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Objective: Enhanced lipid peroxidation is well established in traumatic brain injury. However, its molecular targets, identity of
peroxidized phospholipid species, and their signaling role have not been deciphered.

Methods: Using controlled cortical impact as a model of traumatic brain injury, we employed a newly developed oxidative
lipidomics approach to qualitatively and quantitatively characterize the lipid peroxidation response.

Results: Electrospray ionization and matrix-assisted laser desorption/ionization mass spectrometry analysis of rat cortical mito-
chondrial/synaptosomal fractions demonstrated the presence of highly oxidizable molecular species containing C,,., fatty acid
residues in all major classes of phospholipids. However, the pattern of phospholipid oxidation at 3 hours after injury displayed
a nonrandom character independent of abundance of oxidizable species and included only one mitochondria-specific phospho-
lipid, cardiolipin (CL). This selective CL peroxidation was followed at 24 hours by peroxidation of other phospholipids, most
prominently phosphatidylserine, but also phosphatidylcholine and phosphatidylethanolamine. CL oxidation preceded appearance
of biomarkers of apoptosis (caspase-3 activation, terminal deoxynucleotidyltransferase—mediated dUTP nick end labeling—posi-
tivity) and oxidative stress (loss of glutathione and ascorbate).

Interpretation: The temporal sequence combined with the recently demonstrated role of CL hydroperoxides (CL-OOH) in in
vitro models of apoptosis suggest that CL-OOH may be both a key in vivo trigger of apoptotic cell death and a therapeutic

target in experimental traumatic brain injury.
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Polyunsaturated lipids have long been recognized as
molecules indispensable for the structural and func-
tional organization of the brain. Their roles as signaling
molecules, as participants and coordinators of responses
to physiological regulations, and as danger signals in
injury, are not well known."? Because of their high
susceptibility to attack by reactive oxygen species and
oxidative modifications, peroxidation of polyunsatu-
rated phospholipids is implicated in different types of
brain damage. Yet, the specific functions and signaling
roles of oxidized polyunsaturated phospholipids remain
ill defined.” With the advent of mass spectrometry
(MS)-based lipidomics, new perspectives in the identi-
fication of individual molecular species of phospholip-
ids in brain functions have emerged.4’5 However, MS
analysis of oxidized phospholipids and their role in brain

metabolic pathways, that is, oxidative lipidomics, is still
poorly developed. This is mostly due to a large variety
of low abundant species of peroxidized phospholipids
combined with their relatively low stability during MS
protocols.6 With this in mind, we initiated oxidative
lipidomics studies of brain injury. We were particularly
interested in traumatic brain injury (TBI) using con-
trolled cortical impact (CCI) model where spatial and
temporal relationships between the initial damage and
subsequent reactions and inflammatory/oxidative stress
response are quite well-defined.”"®

TBI is an important contributor to the mortality
and morbidity after trauma, which is the leading cause
of death in infants and children.” TBI has been com-
monly associated with enhanced production of reactive
oxygen species and reactive nitrogen species, antioxi-
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dant depletion, and resulting oxidative stress.'® We re-
ported that TBI in children caused depletion of the
major water-soluble antioxidant, ascorbate, and accu-
mulation of S-nitrosylated thiols in cerebrospinal
fluid."""* Among different biomarkers of oxidative
stress, enhanced lipid peroxidation is one of the most
prominent.'” Accumulation of end products of lipid
peroxidation has been documented in brain and cere-
brospinal fluid after experimental and clinical TBI in
both adults and children, respectively.”'"'*!> How-
ever, essential information on molecular targets, partic-
ularly specific polyunsaturated molecular species of
phospholipids undergoing oxidation, is lacking.

Assessment of isoprostanes and neuroprostanes has re-
liably established involvement of lipid peroxidation in
central nervous system injury.'® This approach, how-
ever, defines the fatty acid composition of modified sub-
strates but leaves the origin and identity of oxidized
phospholipids sepulchered. This deficiency makes it dif-
ficult to identify causal links among lipid peroxidation,
oxidative phospholipid signaling, and mechanisms of cell
injury and death. Attempts have been made to define
individual phospholipid classes undergoing oxidation.
Cardiolipin (CL), a mitochondria-specific phospholipid,
has been suggested to be a preferred oxidation substrate
in neuronal injury."”"” However, these assessments
were mostly based on the use of nonspecific fluorescent
techniques utilizing nonyl acridine orange as a CL-
binding reagent. The validity of this protocol has been
criticized.”**" It has been demonstrated that cells lack-
ing CL-synthase, completely devoid of CL, displayed a
similar pattern of nonyl acridine orange responses as
wild-type cells.”” Moreover, the fluorescence response of
the probe is obscured by its membrane potential-driven
partition into different mitochondrial compartments and
the respiration state.””

We recently developed an oxidative lipidomics ap-
proach that includes quantitative assessments of hy-
droperoxides in different major classes of phospholipids
combined with their MS characterization. We discov-
ered that oxidation of a CL catalyzed by cytochrome ¢
was an early characteristic of mitochondrial response to
proapoptotic challenges in vitro.”> Accumulation of CL
oxidation products was essential for the release of pro-
apoptotic factors, including cytochrome ¢. The role of
CL oxidation in the execution of the apoptotic pro-
gram in vivo has not been addressed.

In this study, we applied oxidative lipidomics to an-
alyze phospholipid oxidative modifications after TBI in
vivo. We used our established CCI model in 17-day-
old rats*® in which the formation of functioning syn-
apses in neuronal development is analogous to devel-
opmental processes in the young child.”> By comparing
oxidized molecular species and classes of phospholipids

with their abundance, we identified the species of
phospholipids most susceptible to peroxidation. We es-
tablished that CL, predominantly its molecular species
containing C,,., is a specific, early, and prominent
target for TBI-induced oxidative injury. This suggests
that CL oxidation products may signal apoptotic cell
death in brain in vivo, and thus represent both a pu-
tative early biomarker of apoptosis and a key acute
therapeutic target.

Materials and Methods
Controlled Cortical Impact Model

Seventeen-day-old male Sprague-Dawley rats were anesthe-
tized with 3.5% isoflurane in O,. The trachea was intubated
with a 14-gauge angiocatheter. Anesthesia was maintained
with 2% isoflurane in N,O/O, (2:1). A rectal probe was
inserted for temperature monitoring. The head was fixed in a
stereotactic device. A craniotomy was made over the left pa-
rietal cortex with a dental drill, using the coronal and inter-
parietal sutures as margins. A microprobe (Physitemp Instru-
ments, Clifton, NJ) was inserted through a burr hole into
the left frontal cortex to monitor brain temperature. Rats
were warmed using a heat lamp to a brain temperature of
37 * 0.5°C, isoflurane was decreased to 1%, and they were
then allowed to equilibrate (30 minutes). For all studies, a
6mm metal pneumatically driven impactor tip was used; ve-
locity was 4.0 £ 0.2m/sec, depth of penetration was 2.5mm,
and duration of deformation was 50 milliseconds. After TBI,
the bone flap was replaced, sealed with dental cement, and
the scalp incision was closed. After a 1-hour monitoring pe-
riod, rats were weaned from mechanical ventilation, extu-
bated, and returned to their cages until further study. A mor-
tality rate of =5% is routinely observed with this protocol
by our group.**

ISOLATION OF CRUDE MITOCHONDRIAL/SYNAPTOSOMAL
(P2) FRACTION.  The crude brain mitochondrial fraction
was prepared as described previously.”® In brief, rats were
perfused transcardially with ice-cold saline and then decapi-
tated, brains (minus cerebellum) were rapidly removed, and
ipsilateral pericontusional cortex was isolated and placed in
10 volumes of ice-cold 0.32M sucrose in 10mM tris(hy-
droxymethyl)aminomethane buffer (pH 7.4). The tissue was
homogenized in a Teflon/glass homogenizer (clearance, 0.1-
0.15mm) by 10 gente up-and-down strokes. The homoge-
nate was spun at 1,000¢ for 10 minutes to remove nuclei and
cell debris. The resulting supernatant was centrifuged at
10,000¢ for 20 minutes to obtain the crude mitochondrial
pellet. The final pellet was washed and centrifuged (4 min-
utes, 10,000g, 4°C). It has been shown that this protocol
yields P2 fraction with relatively high content of synaptoso-
mal mitochondria.?” In addition, P2 fraction contains non-
synaptosomal mitochondria, synaptosomal membranes, and
plasma membranes,*® as evidenced by relatively high content
of phosphatidylserine (PS; see later). We chose to use crude
mitochondrial/synaptosomal fraction in the study to prevent
selective isolation of only undamaged mitochondria from
CCI samples.
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LIPID EXTRACTION AND TWO-DIMENSIONAL HIGH-
PERFORMANCE THIN-LAYER CHROMATOGRAPHY ANALY-
SIS.  Total lipids were extracted from mitochondria using
the Folch procedure.”” Lipid extracts were separated and an-
alyzed by two-dimensional high-performance thin-layer chro-
matography (2D-HPTLC) on silica G plates (5 X 5cm;
Whatman, Florham Park, NJ).*® The plates were first devel-
oped with a solvent system consisting of chloroform/metha-
nol/28% ammonium hydroxide (65:25:5 vol/vol). After the
plate was dried with a forced N2 blower to remove the sol-
vent, it was developed in the second dimension with a sol-
vent system consisting of chloroform/acetone/methanol/gla-
cial acetic acid/water (50:20:10:10:5 vol/vol). The
phospholipids were visualized by exposure to iodine vapors
and identified by comparison with authentic phospholipid
standards. Lipid phosphorus was determined by a micro-
method.”!

Phospholipid  hydroperoxides were determined by fluores-
cence high-performance liquid chromatography (HPLC) of
products formed in microperoxidase-11—catalyzed reaction
with Amplex Red, N-acetyl-3,7-dihydroxyphenoxazine (Mo-
lecular Probes, Eugene, OR) as described previously.23 Oxi-
dized phospholipids were hydrolyzed by porcine pancreatic
phospholipase A, (2U/pl) in 25mM phosphate buffer con-
taining 1.0mM Ca, 0.5mM EDTA, and 0.5mM sodium do-
decyl sulfate (pH 8.0 at room temperature for 30 minutes).
After that 50uM Amplex Red and microperoxidase-11
(1.0pg/pl) was added and samples were incubated at 4°C for
40 min. The reaction was terminated by addition of 100wl
stop reagent (10mM HCI, 4mM butylated hydroxytoluene
[BHT] in ethanol). After centrifugation at 15,000¢ for 5
minutes, aliquots of supernatant (5pl) were injected into
Eclipse XDB-C18 column (5pum, 150 X 4.6mm). The mo-
bile phase was composed of 25mM NaH,PO, (pH 7.0)/
methanol (60:40 vol/vol). The flow rate was 1ml/min.
Resorufin (an Amplex Red oxidation product) fluorescence
(Nex 560nm, N, 590nm) was measured by Shimadzu LC-
100AT vp HPLC system equipped with fluorescence detec-
tor (RF-10Axl) (Shimadzu, Kyoto, Japan) and autosampler
(SIL-10AD vp). Data were processed and stored in digital
form with Class-VP software.

Mass spectra of phospholipids were analyzed by direct infu-
sion into a triple-quadrupole mass spectrometer (Finnigan
MAT TSQ 700; ThermoFisher Scientific, San Jose, CA), a
Quattro 1II triple quadrupole mass spectrometer (Micromass,
Manchester, United Kingdom), or a quadrupole linear ion
trap mass spectrometer (LXQ; ThermoFisher Scientific). Af-
ter 2D-HPTLC separation samples were collected, evapo-
rated under N,, resuspended in chloroform/methanol 1:2
vol/vol (20pmol/pl), and used for acquisition of negative ion
electrospray ionization (ESI) mass spectra at a flow rate of
Sul/min. The electrospray probe was operated at a voltage
differential of —3.5 to 5.0kV in the negative or positive ion
mode. Source temperature was maintained at 70°C in the
case of triple-quadrupole mass spectrometers and 150°C for
capillary temperature of ion trap LXQ. In addition, MS anal-
ysis was performed on a Finnigan LTQ mass spectrometer
with MALDI source (ThermoFisher Scientific). Lipid sam-
ples were dissolved in chloroform/methanol 1:1 vol/vol. One
microliter of lipid solution was spotted directly onto a
MALDI plate and dried. A total of 0.5ul of 2,5-
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dihydroxybenzoic acid (25mg/ml in chloroform/methanol
1:1 vol/vol) was added to each spot as matrix. Spectra were
acquired in negative ion mode using full-range zoom (m/z
500-2,000) or ultrazoom (SIM) scans. Tandem mass spec-
trometry (MS/MS) analysis of individual phospholipid spe-
cies was used to determine the fatty acid composition.
Collision-induced dissociation spectra on triple-quadrupole
instruments were obtained by selecting the ion of interest
and performing daughter ion scanning in Q3 at 400Da/sec
using Ar as the collision gas. MS" analysis on ion trap in-
struments was conducted with relative collision energy
ranged from 20 to 40%, and with activation ¢ value at 0.25
for collision-induced dissociation and 0.7 for pulsed-Q dis-
sociation technique.

Clusters of signals with a mass difference of 16 known to
represent two forms of glycerophospholipids, alkenyl-acyl
and diacyl species, were detectable in ESI-MS spectra.’
MS/MS fragmentation of ether-linked alkenyl (plasmalogen)
species resulted in the formation of two typical product ions
formed after loss of fatty acyl in sn-2 position: mono-lyso-
alkenyl species and mono-lyso-acyl species. To further con-
firm the identity of glycerophospholipids, we exposed them
to HCI fumes known to hydrolyze alkenyl-acyl glycerophos-
pholipids to yield their lyso-acyl derivatives. The reaction
products were subjected to HPTLC, and spots corresponding
to glycerophospholipids were analyzed by ESI-MS. This
treatment resulted in disappearance of molecular ions corre-
sponding to molecular species of alkenyl-acyl glycerophos-
pholipids, whereas those of diacyl phospholipids remained
unchanged. MS/MS fragmentation of ether-linked alkyl-acyl-
glycerophospholipids in negative mode yielded two typical
deprotonated product ions formed after the loss of fatty acyl
in sn-2 position: mono-lyso-alkyl species and acyl species.
Product ions representing mono-lyso-alkyl species have mass
differences of 14 compared with the product ions of corre-
sponding mono-lyso-acyl species. Finally, chemical structures
of glycerophospholipids were confirmed by Lipid Map Data
Base using ChemDraw format (www.lipidmaps.org).

Histological Assessment
Neurodegeneration in the pericontusional area was assessed
using terminal deoxynucleotidyltransferase-mediated dUTP
nick end labeling (TUNEL) on 5wm paraffin sections cut
through the dorsal hippocampus as described previously.*
Caspase-3 activity was measured using Caspase-Glo assay
kit obtained from Promega (Madison, WI). Caspase-3 activ-
ity was expressed as the luminescence produced within 1
hour of incubation at 25°C using a ML1000 luminescence
plate reader (Dynatech Labs, Chantilly, VA).

FLUORESCENCE ASSAY OF REDUCED GLUTATHIONE.
Glutathione (GSH) levels were estimated in cortical homog-
enates using ThioGloTM-1>% as described previously with
minimal modifications.” GSH concentrations were deter-
mined by addition of GSH peroxidase and hydrogen perox-
ide to the brain homogenates, and the resultant fluorescence
response was subtracted from the fluorescence response of
the same specimens without addition of GSH peroxidase and
hydrogen peroxide (Sigma, St. Louis, MO). A Shimadzu
spectrophotometer RF-5301PC (Shimadzu, Kyoto, Japan)



was employed using 388nm (excitation) and 500nm (emis-
sion) wavelengths.

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY ASSAY
OF ASCORBATE. Supernatant obtained after precipitation
of proteins in brain homogenates by 10% trichloroacetic acid
and sedimentation (2,000¢ X 10 minutes) was used for
HPLC measurements, as described previously.”

Mitochondrial electron transport was determined by mea-
suring the rotenone-sensitive NADH oxidase activity in an
HPLC-based assay as described previously.>>*® To provide
access of NADH to synaptic mitochondria, we treated the
aliquots of mitochondria fractions by nitrogen cavitation.””
In these experiments, CL content in mitochondria samples
was measured using an HPLC-based assay, as described pre-
viously.?®

Statistical Analysis

Data are expressed as mean * standard deviation. Brain ox-
idized phospholipid, GSH and ascorbate levels, and caspase-
3/7 activity were compared among different groups using
analysis of variance with Tukey’s posttest. Rotenone-sensitive
NADH:O, oxidoreductase activity between sham and CCI
was compared using # test. Histological sections were assessed
semiquantitatively by one of the authors masked to the study
groups.

Results

Phospholipid Composition

Mitochondria, particularly synaptic mitochondria,
are believed to play a pivotal role in oxidative brain
injury.>*~*' Therefore, we used a mitochondria-rich
synaptosomal fraction (P2) isolated from postnatal
day 17 rats for our studies.

Figure 1 shows a typical 2D-HPTLC profile of ma-
jor classes of phospholipids in the isolated P2 fractions.
The silica spots were scraped off the plate, and the
phospholipid content was quantified via the amounts
of phosphatidylinositol (Table 1). TBI did not induce
any significant change in the phospholipid composition
of P2 fractions compared with controls except for the
accumulation of lysophosphatidylcholine. This is con-
sistent with the scale of accumulation of oxidation
products not exceeding 5mol% of individual phospho-
lipids (see later).

Mass Spectroscopic Analysis of Individual Molecular
Species
We further used ESI- and MALDI-MS to characterize
individual molecular species of phospholipids in P2
fractions. We present detailed description of MS exper-
iments with CL because identification of its molecular
species is technically more challenging than of other
phospholipids.

CL possesses two anionic charges that form both sin-
gly charged [M—H] ™ and doubly charged [M—2H] 2
ions (Fig 2Aa). The identities of major CL clusters and
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Fig 1. Typical two-dimensional high-performance thin-layer
chromatography of total lipids extracted from cortical P2 frac-
tion. CL = cardiolipin; FFA = free fatty acids; LPC = lyso-
phosphatidylcholine; NL = neutral lipids; PC = phosphatidyl-
choline; PE = phosphatidylethanolamine; PI =
phosphatidylinositol; PS = phosphatidylserine; Sph =
sphingomyelin.

Table 1. Phospholipid Composition of P2 Fraction
Isolated from Ipsilateral (Left) Cerebral Cortex (%
of Total)

Phospholipid Class Control Trauma
Cardiolipin 24*0.3 1.9+1.2
Phosphatidylethanolamine ~ 37.7 = 1.0  36.1 £ 0.7
Phosphatidylcholine 43.0*+ 1.8 433*0.7
Phosphatidylserine 124 0.7 123 *0.1
Phosphatidylinositol 34*0.3 3.3+ 04
Sphingomyelin 1.3*0.7 1.6 = 1.0
Lysophosphatidylcholine <0.5 1.4+ 0.8

their structures were analyzed by tandem MS using the
approach that Hsu and Turk® described. Molecular
species of brain CL were represented by at least 12 dif-
ferent major clusters with a variety of fatty acid resi-
dues. These included polyunsaturated arachidonic
(Cy.4) and docosahexaenoic (C,,.s) (DHA) fatty acids
highly susceptible to peroxidation. As an example, Fig-
ure 2Ab shows a typical MS/MS fragmentation exper-
iment. The major CL molecular cluster of singly
charged CL ion at m/z 1,550.2, which corresponds to
doubly charged CL ion at m/z 774.5, yielded ions with

Bayir et al: Lipidomics of Brain Injury 157



m/z 279, 281, 283, 303, 305, 327, and 329. These
signals correspond to Cg.5, Cig.15 Cig.00 Coosr Cro.30
Cys.6 and C,,.5 fatty acids, which originate from at
least four different CL molecular species as follows:
(Cis:)1/(Ci5:0)1/(Crzi6)2s (C15:0)1/(Cr0.4)2/(Crzi5)13
(C182)1/(Cs0:3)2/(Ci5)15 and (Ci),/(Cg0)1/(Cois)y/
(Cys.6)1- Complete structural characterization of major
CL clusters by multistage fragmentation (MS") using
ion trap MS identified at least two isomers in each of
the CL molecular species as summarized in Table 2.

These characterizations were confirmed by MALDI-
MS". Typical ions formed during fragmentation pro-
cess of CL (a4, b, a+136, or b+136) were identified in
MS? spectra.*> Then MS® was performed on each of 2
or b ions to assign fatty acids and their positions. As an
example, Figure 2Bb shows analysis of one of the pre-
cursors detected at m/z 1,472. During MALDI ioniza-
tion, both [M—H] ™ and [M—2H+Na] ™ types of ions
and ions of adducts with DHB matrix are formed.
Three types of ions ((M—H]™, [M—2H+Na] ,
[M—2H+DHB+Na] ") and seven predominant mo-
lecular species, including four isomers, (of the a/b or
(a+136)/(6+136) ion pairs) were identified from anal-
ysis of just one precursor in the MS” spectrum of the
m/z 1,472 ion (see Fig 2B,b). The most dominant ion
[M—2H+Na]  consisted of at least four isomers that
were identified as (C,4.1/Ci5.1)(Ci5.0/Cho.5); (Cig.of
C204)(Ci6:0/Crs1)s (Ci5:2/Cis:)(Ci6.1/Cro.)s  and
(C15.1/C15.2)(Ci5.5/Cg.5). These isomers of CL, corre-
sponded to doubly charged ion at m/z 724.2 (see Fig
2A). The ion [M—H] ™~ consisted of (C;5.1/C;4.1)(Ci6.0/
Cus) and (Ci4.1/Ch0.4)(Ci5.2/Chp.5). Matrix adduct
ion [M—2H+DHB+Na]™ corresponded to (C, .o/
C140)/(Ci6:0/Cr0)-

In contrast with multiple species of CL, a single ma-
jor molecular ion of PS with m/z 834 was observed
using negative ionization mode (Fig 3A). PS fragmen-
tation yielded a strong peak with m/z 747 caused by
loss of the serine group. Molecular fragments with m/z

283 and 327 correspond to carboxylate anions of
stearic acid (C,5.,0) and DHA (C,, ), respectively.

We used ESI-MS analysis to characterize individual
molecular species of phosphatidylinositol, phosphati-
dylethanolamine (PE), phosphatidylcholine (PC), and
sphingomyelin as well. The distribution of molecular
species in these phospholipids, as well as characteristic
fragments obtained by their fragmentation, are summa-
rized in Table 3. Note that all major phospholipids
(CL, PS, PE, and PC) contained molecular species
with polyunsaturated fatty acid residues, particularly
Cy0.4 Csaisr and C,,.6. These polyunsaturated fatty ac-
ids are known to be most susceptible to oxidative at-
tack. Thus, random oxidation should cause oxidation
of all of these phospholipid classes.

Phospholipid Oxidation and Identification of
Individual Oxidized Molecular Species

Next, we used ESI-MS to detect and identify molecu-
lar species of phospholipids that underwent oxidation
at 3 and 24 hours after CCI. Comparison of the CL
spectra from ipsilateral cortex in control and CCI rats
demonstrated an increased intensity of a peak at m/z
790.6. Detailed analysis of this peak demonstrated that
the [M—2H]?" ion corresponds to multiple CL
species with a dominant isomer of (Ci4.,/Css.)
(Css:61001/Crgo) originating from the ion at m/z
774.8 (see Fig 2C). The structural assignment of this
CL-OOH product with hydroperoxy group in C,, .
was obtained by MS" fragmentation as described ear-
lier (data not shown). MALDI-MS analysis confirmed
this conclusion (data not shown). We performed ox-
idative lipidomics analysis of doubly charged species
for CL because the signal intensity of doubly charged
ion is higher compared with the singly charged one as
shown in Figure 2A.

MS analysis of PS in the ipsilateral cortex in control
and CCI rats detected presence of PS molecular species
with oxidized C,,.5, PS-OOH, with m/z 866 (see Fig
3B). The intensity of this signal was higher at 24 hours

Fig 2. Typical negative ion electrospray ionization (ESI) (A) and matrix-assisted laser desorptionfionization (MALDI) (B) mass
spectra of cardiolipins (CLs) obtained from cortical P2 fraction. CLs isolated by two-dimensional high-performance thin-layer chro-
matography (2D-HPTLC) were subjected to mass spectrometry (MS) analysis by direct infusion into mass spectrometer. (A) The
identities of major molecular species in CL clusters were established by tandem MS. Shown is a typical MS/IMS fragmentation ex-
periment for a major CL molecular cluster with a single charged ion at m/z 1,550. Note the formation of ions with m/z 279,
281, 283, 303, 305, 327, and 329 corresponding to C,g. Crg. Cra.0 Copp Cop3 Con and Cs,.s fatty acids and resulting in
at least four different CL molecular species as follows: (Cy5,1)/(C15.0)1/(Cozi6) 5 (Cr5.0)i/(Cop ) /(Ca2.5) 15 (Cr5.2)1/(Co0.3)/(Cozi5) 15
(Cr5./(Cr5.0) /(Con.59) /(Coss); fatty acids (A, b). (B) Structural characterization of CL molecular species consisting of multiple
isomers by Ion Trap MS" fragmentation (B, b). MS’ spectrum shows a singly charged CL ion at m/z 1,472; note the presence of
multiple a and b fragments. (B, ¢) MS’ spectrum of (a+136) ion at m/z 829 of one of the 72:7 CL isomers. The MALDI-MS’
spectrum of m/z 829 (1,472—829) ion confirmed the structure as (C,5.,)/(Cys.,). All ion assignments were performed according to
Hsu and Turk.™ (C) Typical negative ion ESI mass spectra of molecular species of CL isolated from ipsilateral cortical P2 fraction
after CCI. Identification of individual oxidized molecular species (C,,.4 containing CL-OOH). Tandem MSIMS experiments con-

firmed the structures of oxidized CL (C, a and b).
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after CCI versus control. Detailed analysis of this peak
by ESI-MS demonstrated that the [M—H] ™
866.4 corresponds to PS with dominating product of
(Ci8.0/Caz61 00m) originating from the ion at m/z

834 (CIS:O/CZZ:G)‘

ion at m/z

Consistent with the MS measurements, quantitative
analysis of phospholipid oxidation by HPLC showed
that CL underwent most robust and early (at 3 hours)
oxidation after CCI (Fig 4). At this time point, no

other phospholipids were oxidized. At 24 hours after
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Table 2. Major Cardiolipin Molecular Species from P2 Fraction of Rat Brain Cortex

Molecular m/z [M—2H] 2 m/z [M—H]~ Acyl Chain Composition
Species

Cardiolipin

Diacyl species of major clusters Acyl/Acyl

68:3 686.6 1,374.2 (Creo/(Ci6:101/(Cig.1)a

68:3 700.5 1,402.0 (C16:11/(Ci6:01/(Cig1)2

68:2 701.9 1,404.8 (Ci6:02/(Cig:1)2

70:6 711.8 1,424.6 (Ci6:01/(Ci6:)1/(Crg:)1/ (Cro.91
70:5 712.7 1,426.4 (Ci.1/(Cig.)1/(Cig.1)2

70:4 713.9 1,428.8 (Ci6:11/(Cis1)s

72:8 723.5 1,448.0 (Ci6:01/(Ci82)1/(Cig)1/(Cao.)
72:8 723.5 1,448.0 (Cre)s

72:7 724.5 1,450.0 (Ci6:01/(Ci52)1/(Cig)1/(Caoi3)1
74:8 737.2 1,476.4 (Ci5:0)2/(Ci52)1/(Cp.9)1

76:11 748.8 1,498.6 (Ci:21/(Ci:)1/(Ca.4)2

76:10 749.8 1,500.2 (Cig)2/ (Cro.4)2

76:9 750.8 1,502.6 (Ci6:01/(Cr:)1/(Ca0:01/(Conia)
78:15 758.9 1,518.9 (Ci6:01/(Ci5:2)1/(Cra6):

78:14 759.5 1,520.0 (Ci8:21/(Cr0.4)5

78:12 762.0 1,524.0 (Ci5:)2/(Ca0.4)1/(Cinig)y

78:10 763.8 1,528.6 (Cig:1)2/(Cr0.0)1/(Crz.0),

80:13 774.5 1,550.0 (Ci5:01/(Ci5.:0)1/(Crnig)2

80:13 774.5 1,550.0 (Ci8:01/(Ca0:4)2/ (Crai5)y

80:13 774.5 1,550.0 (Ci5:2)1/(C0:3)2/(Cinis)y

80:13 774.5 1,550.0 (C18:21/(Ci5.0)1/(Ca2:51/(Conio
80:12 776.0 1,553.0 (Ci8:0)2/(Ciz6)2

82:17 784.6 1,570.2 (Cis:1/(Cr04)1/(Cazi6)2

82:11 790.6 1,582.7 (Cis:01/(C02)2/(Cog6)y

Phospholipids are designated as follows: tetra-acyl 74:8 cardiolipin (CL), where 74 indicates the summed number of carbon atoms at
both the sn-1, sn-2, and sn-1', sn-2" positions and :8 designates the summed number of double bonds at both the sn-1, sn-2, and sn-
1', sn-2" positions. Possible major species are indicated as tetra-acyl (Cg.,),/(Cig.5),/(Cyo.4) 1, Where 18, 18, 18, and 20 are the
numbers of carbon atoms in fatty acyl chains at the sn-1, sn-2 and sn-1’, sn-2" positions, respectively, and :1, :1, :2, and :4 are the
numbers of double bonds of the sn-1, sn-2 and sn-1', sn-2" fatty acyl chains, respectively. These individual CL molecular species were
detected by ESI as deprotonated species of CL in the negative ionization mode at m/z ratios of 737.2 and 1,476.4. These m/z values
indicate ratios of mass to charge for singly charged [M—H] ™ ions and doubly charged [M—2H]? ions, respectively.

TBI, a marked oxidation of PS occurred, whereas other
phospholipids such as PE and PC were only slightly
oxidized. Importantly, the pattern of phospholipid ox-
idation was nonrandom and did not follow their abun-
dance in P2 fraction (compare with Table 1).

Cytochrome c—Catalyzed Oxidation of Tetralinoleyl-
Cardiolipin

To investigate interaction between cytochrome ¢ and
CL, we performed in vitro assessments of the ability of
cytochrome ¢ to catalyze H,O,-dependent peroxida-
ton of polyunsaturated  tetralinoleyl-cardiolipin.
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Marked accumulation CL hydroperoxides (CL-OOH)
formed in this system was detected using fluorescence
HPLC protocol (Fig 5A). We then identified the major
oxidation products by ESI-MS. We found that molec-
ular species of CL containing 1, 2, 3, 4, and 5 hy-
droperoxy groups were generated in the course of cy-
tochrome c¢—catalyzed reaction (see Fig 5B). In
addition, several hydroxy and hydroxy-hydroperoxy de-
rivatives of CL were detected by MS analysis. This
demonstrates that nonoxidized CL undergoes oxidation
to its hydroperoxides in the presence of H,O,. More-
over, these results also show that cytochrome ¢ can uti-
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Fig 3. Typical negative ion ESI mass spectra of molecular species of phosphatidylserine (PS). Phospholipids isolated by rwo-
dimensional high-performance thin-layer chromatography (2D-HPTLC) were subjected to mass spectrometry (MS) analysis by direct
infusion into mass spectrometer. (A) Shown is a typical MS/MS fragmentation experiment for the major PS with m/z 834. PS
[fragmentation yielded a strong peak with m/z 747 caused by loss of the serine group. Molecular fragments with m/z 283 and 327
corresponded to carboxylate anions of stearic (C,4.,) and docosahexaenoic (C,,.) fatty acids, respectively. (B) Typical negative ion
ESI mass spectra of PS isolated from ipsilateral cortical P2 fraction after CCL Identification of individual oxidized molecular spe-
cies (Cy,g containing PS-OOH). Tandem MS/MS experiments confirmed the structures of oxidized PS (B, a and b).

lize CL-hydroperoxides as a source of oxidizing equiv-
alents to oxidize CL and simultancously reduce CL-
OOH to CL-OH.

Biomarkers of Cell Degeneration and Apoprosis

To determine whether there was a correspondence be-
tween phospholipid oxidation and the appearance of bi-
omarkers of cell damage, we assessed time course of bi-
omarkers of apoptosis. TUNEL-positivity was observed
in the pericontusion cortical area at 24 hours after in-
jury. There was no TUNEL-positive staining in sham-
operated rat cortex (Fig 6A). Ipsilateral cortical caspase-
3/7 activity was increased at 24 hours after CCI but not
at 3 hours compared with control (see Fig 6B).

Assessments of Oxidative Stress and Mitochondrial
Electron Transport Activity

GSH and ascorbate are two major water-soluble anti-
oxidants in the brain.*® Ipsilateral cortical GSH levels
were decreased at 24 hours (10.84 * 0.64nmol/mg
protein) after CCI versus controls (14.56 =
1.16nmol/mg protein) (Fig 7A). Ascorbate concentra-
tions in ipsilateral cortex were lower at 24 hours in
injured rats (43.02 * 1.13nmol/mg protein) versus
control rats (58.0 = 4.74nmol/mg protein; p < 0.05)

(see Fig 7B). Furthermore, the reductions in GSH and
ascorbate levels correlated temporally with the nonspe-
cific oxidation of phospholipids.

CL is essential for the maintenance of mitochondrial
electron transport. We reasoned that CL oxidation
could be associated with the loss of electron transport
activity. In accord with this, we observed a significant
decrease in rotenone-sensitive NADH:O, oxidoreduc-
tase activity at 3 hours after CCI versus control, coin-
cident with the CL oxidation (see Fig 7C). There was
no difference in cytochrome ¢ oxidase subunit IV ex-
pression assessed by Western blot analysis between CCI
and control (data not shown).

Discussion

Selective Early Oxidation of Cardiolipin: A Specific
Apoprotic Trigger in Injured Brain?

This report presents the first detailed MS-based char-
acterization of individual molecular species of major
phospholipids in the rat cortex. Our emphasis has been
placed on polyunsaturated molecular species of mito-
chondrial/synaptosomal phospholipids, particularly on
the species containing DHA residues, as most likely
targets for oxidative attack. We found that essendially
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Table 3. Major Phospholipid Molecular Species from P2 Fraction of Rat Brain Cortex

Molecular Species m/z [M—H]™
Phosphatidylinositol

Diacyl species

34:1 835.8
36:4 857.8
38:4 885.8
38:3 887.8
40:6 909.8
Phosphatidylserine

Diacyl species

34:1 760.8
36:1 788.8
38:4 810.8
40:6 834.8
40:5 836.8
40:4 838.8
Phosphatidylethanolamine

Diacyl species

38:6 762.8
38:4 766.8
40:6 790.8
40:4 794.7
Alkenyl-acyl species

34:1 700.8
36:4 722.8
38:5 or 38:6 747.8
38:4 750.8
38:2 754.7
40:6 774.7
40:4 778.8

Sphingomyelin (sodium salt of
molecular ion of m/z 731.7)

Sphingoid base-acyl species

34:1 703.7
36:2 729.7
36:1 731.7
36:1 753.8*
38:1 759.8
42:2 813.8

Identified Acyl Chains

Acyl/Acyl

Ci6:1/Cigo
Ci6:0/Cao4
Cig:0/Cao4
Cis:0/Cao:3
Cig0/Caais

Acyl/Acyl

Ci60/Cisu

Cis.0/Crsa

Ci5:0/Cr.4 and Cy,0/Crrig
Cis:0/Cozis

Ci5.0/Caais

Cis:0/Cazis

Acyl/Acyl

Ci6:0/Cazis

Ci5:0/Cro.4 01 Ci6.0/Conig
Cis.0/Cazis

Cis:0/Cozis

Ether/Acyl

C16:0p/C18:1

C16:0p/C20:4

ClS:Ip/C20:4 or C16:0p/C22:6
ClG:Op/C22:4 or ClS:Op/C20:4
ClS:Op/CZO:Z or ClS:lp/C2O:l
& 8:0p/C22:6

ClS:Op/C22:4

Sphingoid base/acyl
Cis1/Ciso
Ci5.1/Crsa
Cis1/Ciso
Cis1/Ciso
Cis1/Ca00
Ci8:1/Ca

all phospholipid classes (PC, PE, phosphatidylinositol, lipid peroxidation, phospholipids should be involved in
and CL) included C,,.s-containing species. This sug- the reaction proportionally to their abundance. Here
gests that during a random nonenzymatic process of we report that CCl-induced lipid peroxidation did not
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Table 3. continued

Molecular Species m/z [M+H]™" Identified Acyl Chains
Phosphatidylcholine

Diacyl species Acyl/Acyl
30:0 706.7 Ci40/Cis0
32:1 732.7 Ci6:0/Ciei
32:0 734.7 Ci6:0/Ciso
34:2 758.8 Ci6:1/Ciga
34:1 760.7 Ci6.0/Cis1
34:0 762.7 Ci6.0/Ciso
36:3 784.7 Ci5.1/Cis
36:1 788.7 Cis.0/Cisi
38:6 806.7 Ci6.0/Cosis
38:4 810.7 Cis.0/Cs0.4
38:2 812.7 Cis.0/Cs00
40:7 832.7 Ci8.1/Cass
40:4 838.7 Cis:0/Cr2i4
Ether/Acyl species Ether/Acyl
36:1 772.7 Cisi0p/Crs
32:0 718.9 Ci6:04/Cie0
32:0 718.9 Cis.04/Cis0
34:0 744.9 Cis:0p/Cis0
38:4 794.7 Cis:0a/Cro0.4
38:4 794.7 Cis0a/Caza
38:3 796.7 Cis.04/Ca0:3
40:7 816.7 Cis:1p/Cazis
40:4 822.7 Cis:04/Canis
p = an sn-1 vinyl ether (alkenyl- or plasmalogen) linkage; a = an sn-1 ether (alkyl-) linkage.

follow this prediction ecarly after the impact. In con-
trast, only molecular species of one class of phospho-
lipids, a C,,.s-containing CL, underwent oxidation
whereas other more abundant phospholipids, particu-
larly PC and PE, remained intact. At a later stage,
however, the random character of lipid peroxidation
materialized: although CL still remained the preferred
peroxidation substrate, other phospholipids, particu-
larly PS, were oxidized as well. This suggests that spe-
cific peroxidation mechanisms triggered early after CCI
were followed by nonspecific random pathways at later
time points.

Although lipid peroxidation has been long associated
with brain injury,'®** its specific role in mediation of
damaging pathways and signaling cascades is not well
understood. Recently, signaling functions have been as-
signed to specific molecular species of oxidized phos-
pholipids.”>*> We reported that cytochrome ¢—catalyzed

CL oxidation products (mostly CL-hydroperoxides
[CL-OOH]) accumulate in mitochondria during apo-
ptosis, where they play a critical role in the release of
proapoptotic factors into the cytosol.”” This enzymatic
oxidation of CL might explain the specific early accu-
mulation of CL-OOH after injury. Moreover, CL ox-
idation occurs early in apoptosis in nonneuronal cells
preceding cytochrome ¢ release, outer mitochondrial
membrane permeabilization, caspase activation, and PS
externalization.?”> In a separate study, we established
that triggering of staurosporine-induced apoptosis in
cortical neurons leads to an early and selective CL ox-
idation, which is not accompanied by oxidation of
other more abundant phospholipids.*® Based on these
facts, it is tempting to speculate that selective CL per-
oxidation early after CCI reflects an initial apoptotic
event in brain mitochondria. It is unlikely that CL ox-
idation originates from a nonspecific inflammatory re-
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Fig 4. Comparison of the abundance of major phospholipid (PL) classes with their oxidation. Profiles of phospholipids and phospho-
lipid hydroperoxides in control and controlled cortical impact (CCI) ipsilateral cortical P2 fractions. Phospholipid content is ex-
pressed as percentage of total phospholipids and shown in green scale. Phospholipid hydroperoxides are presented as percentage of
phospholipid (pmol PL-OOH per nmol of phospholipid) and shown in purple scale. One hundred percent corresponds to 110 =
20pmol of phospholipid hydroperoxide per nanomole of phospholipid. Cardiolipin (CL) was selectively oxidized at 3 hours after
CCI, at a time point when other phospholipids were not oxidized. Phosphatidylserine (PS), phosphatidylethanolamine (PE), phos-
phatidylinositol (PL), and phosphatidylcholine (PC) were oxidized at 24 hours afier CCI together with CL. Sph = sphingomyelin.

sponse, which happens much later after CCL® Thus,
the early CL oxidation occurs in resident brain cells,
likely in mitochondria-rich synaptic and dendritic neu-
ronal projections. Despite accumulation of CL-OOH,

we were not able to detect CCl-induced depletion of
CL. This is because the amounts of CL-OOH formed
represented only a small molar fraction of total CL.
This corroborates the role of oxidized CL as an intra-
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Fig 5. Characterization of cytochrome ¢ (cyt ¢)—catalyzed peroxidation of tetralinoleyl-cardiolipin (TLCL) in the presence of H,O..
Quantitation of the amounts of TLCL-hydroperoxides by fluorescence HPLC-based assay (A). Major oxidation products were identi-
fied by ESI mass spectrometry (MS) (B). Molecular species of cardiolipin (CL) containing 1, 2, 3, 4, and 5 hydroperoxy groups
were generated in the course of cyt c—catalyzed reaction. In addition, several hydroxy and hydroxy-hydroperoxy derivatives of CL
were detected by MS analysis.
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Fig 6. Analysis of cell death in the ipsilateral cortex. (A) Terminal deoxynucleotidyltransferase—mediated dUTP nick end labeling
(TUNEL)—positive cells were detected in the ipsilateral pericontusional cortex at 24 hours after controlled cortical impact (CCI)
(arrows). (B) Activity of caspase-3/7, measured in the ipsilateral (left) cortical tissue, was highest ar 24-hour injury corroborating
the histological data. (n = 5/group; mean = standard deviation; *p < 0.05 24-hour CCI vs control and 3-hour CCI, analysis of

variance).
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Fig 7. Assessment of oxidative stress and mitochondrial electron transport activity. Significant decrease in reduced glutathione (GSH)
(A) and ascorbate (B) levels in the ipsilateral cortical homogenates were observed at 24 hours after controlled cortical impact (CCI).
(n = Slgroup; mean = standard deviation [SD]; *p < 0.05 24-hour CCI vs control for GSH [analysis of variance] and ascorbate
[t test]). Rotenone-sensitive NADH:O, oxidoreductase activity was decreased in the ipsilateral cortical P2 fractions at 3 hours after
CCI versus control. (n = 3lgroup; mean * SD; *p < 0.05 3-hour CCI vs control, t test).
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cellular signaling event rather than a random phospho-
lipid oxidation process.

Based on apparent loss of CL, previous work has
suggested the involvement of CL oxidation in neuronal
proapoptotic responses in vitro.'”*”  Specificity of
nonyl acridine orange used in the studies is not suffi-
cient to accurately link changes of its fluorescence char-
acteristics with alterations of CL content and/or per-
oxidation.”>*® Therefore, direct estimates of CL
oxidation are necessary to prove its participation in
neuronal apoptosis. Because CL is a mitochondria-
specific phospholipid, our measurements of CL-OOH
production rather than CL depletion provide an un-
equivocal evidence for CL oxidation that takes place in
mitochondria. Thus, this work identifies the site (mi-
tochondria), time (3 hours), and molecular species
(C,,.6) of CL peroxidation after TBI. Finally, impair-
ment of mitochondrial electron transport and produc-
tion of reactive oxygen species are prerequisites for CL
oxidation. In line with this we found that mitochon-
drial electron transport (NADH oxidase) activity was
inhibited coincidentally with CL oxidation. This is
consistent with our previous demonstration that CL
oxidation acts as a switch turning off participation of
cytochrome ¢ in mitochondrial respiration and turning
on its peroxidase function.*

Oxidations of Phosphatidylserine and Other
Phospholipids: How Specific Are They?
We further established that PS ranked second on the
scale of CCl-driven phospholipid oxidation. Again, the
molecular species with C,,.; was the one that was iden-
tfiable in MS as having PS-hydroperoxides (PS-
OOH). Although we do not have direct proof for PS
oxidation specifically in apoptotic cells, a later accumu-
lation of PS-OOH (24 hours) corresponds with its
known role as a signal facilitating PS externalization on
the surface of apoptotic cells.”® This interpretation is
also supported by our results demonstrating that
caspase-3/7 activation and appearance of TUNEL-
positive cells in cortex was coincident with PS oxida-
tion. Because mitochondria do not contain PS, oxida-
tion of this phospholipid could predominantly occur in
synaptosomal membranes, further confirming the po-
tential signaling role of PS oxidation in its externaliza-
tion.”! At 24 hours after CCI, the most abundant
phospholipids, PC and PE, also underwent oxidative
modification. It is possible that PC oxidation products
act as signaling molecules as well.*®

TBI causes an increase in the level of free polyunsat-
urated fatty acid, particularly DHA, in injured brain
regions most likely secondary to hydrolysis of phospho-
lipids.”®> Phospholipase A, activity increases after
TBL>? It is possible that oxidation of DHA (C,,.¢)-
containing CL and PS stimulates their hydrolysis by
phospholipase A,.>* However, CL is not a likely source
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for DHA accumulation because no accumulation of ly-
soCLs, the products of Phospholipase A,—catalyzed CL
hydrolysis, was detected.

Mitochondrial Electron Transport Activity

Impaired brain mitochondrial function is seen after
both experimental and clinical head injury.">>~>* Mi-
tochondrial dysfunction begins early and may persist
for days after injury. A recent study evaluated the time
course of cortical mitochondrial dysfunction in adult
mice after CCI and showed concomitant impairment
in mitochondrial bioenergetics with accumulation of
oxidative stress marker 4-hydroxynonenal as an index
of global lipid peroxidation.”” Our findings expand on
these observations to the immature brain and identify
one of the major contributors (CL-OOH) to overall
lipid peroxidation and mitochondrial dysfunction early
after injury.

CL-OOH may represent a new biomarker of oxida-
tive injury possibly associated with an early apoptotic
stage of brain damage. Clearance of apoptotic cells in
the brain is mediated by oxidation and externalization
of PS.°*~%* Because CL oxidation happens before per-
oxidation of PS, CL-OOH assessments are not likely
to be masked by clearance and phagocytosis of apopto-
tic cells. Further developments of MS analyses can
make CL-OOH evaluation in the brain feasible with
an imaging protocol.®> CL oxidation may also repre-
sent an important new target for therapeutic interven-
tion. As a selective enzymatic reaction, CL oxidation
should not be preventable by lipid antioxidants.
Rather, specific disruptors of cytochrome ¢/CL interac-
tions may be promising candidates for this purpose.

We chose to characterize individual molecular spe-
cies of major phospholipids and their oxidation prod-
ucts after TBI in immature brain rather than adult
brain for several reasons. First, trauma is the leading
cause of death in children, and severe TBI is an im-
portant contributor to this mortality. Studies in pedi-
atric TBI models represent the greatest gap in the lit-
erature as delincated by the recenty published
guidelines for the acute medical management of se-
vere TBI in infants, children, and adolescents.®* Sec-
ond, several complex and interrelated pathways of
programmed cell death, both caspase-dependent and
caspase-independent, can occur after TBI in the de-
veloping brain.®® The relative contribution of each
might change with time after the insult and develop-
mental stage of the animal as it has been shown for
postnatal day 7 brain versus adult brain after TBL.®¢
Third, greater accumulation of phospholipid hy-
droperoxides is expected in immature versus adult
brain after TBI secondary to developmentally low ac-
tivities of several antioxidant enzymes including GSH
peroxidase.®”*®

Although this study focused on acute brain injury



caused by CCI, it is possible that CL-OOH accumu-
lation occurs in other neurological disorders leading to
significant apoptotic cell death. Noteworthy, the ap-
pearance of anti-phospholipid antibodies is characteris-
tic of a number of autoimmune diseases predisposing
to or associated with brain injury.®” Recently, it has
been demonstrated that anti-CL antibodies recognize
oxidized CL more effectively than CL.”® Direct assess-
ments of CL-OOH and its interactions with anti-
phospholipid antibodies may open a new avenue in un-
derstanding their role in pathogenesis of central
nervous system disorders.

Conclusion

Oxidative lipidomics is a new and exciting tool to
study phospholipid oxidative modifications in vivo.
Using this technique, we established that CL, specifi-
cally its molecular species containing C,,, is selec-
tively oxidized early after TBI, whereas more abundant
brain phospholipids remained nonoxidized at this time
point. Combined with our previous data, we speculate
that accumulation of CL hydroperoxides may be used
as a biomarker of apoptosis in vivo that is not masked
by effective clearance of apoptotic cells in the brain.
Furthermore, the ability to selectively modulate CL ox-
idation, a critical early event in the mechanism of ap-
optosis, could lead to targeted therapies and ultimately
improve outcome after brain injury.
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