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ABSTRACT: We investigated the effect of garlic oil (GO), alone or combined with 

low dose total body gamma (γ)-irradiation (LDR) against paracetamol (APAP)-

induced hepatotoxicity in rats. GO (100 mg/kg/day) was administered orally for 14 

days before hepatotoxicity induction.Animals were irradiated 2 hours before 

hepatotoxicity induction by peroral APAP (1g/kg) administration, then animals were 

sacrificed 24 hours later.GO, alone or combined with LDR, ameliorated APAP-

induced adverse effects as revealed bythe reduction ofserumliver marker enzymes 

activities and the histological examination. Hepatic microsomal cytochrome P2E1 

activity was also reduced. Changes in hepatic redox balance were significantly 

attenuated by both treatments. Hepatic hydrogen peroxide was only reduced by LDR. 

APAP-induced mitochondrial dysfunction and apoptotic effect were also reversed. 

GO and/or LDR pretreatment, effectively protected against APAP-induced 

hepatotoxicity. Thus, the hepatoprotective effect of GO alone or combined with LDR 

could be of value in the protective management of APAP-induced hepatic damage.  

 

KEYWORDS: Low Dose (Γ)-Radiation, Garlic, Hepatotoxicity, Oxidative Stress, 

Mitochondrial Dysfunction, Apoptosis. 

 

INTRODUCTION 

 

In order to achieve the goals of the present study, the following biochemical 

parameters will be investigated; hepatic mitochondrial activity of respiratory 

complex-I (NADH: ubiquinoneoxido-reductase), mitochondrial contents of adenosine 

triphosphate (ATP) and B cell lymphoma-2 (Bcl-2) protein, liver contents of 

hydrogen peroxide (H2O2), malondialdehyde (MDA) and reduced glutathione (GSH), 

in addition to the activities of each of hepatic microsomal cytochrome P2E1 

(CYP2E1) and serum aspartate transaminase (AST), alanine transaminase (ALT), 

alkaline phosphatase (ALP), malate dehydrogenase (MDH) and lactate dehydrogenase 

(LDH). Histological examination of the liver tissue will be carried out using light 

microscope to evaluate the degree of tissue damage/repair in different experimental 

groups of rats. 

 

LITERATURE 

 

Liver is functionally interposed between the site of absorption and the systemic 

circulation of xenobiotics and is a major site of their metabolism and elimination. 

These features render it a preferred target for drug toxicity [Russmann et al., 2009]. 

Most drugs are not intrinsically toxic to the liver but can cause injury secondary to the 

production of a hepatotoxic metabolite, a process known as bioactivation[Dahm and 

Jones, 1996]. CYP2E1, is one of the members of cytochromes P450 (CYPs) family; 
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which are phase I enzymes, that metabolizes numerous small molecules of 

toxicological interest including ethanol, acetaminophen (APAP), halothane and 

carbon tetrachloride [Gonzalez, 2005].  

 

The widely used analgesic and antipyretic drug APAP undergoes the major 

elimination pathways through conjugation with glucuronide and sulfate [Nelson, 

1982] at normal doses. The initial step in its toxicity its bioactivation by cytochrome 

P450 (CYP4502E1) to an electrophilic metabolite, N-acetyl-p-benzoquinone imine 

(NAPQI). At therapeutic doses, NAPQI is efficiently detoxified by glutathione (GSH) 

and eliminated in the urine or bile as APAP–cysteine, APAP–N-acetylcysteine 

(APAP–NAC), and APAP–GSH[Lauterburg and Velez, 1988]. After an overdose of 

APAP, the glucuronidation and sulfation routes become saturated and more extensive 

bioactivation of APAP occurs, leading to rapid depletion of the hepatic GSH pool 

[Thummel et al., 2000]. Subsequently, NAPQI binds to cellular proteins, including a 

number of mitochondrial proteins [James et al., 2003], which in turn causes oxidant 

stress. This mitochondrial oxidant stress is followed by redox-sensitive activation of 

c-jun-N-terminal kinases (JNK) [Gunawan et al., 2006], which has been found to 

trigger the mitochondrial membrane permeability transition (MPT) pore opening, 

ultimately causing the rupture of the outer mitochondrial membrane and release of 

cytochrome c and other proapoptotic factors into the cytosol with a consequent 

dramatic decrease in cellular ATP level. This pathway has been identified as a pivotal 

mechanism mediating APAP-induced cell death [Reid et al., 2005]. In addition to its 

critical role in APAP-induced liver damage, the stress kinase JNK also activates 

members of the anti-apoptotic Bcl-2 protein family [Latchoumycandane et al. 2007]. 

 

Garlic (Allium sativumL.) has been hypothesized to be beneficial to human health, 

including cardioprotective, chemotherapeutic, antidiabetic, antioxidant and 

hepatoprotective  properties[Siddique and Afzal, 2004; Ohaeri and Adoga, 2006; 

Mirunalini et al., 2010]. Garlic oil (GO) has been demonstrated to contain more than 

30 organosulfur compounds including diallyltrisulfide (DATS), diallyl disulfide 

(DADS) and diallyl sulfide (DAS) [Amagase et al., 2001]. Sulfur containing 

compounds in garlic have been used as an anticancer [Na et al., 2012], a lipid 

lowering agent [Asgari et al., 2012], anti-ulcerogenic agent[Tope et al., 2014], and 

has been demonstrated to provide protective effects against chemically-induced 

oxidative stress [Agarwal et al., 2007]. 

 

Cellular stimulatory effects are observed following low-dose gamma irradiation at 

dose level range of 0.01-0.5 Gy. These effects include adaptive responses [Wang et 

al., 2004], activation of immune functions [Ina et al., 2005], enhancement of 

resistance to high-dose radiation [Yonezawa et al., 1996], regulation of mitochondrial 

dysfunction caused by a higher dosage of radiation [Lu et al., 2011] and induction of 

endogenous antioxidant defense in the liver [Avti et al., 2005], the latter effect could 

be beneficial in protecting the liver cells from oxidative stress.  

 

The aim of the current study was to investigate the possible protective effect of low-

dose total body (γ)-irradiation (LDR) alone or combined with GO against APAP-

induced hepatotoxicity. Secondly, investigation of the possible mechanisms through 

which GO and LDR exerts their hepatoprotective effects against APAP-induced 

hepatotoxicity. 
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METHODOLOGY 

 

Animals 

Adult male Wistar rats weighing 150-200 g were obtained from the National Research 

Centre, Dokki, Cairo, Egypt and were fed a standard pellet diet. Rats were 

acclimatized in the animal facility of the National Centre for Radiation Research and 

Technology (NCRRT)-Atomic Energy Authority, Cairo, Egypt, at a temperature of 25 

± 5ºC, humidity of 60 ± 5% and 12/12-hour light-dark cycle. The study was 

conducted in accordance with the guidelines set by the EEC regulations (Revised 

Directive 86/609/EEC) and approved by the Ethics Committee at the Faculty of 

Pharmacy, Cairo University. 

 

Chemicals 

Paracetamol (acetaminophen, APAP) and N-acetyl cysteine (NAC) were purchased 

from Sigma-Aldrich Chemical Company (Saint Louis, Missouri, USA).Garlic oil 

(GO) was purchased from El-Captain Company (Cairo, Egypt). Garlic oil quality 

parameters described in the accompanying technical report are: yellow to red-orange 

color, specific gravity of 1.05-1.095 g/cm3at 25˚C, refraction index of 1.55-1.58 at 

20˚C,  ≤3ppm of arsenic, ≤ 1 ppm of cadmium, ≤ 1ppm of mercury and ≤ 1 ppm of 

lead. HPLC analysis of garlic oil were performed on a 1100 HPLC instrument 

(Agilent Technologies, California, USA) equipped with a binary pump, a UV 

detector, a manual sampler, and a column thermostat. Chromatographic separations 

were carried out on a C-l8 column (5.0 mm, 250 mm, 4.6 mm, Japan). The HPLC 

mobile phase was prepared by combining equal volumes of HPLC grade methanol 

and distilled water; the mobile phase was degassed in ultrasonic bath (Shimadzu) for 

30 minutes. The HPLC conditions were as follows: column temperature of 280˚C; 

wavelength of 240 nm; flow rate of 0.8 ml min-1; injection volume of 20 μl; run time 

of 30 minutes; chart speed of 2 mm min-1. 

 

HPLC chromatographic techniqueshowed that garlic oil containsdiallyl sulfide 

(46.6%), diallyl disulfide (20.3%), diallyltrisulfide (11.5%), diallyltetrasulfide (4.3%), 

allyl methyl sulfide (8.9%), allyl propyl disulphide (6%),alliin (1.1%), allicin (0.78%) 

and selenium (0.4%). 

 

Colorimetric kits for the determination of AST, ALT and ALP activities as well as 

H2O2 concentration were purchased from Biodiagnostics (Giza, Egypt). ELISA kits 

for ATP and Bcl-2 were purchased from WUHAN EIAab® Science Co, LTD (Wuhan, 

China) and Biovendor-Laboratornímedicínaa.s. (Modrice, CZECH REPUBLIC), 

respectively. All other chemical reagents were purchased from Sigma-Aldrich 

Chemical Company (Saint Louis, Missouri, USA). 

 

Experimental Design 

 

In the current study, eight groups of rats, each consisting of eight animals, were used: 

Vehicle-treated group received only the vehicle (isotonic saline solution containing 

gum of acacia (10 mg/ml).  
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APAP-treated group received paracetamol (1 g/kg body weight), suspended in 

isotonic saline solution containing gum of acacia (10 mg/ml).  

GO-treated group, treated only with garlic oil in a dose of 100 mg/Kg/day orally for 

14 days [Zhang et al., 2010]. Hepatotoxicity was induced 30 minutes after the last 

dose. 

Reference drug treated group, received NAC intra-peritoneally in a single dose of 

0.39 g/Kg [Acharya and Lau-Cam, 2010], 30 minutes before APAP administration. 

Irradiated group, was irradiated at γ-irradiation dose of 0.5 Gy.  Irradiated-

paracetamol treated group, received paracetamol dose two hours following irradiation 

[Kojima et al., 2000]. 

 

The last two groups of animals were irradiated-treated groups; where rats were 

exposed to 0.5 Gy γ-irradiation dose , 90 minutes prior to the last treatment dose of 

either GO or NAC. Paracetamol was administered 30 min after the administration of 

the last treatment dose.The animals were sacrificed by decapitation 24 hours after 

paracetamol treatment. Serum and liver tissue were used for biochemical analysis. 

 

METHODS 

 

Induction of Hepatotoxicity 

Experimental hepatotoxicity was induced in animals by a single oral administration of 

paracetamol at a dose of 1 g/kg body weight suspended in an isotonic saline solution 

containing gum of acacia (10 mg/ml) [Banerjee et al., 1998]. 

 

Irradiation of animals 

Total body irradiation of rats was carried out at the National Centre for Radiation 

Research and Technology (NCRRT), Cairo, Egypt; using Gamma cell-40 biological 

irradiator furnished with a Caesium-137 irradiation unit manufactured by the Atomic 

Energy of  Canada Limited (Sheridan Science and Technology Park, Mississauga, 

Ontario, Canada). Different groups of animals were irradiated at a single radiation 

dose level of 0.5 Gy [Avti et al., 2005], at a rate of 0.012 Gy/sec. 

 

Tissue Sampling 

The liver tissue was removed on ice, weighed and homogenized in ice cold saline and 

then the homogenate was divided as follows; an aliquot of the tissue homogenate was 

added to 9 volumes of the collecting buffer (pH 7.8): 10 mMTris-HCl, 1 mM ethylene 

glycol tetraacetic acid (EGTA) and 0.32 M sucrose using Glas-Col® homogenizer 

(Terre Haute, Indiana, USA). Two aliquots of homogenate were mixed with ice cold 

6% w/v metaphosphoric acid (1:2 ratio) and 2.3% w/v KCl (1:1 ratio), centrifuged at 

1,000xg for 15 min at 4ºC, and the resulting supernatant was used for the assay of 

liver contents of malondialdehyde (MDA) [Uchiyama and Mihara, 1978] and GSH 

[Lovenet al., 1986], respectively. 

 

Another aliquot of liver homogenate was used for separation of liver mitochondrial 

fraction according to the method described by Turpeenojaet al. (1988) which was 

used for the determination of complex I (NADH: ubiquinoneoxido-reductase) activity 

and the levels of ATP and Bcl-2.   
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The last aliquot of liver homogenate was used for the separation of microsomal 

fraction according to the method described by Dorababu et al. (2006) which was 

used for the determination ofCYP2E1 enzyme activity.  

- Assessement of serum enzyme activities: the activities of aspartate transaminase 

(AST), alanine transaminase (ALT), alkaline phosphatase (ALP) and lactate 

dehydrogenase (LDH) were determined according to the manufacturers' instructions 

of each of the kits used. Serum malate dehydrogenase (MDH) was determined 

according to the method described by Cox et al. (2005).  

 

- Assessement of hepatic microsomal cytochrome P2E1 (CYP2E1) activity:  the 

microsomal CYP2E1activity was determined according to the method of Allis and 

Robinson (1994). 

 

-Assessement of hepatic mitochondrial complex-I activity, adenosine 

triphosphate and B cell lymphoma-2 contents: determination of mitochondrial 

complex I activity (NADH:ubiquinone oxidoreductase) was carried out based on the 

method of Whitfield et al. (1981). Liver mitochondrial contents of adenosine 

triphosphate (ATP) and B cell lymphoma-2 (Bcl-2) were determined using ELISA 

techniques according to the manufacturers' instructions of each of the kits used. 

 

-Assessement of hepatic malondialdehyde, reduced glutathione and hydrogen 

peroxide contents: liver malondialdehyde (MDA) content was determined according 

to the method of Uchiyama and Mihara (1978), liver content of reduced glutathione 

(GSH) was determined according to the method of Beutleret al., (1963), and the 

concentration of hydrogen peroxide (H2O2) in the liver was determined according to 

the method of Fossati et al (1980) and Aebi (1984). 

 

- Examination of liver tissue by light microscope: afteranimal sacrifice, liver 

sections were immediately fixed in 10% formalin, embedded in paraffin, then 5µm 

sections were sliced, and stained with hematoxylin and eosin (H&E) for evaluation 

using light microscopy.  

 

Statistical analysis  

Statistical analysis was carried out using one way analysis of variance (ANOVA) 

followed by Tukey-Kramer multiple comparison test. Values are given as means ± 

standard error (S.E.) The level of statistical significance was taken at p<0.05. 

 

RESULTS 

 

Effect of garlic oil against hepatic damage 

APAP (1g/Kg) administration induced a marked and severe hepatic injury in rats as 

observed by the significant elevation of the serum activities of the enzymes; AST, 

ALT, ALP, LDH and MDH. Treatment of animals with GO prior to APAP 

administration resulted in a significant reduction in the serum AST, ALT and ALP 

activities by 33%, 62% and 49% respectively, while NAC treatment led to a drop in 

these enzymes to 59%, 52% and 76%, respectively. Similarly, the increase in MDH 

enzyme activity induced by APAP was also markedly suppressed in the serum of rats 

treated with either GO or NAC. A sharp drop in elevated serum LDH activity by 
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about 48% was also observed in GO-treated animals when compared to APAP-treated 

group (Figures 1 and 2a).   

 

Figure (2b) showed the effect of APAP on hepatic microsomal CYP2E1 activity. 

Pretreatment of rats with GO was able to reduce the marked rise in CYP2E1 activity 

by nearly 66% as compared to APAP-treated animals. NAC, similarly, was effective 

in reducing microsomal CYP2E1 activity by about 64%.  

 

APAP treatment was also associated by disruption of the redox balance in the liver 

which was reflected by the marked reduction in hepatic content of GSH, as well as the 

associated increase in hepatic content of MDA. The results of the current study 

demonstrated that GO pretreatment led nearly to two-fold increase in liver GSH 

content while pretreatment with NAC resulted in a dramatic increase in GSH content 

reaching 272%. Both GO and NAC were effective in reducing the rise in hepatic 

contents of MDA, such that it reached 54% and 69% for MDA content respectively, 

while hepatic H2O2 was only reduced after NAC pretreatment by about 48%, 

compared to APAP-treated animals (Figures 2c, 2d and 3a).  

 

Treating the animals with either GO or NAC attenuated the depletion in mitochondrial 

ATP content and complex-I activity evoked by APAP administration (Figures 3b and 

3c). The marked decrease in hepatic mitochondrial Bcl-2 content observed in APAP-

treated group was also markedly reversed by pretreatment with either GO or 

NAC(Figure 3d). 

 

Effect of low dose radiation alone or combined with garlic oil against hepatic 

damage 

Exposure of animals to a single dose of 0.5 Gy prior to APAP administration led to a 

significant suppression of the marked increase in serum AST, ALT, ALP and MDH 

and LDH activities by 38%, 19%, 35%, 20% and 25% respectively. Treating the 

animals with garlic oil in combination with LDR was able to reduce the activities of 

the serum enzymes ALT and ALP significantly such that it reached 41% and 48%, 

respectively as compared to irradiated APAP-treated animals. GO, combined with 

LDR, normalized serum AST activity. The combination of  NAC treatment with LDR 

also showed a significant drop in serum ALT and ALP activities by 50% and 79% 

respectively. Treatment with NAC, combined with LDR, led to a marked reduction in 

serum AST activity below normal value. Serum MDH activity, on the other hand, was 

normalized after treating the animals with LDR combined with either GO or NAC . 

Furthermore, the combination of LDR, with either GO or NAC was effective in 

reducing the increase in LDH activity, induced by APAP, by 65% and 56%, 

respectively when compared to irradiated APAP-treated group (Figures 1 and 2a). In 

addition, hepatic microsomal CYP2E1 activity was reduced after LDR exposure by 

nearly 21% compared to APAP-treated rats. On the other hand, GO pretreatment, 

accompanied by LDR resulted in a dramatic reduction in microsomal CYP2E1 

activity reaching 57% while the combination of LDR with NAC led nearly to 44% 

decrease compared to irradiated APAP-treated animals (Figure 2b).  

 

Prior exposure of animals to LDR showed a significant rise in hepatic content of GSH 

to 185% and a marked decrease in that of MDA and H2O2 to about 65% and 69%, 

respectively when compared to animals treated only with APAP. The changes in the 

http://www.ea-journals.org/


European Journal of Biology and Medical Science Research  

Vol.2, No.3, pp.1-27, September 2014 

)journals.org-www.eaK (Published by European Centre for Research Training and Development U 

7 
 

levels of oxidative stress markers induced by APAP were significantly attenuated by 

LDR exposure combined with either GO or NAC administration, leading to a 

significant rise in hepatic content of GSH, and a marked drop in that of MDA and 

H2O2(Figure 2c, 2d and 3a).  

 

Data shown in the present work demonstrated that LDR exposure led to an effective 

increase in hepatic mitochondrial complex-I activity and ATP content to 357% and 

162%, respectively compared to APAP-treated animals (Figure 3b and 3c). Hepatic 

mitochondrial content of Bcl-2 was also markedly raised to about 239% by pre-

exposure of APAP-treated rats to LDR. The hepatic mitochondrial complex-I activity 

as well as ATP content were nearly normalized after treating the animals with either 

GO or NAC, in combination with LDR. Moreover, the exposure of rats to LDR, 

associated with either GO or NAC pretreatment, was able to raise the liver 

mitochondrial content of Bcl-2 to 185% and 178% respectively, as compared to 

irradiated APAP-treated rats (Figure 3d).  
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Figure (1).Effect of  low dose gamma-irradiation (0.5 Gy) alone or combined with oral 

garlic oil (GO, 100 mg/kg/day) treatment for 14 days or N-acetyl cysteine (NAC, 390 

mg/kg) single intraperitoneal dose treatment on changes of serum aspartate transaminase 

(AST) (a), alanine transaminase (ALT) (b), alkaline phosphatase (ALP) (c) and lactate 

dehydrogenase (LDH) (d) activities of animals subjected to oral paracetamol (APAP) 

injection (1000 mg/kg) 2 hours after radiation exposure (Values are given as means ± 

Standard Error (SE), n=8). 

Asterisks designate significant difference from normal (vehicle-treated) group (*), APAP-

treated group (@) and respective irradiated APAP-treated group (●) at p<0.05.  
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Figure (2).Effect of low dose gamma-irradiation (0.5 Gy) alone or combined with oral garlic oil 

(GO, 100 mg/kg/day) treatment for 14 days or N-acetyl cysteine (NAC, 390 mg/kg) single 

intraperitoneal dose treatment on changes of serum malate dehydrogenase (MDH) (a), hepatic 

microsomal cytochrome P2E1 (CYP2E1) (b) activities as well as the hepatic glutathione (GSH) (c) 

and malondialdehyde (MDA) (d) of animals subjected to oral paracetamol (APAP) injection (1000 

mg/kg) 2 hours after radiation exposure (Values are given as means ± Standard Error (SE), n=8). 

Asterisks designate significant difference from normal (vehicle-treated) group (*), APAP-treated group 

(@) and respective irradiated APAP-treated group (●) at p<0.05.  
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Figure (3). Effect of low dose gamma-irradiation (0.5 Gy) alone or combined with oral 

garlic oil (GO, 100 mg/kg/day) treatment for 14 days or N-acetyl cysteine (NAC, 390 

mg/kg) single intraperitoneal dose treatment on changes of hepatic hydrogen peroxide 

(H2O2) (a) content, hepatic mitochondrial complex-I activity (b) as well as mitochondrial 

contents of adenosine triphosphate (ATP) (c) and B-cell lymphoma 2 (Bcl-2) (d) of 

animals subjected to oral paracetamol (APAP) injection (1000 mg/kg) 2 hours after 

radiation exposure (Values are given as means ± Standard Error (SE), n=8). 

Asterisks designate significant difference from normal (vehicle-treated) group (*), APAP-

treated group (@) and respective irradiated APAP-treated group (●) at p<0.05. 
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Figure (4). Light microscopy of liver sections of: normal rat (A), paracetamol (APAP)-treated 

rat (B), rat exposed to low dose γ-irradiation (C), rat treated with low dose γ-irradiation prior 

to APAP administration (D) (Haemotoxylin and eosin, original magnification X400). 

A: shows normal histological structure of hepatic lobule (rat was treated with saline solution 

containing gum acacia (10 mg/ml)), B: shows focal area of vacuolated hepatocytes with pyknosis of 

their nuclei, inflammatory cells infiltration and apoptosis of hepatocytes (rat was treated orally with 

APAP (1 g/kg)) C: shows normal histological structure of hepatic lobule (rat was exposed to 0.5 Gy 

γ-radiation) and D: shows slight dilatation of hepatic sinusoids and few apoptotic bodies (rat was 

exposed to 0.5 Gy γ-radiation 2 hours prior to the induction of hepatotoxicity by oral administration 

of APAP (1 g/kg)). Apoptotic bodies are shown by blue arrows  
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DISCUSSION 

 

The current study showed that paracetamol hepatotoxicity induced a marked rise in 

liver marker enzymes, a finding that is in harmony withprevious studies that reported 

a significant rise in the activities of the serum enzymes; ALP, AST, ALT, and LDH 

after APAP overdose administration to mice [Lahon and Das, 2011; Lee et al., 

2012]. Furthermore, serum MDH and AST were reported to reach a peak at 24 hours 

following paracetamol administration to rats [Zieve et al., 1985].The increase in the 

activity of transaminases and ALP is an indication of cellular leakage and loss of 

functional integrity of the hepatic cell membranes [Poole and Leslie, 1989]. 

 

E F 

E F 

Figure (5). Light microscopy of liver sections of: rat treated with garlic oil (GO) prior to 

paracetamol (APAP) administration (E), rat treated with N-acetyl cysteine (NAC) prior to 

APAP administration (F), Irradiated GO-treated rat (G), and Irradiated NAC-treated rat (H) 

(Haemotoxylin and eosin, X400). 

E: shows hydropic degeneration of focal hepatocytes, F: shows perivascular inflammatory cells 

infiltration and hydropic degeneration of hepatocytes, G: shows hydropic degeneration of focal 

hepatocytes and few scattered apoptotic bodies, H: shows no histological changes. 
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A disruption of the redox balance in the liver was observed in the present work after 

APAP administration. This finding is comparable to that reported in the study of 

Basuet al. (2012) where the levels of lipid peroxidation products were increased and 

the level of GSHwas significantly decreased in liver of rats intoxicated with a single 

dose of paracetmol. The increase in hepatic MDA content induced by paracetamol 

suggests enhanced lipid peroxidation leading to tissue damage and failure of 

antioxidant defense mechanism [Kim et al., 2010].The depletion of hepatic 

GSHcould be explained by the ability of high doses of APAP to induce covalent 

bonding of its toxic metabolite N-acetyl p-benzoquinoneimine (NAPQI),  tosulfydryl 

groups of proteins. This causes exhaustion of reduced glutathione in the liver, 

resulting in lipid peroxidation and cell necrosis [Burke et al., 2006].  

 

Ghosh et al. (2010) also showed a marked rise in hepatic H2O2 levels, due to APAP 

intoxication, that correlated with a low hepatic GSH level.It has been suggested that 

APAP treatment increased reactive oxygen species production in hepatocytes as well 

as NO production in liver [Ghosh et al., 2010].Oxidative stress-derived reactive 

oxygen species generation has been suggested to be important in initiating free radical 

reactions (lipid peroxidation, protein oxidation, etc.) that damage hepatocytes and 

promote liver injury during APAP-induced hepatotoxicity [Jaeschke et al., 2003].  

 

In the current study, the rise in microsomal CYP2E1 activity evoked by APAP is in 

accordance with the results of Kim et al (2007) where expression of CYP2E1 proteins 

in rat liver was elevated significantly following paracetamol administration. The 

results of Knockaert et al (2011) indicated that when acetaminophen was used 

asCYP2E1 substrate, the localization of CYP2E1within mitochondria was sufficient 

to induce reactive oxygen species overproduction, depletion of glutathione, increased 

mitochondrial dysfunction and cytotoxicity.  

 

The depletion in hepatic mitochondrial ATP evoked by APAP administration herein is 

compatible with the results reported by Masubuchi et al (2005) where APAP caused 

depletion of mitochondrial ATP content in liver of male CD-1 mice. APAP overdose 

was reported to trigger mitochondrial dysfunction as indicated by inhibition of 

mitochondrial respiration [Burcham and Harman, 1991]. Since the mitochondrial 

effects of APAP in vivo can be directly reproduced by NAPQI in isolated 

mitochondria [Ramsay et al., 1989; Burcham and Harman, 1991], covalent binding 

to mitochondrial proteins may be to a significant degree responsible for the initial 

mitochondrial dysfunction. 

 

Results of the current work revealed a significant impairment of hepatic mitochondrial 

complex-I activity after APAP administration. This finding is in harmony with that 

reported by Burcham and Harman (1991); where the toxic metabolite of 

acetaminophen, NAPQI, was found to inhibit NADH dehydrogenase (respiratory 

complex I). It has recently been shown that the compromised activities of 

mitochondrial respiratory complexes I and IV are associated with increased ROS 

production under oxidative stress conditions [Galati et al., 2009], thus, the respiratory 

complex-I could have been impaired indirectly by the increased oxidative stress 

induced by APAP administration. Moreover, increased glutathionylation of proteins, 

including respiratory complexes, particularly complex-I, under oxidative stress 

conditions have been reported to inhibit their normal electron flow from complex-I 
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donor, NADH, resulting in site specific increase in the production of ROS[Taylor et 

al., 2003; Hoffman and Brookes, 2009].  

 

Apoptosis is controlled in part by the Bcl-2 family of regulatory proteins (Bcl-2, Bcl-

x, Bax, and others). Bcl-2 can prevent or delay apoptosis [Reed, 1997]. The decrease 

in hepatic Bcl-2 content observed in the current work in APAP-treated group is 

comparable with the results reported by Sharma et al (2012); where APAP exposure 

in rats increased the Bax level and decreased the Bcl-2 in mitochondria of liver, 

leading to cytochrome-c release, activation of procaspase-3 and DNA fragmentation. 

The reduction in Bcl-2 content observed in the present study in APAP-treated group, 

might be at least in part, attributed to the reactive oxygen species generated by GSH-

depleted mitochondria, that can activate c-Jun N-terminal kinase (JNK) [Hanawa et 

al., 2008]; a member of the mitogen-activated protein kinase (MAPK) 

superfamily.JNK in turn activates members of the Bcl-2 family [Latchoumycandane 

et al. 2007] and promotes bax translocation to mitochondria by directly 

phosphorylating bax and thus consequently promoting apoptosis[Kim et al., 2006]. 

Apoptotic cell death was also confirmed in the present work by the microscopical 

examination of liver sections of APAP-treated rats that showed apoptotic bodies 

within hepatocytes. 

 

In the present study, animals pretreated with garlic oil showed a significant reduction 

in serum liver enzymes as compared to the group treated with APAP. This finding is 

in accordance with the study of Hassan et al. (2009) where supplementation of 

sodium nitrite (NaNO2)-intoxicated rats with garlic oil ameliorated the nitrite adverse 

effects as evidenced by a significant decrease of the serum activities of AST, ALT and 

ALP enzymes. Combination of garlic oil with NaNO2 was also able to reduce the 

increase in TBARS concentration and restored the reduced GSH content as well as the 

catalase activity. On the same pattern, administration of garlic oil caused a remarkable 

amelioration of APAP-induced liver injury in Wistar rats, as revealed by the drop in 

serum levels of the liver enzymes AST, ALT and ALP with significant improvement 

in liver cell injury [Onaolapo and Onaolapo, 2012].This hepatoprotective action of 

garlic oil could be attributed to garlic flavor constituent; diallyl sulfide (DAS); which 

has been reported to protect Fischer rats from APAP-induced hepatotoxicity when 

administered 3 hours before APAP [Hu et al., 1996]. Diallyltrisulfide (DATS), 

another constituent of GO, also markedly suppressed the increase in plasma LDH and 

AST activities induced by CCl4 in acute liver injury model in rats. DATS may be one 

of the important factors in garlic oil that protects our body against the injury caused 

by radical molecules [Fukao et al., 2004]. 

 

The results of the present study demonstrated the enhanced liver antioxidant status; 

due to pretreatment with garlic oil that ameliorated lipid peroxidation. It caused 

restoration of reduced liver GSH content, and prevented the increase in the hepatic 

content of MDA. These results are in line with a research work by Zhang et al. 

(2012) where garlic oil was reported to counteract N-nitrosodiethylamine-induced 

oxidative stress in rats as illustrated by the restoration of glutathione (GSH), catalase 

(CAT), superoxide dismutase (SOD), glutathione reductase (GR), glutathione 

peroxidase (GPx), glutathione-S-transferase (GST) levels, and the reduction of the 

MDA levels in liver of Wistar rats. Hence it may be possible that the mechanism of 

hepatoprotection of GO is due to its ability to reduce or prevent lipid peroxidation.  
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In the current work, GO has been able to reduce the liver microsomal CYP2E1 

activity when administered to animals prior to APAP treatment. This observation is 

comparable to that reported in the study of Zeng et al. (2009); where treatment of 

male Kun-Ming mice with GO (100 mg/kg body weight) for 1 day or 60 consecutive 

days, dramatically inhibited the activities of the hepatic CYP2E1, CYP1A2 and 

CYP3A enzymes, and the protein levels of hepatic CYP2E1 and 1A2. This action 

could be explained by cytochrome P450 (CYP) enzyme-mediated oxidation of DAS at 

the sulfur atom that produces diallylsulfoxide (DASO) and diallylsulfone (DASO2), 

sequentially [Brady et al. 1991]. The oxidation of the terminal double bonds of 

DASO2 by CYP2E1 is the key event leading to the autocatalytic destruction of the 

enzyme, observed by Brady et al. (1991).  

 

The results of the present study showed that garlic oil was able to restore the depletion 

in hepatic mitochondrial ATP content and complex-I activity, evoked by APAP 

administration. On the same line, diallyltrisulfide (DATS) has been reported to 

dramatically attenuate acute ethanol-induced liver injury and mitochondrial 

dysfunction, as observed by the amelioration of mitochondrial permeability transition 

(MPT), membrane potential and mitochondrial ATP level [Zeng et al., 2008]. 

Regarding the effect of garlic on mitochondrial complex-I activity, allicin, one of the 

important thiosulfinates in garlic, has been shown to preserve the function of 

mitochondrial electron transport chain (ETC), by increasing the activities of the 

respiratory chain complexes I-IV, in spinal cord of ischemia-reperfusion challenged 

rabbits both at 4 and 24 h after reperfusion [Zhu et al., 2012]. This action could be 

attributed to the antioxidant activity of allicin [Okada et al., 2006] and its ability to 

inhibit the production of ROS and the release of mitochondrial cytochrome c [Zhu et 

al., 2012]. 

 

Pre-treatment of animals with garlic oil was able to suppress the marked increase in 

hepatic mitochondrial Bcl-2 content observed in APAP-treated group. This finding is 

in accordance with the study of Flora et al. (2009) which reported that concomitant 

administration of garlic extract prevented arsenic-induced hepatic apoptosis in mice as 

revealed by reversing both the down-regulation of Bcl-2 and the upregulation of Bax 

gene expression, observed following arsenic treatment. This anti-apoptotic effect of 

garlic could be explained by its ability to counteract the increase in ROS and the 

subsequent depolarization of the mitochondrial membrane, as it has been reported that 

ROS increase and loss of mitochondrial membrane permeabilization (MMP) could 

lead to apoptosis [Santra et al., 2007]. The anti-apoptotic effect of garlic oil was also 

confirmed by microscopical examination in the current study. 

 

Exposure of rats to a single low dose γ-radiation (LDR) of 0.5 Gy, prior to APAP 

administration, resulted in a marked suppression of the increase in serum AST, ALT, 

ALP and MDH and LDH activities induced by APAP. These findings are in harmony 

with those reported by Yamaoka et al. (1998) where a single prior 0.5 Gy whole 

body X-ray irradiation of rats significantly suppressed the increase in blood activities 

of hepatocellular enzymes such as LDH, ALT and AST and increased superoxide 

dismutase (SOD) activities induced by a single intra-abdominal injection of ferric 

nitrilotriacetate (Fe(3+)-NTA). Similar results were demonstrated in the study of 

Kojima et al. (2000) where pre-irradiation with a single low dose gamma rays (0.5 
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Gy) was able to suppress the marked increase in serum ALT activity and MDA 

content, in mouse liver, observed 24 hours post treatment with APAP. Furthermore, 

Lee and Ducoff (1989) reported that low irradiation doses (up to 0.5 Gy) can induce 

resistance of cells to oxygen toxicity, which might be the cause of the improvement of 

the liver enzymes activities observed following irradiation. 

 

The restoration of the hepatic GSH content and the associated reduction in MDA and 

H2O2 contents recorded in the liver of pre-irradiated animals, is compatible with the 

previous results showing that 0.5 Gy X-irradiation of mice resulted in attenuation of 

the oxidative stress produced by CCl4 in their livers [Nomura and Yamaoka, 1999; 

Yamaoka et al., 2004]. A proposed mechanism for these effects of radiation is 

through the enhancement of antioxidant enzymes activities resulting from the 

induction of their synthesis following low dose of irradiation [Kojima et al., 1998; 

Yamaoka et al., 1998].  

 

The present study showed the reduction in hepatic microsomal CYP2E1 activity due 

to pre-exposure of APAP-treated animals to LDR. This observation is in accordance 

with that shown in the study of Yukawa etal. (1999) where radiation-induced damage 

to the liver microsomal drug metabolizing enzyme activity, was suppressed by pre-

irradiation of rats with 5 cGy, mainly by protecting cytochrome P-450. Those authors 

suggested that low doses of radiation act by increasing the cytosolic radical 

scavenging ability of rat hepatocytes which resulted in protection of microsomal 

membrane function which is easily damaged by radiation-induced free radicals. 

Furthermore, low doses of continuous gamma-radiation caused a reliable decrease of 

CYP2E1expression on protein mRNA levels in mice liver [Maksymchuk et al., 

2008], which was supposed to be associated with the peroxidation process and the 

development of oxidative stress.  

 

In the current work, significant increases in liver mitochondrial complex-I activity and 

ATP content were observed in pre-irradiated APAP-treated rats as compared to the 

APAP-treated animals. These apparent increases are comparable with other studies 

using different irradiation dose levels [Gong et al., 1998; Sattler et al., 2010]. In the 

former study; the level of mitochondrial NADH dehydrogenase mRNA was increased 

one hour after exposure of human glioblastoma cell line to low dose IR (0.05 Gy X-

rays), with elevated expression persisting for at least 24 h.In the study of Sattler et al. 

(2010); when tumor xenografts derived from human head and neck squamous cell 

carcinoma were irradiated with 30 fractions within 6 weeks, ATP level was increased 

in tumor cells. Another study revealed that whole body acute γ-irradiation of 

developing and adult rats with low doses was able to inhibit ADP and AMP 

hydrolysis in purified synaptic plasma membrane [Stanojević et al., 2009]. 

 

Furthermore, pre-irradiated rats showed a significant reduction in apoptosis as 

revealed by the increase in mitochondrial Bcl-2 level and the microscopical 

examination. The significant increase in mitochondrial Bcl-2 level was in harmony 

with the observation of Bogdándiet al. (2010) where low dose irradiation at 0.01- 0.5 

Gy dose levels were reported to decrease apoptosis in mice spleenocytes. The rise of 

mitochondrial Bcl-2 level in the pre-irradiated-APAP group may be attributed to 

amelioration of GSH depletion and mitochondrial dysfunction in liver. This could be 

attributed to the increase in Bcl-2 gene expression in the anterior segments of porcine 
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eyes following irradiation; where irradiation exerted a profound preservative anti-

apoptotic effect on these cells [Akeo et al., 2006].  

 

6. Implication to Research and Practice 
 

The current results add more emphasis to other previous reports showing the 

involvement of multiple mechanisms in APAP-induced hepatotoxicity. The present 

study also sheds more light on the diversity of targets involved in the hepatoprotective 

activities of garlic constituents as well as low dose γ-irradiation, and consequently 

opens the way for further scientific research and possible practical application. 

 

CONCLUSION 

 

The present findings showed that the combination of GO, LDR produced considerable 

comparable effects to either treatment alone. This remarkable synergistic protection 

against APAP-induced hepatotoxicity might be attributed partly to the suppressive 

effect of both GO constituents and LDR on lipid peroxidation by free radical 

scavenging properties or by restoration of glutathione content and cytochrome 

P4502E1 enzyme in the liver. Moreover, the anti-apoptotic actions of both treatments, 

due to the promotion of the anti-apoptotic regulatory protein Bcl-2, may also account 

for the detected protection against mitochondrial dysfunction and the subsequent 

depletion of mitochondrial ATP. It could thus be concluded that the hepatoprotective 

activity of GO and LDR and their anti-oxidant and anti-apoptotic actions could be of 

beneficial value in the protective management of excessive hepatic damage induced 

by APAP hepatotoxicity. 

 

FUTURE RESEARCH    

 

Further researches are required to investigate other mechanisms involved in APAP-

induced hepatotoxicity, as well as different apoptosis-targeted herbal medicines. This 

will open a new field in the protective management as well as the treatment of 

hepatotoxicity induced by APAP overdose using relatively safer and more cost 

effective products, compared to conventional compounds. 

 

REFERENCES 

 

Acharya, M. and Lau-Cam, C.A. (2010) Comparison of the protective actions of N-

acetylcysteine, hypotaurine and taurine against acetaminophen-induced 

hepatotoxicity in the rat,Journal of Biomedical Sciences, 17 S35. 

Aebi, H. (1984) Catalase in vitro, Methods in Enzymology, 105 121-126. 

Agarwal, M.K., Iqbal, M. and Athar, M. (2007) Garlic oil ameliorates ferric 

nitrilotriacetate (Fe-NTA)-induced damage and tumor promotion: implications 

for cancer prevention, Food and Chemical Toxicology, 45 1634-1640. 

Allis,J.W. and Robinson,B.L. (1994) A kinetic assay for p-nitrophenol hydroxylase in 

rat liver microsomes,Analytical Biochemistry, 219 49-52. 

Amagase, H., Petesch,B.L., Matsuura, H., Kasuga, S. and Itakura, Y. (2001) Intake of 

garlic and its bioactive components, Journal of Nutrition, 131(3s) 955S-962S. 

 

http://www.ea-journals.org/
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Acharya%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lau-Cam%20CA%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'J%20Biomed%20Sci.');
http://www.ncbi.nlm.nih.gov/pubmed/6727660
http://www.ncbi.nlm.nih.gov/pubmed/8059955


European Journal of Biology and Medical Science Research  

Vol.2, No.3, pp.1-27, September 2014 

)journals.org-www.eaK (Published by European Centre for Research Training and Development U 

22 
 

Asgari, S., Setorki, M., Kopaei, M.R., Heidarian, E., Shahinfard, N., Ansari, R. and 

Forouzandeh, Z. (2012) Postprandial hypolipidemic and hypoglycemic effects of 

Allium sativum and Sesamumindicum on hypercholesterolemic rabbits, African 

Journal of Pharmacy and Pharmacology, 6  1131-1135.  

Avti, P.K., Pathak, C.M., Kumar, S., Kaushik, G., Kaushik, T., Farooque, A., 

Khanduja,K.L. and Sharma, S.C. (2005) Low dose gamma-irradiation 

differentially modulates antioxidant defense in liver and lungs of Balb/c mice, 

International Journal of Radiation Biology, 81 901-910. 

Banerjee, A., Linscheer,W.G., Chiji, H., Murthy, U.K., Cho, C., Nandi, J. and Chan, 

S.H.P. (1998) Induction of an ATPase inhibitor protein by propylthiouracil and 

protection against paracetamol (acetaminophen) hepatotoxicity in the rat, 

British Journal of Pharmacology, 124 1041-1047. 

Basu, S., Haldar, N., Bhattacharya, S., Biswas, S. and Biswas, M. (2012) 

Hepatoprotective Activity of Litchi chinensis Leaves Against Paracetamol-

Induced Liver Damage in Rats, American-Eurasian Journal of Scientific 

Research, 7 (2) 77-81. 

Beutler, E.,Duron, O. and Kelly, B.M.(1963) Improved method for the determination 

of blood glutathione, Journal of Laboratory and Clinical Medicine, 61 882-888. 

Bogdándi,E.N., Balogh, A., Felgyinszki, N., Szatmári, T., Persa, E., Hildebrandt, G., 

Sáfrány, G. and Lumniczky, K. (2010) Effects of low dose radiation on the 

immune system of mice after total-body irradiation, Radiation Research, 174(4)  

480-489. 

Brady,J.F., Ishizaki, H., Fukuto,J.M., Lin, M.C., Fadel, A., Gapac,J.M. and Yang,C.S. 

(1991) Inhibition of cytochrome P-450 2E1 by diallyl sulfide and its 

metabolites, Chemical Research in Toxicology, 4 642-647. 

Burcham, P.C. and Harman, A.W. (1991) Acetaminophen toxicity results in site-

specific mitochondrial damage in isolated mouse hepatocytes, Journal of 

Biological Chemistry, 266  5049-54. 

Burke, A., Smyth, E. and Fitzgerald, G.A. (2006) Analgesic-antipyretic agents: 

Pharmacotherapy of gout, In:Goodman and Gilman's The Pharmacological 

basis of Therapeutics. 11th. (Eds, Brunton, L.L., LazoJ.S. and Parker, K.L.)  

USA, McGraw Hill, pp. 694. 

Cox. B, Chit, M.M., Weaver, T., Gietl, C., Bailey, J., Bell, E.andBanaszak, L. (2005) 

Organelle and translocatable forms of glyoxysomal malate dehydrogenase. The 

effect of the N-terminal presequence,Federation of European Biochemical 

Societies Journal, 272: 643-654. 

Dahm, L.J. and Jones, D.P. (1996) Mechanisms of chemically induced liver disease, 

In: Hepatology: a textbook of liver disease, 3rd ed. (Eds: Zakin, D. and 

Boyer,T.D.) Philadelphia, WB Saunders, pp. 875-890. 

Dorababu, M., Joshi, M.C., Bhawani, G., Kumar, M.M., Chaturvedi, A. and 

Goel,R.K. (2006) Effect of aqueous extract of neem (Azadirachtaindica) leaves 

on offensive and diffensive gastric mucosal factors in rats, Indian Journal of 

Physiology and Pharmacology, 50  241-249. 

Flora, S.J., Mehta, A. and Gupta, R. (2009) Prevention of arsenic-induced hepatic 

apoptosis by concomitant administration of garlic extracts in mice, Chemico-

Biological Interactions, 177 227-233. 

Fossati, P., Prencipe, L. and Berti, G. (1980) Use of 3,5-dichloro-2-

hydroxybenzenesulfonic acid/4-aminophenazone chromogenic system in direct 

enzymic assay of uric acid in serum and urine,Clinical Chemistry  26227-231. 

http://www.ea-journals.org/
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Avti%20PK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pathak%20CM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kumar%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kaushik%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kaushik%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Farooque%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Khanduja%20KL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sharma%20SC%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Int%20J%20Radiat%20Biol.');
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22BEUTLER%20E%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22DURON%20O%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22KELLY%20BM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bogd%C3%A1ndi%20EN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Balogh%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Felgyinszki%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Szatm%C3%A1ri%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Persa%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hildebrandt%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22S%C3%A1fr%C3%A1ny%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lumniczky%20K%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Radiat%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cox%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chit%20MM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Weaver%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gietl%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bailey%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bell%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Banaszak%20L%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'FEBS%20J.');
javascript:AL_get(this,%20'jour',%20'FEBS%20J.');


European Journal of Biology and Medical Science Research  

Vol.2, No.3, pp.1-27, September 2014 

)journals.org-www.eaK (Published by European Centre for Research Training and Development U 

23 
 

 

Fukao, T., Hosono, T., Misawa, S., Seki, T. and Ariga, T. (2004) Chemoprotective 

effect of diallyltrisulfide from garlic against carbon tetrachloride-induced acute 

liver injury of rats, Biofactors, 21:171-174. 

Galati, D., Srinivasan, S., Raza, H., Prabu,S.K., Hardy, M., Chandran, K., Lopez, M., 

Kalyanaraman, B. and Avadhani,N.G. (2009) Role of nuclear-encoded subunit 

Vb in the assembly and stability of cytochrome c oxidase complex: implications 

in mitochondrial dysfunction and ROS production, Biochemistry Journal 420 

439-49. 

Ghosh, J., Das, J., Manna, P. and Sil, P.C. (2010) Arjunolic acid, a 

triterpenoidsaponin, prevents acetaminophen (APAP)-induced liver and 

hepatocyte injury via the inhibition of APAPbioactivation and JNK-mediated 

mitochondrial protection,Free Radical Biology and Medicine, 48  535-53. 

Gong, B., Chen, Q. and Almasan, A. (1998) Ionizing radiation stimulates 

mitochondrial gene expression and activity. Radiation Research 150 505-12. 

Gonzalez,F.J. (2005) Role of cytochromes P450 in chemical toxicity and oxidative 

stress: studies with CYP2E1,Mutation Research,569101-110. 

Gunawan,B.K., Liu,Z.X., Han, D., Hanawa, N., Gaarde,W.A. and Kaplowitz, N. 

(2006) c-Jun N-terminal kinase plays a major role in murine acetaminophen 

hepatotoxicity, Gastroenterology, 131 165–178. 

Hanawa, N., Shinohara, M., Saberi, B., Gaarde,W.A., Han, D. and Kaplowitz, N. 

(2008) Role of JNK translocation to mitochondria leading to inhibition of 

mitochondria bioenergetics in acetaminophen-induced liver injury,Journal of 

Biological Chemistry, 283 13565-13577. 

Hassan, H.A., El-Agmy, S.M., Gaur, R.L., Fernando, A., Raj,M.H. and Ouhtit, A. 

(2009) In vivo evidence of hepato- and reno-protective effect of garlic oil 

against sodium nitrite-induced oxidative stress, International Journal of 

Biological Sciences,5 249-255. 

Hoffman, D.L. and Brookes, P.S. (2009) Oxygen sensitivity of mitochondrial reactive 

oxygen species generation depends on metabolic conditions, Journal of 

Biological Chemistry, 284  16236-16245. 

Hu,J.J., Yoo,J.S., Lin, M., Wang,E.J. and Yang, C.S. (1996) Protective effects of 

diallyl sulfide on acetaminophen-induced toxicities, Food and Chemical 

Toxicology, 34  963-969. 

Ina,.Y, Tanooka, H., Yamada, T. and Sakai, K. (2005) Suppression of thymic 

lymphoma induction by life-long low-dose-rate irradiation accompanied by 

immune activation in C57BL/6 mice, Radiation Research, 163 153-158. 

Jaeschke, H., Knight,T.R. andBajt,M.L. (2003)The role of oxidant stress and reactive 

nitrogen species in acetaminophen hepatotoxicity, Toxicology Letters,144  279-

88. 

James, L.P., Mayeux, P.R. and Hinson, J.A. (2003) Acetaminophen-induced 

hepatotoxicity,Drug Metabolism and Disposition, 31 1499–1506. 

Kim, H.Y., Kim,J.K., Choi, J.H., Jung, J.Y., Oh, W.Y., Kim, D.C., Lee, H.S., Kim, 

Y.S., Kang, S.S., Lee, S.H. and Lee, S.M. (2010) Hepatoprotective effect of 

pinoresinol on carbon tetrachloride-induced hepatic damage in mice, Journal of 

Pharmacological Sciences, 112 105-112. 

Kim, B.J., Ryu, S.W. and Song, B.J. (2006) JNK- and p38 kinase-mediated 

phosphorylation of Bax leads to its activation and mitochondrial translocation 

http://www.ea-journals.org/
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fukao%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hosono%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Misawa%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Seki%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ariga%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/15630193


European Journal of Biology and Medical Science Research  

Vol.2, No.3, pp.1-27, September 2014 

)journals.org-www.eaK (Published by European Centre for Research Training and Development U 

24 
 

and to apoptosis of human hepatomaHepG2 cells Journal of Biological 

Chemistry, 281 21256-21265. 

 

Kim, S.N., Seo, J.Y., Jung, D.W., Lee, M.Y., Jung, Y.S. and Kim, Y.C.  (2007) 

Induction of Hepatic CYP2E1 by a Subtoxic Dose of Acetaminophen in Rats: 

Increase in Dichloromethane Metabolism and Carboxyhemoglobin Elevation, 

Drug Metabolism and Disposition, 35 1754-1758. 

Knockaert, L., Descatoire, V., Vadrot, N., Fromenty, B., Robin, M.A. (2011) 

Mitochondrial CYP2E1 is sufficient to mediate oxidative stress and cytotoxicity 

induced by ethanol and acetaminophen. Toxicology in Vitro 25, 475–484.  

Kojima, S., Matsuki, O., Nomura, T., Kubodera, A. and Yamaoka, K. (1998) 

Elevation of mouse liver glutathione level by low-dose gamma-ray irradiation 

and its effect on CCl4-induced liver damage, Anticancer Research, 18  2471-6. 

Kojima, S., Shimomura, H. and Matsumori, S. (2000) Effect of pre-irradiation with 

low-dose gamma-rays on chemically induced hepatotoxicity and glutathione 

depletion, Anticancer Research, 20  1583-1588. 

Lahon K. and Das, S. (2011) Hepatoprotective activity of Ocimum sanctum alcoholic 

leaf extract against paracetamol-induced liver damage in Albino 

rats,Pharmacognosy Research, 3 13–18. 

Latchoumycandane, C., Goh, C.W., Ong, M.M. and Boelsterli, U.A. (2007) 

Mitochondrial protection by the JNK inhibitor leflunomide rescues mice from 

acetaminophen-induced liver injury, Hepatology, 45  412-421. 

Lauterburg,B.H. and Velez, M.E. (1988) Glutathione deficiency in alcoholics: risk 

factor for paracetamol hepatotoxicity, Gut, 29 1153-1157. 

Lee,N.H., Seo,C.S., Lee,H.Y., Jung,D.Y., Lee,J.K., Lee,J.A., Song,K.Y., Shin,H.K., 

Lee,M.Y., Seo,Y.B., Kim, H. and Ha, H. (2012) Hepatoprotective and 

Antioxidative Activities of Cornusofficinalis against Acetaminophen-Induced 

Hepatotoxicity in Mice,Evidence-Based Complementary and Alternative 

Medicine, 2012  804924. 

Lee,Y.J. and Ducoff H.S. (1989) Radiation factors and their influence on induction of 

oxygen resistance, Radiation Research,117  158-162. 

Loven, D., Schedl, H., Wilson, H., Daabees,T.T., Stegink,L.D., Diekus, M. 

andOberley, L. (1986) Effect of insulin and oral glutathione on glutathione 

levels and superoxide dismutase activities in organs of rats with streptozocin-

induced diabetes, Diabetes, 35 503-507. 

Lu, C.L., Liu, R., Jin C and Li, J.J. (2011) Mechanism underlying mTOR-associated 

Protection in Low Dose Radiation-induced Adaptive Response, Low-Dose 

Radiation Workshop, May 9-11, Washington DC. 

Maksymchuk, O.V., Bezdrobna, L.K., Sydoryk, L.L., Kysel'ova, O.K. and 

Chashchyn, M.O. (2008) [Cytochrome P4502E1 expression in mice liver after 

exposure to continuous and acute gamma-radiation], 

Ukrainskiĭbiokhimicheskiĭzhurnal, 80 59-65. 

Masubuchi, Y., Suda, C. and Horie, T. (2005) Involvement of mitochondrial 

permeability transition in acetaminophen-induced liver injury in mice, Journal 

of Hepatology, 42 110-116. 

Mirunalini, S., Arulmozhi, V. and ArulmozhiT (2010) Curative Effect of Garlic on 

Alcoholic Liver Diseased Patients, Jordan Journal of Biological Sciences, 3 

147-152. 

http://www.ea-journals.org/


European Journal of Biology and Medical Science Research  

Vol.2, No.3, pp.1-27, September 2014 

)journals.org-www.eaK (Published by European Centre for Research Training and Development U 

25 
 

Na, H.K., Kim, E.H., Choi, M.A., Park, J.M., Kim, D.H. and Surh, Y.J. (2012) 

Diallyltrisulfide induces apoptosis in human breast cancer cells through ROS-

mediated activation of JNK and AP-1,Biochemical Pharmacology, 84 1241-

1250.  

Nelson, S.D. (1982) Metabolic activation and drug toxicity,Journal of Medicinal 

Chemistry, 25 753-765. 

 

Nomura, T.andYamaoka, K. (1999) Low-dose gamma-ray irradiation reduces 

oxidative damage induced by CCl4 in mouse liver, Free Radical Biology and 

Medicine, 27  1324-1333. 

Ohaeri,O.C. andAdoga,G.I. (2006) Anticoagulant modulation of blood cells and 

platelet reactivity by garlic oil in experimental diabetes mellitus,Bioscience 

Reports, 26 1-6. 

Okada, Y., Tanaka, K., Sato, E. and Okajima, H. (2006) Kinetic and mechanistic 

studies of allicin as an antioxidant, Organic & Biomolecular Chemistry, 4 

4113-4117. 

Onaolapo, A.Y. and Onaolapo, O.J. (2012) Histological and biochemical study of the 

effects of garlic oil and vitamin E in paracetamol induced hepatotoxicity, 

International Journal of Pharmcy and  Pharmacology,  1  012-018. 

Poole, A. and Leslie, G.B. (1989) A practical approach to toxicological 

investigations. 1st ed. Cambridge: Cambridge University Press, pp. 65–66. 

Ramsay, R.R., Rashed, M.S. and Nelson, S.D. (1989) In vitro effects of 

acetaminophen metabolites and analogs on the respiration of mouse liver 

mitochondria,Archives of Biochemistry and Biophysics, 273  449-457. 

Reed, J.C. (1997)Bcl-2 family proteins: strategies for overcoming chemoresistance in 

cancer, Advances in Pharmacology, 41  501-532. 

Reid, A., Kurten, R., McCullough, S., Brock, R. and Hinson, J. (2005) Mechanisms of 

acetaminophen-induced hepatotoxicity: role of oxidative stress and 

mitochondrial permeability transition in freshly isolated mouse hepatocytes, 

Journal of Pharmacology and Experimental Therapeutics, 312  509-516. 

Russmann, S., Kullak-Ublick, G.A. and Grattagliano, I. (2009) Current concepts of 

mechanisms in drug-induced hepatotoxicity, Current Medicinal Chemistry, 16 

3041-3053. 

Santra, A., Chowdhury, A., Ghatak, S., Biswas, A. andDhali,G.K. (2007)Arsenic 

induces apoptosis in mouse liver is mitochondria dependent and is abrogated by 

N-acetylcysteine,Toxicology and Applied Pharmacology, 220  146-155. 

Sattler, U.G., Meyer, S.S., Quennet, V., Hoerner, C., Knoerzer, H., Fabian, C., 

Yaromina, A., Zips, D., Walenta, S., Baumann, M. and Mueller-Klieser, W. 

(2010) Glycolytic metabolism and tumour response to fractionated irradiation, 

Radiotherapy and Oncology, 94  102-109. 

Sharma, S., Chaturvedi, J., Chaudhari,B.P., Singh,R.L. and Kakkar, P. (2012) 

Probiotic Enterococcus lactisIITRHR1 protects against acetaminophen-induced 

hepatotoxicity, Nutrition, 28  173-181.  

Siddique,Y.H. and Afzal, M. (2004) Antigenotoxic effect of allicin against SCEs 

induced by methyl methanesulphonate in cultured mammalian cells,Indian 

Journal of Experimental Biology, 42  437-438. 

Stanojević, I., Drakulić, D., Veličković, N., Milošević, M., Petrović, S. and Horvat, A. 

(2009) Effects of acute gamma-irradiation on extracellular adenine nucleotide 

http://www.ea-journals.org/
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nomura%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yamaoka%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/10641727
http://www.ncbi.nlm.nih.gov/pubmed/10641727
http://www.springerlink.com/content/?Author=I.+Stanojevi%c4%87
http://www.springerlink.com/content/?Author=D.+Drakuli%c4%87
http://www.springerlink.com/content/?Author=N.+Veli%c4%8dkovi%c4%87
http://www.springerlink.com/content/?Author=M.+Milo%c5%a1evi%c4%87
http://www.springerlink.com/content/?Author=S.+Petrovi%c4%87
http://www.springerlink.com/content/?Author=A.+Horvat


European Journal of Biology and Medical Science Research  

Vol.2, No.3, pp.1-27, September 2014 

)journals.org-www.eaK (Published by European Centre for Research Training and Development U 

26 
 

hydrolysis in developing rat brain,Russian Journal of Physical Chemistry, 83 

1596-1601. 

Taylor,E.R., Hurrell, F., Shannon, R.J., Lin,T.K., Hirst, J. and Murphy, M.P. (2003) 

Reversible glutathionylation of complex I increases mitochondrial superoxide 

formation, Journal of Biological Chemistry,  278 19603-19610. 

Thummel, K.E., Slattery, J.T., Ro, H., Chien, J.Y., Nelson, S.D. and Lown, K.E. 

(2000) Watkins, P.B. Ethanol and production of the hepatotoxic metabolite of 

acetaminophen in healthy adults, Clinical Pharmacology and Therapeutics, 67 

591-599. 

Tope, S.A., Sunday, O.F., Gabriel, A.T. (2014) Mechanisms of antiulcerogenic effect 

of garlic (Allium sativum) in albino rats, European Journal of Medicinal Plants, 

4 571-578. 

Turpeenoja, L., Villa, R., Magri, G. and Stella, G. (1988) Changes of mitochondrial 

membrane proteins in rat cerebellum during aging, Neurochemical Research, 

13 859-865. 

Uchiyama, M. and Mihara, M. (1978) Determination of malonaldehyde precursor in 

tissues by thiobarbituric acid test, Analytical Biochemistry, 86  271-278. 

Wang, B., Ohyama, H., Shang, Y., Tanaka, K., Aizawa, S., Yukawa, O. and Hayata, I. 

(2004) Adaptive response in embryogenesis: V. Existence of two efficient dose-

rate ranges for 0.3 Gy of priming irradiation to adapt mouse fetuses, Radiation 

Research, 161  264-272. 

Whitfield, C.D., Bostedor, R., Goodrum, D., Haak, M. and Chu, E.H. (1981) Hamster 

cell mutants unable to grow on galactose and exhibiting an overlapping 

complementation pattern are defective in the electron transport chain, Journal 

of Biological Chemistry, 256  6651-6656. 

Yamaoka, K., Kataoka, T., Nomura, T., Taguchi, T., Wang, D.H., Mori, S., 

Hanamoto, K. and Kira, S. (2004) Inhibitory effects of prior low-dose X-ray 

irradiation on carbon tetrachloride-induced hepatopathy in acatalasemic mice, 

Journal of Radiation Research, 45  89-95. 

Yamaoka, K., Nomura, T., Iriyama, K. and Kojima, S. (1998) Inhibitory effects of 

prior low dose X-ray irradiation on Fe(3+)-NTA-induced hepatopathy in rats, 

Physiological Chemistry and Physics and Medical NMR, 30  15-23. 

Yonezawa, M., Misonoh, J. and Hosokawa, Y. (1996) Two types of X-ray-induced 

radioresistance in mice: presence of 4 dose ranges with distinct biological 

effects, Mutation Research, 358  237-243. 

Yukawa, O., Nakajima, T., Yukawa, M., Ozawa, T. and Yamada, T. (1999) Induction 

of radical scavenging ability and protection against radiation-induced damage 

to microsomal membranes following low-dose irradiation, International Journal 

of Radiation Biology, 75  1189-1199. 

Zeng, T., Zhang, C.L., Zhu, Z.P., Yu, L.H., Zhao, X.L. and Xie, K.Q. (2008) 

Diallyltrisulfide (DATS) effectively attenuated oxidative stress-mediated liver 

injury and hepatic mitochondrial dysfunction in acute ethanol-exposed mice, 

Toxicology, 252  86-91. 

Zeng, T., Zhang, C.L., Song, F.Y., Han, X.Y. and Xie, K.Q. (2009) The modulatory 

effects of garlic oil on hepatic cytochrome P450s in mice, Human and 

Experimental Toxicology, 28  777-783. 

Zhang, C.L., Zeng, T., Zhao, X.L., Yu, L.H., Zhu, Z.P. and Xie K.Q. (2012) 

Protective effects of garlic oil on hepatocarcinoma induced by N-

http://www.ea-journals.org/
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Uchiyama%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mihara%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'Anal%20Biochem.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Whitfield%20CD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bostedor%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goodrum%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Haak%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chu%20EH%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'J%20Biol%20Chem.');
javascript:AL_get(this,%20'jour',%20'J%20Biol%20Chem.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yonezawa%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Misonoh%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hosokawa%20Y%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Mutat%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yukawa%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakajima%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yukawa%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ozawa%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yamada%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/10528927
http://www.ncbi.nlm.nih.gov/pubmed/10528927
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zeng%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhang%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Song%20FY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Han%20XY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Xie%20KQ%22%5BAuthor%5D


European Journal of Biology and Medical Science Research  

Vol.2, No.3, pp.1-27, September 2014 

)journals.org-www.eaK (Published by European Centre for Research Training and Development U 

27 
 

nitrosodiethylamine in rats, International Journal of Biological Sciences, 8  363-

374. 

Zhang, G.L., Zeng, T., Wang, Q.S., Zhao, X.L., Song, F.Y. and Xie, K.Q. (2010) 

[Protective effect of garlic oil given at different time against acute liver injury 

induced by CCl4]. Zhonghua Lao Dong Wei Sheng Zhi Ye Bing ZaZhi, 28  190-

194 [abstract] 

Zhu, J.W., Chen, T., Guan, J., Liu, W.B. and Liu, J. (2012) Neuroprotective effects of 

allicin on spinal cord ischemia-reperfusion injury via improvement of 

mitochondrial function in rabbits, Neurochemistry International, 61 640-648. 

Zieve, L., Anderson, W.R., Dozeman, R., Draves, K. and Lyftogt, C. (1985) 

Acetaminophen liver injury: sequential changes in two biochemical indices of 

regeneration and their relationship to histologic alterations, Journal of 

Laboratory and Clinical Medicine, 105  619-624. 

http://www.ea-journals.org/
javascript:AL_get(this,%20'jour',%20'Zhonghua%20Lao%20Dong%20Wei%20Sheng%20Zhi%20Ye%20Bing%20Za%20Zhi.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zieve%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Anderson%20WR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dozeman%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Draves%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lyftogt%20C%22%5BAuthor%5D

