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Abstract

Background—Hemorrhage is the leading cause of preventable trauma-related deaths. We have 

previously shown that treatment with Tubastatin A (Tub A), a histone deacetylase (HDAC) 6 

inhibitor, can improve survival in a rodent model of septic shock. The aims of present study were 

to determine whether selective inhibition of HDAC 6 can promote survival in a model of 

hemorrhagic shock (HS).

Methods—Experiment I (survival study): Wistar-Kyoto rats were subjected to hemorrhagic 

shock (55% volume blood loss), followed by intraperitoneal injection of either Tub A (70 mg/kg) 

dissolved in dimethyl sulfoxide (DMSO), or DMSO only (vehicle group) (n=8/group). Survival 

was monitored for 24 hours. Experiment II (physiologic study): Rats were subjected to a sub-lethal 

HS (40% blood loss), followed by the same treatment with Tub A (treatment group) or DMSO 

only (vehicle group, n=5/group). All animals were sacrificed 6 hours after hemorrhage, and heart 

and liver tissues were harvested. Sham animals were not subjected to hemorrhage and treatment 

(sham group, n=5/group). Cardiac mitochondria were isolated to study the pyruvate 

dehydrogenase (PDH; an essential enzyme for ATP production) activity. Liver tissue lysates were 

analyzed for markers of apoptosis (cytochrome c, cleaved caspase-3), and inflammation (high 

mobility group box 1 (HMGB1) by Western blotting.

Results—Severe hemorrhagic shock (55% blood loss) was associated with 75% mortality, which 

was significantly improved by Tub A treatment (37.5% mortality in 24 hours; P=0.048). Tub A 

also significantly enhanced the cardiac PDH activity compared to the vehicle group, while 

suppressing the hepatic HMGB1 expression, cytochrome c release, and caspase-3 activation.
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Conclusions—Our study has demonstrated for the first time that selective inhibition of HDAC6 

can improve survival in a rodent model of HS. The potential mechanisms include enhanced PDH 

activity, decreased inflammatory drive, and attenuated cellular apoptosis.
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INTRODUCTION

Injuries are now the leading cause of death for individuals 46 years and younger (1), with 

hemorrhagic shock (HS) accounting for a major portion of morbidity and mortality among 

the trauma patients (2). Even the patients that survive the acute episode of blood loss often 

develop multiple organ dysfunction syndrome (MODS) due to tissue hypoxia and systemic 

inflammation (2, 3). Tissue hypoxia with resultant anaerobic metabolism has long been 

considered a leading etiology of post-shock MODS (4). However, efforts to simply increase 

the oxygen delivery are often unsuccessful due to impaired mitochondrial function, which 

leads to inefficient oxygen utilization (4, 5). Pyruvate dehydrogenase (PDH) is a key 

mitochondrial enzyme responsible for the conversion of pyruvate to acetyl-CoA and is 

therefore essential for adenosine triphosphate (ATP) production. During hypoxia, the activity 

of PDH is dramatically decreased (6, 7), which impairs the ability of pyruvate to enter the 

Krebs cycle to generate ATPs.

Current resuscitation therapies largely focus on restoring tissue perfusion but have largely 

failed to address the specific cellular dysfunction caused by shock. Acetylation is rapidly 

emerging as a key mechanism that regulates the expression of numerous genes (epigenetic 

modulation through activation of nuclear histone proteins), as well as functions of multiple 

cytoplasmic proteins involved in key cellular functions such as cell survival, repair/healing, 

metabolism, signaling, and proliferation (3, 8, 9). It has been reported that, at the molecular 

level, hemorrhage leads to an imbalance in acetylation of proteins (hypo-acetylation of 

proteins compared to the normal state) and that treatment with histone deacetylase (HDAC) 

inhibitors can promptly restore the balance (10). More recent findings indicate that treatment 

with HDAC inhibitors can improve survival in rodent models of hemorrhagic and septic 

shock (11) as well as lethal burns (12), and attenuate acute lung injury following 

lipopolysaccharide injection (13).

Histone acetyltransferase (HAT) and HDAC enzymes control the addition and removal of 

acetyl groups and maintain a dynamic balance of steady-state protein acetylation (14, 15). 

So far, 18 HDAC isoforms have been identified and are grouped into four classes (16, 17): 

the Zn2+ dependent hydrolases class I, II and IV, and NAD+-dependent class III sirtuins. The 

class II HDACs have been subdivided into class IIa (HDAC4, 5, 7 and 9) and IIb (HDAC6 

and 10) based on domain organization (17). Class IIb HDACs (HDAC6 and HDAC10) are 

distinguished from the class IIa sub-family in possessing tandem deacetylase domains. 

HDAC6 is unique among the classical HDAC family in which it is a cytoplasmic enzyme 

that regulates many important biological processes, including cell migration, immune 

synapse formation, viral infection, and the degradation of misfolded proteins (18). It also 
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regulates immune synapse formation, promote HSP90 chaperone function and inhibit Treg 

function (16, 19–21), and plays a protective role following nervous system injuries (22).

We have recently reported that inhibition of HDAC 6 improves survival and attenuates stress 

responses in a lethal septic model (23, 24). However, it is unclear whether the same strategy 

would be beneficial following HS. The present study was designed to test the hypothesis that 

treatment with Tubastatin A (Tub A) would reduce the mortality in a rat model of 

hemorrhagic shock.

MATERIALS AND METHODS

1. Animals

This study adhered to the principles stated in The Guide for the Care and Use of Laboratory 

Animals (7th ed., National Academies Press, 1996), and was approved by the Institutional 

Animal Care and Use Committee. Male Wistar Kyoto rats (227–311 grams) were purchased 

from Charles River Breeding Laboratories, Inc (Chicago, IL). Rats were allowed food and 

water ad libitum.

2. Surgical Procedure

On the day of experimentation, Tub A (70mg/kg, Calbiochem, San Diego, CA) solution was 

prepared by dissolving it in dimethylsulfoxide (DMSO, 1μl/gram of body weight) (Sigma-

Aldrich, St. Louis, MO). Anesthesia was induced with 4% isoflurane (Abbott Laboratories, 

North Chicago, IL) mixed with air in an induction chamber, and maintained by delivering 

0.8–1.5% isoflurane via the nose cone using a veterinary multi-channel anesthesia delivery 

system and vaporizer (Kent Scientific Corporation, Torrington, CT). Core body temperature 

was maintained with an automated heating pad. Bupivacaine (0.2mL of 0.25%, APP 

pharmaceuticals, LLC. Schaumburg, IL) was injected for local anesthesia, and using a micro 

cutdown technique femoral artery was cannulated with polyethylene 50 catheter (Clay 

Adams, Sparks, MD), which was used for blood withdrawal and hemodynamic monitoring 

(Ponemah Physiology Platform, Gould Instrument Systems, Valley View, OH).

3. Lethal Hemorrhagic Shock (HS) Protocol (Survival Study)

Total blood volume was calculated [estimated total blood volume (mL) = weight (g) ×0.06 

(mL/g) + 0.77(25)] and 35% of it was withdrawn over 10 minutes, followed by another 20% 

over the next 30 minutes. After un-resuscitated shock for 30 minutes, blood samples were 

taken and animals were randomly assigned to receive either Tub A (70mg/kg ip; dissolved in 

DMSO, n=8) or vehicle (DMSO, n=8) without any additional resuscitation fluids. Following 

treatment, the catheter was removed, femoral artery was ligated, and the skin closed. The 

animals were recovered from anesthesia and survival was monitored for 24 hours.

4. Sub-lethal HS Protocol and Tissue Harvest (Physiologic Study)

A sub-lethal HS (40% blood volume) protocol was designed to ensure survival of all the rats 

until the end of the experiment to eliminate any survival bias in tissue analysis. After 

obtaining baseline arterial blood samples, 40% of the blood volume was removed over 10 

minutes, followed by un-resuscitated shock for 30 minutes. Then the animals were given 
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either Tub A as described above (treatment group, n=5/group), or vehicle (DMSO, 1μl/g, 

vehicle group, n=5/group), without any additional resuscitation fluids. All the animals were 

killed 6 hours after hemorrhage, and heart and liver tissues were harvested, rinsed with cold 

saline, frozen in liquid nitrogen, and stored at −80°C. Tissue samples were also obtained 

from normal rats (no hemorrhage and no treatment) to serve as the sham (n=5).

5. Preparation of Whole Cell Proteins, and Fractionation of Cytosolic and Mitochondrial 
Proteins

Heart and liver tissue (25 mg wet weight per sample, 5/group) was homogenized by using an 

ultrasonic homogenizer (Branson Ultrasonics Corp, Danbury, CT), and processed using the 

Whole Cell Extraction Kit (Millipore, Temecula, CA) according to the manufacturer’s 

instructions. The mitochondrial and cytosolic protein fractions were isolated using the 

Mitochondria/Cytosol Fractionation Kit (Abcam, Cambridge, MA). Briefly, same amount of 

the tissues were homogenized in 1 ml of Cytosol Extraction Buffer Mix containing DTT and 

Protease Inhibitors (Abcam, Cambridge, MA), by using Dounce tissue grinder on ice for 

around 40 passes. After incubation on ice for 10 minutes, homogenates were centrifuged at 

700g for 10 min at 4°C. Supernatants were collected and centrifuged again at 13,000×g for 

30 min at 4°C, the resulting supernatants corresponded to the cytosolic fraction. The pellets 

were taken as the mitochondrial fraction and resuspended in 0.1 ml PBS for analysis of PDH 

activity.

6. PDH Activity Assay

PDH activity was measured in the cardiac mitochondria according to manufacturer’s 

instruction (Abcam, Inc, Cambridge, MA). Intact PDH was solubilized by adding 1 volume 

of detergent to 19 volume of each sample, incubated on ice for 10 mins, then centrifuged for 

10 mins at 4°C. The supernatant was then collected, and the PDH enzyme was 

immunocaptured within each well by PDH antibodies and subjected to functional activity 

and quantitative microplate assays (Abcam, Inc, Cambridge, MA). Absorbance of each well 

was measured at 450nm on a microplate reader (SpectraMax Plus, Molecular Devices, LLC) 

at room temperature using a kinetic program for 25 minutes. PDH activity was expressed as 

the initial rate of reaction, determined from the slopes of the curves generated.

7. Western blotting

Equal amounts of proteins 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 Tris-

Buffered Saline-Tween 20 (TBS-T) containing 5% milk (Bio-Rad Laboratories) and then 

incubated with the primary antibody diluted in TBS-T containing 4% bovine serum albumin 

(Sigma-Aldrich) at 4°C overnight. Primary antibodies purchased from Cell Signaling 

Technology (Danvers, MA) were diluted as follows: high mobility group box 1 (HMGB1) 

(D3E5) rabbit monoclonal antibody (1:1000), cytochrome c antibody (1:1000) and cleaved 

caspase-3 (Asp175) antibody (1:1000). The primary antibody was detected by incubating 

membranes with anti-mouse or anti-rabbit secondary antibodies diluted 1:3000 in TBS-T 

with 5% milk at room temperature for 1 hour. Detection was performed using the Odyssey 
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CLx Infrared Imaging System (Li-Cor, Inc, Lincoln. NE), and detected bands were 

quantitatively analyzed by using the Image Studio Lite Ver 4.0 (Li-Cor, Inc).

8. Statistical Analysis

All continuous variables are expressed as means ± standard error of the mean (SEM). Data 

were analyzed using GraphPad Prism 6.0 statistical software (GraphPad Software, Inc. La 

Jolla, CA). The independent samples unpaired t-test was used for comparisons between 2 

groups. A paired sample t-test was used to compare two variables within a group. Survival 

differences were compared by Kaplan-Meier curve with log rank analysis. In all cases, 

statistical significance was defined as P<0.05.

RESULTS

1. Lethal Model: Physiological Data

There were no significant differences in body weight, estimated blood volume, cannulation 

time, lactate, hemoglobin, base excess, between the two groups of animals. However, at end 

of hemorrhage, all animals showed significantly elevated lactate, negative base excess, and 

decreased hemoglobin (table 1), consistent with severe hemorrhagic shock.

2. Survival in the Lethal Model

In this survival experiment, 6 out of 8 animals in vehicle group (75%), but only 3 out of 8 in 

the Tub A group (37.5%) died. Majority (75%) of animals from the vehicle group died 

within 3.5 hours after DMSO treatment, whereas Tub A treatment significantly prolonged 

the duration (average survival time > 24 hours; P=0.048 compared to the vehicle group, 

Figure 1).

3. Sub-lethal Model

All of animals in this model survived until tissue harvest, which eliminated any survival 

bias. There was no significant difference in body weight, total blood loss and cannulation 

time between different groups (P>0.05). Despite being sub-lethal, 40% blood loss still 

resulted in significant shock, lactic acidosis, and anemia (data not shown).

4. PDH activity

To investigate the effect of HS on mitochondrial metabolism, the activities of PDH in 

myocardial mitochondrial samples were studied. As shown in Figure 2, the 40% hemorrhage 

markedly decreased the PDH activity (9.73 ± 0.89 milliOD/min vs. 13.98 ± 1.63 

milliOD/min for HS and sham groups, respectively; P=0.040). Tub A treatment significantly 

increased the PDH activity compared to the vehicle group (13.68 ± 1.33 milliOD/min vs. 

9.73 ± 0.89 milliOD/min; P=0.041).

5. Expression of HMGB1 Protein

Western blot analysis confirmed that HS resulted in a sharp increase in the HMGB1 protein 

expression (P=0.043 compared to sham), which was attenuated by Tub A treatment 

(P=0.029, Figure 3).
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6. Analysis of Cytochrome C Release and Caspase-3 Activation

A unique 14 kDa band specific for cytochrome c was detected by Western blotting from the 

cytosolic fraction (Figure 4A). HS increased the cytochrome c release from the mitochondria 

compared to the sham animals (P=0.035), and post-shock administration of Tub A 

significantly decreased this release (P=0.031, Figure 4A). Two bands of 17 and 19 kDa from 

the cleavage of activated caspase-3 were observed in the vehicle treated animals (Figure 4B), 

which was also significantly attenuated by Tub-A treatment (P=0.030, Figure 4B).

DISCUSSION

Inhibition of HDAC is now being explored as a potential therapy for autoimmune diseases, 

cancers, and many neurodegenerative conditions (26–29). In the present study, we have 

demonstrated that administration of Tub A (HDAC6 inhibitor) can promote survival in a 

rodent model of hemorrhagic shock. Although the precise mechanisms are not clear, our 

data show that Tub A protects the cells against shock-induced damage.

It has been reported that compromised cellular energetics during hemorrhagic result not only 

from inadequate tissue perfusion but also due to impaired mitochondrial respiration and/or 

coupling (4, 5, 30). During shock, cells switch to anaerobic metabolism which is 

characterized by hyperlactataemia associated with an elevated lactate/pyruvate ratio, greater 

glucose utilization, and low energy production (31). Hypoxia blocks mitochondrial oxidative 

phosphorylation, and inhibits synthesis of ATP and reoxidation of NADH, leading to a 

decreased ATP/ADP ratio and an increased NADH/NAD ratio, as well as decreased PDH 

activity (31). Our current study shows that mitochondrial PDH activity decreased after HS, 

which is in accordance with the literature (7, 32–34). As PDH is a key mitochondrial 

enzyme responsible for the conversion of pyruvate to acetyl-CoA, low PDH activity could 

result in decreased ATP levels. Our data suggest that inhibition of HDAC6 could maintain 

the PDH activity during HS. Tub A treated animals showed significant higher PDH activity, 

which suggests that HDAC6 inhibition might either directly protect the mitochondria or 

potentially accelerate the recovery process through stimulation of mitochondrial biogenesis. 

It is not clear whether Tub A directly affects the PDH synthesis. Further experiments will 

have to be performed to investigate the precise underlying mechanisms.

In HS, the hypoperfusional state often triggers an exaggerated systemic inflammatory 

response which could lead to MODS and death (2). As a pro-inflammatory cytokine, 

HMGB1 protein plays a significant role in extracellular signaling associated with the 

inflammation (35–37). It functions as an alarmin (a danger-associated molecular pattern) in 

both infectious and non-infectious inflammatory conditions, such as autoimmune diseases, 

cancer, trauma, HS and ischemia perfusion injury (36, 38). The present study shows that HS 

increases the expression of HMGB1 in the liver, which is consistent with previous findings 

(36). Tub A treatment significantly attenuated the HMGB1 expression, suggesting that 

suppression of inflammatory response might be one of the possible mechanisms for 

promoting survival in this model.

In addition to inducing an inflammatory response, HMGB1 can also lead to an increase in 

cytochrome c release from the mitochondria into the cytosol, and the cleavage of 
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procaspase-3 (39). Cytochrome c is a well conserved electron-transport protein and is part of 

the respiratory chain localized to mitochondrial intermembrane space (40). Upon apoptotic 

stimulation, cytochrome c released from mitochondria associates with procaspase-9/Apaf 1. 

This complex processes caspase-9 from inactive pro-enzyme to its active form (41), and 

further triggers caspase-3 activation, and eventually leads to apoptosis (42). We already 

know that HS can induce cellular apoptosis (43). In the present study, HS resulted in an 

increase in cytochrome c release and activated the caspase-3, while post-shock 

administration of Tub A suppressed these changes to protect the cells from apoptosis.

The current study was designed as a proof-of-concept experiment and as such it has certain 

limitations that must be acknowledged. Only PDH activity was tested for the mitochondrial 

metabolic analysis. Although it is an important component of the mitochondrial metabolic 

process, other key components of the ATP production chain should also be analyzed. Further 

studies are also needed to determine the exact mechanisms through which HDAC6 inhibitor 

regulates the PDH activity.

In summary, we present initial evidence that Tub A can improve survival in a rat model of 

HS. Our results indicate that treatment with Tub A could potentially: 1) make the cells more 

resistant to ischemia through an improvement in the PDH activity, 2) inhibit inflammation 

by reducing HMGB1 protein expression, and 3) decrease cellular apoptosis by suppressing 

expression of HMGB1 protein, diminishing release of cytochrome c and lessening the 

activation of caspase 3.
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Figure 1. 
Tubastatin A promotes survival in a rat HS model. Animals were intraperitoneally 

administered 70mg/kg Tubastatin A in DMSO or vehicle DMSO only, at 30 minutes after 

hemorrhage (n=8/group). The Kaplan-Meier curve illustrates survival over the 24-hour 

period. Treatment with Tubastatin A significantly improved 24 hours survival compared to 

DMSO vehicle group (62.5% versus 25% survival, P=0.048). Tub A: Tubastatin A (70 

mg/kg in DMSO).
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Figure 2. 
Tubastatin A increases the activity of pyruvate dehydrogenase (PDH) in cardiac 

mitochondria. The values showed as change in milliOD over time (minute). Data presented 

as group mean values ± standard error of the mean (SEM). *P < 0.05 (sham vs. vehicle: 

P=0.040; Tub A vs. vehicle: P=0.041). Sham: no hemorrhage, no treatment; Vehicle: 

hemorrhage, treatment with DMSO; Tub A: Tubastatin A; PDH: pyruvate dehydrogenase.
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Figure 3. 
Tubastatin A attenuates HS-induced production of High Mobility Group Box 1 (HMGB1) 

protein in the liver. Protein bands quantified by densitometry were expressed as mean values 

± SEM. *P < 0.05 compared to vehicle group (sham vs vehicle: P=0.043, Tub-A vs. vehicle: 

P=0.029); Tub A, Tubastatin A; Vehicle, DMSO treatment; Sham, no hemorrhage and no 

treatment.
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Figure 4. 
Tubastatin A decreases cytochrome c release (A) and caspase-3 activation (B) in the liver. 

Protein bands quantified by densitometry were expressed as mean values ± SEM. *P < 0.05 

compared to vehicle group (P=0.035: sham vs. vehicle for cytochrome c, P=0.031: vehicle 

vs. Tub-A for cytochrome c, P=0.030: Tub-A vs. vehicle for activated caspase-3, P=0.020: 

sham vs. vehicle for activeated caspase-3); Tub A, Tubastatin A; Vehicle, DMSO treatment; 

Sham, no hemorrhage and no treatment.

Chang et al. Page 13

J Trauma Acute Care Surg. Author manuscript; available in PMC 2016 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chang et al. Page 14

Table 1

Selected laboratory Data

Time points

Variables Groups Baseline End of Hemorrhage

Weight (g) Vehicle 248.90 ± 7.77 --

Tubastatin A 272.70± 8.91 --

Total Blood Loss (ml) Vehicle 8.63 ± 0.26 --

Tubastatin A 9.42 ± 0.29 --

Cannulation Time (min) Vehicle 29.80 ± 3.17 --

Tubastatin A 34.50 ± 1.15 --

Hemoglobin (g/dL) Vehicle 12.38 ± 0.36 8.92 ± 0.32*

Tubastatin A 12.10 ± 0.43 9.25 ± 0.24*

Lactate (mmol/L) Vehicle 1.48 ± 0.20 6.82 ± 1.03*

Tubastatin A 1.30 ± 0.08 5.78 ± 0.26*

Base Excess (mmol/L) Vehicle −0.72 ± 1.36 −9.17 ± 1.38*

Tubastatin A 0.40 ± 0.24 −5.25 ± 1.38*

BUN (mg/dL) Vehicle 15.60 ± 0.93 19.00 ± 1.67*

Tubastatin A 16.00 ± 1.16 19.75 ± 1.32*

Sham=no hemorrhage, no resuscitation; Vehicle = hemorrhage, treatment with 1ul/g DMSO ip; Tubastatin A = Tubastatin A 70 mg/kg in 1ul/g 
DMSO ip; Baseline = before start of hemorrhage; End of Shock= end of total blood loss (55%). Data presented as group means ± SEM.

*
P < 0.05 compared with baseline value of the same group.
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