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Ref.	Date/Name/Org.	Type of comment
6	Date/time:	2017/11/03 11:07	Type:	Individual	Country: United Kingdom	Comment	I used to work for a Vacuum thermoforming company that processed ABS. It regularly had issues with their way of heating up large sheets of ABS to be formed into Caravan fronts and backs. This was because the ABS was heated up and would sag near to the heaters there were sensors that would blow air to keep the material from coming into contact with the heaters. However on regular occasions in the 12 years that I worked for this Company the material would come into contact with the heaters and melt onto them. The operator would then have to remove this material with the heaters on and then scrape this off. This was a regular occurence with no personal protective equipment being used or enforced. The temperatures of this would be at approximately 300 degrees and the acrid pungent smells was awful. This did not only effect one operator but all who would work in that department. Please give some feedback have your monitoring tests included a real case scenario of air monitoring using equipment when such events occur? Please feel free to contact me if you feel fit. Thanks G. Templeton	
		Dossier Submitter response	Thank you for your comment. 	ECHA has not carried out monitoring tests. The ECHA proposal provides a general description of the occupational exposure reported in the EU Risk Assessment and several other reports or studies. This description intends to give a general idea about the exposure levels encountered during manufacturing and use of acrylonitrile. 
		RAC Rapporteurs comments	Thank you for your comment. We note the reply provided by the Dossier Submitter and have nothing further to add.																
Ref.	Date/Name/Org.	Type of comment
7	Date/time:	2017/11/05 09:56	Type:	Individual	Country: Netherlands	Non-confidential attachment:	Review ECHA acrylonitrile proposal. G. M. H. Swaen.pdf		Comment	chapter 7.7 carcinogenicity	chapter 8 cancer risk assessment	
		Dossier Submitter response	Thank you for your comments. 	The specific comments 1-7 seem to be related to a summary paragraph. This paragraph has been re-worded in the Background Document and it has been clarified that the deficiencies do not invalidate the 4 large good quality cohort studies (Symons et al. 2008; Benn & Osborne 1998; Blair et al. 1998/Marsh and Zimmerman 2015; Swaen et al. 2004).	As regards comment 8, the concern related to post hoc sample calculations has been taken into account with a recommendation to give preference to confidence intervals of the effect estimates generated.	As regards the comment on ECHA guidance R.8 and how to combine human and animal data, ECHA acknowledges that in this particular case the human data is unusually extensive, and therefore, the dose-response derived from animal data could be considered as an upper limit of dose-response to characterise the human excess risk, if any, as further described in the revised ECHA background document.	The cumulative ppm-year calculations from the Appendix A of the comment for the 4 large cohort studies were added to the Background Document as a further illustration of the robustness of the human data set.	The conclusions of Haber and Patterson (2005) and Hagmar (2001) were added.
		RAC Rapporteurs comments	Thank you for your comments. We agree there is rather extensive epidemiology data available on populations occupationally exposed to acrylonitrile. We also agree that the weight of evidence from good quality epidemiology data on current and past workplace exposures levels (with an average of 0.5 ppm, as conservatively estimated in Appendix A to your comments) suggests that acrylonitrile is either not a human carcinogen or that it produces only small increases in cancer risk. Yet, it is also noted that negative epidemiology data do not allow to reach absolute conclusions that a substance is not a human carcinogen: it is extremely difficult to verify or falsify low risk increases for rare diseases (such as brain tumours) in occupational cohort studies.															
Ref.	Date/Name/Org.	Type of comment
9	Date/time:	2017/11/06 16:23	Type:	MemberState	Organisation Name confidential?	False	Country: Belgium	Non-confidential attachment:	OEL - acrylonitrile_Public_Consultation_BE_Comment.docx		Comment	(see attachment)
		Dossier Submitter response	Thank you for your comments. 	The Background Document has been amended to reflect that the interpretation of Kedderis & Batra (1991, 1993), that in humans microsomal involvement could be considered as an additional detoxification pathway for CEO which appeared not active in rodents, needs to be considered with caution.	As regards the proposition that the negative epidemiological studies could be due to the unexposed comparison groups having had acrylonitrile exposure from tobacco smoke in ambient air, ECHA notes that there is no reason to assume a difference in such exposure between those exposed and unexposed to acrylonitrile at work. Furthermore there is evidence that exposure to acrylonitrile from external tobacco smoke is of the order of a few μg/m3 (see chapter 5.4.2 of the Background Document) while the occupational exposures in the epidemiological studies were of the order of mg/m3 and above.	ECHA considers that the weight of evidence for the available evidence on carcinogenicity supports to derive an OEL. The justification is presented in section 8 of the Background Document.
		RAC Rapporteurs comments	Thank you for your comments. We note the reply provided by the Dossier Submitter and agree with the Dossier Submitter that the weight of evidence supports the derivation of an OEL.																
Ref.	Date/Name/Org.	Type of comment
23	Date/time:	2017/11/08 09:58	Type:	BehalfOfAnOrganisation	Organisation name:	Unite the Union	Organisation Name confidential?	False	Country: United Kingdom			Comment	Unite the Union strongly supports this reduction to seek maximum protection for workers. However, we still have doubts about whether this will protect sufficiently against cancer effects.	
		Dossier Submitter response	Thank you for your comment.  
		RAC Rapporteurs comments	Thank you for your comment.  																
Ref.	Date/Name/Org.	Type of comment
24	Date/time:	2017/11/08 10:58	Type:	BehalfOfAnOrganisation	Organisation name:	Austrian Workers' Compensation Board (AUVA)	Organisation Name confidential?	False	Country: Austria	Comment	The proposal for occupational exposure limit values for arcylonitrile is refused.	  The aim of the proposal is to support the derivation of an OEL in accordance with Directive 2004/37/EC (CMD).	GENERAL COMMENTS:	At present, no threshold can be defined for arcylonitrile with the current scientific knowledge that excludes health risks (recital 11 of CMD). In particular, regarding exposure to carcinogens, the precautionary principle should be applied in the protection of workers’ health (recital 14 of CMD). The employer has to ensure that the level of exposure of workers is reduced to a low level as is technically possible (CMD, Article 5(3)). [In respect to technical possibility, the framework directive 89/391/EEC explicitly emphasizes that the improvement of workers’ safety and health at work is NOT to be subordinated to purely economic considerations (13th recital of that Directive)]. 	  To support and to guide this minimization obligation, an OEL representing a VERY low cancer risk has to be established. 	  In the related field of potentially dangerous products and consumer-use chemicals the European Commission already has established a benchmark for assigning the terms “serious risk”, “high risk”, “medium risk” and finally “low risk” (Commission Decision 2010/15/EU of 16.12.2009, OJ No L 22, 26.1.2010). Cancer from contact with substances is classified as a hazard of the (highest) Severity Group 4. This Commission Decision provides (in its table 4) the combination of the severity of harm and its probability: Only if the probability of cancer causation is LESS THAN 1:1,000,000 (related to the exposure duration) the risk is judged to be “low risk”!	  This clearly shows that strict criteria have to be met, and cancer risks have to be in the order of 1:1,000,000 and preferable lower to be acceptable.	  In significant European member states a risk-based approach is implemented (DE, NL) for controlling the exposure to carcinogens at the workplace. The acceptable cancer risk in these concepts is 1:1,000,000 per work year, resulting in an “acceptable” cancer risk of 4:100,000 per work lifetime.	  A work lifetime cancer risk of 4:100,000 is a reasonable and necessary concretion of the minimization principle (and of recital 4 of CMD), being the main objective of the CMD.	Besides that, also REACH demands that a low risk must be ensured when using a carcinogenic substance. Guidance documents published by ECHA (e.g. Chapter R.8) suggest an excess lifetime cancer risk of the same order of magnitude as outlined above.	  Therefore, an OEL associated with a work lifetime cancer risk NOT HIGHER THAN 4:100,000 has to be required. 	SPECIFIC COMMENTS:	Arcylonitrile is to be considered a NON-threshold carcinogen; this is emphasised by the actual proposal as well by AGS (2010). 	  The proposed OEL only (and indirectly) takes into account thresholded assessments, which however are questionable. AGS (2010) refuses the use of a non-linear exposure-risk relationship because an even weak genotoxicity may contribute considerably to the cancer risk. This also is necessary to follow the precautionary principle set out in recital 14 of the CMD.	  The proposed OEL (0.1 mg/m³ or 0.045 ppm) would be associated with an estimated work lifetime cancer risk of approximately 2:10,000 (instead of 4:100,000). This excess risk cannot be accepted deliberately. 	No reasoning nor any substantial explanation is given for the proposed OEL of 0.1 mg/m³. 	  Exposure levels of acrylonitrile preventing non-cancer health impairments have to be established possibly as low as 0.007 mg/m³.	  An OEL corresponding to a work lifetime cancer risk of 4:100,000 (or to protect from non-cancer effects, if this value would be lower) has to be required.	BIOMONITORING:	A biological limit or guidance value should NOT be established because biomonitoring is not feasible at low exposures. Even at an inhalable exposure level of 0.1 mg acrylonitrile/m³ the expected concentration of cyanoethylvaline (CEV) is ~5 µg/L blood. For an exposure level of 0.028 mg/m³ (being the concentration associated with 4:100,000 risk according to AGS) roughly 1.5 µg CEV/L blood could be estimated.	  It should be noted that measured data only are available for air concentrations of 1; 0.5; and 0.3 mg/m³, and show a considerable variation (DFG: BAT value documentation for acrylonitrile, 9th supplement, 2000).	  Above all, the background blood level of CEV in the general population without occupational exposure to acrylonitrile is relatively high and depends strongly on smoking status. CEV blood concentration is 1.4--3.3 µg/L (median) and 3.7--8.3 µg/L (percentile 95) in smokers, and up to 15 µg/L in heavy smokers. Passive smoking is likely, and rare smoking is proofed to enhance CEV blood concentration. In non-smokers, CEV levels are low. A CEV reference concentration of 0.3 µg/L for the non-smoking individuals of the general population was defined in Germany. (DFG: BAT value documentation for acrylonitrile, 17th supplement, 2010).	  Furthermore, taking blood samples from workers must be avoided for ethical reasons (respecting e.g. the fundamental right to physical integrity), in particular, when workplace measurements are possible and routine methods for those are available.	  In summary, no interpretable information is possible to be obtained from CEV biomonitoring.	REMARKS: 	A consistent level of protection from the risks related to carcinogens or mutagens has to be established for the EU as a whole (recital 4 of CMD). It should be noted that “risk” means the likelihood (probability) that the potential for harm will be attained under the conditions of use and/or exposure (Directive 98/24/EC, Article 2; to be applied according to Article 1(3) of that Directive).	  Adopting an opinion on an OEL for acrylonitrile in accordance with the CMD (as declared in the mandate) necessarily has to take into account political and socioeconomic issues. Neither the ECHA nor the RAC is competent to argue on the time scale of implementation, on transitional measures (if necessary) or on other matters referring the regulatory enforcement of OELs. The partial questionable handling of scientific findings and ignoring the risk-based approach creates the impression that also (undeclared) non-scientific interests are incorporated into the proposal.	
		Dossier Submitter response	Thank you for your comments. 		GENERAL COMMENTS & SPECIFIC COMMENTS: It is not the remit of ECHA or RAC to comment on or to determine the acceptability of cancer risks. From the total weight of evidence from both animal and human data a mode of action-based threshold[footnoteRef:1] can be assumed for the carcinogenic effects of acrylonitrile. At acrylonitrile exposures below the resulting proposal for a limit value, no significant residual cancer risk is expected for workers. The justification is presented in the Background Document. [1:  Regarding the term “mode of action-based threshold” see Joint Task Force ECHA Committee for Risk Assessment (RAC) and Scientific Committee on Occupational Exposure Limits (SCOEL) on Scientific aspects and methodologies related to the exposure of chemicals at the workplace. Task 2. 6 December 2017. https://echa.europa.eu/documents/10162/13579/jtf_opinion_task_2_en.pdf/db8a9a3a-4aa7-601b-bb53-81a5eef93145] 	BIOMONITORING: The analytical methodology for measurement of CEV in blood is sensitive, with a limit of detection corresponding to 0.0024-0.024 μg CEV/L blood. A CEV level of 60 μg CEV/L blood can be considered to be an appropriate biological limit value (BLV). CEV levels are indeed influenced by other sources of acrylonitrile (e.g. smoking). The contribution to the CEV blood levels of 4 (0.8 to 9.2) μg CEV/L blood (Fennell et al., 2000) due to smoking can be accounted for when interpreting the measurements. Background levels in non-smokers are <10 pmol/g globin (<0.24 μg CEV/L blood).It should be noted that the mandate of RAC is to evaluate the scientific relevance of occupational limit values for acrylonitrile, and to assess the most recent and relevant scientific information. The RAC-opinion on acrylonitrile is used by the Commission to set limit values for the protection of workers from exposure to chemical risks, as per Directive 2004/37/EC. The Commission takes socio-economic and technical feasibility factors into account in their legislative procedure for developing EU OELs.  	REMARKS: Independence is extremely important to ECHA. ECHA’s work is based on science and it is of the utmost importance to guarantee the independence of the ECHA’s staff and Committee members nominated by the Members States. All ECHA staff has completed a detailed declaration of interest before starting to work, these declarations are updated and examined at least annually. Similarly the experts in the scientific Committees are screened against targeted eligibility criteria. Their published Declarations of Absence of Conflict of interest are examined and updated annually. In addition to these regular Declarations of Interest, every Committee meeting starts with an oral declaration on any specific interests related to the agenda items to be discussed. 	
		RAC Rapporteurs comments	Thank you for your comments. We agree with the reply provided by the Dossier Submitter and have nothing further to add.								

Ref.	Date/Name/Org.	Type of comment
25	Date/time:	2017/11/09 11:46	Type:	BehalfOfAnOrganisation	Organisation name:	Ministry of labour and Social Affairs	Organisation Name confidential?	False	Country: Italy		Comment	Acrylonitrile 	It is important to underline that in Italy there is not an OEL binding. For this reason the value in the table 4 (by Germany BAUA 2014) is wrong. Probably this value is taken by ACGIH USA but it is not  Italian OEL. Nevertheless we agree with OEL proposed.		
		Dossier Submitter response	Thank you for your comments. ECHA has corrected the information in the Background Document.
		RAC Rapporteurs comments	Thank you for your comments.																
Ref.	Date/Name/Org.	Type of comment
26	Date/time:	2017/11/09 15:07	Type:	BehalfOfAnOrganisation	Organisation name:	the Polish Interdepartmental Commission for Maximum Admissible Concentrations and Intensities for Agents Harmful to Health in the Working Environment	Organisation Name confidential?	False	Country: Poland	Non-confidential attachment:	Acrylonitrile-benzene-nickel-comments from Polish MAC Commmission.docx				Comment	
		Dossier Submitter response	Thank you for your comments. 	Point 1 is noted and is indeed in line with the epidemiology described in the Background Document.	Regarding point 2, ECHA would like to clarify that the mandate of RAC is to evaluate the scientific relevance of occupational limit values for acrylonitrile, and to assess the most recent and relevant scientific information. The RAC-opinion on acrylonitrile is used by the Commission to set limit values for the protection of workers from exposure to chemical risks, as per Directive 2004/37/EC. The Commission takes socio-economic and technical feasibility factors into account in their legislative procedure for developing EU OELs.  	Regarding point 3, ECHA appreciates your concern about the length of the public consultation, however, the deadline to deliver the opinion of RAC to the European Commission (26 March 2018) unfortunately did not allow for a longer public consultation.  
		RAC Rapporteurs comments	Thank you for your comments. We note the reply provided by the Dossier Submitter and have nothing further to add.																
Ref.	Date/Name/Org.	Type of comment
27	Date/time:	2017/11/09 15:19	Type:	BehalfOfAnOrganisation	Organisation name:	ANSES	Organisation Name confidential?	False	Country: France	Non-confidential attachment:	Comments on acrylonitrile_OEL RAC_vf.docx		Comment	Please, see attachment		
		Dossier Submitter response	Thank you for your comments. 	ECHA appreciates your concern about the length of the public consultation, however, the deadline to deliver the opinion of RAC to the European Commission (26 March 2018) unfortunately did not allow for a longer public consultation. 	Regarding the process, ECHA considers it sensible to have a consultation on a proposal. The aim is to ensure completeness and scientific rigour through public scrutiny. Similarly, in other ECHA processes, the public consultation is on a proposal or application and not on the opinion of RAC as such. However, we note your comment and will consider it when revising the interim procedure that was established for this area of work (https://echa.europa.eu/documents/10162/13579/interim_wponevaluation_oel_agreed_rac_42_en.pdf/021bc290-e26c-532f-eb3f-52527700e375).	Regarding the developmental toxicity, ECHA considers their conclusion to be in line with the weight of evidence and with the conclusions previously drawn in the EU risk assessment report on the same data. There were no clear treatment related teratogenic effects in the inhalation studies despite maternal and foetal toxicity. 	Upon further consideration, ECHA is of the view that the weight of evidence for the available evidence on carcinogenicity supports to derive an OEL. At acrylonitrile exposures below the resulting proposal for a limit value, no significant residual cancer risk is expected for workers. The reasons are presented in the Background Document. However, as the possibility of an occupational cancer risk cannot totally be excluded, an illustrative dose-response relationship for carcinogenicity is derived by linear extrapolation to estimate the upper boundary of excess risk (if any) at this OEL. A linear dose-response relationship based on the BMDL05 has been included in the Background Document and the conservative nature of the T25 is stressed.	A STEL has been included in the Background Document.	It is not clear from your comment which additional elements would need to be considered to warrant a skin notation. In any case, the proposal is in line with the opinion of SCOEL from 2003.	An assessment for a noise notation has been included in the Background Document. The evidence for ototoxicity is weak and does not warrant a noise notation for acrylonitrile.	Thank you for the references regarding the mode of action, they have been included in the Background Document. 
		RAC Rapporteurs comments	Thank you for your comments. We note the reply provided by the Dossier Submitter and have not much to add, aside from the fact that we agree with the Dossier Submitter that the weight of evidence supports the derivation of an OEL for the cancer endpoint. We also support the inclusion of a STEL and BLV.			
Ref.	Date/Name/Org.	Type of comment
28	Date/time:	2017/11/09 18:42	Type:	BehalfOfAnOrganisation	Organisation name:	Acrylonitrile EU REACH Consortium	Organisation Name confidential?	False	Country: United Kingdom	Non-confidential attachment:	Industry Response to Acrylonitrile OEL Proposal by ECHA v3.0.docx				Comment	P78 ECHA concludes the current OELS are not considered protective against carcinogenicity;Industry does not agree there is a lack of protection of workers for cancer effects at the present range of OEL’s in operation in the EU and in the US. This is borne-out by the lack of cancer risks in the extraordinary extensive epidemiology for exposed workers. 	P78 regarding ECHA's OEL proposal; there is inappropriate use of the observed irritation effects in the F1 generation in the Nemec et al (2008) two-generation rat study. The industry also proposes a realistic and highly protective operator exposure value for European industrial users of the monomer and its polymers based on the F0 generation NOAEL and observed occupationally exposed humans; 0.5 ppm (1.1 mg/m3.	P 6 Occurrence; we provide an update on natural sources of acrylonitrile, which are increasingly important to consider, especially as any OEL value decreases below 1ppm and potential biological markers of exposure are considered.	P50 Latest Reports of epidemiology; The US Industry Group will provide an update on the continuing update of the large scale US National Cancer Institute update for ca 25,000 occupationally exposed individuals to acrylonitrile.	P17 Section 7.1.2 We provide an update and additional further details of metabolic pathways for acrylonitrile showing differences in metabolic potential between species and tissue types.	P 35 Genotoxicity; a critical review of the in-vivo gene toxicity data is provided with an emphasis on the quality of the negative studies and the K scores in table 12. We also provide a comment on the lack of instructive information from the Drosophila studies. It is also noted that there is a link to oxidative stress in some of the in-vivo outcomes.	P 47 Gene toxicity summary; industry provide details of the tumour dose response and compared to markers for oxidative stress response. This shows a strong correlation between rodent brain lesions and markers of oxidative stress. Details of the ameliorative impact of dietary anti-oxidants are also demonstrated in rats. It is also noted that in vitro, human astrocytes did not respond similarly to rat astrocytes.	P 55; 7.7.2 Animal data; rat brain tumours; The industry provides further details of the recent immunohistochemical assessment of the rodent brain lesions, from the key carcinogenicity bioassay. These are reclassified as microglioma, rather than astrocytomas, which are proposed to be a rodent specific lesion. It is noted that given a lack of similar tumours in mice, there is also limited likelihood of relevance in man. In addition a review and update of the available evidence for a lack of DNA binding in the rodent target tissues is provided, with the relevance of a new study highlighted (Williams et al. 2017).	p 14 Biomonitoring;  The haemoglobin adduct N-(2-cyanoethyl)valine (CEV) is suggested to be the most useful biomarker of exposure. However, it should be noted that this is not a useful marker of peak or short term exposures and is influenced by other sources of acrylonitrile, i.e. smoking and other sources of burning of complex organic matter. CEV-Hb adducts are mainly useful as a qualitative assessment of exposure rather than a quantitative method of determining occupational exposure level compliance.	
		Dossier Submitter response	Thank you for your comments. A response by section is provided below.	Industry proposed alternative EU-wide OEL: It is noted that the acrylonitrile industry supports an OEL of 0.5 ppm (1.1 mg/m3). The Background Document has revised the protective level for irritancy considering your arguments and derives a level of 0.67 ppm (1.5 mg/m3) based on Quast et al. (1980a). Regarding the cancer endpoint, an OEL of 0.45 ppm (1 mg/m3) is recommended in the opinion of RAC, based on a mode of action-based threshold[footnoteRef:2]. This level is in line with your proposal. [2:  Regarding the term “mode of action-based threshold” see Joint Task Force ECHA Committee for Risk Assessment (RAC) and Scientific Committee on Occupational Exposure Limits (SCOEL) on scientific aspects and methodologies related to the exposure of chemicals at the workplace. Task 2. 6 December 2017. https://echa.europa.eu/documents/10162/13579/jtf_opinion_task_2_en.pdf/db8a9a3a-4aa7-601b-bb53-81a5eef93145 ] 	Acrylonitrile STEL: Thank you for your proposal for a STEL of 4.6 ppm. A pragmatic STEL of 1.8 ppm is recommended in the opinion of RAC, which is 4 times the OEL of 0.45 ppm. The study by Jakubowski et al. (1987) is considered as supportive evidence.	Sources of Acrylonitrile in the Environment: The Background Document has been amended to acknowledge the non-industrial sources of acrylonitrile. 	Epidemiology: Thank you for informing us about the anticipated publication of a follow-up study of the US-NCI cohort.	Acrylonitrile Metabolism: Thank you for sharing the exerpt from the draft paper “Acrylonitrile’s genotoxicity; the complex profile of a rodent carcinogen”. The information in the exerpt seems largely in line with the information that was contained in the ECHA proposal that was subject to the consulation. The Background Document has been amended as relevant.	Acrylonitrile: review of evidence for genotoxicity in vivo and Comparison of tumour response and oxidative stress indicator dose rates: Thank you for the review of the available data. The Background Document has been amended as relevant.  	Tumour type: The Background Document has been amended to acknowledge the reclassification of the brain tumours by Kolenda-Roberts et al. (2013).	Summary of key DNA Binding Information for Acrylonitrile (AN): Thank you for the review of the available data. The Background Document has been amended as relevant.  	Biomarkers of Acrylonitrile (AN) Exposure: The Background Document noted that CEV in blood erythrocytes is a marker for long term exposures and is influenced by other sources of acrylonitrile (e.g. smoking). The effect from smoking can be accounted for when evaluating measured CEV concentration in blood (around 4 μg CEV/L blood from smoking or 8.5 fmol/mg globin/cigarette/day (Fennell et al., 2000)).
		RAC Rapporteurs comments	Thank you for your comments. We note the reply provided by the Dossier Submitter and have not much to add, aside from the fact that we agree with the change in point of departure/protective level for nasal irritancy. We further agree that the evidence is suggestive of indirect DNA damage (from oxidative stress) being the main mechanism in rat brain tumour formation. This (thresholded) mechanism supports a non-linear dose-response curve, and the derivation of an OEL. Finally, we support the setting of a STEL at 4 times the OEL.														
Ref.	Date/Name/Org.	Type of comment
29	Date/time:	2017/11/10 11:40	Type:	BehalfOfAnOrganisation	Organisation name:	European Tyre and Rubber Manufacturers’ Association	Organisation Name confidential?	False	Country: Belgium	Non-confidential attachment:	20171110_ETRMA-Acrylonitrile_OEL_V2.pdf			Comment	-	
		Dossier Submitter response	Thank you for your comments. 	ECHA and RAC have considered the mode of action for carcinogenicity in detail. From the total weight of evidence from both animal and human data a mode of action-based threshold[footnoteRef:3] can be assumed for the carcinogenic effects of acrylonitrile. An OEL of 0.45 ppm (1 mg/m3) is recommended in the opinion of RAC. At acrylonitrile exposures below the proposal for a limit value, no significant residual cancer risk is expected for workers. The reasons are presented in the Background Document. [3:  Regarding the term “mode of action-based threshold” see Joint Task Force ECHA Committee for Risk Assessment (RAC) and Scientific Committee on Occupational Exposure Limits (SCOEL) on scientific aspects and methodologies related to the exposure of chemicals at the workplace. Task 2. 6 December 2017. https://echa.europa.eu/documents/10162/13579/jtf_opinion_task_2_en.pdf/db8a9a3a-4aa7-601b-bb53-81a5eef93145] 
		RAC Rapporteurs comments	Thank you for your comments. We agree with the reply provided by the Dossier Submitter and have nothing further to add.																
Ref.	Date/Name/Org.	Type of comment
30	Date/time:	2017/11/10 19:18	Type:	BehalfOfAnOrganisation	Organisation name:	AN Group	Organisation Name confidential?	False	Country: United States	Non-confidential attachment:	Summit Comments on ECHA Report 111017.pdf		Comment	
		Dossier Submitter response	Thank you for your comments. A response point by point is provided below. 	The Background Document has been corrected to avoid confusion regarding the lifetime continuous exposure versus occupational exposure. The numerical values corresponding to occupational exposure have been used as the basis in deriving an OEL for acrylonitrile.	The point of departure for nasal irritancy has been reconsidered. Indeed, given that the LOAEC of 5 ppm in F1 males was not statistically significant and that there may be age related sensitivities of the nasal epithelium, the NOAEC of 15 ppm for the parental generation may be more appropriately chosen as a point of departure, resulting in a level of 1.1 ppm from Nemec et al. (2008). However, a level of 0.67 ppm from Quast et al. (1980), a good quality chronic study, is taken forward in the Background Document. 	Thank you for highlighting these missing studies regarding oxidative stress. They have been included in the Background Document.	Thank you for highlighting the inaccurate statement and suggestions. The Background Document has been amended accordingly.	An (illustrative) linear dose-response relationship has been included in the Background Document, based on the BMDL05 from the pooled data set for rat brain tumours, and the conservative nature of the T25 as a point of departure is stressed.	A summary of Strother & Kirman (2011) has been included in the Background Document.	Thank you for your recommendations regarding biomonitoring. The Background Document has been amended where considered relevant.	
		RAC Rapporteurs comments	Thank you for your comments. We note the reply provided by the Dossier Submitter and have not much to add, aside from the fact that we agree with the change in point of departure for nasal irritancy. We further support your dose-response analysis based on the pooled rat data set, and have taken the BMDL05 (external, occupational) as point of departure for the OEL.																											
Ref.	Date/Name/Org.	Type of comment
31	Date/time:	2017/11/10 20:08	Type:	BehalfOfAnOrganisation	Organisation name:	Acrylonitrile Group/Global Acrylonitrile Product Stewardship	Organisation Name confidential?	False	Country: United States	Non-confidential attachment:	comments to ECHA on AN OEL.pdf		Comment	Re: Comments on the Draft Report “Proposal by the European Chemical Agency (ECHA) in support of occupational exposure limit values for acrylonitrile in the workplace”	Dear: Dr. Bowmer:	On behalf of The Acrylonitrile Group (AN Group) and the Global Acrylonitrile Product Stewardship (GAPS) program, I am pleased to submit information relevant to the Committee for Risk Assessment (RAC) review of the draft report “Proposal by the European Chemical Agency (ECHA) in support of occupational exposure limit values for acrylonitrile in the workplace.”	The AN Group, is a not-for-profit organization based in Washington, DC, representing the major manufacturers and users of AN in North America.  The AN Group is a member of GAPS, which represents various regional acrylonitrile (AN) manufacturer associations. The AN Group/GAPS have been coordinating their review of the ECHA draft report with their counterparts in the EU (EU REACH Consortium and the CEFIC European Acrylonitrile Producers) and therefore will largely limit these comments to information regarding the United States National Cancer Institute’s (NCI) cohort study on the health impacts from occupational exposure to AN.  	National Cancer Institute Occupational Cohort Epidemiology Study Update	As ECHA/RAC recognize, there are numerous worker studies available relevant to assessing the risk from exposure to AN.  Of particular note is the very large NCI occupational cohort study, which includes over 25,000 workers; this is one of the largest occupational epidemiology studies ever conducted. This cohort provides a very robust dataset from which to assess the health implications of AN occupational exposure, and is particularly useful in assessing the contradiction between the rodent and human response to AN exposure. 	The ECHA draft contains an accurate summary of the results of the NCI cohort study as reported in Blair et al. 1998.  That study evaluated workers employed in US AN monomer and polymer plants from the early 1950s through 1983. Blair et al analyzed the vital status of the workers through 1989, at which point in time there was slightly less than 10% mortality.	As ECHA notes in the draft, the SMRs for all forms of cancer collectively, as well as most individual tumor types were less than the unexposed workers. Even in the few instances where the SMR’s were above 1.0, there was no increased risk with increased exposure thus suggesting a lack of an association.  Nonetheless, some questions have been raised about the adequacy of the data for drawing firm conclusions about health risk associated with occupational exposure to AN. 	The primary purpose of this submission is to inform ECHA/RAC that the NCI cohort study is being updated and will soon be available. The update will add 21 years of additional follow-up as the vital statistics extend through December 31, 2011.  Given the age of the workers in the cohort, it is likely that vital status/cause of death information will be available for over 40% of the workers thus significantly increasing the ability to discern whether there is a risk from exposure to AN. The significance of these added years of follow-up cannot be overstated; once available, the data will represent the most significant and comprehensive occupational mortality dataset on the effects from AN exposure.	I notified the NCI of ECHA’s ongoing activities to analyze the available health effects information on AN applicable to setting an OEL. Based on very recent discussions with NCI staff, it is not possible at this time to provide a specific timeframe when the data and NCI analysis will be available, although the expectation is the update will be completed relatively soon. As such, ANG/GAPS advocate that the ECHA/RAC report acknowledge the conduct and importance of the ongoing NCI cohort update, and that when available, those data should be considered in assessing the scientific information for setting an OEL for AN. Moreover, given that the results will likely be available in less than one year, ECHA may want to defer final consideration of an AN OEL until the results are available. 	The ANG commits to keep ECHA apprised on the progress of the study. 	
		Dossier Submitter response	Thank you for informing us about the anticipated publication of a follow-up study of the US-NCI cohort. The Background Document makes a mention of the upcoming update of the US-NCI cohort. The deadline to deliver the opinion of RAC to the EU Commission is 26 March 2018 and unfortunately does not allow to await the results of the study.
		RAC Rapporteurs comments	Thank you for your information. We note the reply provided by the Dossier Submitter and have nothing further to add.	
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From EU REACH Consortium Members, CEFIC European Acrylonitrile Producers, the US AN Group Members and the Global Acrylonitrile Producers Association.
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Knaresborough

N. Yorkshire 
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Summary of comments



General Overview of industry comments; page 2

Industry does not agree that there is a lack of protection for cancer effects at the present range of OEL’s in operation in the EU and in the US. This is borne-out by the lack of cancer risks in the extraordinary extensive epidemiology for exposed workers. 

Industry Proposed Alternative DNEL and STEL; page 5

We also comment on the inappropriate use of the observed irritation effects in the F1 generation in the Nemec et al (2008) two-generation rat study. The industry also proposes a realistic and highly protective operator exposure value for European industrial users of the monomer and its polymers; 0.5 ppm, based on animal and occupationally exposed workers.

We also provide a proposal for the STEL, based on the best available data.

Sources of Acrylonitrile in the Environment; page 8

We provide an update on natural sources of acrylonitrile, which are increasingly important to consider, especially as any OEL value decreases below 1ppm and potential biological markers of exposure are considered. 



NCI Epidemiology update; p 9

The US Industry Group will provide an update on the continuing update of the large scale US National Cancer Institute update for ca 25,000 occupationally exposed individuals to acrylonitrile. 

Acrylonitrile Metabolism; p 9

We also provide an update and additional further details of metabolic pathways for acrylonitrile. 

Review of in vivo gene toxicity; p 17 

A critical review of the in-vivo gene toxicity data is provided with an emphasis on the quality of the negative studies. We also provide a comment on the lack of instructive information from the Drosophila studies. It is also noted that there is a link to oxidative stress in some of the in-vivo outcomes. 

Comparison of tumour response and oxidative stress indicator dose rates; p 24

The tumour dose response is considered and compared to markers for oxidative stress response. This shows a strong correlation between rodent brain lesions and markers of oxidative stress. Details of the ameliorative impact of dietary anti-oxidants are also demonstrated in rats. It is also noted that in vitro, human astrocytes did not respond similarly to rat astrocytes. 

Tumour type; p 35

The industry provides further details of the recent immunohistochemical assessment of the rodent brain lesions, from the key carcinogenicity bioassay. These are reclassified as microglioma, rather than astrocytomas, which are proposed to be a rodent specific lesion. It is noted that given a lack of similar tumours in mice, there is also limited likelihood of relevance in man. 

Summary of Key DNA binding information; p 36

A review and update of the available evidence for a lack of DNA binding in the rodent target tissues is provided. 

Biomarkers of Acrylonitrile exposure; p 39 

The haemoglobin adduct N-(2-cyanoethyl)valine (CEV) is suggested to be the most useful biomarker of exposure. However, it should be noted that this is not a useful marker of peak or short term exposures and is influenced by other sources of acrylonitrile, i.e. smoking and other sources of burning of complex organic matter. CEV-Hb adducts are mainly useful as a qualitative assessment of exposure rather than a quantitative method of determining occupational exposure level compliance. 



[bookmark: _Ref497921795]General overview of industry response.

Acrylonitrile is a hazardous industrial monomer and intermediate. Its modern industrial production via the Sohio process, the catalytic ammoxidation of propylene, was initiated at the Lima plant, Ohio, in the 1950s. The Lima plant in Ohio, USA, is still in production. The Sohio process is the primary commercial production method now used throughout the world.

There are multiple epidemiology and rodent cancer bioassays for this substance. In 1979 IARC set the cancer classification for acrylonitrile as 2A; probably carcinogenic to humans, based on preliminary epidemiology data. In 1998 it downgraded this classification to 2B; possibly carcinogenic to humans, in response to the results of four epidemiology studies published in the Scandinavian Journal of Work, Environment and Health (1998), with the guest editor Sir Richard Doll. 

The four studies were from the UK, the Netherlands and the US, including the DuPont Cohort which had triggered the first concerns. The other US study was the very large US NCI study, which looked at >25,000 workers in 8 monomer, fibre and resin companies from 1952 to 1983 (Blair et al. (1998). Both the NCI and the Netherlands cohort studies were noted for the high quality exposure data collected for each (Esmen, 1998). The weight of evidence available from these studies demonstrated that either acrylonitrile was not a human carcinogen or that it produces only small increases in cancer in occupationally exposed humans in North America and Europe (Coggon and Cole, 1998). The epidemiology data available for acrylonitrile in occupational use is agreed by academic and industry epidemiologists to be uniquely extensive and of generally high quality.

The study of the cohort in the Netherlands has subsequently been updated twice. No increased cancer risks were seen. The large US NCI study is presently being updated, but is not yet released. However, the Lima cohort, that relating to the plant where the Sohio process started and in commercial production for the longest, was one of the plants included in the US NCI study. It itself is not a large cohort, but has potentially the highest worker exposures and has been subject to three specific epidemiology reviews, with the latest update looking at mortality to 2011 (Marsh and Zimmerman, 2015). This update also detected no increase in cancer risk in any type, even in the workers exposed for longest and at the highest levels. Risks were seen to be diminishing.

This is remarkable. The oldest members of the Lima cohort were exposed to acrylonitrile in the 1950s and 1960s, at plant start up, when it was not identified as a carcinogen and industrial hygiene practices were more rudimentary. It is estimated these potential exposures were at levels comparable to the lowest concentrations in the rat bioassays. However for these workers, the longer the follow-up, the lower the risks for development of all cancers appear to be. The industry therefore does not agree with ECHA’s interpretation that present OELS in operation across member states, between 2.2 to 4.5 mg/m3 and similar to those in operation in the USA since 1978, are not protective for cancer. This is not supported in the extensive epidemiology, which should not be lightly dismissed.

By contrast, the multiple laboratory rodent cancer bioassay data do indicate that acrylonitrile is a multi-site carcinogen under experimental conditions. Multiple tissues have been found to develop lesions. Some are observed occasionally, for example in mammary gland and lower intestine. It is interesting to consider that both the Harderian and Zymbal’s gland, tumours which have been observed most consistently, are both rodent specific tissues although they are considered potentially indicative of tumour risk in other squamous cell tissues including the epithelium. In addition, forestomach tumours observed in gavage and drinking water studies, are regarded as site of contact irritation and neoplasia responses. However the other most consistent tumour has been in rats brains. Recent studies utilising modern immunohistochemical staining techniques have reclassified what were originally believed to be astrocytic tumours as malignant microgliomas. These are also suspected to be a rodent specific lesion. The fact that these lesions in the rat brain were not seen in mice, also suggests a lack of relevance to man (Kolenda-Roberts et al. 2012).

Whilst the cancer Mode of Action for acrylonitrile is as yet not fully elucidated, there is extensive evidence from laboratory studies conducted at similar doses to some of the cancer bioassays that oxidative stress is an important factor in rodent brain tumour development. The in vivo mutagenicity is also equivocal with the most reliable studies effectively negative. Coupled with the lack of evidence of any significant DNA adducts in the rodent target tissues, the possibility of an indirect MOA is tantalising. It is therefore intriguing to consider this in light of the lack of an observed human worker response. A reasonable assessment is that it is likely that the lack of observed effects in occupationally exposed humans is either as a result of below threshold exposures or that the rodent responses are not relevant in man.

The industry are very supportive of the ECHA view that non-cancer effects are of primary consideration in protecting its workers, given the apparent lack of risk from the cancer endpoints based on the extensive and high quality epidemiology. However, it seems that ECHA has utilised an additionally sensitive immature life stage of the rat to assess this end point. In the same study by Nemec et al. (2008), the F0 generation animals demonstrate a clear No observed Effect Concentration for inhalation irritation at 15 ppm. Coupled with the known human experience reported by Muto et al. 1992), for workers in an acrylic fibre plant, it seems that there is a convergence at an inhalation DNEL of around 0.5 ppm (1.17 mg/m3). Based on the extensive epidemiology from occupational exposed humans and the best quality animal data for irritation, this seems to be a level which is both protective for workers for cancer and inhalation irritation. 

The industry also offers a final view of reliability of biomarkers. ECHA’s review states that the haemoglobin adduct N-(2-cyanoethyl)valine (CEV) is the most useful biomarker of exposure. However, it should be noted that this is not a useful marker of peak or short term exposures. It is only a useful indicator of chronic exposure. Several studies have clearly shown positive correlation between this haemoglobin adduct and tobacco smoking, as acrylonitrile is a component of tobacco smoke. There is also concern regarding inherent variability in toxicokinetics which may impact exposure estimates. In addition, there is evidence that other external sources of acrylonitrile, now known to occur in the natural environment where burning of vegetation or complex hydrocarbons occurs, can also influence the baseline detected for exposure in non-smokers. This would become problematic for any EU OEL below 1 ppm (2.2 mg/m3). ECHA should carefully consider the value and complexities of setting any EU-wide exposure levels which rely on biomonitoring, given the limitations and uncertainties in the application of CEV-Hb adducts, which appears to be the preferred marker of exposure.
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Industry Proposed Alternative EU-wide OEL

Given the apparent lack of an observed carcinogenic risk at occupational exposures, it is commendable that ECHA consider the non-cancer effects. However, ECHA wrongly use the irritation effects seen in the Nemec et al (2008) study F1 generation. These F1 rats would have been exposed to acrylonitrile at an immature, prepubescent stage (around 4 weeks). This is not an appropriate level of maturity on which to base occupational Derived No Effect Levels for adult workers. It should be noted that in the adult F0 generation there was a clear No Observed Effect level at 15 ppm for irritation. 

Based on the NOEL for nasal irritation in the F0 rats (Nemec et al, 2008) the local DNEL for irritation can be determined to be:

POD; 15 ppm for inhalation, F0 generation, 2-generation study.

Relevant Assessment factors

1 for allometric scaling

2.5 for local irritation on respiratory tract

5 for intra-species differences

2 for differences in exposure duration (sub-chromic to chronic exposure)

Total AF = 25

15 ppm / 25 = 0.6 ppm (1.32 mg/m3) 

In addition the following study should be considered for an understanding of the worker experience. Muto et al (1992) followed-up the work of previous authors, looking at the health of 157 male workers in acrylic fibre production in Japan, in seven plants. The number of years over which the workers had been followed was 17. The factories had been split into two exposure groups, but overall effects across the two groups were not different to the unexposed controls. Based on personal sampling, across all sites, the exposures levels were 0.62 ppm (± 0.90 ppm) or a TWA of 0.53 ppm (± 0.52) or 1.17 mg/m3. This can be regarded as a reflection of a no observed affect level for local irritation in humans, at occupational exposures.

These values are regarded as an adequate level of protection for both irritation and cancer for occupational setting and based on the above an OEL of 0.5 ppm (1.1 mg/m3) would be a suitable EU wide value.
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Acrylonitrile STEL

It is noted that ECHA-Secretariat has invited RAC to consider the need for short-term exposure limits (p78, 8.6). Industry offers the following proposals. 

Acrylonitrile is classified for acute inhalation toxicity in CLP Category 3 (H331: Toxic if inhaled) based on an LC50 value of 2050 mg/m3 and is therefore assigned to the Moderate Hazard category according to ECHA Practical Guide 15 (2012).  Human exposure data also demonstrate the potential for toxicity (including lethality in a small number of cases) following inhalation exposure; however the data are insufficient for the derivation of a short-term exposure limit.

Acrylonitrile is also a respiratory irritant; animal and human volunteer studies and reports of human exposure identify local irritant effects on the respiratory tract as the most sensitive effects of exposure.  Sakurai (1978) investigated the health effects of factory workers exposed to acrylonitrile for 5 years or more.  The median concentration for the highly exposed population of workers was reported to be 5 ppm.  Initial acute irritancy effects were reported (such as irritation of the conjunctiva and upper respiratory tract, nasal discharge, and transient irritation of scrotal skin), that lessened over time.  The gradual lessening of reported symptoms was attributed to improved measures to reduce exposure.  The medical effects observed originated from the previous 5 years, before improved hygiene measures were introduced.  Subsequent appraisal of the study indicated that the symptoms of irritancy were associated with exposures well in excess of 5 ppm, indicating that levels less than 10 ppm did not cause notable irritation.

The EU RAR for acrylonitrile details reports of workers with initial symptoms of toxic effects as well as respiratory irritation at concentrations of 16-100 ppm within 20 minutes (Wilson et al., 1948; cited in EU, 2004).  In a more recent study, Jakubowski et al. (1987) report that exposure to 2.3-4.6 ppm acrylonitrile was without effect in volunteers exposed for consecutive 8-hour periods.  The lower level of 4.6 ppm [10 mg/m3] is therefore proposed as the short-term exposure limit (STEL) for workers.  While this study was conducted with six volunteers, it is considered that additional assessment factors are not required.  The exposure period of 8 hours in this study is adequately protective of short-term peak exposures to acrylonitrile.  The proposed STEL is supported by the study of Muto et al. (1992), who report an assessment of the health effects of acrylonitrile in seven Japanese acrylic fibre manufacturing factories.  The study subjects were 157 exposed male shift workers who had been exposed for an average of 17 years.  The seven facilities were classified into two groups according to their 1987 exposure levels in 1987, and into three groups on the basis of 1976 exposure levels. The most highly exposed group of subjects showed a mean exposure concentration of 1.13 ppm by personal sampling.  The mean exposure level for all sites was 0.53 ppm.  Medical examination failed to detect any health effects attributable to acrylonitrile exposure.  Some symptoms of acute irritation were observed but were considered likely to be the result of exposure to other substances.

Acute exposure data are available for several laboratory species (monkey, rat, dog, rabbit, guinea pig, and cat) and demonstrate qualitatively similar responses between species, ranging from mild irritation and mild effects on ventilation and cardiovascular responses to severe respiratory effects, convulsions, and death.  A 4-hour exposure to acrylonitrile at 30-100 ppm produced little or no effect in most species tested; however dogs appeared to be notably more sensitive, exhibiting severe effects at 100 ppm.  Lethality in rats appears to occur at cumulative exposures of 1800-1900 ppm/h for periods of 30 minutes to 6 hours.  Developmental toxicity is reported for acrylonitrile, with foetal malformations reported at high (and maternally toxic) concentrations of 80 ppm and above.  A developmental NOAEL of 40 ppm is demonstrated.  The proposed STEL of 4.6 ppm [10 mg/m3] based on local irritation is therefore adequately protective of the systemic toxic effects of acrylonitrile.
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Sources of Acrylonitrile in the Environment

The ECHA report states that ‘there are no natural known sources of acrylonitrile and no known reactions that might lead to its presence in the atmosphere’ (p6, Section 5.1). As explained below, given that AN is a typical combustion product of biomass burning, including found in cigarette smoke, ECHA should revise its discussion to acknowledge these non-industrial sources.  



It has been well documented that various nitrile compounds, including AN and acetonitrile are combustion by-products of nitrogen containing fuels particularly plant matter such as biomass, timber, and tobacco.  Minet et al (2011) has recommended relying on urinary 2-cyanoethylmercapturic acid (CEMA), an acrylonitrile metabolite, as a biomarker for assessing smoking-related exposure to acrylonitrile.



Burning of nitrogen containing biomass and to a lesser extent, biogenic emissions from plants results in the generation of volatile nitriles including acetonitrile and AN[footnoteRef:1]. While the levels of these nitriles are relatively low compared with other oxygenated volatile organic compounds, they can contribute to ambient levels of VOCs. Acetonitrile has been used as a reference or “tracer” against which emission ratios of other VOCs have been generated. [1:  Towards the end of the 20th century it became clear that (OVOC) account for most of the non-methane hydrocarbons (NMOC) from biomass burning (Griffith et al., 1991; Yokelson et al., 1996, 1997, 1999, 2003a; Worden et al., 1997; Holzinger et al., 1999).  OVOC can dominate atmospheric organic chemistry, but they are difficult to measure reliably at low levels in complex mixtures.
] 




Yokelson et al. studied emission factors for CO and many VOCs after various fire incidents.  The average emission factor of CO, acetonitrile and acrylonitrile from tropical fires in South America was found to be 101.4, 0.37 and 0.04 gram/kg biomass respectively (Yokelson et al. (2007)) Yokelson et al. (2008) established the emission factors for several types of tropical biomass, where they found considerably greater emissions.  The average emission factor of CO, acetonitrile and acrylonitrile was found to be respectively 57.5, 0.50 and 0.29 gram/kg biomass. Some measurements suggested upwards of 0.623 gram AN per kg biomass.  



Warneke et al (2011) measured the emissions of VOCs of burning biomass, commonly found in the southeast and the southwest of the US, under standardized laboratory conditions. They presented the results of the emission of many VOCs as a concentration ratio between the released VOCs and carbon monoxide (CO) in the unit pptv/ppbv. The average release of acetonitrile and acrylonitrile was reported to be 0.81 respectively 0.085 pptv/ppbv of the CO level. If it is assumed, that 100 g CO is released per kg uncontrolled biomass burning, the emission factor of acetonitrile and acrylonitrile is expected to be 81 mg respectively 8.5 mg per kg biomass. 



For these reasons, ECHA should acknowledge that there are natural sources of AN in the environment.
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Epidemiology

In discussion with the US National Cancer Institute, the US AN Group which is the acrylonitrile industry group in the US, has confirmed that it is expected that the NCI study of the large US cohort is likely to report in the first half of 2018. This is the largest study of its type and s will update the > 25,000 cohort up to 2011, this is regarded as an essential additional source of data regarding impacts of the human occupational exposures. The industry will provide comment to ECHA and the EU Commission once available. 

Acrylonitrile Metabolism

It is agreed that there are multiple pathways exist for the metabolism of acrylonitrile which are assumed to be generally similar between the species (ECHA Document page 20, 7.1.5), although an alternative pathway for CEO is apparent in man but inducible in rats. More recent investigation has shown that other differences in metabolic capacity and alternative pathways are active in specific tissues hinting at potential further differences in the metabolic competencies between rats and man. The following is an excerpt taken from the draft paper; “Acrylonitrile’s genotoxicity; the complex profile of a rodent carcinogen” by Albertini RJ, CR Kirman and DE Strother. 

Acrylonitrile and some of its metabolites are reactive molecules, capable of interacting with cellular macromolecules to varying degrees. For this reason, metabolism is considered to be important determinant of Acrylonitrile’s genotoxicity, and ultimately its carcinogenicity. The text below provides a summary of the pathways involved in Acrylonitrile metabolism, followed by a brief discussion of complicating factors (species differences, sources of nonlinear toxicokinetics, local tissue metabolism) that should be considered when interpreting studies on the genotoxicity of acrylonitrile and their implications to human health risk assessment.

acrylonitrile is metabolized by two pathways (1) conjugation with glutathione (GSH), either through catalysis with a cytosolic enzyme, glutathione-S-transferase (GST), or nonenzymatically; and (2) oxidation by microsomal enzyme, cytochrome P450 CYP2E1, forming 2-cyanoethylene oxide (CNEO) (Dahl and Waruszewski, 1989; Fennell et al., 1991; Kedderis et al., 1993a; Burka et al., 1994; Gargas et al., 1995, Sumner et al., 1999). The oxidative pathway can result in the release of cyanide, which has been reported to require CYP2E1 activity (Wang et al., 2002; Kedderis et al., 1993a). However, other enzyme systems may also play a role in AN oxidation. For example, cytochrome C peroxidase isolated from S. cervisiae was found to catalyze the oxidation of acrylonitrile, as indicated by cyanide release, at a rate that is similar to rat liver microsomal P450 (Chinchilla et al., 2014). Lactoperoxidase has also shown activity for oxidation of acrylonitrile in vitro (Nasralla et al. 2009). Partially purified human lung lipoxygenase has demonstrated an appreciable activity oxidizing acrylonitrile to release cyanide in vitro (Roy and Kulkarni, 1999). These results are supported by studies conducted using structurally similar chemicals, which suggest that other enzyme systems/pathways are involved in the oxidation of nitriles, including (1) myeloperoxidase oxidation of chloroacetonitrile (Abdel-Naim and Mohamadin, 2004); (2) xanthine oxidase oxidation of dibromoacetonitrile (Mohamadin and Abdel-Naim, 2003); and (3) non-enzymatic oxidation of dichloroacetonitrile in the presence of reactive oxygen species (peroxides) in vitro (Mohamadin, 2001). 

The metabolites of acrylonitrile from the oxidative and conjugation pathways are subject to further metabolism. The acrylonitrile-GSH conjugate is converted to a mercapturic acid, which is subsequently excreted in urine. CNEO in turn is metabolized by two pathways: (1) conjugation with GSH, either through catalysis by GST or nonenzymatically, forming conjugates on the second or third carbon; and (2) hydrolysis by microsomal enzyme, epoxide hydrolase (EH). The secondary metabolites of CNEO can undergo further metabolism/decomposition. Of toxicological importance, cyanide can be released from the CNEO metabolite generated by the EH pathway and from the GSH conjugate formed on the third carbon. Cyanide is relatively short-lived in the body and is rapidly metabolized (Ansell and Lewis, 1970; Hartung, 1982). Cyanide is primarily detoxified by the mitochondrial enzyme, rhodanese, which uses sulfane sulfur (i.e., thiosulfate) as a cofactor, to form thiocyanate. Thiocyanate was detected in the blood and urine of volunteers following short-term inhalation exposures to acrylonitrile (Wilson and McCormick, 1949), in the urine of worker exposed to acrylonitrile (Sakurai et al., 1978), and has been measured in the blood and brain of rats exposed to acrylonitrile by oral gavage (Benz et al., 1997; Rao et al., 2013). A minor metabolic pathway for cyanide involves its reaction with cystine to form 2-aminothiazoline-4-carboxylic acid (ATCA) (Petrikovics et al., 2011), which is excreted in the urine.

In acute exposure scenarios, the formation of thiocyanate from cyanide released from acrylonitrile has historically been viewed a detoxification step. However, this may not be the case for some tissues or for long-term exposures. As a pseuodo-halide, the pharmacokinetics of thiocyanate are driven by active transport and metabolic processes reserved for halides (Br-, Cl-, I-) rather than by tissue partitioning. For this reason, plasma levels of thiocyanate persist considerably longer than either acrylonitrile, CNEO, or cyanide (half-life ~1-6 days in humans; Lundquist et al., 1985; Himwich et al., 1948; Schulz et al. 1979; Junge, 1985). Long-term exposures to thiocyanate are known to produce goiter, due to competition with iodine for uptake by the sodium-iodine symporter into the thyroid (De Groef et al., 2006; Tonacchera et al., 2004; Wolff, 1998). Additionally, thiocyanate is actively transported to external surfaces of the body where antimicrobial activity is needed, including the oral cavity, gastrointestinal tract, respiratory tract surface, where thiocyanate levels are generally higher than plasma levels (Chandler and Day, 2012). To illustrate, following an iv dose of radiolabeled KCN administered to rats, approximately 19% of the radiolabel was transported to the GI lumen within 6 hours (Crawley and Goddard, 1977), presumably in the form of thiocyanate. These data indicate that tissue doses of thiocyanate may vary significantly from one tissue to another (depending upon the presence and activity of halide symporters), and may not be readily predicted by blood concentrations. Five minutes after rats received a radiolabelled dose of acrylonitrile via iv injection, the tissues/media with the highest concentration of radiolabel were the lung, liver, small intestines contents, and spleen (Jacob and Ahmed, 2003), a distribution pattern that cannot be explained by simple partitioning. Following transport, thiocyanate serves as a substrate for peroxidases (e.g., myeloperoxidase, lactoperoxidase), which yields hypothiocyanite, an important endogenous antimicrobial agent analogous to hypohalous acids (HOCl, HOBr). Unlike the hypohalous acids, which react indiscriminately with cellular macromolecules, the antimicrobial activity of hypothiocyanite is attributable to its ability to react almost exclusively with sulfhydryls, a reaction that is largely reversible. Also, unlike hypohalous acids, thiocyanate is capable of diffusing across bi-lipid membranes where it can react with intracellular sulfhydryl groups. As a sulfhydryl reactive agent, hypothiocyanite can deplete levels of reduced GSH (Arlandson et al., 2001), inhibit enzyme activities (Arlandson et al., 2001; Barrett et al., 2012), and oxidize tubulin cysteines, inhibiting microtubule polymerization (Clark et al., 2014). While initially considered to be a mild oxidant, there is an increasing body of evidence that the toxicological consequences of hypothiocyanite formation can be significant (Barrett and Hawkins, 2012; Pattison et al., 2012). 

The metabolism of acrylonitrile is subject to a number of factors that should be considered when interpreting genotoxicity studies, as summarized briefly below:

Species Differences - Species differences in the metabolic pathways of acrylonitrile have been reported. Clear species differences have been reported for the oxidation of acrylonitrile by cytochrome P450. In vitro studies using liver microsomes indicate that mice and rats appear to form CNEO at a greater rate (4x and 1.5x, respectively) compared to humans (Roberts et al., 1991; Kedderis et al., 1993a). Hydrolysis of CNEO by EH is significant in humans, but is virtually absent in naive mice and rats (Kedderis et al., 1995), but can be induced in both species (Kedderis and Batra, 1993). With respect to clearance of acrylonitrile, GSH conjugates of acrylonitrile correspond to approximately 36-43% of urinary metabolites in rats, and 20-28% of urinary metabolites in mice (Fennell et al., 1991; Kedderis et al., 1993; Sumner et al., 1997). Despite having a higher rate of CNEO formation than rats, mice exhibited circulating levels of CNEO that were notable lower than the levels detected in rats (Roberts et al., 1991), suggesting that differences exist between rats and mice with respect to CNEO clearance (e.g., GSH conjugation). Conjugation of CNEO with GSH occurs faster in humans (~1.5-fold) than in either mice or rats (Kedderis et al., 1995). With respect to thiocyanate metabolism, peroxidase activity has been detected in mouse Harderian gland (Strum and Shear, 1982), which is a target tissue for acrylonitrile carcinogenicity, but was not detected in rat Harderian gland (De, 1992; De et al., 1987), which is not a target tissue for acrylonitrile carcinogenicity. 

Species differences in metabolism can also be assessed by examining the excretion of urinary metabolites and their ratios. At high doses (10 mg/kg), the relative contribution of metabolites from the oxidative pathway [N-acetyl-S-(1-cyano-2-hydroxyethyl)-L-cysteine = CHEMA] is less than that from the direct conjugation pathway [N-acetyl-S-(2-cyanoethyl)-L-cysteine = CEMA], resulting in ratios (CHEMA:CEMA) of 0.3-0.4 in rats and 0.4-0.9 in mice (Fennell et al., 1991; Sumner et al., 1997, 1999). Kedderis et al. (1993b) reported data for the excretion of urinary metabolites in rat and mice exposed to acrylonitrile which show that the ratio of CHEMA:CEMA is dose-dependent. At low doses (<0.5 mg/kg), the ratio of CHEMA:CEMA excreted in urine was greater than 3.5 in rats, and greater than 1.5 in mice, suggesting that the oxidative pathway predominates at low doses of acrylonitrile. In comparison, Schettgen et al. (2012) reported urinary excretion of the metabolites in humans exposed to low doses of acrylonitrile, from which CHEMA:CEMA ratios of 0.26 and 0.16 could be calculated for non-smokers and smokers, respectively. The dose of acrylonitrile received by smokers was not specified by the study authors but can be estimated to be less than 0.0075 mg/kg-day, more than an order of magnitude lower than the lowest dose assessed by Kedderis et al. (1993), based upon a maximum cigarette smoking rate of 35/day as reported by the study authors, a maximum acrylonitrile content of 15 ug/cigarette (Hoffman and Hoffman, 1997), a body weight of 70 kg, and an assumption of 100% uptake of acrylonitrile from cigarettes. Together these data suggest that the oxidative pathway plays a much larger relative role in acrylonitrile metabolism in rodents than it does in humans (i.e., CHEMA: CEMA ratios differ by more than an order of magnitude). 

Nonlinear Toxicokinetics Due to Sulfhydryl Depletion - An important source of nonlinear toxicokinetics for acrylonitrile includes the depletion of cellular sulfhydryls such as GSH, which likely contributes to oxidative stress (Puppel et al., 2015). acrylonitrile and CNEO both react with GSH, and together are capable of depleting cellular GSH levels. acrylonitrile has been shown to be a more effective depletor of tissue GSH levels than several acrylates (Vodicka et al., 1990). When administered at oral doses corresponding to the LD50, acrylonitrile was more effective than several other nitrile compounds in depleting GSH in rat liver, kidney and brain 1 hr post-exposure (Ahmed et al., 1982). GSH depletion has been observed in a number of tissues (brain, lung, liver, kidney, stomach, adrenal gland, erythrocytes) in rats exposed to acrylonitrile (Cote et al., 1984; Gut et al., 1985, Benz et al., 1997a, Vodicka et al., 1990, Silver and Szabo, 1982). Benz et al. (1997) reported significant GSH depletion in rat tissues at acute doses of approximately 20-50 mg/kg-day. For tissues and cells that have significant peroxidase activity, the formation of hypothiocyanite from thiocyanate creates an additional stressor on GSH levels. In human erythrocytes, GSH was significantly depleted at low concentrations (10 uM), and was completely depleted at 100 uM hypothiocyanite (Arlandson et al., 2001), which are physiologically relevant concentrations in some tissue and fluids. For example, mean thiocyanate and hypothiocyanite concentrations in saliva young adults (with no exposure to acrylonitrile) were reported to be 1.5 mM and 31 uM, respectively (Jalil, 1994). Inspecting the metabolic pathways for acrylonitrile (Figure 1), it is clear that there are multiple steps which are dependent upon maintenance of cysteine levels to support GSH (conjugation reactions with acrylonitrile, CNEO, and hypothiocyanite), sulfane sulfur (metabolism of cyanide), and cystine (metabolism of cyanide). For this reason, it is important to consider the magnitude of the acrylonitrile exposures used in genotoxicity studies, and the potential role of sulfhydryl depletion as a causative role in producing oxidative stress and subsequent genotoxicity. 

Nonlinear Toxicokinetics Due to Enzyme Induction or Inhibition – Induction of cytochrome P4502E1 by acrylonitrile does not appear to be important factor at toxicologically relevant doses. However, enzyme activity for other oxidative pathways is induced by acrylonitrile exposure, including stomach myeloperoxidase activity (Hamdy et al., 2012) and xanthine oxidase activity (Al-Abbasi, 2012). These data suggest that for some tissues oxidative metabolism of acrylonitrile may be increased at high doses (single oral doses of 25-30 mg/kg). With respect to enzyme inhibition, in human erythrocytes exposed to hypothiocyanite, GST was found to be completely inhibited by 100 uM (Arlandson et al., 2001), which, as stated above, is a physiologically relevant concentration for some tissues and fluids. For tissues and cells that have significant peroxidase activity, the formation of hypothiocyanite from thiocyanate could inhibit the conjugation pathways important for acrylonitrile and CNEO clearance. Hypothiocyanate has also been shown to reversibly inactivate several enzymes with active site thiol residues (Barrett et al., 2012), and so this effect of hypothiocyanite likely extends to multiple enzyme systems. 

Local Tissue Metabolism - Studies on the metabolism of acrylonitrile have focused upon the liver as the primary site for acrylonitrile metabolism, particularly with respect to CYP2E1 and GST activity. The role of local tissue metabolism of acrylonitrile, particularly for other enzyme systems (e.g., peroxidases) has not been evaluated. Rodent target tissues for tumor formation (positive species indicated in parentheses) for lifetime exposures to acrylonitrile are listed below.

· Brain/microglial (rat),

· Zymbal's gland (accessory gland of the rodent ear; rat),

· Forestomach (rat, mouse),

· Mammary gland (rat),

· Tongue (rat),

· Intestines (rat), 

· Nasal turbinate (rat), and 

· Harderian gland (accessory gland of the eye in species with a nictitating membrane; mouse)

When the list of target tissues is considered within the context of tissues where myeloperoxidase and lactoperoxidase activities are required to support antimicrobial action, there is considerable overlap. At these tissue sites, the formation of hypothiocyanite likely serves as an additional stressor to GSH/sulfhydryl levels (in addition to system-wide stressors contributed by acrylonitrile and CNEO), which in turn may contribute to localized oxidative stress.
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Acrylonitrile: review of evidence for genotoxicity in vivo

1.	Background

Acrylonitrile is a multi-site rodent carcinogen and shows evidence of weak mutagenicity in vitro. Studies investigating the mutagenicity of acrylonitrile in vivo are less convincing in finding a response and are discussed in this document. Please note the recent industry lead IUCLID provides a more reliable overview of the Klimisch scores for the in vitro studies listed in ECHA’s Table 12, page 38. In addition, ECHA notes that a number of Drosophila studies are positive, which required a further comment with relation to gene toxicity.

2.	In vivo genotoxicity studies with acrylonitrile	

a)	DNA damage

Positive results are reported for multiple tissues in an alkaline comet assay of rats (stomach, colon, urinary bladder and lung but not brain) and mice (in the same tissues and also in the brain) following the administration of single intraperitoneal dose of acrylonitrile equivalent to half of the LD50 (Sekihashi et al., 2002). The high dose level and the use of a non-physiological route of administration in this study is notable. Furthermore the study reports a positive result in mouse brain (not a target tissue for the carcinogenicity of acrylonitrile) and a negative result in rat brain (which is a target). The results of this study contrast with the standard alkaline comet studies of Pu et al. (2009, 2015) and Williams et al., (2017), which reported negative results in different tissues, including lymphocytes (Pu et al., 2009, 2015), brain and Zymbal’s gland (Williams et al., 2017), in rats exposed to acrylonitrile in the drinking water at concentrations that produced brain and Zymbal’s gland tumours in chronic studies. The alkaline form of the Comet assay does not distinguish between abasic sites and DNA strand breaks. DNA fragmentation in the brain (determined as the ratio of DNA in the supernatant to total DNA in tissue homogenates) was reported to be increased in the brains of Wistar rats administered acrylonitrile in the drinking water at a concentration of 100 ppm for 14 or 28 days (Mahalakshmi et al., 2003).  Increased levels of lipid peroxidation products were also found in the brains and plasma of treated rats. Effects were significantly reduced by the concomitant administration of the antioxidant taurine, which counteracted oxidative stress indicators by elevating activities of enzymatic and non-enzymatic antioxidants in both brain and plasma, including a reversal of the GSH depletion caused by acrylonitrile. These results were challenged by Carrera et al., (2007) who administered acrylonitrile for 14 days at 200 ppm to male Wistar rats in the drinking water. No differences were found in oxidative stress markers between treated and control animals, leading the authors to conclude that acrylonitrile does not induce oxidative stress in the rat brain under these conditions. 

b)	DNA Repair

Several studies have investigated unscheduled DNA synthesis (UDS) as evidence of DNA damage repair in vivo in animals administered acrylonitrile or its metabolite CEO. Hogy & Guengerich (1986) found elevated UDS (measured by LSC of hydroxyurea-blocked replicative DNA synthesis) in the liver but not in the brain at two hours following an oral dose of 50 mg/kg bw acrylonitrile. Replicative DNA synthesis was decreased in the brain but not in the liver. UDS was also measured in a series of experiments in rats (Ahmed et al., 1992a,b; Abdel-Rahmen et al., 1994). In all studies acrylonitrile was administered as a 46.5 mg/kg bw oral dose, and increases in UDS with concomitant decreases in SDS were reported for lung, testes and glandular stomach. UDS was measured using LSC of tissue samples in which replicative synthesis was blocked by hydroxyurea. A later study by the same group (Ahmed et al., 1996) assessed UDS in Sprague-Dawley rats administered oral doses of acrylonitrile of 23 or 46 mg/kg bw; a positive UDS response was reported in the glandular stomach. This response was partially blocked by administration a cytochrome P450 inhibitor, indicating the involvement of the metabolite CEO. As with other studies, UDS response in this study was measured by LSC. Of significance is the observation that the UDS response seen in this study was associated with a significant GSH depletion in the gastric tissue, was increased by GSH depletion and inhibited by pre-treatment with sulphydryl compounds. A single study using the preferred autoradiographic method (Butterworth et al., 1992) following the administration of a single gavage dose of 75 mg/kg bw or five consecutive gavage doses of 60 mg/kg bw to F344 rats did not show any evidence of UDS in the testes or liver at 2,4 or 12 hours following the final dose. Of the two techniques, the latter is the more reliable as scheduled DNA synthesis is easily detected, whereas that occurring, even to a small extent, cannot be determined in hydroxyurea blocked cells and will give false positive results (Butterworth et al., 1987; Williams et al., 1985; Madle et al., 1994; OECD, 1997).

c)	Sister Chromatid Exchange   

C57BL/6 mice administered acrylonitrile at intraperitoneal doses of up to 60 mg/kg bw showed a weak positive response in bone marrow cells at 45 mg/kg bw; however only a single mouse survived at this dose level (Sharief et al., 1986). No response was seen at 30 mg/kg bw; a dose of 60 mg/kg bw was lethal to all mice in this group. Acrylonitrile administered by intraperitoneal injection at dose levels of 5, 7.5 or 10 mg/kg bw to male mice of unknown strain is reported to have induced a weak (but statistically significant) increase in SCE in bone marrow cells at 10 mg/kg bw (Fahmy, 1999).

Studies of gene mutation or chromosomal aberration in vivo are most relevant in terms of assessing the potential of a genotoxic agent to induce cancer through a mutagenic MoA. Studies demonstrate that the agent of concern (and/or its active metabolite(s)) can reach critical targets in vivo and that it can produce irreversible genetic effects.

d)	Studies of gene mutation in somatic cells

In vivo Hprt mutations have been assessed in acrylonitrile studies in mice and rats. Normal and CYP2E1 knock-out B6C3F1 mice exposed to acrylonitrile at gavage doses of 0, 2.5 (normal mice only), 10, 20 or 60 mg/kg bw/d (knock-out mice only) for 6 weeks showed dose-related increases in mutation frequency in splenic lymphocytes (Walker & Ghanayem, 2003). Although all dose levels increased mutation frequency in wild-type mice, a significant response was seen only at 20 mg/kg bw/d. In the CYP2E1 knockout mice, the mutation frequency was significantly increased only at 60 mg/kg bw/d, with no increase seen at 20 mg/kg bw/d. The dose level of 60 mg/kg bw/d was lethal to wild-type mice. Hprt mutations were also studied in thymic and splenic lymphocytes from F344 rats administered various concentrations of acrylonitrile in the drinking water for various durations of (Walker et al., personal communication). This should be classed as Klimisch 4, as it was only ever an abstract from a scientific meeting and no peer reviewed study has ever been published. 7OEG and N2εG specific DNA adducts were also measured in splenic lymphocytes and other tissues in rats after prolonged exposure (Walker, 1994). Mutation frequencies were significantly increased in both lymphocyte types. Splenic lymphocyte mutation frequencies in female rats after four weeks of treatment with 33, 100 and 500 ppm (8, 21 and 76 mg/kg bw/d, respectively) were 0.8, 2.5 and 8.5 x10-6 respectively, indicating no significant increase at concentrations below 100 ppm but a significant increase at the highest concentration.  Levels of the acrylonitrile/CEO specific DNA adducts (N7OEG and N2εG) were not elevated over background in splenocytes. Please note, industry believes this is the “Walker and Walker, (1997)” with a Klimisch score of 2, referenced in ECHA’s table 12, (page 38). This data has been referenced and cited on numerous occasions (as above), but essentially remains unpublished and not peer reviewed. Its Klimisch score is therefore 4. 

Assessment in 15 assays of in vivo lac Z mutations in bone marrow, lung, splenic lymphocytes, male germ cells and the brain of mice (Mutamouse) administered acrylonitrile at doses of up to ~2.3 mg/kg bw/d in drinking water for 28 days, followed by a 49-day expression period showed no significant mutation increase in any tissue (Lambert et al., 2005). This analysis of lac Z mutations used the same splenic lymphocytes in which Walker & Ghanayem (2003) found increased Hprt mutations.   

e)	Chromosomal aberration in somatic cells

An unpublished report from Dow Chemical Company in which Sprague Dawley rats were exposed by inhalation to acrylonitrile (500 ppm) for 90 days reports no increase of chromosomal aberrations in (Johnson et al., 1978; reported in Environmental Health Criteria 28, 1983). Bone marrow chromosomal aberration frequencies were also reported not to be increased in Swiss mice administered acrylonitrile at oral doses of 7, 14 and 21 mg/kg bw/d; or by intraperitoneal injection of 10, 15 or 20 mg/kg bw/d for 4, 15 or 30 days (Rabello-Gay & Ahmed, 1980). Similarly, 16 daily oral doses of 40 mg/kg bw/d did not increase chromosomal aberration frequencies in the bone marrow of rats in the same study. Leonard et al. (1981) investigated the induction of chromosomal aberrations in the bone marrow of NMRI mice following single intraperitoneal injections of 20 or 30 mg/kg bw; no increases were found. A study assessing chromosomal aberration in the bone marrow of mice exposed by inhalation to acrylonitrile at concentrations equivalent to 140 mg/kg bw/d also reports a negative response (Zhurkov et al., 1983). Sharief et al., (1986), in the same study that investigated SCE, also did not find increases in chromosomal aberration frequencies in the bone marrow cells of C57BL/6 mice following a single intraperitoneal injection of 30 mg/kg bw acrylonitrile. A study in which acrylonitrile was administered to BALB/c and C57Bl/6 mice at single oral doses of 5 or 10 mg/kg, repeated oral doses of 20 mg/kg bw or single or repeated intraperitoneal injection, did not induce any increase in chromosomal aberration frequency over controls (Nesterova et al., 1999). In contrast to the other studies, Fahmy (1999) reports a dose-related increases of chromosomal aberration in the bone marrow and spleen cells of Swiss mice following the gavage administration of acrylonitrile at dose levels of 7.75, 15.5 or 31 mg/kg bw for five days. 

The study of Leonard et al. (1981) that did not find evidence of chromosomal aberration in NMRI mice administered acrylonitrile by intraperitoneal injection at 20 or 30 mg/kg bw also did not find any induction of micronucleated PCEs in bone marrow assessed at several time points. Two reports from the Collaborative Study Group for the Micronucleus Test, Mammalian Study Group. Environmental Mutagen Society of Japan (CSCMT, MMS, JEMS) describe more inconclusive results for micronucleated PCE induction (Morita et al., 1997; Wakata et al., 1998). In the first study, negative results are reported for the bone marrow and peripheral blood of CD1 mice treated with acrylonitrile by oral gavage, intraperitoneal or intravenous injection at doses up to 80% of the LD50. Results in Sprague-Dawley rats are equivocal in bone marrow and negative in peripheral blood following doses of 40 mg/kg bw (intraperitoneal) or 98 mg/kg bw (oral). The second study focused on Sprague Dawley rats; micronucleated PCEs were induced in bone marrow cells following an acrylonitrile dose of 124.8 mg/kg bw (i.v.) but not in peripheral blood following a dose of 125 mg/kg bw (i.v.). A 14-week study in B6C3F1 mice administered acrylonitrile at gavage doses of 0, 5, 10, 20, or 40 mg/kg bw/d found no increase in the frequencies of micronucleated NCEs (NTP, 2001). 

f)	Chromosomal aberration in germ cells

In the same study noted above (Fahmy, 1999) the authors also reported an increase in chromosomal aberrations in the spermatocytes of mice receiving single oral doses of 15.5 or 31.0 mg/kg bw acrylonitrile or up to five oral doses of 7.75 mg/kg bw acrylonitrile. Dominant lethal mutations resulting from chromosome level changes in the germ cells of treated males and expressed as dead implants in mated females were assessed in several studies. Leonard et al. (1981) report negative effects at several time points in their study of NMRI mice described above. Zhurkov et al. (1983) also assessed dominant lethal mutations and cytogenetic abnormalities in spermatogonial cells in a study in mice described above; both endpoints were negative. A final study of dominant lethal mutations in F344 rats administered oral dose of 60 mg/kg bw/d acrylonitrile for five days also reports negative results (Working et al., 1987).

g)	Drosophila

ECHA note that studies of sex-chromosome aneuploidy with acrylonitrile in Drosophila sp. gave positive results (EU Risk Assessment 2004). It should be noted that further studies with this system show that nitrile compounds known not to be genotoxic or carcinogenic (e.g. acetonitrile) have been shown to induce aneuploidy due to effects on spindle formation. Two studies of heritable SLRL gene mutation with acrylonitrile have also been negative. It is notable that concentrations of acrylonitrile used in the Drosophila studies are high compared to those used in mammalian studies. It is not believed the Drosophila sp. studies are particularly instructive for assessing the gene toxicity of acrylonitrile.

3.	Discussion

Several studies have reported positive UDS responses in rats administered acrylonitrile either orally or by injection. All positive studies used LSC to quantify UDS response. One study found that the UDS response was associated with GSH depletion, was enhanced by depleting GSH and inhibited by pre-treatment with sulphydryl compounds. A single study using the preferred autoradiographic method failed to find a positive UDS response in testis or liver DNA following oral administration. Two studies of SCEs in mice are available. One study reports an essentially negative (weak positive) response in bone marrow cells while the other study reports positive results. Both studies used a non-physiological route of exposure (intraperitoneal injection). 

Positive results in comet assays in multiple tissues following intraperitoneal exposure of mice and rats are reported by one group with a notable paradoxical observation between the two species as to findings in the brain; positive results are reported in the mouse (a species in which acrylonitrile does not induce brain tumours and negative results in rats (a species in which it does). Three subsequent standard alkaline comet assay studies in rats administered acrylonitrile in drinking water were negative in lymphocytes, brain and Zymbal’s gland.  DNA damage in the form of fragmentation of brain DNA has also been reported following oral administration in drinking water to Wistar rats. This effect appears to be due to oxidative damage as it was associated with markers of oxidative stress and inhibited by concomitant antioxidant administration.  However, a later study failed to find markers of oxidative stress in the same strain of rats.

Hprt gene mutations have been induced in mice and rats, including CYP2E1 knock-out mice incapable of metabolising acrylonitrile to CEO. The positive result in rats was in cells in which acrylonitrile/CEO specific DNA adducts did not increase over background levels, suggesting mutagenic mechanisms other than direct DNA reactivity. In vivo gene mutations of the lacZ gene were not found in any tissues of transgenic mice following exposure to acrylonitrile. In contrast to positive studies of gene mutations, several studies assessing chromosome aberration in somatic and germ cells in mice and rats administered acrylonitrile by a variety of routes report negative results. A single study, however, reports a positive result in somatic and germ cells.

4.	Conclusion

The genotoxicity dataset for acrylonitrile is extensive and contains studies of varying design and reliability. While acrylonitrile is consistently shown to be a weak mutagen in vitro, the data in vivo are much less conclusive. The majority of studies in vivo report negative responses; a more limited number of studies report positive results, often contradicting the findings of studies of similar design. Some studies identify an association between effects and changes in oxidative status, indicating that the effects seen may represent indirect genotoxicity secondary to oxidative stress.
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Comparison of tumour response and oxidative stress indicator dose rates.

Overview of carcinogenicity

There is an unusually large experimental carcinogenicity dataset for acrylonitrile in rodents, particularly in the rat.  Under experimental conditions, acrylonitrile is clearly a multisite rodent carcinogen.  A total of fourteen rat cancer bioassays are reported for acrylonitrile, using exposure in the drinking water (seven studies), by oral gavage (two studies) and by inhalation exposure (five studies).  A single mouse cancer bioassay has been reported, and uses gavage exposure.  Findings show irritation and neoplasia at the site of contact (i.e. the forestomach in studies using the oral route; the nasal passages in studies using inhalation).  In addition, increases in brain and Zymbal’s gland tumours are seen relatively consistently in studies in the rat. 

The rat brain tumour response has been identified as the predominant cancer effect following acrylonitrile exposure.  Other tumour sites are also reported in some studies but are not seen consistently across studies; these tissues include the mammary gland and liver.  Harderian gland (a mouse specific tissue) and forestomach tumours (likely irritation and neoplastic response to gavage dosing) were seen in the single mouse study. The cellular aetiology of the CNS tumours observed in the chronic rat studies has been investigated further. These tumours were identified as glial tumours in some studies and as astrocytomas in other studies.  Based on a re-evaluation of tissues selected from the Quast (2002) drinking water study and from the Quast (1980) inhalation study using a panel of Immunohistochemical antibodies, these tumours are now considered to be malignant microgliomas (Kolenda-Roberts et al., 2012; EPL, 2014). ECHA’s notes the uncertainties between species (p 71, Section 8.1.2) and even between rodent species, there is no similar response in the brain as the target tissue for tumour development. This supports the comments of Kolenda Roberts et al. (2013) regarding species specific manifestations in the rat brain.

Key points

· In laboratory biassays, Acrylonitrile is observed to be a multisite rodent carcinogen

· In labarotry rats, the tumour profile is generally consitent across sexes, strains and mutliple studies

· Brain, Zymbal’s gland and forestomach tumours (oral dosing) dominate the typical tumour profile in rats

· Additionally, mammary gland, tongue and small intestine tumours have been observed less consistently.

· The earliest rat brain tumours identied were at 11 months (Friedman and Beliles, 2002). 

· In utero exposure does not seem to increase tumour response in rat (based on Friedman and Beliles, (2002) and Maltoni 

· Stopping exposure at 12 months has been studied (inhalation and gavage routes Maltoni, (1977)

· No brain tumours observed in mice after 24 months of gavage exposure; although forestomach (irritation and neoplasia) and Harderian gland tumours (mouse specific tissue).



Key findings per study

a) Mouse gavage study: NTP (2001)

Clear evidence of the carcinogenicity was seen in this study performed in male and female B6C3F1 mice administered acrylonitrile by gavage at dose levels of 0, 2.5, 10 or 20 mg/kg bw/d for 2 years.  Reduced survival was seen at 20 mg/kg bw/d.  Evidence of local gastric irritation was seen at 20 mg/kg bw/d.  Increased incidences of forestomach tumours were seen in both sexes at 10 and 20 mg/kg bw/d.  Harderian gland hyperplasia was increased in males at 10 mg/kg bw/d; increased incidences of Harderian gland tumours were seen in all treated groups of males and in females at 10 and 20 mg/kg bw/d.  Ovarian and bronchioalveolar tumour incidences were increased in females at 10 mg/kg bw/d. 



b) Rat drinking-water study: Quast (1980, 2002)

Male and female Sprague-Dawley rats were administered acrylonitrile in drinking water at concentrations of 0, 35, 100 or 300 ppm.  Early mortality was noted in both sexes at 300 ppm.  Reduced weight gain and food consumption were seen in all treatment groups, with evidence of local gastric irritation.  Increased tumour incidences were seen in one or more dose levels in the brain, Zymbal’s gland, forestomach, tongue, small intestine and mammary gland. 

Tumour incidences in the SD rat drinking water study (Quast et al., 1980)

		Tumour site

		M

		F



		

		35 ppm

		100 ppm

		300 ppm

		35 ppm

		100 ppm

		300 ppm



		CNS

		

		

		*

		

		

		*



		Zymbal’s gland

		-

		-

		*

		

		

		*



		Stomach

		

		

		*

		-

		

		*



		Tongue

		

		-

		*

		-

		-

		*



		Small intestine

		

		-

		*

		-

		

		*



		Mammary gland (malignant)

		-

		-

		-

		-

		-

		



		Mammary gland (benign + malignant)

		-

		-

		-

		

		-

		





increased tumour incidence

*significantly increased tumour incidence (p<0.05)



c) Rat drinking-water study: Bigner et al. (1986)

In a study specifically designed to investigate the incidence and origin of brain tumours, male and female F344 rats were administered acrylonitrile in the drinking water at concentrations of 100 and 500 ppm.  Treated groups showed effects on mortality and weight gain, with increased incidences of clinical signs consistent with neurotoxicity.  Increased incidences of brain tumours were seen in both treated groups, with increased incidences of tumours in other organs (skin, stomach, Zymbal’s gland) also noted.  Although the brain tumours noted in this study morphologically closely resembled astrocytic tumours commonly seen in this rat strain, specific staining did not reveal the presence of GFAP thus indicating a different cellular origin. 







d) Rat drinking-water study: Gallagher et al. (1988)

Male CD rats (20/group) were administered acrylonitrile in the drinking water at concentrations of 0, 20, 100 or 500 ppm for two years.  Increased mortality was seen at the high dose (500 ppm), with bodyweight effects seen at both 100 and 500 ppm.  Increased incidences of Zymbal’s gland tumours were seen at 100 and 500 ppm, with forestomach papillomatous changes also noted at 500 ppm and considered likely to be secondary to local irritation. The incidences of tumours in other organs and tissues were not affected by treatment; however the small group size may have limited the power of the study to detect carcinogenicity. 



e) Rat drinking-water study: Johannsen & Levinskas (2002)

In this study, acrylonitrile was administered in the drinking water for approximately 2 years to groups of 100 male and 100 female F344 rats at concentrations of 1, 3, 10, 30 and 100 ppm.  Females were sacrificed after treatment for 24 months; males after treatment for 26 months.  A consistent decrease in survival, lower body weight and reduced water intake and small reductions in haematological parameters were observed in both sexes at 100 ppm. Increased numbers of early deaths were observed in males at 10 ppm and females at 30 ppm.  The only significant non-neoplastic finding observed histologically was a dose-related increase in hyperplasia/hyperkeratosis in squamous cells of the forestomach in male and female rats at concentrations of 3 ppm and higher. This observation correlated with the induction of treatment-related squamous cell tumours (papillomas and carcinomas) of the forestomach seen primarily in rats in these groups.  Mammary gland carcinomas were observed only in female groups.  Both sexes given 10 ppm acrylonitrile or more had astrocytomas of the brain/spinal cord and adenomas/carcinomas of the Zymbal's gland. 



f) Spartan rat drinking-water study: Johannsen & Levinskas (2002)

In this study, Spartan Sprague-Dawley rats (100/sex/group) were administered acrylonitrile in the drinking water at concentrations of 0 (controls), 1 or 100 ppm.  The equivalent mean doses of acrylonitrile were 0, 0.09 and 8.0 mg/kg bw/d in males; 0, 0.15 and 10.7 mg/kg bw/d in females.  Groups of ten rats per sex were sacrificed at 6, 12 and 18 months and at study termination.  High dose male and female rats exhibited statistically decreased bodyweights. Food consumption and water intake were also reduced.  Due to increased deaths in groups of high dose rats, surviving males and females were terminated after 22 and 19 months, respectively.  Male and female rats from high dose groups had a higher incidence of palpable masses of the head and the non-glandular stomach and, in females only, the mammary region. In both sexes, treatment-related tumours of the central nervous system (brain, spinal cord), ear canal, and gastrointestinal tract were observed in rats administered 100 ppm. 



g) Spartan rat gavage study: Johannsen & Levinskas (2002)

In this study, Spartan Sprague-Dawley rats (100/sex/group) were administered lifetime oral doses of acrylonitrile by gavage at 0, 0.1 or 10 mg/kg bw/d, 7 days per week. The doses selected were designed to approximate the same daily intake of acrylonitrile in the drinking water study conducted by the same authors (above).  As a result of increased deaths in groups of high dose rats, all test groups were terminated after 20 months of treatment.  Male and female rats from the high dose group had a higher incidence of palpable masses of the head and the non-glandular stomach and, in females only, the mammary region. In both sexes, treatment-related tumours of the central nervous system (brain, spinal cord), ear canal and gastrointestinal tract, and in females only, the mammary gland were observed in rats administered 10 mg/kg bw/d. 

Rats from the gavage study had a substantially higher incidence of site-specific tumours than rats of the same strain administered similar dose levels of acrylonitrile via their drinking water. While a similar spectrum of tumours was produced by both dosing regimens, there were some notable differences in organ-specific incidence of tumours.  Astrocytomas of the brain and spinal cord were found at a higher incidence in those rats exposed continuously to acrylonitrile administered in the drinking water compared to bolus dosing by gavage.  Conversely, a higher incidence of squamous cell carcinomas/papillomas of the forestomach and adenocarcinomas of the intestine and, in females only, carcinomas of the mammary gland were observed in high dose rats receiving acrylonitrile by gavage.  An increase in the degree of severity of forestomach hyperplasia was observed in all high dose groups of animals, irrespective of mode of administration.  These effects were more pronounced, were correlated with a much higher incidence of forestomach tumours, and were identified earlier (12 months) in the gavage study in which there was direct tissue contact with a more concentrated acrylonitrile solution. 



h) Rat gavage study (Maltoni et al., 1977; 1988)

Acrylonitrile was administered orally to male and female Sprague-Dawley rats by gavage in olive oil, at a single daily dose of 5 mg/kg bw 3 times weekly for 52 weeks.  The rats were then observed until spontaneous death occurred.  There were no effects on survival or body weight of the test animals. No treatment-related histological changes were observed in liver, kidneys and lung.  Acrylonitrile administration did not affect the percentage of animals bearing benign and malignant tumours, the number of animals bearing malignant tumours only, the number of total malignant tumours per 100 animals or the incidence of Zymbal gland carcinomas, extrahepatic angiosarcomas, hepatomas and encephalic gliomas. The only increases in incidence of tumours were in the mammary gland and forestomach of female rats. 



i) Rat inhalation study (Quast et al., 1980a)

Male and female Spartan Sprague-Dawley rats were exposed to acrylonitrile by inhalation at concentrations of 20 or 80 ppm, 6 hours/day, 5 days/week for 2 years. Controls were exposed to air only. Additional animals were included for interim sacrifice at 6 and 12 months. A statistically significant increase in mortality was observed within the first year in both male and female rats administered 80 ppm and in the females of the 20 ppm group during the last 10 weeks of the study. The apparent increase in the reported mortality for the 20 ppm females was principally due to early sacrifice of rats with large, benign, mammary gland tumours.  These tumours are known to occur spontaneously in this strain at a high rate, but in this study the tumours were observed earlier and more frequently, and became larger in exposed animals. P rimary treatment-related effects were observed in the nasal turbinate mucosa of all rats examined in the 80 ppm group as well as in most of the rats in the 20 ppm group.  The changes in both groups were qualitatively similar but much less severe in the 20 ppm group than in the 80 ppm group.  The main tumours observed in rats exposed to acrylonitrile were microscopic brain tumours and Zymbal’s gland tumours. 



j) Rat inhalation study: Maltoni et al. (1977, 1988)

The effects of inhalation exposure to 5, 10, 20 and 40 ppm acrylonitrile, 4 hours/day, 5 days/week for 12 months were investigated in groups of male and female Sprague-Dawley rats. One group of untreated rats acted as controls. After the 12-month exposure period was halted and rats were kept under observation until spontaneous death.  There were no apparent effects on mortality or body weights throughout the study. A statistically significant increase in the percentage of animals bearing benign and malignant tumours, malignant tumours and in the number of total malignant tumours per 100 animals was found in several treated groups, although a strong dose-response relationship was not established.  Slight to moderate increases in tumour incidence were observed in the mammary gland, forestomach and CNS, but none of these were statistically significant. No increase in Zymbal’s gland tumours, extrahepatic angiosarcomas and hepatomas was observed, 3/60 and 2/60 encephalic gliomas were observed in animals exposed to the two highest concentrations of acrylonitrile. Whilst this finding did not achieve statistical significance, it is biologically significant given that the brain was clearly shown to be the target organ in rats following oral administration. 



k) Three-generation study: Friedman & Beliles (2002) 

Whilst not primarily intended to assess carcinogenicity, this three-generation toxicity drinking water study in Sprague-Dawley rats identifies increased tumour incidences, The study evaluated tumour pathology for selected tissues in F0, F1, and F2 adult females exposed for 20 weeks after weaning of the second littering of pups (giving a total exposure period of approximately 1 year). This evaluation was conducted to assess whether there was any increased susceptibility to specific tumour types resulting from perinatal exposure to acrylonitrile.  The brain was examined in all adult females surviving to scheduled necropsy; the majority of other tissues were evaluated histopathologically only if they demonstrated gross lesions or masses.  A low incidence of what were described as astrocytomas and Zymbal’s gland tumours was found in all generations. Tumour incidence was slightly greater in the F1 animals that had perinatal exposure compared to the F0 animals that did not, but was very similar in the F0 animals that did not have exposure in utero or during lactation and the F2 animals that did. It should be noted that the number of animals evaluated was low compared to a standard carcinogenicity evaluation. The findings of this study suggest that in utero or perinatal exposure to acrylonitrile, does not lead to an increased incidence of astrocytomas compared to that seen after adult exposure alone.

Mechanism of carcinogenicity

In contrast to the clear evidence for carcinogenicity in rodent studies, the evidence for the mutagenicity of acrylonitrile in vivo is unconvincing.  Alternative mechanisms of carcinogenicity have therefore been the subject of investigation by a number of authors.  One area of research has been the potential of acrylonitrile to cause oxidative stress.  Evidence for the induction of oxidative stress by acrylonitrile is summarised below.

a.	Studies in vitro

Zhang et al. (2002) exposed cultured Syrian Hamster Embryo cells to non-cytotoxic concentrations of acrylonitrile (25, 50 and 75 µg/ml) for periods of up to 48 hours.  GSH levels were depleted and catalase and superoxide dismutase activities significantly decreased after 4 hours treatment.  Inhibition was temporary, and activities returned to control values after 24 and 48 hours.  Xanthine oxidase activity was increased following 24 and 48 hours treatment with acrylonitrile.  Inhibition of P450 activity attenuated the effects of acrylonitrile on catalase and xanthine oxidase, suggesting that a P450-generated metabolite of acrylonitrile (e.g. CEO) is responsible for effects on these enzymes. 

Kamendulis et al. (1999) reported significantly increased levels of 8oxoG adducts in the DNA of rat astrocytes (but not hepatocytes) following a 4-hour in vitro exposure to acrylonitrile; adduct levels increased from a background of 3.2/10-6 to 3.8, 7.7 and 13.3 at acrylonitrile concentrations of 10, 100 and 1000 µM, respectively.  Associated markers of oxidative stress including reduced GSH content and superoxide dismutase activity and increased ROS production were observed in astrocytes but not in hepatocytes exposed to acrylonitrile.  Lipid peroxidation, catalase activity and glutathione peroxidase activity were not significantly affected in either cell type.  The oxidative stress and DNA damage induced by acrylonitrile was reduced or eliminated by removal of acrylonitrile and also by pre-treatment with the GSH precursor 2-oxothiazolidine-4-carboxylic acid (OTC) or vitamin E.  This study therefore demonstrates the selective induction of oxidative stress in rat astrocytes compared to hepatocytes.

Jacob & Ahmed (2003) exposed cultured normal human astrocytes to various concentrations (25‑400 µM) of acrylonitrile and assessed levels of endogenous antioxidants (glutathione (GSH) and catalase), levels of reactive oxygen species (ROS), secretion of TNF-α (as a cellular marker of oxidative stress) and oxidative damage to nuclear DNA (8-OHdG formation).  At concentrations of 25 and 50 μM, oxidative stress markers were unaffected and at least 85% of the cells were viable.  Cell viability was significantly reduced at 200 and 400 μM (22-42% less than controls).  Exposure to acrylonitrile at these concentrations was shown to deplete GSH and cause a concomitant increase in the levels of oxidised GSH (GSSG).  There was also a significant upregulation of catalase activity (+21%) at 100 μM and a downregulation at 400 μM (-40%).  A concentration-dependent and significant increase in ROS formation was observed at 200-400 μM acrylonitrile.  A significant elevation (2-3 times control levels) in oxidative DNA damage was also observed at these concentrations.  Significantly increased (+28%) TNF-α secretion was observed at 400 μM.  The results of this study indicate that acrylonitrile may cause a redox imbalance, resulting in oxidative DNA damage.

D1TNC1 rat astrocytes incubated with acrylonitrile for 24 hours showed a concentration-dependent increase in modified FPG-G comet tail moments that became significant at 1.0 mM (Pu et al., 2006).  It is notable that a similar effect was not apparent in the standard alkaline comet assay that measures DNA strand breaks (or alkali-labile sites).  Findings therefore demonstrate a lack of direct DNA damage.  Depletion of intracellular GSH increased the level of oxidative DNA damage caused by acrylonitrile, while co-treatment with a GSH precursor reduced the level of oxidative damage.  Oxidative DNA damage was also increased by the addition of the acrylonitrile metabolite cyanide, and was prevented by the inhibition of cytochrome P450 activity.

The FPG-G comet assay was also used to measure DNA damage in rat and human astrocytes incubated with 1.0 mM acrylonitrile for 24 hours (Pu et al., 2008).   Consistent with previous findings, rat astrocytes showed a concentration-dependent increase in damage which was increased by GSH depletion and increased by co-treatment with a GSH precursor.   In contrast, human astrocytes exposed to acrylonitrile did not show any evidence of increased DNA damage over background; however co-treatment with a GSH depletor resulted in DNA damage.

Esmat et al. (2007) demonstrated that exposure to acrylonitrile (1 mM) induced oxidative stress in cultured rat glial cells.  Exposure to acrylonitrile increased malondialdehyde levels (to nine times the control value), significantly depleted GSH levels (to approximately 7% of the control value), increased cyanide levels and caused a marked (90%) decrease in cellular ATP levels.  Pre-treatment of the glial cells with N-acetylcysteine (NAC) showed significant protection, reducing levels of malondialdehyde (by 40% compared to acrylonitrile-treated cells), significantly elevating GSH levels, significantly reducing cyanide formation (to approximately 15% of the levels seen following exposure to acrylonitrile alone) and significantly reducing ATP depletion.

Klaunig & Forney (2009) report a study measuring 8-oxo-dG formation in rat astrocytes exposed in vitro to acrylonitrile which induces brain tumours in rats with methacrylonitrile, which does not.  Cells were incubated for 24 hours with 0.1. 0.5 or 1.0 mM acrylonitrile; 0.1, 0.5. 1.0 or 2.5 mM methacrylonitrile.  A significant increase in 8-oxo-dG adducts was seen at acrylonitrile concentrations of 0.5 and 1 mM compared to the control; similar effects were not seen for any concentration of methacrylonitrile.  The authors also measured damage by the FPG-G comet assay.  Cells exposed to 1.0 mM acrylonitrile showed a significant increase in migration, indicating a significant increase in the level of 8-oxo-dG adducts.  A similar increase was not seen for methacrylonitrile and the standard alkaline comet assay was negative for both compounds.



A more recent study (Caito et al., 2013) demonstrated that rat microglial cells have greater sensitivity to the induction of oxidative stress by stress than rat astrocytes, possibly due to lower levels of antioxidant thiols.  Despite this, indicators of inflammation arose earlier in astrocytes than in microglial cells exposed to acrylonitrile in vitro; anti-inflammatory cytokines were also more predominant in astrocytes (Caito et al., 2014).  These findings taken together are consistent with the reclassification of the rat brain tumours as microglial rather than astrocytic in origin. 

b.	Studies in vivo

In a study in vivo, Pu et al. (2009) investigated whether acrylonitrile induced oxidative stress and DNA damage in rats and also investigated whether peripheral white blood cells (WBCs) could serve as a valid surrogate for the biomonitoring of oxidative stress induced by acrylonitrile in the exposed population.  Male Sprague-Dawley rats were treated with 0, 3, 30, 100 and 200 ppm acrylonitrile in drinking water for 28 days.  One group of rats was co-administered N-acetyl cysteine (NAC) (0.3% in diet) with acrylonitrile (200 ppm in drinking water) to examine whether antioxidant supplementation was protective against acrylonitrile-induced oxidative stress.  Direct DNA strand breakage in white blood cells (WBC) and brain was measured using the alkaline comet assay.  Oxidative DNA damage in WBC and brain was evaluated using formamidopyrimidine DNA glycosylase (fpg)-modified comet assay and with high-performance liquid chromatography-electrochemical detection of OH8dG formation.  No significant increase in direct DNA strand breaks was observed in the brain or WBCs from acrylonitrile-treated rats.  In the brain, oxidative DNA damage (as measured by fpg-modified alkaline comet assay and OH8dG formation) increased in a dose-dependent manner.  The level of damage was significantly greater than controls at ≥100 ppm.  Similar findings were noted for WBCs; the level of damage was significantly greater than controls at ≥30 ppm (fpg) and at ≥100 ppm (OH8dG formation).  Plasma levels of reactive oxygen species (ROS) were significantly increased in rats administered acrylonitrile at ≥30 ppm.  A slight, but statistically significant decrease in the GSH:GSSG ratio was seen in the rat brain at acrylonitrile concentrations of ≥30 ppm.  Dietary supplementation with NAC prevented acrylonitrile-induced oxidative DNA damage (as measured by fpg-modified alkaline comet assay and OH8dG formation) in the brain and WBCs. 









Summary of findings from Pu et al., 2009

		Parameter

		Acrylonitrile concentration 



		

		0 ppm

		3 ppm

		30 ppm

		100 ppm

		200 ppm

		0 ppm + NAC

		200 ppm + NAC



		Direct DNA damage

		WBC

		-

		-

		-

		-

		-

		-

		-



		

		Brain

		-

		-

		-

		-

		-

		-

		-



		Oxidative DNA damage (fpg)

		WBC

		-

		-

		*

		*

		*

		-

		-



		

		Brain

		-

		-

		-

		*

		*

		-

		-



		8OHdG formation

		WBC

		-

		-

		-

		*

		*

		-

		-



		

		Brain

		-

		-

		-

		*

		*

		-

		-



		ROS formation

		Plasma

		-

		

		*

		*

		*

		

		



		GSH: GSSG ratio

		Brain

		-

		

		*

		*

		*

		

		





increased; *significantly increased (p<0.05)

The authors also analysed the concordance between the oxidative DNA damage in WBC measured by fpg-modified comet assay in this study and the CNS tumour incidence from a study (published as Quast & Friedman, 2002; originally reported by Quast et al., 1980) using the same strain of rats (Sprague-Dawley) and similar dose levels.  Oxidative DNA damage in the brain and WBC (measured by HPLC and fpg-modified alkaline comet assay) were found to significantly correlate with tumour incidences in rat brain. 

Concordance between oxidative stress measurements (Pu et al., 2009) and tumour incidence

		

		R2



		GSH/GSSG in brain vs. OH8dG level in brain

		0.36



		OH8dG level in brain vs. OH8dG level in WBC 

		0.90*



		Oxidative DNA damage (fpg comet) in brain vs. oxidative DNA damage (fpg comet) in WBC

		0.91*



		Oxidative DNA damage (fpg comet) in WBC vs. ROS in plasma

		0.98*



		OH8dG level in brain vs. ROS in plasma 

		0.97*



		Adjusted OH8dG level in braina vs. tumour incidence

		0.92*



		Adjusted oxidative DNA damage in brain (comet assay)a vs. tumour incidence

		0.93*



		Adjusted OH8dG level in WBCa vs. tumour incidence

		0.82*



		Adjusted oxidative DNA damage in WBC (comet assay)a vs. tumour incidence

		0.90*





Data were analysed by linear regression

*Statistically significant (p <0.05, ANOVA).

aData were normalised with doses used in the carcinogenicity study



More recently, the same investigators (Pu et al., 2015) reported an influence of antioxidant diets in reducing oxidative DNA damage in acrylonitrile-treated rats.  Female F344 rats administered 100 ppm acrylonitrile in the drinking water for 28 days showed significantly increased 8OHdG levels in the brain compared to controls.  The antioxidants vitamin E, green tea polyphenols and NAC in the diet protected against the oxidative DNA damage.  Malondialdehyde levels (as a measure of lipid peroxidation in the brain) did not increase in the treated animals.



In a similar study (Klaunig & Forney, 2010) portions of which are also reported by Pu et al. (2015), groups of female F344 rats were administered acrylonitrile at 0 or 100 ppm in the drinking water for 28 days; groups received basal diet or diet supplemented with the antioxidants Vitamin E (0.05%), Green tea polyphenols (0.4%), N-acetyl cysteine (0.3%), sodium selenite (0.1 mg/kg bw) or taurine (10 g/kg bw).  Total antioxidant capacity, malondialdehyde and 8OHdG levels were measured in samples of brain tissue; direct and oxidative DNA damage were assessed in white blood cells by Comet assay.  Acrylonitrile induced oxidative stress in the brain, as shown by increased 8OHdG formation. Acrylonitrile also induced oxidative DNA damage, but not DNA strand breakage in white blood cells.  Dietary supplementation with Vitamin E, green tea polyphenols, N-acetyl cysteine in diets prevented or reduced acrylonitrile-induced 8OHdG formation.  Dietary supplementation with selenium or taurine gave no significant protection against acrylonitrile-induced oxidative stress. In contrast, supplementation of all five antioxidants in diets prevented oxidative DNA damage induced by acrylonitrile in white blood cells.  Acrylonitrile did not cause significant changes in total antioxidant capacity or malondialdehyde levels in brain tissue. 



Whysner et al., 1998 investigated the formation of 8oxoG adducts in male Sprague-Dawley rats administered acrylonitrile at levels of 3, 30 and 300 ppm in drinking water for 21 days.  Rats administered 30 and 300 ppm acrylonitrile showed significantly increased adduct formation in brain and liver; more marked increases were noted in the brain.  Adduct levels were also elevated following treatment for 94 days.  F344 rats receiving administered acrylonitrile at concentrations of 1, 3, 10, 30 or 100 ppm in drinking water for 21 days showed significantly elevated adduct levels at concentrations of ≥10 ppm; the response was less marked than shown for Sprague-Dawley rats.  Adduct levels were not increased following administration of methylnitrosourea as a control mutagen.



Jiang et al., 1998 administered acrylonitrile in the drinking water at concentrations of 0, 5, 10, 100 or 200 ppm to Sprague-Dawley rats with sampling after 14, 28 or 90 days of treatment.  Significantly elevated levels of 8OHG were found in the brain but not liver.  Background levels of adducts in the brain remained constant (10-12/106) at all time periods; post-treatment levels increased as a function of exposure level and time to 30-40/106.  Increased adduct levels were accompanied by elevated levels of malondialdehyde, increased levels ROS and decreased levels of GSH, catalase activity and SOD activity, compared to control animals.  Biomarkers of oxidative stress were not elevated in the liver.



A study in mice (a non-sensitive species for brain tumour induction) was performed in the same laboratory as the preceding study.  B6C3F1 mice administered acrylonitrile at 0, 2.5, 10 or 20 mg/kg bw/d in the drinking water for 14, 28 or 30 days showed no evidence of increased oxidative DNA damage in the brain or liver and no evidence of increases in oxidative stress (Kamendulis et al., 2001). 



Carrera et al., 2007 failed to identify evidence of oxidative stress (lipid peroxidation products, GSH levels and catalase activity) in the brains of Wistar rats exposed to 200 ppm acrylonitrile for 14 days.  Findings are in contrast to Jiang et al. (1998) but comparable to Whysner et al. (1998), no such evidence was found; however DNA adduct formation was not investigated.

4.	Discussion

In the absence of clear evidence for the mutagenicity of acrylonitrile in vivo, alternative mechanisms for rodent carcinogenicity need to be considered.  Evidence from numerous studies performed in vitro and in vivo provide support for the involvement of oxidative DNA damage in the aetiology of brain tumours in the rat, identified as the critical carcinogenicity effect of acrylonitrile.  Data demonstrate the formation of 8oxoG adducts in multiple tissues of rats in vivo and the formation of 8oxoG adducts in vitro in astrocytes but not in hepatocytes.  Notably, acrylonitrile does not produce DNA damage in human astrocytes at concentrations causing damage in rat astrocytes, unless GSH levels are depleted.  Associated markers of oxidative stress are identified in studies in rats in vivo and brain DNA damage in the rat is inhibited by antioxidants.  There is also evidence in vitro for the relative sensitivity of rat microglial cells compared to astrocytes and evidence in vivo of a lack of brain tumour and oxidative stress response in mice (a non-sensitive species) compared to rats.  Furthermore, UDS shown in vivo in rats is associated with markers of oxidative stress and is inhibited by sulphydryl compounds.  Cell transformation in SHE cells is also associated with the formation of of 8oxoG adducts and markers of oxidative stress; inhibited by antioxidants and associated with cyanide administration and with production of ROS.  In a key study (Pu et al., 2009) the authors show a significant correlation between oxidative DNA damage (measured by fpg-modified comet assay) in the brain and WBCs of rats with the CNS tumour incidence from a study using the same strain of rats (Sprague-Dawley) and similar dose levels.  The data therefore strongly suggest a role for oxidative DNA damage in the formation of brain tumours in rats exposed to acrylonitrile.
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Tumour type

In its review, at 7.7.2.1 Animal Studies; ECHA points out that astrocytomas were identified in the Quast et al. 1980a study and at various points in table 15. ECHA should note that recent re-assessment of the tumours from the carcinogenicity studies has yielded new information on the rat brain tumours of relevance to the risk assessment. 

Experimental Pathology Laboratories, Inc. employed histochemical stains to determine the aetiology of nine CNS tumours originally diagnosed as astrocytomas from the Quast (2002) 2-year acrylonitrile drinking water study and twenty-eight spontaneously occurring glial tumours from the US National Toxicology Program tissue archives, (Kolenda-Roberts et al., 2013). Based upon immunohistochemical staining characteristics, all acrylonitrile tumours were identified as malignant microglial tumours. The spontaneous tumours were identified as oligodendrogliomas (16), malignant microglial tumours (9), or mixed tumours (3), suggesting that oligodendrogliomas are more common as spontaneous tumours, while acrylonitrile-induced neoplasms are microglial/histiocytic in origin (Kolenda-Roberts et al., 2013).

Similarly in a follow up study on thirteen brain tumours from the acrylonitrile inhalation study (Quast et al., 1980) all tumours originally diagnosed as astrocytomas were reclassified as being of microglial/histiocytic origin (EPL, 2014). It is highly likely that this reclassification is pertinent to the rat brain tumours identified as astrocytomas across the spectrum of bioassays available, given the difficulty in determining this difference via standard microscopic observation, without immunohistochemical stain analysis.

The most common human brain tumours are astrocytomas (adults) and medulloblastomas (children), and the experimental induction of malignant microglial tumours in rats may represent a species-specific manifestation (Kolenda-Roberts et al. 2013).

Considering the lack of definitive evidence supporting a direct acting genotoxic mode of carcinogenicity for acrylonitrile and the apparent differences between tumour aetiology of both spontaneous and acrylonitrile-induced CNS tumours in rats and malignant CNS tumours in humans it points that there is low confidence in the assumed relevance of the observed carcinogenicity in rats to humans.
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Summary of Key DNA Binding Information for Acrylonitrile (AN)



An important question in assessing the MOA of AN in producing rodent tumours, particularly in the brains of F344 and SD rats, is whether AN binds covalently to DNA in vivo, i.e. is a direct acting mutagen. 



Competing reactions of AN with thiol groups present in cells occur at about 280 times the rate with amino nitrogens (Friedman et al, 1965), i.e., their ratio is 280:1. Both AN and CEO react rapidly with reduced glutathione (GSH) under physiological conditions (Kedderis et al, 1995) and both are relatively stable under physiological conditions, CEO having a half-life of approximately 1.5 h (Kedderis and Batra, 1993). However, since human liver microsomes contain an active epoxide hydrolase for which CEO is a substrate and this activity is latent in rat and mouse liver cytosol or microsomes (Kedderis and Batra, 1993), humans may be more resistant to CEO toxicity than rodents. At doses of AN that deplete GSH, protein binding increases disproportionally. One protein site identified as particularly reactive is cysteine 86 of rGSTM1 (Nerland et al, 2001). Several in vitro studies have shown that AN and its CNEO metabolite are capable chemically of binding to DNA and proteins. Although the parent AN efficiently binds to proteins, its DNA binding is quite inefficient, requiring very high concentrations of AN and long periods of incubation.



There are data in the literature reporting association of AN to purified DNA from various tissues in in vivo radiolabel binding experiments. However, methodological weaknesses compromise the interpretation of these studies. Some studies suggest that AN binds to DNA in several organs (Abdel-Rahman et al, 1994; Farooqui and Ahmed, 1983; Peter et al, 1983), including the brain (Farooqui and Ahmed, 1983). Farooqui and Ahmed (1983) state that the radioactivity was found in peaks “corresponding to standard DNA deoxyadenosine and deoxyguanosine nucleotides”, which would be consistent with metabolic incorporation rather than adduct formation. These studies are apparently in contrast to other more rigorous studies in which, alkylation of DNA in rat liver was not observed above the detection limit of one base in 3.5 x 105 (Geiger et al, 1983), and alkylation of DNA in rat brain was not detected above 1 adduct per 106 of normal nucleotides (Hogy and Guengerich, 1986). It is noteworthy, however, that these latter studies used low specific activity 14C-AN in conjunction with LSC, and thus the sensitivity was limited. 

This apparently conflicting evidence for DNA adduct formation in the brain has been reviewed by Whysner et al, (1998) with the conclusion that in studies reporting DNA adducts, the association was most likely due to contamination with AN bound to residual protein. For example, although Farooqui and Ahmed (1983) reported binding of AN to DNA in rat brain, no attempt was made to identify structures of possible DNA adducts, and DNA purity was not stringently assured by the methods employed. All DNA is associated with protein, and no evidence was presented validating that the OD260/280 and Folin protein determination assays used are sensitive enough to rule out this artefact. The avid binding of AN to protein would mean that any small contamination of DNA by protein would be confounding. This was confirmed by other investigators who found that the majority of apparent AN-DNA binding was actually attributable to contaminating protein (Guengerich et al., 1981; Geiger et al., 1983). For this reason, studies where adducts were not identified, and where the DNA is not digested to nucleotides, cannot be interpreted as definitive evidence of DNA binding. This shortcoming applies to all of the studies reporting in vivo co-purification of AN with DNA of exposed animals.

In a recent study, Williams et al. (2017) rigorously assessed potential direct and indirect DNA damage by AN in the brain and Zymbal’s glands, both carcinogenic target tissues of AN in female F344 and SD rats. The study design involved 28 day AN dosing (27 days of non-radiolabelled 100 ppm AN in drinking water and a single dose of 14C-AN on day 28 by gavage) to provide for prolonged exposure and any modulation of biotransformation. DNA binding of AN in brain tissue was determined using LSC and accelerator mass spectrometry (AMS); formation of DNA adducts in brain samples was determined using the nucleotide 32P-postlabeling (NPL) assay; and assessment of DNA strand breaks and oxidative DNA damage was evaluated using conventional and enhanced comet assays. For the DNA binding and adduct measurements, benzo[a]-pyrene was used as a comparator (positive control). Although benzo[a]pyrene is not carcinogenic to the rat brain, 14C-benzo[a]pyrene forms DNA adducts in several rat tissues, including the brain, which have been well characterized and detected with high sensitivity by the NPL assay. These methods, which are the most sensitive reported to date, failed to find definitive evidence for DNA binding of AN. Some evidence for oxidative DNA damage was found in the brain but not Zymbal’s glands. The challenges of protein contamination were evident in this study as well. Despite extensive purification of the DNA, agarose gel electrophoresis of the genomic DNA from the brain indicated that there could still be some associated protein. So as with previous studies, radioactivity associated with the DNA in this study cannot be conclusively attributed to DNA adduct formation. Using AMS methodology, DNA-associated 14C-AN radioactivity was detected in the brains of rats of both strains. The associated radioactivity was calculated to represent less than 15 adducts per 108 nucleotides, if it is in fact DNA binding. As stated by the study authors, the biological significance of such low level of binding is not known, due to the presence of protection mechanisms against genotoxicity, such as binding to noncoding regions of DNA and DNA damage repair. DNA binding was not confirmed by the other methods applied, i.e., NPL and the comet assay.

 

In summary, studies to date looking at binding of AN to DNA in rat target tissues, most notably brain, have failed to demonstrate significant adduct formation. Indeed, in the most recent studies by Williams et al. (2017) employing contemporary sensitive techniques definitive evidence of DNA binding of AN was not found in two target tissues of AN carcinogenicity in two strains of rats with several methodologies. These findings do not support DNA reactivity as a predominant contributor to AN rodent carcinogenesis. Accordingly, other mechanisms (i.e., oxidative stress, protein binding) may be involved in the induction of AN neoplasms. These alternative mechanisms justify consideration of both thresholds of carcinogenicity and differences in species sensitivity. AN-induced oxidative stress has been extensively studied and is discussed separately.
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Biomarkers of Acrylonitrile (AN) Exposure

It is noted that ECHA recognise the availability of potential AN biomarkers for exposure assessment. However, the industry point out that there are considerable limitations and confounding exposures which make potential biomarkers available unreliable. The potentially most relevant and specific biomarker, N-(2-cyanoethyl)valine haemoglobin may be useful as a qualitative indicator of continuous exposure but it should be recognised there are substantial issues in its use as a reliable quantitative marker of short-term or peak exposure(i.e. peak exposure levels cannot be reliably determined from CEVal Hb). Furthermore, cigarette smoke and other natural background sources of AN will seriously confound low occupational exposure estimates.

Several studies have evaluated AN biomarkers of exposure alongside concomitant external exposure measurements. Early studies determined that urinary AN concentrations reflected exposures to this agent. Later studies assessed urinary metabolites and (CEVal Hb) adducts as biomarkers of AN exposures. 

Thiocyanate levels have been reported in a number of studies of AN exposure. While perhaps useful as a group measurement, thiocyanate is not specific for AN exposure since it can be formed from other cyanogenic compounds. 

Studies suggest that µg/L AN in urine expressed as a function of ppm AN exposure more sensitively reflects low level exposures, being 300 µg/l and 252 µg/l per ppm external exposure (post-workshift) at 0.13 ppm and 0.11 ppm exposure levels, respectively (Houthuijs et al., 1982; Perbellini et al, 1998) than a higher exposure level of 4.2 ppm where it was only 86 µg/l per ppm (Sakurai et al., 1978). Of course, these are different studies that may contain different levels of confounding exposures, especially smoking. Furthermore, the studies of Sakurai et al. (1978) and Houthuijs et al. (1982) show that only about 1.4% of the AN exposure is reflected as free AN in the urine.

Urinary 2-cyanoethylmercapturic acid (CEMA) has also been measured as a biomarker of AN exposure in humans. Jakubowski et al. (1987) reported wide variability in the kinetics of excretion resulting in a relatively poor correlation between individual CEMA urine concentrations and AN retention even when urine values were standardized to a single specific gravity. Although the authors deemed the test useful to establish limits of human exposure, it was not deemed to be a useful index of individual exposure. Schettgen et al. (2009) reported a highly significant correlation between CEMA concentrations and urine cotinine levels as a measure of smoking determined in the same urine sample. Similar results were obtained by Minet et al. (2011). Dose-response increase in urinary CEMA with external AN exposure level was significant, as was the correlation of urinary CEMA with other urinary biomarkers of cigarette smoke. 

A method to measure CEO, a metabolite of AN, in urine as N-acetyl-S-(1 – cyano) – 2 –hydroxyethyl-cysteine (CHEMA) has been described (Schettgen et al., 2012). For non-smokers, only 4 of the 47 samples were at or above the LOQ. Urinary concentrations of both CEMA and CHEMA were significantly greater in smokers than in non-smokers, indicating that a biomarker of CEO can be detected in the urine of smokers, but may not be useful for lower exposures.

Measurements of AN or metabolites in blood is a direct indicator of internal exposure and avoids variability inherent in the kinetics of urinary elimination. AN’s avid binding to proteins has been exploited to develop methods utilizing haemoglobin (Hb) adducts as internal molecular dosimeters. Such adducts reflect cumulative internal doses over the life span of the red blood cells. For humans, this is approximately 120 days. Scherer et al. (2014) studied urinary CEMA levels and CEVal HB adduct levels in the same smokers. Although both biomarkers were elevated with smoking and essentially based on detecting the same metabolic product, only a weak correlation was found.

Several studies have shown the positive correlation between CEVal Hb adduct levels and cigarette smoking as the external source of AN exposure (Perez et al., 1999; Schettgen et al, 2002, 2004; Scherer et al, 2014).

CEVal Hb adducts most reliably reflect external AN levels when the exposures are continuous and chronic or, if occupational, based on a 40 hour work week. Their use is more problematic when attempting to reconstruct peak or short term exposures. However, the Hb adduct concentrations are being used to assess accidents of limited durations. External exposure reconstructions under these circumstances must take into account inherent uncertainty and variability in toxicokinetics and end-point measurement (Huizer et al., 2014). Huizer et al. (2014) attempted dose reconstruction of AN exposures from a tank cleaning accident by using the measured CEVal Hb adduct data and PBPK modelling. Uncertainty (details of exposure scenario including duration) and variability (inter-individual differences) were used to estimate exposure conversion factors (ECFs), defined as the ratio of the AN concentration in air to the air concentration in blood. Monte Carlo simulation revealed that uncertainty as to duration of exposure had a dominant influence on determining ECFs. A reconstruction of the AN concentration in air for the four cleaning tank workers at the time of the accident reported by Bader and Wibitzky (2006) using the CEVal Hb adduct levels at the 175 day measurement (corrected for smoking) varied from 5.9 to 17.0 ppm if based on a 5 minute exposure duration but only from 0.5 to 1.5 ppm if based on a 60 minute exposure duration. 

A haemoglobin adduct monitoring program for the years 1994 and 1995 in 59 workers exposed to low levels of AN (no external exposure measurements) reported results for CEVal, N- (methyl) valine and HEVal adduct concentrations (Their et al., 1999). GST M1 and GST T1 genotypes were also determined to assess the effect of the null phenotype for these genes on internal doses of the agents. Of relevance is the observation that mean CEVal adduct concentrations of 2.4 and 2.8 pmol/g globin were found for the two years – values well below official allowable standards. No correlations were observed between the CEVal adduct levels and levels of the other two adducts measured. Also, there was no consistent effect of the GST polymorphisms on CEVal adduct levels, although some small effects were observed for the other two adducts. In contrast to other studies, there was no difference in CEVal adduct concentrations between smokers and non-smokers. 

A later study of CEVal and HEVal adduct levels in smokers also evaluated the associations between concentrations of these adducts and GST genotypes and further calibrated CEVal levels with external exposures (Fennell et al., 2000). The method employed was essentially that described by Osterman-Golker (1994) with analysis by gas chromatography mass spectrometry. The extent of smoking was determined using questionnaires and measuring cotinine levels to indicate acute tobacco exposure. Both CEVal and HEVal adduct concentrations correlated with extent of cigarette smoking, although with “r” values lower than had been previously reported (Bergmark, 1997). CEVal concentrations were unaffected by GST genotypes while GST T1 genotype did influence HEVal adduct concentrations. Based on the CEVal adduct concentrations observed at the different smoking levels and the AN amount in a cigarette, the authors observed that the mean CEVal concentration for a 1 pack/day cigarette smoker, without other sources of AN exposure, was 170 pmol/g globin. Based on the amount of AN in a pack of cigarettes, the authors calculated that a worker exposed to 1.0 ppm AN 8 hr TWA (10 m3/day breathing rate) would receive daily AN dose of 22 mg, giving a daily CEVal concentration increment of 389 pmol/g globin. Assuming a five-day workweek, the CEVal adduct concentration eventually reached at equilibrium would be 16, 671 pmol/g globin.

Although different laboratories will probably find somewhat different values using their own methods, the above study provides a useful benchmark for estimating occupation exposure levels, levels due to smoking, calculations for corrections due to smoking, etc. The authors estimate that cigarette smoking will seriously confound low occupational exposure estimates when AN is in the range of 50 ppb. HEVal adduct concentrations also help to differentiate AN exposures due to smoking from occupational exposures.

Measurements of AN exposure from a chemical plant fire were taken by air monitoring and by CEVal HB adducts (Leng and Gries, 2014). The internal AN doses as reflected by CEVal Hb adducts were below those expected from concurrent air AN measurements. It is not clear to what extent the use of personal protective devices by some subjects contributed to this.

Collectively, the available data on biomarkers of AN exposure show that cigarette smoking will seriously confound low occupational exposure estimates. It was estimated, based on smoking rates in the US, that mean residential indoor air concentrations could be between 0.5 to 1.2 µg/m3 (Nazaroff and Singer, 2004). Application of internal biomarkers to assess occupational exposure would therefore necessitate concurrent evaluation of AN exposure from smoking by standardized methods. Low levels of AN biomarkers have also been found routinely in non-smokers, indicating background levels of non-occupational AN exposure, and a need to understand baseline levels in the workforce before routine application of biomonitoring methods to assess compliance with occupational exposure limits. Urinary metabolite levels are not deemed to be a useful indicator of individual exposure, and show only weak correlation with CEVal HB adduct levels in the same subjects. CEVal Hb adduct measurement avoids variability inherent in the kinetics of urinary elimination, and has the advantage of an integrated retrospective dosimeter. Nevertheless, CEVal Hb adducts most reliably reflect external AN levels when the exposures are continuous, and their use is more problematic when attempting to estimate peak or short term exposures, as demonstrated by Huizer et al., 2014. Thus, consideration of a short-term occupational exposure limit for AN is another important pre-requisite to considering the potential value of biomonitoring limits for AN. Colombie et al. (2017) found little relationship with clinical characteristics of exposure and CEVal Hb levels except at high levels of exposure.

If ECHA requires a detailed review of individual biomonitoring studies for acrylonitrile please contact the industry group representative. Note that a detailed review of CEVal Hb adduct studies to that time was published by Ogawa et al. (2006). 
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PO	Box	3209	
Bozeman,	MT	59715	


(216) 544-8563
11/10/17


Tim	Bowmer,	Ph.D		
Risk	Assessment	Committee	
European	Chemical	Agency	
Annankatu	18	
P.O.	Box	400	
FI-00121	Helsinki,	Finland	


Re:	Comments	on	the	Draft	Report	“Proposal	by	the	European	Chemical	Agency	(ECHA)	
in	support	of	occupational	exposure	limit	values	for	acrylonitrile	in	the	workplace”	


Dear	Dr.	Bowmer,	


Summit	 Toxicology,	 LLP	 has	 extensive	 experience	 pertaining	 to	 the	 human	health	 risk	
assessment	of	acrylonitrile.		Our	work	has	resulted	in	a	number	of	publications,	including	
two	cited	by	ECHA	in	their	report	entitled,	“Proposal	by	the	European	Chemical	Agency	
(ECHA)	in	support	of	occupational	exposure	limit	values	for	acrylonitrile	in	the	workplace”,	
including	the	risk	assessment	papers	of	Kirman	et	al.	(2005,	2008).		It	is	our	understanding,	
that	ECHA	is	seeking	public	comments	on	the	draft	report	by	November	10,	2017.		Summit	
Toxicology	has	been	retained	by	the	AN	Group	to	review	portions	of	ECHA’s	draft	report	
that	pertain	to	our	publications,	as	well	as	quantitative	issues	that	may	impact	the	report.		
Overall,	we	 found	 the	 report	 to	be	well	organized	and	 clearly	written,	 and	provides	a	
balanced	summary	of	the	key	issues	regarding	the	potential	hazards/risks	associated	with	
occupational	exposures	to	acrylonitrile,	and	for	this	reason,	we	compliment	the	authors	
on	 the	 initial	 draft.	 	 However,	 there	 are	 some	areas	 in	which	 the	draft	 report	 can	be	
improved,	particularly	regarding	the	basis	on	the	noncancer	value	and	the	quantitative	
comparisons	of	existing	risk	assessment	values	for	acrylonitrile.		To	this	end,	our	major	
and	minor	comments	are	summarized	below.	
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Major	Comments	
	
1) Throughout	 the	 report	 and	 particularly	 in	 Tables	 19	 and	 20,	 acrylonitrile	


concentrations	in	air	represent	a	mix	of	values	corresponding	to	lifetime	continuous	
exposures	 and	occupational	 exposures.	 	 This	 presentation	 is	 confusing,	 and	makes	
direct	comparison	of	values	difficult.	A	few	examples	are	provided	below:	


• The	unit	risk	value	of	1.6x10-3	(risk	per	mg/m3)	listed	in	Table	19	for	Kirman	et	
al.	 (2005)	 should	be	 correct	 to	2.3x10-3	 (risk	per	mg/m3)	as	pointed	out	by	
ECHA	 in	 the	 footnote	 to	 the	 table.	 	 This	 value	 corresponds	 to	 a	 continuous	
lifetime	exposure.	 	 For	 occupational	 exposures,	 this	 should	 be	 converted	 to	
0.00041	 (risk	per	mg/m3)	using	a	 conversion	 factor	of	5.7	 for	 [calculated	as	
(24/8)*(7/5)*(52/48)*(75/40)*(6.7/10)].	


• The	nonlinear	 cancer	value	of	0.1	mg/m3	 (0.046	ppm)	 listed	 in	Table	20	 for	
Kirman	 et	 al.	 (2005)	 corresponds	 to	 a	 continuous	 lifetime	 exposure.	 	 For	
occupational	exposures,	this	should	be	converted	to	0.28	mg/m3	(0.13	ppm)	
using	a	conversion	factor	of	2.8	[calculated	as	(24/8)*(7/5)*(6.7/10)].	


• The	noncancer	value	of	0.06	mg/m3	(0.028	ppm)	listed	in	Table	20	for	Kirman	
et	al.	(2005)	corresponds	to	a	continuous	lifetime	exposure.		For	occupational	
exposures,	 this	 should	 be	 converted	 to	 0.17	 mg/m3	 (0.078	 ppm)	 using	 a	
conversion	factor	of	2.8	[calculated	as	(24/8)*(7/5)	*(6.7/10)].	


We	 recommend	 that	 corresponding	 occupational	 values	 be	 provided	 in	 the	 text	
(occupational	 equivalent	 values	 in	 parentheses)	 and	 in	 the	 tables	 (inserted	 as	
additional	columns)	to	facilitate	direct	comparison	by	the	reader.	
	


2) We	agree	with	ECHA	in	selecting	nasal	irritation	as	an	appropriate	basis	for	noncancer	
risk	assessment.		However,	the	data	set	on	which	ECHA’s	noncancer	value	is	derived	
is	not	representative	of	worker	populations.		ECHA	has	proposed	a	noncancer	value	of	
0.09	 ppm	 (0.2	 mg/m3)	 for	 acrylonitrile	 based	 upon	 a	 LOAEL	 of	 5	 ppm	 for	 nasal	
irritation	 in	 F1	 male	 rats	 (Nemec	 et	 al.,	 2008).	 	 In	 this	 study,	 nasal	 irritation	 was	
observed	in	both	F0	and	F1	animals,	with	a	stronger	response	observed	in	F1	animals	
(LOAEL	=	5	ppm)	compared	to	F0	animals	(LOAEL	=	45	ppm;	NOAEL	=	15	ppm)	(Figure	
1).			
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Figure	1.		Nasal	Irritation	in	Rats	of	Different	Age	(Nemec	et	al.	2008)	


	
	


The	primary	difference	between	F0	and	F1	exposures	is	the	age	at	which	exposures	to	
acrylonitrile	 started,	being	approximately	8	weeks	of	age	 for	F0	animals	 (i.e.,	post-
pubertal	animals),	and	approximately	4	weeks	of	age	in	F1	animals	(i.e.,	pre-pubertal	
animals).		For	this	reason,	we	recommend	that	ECHA	rely	upon	the	NOAEL	of	15	ppm	
for	nasal	irritation	in	F0	animals,	which	would	result	in	a	corresponding	noncancer	
value	of	approximately	1	ppm	(2	mg/m3)	when	appropriate	uncertainty	factors	are	
applied	(Ufa	=	2.5;	UFh	=	5;	UFl	=	1).		Optionally,	this	approach	could	be	refined	using	
benchmark	dose	methods	with	the	F0	animal	data.					
	


3) In	the	discussion	of	oxidative	stress	(p.	40)	there	are	a	few	recent	studies	that	should	
also	be	included:	
• Dang	Y,	Li	Z,	Luo	B,	Pan	L,	Wei	Q,	Zhang	Y.	Protective	effects	of	apigenin	against	


acrylonitrile-induced	subchronic	sperm	injury	in	rats.	Food	Chem	Toxicol.	2017	Sep	
28;109(Pt	1):517-525.	


• Caito	S,	Park	M,	Aschner	M.	Resistance	of	mouse	primary	microglia	and	astrocytes	
to	 acrylonitrile-induced	 oxidative	 stress.	 Neurotoxicology.	 2017	 Sep	 28;63:120-
125.		


• Dang	Y,	Zhao	Q,	Luo	B,	Pan	L,	Wei	Q,	Zhang	R,	Fan	Q,	Chen	J,	Chang	R,	Zhang	J,	Li	Z.	
Effects	 of	 acrylonitrile-induced	 oxidative	 stress	 on	 testicular	 apoptosis	 through	
activation	of	NF-κB	signaling	pathway	in	male	sprague	dawley	rats.	Am	J	Transl	Res.	
2017	Sep	15;9(9):4227-4235.	


• Williams	GM,	Kobets	T,	Duan	JD,	Iatropoulos	MJ.	Assessment	of	DNA	Binding	and	
Oxidative	 DNA	 Damage	 by	 Acrylonitrile	 in	 Two	 Rat	 Target	 Tissues	 of	
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Carcinogenicity:	Implications	for	the	Mechanism	of	Action.	Chem	Res	Toxicol.	2017	
Jul	17;30(7):1470-1480.		


• Pu	X,	Wang	Z,	Zhou	S,	Klaunig	JE.	Protective	effects	of	antioxidants	on	acrylonitrile-
induced	 oxidative	 stress	 in	 female	 F344	 rats.	 Environ	 Toxicol.	 2016	
Dec;31(12):1808-1818.	


We	 recommend	 that	 ECHA	 include	 these	 papers	 in	 their	 discussion	 of	 oxidative	
stress.		
	


4) Text	on	p.	68	states	“the	authors	also	concluded	that	there	was	no	consistent	evidence	
for	non-genotoxic	mechanisms	of	action	(see	section	8.1.3	for	further	details)”.		This	
statement	 does	 not	 appear	 in	 either	 Kirman	 et	 al.	 (2005)	 or	 Haber	 and	 Patterson	
(2005),	who	 conducted	 the	 independent	 peer	 review	 of	 the	work	 in	 Kirman	 et	 al.	
(2005),	 so	 it	 is	 unclear	 to	 whom	 “authors”	 refers	 in	 the	 ECHA	 report.	 	 More	
importantly,	 the	 statement	 as	 written	 is	 inconsistent	 with	 conclusions	 from	 both	
papers	(excerpts	below):	


a. Kirman	et	al.	(2005):	“The	weight	of	evidence	supports	that	rat	brain	tumors	are	
likely	 the	 result	 of	 an	 epigenetic	 mode	 of	 action	 involving	 oxidative	 stress,	
resulting	from	AN	metabolism.”	


b. Haber	 and	Patterson	 (2005):	 “The	proposed	 cancer	MOAs	 in	 rodents	 involve	
general	processes	(e.g.,	oxidative	stress,	GJIC,	DNA	damage)	that	are	known	to	
occur	in	humans,	and	so	the	data	are	presumed	to	support	the	use	of	the	rodent	
data	 in	 establishing	 a	 quantitative	 cancer	 risk	 value.	 Although	 the	 data	 are	
insufficient	to	rule	out	any	contribution	due	to	direct	DNA	reactivity,	an	overall	
WOE	evaluation	does	not	support	this	as	a	predominant	contributor	to	rodent	
carcinogenesis.”	


The	mode	of	action	 information	for	acrylonitrile	would	be	best	assessed	within	the	
within	 the	 framework	of	 the	modified	Hill	 criteria.	 	With	 respect	 to	dose-response	
concordance	 (see	 Figure	 3	 of	 Appendix	 A),	 target	 tissue	 specificity,	 and	 species	
specificity,	the	weight	of	evidence	supports	the	involvement	of	oxidative	stress	in	the	
formation	of	rat	brain	tumors.		Due	to	uncertainty,	a	role	for	direct	genotoxicity	cannot	
be	ruled	out,	but	as	a	mode	of	action	does	not	address	key	aspects	of	the	modified	Hill	
criteria.	 	We	 recommend	 that	 ECHA’s	 conclusion	 on	mode	 of	 action	 reflect	 these	
important	distinctions,	and	rely	upon	the	modified	Hill	criteria	so	that	the	weight	of	
evidence	supporting	direct	vs.	indirect	genotoxicity	be	put	into	proper	context.		


	
5) Cancer	 Point	 of	 Departure:	 	 The	 point	 of	 departure	 used	 by	 ECHA	 to	 characterize	


cancer	endpoints	results	in	a	highly	uncertain	estimate	of	the	T25.		ECHA	relied	upon	
the	incidence	of	brain	tumors	in	male	rats	exposed	to	20	ppm	for	lifetime	(Quast	et	
al.,	1980)	to	estimate	a	T25	value	of	~62	ppm	(Figure	2).			
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Figure	2.		Use	of	Quast	et	al.	(1980)	data	to	estimate	a	T25	value	for	acrylonitrile	(X	
=	data	point;	light	dashed	line	=	linear	extrapolation	upwards	to	the	T25	value;	heavy	
dashed	line	=	25%	response	level)	


	
	
However,	 this	 approach	appears	highly	uncertain	 since:	 (1)	 it	 requires	 a	 significant	
linear	 extrapolation	 upward	 to	 approximately	 ~3-fold	 higher	 concentrations;	 (2)	
inspection	 of	 the	 data	 from	Quast	 et	 al.	 (1980)	 for	male	 rats	 exposed	 to	 80	 ppm	
indicates	 that	 incidence	remains	below	25%,	which	 implies	 that	 the	 true	T25	value	
should	be	greater	than	80	ppm	for	this	data	set;	and	(3)	it	relies	upon	only	a	very	small	
portion	of	the	dose-response	data	available	for	this	endpoint.	 	For	this	reason,	at	a	
minimum	ECHA	should	rely	upon	the	80	ppm	data	point	from	Quast	et	al.	(1980),	an	
approach	that	is	consistent	with	that	adopted	by	EU	(2004),	which	derived	a	T25	value	
of	~111	ppm	(based	on	data	for	female	rats).	Preferably,	ECHA	should	make	greater	
use	of	the	cancer	dose-response	database	for	acrylonitrile,	which	is	particularly	robust	
(Figure	3),	and	include	12	data	sets	for	brain	tumors	in	male	and	female	rats	exposed	
to	acrylonitrile	via	oral	and	inhalation	routes.				
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Figure	3.		Brain	tumors	in	rats	as	a	function	of	a	PBPK-derived	internal	dose	measure	
(X	=	data	point;	solid	line	=	gamma	dose-response	model)	


	
	
The	pooled	data	set	can	support	a	variety	of	points	of	departure,	a	few	examples	of	
which	are	provided	in	Table	1.		Point	of	departure	values	based	on	the	pooled	data	set	
are	more	robust	than	reliance	on	a	single	data	point,	from	a	single	study,	in	a	single	
sex.		Because	of	nonlinearity	present	in	the	pooled	dose-response	data	(i.e.,	s-shaped	
curve),	the	selection	of	the	point	of	departure	value	impacts	the	estimate	of	a	linear	
slope.		For	this	reason,	linear	extrapolation	from	a	high	response	level	(e.g.,	25%)	is	
expected	to	significantly	overestimate	the	slope	at	low	doses.		We	recommend	ECHA	
consider	using	the	pooled	data	set	for	rat	brain	tumors	cancer	when	deriving	cancer	
values	for	acrylonitrile.	
	
Table	1.		Points	of	Departure	Values	for	Select	Response	Levels	for	the	Pooled	Data	
Set	of	Rat	Brain	Tumors	Assessed	in	Terms	of	a	PBPK-Derived	Internal	Dose	Measure	
(adapted	from	Kirman	et	al.	2005)	


	 PBPK-Derived	Internal	Dose	
(mg	CEO/L	brain)	


External	Concentration	
(lifetime	continuous,	ppm)	


External	Concentration	
(occupational,	ppm)	


Response	
Level	 BMD	 BMDL	 BMD	 BMDL	 BMD	 BMDL	


1%	 0.0049	 0.0032	 3.4	 2.2	 9.7	 6.3	


5%	 0.017	 0.014	 12	 9.8	 34	 28	


10%	 0.030	 0.026	 21	 18	 59	 51	


25%	 0.066	 0.061	 46	 43	 130	 120	


	
6) The	discussion	of	a	non-linear	(thresholded)	cancer	assessment	(Section	8.2;	p.73-74)	


should	 also	 include	 consideration	 of	 the	 analysis	 of	 Strother	 and	 Kirman	 (2011)	
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(provided	in	Attachment	A).	 In	this	work,	analyses	were	performed	to	evaluate	the	
presence	of	a	 threshold	 for	brain	 tumor	 response	 in	 rats	based	upon	pooled	data,	
which	includes	the	same	twelve	data	sets	(six	oral	and	six	inhalation)	used	to	assess	
cancer	 potency	 in	 Kirman	 et	 al.	 (2005),	 spanning	 34	 nonzero	 dose	 groups	 and	 12	
control	groups,	expressed	in	terms	of	an	internal	dose	measure	(peak	2-cyanoethylene	
oxide	 or	 CEO	 in	 brain).	 	 Stepwise	 addition	 of	 12	 nonzero	 dose	 groups	 (covering	
observations	 in	846	animals)	 indicates	no	evidence	of	a	dose-response	relationship	
below	0.012	mg/L	for	peak	CEO	in	brain	(see	Figure	1	of	Appendix	A).		The	slope	of	the	
dose-response	relationship	above	0.012	mg/L	is	significantly	different	from	zero,	and	
is	significantly	different	 from	the	slope	of	 the	dose-response	relationship	predicted	
below	0.012	mg/L,	which	corresponds	to	~	24	ppm	for	occupational	exposures.	The	
dose-response	 relationship	 for	 acrylonitrile	 and	 rat	 brain	 tumors	 is	well	 correlated	
with	published	measures	for	oxidative	stress	(8-oxo-dG,	oxidative	DNA	damage),	while	
showing	a	lack	of	correlation	with	direct	DNA	damage	(see	Figure	3	in	Appendix	A).		
Together	 the	 statistical	 and	 biological	 approaches	 add	 support	 for	 adopting	 a	
nonlinear	dose-response	assessment	 (i.e.,	 cancer	 reference	values)	when	assessing	
risks	to	human	populations	exposed	to	acrylonitrile.		Based	upon	this	analysis,	and	the	
lack	of	 increased	cancer	mortality	noted	 in	epidemiology	data	 sets	 (summarized	 in	
Kirman	et	al.,	2005)	we	recommend	ECHA	adopt	a	nonlinear	cancer	value	(e.g.,	0.4	
ppm	as	described	above)	over	a	linear	cancer	value.		We	recommend	ECHA	include	a	
summary	of	this	work	in	Section	8.2,	and	add	the	following	citation	to	the	reference	
list:	


Strother	DE,	Kirman	CR.		2011.		Threshold	Analyses	for	Acrylonitrile	and	Brain	Tumors	
in	Rats.		The	Toxicologist.		477.	[provided	in	Appendix	A]	


7) As	strong	advocates	for	the	use	of	biomonitoring	data,	we	agree	with	the	authors	on
including	discussions	of	biomonitoring	data	for	acrylonitrile	in	the	report.		Regarding
the	discussion	of	CEV,	we	have	several	recommendations:


a. In	discussion	of	the	correlation	between	acrylonitrile	concentrations	in	air
and	CEV	 (Table	8),	 please	 specify	 if	 correlation	applies	 to	 short-term	or
long-term	exposures	(i.e.,	steady-state	conditions).


b. In	 the	 metabolism	 figure	 (Figure	 1),	 please	 include	 a	 pathway	 for	 the
formation	of	CEV	from	CEO.


c. Tables	 8	 and	 21	 (correlation	 between	 acrylonitrile	 in	 air	 and	 CEV)	 are
identical.	 	 In	 the	 interest	of	conserving	space,	please	consider	removing
the	Table	8.


d. We	agree	that	the	correlation	in	Table	21	may	be	useful	for	establishing
BLVs	and	BGVs.		However,	use	of	this	correlation	at	low	concentrations	of
acrylonitrile	in	air	is	complicated	by	the	presence	of	background	levels	of
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CEV.	 	 For	 this	 reason,	 we	 recommend	 that	 additional	 discussion	 be	
included	to	address	the	range	of	CEV	values	associated	with	background	
exposures	in	both	nonsmoker	and	smoker	populations.		


Minor	Comments	


• p.19:	consider	including	a	figure	for	the	PBPK	model	structure
• p.70:	“(0.81)”	should	be	“(8.1%)”	or	“(0.081)”
• p.74:		Please	replace	the	value	of	“1.6x10-6”	with	“2.3x10-6”	(to	be	consistent	with


footnote	 “**”	 for	 Table	 19.	 	 The	 corrected	 value	 of	 2.3x10-6	 should	 be	 used
throughout.


I	hope	that	you	will	find	these	comments	useful	as	you	finalize	your	report.		Please	do	feel	
free	to	contact	me	with	any	questions	regarding	these	comments.			


Best	Regards,	


Christopher	R. Kirman	
Principal	
Summit	Toxicology,	LLP	
Bozeman,	MT	59715	
Phone:	216-544-8563	
Email:		ckirman@summittoxicology.com	
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Abstract Results (cont’d) Discussion and Conclusions


Acknowledgements


The potential risks from exposures to acrylonitrile (AN) have historically
been assessed based upon its potential carcinogenicity, primarily driven
by brain tumor response in rats. Analyses were performed to evaluate
the presence of a threshold for brain tumor response in rats based upon
pooled data, which includes twelve data sets (six oral and six inhalation),
spanning 34 nonzero dose groups and 12 control groups, expressed in
terms of an internal dose measure (peak 2-cyanoethylene oxide or CEO in
brain). Stepwise addition of the nonzero dose groups indicates no
evidence of a dose-response relationship below 0.012 mg/L (peak CEO in
brain). The slope of the dose-response relationship above 0.012 mg/L is
significantly different from zero, and is significantly different from the
slope of the dose-response relationship predicted below 0.012 mg/L.
Inclusion of a threshold term in a hockey stick model resulted in the
prediction of a statistically significant threshold with data from inhalation
studies, but did not statistical significance with data from oral studies, or
with the combined data set. The dose-response relationship for AN and
rat brain tumors is well correlated with published measures for oxidative
stress (8-oxo-dG, oxidative DNA damage), while showing a lack of
correlation with direct DNA damage. Together the statistical and
biological approaches provide support for adopting a nonlinear dose-
response assessment (i.e., cancer reference values) when assessing
risks to human populations exposed to AN.


Methods


Results


The authors would like to thank Dr. Lutz for providing R code for the hockey stick model.  Funding was 
provided to DS and CK by The Acrylonitrile Group, Inc. for this work.
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Data for rat brain tumors from AN exposure 
were assembled (Table 1), and internal doses 
(peak brain CEO) were estimated previously 
using a PBPK model (Kirman et al., 2005)


Stepwise Addition of Dose Groups
• Dose-response data were sorted in order 


of ascending dose
• Dose-groups were added in a stepwise 


manner to identify the point at which the 
dose-response relationship becomes 
statistically significant (based upon fit of a 
quantal-linear model; BMDS, 2.1.1)


Hockey Stick Model
• Hockey Stick model developed by Lutz 


and Lutz (2009) was applied to: (1) 
combined dose-response data; (2) dose-
response data from oral studies; and (3) 
dose-response data from inhalation 
studies.
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Table 1.  Dose-Response Data


Figure 1.  Stepwise Addition of Dose-Groups
Figure 2.  Hockey Stick 
Model Applied to: (A) 
Combined Route Data 
Set; (B) Inhalation Data 
Sets; and (C) Oral Data 
Sets 


• In the low-dose region (below 0.012 mg CEO/L), p-values generally increase 
(i.e., further from statistical significance) with the addition of each successive 
dose group in this dose region (Figure 1). 


• The conclusion for the low dose range is based upon data collected for 12 
non-zero dose groups (n=846) plus a pooled control group (n=1,373).  


• The dose-response relationship for rat brain tumors approaches statistical 
significance (0.1>p>0.05) when 1 to 3 additional dose groups are included 
between 0.012-0.016 mg/L (total of 15 nonzero dose groups, n=1,075).  


• The dose-response relationship becomes statistically significant (p<0.05) when 
dose groups above 0.016 mg/L are included (total data set of 34 nonzero dose 
groups, n=2,427).


• The slope of the quantal-linear model (expressed in terms of extra risk per 
mg/L CEO in brain) for the dose groups below 0.012g/L (0.97, 95%CI = -0.91 
to 2.8) is not significantly different from zero. 


• In contrast, the slope of the quantal-linear model for dose groups above 0.012 
mg/L (4.5, 95%CI = 4.0 to 5.0) is significantly from zero (p<0.0001) and from 
the low-dose slope (p<0.0001).


• Analyses were performed to evaluate a threshold for brain tumors in rats exposed to 
AN.  


• Stepwise addition of dose groups, which shows no evidence of a dose-response 
relationship below 0.012 mg/L (peak CEO in brain), provides some statistical support 
for a threshold term.  


• A hockey stick model suggests the data are more consistent with the presence of a 
positive threshold dose, and provided statistically significant results for a threshold term 
for some data sets.  


• These approaches demonstrate the level of difficulty in “proving” the existence of a 
threshold using statistical methods alone, even with robust dose-response data such as 
the one used here for AN. 


• For this reason, consideration of mechanistic data such Pu et al. (2009) (Figure 3) is 
an important adjunct to threshold analyses  by statistical methods.  


• Together the statistical and biological approaches provide further support for the 
nonlinear cancer reference values derived in Kirman et al. (2005). 


Data Set


Threshold Dose 
(90% CI), 


mg CEO/L
Background Rate 


(90% CI)


Linear Slope 
Above 


Threshold (90%
CI), (mg CEO/L)-1


Combined 0.0053 (0-0.013) 0.0095 (0-0.03) 4.4 (3.9-4.9)
Inhalation 0.0063 (0.002-0.01) 0.002 (0-0.014) 5.5 (4.7-6.4)
Oral 0.0081 (0-0.026) 0.013 (0-0.051) 4.4 (3.7-5.5)


Table 2.  Hockey Stick Model Results


• Fits of the hockey stick model to the rat brain tumor dose-response data are depicted in 
Figure 2.  


• 90% confidence interval predictions for the threshold dose are nonzero for the inhalation 
data set (statistically significant), but includes zero for the combined and oral data sets 
(Table 2). 


• Cumulative probability function for the threshold dose indicates that the dose-response 
data are more consistent with a positive threshold dose (~81% of the distribution for the 
combined data set; 74% of the distribution for the oral data set) than a threshold dose of 
zero (or negative dose) (~19% and 26% of the distributions respectively).


• The results are strongly influence by a single data point (circled in red in Figure 2A,C).  
Exclusion of this data point results in a significant threshold term for the oral data set, 
while the threshold term for the combined data set approaches significance (~91% of the 
distribution for threshold dose is above zero).


Kirman CR, Gargas ML, Marsh GM, Strother DE, Klaunig JE, Collins JJ, Deskin R.  2005.  Cancer 
dose--response assessment for acrylonitrile based upon rodent brain tumor incidence: use of 
epidemiologic, mechanistic, and pharmacokinetic support for nonlinearity.  Regul Toxicol Pharmacol
43(1):85-103.
Lutz WK, Lutz RW.  2009.  Statistical model to estimate a threshold dose and its confidence limits for 
the analysis of sublinear dose-response relationships, exemplified for mutagenicity data.
Mutat Res. 678(2):118-22.
Pu X, Kamendulis LM, Klaunig JE.  2009.  Acrylonitrile-induced oxidative stress and oxidative DNA 
damage in male Sprague-Dawley rats.Toxicol Sci. 111(1):64-71.


Figure 3.  Comparison of Dose-Response 
Data for Rat Brain Tumors and Biomarkers
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