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A B S T R A C T   

Quaternary ammonium compounds (Quats) are a large class of permanently charged cationic chemicals that are 
used in a variety of consumer and industrial products for their antimicrobial properties. Didecyl dimethyl 
ammonium chloride (DDAC) and alkyl (C12, C14, C16) dimethyl benzyl ammonium chloride (C12–C16 ADBAC) 
are frequently used as active ingredients in antimicrobials and are the focus of the current hazard assessment. 
Robust toxicology databases exist for both DDAC and C12–C16 ADBAC; however, the majority of available 
studies for DDAC and C12–C16 ADBAC are unpublished, but have been submitted to and reviewed by regulatory 
agencies (i.e., EPA and European Chemicals Agency) to support antimicrobial product registration. With the 
objective of contributing to public understanding of the robust and complete toxicology database available for 
DDAC and C12–C16 ADBAC, a comprehensive review was conducted using available peer-reviewed literature 
and unpublished data submitted to and summarized by regulatory agencies. A review of available literature 
indicates that DDAC and C12–C16 ADBAC have similar hazard profiles. Both DDAC and C12–C16 ADBAC are 
poorly absorbed via the oral and dermal exposure routes (�10%), are not systemically distributed, and are 
primarily excreted in feces. DDAC and C12–C16 ADBAC are not dermal sensitizers, are not specific develop-
mental or reproductive toxicants, are not carcinogenic or genotoxic, and do not cause systemic toxicity. DDAC 
and C12–C16 ADBAC are irritating/corrosive to skin at high concentrations, and are acutely toxic via the oral, 
dermal (C12–C16 ADBAC only), and inhalation exposure routes; however, both DDAC and C12–C16 ADBAC are 
considered non-volatile and are not readily aerosolized. Both DDAC and C12–C16 ADBAC can cause toxicity in 
repeated dose oral toxicity studies with no-observed-adverse-effect levels ranging from 10 to 93.1 mg/kg-day for 
DDAC and 3.7–188 mg/kg-day for C12–C16 ADBAC in subchronic and chronic studies conducted with beagles, 
mice, and rats. The toxicological effects associated with reported lowest-observed-adverse-effect levels for both 
DDAC and C12–C16 ADBAC are consistently characterized by reduced food consumption, reduced mean body 
weight, reduced body weight gain, and local irritation. These effects are consistent with the mode of action of an 
irritating/corrosive chemical. Based upon currently available data, the main concern associated with exposure to 
DDAC and C12–C16 ADBAC is local effects through irritation.   

1. Introduction 

Quaternary ammonium compounds (Quats) constitute a diverse 
family of chemistries that are commonly used as antimicrobial pesticides 
due to their biocidal properties; however, some Quats have non-biocidal 
applications. In the United States, antimicrobial pesticides are regulated 

by the U.S. Environmental Protection Agency (EPA) under the Federal 
Insecticide, Fungicide and Rodenticide Act (FIFRA; 7 U.S.C. x136 et seq. 
1996). Antimicrobial pesticide products must be registered under 
FIFRA, and EPA requires that data be provided to demonstrate antimi-
crobial efficacy and the absence of unreasonable adverse effects to 
human health and the environment. The experimental requirements for 
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toxicology data are described in EPA regulations (40 Code of Federal 
Regulations [CFR] 158.2230) and testing is typically conducted on the 
pesticide active ingredient. Quats are also subject to regulation through 
the Federal Food, Drug and Cosmetic Act (FFDCA). FFDCA requires EPA 
to set a maximum permissible level (tolerance) for any pesticide whose 
use results in a residue in or on food or animal feed. In addition, the Food 
Quality Protection Act of 1996 (FQPA) amended both FIFRA and 
FFDCA, and established a safety standard whereby EPA must find that a 
pesticide poses a “reasonable certainty of no harm” before it can be 
registered for use on food or feed. FQPA mandated additional consid-
eration of aggregate risk from multiple sources of exposure (e.g., diet, 
drinking water, product use in and around the home) and the cumulative 
effects from exposure to pesticides that have a common mechanism of 
toxicity. EPA must review each pesticide registration every 15 years, at a 
minimum (7 U.S.C. x136 et seq. 1996). 

The U.S. Food and Drug Administration (FDA) also regulates anti-
microbial agents under FFDCA when they are used in drugs as active 
ingredients, and Quats have been used as active ingredients in over-the- 
counter human drug products, including topical antimicrobial, dandruff, 
external analgesic, skin protectant, and topical antifungal drug products, 
for at least 50 years. In recent years, FDA has renewed its review of over- 
the-counter topical antimicrobial drug products (see 81 FR 42911, 81 FR 
61106, and 82 FR 60474) considering human exposure and antimicro-
bial efficacy, in addition to human safety. 

In Europe, antimicrobial agents are regulated as biocides under the 
Biocidal Products Regulation (BPR; Regulation (EU) 528/2012) as 
administered by the European Chemicals Agency (ECHA). Similar to 
FIFRA, BPR requires that biocidal products obtain an authorization 
before they can be placed on the market in Europe, which necessitates 
that all active substances within those products be approved for use. As 
part of that approval, the first step is a hazard identification to determine 
the effects of concern based on a review of all available information 
regarding acute and chronic toxicological properties, including animal, 
in vitro, in silico, and human data (ECHA, 2018a,b). The BPR classifies 
products into 22 biocidal product types for use-specific assessment, 
grouped in four main areas: disinfectants, preservatives, pest control, 
and other biocidal products, which include antifouling products and 
embalming fluids. One notable difference between regulation of anti-
microbial products in Europe and the United States is that applied 
antimicrobial products are regulated in Europe under BPR regardless of 
whether the product is applied to surfaces, to human skin, or for any 
other purposes. In the United States, antimicrobial products that are 
intended for use on humans or animals are regulated as drugs or animal 
drugs, respectively, by FDA under FFDCA, and antimicrobial products 
intended to control pests on inanimate objects or plants are regulated by 
EPA under FIFRA. 

Aliphatic alkyl Quats (e.g., didecyl dimethyl ammonium chloride 
[DDAC]) and alkyl dimethyl benzyl ammonium chloride (ADBAC) 
compounds are among the earliest disinfectants within the Quat family 
to be used as antimicrobials (Gerba, 2015). DDAC and ADBAC were first 
registered as active antimicrobial ingredients in the United States in 
1962 (EPA, 2006a) and 1947 (EPA, 2006b), respectively. The most 
recently completed review of reregistration eligibility by EPA was in 
2006, with the agency specifying the uses of DDAC and ADBAC that are 
eligible for reregistration (EPA, 2006a,b). EPA evaluated short- and 
intermediate-term aggregate risks from residential uses associated with 
the use of quaternary ammonium pesticide products, plus dietary and 
drinking water sources. EPA concluded that the aggregate risks esti-
mated for the assessed scenarios are not of concern for adults and chil-
dren (EPA, 2006a,b). EPA also assessed chronic aggregate risks from 
dietary exposures including direct and indirect food contact use and 
drinking water exposures; EPA concluded that chronic dietary risks for 
adults and children are not of concern (EPA, 2006a,b). EPA did not 
identify a common mechanism of action for DDAC or ADBAC and other 
compounds; therefore, a cumulative risk assessment was not necessary 
for DDAC or ADBAC. In 2017, EPA published its Final Work Plans for 

Registration Review of DDAC (EPA, 2017a) and ADBAC (EPA, 2017b). 
For purposes of risk assessment, EPA has grouped Quats into four 

clusters (EPA, 1988). The Group I Quat Cluster is composed of alkyl or 
hydroxyalkyl substituted Quats; the Group II Quat Cluster is composed 
of non-halogenated benzyl substituted Quats; the Group III Quat Cluster 
is composed of di- and tri-chlorobenzyl substituted Quats; and the Group 
IV Quat Cluster is composed of Quats with unusual substituents (i.e., 
charged heterocyclic ammonium compounds). This hazard assessment 
focuses on the Group I and II Quat Clusters, which are frequently used as 
active ingredients in antimicrobial products. The Group I and II Quat 
Clusters are composed of 5 and 18 unique Chemical Abstracts Service 
Registry Numbers (CASRNs), respectively (EPA, 2006a,b, 2017b). In its 
Reregistration Eligibility Decision (RED) for aliphatic alkyl quaternaries 
(EPA, 2006a) and in the DDAC (CASRN 7173-51-5) Final Work Plan for 
Registration Review (EPA, 2017a), EPA considered DDAC the model 
Group I Quat suitable for assessing human health hazard and risk for the 
entire Group I Quat Cluster. Similarly, EPA uses C12–C16 ADBAC 
(CASRN 68424-85-1; 40% C12, 50% C14, 10% C16) as the model Group 
II Quat, because this formulation has the highest number of product 
registrations, including 309 active antimicrobial product registrations 
and 1 active conventional product registration (EPA, 2017b); however, 
the precise number of product registrations fluctuates over time. Thus, 
DDAC and C12–C16 ADBAC are the focus of this hazard assessment 
(Fig. 1). 

The majority of the publicly available toxicology data for DDAC and 
C12–C16 ADBAC are related to the aforementioned regulatory programs 
for antimicrobial products. As part of the registration process, regulatory 
agencies solicit submission of toxicology data from stakeholders. The 
majority of submitted studies are unpublished reports that have been 
prepared by independent contract research organizations. Key studies 
used by regulatory agencies for determining product safety adhere to 
guidelines established by EPA’s Office of Chemical Safety and Pollution 
Prevention (OCSPP) and/or the Organisation for Economic Co-operation 
(OECD), and are Good Laboratory Practice (GLP) compliant. However, 
submitted study reports typically are not published in peer-reviewed 
journals. With the objective of contributing to public understanding of 
the robust and complete toxicology database available for DDAC and 
C12–C16 ADBAC, a comprehensive review was conducted for DDAC and 
C12–C16 ADBAC using available peer-reviewed literature and unpub-
lished data submitted to and summarized by regulatory agencies to 
support registration. 

2. Methods 

Toxicology data for DDAC and C12–C16 ADBAC were identified from 
a variety of sources, including hazard and risk assessments conducted by 
authoritative agencies, EPA’s ChemView Database (EPA,), and the 
ECHA database for chemicals registered under regulations regarding 
Registration, Evaluation, Authorisation and Restriction of Chemicals 
(REACH; ECHA, 2019a,b). Documents reviewed included (1) the REDs 
for aliphatic alkyl quaternaries and ADBAC (EPA, 2006a,b); (2) the 
DDAC and ADBAC Final Work Plans for Registration Review (EPA, 
2017a,b); (3) the Directive 98/8/EC Assessment Reports for DDAC and 
ADBAC (ECHA, 2015a,b); and (4) the ADBAC Category High Production 
Volume (HPV) Chemicals Challenge Final Test Status and Data Review 
(TRS, 2011). Finally, the review included the FDA docket titled “Safety 
and Effectiveness of Consumer Antiseptics; Topical Antimicrobial Drug 
Products for Over-the-Counter Human Use; Proposed Amendment of the 
Tentative Final Monograph; Reopening of Administrative Record,"1 

which as part of the proposed rule to amend the 1994 tentative mono-
graph (21 CFR Part 310) contains FDA summaries of unpublished toxi-
cology data for ADBAC, as well as original unpublished toxicology study 

1 FDA Docket No. FDA-2016-N-0124 (Formerly part of Docket No. FDA-1975- 
N-0012). Available at www.regulations.gov. 
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reports. 
Additional literature searches were conducted to identify peer- 

reviewed publications not included in EPA (2006a,b) and ECHA 
(2015a,b) risk assessments. Google Scholar-based searches were origi-
nally conducted in June 2019 and search results were updated in May 
2020. Google Scholar was queried using the string of search terms 
“68424-85-1 OR Alkyl Dimethyl Benzyl Ammonium Chloride OR 
ADBAC AND Toxicity” and “7173-51-5 OR Didecyldimethylammonium 
chloride OR DDAC AND Toxicity.” Google Scholar searches were limited 
to articles published in 2006 or later, because presumably 
earlier-published studies would have been considered as part of EPA’s 
RED for DDAC and ADBAC (EPA, 2006a,b). This search strategy 
returned 1690 hits for DDAC and 441 hits for ADBAC. Additional queries 
of PubMed (National Library of Medicine 2020) in May 2020, using the 
same string of search terms used for the Google Scholar searches, 
returned 264 hits for ADBAC and 35 hits for DDAC. However, PubMed 
search results did not return any articles relevant to the hazard assess-
ment that were not already identified via Google Scholar searches. 
Article titles and abstracts were then reviewed to identify publications 
reporting results from in vitro and in vivo (in any mammalian species) 
toxicology and toxicokinetic studies for full text review. Using this 
approach, 22 publications reporting results from in vitro and in vivo 
toxicology studies were obtained for full text review (See Fig. 1 in 
Supplemental File 1). As the primary goal of this study was to summarize 
available in vitro and in vivo toxicology data that can be used to assess the 
human health hazards of DDAC and C12–C16 ADBAC, studies that uti-
lized non-relevant routes of exposure (e.g., studies investigating effects 
on the respiratory system following intratracheal instillation, as opposed 
to exposure to an aerosol), or had critical methodological flaws (e.g., 
studies in which rodents were exposed to unquantified ambient levels of 
Quats) were not summarized, because these studies have limited utility 
in human health hazard and risk assessment. Finally, a comprehensive 
review of all epidemiology studies and case reports following occupa-
tional exposure to Quats was not conducted, as this was outside of the 
scope of this assessment; however, a discussion of the key issues (e.g., 
contact dermatitis and occupational asthma) raised by these studies is 
provided in Section 4. 

The majority of identified toxicology studies for DDAC and C12–C16 
ADBAC are unpublished study reports that are summarized in several 
risk assessments conducted by authoritative agencies (ECHA, 2015a,b; 
EPA, 2006a,b). Unpublished study reports were not reviewed as part of 
the current hazard assessment as many of them are not publicly avail-
able. However, some complete unpublished study reports are available 
for C12–C16 ADBAC in FDA Docket No. FDA-2016-N-0124. Instead, this 
hazard assessment relies upon available peer-reviewed literature and 
the study summaries prepared by authoritative agencies after their 
critical review of the original study reports. Importantly, EPA (2006a,b, 
2017a,b) and ECHA (2015a,b) did not review the same suite of toxi-
cology studies, and thus this hazard assessment represents a more 
comprehensive evaluation of the toxicology databases for DDAC and 
C12–C16 ADBAC, and incorporates available peer-reviewed literature 
not included in EPA and ECHA hazard and risk assessments. 

Finally, some additional supporting studies were identified for other 
members of the Group II Quat Cluster, including benzethonium chloride 

(BEC; CASRN 121-54-0), benzyldimethyl(octadecyl) ammonium chlo-
ride (122-19-0), C8–C18 ADBAC (CASRNs 61789-71-7 and 63449-41-2), 
and C12–C18 ADBAC (CASRNs 8001-54-3 and 68391-01-5). Although 
these Quats are not the focus of the current review, the available data 
support the conclusions reached for C12–C16 ADBAC, and these data are 
summarized in Supplemental File 1. 

3. Results 

3.1. Absorption, Distribution, Metabolism, and Excretion (ADME) 

The ADME properties of DDAC (Section 3.1.1) and C12–C16 ADBAC 
(Section 3.1.2) have been investigated in several studies conducted ac-
cording to published guidelines (e.g., OCSPP and OECD). As discussed 
below, available studies indicate that DDAC and C12–C16 ADBAC are 
not readily absorbed through the skin or gastrointestinal tract, undergo 
limited oxidative metabolism, and are primarily eliminated in feces. 
Similarly, ECHA (2015a,b) concluded that oral and dermal absorption of 
DDAC and C12–C16 ADBAC is limited, and does not exceed 10%. 

3.1.1. ADME properties of DDAC 
In an OCSPP 870.7485 guideline study, male and female rats (5/sex/ 

dose) were exposed to either (1) a single oral dose of 5 or 50 mg/kg 14C- 
DDAC, or (2) 34 parts per million (ppm) DDAC in feed for 14 days fol-
lowed by a single oral dose of 5 mg/kg 14C-DDAC (Biological Test 
Center, 1989a, as cited in EPA, 2006c; ECHA, 2015a). The toxicokinetics 
of DDAC were not affected by dose or exposure duration. DDAC was 
found to be poorly absorbed via the oral route and was primarily 
excreted in feces as either the parent compound or as an oxidative 
metabolite within 3 days of the final dose for both sexes. Four oxidative 
metabolites of DDAC were identified, with oxidation being confined to 
the decyl side-chains of the parent compound. The study authors note 
that microbes in the intestinal tract are likely responsible for metabolism 
of DDAC; however, additional studies are required to substantiate this 
hypothesis. 

In a second study, adhering to OECD TG 417, the oral and dermal 
toxicokinetics of DDAC were investigated with Sprague Dawley rats 
(CIT, 2005a, as cited in ECHA, 2015a, 2019a). In the oral study, male 
and female rats were dosed by gavage with single (50 or 200 mg/kg) or 
repeat (50 mg/kg-day DDAC for 7 days) doses of 14C-DDAC. Radio-
labeled DDAC was undetectable in blood in all exposure groups, with 
total oral absorption estimated to be between 3% and 7% based upon 
urinary (0.9–3.2%) and bile (1.8–4.0%) excretion. Quantifiable levels of 
radioactivity were detected in several organs in high-dose animals, 
including the liver, kidney, and intestines; however, exact levels of 
radioactivity were not reported in the study summary prepared by ECHA 
(2015a). The majority (86–96%) of DDAC was eliminated, unabsorbed, 
within 48 h in feces, and no DDAC or DDAC metabolites were detected in 
urine. Based upon low oral bioavailability, rapid excretion, and recovery 
of 90% radioactivity, the study indicates that DDAC lacks the potential 
to bioaccumulate. In the dermal study, rats were exposed to a single, 
topical dose of 1.5 or 15 mg/kg 14C-DDAC for 6 h, which was applied to 
clipped skin over the interscapular region of the upper back, compro-
mising approximately 10% of the total body surface area (CIT, 2005a, as 

Fig. 1. Chemical structures of (A) DDAC (CASRN 7173-51-5) and (B) C12–C16 ADBAC (CASRN 68424-85-1), which is a formulation in which R equals alkyl chains of 
12 (40%), 14 (50%) or 16 (10%) carbons in length. 
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cited in ECHA, 2015a, 2019a). Of the administered dose, 1% and 50% 
were eliminated in urine and feces, respectively, over a 48-h period, 
which suggests a high dermal absorption rate. However, animals did not 
wear an Elizabeth collar to prevent unintentional oral ingestion via 
licking for the majority of the experiment (collar was only worn during 
6-h exposure period), which compromises experimental results and led 
ECHA (2015a) to conclude that dermal absorption of DDAC could not be 
reliably quantified. Alternatively, results from an in vitro percutaneous 
absorption assay with 14C-DDAC indicate that dermal absorption 
through human skin is negligible (Inveresk Research, 2001, as cited in 
ECHA, 2015a). Only 0.1% of the administered dose was found to fully 
penetrate human skin within a 24-h period, while 9.41% of radioactivity 
was detected in the dermis and epidermis, which led ECHA (2015a) to 
conclude that dermal absorption does not exceed 10% at non-corrosive 
doses. 

3.1.2. ADME properties of C12–C16 ADBAC 
In an OCSPP 870.7485 guideline study, male and female Sprague 

Dawley rats (10/sex/dose) were administered (1) single gavage (10 or 
50 mg/kg) or intravenous (10 mg/kg) doses of 14C-ADBAC (purity 30%) 
or (2) fed an admixture of 100 ppm ADBAC for 14 days followed by a 
single dose of 10 mg/kg 14C-ADBAC on day 15 (Biological Test Center, 
1989b,2 as cited in EPA, 2006d & ECHA, 2015b, 2019b). Regardless of 
dose, in the gavage and feed studies, 87–99% of the administered dose 
was recovered in feces, 5–8% in urine, and <1% in tissues, with no 
sex-specific differences in excretion noted. Of the 14C-ADBAC detected 
in feces, 58–72% was the parent compound; however, four major me-
tabolites were identified but were limited to hydroxyl and hydroxyketo 
derivatives formed following oxidation of the decyl sidechains, and 
study authors concluded that metabolism was likely mediated by in-
testinal microbes. Alternatively, in the intravenous study, some 
sex-specific differences in excretion were noted, with 30.6% (male) and 
20.6% (female) of the administered dose recovered in urine, and 44.4% 
(male) and 55.1% (female) recovered in feces, while 30.2–32.7% of 
radioactivity was recovered in the carcass and 3.1–3.2% was recovered 
in other tissues (e.g., gastrointestinal tract, heart, kidney, and liver). 
These results indicate that both the kidney and liver are capable of 
excreting any absorbed ADBAC. 

Seguin et al. (2019) conducted studies with human liver microsomes 
(HLMs) to investigate the metabolism of ADBAC with alkyl chains 
ranging from 10 to 16 carbons in length. NAPDH-dependent oxidative 
metabolism of ADBAC was observed in HLMs; however, oxidation was 
limited to the alkyl sidechains, with major metabolites identified as 
ω-hydroxy, (ω-1)-hydroxy, (ω, ω-1)-diol, (ω-1)-ketone, and ω-carboxylic 
acid for ADBAC with a 10 carbon alkyl chain. These results suggest that 
any absorbed ADBAC may undergo some oxidative metabolism in the 
liver; however, further in vivo studies are required to substantiate this. 

No in vivo studies investigating the dermal absorption of C12–C16 
ADBAC were identified. An OECD TG 428 (Skin Absorption: In Vitro 
Method) study to investigate the absorption of 0.03% and 0.3% (weight 
for weight (w/w) in water) 14C-ADBAC across human skin membranes 
has been conducted (Charles River Laboratories, 2006, as cited in ECHA, 
2015b, 2019b). Only 0.03–0.05% of the administered dose was found to 
fully penetrate human skin within a 24-h period, while 8.3% of the 
active substance was detected in the receptor fluid and skin after stratum 
corneum removal, which led ECHA to conclude that dermal absorption 
does not exceed 10% at non-corrosive doses. Similarly, based on mo-
lecular weight, lack of lipophilicity, and ionic state, EPA (2006d) 
concluded that dermal absorption of C12–C16 ADBAC does not exceed 
10%. 

3.2. Skin and eye irritation/corrosion 

The irritating properties of DDAC (Section 3.2.1) and C12–C16 
ADBAC (Section 3.2.2) have been investigated in several guideline 
studies. Available studies indicate that both DDAC and C12–C16 ADBAC 
are irritating/corrosive to the skin and eye. EPA (2006a,b) concluded 
that DDAC and C12–C16 ADBAC are highly irritating to the skin and eye 
(EPA Toxicity Category I), while ECHA (2015a,b) proposed that both 
DDAC and C12–C16 ADBAC be classified as Skin Corrosion Hazard 
Category 1B, per the Classification, Labeling and Packaging (CLP) 
Regulation ((EC) No 1272/2008); with the accompanying hazard 
statement H314 (causes severe skin burns and eye damage). No guide-
line studies investigating respiratory system irritation are available for 
either DDAC or C12–C16 ADBAC, but given the irritating properties of 
DDAC and C12–C16 ADBAC to skin, both Quats are presumed to be 
respiratory irritants. However, it should be noted that both DDAC (vapor 
pressure of 2.33 � 10� 11 mm Hg at 25 �C; EPA, 2006a) and ADBAC 
(3.53 � 10� 12 mm Hg at 25 �C; EPA, 2006b) are non-volatile. Therefore, 
inhalation exposure is limited to product use scenarios in which DDAC 
or ADBAC are aerosolized during spraying, and this exposure scenario 
can be limited by only spraying large, non-inhalable droplets (i.e., mass 
median aerodynamic diameter [MMAD] >40 μm; ECHA, 2015a,b). 

3.2.1. Skin and eye irritation – DDAC 
In an OCSPP 870.2500 guideline study, 0.5 mL of a formulation 

containing 80% DDAC was applied to the skin of one male rabbit for 4 h 
(Hill Top Biolabs, Inc. 1991a, as cited in EPA, 2006c & ECHA, 2015a, 
2019a). Dermal application of DDAC resulted in severe skin irritation, 
including changes in skin texture and coloration, and necrosis, which led 
study authors to conclude that DDAC is corrosive to skin. In support of 
this conclusion, severe skin irritation/corrosion has also been reported 
in two additional OECD TG 404 (Acute Dermal Irritation/Corrosion) 
studies conducted with rabbits (Safepharm Laboratories, 1995, 1986, as 
cited in ECHA, 2015a, 2019a). However, skin irritation is a threshold 
effect, and a 2-week skin irritation study in rats indicates that the 5-day 
and 14-day no-observed-adverse-effects concentrations (NOAECs) for 
the skin-irritating properties of DDAC are 0.6% and 0.3%, respectively 
(ECHA, 2015a). 

Two OCSPP 870.2400 guideline studies have been conducted to 
investigate primary eye irritation following ocular DDAC exposure 
(EPA, 2006c; Hill Top Biolabs, Inc. 1991b, as cited in EPA, 2006c; ECHA, 
2015a). In the first study, 0.1 mL of a formulation containing 80% DDAC 
was instilled into one eye of two separate rabbits. After 1 h, severe 
corneal opacity, redness, and chemosis of the conjunctiva were 
observed, and persisted until 48 h post-dosing when the animals were 
sacrificed due to welfare concerns. In a second study, 0.1 mL of a 
formulation containing 80% DDAC was instilled into the eye of one male 
rabbit. One hour after dosing, severe eye irritation was evident and was 
characterized by corneal opacity, redness, and a misshapen eye, which 
led the study authors to terminate the study. In addition, results from a 
Draize test for determining the threshold irritant concentration (TIC) of 
DDAC in rabbits are reported in the REACH Registration Dossier for 
DDAC (ECHA, 2019a). The registrant-provided study summary indicates 
that concentrations of DDAC as low as 0.1%–0.5% are irritating to the 
eye. 

No guideline studies were identified that investigated respiratory 
irritation following inhalation exposure to DDAC. Ohnuma et al. (2010, 
2011, 2013) conducted a serious of non-guideline/non-GLP studies in 
which male C57BL/6J mice were instilled within the trachea with low 
doses (15–1500 μg/kg) of DDAC dissolved in phosphate-buffered saline 
and reported signs of inflammation and pulmonary fibrosis, which is 
consistent with respiratory system irritation. 

3.2.2. Skin and eye irritation – C12–C16 ADBAC 
Two OCSPP 870.2500 studies have been conducted with C12–C16 

ADBAC. In the first study, 0.5 mL of a formulation containing 82.26% 

2 Original unpublished study report available from FDA Docket ID: FDA- 
2016-N-0124; document ID: FDA-2016-N-0124-0159; available at www. 
regulations.gov. 
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ADBAC was applied to the skin of one female rabbit (Product Safety 
Labs, 1999a, as cited in EPA, 2006d). Well-defined erythema and 
moderate edema were observed within 1 h of the exposure, and clear 
signs of dermal corrosion were noted by 72 h. In a second study, a 
formulation containing C12–C16 ADBAC (purity 49.2%) was applied to 
the skin of six rabbits for 24 h, and then the rabbits were observed for an 
additional 72 h (Bio-Toxicology Laboratories, Inc. 1975a, as cited in 
ECHA, 2015b, 2019b). Severe edema and erythema were observed, and 
the test substance was classified as irritating to skin. 

No studies investigating eye or respiratory irritation following 
exposure to C12–C16 ADBAC were identified. EPA waived the eye 
testing requirement due to animal welfare concerns (EPA, 2006b). 
However, given the irritating nature of C12–C16 ADBAC to skin, ADBAC 
is presumed to be irritating to the eye and respiratory system. 

3.3. Dermal sensitization 

Several guideline studies investigating dermal sensitization 
following exposure to DDAC (Section 3.3.1) and C12–C16 ADBAC 
(Section 3.3.2) have been conducted. Available studies indicate that 
neither DDAC nor C12–C16 ADBAC are dermal sensitizers, which is 
consistent with the conclusions of EPA (2006a,b) and ECHA (2015a,b). 

3.3.1. Dermal sensitization – DDAC 
Four OCSPP 870.2600 guideline studies (Buehler Method) investi-

gating skin sensitization in guinea pigs following dermal application of 
DDAC were identified, all of which concluded that DDAC is not a skin 
sensitizer (Hazleton-Institute Francais de Toxicologie, 1992, as cited in 
ECHA, 2015a; Tox Monitor Laboratories, Inc. 2003, as cited in ECHA, 
2015a; Product Safety Laboratories, 2004, as cited in EPA, 2006c & 
ECHA, 2015a; Notox, 1996a, as cited in ECHA, 2015a, 2019a). DDAC 
has also been tested for skin sensitizing properties in a non-guideline 
combined irritancy and local lymph node assay (LLNA; Anderson 
et al., 2016). Dermal sensitization was observed in the LLNA at con-
centrations as low as 0.25% DDAC; however, the LLNA has a high false 
positive rate for chemicals that are strong dermal irritants, as irritants 
can induce non-specific lymphocyte proliferation (Anderson et al., 2011; 
Loveless et al., 1996). Finally, one study determined that DDAC is not a 
photosensitizer (Hill Top Biolabs, Inc. 1991c, as cited in EPA, 2006c; 
ECHA, 2015a). Although there are no direct data, the lack of dermal 
sensitization potential supports the notion that respiratory sensitization 
is also not anticipated (ECHA, 2015a). 

3.3.2. Dermal sensitization – C12–C16 ADBAC 
Two OCSPP 870.2600 studies (Buehler Method) with guinea pigs 

have been carried out to investigate the skin-sensitizing potential of 
C12–C16 ADBAC (Product Safety Labs, 2005, 1999b, as cited in EPA 
2006d & ECHA, 2015b, 2019b). Both studies concluded that C12–C16 
ADBAC is not a dermal sensitizer, while a third non-guideline study 
concluded that C12–C16 ADBAC is not a photosensitizer (Hill Top Bio-
labs Inc. 1988, as cited in EPA, 2006d; ECHA, 2015b). 

3.4. Acute oral, dermal, and inhalation toxicity 

Acute toxicity following exposure to DDAC and C12–C16 ADBAC via 
the oral, dermal, and inhalation exposure routes has been investigated 
(Tables 1 and 2). Available studies indicate that DDAC is acutely toxic 
via the oral (LD50s range from 238 to 329 mg/kg) and inhalation (LC50 
¼ 0.07 mg/L) exposures routes, but not via the dermal exposure route 
(all reported dermal LD50s are >2000 mg/kg). Alternatively, C12–C16 
ADBAC is acutely toxic via the oral (LD50s range from 304.5 to 344 mg/ 
kg), dermal (930–3412.5 mg/kg), and inhalation (LC50 is > 0.054 mg/L 
but <0.51 mg/L) exposure routes. However, as discussed above (Section 
3.2), DDAC and ADBAC have low volatility, and the limited inhalation 
exposure associated with aerosolized droplets that may be generated 
during the spraying of products can be minimized by using nozzles that 

generate large, non-inhalable droplets. 
Based on available studies, EPA (2006a,b) classified DDAC and 

C12–C16 ADBAC as Toxicity Category II for the oral and inhalation 
exposure routes and Toxicity Category III for the dermal route. Simi-
larly, under EC Regulation 1272/2008, ECHA (2015a,b) proposed that 
both DDAC and C12–C16 ADBAC be classified as Acute Tox 3 for the oral 
exposure route, and that C12–C16 ADBAC be classified as Acute Tox. 4 
for the dermal exposure route. ECHA (2015a,b) did not classify either 
DDAC or C12 – C16 ADBAC as acutely toxic via the inhalation route, as 
inhalation of DDAC or C12–C16 ADBAC was not considered a potential 
exposure pathway because both DDAC and C12 – C16 ADBAC have low 
volatility and manufacturers recommend only spraying with large, 
non-inhalable, droplets (i.e., MMAD > 40 μM). 

3.5. Repeated dose toxicity – oral, dermal and inhalation 

3.5.1. Repeated dose oral toxicity – DDAC 
Systemic toxicity following repeated oral exposure to DDAC has been 

investigated in four subchronic 90-day studies conducted with beagles 
and rats, and in four chronic toxicity studies conducted with beagles, 
mice, and rats (Table 3). Reported no-observed-adverse-effect levels 
(NOAELs) range from 10 to 93.1 mg/kg-day DDAC (Table 3), with 
toxicological effects consistently characterized by reduced food con-
sumption, reduced mean body weight, and reduced weight gain, which 
is consistent with the mode of action (MoA) of an irritating/corrosive 
chemical (EPA, 2006a,b,c,d; ECHA, 2015a,b). 

In an OCSPP 870.3100 90-day oral feed study, male and female rats 
were dosed with a feed admixture containing 0, 100, 300, 600, 1,000, or 
3000 ppm DDAC (purity 80.8%; BRRC, 1988a, as cited in EPA, 2006c & 
ECHA, 2015a). Received doses were calculated to be 6.2, 18.5, 36.8, 
60.7, and 175.4 mg/kg-day for males, and 0, 7.5, 22.3, 44.4, 74.3, and 
225.5 mg/kg-day for females. In both sexes of the highest exposure 
group, DDAC caused an increase in mortality and a decrease in body 
weight gain, mean body weight, and food consumption. An increased 
incidence of glycogen depletion was also observed in the spleen of 
high-dose animals (both sexes), while sinus erythrocytosis and lymphoid 
hyperplasia of the mesenteric lymph nodes was noted in females. This 
study supports NOAELs for DDAC of 60.7 mg/kg-day for males and 74.3 
mg/kg-day for females. 

In a second 90-day oral toxicity study, male and female Sprague 
Dawley rats were fed a dietary admixture of 0, 1500, 3000, or 6000 ppm 
DDAC (40% a.i.; CIT, 2004, as cited in ECHA, 2015a, 2019a). Equivalent 
received doses were calculated to be 42, 84, or 175 mg/kg-day for males, 
and 49, 96, or 201 mg/kg-day for females. Toxicologically relevant ef-
fects were limited to animals in the two highest exposure groups, and 
included soft feces (6000 ppm), reduced body weight (6000 ppm), 
reduced body weight gain and food consumption (�3000 ppm), per-
turbations in hematology and blood chemistry (6000 ppm; precise ef-
fects not detailed), distension of the cecum with feces (�3000 ppm), and 
histiocytosis (�3000 ppm), mastocytosis (�3000 ppm), and sinusal 
hemorrhage (6000 ppm) in the mesenteric lymph node. At the low dose 
(1500 ppm), the study authors noted slight changes in hematology and 
blood chemistry, and marginal increase in histiocytosis and mastocy-
tosis in the mesenteric lymph nodes, which were not considered toxi-
cologically relevant by the study authors. Based on experimental 
findings, the study authors identified NOAELs of 42 mg/kg-day (male) 
and 49 mg/kg-day (female) DDAC. 

Two 90-day and one 52-week guideline studies have been conducted 
with beagles. In the first study, which adhered to OCSPP 870.3100, male 
and female dogs were fed a feed admixture containing 0, 5, 15, or 50 
mg/kg-day DDAC (purity not reported) (Food & Drug Research Labo-
ratories, 1975, as cited in EPA, 2006c; ECHA, 2015a). DDAC-related 
effects were limited to the 50 mg/kg-day exposure group and included 
a decrease in body weight gain, food consumption, and food efficiency in 
both sexes. No other effects related to DDAC exposure were reported, 
supporting a NOAEL of 15 mg/kg-day DDAC. Similarly, in the second 
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study, which adhered to OECD 409, male and female beagles (4/sex/-
dose) were dosed with a feed admixture containing 0, 300, 600, or 1200 
ppm DDAC (40% a.i.). The equivalent received doses were calculated to 
be 0, 4, 8, and 15 mg a.i./kg-day for males, and 0, 4, 9, and 18 mg a. 
i./kg-day for females. No toxicologically relevant effects were 

observed for any parameter in either sex at any dose, which supports an 
unbounded NOAEL of 15 mg/kg-day DDAC for male and 18 mg/kg-day 
DDAC for female beagles (CIT, 2006a, as cited in ECHA, 2015a, 2019a). 
In a chronic (1-year) oral feeding study that adhered to OCSPP guideline 
870.4100, male and female beagles (4/sex/dose) were dosed with 0, 3, 

Table 1 
Results of acute toxicity studies for DDAC.  

Exposure Route Test Substance (% a.i.) Test Guideline Species Acute Toxicity Value Reference 

Oral DDAC (65%) OCSPP 870.1100 Rat LD50 (mg/kg) 262 BRRC 1989a, as cited in EPA 2006c 
DDAC (80%) OCSPP 870.1100 Rat LD50 (mg/kg) 238 Hill Top Biolabs, Inc. (1992), as cited in EPA 2006c & ECHA 2015a 
DDAC (50%) OECD 401 Rat LD50 (mg/kg) 329 Notox (1990a), as cited in ECHA 2015a 
DDAC (unknown) Unknown Rat LD50 (mg/kg) 264 Research & Consulting Company AG 1983, as cited in ECHA 2015a 

Dermal DDAC (65%) OCSPP 870.1200 Rabbit LD50 (mg/kg) 2930 BRRC 1991a, as cited in EPA 2006c 
DDAC (50%) OCSPP 870.1200 Rabbit LD50 (mg/kg) 4350 Consumer Product Testing (1980), as cited in EPA 2006c & ECHA 2015a 
DDAC (80%) Unknown Rabbit LD50 (mg/kg) 3342 Springborn Institute (1987), as cited in ECHA 2015a 
DDAC (50%) OECD 402 Rat LD50 (mg/kg) >1000 Notox (1996b), as cited in ECHA 2015a 

Inhalation DDAC (unknown; 
MMAD unknown) 

OCSPP 870.1300 Rat LC50 (mg/L) 0.07 Toxigenics (1984), as cited in EPA 2006c 

Abbreviations: a.i. ¼ active ingredient; MMAD ¼ mass median aerodynamic diameter. 

Table 2 
Results of acute toxicity studies for C12–C16 ADBAC.  

Exposure 
Route 

Test Substance (% a. 
i.) 

Test Guideline Species Acute Toxicity Value Reference 

Oral ADBAC (49.2%) Unknown Rat LD50 (mg/ 
kg) 

344 Bio-Toxicology Laboratories, Inc. (1975b), as cited in ECHA 
2015b 

ADBAC (82.26%) OCSPP 
870.1100 

Rat LD50 (mg/ 
kg) 

304.5 Springborn Laboratories (1998), as cited in EPA 2006d 

Dermal ADBAC (49.2%) OCSPP 
870.1200 

Rabbit LD50 (mg/ 
kg) 

3412.50 Leberco Laboratories (1977), as cited in ECHA 2015b 

ADBAC (82.26%) OCSPP 
870.1200 

Rat LD50 (mg/ 
kg) 

930 Product Safety Labs (1999c), as cited in EPA 2006d 

Inhalation ADBAC (82.26%; 
MMAD unknown) 

OCSPP 
870.1300 

Rat LC50 (mg/L) >0.054 to 
<0.51 

Product Safety Labs (1999d), as cited in EPA 2006d 

ADBAC (77.3%; 
MMAD 0.8–1.9 μm) 

OCSPP 
870.1300 

Rat LC50 (mg/L) 0.25 ECHA (2019b) 

Abbreviations: a.i. ¼ active ingredient; MMAD ¼ mass median aerodynamic diameter. 

Table 3 
Summary of identified NOAELs from repeated dose toxicity studies for DDAC.  

Species Exposure 
Duration 

Exposure 
Route 

Dose (mg/kg-d) NOAEL 
(mg/kg-d) 

LOAEL (mg/ 
kg-d) 

Effects Observed at LOAEL Reference 

Rat 13-weeks Oral/Feed 0, 6.2, 18.5, 36.8, 60.7, 
175.4 (M) 0, 7.5, 22.3, 
44.4, 74.3, 225.5 (F) 

60.7 (M) 
74.3 (F) 

175.4 (M) 
225.5 (F) 

Increased mortality; decreased body weight, 
weight gain, and food consumption; 
histopathological findings 

BRRC 1988a, as cited in EPA 
2006c & ECHA 2015a 

Rat 13-weeks Oral/Feed 0, 42, 84, 175 (M) 0, 49, 
96, 201 (F) 

42 (M) 49 
(F) 

175 (M) 96 
(F) 

Reduced body weight gain and food 
consumption; clinical signs; histopathological 
findings in the mesenteric lymph nodes 

CIT 2004, as cited in ECHA 
2015a, 2019a 

Beagle 13-weeks Oral/Feed 0, 5, 15, 50 (M, F) 15 (M, F) 50 (M, F) Reduced body weight gain, food consumption, 
and food efficiency 

Food & Drug Research 
Laboratories (1975), as cited in  
EPA 2006c & ECHA 2015a 

Beagle 13-weeks Oral/Feed 0, 4, 8, 15 (M) 0, 4, 9, 
18 (F) 

15 (M) 18 
(F) 

NA No adverse effects observed CIT 2006a, as cited in ECHA 
2015a, 2019a 

Beagle 52-weeks Oral/Feed 0, 3, 10, 20 (M, F) 10 (M, F) 20 (M, F) Soft/mucoid feces and emesis (M, F); 
decreased cholesterol (F) 

Hazleton Washington Inc. 1991, 
as cited in EPA 2006c & ECHA 
2015a 

Rat 104- 
weeks 

Oral/Feed 0, 12.6, 27.3, 55.4 (M) 
0, 15.7, 33.8, 69.5 (F) 

27.3 (M) 
33.8 (F) 

55.4 (M) 
69.5 (F) 

Reduced body weight; histopathological 
alterations in the mesenteric lymph nodes 

CIT 2008a, as cited in ECHA 
2015a 

Rat 104- 
weeks 

Oral/Feed 0, 13, 32, 64 (M) 0, 16, 
41, 83 (F) 

32 (M) 41 
(F) 

64 (M) 83 
(F) 

Reduced body weight; histopathological 
alterations in the mesenteric lymph nodes 

BRRC 1991b, as cited in EPA 
2006c & ECHA 2015a, 2019a 

Mouse 78-weeks Oral/Feed 0, 15.0, 76.3, 155.5 (M) 
0, 18.6, 93.1, 193.1 (F) 

76.3 (M) 
93.1 (F) 

155.5 (M) 
193.1 (F) 

Reduced body weight BRRC 1991c, as cited in EPA 
2006c & ECHA 2015a, 2019a 

Rat 13-weeks Dermal 0, 2, 6, 12 (M, F) 6 (M) 2 (F) 12 (M) 6 (F) Skin irritation BRRC 1989b, as cited in EPA 
2006c & ECHA 2015a 

Rat 3-weeks Inhalation 0, 0.091, 0.57, 1.7 mg/ 
m3 

NA 0.091 mg/ 
m3 (LOAEC) 

Increased lung weight; changes in LDH, total 
protein and cell counts in BALF; 
histopathological findings 

WIL Research Laboratories 
(2011), as cited in EPA 2017a 

Abbreviations: BALF ¼ bronchoalveolar lavage fluid; F ¼ female; LDH ¼ lactate dehydrogenase; LOAEC ¼ lowest-observed-adverse-effect concentration; LOAEL ¼
lowest-observed-adverse-effect level; M ¼ male; NA ¼ not applicable; NOAEL ¼ no-observed-adverse-effect level. 
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10, or 20 mg/kg-day DDAC (purity 80.8%; Hazleton Washington Inc. 
1991, as cited in EPA, 2006c & ECHA, 2015a).3 Total cholesterol levels 
were reduced in high-dose females, while clinical signs of toxicity, 
including soft/mucoid feces and emesis were noted in both sexes at the 
highest dose. No other DDAC-related effects were observed. This study 
supports a NOAEL of 10 mg/kg-day based on reduced cholesterol and 
clinical signs. 

3.5.2. Repeated dose dermal toxicity – DDAC 
Repeated dose dermal toxicity of DDAC has been investigated in two 

21-days studies (Covance Laboratories, Inc. 2001; Envirocon, 1988; 
1989a, as cited in EPA, 2006c) and in one 90-day study (BRRC, 1989b, 
as cited in EPA, 2006c; ECHA, 2015a). In a non-guideline study, male 
and female guinea pigs (5/sex/dose) were dermally exposed to a 1:5 
solution of sanitizing carpet shampoo containing 6% DDAC for 5 days 
per week for 3 weeks (received doses were 0, 30, and 60 mg a.i./kg-day). 
Skin irritation in the form of sloughing of the stratum corneum was 
observed during the second week of dosing and intensified during the 
third week of the study in high-dose animals. Mean body weight was 
reduced 7–11% in high-dose males and females, while several hema-
tology and clinical chemistry parameters were mildly elevated; how-
ever, the study authors did not conduct a statistical analysis on these 
parameters. Collectively, this study supports a NOAEL of 30 mg a. 
i./kg-day DDAC based on skin irritation, reduced body weight, and he-
matological and clinical chemistry alterations (Envirocon, 1988; 1989a, 
as cited in EPA, 2006c). Similarly, in an OCSPP 870.3200 guideline 
study, male and female rats (10/sex/dose) were dermally exposed to 0, 
100, 500, or 1000 mg/kg-day DDAC (SS0853.01, containing 0.13% 
DDAC; equivalent to 0.13, 0.65, and 1.3 mg a.i./kg-day) for 21 days 
(Covance Laboratories, Inc. 2001, as cited in EPA, 2006c). No local 
irritation or systemic effects attributable to DDAC were reported; thus, 
this study supports an unbounded NOAEL of 1.3 mg a.i./kg-day DDAC. 

In a third OCSPP 870.3250 guideline study, male and female rats 
(15/sex/dose) were dermally exposed to 0, 2, 6, or 12 mg/kg-day DDAC 
(purity 80.8%) for 6 h/day, 5 days/week, for 90 days (BRRC, 1989b, as 
cited in EPA, 2006c; ECHA, 2015a). Exposure to DDAC had no effect on 
survival, weight gain, or food consumption, and no systemic toxicity was 
noted in either sex at any dose. Signs of skin irritation were noted in 
mid-dose (females only) and high-dose (both sexes) rats, and included 
increased incidence of ulceration, epidermitis, dermatitis, hyperkera-
tosis, and acanthosis. This study supports NOAELs of 2 mg/kg-day (fe-
males) and 6 mg/kg-day (males) DDAC based on local skin irritation. 

3.5.3. Repeated dose inhalation toxicity – DDAC 
One guideline (WIL Research Laboratories, 2011, as cited in EPA, 

2017a) and two non-guideline (Lim and Chung, 2014; Kim et al., 2017) 
repeat dose inhalation toxicity studies for DDAC were identified. Several 
additional non-guideline studies in which mice (Ohnuma et al., 2010, 
2011, 2013) and rats (Do et al., 2016) were exposed to DDAC via 
intratracheal instillation were identified. These studies consistently 
report signs of pulmonary inflammation; however, since the route of 
administration is of limited relevance (i.e., intratracheal instillation), 
these studies are not further discussed. 

In an OECD TG 412 study, male and female Sprague Dawley rats (5/ 
sex/dose) were exposed to measured concentrations of 0, 0.091, 0.57, 
and 1.7 mg/m3 DDAC (purity 50.79%; MMAD 1.5–1.9 μm). Rats were 
exposed via a nose-only exposure apparatus for 6 h/day, 5 days/week 
for a total of 20–21 days (WIL Research Laboratories, 2011, as cited in 
EPA, 2017a). Additional groups of 5 rats/sex were included for the 
control and high-dose treatments to assess the reversibility of observed 
effects after a 2-week recovery period. Dose-dependent reductions in 

mean body weight were observed in males (�0.091 mg/m3) and females 
(�0.57 mg/m3); however, this effect was only statistically significant in 
high-dose males (20.5% reduction) and was reversible after a 2-week 
recovery period. Dose-dependent and reversible increases in relative 
lung weight were also observed in males (1.7 mg/m3) and females 
(�0.57 mg/m3). Histopathology revealed ulceration of the stratified 
squamous epithelium in the nasal cavity in both sexes (1.7 mg/m3) and 
degeneration of the olfactory epithelium in males (�0.57 mg/m3) and 
females (1.7 mg/m3). Mucus production and nasal cavity hemorrhage 
were also reported, and severity of these effects generally increased with 
dose. Analysis of bronchoalveolar lavage fluid (BALF) revealed an in-
crease in neutrophils and eosinophils, and a decrease in macrophages in 
both sexes (1.7 mg/m3), while clear, dose-dependent trends in increased 
cell number and total protein were noted in males (�0.091 mg/m3), and 
lactate dehydrogenase (LDH) levels were increased in both sexes 
(�0.091 mg/m3). No NOAEC was identified; the 
lowest-observed-adverse-effects concentration (LOAEC) was 0.091 
mg/m3 based on changes that are consistent with inflammatory effects 
in the lungs. 

In a non-guideline study, Lim and Chung (2014) exposed male 
Sprague Dawley rats to 0, 0.15, 0.6, and 3.6 mg/m3 DDAC (MMAD 1.86 
μm; purity not provided; number of rats per dose not provided) in 
whole-body exposure chambers for 2 weeks. Body weight gain was 
reduced in high-dose animals, and mild indicators of cell damage (i.e., 
increased albumin) were noted in BALF of high-dose rats. Histopathol-
ogy of the lung revealed partial inflammatory cell infiltration and 
interstitial pneumonia in mid- and high-dose rats; however, more severe 
effects such as fibrosis were not observed. Based upon these results, the 
study authors identified a NOAEC of 0.15 mg/m3 DDAC based on lung 
histopathology. However, the overall incidence of lung histopathology 
was not reported (only a single image was shown for each exposure 
group), and there was no additional evidence of lung damage in the 
mid-dose group (0.6 mg/m3). Therefore, the true NOAEC for this study 
appears to be 0.6 mg/m3 DDAC. In a second non-guideline study, Kim 
et al. (2017) exposed male and female Sprague Dawley rats (10/sex/-
dose) to 0.11, 0.36, and 1.41 mg/m3 DDAC (MMAD 0.63–1.65 μm; 
purity not provided) for 13 weeks. Mean body weight was reduced in 
high-dose males (35%) and females (15%), while a reduction in food 
consumption in high-dose animals was also observed. Several hema-
tology parameters were altered, including an increase in neutrophils 
(�0.11 mg/m3), white blood cells (�0.36 mg/m3), and eosinophils 
(�0.11 mg/m3); however, these effects were only observed in males and 
displayed weak dose dependency (i.e., the magnitude of the changes 
were comparable in the low- and high-dose groups). Dose-dependent 
increases in relative liver weight were observed in males (1.41 
mg/m3) and females (�0.36 mg/m3), and partial inflammatory cell 
inflammation and interstitial pneumonia were observed in mid- and 
high-dose rats of both sexes. However, the incidence of these histo-
pathological findings was not provided, and the dose dependency of this 
effect could not be determined. More severe histopathological findings 
such as fibrosis and/or proteinosis were not observed, and the study 
authors identified a NOAEL of 0.11 mg/m3 DDAC based on reduced 
body weight and effects consistent with mild inflammation in the lung. 

3.5.4. Repeated dose oral toxicity – C12–C16 ADBAC 
The repeated dose oral toxicity of C12–C16 ADBAC has been inves-

tigated in four subchronic 90-day studies with rats and beagles, and in 
four chronic studies conducted with beagles (52-week study), mice (78- 
week study), and rats (two 104-week studies). Reported NOAELs range 
from 3.7 to 188 mg/kg-day C12–C16 ADBAC (Table 4). Toxicological 
effects most consistently reported are characterized by reduced food 
consumption, and reduced body weight and reduced weight gain. These 
effects are consistent with the MoA for an irritating/corrosive chemical 
(EPA, 2006b,d; ECHA, 2015b). 

In a 90-day study that adhered to OECD TG 408, male and female 
Sprague Dawley rats (10/sex/dose) were fed an admixture containing 0, 

3 Beagles were initially dosed with 30 mg/kg-day; however, the dose was 
poorly tolerated and was discontinued on study day 31 and then dosing with 20 
mg/kg-day DDAC was resumed on study day 36. 
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800, 2000, or 5000 ppm C12–C16 ADBAC (purity 50%; CIT, 2002a, as 
cited in ECHA, 2015b, 2019b). Equivalent received doses were calcu-
lated to be 28, 68, and 166 (males) and 30, 74, 188 (females) mg a. 
i./kg-day ADBAC. ADBAC-related effects were limited to the 
5000-ppm treatment group for both sexes, which included a 20–22% 
reduction in body weight gain and a 7–12% reduction in food con-
sumption. Decreases in white blood cell count (30%), lymphocytes 
(34%), and monocytes (36%) were observed in females (5000 ppm), 
while reduction in absolute and relative liver weights were observed in 
males (5000 ppm). No irritation of the stomach or gastrointestinal tract 
was reported, which led the study authors to attribute the observed ef-
fects to the poor palatability of the test substance. Based on these find-
ings, study authors reported an unbounded NOAEL of 166 mg/kg-day 
for males and 188 mg/kg-day for females for systemic toxicity. Simi-
larly, in a second 90-day study adhering to OCSPP 870.3100, male and 
female Sprague Dawley rats (15/sex/dose) were fed an admixture con-
taining 0, 100, 500, 1000, 4000, and 8000 ppm C12–C16 ADBAC (purity 
80–81%) for 95 (males) to 96 (females) days (BRRC, 1988b, as cited in 
EPA, 2006d & ECHA, 2015b, 2019b).4 Received doses were calculated 
to be 6, 31, and 62 (males) and 8, 38, and 77 (females) mg/kg-day 
ADBAC. Due to high mortality, received doses could not be calculated 
for the 4000- and 8000-ppm dose groups. At �4000 ppm, decreased 
food consumption and decreased body weight were observed, while 
gross necropsy revealed ileus (distended fluid- and gas-filled viscera), 
and histopathological examination revealed congestion and edema of 
the gastrointestinal tract and hemorrhaging in the brain and lungs. The 
only other ADBAC-related effect that was observed was a trend toward 
decreased food consumption and body weight in males (1000 ppm). This 
study supports a NOAEL of 31 mg/kg-day for males based on reduced 
body weight and food consumption, and 77 mg/kg-day for females 
based on mortality, clinical signs, and histopathological alterations. 

The subchronic oral toxicity study of ADBAC has also been investi-
gated with mice (BRRC, 1988c, as cited in ECHA, 2015b). In this study, 
male and female CD-1 mice were fed an admixture containing 0, 100, 
500, 1000, 4000, or 8000 ppm C12–C16 ADBAC (purity 79.7–80.51%) 
for 93–94 days according to OCSPP guideline 870.3100. Received doses 
were calculated to be 18, 85, and 174 mg/kg-day ADBAC (males) and 
21, 102, and 210 mg/kg-day ADBAC (females). Received doses for the 
4000- and 8000-ppm groups could not be calculated due to high mor-
tality. A steep dose-response for mortality was observed, with 100% of 
male (�4000 ppm) and female (8000 ppm) mice dying by study day 11, 
with one female in the 4000-ppm group surviving until scheduled sac-
rifice. Clinical signs were restricted to decedents and were indicative of 
general cachexia (i.e., weakness and wasting), while necropsy revealed 
liquid and semisolid material throughout the intestines. Based on these 
findings, study authors concluded death was attributable to ileus (lack of 
movement in the intestines) and shock. A reduction in body weight was 
observed in females (1000 ppm), while no ADBAC-related effects were 
observed in males (�1000 ppm). Based on these findings, the NOAEL for 
males is 1000 ppm (174 mg/kg-day) based on increased mortality and 
500 ppm (102 mg/kg-day) for females based on a reduction in body 
weight. 

The oral toxicity of C12–C16 ADBAC has been investigated with 
beagles following 13 and 52 weeks of exposure. In the 13-week study, 
which adhered to OECD 409, male and female beagles (4/sex/dose) 
were fed an admixture containing 0, 500, 1500, or 3000 ppm C12–C16 
ADBAC (purity 50%) for 90 days (CIT, 2006b, as cited in ECHA, 2015b, 
2019b). Equivalent received doses were calculated to be 0, 8, 25, and 50 
mg/kg-day (males) and 0, 9, 26, and 45 mg/kg-day (females) ADBAC. A 
reduction in body weight gain and food consumption was noted in 
high-dose females (3000 ppm), which was attributed to the low appe-
tency of the feed admixture. Starting in week 8, the high dose was 
lowered from 3000 to 2500 ppm for females (dose level remained at 
3000 ppm for males), and body weight gain was comparable to controls 
thereafter. No ADBAC-related effects indicative of system toxicity were 
observed, and an unbounded NOAEL of 50 mg/kg-day (males) and 45 

Table 4 
Summary of identified NOAELs from repeated dose toxicity studies for C12–C16 ADBAC.  

Species Exposure 
Duration 

Exposure 
Route 

Dose (mg/kg-d) NOAEL 
(mg/kg-d) 

LOAEL 
(mg/kg-d) 

Effects Observed at LOAEL Reference 

Rat 13 weeks Oral/Feed 0, 28, 68, 166 
(M) 0, 30, 74, 
188 (F) 

166 (M) 
188 (F) 

NA No LOAEL identified CIT 2002a, as cited in ECHA 
2015b, 2019b 

Rat 13 weeks Oral/Feed 0, 6, 31, 62 (M) 0, 
8, 38, 77 (F) 

31 (M) 77 
(F) 

62 (M) 
4000 ppm 
(F) a 

Reductions in food consumption and body 
weight (M); Increased mortality, clinical 
signs, and histopathologic alterations (F) 

BRRC 1988b, as cited in EPA 
2006d & ECHA 2015b, 2019b 

Mouse 13 weeks Oral/Feed 0, 18, 85, 174 
(M) 0, 21, 102, 
210 (F) 

174 (M) 
102 (F) 

4000 ppm 
(M) a 210 
(F) 

Increased mortality (M); Slight reductions in 
body weight (F) 

BRRC 1988c, as cited in ECHA 
2015b 

Beagle 13 weeks Oral/Feed 0, 8, 25, 50 (M) 0, 
9, 26, 45 (F) 

50 (M) 45 
(F) 

NA No LOAEL identified CIT 2006b, as cited in ECHA 
2015b, 2019b 

Beagle 52 weeks Oral/Feed 0, 3.79, 13.1, 
33.8 (M) 0, 3.67, 
14.6, 38.6 (F) 

3.79 (M) 
3.7 (F) 

13.1 (M) 
14.6 (F) 

Reductions in body weight gain, food 
consumption, and cholesterol 

International Research and 
Development Corp. (1994), as cited 
in EPA 2006d & ECHA 2015b 

Mouse 78 weeks Oral/Feed 0, 14.9, 73.4, 
229.3 (M) 0, 
17.8, 92.1, 288.6 
(F) 

73.4 (M) 
92.1 (F) 

229.3 (M) 
288.6 (F) 

Reductions in body weight and weight gain BRRC , 1991e, as cited in EPA 
2006d & ECHA 2015b 

Rat 104 weeks Oral/Feed 0, 13, 44, 88 (M) 
0, 17, 57, 116 (F) 

44 (M) 57 
(F) 

88 (M) 116 
(F) 

Reductions in body weight and weight gain BRRC 1991d, as cited in EPA 
2006d & ECHA 2015b, 2019b 

Rat 104 weeks Oral/Feed 0, 24, 48, 97 (M) 
0, 29, 58, 119 (F) 

48 (M) 58 
(F) 

97 (M) 119 
(F) 

Reductions in body weight, weight gain, and 
food consumption (M, F) 

CIT 2007, as cited in ECHA 2015b, 
2019b 

Guinea 
Pig 

3 weeks Dermal 0, 20, 40 (M, F) 20 (M, F) 40 (M, F) Reductions in body weight and food 
consumption 

Environocon 1989c, as cited in EPA 
2006d 

Rat 13 weeks Dermal 0, 2, 6, 20 (M, F) 20 (M, F) NA No LOAEL identified BRRC 1990a, as cited in EPA 2006d 
& ECHA 2015b 

Abbreviations: F ¼ female; LOAEL ¼ lowest-observed-adverse-effect level; M ¼ male; NA ¼ not applicable; NOAEL ¼ no-observed-adverse-effect level. 
a The received dose could not be calculated for 4000 ppm dose group due to high mortality. The reported LOAEL is based on the concentration of C12–C16 ADBAC in 

the feed admixture. 

4 Unpublished study report available from FDA Docket ID: FDA-2016-N- 
0124; document ID: FDA-2016-N-0124-0155; available at www.regulations. 
gov. 
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mg/kg-day (females) ADBAC (highest dose tested) was reported (CIT, 
2006b). In an OCSPP 870.4100 guideline study, male and female beagles 
(4/sex/dose) were fed an admixture containing 0, 120, 400, or 1200 
ppm C12–C16 ADBAC for 1 year (purity 81.09%; International Research 
and Development Corp, 1994, as cited in EPA, 2006d & ECHA, 2015b).5 

Equivalent received doses were 3.79, 13.1, and 33.8 mg/kg-day (males) 
and 3.67, 14.6, and 38.6 mg/kg-day (females). Food consumption and 
cholesterol were reduced in high-dose (1200 ppm) animals of both 
sexes, while body weight gain was reduced in males (1200 ppm) and 
females (�400 ppm). EPA (2006b) identified a NOAEL of 120 ppm (3.79 
mg/kg-day for males and 3.67 mg/kg-day for females) based on 
decreased body weight gain; however, effects reported in male dogs 
were solely limited to the 1200-ppm dose group. Thus, a NOAEL of 400 
ppm ADBAC (13.1 mg/kg-day) based on reduced food consumption, 
body weight gain, and cholesterol may be more appropriate for male 
beagles in this study. 

3.5.5. Repeated dose dermal toxicity – C12–C16 ADBAC 
Two studies investigating the dermal toxicity of C12–C16 ADBAC 

were identified. In accordance with OCSPP 870.3200, guinea pigs (5/ 
sex/dose) were dermally exposed to 0, 20, or 40 mg/kg-day C12–C16 
ADBAC (4% a.i. in sanitizing carpet shampoo) for 24 h/day, 5 days/ 
week, for 3 weeks (Envirocon, 1989a, as cited in EPA, 2006d). A slight 
reduction in body weight (6–11%) and food consumption (2–5%) was 
reported in both sexes in the highest treatment group. Histopathological 
examination revealed that the non-vascularized epidermal layer was 
denuded. No other treatment-related effects were observed, and a 
NOAEL of 20 mg a.i./kg-day was identified for both sexes based on 
reduced body weight and local irritation. In a second study adhering to 
OCSPP 870.3250, Sprague Dawley rats (15/sex/dose) were dermally 
exposed to 0, 2, 6, or 20 mg/kg-day C12–C16 ADBAC (purity 81.09%) 
for 6–8 h/day, 5 days/week, for 13 weeks (BRRC, 1990a, as cited in EPA, 
2006d; ECHA, 2015b). No mortality; clinical signs of toxicity; changes in 
food consumption, body weight, weight gain, or clinical chemistry; or 
gross pathology or histopathology were reported. Slight hyperkeratosis 
was observed at the site of test substance administration for both sexes at 
all doses (including control males). A dose-related decrease in reticu-
locyte count was observed in mid-dose (6 mg/kg-day) and high-dose 
(20 mg/kg-day) males; however, no other changes in hematology 
were noted. As discussed in EPA (2006d), decreases in reticulocyte count 
are typically associated with a regenerative response to anemia; how-
ever, no other hematological evidence of anemia was reported, and the 
decreasing reticulocyte count in male rats was not considered likely to 
be biologically significant by EPA (2006d). Based on study results, EPA 
(2006d) identified an unbounded NOAEL of 20 mg/kg-day for both 
sexes. 

3.6. Developmental toxicity 

Several guidelines studies have been conducted to investigate po-
tential developmental toxicity associated with DDAC (Section 3.6.1) and 
C12–C16 ADBAC (Section 3.6.2) in rats and rabbits (Table 5). Some 
evidence of developmental toxicity (e.g., reduced fetal body weight and 
increased incidence of dead fetuses) has been reported following pre-
natal exposure to DDAC; however, effects on the developing fetus are 
only observed at maternally toxic doses, which indicates that DDAC does 
not specifically target the developing fetus. Alternatively, no evidence of 
developmental toxicity has been observed following prenatal exposure 
to C12–C16 ADBAC. Similarly, EPA (2006a,b) and ECHA (2015b) also 
concluded that DDAC and C12–C16 ADBAC are not developmental 
toxicants. Based on available prenatal developmental toxicity studies, 

ECHA (2015a,b) identified no specific concerns for developmental 
toxicity, as neither DDAC or C12–C16 ADBAC affected development at 
doses that were not maternally toxic. Similarly, EPA concluded that 
there was no evidence of developmental toxicity of ADBAC in available 
prenatal developmental toxicity studies (EPA, 2006d; 2017b), and that 
DDAC only caused developmental effects at doses that coincided with 
maternal toxicity (EPA, 2006c; 2017a). 

3.6.1. Developmental toxicity – DDAC 
The developmental toxicity of DDAC has been investigated in rats 

and rabbits (Table 5). In an OCSPP 870.3700 study, female New Zealand 
white rabbits (16/dose) were administered (by gavage) doses of 0, 1, 3, 
or 10 mg/kg-day DDAC (purity 80.8%) on gestation days (GDs) 6 
through 18 (BRRC, 1989c, as cited in EPA, 2006c; ECHA, 2015b). 
Maternal toxicity was observed in the 3 and 10 mg/kg-day dose groups, 
and was characterized by reduced body weight gain, hypoactivity, and 
audible respiration. An increased incidence of mortality was also 
observed in the high-dose (10 mg/kg-day) group, with 4 of 16 rabbits 
dying prior to GD12. Developmental toxicity was observed in the highest 
exposure group (10 mg/kg-day) and was characterized by a reduction in 
fetal body weight and an increase in the incidence of dead fetuses. Based 
on this study, the NOAEL for maternal toxicity is 1 mg/kg-day, while the 
NOAEL for developmental toxicity, which coincides with maternal 
toxicity, is 3 mg/kg-day. 

In a second OCSPP 870.3700 study conducted with New Zealand 
white rabbits, females (22/dose) were dosed by oral gavage with 0, 4, 
12, or 32 mg a.i./kg-day DDAC (purity 40%) on GDs 6–28 (CIT, 2005b, 
as cited in ECHA, 2015a, 2019a). Treatment-related effects were pri-
marily limited to the highest exposure group (32 mg/kg-day) and 
included a slight increase in mortality, clinical signs of toxicity (colored 
urine, soft feces, soiled urogenital area, emaciated appearance [1 ani-
mal], blood in bedding [2 animals]), and trends in reduced body weight 
and food consumption. Clinical signs of toxicity (colored urine and loud 
breathing) were noted for one female in the mid-dose group. No 
DDAC-related effects were observed in litters of the low- and mid-dose 
groups. However, in the high-dose group (32 mg/kg-day), there was 
an increase in the number of post-implantation losses, a decrease in the 
number of live fetuses, a decrease in live fetus body weight, an increase 
in the number of dead fetuses, and whitish fluid was noted in the soft 
tissue of 5/6 fetuses from one litter. No malformations or skeletal vari-
ations were observed. This study supports a NOAEL of 4 mg/kg-day for 
maternal toxicity and a NOAEL of 12 mg/kg-day for developmental 
effects. 

In a third OCSPP 870.3700 study with Sprague Dawley rats, females 
(25/dose) were dosed by gavage with 0, 1, 10, or 20 mg/kg-day DDAC 
(purity 80.8%) on GDs 6–15, and then sacrificed on GD 21 (BRRC, 
1991f, as cited in EPA, 2017a; ECHA, 2015a). Maternal toxicity was 
observed in dams in the two highest dose groups, which included 
audible respiration, reduced food consumption, and decreased body 
weight gain during the exposure period and after exposure cessation 
(GDs 16–21). A slight increase in incidence of skeletal malformations 
was noted for pups in the highest exposure group (20 mg/kg-day); 
however, the incidence of the skeletal malformation was not statically 
significant, coincided with maternal toxicity, and was not attributed to 
DDAC exposure. Based on this study, the maternal NOAEL is 1 
mg/kg-day DDAC, while both EPA (2017a) and ECHA (2015a) 
concluded that there was no evidence of developmental toxicity and 
identified an unbounded NOAEL of 20 mg/kg-day (highest dose tested). 

3.6.2. Developmental toxicity – C12–C16 ADBAC 
The developmental toxicity of ADBAC has been investigated in both 

rats and rabbits in three guideline studies. In accord with OCSPP 

5 Unpublished study report available from FDA Docket ID: FDA-2016-N- 
0124; document ID: FDA-2016-N-0124-0158; available at www.regulations. 
gov. 
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870.3700, female Sprague Dawley CD rats (25/dose) were dosed via 
gavage with 0, 10, 30, or 100 mg/kg-day ADBAC (81.09% purity) on 
GDs 6–15, and then the dams sacrificed on GD 21 (BRRC 1992a, as cited 
in EPA, 2006d & ECHA, 2015b, 2019b).6 Maternal toxicity was char-
acterized by (1) dehydration, loose feces and perioral wetness in one 
high-dose (100 mg/kg-day) dam; (2) perioral wetness, loose feces, urine 
stains, and gasping in one mid-dose (30 mg/kg-day) dam; and (3) a 
11–12% decrease in body weight gain in mid- and high-dose dams. No 
ADBAC-related effects on any litter parameters, fetal development, or 
fetal malformations were reported. Study authors identified a maternal 
NOAEL of 10 mg/kg-day and an unbounded NOAEL of 100 mg/kg-day 
(highest dose tested) for developmental toxicity. 

In a second OCSPP 870.3700 study, female New Zealand white 
rabbits (16/dose) were dosed (oral gavage) with 1, 3, or 9 mg/kg-day 
ADBAC (purity 81.09%) on GDs 6–18, and then sacrificed on GD 29 
(BRRC1992b as cited in EPA, 2006d; ECHA, 2015b).7 Maternal toxicity 
included hypoactivity and labored breathing in 2 of 15 high-dose dams 
(9 mg/kg-day ADBAC), while no signs of maternal toxicity were 
observed in the 1 or 3 mg/kg-day treatment groups. ADBAC had no ef-
fect on any litter parameters, fetal body weight, fetal development, or 
visceral or skeletal malformations. This study supports a maternal 
NOAEL of 3 mg/kg-day and an unbounded NOAEL of 9 mg/kg-day 
ADBAC (highest dose tested) for developmental toxicity. 

In an OECD TG 414 study, female New Zealand white rabbits (22/ 
dose) were administered gavage doses of 0, 3, 10 or 30 mg/kg-day 
ADBAC (purity 49.2%) on GDs 6–28 (CIT, 2005c, as cited in ECHA, 
2015b, 2019b). Maternal toxicity was observed in the mid- and 
high-dose groups, and included (1) a trend in increase in mortality 
(three females died in the 30 mg/kg-day group); (2) clinical signs 
including two prematurely sacrificed dams (30 mg/kg-day) and blood in 
the bedding of two dams (10 mg/kg-day); (3) a transient reduction in 
body weight gain on GDs 9–12 (30 mg/kg-day) and a trend in reduced 
body weight at 10 mg/kg-day; and (4) gross pathological findings at 
necropsy, including accentuated lobular patterns in the liver, whitish 

areas and/or blackish deposits and/or edema in the stomach mucosa, 
and dilated intestines and gall bladder in 8 of 22 high-dose dams (similar 
observations reported in 5 of 22 mid-dose dams). No treatment-related 
effects on any litter parameters, fetal development, or malformations 
were reported in any treatment group. This study supports a NOAEL of 3 
mg/kg-day ADBAC for maternal toxicity and an unbounded NOAEL of 
30 mg/kg-day ADBAC (highest dose tested) for developmental toxicity. 

3.7. Reproductive toxicity 

The reproductive effects of DDAC (Section 3.7.1) and C12–C16 
ADBAC (Section 3.7.2) have been investigated in multiple two- 
generation reproductive toxicity studies conducted with rats (Table 6). 
No effects on reproduction have been reported, although some effects on 
pup body weight and weight gain have been observed following expo-
sure to DDAC and C12–C16 ADBAC; however, these effects typically 
coincide with parental toxicity. Collectively, available guideline studies 
indicate that DDAC and C12–C16 ADBAC are not specific or primary 
reproductive or developmental toxicants, which is consistent with the 
conclusions of EPA (2006a,b) and ECHA (2015a,b). 

3.7.1. Reproductive toxicity – DDAC 
In a two-generation reproductive toxicity study that adhered to 

OCSPP 870.3800, rats were continuously dosed with a feed admixture of 
0, 300, 750, or 1500 ppm DDAC (purity 80.8%) starting during the 
premating period and continuing through the F2 generation (BRRC, 
1991g, as cited in EPA, 2006c & ECHA, 2015a, 2019a). Equivalent 
received doses were reported to be 20, 50, and 103 mg/kg-day for males, 
and 24, 61, and 122 mg/kg-day for females. No mortality or clinical 
signs of toxicity were reported for either sex at any dose or in any 
generation. The parental NOAELs for DDAC were reported to be 50 
mg/kg-day for males and 61 mg/kg-day for females based upon a 
reduction in mean body weight, weight gain, and food consumption in 
both sexes in the highest exposure group (1500 ppm). No specific 
reproductive toxicity was observed. NOAELs for developmental effects 
were 50 mg/kg-day (male) and 61 mg/kg-day (female) DDAC, based 
upon decreased mean pup body weight and decreased weight gain in the 
highest exposure group (1500 ppm). 

In a second GLP-compliant OECD TG 416 study (CIT, 2008b, as cited 
in ECHA, 2015a), Sprague Dawley rats (25/sex/dose) were continuously 
fed 0, 500, 1500, or 4000 ppm DDAC (40% a.i.). Equivalent received 

Table 5 
Results of developmental toxicity studies.  

Test 
Substance 

Species Exposure 
Duration 

Exposure 
Route 

Dose 
(mg/ 
kg-d) 

NOAEL (mg/kg-d) LOAEL (mg/kg-d) Effects Observed at LOAEL Reference 

DDAC Rabbit GDs 6-18 Oral/ 
Gavage 

0, 1, 3, 
10 

Maternal: 1 
Developmental: 3 

Maternal: 3 
Developmental: 10 

Maternal: decreased weight gain and 
clinical signs Developmental: decreased 
fetal body weight and increased 
incidence of dead fetuses 

BRRC 1989c, as 
cited in EPA 2006c 
& ECHA 2015a 

Rabbit GDs 6-28 Oral/ 
Gavage 

0, 4, 
12, 32 

Maternal: 4 
Developmental: 12 

Maternal: 12 
Developmental: 32 

Maternal: clinical signs Developmental: 
decreased fetal body weight, increased 
post-implantation loss, decrease in 
number of live fetuses 

CIT 2005b, as cited 
in ECHA 2015a, 
2019a 

Rat GDs 6-15 Oral/ 
Gavage 

0, 1, 
10, 20 

Maternal: 1 
Developmental: 
>20 

Maternal: 10 
Developmental: NA 

Maternal: decreased weight gain and food 
consumption, and clinical signs 
Developmental: no LOAEL identified 

BRRC , 1991f, as 
cited in EPA 2006c 
& ECHA 2015a 

C12–C16 
ADBAC 

Rabbit GDs 6-18 Oral/ 
Gavage 

0, 1, 3, 
9 

Maternal: 3 
Developmental: >9 

Maternal: 9 
Developmental: NA 

Maternal: clinical signs Developmental: no 
LOAEL identified 

BRRC 1992b, as 
cited in EPA 2006d 
& ECHA 2015b, 
2019b 

Rabbit GDs 6-28 Oral/ 
Gavage 

0, 3, 
10, 30 

Maternal: 3 
Developmental: 
>30 

Maternal: 10 
Developmental: NA 

Maternal: decreased body weight gain, 
clinical signs, gross pathological findings 
Developmental: no LOAEL identified 

CIT 2005c, as cited 
in ECHA 2015b, 
2019b 

Rat GDs 6-15 Oral/ 
Gavage 

0, 10, 
30, 100 

Maternal: 10 
Developmental: 
>100 

Maternal: 30 
Developmental: NA 

Maternal: decreased body weight and 
clinical signs Developmental: no LOAEL 
identified 

BRRC 1992a, as 
cited in EPA 2006d 
& ECHA 2015b 

Abbreviations: GD ¼ gestational day; LOAEL ¼ lowest-observed-adverse-effect level; NA ¼ not applicable; NOAEL ¼ no-observed-adverse-effect level. 

6 Unpublished study report available from FDA Docket ID: FDA-2016-N- 
0124; document ID: FDA-2016-N-0124-0156; available at www.regulations. 
gov.  

7 Unpublished study report available from FDA Docket ID: FDA-2016-N- 
0124; document ID: FDA-2016-N-0124-0154. 
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doses were 14, 39, and 109 mg a.i./kg-day for males, and 18, 51, and 
137 mg a.i./kg-day for females. Dosing started 10 weeks prior to mating 
and ended upon weaning of the F2 generation. Exposure to 4000 ppm 
DDAC reduced body weight gain and food consumption in both the P0 
and P1 parents, while no DDAC-related effects were observed at lower 
doses. No DDAC-related effects on mating, fertility, gestation, fecundity, 
delivery, or pre- or post-natal pup development were reported at any 
concentration for either generation. An increased incidence of adrenal 
gland hypertrophy was noted in high-dose (4000 ppm) P0 females, and a 
reduction in spleen weight was noted in high-dose F1 pups (but not in F2 
pups). This study supports a parental NOAEL of 39 mg/kg-day for males 
and 51 mg/kg-day for females, and an unbounded NOAEL of 109 
mg/kg-day for males and 137 mg/kg-day for females for reproductive 
toxicity. 

3.7.2. Reproductive toxicity – C12–C16 ADBAC 
In accord with OCSPP 870.3800, male and female Sprague Dawley 

rats (28/sex/dose) were fed an admixture containing 0, 300, 1000, or 
2000 ppm ADBAC (81.09% purity; BRRC, 1990b, as cited in EPA, 2006d 
& ECHA, 2015b, 2019b).8 Dosing was initiated 10 weeks prior to mat-
ing, and continued 7 days/week for the duration of the experiment (i.e., 
through weaning of the F2 pups). Received doses were estimated to be 
20.7, 68.2, and 134.7 mg/kg-day (F0 males); 25.5, 81.3, and 164.7 
mg/kg-day (F0 females); 19.1, 62.5, and 125.4 mg/kg-day (F1 males); 
and 24.8, 78.5, and 157.1 mg/kg-day (F1 females). Signs of toxicity 
were reported in the high-dose F0 and F1 parental generations 
throughout the premating and gestational periods, which were charac-
terized by slight reductions in body weight, weight gain, and food 
consumption. However, these effects were sporadic and inconsistently 
reported in both sexes. Exposure to ADBAC did not affect any repro-
ductive parameter in any generation. Pup body weight per litter and 
weight gain per litter were sporadically reduced throughout lactation, 
weaning, and post-weaning periods in both the F1 and F2 high-dose 
litters. Based on study results, EPA (2006b) identified a NOAEL of 
2000 ppm ADBAC (highest dose tested) for parental toxicity (i.e., spo-
radic changes in parental body weight and food consumption were not 

considered treatment related) and a NOAEL of 1000 ppm for develop-
mental effects (i.e., reduced pup body weight), which indicates ADBAC 
can have non-specific effects on rat pups in the absence of parental 
toxicity. In contrast, ECHA (2015) considered the observed changes in 
parental body weight and food consumption to be ADBAC-related and 
identified a parental and developmental NOAEL of 1000 ppm ADBAC, 
which is consistent with the NOAELs identified by the original study 
authors (BRRC, 1990b). 

In a second OECD TG 416 study, male and female Sprague Dawley 
rats (25/sex/dose) were fed an admixture containing 0, 500, 2000, or 
4000 ppm ADBAC (purity 49.9%; CIT, 2008c, as cited in ECHA, 2015b, 
2019b). Equivalent received doses for males and females ranged from 
approximately 8–12.5, 30.5–50.5, and 61.5–104 mg a.i./kg-day for the 
P0 generation, and 12–15.5, 48–61.5, and 101–126 mg a.i./kg-day for 
the F1 generation. Rats were dosed continuously for the duration of the 
study, starting 10 weeks prior to F0 mating and continuing until F2 
weaning. Parental toxicity was reported in both sexes of the P0 and P1 
generations and was characterized by (1) dose-dependent reductions in 
body weight gain and food consumption (�500 ppm; P0 and P1); (2) 
reduced liver weight (�2000 ppm in P0; �500 ppm in P1); (3) dilation 
of the cecum (�2000 ppm; P0 and P1), colon, or ileum (4000 ppm; P0 
and P1); and (4) a reduction in the number of implantation sites and 
litter sizes (4000 ppm; P0 and P1). In F1 and F2 pups, ADBAC-related 
effects were primarily reported in the high-dose group (4000 ppm) 
and included reduced mean pup body weight (4000 ppm; F1 and F2), 
reduced weight gain during lactation (4000 ppm; F1 and F2), reduced 
spleen weight (�2000 ppm; F1 and F2), and dilation of the cecum with 
feces (4000 ppm; F2 only; 4 of 25 male pups and 2 of 25 female pups). 
No ADBAC-related effects on mating, fertility, or behavior were reported 
in either the P0 or P1 generations, nor were any effects on pre- and 
post-natal development reported for either generation. Based on study 
results, a parental NOAEL of 500 ppm ADBAC (study authors did not 
consider the mild effects observed at 500 ppm adverse) was identified, 
while a NOAEL of 2000 ppm ADBAC was identified for developmental 
toxicity. 

3.7.3. Reproductive toxicity – combined exposure to DDAC and C12–C16 
ADBAC 

Three non-guideline/non-GLP studies, all from the same research 
group, have been conducted with mice and rats to investigate the effects 
of exposure to combined DDAC and C12–C16 ADBAC on development 

Table 6 
Results of two-generation reproductive toxicity studies.  

Test 
Substance 

Species Exposure 
Duration 

Exposure 
Route 

Dose 
(ppm) 

NOAEL (ppm) LOAEL (ppm) Effects observed at LOAEL Reference 

DDAC Rat Premating 
through F2 
weaning 

Oral/Feed 0, 300, 
750, 
1500 

Parental: 750 
Development: 750 
Reproduction: >1500 

Parental: 1500 
Development: 1500 
Reproduction: NA 

Parental: decreased body weight, 
weight gain and food consumption 
Development: decreased pup body 
weight/weight gain Reproduction: no 
LOAEL identified 

BRRC , 1991g, as 
cited in EPA 
2006c & ECHA 
2015a, 2019a 

Rat Premating 
through F2 
weaning 

Oral/Feed 0, 500, 
1500, 
4000 

Parental: 1500 
Development: >4000 
Reproduction: >4000 

Parental: 4000 
Development: NA 
Reproduction: NA 

Parental: decreased body weight and 
food consumption Development: no 
LOAEL identified Reproduction: no 
LOAEL identified 

CIT 2008b, as 
cited in ECHA 
2015a 

C12–C16 
ADBAC 

Rat Premating 
through F2 
weaning 

Oral/Feed 0, 300, 
1000, 
2000 

Parental: 1000/2000 
a Development: 1000 
Reproduction: >2000 

Parental: 2000/ 
>2000 Development: 
2000 Reproduction: 
NA 

Parental: decreased body weight and 
food consumption Development: 
decreased pup body weight/weight 
gain Reproduction: no LOAEL identified 

BRRC 1990b, as 
cited in EPA 
2006d & ECHA 
2015b, 2019b 

Rat Premating 
through F2 
weaning 

Oral/Feed 0, 500, 
2000, 
4000 

Parental: 500 
Development: 2000 
Reproduction: 2000 

Parental: 2000 
Development: 4000 
Reproduction: 4000 

Parental: decreased body weight and 
food consumption Development: 
decreased pup body weight/weight 
gain, reduced spleen weight 
Reproduction: decreased number of 
implantation sites and litter sizes 

CIT 2008c, as 
cited in ECHA 
2015b, 2019b 

Abbreviations: LOAEL ¼ lowest-observed-adverse-effect level; NA ¼ not applicable; NOAEL ¼ no-observed-adverse-effect level; ppm ¼ parts per million. 
a EPA (2006b,d, 2017d) did not consider the changes in parental body weight or food consumption to be ADBAC related and identified a parental NOAEL of 2000 

ppm, while ECHA (2015b) considered these effects to be ADBAC-related and identified a parental NOAEL of 1000 ppm ADBAC. 

8 Unpublished study report available from FDA Docket ID: FDA-2016-N- 
0124; document ID: FDA-2016-N-0124-0160; available at www.regulations. 
gov. 
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and reproduction. Melin et al. (2014) fed mating pairs of CD-1 mice a 
Nutra-gel diet containing 0, 60, or 120 mg/kg-day combined ADBAC 
and DDAC for 6 months (N ¼ 10 mating pairs per treatment group). Mice 
were monitored daily for 16 health parameters, activity, physiology, 
feed consumption, and changes in body weight (males only, body weight 
was not reported for females). Clinical signs of toxicity in dams included 
inappetance (�60 mg/kg-day), reduced activity (�60 mg/kg-day), 
cyanosis (�60 mg/kg-day), rough haircoat (�60 mg/kg-day), dystocia 
(120 mg/kg-day), and vaginal hemorrhage (120 mg/kg-day), and due to 
welfare concerns one out of ten dams in the 60 mg/kg-day group and 
four out of ten dams in the 120 mg/kg-day group were euthanized. 
Combined exposure to 120 mg/kg-day DDAC and ADBAC resulted in 
increased time to first litter, a decrease in the average number of preg-
nancies per dam, and a decrease in the cumulative number of live pups 
born. No effects on fertility or development were reported for mice in the 
60 mg/kg-day treatment group. This study supports a NOAEL of 60 
mg/kg-day combined DDAC and C12–C16 ADBAC for effects on fertility, 
and a LOAEL of 60 mg/kg-day for maternal toxicity (no NOAEL 
identified). 

In a second study, Melin et al. (2016) dosed breeding pairs of CD-1 
mice (N ¼ 9–10) with a Nutra-gel diet containing 0 or 120 mg/kg-day 
combined C12–C16 ADBAC and DDAC for 2 or 8 weeks. Compared to 
controls, exposure to 120 mg/kg-day combined DDAC and ADBAC 
resulted in a decrease in the number of corpora lutea after eight weeks of 
exposure, a decrease in the number of mid-gestational embryos after 8 
weeks of exposure, and a decrease in the number of estrus cycles after 2 
weeks of exposure. No significant treatment-related effects on food 
consumption, the number of implanted oocytes, or the incidence of 
embryonic resorptions were reported. This study supports a LOAEL of 
120 mg/kg-day combined DDAC and C12–C16 ADBAC for effects on 
fertility with no NOAEL identified. However, common measures of an-
imal well-being (e.g., body weight and clinical signs) were not moni-
tored as part of the study design. As the dose utilized in this study is in 
the range of doses that have been shown to cause overt maternal toxicity 
(BRRC, 1991g; Melin et al., 2014), it is unclear whether the reported 
effects on fertility are due to combined exposure to DDAC and ADBAC or 
are secondary to maternal toxicity and the irritating properties of DDAC 
and C12–C16 ADBAC. 

In a third study, Hrubec et al. (2017) conducted a series of experi-
ments in which mating pairs of CD-1 mice and SD rats were exposed to 
unquantified levels of ambient ADBAC and DDAC following use of dis-
infectants containing ADBAC and DDAC in the vivarium. Compared to 
unexposed embryos, the incidence of neural tube defects (NTDs) on GDs 
10 or 11 increased following ambient exposure to ADBAC and DDAC. 
Because the ambient exposure was not quantified and mating pairs were 
likely exposed to other chemicals commonly found in cleaning products, 
these initial ambient exposure studies have limited utility in human 
health hazard and risk assessment. In a second set of experiments, 
Hrubec et al. (2017) fed male and female (N ¼ 8 males and 24 females 
per treatment group) mice a Nutra-gel diet containing 0, 60, and 120 
mg/kg-day combined ADBAC and DDAC for 8 weeks, and then males 
and females were split into mating pairs. Throughout the mating and 
gestation periods mice continued to receive an C12–C16 ADBAC and 
DDAC dosed gel diet. Exposure to combined ADBAC and DDAC resulted 
in an increase in NTDs in GD 10 mouse embryos (120 mg/kg-day), a 
decrease in fetal and placental weight in GD 18 mouse embryos (�60 
mg/kg-day), and an increase in late gestation resorptions (120 
mg/kg-day). No gross malformations were observed in any treatment 
group. Although study authors state “Maternal and paternal toxicity was 
not observed at the doses used in these experiments,” no data on 
maternal or paternal body weight, gross pathology, or clinical signs were 
presented. Given these limitations, it is unclear whether the reported 
increase in NTDs is due to combined exposure to DDAC and ADBAC or is 
secondary to the irritating properties of the DDAC and C12–C16 ADBAC. 

3.8. Carcinogenicity 

The carcinogenic effects of DDAC (Section 3.8.1) and C12–C16 
ADBAC (Section 3.8.2) have been investigated in multiple chronic oral 
toxicity studies conducted with mice and rats. All available studies 
indicate that neither DDAC nor ADBAC are carcinogenic via the oral 
exposure route, which is consistent with the conclusions of both EPA 
(2006a,b) and ECHA (2015a,b). Furthermore, EPA’s Cancer Assessment 
Review Committee classified C12–C16 ADBAC and DDAC as “not likely 
to be carcinogenic to humans” and “Group E � evidence of 
non-carcinogenicity for humans,” respectively (EPA, 2018). 

3.8.1. Carcinogenicity – DDAC 
In a GLP-compliant OECD TG 453 study, male and female Sprague 

Dawley rats were administered 0, 700, 1500, or 3000 ppm DDAC (40% 
a.i.) chronically via a feed admixture for 104 weeks (CIT, 2008a, as cited 
in ECHA, 2015a). Based on body weight and feed consumption, the 
received doses of DDAC were calculated to be 12.6, 27.3, and 55.4 mg a. 
i./kg-day for males, and 15.7, 33.8, and 69.5 mg a.i./kg-day for females. 
No DDAC-related mortality, clinical signs of toxicity, macroscopic ob-
servations, or alterations in any hematological, biochemical, or urinal-
ysis parameters were reported for either sex at any dose. During the first 
13 weeks of the study, average body weight and weight gain were 
slightly lower in the highest exposure group (3000 ppm) compared to 
the control, which correlated with reduced food consumption in female 
rats. Non-neoplastic lesions were observed in the mesenteric lymph 
nodes and Peyer’s patches; however, the study author concluded that 
these findings are consistent with continued exposure to an irritant. No 
neoplastic lesions were observed in any examined tissue, indicating a 
lack of carcinogenicity. 

In a second chronic oral toxicity study that adhered to OCSPP 
870.4300, male and female Sprague Dawley rats (60/sex/dose) were 
exposed to 0, 300, 750, or 1500 ppm DDAC (80.8% purity) in a feed 
admixture for 2 years (BRRC, 1991b, as cited in EPA, 2006c & ECHA, 
2015a, 2019a). Equivalent doses were calculated to be 13, 32, and 64 
mg a.i./kg-day for males, and 16, 41, and 83 mg a.i./kg-day for females. 
Mean body weight was significantly reduced (<10%) in male and female 
rats in the highest treatment group. Additional treatment-related effects, 
all occurring in the highest exposure group, included increased inci-
dence of hemosiderosis, sinusoidal blood, and histiocytosis in the 
mesenteric lymph nodes. A slight increase in the incidence of interstitial 
cell adenomas in testes was observed in the mid-dose (17.9% vs. 5% in 
controls) and high-dose (11.7% vs. 5% in controls) groups. However, 
this effect did not display strong dose dependency and was within the 
range of historical control data for the laboratory; thus, the effect was 
not considered DDAC-related by EPA (2006c). 

In a third chronic oral feed study adhering to OCSPP 870.4300, male 
and female CD-1 mice (60/sex/dose) were exposed to 0, 100, 500, or 
1000 ppm DDAC (purity 80.8%; BRRC, 1991c, as cited in EPA, 2006c & 
ECHA, 2015a, 2019a) for 78 weeks. Equivalent doses were calculated to 
be 15.0, 76.3, and 155.5 mg/kg-day for males, and 18.6, 93.1, and 
193.1 mg/kg-day for females. No DDAC-related mortality, clinical signs 
of toxicity, alterations in hematology, gross pathological findings, or 
incidence of non-neoplastic or neoplastic lesions were observed in either 
sex at any dose. The only reported treatment-related effect was a 
decrease in mean body weight in high-dose (1000 ppm) male and female 
mice. 

3.8.2. Carcinogenicity – C12–C16 ADBAC 
In an OCSPP 870.4300 guideline study, male and female Sprague 

Dawley rats (50/sex/dose) were fed an admixture containing 300, 1000, 
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or 2000 ppm C12–C16 ADBAC (CASRN 68424-85-1; purity 81%) for 2 
years (BRRC, 1991d, as cited in EPA, 2006d & ECHA, 2015b, 2019b).9 

Equivalent received doses were 13, 44, or 88 mg/kg-day for males and 
17, 57, or 116 mg/kg-day ADBAC for females. No treatment-related 
effects on clinical chemistry, hematology, or urinalysis, or incidence of 
non-neoplastic or neoplastic lesions were reported in any tissue. Mean 
body weight was statistically significantly reduced in high-dose males 
(weeks 1–26) and females (weeks 1–60), and remained reduced, 
although not statistically significantly, for the duration of the experi-
ment. Mean body weight gain was also reduced in high-dose males 
(~11%) and females (14%). This study supports a NOAEL of 44 
mg/kg-day for males and 57 mg/kg-day ADBAC for females based on 
reduced body weight and reduced weight gain. Because no 
ADBAC-related increase in neoplasms was observed, study authors 
concluded that ADBAC is not carcinogenic. 

In an OECD TG 453 study, male and female Sprague Dawley rats 
(60–70/sex/dose) were dosed with a feed admixture of 0, 1000, 2000, or 
4000 ppm ADBAC (purity 50%; equivalent to 24, 48, and 97 mg a.i./kg- 
day for males, and 29, 58, and 119 mg a.i./kg-day for females) for 2 
years (CIT, 2007, as cited in ECHA, 2015b, 2019a). No treatment related 
effects on mortality, clinical observations, hematology, clinical chem-
istry, urinalysis, organ weight, or incidence of non-neoplastic or 
neoplastic lesions were reported. The only ADBAC-related effects that 
were observed were reductions in mean body weight, food consumption, 
and weight gain in high-dose male and female rats. Study authors 
concluded that there is no evidence to suggest that ADBAC is carcino-
genic via the oral route and identified NOAELs of 48 mg/kg-day (male) 
and 58 mg/kg-day (females) ADBAC based on reductions in body 
weight, weight gain, and food consumption. 

In a third carcinogenicity study that adhered to OCSPP 870.7200, 
CD-1 mice (60/sex/dose) were dosed with a feed admixture containing 
100, 500, or 1500 ppm ADBAC (CASRN 68424-85-1; purity 81%) for 78 
weeks (BRRC, 1991e, as cited in EPA, 2006d; ECHA, 2015b).10 Equiv-
alent received doses were calculated to be 14.9, 73.4, and 229.3 
mg/kg-day (males) and 17.8, 92.1, and 288.6 mg/kg-day ADBAC (fe-
males). No ADBAC-related effects on mortality, clinical signs of toxicity, 
food consumption, organ weight, hematology, observations at necropsy, 
or histopathological findings were observed in either sex at any dose. 
Dose-dependent reductions in mean body weight and weight gain were 
observed in high-dose (1500 ppm) male and female mice, which sup-
ports NOAELs of 73.4 mg/kg-day (males) and 92.1 mg/kg-day (females). 
No evidence of carcinogenicity was observed in either sex at any dose. 

3.9. Genotoxicity and mutagenicity 

The genotoxicity and mutagenicity of DDAC and C12–C16 ADBAC 
has been investigated in a number of in vitro and in vivo test systems 
(Bacterial Reverse Mutation Test, Mammalian Cell Gene Mutation Test, 
Mammalian Chromosome Aberration Test, Unscheduled DNA Synthesis 
Assay, In Vivo Mammalian Bone Marrow Chromosome Aberration Test) 
that adhere to current OECD and OCSPP test guidelines. Collectively, 
available studies indicate that DDAC and C12–C16 ADBAC are non- 
mutagenic and non-clastogenic, and do not cause unscheduled DNA 
synthesis (Table 7). 

4. Discussion 

As outlined by EPA regulations (40 CFR 158.2230), the toxicology 

Table 7 
Results of genotoxicity studies.  

Test 
Substance 
(% a.i.) 

Guideline/Test 
System 

Tested Doses Result Reference 

DDAC 
(50%) 

OCSPP 870.5100 
(Bacterial Reverse 
Mutation Test) 
S. typhimurium 
TA98, TA100, 
TA1535, TA1537, 
TA1538 

3.9–1000 μg/ 
plate (�S9 
activation) 

Negative Institute of 
Toxicology 
(1982), as cited 
in EPA 2006c 

DDAC 
(50%) 

OECD 471 
(Bacterial Reverse 
Mutation Test) 
S. typhimurium 
TA98, TA100, 
TA1535, TA1537 

0.03–3.3 μg/ 
plate (- S9 
activation) 
0.03–10 μg/ 
plate (þS9 
activation) 

Negative Notox (1990b), 
as cited in  
ECHA 2015a 

DDAC 
(40%) 

OECD 476 (In 
Vitro Mammalian 
Cell Gene 
Mutation Test) 
Mouse lymphoma 
L5178Y cells 
(thymidine kinase 
gene) 

0.06–5 μg/mL 
(- S9 
activation) 
0.19–10 μg/ 
mL (þS9 
activation) 

Negative CIT 2002b, as 
cited in ECHA 
2015a 

DDAC 
(80.8%) 

OCSPP 870.5300 
(Mammalian Cell 
Forward Gene 
Mutation Assay) 
CHO cells 

1.0–13.0 μg/ 
mL (- S9 
activation) 
1.0–40.0 μg/ 
mL (þS9 
activation) 

Negative Hazleton 
Laboratories 
(1990a), as 
cited in EPA 
2006c & ECHA 
2015a 

DDAC 
(80%) 

OCSPP 870.5375 
(In Vitro 
Mammalian 
Chromosome 
Aberration Test) 
CHO cells 

2–16 μg/mL (- 
S9 activation) 
1–8 μg/mL 
(þS9 
activation) 

Negative Lonza Inc. 
(1986), as cited 
in EPA 2006c 

DDAC 
(80.8%) 

OCSPP 870.5550 
(Unscheduled 
DNA Synthesis 
Assay) Rat 
hepatocytes 

0.05–10 μg/ 
mL 

Negative Hazleton 
Laboratories 
(1990b), as 
cited in EPA 
2006c & ECHA 
2015a 

ADBAC 
(49.2%) 

OCSPP 870.5100 
(Bacterial Reverse 
Mutation Test) 
S. typhimurium 
TA98, TA100, 
TA102, TA1535, 
TA1537 

0.15–50 μg/ 
plate (�S9 
activation) 

Negative Safepharm 
Laboratories 
Ltd. (2001a), as 
cited in ECHA 
2015b 

ADBAC 
(49.2%) 

OECD 471 
(Bacterial Reverse 
Mutation Test) 
S. typhimurium 
TA98, TA100, 
TA1535, TA1537, 
TA1538 

0.31–25 μg/ 
plate (�S9 
activation) 

Negative TNO 
Toxicology 
Division 
(1986), as cited 
in ECHA 2015b 

ADBAC 
(80%) 

OCSPP 870.5300 
(Mammalian Cell 
Forward Gene 
Mutation Assay) 
CHO cells 
(HGPRT locus) 

1 - 5000 μg/ 
mL (�S9 
activation) 

Negative Hazleton 
Laboratories 
America, Inc. 
(1989b), as 
cited in EPA 
2006d & ECHA 
2015b 

ADBAC 
(49.2%) 

OECD 473 (In 
Vitro Mammalian 
Chromosome 
Aberration Test) 
Human 
lymphocytes 

4–24 μg/mL 
(�S9 
activation) 

Negative Safepharm 
Laboratories 
Ltd. (2001b), as 
cited in ECHA 
2015b 

ADBAC 
(80%) 

OCSPP 870.5550 
(Unscheduled 
DNA Synthesis 
Assay) Rat 
hepatocytes 

0.538–8.61 
μg/mL 

Negative Hazleton 
Laboratories 
America, Inc. 
(1989a), 1992, 
as cited in EPA 
2006d 

(continued on next page) 

9 Unpublished study report available from FDA Docket ID: FDA-2016-N- 
0124; document IDs: FDA-2016-N-0124-0164, FDA-2016-N-0124-0165; avail-
able at www.regulations.gov.  
10 Unpublished study report available from FDA Docket ID: FDA-2016-N- 

0124; document IDs: FDA-2016-N-0124-0164, FDA-2016-N-0124-0165; avail-
able at www.regulations.gov. 
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database for DDAC and C12–C16 ADBAC is complete to support the 
registered uses of these pesticides, and consists of GLP-compliant 
guideline studies that assess dermal and eye irritation, dermal sensiti-
zation, acute toxicity, reproductive and developmental toxicity, repeat 
dose toxicity, carcinogenicity, and genotoxicity. The majority of these 
studies are unpublished reports that have been critically reviewed and 
summarized by multiple authoritative agencies (ECHA, 2015a,b; EPA, 
2006a,b, 2017a,b; FDA [21 CFR Part 310]), and these regulatory sum-
maries provide the basis of the current hazard assessment. 

DDAC and C12–C16 ADBAC are permanently charged cationic 
compounds, and available ADME studies indicate that both DDAC and 
C12–C16 ADBAC are poorly absorbed via the oral and dermal exposure 
routes, and are primarily eliminated in feces. ECHA (2015a,b) and EPA 
(2006a,b) concluded that oral and dermal absorption of DDAC and 
C12–C16 ADBAC does not exceed 10%. Low dermal and oral absorption 
of DDAC and C12–C16 ADBAC is consistent with the lack of systemic 
toxicity observed across available repeated dose oral and dermal toxi-
cology studies conducted with beagles, mice, and rats. Toxicological 
findings from acute, subchronic, and chronic oral toxicity studies are 
consistently characterized by local stomach irritation, reduced food 
consumption, reduced body weight, and reduced weight gain. This 
pattern of effects supports the MoA for irritating/corrosive substances. 
Therefore, sporadic and inconsistent effects on organ weight (i.e., 
reduced spleen weight, an organ that is highly sensitive to body weight 
changes), hematology, and clinical chemistry that have been reported in 
a few repeat-dose toxicity studies should be considered secondary to 
local irritation and subsequent changes in food consumption and body 
weight. Importantly, both ECHA (2015a,b) and EPA (2006a,b) drew 
similar conclusions regarding the MoA of DDAC and C12–C16 ADBAC in 
their assessments. 

The developmental and reproductive toxicity of DDAC and C12–C16 
ADBAC has been investigated in several guideline two-generation 
reproductive toxicity studies conducted with rats (Table 6), and in 
several guideline prenatal developmental toxicity studies conducted 
with rats and rabbits (Table 5). Some signs of developmental toxicity (i. 
e., increased number of dead fetuses, reduced pup body weight, and 
reduced weight gain) were reported in available prenatal developmental 
toxicity studies and in the two-generation reproductive toxicity studies; 
however, effects were only reported at doses that also caused parental 
toxicity. These results demonstrate that DDAC and C12–C16 ADBAC are 
not specific or primary developmental toxicants, which is supported by 
the conclusions of EPA (2006a,b), ECHA (2015a,b), and FDA (21 CFR 
Part 310). For example, when conducting its risk assessments for DDAC 
and C12–C16 ADBAC, EPA (2006a,b) determined that a FQPA Safety 
Factor was not needed to protect sensitive human subpopulations (i.e., 
infants and children) from exposure to DDAC and C12–C16 ADBAC. 
EPA’s decision to not use an FQPA Safety Factor was based on the fact 
that (1) the developmental and reproductive toxicology databases for 
DDAC and C12–C16 ADBAC are complete; (2) there is no evidence of 
increased susceptibility of the fetus in the toxicology databases for 
DDAC and C12–C16 ADBAC; and (3) the risk assessments for DDAC and 
C12–C16 ADBAC do not underestimate risk for infants or children. 

In contrast to the conclusions of EPA (2006a,b), Melin et al. (2014, 
2016) and Hrubec et al. (2017) conducted a series of non-guideline 
reproductive and developmental toxicity studies, and concluded that 
combined oral exposure to DDAC and C12–C16 ADBAC can cause effects 
on fertility and the developing fetus. However, as discussed in Section 
3.7.3, Melin et al. (2014) only observed effects on fertility in mice at a 
dose (120 mg/kg-day combined C12–C16 ADBAC þ DDAC) that also 
caused overt maternal toxicity (i.e., 4 out of 10 dams in the 120 
mg/kg-day treatment group had to be euthanized due to welfare con-
cerns). Similarly, Melin et al. (2016) and Hrubec et al. (2017) report that 
oral exposure of mating pairs of CD-1 mice to 120 mg/kg-day combined 
C12–C16 ABAC and DDAC for 2 to 8 weeks can have effects on fertility 
and cause NTDs in the mouse fetus. However, these studies did not 
include common measures of animal welfare (e.g., body weight and 
clinical signs), and the doses (i.e., 120 mg/kg-day) used in these studies 
are high, and are in the range of doses that have previously been shown 
to cause overt toxicity in rats, rabbits, and mice. Further limitations of 
these studies have been discussed in a series of Letters to the Editor 
(Hostetler, 2015, 2018) and responses from the study authors (Hunt and 
Hrubec, 2015; Hrubec and Hunt, 2018). 

One area of active research relates to the potential sensitizing effects 
of Quats, including DDAC and C12–C16 ADBAC. As discussed in Section 
3.3, numerous OECD guideline studies have been conducted that indi-
cate that DDAC and C12–C16 ADBAC are not dermal sensitizers in ro-
dent models. However, concern has been raised by several case studies 
that report contact dermatitis following occupational exposure to dis-
infectants and other cleaning products containing Group I and II Quats 
(Cusano and Luciano, 1993; Dejobert et al., 1997; Dibo and Brasch, 
2001; Houtappel et al., 2008). Scientists from the Health Effects Labo-
ratory Division of the National Institute for Occupational Safety and 
Health (NIOSH) recently published results indicating that DDAC can 
cause dermal sensitization in the local lymph node assay (LLNA) at 
concentrations as low as 0.25% (Anderson et al., 2016). Additional 
mechanistic studies by the same research group further indicate that 
DDAC may not elicit hypersensitivity by prototypical IgE-mediated 
mechanisms, but rather that type 2 innate lymphoid cells may be 
involved in the hypersensitivity response (Anderson et al., 2016; Shane 
et al., 2019). However, studies have also demonstrated that the LLNA 
has a high false positive rate for chemicals that are strong irritants, as 
non-sensitizing irritants can induce non-specific lymphocyte prolifera-
tion (Anderson et al., 2011; Loveless et al., 1996). Therefore, results 
from the LLNA are insufficient to classify DDAC as a dermal sensitizer. 
Presently, the mechanisms underlying the observed contact dermatitis 
in occupationally exposed humans are not understood, and it is unclear 
if these effects represent a true allergic response. Neither EPA (2006a,b) 
nor ECHA (2015a,b) have classified DDAC or C12–C16 ADBAC as a skin 
sensitizer in their risk assessments. However, the recent NIOSH studies 
were not considered in EPA or ECHA risk assessments, and discrepancies 
related to skin sensitization need to be resolved. 

Occupational asthma following exposure to cleaning products is a 
second area that requires further investigation. As discussed by Quirce 
and Barranco (2010) and recently reviewed in LaKind and Goodman 
(2019), occupational exposure to cleaning products has been linked to 
work-related respiratory symptoms without asthma, aggravation of 
previously diagnosed asthma, and new onset asthma. New onset asthma 
may be caused either by an allergic sensitization reaction or by repeated 
exposure to a non-specific irritant. Although Quats are common con-
stituents of cleaning products, very few case reports linking Quats to 
occupational asthma are available (Burge and Richardson, 1994; Pur-
ohit et al., 2000). Vandenplas et al. (2013) conducted a retrospective 
analysis of 44 workers presenting with asthma-like symptoms who 
completed a specific inhalation challenge (SIC) to the cleaning product 
suspected of causing the asthma-like symptoms. Exposure to cleaning 
products in 39% of participants induced a positive SIC indicative of 
sensitizer-induced asthma, and the study authors identified Quats, 
glutaraldehyde, and ethanolamines as the suspected sensitizers in the 

Table 7 (continued ) 

Test 
Substance 
(% a.i.) 

Guideline/Test 
System 

Tested Doses Result Reference 

ADBAC 
(80%) 

OCSPP 870.5385 
(In Vivo Bone 
Marrow 
Chromosome 
Aberration Test) 
Mouse (strain: 
NMRI) 

Single gavage 
dose of 400 
mg/kg; 
Post exposure 
period: 24.48 
and 72 h 

Negative Scantox 
Laboratories 
Ltd. (1985), as 
cited in EPA 
2006c & ECHA 
2015a 

Abbreviations: a.i. ¼ active ingredient; CHO ¼ Chinese hamster ovary; HGPRT 
¼ hypoxanthine-guanine phosphoribosyltransferase. 
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cleaning products. However, it is important to note that a quantitative 
exposure assessment was not conducted and the cleaning products used 
in the challenge experiments frequently contained additional sensitizing 
and/or irritating chemicals. For example, bleach and ammonia were also 
common constituents, which have been linked to occupational asthma in 
numerous studies (Arif and Delclos, 2012; Mirabelli et al., 2007; Vizcaya 
et al., 2011). Furthermore, ECHA (2015a,b) concluded that DDAC and 
C12–C16 ADBAC are not likely to be respiratory sensitizers. Given the 
aforementioned discrepancies and limitations, additional research is 
required to resolve this aspect of DDAC’s and C12–C16 ADBAC’s hazard 
profile and to determine which chemical constituents (or mixtures of 
constituents) in cleaning products are culpable of inducing occupational 
asthma in workers. 

In EPA’s Registration Review Final Work Plans for DDAC and ADBAC 
(EPA, 2017a,b), the Risk Assessment and Science Support Branch of the 
Antimicrobial Division determined that the toxicology database for 
DDAC is complete, with the exception of neurotoxicity (acute and sub-
chronic) and immunotoxicity studies that are now required under the 
2007 revised 40 CFR Part 158 Toxicology Data Requirements. The EPA’s 
Hazard and Science Policy Council (HASPOC) reviewed the toxicology 
database for DDAC and ADBAC and waived the requirements for 
immunotoxicity and acute and subchronic neurotoxicity testing based 
on the weight of evidence that strongly suggests that these studies would 
not result in a lower point of departure for use in risk assessment (EPA, 
2016a,b). Immunotoxicity study requirements were waived based on the 
fact that no hematology, clinical chemistry, organ weight, or histopa-
thology indicators are present in the toxicology database for ADBAC to 
suggest ADBAC can cause immunotoxicity, while reductions in spleen 
weight and increased incidence of non-neoplastic lesions in the mesen-
teric lymph following exposure to DDAC occur secondary to irritation. 
Similarly, neurotoxicity studies were waived because no clinical signs or 
evidence of neurotoxicity have been reported in the toxicology data-
bases for DDAC or C12–C16 ADBAC. The ataxia, prostration, and 
hypoactivity that were observed in the developmental toxicity study 
conducted by BRRC (1992b, as cited in EPA, 2006d & ECHA, 2015b) 
were considered secondary to the irritating effects of ADBAC by HAS-
POC (EPA, 2016b). HASPOC also waived the subchronic inhalation 
study for ADBAC, because it determined the 28-day inhalation study 
conducted with DDAC can be used as read-across to fulfill this data 
requirement (WIL Research Laboratories, LLC, 2011, as cited in EPA, 
2017a). Rationale for read-across includes several lines of evidence, 
including (1) DDAC and ADBAC are similar in structure with the same 
reactive center (i.e., a positively charged quaternary nitrogen); (2) 
ADBAC and DDAC are both poorly absorbed and cause localized effects 
characterized by irritation/corrosion; and (3) available data indicate 
that DDAC is more irritating than ADBAC. Given these lines of evidence, 
HASPOC (EPA, 2016b) concluded that the point of departure identified 
in the 28-day DDAC inhalation study, which identified a LOAEC of 0.08 
mg/m3 (no NOAEC identified) for respiratory irritation, would be pro-
tective of any effects associated with ADBAC. This conclusion is sup-
ported by the findings of Larsen et al. (2012), who report an acute 
NOAEC of 0.049 mg/m3 for pulmonary irritation and inflammation in 
BALC/cJ mice, which is characterized by reduced tidal volume and 
increased breathing frequency at the LOAEC (0.19 mg/m3; Larsen et al., 
2012). 

5. Conclusion 

Based on EPA regulations (40 CFR 158.2230), the toxicology data-
bases for DDAC and C12–C16 ADBAC are complete. Available studies 
indicate that dermal and oral absorption of DDAC and C12–C16 ADBAC 
does not exceed 10%. DDAC and C12–C16 ADBAC are not systemically 
toxic, are not specific reproductive or developmental toxicants, and are 
not carcinogenic or mutagenic. The pattern of effects most consistently 
reported following repeated oral exposure to DDAC and C12–C16 
ADBAC is local irritation, reduced food consumption, reduced body 

weight, and reduced weight gain, which is consistent with the MoA for 
irritating chemicals. Available guideline studies consistently demon-
strate that DDAC and C12–C16 ADBAC are not dermal sensitizers; 
however, several case reports and epidemiology studies linked exposure 
to consumer products containing DDAC and ADBAC to allergic skin re-
actions and/or asthma. Although EPA (2006a,b) and ECHA (2015a,b) 
have concluded that DDAC and C12–C16 ADBAC are not sensitizers, 
additional research is needed to resolve this portion of DDAC’s and 
ADBAC’s hazard profile. Based on currently available data, the main 
hazard associated with DDAC and C12–C16 ADBAC is local effects 
through irritation. 
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