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Abstract

Shock, regardless of etiology, is characterized by decreased tissue perfusion resulting in cell death,
organ dysfunction, and poor survival. Current therapies largely focus on restoring tissue perfusion
through resuscitation but have failed to address the specific cellular dysfunction caused by shock.
Acetylation is rapidly emerging as a key mechanism that regulates the expression of numerous
genes (epigenetic modulation through activation of nuclear histone proteins), as well as functions
of multiple cytoplasmic proteins involved in key cellular functions such as cell survival, repair/
healing, signaling, and proliferation. Cellular acetylation can be increased immediately through
the administration of histone deacetylase inhibitors (HDACI).

A series of studies have been performed using: (1) cultured cells; (2) single-organ ischemia-
reperfusion injury models; (3) rodent models of lethal septic and hemorrhagic shock; (4) swine
models of lethal hemorrhagic shock and multi-organ trauma; and (5) tissues from severely injured
trauma patients, to fully characterize the changes in acetylation that occur following lethal insults
and in response to treatment with HDACI. These data demonstrate that: (1) shock causes a
decrease in acetylation of nuclear and cytoplasmic proteins; (2) hypoacetylation can be rapidly
reversed through the administration of HDACI; (3) normalization of acetylation prevents cell
death, decreases inflammation, attenuates activation of pro-apoptotic pathways, and augments pro-
survival pathways; (4) the effect of HDACI significantly improves survival in lethal models of
septic shock, hemorrhagic shock, and complex poly-trauma without need for conventional fluid
resuscitation or blood transfusion; and (5) improvement in survival is not due to better
resuscitation but due to an enhanced ability of cells to tolerate lethal insults.

As different models of hemorrhagic or septic shock have specific strengths and limitations, this
chapter will summarize our attempts to create “pro-survival and anti-inflammatory phenotype” in
various models of hemorrhagic shock and septic shock.
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Introduction

Shock, such as hemorrhagic shock (HS) and septic shock, remains a major cause of
morbidity and mortality among trauma patients and in intensive care units. Generally, HS-
induced systemic response shares many features with septic response (Mollen etal. 2008y
HS results in an early proinflammatory response, followed by a delayed generalized host
immuno-suppression (Xu etal. 1998). Sepsis or septic shock is a complex syndrome that
results from the host’s inability to regulate the inflammatory response against infection. In
hemorrhagic and septic shock, circulation is sub-optimal and host homeostasis is disturbed.
At the molecular level, it has been reported that both hemorrhage and sepsis lead to an

imbalance in protein acetylation and that HDACI can restore this balance (Lin etal. 2006.
Gonzales et al. 2006. Li et al. 2009,

Lysine Acetylation and Histone Deacetylase Inhibitors

Lysine acetylation or N-acetylation, identified initially on core histones in 1968 (Vidali et
al. 1968), is mediated by a group of enzymes called histone acetyltransferases (HATS),
which transfer acetyl groups from acetyl-coenzyme A to the e-amino group of lysines. HATS
are counterbalanced by the activity of histone deacetylases (HDACS) that catalyze the
hydrolytic removal of the acetyl group of lysines. In humans, HDACs are divided into four
classes (Table 11.1) based on their homology to yeast HDACs (Marks and Dokmanovic
2005, Carey and La Thangue 2006y cass | HDACs include HDACL, 2, 3 and 8; these are
related to the yeast enzyme Rpd3. Class Il HDACs include HDAC4, 5, 6, 7, 9 and 10, and
are related to the yeast protein HDAL (histone deacetylase-Al). Class || HDACs are further
divided into two subclasses — Ila (HDAC4, 5, 7 and 9) and I1b (HDACS6 and 10) — according
to their structural similarities. Class 111 HDACs are referred to as sirtuins owing to their
homology to the yeast HDAC Sir2. This class includes SIRT1-SIRT7 (Chuang et al. 2009.
Suzuli 2009y ypAC11, the most recently identified isoform, is a class IV HDAC due to its
distinct structure (Voelter-Mahlknecht et al. 2005 cjass |1, 11, and 1V are zinc-dependent
enzymes, whereas class 111 HDACs are nicotinamide adenine dinucleotide (NAD+)-
dependent enzymes. Based on their various sub-cellular localizations, intra-tissue variation
and non-redundant activities, the different HDACs are implicated in various specific cellular
processes, such as proliferation, metabolism and differentiation. For example, class |
HDACSs are mainly nuclear enzymes, whereas class |1 HDACSs localize either to the cell
nucleus or to the cytoplasm, depending on their phosphorylation and subsequent binding of
14-3-3 proteins. Moreover, class | HDACs are ubiquitously expressed (4€ Ruijter et al. 2003
Hu et al. 2003; Dangond and Gullans 1998; Mai et al. 2003)] whereas class 11 HDACs

display a tissue-specific expression.

To date, more than 15 HDACI have been tested in preclinical and early clinical studies for
cancer therapy (-ane and Chabner 2009) Many of them are broad-spectrum or pan-HDACI,
which inhibit many of the Class I, Il and IV isoforms including suberoylanilide hydroxamic
acid (SAHA), trichostatin A (TSA) and valproic acid (VPA). Some clinical compounds such
as MS-275, FK-228 and apicidin have been termed as “Class I-selective”, since they target
several Class I isoforms of HDAC. Tubacin is one of a few HDACI that have been reported
as a HDACS specific inhibitor (Haggarty etal. 2003y (Taple 11.1). Thus far, nearly all of
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studies are focused on class | and class Il HDACs, while very few are focused on class 111/
sirtuins (Weichert 2009)_

Extracellular Signals and Protein Acetylation Balance

Signals that enter the cell nucleus encounter chromatin, and this interaction has a major
impact on gene expression. Regulation of gene expression has two components that act in
concert: alteration of chromatin structure governed by histone modification and binding by
transcription factors (TFs) including activators and repressors. Most importantly, two classes
of enzymes control the alteration and binding: HAT and HDAC. HAT modify core histone
tails by post-translational acetylation of specific lysine residues and create an appropriate
‘histone code’ for chromatin modification to enhance DNA accessibility of TFs. In general,
acetylation of core histones unpacks the condensed chromatin and renders the target DNA
accessible to transcriptional machinery, hence contributing to gene expression. In most
cases, the TFs can also be acetylated by HAT to facilitate their interactions with DNA and
other proteins for transactivation. By contrast, deacetylation of the histones and TFs by
HDAC increases chromatin condensation and precludes binding between DNA and TFs
leading to transcriptional silencing.

Moreover, HAT and HDAC also target non-histone proteins, which may represent general
regulatory mechanisms in biological signaling. In normal conditions, protein concentration
and enzyme activity of HAT and HDAC remain in a highly harmonized state of balance. In
an attempt to emphasize the importance of regulated acetylation this process is often referred
to as ‘acetylation homeostasis’ (Saha and Pahan 2006y For example, recent studies have
shown that various neurodegenerative challenges disturb this balance by decreasing HAT
activity and the ratio tilts in favor of HDAC. The impaired acetylation homeostasis causes
transcriptional dysfunction and facilitates a neurodegenerative cascade, which has been
implicated in pathogenesis of several neurodegenerative disorders (Sudars and Rubinsztein
2003, Cha 2000). Indeed, perturbation of acetylation homeostasis is being recognized as a
central event in the pathogenesis of neurodegeneration and HDAC inhibitors (HDACI) to be
protective in animal models of Huntington’s disease (Stéffan et al. 2001. McCampbell et al.
2001. Ferrante et al. 2003. Hockly et al. 2003), amyotrophic lateral sclerosis (Ryu etal.
2005, Petri et al. 2006y experimental autoimmune encephalitis (Camelo et al. 2005) i)

muscular dystrophy (Chang etal. 2001. Avila et al. 2007y and other disorders (Yildirim etal.
2008y

Recently, HDACI have also been identified to be potent pro-survival and anti-inflammatory
drugs, offering new lines of therapeutic intervention for hemorrhagic shock and septic
shock. Our team and other groups have found that shock causes a global cellular
hypoacetylation. Also HDACI, such as VPA, SAHA and TSA prevent hemorrhage-
associated lethality in rat and swine models of hemorrhagic shock (Alam et al. 2009. Lin et
al. 2006 2007. Gonzales et al. 2006y syppress expression of proinflammatory cytokines and
improve survival in a mouse model of septic shock (L1 et al. 2009; Cao et al. 2008, Zhang et
al. 2009). We have also demonstrated that inhibition of HDAC can modulate the immune
response (trauma/hemorrhage and inflammatory second hit in-vitro) not only in animals, but
also in severely injured patients (S@ilhamer et al. 2008,
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Models for Study of Hemorrhagic Shock and Septic Shock

So far, a broad variety of experimental conditions, including in vivo animal and in vitro cell-
based models, have been established to enable investigators to study the effects of the
hypovolemic shock. These models have provided researchers with different conditions to
assess the potential benefits of a wide spectrum of treatment options.

In essence, there are two types of in vivo experimental models of hemorrhagic shock:
controlled hemorrhage and uncontrolled hemorrhage. Uncontrolled-hemorrhage models are
clinically realistic as the animals are allowed to bleed regardless of blood pressure or the
volume of blood loss (similar to actual trauma patients). This clinical realism, however,
introduces a huge degree of animal-to-animal variability. These models are used mostly for
translational studies that focus on clinical outcome/survival, and not when the investigators
are interested in studying specific mechanisms or pathways. Controlled hemorrhage models
are either of fixed-pressure or fixed-volume type (-Omas-Niera et al. 2005y |, the former
model, animals are bled to a predetermined mean arterial pressure (MAP) and are
maintained at that pressure, with periodic bleeding, for a specified period of time based on
the degree or outcome of hypotensive shock. In the later model, a controlled volume of
blood occuren (as a percentage of total circulating blood volume) is withdrawn. Other
important variables must also be controlled in these models such the actual bleeding time,
duration of shock, body size, gender, type of anesthesia, and presence or absence of
resuscitation, just to name a few. These controlled models, although clinically unrealistic,
are suitable for mechanistic studies as they allow the researchers to control most of the
confounding variables. They are thus routinely used in the investigation of end organ
damage, cardiovascular alterations, subsequent central nervous system and spinal cord
injuries, immunological changes and response to fluid resuscitation (Moochhala et al. 2009).

As for the in vivo sepsis models, on the basis of the initiating agent, they can be divided into
five broad categories: (1) exogenous administration of a toxin such as liposaccharide (LPS),
(2) intravenous infusion of a viable pathogen, (3) administration of fecal material or live
organisms into the peritoneal cavity, (4) placement of infected foreign material into the soft
tissues of the extremity, and (5) surgical operations that partially destroy the normal barrier
of the gastrointestinal tract (e.g., cecal ligation and puncture (CLP) and colon ascendant
stent peritonitis (CASP) (Bhatia et al. 2009y jthough many animal models of sepsis or
septic shock have been developed, none replicate all the aspects of clinical sepsis. The
advantages and disadvantages of these animal models are summarized in Table 11.2.

Cell and organ-based experiments are now being used as in vitro models and are offering
direct molecular and cellular accessibility and micro-environmental controls. Additionally,
they provide efficient comparison between many experimental conditions or potential
therapeutic compounds. So far, in vitro models such as cultured cells in hypoxic condition or
conditional medium ('—i etal. 2009) and isolated organ (e.g., heart) perfused with different
fluids (£hao etal. 2007y have peen established to analyze mechanisms of HDACI action
involved in HS and septic shock.

As the different models of hemorrhagic and septic shock have specific advantages and
disadvantages (Table 11.2), it is important to analyze the experimental findings in the
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context of the selected model. For this manuscript, we will focus on the fixed volume
hemorrhage and LPS- induced septic shock (and some in vitro models), to highlight the
emerging role of HDACI in the treatment of lethal insults.

HDACI in Models of Hemorrhagic Shock

HS creats a global ischemic insult due to acute blood loss. Current treatment for HS focuses
on pathophysiology at the level of organ systems: maintain sufficient tissue perfusion and
vital organ function through administration of fluids and blood products, and to surgically
control the source of hemorrhage. Unfortunately, this resource intensive protocol remains
difficult to administer, particularly in austere environments where advanced surgical
interventions are not available (Champion etal. 2003y ‘noreover, this approach fails to
address much of the damage that takes place at the cellular level as a result of hypoperfusion
(during hemorrhage) and reperfusion (during resuscitation) (Valko etal. 2007y

In Vivo Rodent and Swine Models of Hemorrhagic Shock

Hemorrhage is responsible for about half of the trauma deaths, and most of these occur
during the pre-hospital period. To alter this grim outcome, the first responders must keep the
injured alive long enough to be transported to a hospital for definitive care. As the pre-
hospital environment is fairly austere, especially in the battlefield, conventional resuscitation
strategies that rely on transfusion of blood products are unrealistic. The challenge is for the
researchers to develop novel strategies that can maintain life without fluid/blood
resuscitation.

Shults and colleagues subjected male Wistar-Kyoto rats to 60% blood volume loss and
treated them with or without HDACI such as VPA or SAHA (Shults etal. 2008y They then
examined the rats over the next 3 h, using the survival as primary endpoint. The results
showed this model was highly lethal as only 25% of the animals survived for 3 h. However,
administration of HDACI after hemorrhage (no fluid or blood administration) significantly
improved survival (75% and 83% in VPA and SAHA groups, respectively). These results
demonstrated that post-shock treatment with HDACI can significantly improve early
survival in a highly lethal model of hemorrhagic shock, even in the absence of conventional
resuscitation. Following up on this subject, Alam et al. investigated whether VPA treatment
would improve survival in a clinical relevant large animal (swine) model of poly-trauma/
hemorrhagic shock (femur fracture, 60% blood loss, liver injury, hypothermia, acidosis and
coagulopathy). They found that treatment with VPA without blood transfusion improved
early survival in this highly lethal model (Alam etal. 2009) oy can HDACI maintain
organ viability without restoring intra-vascular volume and tissue perfusion? Although still
incomplete, recent studies have markedly advanced our appreciation of the underlying
mechanisms.

In Vitro Single-Organ Ischemia-Reperfusion Injury Model

Ischemia/reperfusion injury may lead to myocardial infarction, cardiac arrhythmias, and
contractile dysfunction. The phenomenon of ischemic preconditioning, in which a period of
sublethal injury can protect the cell during a subsequent ischemic insult, has been widely
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investigated over the last two decades. The preconditioning consists of an early and a late
phase. The early phase, termed “early” or “first window,” develops immediately and
disappears within 1-2 h of ischemic preconditioning stimulus. Conversely, the late phase
also known as the “second window” or “delayed,” manifests after 12—-24 h and lasts for 3-4
days (Ping and Murphy 2000y |t js known that in the preconditioning stimuli a series of
signal transduction pathways carry the signal for protection, and these presumably terminate
on one or more end-effectors. In activity the end-effectors cause the protection during the
lethal ischemic insult (index ischemia) and/or the subsequent reperfusion period. A memory
element exists, somewhere in the signal transduction pathways between the trigger signal
and the end-effector, that is set by the preconditioning protocol and keeps the heart in a
preconditioned state (Yellon and Downey 2003,

To assess whether HDACI trigger preconditioning-like effects against ischemia/reperfusion
injury, Zhao et al. isolated mouse hearts and perfused them with three cycles of 5-min
infusion and 5-min washout of 50 nM of TSA, a potent inhibitor of HDAC, to mimic early
pharmacologic preconditioning. This was followed by 30 min of ischemia and 30 min of
reperfusion. In addition, mice were treated with saline or TSA (0.1 mg/kg, i.p.) to investigate
delayed pharmacologic preconditioning. This study found that infusion of TSA itself did not
change ventricular function in non-ischemic hearts. However, when the perfused heart was
subjected to ischemia/reperfusion in vitro, TSA treatment resulted in an improvement in the
recovery of ventricular function and a reduction in infarct size (£ha0 etal. 2007y,

The survival advantage is due not to improvement in resuscitation but to better tolerance of
shock by the cells. The cell protective mechanisms may result from (1) epigenetic regulation
through post translation modification of histone proteins, (2) activation of cell survival
factors such as the phosphoinositide 3-kinase (P13-k)/Akt signaling pathway, (3) blockage of
gut-liver/lymph-lung axis, and/or (4) breakage of a paracrine loop between leukocytes and
endothelial cells. All of these actions directly or indirectly involve restoration of protein
acetylation.

Acetylation-Related Epigenetic Regulation

Modulation of histone acetylation to restore and maintain the normal ratio of HAT/HDAC
(epigenetic regulation) has been tested as potential treatment for many diseases. A humber
of preclinical studies have demonstrated that HDACI can improve survival in degenerative
diseases, prevent the brain from various insults, attenuate the effects of aging and increase
life span (Ryu etal. 2003. Steffan et al. 2001. Chang and Min 2002. Faraco et al. 2006)_ our

group has reported that administration of HDACI protects organs and cells from
hemorrhagic shock-induced injury (Shults etal. 2008; Lietal. 2008; Sailhamer et al. 2008)_
Several converging lines of inquiry suggest that HDACI protect key organs by minimizing
the cellular damage during hemorrhagic shock and resuscitation.

In the heart, ischemia induces deacetylation of histones H3/4 in vitro and in vivo (Granger et
al. 2008). Using standard murine model of heart ischemia-reperfusion, Granger et al.
demonstrated that treatment with HDACI significantly reduce infarct area, even when
delivered 1 h after the ischemic insult. HDACI decrease the response to ischemic injury and
lessen the size of myocardial infarction (Granger etal. 2008y 'y part, this is through
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prevention of ischemia-induced activation of gene programs that include hypoxia inducible
factor-1a, cell death, and by decreasing vascular permeability in vivo and in vitro, which
reduces vascular leak and myocardial injury.

In the liver, oxygen deprivation increases HDACL, 4, and -5 protein levels by twofold and
decreases acetylated histone H3 levels to 50-75% of the control values in a turtle model of
anoxia (Kochenek et al. 2010y |, 3 rat model of hemorrhagic shock, Gonzales et al. reported
that hemorrhage increased serum levels of lactate, lactate dehydrogenase, aspartate
aminotransferase, and alanine aminotransferase. Alternatively, treatment with VPA (an
HDACI) induced acetylation of histones (H2A, H3, and H4), normalized serum levels of
these enzymes and prolonged survival by fivefold. Furthermore, hyperacetylation of the
histone proteins indicated the presence of active genes and correlated with improved survival
(Gonzales et al. 2008y Gene expression profiling data from our group has shown that VPA
treatment up-regulates expression of 17 critical genes at the early stage of HS (Fukudome et
al., unpublished data). Two of these genes are peroxisome proliferator-activated receptor y
coactivator-la (PGC-1a) and dual specificity protein phosphatase 5 (DUSP5). PGC-1a
protects cells from oxidative stress by increasing the expression of various antioxidant
defense enzymes including superoxide dismutase and glutathione peroxidase (St-Pierre et al.
2006). DUSP5 is an inducible, nuclear, dual-specificity phosphatase, which specifically
interacts with and inactivates the extracellular signal-regulated kinase (ERK) 1/2 MAP
kinases in mammalian cells (Kucharska et al. 2009y |nactivation of ERK1/2 MAP kinases
by DUSPS5 could be one of mechanisms responsible for the protective properties of VPA in
HS.

In the kidney, it has been discovered that ischemia/reperfusion induces a transient decrease
in histone acetylation in proximal tubular cells. This is likely a result of a decrease in histone
acetyltransferase activity as suggested by experiments with energy-depleted renal epithelial
cells in culture (Marumo etal. 2008y 'pyring recovery after transient energy depletion in
epithelial cells, the HDAC isozyme HDACS is selectively downregulated in parallel with the
return of acetylated histone. Knockdown of HDACS5 by RNAI significantly increased histone
acetylation and bone morphogenetic protein-7 (BMP7) expression (Marumo etal. 2008y |,
a rat model of HS, it was found that treatment of animal with VVPA or SAHA markedly
increases the phosphorylation of Akt and decreases the expression of pro apoptotic BAD
(Bcl-xI/Bcl-2 associated death promoter) protein in kidney tissue (£acharias etal. 2010y
Further investigation is needed to find if there is any relationship between HDACS inhibition
and Akt activation.

In the brain, Faraco et al. found that ischemia (6 h of middle cerebral artery occlusion)
drastically decreases histone H3 acetylation levels without evidence of a concomitant change
in histone acetyltransferase or deacetylase activities. Treatment with SAHA (50 mg/kg i.p.)
increased histone H3 acetylation in the normal brain (approximately eightfold after 6 h) and
prevented histone deacetylation in the ischemic brain. These effects were accompanied by
increased expression of the neuroprotective Heat-shock protein 70 (Hsp70) and B-cell
lymphoma 2 (Bcl-2) protein in the control and ischemic brain 24 h after the insult. At the
same time point, mice injected with SAHA at 25 and 50 mg/kg had smaller infarct volumes
compared with vehicle-treated animals (28.5% and 29.8% reduction, p < 0.05 versus
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vehicle). Recently, Li et al. reported that VVPA treatment induces acetylation of histone H3,
increases expression of B-catenin and Bcl-2 proteins, and prevents neuronal apoptosis in in-
vitro hypoxic condition (0.5% O,), as well as in in-vivo model of HS (Li etal. 2008). These
findings demonstrate that pharmacological inhibition of HDAC promotes expression of
neuroprotective proteins within the ischemic brain, which underscores the therapeutic
potential of these drugs.

Activation of Phosphoinositide 3-Kinase (PI3K)-Akt/PKB Pathway

Activation of PI3K enhances cell survival (and decreases apoptosis) via Akt/PKB activity in
many cell types including cardiomyocytes, cardiac fibroblast, vascular smooth muscle cells
(VSMCs), endothelial cells and hepatocytes (Oudit etal. 2004. Shuja et al. 2009. Alam et al.
2009). Alam et al. recently demonstrated that VVPA exerts anti-apoptotic effect through the
Akt/PKB signaling pathway to improve survival in a swine model of poly-trauma and
massive blood loss (Alam etal. 2009 1, this study they compared cell protective effects of
the HDAC inhibitor (VPA) to treatment with fresh whole blood (FWB) as well as
conventional normal saline resuscitation. VPA treatment increased the levels of activated
Akt, deactivated glycogen synthase kinase-3f (GSK-3p), f-catenin and Bcl-2 significantly
when compared to FWB and saline control groups (without an alteration in the total Akt and
GSK-3 levels) (Alam etal. 2009y \/pa has been reported to directly and indirectly inhibit
GSK-3p (Kim etal. 2005y However, it is not clear how the HDACI influences the Akt
signaling in an animal model of trauma and hemorrhagic shock. There are several other
possibilities for the activation of this pathway in addition to the direct inhibition of GSK-3
(Fig. 11.1).

1. Anincrease in the acetylated tribbles (TRB) 3 and phosphatase and tensin homolog
(PTEN) may be associated with PI3K/Akt activity (Y20 and Nyomba 2008y
Growth factors such as insulin, insulin-like growth factor 1 (IGF-1), erythropoietin,
and cytokines that reduce apoptosis rely almost exclusively on the PI3K/Akt
pathway, whereas GPCR-induced PI13K/Akt activation and cardioprotection occurs
in response to several peptide agonists including urocortin, ghrelin, and
adrenomedullin as well as beta2-adrenergic receptor (Bo-AR) stimulation (OUdit et
al. 2004; Torella et al. 2004; Chesley et al. 2000; Kim et al. 2008). In the heart,
overexpression of Akt/PKB causes resistance to apoptosis (Oudit et al. 2004y.
knockout of Akt2/PKBf enhances apoptosis in response to myocardial ischemia
(DeBosch etal. 2006y consistent with a critical role for AKY/PKB in cell survival,
loss or gain of TRB3 and PTEN activity leads to reduced or enhanced apoptosis,
respectively (Avery etal. 2010. Kishimoto et al. 2003 Ajternatively. increased

expression of TRB3 and PTEN promotes apoptosis in cardiac myocytes
(Schwartzbauer and Robbins 2001. Avery et al. 2010).

PTEN is a dual protein/lipid phosphatase whose main substrate is phosphatidyl-
inositol,3,4,5 triphosphate (PIP3), the product of PI3K. PTEN degrades PIP3 to an
inactive form phosphatidylinositol 4,5-bisphosphate (PIP2) (€€ et al. 1999.
Maehama and Dixon 1998; Oudit et al. 2004; Stambolic et al. 1998)’ inhibiting Akt
activation. PTEN is constitutively active and is the major downregulator of
PI3K/Akt (Stiles et al. 2004y pTEN also forms signaling complexes with PDZ
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domain-containing adaptors, such as the MAGUK (membrane-associated guanylate
kinase) proteins. These interactions appear to be necessary for the metabolism of
localized pools of PIP3 involved in regulating actin cytoskeleton dynamics.
Acetylation is major mechanism that regulates PTEN activity (Okumura et al.
2006). Histone acetylase p300/CREB-binding protein-associated factor (PCAF)
interacts with PTEN and acetylates lysines 125 and 128 which are located within
the catalytic cleft of PTEN and are essential for PIP3 specificity. PCAF functions as
a negative regulator of PTEN (T@mguney and Strokoe 2007y TRB3 js an
intracellular pseudokinase that modulates the activity of several signal transduction
cascades. TRB3 has been reported to inhibit the activity of Akt protein kinases (Du
etal. 2003). TRB3 gene expression is highly regulated in many cell types, and
hypoxia or endoplasmic reticulum (ER) stress promotes TRB3 expression. TRB3
binds to inactive and unphosphorylated Akt, thus preventing its phosphorylation
(Shih etal. 2003 ¢ remains unknown whether and how PCAF regulates TRBS.
Recently Yao and Nyomba reported that acetylation status of TRB3 and PTEN is
decreased in association with increased HDAC and decreased HAT activities. The
hypoacetylated TRB3 and PTEN can inhibit the Akt-activity in a rat model of
prenatal alcohol exposure (Y20 and Nyomba 2008) which suggests that HDACI
treatment could inhibit the activity of TRB3 and PTEN, which in turn would
enhance the Akt signaling.

2. Induction of Hsp70 by HDACI may be associated with PI3K/Akt pathway
regulation. In a rat model of hemorrhagic shock, Gonzales et al. found that VPA
treatment increased the acetylation of nonhistone and histone proteins and
expression of Hsp70 in rat myocardium, and significantly prolonged survival
(fivefold) compared to the untreated controls (Gonzales etal. 2006y | rat cortical
neurons, VPA treatment markedly up-regulated Hsp70 protein levels, and this was
accompanied by increased Hsp70 mRNA levels and promoter hyperacetylation and
activity (Marinova etal. 2009y other HDAC inhibitors — sodium butyrate,
trichostatin A, and Class | HDAC-specific inhibitors MS-275 and apicidin — all
possess the ability to induce HSP70.

Hsp70 is a molecular chaperone, cell-protective and anti-inflammatory agent.
Marinova et al. recently reported that HDACI increase Sp1 acetylation, promote the
association of Sp1 with the histone acetyltransferases p300 and recruitment of p300
to the Hsp70 promoter. Further, HDAC-linduced cell protection can be prevented
by blocking Hsp70 induction (Marinova et al. 2009y |, aqdition, Gao and Newton
showed that Hsp70 directly binds and stabilizes Akt/PKB as well as protein kinase
A and protein kinase C, thus prolonging the signaling lifetime of the kinases (Gao
and Newton 2002) Taken together, these findings suggest that the PI3K/Akt
pathway and Sp1 are likely involved in Hsp70 induction by HDACI, which in turn
can sustain the active state of Akt to attenuate the cellular apoptosis.

In addition to the interaction with the Akt/PKB pathway, Hsp70 also directly interacts with
different proteins of the tightly regulated programmed cell death machinery thereby
blocking the apoptotic process at distinct key points. For example, Hsp70 can inhibit the
apoptotic cascade (Gotoh et al. 2004. Stankiewicz et al. 2005) gecrease formation of the
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functional apoptosome complex (Beere et al. 2000, Saleh et al. 2000y yrevent late caspase
dependent events such as activation of cytosolic phospholipase A2 and changes in nuclear
morphology, and protect cells from forced expression of caspase-3 (Jaattela et al. 1998
Moreover, Hsp70 inhibits c-Jun N-terminal kinase (JNK) mediated cell death by suppressing
JNK phosphorylation either directly and/or through the upstream SEK (Stress-activated
protein kinase (SAPK)/extracellular signal-regulated kinase (ERK) kinase) kinase (MOSSer
etal. 2000; Meriin et al. 1999; \olloch et al. 1999)’ and hampers TNF mediated apoptosis

by inhibition of ASK-1 (Park etal. 2002y

Effect of HDACI on Gut and Lung in Hemorrhagic Shock

Hemorrhagic shock is characterized by tissue perfusion which is insufficient to meet the
oxygen and nutrient demands of cells. Host response to hemorrhagic shock involves a
coordinated expression of mediators that act both locally and systemically with profound
effects on organ function. The accumulated evidences suggest that gut and lung, especially
gut, represent important site(s) of immune mediator production and inflammation. Although
two major hypotheses, gut-lymph-lung axis (Peitch 2001. Deitch et al. 2006y ang gut-liver-
lung axis (Peéitzman etal. 1995, Thuijls et al. 2009) paye prought much debate based on
their different findings, it is clear that hemorrhagic shock is associated with intestinal
ischemia which makes it a proinflammatory organ. For the fact that most of these mediators
are produced by cells of the immune system, significant immunoregulatory actions occur
within the gut-liver and/or lymph-lung axis and in peripheral immune sites (Fig. 11.2). It is
well established that the gut plays a pivotal pathogenic role in the pathogenesis of SIRS and
multi-organ dysfunction syndrome (MODS) (Deitch 1992. Hassoun et al. 2001y

Depending on the duration of hemorrhagic shock, the degree of intestinal mucosal disruption
which is the result of ischemia, increases and plays the main role in bacterial translocation
(Baker etal. 1988y |t js also postulated that epithelial disruption occurs, not only due to
ischemia, but also due to the effect of protease or free oxygen radicals in the epithelium
(Deitch et al. 1990y Hemorrhagic shock appears to promote bacterial translocation by
injuring the gut mucosa and impairing its barrier function.

It is clear that gut ischemia can cause lung injury, but how can it be prevented? We proposed
that HDACI could protect lung from gut-originated damage. To test this proposal, the
superior mesenteric artery (SMA) of rats was clamped for 60 min to induce ischemia and
then released for reperfusion. Without any treatment, gut ischemia induced production of
pro-inflammatory cytokines or prostaglandin-like compound such as IL-6, cytokine-induced
neutrophil chemoattractant (CINC), 8-isoprostane in lung tissues, and increased neutrophil
lung infiltration. However, treatment with VVPA significantly reduced these mediators in lung
tissues and improved survival in a rat model of ischemia and reperfusion (Kim et al.,
unpublished data). It is not clear how VPA protects gut from ischemic damage and prevents
acute lung injury. However, based on our recent findings it is conceivable that VPA
maintains gut barrier in part through stabilizing intestinal tight junctions (TJ) (Fig. 11.2).

The function of gut barrier is based on intestinal tight junctions. Encircling epithelial cells,
the intestinal TJ is a region where the plasma membrane of epithelial cells forms a series of
contacts that appear to completely occlude the extracellular space and create an intercellular
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barrier and intra-membrane diffusion fence (WWong and Gumbiner 1997y ‘Normally TJ is
anchored in the cell via TJ proteins and filamentous actin (F-actin) cytoskeleton.
Hypoperfusion, or ischemia, can cause disruption of F-actin cytoskeleton with subsequent
TJ loss and barrier failure. Bacterial translocation to mesenteric lymph nodes, liver, and
spleen is found at a very early stage of hemorrhagic shock (Thuiils etal. 2009y | oss of gut
wall integrity not only leads to paracellular leakage of microbial products (Baker et al. 1988.

Fink and Delude 2005 ¢ also contributes to the development of systemic inflammation
and distant organ failure (Hierholzer and Billiar 2001).

One of the major TJ proteins is claudin-3. Although the exact function of claudin-3 is not
completely clear, it appears to be important in TJ formation and function (Morin 2005).
Recent studies from our group (L1 €t al- 2010y ang others (Thuiils et al. 2009y haye shown
that HS leads to destruction of the gut barrier due to TJ protein loss. Also it was found that
the claudin-3 protein is released into circulation very early (30-60 min) after the onset of HS
('—i etal. 2010). Alternatively, CINC, a chemokine that promotes neutrophil chemotaxis, is
significantly elevated in serum and lung tissue with increased myeloperoxidase (MPQO)
levels at 4 h after hemorrhage. However, VPA treatment reversed HS-induced claudin-3 loss
from the intestine and reduced the levels of CINC and MPO in serum and lung significantly
(Fukudome et al., unpublished data). These findings suggest that VPA can stabilize
claudin-3 in gut TJ, maintain the intestinal barrier, and prevent harmful gut-derived
substances from getting into the systemic circulation.

Furthermore, we recently demonstrated that hemorrhagic shock (40% blood loss) resulted in
phosphorylation (activation) of ERK, JNK and p38 mitogen-activated protein kinase
(MAPK) in lung tissues at 1 h and 4 h. Post-shock administration of VPA (300 mg/kg, iv)
significantly attenuated the MAPK activation without altering the total ERK, JNK and p38
proteins (Kochenek et al. 2010) Thege kinases are globally expressed and known to be key
regulators of stress-mediated cell fate decision. Activation of these proteins has been
strongly associated with poor outcomes while inhibition of MAP kinases has been
associated with survival in hemorrhage models (Kochenek et al. 2010y \/pa can also
directly modulate MAPK activation. Cao et al. have studied the effects of HDACI treatment
on LPS-induced activation of p38 MAPK and found that HDACI inhibit p38
phosphorylation. In their experiments, HDACI induce acetylation of MAP kinase
phosphatase -1 (MKP-1), a protein that dephoaphorylates MAPK and inactivates MAPK
pathways. These results demonstrate that HDACI treatment and MKP-1 acetylation
increases the interaction between MKP-1 and p38 MAPK, and results in p38 inactivation,
reduced inflammation and increased survival among LPS-exposed mice (€20 €t al. 2008y,
Whether similar acetylation-mediated mechanisms exist for the regulation of ERK and JNK
is still unknown but is highly plausible.

Breakage of a Paracrine Loop Between Leukocytes and Endothelial Cells

The development of MODS is a critical problem in patients who suffer major blood loss.
Although the precise mechanisms and pathways leading to organ injury after HS are still
incompletely understood, neutrophils are thought to be a principal mediator of tissue
damage. Migration of neutrophils into the tissues during HS leads to significant organ
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damage through the release of proteases and oxygen-derived radicals (Weiss 1989).
Intravital microscopy studies have established a sequence of events involved in leukocyte
migration to extravacscular sites: rolling, firm adhesion, and trans-endothelial migration.
Under conditions of flow, leukocytes are first observed to roll along the endothelium of
postcapillary venules. Subsequently, some of the rolling leukocytes stick firmly, migrate
along the endothelial surface, diapedese between endothelial junctions, and then migrate
through the sub-endothelial matrix (Harlan and Winn 2002

The interaction between leukocytes and endothelial cells seems to form a paracrine loop
(Fig. 11.3), and is instrumental in the migration of neutrophils into different tissues. On one
hand, leukocyte recruitment to endothelium is a fundamental element of the tissue response
to HS. Interleukin (IL)-1 and tumor necrosis factor-a (TNF-a) produced by infiltrating
inflammatory cells such as neutrophils and macrophages can induce endothelial cells to
express cytokines as well as adhesion molecules (Vadlamani and Lyengar 2004y o the
other hand, endothelial cells play an essential role in speeding up this process via their
ability to express cell surface adhesion molecules that mediate interactions with leukocytes
in the bloodstream. Activated endothelial cells express molecules involved in leukocyte
rolling, such as P- and E-selectin, leukocyte adhesion molecules including vascular cell
adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), as well as
chemoattractants such as chemokine (c-c motif) ligand 2 (CCL2) and IL-8, which can
induce arrest of rolling leukocytes and promote leukocyte emigration from the vasculature
(Petri et al. 2008, Zarbock and Ley 2009) activation of endothelial cells during the
response is typically induced by proinflammatory cytokines, such as TNF and IL-1f,
released from leukocytes in response to HS (Cheng etal. 2010y eypression of adhesion
molecules and additional cytokines from the activated endothelial cells in turn facilitates
migration of additional neutrophils from the bloodstream. Anything that breaks this vicious
circle could potentially attenuate the neutrophils mediated cellular damage.

HDACI have been shown to modulate the interaction between leukocytes and endothelial
cells. Studies of Inous et al. demonstrated that TSA, an inhibitor of HDAC, can suppress
TNF-a induced VCAM-1 expression and reduce monocyte adhesion not only to endothelial
cells in vitro but also to venules in inflamed mice in vivo (Inoue etal. 2006y These results
suggest that HDACI might be useful for the attenuation of the deleterious cross-talk between
leukocytes and endothelial cells.

HDACI in Models of Septic Shock

The progression of infection to septic shock begins with the release of inflammatory
mediators at the local site of microbial invasion. This induces the migration of white blood
cells and platelets to the infection site and contributes to endothelial damage and increased
micro-vascular permeability. Blood flow is also reduced which sets the stage for ischemia-
reperfusion injury. These physiologic processes are part of the exaggerated SIRS, which can
lead to MODS.

Many of the body’s reactions to infection with gram-negative organisms are due to
lipopolysaccharide (LPS), a component of the outer bacterial cell wall membrane, also
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referred to as endotoxin. It can induce septic shock physiology and has been used
extensively to produce shock in laboratory models. LPS exerts the downstream signals
through the Toll Like Receptor-4 (TLR4). TLR4 activates two downstream pathways:
Myeloid differentiation factor 88 (MyD88)-dependent and MyD88-independent pathways.
The former one leads to the production of proinflammatory cytokines such as IL-6, TNF-a
and IL-12 with the quick activation of nuclear factor-kappaB (NF-kB) and MAPK. The
MyD88-independent pathway is associated with the activation of interferon (IFN) regulatory
factor 3 (IRF3), subsequent induction of IFN-B, and maturation of dendritic cells.

It has been shown that HDACI exert anti-inflammatory activities via the suppression of
inflammatory cytokines and nitric oxide (Blanchard and Chipoy 2005) 4 |_ps-stimulated
human peripheral blood mononuclear cells, ITF2357 (an inhibitor of HDAC) reduces the
release of TNF-a, IL-1B and IFN-y (L€oni etal. 2005) other HDACI such as TSA and
SAHA have been shown to decrease LPS-induced inflammation in mice (G20 etal. 2008. Li
etal. 2009. Lietal. 2010y 1y RAW 264.7 cells, treatment of the macrophages with SAHA
significantly suppresses LPS-induced gene expression and protein production of IL-1f, IL-6,
and TNF-q (L1 etal. 2009, Lietal. 2010y |y an in vivo rodent model of septic shock,
HDACI attenuate acute lung and liver injury, and improve survival (£hang etal. 2009. Li et
al. 2010. Zhang et al. 2010y Fyrther mechanistic studies have demonstrated that HDACI
play an important inhibitory role in TLR-4-MyD88 signaling pathways via NF-kB and
MAPKSs. Thus, protein acetylation is a potential regulatory mechanism that can modulate the
inflammatory response (Fig. 11.4).

HDACI Affect NF-kB Activity

NF-kB is an ubiquitiously expressed transcription factor that plays an important role in
innate immunity and other critical processes. The NF-kB family consists of p50, p52, p65
(Rel A), c-Rel and Rel B, which form homo- or hetero-dimers. The p50/p65 heterodimer is
the most frequently found combination in mammals. Inactive NF-kB complexes are retained
in the cytoplasm by the IkB inhibitor. In innate immune signaling, host cells can respond to
the threat of bacterial pathogens (e.g., LPS) via extracellular receptor TLRs (e.g., TLR4).
TLR4 interacts with MyD88 and recruits interleukin-1 receptor-associated kinase 1 (IRAK1)
and IRAKA4 to the receptor complex. IRAK phosphorylates TNF receptor associated factor 6
(TRAF®6) leading to the activation of the IkB kinase (IKK). The activation of IKK results in
IkB phosphorylation, triggering its ubiquitination and proteasomal degradation. Free NF-kB
then translocates to the nucleus to regulate the transcription of chemokines, cytokines, and
other inflammatory response molecules (Hayden and Ghosh 2008y

In the nucleus, p50 and p60 can be regulated by acetylation. The function of acetylated NF-
kB is complicated. Acetylation of p50 at K431, K440 and K441 promotes higher DNA
binding affinity towards NF-kB target sequences correlating with increased p300 (histone
acetyltransferase) recruitment and transcriptional activation (P€ng and Wu 2003. Chen and
Greene 2004y p300 can acetylate p65 at multiple lysine residues and result in different
consequences. Acetylation of p65 at K221 and K310 is associated with an increased
transcription of NF-kB target genes (Chen and Greene 2004y anq s required for the full
activity of p65 (Chen etal. 2002 1 contrast, HDAC1 and HDAC3 deacetylate p65 at either
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K221 or K310, resulting in the inhibition of NF-kB. Additionally, K122 and K123
acetylation reduces p65 DNA binding affinity accompanied with increased IkB interaction
and nuclear export (Kiernan etal. 2003y The 300-mediated acetylation of K314 and K315
in p65 has no obvious effect on NF-kB DNA binding or translocation.

HDACI have been shown to induce hyperacetylation and repress NF-kB signaling and
expression of several target genes (Huang etal. 1997; Inan et al. 2000; Kramer et al. 2001).

Conversely, other group reported that HDACI enhance NF-kB dependent gene expression in
the presence of TNFa (Adam et al. 2003. Ashburner et al. 2001. Quivy et al. 2002, Vanden

Berghe etal. 1999 presumably, inhibitory or enhancive effects of HDACI on NF-kB rely
on the cell type and expression of a different set of HDAC isoforms as well as the source of
cell stimulation (e.g. LPS, cytokines and high glucose levels) (Blanchard and Chipoy 2005

HDACI Inhibit MAPK Activity

In mammalian cells, INK and p38 MAPKSs activate mitogen and stress-activated protein
kinase 1 (MSKZ1) such as ribosomal S6 kinase 2 (RSK2). RSK2 has a strong activity towards
phosphorylation of histone H3 at Ser10 (Thomson etal. 1999y The phosphorylation of
histone H3 occurs on the promoters of the subset on the stimulus-induced cytokine and
chemokine genes, recruits NF-kB to the promoters, and stimulates transcription of

inflammatory genes such as IL-6, IL-8, IL-12 and macrophage chemoattractant protein 1
(MCP-1) (Saccani et al. 2002y

It has been reported that HDAC inhibitor TSA enhances the activity of mitogen-activated
protein kinase phosphotase-1 (MKP-1) (Chi and Flavell 2008. Cao et al. 2008) pkp-1 is a
nuclear-localized dual-specificity phosphatase and preferentially dephosphorylates MAPKs
such as p38 and JNK. Recently, Cao et al. showed that MKP-1 interacts with HAT, and
acetylation of MKP-1 inhibits TLR4 signaling (€20 et al. 2008y They immunoprecipitated
the histone acetylase p300 and showed that it was associated with MKP-1. Moreover,
MKP-1 was acetylated by p300 on lysine residue K57 within its substrate-binding domain.
Acetylation of MKP-1 induced by TSA enhanced the interaction between MKP-1 and p38
MAPK, suggesting that HDACI could increase the phosphatase activity and inactivate p38
MAPK. Indeed, TSA increased MKP-1 acetylation and blocked MAPK signaling in wild-
type (WT) cells. However, TSA had no effect in cells lacking MKP-1. Furthermore, TSA
reduced inflammation and mortality in WT mice treated with LPS, but failed to protect
MKP-1 knockout mice. These findings suggest that acetylation of MKP-1 inhibits innate
immune signaling, and targeting the MAPK pathway by HDACI may be an important
approach in the treatment of septic shock.

Recently, our group has found that HDAC inhibitor SAHA can reduce the expression of
MyD88 gene and protein in vitro and in vivo after LPS insult ('—i etal. 2010). Moreover,
SAHA acetylates heat shock protein 90 (Hsp90) and de-associates the protein from IRAK1,
resulting in IRAK1 degradation (Chong et al., unpublished data). Our new findings have
provided evidence that inhibition of HDAC can block, at least in part, activity of NF-kB and
MAPKSs in the initial steps of the TLR4-MyD88- NF-kB/MAPK pathway (Fig. 11.4).
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TLR4 Signaling — A Converged Immune Response Pathway for Hemorrhage and Sepsis

Hemorrhage and sepsis activate several inflammatory and innate immune signaling
pathways (Murphy etal. 2004y gystemically, these pathways promote recruitment of
neutrophils and release of inflammatory cytokines (BOtha etal. 1995) \wjithin the cells, the
inflammatory stimuli induce MAPK-dependent phosphorylation or phosphoacetylation of
histone proteins and modulate the epigenetic accessibility of DNA (Saccani et al. 2002y
Downstream, these signals change the expression profile of the genes in different cells types,
altering the competing signals (e.g. pro-survival and pro-death, or anti-inflammation and
pro-inflammation) that ultimately determine their fate. Two key pathways in hemorrhage-
and sepsis-induced cellular injuries are the mitogen activated protein (MAP) kinase and NF-
kB pathways. These proteins, ERK1/2, INK, p38 protein kinase, and NF-kB, are globally
expressed and known to be key regulators of cell fate decisions (Winter-Vann and Johnson
2007, Perkins 2007y \yhich are involved in TLR4 signaling pathway.

It is well known that mammalian TLR4 serves as a key sensor of pathogen-associated
molecular patterns (PAMPS) such as LPS. More recently, an additional role for TLR4 has
been proposed. A number of reports have emerged to suggest that diverse molecules of host-
cell origin may also serve as endogenous ligands of TLR4 (Bianchi 2007. Mollen et al.
2008, Tsan and Gao 2009 These molecules represent members of a recently identified
family of molecules including Hsp70, fibrinogen, high mobility group box 1 (HMGB1),
nucleolin, and annexins, etc. (Bianchi 2007). They have been found to serve as mediators of
inflammation that may be expressed or released in response to tissue damage from trauma
including HS. These molecules have been described as “alarmins”, which are the equivalent
of PAMPs but are endogenous molecules. They are rapidly released following non-
programmed cell death not by apoptotic cells. Immune cells can also be induced to produce
and release alarmins without dying. Generally, this is done by using specialized secretion
systems or by the endoplasmic reticulum (ER)-Golgi secretion pathway. Endogenous
alarmins and exogenous PAMPs can be considered subgroups of a larger family of damage-
associated molecular patterns (DAMPS). They convey a similar message and elicit similar

responses through TLR4 (Fig. 11.4) leading to activation of MAPKSs and NF-kB pathways
(Bianchi 2007, Roger and Babensee 2010y

HDACI have been described above for their pro-survival and anti-inflammatory properties.
The combined pro-survival and anti-inflammatory effectiveness makes them a highly
attractive choice for the treatment of lethal hemorrhagic shock, and its septic complications.
In our preliminary studies, we have already discovered that HDACI not only inhibit
expression of pro-inflammatory cytokines and chemokines in cells, but also prevent some
alarmins from being released from cells in hemorrhagic shock and septic shock (Li et al.,
unpublished data). Further investigation with different models (e.g., “two-hit” model) are
being planned to further clarify the precise mechanisms of action and the role played by
protein acetylation.

Adv Exp Med Biol. Author manuscript; available in PMC 2016 June 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Li and Alam Page 16

Future Studies: HDACI in a Model of Hemorrhagic and Subsequent Septic
Shock (a Two-Hit Model)

Hemorrhage induces immunosuppression and enhances susceptibility to sepsis. This is
evident from depression of lymphocyte functions, production of various lymphokines,
macrophage expression of receptors involved in opsonin-mediated phagocytosis, and antigen
presentation function of peritoneal, splenic, and Kupffer cells following hemorrhage.
Depression in various immune functions is apparent immediately following hemorrhage and
persists for a prolonged period of time despite volume resuscitation. It appears that the
increased release of systemic mediators, such as IL-1, IL-6, TNF-q, is associated with
marked depression in immune responses and increased susceptibility to infection following
hemorrhage (Chaudry and Ayala 1993y TNF-q is the trigger cytokine released early after
the onset of hemorrhage. This cytokine then activates various populations of macrophages to
release IL-1, IL-6, TGF-f3 and others. Although studies have described additional cytokines
following trauma that may also play an important role it appears that TNF-a, IL-1, IL-6, and
TGF-B, may play pivotal regulatory roles in the sequence of events leading to protracted
immunodepression following hemorrhage. It should be recognized that the cytokine cascade,

or “cytokine storm,” may be triggered and amplified in a complex and interdependent
manner (Chaudry and Ayala 1993y

The immunosupressive process is now fairly well characterized. The aforementioned
imbalance in acetylation of proteins seems to be involved in the setting of both HS and
septic shock. However, it remains unclear how to reduce or prevent the subsequent severe
sepsis after HS. Aggressive resuscitation, vasopressor therapy, nutritional support and
antibiotic prophylaxis alone have been proven to be ineffective when trying to alter the

cytokine expression and decrease the infection rate after HS (ESig etal. 1977. Chaudry and
Ayala 1993; Bauhofer et al. 2006)_

Focusing on the cellular pathophysiology of hemorrhagic shock and septic shock, we have
explored the strategy of using HDACI (with or without resuscitation) as protective agents.
HDACI alter the acetylation status of proteins and therefore have the potential to modulate
the genomic and proteomic changes induced by hemorrhage and sepsis. We have shown that
HDACI can dramatically improve survival in lethal models of hemorrhagic shock in rat
(Shults etal. 2008; Fukudome et al. 2010)’ and swine models (Alam etal. 2009)_ These
inhibitors can protect cells from apoptosis and suppress expression of pro-inflammatory
cytokines (L1 etal. 2009. Li et al. 2008. £ykudome et al., unpublished data). HDACI can
improve survival in a rodent model of septic shock regardless of whether the inhibitors are
administrated before or after LPS insult. Moreover, a recent study from our laboratory
demonstrated that the HDAC inhibitor SAHA can normalize TNF-a levels following rat
hemorrhage in vivo and LPS second hit in vitro (Sailhamer et al. 2008y a|| of results above
indicate that modulation of protein acetylation by HDACI may be an effective therapy for
hemorrhage-induced sepsis. However, a critical animal model is still needed to confirm it.

An animal model of the “two-hit” paradigm has been used to target protein molecules
involved in hemorrhage-induced septic shock (Fan et al. 2000. Shih et al. 2003. Bauhofer et
al. 2006). In this model, animals were subjected to a non-severe resuscitated HS followed by
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a small dose of intratracheal LPS (Fan etal. 2000y ¢ p (cecal ligation puncture, Shih etal.
2003y or PCI (peritoneal contamination and infection, Bauhofer etal. 2006y \while neither
the first (shock) nor the second (infection) insult alone induces severe injury, the
combination causes lung neutrophil accumulation and increase albumin transpulmonary flux
(Fan etal. 1998) organ injury, colony-forming units of microbes in lung and liver, and
mortality. However, so far no in vivo two-hit studies have addressed the effects of HDACI on
inflammatory responses caused by HS followed by the development of polymicrobial sepsis.
Results from an ongoing experiment in our laboratory should fill this gap in the near future.

Special Consideration

Acetylation is rapidly emerging as a key mechanism that regulates the expression of
numerous genes (epigenetic modulation through activation of nuclear histone proteins),
functions of multiple non-histone proteins involved in key cellular functions such as cell
survival, repair/healing, and inflammation. HDACI hold great promise as a new class of
agents for restoration of protein acetylation that can play a therapeutic role in hemorrhagic
and septic shock. However, some special consideration should be kept in mind when the
mechanism of action for HDACI is analyzed.

Sex hormones significantly impact survival in models of hemorrhagic shock (Lomas-Niera
etal., 2005). Findings of Choudhry et al. suggest that the depression of immune functions in
trauma hemorrhage is severe in young males, ovariectomized and aged females. In contrast,
the immune functions in proestrus females following trauma-hemorrhage are maintained
(Choudhry et al. 2007y syygies have also shown that the survival rate in proestrus females
following trauma-hemorrhage and the induction of subsequent sepsis is significantly higher
than in age-matched males and ovariectomized females. Furthermore, administration of
female sex hormone 17p-estradiol in males and ovariectomized females after trauma-
hemorrhage prevents the suppression of immune response. Recently, HDACI such as TSA
and VVPA have been found to induce estrogen response element transactivation. Estradiol
treatment in turn can potentiate the HDACI effect (Suuronen et al. 2008) These results
indicate that the interaction of sex hormones with HDACI could play a significant role in
shaping the host response following trauma and hemorrhagic shock.

Cell type is a big factor when evaluating the impact of HDACI. The response of normal and
transformed (e.g. neoplastic) cells to a given HDACI is often completely different. HDACI-
induced phenotypes changes in transformed cells include growth arrest, activation of the
extrinsic and/or intrinsic apoptotic pathways, autophagic cell death, reactive oxygen species
(ROS)-induced cell death, mitotic cell death and senescence. In comparison, normal cells are
relatively more resistant to HDACI-induced cell death (Kelly and Marks 2005. Dokmanovic
etal. 2007). In many transformed cells, ROS-oxidation-reduction pathways are important
mechanisms of HDACI-induced transformed cell death (Ungerstedt et al. 2005y
Thioredoxin (Trx) acts as a hydrogen donor required for the activation of many proteins,
including ribonucleotide reductase which is essential for DNA synthesis and transcription
factors and is an antioxidation scavenger of ROS (Lillig and Holmgren 2007y paci
upregulate the expression of Trx binding protein 2 (TBP2) (Butler etal. 2002) '\yhich pinds
and inhibits Trx activity and can cause downregulation of Trx in transformed but not normal
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cells (Butler etal. 2002, Ungers_tedt etal. 2005) Trx is an inhibitor of apoptosis signal
regulating kinase 1 (ASK1) (Saitoh etal. 1998y Therefore, inhibition of Trx by HDACI in
the transformed cells subsequently results in cell apoptosis.

Another potential confounder in animal models is the administration of heparin. The anti-
coagulant heparin is frequently used to maintain blood flow through catheters (Rana etal.
1992) and to anti-coagulate shed blood reserved for return during resuscitation. However,
high doses of heparin have been associated with effects that can confound results in
experimental models of HS (Lomas-Niera et al., 2005y For example, direct addition of
heparin to cells has been found to reduce histone acetylation (Buczek-Thomas et al. 2008y

As for the “two-hit” model, the timing of a secondary insult is critical to the ultimate
response of the host (LOmas-Neira etal., 2005y | omas-Neira et al. reported that
hemorrhagic shock (priming stimulus) followed 24 h by the induction of sepsis (triggering
stimulus) produced significantly higher levels of pro-inflammatory cytokine IL-6, MIP-2a
and increased MPO activity in lung tissue. These hemorrhage-induced increases dissipated
when sepsis was induced 72 h after hemorrhagic shock. It was found that there is a period of
priming during the first 24 h following an initial traumatic inflammatory insult. The priming
time keeps the secondary stimulus potential to trigger neutrophil mediated tissue or organ
injury (Ayala et al. 2001). Therefore, the timing for drug administration would be a crucial
variable in a “two-hit” model.

In summary, the effects of HDACI depend upon the host “cell context” which in turn
influences acetylation or the interaction of HDACSs with histone and non-histone proteins.
Ideally, comprehensive consideration of host gender, cell type, the timing of insult and the
nature of host/cell stimulation should be taken into account when effects of the inhibitor are
examined in an experimental model. Lack of attention to these details can create an
erroneous impression of contradictory results.

Conclusion and Perspectives

Experimental evidence has shown that treatment with HDACI increase endurance of animals
subjected to lethal blood loss. The survival benefit is seen even when the drugs are
administered post-insult and is reproducible in different species including large animal
models of poly-trauma. Protective properties of HDACI are not limited to hemorrhagic
shock, as it can also improve survival in LPS models of septic shock. Administration of
HDACI modulates the immune system to create a favorable phenotype not only during the
acute phase of hemorrhagic shock but also later when the septic complications are likely to
occur. Repeated successes of HDACI in well designed animal models of hemorrhagic shock
(small and large animals) and septic shock (pre- and post-shock treatments) suggest that
modulation of protein acetylation is potentially a very useful strategy for the treatment of
these critical diseases.

The future success of shock treatment might come from the implementation of pro-survival
and anti-inflammatory strategy in proper animal and cellular models. More studies should
further elucidate the function of individual HDAC isoforms in severe hemorrhage and
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inflammation and assess potential effects of HDACI on sepsis following hemorrhagic shock.
Since individual HDAC isoforms have distinctive physiological functions, it is important to
develop next generation of HDACI. The new HDACI could potentially target specific HDAC
isoforms and presumably result in improved efficacy relative to the first generation pan
inhibitors, such as SAHA and TSA, but with little adverse effects. In addition to being used
as pro-survival agents for severe trauma hemorrhage or anti-inflammatory compounds for
deteriorative sepsis, HDACI could be used as combined pro-survival and anti-inflammatory
drugs to prevent hosts from sepsis and even to treat sepsis following hemorrhage. The
potential success of HDACI in the two-hit model might provide insight toward the
development of pharmacological agents for the treatment of the shock of hemorrhage and
sepsis.
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ASK1 Apoptosis signal regulating kinase 1

BAD Bcl-xI/Bcl-2 associated death promoter

Bcl-2 B-cell lymphoma 2

Bo-AR Beta2-adrenergic receptor

BMP7 Bone morphogenetic protein 7

CASP Colon ascendant stent peritonitis

CBP Cyclic AMP (cAMP) response element binding protein
(CREBP) binding protein

CCL2 Chemokine (C-C motif) ligand 2

CINC Cytokine-induced neutrophil chemoattractant

CLP Cecal ligation puncture

DAMPs Damage-associated molecular patterns

DNA Deoxyribonucleic acid

DUSP5 Dual specificity protein phosphatase 5

ELISA Enzyme-linked immunosorbent assay

ER Endoplasmic reticulum

ERK Extracellular signal regulated kinase
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F-actin
FWB
GSK-38
h

H

HATs
HDA1
HDACs
HDACI
HMGB1
HS

Hsp 70
Hsp 90
ICAM-1
IEN
IGF-1

IKK

IRAK 1
IRF3

v

JNK
LPS
MAGUK
MAP
MAPK
MEF2
MKP-1

MMTV

Filamentous actin

Fresh whole blood

Glycogen synthase kinase-3f
Hour

Histone

Histone acetylases

Histone deacetylase Al
Histone deacetylases

Histone deacetylase inhibitors
High mobility group box 1
Hemorrhagic shock

Heat shock protein 70

Heat shock protein 90
Intercellular adhesion molecule-1
Interferon

Insulin-like growth factor 1
IkB kinase

Interleukin

Interleukin-1 receptor associated kinase 1

Interferon regulatory factor 3
Intravenous (injection into a vein)
c-Jun N-terminal kinase
Lipopolysaccharide
Membrane-associated guanylate kinase
Mean arterial pressure
Mitogen-activated protein kinase
Myocyte enhancer factor 2

MAP kinase phosphatase 1

Mouse mammary tumor virus
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MODS
MPO
MSK1
MyD88
NAD
NF-kB
PAM Ps
PCAF
PCI
p300

PGC-1a

PI3K
PIP2
PIP3
PKB
PTEN
ROS
RSK2
SAHA

SEK

SIRS
SIRT
SMA
RT-PCR
TBP2
TFs

TJ

TLR4

Multi-organ dysfunction syndrome
Myeloperoxidase

Mitogen and stress-activated protein kinase 1
Myeloid differentiation factor 88
Nicrotinamide adenine dinucleotide

Nuclear factor kappa B

Pathogen-associated molecular patterns
p300/CREB-binding protein-associated factor
Peritoneal contamination and infection

p300 histone acetyl transferase

Peroxisome proliferator-activated receptor y
coactivator-1a

Phosphoinositide 3 kinase
Phosphatidylinositol 4,5-bisphosphate
Phosphatidyl-inositol,3,4,5 triphosphate
Protein kinase B

Phosphatase and tensin homolog
Reactive oxygen species

Ribosomal S6 kinase 2

Suberoylanilide hydroxamic acid
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Stress-activated protein kinase (SAPK)/extracellular

signal-regulated kinase (ERK) kinase

Systemic inflammatory response syndrome
Sirtuins

Superior mesenteric artery

Reverse transcription polymerase chain reaction
Trx binding protein 2

Transcription factors

Tight junction

Toll-like receptor 4
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TNF-a Tumor necrosis factor a
TRAF6 TNF receptor associated factor 6
TRB3 Tribbles 3
Trx Thioredoxin
TSA Trichostatin A
VCAM-1 Vascular cell adhesion molecule-1
VPA Valproic acid
VSMCs Vascular smooth muscle cells
WT Wild type
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Fig. 11.1.
Effect of HDACI on cell survival signaling pathway in hemorrhagic shock. HDACI induce

phosphorylation of AKT by inhibition of TRB3 and PTEN. While AKT stimulates
transcription of cell survival genes through several other pathways, phosphorylated AKT
phosphorylates GSK-33. Phosphorylated GSK-33 becomes inactivated form, which cannot
degrade p-catenin. HDACI can also directly inhibit GSK-3p. Moreover, HDACI induce
acetylation and nuclear translocation of p-catenin, leading to downstream survival gene
transcription. P phosphorylation, Ac acetylation
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Fig. 11.2.

Effect of HDACI on gut-lymph-lung axis in response to hemorrhagic shock. Hemorrhagic
shock causes destruction of the gut barrier due to tight junction protein (e.g., claudin-3) loss.
Bactria, endotoxin, and inflammatory cytokines enter into circulation and lung. In the lung
tissue, MAPKSs are stimulated and neutrophils infiltrated, resulting in acute lung injury.
HDACI block these processing by inhibition of tight junction protein loss in gut and
inactivation of MAPKSs in lung

Adv Exp Med Biol. Author manuscript; available in PMC 2016 June 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Li and Alam Page 32

Endothelium

HDACI — ? T ——

i Paracrine loop

TNF-a

Leukocytes

Fig. 11.3.
HDACI modulate a paracrine between leukocytes and endothelial cells. The interaction

between leukocytes and endothelial cells seems to form a paracrine loop. On one hand, 1L-1
and TNF-a produced by infiltrating inflammatory cells such as neutrophils and macrophages
can induce endothelial cells to express cytokines and adhesion molecules. On the other hand,
endothelial cells play an essential role in speeding up this process via their ability to express
cell surface adhesion molecules that mediate interactions with leukocytes in the
bloodstream. HDACI break the loop by suppressing TNF-a induced VCAM-1 expression
and reducing immune cells adhesion to endothelial cells
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Fig. 11.4.
TLR4 signaling — a converged immune response pathway for hemorrhagic shock and septic

shock. TLR4 not only serves as a key sensor of pathogen-associated molecular patterns
(PAMPs), but also is proposed recently to act as a receptor for some endogenous molecules
called “alarmins”. HDACI block TLR4 signaling at multiple steps; therefore they can inhibit
immune response for both hemorrhagic shock and septic shock
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Animal models used for study of hemorrhagic shock and septic shock (-omas-Niera et al. 2005, Bhatia et al.

2009)

Animal models

Advantage

Disadvantage

Hemorrhagic shock

Septic shock

Fixed pressure hemorrhage

Fixed volume hemorrhage

Uncontrolled hemorrhage

LPS-induced sepsis

Bacterial infection
(intravenous infusion of a
viable bacteria,
administration of fecal
material or live organisms
into peritoneal cavity)

CLP-induced Sepsis

CASP-induced Sepsis

Adv Exp Med Biol. Author manuscript; available in PMC 2016 June 06.

The extent of hypotension,
duration and/or the volume can
be controlled/monitored

Models acute hemorrhage
(hypotension)

Considered most clinically
relevant

1 Endotoxicosis model

2 LPS is convenient to
use

3 Doses of LPS are
readily measured

Intravenous infusion of live
organisms may be appropriate to
study the blood clearance
kinetics of organisms

1 Simple and easy
surgical procedure

2 Relatively
reproducible

3 No need to prepare
bacteria

4 Resemblance to
clinical conditions

Induce diffuse peritonitis with
persistent systemic infection

Animal typically heparinized

Degree of hypotension uncertain

No standardized control of degree/duration of
hypotension and extent of blood loss

1

a A~ W N P

Single toxin may not mimic clinical
sepsis

Variable hemodynamic responses with
different doses and infusion rates

Administration route, LPS doses and
host species may affect responses

Requires growth and quantification of
bacteria prior to administration

Significant inter-laboratory variability

Host response id dependent on
infecting bacterial strain and route of
administration

Different host response with different
compartment infection

Variable host response depends on
bacterial load and infusion time

Large quantity of bacteria used may
elicit confounding toxicosis response

Multiple bacterial flora
Inter-laboratory variability
Sex and age variability
Strain variability

Needle size, number of punctures and
amount of cecum ligated may affect
the severity of sepsis

Difficult to control bacterial load and
magnitude of sepsis challenge

Potential of ascribing sepsis therapy
success to enhanced abscess formation
mechanism

Human therapy potentially withheld
could detract from validity of
therapeutic agent

More challenging surgical procedure
and requirement for careful surgical
techniques

Multiple bacteria flora

Less characterized hemodynamic
response
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Animal models Advantage Disadvantage

4

Less experience to identify possible
confounding variables

Mortality rate varies with stents of
different diameters

Load of stool transferred into
peritoneum may be a confounding
variable of CASP

Human therapy potentially withheld
could detract from validity of
therapeutic agent
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