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Abstract

Background—We have previously demonstrated that suberoylanilide hydroxamic acid (SAHA), 

a histone deacetylase inhibitor, improves survival in a lipopolysaccharide (LPS)-induced lethal 

endotoxemia model. The goal of this study was to investigate the impact of SAHA on survival in a 

more clinically relevant cecal ligation and puncture (CLP)-induced septic shock model, and to 

elucidate changes in cytokine responses and organ injury.

Methods—C57BL/6J mice were subjected to CLP, and 1 hour later given either SAHA dissolved 

in dimethyl sulfoxide (DMSO) or DMSO only, intra-peritoneal. Survival was monitored for 10 

days. In a second study, livers were harvested for evaluation of acute liver injury, and peritoneal 

fluid and blood samples were collected for cytokine assays. In addition, RAW264.7 and bone 

marrow-derived macrophages (BMMs) were utilized to assess effects of SAHA on cytokine 

responses.

Results—SAHA treated animals displayed a significant improvement in survival. In addition, 

SAHA also significantly attenuated cytokine levels in blood and peritoneal fluid compared to 

vehicle animals, as well as in culture supernatant of macrophages stimulated with bacterial 
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components (LPS or Pam3CSK4). Moreover, SAHA treated animals showed a significant 

decrease in acute liver injury.

Conclusions—SAHA treatment improves survival, reduces “cytokine storm”, and prevents 

distant organ damage in a lethal septic model.

INTRODUCTION

Sepsis causes more than 225,000 deaths annually in the United States and is a tremendous 

burden for health-care systems 1. Sepsis activates numerous cellular and subcellular 

pathways that result in organ damage, and no pharmacological agents have been shown to 

effectively block these cascades and change the outcomes. The multicenter study that failed 

to show efficacy of recombinant activated protein C is the latest attempt in the quest for a 

truly effective pharmacological treatment for sepsis 2, 3.

The innate immune system is the first line of defense against pathogenic invasion. 

Numerous genetic and epigenetic regulatory factors modulate how the immune cells react to 

the pathogens. This in turn shapes the overall inflammatory response for any given 

individual 4. Histone acetylation is an essential epigenetic mechanism that determines the 

amplitude of immune signaling, by controlling the chromatin structure, accessibility of 

transcription factors to the DNA, and the subsequent gene transcription. This process 

regulated by the opposing actions of two families of enzymes: histone acetyltransferases 

(HATs) and histone deacetylases (HDACs). Histone acetylation relaxes the chromatin 

structure (DNA unwinding) and promotes gene transcription, whereas histone deacetylation 

compacts the chromatin structure favoring gene silencing. Beside histones, numerous non-

histone proteins, such as α-tubulin, heat shock protein (HSP) 90, steroid receptors, and 

regulators of nuclear import, are also reversibly modified by acetylation 5.

Dysregulated HDAC activity has been linked to the pathogenesis of cancer as well as 

inflammatory and autoimmune diseases. We have also recently discovered that histone 

deacetylase inhibitors (HDACI) can be used to modulate the inflammatory response. A 

number of Toll-like receptor (TLR) target genes that encode key inflammatory molecules, 

such as cytokines, chemokines and other secreted inflammatory mediators, are under the 

control of the HDAC/HAT regulatory system 6. Only limited information exists concerning 

the actual inflammatory mechanisms that are altered by different HDACI, but this 

potentially offers an attractive model for pharmacological intervention with a favorable risk-

benefit profile. By targeting different molecules/transcription factors and controlling the fate 

of the inflammatory signals, HDACI hold great promise as novel therapeutic agents for the 

future 4.

Suberoylanilide hydroxamic acid (SAHA) or vorinostat was the first HDACI approved by 

the U.S. Food and Drug Administration for the treatment of cutaneous T cell lymphoma 

(CTCL) 7. SAHA was also found to exhibit antiinflammatory properties in vitro and in 

vivo 8. However, it remains unknown whether treatment with SAHA could improve survival 

from lethal septic shock. Our lab was the first to demonstrate that administration of SAHA 

improved survival in a rodent model of lipopolysaccharide (LPS)-induced lethal 

endotoxemia 9, 10. In this model, it decreased acute lung injury, and rapidly modulated 
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several key genes involved in inflammation, with an attenuation of inflammatory mediators 

derived from both cellular and humoral arms of the innate immune system 11. However, LPS 

infusion does not fully replicate the complexities of a poly-microbial infection. The current 

study was therefore designed to investigate the impact of SAHA on survival in a more 

clinically relevant cecal ligation and puncture (CLP) model of sepsis, and to characterize its 

influence on cytokine responses and organ damage.

MATERIALS AND METHODS

Cells and Reagents

RAW 264.7 murine macrophages (American Type Culture Collection, Manassas, VA) and 

mouse bone marrow-derived macrophages (BMMs) were cultured in Dubelcco’s modified 

Eagle’s medium (DMEM; Invitrogen, Grand Island, NY) supplemented with 10% fetal 

bovine serum (FBS), 2mM glutamine, 100 U/ml penicillin, and 100 U/ml streptomycin 

(Invitrogen, Grand Island, NY) at 37 °C and 5% CO2. BMMs were obtained as described 

previously 12, 13. Bone marrow cells were flushed out from bone cavity of femurs and tibias 

with cold phosphate-buffered saline (PBS; Corning, Manassas, VA), and single-cell 

suspension was obtained by passing through 70 μm cell strainers (BD Biosciences, San Jose, 

CA). Isolated bone marrow cells were cultured for 6 days in the presence of 10 ng/mL 

macrophage colony-stimulating factor (M-CSF; R&D Systems, Minneapolis, MN), and 

medium was changed into DMEM without M-CSF 24 h before treatments 12. All drugs were 

added at the same starting point. Where indicated, cells were incubated with 1 μg/mL LPS 

(Sigma Chemical Co, St. Louis, MO), 1 μg/mL Pam3CSK4 (EMD Millipore Corporation, 

Billerica, MA), or 10 uM SAHA (Enzo Life Sciences, Farmingdale, NY) 14, 15.

Sepsis Model: Cecal Ligation and Puncture (CLP)

Male C57BL/6J mice (18–26 gm) were purchased from The Jackson Laboratory and housed 

for 3 days before manipulations. The CLP murine model16, modified by our laboratory, was 

used to induce fecal peritonitis. In brief, the peritoneal cavity was opened under inhaled 

isoflurane anesthesia. Cecum was eviscerated, ligated below the ileocecal valve using a 5-0 

suture, and punctured through and through (2 holes) with a 20 gauge needle. The punctured 

cecum was squeezed to expel a small amount of fecal material and returned to the peritoneal 

cavity. The abdominal incision was closed in two layers with 4-0 silk suture. Animals were 

resuscitated by subcutaneous injection of 1 mL of saline. Sham-operated animals were 

handled in the same manner, except that the cecum was not ligated or punctured. This 

protocol was approved by the Animal Review Committee at the Massachusetts General 

Hospital.

Administration of SAHA and Experimental Design

In the survival experiment, mice received intra-peritoneal SAHA dissolved in DMSO (50 

mg/kg) or vehicle DMSO 1 h after CLP (n=10/group). Mortality was recorded for up to 10 

days post-procedure.

In the non-survival experiment, animals were randomly assigned to the following three 

groups (n = 10/group): (a) Sham-operated animals (SHAM); (b) vehicle treated animals after 
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CLP (CLP+DMSO), and (c) SAHA treated animals after CLP (CLP+SAHA). Sham-

operated animals were subjected to laparotomy and intestinal manipulation, but the cecum 

was neither ligated nor punctured. At the time of sacrifice [24 and 48 h after CLP (n= 3–7/

group/time point)], abdominal cavity was opened and irrigated with 1 ml normal saline, 

which was collected for analysis, and blood samples were collected by cardiac puncture. 

Liver tissue was harvested 24 h after CLP, which were fixed in 10% buffered formalin for 

later histological analysis.

Cytokine Measurements

Concentrations of tumor necrosis factor-α (TNF-α) and interleukin (IL)-6 in the peritoneal 

fluid, plasma, or cell culture supernatant were measured using the Quantikine Enzyme-

Linked Immunosorbent Assay (ELISA) Kit (R&D Systems, Minneapolis, MN) according to 

manufacturer’s instructions.

Cell Viability Assay

Cell viability was measured using an annexin V-PE detection kit (Abcam, Cambridge, MA). 

Macrophages were treated with or without LPS and SAHA for 3, 6, and 9 h. Cells were then 

harvested, washed in ice-cold phosphate-buffer saline, resuspended in binding buffer, and 

incubated with annexin V-PE for 5 min at room temperature. Cells were analyzed by 

fluorescence-activated cell sorting (FACS), and viable cells were defined as negative for 

annexin V-PE and DAPI staining 17. Experiments were carried out in triplicate.

Phenotypic Characterization of BMMsby FACS

BMMs were harvested on day 6 when they were fully differentiated, blocked with anti-

mouse CD16/32 antibody (eBiosicence, San Diego, CA), and stained with anti-mouse F4/80 

Antigen APC and anti-mouse CD11b FITC (eBiosicence, San Diego, CA) 12. Data were 

acquired on an LSRII (BD Biosciences, San Jose, California) and analyzed with FlowJo 

(Tree Star, Ashland, OR).

Histological Analysis

Twenty-four hours after CLP, liver samples were harvested for histological analysis. Each 

sample was fixed by immersing in 10% buffered formalin. The samples were then 

embedded in paraffin, sliced into 5-μm sections and stained with hematoxylin and eosin 

(H&E) for histological assessment by a pathologist blinded to their group allocation. 

Hepatocellular necrosis, hemorrhage/congestion, parenchyma inflammation, sinusoidal 

inflammation, and degenerative changes were evaluated objectively on a scale of 0–3, with 0 

meaning “absent,” 1 meaning “mild,” 2 meaning “moderate,” and 3 meaning “severe.” The 

total injury score was expressed as the sum of the scores for all of these parameters 18.

Statistical Analysis

Results were expressed as mean ± SEM. Student’s t-test was used to compare the 

differences between two groups. Differences between 3 or more groups were assessed using 

one way analysis of variance (ANOVA) followed by Bonferroni post hoc testing for 

multiple comparisons. Kaplan-Meier method was used for survival, and differences were 
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analyzed using log-rank test. All analyses were performed using GraphPad Prism. P values 

of 0.05 or less were considered significant.

RESULTS

SAHA improves survival in CLP-induced lethal septic model

In this CLP-induced lethal sepsis model, all mice in the DMSO vehicle group died in less 

than 3 days. However, SAHA-treated animals displayed significantly higher long-term 

survival compared to the DMSO vehicle group (40% versus 0% survival, P < 0.01; Figure 

1).

SAHA decreases cytokine levels in peritoneal fluid and circulation in vivo

In sham group, TNF-α levels in the peritoneal fluid and blood were low at all time points 

(−8.7 ± 0.7 and −11.3 ± 2.3 pg/mL, respectively), and so were IL-6 levels in peritoneal fluid 

and blood (6.3 ± 2.0 and 14.9 ± 6.3 pg/mL, respectively). SAHA significantly blunted TNF-

α increase 24 h after CLP in the peritoneal fluid (463.3 ± 48.4 versus 98.1 ± 36.2 pg/mL, P 

< 0.01; Figure 2), as well as in the serum (298.3 ± 24.6 versus 91.4 ± 46.5 pg/mL, P < 0.05; 

Figure 2). In addition, SAHA suppressed increased IL-6 levels 48 h after CLP in the 

peritoneal fluid (646.4 ± 81.8 versus 236.9 ± 103.2 pg/mL, P < 0.05; Figure 3), as well as in 

the serum (583.8 ± 83.9 versus 320.3 ± 47.4 pg/mL, P < 0.05; Figure 3).

SAHA decreases TNF-α level in culture supernatant of RAW264.7 Macrophages in 
presence of LPS or Pam3CSK4 in vitro

TLRs constitute a family of non-polymorphic receptors that are devoted to pathogen 

recognition. SAHA significantly suppressed TNF-α production (induced by TLR4 ligand 

LPS) in RAW264.7 macrophages, as measured in the supernatant at 2, 5, and 8 hours (656.8 

± 27.3 versus 404.0 ± 29.3 pg/mL, 780.8 ± 31.3 versus 579.8 ± 23.8 pg/mL, 843.8 ± 26.5 

versus 650.6 ± 26.2 pg/mL, respectively, P < 0.01; Figure 4). Similar findings were 

observed at 2, 5, 8 hours when the macrophages were stimulated by TLR1/2 ligand 

Pam3CSK4 (714.4 ± 20.9 versus 320.6 ± 9.1 pg/mL, 789.0 ± 31.2 versus 418.6 ± 20.9 

pg/mL, 874.2 ± 27.0 versus 486.6 ± 26.6 pg/mL, respectively, P < 0.01; Figure 4). The 

lower TNF-α levels were not due to a decrease in the number of viable RAW264.7 cells 

(Figure 5A and 5B).

SAHA decreases LPS-induced cytokine production by bone marrow derived macrophages 
in vitro

After differentiation with M-CSF for 6 days, percentage of mature BMMs (double positive 

for CD11b and F4/80 Antigens) was 91.14% (Figure 6). Mature BMMs were then harvested 

for further experiments. SAHA attenuated LPS-stimulated TNF-α production in the BMM 

supernatant at 6 h (757.9 ± 19.0 versus 619.9 ± 22.6 pg/mL, P < 0.01; Figure 7). Moreover, 

IL-6 levels at 3 and 6 h were also significantly suppressed by SAHA (150.8 ± 23.6 versus 

17.8 ± 6.0 pg/mL, 740.2 ± 37.0 versus 50.1 ± 24.5 pg/mL, respectively, P < 0.01; Figure 8).
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SAHA decreases acute liver injury

Sham-operated animals had normal liver histology, but liver sections isolated 24 h after CLP 

showed increased parenchyma inflammation and degenerative changes. These pathological 

changes were attenuated by SAHA treatment, with significantly lower acute liver injury 

score (5.1 ± 0.8 versus 2.8 ± 0.2, P < 0.05; Figure 9).

DISCUSSION

We have investigated the therapeutic effect of SAHA, a HDACI, in a lethal CLP-induced 

sepsis model, and discovered some important findings: (1) SAHA significantly improves 

long-term survival; (2) it significantly attenuates local and systemic proinflammatory 

cytokines in vivo, as well as LPS or Pam3CSK4-stimulated cytokines production from 

RAW264.7 macrophage cell line or primary BMMs in vitro; (3) it attenuates acute liver 

injury.

Several experimental animal models have been developed to study the underlying 

mechanisms that are typically involved in septic patients. CLP in rodents is currently 

considered as the gold standard in sepsis research, as it creates polymicrobial sepsis in well-

controlled experimental settings 16. Our present study shows that SAHA treatment improves 

long-term survival in CLP model similar to what we have previously demonstrated in LPS 

models. This adds further evidence supporting the use of HDACI as a potential 

pharmacological treatment for lethal sepsis.

A largely unopposed early proinflammatory response occurs in severe sepsis, which can lead 

to organ damage and death. Cytokines attract immune cells such as macrophage and T-cells 

to the site of infection, where these cells produce more cytokines to perpetuate the response. 

Normally, this feedback loop is kept in check but in severe sepsis, the exaggerated immune 

response can get out of control 19. Cytokine storms have the potential to cause significant 

cellular damage as they can potentiate the destructive ability of macrophages, plasma cells, 

complement system and T lymphocytes, as well as retard the healing effects of other cell 

types (such as M2 macrophages, regulatory T lymphocytes, and Th2 lymphocytes). In our 

study, SAHA significantly attenuated the local and systemic proinflammatory cytokines in 

the peritoneal fluid as well as the circulation following CLP. It also suppressed LPS (TLR4 

ligand) or Pam3CSK4 (TLR1/2 ligand)-stimulated cytokines production from the 

macrophage cell line as well as primary macrophages differentiated from bone marrow. This 

provides further evidence supporting the anti-inflammatory properties of SAHA and 

explaining in part how SAHA improves survival in lethal sepsis.

TLR signaling and associated downstream regulators play a crucial role in the innate 

immune system as the first line of defense against pathogens. TLR4 and TLR2 are the main 

sensors for pathogen-associated molecular patterns recognition from gram-negative and 

gram-positive bacteria respectively. LPS binds to host TLR4, triggering an inflammatory 

reaction characterized by releasing a large number of inflammatory mediators like TNF-α 

and IL-6, while recognition of Pam3CSK4 is mediated by TLR2 that cooperates with TLR1 

through their cytoplasmic domain to induce the signaling cascade, leading to nuclear factor-

kappa B (NF-kB) activation and excessive proinflammatory cytokine production 20. 
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Downstream TLR signaling occurs via two major pathways: the myeloid differentiation 

factor 88 (MyD88)-dependent pathway and MyD88-independent pathway. The MyD88-

dependent pathway has been shown to be responsible for expression of proinflammatory 

cytokines, such as TNF-α and IL-6, while the MyD88-independent pathway mediates the 

induction of type I interferons and interferon-inducible genes. MyD88 interacts with TLRs, 

leading to activation of the mitogen activated protein kinase (MAPK) cascade and NF-κB, 

as well as expression of numerous proinflammatory mediators. Genetic deficiency of 

MyD88 partially protected mice from the lethal effects of polymicrobial sepsis, and 

hyperinflammatory response to sepsis was strongly attenuated in the absence of MyD88 21. 

Our team has previously demonstrated that SAHA can reduce MyD88 expression at both 

gene and protein levels after LPS insult in the lung tissue, suggesting that inhibition of 

TLR4-MyD88-dependent pathway could be one explanation for the anti-inflammatory 

effects of SAHA 9. Currently, it remains elusive as to how acetylation affects expression of 

MyD88. Accumulating evidence suggests that acetylation of signal transducer and activator 

of transcription (STAT)-1 could be involved in down-regulation of MyD88 expression 

through a cross-talk between STAT-1 and NF-kB signaling 22. Acetylated STAT-1 inhibits 

transcriptional activity of the NF-kB p50/p65 heterodimer, consequently decreasing NF-kB 

nuclear localization, DNA binding, and expression of NF-kB target genes 23. Therefore, 

SAHA may suppress TLR4-MyD88-dependent pathway by inhibiting MyD88 expression 

through interaction of acetylated STAT-1 and NF-kB.

In addition, we have shown that anti-inflammatory properties of SAHA involve acetylation 

of HSP 90 15. In LPS-stimulated macrophages, SAHA acetylates HSP 90, resulting in 

dissociation and degradation of its client protein interleukin-1 receptor associated kinase 1 

(IRAK1), subsequently decreasing nuclear translocation of NF-κB, and leading to 

attenuation of key pro-inflammatory cytokines. Meanwhile, SAHA attenuates hypoxia-

inducible factor (HIF)-1α-mediated inflammatory pathway in macrophages, and suppresses 

hypoxia-induced release of proinflammatory nitric oxide and TNF-α 24.

Excessive production of proinflammatory cytokines in sepsis promotes migration of 

leukocytes, lymphocytes, and platelets to the infected areas, leading to endothelial damage, 

increased microvascular permeability, platelet aggregation, local blood flow reduction, and 

ischemia/reperfusion (I/R) injury, which finally results in multiple organ damage. We have 

previously found that during LPS-induced endotoxemia, SAHA treatment significantly 

reduces acute lung injury 10. Here, we show that SAHA can also attenuate acute liver injury 

during severe polymicrobial sepsis. Our group has previously demonstrated that SAHA 

significantly decreases LPS-induced enhanced expression of the pro-inflammatory MAPK 

phosphorylated p38, phosphorylated extracellular signal-regulated kinase (ERK), 

myeloperoxidase, and IL-6 in the liver, while increases levels of the anti-inflammatory 

IL-10 25. Attenuation of MAPK and ERK activation, and subsequently decreased NF-κB-

dependent gene transcription, as well as alteration of inflammatory and anti-inflammatory 

markers may account for SAHA’s protective role in reducing acute liver injury during our 

polymicrobial severe sepsis and septic shock model.

This study has certain limitations that must be acknowledged. For logistical reasons, we only 

measured selected cytokines and explored limited pathways. Many more mechanisms are 

Zhao et al. Page 7

Surgery. Author manuscript; available in PMC 2015 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



likely to be influenced by SAHA treatment. Similarly, we only studied liver injury in this 

study. Also, we only tested a single dose of SAHA that has previously been found to be 

effective without performing a detailed dose response study.

In conclusion, we have demonstrated that SAHA, a HDACI, can improve survival in a lethal 

polymicrobial sepsis model. The survival advantage is associated with an attenuation of 

local and systemic proinflammatory cytokines, as well as protection against distant organ 

injury. Although the fundamental molecular and cellular signaling events still requires 

further investigation, HDACI may represents a novel and promising therapeutic strategy for 

severe sepsis and septic shock.
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ABBREVIATIONS

BMMs bone marrow-derived macrophages

CLP cecal ligation and puncture

CTCL cutaneous T cell lymphoma

DMSO dimethyl sulfoxide

ELISA Enzyme-Linked Immunosorbent Assay

ERK extracellular signal-regulated kinase

FACS fluorescence-activated cell sorting

HDAC histone deacetylase

HDACIs HDAC inhibitors

HIF hypoxia-inducible factor

HSP heat shock protein

H&E hematoxylin and eosin

IFN interferon

IRAK1 interleukin-1 receptor associated kinase 1

IL interleukin

LPS lipopolysaccharide

M-CSF macrophage colony-stimulating factor

MyD88 myeloid differentiation factor 88

NF-kB nuclear factor-kappa B

Pam3CSK4 Pam3-Cys-Ser-Lys4

SAHA suberoylanilide hydroxamic acid

Zhao et al. Page 8

Surgery. Author manuscript; available in PMC 2015 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



STAT signal transducer and activator of transcription

TNF-α tumor necrosis factor-α

TLR Toll-like receptor
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Figure 1. SAHA protects mice against severe sepsis and septic shock-induced lethality
Mice were intraperitoneally administered 50mg/kg SAHA or vehicle DMSO 1 h after CLP 

(n=10 animals/group). Treatment with SAHA significantly improved long-term survival 

compared to DMSO vehicle group (40% versus 0% survival, P < 0.01).
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Figure 2. SAHA attenuates TNF a levels in peritoneal fluid and blood during severe sepsis and 
septic shock
The peritoneal fluid and blood were collected 24 h after CLP and assayed for TNF-α levels 

by ELISA kits (means ± SEM, n = 3–4 animals/group).
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Figure 3. SAHA attenuates IL-6 levels in peritoneal fluid and blood during severe sepsis and 
septic shock
The peritoneal fluid and blood were collected 48 h after CLP and assayed for IL-6 levels by 

ELISA kits (means ± SEM, n = 3–7 animals/group).
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Figure 4. SAHA decreases enhanced TNF-α production stimulated by LPS or Pam3CSK4 in 
culture supernatant of RAW264.7 macrophages
Concentrations of TNF-α and IL-6 in culture supernatant of RAW264.7 Macrophages were 

determined by ELISA at 2, 5, and 8 h after LPS or Pam3CSK4 treatment in the absence or 

presence of SAHA. Untreated macrophages served as control (means ± SEM, n = 3).
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Figure 5. Effects of LPS and SAHA on cell viability of RAW264.7 macrophages at 3 h and 6 h
(A) Representative plots show cell viability of RAW264.7 macrophages at 3 and 6 h treated 

with LPS or Pam3CSK4 in the absence or presence of SAHA. Cells were analyzed by 

FACS, and viable cells were defined as negative for annexin V-PE and DAPI staining 

indicated in the lower left corner of each panel. (B) Quantification of cell viability (means ± 

SEM, n = 3).
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Figure 6. Phenotypic characterization of BMMs by FACS
Representative plots show percentage of mature BMMs, which are double positive for 

CD11b-FITC and F4/80-APC indicated in the up right corner of the panel.
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Figure 7. SAHA decreases TNF-α levels in culture supernatant of BMMs treated with LPS
TNF-α concentration in culture supernatant of BMMs were assayed by ELISA at 6 h after 

LPS treatment with or without SAHA. Untreated BMMs served as control (means ± SEM, n 

= 3).
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Figure 8. SAHA decreases IL-6 levels in culture supernatant of BMMs treated with LPS
TNF-α levels in culture supernatant of BMMs were determined by ELISA at 6 h after LPS 

treatment with or without SAHA. Untreated BMMs served as control (means ± SEM, n = 3).
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Figure 9. SAHA protects animals from acute liver injury 24h after CLP (H&E, magnification 
40×)
Mice were intraperitoneally administered 50 mg/kg SAHA 1 h after CLP. 24 h after CLP, 

liver tissues were obtained. Representative images were chosen from different experimental 

groups. Semiquantitative pathology scores in liver were determined by a scoring system as 

described in Materials and Methods (means ± SEM, n = 4–6 animals/group).

Zhao et al. Page 19

Surgery. Author manuscript; available in PMC 2015 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


