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Exposure-risk relationship for 4,4’-methylenedianiline   

 

Tolerable risk  (4:1000): 731 µg/m3 

Acceptable risk  (4:10000 until 2013): 73 µg/m3 

Acceptable risk  (4:100000 after 2013; 2018 at the latest): 7.3 µg/m3 

 

Substance characterization 

Molecular formula: C13H14N2 

Structural formula:   

  

Molecular weight: 198.3 g/mol (MDA); 271.2 g/mol (MDA 
hydrochloride) 

CAS No.: 101-77-9 

Melting point: 89°C 

Boiling point: 398-399°C at 1013 hPa 

Water solubility: 1.25 g/l at 20°C 

Partition coefficient (log PO/W): 1.59 

Conversion factors: 1 ppm = 8.25 mg/m3  

 1 mg/m3 = 0.12 ppm 

 1.37 g MDA hydrochloride corresponds to 1 g MDA 

 1 g MDA hydrochloride corresponds to 0.73 g MDA 

Classification EC (2008): Carc. Cat. 2; R45 - Muta. Cat. 3; R68 - T; R39/23/24/25 - 
Xn; R48/20/21/22 - R43 - N; R51-53  

 

1  Introduction 

4,4’-Methylenedianiline (MDA; synonyms: bis-(4-aminophenyl)methane, 4,4’-
methylenebisbenzeneamine, 4,4’-diaminodiphenylmethane and dianilinemethane) is 
a colourless to yellowish crystalline solid with a faint amine-like odour at room 
temperature. It is practically non-volatile (2.87 x 10-8 hPa at 20°C). The technical 
product contains up to about 35% binuclear and multinuclear amines (“polymers”) 
and is liquid at room temperature. More than 90% is used for the manufacture of 4,4’-
methylene diphenyl diisocyanate, and, to a lesser extent, it is directly used as a 
hardener in epoxy resins, polyurethanes or other polymers and in rubber products.  
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The liver and thyroid are the main target organs of MDA both for non-carcinogenic 
effects and for carcinogenicity in rats and mice. Liver damage was also observed 
among humans after exposure to MDA, and the substance is sensitising in humans.  

Risk assessment mainly revealed the following critical issues involving relevant 
uncertainties: 

- Route-to-route extrapolation (oral exposure  inhalation) 

- Relevant percutaneous MDA absorption after occupational exposure 

- Polymorphisms (slow/fast acetylators) 

- Mechanism as yet substantially unclear and relevance of genotoxicity unknown  

- No adequate human data  

The risk figures were derived on the basis of liver tumours in rats. There are great 
quantitative uncertainties about whether the thyroid tumours in rats and the liver 
tumours in mice can be transferred to humans; the incidences of thyroid tumours in 
mice were lower than those of liver tumours in rats.  

Relevant toxicological studies have been described in detail in ACGIH (2001), 
ATSDR (1998), DECOS (2000), ECB (2001), Henschler (1987), Montelius (2002) 
and OECD (2002). The following review focuses on studies that are decisive for 
deriving an ERR.  

 

2 Toxicokinetics/metabolism 

Because of its physicochemical properties (MDA is practically non-volatile), inhalation 
exposure is expected only in the form of dust or aerosols. There are no quantitative 
data available for absorption. However, since MDA and its metabolite N-acetyl MDA 
were detected in the urine of persons occupationally exposed to MDA, absorption via 
this route can be assumed in qualitative respects. Eye damage observed in guinea 
pigs after nose-only inhalation can also be regarded as evidence of systemic 
absorption (ATSDR, 1998; ECB, 2001; Greim and Lehnert, 2007).  

Greim and Lehnert (1994) found no linear correlation between internal and external 
exposure (urinary excretion versus air concentrations) on the basis of biological 
monitoring data after occupational exposure. This was also confirmed by the CSTEE 
(2000). The relationship is shown in the following figure. 
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Relationship between internal and external exposure 
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Figure 1: Relationship between internal and external exposure in humans after 

occupational exposure to MDA (according to Greim and Lehnert, 1994) 

 

The substance is also absorbed after oral exposure, but no quantitative data are 
available for absorption. Human data in the form of case reports and epidemic 
poisoning substantiate that toxic effects (for example icterus) occurred after ingestion 
of food or liquids contaminated by MDA. A large number of animal studies revealed 
toxic effects after oral exposure; both MDA and its metabolites were detected in the 
urine (ATSDR, 1998; ECB, 2001; Montelius, 2002). 

Toxic effects that were described in case reports of persons dermally exposed to 
MDA and evidence of MDA and its metabolites (N-acetyl MDA and N,N’-diacetyl 
MDA) among workers who were mainly exposed through skin contact suggest 
efficient absorption through the skin. A patch test among volunteers reported a mean 
absorption rate of 28% after 1-hour dermal exposure to 0.75-2.25 µmol MDA (149-
446 µg; dissolved in isopropanol). Absorption of 0.25 µg/cm2 • h was estimated from 
this result. After occupational exposure, about 25% of the body burden resulted from 
dermal absorption (Brouwer et al., 1998; Brunmark et al., 1995, Greim and Lehnert, 
2007). 

Brouwer et al. (1998) found a linear correlation between the amount on the skin and 
the amount excreted in the urine. 

In an animal study with dermal exposure of various species to 2 or 20 mg/kg, about 
55% was found in excrements, the gastrointestinal tract and organs (43% in urine 
and 10% in faeces) and about 50% was recovered in or on the skin of rats over 96 
hours at the low dose. At the higher dose, the absolute amount absorbed was the 
same (about 0.23 mg/animal) and the relative amount was correspondingly lower. In 
guinea pigs, the entire proportion of 33% absorbed through the skin was lower, but 
the amount absorbed was twice as high as that in rats at the high dose (ATSDR, 
1998; ECB, 2001; Montelius, 2002). 
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Application of 17.7-40.6 µg/m2 in ethanol to human and rat skin in an in vitro study 
led to penetration of 13% and 6% (non-occlusive) and 33% and 13% (occlusive), 
respectively, after 72 hours; 23-58% of the amount applied remained in the skin in 
this study (ATSDR, 1998; ECB, 2001; Montelius, 2002). According to these data, 
human skin is more permeable than rat skin.  

Another in vitro study by Kenyon et al. (2004) also compared the penetration rates of 
MDA in humans and rats. In this study, human skin was again more permeable than 
rat skin, and there was a clear dose-response relationship (5 and 50 mg/ml in 1:1 
ethanol/water; 24-hour exposure: rat skin: 0.74 and 8.02 µg/cm2 • h; human skin: 
1.04 and 11.35 µg/cm2 • h). MDA is apparently stored in the skin. A test with 8-hour 
exposure as compared with the substance being removed after 4-hour exposure 
yielded an almost identical cumulative absorption. Another test carried out by these 
authors showed that MDA is able to penetrate through latex gloves (4% penetration), 
but hardly through nitrile gloves (< 0.1%). Wellner et al. (2008) obtained higher 
values in similar in vitro penetration studies in human skin. After exposure to 5 g/l (in 
1:1 ethanol/0.9% NaCl), about 15% penetrated through the skin within 24 hours, and 
a maximum flux of 34.5 µg/cm2 • h was calculated.  

Since numerous target organs were affected in animal studies with oral or parenteral 
exposure and haemoglobin adducts were detected in the blood (ATSDR, 1998; ECB, 
2001; Montelius, 2002), distribution in the whole organism is probable. 

MDA can be metabolised in the organism in several ways:  

- MDA is directly conjugated to N-glucuronides or N-sulfates, which are excreted 
in the urine. 

- Oxidation by cytochrome P450 leads to N-hydroxy MDA, which reacts to form 
nitroso-MDA. These two metabolites can be conjugated and excreted in the 
urine. Reactions with cellular SH groups of proteins result in albumin and 
haemoglobin adducts, for example; DNA adducts form with nucleic acids 
(preferably N-(deoxyguanosine-8-yl)-MDA). Azo dyes (azo-MDA and azoxy-
MDA) may also form by condensation of nitroso-MDA with non-metabolised 
MDA or N-hydroxy MDA (detected in vitro by means of rat liver microsomes).  

- A peroxidase-catalysed reaction leads to a benzoquinone imine derivative, 
which causes the formation of haemoglobin adducts. 

- Metabolism takes place mainly via acetylation by N-acetyltransferases to give 
N-acetyl MDA (the main metabolite in humans and rats) and N,N’-diacetyl MDA, 
which are excreted as O- and N-glucuronides in the urine. Unlike oxidative 
metabolism, this metabolic pathway is a detoxification reaction per se (N,N’-
diacetylation). However, if only one amino group is acetylated, the second 
amino group may be oxidised (or even facilitated), which then leads to 
toxification. 

- After intraperitoneal administration to rats, oxidation to benzohydrole and 
benzophenone derivatives at the central C atom and a combination of N-
acetylation and oxidation to N,N’-diacetyl-3-hydroxy MDA were observed. 

Elimination takes place mainly via the urine (in humans graded according to the 
frequency: N-acetyl MDA > MDA > N,N’-diacetyl MDA). In humans, it was 
demonstrated that elimination was faster after inhalation than after dermal exposure. 
In rats, lower fractions were excreted in the faeces; in guinea pigs, the amounts 
excreted in the urine and faeces were about the same (ATSDR, 1998; ECB, 2001; 
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Montelius, 2002; Zhang et al., 2006). Dugas et al. (2001) demonstrated a relevant 
first pass effect in the liver of male rats after oral exposure; this effect was clearly 
lower in females. 

The metabolism of MDA is shown in the following diagram:  

 

 

Figure 2: Metabolism of MDA (according to ATSDR, 1998; ECB, 2001; Montelius, 
2002) 

Note: It was postulated that exposure to 4,4’-methylenediphenyl diisocyanate (MDI) 
may also lead to body burden from MDA (WHO, 2002; Kääriä et al., 2001; Pauluhn 
and Leng, 2003). However, it was not possible to provide evidence of the metabolism 
of MDI by hydrolysis and disintegration to yield MDA either in humans or in animal 
studies using different experimental designs (Greim, 2008).  

 

Polymorphism of N-acetyltransferase 

A genetic polymorphism of N-acetyltransferases exists in both humans and animals 
(mice, rats, hamsters and rabbits). Various mutations of mainly the NAT2 allele lead 
to reduced acetylation activity as compared with the wild type. In this way, fast 
acetylators can be distinguished from slow acetylators. Different activities were also 
detected for the NAT1 enzyme. For this reason, intraspecies differences in sensitivity 
result from faster or slower detoxification. The acetylation rate may vary considerably 
for different genotypes (allele mutations). About two orders of magnitude are 
between individuals with very low and very high NAT2 activity. The average 
difference is 12.8 (based on individuals) or 10.5 (based on phenotypic distinction). 
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The percentage of slow acetylators in the total population is low in Asians (< 25%), 
about 50% in Europeans, white Americans and Australians and about 70% among 
the Middle East population. 

The phenotype of the fast acetylator is often associated with an increased 
detoxification capacity in N-acetylation reactions. Therefore, the slow acetylators are 
regarded as the group with higher sensitivity. As specified above, this is not 
necessarily the case. Detoxification can be assumed only if both MDA amino groups 
are acetylated. If only one amino group is acetylated, the second amino group may 
be oxidised, which may lead to the formation of a toxic metabolite. This hypothesis 
was confirmed experimentally by observations of Zhang et al. (2006), who orally 
exposed both F344 rats (fast acetylators) and WKY rats (slow acetylators) to MDA at 
37.5 mg/kg. Liver toxicity (increased ALT serum activity, bile duct necrosis, 
inflammation and haemorrhages) was markedly higher in F344 rats than in WKY rats. 
The authors considered this to be a consequence of the metabolic activation of the 
second amino group in mono-N-acetylated MDA, which had also been observed for 
other diamines such as benzidine (Griem et al., 2002; Hein, 2002; Zhang et al., 
2006).  

 

3  Toxicity after repeated exposure 
(ERR-relevant, non-carcinogenic effect) 

Animal studies 

As in the case of carcinogenicity, the thyroid and liver were the most relevant target 
organs after repeated administration, rats being more sensitive than mice. Follicular 
hyperplasia and/or hypertrophy were observed in the thyroid of rats in several studies 
(LOAEL 9 mg/kg • d in the NTP carcinogenicity study; no NOAEL). Hepatotoxic 
effects included increased serum levels for liver-specific transaminases, 
hepatocellular degeneration as well as necrotic alterations and bile duct hyperplasia 
(LOAEL 9 mg/kg • d in the NTP carcinogenicity study (1983; Weisburger et al., 1984; 
Lamb et al., 1986); no NOAEL). Similar effects were observed in the mice of this 
study at high doses. In studies by Dugas et al. (2001), the hepatotoxic effects were 
more pronounced in female rats than in males (ATSDR, 1998; BUA, 1994; ECB, 
2001; Montelius, 2002). 

Haematotoxicity was another relevant end point in animal studies (anaemia and 
extramedullary haematopoiesis; LOAEL: 22-25 mg/kg • d in rats as well as 
methaemoglobinaemia in cats).  

MDA was slightly irritating to the skin and eyes of animals.  

Eye damage was observed after nose-only inhalation in guinea pigs (retinal 
degeneration; LOAEL: 440 mg/m3; 4 h/d on 5 d/w; 2 weeks; only this concentration 
was tested; no NOAEL). Similar effects were observed in cats after oral exposure. 
Only older studies with both positive and negative results are available for 
sensitisation (ATSDR, 1998; BUA, 1994; ECB, 2001; Montelius, 2002). 

No reliable animal studies or any human data are available for reproductive toxicity. 
A study in mice reported no developmental toxicity after exposure of mice to 
1000 mg/kg diet on days 1-18 of gestation, but there are not data on the stability in 
the diet. The injection of 50 µl of a 10% solution into chicken embryos led to 
malformations of the extremities and beak (BUA, 1994). 
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Human data 

Gastrointestinal complaints and in particular liver damage were reported among 
humans after occupational exposure and short-term intoxication by contaminated 
food (icterus, cellular infiltration, bile duct inflammations, cholestasis, 
hyperbilirubinaemia and increased serum transaminase levels). No reliable 
information is available about concentrations or doses. Various studies definitely 
demonstrated sensitisation to MDA in humans as well as cross-reactions to other p-
amino compounds and one case of photosensitisation (ATSDR, 1998; BUA, 1994; 
ECB, 2001; Montelius, 2002). Another, more current study that has not yet been 
considered in the reviews substantiates the sensitising potential. Evidence of 
sensitisation to MDA was provided in 132 cases in a patch test carried out among 
about 6800 patients (Fortina et al., 2001). A current case report with a positive 
reaction to 0.5% MDA is also available (Isaksson and Gruvberger, 2003). 

 

4 Genotoxicity 

All genotoxicity studies were carried out with pure MDA or MDA hydrochloride (rather 
than with technical-grade MDA). 

 

In vitro 

Studies in bacteria (Salmonella typhimurium) showed mainly dose-related mutagenic 
effects (primary genotoxicity1) after metabolic activation. The results were all 
negative without activation. Ames tests with mono- or di-N-acetylated metabolites 
yielded negative results with or without metabolic activation, whereas the metabolites 
N’-nitroso- and N’-hydroxy-N-acetyl MDA were mutagenic with or without metabolic 
activation (ATSDR, 1998; BUA, 1994; ECB, 2001; Montelius, 2002; Morgott et al., 
1982). 

In mammalian cells in vitro, induction of chromosome aberrations was detected 
(CHO cells; positive with metabolic activation; questionable result without activation), 
and marginally positive results were obtained for the induction of sister chromatid 
exchanges (SCE) using the same test system. However, there is no information 
about cytotoxic effects at the effective doses. In human leukocytes, the findings for 
these two tests were negative with or without metabolic activation. A weakly positive 
result was obtained in the mouse lymphoma test (tested only without metabolic 
activation). Studies on the induction of unscheduled DNA synthesis (UDS) in rat 
hepatocytes yielded inconsistent results under comparable test conditions. The EU 
RAR (ECB, 2001) listed mutagenic activity in bacteria and the induction of 
chromosome aberrations in mammalian cells as evidence of a genotoxic mechanism 
in vitro; the results obtained in the other test systems were regarded as unclear 
(ATSDR, 1998; BUA, 1994; ECB, 2001; Montelius, 2002).  

Further studies that have not yet been considered in these reviews:  

                                            
1  Differentiation of primary/secondary genotoxicity according to Guide, Section 2.2. Primary 

genotoxicity: DNA interaction by parent substance (directly) or metabolites (indirectly), e.g. 
adducts and mutations. Secondary genotoxicity: Initial step does not take place at the DNA (e.g. 
oxidative stress and interference with the mitotic process) (AGS, 2008). 
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Zhong et al. (2001) demonstrated a dose-related induction of micronuclei in V79 
cells; the micronuclei were negative for anti-kinetochore antibodies and thus provided 
evidence of the clastogenic effects of MDA. Matsuoka et al. (2008) confirmed the 
chromosome-damaging effect in CHL cells (SCE and, to a lesser extent, 
chromosome gaps and chromosome breaks), which had already been observed in 
earlier studies in CHO cells. 

Robbiano et al. (1999) observed no DNA breaks or micronuclei formation in primary 
kidney cells from rats or humans. Martelli et al. (2002) also reported a negative result 
in primary cultures of the kidneys, bladder and ovaries of rats and primary human 
kidney and bladder cells. However, these authors detected DNA breaks in primary rat 
and human hepatocytes and thyreocytes, which are typical target organs for the 
carcinogenicity of MDA (more marked effect in rat cells than in human cells and more 
pronounced in hepatocytes than in thyreocytes). Some of these DNA lesions were 
reversible after exposure. According to the authors, both primary genotoxicity (DNA 
adducts) and secondary genotoxicity (inhibition of DNA repair) may have caused 
these effects. 

Kenyon et al. (2004) detected DNA adducts after 24-hour exposure of human skin to 
MDA in vitro. They differentiated three different adducts, but did not characterise 
them in detail. The number of adducts (total) per 106 nucleotides as well as for one of 
the adducts were increased in relation to the dose, whereas no dose-response 
relationship was found for the other two adducts. 

 

In vivo 

A study in rats provided evidence of primary genotoxicity in vivo; it reported weak 
DNA adduct formation in the liver after i.p. injection of up to 23.1 mg/kg.  

In vivo tests in mice for the induction of micronuclei in the bone marrow and 
peripheral blood cells yielded weakly positive results after i.p. injection (up to 
140 mg/kg), as did a study (with methodological inadequacies, however) for the 
induction of SCE in the bone marrow of mice (i.p. doses of up to 18 mg/kg). No 
induction of UDS was observed in rats and mice after oral doses of up to the range of 
the LD50. DNA breaks were reported after i.p. injection of 74 mg/kg (LD50) in the rat 
liver (ATSDR, 1998; BUA, 1994; ECB, 2001; Montelius, 2002). 

Further studies that have not been considered in the listed reviews: 

In a study by Vock et al. (1996), rats were orally exposed to MDA (3 times up to 
50 mg/kg). Dose-related DNA adduct formation was detected in the liver. 

Another study on DNA-damaging effects (induction of strand breaks) in various 
organs of mice after oral exposure (250 mg/kg) reported positive effects in the 
stomach, liver, kidney, bladder, lung and brain, but not in the colon or bone marrow 
(Sasaki et al., 1999a,b). Robbiano et al. (1999) observed no DNA fragmentation or 
micronuclei formation in rat kidney cells (oral exposure; 415 mg/kg once or 
277 mg/kg 3 times). Suzuki et al. (2005) exposed rats once to MDA at doses of up to 
400 mg/kg orally or by i.p. injection (route unclear). They investigated the induction of 
micronuclei in the peripheral blood (negative) and in hepatocytes (first laboratory: 
negative; second laboratory: positive at the highest dose at an increased mortality; 
only 2 animals examined).  
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5 Carcinogenicity 

5.1  Animal studies 

In vitro 

MDA caused no morphological cell transformation in BHK21/C13 hamster cells 
(Trueman, 1982). 

 

Inhalation  

There are no studies available for inhalation. 

 

Oral route  

In an NTP study (1983; Weisburger et al., 1984; Lamb et al., 1986), F344 rats and 
B6C3F1 mice (50 per sex and dose) were exposed to MDA hydrochloride in the 
drinking water at concentrations of 150 and 300 mg/l (converted to MDA) for 103 
weeks. The ingested doses were 9 and 16 mg/kg b.w. • d in male rats, 10 and 
19 mg/kg b.w. • d in female rats, 25 and 58 mg/kg b.w. • d in male mice and 19 and 
43 b.w. mg/kg • d in female mice. Animals given drinking water that had been 
adjusted with HCl to the same pH as the test substance solution for the exposed 
animals served as controls.  

Drinking water consumption was reduced among the exposed groups with the 
exception of male mice. At the high dose, the body weight gain of female rats and 
mice of both sexes was reduced, and survival was lower in male mice of the high 
dose. No clinical signs occurred during treatment.  

Carcinogenicity was observed in the thyroid and liver of both rats and mice.  

In male rats, the incidence of follicular carcinomas of the thyroid was significantly 
increased in the high dose group (control: 0/49; 150 mg/l: 0/47; 300 mg/l: 7/48); 
corresponding adenomas were significantly elevated in the females (control: 0/47; 
150 mg/l: 2/47; 300 mg/l: 17/48). Non-carcinogenic lesions of the thyroid (follicular 
cysts) were also observed in female rats of the high dose group. 

Significant and dose-related increases in the neoplastic nodules of the liver (control: 
1/50; 150 mg/l: 12/50; 300 mg/l: 25/50) and one carcinoma per dose group were 
observed for male rats; in female rats, the incidence of neoplastic nodules of the liver 
was not clearly related to the dose (control: 4/50; 150 mg/l: 8/50; 300 mg/l: 8/50). No 
hepatocellular carcinomas were found in female rats.  

The incidences of thyroid follicular adenomas were significantly elevated in male 
mice (control: 0/47; 150 mg/l: 3/49; 300 mg/l: 16/49) and female mice (control: 0/50; 
150 mg/l: 1/47; 300 mg/l: 13/50). Significant effects on the liver consisted of 
increased rates of hepatocellular carcinomas (males: control: 10/49; 150 mg/l: 33/50; 
300 mg/l: 29/50; females: control: 1/50; 150 mg/l: 6/50; 300 mg/l: 11/50) and 
adenomas (females only: control: 3/50; 150 mg/l: 9/50; 300 mg/l: 12/50). 

Other statistically significant carcinogenic effects included: 

- Phaeochromocytomas in male mice (control: 2/48; 150 mg/l: 12/49; 300 mg/l: 
14/49) 
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- Alveolar/bronchiolar adenomas in female mice (control: 1/50; 150 mg/l: 2/50; 
300 mg/l: 6/49) 

- Malignant lymphomas in female mice (control: 13/50; 150 mg/l: 28/50; 300 mg/l: 
29/50) 

Moreover, an uncommon bile duct adenoma was observed in one male rat of the 
high dose group and three urinary bladder papillomas were found (2 at the low dose 
and 1 at the high dose). 

After initiation with N-bis(2-hydroxypropyl)nitrosamine or different nitrosamines given 
consecutively, oral exposure of rats to MDA had a tumour-promoting effect on the 
thyroid but not on the liver, kidney or bladder (in most studies after initiation with 
different nitrosamines). In addition to these studies, several older studies are 
available, but these are not considered to be relevant for assessment because of 
methodological inadequacies or insufficient documentation (ATSDR, 1998; BUA, 
1994; ECB, 2001). 

 

Dermal route 

A study on the dermal exposure of C3Hf/BD mice reported a dose-related increase in 
the incidence of liver tumours after 24-month exposure (3 times per week) to 5.3-
21.3 mg/kg • d. Since this strain is particularly sensitive as regards the formation of 
liver tumours, the findings need to be verified (ATSDR, 1998). 

 

5.2  Human data 

The validity of the available human data on occupational exposure to MDA is 
generally limited because of methodological inadequacies (such as small cohorts, no 
determination of exposure, confounding not taken into account and mixed exposure). 
These studies suggest an association between MDA exposure at the workplace and 
an increased occurrence of bladder cancer, but this would have to be verified by 
further studies (ATSDR, 1998; ECB, 2001; Montelius, 2002). 

 

6 Predominant mode of action of carcinogenicity 

The mechanism of the carcinogenicity of MDA has not yet been clarified. Genotoxic 
and other mechanisms may be involved in the increased development of thyroid 
tumours in rats and mice; in rats, there may be a secondary stimulation of the thyroid 
after induction of glucuronidation in the liver. However, the effects of exposure to 
MDA on the thyroid hormone status have not been examined to date.  

Nor has the mechanism of the induction of liver tumours been clarified. Primary 
genotoxicity, processes with secondary genotoxic (and subsequently carcinogenic) 
effects and toxicity may be involved in this end point. The studies by Kwon et al. 
(2008) suggest a contribution of secondary genotoxicity. In a toxicogenomics study in 
mice, the authors observed an elevated expression of genes that are associated with 
oxidative stress, cell-cycle regulation and apoptosis. 

Interaction of the different mechanisms is also conceivable for both locations (ECB, 
2001; CSTEE, 2000; SCOEL, 2004). 
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7 Derivation of the ERR 

7.1  Exposure-risk relationship for carcinogenicity 

7.1.1  Cancer locations with human relevance and quantifiable cancer 
incidences 

The NTP study (1983; Weisburger et al., 1984; Lamb et al., 1986) reported relevant 
liver and thyroid tumours as well as tumours in other organs, but these were 
observed in only one species in each case (phaeochromocytomas in male mice and 
alveolar/bronchiolar adenomas and malignant lymphomas in female mice). These 
locations are not considered further. In rats, uncommon tumours sporadically 
occurred, for example a bile duct adenoma and three bladder papillomas. Because of 
their low incidence, these locations are not considered further either. 

In view of the discussion about the mechanism of action (see Section 8), a 
conservative approach assumes a genotoxic effect and thus a linear dose-response 
course into the low dose range (without threshold). Considering possible modulating 
factors, this may mean that the cancer risk has been overestimated. By contrast, the 
risk may have been underestimated since risk assessment is based on the tumours 
with the highest incidences although two tumour locations (not necessarily in the 
same animal) were observed. 

 

Thyroid 

In the NTP studies, MDA caused thyroid tumours in rats and mice of either sex. 
Thyroid tumour findings obtained in animals are regarded as being qualitatively 
transferable to humans. However, great uncertainties as to quantitative transferability 
arise from the different physiology of rats and humans (AGS, 2008; CSTEE, 2000; 
Capen et al., 1999; ECB, 2001; SCOEL, 2004). For this reason, the thyroid tumours 
found in rats are not used for risk assessment. 

The following significantly increased incidences of thyroid adenomas were observed 
after exposure to MDA hydrochloride in male mice: 

Control:  0/47 

150 mg/l: 3/49 

300 mg/l: 16/49 

The authors had already converted the concentrations in drinking water to a 
corresponding MDA intake of 25 and 58 mg/kg b.w. • d, respectively. Thus, as 
compared with the liver tumours in rats, the incidences were lower at higher doses 
per kg body weight (even taking into account the specific scaling factors).  

For this reason, the liver tumour location in rats is the critical parameter for the 
assessment of the cancer risk after exposure to MDA. 

 

Liver 

In the NTP studies, MDA caused liver tumours in rats and mice of either sex. 
Relevance to humans was pointed out since hepatotoxic effects were observed after 
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human exposure (CSTEE, 2000). However, the liver tumours observed in B6C3F1 
mice are not used for risk assessment here in view of the uncertainties about the 
quantitative transferability to humans (see AGS, 2008). Unlike in the case of non-
carcinogenic effects on the liver, which occurred more frequently in females (Dugas 
et al., 2001), males were more sensitive than females with regard to carcinogenicity. 
Dugas et al. (2001) reported that this may result from a higher covalent binding of 
metabolites in the liver. 

By adding the neoplastic nodules of the liver that occurred to a significantly increased 
extent and the 2 carcinomas (1 per dose group) observed after exposure to MDA 
hydrochloride in male rats, the following incidences were obtained: 

Control:  1/50 

150 mg/l: 13/50 

300 mg/l: 26/50 

The authors had already converted the concentrations in drinking water from MDA 
hydrochloride to an MDA intake of 9 and 16 mg/kg b.w. • d, respectively. Taking into 
account a scaling factor of 4 (rats/humans; see AGS, 2008), these doses correspond 
to human equivalent concentrations of 2.25 and 4 mg/kg • d, respectively, assuming 
continuous lifetime exposure. This results in corresponding air concentrations at the 
workplace of 44.8 and 79.6 mg/m3, respectively (assumptions: 70 kg body weight; 
10 m3 inhaled volume/8 h on 5 d/w; 48 of 52 weeks per year for 40 of 75 years).  

This risk assessment approach was based on liver tumours because of the higher 
tumour incidences in the liver (rats) at lower doses per kg body weight as compared 
with the tumour rate in the thyroid (mice). According to the method described in AGS 
(2008), a benchmark dose modelling was first carried out at a risk level of 10% 
tumour incidence (BMD10) although the study only had 3 data points (control plus 2 
dose groups). Linear extrapolation into the low dose range was consistent with the 
assumed mechanism of action (direct interaction of reactive metabolites with the 
DNA of relevant target organs). 

The U.S. EPA’s benchmark dose software (BMDS), version 2.0.0.33, was used for 
the adjustment of the polynomial regression model to the experimental data. 
Maximum likelihood estimation was applied for curve fitting. An extra risk was 
calculated to take into account the background incidence.  

Although several models (including Multistage Cancer) yielded an optically good 
adjustment to the experimental data (see Figure 2; example: 2-parameter Multistage 
Cancer Model), mathematical adjustment failed (ß parameters at the limits), which 
means that the results of 21.4 and 10.1 mg/m3 (Multistage Cancer) obtained for the 
BMD10 and BMDL10 levels are not reliable. The details of this benchmark dose 
modelling are included in Table 1 of the Annex. Although mathematical modelling 
was possible using logistic, probit and quantal models, low p values and an (also 
optically) unsatisfactory adjustment to the experimental data with an assumed clearly 
sublinear curve and correspondingly higher BMD values (modelling not shown) were 
obtained. 

Since the benchmark modelling of this data set had failed, the T25 method according 
to the AGS (2008) was used for risk assessment. The T25 values of 8.4 mg/kg • d for 
MDA hydrochloride and 6.2 mg/kg • d for MDA specified by the ECB (2001) are 
based on the data of Dybing et al. (1997), but it is not clear which experimental data 
were used as the basis for their calculation.  
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For this reason, the T25 was recalculated according to: 

 

1

incidence)control(1

incidence)controlCat(Incidence

(0.25)incidenceReference
CT25





  

 

C being the lowest concentration or dose with a significant tumourigenic effect. 

A hT252 of 45.7 mg/m3 is obtained for the liver tumours in rats (incidences: control: 
1/50; dose group 9 mg/kg • d with a human equivalent concentration of 44.8 mg/m3: 
13/50)  

Correspondingly, linear extrapolation would lead to concentrations of 

731 µg/m3 for a risk of 4:1000,  

73 µg/m3 for a risk of 4:10000 and  

7.3 µg/m3 for a risk of 4:100000. 

The (optically satisfactory) BMD modelling shows a slightly sublinear course. In 
addition to genotoxicity, this takes a possible enhancing effect of cytotoxicity into 
account. However, according to the observations of Dugas et al. (2001), this effect 
should not dominate genotoxicity. The authors reported an increased sensitivity of 
females to non-carcinogenic effects in the liver as compared with males, whereas 
males were more sensitive to carcinogenicity than females.  

Nevertheless, the approach used by the AGS (2008; Annex 10.2) for sublinear 
courses (“break function”) is also described below, but not used for risk assessment. 

The break point for an assumed sublinear dose-response curve is established on the 
following basis. 

The LOAEL for hepatotoxicity (non-carcinogenic) is 9 mg/kg • d. Converted to a 
human equivalent concentration, a level of 0.42 mg/m3 would be obtained for the 
“threshold” of enhancing (non-carcinogenic) effects on the liver (factor of 3 for 
assessing the NOAEL from the LOAEL; interspecies factor of 10 (4 x 2.5) and 
intraspecies factor of 5; assumptions: 70 kg body weight and 10 m3 inhaled 
volume/8 h).  

Based on this value, linear extrapolation from the hT25 would lead to a risk of 0.0023 
(about 2:1000), and this risk would have to be reduced by a factor of 10 (2:10000) 
according to the AGS method (2008). 

The following straight line equation is obtained for the range of 420-45700 mg/m3 
from the points of 420/0.0002 and 457000/0.25: y = 1.8127 • 106 x + 383.75 

Considering the break function, concentrations of 1109 µg/m3 would be obtained for 
a risk of 4:1000, 456 µg/m3 for a risk of 4:10000 and 84 µg/m3 for a risk of 4:100000. 
The graph of this derivation is shown in the Annex, Figure 2. 

However, since the contribution of cytotoxicity cannot be estimated (see EU, 2001; 
CSTEE, 2000), a conservative approach of linear extrapolation into the low dose 
range is preferred.  

                                            
2  hT25 = human equivalent T25  
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Dermal exposure: 

In principle, a cancer risk can be estimated by conversion from the experimental data 
of the NTP (1983; Weisburger et al., 1984; Lamb et al., 1986). A linear correlation 
between covering the skin with clothes and internal exposure was observed among 
occupationally exposed persons. However, there are substantial uncertainties about 
the proportion of dermal exposure in the total amount absorbed through inhalation. 

 

7.1.2  ERR / risk quantifications and OELs of other organisations 

Various organisations consider MDA to be genotoxic (EU, 2001; CSTEE, 2000; 
Montelius, 2002; SCOEL, 2004). 

A risk assessment by DECOS (2000) is available that is based on the NTP study. 
The authors added the tumour incidences of the high exposure group (minus control 
incidences) separately for rats and mice and linearly converted to risks per mg/kg • d 
taking the proportion of working lifetime in the entire lifetime into account. Risk 
estimators of 8.5 • 10-2 per mg/kg • d were obtained for rats and 1.5 • 10-2 mg/kg • d 
for mice. The value for rats was used as a basis for conversion to a human 
equivalent concentration at the workplace of 4.3 • 10-3 µg/m3. After occupational 
exposure to 9 µg/m3 (40 years), this corresponds to a risk of 4:100000, which is 
almost identical with the risk figures derived below. For both species, this approach 
considers the tumour locations whose quantitative transferability to humans is very 
uncertain (thyroid in rats and liver in B6C3F1 mice). 

Another risk assessment by the CEPA (2005) is based on the incidences of liver 
tumours in male mice and is not suitable either for the reasons mentioned above. 

The ECB (2001) took the T25 of 6.2 mg/kg • d determined by Dybing et al. (1997) for 
the risk assessment of carcinogenic effects and considered a factor of 10 for the 
higher human sensitivity (hT25: 0.62 mg/kg • d) when establishing the point of 
departure (POD) for margins of exposure (MOE). Conversion to exposure at the 
workplace resulted in a human equivalent concentration of 12 mg/m3 by inhalation.  

The CSTEE (2000) rejected a risk assessment mainly for the following reasons: (a) 
MDA is sensitising and genotoxic; (b) there is no correlation between internal 
exposure and exposure by inhalation; (c) the uncertainties involved in route-to-route 
extrapolation are too great. 

According to Montelius (2002), the available human data were not sufficient to 
identify a critical effect. MDA is to be regarded as a human carcinogen based on the 
assessment as a genotoxic substance and its carcinogenicity in animal studies. No 
exposure-risk relationship was derived either for carcinogenicity or for other end 
points. No occupational exposure limit was suggested. 

Nor did the SCOEL (2004) derive an occupational exposure limit or calculate a 
quantitative cancer risk. The authors referred to a possible bladder cancer risk 
resulting from occupational exposure to MDA, but the findings from animal studies 
are not suitable for quantifying this risk. 
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7.2  Relevant non-carcinogenic systemic or local effects 

In rats, effects on the thyroid and liver are the critical end points of non-carcinogenic 
toxicity after oral exposure (in several studies: follicular hyperplasia and/or 
hypertrophy of the thyroid; LOAEL: 7.5 mg/kg • d; no NOAEL; liver damage: 
increased serum levels for liver-specific transaminases; hepatocellular degeneration 
as well as necrotic changes and hyperplasia of the bile duct; LOAEL: 9 mg/kg • d; no 
NOAEL). The method for deriving OEL values 
(http://www.baua.de/nn_16808/de/Themen-von-A-Z/Gefahrstoffe/TRGS/pdf/TRGS-
901.pdf) obligatorily requires a NOAEL to be determined as a POD. In the absence of 
a NOAEL, a dose which is not expected to induce non-carcinogenic effects with 
sufficient likelihood is estimated here for comparison on the basis of a LOAEL. 
Converted to a human equivalent concentration, a concentration of 1.05 mg/m3 is 
obtained for the “threshold” of (non-carcinogenic) effects on the liver using default 
factors (factor of 3 for assessing the NOAEL from the LOAEL, interspecies factor of 4 
and intraspecies factor of 5; assumptions: 70 kg body weight and 10 m3 inhaled 
volume/8 h).  

This value (“threshold” for the critical non-carcinogenic effect) is thus somewhat 
higher than the tolerance value derived above on the basis of carcinogenic effects.  

The TLV of 0.8 mg/m3 established by the ACGIH (2001) for the workplace was 
derived on the basis of non-carcinogenic effects after occupational exposure (no 
effects after exposure to 2.5-3.3 mg/m3). In Poland, an occupational exposure limit at 
the same level was apparently also derived on the basis of the non-carcinogenic 
effects of MDA (Golofit-Szymczak, 2005). No details are known since the original 
publication was not available when this documentation was written. 

Reproductive toxicity cannot be included in the assessment in the absence of 
adequate studies. 

 

7.3  Conclusion 

In view of the non-carcinogenic effects on the rat liver at the low dose of the NTP 
carcinogenicity study and the slightly sublinear course of the modelled dose-
response relationship, cytotoxic effects on the liver may contribute to the 
development of liver tumours in addition to genotoxicity, but this cannot be quantified. 
For example, the observation that male rats are more sensitive to carcinogenic 
effects, whereas female rats show higher sensitivity to non-carcinogenic effects, 
militates against a relevant influence of cytotoxicity.  

A conservative approach using linear risk assessment on the basis of the T25 has 
been applied to derive risk figures. 

Accordingly, the risk figures (additional nominal risk of developing cancer after 
working lifetime exposure by inhalation) are: 
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Risk Concentration 

Point of departure: hT25 (liver cancer; 
NTP 1983; rat) 

45.7 mg/m3 

4:1000 (tolerable risk) 731 µg/m3 

Occupational threshold (for non-
carcinogenic effects): 

1 mg/m3 

4:10000 (acceptable risk until 2013) 73 µg/m3 

4:100000 (acceptable risk after 2013; 
2018 at the latest) 

7.3 µg/m3 

 

Thus, the maximum tolerated dose at the workplace is based on the tolerable risk 
(cancer), which should not be exceeded because of the estimated threshold for non-
carcinogenicity that is only slightly above this level. 

 

Uncertainties as to the assessment of the cancer risk: 

Although studies have shown that the relationship between internal and external 
exposure is not linear over the whole range of exposure levels, a linear relationship is 
assumed for the concentration range considered here. 

Route-to-route extrapolation from results of oral exposure to the inhalation route is a 
considerable uncertainty of this risk assessment. Dugas et al. (2001) demonstrated a 
relevant first pass effect after oral exposure in rats, specifically in male animals. 
Since covalent binding in the liver was also stronger in males than in females, the 
liver seems to be generally more sensitive after oral exposure as compared with 
other organs. Upon inhalation, the liver would be reached only after systemic 
circulation, and therefore other organs would be of relevance, too. However, since no 
experimental reference data are available for the inhalation route, the NTP study 
(1983; Weisburger et al., 1984; Lamb et al., 1986) has to be used for risk 
assessment in spite of these uncertainties. This approach is consistent with that of 
other organisations (e.g. CEPA, 2005; DECOS, 2000; EU, 2001). There is the added 
uncertainty that the thyroid as another tumour location (in animals) and further 
putative target organs in humans (particularly the bladder in the case of structurally 
related substances (see SCOEL, 2004) are not quantitatively covered by the selected 
method in deriving the risk figures. 

Since this study was designed with only two dose groups, even small variations in 
the observations lead to changes in the character of the dose-response relationship. 
The actually observed experimental data for liver tumours (control: 1/50; 150 mg/l: 
12/50; 300 mg/l: 25/50) yield a slightly sublinear course. In view of the non-
carcinogenic effects on the liver that were observed even at the low exposure 
concentration, a not exclusively genotoxic mechanism might be assumed and a 
break function thus used for deriving risk figures (see derivation under Section 7.1.1). 
However, if the tumour incidences were only slightly shifted (assumption: control: 
0/50 (-1); 150 mg/l: 12/50; 300 mg/l: 24/50 (-1)), a linear dose-response relationship 
would be obtained as the most likely model, and this would be consistent with a 
primary genotoxic mechanism.  
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Substantial intraspecies differences in sensitivity (fast and slow acetylators) may 
result from the polymorphism of N-acetyltransferases (NAT). Acetylation is generally 
a detoxification step, but only if both N atoms are acetylated in bifunctional MDA. In 
rat strains, however, fast acetylators were more sensitive to hepatotoxic effects than 
the slow phenotype, which was explained by the bioactivation of the second amino 
group of the N-acetyl MDA molecule by hydroxylation (toxification). The question as 
to whether human NAT polymorphisms lead to increased or reduced sensitivity after 
exposure to MDA has not been clarified to date. Evidence has only been provided 
that, besides the parent substance, more N-monoacetyl MDA than N,N’-diacetyl MDA 
was found in the urine. 
Another uncertainty that needs to be mentioned is that relevant non-carcinogenic end 
points (reproductive toxicity including developmental toxicity and sensitisation) have 
not been sufficiently examined. Therefore, no thresholds can be derived for them 
today. 

 

Dermal absorption: 

In principle, a cancer risk can be converted from the experimental data of the NTP 
(1983; Weisburger et al., 1984; Lamb et al., 1986). A linear correlation was observed 
between covering the skin of occupationally exposed persons with clothes and 
internal exposure. However, there are substantial uncertainties about the proportion 
of dermal exposure in the total amount absorbed through inhalation (Greim and 
Lehnert, 2007; SCOEL, 2004). 

 

Biological monitoring: 

According to Greim and Lehnert (2007), no reliable correlation between external and 
internal exposure can be established either for MDA excretion in urine (as a measure 
of current exposure) or for haemoglobin adducts (as a measure of cumulative 
exposure). For this reason, no EKA value (exposure equivalents for carcinogenic 
substances) was derived for MDA; instead, a BLW (biological value which serves as 
an indicator for necessary protective measures) was established on the basis of 
(unpublished) human data from occupational exposure. 
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Annex 

Detailed calculations and detailed tables 

 

Figure 1: Modelling of the dose-response relationship for the incidence of liver 
tumours in male rats (number of tumour-bearing animals) after 
exposure to MDA (NTP (1983; Weisburger et al., 1984; Lamb et al., 
1986)) (Multistage Cancer Model)  
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Table 1:  Details of the benchmark dose modelling (Multistage Cancer Model) 
using the data from the NTP study (1983; Weisburger et al., 1984; 
Lamb et al., 1986)  

 

 ====================================================================  

    Multistage Cancer Model. (Version: 1.7; Date: 05/16/2008)  

   Input Data File: F:\Fobig\WP51\BAuA-ERB\MDA\BMD\MulMDASet.(d)  

   Gnuplot Plotting File: F:\Fobig\WP51\BAuA-ERB\MDA\BMD\MulMDASet.plt 

        Thu Nov 27 11:53:23 2008 

 ====================================================================  

 

 BMDS Model Run  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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  The form of the probability function is:  

  P[response] = background + (1-background)*[1-EXP( 

         -beta1*dose^1-beta2*dose^2)] 

 

  The parameter betas are restricted to be positive 

  Dependent variable = Inzidenz 

  Independent variable = DOSE 

 Total number of observations = 3 

 Total number of records with missing values = 0 

 Total number of parameters in model = 3 

 Total number of specified parameters = 0 

 Degree of polynomial = 2 

 

 Maximum number of iterations = 250 

 Relative Function Convergence has been set to: 2.22045e-016 

 Parameter Convergence has been set to: 1.49012e-008 

 

**** We are sorry but Relative Function and Parameter Convergence  **** 

**** are currently unavailable in this model. Please keep checking **** 

**** the web sight for model updates which will eventually      **** 

**** incorporate these convergence criterion. Default values used. **** 

 

         Default Initial Parameter Values  

           Background =     0.02 

            Beta(1) =  0.00300781 

            Beta(2) = 8.88121e-005 

 

      Asymptotic Correlation Matrix of Parameter Estimates 

       Background   Beta(1)   Beta(2) 

Background      1    -0.48     0.3 

  Beta(1)    -0.48      1    -0.96 

  Beta(2)     0.3    -0.96      1 

 

                 Parameter Estimates 

                             95.0% Wald Confidence Interval 

    Variable     Estimate    Std. Err.   Lower Conf. Limit  Upper Conf. Limit 

   Background       0.02      *        *         * 

    Beta(1)    0.00300781      *        *         * 

    Beta(2)   8.88121e-005      *        *         * 

 

* - Indicates that this value is not calculated. 

 Error in computing chi-square; returning 2 

 

            Analysis of Deviance Table 

    Model   Log(likelihood) # Param's Deviance Test d.f.  P-value 

   Full model    -68.1721     3 

  Fitted model    -68.1721     3       0   0     NA 

 Reduced model    -86.9873     1    37.6303   2     <.0001 
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      AIC:     142.344 

 

                 Goodness of Fit  

                                 Scaled 

   Dose   Est._Prob.  Expected  Observed   Size    Residual 

 ------------------------------------------------------------------------ 

  0.0000   0.0200     1.000   1.000     50    -0.000 

  41.8000   0.2600    13.000  13.000     50    0.000 

  74.3000   0.5200    26.000  26.000     50    -0.000 

 

 Chi^2 = 0.00   d.f. = 0    P-value =   NA 
  

 Benchmark Dose Computation 

Specified effect =      0.1 

Risk Type    =   Extra risk  

Confidence level =      0.95 

       BMD =    21.4471 

      BMDL =    10.0561 

      BMDU =    32.1416 

Taken together, (10.0561, 32.1416) is a 90% two-sided confidence 

interval for the BMD 

Multistage Cancer Slope Factor =  0.00994423 

 

Figure 2: Dose-response relationships for the derivation of risk figures in the 
low dose range (linear and break function). The intersection of the 
straight line is T25 at x = 45700 µg/m3 and y = 0.25. 
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Annex to MDA: Calculations 

1 Calculation of the air concentration at the workplace from the 
drinking water concentrations of the carcinogenicity study in rats 

 
Concentration in drinking 
water 

150 mg/l 300 mg/l 

Dose in mg/kg body weight 
(specified by the authors) 

9 mg/kg • d  16 mg/kg • d  

Human equivalent dose in 
mg/kg body weight 

(scaling factor: 4; rats) 

2.25 mg/kg • d  4 mg/kg • d  

Conversion to air 
concentration at the 
workplace (70 kg body 
weight; 10 m3 inhaled volume 
per 8 h on 5 d/w; 48 of 52 
weeks per year for 40 of 75 
years). 

4048510

755277025.2




 = 

 
44.8 mg/m3 

4048510

75527700.4




 = 

 
79.6 mg/m3 

 
 
2 Calculation of the T25 

The T25 is calculated according to: 

1

incidence)control(1

incidence)controlCat(Incidence

(0.25)incidenceReference
CT25





  

C being the lowest concentration or dose at which the tumour incidence is 
significantly increased. 

For the liver tumours in rats (incidences: control: 1/50; 2%; dose group 9 mg/kg • d 
with a human equivalent concentration of 44.8 mg/m3: 13/50; 26%): 

 

 

 

Correspondingly, linear extrapolation would lead to concentrations of 

731 µg/m3 for a risk of 4:1000,  

73 µg/m3 for a risk of 4:10000 and  

7.3 µg/m3 for a risk of 4:100000. 

 

33 /7.45
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