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BACKGROUND: Rupture of abdominal aortic aneurysm (rAAA) is associated with high case fatality rates, and risk of rupture
increases with the AAA diameter. Heme oxygenase-1 (gene HMOXT, protein HO-1) is a stress-induced protein and induction
has protective effects in the vessel wall. HMOX7~"~ mice are more susceptible to angiotensin ll-induced AAA formation, but the
regulation in human nonruptured and ruptured AAA is only poorly understood. Our hypothesis proposed that HO-1 is reduced
in AAA and lowering is inversely associated with the AAA diameter.

METHODS AND RESULTS: AAA walls from patients undergoing elective open repair (EAAA) or surgery because of rupture (rAAA)
were analyzed for aortic HMOX1/HO-1 expression by quantitative real-time polymerase chain reaction and Western blot.
Aortas from patients with aortic occlusive disease served as controls. HMOX1/HO-1 expression was 1.1- to 7.6-fold upregu-
lated in eAAA and rAAA. HO-1 expression was 3-fold higher in eAAA specimen with a diameter >84.4 mm, whereas HO-1
was not different in rAAA. Other variables that are known for associations with AAA and HO-1 induction were tested. In
eAAA, HO-1 expression was negatively correlated with aortic collagen content and oxidative stress parameters H,O, release,
oxidized proteins, and thiobarbituric acid reactive substances. Serum HO-1 concentrations were analyzed in patients with
eAAA, and maximum values were found in an aortic diameter of 55 to 70 mm with no further increase >70 mm, compared
with <65 mm.

CONCLUSIONS: Aortic HO-1 expression was increased in eAAA and rAAA. HO-1 increased with the severity of disease but was
additionally connected to less oxidative stress and vasoprotective mechanisms.
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high case fatality rates.! The risk of rupture in-

creases with AAA diameter. Surgery is the only
treatment option for patients with AAA so far.? The
development of novel nonsurgical therapeutic op-
tions requires a detailed understanding of the mo-
lecular mechanisms that contribute to the initiation,
progression, and rupture of AAA. In brief, AAA are

Ruptured abdominal aortic aneurysms (rAAA) have

characterized by a progressive dilatation of the vessel
wall because of inflammation, loss of vascular smooth
muscle cells, and the disruption of extracellular matrix,
which is mainly composed of elastin and collagen.'?
A promising novel target for treatment of cardiovas-
cular disease is the stress protein HO-1 (heme oxygen-
ase-1). HO-1 is induced by heme, hypoxia, hyperoxia,
heavy metals, nitric oxide, cytokines, chemokines,
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CLINICAL PERSPECTIVE
What Is New?

Serum heme oxygenase-1 (HO-1) concentrations
were higher in electively treated patients with
abdominal aortic aneurysm (AAA), and peaked
in patients with 55 to 70 mm AAA diameter and
showed no further increase >70 mm.

e Aortic HO-1 expression was similarly increased in
nonruptured and ruptured AAA.

e AAA walls with high HO-1 expression showed
a lowering in collagen, a decrease in oxidative
stress, and a slight lowering in matrix metallopro-
tease 9 activity.

What Are the Clinical Implications?

e Analyzing human tissue from patients in ad-
vanced stages helps to identify mechanisms
that contribute to AAA progression and rupture.

e The potential of HO-1 to prevent AAA progres-
sion or rupture should be tested in preclinical
animal models and cell cultures and may thus
be beneficial in small AAA.

e Serum HO-1 concentrations should be ana-
lyzed in ruptured AAA and after surgery to fur-
ther analyze its potential in being a biomarker
for AAA.

Nonstandard Abbreviations and Acronyms

AOD arterial occlusive disease

CCL2 chemokine (C-C motif) ligand 2

eAAA electively treated abdominal aortic
aneurysm

HMOX1 heme oxygenase-1 gene

HO-1 heme oxygenase-1 protein

IL6 interleukin-6

MMP matrix metalloprotease

rAAA ruptured abdominal aortic aneurysm
re Pearson’s correlation coefficient

rs Spearman’s correlation coefficient
TBARS thiobarbituric acidreactive substances
a-SMA  a-smooth muscle actin

shear stress, growth factors, oxidants, or oxidized low-
density lipoprotein (LDL) cholesterol.*~” HO-1 catalyzes
the degradation of pro-oxidative heme proteins, thus
forming carbon monoxide, biliverdin, and ferrous iron
ions (Fe?").5"® HO-1 affects inflammation, oxidative
stress, antioxidant functions, apoptosis, hypoxia, isch-
emia/reperfusion injury, and angiogenic processes.>"?
A protective role of HO-1 was shown in vascular
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dysfunction, atherosclerosis, ischemia/reperfusion,'®"
myocardial infarction,'? and heart failure.’

So far, only a few studies have been conducted to
analyze HO-1 in patients with AAA and corresponding
mouse models. In AAA, lower frequencies of guani-
dine thymidine, dinucleotide repeats were found in the
promoter region of the HMOX1 gene.”'*'® Short (<25
guanidine thymidine,) repeats seem to be protective
because of an increased HO-1 expression in response
to inflammatory stimuli.'* Mechanistic studies were
conducted in preclinical angiotensin Il (Angll)-induced
mouse models. Mice with genetic deletion of HMOX1
developed more AAA, showed an increased AAA
area, and a higher severity of disease.'® Although the
function of HO-1 is well described in mouse models of
AAA, its regulation and associations with the sever-
ity at different stages of the human disease remain to
be elucidated. Based on previously published mouse
models, our research hypothesis proposed that HO-1
is reduced in AAA and lowering is inversely associated
with the AAA diameter and the secondary outcome
variables vessel wall degeneration, inflammation, and
oxidative stress. HMOX7 mRNA and HO-1 protein ex-
pression was analyzed in patients undergoing elective
surgical removal (€AAA) or surgery because of rup-
ture (rAAA). HO-1 expression was compared between
controls, eAAA, and rAAA and expression was linked
with the maximum aneurysm diameter, as a major
clinical parameter in AAA. Histopathological features
of AAA, oxidative stress, inflammatory cytokines, he-
moglobin, and bilirubin were tested as secondary
variables. Furthermore, serum HO-1 concentrations
were analyzed in eAAA and compared with control pa-
tients with venous vessel varicose. Serum HO-1 was
correlated with the AAA diameter to assess whether
HO-1 is linked to the progression of AAA. In this study,
we aimed to assess the regulation of HO-1 in human
AAA and to analyze whether it reflects the severity of
disease or presents a compensatory mechanism that
may limit clinical complications.

METHODS

The authors declare that all supporting data are avail-
able within the article and its Data Supplement.

Primary and Secondary Outcome
Variables

The maximum AAA diameter was set as the primary
outcome variable because it is the most commonly used
predictor of AAA rupture.'” Secondary variables include
histopathological vessel wall degeneration, expression
of vascular and immune cells, oxidative stress, bilirubin,
hemoglobin, inflammation, and activity of matrix met-
alloproteases (MMPs). These variables were chosen
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because they support the primary end point, and are
involved in the pathogenesis of AAA and the regulation
of HO-1. The following sections describe the quantifica-
tion of primary and secondary outcome variables.

Abdominal Aortic Wall Collection and
Ethical Approval

Aortic specimens were collected from patients un-
dergoing elective open repair (€AAA, n=19) or surgery
because of AAA rupture (rAAA, n=11). The eAAA and
rAAA groups included specimens that were taken from
different sites of the AAA. These biopsies were handled
as individual samples without calculating the mean.
Because of this, the number of analyzed samples var-
ied from the original included patients. In addition, not
all indicated analyses were performed in each tissue,
because of the lack of sufficient amounts of material.
The aortic samples in the control group were obtained
from patients with arterial occlusive disease (AOD,
n=4) where the bypass was connected to the abdomi-
nal aorta. The mean aortic diameter was assessed by
computed tomography before the surgical procedure.
Blood lipids, C-reactive protein (CRP) , risk factors, co-
morbidities, and medical therapies were prospectively
evaluated. Smoking was defined as present smoking
or any kind of smoking history. Informed consent was
obtained from each patient, and the institutional review
committee of the Technische Universitat (TU) Dresden
approved this study (EK 151042017).

Serum Analysis and Control Cohort

Blood from patients undergoing eAAA repair was col-
lected in the preoperative state. Blood from patients with
rAAA was taken during surgery and blood lipids were
not measured at the time of emergency surgery. Thus,
a comparison between eAAA and rAAA was not pos-
sible because of differences in the study protocols. The
control group consisted of patients with venous ves-
sel varicose without a history of arterial cardiovascular
disease. Inclusion criteria were men and women at age
>50 years. Serum LDL, high-density lipoprotein (HDL),
and total cholesterol, glucose, and CRP were measured
at the Institute for Clinical Chemistry and Laboratory
Medicine at the TU Dresden using standard laboratory
methods. Serum HO-1 (@b207621, Abcam) was deter-
mined by ELISA according to the manufacturer’s in-
structions. A dilution of 1:5 was found to be appropriate.

RNA Isolation, cDNA Synthesis, and
Quantitative Real-Time Polymerase Chain
Reaction

Aortic segments were rinsed with 1XDPBS, cleaned
from thrombus and the adventitial layer, dissected, and
shock frozen in liquid nitrogen. Tissue (30-50 mg) was
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homogenized in 1 mL TriFast (VWR) using a Precellys
24 homogenizer and RNA was isolated according to
the manufacturer’s instructions. Afterwards, the RNA
Clean and Concentrator Kit (Zymo Research) was
used with additional on column digestion of remain-
ing DNA by DNase | treatment. Reverse transcription
of mRBNA into cDNA was performed with MultiScribe
Reverse Transcriptase (Thermo Fisher Scientific)
using 0.5 to 1 pg total RNA and random hexamer
primers according to the manufacturer’s instructions.
Quantification of MRNA expression was performed by
real-time polymerase chain reaction with GoTagq gPCR
Master Mix (Promega) and Step One Plus Real-Time
PCR System (Thermo Fisher Scientific). Analysis of raw
data was done with Step One Software version 2.3
(Thermo Fisher Scientific) and data are calculated as
AC; values. The geometric mean of RPL32, TBP, and
B2M was used as reference genes for cDNA content
normalization.”® To ensure comparability of data sets,
an internal control was run in every reverse transcrip-
tion and quantitative polymerase chain reaction and
was set to =1. Efficiency was checked for each pair of
primers and was >90%. Sequences are summarized
in Table S1.

Protein Isolation and Western Blot

Aortic specimen were grounded in liquid nitro-
gen using a mortar and lysed in 1xRIPA buffer
(10 mg/100 pL) supplemented with 1:100 Halt Protease
and Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific). Ultrasonication was applied to remove
remaining DNA. Protein concentration was deter-
mined by BCA Protein Assay Reagent (Thermo Fisher
Scientific). Proteins (15-30 pg) were separated by 4%
to 12% Bis-Tris Protein Gels (Thermo Fisher Scientific)
and transferred to nitrocellulose membranes.
Membranes were incubated with primary antibodies
against HO-1 (#610713, BD Biosciences). Two bands
at =32 and =28 kDa were quantified. The upper band
was described as the complete protein, the lower as
the truncated version.'”® The truncated version was
described to be enzymatically inactive but activates
oxidant-responsive transcription factors.'® Protein ex-
pression was detected with Immobilon Western HRP
Substrate (Merck) and band intensity quantified using
Image J software. In preliminary experiments, GADPH,
B-actin, and a-tubulin were analyzed for their potential
as loading controls. All of these proteins varied be-
tween the 3 groups and within each group (data not
shown). Therefore, protein expression was normalized
to a 70 kDa band obtained after Ponceau S staining.
To ensure comparability of data, an internal control
was run on every Western blot and relative protein ex-
pression was normalized to this control (=1). Data are
presented in relation to the internal control. The rep-
resentative Western blot presented in Figure 1C was
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Gelatin Zymography
Gelatin zymography was performed as described in
detail elsewhere.?° In brief, activities of active MMP2,

cut after Lane 2 (prestained protein ladder and internal
control). The full blot with the corresponding Ponceau
S staining is presented in Figure S1.
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Figure 1. Aortic HMOX1 mRNA and HO-1 protein expression, localization within the aortic wall, and bilirubin content in
patients undergoing elective surgical repair or surgery because of rupture and AOD controls.

A, Representative Western blot for HO-1 protein expression. The 2 marked HO-1 bands represent native (=32 kDa) and a truncated
(~28 kDa) isoform of HO-1. B, Comparison of HMOX1 mRNA expression and (C) HO-1 protein expression in AOD, eAAA, and rAAA.
Data are normalized to an internal control (=1). For HMOX7 mRNA expression in eAAA, aortic tissues from n=19 patients were available.
This group included 2 to 3 different specimen from the same AAA. Because of this, the number of samples was increased to n=24. In
rAAA, n=11 aortic specimen were available. This group included 2 different AAA samples from 3 patients and the number of analyzed
samples increased to n=13. For HO-1 protein in eAAA, n=17 patients were included and 3 different AAA specimens from the same
patient were analyzed. Because of this, the number of samples increased to n=20. In rAAA, n=9 patients were included and 2 different
samples from the same AAA were analyzed in 2 patients. D and F, Separate quantification of the upper (=32 kDa) and lower (=28 kDa)
HO-1 band. F, Representative slides for HO-1 immunohistochemistry in eAAA and rAAA specimen. Redstained areas represent positive
HO-1 immunoreactivity. Cell nuclei (blue) were counterstained using Mayer’s hemalum. The lumen (Lu), adventitia (Ad), and attaching
thrombus (Th) are marked in red. G, Comparison of aortic bilirubin content in AOD, eAAA, and rAAA and (H and I) Spearman’s correlation
(rg) with HO-1 protein expression in eAAA and rAAA. In eAAA, pairs of bilirubin and HO-1 protein were available in n=11 patients only.
B-E and G, All data are shown as scatter dot plots. The horizontal line depicts the median with range (B-E, G). The number of analyzed
samples is given in the figures. Kruskal-Wallis and Dunn’s multiple comparison test. *P<0.05 AOD vs eAAA. #P<0.05 AOD vs rAAA.
Ad indicates adventitia; AOD, arterial occlusive disease; eAAA, electively treated AAA; HO-1, heme oxygenase-1; HMOX-1, heme

oxygenase-1 gene; Lu, lumen; rAAA, ruptured AAA; and Th, thrombus.

pro-MMP2, active MMP9, and pro-MMP9 were de-
tected in nonreducing 10% SDS-polyacrylamide gels.
The gel was exposed to a solution containing essential
enzyme co-factors. MMPs within the gel digest gela-
tin, forming clear bands after staining with Coomassie
Brilliant Blue. After partial renaturation, the active site
of pro-MMP forms remained exposed to its substrate.
Differences in migration within the gel were based on
the molecular weight of pro- and active forms and al-
lowed their clear separation. The band intensity was
quantified using Image J and normalized to an internal
control (set=1) that was run on every gel.

Quantification of Hemoglobin and

Bilirubin Concentrations in Aortic
Homogenates

Hemoglobin  was measured by QuantiChrome
Hemoglobin Assay Kit (DIHB-250, Biotrend) and con-
centrations were normalized to the protein content. To
analyze bilirubin concentrations, tissue was homog-
enized in 1 mL 1xDPBS supplemented with 1:100
Protease and Phosphatase Inhibitor Cocktail (Thermo
Fisher Scientific). After homogenization, samples were
centrifuged at 10. 000g for 15 minutes and 4 °C.
Supernatants were analyzed in duplicates using the
QuantiChrom Bilirubin Assay Kit (DIBR-180, Biotrend).
Values were normalized to aortic protein content.

Thiobarbituric Acid Reactive

Substances Assay for Quantification of
Malondialdehyde in AAA Specimen

Aortic segments were homogenized in ice cold
1xDPBS (50 mg/mL) supplemented with 1:100 Halt
Protease and Phosphatase Inhibitor Cocktail (Thermo
Fisher Scientific) and 50 pmol/L butylated hydroxytolu-
ene. Thiobarbituric acidreactive substances (TBARS)
were measured using the TBARS assay kit (700870,
Cayman Chemical) according to the manufacturer’s
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instructions. Samples were measured in duplicates
and blank wells included the homogenization buffer.
Values were normalized to aortic protein content.

Quantification of Extracellular Hydrogen
Peroxide by Amplex Red Assay

Extracellular hydrogen peroxide (H,O,) production
was measured using Amplex Red Assay (Thermo
Fisher Scientific). Aortic walls were divided into strips
of 2- to 3-mm length and measurements were per-
formed in Krebs-Henseleit buffer. Segments were free
of thrombus and were carefully cleaned in 1XDPBS.
Segments were incubated in Krebs-Henseleit buffer
for 10 minutes at 37 °C and a reaction mix contain-
ing 01 U/mL horseradish peroxidase (HRP) and
100 pmol/L Amplex Red was added. The tissue was
incubated at 37 °C for 30 minutes and fluorescence
(relative fluorescence units) was recorded over 60 cy-
cles in a period of 30 minutes using Varioscan LUX
(Thermo Fisher Scientific). The sum of all cycles was
calculated and normalized to the total protein con-
tent. To account for endogenous HRP activity, a sep-
arate cohort was analyzed for H,0O, formation in the
absence of HRP.

Quantification of Carbonyl Residues in
Oxidized Proteins by Protein Carbonyl
Assay Kit

Carbonyl groups in oxidized proteins were detected
by the Protein Carbonyl Assay Kit (ab178020, Abcam).
In brief, aortic tissue (30-50 mg) was homogenized in
1 mL of DPBS supplemented with 1:100 Halt Protease
and Phosphatase inhibitor using a Precellys 24 homog-
enizer (VWR). Afterwards, 50 pL of extraction buffer
was added to the aortic homogenate and isolation was
performed according the manufacturer’s instructions.
Protein concentrations were determined by bicin-
choninic acid assay (BCA) and afterwards, 50 mmol/L
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dithiothreitol (DTT) was added to the samples. Proteins
(4 pg/uL) were separated by 4% to 12% Bis-Tris Protein
Gels (Thermo Fisher Scientific) and transferred to ni-
trocellulose membranes. Incubation with primary and
secondary antibodies was performed according to the
manufacturer’s instructions. Negative controls were
run in pretests (Figure S2) and an internal control was
run on every gel. Data were normalized to this control,
which was set to =1.

Elastica van Gieson and Picro-Sirius Red
for Assessment of Elastin Degradation
and Collagen Content

Aortic wall segments were fixed in 4% formaldehyde
solution for a maximum of 24 hours, dehydrated, de-
calcified, and embedded in paraffin. Serial sections
(5 um) were cut, rehydrated, and stained with Elastica
van Gieson and Picro-sirius Red. Sections were photo-
graphed with the Axioscan slide scanner microscope
(Carl Zeiss, Jena) at a x10 magnification. Degradation
of elastic laminae was classified using a score (1-4) as
described previously?' by 6 people blinded to the ex-
periment. Image J was used to separate red collagen
fibers from white background in the media and intima.
Adjacent thrombus or adventitia was not included.
Data are presented in percent of the total section area.
The mean of 2 different sections from 1 specimen was
used.

Staining of Ferric lons (Fe3*) by Perl’s
Prussian Blue

Staining of ferric ions (mainly in ferritin and hemosid-
erin) was performed using 10% K,Fe(CN)s and 20%
HCl in a ratio of 1:1 for 60 minutes at 37 °C. Nuclear
fast red was used for counterstaining cell nuclei. Image
J quantified the positively stained blue area in the
media and intima by separation from violet cell nuclei.
Data are presented in percent of the total section area.
The mean of 2 different sections from 1 specimen was
used for data analysis.

Immunohistochemistry for a-Smooth
Muscle Actin, Cleaved Caspase-3, CD68,
CD31, and HO-1

Aortic wall segments with attaching luminal throm-
bus and adventitia were fixed in 4% formaldehyde
solution for a maximum of 24 hours, decalcified, em-
bedded in paraffin, and serial sections (5 pm) were
cut and rehydrated. Antigen retrieval for a-smooth
muscle actin (a-SMA), cleaved caspase-3, CD68,
and HO-1 was performed in citrate buffer containing
0.05% Tween 20 at pH 6.0. Antigen retrieval for CD31
was performed in 10 mmol/L Tris buffer containing
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EDTA (1 mmol/L) and Tween 20 at pH 9.0. Except
for CD31, all sections were treated with proteinase K
(20 pg/mL). Endogenous peroxidase (52023, Agilent)
and unspecific binding sites were blocked (X0909,
Agilent). Primary antibodies with concentrations used
are listed in Table S2. Secondary antibodies (Signal
Stain Boost IHC Detection Reagent, Cell Signaling)
were incubated for 1 hour at room temperature and
AEC* High Sensitivity Substrate Chromogen (K3461,
Agilent ) and DAB (ImmPACT DAB [HRP] Peroxidase
Substrate, Vector Laboratories, SK-4105) were used
for color development. Cell nuclei were counter-
stained with Mayer’s hemalum. To exclude unspecific
staining, sections were incubated with the same con-
centration of the corresponding isotype antibody and
with the secondary antibody only. Negative controls
using the respective isotype control antibody are pre-
sented in Figure S3. For a-SMA, cleaved caspase-3,
and CD68, red areas in the presence of blue stained
cell nuclei were quantified by Image J and data are
presented in percent of the total section area. For
CD31, positive brown areas were quantified. Only the
media and intima were quantified; attaching throm-
bus and adventitia were excluded. The mean of 2 dif-
ferent sections from 1 patient was analyzed.

Statistical Analysis

The first author had full access to all data in the study
and takes responsibility for its integrity and the data
analysis. Grubb’s test was used to detect significant
outliers in all data sets. Outliers within each group are
indicated in the figure legends. Data are presented as
scatter dot plots. The horizontal line depicts the me-
dian or mean with range. Normality was tested by the
D’Agostino and Pearson normality test. Non-Gaussian
distributed data were analyzed by Kruskal-Wallis and
Dunn’s multiple comparison test, and Gaussian distrib-
uted data by 1-way ANOVA and Tukey’s post hoc test.
Correlational analysis in non-Gaussian-distributed data
was done using Spearman’s correlation coefficient
(rg), and Gaussian distributed data were compared
by Pearson’s correlation coefficient (rp). Differences
in the distribution of cardiovascular risk factors and
medical therapies across the 3 independent groups
(AOD, eAAA, and rAAA) were compared by the ¥ test
using a contingency table. The null hypothesis (H,)
postulated that distributions of risk factors and medi-
cal therapies are independent of the outcome of the
disease (AOD, eAAA, or rAAA) and no differences will
be observed between all groups. Differences between
patients with venous vessel varicose and eAAA were
compared by Fisher’s exact test. Graph Pad Prism 9.0
(GraphPad Software, Inc., La Jolla, CA) software was
used for statistical analysis and P<0.05 was consid-
ered as significant.
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RESULTS

Patients’ Characteristics for Quantification
of Aortic Heme Oxygenase-1 Gene and
Protein Expression

The clinical characteristics of the studied patients
are shown in Table 1. The mean age of the AOD
(65.8+7.7 years) and eAAA (66.8+9.0 years) group was

not different, but patients with rAAA (73.1+7.2 years)
were significantly older (P=0.009) than those with
AOD. The AAA diameter was lower (P=0.005) in
eAAA (median: 59.9 mm) compared with rAAA (me-
dian: 90.4 mm). Comparison of cardiovascular risk
factors revealed a higher prevalence of atheroscle-
rosis in peripheral and carotid arteries and in smok-
ing in AOD. Patients with eAAA had higher LDL and

Table 1. Clinical Characteristics in Patients Undergoing Electively treated Abdominal Aortic Aneurysm Surgical Repair or
Surgery Because of Ruptured Abdominal Aortic Aneurysm and Corresponding Arterial Occlusive Disease Controls

AOD eAAA rAAA X2 P value
Clinical characteristics
N included 4 19 11
Age, y 55.8+7.7 66.8+9.0 731x7.2* 0.0093
Sex, men/women, % men 2/2,50 16/3, 84 9/2, 82 2.42 0.29
Aortic diameter, mm (n) 59.9 (44.0-90.0) 90.4" (52.2-110.0) 0.0046
Cardiovascular risk factors
Hypertension, n/N total, % 3/4, 75 17/19, 89 9/10, 90 0.72 0.70
Smoking, n/N total, % 4/4,100 11/19, 58 8/10, 20 8.05 0.02
CRP, mg/L (n) 2.70 (1.20-18.0) 3.15(0.50-127.8) 18.8 (1.52-269.4) 0.05
4 20 11
LDL cholesterol, mmol/L (n) 1.47 (1.26-1.65) 2.94 (0.71-6.79) nd 0.009
3 19
HDL cholesterol, mmol/L (n) 1.11 (0.85-1.34) 1.13 (0.65-2.43) nd 0.73
3 19
Total cholesterol, mmol/L (n) 2.99 (2.88-3.04) 4.46% (3.04-8.07) nd 0.002
4 19
Triglycerides, mmol/L (n) 1.567+0.22, 3 1.91+0.88, 20 nd 0.52
Blood glucose, mmol/L (n) 5.75 (4.40-30.60) 5.29 (3.95-7.90) nd 0.43
3 16
BMI, kg/m2 (n) 25.70+8.00, 4 27.51+4.65, 20 27.18+5.85, 11 0.83
T2D, n/N total, % 1/4, 25 119, 5 1/9, 10 1.68 0.43
CAD, n/N, % 2/4, 50 919, 47 4/10, 40 0.18 0.91
PAD, carotid artery stenosis, n/N 4/4, 100 6/19, 33 2/9, 22 7.58 0.03
total, %
Medical therapy
Statins, n/N total, % 3/4,75 15/19, 79 7/10, 70 0.28 0.86
ACE inhibitor, n/N total, % 0/4,0 8/19, 42 4/10, 40 2.61 0.27
ARB, n/N total, % 1/4, 25 6/19, 36 2/10, 20 0.46 0.79
B-Blocker, n/N total, % 1/4, 25 8/19, 42 5/10, 50 0.73 0.69
CCB, n/N total, % 0/4,0 7/19, 37 2/10, 20 2.64 0.26
Diuretics, n/N total, % 0/4,0 8/19, 42 3/10, 30 2.71 0.25
ASA, n/N total, % 4/4, 100 12/19, 63 7/10, 70 212 0.35
Anticoagulants, n/N total, % 2/4, 50 5/19, 26 3/10, 30 0.87 0.64
Insulin, n/N total, % 1/4, 25 1/19, 5 0/10, 0 318 0.20

In rAAA, blood lipids were not measured at the time of emergency surgery. Thus, a comparison between eAAA and rAAA was not possible. No data on
cardiovascular risk factors were available from 1 patient in rAAA. All data are presented as the median with minimum and maximum (range) or as mean+SD
depending on the result of normality testing. Comparison of controls and eAAA was done using Mann-Whitney U test and AOD, eAAA, and rAAA Kruskal—-
Wallis and Dunn’s post hoc test or 1-way ANOVA and Tukey’s post hoc test. Prevalence of risk factors (sex, hypertension, smoking, T2D, CAD, and PAD/
carotid artery stenosis) and medical therapies was analyzed by x? test. ACE indicates angiotensin-converting enzyme; AOD, arterial occlusive disease; ARB,
angiotensin receptor blocker; ASA, acetylsalicylic acid; BMI, body mass index; CAD, coronary artery disease; CCB, calcium channel blocker; CRP, C-reactive
protein; eAAA, electively treated abdominal aortic aneurysm; HDL, high-density lipoprotein; LDL, low-density lipoprotein; nd, not determined; PAD, peripheral
artery disease; rAAA, ruptured abdominal aortic aneurysm; and T2D, type 2 diabetes.

*P<0.01 rAAA vs AOD.

P<0.01 eAAA vs rAAA.

#P<0.01 eAAA vs AOD.
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Figure 2. Linkage of HO-1 expression with AAA diameter and histopathological vessel wall degeneration in patients
undergoing elective surgical repair or surgery because of AAA rupture and AOD controls.

A, Comparison of HO-1 protein expression in eAAA samples with a median diameter less or higher than 84.5 mm. The minimum
value was 56.0 mm, the maximum 90.0 mm. Only patients with a diameter higher than 55.0 mm were included because this diameter
is chosen in the clinics for surgical removal of the AAA. B, Comparison of HO-1 protein expression in rAAA samples with a diameter
less or higher than 94.0 mm. The minimum value was 52.2 mm, the maximum value 110.0 mm. D and E, Elastin fiber degradation was
graded into a score of 1 to 4 and HO-1 protein expression was grouped. G, Comparison of aortic collagen content in AOD, eAAA, and
rAAA and (H and I) Spearman’s correlation (rg) with HO-1 protein expression in eAAA and rAAA. Representative slides for (C) Elastica-
van-Gieson and (F) Picro-sirius Red staining. The black rectangles represent enlargements of the lower magnifications. All data are
presented as scatter dot plots. The horizontal line depicts the median with range (A, B, D, E, and G). The number of analyzed samples
is given in the figures. A, B, D, and E, Mann-Whitney U test. G, Kruskal-Wallis and Dunn’s post hoc test. *P<0.05 56.0 to 84.4 vs 84.5 to
90.0 mm. Ad indicates adventitia; AOD, arterial occlusive disease; eAAA, electively treated AAA; HO-1, heme oxygenase-1; Lu, lumen;

rAAA, ruptured AAA; and Th, thrombus.

total cholesterol concentrations when compared with
AOD. Medical therapies did not differ among all groups
(Table 1).

HMOX1 mRNA and HO-1 Protein
Expression Are Increased in eAAA and
rAAA

HMOX1 mRNA expression was compared between
patients with eAAA, rAAA, and AOD. Gene expres-
sion was 7.6-fold higher (P=0.03) in eAAA than in
AOD. HMOX1T mRNA was elevated (P=0.10) in rAAA
when compared with controls but did not reach sig-
nificance because of scatter. Aortic walls from eAAA
and rAAA showed a similar mRNA expression. HO-1
protein was nearly undetectable in AOD aortas and
increased in eAAA (P=0.01). Protein expression was
higher in rAAA (P=0.02) and similar between eAAA
and rAAA (Figure 1A through 1C). The HO-1 anti-
body used detects different HO-1 isoforms, and
protein expression of the upper and lower band was
separated. Quantification of the =32-kDa band re-
vealed a significant increase in eAAA (P=0.03) and
rAAA (P=0.04) when compared with AOD. The lower
band (=28 kDa) was comparable among all groups
(Figure 1D and 1E). To analyze HO-1 localization
within aortic walls, immunohistochemistry of HO-1
protein was performed. In eAAA, HO-1 was mainly
located in the media, near the border with the in-
tima or adventitia. Representative slides are shown
in Figure 1F. Furthermore, the HO-1 downstream
reaction product bilirubin was quantified in the AAA
specimen. Bilirubin was not related to HO-1 expres-
sion (rg=0.36, P=0.23) in eAAA and rAAA (r4=0.25,
P=0.59) (Figure 1G through 1l).

Associations of HO-1 Protein
Expression With the AAA Diameter
and Histopathological Vessel Wall
Degeneration

The median AAA diameter was calculated to assess
HO-1 expression in different stages of the disease.

J Am Heart Assoc. 2021;10:e022747. DOI: 10.1161/JAHA.121.022747

In eAAA, only patients with a diameter >55 mm were
analyzed because this diameter is used for surgical in-
tervention. HO-1 expression was significantly higher in
AAA samples with a diameter >84.5 mm (P=0.02). In
the rAAA group, HO-1 expression was slightly lower in
samples with a diameter >94.1 mm (Figure 2A and 2B).
To analyze whether changes in aortic HO-1 expression
are linked to the histopathological features of AAA,
elastin fiber degradation, collagen, endothelial and
vascular smooth muscle cells content, and apoptosis
were quantified. In eAAA and rAAA, HO-1 expression
was similar in aortic walls showing an elastin degra-
dation score of 2/3 and 4 (Figure 2C through 2E). A
negative association between HO-1 and aortic colla-
gen was found in eAAA (rg=—0.66, P=0.003) (Figure 2F
through 2I). No associations with cleaved caspase-
3-positive areas were demonstrated (Figure S4A
through S4D). A lowering in a-SMA was found in eAAA
(P=0.04), and HO-1 expression was not associated
with a-SMA-positive areas in eAAA (r4=0.37, P=0.13)
and rAAA (rg=0.50, P=0.17) (Figure S5A through S5D).
Assessment of CD31 positive areas revealed a trend
towards an increase (P=0.07) in eAAA when compared
with AOD. Furthermore, CD31 positive staining was
lower (P=0.04) in rAAA when compared with eAAA.
In eAAA, CD31 positive areas were enlarged in aortic
walls with a higher HO-1 expression (rg=0.52, P=0.02).
This was not found in rAAA (Figure S6A through S6D).
Representative slides for assessment of elastin deg-
radation, collagen, cleaved caspase-3, a-SMA, and
CD31 positive areas are shown above the correspond-
ing figures.

Aortic HO-1 Expression and Activity of
MMP9 and MMP2

Because of their matrix degrading function, MMP9
and MMP2 are linked to AAA wall dilation. Expression
and activity of their respective pro- and mature forms
were assessed in order to evaluate relations with HO-1
expression. Pro-MMP9 expression was positively cor-
related with aortic HO-1 expression in eAAA (rg=0.52,
P=0.02) and rAAA (rg=0.60, P=0.04) (Figure 3A through
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3C). The activity of mature MMP9 tended to be higher
in eAAA samples with a lower HO-1 protein expression
(rs=—0.41, P=0.07) without being significant (Figure 3D
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through 3F). Pro-MMP2 and MMP2 were not linked
to aortic HO-1 protein expression (Figure S7A through
ST7F).
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Figure 3. Activity of matrix metalloprotease 9 and correlation with HO-1 in patients undergoing elective surgical repair or
surgery because of AAA rupture and AOD controls.

A, Representative zymograms for detection of pro-MMP9 and MMP9 in AOD, eAAA, and rAAA. B, Comparison of aortic pro-MMP9
expression in AOD, eAAA, and rAAA and (C and D) Spearman’s correlation (rg) with HO-1 expression in eAAA and rAAA. E, Comparison
of aortic MMP9 activity in AOD, eAAA, and rAAA and (F and G) Spearman’s correlation (rg) with HO-1 protein in eAAA and rAAA. Grubb
test was performed and 1 significant outlier was detected in the data set for MMP9 (B, rAAA). Data are presented as scatter dot plots.
The horizontal line depicts the median with range (B and E). The number of analyzed samples is given in the figures. Kruskal-Wallis
and Dunn’s multiple comparison test. “P<0.05 eAAA vs rAAA. AOD indicates arterial occlusive disease; eAAA, electively treated AAA;
HO-1, heme oxygenase-1; MMP, matrix metalloprotease; and rAAA, ruptured AAA.

and oxidative stress might be connected to the in-
crease in HO-1, extracellular H,O, release, TBARS, and
carbonyl groups in oxidized proteins were quantified.
Concentrations of H,O, (r==—0.59, P=0.05), TBARS
(r==—0.58, P=0.03), and carbonyl residues (rg=—0.64,

Increased HO-1 Expression Is Linked to a
Lowering in Oxidative Stress

Oxidative stress is known to play a pivotal role in
AAA.?? To analyze whether reactive oxygen species

Figure 4. Oxidative stress and correlation with HO-1 expression in patients undergoing elective surgical repair or surgery
because of ruptured AAA and AOD controls.

A, Comparison of aortic H,0, release in AOD, eAAA, and rAAA. Extracellular H,0, was measured by Amplex Red assay and
fluorescence was normalized to the protein content. B and C, Pearson’s correlation (rp) of H,0, with HO-1 expression in eAAA and
rAAA. D, Comparison of aortic thiobarbituric acid reactive substances (TBARS) in AOD, eAAA, and rAAA samples. Values were
normalized to the protein content. E and F, Pearson’s correlation (rp) of TBARS with HO-1 expression in eAAA and rAAA. G, Comparison
of carbonyl residues in oxidized proteins in AOD, eAAA, and rAAA. Carbonyl residues were derivatized and quantified by Western
blot. H and I, Spearman’s correlation (rp) of oxidized proteins with HO-1 expression in eAAA and rAAA. J, Representative Western blot
for detection of carbonyl groups in AOD, eAAA, and rAAA. A and D, Because of scatter, data were log transformed. Data are shown
as scatter dot plots. The horizontal line depicts the median with range (A, D, and G). The number of analyzed samples is given in the
figures. Data were compared by Kruskal-Wallis and Dunn’s multiple comparison test. AOD indicates arterial occlusive disease; DNP-
BSA, 2,4-dinitrophenyl conjugated to BSA; eAAA, electively treated AAA; H,O,, hydrogen peroxide; HO-1, heme oxygenase-1; MDA,
malondialdehyde; rAAA, ruptured AAA; and RFU, relative fluorescence units.
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P=0.02) were lower in eAAA samples with higher HO-1
expression. In rAAA, the amount of oxidized proteins
was also inversely correlated with HO-1 expression
(rs=—0.76, P=0.04) (Figure 4A through 4J).
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HMOXT1 Expression Is Linked to
Inflammatory Cytokines and Chemokines

Because HMOX7/HO-1 can be induced by inflam-
matory stimuli, aortic chemokine (C-C motif) ligand 2
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(CCL2) and interleukin-6 (/L6) MRNA were quantified to
assess associations with HMOXT expression. In eAAA,
HMOXT1 expression increased with CCL2 (r.=0.60,
P=0.003)and IL6 (r,=0.46, P=0.03) (Figure S8A through
S8F). To validate a potential link between HO-1 and
inflammation, the overall macrophage marker CD68
was stained and quantified. CD68 was not linked with
HO-1, nor in eAAA (rg=—0.21, P=0.43), nor in rAAA
(rs=0.48, P=0.24) (Figure S9A through S9D).

HO-1 Expression Is Not Associated With
Aortic Fe3* Storage and Hemoglobin
Content

Activation of HO-1 enzyme forms Fe®*, which can be
stored as Fe** in ferritin or hemosiderin. Hemosiderin
positive areas were similar and no correlations with
HO-1 expression were found in eAAA (rg=0.04,
P=0.88) and rAAA (rs=—0.50, P=0.45) (Figure S10A
through S10D). Heme proteins are known inducers of
HO-1 expression.” Hemoglobin did not differ between
AOD, eAAA, and rAAA and no correlations with HO-1
expression were found in eAAA (rg=0.30, P=0.26) and
rAAA (rs=0.47, P=0.30) (Figure S10E through S10G).

Serum HO-1 in Patients With eAAA and
Correlations With the AAA Diameter

Serum HO-1 concentrations were analyzed in pa-
tients with eAAA and compared with control patients
who were treated because of venous vessel varicose.
Comparison of the clinical characteristics revealed a
significantly lower age (64.0+8.4 versus 73.8+8.6 years,
P<0.0001), a higher number of women, and difference
in LDL, HDL, and total cholesterol and CRP. Prevalence
of smoking, coronary artery disease, and atheroscle-
rosis in peripheral and carotid arteries was higher in
patients with eAAA. The frequency of treatment with
statins and acetylsalicylic acid (ASA) was significantly
different compared with controls (Table 2).

Serum HO-1 concentrations were 2.3-fold higher
in eAAA (median 1482 versus 3156 pg/mL, P<0.0001)
and tended to be increased with the AAA diame-
ter (rg=0.21, P=0.08, n=69). Correlational analysis
revealed a cluster of patients with an AAA diameter
>70 mm that showed different associations with serum
HO-1. Therefore, the AAA diameter was divided into 3
different groups. Serum HO-1 was higher (P=0.04) in
the second group (AAA diameter >55.0 to <70.0 mm,
median 3477 pg/mL) when compared with the first
(AAA diameter <55.0 mm, median 2932 pg/mL). A fur-
ther elevation was not found in the third group (AAA
diameter >70.0 mm, median 3581 pg/mL). Serum
HO-1 was correlated with CRP concentrations be-
cause AAA is an inflammatory disease and associa-
tions of IL6 and CCL2 with HMOX1 were found. Serum
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HO-1 was positively correlated with CRP concentra-
tions (rg=0.38, P=0.002, n=68) (Figure 5A through 5D).

DISCUSSION

In this study, the regulation of HO-1 expression in elec-
tively treated and ruptured AAA was analyzed. HO-1
expression was increased in eAAA compared with con-
trols and similar in eAAA and rAAA. The highest HO-1
expression was found in eAAA tissues with a diameter
>84.4 mm. eAAA samples with a high HO-1 expres-
sion showed a lower collagen content, reductions in
oxidative stress, H,O, release, and partly in MMP9
activity. The increase in HMOX1 gene expression was
connected with increases in proinflammatory IL6 and
CCL2. Analysis of serum HO-1 concentrations revealed
an elevation in patients with eAAA when compared
with venous vessel varicose controls. Serum HO-1 was
highest in patients with eAAA with a diameter of 55 to
70 mm but not further increased above this diameter.

Within the present study, HO-1 protein expression
was quantified using an antibody directed against epi-
topes between amino acids 150 to 286. A cleavage site
for the generation of a truncated HO-1 isoform was de-
scribed at amino acids 275/276.2% The estimated size
of the truncated protein is ~28 kDa.?* HO-1 expression
in the present study includes the complete and a trun-
cated version of the protein. Truncated HO-1 can trans-
locate into the nucleus but has less or no enzymatic
activity.'® It promotes cytoprotection by activation of oxi-
dative stress responsive transcription factors, protecting
against H,O,-induced injury.”® Despite this, assessing
HO-1 enzyme activity would have been more appropri-
ate and is one limitation of the present study.

In the present study, an increase in HMOXT mRNA
and protein expression was found in vessel walls ob-
tained from eAAA and rAAA. Our data are in line with
studies in wild-type mice subjected to Ang ll-infusion.'®
Only a few studies compared human AAA in the termi-
nal and ruptured state. A different regulation of genes
involved in tissue remodeling, angiogenesis, and ad-
ipogenesis was demonstrated.?® With respect to the
biomechanical properties of AAA,?® alterations in wall
shear stress might have contributed to the HO-1 in-
crease. Pulsatile laminar shear is known to increase the
HO-1-mediated cytoprotection against oxidative stress
in endothelial cells.?"?® Differences in HO-1 expres-
sion between rAAA and controls could be because
of the higher age in rAAA. Studies demonstrated de-
creases and increases in HO-1 in different organs with
aging.?*3° Another explanation for the scatter of data in
eAAA and rAAA is HMOX1 promoter polymorphisms.'

One limitation of the present study is the control
AOD aortas that were used for comparison of tis-
sue expression. An increased HO-1 expression was
demonstrated in atherosclerotic aortas,®' but HO-1
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Table 2. Clinical Characteristics in Patients With eAAA and Controls Who Were Analyzed for Serum HO-1 Concentrations

Varicose eAAA P value

N total 32 69

Clinical characteristics
Age, y (n) 64.00+8.43, 32 73.75+8.58, 69 <0.0001
Sex, men/women, % men 15/17, 47 62/7,90 <0.0001
Aortic diameter, mm (n) nd 57.0 (42.0-90.0), 69

Cardiovascular risk factors
LDL cholesterol, mmol/L (n) 3.41 (1.70-5.62), 28 2.49 (0.71-6.79), 62 0.0002
HDL cholesterol, mmol/L (n) 1.71 (1.13-3.41), 28 1.25 (0.39-2.43), 62 <0.0001
Total cholesterol, mmol/L (n) 5.39 (3.14-7.74), 28 4.24 (2.34-8.07), 62 <0.0001
Triglycerides, mmol/L (n) 1.35 (0.66-3.05), 28 1.43 (0.64-4.50), 63 0.18
Blood glucose, mmol/L (n) 5.21 (4.08-10.19), 30 5.26 (2.93-14.88), 68 0.93
CRP, mg/L (n) 1.99 (0.30-6.60), 30 3.40 (0.50-113.4), 68 0.0008
Smoking, n/N total, % 3/30, 10 32/67, 48 0.0002
Hypertension, n/N total, % 26/30, 86 57/68, 84 >0.999
CAD, n/N total, % 1/32, 3 22/68, 32 0.0008
PAD, carotid artery stenosis, n/N total, % 0/30, 0 19/67, 28 0.0005
T2D, n/N total, % 5/30, 17 11/66, 17 0.999
BMI, kg/m2 (n) 27.99+4.45, 30 26.99+4.17, 66 0.27

Medical therapy
Statins, n/N total, % 7/30, 18 50/69, 86 <0.0001
ACE inhibitors, n/N total, % 6/30, 20 25/69, 36 0.16
ARB, n/N total, % 10/30, 33 26/69, 38 0.82
B-Blocker, n/N total, % 12/30, 40 31/69, 45 0.67
CCB, n/N total, % 8/30, 27 27/69, 39 0.26
Diuretics, n/N total, % 8/30, 27 27/69, 39 0.26
Anticoagulants, n/N total, % 10/30, 33 14/69, 20 0.20
ASA, n/N total, % 3/30, 10 45/69, 65 <0.0001
Insulin, n/N total, % 2/30,7 3/69, 4 0.64

All data are presented as median with minimum and maximum (range) or mean+SD, depending on the results of normality testing. Comparison of Gaussian
distributed data was done using unpaired t test, non-Gaussian distributed by Mann-Whitney U test. Comparison of prevalence for risk factors and medical
therapies was analyzed by Fisher exact test. ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor blocker; ASA, acetylsalicylic acid;
BMI, body mass index; CAD, coronary artery disease; CCB, calcium channel blocker; eAAA, electively treated abdominal aortic aneurysm; HDL, high-density
lipoprotein; HO-1, heme oxygenase-1; LDL, low-density lipoprotein; n, number of available data from all included patients (n/N); N, total included patients; nd,

not determined; PAD, peripheral artery disease; and T2D, type 2 diabetes.

expression in eAAA and rAAA was even greater than
that in AOD vessels, suggesting that AOD is less ath-
erosclerotic and the induction in AAA is higher than
in peripheral artery disease. Analysis of HO-1 by im-
munohistochemistry revealed a primary localization
in the media, at the border of the adventitia or intima.
Our data are supported by preclinical animal models,
where HO-1 was mainly located in the media and ex-
tended to the adventitia at later stages.'®

HO-1 expression correlated with endothelial marker
CD31ineAAA. In atherosclerotic lesions, positive HO-1
immunostaining was detected in endothelial and medial
smooth muscle cells.®? Another possible explanation is
the HO-1 expression by a macrophage subpopulation
(hemorrhage-associated mac) that is differentiated in
response to intraplague hemorrhage.®® Cell culture

J Am Heart Assoc. 2021;10:e022747. DOI: 10.1161/JAHA.121.022747

studies demonstrated that heme and hemoglobin in-
duce these atheroprotective macrophages in an HO-1
dependent manner.®* However, immunohistological
markers within the present study were assessed semi-
quantitatively. Costaining of HO-1 and cellular markers
or isolation of single cells would have allowed detailed
conclusions on cells that express HO-1.

In eAAA, HO-1 expression was highest in AAA with
a median diameter >84.4 mm. Previously published
studies in carotid artery plaques showed an increased
HO-1 expression with features of plaque vulnerability,
and induction promoted a more stable plaque pheno-
type.3® The authors conclude that the rise in HO-1 re-
flects a protective response against atherosclerosis.®®

HO-1 expression was similar in samples with less
or higher elastin breakdown, in eAAA and rAAA.
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Figure 5. Analysis of serum HO-1 concentrations in patients undergoing elective surgical repair and patients with varicose.
A, Serum HO-1 concentrations were quantified in patients with eAAA and in venous vessel varicose in the preoperative state. Surgery
because of rAAA was always an emergency procedure and blood was collected intraoperatively. To exclude effects caused by
differences in the study protocol, serum HO-1 was not determined in rAAA samples. C, The AAA diameter was grouped as <55.0,
55.0 to 70.0, and >70.0 mm. C and D, Spearman’s correlation coefficient (r5) between serum HO-1 and the AAA diameter and CRP
concentrations. The horizontal line depicts the median with range (A and C) . The number of analyzed samples is given in the figures.
A, Mann-Whitney U test. B, Kruskal-Wallis and Dunn’s post hoc test. *P<0.05 <55.0 vs 55.0 to 70.0 mm. ****P<0.0001 varicose vs
eAAA. CRP indicates C-reactive protein; eAAA, electively treated abdominal aortic aneurysm; HO-1, heme oxygenase-1; and rAAA,

ruptured abdominal aortic aneurysm.

Studies in HO-17~ mice revealed higher elastin degra-
dation after Angll-infusion'® Differences in the pathol-
ogy of AAA in animal models and humans, especially
at later stages,®” may have contributed to observed
differences. The increase in HO-1 expression cor-
related with a lowering in collagen. An induction of
HO-1 was described with antifiorogenic properties.*®
The linkage between HO-1 and collagen could point
towards an increase of HO-1 with the severity of the
disease.

MMPs are major extracellular matrix degrading
enzymes. In the present study, HO-1 expression was
positively correlated with pro-MMP9 and negatively
with MMP9, at least in part. Studies revealed a pre-
dominant role of pro-MMP9 in human AAA®* and
deletion of HMOX7 increases the activity of MMP9 in
macrophages.'®

J Am Heart Assoc. 2021;10:e022747. DOI: 10.1161/JAHA.121.022747

Biliverdin is a HO-1 reaction product and is reduced
to bilirubin. Vasoprotective effects of HO-1 action are
ascribed to biliverdin and bilirubin because of their anti
inflammatory and anti oxidative properties.*® In eAAA
and rAAA, aortic bilirubin was not associated with an
increased HO-1 expression. However, direct analysis
of HO-1 activity and the use of a bilirubin assay that
detects unconjugated bilirubin would be more appro-
priate and may explain the missing link.

Activation of HO-1 forms ferrous iron (Fe?*), which
can be stored as Fe3* in ferritin or hemosiderin. In the
present study, hemosiderin staining was not associ-
ated with HO-1 expression. This is an unexpected find-
ing because the increase in HO-1 in eAAA and rAAA
could be accompanied by an elevation in Fe®* and its
storage in hemosiderin. Quantification of hemosiderin
was semiquantitative and analysis of ferritin would be
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another opportunity. In addition, micro bleedings are
most likely invisible in hemosiderin staining, and the
small amount of samples may have contributed to the
missing association.

Because the majority of AAA are covered by an in-
traluminal thrombus,*! an increased hemolysis with the
release of heme proteins could be associated with the
induction in HO-1. However, aortic hemoglobin content
was not linked to HO-1 expression, nor in eAAA nor in
rAAA. Most likely, the methods used lack sensitivity to
detect existing differences.

Within the present study, HO-1 expression was
higher in eAAA walls showing less oxidative stress.
An activation of HO-1 releases Fe?* ions that act in
the Fenton reaction with H,0O, to produce highly re-
active hydroxyl radicals.*? In the present study, an in-
verse correlation between H,O, release and HO-1 was
found. It might be speculated whether this is because
of the increased reaction of H,O, with Fe** that are
produced by HO-1 protein in eAAA or reflects a gen-
eral lowering in oxidative stress. Malondialdehyde is a
stable end product of lipid peroxidation and is known
for its oxidative modifications of proteins and DNA.*3 In
the present study, malondialdehyde, as measured by
TBARS, was higher in eAAA samples with less HO-1
expression. These findings are in line with reductions in
malondialdehyde that have been described in rats with
myocyte-specific HO-1 overexpression.'®

In the present study, HMOXT7 positively correlated
with pro inflammatory /L6 and CCL2 mRNA in eAAA.
An induction of HO-1 in response to inflammatory
stimuli has been shown in several cell types.** A higher
number of immune cells, secreting chemokines and
cytokines and expressing HO-1, have been previ-
ously demonstrated in Angll-infused mice'® with large
amounts of HO-1-positive macrophages.®

Serum HO-1 concentrations were higher in eAAA
compared with control patients with venous vessel vari-
cose. Patients with varicose were chosen because they
presented with no history of arterial cardiovascular dis-
ease. Studies in peripheral artery disease demonstrated
a lowering in plasma HO-1, whereas HO-1 was elevated
in coronary artery disease and carotid artery stenosis.364°
Some limitations in the present study are the differences
in age, sex, presence of cardiovascular risk factors, and
medical therapies because these parameters might have
contributed to the HO-1 increase in eAAA. Multivariate
logistic regression analysis using a higher number of con-
trols and patients with eAAA would be appropriate. Up to
now, the data are only exploratory.

Our data demonstrate a trend towards an in-
crease of serum HO-1 with the AAA diameter by using
Spearman’s correlational analysis. Analyzing these
data revealed a cluster of patients with a diameter
>70 mm that was differentially regulated. We there-
fore grouped serum HO-1 according to a diameter

J Am Heart Assoc. 2021;10:e022747. DOI: 10.1161/JAHA.121.022747
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<55.0, >55.0 to <70.0, and >70.0 mm. Serum HO-1
was higher in the second group but not further ele-
vated in the third group. This is an interesting finding
that (1) could point towards a lowering of HO-1 with the
progression of the disease and (2) needs the analysis
of patients with rupture to clarify whether HO-1 has a
diagnostic potential to detect patients prone to rupture.
Furthermore, a positive correlation of CRP with HO-1
levels was shown in eAAA, pointing towards a link to
inflammation in the induction or potentiation of HO-1.46

In conclusion, HO-1 expression was increased in
nonruptured and ruptured AAA, suggesting that HO-1
is not differentially regulated in the transition towards
rupture, thus rejecting our proposed research hypoth-
esis. HO-1 did not show a clear association with the
maximum AAA diameter but was highest in samples
>84.4 mm. By evaluating associations with second-
ary outcome variables, data of the present study point
towards a protective role of an HO-1 induction in the
nonruptured state. In eAAA, serum HO-1 concentra-
tions increase with the diameter until 70.0 mm with no
further increase at higher diameters. Until now, these
associations have only been explorative and need fur-
ther evaluation in a greater number of subjects.

Limitations of the Present Study

The present study is a complete descriptive study and
does not allow conclusions on the mechanisms contrib-
uting to HO-1 induction. Another limitation is the small
number of aortic walls in the AOD and rAAA groups as
well as the difference in their age. A strong scatter of
data was noticeable in the rAAA group. Furthermore,
the varicose control group for comparison of serum
HO-1 concentrations was significantly younger, in-
cluded more women, and differed in their cardiovas-
cular risk profile and medical therapies. Nevertheless,
analyzing human tissues from patients with advanced
and ruptured AAA helps to identify mechanisms that
contribute to the progression and transition towards
AAA rupture. The analysis of aortic tissues and serum
from patients with AAA provides information about a
stage of the disease, where AAA typically are identified
and surgically treated.

ARTICLE INFORMATION
Received June 4, 2021; accepted August 23, 2021.

Affiliations

Division of Vascular and Endovascular Surgery, Department of Visceral,
Thoracic and Vascular Surgery, University Hospital and Medical Faculty Carl
Gustav Carus (A.H., M.M., SW.,, Y.K,, P.S., FH., B.H., C.R.); Department of
Physiology, Medical Faculty Carl Gustav Carus Dresden (l.K., D.E., A.D.);
Division of Vascular Endothelium and Microcirculation, Department of
Medicine Ill, University Hospital and Medical Faculty Carl Gustav Carus (C.B.,
S.G., H.M.) and Institute for Clinical Chemistry and Laboratory Medicine,
University Hospital and Medical Faculty Carl Gustav Carus, Technische
Universitat Dresden, Dresden, Germany (D.M.P)).

15



Hofmann et al

Acknowledgments

We thank Michael Gerlach, PhD from the Core Facility Cellular Imaging (CFCI)
at the TU Dresden (Head: Prof Dr Thomas Muller-Reichert) for the outstand-
ing help in the generation of macros for analyzing the immunohistochemistry.
We thank Ellen Geibelt from the Light Microscopy Facility, a Core Facility of
the CMCB Technology Platform at TU Dresden, for her support with the slide
scanner.

Author contributions: Hofmann designed the study; Hofmann, Muglich,
Horn, Egorov, Hamann, and Sabarstinski performed the experiments;
Hofmann and Mdglich analyzed the data; Wolk, Khorzom, and Reeps
collected the samples; Hofmann wrote the draft manuscript; and Wolk,
Brunssen, Giebe, Poitz, Kopaliani, Deussen, Morawietz, and Reeps edited
the draft manuscript. All authors reviewed and approved the final manuscript.

Sources of Funding

The research was supported by funds of the Medical Faculty of the TU
Dresden. Muglich and Horn received funding by the “Carus Promotionskolleg”
fellowship from the Medical Faculty of the TU Dresden.

Disclosures
None.

Supplementary Material
Tables S1-S2
Figures S1-S10

REFERENCES

1. Davis FM, Rateri DL, Daugherty A. Abdominal aortic aneurysm: novel
mechanisms and therapies. Curr Opin Cardiol. 2015;30:566-573.

2. Hartl F, Reeps C, Wilhelm M, Ockert S, Zimmermann A, Eckstein
HH. Open and endovascular repair of abdominal aortic aneurysms—
clinical picture, evidence, results. Dtsch Med Wochenschr.
2012;137:1303-1308.

3. Quintana RA, Taylor WR. Cellular mechanisms of aortic aneu-
rysm formation. Circ Res. 2019;124:607-618. doi: 10.1161/CIRCR
ESAHA.118.313187

4. Ning W, Song R, Li C, Park E, Mohsenin A, Choi AM, Choi ME. TGF-
betal stimulates HO-1 via the p38 mitogen-activated protein kinase in
A549 pulmonary epithelial cells. Am J Physiol Lung Cell Mol Physiol.
2002;283:L.1094-L1102.

5. Otterbein LE, Foresti R, Motterlini R. Heme oxygenase-1 and carbon
monoxide in the heart: the balancing act between danger signaling
and pro-survival. Circ Res. 2016;118:1940-1959. doi: 10.1161/CIRCR
ESAHA.116.306588

6. Azuma J, Wong RJ, Morisawa T, Hsu M, Maegdefessel L, Zhao H,
Kalish F, Kayama Y, Wallenstein MB, Deng AC, et al. Heme oxygen-
ase-1 expression affects murine abdominal aortic aneurysm progres-
sion. PLoS One. 2016;11:e0149288. doi: 10.1371/journal.pone.0149288

7. Idriss NK, Blann AD, Lip GY. Hemoxygenase-1 in cardiovascular disease.
J Am Coll Cardiol. 2008;52:971-978. doi: 10.1016/j.jacc.2008.06.019

8. Immenschuh S, Ramadori G. Gene regulation of heme oxygenase-1
as a therapeutic target. Biochem Pharmacol. 2000;60:1121-1128. doi:
10.1016/S50006-2952(00)00443-3

9. Ryter SW, Xi S, Hartsfield CL, Choi AM. Mitogen activated protein ki-
nase (MAPK) pathway regulates heme oxygenase-1 gene expression by
hypoxia in vascular cells. Antioxid Redox Signal. 2002;4:587-592. doi:
10.1089/15230860260220085

10. Sharma HS, Maulik N, Gho BC, Das DK, Verdouw PD. Coordinated
expression of heme oxygenase-1 and ubiquitin in the porcine heart sub-
jected to ischemia and reperfusion. Mol Cell Biochem. 1996;157:111—
116. doi: 10.1007/BF00227888

11. Yet SF, Tian R, Layne MD, Wang ZY, Maemura K, Solovyeva M, Ith
B, Melo LG, Zhang L, Ingwall JS, et al. Cardiac-specific expression
of heme oxygenase-1 protects against ischemia and reperfusion in-
jury in transgenic mice. Circ Res. 2001;89:168-173. doi: 10.1161/
hh1401.093314

12. Liu X, Wei J, Peng DH, Layne MD, Yet SF. Absence of heme oxygen-
ase-1 exacerbates myocardial ischemia/reperfusion injury in diabetic
mice. Diabetes. 2005;54:778-784. doi: 10.2337/diabetes.54.3.778

138. Wang G, Hamid T, Keith RJ, Zhou G, Partridge CR, Xiang X,
Kingery JR, Lewis RK, Li Q, Rokosh DG, et al. Cardioprotective and

J Am Heart Assoc. 2021;10:e022747. DOI: 10.1161/JAHA.121.022747

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Regulation of HO-1 in Human Late-Stage AAA

antiapoptotic effects of heme oxygenase-1inthefailing heart. Circulation.
2010;121:1912-1925. doi: 10.1161/CIRCULATIONAHA.109.905471
Schillinger M, Exner M, Milekusch W, Domanovits H, Huber K,
Mannhalter C, Wagner O, Minar E. Heme oxygenase-1 gene promoter
polymorphism is associated with abdominal aortic aneurysm. Thromb
Res. 2002;106:131-136. doi: 10.1016/S0049-3848(02)00100-7

Calay D, Mason JC. The multifunctional role and therapeutic potential of
HO-1 in the vascular endothelium. Antioxid Redox Signal. 2014;20:1789—
1809. doi: 10.1089/ars.2013.5659

Ho YC, Wu ML, Gung PY, Chen CH, Kuo CC, Yet SF. Heme oxygenase-1
deficiency exacerbates angiotensin ll-induced aortic aneurysm in mice.
Oncotarget. 2016;7:67760-67776. doi: 10.18632/oncotarget.11917
Lederle FA, Johnson GR, Wilson SE, Ballard DJ, Jordan J, William D,
Blebea J, Littooy FN, Freischlag JA, Bandyk D, et al. Rupture rate of
large abdominal aortic aneurysms in patients refusing or unfit for elec-
tive repair. JAMA. 2002;287:2968-2972. doi: 10.1001/jama.287.22.2968
Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe
A, Speleman F. Accurate normalization of real-time quantitative RT-PCR
data by geometric averaging of multiple internal control genes. Genome
Biol. 2002;3:research0034.0031.

Lin Q, Weis S, Yang G, Weng Y-H, Helston R, Rish K, Smith A, Bordner
J, Polte T, Gaunitz F, et al. Heme oxygenase-1 protein localizes to the
nucleus and activates transcription factors important in oxidative stress
*. J Biol Chem. 2007;282:20621-20633. doi: 10.1074/jbc.M607954200
Kopaliani I, Martin M, Zatschler B, Bortlik K, Muller B, Deussen A. Cell-
specific and endothelium-dependent regulations of matrix metallopro-
teinase-2 in rat aorta. Basic Res Cardiol. 2014;109:419. doi: 10.1007/
s00395-014-0419-8

Wei H, Hu JH, Angelov SN, Fox K, Yan J, Enstrom R, Smith A, Dichek
DA. Aortopathy in a mouse model of Marfan syndrome is not mediated
by altered transforming growth factor beta signaling. J Am Heart Assoc.
2017;6:¢004968. doi: 10.1161/JAHA.116.004968

McCormick ML, Gavrila D, Weintraub NL. Role of oxidative stress in the
pathogenesis of abdominal aortic aneurysms. Arterioscler Thromb Vasc
Biol. 2007;27:461-469. doi: 10.1161/01.ATV.0000257552.94483.14
Schaefer B, Moriishi K, Behrends S. Insights into the mechanism of
isoenzyme-specific signal peptide peptidase-mediated translocation
of heme oxygenase. PLoS One. 2017;12:e0188344. doi: 10.1371/journ
al.pone.0188344

Linnenbaum M, Busker M, Kraehling JR, Behrends S. Heme oxygen-
ase isoforms differ in their subcellular trafficking during hypoxia and are
differentially modulated by cytochrome p450 reductase. PLoS One.
2012;7:e35483. doi: 10.1371/journal.pone.0035483

Gabel G, Northoff BH, Weinzierl |, Ludwig S, Hinterseher |, Wilfert W,
Teupser D, Doderer SA, Bergert H, Schonleben F, et al. Molecular fin-
gerprint for terminal abdominal aortic aneurysm disease. J Am Heart
Assoc. 2017;6:e006798. doi: 10.1161/JAHA.117.006798

Reeps C, Kehl S, Tanios F, Biehler J, Pelisek J, Wall WA, Eckstein HH,
Gee MW. Biomechanics and gene expression in abdominal aortic an-
eurysm. J Vasc Surg. 2014;60:1640-1647.e1641-e1642. doi: 10.1016/j.
jvs.2014.08.076

Ali F, Zakkar M, Karu K, Lidington EA, Hamdulay SS, Boyle JJ, Zloh M,
Bauer A, Haskard DO, Evans PG, et al. Induction of the cytoprotective
enzyme heme oxygenase-1 by statins is enhanced in vascular endothe-
lium exposed to laminar shear stress and impaired by disturbed flow. J
Biol Chem. 2009;284:18882-18892. doi: 10.1074/jbc.M109.009886
Giebe S, Cockcroft N, Hewitt K, Brux M, Hofmann A, Morawietz H,
Brunssen C. Cigarette smoke extract counteracts atheroprotec-
tive effects of high laminar flow on endothelial function. Redox Biol.
2017;12:776-786. doi: 10.1016/j.redox.2017.04.008

Barnes CJ, Cameron IL, Puleo-Scheppke B, Lee M. Age alters ex-
pression and inducibility of heme oxygenase isozymes in mice. Age
(Omaha). 1998;21:123-128. doi: 10.1007/s11357-998-0019-3

Ewing JF, Maines MD. Regulation and expression of heme oxygenase
enzymes in aged-rat brain: age related depression in HO-1 and HO-2
expression and altered stress-response. J Neural Transm (Vienna).
2006;113:439-454. doi: 10.1007/s00702-005-0408-z

Wang LJ, Lee TS, Lee FY, Pai RC, Chau LY. Expression of heme oxy-
genase-1 in atherosclerotic lesions. Am J Pathol. 1998;152:711-720.
Nakayama M, Takahashi K, Komaru T, Fukuchi M, Shioiri H, Sato K,
Kitamuro T, Shirato K, Yamaguchi T, Suematsu M, et al. Increased
expression of heme oxygenase-1 and bilirubin accumulation in foam
cells of rabbit atherosclerotic lesions. Arterioscler Thromb Vasc Biol.
2001;21:1373-1377. doi: 10.1161/hq0801.093592

16


https://doi.org/10.1161/CIRCRESAHA.118.313187
https://doi.org/10.1161/CIRCRESAHA.118.313187
https://doi.org/10.1161/CIRCRESAHA.116.306588
https://doi.org/10.1161/CIRCRESAHA.116.306588
https://doi.org/10.1371/journal.pone.0149288
https://doi.org/10.1016/j.jacc.2008.06.019
https://doi.org/10.1016/S0006-2952(00)00443-3
https://doi.org/10.1089/15230860260220085
https://doi.org/10.1007/BF00227888
https://doi.org/10.1161/hh1401.093314
https://doi.org/10.1161/hh1401.093314
https://doi.org/10.2337/diabetes.54.3.778
https://doi.org/10.1161/CIRCULATIONAHA.109.905471
https://doi.org/10.1016/S0049-3848(02)00100-7
https://doi.org/10.1089/ars.2013.5659
https://doi.org/10.18632/oncotarget.11917
https://doi.org/10.1001/jama.287.22.2968
https://doi.org/10.1074/jbc.M607954200
https://doi.org/10.1007/s00395-014-0419-8
https://doi.org/10.1007/s00395-014-0419-8
https://doi.org/10.1161/JAHA.116.004968
https://doi.org/10.1161/01.ATV.0000257552.94483.14
https://doi.org/10.1371/journal.pone.0188344
https://doi.org/10.1371/journal.pone.0188344
https://doi.org/10.1371/journal.pone.0035483
https://doi.org/10.1161/JAHA.117.006798
https://doi.org/10.1016/j.jvs.2014.08.076
https://doi.org/10.1016/j.jvs.2014.08.076
https://doi.org/10.1074/jbc.M109.009886
https://doi.org/10.1016/j.redox.2017.04.008
https://doi.org/10.1007/s11357-998-0019-3
https://doi.org/10.1007/s00702-005-0408-z
https://doi.org/10.1161/hq0801.093592

Hofmann et al

33.

34.

35.

36.

37.

38.

39.

J Am Heart Assoc. 2021;10:e022747. DOI: 10.1161/JAHA.121.022747

Boyle JJ, Harrington HA, Piper E, Elderfield K, Stark J, Landis RC,
Haskard DO. Coronary intraplaque hemorrhage evokes a novel athero-
protective macrophage phenotype. Am J Pathol. 2009;174:1097-1108.
doi: 10.2353/ajpath.2009.080431

Boyle JJ, Johns M, Lo J, Chiodini A, Ambrose N, Evans PC, Mason
JC, Haskard DO. Heme induces heme oxygenase 1 via Nrf2: role in
the homeostatic macrophage response to intraplaque hemorrhage.
Arterioscler Thromb Vasc Biol. 2011;31:2685-2691. doi: 10.1161/ATVBA
HA.111.225813

Cheng C, Noordeloos AM, Jeney V, Soares MP, Moll F, Pasterkamp
G, Serruys PW, Duckers HJ. Heme oxygenase 1 determines ath-
erosclerotic lesion progression into a vulnerable plaque. Cir-
culation. 2009;119:3017-3027. doi: 10.1161/CIRCULATIONAHA.108.
808618

Kishimoto Y, Sasaki K, Saita E, Niki H, Ohmori R, Kondo K, Momiyama
Y. Plasma heme oxygenase-1 levels and carotid atherosclerosis. Stroke.
2018;49:2230-2232. doi: 10.1161/STROKEAHA.118.022256

Patelis N, Moris D, Schizas D, Damaskos C, Perrea D, Bakoyiannis C,
Liakakos T, Georgopoulos S. Animal models in the research of abdom-
inal aortic aneurysms development. Physiol Res. 2017;66:899-915. doi:
10.33549/physiolres.933579

Li L, Grenard P, Nhieu JT, Julien B, Mallat A, Habib A, Lotersztajn S.
Heme oxygenase-1 is an antifibrogenic protein in human hepatic myo-
fibroblasts. Gastroenterology. 2003;125:460-469. doi: 10.1016/S0016
-5085(03)00906-5

Annabi B, Shedid D, Ghosn P, Kenigsberg RL, Desrosiers RR,
Bojanowski MW, Beaulieu E, Nassif E, Moumdjian R, Beliveau
R. Differential regulation of matrix metalloproteinase activities in

40.

41.

42.

43.

44,

45.

46.

Regulation of HO-1 in Human Late-Stage AAA

abdominal aortic aneurysms. J Vasc Surg. 2002;35:539-546. doi:
10.1067/mva.2002.121124

Durante W. Targeting heme oxygenase-1 in the arterial response to in-
jury and disease. Antioxidants (Basel). 2020;9:829. doi: 10.3390/antio
x9090829

Cameron SJ, Russell HM, Owens AP Ill. Antithrombotic therapy
in abdominal aortic aneurysm: beneficial or detrimental? Blood.
2018;132:2619-2628. doi: 10.1182/blood-2017-08-743237

Gozzelino R, Jeney V, Soares MP. Mechanisms of cell protection by
heme oxygenase-1. Annu Rev Pharmacol Toxicol. 2010;50:323-354.
doi: 10.1146/annurev.pharmtox.010909.105600

Griendling KK, Touyz RM, Zweier JL, Dikalov S, Chilian W, Chen Y-R,
Harrison DG, Bhatnagar A; American Heart Association Council on Basic
Cardiovascular S. Measurement of reactive oxygen species, reactive ni-
trogen species, and redox-dependent signaling in the cardiovascular
system: a scientific statement from the American Heart Association. Circ
Res. 2016;119:e39-e75. doi: 10.1161/RES.0000000000000110

Ryter SW, Choi AM. Heme oxygenase-1: redox regulation of a
stress protein in lung and cell culture models. Antioxid Redox Signal.
2005;7:80-91. doi: 10.1089/ars.2005.7.80

Kishimoto V, Ibe S, Saita E, Sasaki K, Niki H, Miura K, lkegami Y,
Ohmori R, Kondo K, Momiyama Y. Plasma heme oxygenase-1 levels
in patients with coronary and peripheral artery diseases. Dis Markers.
2018;2018:6138124. doi: 10.1155/2018/6138124

Ekregbesi P, Shankar-Hari M, Bottomley C, Riley EM, Mooney JP.
Relationship between anaemia, haemolysis, inflammation and
haem oxygenase-1 at admission with sepsis: a pilot study. Sci Rep.
2018;8:11198. doi: 10.1038/541598-018-29558-5

17


https://doi.org/10.2353/ajpath.2009.080431
https://doi.org/10.1161/ATVBAHA.111.225813
https://doi.org/10.1161/ATVBAHA.111.225813
https://doi.org/10.1161/CIRCULATIONAHA.108.808618
https://doi.org/10.1161/CIRCULATIONAHA.108.808618
https://doi.org/10.1161/STROKEAHA.118.022256
https://doi.org/10.33549/physiolres.933579
https://doi.org/10.1016/S0016-5085(03)00906-5
https://doi.org/10.1016/S0016-5085(03)00906-5
https://doi.org/10.1067/mva.2002.121124
https://doi.org/10.3390/antiox9090829
https://doi.org/10.3390/antiox9090829
https://doi.org/10.1182/blood-2017-08-743237
https://doi.org/10.1146/annurev.pharmtox.010909.105600
https://doi.org/10.1161/RES.0000000000000110
https://doi.org/10.1089/ars.2005.7.80
https://doi.org/10.1155/2018/6138124
https://doi.org/10.1038/s41598-018-29558-5

SUPPLEMENTAL MATERIAL

An induction of heme oxygenase-1 is linked to the severity of disease
in human abdominal aortic aneurysm

Running Title: Regulation of HO-1 in human late stage AAA

Anja Hofmann, PhDY, Margarete Muglich?, Steffen Wolk, MD?, Yazan Khorzom?,

Pamela Sabarstinski?, Irakli Kopaliani, MD?, Dmitry Egorov, PhD?, Franziska Horn?,

Coy Brunssen, PhD?, Sindy Giebe, PhD3, Bianca Hamann!, Andreas Deussen, MD?,
Henning Morawietz, PhD?, David M. Poitz, PhD* and Christian Reeps, MD*!

Division of Vascular and Endovascular Surgery, Department of Visceral, Thoracic and
Vascular Surgery, University Hospital and Medical Faculty Carl Gustav Carus, Technische
Universitat Dresden, Germany;
2Department of Physiology, Medical Faculty Carl Gustav Carus Dresden, Technische
Universitat Dresden, Germany;
3Division of Vascular Endothelium and Microcirculation, Department of Medicine 1,
University Hospital and Medical Faculty Carl Gustav Carus, Technische Universitat Dresden,
Dresden, Germany;

*Institute for Clinical Chemistry and Laboratory Medicine; University Hospital and Medical
Faculty Carl Gustav Carus, Technische Universitat Dresden, Dresden, Germany;

#Corresponding author:

Anja Hofmann, PhD, Division of Vascular and Endovascular Surgery, Department of Visceral-,
Thoracic and Vascular Surgery, University Hospital and Medical Faculty Carl Gustav Carus,
Technische Universitat Dresden, Fetscherstr. 74, 01307 Dresden, Germany

Tel: +49 351 458 16607

Fax: +49 351 458 7292

Email: Anja.Hofmann2@uniklinikum-dresden.de

Subject term list: Vascular disease, Aneurysm



SUPPLEMENTAL TABLES

Supplemental Table 1. Primers Used for Gene Expression Analysis by Quantitative Real-

Time PCR.

Gene Primers Sequence, 5°-3’

HMOX1 Forward AGTCTTCGCCCCTGTCTACT
Reverse CTTCACATAGCGCTGCATGG

RPL32 Forward CACCGTCCCTTCTCTCTTCCT
Reverse TCTTGGGCTTCACAAGGGGT

TBP Forward CGCCGGCTGTTTAACTTCG
Reverse AGAGCATCTCCAGCACACTC

B2M Forward GATGAGTATGCCTGCCGTGT
Reverse CATGATGCTGCTTACATGTCTCG

Abbreviations: B2M, beta-2-microglobulin; HMOX1, heme oxygenase-1; RPL32, ribosomal

protein L32; TBP, TATA-box binding protein.



Supplemental

Table 2:

Abbreviations: RT, room temperature.

Primary Antibodies

used for

Immunohistochemistry.

Clone JC70A

Protein Supplier Concentration Incubation time

a-SMA Sigma Aldrich, 2 pg/mL 1h, RT
A5228, Clone 1A4

Cleaved caspase-3 Cell Signaling, 0.59 pg/mL 1h, RT
#9661

CD68 Agilent, M0814, 4 ng/mL Overnight, 4°C
Clone KP1

HO-1 Enzo, 10 pg/mL Overnight, 4°C
ADI-OSA-110-D

CD31 Agilent, M0823, 4.1 mg/mL 1h, RT




SUPPLEMENTARY FIGURES
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Supplemental Figure 1: Full Western Blot Used for Representative HO-1 Protein
Expression in Patients Undergoing Elective Surgical Repair or Surgery due to Ruptured
AAA and AOD Controls. The two marked HO-1 bands represent the native HO-1 (~32 kDa)
and a truncated (~25 kDa) isoform. The band intensities within lanes 7-9 are AOD, eAAA and
rAAA samples, showing representative values for HO-1 protein expression. These bands were
used for representative Figure 1D. The prestained protein ladder (lane 1) and the corresponding
controls (lane 2) were cut and added to the other lines. The full Western blot for HO-1, showing
all lines and the corresponding Ponceau S stain, is presented in this figure. Abbreviations:
AOD, arterial occlusive disease; eAAA, electively treated AAA; HO-1, heme oxygenase-1;

rAAA, ruptured AAA.



Supplemental Figure 2: Detection of Carbonyl Residues in Oxidized Proteins by Using
DNP. Carbonyl groups in side chains of proteins are derivatized with
2,4-dinitrophenylhydrazine (DNPH) to 2,4-dintrophenylhydrazone (DNP-hydrazone). DNP
derivatized proteins were separated on Bis-Tris protein gels, transferred to nitrocellulose
membranes and DNP moieties were detected using an anti-DNP antibody. Lanes 1-4:
Prestained protein ladder, positive control DNP-BSA, aortic tissue extract treated with DNPH,
aortic tissue extract treated without DNPH. Abbreviations: DNP-BSA, 2,4-Dinitrophenyl

conjugated to BSA.



Target protein Isotype control antibody

CD68 19G1x
o-SMA 19G2a.
2000 gm %
Cleaved Rabbit
caspase-3 mAb IgG XP
oy

CD31 IgG1x

HO-1 Isotype

1gG1

Supplementary Figure 3: Specificity of CD68, a-SMA, Cleaved caspase-3, CD31 and
HO-1 Signals by Using the Corresponding Isotype Control Antibodies.
Immunohistochemistry for A, CD68 and the 1gG1k, B, a-SMA and 1gG2a., C, cleaved caspase-
3 and rabbit (DALE) mAb IgG XP, D, CD31 and mouse IgGlk and E, HO-1 and 1gG1. The
negative control antibody was used instead of the primary antibody. Red and brown areas

present positively stained areas whereas isotype antibodies revealed no staining. Cell nuclei

(blue) were counterstained with Mayer’s hemalum.



™
o
o

100 100 B eAmA 70 i A rAAA
25 90 o P . o
) 29 g4l 1=0.35 23 60 A 120,45
R o g3 s P=0.15 8% % P=0.23
2F 60 L4a 22 n=18 o§ n=9
33 22 &0
2% 5 - g3 n ] §§ 40
e . L N 32 _|@® | AR
33 20 4 2@ 204 Za
s ] og o 22 10 a
3510 =L 1 88 i .m S8 a
= 0
%00 : SR © 1 2 3 4 5 6 7 8 6 2 4 8 & 10 12 14
(n=10)

HO-1 protein expression HO-1 protein expression
(relative to internal control) (relative to internal control)

(n=3) (n=22)

Supplementary Figure 4: Linkage of HO-1 Expression with Cleaved Caspase-3 Positive
Areas in Patients Undergoing Elective Surgical Repair or Surgery due to AAA Rupture
and AOD Controls. B, Comparison of aortic cleaved caspase-3 positive areas in AOD, eAAA
and rAAA and C, D, Spearman’s correlation (rs) with HO-1 protein expression in eAAA and
rAAA. A, Representative slides for cleaved caspase-3. Positive, red positive areas were
quantified and data are shown in relation to the total section area consisting of media and intima.
Cell nuclei (blue) were counterstained with Mayer’s hemalum. The black rectangles represent
enlargements of the lower magnifications. The lumen (Lu), adventitia (Ad) and attaching
thrombus (Th) are marked in red. Statistics: B, Data are presented as scatter dot plots. The
horizontal line depicts the mean with standard deviation. The number of analyzed samples is

given in the figures. One-Way ANOVA and Tukey’s post hoc test. Abbreviations: Ad,



adventitia; AOD, arterial occlusive disease; eAAA, electively treated AAA; HO-1, heme

oxygenase-1; Lu, lumen; rAAA, ruptured AAA; Th, thrombus.
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Supplementary Figure 5: Linkage of HO-1 Expression with a-SMA Positive Areas in
Patients Undergoing Elective Surgical Repair or Surgery due to AAA Rupture and
Controls. B, Comparison of aortic alpha-smooth muscle actin (a-SMA) positive areas in AOD,
eAAA and rAAA and C, D, Spearman’s correlation (rs) with HO-1 protein expression in eAAA
and rAAA. A, Representative slides for a-SMA. Positive, red positive areas were quantified
and data are shown in relation to the total section area consisting of media and intima. Cell
nuclei (blue) were counterstained with Mayer’s hemalum. The black rectangles represent
enlargements of the lower magnifications. The lumen (Lu), adventitia (Ad) and attaching
thrombus (Th) are marked in red. Statistics: B, Data are presented as scatter dot plots. The
horizontal line depicts the mean with standard deviation. The number of analyzed samples is
given in the figures. One-Way ANOVA and Tukey’s post hoc test. *P<0.05 AOD vs. eAAA.

Abbreviations: a-SMA, alpha-smooth muscle actin; Ad, adventitia; AOD, arterial occlusive
9



disease; eAAA, electively treated AAA; HO-1, heme oxygenase-1; Lu, lumen; rAAA, ruptured

AAA:; Th, thrombus.
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Supplementary Figure 6: Linkage of HO-1 Expression with CD31 Positive Areas in
Patients Undergoing Elective Surgical Repair or Surgery due to AAA Rupture and AOD
Controls. B, Comparison of CD31 positive areas in AOD, eAAA and rAAA and C, D,
Spearman’s correlation (rs) with HO-1 protein expression in eAAA and rAAA.
A, Representative slides for CD31 are shown above the figures. The black rectangles represent
enlargements of the lower magnifications. The lumen (Lu), adventitia (Ad) and attaching
thrombus (Th) are marked in red. Positive, brown positive areas were quantified and data are
shown in relation to the total section area consisting of media and intima. Cell nuclei (blue)
were counterstained with Mayer’s hemalum. Statistics: Grubb’s test was performed and one
significant outlier was detected in the data set for CD31 (B, rAAA). B, Data are presented as
scatter dot plots. The horizontal line depicts the median with range. The number of analyzed

samples is given in the figures. Grubbs test was performed and one significant outlier was

11



detected in rAAA. One-Way ANOVA and Tukey’s post hoc test. “P<0.05 eAAA vs. TAAA.
Abbreviations: Ad, adventitia; AOD, arterial occlusive disease; eAAA, electively treated

AAA; HO-1, heme oxygenase-1; Lu, lumen; rAAA, ruptured AAA; Th, thrombus.
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Supplementary Figure 7: Activity of Matrixmetalloprotease 2 and Correlation with HO-1
in Patients Undergoing Elective Surgical Repair or Surgery due to AAA Rupture and
AOD Controls. A, Representative gelatin zymogram for pro-MMP2 and MMP2 in AOD,
eAAA and rAAA samples. IC, Internal control. B, Comparison of aortic pro-MMP2 expression
in AOD, eAAA and rAAA and C, D, Spearman’s correlation (rs) with HO-1 expression in
eAAA and rAAA. E, Comparison of aortic MMP2 activity in AOD, eAAA and rAAA and F,
G, Spearman’s correlation (rs) with HO-1 protein in eAAA and rAAA. Statistics: Grubb’s test
was performed and one significant outlier was detected in the data set for MMP2 (E, eAAA).
A, D, All data are presented as scatter dot plots. The horizontal line depicts the median with
range. The number of analyzed samples is given in the figures. Kruskal-Wallis and Dunn’s
multiple comparison test. #P<0.05 eAAA vs. rAAA. Abbreviations: AOD, arterial occlusive
disease; eAAA, electively treated AAA; HO-1, heme oxygenase-1; MMP,

matrixmetalloprotease; rAAA, ruptured AAA.
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Supplementary Figure 8: Inflammatory Markers and Correlation with HMOX1
Expression in Patients Undergoing Elective Surgical Repair or Surgery due to Ruptured
AAA and AOD Controls. A, Comparison of aortic interleukin-6 (IL6) mMRNA expression in
AOD, eAAA and rAAA and B, C, Pearson’s correlation (rp) with HMOX1 mRNA expression
in eAAA and rAAA. D, Comparison of aortic chemokine (C-C motif) ligand 2 (CCL2) mRNA
expression in AOD, eAAA and rAAA and E, F, Pearson’s correlation (rp) with HMOX1 mRNA
expression in eAAA and rAAA. All data are normalized to an internal control (=1). Due to
scatter, data were log transformed. Statistics: A, D, Data are shown as scatter dot plots. The
horizontal line depicts the median with range. The number of analyzed samples is given in the
figures. Kruskal-Wallis and Dunn’s multiple comparison test. *P<0.05 AOD vs. rAAA.
Abbreviations: AOD, arterial occlusive disease; CCL2, chemokine (C-C motif) ligand 2 gene;
eAAA, electively treated AAA; HMOX1, heme oxygenase-1 gene; IL6, interleukin-6 gene;

rAAA, ruptured AAA.

14



A AOD eAAA rAAA

e Ad

o
o

A AAA

7,=0.48
P=0.24
n=8

_N
7 8

3 s

o

a2 o

8

a

3

a
m

(% total section area)
(% total section area)
CD68 positive area
(% total section area)
O - N WA GO N
>
[

CD68 positive area
CD68 positive area

]
t 2 T a2
o 1 2 3 4 5 6 7 8

HO-1 protein expression HO-1 protein expression
(relative 1o internal control) (relative to internal control)

o N B @& @

a 8
;E

>

o

4 & & 10 12 1

o
~

Supplementary Figure 9: Correlation of CD68 Positive Areas with HO-1 Expression in
Patients Undergoing Elective Surgical Repair or Surgery due to Ruptured AAA and AOD
Controls. A, Representative slides for CD68 immunohistochemistry. Positive, red areas in the
intima and media were quantified and set in relation to the total section area. Cell nuclei (blue)
were counterstained with Mayer’s hemalum. The black rectangles represent enlargements of
the lower magnifications. The lumen (Lu), adventitia (Ad) and attaching thrombus (Th) are
marked in red. B, Comparison of CD68-positive areas in AOD, eAAA and rAAA and C, D,
Spearman’s correlation (rs) with HO-1 protein expression in eAAA and rAAA. Statistics:
Grubb’s test was performed and one subject in the data set of CD68 (rAAA) was identified as
a significant outlier. B, Data are shown as scatter dot plots. The horizontal line depicts the
median with range. The number of analyzed samples is given in the figures. Kruskal-Wallis and
Dunn’s multiple comparison test. Abbreviations: Ad, adventitia; AOD, arterial occlusive
disease; eAAA, electively treated AAA; HO-1, heme oxygenase-1; Lu, lumen; rAAA, ruptured

AAA:; Th, thrombus.
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Supplementary Figure 10: Aortic Hemosiderin Staining and Hemoglobin Content in
Patients Undergoing Elective Surgical Repair or Surgery due to Ruptured AAA and AOD
Controls. A, Representative slides of hemosiderin staining by Perl’s Prussian blue. Blue
positive areas were quantified and data are shown in relation to the total section area consisting
of media and intima. Cell nuclei (pink) were counterstained with Nuclear fast red. The black
rectangles represent enlargements of the lower magnifications. The lumen (Lu), adventitia (Ad)
and attaching thrombus (Th) are marked in red. B, Comparison of hemosiderin positive areas

in AOD, eAAA and rAAA and C, D, Spearman’s correlation (rs) with HO-1 expression in

(relative to Internal control)
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eAAA and rAAA. E, Comparison of aortic hemoglobin concentration in AOD, eAAA and
rAAA and F, G, Spearman’s correlation (rs) with HO-1 expression. Hemoglobin was analyzed
in aortic homogenates and normalized to the protein content. Statistics: Grubb’s test was
performed and one sample in the eAAA data set for hemosiderin (eAAA) was identified as a
significant outlier. B, F, All data are presented as scatter dot plots. The horizontal line depicts
the median with range. The number of analyzed samples is given in the figures. Kruskal-Wallis
and Dunn's multiple comparisons test. Abbreviations: Ad, adventitia; AOD, arterial occlusive
disease; eAAA, electively treated AAA; HO-1, heme oxygenase-1; Lu, lumen; rAAA, ruptured

AAA; Th, thrombus.
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