ABSTRACT

Nguyen, Anh Quynh, Pyruvate Intervention for Brain Injury Inflicted by Cardiac Arrest-

Resuscitation. Doctor of philosophy (Integrative Physiology), April 2016.

Fewer than 10% of the 360,000 people who suffer out-of-hospital cardiac arrest annually
in the U.S. survive to hospital discharge. Many suffer brain injuries that greatly affect their daily
activities and quality of life. Despite improvements in clinical outcomes from cardiac arrest as a
result of therapeutic hypothermia, survival rates are still dismal. Additional interventions to be

used alone or in combination with therapeutic hypothermia could potentially save many lives.

The intermediate metabolite pyruvate has been proven to be neuroprotective when given
acutely. The goal of this investigation is to examine the neuroprotective capabilities and
mechanisms of pyruvate in a large animal model of cardiac arrest, closed-chest cardiopulmonary
resuscitation (CPR) and countershock induced defibrillation. The central hypothesis is that
pyruvate therapy suppresses matrix metalloproteinase (MMP) activity and thereby preserves
blood-brain barrier (BBB) integrity, increases expression and content of the cytoprotective
cytokine erythropoietin (EPO), and dampens inflammation following cardiac arrest, and, thus,

improves neurobehavioral recovery from cardiac arrest.

Experiments were conducted in Yorkshire swine, subjected to cardiac arrest, closed-chest
cardiocerebral resuscitation (CCR), defibrillation by trans-thoracic countershock, and recovery.

The project was divided into two studies with different durations of cardiac arrest, producing



different intensities of brain damage. In the first study, swine were subjected to 6 min of
untreated cardiac arrest and 4 min of CCR, following by defibrillation and recovery of
spontaneous circulation (ROSC). In the second study, untreated cardiac arrest was extended to
10 min before 4 min CCR. Animals were euthanized at 1, 4, and 72 h ROSC, and the brain was
biopsied for histological and biochemical analyses. For animals in 72 h ROSC groups,

neurological assessment and testing were performed at 24, 48, and 72 h ROSC.

At 3 d ROSC, the number of viable cerebellar Purkinje cells fell by 30% vs. Sham
control, but pyruvate infusion during CCR and the first 60 min ROSC preserved these neurons.
EPO mRNA abundance was sharply increased at 4 h ROSC and in the non-arrest Sham,
indicating the surgical protocol, hyperoxic ventilation and anesthesia induced neuroprotective
EPO, which may have limited brain injury. There were no differences in neurological scores
among Sham, CPR, and CPR+Pyruvate, prompting study of more prolonged cardiac arrest to

intensify brain injury.

At 4 h ROSC in 10 min untreated cardiac arrest group, cardiac arrest unexpectedly
decreased hippocampal and cerebellar MMP-2 activities and cerebellar EPO content, regardless
of treatment. 72 h survival rate fell from 100% in study one (6 min pretreatment arrest) to only 2
of 6 pigs in study two (10 min pretreatment arrest), which wide disparity in neurological function
among the 2 survivors. Collectively, these results indicate the prolonging pre-intervention arrest
from 6 to 10 min sharply intensified brain injury, depleted cytoprotective EPO, and inactivated
oxyradical-sensitive enzymes. Pyruvate treatment did not exert favorable effects on these
variables, indicating that pyruvate may have had limited ability to traverse the blood brain barrier

and protect the brain parenchyma in this large animal model of cardiac arrest and CCR.
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CHAPTER |

INTRODUCTION

1. Cardiac arrest: a lethal clinical presentation

In the US, approximately 550,000 cases of cardiac arrest occur annually. Of those, 63%
(~360,000 cases) occur outside the hospital setting, and of these out-of-hospital cases,
approximately 40% are witnessed and received bystander chest compression, or
cardiopulmonary resuscitation (CPR). Unfortunately, less than 10% of these victims survive to
hospital discharge. These survival rates are persistently dismal despite community CPR
education and more effective emergency response networks, which speaks to the challenge of
effective and efficient delivery of lifesaving resuscitation to cardiac arrest patients (Go et al.,
2013). Timely CPR, especially outside of healthcare settings, has been associated with increase
in 30 d survival (Wissenberg et al., 2013). CPR quality is heterogeneous among healthcare
providers and settings, and in many cases CPR did not meet published recommendations, even
when performed by well-trained hospital staff (Abella et al., 2008). Because of its vital role, CPR
quality and effectiveness has been scrutinized in recent years, and there has been a call for more
frequent CPR training sessions for skill improvement in health care and non-healthcare settings.
The high mortality and morbidity of cardiac arrest as a result of brain injury has prompted the
American Heart Association (AHA) to emphasize quality chest compression as the utmost
priority in resuscitation (Kleinman et al., 2015). Moreover, so-called rescue breathing is no

longer recommended for bystander CPR, as the brain damage caused by interruption in chest



compressions outweighs the limited benefits of mouth-to-mouth ventilation. The term
cardiocerebral resuscitation (CCR) more accurately represents this ventilation-free approach.
Clinical presentation of brain injury due to cardiac arrest-resuscitation varies with
duration of arrest, quality of resuscitation, comorbidity, and other factors. Many survivors report
severe difficulties with daily activity, motility, and memory. A survey of 400 persons, who had
survived at least six months after cardiac arrest, reported difficulties with memory and stair
climbing, even though more than three-fifths of those who had been working before their illness
returned to work (Bergner et al., 1984). In another study, 308 survivors of out of hospital cardiac
arrest and age-matched myocardial infarction controls were evaluated to assess sleep and rest,
emotional behavior, body care and movement, household management, mobility, social
interaction, ambulation, alertness, communication, work, recreation and pastimes, eating
behavior, physical activity, and psychosocial status. The cardiac arrest group scored worse in 11
of 12 categories, twice as many reported poorer memory functions, and 15 % fewer were able to

return to work (Berger, 1985).

Neuropathological deficits in cardiac arrest survivors worsen as the duration of cardiac
arrest is prolonged. In a pig model of cardiac arrest-resuscitation, Hogler et al. (2010) evaluated
damage in brain regions at 72 h of recovery after 7, 10, or 13 min of cardiac arrest and correlate
the histological injuries to neurological outcome. These authors reported appreciable differences
in edema and necrosis in cerebral cortex, hippocampus, and cerebellar cortex in pigs subjected to
7 or 10 min arrest vs. non-arrested controls, while none of the pigs subjected to 13-min arrest
survived. Of note, marked degeneration of Purkinje cells in the cerebellar cortex was identified
in the 7 and 10 min cardiac arrest groups, and the number and density of neurons in the

cerebellar granular cell layer were decreased in the 10-min cardiac arrest group.



Among many areas and cell types in the brain, the neurons of the hippocampal CAl
region and cerebellar Purkinje cells are among the most vulnerable to ischemic insult (Ng et al.,
1989). The hippocampus is critically involved in memory and spatial navigation (Squire, 1992;
Mizuseki et al., 2012), and the cerebellum coordinates motor control and posture. The loss of
cerebellar Purkinje cells is associated with many movement and posture disorders, such as
Huntington’s disease (Venkatesan, 2006). Recent research has shown the cerebellum to
contribute to more than motor and postural functions. Anatomical studies demonstrated that
cerebellar neurons project to the prefrontal and posterior parietal cortices, and cerebellar
interactions with the frontal, parietal, temporal and occipital lobes, as well as neuroimaging and
neuropsychological data support involvement of the cerebellum in movement and cognition,
attention, executive control, working memory, and learning (Strick, 2009). Post-ischemic
Purkinje cell degeneration is gradual, and can be detected at 2-3 days after reperfusion (Horn et
al., 1992; Sato et al, 1990). Interestingly, in dogs subjected to global ischemia by aorta clamping
for 18 minutes, neuronal damage followed a bimodal pattern: the majority of Purkinje cells and
hippocampal CA1 neurons had condensed, darkened nuclei (a sign of damage) at 15 min ROSC,
appeared to recover at 1h, but disintegrated 2-3 days after ROSC (Sato et al., 1990).

Considerable research effort has focused on mitigating damage in these two brain regions.

2. Mechanisms of brain injury inflicted by cardiac arrest-resuscitation:

Within seconds of cardiac arrest, mitochondrial oxidative phosphorylation in brain
neurons is impaired, intracellular acidosis develops, lactate accumulates, and reactive oxygen
and nitrogen derivatives (ROS and RNS) are produced (Chalkias, 2012). In the ischemic
environment, excessive ROS and RNS trigger signaling cascades resulting in disruption of the

blood-brain barrier (BBB), a structure essential for controlling and regulating movement of

3



substances between the brain and the cerebral circulation. Introduction of “foreign” components
can harm neurons and supportive cells. Brain ischemia and reperfusion activates matrix
metalloproteinases (MMPs), a family of proteases known to degrade extracellular matrix, thus
disrupting BBB, enabling inflammatory signals and cells to invade the brain microenvironment
(Figure 1). Matrix metalloproteinase -9 (MMP-9) is known to mediate BBB destruction (Gidday,
2005) and inhibition of MMP-9 by endogenous tissue inhibitors of MMPs (TIMPs) affords
neuroprotection in mice experiencing focal cerebral ischemia (Fujimoto, 2008). MMP-2 is
upregulated after focal cerebral ischemia and is proposed to contribute to extracellular matrix

destruction and neuronal damage (Heo et al., 1999).

There are many activators of MMPs, including the “Redox Switch” mechanism, in which
the redox state of sulfhydryl groups in the MMP molecule is modulated by changes in the
intracellular glutathione (GSH): glutathione disulfide (GSSG) concentration ratio (Okamoto et
al., 2004). In mice subjected to 20 min global cerebral ischemia by bilateral occlusion of the
common carotid arteries, MMP-2 and MMP-9 activities and hippocampal neuronal death were
increased 3 days after transient global ischemia. When MMP-9 knock-out mice were subjected to
the same ischemic insult, hippocampal MMP-2 and MMP-9 activities and neuronal damage were

appreciably decreased (Lee et al., 2004).

Suppression of MMP-2 and/or MMP-9 activity in brain after ischemia-reperfusion insult
IS an important mechanism to mitigate brain injuries. Indeed, inhibition of MMPs has been
shown to reduce neuronal damage following brain ischemia. Extensive research has been
conducted to identify an effective and specific novel MMP inhibitor (Devy et al., 2011). So far,
doxycycline is the only FDA approved MMP inhibitor and has been used in clinical trials for

many clinical diseases such as chronic obstructive pulmonary disease (Dalvi et al., 2011).



However, doxycycline is a broad-spectrum MMP inhibitor; it is administered orally and
chronically at low doses in order to achieve therapeutic effect, and thus is not a suitable

intervention for acute ischemic events.

Reactive oxygen species (ROS), abundant during ischemia and reperfusion, cause
damage to cellular metabolic and ion transport machinery (ldris et al, 2005). ROS also activate
platelets and endothelial cells, leading to thrombus formation and resulting vascular occlusion.
ROS also trigger neurons to secrete inflammatory cytokines, leading to recruitment of resident
microglia, activation of astrocytes, and infiltration of non-resident inflammatory cells
(particularly neutrophils and macrophages) to the brain. The resident and infiltrating cells secrete
harmful enzymes and proteases, which further damage brain infrastructure (Shichita et al., 2012).
Biochemical and gene expression changes inflicted by ischemia could be observed within
minutes (e.g. heat shock proteins) to days (apoptotic proteins.) (Akins et al., 1996). Specifically,
inflammatory cells release MMPs, which degrade extracellular matrix and tight junctions at the
BBB, thereby potentiating edema and facilitating extravasation of leukocytes and, thus,
exacerbating brain injury (Yang et al., 2007). Oxidative stress caused by IR induces dissociation
of BBB tight junction proteins, such as occludin, in a rat model of hypoxia and reoxygenation
(Lochhead et al., 2010). In an in vitro experiment, incubation of intact cerebrovascular
endothelial monolayers, a model of BBB, with the pro-inflammatory cytokines TNF-a, IL-1p or
IL-6 resulted in decreased transendothelial electrical resistance (TEER), an indicator of BBB
disruption (Vries et al., 1996). This result was confirmed in vivo, where intracerebral injection of
TNF-a causes increased BBB permeability and increased expression of MMP-9 (Rosenberg et

al., 1995).



Cardiac arrest has been shown to activate an intense systemic inflammatory response. In
patients suffering from cardiac arrest-resuscitation, plasma IL-8 and TNF-a peaked at 12 h and 6
h ROSC, respectively. Elevation of IL-8 seemed to reflect clinical outcome: those who died or
became brain dead within 1 week of cardiac arrest had significant higher circulating IL-8
compared to survivors. (Ito et al., 2001). Other pro-inflammatory cytokines such as I1L-6, IL-10,
IL-1ra, and endotoxin were reported to increase and were correlated with adverse outcomes in
humans (Adrie et al., 2002). In pigs subjected to 7 min ventricular fibrillation, plasma TNF-a
reached its maximum concentration at 15 min ROSC, and IL-18 at 2 h; there was no
involvement of IL-6 within the first 6 h ROSC (Niemann et al., 2009). Inflammation persists
even with therapeutic hypothermia. In pigs with 15 minutes of pre-intervention ventricular
fibrillation followed by intra-arrest cardiopulmonary bypass cooling for 1, 3, 5 min achieving
brain temperature of 30.4+1.6, 24.2+4.6, and 18.8+4.0°C, it was found that pro-inflammatory
cytokines such as plasma IL-6 and TNF-a increased significantly at 1h after resuscitation but

returned to normal within 24 h (Sipos et al., 2010).

Injury inflicted by cardiac arrest and resuscitation can trigger pro-apoptotic signaling
cascades. Cytochrome c¢ (CYTc), an electron carrier indigenous to the mitochondrial
intermembrane space, is released into the cytosol upon ischemic-reperfusion due to opening of
the mitochondrial permeability transition pore. The presence of cytochrome c in the cytoplasm
initiates an intrinsic signaling pathway culminating in apoptosis. Release of CYTc into the blood
stream has been suggested to be a prognostic biomarker in cardiac arrest (Chalkias et al., 2015).
In rats subjected to 8-min untreated ventricular fibrillation (VF), plasma CYTc did not exceed
2ug/ml in survivors, returning to baseline within 48 to 96 h, but was more elevated and remained

so for more prolonged periods in rats that subsequently succumbed to post-arrest brain injury



(Ayoub et al, 2008). This finding that CYTc release varied with survival suggests interventions
that prevent mitochondrial damage may foster post-arrest brain recovery and survival.

Brain damage from cardiac arrest is complex and multifactorial, representing the impact
of decreased blood flow to the entire brain and/or release of factors from other ischemic organs.
Cardiac arrest initiates several neuronal injury mechanisms, including apoptosis, necrosis,
inflammation, and excitotoxicity. Of the many pathways culminating in apoptosis, the intrinsic
pathway, which involves disruption of the outer mitochondrial membrane due to release of
proapoptotic factors such as caspases and cytochrome c, is of particular interest in this project.
Many chemical factors have been implicated in neuronal injury; a partial list includes glutamate,
acidic amino acid toxicity, nitric oxide, free radicals, dopamine, and norepinephrine. Extensive
research effort has been devoted to developing pharmacological interventions to prevent brain
damage from cardiac arrest, yet none has entered mainstream clinical practice due to failed
clinical trials (e.g. Calcium channel antagonist, barbiturates) or undesirable side effects (such as

N-methyl-D-aspartate-receptor antagonists) (Harukuni et al, 2006).

Damage to the internal organs during cardiac arrest-resuscitation is due in large part to
harmful effects of reperfusion, as well as the effects of ischemia per se. In fact, studies have
demonstrated that reperfusion may inflict even more severe injury than ischemia alone;
accordingly, interventions such as therapeutic hypothermia and post-ischemic conditioning by
influencing injury mechanisms initiated by reperfusion, most notably ROS formation,
intracellular Ca®* overload and glutamate excitotoxicity, may exert robust brain protection

(Horn, 1992; Kalogeris, 2012).

Advances in cardiac care have not improved the in-hospital and out-of-hospital cardiac

arrest mortality and morbidity rates appreciably in the past few decades. The most important



advancement is the application of therapeutic hypothermia (TH) following restoration of sinus
rhythm and recovering of arterial pressure. TH has been shown to be brain protective and
improves neurological outcome. Mild therapeutic hypothermia (32°C — 34°C) has become a
standard post-resuscitation treatment in many hospitals across the U.S. It is the only therapy that
improved neurological outcome after cardiac arrest in a randomized, controlled trial (Holzer et
al., 2002). Complications of mild hypothermia include immunosuppression, electrolyte disorders
such as hypernatremia, hypokalemia, hypomagnesmia, hypophosphatemia, and hypocalcemia,
suppression of the clotting cascade causing higher risk of bleeding, hemodynamic disturbances
such as bradycardia, and interfering with drug metabolism, especially that catalyzed by
cytochrome P450. Optimal intensity and duration use of hypothermia and rate of rewarming are
still controversial (Janata et al, 2009). In a rat model of asphyxia-induced cardiac arrest and CPR,
hypothermia, initiated 8 h after ROSC, improved Purkinje cell survival compared to the
normothermic group, and the outcome was not significantly different when TH was initiated
even earlier (Paine, 2012). Additionally, the effect of hypothermia is controversial, and the
treatment option is limited to comatose patients (Bernard, 2002), and its effects and mechanisms
are being elucidated in many experimental preparations and by many research groups worldwide.
TH protocol must be precisely followed and can only be carried out in advanced critical care
units due to potential adverse effects. In most out-of-hospital cardiac arrest cases, the delay in
patient transportation to the hospital restricts the immediate intervention of TH. In addition, TH
has not been shown to be effective in cases with shockable rhythm and severe acidemia (pH<
7.20) (Ganga et al., 2013), and rebound pyrexia of > 38.7°C following TH was associated with
worse neurological outcome (Leary et al., 2013). Efforts to mitigate reperfusion injury prompted

experiments in pigs in which the brain was cooled within minutes to 30°C, after 15 min of non-



intervened ventricular fibrillation, followed by a 20-min period of rewarming to mild
hypothermia (33°C), then defibrillation. Unfortunately, the result was not favorable due to large

number of mortality to myocardial failure within the first 24 h of recovery (Weihs et al, 2010).

Besides many pharmacological efforts, mechanical interventions, including impedance
threshold device (ITD), have been intensely studied in an attempt to develop an effective adjunct
to the current resuscitation protocols to improve survival as well as neurologic (Yannopoulos et
al., 2013). Keeping the patient in head-up position during CPR has been shown to increase
cerebral perfusion compared to planar or head-down position, and thereby decrease intracranial
pressure. However, the optimal degree of head-up tilt and duration of CPR in the head-up

position have not been established (Debaty, 2015).

Therefore, it is crucial to have a therapeutic modality that is readily available to the
paramedic team, is easy to use, and has potential benefit to cardiac arrest patients. Many
substances have been tested, such as the nitric oxide (NO) donor sodium nitroprusside
(Yannopoulos, 2011), the inhaled anesthetic sevoflurane, and a nonionic copolymer blocking
pores on membranes caused by severe cellular stress, Poloxamer 188 (P188). Bartos et al. (2015)
showed in pigs subjected to 17 min cardiac arrest that a bundle therapy of CPR, ITD,
sevoflurance, and P188 improved hemodynamics during resuscitation, reduced the need for
epinephrine and repeated defibrillation, and achieved higher rates of ROSC, and recovery with
mild to no neurologic deficit (42%) at 48h after 17 min of untreated cardiac arrest in pigs.

Our aim is to identify an intervention agent that fosters neurological recovery after
cardiac arrest. Pyruvate meets these requirements. It is a natural cellular metabolite, easily
dissolved and stable in aqueous solution, and can be administered iv, so it can be infused as soon

as an intravenous access is established. This project is particularly important because it
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contributes to the body of knowledge on the impact of cardiac arrest and resuscitation on brain
histology and biochemistry as well as the mechanisms by which pyruvate protects brain from
ischemia and reperfusion. Erythropoietin (EPO), a hematopoietic cytokine, has been shown to be
endogenously expressed in the brain and is cytoprotective. EPO, however, does not readily cross
the BBB, so intravenous EPO is of limited efficacy. We propose that pyruvate dampens IR -
induced brain inflammation in part by inducing endogenous EPO formation, which initiates other
neuroprotective cascades. We propose pyruvate as a new agent that can easily cross the BBB and
stimulate beneficial molecular pathways to protect the cells.  This work is intended to develop
a new intervention to promote neurological and cognitive function recovery in cardiac arrest
patients. Specifically, this study is directed toward elucidating mechanisms by which pyruvate
may protect brain function. If pyruvate proves effective, its use could allow immediate
intervention to protect the brain from ischemia-reperfusion injuries in out-of-hospital and in-

hospital cardiac arrest.

3. Erythropoietin

Erythropoietin protects many cell types in the central nervous system. EPO has been
shown to be protective when given before, during, or after ischemic events. Many effectors of
EPO have been elucidated. Overall, there seems to be redundancy in protection and cross-talk
among signaling pathways downstream of EPO. For example, EPO augments beneficial gene
expression that is activated by ischemia. In neuronal cell culture, EPO exerted cytoprotection via
Jak2 signaling that activated nuclear translocalization of NF-«xB and its DNA binding
(Digicayliogiu, 2001). NF-kB is a transcription factor that activates expression of many
cytoprotective genes under ischemia (Kaltschmidt et al, 2010). In an in vivo rat model of stroke,

Mengozzi et al (2012), using microarray technology, demonstrated further upregulation of genes
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implicated in synaptic plasticity- Arc, BNDF, Egrl, and Erg2, and EPO activated Erg2 in
particular. Thus, EPO may minimize brain injury by potentiating the brain’s reparative

processes.

On the other hand, EPO has been shown to decrease neuronal apoptosis. In mice,
transgenic over- expression of human EPO in brain decreased infarct volume by 84%,
diminished edema, and ameliorated neurological deficit following 90 min of middle cerebral
artery occlusion with 24 h reperfusion. In the transgenic mice, the number of apoptotic cells and
activities of NOS-1 and NOS-2 were markedly reduced compared to wild-type. Increased
endogenous EPO expression sharply increased phosphorylation of the signaling kinases ERK-1,
ERK-2, AKT, JNK-1, and JNK-2. Indeed, activation of both ERK-1/-2 and PI3K/Akt is
necessary for neuroprotection by hEPO. Although EPO over-expression dampened NOS-1 and
NOS-2, this effect was not mediated by ERK-1/-2 and PI3K/Akt (Kilic et al, 2005). Another
group (Wen et al., 2002) confirmed the anti-apoptotic effect of EPO treatment on a different
effector Bcl-X,.. Content of Bcl-X,, an anti-apoptotic member of the Bcl-2 family, was markedly
increased in hippocampus of Mongolian gerbils treated with EPO after ischemic insult.
Moreover, in ischemic cultured cortical neuron treated with EPO, they also demonstrated an

increase in MRNA expression of Bcl-X,.

In addition to neurons, other cell types including astrocytes and cerebrovascular
endothelium, and white matter are fundamental to brain function and, therefore, merit protection
from ischemic insult. Incubation of cultured rat astrocytes in 5-20 U/mL EPO for 16 h before
being exposed to cytotoxic concentration of staurosporine attenuated cell death. In addition, EPO
treatment was correlated with elevated expression of heme oxygenase-1 (HO-1), a potential

mediator of EPO’s cytoprotective mechanism (Diaz et al, 2005). EPO also protects cerebral
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microvascular endothelial cells from oxidative stress produced by reoxygenation following
oxygen-glucose deprivation. EPO treatment of cultured endothelial cells 1 h before oxygen-
glucose deprivation leads to increased nuclear translocation of SIRT-1, which activates Aktl,
maintains phosphorylated Fox03a in the cytoplasm, dampens mitochondrial cytochrome c

release and caspase activation, culminating in decreased apoptosis (Hou et al., 2011).

In a mouse model of periventricular leukomalacia, a condition prevalent in premature
infants, where cerebral white matter is damaged due to hypoxia-ischemia and inflammation, i.p.
EPO treatment attenuated cerebral white matter damage after 96 h of ischemia-hypoxia stress
(Liu et al., 2011). Moreover, neurobehavioral performance scores were significantly higher
within the first 10 d of recovery in the EPO-treated vs. control mice. The protection by EPO in
this model was demonstrated to be mediated by mitigating microglial activation of poly-(ADP-
ribose) polymerase-1 (PARP-1), a signaling protein associated with cellular injuries (Liu et al,

2011).

Another effector of EPO treatment is reduced Zn** accumulation. Zn?* has been
demonstrated to play an important role in neuronal injury caused by prolonged ischemia.
Exposure to 200uM Zn?** solution induced death of cultured hippocampal neurons, but
pretreatment with EPO for 24 h increased neuronal survival. Additionally, in vivo experiments in
a rat model of traumatic brain injury confirmed that rhEPO inhibited excitotoxic Zn*
intracellular translocation in CA3, dentate gyrus, and hilar regions of the hippocampus (Zhu et

al., 2009).
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4. Effect of oxidative stress on Krebs cycle and glycolytic enzymes
a. Aconitase

Aconitase, a key component of the Krebs cycle, is a well-known target of ROS activity.
Aconitase activity was found to be markedly decreased in a cellular model of oxidative stress
and in many brain conditions such as Huntington diseases (Fitzmaurice, 2002; Kim, 2005).
Aconitase is inactivated by ROS-induced disassembly of its catalytic [4Fe-4S]** cluster in a
manner reversible by GSH and other reductants (Vasquez-Vivar et al., 2000) or by oxidation of a
sulfhydryl moiety near its active site (Buldeau et al., 2005). On the other hand, pyruvate-enriched
cardioplegia restored myocardial aconitase activity in a porcine model of cardiopulmonary

bypass (Knott et al., 2006).

b. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

The glycolytic enzyme GAPDH has been found to mediate apoptosis. Specifically,
overexpression of GAPDH and its accumulation in the nucleus leads to neuronal and non-
neuronal cell death (Sawa et al., 1997). The underlying mechanism is a matter of speculation. It
was postulated that nuclear translocation of GAPDH may be the signal to initiate the

mitochondrial apoptotic cascade (Shashidharan et al., 1999, Tanaka et al., 2002).

5. Pyruvate: cytoprotection from ischemia-reperfusion via multiple cellular pathways

Pyruvate, an intermediate metabolite generated by glycolysis, has been shown to bolster
cellular defense mechanisms against oxidative stress. A direct antioxidant, pyruvate scavenges
reactive oxygen species such as hydrogen peroxide and peroxynitrite (Desagher et al., 1997). In
rat astrocytes subjected to oxygen-glucose deprivation, pyruvate treatment improves GSH/GSSH
and NADPH/NADP+ redox status and prevents cell death through suppression of caspase-3

activation, decreased Cytochrome c, and by preventing pro-apoptotic PARP cleavage (Mongan
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et al., 2002, Sharma et al, 2003). Pyruvate activates the mitochondrial pyruvate dehydrogenase,
thereby increasing carbohydrate oxidation to generate ATP. In goats subjected to hemorrhagic
shock, systemic resuscitation with pyruvate-fortified Ringer’s solution for 90 min was associated
with decreased formation of the lipid peroxide 8-isoprostane, a product of oxidative stress and
indicator of antioxidant deficiency in tissues (Gurji et al., 2014). Pyruvate also preserved creatine
kinase, and aconitase activities, and augmented the ATP energy state of reperfused hindlimb
muscle. Importantly, these effects persisted for 3.5h after pyruvate administration (Gurji et al.,

2014).

Previous work from our laboratory in a canine model of cardiac arrest and open-chest
cardiac massage resuscitation showed that iv treatment of pyruvate upon reperfusion is
associated with markedly decreased MMP activity in the brain and favorable neurological
outcome (Sharma et al., 2008). The effect of MMP on brain subjected to cardiac arrest induced
global ischemia is poorly understood. However, this study showed that pyruvate can be
administered iv acutely during ischemia to protect the brain from ischemia-reperfusion injury in

an emergency setting.

A prospective, randomized, semi-blinded human trial demonstrated pyruvate’s safety and
efficacy in patients undergoing cardiac surgery with cardiopulmonary bypass (Olivencia-Yurvati
et al., 2003). In this clinical study, the use of pyruvate-fortified cardioplegia solution to arrest the
heart for coronary revasculization afforded robust recovery of cardiac mechanical function post
cardiopulmonary bypass surgery, in a manner markedly superior to conventional lactate-fortified
cardioplegia. Specifically, in the pyruvate cardioplegia group, left ventricular stroke work
increased vs. lactate cardioplegia 4-12 h after bypass, and coronary sinus troponin | and creatine

phosphokinase-MB release, markers of myocardial injury, were sharply lowered compared to the
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lactate cardioplegia. Importantly, the patients receiving pyruvate met criteria for hospital

discharge on average 1-2 days sooner than the lactate cardioplegia patients.

6. Hypotheses and goal:

The most recent American Heart Association guidelines (2015) continue to support the
C-A-B (compression, airway, breathing) sequence of resuscitation. Total preshock and postshock
pauses in chest compressions should be as short as possible because shorter pauses are associated
with greater shock success and achievement of ROSC. Manual chest compression remains the
standard of care and presently there is no benefit recommendation regarding use of the
impedance threshold device (ITD). Usage of ITD did not significantly improve satisfactory
neurological outcome in out-of-hospital cardiac arrest (Sufderheide et al., 2011). Vasopressin
was removed from ACLS Cardiac Arrest Algorithm as a vasopressor therapy for the simplicity
of approach toward cardiac arrest when 2 therapies (vasopressin vs. epinephrine) were showed to
be equivocal. A high-quality randomized controlled trial did not identify any superiority of
targeted temperature management at 36°C compared with 33°C; hypothermia treatment in
comatose patients are recommended at either temperature (AHA guidelines, 2015). Despite these
refinements and extensive research, no new pharmacological or mechanical intervention has
been added to the guidelines. Thus there is an important and unmet need for facile, rapidly acting

pharmacological agents for acute intervention for cardiac arrest.

Our long term goal is to identify a treatment that preserves BBB integrity during global
brain ischemia-reperfusion to potentially mitigate the adverse, often lethal neurological

consequences of cardiac arrest. Our central hypothesis is that pyruvate therapy suppresses MMP

activity, thereby preserving BBB integrity, increases EPO expression, and dampens

inflammation following cardiac arrest, and, thus, improves neurobehavioral recovery from
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cardiac arrest. To address the central hypothesis and thereby help accomplish our long term goal,
the following specific hypotheses were tested in a domestic swine model of cardiac arrest,
closed-chest CPR, electrical defibrillation and recovery:

Hypothesis 1: Oxidative stress due to cardiac arrest results in inflammation, which degrades

BBB

Hypothesis 2: Pyruvate dampens BBB damage by mitigating inflammation caused by matrix

metalloproteinases
Hypothesis 3: Pyruvate dampens ischemia-reperfusion via HIF-1a/Erythropoietin pathway

Hypothesis 4: Pyruvate treatment fosters neurocognitive recovery
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CHAPTER II

METHODS

1. Surgical Preparation:

This prospective, randomized, single center and controlled study was designed to
elucidate the mechanism by which prolonged out-of-hospital cardiac arrest affects neurological
injuries and how pyruvate mitigates this damage. Vivarium care and experimental procedures
were strictly followed in accordance with the National Research Council’s 1996 Guidelines for
the Care and Use of Laboratory Animals, and the ARRIVE guidelines (Kilkenny, 2010), and
were approved by the University of North Texas Health Science Center Institute for Animal Care
and Use Committee (protocol # 2012/13-29-A10). A certified and licensed veterinarian assured
that the protocol followed the National Research Council’s guidelines.

Yorkshire swine (25 kg — 35kg) were purchased from local USDA approved breeders.
Animals were habituated to the animal facility for at least 2 days (acute protocol) or a week
(recovery protocol) before the experiments. Pigs were anesthetized with intramuscular 5.56
mg/kg Telazol (Tiletamine HCI and zolazepam HCI, NADA 106-111) and 1.11 mg/kg Anased
(xylazine, NADA 139-236) cocktail. An endotracheal tube (7-8mm) was advanced into the
trachea, and the animals were mechanically ventilated with a volume-controlled ventilator (MDS
Matrx, Model 3000), with tidal volume of 12-15 ml/kg, 12 — 16 cycles per minutes, and end tidal
PCO, kept within 35 - 40 mmHg. Surgical anesthetic plane was maintained by continuous
administration of 1-3% isoflurane (Isothesia, NDC 11695-6776-2, Narkovet Delux Anesthesia

System) in oxygen. Anesthesia plane was confirmed by the absence of pedal reflex (withdrawal
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response to pinching the hooves), and pinnal reflexes (insert a pinky into the external ear canal
and observe for the ear movement), and by monitoring heart rate and blood pressure.

The pig was positioned dorsal recumbent on the surgical table. Body temperature was
maintained at 37 — 38 °C by heating pads throughout the surgical preparation and the experiment.
Core body temperature was monitored with a rectal probe. Right forelimb, left and right hind
limbs were secured caudalaterally. The left forelimb was positioned rostrolaterally. Adhesive
foam electrodes (Coviden) were placed on the left and right forelimbs, and the left hind limb for
electrocardiogram (EKG) monitoring. To access the right jugular vein, a 7-cm incision was made
in the skin at the right jugular furrow. The cutaneous colli at the incision site was cut, exposing a
groove underneath, formed by sternohyoideus muscle to the medial and cutaneous colli to the
lateral side. Dissecting through the fascia reveals the right external jugular vein. A catheter
containing a pacing wire was inserted and advanced into the right ventricle. Catheter position
was confirmed by the typical ventricular waveform monitored with a pressure transducer. Once
the heart was arrested, the pacing wire was withdrawn, leaving a patent catheter for treatment
solution administration. The treatment solutions, prepared randomly by a designated personnel
not participating in the experimental protocol, were either sterile 2M sodium pyruvate or 2M
sodium chloride. Solutes were dissolved in deionized-distilled H,O and sterilized by filtration
through 0.3 um pore size membranes in a sterile polyethersulfone container (Stericup® Filter
Units, Cat# SCVPUO2RE, EMD Milipore). Pyruvate or NaCl infused iv at the rate of 0.1
mmol/kg/min, which achieved plasma pyruvate concentrations of 3.5 — 4 mM in the systemic
circulation (Sharma et al., 2005). A retrograde catheter was inserted rostrally to measure the

jugular venous pressure and to collect venous blood.
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Femoral vein and artery location was approximated at the sheath between the lateral
(rectus femoris, vastus medialis) and medial thigh muscles (adductor femoris,
semimembranosus, semitendinosus). The fascia was cut, revealing the femoral artery underneath.
A 7-Fr polyurethane catheter was passed through a small incision in the femoral artery and
advanced into the abdominal aorta for arteria blood collection. The catheter was connected to a
transducer for blood pressure and heart rate measurement by BPA blood pressure analyzer (Digi-
Med) and Grass Model 7D polygraph (Grass instrument Co., Quincy, Mass., USA). The
electrocardiogram (EKG), mean arterial pressure (MAP), and jugular venous pressure were
continuously monitored and recorded by a data acquisition system (Windaqg) at a sample rate of

200 Hz. The femoral vein was cannulated for medication and fluid administration.

2. Cardiac arrest protocol:

In acute experiments, i.e. 1h or 4h post-arrest recovery, 7000 units of heparin (Heparin
sodium injection, USP) were injected via femoral vein to prevent blood clots after completion of
surgical preparation and prior to cardiac arrest protocol. NaHCOj3; (Butler Schein, 002484) was
injected 10 mEq boluses iv via femoral vein as needed. 0.167 to 0.267 U/kg vasopressin
(Pitressin, 20 units/ml, NDC 42023-117-25) was bolus-injected into the jugular catheter to
provide vasoconstrictor support during CPR. Defibrillatory countershocks were delivered by
external paddles (Medtronic Lifepak 12) starting at 200 J and goes up to 360 J. Shocks (1-3x
200J, 1-3x 300J, and 1-3x 360J, sequentially) were delivered at 30s intervals with intervening
chest compressions, and were abandoned after 9 attempts, if appreciable arterial pressure and
spontaneous electrical rhythm were not achieved. After successful cardioversion, 1ml (20mg/ml)

Lidocaine (Lidoject 2%, Henry Schein, NDC 11695-4147-1) was injected into the jugular vein
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for prophylaxis of arrhythmias. The sequence and time of drug administration is summarized

below:

a. 10-min arrest, 1 h recovery: cardiac arrest was induced by passing a 4 Hz train of
electrical impulses at 60V — 70V to the right ventricle. A monophasic decline in blood
pressure, loss of pressure pulsation, and the absence of an organized cardiac electrical
rhythm confirmed the arrest. Mechanical ventilation was then suspended. At 5 min of
cardiac arrest, 10mEq of NaHCO3 was slowly injected into the femoral vein. Treatments
(sodium pyruvate or NaCl) were infused from 5.5 min of cardiac arrest until 60 min of
ROSC. Cardiocerebral resuscitation (CCR) was delivered at 6 to 10 min at the rate of
100-110 compression/min at a depth of approximately 2 inches (25% of chest diameter).
Vasopressin was injected into the jugular vein at 60s CCR. The defibrillation protocol
was begun at 10 min arrest, i.e. 4 min CCR. If ROSC could not be achieved after the first
2 countershocks, a rescue dose of epinephrine was administered before the next shock.
The ventilator was reconnected and lidocaine was given as soon as ROSC was achieved.
The depth and frequency of ventilator cycles were adjusted to keep end-tidal Pco»
between 35-45 mmHg. Mean aortic blood pressure was maintained at a minimum of
70mmHg by administering intravenous 2% diluted phenylephrine drip (phenylephrine
HCI, 10 mg/ml, NDC 66758-017-01) in normal saline (Braun, NDC 0264-7800-20).
Arterial and venous blood was sampled at the following times: baseline (before cardiac
arrest and after completion of surgery), 5’ ROSC, 15 ROSC, 30° ROSC, and 60’ ROSC.
Blood was immediately analyzed in a blood gas laboratory (Instrumentation Laboratory,
GEM Premier 3000). Partial pressures of O, and CO,, and pH of arterial samples

informed ongoing management of these variables. 10ml of blood was centrifuged at 7500
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rpm for 10 min to sediment formed elements; the plasma supernatant was aliquoted in
1.5ml centrifuge tubes, flash frozen in liquid nitrogen, and stored at -80°C for future

analysis.

The animal was euthanized at 1h ROSC for tissue collection. To minimize the interval
from sacrifice to sample collection, 15 min prior to euthanization, the dorsal aspect of the
scalp was shaved and reflected, and the skull was cut with a bone saw, revealing the dura.
Once the animal was euthanized, the dura was cut and brain was removed and placed on
ice for regional biopsy. After that, left and right ventricles, left and right lungs, kidneys,
and liver were also sampled and biopsied on ice for planned studying of these organs.

Further details are described in the euthanasia session below.

10-min arrest, 4 h recovery: similar to the 10-min arrest, 1 h recovery protocol described
above, but the recovery period was extended to 4h ROSC, and then the animal was
sacrificed as described above. Additional blood, samples were collected at 2, 3, and 4 h
ROSC.

10-min arrest, 3 d recovery: the cardiac arrest protocol was conducted as described
above. Intracatheters (20G x 2” intracatheter, Terumo Surflo) were introduced to the
femoral artery and vein instead of a conventional catheter to minimize the size of incision
where catheter was inserted. Mean arterial pressure stabilized by 2-3 h ROSC, allowing
discontinuation of phenylephrine infusion and catheter withdrawal. The femoral artery,
femoral vein, and jugular vein were sutured with 7-0 Prolene blue monofilament
(Ethicon). Muscles, fascia, and skin was closed with 3-0 synthetic absorbable sutures
(Vedco polyglycolic acid, violet braided-coated synthetic absorbable sutures). Analgesic

buprenorphine (Buprenex) was injected intramuscularly to the right hind limb during the
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first hour that animal was extubated. The animal was monitored for heart rate and arterial
oxygen saturation, and was slowly weaned off of supplemental oxygen. As reflexes
returned and the animal became more awake and its gagging reflex returned, the
endotracheal tube was withdrawn. Then, the animal was wrapped in a warm blanket, and
returned to its pen. Animals were closely monitored until they were fully awake from
anesthesia. Vital signs (heart rate, oxygen saturation, ventilatory rate, and skin color)
were taken every 30 min until the animals were fully ambulatory. Neurological and
cognitive tests were performed as described in the “neurological test” section. The
animals were euthanized approximately 72 hours after ROSC, and biopsies of brain and
other tissues were collected as described above.

14 min arrest, 4 h recovery: The animal was surgically prepared and cardiac arrest was
induced by electrical pacing as described above. Treatment infusion was started at 9.5
min arrest, and chest compressions were begun at 10 min arrest. Efforts to defibrillate
were begun at 14 min arrest and followed the same countershock sequence as described
above. After ROSC was confirmed, ventilation immediately resumed, and lidocaine was
administered iv to prevent arrhythmia. Blood samples were collected at pre-arrest
baseline and at the same ROSC times as in 10 min arrest, 4 h recovery group. In this
group, after euthanasia, the brain was cross perfused with cold (4°C) saline (0.9% NaCl)
at the rate of 1ml/gram/min tissue over 10 min (300 ml/ min) to rinse the cerebral
vasculature of blood before tissue biopsy (details in section 3 below).

14-min arrest, 4 h recovery protocol, delayed pyruvate infusion (DP): these experiments

were conducted to test the effect of pyruvate when its administration was delayed until 1-
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2 h ROSC. Pyruvate solution was prepared and its infusion rate was the same as
described above.

f. 4h, non-arrested normoxic Sham protocol: To determine the effects of surgical stress
ventilation and anesthesia in the experiments, a non-arrest Sham group was studied.
These animals were anesthetized and ventilated with 1-3% isoflurane in 21% compressed
air instead of 100% oxygen. Surgical preparation, blood sampling, and tissue biopsy were
performed as in the other groups described above. The animals were euthanized at 4 h as
stated in the 10-min arrest, 4 h recovery protocol.

3. Euthanasia and Cross-perfusion

The thoracic cavity was accessed by an incision in the left 5™ or 6" intercostal space. The
pericardium was incised, exposing the heart. To sacrifice the anesthetized animal, a direct
electrical current of 60V was applied to the left ventricle epicardium to induce ventricular
fibrillation. The descending aorta was cross-clamped. A 0.5 cm incision was made in the
ascending aorta, approximately 2 cm rostral to the clamp, for insertion of a catheter to deliver
perfusion fluid. Ice-cold (4°C) 0.9% NaCl + heparin (1000U/L) was delivered via peristatic
pump at a rate of 1ml/g tissue/minute for 10 minutes. Afterwards, the brain was exposed by
craniotomy, dissected, and biopsies were excised. Other organs were biopsied in sequence: left
and right ventricles, left and right atrium, left and right lungs, kidney, and liver. Brain was
further dissected to identify and sample frontal, temporal, hippocampus, cerebellum, pons, and
medulla. Excised tissues were freeze-clamped with aluminum blocks precooled in liquid N, and
were stored at -80°C (Thermo Scientific) for biochemical analysis, or fixed in 10% formalin for

paraffin embedding.
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4. Protein extraction:

Frozen tissues were pulverized with precooled mortar and pestle under liquid N,. 100 mg
powder was then added to a tube containing 1 ml of phosphate buffer (0.1M KH,PQO,4) and 5 pl
protease inhibitor (Sigma-Aldrich, P8340) and then homogenized for 1 minute at 4°C using a
Teflon piston. The suspension was then centrifuged at 25,000 rpm at 4°C for 20 minutes
(Thermo Scientific Ultracentrifuge). The supernatant was saved and the pellet was re-suspended
in 0.4 ml of phosphate buffer, and again homogenized and centrifuged. The supernatants were

combined, aliquoted, and stored at -80°C.

5. Measurement of protein concentration in extracts

Protein concentration in aqueous solution was measured using Bradford reagent (Sigma-
Aldrich, B6916). A standard curve was constructed with sequential dilutions of bovine serum
albumin in ddH,O (Thermo Scientific, Cat# 23209), diluted in ddH,O to concentration of 0.25
mg/ml to 2 mg/ml. 5ul of samples and 250 pl Bradford reagent were combined in each well on a
96-well plate, which was then incubated for 30 min at room temperature. Absorbance was read

at wavelength 595 nm using a spectrophotometer plate reader (Bio-Tek).

6. Tissue embedding

Fresh biopsies were fixed with 10% formalin for 24 h, then washed three times and stored in
70% ethanol at 4°C. Biopsies were prepared for paraffin embedding by sequential immersion in
the following solutions: 50% ethanol for 2 h, 70% ethanol overnight, 90% ethanol for 2h, 100%
ethanol for 2 h twice, 1:1 xylene/ethanol for 1h, xylene for 1 h twice, 1:1 xylene/paraffin for 1h,
paraffin for 1h, fresh paraffin for 1h, then embedding tissue in molten paraffin and allowed to

solidify overnight.
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7. Hematoxylin and eosin (H&E) staining and histological examination

Paraffin blocks were cut into 5um thick sections and mounted on glass microscope slides
(Pearl, Cat# 7105). Slides were submerged sequentially in the following solutions: 2 changes of
xylene for 5 min each, 2 changes of 100% ethanol for 5 min each, 95% ethanol for 5 min, and
70% ethanol for 5 min. Next, slides were washed in running water for 2 min, stained in
Hematoxylin Gill 3 (Sigma-Aldrich, Cat# GHS332) for 7 min, washed in running water for 1
min, and then dehydrated in 70% ethanol for 1 min, 95% ethanol for 1 min. The slides then were
counterstained with eosin (Eosin Y, 1%) for 2 min, and then rinsed briefly in 95% ethanol.
Complete dehydration were done in 2 changes of 100% ethanol for 5 min each and two changes
of xylene for 5 min each. Samples were mounted with Permount (Fisher Scientific SP15-500),

cover-slipped, and air-dried overnight at room temperature.

Morphological examination was performed under light microscope (Zeiss) by an observer
blinded to the treatment protocols. Nine random, high powered pictures per section (2 sections
total) were read for each experiment. Cerebellar Purkinje cells were identified from their large
cell bodies, their characteristic large apical dendrites, and their location at the border between the
granular cell and molecular cell layers. Injured neurons were recognized as having one or more
of the following hallmarks: cell swelling, vacuolization, or darkened nuclei (Bak et al., 1980,

Yuan et al., 2006).

8. Immunoblotting

Running gel (10% SDS-PAGE) and 4% stacking gel were casted. Tissue extracts were
electrophoretically separated using the Mini-PROTEAN Tetra cell system (BioRad,
Cat#1658001EDU) with the following ingredients: Acrylamide/Bis solution 37.5:1 (BioRad,

Cat#1610158), 1.5M Tris: pH 8.8 (BioRad, Cat#1610798), SDS (BioRad, Cat#1610418),
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ammonium persulfate (BioRad, Cat#161-0700), and Temed (BioRad, Cat#161-0800). Precision
Plus Protein All blue Standards (BioRad, Cat# 161-0373) were utilized for molecular mass (kDa)
reference. 30 pg of proteins were loaded into each well and were separated by size and charge at
100V for 100 min in Tris/Glycine/SDS (BioRad, cat# 161-0772).

After electrophoresis, proteins were transferred electrophoretically overnight at 30V in
4°C Tris/Glycine solution (BioRad, Cat# 161-0771) onto nitrocellulose membranes. Complete
transfer was confirmed by Ponceau S staining of the membrane (Sigma-Aldrich, Cat#P7170).The
membrane was incubated with 5% non-fat milk (Bio-Rad, Cat#1706404XTU) at room
temperature for 1 h to block non-specific binding, and then exposed to primary antibodies
overnight at 4°C. Appropriate secondary antibodies (1:5000 dilution) were applied at room
temperature for 1 h. In order to visualize protein bands, the membrane was first incubated with
chemiluminescent substrate (Thermo Scientific, Cat#P134080). X-ray films of membranes were
taken using an imaging system (Thermo Scientific). Densitometry was performed with the
AlphaEaseFC (Alpha Innotech) digital program.

Primary and secondary antibodies were purchased from commercial vendors: B-actin
(Genscript, Cat# A00702), heat shock protein-70 (Abcam, Cat# Ab59467), HIF-1a (Santa Cruz,
Cat# Sc-10790), MPO (R&D, Cat# MAB3174), zona occludens-1 (Santa Cruz, Cat# Sc-10804),
erythropoietin (Santa Cruz, Cat# Sc-7956), heme oxygenase-1 (Santa Cruz, Cat# Sc-7695), Nrf-2
(Santa Cruz, Cat# Sc-722), MMP-2 (Santa Cruz, Cat# Sc6838), cytochrome ¢ (Novus, Cat#
NB100-56503), caspase-3 (Bioss, Cat# Bs-0081R), caspase-9 (Biovision, Cat# 3016-100).
Secondary antibodies included donkey anti-goat horseradish peroxidase (HRP), goat anti-rabbit
HRP, and goat anti-mouse HRP (Jackson Immuno Research, Cat# 705-035-0003, 111-035-003,

115-001-003, respectively).
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9. Gel zymography of matrix metalloproteinases

Matrix metalloproteinase-2 and -9 (Gelatinase) activities were examined by gelatin
zymography as previously described (Frankowski et al., 2012). Briefly, 8% SDS-PAGE with
0.1% gelatin was casted, and extracts (30 ug protein) were run at 100V in 4°C buffer solution for
3 h. The gel was washed in 2.5% TritonX-100 buffer (50 mM Tris-HCI-pH 7.5, 5mM CaCl,, 1
UM ZnCl,) at 37°C for 48 hours to activate MMP proteins. Gels were stained with Coomassie
Blue solution (0.25% Coomassie Blue, 45% methanol, 10% acetic acid) for 1-2 h, and destained
in 30% methanol, 10% acetic acid for 30 minutes, or until clear bands were revealed. The

destained gel was scanned with a digital scanner with grayscale setting for photography.

10. Real-time polymerase chain reaction (RT-PCR)
a. RNA isolation

Tissues from different brain regions were harvested in an RNAse-free environment and
flash-frozen in liquid N,. Total RNA was isolated using ReliaPrep RNA tissue Miniprep system
(Promega, Cat# Z6112). Briefly, guanidine thiocyanate was used to disrupt nucleoprotein
complexes, allowing RNAs to be released into the solution and isolated free of protein. 1-
Thioglycerol inactivates ribonucleases. Nucleic acids in the lysates are bound to the ReliaPrep
Minicolumns by centrifugation. DNase | (ThermoFisher Scientific, Cat# 89836) was used to
degrade contaminating DNA. RNAs were then eluded from the membrane into distilled and
deionized water. Total RNA concentration was measured with NanoDrop (ThermoFisher

Scientific, Cat # 2000c).
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b. cDNA amplification

cDNA was amplified using Omniscript Reverse Transcription kit (Qiagen, Cat# 205113),
oligo dT primer (Qiagen, Cat# 79237), and RNase inhibitor (Qiagen, Cat#129916).

Amplification reactions were conducted at 37°C for 60 min.

c. RT-PCR

Reverse transcriptase reactions were conducted with iQ SYBR Green Supermix (Bio-
Rad, Cat# 1708882). Primers for HIF-1a (forward: 5-GCCAGAACCTCCTGTAACCA-3';
reverse: 5-CCTTTTCCTGCTCTGTTTGG-3"), EPO (forward: 5'-
CCAAAGCAGGAGGAATTCAG-3'; reverse: 5-GCTGTTGTGGGAGTCTCCAT-3"), a-actin
(forward: 5'-TCATCACCATCGGCAACG-3"; reverse: 5-TTCCTGATGTCCACGTCGC-3')
were obtained from Integrated DNA Technologies, Inc., Coralville, lowa. Denaturation and
annealing took place at 94°C and 60°C, respectively, for a total of 40 cycles using a thermocycler
(Bio-Rad). Melt curves were obtained to ensure quality of primers. Comparative threshold values

(Cq) were used to compare gene expression among experimental groups.

11. Brain water content

Brain edema was assessed indirectly from the difference between wet weight and dry weight
of brain tissue, a measure of tissue water content. Approximately 1 cm® of cerebral and
cerebellar tissue was collected in glass jars and weighed. The jars were placed in a dry oven and

the tissue desiccated at 110°C overnight, and then re-weighed.

12. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
The TUNEL procedure was used to visualize necrotic and apoptotic cells, following
protocols for embedded tissues by Promega (G3250). Briefly, tissue slides were washed in
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xylene to remove paraffin, hydrated in 100% ethanol, rehydrated sequentially in the following
concentrations of ethanol: 100%, 95%, 85%, 70%, 50%, and then washed in 0.85% NaCl and
PBS. Afterward, slides were fixed in 4% formaldehyde, washed in PBS, and then submerged in
Proteinase K solution (to permeabilize tissues to the staining reagents in subsequent steps).
Tissues were stained with Tdt reaction mix. Staining reactions were stopped with SSC solution.
Slides were then washed, counterstained with Vectashield® with DAPI (Vector laboratory, Cat#
H-1200), and visualized using a fluorescence microscope (Zeiss Observer Z1 fluorescence

microscope).

13. Plasma pyruvate concentration measurement
a. Metabolite extraction

Flash-frozen plasma samples were placed on ice and allowed to thaw slowly. Plasma
proteins were precipitated by combining thawed plasma with 1 volume of Solution A (1M
HCIO4 and 2mM EDTA), and then centrifuged at 10,000 rpm for 5 minutes at 4°C to removed
denatured protein precipitate. To neutralize and precipitate the HCIO,4, 400 ul supernatant was
added to 122 pl of solution B (2M KOH + 0.3M MOPS), and chilled on ice for 30 min, and

centrifuged again to sediment the KCIO,4 precipitate. Pyruvate was measured in the supernatant.

b. Pyruvate measurement in the plasma

Plasma pyruvate was measured as a UV-VIS spectrophotometric assay previously described
(Bergmeyer et al., 1983; Passonneau et al., 1993). In this assay, the reduction of pyruvate to
lactate is stoichiometrically coupled to the oxidation of NADH to NAD®, monitored as the
decrease in absorbance at 339 nm. Lactate dehydrogenase is added to trigger the reaction. The

change of absorbance is proportional to the pyruvate concentration in the reaction medium.

lactate dehydrogenase

Pyruvate + NADH +H" « > lactate + NAD™
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14. Enzyme activity assays in tissues

Glutathione reductase (GR) and glutathione peroxidase (GPx) activities were measured using
commercial kits (Cayman Chemical, Ann Arbor, MI, Cat# 703202 and 703102). Briefly, GPx
activity was measured indirectly by coupling the GPx reaction to that of GR, which converts
NADPH to NADP". Rate of absorbance decrease at 340nm due to the oxidation of NADPH to

NADP" was used to calculate the GPx and GR enzyme activities.

GP GR
H,0; + 2GSH = 2H,0 + GSSG + NADPH — 2GSH + NADP*

Aconitase and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activities were
measured by spectrophotometric assay following the linear change in absorbance at 340nm at
37°C for 30 min according to an established colorimetric method (Bergmeyer et al., 1983) using
a UV spectrophotometer (Shimadzu, UV-1800). In the aconitase assay, the aconitase reaction,
which converts citrate to isocitrate, is coupled to the reduction of NAD+ to NADH by isocitrate
dehydrogenase. The rate of reduction of NAD" to NADH, monitored at 340 nm, is proportional

to rate of isocitrate formation, which is directly proportional to aconitase activity.

. aconitase Fe2+ .
Citrate ——— Isocitrate

Isocitrate dehydrogenase

Isocitrate + NAD"

o-ketoglutarate + CO, + NADH + H*

The GAPDH assay monitors the reduction of NAD™ to NADH in the presence of excess
concentration of glyceraldehyde 3-phosphate and inorganic phosphate. The rate of increase in
absorbance at 340 nm is proportional to GAPDH-catalyzed conversion of glyceraldehyde 3-

phosphate to 1,2-bisphosphoglycerate.

GAPDH
Glyceraldehyde-3-phosphate + PO,* + NAD* —— 1,3-bisphosphoglycerate + NADH + H*
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One unit of enzyme activity was defined as amount of enzyme required to catalyze the
conversion of 1umol of substrate to product per minute. Enzyme activities were expressed per

mg of protein.

15. Myeloperoxidase activity

Myeloperoxidase (MPO) activity was measured using a commercial kit (Northwest Life
Science Specialties, Vancouver, WA, Cat# NWK-MPOO03). Briefly, MPO catalyzes the reaction
between H,0, and CI" to form HOCI. HOCI reacts with 3-amino acid taurine to form a product
that reacts with 5-thio-2-nitrobenzoic acid (TNB), a yellow complex with maximal absorbance at
412 nm. The product of the latter reaction is colorless, which results in a reduction of

absorbance. The rate of decline of absorbance is proportional to MPO activity.

16. Neurological Exams
a. Cerebral performance categories

Cerebral performance categories were scored using the following scale, which is widely
used in clinical practice and in the preclinical laboratory for prognosis (Yannopoulos, 2013):
1=normal; 2= slightly disabled; 3= severely disabled but conscious; 4= vegetative state; and 5:

animals that died in the lab due to unachievable ROSC, or died afterward.

b. Neurological examination

The detailed neurological examination was performed in consultation with UNTHSC
staff veterinarian, Dr. Egeenee Daniels. Each animal was examined by 2 staff members who
were blinded with the treatment groups. Score of 1 to 5 was assigned, in which 1 is the worse
and 5 is normal. Scoring the strength of muscle group: 1= no contraction, muscle flicker but no
movement; 2= movement possible but not against gravity; 3= movement possible against gravity
but not against resistance by the examiner; 4= movement possible against some resistance by the
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examiner; 5= normal strength. For reflexes: 1= no reflex; 2= hyporeflexia/ hyperreflexia/ clonus;
3= normal. For gait: 1= cannot walk even with assistance; 2= severe ataxia; 3= moderate ataxia/
veering/ difficult turning; 4= walks with some ataxia; 5= normal. Testing categories include:
mental status (bright, alert, and responsive), limb posture, gait, proprioception (response to
folding leg underneath), menace response (flinch response to swinging at face), pupil symmetry,
pupil light response, pupil size, palpebral reflex, facial sensation (response to pinching or
poking), ocular positioning (eyes not crossed or walleyed), nystagmus (no twitching or
involuntary movement of eye), positional nystagmus (no head tilt or body twitch). The
neurological examination scores range from 57 (completely normal neurological function) to 13

(no neurological function).

c. Cognitive and behavior test

The memory test was modified from a T-arm test in mice (Gieling et al., 2011). Pigs were
housed in separate pens and in a different room from testing one. At one end of the testing room,
two pods were set up, each containing a food bowl. The food was hidden behind a barrier, and
requiring the animal to knock down the barrier to get to the treat (a small piece of marshmallow).
The treat was present in both bowls, but was accessible from one side of the barrier, but not the

other to mitigate the olfaction attraction.

Twenty-four hours before the cardiac arrest or sham protocol, the pig was transported to
the testing room, and kept in a waiting area at one end of the testing room for 15 min before
testing. The door was then opened and the pig freely moved around the room to find the treat. If
after 5 minutes, the animal could not locate the treat, it was showed the treat location by the
examiner. The test was repeated 5 times per session per day with 15 minute rest in between.

Time and distance travelled to get to the treat was recorded.
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Twenty-four hours after the cardiac arrest or sham protocol, the same test was repeated in
mobile animals to assess their memory of the treat location. The initial location of the animal in

the testing room was randomized. The trainer/observer was blinded to treatment and protocol.

17. Statistical analysis

Data are expressed as mean values + standard error of mean (SEM). Single factor
(treatment) analysis of variance (ANOVA) was used to compare biochemical values among
groups. An appropriate post-hoc test was applied to identify statistically treatment effects. Two-
factor ANOVA (time, treatment) with repeated measures on time and appropriate post hoc tests
were utilized for hemodynamics and plasma chemistry values. P values < 0.05 were required to
reject the null hypothesis. Statistical analysis was performed using Sigma Stat 3.5 (Systat

Software, Inc.).

Number of animals needed for the project is determined by power analysis with the
probability of making a type | error less than 0.05 (o) and probability of correctly rejecting the
null hypothesis is at least 0.8 (1-p3). Based on previous data from the lab (Ryou et al., 2010; Ryou
et al., 2012), we speculate that cardiac arrest, when treated with pyruvate, will decrease MMP
activity and other inflammatory markers by at least 50% and will triple neurological scores
(Sharma et al., 2008). At these effect sizes, 10 successful experiments per group will be required
to detect statistically significant differences. From our experience with conducting the cardiac
arrest experiment, the success rate of recovering the animal is roughly 80% due primarily to

failed cardioversion after CPR. Therefore, we anticipate 13 animals per group for this project.
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ABSTRACT

Cardiac arrest, a leading cause of death in the U.S., kills >90% of its victims, and survivors often
are disabled by permanent brain injury inflicted by ischemia-reperfusion. Purkinje cells of the
cerebellum and CAL1 neurons of the hippocampus are especially vulnerable to post-ischemic
neuronal death. Increased erythropoietin (EPO) expression is associated with favorable
neurological outcome. We tested the hypothesis that cardiac arrest in a domestic swine model
causes delayed neuronal death in the hippocampus and cerebellum, and pyruvate treatment
mitigates injuries via increased EPO expression. Yorkshire swine (25-35 kg) were subjected to
cardiac arrest-resuscitation (n = 9) or non-arrest sham (n = 5) protocols. Ventricular fibrillation
was induced by electrical pacing. Precordial compressions (100/min) were given at 6-10 min
arrest, and then sinus rhythm was restored with transthoracic countershocks. Sodium pyruvate or
control NaCl was infused iv at 0.1 mmol/kg/min during CCR and the first 60 min after return of
spontaneous circulation (ROSC). At 1h, 4h, or 3 d ROSC, brain regions were biopsied for
biochemical analysis, or fixed and stained for histological examination. At 3 d ROSC, more than
30% of the Purkinje cells were shrunken, lacked dendrites and displayed condensed cytoplasm,
while in shams, the majority of Purkinje cells retained the characteristic thick dendrites and well-
defined nuclei. Pyruvate treatment after cardiac arrest was associated with preserved Purkinje
cell number compared to NaCl treatment. This cytoprotection was not associated with changes in
inflammation components (MMPs and MPO), cytoprotective mechanisms (hsp70 and HIF-
1o/EPO), or apoptotic propteases (caspase-3 and -9). Thus, cardiac arrest-resuscitation produced
marked changes in cerebellar neurons evident 3 d after acute insult. Intravenous pyruvate
protected the cerebellar Purkinje cells, suggesting that pyruvate administration during and

immediately after resuscitation could protect ischemia-vulnerable neurons.
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Key words: global ischemia, cardiac arrest, cardiopulmonary resuscitation, cardiocerebral

resuscitation, neurological dysfunction, delayed neuronal death

Abbreviations: ANOVA, analysis of variance; CA1, Cornus ammonis region 1 of hippocampus;
CPR: cardiopulmonary resuscitation; CCR: cardiocerebral resuscitation; CPC: cerebral
performance category; CYTc: cytochrome c; EPO: erythropoietin; GR: glutathione reductase;
GPx: glutathione peroxidase; HIF-1a: hypoxia inducible factor-1; MAP: mean aortic pressure;
MMP: matrix metalloproteinase; MPO: Myeloperoxidase; ROSC: recovery of spontaneous
circulation; TUNEL.: terminal deoxynucleotidyltransferase mediated dUTP-biotin nick-end

labeling; ZO-1: zona occludens protein 1
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INTRODUCTION

Cardiac arrest is usually lethal, and survivors often face severe, persistent neurological
disability due to irreversible brain injury inflicted by global ischemia/reperfusion. Brain ischemia
and reperfusion activates inflammatory cascades, leading to loss of vulnerable neurons such as
CAL1 pyramidal neurons in the hippocampal CAL region and cerebellar Purkinje cells. This
process takes hours to days before the morphologic outcome is manifested (Kirino, 2000;
Nguyen et al., 2014).

Inflammatory cascades, including matrix metalloproteinases (MMPs) and
myeloperoxidase (MPO), can damage the brain parenchyma and the blood-brain barrier (BBB),
exacerbating damages caused by ischemia (Lakhan et al., 2013). In mice subjected to 40 min
bilateral carotid occlusion, elevated MMP-2 and -9 activities and increased neuronal death were
observed in the hippocampus at 72 h reperfusion, and treatment with MMP inhibitor, BB-94,
significantly reduced MMP activities and neuronal damage (Lee et al., 2004). On the other hand,
in rats subjected to 1 h unilateral middle cerebral artery occlusion, increased MPO activity,
detected at 72 h reperfusion, was correlated with increased number of neutrophils and brain
water content (Matsuo et al., 1994). Cerebral ischemia also activates pro-apoptotic proteases
such as caspase-3 and -9, culminating neuronal death (Broughton et al., 2009).

Erythropoietin (EPO), a hematopoietic cytokine, has been shown to be expressed in the
brain and to exert cytoprotection. Cerebroventricular infusion of EPO in gerbils protected
neurons from ischemia-induced cell death, while infusion of soluble EPO receptor worsened
neuronal degeneration and learning ability (Sakanaka et al., 1998). In rats subjected to 20 min
bilateral common carotid artery occlusions, intraperitoneal (i.p.) administration of 3000 1U/kg of
recombinant human EPO (rhEPO) for 24 h decreased permeability of the blood-brain barrier

(BBB) in cerebral cortex, hippocampus, and thalamus, and lipid peroxidation in the cortex
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(Bahcekapili et al., 2007). In a mouse model of traumatic brain injury, i.p. injection of EPO at 1
and 24 h after injury afforded improved motor and cognitive function 3 d after the ischemic
insult (Yatsiv et al., 2005). These and other studies provide compelling preclinical evidence of
EPQO’s neuroprotective actions. However, clinical trials to evaluate the efficacy and safety of
EPO in stroke patients demonstrated adverse effects of the treatment, indicating increased rate of
intracerebral hemorrhages, especially when co-administered with tissue plasminogen activator
(Ehrenreich et al., 2009). Results of another trial suggested that EPO administration could
potentially lead to recurrent stroke (Pfeffer et al., 2009). Thus, despite the promising results in
animal research, EPO’s adverse clinical outcomes raise important concerns about use of
exogenous EPO for the clinical management of acute cerebral ischemia-reperfusion scenarios.
On the other hand, induction of endogenous EPO formation within the brain (Masuda et al.,
1994) may obviate the use of massive dosages of exogenous EPO to deliver sufficient amount of
EPO across the BBB.

Pyruvate, an energy substrate and antioxidant, is protective against ischemia-reperfusion
injuries (Mallet, 2000; Mallet and Sun, 2003; Mallet et al., 2005). Moreover, pyruvate treatment
increased endogenous EPO content in the myocardium (Ryou et al., 2009) and brain (Ryou et al.,
2012). In a swine model of cardiopulmonary bypass, pyruvate-enhanced myocardial EPO
expression was associated with sharply decreased circulating C-reactive protein concentration
and activity of the neutrophil pro-oxidant enzyme myeloperoxidase (Ryou et al., 2009, 2010).
Furthermore, pyruvate infusion during reperfusion was associated with increased EPO content
and mRNA expression, in parallel with sharply decreased brain infarct volume, in a rat model of
ischemic stroke (Ryou et al., 2012). Accordingly, this study tested the hypotheses that (1) brain

ischemia-reperfusion imposed by cardiac arrest, closed-chest cardiocerebral resuscitation, and
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recovery of spontaneous circulation induced pro-inflammatory matrix metalloproteinases and
myeloperoxidase, and (2) acute pyruvate infusion during resuscitation and the first 60 min
recovery could suppress these inflammatory factors and increase expression of the

cerebroprotective cytokine EPO, thereby protecting ischemia-vulnerable neurons.

49



MATERIALS AND METHODS
Surgical preparation

This preclinical study was designed to elucidate the impact of cardiac arrest and
cardiocerebral resuscitation (CCR) on injury in ischemia-susceptible brain regions, and whether
intravenous pyruvate treatment mitigates this damage. All animal care, surgery, and experimental
procedures were conducted in accordance with the National Research Council’s Guide for the
Care and Use of Laboratory Animals, and were approved by the University of North Texas
Health Science Center Institutional Animal Care and Use Committee (protocol # 2012/13-29-
A10).

Surgical preparation and cardiac arrest protocol were conducted as previously described
(Cherry et al., 2015). Yorkshire swine (25 kg — 35kg) were anesthetized with im 5.56 mg/kg
Telazol (Tiletamine HCI and zolazepam HCI, NADA 106-111) and 1.11 mg/kg Anased
(xylazine, NADA 139-236) cocktail. The surgical anesthetic plane was maintained by ventilation
with 1-3% isoflurane (Isothesia, NDC 11695-6776-2, Narkovet Delux Anesthesia System) in
oxygen. Animals were mechanically ventilated (MDS Matrx, Model 3000) at a tidal volume of
12-15 ml/kg, 12 — 16 cycles/min to keep end tidal PCO, at 35 - 40 mmHg. Core temperature was
monitored with a rectal probe. A catheter was introduced into the right external jugular vein and
a pacing wire was advanced via this catheter into the right ventricle. The catheter also was used
for treatment solution administration. The left femoral artery and vein were cannulated for blood
pressure monitoring and medication/ fluid administration, respectively.

Cardiac arrest was induced by passing a 4 Hz train of 60V — 70V electrical impulses to
the right ventricular endocardium. Mechanical ventilation was then suspended and the pacing
wire withdrawn. At 5 min of cardiac arrest, 10mEq of NaHCO3 was injected into the femoral

vein. Treatments (NaCl or sodium pyruvate) were infused from 5.5 min of cardiac arrest until 60
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min after recovery of spontaneous circulation (ROSC) to achieve arterial pyruvate concentration
of 3.5 - 5.0 mM during treatment infusion; pyruvate concentration returned to baseline by 2 h
ROSC (Cherry et al., 2015). Precordial chest compressions were delivered at 6 to 10 min arrest
at the rate of 100-110 compression/min at a depth to approximately 2 inches (25% of chest
diameter). 0.167 to 0.267 U/kg vasopressin (Pitressin, 20 units/ml, NDC 42023-117-25) was
bolus-injected into the jugular catheter to provide vasoconstrictor support during CCR. The
defibrillation protocol was begun at 10 min arrest. Single countershocks were delivered at 30 s
intervals with intervening CCR until ROSC was achieved, following this sequence: 1-3 200J
countershocks, then 1-3 300 J countershocks, then 1-3 360J countershocks. If the first 2
countershocks did not produce ROSC, epinephrine was administered bolus to the external
jugular vein and chest compression given before the next shock. The experiment was terminated
if spontaneous cardiac rhythm was not restored by the 9™ countershock.

Once ROSC was confirmed by an organized electrical rhythm and a rapid recovery of
external pressure, mechanical ventilation was resumed and lidocaine (20mg/ml) was injected iv.
The depth and frequency of ventilator cycles were adjusted to keep end-tidal Pco, between 35-45
mmHg. Mean blood pressure was maintained at a minimum of 70mmHg by iv administration of
phenylephrine HCI (10 mg/ml, NDC 66758-017-01) diluted to 0.2 mg/ml in normal saline
(Braun, NDC 0264-7800-20). Arterial and venous blood was sampled at pre-arrest baseline, and
at 5, 15, 30, 60, 120, 180, and 240 min ROSC, immediately analyzed in a blood gas laboratory
(Instrumentation Laboratory, GEM Premier 3000). Partial pressures of O, and CO,, and pH of
arterial samples informed ongoing management of these variables. Another 10ml of blood was
centrifuged at 7500 rpm for 10 min, and then plasma was aliquoted into 1.5ml centrifuge tubes,

flash frozen in liquid nitrogen, and stored at -80°C for future analysis.
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Mean arterial pressure stabilized above 70 mmHg by 2-3 h ROSC, allowing
discontinuation of phenylephrine infusion and catheter withdrawal. The femoral artery, femoral
vein, and jugular vein were sutured with 7-0 Prolene blue monofilament (Ethicon). Muscles,
fascia, and skin were closed sequentially with 3-0 synthetic absorbable sutures (Vedco
polyglycolic acid). Analgesic buprenorphine (Buprenex) was injected intramuscularly to the
right hind limb during the first hour after weaning of mechanical ventilation. The animal was
monitored for heart rate and arterial O, saturation, and was slowly weaned of supplemental O..
As the animal became more awake and gag reflex returned, the endotracheal tube was
withdrawn. Then, the animal was wrapped in a warm blanket and returned to its pen. Animals
were closely monitored until they were fully awake. Vital signs (heart rate, arterial O, saturation,
ventilatory rate, and skin color) were carefully evaluated at 30 min intervals until animals were
fully ambulatory. Neurological and cognitive tests were performed as described in the
“neurological test” section.

Animals were euthanized at 72 h after ROSC for tissue collection. To minimize the
interval from sacrifice to sample collection, 15 min prior to euthanization, the dorsal aspect of
the scalp was shaved and reflected, and the skull was cut with a bone saw, revealing the dura.
Once the animal was euthanized, the dura was cut and brain was removed and placed on ice for
regional biopsy. After that, left and right ventricles, left and right lungs, kidneys, and liver were

also sampled and biopsied on ice for planned studying of these organs

Hematoxylin and eosin (H&E) staining

Morphological examination of the cerebellum was performed under light microscope (Zeiss)
by an observer blinded to the treatment protocols. Nine random, high powered pictures per

section (2 sections total) were examined for each experiment. Cerebellar Purkinje cells were
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identified as large cell bodies with their characteristic large, apically projected dendrites at the
border between the granular and molecular cell layers (Esiri and Perl, 2006). Injured neurons
were identified as having one or more of the following hallmarks: cell swelling, vacuolization, or

darkened nuclei without a clearly defined nucleolus (Bak et al., 1980, Yuan et al., 2006).
Protein extraction

Frozen tissues were pulverized with precooled mortar and pestle under liquid N,. 100 mg powder
was then added to a tube containing 1 ml of phosphate buffer (0.1M KH,PO,) and 5 pl protease
inhibitor (Sigma-Aldrich, P8340) and then homogenized for 1 minute at 4°C using a Teflon
piston. The suspension was then centrifuged at 25,000 rpm at 4°C for 20 minutes (Thermo
Scientific Ultracentrifuge). The supernatant was saved and the pellet was re-suspended in 0.4 ml
of phosphate buffer, and again homogenized and centrifuged. The supernatants were combined,

aliquoted, and stored at -80°C.
Immunoblotting

Proteins in brain extracts were separated by SDS-polyacrylamide gel electrophoresis.
Running gel (10% SDS-PAGE) and 4% stacking gel were cast and run using the Mini-
PROTEAN Tetra cell system (BioRad, Cat#1658001EDU). 30 ug of total protein were loaded
into each well and separated by size and charge at 100V for 100 min in Tris/Glycine/SDS
(BioRad, cat# 161-0772). After electrophoresis, proteins were transferred overnight at 30V in
4°C Tris/Glycine solution (BioRad, Cat# 161-0771) onto a nitrocellulose membrane. The
membrane was incubated with 5% non-fat milk (Bio-Rad, Cat#1706404XTU) at room
temperature for 1 h to block non-specific binding, and then with primary antibodies overnight at

4°C. Next, appropriate secondary antibodies (1:5000 dilution) were applied at room temperature
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for 1 h. In order to visualize protein bands, the membrane was first incubated with
chemiluminescent substrate (Thermo Scientific, Cat#P134080). X-ray films of membranes were
taken using an imaging system (Thermo Scientific), and analyzed with a digital densitometry
program (AlphaEaseFC; Alpha Innotech, San Leandro, CA).

Primary and secondary antibodies were purchased from commercial vendors: B-actin
(Genscript, Piscataway, NJ, Cat# A00702), heat shock protein-70 (Abcam, Cambridge, UK, Cat#
ADb59467), hypoxia inducible factor-1a (Santa Cruz, Dallas, TX, Cat# Sc-10790),
myeloperoxidase (R&D, Minneapolis, MN, Cat# MAB3174), zona occludens-1 (Santa Cruz,
Cat# Sc-10804), erythropoietin (Santa Cruz, Cat# Sc-7956), MMP-2 (Santa Cruz, Cat# Sc6838),
MMP-9 (Novus, Littleton, CO, Cat# NBP1-57940), cytochrome ¢ (Novus, Cat# NB100-56503),
caspase-3 (Bioss, Woburn, MA, Cat# Bs-0081R), and caspase-9 (Biovision, Milpitas, CA, Cat#
3016-100). Secondary antibodies includes donkey anti-Goat horseradish peroxidase (HRP), goat
anti-rabbit HRP, goat anti-mouse HRP (Jackson Immuno Research, West Grove, PA, Cat# 705-

035-0003, 111-035-003, and 115-001-003, respectively).

Gelatin zymography of matrix metalloproteinases

Matrix metalloproteinases (MMPs) 2 and 9 (Gelatinase) activities were examined by gelatin
zymography as previously described (Frankowski et al., 2012). Briefly, 8% SDS-PAGE with
0.1% gelatin was cast and run at 100V in 4°C buffer solution for 3 h. The gel was washed in
2.5% TritonX-100 buffer (50 mM Tris-HCI-pH 7.5, 5mM CaCl,, 1 uM ZnCl,) at 37°C for 48 h
to activate MMPs. Gels were stained with Coomassie Blue solution (0.25% Coomassie Blue,
45% methanol, 10% acetic acid) for 1-2 h, and destained in 30% methanol, 10% acetic acid for
30 minutes, or until clear bands were revealed. The destained gel was scanned digitally with

grayscale setting for photography.
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Real-time polymerase chain reaction (RT-PCR)
a. RNA isolation

Tissues from different brain regions were harvested in an RNAse-free environment and
flash-frozen in liquid N,. Total RNA was isolated using ReliaPrep RNA tissue Miniprep system
(Promega, Cat# Z6112). Briefly, guanidine thiocyanate was used to disrupt nucleoprotein
complexes, allowing RNAs to be released into the solution and isolated free of protein. 1-
Thioglycerol was added to the isolation solution to inactivate ribonucleases. Nucleic acids in the
lysates were bound to the ReliaPrep Minicolumns by centrifugation. DNase | (ThermoFisher
Scientific, Cat# 89836) was used to degrade contaminating DNA. RNAs were then eluted from
the membrane into distilled and deionized water. Total RNA concentration was measured with

NanoDrop (ThermoFisher Scientific, Cat # 2000c).

b. cDNA amplification

cDNA was amplified using Omniscript Reverse Transcription kit (Qiagen, Cat# 205113),
oligo dT primer (Qiagen, Cat# 79237), and RNase inhibitor (Qiagen, Cat#129916).

Amplification reactions were conducted at 37°C for 60 min.

c. RT-PCR

Reverse transcriptase reactions were conducted with iQ SYBR Green Supermix (Bio-
Rad, Cat# 1708882). Primers for HIF-1a (forward: 5'-GCCAGAACCTCCTGTAACCA-3;
reverse: S'-CCTTTTCCTGCTCTGTTTGG-3"), EPO (forward: 5'-
CCAAAGCAGGAGGAATTCAG-3"; reverse: 5'-GCTGTTGTGGGAGTCTCCAT-3'), a-actin
(forward: 5'-TCATCACCATCGGCAACG-3"; reverse: 5-TTCCTGATGTCCACGTCGC-3")
were obtained from Integrated DNA Technologies (Coralville, 1A). Denaturation and annealing

took place at 94°C and 60°C, respectively, for a total of 40 cycles using a thermocycler (Bio-
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Rad). Melt curves were obtained to ensure quality of primers. Comparative threshold values (Cq)

were used to compare gene expression among experimental groups.

Brain water content

Brain edema was assessed indirectly from the ratio of wet weight to dry weight of brain
tissue. Approximately 1 cm?® of cerebral and cerebellar tissue was collected in glass vials,
weighed, desiccated at 110°C overnight, and then re-weighed. The difference between wet and

dry weight is a measure of tissue water content.

Enzyme immunoassay (EIA)

Glutathione reductase (GR) and glutathione peroxidase (GPx) activities were measured using
commercial kits (Cayman Chemical, Ann Arbor, MI, Cat# 703202 and 703102). Briefly, GPx
activity was measured indirectly by coupled reaction with GR. Rate of absorbance decrease at
340nm due to the oxidation of NADPH to NADP" was used to calculate the GPx and GR

enzyme activity.

H,0, + 2GSH <25 2H,0 + GSSG + NADPH — 2GSH + NADP*

Myeloperoxidase activity

Myeloperoxidase (MPO) activity was measured using a commercial kit (Northwest Life
Science Specialties, Vancouver, WA, Cat# NWK-MPOO03). Briefly, MPO catalyzes the reaction
between H,0, and CI" to form HOCI, which in turn reacts with 3-amino acid taurine to form a
product that reacts with 5-thio-2-nitrobenzoic acid (TNB), a yellow complex with maximal
absorbance at 412 nm. The product of the latter reaction is colorless, producing a decrease in

absorbance at 412 nm which is proportional to MPO activity.
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Neurological Exams
a. Cerebral performance categories

Cerebral performance categories were scored using the following scale, which is widely
used in clinical practice and in the preclinical laboratory for prognosis (Yannopoulos, 2013):
1=normal; 2= slightly disabled; 3= severely disabled but conscious; 4= vegetative state; and 5:

animals that died, either in the lab due to unachievable ROSC, or afterward.

b. Neurological examination

Detailed neurological examinations were conducted in consultation with the institution’s
staff veterinarian. Each animal was examined by 2 staff members who were blinded with the
treatment groups. A score of 1 to 5 was assigned, in which 1 is the worse and 5 is normal.
Scoring for muscle group strength: 1= no contraction, muscle flicker but no movement; 2=
movement possible but not against gravity; 3= movement possible against gravity but not against
resistance by the examiner; 4= movement possible against some resistance by the examiner; 5=
normal strength. For reflexes: 1= no reflex; 2= hyporeflexia/ hyperreflexia/ clonus; 3= normal.
For gait: 1= cannot walk even with assistance; 2= severe ataxia; 3= moderate ataxia/ veering/
difficult turning; 4= walks with some ataxia; 5= normal. Testing categories include: mental
status (bright, alert, and responsive), limb posture, gait, proprioception (response to folding leg
underneath), menace response (flinch response to swinging at face), pupil symmetry, pupil light
response, pupil size, palpebral reflex, facial sensation (response to pinching or poking), ocular
positioning (eyes not crossed or strabismus exotropia), nystagmus (no twitching or involuntary

movement of eye), positional nystagmus (no head tilt or body twitch).
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c. Cognitive and behavior test

The memory test was developed by modifying the T-arm test used to study mice (Gieling
etal., 2011). Pigs were housed in separate pens and in a different room from the testing one. At
one end of the testing room, two pods were set up, each containing a food bowl. The food was
hidden behind a barrier and required the animal to knock down the barrier to get to the treat (a
small piece of marshmallow). The treat was present in both bowls, but was accessible from one

side of the barrier, but not the other to mitigate the olfaction attraction.

Twenty four hours before the CA/Sham protocol, the pig was transported to the testing
room, and kept in a waiting area at one end of the testing room for 15 min before testing. The
door was then opened and the pig freely moved around the room to find the treat. If after 5 min,
the animal could not locate the treat, it was shown to the treat location. The test was repeated 5
times per session per day with 15 min rest in between. Time and distance travelled to get to the

treat were recorded.

24 h after the CA/Sham protocol, the same test was repeated in mobile animals to assess
their memory of the treat location. The initial location of the animal in the testing room was

randomized. The trainer/observer was blinded to treatment and protocol.

Statistical analysis

All data are presented as mean + SEM. Between-group comparisons of MMP,
myeloperoxidase activities, densitometry values from zona occludens protein 1, heat shock
protein 70, and cytochrome ¢ immunoblots, Purkinje cell counts and morphology, and , cerebral
performance categories were accomplished with single-factor analysis of variance (ANOVA).

Within group comparisons of cerebral edema, HIF-1a, erythropoietin, glutathione peroxidase and
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glutathione reductase activities, and neurological function were achieved by two-factor ANOVA
for time and treatment. Post hoc Holm-Sidak test was used for pairwise comparison when
ANOVA detected statistically significant effects. P values < 0.05 were taken to indicate

statistically significant treatment effects.
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RESULTS

Brain edema

Cerebral water content was comparable among Sham, cardiac arrest-CCR + NaCl (CPR),
and cardiac arrest-CCR + sodium pyruvate (CPR+P) at 1h (P=0.4), 4h (P=0.5), and 3d ROSC
(P=0.3). Moreover, cardiac arrest did not produce statistically significant differences in water

content at the different time points (Figure 2).

Matrix metalloproteinases and myeloperoxidase

Matrix metalloproteinases and myeloperoxidase activities and contents were measured in
the cerebellum and hippocampus at 3 d ROSC (Figure 3). MMP-2 and MMP-9 are gelatinases
that degrade extracellular matrix and have been implicated in ischemia-induced tissue
inflammation. MMP-2 and MMP-9 activities were similar among Sham, CPR, and CPR+P
groups (Figure 3 A -D). MMPs are known to be secreted as pro-enzymes, which have restricted
effect and must be proteolytically cleaved to be fully activated. MMP contents, assessed by
immunoblot, were not different among the 3 groups in both cerebellum (Figure 3F, H) and
hippocampus (Figure 3B, D). Tissue inhibitor of matrix metalloproteinase-2 (TIMP-2) is an
endogenous inhibitor of MMPs. There were no differences in TIMP-2 content in the

hippocampus (Figure 3I) or the cerebellum (Figure 3J).

There were no appreciable effects of cardiac arrest-resuscitation or intravenous treatment
on cerebellar (Figure 4A) or hippocampal (Figure 4B) contents of myeloperoxidase, an enzyme
secreted by neutrophils, with ischemia-reperfusion inflicted by cardiac arrest-resuscitation,
compared to control (Figure 4). Myeloperoxidase activity in the cerebellum did not change

appreciably at 3 d ROSC (Figure 4C).
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Zona occludens

Zona occludens-1 (ZO-1) is a structural component of tight junction complex that
maintains the integrity of the blood-brain barrier. Its dissociation from the tight junction
increases blood-brain barrier permeability, allowing extravasation of materials that are not
indigenous to the brain microenvironment. Under oxidative stress inflicted by cardiac arrest, ZO-
1 protein content tended to increase in the hippocampus (Figure 5A), although the difference was
not statistically significant. In contrast, cardiac arrest-resuscitation tended to lower ZO-1 content
in the cerebellum (Figure 5B). Pyruvate treatment had no impact on ZO-1 content in either

region.

Heat shock protein

Heat shock protein-70 (Hsp-70), a cytoprotective protein which has been shown to be
associated with cell survival and recovery after ischemic injury in the brain, was examined in the
hippocampus and cerebellum. Cardiac arrest increased Hsp-70 content in the hippocampus (P=
0.056) with both NaCl and pyruvate infusion (Figure 6A). The same trend was not observed in

the cerebellum (Figure 6B).

Pro-apoptotic proteins

The pro-apoptotic proteases, caspase-3 and caspase-9, were evaluated in the cerebellum
and hippocampus 3d after the ischemic insult (Figure 7). Active caspase-3 tended to increase
with cardiac arrest in the cerebellum (Figure 7C) and hippocampus (Figure 7D), and pyruvate
seemed to lessen its content, yet these changes were not statistically significant. Cardiac arrest

was not associated with alterations in caspase-9 content in both cerebellum and hippocampus.
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Cytochrome c, a protein abundant in the mitochondrial intermembrane space, has been
reported to be released into the cytoplasm and extracellular matrix during ischemic insult, and its
translocation is associated with apoptosis in neurons (Perez-Pinzon et al., 1999). Cytochrome c
content did not markedly change following cardiac arrest/CCR in the hippocampus (Figure 8A)

and cerebellum (Figure 8B), regardless of the treatment.

Hypoxia inducible factor-1 and erythropoietin

Gene expression of hypoxia inducible factor-1a (HIF-1a) and erythropoietin (EPO) in the
hippocampus were examined at 4 h and 3 d ROSC (Figure 9). HIF-1a mRNA abundance was
similar among experimental groups and was comparable at 4 h and at 3 d (Figure 9A). In
contrast, EPO mRNA abundance was considering higher at 4 h ROSC vs. 3 d ROSC in both

CCR groups as well as in the sham group at the respective time point (Figure 9B).

Glutathione reductase and peroxidase

Glutathione reductase (GR) and peroxidase (GPx) activities were analyzed in the
cerebellum at 3 d after cardiac arrest-resuscitation. A trend toward an increase in GPx activity
with cardiac arrest/CCR, and even higher activity with pyruvate treatment was observed, but was
not statistically significant (P=0.09, Figure 10A). Cerebellar GR activity was similar in sham,

CPR, and CPR+P at 3 d ROSC (Figure 10B).

At 1h ROSC, cardiac arrest/CCR lowered GR activity by 50-60% vs. the sham value
(Figure 11); the enzyme recovered by 4 h ROSC. By 3 d ROSC, GR activity in the two cardiac
arrest-resuscitation groups recovered compared to the sham value. Pyruvate treatment did not

alter in GR activity compared vs the NaCl-treated control group.
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Cerebellar Purkinje cells

The cerebellar Purkinje cells are among the most ischemia-sensitive neuron of the brain
(Ng et al., 1989). The Purkinje cells were examined by histology 3 d after cadiac arrest-
resuscitation vs. sham protocol (Figure 12). Cardiac arrest-resuscitation produced 30% decrease
in the number of cerebellar Purkinje cell per high power field at 3 d recovery (P< 0.05 vs. sham)
, and pyruvate treatment during CCR and the first 60 min ROSC preserved these neurons, in a

manner evident at 3d ROSC (P < 0.05 vs. CPR).
Neurological and cognitive test

Cerebral performance category, a prognostic tool to assess neurological outcome after
cardiac arrest in clinical settings, was used to evaluate neurobehavioral function of animals in all
3 experimental groups. Scores in this test range from 1 to 5, with 1 representing best normal
function and 5 representing brain death. All animals consistently scored 1 (Table 1), indicating
essentially normal neurological function. Furthermore, there were no differences in neurological
outcome among Sham, CPR, and CPR+P at 24h (P = 0.6), 48h (P=0.7), and 72h (P= 0.2) after
ROSC. A more detailed neurological assessment also was conducted on these animals. Details
on the categories and total score are reported on Table 2. Again, neither of the cardiac

arrest/CCR groups differed from their sham counterparts at 24 h, 48 h, or 72 h ROSC.

Cognitive function of animals after cardiac arrest was investigated by training animals
to locate a marshmallow treat before cardiac arrest. The time and travelling distance required to
locate the treat, a test of memory, were determined at 24, 48, and 72 h ROSC (Figure 13). Each
animal had 5 trials 24 h before cardiac arrest. By the 5" trial, all were able to locate the food

source in a short amount of time and with a direct travel path. There were no between-group
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differences in distance and time to locate food at 24 h following cardiac arrest/ CCR and recovery
or the sham protocol. Thus, 6 min of pre-intervention cardiac arrest and 4 min closed chest

compression did not produce appreciable neurobehavioral deficits 24 h later.
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DISCUSSION
Brain Inflammation after cardiac arrest-resuscitation

Six minutes of untreated cardiac arrest and 4 min closed-chest compression did not result
in cerebral edema at 1h, 4h, or 3d ROSC. This outcome was not entirely unexpected as the
inflammatory response to global brain ischemia may have peaked between 4 h and 72 h ROSC.
Inflammation, which involves blood brain barrier disruption and extravasation of immune cells
and plasma, develops gradually and the time of peak intensity is not well-characterized in pigs. A
rat study that examined the time course of edema, 15 min of global brain ischemia showed that
edema peaked at 30 min reperfusion and normalized at 180 min in frontal-parietal cortex,
caudoputamen, and hippocampus, and that an abbreviated 5 min ischemic insult and 30 min
reperfusion did not result in appreciable edema (Mellergard et al., 1989). On the other hand,
edema has been found to be delayed. In rats subjected to traumatic brain injury. In these areas,
brain water content increased within 1-6 h, peaked at 48 h, and resolved by 5-7 days post-trauma
(Bareyre et al., 1997).

Intense activation of MMP-2 and MMP-9 is associated with worse neurological outcome.
Reactive oxygen species, abundant during ischemia and reperfusion, incite neurons to secrete
inflammatory cytokines, leading to recruitment of resident microglia and astrocytes, and
infiltration of non-resident inflammatory cells (i.e. neutrophils, macrophages), cytokines, and
chemokines to the brain. These cells secrete harmful enzymes and proteases, which further
damage the brain infrastructure (Shichita et al., 2012). Specifically, inflammatory cells release
MMPs, which degrade extracellular matrix and tight junctions at the BBB in the early stages of
ischemic stroke stage, thereby potentiating edema and extravasation of leukocytes, and, thus,
exacerbating brain injury (Yang et al., 2007, Xin et al., 2012). In an in vitro BBB preparation

with isolated rat cerebral endothelial cells, exposure to the pro-inflammatory cytokines, TNF-a,
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IL-1P, or IL-6 resulted in decreased transendothelial electrical resistance (TEER), an indicator of
BBB disruption (Vries et al., 1996). This finding was confirmed by in vivo experiments:
intracerebral injection of TNF-a increased BBB permeability and MMP expression (Rosenberg
et al., 1995). MMPs are activated by the redox switch mechanism, in which the redox states of
sulfhydryls in the MMP molecule are modulated by changes in the intracellular glutathione
(GSH): glutathione disulfide (GSSG) concentration ratio (Okamoto et al., 2004). In mice
subjected to global cerebral ischemia by bilateral 20 min occlusion of the common carotid
arteries, MMP-2 and MMP-9 activities increased and were associated with increased
hippocampal neuronal death 3 days after cardiac arrest. In the same study, MMP-9 knock-out
mice, when subjected to the same experimental condition, showed significantly reduced MMP-2
and MMP-9 activities and less neuronal damage (Lee et al., 2004). Oxidative stress caused by IR
also induces dissociation of tight junction proteins, such as occludin, in a rat model of hypoxia
and reoxygenation (Lochhead et al., 2010). Suppression of MMP-2 and/or MMP-9 activity in
brain after IR insult is an important mechanism to mitigate brain injuries. On the other hand,
MMP-2 and MMP-9, secreted by EPO activated endothelial cells, has been shown to be crucial
in promoting neural progenitor cell migration into the damaged area (Wang et al., 2006); thus,
activation of these MMPs during post-ischemic recovery may have a neuroprotective function.
Endogenous tissue inhibitors of matrix metalloproteinases (TIMPS) also exert neuroprotection. In
rats subjected to 2 h middle cerebral artery occlusion and reperfusion, MMP-2 activity and
TIMP-2 peaked at day 5, while MMP-9 and TIMP-1 were maximally elevated at 48 h, and
treatment with inhibitors of MMPs reduced BBB permeability and brain edema (Rosenberg et
al., 1998). In mice subjected to 30 min stroke, TIMP-1 knock-out was associated with increased

MMP-9 activity and exacerbated BBB disruption and apoptosis (Fujimoto et al., 2008). In
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cardioplegically arrest myocardium maintained on cardiopulmonary bypass, pyruvate-enriched
cardioplegia decreased MMP-9 activity and increased TIMP-2 content compared to control
cardioplegia (Ryou et al., 2010). Our result indicated that 6 min of untreated cardiac arrest did
not alter MMP-2 and MMP-9 activities and content, nor content of TIMP-2, regardless of
treatment. Additionally, MPO, an enzyme released by activated inflammatory neutrophils, was
unchanged after cardiac arrest vs. non-arrest pigs. Increased MPO activity is associated with
increase neutrophil infiltration and brain water content (Matsuo et al., 1994).Thus, the unchanged
MPO activity is consistent with the absence of edema. Increased inflammation may compromise
the blood brain barrier (BBB), a selective vascular endothelial barrier, formed by tight junction
proteins, including zona occludens-1 (ZO-1). Decreased ZO-1 expression and protein content,
and compromised BBB have been reported in post-ischemic rat brain at 72 h reperfusion (Jiao et

al., 2011).

Cellular protective proteins

Pyruvate has many advantages in protecting the brain from ischemia/reperfusion.
Pyruvate readily traverses the blood brain barrier via monocarboxylase transporters in the
cerebrovascular endothelium, and neurons and astrocytes also possess these transporters
(Oldendorf, 1973; Conn and Steele, 1982; Miller et al., 1986). Pyruvate protects cells by
preserving cellular energy state and antioxidant defenses, and directly detoxifies reactive oxygen
and nitrogen intermediates in both the myocardium and neurons (Mallet et al, 2005; Ryou et al.,
2013). On the other hand, pyruvate treatment was associated with increased EPO expression in
myocardium and brain, although the mechanism is elusive. It was postulated that pyruvate acts as
a competitive inhibitor to a-ketoglutarate, a substrate of prolyl hydroxylase, the enzyme which

hydroxylates prolyl residues of HIF-1a, thus targeting HIF-1a for proteosomal degradation
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(Semenza et al, 2007; Ryou et al., 2012). In Mongolian gerbils, intracerebroventricular delivery
of EPO, immediately following restoration of blood flow after 5-min bilateral occlusion of the
common carotid arteries, reduced brain edema, neuronal death, and nitrite and nitrate content at
6h post ischemia (Calapai et al., 2000). In rat, rhEPO, injected i.p. at the time of carotid artery
occlusion, markedly dampened monocyte and macrophage infiltration, and microglia activation
(Villa et al, 2003). In addition, appreciable reductions of the pro-inflammatory cytokines: TNF-
a, IL-6, and monocyte chemoattractant protein 1 (MCP-1) were detected at the ischemic area in
rhEPO-treated group compared to non-treated controls. Increased HIF-1a expression drives EPO
production, which prevents cellular damage and death via Akt pathway (Siren et al, 2000).
Exogenous EPO has been shown to traverse the BBB, yet 5 - 17 h were required for EPO to
access the neurons (Brines et al, 2000). Intense EPO mRNA expression was evident at 4 h ROSC
and in the corresponding sham controls, although this expression subsided by 3 d post-arrest.
Thus it appears that surgical stress per se, regardless of cardiac arrest-resuscitation, may have
elicited EPO expression. It is especially surprising that EPO mRNA increased in spite of the
hyperoxic condition imposed by O,-enriched ventilation. Many factors during the experiments
can impact EPO production: isoflurane anesthesia, hyperoxia-associated oxidative stress, and/or
surgical preparation. While isoflurane inhalation, the anesthetic used in our experiments, inhibits
HIF-10, HIF-2a, and EPO in rat and mouse brains (Tanaka et al., 2011, Kai et al., 2014), high
oxygen ventilation can be detrimental to the already vulnerable ischemic brain (Friedman, 2015).
A transient increase in EPO expression may serve to protect cells from reactive oxygen species

generated by hyperoxic O, ventilation.

Cytoprotective heat-shock protein-70 (Hsp-70) is inducible by ischemia in neurons,

astrocytes, microglia, and endothelial cells. The most vulnerable neurons were among the first to
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express Hsp70 in rat subjected to 10 min of global ischemia and 24 h reperfusion, and survival of
these neurons exceeded that of acid fuchsin stained (indicating dying/dead) neurons (Gaspary et
al., 1995). Hsp-70 expression, however, returns to baseline by 3 d ROSC (Hata et al., 2000). At
3d ROSC, HIF-1a expression is associated with increased hsp-70 gene expression in cultured
cardiomyocyte (Date et al., 2005). At 3 d after cardiac arrest-resuscitation, hippocampal Hsp-70
tended to increase compared to the sham value, although the difference was not statistically
significant. Increased hsp-70 comtent may contribute to an advantageous outcome in these

animals.

Pro-apoptotic markers and Purkinje cell death

At 3 d ROSC, a substantial loss of Purkinje cells was evident in cardiac arrest + NaCl
group, but pyruvate treatment during the first hour of resuscitation preserved Purkinje cells.
Cerebellar cell death as a result of cardiac arrest has been documented in human and rat (Horn
and Schlote, 1992; Brasko et al, 1995). We examined whether apoptotic signaling was associated
with the loss of Purkinje cells. Cytochrome ¢ (CYTc), a protein normally residing in the
mitochondria intermembrane space, is released into the cytosol during ischemia/reperfusion and
once released, initiates apoptosis via activation of caspases-9 and -3. However, content of the
pro-apoptotic markers CYTc, caspase-3, and caspase-9 content did not differ at 3 d ROSC vs.
Sham. Also, cardiac arrest has been shown to reversibly inactivate myocardial enzymes of the
glutathione antioxidant system, including glutathione reductase (GR) (Sharma et al., 2007). At 1
h ROSC, cerebellar GR activity decreased in both NaCl and pyruvate treated pigs and recovered
by 3d. Thus, pyruvate protection of Purkinje cells could not be ascribed to cytoprotective

enzymes or an impact on the mitochondrial apoptotic cascade.
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Neurological outcome

All animals consistently scored 1 in the CPC scale, indicating optimal neurological
recovery. Additional neurological assessment and memory evaluation supports this result.
Cardiac arrest may result in deficits in memory and motor functions with variable executive
impairment (Lim et al., 2004), which can be difficult to evaluate in an animal model, although
many tests have been applied on swine to assess learning and memory. A systemic approach is

lacking and further research on pigs’ behaviors is necessary (Gieling et al, 2011).

Despite extensive research, no clinical trial has shown improved outcomes resulting from
pharmacological interventions superimposed on standard CCR. Therapeutic hypothermia, despite
its compelling results in neurological recovery, is controversial and has many exclusion factors,
such as major surgery within the preceding 14 days, systemic infection/sepsis, or known
bleeding problems (American Heart Association guidelines). Pyruvate can be readily
administered iv, and it has been found to protect post-ischemic myocardium and brain, in

association with increased expression of EPO and decreased neuronal apoptosis.

Limitations and future direction

Neurological function was not appreciably compromised in any of the swine subjected to
cardiac arrest. The absence of neurological impairment may be due to the use of healthy, juvenile
swine used in this study. Although juvenile swine provided a compliant, compressible thoracic
chamber facilitating quality CCR, they might not accurately represent the typical adult human
suffering cardiac arrest, many of whom have comorbidities that complicate the resuscitation and
recovery process such as age, coronary artery disease, arrhythmia, diabetes, and hypertension

(Piscator et al., 2016). Indeed, fewer comorbidities have been associated with better neurological
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recovery after cardiac arrest (Kragholm et al, 2015). The pathophysiological progression of
cardiac arrest due to ventricular fibrillation is considered to have 3 phases: Electrical (0-5
minutes), circulatory (5-15 min), and metabolic phase (> 15 min) (Ewy, 2005). In the electrical
phase, the most effective intervention is prompt defibrillation. During the circulatory phase,
generation of adequate coronary and cerebral perfusion by chest compression is crucial and
recovery may depend on the duration of arrest. In the metabolic phase, outcomes are almost
always dismal. Thus, 6 min of untreated cardiac arrest in healthy juvenile swine may be
associated with favorable outcomes. In the future, studies of longer durations of pre-intervention
arrest and in older animals with cardiometabolic comorbidities may be more representative of

clinical cardiac arrest scenarios.
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FIGURE LEGENDS

Figure 1. Experimental timeline. Cardiac arrest was induced by ventricular fibrillation.
Cardiocerebral resuscitation was performed at 6-10 min arrest, and then transthoracic
countershock were applied to restore sinus rhythm. Animal was recovered at 4h and euthanized
at 3d post cardiac arrest. Open triangles: blood sampling at pre-arrest baseline and at 5, 15, 30,
60, 120, 180, and 240 min ROSC. Filled triangles: the animals were sacrificed and brain biopsies

obtained at 1, 4, or 3d ROSC.

Figure 2. Cerebral water content (ml/100g tissue) at 1 h (filled bars), 4 h (hatched bars), and 3 d
(dotted bars) ROSC. Values are mean + SEM. Single-factor ANOVA: P=0.38 (1 h), P=0.5 (4
h), P=0.25 (3 d). Two-factor ANOVA: P=0.2 (time); P= 0.3 (treatment); P= 0.6 (time and

treatment).

Figure 3. Matrix metalloproteinases. MMP-2 and MMP-9 activities and content. Panels A,B:
Hippocampal MMP-2 activities and content (P= 0.4, P= 0.6). Panels C,D: hippocampal MMP-9
activity and content (P=0.8; P=0.6). Panels E,F: Cerebellar MMP-2 activity and content (P=0.4,
P=0.6). Panels G,H: cerebellar MMP-9 activity and content (P= 0.3, P=0.7). Panels 1,J:
hippocampal TIMP-2 content at 3d ROSC (left, P= 0.2), cerebellar TIMP-2 content at 3 d ROSC

(right, P=0.4). Values are mean + SEM.

Figure 4. Myeloperoxidase. Hippocampal (Panel A) and cerebellar (Panel B) MPO contents, and
cerebellar MPO activity (Panel C) at 3d ROSC, expressed as relative density against actin.
Values are mean + SEM. One-way ANOVA: Hippocampal MPO content: P=0.4; cerebellar

MPO content: P= 0.7; cerebellar MPO activity: P=0.7.
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Figure 5. Zona Occludens-1. Hippocampal (Panel A) and cerebellar (Panel B) ZO-1 content at
3d ROSC, normalized to actin content. Values are mean + SEM. Single-factor ANOVA:

Hippocampus: P=0.3; cerebellum: P=10.3.

Figure 6. Heat shock protein-70. Hippocampal (Panel A) and cerebellar (Panel B) Hsp-70
contents at 3d ROSC, normalized to actin content. Values are mean + SEM. Single-factor

ANOVA: Hippocampus: P=0.056; cerebellum: P=0.5.

Figure 7. Pro-apoptotic proteins 3 d after cardiac arrest-resuscitation. Panels A, B: Procaspase-
3: hippocampus (P= 0.8), cerebellum (P=0.4); Panels C, D: Caspase-3: hippocampus (P= 0.14),
cerebellum (P=0.4); Panel D, E: Caspase-9: hippocampus (P= 0.8), cerebellum (P=0.3) (P=0.4

(left) and P=0.37 (right), expressed in relative density against actin. Values are mean + SEM.

Figure 8. Cytochrome c. Cytochrome c in the hippocampus (panel A) and cerebellum (panel B)
at 3d ROSC, expressed as immunoblot density vs. actin. Values are mean + SEM. Single-factor

ANOVA P=0.5 and P=0.2, respectively.

Figure 9. Hippocampal HIF-/a and EPO mRNA expression at 4h and 3d ROSC. Panel A:
Hippocampal HIF-1a expression at 4 h (hatched bar) and 3 d (dotted bar). Panel B: Hippocampal
EPO expression at 4 h (hatched bar) and 3 d (dotted bar) Values are mean + SEM, expressed in

2788Ct Two-factor ANOVA, post hoc Holm-Sidak method. *: P< 0.05 4h vs. 3d.

Figure 10. Glutathione peroxidase and reductase in the cerebellum. Glutathione peroxidase
(Panel A) and glutathione reductase (Panel B) activities in the cerebellum at 3d ROSC (P=0.09
and P= 0.8, respectively). Enzyme activities are expressed as nmol/min/mg. Values are mean +

SEM.
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Figure 11. Glutathione reductase in the cerebellum. Cerebellar glutathione reductase activities at
1h, 4h, and 3d ROSC, are expressed as nmol/min/mg protein. Mean values + SEM. *: P <0.05
between 1h and 3d; +: P <0.05 between sham vs. CPR and sham vs. CPR+P in 1h protocol.

ANOVA 2-factor for treatment and time, post hoc Holm-Sidak method.

Figure 12. Purkinje cells count per high power field. Number of Purkinje cells per high power
field (100x objective) among sham (n=5), CPR (n=5), and CPR+P (n=4), expressed as average
number of cells per field. +: P <0.05 between sham vs. CPR; *: P< 0.05 between CPR vs.

CPR+P. ANOVA single-factor, post hoc Holm-Sidak method.

Figure 13. Neurocognitive function test. Animals were placed in a separate room from housing
for training. Distance (top) and time (bottom) that animals travel to the food source were
recorded. Animals completed 5 trials to locate food at baseline, then another 5 trials 24 h after

cardiac arrest. Values are mean + SEM.
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TABLES AND FIGURES

Group 24hROSC |48hROSC | 72hROSC
Sham (n=5) 1+0 1+0 1+0
Sham+P (n=3) |1+0 1+0 1+0
CPR (n=11) 1+0 1+0 1+0
CPR+P (n=10) |1+0 1+0 1+0

Table 1. Cerebral performance categories. An adapted neurological evaluation, used clinically,
was used to access function at 24 h, 24 h, and 48 h, scored between 1 (best) and 5 (worse). Data

are means + SEM.
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Baseline 24 h ROSC 48 h ROSC 72 h ROSC
Categories Sham CPR CPR+P | P Sham | CPR | CPR+P P Sham | CPR | CPR+P P Sham | CPR | CPR+P P
Total score 57+0 57+0 57+0 NS | 56.0 55.3 54.7+1.0 | NS | 56.8 56.7 56.5+0.3 | NS | 56.9 56.7 56.9 +0.0 | NS
+0.6 +0.5 +0.1 +0.1 +0.1 +0.2
Mental status 5+0 5+0 5+0 NS |5+0 5+0 |5+0 NS | 5+0 5+0 |5+0 NS |5+0 5+0 |5+0 NS
Limb posture 5+0 5+0 5+0 NS | 4.8 4.8 49+01 | NS |[5+0 4.9 49+007 | NS |5+0 4.8 5+0 NS
+0.08 | +0.07 +0.06 +0.09
Gait 5+0 5+0 5+0 NS | 4.9 48 + | 48+01 | NS [49 + |49 5+0 NS |5+0 5+0 |5+0 NS
+0.1 0.1 0.1 +0.1
Proprioception 3+0 3+0 3+0 NS | 3+0 3+0 |3+0 NS | 3+0 3+0 |3+0 NS | 3+0 3+0 |3+0 NS
Menace response | 3+0 3+0 3+0 NS | 2.8 2.6 25+03 | NS |[5+0 2.9 29+007 | NS [5+0 2.9 5+0 NS
+0.2 +0.08 +0.08
Pupil symmetry 5+0 5+0 5+0 NS |5+0 5+0 |5+0 NS [5+0 5+0 [49+01 |NS |5+0 5+0 | 5+0 NS
Pupil size 5+0 5+0 5+0 NS | 5+0 5+0 |5+0 NS |5+0 5+0 |5+0 NS |5+0 5+0 |5+0 NS
Pupil light reflex | 3+0 3+0 3+0 NS | 3+0 3+0 |3+0 NS | 3+0 3+0 |3+0 NS | 3+0 3+0 |3+0 NS
Facial sensation 5+0 5+0 5+0 NS |5+0 4.4 39 + | NS |5+0 5+0 | 5+0 NS [5+0 5+0 |5+0 NS
+0.2 0.6
Ocular 5+0 5+0 5+0 NS | 5+0 5+0 |5+0 NS | 5+0 5+0 |5+0 NS | 5+0 5+0 |5+0 NS
positioning
Nystagmus 5+0 5+0 5+0 NS | 5+0 5+0 [5+0 NS | 5+0 5+0 | 5+0 NS | 5+0 5+0 [5+0 NS
Positional 5+0 5+0 5+0 NS | 5+0 49+ |5+0 NS | 5+0 5+0 |46+04 |NS |[5+0 5+0 |5+0 NS
nystagmus 0.08
Palpebral reflex 3+0 3+0 3+0 NS | 3+0 3+0 |3+0 NS | 3+0 3+0 |3+0 NS | 3+0 3+0 |3+0 NS

Table 2. Individual component of neurological scores. Functions were examined and scored. Total and individual scores for each

categories are reported, among Sham, CPR, CPR+P groups at baseline, 24 h ROSC, 48 h ROSC, and 72 h ROSC. NS: statistically

non-significance.
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Figure 1. Experimental timeline. Cardiac arrest was induced by ventricular fibrillation.
Cardiocerebral resuscitation was performed at 6-10 min arrest, and then transthoracic
countershock were applied to restore sinus rhythm. Animal was recovered at 4h and euthanized
at 3d post cardiac arrest. Open triangles: blood sampling at pre-arrest baseline and at 5, 15, 30,
60, 120, 180, and 240 min ROSC. Filled triangles: the animals were sacrificed and brain biopsies

obtained at 1, 4, or 3d ROSC.

83



mlh EH4h @3d
86

84

82

80

78

76

74

72

water content (ml/100g tissue)

70

Sham CPR CPR+P

Figure 2. Cerebral water content (ml/100g tissue) at 1 h (filled bars), 4 h (hatched bars), and 3 d
(dotted bars) ROSC. Values are mean + SEM. Single-factor ANOVA: P=0.38 (1 h), P=0.5 (4
h), P=0.25 (3 d). Two-factor ANOVA: P=0.2 (time); P= 0.3 (treatment); P= 0.6 (time and

treatment).
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Figure 3. Matrix metalloproteinases. MMP-2 and MMP-9 activities and content. Panels A,B:
Hippocampal MMP-2 activities and content (P= 0.4, P=0.6). Panels C,D: hippocampal MMP-9
activity and content (P=0.8; P=0.6). Panels E,F: Cerebellar MMP-2 activity and content (P=0.4,
P=0.6). Panels G,H: cerebellar MMP-9 activity and content (P= 0.3, P=0.7). Panels 1,J:
hippocampal TIMP-2 content at 3d ROSC (left, P= 0.2), cerebellar TIMP-2 content at 3 d ROSC

(right, P=0.4). Values are mean + SEM.

86



>
S
N

w

o> o =
[=2] =] - N
-
L)

o
'S

Hippocampal MPO content (arbitrary unit)
Cerebellar MPO content (arbitrary unit)

o
N

1
0.8
0.6
0.4
0.2

0

o

Sham (n=6) CPR (n=6) CPR+P (n=6) Sham (n=6) CPR (n=6) CPR+P (n=6)
c 40
35
530
E
2
225
=
5
(1]
o 20
a
=
15
[
s)
[
810
5
0
Sham CPR CPR+P

Figure 4. Myeloperoxidase. Hippocampal (Panel A) and cerebellar (Panel B) MPO contents, and
cerebellar MPO activity (Panel C) at 3d ROSC, expressed as relative density against actin.
Values are mean + SEM. One-way ANOVA: Hippocampal MPO content: P=0.4; cerebellar

MPO content: P= 0.7; cerebellar MPO activity: P=0.7.
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SEM.
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field (100x objective) among Sham (n=5), CPR (n=5), and CPR+P (n=4), expressed as average
number of cells per field. +: P <0.05 between sham vs. CPR; *: P< 0.05 between CPR vs.

CPR+P. ANOVA single-factor, post hoc Holm-Sidak method.
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Figure 13. Neurocognitive function test. Animals were placed in a separate room from housing
for training. Distance (top) and time (bottom) that animals travel to the food source were
recorded. Animals completed 5 trials to locate food at baseline, then another 5 trials 24 h after

cardiac arrest. Values are mean + SEM.
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ABSTRACT

Recovery from cardiac arrest depends on many factors, including duration of cardiac
arrest, timely delivery and quality of cardiocerebral resuscitation (CCR). Despite improvements
in clinical outcomes from cardiac arrest as a result of therapeutic hypothermia, survival is still
dismal. Additional interventions to be used alone or in combination with therapeutic
hypothermia that can be administered readily to cardiac arrest victims could potentially save
many lives. Pyruvate, a metabolic intermediate in mammalian cells, has been proven to be
neuroprotective when acutely administered iv. The neuroprotective capabilities and mechanism
of pyruvate were examined in domestic swine subjected to 10 min pre-intervention cardiac arrest
and 4 min CCR, delivered by precordial compressions followed by defibrillatory countershocks.
After ROSC was achieved, animals were recovered for 4 h. Sodium pyruvate (CPR+P group)
was infused iv to produce circulatory pyruvate concentration of 3.5 mM during CCR and the first
60 min ROSC; controlled received equimolar NaCl infusion (CPR+NaCl group). Brain biopsies
were collected to examine the effects of global ischemia and pyruvate treatment on the brain
metabolism. At 4h ROSC, hippocampal activities of the oxyradical-sensitive enzyme aconitase
decreased in cardiac arrest vs. sham control pigs. Matrix metalloproteinase-2 (MMP-2) activity
were lowered with cardiac arrest vs. sham control in both hippocampus and cerebellum.
Furthermore, cerebellar erythropoietin (EPO) content markedly declined following cardiac arrest
group vs. sham control, and pyruvate treatment did not restore EPO content. There was no
appreciable change in pro-apoptotic proteases in the hippocampus and cerebellum at 4 h ROSC.
In conclusion, cardiac arrest-resuscitation resulted decreased hippocampal and brain MMP-2

activities and cerebellar EPO at 4 h ROSC. Pyruvate infusion did not produce appreciable
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difference vs. NaCl-treated pigs. Pharmacological intervention restoring MMP-2 activity and

EPO content merit investigations.

Key words: cardiac arrest, cardiopulmonary resuscitation, cardiocerebral resuscitation,

apoptosis, erythropoietin, pyruvate, matrix metalloproteinase

Abbreviations: ANOVA: analysis of variance; ATP: adenosine triphosphate; ADP: adenosine
diphosphate; AMP: adenosine monophosphate; BBB: blood-brain barrier; CA1: cornus ammonis
region 1 of hippocampus; CPR: cardiopulmonary resuscitation; CCR: Cardiocerebral
resuscitation; CYTc: cytochrome c; ECG: electrocardiogram; EPO: Erythropoietin; GAPDH:
glyceraldehyde-3 phosphate dehydrogenase; HIF-1a: hypoxia inducible factor-la; MAP: mean
aortic pressure; MMP: matrix metalloproteinase; MPO: myeloperoxidase; ROSC: recovery of

spontaneous circulation; ZO-1: zona occludens-1
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INTRODUCTION

Survival and neurological recovery from cardiac arrest-resuscitation is critically
dependent on effective resuscitation, including forceful chest compression and timely application
of defibrillatory countershocks (Y et al., 2002; Pierce et al., 2015; Yannopoulos et al., 2015). In a
study of 200 out-of-hospital cardiac arrest victims for whom early defibrillation resources were
available, the time from 911 call to administration of 1% shock is significantly less (5.7 + 1.6
min) compared to non-survivors (6.6 + 1.5) (Bunch et al., 2003). However, even initially
successful resuscitation and restoration of effective brain perfusion initiates massive production
of reactive oxygen species which damages vulnerable cellular components, including
biomolecules and organelles, thereby exacerbating brain injury (Holger and Tobias, 2011).
Another factor that adversely impacts cardiac arrest outcome is the lethal postcardiac arrest
syndrome, which typically presents at 4-24 h after initial resuscitation and embodies a
constellation of physiological derangements including cardiogenic shock, neurological

dysfunction, and multiple organ failure(Mongardon, 2011).

Pyruvate infusion during the first hour following 6-min untreated cardiac arrest stabilizes
blood pressure and arterial electrolytes (Cherry et al., 2015). In an in vitro preparation model of
oxidative damage, exposure of isolated hearts to H,O, results in impaired contractile
performance and inactivation of aconitase and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Aconitase and GAPDH spontaneously recovered during H,O, wash-out. Pyruvate
treatment restored contractile performance and unexpectedly inhibited GAPDH (Mallet et al.,
2002). On the other hand, pyruvate treatment during reperfusion potentiates $-adrenergic
responses in stunned guinea-pig myocardium (Tejero-Taldo et al., 1998) and in an in vitro

preparation of human myocardium (Hermann et al., 2002).
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In a swine model of 6 min untreated cardiac arrest and 4 min CCR, at 3 d ROSC, both
hippocampus and cerebellum did not show appreciable inflammatory responses including
activities of matrix metalloproteinases and myeloperoxidase, and neurological recovery was
essentially complete. The full neurological recovery and the absence of inflammation or
metabolic derangements left scant opportunity for further improvement by pyruvate. In order to
examine the effect of cardiac arrest on brain inflammation, and pyruvate’s putative anti-
inflammatory effects, in the current study, cardiac arrest was extended to 10 min. A second
objective was to examine the effect of pyruvate when its administration was delayed until 1-2h
ROSC, thereby modeling the scenario of initiating intravenous treatment after the victim’s

arrival at the emergency department.

102



MATERIALS AND METHODS

Surgical preparation

This preclinical study was designed to elucidate the impact of cardiac arrest and
cardiocerebral resuscitation (CCR) on injury in ischemia-susceptible brain regions, and whether
intravenous pyruvate treatment mitigates this damage. All animal care, surgery, and experimental
procedures were conducted in accordance with the National Research Council’s Guide for the
Care and Use of Laboratory Animals, and were approved by the University of North Texas
Health Science Center Institutional Animal Care and Use Committee, protocol # 2012/13-29-

Al0.

Surgical preparation and cardiac arrest protocol were conducted as previously described
(Cherry et al., 2015). Yorkshire swine (25 kg — 35kg) were anesthetized with im 5.56 mg/kg
Telazol (Tiletamine HCI and zolazepam HCI, NADA 106-111) and 1.11 mg/kg Anased
(xylazine, NADA 139-236) cocktail. The surgical anesthetic plane was maintained by continuous
administration of 1-3% isoflurane (Isothesia, NDC 11695-6776-2, Narkovet Delux Anesthesia
System) in oxygen. Animals were mechanically ventilated (MDS Matrx, Model 3000) at a tidal
volume of 12-15 ml/kg, 12 — 16 cycles/min to keep end tidal PCO, at 35 - 40 mmHg. Core
temperature was monitored with a rectal probe. A catheter was introduced into the right jugular
vein and a pacing wire was advanced via this catheter into the right ventricle. The catheter also
was used for treatment solution administration. A retrograde catheter was inserted rostrally to
measure the jugular venous pressure and to collect venous blood. The left femoral artery and
vein were cannulated for blood pressure monitoring and medication/fluid administration,

respectively.
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Cardiac arrest protocol

Cardiac arrest was induced by passing a train of 60—70V, 4 Hz electrical impulses to the right
ventricular endocardium. Mechanical ventilation was then suspended and the pacing wire
withdrawn. At 9 min of cardiac arrest, 10 mEq of NaHCOj3; was injected into the femoral vein.
Treatments were infused from 9.5 min of cardiac arrest until 60 min after recovery of
spontaneous circulation (ROSC). Precordial chest compressions were delivered at 10 to 14 min
arrest at the rate of 100-110 compressions/min at a depth of approximately 2 inches. 0.167 to
0.267 U/kg vasopressin (Pitressin, 20 units/ml, NDC 42023-117-25) was bolus-injected into the
jugular catheter at 1 min CCR to provide vasoconstrictor support during CPR. The defibrillation
protocol was begun at 14 min arrest, it consisted of single countershocks at 30 s intervals with
intervening CCR until ROSC was achieved, following this sequence: 1-3 200J countershocks,
then 1-3 300 J countershocks, then 1-3 360J countershocks. If ROSC could not be achieved after
countershocks, a rescue dose of epinephrine was administered before the next shock. Experiment
was terminated if spontaneous cardiac rhythm was not restored by the 9™ countershock. The
ventilator was reconnected and 1 ml lidocaine (20mg/ml) was given as soon as ROSC was
confirmed by spontaneous recovery of arterial pressure and the presence of discernable
electromechanical rhythm. The depth and frequency of ventilator cycles were adjusted to keep
end-tidal Pco, between 35-45 mmHg. Mean blood pressure was maintained at a minimum of
70mmHg by administering intravenous phenylephrine (phenylephrine HCI, 10 mg/ml, NDC
66758-017-01), diluted to 0.2 mg/ml in normal saline (Braun, NDC 0264-7800-20). Arterial and
venous blood was sampled at: baseline (before cardiac arrest and after completion of surgery),
and at 5, 15, 30, 60, 120, 180, and 240 ROSC, and immediately analyzed in a blood gas

laboratory (Instrumentation Laboratory, GEM Premier 3000). Partial pressures of O, and CO,,
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and pH of arterial samples informed ongoing management of these variables. 10 ml of blood was
centrifuged at 7500 rpm for 10 min to sediment formed elements, and then plasma was aliquoted

in 1.5 ml centrifuge tubes, flash frozen in liquid nitrogen, and stored at -80°C for future analysis.

Another set of experiments was conducted to test the effect of pyruvate when its
administration was delayed until 1-2 h ROSC. Pyruvate solution was prepared and infused at the
same rate as above. Blood sampling and euthanization followed the same timeline as described

above.

At 4 h ROSC, the animals were euthanized and tissues were biopsied. The thoracic cavity
was accessed by an incision in the left 5™ or 6™ intercostal space. The pericardium was incised,
exposing the heart. To sacrifice the anesthetized animal, 60V direct current was applied to the
left ventricle epicardium to induce ventricular fibrillation. The descending aorta was cross-
clamped. A 0.5 cm incision was made in the ascending aorta, approximately 2 cm rostral to the
clamp, for insertion of a catheter to deliver perfusion fluid to the brain. Ice-cold (4°C) 0.9% NaCl
+ heparin sulfate (1000U/L) was delivered via peristatic pump at a rate of 1 ml/g tissue/minute
for 10 min. Afterwards, the brain was exposed by craniotomy, dissected, and biopsies were
excised. Other organs were biopsied in sequence: left and right ventricles, left and right lungs,
kidney, and liver. Brain was further dissected to sample frontal and temporal cortex,
hippocampus, cerebellum, pons, and medulla. Excised tissues were freeze-clamped with
aluminum blocks precooled in liquid N, and were stored at -80°C (Thermo Scientific) for

biochemical analysis, or fixed in 10% formalin for paraffin embedding.
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Protein extraction

Frozen tissues were pulverized with precooled mortar and pestle under liquid N,. 100 mg
powder was then added to a tube containing 1 ml of phosphate buffer (0.1M KH,PQ,4) and 5
protease inhibitor (Sigma-Aldrich, P8340) and then homogenized for 1 min at 4°C using a Teflon
piston. The suspension was then centrifuged at 25,000 rpm at 4°C for 20 min (Thermo Scientific
Ultracentrifuge). The supernatant was saved and the pellet was re-suspended in 0.4 ml of
phosphate buffer, and again homogenized and centrifuged. The supernatants were combined,

aliquoted, and stored at -80°C.

Protein concentrations in the extracts were measured using Bradford reagent (Sigma-
Aldrich, B6916). A standard curve was constructed with sequential dilutions of bovine serum
albumin in ddH,O (Thermo Scientific, Cat# 23209), diluted in ddH,O to concentration of 0.25
mg/ml to 2 mg/ml. 5ul of samples and 250 pl Bradford reagent were combined in each well on a
96-well plate, which was then incubated for 30 min at room temperature. Absorbance was read

at wavelength 595 nm using a spectrophotometer plate reader (Bio-Tek).

Immunoblotting

Running gel (10% SDS-PAGE) and 4% stacking gel were casted. Tissue extracts were
electrophoretically separated using the Mini-PROTEAN Tetra cell system (BioRad,
Cat#1658001EDU) with the following ingredients: Acrylamide/Bis solution 37.5:1 (BioRad,
Cat#1610158), 1.5M Tris: pH 8.8 (BioRad, Cat#1610798), SDS (BioRad, Cat#1610418),
ammonium persulfate (BioRad, Cat#161-0700), and Temed (BioRad, Cat#161-0800). Precision

Plus Protein All blue Standards (BioRad, Cat# 161-0373) were utilized for molecular mass (kDa)
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reference. 30 pg of proteins were loaded into each well and were separated by size and charge at
100V for 100 min in Tris/Glycine/SDS (BioRad, cat# 161-0772).

After electrophoresis, proteins were transferred electrophoretically overnight at 30V in
4°C Tris/Glycine solution (BioRad, Cat# 161-0771) onto nitrocellulose membranes. Complete
transfer was confirmed by Ponceau S staining of the membrane (Sigma-Aldrich, Cat#P7170). he
membrane was incubated with 5% non-fat milk (Bio-Rad, Cat#1706404XTU) at room
temperature for 1 h to block non-specific binding, and then exposed to primary antibodies
overnight at 4°C. Appropriate secondary antibodies (1:5000 dilution) were applied at room
temperature for 1 h. In order to visualize protein bands, the membrane was first incubated with
chemiluminescent substrate (Thermo Scientific, Cat#P134080). X-ray films of membranes were
taken using an imaging system (Thermo Scientific). Densitometry was performed with the
AlphaEaseFC (Alpha Innotech) digital program.

Primary and secondary antibodies were purchased from commercial vendors: B-actin
(Genscript, Cat# A00702), HIF-1a (Santa Cruz, Cat# Sc-10790), zona occludens-1 (Santa Cruz,
Cat# Sc-10804), erythropoietin (Santa Cruz, Cat# Sc-7956), MMP-2 (Santa Cruz, Cat# Sc6838),
cytochrome ¢ (Novus, Cat# NB100-56503), caspase-3 (Bioss, Cat# Bs-0081R), caspase-9
(Biovision, Cat# 3016-100). Secondary antibodies included donkey anti-goat horseradish
peroxidase (HRP), goat anti-rabbit HRP, and goat anti-mouse HRP (Jackson Immuno Research,

Cat# 705-035-0003, 111-035-003, and 115-001-003, respectively).
Gelatin zymography of matrix metalloproteinases

Matrix metalloproteinase-2 and -9 (Gelatinase) activities were examined by gelatin
zymography as previously described (Frankowski et al., 2012). Briefly, 8% SDS-PAGE with

0.1% gelatin was casted, and extracts (30 pg protein) were run at 100V in 4°C buffer solution for
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3 h. The gel was washed in 2.5% TritonX-100 buffer (50 mM Tris-HCI-pH 7.5, 5mM CaCl,, 1
UM ZnCly) at 37°C for 48 hours to activate MMP proteins. Gels were stained with Coomassie
Blue solution (0.25% Coomassie Blue, 45% methanol, 10% acetic acid) for 1-2 h, and destained
in 30% methanol, 10% acetic acid for 30 minutes, or until clear bands were revealed. The

destained gel was scanned with a digital scanner with grayscale setting for photography.
Brain water content

Brain edema was assessed indirectly from the difference between wet weight and dry
weight of brain tissue, a measure of tissue water content. Approximately 1 cm?® of cerebral and
cerebellar tissue was collected in glass jars and weighed. The jars were placed in a dry oven and

the tissue desiccated at 110°C overnight, and then re-weighed.
Plasma pyruvate concentration measurement

Flash-frozen plasma samples were placed on ice and allowed to thaw slowly. Plasma
proteins were precipitated by combining thawed plasma with 1 volume of Solution A (1M
HCIO4 and 2mM EDTA), and then centrifuged at 10,000 rpm for 5 minutes at 4°C to removed
denatured protein precipitate. To neutralize and precipitate the HCIO,4, 400 ul supernatant was
added to 122 pl of solution B (2M KOH + 0.3M MOPS), chilled on ice for 30 min, and

centrifuged again to sediment the KCIO,4 precipitate. Pyruvate was measured in the supernatant.

Plasma pyruvate was measured with a UV-VIS spectrophotometric assay previously
described (Bergmeyer et al., 1983; Passonneau et al., 1993). In this assay, the reduction of
pyruvate to lactate is stoichiometrically coupled to the oxidation of NADH to NAD®, monitored
as the decrease in absorbance at 339 nm. Lactate dehydrogenase is added to trigger the reaction.
The change of absorbance is proportional to the pyruvate concentration in the reaction medium.
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lactate dehydrogenase

Pyruvate + NADH +H" < > lactate + NAD™

Enzyme activity assays in tissue

Aconitase and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activities were
measured by spectrophotometric assay following the linear change in absorbance at 340 nm at
37°C for 30 min according to an established colorimetric method (Bergmeyer et al., 1983) using
a UV spectrophotometer (Shimadzu, UV-1800). In the aconitase assay, the aconitase reaction,
which converts citrate to isocitrate, is coupled to the reduction of NAD" to NADH by isocitrate
dehydrogenase. The rate of reduction of NAD" to NADH, monitored at 340 nm, is proportional

to rate of isocitrate formation, which is directly proportional to aconitase activity.

. aconitase,Fe2+ .
Citrate —— Isocitrate

socitrate dehydrogenase

Isocitrate + NAD o-ketoglutarate + CO, + NADH + H*

The GAPDH assay monitors the reduction of NAD" to NADH in the presence of excess
concentration of glyceraldehyde 3-phosphate and inorganic phosphate. The rate of increase in
absorbance at 340 nm is proportional to GAPDH-catalyzed conversion of glyceraldehyde 3-

phosphate to 1,2-bisphosphoglycerate.

GAPDH
Glyceraldehyde-3-phosphate + PO,* + NAD* —— 1,3-bisphosphoglycerate + NADH + H*
One unit of enzyme activity was defined as amount of enzyme required to catalyze the
conversion of 1 umol of substrate to product per minute. Enzyme activities are expressed per mg

of protein.

Statistical analysis

Data are expressed as mean values + standard error of mean (SEM). Single factor

(treatment) analysis of variance (ANOVA) was used to compare enzyme activities and
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immunoblot values among groups. An appropriate post-hoc test was applied to identify
statistically treatment effects. Two-factor ANOVA (time, treatment) with repeated measures on
time and appropriate post hoc tests were applied to analyze hemodynamics variable, and plasma
chemistry values. P values < 0.05 were required to reject the null hypothesis. Statistical analysis

was performed using Sigma Stat 3.5 (Systat Software, Inc.).
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RESULTS
Hemodynamics

Body weight, mean aortic pressure, core temperature, and arterial hemoglobin O,
saturation (SpO,) did not differ among non-arrested sham, NaCl-infused cardiac arrest CCR
(CPR), and pyruvate-infused cardiac arrest CCR (CPR+P) groups at baseline, or at 1h, 4h ROSC.
Heart rates were similar among the groups at baseline as expected. However, at 1h ROSC, heart
rates in NaCl-treated animals were appreciably higher than those of the pyruvate-treated and
Sham pigs. However, by 4h ROSC, heart rates in the post-arrest pigs that earlier received NaCl
or sodium pyruvate infusions were similar and no longer differed significantly from those of

non-arrested sham groups (Table 1).

At the onset of ROSC, arterial pressure increased abruptly, due at least in part to the
increased circulatory catecholamines released in response to the cardiac arrest, and the lingering
effects of the powerful vasoconstrictor, vasopressin. As these neurohormones cleared, arterial
pressure fell, indicating cardiac dysfunction (“stunning”) resulting from the ischemic stress
imposed by cardiac arrest. Intravenous infusion of the a-adrenergic agonist phenylephrine was
initiated at 15-30 min ROSC to maintain mean arterial pressure at > 70 mmHg, and thereby,
stabilize organ perfusion. The total phenylephrine dosage required to maintain arterial pressure
was significantly lower in pyruvate-treated vs. NaCl-treated pigs. A similar trend toward
decreased phenylephrine requirement was observed when pyruvate treatment was delayed until 1
h ROSC, although the Dunn’s post-hoc pairwise analysis did not detect statistical significance (P

> 0.05) (Figure 2).
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Plasma pyruvate concentration

When pyruvate was infused iv during chest compressions and the first 60 min ROSC, its
arterial plasma concentration increased to 3.6 + 0.3 mM at 5 min ROSC, and stabilized at 3-4
mM until the infusion was discontinued (Figure 3A). Arterial pyruvate concentration subsided
over the remaining 3 h ROSC (Figure 3A). Jugular venous pyruvate concentration followed a
similar time course, peaking at 5> ROSC (2.80 + 0.27 mM) and remaining elevated throughout
pyruvate infusion (Figure 3B). An arteriovenous decrease in pyruvate was evident throughout

pyruvate infusion, indicating net uptake of the compound by the head and neck region.

Brain water content

There were no significant differences in the cerebral or cerebellar water contents among the
different treatment groups at 4h ROSC, even when pyruvate infusion was delayed until 1-2 h
ROSC (CPR+DP group) (P=0.07 and P= 0.8, respectively) (Figure 4). Brain edema often results
from inflammation, although it may not be fully manifested until 24 h after the ischemic insult
(Mellergard et al., 1989; Bareyre et al., 1997). Therefore, the similar brain water contents among

the post-arrest groups and the non-arrested sham group was not unexpected at 4 h ROSC.

Aconitase and GAPDH activities

Cardiac arrest-resuscitation imposes oxidative stress that may inactivate metabolic enzymes.
The catalytic activities of two well-recognized oxyradical targets, aconitase and glyceraldehyde
3-phosphate dehydrogenase (GAPDH), were assessed in brain at 4 h ROSC. In the hippocampus,
cardiac arrest produced a significant decrease in aconitase activity vs. sham (Figure 5A). Neither
cardiac arrest nor pyruvate treatment altered aconitase activity in cerebellum. Interestingly,
aconitase activity in the hippocampus was markedly lower than the cerebellum in all 3 groups

(P< 0.001).
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Hippocampal and cerebellar GAPDH activities were not significantly different among sham
or the NaCl-treated (P= 0.4) and pyruvate treated (P=0.8) cardiac arrest groups. As in the case of
aconitase, GAPDH activity was appreciably less in the hippocampus than the cerebellum (Figure

5B).

Arterial and venous blood gas and chemistry

Cardiac arrest produced the expected acid-base disturbances. Arterial pH fell from 7.44 +
0.04 at baseline to 7.14 + 0.04 at 5 min ROSC. Pyruvate treatment hastened subsequent recovery
of arterial pH to baseline by 1 h ROSC while sustained acidemia was evident up to 4 h ROSC in
the NaCl-infused cardiac arrest group (Figure 6A). As expected, jugular venous pH was slightly
below the corresponding arterial values in all 3 groups. Pyruvate treatment restored venous pH to

that of the sham animals.

Cardiac arrest produced robust increases in systemic arterial and jugular venous pCOs,
lasting up to 4 h ROSC (Figure 7). Meanwhile, there were no statistical differences in arterial
pO, among the groups. Venous pO, was significantly lower in both cardiac groups vs. sham,
from 30 min through 4 h ROSC (Figure 8), indicating the expected O, uptake as brain

metabolism recovered from cardiac arrest.

Cardiac arrest induces arterial and jugular venous hypernatremia, first evident at 15 min
ROSC and lasting up to 4 h ROSC. Pyruvate treatment suppressed this hypernatremia (Figure 9).
Cardiac arrest produced a transitory hyperkalemia, which resolved by 15 min ROSC in both the
NaCl and pyruvate groups (Figure 10). Calcium, in both arterial and venous, decreased with

cardiac arrest compared to sham up to 3 h ROSC (Figure 11).
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Systemic arterial and jugular venous glucose concentrations increased during cardiac
arrest-resuscitation, an effect that persisted until 1 h ROSC (Figure 12). Both arterial and venous
lactate appreciably increased with cardiac arrest and remained elevated up to 3 h ROSC.
Pyruvate treatment is associated with significantly higher lactate concentrations than NaCl
(Figure 13), reflecting the expected conversion of some of the pyruvate to lactate by circulating
lactate dehydrogenase. Arterial and venous lactate/pyruvate ratios also increase with cardiac
arrest, lasting until 30 min ROSC (Figure 14). Pyruvate treatment lowered the lactate/pyruvate

ratios, as expected.

Acrterial and venous NaHCOjs fell with cardiac arrest, indicating the expected metabolic
acidosis resulting from the global ischemia insult. Pyruvate infusion quietly restored plasma
HCOj3’, while HCOj3™ concentration remained below the sham values in the NaCl-infused post-

CCR group (Figure 15).

Inflammation after cardiac arrest-resuscitation

At 4h ROSC, cardiac arrest was associated with decreased hippocampal MMP-2 activity,
particularly with pyruvate treatment (P< 0.05), and MMP-2 protein content followed a similar
trend (Figure 16 A). Cerebellar MMP-2 activity was lower in NaCl vs. pyruvate treated group
(P< 0.05). Cerebellar MMP-2 content was similar in the NaCl and pyruvate treatment groups, yet
cardiac arrest with NaCl treatment produced a statistically significant reduction in cerebellar

MMP-2 content vs. sham (Figure 16B).

Zona occludens-1, a structural component of the tight junction complex, is crucial to
maintain the integrity of the blood-brain barrier (BBB). In rats subjected to 2 h of unilateral

middle cerebral artery occlusion, ZO-1 expression and content decreased by 3 h reperfusion, and
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loss of continuous ZO-1 distribution was observed, indicating BBB compromise (Jiao et al.,
2011). In this study, the effect of cardiac arrest on ZO-1 protein was examined at 4 h ROSC.
There were no appreciable changes in ZO-1 content in the hippocampus and cerebellum as a

result of cardiac arrest-resuscitation or pyruvate treatment (Figure 17).

Next, the effect of cardiac arrest-resuscitation on HIF-10/EPO, a cellular defense
mechanism against oxidative stress, was studied. Cardiac arrest-resuscitation and pyruvate
treatment did not alter HIF-1a content in the cerebellum and hippocampus (Figure 18 A and C).
Hippocampal EPO content did not change at 4 h ROSC in cardiac arrest-resuscitated animals vs.
sham control (Figure 18B). Interestingly, cardiac arrest lowered cerebellar erythropoietin (EPO)

content, regardless of treatment (Figure 18D).

Pro-apoptotic markers were also examined. Cytochrome ¢ (CYTc), a protein abundant in
the mitochondrial intermembrane space, is released into the cytoplasm when cells are under
oxidative stress and initiates the mitochondrial apoptosis pathway involving sequential activation
of caspase-9 and caspase-3. Hippocampal CYTc tended to increase after cardiac arrest, and
pyruvate treatment dampened this effect, although the differences were not statistically
significant (P=0.09). There were no differences in CYCc content in the cerebellum at 4 h ROSC
(Figure 19). Pro-apoptotic proteases, pro-caspase-3 (P= 0.6) and caspase-3 (P=0.4) were
unaltered by cardiac arrest or treatment in the cerebellum (Figure 20 A and B). Neither pro-
caspase-9 (P=0.07) nor caspase-9 (P=0.15) contents differed among NaCl-treated and pyruvate-

treated cardiac arrest animals vs. sham control.

115



DISCUSSION

Effect of cardiac arrest and pyruvate treatment on hemodynamics

Cardiac arrest leads to hemodynamics and electrolyte derangements (Chazan et al, 1968;
Cherry et al, 2015). Acute metabolic acidosis impairs cardiac contractility, decreasing cardiac
output (Kraut and Madias, 2010). In this study, pyruvate treatment restored arterial pH by 60 min
ROSC vs. NaCl-infused control. Timely recovery of pH afforded by pyruvate treatment could
potentially increase cardiac performance and thus, cerebral perfusion. In support of this scenario,
pyruvate treatment lowered the amount of vasoconstrictor phyenylephrine required to maintain

arterial pressure.

Persistent elevation of plasma lactate concentration is associated with unfavorable
outcomes in cardiac arrest (Mullner et al., 1997). However, lactate is a neuronal energy source
and is preferentially oxidized when lactate and glucose are present in anesthetized rat (Wyss et
al., 2011). Utilization of lactate as an energy source for brain was demonstrated in humans
suffering from traumatic brain injury (Glenn et al., 2015). Therefore, transient elevation of
plasma lactate during the first 3 h ROSC as a result of pyruvate treatment may be advantageous
to the brain. On the other hand, lactate/pyruvate ratio, reflecting cytoplasmic NADH/NAD", is a
more accurate measure of oxido-reduction state. Under hypoxia, lactate/pyruvate ratio increases,
correlating with higher NADH/NAD™ (Debray et al., 2007), whereas increased cytosolic
pyruvate is correlated with lower NADH/NAD" via the lactate dehydrogenase equilibrium
(Veech et al., 1979). In this study, both arterial and venous lactate/pyruvate fell with pyruvate
infusion vs. sham and NaCl-treated cardiac arrest-resuscitation control, partly due to increased

plasma pyruvate concentration. Pyruvate treatment during cardiac arrest stabilizes blood pressure

116



and potentiates myocardial contractility and thus, may protect the brain by maintaining cerebral

perfusion pressure after resuscitation.

Effect of cardiac arrest on brain glycolytic enzyme activities

Enzyme activities, including glycolytic glyceraldehyde-3-phosphate (GAPDH) and
aconitase of the Krebs cycle, were investigated in the myocardium in dogs suffered from cardiac
arrest (Sharma et al., 2006). While no change in GAPDH was detected up to 3 h ROSC,
aconitase activity fell with cardiac arrest but recovered by the end of chest compression and
maintained through 3 h ROSC. ROS induced aconitase dysfunction is associated with
neurodegenerative diseases, including Alzheimer’s and Parkinson’s (Marcus et al., 1998; Liang
et al., 2004). Its inactivation by H,O, in rat primary cell culture was associated with increased
neuronal death (Cantu et al., 2009). Here we demonstrated aconitase inactivation in an acute
setting, which may contribute to energy depletion that may compromise post-arrest recovery of

brain function. However, pyruvate treatment did not preserve aconitase activity at 4 h ROSC.

Besides its well-recognized glycolytic function, GAPDH contributes to with tRNA
transport, DNA replication and DNA repair (Meyer-Siegler et al., 1991; Singh and Green, 1993).
GAPDH nuclear translocation was associated with increased neuronal cell death (Sawa et al.,
1997). In rats subjected to 2 h of middle cerebral artery occlusion, increased GAPDH positive
neurons were observed in the ischemic brain region vs. the non-ischemic hemisphere; moreover,
double staining revealed co-localization of nuclear GAPDH and TUNEL in the ischemic
penumbra 48 h after reperfusion, indicating active cellular apoptosis (Tanaka et al., 2002). In this
study, GAPDH activity was unaltered at 4 h ROSC in the hippocampus and cerebellum. Stability

of GAPDH activity was not unexpected, as similar result was detected in the myocardium
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(Sharma et al., 2006). Immunohistochemistry to visualize intracellular GAPDH location would
be necessary to demonstrate a role of GAPDH translocation in brain injury inflicted by cardiac
arrest-resuscitation.

Cardiac arrest affects brain inflammation and EPO

Cardiac arrest lowered MMP-2 activities in the hippocampus and cerebellum at 4 h
ROSC. Gelatinases, including MMP-2 and MMP-9, have been implicated in ischemia-
reperfusion injury and there activation is correlated with worse neurological outcome in many
experimental models (Kurzepa et al, 2014; Aoki et al, 2002; Rosnell 2006). Moreover, MMP-2
gene variants were studied in in 546 stroke patients, and certain MMP-2 alleles were found to be
associated with better functional outcome at 3 months after ischemic stroke (Manso et al., 2010).
On the other hand, EPO has been shown to decrease neuronal apoptosis. In mice, transgenic
over- expression of human EPO in brain decreased infarct volume by 84%, diminished edema,
and ameliorated neurological deficit following 90 min of middle cerebral artery occlusion with

24 h reperfusion (Kilic et al., 2005).

In an in vitro preparation of co-culturing neural progenitor cells and vascular endothelial
cells, recombinant human EPO activated secretion of MMP-2 and MMP-9 by endothelial cells,
resulting in more robust progenitor cell migration (Wang et al., 2006). In the current study, the
decrease in cerebellar MMP-2 activity may be associated with the lower EPO content. This result
suggests potential opportunities for treatment intervention that increase EPO content and MMP-2

activities, thereby fostering brain recovery from ischemia-reperfusion injuries.

In conclusion, at 4 h ROSC after 10 min untreated cardiac arrest and 4 min CCR,

hippocampal aconitase activity fell appreciably in pyruvate-treated and NaCl-infused cardiac
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arrest groups vs. sham control. MMP-2 activities fell in the hippocampus and cerebellum, and
Cerebellar EPO content was appreciably reduced vs. sham control. Pyruvate treatment did not
alter hippocampal MMP-2 activity or cerebellar EPO content vs. NaCl-infused control at 4 h

ROSC.
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LIMITATION

With longer duration of untreated cardiac arrest, recovery of animal to longer time
period, such as 3 d, was not optimal due to ethical concern and limited financial and human
resources. Therefore, we were unable to study prolonged neurological recovery in this group of
animals. Ischemia-reperfusion injury from cardiac arrest-resuscitation has been correlated with
subtle neurological impairments and may not be fully manifested until later in life. In a study of
200 patients who suffered from out-of-hospital cardiac arrest where early defibrillation resources
were available, at 5-year follow-up, one-third of survivors filled out SF-36 score, a survey
emphasized on quality of life, and there was no significant difference compared to the U.S.
general population except for decrease vitality score- a measurement of the extent one feels tired
or worn out (Bunch, 2003). In another study extending to 6 month after hospital discharge,
quality of life was assessed with the Health Utilities Index mark 3, which described health as a
utility score on a scale from perfect (score=1) to death (score=0). In these patients, the mean time
between collapse and initiation of CCR was 2.2 + 2.6 min. Health Utilities Index was higher
among patients who had a shorter duration of resuscitation (less than 2 min) than those
resuscitated for 3-10 min, and the score is worse than those of the general population, though
most claimed to have acceptable health-related quality of life (Nichol, 1999). Another study in
patients who had intrahospital cardiac arrest or a myocardial infarction (MI), showed that among
cardiac arrest survivors, 30% suffered from anxiety, 15% depression, and 19% post-traumatic
stress disorder; while the proportions of these disorders were lower in the post is post-Ml
patients (O’Reilly et al, 2004). Assessing subtle changes in neurological functions, as described

above, is challenging in animal models.
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Sham (n=9) | CPR (n=6) | CPR+P (n=7) | P value

Body weight (kg) 255+13 | 29.7+1.7 254 +1.0 0.06
Baseline hemodynamic status

Mean aortic pressure (mmHQ) 786+45 | 76.3+25 82.0+ 3.0 0.60

Heart rate (bpm) 984+6.1 | 104.0+6.0 | 103.4+12.4 0.87

Core temperature (°C) 37.1+403 | 37.0+0.4 36.8+0.2 0.70

SpO; 941+14 | 942+13 95.7+1.2 0.65
1h ROSC hemodynamic status

Mean aortic pressure (mmHQ) 79.7+51 | 785+15 86.4+4.3 0.43

Heart rate (bpm) 99.6+50 | 125.8+5.2 | 116.0+6.2 0.009*

Core temperature (°C) 36.8+03 | 37.0+04 36.4+0.4 0.61

SpO; 940+15 | 95.2+0.7 95.1+1.1 0.74
4h ROSC hemodynamic status

Mean aortic pressure (mmHQ) 743+26 | 80.3+3.1 81.6 + 3.5 0.19

Heart rate (bpm) 96.4+69 |116.3+6.4| 106.9+9.2 0.23

Core temperature (°C) 36.6+03 | 37.3+0.6 36.4+0.2 0.35

SpO; 96.7+0.9 | 96.0+1.0 95.6 +1.3 0.75

Table 1. Hemodynamic characteristics at baseline, 1h ROSC, and 4h ROSC. Data are presented
as means + SEM. * P<0.05, Holm-Sidak post hoc test showed significant different between CPR
and Sham. “CPR”: NaCl-infused CCR, “CPR+P”: pyruvate-infused CCR, “SpO,”: oxygen

saturation.
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Figure Legends

Figure 1. Experiment timeline. Ventricular fibrillation was induced for 10 minutes. CCR was
performed for 4 minutes. Surgery for catheter placement was completed before blood was drawn
for baseline measurement. Blood gas and blood was also drawn at 5 min, 15 min, 30 min, 60
min, 120 min, 180 min, and 240 min ROSC (open triangle). Tissue biopsy was collected at 240

min (filled triangle).

Figure 2. Amount of phenylephrine needed to maintain MAP > 70mmHg during the first 4 hours

ROSC. Values are Mean + SEM. *: P < 0.05 vs CPR+P, +: P <0.05 vs CPR+DP

Figure 3. Arterial (upper) and venous (lower) pyruvate concentration at baseline and any time
points up to 4 h ROSC. Two way (treatment and time) repeated measure (time) ANOVA was

conducted with Holm-Sidak for pairwise comparison.*: P< 0.05 vs. Sham and CPR.

Figure 4. Cerebral and cerebellar water content at 4h ROSC after 14 min cardiac arrest. P = 0.07

(top) and P= 0.8 (bottom). DP: delayed pyruvate infusion. Values are Mean + SEM.

Figure 5. Aconitase and GAPDH activities 4h ROSC after 14 min arrest. Data was presented as
Mean + SE (U/mg). Two-way ANOVA for tissue and treatment. Aconitase (panel A): +: post
hoc Holm-Sidak Method showed statistically different between hippocampus (filled bar) and
cerebellum (dotted bar) (P< 0.001), +: Sham vs. CPR (P=0.02), «+: Sham vs. CPR+P (P=0.02).
GAPDH (panel B): +: post hoc Holm-Sidak Method showed statistically different between

hippocampus (filled bar) and cerebellum (dotted bar) (P=0.007).

Figure 6. Arterial and venous pH at baseline and at ROSC. “+7, “*” “«+” indicates statistically
significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,
respectively.
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Figure 7. Arterial and venous pCO; at baseline and at ROSC. “+7, “*” “«” indicates
statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.

Figure 8. Arterial and venous pO; at baseline and at ROSC. “+7, “*”_“«+” indicates statistically
significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.

o, 99

Figure 9. Arterial and venous sodium at baseline and at ROSC. “+7, “*”, “«” indicates
statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.

Figure 10. Arterial and venous potassium at baseline and at ROSC. “+7, “*”_“«” indicates
statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.

Figure 11. Arterial and venous calcium at baseline and at ROSC. “+7, “*” “«+” indicates
statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.

Figure 12. Arterial and venous glucose at baseline and at ROSC. “+7, “*”_ “«¢” indicates
statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.

Figure 13. Arterial and venous lactate at baseline and at ROSC. “+7, “*”_“«+” indicates
statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.
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Figure 14. Arterial and venous lactate/pyruvate ratio at baseline and at ROSC. “+7, “*”_ &
indicates statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham

vs. CPR+P, respectively.

Figure 15. Arterial and venous bicarbonate at baseline and at ROSC. “+7, “*”, “«” indicates
statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.

Figure 16. Matrix metalloproteinase. A: Hippocampal MMP-2 activity at 4h ROSC. One-way
ANOVA, post hoc Dunn’s test indicated statistically significant between Sham and CPR+P. B:
Hippocampal MMP-2 content; One-way ANOVA, post hoc Holm-Sidak P< 0.05 Sham vs CPR
and Sham vs. CPR+P. C: Cereb MMP-2 activity; One-way ANOVA, post hoc Holm-Sidak, P<

0.05 CPR vs CPR+P. D: MMP-2 content, One-way ANOVA, post hoc Dunn’s Sham vs CPR.

Figure 17. ZO-1. Hippocampal (A) and cerebellar (B) ZO-1 content. One-way ANOVA P= 0.2

and P=0.12, respectively.

Figure 18. HIF-1a and EPO. Hippocampal Hif-1a and EPO 4h ROSC. One-way ANOVAP=0.7
(A) and P=0.9 (B). Cerebellar HIF-1a (Panel C, One-way ANOVA P =0.16) and EPO (Panel D,

One-way ANOVA and post hoc Holm-Sidak, P< 0.05 Sham vs. CPR and Sham vs. CPR+P)

Figure 19. Cytochrome c. Hippocampal (A) and cerebellar (B) cytochrome c. One-way ANOVA

P=10.09 and P=0.14, respectively.

Figure 20. Cerebellar caspase 3 and hippocampal caspase-9. Cerebellar pro-caspase-3 (A) and
caspase-3 (B) in the cerebellum at 4 h ROSC. One-way ANOVA P=0.6 and P=0.4,

respectively.
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Hippocampal pro-caspase 9 (C) and caspse-9 (D) in the hippocampus at 4h ROSC. Single-factor

ANOVA P=0.07 and P= 0.15, respectively.
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I TREATMENT INFUSION

- Arrest ¥ Tissue Biopsy
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Time After Defibrillation V Arterial Blood Sample

Defibrillation
Figure 1. Experiment timeline. Ventricular fibrillation was induced for 10 minutes. CCR was
performed for 4 minutes. Surgery for catheter placement was completed before blood was drawn
for baseline measurement. Blood gas and blood was also drawn at 5 min, 15 min, 30 min, 60
min, 120 min, 180 min, and 240 min ROSC (open triangle). Tissue biopsy was collected at 240

min (filled triangle).
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Phenylephrine to maintain BP in 14 mins arrest
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Figure 2. Amount of phenylephrine needed to maintain MAP > 70mmHg during the first 4 hours

ROSC. Values are Mean + SEM. *: P < 0.05 vs CPR+P, +: P < 0.05 vs CPR+DP.
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Arterial pyruvate concentration 14 min arrest
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Figure 3. Arterial (upper) and venous (lower) pyruvate concentration at baseline and any time
points up to 4 h ROSC. Two way (treatment and time) repeated measure (time) ANOVA was

conducted with Holm-Sidak for pairwise comparison.*: P< 0.05 vs. Sham and CPR.
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Cerebral cortex water content at 4h ROSC after 14 mins arrest
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Figure 4. Cerebral and cerebellar water content at 4h ROSC after 14 min cardiac arrest. P = 0.07

(top) and P= 0.8 (bottom). DP: delayed pyruvate infusion. Values are Mean + SEM.
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Figure 5. Aconitase and GAPDH activities 4h ROSC after 14 min arrest. Data was presented as
Mean + SE (U/mg). Two-way ANOVA for tissue and treatment. Aconitase (panel A): +: post
hoc Holm-Sidak Method showed statistically different between hippocampus (filled bar) and
cerebellum (dotted bar) (P< 0.001), +: Sham vs. CPR (P=0.02), «+: Sham vs. CPR+P (P=0.02).
GAPDH (panel B): +: post hoc Holm-Sidak Method showed statistically different between

hippocampus (filled bar) and cerebellum (dotted bar) (P= 0.007).
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Figure 6. Arterial and venous pH at baseline and at ROSC. “+7, “*”, “«+” indicates statistically
significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.
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Arterial pCO2
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Figure 7. Arterial and venous pCO; at baseline and at ROSC. “+7, “*” “«+” indicates
statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.
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Arterial pO2
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Figure 8. Arterial and venous pO; at baseline and at ROSC. “+7, “*”_ “«” indicates statistically
significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.
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Figure 9. Arterial and venous sodium at baseline and at ROSC. “+7, “*” “«+” indicates

statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.
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Arterial K+
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Figure 10. Arterial and venous potassium at baseline and at ROSC. “+7, “*” “«+” indicates

statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.
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Figure 11. Arterial and venous calcium at baseline and at ROSC. “+7, “*”_ “«¢” indicates

statistically significant (P<0.05) between S

respectively.

ham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,
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Arterial Glucose
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Figure 12. Arterial and venous glucose at baseline and at ROSC. “+7, “*” “«” indicates

statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.
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Arterial Lactate
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Figure 13. Arterial and venous lactate at baseline and at ROSC. “+7, “*” “«” indicates
statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.

142



LACTATE/PYRUVATE
BRSNS W W A A
v o u o v o v o wun
*
*

o

-15 05 15 30

45

ARTERIAL LACTATE/PYRUVATE IN 14 MIN ARREST
*

60 75 90 105 120 135 150 165

TIME (MINUTES)

—o-Sham -@-CPR -A—CPR+P

180 195 210 225

240

N N w
(=] 5 o

LACTATE/PYRUVATE
=
«

-15 05 15 30

45

VENOUS LACTATE/PYRUVATE IN 14 MIN ARREST

60 75 90 105 120 135 150 165

TIME (MINUTES)

=@-Sham -@-CPR =A—CPR+P

o

180 195 210 225

240

Figure 14. Arterial and venous lactate/pyruvate ratio at baseline and at ROSC. “+7, “*7 “«”

indicates statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham

vs. CPR+P, respectively.

143
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Figure 15. Arterial and venous bicarbonate at baseline and at ROSC. “+7, “*” “«” indicates
statistically significant (P<0.05) between Sham vs. CPR, CPR vs. CPR+P, and Sham vs. CPR+P,

respectively.
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Figure 16. Matrix metalloproteinase. A: Hippocampal MMP-2 activity at 4h ROSC. One-way
ANOVA, post hoc Dunn’s test indicated statistically significant between Sham and CPR+P. B:
Hippocampal MMP-2 content; One-way ANOVA, post hoc Holm-Sidak P< 0.05 Sham vs CPR
and Sham vs. CPR+P. C: Cereb MMP-2 activity; One-way ANOVA, post hoc Holm-Sidak, P<

0.05 CPR vs CPR+P. D: MMP-2 content, One-way ANOVA, post hoc Dunn’s Sham vs CPR.
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Figure 17. ZO-1. Hippocampal (A) and cerebellar (B) ZO-1 content. One-way ANOVA P= 0.2
and P=0.12, respectively.
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Figure 18. HIF-1a and EPO. Hippocampal Hif-1a and EPO 4h ROSC. One-way ANOVAP=0.7
(A) and P=0.9 (B). Cerebellar HIF-1a (Panel C, One-way ANOVA P =0.16) and EPO (Panel D,

One-way ANOVA and post hoc Holm-Sidak, P< 0.05 Sham vs. CPR and Sham vs. CPR+P.
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Figure 19. Cytochrome c. Hippocampal (A) and cerebellar (B) cytochrome c. One-way ANOVA

P=0.09 and P= 0.14, respectively.
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Figure 20. Cerebellar caspase 3 and hippocampal caspase-9. Cerebellar pro-caspase-3 (A) and
caspase-3 (B) in the cerebellum at 4 h ROSC. One-way ANOVA P=0.6 and P=0.4,
respectively. Hippocampal pro-caspase 9 (C) and caspse-9 (D) in the hippocampus at 4h ROSC.

Single-factor ANOVA P=0.07 and P=0.15, respectively.
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CHAPTER V

CONCLUSIONS

At 3 d recovery from 6 min of untreated cardiac arrest, the number of histologically intact
cerebellar Purkinje cells per high power field decreased vs. sham control. Pyruvate treatment
preserved cerebellar Purkinje cells vs. NaCl infused pigs. Changes in cerebellar Purkinje cells by
cardiac arrest and protection of these cells with pyruvate treatment could not be explained
through differences in the mechanisms of brain injuries by content and activities of MMPs,
MPO, and content of pro-apoptotic proteases (caspase-3 and caspase-9), or by differences in
cellular defense mechanisms, including Hsp-70 content and Hif-10/EPO expression. There were
no differences in neurological outcome scores and memory assessment in pigs surviving cardiac
arrest vs. Sham control, regardless of treatment infusion. Thus, preservation of Purkinje cells by
pyruvate treatment may have been due to discrete cytoprotective effect of pyruvate in these

neurons, rather than global biochemical effects of pyruvate throughout the brain.

At 4 h recovery from 10 min of untreated cardiac arrest, hippocampal aconitase activity
was lower in both cardiac arrest groups vs. the sham control. On the other hand, decreased
MMP-2 activities were observed in both hippocampus and cerebellum of cardiac arrest animals
at 4 h ROSC. Cardiac arrest-resuscitation depleted cerebellar EPO content, noticeable at 4 h
ROSC. Pyruvate treatment did not preserve EPO content, a finding that has important
implications for future studies to identify an intervention that protects the brain from ischemia-
reperfusion injuries through protective mechanisms activated by EPO. Combined therapy of

pyruvate with other potentially cerebroprotective intervention merit investigation.

150



CHAPTER VI

LIMITATIONS and FUTURE DIRECTIONS

Cardiac arrest is a profound insult to the body. Despite excessive research efforts and
several clinical trials, no single pharmacological treatment has been identified that meaningfully
alters the outcome. As a proof of concept, our experiments focused on the effect of pyruvate on
cerebral ischemia-reperfusion injury, and pyruvate’s impact on study endpoints was limited.
Instead, a bundle therapy, combining several interventions that alone may have limited
therapeutic effect, could be more effective than monotherapy for cerebral resuscitation (Bartos et
al., 2015). Thus, combined treatment with pyruvate ad other interventions, e.g. intermittent
hypoxia conditioning (Manukhina et al., 2016) or brain cooling (Andrews et al., 2015) may merit

study.

The healthy, juvenile swine used in our experiments does not represent the majority of
clinical cardiac arrest patients, many of whom have significant multiple comorbidities that
complicate the resuscitation and recovery process, including age, coronary artery disease,
arrhythmia, diabetes, hypertension, chronic obstructive pulmonary disease and renal
insufficiency (Piscator et al., 2016). Fewer and less severe comorbidities are associated with
better recovery of neurological functions after cardiac arrest. In a study of 4354 cardiac arrest
patients in Denmark, 796 patients aged 18 - 65 years who survived beyond 30 days were
examined (Kragholm et al., 2015). The factors most associated with return to work for more than

6 months of sustainable employment were advanced cardiac care that focused on the chest
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component and use of therapeutic hypothermia (from 2006-2011 compared to 2001-2005, triple
the survival rate), age, gender (male), bystander-witnessed arrest, and bystander CPR. In this
study, implementation of chest-oriented care and hypothermia (2006-2011) tripled the survivor
rate vs. the immediate pre-study period (2001-2005). The increased survival is correlated with a
greater proportion of patients returning to their previous work without any major relapses or
extensive sick leave (Kragholm et al., 2015). This clinical study indicates that optimal delivery
of effective CCR and other proven measures can increase survival with good neurological

functions in many patients.

However, within the laboratory setting, clinically relevant alternatives to large animal
models of cardiac arrest are not readily available. A potential large animal model, with metabolic
syndrome, a risk factor for cardiac arrest, is the Ossabaw pig (Neeb et al., 2010); but the
electrocardiographic fragility of these large animals, and their predisposition to suffer lethal
arrhythmia under anesthesia make them poor candidates for controlled cardiac arrest
experimentation (personal communication with Dr. Jonathan Tune, Indiana University). Many
neurological complications of cardiac arrest arise later in life, even years after cardiac arrest
(Cronberg et al., 2009; Cherry et al., 2014). The 3 d recovery period in this study did not permit
complete assessment of the long-term sequelae of cardiac arrest in our model. Thus, a future
study of more prolonged post-arrest recovery may be required. Many cardiac arrest survivors
experience subtle changes in their neurological function such as language or problem-solving
skills, or temperament. It is important to note that, none of those aspects could be thoroughly
tested in animals, especially the higher order ones like pigs, since there is not a sensitive and

specific test to evaluate neurobehavioral status of a pigs (Gieling et al., 2011). Also, it should be
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noted that fully mature domestic swine are very large, weighing several hundred pounds, and

their chest walls might not be sufficiently compliant for effective chest compression.

Inhaled anesthetics such as isoflurane have been shown to be neuroprotective in many in
vitro and in vivo models of ischemia-reperfusion injuries (Burchell et al., 2013). In rat subjected
to permanent unilateral middle cerebral arterial occlusion, 30 min isoflurane treatment 24 h
before the ischemic event reduced brain infarct size and improved neurological deficit scores at
6, 24, and 72 h after reperfusion (Zheng and Zuo, 2004). A highly effective anesthetic, isoflurane
was used in all the experiments in this project. On the other hand, isoflurane may have
minimized ischemia-reperfusion injuries in some brain regions, which may account for the non-

significant differences in some biochemical markers of brain injury.

We attempted to recover a subset of animals which suffered 14 mins of cardiac arrest.
Out of 6 animals, cardioversion could not be achieved in 2 animals, another 2 had respiratory
failure and could not be weaned from mechanical ventilation, 1 recovered with intact motor
function, and 1 was paralyzed. Because of the high costs of the experiment, limited resources for
intensive care, and ethical concerns, we decided to not study further long-term recovery after the

longer cardiac arrest.

A small subset of experiments was conducted on female pigs, allowing a preliminary
analysis of the effect of gender on brain biochemical responses to global ischemia. It is
commonly accepted that women are protected from cardiovascular disease until menopause,
possibly due to the presence of the female sex hormones, particularly estrogen (McCullough et
al., 2003). We used juvenile pigs (30 -40 kg, or approximately 90 days old). In pigs, the age of

onset of puberty is 170-220 days old (~90kg in weight), and the pig’s oestrous cycle is 18-24
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days (Soede et al., 2011). We found that after 4h ROSC after 10 min cardiac arrest in male pigs,
MMP-2 activity was lower than in the sham male counterparts. On the other hand, there was not
a significant difference among the female cardiac arrest and sham groups. Statistical power was
not sufficient for conclusive comparison of males vs. females. However, robust comparisons of
male vs. female responses to cardiac arrest-resuscitation would be a valuable extension of this
project, especially in light of the intense focus on gender differences at NIH and other funding

agencies.
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Figure 1. Matrix metalloproteinase activity in the myocardium. MMP-2 activity in the right
ventricle (top panel) and left ventricle (bottom panel) at 4h ROSC. MMP activity is expressed as
an arbitrary unit, relative to HT1080.

Cardiac arrest, regardless of treatment, did not affect MMP-2 activity at 4h ROSC, compared to
Sham, in right and left ventricle. MMP-2 activity, however, was greater in the right ventricle

versus left ventricle. This is a new finding in swine and has not been reported in literature. We
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speculated that the finding might be due to differences in mechanical stress on left and right

ventricle walls. It was reported that mechanism of remodeling was different in left (increased in

collagen production) and right (decreased MMP-2 expression was correlated with reduction in

extracellular matrix degradation) ventricle 4 weeks following myocardial infarction in rats

(Stefanon et al., 2013).
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Figure 2. Nrf-2 and HO-1 content 3 d after cardiac arrest- resuscitation. Nrf-2 and HO-1
content in the cerebellum (A,B) and hippocampus (C,D) 1 h ROSC after 6 min untreated cardiac
arrest and 4 min CCR. Single-factor ANOVA. Cerebellum: P= 0.8 (A) and P=0.2 (B).

Hippocampus: P= 0.6 (C) and P= 0.9 (D).
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Figure 3. Nrf-2 and HO-1 content 4 h after 10 min untreated cardiac arrest and 4 min CCR.
Nrf-2 and HO-1 content in the cerebellum (A,B) and hippocampus (C,D) 4 h ROSC after 10 min
untreated cardiac arrest and 4 min CCR. Single-factor ANOVA. Cerebellum: P= 0.3 (A) and P=

0.2 (B). Hippocampus: P= 0.8 (C) and P= 0.6 (D).
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Figure 4. Representative TUNEL stain of the cerebellum at 3 d ROSC. A: sham, B: CPR, C:
CPR+P
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Abstract

Ischemic brain injury inflicted by stroke and cardiac arrest ranks among the leading causes of
death and long-term disability in the United States. The brain consumes large amounts of
metabolic substrates and oxygen to sustain its energy requirements. Consequently, the brain is
exquisitely sensitive to interruptions in its blood supply, and suffers irreversible damage after 10-
15 minutes of severe ischemia. Effective treatments to protect the brain from stroke and cardiac
arrest have proven elusive, due to the complexities of the injury cascades ignited by ischemia
and reperfusion. Although recombinant tissue plasminogen activator and therapeutic
hypothermia have proven efficacious for stroke and cardiac arrest, respectively, these
treatments are constrained by narrow therapeutic windows, potentially detrimental side effects
and the limited availability of hypothermia equipment. Mounting evidence demonstrates the
cytokine hormone erythropoietin (EPO) to be a powerful neuroprotective agent and a potential
adjuvant to established therapies. Classically, EPO originating primarily in the kidneys
promotes erythrocyte production by suppressing apoptosis of proerythroid progenitors in bone
marrow. However, the brain is capable of producing EPO, and EPO’s membrane receptors and
signaling components also are expressed in neurons and astrocytes. EPO activates signaling
cascades that increase the brain’s resistance to ischemia-reperfusion stress by stabilizing
mitochondrial membranes, limiting formation of reactive oxygen and nitrogen intermediates, and
suppressing pro-inflammatory cytokine production and neutrophil infiltration. Collectively, these
mechanisms preserve functional brain tissue and, thus, improve neurocognitive recovery from
brain ischemia. This article reviews the mechanisms mediating EPO-induced brain protection,
critiques the clinical utility of exogenous EPO to preserve brain threatened by ischemic stroke
and cardiac arrest, and discusses the prospects for induction of EPO production within the brain

by the intermediary metabolite, pyruvate.
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Introduction

Ischemic syndromes of the central nervous system (CNS) are devastating to the victims and
exact an enormous cost on society. Each year nearly 800,000 Americans experience a new or
recurrent stroke, of which 87% are ischemic strokes.! The fourth leading cause of death and
the leading cause of long-term disability in the United States, ischemic stroke kills approximately
130,000 Americans annually,? and many survivors experience persistent neurocognitive
deficits that profoundly impact their quality of life. Nearly 7 million living American adults have

suffered a stroke.?

Cardiac arrest, i.e. sudden cardiac death, which interrupts blood flow to the entire body
including the CNS, kills approximately 350,000-400,000 Americans per year, many succumbing
to massive brain injury inflicted by the ischemic insult.®>* Of the 70,000 cardiac arrest victims
initially resuscitated each year in the U.S., approximately 70% of these victims die in the
hospital, due primarily to extensive brain damage.*® 40% of initial survivors of cardiac arrest
enter a permanent vegetative state, and 80% of them die within 1 year of the event.” Only 5-
14% of resuscitated victims of cardiac arrest survive without significant cerebral impairment.®?
As the American Heart Association’s 2008 consensus statement on cardiac arrest laments,
“...little evidence exists to suggest that the in-hospital mortality rate of patients who achieve
recovery of spontaneous circulation (ROSC) after cardiac arrest has changed significantly in the

past half-century.”*°

In 2000, White et al. commented “There are as yet no clinically effective therapeutic protocols
for amelioration of brain damage by ischemia and reperfusion.”** Regrettably this statement still
holds true 14 years later. Aside from early restoration of cerebral perfusion, few interventions
have been found to prevent ischemic brain injury, despite enormous investments in preclinical
and clinical research. Indeed, recombinant tissue plasminogen activator (rtPA) and therapeutic
hypothermia are the only interventions with proven clinical efficacy for ischemic stroke and
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cardiac arrest, respectively. The challenge to any prospective treatment for CNS ischemia is
the sheer complexity of the injury cascade triggered by ischemia-reperfusion. This article
summarizes research conducted in the last two decades that has demonstrated the natural
cytokine erythropoietin to be a potentially powerful neuroprotectant capable of intervening at

multiple points in the injury cascade.

Mechanisms of injury in ischemic and post-ischemic brain

Ischemia and reperfusion ignite a complex cascade of brain injury (Figure 1) mediated by
glutamate, intracellular Ca** overload, and reactive oxygen and nitrogen intermediates (RONS).
The brain requires continuous delivery of oxygen and energy substrates via the cerebral
circulation to sustain its high rate of ATP turnover. Occlusion of cerebral arteries or cardiac
arrest interrupts oxidative metabolism, precipitating an abrupt decrease in the cytosolic Gibbs
free energy of ATP hydrolysis (AGatp), the immediate energy source for the ion pumps that
manage cytosolic free Ca®* and repolarize the cell membrane. Depolarization of ischemic
neurons causes excessive release of the excitatory amino acid neurotransmitter, glutamate.**™
Astrocytes normally protect neurons from glutamate toxicity by ATP-dependent sequestration of

the neurotransmitter.® Loss of AGare can cause reversal of glutamate transport, so astrocytes

release glutamate. Moreover, RONS attack and disable glutamate transporters.

Glutamate binding to a-amino-3-hydroxy-5-methyl-4-isoazolepropionic acid (AMPA) and N-
methyl-D-aspartate (NMDA) receptors located on neurons, glia and cerebrovascular
endothelium?® provokes additional depolarization and intense Ca®" entry, sufficient to activate
destructive Ca**-dependent proteases and phospholipases, culminating in cellular injury and
death.™***'* Among the Ca**-activated proteins is calcineurin, which activates the pro-apoptotic
protein, Bad, a promoter of mitochondrial permeability transition, and the inducible nitric oxide

synthase (NOS) isoform, iNOS, which catalyzes cytotoxic peroxynitrite (ONOQO") formation.**
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Intracellular Ca** overload also damages neurons by precipitating mitochondrial dysfunction. A
spike in cytosolic Ca** concentration above 0.5 uM increases mitochondrial Ca®* uptake, which
provokes sequential opening of the mitochondrial permeability transition pores, collapse of the

inner mitochondrial membrane potential, failure of oxidative phosphorylation, and generation of

RONS.*

By binding to NMDA receptors, glutamate activates NOS*®*’ to produce excessive amounts of
NO which condense with superoxide (+O,), yielding a cytotoxic product, ONOO™.*® At the onset
of reperfusion there is a burst of RONS formation in the brain,*® with microglia as a major source
of NO.?®# |n addition, ischemia-reperfusion can induce iNOS in astrocytes, causing these cells
to release toxic amounts of NO. ONOO' initiates peroxidation of membrane phospholipids,
nitrosylates tyrosine and cysteine residues in proteins, and depletes the intracellular antioxidant,
glutathione.’®* Moreover, «O, reacts with heme, liberating Fe** which catalyzes lipid
peroxidation.** Hypothermic circulatory arrest in dogs activated cerebrocortical neuronal NOS
(nNOS), which peaked at five times the pre-ischemic activity at 20 h post-arrest.® In a rat
model of status epilepticus, bilateral microinjection of kainate induced hippocampal NO, <O,
and ONOO' formation, which led, sequentially, to inactivation of mitochondrial respiratory
complex I, cytochrome c release, initiation and propagation of caspase activity and, finally, DNA

fragmentation.?*

Calcium® and RONS?*#’ induce astrocytes,?*?**® microglia®® and cerebrovascular

endothelium?®3!

to secrete matrix metalloproteinases (MMPS), a class of enzymes that degrade
protein components of the extracellular matrix and of the tight junctions within the capillary
endothelium that comprise the blood-brain barrier (BBB).*** By oxidizing cysteine residues in
the autoinhibitory domain of proMMPs, RONS activate MMPs by the ‘cysteine switch’
mechanism.** MMPs have been implicated in BBB disruption and brain edema and

inflammation.®”* Interstitial brain edema, which develops within 1 hour after cardiac arrest or
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stroke® is associated with poor neurological outcome. Brain edema increases intracranial
pressure, which compresses the brain, lowers cerebral perfusion pressure and decreases
cerebral blood flow. Moreover, BBB disruption allows neutrophils to infiltrate the brain
parenchyma, where they release RONS and MMPs that further compromise the BBB. In rats
subjected to cardiac arrest — CPR, neutrophils were detected in the susceptible brain regions

within 6 h ROSC.°

Neuronal apoptosis after brain ischemia and reperfusion

Brain ischemia triggers two general processes of neuronal death: necrosis and apoptosis.***°

Which process predominates depends on the duration and intensity of the ischemic insult. In
focal ischemia, necrosis is the major cause of cell death in the intensely ischemic core.** The
core is surrounded by the less severely ischemic penumbra, where neurons primarily die by
apoptosis, a highly regulated mechanism of cell death.3*°***3 Because apoptosis is
orchestrated by specific signaling elements, and because its measured pace affords time to
initiate treatment, there are opportunities to salvage penumbral cells threatened by ischemic

stroke.

Two distinct apoptotic cascades operate in the CNS (Figure 2).3%%** |n the extrinsic pathway,
Fas ligand secreted by neurons, glia and inflammatory leukocytes binds its receptor, Fas, which,
via its Fas-activated death domain, activates caspase 8, a protease that mediates apoptosis by
activating caspase 3, the major ‘executioner’ caspase, and cleaves Bid to truncated Bid (tBid),
which combines with Bad in the mitochondrial membrane forming a channel. The release of
cytochrome c through this channel initiates the intrinsic apoptotic pathway. In the cytosol,
cytochrome ¢ combines with Apaf-1, dATP and procaspase 9, forming the apoptosome which
activates caspase 9 by cleavage of its procaspase. In a similar manner, caspase 9 activates

caspase 3, which cleaves numerous targets culminating in the cell's destruction.
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Neuronal apoptosis is well documented in animal models of cardiac arrest. For example, in
rabbits placed on cardiopulmonary bypass and subjected to 2 h hypothermic circulatory arrest, 4
h reperfusion, hippocampal CA1 neurons exhibited caspase-3 activation and DNA
fragmentation detectable by terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL).* Béttiger, Teschendorf et al.***” examined the progression of apoptotic cell death in
rat brain over the first 7 d recovery from cardiac arrest — CPR. Post-arrest caspase activity
followed different time-courses in different brain regions. In nucleus reticularis thalami, cortex
and striatum, caspase activity and DNA fragmentation detected by TUNEL were already
maximal at 6 h ROSC. In the hippocampal CA1 subregion, TUNEL-positive cells were first
detected at 3 d, and increased further at 7 d. Thus, cardiac arrest activates caspases and
apoptosis in vulnerable brain regions. A strong correlation emerged, both in extent and time-

course, between caspase activation and DNA fragmentation.

Nitric oxide generated by the neuronal and inducible NOS isoforms has been implicated in CNS
apoptosis following cardiac arrest. Incubation of hippocampal neurons with the NO donor
sodium nitroprusside lowered Bcl-2 content and increased Bax content, and activated caspase-
3."% In astrocyte-neuron cocultures, NOS inhibition by L-NMMA increased neuronal survival and

prevented the decrease in Bcl-2 and increase in Bax initiated by hypoxia-reoxygenation.*®

Erythropoietin: cerebroprotective cytokine

Erythropoietin, a 165 amino acid, 30.4 kDa glycoprotein with four oligosaccharide chains, was
identified over 30 years ago as the hormone responsible for inducing erythropoiesis.* The liver
is the major source of EPO during the prenatal period. Postpartum, 90% of EPO production
shifts to the kidneys,>" where peritubular interstitial fibroblasts near the corticomedullary border
synthesize and secrete EPO in response to hypoxemia.’*** EPO circulates to the bone marrow,

where it suppresses apoptosis of colony-forming unit erythroid cells, promoting the proliferation
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and development of these cells into mature erythrocytes.’>*® EPO’s anti-apoptotic protection of
erythroid precursors was an early indication that the cytokine might similarly protect cells in

other tissues, including brain.

Studies in a variety of animal models of CNS ischemia-reperfusion®®**” have defined EPO’s
robust neuroprotective properties in brain.”®®" In stroke-prone spontaneously hypertensive rats,
cerebroventricular infusion of EPO salvaged cerebral cortex and motor function following
permanent middle cerebral artery (MCA) occlusion.®> The abundance of mRNA encoding the
EPO receptor was elevated in the ischemic penumbra, potentially enhancing the
neuroprotective capabilities of EPO and preventing infarct expansion. Injection of EPO (5,000
IU/kg, ip) at the start of 60 min MCA occlusion in rats decreased infarct size by 75% and
suppressed apoptosis in the ischemic penumbra.®® Erythropoietin (1,000 1U/kg, ip) decreased
ethanol-induced apoptosis in cerebellum, prefrontal cortex, and hippocampus of mice given
subcutaneous ethanol injections.® In gerbils subjected to 5 min bilateral carotid artery
occlusion,® recombinant human EPO, when injected (50 or 100 IU, ip) at the time of
reperfusion, attenuated hippocampal edema, lipid peroxidation and neuronal death, and
suppressed NO formation. Thus, EPO treatment may protect sensitive brain regions, at least in

part by suppressing NOS.

Transgenic human EPO expression in mouse brain doubled cerebrocortical and striatal EPO
content vs. wild type, and decreased infarct volume by 84% following 90 min middle cerebral
artery occlusion and 72 h reperfusion.® In this study, TUNEL-positive and caspase-3-positive
neurons were decreased by ~50 and ~75%, respectively, in transgenic vs. wild-type striatum.
EPO expression sharply increased phosphor-activation of Erk-1, Erk-2 and Akt; the Erk inhibitor
PD98059 and the PI3K/Akt inhibitor Wortmannin both prevented the reduction in TUNEL- and

caspase-3-positive neurons, implicating both kinases in the neuroprotective cascade.
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EPO has been found to be cerebroprotective even when its administration is delayed. In rats,
exogenous EPO decreased infarct volume even when given 6 h after MCA occlusion-
reperfusion.®’ In a rat model of traumatic brain injury, EPO (5,000 IU/kg, ip) given 24 h post-
injury produced significant improvement in neurological function and decreased neuronal loss in
the hippocampal CA3 subregion, and increased neurogenesis in the injured cortex and dentate
gyrus.® Erythropoietin, injected ip in rats subjected to MCA occlusion, reduced infarct volume
by 70-75% whether given 24 h before, during or 3 h after occlusion.®® EPO also sharply
lowered TUNEL-positive cells in the ischemic penumbra of these rats. Importantly, some
protection was still seen when EPO was administered as late as 6 h post-occlusion, although
not at 9 h post-occlusion. EPQO’s neuroprotective efficacy for at least the first several h after the

ischemic insult expands opportunities for its therapeutic application for acute CNS ischemia.

Although the preponderance of preclinical evidence shows EPO to be neuroprotective, a study
in rats subjected to 6 min pre-treatment ventricular fibrillation, 2 min CPR, defibrillatory
countershocks and up to 7 d recovery yielded less favorable outcomes.®® EPO (5000 1U/kg),
given iv 5 min before cardiac arrest, then injected ip at 24 and 72 h post-arrest, failed to
suppress total caspase or caspase-3 activities, prevent DNA fragmentation and neuronal
degeneration in the hippocampal CA1 subregion, or improve neurological deficit score at 1, 3 or
7 d recovery. These negative findings merit attention in light of the equivocal results of clinical

trials of EPO for CNS ischemia described below.

Mechanisms of erythropoietin neuroprotection

Erythropoietin is an especially promising neuroprotectant because it potentially intervenes at
several points in the apoptotic pathway (Figure 2). Brain neurons express homodimeric EPO
receptors; EPO binding triggers reciprocal auto-phosphorylation of the two monomers, which in

turn phosphorylate and activate the signaling kinase, Jak-2.”° Multiple protein kinases are
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recruited to the EPO receptor and phosphorylated by activated Jak2, initiating a complex anti-
apoptotic signaling cascade (Figure 2). Several cytoprotective mechanisms activated by EPO

signaling are summarized in the following subsections.

Increased anti-apoptotic proteins and Bcl-X, /Bax ratio

The relative cellular contents of anti- vs. pro-apoptotic members of the Bcl protein family exert a
profound effect on cell survival vs. apoptosis.”"> EPO enhancement of neuronal Bcl-X, content
plays a pivotal role in EPO’s anti-apoptotic neuroprotection.®® In cultured rat cortical microglia
and astrocytes, EPO shifted the Bcl/Bax ratio in favor of anti-apoptotic Bcl.” In gerbils
subjected to CNS ischemia, EPO up-regulated Bcl-X,. mRNA and protein in hippocampal CA1
neurons, and prevented learning disability.”* Transgenic over-expression of human EPO in
murine striatum enhanced ischemic induction of Bcl-X,.%® Activated Akt phosphorylates the pro-
apoptotic protein, Bad, preventing the latter’s insertion into the mitochondrial membrane.”
Phosphorylated STAT5 activates nuclear factor kB (NF-kB), which promotes expression of the
anti-apoptotic proteins X-linked inhibitor of apoptosis (XIAP) and c-inhibitor of apoptosis-2

® ¢-IAP2 suppresses caspases 3, 8 and 9;”" XIAP

(clAP2) in cultured cerebrocortical neurons.’
binds and suppresses caspases 3 and 9,”® and inhibits activation of procaspase 9 within the

apoptosome.”®

Enhancement of the brain’s antioxidant defenses

Preclinical studies have demonstrated EPO induction of key components of the brain’s
antioxidant armamentarium. In rats, ip injection of 1,000 |IU/kg EPO at 8 h intervals beginning 5
min after induction of subarachnoid hemorrhage increased gene expression and content of the
antioxidant enzymes glutathione S-transferase, NAD(P)H:quinone oxidoreductase-1 and heme
oxygenase-1, and blunted cerebrocortical apoptosis, brain edema and BBB disruption 48 h

later.® EPO (1,000 1U/kg, ip) increased glutathione peroxidase activity and decreased lipid
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peroxidation in the brains of ethanol-intoxicated mice.®* In brains of rats subjected to hyperoxia-
imposed oxidative stress, EPO (20,000 IU/kg, ip) upregulated heme oxygenase-1, dampened

lipid peroxidation, and prevented the decline in glutathione redox state.®

Recent studies implicate the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2)
in EPO’s induction of antioxidant enzymes. Nrf2 activates expression of a gene program
encoding several phase Il defense enzymes that afford antioxidant and anti-inflammatory

cytoprotection,?*®

including heme oxygenase-1, peroxiredoxin, superoxide dismutase,
glutathione peroxidase, NAD(P)H:quinone oxidoreductase-1, and the glutathione synthesizing
enzyme glutamate-cysteine ligase.®*®* %> Binding of a regulatory protein, Keap1, sequesters
Nrf2 in the cytoplasm, targeting Nrf2 for polyubiquitinylation and proteasomal degration and,
thus, silencing the Nrf2 gene program.®*®® RONS oxidize Keap1 sulfhydryls,® liberating Nrf2
which translocates to the nucleus and binds the antioxidant response element in the promoter of
phase Il response genes. EPO is proposed® to activate Nrf2 by activating Akt and Erk, which in
turn phosphor-activate eNOS, thereby increasing NO formation in the neuronal cytosol (Figure
2). NO or its derivative ONOO' release Nrf2 by nitrosylating Keap1’s regulatory sulfhydryls.*

Accordingly, pharmacological inhibition of Akt and Erk blunted EPO-induced nuclear

translocation of Nrf2 and heme oxygenase-1 expression in cultured human neural cells.®

Suppression of matrix metalloproteinases and inflammation

Li et al.?® studied mice subjected to intracerebral hemorrhage, a pro-inflammatory event. EPO
(ip injection), given during the first 3 d post-hemorrhage, preserved the BBB, prevented tissue
edema, preserved collagen, restrained increases in MMP-2 content and enhanced content of
the endogenous MMP inhibitor, tissue inhibitor of metalloproteinase-2 (TIMP-2). In human
erythroid progenitor cells, EPO suppressed MMP-9 secretion and induced TIMP-1 expression

and secretion.®?> ERK1/2 inhibitors PD98059 and U0126 and PI3K inhibitor LY294002 blocked
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EPO suppression of MMP-9 and induction of TIMP-1. These findings are empirical evidence
that EPO preserves the extracellular matrix and prevents CNS injury by inducing TIMPs and
suppressing MMPs. In rats undergoing MCA occlusion, EPO (5000 1U/kg body wt, ip)
decreased astrocyte activation and recruitment of leukocytes and microglia into the infarct, and
suppressed formation of the pro-inflammatory cytokines IL-6, TNF and monocyte

chemoattractant protein-1 by >50%.%

Erythropoietin dampens glutamate excitotoxicity

The excitatory amino acid glutamate provokes neuronal Ca®* entry via NMDA and AMPA
channels. Excessive glutamatergic activity in ischemic and post-ischemic brain provokes
cytotoxic Ca?* overload. EPO suppressed glutamate release from hippocampal and cerebellar
neurons exposed to ‘chemical ischemia’ produced by excess Ca?* or ionomycin,* in spinal
neurons exposed to excitotoxic kainic acid® and in electrically stimulated hippocampal slices.*®
By dampening glutamate release, EPO may ameliorate NMDA- and AMPA-channel-mediated
Ca®" entry, thereby preventing excitoxicity and minimizing ATP demands for Ca®" extrusion by

the energy-depleted neurons.

Erythropoietin modulation of nitric oxide synthase

Erythropoietin exerts divergent effects on the three NOS isoforms. EPO dampened expression
of iNOS in oligodendrocytes exposed to inflammatory stimuli.?® Transgenic expression of
human EPO in murine brain suppressed nNOS and iNOS expression in striatal neurons.® In
gerbils subjected to bilateral carotid occlusion, post-ischemic EPO injection (c. 800-1500 100
IU/kg, ip) 60 min after reperfusion lowered NO formation in the hippocampus, in parallel with
EPO’s suppression of lipid peroxidation and tissue edema.®® Neuronal NOS is Ca**-activated,

so EPQ’s suppression of glutamatergic signaling and the resultant Ca** overload may contribute
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to the decreased NOS activity. In contrast, EPO has been shown to activate the endothelial

NOS isoform (eNOS), which generates the moderate amounts of NO which activate Nrf2.%489%°

Clinical trials: exogenous erythropoietin for brain ischemia

As Pytte and Steen®’ noted, “...the last three decades have been filled with disappointments
regarding pharmacological treatment of cardiac arrest patients.” Indeed, an array of potential
treatments has failed to impart significant clinical benefit, including treatments which afforded
substantial neuroprotection in animal models. Clinical trials of EPO for brain ischemia have

yielded mixed outcomes. Ehrenreich et al.%®

conducted a pioneering clinical trial in which iv
injections of 33,000 IU EPO, daily for the first 3 days after stroke, improved recovery of
neurocognitive function and decreased the persistent neurological deficit evident 18-30 d after

stroke. EPO was efficacious when the first dose was given up to 8 h after the onset of stroke

symptoms, but massive doses of EPO were required for clinical benefit.

Cariou et al.*® conducted a clinical trial of EPO for brain protection following cardiac arrest. Five
intravenous injections of 40,000 IU EPO at 12 h intervals, beginning 42-72 min after out-of-
hospital cardiac arrest, failed to improve neurological recovery assessed at day 28 post-arrest.
EPO did produce modest increases in hematocrit and hemoglobin content at 14 d post-arrest

vs. non-EPO controls. A small trial by Grmec et al.*®

showed that a single, massive iv bolus of
EPO (90,000 1U), given by emergency responders within 1-2 min of initiating CPR, did increase
rates of initial defibrillation, survival to ICU admission, 24 h survival and survival to hospital

discharge. Despite these promising short-term outcomes, EPO treatment did not improve

neurological outcome.

Ehrenreich et al.®* studied 460 patients with stroke in the MCA perfusion territory. Patients
received three iv injections of 40,000 IU EPO, at 6, 24 and 48 h after onset of symptoms. EPO

increased death rate (16.4%; 42/256) vs. placebo (9.0%; 24/266) and incidence of
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cerebrovascular hemorrhage. These adverse effects were seen almost entirely in patients
receiving recombinant tissue plasminogen activator (rtPA) beyond its therapeutic window, which

is limited to the first 4.5 h after stroke onset.'%*%

A recent preclinical study by Jia et al.'®*

provided valuable insights regarding the detrimental
interaction of rtPA and EPO. Rats were subjected to embolic MCA occlusion, followed by EPO
(5000 IU/kg, ip injection) and rtPA treatment (10 mg/kg, iv injection) at 2 or 6 h MCA occlusion.
When administered at 2 h MCA occlusion, EPO and rtPA were similarly effective at reducing
infarct size, but the combination of the two afforded no additional protection over the separate
treatments. When administered at 6 h MCA occlusion, although EPO alone decreased infarct
size, neither rtPA alone or combined with EPO afforded protection. Indeed, rtPA increased
intracerebral hemorrhage at 6 h MCA occlusion vs. saline-injected control rats, and the
combined EPO + rtPA treatment increased intracerebral hemorrhage even more than rtPA
alone. The combined treatments, but not EPO or rtPA alone, activated MMP-9 via nuclear
factor kB (NF-kB) signaling in cerebral microvessels at 6 h MCA occlusion. Thus, when EPO

and rtPA are coadministered beyond rtPA’s therapeutic window, the result is activation of MMP-

9, culminating in cerebral hemorrhage and infarct expansion.

How readily does erythropoietin traverse the blood-brain barrier?

The transfer of systemically administered EPO from the cerebral circulation across the BBB into
the brain parenchyma is less than 1% efficient;®"*°*'% consequently, high doses are required to
achieve therapeutically effective EPO concentrations within the brain.?® In mice a tiny fraction of
intravenously injected EPO, 0.05-0.1% of the injected dose, entered the brain parenchyma, an
efficiency that approximated that of albumin.*® In fetal sheep and monkeys injected with high

doses of EPO, the EPO activity in the cerebrospinal fluid was only about 2% of the circulating

activity.’® Similar results were reported in humans;'”’ indeed, the dosages of recombinant EPO
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required to produce neuroprotection (1,000-30,000 IU/kg) are well above those (<500 1U/kg)
used to treat anemia.'® Other studies showed that circulating EPO can only enter the brain if
the BBB has been compromised. In patients with traumatic brain injury, the appearance of EPO
in the ventricular cerebrospinal fluid correlated with the extent of BBB disruption.’® In a patient
undergoing resection of a brain tumor, a single iv injection of 6000 IU recombinant human EPO
increased serum EPO activity from c. 13 to >6500 IU/I for at least 60 min, but there was no
increase in EPO activity in the cerebrospinal fluid.**® Collectively, these studies demonstrate
that circulating EPO does not efficiently cross the intact BBB, but can pass from blood to brain if
the BBB is disrupted. The high doses of exogenous EPO necessary to surmount the intact BBB

111

may increase blood coagulability enough to precipitate thrombotic events— and, when

combined with tPA therapy, produce deadly hemorrhagic transformation.*****2

Erythropoietin expression within the brain

Noguchi et al.” stated “EPO production in neural cells can increase the local bioavailability of
EPO independent of transit through the blood-brain barrier.” The brain possesses the molecular
machinery to manufacture EPO intrinsically, on the “leeward” side of the blood-brain
barrier.>***> |ndeed, EPO mRNA abundance in the cerebellum, pituitary gland and
cerebrocortex rivaled that of the conventionally EPO-expressing liver and kidneys.™°
Substantial EPO expression was detected in several brain regions**® and spinal cord™” in

preterm human fetuses. Nagai et al.*®

examined expression of EPO and its receptors in
cultured human astrocytes, neurons, microglia and oligodendrocytes. Only the astrocytes
expressed EPO mRNA. Neurons, astrocytes and microglia possessed EPO receptors; the
oligodendrocytes did not. In gerbils, sequestration of intrinsic EPO by injection of soluble EPO
receptors into the cerebral ventricles intensified neuronal death in the hippocampus following a

moderate, ordinarily non-injurious ischemic challenge,™® suggesting that EPO production within

the brain contributed to a basal level of neuroprotection.
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As in kidney,***?! hypoxia is a powerful inducer of EPO expression in brain.?**?? This induction
is mediated by hypoxia inducible factor-1 (HIF-1), an O,-regulated transcription factor that
activates the expression of an extensive gene program encoding proteins that increase cellular
resistance to hypoxia and ischemia.’***® HIF-1 is a heterodimer containing two subunits: a
constitutive B subunit and an a subunit which is also constitutively expressed but, in well-
oxygenated tissues, rapidly undergoes prolyl hydroxylase-catalyzed, Fe?*- and a-ketoglutarate-
dependent hydroxylation of two prolyl residues, earmarking the subunit for poly-ubiquitinylation

and proteosomal degradation (Figure 2).*** Hypoxia stabilizes HIF-1a in two ways:***

it deprives
prolyl hydroxylase of the O, required for HIF-1a hydroxylation, and it causes the mitochondrial
electron transport chain to generate RONS which convert Fe?* to Fe**, removing the source of
electrons for the prolyl hydroxylase reaction. Thus stabilized, HIF-1a diffuses from the cytosol
to the nucleus and combines with the $ subunit, forming the active HIF-1 transcription factor.
HIF-1 then binds the hypoxia response element in the promoter regions of an extensive array of
genes, including EPO, vascular endothelial growth factor, the entire glycolytic enzyme
sequence, and a host of other proteins which, collectively, increase cellular resistance to
hypoxia and ischemia.*** Thus, embryonic mouse neocortical neurons and astrocytes
expressed EPO mRNA and protein when exposed to hypoxia or the hypoxia-mimetic chemicals

desferrioxamine or cobalt chloride.*?®

While EPO is intensely expressed by astrocytes, its
membrane receptors are predominantly located in neurons and cerebrovascular endothelium.

EPO secreted by astrocytes may function in a paracrine manner (Figure 2).

By effectively surmounting the BBB, while potentially avoiding the untoward effects of massive
systemic EPO dosages, intrinsic EPO expression within the brain parenchyma addresses the
important limitations of exogenous EPO. However, a strategy of subjecting critically ill patients

to systemic hypoxia in the midst of an acute CNS ischemic event would be dangerous and
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clinically unacceptable. Is there a safe, simple means of inducing EPO expression in the brain

for treatment of acute CNS ischemia?

Neuroprotection by exogenous pyruvate

The neuroprotective capabilities of pyruvate, a natural intermediary metabolite and energy
substrate, have been demonstrated in a variety of brain preparations. Although an exhaustive
review of these studies is beyond the scope of this article, several reports exemplifying the
neuroprotection afforded by pyruvate are summarized here. Lee et al.*® subjected rats to 12
min forebrain ischemia by bilateral occlusion of the carotid arteries. Sodium pyruvate (250, 500
or 1000 mg/kg) sharply lowered mortality to 1 of 26 rats vs. 18 of 31 NaCl-injected control rats
when injected ip at 30 min or 1 h reperfusion, but was ineffective when given at 2 or 3 h
reperfusion. In the NaCl-injected rats, extensive cell death was detected in the post-ischemic
brain 72 h after ischemia-reperfusion; pyruvate (500 mg/kg) prevented cell death. Thus,
pyruvate injected ip protected brain from ischemia, even when given 30 or 60 min after

[ 127

reperfusion. In a swine model of hemorrhagic shock, Mongan et a showed that intravenous

resuscitation with sodium pyruvate suppressed excitotoxic glutamate release within the cerebral
cortex and slowed the post-hemorrhage decline in cortical electrical activity. Kim et al.*?®
studied kainate-induced epileptic seizures in rats. Sodium pyruvate (500 mg/kg, ip) was
injected 30 or 150 min after kainate (10 mg/kg, ip). Pyruvate sharply lowered, by 60-85%, cell
death in hippocampal CAl, CA3 and dentate gyrus. Zinc injures neurons by activating

metallothioneins, interfering with mitochondrial respiration, inducing ROS formation by the

respiratory chain, and activating NADPH oxidase to produce "O,. Pyruvate prevented

| 126 I 128

intracellular zinc accumulation in the studies of Lee et a and Kim et a

129
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In a study by Sharma et a pyruvate prevented simulated ischemia-induced damage and

death of cultured rat astrocytes subjected to simulated ischemia-reperfusion. Cells were
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challenged by 6 h profound, substrate-free hypoxia, then reoxygenated for another 6 h in
presence of pyruvate or glucose. Pyruvate maintained cellular morphology, prevented lactate
dehydrogenase leakage, a measure of membrane rupture and cell death, and suppressed early
apoptotic events including mitochondrial cytochrome c release, caspase-3 cleavage and
activation, and poly(ADP-ribose) polymerase (PARP) cleavage, in a manner superior to

glucose.

In anesthetized dogs, Sharma et al.**® evaluated pyruvate protection of the brain threatened by
cardiac arrest and resuscitation. The heart was arrested by epicardial shock, then, after 5 min
arrest, cardiac massage was performed for 5 min before defibrillation by epicardial
countershocks. Sodium pyruvate or NaCl were infused iv (0.125 mmol « kg™ « min™) during
cardiac massage and the first 60 min recovery, and then the dogs were recovered for 3 days.
The pyruvate infusion increased arterial plasma pyruvate concentration from 0.22 + 0.02 to 3.6

+ 0.2 mM; pyruvate concentration subsided within 30 min post-infusion.**

Pyruvate sharply
lowered neurological deficit 24 and 48 h post-arrest, particularly the deficits in motor function,
vs. the NaCl-infused dogs. Pyruvate also lowered neuronal death and caspase-3 activity in the

hippocampal CA1 subregion and prevented degeneration of cerebellar Purkinje cells.

Fukushima et al.”*> demonstrated pyruvate protection of brain in a rat model of cortical
contusion injury. Sodium pyruvate was injected (500 or 1000 mg/kg, ip) 5 min after contusion.
Intracerebral pyruvate detected by microdialysis plateaued at 30-75 min after pyruvate injection,
confirming that pyruvate traversed the BBB in this model. Both doses of pyruvate sharply

lowered the intensity of cortical cell death at 6 h post-contusion.

Recently, Ryou et al.”*®* examined pyruvate’s neuroprotective capabilities in a rat model of
ischemic stroke, in which the left MCA was occluded by advancing a suture into the artery for

120 min; suture withdrawal abruptly reperfused the ischemic tissue. Sodium pyruvate or NacCl
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control were infused iv from 60 min occlusion until 30 min reperfusion. Analyses of brains
harvested at 24 h reperfusion revealed that pyruvate infusion produced an 84% reduction in
infarct volume and 80% reduction in apoptotic nuclei vs. the respective control values. Indeed,
the reduction in infarct volume afforded by pyruvate was nearly identical to that produced by
transgenic human EPO expression in Kilic et al.’s studies in mice subjected to MCA occlusion-
reperfusion.®® Collectively, these and other reports demonstrate that timely administration of

pyruvate can minimize brain injury from ischemia-reperfusion and other stresses.

Pyruvate traverses the blood brain barrier

Many potentially cerebroprotective compounds have proven ineffective due to their inability to
surmount the BBB. In contrast, pyruvate is readily transferred across the BBB by a high-affinity,
proton-linked monocarboxylate transport mechanism in the vascular endothelium (Figure
3).1**'% Monocarboxylate transporters also are abundant in the plasma membranes of neurons
and astrocytes,™*® affording pyruvate uptake by the brain parenchyma. Using cerebrocortical

1.¥2” showed that intravenous

microdialysis in a pig model of hemorrhagic shock, Mongan et a
pyruvate (0.9 mmol + kg™ bolus followed by 0.08 mmol * kg™ « min™ infusion), producing a
sustained arterial plasma pyruvate concentration of 5-6 mM, increased pyruvate concentration
in cerebrocortical microdialysate from 0.09 to 0.43 mM. Although the fractional recovery of
pyruvate in the microdialysate wasn’t reported, the results suggest pyruvate does indeed cross
the blood-brain barrier, but doesn’t equilibrate. On the other hand, the neurons and astroglia
may have avidly taken up the pyruvate, keeping the interstitial concentration low.

Cerebrocortical microdialysis studies in rats by Fukushima et al.'*?

confirmed that pyruvate,
injected ip appeared in the brain parenchyma over a period of several minutes. Additional
evidence that pyruvate cerebroprotection requires pyruvate transport was reported by Wang et

al.,”®" who showed ip injections of 500 mg/kg sodium pyruvate decreased infarct size nearly
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50% in rats subjected to 65 min MCA occlusion, and that this cerebroprotective effect was

blunted by the monocarboxylate transporter antagonist a-cyano-4-hydroxycinnamate.

Cerebroprotective mechanisms of pyruvate

Pyruvate may preserve post-ischemic brain by several mechanisms. An energy-yielding,
oxidizable fuel,***'* pyruvate augments oxidative metabolism, thereby generating ATP and
phosphocreatine127 and, thus, increasing AGarp, the thermodynamic driving force for cellular

function. Pyruvate also affords three general antioxidant mechanisms:*3%4

(1) as an alpha-
keto carboxylate, pyruvate can react with and directly detoxify H,O,, lipid peroxides and ONOO"
1401429y pyruvate oxidizes the cytosolic NADH/NAD® redox couple, thereby decreasing
availability of NADH to NADH oxidase, which generates <0, (3) pyruvate bolsters
intracellular antioxidant defenses by increasing NADPH/NADP® and, thus, glutathione redox
state, the major intracellular antioxidant system.**'* Pyruvate suppressed DNA fragmentation,
a critical event in the progression of apoptosis (Figure 2) in a cultured renal tubular epithelial cell
line subjected to antimycin A-induced chemical hypoxia,'*® as well as in H,O,-challenged mouse
thymocytes™*’ and post-ischemic rat liver.**® Pyruvate suppression of H,O,-induced glutathione
depletion, caspase activation and death of cultured human umbilical vein endothelial cells****°
paralleled intense Erk1/2 phosphorylation'® as well as increased Bcl-2 and decreased Bax
contents and, thus, increased anti-apoptotic Bcl-2/Bax ratio.™*® Although pyruvate’s actions in

cerebrovascular endothelium are not yet known, effects such as these could stabilize integrity of

the cerebrovascular endothelium and blood brain barrier in the face of ischemia-reperfusion.

Several reports over the past decade have demonstrated pyruvate’s antioxidant and anti-

apoptotic actions in brain preparations. Wang et al.***

showed that cultured astrocytes released
pyruvate which protected co-cultured neurons from copper-catalyzed cysteine autoxidation, a

source of hydroxyl radicals. In rat primary neurons, 2.5 mM pyruvate suppressed B-amyloid-
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induced dichlorofluorescein fluorescence, a measure of ROS formation. In another study
pyruvate protected murine neuroblastoma cells from cell death triggered by H,O, and 6-
hydroxydopamine, an inducer of H,O, formation. Wang et al.™ exposed cultured human
neuroblastoma SK-N-SH cells to 150 yM H,O,, which provoked mitochondrial superoxide
formation, collapsed the mitochondrial membrane potential, and killed 85% of the cells.
Pyruvate concentration-dependently suppressed cell death; 1-4 mM pyruvate completely
prevented H,O-induced cell death, even when its administration was delayed until 1 h after
H,O, exposure. Pyruvate also suppressed H,O,-induced intracellular and mitochondrial RONS

formation, with 2 mM pyruvate exerting near-complete prevention of RONS. Massive

mitochondrial depolarization by 3 mM H,0O, was prevented by 1 mM pyruvate.

Pyruvate’s anti-inflammatory actions have been demonstrated in several organs, including
brain.  Cardiopulmonary bypass provokes a systemic inflammatory response that damages

internal organs and compromises post-surgical recovery.">'*

In pigs subjected to
cardioplegia-induced cardiac arrest and maintained on-pump, pyruvate-fortified cardioplegia
suppressed the pro-inflammatory C-reactive protein, enhanced anti-inflammatory cytokine IL-10,
prevented activation of MMP-9, suppressed neutrophil infiltration into the myocardial

" These

parenchyma, and blunted nitrotyrosine formation, a measure of nitrosative stress.®
effects were seen 4 h after pyruvate treatment. In dogs, cardiac arrest and cardiopulmonary
resuscitation produced a striking increase in hippocampal MMP activity 3 d later; pyruvate
infusion during cardiac massage and the first 60 min recovery suppressed this MMP activation
by 80%."* Sharma and Mongan™® examined the anti-inflammatory capabilities of low-volume,
hypertonic sodium pyruvate resuscitation in a rat model of hemorrhagic shock. The pyruvate
treatment ameliorated liver injury, suppressed serum and hepatic pro-inflammatory cytokines,

NOS and cyclooxygenase-2 activities, caspase-3 activation and poly(ADP ribose) polymerase

cleavage and lipid peroxidation, and attenuated liver injury. Thus, pyruvate can supply energy
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substrate, detoxify RONS and suppress inflammation and apoptosis in CNS threatened by

acute ischemia-reperfusion.

Induction of erythropoietin and neuroprotection by pyruvate

Studies in a cultured human glioma cell line revealed a novel action of pyruvate: the stabilization
of HIF-1a despite the presence of abundant 0,.°'® Here, pyruvate and oxaloacetate, an a-
keto carboxylate structural analogue and product of mitochondrial pyruvate carboxylation
(Figure 3),'* suppressed prolyl hydroxylase activity, apparently by competing with the enzyme’s

1 These

natural substrate, a-ketoglutarate, for access to the enzyme’s catalytic domain.®
findings raised the possibility that pyruvate could suppress prolyl hydroxylation and subsequent
polyubiquitination and degradation of HIF-1a and, thus, augment expression of HIF-1-activated

genes, including EPO, in normal tissue.

Ryou et al.’s studies in a porcine cardiopulmonary bypass model revealed, for the first time,

pyruvate induction of EPO synthesis in a mammalian organ, the heart.*®

Here, pyruvate-
enriched cardioplegia stabilized HIF-1a content, which paralleled robust myocardial mRNA
expression and synthesis of EPO. Elements of EPO’s intracellular signaling cascades, Erk and
eNOS, were activated following pyruvate cardioplegia. Thus, temporary (60 min) pyruvate
treatment evoked EPO expression and its cytoprotective signaling cascades that persisted
several h after treatment. Indeed, the myocardium released EPO into the coronary venous

effluent for at least 4 h after crossclamp release and washout of the pyruvate-enriched

cardioplegia.

In Ryou et al.’s rat model of ischemic stroke,'*® pyruvate treatment increased cerebral EPO
content severalfold, in the ischemic tissue as well as the contralateral, non-ischemic
hemisphere.  Additional experiments were conducted in glioma and neuronal cell lines

subjected to oxygen-glucose deprivation and reoxygenation, a cell culture model of ischemia-
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reperfusion, to assess the roles of HIF-1a, EPO and the downstream signaling in pyruvate’s
neuroprotection.”* Five and 10 mM pyruvate afforded significant cytoprotection, paralleled by
marked increases in HIF-1a and EPO contents and phosphor-activation of Akt but not Erk.
Incubation with soluble EPO receptor, and siRNA suppression of HIF-1a expression, blunted
pyruvate’s cytoprotection. Collectively, these results support the hypothesis that pyruvate
prevents ischemic injury of brain, at least in part by stabilizing HIF-1a, thereby increasing EPO

synthesis and activating the cytoprotective Akt signaling cascade.

Recently Ryou et al. tested pyruvate’s ability to limit rtPA toxicity in a cultured neuronal cell line

and primary microvascular endothelial cells.*®®

Six and 10 h of oxygen-glucose deprivation
produced marked neuronal cell death which was exacerbated by rtPA. Pyruvate (8 mM)
prevented cell death in the absence of rtPA, dampened cell death in the rtPA-exposed cells,
suppressed rtPA-induced RONS formation, and sharply lowered basal and rtPA-induced MMP-2
content, while inducing Akt and Erk phosphorylation. Interestingly, pyruvate alone or combined
with rtPA increased cellular content of monocarboxylate transporter-2 vs. the respective
pyruvate-free conditions. These results suggested that pyruvate might extend rtPA’s

therapeutic window by dampening rtPA-induced cytotoxicity; it is essential to test this interaction

in intact animals.
Conclusion and perspectives

Cardiac arrest and stroke, two of the leading causes of death and long-term disability in the
United States and Europe, heretofore have proven refractory to pharmacological interventions.
Extensive preclinical research has identified EPO as a potentially powerful treatment to limit the
ischemic damage to the CNS inflicted by these scourges. Unlike agents that failed to protect
the CNS in clinical trials, EPO is not a “one trick pony;” it activates several intracellular

mechanisms that intervene at multiple steps in the cascade of ischemia-reperfusion injury

187



(Figure 2). However, despite favorable outcomes in early clinical trials, two factors threaten to
limit EPO’s clinical utility for stroke and cardiac arrest: its potentially dangerous interaction with
rtPA inducing hemorrhagic transformation within the cerebral circulation, and the high dosages

of EPO required to surmount the BBB.

The brain’s intrinsic ability to express and synthesize EPO may afford an alternative strategy:
the administration of compounds that promote EPO gene expression within the brain by
stabilizing the transcription factor HIF-1, the principal activator of EPO gene expression.
Pyruvate offers several advantages as an enhancer of HIF-1-driven EPO expression in the
CNS: a natural intermediary metabolite, pyruvate is nontoxic at cerebroprotective dosages;
aside from its EPO induction, pyruvate is a physiological antioxidant and energy-yielding,
oxidizable fuel; pyruvate is efficiently transferred from the circulation to the brain parenchyma by
monocarboxylate transporters within the cerebrovascular endothelium and in the plasma
membranes of neurons and glia, delivering it to the sites of ischemia-reperfusion injury and of
EPO synthesis; pyruvate is highly water soluble, so that agueous solutions of concentrated
sodium pyruvate suitable for intravenous infusion*® are readily prepared. Thus, pyruvate
therapy may offer a facile means of evoking EPO expression and cytoprotection within the CNS.

It should be noted that pyruvate has been shown to be safe and efficacious as an intracoronary

165,166 k 167
k)

intervention in patients with congestive heart failure and cardiogenic shoc and as a
component of cardioplegia in patients undergoing coronary revascularization on

cardiopulmonary bypass.'®®

Potential limitations of pyruvate therapy must be acknowledged. Given HIF-1's fundamental
role in promoting survival and growth of solid tumors,**® protracted pyruvate treatment might
impose unacceptable risks in cancer patients. However, this concern would not apply to a
single pyruvate treatment for acute CNS ischemia. It has been argued'®®'”° that pyruvate may
be unsuitable for protracted storage due to its chemical instability. However, pyruvate can be
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kept indefinitely in powder form and, as noted above, dissolved to high concentrations
immediately before its administration. Esterified derivatives of pyruvate, most notably ethyl
pyruvate, have been found to be highly stable in aqueous solution, although these compounds
are somewhat less soluble than authentic pyruvate,**® and to suppress systemic inflammation in
rat models of endotoxemia'’* and hemorrhagic shock.'”* However, it has been reported that
ethyl-pyruvate resuscitation affords no short-term energetic and hemodynamic advantages over
standard lactated Ringer’s.'”® Moreover, the ability of these pyruvate derivatives to traverse the

BBB has not yet been established.
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Figure legends

Figure 1. Cascade of injury in ischemic and post-ischemic brain. By interrupting
cerebrovascular delivery of energy substrates and O,, CNS ischemia depletes Gibbs free
energy of ATP hydrolysis (AGarp), thus impairing neuronal Ca®* management and provoking
excitotoxic glutamate signaling. Subsequent reperfusion triggers intense formation of reactive
oxygen and nitrogen species. These compounds and Ca”** overload combine to trigger
mitochondrial permeability transition, cytochrome c release and energetic collapse, and activate
matrix metalloproteinases that degrade the extracellular matrix, allowing neutrophil infiltration in

response to pro-inflammatory cytokines and provoking brain edema. See text for details.

Figure 2. Anti-apoptotic mechanisms of erythropoietin. Ischemia-reperfusion activates intrinsic
and extrinsic apoptotic cascades, the elements of which are indicated by solid and broken gray
outlines, respectively, which converge on caspase-3 as the common effector. Erythropoietin
(EPO) activates anti-apoptotic signaling in neurons by binding its membrane receptors. This
event initiates a complex cascade of intracellular signaling events, mediated by protein kinases,
that (1) prevent formation of Bad-tBid channels that release cytochrome ¢ from mitochondria; (2)
blunt the activation of pro-apoptotic caspases; and (3) evoke Nrf2- and NF-kB driven expression
of cytoprotective genes that increase neuronal resistance to ischemia-reperfusion stress.
Collectively, these mechanisms suppress the intrinsic and extrinsic apoptotic pathways. EPO
expression, primarily in astrocytes, is driven by hypoxia-inducible factors (HIF) interacting on
hypoxia response elements (HRE) in the promoter regions of EPO and other genes. HIF, in
turn, is activated by stabilization of its O,-regulated a subunit. Pyruvate interferes with HIF-a
hydroxylation by prolyl hydroxylase (PHD), thereby preventing proteosomal degradation of the

subunit and promoting EPO expression.
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Figure 3. Metabolism and cytoprotective mechanisms of pyruvate in brain. Pyruvate is carried
across the cerebrovascular endothelium and cell and mitochondrial membranes within the brain
parenchyma my monocarboxylate transporters (MCT). In addition to its induction of EPO
expression (Figure 2), pyruvate affords cytoprotection by (1) supporting oxidative metabolism
and mitochondrial ATP production; (2) directly detoxifying hydrogen peroxide, lipid peroxides
(LOOH) and peroxynitrite; (3) increasing mitochondrial citrate formation, which, when exported
to the cytosol by the tricarboxylate transporter (TCT), suppresses phosphofructokinase (PFK)
activity, thereby diverting glycolytic flux into the hexose monophosphate shunt, the source of
NADPH reducing power by glucose 6-phosphate dehydrogenase (G6PDH) and 6-
phosphogluconate dehydrogenase; (4) cytosolic citrate lyase degrades citrate to acetate and

oxaloacetate, which, like pyruvate, competitively inhibits prolyl hydroxylase.
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Figure 1. Cascade of injury in ischemic and post-ischemic brain. By interrupting
cerebrovascular delivery of energy substrates and O,, CNS ischemia depletes Gibbs free
energy of ATP hydrolysis (AGarp), thus impairing neuronal Ca®* management and provoking
excitotoxic glutamate signaling. Subsequent reperfusion triggers intense formation of reactive
oxygen and nitrogen species. These compounds and Ca”** overload combine to trigger
mitochondrial permeability transition, cytochrome c release and energetic collapse, and activate
matrix metalloproteinases that degrade the extracellular matrix, allowing neutrophil infiltration in
response to pro-inflammatory cytokines and provoking brain edema. See text for details.
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Figure 2. Anti-apoptotic mechanisms of erythropoietin. Ischemia-reperfusion activates intrinsic
and extrinsic apoptotic cascades, the elements of which are indicated by solid and broken gray
outlines, respectively, which converge on caspase-3 as the common effector. Erythropoietin
(EPO) activates anti-apoptotic signaling in neurons by binding its membrane receptors. This
event initiates a complex cascade of intracellular signaling events, mediated by protein kinases,
that (1) prevent formation of Bad-tBid channels that release cytochrome c from mitochondria; (2)
blunt the activation of pro-apoptotic caspases; and (3) evoke Nrf2- and NF-kB driven expression
of cytoprotective genes that increase neuronal resistance to ischemia-reperfusion stress.
Collectively, these mechanisms suppress the intrinsic and extrinsic apoptotic pathways. EPO
expression, primarily in astrocytes, is driven by hypoxia-inducible factors (HIF) interacting on
hypoxia response elements (HRE) in the promoter regions of EPO and other genes. HIF, in
turn, is activated by stabilization of its O,-regulated a subunit. Pyruvate interferes with HIF-a

hydroxylation by prolyl hydroxylase (PHD), thereby preventing proteosomal degradation of the
subunit and promoting EPO expression.

209



Figure 3

CEREBRAL NEURCN OR ASTROCYTE Glucoss, ghyoogen
CIRCULATION Pyruvate
PHD
2 HaO Acstate + S*F'DE’,.-EI" cose B-F F-._
I . E -
Pyruvate tNADFH \ Coealosoatate

MADP-
LOH gr Fruectose &P
H- )\ MOy 4G CL
MCT .
Z5H j
LOOH ooe PFK
, Hz:'z I\JEIE"\J _ "A"‘h
MCT OMNOO- 1,

/I

Citrate

Tight
juncticns ™ Y
I ADP + Pi L
|1 A ||
L= E"‘ Krebs Cycle )
= = | . ATF . MADH
N ' ( FADH" (Il miToCHONDRION -
. -] I T . L
T "'--...._.'r'-l i I;I_W' l —————
Cerebrovascular el F 1 |
Endothelium R g )

Figure 3. Metabolism and cytoprotective mechanisms of pyruvate in brain. Pyruvate is carried
across the cerebrovascular endothelium and cell and mitochondrial membranes within the brain
parenchyma my monocarboxylate transporters (MCT). In addition to its induction of EPO
expression (Figure 2), pyruvate affords cytoprotection by (1) supporting oxidative metabolism
and mitochondrial ATP production; (2) directly detoxifying hydrogen peroxide, lipid peroxides
(LOOH) and peroxynitrite; (3) increasing mitochondrial citrate formation, which, when exported
to the cytosol by the tricarboxylate transporter (TCT), suppresses phosphofructokinase (PFK)
activity, thereby diverting glycolytic flux into the hexose monophosphate shunt, the source of
NADPH reducing power by glucose 6-phosphate dehydrogenase (G6PDH) and 6-
phosphogluconate dehydrogenase; (4) cytosolic citrate lyase degrades citrate to acetate and
oxaloacetate, which, like pyruvate, competitively inhibits prolyl hydroxylase.
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