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Abstract 1,8-Dihydroxyanthraquinones are under debate as plant-derived carcinogens that are found in laxatives, food colors, and possibly vegetables. Published genotoxicity data are controversial, and so three of them (emodin, danthron and aloe-emodin) were tested in a number of in vitro assay systems. All three compounds induced tk-mutations in mouse lymphoma L5178Y cells. Induction of micronuclei also occurred in the same cell line, and was dose-dependent, with the potency ranking being danthron > aloe-emodin > emodin. In a DNA decatenation assay with a network of mitochondrial DNA of C. fasciulata, all three test compounds inhibited the topoisomerase II-mediated decatenation. Danthron and aloe-emodin, but not emodin, increased the fraction of DNA moving into comet tails when tested at concentrations around 50 txM in single-cell gel-electrophoresis assays (SCGE; comet assay). Comet assays were also used in modified form to determine whether pretreatment of the cells with the test compounds would reduce the effects of etoposide, a potent topoisomerase II inhibitor. All three test chemicals were effective in this pretreatment protocol, with danthron again being the most potent. Given clearcut evidence of their genotoxic activity, further research on the human cancer risk of these compounds may be warranted.



KeDvords: Micronucleus; Comet assay; Emodin; Danthron; Aloe-emodin; 1,8-Dihydroxyanthraquinone: Mouse L5178Y cell; Topoisomerase II



1. Introduction H y d r o x y a n t h r a q u i n o n e s are the active principle of m a n y plant-derived drugs [1], of which laxatives



Abbreviations: DMSO, dimethyl sulfoxide; EMS, ethylmethanesulfonate; FITC, fluoresceinisothiocyanate; gpt, guaninphosphoribosyltransferase; hprt, hypoxanthinphosphoribosyltransferase; kDNA, kinetoplast DNA; SCGE. single cell gel electrophoresis; TFT~ trifluorothymidine; tk, thymidine kinase * Corresponding author. Tel: (0)931-201-3427, Fax: (0)931201-3446.



such as aloe and senna are the most widely used. Plant extracts are also used for the treatment of kidney and bladder stones ( R u b i a tinct.) and as mild sedatives ( H y p e r i c u m perf.). Naturally occurring hydroxyanthraquinones have also been used as dyes in food industry [2] and have been found in food plants [3]. Most of the h y d r o x y a n t h r a q u i n o n e s are present as pharmacologically inactive glycosides in plant extracts which can be activated by glycosidic cleavage in vivo by organisms in the intestinal flora [4]. The 1,8-dihydroxyanthraquinone danthron (Fig. 1;
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Fig. 1. Chemicalstructuresof the investigated1,8-dihydroxyanthraquinones. synonym: chrysazin), produced an increased incidence of intestinal tumors in rats, when fed at 1% in the diet [5] and adenomatous hyperplasias with cystic glands of the caecum and liver tumors in mice when fed at 0.2% in the diet [6]. An increased relative risk for colorectal cancer in humans has been reported among users of 1,8-dihydroxyanthraquinone-containing laxatives [7,8]. Several 1,8-dihydroxyanthraquinones have been assayed for their genotoxicity in vitro. Emodin (Fig. 1), a 1,8-dihydroxyanthraquinone found in laxative drugs, induced mutations in the Ames test but usually only in the presence of metabolic activation [9-13]; this compound is also said to be antimutagenic in Salmonella typhimurium [14,15]. Mutagenicity of emodin in mammalian cells is controversial. Bruggemann and van der Hoeven [10] reported that emodin is not mutagenic in the V79 hprt assay with and without metabolic activation, whereas Westendorf et al. [12] reported a weak positive response



in this test in the absence of metabolic activation. Morita et al. [16] tested mouse FM3A cells at the hprt locus without metabolic activation and found a clear mutagenic response, although only when toxicity was apparent. Emodin has been found to induce sister chromatid exchanges in CHO cells without metabolic activation [3]. 2-Hydroxyemodin, the presumed mutagenic metabolite of emodin in the Ames test [17], has also been assayed for its mutagenicity in mammalian cells, and appears to be somewhat less mutagenic than emodin [16]. Another laxative constituent, aloe-emodin (Fig. 1), was also mutagenic in the Ames test in the absence of metabolic activation [18], but showed reduced activity when a metabolic activation system was present [12,19]. In mammalian cells [12], aloeemodin produced a weakly positive response in the V79 hprt mutation assay without metabolic activation. Heidemann et al. [18] reported an effect of aloe-emodin in the Chinese hamster ovary cell chromosome aberration test with and without metabolic activation, but did not observe any mutagenic activity in the V79 hprt mutation assay, either with or without metabolic activation. Danthron (Fig. 1) was formerly used as laxative. This compound was positive in the Ames test with and without metabolic activation [12,13], but resembled emodin, in exhibiting antimutagenic activity in this same assay under modified conditions [14]. Danthron was negative in the V79 hprt mutation assay when tested in the absence of metabolic activation [20]. Danthron did, however, induce chromosomal damage in human lymphocytes in vitro [21] or in V79 cells [22], both without metabolic activation. Given the use of anthraquinone drugs as herbal remedies and their occurrence as natural constituents in food plants, increased knowledge about their genotoxic potential is obviously required. Many (but not all) investigations carried out to date in mammalian cells have suggested that they may have genotoxic effects. We therefore decided to investigate the genotoxicities of emodin, aloe-emodin and danthron in (i) mouse TFT-resistance L5178Y tk +/ mutation assays, and (ii) micronucleus assays with mouse lymphoma L5178Y cells. We also wished to study mechanistic aspects of an observed genotoxicity. Hydroxyanthraquinones are planar molecules that are presumed to intercalate into DNA [23]. Other
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anthracene derivatives are known to inhibit topoisomerase II [24]. Topoisomerase II participates in a number of cellular processes including chromosome segregation [25,26] and maintenance of genomic stability [27]. Inhibition or interference with topoisomerase II activity at critical stages of the cell cycle could lead to chromosome breakage [28]. To test this hypothesis we employed a cell-free topoisomerase II-specific decatenation assay and the comet assay (single cell gel electrophoresis) to measure DNA breakage events. 2. Materials and methods Chemicals. Aloe-emodin (CAS no. 481-72-1), danthron (117-10-2) and emodin (518-82-1) were acquired from Roth company (Karlsruhe, Germany). m-Amsacrine (5430 l- 15-4), etoposide (334-15-42-0), EMS (62-50-0), Hoechst 33258, hypoxanthine, methotrexate, thymidine, TFT, Tween 20, vinblastine and FITC-conjugated goat anti human antibody were purchased from Sigma Chemie GmbH (Deisenhofen, Germany). DMSO and formamide were from Aldrich Company Europe (Steinheim, Germany) and CREST-Serum (anti-kinetochore-antibody) was purchased from Biermann GmbH (Bad Nauheim, Germany). Test compounds were dissolved in DMSO. The final concentration of DMSO in the cell culture medium did not exceed 1%. Cell culture. Mouse L5178Y cells, clone 3.7.2c, were cultured in suspension in RPMI-1640 supplemented with antibiotics, 0.25 m g / m l L-glutamine, 107 ~ g / m l sodium pyruvate, and 10% heat inactivated horse serum (all from Sigma Chemie GmbH, Deisenhofen, Germany). Cell cultures were grown in a humidified atmosphere with 5% CO 2 in air at 37°C. Mutation assay. Cultures of mouse L5178Y cells were treated with methotrexate before each experiment to kill pre-existing TFT-resistant cells. To accomplish this, cells were incubated for 12 h in culture medium plus methotrexate (0.3 txg/ml), thymidine (9 p~g/ml), hypoxanthine (15 p~g/ml) and glycine (22.5 ~ g / m l ) . The cells were then incubated for at least 48 h in the same medium without methotrexate. To measure chemically induced mutants using the in situ procedure, cultures containing 1 X l 0 6 cells in 5 ml medium were treated
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with DMSO (final concentration 1%; vehicle control) or 1,8-dihydroxyanthraquinones with increasing doses until insolubility. EMS was used as a positive control. Incubation was performed for 4 h, then the cells were washed twice with fresh medium. After that, from each tested culture, 0.5 X 10 6 cells were added to 50 ml of semi-solid culture medium (containing 0.25% granulated agar, Baltimore Biological Laboratories, USA) and plated into two plastic 100mm culture dishes and allowed to solidify at room temperature. TFT-resistant cells were selected by adding an overlay of TFT (final concentration 8 l~g/ml) in 10 ml semisolid medium after an expression time of 42 h. Cloning efficiency was determined by adding 600 cells to 100 ml of semi-solid medium in three 100 mm culture dishes. All plates were incubated for a total of 9 to 12 days at 37°C in 5% CO 2 for colony growth. An automatic colony counter was used to count the number of TFT-resistant colonies. In uitro micronucleus assay. Exponentially growing mouse L5178Y cells were treated for 4 h. The vehicle control was 1% DMSO. After removing the chemicals by centrifugation and medium replacement, the cells were incubated for 15 h (expression time). The cells were then brought onto glass slides by cytospin-centrifugation and were fixed with methanol ( - 2 0 ° C , 1 h). To stain nuclei and micronuclei, the slides were incubated with Hoechst 33258 (5 ~ g / m l , 3 rain), washed twice with Ca- and Mg-free PBS buffer for 2 rain and mounted for microscopy. Numbers of nuclei and micronuclei were scored at a magnification of 1250 X. Each data point represents the mean of three slides, with 2000 nuclei being evaluated on each slide. All experiments were repeated with consistent results. Kinetochore analysis. Kinetochore staining was achieved by incubating the fixed cell preparations (after washing 5 min in PBS/0.1% Tween 20) with CREST serum for 75 min in a humidified chamber at 37°C. After washing twice for 5 min in PBS/0.5% Tween 20 again, the cells were incubated as before for 30 min with FITC-conjugated goat-anti-human antibody (diluted 1:100 in PBS/0.5% Tween 20, pH 7.4), washed again twice in PBS/0.1% Tween 20 and counterstained with Hoechst 33258 (5 txg/ml, 3 min). Micronuclei were analyzed for the presence of a kinetochore signal at a magnification of 1250 X.
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Topoisomerase H assay. Topoisomerase II assays were performed according to the protocol provided by TopoGen, Inc. (Columbus, USA). The reactions contained 150 ng kDNA, 4 U of topoisomerase II (170 kDa form) and the test chemicals (dissolved in DMSO, final concentration 10%) in 20 ~zl reaction buffer (30 mM Tris-HC1 pH 7.6, 3 mM ATP, 15 mM 2-mercaptoethanol, 8 mM MgC12, 60 mM NaC1). The reactions were incubated for 15 min at 37°C and terminated with 1% of SDS, followed by proteinase K (20 ~ g / m l ) treatment for 15 min at 37°C. After addition of 0.1 vol. gel loading buffer (0.25% bromphenol blue, 50% glycerol), the samples were extracted once with an equal volume of chloroform/isoamylalcohol (24:1). The blue upper layer was loaded onto a 1% agarose gel. The products were resolved by gel electrophoresis in 1 × TAE buffer for 30 rain at 100 V, which separated the catenated kDNA from the decatenated DNA monomers. Gels were stained with SYBR TM Green (Molecular Probes Europe, The Netherlands) and photographed. Comet assay. Comet assays were performed according to Singh et al. [29] with slight modifications. Mouse L5178Y cells were incubated as indicated in the legend to Fig. 4. Cells were then washed and embedded in low melting agarose (0.5%) which was layered onto fully frosted microscope slides that had been coated with a layer of 0.75% normal agarose (diluted in Ca- and Mg-free PBS buffer). A final layer of 0.5% low-melting agarose was added on top. Slides were immersed in a jar containing cold lysing solution (1% Triton X-100, 10% DMSO and 89% of 10 mM Tris/1% sodium laurylsarcosine/2.5 M NaC1/100 mM Na2EDTA (pH 10) for lysis at 4°C (1 h). Then, slides were pretreated for 15 min in electrophoresis buffer (300 mM NaOH/1 mM N%EDTA (pH 13) and after that exposed to 25V/300 mA for 20 min. Preincubation and electrophoresis were performed in an ice bath. Slides were neutralized for 3 X 5 min in 0.4 M Tris, pH 7.5 and DNA was stained by adding 50 txl of ethidium bromide (20 txg/ml) onto each slide. Cells were analyzed with a 1250X magnification and using computer-aided image analysis. Images of at least 50 cells (25 from each of two slides) were evaluated by the use of the software program NIH Image 1.54 (NIH, USA). Two areas were selected in each pic-



ture: the whole cellular DNA including the tail region of the comet and a region containing only the tail region of the comet. The integrated densities (sum of the gray values of each pixel in the selection) were measured in each selection and the percentage in the tail region of the comet was calculated. This number represents the amount of DNA in the tail and is referred to as 'tail (%)' in Fig. 4. Medians and standard errors for each treatment are given.



3. Results and discussion



3.1. Mutagenicio, and micronucleus induction Mutagenic activity as measured by the induction of TFT-resistance in mouse L5178Y cells was assayed for the 1,8-dihydroxyanthraquinones emodin, danthron and aloe-emodin (Table 1). All three compounds induced a moderate increase in mutant fraction. Toxicity as shown by a reduction in the cloning efficiency was low in the applied dose range. A dose-dependent induction of micronuclei by all three compounds was observed in the same cell line (Fig. 2). Emodin yielded fewer micronuclei than danthron and aloe-emodin. Micronuclei were analyzed for the presence of stainable kinetochore protein (Table 2). While the positive control vinblastine mainly induced kinetochore-containing micronuclei, the vast majority of anthraquinone-induced micronuclei provided no kinetochore signals. This implies that chromosomal fragments rather than whole chromosomes were generated, thereby indicating that the compounds were probably clastogenic [30,31]. Thus, all three 1,8-dihydroxyanthraquinones appeared to be genotoxic in mammalian cells. Previously published data from mammalian mutation assays by other investigators were not consistently positive (see for example [10,12,16,18,20]). However, the earlier data relates to the hemizygous hprt locus, a locus that is known to be less sensitive (especially for the detection of compounds that induce large deletions or multi-locus lesions, see Refs. [32,33]). Our study made use of the highly sensitive heterozygous thymidine kinase (tk) locus in the L5187Y cell line. To support the mutagenicity data we tested the
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Table 1 Mutagenicity of emodin, danthron and aloe-emodin in the mouse lymphoma L5178Y tk ÷ / - assay Substance



Control (DMSO) EMS Emodin



Control (DMSO) EMS Danthron



Control (DMSO) EMS Aloe-Emodin



Concentration



Experiment I



Experiment II



(p~M) efficiency



Cloning fraction



Mutant mutant



Relative efficiency fraction a



Cloning fraction



Mutant mutant



(1%) 2000 37 55.5 74 111 (1%) 2000 21 42 63 84 126 (1%) 2000 37 55.5 74 l 11



0.65 0.73 0.67 0.62 0.71 0.44 0.52 0.27 0.69 0.40 0.52 0.46 0.52 0.27 0.36 0.55 0.65 0.51



142 1161 269 300 214 386 277 969 609 1195 1042 891 277 969 406 651 348 686



l 8.2 1.9 2.2 1.6 2.8 I 3.5 2.2 4.3 3.8 3.2 1 3.5 1.5 2.4 1.3 2.5



0.93 0.70 0.76 0.69 0.71 0.57 0.52 0.38 0.30



120 206 208 162 211 284 435 1447 520



l 1.7 1.7 1.4 1.8 2.4 1 3.3 1.2



0.35 0.41 0.43 0.38 0.26 0.23 0.37 0.26



629 873 326 1695 639 661 1005 731



1.5 2.0 1 5.2 2.0 2.0 3.1 2.2



Relative fraction ~



Mutant fraction relative to the control mutant fraction.



1,8-dihydroxyanthraquinones in another mammalian cell line for mutagenicity with a heterozygous locus (gpt in AS52 Chinese hamster cells). The highest relative mutation frequencies obtained were 4.9 (28 IxM emodin; titer: 0.42), 6.1 (32 IxM danthron; titer: 0.27) and 4.7 (28 txM aloe-emodin; titer: 0.48). In this experiment the positive control EMS (4 mM) showed a relative mutation frequency of 9.2 (titer: 0.49) and the solvent control titer was 0.49. Thus the in vitro assays used here appeared to be highly suitable for the detection of the types of genotoxic damage induced by these compounds. The



cell systems we used are probably not capable of metabolically activating these compounds [34] in which case the effects we observed may well reflect activation-independent genotoxicity.



3.2. Inhibition of topoisomerase H The genotoxicity of our three test-compounds may be related to their ability to intercalate into DNA. Since many known topoisomerase II inhibitors, including anthracycline derivatives are DNA-intercalating compounds [24], we tested the hypothesis



Table 2 Presence of kinetochore signals in micronuclei induced in mouse L5178Y cells Substance



Concentration



Evaluated micronuclei (n)



Kinetochore-positive micronuclei (n)



Kinetochore-positive micronuclei (%)



Control (DMSO) Vinblastine Emodin Danthron Aloe-Emodin



1% 11 nM 74 IxM 21 ~M 37 tzM



211 300 300 201 300



34 239 19 11 11



16 80 6 6 4
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Fig. 3. Assay for topoisomerase II activity and its inhibition. All lanes loaded with 150 ng kDNA. Lanes 2-5 after incubation with 4 U topoisomerase II. Lanes I and 2 without inhibitor; lane 3:1 mM emodin; lane 4:1 mM danthron; lane 5:1 mM aloe-emodin. NW, network DNA; MC, monocircle DNA.
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Fig. 2. Micronucleus induction by 1,8-dihydroxyanthraquinones in mouse L5178Y cells treated with emodin, aloe-emodin and danthron.



a more potent inhibitor than danthron or aloe-emodin (Table 3).



that the anthraquinones investigated here inhibit the activity of topoisomerase II. The activity of this enzyme was assayed by the decatenation of kDNA, a catenated network of mitochondrial DNA rings isolated from Crithidia fasciculata [35]. The decatenation reaction was monitored by the appearance of 2.5 kilobase DNA monomers following gel electrophoresis (Fig. 3). Emodin, danthron and aloe-emodin reduced the amount of monomer DNA generated by topoisomerase II, indicating that all three compounds were capable of inhibiting this enzyme. Emodin was Table 3 Inhibition of topoisomerase II by 1,8-dihydroxyanthraquinones



Percentage of catenated DNA a Percentage of monocircle DNA b



3.3. Comet assay While topoisomerase II-inhibiting activity has clearly been shown in a cell-free assay it is not clear whether the compounds can also exert that effect in intact cells. We therefore applied the comet assay (SCGE). Agents such as m-amsacrine and etoposide form the so-called 'cleavable complex' with topoisomerase II and DNA [24]. For the duration of these 'cleavable complexes', the DNA contains double



in a DNA decatenation assay



Control 1 (kDNA)



Control 2 (kDNA + topo II)



Emodin l mM



Danthron 1 mM



Aloe-Emodin 1 mM



100 0



31 39



94 0



85 15



87 10



a Percent catenated kDNA (band NW in Fig. 2) of the total DNA (sum of all detectable bands). The respective amounts of DNA were calculated as the integrated densities of the respective DNA bands (program NIH Image 1.54). b Percent monocircle kDNA (band MC in Fig. 2) of the total DNA (sum of all detectable bands).
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strand breaks that are only held together by the enzyme. Thus, m-amsacrine and etoposide-mediated DNA break frequencies that can be measured in certain assays like alkaline elution (e.g. [36-38]) or the comet assay (e.g. [39-41]) were used to signal interference with topoisomerase II activity, mAmsacrine and etoposide induced the formation of comets (Fig. 4, upper panel). Danthron and also aloe-emodin, but not emodin induced DNA damage in the comet assay (Fig. 4, upper panel), albeit at concentrations 1000-fold higher than were required for m-amsacrine. Tail (%) 50
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If inhibition of topoisomerase II by the 1,8-dihydroxyanthraquinones is not mediated by the formation of the 'cleavable complex', but by preventing the attachment of the enzyme to the DNA, the regular comet assay may not be very sensitive, since no 'cleavable complex' mediated DNA strand breaks are induced. If in that situation a 'cleavable complex' forming topoisomerase II inhibitor like etoposide is applied subsequently to the 1,8-dihydroxyanthraquinones, the etoposide induced damage should be reduced, since formation of the 'cleavable complex' through etoposide activity is not possible without prior attachment of the enzyme to the DNA, which would be prevented by the 1,8-dihydroxyanthraquinones. Therefore, we used a combination treatment, in which we applied the 1,8-dihydroxyanthraquinones first and added etoposide later and investigated whether the DNA cleavage induced by etoposide is less efficient than without 1,8-dihydroxyanthraquinone pretreatment. We included a combination of the DNA intercalator m-amsacrine and etoposide to determine whether the subsequent treatment with two known topoisomerase II inhibitors with different mechanisms of action in the comet assay actually yields a reduction of DNA damage (i.e., less than additive; positive control). Indeed, the etoposide-induced comet-formation was reduced by the pretreatment with m-amsacrine and all three 1,8-dihydroxyanthraquinones, with danthron being the most and emodin being the least effective of the 1,8-dihydroxyanthraquinones (Fig. 4, lower panel).
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Fig. 4. Comet assay (SCGE). DNA damage is expressed as percent in tail. The medians with standard errors are given for each treatment. Cells were treated for 5 h with DMSO (1%; control), m-amsacrine (51 nM), emodin (55.5 IxM), danthron (62.4 IxM) and aloe-emodin (55.5 I~M), respectively; for 3.5 h with etoposide (255 nM). In the combined exposure experiment (lower panel) cells were incubated with the above indicated concentrations of m-amsacrine ( A M S A / E t o ) , emodin (Emodin/Eto), danthron (Danthron/Eto) and aloe-emodin (Aloe/Eto). At 1.5 h etoposide (Eto) was added and the cells were further incubated for 3.5 h. The overall incubation time was 5 h. The calculated sum of the net effect of the respective single exposures is shown in the respective left columns (striped; substance + Eto) to compare the differences of the combined exposures (right columns, substance/Eto) with the respective single exposures (upper panel)•
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There is still discussion about the relationship b e t w e e n the types of D N A d a m a g e and the a m o u n t of effect measurable in the c o m e t assay [42] and m e c h a n i s m s different from inhibition o f topoisomerase II may contribute to the o b s e r v e d effects. H o w e v e r , we feel that the most likely interpretation o f these experimental data is that the 1,8-dihydroxyanthraquinones inhibit the interaction b e t w e e n topoisomerase II and D N A . O n e o f the c o n s e q u e n c e s most likely manifests at mitosis, w h e n t o p o i s o m e r a s e II activity is required to separate the chromatids [26]. W h e n the chromatids are not c o m p l e t e l y separated but pulled apart, chromatin bridges are f o r m e d [28]. S o m e of these chromatin bridges may rupture and D N A fragments may be included in micronuclei or lost. D e p e n d i n g on the genes that are lost mutants may also be formed. E m o d i n was more active in the cell-free assay and less active in the cell culture assays than danthron and aloe-emodin. It is possible that the c o m p o u n d s interacted differently with c o m ponents of the culture m e d i u m or the cell before reaching the D N A . A n o t h e r possible explanation may be a different substrate specificity of the two cellular t o p o i s o m e r a s e II subtypes (c~ and [3) only one of which ((x) is used in the decatenation assay. A l t h o u g h the intestinal absorption of a l o e - e m o d i n [18] and the e x p e c t e d concentrations of 1,8-dihydroxyanthraquinones achievable in human tissue by medication or food intake are rather low, local accumulation is possible. W h e t h e r the postulated increased relative risk o f colorectal cancer after the abuse o f anthranoid laxatives [7] is due to the genotoxicity o f their 1,8-dihydroxyanthraquinone contents or to other aspects of laxative abuse and whether anthraquinones present in foods also represent a cancer risk can only be j u d g e d along with information on content and appropriate dose-response considerations.
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