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A B S T R A C T

Reactive oxygen and nitrogen species (ROS/RNS) play an important role in the regulation of cardiac function.
Increase in ROS/RNS concentration results in lipid and protein oxidation and is often associated with onset
and/or progression of many cardiovascular disorders. However, interplay between lipid and protein modifica-
tions has not been simultaneously studied in detail so far. Biomolecule carbonylation is one of the most common
biomarkers of oxidative stress. Using a dynamic model of nitroxidative stress we demonstrated rapid changes in
biomolecule carbonylation in rat cardiomyocytes. Levels of carbonylated species increased as early as 15 min
upon treatment with the peroxynitrite donor, 3-morpholinosydnonimine (SIN-1), and decreased to values close
to control after 16 h. Total (lipids+proteins) vs. protein-specific carbonylation showed different dynamics, with
a significant increase in protein-bound carbonyls at later time points. Treatment with SIN-1 in combination
with inhibitors of proteasomal and autophagy/lysosomal degradation pathways allowed confirmation of a
significant role of the proteasome in the degradation of carbonylated proteins, whereas lipid carbonylation
increased in the presence of autophagy/lysosomal inhibitors. Electrophilic aldehydes and ketones formed by
lipid peroxidation were identified and relatively quantified using LC-MS/MS. Molecular identity of reactive
species was used for data-driven analysis of their protein targets. Combination of different enrichment strategies
with LC-MS/MS analysis allowed identification of more than 167 unique proteins with 332 sites modified by
electrophilic lipid peroxidation products. Gene ontology analysis of modified proteins demonstrated enrichment
of several functional categories including proteins involved in cytoskeleton, extracellular matrix, ion channels
and their regulation. Using calcium mobilization assays, the effect of nitroxidative stress on the activity of
several ion channels was further confirmed.

1. Introduction

ROS and RNS at physiological levels play an important role in
signaling processes and the regulation of cardiovascular homeostasis

[1]. However, overproduction and/or defective elimination of these
reactive species leads to the condition known as "oxidative stress" (OS),
resulting in modifications of proteins, lipids, carbohydrates and DNA
followed by impairment of their functions, accumulation of oxidized
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molecules and eventually cell death [2]. OS has been linked to the
pathophysiology of numerous cardiovascular diseases (CVDs), includ-
ing heart failure (HF), cardiomyopathy, myocardium infarction, cardi-
ac hypertrophy, ischaemia/reperfusion (IR) injury and atherosclerosis
[3]. Myocardial homeostasis and cardiomyocyte (CM) contraction are
tightly regulated via different pathways, among which bioavailability of
nitric oxide (•NO) was shown to play a significant role [1,4]. However,
under OS conditions •NO reacts with superoxide anion (O2

•-) resulting
in the formation of peroxynitrite (ONOO-). At low levels peroxynitrite
modulates various intracellular signaling pathways, but elevated con-
centrations exert cytotoxic effects [5]. It is a highly reactive molecule
that can decompose to other reactive species, including •OH and •NO2,
which all together lead to complex nitroxidative stress in the myocar-
dium [6,7]. Peroxynitrite production is significantly increased in
various CVDs including myocardial IR [8,9], HF [10,11], atherosclero-
sis [12] and diabetes [13]. Furthermore, numerous experimental
results demonstrate a critical role of peroxynitrite in the pathogenesis
of CVDs, including HF and IR injury. Thus, the application of a
peroxynitrite decomposition catalyst in a doxorubicin-induced HF
model allowed preservation of most cardiac functions and prevented
elevated levels of 3-nitrotyrosine and malondialdehyde characteristic
for HF [14]. Peroxynitrite donor SIN-1 was shown to induce changes in
myocytes electrophysiology similar to those in HF, including changes in
action potentials and Ca2+ cycling [15].

Increase in lipid and protein oxidation was identified as a major
reason of ONOO- cytotoxicity [16,17]. Upon nitroxidative stress
cellular lipids and proteins undergo a variety of oxidative reactions
leading to their functional and structural alteration, among which
biomolecule carbonylation, e.g. introduction of aldehyde or keto
functional groups, showed a positive correlation with the development
of numerous human disorders [18,19]. Thus, lipid peroxidation results
in a variety of products among which carbonylated (electrophilic)
species formed via oxidative cleavage of polyunsaturated fatty acids
can further react with nucleophilic groups on other biomolecules
including Lys-, Cys-, His- and Arg- amino acid residues in proteins
[20,21]. Such lipid-protein adducts often retain the carbonyl functional
group (carbonylated proteins) and have been shown to play an
important role in OS-related disorders by inducing functional altera-
tion, impairing signaling events and possessing pro-inflammatory
properties [22,23].

In contrast to many other oxidative post-translational modifica-
tions, biomolecule carbonylation is known to be irreversible [24,25].
Therefore, carbonylated proteins and lipids have to be degraded or
metabolized to less reactive species via various detoxification pathways.
Several enzymes including glutathione S-transferase, aldehyde dehy-
drogenase/cytochrome P450 and aldo-keto reductase can detoxify
electrophilic aldehydes via conjugation with glutathione, oxidation or
reduction [26]. Indeed, glutathione-S-transferase [27] and aldehyde
dehydrogenase [28,29] have been shown to play cardio-protective roles
in IR injury and cardiomyopathy. Carbonylated proteins are usually
degraded by the proteasome (mainly by the ATP- and ubiquitin-
independent 20S proteasome), mitochondrial Lon-protease and autop-
hagy/lysosomal pathway. A cardio-protective role of these degradation
mechanisms was shown in postischemic heart [30,31].

Despite numerous data on the role of lipid and protein oxidative
modifications as well as lipid-protein adducts in the development of
various CVDs [23,32], no systematic evaluation of these effects has
been performed to date. Here we designed a dynamic model of
nitroxidative stress using rat primary cardiomyocytes treated with
SIN-1 to evaluate cellular response to sub-toxic levels of peroxynitrite.
We assessed the dynamics of biomolecule carbonylation using a
combination of fluorescence microscopy and biochemical assays.
Furthermore, detailed mass spectrometry based analysis allowed
targeting of electrophilic lipid peroxidation products (oxoLPPs) capable
of modifying nucleophilic substrates and to utilize this knowledge for
data-driven identification of protein targets. Systems biology evalua-

tion of oxoLPP-modified proteins allowed identification of affected
cellular pathways which were further confirmed in biochemical tests.

2. Materials and methods

2.1. Materials

Dulbecco’s Modified Eagle Medium/Ham’s F-12 (DMEM/F12),
phosphate buffered saline (PBS), fetal bovine serum (FBS), penicillin-
streptomycin, L-glutamine, non-essential amino acids, sodium pyru-
vate, gelatin and 7-aminoactinomycin D (7-AAD) were obtained from
Life Technologies GmbH (Darmstadt, Germany). Horse serum, trypsin-
EDTA solution, 2′,7′-dichlorofluorescin diacetate (DCFDA), thiazolyl
blue tetrazolium bromide (MTT), β-nicotinamide adenine dinucleotide
reduced (NADH), triton-X-100, DMSO, crystal violet solution (aqu-
eous), 7-(diethylamino)-coumarin-3-carbohydrazide (CHH), parafor-
maldehyde (PFA), Nile Red, Hoechst 33258, thiourea, ß-mercaptoetha-
nol, 2,2,2-trichlorethanol (TCE), hydrochloric acid, 2,4-dinitrophenyl
hydrazine (DNPH), primary goat anti-DNP antibody, adenosine 5′-
triphosphate (ATP), D-biotin, tert-butyl methyl ether (MTBE), formic
acid, 4-chloro-3-methylphenol, copper (II) sulfate and all ammonium,
magnesium, potassium and sodium salts were purchased from Sigma-
Aldrich GmbH (Taufkirchen, Germany). 3-Morpholinosydnonimine
(SIN-1), 7-amino-4-methylcoumarin (AMC), N-succinyl-Leu-Leu-Val-
Tyr-AMC (suc-LLVY-AMC), E64d and MG132 were purchased from
Enzo Life Sciences GmbH (Lörrach, Germany). Methanol, ethanol,
urea, SDS, glycerol, sucrose and dithiothreitol (DTT) were obtained
from Carl Roth GmbH + Co. KG (Karlsruhe, Germany). CHAPS,
trypsin, glycine, bovine serum albumin (BSA), pepstatin A (pepA),
Coomassie® Brilliant Blue G-250 and Tween® 20 were purchased from
Serva Electrophoresis GmbH (Heidelberg, Germany). Iodoacetamide
(IAA), Tris, HEPES and EDTA were purchased from Applichem GmbH
(Darmstadt, Germany). Low fluorescence PVDF membranes, protein
free blocking solution (AdvanBlock™), washing solution
(AdvanWash™) and WesternBright™ Sirius HRP substrate were
obtained from Advansta Inc. (Biozym Scientific GmbH, Hessisch
Oldendorf, Germany). Peroxidase-conjugated donkey anti-goat anti-
body was from Jackson ImmunoResearch Laboratories, Inc. (West
Grove, PA, USA). N-(Aminooxyacetyl)-N'-biotinyl-hydrazine (aldehyde
reactive probe, ARP) was purchased from Dojindo EU GmbH
(München, Germany), buthionine sulfoximine (BSO) from Cayman
Chemical Company (Biomol GmbH, Hamburg, Germany) and 8-
hydroxyquinoline hemisulfate salt hemihydrate (8OHQ) and peroxi-
dase-conjugated goat anti-mouse antibody from Santa Cruz
Biotechnology, Inc. (Heidelberg, Germany). Acetonitrile (LC-MS grade)
was purchased from VWR International GmbH (Darmstadt, Germany),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (sodium salt; POPA) and
mouse E06 mAb-TopFluor® from Avanti Polar Lipids, Inc. (Otto
Nordwald GmbH, Hamburg, Germany) and Pierce™monomeric avidin
agarose from Thermo Scientific (Perbio Science Deutschland GmbH,
Bonn, Germany). N,N-dimethylformamide (DMF) was obtained from
Biosolve BV (Valkenswaard, Netherlands) and chloroform from Merck
KGaA (Darmstadt, Germany). Mouse monoclonal anti-LC3 antibody
(APG8, Clone 166AT1234) was obtained from Abgent (San Diego, CA,
USA).

2.2. Cell culture

Primary rat cardiomyocytes (Innoprot, Elexalde Derio, Spain) were
cultured on gelatin-coated 75 cm2

flasks or 96-well-plates
(CELLSTAR®, Greiner Bio-One GmbH, Frickenhausen, Germany) in
DMEM/F12 medium supplemented with 20% FBS, 5% horse serum,
2 mmol/L L-glutamine, 3 mmol/L sodium pyruvate, 0.1 mmol/L non-
essential amino acids, 100 U/mL penicillin and 100 µg/mL streptomy-
cin at 37 °C (humidified atmosphere of 5% CO2 and 95% air). When
cells reached 80% confluence and 24 h before treatment medium was
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replaced by serum-free medium (DMEM/F12 supplemented with
100 U/mL penicillin and 100 µg/mL streptomycin). Cells were treated
with 10 µmol/L SIN-1 for 15 min, 30 min, 70 min and 16 h.

2.3. DCFDA assay

Cardiomyocytes (CM; 20,000 cells per well) were seeded on black
flat bottom 96-well-plates. The next day and 24 h before the experi-
ment medium was changed to serum-free medium. Cells were washed
with PBS and loaded with 10 µmol/L DCFDA (1 h, 37 °C). After
incubation cells were washed (PBS), incubated with PBS (1 h, 37 °C)
and treated with SIN-1 (10 µmol/L in PBS). Fluorescence (Ex=485 nm,
Em=535 nm) was recorded every 3 min for 16 h at 37 °C using
Paradigm™ Detection Platform (Beckman Coulter GmbH, Krefeld,
Germany).

2.4. MTT assay

CM (20,000 cells per well) were grown on 96-well-plates. After
treatment with 10 µmol/L SIN-1 medium was changed to 1.2 mmol/L
MTT in transparent DMEM/F12 (4 h, 37 °C). After incubation SDS (up
to 5% w/v) was added and incubated overnight (37 °C). Absorbance
was measured at 562 nm (reference 690 nm) with a Sunrise™ micro-
plate reader (Tecan Deutschland GmbH, Crailsheim, Germany).

2.5. Lactate dehydrogenase (LDH) assay

CM (20,000 cells per well) were seeded on 96-well-plates. After
SIN-1 treatment (100 µL), 25 µL of the medium was transferred into a
new 96-well-plate. 175 µL of LDH solution (0.24 mmol/L NADH,
0.57 mmol/L sodium pyruvate, 33 mmol/L KH2PO4, 66 mmol/L
K2HPO4, pH 7.4) was added and absorbance was recorded at 340 nm
every 3 min for 30 min using SpectraMax® Paradigm® Multi-Mode
Detection Platform (Molecular Devices GmbH, Biberach an der Riss,
Germany). 0.1% Triton-X-100 was used as a positive control for
maximum LDH-release and untreated cells as a control for a sponta-
neous LDH-release.

2.6. CHH labeling and fluorescence microscopy of carbonylated
biomolecules [33]

CM (15,000 cells per well) were grown on gelatin-coated cover slips
in a 24-well-plate. After SIN-1 treatment cells were washed with PBS
(two times), fixed with PFA (4% w/v in PBS, 15 min, 37 °C) and
washed again with PBS (three times). Cells were labelled with CHH
(0.2 mmol/L, 2 h, RT) and washed with 0.1% Tween in PBS (TPBS,
three times). Nuclei were counterstained with 7-AAD (1:300 in 0.1%
TPBS, 30 min, RT) followed by washing (two times with TPBS, one
time PBS). Cover slips were mounted on cover slides using
Immunoselect Antifading Mounting Medium (Dianova GmbH,
Hamburg, Germany). Cells were examined by inverted fluorescence
microscope (DMI6000B, Leica Mikrosysteme Vertrieb GmbH, Wetzlar,
Germany), equipped with 10x (NA 0.25), 20x (NA 0.40) and 40x
objectives (NA 0.60), a 12V/100W halogen lamp as light source and a
Leica DFC360FX camera. Images of 7-AAD were acquired with a filter
cube TRI (Ex: R, bandpass (BP) 575/20 nm, Em: longpass (LP)
580 nm) and CHH with filter cube TRI (Ex: B, BP 387/11 nm, Em:
BP 535/40 nm). For acquisition of images Leica Application Suite (LAS
AF) microscope software (version 2.3.0) was used. Images were
quantified using ImageJ software [34].

Alternatively, CM (7,000 cells per well) were seeded on 96-well-
plates and next day treated with SIN-1 in the absence or presence of
inhibitors (MG132 [20 µmol/L], E64d and pepstatin A [5 µg/mL both],
buthionine sulfoximine [500 µmol/L], 8-hydroxyquinoline and CuSO4

[2.5 µmol/L both]) or with inhibitors alone. After treatment cells were
washed, fixed with PFA and labelled with CHH as described above.

Images were acquired by fluorescence microscopy and quantified using
ImageJ. Quantification results were normalized to cell numbers
obtained by crystal violet staining [35]. For that PFA-fixed cells were
stained with aqueous crystal violet (0.1% , 20 min, RT), washed with
water (3 times), dissolved in ethanol (70%, 1 h, RT), and absorbance
was measured at 590 nm using SpectraMax® Paradigm® Multi-Mode
Detection Platform (Molecular Devices).

2.7. Protein extraction

After SIN-1 treatment cells were scraped into ice cold PBS and
collected by centrifugation (10 min, 10001000×g, 4 °C). Cell pellets
were washed with ice cold PBS (two times) and resuspended in lysis
buffer (7 mol/L urea, 2 mol/L thiourea, 2% CHAPS in 50 mmol/L Tris-
HCl, pH 7.5). Samples were sonicated on ice using a Vibra-Cell™ tip
sonicator (20 kHz, 1 min with on/off pulse 5 s each, 40% amplitude;
Sonics & Materials, Inc., Newtown, CT, USA) followed by centrifuga-
tion (20 min, 10,00010,000×g, 4 °C). Supernatants were collected and
protein concentration was determined by Bradford assay [36].

2.8. Western Blot analysis of carbonylated proteins (Oxyblot)

Proteins in lysis buffer (10 µg) were mixed with Laemmli sample
buffer (62.5 mmol/L Tris-HCl pH 6.8, 20% v/v glycerol, 2% w/v SDS,
5% v/v ß-mercaptoethanol, 0.01% w/v bromophenol blue) and sepa-
rated by SDS-PAGE (10% T, 0.75 mm, containing 0.5% (v/v) TCE, 200
V; BioRad mini protean III cell; BioRad Laboratories GmbH, München,
Germany). TCE in-gel visualization was performed as described before
[37]. Briefly, TCE containing gels were exposed to UV light for 1 min
and the fluorescence of TCE-UV-modified tryptophan residues in
proteins was visualized to confirm equal loadings of the samples.
Proteins were tank blotted onto a low-fluorescence PVDF membrane in
Bjerrum Schafer-Nielsen transfer buffer (48 mmol/L Tris, 39 mmol/L
glycine) using Mini Trans-Blot® Cell (60 min, 100 V; BioRad). After
blotting DNPH derivatization of carbonylated proteins was performed
as described before [38] with slight modifications. Briefly, membranes
were incubated in 2 mol/L HCl (10 min), derivatized with DNPH
(1 mg/mL in 2 mol/L HCl; 30 min) and washed with 2 mol/L HCl
(10 min) and methanol (5 min; five times). Membranes were blocked
overnight (4 °C, protein free blocking solution), incubated with primary
goat anti-DNP antibody (1 h, 1:10,000 in blocking solution, RT) and
washed (10 min, three times, washing solution). Afterwards mem-
branes were incubated with peroxidase-conjugated donkey anti-goat
antibody (1 h, 1:10,000 in blocking solution, RT) followed by washes
with washing solution (10 min; two times) and Tris-buffered saline
(TBS, 20 mmol/L Tris, 500 mmol/L NaCl; 10 min). Membranes were
developed with enhanced chemiluminescence (ECL) using
WesternBright™ Sirius HRP substrate. Images were taken with the
Fusion FX7 imaging system (Peqlab Biotechnologie GmbH, VWR
International GmbH, Erlangen, Germany). Images were quantified
using ImageJ by measuring the intensity of the whole protein lane.

2.9. Western Blot analysis of LC3-I/LC3-II proteins

Pellets from SIN-1 treated cells (2x106 cells) were dissolved in
Laemmli sample buffer (62.5 mmol/L Tris-HCl, pH 6.8, 50 mmol/L
DTT, 2% w/v SDS, 20% v/v glycerol, 0.2% w/v bromophenol blue),
sonicated (8 s, 30% amplitude) and boiled (5 min, 95 °C). Proteins
were separated by SDS-PAGE (15%-Tris-Tricine-Gel; BioRad) and
blotted onto a PVDF membrane (0.2 µm GE Healthcare,
Buckinghamshire, England; Trans-Blot® Cell, BioRad). Membranes
were blocked overnight (4 °C, 5% dry milk in TPBS), incubated with
primary mouse monoclonal anti-LC3 antibody (3 h, 1:250 in blocking
buffer, RT) and washed (TPBS). Peroxidase-conjugated goat anti-
mouse antibody (1 h, 1:10,000 in blocking buffer, RT) was added.
Membranes were washed and developed using Western Lightning Plus
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(Perkin Elmer, Waltham, USA) and Lucent Blue X-ray film (Advansta,
Menlo Park, CA, USA). Images were quantified using ImageJ.

2.10. Measurement of the proteasomal chymotrypsin-like activity

Following SIN-1 treatment cell pellets were collected as described
before [39]. Cells were lysed with ice cold lysis buffer (250 mmol/L
saccharose, 25 mmol/L HEPES, 10 mmol/L MgCl2x6H2O, 1 mmol/L
EDTA, 1.67 mmol/L DTT) and resuspended with a 21 G needle on ice
(20 times). Cells were disrupted by four freeze-thaw-cycles and
centrifuged (10 min, 00020.000×g, 4 °C). Protein concentration of
the supernatant was determined by Bradford assay. For the measure-
ment of the proteasome activity black 96-well-plates were used. During
the preparation solutions and plates were kept on ice. Protein extract
(10 µL), 1 mol/L DTT (0.2 µL), 450 mmol/L Tris buffer pH 8.2
containing 90 mmol/L KCl, 15 mmol/L Mg-acetate and 15 mmol/L
MgCl2 (33.3 µL) and water (66.5 µL) were mixed and incubated
(10 min, RT). After incubation the fluorigenic peptide suc-LLVY-AMC
(2 mmol/L, 10 µL) was added. For ATP-stimulated proteasome activity
water volume was reduced to 61.5 µL and 100 mmol/L ATP (5 µL) was
added after incubation. Fluorescence (Ex=360, Em=460 nm) of the
released AMC was recorded for 90 min at 37 °C with Paradigm™

Detection Platform (Beckman Coulter, Brea, USA). A calibration curve
was prepared with free AMC standard to calculate the amount of
substrate converted by the proteasome.

2.11. Nile Red staining and fluorescence microscopy of neutral lipids

CM (20,000 cells per well) were grown on 96-well-plates. After SIN-
1 treatment cells were washed with PBS (two times), incubated with
Nile Red (1:1000, 1 mg/mL in DMSO, 10 min, 37 °C), washed (PBS)
and examined with fluorescence microscopy as described above using
filter cube TRI (Ex: R, BP 575/20 nm, Em: LP 580 nm).

2.12. Immunocytochemical detection of oxidized phosphatidylcholine
lipids

CM (20,000 cells per well) were grown on 96-well-plates. After SIN-
1 treatment cells were washed with PBS (two times), fixed with PFA
(4% w/v in PBS, 15 min 37 °), washed (PBS) and incubated with
blocking solution (1% w/v BSA in PBS, 1 h, RT) followed by incubation
with mouse E06-mAb-TopFluor® (1:100 in PBS, 1 h, RT). Cells were
washed with PBS (three times) and nuclei were counterstained with
Hoechst 33258 (2.5 mg/mL in water, 1:1000, 30 min, RT) followed by
washes with PBS (two times). Cells were examined by inverted
fluorescence microscope as described above filter cube TRI (Ex: G,
BP 494/20 nm, Em: BP 535/40 nm).

2.13. Calcium mobilization assay

Calcium mobilization was monitored using FLUOFORTE® Calcium
assay kit for microplates (ENZ-51017; ENZO Life Sciences GmbH,
Lörrach, Germany) according to the manufacturer’s protocol. Briefly,
CM (30,000 cells per well) were grown on black 96-well-plates with
transparent bottom. Control and treated cells (10 µmol/L SIN-1,
70 min) were washed with PBS, incubated with a dye solution
(100 µL, 60 min, RT), calcium channel agonists were added at different
concentrations (ATP and 4-chloro-3-methylphenol in Hank’s balanced
salt solution; POPA in 3 mmol/L NH4HCO3) and fluorescence
(Ex=490 nm, Em=525 nm) was recorded with 3 readings per well
every 2 s for 110 s with a FlexStation 3 Multi-Mode Microplate Reader
(Molecular Devices, Sunnyvale, CA, USA).

2.14. CHH labeling and mass spectrometry analysis of carbonylated
lipids [40–42]

Cell pellets were resuspended in 0.1% aqueous ammonium acetate
(w/v, 50 µL) and derivatized with CHH (3.5 µL, 100 mmol/L in DMF,
1 h, 37 °C). Lipids were extracted using methyl-tert-butylether (MTBE)
as described previously [43]. A nano-Acquity UPLC (Waters GmbH,
Eschborn, Germany) was coupled online to a LTQ Orbitrap XL ETD
mass spectrometer equipped with a nano-ESI source (Thermo Fischer
Scientific, Bremen, Germany) operating in positive ion mode. Eluent A
was aqueous formic acid (0.1% v/v), and eluent B was formic acid
(0.1% v/v) in acetonitrile. CHH-derivatized lipids (10 µL in 30%
aqueous acetonitrile) were loaded onto the trap column (nanoAcquity
BEH 300 C4, internal diameter 180 µm, length 20 mm, particle
diameter 1.7 µm) at a flow rate of 5 µL/min. Lipids were separated
on a BEH300 column (C4-phase, internal diameter 100 µm, length
100 mm, particle diameter 1.7 µm) with a flow rate of 0.8 µL/min
using linear gradients from 30% to 90% of eluent B (10 min), and
holding this composition for 7 min. The transfer capillary temperature
was set to 200 °C and tube lens voltage to 110 V. An ion spray voltage
of 1.5 kV was applied to a PicoTip™ on-line nano-ESI emitter (New
Objective, Berlin, Germany). The precursor ion survey scans were
acquired at an Orbitrap (resolution of 100,000 at m/z 400) for a m/z
range from 320 to 1500. The CID-tandemmass spectra (isolation width
2 m/z units, activation Q 0.25, normalized collision energy 25%,
activation time 30 ms) were recorded by data-dependent acquisition
(DDA) for the top 6 most abundant ions in each survey scan with
dynamic exclusion for 60 s using Xcalibur software (version 2.0.7).

CHH-derivatized oxoLPPs were manually identified based on their
CID fragment spectra. To determine the range of the instrument linear
response for identified CHH-oxoLPPs each sample was analysed by LC-
MS in three dilutions (1:1, 1:2 and 1:4). Only signals showing linear
response for all dilution points were considered for quantification.
Identified CHH-oxoLPPs were relatively quantified by integrating the
area under the curve for corresponding XICs (m/z ± 0.01) at specific
retention times ( ± 20 s) using LCquan™ version 2.5 (Thermo Fisher
Scientific) within the Xcalibur software. The average peak width for
CHH-oxoLPP adducts was around 25–45 s (Fig. S1), signal-to-noise
ratio for detection and quantification were set to three and ten,
respectively. The average of peak areas for the control sample (three
dilutions each measured in three replicates) was normalized to 100%
for each CHH-oxoLPP adduct. Averaged peak areas of corresponding
CHH-oxoLPP signals in other samples were expressed relative to
control.

2.15. In-solution tryptic digestion and ARP derivatization of
carbonylated proteins [44]

Proteins (100 µg) in lysis buffer were reduced with DTT (50 mmol/
L, 90 min, 37 °C, 350 rpm) and free thiols were alkylated with IAA
(15 mmol/L, 60 min, 27 °C, 350 rpm, in the dark). Samples were
diluted with 50 mmol/L NH4HCO3 to a final concentration of 1 mol/
L urea and digested with trypsin overnight (1:50 trypsin to protein
ratio, in 3 mmol/L NH4HCO3, 37 °C, 350 rpm). Samples were desalted
by solid-phase extraction using Waters Oasis HLB 1cc (10 mg). The
stationary phase was rinsed with methanol (1 mL) and equilibrated
with water (1 mL). Samples were loaded, washed (0.1% formic acid in
7% aqueous acetonitrile; 1 mL, three times) and peptides were eluted
with 0.5% formic acid in 70% aqueous acetonitrile (500 µL). Eluates
were vacuum concentrated, dissolved in 1% formic acid in 7% aqueous
acetonitrile and labelled with 10 mmol/L ARP (2 h, 27 °C, 550 rpm).
Excess of ARP was removed by solid-phase extraction as described
above.
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2.16. Enrichment of ARP-labelled peptides by avidin affinity
chromatography

Affinity enrichment was performed as described recently [44].
Pierce monomeric avidin agarose (100 µL) was packed in mini-spin
columns with Luer-lok adapter (Thermo Scientific, Bonn, Germany)
and washed with 10 mmol/L NaH2PO4 (pH 7.4, 1.5 mL). Irreversible
binding sites were blocked with D-biotin (2 mmol/L, 300 µL), resin was
washed with glycine-HCl (0.1 mmol/L, pH 2.8, 500 µL) and equili-
brated with PBS (20 mmol/L NaH2PO4, 0.3 mol/L NaCl, pH 7.4,
2 mL). ARP-labelled samples in PBS were loaded, incubated for
15 min, washed with PBS (1 mL), 10 mmol/L NaH2PO4 (pH 7.4,
1 mL), ammonium bicarbonate (50 mmol/L in 20% methanol; 2 mL)
and water (1 mL) before the peptides were eluted (500 µL, 0.4% formic
acid in 30% aqueous acetonitrile). Peptides were vacuum concentrated
and stored at −20 °C. Shortly before MS analysis the samples were
dissolved in 25 µL of 0.1% formic acid in 3% aqueous acetonitrile and
further diluted 1:5.

2.17. In-gel tryptic digestion for analysis of Schiff-base modified
proteins

Proteins (15 µg) were separated by SDS-PAGE (12% T, 1 mm) and
stained with Coomassie Brilliant Blue G-250. Protein lanes were cut
into five equal slices. Each slice was destained with 50% (v/v)
acetonitrile in 50 mmol/L NH4HCO3 (1 h, 37 °C, 750 rpm), dehydrated
with 100% acetonitrile and dried by vacuum concentration. Proteins
were digested with trypsin in 3 mmol/L NH4HCO3 (375 ng, 4 h, 37 °C,
550 rpm) and peptides were extracted using consecutive incubations
with 100%, 50% and 100% acetonitrile (15 min sonication for each
step). Combined extracts were vacuum concentrated and stored at
−20 °C. Before MS analysis peptides were dissolved in 10 µL of 0.5%
formic acid in 60% aqueous acetonitrile and further diluted 1:20 with
0.1% formic acid in 3% aqueous acetonitrile.

2.18. LC-MS/MS of tryptic peptides

A nano-Acquity UPLC (Waters GmbH, Eschborn, Germany) was
coupled online to an LTQ Orbitrap XL ETD mass spectrometer
equipped with a nano-ESI source (Thermo Fischer Scientific,
Bremen, Germany). Eluent A was aqueous formic acid (0.1% v/v),
and eluent B was formic acid (0.1% v/v) in acetonitrile. Samples
(10 µL; in three biological replicates) were loaded onto the trap column
(nanoAcquity symmetry C18, internal diameter 180 µm, length 20 mm,
particle diameter 5 µm) at a flow rate of 10 µL/min. Peptides were
separated on BEH 130 column (C18-phase, internal diameter 75 µm,
length 100 mm, particle diameter 1.7 µm) with a flow rate of 0.4 µL/
min. Affinity enriched ARP-labelled peptides were separated using
several linear gradients from 3% to 9% (2.1 min), 9.9% (1.9 min),
17.1% (10 min), 18% (0.5 min); 20.7% (0.2 min), 22.5% (3.1 min),
25.6% (3 min), 30.6% (5 min), 37.8% (2.8 min) and finally to 81%
eluent B (2 min). Together with an equilibration time of 12 min the
samples were injected every 46 min. In-gel digested peptides were
separated using two step gradients from 3% to 30% eluent B over
18 min and then to 85% eluent B over 1 min. After an equilibration
time of 12 min samples were injected every 33 min. The transfer
capillary temperature was set to 200 °C and the tube lens voltage to
120 V. An ion spray voltage of 1.5 kV was applied to a PicoTip online
nano-ESI emitter (New Objective, Berlin, Germany). The precursor ion
survey scans were acquired at an orbitrap (resolution of 60,000 at m/z
400) for a m/z range from 400 to 2000. CID-tandem mass spectra
(isolation width 2, activation Q 0.25, normalized collision energy 35%,
activation time 30 ms) were recorded in the linear ion trap by data-
dependent acquisition (DDA) for the top six most abundant ions in
each survey scan with dynamic exclusion for 60 s using Xcalibur
software (version 2.0.7). For in-gel digested peptides identical LC-

MS/MS analysis with both CID and ETD fragmentation (activation
time 100 ms, isolation width 2 u) was performed. The first set of LC-
MS/MS with ETD fragmentation was used to identify highly abundant
unoxidized peptides using Sequest search engine (Proteome Discoverer
1.4, Thermo Scientific) against Uniprot Rattus norvegicus database
(downloaded on March 11, 2014, entries: 7,889 proteins), allowing up
to two missed cleavages and a mass tolerance of 10 ppm for precursor
ions and 0.8 Da for product ions. Oxidation of methionine and
carbamidomethylation of cysteine were used as variable modifications
and results were filtered for rank 1 peptides and score vs. charge states
corresponding to Xcorr/z 2.0/2, 2.25/3, 2.5/4, 2.75/5. The list of m/z
values corresponding to identified peptides was exported and used as
exclusion list for the second LC-ETD-MS/MS analysis.

2.19. Database search

The acquired tandem mass spectra were searched against the
Uniprot Rattus norvegicus database using Sequest search engine
(Proteome Discoverer 1.4, Thermo Scientific), allowing up to two
missed cleavages and a mass tolerance of 10 ppm for precursor ions
and 0.8 Da for product ions. A list of variable modifications used for
database search always included oxidation of Met, Cys and Trp,
carbamidomethylation (ARP-labelled dataset) or propionamide on
Cys (in-gel digestion dataset) and a set of oxoLPP derived modifications
based on the molecular weight of electrophilic lipids identified (Table
S1). Search results were filtered for rank 1 (ARP labelled samples), high
confidence and score vs. charge states corresponding to Xcorr/z 2.0/2,
2.25/3, 2.5/4, 2.75/5 (in-gel digested samples). For both datasets only
peptides identified by MS/MS in at least two biological replicates with a
corresponding (m/z and retention time) precursor ion manually
confirmed in the third biological replicate were considered. The
resulting set of modified proteins was evaluated using STRING network
analysis (version 10.0) [45] and manually annotated based on their
gene ontology terms (biological process and molecular function)
provided by UniProtKB.

3. Results and discussion

Oxidative stress under (patho)physiological conditions has a com-
plex aetiology and is usually mediated by a variety of reactive species,
rather than a single type of ROS or RNS. To study the cross-talk
between lipid and protein modifications, a dynamic model of nitrox-
idative stress based on SIN-1 treatment of rat primary cardiomyocytes
(CM) was used [46]. In aqueous solution SIN-1 readily decomposes to
nitric oxide (•NO) and superoxide anion (O2

•-), which in turn form
peroxynitrite anion (ONOO-). The peroxynitrite anion exists in equili-
brium with its acidic form (ONOOH) and can generate hydroxyl (•OH)
and nitrogen dioxide (•NO2) radicals as well as nitrate (NO3

-). In the
presence of carbon dioxide (CO2) peroxynitrite anion forms nitroso-
peroxocarbonate (ONOOCO2

-), which in turn decomposes to •NO2,
CO3

- and NO3
- [47]. We and others have previously demonstrated the

complex nitroxidative effect of SIN-1 treatment in cell culture models
[46,48–50]. Here, free radical production in SIN-1-treated (10 µmol/
L) CM was monitored by DCFDA assay (Fig. S2A) over 16 h. Rapid
increase in DCF fluorescence was characteristic for the first hour after
SIN-1 addition reaching the maximum at 70 min. The half-life of SIN-1
decomposition in aqueous solution was determined to be 30 min, with
complete consumption from 60 to 90 min [49,51], further confirming
our results. To design a dynamic model of nitroxidative stress, several
time points for SIN-1 cell treatment were selected: 15 min (stress
onset), 30 min (development), 70 min (highest radical concentration)
and 16 h (regeneration). None of the conditions used for CM incuba-
tions were toxic. Cell viability was above 90% of the control level for all
experimental time points (Fig. S2B). Similarly, cytotoxicity did not
exceed 10% as determined by LDH assay (Fig. S2C).
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3.1. Cellular carbonylation

Biomolecule carbonylation, e.g. introduction of carbonyl function as
a result of oxidative modifications in proteins, lipids and nucleic acids,
is a well-known marker of oxidative damage [19,52]. To assess cellular
nitroxidative stress upon SIN-1 treatment, total biomolecule carbony-
lation was monitored using the specific membrane permeable fluor-
escent probe 7-(diethylamino)-coumarin-3-carbohydrazide (CHH)
(Fig. 1A) [33,53]. A significant increase in CHH fluorescence (175%)
was observed already 15 min after SIN-1 addition indicating rapid
oxidation of biomolecules by ROS/RNS. Maximum intensity (200%)
was reached after 30 min and remained at this level until the 70 min
time point. Interestingly, CHH fluorescence intensity in CM incubated
with SIN-1 for 16 h was close to the control level (120%), indicating
efficient removal of modified molecules (Fig. 1B).

Application of microscopy imaging allowed not only the relative
quantification of cellular carbonylation but also revealed the spatial
distribution of modified biomolecules. In agreement with previous
reports [33,54,55], carbonylated species were not equally distributed
over the whole cell but displayed strong perinuclear accumulation.
Slight accumulation of carbonyl specific fluorescence signal around the
cell nucleus was detected even in untreated cells. However, SIN-1
treatment induced a significant increase in perinuclear carbonylation
as early as 15 min. Cells treated with SIN-1 for 30 and 70 min
displayed the most intense fluorescence signals around the nucleus.
This effect was diminished after 16 h of treatment. In addition, cells

treated for 30 and 70 min displayed less intense but prominent signals
distributed in the cytoplasm resembling filament- and dot-like struc-
tures (Fig. 1A).

In contrast to the commonly used immunochemical detection, CHH
derivatization not only allows detection of carbonylated proteins but
also lipids [33]. Thus, the rapid increase in cellular carbonylation
observed 15 min after SIN-1 treatment can be attributed to at least two
types of biomolecules. To address protein carbonylation more specifi-
cally, a standard oxyblot protocol based on carbonyl derivatization with
DNPH followed by immunodetection with anti-DNP antibody, was
used (Fig. 1C). In contrast to the fluorescence microscopy data, almost
no change in protein-bound carbonyls was detected after 15 min of
SIN-1 treatment, whereas samples treated for 30 and 70 min displayed
significantly higher levels of carbonylated proteins (Fig. S3). Thus
proteins with molecular weight around 45 and 55 kDa showed a time-
dependent elevation in protein carbonylation with a maximum after
70 min of SIN-1 treatment relative to the control, while protein bands
above 250 kDa showed only a mild increase in protein bound carbo-
nyls. 16 h after stress induction protein carbonylation levels of
individual bands showed a mild decrease compared to 30 and 70 min
time points. However, the effect was not as strong as shown by the
microscopy results.

Our cellular model demonstrated that non-toxic levels of ROS/RNS
are capable of rapid induction of biomolecule carbonylation. Indeed, it
was reported that 10 µmol/L SIN-1 would correspond to 3 nmol/L of
peroxynitrite and thus represent physiological rather than pathological

Fig. 1. : Fluorescence microscopy of protein and lipid carbonyls labelled with CHH and oxyblot analysis of protein carbonylation. (A) Primary rat cardiomyocytes were treated with
10 µmol/L SIN-1, fixed with 4% PFA and labelled with 0.5 mmol/L CHH for 2 h. Nuclei were counterstained with 7-AAD for 30 min. Images are representatives of three independent
experiments performed in triplicates. Scale bars 20 µm. (B) Carbonylation levels were evaluated by CHH fluorescence microscopy and images were quantified by ImageJ. Data is shown
as means ± SE (* p < 0.05, ** p < 0.01 vs. control) of 15–25 cell images obtained from three independent experiments. (C) Protein carbonylation was analysed using anti-DNP-Western
Blot (oxyblot). Image is representative of three independent experiments.
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conditions [48]. Furthermore, the differences in the total (175%
increase at 15 min) and protein-specific (significant increase at
30 min) carbonylation suggested that compared to proteins, lipids
might be the primary targets of ROS/RNS.

Lipids with polyunsaturated fatty acyl chains are among the first
targets of reactive radicals [20]. Lipid oxidation results in a large
variety of products, including truncated species formed via oxidative
cleavage (e.g. Hock cleavage or β-scission) carrying newly introduced
carbonyl functions (keto or/and aldehyde groups). Among the most
studied carbonylated lipid peroxidation products (oxoLPPs) are hydro-
xy- and oxo-nonenal, hydroxy- and oxo-hexenal as well as short chain
dicarbonyl compounds such as glyoxal, methylglyoxal and malondial-
dehyde [20,56–59]. All of these compounds are strong electrophiles
capable of reacting with cellular nucleophiles unless they are rapidly
detoxified. Thus, nucleophilic protein amino acid residues (Lys, His,
Cys and to a lesser extent Arg) can react with oxoLPPs via at least two
mechanisms - Schiff base formation and Michael addition. In the case
of Schiff base formation the carbonyl functionality is consumed, while
protein-oxoLPP Michael adducts still carry the carbonyl group, effec-
tively shifting the carbonyl signal from the lipid to the protein fraction
[60].

However, a significant decrease in signal intensity for total carbo-
nylation and a mild decrease for protein specific carbonylation was
observed 16 h after SIN-1 addition, indicating efficient removal of the
modified species (Fig. 1). Taking into account the high cell viability and
post-mitotic nature of CM, the decrease of carbonylation cannot be
attributed to the death of affected cells or modification "dilution"
through cell divisions. Furthermore, both lipid and protein carbonyla-
tion are generally considered as irreversible and cannot be repaired by
cellular enzymatic machinery. Thus, carbonylated molecules should be
either detoxified or degraded within the cell.

3.2. Carbonylated biomolecule turnover

Removal of modified biomolecules can be achieved via their
degradation or conversion to less reactive species. Electrophilic
oxoLPPs are metabolized via different reactions catalysed by aldo-keto
reductases (reduction), aldehyde dehydrogenase/cytochrome P450
(oxidation) and glutathione S-transferase (conjugation with GSH)
[26,61]. Carbonylated proteins can be degraded by the proteasome
(mostly by 20S proteasome in ATP and ubiquitin independent manner)
and the mitochondrial Lon-protease [62]. Furthermore, the role of
autophagy/lysosomal degradation pathway in the removal of oxidized
proteins was recently demonstrated [63].

Here we determined the chymotrypsin-like activity of the protea-
some with and without ATP-stimulation in SIN-1 treated CM using the
fluorogenic peptide suc-LLVY-AMC as a substrate. A significant
increase (120%) in the proteasome activity without ATP-stimulation
accompanied by a mild decrease (90%) in ATP-stimulated activity
occurred 15 min after SIN-1 treatment compared to the control
(Fig. 2A). However, at the 30 min time point proteasome activitity
returned to control levels. These results indicate that the 20S protea-
some, capable of degrading oxidized proteins, was required only in the
first few minutes after OS induction. Further protein quality control did
not require elevated 20S proteasome activity, indicating that other
mechanisms could be involved in the removal of modified species. For
instance, autophagy/lysosomal degradation of cellular biomolecules,
usually activated in response to nutrient deprivation, was recently
reported to be induced by OS [64,65] and to participate in the removal
of modified proteins. Furthermore, although oxoLPP-protein adducts
are largely believed to be stable, some reports indicate the possibility of
retro-Michael addition reaction resulting in decrease of protein carbo-
nylation. Yang et al. recently reported decrease in HNE-protein adducts
in RKO cells one and four hours after HNE treatment independent of
MG132 treatment using a quantitative LC-MS approach [66].

In order to specify the role of the proteasomal system in the

degradation of modified proteins and to identify other possible
mechanisms of carbonylated species removal, we quantified CHH
specific fluorescence to monitor total biomolecule carbonylation in
SIN-1 treated cells in the presence or absence of specific inhibitors of
proteasome, autophagy/lysosomal degradation and GSH synthesis.

MG132 and Cu(II)−8-hydroxyquinoline [Cu(8OHQ)] were used to
inhibit proteasomal degradation in SIN-1 treated cells (Fig. 2B-C and
S4). When SIN-1 treatment was combined with MG132 a significant
increase in carbonylation was observed for 70 min and 16 h time
points. Visual analysis of fluorescence microscopy images (Fig. S4)
showed an accumulation of dot-like structures surrounding the nucleus
representing carbonylated lipids and proteins. However, it is important
to note that MG132 additionally inhibits calpains and lysosomal
cathepsins [67], thus the effect on carbonylation levels can be partially
attributed to the inhibition of lysosomal degradation. In contrast to
MG132, application of the more selective proteasome inhibitor
Cu(8OHQ) [68,69] resulted in elevated carbonylation levels only after
16 h (Fig. 2C).

Inhibition of GSH synthesis using buthionine sulfoximine (BSO) in
combination with SIN-1 treatment, did not result in any differences in
biomolecule carbonylation compared to SIN-1 treated cells (Fig. 2D).
However, it is possible, that the amount of GSH available in the cell is
enough for aldehyde conjugation considering the short time intervals
used in our model. Intermediate time points (4 and 6 h upon stress
induction) might demonstrate significance of GSH synthesis for
removal of carbonylated species as it was shown for acrolein treated
human bronchiolar epithelial cells [70].

Finally, treatment with E64d and pepstatin A, inhibitors of
lysosomal proteases, in the presence of SIN-1 displayed a significant
increase in carbonylation levels at 15 min time point in comparison to
only SIN-1 treated cells (Fig. 2E). To confirm the role of lysosomal/
autophagy degradation pathway in the removal of carbonylated species,
we determined the ratio between non-lipidated (LC3-I) and lipidated
(LC3-II) forms of protein light chain 3, a common marker for
autophagy (Fig. 2F). The results clearly demonstrate significant
activation of autophagy degradation pathway already at 15 min after
stress induction, reaching its maximum at 70 min of SIN-1 treatment.

Thus, the application of selective inhibitors followed by fluores-
cence microscopy evaluation of total carbonylation in SIN-1 treated CM
allowed demonstration of the importance of at least two independent
degradation mechanisms. Autophagy/lysosomal degradation played a
critical role at early stages of stress induction, whereas proteasomal
degradation of carbonylated proteins was important at the later time
points. Taking into account the low level of protein carbonylation
(Fig. 1C) in comparison to total carbonyls (Fig. 2A-B) at 15 min time
point, the fast increase in carbonyl specific fluorescence in the presence
of E64d/pepstatin A was attributed to the accumulation of oxoLPPs.

Induction of autophagy by oxidized lipids had been demonstrated
in several studies. Human aortic smooth muscle cells activated
autophagy in response to the treatment with 7-ketocholesterol by
enhanced formation of hydrogen peroxide via NADPH oxidase
(Nox4) [71]. Treatment of ARPE-19 cells (human retinal pigmented
epithelium) with methylglyoxal induced accumulation of autophago-
somes and phosphorylation of p38 MAPK, JNK1/2, Akt and ERK1/2
[72]. Induction of autophagy by oxidized phospholipids was shown in
epidermal keratinocytes exposed to UVA [73]. Hill et al. reported that
unsaturated aldehydes such as hydroxy-nonenal (HNE) activate au-
tophagy for degradation of oxoLPP-protein adducts in vascular smooth
muscle cells [74]. Treatment of rat aortic smooth muscle cells with
HNE induced ER stress and activated JNK leading to autophagy
stimulation [75].

3.3. Lipid accumulation and oxidation in the presence of lysosomal/
autophagy inhibitors

To further confirm the correlation between increased lipid carbo-
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nylation and inhibition of autophagy/lysosomal degradation pathway,
intracellular lipid and oxidized phosphatidylcholine (oxPC) species
were monitored in SIN-1 treated cells using fluorescence microscopy.
Nile red staining of neutral lipids revealed significant increase in lipid
droplets (LDs)-like structures already 15 min upon SIN-1 treatment
(Fig. 3A). This effect was persistent for the 30 and 70 min time points
and diminished after 16 h. SIN-1 treatment in the presence of E64d/
pepstatin A resulted in drastic increase in LDs-like structures with
maximal intensities at 30 and 70 min. Similarly, accumulation of oxPC
lipids, monitored by natural antibody E06, demonstrated increase in
oxPC species at 15 min after SIN-1 treatment followed by enhanced
accumulation of oxidized lipids after 30 and 70 min (Fig. 3B). In
agreement with the results described above, the level of oxPC returned
to the control level 16 h after SIN-1 treatment. Inhibition of autop-
hagy/lysosomal degradation pathway in the presence of SIN-1 resulted
in significant accumulation of oxidized lipids at 30 and 70 min in
comparison to the cells treated only with SIN-1. Interestingly, the effect
was persistent even 16 h after stress induction.

Normally, there is little LD accumulation within the myocardium
under normal physiological conditions, suggesting a fine regulation
between fatty acid uptake and β-oxidation. However, LDs are found in
CM under pathophysiological conditions including many CVDs, obe-
sity, type 2 diabetes and metabolic syndrome [76,77]. Imbalance
between fatty acid uptake and β-oxidation or defects in metabolic
pathways can result in accumulation of long chain fatty acids and their
incorporation in triacylglycerides and phospholipids followed by LD

formation. LDs represent dynamic cellular organelles closely correlat-
ing with stress response and regulation of metabolic homeostasis [78].
LDs derive from the ER membrane and usually maintain close
connection with both ER and mitochondria. Moreover, lipolysis of
lipids stored in LDs is mediated via cytoplasmic or lysosomal lipases.
Although it is still relatively unclear how LDs are targeted for
autophagy/lysosomal degradation, it was demonstrated that autophagy
actively participates in LDs dynamics and can consume a whole LD or
parts of it [79–81].

Our results confirm a close correlation between LDs dynamics and
autophagy/lysosomal degradation pathway. Within the first 15 min
upon nitroxidative stress induction, CM respond to metabolic altera-
tions via LDs accumulation. This effect is still visible after 30 min and
to a lower extent 70 min after SIN-1 treatment (Fig. 3A). Inhibition of
the lysosomal pathway in the presence of SIN-1 clearly increases LD-
like structure accumulation with a maximum at 30 min after treatment.
Furthermore, similar dynamics were shown for oxPC species (Fig. 3B).
Interestingly, signals of oxPC lipids in SIN-1 and inhibitor treated cells
closely resemble dot-like structures similar to LDs. Although, co-
localization experiments would be required to confirm this finding,
accumulation of oxPC lipids might occur on the LD surface monolayer.
The presence of oxidized triacylglycerols in the hydrophobic LDs core
of dendritic cells in tumor-bearing mice and primary human placental
trophoblasts upon hypoxia-induced dyslipidemia was already demon-
strated [82]. However, less is known about peroxidation of LD-
associated PLs.

Fig. 2. : Evaluation of detoxification/degradation pathways for carbonylated proteins and lipids in SIN-1 treated cardiomyocytes. (A) Proteasome activity was measured in the absence
and presence of ATP (4.2 mmol/L) using the fluorigenic peptide suc-LLVY-AMC as substrate. Data is shown as means ± SE (* p < 0.05 vs. control). Assay was performed in 4
independent experiments (3 measurements in each experiment). (B-E) Cells were treated with 10 µM SIN-1 in the absence or presence of inhibitors or with inhibitors alone. Cells were
fixed with PFA, labelled with CHH and levels of carbonylation were evaluated by fluorescence microscopy. Images were acquired using a 10x objective (NA 0.25) and quantified by
ImageJ. Data is shown as means ± SE (** p < 0.01 vs. control, # p < 0.05 vs. 70 min SIN-1, + p < 0.01 vs. 16 h SIN-1, ^ p < 0.05 vs. 15 min SIN-1) of nine images obtained from three
independent experiments. Results were normalized to cell numbers obtained by crystal violet staining. The following inhibitors were used: (B) MG132, inhibitor of the proteasomal
chymotrypsin-like activity, (C) complex of 8-hydroxyquinoline and CuSO4, inhibitor of the proteasomal chymotrypsin-like activity, (D) buthionine sulfoximine, inhibitor of γ-
glutamylcysteine synthetase and (E) E64d and pepstatin A, inhibitors of lysosomal proteases. (F) Western Blot analysis of LC3-I and LC3-II protein abundances. Image is representative
of three independent experiments. Ratios of LC3-II to LC3-I were quantified using ImageJ. Data is shown as means ± SE (* p < 0.05, ** p < 0.01 vs. control).
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Overall, the results presented above illustrate intensive lipid oxida-
tion at the early time points after stress induction (15 and 30 min)
followed by protein carbonylation at the later time points (30 and
70 min). Furthermore, proteasomal degradation plays an important
role in the removal of modified proteins at the later time points,
whereas the autophagy/lysosomal pathway is responsible for the
degradation of carbonylated lipids at the early stages.

3.4. LC-MS based quantification of low molecular weight aldehydes
derived from lipid oxidation

Protein carbonylation can occur via several major pathways includ-
ing direct oxidation of amino acid residues, glycoxidation in the
presence of reducing sugars or via Michael addition of electrophilic
oxoLPPs to nucleophilic amino acid residues. It is speculated that
Michael adducts between proteins and oxoLPPs represent up to 80% of
total protein carbonylation [83,84]. This assumption could explain the
dynamics of carbonylation events observed here in SIN-1 treated CM.
Thus, free radical species formed upon SIN-1 treatment induce lipid
peroxidation, resulting in a large pool of electrophilic species carrying
aldehyde and/or keto functional groups. These reactive electrophiles in
turn can react with nearby proteins inducing their modifications via
Michael addition mechanism shifting the carbonylation signal to the
protein fraction.

Here we quantified low molecular weight carbonyls produced by
lipid peroxidation (oxoLPPs) using carbonyl specific derivatization
(CHH) followed by reversed phase LC-MS analysis (Table 1). Overall,
25 different low molecular weight oxoLPPs were detected and their
identity was confirmed in tandem mass spectrometry experiments.
High resolution and mass accuracy of the orbitrap mass analyzer
allowed separation and identification of CHH-derivatized carbonyls
with close m/z such as heptanal (m/z of CHH adduct 372.23) and
hydroxy-hexenal (m/z 327.19), or decanal (m/z 414.28) and hydroxy-
nonenal (m/z 414.24). Detected oxoLPPs were divided into six
structural groups including alkanals, (hydroxy-)alkenals, hydroxy-

alkadienals, alkatrienals, oxo-carboxylic acids and dicarbonyls. It was
possible to perform relative quantification for 19 out of 25 detected and
identified oxoLPPs. Intensities of six remaining signals (hexanal,
heptanal, hexenal, hydroxy-hexenal, dodecatrienal and oxo-pentanal)
were below the linear dynamic range for all samples used in this study.

Most of the detected oxoLPPs showed a rapid increase in abun-
dance at 15 and 30 min after stress induction. For instance, the
concentration of one of the best studied oxoLPPs, hydroxy-nonenal
(HNE), increased to 143% of control level already at 15 min, followed
by drastic increase to 358% and 309% after 30 and 70 min of SIN-1
treatment, respectively. HNE levels decreased after 16 h to 266% of the
control. Similar dynamics were observed for other electrophiles
including dicarbonyls such as methylglyoxal/malondialdehyde (MDA)
(isomeric species with elemental composition C3H4O2 which could not
be resolved by the method used here) and oxo-butanal. However, some
oxoLPPs showed maximum abundance at 70 min (e.g. nonanal,
decanal, undecatrienal) or even 16 h (e.g. octanal, undecanal, dodeca-
nal, nonenal, oxo-nonanoic and oxo-decanoic acids).

The maximum number of species was detected for six and nine
carbon long oxoLPPs, which is in good agreement with the most
prominent oxidative cleavage sites at the position of double bonds in n-
3 and n-6 polyunsaturated fatty acids. Three of four C6 oxoLPPs were
out of linearity range of the method applied and thus were not
relatively quantified. However, it was possible to perform relative
quantification of all four C9 aldehydes (Fig. S5).

LC-MS based relative quantification revealed a significant increase
in the abundance of low molecular weight oxoLPP species at the early
time points (15 and 30 min) upon OS induction, confirming the results
of microscopy based quantification of carbonylated species in CM. Most
of the detected oxoLPPs are strong electrophiles capable of modifying
nucleophilic groups in cellular proteins, resulting in an accumulation of
oxoLPP-protein adducts. To identify possible targets of oxoLPP-
derived modifications, several analytical strategies were used for the
analysis of protein extracts from SIN-1 treated CM.

Fig. 3. : Fluorescence microscopy of neutral lipids (A) and oxidized PC (B) in cardiomyocytes treated with SIN-1 in the presence or absence of inhibitors of lysosomal proteases. (A)
Cells were stained with Nile Red (1 µg/mL). Nuclei were counterstained with Hoechst 33258. Images are representatives of three independent experiments performed in triplicates. (B)
Cells were probed with E06-mAb-TopFluor® (1:100). Nuclei were counterstained with Hoechst 33258. Images are representatives of three independent experiments performed in
triplicates. Scale bars 10 µm.
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3.5. MS strategy for the identification of oxoLPP modified proteins

Proteins can be modified by reactive oxoLPPs via at least two
different mechanisms. All oxoLPPs including saturated aldehydes
(alkanals) and oxo-carboxylic acids can modify amino groups of Lys-
and Arg-residues side chains via Schiff base formation, whereas α,β-
unsaturated aldehydes [(hydroxy-)alkenals, hydroxy-alkadienals and
alkatrienals] can additionally form Michael adducts with Lys-, Cys- and
His-residues [21]. Furthermore, reaction products between protein-
bound nucleophiles and dicarbonyls are even more diverse. For
instance, glyoxal forms carboxymethyl-derivatives and hemiaminal-
adducts with Lys and Arg and dihydroxyimidazolidine with Arg (Fig. 4)
[85,86]. To address all modification types, the analysis of oxoLPP
modified proteins was performed by two independent bottom-up
proteomics strategies (Scheme 1).

Proteins modified via Michael addition retain the oxoLPP carbonyl
moiety which can be used for specific derivatization and enrichment
prior to LC-MS/MS analysis. Additionally, hemiaminals and Schiff base
adducts of dicarbonyls contain the carbonyl function accessible to
labeling (Fig. 4). Here we employed derivatization of carbonylated
tryptic peptides using aldehyde reactive probe (ARP) followed by
biotin-avidin affinity enrichment and RPC-ESI-MS/MS analysis [44]
(Scheme 1, right panel). Proteins modified by oxoLPPs via Schiff base
formation as well as some intact dicarbonyl modifications, e.g. carbox-
ymethylarginine and dihydroxyimidazolidine, do not contain the
carbonyl function and thus cannot be enriched from complex biological
samples (Fig. 4). To reduce sample complexity and to access low
abundant modified peptides, cell protein extracts were separated by

SDS-PAGE, five equal bands were cut out from each lane and subjected
to tryptic digestion. Peptides were analysed by RPC-ESI-MS/MS using
data-dependent acquisition (DDA) with CID and ETD fragmentation.
After initial LC-MS/MS analysis, sample-specific exclusion lists con-
taining m/z values and retention times of abundant unmodified
peptides were created and used for subsequent DDA analysis
(Scheme 1, left panel).

Identification of protein post-translational modifications (PTMs)
from bottom-up proteomics experiments is usually achieved via search
engine assisted data base search, where mass increments correspond-
ing to the PTMs of interest are included as variable modifications.
However, this approach requires a prior knowledge of the modification
specific mass increments. Thus, many proteomics experiments, aiming
for the identification of oxoLPP-protein adducts, rely only on a few
well-known oxoLPP species, such as HNE, hydroxy-hexenal (HHE),
glyoxal, methylglyoxal and acrolein, assuming their presence in the
sample [44,87–89]. Alternatively, a number of database [90] or
spectral library [91–93] search strategies for the identification of
peptides with unconsidered PTMs are available, but require higher
computational powers.

Here, we combined oxolipidomic and proteomic approaches to
characterize sample specific oxoLPP-protein adducts. Thus, a library of
25 sample-specific oxoLPP species was used for data-driven identifica-
tion of protein adducts in proteomics datasets. For that, a list of mass
increments corresponding to oxoLPP Michael adducts/intact dicarbo-
nyls (molecular weight of the aldehyde) or Schiff bases (molecular
weight of the aldehyde minus 18 units corresponding to the loss of
water) was constructed and used to define variable modifications for

Table 1
Relative quantification of low molecular weight oxoLPP species in SIN-1 treated cardiomyocytes shown as a percentage to untreated samples (control=100%). oxoLPP were derivatized
with CHH and quantified using LC-MS. Elemental composition and monoisotopic mass for each oxoLPP are provided as well as m/z of the CHH-oxoLPP ion signal used for
quantification.

Proposed aldehyde Elemental
composition

Monoisotopic
mass

m/z after
derivatization

RT 15 min/C 30 min/C 70 min/C 16 h/C
% relative to control ± SE

Alkanals
Pentanal C5H10O 86.07 344.20 6.7 180.8 ± 3.3 192.2 ± 2.9 157.1 ± 7.4 145.8 ± 8.8
Hexanal C6H12O 100.09 358.21 7.4 NQ NQ NQ NQ
Heptanal C7H14O 114.10 372.23 7.7 NQ NQ NQ NQ
Octanal C8H16O 128.12 386.24 8.1 75.1 ± 6.0 96.1 ± 16.7 110.8 ± 16.8 215.7 ± 0.1
Nonanal C9H18O 142.14 400.26 8.4 111.5 ± 12.8 158.6 ± 23.9 201.5 ± 38.8 197.4 ± 31.9
Decanal C10H20O 156.15 414.28 8.7 94.2 ± 8.9 66.3 ± 21.5 147.3 ± 18.3 121.4 ± 13.8
Undecanal C11H22O 170.17 428.29 8.9 79.0 ± 5.5 47.8 ± 6.1 104.0 ± 7.5 153.5 ± 14.2
Dodecanal C12H24O 184.18 442.31 9.1 74.3 ± 1.3 172.4 ± 18.0 202.4 ± 51.2 206.4 ± 45.7

(Hydroxy-)Alkenals
Hexenal C6H10O 98.07 356.20 7.5 NQ NQ NQ NQ
Hydroxy-hexenal C6H10O2 114.07 372.19 9.0 NQ NQ NQ NQ
Nonenal C9H16O 140.12 398.24 8.2 78.8 ± 2.8 130.3 ± 13.7 149.6 ± 14.3 215.0 ± 43.9
Hydroxy-nonenal C9H16O2 156.12 414.24 9.6 143.2 ± 21.2 358.2 ± 35.6 308.9 ± 11.1 266.2 ± 48.3

Hydroxy-alkadienals
Hydroxy-decadienal C10H16O2 168.12 426.24 7.1 118.11 ± 6.4 144.9 ± 13.7 140.9 ± 3.5 206.9 ± 7.6

Alkatrienals
Decatrienal C10H14O 150.10 408.23 8.1 94.6 ± 3.7 134.3 ± 2.8 129.0 ± 15.4 178.0 ± 23.1
Undecatrienal C11H16O 164.12 422.24 8.3 72.8 ± 1.4 161.1 ± 16.3 193.5 ± 48.7 191.4 ± 41.7
Dodecatrienal C12H18O 178.14 436.26 8.6 NQ NQ NQ NQ

Oxo-carboxylic acids
Oxo-hexanoic C6H10O3 130.06 388.19 6.1 118.8 ± 12.6 63.6 ± 2.8 45.6 ± 7.0 98.5 ± 6.9
Oxo-octanoic C8H14O3 158.09 416.22 6.3 116.0 ± 1.7 133.6 ± 15.2 99.1 ± 0.1 129.0 ± 2.5
Oxo-nonanoic C9H16O3 172.11 430.23 6.7 165.6 ± 3.0 195.2 ± 36.3 209.7 ± 51.7 215.1 ± 20.1
Oxo-decanoic C10H18O3 186.13 444.25 7.5 118.0 ± 5.0 123.4 ± 15.1 159.7 ± 25.8 212.1 ± 14.3

Dicarbonyls
Glyoxal C2H2O2 58.01 573.25 7.5 74.2 ± 3.4 109.8 ± 8.8 110.3 ± 12.8 166.1 ± 30.0
Malondialdehyde/
Methylglyoxal

C3H4O2 72.02 587.26 7.8 81.9 ± 16.7 259.8 ± 29.8 255.8 ± 2.1 190.6 ± 6.3

Oxo-butanal C4H6O2 86.04 601.28 8.1 123.4 ± 7.0 275.2 ± 19.7 197.4 ± 23.0 164.1 ± 1.7
Oxo-pentanal C5H8O2 100.05 615.71 8.9 NQ NQ NQ NQ
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search engine assisted database search (Table S1).
To confirm identifications by database searches tandem spectra

were manually assigned. For instance, the ETD-spectrum of the
precursor ion at m/z 513.76 (z=4, RT=19.14) was identified as
vimentin peptide 144SRLGDLYEEEMRELR158 (Fig. 5A). The complete
c2-14 and z4-14 ion-series were assigned indicating oxo-octanoic acid
Schiff base modification on Arg155 (mass increment of 140.1 units).
Additionally, Met sulfoxide in position 154 was detected (mass incre-
ment of 16.0 units). The combined neutral loss of oxo-octanoic acid
and water was observed in form of the charge reduced ion [M+3H+-
C8H12O2-H2O]

2+ at m/z 948.7.
The ETD spectrum of the precursor ion at m/z 678.98 (z=3,

RT=15.94) allowed its assignment to the peptide
69YPIEHGIVTNWDDMEK84 of cytoplasmic actin 1 modified by intact
methylglyoxal/MDA (Fig. 5B). Almost complete c-ion-series (c3-c5, c7
and c9-c15) and 9 out of 15 possible z ions (z2-z5, z7 and z11-z14) were
assigned and allowed confirmation of the presence of methylglyoxal/
MDA characteristic mass increment (+72.0 units) and sulfoxide (+16.0
units) on His73 and Met81, respectively. The neutral loss of methyl-
glyoxal/MDA and water from the precursor ion further confirmed the
identified modification.

The CID-spectrum of the precursor ion with m/z 1013.07 (z=2,
RT=22.14 min) was assigned to the tryptic peptide
106AKTKPVAFAVRTNVR120 of the voltage-dependent L-type calcium
channel subunit beta-2 (Fig. 5C) modified by ARP-derivatized methyl-
glyoxal/MDA Schiff base. Almost complete b-ion series (b4, b6-b11 and
b14) could be assigned of which all signals carried the characteristic
mass increment of 367.1 units (ARP derivatized methylglyoxal/MDA
Schiff base). Six out of 14 possible y-ions (y3, y5-y6, y8, y11, and y14)
were detected of which the y14-ion with the oxoLPP specific increment
allowed assignment of the modification to Lys107.

The peptide with m/z 598.10 (z=4, RT=14.96 min) was identified
as peptide 3289LAVFSQPIINKVKPQLLK3306 of the ryanodine receptor
type 2 (Fig. 5D). Seven out of 17 CID derived b-ions were detected (b3,
b5, b8-b9, b11, b15, and b17), with the last three carrying the mass
increment specific for ARP-derivatized glyoxal Schiff base (353.1
units). Nine out of 17 possible y-ions were assigned (y8-y17), all of
which had a mass increment of 353.1 units. Thus, modification was
localized to Lys3299. Accuracy of the assignment was further con-
firmed by the presence of an ARP specific fragment ion (m/z 227.09)
and neutral losses (ARP neutral loss from doubly charged precursor
and y9-ion).

Using data-driven proteomics identification we were able to identify
a total of 99 unique proteins modified by oxoLPPs via Schiff base
formation and by intact dicarbonyls (Fig. 6A). 39 proteins were present
in control and SIN-1 treated samples, whereas 19 and 41 proteins were
unique for control and SIN-1 treated cells, respectively. It is important
to note, that the analytical approach used here allowed only identifica-
tion but not quantification of modified peptides. Thus, no conclusions
on the absolute or relative quantities of modified proteins can be drawn
from these results.

23 proteins modified by dicarbonyls via Schiff base were repre-
sented by 25 tryptic peptides containing 30 modification sites, while 67
proteins showed modifications by intact dicarbonyls represented by 86
peptides containing 135 modification sites. With 45 modification sites
oxo-butanal was the most abundant modification as intact dicarbonyl
followed by oxo-pentanal [40] and methylglyoxal/MDA [31]. Lys (63
modification sites, 44%) and Arg (45, 31%) were more often modified
with dicarbonyls than Cys (15, 10%) and His (20, 14%) (Fig. 6B).

All other oxoLPPs (alkanals, (hydroxy-)alkenals, hydroxy-alkadie-
nals, alkatrienals, carboxylic acids) were identified as Schiff base
modifications on 29 proteins with 35 peptides containing 42 modifica-

Fig. 4. : Illustration of possible adducts between Arg amino acid residue and glyoxal. Reaction of arginine with the intact glyoxal can result in carboxymethylarginine, glyoxal-derived
dihydroxyimidazolidine and/or glyoxal-hemiaminal. When the reaction is followed by a water loss, the Schiff base adduct and/or glyoxal-derived hydroimidazolone are formed.
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tion sites (Tables S2 and S3). The most abundant Schiff base adduct
was methylglyoxal/MDA detected for 11 modification sites, followed by
glyoxal [10], oxo-butanal [9] and oxo-nonanoic acid [6] (Fig. 6C). In
general, short carbon chain oxoLPPs, especially dicarbonyls, showed
significantly higher number of modification sites. It has to be noted
that the reactions of oxo-nonanoic acid via Schiff base formation and
oxo-nonenal via Michael addition result in exactly the same mass
increment. At this point we cannot distinguish between those two
different oxoLPPs, which is also the case for the other oxo-carboxylic
acids and oxo-alkenals (e.g. oxo-hexanoic acid/oxo-hexenal). With 42
modification sites Lys was slightly more susceptible to Schiff base
formation than Arg (36 modification sites).

For the identification of carbonylated proteins oxoLPP Michael
adducts on Cys, His and Lys, hemiaminal formation of dicarbonyls on
Lys, Cys, His and Arg, Schiff base adducts of dicarbonyls on Lys and
Arg and direct oxidation (often referred as metal-catalysed oxidation
[MCO]) on Pro, Lys, Thr and Arg were considered. ARP labeling and
affinity enrichment of modified peptides followed by RPC-MS/MS
detection allowed identification of 74 unique carbonylated proteins
represented by 107 unique modified peptides with 135 modification
sites (Tables S4 and S5). 21 proteins were common for both control
and SIN-1 treated cells (Fig. 7A). Only 8 unique proteins were
identified in the control whereas 45 carbonylated proteins were present
only after SIN-1 treatment.

28 modification sites in 18 proteins were assigned to carbonylation

via direct oxidation, with Lys being the most susceptible (50%)
modification site followed by Pro (25%), Arg (18%) and Thr (7%)
(Fig. 7B). Five identified modification sites (all Lys) were assigned to
elastin and are known to occur via enzymatic reaction with lysyl
oxidase (LOX) [94]. Removing them from the calculation provides
close susceptibility for Lys (39%) and Pro (30%), followed by Arg (22%)
and Thr (9%). Lys and Pro were already identified as the most
susceptible amino acids for MCO by different research groups [95,96].

26 proteins (41 modification sites) were identified as oxoLPP
Michael adducts, 25 proteins (35 modification sites) corresponded to
dicarbonyl hemiaminals and 29 (31 modification sites) to dicarbonyl
Schiff bases. Similar to the Schiff base modifications, oxoLPPs assigned
to the highest number of modification sites corresponded to reactive
carbonyls with short carbon chains. More precisely, dicarbonyl hemi-
aminals and Schiff bases were the most often identified modifications
(Fig. 7C). Thus, glyoxal, methylglyoxal/MDA, oxo-butanal and oxo-
pentanal resulted in 66 out of 135 modification sites in total. The
second type of the most reactive oxoLPPs corresponded to α,β-
unsaturated aldehydes such as hexenal and nonenal as well as their
hydroxylated forms, with HNE being the most abundant one (9
modification sites). The most abundant modified amino acid was Lys
(47%) followed by Arg (20%), Cys (19%) and His (14%). Modification
sites of the four dicarbonyls reacting to proteins via Schiff base were
not considered for this calculation.

High reactivity of dicarbonyls towards nucleophilic groups can be

Scheme 1. Schematic representation of bottom-up proteomics strategies used for identification of oxoLPP-protein adducts.
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explained using the Hard and Soft, Acids and Bases (HSAB) theory of
Pearson. Presence of the second carbonyl function (assuming it is in α
position) results in a higher electrophilicity of the first carbonyl group.
Indeed, glyoxal, shown here as the most reactive oxoLPP (15 modifica-
tion sites), was recently classified as aldehyde with the highest
calculated electrophilicity and softness [97], followed by HNE, MDA
and HHE [98], which closely resembled the reactivity detected in our
study (nine, ten and five modification sites for HNE, methylglyoxal/
MDA and HHE respectively). One more reason for the high reactivity of
short chain dicarbonyls could be the relatively high hydrophilicity. It
was demonstrated that peptides as relatively hydrophilic substrates
preferentially react with shorter carbon chain aldehydes whereas
aminophospholipids, as more hydrophobic compounds, are modified
with longer chain carbonylated analogues [99].

Relatively soft aldehydes such as dicarbonyls should preferentially
react with Cys (soft nucleophile), however, Lys, His and Arg were
shown to be modified as well. It is important to take the natural
abundances of the amino acids into account considering for example
the difference between Lys (6.19%) and Cys (2.01%) within the
proteins of this dataset. Normalization of the results to the amino acid
abundance across the 169 identified proteins confirmed Cys as the
most susceptible modification site (35%), followed by Lys (29%), His

(23%) and Arg (13%). Normalization of the results to the amino acid
abundance in the rat proteome (Lys – 5.65%, Cys – 2.15%) leads to
closer susceptibility of Cys (33%) and Lys (31.7%).

3.6. Functional assignment of oxoLPP-modified proteins

Overall 167 unique proteins were identified to be modified by MCO,
intact dicarbonyls (including hemiaminals), (hydroxy-)alkenals via
Michael addition or all aldehydes via Schiff base formation in control
and SIN-1 treated CM. The majority of the proteins were identified
based on one, two and three modified residues (78, 56 and 17 unique
identifications respectively). Seven proteins (cytoplasmic dynein 2
heavy chain 1, regulator of G-protein signaling 7, neurofibromin, fatty
acid synthase, putative RNA exonuclease NEF-sp, dimethylaniline
monooxygenase, synergin gamma) were detected with four modified
positions each. Four proteins (YLP motif-containing protein 1,
HORMA domain-containing protein 1, elastin, vimentin) had five
modification sites. Among the most modified proteins were slit
homolog 3 protein, E3 ubiquitin-protein ligase UBR4, serine/threo-
nine-protein kinase WNK1, actin isoforms and fibronectin with six,
seven, eight, ten and twelve modified residues, respectively.
Interestingly, all five modified residues in elastin and three out of

Fig. 5. : LTQ-Orbitrap ETD- and CID mass spectra of oxoLPP modified peptides. (A) Arg155 of vimentin was modified with oxo-octanoic acid via Schiff base formation. (B) His73 of
cytoplasmic actin 1 was modified with intact methylglyoxal/MDA. (C) Lys107 of voltage-dependent L-type calcium channel subunit beta-2 was modified with ARP-derivatized
methylglyoxal/MDA via Schiff base formation. (D) Lys3299 of ryanodine receptor type 2 was modified with ARP-derivatized glyoxal via Schiff base formation. # refers to the ARP-
specific fragment m/z 227.
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twelve in fibronectin were identified as ARP-derivatized aminoadipic
semialdehydes in all experimental conditions. Enzymatic oxidation of
lysine residues in extracellular matrix (ECM) proteins by lysyl oxidase
(LOX) is a well-known modification [94]. Among the five carbonylated
lysine residues from elastin, three are already reported in UniProtKB
(Lys 290, 363 and 680), whereas carbonylation on Lys 231 and 279 was
shown here additionally. These results underline the specificity of the
ARP-derivatization and enrichment method applied here.

To evaluate functional enrichment and possible interactions of
modified proteins STRING network analysis was performed (version
10.0). Reconstructed network showed significant protein-protein inter-

actions enrichment (p-value of 4,45e-6; number of nodes 167, number
of edges 106, average node degree 1.27). Furthermore, data showed
significant enrichment (p≤0.05) in 305 and 79 GO-terms for biological
processes and molecular functions, respectively. Proteins also showed
significant enrichment in four KEGG pathways including calcium
signaling pathway (p=0.0014), circadian entrainment (p=0.033), hy-
pertrophic cardiomyopathy (0.033) and dilated cardiomyopathy.

Additionally, all 167 modified proteins were manually annotated
based on their gene ontology terms (biological process and molecular
function) provided by UniProtKB and classified into 15 categories
including proteins involved in cytoskeleton and its regulation [29],

Fig. 6. : Summary of results obtained by LC-MS/MS analysis of proteins modified with oxoLPPs via Schiff base formation or intact dicarbonyls in SIN-1 treated cardiomyocytes. (A)
Venn diagram representing numbers of unique and common Schiff base and intact dicarbonyl modified proteins in control and SIN-1 treated cells. (B) Diagram representing the
numbers of amino acid residues modified by the corresponding intact dicarbonyl. (C) Diagram showing the numbers of amino acid residues modified by the corresponding oxoLPP via
Schiff base formation. MDA - malondialdehyde, HHE - hydroxy-hexenal, HNE - hydroxy-nonenal.

Fig. 7. : Summary of results obtained by LC-MS/MS analysis of proteins carbonylated by oxoLPPs or metal-catalysed oxidation (MCO). (A) Venn diagram representing numbers of
unique and common carbonylated proteins in control and SIN-1 treated cells. (B) Diagram representing the numbers of amino acid residues oxidized via MCO. (C) Diagram showing the
numbers of amino acid residues modified by the corresponding (hydroxy-)alkenals via Michael addition and dicarbonyls via Schiff base- (*) or hemiaminal-formation. MDA –

malondialdehyde.
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ECM, cell adhesion and junctions [21], ion channels and their
regulation [17], signaling [13], transport [12], metabolism [11],
regulation of transcription [11], G proteins related signaling [10],
RNA processing [7], chromatin, epigenetic regulation [7], receptors
[6], organelle structure and regulation [4], proteases [4], DNA repair
[4], protein synthesis [3], and miscellaneous (10 proteins) (Fig. 8 and
Table S6). Modified cytoskeletal proteins included members of micro-
filaments (actin), intermediate filaments (vimentin, lamin) and micro-
tubules (centrosomal proteins and dynein) as well as several critical
regulatory factors, for instance myosin-binding protein C (MyBP-C),
important for sarcomeric structure stability and regulation of contrac-
tion. MyBP-C carbonylation was previously demonstrated in cardiac
tissue from doxorubicin-treated rats and associated with impaired
interaction between MyBP-C and F-actin [100]. Besides cytoskeletal
proteins, ECM and cell adhesion proteins were among the most
abundant modification targets. In addition to the above mentioned
enzymatically modified elastin, fibronectin and collagen were modified
by reactive oxoLPPs. Interestingly quantification of protein abundances
in the human proteome of the U2OS cell line described proteins
involved in cell adhesion and calcium signaling to be less abundant
[101], which confirms the selectivity of carbonylation and oxoLPP
modifications. Cytoskeletal and ECM/cell adhesion proteins were
already shown to be preferentially modified by oxoLPPs in fatty-acid
treated hepatocytes [53] and in plasma samples from obese/T2DM
patients [44]. Ageing associated protein carbonylation showed similar
functional groups including cytoskeleton, membrane transport, signal-
ing, metabolism and receptor proteins [102]. Metabolic enzymes such
as fatty acid synthase, alcohol dehydrogenase 4, isocitrate dehydro-
genase (NAD+) subunit beta, trifunctional enzyme subunit alpha and
cytochrome c oxidase subunit 6C-2, identified here as oxoLPPs targets,
were reported to be carbonylated previously [102–106]. Carbonylation
and HNE-adduction of these enzymes were shown to impair their
function [107,108]. With isocitrate dehydrogenase taking part in the

TCA-cycle, the trifunctional enzyme in the fatty acid β-oxidation and
the cytochrome c oxidase as complex IV in the electron transport chain,
these proteins are important for the energy production.

Among modification targets identified here histone H2B type 1 and
histone acetyltransferase KAT6A were shown to form adducts with
reactive oxoLPPs [53]. Thus, several modification sites of histones with
4-ONE were already reported before in RKO cells treated with 4-ONE.
However, only modification of histones H3 and H4, but not H2B,
resulted in inhibition of nucleosome assembly [109].

We also identified carbonylation of the serine/threonine-protein
kinase mTOR, which was shown before [110]. It is known that mTOR is
inhibited by redox modifications, which induces autophagy. As de-
scribed above autophagy is increased in our cell model. This result
suggests that carbonylation of mTOR might lead to its inhibition
followed by autophagy stimulation.

Interestingly, 14 proteins assigned to ion transport function (ion
channels and their regulation) were found to be modified. Among them
six channels are important mediators of calcium signaling including
ryanodine receptors 1 and 2, subunits of L-, R- and T-types voltage-
dependent calcium channels (VDCC) and inositol 1,4,5-trisphosphate
receptor type 3. Calcium signaling is a critical regulator of cardiac
function and oxoLPP-derived modifications of key molecular players
might significantly compromise CM excitation-contraction-coupling.

3.7. Effect of protein modifications on Ca2+ signaling pathway

To investigate possible influence of oxoLPP-derived modifications
of calcium channels on their activity we measured Ca2+ mobilization in
non-treated and SIN-1 treated (70 min) cells using channel specific
agonists.

When ATP was used to stimulate calcium influx via L-type voltage-
dependent calcium channels (VDCC) significant decrease of influx was
observed in SIN-1 treated CM in comparison to control (Fig. 9A). On
the other hand, SIN-1 treated cells demonstrated elevated Ca2+

mobilization in the presence of palmitoyl-oleoyl-glycerophosphate
(POPA), which is known to stimulate inositol trisphosphate receptors
(Fig. 9B). Surprisingly, SIN-1 treatment did not induce any changes in
Ca2+ cytoplasmic release upon stimulation of ryanodine receptor 2 with
4-chloro-3-methylphenol (Fig. 9C).

Redox regulation of Ca2+ channels activity via oxidative PTMs was
reported previously [111,112]. Thus, 21 out of 89 Cys residues of
ryanodine receptor (RyR) are present in a reduced form and modifica-
tions of these residues via S-nitrosylation were shown to alter channel
activity [111,113,114]. During aging, oxidation but not S-nitrosylation
or S-glutathionylation of RyR resulted in channel hyperactivity [115].
S-glutathionylation of the voltage-dependent L-type calcium channel
resulted in an increased channel open probability [116]. Carbonylation
and oxoLPP adducts of Ca2+ channels haven’t been investigated

Fig. 8. : Functional assignment of oxoLPP modified proteins in control and SIN-1
treated cardiomyocytes.

Fig. 9. : Concentration-response curves in SIN-1 treated (70 min) and untreated (control) cardiomyocytes for [Ca2+]i increase upon stimulation with (A) ATP (agonist of L-type voltage
dependent Ca2+ channels), (B) palmitoyl-oleoyl-phosphatidic acid (POPA; agonist of inositol 1,4,5-trisphosphate receptors) and (C) 4-chloro-3-methylphenol (agonist of ryanodine
receptor 2). Data is shown as means ± SE. Results are representatives of three independent experiments performed in triplicates.
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intensively. However, Cai et al. [117] demonstrated a biphasic eleva-
tion of intracellular Ca2+ in MDA-incubated (30 min) hippocampal
neurons with an early phase assigned to Ca2+ release from SR via IP3R
and a late phase from Ca2+ influx through L-type VDCC. Methylglyoxal-
treated (24 h) sensory neurons upon KCl mediated plasma membrane
depolarization showed a dual effect on Ca2+ influx with an increase of
intracellular Ca2+ at low methylglyoxal concentrations (up to 150 µM)
and a decrease at higher concentrations (250–750 µM) [118]. Albano
et al. demonstrated a correlation between elevation of intracellular
Ca2+ and lipid peroxidation in isolated rat hepatocytes stimulated with
FeCl3 [119]. Treatment of hippocampal neurons with HNE (2 h)
resulted in an increase of Ca2+ influx via VDCCs. However, no HNE-
VDCCs adducts were detected and the observed functional effect was
attributed to tyrosine phosphorylation [120]. In the diabetic heart
methylglyoxal and glyoxal adducts with RyR2 were identified and
associated with heterogeneity of channel activity [121]. However, in
complex diseases and even cellular models of oxidative stress changes
in channel activity cannot be attributed to a single type of PTM.
Complete PTM profiling or site-directed mutagenesis studies are
required to demonstrate the significance of a modification or a certain
amino acid residue for protein activity.

4. Conclusions

Combination of fluorescence microscopy and LC-MS based proto-
cols for detection of carbonylated lipids and proteins allowed monitor-
ing of the time course of biomolecule oxidation and degradation in a
dynamic model of nitroxidative stress. Differences in kinetics of lipid
and protein carbonylation were demonstrated. A significant role of the
autophagy/lysosomal pathway was shown for the degradation of
oxidized lipids, whereas the proteasome was mainly responsible for
the removal of carbonylated proteins. Lipids are proposed as primary
carbonylation targets capable of transferring the carbonyl signal to the
protein fraction at later time points. Carbonylated LPP and proteins
were identified using a combination of several LC-MS/MS strategies.
Molecular identity of sample-specific oxoLPPs allowed performance of
data-driven identification of their protein targets, among which several
functional groups showed significant enrichment. Alteration in activity
of oxoLPP-modified calcium channels was demonstrated.
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