrylHb-induced 

macrophage responses (Fig. 8H).

4. Discussion

Auto-oxidation of Hb is a continuous reaction that leads to metHb 
generation and concomitant formation of superoxide anions. Neutrophil 
and macrophage-derived reactive oxygen greatly amplifies Hb oxidation 
[21,22,25,26,37]. Both leukocytes are critically involved in the patho
genesis of AAA [5–8]. Since hemorrhage is documented in the pathology 
of several diseases, the question arises whether the interstitial bleeding 
and Hb oxidation represent only innocent bystander phenomenon or 
they contribute to the pathophysiology.

This study is the first that reveal the presence of oxidized Hb, fer
rylHb, in the circulation in patients diagnosed with ruptured abdominal 
aneurysms who underwent open vascular surgery. The aim of our study 
was to identify the source of oxidation of Hb in the human hemorrhaged 
AAA leading to the generation of ferrylHb and describe its fate and 
pathophysiology. Significant generation of ferrylHb occurs within 
ruptured AAA in humans. Hb dimers, and tetramers were identified in 
the lesions in accordance with the formation of the ferryl state in the 
heme-iron moiety, accompanied by the formation of protein-based ferryl 
radicals. AngII-induced AAAs in ApoE− /− mice mimic human patho
physiology. We observed oxidation of the βCys93 residue of globin, and 
additionally, detected oxidation of βCys112 and αCys104 of Hb in 
human samples, confirming the presence of transient ferrylHb species as 
part of the AAA progression.

IHC analysis using anti-ferrylHb antibody revealed that ferrylHb is 
localized both extracellularly and also internalized by neutrophils and 
macrophages. FerrylHb-positive cells presented with morphological and 
immunophenotypic (MPO+, NASD+, CPM+) features of neutrophils and 
macrophages in the hemorrhagic transformation lesions. Moreover, 
through unbiased genome-wide RNA-seq analysis in both human and 
murine models, we observed that hemorrhaged aneurysms are charac
terized by increased neutrophil and macrophage accumulation, con
forming to previous observations [58–60].

Since ferrylHb accumulated extracellularly in the vessel wall of AAA 
is taken up by neutrophils in human and colocalized with CD163, we 
mimicked this in vivo finding by exposing human neutrophils to fer
rylHb in cell culture. Immunofluorescent staining and two-dimensional 
images of Z-Stack-STED nanoscopy also presented a strong colocaliza
tion of ferrylHb and CD163 in neutrophils. Importantly, the CD163- 
blocking antibody led to a robust reduction of ferrylHb internaliza
tion. This study indicates that ferrylHb is taken up by neutrophils via 
CD163 receptor-mediated endocytosis independently of haptoglobin. 
This is in accordance with our previous findings exploring the CD163 
receptor-mediated endocytosis of ferrylHb by macrophages indepen
dently from haptoglobin in atherosclerotic lesions [22].

CD163 was identified to act as a surface receptor and scavenges 
haptoglobin-Hb complexes via endocytosis by monocytes and macro
phages providing the clearance of cell free Hb [47]. The plasma protein 
haptoglobin exhibiting strong Hb binding is essential for the clearance, 
and its depletion occurs during intravascular hemolysis [61]. The uptake 
of CD163-mediated haptoglobin-Hb complex was shown to determine 
protective and anti-inflammatory cellular responses in macrophages 
linked to heme oxygenase-1 (HO-1) [62] known to provide cytopro
tective activities via mitigating apoptosis and inflammation, regulating 
vasomotor tone, and exerting antioxidant and immunomodulatory 
functions [21,63–65]. Therapeutic use of haptoglobin in disease states 
such as subarachnoid hemorrhage testifies its adaptive function in 
vascular biology [66]. Along this line of research Hb-haptoglobin com
plex was found to be a beneficial stimulus for macrophage differentia
tion as Hb or conditioned medium from adventitial human AAA 
promoted differentiation towards high CD163 expressing macrophages, 
with enhanced Hb uptake, increased anti-inflammatory cytokine secre
tion and decreased pro-inflammatory cytokine release [67]. Further
more a high aneurysmal CD163 expression was connected to increase in 
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HO-1 level [68]. Hb was found to be also beneficial stimulus for 
macrophage differentiation in human atherosclerotic plaques to retard 
foam cell formation involving CD163 [69], restrain vascular calcifica
tion [70]. CD163 deficiency was shown to increase foam cell formation 
and plaque progression in atherosclerotic mice [71]. On the contrary, 
substantial evidence exist that support the pathophysiologic role of 
Hb-stimulated macrophages as promoter for the progression of athero
sclerosis in ruptured atherosclerotic plaques [22,72]. The contradiction 
between the two described effects of Hb is presumably based on how the 
vessel wall microenvironment modifies the oxidative state of the free Hb 
in the extracellular space.

Here we observed that rapid formation of ferrylHb occurs as extra
cellular Hb exposed to leukocytes. The Hb composition related to its 
oxidative state within ruptured vascular lesions reshapes the polariza
tion of macrophages and activation of neutrophils. We observed a sig
nificant oxidation of Hb both in human hemorrhagic aneurysms and in 
AngII provoked AAA in mice. The extent of oxidation of Hb in compli
cated atherosclerotic lesions was found to be even more pronounced 
[22] preventing the binding to haptoglobin and the subsequent 
CD163-dependent adaptive cellular responses. Instead, alarm signals 
and maladaptation occurs, such as inflammatory activation, NETosis 
and extracellular matrix degradation connected to exposure of neutro
phils and macrophages to ferrylHb. Although, our data suggest that 
CD163 mediates ferrylHb-provoked processes, the causal role of CD163 
remains incompletely established. Employing CD163-deficient mice in 
the AngII provoked AAA model, as our future plan, will provide direct 
mechanistic evidence whether CD163 is functionally required for 
ferrylHb-mediated AAA development.

It has been shown previously that PAD4 is essential for NET- 
mediated antibacterial function of neutrophils after stimulation with 
chemokines or incubation with bacteria [73]. Drawing in line, we also 
observed the involvement of PAD4 in extracellular release of NETs, 
MPO, and elastase in response to ferrylHb. To our surprise, the increased 
expression of CD163 by ferrylHb was found to be dependent on PAD4 as 
well both in neutrophils and macrophages. Further experiments are 
needed to explore the mechanism by which CD163 is connected to 
PAD4.

FerrylHb was previously demonstrated to target not only leukocytes 
but endothelium as well and subsequently trigger endothelial dysfunc
tion and proinflammatory responses [39]. Rearrangement of the actin 
cytoskeleton, increased endothelial permeability and enhanced endo
thelial adhesion of monocytes were observed. Whether this interaction 
exists in AAA remained unestablished.

In the present study we demonstrate an interplay between neutro
phils and macrophages with Hb in AAA leading to the accumulation of 
ferrylHb in intramural hemorrhages resulting in a subsequent cellular 
activations. FerrylHb polarized neutrophils exhibit increased transcrip
tional activity towards proinflammatory programming, degranulation, 
liberation of elastase and MPO, and NETosis, while macrophages 
polarized by ferrylHb drive inflammation, calcification, apoptosis, tissue 
remodeling, factors previously revealed to be involved in the develop
ment of AAA [11,74–76]. We conclude that oxidation of Hb to ferrylHb 
in hemorrhaged AAA provides a novel pathophysiological pathway 
related to red blood cell infiltration and Hb liberation, that contributes 
to the progression of AAA.
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