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Abstract Cardiac arrest is a leading cause of death and
permanent disability. Most victims succumb to the oxida-
tive and inflammatory damage sustained during cardiac
arrest/resuscitation, but even survivors typically battle
long-term neurocognitive impairment. Although exten-
sive research has delineated the complex mechanisms that
culminate in neuronal damage and death, no effective
treatments have been developed to interrupt these mech-
anisms. Of importance, many of these injury cascades are
also active in the aging brain, where neurons and other
cells are under persistent oxidative and inflammatory
stress which eventually damages or kills the cells. In light
of these similarities, it is reasonable to propose that the
brain essentially ages the equivalent of several years with-
in the few minutes taken to resuscitate a patient from
cardiac arrest. Accordingly, cardiac arrest-resuscitation

models may afford an opportunity to study the deleterious
mechanisms underlying the aging process, on an acceler-
ated time course. The aging and resuscitation fields both
stand to gain pivotal insights from one another regarding
the mechanisms of injury sustained during resuscitation
from cardiac arrest and during aging. This synergism
between the two fields could be harnessed to foster devel-
opment of treatments to not only save lives but also to
enhance the quality of life for the elderly.
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Abbreviations
AD Alzheimer’s disease
Bak Bcl-2 homologous antagonist killer
Bax Bcl-2-associated X protein
BBB Blood–brain barrier
Bcl-2 B-cell lymphoma 2 family of proteins
BH4 Tetrahydrobiopterin
Casp-3 Caspase-3
Casp-9 Caspase-9
CoQ Coenzyme-Q
CPR Cardiopulmonary resuscitation
Cyt C Cytochrome C
eNOS Endothelial isoform of nitric oxide

synthase
GSH Reduced form of glutathione
GSH/GSSG Concentration ratio of reduced to

oxidized glutathione
iNOS Inducible isoform of nitric oxide

synthase
mPTP Mitochondrial permeability

transition pore
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mtDNA Mitochondrial DNA
NFκB Nuclear factor-kappa B
NO Nitric oxide
O2

− Superoxide
ONOO− Peroxynitrite
OxS Oxidative stress
ROS/RNS Reactive oxygen and nitrogen

species
SMAC Second mitochondria-derived

activator of caspases
TNF-α Tumor necrosis factor alpha

Introduction

Cardiac arrest remains a leading cause of death and
persistent disability in the USA. In its 2014 update on
heart disease and stroke statistics, the American Heart
Association estimated that approximately 380,000 out
of 424,000 (~90%) Americans who experience out-of-
hospital cardiac arrest annually do not survive (Go et al.
2014). Only 23% (97,520) of all cardiac arrest victims
present to emergency medical services personnel with a
shockable cardiac rhythm, and most who are initially
resuscitated later succumb to extensive ischemia-
reperfusion injury to the brain and other vital organs
(Dezfulian et al. 2009; Heron 2012; Nolan et al. 2012;
Young 2009; Go et al. 2014). Moreover, approximately
half of the c. 10 % of cardiac arrest victims who do
survive to hospital discharge experience persistent
neurocognitive impairment manifested as memory and
sensorimotor deficits that profoundly impact their qual-
ity of life (Adrie et al. 2004; Moulaert et al. 2009;
Wachelder et al. 2009; Young 2009; Go et al. 2014).

While many studies have examined the complex
mechanisms of brain damage following cardiac arrest-
initiated ischemia-reperfusion injury, the precise cas-
cade of events culminating in neurocognitive impair-
ment remains to be completely delineated. It is known
that ATP depletion, intracellular Ca2+ overload (Bano
and Nicotera 2007; Li et al. 2007), reactive oxygen and
nitrogen species (Calapai et al. 2000), inflammation,
and glutamate-induced excitotoxicity (Conroy et al.
1999; Backstrom et al. 2003) initiated by cardiac arrest
and resuscitation collectively inflict lethal damage to
neurons, oligodendrocytes, microglia, and the cerebro-
vascular endothelium and disrupt the blood–brain barri-
er (BBB). Despite mounting knowledge of the

mechanisms of brain injury, currently there are no clin-
ically proven pharmacological treatments to protect the
brain during cardiac arrest and cardiopulmonary resus-
citation (CPR) (Dezfulian et al. 2009).

Similar to long-term recovery from cardiac arrest and
CPR, the principal mechanisms of neurocognitive im-
pairment in the aging brain have yet to be assembled
into a coherent cascade of events that would allow for
development of efficacious preventative therapies.
However, it is becoming increasingly evident that many
age-related changes leading to neuronal damage and
death parallel those observed during and following car-
diac arrest. Specifically, accumulation of reactive oxy-
gen and nitrogen species as well as proinflammatory
cytokines and markers of inflammation have all been
observed in brain aging studies (Hagen 2003; Kregel
and Zhang 2007; Cortese et al. 2011). Moreover, as the
brain ages, calcium mismanagement and mitochondrial
dysfunction also contribute to the death and dysfunction
of neurons and other cells within the most vulnerable
regions such as the hippocampus (Landfield 1988;
Foster and Norris 1997; Toescu et al. 2004). The pro-
gression of neuronal impairment and cell death observed
during aging is, however, a much slower process than
the injury cascade that follows cardiac arrest, CPR, and
post-arrest recovery. The purpose of this review is to
highlight parallel mechanisms of brain damage and
neuronal death that ensue following cardiac arrest and
in the aging brain. Despite their different time courses,
mechanistic information gained from studying the two
conditions could be harnessed to synergistically ad-
vance both fields and to develop treatments targeting
specific components in these neurodegenerative path-
ways to provide more robust protection of patients from
neurocognitive impairment and/or death.

Oxidative stress

Oxidative injury during cardiac arrest
and cardiopulmonary resuscitation

A major culprit in the ischemia-reperfusion injury
sustained following cardiac arrest and CPR is the oxida-
tive stress imposed on the brain (Idris et al. 2005; Wang
et al. 2007). Intense formation and accumulation of reac-
tive oxygen (Opie 1991; Cerchiari et al. 1987; Becker
2004; Idris et al. 2005) and nitrogen species, i.e., ROS/
RNS (Lipton 1999; Love 1999; White et al. 2000; Dohi
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et al. 2003; Keynes and Garthwaite 2004; Thiyagarajan
et al. 2004; Zhu et al. 2004), within the affected tissue
leads to lipid peroxidation, inactivation of metabolic
enzymes, and mitochondrial dysfunction, which collec-
tively ignite a cascade of cell death that manifests as
neurocognitive impairment once brain regions such as
the hippocampus and cerebellum—which are highly sus-
ceptible to oxidative damage—are substantially impacted
(Cerchiari et al. 1987; Brown and Borutaite 1999; White
et al. 2000; Dohi et al. 2003; Becker 2004; Zhu et al.
2004). When its co-factor, tetrahydrobiopterin (BH4), is
oxidized by superoxide and hydrogen peroxide, the en-
dothelial isoform of nitric oxide synthase (eNOS) be-
comes uncoupled and no longer generates nitric oxide
(NO), instead producing the superoxide anion (Fig. 1)
(Manukhina et al. 2006; Kalyanaraman 2013). The re-
sultant excess of reactive oxygen species (ROS) activates
the inducible NOS isoform (iNOS), which then overpro-
duces NO (Manukhina et al. 2006; Kalyanaraman 2013).
iNOS-generated NO combines with superoxide from
uncoupled eNOS to form peroxynitrite, which
nitrosylates tyrosine residues, thereby inactivating pro-
teins essential for cellular energy metabolism and

function, and nitrosylates the pivotal intracellular antiox-
idant glutathione to form non-antioxidant S-nitrosyl glu-
tathione (Manukhina et al. 2006; Kalogeris et al. 2012;
Kalyanaraman 2013). Figure 1 summarizes this vicious
cycle of peroxynitrite generation.

During ischemia, the intracellular accumulation of
protons from anaerobic glycolysis and ATP hydrolysis
causes an abrupt drop in cytosolic pH (Kalogeris et al.
2012). To minimize intracellular acidification, the Na+/
H+ exchanger expels H+ from cells in exchange for Na+

(Baines 2010). Intracellular Na+ ions are then exchanged
for extracellular Ca2+ by Na+/Ca2+ countertransport
(Kalogeris et al. 2012). Upon reperfusion, washout of
extracellular H+ by restored circulation increases the H+

gradient across the cell membrane and accelerates the
actions of the Na+/H+ and Na+/Ca2+ exchangers, exacer-
bating the intracellular Ca2+ overload (Baines 2010;
Kalogeris et al. 2012). In combination with excess
Ca2+, the reperfusion burst of ROS/RNS triggers integra-
tion of the pro-apoptotic Bcl2 family proteins, Bax and
Bak, into the outer mitochondrial membrane (Baines
2010). The pore formed by Bax/Bak enables efflux of
small mitochondrial proteins such as cytochrome c,

Fig. 1 Uncoupling eNOS initiates a vicious cycle of nitrosative
stress. Oxidation of its cofactor, tetrahydrobiopterin (BH4), uncou-
ples the endothelial isoform of nitric oxide synthase (eNOS), which
then generates the superoxide anion (O2

−). Superoxide then com-
bines with nitric oxide (NO) produced by adjacent, still-coupled

eNOS to form the powerful oxidant peroxynitrite (ONOO−), which
in turn upregulates nuclear factor kappa B (NFκB). NFκB activates
expression of the inducible nitric oxide synthase (iNOS), which
produces massive amounts of NO that combine with eNOS-
generated O2

− to intensify ONOO− formation.
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second mitochondria-derived activator of caspases
(SMAC), and endonuclease-G (Baines 2010). In the
cytosol, SMAC and cytochrome c combine with apopto-
tic protease activating factor 1 (APAF1), forming an
apoptosome which activates caspase-9 and caspase-3
(Baines 2010). In concert with caspase-mediated pro-
apoptotic signaling, Bax/Bak permits endonuclease-G
efflux frommitochondria; this enzyme enters the nucleus
and fragments genomic DNA, a pivotal event in apopto-
tic cell death (Baines 2010). The post-ischemic Ca2+

overload and ROS/RNS burst in the mitochondrial ma-
trix also open a large, non-selective channel in the inner
mitochondrial membrane, the mitochondrial permeabili-
ty transition pore (mPTP). Opening of mPTP collapses
the proton electrochemical gradient required for oxida-
tive phosphorylation, further draining cellular ATP re-
serves already depleted by ischemia (Baines 2010;
Halestrap 2010; Kalogeris et al. 2012). Figure 2 summa-
rizes the cascade by which this intense oxidative insult
ultimately opens both the Bax/Bak and mPTP pores,
thereby activating caspase-9 and caspase-3, DNA frag-
mentation and mitochondrial rupture culminating in ap-
optosis of neurons and astroglia (Kirkland and Franklin
2003; Baines 2010; Halestrap 2010; Franklin 2011;
Martin et al. 2011).

Oxidative injury during aging

The “oxidative stress theory” of aging identifies the accu-
mulation of oxidative damage caused by ROS/RNS over
the course of the aging process as pivotal to the progres-
sive decline of biological function and shorter lifespan
(Kregel and Zhang 2007). According to this paradigm,
ROS as well as RNS accumulate due to an imbalance
between their production and detoxification by endoge-
nous redox systems, e.g., the glutathione peroxidase/
reductase and thioredoxin/peroxiredoxin systems (Hagen
2003; Kregel and Zhang 2007). This oxidative imbalance
potentiates deleterious protein oxidation, lipid peroxida-
tion, and apoptotic cell death (Blumberg 2004; Stadtman
2004; Matsuzawa and Ichijo 2005).

One line of evidence supporting the “oxidative stress
theory” of aging stems from measurements of the com-
mon biomarkers of antioxidative capacity—that is, the
degree to which the body is able to neutralize existing
and de novo oxidative stress via its endogenous antioxi-
dant defense mechanisms. Among the most widely ac-
cepted measures of in vivo redox state are the ratios of
reduced to oxidized glutathione (GSH/GSSG) and

nicotinamide adenine dinucleotide phosphate (NADPH/
NAPD+) (Kregel and Zhang 2007). Of these redox sys-
tems, GSH/GSSG can be taken as a global measure of the
collective poise of endogenous antioxidant defenses, as
the glutathione reductase/peroxidase system is linked, via
redox cycles, to the other cellular antioxidant systems
(Schafer and Buettner 2001). A progressive decline in
GSH/GSSG with advancing age has been identified
(Droge 2002), suggesting either a decreased ability of cells
to neutralize oxidative stress, increased formation of ROS/
RNS, or perhaps impaired GSH generation as the result of
decreased glutathione reductase activity. In support of the
latter possibility, several studies have reported oxidative
inactivation of metabolic enzymes and membrane lipid
peroxidation in aging brain (Beckman and Ames 1998;
Bokov et al. 2004; Poon et al. 2004; Rodrigues Siqueira
et al. 2005; Kregel and Zhang 2007). A major source of
oxidant accumulation with age is mitochondrial dysfunc-
tion leading to overproduction and release of ROS/RNS
into the cytosol (Sohal et al. 1995; Giulivi 1998). The
ROS/RNS then uncouple eNOS, causing the enzyme to
overproduce superoxide (O2

−), which activates iNOS and
drives the production of cytotoxic peroxynitrite in a man-
ner similar to that of cardiac arrest induced brain ischemia-
reperfusion (Manukhina et al. 2006; Ungvari et al. 2010;
Kalyanaraman 2013). Collectively, cytosolic ROS/RNS
accumulation activates death cascades mediated by
caspase-9 and caspase-3 (Kirkland and Franklin 2003;
Franklin 2011; Martin et al. 2011). Finally, it is important
to note that chronic oxidative stress with advancing age
has been implicated in the pathogenesis of age-related
neurodegenerative disorders (Volicer and Crino 1990;
Dexter et al. 1994).

Oxidative damage to mitochondrial DNA

According to the mitochondrial theory of aging, the accu-
mulation of mutations in mitochondrial DNA (mtDNA)
over the lifetime leads to bioenergetic impairment and
contributes substantially to aging (Linnane et al. 1989;
Lee and Wei 2007). Because of its close proximity to the
respiratory chain, the mitochondrial genome is particular-
ly susceptible to oxidative damage from excessive ROS/
RNS produced during ischemia-reperfusion (Richter
1995; Chen et al. 2001) and accumulated during aging
(Mecocci et al. 1993; Ozawa 1995; Barja and Herrero
2000). Moreover, mtDNA is much more vulnerable to
oxidative modification than nuclear DNA (Ames et al.
1993; Richter 1995), due to its lack of protection by
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histones and the limited ability to repair mtDNA, com-
pared with nuclear DNA (Croteau et al. 1999; Lee and
Wei 2007). Modification of mtDNA by ROS/RNS may
alter genes expressing protein components of the respira-
tory chain, which creates a vicious cycle of ROS/RNS
over-production and further cell damage, eventually cul-
minating in apoptosis (Murakami et al. 1998; Chen et al.
2001; Lee and Wei 2007). Indeed, disturbances of mito-
chondrial gene expression which disable oxidative phos-
phorylation within the CA1 neurons of the hippocampus
have been demonstrated during reperfusion, and ultimate-
ly culminate in cell death (Abe et al. 1996).

Neurocognitive impairment from oxidative stress

Survivors of cardiac arrest often endure cognitive and
behavioral impairments such as deficits in long-term

memory and executive function (Parnia et al. 2007).
For example, between 2 months to 1 year after resusci-
tation, patients’ ability to recall memory is impaired
(Grubb et al. 1996). Computed tomography and mag-
netic resonance imaging revealed that oxidant-induced
tissue atrophy following cardiac arrest extended beyond
the hippocampus to involve the frontal and temporal
lobes, which relates to the disrupted executive function
in cardiac arrest survivors (Grubb et al. 2000; Nunes
et al. 2003). In a longer-term study that compared car-
diac arrest survivors to patients who survived myocar-
dial infarction without cardiac arrest, memory scores in
both groups declined with age, but the cardiac arrest
survivors performed significantly worse on recall mem-
ory assessments vs. myocardial infarction survivors
3 years after the ischemic event (Drysdale et al. 2000).
This impairment demonstrates that neurocognitive

Fig. 2 Mechanisms of oxidative and inflammatory injury during
aging and recovery from cardiac arrest. The figure summarizes
mechanisms of brain injury common to cardiac arrest-resuscitation
and aging, albeit over entirely different time courses. Casp-9
caspase-9, Casp-3 caspase-3, Cyt C cytochrome c, GSH/GSSG

concentration ratio of reduced (GSH) to oxidized (GSSG) gluta-
thione, iNOS incucible isoform of nitric oxide synthase, mPTP
mitochondrial permeability transition pore, NO nitric oxide, ROS
reactive oxygen species, ONOO− peroxynitrite
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function may be sufficiently compromised to severely
impact quality of life (O’Reilly et al. 2003). Similarly,
memory and executive function become impaired dur-
ing aging. As oxidative stress accumulates with advanc-
ing age, the brain deterioration eventually causes
neurocognitive impairments resembling to those that
follow cardiac arrest-resuscitation (Mahncke et al.
2006; Kim and Oh 2013).

Oxidative stress has been implicated in the pathogen-
esis of neurodegeneration and neurocognitive impair-
ment after cardiac arrest (Liu et al. 1998; Parnia et al.
2007; Fiskum et al. 2008) and during aging (Dexter
et al. 1994; Volicer and Crino 1990). To test the hypoth-
esis that overproduction of ROS/RNS produces
neurocognitive impairment, Vereczki et al. compared
resuscitation of dogs with 100 % oxygen vs. room air
(ca. 21 % oxygen) and found that hyperoxic resuscita-
tion increased hippocampal tyrosine nitration—a mark-
er of oxidative cell injury—and intensified post-
ischemic impairment of hippocampus-dependent func-
tions (Matsuzawa and Ichijo 2005; Vereczki et al. 2006;
Kregel and Zhang 2007).

Summary

A common mechanism underlying brain deterioration
both following cardiac arrest-resuscitation and during
aging is the accumulation of ROS/RNS, which act to
modify mtDNA, disrupt cellular function, initiate apo-
ptosis, and ultimately impair neurocognitive function.
An important difference between aging vs. post-cardiac
arrest is the time course of ROS/RNS accumulation—
that is, alterations in ROS/RNS concentrations occur
within minutes following resuscitation from cardiac ar-
rest, but develop over many years during aging. In both
cases, the accumulated ROS/RNS attack mitochondrial
and nuclear DNA, inactivate enzymes catalyzing energy
metabolism, compromise ATP production, and impair
the glutathione peroxidase/reductase and thioredoxin/
peroxiredoxin antioxidant systems. Additionally, oxida-
tive stress in both settings provokes opening of the Bax/
Bak and mitochondrial permeability transition pores,
which respectively release cytochrome c into the cytosol
and dissipate the electrochemical gradient required for
oxidative phosphorylation. Cytochrome-c release initi-
ates activation of caspase-9 and caspase-3 and eventu-
ally apoptotic cell death within the affected brain tissue.
Cell death caused by oxidative stress in both post-
resuscitation and aging results in recall memory loss

and deficits in executive function. Thus, aging and
cardiac arrest-resuscitation produce remarkably similar
cascades of oxidative stress, cell death, and
neurocognitive impairment, albeit over vastly different
time courses.

Immune response

Immune response to cardiac arrest and resuscitation

The sterile inflammatory response—i.e., that in the ab-
sence of microorganisms—to ischemia and reperfusion
during cardiac arrest and resuscitation is initiated in an
effort to repair damaged tissue. In a manner similar to
the response directed against invading pathogens, ische-
mia increases neutrophil recruitment and production of
cytokines, chemokines, and other pro-inflammatory
stimuli with in the brain (Kalogeris et al. 2012;
Kvietys and Granger 2012). Activated neutrophils infil-
trate the ischemic brain parenchyma and initiate damage
by releasing ROS/RNS, hydrolytic enzymes, and pore-
forming molecules onto targeted cells (Kalogeris et al.
2012). The neutrophil-generated ROS/RNS promote
leukocyte adhesion to post-capillary venules and their
infiltration of the tissue, intensifying post-ischemic in-
jury (Kalogeris et al. 2012; Kvietys and Granger 2012).
In the brain capillary endothelium, xanthine oxidase and
other ROS-forming enzymes perturb nitric oxide pro-
duction and induce endothelial expression of leukocyte-
specific adhesion molecules to promote adhesion of
innate immune cells (Kalogeris et al. 2012; Kvietys
and Granger 2012). Moreover, during this time, other
perivascular cells in the brain including macrophages
and mast cells are activated and begin to release inflam-
matory mediators such as TNF-α, platelet-activating
factor, leukotriene B4, and other cytokines to promote
leukocyte adhesion to the post-capillary endothelium
(Kalogeris et al. 2012). Collectively, these maladaptive
responses to ischemia and reperfusion of the brain and
capillary endothelium exacerbate the oxidative injury
inflicted by cardiac arrest and provoke endothelium-
dependent microcirculatory dysfunction, which disrupts
delivery of nutrients and clearance of waste products
after resuscitation (Jerome et al. 1995; Kalogeris et al.
2012; Kvietys and Granger 2012).

Release of TNF-α triggers an extrinsic apoptotic
pathway in post-ischemic tissue that activates caspase-
8, which then cleaves and activates caspase-3, leading to
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cleavage of cellular proteins and death of affected cells
(Kroemer et al. 2007; Broughton et al. 2009). An intrin-
sic pathway is activated by oxidant-induced Bax and
Bak integration into the outer mitochondrial membrane,
allowing the aforementioned cytochrome-c release and
activation of the caspase-9 and caspase-3 cell death
cascade (Kroemer et al. 2007; Broughton et al. 2009).
Moreover, necrosis induced by ischemia-reperfusion
also activates the complement system (Hill and Ward
1971; Rossen et al. 1994; Frangogiannis et al. 2002;
Ioannou et al. 2011). The classical, alternative, and
mannose-binding lectin complement pathways have all
been implicated in ischemia-reperfusion injury
(Kalogeris et al. 2012). The activated complement sys-
tem recruits neutrophils and macrophages to the site of
injury and also causes direct cell lysis by formation of a
plasma membrane attack complex (Kalogeris et al.
2012). Thus, cardiac arrest leads to brain damage
through a multifaceted mechanism of inflammation
and cytotoxic pore formation.

Immune response to aging

Increased basal inflammation is considered an underly-
ing mechanism of aging (Sierra et al. 2014). There is an
age-related increase in proinflammatory cytokines in the
aging brain, including IL-1β, IL-6, and TNFα (Krabbe
et al. 2004; Diniz et al. 2010). Additionally, the chronic
oxyradical burden that accompanies aging causes stress
to the endoplasmic reticulum of microglia, which in turn
provokes NF-κB activity to exacerbate the inflammato-
ry response to aging (Hasnain et al. 2012). In accor-
dance with the “oxidative stress theory” of aging, it is
conceivable that the chronic accumulation of oxidants
would potentiate an immune response similar to that
ensuing after the acute, rapid accumulation of ROS/
RNS following cardiac arrest-induced ischemia-
reperfusion.

As endogenous antioxidant defenses are gradually
depleted in the aging brain, sustained activation of
perivascular macrophages by ROS/RNSwould provoke
these cells to infiltrate the brain parenchyma and cause
damage and cell death. Specifically, by releasing ROS,
proteolytic enzymes, and inflammatory cytokines (e.g.,
IL-1β, IL-6, and TNFα), these activated macrophages
initiate mechanisms that incorporate Bax and Bak into
the outer mitochondrial membrane (Kroemer et al.
2007; Broughton et al. 2009). The resulting cytochrome
c release activates the intrinsic, caspase-mediated

apoptotic pathway which eventually destroys the affect-
ed neurons, astrocytes, and microglia (Kroemer et al.
2007; Broughton et al. 2009). When TNF-α released by
the macrophages triggers the extrinsic apoptotic path-
way, caspase-8 and caspase-3 are activated, leading to
further cell death (Kroemer et al. 2007; Broughton et al.
2009). The microcirculatory dysfunction summarized
above exacerbates these intrinsic and extrinsic apoptotic
pathways (Jerome et al. 1995; Kalogeris et al. 2012;
Kvietys and Granger 2012). During aging, chronic ap-
optosis of this nature would lead to degeneration of
brain tissue in the regions that are particularly suscepti-
ble to oxidative stress, culminating in neurocognitive
impairment. Additionally, recent studies have revealed
that triggering of the innate immune system provokes an
exaggerated local immune response within the hippo-
campus of aged rats (Barrientos et al. 2006; Cortese
et al. 2011). In this experimental model, Escherichia
coli were injected into the peritoneum of aged and
young rats in order to activate the innate immune sys-
tem. In response to signals triggered by this immune
activation, aged rats showed a more intense inflamma-
tion within the brain than the young rats, exemplified by
persistently increased hippocampal production of the
pro-inflammatory cytokine interleukin-1β (Barrientos
et al. 2006). This exaggerated inflammatory response
did not affect short-term memory, but did produce sub-
stantial deficits in hippocampus-dependent long-term
memory (Barrientos et al. 2006).

Summary

Cardiac arrest-resuscitation and aging trigger an im-
mune response that provokes brain degeneration, par-
ticularly in the regions most susceptible to oxidative
stress and oxidant-induced inflammation. In both
cases, and by similar mechanisms, this response is
exaggerated by excessive production of ROS/RNS
and leads to activation of perivascular inflammatory
macrophages. Once activated, these cells release pro-
inflammatory cytokines to recruit neutrophils to the
site of injury and provoke leukocyte adhesion to the
post-capillary endothelium. The neutrophils release
proteolytic enzymes and ROS/RNS to cause apoptosis
of the injured cells, and the accumulated leukocytes
then clear the cellular remnants, leading to degenera-
tion of the regions affected by ischemia-reperfusion
and aging. One susceptible region—the hippocam-
pus—is pivotal in neurocognitive functions such as
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learning and memory. Ischemia-reperfusion and aging
impose oxidative stress, initiating an inflammatory
response leading to tissue degeneration and
neurocognitive impairment (Fig. 2).

Antioxidant therapies

Numerous preclinical and clinical studies have exam-
ined the potential neuroprotective effects of various
antioxidants during both cardiac arrest (Table 1) and
aging (Table 2). However, many agents that exerted
robust neuroprotection in preclinical studies failed to
protect when used in clinical trials. Thus, clinically
effective pharmacological treatments to mitigate oxida-
tive stress and brain injury from cardiac arrest-
resuscitation and/or aging remain elusive.

Antioxidant therapy following cardiac
arrest-resuscitation

In rats subjected to ventricular fibrillation and CPR,
treatment with ascorbic acid (vitamin C) following car-
diac arrest reduced lipid peroxidation and mitochondrial
oxidative stress (Tsai et al. 2011), but failed to preserve
left ventricular distensibility during CPR and negatively
impacted resuscitability (Motl et al. 2012). The study of

Motl et al. (2012) suggests that scavenging ROS may
disrupt protective oxidant-mediated signaling.

Erythropoietin minimizes ischemia-reperfusion inju-
ry of brain by stabilizing mitochondrial function and
preventing formation of ROS (Nguyen et al. 2014).
Erythropoietin induces key components of the brain’s
antioxidant defenses, such as glutathione S-transferase,
NAD(P)H:quinone oxidoreductase-1, and heme
oxygenase-1 (Zhang et al. 2010). Erythropoietin, how-
ever, does not readily traverse the blood brain barrier, so
massive doses are required for neuroprotection, greatly
increasing the risk for thrombosis and stroke
(McPherson and Juul 2008).

Therapeutic hypothermia is the only intervention that
has proven to be clinically effective in minimizing brain
injury from cardiac arrest-induced ischemia-reperfusion.
By slowing cellular metabolism, hypothermia dampens
production of ROS and fortifies endogenous antioxidant
defenses during rewarming (Dohi et al. 2013). In a swine
model of cardiac arrest-resuscitation, therapeutic hypo-
thermia maintained blood pressure and cerebral oxygen-
ation after ROSC and prevented organ damage by sup-
pressing oxidative stress (Ostadal et al. 2013). This anti-
oxidant action of hypothermia during cardiac arrest is
partly attributed to protection of respiratory enzymes and
upregulation of an antioxidant enzyme, manganese su-
peroxide dismutase (Gong et al. 2012).

Table 1 Preclinical and clinical studies of interventions to protect the brain from cardiac arrest-resuscitation

Reference Trial type Species Treatment Factor(s) tested Findings

Undén et al. (2013) Preclinical Rat Erythropoietin Ischemia-reperfusion
injury of brain

Post-ischemic treatment with erythropoietin is
not neuroprotective in a cardiac arrest model.

Ostadal et al. (2013) Preclinical Swine Hypothermia Oxidative stress Therapeutic hypothermia aided in maintenance
of blood pressure and cerebral oxygenation,
and prevented oxidant-induced organ damage
after cardiac arrest

Dohi et al. (2013) Clinical Human Hypothermia Oxidative stress Hypothermia downregulated ROS production
and fortified endogenous antioxidant systems
during resuscitation

Motl et al. (2012) Preclinical Rat Vitamin C Resuscitability Vitamin C failed to preserve ventricular
distensibility and impaired resuscitability

Gong et al. (2012) Preclinical Swine Hypothermia Oxidative stress Hypothermia decreased production of ROS,
preserved function of mitochondrial respiratory
enzymes and upregulated the antioxidant
MnSOD and Nrf2

Tsai et al. (2011) Preclinical Rat Vitamin C Oxidative stress Vitamin C (100 mg/kg body wt) decreased
lipid peroxidation and respiratory dysfunction
following cardiac arrest
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Antioxidant therapy in aging

Ascorbic acid content of brain is lower in demented
elderly individuals, and an analysis of 894 patient records
revealed that dementia patients taking pharmacological
dosages of vitamin C were less likely to develop signif-
icant cognitive decline (von Arnim et al. 2012).

However, supplementation with vitamin C has failed to
prevent cognitive decline with aging (Arzi et al. 2004;
Galasko et al. 2012). Similarly, α-tocopherol (vitamin E)
had no impact on steady-state oxidative damage (Sumien
et al. 2003) and short-term supplementation with vitamin
E did not reverse preexisting age-related cognitive im-
pairments in mice (Sumien et al. 2004), but did slow the

Table 2 Preclinical and clinical studies of interventions to slow the neurodegenerative effects of aging

Reference Stage Subject Treatment Factor(s) tested Findings

Dysken et al. (2014) Clinical Human Vitamin E Cognitive function
in AD

Among patients with mild to moderate
AD, those who received vitamin E
(2,000 IU/day) showed slower
decline in cognitive function

Shetty et al. (2013) Preclinical Mouse CoQ Cognitive function Protein oxidation was decreased and
spatial learning impairment was not
as severe in aged mice supplemented
with high-dose CoQ

von Arnim et al. (2012) Clinical Human N/A Serum antioxidant
concentrations

Vitamin C and β-carotene concentrations
were lower in demented vs control subjects

Galasko et al. (2012) Clinical Human Vitamin C +
vitamin E +
α-lipoic acid
coenzyme-Q

CSF biomarkers of
AD and OxS

Vitamin C (500 mg) + vitamin E (800 IU)
+ α-lipoic acid (900 mg) administered
daily for 16 weeks did not influence
biomarkers of AD, but did reduce
oxidative stress. However, this treatment
may accelerate cognitive decline

Lloret et al. (2009) Clinical Human Vitamin E Cognitive function Vitamin E lowers oxidative stress and
maintains preserves function in some
AD patients, but in patients for whom
vitamin E did not prevent oxidative stress,
supplementation caused detrimental
effects to cognition

Pérez et al. (2009) Preclinical Mouse N/A Overexpression of
antioxidant enzymes

Overexpression of copper zince superoxide
dismutase, catalase, and/or manganese
superoxide dismutase was insufficient to
extend lifespan

Mcdonald et al. (2005) Preclinical Mouse Coenzyme-Q
+ vitamin E

Cognitive function Aged mice given daily supplements of CoQ
(123 mg/kg body wt) with (+)-α-tocopherol
(200 mg/kg body wt) showed enhanced
learning

Maxwell et al. (2005) Prospective analysis Human Vitamin C and
vitamin E

Risk of cognitive
decline

Population-based prospective 5-year study
shows that patients who take antioxidant
vitamins were less likely to develop
significant cognitive decline

Arzi et al. (2004) Preclinical Mouse Vitamin C and
vitamin E

Cognitive function Separately, vitamin C and E had no effect on
cognitive function in aged mice. Combined,
improved cognitive function in aged but not
young mice. Synergistic effect of combined
administration proposed to be regeneration
of α-tocopherol by vitamin C

Sumien et al. (2004) Preclinical Mouse Vitamin E Cognitive function Short-term supplementation of vitamin E
(1.65 g/kg body wt) did not reverse preexisting
age-related impairments in cognitive function

Sumien et al. (2003) Preclinical Mouse Vitamin E Oxidative damage Supplementation with vitamin E had little or no
impact on the steady-state degree of cellular
oxidative damage

AD Alzheimer’s disease, OxS oxidative stress

AGE (2014) 36:9680 Page 9 of 14, 9680



decline in cognitive function in Alzheimer’s disease pa-
tients (Dysken et al. 2014). On the other hand, co-
administration of vitamin E with other antioxidant vita-
mins (vitamin C, coenzyme Q, α-lipoic acid) improved
cognitive function in aged mice (Arzi et al. 2004;
Mcdonald et al. 2005) and elderly human subjects
(Galasko et al. 2012). Finally, high-dose coenzyme Q10

was shown to preserve spatial learning and decrease
protein oxidation in brain mitochondria of aged mice
when given for a short duration (Shetty et al. 2013).

Summary

Although antioxidant therapies have not proven un-
equivocally effective against oxidant-induced damage
and neurological impairment following cardiac arrest-
resuscitation and during aging, treatments are still being
developed. Therapeutic hypothermia greatly reduces
post-resuscitation oxidative stress, and coenzyme Q ad-
ministration has shown promise in preservation of cog-
nitive function during aging, but it has been recently
suggested by Ghosh et al. that the reactive oxygen
species generated during both cardiac arrest-
resuscitation and aging may be formed downstream of
more impactful therapeutic targets. Accordingly, induc-
tion of antioxidant defenses upstream of RONS produc-
tion, e.g., by activating NAD(P)H production or induc-
tion of antioxidant gene expression may afford more
robust protection of cognitive function than simple an-
tioxidant treatments (Ghosh et al. 2014a, b).

Conclusions and commentary

In accordance with the “oxidative stress theory” of
aging, it is apparent that many components of the path-
ogenesis of damage and death in the aging brain are
common to the mechanisms of brain injury following
cardiac arrest-resuscitation, particularly those mecha-
nisms mediated by ROS/RNS. The principal difference
between these two forms of neurodegeneration and
neurocognitive impairment is their respective time
courses. That is, the years of ROS/RNS accumulation
and the resulting mitochondrial and cellular dysfunction
that provoke inflammatory responses and cell death in
the aged brain occur within a matter of minutes follow-
ing cardiac arrest and resuscitation. Accordingly, a col-
laborative effort to resolve the mechanisms of injury in
these neurodegenerative scenarios could potentially

enhance our understanding of both the pathobiology of
aging and of brain resuscitation following cardiac arrest.
Indeed, cardiac arrest-resuscitation may provide an ac-
celerated model of the brain aging process, affording
more efficient development of treatments to target the
common elements of these injury cascades to ultimately
promote patient survival and quality of life.
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