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Abstract

Aristolochic acid (AA) is a potent human nephron-toxin and carcinogen. We previously reported 

that AA treatment resulted in DNA damage and mutation in the kidney and liver of rats. In this 

study, we have determined the DNA adducts and mutations induced by AA in rat spleen. Big 

Blue® transgenic rats were gavaged with 0, 0.1, 1.0, and 10.0 mg AA/kg body weight five-times/

week for 3 months. Three DNA adducts, [7-(deoxyadenosin-N6-yl)-aristolactam I, 7-

(deoxyadenosin-N6-yl)-aristolactam II and 7-(deoxyguanosin-N2-yl)-aris-tolactam I], were 

identified by 32P-postlabeling. Over the dose range studied, there were strong linear dose-

responses for AA-DNA adduct formation in the treated rat spleens, ranging from 4.6 to 217.6 

adducts/108 nucleotides. Spleen cII mutant frequencies also increased in a dose-dependent 

manner, ranging from 32.7 to 286.2 × 10−6 in the treated animals. Mutants isolated from the 

different treatment groups were sequenced; analysis of the resulting spectra indicated that there 

was a significant difference between the pattern of mutation in the 10 mg/kg AA-treated and the 

vehicle control rats. A:T → T:A transversion was the major type of mutation in AA-treated rats, 

whereas G:C → A:T transition was the main type of mutation in the vehicle controls. These 

results indicate that AA is genotoxic in the spleen of rats exposed under conditions that result in 

DNA adduct formation and mutation induction in kidney and liver.
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INTRODUCTION

In the 1990s, patients in a Belgian weight loss program suffered an acute outbreak of 

progressive renal fibrosis, later called Chinese-herb nephropathy (CHN), and subsequently, 
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urothelial carcinoma. The term CHN derived from evidence indicating that the toxicity was 

due to the accidental replacement of Stephania tetrandra by Aristo-lochia fangchi in a 

mixture of Chinese herbs ingested as part of the weight-loss program [Vanherweghem et al., 

1993; Cosyns et al., 1994]. Subsequently, many other similar cases of CHN were reported 

worldwide [Cosyns, 2003; Debelle et al., 2008; Schmeiser et al., 2009]. As the source of the 

toxicity has been identified as the aristolochic acid (AA) contained in Aristolochia species 

[Debelle et al., 2008], the term CHN has been replaced by aristolochic acid nephropathy 

(AAN) [Gillerot et al., 2001]. Because herbal drugs derived from Aristolochia species have 

been used for medicinal purposes since antiquity and numerous ingredients containing AA 

are used regularly in some Asian countries, it is probable that the true incidence of AAN is 

underestimated [Debelle et al., 2008]. In addition, AA is an etiologic factor in the 

development of Balkan endemic nephropathy (BEN) [Arlt et al., 2007; Grollman et al., 

2007], which was first described in the late 1950s. Thus, a high number of BEN cases are 

likely AAN cases.

Following the Belgian CHN/AAN incident and evidence indicating the etiopathological role 

of AA, the U.S. Food and Drug Administration issued warnings about the use and marketing 

of dietary supplements or other botanical-containing products that may contain AA [FDA, 

2001]. Subsequent to this warning, however, products with possible AA content have been 

reported to be available on the internet [Gold and Slone, 2003] and such products continue 

to be used as traditional herbal medicines in some countries. FDA maintains an import alert 

restricting entry into the US of botanicals containing AA for use in dietary supplements 

[FDA, 2011].

AA is a family of structurally related nitrophenanthrene carboxylic acids, occurring in nature 

as a mixture of two major components, aristolochic acid I (AAI) and aristolochic acid II 

(AAII). AA is bioactivated by cytosolic nitroreductases [i.e., NAD(P)H:quinone 

oxidoreductase 1] or microsomal cytochromes P450 (i.e., CYP1A1 and CYP1A2) [Stiborova 

et al., 2011; Arlt et al., 2011a; Stiborova et al., 2012] and subsequently reacts with cellular 

proteins and DNA, leading to multiple forms of toxicity.

AA is mutagenic in bacterial and mammalian cell shortterm tests [Arlt et al., 2002] and 

carcinogenic in multiple tissues of both rats and mice. Rats treated orally with 0.1, 1.0, and 

10.0 mg AA/kg body weight for 3 months developed squamous cell carcinomas in the 

forestomach and malignant tumors in the kidney and urinary tract, with incidences as high as 

25%, 85%, and 100% at the three doses, respectively [Mengs et al., 1982]. Administration of 

5 mg AA/kg body weight to mice for 3 weeks resulted in squamous cell carcinoma of the 

forestomach, adenocarcinoma of the glandular stomach, kidney adenomas, lung carcinomas, 

and uterine hemangiomas within 1 year of treatment [Mengs, 1988]. In 2002, the 

International Agency for Research on Cancer (IARC) concluded that there was limited 

evidence in humans and sufficient evidence in experimental animals for the carcinogenicity 

of AA, and that naturally occurring mixtures of AA are probably carcinogenic to humans 

(Group 2A) [IARC, 2002]. Based on new evidence, IARC recently reclassified AA as a 

Group 1 human carcinogen [Grosse et al., 2009].
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In our previous studies, male Big Blue® transgenic rats were gavaged with 0, 0.1, 1.0, and 

10.0 mg AA/kg body weight for 3 months. Levels of three major DNA adducts, 7-

(deoxyadenosin-N6-yl)-aristolactam I (dA-AAI), 7-(deoxyadenosin-N6-yl)-aristolactam II 

(dA-AAII), and 7-(deoxyguanosin-N2-yl)-aristolactam I (dG-AAI), increased in both kidney 

and liver in a dose-responsive manner [Mei et al., 2006]. Similar dose-responses for cII 
mutant induction also were observed in both tissues, with A:T → T:A transversion 

identified as the predominant mutation in AA-treated rats [Mei et al., 2006; Chen et al., 

2006a]. In addition, a significant dose-dependent induction of H-Ras codon 61 CAA → 
CTA mutation fraction was observed in both liver and kidney, which correlated significantly 

with AA-induced DNA adduct levels and cll mutant frequencies (MFs) [Wang et al., 2011]. 

Rat micro- array analysis detected more significantly altered genes involved in cancer-

related pathways in kidney than in liver, and indicated that biological processes related to 

defense responses, apoptosis, and the immune response were altered significantly by AA 

exposure in kidney but not in liver [Chen et al., 2006b].

In vivo observations on the distribution of AA suggest that a number of tissues are 

potentially exposed. AA concentrations were measured in the kidney and other major organs 

(heart, liver, lung, and spleen), and also in the serum and urine of rats administrated 2 mg of 

AA orally, twice a day for 5 days [Liu et al., 2003]. The tissue AA concentration was highest 

in the lung and kidney, whereas liver and spleen AA concentrations were about 48% and 

11% of kidney. DNA adduct levels were measured in a 34-year-old woman who had 

ingested an herbal drug containing AA for 9 months. The adenosine adduct of AAI was 

detected in her tissues at concentrations ranging from 1.0 to 21.9 adducts per 109 

nucleotides. Spleen, at 21.2 adducts per 109 nucleotides, had the 2nd highest level of adducts 

after lung, followed by the adrenal gland, liver, and ureter, whereas only weak DNA binding 

was observed in bladder, brain, and kidney [Arlt et al., 2004].

The spleen functions in systemic circulation, sequestering cells from the bone marrow, 

thymus, and lymph nodes. It is also the largest secondary lymphoid organ, containing about 

one-fourth of the body’s lymphocytes. To provide additional information on the in vivo 

genotoxicity of AA, this study evaluated DNA adduct and mutation induction in rats treated 

with AA. Because these studies were conducted on the same Big Blue® rats used in our 

previous report of in vivo AA genotoxicity [Mei et al., 2006], we were able to compare AA 

adduct and mutation induction directly in kidney (a target tissue for AA toxicity), liver (a 

principle organ for xenobiotic metabolism), with spleen, an exposed tissue with no evidence 

for tumor induction.

MATERIALS AND METHODS

Chemical and Animals

AA was purchased from Sigma (St. Louis, MO). The AA content of the test agent was 96% 

(40% AAI and 56% AAII). Male Big Blue® transgenic rats were obtained from Taconic 

Laboratories (Germantown, NY). All animal procedures followed the recommendations of 

the NCTR Institutional Animal Care and Use Committee for the handling, maintenance, 

treatment, and sacrifice of the rats.
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Treatments

Six-week-old Big Blue® rats were treated with 0.1, 1.0, or 10.0 mg AA/kg body weight by 

gavage, five times per week for 12 weeks; the treatment schedule was based on a previous 

carcinogenesis study [Mengs et al., 1982]. Vehicle control rats were gavaged with 0.9% 

sodium chloride using the same schedule as for the AA-treated rats. Six rats from each 

treatment group were sacrificed one day after the last treatment. Tissues, including the 

spleen, were isolated, frozen quickly in liquid nitrogen, and stored at −80°C.

DNA Adduct Analysis by 32P-Postlabeling

Spleen DNAs were isolated by a standard phenol extraction method. 32P-postlabeling 

analysis using the nuclease P1 enrichment and thin-layer chromatography (TLC) was 

performed as described previously [Phillips and Arlt, 2007; Arlt et al., 2011b]. 

Chromatographic conditions for TLC on polyethylenimine-cellulose plates (10 × 20 cm2; 

Macherey-Nagel, Düren, Germany) were: D1, 1.0 M sodium phosphate, pH 6.8; D3: 3.5 

lithium-formate, 8.5 M urea, pH 4; D4, 0.8 M lithium chloride, 0.5 M Tris-HCl, 8.5 M urea, 

pH 9; and D5, 1.7 M sodium phosphate, pH 6. After chromatography, the TLC sheets were 

scanned using a Packard Instant Imager (Dowers Grove, IL). DNA adduct levels were 

calculated from the adduct cpm, the specific activity of [γ−32P]ATP, and the amount of 

DNA (pmol of DNA-P) used. Results are expressed as DNA adducts per 108 normal 

nucleotides. Enzymatic preparation of AA-DNA adduct reference compounds was 

performed as described previously [Arlt et al., 2001]. Urothelial DNA samples from AAN 

patients [Nortier et al., 2000] also were included in the analysis for comparison.

cII Mutation Assay

MFs were determined by the cII mutation assay as described previously [Mei et al., 2004a; 

Mei et al., 2004b]. High-molecular-weight genomic DNA was extracted from rat spleens 

using the RecoverEase DNA Isolation Kit (Stratagene; La Jolla, CA). The packaging of the 

phage, plating the packaged DNA samples, and determination of mutants were carried out 

following the manufacturer’s instructions for the Select-cII Mutation Detection System for 

Big Blue1 Rodents (Stratagene). The shuttle vector containing the cII target gene was 

rescued from total genomic DNA with phage packaging extract, and the resulting phage 

plated on Escherichia coli host strain G1250. To determine the total titer of packaged 

phages, G1250 bacteria were mixed with 1:3,000 dilutions of phage, plated on TB1 plates, 

and incubated overnight at 37°C (nonselective conditions). For mutant selection, the 

packaged phages were mixed with G1250, plated on TB1 plates, and incubated at 24°C for 

about 42 hr (conditions for cII selection). The cII MF is defined as the total number of 

mutant plaques (determined at 24°C) divided by the total number of plaques screened 

(determined at 37°C) and expressed as mutants per million plaque-forming units (pfus).

Sequence Analysis of the cII Mutants

All cII mutant plaques were isolated from the analyses conducted with spleen DNA and 

replated at low density to verify the mutant phenotype. Single, well-isolated plaques were 

transferred from these plates to individual wells of 96-well microplates containing 100 μl of 

sterile distilled water. The microplate with samples was heated at 100°C for 5 min and 
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centrifuged at 12,000g for 3 min. For PCR amplification, 10 μl of the supernatant was added 

to 10 μl of Promega PCR Master Mix (Madison, WI) with cII primers [Slikker et al., 2004]. 

The PCR reaction was performed using a PCR System 9700 (Applied Biosystems, Foster 

City, CA), with the cycling parameters described previously [Slikker et al., 2004; Mei et al., 

2005]. The PCR products were isolated using a QIA-Quick PCR product purification kit 

(Qiagen, Chatsworth, CA). The cII mutant DNA was sequenced with a CEQ Dye Terminator 

Cycle Sequencing Kit and a Beckman Coulter CEQ 8000 Genetic Analysis System (Brea, 

CA). The primer for cII mutation sequencing was the upstream primer used for the PCR.

Statistical Analyses

Analyses were performed using SigmaPlot 11.0 (Systat, Chicago, IL). All DNA adduct and 

MF data are expressed as the mean ± standard deviation from six rats per group. Statistical 

significance was determined by one-way analysis of variance followed by the Holm-Sidak 

method for pairwise comparisons. Because the variance increased with the magnitude of the 

MF, the MF data were log-transformed before conducting the analysis. Mutation spectra 

were compared using the computer program written by Cariello et al. [1994] for the Monte 

Carlo analysis developed by Adams and Skopek [1987].

RESULTS

AA-Induced DNA Adducts in the Spleen

Male Big Blue® transgenic rats were treated with AA 5 days a week for 12 weeks. At the 

end of the treatments, the mean body weights of the rats treated with 0.1, 1.0, and 10.0 

mg/kg body weight AA were 5%, 7%, and 15% less than the vehicle controls [Mei et al., 

2006]. DNA adducts formed in rat spleens were analyzed by 32P-post-labeling. The DNA 

adduct pattern induced by AA in the spleens was the same as previously observed in liver 

and kidney of AA-treated rats [Mei et al., 2006], consisting of dA-AAI (spot 1), dG-AAI 

(spot 2), and dA-AAII (spot 3), respectively (Table I). No DNA adducts were found in 

control rats. Levels of total AA-DNA adducts were 4.6, 29.4, and 217.6 per 108 nucleotides 

for the spleens of rats exposed to 0.1, 1.0, and 10.0 mg/kg body weight AA, respectively 

(Table I).

AA-Induced MFs in the Spleen cII Gene

DNA from each spleen was packaged two-three times either to confirm the MF or to obtain a 

minimum of 2 × 105 pfus for mutant detection. The spleen MFs for the vehicle control Big 

Blue® rats ranged from 17 to 53 × 10−6, with an average of 35 ± 14 × 10−6, which is slightly 

higher than the MFs determined for liver and kidney of control rats [Mei et al., 2006]. The 

results from the cII mutation assay indicated that there was a dose- dependent increase in 

MF for the spleens of AA-treated rats (Table II). The MFs for the middle- and high-dose 

groups (62 ± 28 × 10−6 and 286 ± 82 × 10−6) were significantly higher than the MFs for 

control and low- dose groups (P < 0.05 and P < 0.001, respectively). There were also 

significant differences between the MFs of the high- and middle-dose groups (P < 0.001).
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Mutation Spectra in the Spleen cII Gene

All cII mutant plaques obtained from vehicle control and AA-treated spleens were isolated 

and replated at low density to verify the mutants, and then analyzed for sequence alterations 

in the cII gene. We successfully sequenced 52 mutants from the six control rats (about 98% 

of mutant plaques) and 41, 61, and 196 mutants from six rats each that were treated with 

either 0.1, 1.0, or 10.0 mg/kg body weight AA, respectively (about 61%, 85%, and 68% of 

mutant plaques in these three groups). Mutations that were found more than once among the 

mutants isolated from a single animal were assumed to be siblings and to represent only one 

independent mutation. As shown in Table III, we identified 47 independent cII mutations for 

control rats (90% of mutants with sequence) and 31, 54, and 173 independent mutations for 

the low-, middle-, and high-dose-treated rats, respectively (76%, 89%, and 88% of mutants 

with sequence in these three groups). The mutations were distributed throughout the cII gene 

in both the control and AA-treated groups. Of the six control rats, four of them had G:C base 

substitutions at base pairs 25, 34, 103, and 196 of the cII gene. In high-dose-treated group, 

three or four rats had A:T base substitutions at base pairs 2, 26, 127, 139, 161, 178, and 294, 

and these mutations were not found in vehicle control rats (Table III).

Table IV summarizes the types of independent mutations in the spleen cII gene from low-, 

middle-, and high- dose-treated rats and the vehicle control rats. The overall pattern of 

mutations in the spleen of rats treated with the middle and high doses of AA differed 

significantly from the mutation spectrum of the vehicle control rats (P = 0.036 and P = 

0.003, respectively), whereas the mutation spectrum in the spleens of low-dose-treated rats 

was not significantly different from the control group (P = 0.846). A:T → T:A transversion 

(27%) was the major type of spleen mutation in the high-dose-treated group (Table IV), and 

the percentages of this type of mutation also were increased in the low- (10%) and middle-

dose (17%) groups when compared with the control group (4%). The mutation spectrum for 

the control rat spleens was dominated by G:C → A:T transition (51%), and this mutation 

type was decreased in the middle-dose (26%) and high- dose (25%) groups.

DISCUSSION

We previously reported on DNA adduct formation and mutation induction in kidney and 

liver of Big Blue® transgenic rats treated with 0, 0.1, 1.0, or 10.0 mg AA per kg body 

weight for 3 months [Chen et al., 2006a; Mei et al., 2006]. The results of this study indicate 

that, as was the case with kidney and liver, AA induced a dose- dependent increase of DNA 

damage and cII MF in rat spleens (Tables I and II). The DNA adduct levels in the kidneys 

and livers, however, were ~20-fold and ~5 to 9-fold higher, respectively, than those in the 

spleens (Fig. 1). Based on the three data points per tissue derived from AA-treated rats, the 

total DNA binding in all three tissues increased in a linear dose-dependent manner (Figs. 1A 

and 1C). Comparison of the MFs detected in the three tissues indicated that the spleen cII 
MFs were about half those of liver and one-fourth those of kidney (Fig. 1B). Over the dose 

range studied, the two endpoints for AA genotoxicity, DNA adduction formation and 

mutation induction, were linearly correlated in the spleen. Similar correlations were 

observed previously for the liver and kidney samples.
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To determine if there were any differences between vehicle control and AA-treated rats in 

terms of clonal expansion or mutational spectra, we sequenced the cII mutants isolated from 

all four groups in this study. Since the cell turnover time in rat spleen is about 15 days 

[Cameron, 1971], the number of sibling mutants in the animal will increase and result in a 

higher MF if a mutated clone is disproportionately expanded. As shown in Table III, 90% of 

the mutants sequenced from the control rats and 88% of the mutants from the high-dose-

treated rats contained independent mutations, suggesting minimum clonal expansion. 

Although mutations in AA-treated rats were distributed throughout the cII gene, A:T base 

substitutions at base pairs 2, 26, 127, 139, 161, 178, and 294 occurred more than three times 

(i.e., in three or more different rats; Table III), indicating that certain base pairs may be 

mutated preferentially.

Comparison of the vehicle control mutation spectra in spleen, liver, and kidney revealed no 

significant differences (Table V). In contrast, the overall pattern of mutations induced by the 

high-dose of AA in spleen was significantly different from kidney and liver, whereas there 

was no difference between the liver and kidney mutation spectra [Mei et al., 2006]. This may 

be explained by the relatively modest increases in MF produced by AA in spleens when 

compared with those in kidney and liver (Fig. 1) and by the differences in DNA adduct 

formation. The low-, middle-, and high-dose AA treatments resulted in 10%, 17%, and 27% 

A:T → T:A transversion, respectively, while this mutation accounted for only 4% of the 

mutations in the spleens from control animals (Table IV). The percentage of A:T → G:C 

transition was also increased from 2 to 12% with increasing AA dose. Combining all 

mutations at A:T sites results in a larger difference in the types of mutations in the high-

dose-treated and control groups, i.e., 40% vs. 9% mutations at A:T base pairs (Table IV). 

AA also resulted in increases of A:T → T:A transversion and A:T → G:C transition in rat 

kidney and liver [Chen et al. 2006a; Mei et al. 2006]. It was reported that AA induced 

mainly A:T → T:A trans-version in the kidney, bladder, and forestomach of Muta mice 

[Kohara et al., 2002]. Collectively, these results suggest that reaction with deoxyadenine is 

the major mutagenic pathway for AA. Based on the preponderance of A → T transversion 

in the mutation spectra, the adenine adducts formed by AA (dA-AAI and dA-AAII) appear 

to have greater miscoding potential than the guanine adducts [Broschard et al., 1994; 

Stiborova et al., 1994].

As to the significance of these mutations for cancer, a high frequency of A → T 

transversion has been reported in codon 61 of the Ha-ras oncogene in tumors from rodents 

treated with AAI [Schmeiser et al., 1991] and in TP53 mutations from AAN and BEN 

patients [Lord et al., 2004; Grollman et al., 2007; Moriya et al., 2011]. A high frequency of 

A → T transversion mutation also has been observed in the human TP53 gene of the Hupki 

(human TP53 knock-in) mouse model [Nedelko et al. 2009; Kucab et al., 2010]. Thus, AA-

DNA adducts at adenine residues appear to be the critical premutagenic lesions in the 

carcinogenic process [Arlt et al., 2000; Arlt et al., 2007].

The genotoxicity of AA has been studied extensively in vitro and in vivo. A large body of 

evidence suggests that AA-induced DNA adduct formation, followed by cellular 

proliferation and fixation of mutations, is responsible for cancer development in AA-treated 

animals [Arlt et al., 2002; Arlt et al., 2007]. However, AA-DNA adducts in AAN patients 
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have been found in several organs in addition to the urinary tract, including the liver and 

spleen, but AAN-associated tumors have been observed only in urothelial tissue [Nortier et 

al., 2003; Arlt et al., 2004; Lord et al., 2004]. In our previous study, we found that treatment 

with 10 mg/kg body weight AA for 3 months resulted in a relatively high DNA adduct levels 

and MFs in liver as well as kidney [Mei et al., 2006]; in this study we found adducts and 

mutations in spleen (Fig. 1). These observations suggest that additional factors other than 

DNA damage and mutations may be critical for the high incidence of urothelial tumors. In 

female mice, oral AA exposure caused malignant lymphoma (50%), as well as tumors of the 

forestomach (100%), lung (100%), kidney (75%), and uterus (37%) [Mengs, 1988]. A single 

AA-treated male rat was reported to have tumors of the hematopoietic (blood-producing) 

system [NTP, 2008]. It has been reported that AA treatment of Muta mouse resulted in 

significantly higher lacZ and cII MFs in several different tissues, including spleen and bone 

marrow (1.6- to 2.6-fold) [Kohara et al., 2002]. In addition, AA increased micronuclei in 

bone marrow cells of mice [Mengs and Klein, 1988], induced sister chromatid exchanges 

[Abel and Schimmer, 1983] and micronucleus formation [Kevekordes et al., 2001] in 

cultured human peripheral lymphocytes. Taken together, it is possible that a longer follow-

up of the Belgian cohort may indicate that AA exposure has an increased risk of malignancy 

in hematopoietic tissues (lymphomas and leukemia). However, it should be noted that 

additional studies should be performed to understand genotoxic activities of AA in spleen.

In summary, using chronic treatment conditions comparable to those known to produce 

tumors in rats [Mengs et al., 1982], AA exposure resulted in dose-responsive increases in the 

total DNA adducts and the cII MF in rat spleen. The MF and levels of adducts in spleen 

were lower than those previously reported for kidney and liver [Mei et al., 2006]. Sequence 

analysis of the cII mutants from the spleen indicated that there was a significant difference in 

the mutation spectra in 10 mg/kg AA-treated and vehicle control rats. This study provides 

additional support to a growing body of evidence for a mutagenic mechanism for AA 

carcinogenesis in rodents.
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Fig. 1. 
Total DNA adduct levels (A) and cII mutant frequencies (B) in spleen, liver, and kidney of 

Big Blue rats treated with different doses (0.1, 1.0, and 10.0 mg/kg body weight) of 

aristolochic acid for 12 weeks. The data represent the mean ± SD of groups of six rats. 

Spleen data for total DNA adduct levels (C, inner figure of A) and mutant frequencies are 

from Table II, whereas liver data are from Mei et al [2006] and kidney data are from Chen et 

al [2006a]. (♦) spleen; (■) liver; and (▲) kidney.
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TABLE I.

DNA Adduct Formation in Spleen of Rats Treated With Different Doses of Aristolochic Acid

Aristolochic acid (mg/kg body weight)

DNA adduct
ab 0.1 1.0 10.0

dA-AAI 1.06 ± 0.23 5.90 ± 0.59 55.69 ± 10.87

dG-AAI 1.07 ± 0.23 6.15 ± 0.64 44.28 ± 8.65

dA-AAII 2.49 ± 0.47 17.33 ± 1.31 117.67 ± 21.09

Total 4.62 ± 0.90 29.38 ± 2.17 217.64 ± 40.08

a
The values are the mean adducts ± SD per 108 nucleotides for each group of six rats.

b
In the control group of six rats, no AA-DNA adducts were found.
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TABLE II.

The cII Mutant Frequencies in Spleen of Rats Treated With Different Doses of Aristolochic Acid (mg/kg Body 

Weight)

Group (mg/kg body weight) Total plaques screened (×103) Mutant plaques Mutant Frequency (×10−6) Mean ± SD (X10−6)

0 391 11 28.1

148 5 33.8

231 4 17.3

300 15 50.0

223 12 53.8

204 6 29.4

35.4 ± 13.9

0.1 125 3 24.0

421 15 35.6

233 5 21.5

384 19 49.5

299 9 30.1

452 16 35.4

32.7 ± 10.1

1.0 229 6 26.2

236 16 67.8

234 20 85.5

210 11 52.4

288 12 41.7

70 7 100.0

62.3 ± 27.6
a,b

10.0 285 85 298.8

196 44 224.5

109 37 339.4

135 56 414.8

173 42 242.8

122 24 196.7

286.2 ± 81.5
c,d

a
P < 0.05 (significantly higher than the control group).

b
Significantly higher than the group treated with 0.1 mg/kg (P < 0.05).

c
P < 0.001 (significantly higher than the control group).

d
Significantly higher than the groups treated with 0.1 and 1.0 mg/kg (P < 0.001).
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TABLE V

Statistical Pairwise Multiple Comparisons of Mutational Spectra in Spleen, Liver, and Kidney From Rats 

Treated With 10 mg/kg Body Weight Aristolochic Acid (AA) or the Vehicle Control

Comparison
a P value Statistically significant difference

Spleen-control vs. liver-control 0.43176 No

Spleen-control vs. kidney-control 0.73764 No

Spleen-AA vs. liver-AA 0.00000 Yes

Spleen-AA vs. kidney-AA 0.00059 Yes

a
Liver data are from Mei et al. [2006] and kidney data are from Chen et al. [2006a].
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