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Introduction
The enormous complexity of brain functions requires a highly effective coordination of multiple metabolic 
reactions via extremely sophisticated signaling. Ruthless demolition of this harmonized organization — in the 
limited volume of the brain — creates chaos: discoordination of many usual regulatory processes and trigger-
ing of  abnormal reactions that engage newer anatomical areas and enhance the overall damage over time. 
The incidence of brain trauma in pediatric, adult, and geriatric populations shows continuous growth (1, 2). 
Thus, the urgently required therapeutic strategies necessitate identification of the leading pathogenic pathways 
as the targets for new drug discovery.

Mitochondria — with their established critical role in bioenergetics and newly appreciated role in signal-
ing — have emerged as one of  the leading hubs where many of  the disastrous reactions of  trauma pathogen-

Mechanical injury to the brain triggers multiple biochemical events whose specific contributions 
to the pathogenesis define clinical manifestations and the overall outcome. Among many 
factors, mitochondrial injury has recently attracted much attention due to the importance of the 
organelle for bioenergetics as well as intra- and extracellular signaling and cell death. Assuming 
the essentiality of a mitochondria-unique phospholipid, cardiolipin (CL), for the structural and 
functional organization of mitochondria, here we applied global (phospho) lipidomics and redox 
lipidomics to reveal and identify CL modifications during controlled cortical impact (CCI). We 
revealed 2 major pathways activated in the CCI-injured brain as time-specific responses: early 
accumulation of oxidized CL (CLox) products was followed by hydrolytic reactions yielding 
monolyso-CLs (mCLs) and free fatty acids. To quantitatively assess possible specific roles of 
peroxidation and hydrolysis of mitochondrial CL, we performed comparative studies of CL 
modifications using an animal model of Barth syndrome where deficiency of CL reacylation 
(Tafazzin [Taz] deficiency) was associated exclusively with the accumulation of mCLs (but not 
CLox). By comparing the in vitro and in vivo results with genetic manipulation of major CL-, CLox-, 
and mCL-metabolizing enzymes, calcium-independent phospholipase A2γ and Taz, we concluded 
that the 2 processes — CL oxidation and CL hydrolysis — act as mutually synergistically enhancing 
components of the pathogenic mechanism of mitochondrial injury in traumatic brain injury. This 
emphasizes the need for combined therapeutic approaches preventing the formation of both 
CLox and mCL.
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esis are initiated (3, 4). Essential for both structural organization and regulatory functions of  mitochondria is 
their unique phospholipid, cardiolipin (CL), normally confined almost exclusively to the matrix leaflet of  the 
inner mitochondrial membrane (IMM; refs. 5–8). Collapse of  CL asymmetry along with aberrant metabolism 
— oxidative modification and hydrolysis — are believed to be inherently involved in the chain of  pathogenic 
events leading to erroneous signaling, weakening the healing process and worsening the overall prognosis (7, 
9, 10). Two major types of  reactions — oxygenation of  CLs (catalyzed predominantly by an intramembrane 
space hemoprotein, cytochrome c; ref. 11) and enzymatic hydrolysis of  nonoxidized CLs by various phos-
pholipase(s) A2 and of  CLox predominantly by calcium-independent phospholipase A2γ (iPLA2γ; refs. 12, 13) 
— may be closely intertwined with each other, yielding a synergistically enhanced, injurious reaction network 
that is propagated in the aftermath of  the traumatic event. The large number of  individual molecular products 
generated by both processes makes the task of  their identification daunting, thus discouraging experimental 
work and drug design and development in this area (14). Our previous work using high-resolution liquid 
chromatography–mass spectrometry (LC-MS) has definitively characterized more than 150 individual oxi-
dized CL (CLox) products generated in traumatized brain tissue (14). A more recent study (15) added another 
approximately 700 individual oxygenated polyunsaturated fatty acids as potential participants in trauma-initi-
ated damage. Intriguingly, a mitochondria-targeted scavenger of  electrons, XJB-5-131, was protective against 
traumatic injury not only in the context of  biochemical characteristics, but also in functional outcomes (16). 
This emphasizes the role and contribution of  the redox component of  lipid oxidation in the overall damage.

The role of  hydrolytic reactions as enhancers or quenchers of  the damage and their potentially nonlin-
ear interactions with the redox reactions remains unknown. As a potentially useful approach to quantitative 
assessments of  these complex interactions, we chose to use a model of  a monogene brain impairment — 
Tafazzin (Taz) deficiency — which is associated with only 1 of  the above processes — aberrant hydrolytic 
metabolism of  CL and accumulation of  CL hydrolysis products, monolyso-CLs (mCLs), due to ineffective 
reacylation of  the hydrolytic products by the essential acyltransferase Taz (17–20). Here we quantitatively 
assessed, for the first time to our knowledge, the possible specific roles of  peroxidation and hydrolysis of  
mitochondrial CLs and present evidence that these 2 processes act as mutually enhancing components of  
the pathogenic mechanism of  mitochondrial injury in traumatic brain injury (TBI).

Results
TBI causes accumulation of  CLox and mCLs. To obtain detailed knowledge about the TBI-induced chang-
es in CL metabolism, we performed a high-resolution redox phospholipidomics time course analysis 
of  CLs and their major redox and hydrolytic metabolites. The total CL content in the cortical contu-
sional zone decreased at 1, 4, and 24 hours after TBI versus control, whereby the effect was particu-
larly robust at 4 hours (Figure 1A). To quantitatively assess the alterations in the levels of  molecular 
species of  CL, we constructed contour maps of  changes in CL content after TBI relative to their levels 
in the control group (Figure 1B). We found that both polyunsaturated and saturated CL species were 
decreased at 1 hour, whereas predominantly polyunsaturated CL species were decreased at 4 hours. 
Finally, at 24 hours, the low-molecular-weight CL species containing polyunsaturated fatty acids 
(PUFAs) were reduced whereas CL species with longer acyl chains (and respectively higher masses) 
were substantially increased. Comparing the changes with the total unsaturation pointed toward a qua-
dratic correlation indicating that PUFA-containing CLs were removed at a much higher rate than their 
saturated counterparts. This trend was observed at all 3 time points, however, with varying intensity: 
a strong correlation at 4 hours, a moderate correlation at 24 hours, and a modest correlation at 1 hour 
(Figure 2A). Overall, these data revealed highly specific patterns of  PUFA-containing CL responses 
and changes in molecular speciation of  CLs in the injured brain.

We further determined the amount of  oxidatively modified CLs at different time points after TBI. The 
total amount of  CLox peaked (>3.5-fold) at 1 hour after TBI, and elevated CLox levels were detected at later 
time points (4 and 24 hours) versus the control group (Figure 1A). Regarding molecular speciation of  CLox, 
the following specific features were established: (a) most of  the CL species were oxidized to a similar extent 
at 1 hour; (b) the CLox species with PUFAs were sequentially decreased at 4 and 24 hours while the CLox 
species containing saturated or monounsaturated fatty acyls largely remained unchanged (Figure 2B).

TBI also caused elevation of  mCL content; however, the time course was markedly different from CL 
oxidation — a slight increase at the earlier time point (1 hour) and a greater increase (>2.5-fold) at both 
4 and 24 hours (Figure 1A). At 1 hour, the changes were prevalent across all saturated and unsaturated 
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species whereas there was a noticeable, steady increase in species containing less than 7 total double bonds 
at 4 and 24 hours (Figure 2B). These results are compatible with the formation of  mCLs via hydrolysis of  
PUFAs or oxygenated PUFAs at 4 and 24 hours after the injury.

Overall, the specific features of  the temporal changes suggest that redox reactions leading to the accu-
mulation of  CLox preceded the hydrolysis of  CL and/or CLox. To get better insight into the interrela-
tionships between the 2 types of  TBI-dependent CL modifications, namely oxidation and hydrolysis, we 
constructed chord diagrams revealing correlations between the changes of  the CL oxidation and hydrolysis 
products (Figure 2B). We found that the interconnectivity of  the formation of  CLox and mCL was already 
observed at 1 hour after TBI and progressively increased at 4 and 24 hours after the injury. Notably, mul-
tiple CLox species correlated with the formation of  mCL species at 1 hour. However, at later time points, 
CLox species formed from the PUFA-containing CLs (with greater than 8 double bonds) strongly correlat-
ed with mCL formation. These results point to a random CL hydrolysis at 1 hour and a more specific and 
selective hydrolysis of  oxidized PUFA at later time points.

The paramount differences between the CLox and mCL responses are likely reflective of  the steady-
state levels of  these intermediates contributing to the initial, severe mechanical damage and substantial 
apoptosis in cortical neurons and subsequent attempts to repair via the activation of  the 2 major proteins 
of  CL remodeling — iPLA2γ (known to remove the oxygenated PUFA from CLox) as well as Taz that 
reacylates the iPLA2γ-generated mCLs. The results reveal that the first part of  the repair machinery was 
very effective (Supplemental Figure 1A; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.97677DS1) — the initial huge spike in the amount of  CLox was leveled off  to 
a much lower amount. This corresponds very well with an increase in iPLA2γ expression at 1 and 4 hours 
and its leveling off  back to the control values at the latest tested time (24 hours) (Figure 3A).

On the other hand, a significant increase in the expression levels of Taz — the catalyst of the major phos-
pholipid reacylation process in CLs (21, 22) — was observed at 4 and 24 hours compared with 1 hour (Figure 

Figure 1. Time course analysis of CL profile in the brain after TBI by LC-MS. (A) Quantitative assessment by LC-MS of total CL, CLox, and mCL content in 
the contusional cortex at 1, 4, and 24 hours after controlled cortical impact (CCI). n = 4/group, *P < 0.05 vs. control, 1-way ANOVA. The box plots depict the 
minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range. (B) 
Color contour map showing changes in CL species at 1, 4, and 24 hours with respect to control. Values are average from 4 animals.
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3B). This characteristic behavior was also observed after mechanical stretch injury in neurons (Supplemental 
Figure 1B) whereby transient increase of iPLA2γ and a delayed increase of Taz expression at 36 hours after the 
injury were detected as well (Figure 3, C and D). Finally, the same pattern of strong and consistent activation 
of Taz expression was also characteristic for several cases of human TBI whereby both at 6 and 48 to 72 hours, 
the levels of Taz protein were significantly increased (Figure 3E and Supplemental Figure 1C) after the insult.

mCL accumulation in the brain of  Taz-deficient mice. Assuming that reacylation represents the “bottle-
neck” of  the overall remodeling process, we further chose to study the Taz-driven hydrolysis/remodeling 
of  brain CLs in Taz-deficient animals. Such an approach gives the advantage of  better understanding the 
hydrolysis/reacylation reactions uncomplicated by the simultaneous redox modifications of  CL and the 
formation of  CLox species. Indeed, we found that in Taz-knockdown (Taz-KD) mice, a robust accumu-
lation of  mCLs occurred, resulting in a slight but significant (P <0.05 vs. WT) depletion of  CL (Figure 4, 
A and B). In terms of  molecular speciation of  accumulated mCL species and lost CL species (Figure 4, C 
and D), the major loss was found in CL species with multiple PUFAs. The CL species with 6 to 11 double 
bonds and 74 to 78 total acyl carbons showed a moderate decrease while the CL species with saturated 
fatty acids showed an increase (Figure 4C). Similarly, a greater increase among mCL species was found 
in PUFA-containing species (Figure 4D). The free fatty acid (FFA) analysis revealed a significant increase 
in arachidonic acid levels in the KD mice while the amounts of  saturated FFAs, such as palmitic acid and 
stearic acid, were significantly lower (Figure 4E). Taz catalyzes the reacylation reaction after hydrolysis by 
one of  the phospholipases A2. The latter reaction defines the levels of  fatty acids released. As expected, the 
amounts of  oxidized FFA species were also lower in the KD mice (Supplemental Figure 2). Taken together, 
the majority of  the CL losses observed in Taz-deficient animals were due to the loss of  PUFAs, such as 

Figure 2. Correlation analysis of changes in CL after TBI. (A) Correlation of changes in CL content between control and 1-, 4-, or 24-hour samples and the 
total number of double bonds. (B) Chord diagram showing the correlation between CLox and mCLs. The connecting chord represents a Spearman’s correla-
tion coefficient greater than 0.6 between CLox and mCLs. Values are average from 4 animals.



5insight.jci.org      https://doi.org/10.1172/jci.insight.97677

R E S E A R C H  A R T I C L E

arachidonic, docosapentaenoic, and docosahexaenoic acids. Notably, the correlation between the losses in 
CL species and the double bonds showed a second-order polynomial correlation (Figure 4F).

Levels of  Taz expression define sensitivity of  neurons to stretch injury. To more quantitatively assess the importance 
of Taz-dependent reacylation in neuronal cell injury and repair, we used mechanical stretch injury in HT22 cells 
transfected with iPLA2γ known to hydrolyze both oxygenated and non-oxygenated phospholipids in mitochon-
dria (15, 23, 24). This transfection markedly increased sensitivity of neuronal cells to stretch-induced injury (Fig-
ure 5, A and B, and Supplemental Figure 3A). We then performed the experiments with stretch injury in cells 
with manipulated levels of Taz expression (Supplemental Figure 3B). Remarkably, decreased levels of Taz were 
associated with increased sensitivity of cells to stretch-induced injury (Figure 5C) whereas elevated levels of Taz 
were associated with increased resistance to stretch-induced injury (Figure 5D). Assessments of mitochondrial 
integrity using a potential-sensitive fluorescent probe, JC-1, revealed that Taz levels were essential for preserving 
the polarized state of mitochondria impaired by stretch injury (Figure 5E).

Taz deficiency enhances rotenone-induced injury of  neurons. We further employed another model of  neuro-
nal cell injury using a mitochondrial respiratory complex I inhibitor, rotenone (25, 26). Rotenone’s ability 
to injure neuronal cells has been associated with the enhanced production of  reactive oxygen species and 
oxidation/hydrolysis of  CL and CLox (27–30). In this model, elevated levels of  Taz induced protection 
(Figure 6A). Accordingly, Taz deficiency induced increased sensitivity to cell cytotoxicity (Figure 6B) and 
the loss of  mitochondrial membrane potential (Figure 6C).

Figure 3. Evaluation of CL remodeling pathway proteins following TBI. (A) Expression levels (relative to mitochondrial marker Tim23) of the CL-remodeling 
protein iPLA2γ after CCI in the contusional cortex. n = 5/group, *P < 0.05 vs. control, 1-way ANOVA. The box plots depict the minimum and maximum values 
(whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range. (B) Expression levels (relative to mito-
chondrial marker Tim23) of the CL-remodeling protein Taz after CCI in the contusional cortex. n = 5/group, *P < 0.05 vs. control, 1-way ANOVA. (C) Temporal 
profile of changes in the CL-remodeling protein iPLA2γ (relative to mitochondrial marker Tim23) after mechanical stretch in HT22 cells. n = 4/group, *P < 0.05 
vs. control, 1-way ANOVA. (D) Temporal profile of changes in the CL-remodeling protein Taz (relative to mitochondrial marker Tim23) after mechanical stretch 
in HT22 cells. n = 4/group, *P < 0.05 vs. control, 1-way ANOVA. (E) Changes in Taz expression (relative to GAPDH) in human contusional brain tissue for TBI 
patients who underwent resection of contusion within 6 hours or 48 to 72 hours after TBI. n = 5/group, *P < 0.05 vs. control, 1-way ANOVA.
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Deficiency of  iPLA2γ attenuates TBI-induced neuronal death and behavioral deficits. Because iPLA2γ plays 
a major role in hydrolyzing oxidatively modified CLs, we next evaluated the effect of  iPLA2γ knock 
down using the siRNA approach in vivo on neuronal death and behavioral deficits induced by CCI in 
rats. iPLA2γ expression was significantly reduced in the KD animals versus the SC group (Figure 7A and 
Supplemental Figure 4). To assess neuronal injury, we employed FJC staining, commonly used to detect 
degenerating neurons (31). After CCI, the number of  FJC-positive cells was decreased at 24 hours in 
the CCI + KD group versus the CCI + SC group (Figure 7, A and B). For evaluation of  the functional 
outcome, we used balance beam and Morris water maze (MWM) tests. Balancing ability did not dif-
fer between groups before surgery (Figure 7C), suggesting that pretraining was consistent among both 
groups. However, after injury, a significantly better motor performance was observed on days 4 to 5 in the 
CCI + KD group compared with the CCI + SC group (Figure 7C). The results of  the MWM tests also 
revealed that the CCI + KD rats performed better than the CCI + SC group on days 14–15 (Figure 7D).

Discussion
CLs are unusual tetra-acylated, triglycerol-bridged, and doubly negatively charged phospholipids pre-
senting exclusively in the IMM (32–34). In eukaryotic cells, CLs are present exclusively in mitochondria, 
where they are essential for the structural, bioenergetics, and signaling functions (10, 35). Not surprising-
ly, disturbed CL metabolism leads to mitochondrial dyshomeostasis (33, 36). Apart from this, collapse of  
CL asymmetry and its appearance on the surface of  mitochondria due to membrane depolarization act a 

Figure 4. Changes in brain CL in Taz-KD mice. (A) Quantitative assessment of total amount of CLs in the brains of WT and Taz-KD mice. n = 8/group and 
*P < 0.05 vs. WT, 2-tailed Student’s t test. The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the 
median. The length of the box represents the interquartile range. (B) Total amount of mCLs in the brains of WT and Taz-KD mice. n = 8/group and *P < 
0.05 vs. WT, 2-tailed Student’s t test. The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. 
The length of the box represents the interquartile range. (C) Color contour map showing changes in CL in Taz-KD mouse brain compared with WT mouse 
brain. (D) Color contour map showing changes in mCL in Taz-KD mouse brain compared with WT mouse brain. Values are average from 8 animals. (E) 
Assessment of free fatty acid content in WT and Taz-KD mouse brain. n = 8/group and *P < 0.05 vs. WT, 2-tailed Student’s t test. The box plots depict 
the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range. 
(F) Correlation between changes in CL levels in Taz-KD mice (compared with WT) and the total number of double bonds. There was a strong correlation 
between these 2 parameters (R = 0.9). Values are average from 8 animals.



7insight.jci.org      https://doi.org/10.1172/jci.insight.97677

R E S E A R C H  A R T I C L E

promitophageal signal leading to the elimination of  injured mitochondria (37). Release of  mitochondria 
with externalized CLs into extracellular environments and circulation represents triggers of  immunogen-
ic events affecting the pro- and antiinflammatory balance (38–40).

Metabolic modifications of  CLs have been associated with mitochondrial dysfunction in several dis-
ease conditions, including a monogenic disease, Barth syndrome (41, 42). In Barth syndrome, the mutated 
gene of  mCL reacylation — required for the normal remodeling and maturation of  CL — is responsible 
for the development of  cardiomyopathy and neutropenia, leading over time to mortality (43), and other 
less pronounced clinical manifestations, including a mild neurological impairment (44, 45). More robust 
effects have been linked with multiple metabolic misfortunes of  CL, leading to its oxidation and hydrolysis 
(15, 46). On the cellular level, cytochrome c–catalyzed CL oxidation leads to massive apoptosis (47). Addi-
tionally, mCL accumulation has been shown to trigger mitochondrial binding of  BH3-interacting domain 
death agonist, leading to apoptosis (48). A previous study showed that cervical cancer cells with disrupted 
mCL reacylation were more sensitive to apoptosis (49). The accumulated mCLs affect the physicochemi-
cal properties of  the outer membrane and the proapoptotic action of  Bcl-2 proteins, leading to membrane 
permeabilization (50). The increased mCL is also present in cerebral ischemia-reperfusion and Parkinson 
disease models, accompanied by CL oxidation (30, 51). One can assume that a combination of  CL redox 
modification with the hydrolysis of  CLox products may cause synergistic deleterious effects (51).

Figure 5. Neuronal cell death is influenced by the CL-remodeling pathway after mechanical stretch injury. (A) Quantification of cytotoxicity by CCK8 at 
48 hours after transient transfection with iPLA2γ plasmid (P) and at 24 hours after stretch (S). Transfection efficiency was measured by Western blot anal-
ysis at 48 hours. n = 6/group, *P < 0.05 vs. vector control (VC), #P < 0.05 vs. vector plus S (vector + S), 1-way ANOVA. (B) Cell death measured by Annexin 
V-APC/7-AAD at 48 hours after transient transfection with P and at 24 hours after stretch. n = 3/group, *P < 0.05 vs. VC; #P < 0.05 vs. S by 1-way ANOVA. 
P, iPLA2γ overexpression group. S, Stretch group: P+S, iPLA2(gamma) overexpression + stretch group (C) Quantification of cytotoxicity in Taz siRNA KD 
cells after stretch injury. n = 4/group, *P < 0.05 vs. scrambled siRNA control (SC), 1-way ANOVA. (D) Effect of Taz overexpression (OE) on mechanical 
stretch–induced cytotoxicity. n = 3/group, *P < 0.05 vs. VC, 1-way ANOVA. (E) Mitochondrial membrane potential measured by JC-1 in Taz-overexpressing 
and empty vector transfection cells after stretch injury. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (10 μM) was used as a positive control. n = 4/
group, *P < 0.05 vs. VC, 1-way ANOVA.
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Brain trauma is a multifactorial injury with many mutually enhancing mechanisms of  damage (52–54). 
Among those, mitochondrial damage with underlying CL metabolic disturbances has attracted attention 
as a potential target for new therapies (55). Notably, biochemically detectable prevention of  CL oxidation 
has been demonstrated to be effective in the functional protection of  the brain against traumatic injury (16). 
It is reasonable to expect that a combination therapy that also includes regulators of  CL hydrolysis may 
yield nonlinear protective effects. However, the tightly intertwined redox and hydrolytic pathways of  CL 
modification have not been untangled so far.

In the current work, using high-resolution LC-MS/MS, we showed for the first time to our knowledge 
that esterified PUFAs in CLs are targets of  oxidation, which is followed by hydrolysis and formation of  
mCLs after TBI. A similar pattern of  hydrolysis of  PUFAs esterified into CLs and formation of  mCLs 
was observed in Taz-deficient brains (Figure 4, C and D), where oxidation reactions that were seen in TBI 
did not complicate the picture. In response to mCL accumulation, there was an increase in the expression 
of  the CL-remodeling enzyme Taz both in experimental and clinical TBI. Our data using an in vitro TBI 
model further supported the importance of  CL hydrolysis and remodeling reactions in neuronal death by 
showing that overexpression of  iPLA2γ and deficiency of  Taz worsened neuronal survival. Combined with 
our previous observations (16, 52, 56), these data suggest an important, detrimental role for both CLox and 
mCL accumulation after TBI. It is likely that the combined presence of  2 types of  “chaotropic” CL metab-
olites, CLox and mCL, synergistically enhances membrane damage after TBI. It is possible that a time-
dosed therapeutic approach starting with regulators of  CL oxidation, followed by regulators of  hydrolysis, 
and then remodeling, will be particularly effective for improving outcomes after TBI.

Figure 6. Taz deficiency enhances rotenone-induced neuronal injury. (A) Rotenone-induced cytotoxicity in Taz-transfected (Taz OE condition) or empty 
vector–transfected cells. n = 3/group, *P < 0.05 vs. VC group, 1-way ANOVA. The box plots depict the minimum and maximum values (whiskers), the upper 
and lower quartiles, and the median. The length of the box represents the interquartile range. (B) Rotenone-induced cytotoxicity in Taz siRNA or SC-trans-
fected cells. n = 5/group, *P < 0.05 vs. SC group, 1-way ANOVA. (C) Mitochondrial membrane potential measured by JC-1 in Taz-overexpressing cells after 
rotenone (1 μM) treatment. CCCP (10 μM) was used as a positive control. n = 3/group, *P < 0.05 vs. VC group, 1-way ANOVA.
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The observed changes in the expression of CL hydrolysis and remodeling enzymes were similar, albeit great-
er, in the hippocampus than the contusional cortex (Supplemental Figure 5). The hippocampus is known to be 
selectively vulnerable to TBI, and trauma to it is partly responsible for the learning deficits observed after injury 
(57). Our lipidomics studies in the current work were focused on the contusional cortex. However, previous 
work using MALDI imaging revealed that decreases in PUFA-containing CLs is not limited to the contusional 
cortex in that the ipsilateral hippocampus suffers similar losses in highly unsaturated CL species (58), corrob-
orating our findings regarding the expression of CL hydrolysis and remodeling enzymes in the current study.

Taz functions as a phospholipid and lysophospholipid acyltransferase (18). It is thought to play an 
important role in remodeling CLs in the heart, where the majority of  CLs are homoacylated tetralinoleoyl  
CLs (17, 59, 60). In contrast, highly diversified heteroacylated CLs are typical of  the brain (7). Mutations 
in the Taz gene lead to an accumulation of  mCLs and a decrease in CLs in Barth syndrome patients (43). 
The major organs involved in Barth syndrome are the heart, the liver, and skeletal muscle, with minimal 
involvement of  the CNS, resulting in mild learning disabilities and attention deficit as common features 
(41). The markedly greater learning deficits known to occur in the CCI model (61) suggest that CL oxi-
dation is the major contributor to brain damage. This is further supported by improved neurobehavioral 
outcomes with the use of  inhibitors of  CL oxidation after acute CNS insults (16, 51).

Figure 7. Deficiency of iPLA2γ attenuates TBI-induced neurodegeneration and behavioral deficits. (A) Representative images (of 6) showing neurodegen-
eration by Fluoro-Jade C (FJC) staining. (B) The number of FJC-positive cells observed in the injured cortex at 24 hours after CCI was attenuated by siRNA 
knock down of iPLA2γ. The white scale bar represents 30 μm. n = 6/group, *P < 0.05 vs. CCI + SC, 1-way ANOVA. The box plots depict the minimum and 
maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range. (C) Length of time 
(seconds) rats remain on the balance beam apparatus before and after CCI or sham injury, n = 7/group, *P < 0.05 vs. CCI + SC, 2-way ANOVA. (D) Latency 
(seconds) for rats to locate a hidden (submerged) platform on post-TBI days 11–15. n = 7/group, *P < 0.05 vs. CCI + SC, 2-way ANOVA. 
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Our results in Taz-deficient mice and mechanically injured rat brain are similar and show that PUFA-con-
taining CLs are decreased and PUFA-containing mCLs are increased. Several studies demonstrated that Taz is 
not specific toward classes of  donor phospholipids used for reacylation (62, 63). The abundant phospholipids, 
phosphatidylcholine and phosphatidylethanolamine, are the most common donors. Because Taz is known to 
have limited or no acyl chain selectivity (62, 63), these similarities suggest a common denominator: iPLA2γ 
playing a major role in the generation of  mCLs by hydrolysis of  short-chain, relatively saturated fatty acids in 
the Taz-deficient brain and CLox in the injured brain. These data are in agreement with the known hydrolytic 
selectivity of  the iPLA2γ (20). Phospholipase A2 enzymes have been widely studied in TBI, although this is the 
first study to our knowledge investigating the expression of  mitochondrial iPLA2γ after TBI. Previous studies 
in acute CNS injury showed significant increases in cytosolic PLA2 after spinal cord injury (64). Our results 
indicating that overexpression of  iPLA2γ enhanced stretch-induced death of  HT22 cells are in agreement with 
a deleterious role of  iPLA2γ in mitochondrial-mediated cell death (65). There has not been a study evaluating 
the neuroprotective potential of  iPLA2γ inhibitors after acute brain injury, although pretreatment with a selec-
tive inhibitor, (E)-6-(bromomethylene)-3-(1-naphthalenyl)-2H-tetrahydropyran-2-one (R-BEL), was shown to 
rescue myocardial ischemia–induced arrhythmia (66). Given the beneficial effects of  Taz overexpression in 
improving survival of  HT22 cells after mechanical stretch, it is possible that a combination strategy including 
iPLA2γ inhibition and Taz upregulation could be more revealing.

In summary, we present, for the first time to our knowledge, evidence from quantitative assessment 
of  peroxidation and hydrolysis of  mitochondrial CLs that these 2 processes act as mutually enhancing 
components of  the pathogenic mechanism of  mitochondrial injury in TBI. This suggests that a time-dosed 
therapeutic approach starting with regulators of  CL oxidation and followed by regulators of  hydrolysis 
may be particularly effective in improving outcomes after TBI. Elimination of  CLox via the hydrolysis and 
subsequent reacylation of  mCLs formed may be maximally beneficial for the overall outcome. Thus, future 
efforts should be focused on the combined therapy with integrated enhancers of  mCL reacylation. Because 
of  the delayed hydrolysis compared with CL oxidation, there is an obvious therapeutic window for the 
development of  new therapies for mCL reacylation.

Methods
Patients. Human brain tissue was obtained for analysis from the tissue bank of  the Institutional Review 
Board–approved Department of  Neurosurgery at the First Affiliated Hospital of  Nanjing Medical Uni-
versity. Brain tissue resected from the pericontusional area of  the temporal or frontal cortices of  severe 
TBI patients who underwent decompressive craniectomy was flash frozen in liquid nitrogen and stored 
at –80°C until analysis. Brain tissue resected from the temporal cortices of  epilepsy patients who under-
went surgical treatment was used as a control and stored in the same manner as the TBI samples. Char-
acteristics of  the patients are described in Supplemental Table 1.

Animals. Postnatal day 10 Sprague-Dawley rat pups were obtained from Harlan Laboratories, Inc. and 
acclimated for a week before the experiments. Taz-KD mice were generated by mating male transgenic (Tg) 
mice [B6.Cg-Gt(ROSA)26Sortm1(1H/tetO-RNAi:Taz,CAG-tetR)Bsf/ZkhuJ; The Jackson Laboratory], 
which have a doxycycline-inducible (dox-inducible) Taz-specific shRNA, with female C57BL/6J mice (The 
Jackson Laboratory) under a protocol approved by the University of  Manitoba Animal Policy and Welfare 
Committee. All animals were maintained in an environmentally controlled facility (12-hour light/12-hour 
dark cycle), with free access to food and water. Experimental animals’ Taz knock down was induced in ute-
ro and maintained postnatally by administering dox (625 mg/kg chow) as part of  the standard low-fat (6% 
fat [w/w]) rodent chow (rodent diet catalog TD.01306; Harlan [now Envigo]; ref. 67). Female C57BL/6J 
mice consumed the dox diet (TD.01306) for at least 4 days before breeding. A low-fat diet lacking dox was 
used during the 4-day mating period to prevent Taz knock down in the Tg males. Dams were then returned 
to the dox diet (TD.01306) for their entire pregnancy, birth, and suckling period. Only male offspring were 
used experimentally; they were weaned at 3 weeks of  age onto the low-fat (6% w/w) (rodent diet catalog 
TD.01306; Harlan) containing dox (625 mg/kg chow). Male mice positive for the Taz shRNA transgene 
were identified by PCR using primers (forward: 59-CCATGGAATTCGAA CGCTGACGTC-39; reverse: 
59-TATGGGCTATGAACTAAT GACCC-39) as previously described (67). Nontransgenic littermates 
treated with a dox diet were used as WT controls. Brains were harvested at 4 months of  age.

CCI model. The CCI model was performed as described previously (52). Briefly, a craniotomy was 
made over the left parietal cortex in the 17-day-old male Sprague-Dawley rats. Rats were anesthetized with 
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3.5% isoflurane in O2 and maintained on 2% isoflurane in N2O/O2 (2:1). For all studies, a 6-mm, metal, 
pneumatically driven impactor tip was used; velocity was 4.0 ± 0.2 m/s, depth of  penetration was 2.5 mm, 
and duration of  deformation was 50 ms. After TBI, the bone flap was replaced and sealed with dental 
cement, and the scalp incision was closed. The rats were weaned from mechanical ventilation, extubated, 
and returned to their cages until sacrifice at 1, 4, or 24 hours after injury.

Cell culture of  in vitro TBI and rotenone injury model. HT22 cells were a gift from David Schubert (The 
Salk Institute, La Jolla, California, USA). HT22 cells were seeded at 2 × 104 cells/cm2 and maintained in a 
monolayer culture in RPMI-1640 medium supplemented with 10% FBS for 24 hours before treatments and 
injury, with media changes every 2 days. Sterile technique was strictly followed in all procedures. In vitro 
TBI was produced using an established model of  mechanical stretch (56). Briefly, HT22 cells cultured on 
silicone membranes were subjected to a computer-controlled, quantifiable, mechanical insult by displacing 
the membrane over a hollowed platform. The membranes were stretched with a known pre-tension across 
the surface of  custom-designed, stainless steel wells that fit into the cell stretch apparatus. Cultures were 
subjected to a severe mechanical stretch, consisting of  a rapid-onset strain pulse (10 pulse per second strain 
rate and 50% membrane deformation). In experiments involving rotenone, the compound was dissolved 
in DMSO at 0.5 μM, 1 μM, and 2 μM concentrations and incubated with HT22 cells in 10% FBS DMEM 
medium. As a positive control, cells were treated with CCCP (10 μM).

Lipid extraction, mass spectrometry (MS), and MS data analysis. The contusional cortex was isolated from 
the brain, and the lipids were extracted using Folch method. The total phosphate content of  the lipids was 
quantified as described previously (68). For phospholipid analysis, samples corresponding to approximate-
ly 2.5 nmol of  total phosphate were added with the appropriate internal standards (5 pmol each of  phos-
phatidylcholine [17:0/17:0], phosphatidylglycerol [17:0/17:0], phosphatidylinositol [16:0/16:0], cardiolipin 
[14:0/14:0/14:0/14:0], phosphatidylserine [17:0/17:0], phosphatidic acid [17:0/17:0], and phosphatidyletha-
nolamine [17:0/17:0]) and analyzed using LC-MS/MS. LC-MS analysis was performed using a Dionex Ulti-
mate 3000 RSLCnano system coupled online to a Q-Exactive plus hybrid Quadrupole-Orbitrap mass spec-
trometer (Thermo Fisher Scientific) using a normal phase column (Luna 3 μm Silica [2], 100 Å, 150 × 2 mm 
[Phenomenex]). A multistep gradient with solvents A (hexane propanol/water/triethylamine/formic acid, 
43:57:1:0.5:0.01 v/v containing 10 mM ammonium acetate) and B (hexane propanol/water/triethylamine/
formic acid, 43:57:1:0.5:0.01 v/v containing 10 mM ammonium acetate) was used as follows: 0- to 15-min 
linear gradient from 10% B to 37% A at 200 μl/min, 15- to 23-min linear gradient from 37% to 40% B at 200 
μl/min, 23- to 25-min linear gradient from 40% to 100% B at a linear increase in flow rate from 200 to 225 μl/
min, 27- to 47-min isocratic at 100% B at 225 μl/min, 47- to 57-min linear gradient from 100% to 10% B with 
a linear decrease in flow rate from 225 to 200 μl/min, followed by re-equilibration of  the column for 13 min 
with 10% solvent B at 200 μl/min. The mass spectra were acquired through 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 
AU. The spectra were recorded at 70,000 full width at half  maximum resolution between 360 and 1,600 m/z, 
with the top 10 ions selected for fragmentation. Higher energy collisional dissociation fragmentation with 24 
normalized collision energy was used while the ions were isolated at a ± 1 m/z isolation window.

FFAs were analyzed using reverse phase LC-MS/MS. Briefly, a sample equivalent to 2.5 nmol of  the total 
phosphate was added with 100 pmol of  internal standard C (17:0) and dissolved in 20 μl of  methanol. Sam-
ples (0.5 μl) were injected into a reverse phase C18 column (Acclaim PepMap 100 C18, 2 μm, 100 Å, 150 × 
0.3 mm) and eluted using a multistep gradient of  solvent A (20% methanol in water containing 5 mM ammo-
nium acetate) and solvent B (90% methanol in water containing 5 mM ammonium acetate). The following 
gradient steps with 12 μl/min flow rate were used: 0- to 70-min linear gradient from 30% to 95% solvent B; 
70- to 90-min isocratic flow at 95% B; 80- to 83-min linear gradient from 30% to 95% B; and 83- to 90-min 
re-equilibration of  the column at 30% B. The mass spectra data were analyzed using SIEVE 2.1 software 
(Thermo Fisher Scientific) using a database developed in house. Briefly, the exact masses of  CL species con-
taining various fatty acyl combinations were calculated theoretically. All isobaric and isomeric species were 
grouped into sum composition (total acyl chain carbon/double bond) in the CL database. The CLox database 
was developed from CL database by performing theoretical oxidation of  all oxidizable (PUFA-containing) 
CL species. All ions within 7 ppm of calculated masses that were eluted within 5 min of  CL internal standard 
(IS) species were identified using SIEVE 2.1 software. The identified lipids were confirmed by analyzing 
fragmentation of  representative ions within the retention time range. The amounts of  individual species were 
calculated using a calibration curve created with IS and varying concentrations of  tetralinoleoyl-CL.
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In vitro genetic modulation of  the CL-remodeling pathway. Human PNPLA8 cDNA (gene name of  iPLA2γ) 
was synthetized in the pEGFP-C1 vector by GENEWIZ, Inc. Cells were transfected with 60 nmol of  plasmid 
using Lipofectamine 2000 (Invitrogen). The efficacy of  PNPLA8 was assessed by Western blot analysis using 
antibodies to iPLA2γ and GFP imaging. The plasmid double enzyme digestion and imaging were performed 
to verify plasmid and transfection efficiency. Experiments were performed 48 hours after transfection.

To overexpress Taz, we used Taz Lentiviral Activation Particles from Santa Cruz Biotechnology, Inc. 
(catalog number: sc-426211-LAC). Briefly, 10,000 HT22 cells/well were cultured on a 6-well plate. The 
medium was removed on day 2 and replaced with Polybrene (Sigma-Aldrich), followed by the addition 
of  Lentiviral Activation Particles. The medium was changed with standard medium on day 3. Puromy-
cin dihydrochloride, hygromycin B, and Blasticidin S HCl were added to the medium on day 5 to select 
Taz-overexpressing cells. Western blot was used to measure the transfection efficiency.

We used siRNA (Thermo Fisher Scientific siRNA IDs 184026, 86914, and 184028) to knock down Taz 
expression in HT22 cells. Cells were transfected with 60 nmol of  plasmid using Lipofectamine 3000 (Invit-
rogen). The efficacy of  Taz knock down was assessed by Western blot using antibodies to Taz (Santa Cruz 
Biotechnology, Inc., sc-365810). Experiments were performed 48 hours after transfection.

Assessment of  cell cytotoxicity. Cells in the logarithmic phase of  growth were seeded at 10,000 per well in 
96-well plates, 6-well plates, or special stretch apparatus plates. Cell proliferation was assayed at the indicated 
time points using a CCK8 kit (Dojindo Laboratories, Co., Ltd.) according to the manufacturer’s instructions.

Assessment of  cell death. Flow cytometry (FC500; Beckman Coulter) detection of  Annexin V-AP-
C/7-AAD (KGA1023-1026, KeyGEN) was used to assess cell death 20 hours after stretch injury. Annexin 
V-APC–positive and 7-AAD–positive cells were considered dead cells.

Assessment of  mitochondrial membrane potential. Mitochondrial membrane potential was assessed using JC-1 
(Abcam). Mitochondria with intact membrane potential concentrate JC-1 into aggregates that show red fluo-
rescence. De-energized mitochondria cannot concentrate JC-1 and show green fluorescence. After stretch and 
rotenone treatment, cells were incubated with JC-1 (10 μM) in media for 30 min in the dark and collected by 
scraping. After washing with PBS, cells were subjected to FACS analysis. The ratio of  JC-1 aggregate (green) 
to monomer (red) intensity was calculated. As a positive control, cells were treated with CCCP (10 μM).

Immunoblot analysis. Extracts for immunoblotting were obtained from brain tissues and cells homogenized 
in RIPA buffer. In brief, proteins were separated by electrophoresis and then transferred to PVDF membranes 
by electroblotting. The primary antibodies were iPLA2γ (1:200; Santa Cruz Biotechnology, Inc., sc-241491), 
Taz (1:200; Santa Cruz Biotechnology, Inc., sc-100870 sc-365810), GAPDH (1:1,000; Cell Signaling Tech-
nology 5174), β-actin (1:2000; Abcam, ab6276), Tim23 (1:1000; Santa Cruz Biotechnology, Inc., sc-514463)

siRNA administration into the lateral ventricle. Sprague-Dawley rats for iPLA2γ-KD experiments were 
purchased from the animal core facility of  Nanjing Medical University. The siRNA targeting the rat 
PNPLA8 gene to knock down iPLA2γ expression in vivo was designed by Genewiz. Osmotic minipumps 
were filled with 30 nmol siRNA for infusion at a rate of  1.0 μl/day for 72 hours. A brain infusion cannula 
was implanted into the left lateral ventricle (coordinates: –0.8 mm posterior to bregma, –1.5 mm lateral 
to midline, and –4.6 mm ventral to the skull surface). The efficacy of  the knock down of  the targeted 
protein was evaluated by Western blot.

FJC staining. FJC (catalog number: AG325, Sigma-Aldrich) staining was performed as described (69). 
Briefly, the slides were stained with 0.001% FJB solution and dried in oven in the dark for over 1 hour before 
being cleared by immersion in xylene and coverslipped. The dried slices were immersed in xylene for at 
least 1 min and then were covered by neutral gum. The slides were observed and photographed under a flu-
orescence microscope. The nuclei were stained with DAPI and showed blue fluorescence. FJC-positive cells 
(green signal) were counted from 5 randomly chosen fields, and the average number of  cells was calculated.

Assessments of  motor function and cognitive performance. Motor function was evaluated using balance beam 
testing, which was performed on postinjury days 1–5 by the same experienced investigator blinded to the 
experimental group assignment, as described previously (70). Rats were grasped by the tail and placed on a 
wooden beam suspended between 2 upright bars. The amount of  time for which rats could remain (in sec-
onds) on the balance beam was recorded and analyzed using Prism Software 6.04 (GraphPad Software, Inc.).

For the MWM, the water temperature was maintained at 25 ± 2°C. To ensure recovery from motor 
deficits, hidden platform testing was performed on post-TBI days 11–15. Rats were allowed a maximum of  
120 seconds to look for the submerged platform. If  rats failed to reach the platform within 120 seconds, the 
experimenter placed them on the platform for 15 seconds. There was a minimum of  5 min between each 
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trial and each rat was given two trials per day. The latencies for rats to reach the platform were recorded 
using a tracking device (ANY-maze software), and the data were analyzed by 2-way ANOVA using Prism 
Software 6.04 (GraphPad Software, Inc.).

Statistics. All experimental data except the functional outcome results are expressed as mean ± SD and 
were analyzed by 2-tailed Student’s t test (for comparison of  2 groups) or 1-way ANOVA (for comparison 
of  > 2 groups), followed by Fisher’s post hoc analysis using Prism Software 6.04 (GraphPad Software, 
Inc.). Differences were considered statistically significant when the P value was less than 0.05. The motor 
and MWM data are presented as the mean ± SEM and were analyzed by 2-way ANOVA using Prism Soft-
ware 6.04 (GraphPad Software, Inc.) for overall significance, followed by Bonferroni-Dunn post hoc test for 
between-group comparisons. A P value of  less than 0.05 was considered significant.

Study approval. Human brain samples were obtained from the collection of  the Department of  Neuro-
surgery at the First Affiliated Hospital of  Nanjing Medical University. All procedures were preapproved and 
performed according to the protocols established by the Medical Ethics Review Board of  Nanjing Medical 
University. Informed consent was obtained from the patients or their legal representatives before participation 
began. Procedures concerning transgenic mice conformed to the Canadian Council on Animal Care, and 
use of  the mice was approved by the University of  Manitoba Animal Protocol Committee. All experimental 
procedures performed in PND17 rats were preapproved and performed according to the protocols established 
by the Institutional Animal Care and Use Committee at the University of  Pittsburgh. All iPLA2γ-KD in vivo 
experiments were approved by Nanjing Medical University Animal Care and Use Committee.
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