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                             Cytochrome P450 induction by phenobarbital exacerbates warm 
hepatic ischemia-reperfusion injury in rat livers      
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Abstract
 Recent studies have shown that cytochrome P450 inhibitors reduce oxidative stress and injury to the liver following warm 
ischemia-reperfusion (IR). The aim here was to test the effect of P450 induction by phenobarbital on the IR injury in rat liv-
ers. Rats were pre-treated with saline or phenobarbital and subjected to IR or sham operation. IR signifi cantly increased the 
plasma alanine aminotransferase concentrations. Phenobarbital further exacerbated the injury by an additional 50% increase 
in the alanine aminotransferase levels. Phenobarbital also caused an ∼ 40% increase in the total P450 content of the liver, 
which was also associated with a 75% increase in the reactive oxygen species (ROS) generation in the IR group. There was 
a strong correlation between the microsomal ROS generation and total P450 content, CYP3A2 activity or CYP2B1 activity. 
It is concluded that the induction of P450 by phenobarbital signifi cantly increases hepatic production of ROS, leading to 
signifi cantly higher hepatic IR injury.  

  Keywords:   Hepatic ischemia-reperfusion injury ,  reactive oxygen species ,  cytochrome P450 ,  enzyme induction ,  phenobar-
bital ,  microsomes    
 Introduction 

 Hepatic ischemia-reperfusion (IR) injury may occur 
as a normothermic event during liver resection sur-
gery (Pringle’s maneouvre), haemorrhagic or septic 
shock or trauma. Additionally, cold IR injury occurs 
during liver preservation for transplantation. Although 
warm and cold IR injuries share some common 
mechanisms, there are major differences in their 
pathophysiology [1], with warm IR injury being much 
more poorly tolerated. Among different known or sus-
pected mediators, reactive oxygen species (ROS) play 
a major role in the pathophysiology of warm IR injury 
[1,2]. ROS stimulate the initiation of injury cascades 
in the absence of effective antioxidant defense and 
cause enhanced damage not only to the liver itself but 
also to extrahepatic organs [2–4]. Therefore, strate-
gies to reduce generation of ROS or enhance their 
removal from the liver are expected to improve the 
warm hepatic IR injury. 
ISSN 1071-5762 print/ISSN 1029-2470 online © 2010 Informa UK Ltd. (I
DOI: 10.3109/10715761003610729
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 Very recently [5,6], we hypothesized that cyto-
chrome P450 (CYP) enzymes may contribute to the 
pathophysiology of the warm hepatic IR injury 
because of their known capacity to produce ROS 
[7,8]. P450 enzymes are an important class of 
enzymes that convert various xenobiotics and endog-
enous substrates to their oxidized forms. Beside their 
mono-oxygenase activity, various isoforms of P450 
also generate different degrees of ROS by uncoupl-
ing. Among the P450 enzymes, CYP1A2, CYP2B1, 
CYP2C11, CYP2E1 and CYP3A2 have been repor-
ted as major producers of ROS [7]. Therefore, we 
attributed improvements observed in the warm hepatic 
IR injury in our rat models after administration of 
cimetidine, a CYP2C11 inhibitor, or diallyl sulphide 
(DAS), a CYP2E1 inhibitor, to the ability of the P450 
inhibitors to reduce ROS generation [5,6]. 

 In addition to our studies in the rat liver IR [5,6], 
other studies have also shown that CYP inhibitors, 
nforma Healthcare, Taylor & Francis AS)
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like cimetidine, chloramphenicol and sulphaphena-
zole, reduce normothermic IR injury in the heart [9], 
lung [10] and kidney [11] IR, in both  in vitro  [9–11] 
and  in vivo  [9,11] models. Collectively, these studies 
suggest that CYP may play a detrimental role in 
warm IR injury. However, most of the studied CYP 
inhibitors exert other, non-specifi c effects. For exam-
ple, our recent work [5] demonstrated that DAS, in 
addition to CYP2E1 inhibition, also causes an induc-
tion of heme oxygenase-1 in rats subjected to warm 
hepatic IR injury. Because heme oxygenase-1 is known 
to be protective in hepatic IR injury [12], the hepato-
protective effects of DAS may, at least in part, be due 
to its ability to induce this enzyme. Additionally, 
chloramphenicol inhibits mitochondrial protein syn-
thesis [13], potentially affecting mitochondrial ROS 
generation, in addition to CYP inhibition. Therefore, 
the non-specifi c effects of P450 inhibitors may have 
also contributed to their protective effects in warm IR 
injury. If the protective effects of these inhibitors 
were indeed due to CYP inhibition, one would expect 
that CYP induction would have an opposite effect, 
exacerbating IR injury. However, the effects of CYP 
induction on the warm hepatic IR injury are not 
known at this time. Therefore, the objective of the 
current study was to investigate the effects of CYP 
induction by phenobarbital on the extent of ROS 
generation and injury in an established rat model of 
warm hepatic IR. Our hypothesis was that phenobar-
bital would increase microsomal ROS generation via 
an induction of CYP, leading to an increased liver 
injury after warm IR.   

 Materials and methods  

 Chemicals 

 The following kits and reagents were used in this 
study: alanine aminotransferase (ALT) assay kit from 
Teco Diagnostics (Anaheim, CA); 2,3-dihyroxybenzoic 
acid (2,3-DHB), 2,5-dihydroxybenzoic acid (2,5-DHB), 
sodium salicylate, monochloroacetic acid, isocitric 
acid, isocitrate dehydrogenase, 2′,7′-dichlorofl uo-
rescin diacetate (DCFH-DA), dichlorofl uoroscein 
(DCF), TRIS, HEPES, glycerol, cytochrome c, tetra-
hydrofuran, digitonin, 1-aminobenzotriazole (ABT), 
bovine serum albumin (BSA), sodium phenobarbital 
and sodium hydrosulphite from Sigma-Aldrich Co. 
(St. Louis, MO); NADPH from Calzyme Laborato-
ries Inc. (San Luis Obispo, CA); 2,4-dinitrophenyl-
hydrazine from Alfa Aesar (Ward Hill, MA); oxidized 
glutathione (GSSG), perchloric acid, 1-octanesul-
phonic acid and potassium periodate from Acros 
Organics (Morris Plains, NJ); 2,3-bis(2-methoxy-4-
nitro-5-sulphophenyl)-2H-tetrazolium-5-carboxa-
nilide inner salt (XTT sodium) from Biotium 
(Hayward, CA); hypoxanthine from Research Organ-
ics Inc (Cleveland, OH); xanthine oxidase from MP 
Biomedicals, Inc. (Solon, OH); rabbit anti-rat pri-
mary antibody against cytochrome P450 reductase 
from Stressgen (Ann Arbor, MI); and HPLC grade 
acetonitrile from EMD Sciences, Inc. (Gibbstown, NJ). 
All other reagents were analytical grade and obtained 
from commercial sources.   

 Animals 

 All the procedures involving animals in this study 
were consistent with the ‘Principles of Laboratory 
Animal Care’ (NIH publication #85-23, revised 
1985) and approved by our Institutional Animal Care 
and Use Committee. Adult male Sprague-Dawley 
rats were obtained from Charles River laboratories 
(Indianapolis, IN) and housed under a 12 h day/night 
cycle in an institutional animal facility with free 
access to food and water.   

 Experimental groups 

 A total of 28 rats (230–280 g) were divided into two 
groups of Saline and Pheno. Whereas the Saline 
group was treated with vehicle, the Pheno group was 
treated with 80 mg/kg/day phenobarbital at a volume 
of 1 ml/kg per each i.p. injection for 3 days. Each 
group was then further divided into two surgical sub-
groups of sham or IR, creating a total of four groups 
consisting of Sham-Saline ( n  � 6), Sham-Pheno ( n  � 6), 
IR-Saline ( n  � 8) and IR-Pheno ( n  � 8). 

 Additionally, in a separate study, specifi cally 
designed to test the effects of IR on the ROS genera-
tion by mitochondria, eight rats were divided into two 
equal groups and subjected to either sham or IR 
procedure.   

 Surgical procedures 

 After an overnight fast, vehicle- or phenobarbital-
treated rats were anaesthetized with an intramuscular 
injection of ketamine:xylazine (80:4 mg/kg) and sub-
jected to the IR or sham operation. Ischemia was 
induced by the well-established partial (70%) isch-
emia model [14] by occluding the left branches of the 
portal vein, hepatic artery and bile duct using a micro-
vascular clamp. This model prevents blood fl ow to the 
left and median lobes of the liver while allowing unin-
terrupted blood fl ow to the right and caudate lobes, 
preventing intestinal congestion. During the ischemic 
period, the body temperature of the animals was 
closely monitored and automatically maintained at 
37°C by a combination of a heating plate and a heat-
ing lamp connected to a thermo-regulated tempera-
ture controller (TCAT-2AC Controller; Physitemp, 
Clifton, NJ). After 1 h of partial ischemia, the clamp 
was removed to allow reperfusion. Five millilitres of 
sterile saline (37°C) was added to the peritoneal 
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cavity to compensate for volume loss before closure of 
the abdomen. Sham-operated animals went through 
an identical procedure except for clamping of the 
vessels and bile duct. After 3 h of reperfusion, rats 
were euthanized and samples were collected as 
explained below.   

 Sample collection 

 At the end of the reperfusion period, blood was 
collected from the abdominal aorta into heparinized 
syringes and, after centrifugation, plasma was sepa-
rated. A portion of each plasma samples was stored 
at 4°C for the analysis of ALT within a week and 
the remainder of plasma was stored at �80°C. 
Additionally, the left lobe was used immediately 
for separation of microsomes. The median lobe was 
frozen by immersion into liquid nitrogen and stored 
at �80°C for biochemical analysis. In the mitochon-
drial study, the livers were used immediately for 
preparation of mitoplast fractions as explained later 
in this section.   

 Measurement of liver injury marker in plasma 

 Plasma samples were used undiluted or diluted with 
deionized water (20-fold; IR groups only) and used 
to quantitate ALT levels spectrometrically.   

 Microsomal preparation 

 Microsomes were prepared according to the estab-
lished ultracentrifugation methods [15], reported 
previously [5]. The fi nal pellet was dispersed in a stor-
age buffer (50 mM Tris-HCl buffer pH 7.4 containing 
150 mM KCl, 1 mM EDTA and 20% glycerol) and 
stored at �80°C. Protein content in the microsomes 
was determined by the Bradford [16] assay using 
bovine serum albumin as standard.   

 Mitoplast preparation 

 Mitoplasts are isolated mitochondria without their 
outer membranes, which have been used for deter-
mination of the P450 activity of mitochondria 
[17,18]. Mitoplasts were prepared according the 
method reported by Anandatheerthavarada et al. 
[18]. Briefl y, using a motor-driven Potter-Elvehjem 
glass homogenizer, median lobes of the Sham or IR 
livers were homogenized (1:9) in a sucrose-mannitol 
buffer (pH 7.5), containing 20 mM HEPES, 70 mM 
sucrose, 220 mM mannitol, 2 mM EDTA and 
0.5 mg/ml of BSA. The homogenate was centrifuged 
at 2000 g for 10 min and the supernatant was sub-
sequently centrifuged at 10 000 g for 15 min to isolate 
the mitochondrial pellet. The crude mitochondria 
was washed twice and suspended in the same buffer 
at a concentration of 20–25 mg/ml. To remove 
the mitochondrial outer membrane, the mitochon-
drial suspension was further treated with digitonin 
(100 μg/mg protein) at 4°C. The resultant mitoplasts 
were washed free of digitonin at 10 000 g and sus-
pended in a buffer containing 0.154 M potassium 
chloride, 5 mM TRIS, 1 mM EDTA and 20% glyc-
erol (pH 7.4). The protein content of the mitoplast 
fraction was then determined before storage at �80°C. 
The 10 000 g (post-mitochondrial) supernatant was 
then used to isolate microsomes by centrifugation at 
100 000 g for 1 h as described above. The degree of 
contamination of the mitoplast fractions with micro-
somes was determined by Western blot analysis of 
the microsomal marker protein cytochrome P450 reduc-
tase in the microsomal and mitoplast fractions as 
described before [19] .   

 Total CYP and heme content and cytochrome P450 
reductase activity in microsomes 

 Total CYP and heme contents were determined using 
the method of Omura and Sato [20]. Cytochrome 
P450 reductase (CPR) activity was measured spec-
trophotometrically at 550 nm by a kinetic method as 
reported before [21].   

 Activity of microsomal CYP isoforms 

 The CYP isoform activities of CYP3A2 and 2B1, the 
major CYP isoforms induced by phenobarbital [22], 
were determined by 6b-hydroxylation of testosterone 
and dealkylation of benzyloxyresorufi n using estab-
lished methods as reported before [23].   

 ROS generation using DCFH-DA as a probe 

 ROS generation by liver microsomes, mitoplasts and 
whole homogenates were determined by the DCFH-
DA assay [24]. In this assay, DCFH-DA is taken up 
into the hepatocellular organelles and membranes, 
where it is de-esterifi ed to DCFH. Subsequently, the 
non-fl uorescent DCFH is converted to the fl uores-
cent DCF by ROS. In all the assays described below, 
we monitored the increase in the fl uorescence in a 
microplate reader at excitation and emission wave-
lengths of 485 and 525 nm, respectively. The rate of 
the fl uorescence increase was then converted to nmol 
DCF/mg protein/min, calculated based on a calibra-
tion curve using DCF as a standard.   

 Microsomal ROS.   The method used is similar to those 
reported before [24,25]. Briefl y, 20 μl of a 125 μM 
solution of DCFH-DA in ethanol (2.5 nmol) was 
dried under nitrogen stream. To each dried tube were 
added 0.1 mg microsomal protein and a suffi cient vol-
ume of 50 mM potassium phosphate buffer (pH 7.4) 
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to bring the total volume to 450 μl. The samples were 
then incubated at 37°C for 20 min. A 180 μl aliquot 
of the reaction mixture was then transferred to a 
microplate at 37°C and 20 μl of a 5 mM NADPH 
solution was added. The fi nal reaction mixture con-
tained 5 μM DCFH-DA, 0.2 mg/ml microsomal pro-
tein and 0.5 mM NADPH. The rate of DCF 
generation was then monitored for 20 min.   

 Mitoplast ROS .  The method used for the estimation 
of ROS in mitoplasts was similar to that described 
above for the microsomes except that the mitoplast 
ROS generation assay was monitored both in the 
absence and presence of 1 mM ABT. This concentration 
of ABT is known to reduce microsomal P450 content 
by 50% within 10 min [26]. After addition of all the 
reaction components, the rate of DCF generation was 
monitored for 40 min and the data during the last 20 
min was used for estimation of DCF formation.   

 Whole liver homogenate ROS   The generation of ROS 
by the whole liver homogenates was studied as 
reported before [27], with some modifi cations. Briefl y 
the liver was homogenized (1:9, w/v) in a cold buffer 
containing 130 mM KCl, 5 mM MgCl 2 , 20 mM 
NaH 2 PO 4 , 20 mM Tris and 30 mM glucose (pH 7.4). 
After centrifugation at 1000 g for 10 min to remove 
cell debris, the homogenate was used in a reaction 
mixture containing 5 μM DCFH-DA, 0.5 mM 
NADPH and 1 mg/ml homogenate protein and the 
rate of DCF generation was monitored at 37°C over 
20 min.   

 Hydroxyl radical generation using salicylate as a probe 

 We used the generation 2,3-dihyroxybenzoate (2,3-
DHB) from salicylate in microsomal preparations as 
a specifi c measure of formation of hydroxyl radicals 
[28]. Briefl y, the reaction mixtures (1 ml) contained 
1 mg microsomal protein and 1 mM salicylate in a 
50 mM potassium phosphate buffer (pH 7.4). The reac-
tions were started at 37°C by the addition of NADPH 
(0.3 mM) and terminated after 15 min by the addition 
of 5 μl of perchloric acid. After vortex-mixing and 
centrifugation at 14 000 rpm for 10 min, a 5 μl aliquot 
of the supernatant was injected into an HPLC system 
with an electrochemical detector. The analytes were 
resolved on a C 18  microbore column (BAS instrument, 
Indianapolis, IN), using a mobile phase containing 
4 ml acetonitrile, 1 ml tetrahydrofuran and 100 ml 
buffer. The buffer consisted of 75 mM monochlo-
roacetic acid, 1.5 mM octanesulphonic acid and 
0.7 mM EDTA (pH 2.9). The mobile phase fl ow rate 
was 0.1 ml/min. The products of salicylate oxidation 
were detected by an electrochemical detector equipped 
with a glassy carbon electrode and an Ag/AgCl refer-
ence electrode. The detector potential was set to 0.75 
V and maximum sensitivity was 5 nA. The forma-
tion of 2,3-DHB is reported as nmol/mg microsomal 
protein/min.   

 Reduced (GSH) and oxidized (GSSG) glutathione in 
the liver tissue 

 The GSH and GSSG contents of liver tissue were 
estimated using a method recently developed in our 
laboratory [29]. The assay, which is based on an enzy-
matic recycling method, measures the concentrations 
of total glutathione and GSSG directly. The concen-
tration of GSH is then estimated by subtracting the 
concentration of GSSG from the total glutathione 
concentration.   

 Superoxide dismutase and catalase in the liver tissue 

 The activities of the antioxidant enzymes superoxide 
dismutase (SOD) and catalase in the liver homoge-
nates were estimated according to the established 
methods, as described in detail recently [6]. Basi-
cally, the SOD activity was estimated as its ability to 
inhibit the reduction of the tetrazolium dye XTT 
[30], while catalase activity was determined as its 
ability to produce formaldehyde from methanol in 
the presence of optimal concentrations of hydrogen 
peroxide [31].   

 Lipid peroxidation in liver 

 Malondialdehyde (MDA) content of the livers was 
estimated using a specifi c HPLC method [5]. The 
method measures total (protein-bound and free) 
MDA after alkaline hydrolysis of the protein-bound 
MDA, followed by derivatization of MDA with 
2,4-dinitrophenylhyrazine before analysis by reversed-
phase HPLC.   

 Data analysis 

 The effects of drug treatment (Saline vs Pheno) and 
surgical manipulation (Sham vs IR) on different 
parameters were tested using two-way ANOVA. In the 
presence of a signifi cant interaction between the two 
factors (drug treatment and surgical manipulation), 
Bonferroni’s post-test analysis of means was used 
with a  p -value corrected for the number of compari-
sons. Regression analysis was used to test the relation-
ships between ROS generation by microsomes and 
CYP content or activities and between plasma ALT 
levels and CYP activities or ROS generation by 
microsomes. A  p- value of �0.05 or its Bonferroni-
adjusted equivalent was considered signifi cant. All 
statistical tests were carried out using the program 
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GraphPad Prism 5 (GraphPad Software, La Jolla, 
CA). The results are presented as mean � SD.    

 Results  

 Plasma levels of liver injury marker enzyme 

 The plasma concentrations of the hepatic injury 
marker ALT in different groups are shown in Figure 1. 
The concentrations of ALT were relatively low in 
the sham-operated groups (∼100 IU/L), regardless 
of phenobarbital or vehicle pre-treatment. Ischemia-
reperfusion surgery caused a substantial injury to the 
liver as evidenced by 8–10-fold increases in the 
plasma ALT levels in the Saline and Pheno groups 
( p  � 0.001). Pre-treatment of the animals with 
phenobarbital in the Pheno-IR group signifi cantly 
( p  � 0.001) exacerbated the liver injury by a further 
50% increase in the plasma concentrations of ALT, 
compared with the Saline-IR group. However, phe-
nobarbital pre-treatment in the Sham groups did 
not have any effect on the ALT levels (Figure 1).   

 Total CYP and heme content and cytochrome P450 
reductase activity 

 The total CYP and heme contents and CPR activities 
of the microsomes for different groups of animals are 
presented in Figure 2. Phenobarbital pre-treatment 
of animals for 3 days caused a 40% increase in the 
total CYP content of the livers ( p  � 0.01) in both 
Sham and IR groups (Figure 2A). Additionally, IR 
caused a modest (20%), but statistically signifi cant 
( p  � 0.05), decline in the total CYP content in the 
microsomes of saline- and phenobarbital-pre-treated 
groups (Figure 2A). The phenobarbital-induced 
increase in the total CYP contents was also refl ected 
in the microsomal heme contents that were increased 
( p  � 0.001) by 25% and 35% in the Sham and IR 
groups, respectively (Figure 2B). For CPR, pheno-
barbital pre-treatment signifi cantly ( p  � 0.001) 
increased its activity by 51% and 64% in the Sham 
and IR groups, respectively (Figure 2C). As for 
the infl uence of the surgery, IR caused ∼ 20–30% 
decrease in the CPR activity, when compared with 
the sham operated rats ( p  � 0.001).   

 CYP3A and 2B activities 

 The activities of CYP3A, measured by 6b-hydroxylation 
of testosterone, and CYP2B, measured by dealkyla-
tion of benzyloxyresorufi n, are presented in Figure 3. 
Pretreatment of the rats for 3 days with phenobarbital 
caused 1.8- and 2.2-fold increases ( p  � 0.001) in the 
microsomal CYP3A2 activities in the Sham and IR 
surgical groups, respectively (Figure 3, left panel). 
Additionally, IR caused a 30–40% reduction ( p  � 
0.01) in the microsomal CYP3A2 activity, compared 
with the sham operation (Figure 3, left). As for 
CYP2B, phenobarbital pre-treatment resulted in 4.6- 
and 9.2-fold increases ( p  � 0.001) in its activity in 
the Sham and IR groups, respectively (Figure 3, 
right). Moreover, the IR procedure caused between 
30–60% decreases in the CYP2B1 activity, compared 
with the Sham group ( p  � 0.05).   

 ROS generation using DCFH-DA assay as a probe 

 The results of DCFH-DA oxidation assay, which was 
used to measure ROS generation by microsomes and 
liver homogenates, are presented in Figure 4. For 
microsomes, phenobarbital pre-treatment of the ani-
mals caused a signifi cant ( p  � 0.001) increase in the 
ROS generation capacity in Sham (55% increase) and 
IR (75% increase) groups, as compared with their 
respective saline-treated groups (Figure 4, left). Addi-
tionally, IR groups produced 20–30% less DCF, com-
pared with the Sham groups ( p  � 0.001). 

 The DCF generation profi les in the whole liver 
homogenates (Figure 4, right) were qualitatively 
very similar to those in the microsomes (Figure 4, 
left), although the absolute values were 5–10-fold 
lower in the whole homogenate. Similar to the 
microsomes, phenobarbital pre-treatment caused a 
signifi cant ( p  � 0.001) increase (∼90%) in the DCF 
production, whereas the productions of DCF in 
the IR groups were signifi cantly ( p  � 0.001) lower 
(∼40% decline) than those in their respective Sham 
groups (Figure 4, right).   
  Figure 1.     Plasma concentrations of ALT in Saline-Sham, Pheno-
Sham, Saline-IR and Pheno-IR groups. Rats were pre-treated with 
saline or phenobarbital (80 mg/kg/day) for 3 days, followed by 
60 min of partial warm hepatic ischemia or sham operation and 
3 h of reperfusion. Columns and error bars represent mean and 
SD, respectively. ∗∗∗ p  � 0.001 vs the respective Saline group; 
 ###  p  � 0.001 vs respective Sham group. The statistical analysis is 
based on Bonferroni’s post-test analysis of means because of a 
signifi cant ( p  � 0.001) interaction between the two factors (drug 
treatment and surgical manipulation).  
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 Hydroxyl radical generation using salicylate as a probe 

 The generation of 2,3-DHB from salicylate in the 
microsomes, measured by HPLC, is presented in Fig-
ure 5. The HPLC method was capable of separating 
and quantitating 2,5-DHB, 2,3-DHB and salicylate, 
which were eluted at 3.2, 4.2 and 8.5 min, respectively 
(chromatograms not shown). Phenobarbital caused 
2.6- and 3-fold increases ( p  � 0.001) in the microsomal 
production of 2,3-DHB in the Sham and IR groups, 
respectively. Further, IR, by itself, caused 28–36% 
reduction ( p  � 0.05) in the 2,3-DHB formation.   

 Relationships between ROS generation and 
CYP content or activities  

 The results of regression analyses between micro-
somal ROS generation by formation of DCF or 
2,3-DHB and microsomal total CYP content or 
activities of CYP3A or CYP2B are presented in 
Figure 6. All the regression analyses were signifi cant 
(Figure 6). However, comparing DCF and 2,3-DHB, 
stronger relationships (higher  r  2  values) were obtained 
for DCF. Additionally, comparing total CYP content, 
CYP3A activity and CYP2B activity, the strongest 
correlations were obtained for the total CYP content 
and the weakest for the CYP2B activities (Figure 6). 
Overall, the strongest relationship ( p  � 0.0001, 
 r  2 �  0.85) was observed between DCF formation as a 
measure of ROS generation and total CYP content 
(Figure 6), indicating that, irrespective of the treat-
ment group or surgical procedure, the microsomal 
formation of DCF is almost exclusively dependent on 
the total CYP content.   

 Relationships between ALT and ROS generation  

 The regression analyses of plasma ALT concentrations 
vs microsomal ROS generation by conversion of 
DCFH-DA to DCF or salicylate to 2,3-DHB are pre-
sented in Figure 7 for the animals subjected to 
IR and pre-treated with saline or phenobarbital. 
A signifi cant relationship was found between ALT and 
  Figure 2.     Total CYP (A) and heme (B) contents and cytochrome P450 reductase (CPR) activities (C) of the microsomal fractions of the 
livers obtained from the Saline-Sham, Pheno-Sham, Saline-IR and Pheno-IR groups. Rats were pre-treated with saline or phenobarbital 
(80 mg/kg/day) for 3 days, followed by 60 min of partial warm hepatic ischemia or sham operation and 3 h of reperfusion. Columns and 
error bars represent mean and SD, respectively. ∗∗ p  � 0.01 and ∗∗∗ p  � 0.001 vs respective Saline groups;  #  p  � 0.05 and  ###  p  � 0.001 vs 
respective Sham groups. The statistical analysis is based on two-way ANOVA.  
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DCF or 2,3-DHB within the IR groups. However, the 
data for the Sham groups were not correlated (data not 
shown) because, despite an increase in the ROS gen-
eration, the ALT remained low in the Sham groups.   

 Antioxidant capacity of the liver 

 The liver contents of reduced (GSH) and oxidized 
(GSSG) glutathione along with the activities of the 
liver antioxidant enzymes superoxide dismutase 
(SOD) and catalase are presented in Table I. Although 
IR did not signifi cantly affect the liver concentrations 
of GSH, it caused a signifi cant ( p  � 0.001) increase 
in the levels of GSSG after Pheno pre-treatment 
(Table I). The effects of IR on the GSSG levels 
were also refl ected in a lower ( p  � 0.01) GSH:GSSG 
ratio in the IR-Pheno, compared with its Sham coun-
terpart. Interestingly, phenobarbital pre-treatment 
signifi cantly increased the hepatic levels of GSH 
( p  � 0.01) in both Sham and IR groups. Addition-
ally, phenobarbital increased ( p  � 0.01) the hepatic 
concentrations of GSSG in the IR group only 
(Table I). However, the increase in the GSSG levels 
(62%) was higher than that in the GSH concentra-
tions (21%) in the IR group. As for the antioxidant 
enzymes, whereas both IR and phenobarbital caused 
signifi cant, but modest, decreases in the hepatic 
levels of SOD, catalase activity in the liver was not 
affected by either phenobarbital pre-treatment or 
ischemia-reperfusion (Table I).   
  Figure 3.     CYP3A (left) and 2B (right) activities in the microsomal fractions of the livers obtained from the Saline-Sham, Pheno-Sham, 
Saline-IR and Pheno-IR groups. Rats were pre-treated with saline or phenobarbital (80 mg/kg/day) for 3 days, followed by 60 min of 
partial warm hepatic ischemia or sham operation and 3 h of reperfusion. Columns and error bars represent mean and SD, respectively. 
∗∗∗ p  � 0.001 vs respective Saline group;  #  p  � 0.05 and  ##  p  � 0.01 vs respective Sham groups. The statistical analysis is based on two-way 
ANOVA.  
  Figure 4.     ROS generation capacity of the microsomes (left) and whole homogenates (right) of the livers obtained from the Saline-Sham, 
Pheno-Sham, Saline-IR and Pheno-IR groups. Rats were pre-treated with saline or phenobarbital (80 mg/kg/day) for 3 days, followed by 
60 min of partial warm hepatic ischemia or sham operation and 3 h of reperfusion. Columns and error bars represent mean and SD, 
respectively. ∗∗∗ p  � 0.001 vs respective Saline group;  ###  p  � 0.001 vs respective Sham group. The statistical analysis is based on two-way 
ANOVA.  
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 Lipid peroxidation 

 The hepatic concentrations of the lipid peroxidation 
marker MDA were 13.6 � 1.6, 15.0 � 3.6, 16.1 � 2.4 
and 14.7 � 1.4, nmol/g liver in the Sham-Saline, 
Sham-Pheno, Saline-IR and Pheno-IR, groups, respec-
tively. The hepatic MDA levels were not affected by 
either IR or phenobarbital pre-treatment.   

 ROS generation from mitoplasts  

 As stated in the methods, the ROS formation in the 
mitoplasts was investigated in a separate study, compris-
ing Sham and IR groups. The results of DCFH oxida-
tion by mitoplasts in the absence and presence of ABT 
are presented in Figure 8. Also presented in Figure 8 
are representative Western blot data for CPR that is used 
as a measure of mitoplast contamination by microsomes. 
The CPR contents of mitoplasts were ∼ 10% of that in 
the microsomes, which is in agreement with the previ-
ously reported studies [19], indicating that mitoplasts 
prepared from fresh livers in this study had minimal 
microsomal contamination. Interestingly, in contrast to 
the microsomal data (Figure 4, left), DCF formation by 
IR mitoplasts was signifi cantly ( p  � 0.05) higher than 
that in the Sham mitoplasts by 47% or 43% in the 
absence or presence of ABT, respectively (Figure 8). 
Additionally, ABT signifi cantly ( p  � 0.001) reduced 
DCF formation by 65.5% and 66.8% in the Sham and 
IR mitoplasts, respectively (Figure 8).    

 Discussion 

 Recent studies have shown that oxidative stress, which 
is one of the major concerns in various pathophysi-
ological states, is aggravated by phenobarbital pre-
treatment [32,33]. For instance, Minamiyama et al. 
[32] showed that the induction of CYP enzymes by 
phenobarbital followed by lipopolysaccharide (LPS) 
exposure aggravated the LPS-induced injury to the 
rat liver [32]. Additionally, Dostalek et al. [33] 
reported that phenobarbital pre-treatment of rats 
induced oxidative stress, manifested by increased gen-
eration of hydrogen peroxide and lipid peroxidation 
markers, such as F2-isoprostanes. These changes were 
prevented when the animals were also treated with 
ABT, suggesting that the oxidative stress-inducing 
effects of phenobarbital were related to the induction 
of P450. Our data in the current study are in agree-
ment with these reports in that liver injury induced 
by warm IR was exacerbated by phenobarbital pre-
treatment, as evidenced by a further 50% increase in 
the plasma concentrations of ALT (Figure 1). 

 Phenobarbital, an anti-epileptic drug, is one of 
the most extensively studied inducers of the P450 
enzymes, which elicits its effect by regulation of genes 
responsible for the expression of these enzymes. The 
two major P450 enzymes induced by phenobarbital, 
CYP2B and CYP3A [34,35], are regulated by differ-
ent pathways. Whereas CYP2B enzymes are induced 
by transcriptional activation of androstane receptor, 
a nuclear orphan receptor, CYP3A genes are induced 
by activation of pregnane X receptor [36,37]. Pheno-
barbital not only induces specifi c isoforms of P450, but 
also results in an increase in total CYP as well as 
heme contents of microsomes. We also observed a 40% 
increase in the total P450 and heme contents in the 
liver microsomes (Figures 2A and B). However, isch-
emia reperfusion  per se  resulted in a  ∼ 20% decline in 
both total CYP and heme contents in microsomes, 
which is in agreement with previous reports from our 
own laboratory [5,6] and others [38,39]. 

 It is well known that the degree of uncoupling and 
ROS generation is dependent on the CYP isoforms 
and presence or absence of substrates [7,8,40]. The 
two P450 sub-families induced by phenobarbital 
(CYP3A and CYP2B) have been particularly impli-
cated in the generation of ROS by uncoupling [7]. 
Although CYP3A is constitutively expressed at 
relatively high levels, the constitutive expression of 
the CYP2B sub-family is very low [41]. Therefore, 
contribution of CYP2B enzymes to ROS generation 
is expected to be minimal under basal uninduced 
conditions. However, phenobarbital pre-treatment 
caused a more signifi cant increase in the activity of 
CYP2B (5–9-fold) than that of CYP3A (∼2-fold) 
(Figure 3). Therefore, the increase in microsomal 
ROS generation after phenobarbital pre-treatment 
(Figure 4) is most likely due to the contribution of 
both P450 sub-families. 

 It is widely believed that warm hepatic IR injury is 
associated with increased ROS production and oxida-
tive stress [2]. However, this belief is mostly based on 
  Figure 5.     The rate of 2,3–dihydroxybenzoate formation in the 
microsomes obtained from the Saline-Sham, Pheno-Sham, Saline-IR 
and Pheno-IR groups. Rats were pre-treated with saline or 
phenobarbital (80 mg/kg/day) for 3 days, followed by 60 min of partial 
warm hepatic ischemia or sham operation and 3 h of reperfusion. 
Columns and error bars represent mean and SD, respectively. 
∗∗∗ p  � 0.001 vs respective Saline group;  #  p  � 0.05 vs respective 
Sham group. The statistical analysis is based on two-way ANOVA.  
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indirect evidence of IR-induced increases in lipid per-
oxidation [42] and the hepatoprotective effects of 
antioxidants administered to animals before IR 
[43,44]. The most direct evidence has only been pro-
vided in an  ex vivo  isolated perfused rat liver model 
of warm IR, which showed increased ROS appear-
ance in the perfusate shortly after reperfusion, mea-
sured by electron spin resonance spectroscopy [45]. 
However, we are not aware of any studies reporting 
the effects of IR on the ROS generation in micro-
somes. When we studied microsomal ROS gene-
ration by DCFH-DA, as expected, phenobarbital 
pre-treatment of the rats resulted in 55% and 75% 
increases in ROS generation in the sham and IR 
groups, respectively, in comparison with their respective 
vehicle treated rats (Figure 4, left). However, we also 
observed a small (20–30%), but signifi cant, decline 
in the micro somal ROS generation in the IR groups 
as compared with their respective sham controls. To 
confi rm these fi ndings, we tested microsomal ROS 
generation using a different marker, salicylate, which 
is a specifi c probe for hydroxyl radical formation [46]. 
  Figure 6.     The relationship between microsomal ROS generation via formation of DCF from DCFH-DA (left panels) or formation of 
2,3-DHB from salicylate (right panels) and total CYP content (top), CYP3A activity (middle) or CYP2B activity (bottom). Symbols and 
lines represent individual rats and the regression lines, respectively.  
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The studies with salicylate confi rmed the phenobarbital-
induced increase and IR-induced decrease in the 
microsomal ROS generation (Figure 5), similar to 
that observed with DCFH-DA. Furthermore, when 
the ROS generation was determined in the whole liver 
homogenate using DCFH-DA, even though the abso-
lute values were ∼ 5–10-fold lower, the pattern in the 
liver homogenate was qualitatively similar to that in 
the microsomes (Figure 4). Overall, these data clearly 
show that phenobarbital increases ROS generation 
in both microsomes and whole liver homogenates. 
  Table I. Hepatic concentrations (mean � SD) of the markers of t
Saline-IR and Pheno-IR groups. Rats were pre-treated with saline o
partial warm hepatic ischemia or sham operation and 3 h of reperfus

Sham

Parameter Saline

GSH (mM) a  3.70 � 0.57  4.
GSSG (mM) b  0.151 � 0.025  0.1
GSH:GSSG b  24.8 � 4.58  29
SOD (IU/mg protein) a  38.6 � 3.1  32
Catalase (IU/mg protein) a 1350 � 149 13

   ∗ p  � 0.05 and ∗∗ p  � 0.01 vs respective Saline groups;  ##  p  � 0.01 an
     a  The statistical analysis is based on two-way ANOVA.  b  The statistical
of signifi cant interactions between the two factors (drug treatment an
However, microsomal generation of ROS after IR is 
lower than that after sham operation. Therefore, the 
previously-reported increase in the ROS generation 
as a result of IR by the intact liver [45] is not due to 
an increase in the microsomal generation of ROS by 
uncoupling of P450 and cannot be replicated in the 
whole liver homogenate. 

 To identify the reasons for the discrepancy between 
the reported increase in ROS generation in the intact 
liver after IR and the observed decline in ROS gen-
  Figure 7.     The relationship between plasma ALT concentrations 
and microsomal ROS generation via formation of DCF from 
DCFH-DA (top panel) or formation of 2,3-DHB from salicylate 
(bottom panel) in rats subjected to IR. Symbols and lines represent 
individual rats and the regression lines, respectively.  
h
r
io

P

39
50
.8
.8
50

d
 a
d

  Figure 8.     Representative blots of cytochrome P450 reductase (A) 
in microsomes (Micro) and mitoplasts (Mito) and ROS generation 
capacity of the mitoplasts of the livers (B) obtained from the Saline-
Sham and Saline-IR groups in the absence (Vehicle) and presence 
(ABT) of 1 mM 1-aminobenzotriazole. Rats underwent 60 min of 
partial warm hepatic ischemia or sham operation followed by 3 h 
of reperfusion. Columns and error bars represent mean and SD, 
respectively. ∗∗∗ p  � 0.001 vs respective Vehicle group;  #  p  � 0.05 
vs respective Sham group. The statistical analysis is based on two-
way ANOVA.  
e antioxidant capacity of the liver in Saline-Sham, Pheno-Sham, 
 phenobarbital (80 mg/kg/day) for 3 days, followed by 60 min of 
n.  

    IR

heno Saline Pheno

 � 0.83∗∗  4.10 � 0.74  4.96 � 0.60∗∗

 � 0.037  0.193 � 0.056  0.312 � 0.108∗∗, ### 
 � 5.65  23.1 � 8.55  17.2 � 4.6 ## 
 � 6.2∗  29.6 � 3.8 ##  26.8 � 7.3∗, ## 
 � 119 1270 � 157 1280 � 167

  ###  p  � 0.001 vs respective Sham groups.
nalysis is based on Bonferroni’s post-test analysis of means because 
 surgical manipulation).   
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eration in both the microsomes and whole liver homo-
genates in our study after IR, we decided to test the 
role of mitochondrial P450 in ROS generation. A 
number of P450 enzymes have been reported to be 
localized in mitochondria, Golgi apparatus, plasma 
membrane, lysosomes and peroxisomes [47]. Among 
the P450 enzymes located outside microsomes, mito-
chondrial P450 have been studied most extensively, 
indicating the presence of CYP1A1/2, 2B1/2, 2E1 
and 3A1/2 enzymes in this organelle [18]. In our ini-
tial attempts, mitochondria were isolated from frozen 
livers used in this study. However, the mitochondrial 
fractions were substantially (up to 50%) contami-
nated by microsomes, as demonstrated by the pres-
ence of microsomal cytochrome P450 reductase, 
most likely because of the use of frozen livers [48]. 
Therefore, a pilot study was conducted with addi-
tional Sham and IR groups ( n  � 4/group), and the 
mitochondrial fractions were isolated from fresh livers 
and used for preparation of mitoplasts. As expected, 
these fractions prepared from fresh livers only 
had ∼ 6–10% microsomal contamination, which is in 
agreement with the earlier reports [18]. Interestingly, 
in contrast to microsomes (Figure 4, left), ROS gen-
eration by mitoplasts, measured by DCFH-DA oxida-
tion, showed a 50% increase as a result of IR (Figure 8). 
Additionally, the ROS generation by mitoplasts 
was substantially (∼65%) inhibited by the P450 
inhibitor, ABT, suggesting that the DCF formation 
by mitoplasts is P450-dependent. It should be noted 
that ROS generation by mitoplasts (Figure 8) was 
substantially lower than that by the microsomes 
(Figure 4, left), on a per mg protein basis. However, 
because mitochondria are the important site for ini-
tiating and propagating cellular damages such as 
apoptosis and necrosis, the IR-induced increase in 
ROS generation locally in mitochondria may be of 
importance. Overall, these preliminary results suggest 
that mitochondrial P450 enzymes may play a role in 
the IR-induced ROS generation and liver injury. 
However, detailed future studies are needed to test 
this postulate. 

 Another mechanism by which phenobarbital may 
have contributed to the higher IR injury is via its 
effect on CPR (Figure 2C). In addition to being the 
obligate electron donor for P450 function, CPR gen-
erates ROS directly by donation of electron to oxygen 
molecules, leading to production of ROS [49]. In our 
studies, phenobarbital increased microsomal CPR 
activities by 50–60% (Figure 2C). This is in agree-
ment with other studies showing that phenobarbital 
increases microsomal CPR activity [33]. Therefore, 
the phenobarbital-induced higher microsomal ROS 
generation observed in our studies (Figures 4 and 5) 
may be due, in part, to its ability to induce CPR. 

 Although the correlation between microsomal ROS 
generation and the activities of CYP3A or CYP2B 
were signifi cant, the strongest correlation was found 
between the ROS generation and total CYP content 
(Figure 6). This data, therefore, may suggest that 
P450 enzymes other than CYP3A and CYP2B sig-
nifi cantly contribute to the microsomal ROS genera-
tion. Indeed, previous studies [7] have shown that 
P450 enzymes such as CYP2E1, CYP1A and CYP2C 
are also very leaky, producing substantial amounts of 
superoxide and hydrogen peroxide. 

 In conclusion, our current study shows that pheno-
barbital signifi cantly induces P450 enzymes, such as 
CYP3A and CYP2B, leading to a higher production 
of microsomal ROS and liver injury after warm IR in 
rats. When combined with our recent studies [5,6] 
showing improvements in the hepatic IR injury after 
inhibition of P450, these data suggest that P450 
enzymes may play a detrimental role in hepatic IR 
injury. Additionally, our limited studies using mito-
chondrial fractions suggest that mitochondrial P450 
may be involved in the effects of P450 on the injury. 
Further investigations are needed to determine the 
mechanisms by which P450 enzymes impact warm 
hepatic ischemia reperfusion injury.             

Declaration of interest: The authors report no 
confl icts of interest. The authors alone are respon-
sible for the content and writing of the paper.
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