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A B S T R A C T

Aim: High-dose valproic acid (VPA) improves the survival and neurologic outcomes after asphyxial cardiac arrest
(CA) in rats. We characterized the pharmacokinetics, pharmacodynamics, and safety of high-dose VPA in a swine
CA model to advance clinical translation.
Methods: After 8 min of untreated ventricular fibrillation CA, 20 male Yorkshire swine were resuscitated until
return of spontaneous circulation (ROSC). They were block randomized to receive placebo, 75 mg/kg, 150 mg/kg,
or 300 mg/kg VPA as 90-min intravenous infusion (n ¼ 5/group) beginning at ROSC. Animals were monitored for
2 additional hours then euthanized. Experimental operators were blinded to treatments.
Results: The mean(SD) total CA duration was 14.8(1.2) minutes. 300 mg/kg VPA animals required more adren-
aline to maintain mean arterial pressure �80 mmHg and had worse lactic acidosis. There was a strong linear
correlation between plasma free VPA Cmax and brain total VPA (r2 ¼ 0.9494; p < 0.0001). VPA induced dose-
dependent increases in pan- and site-specific histone H3 and H4 acetylation in the brain. Plasma free VPA
Cmax is a better predictor than peripheral blood mononuclear cell histone acetylation for brain H3 and H4
acetylation (r2 ¼ 0.7189 for H3K27ac, r2 ¼ 0.7189 for pan-H3ac, and r2 ¼ 0.7554 for pan-H4ac; p < 0.0001).
Conclusions: Up to 150 mg/kg VPA can be safely tolerated as 90-min intravenous infusion in a swine CA model.
High-dose VPA induced dose-dependent increases in brain histone H3 and H4 acetylation, which can be predicted
by plasma free VPA Cmax as the pharmacodynamics biomarker for VPA target engagement after CA.
Introduction

Sudden cardiac arrest (CA) is a leading cause of death in the U.S.,
affecting approximately 430,000 individuals annually with an overall
mortality rate of close to 90%.1 Furthermore, approximately two-third of
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the patients resuscitated from out-of-hospital CA ultimately die from
neurologic injury,2 and up to half of the survivors have cognitive dys-
function.3–5 No pharmacologic agent has yet been established as neuro-
protective for CA victims.

VPA is an antiepileptic medication with neuroprotective properties in
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various preclinical models of brain injury.6–8 Its proposed neuro-
protective mechanisms are pleiotropic, including histone deacetylase
inhibition,9,10 survival kinase activation,8,11–14 and antiepileptic prop-
erties.15 Two independent laboratories have demonstrated that early
high-dose VPA (300 mg/kg) improves survival and neurologic outcomes
when given alone or in combination with hypothermic targeted tem-
perature management after asphyxial CA in rats.16–18 Furthermore, 150
mg/kg VPA significantly decreases the neurologic injury and expedites
functional recovery in a swine model of combined traumatic brain injury
and haemorrhagic shock.19,20 A recent phase 1a clinical study showed
that up to 140 mg/kg intravenous VPA (a dose much higher than the
Food and Drug Administration approved 15–60 mg/kg/day) can be
safely tolerated by healthy volunteers.21

To translate high-dose VPA to early phase clinical trials, it would be
advantageous to first determine its safety in a large animal model of CA.
Furthermore, it is important to identify peripheral pharmacodynamics
biomarkers that can accurately validate VPA’s mechanistic target
engagement and efficacious dose. Therefore, we sought out to elucidate
the pharmacokinetic, pharmacodynamics, and safety of early high-dose
VPA in a clinically relevant swine CA model.

Methods

All procedures outlined in this study adhered to the 8th edition of the
Guide for the Care and Use of Laboratory Animals22 and were approved
by the University of Michigan Institutional Animal Care and Use
Committee.
Animal model

Anesthetized adolescent male Yorkshire swine (40–50 kg; Michigan
State University, East Lansing, MI) were intubated, placed on a me-
chanical ventilator, and instrumented for haemodynamic monitoring. To
simulate witnessed out-of-hospital CA without bystander cardiopulmo-
nary resuscitation (CPR), the animals were subjected to 8 min of un-
treated ventricular fibrillation CA induced with a pacing wire into the
right ventricle using a 9-V battery, followed by CPR and advanced life
support for up to 16 additional minutes until return of spontaneous cir-
culation (ROSC). We defined ROSC as an organized cardiac rhythm with
systolic blood pressure above 80 mmHg for more than 20 min with or
without vasopressor infusion. The animals were block randomized to
receive placebo (normal saline), 75 mg/kg, 150 mg/kg, or 300 mg/kg
VPA in 300 mL normal saline as a 90-min intravenous infusion beginning
at ROSC (n ¼ 5/group). The animals were monitored for 2 additional
hours after end of infusion and then euthanized with 2 mEq/kg intra-
venous potassium chloride. Experimental operators were blinded to the
treatments. Sham-operated control animals (n ¼ 4) were also included
(Supplemental Figure 1). To limit variability in secondary neurologic
injury, we standardized post-CA care by maintaining all animals at
normothermia (37–38 �C) on a warming blanket (Blanketrol1, Cincinnati
Sub-Zero, Cincinnati, OH), normoxia (SpO2 94–98% or PaO2 100–200
mmHg), eucapnia (PaCO2 35–45 mmHg), euglycemia (glucose 60–180
mg/dL), and mean arterial pressure (MAP) above 80 mmHg with
adrenaline (epinephrine) infusion. Continuous waveform haemodynamic
data were collected using Biopac Data Acquisition System (Biopac Sys-
tems Inc. Goleta, CA). Detailed experimental protocol is described in
Supplemental Figure 2.
Experimental outcomes

The primary outcome was VPA pharmacokinetics of at least 2-fold
change in VPA maximum concentration (Cmax) between groups. The
secondary outcomes were haemodynamic safety as measured by adren-
aline requirement to maintain MAP above 80 mmHg and VPA pharma-
codynamics as measured by histone H3 and H4 acetylation in the brain.
2

Sample size calculation

We based our power calculation on historical data17,23 and pilot
studies from our laboratories. In order to achieve α ¼ 0.05 and 80%
power to detect at least 2 fold-change in VPA Cmax between groups, a
minimum of 5 surviving animals per group was needed.
Sample preparations

Blood samples were collected at baseline prior to CA, at end of
treatment infusion, and at 1 h and 2 h post-infusion. Peripheral blood
mononuclear cells (PBMC) were isolated using Ficoll-Paque™ density
gradient as previously described.24 The animals were euthanized 2 h
post-infusion, and their brains were removed and dissected on ice. All
brain samples were then immediately flash frozen and stored at -80 �C for
future analysis.
Pharmacokinetic analysis

Details of the pharmacokinetic sample preparation, assays, and
analysis have been previously described.23 The VPA concentration time
data were described descriptively and also co-modelled through popu-
lation pharmacokinetic analysis using the non-parametric adaptive grid
algorithm in the PMetrics™ library evoked through R.25 Multiple models
were tested to incorporate saturable protein binding with discrimination
using the Akaike information criteria, non-parametric distributional
error, and goodness-of-fit measures. The final model was used to generate
predicted plasma and brain concentration-time profiles of VPA based on
the tested doses and 1000 subject/dose level Monte Carlo Simulations for
non-compartmental exposure estimates.
Western blot

Hippocampal and PBMC samples were homogenized in RIPA buffer
on ice. 15 to 30 mcg protein lysate per lane were resolved under dena-
turing condition on 4–20% gradient Mini-PROTEAN® TGX™ precast gels
(Bio-Rad, Hercules, CA), then transferred onto nitrocellulose membrane.
After blocking at room temperature for 1 h in Tris-buffered saline-0.1%
Tween 20 (TBST) containing 5% nonfat dry milk or bovine serum albu-
min, the transferred membranes were incubated with primary antibodies
(Supplemental Figure 3) at 4 �C overnight. After washing in TBST, the
membranes were incubated with the appropriate secondary antibody-
HRP conjugates. The protein bands were visualized using Pierce ECL
substrate (ThermoFisher, Waltham, MA), and images were captured with
ChemDoc™ XRSþ system (Bio-Rad, Hercules, CA). Acetylated histone
signals were expressed relative to their corresponding total histone
levels, while phosphoprotein signals were expressed relative to their
corresponding total protein levels. Thereafter, the fold-change was
expressed relative to the sham group. β-actin levels were used to
normalize protein loading. Quantifications were performed with Image J
(NIH, Bethesda, MD).
Statistical analysis

Data were presented as mean and standard deviation (SD). One-way
analysis of variance (ANOVA) with post-hoc Tukey’s correction for
multiple comparisons was used to compare continuous variables. Bar-
tlett’s and Brown-Forsythe tests were used to assess SD equality. Cate-
gorical variables were compared with chi-squared test. Linear regression
was used to determine correlations between continuous variables. A p
value < 0.05 was considered statistically significant. Prism 8 (GraphPad,
LaJolla, CA) and MATLAB R2017b (The Mathworks, Inc., Natick, MA)
were used for data analysis.
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Results

Animal characteristics

All 24 animals including 20 swine that underwent CA/randomization
and 4 sham-operated controls survived until the end of experiment. The
mean total CA duration was 14.8(1.2) minutes, with no significant dif-
ferences between experimental groups. There were no significant inter-
group differences in weight, pre-CA temperature, baseline haemody-
namic, baseline arterial blood gas, and total lactated Ringer’s solution
received from ROSC to 2 h post-infusion. There were also no differences
between the number of animals that had received lidocaine during CA or
dextrose and sodium bicarbonate after ROSC (Table 1). Finally, there
were no differences in white blood cell counts, haemoglobin, platelets, or
hepatic enzymes between baseline and 2 h post-infusion of each animal
and between groups (data not shown).
Table 1
Animal characteristics.

Characteristic Mean (SD) p value

Placebo 75 mg/
kg VPA

150
mg/kg
VPA

300 mg/
kg VPA

Weight (kg) 42 (3) 44 (2) 45 (3) 42 (3) 0.134
Pre-cardiac arrest
temperature (ᵒC)

37.6
(0.5)

37.5
(0.4)

37.9
(0.5)

37.3
(0.6)

0.532

Baseline haemodynamics
MAP (mmHg) 96 (19) 80 (10) 90 (11) 76 (11) 0.110
DBP (mmHg) 70 (11) 70 (11) 80 (9) 67 (12) 0.314
CPP (mmHg) 61 (12) 62 (13) 70 (9) 59 (10) 0.432
Heart rate (bpm) 92 (10) 87 (14) 91 (16) 89 (11) 0.916

Baseline arterial blood gas
pH 7.46

(0.02)
7.49
(0.07)

7.46
(0.05)

7.44
(0.12)

0.727

PaCO2 (mmHg) 39 (3) 35 (5) 38 (5) 39 (4) 0.543
PaO2 (mmHg) 129

(26)
133 (7) 128

(15)
136 (32) 0.917

HCO3 (mmol/L) 29 (2) 29 (2) 28 (1) 27 (5) 0.577
Lactate (mmol/L) 1.3

(0.5)
1.5
(1.2)

1.1
(0.4)

1.9 (0.9) 0.474

Glucose (mg/dL) 112
(57)

89 (9) 81 (23) 84 (14) 0.435

Duration of cardiac
arrest (minutes)

14.8
(1.1)

15.2
(1.8)

14.8
(1.1)

14.4
(0.9)

0.801

Fluid & Medications
Lactated Ringer’s
solution, ROSC to 2hr
post-infusion (mL)

520
(500)

550
(570)

490
(410)

665
(505)

0.949

Lidocaine (number of
animals)

2/5 3/5 3/5 2/5 0.850

Dextrose after ROSC
(number of animals)

0/5 1/5 1/5 0/5 0.528

Sodium bicarbonate
after ROSC (number
of animals)

0/5 1/5 0/5 1/5 0.528

Epinephrine
Prior to treatment
infusion (mcg)

2266
(674)

2028
(756)

2120
(877)

1864
(646)

0.855

Prior to treatment
infusion (mcg/kg/
min)

3.21
(1.74)

3.57
(1.08)

2.72
(0.80)

2.32
(0.52)

0.348

Start of treatment
infusion to 2hr post-
infusion (mcg)

2036
(518)

1851
(648)

1865
(714)

3752
(1684)

p <

0.05&$

Start of treatment
infusion to 2hr post-
infusion (mcg/kg/
min)

0.23
(0.07)

0.20
(0.07)

0.19
(0.06)

0.43
(0.21)

p <

0.05&$

SD ¼ standard deviation; VPA ¼ valproic acid; MAP ¼ mean arterial pressure;
DBP ¼ diastolic blood pressure; CPP ¼ coronary perfusion pressure; bpm ¼ beats
per minute; ROSC ¼ return of spontaneous circulation; &300 mg/kg vs 75 mg/kg
VPA; $300 mg/kg vs 150 mg/kg VPA; One-way ANOVA with post-hoc Tukey’s.
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Haemodynamic

There was no significant difference in the temperature, haemody-
namic parameters, PaCO2, and PaO2 from start of treatment infusion until
2 h post-infusion between groups. Serum glucose levels were maintained
above 60 mg/dL for all groups (Fig. 1A and Supplemental Figure 4). The
300 mg/kg VPA group required significantly more adrenaline to main-
tain MAP �80 mmHg during treatment infusion than the 75 mg/kg and
150 mg/kg VPA groups (p < 0.05; Table 1 and Fig. 1B). It also had
significantly worse lactic acidosis than the placebo and 75 mg/kg groups
(p < 0.005; Fig. 1C and Supplemental Figure 4).

High-dose VPA pharmacokinetics after CA

At end of VPA infusion, the mean plasma free VPA Cmax increased dose
dependently from 139(10) mcg/mL to 287(25) mcg/mL to 566(37) mcg/
mL for 75, 150, and 300mg/kg VPA, respectively (p< 0.05; Supplemental
Figure5).Thedose-dependent increase inmeanplasmatotalVPACmaxwere
239(19) mcg/mL to 376(35) mcg/mL to 662(43) mcg/mL for 75, 150, and
300 mg/kg VPA, respectively (p < 0.05; Supplemental Figure 5). These
increases corresponded to a dose-dependent decrease in the fraction of
serum protein-bound VPA, from 41.8%(1.8) to 23.4%(3.8) to 14.4%(3.8)
for 75, 150, and 300mg/kg VPA at end infusion, respectively (p< 0.0001).
Mean brain total VPA concentrations at 2 h post-infusionwere 26(3)mcg/g
for 75 mg/kg VPA, 73(19) mcg/g for 150 mg/kg VPA, and 212(33) mcg/g
for 300 mg/kg VPA (p < 0.05; Supplemental Figure 5). Pharmacokinetic
modelling revealed that a 3-compartment model adequately characterized
the plasma total and free VPA concentrations as well as the brain concen-
trations. This model incorporated the saturable plasma protein binding of
VPA. Monte Carlo Simulations generated estimated Cmax values that
matched observed values and projection of the area under the curve from
time 0 to infinity (AUCinf) for comparison with clinical data. The projected
time to maximum brain concentration and terminal half-life is a median
[IQR] of 8.5 [7, 10.5] hours and 14.5 [9.9, 21] hours, respectively. The
model structure, parameterestimates, andprojected totalVPACmax,AUCinf,
and half-life with the tested doses are provided to aid human dose trans-
lation (Supplemental Figure 6).

Taken together, our data showed that VPA crosses the blood-brain-
barrier dose-dependently in a linear fashion after CA in swine (r2 ¼
0.9327, p < 0.0001; Fig. 2A). There was also a strong linear correlation
between plasma free VPA Cmax and brain total VPA concentrations (r2 ¼
0.9494, p < 0.0001; Fig. 2B).

Plasma free VPA Cmax predicts the dose-dependent increase of hippocampal
histone H3 and H4 acetylation induced by VPA

We examined the VPA-induced changes in hippocampal histone H3
and H4 acetylation using western blot analysis. We observed 2 to 3-fold
dose-dependent increase in hippocampal pan-acetylated histone H3
(pan-H3ac). More specifically, we observed a 3-fold increase in acetylated
H3K9 (H3K9ac) in the 300 mg/kg VPA group and 2 to 8-fold dose-
dependent increase in acetylated H3K27 (H3K27ac; Fig. 3A). We also
observed 3 to 9-fold dose-dependent increases in pan-acetylated histone
H4 (pan-H4ac) andH4K8 (H4K8ac) (Fig. 3B). Furthermore, we found that
plasma free VPA Cmax predicts the levels of hippocampal H3K27ac (r2 ¼
0.7189, p< 0.001; Fig. 3C), pan-H3ac (r2¼ 0.7189, p< 0.0001; Fig. 3D),
and pan-H4ac (r2 ¼ 0.7554, p < 0.001; Fig. 3E). However, there were no
significant differences in Akt andmTORphosphorylation or β-catenin and
α-tubulin acetylation between the groups (Supplemental Figure 7).

PBMC pan-acetylated histone H3 and H4 correlate weakly with their
respective changes in the brain

We determined whether PBMC histone H3 and H4 acetylation reflect
changes observed in the brain and could serve as reliable peripheral
pharmacodynamics biomarkers. Western blots of PBMC collected at 2 h



Fig. 1. Haemodynamic, adrenaline requirement, and lactic acidosis comparisons between treatment groups. A) Mean arterial pressure (MAP) � 80 mmHg
were maintained with adrenaline infusion and fluid for all groups. However, 300 mg/kg VPA swine required significantly B) more adrenaline to maintain MAP �80
mmHg than 75 mg/kg (&) and 150 mg/kg VPA ($) groups (p < 0.05). It also had C) significantly higher lactic acidosis than placebo (*) and 75 mg/kg (&) groups at 1 h
post-infusion (p < 0.005) and higher than placebo (*) at 2 h post-infusion (p < 0.005). One-way ANOVA with post-hoc Tukey’s was performed for all comparisons.
VPA ¼ valproic acid.

Fig. 2. Valproic acid pharmacokinetic analysis after cardiac arrest. A) VPA crosses the blood-brain-barrier dose dependently in a linear fashion after CA in swine
(r2 ¼ 0.9327, p < 0.0001). B) Plasma free VPA Cmax correlated linearly with brain total VPA after CA in swine (r2 ¼ 0.9494, p < 0.0001). VPA Cmax ¼ VPA maximum
concentration measured at end infusion. Brain total VPA levels were measured at 2 h post-infusion. VPA ¼ valproic acid.
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post-infusion demonstrated 2-fold dose-dependent increase in pan-H3ac,
but not in H3K9ac or H3K27ac levels (Fig. 4A). Similarly, there was a 2-
fold increase in PBMC pan-H4ac but not H4K8ac for the 300 mg/kg VPA
4

group (Fig. 4B). We observed weak positive correlations between PBMC
pan-H3ac (r2¼ 0.307, p< 0.05; Fig. 4C) and pan-H4ac levels (r2¼ 0.307,
p < 0.05; Fig. 4D) with their respective changes in the hippocampus.



Fig. 3. Early high-dose valproic acid induces
dose-dependent increases in hippocampal
histone H3 and H4 acetylation at 2 h after
infusion. A) Early high-dose VPA increases
hippocampal H3K9ac, H3K27ac, and pan-
H3ac levels dose-dependently at 2 h post-
infusion. It also increases B) hippocampal
H4K8ac and pan-acetylated histone H4 levels
dose-dependently at 2 h post-infusion.
Plasma free VPA Cmax predicts C) H3K27ac
(r2 ¼ 0.7362, p < 0.0001), D) pan-acetylated
H3 (r2 ¼ 0.7189, p < 0.0001), and E) pan-
acetylated H4 levels in the brain (r2 ¼
0.7554, p < 0.001). One-way ANOVA with
post-hoc Tukey’s: *p < 0.05; **0.01;
***0.001; ****0.0001 compared to placebo.
H3 ¼ histone H3; H4 ¼ histone H4; VPA ¼
valproic acid; ac ¼ acetylated.
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Discussion

We have demonstrated that swine could tolerate up to 150 mg/kg
VPA as a 90-min intravenous infusion after CA without the need for
additional vasopressors. While we were able to maintain all animals at
MAP �80 mmHg with adrenaline infusion (Fig. 2A), the 300 mg/kg VPA
group did require significantly higher amount of adrenaline (Fig. 2B) and
had worse lactic acidosis (Fig. 2C). The cause of haemodynamic effects
and lactic acidosis for the 300 mg/kg VPA group was likely multifacto-
rial, including drug infusion rate and increased adrenaline require-
ment.13,19,23,26 Our pharmacokinetic analysis showed that VPA crossed
the blood-brain-barrier in a linear, dose-dependent fashion, and that
plasma free VPA Cmax correlated strongly with brain total VPA level.
5

These findings suggest that we could use the plasma free VPA Cmax to
predict the amount of drug penetration in the brain. Furthermore, we
found that VPA induced dose-dependent increases in pan- and
site-specific histone H3 (H3K9ac, H3K27ac) and H4 (H4K8ac) acetyla-
tion in the brain. Finally, we found that plasma free VPA Cmax predicts
histone H3K27, pan-H3, and pan-H4 acetylation in the brain better than
PBMC histone acetylation, which suggest that plasma free VPA Cmax can
be used as a peripheral pharmacodynamics biomarker for VPA target
engagement after CA. These results provide the foundation for early
phase dose-optimization clinical studies of high-dose VPA as a neuro-
protective therapy following resuscitation from CA.

Our findings support starting with 150 mg/kg VPA for our subsequent
swine CA neurocognitive studies. The robust 2–7 fold increases in



Fig. 4. Early high-dose valproic acid induces
dose-dependent increases in peripheral blood
mononuclear cell pan-acetylated histone H3
and H4 levels at 2 h after infusion. Early
high-dose VPA induces dose dependent in-
creases in PBMC A) pan-acetylated H3 and B)
pan-acetylated H4 levels at 2 h post-infusion.
One-way ANOVA with post-hoc Tukey’s: *p
< 0.05 compared to placebo. The fold-change
relative to sham in PBMC C) pan-acetylated
H3 (r ¼ 0.5536, 95% CI 0.1471–0.8001, p
< 0.05) and D) pan-acetylated H4 levels (r ¼
0.5542, 95% CI 0.1479–0.8004, p < 0.05)
correlated with their respective fold-change
in the hippocampus. PBMC ¼ peripheral
blood mononuclear cells. H3 ¼ histone H3;
H4 ¼ histone H4; VPA ¼ valproic acid; ac ¼
acetylated.
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acetylated histoneH3andH4compared to placebowith this dose should be
sufficient to inducedetectable transcriptomic changes in thebrain. Previous
studies have demonstrated that a dose of 150 mg/kg VPA decreased
neurologic injury and expeditedneurologic recovery in a swine polytrauma
model.23 A dose-optimization study showed that 150 mg/kg VPA signifi-
cantly improved survival in a swine model of lethal polytrauma when
administered over 3 h at 1 h after shock. This protection was lost when the
VPA dose was lowered to 100 mg/kg over 3 h but restored when the same
dose was infused over 2 h.20 These findings suggest that while the dose of
VPAmay be critical for its protective effect, its infusion rate and associated
Cmax may be equally important. We demonstrated that 150 mg/kg as a
90-min infusion achievedmean plasma total VPA Cmax of 376mcg/mL and
free VPA Cmax of 287 mcg/mL. These levels were much higher than the
levels observed inprior protective swine studies. Biesterveld et al found that
protective doses of 150 mg/kg VPA as a 3-h infusion achieved a total VPA
Cmax of 175mcg/mLwhile 100mg/kgVPAas a2-h infusionachieveda total
Cmax of 115mcg/mL.20 Similarly, Nikolian et al found that 150mg/kg VPA
given as a 3-h infusion achieved a 145 mcg/mL mean total VPA Cmax level,
and that this dose reduced neurologic injury and expedited recovery after
polytrauma.23 Thedifferences in the plasmaVPA levels between theCAand
trauma models may be due to differences in intravascular volume, tem-
perature, volume of distribution, and drug elimination. The observed VPA
Cmax levels andmodel predicted AUCinf achieved in our study correlated to
60–90mg/kg administered as 1-h infusion inhealthy human subjects based
on cross-species and phase 1a trial pharmacokinetics studies.17,20,21,23

Although VPA induced robust increases in brain histone H3 and H4
acetylation after CA, we did not observe significant changes in down-
stream pro-survival signalling pathways including Akt, mTOR, β-catenin,
6

and α-tubulin. This could be explained by our early, single time-point
experimental design. We chose to focus on 2 h post-infusion based on
the robust dose-dependent increases in acetylated histone H3 and H4.
H3K9ac is indicative of active gene expression in the euchromatin state,
while H3K27ac is indicative of an active enhancer-promoter state.27 VPA,
through the hyperacetylation of histone H3K9, leads to chromatin
decondensation.28–30 The concomitant demethylations at this same site
disrupt the structural integrity of lamina-associated domains and tran-
scriptional repression located on the inner surface of the nuclear mem-
brane,31–33 leading to the induction of neurogenesis34–37 and neuronal
de-differentiation.38 Prior studies have demonstrated conflicting results
in pro-survival signalling pathways induced by high-dose VPA. Oh et al
did not observe any differences in rat asphyxial CA model in Akt,
ERK1/2, or HSP70 at 24 h after ROSC.17 However, high-dose VPA has
been associated with upregulations of HSP70,11 HIF-1α,12 Akt,8,13

GSK-3β,8,13 bcl-2,13 β-catenin13, ERK,8 JNK,14 and NF-κB14 in brain or
liver at different time points in trauma or hypothermia models.
High-throughput RNA sequencing studies are currently underway to
determine the transcriptomic effects of high-dose VPA after CA.

Our study is the first to examine the correlations between proteomic
changes in the brain with peripheral cells using a large animal CA model.
Our findings of more robust correlations between plasma free VPA Cmax
and brain histone acetylation than PBMC with the brain are consistent
with results from clinical studies of high-dose VPA for solid tumour
malignancies.39 Similar to these studies, we also observed notable
inter-subject variabilities in PBMC acetylated H3 and H4 levels in addi-
tion to less robust overall increase compared to the brain. Munster et al
found that all solid tumour patients who responded to VPA treatment had
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more than 2-fold increase in their PBMC acetylated H4 levels with sig-
nificant inter-patient variabilities.40 Taken together, data from our
studies and others suggest that VPA-induced proteomic changes may lead
to variable effects dependent on disease state, tissue type, and patient
phenotype. Further studies are necessary to determine whether individ-
ual variabilities in plasma free VPA Cmax and PBMC histone H3 and H4
acetylation correlate to differences in response to VPA after CA.

This study has several limitations. Only male swine were used in
order to achieve an adequate sample size for the pharmacokinetic and
safety analyses. To address this limitation, we are performing a VPA dose-
optimization study powered to detect differences in neurocognitive
outcomes that includes swine from both sexes. Another limitation is that
we only examined histone acetylation at a single time-point in order to
correlate their levels in the PBMCwith that of the brain. It is possible that
other histone acetylation or methylation sites may be more predictive
pharmacodynamics biomarkers. Given that the overall magnitude of
change in PBMC was much less than in the brain, this study might be
underpowered to detect differences in other pharmacodynamics bio-
markers in PBMCs. Finally, the survival and neuroprotective benefits,
therapeutic window, and minimal dose required to achieve maximal
protection for high-dose VPA after CA still need to be validated in the
swine model before translation to early phase clinical studies.

Conclusions

High-dose VPA can be safely tolerated up to 150 mg/kg as a 90-min
intravenous infusion after CA in a swine model. It crosses the blood-
brain-barrier in a linear fashion, and plasma free VPA Cmax can be used
to predict VPA brain penetration. High-dose VPA induced dose-
dependent increases in pan- and site-specific histone H3 and H4 acety-
lation in the brain. Plasma free VPA Cmax predicts histone H3 and H4
acetylation in the brain, thus can be used as a pharmacodynamics
biomarker for VPA target engagement after CA.
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