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Abstract

Recent observations link myeloperoxidase (MPO) activation to neurodegeneration. In multiple
sclerosis MPO is present in areas of active demyelination where the potent oxidant hypochlorous
acid (HOCI), formed by MPO from H,0O- and chloride ions, could oxidatively damage myelin-
associated lipids. The purpose of this study was (i) to characterize reaction products of
sphingomyelin (SM) formed in response to modification by HOCI, (ii) to define the impact of
exogenously added SM and HOCI-modified SM (HOCI-SM) on viability parameters of a neuronal
cell line (PC12), and (iii) to study alterations in the PC12 cell proteome in response to SM and
HOCI-SM. MALDI-TOF-MS analyses revealed that HOCI, added as reagent or generated
enzymatically, transforms SM into chlorinated species. On the cellular level HOCI-SM but not SM
induced the formation of reactive oxygen species. HOCI-SM induced severely impaired cell
viability, dissipation of the mitochondrial membrane potential, and activation of caspase-3 and
DNA damage. Proteome analyses identified differential expression of specific subsets of proteins
in response to SM and HOCI-SM. Our results demonstrate that HOCI modification of SM results
in the generation of chlorinated lipid species with potent neurotoxic properties. Given the
emerging connections between the MPO-H,0,—chloride axis and neurodegeneration, this
chlorinating pathway might be implicated in neuropathogenesis.

© 2010 Elsevier Inc. All rights reserved.
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Oxidative stress has long been implicated in neurodegenerative disorders. Because of its
high oxygen demand the mammalian brain is particularly sensitive to oxidative damage [1].
Generation of reactive oxygen species during chronic inflammation in the central nervous
system (CNS) is a marker for progression of neurodegenerative diseases [2]. Potential
sources of reactive species in the brain are mitochondria, amyloid-f peptides, redox-active
iron, the NADPH-oxidase complex, and myeloperoxidase (MPO) [1,3].

Under physiological conditions MPO contributes to host defense [4], whereas chronic
activation contributes to tissue injury [5-7]. MPO generates HOCI (the physiological
mixture of hypochlorous acid and its anion) and other reactive species that are able to induce
protein and lipid modification [8]. Increasing evidence points toward MPO as a disease-
amplifying enzyme in neurodegeneration [3]. Recent studies revealed increased expression
of MPO and subsequent formation of HOCI-modified proteins in a mouse model of
Parkinson disease (PD) and human PD postmortem brain tissue [9]. Findings that knockout
of the MPO gene in this PD model mitigates features of the disease emphasize the central
role of MPO during disease progression [9]. In postmortem tissue of Alzheimer disease
(AD) patients it was demonstrated that microglia and neurons contain MPO [10,11].
Overexpression of human MPO in a mouse model of AD resulted in enhanced cerebral lipid
peroxidation, enhanced levels of oxidized phospholipids, and greater spatial memory deficits
[12]. In multiple sclerosis, MPO is present in microglia/macrophages at lesion sites [13-15]
and cortical demyelination is associated with increased MPO activity [16]. In pattern 111
lesions MPO expression by microglia in predemyelinating and actively demyelinating
lesions was demonstrated [17]. These authors [17] suggested that focal activation of
microglia leads to the formation of reactive species causing mitochondrial dysfunction and
hypoxia-like degeneration of surrounding neurons. This setting amplifies tissue injury and
oligodendrocyte apoptosis and demyelination and augments the inflammatory response. As
activation of MPO occurs in the vicinity of axons, one could expect oxidative damage of
myelin-associated proteins and/or lipids.

Indeed, HOCI has the capacity to modify lipids that are vital for CNS function. Compared
with plasma membranes of other somatic cells the myelin membrane contains particularly
high concentrations of cholesterol, phospholipids, and sphingolipids. Chlorination of
cholesterol by MPO-derived HOCI leads to the generation of cholesterol chlorohydrins as
well as dichlorinated products [18,19]. Phospholipids are subject to HOCI modification
involving attack of double bonds of unsaturated fatty acyl residues and/or head-group
modification, which can lead to chlorohydrin and/or chloramine generation [20]. In addition,
nitrogen-centered radicals, phosphatidylglycoaldehydes, and phosphonitriles originating
from HOCI-derived modification of either ethanolamine or serine phospholipids are formed
[21,22]. Another phospholipid class in which the sn-1 aliphatic chain is attached to the
glycerol backbone by a vinyl ether bond is the plasmalogen family [23]. These ether
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phospholipids account for approx 80% of total myelin glycerophosphoethanolamines and
are particularly sensitive to HOCI attack. This reaction generates 2-chlorohexadecanal [24],
a chlorinated fatty aldehyde with potent biological properties [7,25,26].

Within the sphingolipid subfraction, sphingomyelin (SM) takes a central role in axonal and
neuronal maturation [27]. Based on the presence of MPO at areas of demyelination and
evidence that even subtle perturbations in the sphingolipid content of neurons can disrupt
their function in multiple sclerosis [28], this study focused on the accessibility of SM to
HOCI modification. We have first analyzed product formation and then investigated the
effects of HOCI-modified SM(d18:1/16:0) (HOCI-SM) on intracellular reactive oxygen
species formation, mitochondrial function, and apoptosis. Finally we established the impact
of SM and HOCI-SM on the PC12 cell (an in vitro model for dopaminergic neurons [29])
proteome.

Materials and methods

Materials

Cell culture supplies were from Gibco (Invitrogen, Vienna, Austria), PAA Laboratories
(Linz, Austria), and Costar (Vienna, Austria). Fluorescent two-dimensional—difference gel
electrophoresis (2D-DIGE) cyanine dyes (Cy2, Cy3, and Cy5), immobilized pH gradient
strips (IPG strips, pH 3-10), and Pharmalyte (pH 3-10) were from GE Healthcare
(Amersham Biosciences, Vienna, Austria). SM from chicken egg yolk, N-palmitoyl-d-
erythro-sphingosylphosphorylcholine (SM(d18:1/16:0)), dipalmitoylphosphatidylcholine
(PC(16:0/16:0)), NaOCI (reagent hypochlorite), colchicine, 2,5-dihydroxybenzoic acid
(DHB), methionine (Met), propidium iodide (PI), and 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) were from Sigma (Vienna, Austria). Cellulose
acetate was from Sartorius AG (Goettingen, Germany). 2/, 7’-Dichlorofluorescin diacetate
(H,DCFDA) and 5,5,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzamidazolocarbocyanin iodide
(JC-1) was from Molecular Probes (Invitrogen). Polyclonal rabbit anti-caspase-3 antibody
(raised against human full-length caspase-3) was from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Polyclonal rabbit anti-poly(ADP-ribose) polymerase (PARP) antibody
(raised against a synthetic peptide corresponding to the caspase cleavage site in PARP) was
from Cell Signaling Technology (Danvers, MA, USA). Horseradish peroxidase (HRP)-
labeled secondary goat anti-rabbit 1gG was from Sigma. SuperSignal Western blot detection
reagent and BCA protein assay kit were from Pierce (Thermo Scientific, Waltham, MA,
USA). MPO was from Planta Naturstoffe (Vienna, Austria). All other chemicals were from
Sigma, Roth (Vienna, Austria), and Merck (Darmstadt, Germany).

Cell culture and cell treatment

Rat pheochromacytoma (PC12) cells were cultured in collagen-coated 75-cm? flasks
containing 15 ml RPMI 1640 medium supplemented with 10% (v/v) horse serum, 5% (v/v)
fetal calf serum, 0.4% (v/v) Hepes buffer, 0.4% (w/v) sodium pyruvate, 0.4% (w/v) I-
glutamine, and 50 pg/ml gentamycin at 37 °C (5% CO5). Passages below 30 were used for
experiments.
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Modification of brain lipids and SM by reagent HOCI

Female C57BL/6 mice were Killed by cervical dislocation. The brains were removed,
weighed, snap-frozen in liquid nitrogen, and homogenized in a mortar. Lipid extraction was
performed as described [30] and lipids were stored at =70 °C until used. HOCI-mediated
brain lipid modification was performed with NaOCI (1, 10, and 50 pug/100 pg lipid)
overnight at room temperature (RT). Subsequently, lipids were extracted, dissolved in 1 ml
CHCI3:MeOH (1:1, v/v), and analyzed by Fourier-transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS; see below).

HOCI modification of SM(d18:1/16:0) was performed at a molar oxidant:SM ratio of 2.5:1.
Liposomes were prepared by dispersing 2 mg SM in 1 ml H,O using sonication (4x20 s on
ice). After lipid extraction reaction products were analyzed by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS) as described
below. Residual HOCI in the reaction mixture was quenched by the addition of Met at an
oxidant:Met ratio of 1:5 (35.6 mM final concentration).

Maodification of SM by the MPO—-H,0O»>—chloride system

SM liposomes (30 pg/ml) in phosphate-buffered saline (PBS; 50 mM, pH 5) supplemented
with 140 mM NaCl were incubated in the presence of MPO (70 nM final concentration) at
37 °C for 30 min with shaking. Reaction was started by the addition of H,O, (200 pM final
concentration; eight additions of 25 uM H,0, at 4-min intervals [31]) and stopped by
removing cationic MPO using cellulose acetate. Subsequently, SM modification was
allowed to proceed at RT in the dark for a further 24 h. Lipid extracts were dissolved in 20
ul CHCl3 and 1.5-pl aliquots were used for MALDI-TOF-MS analysis.

MALDI-TOF-MS

For lipid analysis, a 0.5 M DHB/methanol solution containing 0.1% trifluoroacetic acid was
used as matrix. Lipids dissolved in CHCI3 were directly applied to a gold target plate
(Applied Biosystems, Foster City, CA, USA) as 1.5 ul droplets, followed by addition of 1 pl
matrix solution. Subsequently, samples were allowed to crystallize at RT or in a warm gas
stream. All MALDI-TOF mass spectra were acquired on a Voyager-DE STR
BioSpectrometry workstation (Applied Biosystems). The system utilizes a pulsed nitrogen
laser emitting at 337 nm, which was operated in positive ion mode. The extraction voltage
was 20 kV and the “low mass gate” was turned on to prevent saturation of the detector by
ions resulting from the matrix. For each mass spectrum, three single spectra recorded with
more than 100 single laser shots were averaged. To enhance the spectral resolution, all
spectra were measured in the reflector mode.

Fourier-transform ion cyclotron resonance mass spectrometry

Analysis was performed on an Accela U-HPLC coupled to an LTQ-FT Ultra hybrid mass
spectrometer (Thermo Scientific). Lipid extracts were diluted (1:100) in acetonitrile:2-
propanol (5:2, v/v) containing 1% ammonium acetate (w/v), 0.1% formic acid (v/v), and 1
pmol/ul d-31 34:1 phosphatidylcholine as internal standard. Lipid samples were separated
on a Thermo Hypersil GOLD C18 column (100x1 mm, 1.9 um particle size). Solvent A was
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water with 1% ammonium acetate and 0.1% formic acid, and solvent B was acetonitrile:2-
propanol (5:2, v/v) with 1% ammonium acetate and 0.1% formic acid. The gradient ran from
3510 70% B in 4 min and then to 100% B in another 16 min with a hold for 10 min. The
flow rate was 250 pl/min. Data acquisition was done by FT-MS full scan at a resolution of
100 k and <2 ppm mass accuracy with external calibration. The spray voltage was set to
5000 V, capillary voltage to 35 V, and the tube lens was at 120 V. Capillary temperature
was 250 °C. Peak areas were calculated by QuanBrowser for all lipid species, identified
previously by exact mass (<2 ppm) and retention time. Lipids were quantified by correlation
with known amounts of internal standard.

Kinetic studies of SM modification with HOCI

Liposomes prepared from chicken egg yolk palmitoyl SM (2 mg/ml stock solution) in PBS
(50 mM, 140 mM NacCl, pH 6.5) diluted to the indicated concentrations were incubated with
the indicated concentrations of reagent HOCI at 37 °C for 10 s (final volume of 250 pl). The
NaOClI solution was diluted 1:1 with PBS (50 mM, 140 mM NacCl, pH 5) before addition to
prevent a shift in the pH value. Reactions were stopped by addition of CHCl3:MeOH (2:1,
v/v) to extract lipids. The samples were vortexed rigorously for 1 min and then
dipalmitoylphosphatidylcholine (3 pg/ml, final concentration) was added as an internal
standard before further vortexing for 1 min. The organic phase was removed and dried under
a stream of nitrogen. Samples were redissolved in MeOH and analyzed by HPLC electro-
spray ionization (ESI)-MS (Aquity UPLC, Synapt HDMS Q-TOF; Waters, Manchester,
UK), using a Waters C18 column (2.1 x 50 mm, 1.7 um) and a gradient from H,O:MeOH
(1:1, v/v) to isopropanol. Extracted ion chromatograms of m/z 703.58 (SM) and m/z 734.57
(PC) were integrated using the MassLynx Software (Waters). Reaction rates and second-
order rate constants (k) were calculated by following the time-dependent decrease of the
m/z 703.58 peak.

Cell experiments

PC12 cells were incubated in serum-free RPMI 1640 medium supplemented with 0.4% (v/v)
Hepes buffer, 0.4% (w/v) sodium pyruvate, 0.4% (w/v) I-glutamine, and 50 pg/ml
gentamycin in the absence or presence of SM, HOCI-SM, or reagent HOCI. SM(d18:1/16:0)
(stock solution 2.85 mM), HOCI-SM (used within 2 days of modification), and reagent
HOCI (aqueous stock solution, 832 mM, stored at 4 °C) were applied to PC12 cells at the
indicated concentrations for the indicated time periods. HOCI-SM concentrations were
calculated using the molecular weight of the SM(d18:1/16:0)-derived chlorohydrin, which
was identified as the dominant HOCI-modified lipid species.

Measurement of ROS

ROS formation was examined using fluorescent DCF (940 nmol N,-dried H,DCFDA was
dissolved in 250 pl dimethyl sulfoxide before application). Rather than being a radical-
species-selective probe, HoDCFDA (after hydrolysis to dichlorofluorescin and
internalization) is converted to fluorescent dichlorofluorescein by several reactive radical
species and allows assessment of general oxidative stress [32]. PC12 cells were plated in 12-
well plates and grown to 80% confluence. Cells were washed two times with PBS and then
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incubated in the absence or presence of SM or HOCI-SM at 37 °C at the indicated
concentrations for the indicated time periods. Incubations were stopped by washing the cells
two times with PBS and, subsequently, Ho,DCFDA dissolved in HBSS (12.5 uM) was added
and the cells were incubated for a further 1 h at 37 °C in the dark. Then, the plates were kept
on ice for 10 min and then washed two times with ice-cold PBS, and cell lysis was
performed with 100 pl lysis solution (3% Triton X-100 in PBS) on a rotary shaker (1350
rpm) at 4 °C in the dark for 60 min. Afterward, 30 pl absolute ethanol was added to each
well and shaking was continued for another 15 min to ensure complete solubilization of
deacetylated and oxidized DCF. The cell lysates were transferred to Eppendorf tubes and
centrifuged to remove cellular debris (13,000 rpm, 4 °C, 10 min). One hundred microliters
of the supernatant was transferred to black 96-well microtiter plates and fluorescence
intensity was measured at 484/540 nm (excitation/emission) on a Victor 1420 multilabel
counter (Wallac). An aliquot of the supernatant was used for estimation of protein
concentration using the BCA assay.

Cell viability (MTT assay)

JC-1 assay

PC12 cells were plated in 96-well plates (20,000 cells per well; the cells were counted
manually using a hemacytometer after trypsinization) and allowed to grow for 24 h before
the cells were treated with SM, HOCI-SM, or reagent HOCI in serum-deprived medium at
the indicated concentrations and for the indicated time periods. MTT (1.2 mM, dissolved in
serum-free medium, 100 pl per well) was added to cells and incubated for 3 h at 37 °C under
standard conditions. Cells were washed with PBS, and cell lysis was performed with 100 pl
lysis solution (isopropanol:1 M HCI, 25:1 (v/v)) on a rotary shaker (1200 rpm, 15 min [33]).
Absorbance was measured at 570 nm on a Victor 1420 multilabel counter and corrected for
background absorption (650 nm).

To examine the mitochondrial membrane potential (Ayy,) of PC12 cells, the JC-1 assay was
performed. JC-1 is a cationic, lipophilic, fluorescent dye that can easily enter the
electronegative matrix of intact mitochondria. As a monomer, JC-1 exhibits green
fluorescence. Concentration-dependent accumulation in mitochondria leads to formation of
J-aggregates resulting in a shift from green to red fluorescence. Hence, mitochondrial
depolymerization that occurs in the early apoptotic cascade can be observed via a decrease
in red and increase in green fluorescence. PC12 cells were plated in black 96-well plates
(20,000 cells per well) and allowed to grow for 24 h before addition of SM, HOCI-SM, or
reagent HOCI in serum-deprived medium at the indicated concentrations and for the
indicated time periods. Cells were then incubated with JC-1 (2.5 pM, dissolved in serum-
free medium, 100 pl per well) at 37 °C in the dark for 30 min followed by two washing steps
with PBS. Fifty microliters of PBS were then added to each well and the fluorescence
intensities (FIs) read at 484/540 nm (ex/em) for detection of the green substrate and 544/590
nm (ex/em) for detection of the red substrate on a Victor 1420 multilabel counter. The
results were analyzed in terms of the ratio of red to green Fls. Therefore, results are not
linked to the number of viable cells.
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Western blot analysis of caspase-3 activation and PARP cleavage

PC12 cells (80% confluency, on 9-cm? culture plates) were incubated in the absence or
presence of SM, HOCI-SM, reagent HOCI, or colchicine at the indicated concentrations and
for the indicated time periods. For protein isolation, the cells were washed with ice-cold
PBS and then scraped in 70 pl lysis buffer (50 mM Tris—HCI, pH 7.4, 1% NP-40, 150 mM
NaCl, 1 mM NazgVOy,, 1 mM NaF, 1 mM EDTA, 10 uM phenylmethylsulfonyl fluoride, and
1 pug/ml each aprotinin, leupeptin, and pepstatin). After sonication (2 x 2 min on ice) the cell
debris was removed by centrifugation (13,000 rpm, 4 °C, 10 min) and the protein content
was determined using the BCA assay. Detergent protein extracts were diluted in sample
buffer and boiled for 5 min at 95 °C before SDS-PAGE. Proteins were separated by linear
PAGE (150 V, reducing conditions) and electrophoretically transferred onto polyvinylidene
difluoride (PVDF) membranes (150 mA). To block nonspecific adsorption, membranes were
incubated with 5% (w/v) nonfat milk powder in Tris-buffered saline Tween 20 (TBS-T).
Polyclonal rabbit anti-caspase-3 antibody and polyclonal rabbit anti-PARP antibody (diluted
1:200 and 1:500, respectively, both in 5% (w/v) nonfat milk powder in TBS-T, incubation
overnight at 4 °C) were used as primary antibodies. Immunoreactive bands were visualized
using HRP-conjugated goat anti-rabbit 1gG (dilution 1:5000 in 5% (w/v) nonfat milk powder
in TBS-T, 2 h incubation) and subsequent SuperSignal development.

Sub-G1 population analysis

Cells on 9-cm? dishes (80% confluency) were incubated in the absence or presence of SM,
HOCI-SM, reagent HOCI, or colchicine at the indicated concentrations and for the indicated
times. At the indicated time points, both control and treated cells were harvested (0.25%
trypsin-EDTA), resuspended in 500 ul PBS (pH 7.4), fixed with 5 ml ice-cold MeOH, and
stored at 4 °C. Pl staining was done using DNA-Prep stain (Pl at 50 pg/ml) and RNase (4
KU/ml; type 111-A, bovine pancrease) [34]). Finally, the cells were analyzed on a Coulter
EPICS XL-MCL using System 11/3.0 data-analyzing software (Beckman Coulter).

Sample preparation for 2D-DIGE

Confluent PC12 cells on 75-cm? flasks were incubated for 24 h in the absence or presence of
SM or HOCI-SM (47.5 uM). Cells were washed with sucrose (250 mM in 10 mM Tris—HClI,
pH 7.4), then scraped in 100 pl lysis buffer (7 M urea, 2 M thiourea, 4% Chaps, 30 mM
Tris), and processed for 2D-DIGE. Cell lysates were sonicated (4 x 10 s on ice) and
centrifuged (13,000 rpm, 15 °C, 10 min). Lysates from control, SM-treated, and HOCI-SM-
treated cells were labeled using Cy dyes according to the manufacturer’s recommendations.
Protein lysates of control cells were labeled with Cy2, whereas protein lysates from SM- and
HOCI-SM-treated cells were labeled with Cy3 and Cy5, respectively. The protein content
was determined using the Bradford assay. Protein (50 pg) from cell lysates was labeled with
400 pmol amine-reactive Cy2, Cy3, or Cy5 N-hydroxysuccinamide ester DIGE dye
(Amersham Biosciences), freshly dissolved in anhydrous dimethyl formamide. The labeling
mixture was incubated on ice in the dark for 30 min. The reaction was quenched by addition
of lysine (10 nmol) followed by incubation on ice for another 10 min. Each respective
labeled protein sample was mixed with an equal volume of 2 x sample buffer containing 7
M urea, 2 M thiourea, 4% (w/v) Chaps, 2% (w/v) dithiothreitol (DTT), and 2% (v/v)
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Pharmalyte (pH 3-10) and subsequently left on ice for 10 min. Afterward, 600 pg of the
corresponding unlabeled protein lysate was added to respective labeled protein sample, and
the three samples were mixed before isoelectric focusing (IEF) on Immaobiline IPG strips.

2D-DIGE and image analysis

The IPG strips (24 cm, linear pH range of 3-10) were rehydrated overnight in ceramic strip
holders in 600 pl of reswelling solution containing 1.95 mg of protein lysate from control,
SM-treated, and HOCI-SM-treated cells (see above); 7 M urea; 2 M thiourea; 1% (w/v)
Chaps; 0.4% (w/v) DTT; 0.5% (v/v) Pharmalyte (pH 3-10); and 0.002% (v/v) bromophenol
blue. To prevent adverse IEF of proteins, at least 300 ul of reswelling solution was mixed
with the merged protein lysates. IEF was carried out at 20 °C with a maximum current set at
50 pA/strip using an Ettan IPGphor unit (Amersham Biosciences). After IEF (3 h at 150 V,
3hat 300V, 3hat 600V, 3 h gradient to 8000 V, remaining time at 8000 V to reach a total
of 50,000 Vh) the strips were equilibrated in SDS equilibration buffer (6 M urea, 2% (w/v)
SDS, 30% (v/v) glycerol, 50 mM (v/v) Tris—HCI, pH 8.8) supplemented either with 1%
(w/v) DTT (first equilibration step, 15 min) or with 4.5% (w/v) iodoacetamide (second
equilibration step, 15 min), each with gentle shaking. IPG strips were directly applied to
self-cast SDS gels (12%). SDS-PAGE was carried out at 18 °C (Ettan Dalt, Amersham
Biosciences; 15 mA/gel). Fluorescence imaging was performed on a Typhoon 9400 scanner
(Amersham Biosciences; excitation 488/532/633 nm, emission 520/580/670 nm for Cy2,
Cy3, and Cy5, respectively). Statistical analysis and quantification of protein spots were
carried out using the DeCyder-DIA software (Amersham Biosciences). Differentially
expressed protein spots were manually picked and ingel tryptically digested. Fold regulation
is expressed as the mean of three gels run from three independent experiments.

Liquid chromatography (LC)-MS/MS analysis of tryptic digests

Peptide extracts were dissolved in 0.1% formic acid and separated on a nano-HPLC system.
Seventy microliters was injected and concentrated on the loading column (LC Packings C18
PepMap, 5 pm, 0.3 x 5 mm, 100 A; LC Packings, Amsterdam, The Netherlands) for 5 min
using 0.1% formic acid as the isocratic solvent at a flow rate of 20 pl/min. The column was
then switched into the nanoflow circuit, and the sample was loaded on the nanocolumn (LC-
Packings C18 PepMap, 0.075 x 150 mm) at a flow rate of 300 nl/min and separated using a
gradient from 0.3% formic acid/5% acetonitrile to 0.3% formic acid/50% acetonitrile over
60 min. The sample was ionized in a Finnigan Nano-ESI ion source (Finnigan MAT, San
Jose, CA, USA) equipped with NanoSpray tips (PicoTip emitter; New Objective, Woburn,
MA, USA) and analyzed in a Thermo Finnigan LCQ Deca XPplus ion trap mass
spectrometer. The MS/MS data were analyzed by searching the National Center for
Biotechnology Information (NCBI) public database with SpectrumMill version 2.7 (Agilent,
Waldbronn, Germany). Acceptance parameters were at least three or more identified distinct
peptides.

Clustering of identified proteins

Relative expression patterns (logp(control/SM) and logy(control/HOCI-SM)) for spots within
one gel representing the same protein (RefSeq protein identifier) were filtered for outliers
(>upper quartile + 1.5 x IQR (interquartile range) or <lower quartile — 1.5 x IQR). The
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median from the remaining values was averaged over two or three gels resulting in one
expression value for each identified protein. Data were combined, grouped, and visualized
as heat maps using Genesis [35].

Ingenuity Pathway Analysis (IPA)

Differentially expressed proteins were analyzed using a free trial version of the IPA software
to monitor possible global proteomic regulation in response to SM and HOCI-SM. IPA
(www.ingenuity.com; https://analysis.ingenuity.com) uses a knowledge base derived from
the literature to relate gene products based on their interaction and function. This software is
designed to identify biological networks, global canonical pathways, and global functions.
The identified proteins and their corresponding fold change and accession numbers were
uploaded as .txt files into the Ingenuity software package. Ingenuity uses these data to
navigate the Ingenuity Pathways knowledge base and extract overlapping networks between
the candidate proteins. A score of better than 2 is usually attributed to a valid network (the
score represents the log probability that this network was found by random chance).

Statistical analysis

Results

Data are presented as means + SD. ANOVA with Bonferroni correction (using the
GraphPad Prism package) was used for analysis of statistical significance. All values of
p<0.05 were considered significant. For proteome analyses only spots that were regulated by
greater than or equal to twofold (up or down; DeCyder software; GE Healthcare) were
picked and further processed for identification.

Modification of SM by reagent and MPO-generated HOCI

To establish the accessibility of SM to HOCI modification in a physiologically relevant lipid
matrix, brains of C57BL/6 mice were homogenized in liquid nitrogen, and the lipids were
extracted and incubated in the presence of increasing HOCI:lipid ratios and then analyzed by
FT-ICR-MS. These analyses revealed SM(d18:1/18:0) (N-(octadecanoyl)-sphing-4-enine-1-
phosphocholine) and SM(d18:1/24:1) (N-(tetracosenoyl)-sphing-4-enine-1-phosphocholine)
as the predominant molecular species (means 950 and 420 nmol/g wet tissue) in the brain
sphingomyelin fraction (Fig. 1A). The corresponding N-hexadecanoyl, N-octadecenoyl, and
N-eicosanoy! species were present in minor amounts contributing to approx 20 nmol/g wet
brain. Modification of mouse total brain lipids with reagent HOCI resulted in depletion of
these SM species in a HOCI-dependent manner. Of note, 1 pg NaOCI per 100 pg lipid
resulted in the depletion of approx 40% of the original SM content, indicating that this lipid
subspecies is highly sensitive to HOCI modification. A 50-fold excess of HOCI over brain
lipids resulted in nearly complete disappearance of SM(d18:1/18:0) and (d18:1/24:1) (Fig.
1B).

In the next set of experiments product formation in response to HOCI modification of
SM(d18:1/16:0) was characterized by MALDITOF-MS. Untreated SM(d18:1/16:0) exhibits
two peaks at 703.6 and 725.6 Da, corresponding to the H* and Na* adducts (Fig. 2A). In
response to HOCI added as reagent (Fig. 2B) or generated by the MPO-H,0O,—chloride
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system (Fig. 2C) two new peaks, shifted by 52 Da, appeared at 755.6 and 777.6 Da. These
indicate the formation of the H* and Na* adducts of the corresponding monochlorohydrin of
SM (d18:1/16:0). Two other products detected at 737.6 and 759.6 Da suggest formation of
the H* and Na* adducts of a monochlorinated derivative of SM(d18:1/16:0) similar to that
described for phosphatidylcholine modified by reagent HOCI [36]. As is evident from Fig.
2C a proportion of unmodified SM(d18:1/16:0) was still detectable when HOCI was
generated enzymatically. Peaks detected at 719.6, 771.6, and 789.6 Da are indicative of the
formation of an epoxide and mixed chlorohydrin/chloramide SM species (mass assignment
is summarized in Supplementary Table I). The proposed structures, chemical formulas, and
corresponding m/z values are displayed in Fig. 2D.

Determination of rate constants for HOCIl-mediated SM modification

To get an indication of the susceptibility of SM to HOCI modification, rate constants for the
reaction were determined. Experimental conditions, reaction rates, and the resulting rate
constants are given in Table 1. These experiments (performed at pH 6.5) revealed a second-
order rate constant (ky) of 18.7 + 3.05 L/mol/s (mean + SD). This is in a range comparable
to that reported for the reaction of plasmalogens with HOCI (55 = 7 L/mol/s/; Ref. [37]), a
lipid species readily modified by MPO in vivo [25].

HOCI-SM induces the formation of ROS

Intracellular radical formation was followed using DCFDA as probe. Cells were incubated
in the presence of increasing concentrations of SM and of HOCI-SM in a time-dependent
manner (Fig. 3). These experiments revealed that HOCI-SM at concentrations >200 pM
resulted in strongly enhanced fluorescence (two- and fivefold over baseline at 10 h)
indicative of intracellular formation of reactive oxygen species. Native SM was without
effect on fluorescence intensities.

HOCI-SM impairs mitochondrial function

Next, the effects of SM, HOCI-SM, and reagent HOCI on mitochondrial function of PC12
cells were established. These results demonstrate that SM induced a slight reduction in
mitochondrial activity (approx 20-30% at the highest concentrations used, 498 uM; Fig.
4A). In contrast, incubation of PC12 cells with HOCI-SM resulted in rapid and extensive
loss of mitochondrial function/cell viability, with 1Csq values of approx 80 (12 h) and 50 (24
h) uM (Fig. 4B). Also reagent HOCI significantly impaired mitochondrial function with I1Csg
values of 170 and 90 uM (at 12 and 24 h, respectively; Fig. 4C). The addition of Met (a
HOCI scavenger) completely blocked HOCI-mediated cytotoxicity. These data indicate the
high lipotoxic potential of HOCI-SM, with 1Csq concentrations being almost twofold lower
as calculated for the strong oxidant HOCI.

To get an indication of the alterations in Ay, cells were incubated time dependently in the
presence of increasing concentrations of SM, HOCI-SM, and HOCI (Fig. 5). All three of the
compounds led to significantly reduced Ay, but to different degrees: SM had no effect on
Ay, after 1 h. At 12 and 24 h the ICgq values were 140 and 70 pM (Fig. 5A), whereas the
corresponding values for HOCI-SM were substantially lower (50 and 25 uM at 12 and 24 h;
Fig. 5B). Also reagent HOCI induced a strong decrease in Ay, though this was a more
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linear effect with ICsq values of approx 300 uM. The presence of Met during HOCI
treatment completely abolished mitochondrial dysfunction up to concentrations of 500 uM
HOCI (Fig. 5C).

HOCI-SM induces apoptosis

To confirm that exogenous HOCI-SM induces apoptosis, cleavage of procaspase-3 and
PARP was analyzed by immunoblotting. Exposure of PC12 cells to HOCI-SM induced
procaspase-3 processing and PARP cleavage in a concentration-dependent manner.
Caspase-3 and subsequent PARP cleavage was observed at HOCI-SM concentrations >66
UM, whereas neither SM nor HOCI alone resulted in detectable caspase and PARP
processing (Fig. 6A).

In addition to Western blotting, PI staining coupled to FACS analysis of SM- and HOCI-
SM-incubated cells was performed (Fig. 6B). SM at 498 uM was without effect on sub-G1
populations. In contrast, HOCI-SM concentrations of 132 and 199 uM induced formation of
sub-G1 peaks (17.5 and 13.8% apoptotic cells, respectively), whereas at higher
concentrations the numbers of viable and apoptotic cells were below the detection limit,
similar to cells treated with reagent HOCI alone. The effect of reagent HOCI was completely
abolished when cells were preincubated with Met (molar ratio Met:HOCI of 5:1; not
shown). Colchicine was used as a pharmacological inducer of apoptosis (38% of cells in
sub-G1; Fig. 6B).

Proteome analyses of SM- and HOCI-SM-treated cells

Next, the effects of exogenously added SM and HOCI-SM on protein expression in PC12
cells were established by a 2D-DIGE/ESILC-MS approach. Representative gel images are
shown in Supplementary Fig. I. Differentially expressed spots (greater than twofold up or
down) were picked, digested, and subsequently analyzed by nanoLC-ESI-MS.
Supplementary Tables Il (proteins regulated in response to SM) and |11 (proteins regulated
in response to HOCI-SM) provide information on spot number, number of acquired spectra,
distinct identified peptides, MS/MS search score, percentage amino acid coverage,
theoretical and experimental MW, theoretical and experimental pl, and fold regulation.
Protein identifications are based on multiple peptide sequences with a minimum number of
three peptides. Changes in protein expression patterns in response to SM or HOCI-SM are
summarized in Fig. 7 and presented as heat maps (values are expressed as log, of fold
regulation). Exogenously added SM induced upregulation of 21 and downregulation of 42
proteins. In response to HOCI-SM, 9 proteins were up- and 22 were down-regulated. From
these, a total of 12 proteins were coregulated by SM and HOCI-SM (2 up and 10 down).

Pathway analysis

To examine potential relationships between proteins with altered expression levels, IPA was
applied. IPA builds hypothetical networks from the identified proteins and proteins from the
database that are needed to complete a meaningful biological network. Input proteins that
map to the networks are called focus proteins. Network generation ranked by score is
optimized for inclusion of as many proteins from the input expression profile as possible and
aims for highly interrelated networks, which are likely to represent significant biological
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functions. Supplementary Fig. Il shows the pathways generated during IPA of proteins
regulated in response to SM or HOCI-SM (identified proteins from Supplementary Tables Il
and 111 and their fold regulation were used as input data).

Pathway identification in response to SM

The Energy Production, Molecular Transport, Nucleic Acid Metabolism pathway was
identified by IPA with a score of 44 (indicating that there is a chance of 1:10%* of another
randomly occurring network containing the same number of focus genes; Supplementary
Fig. 1A), followed by Small Molecule Biochemistry, Molecular Transport, Free Radical
Scavenging with a score of 26 (Supplementary Fig. 11B). In the first network SLC2A4 is a
major hub and we have identified eight focus genes (ECSH1, MDH2, CNN3, EIF4A1,
PRDX2, ENO1, and ALDOC) in the immediate neighborhood of SLC2A4, which is
identical to insulin-sensitive GLUT4. Within the latter network, Small Molecule
Biochemistry, Molecular Transport, Free Radical Scavenging, several upregulated proteins
are products of genes that are under the control of Nrf2. Among these are PRDX1 and
PRDX2, SOD, and GSTO1 (Supplementary Table 1l and Supplementary Fig. II1B)
conferring cellular protection against oxidative damage. This might be a reasonable
explanation for the absence of intracellular ROS formation in SM-treated PC12 cells.

Pathway identification in response to HOCI-SM

For HOCI-SM the highest score was obtained for Carbohydrate Metabolism, Energy
Production, Molecular Transport (score 48; Supplementary Fig. 1IC), followed by Cell-
Mediated Immune Response, Cellular Growth and Proliferation, Hematological System
Development and Function (score 15; not shown). Also in this network SLC2A4 (insulin-
sensitive GLUT4) is a central hub, though not identified during our proteomic analyses.
However, of the total of 34 interaction partners in this network, 20 focus genes were
identified in our proteome approach (Supplementary Table Il and Fig. 1IC). Some of them
are direct interactors of GLUT4 (ECHS1, HADH, MDH, VDACL1 and VDAC2, OAT, AAT,
and ALDOA). Of the regulated proteins within this network five (HADH, CACYBP,
HNRNPC, AK2, and NME1) were upregulated, whereas all the other enzymes/transporters
related to glycolysis, energy production, and molecular transport were downregulated,
clearly indicating severe interference of HOCI-SM with cellular energy homeostasis.

Discussion

The results of this study revealed that modification of SM(d18:1/16:0) by HOCI (added as
reagent or produced by the MPO-H,0O,—chloride system) generated chlorinated compounds
with high neurotoxic potential. Exogenously added HOCI-SM, in contrast to SM, severely
impaired cell viability, resulted in dissipation of Ayyy,, and induced the apoptotic machinery.
On the proteome level addition of SM and HOCI-SM exerted comparable downregulation of
glycolytic enzymes acting downstream of fructose 1,6-biphosphate. In contrast to HOCI-
SM, SM induced several proteins involved in the Nrf2-mediated oxidative stress response.

Using MALDI-TOF-MS the major modification products were identified as the
corresponding chlorohydrin and unsaturated, monochlorinated SM species. This is
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reminiscent of what was reported for HOCI modification of unsaturated phospholipids:
During a series of isotopic labeling experiments Spalteholz and colleagues [36]
demonstrated that an increase of 34 Da corresponds to a (formal) exchange of a hydrogen
for a chlorine atom (and not the formation of a glycol moiety [38]) leading to an unsaturated,
monochlorinated phospholipid species by a hitherto unknown reaction mechanism.
Although not experimentally verified during the present study, we suggest that a comparable
pathway could lead to the formation of unsaturated, monochlorinated SM species. Analysis
of the SM species present in mouse brain lipid extracts revealed the presence of Cqg.1 with
C16:0, C18:0: C18:1, C20:0, @and Cyq4:1 acyl chains; of these, C1g.9 and Coy.1 are the most
abundant molecular species, similar to what was reported for SM composition of cortical
neurons [39]. Of note, SM species in total mouse brain lipid extracts were also susceptible to
HOCI-mediated oxidation (Fig. 1).

Both (reagent) HOCI and HOCI-modified lipids are potent inducers of apoptosis/cell death
(reviewed in [3]). Here we provide evidence for time- and concentration-dependent
apoptosis elicited by HOCI-SM. Collapse of Ay, is indicative of mitochondrial permeability
transition pore formation (MTP), which is considered a major contributor to disease
progression in many neurological disorders (for reviews see [40,41]). MTP leads to release
of cytochrome c, formation of the apoptosome, and induction of the caspase cascade. MTP
was shown to occur in response to HOCI in hepatocytes and isolated mitochondria, resulting
in consumption of intracellular GSH and subsequent production of ROS, chromatin
condensation, and procaspase-3 processing [42]. This series of events is reminiscent of what
was observed during the present study in response to HOCI-SM, namely formation of ROS,
dissipation of Ay, activation of caspase-3 and PARP cleavage, nuclear fragmentation, and
nuclear pore formation. Some of these proapoptotic events were also reported for HOCI,
fatty acid- and phospholipid-derived chlorohydrins [43,44], and oxidized phospholipids
[45], which are abundantly produced in brains of mice with astrocyte-specific
overexpression of human MPO [12]. Interestingly, unmodified SM also induced a decrease
in Ay, (however, to a lower extent than HOCI-SM) but was without effect on ROS
generation, cell viability, activation of caspase-3, and PARP cleavage. Whether this is due to
intracellular ceramide generation (via the activation of sphingomyelinases [45,46]) and
subsequent induction of mitochondrial dysfunction (as described, e.g., in TNFa-treated
breast cancer cells [47]) is currently not clear.

Neuronal activity requires energy that is provided almost exclusively by oxidation of
glucose. It is becoming increasingly clear that astrocytes play a critical role in the brain
metabolic response to neural activity via metabolic coupling by a pathway termed the
neuron-astrocyte lactate shuttle [48]. After neuronal activation astrocytes increase their
glycolytic rates and generate lactate, which is then transported to neurons where it is
converted back to pyruvate (by means of LDH) and enters oxidative phosphorylation [49].
Downregulation of glycolytic enzymes by SM and HOCI-SM as observed during this in
vitro study would impair neuronal oxidative glycolysis during the initial phase and probably
also nonoxidative glycolysis in astrocytes. Downregulation of LDH as observed here would
also decrease lactate oxidation and ATP production, a prerequisite for glutamate recycling.
These would be classical signs of energy deprivation as observed in many neurological
diseases. Along this line it is important to note that application of a small molecule,
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chlorohydrin (3-Cl-propanediol, also termed S-a-chlorohydrin), in rats induces dysfunction
of the blood-brain barrier and causes astrocyte death and morphological transition of
neurons, further emphasizing the neurotoxic properties of chlorohydrins [50].

The mechanism(s) by which SM and HOCI-SM alter protein expression levels is a major
question arising from our study. One potential explanation is ceramide generation via
sphingomyelinase-mediated hydrolysis of SM and HOCI-SM. In LPS-treated rats it was
demonstrated that the inflammatory response results in impaired glycolysis and a net
reduction of glycogen biosynthesis, effects abolished by pharmacological inhibition of
ceramidase [51]. Based on these findings the authors [51] proposed that the SM—ceramide
pathway might be responsible for inhibited cardiac glycolysis in LPS-treated rats. In vitro
studies have demonstrated that ceramide inhibits activation of Akt, antagonizes insulin-
dependent glucose transport [52], and suppresses phosphorylation of insulin receptor
substrate-1 [53]. In neurons inhibition of hexokinase activity (via inhibition of Akt) was
reported in response to C2-ceramide [54]. Finally, analysis of alterations in gene expression
accompanying C2-ceramide-induced apoptosis in PC12 cells revealed significantly
decreased (3-fold) expression of aldolase C expression at the mRNA level [55], which is
consistent with our proteome findings (downregulation of aldolase C by SM and HOCI-SM
between 2.2- and 3.5-fold).

However, also with regard to protein expression, some distinct differences between SM and
HOCI-SM became apparent. Whereas SM induced the expression of peroxiredoxins 1 and 2
(PRDX1 and 2), mitochondrial superoxide dismutase 2, proteasome subunit a type-1, and
glutathione S-transferase -1 (which are all involved in Nrf2-mediated oxidative stress
response), this type of response was not found with HOCI-SM. This might be a plausible
explanation for the absence of intracellular ROS generation in SM-treated PC12 cells. A
recent report identified erythrocyte peroxiredoxin 2 as a target for HOCI-dependent
oxidation [56].

In summary we propose that SM and HOCI-SM act via two distinct pathways in neuronal
cells: first, HOCI-SM is clearly proapoptotic and neurotoxic under the experimental
conditions applied during this study, and SM is not. This suggests that increased MPO
activity might be a driving factor in the progression of neurological disorders; thus MPO
could represent a novel therapeutic target in neurodegeneration [57]. Second, both SM and
HOCI-SM are potent lipid modulators of protein expression in neuronal cells.
Downregulation of glycolytic enzymes and lactate dehydrogenase would result in energy
deprivation as observed in many neurodegenerative diseases. The possibility that the
different cellular responses to SM and HOCI-SM could be ascribed to intracellular,
sphingomyelinase-mediated formation of chlorinated ceramide species (that could display
different signaling properties compared to natural ceramides) is currently being investigated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. FT-ICR-MS analysis of native and HOCI-modified mouse brain lipids.
C57BL/6 mice were killed by cervical dislocation, brains were removed and homogenized in

liquid nitrogen, and lipids were extracted using a modified Folch extraction. Extracts were
dried under a stream of N, and defined amounts were modified at the indicated NaOCI
concentrations. After another extraction step the lipids were dissolved in CHCl3: MeOH
(1:1, v/v) and analyzed by a hybrid linear ion trap FT-ICR-MS in positive ESI mode as
described under Materials and methods. (A) Composition of native mouse brain
sphingomyelin. (B) Total, SM(d18:1/18:0), and SM(d18:1/24:1) content in mouse brain lipid
samples before and after HOCI modification at the indicated ratios. Results are mean values
of duplicate determinations.
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Fig. 2. MALDI-TOF analysis of SM and HOCI-modified SM.
SM(d18:1/16:0) was modified with HOCI (either added as reagent or generated

enzymatically by the MPO-H,0O,—chloride system) as described under Materials and
methods. After modification, lipids were extracted and analyzed by MALDI-TOF-MS using
DHB as matrix as described under Materials and methods. Representative spectra of (A)
SM(d18:1/16:0), (B) HOCI-modified SM(d18:1/16:0), and (C) MPO-modified
SM(d18:1/16:0) are shown. (D) Proposed structures and resulting masses of the chlorinated

products.
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Fig. 3. ROS formation in SM- and HOCI-SM-treated PC12 cells.

Generation of ROS in PC12 cells was examined in assays using the fluorescent tracer
DCFDA. Cells were incubated in the absence or presence of SM or HOCI-SM at the
indicated concentrations for the indicated times. Results are expressed as fluorescence
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intensity as % of control and represent the means + SD (n = 3). *p<0.05; ***p<0.001. For
clarity p values are shown only for the first data point reaching significance.
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Fig. 4. Viability of SM-, HOCI-SM-, and HOCI-treated PC12 cells.
Viability of PC12 cells was analyzed using the MTT assay. Cells were incubated in the

absence or presence of (A) SM, (B) HOCI-SM, or (C) HOCI at the indicated concentrations
for the indicated times. Results are expressed as % of control and represent the means + SD
(n = 3). **p<0.005; ***p<0.001. For clarity p values are shown only for the first data point
reaching significance.
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Fig. 5. Mitochondrial membrane potential (Ayy) of SM-, HOCI-SM-, and HOClI-treated PC12

cells.

Ay, was analyzed using the JC-1 assay. Cells were incubated in the presence of (A) SM,
(B) HOCI-SM, or (C) HOCI at the indicated concentrations for the indicated times. Results
were calculated by division of red fluorescence by green fluorescence and are expressed as
fluorescence intensity as a % of control and represent the means + SD (n = 3). **p<0.005;
***p<0.001. For clarity p values are shown only for the first data point reaching

significance.
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Fig. 6. Induction of the apoptotic machinery of PC12 cells in response to SM, HOCI-SM, and

HOCI.

Cells were incubated in the absence or presence of SM, HOCI-SM, or HOCI at the indicated
concentrations for 13 h. Cell treatment with colchicine was performed for 24 h. (A) Protein
lysates (40 ug/lane) were run on either 12% (caspase-3 activation) or 8% (PARP cleavage)
SDS gels and transferred onto PVDF membranes for subsequent detection using anti-
caspase-3 and anti-PARP primary antibody. (B) Cells after treatment with SM, HOCI-SM,
or HOCI were processed for Pl stain-coupled FACS analysis. Apoptotic cells appear below
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G1 phase (sub-G1 peak). Results in (B) are expressed as % of cells and represent the mean
values from duplicate experiments.
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Fig. 7. Changes in protein expression in response to SM and HOCI-SM.
Lysates of PC12 cells incubated in the absence or presence of SM or HOCI-SM were labeled

with Cy2 (control), Cy3 (SM), or Cy5 (HOCI-SM). After addition of the corresponding
unlabeled protein extracts the three samples were pooled and applied to isoelectric focusing
on IPG strips. Subsequently, second-dimension SDS-PAGE was carried out on 12% SDS
gels at 18 °C. After laser scanning of the gels, twofold differentially expressed spots were
identified using DeCyder software, manually picked, digested, and analyzed by LC-MS/MS.
MS data were analyzed by searching the NCBI database using SpectrumMill version 2.7,
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and log, expression patterns of proteins (control vs SM and control vs HOCI-SM) identified
in two or three gels were calculated and averaged. Data were combined and are visualized as
heat maps.
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Table 1
Second-order rate constants at pH 6.5 (37 °C) for the reaction of SM with NaOCI.

Page 29

NaOCI (mol/L)  SMo®(moliL)  SMP (mol/L)  SMpee€ (moliL)  Rated (moliL/s) ko€ (L/mol/s)
4.00 x 1073 1.20x 1073 4.04x 1074 7.96 x 1074 7.96 x 107> 16.58
4,00 x 1073 2.00 x 1073 1.14 x 1074 1.86 x 1073 1.86 x 1074 23.20
4,00 x 1073 2.84 x 1073 1.05 x 1073 1.79 x 1073 1.79 x 1074 15.78
2.84x 1073 2.84 x 1073 1.21x 1073 1.64 x 1073 1.64 x 107 20.23
5.69 x 1073 2.84x1073 2.99 x 107> 2.82x1073 2.82x107 17.46

18.7£3.05 (mean+SD)

Samples were incubated for 10 s, extracted in CHCI3:MeOH (2:1, v/v), dried under nitrogen, redissolved in methanol, and analyzed by LC-ESI-
MS as described under Material and methods. Dipalmitoylphosphatidylcholine was used as internal standard. All experiments were performed in

triplicate.

8SMo, initial [SM].
b

SMt, [SM] after 10 s incubation in the presence of NaOCI.

“ISMmodl=[SMol-[SMl.
dRate:[SMmod]/lo.

Cio=rate/([SMg] [NaOCI]).
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