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Abstract
Background—Hemorrhagic shock activates cellular stress signals and can lead to systemic
inflammatory response, organ injury, and death. We have previously shown that treatment with
histone deacetylase inhibitors (HDACIs) significantly improves survival in lethal models (60%
blood loss) of hemorrhage. The aim of the current study was to examine whether these protective
effects were due to attenuation of mitogen activated protein kinase (MAPK) signaling pathways,
which are known to promote inflammation and apoptosis.

Study Design—Wistar-Kyoto rats (250–300g) were subjected to 40% blood loss and
randomized to treatment with: 1) HDACI valproic acid (VPA 300mg/kg IV; volume = 0.75 ml/
kg), or 2) vehicle control (0.75 ml/kg of 0.9% saline). Animals were sacrificed at 1, 4 and 20 hours
(n=3–4/group/timepoint), and lung samples were analyzed by Western blotting for expression of
active (phosphorylated) and inactive forms of c-Jun N terminal Kinase (JNK) and p38 MAPK.
Myeloperoxidase (MPO) activity was measured in lung tissue 20 hours after hemorrhage as a
marker of neutrophil infiltration. Normal animals (n=3) served as shams.

Results—Hemorrhaged animals demonstrated significant increases in phosphorylated p38 at 1
hour, phosphorylated JNK at 4 hours, and increased MPO activity at 20 hours (p<0.05 compared
to sham). VPA treatment significantly (p <0.05) attenuated all of these changes.

Conclusions—Hemorrhagic shock activates pro-inflammatory MAPK signaling pathways and
promotes pulmonary neutrophil infiltration, affects that are significantly attenuated by VPA
treatment. This may represent a key mechanism through which HDACIs decrease organ damage
and promote survival in hemorrhagic shock.

© 2011 Elsevier Inc. All rights reserved.

Address correspondence to: Hasan B. Alam, MD, FACS, Professor of Surgery, Harvard Medical School, Massachusetts General
Hospital, Division of Trauma, Emergency Surgery, and Surgical Critical Care, 165 Cambridge Street, Suite 810, Boston, MA 02114,
Ph: 617-643-2433, hbalam@partners.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Surg Res. Author manuscript; available in PMC 2013 July 01.

Published in final edited form as:
J Surg Res. 2012 July ; 176(1): 185–194. doi:10.1016/j.jss.2011.06.007.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
acute lung injury; inflammation; hemorrhage; valproic acid; histone deacetylase inhibitors; stress
signals

Introduction
Hemorrhage is the leading cause of morbidity and mortality in trauma patients and a major
cause of secondary complications including acute lung injury (ALI), systemic inflammatory
response syndrome, and multi organ dysfunction syndrome (MODS). Hemorrhagic shock
triggers a unique cellular phenotype through alternations at genomic and proteomic levels
(1). Acutely, hemorrhage activates several inflammatory and immunologic signaling
pathways. Systemically, these pathways promote recruitment of neutrophils and release of
inflammatory cytokines (2, 3). Within hypoperfused tissues extracellular, danger associated
molecular patterns (DAMPs) trigger intracellular changes in the phosphorylation status of
proteins and modulate the epigenetic accessibility of DNA (4–6). Downstream, these signals
alter the gene expression profile of the injured cell, creating a competition between pro-
survival and pro-death signals that ultimately determines the fate of the cell. One key
pathway in hemorrhage-induced cellular injury is the mitogen activated protein (MAP)
kinase pathway. These proteins: extracellular signal related protein kinase 1/2 (ERK1/2), c
JUN N-terminal kinase (JNK), and p38 protein kinase, are globally expressed and known to
be key regulators of stress-mediated cell fate decisions (7- 9).

Focusing on the cellular pathophysiology of hemorrhagic shock, our team has explored the
efficacy of pharmacologic resuscitation with histone deacetylase inhibitors (HDACIs) as a
treatment strategy. HDACIs alter the acetylation status of cytoplasmic and nuclear proteins
and therefore have the potential to modulate the genomic and proteomic changes induced by
hemorrhage. We have previously shown that HDACIs can dramatically improve survival in
lethal models of hemorrhagic shock in rat (10, 11) and swine (12), and in murine models of
septic shock (13, 14). At the level of cell signaling, HDACI treatment can increase
acetylation of β-catenin and transcription of the pro-survival protein bcl-2 in neurons
subjected to hypoxic insult (15). It can also attenuate inflammatory cytokine mRNA
expression, and reduce the activation of pro-inflammatory protein kinases (including hepatic
MAP kinase proteins ERK and p38) in mice subjected to severe sepsis (16). In rodent
models of hemorrhage, HDACIs have also been shown to attenuate ERK 1/2 activation (11).

Yet the molecular events underlying the ability of HDACIs to shift the balance from pro-
death to pro-survival during shock remains incompletely characterized. Since we had used
lethal models of septic and hemorrhagic shock in previous studies, delayed tissue analyses
were influenced by a clear survival bias (differential survival rates in the treated and control
animals). Therefore, the objective of the present study was to extend our previous work (11)
and employ a sub-lethal model of hemorrhagic shock to better understand the influence of
HDACIs on MAP kinase pathway activation and neutrophil infiltration in the lung.

We specifically chose HDACI valproic acid (VPA) for several reasons: VPA has well-
established HDACI activity (17), it is an FDA-approved drug with a known safety and side
effect profiles, it is readily available, and has been successfully used in our previous survival
studies of hemorrhagic shock in rodents and swine. We elected to study the lung because
pulmonary inflammation and acute lung injury are early and deleterious consequence of
hemorrhage (18, 19). Moreover, lung is often the target for a ‘first hit’ priming event in
traumatic injury, which may predispose patients to secondary insults including ALI, sepsis,
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and MODS (20–3). Our hypothesis was that treatment with valproic acid, an HDACI, would
attenuate post-hemorrhagic shock pulmonary inflammation.

Materials and Methods
Animals

All experimental procedures in this study were approved by the Institutional Animal Care
and Use Committee and complied with the policies detailed in The Guide for the Care and
Use of Laboratory Animals (7th ed., National Academies Press, 1996). Male Wistar Kyoto
rats (249–305 grams) were purchased from Harlan (Indianapolis, IN), and given food and
water ad libitum.

Anesthesia and Instrumentation—On each day of experimentation, Valproic acid
(VPA; Calbiochem San Diego, CA) solution was freshly prepared: solid VPA was dissolved
in sterile filtered water to create a 400 mg/mL solution. Anesthesia was induced using 4%
isoflurane (Abbott Laboratories, North Chicago, IL) mixed with air in an induction chamber
and delivered via a nose cone scavenging system. Animals were fitted with this nose cone
and allowed to breathe spontaneously. Anesthesia was maintained by delivering 0.7–1.2%
isoflurane through the nose cone using a veterinary multi-channel anesthesia delivery system
and vaporizer (Kent Scientific Corporation, Torrington, CT). Body temperature was
maintained with a heating lamp. Bupivicaine (AstraZeneca, Wilmington, DE) was injected
(0.2mL of 0.75%) for local anesthesia.

An incision was made over the left femoral vessels, the femoral artery and vein were
dissected, and both vessels were cannulated with PE50 polyethelyne catheters (Clay Adams,
Sparks, MD). The venous cannula was used for hemorrhage and drug treatment while the
arterial catheter was connected to the Ponemah Physiology Platform (Grould Instrument
Systems, Valley View, OH) for continuous hemodynamic monitoring.

Sub-lethal hemorrhagic shock protocol
The volume of hemorrhage was calculated in proportion to each animal’s estimated total
blood volume as follows: estimated total blood volume (mL) = weight (g) x 0.06 (mL/g) +
0.77 (23). Venous blood was withdrawn from the animal using Kent Scientific infusion and
withdrawal syringe pumps (Kent Scientific Corporation, Torrington, CT). In order to study
cellular signaling, a moderate (sub-lethal) hemorrhagic shock model was used. This sub-
lethal hemorrhage model allowed all rats in treated and untreated groups to survive to the
specified (1, 4 and 20 hour) time point and allow reliable inter-group comparisons without a
survival bias.

After obtaining baseline (BL) arterial blood samples, 40% of total blood volume was
withdrawn over 10 minutes, followed by un-resuscitated shock for 30 minutes. Post-shock
(PS) arterial blood samples were obtained. Animals were randomly assigned to receive
treatment with either: 1) valproic acid (VPA 300mg/kg IV; volume = 750 microliters/kg;
given over 5 minutes), or 2) vehicle control (750 microliter/kg of 0.9% saline IV; given over
5 minutes). Treatment was followed by 200 microL of 0.9% saline flush given over 15
minutes.

Since this is a sublethal model, all of the animals survived the observation period and were
quite active during this time. Thus, after treatment and saline flush, the arterial catheter was
removed and femoral artery was ligated, the venous catheter was clamped and left in place
so that it could be accessed to draw blood at the time of sacrifice, the skin was closed with
silk suture, and animals were allowed to recover from anesthesia under close observation in
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their cages for the duration of the experiment. While this prevented us from long term
hemodynamic monitoring, it enabled us to observe the animals’ recovery without the
complicating effects of anesthesia and indwelling catheters.

Rats were sacrificed at 1h, 4h, and 20h (n=3–4/group/time point) after completion of
treatment. At the time of sacrifice, venous blood samples were collected and organs were
harvested. Lung tissue was rinsed with cold saline, frozen in liquid nitrogen, and stored at
−80°C. All blood samples were analyzed using the Stat Profile 2 Blood Gas and electrolyte
Analyzer (Nova Biomedical, Waltham, MA).

Valproic acid dosing
As in our previous studies, we chose to a high dose of VPA, 300mg/kg, approximately 10
times higher than is currently used clinically, so that we could guarantee a sufficient biologic
response (histone acetylation). At this dose there is some risk VPA toxicity including CNS
depression and hepatotoxicity (24). We have not, however, observed any deleterious effects
of high dose VPA treatment in any of our studies. Moreover, we contend that the benefits of
VPA treatment to soldiers and civilians suffering from severe hemorrhage likely outweigh
its risks.

Western blotting
Lung tissue (50mg wet weight per sample) was homogenized manually using a glass hand-
held homogenizer, and whole cell extracts were prepared using the Whole Cell Extraction
Kit (Millipore, Temecula, CA) according to the manufacturer’s instructions. Whole cell
extracts were used for the detection of ERK1/2, phospho-ERK1/2, JNK, phospho-JNK, p38
and phospho-p38. Nuclear extracts of the lung (50mg wet weight per sample) were prepared
using the proteoExtract subcellular proteome extraction kit (Calbiochem, La Jolla, CA)
according to the manufacturer’s instructions. Nuclear extracts were used for detection of ac-
H3K9. Total protein concentration for each sample was determined by the Bradford method
(Bio-Rad laboratories, Hercules, CA).

Equal amounts of proteins (about 100 μg per lane) were separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12% polyacrylamide gels and
transferred onto nitrocellulose membranes (Bio-Rad Laboratories). The membranes were
blocked in 0.05% phosphate buffered saline-Tween 20 (PBS-T) containing 5% milk (Bio-
Rad Laboratories) and then incubated with the primary antibody diluted in PBS-T
containing 5% bovine serum albumin (Sigma-Aldrich) at 4°C overnight. Primary antibodies
were purchased as follows: ERK1/2, phosho-ERK1/2, JNK, phospho-JNK, p38 and
phospho-p38 from Cell Signaling Technology (Danvers, MA), histone 3 acetylated at lysine
9 (AcH3K9) from Millipore (Temecula, CA), and β-actin from Sigma-Aldrich (St. Louis,
MO). The primary antibody was detected by incubating membranes with horseradish
peroxidase-coupled second antibody (1:3000 in PBST with 5% milk) at room temperature
for 2 hours. Chemiluminescence detection was performed by using Western Lighting
Chemiluminescence Reagant Plus (Perkin Elmer LAS, Boston, Mass). Films were
developed using a standard photographic procedure and detected bands were quantitatively
analyzed by densitometer scanning using the VersaDoc Imaging System (Bio-Rad
Laboratories).

Myeloperoxidase Activity
Lung myeloperoxidase (MPO) levels were quantified using the rat MPO enzyme-linked
immunosorbent assay (ELISA) kit (Cell Sciences, Canton, MA). Rat lung tissue (50 mg per
sample) was homogenized using a glass hand-held homoginizer in 1 mL of a lysis buffer
(200 mM NaCl, 5 mM EDTA, 10 mM Tris, 10% glycine, 1 mM phenylmethylsulfonyl
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fluoride, 1 μg/mL leupeptide, 28 μg/mL aprotinin). The samples were centrifuged twice at
1,500 x g at 4 ºC for 15 min, and supernatants were analyzed for MPO levels by following
the manufacturer’s instructions.

Sample Size and Statistical Analysis
We selected our sample based upon our maximum western blotting capacity of 10 samples
in a single gel. Given this limitation, we elected to study 3 animals in our sham group, 3 in
our vehicle control group, and 4 animals in our VPA group in order to avoid the imprecision
introduced by pooling data from separate western blots.

All continuous variables are expressed as means ± standard error of the mean (SEM). Data
were analyzed using SPSS statistical software (SPSS, Chicago, IL). Differences between 3
or more groups were assessed using one way analysis of variance (ANOVA) followed by
Bonferroni post hoc testing for multiple comparisons. The independent samples t-test was
used for comparisons between 2 groups. A paired-sample t-test was used to compare two
variables within a group. For all analyses, statistical significance was defined as p < 0.05.

Results
Sub-lethal Hemorrhage

Animal survival in our model of sublethal (40% blood loss) hemorrhage was 100% in all
groups. Sublethal hemorrhage resulted in hypotension (MAP post shock = 29 mmHg) as
well as evidence of global hypoperfusion (post shock serum lactate levels : 4.7 ±0.5 and 4.6
±0.2 mmol/L in vehicle and VPA treated animals respectively). Lactic acidosis corrected
spontaneously by the end of the experiment (serum lactate levels at 4 hours: 0.8 ±0.2 and 1.3
±0.3 mmol/L in vehicle and VPA treated animals respectively). There were no significant
differences in the heart rate, blood pressure measurements, or lactic acidosis between the
two groups at BL; small but statistically significant differences in baseline Hgb and pH
between animals were noted but did not persist throughout the experiment (Table 1).

Histone Protein Acetylation
At 1h after HS and treatment, there was a significant increase in acetylation of H3K9 among
VPA treated animals compared to vehicle animals (Figure 1). This suggested that the dose of
VPA was adequate to elicit a biological response (increased acetylation of a histone protein).

MAP Kinase Protein Phosphorylation
Hemorrhagic shock resulted in increased ERK1/2 phosphorylation at 1 and 4 hours
compared to sham (p<0.05), but no significant difference at 20 hours (Figure 2). JNK
phosphorylation remained at sham levels 1 hour following hemorrhage in all groups but
increased significantly at 4 hours compared to sham (p<0.05) then returned to sham levels at
20 hours in all groups (Figure 3). Hemorrhage increased p38 phosphorylation at 1 hour in
vehicle control animals compared to sham animals (p<0.05); phospho-p38 levels in all
groups were similar to sham animals at 4 hours (Figure 4). Total ERK1/2, JNK, or p38
protein levels did not differ between groups at any time point.

Post-shock administration of VPA significantly (P<0.05) attenuated HS-induced ERK1/2
phosphorylation at 1 and 4 hours (Figure 2A, 2B), JNK phosphorylation at 4 hours (Figure
3B), and p38 phosphorylation at 1 hour (Figure 4A). VPA treated animals had similar
ERK1/2, JNK, and p38 phosphorylation levels as sham animals. In figure 5, levels of
phosphorylated to total protein relative to sham are graphically represented for vehicle
control and VPA treated animals in order to highlight the differences between
phosphorylation of ERK1/2, JNK, and p38 in these two groups over the 20 hour time course.
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Pulmonary Myeloperoxidase Levels
Myeloperoxidase levels were measured in lung tissue at 20 hours post-hemorrhage as a
marker of neutrophil infiltration. Hemorrhage-induced lung MPO concentration was
markedly increased compared with sham animals, whereas VPA treatment significantly
attenuated this increase (p< 0.05; Figure 6).

Discussion
We have previously shown that HDACIs can improve survival and attenuate inflammation
in animal models of hemorrhagic shock, poly-trauma, and septic shock through modulation
of cellular signaling pathways including the MAP kinase cascade. In sepsis, HDACI
treatment attenuates activation (phosphorylation) of ERK and p38 MAP kinases in the liver
and can reduce expression of inflammatory cytokines and myeloperoxidase (16). In a lethal
model of hemorrhagic shock, HDACI treatment attenuates JNK activation and decreases
levels of pro-apoptotic caspase 3 protein in the liver (15). Most recently, in a sub-lethal
model of hemorrhagic shock, we have demonstrated that HDACI treatment with valproic
acid (VPA) can attenuate ERK1/2 activation in the lung at 1 and 4 hours after injury (11).

In the current study we utilized a sub-lethal model of hemorrhagic shock (40% blood loss,
100% survival) to investigate the molecular mechanisms associated with HDACI treatment
over a 20-hour time course following injury. In our experiment, 40% hemorrhage led to
activation (phosphorylation) of MAP kinases JNK and p38 in lung tissue at early time points
(1 and 4 hours) and increased pulmonary inflammation (myeloperoxidase levels) at 20 hours
in control animals. Treatment with HDACI valproic acid (VPA) significantly attenuated
these changes. We elected to study lung as it is a frequent site of damage (secondary insult)
following a primary injury such as hemorrhagic or septic shock (18, 19, 26).

Injuries, including hemorrhage, trigger the release of DAMPs , which are transduced by
several cellular receptors and converge to activate MAP kinase proteins (7). There are
several well studied MAP kinase proteins namely the extracellular signaling kinase 1/2
(ERK 1/2), the c-Jun terminal kinase (JNK), and the p38 protein kinase. These three
seronine/threonine kinases regulate the cellular stress response through protein
modifications and direct targeting of transcription factors. Their diverse role as effector
molecules are highly context dependent. The effect of a given MAP kinase differs according
to three major parameters: 1) complex interactions with upstream regulators and scaffolding
proteins, 2) subcellular localization, and 3) the concentration and duration of the activated
MAPK module (27). In the setting of traumatic injury and shock, activation of these proteins
has been strongly associated with poor outcomes while inhibition of MAP kinase activity
has been associated with survival in animal models of blood loss, ischemia reperfusion
injury, sepsis, and neurotrauma. A brief description of these molecules is provided to place
our findings in the proper context.

JNK
c-Jun N-terminal kinase (JNK) is a major regulator of apoptosis in response to cellular stress
signals. During hemorrhage, tissue hypoperfusion and subsequent oxidative stress can
activate JNK via phosphorylation (28, 29). Phosphorylation of JNK leads to a downstream
signaling cascade that favors cell death through proteolytic cleavage of anti-apoptotic
proteins and activation of pro-apoptotic signals (30). Pharmacologic inhibition of JNK can
attenuate inflammation and tissue damage in several contexts. In a model of severe
hemorrhage, Relja et al (33) demonstrated that inhibition of JNK after blood loss but prior to
resuscitation could reduce hepatic cell death and markers of hepatocellular inflammation.
Inhibition of JNK activation also induces a strongly neuroprotective effect and reduces
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cerebral edema following ischemic stroke in rodents (34). JNK inhibition can also attenuate
pulmonary injury following abdominal sepsis (32). These data suggest a role for sustained
activation of JNK in the development of ‘second hit’ injury following a primary insult.
Likewise, in our experiment, VPA-induced attenuation of JNK activation was associated
with a reduction in neutrophil infiltration in the lung, measured by a decrease in pulmonary
myeloperoxidase activity.

P38
P38 kinase is known to be a major regulator of macrophage function, inflammatory
processes, and apoptosis in response to injury in several organs (35–37). It up regulates the
expression of inflammatory cytokines, prostaglandins and inducible nitric oxide synthase at
the level of transcription and translation (38). This key role of p38 in the inflammatory
response has made it a promising target for pharmacologic inhibition; several p38 inhibitors
have been developed to date (39). In the lung, p38 MAP kinase activation has been shown to
be increased by hemorrhagic shock and play a key role in chemokine production and
development of acute lung injury (40, 41). Thus, the ability of VPA to reduce activation of
p38 and pulmonary inflammation in our experiment represents a potential means of
improving the inflammatory milieu in the acute phase following hemorrhagic shock.

ERK1/2
ERK1/2 is known to be involved in a variety of biological functions such as cellular
proliferation and differentiation (42). As with other MAP kinases, an important role for
ERK1/2 signaling during times of stress is emerging. ERK1/2 is activated during ischemic
insults such as stroke and HS (43, 44), and its activation may contribute to cellular injury
and death. Increased ERK1/2 activation has been demonstrated following cell damage and
necrosis (45, 46) whereas specific inhibition of ERK1/2 signaling has been shown to
attenuate cell injury and inflammation (47, 48). We recently demonstrated that VPA can
inhibit hemorrhage-induced ERK1/2 activation and improve survival in lethal and sublethal
models of hemorrhagic shock (11).

HDACIs and MAP Kinases
While the mechanism by which HDACI VPA attenuates MAP kinase activation remains
undefined, recent study has suggested several putative links between acetylation and
regulation of the MAP kinase cascade. Interestingly, JNK kinase activity can be regulated by
NFkB (31). NFkB activation requires the formation of a multi-protein complex.
Interestingly, one of the key co-activator proteins in this complex, p300/CBP–associated
factor has histone acetyltransferase activity and is required for NFkB -activated transcription
(49). Acetylation of the RelA subunit of NFkB promotes the stability and long term of
activity of NFkB in the nucleus. (50, 51) As an HDACI, VPA may have an activating and
stabilizing effect on acetylation of NFkB, thereby promoting transcription of pro-survival
genes and attenuating the deleterious effects of the JNK/caspase 3 pro-apoptotic pathway
(52, 53).

MAP kinase activation (phosphorylation) is also regulated by mitogen activated protein
kinase phoshphotases (MKPs). MKPs are regulated post-translationally by phosphorylation,
oxidation, and acetylation (54). Cao et al (55) demonstrated that exposure to LPS and/or
HDACI treatment can increase MKP-1 acetylation. Moreover, actetylation of MKP-1 via
HDACIs increases MKP-1’s interaction with p38 and decreases phosphorylation (activation)
of p38 in alveolar macrophages and in mice treated with LPS. Therefore, in our model of
hemorrhagic shock, VPA may attenuate the acute phase increase in activated p38 through
acetylation of MKP-1.
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Current treatment for hemorrhagic shock focuses on pathophysiology at the level of organ
systems, and emphasis is placed on hemorrhage control along with adequate resuscitation.
Unfortunately, this resource intensive protocol remains difficult to administer, particularly in
austere environments, where advanced medical management is not immediately available
(56). Moreover, this macroscopic 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 treatment (57). Since ERK, JNK, and p38 serve as ‘signaling hubs’ in the cellular
stress response, therapies that target these convergent kinases possess great potential for
success as therapies in shock. The MAP kinases’ proven role in hemorrhagic shock and in
the ‘second hit’ pathophysiology of ALI and MODS makes treatments that decrease their
activation useful not only in treating primary injury but in preventing subsequent morbidity
and mortality. Hence, HDACI such as VPA constitute promising adjuncts to standard
trauma care, especially in austere environments.

It should be noted, that this study is limited in several ways. Firstly, VPA exerts its pro-
survival and anti-inflammatory phenotype through many signaling pathways and
mechanisms including HDACI, GABAnergic neurotransmitter inhibition, mediation of
sodium and potassium ion flux. As an HDACI, VPA promotes the acetylation of multiple
histone and non-histone proteins. VPA also has several intra and extracellular effects
independent of acetylation that may contribute to treated animals’ overall physiologic and
molecular phenotype. Interestingly, VPA has been shown to have pro-apoptotic actions in in
vitro and in vivo models of cancer (24, 58) when administered lower doses (25–50 mg/kg)
for several cycles. These actions are incompletely understood but several pathways
including the extrinsic caspase and Fas ligand pathways as well as the alterations in JNK
dependent cell cycle signaling pathways (59). Further studies are required to explain the
seemingly paradoxical, anti-apoptotic action of HDACI in trauma and pro-apoptotic action
in cancer and the relevance of the differences in HDACI dosing for these indications. One
obvious difference between these conditions is that ischemic cells are essentially normal
cells undergoing a stressful insult, whereas neoplastic cells have an abnormal expression of
genes/proteins that regulate normal cell cycle. Given VPA’s multiple effects, we have used a
second HDACI in many of our prior studies to confirm that the observed effects are indeed
due to an inhibition of HDAC (and increased acetylation). Treatment with a more specific
(and more potent) HDADI such as suberoylanilide hydroxamic acid (SAHA) results in
nearly identical benefits. These mechanistic studies have been summarized in a recent
review (60), and taken together data so far suggests that the beneficial effects of VPA are
primarily due to its HDACI properties. Other mechanisms cannot be completely ruled out,
however. Thus, the pathways discussed here likely describe some but not all of the
mechanisms underlying VPA’s effects in the pathophysiology of hemorrhagic shock.

Secondly, in this hemorrhage model we aimed to establish a delicate balance between model
severity and survivability. While our sublethal model eliminates survival bias, it may have
been too mild to detect some of the pathophysiologic effects of hemorrhage and HDACI
therapy. Finally, as with any time course study, the power and precision of our study were
limited by using only 3 or 4 animals per group and harvesting organs at only three time
points.

In summary, we have demonstrated that VPA can attenuate acute ERK, JNK and p38 MAP
kinase activation in the lung in a sub-lethal model of hemorrhagic shock. We have also
shown that VPA can reduce pulmonary neutrophil infiltration 20 hours after blood loss.
Further understanding of these mechanisms is key to providing the most effective combined
cellular and systemic treatment for hemorrhage control and prevention of ‘second hit’
morbidity and mortality.
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ALI acute lung injury

ERK1/2 extracellular signal related protein 1/2

HDACI Histone deacetylase inhibitor

IL Interleukin

JNK cJun N-terminal kinase

MAPK mitogen activated protein kinase

MKP mitogen activated protein kinase phoshphotase

MODS multi-organ system

MPO myeloperoxidase

NFkB nuclear factor kappa b

VPA valproic acid
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Figure 1.
Effect of sublethal hemorrhage and VPA treatment on acetylation of histone 3 at Lysine 9
(Ac-H3K9) in the lung 1h after treatment with VPA 300mg/kg IV or normal saline vehicle.
The nuclear fraction of lung tissue was assessed for Ac-H3K9 by western blotting. Data are
shown as mean densitometry units +/− SEM. VPA treatment increased acetylation of H3K9
(*p<0.05 vs. vehicle). Actin was used as a protein loading control. N=3 per group.
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Figure 2.
Effect of hemorrhage and VPA treatment on ERK activation (phosphorylation) in the lung at
1h, 4h, or 20h after treatment with VPA 300mg/kg IV or normal saline vehicle. Lung tissue
whole cell lysate was analyzed for ERK1/2 phosphorylation (P-ERK). Data are shown as a
mean ratio of P-ERK:ERK +/− SEM. A, B: Hemorrhage increased P-ERK expression at 1h
and 4h (*p<0.05 vs. sham), whereas VPA treatment attenuated P-ERK at 1h and 4h
(**p<0.05 vs. vehicle). C: No significant difference in P-ERK was observed at 20h. There
were no differences in total ERK protein expression at each time point. N = 3 per sham and
vehicle groups, n=4 for VPA treated groups.
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Figure 3.
Effect of hemorrhage and VPA treatment on JNK activation (phosphorylation) in the lung at
1h, 4h, or 20h after treatment with VPA 300mg/kg IV or normal saline vehicle. Lung tissue
whole cell lysate was analyzed for JNK phosphorylation (P-JNK). Data are shown as a mean
ratio of P-JNK:JNK +/− SEM. B: Hemorrhage increased P-JNK expression at 4h (*p<0.05
vs. sham), whereas VPA treatment attenuated P-JNK at 4h (**p<0.05 vs. vehicle). A, C: No
significant difference in P-JNK was observed at 1h and 20h. There were no differences in
total JNK protein expression at each time point. N = 3 per sham and vehicle groups, n=4 for
VPA treated groups.
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Figure 4.
Effect of hemorrhage and VPA treatment on p38 activation (phosphorylation) in the lung at
1h, 4h, or 20h after treatment with VPA 300mg/kg IV or normal saline vehicle. Lung tissue
whole cell lysate was analyzed for p38 phosphorylation (P-p38). Data are shown as a mean
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ratio of P-p38:p38 +/− SEM. A: Hemorrhage increased P-p38 expression at 1h (*p<0.05 vs.
sham), whereas VPA treatment attenuated P-p38 at 1h (**p<0.05 vs. vehicle). B: No
significant difference in P-p38 protein levels was observed at 4h. N = 3 per sham and
vehicle groups, n= 4 for VPA treated groups.
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Figure 5.
A, B, C: Effect of hemorrhage and VPA treatment on P-ERK, P-JNK and p38 expression
respectively over a 20 hour time course. Data for animals treated with VPA and normal
saline vehicle control are shown as phosphorylated MAP kinase protein: total MAP kinase
protein normalized to sham phosphorylated MAP kinase protein: total MAP kinase protein
levels at 1h, 4h, and 20 h for P-ERK, P-JNK, and P-p38 (*p<0.05 vs. vehicle). N = 3 per
sham and vehicle groups, n= 4 for VPA treated groups.
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Figure 6.
Effect of hemorrhage and VPA on myeloperoxidase levels in lung tissue at 20 hours post-
hemorrhage. Data are presented as MPO concentration in ng/mL +/− SEM. Hemorrhage-
induced lung MPO activity was markedly increased compared with sham animals (*p<0.05
vs. sham). VPA significantly attenuated this increase (**p<0.05 vs. vehicle). N = 3 per sham
and 20 hr vehicle group, n= 4 for 20hr VPA group.
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