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Abstract

:

Triclosan and Triclocarban, preservatives widely used in cosmetics and other consumer products, underwent evaluation using a battery of new-approach methodologies in vitro (NAMs). Specifically, the Microplate Ames Test (MPF™ Test, Xenometrix, Allschwil, Switzerland) was employed to assess mutagenicity, the Comet assay in vitro on the HaCat cell line and the Mammalian Chromosome Aberration Test were utilized to evaluate genotoxicity, and the XenoScreen® YES/YAS assay was applied to investigate endocrine disruption. The chemicals did not exhibit any positive responses for mutagenicity. However, the mammalian chromosome aberration test identified both chemicals as being positive for genotoxicity at 10 µg/mL. In the Comet assay, the percentage of DNA in the tail significantly increased in a concentration-dependent manner (at 5 and 10 µg/mL for Triclosan, at 2.5, 5, and 10 µg/mL for Triclocarban). The positive response depended on the increasing concentration and the duration of exposure. Triclosan, but not Triclocarban in any of the endocrine assays performed, indicated a potential for endocrine activity in the anti-estrogenic and anti-androgenic assays. The positive in vitro results detected were obtained for concentrations relevant to final products. The alarming findings obtained with the use of new-approach methodologies (NAMs) justify the current precautionary regulatory approach, limiting the use of these preservatives.
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1. Introduction


Triclosan (TCS) and Triclocarban (TCC) have been used for decades, since the early 1940s, as fungicides and preservatives in various products, including clothing, fabric and leather finishing agents, toys, food packaging, floors in the food industry, construction materials, medical supplies and particularly in household and personal care products, such as soaps, antibacterial bar/liquid soaps, body lotions, deodorants, detergents, medical disinfectants, aftershave soaps, hand sanitizers, toothpastes, handwashes and mouthwashes, body washes, cleansing lotions, baby teethers and wipes, detergents, etc. [1]. The two chemicals differ in their structures, but both are polychlorinated aromatic antimicrobials, in which three hydrogen atoms on aromatic rings are substituted with chlorine. They are effective against many different bacteria, as well as some fungi and protozoa, as they inhibit fatty acid synthesis and induce the disruption of membrane integrity [2,3].



Dermal application of personal care products is believed to be the main route of human exposure, although they may also enter the human body orally through toothpaste, mouthwashes and dental treatments. As a result, TCS and TCC have been detected in human samples such as blood [4,5,6], breast milk [7,8], urine [9,10,11,12], hair and nails [13,14]. Moreover, TCS and TCC represent a burden for the aquatic environment and pose a risk of contaminating drinking water, as current wastewater treatment plants are not typically designed for the treatment of such micropollutants [15,16]. The long-term exposure of aquatic organisms to TCS and TCC, coupled with their bioaccumulation potential, has led to detectable levels of them throughout aquatic food chains in species such as algae, crustaceans, fish and marine mammals [17,18]. Environmental TCS and TCC could be efficiently taken up by food crops, leading to additional potential human exposure through food consumption [19,20,21]. Their adverse biological effects in humans, including endocrine disruption, developmental and reproductive impacts [6,22,23,24,25,26], gut microbiota disturbance [21,27,28] and the elevation of antibiotic resistance [29,30,31,32], have led to strict regulations on the usage of both preservatives.



In the EU, according to the current regulation, (EC) No. 1223/2009 [33], on cosmetic products (Cosmetics Regulation), TCS is allowed to be used as a preservative in cosmetic products with a maximum concentration of 0.3% in toothpaste, hand soaps, body soaps/shower gels, deodorants (not sprays), face powders, blemish concealers and nail cleansing products prior to the application of artificial nails. Additionally, it is allowed in mouthwashes with a maximum concentration of 0.2% (entry 25 Annex V). The use of TCC as a preservative is regulated to a maximum concentration of 0.2% in the final product (entry 23 Annex V), and to a maximum concentration of 1.5% in rinse-off products, excluding its use as an inhibitor of microorganisms (entry 100, Annex III). Concerning the potential endocrine disrupting properties of these two preservatives, the Scientific Committee on Consumer Safety has issued recommendations for the currently discussed amendment to the Cosmetic Regulation. It suggests that TCS should not be used in mouthwash or toothpaste for children under 3 years of age, and TCC should not be allowed for use in mouthwash and toothpaste for children under 6 years of age. Labelling requirements should also be introduced with the aim of enhancing the protection of consumers [2].



In 2016, the U.S. Food and Drug Administration (FDA) banned the use of 19 antimicrobial agents, including TCC and TCS, in personal care products, due to their disputable contribution to preventing bacterial diseases, their potential role in the development of resistance in microorganisms, their ecotoxicity and the potential health risks for humans. The FDA concluded that the total available data regarding the safety profile of TCS and TCC do not contain sufficient information to determine whether these preservatives are generally recognized as safe for use in consumer antiseptic wash products [34].



In 2019, the European Commission invited interested parties, including academic and other research institutes, EU countries’ authorities, manufacturers of cosmetic products, producers of substances of concern and consumers associations, to submit any scientific information relevant to the safety assessment of 14 substances, including TCS and TCC [2]. The submission of any relevant scientific information, including the endocrine-disrupting potential of ingredients used in cosmetic products, was required in the framework of the Cosmetics Regulation and the amendment of its annexes listing ingredients that are banned, approved or only authorized for limited use.



Animal testing is prohibited for cosmetic ingredients and final products in the EU by the Cosmetics Regulation. Testing chemical substances of toxicological concern in human volunteers for toxicity endpoints, such as genotoxicity, mutagenicity, carcinogenicity and endocrine disruption, is ethically unacceptable. The use of in vitro toxicological methods remains the only available approach to assess the hazard and risks associated with the use of chemical preservatives present in cosmetic products. Suitable combinations of new-approach methodologies (NAMs) and test systems of human origin (mainly with regard to human genes, receptors, proteins, cells and tissues) providing mechanistic data of the highest human relevance, have recently been suggested as a scientifically valid approach and are currently utilized as efficient non-animal tools for the assessment of genotoxicity and endocrine disruption (OECD Test Guidelines, http://www.oecd-ilibrary.org/ accessed on 15 December 2023). Bacterial strains have been broadly used to predict the potential of mutagenicity. In the Ames test, the assay is usually performed with bacterial strains of Salmonella typhimurium or Escherichia coli, both in the absence or presence of an S9 fraction from rat liver used to mimic the metabolic function of mammalian systems in vivo. This may eventually disqualify this in vitro method from being a completely non-animal procedure [35]. However, the use of in vitro methods (NAMs) that include metabolic activation still significantly reduces the number of laboratory animals needed and provides testing with higher human relevance.



With regard to the European Commission’s call for data submission, we have selected a battery of in vitro toxicological methods, namely the Ames Test (MPF™ Test, Xenometrix, OECD TG 471) with S. typhimurium strains TA98, TA100, TA1535 and TA1537; the Comet assay in vitro performed on the HaCat cell line (non-tumor human keratinocytes); the Mammalian Chromosome Aberration Test on human peripheral lymphocytes (OECD TG 473); and XenoScreen YES/YAS assay (Xenometrix, Allschwil, Switzerland). We used these assays (NAMs) in combination to screen TCS and TCC for genotoxic and mutagenic properties, and their potential for endocrine disruption, applying the most feasible non-animal approach.




2. Materials and Methods


2.1. Chemicals


Triclocarban, (CAS No.: 101-20-2, EC No.: 202-924-1, IUPAC name: N-(4-Chlorophenyl)-N′-(3,4-dichlorophenyl)urea), (TCC), and Triclosan, (CAS No.: 3380-34-5, EC No.: 222-182-2, IUPAC Name: 5-chloro-2-(2,4-dichlorophenoxy)phenol), (TCS), were supplied by Sigma-Aldrich Co., St. Louis, MI, USA, and used as test substances. Their chemical structures are depicted in Figure 1 and Figure 2.




2.2. Metabolic Activation


An exogenous source of the metabolic activation system (MAS), i.e., a cofactor-supplemented post-mitochondrial fraction prepared from rodent livers (Wistar rats, males, 7–8 weeks old) treated with an enzyme-inducing agent (Aroclor 1254 or Phenobarbital/β-Naphtoflavone), was used to model mammalian metabolic activation. This production was conducted at the National Institute of Public Health, Prague, Czech Republic, under project No. MZDR 37519/2019-4/OVZ, and approved by the Czech Ministry of Health.




2.3. Methods


2.3.1. Bacterial Reverse Mutation Test (Ames MPF™ Test)


Ames MPF™ Test (Xenometrix AG, Allschwil, Switzerland) is a commercially available bacterial-modified bacterial plate method, based on the procedure described in OECD TG 471 [36], used for identifying compounds with genotoxic activity. The assay was conducted following the provided standard operating procedure (SOP) and utilized standardized materials and chemicals [37]. Four Salmonella typhimurium strains (TA98, TA100, TA1535, TA1537) were employed. All positive control chemicals (2-nitrofluorene (2-NF), 4-nitroquinoline N-oxide (4-NQO), N4-aminocytidine (N4-ACT) and 9-aminoacridine (9-AAc)) for tests with the S. typhimurium strains without S9 (S9−) and 2-aminoanthracene (2-AA) for tests in the presence of S9 (S9+) were supplied with the kit. The rat liver S9 fraction, including S9 100/1537 Booster solution, was also provided and was specific for each S. typhimurium strain with or without metabolic activation (S9+/S9−), as specified in the supplied SOP. Growth medium was used as the negative control. Briefly, 10 mL growth medium was mixed with 25 μL of the frozen stock culture of the tested strains (TA98 and TA100) in the presence of 10 μL ampicillin (Xenometrix). The strains were incubated at 37 °C in a shaking incubator (NB-205, N-BIOTEK) at 250 rpm for 14–16 h, overnight. The culture density was verified by measuring OD at 600 nm (BioTek Eon High Performance Microplate Spectrophotometer, Agilent Technologies, Santa Clara, CA, USA). The required OD values for the cultures to be suitable for testing should be at least 2.0, and for the negative control (growth medium without culture), should be <0.05. For testing, 10 μL aliquots of test items were added to plates S9−/S9+ with a final concentration of S9 fraction of 4.5%. Three pre-screened non-cytotoxic concentrations were evaluated in triplicate. Then, 240 μL/well of the suspension was transferred to 24-well plates, sealed with breathable tapes and incubated at 37 °C for 90 min with shaking at 250 rpm. After 90 min of incubation, a reversion indicator medium (Xenometrix) was dispensed into each well of the 24-well plates. The indicator medium was gently mixed, and 50 μL/well was transferred to a 384-well microtiter plate. Each column of the 24-well plate was transferred into one half of a 384-well microtiter plate, effectively dividing each sample among 48 wells. Three plates were used per strain with/without S9 (S9+/S9−). The 384-well microtiter plates were placed in plastic bags to reduce evaporation and were incubated at 37 °C for approximately 48 h. The average number of triplicate wells containing revertants per culture/dose was calculated. The combined criteria ‘Fold increase (FI) over baseline ≥ 2’ and ‘Binomial B-value ≥ 0.99’ were used to score individual doses as positive (software provided by the kit manufacturer Xenometrix: YES/YAS Calculation Workbook in MS Excel, created by M. Kamber, Xenometrix AG, 2012).




2.3.2. In Vitro Mammalian Chromosome Aberration Test


OECD TG 473 [38] was followed as the main methodological guideline. Peripheral blood lymphocytes were used as the test system. A metabolic activation system (S9 liver fraction), i.e., a cofactor-supplemented post-mitochondrial fraction prepared from rodent livers (Wistar rats, males, 7–8 weeks old) treated with an enzyme-inducing agent (Aroclor 1254 or Phenobarbital/β-Naphtoflavone), was employed to model mammalian metabolic activation. After 48 h of cultivation, the test system was exposed to the test chemicals at previously selected non-cytotoxic concentrations: with or without metabolic activation (+/− S9), positive controls (Thio-TEPA 10−6 M without S9, Sigma Aldrich, Germany; Cyclophosphamide 10−4 M with S9, Bristol Myers Squibb, USA) and negative control (culture medium). The exposure period was 4 h with or without S9 (+/− S9) and 26 h without S9 (−S9). Following the exposure period, the test system was exposed to Colchicine for 2 h (Sigma Aldrich, Darmstadt, Germany) to arrest the cell cycle in metaphase. The cell cultures were harvested and subjected to hypotonic treatment and fixation on glass slides. Samples on glass slides were stained with 5% Giemsa (Penta, Slovakia, Czech Republic). At least 200 metaphase cells with well-spaced 46 +/−2 centromeres were subjected to microscopic analysis and evaluated for the frequency of chromosome aberrations (i.e., the percentage of metaphase cells with chromosome aberrations). The criterion for evaluating a result as positive was at least a 2-fold increase in the number of cells with chromosome aberrations compared to the number observed for the negative control. The test was performed at least in duplicate.




2.3.3. In Vitro Comet Assay


OECD TG 489 [39] was followed as the main methodological guideline with modifications as follows: a human relevant cell line derived from human keratinocytes (HaCaT cell line, ATCC, USA) was used as the test system as described previously [40]. Test chemicals dissolved in culture medium (DMEM, Sigma Aldrich, Saint Louis, MO, USA) were applied to the 80% confluent cell culture monolayer at selected non-cytotoxic concentrations (24 h exposure period, 37 °C). Additionally, 1% H2O2 in PBS (15 min exposure period, 4 °C) was used as the positive control, and culture medium (DMEM, Sigma Aldrich, USA) was used as the negative control. After treatment, the morphology of the cells was microscopically inspected, and doses of test compounds with observed signs of cytotoxicity were excluded from further steps. TrypLE (Gibco, ThermoFisher Scientific, Waltham, MA, USA) was applied to the cell monolayer (for +/− 10 min) to gently harvest the cells. The cell suspension was centrifuged (6 min, 1000× g) and cell suspension samples were prepared by mixing the cell pellets with 85 µL of 1% low melting point (LMP) agarose (ThermoFisher, USA, 37 °C), dropping 85 µL of the LMP agarose cell suspension onto glass slides pre-coated with agarose gel (1% high melting point (HMP) agarose, ThermoFisher, USA) and covering with coverslips. Samples on glass slides with coverslips were solidified at 4 °C, and after removing the coverslips, the samples were lysed in a lysis buffer (1% Triton X-100, Serva, Heidelberg, Germany, 1 h, 4 °C) in glass Coplin Jars. After lysis, the agarose samples were subjected to pre-incubation in alkaline electrophoretic solution (4 °C, 40 min) in the electrophoretic tank (Sub-Cell Model 192 Cell, 2.000 mL). After pre-incubation, alkaline electrophoresis was performed (380 mA, 0.8 V cm−1, 20 min). After electrophoresis, the agarose samples were rinsed twice in a neutralization buffer for 10 min (0.4 M Tris, pH 7.5, 4 °C), stained (SYBR Green I, Invitrogen, Waltham, MA, USA) and subjected to microscopic evaluation (fluorescence microscope with a CCD camera, Olympus, Japan). The test was performed in triplicate, and the mean +/− standard deviation was calculated. At least 100 cells from each stained agarose sample were evaluated using automated software (CometScore 1.5, Sumerduck, VA, USA). The mean values of the amount of DNA in the head, the Olive momentum, and the amount of DNA in the tail of the comets were assessed (ANOVA, Dunnett t-tests, IBM SPSS Statistics for Windows, version 23.0 Armonk, NY, USA: IBM Corp.). The mean values of the DNA in the tail of the comets were used for interpretation. The criterion of a p-value < 0.05 was used as the threshold for statistically significant results. Provided that all acceptability criteria are fulfilled, a test chemical is considered to be clearly positive if: (a) at least one of the test doses exhibits a statistically significant increase compared with the concurrent negative control, (b) the increase is dose-related when evaluated with an appropriate trend test, (c) any of the results are outside the distribution of the historical negative control data for a given species, vehicle, route, tissue and number of administrations. When all of these criteria are met, the test chemical is then considered able to induce DNA strand breakage in the tissues studied in this test system. If only one or two of these criteria are satisfied (i.e., in the case the response is neither clearly negative nor clearly positive, and not all the criteria listed above are met), and in order to assist in establishing the biological relevance of a result, the data should be evaluated by expert judgement and/or further investigations should be conducted, if scientifically justified [39].




2.3.4. XenoScreen® YES/YAS Assay


Yeast Estrogen Screen/Yeast Androgen Screen (Xenometrix AG, Allschwil, Switzerland) is a yeast-based reporter gene assay designed for screening chemical compounds for estrogenic and androgenic agonistic/antagonistic activities, indicating endocrine disruption potential. The assay was performed in duplicate according to the manufacturer’s standard operating procedure [41], using supplied standardized chemicals. The positive controls used were: 17β-estradiol (10−8 M) in the agonistic (estrogenic) assay; 4-hydroxytamoxifen (10−6 M) in the antagonistic (anti-estrogenic) assay; 5α-dihydrotestosterone (10−6 M) in the agonistic (androgenic) assay; and flutamide (10−8 M) in the antagonistic (antiandrogenic) assay. Pre-cultured cell suspensions of two recombinant Saccharomyces cerevisiae strains expressing human estrogen (hERα) and androgen (hAR) receptors were prepared according to the manufacturer’s instructions, and were exposed to the test samples for 48 h on an orbital shaker (at 31 °C). The optical density (OD) of the red product resulting from the conversion of the yellow substrate after secretion of β-galactosidase was measured at 570 nm on BioTek Eon High Performance Microplate Spectrophotometer (BioTek, Agilent Technologies, Santa Clara, CA, USA). The OD570 of the end product, compared with the controls, directly correlates with the endocrine activity of the test samples. An increase of ≥10% in the absorbance value of the sample compared to that of the vehicle control (i.e., non-treated growth culture medium) was considered a potentially positive response in the agonistic assays (this was a precautionary and conservative evaluation). A decrease of ≥20% in the absorbance value compared to that of the negative control was considered a potentially positive response in the antagonistic assays, assuming a general biological variability of 20%.






3. Results


3.1. Bacterial Reverse Mutation Test (Ames MPF™ Test)


The Ames MPF™ Test was performed on four S. typhimurium strains, TA98, TA100, TA1535, TA1537, with and without metabolic activation (S9+/S9−) at three concentrations pre-screened for cytotoxicity and presumed to be non-toxic for the test system. The viable growing culture was visually inspected for turbidity/bacterial colonies in the wells, as recommended in the supplied SOP. However, TCS showed high cytotoxicity in all S. typhimurium strains without metabolic activation (S9−). Weak spontaneous mutations under 1% (SM < 1%) in strains TA98 and TA1537 with metabolic activation (S9+) were observed for TCS. Neither TCS nor TCC exhibited a clear concentration-dependent response in the mean number of revertant wells, nor did they show multiple positive responses with a fold increase (FI, fold inductions in revertant numbers over the baseline) ≥ 2 compared to the value of the baseline. At a concentration of 0.5 µg/mL, TCS tested with the S. typhimurium strain TA 1537 S9+ (*) showed an outlier value of FI ≥ 2, and this result has been concluded as unclear after being subjected to careful inspection and further evaluation. Fold inductions in revertant numbers over the baseline (FI) are generally not considered positive if they are less than 2.0. Below this FI value, the data are considered unreliable with respect to determining mutagenicity. A compound that shows a clear dose response and/or yields multiple FIs greater than 2.0 is classified as a mutagen. The result was not confirmed by further evaluation, as another observed FI value was ≤2 (0.5). The positive and negative control values and the values of the baseline were within the acceptable limits for an experiment to be considered valid. The mean value of the positive control for the S. typhimurium strain TA98 without metabolic activation (S9−) should be 40 at minimum. Thus, the value of 39.67 (**) observed in the TA98 strain was carefully inspected. As two out of three individual replicate values were ≥40, one replicate was considered as a borderline outlier (37), and the response of the positive control was accepted as being valid after an expert judgement and repeated testing within acceptable limits. None of the tested compounds were evaluated as being mutagenic in the Ames MPF™ Test (Table 1).




3.2. In Vitro Mammalian Chromosome Aberration Test (CA)


In the in vitro mammalian chromosome aberration test, both chemicals, TCS and TCC, were clearly positive at the highest tested pre-screened non-cytotoxic concentration (10 µg/mL) after treatment for 4 h (see Table 2). Prolonged exposure (26 h, without S9) at higher concentrations (5, 10 µg/mL) resulted in higher cytotoxicity, therefore, the data could not be evaluated as positive (NE = not evaluated).




3.3. In Vitro Comet Assay


In the in vitro Comet assay, the percentage of DNA in the tail (mean % of DNA in the tail ± SD) significantly increased at the highest tested non-cytotoxic concentrations of both tested preservatives, TCS and TCC, and a clear concentration-dependent positive response has been observed (see Table 3). The results (from three independent measurements) were considered statistically significant when the p-value was <0.05 (*).




3.4. XenoScreen® YES/YAS Assay


TCC has not been assessed as being positive for any endocrine activity in any of the XenoScreen® assays included in the study and was not highly cytotoxic. As depicted in Figure 3 and Figure 4, TCS exhibited a strong concentration-dependent positive response in both the anti-estrogenic assay and the anti-androgenic assay (where it demonstrated even greater potency than the positive control, Flutamide). Fungicidal activity against S. cerevisiae was carefully monitored during the study through repeated turbidity measurements of the culture at OD690. TCS has demonstrated significant cytotoxic (fungicidal) effects compared to the positive control and the negative (vehicle) control, as well as TCC (which showed only mild cytotoxicity in S. cerevisiae strain hERα within acceptable limits). Only five non-cytotoxic concentrations of TCS were deemed to be acceptable for evaluating endocrine-disrupting activity in the transfected S. cerevisiae strain hAR with the incorporated human androgen receptor (hAR) (i.e., 3.16 × 10−8–3.16 × 10−6 M). Additionally, only six non-cytotoxic concentrations of TCS were evaluated in the transfected S. cerevisiae strain with the incorporated human estrogen receptor α (hERα) (3.16 × 10−8–1.06 × 10−5 M).





4. Discussion


In publicly available registration dossiers [42,43], in the opinions of the Scientific Committee for Consumer Products [44] and in recent scientific literature [45], both TCS and TCC have consistently produced negative results in the Ames test performed according to OECD TG 471 [36]. These findings align with the results of our study, utilizing the modified microplate Ames MPF™ test. In our study, a higher cytotoxicity was observed in all S. typhimurium strains tested without metabolic activation (S9−) for TCS compared to TCC. It is likely that the antimicrobial activity of TCS was inhibited by enzymes contained in the liver homogenate (S9 fraction), or that TCS was converted into metabolites with lower cytotoxicity. This underscores the justification of including S9 in toxicological methods in vitro to ensure higher human relevance regarding the metabolic conversion of xenobiotics in the liver and the toxicokinetics of the organism, considering its absorption, distribution, metabolism and excretion in vivo. We suggest carefully considering cytotoxicity data in any in vitro assay, as false positive/negative results may be obtained, especially when testing highly cytotoxic antimicrobials. We argue that testing antimicrobials using the Ames test as a stand-alone in vitro assay cannot provide reliable information on the mutagenic potency of the test substance in mammals (eukaryotes). Therefore, the obtained results should be confirmed in other biological testing more relevant to humans and less sensitive to antimicrobial activity. However, neither TCS nor TCC showed any potential for mutagenicity in the modified microplate Ames MPFTM test. This aligns with previous results from recent studies on the classical plate-format Ames test, where treatment with 10 μg/plate TCS also produced inhibitory effects, while 1 and 0.1 μg/plate TCS did not markedly affect the number of colonies or frequency of mutants in S. typhimurium strains [46]. Historical data from the classical Ames test, which used S. typhimurium and the yeast S. cerevisiae, are included in the registration dossier for TCS in the ECHA database, and they consistently generated negative results [42].



For TCC, the data on genotoxicity are scarce, however, recent studies have consistently produced negative results, and TCC was evaluated as being non-genotoxic, as supported by data available in the registration dossier of the ECHA database [2,43,45].



In the mammalian chromosome aberration test, both TCS and TCC tested positive at the highest non-cytotoxic concentration in our study (Table 2). Prolonged exposure (26 h, without S9) resulted in higher cytotoxicity, therefore, the data could not be accepted for evaluation. Although the majority of the scarce results available in the ECHA registration dossiers classified both substances as non-genotoxic, a concentration-related increase in chromosomal aberrations in Chinese Hamster V79 cells exposed to the highest concentration of TCS (3.0 μg/mL) at the 18 h and 28 h fixation intervals without S9 was observed [47]. This observation aligns with our positive results generated on a mammalian-relevant test system (human peripheral lymphocytes). The relatively limited number of studies available in the ECHA database or in the SCCS reports provided rather sparse data on chromosome aberrations induced by TCS, which tested negative in assays with CHO cells or in the micronucleus test using mice (bone marrow) [44,48]. A significant (p ≤ 0.05) concentration-dependent increase in aberrant cells was observed after Labeo rohita hatchlings were exposed to TCS for 96 h (supported by a concentration-dependent increase in necrotic, apoptotic and micronucleated cells) [49]. Nonactivated TCS was found to induce a dose-related increase in the yield of cells with abnormal chromosome morphology in the in vitro mammalian chromosomal aberration test with dose levels ranging from 1 to 3 μg/mL (18 h harvest) and at 3 μg/mL (28 h harvest). The most frequently observed type of chromosome damage was exchange figures. However, no signs of structural chromosomal aberrations were observed in the in vivo bone marrow chromosomal aberration test [50].



In the case of TCC, data on induced chromosomal aberrations are even more scarce. As concluded in the “Screening Assessment of Urea, N-(4-chlorophenyl)-N’-(3,4-dichlorophenyl) (Triclocarban)” published by the Government of Canada in March 2023 [51], TCC tested negative in an in vitro chromosome aberration test in Chinese hamster ovary cells, both with and without metabolic activation, at concentrations up to 2000 µg/mL [52]. In Tox21 assays, TCC was identified as genotoxic in cell lines deficient in DNA repair pathways [53]. The limited data available have been evaluated by the Scientific Committee on Consumer Safety, concluding that TCC was not found to be clastogenic in the chromosomal aberration test with and without metabolic activation [2].



In the Comet assay performed on the HaCaT cell line, the percentage of DNA in the tail was statistically significantly increased at the two highest tested concentrations upon exposure to TCS (5, 10 µg/mL) and at all three tested concentrations upon exposure to TCC (2.5, 5, 10 µg/mL). Such results are supported, for example, by a study using aquatic larvae of the insect Chironomus riparius, where TCS was found to have genotoxic activity as it significantly increased all the comet parameters (% DNA in tail, tail length, tail moment, Olive tail moment) at all tested concentrations [54], or in a study of the binary combination of TCS and carbendazim tested on Daphnia magna [55]. Both TCS and TCC caused concentration-dependent DNA damage to the protozoan Tetrahymena thermophila in the alkaline Comet assay, with TCC inducing more severe DNA damage than TCS [56]. However, another study performed on HaCaT and L02 cells treated with TCC provided negative results [46].



As stated in the OECD TG 489, positive findings in the Comet assay may not be solely associated with genotoxicity. Target tissue toxicity may also result in increased DNA migration. Low or moderate cytotoxicity is often observed, making it challenging to distinguish DNA migration induced by genotoxicity versus DNA migration induced by cytotoxicity in the Comet assay alone. However, when increases in DNA migration are observed, performing an examination of one or more indicators of cytotoxicity is recommended, as this can aid in interpreting the findings. Increases in DNA migration in the presence of clear evidence of cytotoxicity should be interpreted with caution [39,57,58].



The growing evidence for the genotoxic effects of TCS and TCC on aquatic organisms and fish [59,60,61,62] supports warnings about TCS and TCC and raises efforts to clarify the mechanisms by which the effects of these polychlorinated preservatives occur in more detail, including oxidative damage in specific cells and tissues [63,64,65,66,67], potential synergistic effects with other substances present in final cosmetic products or the environment [55,68,69,70] and evaluations of the safety of their active metabolites, products of biodegradation or photolysis, considering their widespread use in consumer products and their presence in the environment [1,71]. Numerous inconclusive data and variability in test systems support the need to employ test systems highly relevant to humans, i.e., human-derived cell lines or 3D reconstructed human tissue models should be preferably used for safety assessment in vitro.



The potential for endocrine disruption elicited by TCS and TCC was examined in this study using the commercially available in vitro test, XenoScreen YES/YAS (Xenometrix, Switzerland). Severe cytotoxicity and the highly positive response of TCS were observed at five low, non-cytotoxic concentrations in both antagonistic assays conducted (anti-estrogenic assay, anti-androgenic assay). This was compared to the relevant positive controls (4-Hydroxytamoxifen in the anti-estrogenic assay, Flutamide in the anti-androgenic assay) and the vehicle control (culture medium providing a negative response). Cytotoxicity data were considered, and only non-cytotoxic concentrations were selected for the evaluation of endocrine activity. TCC did not show any conclusive positivity or cytotoxicity in the XenoScreen YES/YAS assay. The anti-estrogenic and anti-androgenic behavior of TCS was also confirmed in another recent study utilizing XenoScreen YES/YAS assay [72]. It was reported that TCC exhibited agonist activity on the androgen receptor and estrogen receptor alpha, and antagonist activity on glucocorticoid and the thyroid receptor. TCS showed antagonist effects on the androgen receptor, estrogen receptor alpha, glucocorticoid and the thyroid receptor [73].



Recent public concerns regarding the potential toxicological effects and environmental accumulation of TCS and TCC have led to efforts to find efficient replacements for these antimicrobials [1], such as pentafluorosulfanyl-containing Triclocarban analogs [74] or benzalkonium chloride, benzethonium chloride and chloroxylenol. However, these substances have not been tested as extensively as TCS and TCC and may, therefore, pose a greater risk to humans or the environment [75]. Further investigation is required to understand their mechanisms of action and ecological significance before their introduction into widespread use in consumer products can be conclusively justified.




5. Conclusions


The potential for mutagenicity, genotoxicity and endocrine disruption in Triclosan and Triclocarban was assessed using NAMs, representing the most suitable non-animal in vitro approach for testing cosmetic ingredients in the EU. The results suggest that both chemicals may exhibit a potential for genotoxicity, depending on the specific in vitro method used, highlighting the advantageous use of NAMs in combination. Triclosan demonstrated some potential for endocrine disruption, specifically anti-estrogenic and anti-androgenic effects. Our study aimed to enhance the toxicological profiles of both preservatives, as there was a lack of in vitro data generated using recently implemented NAMs of higher human relevance, validated or sufficiently standardized for testing cosmetic ingredients. We believe that, in response to the recent European Commission call for data, the provided results could contribute to discussions and the amendment of regulatory measures aimed at enhancing the safety of cosmetic ingredients within consumer products. Our study seeks to illustrate that NAMs based on human-relevant cell lines or transfected microorganisms can yield valuable results when employed in combination. The broader implementation of human-relevant, validated and standardized NAMs should be encouraged, considering their greater acceptance in human risk assessment for regulatory purposes.
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Figure 1. Chemical structure of Triclosan. 
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Figure 2. Chemical structure of Triclocarban. 
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Figure 3. Anti-estrogenic activity. TCS exhibited a strong concentration-dependent response compared to the positive control (4-Hydroxytamoxifen). 
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Figure 4. Anti-androgenic activity. TCS exhibited a strong concentration-dependent response compared to the positive control (Flutamide). 
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Table 1. Results of the Ames MPF™ Test (Xenometrix, Switzerland). S. typhimurium strains TA98, TA100, TA1535, TA1537 were tested with and without metabolic activation (S9+/S9−). Mean numbers of revertant wells from triplicates are presented for the tested concentrations of TCS (0.5–1.0–2 µg/mL) and TCC (2.5–5.0–10 µg/mL), negative control (NC, culture growth media) and positive control chemicals (PC) specific for each S. typhimurium strain with or without S9. A fold increase (FI, inductions in the number of revertant wells) greater than 2.0 at multiple concentrations is required for a result to be evaluated as being positive for mutagenicity. The mean numbers of revertant colonies of the positive control chemicals (PC) are proposed in the supplied SOP to have a threshold of >3-fold as the baseline for TA98, TA1535 and TA1537, and >2-fold as the baseline for TA100. The presented data were generated in two separate runs, in triplicate.
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Triclosan




	
S. typhimurium strain

	
TA 98

	
TA 100

	
TA 1535

	
TA 1537




	
S9 −/+

	
S9−

	
S9+

	
S9−

	
S9+

	
S9−

	
S9+

	
S9−

	
S9+






	
0.5 µg/mL

	
0.00

	
4.33

	
0.00

	
3.33

	
0.00

	
0.33

	
0.00

	
2.00




	
FI

	
0.00

	
0.84

	
0.00

	
0.48

	
0.00

	
0.33

	
0.00

	
2.00 *




	
1.0 µg/mL

	
0.00

	
6.00

	
0.00

	
2.00

	
0.00

	
0.00

	
0.00

	
1.33




	
FI

	
0.00

	
1.16

	
0.00

	
0.29

	
0.00

	
0.00

	
0.00

	
1.33




	
2.0 µg/mL

	
0.00

	
6.67

	
0.00

	
0.00

	
0.00

	
0.67

	
0.00

	
0.33




	
FI

	
0.00

	
1.29

	
0.00

	
0.00

	
0.00

	
0.67

	
0.00

	
0.33




	
NC

	
2.67

	
2.67

	
4.00

	
4.00

	
0.33

	
0.33

	
1.33

	
0.33




	
Baseline

	
5.18

	
5.18

	
7.00

	
7.00

	
1.00

	
1.00

	
2.86

	
1.00




	
PC

	
39.67 **

	
48.00

	
48.00

	
48.00

	
48.00

	
48.00

	
48.00

	
44.00




	
FI

	
7.65

	
9.26

	
6.86

	
6.86

	
48.00

	
48.00

	
16.78

	
44.00




	
Triclocarban




	
S. typhimurium strain

	
TA 98

	
TA 100

	
TA 1535

	
TA 1537




	
S9 −/+

	
S9−

	
S9+

	
S9−

	
S9+

	
S9−

	
S9+

	
S9−

	
S9+




	
2.5 µg/mL

	
0.00

	
4.00

	
1.67

	
5.33

	
0.00

	
0.67

	
2.67

	
2.33




	
FI

	
0.00

	
0.64

	
0.19

	
0.91

	
0.00

	
0.14

	
0.89

	
1.17




	
5.0 µg/mL

	
2.33

	
4.33

	
3.33

	
4.67

	
0.67

	
1.00

	
2.33

	
1.33




	
FI

	
0.39

	
0.69

	
0.37

	
0.80

	
0.33

	
0.21

	
0.78

	
0.67




	
10.0 µg/mL

	
3.33

	
4.33

	
2

	
5.67

	
0.00

	
0.67

	
1.00

	
1.67




	
FI

	
0.56

	
0.69

	
0.22

	
0.97

	
0.00

	
0.14

	
0.33

	
0.83




	
NC

	
3.67

	
5.67

	
9.00

	
3.33

	
1.00

	
3.00

	
3.00

	
2.00




	
Baseline

	
5.98

	
6.24

	
9.00

	
5.85

	
2.00

	
4.73

	
3.00

	
2.00




	
PC

	
41.00

	
40.67

	
47.33

	
42.67

	
44.33

	
39.67

	
45.67

	
37.67




	
FI

	
6.86

	
6.51

	
5.26

	
7.29

	
22.17

	
8.38

	
15.22

	
18.83











 





Table 2. In vitro mammalian chromosome aberration test (% aberrant cells, 4 h +/− S9, 26