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ARTICLE INFO ABSTRACT

Article history: Introduction: Mitochondrial injury post-cardiac arrest has been described in pre-clinical settings but the
Received 22 August 2016 extent to which this injury occurs in humans remains largely unknown. We hypothesized that increased
Received in revised form levels of mitochondrial biomarkers would be associated with mortality and neurological morbidity in
16 December 2016 post-cardiac arrest subjects.
Accepted 24 December 2016 . . . . . o
Methods: We performed a prospective multicenter study of post-cardiac arrest subjects. Inclusion criteria
were comatose adults who suffered an out-of-hospital cardiac arrest. Mitochondrial biomarkers were
measured at 0, 12, 24, 36 and 48 h after return of spontaneous circulation as well as in healthy controls.
Results: Out of 111 subjects enrolled, 102 had evaluable samples at 0 h. Cardiac arrest subjects had higher

Keywords:
Cardiac arrest
Post-cardiac arrest

Mitochondria baseline cytochrome c levels compared to controls (2.18 ng/mL [0.74, 7.74] vs. 0.16 ng/mL [0.03, 0.91],
Cytochrome ¢ p<0.001), and subjects who died had higher 0 h cytochrome c levels compared to survivors (3.66 ng/mL
DNA [1.40, 14.9] vs. 1.27 ng/mL [0.16, 2.37], p<0.001). There were significantly higher RNAase P (3.3 [1.2, 5.7]
Mortality vs. 1.2 [0.8, 1.2], p<0.001) and B2M (12.0 [1.0, 22.9], vs. 0.6 [0.6, 1.3], p<0.001) levels in cardiac arrest

subjects at baseline compared to the control subjects. There were no differences between survivors and
non-survivors for mitochondrial DNA, nuclear DNA, or cell free DNA.
Conclusions: Cytochrome ¢ was increased in post- cardiac arrest subjects compared to controls, and in
post-cardiac arrest non-survivors compared to survivors. Nuclear DNA and cell free DNA was increased in
plasma of post-cardiac arrest subjects. There were no differences in mitochondrial DNA, nuclear DNA, or
cell free DNA between survivors and non-survivors. Mitochondrial injury markers showed mixed results
in post-arrest period. Future research needs to investigate these differences.

© 2017 Published by Elsevier Ireland Ltd.

7 A Spanish translated version of the abstract of this article appears as Appendix in the final online version at DOI:10.1016/j.resuscitation.2016.12.029.
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Introduction

New insights into the pathophysiology of brain and other organ
injury after cardiac arrest are essential to reduce the mortality
and morbidity in post-cardiac arrest patients. Ischemia during
arrest followed by reperfusion after ROSC, triggers systemic and
organ-specific responses during the first few days following resus-
citation. Preclinical studies reveal that post-ischemic cell death,
particularly in the brain, occurs in concert with alterations in mito-
chondrial structure and function.!? We could only identify one
single-center human study, evaluating how patterns of mitochon-
drial injury, as measured by circulating mitochondrial DNA, are
related to illness severity.? Furthermore, the extent to which mark-
ers of mitochondrial injury can be used to track progression of
post-resuscitation pathophysiology and response to therapy after
cardiac arrest remains unknown. Therefore, evaluation of mito-
chondrial biomarkers in humans post-cardiac arrest is an important
next step in understanding potential mitochondrial injury patterns.

Known mitochondrial biomarkers include cytochrome ¢ and
mitochondrial DNA (mtDNA). Cytochrome c is a small water-
soluble protein that is bound to the inner mitochondrial membrane
and allows for transfer of electrons between complex IIl and IV of
the electron transport chain (ETC) thus serving a key role in cellular
respiration.*~” Mitochondrial DNA is located within the mito-
chondrial matrix and when elevated in the bloodstream, reflects
mitochondrial injury. Cell free DNA and nuclear DNA (nDNA) are
non-mitochondrial DNA and were used to assess levels of overall
cellular damage and for correlating cellular damage to mitochon-
drial damage.®-1!

We hypothesize that increased levels of mitochondrial biomark-
ers (specifically, cytochrome ¢ and mitochondrial DNA/RNA
products) are associated with mortality and neurologic morbid-
ity in post-cardiac arrest patients. To test this hypothesis, we
performed a prospective, multicenter observational study in out-
of-hospital post-cardiac arrest patients.

Methods
Design and setting

The National Post-Arrest Research Consortium (NPARC) is a mul-
ticenter network for conducting research in post-cardiac arrest
patients. At the time of this study, the group consisted of four urban
tertiary care teaching hospitals in the United States: Beth Israel
Deaconess Medical Center (Boston, MA), University of Pennsylva-
nia (Philadelphia, PA), University of Pittsburgh (Pittsburgh, PA),
and Virginia Commonwealth University (Richmond, VA). All par-
ticipating centers are dedicated cardiac arrest centers and patient
care protocols for these hospitals have been reported previously.!2
The current study is a prospective, observational cohort study of
mitochondrial biomarkers.

Study population

We included adults (>18 years) who had suffered OHCA with
sustained ROSC (defined as the presence of palpable pulses for
at least 20min) and who were comatose after ROSC (defined as
not being able to follow commands immediately after the arrest).
While not an inclusion criterion, targeted temperature manage-
ment occurred in 97% of patients; when utilized the approach
consistent of surface cooling devices with a target temperature
between 32-34°C and all subject received similar post-arrest
care.!? Subjects were excluded if they had trauma as the primary
cause of arrest, if they were pregnant, or if they were prison-
ers. Subjects were included during the period from June 2011 to
March 2012. Institutional Review Boards at each participating site

approved the study and in most sites granted a waiver of consent for
the initial blood draw. Additional blood draws, retention of blood
samples, and clinical data collection occurred only if the designated
legally authorized surrogate provided written informed consent
within 12 h of ROSC.

At Beth Israel Deaconess Medical Center (Boston, MA), we
enrolled healthy controls with no acute or significant chronic ill-
ness.

Data collection and data management

Data were abstracted from the Emergency Medical Service
(EMS) reports, emergency department charts and hospital records
using standardized definitions derived by group consensus prior to
the beginning of the study. We collected demographics and other
baseline characteristics including initial vital signs and laboratory
results. Cardiac arrest details included initial rhythm, whether the
arrest was witnessed, the presence or absence of bystander car-
diopulmonary resuscitation and duration of arrest. Duration of
arrest was defined as the time from estimated start of the arrest
until sustained ROSC. The start of the arrest was estimated as the
time of EMS call or from the EMS run sheet if the arrest was wit-
nessed by EMS. Study data were collected and managed using the
internet-based clinical research platformREDCap (Research Elec-
tronic Data Capture, Vanderbilt University, Nashville, TN) hosted at
each of the four centers.!3

Blood sampling

Blood was drawn at 0 h (within 6 h of sustained ROSC), 12, 24,
36 and 48 h after ROSC into citrated tubes and clotting tubes. We
centrifuged blood within 30 min to separate plasma and serum.
Aliquots were stored at —80°C until analysis. Due to high rate of
death before the 48 h time point, we decided a priori not to include
this time point in our analysis.

Cytochrome c measurement

An electrochemiluminescence immunoassay developed by
Meso Scale Discovery (MSD, Rockville, Maryland, USA) was used to
detect cytochrome cin human plasma. A matched antibody pair and
standards were purchased from eBioscience (San Diego, CA, USA).
40 L of 2 pg/mL capture antibody diluted in phosphate-buffered
saline was used to coat the plates at 4°C overnight. 5% Blocker
A/TBS-T (MSD, Rockville, Maryland, USA) was used for blocking at
room temperature for 1 h. A top standard concentration of 25 ng/mL
human cytochrome c in assay diluent was used along with a 3-fold
dilution series to encompass the greater dynamic range and sensi-
tivity of the MSD platform. Simultaneous incubation of sample plus
primary detection antibody was used in this assay. Streptavidin
SULFO-TAG™ (MSD, Rockville, Maryland, USA) at 1 pg/mL in assay
diluent was used as the secondary detection antibody. Finally, the
plates were read in a MSD SI2400A instrument. Each plasma sample
with an unknown cytochrome c concentration was thawed on ice
and diluted 1:4 in assay diluent. All samples and standards (in a vol-
ume of 25 L) were run in duplicates. Data analysis was performed
using MSD Discovery Workbench software which developed the
standard curve used to calculate the unknown concentrations in
each patient sample. The lower detectable limit was 0.034 ng/mL.
For undetectable values, a conservative value of 0.034 ng/mL was
imputed.

Mitochondrial, nuclear, and cell free DNA

Cell-free DNA was measured in plasma by centrifuging at
16,000 xg for 10 min to remove any residual cells. The upper por-
tion of the plasma was removed into a nuclease-free tube and stored
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at —80°C prior to DNA extraction. Cell-free DNA in the plasma was
then isolated using plasma/serum DNA isolation kit (Abcam, Cam-
bridge, MA) according to the manufacturer’s protocol. The amount
of cell free DNA were measured by NanoDrop 1000 Spectropho-
tometer (Thermo Fisher Scientific, Wilmington, DE). The quality of
DNA was checked by the A260/280 ratio. The amount of mitochon-
drial DNA (mtDNA) was measured by real-time quantitative PCR
assay for both mtDNA-tRNA!®" and mtDNA-D loop genes which
are specifically present in the mitochondrial genome. Nuclear DNA
(nDNA) was measured using both the single-copy nuclear gene 32-
Microglobulin (B2M) and TaqMan® Copy Number Reference Assay
for human RNase P (Applied Biosystems, Life Technologies Corpora-
tion, CA, USA) as previously described by Bai and Wong.!4 TagMan
real-time quantitative PCR assay was performed on a 7500 real time
PCR system following the manufacture’s protocol (Applied Biosys-
tems, Life Technologies Corporation, CA, USA). DNA extracted from
whole blood with a 2-fold serial dilution was used to construct the
calibration curve. We measured cell freeDNA, the two markers of
nDNA and the two markers of mtDNA, only at the 0, 12 and 24 h
time points.

Outcome measures

The primary outcome measure for the current study was sur-
vival to hospital discharge. For the secondary outcome of functional
status at hospital discharge, we used the modified Rankin scale
as recommended by recent consensus conferences.!'>'6 This scale
is a validated scale, ranging from 0 to 6, that was developed for
measuring the performance of daily activities among patients with
cerebrovascular accident, but which has been used in multiple con-
ditions including cardiac arrest.!”'® Lower scores represent better
performance; scores of 4 or greater represent severe disability or
death. Good functional outcome was defined as a modified Rankin
scale of 0-3 and poor functional outcome as a modified Rankin scale
of 4-6.

Statistical analysis

Descriptive statistics were used to summarize the study popu-
lation. Data for continuous variables are presented as medians with
1st and 3rd quartiles. Categorical data are presented as counts and
frequencies. Continuous variables were compared between groups
using the Wilcoxon Rank Sum test and categorical data was com-
pared using Fisher’s Exact test.

We used a negative binomial regression model including age,
sex and race to compare cytochrome c levels between cardiac
arrest subjects and controls while adjusting for demographics. We
used a negative binomial regression model with generalized esti-
mating equations (with an autoregressive correlation structure to
account for the correlation between repeated measures) to com-
pare cytochrome clevels between non-survivors and survivors over
time. We used Spearman'’s correlation coefficient (rs) to determine
the association between the various biomarkers.

We used logistic regression to assess the association between
enrollment cytochrome c levels and in-hospital mortality. We first
performed unadjusted analysis and then created a multivariable
model considering variables reported in Table 1. We included only
variables that were associated with the outcome (at a p<0.10) in
unadjusted analysis to limit the number of included variables and
avoid overfitting. We next performed backwards selection retain-
ing cytochrome c levels and variables associated with the outcome
at a p<0.05 to achieve a more parsimonious model. The results of
the logistic regression is presented as odds ratios (OR) with 95%
confidence intervals (95%Cl). We furthermore report the c statistic
and tested model fit for the multivariable model with the Hos-
mer-Lemeshow test.

We performed no adjustments for multiple comparisons.'?
All hypothesis tests were two-sided, with a significance level of
p<0.05. All tests of the data were performed in SAS v. 9.4 (SAS
Institute Inc., Cary, NC, USA).

Results
Patient characteristics

Out of 111 subjects enrolled, 102 had cytochrome ¢ measured
at baseline and 101 had mitochondrial/nuclear/cell-free DNA mea-
surements. The baseline characteristics of the 102 subjects are
outlined in Table 1. The median age was 63 years (49, 75) and the
majority (59%) were male. The median initial post-cardiac arrest
lactate was 5.7 mmol/L(3.0,9.6) and 54 (53%) received vasopressors
within 3 h after ROSC. Almost all subjects (97%) received temper-
ature management. Overall survival was 46% and 30% had a good
functional outcome. We also measured cytochrome c in 34 healthy
controls and mitochondrial/nuclear/cell free DNA in a separate
cohort of 46 healthy controls. The median age of the cytochrome
controls was 37 years (25, 50), 22 (65%) were female and 22 (65%)
were white. The median age of the mitochondrial/nuclear/cell free
DNA controls was 31 years (24, 47), 24 (52%) were female and 39
(85%) were white.

Cytochrome c

Cytochrome c was detectable in 88 cardiac arrest subjects (86%)
at the Oh time point and in 21 controls (62%), p=0.005. Cardiac
arrest subjects had higher 0 hour cytochrome c levels as compared
to controls (2.18 ng/mL [0.74, 7.74] vs. 0.16 ng/mL [0.03, 0.91],
p<0.001, Fig. 1). The difference remained when adjusting for demo-
graphics (age, sex and race), p=0.002. 0 h cytochrome c levels were
weakly correlated with initial lactate levels (rs=0.36, p<0.001,
Fig. 2). Subjects who died had higher O h cytochrome c levels as
compared to survivors (3.66 ng/mL[1.40,14.9]vs. 1.27 ng/mL[0.16,
2.37], p<0.001, Fig. 1). Subjects with baseline shock had no differ-
ence in cytochrome c levels compared to those with no baseline
shock (3.1 ng/mL[0.8,9.9] vs. 1.9ng/mL[0.6,4.5], p=0.22). Subjects
who died of a neurologic cause had no difference in cytochrome
c levels compared to those with other causes of death (3.3 ng/mL

p <0.001
I 1
p =0.001
|

1003
)
£ L
S 103
£
o —_—
) _— —_—
£ 1
e
£
3]
S 0.1;
>
(5} —1

0.01 r r r

Non-Survivors Survivors Controls

Cardiac arrest

Fig. 1. Cytochrome c in survivors and non-survivors of cardiac arrest and controls.
Cytochrome c levels in cardiac arrest subjects stratified by survival status at the
0h time point and in healthy controls. Each dot represents a patient and the bars
represent the 1st quartile, the median and the 3rd quartile. The y-axis is logarithmic
for illustrative purposes. There was a significant difference between the two groups.
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Table 1
Patient characteristics.?
All subjects (n=102) Survivors (n=47) Non-survivors (n=55) p-Value
Demographics
Sex (female) 42 (41) 19 (40) 23 (42) 1.00
Age (years) 63 (49, 75) 56 (43,73) 65 (54, 78) 0.06
Race (white) 61 (60) 29 (62) 32 (58) 0.84
Co-morbidities
Coronary artery disease 32(31) 13(28) 19 (35) 0.52
Heart failure 11(11) 4(9) 7(13) 0.54
Diabetes mellitus 31(30) 10(21) 21(38) 0.08
COPD 19(19) 15(27) 4(9) 0.02
Hypertension 57 (56) 25(53) 32(58) 0.69
Arrest details
Witnessed® 82 (81) 41 (89) 41 (75) 0.08
Bystander CPR¢ 40 (41) 23 (50) 17 (33) 0.10
Initial rhythm shockable? 52 (54) 32(73) 20(38) 0.001
Duration of arrest (minutes)® 23(13,30) 15(11, 25) 28(20,38) 0.002
Initial lab values
pH' 7.2(71,7.3) 7.3(7.2,7.3) 7.2(7.1,7.3) 0.009
Lactate (mmol/L)" 5.7 (3.0,9.6) 4.1(2.2,7.7) 7.8(4.7,11.1) <0.001
Creatinine (mg/dL)® 1.2(1.0,1.8) 1.1(1.0,1.5) 1.3(1.1,1.8) 0.05
Initial vasopressor support 54 (53) 15(32) 39(71) <0.001
Temperature management 99 (97%) 47 (100) 52(95) 0.25

2 Categorical variables are presented as counts and frequencies and continuous variables as medians with 1st and 3rd quartiles. COPD: chronic obstructive pulmonary

disease, CPR: cardiopulmonary resuscitation.
b Missing on 1 patient.
¢ Missing on 4 subjects.
d Missing on 6 subjects.
¢ Missing on 12 subjects.
f Missing on 9 subjects.
& Missing on 3 subjects.

25 1
. r,=0.36
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= 201 p<0.001 ®
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] ®
- 101
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] 5 . ‘
.} L ]
. L .“ .‘ [ X J °
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0.01 0.1 1 10 100

Cytochrome ¢ (ng/mL)

Fig. 2. Cytochrome c levels and lactate levels in cardiac arrest subjects after ROSC.
The correlation between 0 h cytochrome c levels and lactate levels obtained within
3h of ROSC. There was a weak but significant correlation (Spearman’s correlation
coefficient=0.36, p <0.001). The x-axis is logarithmic for illustrative purposes.

[1.0, 9.4] vs. 6.8 ng/mL [2.2, 18.6], p=0.18). In logistic regression,
0h cytochrome c levels were not associated with mortality (OR
for mortality per ng/mL increase in cytochrome c: 1.05 [95%Cl:
1.00, 1.10], p=0.07). The c-statistic was 0.70 (95%CI: 0.60, 0.81).
Cytochrome c levels were higher in subjects with a poor functional
outcome as compared to those with a good functional outcome
(2.88ng/mL[0.91,9.94] vs. 1.27 ng/mL [0.29, 3.45], p = 0.04, eFigure
1 in the Supplemental material).

There was a decrease in cytochrome c over time: 0 h: 2.18 ng/mL
(0.74, 7.74), 12h (n=92): 1.58 ng/mL (0.43, 6.75), 24h (n=95):
0.68 ng/mL (0.03, 3.55), and 36 h (n=87): 0.48 ng/mL (0.03, 2.60),
p<0.001 for linear decrease, Fig. 3. There was no difference in the
change over time between survivors and non-survivors (p=0.27,
Fig. 3).

1007

104

............................................................ Median in controls

0.17

Cytochrome ¢ (ng/mL)

0.01

0 12 24 36
Time (hours after ROSC)

Fig. 3. Cytochrome c levels over time in non-survivors (gray) and survivors (black).
Cytochrome c levels in cardiac arrest subjects comparing non-survivors and sur-
vivors. Each dot represents a patient and the bars represent the 1st quartile, the
median and the 3rd quartile. The y-axis is logarithmic for illustrative purposes.
There was a decrease in cytochrome c over time (p <0.001 for linear decrease). There
was no difference in the change over time between survivors and non-survivors
(p=0.27).

Mitochondrial, nuclear DNA, and cell-free DNA

One hundred one subjects and 46 controls had mtDNA, nDNA,
and cell-free DNA measured. Reported mtDNA and nDNA values are
relative gene expression levels compared to healthy individuals,
where healthy expression is set at a reference level of 1. Values for
all measures are illustrated in Fig. 4.

Mitochondrial DNA

There was no difference in mtDNA-tRNA!®! levels (1.0 [0.7,
1.3] vs. 0.8 [0.5, 1.3], p=0.10) between cardiac arrest and con-
trol subjects. mtDNA-D loop levels were lower in cardiac arrest
subjects as compared to controls (0.7 [0.4, 1.1] vs. 1.4 [0.6, 2.4],
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Fig. 4. DNA in cardiac arrest subjects at baseline and in controls.

Markers of nuclear and mitochondrial DNA in cardiac arrest subjects at the 0 h time
point and in healthy controls. The boxplots represent the 1st quartiles, median, and
3rd quartile. The whiskers represent the minimum and maximum. The y-axis is
logarithmic for illustrative purposes.
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Fig. 5. DNA markers at baseline in cardiac arrest non-survivors and survivors.
Markers of nuclear and mitochondrial DNA in cardiac arrest subjects at the Oh
comparing non-survivors and survivors. The boxplots represent the 1st quartiles,
median, and 3rd quartile. The whiskers represent the minimum and maximum. The
y-axis is logarithmic for illustrative purposes.

p=0.001). There was no difference in mtDNA markers between sur-
vivors and non-survivors at the O h time point (Fig. 5), and there
was no difference in change over time according to survival sta-
tus (eFigure 2). Cytochrome c values were weakly correlated with
mtDNA-tRNA!®Y Jevels (rs =0.34, p<0.001) and mtDNA-D loop lev-
els (rs=0.25, p=0.01) (eFigure 3 in the Supplemental material).

Nuclear DNA

Levels of nuclearRNAase P (3.3 [1.2, 5.7] vs. 1.2 [0.8, 1.2],
p<0.001) and nDNA-B2M (12.0 [1.0, 22.9], vs. 0.6 [0.6, 1.3],
p<0.001) were higher in cardiac arrest subjects at 0 h than in con-
trols. Levels of n-RNAase or nDNA-B2M did not differ between
survivors and non-survivors at the Oh time point (Fig. 5). There
was no difference in the change over time according to survival
status for n-RNAase P, though there was a significant difference in
the change over time according to survival status for nDNA-B2M
with a more substantial decrease in survivors (p=0.03, eFigure 2 of
Supplementary material). Cytochrome c values were not correlated

with either n-RNAase (rs=0.11, p=0.28) or nDNA-B2M (rs =0.03,
p=0.77) (eFigure 3 in the Supplemental material).

Cell free DNA

Cell free DNA was higher in cardiac arrest subjects than in con-
trols (420 ng/mL [227, 676] vs. 212 ng/mL [162, 275], p<0.001).
There was no difference between cardiac arrest non-survivors and
survivors in cell free DNA levels at baseline (454 ng/mL [216, 682]
vs. 409 ng/mL [238, 676],=0.85). There was no difference between
survivors and non-survivors in cell free DNA over time (p=0.49,
eFigure 4 in the Supplemental material). Cell free DNA was not
correlated with cytochrome c (rs = 0.05, p=0.59).

Multivariable model

With backwards selection of variables in this multivariable
model, the following variables were associated with in-hospital
mortality: duration of arrest (OR per minute increase: 1.07 [95%ClI:
1.03, 1.12], p=0.003), initial lactate (OR per mmol/L increase: 1.26
[95%CI: 1.09, 1.46], p=0.002) and chronic obstructive pulmonary
disease (OR: 7.12 [95%CI: 1.26, 40.4], p=0.03). Cytochrome c was
not associated with mortality in this model (OR per nmol/mL
increase: 1.03 [95%CI: 0.99, 1.07], p=0.21). The c statistics for this
model was 0.85 and the p-value from the Hosmer-Lemeshow test
was 0.54 indicating good discrimination and calibration.

Discussion

The principal findings in this study are that cytochrome c was
higher at baseline and over 36 h in post-cardiac arrest subjects as
compared to controls, and in non-survivors as compared to sur-
vivors. When accounting for other variables, cytochrome c was not
independently associated with mortality. We did not detect any
differences between mitochondrial DNA in post-cardiac arrest sub-
jects compared to controls or between survivors and non-survivors
of post-arrest subjects. We did detect differences in nDNA and
cell free DNA between post-cardiac arrest subjects and controls;
however, no differences were found between survivors and non-
survivors.

Our results are mixed compared to the existing literature on this
topic. Previous studies in animals suggest that mitochondrial injury
occurs from cardiac arrest (ischemia and reperfusion injury).!2
However, this has not been demonstrated clearly in humans and the
exact pathway(s) remain incompletely characterized. For exam-
ple, cytochrome c and mitochondrial DNA are increased in animal
models of arrest, but we are only aware of one small single-center
study after cardiac arrest in humans.? In that study of 85 sub-
jects (reported as a letter to the editor), the authors measured the
nuclear (3-globin gene and the mitochondrial DNA encoded ATPase
8 gene. They found that both nuclear DNA (c statistic: 0.86) and
mitochondrial DNA (c statistic: 0.91) were good discriminators of
3-day survival.?

As noted, we found that cytochrome c levels were higher in
post-cardiac arrest patients as compared to controls, and that levels
were higher in non-survivors compared to survivors. We also found
that cytochrome c elevations were associated with elevations of
various inflammatory biomarkers, which is reported elsewhere.?’
Radhakrishnan et al. previously reported that plasma cytochrome ¢
levels increase in rats after cardiac arrest and that these elevations
were higher in non-survivors.2! Interventions aimed at protect-
ing mitochondria from reperfusion injury attenuated increases in
cytochrome c post-resuscitation in two additional studies evalu-
ating cardiac arrest in rats. In these studies, increased levels of
cytochrome ¢ were associated with myocardial dysfunction.?223
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Taken together, these preclinical studies combined with our find-
ings support the hypothesis that mitochondrial injury occurs after
arrest and cytochrome ¢ may serve as an important biomarker for
identifying this injury. While our results vary slightly from previous
findings, our study is the first in this area conducted in humansin a
large, multi-center fashion. As noted above, however, cytochrome
c is not associated with mortality independently when accounting
for other variables in a multivariable model. However, this does
not necessarily detract from the importance of cytochrome c as a
marker of injury and as an indicator of mitochondrial injury.

The fact that cytochrome c levels were highest at presentation
and decreased thereafter suggests that the initial ischemia and
reperfusion causes the bulk of mitochondrial injury. This pattern
of results parallels the time-course for elevations of inflammatory
biomarkers in the same dataset (i.e., inflammatory markers highest
upon presentation).2°

In contrast to elevations of cytochrome c, we did not find ele-
vation of mtDNA levels in plasma in post-cardiac arrest subjects
as compared to healthy controls. This finding is consistent with
one previous cardiac arrest study in animals that found no brain
mtDNA damage from cardiac arrest.?* In addition, previous stud-
ies in septic shock (where mitochondrial injury is believed to
occur) did not detect increases in mtDNA either. One possibility
for these seemingly disparate findings (i.e., lack of mtDNA break-
down products in the face of presumed mitochondrial injury) could
be faulty measurement or that we failed to measure mtDNA frag-
ments that are in the bloodstream. That stated, we did find a weak
correlation between cytochrome ¢ and mtDNA but no association
between cytochrome c and nDNA suggesting our measurements
may be valid. Assuming the data reflect a true physiologic rela-
tionship, several reasons are plausible given the physical location
of mtDNA and cytochrome c in the mitochondria. Cytochrome c
is located in the mitochondrial intermembrane space, so once the
mitochondrial outer membrane becomes permeable from damage,
diffusion of contents from the intermembrane space into the cyto-
sol occurs, causing numerous proteins including cytochrome c to
leak.2> Meanwhile, mDNA genome is located in the mitochondrial
matrix, enclosed by the inner membrane. Unless the inner mem-
brane also breaks down, the mDNA will not be released into the
cytosol or plasma.

We also found that cell free DNA and nDNA was elevated in
post-arrest subjects compared to healthy controls. However, there
were no differences in cell free DNA levels or nDNA levels between
survivors and non-survivors. Multiple previous studies of cell free
DNA in humans found that levels were higher in non-survivors as
compared to survivors.26-28 The reason for the differences in find-
ings between these previous investigations and the current study
remain unclear but could relate to measurement techniques, timing
of sampling, or patient populations.

Our study has some limitations. First, all measurements were
performed from plasma and/or serum and therefore we did not
study mitochondrial functional assays such as oxygen consump-
tion or other measures of mitochondrial enzymatic activity. Second,
like most post-cardiac arrest cohorts, our study population was het-
erogeneous and mitochondrial injury either before or after cardiac
arrest could differ based on pre-event co-morbid conditions or the
etiology of arrest. We did not include information on the etiology of
arrests into our analyses because many cases had unclear etiology.
Additionally, the generalizability of our findings to other post-
cardiac arrest populations remains speculative. On the other hand,
our study is a multicenter prospective evaluation spanning four
geographically distinct hospitals in the United States and allows
for better generalizability than single center biomarker studies.
Lastly, we are unsure if certain findings (particularly with regards
to mtDNA and/or cell free DNA) could be related to measurement
difficulties or differences in methodological technique. However,

we could not identify anything suggesting that our measurements
were faulty or unreliable and all measurements were performed in
duplicate or triplicate.

Conclusions

Cytochrome c is increased in post-cardiac arrest subjects as
compared to controls and in post-cardiac arrest non-survivors
as compared to survivors. Mitochondrial DNA in the plasma of
post-cardiac arrest subjects was not higher than controls and we
found no difference between post-cardiac arrest survivors and non-
survivors. However, there were differences in nuclear DNA and
cell-free DNA between post-cardiac arrest subjects and controls.
These elevations in nuclear and cell-free DNA did not differentiate
survivors and non-survivors. Mitochondrial injury markers showed
mixed results in post-arrest period. Future research needs to inves-
tigate these differences.
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