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Cardiolipin (CL) is a mitochondria-specific phospholipid that is central to maintenance and regulation of mi-
tochondrial bioenergetic and metabolic functions. CL molecular species display great tissue variation with brain
exhibiting a distinct, highly diverse CL population. We recently showed that the appearance of unique brain-type
CLs in plasma could serve as a brain-specific marker of mitochondrial/tissue injury in patients after cardiac
arrest. Mitochondrial dysfunction has been increasingly implicated as a critical mechanism underlying the pa-
thogenesis of traumatic brain injury (TBI). Therefore, we hypothesized that unique, brain-specific CL species
from the injured brain are released to the peripheral circulation after TBI. To test this hypothesis, we performed a
high-resolution mass spectrometry based phospholipidomics analysis of post-natal day (PND)17 rat brain and
plasma after controlled cortical impact. We found a time-dependent increase in plasma CLs after TBI including
the aforementioned brain-specific CL species early after injury, whereas CLs were significantly decreased in the
injured brain. Compositional and quantitative correlational analysis suggested a possible release of CL into the
systemic circulation following TBI. The identification of brain-type CLs in systemic circulation may indicate
underlying mitochondrial dysfunction/loss after TBI. They may have potential as pharmacodynamics response
biomarkers for targeted therapies.

1. Introduction monetary and psychosocial burdens (Tilford et al., 2005).

Traumatic brain injury is a complex disease process, which consists

Traumatic brain injury (TBI) is the major cause of injury-associated
morbidity and mortality among children under 14 years of age. TBI
affects > 3 million children each year worldwide and about half a
million children in the United States alone (Dewan et al., 2016). While
the majority of childhood TBIs are mild, about 16% of TBI-related
hospitalizations of adolescents are categorized as severe (Asemota
et al., 2013). Recent developments in the therapeutic strategies and
neurosurgical interventions (Kochanek et al., 2012) vastly reduced the
mortality following severe pediatric TBI (Tilford et al., 2005). However
nearly half of the severely injured TBI patients fail to achieve good to
full functional recovery. In addition to long-term physical and cognitive
debilitation in survivors of childhood TBI, there are also significant

of primary and secondary injury mechanisms. The primary injury is
caused by the mechanical damage at the site of impact. Secondary in-
jury is a progressive sequence of cellular events (Anthonymuthu et al.,
2018). Mitochondria have been a focal point in the secondary injury
effects of TBI (Robertson et al., 2009; Singh et al., 2006). Mitochondrial
dysfunction and metabolic changes are seen as early as 30 min after TBI
lasting up to 7 days (Singh et al., 2006). Multiple mitochondria-related
events are observed such as aberrant calcium homeostasis, reduction in
adenosine triphosphate (ATP) levels (Robertson et al., 2009), alteration
in redox state (Stovell et al., 2018), uncoupling of oxidative phos-
phorylation (Kilbaugh et al., 2016) release of mitochondrial cyto-
chrome ¢ (Ji et al.,, 2012), and mitochondria-mediated cell death
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pathways such as apoptosis and necroptosis (Ji et al., 2012; You et al.,
2008) after TBI. Therapies targeting mitochondrial metabolic changes
and apoptosis have been shown to improve functional outcome after
TBI in the developing brain (Ji et al., 2012; Robertson and Saraswati,
2015).

Glycerophospholipid cardiolipin (CL) is essential for the structural
organization and function of mitochondria and is confined to the inner
mitochondrial membrane (Kagan et al., 2015). As part of CL's role in
structural organization, complexes III and IV destabilize in mitochon-
dria lacking CL (Pfeiffer et al., 2003). CLs contain four fatty acyl chains
resulting in the greatest structural diversity among all phospholipids.
CLs can be remodeled by a post-synthetic pathway and each tissue
displays varying levels of CL remodeling, resulting in tissue-specific CL
spectra (Kagan et al., 2015). Brain tissue has a distinct CL profile based
on the number of CL species, acyl chain lengths and degree of un-
saturation (Kagan et al., 2015). We recently showed that the appear-
ance of unique brain-type CLs in plasma could serve as a brain-specific
marker of mitochondrial/tissue injury in adults after cardiac arrest
(Anthonymuthu et al., 2019). Accumulation of three unique CL species
[CL(70:3), CL(72:5) and CL(74,7)] correlated with neurological injury
severity and functional outcome in these patients.

In addition to their structural roles, CLs play important signaling
roles. Externalization of CL to the outer mitochondrial membrane acts
as an “eat me” signal during mitophagy (Chu et al., 2013), whereas
oxidation of CL is essential for execution of mitochondrial apoptosis
(Kagan et al., 2005b). TBI triggers CL oxidation catalyzed by the in-
tramembrane space hemoprotein, cytochrome ¢, and enzymatic hy-
drolysis of oxidized CL by calcium-independent phospholipase A2y
(iPLA2y) (Liu et al., 2017) leading to formation of monolyso-CL and
oxidized fatty acids as lipid mediators. This has specifically been shown
to occur in the developing brain (Chao et al., 2018; Tyurina et al., 2014)
after controlled cortical impact (CCI), CL content in the post-natal day
(PND)17 rat brain decreases by ~60% compared to age-matched naive
animals (Chao et al., 2018). Quantitatively, the decrease in CL content
is larger than expected considering the oxidation and hydrolysis of CL.
Thus, it is likely that a portion of the mitochondrial CL is released into
the interstitial space and subsequently into the circulation upon injury.
In the current study, using high resolution liquid chromatography-mass
spectrometry (LC-MS), we quantitatively assessed the temporal pattern
of the brain and plasma CL profiles after CCI in PND17 rats to test the
hypothesis that unique brain-type CL species will increase in plasma
after CCI and that the increase in these species will quantitatively
correlate with their loss from the injured cerebral cortex.

2. Materials and methods
2.1. Materials

All the solvents used in this study were either HPLC grade or LC-MS
grade and obtained from Fisher Scientific USA. All the internal stan-
dards used were obtained from Avanti Polar Lipid Inc. Atlanta, USA.

2.2. Controlled cortical impact model and sample collection

The CCI model was performed as described previously (Bayir et al.
2007). Briefly, seventeen-day-old male Sprague-Dawley rats were an-
esthetized with 3.5% isoflurane in O,. The trachea was intubated with a
14-gauge angiocatheter and rats were mechanically ventilated during
sham and CCI surgery. Anesthesia was maintained with 2% isoflurane
in N20/02 (2:1). and maintained on 2% isoflurane in N,O/O, (2:1). A
craniotomy was made over the left parietal cortex. For all studies, a 6-
mm metal pneumatically driven impactor tip was used, velocity was
4.0 = 0.2m/s, depth of penetration was 2.5 mm, and duration of de-
formation was 50 milliseconds. After TBI, the bone flap was replaced,
sealed with dental cement, and the scalp incision was closed. After a 1h
monitoring period, rats were weaned from mechanical ventilation,
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extubated, and returned to their cages until further study. At eu-
thanasia, plasma and cortex were collected and cortex was snap-frozen
for lipidomics.

2.3. Lipid extraction and mass spectrometry analysis

The pericontusional cortex was isolated from the brain and the li-
pids were extracted using the folch method. Total phosphate content of
the lipids was quantified using the method reported previously
(Anthonymuthu et al., 2019). For phospholipid analysis, samples cor-
responding to approximately 2.5 nanomoles of total phosphate were
supplemented with the appropriate internal standards (5 picomoles
each of phosphatidylcholine (PC) (17:0/17:0), phosphatidylglycerol
(PG) (17:0/17:0), phosphatidylinositol (PI) (16:0/16:0), CL (14:0/
14:0/14:0/14:0), phosphatidylserine (PS) (17:0/17:0), phosphatidic
acid (PA) (17:0/17:0), phosphatidylethanolamine (PE) (17,0/17:0))
and analyzed using LC-MS/MS. LC-MS/MS analysis was performed
using a Dionex Ultimate 3000 RSLCnano system coupled on-line to a Q-
Exactive hybrid quadrupole-orbitrap mass spectrometer (ThermoFisher
Scientific, San Jose, CA) using a Silica column (Luna 3 pm, 100 /o\,
150 x 2mm, Phenomenex, Torrance CA). A multi-step gradient with
solvents A (n-hexane/2-propanol/water/trimethylamine /formic acid,
43:57:1:0.5:0.01 v/v containing 10 mM ammonium acetate) and B (n-
hexane/2-propanol/water/triethylamine/formic acid, 43:57:1:0.5:0.01
v/v containing 10 mM ammonium acetate) was used as follows:
0-15min linear gradient from 10% B to 37% A at 200 pl/min,
15-23 min linear gradient from 37% to 40% B at 200 pl/min,
23-25 min linear gradient from 40% to 100% B and at a linear increase
in flow rate at 200-225 pl/min, 27-47 min isocratic at 100% B at
225 pl/min, 47-57 min linear gradient from 100% to 10% B with a
linear decrease in flow rate from 225 to 200 ul/min then the column
was re-equilibrated for 13 min with 10% solvent B at 200 ul/min. The
mass spectrum was acquired in a data-dependent acquisition with a
negative ion mode from 0 to 57 min. The spray voltage was set as 3.2
KV with a sheath gas flow rate of 10 arbitrary units. The spectrum was
recorded at 70000 FWHM resolution between 360 and 1600 m/z range
with top 10 ions selected for fragmentation. HCD fragmentation with
24 NCE was used while the ions were isolated at +1 m/z isolation
window.

Blood samples were centrifuged at 2000 X g for 15min at 4 °C to
collect plasma. The total lipids from plasma were extracted using the
Bligh and Dyer method as described previously. Total phospholipid
content was quantified using the micro method for phosphorus mea-
surement (Anthonymuthu et al., 2019). Extracted lipids were re-sus-
pended in n-hexane:2-propanol:water, 43:57:1 (v/v/v) and injected
into liquid chromatography-tandem mass spectrometry (LC-MS/MS)
system for lipid identification and quantification. Lipid extracts
equivalent to 30 ul of plasma and 15 nmol of total phospholipids were
used for CL and phospholipid analysis respectively. LC-MS/MS analysis
was performed using a Dionex UltimateTM 3000 RSLCnano System
coupled online to a Q-Exactive hybrid Quadrupole-Orbitrap mass
spectrometer (ThermoFisher Scientific, San Jose, CA). Extracted lipids
were injected into a normal phase column (Silica Luna 3 pm, 100 A,
150 X 2 mm, Phenomenex, Torrance CA), and chromatography was
performed using a gradient system of solvent A and solvent B (n-
hexane:2-propanol:water, 43:57:8 [v/v/v]) with 10 mM ammonium
acetate at the following intervals: 0-15 min, linear gradient of 10% to
37% B at 200 pl/min flow rate; 15-23 min, linear gradient of 65% B at
200 pl/min; 23-25min, linear gradient of 100% B at 225 ul/min;
25-47 min, isocratic flow of 100% B at 225 pul/min; 47-57 min, linear
gradient of 10% B at 200 pl/min; 57-70 min, re-equilibration of 10% B
200 ul/min for 15min. Mass spectrometry was performed with the
following conditions: Ion source-Heated Electron Spray Ionization,
Spray voltage - 3.2kV, capillary temperature- 320 °C, sheath gas flow-
8 units, S-lens Rf level- 65. Mass spectra were collected at 140,000 full
width at half maximum (FWHM) between 1220 and 1600 m/z and
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Fig. 1. Phospholipidome of pediatric rat brain. (A) Chromatogram of phospholipid classes from pediatric rat brain. Spectra showing different class of phospholipids
(B) and cardiolipin (C). (D) Bar graph showing the number of species identified in each phospholipid class. (E) Pie chart showing the distribution of a given
phospholipid quantity in each class. (F) Heat map showing the amount of different molecular species of major phospholipids except cardiolipin in the brain. PA:
phosphatidic acid, PC: phosphatidylcholine, PE: phosphatidylethanolamine, PI: phosphatidylinositol, PG: phosphatidylglycerol, PS: phosphatidylserine, CL: cardi-
olipin, LPG: lyso-PG, LPI: lyso-PI, LPE: lyso-PE, LPS: lyso-PS, LPC: lyso-PC, mCL: monolyso-CL.
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Table 1

Cardiolipin species identified in the PND17 rat brain.
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Acyl carbons:Double bond

No PUFA

One PUFA

Two PUFA

Three PUFA

Four PUFA

66:6
66:5

66:4

66:2

68:7
68:6

68:4

68:3
68:2
70:10
70:8
70:7

70:6

70:5
70:5

70:4

70:3
70:2

72:10

72:9

72:8

72:7

72:6

72:5

C16:1C16:1C16:1C18:1

C1630C1631C1511C1811
C14:0C16:1C18:1C18:1
C1410C1410C18:1C2021
C1430C16Z0C1511C2011
Cl4:OC16:OC1811C1811
C16:0C16:0C16:1C18:1

C16:1C16:1C18:1C18:1

C16:0C16:1C18:1C18:1

Cl6:0Cl6:0C18:1C18:1

C16:1C16:1C18:2C20:1

C16:1C18:1C18:1C18:1

C1610C1811C13!1C13!1
Cl6:lC18:0C1810C1811
C16:0C18:0C18:1C18:1

C14:0C16:1C16:1C20:4
C14:0C14:0C18:1C20:4
C1410C1610C16:1C20:4
C1621C1621C1611C1812
C14:0C16:1C18:1C18:2
C1610C1611C16:1C18:2
C16:0C16:0C16Z1C1812
C14:0C16:0C18:1C18:2
C1610C1610C16:0C18:2

C16:1C16:1C16:1C20:4
C1621C1621C1611C2013
C16:0C16:1C16:1C20:4
C14:0C16:1C18:1C20:4

C16:1C16:1C18:1C18:2
C14:0C16:1C18:1C20:3
C14:0C16:1 ClSIOCZOI‘l
Cl6:0C16:1C18:1C18:2
C16:0C16:0C16:1C20:3
C14:0C18:1C1311C13:Z
C1420C16:0C181 1C2013
C16:0C16:0C16:0C20:4
C16:0C16:0C18:1C18:2

C16:1C16:2C18:1C20:6
C14:0C16:1C18:1C22:6
Cl6:0Cl6:lC16ZlC22:5

C16:1C16:1C18:1C20:4

C16:0C1621C18Z1C20:4
C14:0C18:1C18:1C20:4
C1610C1611C18:1C20:3
C1621C1821C18Z1C18:2
C14:0C16:1C20:3C20:1
C1610C1610C18:1C20:4
Cl4:0C16:0C20Z4C20: 1
C14:0C18:1C18:1C20:3
C16:1C18:0C18:1C18:2
C16:0C18:1C18:1C18:2
Cl4:0C18:0C1810C2014
C16:0C16:0C18:0C20:4

Cl6:lC16:lC18:1C22:6

C16:0C1611C13Z1C22:5
C14:0C18:1C18:1C22:6

C16:1C18:1C18:1C20:4

C1621C1821C18Z1C20:3
C16:1C18:0C18:1C20:4
C16:0C18:1C18:1C20:4

C16:1C18:0C18:0C20:4
C18:1C18:1C18:1C18:2
C16:0C18:0C1811C2014
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C14:0C14:0C18:2C20:4
C14:0C16:1C18:2C18:2

C14:0C16:0C18:2C18:2

Cl 4:0C16:1 C1812C20!4
C1621C1621C18:2C1812
C14:0C16:1C18:2C20:3
Cl 4:0C16:0C1812C20!4
Cl 4:0Cl4:0C20:3C2013
C14:0C18:1C18:2C18:2

Cl 6:0C16:0C18:2C18:2

C16:1C16:1C18:2C20:6
C14:0C16:0C18:2C22:6
C14:0C16:0C20:4C20!4
C16:1C16:1C18:2C20:4
C14:0C18:1C18:2C20:4
C16:0C16:l C18:2C20!4
C1611C1821C1832C1812
C16:0C16:0C18:2C20:4
C16:0C16:0C18:2C20:3
Cl 6:0C18:l C18:2C18:2
C14:0C18:2C18:2C20:1

C16:0C18:0C18:2C18:2

Cl 6:1 Clﬁtl C1812C22:6
Cl 6:1 C16:1 C2014C20!4
Cl 4:0C16:0C20:3C2216
C14:0C18:1C18:2C22:6
Cl 4:0C18:1 C2014C20!4
Cl 6:1 Clﬁ:l C2024C2013
C16:0C16:1C18:2C22:6
Cl 5:0C1611 C2014C20!4
Cl 6:1 ClB:l C18:2C20!4
C16:0C16:0C18:2C22:6
C16:0C16:0C20:4C20:4
Cl 6:0Cl6:l C20:3C20!3
C16:1C18:1C18:2C20:3
C16:1C18:0C18:2C20:4
Cl 6:0C16:OC20:4C20!3
C16:0C18:1C18:2C20:4
C14:0C18:1C20:3C20:3
C14:0C18:0C20:4C20:3
Cl 6:1 C18:0C18:2C20:3
C18:1C18:1C18:2C18:2
C16:0C18:1C18:2C20:3
Cl 6:0C18:0C18:2C20:4
C16:0C16:0C20:3C20:3
C1s:0C18:1C18:2C18:2

C14:0C18:2C18:2C18:2

C14:0C18:2C18:2C20:4

C16:1C18:2C18:2C18:2

ClﬁrOCl 8:2Cl 8:2C18:2

C14:0C18:2C20:4C20:3
c1521c1 B:2C1 8:2C2014

c1610c1 8:2C1 8:2C20:4

c16:0c1 8:2C1 8:2(:20:3
C18:1C18:2C18:2C18:2

ClBrOCl 8:2Cl 8:2C18:2

C16:2C16:2C18:2C20:4

C18:2c18:2c18z2C18:2

(continued on next page)
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Table 1 (continued)
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Acyl carbons:Double bond

No PUFA

One PUFA

Two PUFA

Three PUFA

Four PUFA

72:4

72:3
72:2

74:11

74:10

74:9

74:8
74:7

74:6

74:5

76:13

76:12

76:11

76:10

76:9

76:8
76:7

78:14

C18:1C18:1C18:1C18:1

C18:0C18:1C18:1C18:1
ClBIOCIBIOCIB!lCIS!I

C18:0C1821C1811C1812
C16:0C16:0C18:2C20:2
C16:0C18:0C18:0C20:4

C18:0C18:0C18:0C18:2

C16:1C18:1C18:1C20:6
C18:1C18:1C18:1C20:4

C16:0C18:0C18:0C22:6
C18:1C18:1C18:1C20:3
C18:0C1821C1811C2014

C18:0C18:1C18:1C20:3
C1810C18:0C1811C20:4
C18:0C18:0C18: 1C2013
C18:0C18:0C18:0C20:4

C18:1C18:1C18:1C20:6

67

Cl 8:0C18:0C18:2C18:2

C16:1C16:1C20:4C22:5
Cl 6:1 C16:1 C2013C22!5
Cl 4:0C16:l C22:5C2215
C14:0C20:4C20:4C20:3
C14:0C18:1C20:4C22:6
C16:1C18:l C18:2C22!5
C16:1C18:1C20:4C20:4
C16:0C16:0C20:4C22:6

C16:1C18:1C20:4C20:3
C16:0C18:1C18:2C22:6
Cl 6:0C18:l C20:4C20!4
Cl 6:0C16:0C20:3C22:6
C18:1C18:1C18:2C20:4
Cl 6:1 Clstl C2013C20:2
Cl 6:1 C18:0C20:4C20:2
C16:1C18:0C20:3C20:3
Cl 620C1812C2013C20:2
Cl 6:0C18:l C20:4C20:2
C16:0C18:1C20:3C20:3
C16:0C18:0C20:4C20:3
Cl 8:1 Clstl C1812C20:3
C18:0C18:1 C18:2C2014
C16:1C18:1C20:2C20:2
Cl 6:1 C1810C2013C20:2
C16:OC18:1 CZO:SCZOZZ
C16:0C18:0C20:4C20:2
C16:0C18:0C20:3C20:3
Cl 8:1 Cls:l ClBZZCZO!Z
Cl 8:0C18:0C18:2C2014
C18:0C18:0C18:2C20:3

Cl 6:0C16:1 C22:6C22:6

C16:0C16:0C22:6C22:6
C16:1C18:1C20:3C22:6
Cl 6:1 C1810C20:4C22!5

Cl 6:1 Cls:l C20:2C22:6
Cl 6:1 C18:0C20:3C22:6
C18:0C20:2C22:6C16:2
Cl 8:1 Cls:l C18:2C22:6
Cl 8:1 ClB:l C20:4C20:4
C16:0C16:1C22:4C20:4
C16:1C18:1C20:3C22:4
Cl 620C1610C2215C22:4
C16:0C1831 C2024C2214
C16:0C18:1C20:3C22:5
Cl 8:1 Clstl ClstZCZZ:S
C18:1C1831 C2024C2013
C18:1C18:1C20:3C20:3
Cl 8:1 ClSCZCZOCZCZO:Z
Cl 8:1 Cls:l C2013C20!2
Cl 6:1 Cl&:l C22:6C2216

C16:1C18:2C18:2C22:6
c15:1c1 8:2C20:4C2014
c14:0cl 8:2(:20:4(:22:5
C14:0C18:2C20:3C22:6

clﬁilcl 8:2C20:4C20Z3
C16:0C16:1C20:3C22:6
C16:0C18:2C18:2C22:6
clﬁiocl 8:2C20:4C20Z4
C16:1C18:2C20:3C20:3
C18:1C18:2C18:2C20:4
C1510C1 8:2C20:4C20Z3

C16:1C18:2C20:2C20:2
Cl 8:1 Cl 8:2C1 SZZCZOCZ
ClB:OCl 8:2C1 8:2C2033

C16:0C18:2C20:2C20:2
C1820C1 8:2C1 BZZCZOCZ
cls:ocl 8:1 Cl 8:2C20:3

C1521C1 8:2C20:4C2216
c1511c20:4c20:4C20Z4
C16:0C20:4C20:4C20:4
C16:1C18:2C20:2C22:6
c1511c20:4c20:4C2022
C16:1C20:4C20:3C20:3
C18:1C20:2C22:6C16:2
C1810C20:3C22:6C1622
C18:1C18:2C18:2C22:6
C18:1C18:2C20:4C20:4
C16:1C20:4C20:3C20:2
C1611C20:3C20:3C2033
C18:0C18:2C18:2C22:6
C18:1C18:2C20:4C20:3
C1810C1 8:2C20:4C2034
C16:0C18:2C20:3C22:4
C16:0C20:3C20:3C20:3
C1821C1 8:2C1 8:2C2214
Cls:lcl 8:2C2013C2033

C16:1C20:2C20:2C20:2

Clﬁ: 1Cl 8:2C22:6C22:5
C16:1C20:4C20:4C22:5
c1520c1 8:2C22:6C2216
C16:0C20:4C2024C22:6

C18:2c18:2c18z2c20:4

C18:2C18:2C18:2C20:3

C20:4C20:3C20:2C16:2
C20:3C20:3C20:3C16:2
C1812c1812c20:4c20:3

C20:4C20:2C20:2C16:2
C2013C2013C20:2C16:2
C18:2C18:2C20:4C20:2
C18:2C18:2C20:3C20:3

C1822C18:2C20:4C22:6
C18:2C20:4C20:4C20:4

(continued on next page)
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Acyl carbons:Double bond No PUFA One PUFA

Two PUFA

Three PUFA

Four PUFA

78:13

78:12

78:11

78:10

78:9

80:12

Cl 6:1 Cl&:l C22:6C2215
C16:1C18:0C22:6C20:6
Cl 6:0C18:1 C2216C22:6

C18:1C18:1C20:4C22:6

C 18:1 Cls:l C2024C2215
C18:1C18:1C20:3C22:6
C18:0C18:1C20:4C22:6
Cl 8:0C18:0C22:5C20:6

C18:1C18:1C20:4C22:4

Cl 8:1 ClS:l C22:6C22:4

Clﬁ: 1Cl 8:2C22:5C22:5
C16:0C18:2C22:6C22:5
Cl 620C20:4C20:4C2215
c18: 1cl 8:2C20:4C22:6
C18:1C20:4C20:4C20:4
C18:1C18:2C20:3C22:6
c18:0c1 8:2C20:4C2216
C18:2C2024C20:3C20:3
C18:1C20:4C20:4C20:3
c1810c20:4c20:4C2014
ClS: 1cl 8:2(:20:3(:22:5
C18:0C18:2C20:4C22:5
C18:1C20:4C20:3C20:3
clﬁilcl 8:0C22:5C22Z5
C18:0C20:4C20:4C20:3
C18:1C18:2C20:3C22:4
c1811c20:3c20:3C20Z3
C18:1C18:2C20:2C22:4
C18:1C18:1C20:3C22:4
C1811C20:3C20:3C20Z2
C1811C20:4C20:3C2234
C16:0C20:4C22:4C20:4
Cl 6:1 C20:3C22:4C2214

C18:2C18:2C20:4C22:5

C18:2C18:2C20:4C20:4

C18:2C20:3C2023C2023
C18:0C18:2C20:3C22:6

C18:2C18:2C18:2C24:4

C18:2C20:3C20:2C20:2
C18:1C20:4C20:2C20:2

C2013C2013c20:3c20:3
C18:2C20:3C20:3C22:4
Cl 822C1 822C22Z4C22Z4

300-1600 m/z respectively. Fragmentation was triggered in a data-
dependent mode with top-5 intensity ions from the inclusion list iso-
lated and fragmented by high collision dissociation (HCD) with a nor-
malized collision energy (NCE) of 24.

2.4. Identification and quantification of lipid species

Identification and quantitation of the lipid species were performed
with an optimized workflow developed for the redox lipidome using
Compound discoverer v.2.0 software (ThermoFisher Scientific, San
Jose, CA) as described earlier. In brief, the peaks with S/N ratio > 3
and minimum ion intensity of 5000 were identified and searched
against phospholipid targeted m/z list generated for all possible acyl
chain combinations of phospholipids. The list was further filtered by the
retention time (RT) for each lipid class. Lipids eluted within 2.5 min of
the internal standards retention time were considered for further ana-
lysis. The identified lipids were manually confirmed by verifying the
fragmentation pattern of representative lipids of the same class. The
values obtained were normalized to the internal standard and quanti-
fied using a calibration curve.

2.4.1. Data analysis and statistics

Most of the statistical analyses were performed using SPSS software
(IBM Corporation, Armonk, NY). Orthogonal Projections to Latent
Structures Discriminant Analysis (OPLS-DA) was performed using
SIMCA (UMETRICS) software. A P value < .05 was considered a sig-
nificant change.

3. Results
3.1. Phospholipidome of the PND17 rat brain

In order to determine the phospholipidome of the immature brain,
we performed a high-resolution LC-MS/MS analysis of cortical tissue
from PND17 rats. Phospholipids were separated based on their head
group using a normal phase chromatography (Fig. 1A). The individual
lipid species were identified based on exact mass and retention time
(Fig. 1B). The identity of each lipid class was further confirmed by
fragmentation analysis of representative species. We identified 392
isobaric phospholipid species in the immature naive cortex (Fig. 1C).
Phosphatidylethanolamine was the lipid class with the highest number
(n = 89) of lipid species. This was followed by CL, PC, and PS with 83,
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50 and 41 species in each class, respectively. Since a given isobaric
mass may correspond to multiple individual molecular species of CL, we
next performed fragmentation analysis to identify fatty acyl chains in
each CL. Based on the fragmentation data of 51 isobaric CL species, we
identified a total of 284 different CL species (Table 1). 272 of these
species contained at least one oxidizable polyunsaturated fatty acid
(PUFA). Quantitatively, 32% of cortical phospholipids consisted of PE
followed by PC (26%), PS (21%) and PI (16%) (Fig. 1D). CL constituted
about 1% of the total phospholipids. The brain phospholipidome
showed a high dynamic range with the amounts of individual lipid
species varying between 0.005 picomoles and 95 picomoles per nano-
mole of phospholipids (Fig. 1E). 1-stearoyl-2-arachidonoyl-sn-glycero-
phosphoinositol was the most abundant lipid species which constituted
10.3% of the total phospholipid. This was followed by 1-stearoyl-2-
docosahexaenoyl-sn-glycero-phosphoserine with 9.6% of the total
phospholipids (Fig. 1F).

3.2. Changes in the brain phospholipidome after CCI

After defining the phospholipidome in the immature cortical tissue,
we next analyzed the temporal course of its alterations after CCI in
PND17 rats. As shown in Fig. 2, there was a significant change in the
phospholipidome of the pericontusional cortex at 4 and 24 h after CCIL.
The most significant changes were observed in two classes of lipids,
lysophospholipids, and CLs (Fig. 2). While the contents of lysopho-
spholipids increased, CL levels decreased after injury. Among the ly-
sophospholipids, the largest increase was observed in lysopho-
sphatidylethanolamine (2-fold and 5-fold increase at 4 and 24h,
respectively) and lysophosphatidylcholine (1.7-fold and 5-fold increase
at 4 and 24 h, respectively). The decrease in CL was nearly uniform
across all identified species—approximately 96% and 89% of the
identified species decreased at 4 and 24 h after CCI, respectively.

3.3. The phospholipidome of PND17 rat plasma

Using LC/MS we quantified 494 phospholipid species from all major
classes in naive PND17 rats plasma. PC dominated the plasma phos-
pholipidome both in number of species and in quantity. PC accounted
for 122 of the 494 spices and 77% of the total phospholipids in plasma.
Quantitatively, PC (34:2) constituted 22% of the total phospholipids. PE
was the second most abundant phospholipid class contributing up to
17% of the phospholipids (Fig. 1B). The number of PE molecular species
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Fig. 2. Heat map showing the changes in the brain phospholipidome after CCI. Row Z-score depicts the normalized distribution of CL levels across all samples [Z-
score = (Sample value — mean)/SD]. Z-score of 0 is marked by black cells and indicates that the sample value is identical to mean value. Z-score of +3 and — 3 are
marked bright yellow and by bright blue cells and they indicate that the sample value is 3 standard deviations above or below the mean, respectively. Brain CL levels
were lower at 4h and 24 h while monolyso-CL and lyso-PL were higher at 4 h and 24 h after CCI vs. naive. The lowest brain CLs levels were observed at 4 h after
injury. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in the brain and plasma phospholipidomes was similar. Phosphatidic
acid (PA) was among the less abundant phospholipid classes with just 7
species (Fig. 3A). As expected, CLs were the least abundant phospho-
lipid class and could not be detected by the total phospholipid analysis
method. Recently established targeted high-resolution LC/MS-MS ana-
lysis (Anthonymuthu et al., 2019), however, identified 90 CL species
and showed that the total amount of CLs in the naive plasma was <
0.001% of the total phospholipids (Fig. 3B).

3.4. Changes in plasma cardiolipinome after CCI

After establishing the phospholipidome of plasma from naive
PND17 rats, we analyzed the changes in plasma phospholipidome after
CCI. Multivariate analysis using OPLS-DA revealed that plasma phos-
pholipidome was significantly different between naive, 4h and 24h
post CCI groups (Fig. 3C). Interestingly, all of the top 25 lipids with
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high variable influence on projection were CL species (Table 2). No-
tably, the majority of the species that were different between the naive
and CCI plasma were CL species that are uniquely enriched in the brain
(Anthonymuthu et al., 2019; Kagan et al., 2015). Similar to adult car-
diac arrest victims with neurological injury, PND17 rats showed in-
creases in plasma CL(70:3) and CL(72:5) after CCI (Fig. 3D). There was
a time-dependent progressive increase in plasma levels of brain-specific
CLs after CCI (Fig. 3E).

3.5. The increase in plasma CL correlate with the decrease in brain CL after
TBI

We then compared the brain CL species that decreased in ipsilateral
cortex to the CL species that increased in the plasma at 24 h after CCIL.
The amounts of loss in brain CL and increase in plasma CL correlate
significantly (R = 0.56,p < .001). As seen in the Fig. 4 all of the brain-



T.S. Anthonymuthu, et al. Experimental Neurology 316 (2019) 63-73

A Lyso
phospholipids o

Row z-score
PS

-2
PA
Pl
0
PG
PC
PE 2
B PI PS Lyso' } CL PA
phospholipits
PG
PE
PC
1.8
© Naive 17
2 o24h
+ 16
. £
o . . 515
g - £
o 514
go 5o T g .
o . & 813
10 L4 ® Eﬂr)
12
20 1.1
-30 -20 -10 0 10 20 30 1

o

10 20
Time after CCl (hours)

1.02531 « {[1)

Fig. 3. Phospholipidome of PND17 rat plasma and its changes after traumatic brain injury. Pie charts showing the distribution of number (A) and amount (B) of
phospholipid species in plasma. (C) Score plot of orthogonal value vs predictive value from the OPLS-DA model. D) Heat map showing the amount of different species
of cardiolipins identified in plasma in naive and TBI rats at 4 h and 24 h after injury. Individual species of CL are shown as CL(XX:YY), where XX represents total acyl
carbons and YY represents total double bonds. Row Z-score depicts the normalized distribution of CL levels across all samples. [Z-score = (Sample value — mean)/
SD]. Z-score of 0 is marked by black cells and indicates that the sample value is identical to mean value. Z-score of +2 and — 2 are marked bright red and by bright
green cells and they indicate that the sample value is 2 standard deviations above or below the mean, respectively. E) Scatter line plot showing the temporal changes
in brain-specific cardiolipins in plasma. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

specific CL species were decreased in the injured cortex while in- 4. Discussion

creasing in the plasma. These results suggest a reciprocal relationship

reflecting that part of the CL species lost from the cortical tissue appears This is the first study showing that unique brain-type CL species
in the plasma at 24 h after CCI. increase in plasma after experimental pediatric TBI and the increase in

these species quantitatively correlates with their loss from the injured
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Table 2
List of top 25 lipids that differentiate CCI plasma phospholipidome.

Rank Lipid Variable importance for predictive components
1 CL(78:8) 1.84922
2 CL(76:6) 1.84446
3 CL(78:9) 1.83938
4 CL(78:10) 1.83871
5 CL(70:5) 1.8373
6 CL(72:5) 1.83331
7 CL(76:7) 1.81214
8 CL(78:11) 1.80009
9 CL(78:7) 1.80008
10 CL(74:5) 1.7983
11 CL(74:4) 1.79464
12 CL(74:3) 1.77896
13 CL(74:6) 1.77392
14 CL(80:13) 1.73457
15 CL(80:11) 1.73196
16 CL(76:4) 1.72409
17 CL(72:2) 1.70441
18 CL(72:6) 1.69483
19 CL(70:8) 1.69373
20 CL(76:8) 1.68624
21 CL(76:5) 1.65998
22 CL(76:9) 1.6501
23 CL(70:4) 1.64654
24 CL(80:12) 1.64309
25 CL(72:4) 1.64108
©
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Fig. 4. Bar graph showing the changes in the amount of brain cardiolipins vs
plasma cardiolipins after TBI. Values are Mean *+ SD.

cortex. The essential requirement of lipids as building blocks of mem-
branes, bio-energetic fuel, and signaling molecules has prompted the
use of lipidomics analysis for discovering markers of human health and
diseases. The brain is one of the most lipid-rich tissues, with a hallmark
cardiolipinome of diverse species. We recently showed that these brain-
type CL species accumulate in plasma at levels proportional to injury
severity and correlate with functional outcome after global cerebral
ischemia in adults (Anthonymuthu et al., 2019). Since CL is exclusively
located in mitochondria, the identification of brain-type CLs in systemic
circulation as a result of neurological injury may indicate underlying
mitochondrial dysfunction/loss and could serve as a target for ther-
apeutic intervention.

Since CLs are predominantly located in the inner mitochondrial
membrane, one might wonder how they are released into plasma after
CCI and also whether or not circulating CLs might have any signaling
role. To date, two modes of intracellular signaling by CL are well es-
tablished. First, translocation of CL from the inner mitochondrial
membrane to the outer mitochondrial membrane and its subsequent
oxidation through the cytochrome C/CL complex resulting in the re-
lease of pro-apoptotic signals into the cytoplasm. This, in turn, activates
the caspase pathway which executes apoptotic cell death (Kagan et al.,
2005a). Second, membrane externalization of CL alone can act as an
“eat-me” signal via activation of the autophageal protein, microtubule-
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associated-protein-1 light chain 3 (LC3) (Chu et al., 2013). Although
these two pathways are implicated in the pathogenesis of TBI, it is
unlikely that apoptosis and autophagy would result in the release of CL
into systemic circulation for several reasons: a) we have not identified
any oxidized CL products in the plasma, and b) autophagy occurs in-
tracellularly with the components of the cellular compartments de-
graded or reused within the cell (Kim and Lee, 2014). Alternatively,
activation of regulated cell death pathways other than apoptosis may
result in the release of mitochondrial fragments (Maeda and Fadeel,
2014). Mitochondrial-derived particles are a component of the inter-
organelle communication and damage-associated molecular patterns
(DAMPs) that aid in quality control of mitochondria (Sugiura et al.,
2014). Recent studies revealed the presence of mitochondria-derived
exosomes in blood after TBI (Goetzl et al., 2017). Furthermore, CL-ex-
posed brain-derived mitochondrial microparticles were detected in the
peripheral blood of mice after fluid percussion TBI (Zhao et al., 2016).
The functional role of CLs in the peripheral circulation has been rea-
lized recently. In mice, CL-exposed microparticles contributed to TBI
associated coagulopathy (Zhao et al., 2016). Moreover, plasma CLs
were shown to play important roles in inflammation and immunity
(Balasubramanian et al., 2015; Chakraborty et al., 2017). With strong
evidence for a role for extracellular mitochondrial components in reg-
ulation of the immune response, it is possible that plasma CLs after TBI
are not simply biomarkers, but play a role in the mediation and/or
regulation of some facet of the inflammatory response to injury.

Brain not only posseses a complex lipidome but also contains many
unique lipids. This makes brain lipids a vulnerable target for physio-
logical changes as well as a potential messengers under such conditions.
Many lipid-based biomarkers have been identified in chronic and acute
neurological diseases. The brain contains about 80% of the body's
24(8)-hydroxycholesterol (24S-OHC), one of the oxidized derivatives of
cholesterol (Lutjohann et al., 1996). 24S-OHC levels were also shown to
increase in major neurodegenerative diseases such as Alzheimer's Dis-
ease, multiple sclerosis, Parkinson's disease and Huntington disease
(Sun et al., 2016). Similarly, palmitic acid, stearic acid, oleic acid, a-
linoleic acid, DHA (Chua et al., 2016), plasmalogens (Graham et al.,
2018), several species of phosphatidylethanolamine, PC species
(Gonzalez-Dominguez et al., 2014), and lysophosphoinositol species
(Mapstone et al., 2014) were reported as biomarkers for Alzheimer's
disease and memory loss.

Traumatic brain injury is a heterogeneous disease in terms of both
epidemiology and disease progression. This heterogeneity makes it
difficult to asses the level of injury and prognosis. Conventional clas-
sification of TBI relies on neurological examination and imaging tech-
niques. Though these modalities are routinely used in the clinical arena,
there is a need for surrogate peripheral biomarkers, which can be used
by themselves or in combination with the existing imaging modalities
to assess the temporal course of secondary injury evolution and to as-
sess treatment response after TBL In line with this, several attempts
have been made to identify lipid biomarkers in acute brain injury. Sheth
et al., showed elevated levels of various sphingolipid species after CCI
in adult rats and after middle cerebral artery occlusion in adult mice
(Sheth et al., 2015). The sphingolipid score, a value derived from the
sum of two elevated sphingolipid species, differentiated the animals
exposed to stroke and was correlated with lesion volume (Sheth et al.,
2015). Several studies in experimental TBI showed decreases in PUFA-
containing phospholipids: PE, PC, and PI in plasma (Abdullah et al.,
2014; Emmerich et al., 2015; Emmerich et al., 2017). In a military
population with mild TBI, a significant reduction in both plasma
monounsaturated fatty acid containing PC and PI species and the ratio
of arachidonic acid to docosahexaenoic acid containing PC and PE li-
pids was observed (Emmerich et al., 2015). These studies, however, did
not investigate plasma CL levels likely because of its low abundance and
the requirement for newly developed high-resolution LC/MS-MS tech-
niques that are used in this study.

Phospholipids account for 35-50% of total lipids in the brain. Many
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phospholipids in the brain contain PUFAs in their sn-2 as well as sn-1
positions making them susceptible to oxidation after TBI
(Anthonymuthu et al., 2018). Different phospholipases can hydrolyze
non-oxidized (e.g., calcium-dependent cytosolic phospholipase A2
[PLA2]) or oxidized fatty acyl chains (e.g., calcium-independent mi-
tochondrial PLA2,) after TBI (Anthonymuthu et al., 2016). Resulting
products of non-oxidized or oxidized fatty acids, as well as lyso-phos-
pholipids, have been shown to accumulate in the brain after experi-
mental and clinical TBI (Anthonymuthu et al., 2017; Anthonymuthu
et al., 2018). The primary products of phospholipid oxidation are hy-
droperoxy species. Their degradation products such as F2-isoprostanes
were shown to be increased in the CSF of infants and children with
severe TBI versus control samples and peaked at 1day after injury
(Bayir et al., 2002). This increase in Fo-isoprostane correlated with the
significant reduction in antioxidant reserves: ascorbate and glutathione
(Bayir et al., 2002). Although detection of end products of lipid oxi-
dation can help with estimating the overall lipid peroxidation burden,
these measures cannot identify the specific phospholipid(s) that un-
dergo oxidation. The latter is important in providing mechanistic un-
derstanding and directing therapeutic targeting. Our previous studies
have shown that CL undergoes cytochrome ¢ mediated oxidation after
CCI in PND17 rats. A CL-targeting nitroxide, XJB-5-131, attenuated CL
oxidation and improved functional outcome in immature rats (Ji et al.,
2012). Future studies evaluating plasma CL as a measure of therapeutic
effectiveness of mitochondria-targeted nitroxides after TBI could be
revealing.

To date, most of the biofluidic biomarkers identified after TBI are
proteins such as S100f, neuron-specific enolase (NSE), myelin basic
protein (MBP), Neurofilament heavy chain protein (NF-H), glial fi-
brillary acidic protein (GFAP), and ubiquitin C-terminal hydrolase-L1
(UCHL1) (Agoston and Shutes-David, 2017). Compared to the protein
biomarkers, CL is smaller in size and more hydrophobic in nature.
Therefore, CL can be easily released into the peripheral circulation after
crossing the blood-brain barrier. Moreover, mitochondria-derived mi-
croparticles can transmigrate through the blood-brain barrier in a pla-
telet-dependent manner (Tian et al., 2015).

In this study, we chose to utilize 17 day old rats. PND17 represents a
time point of active synaptogenesis, analogous to the human toddler,
and is also a critical time when mature synaptic function is being es-
tablished (Semple et al., 2013). We and others have shown that di-
versity of CL species is similar between the mouse, rat and human
brains (Anthonymuthu et al., 2019; Cheng et al., 2008). Cheng et al.,
reported that in the mouse cortex, CL levels significantly increased
during the prenatal period, transiently decreased at birth, and then
began to increase until PND40. Interestingly CLs containing shorter
saturated fatty acid chains such as oleic acid (C18:1) and palmitic acid
(C16:1) gradually decreased around the perinatal period and were re-
placed by CLs containing longer chain polyunsaturated fatty acids such
as arachidonic acid (C20:4) and docosahexaenoic acid (C22:6),
reaching the adult CL profile by PND30. There was no significant dif-
ference in total cortical CL levels between PND7 and PND15 mice,
analogs to human newborn and toddler, respectively. The profile of
brain CL was slightly different with lower C16:1 and higher C18:1 and
C20:4 content in the PND17 vs. PND15 mouse cortex.

It has been increasingly recognized that the pathology and the
outcome of TBI are sex-dependent (Bayir et al., 2004; Vagnerova et al.,
2008). Experiments with the female rats or a mixed population might
be required to extend these observations to the general population.
However, previous studies suggest that gender-based differences will
likely play a minor role in plasma CL levels and profile both under
normal circumstances and after injury. For example, in our previous
study, we did not observe sex differences in plasma CL profile between
males and females in control and cardiac arrest patients
(Anthonymuthu et al., 2019). Similarly, previous studies in male and
female mice showed comparable CL content and saturation level in the
cortex after post-natal day 4 in both sexes (Acaz-Fonseca et al., 2017).
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In conclusion, using high-resolution LC-MS we showed that brain-
type CL species increase in plasma after CCI in PND17 rats and this
increase quantitatively correlates with their loss from the injured cortex
suggesting a possible release of CLs from the brain into the plasma after
TBI. The identification of brain-type CLs in systemic circulation as a
result of neurological injury may indicate underlying mitochondrial
dysfunction/loss and could serve as a target for therapeutic interven-
tion. Future studies evaluating theranostic potential of plasma CL in
experimental and clinical TBI are warranted.
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