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Abstract
Background—Valproic acid (VPA) has been shown to improve survival in animal models of
hemorrhagic shock at 300mg/kg. Our aim was to identify the ideal dose through a dose escalation,
split dosing, and dose de-escalation regimen.

Materials and Methods—Rats were subjected to sublethal 40% hemorrhage and treated with
vehicle, or VPA (300 mg/kg, 400 mg/kg, or 450 mg/kg) after 30 minutes of shock. Acetylated
histones and activated proteins from the PI3K/Akt/GSK-3β survival pathway at different time
points were quantified by Western blot. In a similar model, a VPA dose of 200 mg/kg followed 2
hours later by another 100 mg/kg was administered. Finally, animals were subjected to a lethal
50% hemorrhage and VPA was administered in a dose de-escalation manner (starting at 300 mg/
kg) until a significant drop in percent survival was observed.

Results—Larger doses of VPA resulted in greater acetylation of histone 3 and increased
activation of PI3K pathway proteins. Dose-dependent differences were significant in histone
acetylation, but not in the activation of the survival pathway proteins. Split-dose administration of
VPA resulted in similar results to a single full dose. Survival was as follows: 87.5% with 300 mg/
kg and 250 mg/kg VPA, 50% with 200 mg/kg VPA, and 14% with vehicle treated animals.

Conclusions—While higher doses of VPA result in greater histone acetylation and activation of
prosurvival protein signaling, doses as low as 250 mg/kg VPA confer the same survival advantage
in lethal hemorrhagic shock. Also, VPA can be given in a split-dose fashion without a reduction in
its cytoprotective effectiveness.
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1. Introduction
Hemorrhage remains a leading cause of preventable death following civilian and combat
trauma. Conventional treatment involves prompt surgical control of bleeding and aggressive
fluid resuscitation to reverse hypotension [1]. However, while fluid resuscitation restores
circulatory volume, it also leads to hemodilution, increased coagulopathy, edema, and
upregulation of proinflammatory mediators and their receptors, which in turn can exacerbate
the lethal triad of acidosis, coagulopathy and hypothermia [2, 3]. Damage control
resuscitation, which involves permissive hypotension and use of blood products instead of
crystalloids, is a better alternative, but is limited by availability of these products in remote
and austere locations such as the battlefield. Moreover, these resuscitation methods lack any
specific properties that can correct the shock-induced changes at a cellular level. For these
reasons, we are investigating pharmacological alternatives to fluid resuscitation that are
portable, protect against cellular damage induced by hemorrhagic shock, and are capable of
maintaining survival until the injured patients can be transferred to a higher level facility
(“bridge to definitive care”).

One promising pharmacological alternative is valproic acid (VPA), which is widely
prescribed as an anti-epilepsy drug [4], but in higher doses can act as a histone deacetylase
inhibitor (HDACI) [5]. While hemorrhagic shock can disrupt cellular “acetylation
homeostasis” [6] by suppressing histone acetyltransferase (HATs) activity, leading to
excessive histone deacetylation and suppressed gene transcription, administration of VPA
reverses these changes [7]. Our group has shown that VPA treatment prolongs survival in
highly lethal models of hemorrhagic shock in swine and rats [8, 9]. Additionally, VPA
administration reduces cellular levels of pro-apoptotic caspase 3 in liver [10], deactivates
inflammatory ERK, JNK, and p38 mitogen-activated protein kinase (MAPK) pathway [11],
stabilizes intestinal tight junctions [12], and attenuates systemic effects of ischemia-
reperfusion injury in small and large animal models [13, 14]. These data strongly suggests
that treatment with HDACI can create a pro-survival phenotype in a wide variety of lethal
insults such as hemorrhagic shock, sepsis, and traumatic brain injury [15, 16, 17]

The dose of VPA (250–300 mg/kg) shown to cause HDAC inhibition and survival
improvement is 6–8 fold higher than what is currently approved by the FDA for the
treatment of seizures and mood disorders (20–60 mg/kg). When given as an HDACI in
cancer patients, total VPA doses of >300 mg/kg have been administered in clinical trials, but
in 5–6 divided doses. Typically, the single maximum IV dose is kept under 75 mg/kg to
avoid side effects [18]. As massive blood loss is rapidly lethal, splitting the total dose over
many days is not a practical option; therefore, we have typically used a single administration
of VPA (300 mg/kg) to treat controlled hemorrhagic shock in animal models, and have even
used a dose as high as 400 mg/kg in a model of ongoing blood loss and massive
resuscitation (large volume of distribution) [19]. Single administration of VPA in this large
dose (300 mg/kg) has consistently been shown to sufficiently correct the histone acetylation
profile, and activate numerous pro-survival mechanisms [17]. However, it remains unknown
whether 300 mg/kg of VPA is the optimal dose, if larger doses would increase efficacy, or if
smaller doses would suffice. High dose VPA has many potential side effects such as
pancreatitis, hepatic injury, and CNS depression. It is therefore logical to use the lowest
possible dose that can produce the desired effect; therefore, we designed a three-part dose
study to identify the optimal dose. Experiment 1, a dose escalation study, examines whether
VPA doses greater than 300 mg/kg result in any additional activation of key pro-survival
pathways. We measured alterations in the PI3-AKT pathway as the endpoint because it is a
well-known survival pathway that is affected by VPA treatment. Experiment 2 examines
whether a given dose of VPA administered in a split fashion (two doses over a period of 2
hrs) has the same effect on protein activation as a single bolus dose. Experiment 3, a dose
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de-escalation study, determines whether doses lower than 300 mg/kg produce survival
advantage in the setting of lethal hemorrhagic shock.

2. Materials and Methods
Experiments were designed and performed in accordance with the statutes from The Guide
for the Care and Use of Laboratory Animals (National Research Council, 1996 edition).
This study complies with the Animal Welfare Act and other Federal regulations and was
approved by our Institutional Animal Care and Use Committee.

2.1. Surgical Procedure
Rats had access to food and water ad libitum before and after surgery. Male Sprague-
Dawley rats (200– 333g, Charles River Laboratories) were anesthetized with 5% isoflurane.
1% bupivacaine was injected at the operative site for local anesthesia. A veterinary multi-
channel anesthesia delivery system (Kent Scientific Corporation, Torrington, CT) was used
to administer isoflurane at 0.7–2% inspiratory fraction. Both femoral vessels were then
isolated and aseptically cannulated with PE50 polyethylene catheters (Clay Adams, Sparks,
MD) primed with heparinized saline (100 USP units/ml). The venous line was used for
sampling, hemorrhage, and administration of drug treatment. The arterial catheter was
attached to a pressure transducer for continuous blood pressure monitoring (Ponemah
Physiology Platform, Gould Instrument Systems, Valley View, OH).

2.2. Sub-lethal Hemorrhagic Shock Protocol for Experiment 1 (Dose Escalation) and
Experiment 2 (Split-dose Study)

Rats were subjected to a sub-lethal hemorrhage of 40% total blood volume over 10 minutes.
The hemorrhage volume was calculated using the formula: total blood volume (ml) = rat’s
weight (g)×0.006 (mL/g) + 0.77 (26). Blood was withdrawn from the venous catheter using
adjustable syringe pumps (Kent Scientific Corporation). A baseline (BL) arterial blood gas
(ABG) measurement was taken prior to hemorrhage, and 30 minutes after hemorrhage for a
post shock (PS) measurement. Blood samples were analyzed using a Stat Profile Critical
Care Xpress machine (Nova Biomedical, Waltham, MA). Rats were then randomly assigned
to receive either saline vehicle, 300 mg/kg, 400 mg/kg, or 450 mg/kg dose of VPA
(Calbiochem San Diego, CA) given over a span of 10 minutes. Cannulas were removed,
vessels ligated, skin closed, and animals returned to their cage to recuperate before sacrifice
at 1h, 6h, or 16h (n=3/timepoint, resulting in n=9 per group for each of the four groups) after
the end of VPA treatment (therefore,) and organ tissues were harvested and flash frozen.
Sham (instrumentation, no hemorrhage) rats served as controls.

In the split-dose experiment, rats (n=5) were subjected to a sub-lethal hemorrhage of 40%
total blood volume, followed by 30 minutes of unresuscitated shock. At the end of the shock
period, a 200 mg/kg dose of VPA was administered intravenously over 10 minutes. Two
hours later, an additional 100 mg/kg of VPA was administered intravenously. At this stage,
cannulas were removed, vessels ligated, skin closed, and animals returned to their cage to
recuperate before sacrifice four hours after the first VPA dose. Serum and organ tissues were
collected and flash frozen for later use. Also, serum and organ samples from sham rats (n=3)
were collected as controls.

2.3. Lethal Hemorrhagic Shock Protocol for Experiment 3 (Dose De-escalation Study)
Rats were subjected to a lethal hemorrhage of 50% total blood volume over 30 minutes.
40% total blood volume was withdrawn over 10 minutes; the remaining 10% was removed
over the next 20 minutes. Blood was drawn from the venous catheter using adjustable
syringe pumps (Kent Scientific Corporation, Torrington, Connecticut). ABG measurements
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were taken prior to hemorrhage, after the 40% hemorrhage, and after 50% hemorrhage was
completed. Blood samples were analyzed using a Stat Profile Critical Care Xpress machine
(Nova Biomedical, Waltham, MA). Groups were tested in the following order: vehicle
(saline of equal volume), 300 mg/kg VPA, 250 mg/kg VPA, and 200 mg/kg VPA. The
sample size consisted of 8 animals per group, except for the vehicle group, which had 14
animals. After treatment, cannulas were removed, vessels ligated, skin closed, and animals
returned to their cage for monitoring. Time between end of treatment and death was
recorded, with survival for 24h as the endpoint of the experiment.

2.4. Western Blotting for the Dose Escalation and the Split-dose Study
Liver nuclear extracts were prepared using 50 mg of tissue and a subcellular proteome
extraction kit (Calbiochem San Diego, CA). Whole cell lysate was prepared using 50 mg of
tissue and an extraction kit (Millipore Temecula, CA). Prior to loading on a 15% or a 12%
polyacrylamide gel, respectively, nuclear and whole cell extracts were balanced by
spectrophotometry using the Bradford assay to ensure equal loading. Once separated by
SDS-PAGE gel electrophoresis, proteins were then electrotransfered onto a nitrocellulose
membrane. Membranes were blocked for 30 minutes with 5% dry milk powder dissolved in
phosphate buffered saline infused with 0.05% Tween-20 (PBST). Then, membranes were
incubated in a primary antibody solution according to the manufacturer's directions
overnight at 4° C. Primary antibodies were purchased from and diluted as follows: histone 3
acetylated at lysine 9 (AcH3K9; 1:5000) from Millipore (Temecula, CA); β-actin (1:3000)
from Sigma-Aldrich (St. Louis, MO); phospho-PI3K, PI3K, phospho-AKT, AKT, phospho-
GSK-3β, GSK-3β (1:1000) all from Cell Signaling Technology (Danvers, MA). Application
of secondary antibodies (1:3000 in PBST and 5% milk) linked to horseradish peroxidase in
5% milk and PBST to the membrane allowed detection of the primary antibody when
visualized with Western Lighting Chemiluminescence Reagent Plus (PerkinElmer LAS,
Inc., Boston, MA). Films were developed in a dark room and evaluated using a VersaDoc
Imaging System (Bio-Rad Laboratories) scanning machine.

2.5. Statistical Analysis
Statistical analysis was performed using the IBM SPSS Statistics 20 software (Armonk,
NY). In the dose escalation and the split-dose studies, mean differences in physiological
parameters, VPA serum levels, and mean relative densities of western blot results were
assessed using one way analysis of variance (ANOVA) followed by a Bonferoni post hoc
testing. Summary statistics were used to describe continuous variables, while proportions
were calculated for categorical variables. In the dose de-escalation study, mean differences
in survival times were assessed using ANOVA followed by Bonferoni post hoc testing for
multiple comparisons. Fisher’s exact test was used to evaluate differences in percent
survival. The survival curve was plotted using the GraphPad Prism statistical software
(LaJolla, CA). Statistical significance was defined as p<0.05.

3. Results
3.1. Dose Escalation Study: Physiology

There were no significant differences in physiologic parameters at baseline or post-shock
(Table) between vehicle and treatment groups. As expected, all rats survived the sub-lethal
(40%) hemorrhage. However, rats receiving VPA (300 mg/kg, 400 mg/kg, 450 mg/kg) had a
significantly higher average mean arterial pressure (MAP; 84.0 ±8.8 mmHg, 92.6 ±4.7
mmHg, and 94.1 ±6.5 mmHg respectively) at 1 hour after treatment compared to the vehicle
group (57.4 ± 2.8 mmHg, p<0.05 in each case). There were no statistically significant
differences in the post-treatment MAP between the various VPA doses groups. Similarly,
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there were no significant differences between the various VPA groups in terms of
hemoglobin, pH, lactate, or base deficit at baseline, post-shock or post-treatment.

3.2. Dose Escalation Study: Serum VPA Levels
Serum levels one hour post administration were the highest, with a rapid drop by the 6 hour
point (Figure 1). The 450 mg/kg dose had the highest serum levels at all the measurement
time points.

3.3. Dose Escalation Study: Histone Acetylation Levels
All the groups receiving VPA showed an increased level of acetylation at histone 3 lysine 9
in comparison to the sham and vehicle groups, with higher doses generally resulting in
greater acetylation. At 1 hour, all the three doses showed significantly elevated degrees of
acetylation compared to sham, but by 6h, histone acetylation in the 300 mg/kg group had
returned to the baseline. In the 400 mg/kg group, acetylation decreased between 1h and 6h;
however, in the 450 mg/kg group, histone acetylation actually increased between 1 and 6
hours, and was significantly higher than the sham and vehicle groups. By 16h, histone
acetylation in the 400 mg/kg group had fallen to baseline levels, but was still high in the
group that had received the 450 mg/kg dose (Figure 2).

3.4. Dose Escalation Study: Pro-Survival Pathway Activation of PI3K, Akt, and GSK-3β
Activation of PI3K peaked early (1 hour) in the VPA treated animals and trended down by
the 6 hour time point (Figure 3). However, PI3K activation in the 400 and the 450 mg/kg
groups was still statistically higher compared to the vehicle group. By 16h, phosphorylation
levels had fallen further, but significant differences persisted between the high dose VPA
(400 and the 450 mg/kg) groups and the vehicle control (Figure 3).

Activated PI3K, phosphorylates Akt which in turn prosphorylates GSK-3β to exert a pro-
survival effect. The activation of Akt was seen in all the three VPA groups and peaked later
than PI3K, but there were no significant differences between the three doses (Figure 4). A
similar pattern was seen for GSK-3β, where administration of VPA increased
phosphorylation significantly in all the VPA groups compared to the vehicle within an hour,
with an increase at the 6h time point; however, there were no significant differences between
the three doses (Figure 5).

3.5. Split Dose Study: Activation of Akt
The efficacy of a split-dose of VPA in activating survival proteins was measured by the
degree of Akt phosphorylation in the liver tissue after sub-lethal hemorrhage. There was no
statistically significant difference in Akt activation between a 300 mg/kg dose and a 200 mg/
kg initial dose + 100 mg/kg booster (Figure 6). In fact, split dose regimen resulted in a
higher (albeit not statistically significant) activation ratio.

3.6. Dose De-escalation Study: Survival as an Endpoint
Using 24 hour survival as the primary endpoint, we found that 87.5%, 87.5%, 50%, and 14%
of the animals survived in the 300 mg/kg, 250 mg/kg, 200 mg/kg and vehicle control,
respectively. The 300 mg/kg and the 250 mg/kg doses were equally effective in improving
the survival rate compared to the vehicle treatment (p<0.002). Also, there were statistically
significant differences in mean survival time between the vehicle group and the 300 mg/kg
group, and the 250 mg/kg group (p<0.001 and p<0.002, respectively). Survival times for the
vehicle, 300 mg/kg, 250 mg/kg, and 200 mg/kg groups were 215 ±135, 1268 ±173, 1261 ±
179, and 750 ± 261 minutes, respectively.
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4. Discussion
In a series of 3 complementary experiments, we have shown that higher doses of VPA (400
and 450 mg/kg) are not clearly superior to the 300 mg/kg dose in activating the pro-survival
pathways. The 300 mg/kg dose may be administered in a split fashion without losing
efficacy, and doses as low as 250 mg/kg are just as beneficial in prolonging survival
following lethal blood loss.

We have previously demonstrated that treatment with large doses of valproic acid (300 mg/
kg) improves survival in rodent and swine model of hemorrhagic and septic shock [9, 11,
20, 21], gut ischemia/reperfusion [22], and traumatic brain injury [23]. The optimal dose of
VPA, however, was unknown. In an earlier study, we noted that when 200 or 250 mg/kg of
VPA was added to normal saline resuscitation (3×volume), it did not increase histone
acetylation in a rodent model of 40% hemorrhage [24]. However, in that study, VPA was
not given alone but added to fluids and the effect on survival was not measured.
Additionally, non-nuclear proteins were not assayed and most importantly, tissues were
harvested immediately after treatment (given over 45 minutes), which was too early for peak
acetylation, as demonstrated by later studies. In a swine model of 60% blood loss, liver
injury, and massive resuscitation, we administered a dose of 400mg/kg with a significant
improvement in survival and robust activation of the PI3-Akt pathway [19]. The peak
plasma levels of VPA in that experiment were 990µg/ml immediately at the end of VPA
infusion, and 560 µg/ml after 2 hours. In a much more severe swine model with ongoing
hemorrhage from liver and spleen we administered a dose of 300 mg/kg and achieved a peak
serum level of 503.5µg/ml [25]. These serum levels in the large animal models were in line
with this rodent study. However, none of those studies were designed to identify the optimal
VPA dose. This current study is an attempt to determine the lowest efficacious dose of VPA
in the setting of hemorrhagic shock.

The FDA first approved VPA in 1978 as a treatment for epilepsy, bipolar disorder, and
migraines [26]. With many decades of wide spread use its characteristics are well
established, making it a suitable candidate for potential use in trauma practice. In fact, the
FDA recently approved our application for a phase I dose escalation study in healthy human
volunteers and trauma patients. Although, we expect that this phase I trial will establish
safety of larger doses, it will not answer the question about the lowest possible effective
dose. An animal study with multiple tissue sampling time points is the most logical way to
tackle this question. VPA has a relatively good therapeutic window with mood stabilizing
effects seen when plasma concentrations are around 0.35 mM, [27]; and toxicities reported
when the concentrations exceed 1.4 mM [28]. Recently, because of its tumor-suppressing
properties, VPA has been tested in phase 1 dose-escalation clinical trials, where doses of
300 mg/kg are given over 5–6 days with a single maximum tolerable dose (MTD) of 60 mg/
kg/day. Patients who received higher doses (>60 mg/kg) experienced neurological
symptoms including somnolence, dizziness, and nausea being the most common [18]. These
are reversible symptoms and clearly acceptable if the drug is given as a life saving strategy.
Other rare, but more serious side effects include pancreatitis [29] and hepatic injury [30]
occasionally seen in long term users of the drug. Whether a single large dose can cause the
same injury pattern in unclear. A single dose of 500 mg/kg of VPA in fasting rats was
shown by others to cause zone specific hepatic steatosis [31].

To determine whether VPA doses greater than 300 mg/kg have any additional benefits in
treating hemorrhagic shock, we started with a dose escalation study. As we had previously
shown that a 300 mg/kg dose improves survival to 75% in lethal hemorrhage [9], it was not
practical to use survival as an endpoint for this experiment; instead, we selected the
activation of well know pro-survival proteins as a surrogate marker of efficacy. We used a
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sub-lethal model of shock to ensure that all animals survive, and the tissue analysis is not
affected by a “survival bias”. We chose the PI3K/Akt pathway as our gauge for cellular
health because these proteins are involved in averting apoptotic events and activating pro-
survival components. When activated by cytokines (like IL-4 and IL-13) and macrophage
colony-stimulating factors (MCSFs), phosphatidylinositol 3-kinase (PI3K) phosphorylates
its substrate, phosphatidylinsolitol, which then activates the downstream effector Akt
through phosphorylation [32]. Akt sits at the crossroads between many regulatory functions,
including glucose metabolism, protein translation, and the cell cycle [33]. Akt inhibits Bax,
a pro-apoptotic protein in the Bcl-2 family, via phosphorylation at the Ser-128 site [34]. This
prevents Bax from translocating into the mitochondria, where it inserts into the outer
mitochondrial membrane, opening mitochondrial voltage-dependant anion channels for
cytochrome c release, resulting in activation of apoptosis-triggering caspases [35]. Activated
Akt also activates NF-κB, a transcription factor for many pro-survival genes, including
Bcl-2, an inhibitor of Bax [36] and FLIP, an inhibitor of caspase-8 [37]. We have also
studied GSK-3β, another downstream target of Akt, which is constitutively active. Cells
with active forms of GSK-3 have increased levels of apoptosis [38]. Once inactivated by
phosphorylation of amino acid residue Ser-9, GSK-3β promotes a pro-survival phenotype,
conferring inflammatory protection by curbing cytokine and interleukin signaling [39]. Also,
active GSK-3β tags β-catenin with phosphorylation, marking it for ubiquitination and
proteasome-mediated degradation [40, 41]. Once GSK-3β is inactivated, β-catenin is able to
translocate to the nucleus where it binds with members of the lymphoid enhancer factor-1
(LEF-1)/T factor (TCF) family [42] to recruit transcription coactivators that upregulate
cyclin D1 and c-myc expression. Both genes code for products that promote cell growth and
proliferation [43, 44]. Thus, phosphorylated PI3K, Akt, and GSK-3β serve as a measure of a
pro-survival and anti-apoptotic phenotype in cells.

Although the 450 mg/kg dose of VPA produced statistically higher phosphorylation of
PI3K, Akt, and GSK-3β at 1 hour compared to the vehicle, this was not superior to 300 and
400 mg/kg doses; thus, higher doses of VPA do not necessarily lead to a more robust
activation of pro-survival proteins. Therefore, it is reasonable to administer 300 mg/kg of
VPA in future hemorrhagic shock models, lethal or otherwise.

In the split-dose study, we examined the benefits of splitting the 300 mg/kg dose into two
smaller doses. Theoretically, if the resulting protein activation were equivalent, a split dose
would be advantageous over the single dose because it would limit the peak circulating VPA
levels, and potentially offer a better safety profile. Since VPA has a turnover rate in plasma
of 0.3–4 hours in rats [45], the second “booster” dose was given two hours later. We found
no significant difference in phosphorylated Akt levels between split-dose and single dose
VPA administration.

Thirdly, we performed a dose de-escalation study to find the lowest optimal dose, because,
VPA high concentrations can be potentially toxic [46]. In addition to central nervous system
depression, cases of prolonged hypotension [47] and hepatotoxicity [48] due to VPA
overdose have also been reported. In this experiment, we subjected the animals to lethal
blood loss and used survival as the primary endpoint. Both the 300 mg/kg and 250 mg/kg
doses resulted in an identical survival rate of 87.5%. Even the 200 mg/kg VPA dose
improved survival from 14% in the vehicle group to 50%. This, however, did not reach
significance die to the small sample size. Taken together these data suggest that the “pro-
survival” dose of VPA lies between 200–250 mg/kg.

Limitations of this study include a relatively small (but statistically adequate) sample size.
We were unable to analyze tissue samples for comparative analyses in the more severe
hemorrhage model (experiment 3) because the majority of vehicle treated rats (controls)
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died before 3 hours. Even the earliest circulating markers, such as CINC-1, are not
significantly elevated in the serum until four or more hours after VPA treatment [49].
However, the underlying mechanisms have previously been studied in numerous previous
experiments. Due to logistical constraints, we limited the test doses and pathways examined
in this study. Higher doses may have different effects on different pathways. Despite these
limitations, our data suggests that while higher doses of VPA result in the greater histone
acetylation and activation of pro-survival protein signaling, there is no significant increase in
activation between the 300 mg/kg, and the highest dose tested, 450 mg/kg. In fact, doses as
low as 250 mg/kg produce the same survival advantage in lethal hemorrhagic shock as the
300 mg/kg dose. Also, VPA can be administered in a split- dose regimen without a reduction
in its effectiveness. This knowledge is an important step in transitioning this novel approach
from animal models to clinical use.
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Figure 1. Dose Escalation Study VPA Levels Circulating in Serum at Time of Sacrifice
Prior to sacrifice at 1 h, 6h, or 16h, blood samples were collected in Vacutainer and serum
tubes; (BD, Franklin Lakes, NJ). Serum samples were sent to the Massachusetts General
Hospital Core Lab facility to measure the levels of circulating VPA in the blood. At 1h,
VPA in circulation from a 450 mg/kg dose was significantly higher than that from a 300 mg/
kg dose (p<0.05). At 6h, the level of VPA in circulation from a 450 mg/kg dose was
significantly higher than the 300 mg/kg and the 400 mg/kg dose (p<0.05). By 16h, any
significant differences in circulating VPA levels have disappeared. * denotes a significant
difference (p<0.05).
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Figure 2. Dose Escalation Study Effect of Hemorrhage and VPA on Acetylation of Histone 3
Lysine 9 in Liver Tissue
Rat liver was harvested 1, 6, and 16 hours after hemorrhagic shock and administration of
treatment. Sham (no hemorrhagic shock, no treatment) served as a control, vehicle rats
received saline, and VPA rats received doses of 300 mg/kg, 400 mg/kg, or 450 mg/kg. Data
are shown as mean densitometry ratio of acetylated H3k9: β-actin. * denotes a significant
difference (p<0.05).
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Figure 3. Dose Escalation Study Effect of Hemorrhage and VPA on Phosphorylation of PI3K in
Liver Tissue
Rat liver was harvested 1, 6, and 16 hours after hemorrhagic shock and administration of
treatment. Sham (no hemorrhagic shock, no treatment) served as a control, vehicle rats
received saline, and VPA rats received doses of 300 mg/kg, 400 mg/kg, or 450 mg/kg. Data
are shown as mean relative density of phosphorylated PI3K: PI3K. * denotes a significant
difference (p<0.05).
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Figure 4. Dose Escalation Study Effect of Hemorrhage and VPA on Phosphorylation of Akt in
Liver Tissue
Rat liver was harvested 1, 6, and 16 hours after hemorrhagic shock and administration of
treatment. Sham (no hemorrhagic shock, no treatment) served as a control, vehicle rats
received saline, and VPA rats received doses of 300 mg/kg, 400 mg/kg, or 450 mg/kg. Data
are shown as mean relative density of phosphorylated Akt: Akt. * denotes a significant
difference (p<0.05).

Hwabejire et al. Page 14

J Surg Res. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Dose Escalation Study Effect of Hemorrhage and VPA on Phosphorylation of GSK-3β
in Liver Tissue
Rat liver was harvested 1, 6, and 16 hours after hemorrhagic shock and administration of
treatment. Sham (no hemorrhagic shock, no treatment) served as a control, vehicle rats
received saline, and VPA rats received doses of 300 mg/kg, 400 mg/kg, or 450 mg/kg. Data
are shown as mean relative density of phosphorylated GSK-3β. * denotes a significant
difference (p<0.05).
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Figure 6. Split-dose Study Effect of Hemorrhage and VPA on Phosphorylation of Akt in Liver
Tissue
Rat liver was harvested 6 hours after hemorrhagic shock and administration of treatment.
Sham (no hemorrhagic shock, no treatment) served as a control, vehicle rats received saline,
and VPA rats received either a 300 mg/kg dose or a split dose of 200 mg/kg followed by 100
mg/kg. Data are shown as mean relative density of phosphorylated Akt: Akt. * denotes a
significant difference (p<0.05).
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Figure 7. Dose De-escalation Study Effect of VPA on Survival after Lethal Hemorrhage
Sprague-Dawley rats were subjected to lethal hemorrhage. Survival rates were recorded for
24h. Kaplan–Meier curves were used for the comparison of survival rates between the Veh
control and VPA groups. The symbol * indicates a significant difference from the control
group.
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Table 1
Dose Escalation Study Selected Physiological Values

Selected variables from the sub-lethal hemorrhagic shock protocol are shown at baseline (BL) and following
hemorrhagic and un-resuscitated shock (post-shock, PS). As treatment animals have not yet received VPA at
PS, weight, mean arterial pressure (MAP), pH, and lactate (LAC) values from the 300 mg/kg, 400 mg/kg, and
450 mg/kg group have been combined together. Data is expressed as mean ± SEM. All blood samples for
ABG were arterial. At BL and PS, there were no significant differences (p>0.05) between vehicle and
treatment animals in terms of weight, MAP, pH, and LAC.

Baseline Post-Shock

Vehicle (n=9) VPA (n=27) Vehicle (n=9) VPA (n=27)

Weight (g) 296.55 ± 15.43 275.21 ± 5.66 - -

MAP (mmHg) 97.88 ± 2.29 95.71 ± 1.67 47.66 ± 4.01 54.11 ± 1.43

pH 7.44 ± 0.01 7.43 ± 0.01 7.36 ± 0.02 7.38 ± 0.01

LAC (mmol/L) 0.81 ± 0.10 0.85 ± 0.10 5.33 ± 0.40 4.19 ± 0.30

Data presented as group means ± SEM. VPA= valproic acid; MAP=mean arterial pressure; LAC=serum lactate
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