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Abstract
AIM: To investigate the effect of diazoxide administration on liver ischemia/reperfusion injury.

METHODS: Wistar male rats underwent partial liver ischemia performed by clamping the pedicle from medium and left anterior lateral segments during an hour under mechanical ventilation. They were divided into 3 groups: Control Group: rats submitted to liver manipulation, Saline Group: rats received saline, and Diazoxide Group: rats received intravenous injection (iv) diazoxide (3.5 mg/kg) 15 min before liver reperfusion. Four and 24 h after reperfusion, blood were collected for determinations of aspartate transaminase (AST), alanine transaminase (ALT), tumor necrosis factor (TNF-α), interleukin-6 (IL-6), interleukin-10 (IL-10), nitrite/nitrate, creatinine and tumor growth factor-β1 (TGF-β1). Liver tissues were assembled for mitochondrial oxidation and phosphorylation, malondialdehyde (MDA) content, and histologic analysis. Pulmonary vascular permeability and myeloperoxidade (MPO) were also determined.

RESULTS: Four hours after reperfusion Diazoxide Group presented significant reduction of AST (2009 ± 257 vs 3523 ± 424 U/L, P = 0.005); ALT (1794 ± 295 vs 3316 ± 413 U/L, P = 0.005); TNF-α (17±9 vs 152 ± 43 pg/mL, P = 0.013; IL-6 (62 ± 18 vs 281 ± 92 pg/mL); IL-10 (40 ± 9 vs 78 ± 10 pg/mL P = 0.03), nitrito/nitrato (3.8 ± 0.9 vs 10.2 ± 2.4 µmol/L, P = 0.025) when compared to Saline Group. A significant reduction on liver mitochondrial dysfunction were observed in Diazoxide Group compared to Saline Group (P < 0.05). No differences in liver MDA content, serum creatinine and in pulmonary vascular permeability and MPO activity were observed between groups. Twenty four hours after reperfusion Diazoxide Group showed a reduction of AST (495 ± 78 vs 978 ± 192 U/L, P = 0.032); ALT (335 ± 59 vs 742 ± 182 U/L, P = 0.048), and TGF-β1 (11 ± 1 vs 17 ± 0.5 ng/mL, P = 0.004) serum levels when compared to Saline Group. Control Group did not present alterations when compared to Diazoxide and Saline Groups.

CONCLUSION: Diazoxide maintains liver mitochondrial function, increases liver tolerance to ischemia/reperfusion injury, and reduces systemic inflammatory response. These effects require further evaluations for using in a clinical setting.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Diazoxide is a selective mitoKATP channel opener and have a protective effect against organ ischemia/reperfusion (I/R) injury. This report shows that diazoxide maintains liver mitochondrial function, increases liver tolerance to I/R injury, and reduces systemic inflammatory response. Since diazoxide has also a hypotensive effect its administration may also reduce bleeding in liver surgery during hepatic parenchyma transection. These effects require further evaluations for using in a clinical setting.
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INTRODUCTION
The physiological function of mitochondrial ATP-sensitive potassium channel (mitoKATP) is to permit K+ transport into the mitochondrial matrix and therefore maintaining its volume[1]. This mitochondrial channel has been identified in many tissues as heart[2], brain[3], skeletal muscle[4] and liver[5].
This mitoKATP channel has been related to the preconditioning protection of the ischemic heart[6]. It was also observed that the preconditioning-like effect of morphine in the intact heart can be the result of mitoKATP channel activation[7].
Diazoxide is a selective mitoKATP channel opener and could have a protective effect against organ ischemia/reperfusion (I/R) injury. In fact a protective effect has been demonstrated in heart[8]. This protective effect is related to mitoKATP opening since other drugs with this action also reduce the heart I/R injury[9].
The protective effect of diazoxide in I/R injury has been reported in several organs as brain[10] and spinal cord[11] in which mitoKATP has been identified. Since mitoKATP channels are present in liver mitochondria[12] is conceivable that diazoxide may have a protective effect on liver I/R injury. In the present study, we evaluated the effect of diazoxide on local and systemic effects of liver I/R injury.

MATERIAL AND METHODS
Animals
Seventy adults male Wistar rats weighing 230 to 270 g housed in individual cages in a 12 h dark-light controlled environment were used for the experimental protocol. Rats had free access to standard rat chow and water. The experimental protocol was approved by the Ethics Committee for Animal Research from the Medical School of São Paulo University and received humanized care according to the criteria outlined in the Guide for the Care and Use of Laboratory Animals. Institute of Laboratory Animal Resources, Commission on Life Sciences and National Research Council. National Academic Press, Washington, D.C., 1996.

Experimental design 
The rats were randomly submitted to the following experimental protocols: Control Group (n = 18): rats underwent laparotomy and liver manipulation; Saline Group (n = 26): rats received intravenous injection (iv) saline 15 min before liver ischemia; Diazoxide Group (n = 26): rats received iv diazoxide (Sigma Chemical CO, St. Louis, MO, USA) (3.5 mg/kg) 15 min before liver ischemia. Saline and Diazoxide groups received the same iv volume in mL/kg.

Surgical procedure and sample collection
The animals were anesthetized with intra-peritoneal ketamine (Cristalia, São Paulo, Brazil) (30 mg/kg) and xylazine (Bayer, São Paulo, Brazil)(30 mg/kg) and submitted to orotracheal intubation, and ventilated with a tidal volume of 0.08 mL/g body weight, at a respiratory rate of 60/min, and FiO2 of 0.21 (Small Animal Ventilator model 683, Harvard Apparatus, Holliston, MA, USA). During the surgical procedure, body temperature was monitored using a rectal digital thermometer (YSI Precision 4000A Thermometer, USA), being maintained at 37 oC. Median laparotomy was performed and the hepatic pedicle of median and left anterolateral segments were isolated, exposed and clamped with a non-traumatic microvascular bulldog clamp during 1 h that induces ischemia to 70% of the total liver volume. In this model, intestinal congestion is avoided allowing the possibility to study the effects of isolated liver ischemia. The incision was closed, and after a 60-min ischemic period, the abdomen was reopened allowing clamp removal and liver reperfusion[13,14].
After liver reperfusion, rats were re-anesthetized for blood sampling through cardiac puncture and killed by exsanguination. At 4 and 24 h after reperfusion, blood was collected for determinations of aspartate aminotransferase (AST), alanine aminotransferase (ALT), tumor necrosis factor (TNF-α), interleukin-6 (IL-6), interleukin-10 (IL-10), tumor growth factor-β1 (TGF-β1), nitrite/nitrate and creatinine. Hepatic tissues were assembled for evaluation of mitochondrial oxidation and phosphorylation, malondialdehyde (MDA) content, and histologic analysis. The liver tissue for post-ischemic analysis was obtained from median and left anterolateral segments previously submitted to I/R injury. Lungs were perfused via tracheal with 30-50 mL of 0.9% NaCl at 10 mL/min, using a syringe pump (model 975) from Harvard Apparatus, and fragments were harvested and divided for analysis of microvascular permeability, mieloperoxidase (MPO) activity. No mortality is observed in this model of partial liver ischemia. No mortality is observed in this model of partial liver ischemia. 

Serum AST and ALT levels 
Serum AST and ALT levels were measured to assess the extension of hepatocellular injury. The enzyme activities were assayed by using the optimized ultraviolet method (COBAS MIRA) from Roche (Roche Diagnostics, Rotkrenz, Switzerland). Results are expressed as units per liter (U/L).

Liver mitochondrial oxidation and phosphorylation activities
Liver mitochondria were prepared as previously described[15]. Briefly, rat livers were rapidly excised and placed in medium containing 250 mmol/L sucrose, 10 mmol/L Tris-HCl, and 1 mmol/L EGTA, pH 7.3, at 4 °C. The tissue was scissor-minced and homogenized in ice using a Teflon Potter homogenizer. The homogenate was centrifuged at 600 g for 10 min. The supernatant was centrifuged for 10 min at 10000 g to obtain the mitochondrial pellet. Mitochondrial suspension containing 30-40 mg/mL of mitochondrial protein was prepared, and stored on ice before the assay of mitochondrial respiration. 
The mitochondrial oxygen consumption was polarographically[16] measured using a Gilson 5/6H Oxygraph (Gilson Medical Eletronics, Inc., Middleton, WI) in a closed reaction vessel fitted with a Clark oxygen electrode (Yellow Springs Instruments Co., Yellow Springs, OH) at 28 °C. The incubation medium consisted of 120 mmol/L KCl, 2 mmol/L sodium phosphate, 10 µmol/L rotenone, and 1 mmol/L EGTA [Ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid], and was buffered at pH 7.3 with 5 mmol/L Tris-HCl. Mitochondria were energized with potassium succinate as substrate at a final concentration of 10 mmol/L. After a brief equilibration period, state 3 (activated state, S3) respiration was induced by the addition of 280nmol adenosine diphosphate (ADP). The added ADP was phosphorylated to adenosine triphosphate (ATP) and the state 4 (basal state, S4) respiration was then measured. The oxygen consumption ratio in the presence of ADP to that in absence (respiratory control rate, RCR) and the ADP/O ratio were calculated as indices of mitochondrial oxidation and phosphorylation activities[17].
	RCR = Oxygen consumption in the S3/ oxygen consumption in the S4.
	ADP/O = Moles of ATP formed from ADP per atom of oxygen consumed.
	S3 and S4 were measured and reported as nmol oxygen per milligram mitochondrial protein per minute. Mitochondria protein content was determined by the method of Lowry et al[18].

Lipid peroxidation analysis
MDA formation was used as indicative of the occurrence of lipid peroxidation in the tissues and was estimated as thiobarbituric acid-reactive substances (TBARS). Liver tissues (100 mg/mL) were homogenized in 1.15% KCl buffer, and centrifuged at 14000 g for 20 min. An aliquot of the supernatant was then added to a reaction mixture consisting  of 1.5 mL 0.8% thiobarbituric acid, 200 μL 8.1% (v/v) sodium dodecyl sulfate, 1.5 mL 20% acetic acid (pH 3.5), and 600 μL distilled water. The mixture was then heated at 90 °C for 45 min. After cooling to room temperature, the samples were cleared by centrifugation (10000 g for 10 min), and the absorbance was measured at 532 nm using malondialdehyde bis (dimethyl acetal) as external standard. The content of lipid peroxides was expressed as nmol MDA per mg of protein[19].

Serum levels of nitrite-nitrate 
Serum levels of nitrite-nitrate were determining using a commercial assay kits (R&D Systems Inc, MN, USA) according to the manufacturer’s guidelines.

Determination of inflammatory mediators
Serum levels of TNF-α, IL-6, IL-10, and TGF-β1 were determined by ELISA using commercial kits (Invitrogen, CA, USA). 

Histological analysis of the liver
Liver samples were fixed in 10% buffered formalin for standard hematoxylin and eosin staining. Histological evaluation of the liver sections was performed by the same pathologist in a blinded manner. The severity of histological injury was analyzed according to the scoring system proposed by Quireze et al[20].

Lung tissue microvascular permeability analysis
Increases in lung microvascular permeability were quantified by the Evans blue dye (EBD) extravasation technique as described previously[18]. EBD was injected, 20 mg/kg of body weight, via dorsal penial vein 15 min before euthanasia. After collecting blood sampling, lungs were perfused with 30-50 mL of NaCl 0.9% at 10 mL/min, using a syringe pump (model 975) from Harvard Apparatus, and weighed. One small fragment was dried at 60 °C for calculation of total dry weight. To extract the dye, the lung was incubated with formamide, 4 mL/mg of tissue, for 24 h at room temperature. The concentration of EBD extracted into formamide was quantified spectrophotometrically at 620 nm using the Ultra Microplate Reader ELX 808 from Bio-Tek Instruments (Winooski, VT). The results are expressed as microgram of EBD per gram of dry weight tissue. Expression of results as a function of dry weight avoids underevaluation due to edema formation[21].

Lung tissue MPO activity
Lung MPO activity was used as an indicator of the neutrophil content in lung parenchyma. MPO activity was used as an indicator of neutrophils presence in lung tissue. Samples of 300 mg wet lung tissue were homogenized with a polytron homogenizer (Polytron PT-2100 homogenizer, Kinematica AG, Luzern, Switzerland) for 60 s in 1 mL of sodium phosphate buffer, pH 6.2, containing 0.5 g/dL hexadecyltrimethyl ammonium bromide and 5 mmol/L of ethylenediaminetetraacetic acid. Homogenized samples were then sonicated at 40 Hz for 60 s, and centrifuged at 3000 g for 30 min at 4 oC. MPO activity in the supernatant was assayed by measuring the change in absorption at 460 nm (A460) resulting from the metabolism of hydrogen peroxide in the presence of O-dianisidine[22,23]. MPO content was expressed as units of MPO activity per gram tissue.

Serum levels of creatinine
Serum levels of creatinine were determined at 4 and 24 h after reperfusion by a modified Jaffe method.

Statistical analysis
Results are presented as mean values ± SEM. Continuous variables were compared using analysis of variance. Results from the histological analysis were compared using the Kruskal-Wallis test. The level of P < 0.05 was considered as statistically significant. The GraphPad 6 Prism Software (GraphPad Software, San Diego, CA) was used for statistical analysis.

RESULTS
Effect of diazoxide on hepatic enzymes 
At 4 and 24 h after reperfusion serum AST and ALT activities were significantly elevated in groups with I/R compared to the control group, however diazoxide group presented elevation of AST, ALT serum levels significantly lower than saline group (Figures 1A and B).
	
Effect of diazoxide on liver mitochondrial oxidation and phosphorylation activities
Four hours after reperfusion, there was a decrease in the oxygen consumption rate by liver mitochondria in state 3 (S3), in respiratory control rate (RCR), and in ADP/O ratio in animals of saline group when compared to diazoxide and control groups (Figure 2A-C). No differences were found in state 4 (S4) between group saline and diazoxide.

Effect of diazoxide on liver MDA
MDA content in the liver was used as measure of lipid peroxidation in the organ and it was not affected by diazoxide administration (Table 1).

Effect of diazoxide on nitrite-nitrate serum levels
Four hours after reperfusion it was observed a significant reduction of nitrite-nitrate serum levels in the group of animals treated with diazoxide when compared to animals of saline group (Figure 3).

Effect of diazoxide on inflammatory mediators levels
At 4 h after liver reperfusion it was observed a significant increase in serum levels of TNF-α, IL-6, and IL-10 in saline group when compared diazoxide and control group (Figures 4A-C).
Transforming growth factor (TGF-β1) was also reduced 24 h after liver reperfusion in diazoxide treated animals and in control group when compared to saline group (Figure 4D). 

Effect of diazoxide on liver histologic analysis
The severity of histological injury analyzed according to the scoring system proposed by Quireze et al[20] was similar in both diazoxide and saline groups. 

Effect of diazoxide on lung permeability and MPO activity
Lung microvascular permeability evaluated through Evans blue dye (EBD) extravasation, was increased 4 h after reperfusion compared to control group, however it was not affected by diazoxide treatment. Similar results were observed with the evaluation of lung neutrophil infiltration by lung MPO activity determination (Table 1).

Effect of diazoxide on serum levels of creatinine
Serum levels of creatinine were used as evaluation of kidney injury after I/R liver and it was not affected by diazoxide administration (Table 1).

DISCUSSION
Transient periods of nonlethal ischemia and reperfusion that confer protection against organ I/R injury have been named ischemic preconditioning. This ischemic preconditioning effect has been extensively studied as a method useful to reduce organs including liver I/R injury[24-27]. In fact this is the only strategy used in clinical practice to reduce liver ischemic/reperfusion injury[28].
There are several experimental evidences that the main mechanism of organ protection in the ischemic preconditioning effect is the opening of the mitoKATP channel[29-32]. The main physiologic action of mitoKATP channel is the regulation of the mitochondrial volume and therefore regulates electron transport being important in mitochondrial bioenergetic functions[33,34].
MitoKATP opening is followed by mitochondrial K+ uptake inducing matrix alkalization that causes complex I reactive oxygen species production and activation of protein kinase C-e and therefore inhibition of membrane permeability transition (MPT) pore opening[35]. Inhibition of MPT pore opening keeps mitochondrial integrity during I/R injury since the MPT pore opening leads to dissipation of proton motive force resulting in ATP depletion and cell energetic failure.
Diazoxide is a strong mitoK ATP opener and therefore could protect organs from I/R injury. In fact its protective effect has been demonstrated in cerebral, renal and heart ischemia[29,36-38].
	In the present study we observed a reduction in serum AST and ALT levels in diazoxide group reflecting the reduction in liver damage from I/R injury. Reduction of inflammatory mediators (TNF-α, IL-6, IL-10) observed in the present study is also related to reduction of liver damage however, the severity of histological injury analyzed according to the scoring system proposed by Quireze et al[20] was similar in both groups diazoxide and saline. Despite reduction of inflammatory mediators no attenuation of lung and kidney injury was observed in diazoxide treated animals. The preservation of mitochondrial function observed in this study by an increase in the oxygen consumption rate by liver mitochondria in state 3, in respiratory control rate (RCR), and in ADP/O ratio in animals of diazoxide group when compared to saline group, suggests that diazoxide may act by sustaining the mitochondrial energetics through mitoKATP opening, MPT pore opening inhibition and reduction of ATP depletion.
The reversible redox conversion of nitrite and nitric oxide (NO) allows us to evaluate the production of NO in pathologic conditions by determination of serum nitrate-nitrite levels. In the present study we observed a significant reduction in nitrate-nitrite serum levels in the group of animals treated with diazoxide compared to saline group.
Reduction in TGF-β1 in diazoxide group also indicates a reduction in liver damage since TGF-β1 has been recognized as a key mediator in tissue fibrosis by stimulating matrix-producing fibrogenic cells and promoting extracellular matrix deposition that followed tissue injury. 
MitoKATP opening inducing partial mitochondrial membrane depolarizatrion reduces the driving force for Ca2+ influx during ischemia. In fact, it has been reported that diazoxide reduces Ca2+ influx during cardiac reperfusion[38]. Since intracellular Ca2+ overload may cause mitochondrial damage the beneficial effect of diazoxide in liver I/R injury may also be related to reduction in hepatocyte intracellular Ca2+. The suppression of hepatocyte calcium overload by diazoxide recently demonstrated[12] is therefore an additional effect of diazoxide protecting liver mitochondria from I/R injury. The study of other activators of these mitoKATP channels may provide new therapeutic strategies for treatment of liver I/R injury.
In conclusion diazoxide administration by mitoKATP opening maintains liver mitochondrial function, increases liver tolerance to I/R injury, and reduces systemic inflammatory response. Since diazoxide has also a hypotensive effect its administration may also reduce bleeding in liver surgery during hepatic parenchyma transection. These effects require further evaluations before using in a clinical setting.

COMMENTS
Background
The mitochondrial ATP-sensitive potassium channel (mitoKATP) channel has been related to the preconditioning protection in several organs including liver. Diazoxide is a selective mitoKATP opener which has a protective effect on liver ischemia/reperfusion (I/R) injury however the mechanism of this protection is not well understood.
 Research frontiers
Authors demonstrated in this study that diazoxide protects liver from I/R injury by reduction of mitochondrial dysfunction and also by significant reduction of inflammatory cytokines.
Innovation and breakthroughs
Although the protective effects of diazoxide on liver I/R injury had been previously shown we demonstrated that these effects include mitochondrial function preservation and also a significant reduction in inflammatory cytokines. The authors concluded that diazoxide reduces mitochondrial dysfunction and reduces inflammatory cytokines protecting the liver but has no effect on distant organ damage.
Application
Diazoxide as a hypotensive drug can be used during liver resection reducing bleeding and also protecting liver from I/R injury. 
Peer review
This study evaluated the effects of mitochondrial K+ channel opener diazoxide on liver I/R injury using a rat in vivo warm I/R model. It shows that diazoxide decreased AST and ALT release after hepatic warm I/R but did not protect against liver histological changes and lung and kidney injury. It provides some interesting data, protective effects of diazoxide after hepatic warm I/R in rats.
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FIGURE LEGENDS
Figure 1  Effects of diazoxide on serum activities. Aspartate aminotransferase (AST) (A) and alanine aminotransferase (ALT) (B) 4 and 24 h after hepatic reperfusion. Control Group consisted of animals submitted to operative manipulation. Groups of animals submitted to liver ischemia/reperfusion were treated with normal saline (Saline Group) or diazoxide (Diazoxide Group) 15 min prior reperfusion. Data are expressed as mean ± SEM of 10 animals per group. a,cP < 0.05, vs Control group. CONTR: Control group; SAL: Saline Group; DIAZ: Diazoxide group.

Figure 2  Effects of diazoxide on liver mitochondrial oxidation and phosphorylation activities in liver ischemia/reperfusion. Control Group consisted of animals submitted to operative manipulation. A: Respiratory control rate (RCR); B: State 3 respiration (S3); C: ADP/O ratio. Groups of animals submitted to liver ischemia/reperfusion were treated with normal saline (Saline Group) or diazoxide (Diazoxide Group) 15 min prior reperfusion. Data are expressed as mean ± SEM of 6 animals per group. aP < 0.05, vs Control group. CONTR: Control Group; SAL: Saline Group; DIAZ: Diazoxide Group.

Figure 3  Effects of diazoxide on serum levels of nitrite-nitrate in liver ischemia/reperfusion. Control Group consisted of animals submitted to operative manipulation. Groups of animals submitted to liver ischemia/reperfusion were treated with normal saline (Saline Group) or diazoxide (Diazoxide Group) 15 min prior reperfusion. Data are expressed as mean ± SEM of 10 animals per group. aP < 0.05, vs Control group. CONTR: Control group; SAL: Saline group; DIAZ: Diazoxide group.

Figure 4  Effects of diazoxide on the systemic inflammation. Serum levels of tumor necrosis factor 2 alpha (TNF-α)(A), interleukin-6 (IL-6)(B), IL-10 (C) and transforming growth factor β1 (TGF-β1)(D) in liver ischemia/reperfusion. Control Group consisted of animals submitted to operative manipulation. Groups of animals submitted to liver ischemia/reperfusion were treated with normal saline (Saline Group) or diazoxide (Diazoxide Group) 15 min prior reperfusion. Data are expressed as mean ± SEM of 6 animals per group. aP < 0.05 vs Control group. CONTR: Control group; SAL: Saline group; DIAZ: Diazoxide Group.
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Figure 5

Table 1  Effect of Diazoxide treatment on hepatic ischemia/reperfusion 
	
	Control
	Saline 
	Diazoxide
	

	Liver MDA 
(nmol/mg prot) 

	1.49  0.20a
	3.24  0.26
	2.60  0.19
	

	Lung EBD
(µg/g dry weight)

	70.13  10.19a
	200.02  54.44
	155.70  43.44
	

	Lung MPO 
Activity/g tissue

	0.032  0.007a
	0.062  0.008
	0.065  0.012
	

	Serum creatinine1

	0.3  0.1a
	0.8  0.1
	0.9  0.1
	

	Serum Creatinine2                       

	 0.3 ± 0.1a
	1.0 ± 0.1
	0.8 ± 0.2
	

	
	
	
	
	


In Control group, rats underwent laparotomy and liver reperfusion. In Saline and Diazoxide groups, rats were submitted to liver ischemia/reperfusion and treated with saline or diazoxide 15 minutes before liver ischemia. Malonyldialdehyde (MDA) was analyzed in liver tissue and expressed as nmol/mg protein. Lung microvascular permeability was evaluated through Evans blue dye (EBD) extravasation and lung myeloperoxidase myeloperoxidade (MPO) activity was evaluation of lung neutrophil infiltration. Creatinine levels in serum are expressed as U/L (1: 4 h after reperfusion; 2: 24 h after reperfusion). Data are expressed as mean ± SEM of 10 animals per group. aP < 0.05 vs Control group.
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