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Abstract
The German Commission for the Investigation of Health Hazards of Chemical Com-
pounds in the Work Area has re-evaluated 1,4-dioxane [123-91‑1] considering all
toxicological endpoints. Available publications and unpublished study reports are
described in detail.

The critical effect is nasal toxicity and irritation as well as carcinogenic effects in
the nose, liver, and kidneys. New carcinogenicity studies with 1,4-dioxane in drink-
ing water confirm the previous tumour findings in rats and mice. Squamous cell
carcinomas in the rat nose, also occurring in a long-term rat inhalation study at
1250 ml/m3, are a result of direct tissue contact with 1,4-dioxane in the drinking wa-
ter. At 50 ml/m3 (LOAEC, lowest observed adverse effect level), no increase in tumour
incidences, but nuclear enlargement, atrophy, and respiratory metaplasia in the nasal
cavity were noted. The mechanisms involved in the tumour development in the nose
are most likely cytotoxicity, inflammation, regenerative cell proliferation and hyper-
plasia. As the primary mode of action is non-genotoxic and genotoxic effects play
no or at most a minor part at cytotoxic doses, 1,4-dioxane remains in Carcinogen
Category 4.

A NAEC of 16.67 ml/m3 (LOAEC / 3) for effects in the nose was calculated from the
long-term rat inhalation study, which is in the same range as the NOAEC of 20 ml/m3

from studies with 2‑ to 8‑hour inhalation exposure of volunteers. To provide addi-
tional protection from tumour induction in the nose, the MAK value is lowered to
10 ml/m3.

As the critical effect of 1,4-dioxane is local and no irritation was observed in the
study with 2‑hour exposure of volunteers to 20 ml/m3, Peak Limitation Category I
and the excursion factor of 2 are retained.

There is an adequate margin between the NOAEC for developmental toxicity and the
MAK value. Therefore, damage to the embryo or foetus is unlikely when the MAK
value is not exceeded and 1,4-dioxane remains assigned to Pregnancy Risk Group C.
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Because skin contact is expected to contribute significantly to systemic toxicity, the
substance remains designated with “H”.

Limited data do not show a sensitizing potential.

MAK value (2018) 10 ml/m3 (ppm) ≙ 37 mg/m3

Peak limitation (2018) Category I, excursion factor 2

Absorption through the skin (1966) H

Sensitization –

Carcinogenicity (1998) Category 4

Prenatal toxicity (2006) Pregnancy Risk Group C

Germ cell mutagenicity –

BAT value (2012) 400 mg 2‑hydroxyethoxy acetic acid/g creatinine

Solubility miscible with water (ECHA 2018)

log KOW −0.42 (ECHA 2018)

1 ml/m3 (ppm) ≙ 3.656 mg/m3 1 mg/m3 ≙ 0.273 ml/m3 (ppm)

Documentation was published in 2003 (Greim 2003), followed by a supplement for prenatal toxicity in 2007
(Greim 2007, available in German only). A re-evaluation has become necessary as a result of new studies that
investigated inhalation exposure, the carcinogenic potential of the substance and its metabolism and mechanism
of action.

1,4-Dioxane is used mainly as a solvent because it is readily miscible with other solvents and is relatively inert.

The blood:air partition coefficient is 1666 (Sweeney et al. 2008). Therefore, the increased respiratory volume at the
workplace has to be taken into account for the derivation of limit values that are based on systemic effects.

Toxic Effects and Mode of Action
The earlier findings have been confirmed by long-term drinkingwater studies that were published after the 2003 doc-
umentation (Greim 2003). 1,4-Dioxane induced squamous cell carcinomas in the nose and hepatocellular adenomas
and carcinomas in F344 rats. Hepatocellular adenomas and carcinomas were found in mice. Nuclear enlargement
was observed in the nasal epithelium. In drinking water studies, the nasal tissue comes into direct contact with
1,4-dioxane. Therefore, the development of nasal tumours in the drinking water studies may have been caused by
local exposure in addition to possible systemic exposure. In a new carcinogenicity study with inhalation exposure
of rats, 1,4-dioxane likewise induced squamous cell carcinomas in the nose at the high concentration of 1250 ml/m3.
Tumours were not found at the concentration of 50 ml/m3; however, an increased incidence of nuclear enlargement
in the respiratory and olfactory epithelium and atrophy and respiratory metaplasia of the olfactory epitheliumwere
observed in the nose, the target organ.
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Genotoxicity studies showed that 1,4-dioxane induced DNA strand breaks and micronuclei in vivo only at cytotoxic
concentrations, in most cases close to or above the recommended limit dose of 2000 mg/kg body weight and day.

New clinical findings have not been obtained in humans for the sensitizing effects of 1,4-dioxane on the skin. A
maximization test in guinea pigs yielded negative results. There are no data available for the sensitizing effects of
1,4-dioxane on the respiratory tract.

Mechanism of Action
A large number of mechanisms of action were investigated and reviewed in the 2003 documentation (Greim 2003).
The critical carcinogenic metabolite has to date not been elucidated. The metabolism of 1,4-dioxane is still inad-
equately understood. 2‑Hydroxyethoxyacetic acid is regarded as a detoxification product and the main urinary
metabolite, but it is in equilibrium with the lactone dioxan-2-one. A conceivable activation pathway would be
the directly inducible alpha-oxidation of 1,4-dioxane to dioxan-2-ol, which is a hemiacetal that is in equilibrium
with a hydroxyaldehyde. This could be clarified by determining the dose-dependence of the formation of a critical
metabolite or its reaction products (Greim 2003).

Only the new studies that investigated the mechanism of action and were published since the 2003 documentation
(Greim 2003) are described below.

Nasal tumours
A specific study was carried out to investigate the open question of whether the nasal epithelium has contact with
drinking water if animals are exposed to 1,4-dioxane via the drinking water. Groups of 5 rats were given drinking
water without any additions (control group), drinking water containing a fluorescent dye (group 1) or drinking
water containing fluorescent dye and 0.5% 1,4-dioxane (group 2). The animals were exposed overnight. Another
animal was given 2 ml drinking water containing fluorescent dye by gavage twice at an interval of 30 minutes. The
amount of drinking water containing fluorescent dye that was consumed by group 1 corresponded to that taken
up by the control group, whereas the presence of 1,4-dioxane in the drinking water (group 2) reduced the amount
consumed to on average 62% of that of the controls. In the drinking water groups, the fluorescent dye was detected
in the oral cavity and nasal airways of the animals. The presence of 1,4-dioxane had no effect on the amount of dye
detected. The fluorescent dye was found in numerous areas of the anterior third of the nose; these were the same
areas in which nasal irritation and tumours were identified in long-term studies (see Section “Subacute, subchronic
and chronic toxicity” and “Carcinogenicity” ). After gavage administration, fluorescent dye was not detected in the
nose. The results show that exposure of the nasal tissue in drinking water studies occurs through direct contact in
addition to a possible systemic exposure (Sweeney et al. 2008).

Irritation of the nasal epithelium resulting in cytotoxicity, inflammation, regenerative cell proliferation and hyper-
plasia is assumed to be the mechanism by which nasal tumours develop after inhalation.

Liver tumours
The metabolite 1,4-dioxan-2-one did not induce pre-neoplastic foci in the liver after 12-week oral exposure of F344
rats. The rats were given doses of 0.02 g/rat (15% of the LD50) on 3 days in week 1 (treatment every second day) and
0.04 g/rat in the subsequent 11 weeks according to the same pattern. As expected, the positive control aflatoxin
induced pre-neoplastic foci (Koissi et al. 2012).

A study that investigated the mechanism of action underlying the development of liver tumours supported an ear-
lier hypothesis that attributed the hepatocellular adenomas and carcinomas induced by 1,4-dioxane to cytotoxicity
and subsequent regenerative hyperplasia of the liver. The authors of this study evaluated the available subchronic
and chronic studies in rats and mice as regards this mechanism and concluded that metabolic saturation of 1,4-
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dioxane initiates the cytotoxic effects on the liver as evidenced by increased AST (aspartate aminotransferase) and
ALT (alanine aminotransferase) levels in the blood and corresponding dose and time-dependent histopathological
findings. The hepatotoxicity was first observed at 9.6 to 42 mg/kg body weight and day in rats and at 57 to 66 mg/kg
body weight and day in mice. In rats, enlargement of hepatocytes, hypertrophy of the liver and an increase in organ
weights were observed at 42 to 55 mg/kg body weight and day; this induced necrosis at doses of 94 to 219 mg/kg
body weight and day, hyperplasia and the development of foci at 55 to 389 mg/kg body weight and day, and subse-
quently the development of adenomas and carcinomas at 274 to 1015 mg/kg body weight and day. It is not possible
to establish such a dose-dependent listing for mice because hepatocellular adenomas and carcinomas were observed
even at the lowest dose tested of 66 mg/kg bodyweight and day.Themetabolic saturation that underlies the cytotox-
icity of 1,4-dioxane has been investigated in detail in animal studies and humans. At low dose levels, the 1,4-dioxane
metabolism follows non-saturated, first-order kinetics leading to the main metabolite 2‑hydroxyethoxyacetic acid
with a pH-dependent reversal to 1,4-dioxan-2-one. Saturation starts at higher dose levels, followed by non-linear
kinetics. It is expected to occur at about 30 to 100 mg/kg body weight in rats and at 200 mg/kg body weight and
day and above in mice. In rodent studies, 1,4-dioxan-2-one did not induce pre-neoplastic foci; therefore, the authors
concluded that 1,4-dioxane itself is the toxic agent that accumulates after metabolic saturation (Dourson et al. 2017).

However, the theory that 1,4-dioxane itself is the hepatotoxic agent requires critical review. Firstly, the molecule has
no reactive functional group and secondly, metabolic saturation is found only after a single, but not after repeated
administration because 1,4-dioxane induces its own metabolism in the latter case (Dietz et al. 1982). Thus, after
exposure of rats to 1000 mg/kg body weight for 1 day, the body burden is 900 times higher than after exposure
to 10 mg/kg body weight; however, after exposure for 17 days, the ratio is reduced to 100, the factor calculated
from the doses (1000 mg/kg body weight/10 mg/kg body weight). In addition, the course of the plasma levels of
1,4-dioxane in the 13-week inhalation study in rats was completely linear at 400 ml/m3 and above, whereas the
concentration–effect relationship for the liver effects (necrosis) was sublinear (Kasai et al. 2008).

Renal tumours
Increased exposure to oxygen radicals resulting from the induction of CYP2E1 after long-term exposure to 1,4-
dioxane is regarded as a possible mechanism of the carcinogenicity in the kidneys (see Section “Enzyme induction” ;
Nannelli et al. 2005).

Fibroadenomas in the rat mammary gland
As in humans, fibroadenomas of the rat mammary gland are benign tumours composed of well-differentiated epithe-
lial and fibrous connective tissue. The spontaneous incidence of fibroadenomas in female rats is between 20% and
40% for most rat strains. The period with the highest risk is between 31 and 36 months of age, and the incidence de-
creases again in older rats. Chemically induced mammary gland tumours in rats are generally hormone-dependent
adenocarcinomas. Fibroadenomas are not regarded as a premalignant lesion in rats or humans (Russo 2015).

Fibromas of the subcutis
Carcinogenicity studies in rats (Kano et al. 2009; Kasai et al. 2009) were carried out with the F344/DuCrj strain; the
strain has a relatively high spontaneous incidence of subcutaneous fibromas of 6% and higher (no other details;
Takanobu et al. 2015; English summary of the Japanese study). A higher sensitivity to chemicals is known also for
other tumour localizations with a high spontaneous incidence, one example being the high spontaneous tumour
incidence and high sensitivity for the induction of liver adenomas and carcinomas in B6C3F1 mice (Haseman et al.
1998; Maronpot 2009). The late occurrence of only benign tumours at sites with a high spontaneous incidence was
probably caused by growth-promoting effects (US EPA 2005) and, after carefully reviewing each case, is therefore
regarded as not relevant for humans.
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Enzyme induction
In male rats, cytochrome P450 (CYP) was induced after oral exposure to a 1,4-dioxane dose of 2000 mg/kg body
weight and day on 2 days or exposure to 1.5% in the drinking water for 10 days (about 1800 mg/kg body weight
and day; conversion factor: 0.12 (subacute) according to EFSA (2012)). Treatment led to the induction of CYP2B1/2
and CYP2C11 activities (pentoxyresorufin-O-depentylase and 2‑alpha-testosterone hydroxylase) in the liver and
CYP2E1 activities (p-nitrophenol hydroxylase) in the liver, kidneys and nose. The induction of CYP enzymes in the
lungs was not observed. 1,4-Dioxane did not change the plasma alanine aminotransferase activity (ALT) or the
glutathione level (GSH) in the liver of rats that had increased CYP2B1/2 and CYP2E1 activities after pre-treatment
with phenobarbital or after fasting. According to the authors, this suggests that reactive or toxic intermediates
did not form during the metabolism of 1,4-dioxane. Likewise, exposure to 1,4-dioxane for 10 days did not induce
palmitoyl CoA oxidase, the marker enzyme of peroxisome proliferation. In the liver, the induction of CYP2E1 was
most relevant after prolonged treatment, whereas the induction of CYP2B1 and CYP3A1/2 was most relevant after
acute treatment. The induction of CYP2B1/2, CYP2E1 or CYP1A is often accompanied by a decrease in CYP2C11,
which is under hormonal control. However, CYP2C11 was induced in this case; this may indicate a change in growth
hormone levels in the plasma. According to the authors, increased exposure to oxygen radicals resulting from the
induction of CYP2E1 after long-term exposure to 1,4-dioxane is a possible mechanism of the cell proliferation in
the liver and the carcinogenicity in the liver, kidneys and nose (Nannelli et al. 2005). The induction of CYP2B1/2
suggests the involvement of the CAR receptor (constitutive androstane receptor); its activation likewise causes
increased cell proliferation in the liver of rats (Elcombe et al. 2014).

In the liver microsomes of rats that were given intraperitoneal injections of 1,4-dioxane at 500 mg/kg body weight
and day on 3 days, the activities of CYP2E and CYP2B were significantly increased and those of CYP2C were
significantly reduced (Takano et al. 2010).

Replicative DNA synthesis
In an in vivo/in vitro study in isolated rat hepatocytes, 1,4-dioxane induced cytotoxicity at doses of 1000 or
2000 mg/kg body weight and increased replicative DNA synthesis at the dose level of 2000 mg/kg body weight.
However, the results were regarded as questionable (Uno et al. 1994).

Inhibition of RNA polymerases A and B
Male Sprague Dawley rats were given intravenous injections of 1,4-dioxane in doses of 0 and about 50 or 500 mg/kg
body weight (10 or 100 mg/rat) and the hepatocytes from 6 animals per dose were isolated at various times. At
50 mg/kg body weight, RNA polymerase A and B activities in the isolated hepatocytes after 10 minutes were about
75% and 50%, respectively, of the control values; after 1 hour, the inhibition of polymerase B was reversible, whereas
the polymerase A activity was up to 40% higher than the control value. Both polymerases were inhibited once again
to about 65% of the control value after 2 and 4 hours. The polymerase B activity recovered almost completely within
24 hours after administration of the substance, whereas the polymerase A activity was 35% higher than the control
value after 24 hours. A similar course was observed after exposure to 500 mg/kg body weight, but the inhibition
was more pronounced and, unlike the polymerase A activity, the polymerase B activity did not return to the control
values (Kurl et al. 1981).

Toxicokinetics and Metabolism

Absorption, distribution, elimination
1,4-Dioxane is absorbed completely by rats after oral exposure. In addition, there is evidence of absorption by
inhalation in rats and humans (Greim 2003).
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A study investigated the toxicokinetics of 1,4-dioxane in humans exposed by inhalation at rest and during physical
stress. The cohort of 18 volunteers (8 men and 10 women) was divided into 3 groups that were exposed to 20 ml/m3

(73 mg/m3) for 8 hours. Group 1 was exposed at rest, whereas the volunteers in groups 2 and 3 exercised on an er-
gometer for 10 minutes every hour, corresponding to work-loads of 50 W (experiment 2) and 75 W (experiment 3).
Blood samples were taken after 4 and 8 hours, and urine samples were collected over 24 hours and analysed for 1,4-
dioxane and the 2‑hydroxyethoxyacetic acid metabolite. At about 1 mg/l, the 1,4-dioxane concentration in the blood
and urine was only slightly above the limit of detection. About 53% ± 15% of the theoretically inhaled 1,4-dioxane
dose was eliminated as 2‑hydroxyethoxyacetic acid within 24 hours. As almost all of the amount of the metabolite
was excreted with the urine, this approximately corresponds to the pulmonary retention. Pulmonary retention of
60.5% can be assumed from the empirically derived relationship between pulmonary absorption and the blood:air
partition coefficient for water-soluble substances.Themaximum amount of the 2‑hydroxyethoxyacetic acidmetabo-
lite in the urine was reached 9.8 ± 1.9 hours after the beginning of exposure. Depending on the work-load, the
maximum elimination rate increased significantly from 23.2 ± 7.7 in group 1 to 30.4 ± 7.2 and 41.8 ± 23.8 mg/hour
in groups 2 and 3, respectively. Likewise, the cumulative excretion of 2‑hydroxyethoxyacetic acid with the urine
was increased by exercise. The average maximum 2‑hydroxyethoxyacetic acid concentration was between 378 and
451 mg/g creatinine and increased with work-load. The half-life of 2‑hydroxyethoxyacetic acid was 3.4 ± 0.5 hours.
As a 2-hydroxyethoxyacetic acid concentration of 31 to 51 mg/g creatinine was detected 24 hours after the begin-
ning of exposure, the authors assumed only low accumulation during a working week (Göen et al. 2016).

There are new studies available for dermal absorption of the substance. In an in vitro study, a 1,4-dioxane concentra-
tion of 200 µl/cm2 was applied occlusively to freshly excised human skin in static Franz cells. The receptor medium
consisted of physiological saline. A flux of 1.4 mg/cm2 and hour was calculated from the amounts of 1,4-dioxane
found in the receptor phase after 1 hour and after 2, 3 and 4 hours (Dennerlein et al. 2013).

A similar study with non-occlusive application of 100 µl 1,4-dioxane to 0.64 cm2 human skin for 1 hour reported
a cumulative amount of 309 µg in the receptor medium and of 6 µg in the epidermis and dermis after 8 hours.
Absorption was almost complete after 8 hours. Only 63% of the amount applied was recovered; this was attributed
to the evaporation of the substance (Dennerlein et al. 2015). About 984 mg of 1,4-dioxane would be absorbed after
the exposure of a 2000 cm2 surface area of skin for 1 hour.

Metabolic saturation was demonstrated in rats (Greim 2003). A recent study revealed that this is relevant also in the
case of B6C3F1 mice. Groups of 27 animals were given a single oral dose of 20, 200 or 2000 mg/kg body weight and
day. After 0, 30 and 60 minutes and 2, 3, 6, 9, 12 and 24 hours, the blood was analysed for 1,4-dioxane and its main
metabolite 2‑hydroxyethoxyacetic acid. At the middle and high doses, the maximum blood concentration of 1,4-
dioxane was reached after 1 hour, whereas the concentration was close to the detection limit in the low dose group
at all sampling times. In all 3 groups, the metabolite reached its maximum concentration between 30 minutes and
2 hours. The highest percentage of the metabolite was determined at 20 mg/kg body weight. The metabolite was
still detected after 12 and 24 hours only in the high dose group. A comparison of the AUCs (blood concentration–
time curves) of 1,4-dioxane and 2‑hydroxyethoxyacetic acid suggested non-linear metabolism, as demonstrated by
a disproportional increase in 1,4-dioxane compared with the given dose and a concurrent decrease in the ratio of
the metabolite to the parent substance in the blood. In addition to the evidence of metabolic saturation, the study
in mice revealed very rapid metabolism after a single oral dose of 20 mg/kg body weight; only trace amounts of
1,4-dioxane could be detected in the blood. Metabolic saturation was reached at about 200 mg/kg body weight and
above (Sweeney et al. 2008).

As there was some uncertainty with regard to the predictions of the first physiologically based pharmacokinetic
(PBPK) models of 1,4-dioxane and its main metabolite 2‑hydroxyethoxyacetic acid from the 1990s, the model was
improved for the evaluation of the carcinogenic risk according to today’s standards. Studies were carried out to
fill data gaps and reduce uncertainties as regards the pharmacokinetics of 1,4-dioxane and 2‑hydroxyethoxyacetic
acid, such as partition coefficients and the time course in the blood of mice, and in vitro studies were performed in
rat, mouse and human hepatocytes; updated PBPK models were developed based on these new data. In mice, the
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optimized rate of metabolism was significantly higher than the value previously estimated, whereas in rats, it was
similar to that in the models from the 1990s. Model predictions in humans were consistent with the findings of
the study in workers, but not with those of the study in volunteers. The data showed that after external exposure
to 50 ml/m3, the blood levels of 1,4-dioxane in humans (10 to 20 mg/l) were twice as high as those in rats (about
7 mg/l) (Sweeney et al. 2008).

Metabolism
At low concentrations (50 ml/m3) or doses (10 mg/kg body weight), more than 90% of 1,4-dioxane is metabolized
by humans and rats to 2‑hydroxyethoxyacetic acid and excreted with the urine. In rats, dioxan-2-one was reported
as the main metabolite when a different method of isolation was used; this substance exists in pH-dependent
equilibrium with 2‑hydroxyethoxyacetic acid (Greim 2003).

Three metabolic pathways were postulated for the formation of the main metabolite 2‑hydroxyethoxyacetic acid
(Figure 1):

a) Oxidation by CYP; further hydroxylation leads to the formation of 2‑hydroxyethoxyacetic acid from the
cyclic ketone. Dioxan-2-one was detected by a method of acidic isolation and at low concentrations of about
50 ml/m3.

b) Oxidation by CYP, ring opening to yield diethylene glycol and oxidation to form 2‑hydroxyethoxyacetic acid
(this step is known from diethylene glycol metabolism, but has not been demonstrated for 1,4-dioxane).

c) Possible metabolism at saturation of a): α‑hydroxylation to form dioxan-2-ol, ring opening to yield 2‑hydroxy-
ethoxy acetaldehyde and oxidation to form 2‑hydroxyethoxyacetic acid (here, too, there is no experimental
evidence for the aldehyde intermediate). Dioxan-2-ol is in equilibrium with the aldehyde (von Helden 2013).

O

O

1,4-dioxane

O

O

dioxan-2-one

O

O

O

dioxan-2-ol

OH

[a]

[b]

[c]
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OH

O

HO
COOH

2-hydroxyethoxy acetic acid

O
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Fig. 1 Possible pathways for the metabolism of 1,4-dioxane to 2-hydroxyethoxyacetic acid (von Helden 2013)
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However, it has been demonstrated that dioxan-2-one is not stable at physiological pH and hydrolyses to 2‑hydroxy-
ethoxyacetic acid at pH 7 with a half-life of 2 hours. Likewise, the equilibrium is far to the side of 2‑hydroxy-
ethoxyacetic acid in the acidic medium (Koissi et al. 2012). Thus, dioxan-2-one is rapidly metabolized to 2‑hydroxy-
ethoxyacetic acid if it is formed as a metabolite of 1,4-dioxane. It is possibly only an artefact of the method of acidic
isolation used.

CO2 was identified as another metabolite (Greim 2003).

The metabolism of 1,4-dioxane can be induced by phenobarbital or by 1,4-dioxane itself (Greim 2003).

Effects in Humans
There are no new data available for allergenic effects or reproductive toxicity.

Single exposures
In a volunteer study, 6 men and 6 women were exposed to stepwise increasing concentrations of 1,4-dioxane for
10 minutes each of 1, 2, 5, 10 and 20 ml/m3 (3.6, 7.2, 18, 36 and 72 mg/m3). Irritant and general symptoms were rated
in a questionnaire with 10 questions: 1) discomfort in the eyes: burning, irritated or watery eyes, 2) discomfort in
the nose: burning, irritated or runny nose, 3) discomfort in the throat or airways, 4) breathing difficulties, 5) solvent
smell, 6) headache, 7) fatigue, 8) nausea, 9) dizziness, and 10) feeling of intoxication. The standardized rating of the
severity of the symptoms was based on a visual analogue scale (VAS) from 0 to 100 mmwith 7 grades of assessment
(not at all, hardly at all, somewhat, rather, quite, very, almost unbearable). The evaluation of the results of these
tests showed that the level of 1,4-dioxane exposure had no significant effects on any parameter (Ernstgård et al.
2006).

On the basis of the reported results, a 1,4-dioxane concentration of 20 ml/m3 was chosen for the main study, and
6 male and 6 female volunteers were exposed to 1,4-dioxane at 0 or 20 ml/m3 for 2 hours. In addition to the analysis
with the above-mentioned questionnaire, the following examinations were carried out: the pulmonary function
was determined by measuring vital capacity (VC), forced VC (FVC), forced expiratory volume (FEV), forced expira-
tory volume in 1 second (FEV1) and peak expiratory flow (PEF). Possible nasal swelling was assessed by acoustic
rhinometry during or after exposure. The blinking frequency was monitored throughout the 2‑hour exposure by
electromyography. C‑Reactive protein and interleukin‑6 were determined as inflammatory markers in the blood of
the volunteers. The evaluation of the results of these tests showed that the level of 1,4-dioxane exposure had no
significant effects on any symptom listed in the questionnaire except for “solvent smell”. The ratings for solvent
smell were significantly increased after 3, 60 and 118 minutes. There were no significant changes in the parameters
of pulmonary function, nasal swelling, blinking frequency or C‑reactive protein. Compared with the values before
exposure, the interleukin‑6 concentrations in the blood of the volunteers were reduced by 33% in the control group
and by 37% after exposure to 20 ml/m3. These changes were significant over time, but not with regard to the expo-
sure. Therefore, the changes were caused by the stay in the exposure chamber, but not by 1,4-dioxane. In summary,
there was no significant change in any parameter at 20 ml/m3. Therefore, this value corresponds to the NOAEC (no
observed adverse effect concentration) for 2‑hour exposure to 1,4-dioxane (Ernstgård et al. 2006).

A toxicokinetics study with exposure of volunteers to 20 ml/m3 at rest or during physical exercise for 8 hours did
not report adverse effects on the respiratory tract or the eyes (Göen et al. 2016), unlike in the toxicokinetics study
with exposure to 50 ml/m3 for 6 hours, in which eye irritation was a frequent complaint (Greim 2003).
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Genotoxicity
In lymphocytes obtained from 6 workers employed in 1,4-dioxane production who were exposed to unspecified
concentrations of the substance in the air for 6 to 15 years, no increase in the incidence of chromosomal aberrations
was found compared with that in the controls (Greim 2003).

Carcinogenicity
In a small prospective mortality study of 165 workers who had been exposed to low concentrations of 1,4-dioxane
since 1954, 7 deaths had occurred in the manufacturing department by 1975; 2 of them were from cancer. The
expected numbers, based on the mortalities in Texas, were 4.9 and 0.9, respectively. In the processing department,
5 deaths were observed compared with the statistically expected 4.9; 1 of them was from cancer (0.8 statistically
expected) (Greim 2003). As the exposure concentration was not reported and exposure to a mixture of substances
is assumed, the study has not been included in the evaluation of carcinogenicity.

Animal Experiments and in vitro Studies

Subacute, subchronic and chronic toxicity

Inhalation

In the 2003 documentation (Greim 2003), a NOAEC of 111 ml/m3 (7 hours a day on 5 days a week) was derived from
a long-term inhalation study in Wistar rats (Torkelson et al. 1974). Neither organ toxicity nor tumour formation
was observed. The nose was not investigated in this study.

However, the 2‑year inhalation study in F344 rats published in 2009 yielded a LOAEC (lowest observed adverse
effect concentration) of 50 ml/m3 (180 mg/m3), which was the lowest concentration tested. At this concentration
and above, an increased incidence of nuclear enlargement in the respiratory and olfactory epithelium as well as
atrophy and respiratory metaplasia of the olfactory epithelium were observed in the nose as the target organ (see
Table 1; Kasai et al. 2009; see also Section “Carcinogenicity” ). The data are not suitable for benchmark modelling
because the end point “nuclear enlargement” was already observed in all animals of the low concentration group,
and because the incidence for the end point “olfactory atrophy” was 80% in the low concentration group and thus
far higher than the usual benchmark response of 5%; this means that the BMD is dependent only on the model. In
view of these uncertainties, the US EPA (2013) did not use benchmark modelling to derive the RfC (0.0322 mg/m3)
for 1,4-dioxane.

The most sensitive systemic effect observed at 250 ml/m3 was nuclear enlargement in the kidneys. Nuclear enlarge-
ment was not regarded as adverse by the US EPA (2013). However, at this concentration, increased incidences of
hydropic changes in the kidneys and centrilobular necrosis in the liver were observed; these increases were not
significant, but they were dose-dependent. Therefore, initial effects were observed at 250 ml/m3.

The concentration of 16.67 ml/m3 (LOAEC/3) is assumed to be the NAEC (no adverse effect concentration) of the
chronic rat study.
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Tab. 1 Effects on the nose in the 2-year study with inhalation exposure of rats to 1,4-dioxane (Kasai et al. 2009)

Exposure concentration (ml/m3)

only ♂ animals examined 0 50  250   1250

nose:

respiratory epithelium

nuclear enlargement  0/50 ( 0%) 50/50 (100%)**  48/50 (96%)**   38/50 (76%)**

olfactory epithelium

nuclear enlargement  0/50 ( 0%) 48/50 ( 96%)**  48/50 (96%)**   45/50 (90%)**

atrophy  0/50 ( 0%) 40/50 ( 80%)**  47/50 (94%)**   48/50 (96%)**

respiratory metaplasia 11/50 (22%) 34/50 ( 68%)**  49/50 (98%)**   48/50 (96%)**

inflammation  0/50 ( 0%)  2/50 (  4%)  32/50 (64%)**   34/50 (68%)**

nasal cavity

hydropic changes of the lamina
propria

 0/50 ( 0%)  2/50 (  4%)  36/50 (72%)**   49/50 (98%)**

*p ≤ 0.05; **p ≤ 0.01

In preparation for the long-term study, the same research group carried out a 13-week range-finding study in
F344/DuCrj rats. Groups of 10 male and 10 female animals were exposed whole-body to 1,4-dioxane concentrations
of 0, 100, 200, 400, 800, 1600, 3200 or 6400 ml/m3 for 6 hours a day on 5 days a week. All animals exposed to the high
concentration died by the end of the first week. Renal failure and congestion in the lungs were the main findings.
The body weights determined at the end of the study were significantly reduced in the males of the groups exposed
to 200 and 3200 ml/m3 and in the females exposed to 200 ml/m3 and at 800 ml/m3 and above. Significant increases
in the relative liver weights were observed in both sexes at 800 ml/m3 and above, and the relative kidney weights
were significantly increased in the males exposed to 3200 ml/m3 and in the females exposed to 800 ml/m3 and above.
The relative lung weights were significantly increased in the males exposed to 200 ml/m3 and at 1600 ml/m3 and
above and in the females at 200 ml/m3 and above. AST levels were slightly increased in females at 200 ml/m3 and
3200 ml/m3, and ALT levels were increased in both sexes at 3200 ml/m3. Triglycerides, blood glucose and urinary
protein were reduced only in the males of the group exposed to 3200 ml/m3. Nuclear enlargement in the nasal
respiratory epithelium was observed in the males and females at the lowest concentration tested of 100 ml/m3 and
above, followed by enlarged nuclei in the olfactory epithelium at 200 ml/m3 and above. The increased incidences of
degenerative changes in the olfactory epithelium were statistically significant in the males at 400 ml/m3 and above
and in the females at 800 ml/m3 and above, and in the bronchial epithelium at 1600 ml/m3 and above. 1,4-Dioxane
induced effects on the liver only at higher concentrations of 1600 ml/m3 and above. The lesions were characterized
by single cell necrosis and centrilobular swelling of hepatocytes inmales and females. GST-P-positive foci (placental
glutathione S-transferase; pre-neoplastic marker) in the liver were observed in the females at 1600 ml/m3 and above
and in the males at 3200 ml/m3. The plasma concentration of 1,4-dioxane increased linearly with the exposure
concentration at 400 ml/m3 and above. This means that metabolic saturation did not occur in this study, presumably
as a result of the induction of metabolizing enzymes.The LOAEC in this study was 100 ml/m3 because of the nuclear
enlargement in the nasal respiratory epithelium. It was not possible to derive a NOAEC (Kasai et al. 2008).

The studies with inhalation exposure are summarized in Table 2.
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Tab. 2 Studies with inhalation exposure of rats to 1,4-dioxane

Species, strain, num-
ber of animals/group

Duration, concentration Findings References

rat,
F344/DuCrj,
10 ♂, 10 ♀

13 weeks
0, 100, 200, 400, 800, 1600,
3200 or 6400 ml/m3

5 days/week, 6 hours/day
whole-body exposure
purity: > 99%

100 ml/m3: LOAEC
100 ml/m3 and above: ♂, ♀: nose: incidence of nuclear
enlargement in the respiratory epithelium ↑;
200 ml/m3: ♂, ♀: body weights ↓,
♂: relative lung weights ↑, AST ↑;
200 ml/m3 and above: ♂, ♀: nose: incidence of nuclear
enlargement in the olfactory epithelium ↑,
♀: relative lung weights ↑;
400 ml/m3 and above: ♂: nose: degenerative changes in the
olfactory epithelium;
800 ml/m3 and above: ♂, ♀: relative liver weights ↑,
♀: body weights ↓, relative liver weights ↑, nose: degenerative
changes in the olfactory epithelium;
1600 ml/m3 and above: ♂, ♀: lungs: degenerative changes in
the bronchial epithelium,
♂: relative lung weights ↑,
♀: liver: GST-P-positive foci;
3200 ml/m3: ♂, ♀: liver: single cell necrosis and centrilobular
swelling of hepatocytes, ALT ↑,
♂: body weights ↓, relative liver weights ↑, liver: GST-P-positive
foci, triglycerides and blood glucose ↓, urinary protein ↓,
♀: AST ↑;
6400 ml/m3: ♂, ♀: mortality 10/10 by the end of week 1 (renal
failure and congestion in the lungs)

Kasai et al. 2008

rat,
Wistar,
288 ♂, 288 ♀
control animals:
192 ♂, 192 ♀

2 years
0, 111 ml/m3

5 days/week, 7 hours/day
whole-body exposure

111 ml/m3: NOAEC
no unusual findings: growth, mortality, haematological
and clinico-chemical parameters, gross-pathological and
histopathological examinations
nose not examined

Greim 2003; Torkelson
et al. 1974

rat,
F344/DuCrj,
50 ♂, 50 ♀

2 years
0, 180, 900, 1800 mg/m3 (0,
50, 250, 1250 ml/m3)
5 days/week, 6 hours/day
whole-body exposure
purity: > 99%

50 ml/m3: LOAEC
50 ml/m3 and above: nose: incidence of nuclear enlargement
and inflammation ↑, atrophy and respiratory metaplasia of the
olfactory epithelium, hydropic changes and sclerosis of the
lamina propria, proliferation of the glands;
250 ml/m3 and above: mortality ↑, nose: squamous cell
metaplasia, kidneys: incidence of nuclear enlargement ↑;
1250 ml/m3: body weights ↓, nose: squamous cell hyperplasia,
kidneys: hydropic changes of the renal proximal tubules, liver:
relative weights ↑, incidence of nuclear enlargement ↑, necrosis
of hepatocytes, changes in cell foci, plasma: ALT, AST and
γ‑GTP activities ↑

Kasai et al. 2009

ALT: alanine aminotransferase; AST: aspartate aminotransferase; GST-P: placental glutathione S-transferase (pre-neoplastic marker); GTP:
glutamyl transpeptidase

Oral administration

In the 2003 documentation (Greim 2003), a NOAEL (no observed adverse effect level) of 0.01% 1,4-dioxane in the
drinking water was derived from the long-term studies in rats (daily dose of about 9.6 and 19 mg/kg body weight in
males and females, respectively). 1,4-Dioxane induced hepatotoxicity and nephrotoxicity and a slight increase in
hepatocellular tumours at a dose level of about 100 mg/kg body weight and day. Inflammation of the nasal cavities
with squamous cell carcinomas were observed at about 500 mg/kg body weight and day (Greim 2003).
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The effects in mice were almost identical with those described in rats; therefore, the target organs were the liver,
kidneys and nasal cavities. The incidence of hepatocellular adenomas and carcinomas was already markedly in-
creased at the lowest concentration tested of about 50 mg/kg body weight and day (Greim 2003). For this reason, it
was not possible to derive a NOAEL for mice.

The new long-term studies have confirmed the previous data. In rats, 1,4-dioxane induced nuclear enlargement
in the olfactory epithelium in the females at 83 mg/kg body weight and day and above. The NOAEL was 11 and
18 mg/kg body weight and day for males and females, respectively.The systemic NOAEL was 83 mg/kg body weight
and day (Kano et al. 2009; see also Section “Carcinogenicity” ).

When mice were given 1,4-dioxane with the drinking water, the increased incidences of hepatocellular adenomas
and carcinomas were statistically significant in both sexes, beginning in females at the lowest dose of 49 mg/kg
body weight and day and above (Kano et al. 2009; see also Section “Carcinogenicity” ). For this reason, it is not
possible to derive a NOAEL for mice.

The same research group carried out 13-week range-finding studies in male and female F344 rats and BDF1 mice
in preparation of the respective long-term studies. The animals were given 1,4-dioxane in the drinking water at
concentrations of 0%, 0.064%, 0.16%, 0.4%, 1% or 2.5%. The NOAEL was 0.064% for rats and mice on the basis of the
nuclear enlargement in the nasal respiratory epithelium in both species, the centrilobular enlargement of hepato-
cytes in rats and the nuclear enlargement in the bronchial epithelium of mice at 0.16%. The NOAEL is equivalent
to about 52 and 83 mg/kg body weight and day in male and female rats, respectively, and 170 and 231 mg/kg body
weight and day in female and male mice, respectively (Kano et al. 2008; for the findings see Table 3).
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Tab. 3 13-week studies in rats and mice with 1,4-dioxane in the drinking water (Kano et al. 2008)

Species, strain,
number of
animals/dose

Duration, dose Findings

rat,
F344/DuCrj,
10 ♂, 10 ♀

13 weeks
0%, 0.064%, 0.16%, 0.4%,
1% or 2.5% in the drinking
water (0, 52, 126, 274, 657,
1554 mg/kg body weight
and day in males and 0, 83,
185, 427, 756, 1614 mg/kg
body weight in females)
purity: 99%

52/83 mg/kg body weight: NOAEL ♂, ♀;
126/185 mg/kg body weight and above: ♂, ♀: nose: nuclear enlargement in the respiratory
epithelium ↑,
♂: liver: centrilobular enlargement of hepatocytes ↑,
♀: relative liver weights ↑, relative kidney weights ↑;
274/427 mg/kg body weight and above: ♂, ♀: water consumption ↓, nose: nuclear
enlargement in the olfactory epithelium ↑, trachea: nuclear enlargement in the epithelium ↑,
♂: relative kidney weights ↑, urinary pH ↓, liver: single-cell necrosis ↑,
♀: body weights ↓; liver: single cell necrosis ↑;
657/756 mg/kg body weight and above: ♂, ♀: kidneys: nuclear enlargement in the proximal
tubular epithelial cells,
♂: body weights ↓, relative liver weights ↑, liver: centrilobular vacuoles ↑,
♀: feed consumption ↓, relative lung weights ↑, urinary pH ↓, liver: centrilobular enlargement
of hepatocytes ↑;
1554/1614 mg/kg body weight: ♂, ♀: ruffled and discoloured fur, blood glucose levels ↓,
kidneys: hydropic changes in the proximal tubular epithelial cells, brain: vacuolar changes in
the cerebrum,
♂: feed consumption ↓, relative lung weights ↑, erythrocytes, haemoglobin and haematocrit ↑,
plasma AST and ALT ↑,
♀: lethal for 1 of 10 (renal failure), plasma AST ↑, liver: single cell necrosis and centrilobular
vacuoles ↑, lungs: nuclear enlargement of the bronchial epithelium ↑

mouse,
Crj:BDF1,
10 ♂, 10 ♀

13 weeks
0%, 0.064%, 0.16%, 0.4%,
1% or 2.5% in the drinking
water (0, 86, 231, 585,
882, 1570 mg/kg body
weight and day in males
and 0, 170, 387, 898, 1620,
2669 mg/kg body weight
in females)
purity: 99%

170 mg/kg body weight: NOAEL ♀;
231 mg/kg body weight: NOAEL ♂;
387 mg/kg body weight and above: ♀: lungs: nuclear enlargement in the bronchial
epithelium ↑;
585/898 mg/kg body weight and above: ♂, ♀: nose: nuclear enlargement in the olfactory
epithelium ↑, trachea: nuclear enlargement in the epithelium ↑, liver: single cell necrosis and
enlargement of the centrilobular hepatocytes ↑,
♂: lungs: nuclear enlargement in the bronchial epithelium ↑;
882/1620 mg/kg body weight and above: ♂, ♀: water consumption ↓, urinary pH ↓,
♀: relative lung weights ↑, ALT ↑, glucose ↓, lungs: degeneration in the bronchial epithelium ↑;
1570/2669 mg/kg body weight: ♂, ♀: nose: nuclear enlargement in the respiratory
epithelium ↑, vacuolar changes in the olfactory epithelium ↑, relative kidney weights ↑, plasma
AST and ALT ↑,
♂: lethal for 1 of 10, ruffled fur, body weights ↓, feed consumption ↓, relative lung weights ↑,
erythrocytes, haemoglobin and haematocrit ↑, glucose ↓, lungs: degeneration in the bronchial
epithelium ↑

* p < 0.05
ALT: alanine aminotransferase; AST: aspartate aminotransferase

Allergenic effects
In a maximization test with female Dunkin Hartley guinea pigs, a 5% aqueous formulation of 1,4-dioxane was ap-
plied for intradermal induction and undiluted 1,4-dioxane for topical induction and challenge. None of the 10 ani-
mals reacted to the challenge treatment after 24 hours; later readings were not carried out (ECHA 2018).

Reproductive and developmental toxicity

Fertility

Fertility or generation studies were not carried out with 1,4-dioxane.
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The inhalation studies with 13-week or 2‑year exposure of F344/DuCrj rats carried out according to OECD Test
Guideline 413 or 453 did not reveal effects on the reproductive organs up to the highest concentration tested of
6400 ml/m3 (13 weeks) or 1250 ml/m3 (2 years) (Kasai et al. 2008, 2009).

Likewise, in the 13-week and 2‑year drinking water studies carried out according to OECD Test Guideline 408 and
451 in male and female F344/DuCrj rats and Crj:BDF1 mice, respectively, no effects on the reproductive organs
were observed up to the highest doses tested of about 1550 to 2700 mg/kg body weight and day (13 weeks) and
about 270 to 960 mg/kg body weight and day (2 years) (Kano et al. 2008, 2009).

In a 2-generation study in ICR Swiss mice in which 1,4-dioxane was used as a stabilizer for 1,1,1-trichloroethane,
no toxic effects on reproduction were found up to the highest 1,4-dioxane dose tested of 30 mg/kg body weight and
day (Greim 2003; Greim 2007, available in German only; Lane et al. 1982).

Developmental toxicity

In a prenatal developmental toxicity study similar to OECD Test Guideline 414, groups of 17 to 20 Sprague Dawley
rats were given gavage doses of 1,4-dioxane (purity: 99%) of 0, 0.25, 0.5 or 1.0 ml/kg body weight and day, corre-
sponding to 0, 260, 520 or 1035 mg/kg body weight and day, from days 6 to 15 of gestation. The body weight gains
of the dams and the body weights of the foetuses were reduced at 1035 mg/kg body weight and day. Teratogenic
effects were not observed (Giavini et al. 1985; Greim 2003; Greim 2007, available in German only). The NOAEL for
developmental and maternal toxicity was 520 mg/kg body weight and day.

Developmental toxicity studies also used 1,4-dioxane as a stabilizer for 1,1,1-trichloroethane. These studies did not
report toxic effects on development after the exposure of rats or mice by inhalation up to the highest 1,4-dioxane
concentration tested of 32 ml/m3 (Schwetz et al. 1975). Likewise, no developmental toxicity was observed in Sprague
Dawley rats in a drinking water study with 3% 1,4-dioxane in the drinking water. The high dose corresponded to
3.5 mg 1,1,1-trichloroethane/kg body weight and day or 0.1 mg 1,4-dioxane/kg body weight and day (George et al.
1989).

Genotoxicity
The findings of genotoxicity studies reviewed in the 2003 documentation (Greim 2003) led to the conclusion that
cytotoxic concentrations of 1,4-dioxane caused DNA strand breaks in rat liver both in vitro and in vivo.

In a number of studies in vivo, 1,4-dioxane caused micronuclei, but did not induce any mutagenic effects (Greim
2003).

In vitro

No new studies of genotoxicity in vitro have become available that are relevant for the evaluation.

In vivo

In the 3 micronucleus tests in mouse bone marrow that were described in the 2003 documentation (Greim 2003),
a positive result was obtained after oral treatment with 900 to 3600 mg/kg body weight, but not after the exposure of
male C57BL6 mice to 450 mg/kg body weight. Positive results were obtained after exposure of female C57BL6 mice
at 5000 mg/kg body weight. A range-finding study yielded an LD50 between 4000 and 5000 mg/kg body weight
and day (0/6 animals at 3000, 2/6 animals at 4000 and 4/6 animals at 5000 mg/kg body weight) (Mirkova 1994).
Cytotoxicity was not determined in this study.

In another micronucleus test in partially hepatectomized CD1 mice that was described in the 2003 documentation
(Greim 2003), micronuclei were observed in the liver after oral exposure to 2000 mg/kg body weight, but not in
the peripheral blood at 3000 mg/kg body weight. There was no change in the percentage of reticulocytes in the
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peripheral blood. Partial hepatectomy induces cell proliferation in the liver and possibly also in the bone marrow
(Morita and Hayashi 1998).

The authors cited another study, which is available only as an abstract in Japanese; according to this study, mi-
cronuclei were induced in rat liver when F344 rats were given a 1,4-dioxane dose of 1000 mg/kg body weight by
intraperitoneal injection (Morita and Hayashi 1998). The authors assumed a non-genotoxic mechanism for 1,4-
dioxane resulting from errors in DNA repair followed by the induction of cell proliferation (Morita and Hayashi
1998).

The in vivo studies that have been published since the 2003 documentation (Greim 2003) are shown in Table 4.

Tab. 4 Genotoxicity of 1,4-dioxane in vivo (studies published since the 2003 documentation)

Test Dose Result References

MN,
bone marrow
follow-up study of
Morita and Hayashi
(1998)

CD‑1 mouse
male
5/group

0, 1500, 2500, 3500 mg/kg body
weight
5 × oral (5 days, gavage)

+ at cytotoxic doses; cytotoxicity
statistically significant at 1500 mg/kg
body weight and above

Roy et al. 2005

MN,
liver
follow-up study of
Morita and Hayashi
(1998)

CD‑1 mouse
male
5/group

0, 1500, 2500, 3500 mg/kg body
weight
5 × oral (5 days, gavage)

+
cytotoxicity at 1500 mg/kg body
weight and above, but statistically
significant only at 3500 mg/kg body
weight

Roy et al. 2005

gene mutation in
transgenic rats
liver

gpt delta transgenic
rats
male
30 animals in total
(number per group
not reported)

0%, 0.02%, 0.1%, 0.5% in the
drinking water
for 16 weeks

− (0.02%–0.1%)
+ (0.5%)
cells additionally GST-P-positive
(pre-neoplastic marker) and PCNA-
positive (marker for cell proliferation)

Fukushima et al.
2009

meiotic non-
disjunction

Drosophila
melanogaster

0%, 1%, 1.5%, 2%, 3%, 3.5% in the
diet, oocytes examined 24 and
48 hours after mating

+ (2% and above), no dose dependence;
at toxic doses (mortality 0%, 0%, 2.4%,
8.1%, 51.7%, 82.8%)

Muñoz and Mazar
2002

A recent study for meiotic non-disjunction in Drosophila melanogaster yielded positive results that were not dose-
dependent and were observed at toxic doses. According to the authors, these results may have been caused by
cytotoxicity induced by non-specific disturbances in cell division (Muñoz and Mazar 2002).

In a follow-up study of the micronucleus test of Morita and Hayashi (1998) (see Greim 2003) with oral exposure of
mice, the number of cells withmicronuclei was significantly increased at 1500 mg/kg bodyweight and above and the
concurrent 16% decrease in the PCE/NCE ratio at 1500 and 2500 mg/kg body weight and day or 37% at 3500 mg/kg
body weight and day was statistically significant. This is evidence of the cytotoxicity and bioavailability of the
substance in the bone marrow. The test yielded positive results in proliferating hepatocytes and negative results in
non-proliferating hepatocytes at the same doses. Reduced cell division, which was demonstrated by BrdU staining,
was observed here, too, but it was significant only at 3500 mg/kg body weight. The micronuclei resulted from
chromosome breaks as no centromers were detected in 80% to 90% of the micronuclei by means of CREST or FISH
staining (Roy et al. 2005).

The positive results obtained in micronucleus tests of Mirkova (1994), Morita and Hayashi (1998) and Roy et al.
(2005) provided evidence of the induction of micronuclei close to or at cytotoxic concentrations together with cell
proliferation in the liver and in the bone marrow. However, in micronucleus tests with negative results, also the
bioavailability of the substance in the bone marrow was demonstrated in the form of reduced PCE/NCE ratios
(McFee et al. 1994; Mirkova 1994; Tinwell and Ashby 1994; see Greim 2003).
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A test for mutations in transgenic rats yielded negative results in the liver up to 0.1% in the drinking water. At 0.5%,
an increased incidence of mutations of the gpt transgene was detected, and the hepatocytes were GST-P-positive
(marker for pre-neoplastic changes) and PCNA-positive (marker for cell proliferation). The study is available only
as an abstract (Fukushima et al. 2009).

Summary As reported in the 2003 documentation (Greim 2003), most in vivo studies showed that cytotoxic
concentrations of 1,4-dioxane induced DNA strand breaks and micronuclei, in most cases close to or above the
recommended limit dose of 2000 mg/kg body weight and day. Cell proliferation was induced concurrently. Cy-
totoxicity with subsequent cell proliferation was detected as a possible mechanism in the liver and in the bone
marrow. Genotoxic effects were not induced below or at 1000 mg/kg body weight and day.

A dominant lethal test in mice yielded negative results after a single intraperitoneal injection of 2500 μl/kg body
weight (about 2580 mg/kg body weight) (see Greim 2003).

Carcinogenicity

Short-term studies

Cell transformation tests

Cell transformation tests in BALB/3T3 cells yielded negative results for 1,4-dioxane in one test without cytotoxicity,
and cell transformation with concurrent cytotoxicity in another. The metabolite 1,4-dioxan-2-one induced cell
transformations in BALB/3T3 cells even without cytotoxicity (Greim 2003).

Inhibition of metabolic co-operation

1,4-Dioxane inhibited metabolic co-operation in V79 cells (thioguanine nucleotide transfer) (Greim 2003).

Initiation and promotion studies

1,4-Dioxane did not function as an initiator on the skin of mice that were subsequently treated with tetrade-
canoylphorbol acetate (TPA); however, tumour-promoting activity (γ-GT foci) was observed in the liver of male
Sprague Dawley rats (Greim 2003).

Short-term studies

In short-term studies in mice, intraperitoneal injections of 1,4-dioxane led to a significant increase in the incidence
of lung tumours in one study, whereas a questionable result was obtained in another study because of a lack of
dose-dependence (Greim 2003).

Long-term studies

Inhalation

An inhalation study in rats from the 1970s that was described in the 2003 documentation (Greim 2003) did not report
any carcinogenic effects at the only concentration tested of 111 ml/m3 (400 mg/m3; doses of about 100 mg/kg body
weight and day). In this study, 288 male and 288 femaleWistar rats were exposed in inhalation chambers for 7 hours
a day, on 5 days a week, for 2 years. Growth, mortality, haematological and clinico-chemical parameters, and the
gross-pathological and histopathological findings did not differ from those of the 192 males and 192 females of the
control group. Tumours did not develop, nor were liver or kidney lesions observed. In this study, the nose was not
examined and the MTD was not reached (Torkelson et al. 1974).

In a valid new study, groups of 50 male F344/DuCrj rats were exposed whole-body to 1,4-dioxane concentrations
of 0, 50, 250 or 1250 ml/m3 (0, 180, 900 or 1800 mg/m3) for 6 hours a day, on 5 days a week, for 104 weeks. Only male
animals were used because mesotheliomas had not been observed in the female animals after oral administration in
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the 2‑year study of Kano et al. (2009) (see following Section “Oral administration” ). The increases in the incidences
of hepatocellular adenomas and nasal squamous cell carcinomas in the high concentration group and peritoneal
mesotheliomas in the middle and high concentration groups were statistically significant. Subcutaneous fibromas
were detected only in the middle concentration group. The peritoneal mesotheliomas originated from the scrotal
sac (Kasai et al. 2009). They are not relevant for human risk evaluation because they develop only in male F344 rats
as a consequence of a sex, strain and species-specific susceptibility (Maronpot et al. 2015). An increased incidence
of fibroadenomas in the mammary gland was observed, but this finding is not regarded as a pre-malignant lesion
and the increase was not statistically significant (Russo 2015; see also Section “Mechanism of Action” ). Renal cell
carcinomas and adenomas in the Zymbal gland were found in the highest concentration group, but they were not
statistically significant; however, the kidneys are one of the target organs of toxicity (Kasai et al. 2009). Tumours
in organs that occur only in animals, but not in humans, are generally not relevant for humans if they are observed
in isolated cases; however, they may be evidence of a carcinogenic potential of a substance. The Zymbal gland is
one such example (ECHA 2015). Subcutaneous fibromas were not dose-dependent, but they were found also in
the oral carcinogenicity study. A relatively high spontaneous incidence of these tumours was observed in studies
of the JBRC (Japan Bioassay Research Center) in the F344/DuCrj rat strain (Takanobu et al. 2015; see also Section
“Mechanism of Action” ); therefore, they are of questionable human relevance.

Details of the study and the tumour incidences are shown in Table 5.

Tab. 5 Carcinogenicity study with inhalation exposure of rats to 1,4-dioxane (Kasai et al. 2009)

Author: Kasai et al. 2009

Substance: 1,4-dioxane (purity: > 99%)

Species: rat, F344/DuCrj, 50 ♂

Administration route: inhalation

Concentration: 0, 50, 250, 1250 ml/m3 (0, 180, 900, 1800 mg/m3)

Duration: 2 years, 5 days/week, 6 hours/day

Toxicity: 50 ml/m3 and above: nose: incidence of nuclear enlargement and inflammation ↑, atrophy and
respiratory metaplasia of the olfactory epithelium, hydropic changes and sclerosis of the lamina
propria, proliferation of the glands
250 ml/m3 and above: mortality ↑, nose: squamous cell metaplasia, kidneys: incidence of nuclear
enlargement ↑
1250 ml/m3: body weights ↓, nose: squamous cell hyperplasia, kidneys: hydropic changes
of the renal proximal tubules, liver: relative weights ↑, incidence of nuclear enlargement ↑,
necrosis of hepatocytes, changes in cell foci, plasma: ALT, AST and γ‑GTP activities ↑

exposure concentration (ml/m3)

0 50  250   1250

surviving animals 37/50 (74%) 37/50 (74%)  29/50 (58%)   25/50 (50%)

tumours and pre-neoplastic changes

nose:

respiratory epithelium

nuclear enlargement  0/50  (0%) 50/50 (100%)**  48/50 (96%)**   38/50 (76%)**

inflammation 13/50 (26%)  9/50  (18%)   7/50 (14%)   39/50 (78%)**

squamous cell metaplasia  0/50  (0%)  0/50   (0%)   7/50 (14%)*   44/50 (88%)**

squamous cell hyperplasia  0/50  (0%)  0/50   (0%)   1/50  (2%)   10/50 (20%)**
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Tab. 5 (continued)

olfactory epithelium

nuclear enlargement  0/50  (0%) 48/50  (96%)**  48/50 (96%)**   45/50 (90%)**

atrophy  0/50  (0%) 40/50  (80%)**  47/50 (94%)**   48/50 (96%)**

respiratory metaplasia 11/50 (22%) 34/50  (68%)**  49/50 (98%)**   48/50 (96%)**

inflammation  0/50  (0%)  2/50  (4%)  32/50 (64%)**   34/50 (68%)**

nasal cavity

hydropic changes of the lamina
propria

 0/50  (0%)  2/50  (4%)  36/50 (72%)**   49/50 (98%)**

sclerosis of the lamina propria  0/50  (0%)  0/50   (0%)  22/50 (44%)**   40/50 (80%)**

proliferation of the glands  0/50  (0%)  1/50  (2%)   0/50  (0%)    6/50 (12%)*

squamous cell carcinomas  0/50  (0%)  0/50   (0%)   1/50  (2%)    6/50 (12%)*

liver:

nuclear enlargement, centrilobular  0/50  (0%)  0/50   (0%)   1/50  (2%)   30/50 (60%)**

acidophilic cell foci  5/50 (10%) 10/50  (20%)  12/50 (24%)   25/50 (50%)**

basophilic cell foci 17/50 (34%) 20/50  (40%)  15/50 (30%)   44/50 (88%)**

clear cell foci 15/50 (30%) 17/50  (34%)  20/50 (40%)   23/50 (46%)

mixed cell foci  5/50 (10%)  3/50   (6%)   4/50  (8%)   14/50 (28%)

spongiosis hepatis  7/50 (14%)  6/50  (12%)  13/50 (26%)   19/50 (38%)**

necrosis, centrilobular  1/50  (2%)  3/50   (6%)   6/50 (12%)   12/50 (24%)**

hepatocellular adenomas  1/50  (2%)  2/50   (4%)   3/50  (6%)   21/50 (42%)**

hepatocellular carcinomas  0/50  (0%)  0/50   (0%)   1/50  (2%)    2/50  (4%)

kidneys:

nuclear enlargement, proximal
tubule

 0/50  (0%)  1/50   (2%)  20/50 (40%)**   47/50 (94%)**

hydropic changes, proximal tubule  0/50  (0%)  0/50   (0%)   5/50 (10%)    6/50 (12%)*

renal cell carcinomas  0/50  (0%)  0/50   (0%)   0/50  (0%)    4/50  (8%)

peritoneum:

mesotheliomas  2/50  (4%)  4/50   (8%)  14/50 (28%)**   41/50 (82%)**

mammary gland:

fibroadenomas  1/50  (2%)  2/50   (4%)   3/50  (6%)    5/50 (10%)

adenomas  0/50  (0%)  0/50   (0%)   0/50  (0%)    1/50  (2%)

Zymbal gland:

adenomas  0/50  (0%)  0/50   (0%)   0/50  (0%)    4/50  (8%)

subcutis:

fibromas  1/50  (2%)  4/50   (8%)   9/50 (18%)**    5/50 (10%)

*p ≤ 0.05; **p ≤ 0.01

Oral administration

Two new carcinogenicity studies have been published since the last documentation (Greim 2003) with exposure of
rats or mice to 1,4-dioxane with the drinking water for 2 years (Kano et al. 2009).
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In rats of the high dose group, the increase in squamous cell carcinomas in the nose of females, adenomas and carci-
nomas in the liver of both sexes, peritoneal mesotheliomas inmales, and adenomas of themammary gland in females
observed after exposure to 1,4-dioxanewas statistically significant, while the increase in subcutaneous fibromaswas
not significant (Kano et al. 2009). The peritoneal mesotheliomas are not relevant for human risk evaluation because
they develop only in male F344 rats as a consequence of a sex, strain and species-specific susceptibility (Maronpot
et al. 2015). Fibroadenomas of the mammary gland are not regarded as a pre-malignant lesion in rats and humans
(see above and Section “Mechanism of Action” ). Subcutaneous fibromas were not significantly increased in male rats
and were not dose-dependent in female rats; however, they were found also in the chronic inhalation study with
rats and are (see above and Section “Mechanism of Action” ) of questionable human relevance.

In mice, increases in tumour incidences with statistical significance were observed only in the liver; these were
hepatocellular adenomas and carcinomas in the females at the low dose and above, hepatocellular carcinomas in
the males at the middle dose and above and hepatocellular carcinomas in the high dose group. In addition, 2 nasal
tumours were found in the high dose group: an adenocarcinoma in one female and an aesthesioneuro-epithelioma
in one male animal. According to the authors, both tumours are very rare; thus, these tumours did not occur in any
of the 1846 males or 1847 females of the historical control animals of the Japan Bioassay Research Center (JBRC).
The tumours were demonstrated in section level 3 (Kano et al. 2009).

The studies are shown in Table 6.
Tab. 6 Drinking water studies that investigated the carcinogenicity of 1,4-dioxane in rats and mice (Kano et al. 2009)

Author: Kano et al. 2009

Substance: 1,4-dioxane (purity: 99%)

Species: rat, F344/DuCrj, 50 ♂, 50 ♀

Administration route: drinking water

Concentration: 0, 200, 1000, 5000 mg/l (corresponds to 0, 11, 55, 274 and 0, 18, 83, 429 mg/kg body weight
and day in males and females, respectively)

Duration: 2 years, continuous

Toxicity: 274/429 mg/kg body weight: mortality ↑, body weights and body weight gains ↓, relative
liver weights ↑ (♀)

exposure dose (mg/kg body weight and day) ♂/♀

0 11/18 55/83  274/429

surviving animals ♂
♀

40/50 (80%)
38/50 (76%)

45/50 (90%)
37/50 (74%)

35/50 (70%)
38/50 (76%)

 22/50 (44%)
 24/50 (48%)

tumours and pre-neoplastic changes

nose:

squamous cell carcinomas ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

  3/50  (6%)
  7/50 (14%)**

aesthesioneuro-epitheliomas ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

  1/50  (2%)
  1/50  (2%)

rhabdomyosarcomas ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

  1/50  (2%)
  0/50  (0%)

undifferentiated sarcomas ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

  2/50  (4%)
  0/50  (0%)
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Tab. 6 (continued)

respiratory epithelium

nuclear enlargement ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

 26/50 (52%)**
 13/50 (26%)**

squamous cell metaplasia ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

 31/50 (62%)**
 35/50 (70%)**

squamous cell hyperplasia ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

  2/50  (4%)
  5/50 (10%)

olfactory epithelium

nuclear enlargement ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
28/50 (56%)**

 38/50 (76%)**
 39/50 (78%)**

liver:

acidophilic cell foci ♂
♀

12/50 (24%)
 1/50  (2%)

 8/50 (16%)
 1/50  (2%)

 7/50 (14%)
 1/50  (2%)

  5/50 (10%)
  1/50  (2%)

basophilic cell foci ♂
♀

 7/50 (14%)
23/50 (46%)

11/50 (22%)
27/50 (54%)

 8/50 (16%)
31/50 (62%)

 16/50 (32%)
  8/50 (16%)

clear cell foci ♂
♀

 3/50  (6%)
 1/50  (2%)

 3/50  (6%)
 1/50  (2%)

 9/50 (18%)
 5/50 (10%)

  8/50 (16%)
  4/50  (8%)

mixed cell foci ♂
♀

 2/50  (4%)
 1/50  (2%)

 8/50 (16%)
 1/50  (2%)

14/50 (28%)
 3/50  (6%)

 13/50 (26%)
 11/50 (22%)

hepatocellular adenomas ♂
♀

 3/50  (6%)
 3/50  (6%)

 4/50  (8%)
 1/50  (2%)

 7/50 (14%)
 6/50 (12%)

 32/50 (64%)**
 48/50 (98%)**

hepatocellular carcinomas ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

 14/50 (28%)**
 10/50 (20%)**

hepatocellular adenomas and carcinomas ♂
♀

 3/50  (6%)
 3/50  (6%)

 4/50  (8%)
 1/50  (2%)

 7/50 (14%)
 6/50 (12%)

 39/50 (78%)**
 48/50 (98%)**

peritoneum:

mesotheliomas ♂
♀

 2/50  (4%)
 1/50  (2%)

 2/50  (4%)
 0/50  (0%)

 5/50 (10%)
 0/50  (0%)

 28/50 (54%)**
  0/50  (0%)

mammary gland:

fibroadenomas ♂
♀

 1/50  (2%)
 3/50  (6%)

 1/50  (2%)
 2/50  (4%)

 0/50  (0%)
 1/50  (2%)

  4/50  (8%)
  3/50  (6%)

adenomas ♂
♀

 0/50  (0%)
 6/50 (12%)

 1/50  (2%)
 7/50 (14%)

 2/50  (4%)
10/50 (20%)

  2/50  (4%)
 16/50 (32%)*

adenomas and fibroadenomas ♂
♀

 1/50  (2%)
 8/50 (16%)

 2/50  (4%)
 8/50 (16%)

 2/50  (4%)
11/50 (22%)

  6/50 (12%)
 18/50 (34%)*

subcutis:

fibromas ♂
♀

 5/50 (10%)
 0/50  (0%)

 3/50  (6%)
 2/50  (4%)

 5/50 (10%)
 1/50  (2%)

 12/50 (24%)
  0/50  (0%)

* p ≤ 0.05; ** p ≤ 0.01 Fisher’s exact test (DECOS 2015)
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Tab. 6 (continued)

Author: Kano et al. 2009

Substance: 1,4-dioxane (purity: 99%)

Species: mouse, Crj:BDF1, 50 ♂, 50 ♀

Administration route: drinking water

Concentration: 0%, 0.5%, 0.2%, 0.8% (corresponds to 0, 49, 191, 677 and 0, 66, 278, 964 mg/kg body weight
and day in males and females, respectively)

Duration: 2 years, continuous

Toxicity: 191/278 mg/kg body weight and above: mortality ↑ (only ♀), body weights and body weight
gains ↓, relative liver weights ↑ (only ♂)
677/964 mg/kg body weight: feed and water consumption ↓, relative liver weights ↑ (♀)

exposure dose (mg/kg body weight and day) ♂/♀

0 49/66  191/278  677/964

surviving animals ♂
♀

31/50 (62%)
29/50 (58%)

33/50 (66%)
29/50 (58%)

 25/50 (50%)
 17/50 (34%)

 26/50 (52%)
  5/50 (10%)

tumours and pre-neoplastic changes

nose:

adenocarcinomas ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

  0/50  (0%)
  0/50  (0%)

  0/50  (0%)
  1/50  (2%)

aesthesioneuro-epitheliomas ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

  0/50  (0%)
  0/50  (0%)

  1/50  (2%)
  0/50  (0%)

respiratory epithelium

nuclear enlargement ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

  0/50  (0%)
  0/50  (0%)

 31/50 (62%)**
 41/50 (82%)**

olfactory epithelium

nuclear enlargement ♂
♀

 0/50  (0%)
 0/50  (0%)

 0/50  (0%)
 0/50  (0%)

  9/50  (0%)
 41/50 (82%)**

 49/50 (98%)**
 33/50 (66%)**

liver:

hepatocellular adenomas ♂
♀

 9/50 (18%)
 5/50 (10%)

17/50 (34%)
31/50 (62%)**

 23/50 (46%)**
 20/50 (40%)**

 11/50 (22%)
  3/50  (6%)

hepatocellular carcinomas ♂
♀

15/50 (30%)
 0/50  (0%)

20/50 (40%)
 6/50 (12%)*

 23/50 (46%)
 30/50 (60%)**

 36/50 (72%)**
 45/50 (90%)**

hepatocellular adenomas and carcinomas ♂
♀

23/50 (46%)
 5/50 (10%)

31/50 (62%)
35/50 (70%)**

 37/50 (74%)**
 41/50 (82%)**

 40/50 (80%)**
 46/50 (92%)**

* p ≤ 0.05; ** p ≤ 0.01 Fisher’s exact test (DECOS 2015)

Summary: tumours relevant for humans and the evaluation

Inhalation, rat: Exposure to 1,4-dioxane by inhalation induced squamous cell carcinomas in the nose, hepato-
cellular adenomas and a slight increase in the incidence of renal cell carcinomas without statistical significance
at the highest concentration tested of 1250 ml/m3; subcutaneous fibromas were observed only at the middle con-
centration. Although the findings lacked statistical significance, renal cell carcinomas are regarded as relevant for
the evaluation because the kidneys are a target organ of toxicity. Initial findings were observed in the nose as the
target organ (increased incidences of nuclear enlargement in the respiratory and olfactory epithelium, atrophy and
respiratory metaplasia of the olfactory epithelium) even at the lowest concentration tested of 50 ml/m3 (180 mg/m3)
and above (Kasai et al. 2009).
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Oral uptake, rat and mouse: In drinking water studies in rats, 1,4-dioxane induced hepatotoxicity and nephro-
toxicity and a slight increase in hepatocellular adenomas or carcinomas at a dose of about 100 mg/kg body weight
and day; inflammation of the nasal cavities with squamous cell carcinomas were observed at about 500 mg/kg body
weight and day (Greim 2003).

In a long-term study in mice, hepatocellular adenomas and carcinomas developed at the lowest concentration
tested in the drinking water, which corresponds to a 1,4-dioxane dose of about 50 mg/kg body weight and day;
inflammation of the nasal cavities with squamous cell carcinomas were reported at about 500 mg/kg body weight
and day (Greim 2003).

These studies demonstrated a clear dose-dependence for the carcinogenic effects. A NOAEL of 10 mg/kg body
weight and day was determined for toxicity and carcinogenicity in rats (Greim 2003).

The new carcinogenicity studies of Kano et al. (2009) have confirmed the findings from earlier studies.

In female rats, the increased incidence of squamous cell carcinomas induced by 1,4-dioxane in the nose at the
high dose of 429 mg/kg body weight and day was statistically significant. This finding did not occur in male rats,
probably because the highest dose tested in males of 274 mg/kg body weight and day was not high enough to cause
this effect. Nuclear enlargement in the olfactory epithelium was observed in the females at 83 mg/kg body weight
and above and in the males at 274 mg/kg body weight and above. Hepatocellular adenomas and carcinomas were
found in males and females at 274 and 429 mg/kg body weight and day, respectively. The tumour incidences were
not increased at 55 or 83 mg/kg body weight and day; this dose is also the systemic NOAEL (Kano et al. 2009).

When mice were given 1,4-dioxane with the drinking water, only the increased liver tumour incidences were
statistically significant. They included hepatocellular adenomas and carcinomas in both sexes, beginning in females
at the lowest dose tested of 66 mg/kg body weight and day and above. In addition, a rare tumour was reported in
the nose in 1 male and 1 female at 677 and 964 mg/kg body weight and day, respectively. Nuclear enlargement in
the nasal epithelium was observed at the middle dose of 278 mg/kg body weight and day and above (Kano et al.
2009). Mice are considerably more sensitive than rats; this may be due to the higher spontaneous incidence of liver
tumours in mice.

As the nasal tissue comes into direct contact with 1,4-dioxane in drinking water studies (Sweeney et al. 2008), the
development of nasal tumours in these studies may have been caused by local exposure in addition to possible
systemic exposure.

Manifesto (MAK value/classification)
The critical effects are nasal toxicity, irritation and the carcinogenic effects on the nose, liver and kidneys as the
target organs.

Carcinogenicity. As reported in the 2003 documentation (Greim 2003), most in vivo studies of genotoxicity
found that cytotoxic concentrations of 1,4-dioxane induced DNA strand breaks and micronuclei, in most cases
close to or above the recommended limit dose of 2000 mg/kg body weight and day. Cell proliferation was induced
concurrently. Cytotoxicity with subsequent cell proliferation was detected as a possible mechanism in the liver
and in the bone marrow. Genotoxic effects were not induced below or at 1000 mg/kg body weight and day.

The earlier data have been confirmed by the drinking water carcinogenicity studies that were published since the
2003 documentation. 1,4-Dioxane induced nasal squamous cell carcinomas and hepatocellular adenomas and carci-
nomas in F344 rats. Hepatocellular adenomas and carcinomas were found in mice (Kano et al. 2009). As the nasal
tissue comes into direct contact with 1,4-dioxane in drinking water studies (Sweeney et al. 2008), the development
of nasal tumours in these studies may have been caused by local exposure in addition to possible systemic exposure.
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In a carcinogenicity study with inhalation exposure of male rats, 1,4-dioxane induced squamous cell carcinomas
in the nose at the high concentration of 1250 ml/m3. At 50 ml/m3, no tumours were found, but initial findings
were already observed in the nose as the target organ (increased incidences of nuclear enlargement, atrophy and
respiratory metaplasia of the olfactory epithelium) at the lowest concentration of 50 ml/m3 (180 mg/m3) and above
(Kasai et al. 2009).

As described in the 2003 documentation (Greim 2003), non-linear toxicokinetics and accumulation of the substance
were demonstrated experimentally at high doses (see Section “Mechanism of Action” ); this is explained by metabolic
saturation. It is assumed that toxicity, which additionally causes carcinogenic effects in the liver and kidneys,
occurs only after the saturation of metabolism. However, irritation of the nose, which is observed below saturation,
likewise induces carcinomas. Irritation of the nasal epithelium resulting in cytotoxicity, inflammation, regenerative
cell proliferation and hyperplasia is assumed to be the mechanism that leads to the development of nasal tumours
following inhalation exposure.

As genotoxic effects play a subordinate role in carcinogenicity and are observed only at cytotoxic doses, if at all,
1,4-dioxane continues to be classified in Carcinogen Category 4.

MAK value. 1,4-Dioxane was one of the first substances for which non-linear toxicokinetics and the accumula-
tion of the substance at high doses were demonstrated experimentally and were explained by metabolic saturation
(Greim 2003).

Since then, the increased incidence of nuclear enlargement in the kidneys at 250 ml/m3was found to be themost sen-
sitive systemic effect in a chronic inhalation study in rats (Kasai et al. 2009). Thus, the systemic NOAEC is 50 ml/m3.
A MAK value of 10 ml/m3 is calculated from this concentration taking into consideration the increased respiratory
volume (1:2), the extrapolation from animal studies to humans (1:2) and the preferred value approach. On the basis
of this study, irritation of the nose is the most sensitive local effect in rats because an increased incidence of nuclear
enlargement in the respiratory and olfactory epithelium, and atrophy and respiratory metaplasia of the olfactory
epithelium were observed as the initial effects in the nose as the target organ at the lowest concentration tested
of 50 ml/m3 (180 mg/m3) (see Table 1). The concentration of 16.67 ml/m3 (LOAEC/3) is assumed to be the NAEC of
the chronic rat study. It is thus in the same range as the NOAEC of 20 ml/m3 determined for sensory irritation in
volunteers after 2 to 8 hours at a LOAEC of 50 ml/m3 after 6 hours. As 1,4-dioxane induced genotoxic effects only
at very high doses, irritation of the nasal epithelium resulting in cytotoxicity, inflammation, regenerative cell prolif-
eration and hyperplasia is probably the mechanism that leads to the development of nasal tumours after inhalation
exposure.

It is assumed that avoiding sensory irritation also provides protection against histopathologically detected irrita-
tion and cytotoxicity in the nasal epithelium (Brüning et al. 2014). As 1,4-dioxane caused carcinogenic effects in
the nose, a higher level of protection against irritation is necessary than would be the case for a non-carcinogenic
substance; therefore, the MAK value has been lowered to 10 ml/m3. As described above, systemic effects are not
expected to occur at 10 ml/m3.

Peak limitation. 1,4-Dioxane continues to be classified in Peak Limitation Category I because local irritation is
its critical effect. An excursion factor of 2 has been established because irritation was not observed in the study
with 2‑hour exposure of volunteers to 20 ml/m3.

Prenatal toxicity. A prenatal developmental toxicity study with 1,4-dioxane in Sprague Dawley rats reported
decreased foetal body weights with low maternal toxicity (reduced body weight gains) at 1035 mg/kg body weight
and day. The NOAEL for developmental toxicity is 520 mg/kg body weight and day.

The following toxicokinetic data are used to extrapolate the NOAEL for developmental toxicity to a concentration
in workplace air: the species-specific correction value of 1:4 for the rat determined on the basis of the toxicokinetic
data, the oral absorption of 100% demonstrated in rats, and the body weight of 70 kg, the respiratory volume of
10 m3 during 8 working hours and the 60% absorption by inhalation of the person. This results in a 1,4-dioxane
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concentration in air of 1520 mg/m3, which is 41 times as high as the MAK value of 37 mg/m3. As this margin is
sufficient and teratogenic effects were not observed, classification in Pregnancy Risk Group C has been confirmed.

Germ cell mutagenicity. As reported in the 2003 documentation (Greim 2003), most in vivo studies demon-
strated that cytotoxic concentrations of 1,4-dioxane induced DNA strand breaks and micronuclei, in most cases
close to or above the recommended limit dose of 2000 mg/kg body weight and day. Cell proliferation was induced
concurrently. Cytotoxicity with subsequent cell proliferation was detected as a possible mechanism in the liver
and in the bone marrow. Genotoxic effects were not induced at doses of up to 1000 mg/kg body weight and day.
A dominant lethal test in mice yielded negative results after intraperitoneal injection of 2580 mg/kg body weight.
Therefore, no data are available that would justify classification in one of the categories for germ cell mutagens.

Absorption through the skin. In an in vitro study, the maximum amount dermally absorbed was estimated to
be 984 mg for humans after exposure to undiluted 1,4-dioxane under standard conditions (2000 cm2 surface area of
skin and 1‑hour exposure).

The systemic NOAEC for long-term exposure by inhalation is 50 ml/m3 (180 mg/m3) in rats. The following toxicoki-
netic data are used to extrapolate this concentration to humans: the respiratory volume during 8 hours (10 m3), the
extrapolation from animal studies to humans (1:2) and the increased respiratory volume at the workplace (1:2). This
was used to calculate a systemically tolerable amount of 450 mg.

The amount absorbed through the skin (984 mg) is thus more than 25% of the systemically tolerable amount, and
1,4-dioxane continues to be designated with an “H” (for substances which can be absorbed through the skin in
toxicologically relevant amounts).

Sensitization. Only a few earlier clinical findings of questionable reliability are available in humans and no
positive findings have been reported from animal studies for the sensitizing effects of 1,4-dioxane on the skin.
Likewise, there are no findings available for sensitizing effects on the respiratory tract. 1,4-Dioxane is therefore
not designated with either “Sh” or “Sa” (for substances which cause sensitization of the skin or airways).
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