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between pro- and anti-oxidants during the early
phase resuscitation after cardiac arrest

is associated with increased levels of oxidative
stress end-products
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Abstract

Background: Cardiac arrest (CA) results in loss of blood circulation to all tissues leading to oxygen and metabolite
dysfunction. Return of blood flow and oxygen during resuscitative efforts is the beginning of reperfusion injury and

is marked by the generation of reactive oxygen species (ROS) that can directly damage tissues. The plasma serves as

a reservoir and transportation medium for oxygen and metabolites critical for survival as well as ROS that are gener-
ated. However, the complicated interplay among various ROS species and antioxidant counterparts, particularly after
CA, in the plasma have not been evaluated. In this study, we assessed the equilibrium between pro- and anti-oxidants
within the plasma to assess the oxidative status of plasma post-CA.

Methods: In male Sprague-Dawley rats, 10 min asphyxial-CA was induced followed by cardiopulmonary resuscita-
tion (CPR). Plasma was drawn immediately after achieving return of spontaneous circulation (ROSC) and after 2 h
post-ROSC. Plasma was isolated and analyzed for prooxidant capacity (Amplex Red and dihydroethidium oxidation,
total nitrate and nitrite concentration, xanthine oxidase activity, and iron concentration) and antioxidant capacity
(catalase and superoxide dismutase activities, Total Antioxidant Capacity, and Iron Reducing Antioxidant Power Assay).
The consequent oxidative products, such as 4-Hydroxyl-2-noneal, malondialdehyde, protein carbonyl, and nitrotyros-
ine were evaluated to determine the degree of oxidative damage.

Results: After CA and resuscitation, two trends were observed: (1) plasma prooxidant capacity was lower during
ischemia, but rapidly increased post-ROSC as compared to control, and (2) plasma antioxidant capacity was increased
during ischemia, but either decreased or did not increase substantially post-ROSC as compared to control. Conse-
quently, oxidation products were increased post-ROSC.
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Conclusion: Our study evaluated the disbalance of pro- and anti-oxidants after CA in the plasma during the early
phase after resuscitation. This disequilibrium favors the prooxidants and is associated with increased levels of down-
stream oxidative stress-induced end-products, which the body’s antioxidant capacity is unable to directly mitigate.
Here, we suggest that circulating plasma is a major contributor to oxidative stress post-CA and its management
requires substantial early intervention for favorable outcomes.
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Introduction
Cardiac arrest (CA) is a global injury that results in
impaired circulation of blood throughout the body,
depriving all tissues of oxygen as well as other essential
metabolites needed for basic cellular respiration (Kim
et al. 2016; Kalogeris et al. 2012). The series of down-
stream effects of CA, collectively termed post-CA syn-
drome, is expansive, ranging from myocardial stunning
to systemic inflammation to cell death contingent upon
the patient surviving CA (Neumar et al. 2008; Stub et al.
2011). An important contributor to the varied clini-
cal profile of early post-cardiac arrest is the impaired
reintroduction of oxygen to ischemic tissues (Neumar
et al. 2008). The impact of cardiac arrest is two-fold: ini-
tial injury due to the deprivation of oxygen followed by
injury due to the replenishment of oxygen with resusci-
tation via the implementation of clinical measures such
as CPR (Rea et al. 2008). This phenomenon is known as
ischemia—reperfusion injury and is experienced by tis-
sues simultaneously (Patil et al. 2015; Verma et al. 2002).
In this context, the flooding of oxygen into ischemic tis-
sues with impaired respiratory machinery is harmful
(Verma et al. 2002). Given the increasing implication of
oxidative species in the pathophysiology of various dis-
ease states such as diabetes, hypertension, and hyper-
lipidemia, it is worth investigating their role in the
deleterious sequelae of CA (Volpe et al. 2018; Togliatto
et al. 2017; Touyz and Briones 2011; Amiya 2016).
Reactive oxygen species (ROS) are byproducts of cel-
lular respiration as orchestrated by the mitochondria
and electron transport chain, among others, and play
a significant role in normal physiology (Kalogeris et al.
2012; Touyz and Briones 2011; Onukwufor et al. 2019).
ROS is a key player in signaling cascades that result in
the regulation of inflammatory pathways or cell migra-
tion and proliferation (Weidinger and Kozlov 2015;
Schieber and Chandel 2014). However, the physiologic
role of ROS must be maintained to balance its benefi-
cial effects with its potential for damage via destruction
of membranes and surrounding biomolecules (Rahal
2014; Pizzino et al. 2017). In addition to ROS, reactive
nitrogen species (RNS), such as nitric oxide and per-
oxynitrite, and others, contribute to oxidative stress

(Dedon and Tannenbaum 2004). These species can
propagate damage via similar mechanisms, such as the
oxidation of proteins and DNA mutation (Adams et al.
2015). Outside of the mitochondria, there are other
ways of generating oxidants. Xanthine oxidase-medi-
ated reduction of oxygen generates superoxide anion
and hydrogen peroxide (Battelli et al. 2016). Plasma
levels of xanthine oxidase may be increased after proin-
flammatory insults that can facilitate damage at distant
sites. Neutrophils create oxidative bursts as a mecha-
nism of eliminating bacteria via NADPH oxidase or
myeloperoxidase (Dedon and Tannenbaum 2004; Pan-
day et al. 2015).

Altogether, the various compounds that contribute
to production of reactive oxygen species fall under
the umbrella of prooxidants (Rahal 2014). Under nor-
mal physiologic conditions, an equilibrium must be
established between prooxidants and antioxidants for
metabolic and physiologic activity to continue without
causing excessive oxidative damage. To achieve this, tis-
sues are equipped with various players, such as super-
oxide dismutase, catalase, and the glutathione system,
to appropriately manage these reactive species and
limit their pathologic roles (Kurutas 2016; Younus 2018;
Nandi et al. 2019; Lushchak 2012). Reperfusion injury
affects the metabolic environment of major organs such
as the brain, heart, kidney, and liver, which is one of the
major causes of the high mortality rate associated with
CA (Virani et al. 2020; Choi 2019). An important com-
ponent that must not be ignored in this global picture
is the role of plasma. Plasma is a conduit for metabolic,
oxidative, and inflammatory interaction among organs
via the exchange of metabolites, electrolytes, cytokines,
and hormones (Torell 2015). This results in the utiliza-
tion of the vascular system as a transport medium for
any damaging oxidative species to eventually affect
distant organs that may themselves be struggling with
ROS overload. An analysis of the plasma can reflect the
disruptions in oxidant-antioxidant equilibrium occur-
ring in the rest of the body. Therefore, the purpose of
this study is to understand and better characterize the
interplay between the pro- and anti-oxidants found in
plasma during the early phase of resuscitation after car-
diac arrest to further elucidate CA pathophysiology.
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Materials and methods

Animal surgical protocol

The experimental protocol was approved by the Institu-
tional Animal Care and Use Committee of the Feinstein
Institutes of Medical Research (2017-033). Adult male
Sprague—Dawley rats (n=12; 517.92+18.68 g; Charles
River Production, Wilmington, MA) were maintained
under a 12-h light/dark cycle with free access to food and
water. The animal surgical procedures for the asphyxia-
induced CA rat model were conducted using established
methods (Kim et al. 2014, 2015, 2016; Han et al. 2010;
Kuschner et al. 2018) and are summarized in Fig. 1.
Briefly, rats were anesthetized using 4% isoflurane and
placed on a ventilator post-intubation. After successful
cannulation of the left femoral artery and vein, heparin
(300 U; 0.3 mL) was administered via the femoral vein.
Physiologic parameters were recorded at baseline for
10 min and 2 mL/Kg of vecuronium was administered via
the left femoral venous catheter. Asphyxia was induced
by disconnecting the animal from the ventilator. Within
3.524+0.18 min, the mean arterial pressure fell to below
20 mmHg, our predesigned definition of cardiac arrest
(Han et al. 2010). Following 10 min of CA, CPR was ini-
tiated by chest compressions and ventilation with 100%
oxygen was resumed. Epinephrine (0.2 mg/Kg) was
administered within 20 s after the initiation of CPR. All
rats achieved return of spontaneous circulation (ROSC)
in approximately 1.184+0.12 min after the initiation
of CPR. Animals were connected to the ventilator and
hemodynamic parameters were recorded up to 2 h post-
resuscitation. Blood was withdrawn from the left femo-
ral artery catheter immediately after ROSC was achieved
and at 2 h post-ROSC. After 20 min post-ROSC, oxy-
gen concentration was decreased from FiO, 1.0 to 0.3.
Plasma was isolated from whole blood via centrifugation
for 10 min at 1000xg and immediately frozen and stored
at —80 °C to minimize freeze—thaw cycles. Rats were
then euthanized. Blood was drawn from rats who did
not undergo CA to serve as control blood; animals were
deeply anesthetized, and blood was withdrawn before
being euthanized (Choi 2019).
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Prooxidant determination
The prooxidant detection was accomplished using col-
orimetric assays conducted according to manufacturer’s
instructions with minor modifications: Amplex Red (Inv-
itrogen, Carlsbad, CA), Dihydroethidium (DHE; Cayman
Chemical, Ann Arbor, MI), Nitrate/Nitrite Concentra-
tion (Cayman Chemical, Ann Arbor, MI), and Xanthine
Oxidase Activity (BioVision Inc., Milpitas, CA). The
Amplex Red assay is used to measure a variety of oxida-
tion species comprising of, but not limited to, hydrogen
peroxide, peroxynitrite, lipid peroxides, and others (Deb-
ski et al. 2016; Miwa et al. 2016). Briefly, for Amplex Red
oxidation assay, hydrogen peroxide standard curve with
final concentrations ranging from 0 pM to 100 uM was
generated. Undiluted plasma samples were used. Absorb-
ance readings were then taken every 30 min for 3 h at a
wavelength of 560 nm with a Modulus Microplate Reader
Model 9300-062 (Turner Biosystems, Sunnyvale, CA)
and the rate of Amplex Red oxidation was determined.
All other assays were read using the Spark microplate
reader (Tecan, Mannedorf, Switzerland).
Dihydroethidium oxidation was performed using a
modification of an established method (Nazarewicz
et al. 2013). Briefly, DHE was diluted in dimethyl sulfox-
ide (DMSO; Sigma Aldrich, St. Louis, MO) to make a
stock of 32 mM, which was further diluted to 100 uM in
50 mM sodium phosphate buffer (pH 7.4) and combined
with plasma 1:1 by volume and read in kinetic mode at
5 min intervals for 60 min with excitation at 480 nm/
emission at 580 nm. Inhibition of xanthine oxidase was
performed with a final concentration of 50 nM of febux-
ostat in DMSQO, which is well above the half-maximal
inhibitory concentration (ICy,) of 2.2 nM (Osada et al.
1993). The Nitrate/Nitrite Concentration assay was per-
formed using plasma samples concentrated with a 10 kDa
Amicon concentrator (MilliporeSigma, Burlington, MA)
according to manufacturer’s protocol. The filtrate was
then used for the assay, which was read at 540 nm. The
Xanthine Oxidase activity assay was performed using
undiluted plasma and read at 570 nm at 2 min inter-
vals for 30 min. The iron concentration assay (Bioassay
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Fig. 1 Experimental schematic for asphyxial cardiac arrest (CA) 10 min followed by cardiopulmonary resuscitation (CPR) and successful
achievement of return of spontaneous circulation (ROSC). Blood was drawn after ROSC and at 2 h post-ROSC as shown by the red arrows
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Systems, Hayward, CA) was run according to manufac-
turer’s protocol and read at 590 nm.

Antioxidant determination

The antioxidant detection was accomplished using
four major antioxidant mechanisms that include enzy-
matic and nonenzymatic reduction of reactive oxidants.
The two enzymatic antioxidants measured were Cata-
lase activity and Superoxide Dismutase activity (Cay-
man Chemical, Ann Arbor, MI). The two nonenzymatic
antioxidant assays performed were Total Antioxidant
Capacity (TAC; Cayman Chemical, Ann Arbor, MI),
and Ferric Reduction Antioxidant Potential (FRAP;
Bioassay Systems, Hayward, CA). The assays were con-
ducted according to manufacturers’ instructions with
minor modifications. Superoxide Dismutase Activity
and Total Antioxidant Capacity were measured with 1:5
plasma dilution and read at 440 and 750 nm, respec-
tively. FRAP was measured with 1:2 plasma dilution and
read at 590 nm. Catalase activity was measured without
plasma dilution and read at 540 nm. All dilutions were
performed in accordance with respective manufacturers’
protocols.

Oxidation products determination

Oxidants can react with endogenous proteins, lipids,
and other materials to form oxidation products. Protein
carbonylation was detected using a protein carbonyl col-
orimetric assay (Cayman Chemical, Ann Arbor, MI) and
measured at 370 nm. The detection of lipid peroxides in
the form of malondialdehyde (MDA; Cayman Chemical,
Ann Arbor, MI) measured at 535 nm, and 4-Hydroxyl-
2-noneal (4-HNE) and neuron specific enolase (NSE)
(MyBioSource, Inc., San Diego, CA) measured at 540 nm
and 450 nm, respectively. Protein nitrotyrosine concen-
tration (StressMarq Biosciences Inc., Victoria, BC, Can-
ada) was measured with 1:2 plasma dilution and read at
450 nm. The assays were conducted according to manu-
facturer’s instructions without other modifications not
mentioned.

Statistical analyses

All data are presented as mean=standard error of the
mean (SEM) with statistical significance determined
using (1) one-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparisons test, or (2) paired/
unpaired two-tailed Student’s t-test or Mann—Whitney
U test, as appropriate after determination of paramet-
ric distribution. All statistical analyses were conducted
using GraphPad Prism 9.0 (GraphPad Software Inc., La
Jolla, CA). P values of <0.05 were considered statistically
significant.
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Results

Physiologic outcomes after cardiac arrest

Physiologic data was collected to ensure consistency
under the experimental conditions. No significant differ-
ences were found among baseline, ROSC, and 2 h post-
ROSC for the following physiologic data parameters
collected: esophageal and rectal temperature, respira-
tory rate, end-tidal CO,, mean arterial pressure, systolic
pressure, heart rate, and pulse pressure (Fig. 2). As pre-
dicted, given the nature of cardiac arrest, a significant
decrease in heart rate is seen between baseline and ROSC
group (P<0.0001), while a significant increase in heart
rate is seen between ROSC and 2 h post-ROSC groups
(P<0.0001). A significant decrease in diastolic pressure is
seen between baseline and ROSC groups (P <0.05). These
changes signify the toll of CA on the cardiovascular phys-
iology that are expected in a 10 min CA rat model.

Prooxidant capacity increased during the early phase

after resuscitation

Prooxidants can be pathological as observed in tissue
injury after CA, but also have significant physiological
roles in the body (Kalogeris et al. 2012; Touyz and Bri-
ones 2011; Onukwufor et al. 2019). A commonly used
assay to detect hydrogen peroxide is Amplex Red. How-
ever, under the influence of a variety of other oxidants,
such as radicals, nitrites, and even enzymes, the com-
pound Amplex Red is oxidized to its fluorescent counter-
part, resorufin. Due to the lack of specificity for any one
oxidant, this assay serves as a surrogate measurement of
overall oxidative stress that includes ROS, their deriva-
tives, and oxidative enzymes. Although statistically non-
significant, the rate of Amplex Red oxidation was almost
cut by approximately 25% at ROSC (Fig. 3a). A signifi-
cant increase was observed in the oxidation rate fol-
lowing ROSC (P <0.01), which was greater than the rate
observed in control plasma (P < 0.05). DHE oxidation was
also evaluated in plasma because it is oxidized by super-
oxide and has more specificity as compared to Amplex
Red (Nazarewicz et al. 2013). Plasma obtained 2 h post-
ROSC, demonstrated an increased rate in its DHE oxi-
dation as compared to control suggesting increased
superoxide generation post-ROSC (P=0.16; Fig. 3b). As
a major contributor to superoxide generation, we meas-
ured xanthine oxidase (XO) activity. XO activity was sig-
nificantly decreased between control and ROSC (P <0.01)
and then significantly increased at 2 h post-ROSC
(P <0.05; Fig. 3c). Next, we decided to evaluate the oxida-
tion rate of DHE with the addition of febuxostat, a potent
XO inhibitor. The oxidation rate of DHE was largely
unchanged with the addition of febuxostat in plasma at
control or at ROSC. However, the initial increased trend
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Fig. 2 Physiologic parameter comparison. No major changes in the physiologic parameters (esophageal and rectal temperature, respiratory rate,
end-tidal CO,, mean arterial pressure, systolic pressure, and pulse pressure) were observed except for the diastolic pressure (c) between Baseline
and ROSC (P <0.05) and the heart rate (e) between Baseline to ROSC and ROSC to 2 h post-ROSC (P < 0.0001, respectively). Data represented as
Mean 4 SEM.*p < 0.05 and ****p <0.0001; ROSC, return of spontaneous circulation

observed in DHE oxidation rate at 2 h post-ROSC was
substantially reduced to the levels of control plasma after
the addition of febuxostat, highlighting the role of XO in
plasma oxidative stress as a function of CA (Fig. 3d).

A contributor to the increased oxidation rate of Amplex
Red is peroxynitrite, which is a subsidiary in the nitrate/
nitrite/nitric oxide pathway. Our analysis of total plasma
nitrate and nitrite concentration demonstrated no major
change in the total concentration of nitrates and nitrites
during the ischemic phase of CA. However, following 2 h
post-ROSC there is a substantial increase in the total con-
centration of nitrates and nitrites as compared to ROSC

and control levels (P<0.01 and P<0.001, respectively;
Fig. 3e). Increased nitrate/nitrite concentration suggests
an increase in reactive nitrogen species (RNS) 2 h after
CA and resuscitation, which is a subset of oxidative stress
mediators that work in a similar fashion as ROS to cause
damage (Dedon and Tannenbaum 2004; Weitzberg et al.
2010). As a major catalyst of oxidative stress, we meas-
ured the plasma concentrations of free iron that would
participate in the Fenton reaction to produce damaging
hydroxyl species. We observed a decrease in iron con-
centration at 2 h post-ROSC compared with control lev-
els (P<0.05; Fig. 3f). It may seem that lower iron content
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may help to limit the amount conversion of H,O, to the
more damaging hydroxyls (OH). However, recent evi-
dence has suggested that mice post-CA displayed a flux
of iron from the plasma into tissues post-CA that results
in downstream organ injury through ferroptosis path-
ways (Miyazaki et al. 2020).

Antioxidant capacity decreased during the early phase
after resuscitation

Total antioxidant capacity (TAC) is used as an esti-
mation of the multitude of antioxidants available in a
given system. There was a substantial increase in TAC
after ROSC (P <0.01), but a dramatic decrease from
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ROSC to 2 h post-ROSC (P = 0.06; Fig. 4a). There was
no significant difference in TAC at 2 h post-ROSC as
compared with control. Ferric iron reduction anti-
oxidant potential (FRAP) is another common assay
utilized to measure antioxidants in a sample by the
ability to reduce exogenously added ferric iron to
ferrous iron. Similar to TAC, FRAP is significantly
increased at ROSC followed by a substantial decrease
between ROSC and 2 h post-ROSC (P<0.001 and
P <0.01, respectively; Fig. 4b). There was no difference
observed in FRAP at 2 h post-ROSC compared with
control. Analysis of a major antioxidant enzyme, cata-
lase, that neutralizes H,O,, shows increased catalase
activity at 2 h post-ROSC when compared with con-
trol, albeit the rate of increase not being substantially
large (P <0.05; Fig. 4c). Interestingly, no significant
changes are observed in superoxide dismutase activity
among the three time points measured (Fig. 4d).

Oxidation products increased during the early phase

after resuscitation

Oxidation products are produced by various reactive oxy-
gen and nitrogen species that damage surrounding cellular
and extracellular components, such as lipids and proteins.
A significant increase was observed in protein carbonyl
concentration after 2 h post-ROSC (P <0.05; Fig. 5a). A sim-
ilar significant increase was also observed in 4-Hydroxyl-
2-noneal (4-HNE) concentration 2 h post-ROSC (P <0.05;
Fig. 5b). A non-statistically significant increasing trend
after 2 h post-ROSC was observed for malondialdehyde
(MDA) (p=0.09; Fig. 5¢) and nitrotyrosine concentrations
(P=0.16; Fig. 5d). An increase in NSE, which is not a direct
oxidation product, but signifies end-organ damage in the
brain, was observed 2 h post-CA in the plasma (Fig. 5e).
Overall, plasma measurement of various oxidation end-
products shows an increasing trend post-CA.
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Discussion

Cardiac arrest results in ineffective perfusion of oxygen
and other metabolites to tissues during ischemia; resusci-
tation produces a dramatic rise in oxygen content in vari-
ous tissues that were attempting to adapt unsuccessfully
to suboptimal levels of oxygen utilization (Shoaib and
Becker 2020). Given the crucial role of oxygen in cellular
respiration and the variety of measures needed to keep

harmful radicals in check, this study investigates how
lack of oxygen during ischemia followed by the replen-
ishment of oxygen after resuscitation affects the delicate
balance between prooxidants and antioxidants in plasma.
Overall, our results demonstrate that this homeostatic
balance is substantially affected post-CA and significantly
favors prooxidant production following resuscitation.
This finding may be one of the physiological explanations
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behind organ injury and poor outcomes during the early
phase of resuscitation that affects the entire body as the
plasma is circulating around. The plasma is not inert and
it actively participates in global oxidative stress.

Two general trends are observed throughout the course
of cardiac arrest from ROSC to 2 h post-ROSC. Firstly,
prooxidants in the plasma that include enzymes, such as
XO or NADPH oxidases, as well as molecular oxidants
such as hydrogen peroxide, significantly increase after
ROSC up to the measured 2 h post-ROSC (Fig. 3). During
the ischemic phase of CA, the lack of a constant influx of
oxygen produces an environment that is rapidly desatu-
rated of oxidants as we observed through various surro-
gate markers. However, after resuscitation, the flood of
oxygen into the system results in substantially increased
prooxidants, with the potential to continue increasing
beyond our endpoint of measurement. Xanthine oxidase
has the capacity to generate superoxide radicals, which
in turn can produce hydrogen peroxide that can partici-
pate in ischemia—reperfusion injury and contribute to the
oxidation of Amplex Red and DHE (Battelli et al. 2016;
Pacher et al. 2006). In fact, the decrease of DHE rate
post-CA using febuxostat highly supports the role of XO
in generation of a prooxidant environment in the plasma.
Although previously considered as simple, less active end
products of nitric oxide generation, nitrates and nitrites
have been implicated in more complex physiology that
can result in the protective modulation of cellular metab-
olism, vascular regulation, and cell signaling; however, in
the setting of ischemia—reperfusion injury, the nitrate/
nitrite increase can facilitate the conversion to nitric
oxide and peroxynitrite and begin an oxidative cycle
contributing to tissue damage (Dedon and Tannenbaum
2004; Weitzberg et al. 2010; Warner et al. 2004). The sub-
stantial increase observed 2 h post-ROSC suggests that
the deleterious effects of nitrate/nitrite may outweigh any
beneficial vasodilatory effects during the initial ischemic
phase. This results in increased RNS-mediated damage.
Furthermore, the substantial decrease in plasma free iron
may also indicate that post-CA rats have a net iron efflux
distally from the vascular system that can potentiate oxi-
dative damage in individual tissues.

Our second general trend is that the plasma anti-
oxidant capacity that includes a variety of antioxidants,
both enzymatic and molecular, increases during the
ischemic phase of cardiac arrest as measured immedi-
ately post-ROSC (Fig. 4). The post-ROSC measurements
are the closest approximations to the pathophysiology
of the ischemic phase of CA as it is technically challeng-
ing to withdraw blood when there is no heart function.
Our results do not directly differentiate the source of
increased antioxidant capacity. It could be a function of
increased activity of antioxidant enzymes or generation
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of antioxidant molecules, but it could also be the result
of ischemia that lowered oxygen concentration and con-
sequentially decreased oxidants. It seems more likely the
latter may be the primary factor as the body’s synthesis
mechanisms may not actually be working optimally to
produce a net generation after CA. Regardless, after the
initial increase, the antioxidant capacity trends down-
ward with time following resuscitation.

Our data suggests that oxidative damage brought by
resuscitation is enough to match the antioxidant defenses
that may have accumulated and/or not consumed during
ischemia and is also enough to exceed and overwhelm it.
In accordance with recent proposal of decreasing hyper-
oxic damage post-CA (McKenzie and Dobb 2018), we
experimentally designed to mitigate damage by hyperoxia
post-ROSC by decreasing FiO, to 0.3. However, prooxi-
dants were substantially increased after resuscitation.
Together, this culminates into the oxidative end-products
observed in the plasma. Lipids of surrounding cellular
or organelle membranes along with those found freely
in plasma can be attacked by free radicals and oxidative
enzymes, resulting in degradation products such as lipid
peroxides and aldehydes (Ayala et al. 2014; Pizzimenti
et al. 2013). Polyunsaturated fatty acids (PUFAs) in par-
ticular are vulnerable as a result of inherently increased
electron instability from carbon—carbon double bounds
as opposed to their saturated counterparts (Varela-Lopez
et al. 2015). Given the integral part of PUFAs in the flu-
idity and proper functionality of cellular and organelle
membranes (Harayama and Shimizu 2020), the effect of
reactive oxygen species can be detrimental. However,
lipid peroxidation is particularly important as the prod-
ucts of these reactions, such as MDA and 4-HNE, are
toxic (Ayala et al. 2014; Dalleau et al. 2013). Not only can
these products be directly harmful, but they can also par-
ticipate in and further propagate the oxidant generation
system. For example, 4-HNE has the ability to uncouple
mitochondria, participate in protein carbonylation, and
serve as a secondary messenger in apoptosis and inflam-
matory pathways (Breitzig et al. 2016). MDA can similarly
damage the cellular environment resulting in the pro-
duction of protein and DNA adducts (Ayala et al. 2014).
Increased low molecular weight chelated iron accumula-
tion in the brain was directly associated with increased
MDA formation following resuscitation in dogs (Nayini
et al. 1985), validating our findings of increased lipid per-
oxides and decreased iron in the plasma. In this study,
the significant increase in 4-HNE and upward trend in
MDA 2 h post-ROSC strongly suggests that the oxida-
tive stress inflicted on major organs by cardiac arrest
is indeed reflected in the plasma. Similarly, both free
radicals and lipid peroxides can damage proteins. Pro-
teins carbonylation via ROS and nitrosylation via RNS
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correlate with higher oxidative stress (Wong et al. 2010;
Suzuki et al. 2010; Shahani and Sawa 2012). We see an
increase in protein carbonylation nitrotyroslation post-
ROSC, establishing a consistent theme in the plasma of
ischemia—reperfusion injury.

Given the global impact of cardiac arrest, it is neces-
sary to evaluate the utility of plasma in representing end-
organ damage, particularly in the brain. NSE is expressed
on neurons, neuroendocrine cells, and glial cells. NSE
levels are major influencers in the cellular decision to
degenerate or proliferate and are involved in propagating
neuroinflammation when indicated (Haque et al. 2018).
It has been used to correlate oxidative damage to the
prediction of neurological outcomes of unconscious CA
patients and in perinatal hypoxic-ischemic brain injury
(Wiberg 2017; Vasiljevic et al. 2012). Increased plasma
NSE levels at 2 h post-ROSC were observed, suggesting
that the brain is indeed suffering oxidative damage. The
ability of tissues to maintain oxidative damage within
homeostatic limits is compromised by the reperfusion
phase of cardiac arrest. Given the role of plasma as a con-
duit throughout the body for any and all molecules, the
substantial increase in oxidation products in the plasma
is highly reflective of parallel oxidative stress in the sur-
rounding tissues.

The described results represent an interpretation of
the complex physiology that happens under normal cir-
cumstances as it focuses on a limited selection of key
players in the prooxidant and antioxidant systems. Fig-
ure 6 depicts the interplay of major prooxidant and anti-
oxidant pathways in the setting of ischemia-reperfusion
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following CA. When viewed in the larger context of post-
CA syndrome, it is understood that oxidative damage is
one of the many factors leading to increased morbidity
(Neumar et al. 2008). This is a possible explanation for
why antioxidant vitamin supplementation has not been
the panacea of CA treatment as this only targets a small
part of the entire oxidant-antioxidant system (Ye et al.
2013; Spoelstra-de Man et al. 2018; Gardner et al. 2020).
In contrast to these antioxidant targeted trials is the use
of hypothermia, which has been shown to reduce oxida-
tive damage in the post-CA state (Hackenhaar et al. 2017;
Dohi 2013). It is hypothesized that hypothermia globally
decreases metabolism and thereby reduces the forma-
tion of radicals. However, hypothermia is not without
its own deleterious effects (Soleimanpour et al. 2014).
Furthermore, recent studies have highlighted a potential
increase in oxygen consumption without a proportional
increase in carbon dioxide generation producing a low-
ered respiratory quotient, signifying reduced mitochon-
drial efficiency (Shinozaki et al. 2018). It is highly likely
that post-CA, the mitochondria are not primed to fully
utilize the incoming oxygen (Shoaib and Becker 2020)
and the proportion of non-mitochondrial oxygen con-
sumption and/or the proportion of electron leak from
the mitochondria is enhanced after injury contributing
to increased imbalance between pro- and anti-oxidants,
as we observed. This lack of primed oxygen usage can be
reflected in the plasma, which is then forced to carry a
higher oxidative burden leading to the plasma itself being
a carrier of injury-causing substrates.
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Similar to all experimental studies, a limitation of this
study is the controlled environment of CA and resuscita-
tion in our rat model that does not directly reflect the
variability of human CA. Few patients are healthy prior to
CA as most patients have comorbidities that complicate
the issue of disequilibrium post-CA. The widely accepted
models of rodent CA utilize healthy rats prior to inducing
CA. Despite the lack of comorbidities and difference in
mode of resuscitation in humans vs. our rat model, we have
previously shown substantial similarities in the metabolic
change in both human and rat plasma (Shoaib et al. 2020),
providing support that our findings are still translatable to
study humans who have a plethora of medical conditions.
Measuring individual oxidative species is a challenging task
because experimentally measuring fleeting species is not
facile, many species are easily interconvertible, and there is
contribution from both mitochondrial and non-mitochon-
drial sources. As such, we employed the use of direct and
indirect surrogates. In particular, glutathione is an impor-
tant part this system, as it is able to directly react with
reactive oxygen and nitrogen species and eliminate them
(Lushchak 2012). However, despite numerous attempts,
we were unable to quantify the activity of the glutathione
system. Furthermore, we were unable to detail the oxidant-
antioxidant imbalance past 2 h post-ROSC. It is highly
likely that homeostasis may be established, but it is still
unknown at what time after ROSC that would occur, and
the effects of the damage incurred this early after resusci-
tation. Despite these limitations, our data provides more
details regarding the prooxidant and antioxidant disbal-
ance post-CA. A single administration of one antioxidant
to curtail this plethora of dysfunction, which has been the
current trend in therapeutic approaches for CA, is insuf-
ficient to prevent the significant injury that leads to poor
outcomes in CA patients. This necessitates a multidimen-
sional use of antioxidant therapies that take into account
the plasma compartment for ROS along with the tissue
compartments and that are sustained during resuscitation
and beyond to appropriately combat the increasing trend
of prooxidant production seen after ROSC. Taken together,
this analysis of the plasma after rodent cardiac arrest and
resuscitation clearly demonstrates the major disruptions in
homeostatic mechanisms normally used to balance physi-
ologic levels of oxidative species.

Conclusion

The increase in rates and activities of various media-
tors observed in our ex-vivo measurements support the
plasma as an entity of oxidative stress regardless of its
direct interaction with the other tissues. The disequilib-
rium between plasma oxidative and antioxidative capacity
observed after resuscitation means that the increased oxi-
dation mediators overwhelm the defensive molecular and
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enzymatic capacity of the plasma that then circulates to
individual tissues and not only contributes to, but also fur-
ther extracts from the tissues prooxidants that contribute
to global injury in a non-linear mechanism.

Abbreviations

4-HNE: 4-Hydroxyl-2-noneal; CA: Cardiac arrest; CPR: Cardiopulmonary resus-
citation; DHE: Dihydroethidium; DMSO: Dimethy! sulfoxide; FRAP: And Ferric
Reduction Antioxidant Potential; ICs,: Half-maximal inhibitory concentra-
tion; MDA: Malondialdehyde; NADPH: Nicotinamide adenine dinucleotide
phosphate; NSE: Neuron specific enolase; PUFA: Polyunsaturated fatty acids;
RNS: Reactive nitrogen species; ROS: Reactive oxygen species; ROSC: Return
of spontaneous circulation; XO: Xanthine oxidase; TAC: Total Antioxidant
Capacity.

Authors’ contributions

MS, NK, LBB and JK conceived and designed the research. NK, MS, RCC, TY,
and KS performed the experiments and analyzed the data. MS, NK, and JK
interpreted the results and prepared the original draft. All authors read and
approved the final manuscript.

Funding
This work was supported by Department of Emergency Medicine at North
Shore University Hospital.

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The experimental protocol was approved by the Institutional Animal Care and
Use Committee of the Feinstein Institutes of Medical Research (2017-033).

Competing interests
No conflicts of interest, financial or otherwise, are declared by the authors.

Author details

"Donald and Barbara Zucker School of Medicine at Hofstra/Northwell, Hemp-
stead, NY, USA. 2Laboratory for Critical Care Physiology, The Feinstein Institutes
for Medical Research, 350 Community Dr, Manhasset, NY 11030, USA. 3Depart—
ment of Emergency Medicine, Northwell Health, NY, USA.

Received: 17 August 2021 Accepted: 12 October 2021
Published online: 24 October 2021

References

Adams L, Franco MC, Estevez AG. Reactive nitrogen species in cellular signal-
ing. Exp Biol Med (maywood). 2015;240:711-7.

Amiya E. Interaction of hyperlipidemia and reactive oxygen species: insights
from the lipid-raft platform. World J Cardiol. 2016;8:689-94.

Ayala A, Munoz MF, Arguelles S. Lipid peroxidation: production, metabolism,
and signaling mechanisms of malondialdehyde and 4-hydroxy-2-none-
nal. Oxid Med Cell Longev. 2014;2014:360438.

Battelli MG, Polito L, Bortolotti M, Bolognesi A. Xanthine oxidoreductase-
derived reactive species: physiological and pathological effects. Oxid
Med Cell Longev. 2016;,2016:3527579.

Breitzig M, Bhimineni C, Lockey R, Kolliputi N. 4-Hydroxy-2-nonenal: a critical
target in oxidative stress? Am J Physiol Cell Physiol. 2016;311:C537-43.

Choi J, et al. Tissue-specific metabolic profiles after prolonged cardiac arrest
reveal brain metabolome dysfunction predominantly after resuscitation. J
Am Heart Assoc. 2019;8:2012809.



Shoaib et al. Mol Med (2021) 27:135

Dalleau S, Baradat M, Gueraud F, Huc L. Cell death and diseases related to
oxidative stress: 4-hydroxynonenal (HNE) in the balance. Cell Death Differ.
2013;20:1615-30.

Debski D, et al. Mechanism of oxidative conversion of Amplex(R) Red to
resorufin: pulse radiolysis and enzymatic studies. Free Radic Biol Med.
2016;95:323-32.

Dedon PC, Tannenbaum SR. Reactive nitrogen species in the chemical biology
of inflammation. Arch Biochem Biophys. 2004;423:12-22.

Dohi K, et al. Status of systemic oxidative stress during therapeutic hypother-
mia in patients with post-cardiac arrest syndrome. Oxid Med Cell Longev.
2013;2013:562429.

Gardner R, et al. Vitamin C levels amongst initial survivors of out of hospital
cardiac arrest. Resuscitation. 2020;156:190-3.

Hackenhaar FS, et al. Therapeutic hypothermia reduces oxidative damage and
alters antioxidant defenses after cardiac arrest. Oxid Med Cell Longev.
2017;2017:8704352.

Han F, et al. A rodent model of emergency cardiopulmonary bypass resuscita-
tion with different temperatures after asphyxial cardiac arrest. Resuscita-
tion. 2010;81:93-9.

Haque A, Polcyn R, Matzelle D, Banik NL. New insights into the role of neuron-
specific enolase in neuro-inflammation, neurodegeneration, and neuro-
protection. Brain Sci. 2018;8:33.

Harayama T, Shimizu T. Roles of polyunsaturated fatty acids, from mediators to
membranes. J Lipid Res. 2020;61:1150-60.

Kalogeris T, Baines CP, Krenz M, Korthuis RJ. Cell biology of ischemia/reperfu-
sion injury. Int Rev Cell Mol Biol. 2012;298:229-317.

Kim J, et al. Examination of physiological function and biochemical disorders
in a rat model of prolonged asphyxia-induced cardiac arrest followed by
cardio pulmonary bypass resuscitation. PLoS ONE. 2014;9:e112012.

Kim J, Lampe JW, Yin T, Shinozaki K, Becker LB. Phospholipid alterations in the
brain and heart in a rat model of asphyxia-induced cardiac arrest and car-
diopulmonary bypass resuscitation. Mol Cell Biochem. 2015;408:273-81.

Kim J, et al. The responses of tissues from the brain, heart, kidney, and liver to
resuscitation following prolonged cardiac arrest by examining mitochon-
drial respiration in rats. Oxid Med Cell Longev. 2016;2016:7463407.

Kurutas EB. The importance of antioxidants which play the role in cellular
response against oxidative/nitrosative stress: current state. Nutr J.
2016;15:71.

Kuschner CE, et al. Comparing phospholipid profiles of mitochondria and
whole tissue: higher PUFA content in mitochondria is driven by increased
phosphatidylcholine unsaturation. J Chromatogr B Analyt Technol
Biomed Life Sci. 2018;1093-1094:147-57.

Lushchak VI. Glutathione homeostasis and functions: potential targets for
medical interventions. J Amino Acids. 2012;2012:736837.

McKenzie NF, Dobb GJ. Oxygen after cardiac arrest: enough is enough? Circu-
lation. 2018;137:2125-7.

Miwa S, et al. Carboxylesterase converts Amplex red to resorufin: implica-
tions for mitochondrial H202 release assays. Free Radic Biol Med.
2016;90:173-83.

Miyazaki Y, et al. Abstract 144: role of iron metabolism on outcomes after
cardiac arrest and resuscitation in mice. Circulation. 2020;142:A144-A144.

Nandi A, Yan LJ, Jana CK, Das N. Role of catalase in oxidative stress-and
age-associated degenerative diseases. Oxid Med Cell Longev.
2019;2019:9613090.

Nayini NR, et al. Post resuscitation iron delocalization and malondialdehyde
production in the brain following prolonged cardiac arrest. J Free Radic
Biol Med. 1985;1:111-6.

Nazarewicz RR, Bikineyeva A, Dikalov SI. Rapid and specific measurements
of superoxide using fluorescence spectroscopy. J Biomol Screen.
2013;18:498-503.

Neumar RW, et al. Post-cardiac arrest syndrome: epidemiology, patho-
physiology, treatment, and prognostication. A consensus statement
from the International Liaison Committee on Resuscitation (American
Heart Association, Australian and New Zealand Council on Resuscita-
tion, European Resuscitation Council, Heart and Stroke Foundation of
Canada, InterAmerican Heart Foundation, Resuscitation Council of Asia,
and the Resuscitation Council of Southern Africa); the American Heart
Association Emergency Cardiovascular Care Committee; the Council on

Page 12 of 13

Cardiovascular Surgery and Anesthesia; the Council on Cardiopulmonary,
Perioperative, and Critical Care; the Council on Clinical Cardiology; and
the Stroke Council. Circulation. 2008;118:2452-83.

Onukwufor JO, Berry BJ, Wojtovich AP. Physiologic implications of reactive
oxygen species production by mitochondrial complex i reverse electron
transport. Antioxidants (basel). 2019;8:285.

Osada'Y, et al. Hypouricemic effect of the novel xanthine oxidase inhibitor,
TEI-6720, in rodents. Eur J Pharmacol. 1993;241:183-8.

Pacher P, Nivorozhkin A, Szabo C. Therapeutic effects of xanthine oxidase
inhibitors: renaissance half a century after the discovery of allopurinol.
Pharmacol Rev. 2006;58:87-114.

Panday A, Sahoo MK, Osorio D, Batra S. NADPH oxidases: an overview from
structure to innate immunity-associated pathologies. Cell Mol Immunol.
2015;12:5-23.

Patil KD, Halperin HR, Becker LB. Cardiac arrest: resuscitation and reperfusion.
Circ Res. 2015;116:2041-9.

Pizzimenti S, et al. Interaction of aldehydes derived from lipid peroxidation and
membrane proteins. Front Physiol. 2013;4:242.

Pizzino G, et al. Oxidative stress: harms and benefits for human health. Oxid
Med Cell Longev. 2017,2017:8416763.

Rahal A, et al. Oxidative stress, prooxidants, and antioxidants: the interplay.
Biomed Res Int. 2014;2014:761264.

Rea TD, Cook AJ, Hallstrom A. CPR during ischemia and reperfusion: a model
for survival benefits. Resuscitation. 2008;77:6-9.

Schieber M, Chandel NS. ROS function in redox signaling and oxidative stress.
Curr Biol. 2014;24:R453-462.

Shahani N, Sawa A. Protein S-nitrosylation: role for nitric oxide signaling in
neuronal death. Biochim Biophys Acta. 2012;1820:736-42.

Shinozaki K, et al. Dissociated oxygen consumption and carbon dioxide pro-
duction in the post-cardiac arrest rat: a novel metabolic phenotype. J Am
Heart Assoc. 2018. https://doi.org/10.1161/JAHA.117.007721.

Shoaib M, et al. Plasma metabolomics supports the use of long-duration
cardiac arrest rodent model to study human disease by demonstrating
similar metabolic alterations. Sci Rep. 2020;10:19707.

Shoaib M, Becker LB. A walk through the progression of resuscitation medi-
cine. Ann N'Y Acad Sci. 2020. https://doi.org/10.1111/nyas.14507.

Soleimanpour H, Rahmani F, Golzari SE, Safari S. Main complications of mild
induced hypothermia after cardiac arrest: a review article. J Cardiovasc
Thorac Res. 2014;6:1-8.

Spoelstra-de Man AME, Elbers PWG, Oudemans-van Straaten HM. Making
sense of early high-dose intravenous vitamin C in ischemia/reperfusion
injury. Crit Care. 2018;22:70.

Stub D, Bernard S, Duffy SJ, Kaye DM. Post cardiac arrest syndrome: a review of
therapeutic strategies. Circulation. 2011;123:1428-35.

Suzuki YJ, Carini M, Butterfield DA. Protein carbonylation. Antioxid Redox
Signal. 2010;12:323-5.

Togliatto G, Lombardo G, Brizzi MF. The future challenge of reactive oxygen
species (ROS) in hypertension: from bench to bed side. Int J Mol Sci.
2017;18:1988.

Torell F, et al. Multi-organ contribution to the metabolic plasma profile using
hierarchical modelling. PLoS ONE. 2015;10:e0129260.

Touyz RM, Briones AM. Reactive oxygen species and vascular biology: implica-
tions in human hypertension. Hypertens Res. 2011;34:5-14.

Varela-Lopez A, Quiles JL, Cordero M, Giampieri F, Bullon P. Oxidative stress and
dietary fat type in relation to periodontal disease. Antioxidants (basel).
2015;4:322-44.

Vasiljevic B, Maglajlic-Djukic S, Gojnic M, Stankovic S. The role of oxidative
stress in perinatal hypoxic-ischemic brain injury. Srp Arh Celok Lek.
2012;140:35-41.

Verma S, et al. Fundamentals of reperfusion injury for the clinical cardiologist.
Circulation. 2002;105:2332-6.

Virani SS, et al. Heart disease and stroke statistics-2020 update: a report from
the American Heart Association. Circulation. 2020;141:e139-596.

Volpe CMQ, Villar-Delfino PH, Dos Anjos PMF, Nogueira-Machado JA. Cellular
death, reactive oxygen species (ROS) and diabetic complications. Cell
Death Dis. 2018;9:119.

Warner DS, Sheng H, Batinic-Haberle I. Oxidants, antioxidants and the ischemic
brain. J Exp Biol. 2004,207:3221-31.


https://doi.org/10.1161/JAHA.117.007721
https://doi.org/10.1111/nyas.14507

Shoaib et al. Mol Med (2021) 27:135

Weidinger A, Kozlov AV. Biological activities of reactive oxygen and nitro-
gen species: oxidative stress versus signal transduction. Biomolecules.
2015;5:472-84.

Weitzberg E, Hezel M, Lundberg JO. Nitrate-nitrite-nitric oxide pathway:
implications for anesthesiology and intensive care. Anesthesiology.
2010;113:1460-75.

Wiberg S, et al. Single versus serial measurements of neuron-specific enolase
and prediction of poor neurological outcome in persistently unconscious
patients after out-of-hospital cardiac arrest—a TTM-trial substudy. PLoS
ONE. 2017;12:e0168894.

Wong CM, Marcocci L, Liu L, Suzuki YJ. Cell signaling by protein carbonylation
and decarbonylation. Antioxid Redox Signal. 2010;12:393-404.

Page 13 of 13

Ye, Li J, Yuan Z. Effect of antioxidant vitamin supplementation on cardiovas-
cular outcomes: a meta-analysis of randomized controlled trials. PLoS
ONE. 2013;8:256803.

Younus H. Therapeutic potentials of superoxide dismutase. Int J Health Sci
(gassim). 2018;12:88-93.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Increased plasma disequilibrium between pro- and anti-oxidants during the early phase resuscitation after cardiac arrest is associated with increased levels of oxidative stress end-products
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Animal surgical protocol
	Prooxidant determination
	Antioxidant determination
	Oxidation products determination
	Statistical analyses

	Results
	Physiologic outcomes after cardiac arrest
	Prooxidant capacity increased during the early phase after resuscitation
	Antioxidant capacity decreased during the early phase after resuscitation
	Oxidation products increased during the early phase after resuscitation

	Discussion
	Conclusion
	References


