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Abstract

Maintenance of cerebral viability and function is an important goal of critical care in victims of
injury due to ischemia and hypovolemia. As part of the multiple organ dysfunction syndrome, the
brain function after trauma is influenced by systemic inflammatory response. We investigated the
effect of EF24, an anti-inflammatory bis-chalcone, on cerebral bioenergetics in a rat model of 45%
hemorrhagic shock. The rats were treated with EF24 (0.4 mg/kg) or EF24 with an artificial oxygen
carrier liposome-encapsulated hemoglobin (LEH). The volume of LEH administered was equal to
the shed blood. The brain was collected after 6 h of shock for biochemical assays. EF24 treatment
showed significant recovery of ATP, phosphocreatine, and NAD/NADH ratio. It also increased
citrate synthase activity and cytochrome c oxidase subunit IV expression which were reduced in
shock brain. Furthermore, it reduced the shock-induced accumulation of pyruvate and pyruvate
dehydrogenase kinase-1 expression, suggesting that EF24 treatment improves cerebral energetics
by restoring perturbed pyruvate metabolism in the mitochondria. These effects of EF24 were
associated with reduced poly(ADP-ribose) polymerase cleavage and a significant improvement in
the levels of nerve growth factor and brain-derived neurotrophic factor in shock brain. Co-
administration of LEH with EF24 was only marginally more effective as compared to the
treatment with EF24 alone. These results show that EF24 treatment sets up a pro-survival
phenotype in shock by resurrecting cerebral bioenergetics. Since EF24 was effective in the
absence of accompanying fluid resuscitation, it has potential utility as a pre-hospital
pharmacotherapy in shock due to accidental blood loss.
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BACKGROUND

Prognosis of critical care in victims of severe blood loss is primarily dependent on the
success of interventions targeting hypovolemia and tissue hypoxia. The brain is a unique
organ because the host physiological response strives to protect it from hypoxic and mal-
perfusion insults by increasing cerebral oxygen extraction ratio and diverting cardiac output
from splanchnic organs (Kovach & Sandor 1976, Awasthi et al. 2007a). However, these
compensatory mechanisms begin to fail when a large amount of blood is lost, or when the
shock is prolonged without adequate resuscitation, leading to perturbed cellular metabolism,
energy depletion, and neuronal cell death. Intensivists correct inadequate tissue perfusion
and cellular hypoxia by resuscitation with fluids ranging from crystalloids to colloids and by
transfusion with whole blood and packed red blood cells (pRBCs). However, in addition to
the volume and oxygen deficits, the pathology of shock is also characterized by an early
onset of systemic inflammation which affects organs in a global and interdependent fashion
within a phenomenon called multiple organ dysfunction syndrome (MODS) which is the
leading cause of death among intensive care unit (ICU) patients (Brattstrom et al. 2010).

The neurologic component of MODS in the victims of hemorrhagic shock is primarily a
consequence of systemic inflammatory response syndrome (SIRS) and reduced cerebral
perfusion pressure. Whereas perfusion pressure could be managed by resuscitation fluids,
therapeutic treatment of SIRS remains a major challenge in ICU. The major trigger for SIRS
in hemorrhagic shock is the dysfunction of intestinal barrier, secondary to the ischemic
injury to the intestinal epithelium (Moore et al. 2004, Grenz et al. 2012, Rhodes et al. 1973).
The causal role of inflammatory processes initiated by intestinal injury in brain dysfunction
has been reported (Hsieh et al. 2011, Zhou et al. 2012). Therefore, pharmacologic
intervention to correct intestinal injury in hemorrhagic shock is expected to show
improvement in brain metabolism as well.

Recently, we have shown that treatment of severely hypovolemic rats with EF24, 3,5-bis(2-
fluorobenzylidene)piperidin-4-one, protected gut barrier function and reduced systemic
inflammatory response (Yadav et al. 2014a). The primary goal of this study was to evaluate
the status of brain energetics in response to a treatment with EF24 in shock model of 45%
hemorrhage in rats. EF24 suppresses inflammation by interfering with nuclear factor-kB
(NF-kB) pathway, putatively by inhibiting the §§ isoform of inhibitor of kB kinase (IKKf)
(Vilekar et al. 2012, Kasinski et al. 2008). NF-kB is a convergence point for the signaling
networks from various pro-inflammatory pattern recognition receptors (PRRs), such as
interleukin-1 receptor type I. Canonical NF-kB pathway is induced by hypoxia (Oliver et al.
20009, Fitzpatrick et al. 2011).

Considering that the neurological dysfunction in hemorrhagic shock is also influenced by
cerebral perfusion pressure and hypoxia, the secondary goal of this study was to investigate
if the co-resuscitation with EF24 and liposome-encapsulated hemoglobin (LEH), an artificial
oxygen carrier, will have additive effect on brain metabolic activity. Previously we have
shown that LEH infusion to correct oxygen and volume deficit has salutary effects on brain
metabolism in a rat model of hemorrhagic shock (Awasthi et al. 2010, Awasthi et al.
2007b). From the results of this study we conclude that EF24 treatment alone is effective in
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improving the degraded cerebral bioenergetics, and that LEH co-administration has no
significant additional benefits in hemorrhagic shock.

Unless otherwise mentioned, all chemicals were obtained from Sigma-Aldrich (St. Louis,
MO) and/or various suppliers represented by VWR Scientific (West Chester, PA). For in
vivo work, the rats were purchased from Harlan (Indianapolis, IN, USA). EF24 was
synthesized in-house by the procedures published elsewhere (Vilekar et al. 2012, Vilekar et
al. 2014). The LEH was prepared by encapsulating hemoglobin inside the liposomes
composed of dipalmitoylphosphatidylcholine, cholesterol,
hexadecylcarbamoylmethylhexadecanoate (HDAS) and HDAS-poly(ethylene glycol)-2000.
The methods of preparation and characteristics of LEH are described in the supplemental
material; they are also a part of previously published work (Nag et al. 2013, Agashe et al.
2010, Yadav et al. 2014b).

Rat model of hypovolemic shock

The animal experiments were performed according to the NIH Animal Use and Care
Guidelines and were approved by the Institutional Animal Care and Use Committee of the
University Of Oklahoma Health Sciences Center. Male Sprague Dawley rats (250-300 g, 9-
10 months of age) were purchased from Harlan (Indianapolis, IN, USA), housed in regular
light/dark cycles of 12/12 and allowed to acclimatize for at least 5 days. The method of
femoral artery catheterization in rats has been described elsewhere (Awasthi et al. 2007b).
Briefly, the left femoral artery was cannulated with a Teflon-tipped catheter and the catheter
was subcutaneously tunneled and secured to the nape; the rats were allowed at least 2 days
to recover from surgery. On the day of the experiment, the rats were handled under
isoflurane (2-3%) anesthesia in medical air stream (2 | per min) containing 21% oxygen and
78% nitrogen. The rats were heparinized with 100 units of heparin to prevent catheter
blockade. Hypovolemic shock was induced by withdrawing approximately 45% of
circulating blood at the rate of 1.5 ml/min. The total volume of blood was estimated
approximately 6% of the total body weight. The rats were treated (described below), while
allowing them to wake up and freely compensate. After 6 h of hemorrhage, the surviving
rats were euthanized with an overdose of SOMNASOL, Euthanasia-111 Solution (Butler
Schein Animal Health, Dublin, OH). The brain was isolated, cleaned with ice-cold saline,
and preserved in liquid nitrogen. We employed 6 h as the endpoint for this study because in
our previous study we found a significant difference in 6 h-survival of rats between
treatments (Yadav et al. 2013).

EF24 treatment and resuscitation

The cannulated rats were clustered a priori in four groups (n = 6/group): control (CTRL),
hemorrhagic shock+vehicle (VEH), HS+EF24 (EF), and HS+EF24+LEH (EFLEH). No
blinding of the investigators was done. Isovolemic resuscitation with pre-warmed LEH
(37°C) was intravenously given at 1.5 ml/min after 15 min of the completion of blood
withdrawal. EF24 was administered intraperitoneally after the resuscitation was complete. A
sterile solution of EF24 was prepared in normal saline using poly(ethylene glycol)-400 as a
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co-solvent (3 parts saline + 1 part PEG400). The drug treatment consisted of approximately
0.4 mg/Kg bodyweight in 100 pl volume. The VEH group received equivalent amounts of
vehicle (25% PEG400 in saline) in an identical fashion.

Hemodynamics

Blood pressure was digitally monitored by instrumenting the rats to a data acquisition
system consisting of 1X118 and ETH-255 amplifier (iWorx Systems, Dover, NH). The
femoral artery catheter was connected to a BP-102 transducer system via a 23Gx12” blunt-
ended butterfly infusion set. For blood gas monitoring, approximately 200 ul whole blood
sample was collected and introduced into a disposable blood gas cartridge placed in a
VetStat Electrolyte and Blood Gas Analyzer (IDDEX Laboratories, Westbrook, Maine).

Preparation of tissue homogenate

Brain tissue (100 mg) was rinsed in ice-cold PBS to remove remnant of blood and
transferred in buffer containing 1% Igepal, 2 MM EDTA, 150 mM NaCl, and 25 mM Tris-
HCL, pH 7.5, supplemented with protease and phosphatase inhibitors. The protein was
extracted by homogenization using a dounce homogenizer, followed by centrifugation at
20,000 rcf for 15 min. The supernatants were transferred into fresh tubes and stored at
-80°C.

Adenosine triphosphate (ATP) and phosphocreatine

We determined ATP using an assay kit based on luciferin-luciferase system (Sigma-Aldrich,
St. Louis, MO). The light output was converted into nM ATP per mg of protein by
comparing with ATP standards. To determine phosphocreatine, first the endogenous ATP
levels were destroyed in the tissue extract, and the phosphocreatine is allowed to generate
ATP de novo from exogenously added ADP (Ronner et al. 1999). Briefly, the extracted
tissue sample (5 pl) was allowed to react with 5 ul of an ATP—ADP reagent containing 390
mM 2-amino-2-methyl-a-propanol (pH 8.8), 20 mM glucose, 4 mM MgCl,, 40 uM ATP-
free ADP, 0.04% BSA, 24 mM NaF, and 7 U/ml hexokinase. After allowing 15 min at room
temperature, 5 pl of 5 mM EDTA was added and the reaction mixture was immersed in
boiling water path for 2 min. To the cooled reaction mixture, 5 pl of the
phosphocreatine—ATP reagent (containing 715 mM imidazole (pH 6.5), 15 mM MgCly,
0.07% BSA, 18 mM NaF, and 500 U/ml creatine kinase) was added. A series of control
reactions and standard ATP were also performed simultaneously. The control reagent
solutions were prepared without hexokinase or creatine kinase enzymes. The reaction was
allowed to proceed for 50 min, before addition of 100 pl of stopping solution containing 0.2
M NaOH, 1.2 mM EDTA, followed by immersion in boiling water bath for 2 min. Finally,
20 pl of reaction mixture was used for the determination of ATP as described above.

Nicotinamide adenine dinucleotide (NAD) and NADH

The brain tissue nicotinamides NAD and NADH were determined in equal amounts of
homogenate proteins by using a kit from Abcam (Cambridge, MA). The values were
expressed as a ratio of NAD and NADH calculated from a standard curve generated from
absorbance values at 450 nm.
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Lactate and pyruvate

The lactate and pyruvate content in brain tissue (nM/mg) was estimated by using a
commercially available kit from Cayman Chemical (Ann Arbor, Michigan).

Citrate synthase assay

We measured citrate synthase activity in brain tissue homogenates by using a commercially
available 96-well kit from Cayman Chemical (Ann Arbor, Michigan). The enzyme activity
was normalized to protein concentration and expressed as nmol/mg protein/min.

Immunoblotting

The isolated frozen tissues were minced and incubated on ice for 30 min in ice-cold buffer
consisting of 10% NP-40, 5 M NaCl, 1 M HEPES, 0.1 M ethyleneglycoltetraacetic acid, 0.5
M ethylenediaminetetraacetic acid, 0.1 M phenylmethylsulfonyl fluoride, 0.2 M sodium
orthovanadate, 1 M NaF, 2 pg/mL aprotinin, and 2 pg/mL leupeptin. The protein was
extracted by homogenization using a dounce homogenizer, followed by centrifugation at
20,000 rcf for 10 min. The proteins were separated by sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE), electro-transferred to nitrocellulose
membranes, blocked (5% milk in TBST) and incubated with primary and secondary
antibodies in a standard manner. The primary antibody were: rabbit polyclonal poly-ADP
ribose polymerase-1 (PARP), goat polyclonal pyruvate dehydrogenase kinase-1 (PDK1),
rabbit monoclonal cytochrome c oxidase subunit 4 isoform | (COX4), rabbit affinity-isolated
polyclonal B-actin (actin). They were obtained from Cell Signaling Technology (Danvers,
MA), Santa Cruz Biotech (SCBT, Dallas, TX), and Sigma-Aldrich (St. Louis, MO),
respectively, and were used at dilutions 1:1,000, 1:200, 1:1,000, and 1:5,000, respectively.
The horse radish peroxidase (HRP)-conjugated goat anti-rabbit 1gG (1:10,000) was from
Sigma-Aldrich and HRP-conjugated donkey anti-goat 1gG (1:10,000) was from Santa Cruz
Biotech. The immunoreactive bands were detected by SuperSignal West Femto detection
reagent (Thermo Fischer Scientific, Rockford, IL). The blots were imaged using Ultraquant
image acquisition machine (Claremont, CA) and the densitometric readings of
immunoreactive bands were normalized with those of actin using Image J 1.46r freeware
(National Institutes of Health, USA) in at least three replicates (Fig. S1, supplemental
material).

RNA Extraction and Real time-PCR

The total RNA was extracted from brain tissue using Trizol reagent (Invitrogen, CA) and
quantified by absorbance values at 260 nm. The reverse transcriptase reaction was
performed for 1 h at 42°C using 2 pg of total RNA, 1 pg of oligo(dT), 200 U of M-MLV
reverse transcriptase enzyme, 500 uM dNTP mix, and 25 U of RNase inhibitor (Promega,
Madison, WI). The resultant cDNA was used to carry out 40 PCR cycles consisting of 15 s
at 95°C, 30 s at 58°C, and 30 s at 72°C on an ABIPrism 7000 sequence detection system
(Applied biosytems, Foster City, CA). The reactions were performed using SybrGreen Il
(Qiagen, Valencia, CA) and Go Tag Colorless master mix (Promega, Madison, WI). Each
PCR reaction was set up in triplicate wells in a total volume of 25 pl. The reaction mixture
contained the cDNA equivalent of 20 ng total RNA. The quantitative values of the genes of
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interest were normalized using -actin as the endogenous reference, and fold-increase over
control values was calculated using the relative quantification method of 2-AA Ct. The
primer sequences were: §-aminolevulinate synthase-1 (ALASL) forward-
TCTATGGGGCTTCAGGTGGA and reverse-ACGGTGTCGATCAGCAAACT,
mitochondrial transcription factor A (TFAM) forward-TTCCAGGGGGCTAAGGATGA
reverse-CACACTGCGACGGATGAGAT, cytochrome ¢ oxidase subunit IV isoform 1
(COX4) forward-CAGCAGTGGCAGAATGTTGG and reverse-
CGAAGGCACACCGAAGTAGA, peroxisome proliferator-activated receptor gamma
coactivator 1 alpha (PGC-1a) forward-TGGAGTGACATAGAGTGTGCTG reverse-
TATGTTCGCGGGCTCATTGT, and PDK1 forward-CGGCATAGAGCGGCAGGTT and
reverse-CCTTGCCAGCCTCATACCGA.

Data analysis

The results were analyzed by one-way analysis of variance (ANOVA) applying the
Bonferroni post-test using Prism 6 software (GraphPad, San Diego, CA, USA). A p <0.05
was considered statistically significant. No attempt was made to statistically analyze the
densitometric values because of the semi-quantitative nature of data and pitfalls associated
with quantitative analyses of Western blot density.

RESULTS AND DISCUSSION

There is growing realization that the inflammatory response is the main factor which
determines the clinical outcome in hemorrhagic shock (Angele et al. 2008, Moore et al.
2004). Therefore, therapies targeting the causes of shock-associated SIRS are needed to
minimize tissue damage in multiple organs. The leading cause of SIRS is the loss of gut
barrier function because of ischemic injury to the gut epithelium (Moore et al. 2004, Grenz
et al. 2012, Rhodes et al. 1973) which has also been implicated in brain dysfunction (Hsieh
et al. 2011, Zhou et al. 2012). In previous reports, we described that an anti-inflammatory
molecule EF24 exerts a pro-survival effect in a rat model of 50% hemorrhagic shock (Yadav
et al. 2014a, Yadav et al. 2013) by preventing gut injury. In this work, we investigated the
effect of EF24 on brain energy crisis caused by hemorrhagic shock in the same model. We
also supplemented EF24-treatment with LEH infusion to study whether co-administration of
LEH will augment the efficacy of EF24. Recently, we have shown that LEH preparation
used in this work protects brain metabolic activity after hemorrhagic shock (Rao et al.
2015). The data discussed below indicate that EF24 administration alone considerably
improves the bioenergetics of brain, and the additional benefits of LEH infusion were only
incremental.

The effect of EF24 treatment on hemodynamic responses to hemorrhagic shock

The mean arterial pressure (MAP) and heart rate (HR) recorded at baseline (BL),
immediately after shock (iHS), and 6 h after treatments with vehicle (VEH), EF24 (EF), and
EF24+LEH (EFLEH) are provided in Fig. 1. Commensurate to the blood loss, the MAP
immediately after hemorrhage reduced from 109.3 mmHg to 42 mmHg (Fig. 1a). After 6 h
of compensation, the MAP increased to 64.8, 76.2, 66.1 mmHg in VEH, EF, and EFLEH
groups, respectively; these values were significantly different from the MAP recorded
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immediately after shock (p < 0.05 vs. iHS). However, the 6 h MAP values in VEH, EF, and
EFLEH groups remained significantly lower as compared to the baseline MAP (p < 0.05).
The difference in MAP between EF and EFLEH groups was not significant. The changes in
HR in various groups (Fig. 1b) followed the same pattern as that of MAP. Like MAP, the
HR immediately after hemorrhage also dropped from the baseline levels of 324 to 203 bpm.
Both VEH and EF groups showed significant recovery to approximately 250 bpm after 6 h
of compensation. Although LEH co-resuscitation further improved the HR in EFLEH group
(290 bpm), it was still significantly lower than the baseline HR.

The hematocrit values essentially reflected the loss of 45-50% blood from circulation (Fig.
1c). Hematocrit in EFLEH group (20%) was noticeably lower than the hematocrit in VEH
and EF groups (25% and 27%, respectively), perhaps due to the dilution effect of infused
fluid. The blood glucose (glu) concentration was higher in VEH and EF group (212 and 238
mg/dL, respectively), but was lower in EFLEH group (99.6 mg/dL) as compared to the
CTRL group (179 mg/dL, Fig. 1d). The difference in glu concentration between EFLEH and
all other groups was statistically significant (p < 0.05).

The blood gas parameters, measured at baseline and after 6 h of treatments are provided in
Table 1. Like hematocrit, the total hemoglobin (Hb) concentration decreased from baseline
levels of 14.8 g/dL to 7.3 g/dL after hemorrhage. The Hb concentration in EF and EFLEH
groups were 7.7 g/dL and 6.7 g/dL, respectively. The differences in Hb content among VEH,
EF, and EFLEH groups were not statistically significant. Cations (Na* and K*), pH, pCO»,
pO,, and SO, levels were not also different among various groups, but CI~ was significantly
reduced in EF group. LEH co-administration brought EF24-induced reduction in CI~ levels
to normal levels. Total CO,, HCO3™, and base excess in VEH and EF groups was not
significantly different from baseline levels, but these parameters in EFLEH group were
significantly reduced as compared to all other groups. Correspondingly, the anion gap in
EFLEH group was significantly increased as compared to the baseline levels, suggesting the
presence of anion gap acidosis. Similar effect was observed when the hemorrhaged rats were
infused with LEH alone (Rao et al. 2015). Although the precise reason for this phenomenon
is unclear, we suspect albumin in our LEH preparation as a possible factor.
Hyperalbuminemia is known to cause high anion gap because it remains as an unmeasured
anion under physiological conditions, but consumes bicarbonate buffer (Feldman et al.
2005).

EF24 treatment increases the cerebral ATP and phosphocreatine reduced by hemorrhagic

shock

ATP is the energy currency of all eukaryotic cells, but the brain cells also store energy in the
form phosphocreatine (Kekelidze et al. 2001, Patra et al. 2008). As needed, phosphocreatine
is consumed in a continuous and efficient manner to replenish ATP by a reaction catalyzed
by creatine kinase. Hemorrhagic shock caused a significant reduction in ATP concentration
(Fig. 2a), from 2.72 to 1.1 mM/mg (60% reduction, p < 0.05). EF24 alone and EF24+LEH
were equally effective in partially restoring the ATP cellular content to 1.73 and 1.65
mM/mg, respectively (p < 0.05 vs. VEH). Like in the case of ATP, hemorrhagic shock also
decreased phosphaocreatine content from 1.9 nM to 1.2 nM (37% reduction). EF24 as well as
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EF24+LEH treatments increased phosphocreatine concentration to approximately 1.6 nM
(84% of CTRL level), but only EF24+LEH group showed significant recovery as compared
to the VEH group. The differences in phosphocreatine concentration in CTRL, EF, and
EFLEH groups were not statistically significant. Since LEH co-resuscitation did not show
additive effect, the partial recovery of depleted levels of ATP and phosphocreatine after
EF24 treatment appears to be independent of volume resuscitation.

Our observations of the effect of shock on energy metabolites are different from those made
by Okuda et al. and Mongan et al (Okuda et al. 1989, Mongan et al. 2001). Both these
studies reported ATP remaining unchanged, but the measurements were limited to the acute
phase (< 2 h) of shock. In contrast, the shock duration in our model is significantly
prolonged, lasting for 6 h and possibly entering the decompensatory stage when energy
metabolites start to deplete (Sun et al. 2014). It is possible that during the acute phase of
shock, the compensatory mechanisms are able to preserve cerebral metabolism.

EF24 treatment recovers NAD/NADH balance in brain tissue

The cellular ATP is synthesized from glucose in a pathway where NAD and NADH act as
electron acceptor and donor, respectively. Hemorrhagic shock caused an approximately 80%
reduction in NAD/NADH ratio from 2.6 to 0.5 (Fig. 3a). In EF24 and EF24+LEH groups the
ratio was significantly recovered to 1.7 and 2.1, respectively (65% and 81% of the NAD/
NADH ratio in CTRL group, respectively). Although major consumption of cellular NAD
occurs during glycolysis, rapid activation of PARP has also been implicated in the depletion
of cytosolic NAD in hemorrhagic shock (Mongan et al. 2001). PARP is a key mediator of
cell death in excitotoxicity, ischemia, and oxidative stress in neurons (Alano et al.). We
found that hemorrhagic shock significantly increased the cleavage of PARP in brain tissue
(Fig. 3b). Treatment with EF24 and EF24+LEH reduced PARP cleavage, but EF24 was
more effective in suppressing the PARP cleavage.

The primary suspect for the depletion of NAD in hemorrhaged brain was the stress-induced
glycolysis because under acute stress conditions, the cellular metabolism shifts from
oxidative phosphorylation to glycolysis (Pfeiffer et al. 2001). The glycolytic phenotype
provides a state of apoptotic resistance in stress conditions by maintaining high levels of
intermediates to support anabolic reactions in cells (Lunt & Vander Heiden 2011). Although
stress-induced glycolysis is a cellular survival mechanism as it does not require
mitochondrial function and is independent of oxygen availability, it cannot go on forever
because it continuously consumes NAD in the process. Without NAD regeneration from
oxidative phosphorylation, the exhaustion of cellular NAD signals a point of no return in
hemorrhagic shock when irreversible decoupling of various metabolic steps occurs. The
brain is especially sensitive to stress-induced glycolytic consumption of NAD because even
under normal circumstances neuronal cells continuously invoke glycolysis for the ATP
needed to maintain ionic homeostasis. Given that EF24 helps to restore NAD/NADH
balance, it is possible that EF24 reinstates oxidative phosphorylation in the mitochondria. In
addition, since the administration of EF24 reduced the activation of PARP, EF24 treatment
also contributes to the preservation of NAD pools in brain of hemorrhaged rats by inhibiting
this mechanism.
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EF24 decreases hemorrhagic shock-induced accumulation of pyruvate in the brain

The mitochondrial oxidative phosphorylation regenerates NAD by consuming glycolytic
product pyruvate in the TCA cycle. Therefore, in order to explain the recovery of energy
metabolites, we determined the concentration of pyruvate in brain tissue of rats treated with
EF24 (Fig. 4a). Pyruvate is not only present at the intersection of glycolysis and the
oxidative phosphorylation, it also juxtaposes between the cellular anabolic and catabolic
pathways by participating in analprotic pathways (Hassel 2000). Therefore, failure to
correctly utilize pyruvate contributes to many pathologies (Gray et al. 2014), including the
deranged energy metabolism in hemorrhagic shock (Hwabejire et al. 2013, Lin et al. 2005,
Mongan et al. 2001). We found that hemorrhagic shock significantly increases the pyruvate
concentration (p < 0.001, Fig. 4a). EF24 treatment reduced pyruvate to 8.8 nM (p < 0.001
vs. VEH) which was not significantly different from that in CTRL group. In EF24+LEH
group, the pyruvate concentration was further decreased to 3.7 nM which was significantly
lower than that in the EF24 alone group (p < 0.05).

Lactate is another monocarboxylic acid, the tissue concentration of which is affected by
hypoxia. The effects of hemorrhagic shock and EF24 treatment on brain lactate
concentration are shown in Fig. 4b. In VEH group, brain lactate increased from control
levels of 8.4 mM to 17.7 mM (p < 0.05). EF24 treatment resulted in a significant reduction
of lactate accumulation to 12.1 mM as compared to the VEH group (p <0.05). There was no
additional effect of LEH infusion on EF24-treated rats, but the difference in lactate levels of
EFLEH and VEH groups was not statistically significant. The effect of EF24 on tissue
lactate concentration is interesting, because lactate is also a source of energy in brain (Dienel
2012). Under hypoxic stress, pyruvate can be reductively metabolized to lactate to primarily
maintain high levels of glycolytic intermediates to support anabolic reactions in cells (Lunt
& Vander Heiden 2011). In the process, aerobic glycolysis also produces ATP, albeit in a
very inefficient manner (Pfeiffer et al. 2001). Brain has the special ability to utilize blood
and tissue lactate to produce ATP by converting it back into pyruvate in the mitochondria.

As far as pyruvate metabolism is concerned, we hypothesized that EF24 affects intracellular
pyruvate accumulation by increasing the influx of pyruvate in the TCA cycle to produce
acetyl-CoA, a step catalyzed by pyruvate dehydrogenase (PDH) complex. The activity of
PDH is negatively regulated by its phosphorylation by PDKs at multiple sites (Zhang et al.
2014). We determined the expression of PDK1, and found that in VEH group, the
expression of PDK1 was significantly increased as compared to that in CTRL group (Fig.
5a). EF24 and EF24+LEH treatments reduced the hemorrhagic shock-induced expression of
PDKZ1. Recently Jian et al also reported that trauma and hemorrhage increases the
expression of PDK1, suggesting that a possible shift in cellular energetics from
mitochondria to glycolysis occurs after trauma and hemorrhage (Jian et al. 2014). Since the
expression of PDK1 is transcriptionally regulated by hypoxia-inducible factor-1a (HIF-1a)
(Kim et al. 2006), and considering that the transcriptional activity of HIF-1a is upregulated
in hypoxic brain, we examined the expression of PDK1 transcripts in brain tissue (Fig. 5b).
Hemorrhagic shock resulted in 55% increase in PDK1 mRNA in VEH group as compared to
the CTRL group. EF24 significantly reduced the shock-induced increase in PDK1 mRNA,
but the samples from EFLEH group showed significantly high levels of PDK1 mRNA (Fig.

Neuropharmacology. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rao et al.

Page 10

5b). These results suggest that EF24 is able to improve pyruvate metabolism in hemorrhagic
shock by reducing the expression of PDK1 at transcriptional level. The effect of EF24 on
PDK expression would be manifested in an increase in PDH activity associated with
mitochondrial fraction of the cells. However, more work is required to explain the
suppressive effect of LEH co-administration on PDK1 protein expression even when it
increased the PDK1 mRNA levels.

EF24 recovers citrate synthase activity and increases COX4 expression in hemorrhaged

rats

For EF24 treatment to reduce hemorrhagic shock-induced intracellular pyruvate
accumulation, improvement in mitochondrial metabolism is the primary expectation. We
studied mitochondrial function by first determining the activity of citrate synthase which
catalyzes the condensation of oxaloacetate with acetyl-CoA in the first reaction of the TCA
cycle. The assay revealed that hemorrhagic shock caused a significant reduction in the
activity of citrate synthase (Table 2). The activity decreased from 5.5 to 4.2 nmol/min (a
34% reduction). EF24 treatment brought the citrate synthase activity in hemorrhaged rats to
5.04 nmol/min (92% of CTRL level). In EF24+LEH group, the citrate synthase activity was
5.3 nmol/min (approximately 98% of the CTRL level).

Next, we assessed the effect of hemorrhagic shock and the treatments on the expression of
mitochondria-specific COX4 subunit of cytochrome oxidase ¢ (Fig. 6). COX4 is one of the
13 subunits in the hetero-oligomeric enzyme cytochrome c¢ oxidase localized to the inner
mitochondrial membrane and serves as a terminal enzyme complex in the respiratory chain
(Li et al. 2006). In our model, COX4 protein showed approximately 34% reduction in VEH
group (Fig. 6a). In EF and EFLEH groups, COX4 expression was almost similar to that in
CTRL group. High COX4 expression has been shown to increase the cellular oxygen
consumption and optimizes the electron transfer chain activity in the mitochondria (Fukuda
et al. 2007). Like PDK1, the expression of cytochrome c oxidase subunits is also regulated
by HIF-1a. However unlike PDK1, the expression of COX4 mRNA was not altered in VEH
group as compared to CTRL group, and there was insignificant increase in COX4 mRNA in
EF and EFLEH groups (Fig. 6b, p > 0.05). Thus, the expression of COX4 in hemorrhagic
shock is reduced primarily at protein level, possibly by enhanced degradation. Incidentally,
the induction of HIF-1a has been shown to increase the degradation of COX4 subunit from
cytochrome c oxidase isoform | by regulating a mitochondrial protease LON (Fukuda et al.
2007).

EF24 treatment does not affect mitochondrial biogenesis

In addition to the mitochondrial function, the induction of mitochondrial turnover is yet
another possible mechanism by which cellular metabolism can be influenced. For example,
ischemic injury can result into autophagic destruction of damaged mitochondria (Kozlov et
al.). We examined the expression of LC3BII as a marker of autophagy (Fig. 7a). Autophagy
is a homeostatic mechanism by which a cell gets rid of unnecessary or dysfunctional
organelles that may be essential for adaptation to a stress condition. Alternatively, the
autophagy process also recycles the mitochondrial mass and is associated with
mitochondrial biogenesis (Kubli & Gustafsson 2012, Yuan et al. 2009). The immunoblot
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data for LC3B expression suggest that basal level of autophagy is not substantially altered in
brain tissue by hemorrhagic shock or EF24 treatment (Fig. 7a).

Trauma and hemorrhagic shock have also been reported to cause decreased mitochondrial
DNA content and the expression of transcription factors regulating mitochondrial biogenesis
in left ventricular tissue of a rat model (Jian et al.). We examined three factors, namely
TFAM, PGC-1a, and ALAS, which are considered essential for mitochondrial biogenesis
(Fig. 7b). As compared to the CTRL group, the TFAM and ALAS mRNAs were unchanged
in VEH and EF groups, but PGC-1a mRNA was significantly reduced in EF group. In eriex
group, we obtained mixed results- the PGC-1a mRNA remained unchanged, the TFAM
mRNA was significantly reduced and the ALAS mRNA was significantly increased as
compared to the CTRL group.

Since hemorrhagic shock had no apparent influence on the levels of TFAM, PGC-1a, and
ALAS transcripts, we infer that shock of 6 h duration due to 45% blood loss does not affect
mitochondrial biogenesis in brain. Although EF24 was found to decrease PGC-1a mRNA
expression, the reduction was only by approximately 25%. Thus, we conclude that EF24 has
no effect on mitochondrial biogenesis in cerebral tissue of hemorrhaged rats. On the other
hand, LEH co-administration resulted in a significant increase in ALAS mRNA. We
speculate that the volume correction by LEH infusion induces ALAS expression to enable
house-keeping functions of isoform 1 of ALAS.

EF24 treatment restores NGF and BDNF in brain

Summary

Another symptom of deranged energy metabolism in hypovolemic shock was the reduced
levels of neurotrophins, NGF and BDNF. NGF signaling is neuroprotective and regulates
repair functions in brain (Sofroniew et al. 2001), whereas BDNF signaling is important for
synaptic plasticity, and its circulating levels correlate with mood, cognition, and motor
function (Lu et al. 2014). ATP binding to NGF has been shown to be a prerequisite for its
neuroprotective bioactivity (Ferenz et al. 2012). Similarly, BDNF can stimulate its receptors
only if it is bound to ATP (Ferenz et al. 2012). In order to assess the effect of improved
energy metabolism by EF24 treatment on neuronal health and growth, we determined the
concentration of neurotrophins NGF and BDNF in brain tissue (Fig. 8). Hemorrhagic shock
reduced NGF from 1.7 pg/ml to 0.8 pg/ml (p < 0.05), whereas treatments with EF24 and
EF24+LEH significantly increased it to approximately 1.4 pg/ml (Fig. 8a). The brain
concentration of BDNF was also reduced by hemorrhagic shock (Fig. 8b). Hemorrhagic
shock decreased BDNF from 10.5 to 4.7 pg/ml (p < 0.05). EF24 and EF24+LEH treatments
increased BDNF concentration to 9.3 pg/ml and 8.2 pg/ml, respectively. The NGF and
BDNF levels in the EF and EFLEH groups were comparable to those in CTRL group. These
results show that by increasing the ATP pools in brain of hemorrhaged rats, EF24 was able
to beneficially influence the neurotrophic factors responsible for neuronal growth and
function.

We show for the first time that EF24 administration in hemorrhagic shock resurrects
cerebral energy metabolism by correcting the accumulation of pyruvate and improving
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mitochondrial function. Given the marginal additional benefits of LEH co-administration,
we hypothesize that cerebral metabolic alterations in hemorrhagic shock are mainly a result
of SIRS (Fig. 9) which is primarily caused by ischemic injury to the peripheral tissues,
especially the gut. Gut barrier dysfunction is known to trigger SIRS and cerebral damage
(Grenz et al. 2012, Hsieh et al. 2011, Moore et al. 2004, Rhodes et al. 1973, Zhou et al.
2012). This hypothesis is also supported by our recent report where we showed that EF24
prevents gut barrier dysfunction and this effect was associated with rapid accumulation of
EF24 in the intestinal tissue (Yadav et al. 2014a). Interestingly, brain tissue accumulates
negligible amounts of administered EF24 (Lagisetty et al. 2012). Overall, we conclude that
while correction of volume and oxygen deficits is of paramount importance in overall well-
being of an organism in hemorrhagic shock, pre-hospital administration of EF24 may be
helpful in preserving brain metabolism before hospital-based intensive care is made
available. Such a scenario is especially applicable in field conditions or whenever there are
limited medical resources or prolonged transport times (Crookes et al. 2004). At the same
time, the data in Fig. 3, Fig. 4a, and Fig. 6a noticeably indicates that EF24 treatment in LEH
administered rats has additive salutary effect, suggesting that EF24 is effective after volume
replacement resuscitation as well. However, further studies are required to conclusively
address the post-resuscitation efficacy of EF24 in the context of resuscitation-induced
ischemia-reperfusion injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

« EF24 treatment recovers brain energy metabolites and reduced PARP cleavage
in 50% hemorrhaged rats.

» EF24 improves cerebral energetics by restoring perturbed mitochondrial
pyruvate metabolism.

o EF24 treatment increases the levels of NGF and BDNF in shock brain.

o  Co-administration of artificial oxygen-carrier LEH with EF24 is marginally
more effective than EF24 alone.
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Figure 1.
Hemodynamics in rats hemorrhaged by 45% of blood. (a) Mean arterial pressure (MAP), (b)

Heart rate, (c) Hematocrit, and (d) Blood glucose at baseline (BL), immediately after
hemorrhage (iHS), and after 6 h of shock, treated with vehicle (VEH), EF24 (EF), or
EF24+LEH (EFLEH). *P < 0.05 vs. BL, ¥P < 0.05 vs. iHS, $P < 0.05 vs. VEH, and #P <
0.05 vs. EF (ANOVA + Bonferroni test).
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Figure 2.

Effect of EF24 on the energy metabolites in brain tissue of hypovolemic rats. (a) ATP
content (n = 4/group) and (b) Phosphocreatine concentration (n = 4/group). The rats were
treated with EF24 (EF), corresponding vehicle (VEH), or EF24+LEH (EFLEH). *P < 0.05
vs. CTRL, ¥P < 0.05 vs. VEH (ANOVA + Bonferroni test).
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Figure 3.

Effect of EF24 on () NAD/NADH ratio (n = 4/group) and (b) A representative immunoblot
showing cleavage of PARP (n=3). The rats were treated with EF24 (EF), corresponding
vehicle (VEH), or EF24+LEH (EFLEH). *P < 0.05 vs. CTRL, ¥P < 0.05 vs. VEH (ANOVA
+ Bonferroni test).
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CTRL VEH
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The concentration of monocarboxylic acids in brain tissue of hypovolemic rats treated with
EF24 (EF), corresponding vehicle (VEH), or EF24+LEH (EFLEH). (a) Pyruvate
concentration (n = 4/group). (b) Lactate concentration (n = 5/group). *P < 0.05 vs. CTRL, ¥P
< 0.05 vs. VEH, %P < 0.05 vs. EF (ANOVA + Bonferroni test).
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Figure 5.
Expression of PDK1 in brain tissue of hypovolemic rats treated with EF24 (EF),

corresponding vehicle (VEH), or EF24+LEH (EFLEH). (a) A representative immunoblot
showing PDK1 protein expression (n = 3/group). (b) PDK1 mRNA (n = 4/group). P < 0.05
vs. CTRL, ¥P < 0.05 vs. VEH, P < 0.05 vs. EF (ANOVA + Bonferroni test).
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Figure 6.
COX4 expression in brain tissue after hemorrhagic shock and treatment with EF24 (EF),

corresponding vehicle (VEH), or EF24+LEH (EFLEH). (a) A representative immunoblot
showing COX4 protein expression (n = 3/group). (b) COX4 mRNA (n=6/group). The dotted
line represents the mRNA expression in control group of rats. *P < 0.05 vs. CTRL, ¥P <
0.05 vs. VEH, and $P < 0.05 vs. EF (ANOVA + Bonferroni test).
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Figure 7.
Mitochondrial biogenesis in brain tissue after hemorrhagic shock and treatment with EF24

(EF), corresponding vehicle (VEH), or EF24+LEH (EFLEH). (a) A representative
immunoblot showing LC3BI and LC3BII protein expression (n = 3/group). (b) TFAM,
ALAS, and PGC-1a mRNA (n=6/group). The dotted line represents the mRNA expression
in control group of rats. *P < 0.05 vs. CTRL, ¥P < 0.05 vs. VEH, and $p < 0.05 vs. EF
(ANOVA + Bonferroni test).
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Effect of EF24 treatment on the expression of neurotrophic factors in brain tissue of

hemorrhaged rats. (a) Nerve growth factor (NGF, n = 4/group) and (b) Brain-derived

neurotrophic factor (BDNF, n = 4/group). The rats were treated with EF24 (EF),
corresponding vehicle (VEH), or EF24+LEH (EFLEH). *P < 0.05 vs. CTRL, ¥P < 0.05 vs.

VEH (ANOVA + Bonferroni test).
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Figure 9.

A hypothetical model to explain the salutary effects of EF24 on the brain in hemorrhagic
shock. EF24 in small volume was as effective in restoring cerebral energy stores as was a
combination of EF24 and LEH. Given our previous observations that the majority of
administered EF24 localizes in intestinal tissue (Lagisetty et al. 2012, Yadav et al. 2014a)
and negligible amounts accumulated in the brain, it appears that the cerebral metabolic
derangement after blood loss is a combined consequence of hypovolemia-induced perfusion/
oxygen deficit and inflammatory processes triggered by access of gut contents to systemic
space, secondary to the dysfunction of intestinal barrier.
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Acrterial blood gases in the rat model of hemorrhagic shock treated with EF24 and EF24+LEH.

Table 1

Baseline VEH 6 h EF6h EFLEH 6 h
TotalHb (g/dL) ~ 1480+0.30 7344032 7.71+034"  670+027"
pH 750+001  7.43+006  7.49+0.01 7.33+011
pCo, 39.36+1.15 41.38+3.26 36.89+193  32.80£5.10
pO;, (mm Hg) 88.27+242  109.00+537 98.67+3.65  104.20 +16.99
SO, (%) 95.73+056 95.25+1.84 9567+041  96.00+0.91
HCO3 (MM) 2045+091 2520+188 2646+163  15004115°%F
Total CO, (MM)  20.75+047  2676+184 27.60+168 1574+ 2057
Baseexcess (MM) 5614037 144277  3.68+152 _8.88 +3.82°%57
Anion gap 9.43+£0.97 12.28+3.03 14.50 +3.92 23.635 + 0.98"
Na* (mM) 140.82+0.42 138.63+094 14011+138  141.80+1.93
K* (mM) 4274006  478+075  421+0.20 558 +1.12
Cl~ (mM) 107094061 10513+1.01 10311+141" 108.20+ 1.02F

The data are provided as mean + sem. The blood gas was measured at baseline (before the induction of hemorrhagic shock) and after 6 h of

treatment with vehicle (VEH), EF24 (EF), and EF24+LEH (EFLEH).

P value < 0.05 vs Baseline*, HS$, and EFZ by ANOVA and Tukey’s multiple comparison test.
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Table 2

Citrate synthase activity in brain tissue homogenates of rats (n = 4/group). The rats were hemorrhaged by 45%
blood followed by treatment with EF24 (EF), corresponding vehicle (VEH), or EF24+LEH (EFLEH).

Group Cit synthase
(nmol/mg/min)
Control 5.48+0.18
HS—VEH 4.20+0.26"
HS—EF24 503+0.11%

HS—EF24+LEH 533+ 0.20¥

*
P <0.05vs. CTRL and

¥P < 0.05 vs. VEH (ANOVA + Bonferroni test).
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