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Abstract

Heme promotes oxidative modification of low-density lipoprotein (LDL), a process im-
plicated in atherosclerosis. However, the fate of heme during LDL oxidation and the
mechanisms governing its degradation remain poorly understood. We investigated heme
catabolism during heme/H,O,-induced LDL oxidation and identified LDL-associated pro-
teins potentially involved in this process. Lipid peroxidation, heme Soret absorbance, and
carbon monoxide (CO) production were assessed. Heme induced lipid peroxidation, loss
of Soret signal, and CO generation, whereas CuSO,-mediated oxidation induced lipid
peroxidation without detectable CO, supporting the association of CO production with
heme-dependent oxidation. Targeted and data-independent proteomics and immuno-
logical analyses identified heme oxygenase-1 (HO-1), hemopexin (HPX), and alpha-1-
microglobulin (A1IM) in LDL. HO-1 inhibition reduced CO production and delayed early
heme loss and lipid peroxidation, although these effects diminished over time. DTPA simi-
larly delayed early heme loss and lipid peroxidation and reduced CO production, whereas
BHT strongly suppressed lipid peroxidation, preserved the heme Soret signal, and reduced
CO production throughout oxidation. HPX attenuated heme-induced LDL oxidation and
CO generation. These findings indicate that HO-1-associated iron release contributes to
early phase heme-mediated LDL oxidation along with CO generation, and heme-associated
iron without liberation also contributes the oxidative modification of LDL.

Keywords: low-density lipoprotein; heme oxygenase-1; LDL oxidation; carbon monoxide;
hemopexin; alpha-1-microglobulin; mass spectrometry

1. Introduction

Cardiovascular disease remains the leading cause of mortality worldwide, with
atherosclerosis representing its principal underlying pathology [1-3]. The initiation and
progression of atherosclerosis are closely linked to oxidative stress and the accumulation
of oxidatively modified lipoproteins within the arterial wall. Among these, low-density
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lipoprotein (LDL) plays a central role, as oxidative modification of LDL enhances its uptake
by macrophages, promotes foam cell formation, and triggers inflammatory responses that
contribute to plaque development and progression [4—6].

Free heme is a potent pro-oxidant that is released during intravascular hemolysis,
tissue injury, and the degradation of hemoproteins. Owing to its redox-active iron, heme
can catalyze oxidative reactions that promote lipid peroxidation and oxidative modification
of biomolecules [7,8]. Heme-induced oxidation of LDL has been implicated in vascular
dysfunction and the progression of atherosclerosis [7,8]. Although heme-mediated lipid
peroxidation is well documented, the relative contributions of reactive oxygen species,
lipid-derived radicals, and endogenous antioxidant systems to LDL oxidation remain in-
completely understood.

Heme oxygenase-1 (HO-1) is the inducible, rate-limiting enzyme responsible for heme
degradation, generating biliverdin, carbon monoxide (CO), and ferrous iron [9]. Induction
of HO-1 is generally considered a cytoprotective response to oxidative stress because it
limits the accumulation of free heme while producing metabolites with antioxidant, anti-
inflammatory, and cytoprotective properties [10,11]. Consequently, HO-1 has been widely
regarded as an important defense mechanism against heme-induced oxidative injury [12,13].
However, whether HO-1 directly limits heme-induced LDL oxidation or whether LDL-
associated proteins contribute to extracellular heme metabolism remains unclear.

COis an endogenous gaseous signaling molecule with diverse biological functions [14]
including inhibition of heme release from heme proteins [15], and a range of other protective
effects [16,17]. Endogenous CO is produced predominantly through the enzymatic degra-
dation of heme by HOs [9], while a smaller fraction is generated through non-enzymatic
processes, including lipid peroxidation [18].

LDL particles contain numerous proteins beyond apolipoprotein B-100 (APOB-
100) [19]. These proteins are thought to influence lipid metabolism, inflammation, ox-
idative processes, and lipoprotein function. Nevertheless, the association of proteins
directly involved in heme metabolism with LDL has received little attention, and their
potential contribution to the regulation of heme-induced oxidative modification of LDL
remains unknown.

In the present study, we investigated the role of HO-1 in heme-induced lipid per-
oxidation of LDL and examined the protein composition of LDL with a particular focus
on proteins involved in heme metabolism. We show that inhibition of HO-1 significantly
attenuates, but does not completely prevent, heme-induced lipid peroxidation, consistent
with a contributory but not exclusive role for HO-1 in this process. Furthermore, we provide
the first evidence that HO-1 and heme scavenger protein alpha-1-microglobulin (A1M)
are associated with LDL, expanding the current understanding of LDL composition and
suggesting previously unrecognized mechanisms through which LDL may participate in
heme metabolism and oxidative processes.

2. Materials and Methods
2.1. Reagents

Unless otherwise stated, we obtained all reagents from Sigma-Aldrich (St. Louis, MO,
USA). HO-1-IN, Butylated hydroxytoluene (BHT), Diethylenetriaminepentaacetic acid
(DTPA) were obtained from MedChemExpress (Bergkillavdgen, Sollentuna, Sweden) and
dissolved in Dimethylsulfoxide (DMSO).

2.2. Preparation of Low-Density Lipoproteins

Native LDL (nLDL) was obtained from EDTA-anticoagulated venous blood collected
from healthy volunteers and isolated from plasma using gradient ultracentrifugation (Beck-
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man Coulter, Brea, CA, USA). The plasma was adjusted to a density of 1.3 g/mL using
potassium bromide. A two-layer density gradient was subsequently established in a Quick-
Seal ultracentrifuge tube by overlaying saline onto 10 mL of plasma. Ultracentrifugation
was conducted at 302,000x g for 2 h at 4 °C using a VTi 50.2 rotor. Following isolation, nLDL
preparations were dialyzed against 0.9% NaCl solution and stored at 4 °C, and protein
concentrations were measured using the Pierce BCA Protein Assay Kit (Thermo Scientific,
Waltham, MA, USA).

2.3. Measurement of Lipid Peroxidation Products in LDL

For short-term oxidative modification of nLDL by heme and H,O,, nLDL (200 ug)
in 0.9% NaCl was co-incubated with heme (10 pyM) and H,O, (75 uM). For experiments
assessing the effects of HO-1 inhibition, hemopexin (HPX), A1M, iron chelation, or radical
scavenging, nLDL (200 pg) was pre-incubated for 60 min with HO-1-IN (20 uM), an HO-1
inhibitor; hemopexin (20 uM); recombinant AIM (rA1M, 20 uM); DTPA (80 M), an iron
chelator; or BHT (10 uM), a radical scavenger, before oxidation was initiated by adding
heme and H,0,. Oxidative modification of nLDL by CuSO, was initiated by adding CuSO,
to a final concentration of 40 pM.

For long-term oxidative modifications, nLDL (200 pug) in 0.9% NaCl was incubated
with heme (10 pM) or CuSO, (40 uM) for 7 days.

For analysis of conjugated diene formation during short-term oxidative modification,
samples were incubated in 96-well plates at 37 °C in a spectrophotometer following initiation
of oxidation with heme (10 uM) and H,O, (75 uM) or CuSO, (40 yM). Absorbance was
continuously monitored at 234 nm for 180 min. For experiments assessing the inhibitory
effects of AIM and HPX, conjugated diene formation was determined after 45 min.

To assess thiobarbituric acid-reactive substances (TBARs) during short-term oxidative
modification, nLDL (200 pg) was incubated with heme (10 yM) and H,O, (75 uM) or
CuSO, (40 uM) for 45, 90, or 180 min. For experiments assessing the inhibitory effects of
A1IM and HPX, TBARs formation was determined after 45 min. Following the incubation
for the indicated periods, 100 pL of thiobarbituric acid (TBA) reagent, containing 0.375 g
2-thiobarbituric acid, 2.08 mL HCl, and 15 mL of 10% trichloroacetic acid (TCA), brought
to a final volume of 100 mL, was added to 50 pL of the nLDL oxidation reaction mixture.
Samples were heated at 90 °C for 20 min, as previously described [20]. After cooling, the
reaction products were extracted with 200 pL n-butanol, and the absorbance of the upper
phase was measured spectrophotometrically at 532 nm. TBARs levels were calculated using
a molar extinction coefficient of 1.56 x 10° M~! em~.

For long-term oxidative modification, nLDL (200 yg) was incubated with heme (10 pM)
or CuSO, (40 uM) for 7 days. Conjugated diene formation and TBARS levels were deter-
mined after 7 days of incubation as described above.

2.4. Quantification of Heme by Soret Band Absorbance at 405 nm

To assess heme degradation, heme (10 pM) and H,O, (75 pM) were added to nLDL
(200 pug), and heme content was monitored by measuring the Soret absorbance at 405 nm
using UV-visible spectroscopy. Absorbance measurements were performed continuously
for 180 min following initiation of the oxidation reaction with heme and H,0O,.

2.5. Sample Preparation for Mass Spectrometry

Gel bands were excised and reduced with 20 mM dithiothreitol (Bio-Rad, Hercules, CA,
USA) for 1 h at 56 °C. Subsequently, alkylation was carried out using 55 mM iodoacetamide
(Bio-Rad, Hercules, CA, USA) for 45 min at room temperature in the dark. Proteolytic
digestion was then performed overnight at 37 °C with stabilized, MS-grade, TPCK-treated
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bovine trypsin (AB Sciex, Framingham, MA, USA). Following digestion, the resulting pep-
tides were extracted and concentrated to dryness using a SpeedVac concentrator (Thermo
Scientific, Waltham, MA, USA). The dried peptides were subsequently reconstituted in 10
pL of 1% formic acid (VWR Ltd., Radnor, PA, USA) and prepared for LC-MS/MS analysis.

2.6. PRM-Based Targeted Proteomics

The amino acid sequence of human HO-1 (UniProt accession P09601) was evaluated
to identify proteotypic peptides. Two peptides, TEPELLVAHAYTR and VQDSAPVETPR,
were subsequently selected as targets for parallel reaction monitoring (PRM).

LC-MS/MS measurements were performed using an Easy-nLC 1200 nanoUPLC system
(Thermo Fisher Scientific, Waltham, MA, USA) interfaced with an Orbitrap Fusion mass
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Prior to chromatographic
separation, the samples were desalted using an ACQUITY UPLC M-Class Symmetry C18
trap column (20 mm x 180 pm, 5 pm particle size, 100 A pore diameter; Waters, Milford,
MA, USA). Peptide separation was subsequently achieved on an ACQ M-Class BEH130
C18 analytical column (150 mm x 75 pm, 1.7 um particle size, 130 A pore diameter; Waters,
Milford, MA, USA) using a 30-min water—acetonitrile gradient at a flow rate of 300 nL/min.

The mobile phases consisted of LC-grade water containing 0.1% formic acid (buffer
A) and LC-grade acetonitrile supplemented with 0.1% formic acid (buffer B), with both
solvents obtained from VWR Ltd. (Radnor, PA, USA). The proportion of buffer B was
initially increased from 10% to 30% over 19 min. This was followed by a rapid increase to
85% B over 1 min, which was maintained for an additional 4 min. The system was then
returned to 5% buffer B over 1 min and equilibrated at this composition for 5 min.

For mass spectrometric detection, a Nanospray Flex nanoelectrospray ionization source
(Thermo Fisher Scientific, Waltham, MA, USA) was operated in positive-ion mode at a spray
voltage of 2.3 kV, with the ion-transfer tube maintained at 275 °C. PRM measurements were
conducted using a targeted MS2 acquisition strategy. The precursor ions corresponding
to TEPELLVAHAYTR and VQDSAPVETPR were monitored at m/z 599.81 and 500.59, re-
spectively. Following precursor-ion isolation in the quadrupole, peptide fragmentation was
performed using higher-energy collisional dissociation (HCD) at 35% normalized collision
energy. The resulting fragment ions were acquired over an m/z range of 100-1600 using the
Orbitrap analyzer at a resolution of 60,000, with an automatic gain control (AGC) target of
1.0 x 10°. Data acquisition was performed in positive-polarity mode.

PRM spectra were analyzed using the Skyline software (v25.1.0.237) [21].

2.7. DIA-Based Proteomics Analysis

Data-independent acquisition (DIA) proteomic measurements were performed using
the same LC-MS instrumentation described above for the PRM experiments. Chromato-
graphic separation was conducted at a flow rate of 300 nL/min. The gradient began with
an increase in solvent B from 0% to 1% over 210 min, followed by a stepwise increase to
5% B over 3 min and subsequently to 25% B over 56 min. Solvent B was then raised to 38%
over 11 min and further increased to 90% over 4 min, where it was maintained for 3 min.
The column was subsequently re-equilibrated by reducing solvent B to 2% over 1 min and
maintaining this composition for 12 min. MS1 spectra were acquired over an m/z range of
350-1200 at a resolution of 120,000. The precursor population was subsequently analyzed
using DIA with 55 fixed isolation windows, each spanning 12 m/z. Fragmentation was
performed by higher-energy collisional dissociation (HCD) using a normalized collision
energy of 30%, generating the corresponding MS2 spectra. Fragment ions were measured
with the Orbitrap analyzer over an m/z range of 145-1450 at a resolution of 30,000. The
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automatic gain control (AGC) target was set to 2.0 x 10°, with a maximum injection time of
60 ms.

Raw files were processed using DIA-NN (v2.2) [22] in library-free search mode. A
human protein sequence FASTA database (20,420 reviewed entries) was downloaded from
UniProtKB on 26 July 2025, and ‘FASTA digest’ and ‘Deep-learning spectra’ were enabled
for in silico library generation. Other parameters included: Trypsin/P with a maximum of
2 missed cleavages; 3 maximum number of modifications; C-Carbamidomethylation, M
oxidation and N-terminal acetylation were set as variable modifications. The XICs output
was enabled and all other parameters were kept as default.

The DIA-NN PARQUET output files were imported into the DEF workflow [23]. Pro-
teins identified with at least two sequences were accepted as hits.

2.8. Quantification of CO by Gas Chromatography

Carbon monoxide (CO) in the vial headspace was quantified using a GC-2010 gas
chromatograph (Shimadzu, Kyoto, Japan). For each sample, 3 mL of headspace gas was
withdrawn with a gastight syringe (SGE-10MDR-HSV) and introduced into the gas chro-
matograph through an MGS-5 gas sampler (Shimadzu, Kyoto, Japan) fitted with a calibrated
0.5 mL sample loop. Hydrogen was used as the carrier gas at a linear velocity of 30 cm/s.
The injector was maintained at 55 °C and operated in split mode with a split ratio of 10:1.
Gas separation was performed under isothermal conditions using a Varian Molsieve 5A
PLOT column (30 m x 0.32 mm x 10 ym) (Agilent Technologies, Inc., Santa Clara, CA, USA)
maintained at 65 °C. Detection was achieved with a thermal conductivity detector (TCD)
operated at a current of 90 mA and maintained at 70 °C. Headspace CO concentrations were
determined at two experimental time points, 60 min and 7 days after sample preparation.

2.9. Western Blot

To analyze the presence of HO-1 and AIM in nLDL preparations, 40 ug of nLDL
were run on 12% Tris-glycine SDS-PAGE gels. After blocking, membranes were probed for
antibodies against rabbit AIM (Abcam, Cambridge, UK; dilution 1:2500) and rabbit HO-1
(Proteintech Group, Manchester M3 3WEF, UK; dilution 1:8000) at 4 °C overnight, followed
by incubation with horse-radish peroxidase (HRP)-conjugated goat anti-rabbit antibody
(Cell Signaling Technologies, Danvers, MA, USA) at room temperature for 1 h. The antigen—
antibody complex was detected by a WesternBright Quantum HRP substrate (Advansta,
Menlo Park, CA, USA) and detected with Ibright F1500 Imaging System (Thermo Fisher
Scientific, Waltham, MA, USA).

2.10. AIM ELISA

Human LDL samples from healthy donors were collected and analyzed using Human
alpha 1 microglobulin ELISA kit (ab108884, Abcam, Cambridge, UK). Samples were di-
luted (dilution 1: 10,000 in PBS) and the measurement were carried out according to the
manufacturer’s guide. A1M expressions were normalized to protein content determined
using BCA (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific, Waltham, MA, USA).

2.11. Immunofluorescent Staining

LDL samples isolated from healthy donors were transferred onto poly-L-lysine-coated
coverslips and incubated for 2 h at 37 °C. For HO-1 immunostaining, the samples were
fixed with 4% paraformaldehyde for 15 min, then permeabilized with 0.1% Triton X-100
in phosphate-buffered saline (PBS) for 10 min. After permeabilization, the samples were
washed three times with PBS, blocked with 5% normal goat serum and 2% bovine serum
albumin (BSA) in PBS for 60 min. The samples were then incubated overnight at 4 °C with
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a primary antibody against HO-1 (1:200 dilution; Cat. No. 10701-1-AP, Proteintech, Manch-
ester, UK) diluted in antibody dilution buffer (1% BSA in PBS). Samples were then incubated
with an Alexa Fluor 488-conjugated secondary antibody (Thermo Fisher Scientific, Waltham,
MA, USA). Fluorescence imaging was performed using a Leica Lightning super-resolution
microscope operated with Leica Application Suite X (LAS X; Leica, Mannheim, Germany).

2.12. Statistical Analysis

Data are presented as mean + SEM from three independent donors (n = 3). Statistical
analysis was carried out by t-test using GraphPad Prism 5.0 software (GraphPad Software,
Boston, MA, USA). A value of p < 0.05 was considered statistically significant (* p < 0.05,
**p < 0.01, *** p < 0.001).

3. Results
3.1. Heme Promotes Carbon Monoxide Formation During Oxidative Modification of LDL

To assess whether CO is generated during heme-induced LDL oxidation, LDL (200 ng)
isolated from three donors was incubated alone or in the presence of heme (10 pM) and/or
hydrogen peroxide (H,0O,; 75 yM) for 60 min. CO release was undetectable in LDL incu-
bated alone or with either heme or H,O, individually (Figure 1A). In contrast, co-incubation
with heme and H,O, resulted in a significant increase in CO production (Figure 1A).
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Figure 1. Heme promotes CO formation during oxidative modification of LDL. LDL (200 pug) isolated
from three independent donors was incubated alone or with heme (10 uM), H,O, (75 uM), or
both heme and H,O,. Data are presented as mean + SEM from three independent donors (n = 3).
Statistical analysis was carried out by t-test. A value of p < 0.05 was considered statistically significant
(***p < 0.001). (A) CO production was measured with gas chromatography after 60 min of incubation
(B) Conjugated diene formation was monitored at 234 nm for 180 min, and measurements obtained
at 45, 90, and 180 min are presented. (C) Heme degradation was monitored by measuring the
Soret absorbance at 405 nm (A,;) for 180 min, and measurements obtained at 45, 90, and 180 min
are presented. (D) Thiobarbituric acid-reactive substances (TBARs) were quantified after 45, 90, and
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180 min. (E-G) LDL (200 pg) was incubated alone or with heme (10 pM) for 7 days. (E) CO
production, (F) conjugated diene formation, and (G) TBARs levels were determined after 7 days
of incubation.

To evaluate lipid peroxidation, conjugated diene formation was monitored at 234 nm
after 45, 90, and 180 min. Coincubation with heme and H,O, significantly increased
conjugated diene formation at all time points compared with LDL alone (Figure 1B). Because
lipid peroxidation was markedly enhanced under these conditions, we next examined
whether it was accompanied by heme degradation. Heme degradation was assessed by
monitoring the Soret band at 405 nm. In the presence of LDL and H,0O,, absorbance at
405 nm (A,g5) progressively declined over time, indicating the loss of spectroscopically intact
heme (Figure 1C). To determine whether secondary lipid peroxidation products were also
generated, thiobarbituric acid-reactive substances (TBARs) were quantified after 45, 90, and
180 min. Similar to conjugated diene formation, TBARs levels were significantly increased
at all time points following co-incubation of LDL with heme and H,O, (Figure 1D).

To determine whether CO generation also occurs during prolonged oxidation, LDL
(200 pg) was incubated with heme (10 pM) for 7 days. CO release remained undetectable
in LDL incubated alone, whereas incubation with heme resulted in a significant increase in
CO production (Figure 1E). Consistent with these findings, prolonged exposure to heme
also significantly increased conjugated diene (Figure 1F) and TBARs formation (Figure 1G),
demonstrating sustained lipid peroxidation under these conditions.

3.2. CO Is Not Generated During CuSO,-Mediated Oxidation of LDL

CuSO;, is a well-established in vitro catalyst of LDL oxidation. Therefore, we inves-
tigated whether CuSO,-mediated LDL oxidation is accompanied by CO formation. LDL
(200 pg) was incubated alone or with CuSO, (40 uM) for 60 min. CO release remained
undetectable following CuSO, treatment (Figure 2A). In contrast, CuSO, significantly in-
creased conjugated diene formation (Figure 2B) and TBARs levels (Figure 2C) after 90 min
of incubation, confirming effective LDL oxidation.
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Figure 2. CuSO,-mediated oxidation of LDL does not induce CO formation. LDL (200 pg) was incu-
bated alone or with CuSO, (40 pM) under the indicated experimental conditions. Data are presented
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as mean + SEM from three independent donors (1 = 3). Statistical analysis was carried out by ¢-test. A
value of p < 0.05 was considered statistically significant (** p < 0.01, *** p < 0.001). (A) CO production
was measured after 60 min of incubation. (B) Conjugated diene formation, monitored at 234 nm,
was determined after 45, 90 and 180 min of incubation. (C) Thiobarbituric acid-reactive substances
(TBARs) were measured after 45, 90 and 180 min of incubation (D-F) LDL (200 ug) was incubated
alone or with CuSO, (40 pM) for 7 days. (D) CO production, (E) conjugated diene formation, and
(F) TBARs levels were determined after 7 days incubation.

To determine whether prolonged CuSO,-mediated oxidation induces CO formation,
LDL (200 pg) was incubated with CuSO, (40 uM) for 7 days. Similar to the short-term
incubation, no CO release was detected after prolonged exposure to CuSO, (Figure 2D).
Nevertheless, CuSO, significantly increased the formation of conjugated dienes (Figure 2E)
and TBARs (Figure 2F) after 7 days of incubation, with levels exceeding those induced
by heme, further confirming extensive oxidation of LDL in the absence of detectable CO
production.

3.3. HO-1 Inhibition Reduces CO Formation and Delays Heme Degradation and Lipid Peroxidation
in Heme-Oxidized LDL

Next, we analyzed whether the HO-1 inhibitor, HO-1-IN inhibits CO generation. We
showed HO-1-IN (20 yM) significantly decreased CO formation after 60 min generated
by nLDL/heme/H,0, (~40 ppm), but some residual (~10 ppm) CO production is still
detectable (Figure 3A).
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Figure 3. HO-1 Inhibition Reduces CO Formation and Delays Heme Degradation and Lipid Peroxida-
tion in Heme-Oxidized LDL. LDL (200 pg) isolated from three independent donors was pre-incubated
with HO-1-IN (20 uM), then further incubated with heme (10 yM) and H,O, (75 uM). Data are
presented as mean & SEM from three independent donors (n = 3). Statistical analysis was carried out
by t-test. A value of p < 0.05 was considered statistically significant (ns: non-significant, ** p < 0.01,
**p < 0.001). (A) CO production was measured after 60 min of incubation. (B) Heme degradation
was assessed by monitoring the absorbance of the Soret band at 405 nm (A ;) after 45, 90 and 180 min.
(C) Conjugated diene formation, monitored at 234 nm, was determined after 45, 90 and 180 min of
incubation. (D) Thiobarbituric acid-reactive substances (TBARs) were measured after 45, 90 and
180 min of incubation.
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Next, we evaluated heme degradation in the presence of HO-1-IN over 45, 90, and
180 min. The LDL control remained stable throughout the experiment, indicating no
appreciable time-dependent change (Figure 3B). In contrast, the Soret band intensity in the
LDL/heme/H,0O, group gradually decreased over time, consistent with progressive heme
degradation. At 45 min, the Soret band was significantly higher in the HO-1-IN-treated
group, suggesting that HO-1-IN inhibited heme degradation (Figure 3B). However, by 90
and 180 min, the Soret band intensity in the HO-1-IN group was comparable to or slightly
lower than that observed in the LDL/heme/H,0, group (Figure 3B).

A similar trend was observed for conjugated diene formation. In the LDL/heme/H,0,
group, conjugated diene formation increased progressively over time, reaching its highest
level at 180 min (Figure 3C). In contrast, the nLDL control remained stable throughout the
experiment, indicating no appreciable time-dependent change (Figure 3C). At 45 min, con-
jugated diene formation was significantly reduced in the HO-1-IN-treated group compared
with the nLDL/heme/H,0, group (Figure 3C). However, by 90 and 180 min, conjugated
diene formation in the HO-1-IN-treated group was comparable to or slightly lower than
that in the LDL/heme/H,0O, group (Figure 3C).

TBARs formation exhibited a different kinetic profile. TBARs levels were significantly
lower in the HO-1-IN-treated group than in the LDL/heme/H,0O, group at both 45 and
90 min. However, by 180 min, TBARs levels in the HO-1-IN-treated group were comparable
to those in the LDL/heme/H,0, group (Figure 3D).

3.4. Iron Chelation Decreases CO Formation and Delays Heme Degradation and Lipid Peroxidation
in Heme-Oxidized LDL

Next, we analyzed whether the iron cheator, DTPA inhibits CO generation. We
showed that DTPA (80 uM) significantly decreased CO formation after 60 min generated
by nLDL/heme/H,0O, (~40 ppm), but some residual (~30 ppm) CO production was still
detectable (Figure 4A).

Next, we examined the effect of iron chelation on heme degradation over 45, 90, and
180 min. The nLDL control remained stable throughout the experimental period, with
no appreciable time-dependent change in Soret absorbance (Figure 4B). In contrast, Soret
absorbance progressively decreased in the nLDL/heme/H,0O, group (Figure 4B). DTPA
significantly attenuated the decrease in Soret absorbance at 45 and 90 min compared with
the nLDL/heme/H,0, group, indicating a delay in heme degradation (Figure 4B). By 180
min, Soret absorbance in the DTPA-treated group was no longer significantly different from
that of the nLDL/heme/H, 0O, group (Figure 4B).

Conjugated diene levels progressively increased in the nLDL/heme/H,0, group,
whereas the nLDL control remained stable throughout the experiment (Figure 4C).
DTPA significantly reduced conjugated diene formation at 45 min. However, at 90 and
180 min, conjugated diene levels were not significantly different from those observed in the
nLDL/heme/H,0, group (Figure 4C), indicating that iron chelation delayed rather than
prevented lipid peroxidation.

DTPA significantly reduced TBARS levels at 45 and 90 min compared with the
nLDL/heme/H,0, group, whereas this difference was no longer significant at 180 min
(Figure 4D). Collectively, these findings indicate that iron chelation attenuates the early
phase of heme-associated LDL oxidation but does not prevent the eventual development of
lipid oxidation.
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Figure 4. Iron Chelation Decreases CO Formation and Delays Heme Degradation and Lipid Peroxida-
tion in Heme-Oxidized LDL. LDL (200 pg) isolated from three independent donors was pre-incubated
with DTPA (80 pM) for 60 min, then further incubated with heme (10 uM) and H,O, (75 uM). Data
are presented as mean + SEM from three independent donors (n = 3). Statistical analysis was car-
ried out by t-test. A value of p < 0.05 was considered statistically significant (ns: non-significant,
**p <0.01, ** p < 0.001). ns: non-significant (A) CO production was measured after 60 min of
incubation. (B) Heme degradation was assessed by monitoring the absorbance of the Soret band
at 405 nm (A,y5) after 45, 90 and 180 min. (C) Conjugated diene formation, monitored at 234 nm,
was determined after 45, 90 and 180 min of incubation. (D) Thiobarbituric acid-reactive substances
(TBARs) were measured after 45, 90 and 180 min of incubation.

3.5. BHT Prevents CO Formation and Inhibits Heme Degradation and Lipid Peroxidation in
Heme-Oxidized LDL

Because DTPA delayed, but did not prevent, lipid peroxidation, we next examined
whether directly inhibiting lipid radical propagation with BHT inhibits heme/H,O,-driven
LDL oxidation. We showed that BHT (10 uM) prevented CO formation after 60 min
generated by nLDL/heme/H,0, (Figure 5A).

In the LDL/heme/H,0O, group, heme absorbance progressively decreased over time,
whereas the addition of BHT markedly preserved the Soret band intensity throughout
the 180-min incubation period (Figure 5B). At 45, 90, and 180 min, heme absorbance
was significantly higher in the BHT-treated group than in the LDL/heme/H,0, group,
indicating that BHT inhibited heme degradation (Figure 5B). In parallel, conjugated diene
and TBARs formation increased progressively in the LDL/heme/H,0, group, while BHT
markedly attenuated this increase at all examined time points (Figure 5C,D). These findings
demonstrate that inhibition of lipid peroxidation, the oxidative modification of LDL, is
associated with preservation of heme, prevention a heme-degradation either by HO-1 or by
direct interaction of heme with peroxides.

3.6. Identification of HO-1 and Heme-Binding Proteins in LDL Preparations

Since the activity of HO-1 was proven by the functional assays, a PRM-based tar-
geted proteomics experiment was carried out to prove the presence of this protein on LDL
preparations (Figure 6A-C).
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Figure 5. BHT Decreases CO Formation and Inhibits Heme Degradation and Lipid Peroxidation
in Heme-Oxidized LDL. LDL (200 pg) isolated from three independent donors was pre-incubated
with BHT (10 uM) for 60 min, then further incubated with heme (10 uM) and H,O, (75 uM). Data
are presented as mean + SEM from three independent donors (n = 3). Statistical analysis was
carried out by t-test. A value of p < 0.05 was considered statistically significant (*** p < 0.001).
(A) CO production was measured after 60 min of incubation. (B) Heme degradation was assessed by
monitoring the absorbance of the Soret band at 405 nm (A ;) after 45, 90 and 180 min. (C) Conjugated
diene formation, monitored at 234 nm, was determined after 45, 90 and 180 min of incubation.
(D) Thiobarbituric acid-reactive substances (TBARs) were measured after 45, 90 and 180 min of
incubation.
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Figure 6. PRM-based targeted proteomics confirms the presence of HO-1 on LDL particles. (A) PRM-
based targeted proteomics approach was used to verify the presence of HO-1 on LDL particles. Two
proteotypic peptides were targeted: TEPELLVAHAYTR, located near the heme-binding pocket (B),
and (C) VQDSAPVETPR, located within the C-terminal flexible loop.
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Two proteotypic peptides were analyzed: TEPELLVAHAYTR is located near the heme-
binding pocket (Figure 6B) and VQDSAPVETPR in the C-terminal flexible loop (Figure 6C).
As a result of the PRM-based targeted proteomics analysis, both TEPELLVAHAYTR and
VQDSAPVETPR peptides were identified in the LDL preparations (Figure 6A-C), prov-
ing that LDL particles carry HO-1. For the examination of other potential heme-binding
proteins on LDL particles, DIA-based proteomics experiments were carried out. The DIA
analysis identified 72 proteins in the LDL samples with at least two identified tryptic
peptides (Table 1). Among the 74 identified proteins, haptoglobin, hemopexin and alpha-1-

microglobulin (A1M) were identified as heme-binding proteins.

Table 1. List of the identified proteins in LDL samples with their corresponding UniProt reference

number. Heme-binding proteins are highlighted in bold.

Nr. UniProt ID Protein Name
1 P60709 Actin, cytoplasmic 1
2 P02763 Alpha-1-acid glycoprotein 1
3 P01011 Alpha-1-antichymotrypsin
4 P01009 Alpha-1-antitrypsin
5 P02765 Alpha-2-HS-glycoprotein
6 P01023 Alpha-2-macroglobulin
7 P02647 Apolipoprotein A-I
8 P02652 Apolipoprotein A-II
9 P06727 Apolipoprotein A-IV
10 P04114 Apolipoprotein B-100
11 P02654 Apolipoprotein C-1
12 P02655 Apolipoprotein C-II
13 P02656 Apolipoprotein C-III
14 P05090 Apolipoprotein D
15 P02649 Apolipoprotein E
16 Q13790 Apolipoprotein F
17 014791 Apolipoprotein L1
18 095445 Apolipoprotein M
19 P02749 Beta-2-glycoprotein 1
20 P49913 Cathelicidin antimicrobial peptide
21 P10909 Clusterin
22 P02746 Complement C1q subcomponent subunit B
23 P02747 Complement Clq subcomponent subunit C
24 P01024 Complement C3
25 POCOL4 Complement C4-A
26 P07360 Complement component C8 gamma chain
27 P00746 Complement factor D
28 P36980 Complement factor H-related protein 2
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Table 1. Cont.

Nr. UniProt ID Protein Name

29 P02671 Fibrinogen alpha chain

30 P02675 Fibrinogen beta chain

31 P02679 Fibrinogen gamma chain

32 P02751 Fibronectin

34 P00738 Haptoglobin

35 P02790 Hemopexin

36 P04196 Histidine-rich glycoprotein

37 Q86YZ3 Hornerin

38 P01876 Immunoglobulin heavy constant alpha 1
39 P01857 Immunoglobulin heavy constant gamma 1
40 P01859 Immunoglobulin heavy constant gamma 2
41 P01860 Immunoglobulin heavy constant gamma 3
42 P01591 Immunoglobulin J chain

43 P01834 Immunoglobulin kappa constant

44 PODOX7 Immunoglobulin kappa light chain

45 P01597 Immunoglobulin kappa variable 1-39

46 P01602 Immunoglobulin kappa variable 1-5

47 P06310 Immunoglobulin kappa variable 2-30

48 P01619 Immunoglobulin kappa variable 3-20

49 AOAOAOMRZS8 Immunoglobulin kappa variable 3D-11

50 AO0A087WSY6 Immunoglobulin kappa variable 3D-15

51 P06312 Immunoglobulin kappa variable 4-1

52 A0A0C4DH24 Immunoglobulin kappa variable 6-21

53 PODOY3 Immunoglobulin lambda constant 3

54 AOMS8Q6 Immunoglobulin lambda constant 7

55 P01700 Immunoglobulin lambda variable 1-47

56 P80748 Immunoglobulin lambda variable 3-21

57 P01717 Immunoglobulin lambda variable 3-25

58 AQ0A075B6H9 Immunoglobulin lambda variable 4-69

59 PODOX8 Immunoglobulin lambda-1 light chain

60 P01042-2 Isoform LMW of Kininogen-1

61 P13647 Keratin, type II cytoskeletal 5

62 P02775 Platelet basic protein

63 QIUHG3 Prenylcysteine oxidase 1

64 AOAO75B6R9 E;c;)l}a;b\l}z gggl—égrﬁ)c_t;cinal immunoglobulin
65 P02760 Protein AMBP (A1M)

66 P07988 Pulmonary surfactant-associated protein B
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Table 1. Cont.

Nr. UniProt ID Protein Name

67 PODJI8 Serum amyloid A-1 protein

68 P35542 Serum amyloid A-4 protein

69 P02743 Serum amyloid P-component

70 P27169 Serum paraoxonase/arylesterase 1
71 P02766 Transthyretin

73 P02774 Vitamin D-binding protein

74 P04004 Vitronectin

To corroborate the presence of HO-1 in LDL preparation from the three donors, HO-1
protein was detected by immunoblotting in all donors, demonstrating immunoreactivity in
each LDL preparations (Figure 7A). This finding was further supported by immunofluores-
cence staining, which also demonstrated HO-1 immunoreactivity in the LDL preparations
(Figure 7B).

A

Donor 3
Donor 2
Donor 1

«——— HO-1 (32 kDa)

— e | —— HSA (66 kDa)

Relative density

) 18.06 5.14 1
(normalized to HSA)

B

HO-1

2nd antibody control

Figure 7. HO-1 is present in LDL preparations. Blood samples obtained from three independent
donors (n = 3). (A) Representative immunoblot demonstrating the presence of HO-1 in nLDL
preparations from three independent donors (1 = 3). Original images can be found in Supplementary
File S1. (B) Representative immunofluorescent analysis of HO-1 in LDL preparations.

3.7. Hemopexin Inhibits Heme-Dependent CO Generation and LDL Oxidation

Next, we investigated whether the heme-scavenging protein hemopexin inhibits CO
formation. CO production induced by the co-incubation of LDL (200 pg) with heme
(10 uM) and H,O, (75 uM) was significantly inhibited in the presence of hemopexin
(20 uM) (Figure 8A). Furthermore, hemopexin significantly reduced the formation of both
conjugated dienes (Figure 8B) and TBARs (Figure 8C).

3.8. Heme Scavenger AIM Is Present in LDL Preparations and Inhibits LDL Oxidation

To corroborate the presence of AIM in LDL preparation from the three donors, AIM
protein was detected by immunoblotting in all donors, demonstrating immunoreactivity in
each LDL preparations (Figure 9A). This finding was further supported by ELISA, which
also demonstrated HO-1 immunoreactivity in the LDL preparations (Figure 9B).
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Figure 8. Hemopexin inhibits heme-dependent CO production and LDL oxidation. LDL (200 pg) was
incubated with heme (10 pM) and H,O, (75 pM) in the absence or presence of hemopexin (20 pM).
Data are presented as mean + SEM from three independent donors (n = 3). Statistical analysis was car-
ried out by t-test. A value of p < 0.05was considered statistically significant (** p < 0.01, *** p < 0.001).
(A) CO production was quantified after 60 min using gas chromatography. (B) Conjugated diene
formation and (C) TBARs levels were measured after 45 min.
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Figure 9. (A) Representative immunoblot demonstrating the presence of AIM in nLDL preparations
from three independent donors. (n = 3) Original images can be found in Supplementary File S1.
(B) ELISA measurement of AIM in nLDL preparations from three independent donors (n = 3).
(C,D) LDL (200 pg) was incubated with heme (10 yM) and H,O, (75 uM) in the absence or presence
of AIM (20 uM). Data are presented as mean + SEM from three independent donors (n = 3).
Statistical analysis was carried out by t-test. A value of p < 0.05 was considered statistically significant
(**p < 0.001). (C) Conjugated diene formation and (D) TBARs levels were measured after 45 min.
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To assess whether A1M inhibits heme-induced LDL oxidation, LDL (200 ng) isolated
from three donors was incubated alone or in the presence of heme (10 uM) and H,0O,
(75 pM) and AIM (20 pM) for 45 min. Coincubation with heme and H, O, significantly in-
creased conjugated diene formation that was attenuated by A1IM (Figure 9C). To determine
whether secondary lipid peroxidation products were also generated, thiobarbituric acid-
reactive substances (TBARs) were quantified after 45 min. Similar to conjugated diene for-
mation, TBARs levels were significantly increased at all time points following co-incubation
of LDL with heme and H,O, that was significantly decreased by A1M (Figure 9D).

4. Discussion

The principal finding of this study is the demonstration that native LDL contains
detectable HO-1 and A1M, together with evidence that heme and H,O, promote CO re-
lease during the oxidative modification of LDL. Although HO-1 is well established as a
cytoprotective enzyme that degrades pro-oxidant heme, its association with circulating
LDL has not been widely explored. Our findings therefore raise the possibility that LDL-
associated heme-regulatory proteins contribute to the balance between oxidative damage
and antioxidant defense within the vascular compartment.

Lipid oxidation initiated by reactive oxygen species (ROS) plays a significant role
in atherosclerosis [7,24], and heme, as a hydrophobic iron-containing complex, acts as a
catalyst in this process [25]. Our results demonstrate that heme and H,O, synergistically
promote LDL lipid oxidation, as indicated by increased conjugated diene formation. This
effect was consistently observed in LDL isolated from three independent donors, and
similar oxidation kinetics were obtained when the data were pooled, highlighting the
reproducibility of the response. In contrast, neither heme nor H,O, alone induced lipid
oxidation, suggesting that both are required to initiate this process under the experimental
conditions. This is in a good agreement with previous studies [7]. Collectively, our results
demonstrate that heme in combination with H,O, induces rapid and progressive oxidative
modification of nLDL. This is evidenced by early conjugated diene formation and the
subsequent accumulation of secondary lipid oxidation products (TBARs). In parallel, a
time-dependent decrease in the Soret band indicates progressive heme degradation during
the reaction, suggesting that heme is consumed during oxidative turnover. In contrast,
neither heme nor H,0O, alone induced lipid oxidation or heme degradation under the
conditions tested, highlighting the requirement for their combined presence.

Although CuSO, ultimately produced a comparable extent of TBARs formation at
later time points, its effects were delayed relative to the heme/H,O, system, which induced
earlier onset of lipid peroxidation. Together, these findings suggest that heme acts both
as a catalyst and as a substrate in the presence of H,0O,, promoting efficient initiation and
propagation of LDL lipid peroxidation while undergoing concurrent structural degradation.
This supports a self-amplifying oxidative process in which heme-driven reactions accelerate
the formation of lipid oxidation products.

Others have found that the liver microsomal NADPH-cytochrome P450 reductase can
destroy heme and heme-containing proteins under laboratory conditions. The destruction
involves attack on ferrous heme using oxygen-derived reactive species. In addition H,O, was
generated during the reaction and appears to participate in oxidation. This reaction results
in the formation of propentdyopent and CO as heme degradation product [26]. Others have
found that CO can be produced during iron-dependent lipid peroxidation independently
of the classical heme oxygenase pathway [27]. Brain tissue showed the highest production
of both CO and lipid peroxidation products, followed by kidney, lung, spleen, and blood.
In contrast, liver, heart, intestine, and testes produced little or no CO or lipid peroxidation
products, likely because of higher endogenous antioxidant capacity [27]. CO generation was
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confined to membrane-containing subcellular fractions, supporting the idea that oxidative
degradation of membrane lipids is the source of CO [27]. In phenobarbital-induced rabbit
liver microsomes, CO production was dependent on both NADPH and Fe?*, occurring
under conditions that promote microsomal lipid peroxidation [28]. Zn-protoporphyrin IX,
a potent HO inhibitor, did not inhibit CO formation, demonstrating that the observed CO
production was independent of the classical HO pathway [28]. Collectively, these studies
demonstrate that CO can be generated through mechanisms independent of the classical HO
pathway, particularly under conditions of iron-dependent lipid peroxidation and oxidative
stress. Under conditions of increased oxidative stress, especially in tissues with limited
antioxidant capacity, non-HO CO production may contribute significantly to endogenous
CO levels, reflecting the extent of free radical-mediated lipid and heme oxidation rather
than solely HO activity. In contrast, co-incubation of nLDL with heme and H,O, resulted
in a significant induction of CO release. CO release was undetectable in nLDL alone or
following incubation with heme or H,O, individually. Our results suggest that this CO
production is parallel with heme degradation and oxidative stress in the LDL particles.

Given that HO-1 catalysis itself liberates ferrous iron as a stoichiometric byproduct
alongside CO and biliverdin, and that free/released iron is a well-established catalyst of
lipid peroxidation. Iron chelator DTPA and, to a lesser extent, desferrioxamine inhibits LDL
oxidation when added during its initial stages indicating that iron availability influences the
kinetics of LDL oxidation [29]. In line with this, the fungal iron chelator desferricoprogen
diminishes oxidation of LDL and plaque lipids catalyzed by heme or hemoglobin [30]. Here
we showed that DTPA delayed both heme degradation and conjugated diene formation,
suggesting that redox-active iron contributes to the early progression of the oxidative
process. The transient nature of this protection, however, indicates that iron chelation does
not fully suppress oxidation. Rather, iron may facilitate the initiation of oxidative reactions,
while subsequent lipid peroxidation and heme degradation can proceed through additional
pathways that are less dependent on HO-1 and chelatable iron. This temporal pattern
highlights a potential role for iron mobilization during heme degradation in amplifying
LDL oxidation, while also indicating that released iron from porphyrin ring is not the sole
mediator of the overall oxidative response, the heme-associated iron without liberation also
contributes the oxidative modification of LDL.

The effects of BHT provide further evidence for an important interplay between
lipid peroxidation and heme degradation during heme/H,O,-driven LDL oxidation. BHT
strongly suppressed conjugated diene and TBARs formation, consistent with its ability to
interrupt lipid peroxidation chain reactions. Notably, BHT also substantially preserved the
heme Soret signal throughout the incubation period, suggesting that limiting lipid radical
propagation can attenuate the subsequent loss of heme. This may suggest that the loss of the
heme Soret signal is not attributable exclusively to HO-1-mediated enzymatic degradation,
because BHT strongly prevented Soret loss despite the continued presence of HO-1. This
suggests that oxidative modification/destruction of heme contributes substantially to the
observed decrease in Ags.

The temporal effects of HO-1 inhibition and iron chelation suggest that HO-1-associated
iron release contributes to the early phase of heme-mediated LDL oxidation. LDL oxidation
initiated by HO-1-dependent Fe?* release from heme may subsequently become autocat-
alytic and less dependent on the initial HO-1-associated process. Indeed, once initiated,
lipid peroxidation can propagate through radical-chain reactions in which lipid hydroper-
oxides generate additional reactive intermediates that promote further oxidation [31,32].
Consistent with this possibility, the restraining effect of HO-1 inhibition on lipid perox-
idation diminished over time in our study, suggesting that mechanisms other than the
initial HO-1-associated iron release may contribute to the propagation of oxidative damage.
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Furthermore, BHT strongly suppressed lipid peroxidation, preserved the heme Soret signal,
and reduced CO production, supporting a close relationship between lipid peroxidation
and heme degradation under our experimental conditions. Previous work has also demon-
strated that oxidized LDL can induce HO-1 expression and activity in vascular smooth
muscle cells [33], highlighting the interplay between LDL oxidation and cellular oxidative
stress responses. Nevertheless, because HO-1 activity was not directly measured in the
presence of BHT, we cannot exclude the possibility that BHT also affects heme degradation
and CO production. Therefore, our findings are consistent with the possibility that autocat-
alytic lipid peroxidation contributes to the continued oxidative modification of LDL beyond
the initial HO-1-associated phase, but they do not establish that subsequent LDL oxidation
is entirely independent of HO-1 activity.

The DIA-based proteomics analysis revealed that LDL particles contain several pro-
teins with known heme-binding properties, including haptoglobin, hemopexin, and A1IM.
These proteins are recognized for their roles in scavenging free hemoglobin and heme,
thereby limiting their pro-oxidant and pro-inflammatory effects [8]. Their presence on
LDL particles suggests that they may contribute to the interaction of LDL with heme under
conditions of hemolysis or oxidative stress. Nevertheless, the potential contribution of
these accessory heme-binding proteins to LDL-associated heme transport, sequestration, or
oxidative modification warrants further investigation.

Previous studies have demonstrated that A1M inhibits myeloperoxidase-induced LDL
oxidation, supporting a broader antioxidant role for A1M in the context of atherosclero-
sis [34]. In the present study, we showed that A1M is associated with LDL. Considering that
A1M is a potent heme-scavenging protein with antioxidant and reductase properties [35],
its ability to inhibit LDL oxidation in vitro is consistent with its known biological functions.
Given these properties and its capacity to prevent oxidative modifications of LDL, A1IM
may represent an endogenous protective mechanism against the oxidative processes that
contribute to the development and progression of atherosclerosis.

Although LDL is well characterized as a major carrier of cholesterol and lipids in the
circulation, its protein composition remains incompletely understood. In this study, we
identified HO-1 and A1M as previously unrecognized components of LDL, providing the
first evidence for their presence within LDL particles. To the best of our knowledge, this
study provides the first evidence for the presence of HO-1 and A1M in LDL.

Given the presence of the main heme-catabolizing enzyme, HO-1 in LDL particles,
we investigated whether CO production involves HO-1 associated with LDL. In this work,
we applied HO-1-IN as a selective HO-1 inhibitor, which belongs to the imidazole-type
HO-1 inhibitors. HO-1 inhibition of imidazole-type inhibitors involves binding to the
heme through the N atom of the imidazole, where imidazole nitrogen coordinates to ferric
heme iron [36]. The present results demonstrate that HO-1-IN transiently attenuates heme
degradation and the formation of heme-derived oxidation products. At 45 min, HO-1-IN
preserved the Soret band intensity and significantly reduced conjugated diene and TBARs
formation, indicating effective inhibition of the HO-1-mediated oxidative process during
the early stages of incubation. However, this inhibitory effect diminished over time, as heme
degradation and oxidation product formation in the HO-1-IN-treated group approached
the levels observed in the nLDL/heme/H,0O, group by 90-180 min. Our results showed that
HO-1-IN significantly delayed heme/H,0O,-induced lipid peroxidation without altering
the final extent of lipid oxidation, indicating that it primarily affects the kinetics of the
oxidative process. The reduced efficacy at later time points may reflect incomplete or
reversible enzyme inhibition, progressive loss of inhibitor activity under sustained oxidative
conditions, or continued oxidative reactions that eventually overcome the inhibitory effect.
Based on a previous finding on purified HO-1 [36], we hypothesize that the most plausible
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explanation for this is the reversible binding of imidazole-type inhibitors to human HO-1.
Based on strong spectroscopic evidence, imidazole-containing HO-1 inhibitors, such as
HO-1-IN used in this study, bind to and inactivate ferric HO-1 via noncovalent, reversible
interactions [36]. Upon reduction to Fe?*, CO binds more strongly than the inhibitor’s
imidazole nitrogen, which displaces the inhibitor from the heme iron [36]. Therefore, these
inhibitors act through reversible, noncovalent coordination to the heme iron suggesting that
HO-1-IN is possibly a ‘kinetic inhibitor’ under our experimental condition. Importantly, HO-
1-IN significantly, although not completely decreased CO formation in LDL preparations in
response to the combined treatment with heme and H,O,. However, we cannot exclude
the possibility that heme catabolism associated with LDL occurs, at least in part, through
HO-1-independent mechanisms.

Hemopexin binds heme in a 1:1 molar stoichiometry with one of the highest known
affinities reported for a heme-binding protein (K4 ~ 10713 M) [37]. In plasma and other
biological fluids, HPX-mediated sequestration of free heme is well established to protect
against heme-catalyzed oxidative reactions, including LDL oxidation and endothelial cell
injury [7,38]. The inhibitory effect of hemopexin on both CO production and lipid per-
oxidation supports the conclusion that free heme is required for CO generation during
LDL oxidation. By tightly binding extracellular heme, hemopexin limits its pro-oxidant
activity and thereby attenuates heme-catalyzed oxidative reactions [7]. The concomitant
reduction in conjugated diene and TBARs formation further indicates that suppression of
CO production is associated with decreased lipid peroxidation rather than a direct effect on
CO itself. These findings reinforce the concept that heme availability is a key determinant of
oxidative LDL modification and identify hemopexin as an effective inhibitor of this process.

5. Conclusions

This study provides new insights into the mechanisms regulating heme-mediated ox-
idative modification of LDL. Our findings demonstrate that inhibition of HO-1 significantly
attenuates, but does not completely prevent, heme-induced lipid peroxidation, indicating
that HO-1 contributes to, but is not solely responsible for, this process. The observation
that the inhibitory effect diminishes over time is most consistent with reversible enzyme
inhibition, although additional mechanisms cannot be excluded. Furthermore, we provide
the first evidence that HO-1 and A1M are associated with LDL, expanding the current
understanding of the protein composition of LDL particles and suggesting a previously
unrecognized role in heme metabolism leading to CO release from LDL-associated heme.
Nevertheless, the possibility that LDL-associated heme catabolism also occurs through
HO-1-independent mechanisms warrants further investigation. HO-1-associated heme
metabolism appears to contribute to the early phase of heme/H,0O,-induced LDL oxidation,
potentially in conjunction with iron-dependent redox chemistry. However, the persistent
inhibition produced by BHT and the disappearance of the protective effects of HO-1 inhibi-
tion and iron chelation at later time points indicate that propagation of lipid oxidation is not
dependent on continued HO-1 activity. Collectively, these findings advance our understand-
ing of the interplay between heme metabolism and LDL oxidation and may have important
implications for the pathogenesis of oxidative stress-related cardiovascular disease.
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The following abbreviations are used in this manuscript:

AIM Alpha-1-microglobulin

APOB-100  Apolipoprotein B-100

BHT Butylated hydroxytoluene

CcO Carbon monoxide

CuSO, Copper(II) sulfate

DMSO Dimethyl sulfoxide

DTPA Diethylenetriaminepentaacetic acid
Fe2* Ferrous iron

H,0, Hydrogen peroxide

HPX Hemopexin

HO-1 Heme oxygenase-1

LDL Low density lipoprotein

MS Mass spectroscopy

NADPH Nicotinamide adenine dinucleotide phosphate
nLDL Native low density lipoprotein

rA1M Recombinant alpha-1-microglobulin
ROS Reactive oxygen species

TBARs Thiobarbituric acid reactive substances

1. Roth, G.A.; Johnson, C.; Abajobir, A.; Abd-Allah, E.; Abera, S.F.; Abyu, G.; Ahmed, M.; Aksut, B.; Alam, T.; Alam, K; et al. Global,
Regional, and National Burden of Cardiovascular Diseases for 10 Causes, 1990 to 2015. ]J. Am. Coll. Cardiol. 2017, 70, 1-25.

[CrossRef]

2. Naeem, U,; Deo, S.; Sahebkar, A.; Sheikh, S.; Khoja, A.; Vaughan, E.M.; Abdul Jabbar, A.B.; Kalra, D.K.; Slipczuk, L.; Virani,
S.S. Global Burden of Cardiovascular Disease: What Should Be Expected in the Next 25 Years? Curr. Cardiol. Rep. 2026, 28, 31.

[CrossRef]

https://doi.org/10.3390/biom16101500


https://biorender.com/9kxnxkb
https://doi.org/10.1016/j.jacc.2017.04.052
https://doi.org/10.1007/s11886-026-02355-7
https://doi.org/10.3390/biom16101500

Biomolecules 2026, 16, 1500 21 of 22

10.

11.
12.

13.

14.

15.
16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Woodruff, R.C.; Tong, X.; Khan, S.S.; Shah, N.S.; Jackson, S.L.; Loustalot, F.; Vaughan, A.S. Trends in Cardiovascular Disease
Mortality Rates and Excess Deaths, 2010-2022. Am. ]. Prev. Med. 2024, 66, 582-589. [ CrossRef]

Thangasparan, S.; Kamisah, Y.; Ugusman, A.; Mohamad Anuar, N.N.; Ibrahim, N. Unravelling the Mechanisms of Oxidised
Low-Density Lipoprotein in Cardiovascular Health: Current Evidence from In Vitro and In Vivo Studies. Int. J. Mol. Sci. 2024, 25,
13292. [CrossRef]

Wan, Z.; Xu, X.; Zhu, G. Inflammation and Immune Mechanisms in Atherosclerosis. Rev. Cardiovasc. Med. 2026, 27, 49118.
[CrossRef]

Hong, C.G,; Florida, E.; Li, H.; Parel, PM.; Mehta, N.N.; Sorokin, A.V. Oxidized low-density lipoprotein associates with cardiovas-
cular disease by a vicious cycle of atherosclerosis and inflammation: A systematic review and meta-analysis. Front. Cardiovasc.
Med. 2022, 9,1023651. [CrossRef]

Balla, G.; Jacob, H.S.; Eaton, J.W.; Belcher, ].D.; Vercellotti, G.M. Hemin: A possible physiological mediator of low density
lipoprotein oxidation and endothelial injury. Arterioscler. Thromb. 1991, 11, 1700-1711. [CrossRef]

Nagy, E.; Eaton, ].W.; Jeney, V.; Soares, M.P,; Varga, Z.; Galajda, Z.; Szentmiklési, J.; Méhes, G.; Csonka, T.; Smith, A.; et al. Red
cells, hemoglobin, heme, iron, and atherogenesis. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 1347-1353. [CrossRef]

Tenhunen, R.; Marver, H.S.; Schmid, R. Microsomal heme oxygenase. Characterization of the enzyme. J. Biol. Chem. 1969, 244,
6388-6394.

Padda, I; Sethi, Y.; Das, M.; Fabian, D.; Ralhan, T.; Aziz, D.; Sexton, J.; Johal, G. Heme Oxygenase-1, Cardiac Senescence, and
Myocardial Infarction: A Critical Review of the Triptych. Cardiovasc. Drugs Ther. 2025, 39, 1453-1464. [CrossRef]

O’Rourke, S.A.; Shanley, L.C.; Dunne, A. The Nrf2-HO-1 system and inflammaging. Front. Immunol. 2024, 15, 1457010. [CrossRef]
Chudy, P,; Kochan, J.; Wawro, M.; Nguyen, P.; Gorczyca, M.; Varanko, A.; Retka, A.; Ghadei, S.S.; Napieralska, E.; Grochot-Przeczek,
A.; et al. Heme oxygenase-1 protects cells from replication stress. Redox Biol. 2024, 75, 103247. [CrossRef]

Ryter, S.W. Heme Oxygenase-1: An Anti-Inflammatory Effector in Cardiovascular, Lung, and Related Metabolic Disorders.
Antioxidants 2022, 11, 555. [CrossRef]

Carnio, E.C.; Branco, L.G.S.; Brognara, F.; Passaglia, P.; Foresti, R.; Motterlini, R. Interplay between inflammatory reflex and
energetic metabolism in endotoxaemia: A role for haem oxygenase 1? Br. J. Pharmacol. 2025, 182, 3695-3709. [ CrossRef]

Bunn, H.F,; Jandl, ].H. Exchange of heme among hemoglobin molecules. Proc. Natl. Acad. Sci. USA 1966, 56, 974-978. [CrossRef]
Bauer, N.; Mao, Q.; Vashistha, A.; Seshadri, A.; Nancy Du, Y.C.; Otterbein, L.; Tan, C.; de Caestecker, M.P.; Wang, B. Compelling
Evidence: A Critical Update on the Therapeutic Potential of Carbon Monoxide. Med. Res. Rev. 2025, 45, 1275-1301. [CrossRef]

Motterlini, R.; Otterbein, L.E. The therapeutic potential of carbon monoxide. Nat. Rev. Drug Discov. 2010, 9, 728-743. [CrossRef]
Wolff, D.G.; Bidlack, W.R. The formation of carbon monoxide during peroxidation of microsomal lipids. Biochem. Biophys. Res.
Commun. 1976, 73, 850-857. [CrossRef]

Kontush, A. LDL—What It Is. In Cholesterol, Lipoproteins, and Cardiovascular Health; John Wiley & Sons: Hoboken, NJ, USA, 2024;
pp- 93-103.

Pethd, D.; Gall, T.; Hendrik, Z.; Nagy, A.; Beke, L.; Gergely, A.P.; Méhes, G.; Téth, C.; Gram, M.; Akerstréom, B.; et al. Ferryl
Hemoglobin and Heme Induce A;-Microglobulin in Hemorrhaged Atherosclerotic Lesions with Inhibitory Function against
Hemoglobin and Lipid Oxidation. Int. J. Mol. Sci. 2021, 22, 6668. [CrossRef]

MacLean, B.; Tomazela, D.M.; Shulman, N.; Chambers, M.; Finney, G.L.; Frewen, B.; Kern, R.; Tabb, D.L.; Liebler, D.C.; MacCoss,
M.]. Skyline: An open source document editor for creating and analyzing targeted proteomics experiments. Bioinformatics 2010,
26, 966-968. [CrossRef]

Demichev, V.; Messner, C.B.; Vernardis, S.L; Lilley, K.S.; Ralser, M. DIA-NN: Neural networks and interference correction enable
deep proteome coverage in high throughput. Nat. Methods 2020, 17, 41-44. [CrossRef]

Moagi, G.M.; Ferreira, T.E,; Kristof, E.; Arda, A.G.; Arianti, R.; Horvatovich, P; Csosz, E. DIA-NN EasyFilter Workflow for the Fast
and User-Friendly Critical Assessment and Visualization of DIA-NN Proteomics Analysis Outcome. J. Proteome Res. 2026, 25,
2927-2938. [CrossRef]

Akyol, O.; Chiang, H.H.; Burns, A.R.; Yang, C.Y.; Woodside, D.G.; Sawamura, T.; Sdnchez-Quesada, J.L.; Gotto, A.M.; Chen, C.H.
LDL atherogenicity determined by size, density, oxidation, apolipoprotein(a), and electronegativity: An updated review. Front.
Cardiovasc. Med. 2025, 12, 1649759. [CrossRef]

Miller, Y.I; Smith, A.; Morgan, W.T.; Shaklai, N. Role of hemopexin in protection of low-density lipoprotein against hemoglobin-
induced oxidation. Biochemistry 1996, 35, 13112-13117. [CrossRef]

Guengerich, F.P. Destruction of heme and hemoproteins mediated by liver microsomal reduced nicotinamide adenine dinucleotide
phosphate-cytochrome P-450 reductase. Biochemistry 1978, 17, 3633-3639. [CrossRef]

Vreman, H.J.; Wong, R.J.; Sanesi, C.A.; Dennery, P.A.; Stevenson, D.K. Simultaneous production of carbon monoxide and
thiobarbituric acid reactive substances in rat tissue preparations by an iron-ascorbate system. Can. . Physiol. Pharmacol. 1998, 76,
1057-1065. [CrossRef]

https://doi.org/10.3390/biom16101500


https://doi.org/10.1016/j.amepre.2023.11.009
https://doi.org/10.3390/ijms252413292
https://doi.org/10.31083/rcm49118
https://doi.org/10.3389/fcvm.2022.1023651
https://doi.org/10.1161/01.atv.11.6.1700
https://doi.org/10.1161/atvbaha.110.206433
https://doi.org/10.1007/s10557-024-07590-0
https://doi.org/10.3389/fimmu.2024.1457010
https://doi.org/10.1016/j.redox.2024.103247
https://doi.org/10.3390/antiox11030555
https://doi.org/10.1111/bph.70093
https://doi.org/10.1073/pnas.56.3.974
https://doi.org/10.1002/med.22116
https://doi.org/10.1038/nrd3228
https://doi.org/10.1016/0006-291x(76)90199-6
https://doi.org/10.3390/ijms22136668
https://doi.org/10.1093/bioinformatics/btq054
https://doi.org/10.1038/s41592-019-0638-x
https://doi.org/10.1021/acs.jproteome.5c01278
https://doi.org/10.3389/fcvm.2025.1649759
https://doi.org/10.1021/bi960737u
https://doi.org/10.1021/bi00610a033
https://doi.org/10.1139/cjpp-76-12-1057
https://doi.org/10.3390/biom16101500

Biomolecules 2026, 16, 1500 22 of 22

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Archakov, A.I; Karuzina, LI; Petushkova, N.A.; Lisitsa, A.V.; Zgoda, V.G. Production of carbon monoxide by cytochrome 450
during iron-dependent lipid peroxidation. Toxicol. In Vitro 2002, 16, 1-10. [CrossRef]

Satchell, L.; Leake, D.S. Oxidation of low-density lipoprotein by iron at lysosomal pH: Implications for atherosclerosis. Biochemistry
2012, 51, 3767-3775. [CrossRef]

Potor, L.; Eva, S.K,; Hegedts, H.; Pethd, D.; Szabo, Z.; Szigeti, Z.M.; Pdcsi, I.; Trencsényi, G.; Szikra, D.; Garai, I; et al. The Fungal
Iron Chelator Desferricoprogen Inhibits Atherosclerotic Plaque Formation. Inf. J. Mol. Sci. 2020, 21, 4746. [CrossRef]

Klouche, K.; Morena, M.; Canaud, B.; Descomps, B.; Beraud, ].J.; Cristol, ].P. Mechanism of in vitro heme-induced LDL oxidation:
Effects of antioxidants. Eur. J. Clin. Investig. 2004, 34, 619-625. [CrossRef]

Carlsen, C.U.; Moller, ] K.S.; Skibsted, L.H. Heme-iron in lipid oxidation. Coord. Chem. Rev. 2005, 249, 485-498. [CrossRef]
Anwar, A.A; Li, FY,; Leake, D.S,; Ishii, T.; Mann, G.E.; Siow, R.C. Induction of heme oxygenase 1 by moderately oxidized
low-density lipoproteins in human vascular smooth muscle cells: Role of mitogen-activated protein kinases and Nrf2. Free Radic.
Biol. Med. 2005, 39, 227-236. [CrossRef]

Cederlund, M.; Deronic, A.; Pallon, J.; Serensen, O.E.; Akerstréom, B. AIM/ «1-microglobulin is proteolytically activated by
myeloperoxidase, binds its heme group and inhibits low density lipoprotein oxidation. Front. Physiol. 2015, 6, 11. [CrossRef]
Akerstrom, B.; Gram, M. A1M, an extravascular tissue cleaning and housekeeping protein. Free Radic. Biol. Med. 2014, 74, 274-282.
[CrossRef]

Chiura, T.; Mitchell, A.]J.; Grote, D.L.; Khojandi, N.; Teague, R.M.; Mak, PJ. Interactions of azole-based inhibitors with human
heme oxygenase. J. Inorg. Biochem. 2023, 244, 112238. [CrossRef]

Hrkal, Z.; Vodrazka, Z.; Kalousek, I. Transfer of heme from ferrihemoglobin and ferrihemoglobin isolated chains to hemopexin.
Eur. J. Biochem. 1974, 43, 73-78. [CrossRef ]

Gutteridge, ].M.; Smith, A. Antioxidant protection by haemopexin of haem-stimulated lipid peroxidation. Biochem. J. 1988, 256,
861-865. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biom16101500


https://doi.org/10.1016/s0887-2333(01)00094-7
https://doi.org/10.1021/bi2017975
https://doi.org/10.3390/ijms21134746
https://doi.org/10.1111/j.1365-2362.2004.01395.x
https://doi.org/10.1016/j.ccr.2004.08.028
https://doi.org/10.1016/j.freeradbiomed.2005.03.012
https://doi.org/10.3389/fphys.2015.00011
https://doi.org/10.1016/j.freeradbiomed.2014.06.025
https://doi.org/10.1016/j.jinorgbio.2023.112238
https://doi.org/10.1111/j.1432-1033.1974.tb03386.x
https://doi.org/10.1042/bj2560861
https://doi.org/10.3390/biom16101500

	Introduction 
	Materials and Methods 
	Reagents 
	Preparation of Low-Density Lipoproteins 
	Measurement of Lipid Peroxidation Products in LDL 
	Quantification of Heme by Soret Band Absorbance at 405 nm 
	Sample Preparation for Mass Spectrometry 
	PRM-Based Targeted Proteomics 
	DIA-Based Proteomics Analysis 
	Quantification of CO by Gas Chromatography 
	Western Blot 
	A1M ELISA 
	Immunofluorescent Staining 
	Statistical Analysis 

	Results 
	Heme Promotes Carbon Monoxide Formation During Oxidative Modification of LDL 
	CO Is Not Generated During CuSO4-Mediated Oxidation of LDL 
	HO-1 Inhibition Reduces CO Formation and Delays Heme Degradation and Lipid Peroxidation in Heme-Oxidized LDL 
	Iron Chelation Decreases CO Formation and Delays Heme Degradation and Lipid Peroxidation in Heme-Oxidized LDL 
	BHT Prevents CO Formation and Inhibits Heme Degradation and Lipid Peroxidation in Heme-Oxidized LDL 
	Identification of HO-1 and Heme-Binding Proteins in LDL Preparations 
	Hemopexin Inhibits Heme-Dependent CO Generation and LDL Oxidation 
	Heme Scavenger A1M Is Present in LDL Preparations and Inhibits LDL Oxidation 

	Discussion 
	Conclusions 
	References



