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Effects of Post-Resuscitation Normoxic
Therapy on Oxygen-Sensitive Oxidative
Stress in a Rat Model of Cardiac Arrest
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BACKGROUND: Cardiac arrest (CA) can induce oxidative stress after resuscitation, which causes cellular and organ damage.
We hypothesized that post-resuscitation normoxic therapy would protect organs against oxidative stress and improve oxygen
metabolism and survival. We tested the oxygen-sensitive reactive oxygen species from mitochondria to determine the asso-
ciation with hyperoxia-induced oxidative stress.

METHODS AND RESULTS: Sprague—Dawley rats were subjected to 10-minute asphyxia-induced CA with a fraction of inspired
0, of 0.3 or 1.0 (normoxia versus hyperoxia, respectively) after resuscitation. The survival rate at 48 hours was higher in the
normoxia group than in the hyperoxia group (77% versus 28%, P<0.01), and normoxia gave a lower neurological deficit score
(3594140 versus 452+85, P<0.05) and wet to dry weight ratio (4.6+0.4 versus 5.6+0.5, P<0.01). Oxidative stress was cor-
related with increased oxygen levels: normoxia resulted in a significant decrease in oxidative stress across multiple organs
and lower oxygen consumption resulting in normalized respiratory quotient (0.81+£0.05 versus 0.58+0.03, P<0.01). After CA,
mitochondrial reactive oxygen species increased by ~2-fold under hyperoxia. Heme oxygenase expression was also oxygen-
sensitive, but it was paradoxically low in the lung after CA. In contrast, the HMGB-1 (high mobility group box-1) protein was not
oxygen-sensitive and was induced by CA.

CONCLUSIONS: Post-resuscitation normoxic therapy attenuated the oxidative stress in multiple organs and improved post-CA
organ injury, oxygen metabolism, and survival. Additionally, post-CA hyperoxia increased the mitochondrial reactive oxygen
species and activated the antioxidation system.
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ardiac arrest (CA) is a major public health issue af-
fecting =600 000 people each year in the United

generation of reactive oxygen species (ROS), resulting
in an exacerbation of oxidative toxic stress, deteriora-

States.! New therapies to reduce the occurrence
and extent of organ injury, and the resulting patho-
physiology, are imperative to improve patient survival
and quality of life after CA.%4

In the context of reperfusion injury, hyperoxia is
thought to cause cellular damage by increasing the

tion of mitochondrial dysfunction, and derangement of
cellular metabolism.*8 Compelling data from clinical
and preclinical trials have demonstrated benefits of
post-CA normoxic therapy.*5717

The purpose of post-resuscitation normoxic ther-
apy is to reduce ROS generation and consequently
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CLINICAL PERSPECTIVE

What Is New?

* The results reported here indicate that cardiac
arrest is associated with mitochondrial dys-
function and that the amount of mitochondrial
reactive oxygen species generation could be
doubled in the brain when these are exposed to
hyperoxic conditions.

What Are the Clinical Implications?

e This study provides much-needed evidence of
the augmentation of the O,-sensitivity of mito-
chondria in the generation of reactive oxygen
species after cardiac arrest.

e Mitochondrial reactive oxygen species genera-
tion during hyperoxia is therefore likely a causal
factor in upregulating the oxidizing pathways.

e Qur finding implies the important pathophysiol-
ogy linked with post-cardiac arrest organ failure.

Nonstandard Abbreviations and Acronyms

AGE advanced glycation end product
CA cardiac arrest

HMGB high mobility group box

HO heme oxygenase

ROS reactive oxygen species

RQ respiratory quotient

VCO, carbon dioxide production

Vo, oxygen consumption

attenuate oxidative stress after CA. Although the ra-
tionale for post-resuscitation normoxic therapy is well
established,®"'%"" jts mechanism and specifically the
role of mitochondrial ROS in post-CA pathophysiology
have not been clearly elucidated. Evidence has shown
that mitochondria play a crucial role as effectors and
targets of ischemia/reperfusion injury such as CA.18-2!
Mitochondrial ROS generation is theoretically oxygen-
sensitive??; indeed, decreased production of ROS
by isolated mitochondria was observed when the O,
was lowered below that of the air-saturated medium.?®
However, though it is widely accepted that CA victims
are afflicted by hyperoxia-induced organ damage'
caused by an exacerbation of oxidative stress attrib-
utable to ongoing mitochondrial dysfunction,®* the
O,-sensitive mitochondrial ROS generation and its
augmentation by CA has not been shown.

We previously reported on a system-level derange-
ment of post-CA metabolism characterized by disso-
ciated oxygen consumption (VO,) and carbon dioxide
production (VCO,), resulting in a lowered respiratory
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quotient (RQ). This newly found phenotype was O,
sensitive.?® In the present study, we use a rat cardiopul-
monary resuscitation (CPR) model to test (1) whether
hyperoxia-induced injury is mediated by mitochondrial
ROS production and increased inflammation and (2)
whether normoxic post-resuscitation therapy protects
against oxidative stress in several organs and improves
systematic oxygen metabolism.

METHODS

The Institutional Animal Care and Use Committees of
the Feinstein Institutes for Medical Research approved
this study protocol. We performed all instrumentation
and surgical preparation according to our previously
described protocol.?® Details are found in Data S1. The
data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

Comparing Hyperoxia and Normoxia
Sprague-Dawley male rats (n=30) were randomly
assigned into 2 groups 10 minutes after CPR.
Successfully resuscitated animals were given nor-
moxic (30% oxygen, inhaled, n=15) or hyperoxic (100%
oxygen, inhaled, n=15) therapy (Figure S1A). Oxygen
therapy continued for up to 2 hours and monitoring
for up to 48 hours, at which point neurological deficit
score was taken as described previously.?®

VO,, VCO,, and RQ Measurements

Using the mechanical ventilation circuit, we evaluated
the system-level metabolic alteration for up to 120 min-
utes via VO,, VCO,, and RQ (RQ=VCO,/VO, as previ-
ously described?®). We added 2 major modifications to
obtain VO, more accurately at a fraction of inspired O,
of 1.0. First, we used a CO, mainstream capnometer
(Nihon Kohden Corp., Tokyo, Japan) to avoid sam-
pling (suctioning) the gas from the ventilation system.
Secondly, we measured the molecular ratio of inhala-
tion to exhalation, which was an independent meas-
urement from the gas concentration measurements.
The values were calculated and reported as standard
temperature and pressure.

Immunochemical Assays of Oxidative
Stress Indicators, HO-1, and HMGB-1

Carbonyl protein and 8-hydroxy-2’-deoxyguanosine
levels were measured as an indicator of oxidative
stress. Heme oxygenase (HO)-1 is a cytoprotective an-
tioxidant enzyme,?” and the HO-1 level was measured
as an indicator of the activation of the antioxidant sys-
tem. The HMGB-1 (high mobility group box-1) protein
is an inflammatory alarmin that is released following
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non-programmed cell death, but by apoptotic cells.?®
We measured HMGB-1 levels as an indicator of the
activation of inflammatory pathways. These biomark-
ers were measured by ELISA based on the commercial
protocol.

Isolation of Brain and Kidney
Mitochondria and Evaluation of
Mitochondrial Respiratory Function
Mitochondrial samples were collected from the
sham-normoxia and CA-normoxia groups. All isola-
tions were performed at 4°C. Brain and kidney mito-
chondria were isolated using a procedure modified
from Kim et al.?%?® The oxygen consumption was
measured using a Strathkelvin oxygen electrode
(80°C). ADP-dependent (state 3) and ADP-limited
(state 4) respirations were measured in 150 pL of the
mitochondrial suspension (0.5 mg/mL) using gluta-
mate and malate as substrates.

Comparing Mitochondrial H,0,
Generation in Ex Vivo Normoxic and
Hyperoxic Conditions

H,O, generation in mitochondria isolated from brain
and kidney was used as a measure of mitochondrial
ROS and compared between sham-normoxia and
CA-normoxia experimental groups. Two different
O, tension settings were applied to the mitochon-
dria of each group. Different O, concentrations in
the medium were achieved by mixing nitrogen- and
air-saturated buffers (Figure S2). H,O, levels were
determined using an Amplex Red hydrogen perox-
ide/peroxidase assay kit (Invitrogen, Carlsbad, CA,
USA), as instructed by the manufacturer. The mito-
chondria were incubated at 0.025 mg of protein/mL
at 30°C. H,0, production was initiated in the mito-
chondria using glutamate (10 mmol/L) and malate
(2.5 mmol/L) as substrates, using an established
protocol®® (Figure S3).

Wet/Dry Weight Ratio of the Lung

The right lower lobe from each animal was weighed
immediately after collection and then placed into
a 60°C oven to dry. After 3 days, the tissue was
weighed to determine the wet-to-dry lung weight
ratio (W/D).

Immunofluorescence Staining of HO-1

and HMGB-1 and Histological Lung Injury
Evaluation

Double immunostaining was performed for HMGB-1
or advanced glycation end product (AGE) in combi-
nation with HO-1. Stained sections were observed
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under an LSM 880 confocal imaging system (Carl
Zeiss, Inc., Jena, Germany) and a BZ-X800 all-in-
one fluorescence microscope (Keyence, Elmwood
Park, NJ, USA). We analyzed the data using the BZ-
X800 analyzer software (Keyence, Elmwood Park,
NJ, USA). The lung sections were also stained with
hematoxylin and eosin. A blinded investigator re-
viewed the histopathology using a modified acute
lung injury scoring system, as previously described
by Kawamura et al.3!

Statistical Analysis

Data are shown as the means and SD for continu-
ous variables and the counts and frequencies for cat-
egorical variables. Mann-Whitney U test was used to
compare 2 independent groups for continuous vari-
ables. For multi group comparisons, Kruskal-Wallis
test with the Dunn-Bonferroni approach were used.
Survival rates were estimated by the Kaplan—Meier
method, and the Wilcoxon test was used to compare
the groups. Two-tailed P values were calculated, and
P<0.05 was considered statistically significant. SPSS
25.0 (IBM, Armonk, NY, USA), JMP 10.1 (SAS Institute,
Cary, NC, USA), and GraphPad Prism 8 (GraphPad
Software, San Diego, CA, USA) were used for statisti-
cal analyses.

RESULTS

Post-Resuscitation Normoxic Therapy
Improved Neurological Function and
Survival After CA

The normoxic therapy group demonstrated a higher
survival rate (77%) at 48 hours after resuscitation
compared with the hyperoxia group (28%, P=0.010:
Figure S1B). Along with improved survival rates, the
normoxic therapy group had significantly lower neuro-
logical deficit score (359+140) compared with the hy-
peroxia group (452+85, P=0.026: Figure S1C).

Post-Resuscitation Normoxic Therapy
Reduced System-Level Dissociations of
Oxygen Metabolism

At 120 minutes after CPR, the sham group had nor-
mal values of VO,, VCO,, and RQ (14.3+1.5 mL/kg per
minute, 14.1+1.4 mL/kg per minute, and 0.99+0.12, re-
spectively). At 120 minutes after CPR, the VO, in the
CA-normoxia group was significantly lower over time
(17.8+£3.1 mL/kg per minute) than in the CA-hyperoxia
group (81.1£5.2 ml/kg per minute, Kruskal-Wallis;
P=0.002, pairwise P=0.003: Figure 1B). There were
no differences in VCO, between the groups (Kruskal-
Wallis; P=0.080: Figure 1C). As a result, the RQ after
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Figure 1.
cardiopulmonary resuscitation model.

Post-resuscitation normoxic therapy reduced system-level dissociations of oxygen metabolism in a rat

A, Pa0O, levels over time compared among the groups. There were no significant differences in the values of PaO, at 10 minutes
between the normoxia and hyperoxia (302+76 and 361+71 Torr, respectively). In the normoxic therapy group, PaO, was successfully
maintained at 120+10 Torr during the initial 120 minutes after randomization. PaO, levels in the hyperoxia group were higher than
350 Torr at all times. Time (min) from starting CPR is depicted on the x-axis. B, VO, over time. Values were averaged every 5 minutes.
The VO, in the CA-normoxia group was significantly lower over time. C, Carbon dioxide production over time. Values were averaged
every 5 minutes. There were no differences in carbon dioxide production between the groups. D, Respiratory quotient over time. The
respiratory quotient after CA was significantly higher in the CA-normoxia group than it was in the CA-hyperoxia group, and the value
for the normoxia group improved to the generally cited normal range of 0.7 to 1.0; mean+SD, Kruskal-Wallis test with the post hoc

analysis. CA indicates cardiac arrest; CPR, cardiopulmonary resuscitation; STP, standard temperature and pressure.

CA was significantly higher in the CA-normoxia group
(0.81+0.05) than in the CA-hyperoxia group (0.58+0.03,
Kruskal-Wallis; P=0.001, pairwise P=0.001: Figure 1D),
and the value for the normoxia group improved to the
generally cited normal range of 0.7 to 1.0.

Post-Resuscitation Normoxic Therapy
Protected Organs Against Oxidative
Stress

During hyperoxia, an increase in the amounts of carbonyl
protein in the brain were observed in the CA group (sham-
normoxia and hyperoxia, 0.15+0.14 and 0.33+0.05 nmol/
mg protein; CA-normoxia and hyperoxia, 0.32+0.23 and
0.93+0.183 nmol/mg protein; Kruskal-Wallis; P<0.001,
pairwise P=0.396, P=0.005, respectively: Figure 4A).
The carbonyl protein levels were O,-sensitive, and a
similar trend was observed in the sham group. However,
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hyperoxia-induced a more substantial increase in car-
bonyl protein levels in the CA group.

Additionally, hyperoxia induced an increase in car-
bonyl protein in the lung in both the sham and CA
groups (sham-normoxia and hyperoxia, 0.13+0.07
and 0.42+0.07 nmol/mg protein; CA-normoxia and
hyperoxia, 0.28+0.15 and 1.00+0.14 nmol/mg pro-
tein; Kruskal-Wallis; P<0.001, pairwise P=0.028,
P=0.006, respectively: Figure 2B). Hyperoxia also in-
creased 8-hydroxy-2’-deoxyguanosine levels in the
tracheal secretion in the CA group (sham-normoxia
and hyperoxia, 3.2+1.5 and 5.6+0.5 ng/mL; CA-
normoxia and hyperoxia, 7.6+1.2 and 20+6 ng/mL;
Kruskal-Wallis; P<0.001, pairwise P=0.901, P=0.528,
respectively: Figure 2D). CA-induced increase in
8-hydroxy-2’-deoxyguanosine levels was greater than
in the sham animals in both normoxia and hyperoxia
settings (P=0.006 and P=0.002, respectively).
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Figure 2. Post-resuscitation normoxic therapy reduced carbonyl protein levels in the organs and 8-hydroxy-2'-
deoxyguanosine (80HdG) levels in tracheal secretions and urine.

A, Carbonyl protein levels in the brain. B, Carbonyl protein levels in the lung. C, Carbonyl protein levels in the kidney. The carbonyl
protein levels were O, dependent, and there was a trend in O, dependency in the sham group. However, hyperoxia-induced increases
in carbonyl protein were more remarkable in the cardiac arrest (CA) group (P<0.01). D, 80OHdG levels in tracheal secretions. Hyperoxia
also increased the 80OHJG levels of the tracheal secretion in the CA group. A supply of 100% oxygen via the endotracheal tube did
not affect the 8OHAG levels in the tracheal secretion samples from sham animals. Consequently, O, dependency was only observed
in the CA animals (P<0.01). E, 80HdG levels in urine samples. A supply of 100% oxygen did not affect the 80OHdJG levels in the urine
samples from sham animals. Consequently, O, dependency was only observed in CA animals (P<0.01). CA indicates cardiac arrest;
and 80HdG, 8-hydroxy-2’-deoxyguanosine. #P<0.01 vs sham normoxia. **P<0.01 vs sham hyperoxia. $P<0.01 vs CA normoxia;

mean=SD, Kruskal-Wallis test with the post hoc analysis.

A hyperoxia-induced increase in carbonyl pro-
tein in the kidney was also observed in the CA
group (sham-normoxia and hyperoxia, 0.08+0.03
and 0.12+0.04 nmol/mg protein; CA-normoxia and
hyperoxia, 0.44+0.18 and 0.99+0.37 nmol/mg pro-
tein; Kruskal-Wallis; P<0.001, pairwise P=1.000,
P=0.814, respectively: Figure 2C). Hyperoxia also
increased 8-hydroxy-2’-deoxyguanosine levels in
the urine of the CA group (sham-normoxia and hy-
peroxia, 87+63 and 39+36 ng/mL; CA-normoxia

and hyperoxia, 65+34 and 168+81 ng/mL; Kruskal—-
Wallis; P=0.005, pairwise P=0.659, P=0.099, re-
spectively: Figure 2E).

These results support the concept that oxidative
stress is O,-sensitive overall and can be seen in mul-
tiple organs even in non-injured animals. However,
there is an augmentation of oxygen-sensitivity in-
duced by CA. Thus, post-resuscitation normoxic
therapy significantly protected the animals against
oxidative toxic stress.
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Figure 3. Cardiac arrest (CA) decreased state 3 mitochondrial respiratory activity and increased the degree of hyperoxia-

induced increases in mitochondrial H,0, generation.

A, Mitochondrial respiratory activity in the brain. B, Mitochondrial respiratory activity in the kidney. The state 3 respiration activity
of the brain and the kidney mitochondria in the CA-normoxia group declined significantly compared with that of the sham-normoxia
group. In contrast, the state 4 respiration activity of the brain and the kidney mitochondria did not change significantly. #P<0.01
vs sham. C, Mitochondrial H,0O, generation in the brain. D, Mitochondrial H,O, generation in the kidney. The ex vivo hyperoxic
condition significantly accelerated the H,0, generation of the brain and the kidney mitochondria in both the sham and CA groups.
E, O, dependency of mitochondrial H,O, generation compared between CA and sham animals. The brain mitochondria generated
approximately twice as much H,O, under hyperoxia. The kidney mitochondria also showed a similar trend, but there was no statistical
significance. CA indicates cardiac arrest. *P<0.05, #P<0.01 vs sham normoxia. $P<0.05, $¥P<0.01 vs CA normoxia. #P<0.05 vs sham;

mean+SD, Mann-Whitney U test.

Cardiac Arrest Induces Mitochondrial
Respiratory Dysfunction and the
Augmentation of O,-Sensitive
Mitochondrial H,O, Generation
Oxidative Phosphorylation

The state 3 respiration activity of the brain and kid-
ney mitochondria in the CA-normoxia group (209+26

J Am Heart Assoc. 2021;10:e018773. DOI: 10.1161/JAHA.120.018773

and 148+37 nmol/min per mg) declined significantly
compared with those of the sham-normoxia group
(286+50 and 269+55 nmol/min per mg; P=0.003,
P=<0.001, respectively: Figure 3A and 3B). In con-
trast, the state 4 respiration activity of the brain and
kidney mitochondria did not change. As a result, the
respiratory control ratio showed an altered trend after
CA in both tissues.



Okuma et al Oxygen-Sensitive Oxidative Stress in CA

Sham
A HMGB-1 B HMGB-1
@© «©
2 2
o o
g 5
z =z
3 K-
> >
e e
o 3
- = ¥
c HMGB-1 D -
S S
= =
o o
& B
S S
z -
© @
3 3
[=} o
e e
3 3
. .
Brain (Hippocampus) Brain
#it ##
Ht i
E s F
0.18 1.8 $s
0.16 4 o § 18 :
0.14 4 g .. = I 14 4 ]
bl 4 -
0.12 T 12 4
5 ) z :
g 014 § 1 .
S 0.08 T g 081 : -g-
S 0.06 . 2 o6
° 1 =
3 0.04 ol ¢ 04 4
% x
0.02 0.2 4
0 + - - v 0+ . v v
Sham_normo(n=6) Sham_hypero(n=6) CA_nomo(n=6) CA_hyper(n=6) Sham_normo(n=8) Sham_hyper(n=8) CA_nomo(n=8) CA_hyper(n=8)
Brain (Hippocampus) Brain
#it it
G i H . .
05 $$ 160 §s
140 1
04 ## 0 B a —_—
. = 120 4 —-—
2 4+ 3
g 03 ? £ 100 4
Q g 8o 1
= 2
= 0.2 o £ 60
1 @
2 = Q 40 R <+
e 0.1 M - 8
2 - 20 4
0+ - v v v o+
Sham_normo(n=6) Sham_hypero(n=6) CA_nomo(n=86) CA_hyper(n=6) Sham_normo(n=8) Sham_hyper(n=8) CA_nomo(n=8) CA_hyper(n=8)

Figure 4. Hyperoxia increased heme oxygenase-1 (HO-1) levels and cardiac arrest (CA) increased both HO-1 and HMGB-1
(high mobility group box 1) levels in the brain.

A, Immunohistochemistry studies of the choroid plexus and subependymal cell layer areas in sham animals. B, The choroid plexus
and subependymal cell layer areas in CA animals. C, The hippocampus area in sham animals. D, The hippocampus area in CA animals.
Images were captured in a low power field and the yellow bars represent a scale of 50 pm. E, Ratio of HO-1 to 4’,6-diamidino-2-
phenylindole fluorescent stain in the hippocampus area. F, HO-1 levels in the brain by ELISA. Hyperoxia induced an increase in HO-1
expression in both the sham and CA groups. Based on a comparison between the sham and CA animals at normoxia (P<0.01), CA also
seemed to induce HO-1 expression. G, Ratio of HMGB-1 to 4’,6-diamidino-2-phenylindole fluorescent stain in the hippocampus area.
H, HMGB-1 levels in the brain by ELISA. CA increased the HMGB-1 levels. There may be a correlation between O, dependency and
HMGB-1 levels, but this was only observed post-CA. ¥P<0.05, #P<0.01 vs sham normoxia. CA indicates cardiac arrest; HMGB-1, high
mobility group box 1; HO-1, heme oxygenase 1; DAPI is a 4',6-diamidino-2-phenylindole fluorescent stain. *P<0.05, **P<0.01 vs sham
hyperoxia. $P<0.05, $¥P<0.01 vs CA normoxia; mean=SD, Kruskal-Wallis test with the post hoc analysis.
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H,0, Generation in Mitochondria

Ex vivo hyperoxia significantly accelerated H,O, gen-
eration in brain mitochondria in both the sham and CA
groups (sham-normoxia and hyperoxia, 66+13 and
84+29 pmol/mg protein; CA-normoxia and hyperoxia,
55426 and 11523 pmol/mg protein; Kruskal-Wallis;
P=0.002, pairwise P=1.000, P=0.001, respectively:
Figure 3C). A similar trend was also observed in kid-
ney mitochondria (sham-normoxia and hyperoxia,
45+15 and 61+£16 pmol/mg protein; CA-normoxia
and hyperoxia, 44+14 and 89+39 pmol/mg protein;
Kruskal-Wallis; P=0.009, pairwise P=0.733, P=0.020,
respectively: Figure 3D).

The effect of ex vivo hyperoxia on mitochondrial
H,O, generation was calculated for each mitochon-
drial sample, and the numbers were averaged and
compared between the groups. The brain mitochon-
dria generated approximately twice as much H,0,
in the hyperoxic condition (sham and CA, 125+20%
and 267+203%; P=0.036, respectively: Figure 3E).
The Kkidney mitochondria also showed a simi-
lar trend, but there was no statistical significance
(sham and CA, 146+43% and 268+250%; P=0.279,
respectively: Figure 3E). These results support the
augmentation of O,-sensitive mitochondrial H,0,
generation after CA. This result might be attributed
to the mitochondrial dysfunction observed in the CA
rat model.

Hyperoxia Increased HO-1 Levels and
Cardiac Arrest Increased Both HO-1 and
HMGB-1 Levels in the Brain

Immunohistochemical studies of the brain re-
vealed an O,-sensitive increase in HO-1 expression
(Figure 4A through 4D).The ratio of HO-1 positive to
4',6-diamidino-2-phenylindole fluorescent stain posi-
tive areas (Figure 4E) showed a similar trend with
the quantitative measurement of HO-1 levels by
ELISA (sham-normoxia and hyperoxia, 0.39+0.03,
0.95+0.18 ng/mg protein; CA-normoxia and hy-
peroxia, 0.77+013 and 1.32+0.17 ng/mg protein,
Kruskal-Wallis; P<0.001, pairwise P=0.010, P=0.017,
respectively: Figure 4F).

Immunohistochemical studies of the brain
also revealed a CA-induced increase in HMGB-1
(Figure 4A through 4D). The ratio of HMGB-1 positive
to 4',6-diamidino-2-phenylindole fluorescent stain-
positive areas (Figure 4G) showed a similar trend with
the quantitative measurement of HMGB-1 levels (sham-
normoxia and hyperoxia, 38.1£5.5 and 42.8+3.1 ng/
mg protein; CA-normoxia and hyperoxia, 125+4 and
133+2 ng/mg protein, Kruskal-Wallis; P<0.001, pair-
wise P=1.000, P=0.659, respectively: Figure 4H).
The O,-sensitive augmentation was only observed
post-CA.
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Cardiac Arrest was Associated With
Hyperoxic Lung Injury

The lung W/D ratio revealed that hyperoxia increased
lung edema after CA (sham-normoxia and hyperoxia,
4.4+0.6 and 4.7+0.2; CA-normoxia and hyperoxia,
4.6+0.4 and 5.6+0.5, Kruskal-Wallis; P=0.006, pair-
wise P=1.000, P=0.033, respectively: Figure S4A).
The lung injury score histologically similarly exhibited
increased the degree of lung injury at 120 minutes after
CPR because of hyperoxia (sham-normoxia and hyper-
oxia, 2.7+2.3 and 2.3+1.0; CA-normoxia and hyperoxia,
4.3+2.9 and 14+2; Kruskal-Wallis; P=0.002, pairwise
P=1.000, P=0.157, respectively: Figure S4B and S4C).
These results support the idea that hyperoxia induces
lung injury, which is more substantial post-CA.

Hyperoxia Increased HO-1 Levels and
Cardiac Arrest Increased Both HO-1 and
HMGB-1 Levels in the Lung

Immunohistochemical studies of the lung revealed an
O,-sensitive increase in HO-1 expression in the sham
animals (Figure 5A through 5D). However, this increase
was suppressed by hyperoxia after CA. The ratio of
HO-1-positive to 4',6-diamidino-2-phenylindole fluo-
rescent stain-positive (Figure 5E) areas showed that
hyperoxia increased HO-1 in the sham group but not in
the CA group, and quantitative ELISA showed a simi-
lar trend to the immunohistochemistry results (sham-
normoxia and hyperoxia, 5.2+0.5 and 12.4+1.0 ng/mg
protein; CA-normoxia and hyperoxia, 10.5+1.4 and
6.5+0.5 ng/mg protein; Kruskal-Wallis; P<0.001, pair-
wise P<0.01, P=0.274, respectively: Figure 5F).

Immunohistochemical studies also revealed an
increase in HMGB-1 and AGE in the lung after CA
(Figure 5A through 5D). Quantitative measurement of
HMGB-1 by ELISA (Figure 5G) showed a trend similar
to the immunohistochemistry results (sham-normoxia
and hyperoxia, 199+46, 221+36 ng/mg protein; CA-
normoxia and hyperoxia, 471+51 and 716+49 ng/mg
protein; Kruskal-Wallis; P<0.001, pairwise P=1.000,
P=0.528, respectively: Figure 5H). These results suggest
that HO-1 expression in the lung is O,-sensitive, but there
may also be a paradoxical suppression of HO-1 expres-
sion post-CA during hyperoxia. CA increased HMGB-1
levels in the lung. Given the immunohistochemical find-
ing of AGE expression in conjunction with an increase
in HMGB-1, our results suggest that the inflammatory
HMGB-1 pathway may be activated post-CA.

DISCUSSION

Our data demonstrate that oxidative stress is O,-
sensitive overall and occurs in multiple organs, but
the increase in oxidative stress is more notable after
CA. The pathophysiological response to elevated
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Figure 5. Hyperoxia increased heme oxygenase-1 (HO-1) levels and cardiac arrest (CA) increased both HO-1 and HMGB-1
levels in the lung.

A, Immunohistochemistry studies of the lung in sham animals. B, Immunohistochemistry studies in the CA animals. Images are
shown as high-power field and the white bars represent a scale of 10 ym. C, Immunohistochemical studies in the sham animals. D,
Immunohistochemical studies in the CA animals. Immunohistochemical studies of the lung indicated an increase in AGE expression,
especially in the CA-hyperoxia group. Images are shown as low-power field and the yellow bars represent a scale of 50 pm. E, Ratio
of HO-1 to 4’,6-diamidino-2-phenylindole fluorescent stain in the Lung. F, HO-1 levels in the lung by ELISA. Hyperoxia increased the
HO-1 in the sham group but not in the CA group. There was an increase and suppression of HO-1 by the hyperoxia after CA. G, Ratio
of HMGB-1 to 4’,6-diamidino-2-phenylindole fluorescent in the lung. H, HMGB-1 Levels in the lung by ELISA. CA but not hyperoxia
increased the HMGB-1 levels in the lung. There might be a correlation between O, dependency and HMGB-1 levels, but it was
only observed post-CA. AGEs indicates advanced glycation end products; CA, cardiac arrest; DAPI, 4’,6-diamidino-2-phenylindole
fluorescent stain; HMGB-1, high mobility group box 1; and HO-1, heme oxygenase 1. #P<0.01, #P<0.05 vs sham normoxia. **P<0.01
vs sham hyperoxia. $P<0.05, $¥P<0.01 vs CA normoxia; mean=SD, Kruskal-Wallis test with the post hoc analysis.
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supplemental O, varied between post-CA animals
and normal animals because of the oxidative stress.
It can be inferred that an increase in oxidants (harmful
pathways) and/or down-regulation of antioxidant en-
zymes (protective pathways) may occur after resusci-
tation with hyperoxia. The post-resuscitation normoxic
therapy regimen significantly protected the animals
against oxidative stress and further improved their
survival after CA. The results reported here indicate
that CA is associated with mitochondrial dysfunction
and that the amount of mitochondrial H,O, generation
could be doubled in the brain and kidney when these
are exposed to hyperoxic conditions. Thus, this study
provides much-needed evidence of the augmentation
of the O,-sensitivity of mitochondria in the generation
of ROS after CA. Mitochondrial ROS generation during
hyperoxia is therefore likely a causal factor in upregu-
lating the oxidizing pathways.

Previously, exciting data from our laboratory re-
vealed new information about post-resuscitation
metabolic phenotypes: we showed a system-level
derangement of metabolism characterized by the
O,-sensitive dissociation of oxygen consumption
and carbon dioxide production, resulting in a lowered
RQ.2° Studies have shown that VO, is not dependent
on O, levels in healthy animals and humans.®23
This finding is consistent with our biochemical un-
derstanding of mitochondrial respiration, which
suggests that the electron transport chain is limited
by nicotinamide adenine dinucleotide.33% The rele-
vance of this to our findings is the prolonged pro-
duction of ROS within the electron transport chain
enzymes. Under normal electron transfer, 4 electrons
are required to reduce molecular oxygen to 2 water
molecules. However, the creation of superoxide re-
quires a single electron to reduce molecular oxygen
to a single molecule of superoxide,®® in which there is
a shift in stoichiometry from normal oxygen usage to
a requirement for more oxygen.

Heme oxygenase (HO-1) is a rate-limiting enzyme
that catalyzes the oxidation of heme to biologically
active molecules: iron, a gene regulator; biliverdin, an
antioxidant; and carbon monoxide, a heme ligand.®’
HO-1 expression can confer cytoprotection in many
lung®® and vascular disease models.3%40 In line with
the findings of others,®” there was an increase in
HO-1 expression by hyperoxia in our study, suggest-
ing that oxidative stress might upregulate the cyto-
protective pathways within the enzymatic antioxidant
role of HO-1. In addition, the HO-1 levels were high
post-CA, reflecting the demands of activating pro-
tective pathways because of the ongoing post-CA
pathophysiology.*! In this scenario, hyperoxia seems
to accelerate the expression of HO-1 because of
the exacerbated oxidative stress after CA. However,
the lung with hyperoxia showed a paradoxically low
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expression of HO-1, which was observed in conjunc-
tion with an increase in the inflammatory HMGB-1
and, subsequently, the receptor for AGE (RAGE)
pathway. The cross-reaction between HO-1 and
the HMGB-RAGE pathway regulated by peroxisome
proliferator-activated receptors was suggested in
a previous report using acute lung injury models.*?
Our immunohistochemical study revealed expres-
sion of AGE ligands, which contribute to a variety of
microvascular and macrovascular complications by
binding to RAGE.*34* Our results suggest that the
HMGB-1/RAGE pathway was activated in the lung,
particularly when the tissues were exposed to high
supplemental oxygen after CA/reperfusion, and this
overexpression of the inflammatory pathway may ac-
count for the paradoxical suppression of HO-1 during
hyperoxia after CA. Other possible explanations for
the difference in HO-1 expression in the lungs com-
pared with other organs may be differences in the
time course of organ responses. It is plausible that
other organs may have suppressed HO-1 levels in
later, unobserved periods post-resuscitation, but the
lungs showed it much earlier and within the time-
frame we observed.

This study is subject to several limitations. First,
the use of a rat model to study post-CA metabolism
has inherent limitations in representing human dis-
ease.*® Secondly, our study does not distinguish the
contribution of mitochondrial ROS generation from
other sources of ROS, and there are multiple non-
mitochondrial enzymes associated with ROS gen-
eration, such as Nicotinamide adenine dinucleotide
phosphate oxidase, xanthine oxidase, and mono-
amine oxidase.?* These enzymes are possible con-
tributors to the oxidative stress that we observed in
the CA animals, and these reactions are theoretically
O,-sensitive. However, our study was not designed
to test for non-mitochondrial enzymes. Further in-
vestigation may focus on non-mitochondrial ROS
generation and may warrant a systematic approach
to evaluate the contribution of mitochondrial func-
tion to the overall generation of ROS. Thirdly, the
use of isolated mitochondria is valuable for studying
their contribution in oxygen-mediated ROS genera-
tion post-CA but does sacrifice some physiological
context of the host tissues, necessitating a more
tissue-based or in vivo approach. Finally, our study
was not designed to reveal cause of death in our as-
phyxia-CA rat model. In nature, CA is defined as a
sudden cessation of blood flow and, when the heart
successfully regains the circulation, the body suffers
from ischemia/reperfusion injury in multiple organ
systems, and neurological function is generally the
most affected.*®*” CA may or may not be attributed
to a cardiac etiology, although cardiac origin is the
most prevalent in humans.*-%° QOur study protocol
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of 10 minutes asphyxia may not be severe enough
to affect heart function, despite the damage ob-
served in other organs. No differences or pattern al-
terations were observed in Mean arterial pressure,
heart rate, or blood lactate levels (representing sys-
temic circulatory dysfunction) between the hyperoxia
and normoxia groups (Figure S5A through S5C).
Hyperoxia-induced augmentation of oxidative stress
may worsen neurological function; however, we did
not observe any augmentation in cardiac or circu-
latory function in the early period. Moreover, in our
experimental animal model, we did not identify an
increase of oxidative stress in the heart (Figure S6).
Our data do not directly point to a cause of death
of our animal model, but previous studies that in-
vestigated outcomes in a rat model of asphyxia-CA
showed pathological and functional deficits in neu-
rons after resuscitation,?® and this neuronal damage
may be worsened by hyperoxia.*>"'" Therefore, it is
plausible that the cause of death of our asphyxia-CA
model is linked to devastating neurological deficits
rather than the circulatory function, once the ani-
mal has regained spontaneous circulation. However,
our experimental setting did not have continuous
Electroencephalography or video monitoring to allow
us to assess this. Future work will focus on the cause
of death by closely monitoring neurological function.

CONCLUSIONS

Our post-resuscitation normoxic therapy reduced oxi-
dative stress in multiple organs and improved organ
damage, oxygen metabolism, and survival after CA. The
mitochondrial ROS generation was O,-sensitive, and
mitochondrial generation of ROS was increased after
CA. HO-1 expression was also O,-sensitive. However,
a paradoxical suppression of HO-1 was observed in the
lung with a concomitant upregulation of HMGB-1.
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Data S1.

Supplemental Materials and Methods

The Institutional Animal Care and Use Committees of the Feinstein Institutes for Medical Research
approved this study protocol. The data supporting the findings of this study are available from the
corresponding authors upon reasonable request. The data that support the findings of this study are

available from the corresponding author upon reasonable request.

Animal Preparation

We performed all instrumentation according to our previously described protocol(25). In brief,
male Sprague-Dawley, male rats (450-550g, Charles River Laboratories, Wilmington, MA, USA)
were anesthetized with 4% isoflurane (Isosthesia, Butler-Schein AHS, Dublin, OH, USA) and
intubated with a 14-gauge plastic catheter (Surflo, Terumo Medical Corporation, Somerset, NJ,
USA). The animals were mechanically ventilated (Ventilator Model 683, Harvard Apparatus,
Holliston, MA, USA) at a minute ventilation (MV) volume of 180 mL/min and a respiratory rate
(RR) of 45 breaths/min. In this study, we used one ventilation setting for all animals at all times
and did not change the MV or RR over the experiments. Anesthesia was maintained with isoflurane
2%. The left femoral artery of each rat was cannulated (sterile polyethylene-50 catheter inserted
for 20 mm) for continuous arterial pressure monitoring (MLT844, ADInstruments; Bridge
Amplifier ML221, ADInstruments, Colorado Springs, CO, USA). A temperature probe (T-type
thermocouple probes, ADInstruments Inc., CO, USA) was placed in the esophagus for continuous
temperature monitoring. The core temperature was maintained at 36.5°C £1.0 degree during the

surgical procedure. The left femoral vein was cannulated with a polyethylene-50 catheter, which



was advanced into the inferior vena cava for drug infusion. At the end of the preparation, a blood
sample (0.5 mL) was collected from the arterial catheter line, and a blood gas analysis (i-STAT;

Heska, East Windsor, NJ, USA) was performed.

Experimental Protocol: Comparing Hyperoxia and Normoxia

Animals were randomly assigned into two groups at 10 minutes after CPR (Figure S1A). The post-
resuscitation normoxic therapy group (n=15) included those who were successfully resuscitated
from 10-minute asphyxia arrest and treated with inhaled 30% oxygen. The hyperoxia group (n=15)
included those who were treated with inhaled 100% oxygen. After instrumentation, a
neuromuscular blockade was achieved for all groups of animals through the slow intravenous
administration of 2 mg/kg of vecuronium bromide (Hospira, Lake Forest, IL, USA). Asphyxia was
induced by switching off the ventilator. CA occurred 3—4 minutes after asphyxia. After 10 minutes
of untreated asphyxia, mechanical ventilation was restarted at an FIO2 of 1.0. Manual CPR was
delivered to all CA animals. The isoflurane inhalation was discontinued after the induction of
asphyxia. Chest compressions were performed at a rate of 260-300 beat/minute. Immediately after
CPR, a 20 pg/kg bolus of epinephrine was given to the animals through the venous catheter.
Following the return of spontaneous circulation (ROSC), defined as a systolic blood pressure >60
mmHg, CPR was discontinued. If ROSC did not occur by 5 min of CPR, resuscitation was
terminated. At ten minutes after CPR, the FIO2 was switched back to 0.3 in the normoxic therapy
group while it was kept at 1.0 in the hyperoxia group. Blood gas analysis was performed at 10, 20,
30, 45, 60, and 120 minutes after starting CPR. Mechanical ventilation was discontinued 120
minutes after CPR, survival was monitored up to 48 hours, and neurological deficit scores were

obtained at 48 hours. Post-surgical care, including animal housing and observation, were provided



by the facility in a blinding manner.

Sham Experiments
Sham experiments with the rats at an FIO2 of 1.0 and FIO2 of 0.3 yielded tissue, tracheal secretion,
and urine samples. Non-invasive metabolic measurements were performed at an FIO2 of 0.3 to

achieve the normal numbers of our experimental setting.

V02, VCO2,and RQ Measurements

Using the mechanical ventilation circuit, we evaluated the system-level metabolic alteration via
V02, VCO2, and RQ (VCO2 divided by VO2) of the rats. The details of these methods were
described elsewhere by Shinozaki et al.(25). We added two major modifications to our previously
reported methods in order to more accurately obtain VO2 at an FIO2 of 1.0: 1) using a CO2 main-
stream capnometer (Nihon Kohden Corp., Tokyo, Japan) to avoid sampling (suctioning) the gas
from the ventilation system and ii) measuring the molecular ratio of inhalation to exhalation, which
was an independent measurement from the gas concentration measurements. In addition, we used
a photoluminescence-quenching sensor (FOXY AL300 Oxygen Sensor Probe, Ocean Optics,
Dunedin, FL, USA) and a fluorometer (NEOFOX-GT, Ocean Optics, Dunedin, FL, USA) to
measure the concentration of oxygen gas. Our circuit included a 10.5 mL mixing chamber on one
side of the circuit, enabling each stroke of exhalation to be averaged in the chamber and throughout
the circuit. We also used an inverted, water-sealed 500 mL cylinder filled with water to measure
the volume of expired gas. Equations for evaluating the metabolism in this study are described as
follows:

R=VI/VE (1)



VO2 = (R x FIO2 - FEO2) x VE (2)
VCO2 =FECO2 x VE 3)
RQ=VCO02/V02, “4)
where R indicates the molecular ratio of inspiration and expiration; VI is the volume of inspiration;
VE is the volume of expiration; FIO2 is the fraction of inspired oxygen; FEO?2 is the fraction of
expired oxygen; and FECO?2 is the fraction of expired carbon dioxide. To correct the volume and
gas concentrations, we measured the in-circuit gas pressure and temperature, relative humidity and
temperature during exhalation, and ambient pressure and temperature around the ventilator circuit.

The values were calculated and reported as standard temperature and pressure (STP).

Immunochemical Assays of Oxidative Stress Indicators HO-1 and HMGB-1 Levels

At 120 minutes after CA, eight rats were sacrificed from the sham-normoxia, sham-hyperoxia,
CA-normoxia, and CA-hyperoxia groups. Immediately before sacrificing the animals, the
anesthesia was reinduced, and the tissues were perfused. An 18-gauge needle was stuck into the
left ventricle, and the perfusion was continued until the fluid draining from the left ventricle was
clear, which required approximately 50 mL of 4°C extracellular solution. The blood was carefully
removed from the collected tissue samples by washing with 4°C phosphate-buffered saline (PBS).
The tissues were homogenized with protease inhibitors in PBS (at a tissue grams to PBS volume
of 1:2) using a homogenizer and sonicater on ice. The homogenates were then centrifuged for 5
minutes at 5600xg twice, at which point we obtained the supernatant for the assays. The protein
contents were determined using a bicinchoninic acid (BCA) protein kit (Pierce, Thermo Scientific,
IL, USA), as per the manufacturer's instructions. The trachea secretion was sampled from the

endotracheal catheter. The amount was weighed, and the catheter was washed with a dilution buffer



for the 8-hydroxydeoxyguanosine (8OHdG) measurement. The amount of dilution buffer was
controlled to a dilution rate of 1:8. Urine samples were collected before the perfusion. The sample
was centrifuged at 2,000xg, and the supernatants were obtained and diluted with a dilution buffer.
The dilution rate of the urine sample was 1:8.

Carbonyl protein and 8OHAG levels were measured as an indicator of oxidative
stress. HO-1 was used as an indicator of cytoprotective antioxidant enzymes and
inflammation(27). HMGB-1 is an inflammatory alarmin that is released following
nonprogrammed cell death but is not released by apoptotic cells(51). We measured HMGB-
1 levels as an indicator of the activation of inflammatory pathway. The carbonyl protein
(Enzo Life Sciences, Farmingdale, NY, USA) of the lung, brain, and kidney; 8OHdG
(StressMarq Biosciences, Victoria, BC, Canada) of the urine and trachea secretion; HO-1
(Abcam plc, Cambridge, MA, USA) of the lung and brain; and HMGB-1 (Shino-test,
Sagamihara, Kanagawa, Japan) of the lung and brain were measured by an enzyme-linked
immunosorbent assay (ELISA) based on the commercial protocol. The sample absorbance
was read on a 96-well plate reader at 540 nm. The numbers reported in this study are

expressed relative to the protein content of the tissue samples.

Isolation of Brain and Kidney Mitochondria and Evaluation of Mitochondrial Respiratory
Function

At 30 minutes after CA, eight animals were sacrificed from the sham-normoxia and CA-normoxia
groups. All operations were performed at 4°C. The details of these isolation methods have been
discussed elsewhere(20, 29). We homogenized the sample tissue using a Teflon/glass motor-driven

homogenizer (model BDC2010, Glas Col LLC. Caframo, ON, CanadaTerre Haute, IN). A Sorvall



Legend XIR centrifuge (Thermo Scientific, Waltham, MA, USA) was also used. Low-speed
centrifugation was conducted at 5600xg for 1 min, and high-speed centrifugation was conducted
at 12000xg for 6 min. Mitochondrial yields were expressed as mg mitochondrial protein/g tissue.
The mitochondrial isolation solution was mitochondrial isolation buffer (MESH)composed of 210
mM mannitol, 0.2 mM EGTA, 70 mM sucrose, and 10 mM Hepes at pH 7.3.

Kidney mitochondria isolation: After mincing and washing, the tissue was homogenized
by 4 strokes. The homogenate was centrifuged at low-speed, and the supernatant was collected
into a polycarbonate tube. This supernatant was then centrifuged at high speed. The supernatant
was gently removed by pipets without disturbing the mitochondrial pellet. The pellet was finally
resuspended in 20 mL of MESH without BSA and centrifuged at high speed. The mitochondria
concentration was determined by the BCA assay, as mentioned above.

Brain mitochondria isolation: The minced brain tissue was homogenized by 8 strokes.
The homogenate was centrifuged at low speed, and the supernatant was collected into a
polycarbonate tube. The pellet was homogenized again and centrifuged using the same method
described above, and the pooled supernatant was centrifuged at high speed. After high-speed
centrifugation, the supernatant was removed gently until the synaptosome layer reached the top.
The remaining loose pellet was suspended with 20 ml of 12.5% Percoll in MESH and centrifuged
at high speed. The supernatant was gently removed by pipets without disturbing the mitochondrial
pellet. The loose pellet was then homogenized by an additional 4 strokes of homogenizer in order
to separate the mitochondria from the synaptosome contents, including the synaptic vesicles,
postsynaptic membrane, and postsynaptic density. To that end, the pellet was resuspended in 20
mL of MESH buffer and centrifuged at high speed. Finally, the mitochondrial pellet was

resuspended, and the mitochondria concentration was determined by the BCA assay.



Evaluation of isolated mitochondrial oxygen consumption: The oxygen
consumption was measured using a Strathkelvin oxygen electrode (30°C). The
mitochondria were assayed in an assay buffer containing 80 mM KCl, 50 mM MOPS, 1
mM EGTA, 5 mM KH2PO4, and 1 mg defatted BSA/mL at pH 7.4. ADP-dependent (state
3), ADP-limited (state 4), and DNP-dependent (uncoupled) respirations were measured in
150 uL of the mitochondrial suspension (0.5 mg/mL) using glutamate+malate as substrates.
The rates of substrate oxidation were expressed as nano atoms oxygen

consumed/minute/mg mitochondrial protein.

Comparing Mitochondrial H202 Generation in ex vivo Normoxic and Hyperoxic Conditions
H202 generation from the isolated mitochondria of the brain and kidney were used to determine
mitochondrial ROS and we compared those from the sham-normoxia and CA-normoxia
experimental groups. H202 levels were determined by an Amplex Red hydrogen
peroxide/peroxidase assay kit (Invitrogen, Carlsbad, CA, USA) using the oxidation of the
fluorogenic indicator Amplex Red in the presence of horseradish peroxidase, as instructed by the
manufacturer. The fluorescence was recorded in a microplate reader Tecan Spark 10 M plate reader
(Tecan Group Ltd., Méannedorf, Switzerland) with 570 nm absorbance wavelengths. The standard
curves were obtained by adding known amounts of H202 to an assay medium in the presence of
the reactants (Amplex Red and horseradish peroxidase), which were linear up to 5 uM. The
background fluorescence was measured in the absence of mitochondria and presented as
fluorescence minus background (pmol/mg of protein/30 min). Following the protocols from
previous studies(30), the mitochondria were incubated at 0.025 mg of protein/ml at 30°C. H202

production was initiated in the mitochondria using glutamate (10 mM) and malate (2.5 mM) as



substrates. With or without antimycin A (10 uM) as an addition to the incubation medium, we
inhibited the activities of complex III, which allowed us to evaluate the isolated mitochondria.
Different O2 concentrations in the medium were achieved by mixing nitrogen- and air-
saturated buffers. The mitochondrial oxygen tension was calculated at room temperature, and the
atmospheric pressure (approximately 20°C and 760 Torr) and actual oxygen tension were
measured by the photoluminescence-quenching sensor. We set up the medium at an O2 tension of
20-50 Torr in the normoxic condition and 150 Torr in the hyperoxic condition (Figure S5). Two
different O2 tension settings were induced to isolate the mitochondria of the sham-normoxia and

CA-normoxia animals, respectively.

Wet/Dry Weight Ratio of the Lung

At 120 minutes after CA, eight animals were sacrificed from the sham-normoxia, sham-hyperoxia,
CA-normoxia, and CA-hyperoxia groups. The right lower lobe of each animal was weighed
immediately after collection and then placed into a 60°C oven to dry. After three days, the tissue
was weighed to determine the wet-to-dry lung weight as a lung wet/dry ratio (W/D). The right
lower lobe was weighed immediately after collection and then placed into a 60°C oven to dry.

After three days, the tissue was weighed to determine the lung W/D.

Immunofluorescence Staining of HO-1 and HMGB-1 and Histological Lung Injury
Evaluation

At 120 minutes after CA, six animals were sacrificed from the sham-normoxia, sham-hyperoxia,
CA-normoxia, and CA-hyperoxia groups. Tissues were transcardially perfused with 4°C

extracellular fluid as described above and post-fixed overnight in 4% formalin in PBS for three



days at 4°C, then cryoprotected overnight in 30% sucrose in PBS at 4°C. The tissues were
embedded in an M-1 Embedding Matrix™ (Thermo Scientific, Kalamazoo, MI, USA) and frozen
in liquid nitrogen, cut serially (10 pum thickness) in a cryostat, and collected onto glass slides. After
washing with tris-buffered saline (TBS), the sections were immersed in 10% normal goat serum
(Sigma-Aldrich Co., St. Louis, MO, USA) in TBS containing 1% bovine serum albumin (BSA;
Sigma-Aldrich Co., St. Louis, MO, USA) for 2 hours to block nonspecific binding.

For double immunostaining, the sections were incubated overnight with anti-

HMGB-1 monoclonal antibody (Ab) (R&D systems, Inc., Minneapolis, MN, USA) or anti—
advanced glycation end product (AGE) polyclonal Ab (Abcam plc, Cambridge, MA, USA)
in combination with anti-HO-1 polyclonal Ab (Abcam plc, Cambridge, MA, USA) as the
primary antibodies (Abs) at 4°C. Alexa 555-labeled anti-mouse IgG (Invitrogen Co.,
Branford, CT, USA) and Alexa 488—labeled anti-rabbit IgG (Invitrogen Co., Branford, CT,
USA) were used as the secondary Abs. Sections were incubated with the secondary Ab at
room temperature for 1 hour and mounted using a Vectorshield Hard Set mounting medium
with 4°,6-diamido-2-phenylindole (DAPI) (Vector Laboratories, Inc., Burlingame, CA,
USA)(51). Stained sections were observed under an LSM 880 confocal imaging system
(Carl Zeiss, Inc., Jena, Germany) and BZ-X800 all-in-one fluorescence microscope
(Keyence, ElImwood Park, NJ, USA). We analyzed the data using the BZ-X800 analyzer
software (Keyence, Elmwood Park, NJ, USA).

The lung sections were also stained with hematoxylin and eosin. After blinding the
laboratory with respect to which group each rat belonged to, the histopathology was
reviewed using a modified acute lung injury scoring system, as previously described

elsewhere by Kawamura et al.(31) Four easily identifiable pathologic processes were



scored on a scale of 0—4, as previously described: 1) alveolar congestion, ii) hemorrhage, iii)
leukocyte infiltration or aggregation of neutrophils in airspace or the vessel wall, and iv) thickness

of the alveolar wall. A total lung injury score was calculated as the sum of the four components.

Statistical Analysis

Data are shown as the means and SD for continuous variables and the counts and frequencies for
categorical variables. An unpaired two-tailed Student t test or Mann-Whitney U test was used to
compare two independent groups, as appropriate, for continuous variables. For post hoc
comparisons, a one-way ANOVA or repeated ANOVA and Tukey test were used. Survival rates
were estimated by the Kaplan-Meier method, and the Wilcoxon test was used to compare the
groups. From our preliminary data, the survival rate at 48 hours after CA was expected as 80% in
the normoxia group and 30% in the hyperoxia group. We anticipated that 12 animals per group
were required for the survival study (a 0.05, power 0.8, two-sided). As the ROSC rate was
estimated at 80%, we prepared 15 animals for each group. For measurements of oxidative stress
indicator, based on our preliminary experiment, we generated a hypothesis of the difference of
mean was 1.4-fold higher as compared to the control group and the standard deviation was 25%
of the mean value (coefficient of variation = 25%); a 0.05, power 0.8, and two-sided analysis, were
given to a power analysis of independent sample t-test. Two-tailed P values were calculated, and
p<0.05 was considered statistically significant. SPSS 25.0 (IBM, Armonk, NY, USA), JMP 10.1
(SAS Institute, Cary, NC, USA), and GraphPad Prism 8 (GraphPad Software, San Diego, CA,

USA) were used for statistical analyses.



Supplemental Results

The Post-Resuscitation Normoxic Therapy Improved Neurological Function and Survival
after CA

No significant baseline differences were found between the groups. Fifteen rats for each group
were assigned into the test group. There were two rats that did not achieve ROSC in the normoxic
therapy group and one in the hyperoxia group. The normoxic therapy group had a higher survival
rate (77%) at 48 hours after resuscitation compared to that (28%) of the hyperoxia group (p<0.01).
The normoxic therapy group significantly improved across all survival rates and had lower

neurological deficit scores (359+140 and 452485, p<0.05) at 48 hours after CPR (Figure S1).

The Post-Resuscitation Normoxic Therapy Reduced System-Level Dissociations of Oxygen

Metabolism

There were no significant differences in the values of PaO2 at 10 minutes between the CA-

normoxia and CA-hyperoxia groups (302+76 and 361+71 Torr, respectively). In the normoxic

therapy group, PaO2 was successfully maintained at 120+10 Torr during the initial 120 minutes

after randomization. PaO2 levels in the hyperoxia group were higher than 350 Torr at all times.
There was no significant difference in the molecular ratio of inhalation to exhalation

(R) between the CA-normoxia and CA-hyperoxia groups (1.0145+0.0078 and

1.0176+0.0052, respectively). In addition, the R of the sham animals showed no difference

from that of the CA animals (1.0095+£0.0055). At 120 minutes after CPR, the sham group

had normal values of VO2, VCO2, and RQ (14.3£1.5 mL/kg/min at STP, 14.1+1.4

mL/kg/min at STP, and 0.99+0.12 respectively). At 120 minutes after CPR, the VO2 in the



CA-normoxia group had significantly lower numbers over time (17.8+£3.1 mL/kg/min at STP) than
it did in the CA-hyperoxia group (31.1+5.2 mL/kg/min at STP, p<0.01). There were no differences
in VCO2 between the groups (p=0.102). At 120 minutes after CPR, the VCO2 was 14.3+2.3
mL/kg/min at STP for the CA-normoxia group and 17.9+3.3 mL/kg/min at STP for the CA-
hyperoxia group. As a result, the RQ after CA was significantly higher in the CA-normoxia group
(0.81+0.05) than it was in the CA-hyperoxia group (0.58+0.03, p<0.01), and the value for the

normoxia group improved to the generally cited normal range of 0.7-1.0.

The Post-Resuscitation Normoxic Therapy Protected the Organs against Oxidative Stress
During hyperoxia, an increase in carbonyl protein of the brain occurred in the CA group (sham-
normoxia and hyperoxia, 0.15+0.14 and 0.33+0.05 nmol/mg protein; CA-normoxia and hyperoxia,
0.3240.23 and 0.93+0.13 nmol/mg protein, respectively). The carbonyl protein levels were [O2]
dependent, and there was a trend in [O2] dependency in the sham group. However, hyperoxia-
induced increases in carbonyl protein were more remarkable in the CA group (p<0.01).

In addition, during hyperoxia, an increase in carbonyl protein of the lung occurred in both
the sham and CA groups (sham-normoxia and hyperoxia, 0.13+0.07 and 0.42+0.07 nmol/mg
protein, p<0.01; CA-normoxia and hyperoxia, 0.28+0.15 and 1.00+0.14 nmol/mg protein, p<0.01,
respectively). The carbonyl protein levels were [O2] dependent, and hyperoxia-induced increases
in carbonyl protein were more remarkable in the CA group. Hyperoxia also increased the SOHdG
levels of the tracheal secretion in the CA group (sham-normoxia and hyperoxia, 3.2+1.5 and
5.6+0.5 ng/ml; CA-normoxia and hyperoxia, 7.6+1.2 and 2046 ng/ml, respectively). A supply of
100% oxygen via the endotracheal tube did not affect the 8OHdG levels in the tracheal secretion

samples from the sham animals. Consequently, [O2] dependency was only observed in the CA



animals (p<0.01). CA increased the 8OHdG levels beyond what was observed in the sham
animals in both the normoxia and hyperoxia settings (p<0.05 and p<0.01, respectively).
During hyperoxia, an increase in carbonyl protein of the kidney also occurred in
the CA group (sham-normoxia and hyperoxia, 0.08+0.03 and 0.12+0.04 nmol/mg protein;
CA-normoxia and hyperoxia, 0.44+0.18 and 0.994+0.37 nmol/mg protein, respectively).
The carbonyl protein levels were [O2] dependent, and there was a trend in [O2] dependency
in the sham group. However, hyperoxia-induced increases in carbonyl protein were more
remarkable in the CA group (p<0.01). Hyperoxia also increased the SOHdG levels in the
urine of the CA group (sham-normoxia and hyperoxia, 87+63 and 39+36 ng/ml; CA-
normoxia and hyperoxia, 65+34 and 168+81 ng/ml, respectively). A supply of 100%
oxygen did not affect the system level of 8OHdG in the sham animals tested by the urine
samples, but [O2] dependency was observed in the CA animals (p<0.01). These results
supported the idea that oxidative stress is [O2] dependent overall and can be seen in
multiple organs. However, it was more remarkable after CA. Thus, post-resuscitation

normoxic therapy significantly protected the animals against oxidative stress.

Cardiac Arrest Induces Mitochondrial Respiratory Dysfunction and the augmentation of
0O2-sensitive Mitochondrial H202 Generation

Oxidative phosphorylation: The state 3 respiration activity of the brain
mitochondria in the CA-normoxia group (209+26 nmol/min/mg) declined significantly
compared to that of the sham-normoxia group (286+50 nmol/min/mg, p<0.01). In contrast,
the state 4 respiration activity of the brain mitochondria did not change significantly (sham

and CA, 45+13 and 44+15 nmol/min/mg, respectively). As a result, the respiratory control



ratio (RCR) in the brain mitochondria showed a trend in derangement after CA (sham and CA,
6.6+1.4 and 5.1£1.6, p=0.09, respectively). The mitochondrial yield of the CA group was
significantly lower than that of the sham group (sham and CA, 4.3+0.8 and 2.7+0.5, p<0.01,
respectively). The state 3 respiration activity of the kidney mitochondria in the CA group (148+37
nmol/min/mg) declined significantly compared to that of the sham group (269+55 nmol/min/mg,
p<0.01). In contrast, the state 4 respiration activity of the kidney mitochondria did not change
significantly (sham and CA, 43420 and 28+6.5 nmol/min/mg, respectively). There was a trend of
declining RCR in the kidney mitochondria in the CA-normoxia group, but no statistical
significance was identified (sham- and CA, 6.9+£2.0 and 5.8+£2.6, p=0.32, respectively). The
mitochondrial yield of the CA group was significantly lower than that of the sham group (sham
and CA, 22.6+1.3 and 18.4+1.7, p<0.01, respectively).

H202 generation in mitochondria: The ex vivo hyperoxic condition significantly
accelerated the H202 generation of the brain mitochondria in both the sham and CA groups (sham-
normoxic and hyperoxic condition, 66+13 and 84429 pmol/mg protein, p<0.01; CA-normoxic and
hyperoxic condition, 55+26 and 115423 pmol/mg protein, p<0.01, respectively). Similarly, the ex
vivo hyperoxic condition significantly accelerated the H202 generation of the kidney mitochondria
in both the sham and CA groups (sham-normoxic and hyperoxic condition, 45+15 and 61+16
pmol/mg protein, p<0.05; CA-normoxic and hyperoxic condition, 44+14 and 8§9+39 pmol/mg
protein, p<0.05, respectively).

The effect of the ex vivo hyperoxic condition on mitochondrial H202 generation was
calculated for each animal, and the numbers were averaged and compared between the groups.
The brain mitochondria generated approximately twice as much H202 in the hyperoxic condition

(sham and CA, 1254+20% and 267+£203%, p<0.05, respectively). The kidney mitochondria also



showed a similar trend, but there was no statistical significance (sham and CA, 146+43%
and 268+250%, respectively). These results supported the augmentation of O2-sensitive
mitochondrial H202 generation after CA. This result might be attributed to the
mitochondrial dysfunction observed in the CA rat model.

In this experimental setting, hyperoxic condition did not affect the background

absorbance of Amplex Red reactions (Figure S6).

Hyperoxia Increased HO-1 Levels and Cardiac Arrest Increased both HO-1 and HMGB-1
Levels in the Brain

Immunohistochemical studies of the brain revealed O2-sensitive increase in HO-1 expression at
the subependymal cell layer and choroid plexus areas, and the hippocampus areas. The ratio of
HO-1 positive areas to DAPI positive areas showed that hyperoxia induced an increase in HO-1
expression at the hippocampus area in both the sham and CA groups (sham-normoxia and
hyperoxia, 0.04+0.02 and 0.13+0.02, p<0.01; CA-normoxia and hyperoxia, 0.09+0.02 and
0.14+0.02, p<0.01, respectively). Based on a comparison between the sham and CA animals at
normoxia (p<0.01), CA also seemed to induce HO-1 expression. A quantitative measure of HO-1
levels by ELISA showed a similar trend to the immunohistochemical studies (sham-normoxia and
hyperoxia, 0.39+0.03, 0.95+0.18 ng/mg protein; p<0.01; CA-normoxia and hyperoxia, 0.77+0.13
and 1.32+0.17 ng/mg protein, p<0.01, respectively). HO-1 levels in the CA group were higher
than in the sham group at normoxia (p<0.01). These results strongly support the idea that there is
an increase in HO-1 expression in the brain after CA and that its expression is O2 sensitive.

Immunohistochemical studies of the brain also revealed a post-CA increase in

HMGB-1 at the subependymal cell layer and choroid plexus areas, and the hippocampus



areas. The ratio of HMGB-1 positive areas to DAPI positive areas showed that CA increased the
HMGB-1 levels at the hippocampus (sham-normoxia and hyperoxia, 0.03+0.02 and 0.06+0.03;
CA-normoxia and hyperoxia, 0.14+0.04 and 0.32+0.08, respectively). A quantitative measure of
HMGB-1 levels by ELISA showed a similar trend to the immunohistochemical studies (sham-
normoxia and hyperoxia, 38.1+5.5 and 42.8+3.1 ng/mg protein, CA-normoxia and hyperoxia,
12544 and 13342 ng/mg protein, respectively). There might be a correlation between O2-sensitive
increase and HMGB-1 levels, but it was only observed post-CA. CA increased the HMGB-1 levels
in the brain. However, in contrast to what occurred with HO-1, the O2-sensitive augmentation was

not clearly observed in the sham animals.

Cardiac Arrest Was Associated with Hyperoxic Lung Injury

The lung W/D ratio revealed that hyperoxia increased lung edema after CA (sham-normoxia and
hyperoxia, 4.4+0.6 and 4.7+0.2; CA-normoxia and hyperoxia, 4.6£0.4 and 5.6+0.5, p<0.01,
respectively). The lung injury score histologically exhibited a similar trend: that hyperoxia
increased the degree of lung injury at 120 minutes after CPR (sham-normoxia and hyperoxia,
2.74£2.3 and 2.3+1.0; CA- normoxia and hyperoxia, 4.3+2.9 and 14+2, p<0.01, respectively).
These results supported the idea that hyperoxia induces lung injury and that it is more remarkable

post-CA (Figure S2).

Hyperoxia Increased HO-1 Levels and Cardiac Arrest Increased both HO-1 and HMGB-1
Levels in the Lung
Immunohistochemical studies of the lung revealed the O2-sensitive increase in HO-1 expression

in the sham animals. However, there was an increase and suppression of HO-1 by the hyperoxia



after CA. The ratio of HO-1 positive areas to DAPI positive areas showed that hyperoxia increased
the HO-1 in the sham group but not in the CA group (sham-normoxia and hyperoxia, 0.06+0.06
and 0.78+0.11, p<0.01; CA-normoxia and hyperoxia, 0.77+0.15 and 0.57+0.07, respectively). A
quantitative measure of HO-1 levels by ELISA showed a similar trend to those of the
immunohistochemical studies (sham-normoxia and hyperoxia, 5.2+0.5 and 12.4£1.0 ng/mg
protein, p<0.01; CA-normoxia and hyperoxia, 10.5£1.4 and 6.5+0.5 ng/mg protein, p<0.01,
respectively).

Immunohistochemical studies also revealed an increase in HMGB-1 in the lung
after CA. The result of the ratio of HMGB-1 positive areas to DAPI positive areas showed
that CA but not hyperoxia increased the HMGB-1 levels in the lung (sham-normoxia and
hyperoxia, 0.02+0.04 and 0.06+0.02; CA-normoxia and hyperoxia, 0.33+0.10 and
0.68+0.16, p<0.01, respectively). Moreover, immunohistochemical studies of the lung
indicated an increase in AGE expression, especially in the CA-hyperoxia group. A
quantitative measure of HMGB-1 levels by ELISA showed a similar trend to that of the
immunohistochemical studies (sham-normoxia and hyperoxia, 199+46, 221+36 ng/mg
protein; CA-normoxia and hyperoxia, 47151 and 716+49 ng/mg protein, p<0.01,
respectively). There might be a correlation between the O2-sensitive increase and HMGB-
1 levels, but it was only observed post-CA. These results suggest that HO-1 expression in
the lung is O2-sensitive, but there might be a paradoxical suppression of HO-1 expression
post-CA during hyperoxia. CA increased the HMGB-1 levels in the lung. Given the
immunohistochemical finding of AGE expression in conjunction with an increase in
HMGB-1, our results indicated that the inflammatory HMGB-1 pathway might be

activated post-CA.



Supplemental Discussion
The mitochondrial ROS generation during hyperoxia might be one of the causal factors
upregulating the pathways of oxidants.

Mitochondrial O2 tension at a temperature of 37°C has been estimated to be in the order
of several Torr(52). However, the most recent in vivo study suggested that it was as high as 50 and
100 Torr(53). Mitochondrial ROS generation is generally measured in an air-saturated medium at
a temperature ranging from 20 to 37°C(30), in which the amount of oxygen dissolved in the
medium is at a setting equivalent to the partial oxygen pressure between 150 and 178 Torr at
atmospheric pressure. Therefore, an air-saturated medium in most experimental settings creates an
unnatural hyperoxic condition for mitochondria, which is considered 2—3 folds or even 30-50 folds
higher than that for physiological mitochondrial O2 tension.

Danilov(17) tested astrocyte cell death from ischemia/reperfusion injury at an oxygen
tension of 50 and 150 Torr (i.e., 7% and 21% oxygen), respectively, and showed a protective effect
from the lower (physiologically normal) oxygen tension. We tested whether the [O2] dependency
of mitochondrial ROS generation increased after CA using an oxygen tension of 50 and 150 Torr,
respectively. The brain and kidney mitochondria isolated from the animals suffering from CA
exhibited approximately two times more H202 generation than those of the sham animals. We
were in general agreement that the ROS generation by electron leakage occurred at the blocked
respiratory complex I and complex III in the METC(30) and observed consistent results in our CA
rodent models(20, 21). Therefore, it was inferred that post-resuscitation hyperoxia may exacerbate
mitochondrial ROS generation due to increased electron leakage from a dysfunctional METC
attributed to post-CA ischemic/reperfusion injury.

Post-CA syndrome is a pathophysiological condition of systemic ischemia/reperfusion



injury affecting the multiple organ sytem(48). In particular, lung-brain coupling is a new
pathophysiological concept introduced by Mai and Halterman(54). Since the lung plays an
important role as a site of inflammation and neutrophil priming, the lung can process the
systematic inflammation post-CA. Given our pathological findings, it can be inferred that

the increased amount of ROS might contribute to post-CA hyperoxic lung injury.



Figure S1. Post-Resuscitation Normoxic Therapy Improved Neurological Function and
Survival in a rat CPR model.
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A,
Experimental protocol. Animals were assigned into two groups at 10 minutes after CPR. The post-
resuscitation normoxic therapy group (n=15) included those who were successfully resuscitated
from 10-minute asphyxia arrest and treated with inhaled 30% oxygen. The hyperoxia group (n=15)
included those who were treated with inhaled 100% oxygen. B, Kaplan-Meier survival curve of
CA animals: the hyperoxia group (n=14) and normoxia group (n=13) were included. Animals that
did not achieve ROSC (n=1, n=2, respectively) were excluded. P value was calculated by
Wilcoxon test. C, Neurological deficit score at 48 hours after CA. The hyperoxia group (n=14) and
normoxia group (n=13) were included. Numbers were presented as mean and SD. P value was
calculated by Mann-Whitney U test. CA indicates cardiac arrest; CPR, cardiopulmonary
resuscitation; ROSC, return of spontaneous circulation; FIO2, fraction of inspired oxygen.



Figure S2. Mitochondrial oxygen tension during an incubation time in the medium at an ex
vivo normoxic condition.
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The substrates, reaction buffer, and mitochondria were added in the medium for this preliminary
experiment. Photoluminescence-quenching sensor was used to measure the oxygen tension in the
medium at room temperature and atmospheric pressure. Both temperature and atmospheric
pressure was monitored during the experiment and oxygen tension was calculated from these
numbers.



Figure S3. The Back-Ground H202 Levels of Amplex Red reactions in our Experimental

Setting.
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The test samples were prepared without mitochondria but all contents including the substrates and
reaction buffers were the same. Ex vivo Hyperoxic condition did not affect the back-ground
measurements and therefore we verified that our experimental condition was not [O2] dependent.



Figure S4. Hyperoxia Induced Lung Injury after CA.
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A, Wet/Dry weight ratio of the lung. The lung W/D ratio revealed that hyperoxia increased lung
edema after CA. B, Lung histology. The blue bars represent a scale of 50 pm. C, Lung injury score
compared among the 4 groups. The lung injury score histologically exhibited that hyperoxia
increased the degree of lung injury at 120 minutes after CPR. ## p<0.01 vs Sham normoxia. **
p<0.01 vs Sham hyperoxia. $$ p<0.01 vs CA normoxia.



Figure S5. Post-cardiac arrest hemodynamic status.
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A, mean arterial pressure; B, blood lactate level; C, heart rate, among the three groups over a 120-

minute of observational period.



Figure S6. Post-resuscitation normoxic therapy did not affect carbonyl protein levels in the
heart.

0.35 -

I R T S

0.1

0.05 -

Carbonyl protein (nmol/mg protein)

Sham_normo(n=8) Sham_hyper(n=8) CA_normo(n=8) CA_hyper(n=8)

We did not observe any augmentations in carbonyl protein levels among the groups.



