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Abstract

Cardiac arrest (CA) induces whole-body ischemia, causing damage to multiple organs. Ischemic 

damage to the brain is mainly responsible for patient mortality. However, the molecular 

mechanism responsible for brain damage is not understood. Prior studies have provided evidence 

that degradation of membrane phospholipids plays key roles in ischemia/reperfusion injury. The 

aim of this study is to correlate organ damage to phospholipid alterations following 30 min 

asphyxia-induced CA or CA followed by cardiopulmonary bypass (CPB) resuscitation using a rat 

model.

Following 30 min CA and CPB resuscitation, rats showed no brain function, moderately 

compromised heart function, and died within a few hours; typical outcomes of severe CA. 

However, we did not find any significant change in the content or composition of phospholipids in 

either tissue following 30 min CA or CA followed by CPB resuscitation. We found a moderate 

increase in lysophosphatidylinositol in both tissues, and a small increase in 

lysophosphatidylethanolamine and lysophosphatidylcholine only in brain tissue following CA. 

CPB resuscitation significantly decreased lysophosphatidylinositol but did not alter the other lyso 

species.

These results indicate that a decrease in phospholipids is not a cause of brain damage in CA or a 

characteristic of brain ischemia. However, a significant increase in lysophosphatidylcholine and 

lysophosphatidylethanolamine found only in the brain with more damage suggests that impaired 

phospholipid metabolism may be correlated with the severity of ischemia in CA. In addition, the 

unique response of lysophosphatidylinositol suggests that phosphatidylinositol metabolism is 

highly sensitive to cellular conditions altered by ischemia and resuscitation.
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Introduction

Cardiac arrest (CA) is a leading cause of death in the US, affecting ~ 300,000 individuals 

each year with mortality rate over 90% [1]. Clinical and preclinical evidence suggests that 

damage in the brain responsible for high mortality of patients with CA [2–4]. Successful 

treatment of patients depends first on the achieving return of spontaneous circulation 

(ROSC), and second on normalization of impaired metabolic pathways. However, in 

addition to primary metabolic alterations, various secondary metabolic alterations make it 

highly challenging to achieve this goal. Therefore, identification of critical metabolic 

alterations provoking damage in organs directly following ischemia and resuscitation will 

aid the development of advanced resuscitation protocols.

Studies have suggested that the decomposition of membrane phospholipids is an important 

event in ischemia [5–7]. However, the extent of phospholipid loss is controversial, 

particularly in the brain. Some studies showed a significant decrease in the content of 

phospholipids following ischemia [8–10], while others showed no change [11–13]. These 

contradictory results may be attributable to the types of ischemia models, which generate 

different degree (complete vs incomplete) or area (global vs focal) of ischemia [11, 14]; 

results from one ischemic model cannot be directly applied to other models. Even in the 

same ischemia model, the degree of phospholipid alterations will depend on the severity of 

ischemic damage. Therefore, phospholipid alterations and physiological function need to be 

measured concomitantly in well-defined experimental models to distinguish between 

causative alterations and secondary alterations, which only develop after critical functional 

damage occurs.

Asphyxia-induced CA followed by cardiopulmonary bypass (CPB) resuscitation is an 

excellent paradigm to study the molecular mechanisms of ischemia and reperfusion in 

animal models of CA. Asphyxia is non-invasive and generates highly consistent ischemic 

damage [15, 16]. In addition, it does not require additional stress, such as a high content of 

KCl or electric shocks, which may interfere with the natural ischemic alterations. Therefore, 

asphyxial CA allows for careful examination of phospholipid alterations after ischemia in a 

more physiologically relevant state [17, 18].

CPB resuscitation is a new resuscitation method particularly suited for patients who do not 

respond to conventional CPR. In experimental models, which are aimed to study 

mechanisms of reperfusion, CPB resuscitation is advantageous because it provides a 

relatively consistent blood flow compared to conventional CPR [19, 20]. This should 

significantly reduce variability caused by the inconsistent/insufficient blood flow, which 

itself is suggested to be responsible for additional damage particularly to the brain [21]. We 

previously reported that rats following 30 min asphyxial CA and 60 min CPB resuscitation 

showed complete absence of brain function and moderately compromised heart function, 

typical physiological outcomes of patient with severe CA [22]. The severe injury makes this 

model a good positive control to test the hypothesis that impaired phospholipid metabolism 

is the critical event for ischemic tissue damage in CA.
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Using the established HPLC-MS method [23], we compared the content and composition of 

phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylserine (PS), 

phosphatidylglycerol (PG), phosphatidylinositol (PI), sphingomyelin (SM), lysoPC (LPC), 

lysoPE (LPE), lysoPI (LPI), cardiolipin (CL), and monolysocardiolipin (MLCL) in brain 

and heart tissues following 30 min CA or CA followed by 60 min CPB resuscitation. The 

results were correlated with physiological outcomes of these two organs. This comparison 

illuminates the role of phospholipids in ischemic damage during CA. The importance of 

ischemia model for phospholipid alterations is also addressed.

Materials and Methods

Animals

The experimental protocol for the study was approved by the Institutional Animal Care and 

Use Committee of the University of Pennsylvania (IACUC # 803328). Adult male Sprague–

Dawley rats (weight 420–470 g, Charles River Production, Wilmington, MA, USA) were 

used for the study and were housed in a rodent facility under a 12 h light–dark cycle with 

unrestricted access to food and water.

Asphyxia and cardiopulmonary bypass

The detailed procedures were published elsewhere [17]. Briefly, rats were anesthetized with 

1–2% isoflurane and mechanically ventilated. After administration of heparin (150 U) and 

vecuronium bromide (2 mg/kg IV), asphyxial CA was induced by switching off the 

ventilator and isoflurane was discontinued thereafter. After 30 min of asphyxia, resuscitation 

was started with the initiation of CPB flow and resumption of ventilation. ROSC was 

achieved in ~7 min upon resuscitation. Rats were sacrificed by decapitation either following 

30 min CA or 30 min CA followed by 60 min resuscitation to collect tissues. Control rats 

were decapitated 7 min after administration of isoflurane. Upon decapitation, whole brain 

and heart tissues were rinsed in ice cold buffer composed of 210 mM mannitol, 70 mM 

sucrose, 10 mM Hepes, 0.2 mM EGTA (pH 7.3), blot-dried, and homogenized in the same 

buffer. The homogenized tissues were stored at −80°C until analyzed.

Extraction of Phospholipids

Extraction and separation of phospholipids was performed using the published procedures 

[23, 24]. Briefly, each 1 mg of homogenized tissue was diluted in 50 μL of potassium 

phosphate buffer (100 mM, pH 7.4) and extracted by 950 μL of a solution of CHCl3:MeOH 

(2:1, v:v) containing butylated hydroxytoluene (2 mM). Phospholipid mixture was separated 

using solid-phase extraction and reconstituted in 200 μl of eluent A (IPA:TBME:ammonium 

formate, 34:17:5, v:v:v). For HPLC-MS analysis, 25 μl was injected into the HPLC.

Normal-phase HPLC-MS and MS/MS

The HPLC conditions to separate each class of phospholipid were reported previously [23]. 

A nucleosil diol column (5 μm, 3×250 mm) from Macherey-Nagel (Duren, Germany) was 

used. Eluent A contained IPA:TBME:ammonium formate (340:170:50) and eluent B 

contained MeOH. Aqueous ammonium formate (pH ~2.5) was prepared by dissolving 295 

mg of ammonium formate and 2 mL of formic acid in 50 mL of water. The gradients used 
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for the 43 min chromatogram were as follows: 100 % A for 20 min, 100% A to 20% A over 

10 min, 20% A for 6 min, 20% A to 100% A over 2 min, and hold 100% A for 5 min. The 

flow rate was 0.3 mL/min. MS and MS/MS data were obtained with a Thermo LTQ XL 

spectrometer (Thermo Scientific, San Jose, CA) operated in the negative ion mode.

Analysis of molecular species in each class of phospholipids

The concentrations of individual classes of phospholipids were determined using standard 

curves and an internal standard as previously reported [23]. The concentration of PE 

includes both diacyl PE and PE plasmalogens (PEP). Species between diacyl PE and PEP 

were distinguished based on their molecular weights and fragmentation patterns by MS/MS 

[25]. The concentration of PE in brain tissue was extrapolated from the standard curve. The 

abbreviations previously described for ether alkyl chains of PEP were used [25]. The 

concentration of SM was examined by comparing its peak intensity to the peak intensity of 

PC.

The relative content of individual species within a class was calculated from the area of M0 

and M1 peaks using the Quan Browser in Xcalibur Version 2.1 software. Assignment of 

individual species in each class of phospholipids was based on retention time and MS and 

MS/MS analyses [23]. The relative intensity of CL and PS species was calculated based on 

the relative intensity of each peak compared to total CL and PS peaks identified. The isotope 

abundance and the peak ratio of sodium adduct of individual species were calculated from 

authentic standards purchased from Avanti Polar Lipids. All data are presented as mean ± 

standard deviation. Microsoft Excel was used to perform a two-tailed student’s t-test 

assuming two samples with unequal variance and a p value < 0.05 was considered 

statistically significant

Results

Physiological outcome

Cardiac data on heart function following CA and CPB resuscitation is similar to our 

previously reported results (Table 1) [22]. Mean arterial pressure (MAP) fell below 20 

mmHg, our definition of CA, within 3 min of asphyxia, and futher decreased below 10 

mmHg. Heart rate (HR) and pulse pressure (PP) became essentially zero within 5 min. 

Following 60 min CPB resuscitation, HR, MRP, and PP reached 89, 83, and 76% of the 

initial rates, respectively, showing moderately compromised heart function. ROSC was 

achieved in ~7 min. As shown previously, rats did not show any corneal reflexes or response 

to toe pinching or other stimuli, demonstrating no observable brain function. The body 

temperature (Temp) was slightly decreased following 30 min CA (p < 0.001) and 

normalized during 60 min CPB resuscitation.

Asphyxia induces highly reproducible CA (time to achieve CA is 190±43 sec) and thus 

should generate consistent ischemic damage to the brain and other organs. In addition, CPB 

resuscitation reliably resuscitates the heart (over 90%) following prolonged 30 min CA, 

allowing for the measurement of organ damage and survival, factors that correspond to the 
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severity of the preceding ischemic damage. Overall, the physiological outcomes of the brain 

and heart are typical of patient with sever CA.

Changes in the content of phospholipids

The concentrations of individual classes of phospholipids in brain and heart tissues 

following 30 min CA or CA followed by 60 min CPB resuscitation are compared to those in 

control animals. Ion chromatograms of individual classes of phospholipids from heart tissue 

separated by normal-phase HPLC are shown in Supplementary figure 1 and the 

concentrations are determined using the standard curves for each class as shown in 

Supplementary figure 2. The concentrations are normalized to tissue weight (Table 2). The 

data shows that 30 min CA or 60 min CPB resuscitation did not cause significant changes in 

the content of individual classes of phospholipids in either tissue. The relative content of SM 

compared to PC is not also changed (Figure 1). As such, the total content of phospholipids 

also did not change.

Figure 2 shows the changes in the relative content of lysophospholipids normalized to the 

corresponding phospholipids. As an example, MS and MS/MS spectra of LPE from whole 

tissue are shown in Supplementary figure 3. In brain tissue, 30 min of CA caused an 

increase in most detectable lysophospholipid species (Figure 2A). PE(18:0), LPE(18:1), and 

LPE(20:4) were increased by ~2 fold and LPE(22:6) was increased by ~3 fold. LPC(16:0), 

LPC(18:0), LPC(16:0), and LPC(20:4) were increased by ~2 fold and LPC(22:6) by ~3 fold. 

Interestingly LPI(18:0) was increased by ~7 fold (from 0.0016 to 0.011 ). Following 60 min 

CPB resuscitation, we did not find additional changes in the contents of LPE and LPC 

species, however, LPI(18:0) was decreased by 35% (from 0.011 to 0.007 ) (Figure 2A).

In heart tissue, we found an ~6-fold increase (from 0.0008 to 0.0045) in LPI(18:0), and a 

slight but not statistically significant increase in LPE and LPC species following 30 min CA. 

Following 60 min CPB resuscitation, LPI(18:0) was decreased by 60% (from 0.0045 to 

0.0018)compared to CA (Figure 2B).

Compositional change in phospholipids

We then examined the composition of phospholipids after CA or CA followed by CPB 

resuscitation. First, we compared CL composition. Because brain CL is comprised of 

numerous isomeric species (Figure 3A), we simply compared the intensity of individual MS 

peaks following CA and CPB resuscitation. As shown in Figure 3B, molecular structures of 

brain CL are highly consistent between the three groups, suggesting there is no change in 

CL composition in the brain following 30 min CA or 60 min CPB resuscitation.

Interestingly, CL in the heart showed a small change following CA and CPB resuscitation 

(Figure 4). Following CA, there is a tendency that the relative content of CL(18:2)4 

decreases whereas species containing CL(18:2)3(20:4) or CL(18:2)3(22:6) increase (Figure 

4C). This change is more significant following CPB resuscitation as CL(18:2)4 was 

decreased by 6% and CL(18:2)3(20:4) and CL(18:2)3(22:6) were increased by 30% and 

40%, respectively (Figure 4C). This compositional change suggests that heart CL undergo 

remodeling during ischemia and reperfusion. We also found that the relative content of a 

monolysocardiolipin (MLCL) species was increased compared to the total CL content. 
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Following CA, MLCL(18:2)3 was increased by 70% and remained the same following CPB 

resuscitation (Figure 4D).

We also examined the composition of PE, PC, PS, PI, and PG following CA and CPB 

resuscitation in brain and heart tissues. Molecular compositions are shown in Supplementary 

figure 4–8 and the relative changes in individual species in each class of phospholipid are 

shown in Figure 5 and Supplementary figure 9. We did not find any significant changes in 

the individual species in each class of phospholipid either 30 min CA alone, or 30 min CA 

and 60 min CPB resuscitation in both tissues. We also did not find any new peaks that may 

be derived from peroxidation of acyl chains that were observed in other disease models [26] 

or truncated phospholipids. These results are consistent with no changes in the contents of 

phospholipids.

Discussion

Phosholipid alterations in CA

CA induces whole-body ischemia, causing damage to multiple organs. Particularly, brain 

damage is responsible for high mortality and morbidity of patients with CA. Prior studies 

have described various cellular consequences of ischemia, such as ATP depletion and 

impaired calcium and other ion gradients [27, 28]. Phospholipid alterations, a decrease in 

phospholipids and/or an increase in lysophospholipids and free fatty acids, are also an 

important event that may contribute to ischemic tissue damage. Although the detailed 

mechanism is not clear, previous studies showed the deleterious effect of increased 

lysophospholipids and free fatty acids [29–31]. A more critical outcome could be the 

disruption of membrane integrity due to the decrease in the phospholipid content. It is a 

common belief that rapid phospholipid decomposition occurs in the brain upon ischemic 

onset and the depletion of phospholipids is proposed to be a critical event for irreversible 

brain damage [5, 7, 32].

To test the role of phospholipids for brain damage in CA, we correlated the content of 

phospholipid with functional damage in the brain in this severe model of CA. Despite the 

observed clear brain damage, there is no significant change in the content or composition of 

phospholipids in the brain. We also did not find new peaks that correspond to peroxidized or 

truncate phospholipids. Therefore, the brain damage in the CA model was not correlated 

with a decrease in phospholipids or severe oxidative modifications.

We found an increase in LPE, LPC, and LPI. However, the decrease in lysophospholipids 

was not sufficient to decrease the concentration of membrane phospholipids following 30 

min CA. Interestingly, LPE and LPC were increased in the brain, but not in the heart. Since 

the brain is more severely damaged, the increased LPE and LPC may be a sign of severe 

injury. Alternatively, the increase may simply represent the difficulty in maintaining greater 

pool size of phospholipids in the brain, as the total content of phospholipids normalized to 

tissue weight in the brain is twice as high as in the heart (Table 2).

Interestingly, the increase in LPE and LPC was not specific for species with certain fatty 

acids; species containing 18:0, 18:1, 20:4, and 22:6 were all increased (Figure 2A). This 
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non-specific increase contradicts the model of preferential hydrolysis of arachidonic acid or 

docosahexaenoic acid in ischemia as proposed previously [33, 34]. In addition, since 18:0 is 

commonly attached to the Sn-1 position whereas 20:4 and 22:6 are attached to the Sn-2 

position, these findings also do not support the exclusive role of phospholipase A2 as has 

been suggested [35, 36]. Following 60 min CPB resuscitation, the relative levels of LPE and 

LPC did not change compared to CA alone, suggesting resuscitation does not ameliorate the 

underlying molecular mechanism responsible for the increase of LE and LPC in the brain. 

This finding is consistent with the lack of brain function recovery following CPB 

resuscitation.

Unlike LPE and LPC, LPI was increased following CA and decreased following CPB 

resuscitation in the brain and heart, suggesting that PI metabolism is different than PE or PC. 

In particular, the 6-fold increase in LPI in the heart is interesting in relation to lyso species 

from more abundant phospholipids (PE and PC) that do not increase. This result shows that 

PI is highly sensitive to cellular conditions altered by ischemia and reperfusion. A 

mechanistic understanding of the source and signaling roles of these lysophospholipids in 

CA-induced ischemia will require further investigation. Overall, the results suggest that the 

brain damage caused by CA in this model is not attributable to a decrease in overall 

phospholipid content.

Phospholipid alterations in brain depend on ischemia model

Our finding that the brain phospholipid content does not change following 30 min of CA 

adds to the controversy concerning the extent of phospholipid alterations in the ischemic 

brain. Some studies showed a significant decrease in the content of brain phospholipids [8–

10, 37], whereas other studies found no change [11, 13], even after 60 min of ischemia [12]. 

These contradictory findings suggest that ischemia alone is not sufficient to cause significant 

phospholipid alterations. It is possible that the type of experimental model play some roles. 

A common brain ischemia model is artery occlusion. However, the degree (complete vs 

incomplete) or the area (focal vs global) of ischemia differs, depending on the number, 

position, and type of occluded arteries [14]. This difference in the degree or area of 

ischemia, e.g. total ischemia vs collateral blood flow, may be responsible for the inconsistent 

results regarding the decrease in phospholipids due to ischemia. Consistent with this 

argument and the results reported in our study, complete global brain ischemia by 

decapitation or CA with 7 day-old rats did not significantly decrease the content of 

phospholipids [11, 13].

Therefore, molecular alterations from one ischemia model may be not necessarily found in 

other models of ischemia. Our model of asphyxial CA induces complete global brain 

ischemia. The absence of brain function after ROSC confirms that 30 min CA is long 

enough to cause severe ischemic brain damage to these animals. No changes in the content 

or composition of phospholipids found in this model suggest that a decrease in phospholipid 

content is not characteristic of ischemia in general, but is contingent on experimental 

models.
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Conclusion

We utilized a severe model of CA to elucidate the role of phospholipid in ischemic tissue 

damage. Thirty min of CA-induced ischemia and 60 min of CPB resuscitation, which 

resulted in complete loss of brain function, did not cause a significant change in the content 

or composition of phospholipids in the brain. We only found a mild increase in 

lysophospholipids. The data suggest that ischemic brain damage in CA is not attributable to 

the decreased in membrane phospholipids. However, a mild increase of LPE and LPC found 

in the brain suggests that impaired phospholipid metabolism may correlate with the severity 

of ischemic damage. In addition, the finding that LPI significantly increases following CA 

and decreases following CPB resuscitation in both organs suggests that PI metabolism is 

more sensitive than PE and PC to cellular conditions altered by ischemia and resuscitation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The relative peak intensity of SM compared to PC in brain tissue (A) and in heart tissue (B) 

(n=6).
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Figure 2. 
Changes in the relative abundance of lysophospholipids compared to corresponding 

phospholipids in the brain (A) and the heart (B) (n=6; *<0.05, against control; ‡<0.05, 

against CA).
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Figure 3. 
Representative MS spectrum of brain CL following 30 min CA (A) and molecular 

composition of CL following 30 min CA alone or 30 min CA plus 60 min CPB resuscitation 

(B) (n=6)..
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Figure 4. 
Change in heart CL composition following 30 min CA and 60 min CPB resuscitation. 

Representative MS spectra of CL in control (A) and after 30 min CA plus 60 min CPB 

resuscitation (B). Bar graphs show the relative content of CL molecular species (C) and the 

relative peak intensity of MLCL as a ratio of CL (D) (n=6; *<0.05, against control).
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Figure 5. 
The relative concentration of individual species in each class of phospholipid in brain tissue 

following 30 min CA or CA followed by 60 min CPB resuscitation (n=6).
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