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Abstract

Acute effects of oxidative damage induced by benzo[a]pyrene (B[a]P) on various

organs are still not clear. In this study, we investigated oxidative stress and DNA

damage in liver, lung, stomach, brain and kidney of ICR male mice induced by

acute B[a]P treatment. B[a]P treatment led to a significant decrease at the

different doses in body weight. For the variations of superoxide dismutase

(SOD), catalase (CAT), glutathione S-transferase (GST), glutathione (GSH) and

GSH/GSSG, significant increases were observed at 24 h, then decreased till 72 h

after B[a]P injection. The increase percent indicated in a dose- dependent

decrease manner. However, glutathione peroxidase (GPx), GSSG and MDA were

significantly increased in a time- and dose-dependent increase manner. DNA

damage showed the significant and top levels at 24 h, and increased in

proportion to the doses of B[a]P treatment. The total induction could be

indicated by the variation of MDA at 24 h after B[a]P injection and showed the

following order of predominance: lung > liver > kidney ¼ stomach > brain.
.e00898
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This was further certificated by histopathological changes in the examined organs.

Additionally, the levels of serum glutamic-oxaloacetic transaminase (GOT),

glutamic-pyruvic transaminase (GPT), and blood urea nitrogen (UN), creatinine

were also significantly increased at 24 h after B[a]P injection. These findings

suggested the disturbance of antioxidant responses and aggravation of DNA

damages, and the different responses on various organs induced by acute B[a]P

treatment in organism.

Keywords: Biochemistry, Cancer research, Toxicology

1. Introduction

As a ubiquitous environmental contaminant and a representative compound of poly-

cyclic aromatic hydrocarbons (PAHs), benzo[a]pyrene (B[a]P) is mainly derived

from anthropogenic activity during incomplete combustion of organic materials

from various sources (Hattemer-Frey and Travis, 1991). B[a]P is a well-known gen-

otoxic and carcinogenic compound. Generally, B[a]P and other PAHs are metabo-

lized by both phase I and phase II biotransformation enzymes, including the

cytochrome P450 (CYP) superfamily. B[a]P is metabolized to form phenols, epox-

ides, dihydrodiols, dihydrodiol epoxides, and the ultimate carcinogenic metabolite

of anti-7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydro-B[a]P. Reactive oxygen spe-

cies (ROS), such as superoxide anion (O2
��), hydroxyl radical (�OH) and hydrogen

peroxide (H2O2), are simultaneously produced in this process (Palackal et al., 2001;

Park et al., 2008).

It is known that ROS can induce lipid and protein oxidation, and deplete endog-

enous antioxidants by changing the oxidation-reduction (redox) state in an organ-

ism (Brucker et al., 2013; Ji et al., 2013). Antioxidant enzymes, including

superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx),

are to eliminate the excessive ROS in body (Pan et al., 2006). Simultaneously,

ROS can be reduced by GPx at the expense of GSH to form glutathione disulfide

(GSSG). Excessive ROS produced by B[a]P also alters the redox cycle which

changes the redox status (GSH/GSSG ratio) in the system (Kiruthiga et al.,

2010). Some B[a]P metabolites are further transformed by conjugation with gluta-

thione which reaction is catalyzed by glutathione S-transferases (GST). It has been

indicated that glutathione conjugation may be an important pathway for detoxifi-

cation of B[a]P. In addition, GST is also involved in the prevention of lipid per-

oxidation (LPO). It has been found that B[a]P can induce oxidative stress and

cause LPO in some researches (Vieira et al., 2008). When the ROS production

rate is faster than elimination rate, LPO and DNA damage may occur and then

lead the organism to suffer from oxidative damage (Pan et al., 2006; Liu et al.,

2009).
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Our previous study investigated the antioxidant enzymes, LPO and DNA damage

under acute effects induced by B[a]P in cervix tissue (Gao et al., 2011a). However,

the effects of environmental pollutants and the responses showed tissue different

characters. Thus, the aim of this study is to investigate the acute effects of oxidative

damage induced by B[a]P on liver, lung, kidney, stomach and brain, respectively.

Antioxidant biomarkers, including SOD, CAT, GPx, GST, GSH, GSSG, GSH/

GSSG ratio, LPO were measured after B[a]P treatment. Also, body weight, DNA

damage and histopathological changes were analyzed after B[a]P treatment in

mice. Additionally, the malfunction of liver and kidney biochemical parameters,

including serum GPT, GOT, and blood urea nitrogen (UN), creatinine were analyzed

in the experiment.
2. Materials and methods

2.1. Chemicals

B[a]P was purchased from Sigma (St. Louis, MO, USA). Collagenase 1A, PRMI-

1640 medium and fetal calf serum (FCS) were purchased from Promega (Madi-

son, USA). Normal melting point agarose and low melting point agarose were

obtained from Bio-Rad (Hercules, CA, USA). All other chemicals were of analyt-

ical grade and were obtained from SigmaeAldrich Chemical (Steinheim,

Germany).
2.2. Animals and husbandry

Animal handling and experimental procedures were approved by the Animal Ethics

Committee, and were applied to the Guidelines of Care and Use of Laboratory An-

imals of Xi’an Jiaotong University. Healthy ICR male mice, weighing 18e22 g

(4e5 weeks), were purchased from the Experimental Animal Center of Xi’an Jiao-

tong University (Shaanxi Province, China). The animals were housed in a cross-

ventilated room at 22 � 2 �C of our departmental animal house. They were housed

in a relative humidity of 50e60% and a 12 h light-dark cycle. The mice had free ac-

cess to conventional laboratory feed and water. Before the experiment, they were

housed in a one-week acclimatization period.
2.3. Experimental design

Fifteen groups (n ¼ 10 mice per group) were used to investigate the B[a]P-induced

acute effects on oxidative damage. B[a]P was dissolved shortly in sesame oil before

injection. The first three groups served as vehicle control groups and were sampled

24, 48 and 72 h, after injection with an equal volume of sesame oil (injection vol-

ume in each case 1 ml/kg), respectively. B[a]P treated mice were divided into

twelve groups (3 post-treatment sampling times � 4 doses of B[a]P). Based on
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the studies of an acute oxidative stress and DNA damage in mice (Jin et al., 2006;

Amresh et al., 2007) as well as our previous reports (Gao et al., 2011a,b, 2016), B

[a]P was injected intraperitoneally with 100, 50, 25, 12.5 mg/kg, and each dose was

further divided into three groups of 24, 48, 72 h after injection, respectively. All the

animals were sacrificed by cervical decapitation under ether anesthesia at different

exposure times. Livers, lungs, brains, stomachs and kidneys were excised immedi-

ately and collected. Half of the tissue samples were stored in ice and used for

biochemical assays.

DNA damage was assayed by alkaline SCGE and 45 mice were used. Each post-

treatment sampling time and per dose three animals as well as the three correspond-

ing control groups were administrated as previously described. Alkaline SCGE com-

bination with FPG was used to detect oxidative DNA damage, another 15 mice were

analyzed after B[a]P injection 24 h.

Additionally, another 50 mice (10 mice per group, five groups) were used and

were analyzed the serum glutamic-oxaloacetic transaminase (GOT, i.e. AST)

and serum glutamic-pyruvic transaminase (GPT, i.e. ALT), blood urea nitrogen

(UN) and creatinine to reflect the effect of B[a]P on liver and kidney after injection

24 h.
2.4. Biochemical analysis

The body weights of mice were measured when the experiment began (i.e., before B

[a]P treatment) and end (i.e. B[a]P injection after 24, 48 or 72 h, respectively). Tissue

homogenates were prepared in ice-cold 0.9% NaCl and centrifuged at 800� g for 10

min. The supernatants were further centrifuged for 15 min at 12,000 � g to deter-

mine MDA and enzymatic assays (Livingstone, 1988). Total protein concentrations

in the supernatants were assayed by Bradford method (Bradford, 1976) with bovine

serum albumin used as a standard. SOD activity was measured by the method of

Misra and Fridovich, (1972). CAT and GPx activities were examined according

to the method of Aebi, (1984) and Hafeman (Hafeman et al., 1974), respectively.

The activity of GST was examined in a substrate of 1-chloro-2, 4-dinitrobenzene,

followed the formation of the conjugate with GSH at 340 nm by the method of

Habig et al. (1974). A fluorometric assay was used to determine GSH contents as

had been described by Hissin and Hilf (1976). GSSG levels were analyzed according

to the method of Akerboom and Sies (1981). MDA levels were assayed as described

by Ohkawa et al. (1979).

The blood and serum samples were analyzed for determination of the UN, creatinine,

and GPT, GOT levels using a clinical chemistry automated analyzer (Mindray BS-

220, Shenzhen, China) with recommended standard reagents (Roche, Basel,

Switzerland) suitable for this analyzer, respectively.
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2.5. Isolation of cells from liver, lung, stomach, brain, kidney

Collagenase 1A (2 ml, 0.1%) was used to prepare cell suspensions from liver, lung,

stomach, brain, kidney which were incubated for 30 min at 37 �C. Then all the tis-

sues were carefully cut free into a nylon (150 mesh) filter-funnel placed on a sterile

tube. The cells were released after cutting open the capsule and 1 ml PRMI-1640 me-

dium supplemented with 10% FCS was added. The cell suspensions were centri-

fuged at 40 � g for 3 min and were re-suspended in 1 ml PRMI-1640 medium.

Cell viability was over 95% for all samples (Garry et al., 2003).
2.6. Alkaline single cell gel electrophoresis (SCGE) assay and
modified SCGE assay

SCGE assay was used to evaluate the effects of B[a]P on DNA damage in liver, lung,

stomach, brain and kidney. The procedure was carried out according to the method

proposed by Singh et al. (1988) and Tice et al. (2000). In brief, cell pellets were sus-

pended in 0.5% low melting point agarose (LMA) and were then applied to slides

pre-coated with 1.5% normal-melting point agarose (NMA), and sealed with a cover-

slip. Then the slides were transformed to a cold plate for solidifying and the cover-

slips were removed. The slides were placed in lysis solution (2.5 M NaCl, 100 mM

Na2EDTA, 10 mM Tris, 1% Triton X, 10% dimethyl sulfoxide, pH 10.0) for at least

1 h after the agarose gel solidified. All subsequent steps were controlled under red

light to prevent possible DNA damage arising from cell manipulation. The slides

were placed in alkaline electrophoresis buffer (300 mM NaOH, 1 mM Na2EDTA,

pH � 12.5) inside in a horizontal gel electrophoresis platform for 20 min. Electro-

phoresis was run at 25 V and 300 mA for 20 min after DNA unwinding period. Then

the slides were washed two times with neutral buffer (0.4 M Trizma base, pH 7.5, 4
�C) for 8 min and air dried. The coded slides were stained with ethidium bromide (20

mg/ml) and reviewed under a fluorescence microscope (Nikon 027012; Nikon, To-

kyo, Japan). An automated analysis system of Comet Assay Software Project

(CASP) was used to score and analyze the slides. At least 100 cells were randomly

scored from each slide and 3 slides were conducted per experimental group for the

evaluation of DNA-damaged cells. The degree of DNA damage was scored by deter-

mining the percentage of DNA in the tail, tail DNA%¼ (tail DNA/(head DNAþ tail

DNA)) � 100. As previous description (Gao et al., 2011a,b), each class of DNA

damage in cell populations was defined according to the percentage of tail DNA

which can be represented by image of comets: 0e20% (class 0), 20e40% (class

1), 40e60% (class 2), 60e80% (class 3) and >80% (class 4).

Additionally, a modified method was used to assay the effects of B[a]P induced

oxidative DNA damage (Gao et al., 2011a,b). Briefly, when the cells were lysed,

the slides were washed with enzyme buffer (0.1M KCl, 40 mM HEPES, 0.5 mM

Na2EDTA, 0.2 mg/mL bovine serum albumin, 4 �C, pH 8) for 2 � 8 min. Then
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50 mL enzyme buffer contained 1.0 mg/mL of FPG were added to the agarose-

embedded cells. Gels were sealed with a cover slip and incubated at 37 �C in the

dark for 30 min. Following the slides were transferred into alkaline buffer for un-

winding, electrophoresis was performed as the procedure in alkaline SCGE assay.
2.7. Pathological examination

Another half tissue samples were used to observe the pathological changes. The tis-

sues were fixed with 10% phosphate-buffered neutral formalin. Then the samples

were dehydrated in graded (50e100%) ethanol and embedded in paraffin. These

paraffin masses were cut into 5-mm-thick slices and stained with hematoxylin and

eosin (H&E) for the examination of pathological changes.
2.8. Statistical analysis

In this study, statistical calculations were performed using the SPSS (version 13.0)

and P values were generated using unpaired Student’s t-test. Results were expressed

as mean � SD for biochemical markers of oxidative stress measurement and DNA

content of comet tail (%) measurement in SCGE assay. Statistical significance was

defined as P < 0.05 throughout.
3. Results

3.1. B[a]P on body weight and other side effects

The variation of body weight was as shown in Fig. 1. Treatment after body weight

(TABW) was decreased when compared with the corresponding treatment before

body weight (TBBW) for all the doses of B[a]P injection after different exposure

times. Especially, significant decreases were observed at 48 h, 72 h after different

doses treatment (P < 0.01, P < 0.001, respectively). Also, other side effects, such

as anorexia, fatigue and sleepiness, were observed in B[a]P treatment mice, espe-

cially at the doses of 50, 100 mg/kg groups.
3.2. Effects of B[a]P on antioxidants, MDA and DNA damage

Antioxidant enzymes activity, MDA and DNA damage were assayed in liver, lung,

kidney, stomach and brain at 24, 48, 72 h time points after administration of 12.5, 25,

50, 100 mg/kg B[a]P, respectively. As shown in Table 1, SOD activity was signif-

icantly increased in stomach (P< 0.001), then in liver, kidney, brain (P < 0.01, P<

0.001, respectively), and in lung (P < 0.05, P < 0.01, P < 0.001, respectively)

except that in lung at 72 h after 100 mg/kg.bw treatment when compared with the

corresponding control groups. The CAT activity measured in liver were significantly

increased (P < 0.01, P < 0.001, respectively). Significant increases were also
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Fig. 1. Acute effects of B[a]P on body weight. Note: TBBW, treatment before body weight; TABW,

treatment after body weight. Data were expressed as mean � SD, n ¼ 10; b represent P < 0.01 when

compared with the corresponding TABW, c represent P < 0.001 when compared with the corresponding

TABW.
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observed in kidney, stomach and brain (P< 0.05, P< 0.01, P< 0.001, respectively)

but not in kidney at 72 h after 100 mg/kg.bw, in stomach at 72 h after 50, 100 mg/

kg.bw, in brain at 72 h after 25, 50, 100 mg/kg.bw, nor in lung at 24, 48, 72 h after

100 mg/kg.bw and at 72 h after 50 mg/kg.bw treatment (Table 2). An analysis of

GPx activity showed significant increases (P < 0.05, P < 0.01, P < 0.001, respec-

tively) in the stomachs and lungs except that at 24 h after 12.5 mg/kg.bw B[a]P-

treated mice relative to the corresponding controls. GPx activity also showed signif-

icant increases (P < 0.001) in brain but not at 24, 48 h after 12.5 mg/kg.bw, at 24 h

after 25 mg/kg.bw B[a]P treatment (Table 3). Also, GPx activity showed significant

elevations at 72 h after the different doses of B[a]P, at 48 h after 100 mg/kg B[a]P

treatment in kidney. Similar increases were observed in livers at 48 h after 50 mg/

kg.bw, at different exposure times after 100 mg/kg.bw B[a]P treatment relative to

the corresponding controls (Table 3). As indicated in Table 4, GST activity was

significantly increased in kidney, stomach and brain (P < 0.05, P < 0.01, P <

0.001, respectively) except that in brain at 72 h after 100 mg/kg.bw treatment

when compared with the corresponding control groups. Also, significant increases

were observed (P < 0.05, P < 0.01, P < 0.001, respectively) in liver but not at

48, 72 h after 100 mg/kg.bw treatment. Similar significant increases were observed

in lung but not at 72 h after 25, 50, 100 mg/kg.bw treatment. GSH levels increased

significantly (P< 0.05, P< 0.01, P< 0.001, respectively) and relatively sensitive in

stomach and liver. Similar results were observed in kidney and brain but not in kid-

ney at 72 h after 100 mg/kg, nor in brain at 72 h after 50, 100 mg/kg B[a]P treatment.
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Table 1. Acute effects of benzo[a]pyrene on SOD activity (mean � SD, n ¼ 10).

Group Time Liver Lung Kidney Stomach Brain

Control 24 175.21 � 11.42 160.56 � 14.89 173.95 � 12.69 166.38 � 15.17 157.64 � 13.92

12.5 mg/kg 24 211.66 � 11.68c 187.73 � 12.75c 208.84 � 11.18c 240.47 � 13.35c 221.56 � 12.56c

25 mg/kg 24 208.62 � 11.25c 183.22 � 11.25b 203.27 � 11.15c 233.07 � 12.83c 209.52 � 13.46c

50 mg/kg 24 204.77 � 14.18c 180.88 � 12.84b 200.52 � 11.63c 221.75 � 11.25c 196.8 � 11.91c

100 mg/kg 24 202.86 � 11.22c 175.56 � 13.42a 196.25 � 12.32c 215.53 � 12.34c 191.22 � 11.35c

Control 48 172.62 � 11.54 158.42 � 15.65 170.45 � 13.65 165.62 � 16.22 155.42 � 12.87

12.5 mg/kg 48 204.17 � 11.95c 186.91 � 11.55c 204.44 � 12.84c 236.11 � 11.15c 211.125 � 12.21c

25 mg/kg 48 200.54 � 12.81c 180.97 � 11.76b 200.78 � 11.92c 227.17 � 10.42c 195.35 � 13.34c

50 mg/kg 48 197.75 � 13.17c 176.16 � 12.73a 195.91 � 11.53c 213.35 � 11.89c 188.02 � 12.32c

100 mg/kg 48 192.52 � 12.75b 173.62 � 11.22a 190.16 � 11.16c 206.32 � 12.12c 176.36 � 12.56b

Control 72 170.34 � 10.85 157.78 � 15.54 168.35 � 11.78 165.22 � 16.34 154.56 � 12.67

12.5 mg/kg 72 200.38 � 9.45c 182.26 � 11.02c 198.16 � 11.98c 228.91 � 10.45c 186.51 � 10.87c

25 mg/kg 72 198.56 � 12.42c 178.46 � 12.41b 196.55 � 11.65c 219.14 � 11.12c 181.07 � 11.71c

50 mg/kg 72 195.86 � 11.43c 172.46 � 11.63a 192.91 � 11.36c 210.42 � 12.34c 178.2 � 12.78c

100 mg/kg 72 192.15 � 12.37c 168.63 � 12.45 185.46 � 12.37b 198.85 � 13.59c 172.47 � 13.12b

SOD: unit mg�1 protein.
aP < 0.05.
bP < 0.01.
cP < 0.001 between the corresponding control and B[a]P treatment groups, respectively.
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Table 2. Acute effects of benzo[a]pyrene on CAT activity (mean � SD, n ¼ 10).

Group Time Liver Lung Kidney Stomach Brain

Control 24 72.8 � 8.10 14.36 � 1.17 39.95 � 4.62 12.83 � 1.96 10.05 � 1.12

12.5 mg/kg 24 98.7 � 9.73c 20.46 � 1.96c 58.02 � 12.65c 21.32 � 2.82c 18.13 � 1.71c

25 mg/kg 24 96.23 � 4.54c 18.17 � 1.47c 56.74 � 13.86b 19.45 � 2.79c 16.62 � 1.21c

50 mg/kg 24 92.52 � 5.21c 16.08 � 1.43b 53.27 � 8.01c 16.28 � 2.49b 15.52 � 1.86c

100 mg/kg 24 90.26 � 6.19c 15.12 � 1.55 50.11 � 12.13a 15.53 � 2.66a 14.86 � 1.23c

Control 48 73.4 � 8.25 13.68 � 1.25 38.72 � 4.23 12.26 � 1.67 11.21 � 1.16

12.5 mg/kg 48 96.13 � 8.65c 17.85 � 2.21c 53.22 � 13.24b 19.62 � 2.91c 16.1 � 1.21c

25 mg/kg 48 91.13 � 7.26c 16.70 � 1.23c 51.58 � 14.80a 17.48 � 2.25c 14.47 � 1.76c

50 mg/kg 48 88.22 � 6.65c 15.13 � 1.42a 50.28 � 12.01a 15.36 � 2.17b 13.02 � 1.20b

100 mg/kg 48 86.85 � 7.36b 14.63 � 1.69 46.81 � 11.14a 15.09 � 2.35b 12.65 � 1.25a

Control 72 72.8 � 8.16 12.35 � 1.32 37.67 � 4.55 11.87 � 1.85 11.64 � 1.28

12.5 mg/kg 72 94.03 � 6.13c 14.62 � 2.02b 50.87 � 14.91a 16.01 � 2.81b 15.30 � 1.20c

25 mg/kg 72 88.02 � 5.63c 13.84 � 1.08a 47.38 � 7.98b 14.38 � 2.01b 12.55 � 1.69

50 mg/kg 72 85.21 � 7.73b 13.11 � 1.86 45.82 � 7.44b 13.15 � 2.53 12.02 � 1.53

100 mg/kg 72 82.45 � 6.16b 12.66 � 1.15 42.79 � 9.55 12.68 � 2.63 11.55 � 1.32

aP < 0.05.
bP < 0.01.
cP < 0.001 between the corresponding control and B[a]P treatment groups, respectively.
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As for in lung, we observed significant increases at 24 h after 12.5, 25, 50 mg/kg.bw,

at 48 h after 12.5, 25 mg/kg.bw B[a]P administration (Table 5). As for GSSG levels,

significant elevations (P < 0.05, P < 0.01, P < 0.001, respectively) were observed

in the examined organs. Relative lower GSSG levels were observed in brain

(Table 6). We further analyzed the ratio of GSH/GSSG, significant differences

(P < 0.05, P < 0.01, P < 0.001, respectively) were observed except those at 24 h

after 50 mg/kg.bw B[a]P treatment in the examined organs and after 100 mg/kg

in lung and stomach, at 48h after 12.5 mg/kg B[a]P treatment in lung and stomach,

at 48 h after 25 mg/kg B[a]P treatment in liver, lung, stomach and kidney, at 72 h

after 12.5 mg/kg B[a]P treatment in liver, lung and kidney, at 72 h after 25 mg/kg

B[a]P treatment in kidney (Table 7). MDA levels increased significantly

(P < 0.001) and relatively sensitive in kidney and brain (Table 8). Similar results

were observed in lung and stomach except that in lung and stomach at 24 h after

12.5 mg/kg B[a]P treatment when compared with the corresponding controls. Signif-

icant increases were observed in liver (P < 0.05, P < 0.01, P < 0.001, respectively)

but not at different exposure times after 12.5 mg/kg.bw B[a]P treatment, nor at 24, 48

h after 25 mg/kg B[a]P treatment relative to the controls. Additionally, SOD, CAT,

GST activities, GSH levels and the ratio of GSH/GSSG was decreased in a time- and

dose-dependent manner. However, GPx activities, MDA and GSSG levels were

increased in a time- and dose-dependent manner.
on.2018.e00898
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Table 3. Acute effects of benzo[a]pyrene on GPx activity (mean � SD, n ¼ 10).

Group Time Liver Lung Kidney Stomach Brain

Control 24 80.33 � 9.71 44.55 � 5.63 56.74 � 6.42 44.13 � 4.76 44.22 � 6.47

12.5 mg/kg 24 83.06 � 8.99 49.06 � 5.08 61.58 � 8.67 47.22 � 4.57 46.69 � 4.31

25 mg/kg 24 85.06 � 9.12 52.96 � 5.13a 62.92 � 14.31 50.91 � 4.14a 50.03 � 4.84

50 mg/kg 24 88.97 � 11.36 56.68 � 7.28b 63.52 � 11.57 53.52 � 6.07b 62.28 � 7.49c

100 mg/kg 24 92.48 � 11.35a 60.11 � 6.32c 65.41 � 11.81 58.21 � 6.86c 65.72 � 7.42c

Control 48 82.11 � 9.65 45.35 � 5.52 57.65 � 6.12 44.62 � 4.75 44.75 � 6.32

12.5 mg/kg 48 87.44 � 11.70 52.34 � 5.54a 63.44 � 9.14 49.91 � 4.72a 49.81 � 5.59

25 mg/kg 48 90.44 � 12.45 54.98 � 6.56b 65.42 � 12.03 52.48 � 5.43b 56.67 � 5.85c

50 mg/kg 48 91.90 � 12.23 59.39 � 6.74c 66.81 � 12.44 56.75 � 6.52c 65.54 � 8.28c

100 mg/kg 48 95.83 � 12.81a 65.42 � 7.11c 68.2 � 12.52a 61.32 � 7.11c 68.37 � 7.23c

Control 72 84.25 � 9.39 46.52 � 5.19 59.17 � 6.38 45.38 � 4.53 45.37 � 6.21

12.5 mg/kg 72 90.12 � 12.25 51.98 � 4.75b 65.63 � 7.12a 51.19 � 5.93b 55.03 � 4.42c

25 mg/kg 72 93.12 � 13.14 56.18 � 7.36c 67.45 � 8.32a 54.49 � 5.59c 63.56 � 5.88c

50 mg/kg 72 96.62 � 15.43a 62.88 � 7.33c 69.43 � 8.10b 59.35 � 6.61c 67.30 � 5.92c

100 mg/kg 72 98.92 � 15.56a 68.16 � 5.63c 71.28 � 11.39b 65.42 � 6.82c 76.33 � 7.21c

aP < 0.05.
bP < 0.01.
cP < 0.001 between the corresponding control and B[a]P treatment groups, respectively.

Table 4. Acute effects of benzo[a]pyrene on GST activity (mean � SD, n ¼ 10).

Group Time Liver Lung Kidney Stomach Brain

Control 24 78.23 � 12.39 64.68 � 9.12 54.75 � 6.84 62.65 � 9.51 56.89 � 4.62

12.5 mg/kg 24 98.49 � 12.57b 85.11 � 8.26c 75.72 � 6.87c 88.04 � 9.33c 76.13 � 4.08c

25 mg/kg 24 95.16 � 11.31b 80.60 � 5.95c 72.65 � 7.21c 86.64 � 8.19c 72.74 � 6.45c

50 mg/kg 24 92.88 � 8.01b 78.80 � 7.26b 68.33 � 9.81b 84.64 � 8.29c 66.36 � 3.45c

100 mg/kg 24 89.17 � 7.22a 76.12 � 7.33b 65.56 � 7.24b 81.42 � 7.32c 64.62 � 4.52b

Control 48 77.52 � 11.42 62.74 � 9.24 52.25 � 6.66 60.74 � 9.67 55.81 � 4.75

12.5 mg/kg 48 94.53 � 13.13b 78.02 � 8.26b 73.97 � 4.91c 85.02 � 9.34c 72.29 � 5.59c

25 mg/kg 48 92.61 � 9.31b 76.12 � 5.59b 70.45 � 5.95c 84.09 � 8.66c 68.81 � 4.01c

50 mg/kg 48 90.35 � 9.10a 75.88 � 6.19b 65.80 � 6.94c 82.22 � 5.77c 62.78 � 4.84b

100 mg/kg 48 85.56 � 9.04 74.76 � 7.02b 62.25 � 7.14b 80.06 � 6.13c 60.74 � 4.96a

Control 72 76.34 � 11.63 62.12 � 9.36 50.85 � 6.81 60.13 � 9.74 55.12 � 4.55

12.5 mg/kg 72 91.77 � 11.23b 71.10 � 6.63a 70.98 � 6.44c 80.41 � 8.89c 66.34 � 5.73c

25 mg/kg 72 89.95 � 11.88a 69.44 � 6.05 68.76 � 7.18c 81.93 � 8.75c 64.04 � 4.71c

50 mg/kg 72 87.74 � 7.76a 68.85 � 6.46 62.21 � 8.59b 81.39 � 5.14c 60.43 � 3.95a

100 mg/kg 72 81.28 � 7.86 65.52 � 7.12 58.11 � 7.52a 78.24 � 6.29c 58.36 � 4.58

aP < 0.05.
bP < 0.01.
cP < 0.001 between the corresponding control and B[a]P treatment groups, respectively.
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Table 5. Acute effects of benzo[a]pyrene on GSH level (mean � SD, n ¼ 10).

Group Time Liver Lung Kidney Stomach Brain

Control 24 40.23 � 5.64 49.32 � 7.38 48.83 � 6.71 47.93 � 4.11 19.02 � 4.73

12.5 mg/kg 24 58.96 � 5.81c 62.12 � 4.09c 68.07 � 6.88c 68.84 � 5.44c 35.71 � 5.21c

25 mg/kg 24 56.42 � 5.39c 60.73 � 5.45c 64.26 � 8.79c 66.44 � 4.99c 32.60 � 6.01c

50 mg/kg 24 52.94 � 4.60c 57.78 � 4.16b 60.25 � 4.77c 63.39 � 3.77c 27.76 � 5.11c

100 mg/kg 24 50.47 � 5.12c 53.52 � 5.21 57.25 � 6.23a 61.42 � 3.13c 25.63 � 4.11b

Control 48 39.62 � 5.45 48.55 � 7.42 47.25 � 6.52 46.63 � 4.52 18.23 � 4.68

12.5 mg/kg 48 56.29 � 6.95c 57.70 � 5.80b 63.26 � 7.09c 63.99 � 4.56c 32.43 � 5.57c

25 mg/kg 48 53.43 � 5.85c 56.89 � 5.58a 62.80 � 6.41c 62.94 � 4.95c 30.23 � 6.62c

50 mg/kg 48 50.37 � 5.57c 53.18 � 4.16 58.21 � 4.33c 60.28 � 3.32c 25.08 � 4.64b

100 mg/kg 48 47.75 � 5.24b 51.42 � 4.85 53.21 � 5.11a 58.24 � 4.45c 23.86 � 4.42a

Control 72 39.12 � 5.66 47.67 � 7.51 46.68 � 6.34 45.14 � 4.33 18.14 � 4.58

12.5 mg/kg 72 52.45 � 6.96c 52.47 � 4.35 60.73 � 9.94b 58.69 � 5.05c 30.83 � 5.78c

25 mg/kg 72 51.14 � 6.06c 52.12 � 6.57 57.31 � 8.48b 58.53 � 3.03c 26.54 � 5.72b

50 mg/kg 72 47.25 � 6.02b 51.36 � 4.62 54.03 � 6.67a 57.22 � 3.72c 22.13 � 4.14

100 mg/kg 72 45.56 � 5.31a 50.63 � 5.14 50.03 � 5.74 57.14 � 4.31c 21.81 � 4.06

aP < 0.05.
bP < 0.01.
cP < 0.001 between the corresponding control and B[a]P treatment groups, respectively.

Table 6. Acute effects of benzo[a]pyrene on GSSG level of various organs (mean

� SD, n ¼ 10).

Group Time Liver Lung Kidney Stomach Brain

Control 24 6.22 � 0.41 7.63 � 0.55 7.56 � 0.63 7.42 � 0.65 2.94 � 0.32

12.5 mg/kg 24 7.65 � 0.55c 8.43 � 0.74a 8.24 � 0.74a 9.34 � 0.78c 3.87 � 0.36c

25 mg/kg 24 7.91 � 0.63c 8.55 � 0.75b 8.86 � 0.82c 9.35 � 0.72c 3.92 � 0.38c

50 mg/kg 24 8.51 � 0.71c 8.62 � 0.71b 9.37 � 0.92c 9.56 � 0.85c 4.61 � 0.41c

100 mg/kg 24 8.72 � 0.73c 8.66 � 0.78b 9.9 � 0.96c 9.58 � 0.86c 5.27 � 0.51c

Control 48 6.13 � 0.62 7.51 � 0.68 7.31 � 0.65 7.22 � 0.71 2.82 � 0.32

12.5 mg/kg 48 7.79 � 0.75c 8.36 � 0.82a 8.63 � 0.82c 9.41 � 0.86c 4.09 � 0.36c

25 mg/kg 48 8.29 � 0.81c 8.66 � 0.85b 9.41 � 0.78c 9.73 � 0.87c 4.28 � 0.35c

50 mg/kg 48 8.77 � 0.85c 9.2 � 0.84c 10.12 � 0.96c 10.14 � 0.92c 5.28 � 0.45c

100 mg/kg 48 9.21 � 0.88c 9.43 � 0.88c 10.19 � 0.92c 10.31 � 0.96c 5.42 � 0.52c

Control 72 6.05 � 0.68 7.38 � 0.71 7.22 � 0.77 6.98 � 0.65 2.65 � 0.23

12.5 mg/kg 72 8.21 � 0.83c 8.58 � 0.85b 8.96 � 0.84c 9.8 � 0.82c 4.26 � 0.41c

25 mg/kg 72 8.59 � 0.83c 9.24 � 0.92c 9.63 � 0.86c 10.11 � 0.92c 4.59 � 0.45c

50 mg/kg 72 9.03 � 0.86c 9.7 � 0.95c 10.25 � 0.86c 10.58 � 0.93c 5.34 � 0.53c

100 mg/kg 72 9.53 � 0.92c 9.91 � 0.86c 10.83 � 0.96c 10.95 � 0.96c 5.83 � 0.55c

aP < 0.05.
bP < 0.01.
cP < 0.001 between the corresponding control and B[a]P treatment groups, respectively.
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Table 7. Acute effects of benzo[a]pyrene on GSH/GSSG ratio of various organs

(mean � SD, n ¼ 10).

Group Time Liver Lung Kidney Stomach Brain

Control 24 6.47 � 0.32 6.46 � 0.36 6.46 � 0.41 6.45 � 0.35 6.47 � 0.36

12.5 mg/kg 24 7.71 � 0.36c 7.36 � 0.41a 8.26 � 0.45c 7.37 � 0.45c 9.23 � 0.56c

25 mg/kg 24 7.13 � 0.42b 7.1 � 0.45b 7.25 � 0.38c 7.1 � 0.52b 8.31 � 0.71c

50 mg/kg 24 6.22 � 0.45 6.7 � 0.52 6.43 � 0.36 6.63 � 0.51 6.02 � 0.62

100 mg/kg 24 5.78 � 0.52b 6.18 � 0.55 5.78 � 0.42b 6.41 � 0.48 4.86 � 0.52c

Control 48 6.46 � 0.55 6.46 � 0.56 6.46 � 0.45 6.45 � 0.53 6.46 � 0.39

12.5 mg/kg 48 7.22 � 0.56c 6.9 � 0.61 7.33 � 0.46c 6.8 � 0.55 7.92 � 0.63c

25 mg/kg 48 6.44 � 0.71 6.56 � 0.55 6.67 � 0.45 6.46 � 0.46 7.06 � 0.66a

50 mg/kg 48 5.74 � 0.51b 5.78 � 0.46b 5.75 � 0.51b 5.94 � 0.38a 4.75 � 0.42c

100 mg/kg 48 5.18 � 0.45c 5.45 � 0.46c 5.22 � 0.52c 5.64 � 0.42b 4.4 � 0.41c

Control 72 6.46 � 0.52 6.45 � 0.48 6.46 � 0.61 6.46 � 0.45 6.46 � 0.51

12.5 mg/kg 72 6.38 � 0.51 6.11 � 0.52 6.78 � 0.58 5.99 � 0.55a 7.23 � 0.63b

25 mg/kg 72 5.95 � 0.53a 5.64 � 0.62b 5.95 � 0.55 5.78 � 0.46b 5.78 � 0.55a

50 mg/kg 72 5.17 � 0.55c 5.29 � 0.58c 5.27 � 0.48c 5.4 � 0.49c 4.14 � 0.43c

100 mg/kg 72 4.78 � 0.46c 5.1 � 0.47c 4.62 � 0.41c 5.21 � 0.42c 3.74 � 0.32c

aP < 0.05.
bP < 0.01.
cP < 0.001 between the corresponding control and B[a]P treatment groups, respectively.

Table 8. Acute effects of benzo[a]pyrene on MDA level (mean � SD, n ¼ 10).

Group Time Liver Lung Kidney Stomach Brain

Control 24 6.05 � 1.55 5.58 � 1.26 3.98 � 0.17 1.43 � 0.15 1.49 � 0.08

12.5 mg/kg 24 7.59 � 1.19 7.09 � 1.23 4.77 � 0.67c 1.62 � 0.12 1.63 � 0.25c

25 mg/kg 24 7.95 � 1.40 7.41 � 1.73a 5.17 � 1.08c 1.77 � 0.19c 1.75 � 0.19c

50 mg/kg 24 8.85 � 2.11a 8.84 � 1.82c 5.81 � 1.24c 2.09 � 0.12c 1.85 � 0.29c

100 mg/kg 24 9.57 � 2.38a 9.23 � 1.32c 6.22 � 1.26c 2.15 � 0.16c 2.05 � 0.21c

Control 48 6.12 � 1.46 5.66 � 1.21 4.00 � 0.18 1.45 � 0.15 1.51 � 0.09

12.5 mg/kg 48 7.96 � 1.76 7.36 � 1.41b 4.86 � 0.31c 1.76 � 0.16c 1.73 � 0.23c

25 mg/kg 48 8.16 � 1.06 7.80 � 1.16c 5.55 � 0.82c 1.84 � 0.18c 1.96 � 0.25c

50 mg/kg 48 9.58 � 2.14b 8.92 � 2.16c 5.93 � 1.13c 1.99 � 0.15c 1.99 � 0.22c

100 mg/kg 48 11.63 � 2.47c 9.35 � 2.72c 6.33 � 1.06c 2.18 � 0.18c 2.39 � 0.26c

Control 72 6.35 � 1.35 5.72 � 1.24 4.02 � 0.18 1.86 � 0.13 1.52 � 0.11

12.5 mg/kg 72 8.61 � 1.84 7.49 � 1.49c 4.94 � 0.84c 1.95 � 0.12c 1.76 � 0.24c

25 mg/kg 72 9.22 � 1.46b 8.54 � 2.62c 6.91 � 0.96c 2.06 � 0.13c 2.14 � 0.32c

50 mg/kg 72 11.93 � 2.19c 11.54 � 2.62c 7.21 � 1.38c 2.14 � 0.19c 2.21 � 0.27c

100 mg/kg 72 14.03 � 2.35c 13.12 � 3.16c 7.96 � 1.45c 2.36 � 0.21c 2.58 � 0.31c

aP < 0.05.
bP < 0.01.
cP < 0.001 between the corresponding control and B[a]P treatment groups, respectively.
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DNA damage was indicated as comet tail DNA content (%) and was shown in

Table 9. Similarly, DNA damage increased significantly (P < 0.001) accompanied

by the doses of B[a]P elevation, and decreased with the B[a]P exposure time pro-

longed. Additionally, SCGE combination with FPG resulted in more obvious in-

creases in DNA content (%) at 24 h after B[a]P treatment.
3.3. Effects of B[a]P stimulation in antioxidant enzymes activity,
MDA and DNA damage levels at 24 h

We further assayed the stimulation in antioxidant enzymes activity, MDA and DNA

damage levels in liver, lung, kidney, stomach and brain at 24 h after B[a]P injection.

As shown in Fig. 2A, B[a]P produced a 16% to 21%, 9% to 17%, 13% to 20%, 29% to

44%, 21% to 41% stimulation in SOD activity in liver, lung, kidney, stomach and

brain, respectively, relative to the controls at 24 h. Increments in CAT activity

ranging from 24% to 36% in liver, 5% to 42% in lung, 25% to 45% kidney, 21%

to 66% in stomach, and 48% to 80% in brain were detected when compared with
Table 9. Acute effects of benzo[a]pyrene on DNA damage (DNA content of

comet tail, %) of various organs (mean � SD, n ¼ 100 cells).

Group Time Liver Lung Kidney Stomach Brain

Control 24 0.48 � 0.19 0.41 � 0.11 0.56 � 0.09 0.79 � 0.17 0.51 � 0.26

12.5 mg/kg 24 5.72 � 1.72c 3.43 � 0.34c 6.21 � 1.61c 2.96 � 0.18c 4.34 � 1.22c

25 mg/kg 24 6.54 � 2.04c 5.65 � 1.12c 8.33 � 1.55c 4.35 � 0.53c 6.28 � 0.89c

50 mg/kg 24 11.95 � 1.55c 9.75 � 2.10c 11.89 � 4.83c 6.23 � 0.34c 9.14 � 5.09c

100 mg/kg 24 12.13 � 1.34c 10.55 � 1.32c 12.32 � 2.57c 9.02 � 0.54c 10.23 � 1.52c

Control 48 0.45 � 0.16 0.38 � 0.12 0.53 � 0.07 0.77 � 0.18c 0.48 � 0.24c

12.5 mg/kg 48 4.43 � 2.90c 3.37 � 1.95c 4.22 � 2.44c 2.42 � 0.23c 3.56 � 1.17c

25 mg/kg 48 5.94 � 3.31c 4.05 � 0.16c 8.01 � 2.19c 3.85 � 0.32c 5.80 � 1.72c

50 mg/kg 48 9.12 � 1.52c 7.93 � 2.77c 7.16 � 3.49c 4.85 � 0.37c 8.45 � 1.45c

100 mg/kg 48 10.31 � 1.85c 9.65 � 1.25c 10.22 � 2.52c 7.21 � 0.62c 8.85 � 1.36c

Control 72 0.43 � 0.17 0.37 � 0.12 0.50 � 0.07 0.76 � 0.17c 0.47 � 0.22

12.5 mg/kg 72 3.14 � 1.50c 2.83 � 1.62c 3.13 � 1.35c 1.21 � 0.18c 3.14 � 1.76c

25 mg/kg 72 7.38 � 1.26c 3.24 � 0.11c 3.98 � 1.82c 2.14 � 0.23c 4.78 � 2.12c

50 mg/kg 72 7.68 � 2.64c 6.93 � 2.67c 5.70 � 2.32c 3.51 � 0.26c 7.35 � 2.07c

100 mg/kg 72 8.00 � 4.50c 8.49 � 2.44c 6.23 � 2.12c 5.27 � 0.36c 7.78 � 1.23c

Control FPG 24 0.52 � 0.12 0.44 � 0.09 0.58 � 0.10 0.83 � 0.16 0.54 � 0.21

12.5 mg/kg FPG 24 8.06 � 1.83c 5.14 � 0.42c 9.16 � 1.83c 4.48 � 0.35c 6.35 � 1.27c

25 mg/kg FPG 24 9.56 � 2.13c 7.35 � 1.26c 11.73 � 2.14c 6.24 � 0.75c 9.11 � 0.96c

50 mg/kg FPG 24 14.82 � 1.67c 11.63 � 2.26c 13.75 � 3.21c 7.32 � 0.46c 11.21 � 3.12c

100 mg/kg FPG 24 16.15 � 1.42c 12.62 � 1.51c 16.35 � 2.64c 10.91 � 0.82c 12.11 � 1.83c

cP < 0.001 between the corresponding control and B[a]P treatment groups.
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Fig. 2. B[a]P stimulation in antioxidant enzymes activity, GSSG, MDA and DNA damage at 24 h.

Values represent the percent of: [(meanB[a]P treatment�meancontrol)/meancontrol].
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the controls at 24 h (Fig. 2B). For GPx activity (Fig. 2C), there was 3%e15.13% in-

crease in liver, 10.13% to 34.93% increase in lung, 8.53% to 15.28% increase in kid-

ney, 7.00% to 31.91% increase in stomach, 5.58% to 48.62% increase in brain of B[a]

P treatment groups when compared with the corresponding controls. GST activity

was also higher by 14%e26%, 18%e32%, 20%e38%, 30%e40%, and 14%e34%

(Fig. 2D) in B[a]P exposed groups relative to the corresponding controls at 24 h

in liver, lung, kidney, stomach and brain, respectively. Increases in GSH level

ranging from 25% to 47% in liver, 9% to 26% in lung, 17% to 39% in kidney,

28% to 44% in stomach, and 35% to 88% in brain (Fig. 2E) were observed relative
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to the controls at 24 h. B[a]P produced a 23% to 40%, 10% to 13.5%, 9% to 31%, 26%

to 29%, 31% to 79% stimulation in GSSG level in liver, lung, kidney, stomach and

brain, respectively, relative to the controls at 24 h (Fig. 2F). There was an increase in

MDA ranging between 25.45% and 58.18% in liver, 27.06 and 65.41% in lung,

19.85% and 56.28% in kidney, 13.18% and 50.34% in stomach, 9.39% and

37.58% in brain (Fig. 2G) when compared with the corresponding controls at 24

h, respectively. Great elevations from 10.92 to 24.27 fold in liver, 7.36 to 24.73

fold in lung, 10.58 to 21.50 fold in kidney, 2.75 to 10.42 fold in stomach, 7.51 to

19.05 fold in brain (Fig. 2H) were noted in DNA damage. So, for antioxidant en-

zymes, the increase rates relative to the corresponding control were higher in brain,

stomach, then in kidney, lung and liver. However, the high increased rates in liver,

lung, followed by kidney, brain and stomach were noted in MDA and DNA damage.
3.4. Effects of B[a]P on serum GPT, GOT and blood UN,
creatinine at 24 h

We additionally the levels of serum GPT, GOT and blood UN, creatine to indicate

the effects of B[a]P at 24 h after injection on the function of liver and kidney. As

shown in Table 10, the levels of GPT, GOT were significantly increased (P <

0.001) at 24 h after B[a]P treatment. Similarly, the levels of blood UN and creatinine

were also significantly increased (P < 0.05, P< 0.001) except that at 24 h after 12.5

mg/kg B[a]P injection.
3.5. Effects of B[a]P in pathological changes of liver, lung, kidney,
stomach and brain

In the examined organs, acute B[a]P treatment resulted in some pathological

changes. Here we showed the representative micrographs of sections from 50 mg/

kg B[a]P treated mice and the control animals (Fig. 3). Liver histology remained

almost normal when compared with the control (Fig. 3A) except obvious expansion
Table 10. Acute effects of benzo[a]pyrene on the levels of GPT, GOT and UN,

creatinine (mean � SD, n ¼ 10).

Group Time GPT (IU/L) GOT (IU/L) UN (mg/dl) Creatinine (mg/dl)

Control 24 35.3 � 1.82 62.4 � 3.12 13.23 � 1.12 0.07 � 0.01

12.5 mg/kg 24 52.5 � 2.67b 66.3 � 3.23a 15.32 � 1.22b 0.075 � 0.01

25 mg/kg 24 64.1 � 3.52b 69.5 � 3.45b 16.31 � 1.23b 0.08 � 0.011a

50 mg/kg 24 76.7 � 3.72b 76.6 � 3.72b 17.4 � 1.52b 0.082 � 0.012a

100 mg/kg 24 121.1 � 7.23b 84.9 � 4.56b 23.6 � 2.12b 0.11 � 0.013b

aP < 0.05.
bP < 0.001 between the corresponding control and B[a]P treatment groups, respectively.
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Fig. 3. Representative histopathological changes of liver, lung, kidney, stomach and brain tissues

induced by 50 mg/kg treatment B[a]P in mice. A-B for Liver, C-D for Lung, E-F for stomach, G-H

for Kidney and I-J for Brain (HE staining, Magnification: A-H, �400; I-J, �200).
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of hepatic sinusoid between hepatic cords (Fig. 3B). Normal alveolar structure indi-

cated by a large alveoli and thin alveolar walls were observed in lung tissue in the

control group (Fig. 3C). There was the thickening alveolar wall, compressed alveolar

and severe inflammatory cells infiltration phenomenon in B[a]P treated mice

(Fig. 3D). The normal structure of stomach indicated by the stomach mucosa, pri-

mary cells and B cells, gastric pit and the clear smooth muscle layer in the control

group was noted (Fig. 3E). There was a small amount of inflammatory cell infiltra-

tion between the bottom of the stomach mucosa and muscle layer in B[a]P treated

mice (Fig. 3F). Kidney tissue showed almost normal as indicated by glomerulus,

a collection of small tubes, tubular and other organizational structures (Fig. 3H) in

B[a]P induced mice as in control (Fig. 3G). Slighter staining in nucleus of dentate

gyrus (DG) cells of hippocampus (Fig. 3J) in B[a]P treated mice brain was observed

when compared with the control (Fig. 3I).
4. Discussion

A growing number of studies have indicated that high levels of air pollutants are

associated with numerous adverse health outcomes, such as cardiovascular and res-

piratory problems, even increased mortality dates (Friesen et al., 2010; Sancini et al.,

2014; He et al., 2010). However, the mechanisms responsible for such an association

have not been fully identified. As in mentioned above, the primary aim of this study

was to find out the acute effects of oxidative damage induced by B[a]P in the mul-

tiple organs of liver, lung, kidney, stomach, brain, and to find out the differences be-

tween their responses. In this paper, we report a transient increase in oxidative stress

with acute B[a]P treatment in mice.

The body and organ weights of rodents are important considerations in medical

research and animal science (Tanaka et al., 2009). In the present study, B[a]P treat-

ment induced a significant decrease in body weight from the doses of 12.5 mg/kg

to 100 mg/kg. Our results are in line with the studies of Sumedha et al. (2006) and

Rajendran et al. (2008) which have indicated the diminish in body weight in

experimental animals after B[a]P administration. Weight loss and tissue wasting

are generally observed in cancer animal models or patients (Paul et al., 2011).

For a typical carcinogenic compound, the results may be due to the fact that the

cancer cachexia was induced by B[a]P through suppressing the growth in body

weight.

B[a]P induced oxidative damage was determined. Significant increases were

observed for antioxidants, including SOD, CAT, GST and GSH levels in B[a]

P treated mice. The results implied the transient induction of antioxidants in acute

B[a]P exposure. Similar results were also found in other published studies. For

example, Pan et al. (2006) reported that the antioxidant enzyme activities turned

to be higher or to be restrained in PAHs acute exposure in Chlamys Ferrari.
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There was also information that showed the acute toxicity of B[a]P and anthra-

cene increasing CAT activity. Besides, isolated PAHs also increased SOD,

GST and GPx activities, GSH levels in goby Pomatoschistus microps (Vieira

et al., 2008). This induction may be due to the oxidative stress induced by B

[a]P through the excessive ROS production, especially considerable amount of

O�
2
� and hydrogen peroxide (H2O2) which needs to be converted by SOD and

CAT. Simultaneously, the induction of GST and GSH implied the more produc-

tion of electrophilic substances which need to be detoxified during acute B[a]P

treatment (Pan et al., 2006; Vieira et al., 2008; Wu et al., 2007; Amresh et al.,

2007). In addition, the GSH levels and CAT, GST, SOD activities were highest

at 24 h, then decreased till 72 h after B[a]P treatment. The findings are in line

with the studies reported by Pan et al. (2006) and Kim et al. (2000), demon-

strating that the antioxidant enzymes, such as SOD and CAT, were inhibited at

24 h after B[a]P treatment, and O�
2
�, H2O2 was accumulated soon in the organ-

ism. In the present study, for GSSG levels, significant increases were induced and

increased in a dose- and time-dependent manner. The results suggested the

enhanced oxidative stress, especially resulted from excessive ROS (Kim et al.,

2008). This is corresponded to the increased activity of GPx till 72 h after B

[a]P treatment which may be adaptable response to the accumulation of ROS

(Mates, 2000; Pi et al., 2002). However, the enhanced GPx activity has not coun-

teracted the accumulation of ROS. The variation of GSH/GSSG suggested that B

[a]P treatment altered the redox cycle in the system. The decrease in the ratio of

GSH/GSSG would be more sensitive to B[a]P with the elevated doses and pro-

longed treatment times (Kiruthiga et al., 2010). Therefore, MDA levels was

increased till 72 h after B[a]P treatment and this increase was enhanced with

the doses elevation.

As a classical method of DNA damage detection, the SCGE assay is usually used in

experimental and epidemiological studies (Garry et al., 2003). In the present study,

we used the SCGE assay to detect DNA damage induced by B[a]P. The results

showed that different doses of B[a]P treatment significantly induced DNA damage

in liver, lung, kidney, stomach and brain tissues. This demonstrated that the cyto-

chrome P-450 isoenzyme, especially CYP1A1, existed in these tissues, could cata-

lyze B[a]P into ROS and electrophilic metabolites such as BPDE to induce DNA

damage (Albrecht et al., 2001) and to produce genotoxic activity (Yang et al.,

2000). The results of SCGE combination FPG further demonstrated that B[a]P

induced oxidative DNA damage (Gao et al., 2011a,b). Also, the results indicated

that the highest DNA damage was induced at 24 h after B[a]P treatment, and then

decreased till 72 h. This may be due to the fact that the DNA damage induced by

B[a]P was partially repaired by the nucleotide excision repair system (Garry et al.,

2004; Cemeli et al., 2009). However, DNA damage remained significantly higher

when compared with the corresponding control animals. The DNA damage was
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enhanced with the increase of B[a]P dose and similar to our previous study in cervix

tissue (Gao et al., 2011a,b).

Based on the previous variations of antioxidants and DNA damage with prolonged

time after B[a]P treatment, we further analyzed the stimulation in antioxidants,

MDA and DNA damage levels at 24 h in these organs. As for the variation of

SOD, CAT and GSH among these organs, the relative high stimulation was in

stomach and brain, the relative low stimulation appeared in lung and liver

(Fig. 2). As for GPx variation, the highest stimulation was observed in brain,

then in lung, followed in stomach, liver and kidney. Thus, the highest stimulation

GSSG was also found in brain, then in liver, kidney and stomach, last in lung.

However, the relative higher stimulation of GST activity was observed in stomach

and kidney, followed by lung and liver, last in brain. This may be the previous rela-

tive high stimulation of SOD, CAT, GSH and GPx which cleared more excessive

ROS, then further need relative low activity of GST to detoxify the toxic effects in

brain (Pan et al., 2006; Gao et al., 2011a, 2011b; Kim et al., 2000). Herein, the in-

duction of MDA on these tissues was as the following order of predominance: lung

> liver > kidney > stomach > brain (Fig. 2F). The results suggested that B[a]P

induced relative high oxidative stress in liver and lung, lower oxidative stress in

stomach and brain (Dasgupta et al., 2004). Further, the induction of DNA damage

on these tissues was as the following order of predominance: liver > lung > kidney

> brain > stomach (Fig. 2G). Liver is the most important organs of xenobiotic

metabolism and is primarily involved in the metabolism of B[a]P (Saunders

et al., 2006). B[a]P is one of the main carcinogens in cigarette smoke which plays

a major role in the induction of lung carcinogenesis (Hecht et al., 2002). Our results

are in line with these previous publications and show the relative high oxidative

stress and DNA damage in liver and lung. Numerous studies have indicated that

renal changes are induced by B[a]P treatment in rodents (Alejandro et al., 2000;

Knuckles et al., 2001; Nanez et al., 2005). As a result, the findings showed oxida-

tive stress and DNA damages in kidney induced by B[a]P. The stomach is also

exposed to exogenous carcinogens such as B[a]P which is used to induce tumors

in the lung, skin, and forestomach of mice (Lee et al., 2005). Experimental data

have demonstrated that B[a]P easily crosses the blood-brain barrier and induces

acute neurobehavioral toxicity through oxidative stress (Murawska-Cia1owicz

et al., 2011). Thus, the results also indicated oxidative stress and DNA damage

in stomach and brain. However, the results of induction in MDA and DNA damage

are not consistent with each other in stomach and brain. This may be due to the

more sensitive DNA in brain than that in stomach. This need to be further studied

to elucidate the exact molecular mechanism in the future. Additionally, the varia-

tions of serum GPT, GOT and blood UN, creatinine were determined. The findings

indicated that B[a]P was a toxic agent for the liver and kidney (Valentovic et al.,

2006; Gao et al., 2011b; Aktay et al., 2011).
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The stimulation of antioxidants and induction of MDA and DNA damage were

further demonstrated in the analysis of HE examination in liver, lung, kidney, stom-

ach and brain tissues. HE examination in tissue pathology was with the following

order of predominance: lung > liver > kidney ¼ stomach > brain (Fig. 3). As acute

effects on these organs, the highest injury was observed in lung, including the alve-

olar wall thickening, alveolar compression, and a large number of inflammatory cell

infiltrations. Then significant expansion of hepatic sinusoid between hepatic cord in

liver and a small amount of inflammatory cell infiltration in stomach were observed.

As for other organs, the relative less injury was observed than that in lung. This is

associated with the important role of B[a]P in lung carcinogenesis (Hecht et al.,

2002). The results of HE examination were consistent with the induction of

MDA in these organs. This implied that LPO may indicate more effects on these

organs. Actually, the level of LPO was an important indicator in evaluating the

oxidative stress in organism (Ji et al., 2013; Pan et al., 2006). Oxidative stress plays

an important role in the pathogenesis of cancer. The abnormal histological tissue

may further progress into precancerous lesion, even to cancer in organisms. In sum-

mary, in acute toxic effects, B[a]P induced a decrease in body weight. B[a]P modi-

fied antioxidants through temporally improving SOD, CAT, GST, GSH, GPx

levels, and increasing GSSG and MDA levels in the experiment. The redox cycle

was altered by B[a]P through the indicative variation of GSH/GSSG. This stimula-

tion indicated time- and dose- dependent decreases for SOD, CAT, GST, GSH

levels and GSH/GSSG. However, this induction showed time- and dose-

dependent increases for GPx activity, GSSG and MDA levels. As for DNA damage,

the induction indicated time-dependent decrease and dose-dependent increase

manner. B[a]P also induced the significant elevation of serum GPT, GOT and blood

UN, creatinine. The total induction may be represented by the variation of MDA at

24 h after B[a]P treatment and showed by the following order of predominance:

lung > liver > kidney ¼ stomach > brain, which was also demonstrated by histo-

pathological variation. Further studies are necessary to examine the specific mech-

anism for the enhanced toxicity in the examined organs associated with B[a]P

treatment.
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