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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 xylene [1330-20-7]. The critical effect of
xylene is acute neurotoxicity. The former maximum concentration at the workplace
(MAK value) of 100 ml/m? was derived on the basis of effects on the equilibrium of per-
sons exposed at rest. It is now lowered to 50 ml/m?® taking into account the increased
respiratory volume at the workplace (see List of MAK and BAT Values, Section Ib and
Ic). Since a systemic effect is critical, Peak Limitation Category II is retained. The ex-
cursion factor of 2 is confirmed on the basis of toxicokinetic studies. As skin absorption
contributes significantly to systemic toxicity, the designation with “H” (for substances
that can be absorbed through the skin in toxicologically relevant amounts) is retained.
Xylene is not expected to be a sensitizer.
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MAK Value Documentations — Xylene (all isomers)

MAK value (2019) 50 ml/m? (ppm) 2220 mg/m3

Peak limitation (2001) Category 11, excursion factor 2
Absorption through the skin (1998) H
Sensitization -
Carcinogenicity -
Prenatal toxicity (1988) Pregnancy Risk Group D
Germ cell mutagenicity -
BAT value (1984) 2000 mg methylhippuric acid/l urine
Synonyms dimethylbenzene
methyltoluene
m-xylene
o-xylene
p-xylene
Chemical name (IUPAC) 1,2-xylene
1,3-xylene
1,4-xylene
CAS number xylene (all isomers): 1330-20-7

1,2-xylene: 95-47-6
1,3-xylene: 108-38-3
14-xylene: 106-42-3

Molar mass 106.17 g/mol

Melting point

Boiling point

Density at 20°C

Vapour pressure at 20°C

log Kow

Solubility at 20°C

1 ml/m3 (ppm)24.41 mg/m?

<25°C (IFA 2018)

137-140°C (IFA 2018)

0.86 g/cm? (IFA 2018)

8 hPa (IFA 2018)

2.98-3.15 (Eom 2011)

0.2 g/1 water (IFA 2018)

1 mg/m?20.227 ml/m? (ppm)

For xylene (all isomers), there is documentation from 1983 and a supplement from 1987 (combined in one translation:
Henschler 1993) as well as supplements from 1998, 2001 and 2004 (Greim 2001; Hartwig 2014 a, b).

In 2016, the Commission began using a revised approach for assessing substances with a MAK value based on systemic
effects and derived from inhalation studies in animals or with volunteers at rest; this new approach takes into account
that the respiratory volume at the workplace is higher than under experimental conditions. However, this does not
apply to gases or vapours with a blood:air partition coefficient < 5 (DFG 2019; Section Ib and Ic). The blood:air partition
coefficient of the xylene isomers is greater than 5 (Pierce et al. 1996). This supplement evaluates whether the MAK
value for xylene needs to be changed as a result of the higher respiratory volume at the workplace.
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1 Toxic Effects and Mode of Action
See also Greim (2001).

There are no clinical reports of contact allergic reactions to xylenes. The results with xylenes from experimental
studies indicate a low irritant potential rather than a contact sensitizing potential.

2 Mechanism of Action

The lipophilic property of xylene is responsible for its anaesthetic and narcotic effects. The exact mechanism is
unknown. As for other lipophilic organic solvents, interaction with specific targets (including ion channels and
neurotransmitter receptors) in the neuronal membrane or changes in the geometry of the membrane of nerve cells
is suspected (Meulenberg et al. 2016). These effects could impair the transmission of nerve impulses (ATSDR 2007).
In general, a “narcosis pathway” is assumed for organic solvents, which is based on the enhancement of inhibitory
processes and the reduction of excitatory processes in the nervous system and thus leads to sedative effects in humans
(van Thriel 2014). Xylene can react also with other cell membranes and lead to membrane damage (Niaz et al. 2015).

Above all in vitro experiments showed that the irritant effect could be due to the dissolution of cell membranes. Cy-
totoxic effects are associated with the formation of hydroxyl radicals, lipid peroxidation and the release of oxidative
intermediates with subsequent necrosis. Nephrotoxicity and apoptotic effects may be related to caspase activation
(ATSDR 2007). In leukaemia cells, however, the induction of apoptosis independent of caspase was observed (Sarma
et al. 2011; see Section 5.7).

3 Toxicokinetics and Metabolism

3.1 Absorption, distribution, elimination

After physical exercise on a bicycle ergometer at 100 watts, the absorption of xylene by inhalation—and thus the con-
centration in the blood of test persons—was about 2.5 times as high as that when the persons were at rest. A concen-
tration peak of 400 ml/m? led to a doubling of the concentration in blood compared with that after constant exposure
to 200 ml/m?® (Laine et al. 1993).

Twenty-seven male volunteers were exposed at rest to concentrations of 0 to 40 ml/m? of the 3 xylene isomers for
2 hours. Systemic clearance from the blood was 116 + 34 1/hour, 129 + 33 I/hour and 117 + 23 I/hour for o-xylene, m-xylene
and p-xylene, respectively. The terminal half-lives after exposure were 38.5+18.2 hours for o-xylene, 33.0+11.7 hours
for m-xylene and 30.3+10.2 hours for p-xylene. With the data obtained, a physiologically-based pharmacokinetic
(PBPK) model was developed. The authors concluded that, because of the large interindividual variability in internal
exposure, a Biological Exposure Index is more appropriate for protection at the workplace than a limit value in air
(Adams et al. 2005).

The PBPK model of Tardif et al. (1997) was verified using data from subjects exposed to m-xylene concentrations of 12.5
or 25 ml/m? for 7 hours (Marchand et al. 2015).

The dermal absorption of m-xylene from the gaseous phase was determined after the exposure of volunteers to a xylene
vapour concentration of 29.4 mg/m? on the forearm and hand for 20, 45, 120 and 180 minutes. The amount absorbed
was calculated from the xylene concentration in the exhaled air. The systemic kinetics of xylene was calculated after
inhalation exposure to 19 mg/m?®. The average flux through the skin was 0.091 pg/cm? and hour 20 minutes after the
start of exposure and 0.061 pg/cm? and hour after 180 minutes. An opposite course was found for the maximum flux
into the blood: after 20 minutes this was 0.034 and after 180 minutes 0.063 pg/cm? and hour. The average permeability
coefficient at the steady state was 0.061 cm/h. With the IH SkinPerm model, a permeability coefficient of 0.18 cm/h
was predicted (Kezic et al. 2004).
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In a similar earlier study by the authors, a permeability constant of 0.12 cm/h was obtained for m-xylene. The contri-
bution of the dermal absorption of xylene from the gaseous phase after whole-body exposure was about 1% of the total
amount absorbed by inhalation and via dermal exposure (Kezic et al. 2000).

Using studies with exposed volunteers and a PBPK model, it was shown that dermal exposure to an m-xylene concen-
tration of 3000 ml/m?® over a 12-hour period is necessary to achieve a body burden similar to that following inhalation
exposure to 50 ml/m3 at rest over a 12-hour period. The contribution of the dermal route of absorption after whole-body
exposure was thus 1.8%. The authors assumed an exposed body surface of 1.26 m? Based on the data from inhalation
exposure, it was shown that the steady state of m-xylene in the blood is almost reached after exposure to 50 ml/m3 for
4 hours. The concentration of m-xylene achieved in the blood was 0.55 mg/I after 4 hours and 0.6 mg/] after 8 hours.
The elimination half-life of m-xylene in alveolar air was 30 minutes. For the PBPK model, a half-life of 46 minutes was
used for excretion with the urine (Loizou et al. 1999).

In 72 car sprayers exposed to xylene and toluene who wore respiratory protection, the excretion of methylhippuric
acid, a major metabolite of xylene and toluene, was determined (in a concentration of 0.0436 +0.0346 g/1 urine). The
amount excreted was higher in persons with eczema on the hands than in persons with healthy skin (Hino et al. 2008).

In volunteers, undiluted m-xylene was applied to 27 cm? of skin for 3 minutes. The flux through the skin was 46 nmol/
cm? and minute, corresponding to 293 pg/cm? and hour (Kezic et al. 2001). Due to the short exposure time, extrapola-
tion to longer periods may overestimate the flux through the skin. Slightly lower fluxes were determined for longer
exposure periods.

When both hands were exposed to liquid m-xylene for 15 minutes, with the exclusion of inhalation exposure, the
dermal absorption rate was about 2 pg/min/cm? (120 pg/cm? and hour). The amount of xylene in the exhaled air and
the level of the main metabolite methylhippuric acid in the urine were determined. After exposure of one hand for
15 minutes, the xylene concentration in venous blood from the exposed arm was found to be about 5 mg/l and from
the arm not exposed to be about 0.1 mg/l. A similar study with 13 volunteers exposed for 20 minutes yielded a dermal
absorption rate of 2.45 pg/min/cm? (147 pg/cm? and hour). Marked irritation was reported after 10 minutes of exposure
(Greim 2001). In the latter study, the absorption rates in the exposed persons ranged from 0.7 to 4.3 pg/min/cm? (42 to
258 ug/cm? and hour) (Henschler 1993).

The skin of rats was found to be 12 times more permeable to an aqueous solution of o-xylene than human skin. The
permeability constants were 0.005 cm/hour for human skin and 0.058 cm/hour for rat skin. The rats were exposed under
occlusive conditions to o-xylene at a concentration of 200 mg/l and the volunteers to 0.5 mg/l. The amount absorbed
was determined on the basis of the exhalation of xylene (Thrall and Woodstock 2003).

In an in vitro study with skin from hairless rats, the flux of undiluted xylene (isomer not specified) through the skin
was found to be 220 pg/cm? and hour (Ahaghotu et al. 2005). The value of 0.22 pg/cm? and hour shown in the figure of
the publication is not plausible, in the text 0.22 mg/cm? and hour is given.

Using thermogravimetry, diffusion coefficients of 43 and 7.2 x 10~° cm?/s were determined when pig skin was exposed to
gaseous m-xylene. The skin:air partition coefficients were 100 and 92. In a diffusion cell, 1 ml of m-xylene was applied
to 0.64 cm? of split pig skin. The flux was 80 pg/cm? and hour, the permeability coefficient 0.91x 10 cm/hour and the
diffusion coefficient 1.5 x 107 cm?/s (Rauma and Johanson 2009).

Sprague Dawley rats were exposed to an m-xylene concentration of 2000 ml/m® 4 hours daily for 5 days. At the
end of the exposure, the xylene concentrations in 4 different areas of the brain were determined by head-space gas
chromatography. The highest concentration (976 + 93.4 ug/g tissue) was determined in the cerebellum and the lowest
(467 £ 43.6 pg/g tissue) in the cerebral cortex. The binding of [*S]-tert-butylbicyclophosphorothionate, as an indicator
of changes at the GABA (gamma-aminobutyric acid) receptor, or the increased release of GABA were found to a stat-
istically significant higher degree in the cerebellum of the exposed animals than in that of the control animals (Ito
et al. 2002).
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3.2 Metabolism
See also Greim (2001).

In a study in rats, m-xylene and its metabolites m-tolylaldehyde and 3-methylbenzyl alcohol were shown to inhibit
various cytochrome P450 (CYP) isozymes of the lung and nasal mucosa. Male Sprague Dawley rats were exposed for
6 hours to 100 or 300 ml m-xylene/m?®, 50 or 100 ml m-tolylaldehyde/m® or 50 or 100 ml methylbenzyl alcohol/m3. Im-
mediately after the exposure, microsomes were isolated from lung tissue and the nasal mucosa. m-Xylene inhibited
CYP2B1, CYP2E1 and CYP4B1 in the lung and CYP2B1 and CYP2E1 in the nasal mucosa in a concentration-dependent
manner. 3-Methylbenzyl alcohol inhibited CYP2B1 and CYP4B1 in the lung, but CYP2E1 and CYP4B1 in the nasal
mucosa in a concentration-dependent manner. Tolylaldehyde inhibited CYP2B1 and CYP2E1 in the lung and CYP2B1,
CYP2E1 and CYP4B1 in the nasal mucosa in a concentration-dependent manner. This suggests that, in the case of
co-exposure, m-xylene could alter the metabolism of other xenobiotics in an organ-specific manner via changes in
CYP activities (Vaidyanathan et al. 2003).

Groups of 6 Sprague Dawley rats were exposed to m-xylene concentrations of 100 or 300 ml/m3 for 6 hours. The activ-
ities of CYP1A1, CYP2B1, CYP2E1, CYP1A2 and CYP4B1 in nasal mucosa, lung and liver were investigated. Immediately
after exposure, all the enzymes in the nasal mucosa were inhibited in a concentration-related manner, except for
CYP4B1, which was inhibited the most at 100 ml/m3. The inhibition persisted for up to 2 days, and on day 5 the activities
were increased. Concentration-related inhibition of CYP2B1, CYP2E1, and CYP4B1 in the lungs was observed, but the
enzyme activities returned to the normal range after 1 day. On day 5 after the exposure, the activity of CYP2B1 was
increased in the lungs. The activities of CYP1A2, CYP2E1, CYP2B1 in the liver were increased, but only after exposure
to 300 ml/m?®, and were back within the range of the control values on day 5 (Foy and Schatz 2004).

4 Effects in Humans

4.1 Single exposures

In several studies, CNS effects (impaired balance) were observed in subjects after exposure to an m-xylene concentra-
tion of 200 ml/m? (Greim 2001; Henschler 1993).

From these studies and the toxicokinetic study by Loizou et al. (1999), it was concluded that CNS effects occur at blood
concentrations of 2 mg xylene/l or higher. A concentration of 200 ml/m® corresponds approximately to a xylene con-
centration of 2.4 mg/l blood (MacDonald et al. 2002).

After exposure of 16 volunteers to 70 ml p-xylene/m? at rest for 4 hours, no neurotoxic effects (simple reaction time,
short-term memory, choice reaction time) and no increased self-reported irritant effects were observed (Greim 2001;
Olson et al. 1985).

After the exposure of 15 volunteers at rest to 100 or 300 ml/m? of a xylene mixture for 70 minutes, no neurotoxic effects
were observed in the tests performed. Only at the level of 100 watts on a bicycle ergometer did reduced performance
occur during the first 30 minutes of exposure. Due to the additional physical exercise on the bicycle ergometer during
half of the exposure time, the uptake of xylene during the whole exposure period was overall 2.2 times as high as
that at rest (Gamberale et al. 1978). The study by Loizou et al. (1999) shows that after 1 hour a blood concentration of
0.35 mg/1 is reached after exposure to 50 ml xylene/m?® at rest, and thus 0.7 mg/I at 100 ml/m?* and 2.1 mg/1 at 300 ml/
m?. Since no adverse effects were observed at the estimated 2.1 mg/1 in the study by Gamberale et al. (1978), this would
be consistent with the effect threshold of 2 mg/1 derived by MacDonald et al. (2002). After 8-hour exposure to 50 ml/
m?3, the concentration in the blood is 0.6 mg/l (Loizou et al. 1999). Physical exercise at 50 watts doubles absorption by
inhalation, so that a concentration of 1.2 mg xylene/l blood is reached after 8 hours of increased respiratory volume
and exposure to 50 ml/m3.
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In a study with volunteers, 28 healthy women and men were exposed to m-xylene concentrations of 0 or 50 ml/m?
for 2 hours at rest. The subjects themselves served as controls, and so it was possible to record even small changes in
the level of symptoms. A questionnaire was used to assess the severity of 10 complaints immediately before the start
of exposure, during exposure (3, 60 and 118 minutes) and 140 and 350 minutes after the beginning of exposure. The
complaints included discomfort in the eyes, nose, throat or airways as well as fatigue, headache, nausea, dizziness and
a feeling of intoxication caused by the solvent smell. The complaints were rated on a scale from 0 to 100. The verbal
gradations were “not at all”, “hardly”, “somewhat”, “rather”, “quite”, “very”, and “almost unbearable”. In addition, colour
vision, lung function and nasal swelling of the subjects were determined before exposure, at the end of exposure and
3 hours after exposure. The inflammatory markers myeloperoxidase and albumin were determined in the nasal lavage
fluid before and 3 hours after exposure, and the blinking frequency was monitored throughout the exposure. After
exposure to an m-xylene concentration of 50 ml/m? for 60 minutes, there was a slight increase in all symptom ratings
except nausea in females. These increases were statistically significant at least at one time point (p < 0.05). However, the
average ratings during solvent exposure did not exceed the gradation “somewhat”. During exposure, the correlation
between smell and other ratings of symptoms was very weak. This suggests that the perception of exposure did not in
itself heavily influence the magnitude of symptom rating. Women’s ratings of throat and respiratory symptoms were
higher than those of men. Three hours after exposure to m-xylene, but not immediately afterwards, the FVC (forced
vital capacity) was decreased in a slight but statistically significant manner and the FEV, (forced expiratory volume
in one second)/FVC and FEF;; (forced expiratory flow at 75% of the FVC) were increased in women compared with the
values before exposure. An increase in the FEF;5 is not adverse. The other 2 parameters were only marginally changed
by 1% to 3%. No statistically significant effects on lung function were observed in the men. Increases of 20% to 50% in
the concentrations of myeloperoxidase and albumin were observed in the women. However, the authors consider this
to be coincidental because of the large variability of these markers. Exposure to m-xylene did not cause any change in
blinking frequency. This study provides evidence that women are somewhat more sensitive to exposure to m-xylene,
and that slight effects can be detected in both men and women after exposure to an m-xylene concentration of 50 ml/
m? (Ernstgérd et al. 2002). Neuropsychological tests were not performed in this study. It is therefore not suitable for
demonstrating acute neurotoxic effects or physiological evidence of sensory irritation.

4.2 Repeated exposure

A 28-year-old man, who had been drinking 60 g alcohol per day and sniffing paints since his youth, was diagnosed
with renal tubular acidosis 2 weeks after sniffing paints containing xylene. Serum analysis revealed hyponatraemia,
hypochloraemia, hypokalaemia, an increase in creatinine up to 30 mg/l, metabolic acidosis with an anion gap of
31 mmol/l, but no anaemia and hypoproteinaemia were detected. The urine osmolarity was 322 (Sarmiento Martinez
et al. 1989).

In a study with 459 workers in the paint and lacquer industry, who had been exposed for many years to a mixture of
white spirit, toluene, butyl acetate, ethyl acetate and xylene, subclinical peripheral neuropathy with lower conduction
velocities and other symptoms such as cramps, numbness and weakness were observed. There is no information on
the exposure level in the study and the results were not evaluated separately for the different solvents (Jovanovi¢ et
al. 2004).

One case of retrocochlear hearing loss has been reported. The patient was exposed to xylene at unknown levels for
6 months (Draper and Bamiou 2009).

Fifteen men and women exposed to a mixture of xylenes (21% p-xylene content) in hospital laboratories in Chile ex-
hibited poorer hearing in audiological tests compared with 30 age-matched control subjects. A statistically significant
difference in hearing thresholds of about 5 decibels was measured in the exposed compared with the unexposed.
This impairment increased with increasing cumulative exposure and excretion of methylhippuric acid in the urine.
However, this correlation was described as only “moderate” by the authors themselves. The persons were exposed to
36.5+66.6 (range 8-217) mg xylene/m® for an average of 11.8 (range 2-29) years and thus to lower concentrations than
the limit value permissible in Chile of 347 mg/m3 (78.8 ml/m%). However, the study did not describe how often and with
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which method the xylene concentration was determined. The exposure duration was evaluated with a questionnaire
and was thus not exactly determined. The maximum urinary excretion of methylhippuric acid was 500 mg/g creati-
nine. Exposure to noise was 72.9 + 4.5 (range 65.9-84.5) dBA. The exposed persons were divided into 3 groups based on
their cumulative exposure. The cumulative exposure derived from the data is also uncertain, as the authors point out
that the exposure to noise and to xylene might have been higher in the past, but measured data were not available.
In the exposed persons, slight but statistically significant changes in the “pitch pattern sequence test”, “dichotic digit
test” and the “hearing in noise test” were found (Fuente et al. 2013). In summary, it can be stated that the exposure
levels and duration were not precisely recorded, the time between the last exposure and the examinations was 16 hours
and therefore only acute, but no chronic effects could be detected. A dose-response relationship was not obtained for
effects on central hearing. Therefore, this study is not included in the derivation of a threshold limit value.

4.3 Local effects on skin and mucous membranes

The spillage of paint containing xylene into the eyes caused hyperaemic conjunctivae and photophobia, irritation and
partial loss of the corneal epithelium in 2 individuals (Ansari 1997). A worker in a chemical plant whose eyes came
into contact with heated xylene experienced similar damage, with epithelial damage persisting for 4 weeks after the
initial injury (Narvaez and Song 2003). Vacuolar keratopathy of the eyes was reported after the spraying of an insecti-
cide containing xylene (Trujillo et al. 2003).

4.4 Allergenic effects

Apart from the reports already listed in Greim (2001) on 2 persons with urticarial reactions to xylene (Altman 1977
Palmer and Rycroft 1993) and the negative result of a maximization test with volunteers (Greim 2001), there are no
further case studies or information on positive findings in patch tests and also no cases of sensitizing effects of xylenes
on the airways.

4.5 Reproductive and developmental toxicity

A cross-sectional study of 1408 workers in petrochemical plants in China investigated the association between ex-
posure to organic solvents such as benzene, styrene, toluene and xylene and menstrual disturbance. Of the workers,
440 were exposed to solvents. The average concentrations of toluene, styrene and xylene were all lower than 1 ml/m3.
None of the workers were exposed to xylene alone. After adjustment for confounders, a 53% increase in the incidence
of oligomenorrhoea (odds ratio (OR) 1.53; 95% confidence interval (CI): 1.00-2.34) was found after 3 years or more of
exposure to the mixture of solvents (Cho et al. 2001). As the exposure was to a mixture of substances, the results of
this study cannot be included in the evaluation of the effects of xylene.

4.6 Genotoxicity

There are no new studies available.

4.7 Carcinogenicity

In a case—control study with 3730 people suffering from 15 different types of cancer and 533 control subjects in the
general population, it was shown that an increased cancer risk is not to be expected after exposure to xylene. Only
the OR for colon carcinomas was increased in a slight, but not statistically significant manner (OR 1.5; 95% CI: 0.8-2.8)
(Gérin et al. 1998).
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5 Animal Experiments and in vitro Studies

5.1 Acute toxicity

5.1.1 Inhalation

The RD;, for o-xylene in mice is 1467 ml/m? (de Ceaurriz et al. 1981) and that for p-xylene is 1325 ml/m?® (Kuwabara et
al. 2007).

Groups of 6 Sprague Dawley rats were exposed to m-xylene concentrations of 100 or 300 ml/m? for 6 hours. The protein
level and the lactate dehydrogenase activity in the lavage fluids of the nose and lungs were unchanged compared with
the values in the control animals. There was a statistically significant increase in the activity of gamma-glutamyl
transferase in the lavage fluids of the nose and lungs, and in the activities of aspartate and alanine aminotransferase
in serum (Foy and Schatz 2004).

5.1.2 Oral administration

There are no new data available.

5.1.3 Dermal application

There are no new data available.

5.2 Subacute, subchronic and chronic toxicity

5.2.1 Inhalation

Groups of 20 male LOD Wistar rats were exposed to m-xylene concentrations of 100 or 1000 ml/m? for 6 hours daily, on
5 days per week for 12 weeks. m-Xylene did not affect the parameters of vigilance status obtained by electroenceph-
alographic recordings from different brain areas. In the exposed animals of both groups, a reduced number of SWD
bursts (spike and wave discharges, usually an electroencephalographic marker in epilepsy research) and a longer,
cumulative duration of SWD episodes were found after the exposure phase (day 84 of the post-exposure period). In the
behavioural test, the radial maze, there were only weak effects on learning performance 70 to 83 days after exposure.
Especially on the final day of the test, the two m-xylene groups required more time for the task and they committed
more omission errors. Exposure to m-xylene did not lead to a statistically significant effect on the body weights of the
animals. A concentration-response relationship was not observed (Gralewicz et al. 1995).

In a second study, Wistar rats were exposed to m-xylene concentrations of 100 or 1000 ml/m? for 6 hours daily, on
5 days per week for 6 (100 ml/m3) or 3 months (1000 ml/m3). Only in the rats exposed to 1000 ml/m? for 3 months was
a statistically significant reduction in lymphocytes and an increase in monocytes in the blood found. Performance in
the rotarod test was reduced in all exposed animals, regardless of the level and duration of exposure. In rats exposed
to 1000 ml/m3, performance in the rotarod test was about 40%, compared with the values in the control animals, at
100 ml/m3 about 68%. The spontaneous activity of the animals exposed to 100 ml/m?* was reduced to about 400 move-
ments/hour, that of the control animals was 800. The tests were performed 24 hours after the last exposure (Korsak et
al. 1992). However, the presentation of results is inadequate.

Male Wistar rats were exposed to m-xylene concentrations of 50 or 100 ml/m3 for 6 hours daily, on 5 days per week
for 3 months. A statistically significant decrease in the haemoglobin content and erythrocyte count was observed
in the exposed animals. There was a statistically significant decrease in the body weights of the animals exposed to
100 ml/m? after 1 and 2 months of exposure, but not after 3 months of exposure. A statistically significant decrease in
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performance in the rotarod test was found only in the animals of the 100 ml/m? group, whereas pain sensitivity was
increased in all exposed animals but statistically significant only at 100 ml xylene/m3 (see Table 5 in Korsak et al. 1994).

Wistar rats were exposed to m-xylene concentrations of 100 ml/m? for 6 hours daily, on 5 days per week for 4 weeks.
Two weeks after the end of exposure, the behaviour of the animals was examined with a battery of 5 different tests.
Neither in the radial maze test nor in spontaneous activity was there a statistically significant reduction in per-
formance in the exposed animals, but 24 hours after the administration of electric shocks to the paws the animals
exhibited impaired passive avoidance behaviour in the hot plate assay and longer paw licking latencies, which were
statistically significant (Gralewicz and Wiaderna 2001). According to the authors, the cause of these effects could be
stress from the odour of xylene. On the basis of this study and the evidence from the other subchronic studies, a con-
centration of 100 ml m-xylene/m? can be derived as the LOAEC (lowest observed adverse effect concentration). Also
at 50 ml m-xylene/m? first indications of effects on pain-induced avoidance learning were observed (not statistically
significant) (Korsak et al. 1994). In this study, however, the analyses were less detailed and adjustment for multiple
comparisons was not made.

Female Sprague Dawley rats (12 weeks old; n = 24) were exposed to concentrations of technical xylene of 300 ml/m? for
8 hours daily for 6 weeks. At the end of exposure, total protein, albumin, urea and creatinine in serum, the activities
of superoxide dismutase, catalase and glutathione peroxidase, and glutathione and malondialdehyde in kidney tissue
were determined. In the serum, the concentration of urea, and in the kidney tissue that of glutathione and malondi-
aldehyde were increased in a statistically significant manner (Kum et al. 2007 b).

One-day-old SD rat embryos (in utero), neonatal (I-day-old), young (4-week-old) and adult (12-week-old) rats were
exposed to technical xylene at a concentration of 300 ml/m? for 8 hours daily over 6 weeks. The number of apoptotic
cells in lung and bronchus-associated lymphoid tissue was higher in the young and adult rats than that in the controls
(Sandikci et al. 2009). Body and liver weights were decreased in the exposed embryos and 1-day-old neonatal rats.
Increased liver weights were found in the 4-week-old animals, increased catalase activity and increased malondi-
aldehyde levels in the exposed embryos, decreased glutathione levels in the 1-day-old rats, and decreased superoxide
dismutase activity in the 4-week-old rats. Such changes were not seen in the adult animals (Kum et al. 2007 a). The
number of CD4-positive and CD8-positive lymphocytes was increased in the young and adult rats (Sandikei et al. 2007).

Exposure of male Wistar rats to an m-xylene concentration of 400 mg/m?® for 5 hours daily for 5 months did not lead
to an increase in lipid peroxidation or glutathione depletion in the liver (Jajte et al. 2003).

Ototoxicity

Male SD rats were exposed to the 3 xylene isomers at concentrations of 0, 450, 900 or 1800 ml/m3 for 6 hours daily,
on 6 days per week for 13 weeks. Only p-xylene caused ototoxicity at 900 ml/m* and above. The NOAEC (no observed
adverse effect concentration) for ototoxicity was thus 1800 ml/m? for o-xylene and m-xylene and 450 ml/m? for p-xylene
(Gagnaire et al. 2001).

A 3-week exposure of rats confirmed that, of the xylene isomers, only p-xylene is ototoxic (Maguin et al. 2006).

Ototoxicity was determined in rats after exposure to ethylbenzene and 2 mixtures of ethylbenzene and xylene isomers.
The mixtures contained ethylbenzene, o-xylene, m-xylene and p-xylene in ratios of 1:1:2:1 and 1:3:5:1, respectively, to
simulate technical xylenes with a high and a low proportion of the ototoxic substances ethylbenzene and p-xylene.
Male Sprague Dawley rats were exposed to the mixtures at concentrations of 0, 250, 500, 1000 or 2000 m1/m? for 6 hours
daily, on 6 days per week for 13 weeks. Xylene potentiated the ototoxicity of ethylbenzene. A NOAEC was not obtained
for the mixture with the high proportion of ethylbenzene and p-xylene; 500 ml/m® was derived for the mixture with
the low proportion (Gagnaire et al. 2007).
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5.2.2 Oral administration

After oral administration of the 3 xylene isomers at a dose level of 8.47 mmol/kg body weight and day (900 mg/kg
body weight) on 5 days per week for 2 weeks, only p-xylene caused ototoxicity in rats. The animals were examined
histopathologically 10 days after exposure. Ototoxicity was determined on the basis of lesions of the organ of Corti
(Gagnaire and Langlais 2005).

5.2.3 Dermal application

There are no new data available.

5.3 Local effects on skin and mucous membranes

Xylene vapour is irritating to the eyes and airways. Liquid xylene is irritating to the skin (Greim 2001; Henschler 1993).

An amount of 230 pl m-xylene was applied occlusively for 1 hour to the skin of hairless rats. Erythema and transepi-
dermal water loss were observed during the 24-hour recovery phase. In the blood, the expression of interleukin-1 alpha
(IL-1alpha) and in the skin, the expression of tumour necrosis factor-alpha (TNF-alpha) and monocyte chemoattractant
protein 1 (MCP-1) were increased (Chatterjee et al. 2005).

After dermal application of 250 pul m-xylene to male Fischer rats (6 to 10 per group) for 1 hour, the resulting low molecu-
lar weight DNA fragments and the levels of oxidative species in the skin were analysed. Reactive oxygen species were
detected by determining the oxidation of 2,7-dichlorofluorescein diacetate. Two hours after the start of treatment, the
level of oxidative species was increased. A statistically significant increase in DNA fragments was observed 2, 4 and
6 hours after the start of application. These can serve as indicators of skin irritation or skin injury (Rogers et al. 2001).
In another study, granulocyte infiltration and separation of the epidermis from the dermis were observed at the same
exposure conditions. The inflammatory markers IL-1 alpha, protein levels and inducible NO synthase were elevated.
The authors suggested that these proteins could serve as early indicators of skin irritation (Gunasekar et al. 2003).

An amount of 15 pl xylene (isomer not specified) was applied non-occlusively to the skin of hairless rats every 2 hours
for 8 hours daily, for 4 days. Erythema formation and transepidermal water loss increased with the treatment duration.
Histopathological examination revealed granulocyte penetration, swelling of the epidermis and severe disturbance
and damage of the stratum corneum. IL-1 alpha expression in the blood was increased, and in the skin TNF-alpha
expression (Ahaghotu et al. 2005) and MCP-1 were increased (Chatterjee et al. 2005).

Application of m-xylene to the abdominal skin of rats caused increased vascular permeability in the skin. This was
attributed in part to the activation of the tachykinin NK1 receptor by the release of tachykinin from sensory nerve
endings. Mast cells and the transient receptor potential cation channel vanilloid 1 (capsaicin receptor) were not con-
sidered to play a role (Futamura et al. 2009).

An amount of 25 pl xylene (isomer not specified) was applied in concentrations of 10%, 50% or 100% to the ear skin of
BALB/c mice once a week for 5 weeks. Ear thickness increased as a result of the irritant effect in a concentration and
time-dependent manner. Undiluted xylene led to the migration of inflammatory cells into the skin (Saito et al. 2011).

Exposure of human skin to concentrations of xylene (isomer not specified) of 100 to 1000 000 ml/m? in the gaseous
phase for 8 hours decreased tissue viability, the glutathione level, the activities of glutathione S-transferase, catalase,
and superoxide dismutase, and increased the levels of malondialdehyde and carbonyl compounds and DNA fragmen-
tation in the comet assay. Some of these effects occurred even at 1000 ml/m® and were attributed by the authors to
oxidative damage (Costa et al. 2006).

5.4 Allergenic effects

There are several findings from (modified) local lymph node assays (LLNAs) with xylene, which, however, are to be
regarded as false positives:
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In an incompletely documented compilation of findings from LLNAs, stimulation indices of 3.0 and 3.1 were reported
for the two highest xylene concentrations (probably 50% and undiluted substance) (Basketter et al. 1996). A concentra-
tion of 95.8% was given as the EC3 value, that is the concentration that leads to the tripling of lymphocyte proliferation
(Estrada et al. 2003).

In an interlaboratory validation of alternative end points in the LLNA conducted in 9 laboratories, lymph node weights
and the lymphocyte count in BALB/c mice were used to determine lymphocyte proliferation instead of determining
H-thymidine incorporation. Ear weights served as a marker of irritation. Xylene was used in 10% and 30% preparations
in dimethylacetamide/acetone/ethanol (4:3:3) as well as undiluted and led to an increase in the lymphocyte count in
8 of the 9 laboratories as well as in one additional laboratory in each case in which 3H-thymidine incorporation was
investigated or in which NMRI mice were used (Ehling et al. 2005).

In a modification of the LLNA according to OECD Test Guideline 442A (LLNA:DA with determination of lymphocyte
proliferation based on ATP content), a two-stage protocol was used. In the first screening step, only the highest possible
concentration was examined in only 2 BALB/c mice per group. Substances that resulted in a stimulation index >1.8 in
this step were tested in the second step using the original LLNA:DA with 3 concentrations and groups of 4 animals.
Undiluted xylene resulted in a stimulation index of 2.4 in the first step. In the second step, stimulation indices 0f 1.3, 1.8
and 2.7 were determined for 10% and 50% preparations in acetone/olive oil (4:1) and for undiluted xylene, respectively,
and an EC1.8 of 46.9% was obtained (Zhang et al. 2017).

Undiluted xylene (no information on isomer) applied to the ears of BALB/c mice once a week for 5 weeks evoked
mild ear swelling and marginal inflammatory cell invasion from the second application onwards. The maximum ear
thickness was reached about 1 hour after application in each case. The expression of interleukin-4 and interferon-y
was not increased (Saito et al. 2011).

In several compilations of in vitro findings, only negative results were found with xylene, for example in a modified
(quantitative) direct peptide reactivity assay (DPRA) (Wareing et al. 2017) and in the DPRA according to OECD Test
Guideline 442C (Bauch et al. 2012), with the test methods according to OECD Test Guideline 442D, the KeratinoSens
assay (Bauch et al. 2012; Natsch et al. 2015) and the LuSens assay (Bauch et al. 2012; Ramirez et al. 2014), with the test
methods according to OECD Test Guideline 442E, the h-Clat assay (Bauch et al. 2012; Urbisch et al. 2015), the U-Sens
assay (Bauch et al. 2012; EURL ECVAM 2016) and the IL-8 Luc assay (OECD 2017), as well as with test methods not (yet)
included in an OECD test guideline, the GARD assay (Forreryd et al. 2018; Zeller et al. 2017) and the SENS-IS assay
using a reconstructed human skin model (Episkin®) (Cottrez et al. 2016).

5.5 Genotoxicity

In human lymphocytes, 50, 100 or 200 pM m-xylene, p-xylene and o-xylene induced a concentration-dependent increase
in DNA damage as measured by the alkaline and neutral comet assays (Chen et al. 2008). In the comet assay with
promyelocytic leukaemia HL-60 cells, o-xylene caused a statistically significant increase of the tail moment (Sarma
et al. 2011).

Xylenes were not found to be genotoxic in vitro and in vivo (Greim 2001), and the results of the new indicator tests
have not led to a change in this assessment.

5.6 Carcinogenicity

Xylenes are not carcinogenic in rats and mice after oral administration (Greim 2001).
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5.7 Other effects

In an in vitro study, m-xylene induced the release of MCP-1 in A549 lung epithelial cells at concentrations of 1 to
10000 mg/m>. At a concentration of 100 000 mg/m?, the release of IL-6 and MCP-1 was inhibited and that of IL-8 was
increased (Fischéder et al. 2008).

In LLC-PK1 cells (porcine proximal tubular cells), p-xylene was cytotoxic at a concentration of 106 mg/1 (the concen-
tration unit “mg/ml” given in the publication is wrong) and increased caspase-3 activity. These effects were reversed
by a caspase-3 inhibitor. Caspase-3 may play a role in the observed apoptosis of proximal tubular cells by xylene and
tubular renal toxicity in exposed persons after chronic exposure to solvents (Al-Ghamdi et al. 2003). In another study
in LLC-PK1 cells, it was demonstrated that 1 mM p-xylene (106 mg/l) can induce caspase-9 activity and cause increased
expression of Bax protein. Xylene-induced DNA fragmentation was prevented by a caspase-9 inhibitor (Al-Ghamdi
et al. 2004).

In dermal fibroblasts in a collagen matrix, m-xylene induced cytotoxicity and decreased the cellular thiol level and
catalase activity (Coleman et al. 2003).

After exposure of rat liver mitochondria to 0.25 to 1 mM xylene (isomer not specified), mitochondrial uncoupling
occurred. At 0.1 mM reactive oxygen species were released and at 1 mM the mitochondrial ATP was depleted (Revilla
et al. 2007).

In human promyelocytic leukaemia HL-60 cells, the gene expression pattern was investigated after exposure to cyto-
toxic o-xylene concentrations. There was an increased expression of genes involved in immune response, apoptosis,
transcriptional regulation, cell cycle regulation and transport (Sarma et al. 2010).

In HL-60 cells, o-xylene caused apoptosis. The expression of haemoxygenase-1 and Noxa proteins (involved in apopto-
sis) was increased. The release of reactive oxygen species was increased and, in the comet assay, the tail moment was
increased, a sign of apoptosis. These effects could be reduced by administration of the antioxidant N-acetylcysteine.
This haemoxygenase-1 and Noxa-induced apoptosis is caspase-independent (Sarma et al. 2011).

6 Manifesto (MAK valuelclassification)

The critical effects of xylene are the acute pre-narcotic effects in humans and in animal studies.

MAK value. The previous MAK value of 100 ml/m® was based on the effects on the equilibrium function after
exposure to xylene concentrations of 200 ml/m® and more. As shown in Greim (2001), if the MAK value of 100 ml
xylene/m? is observed, xylene concentrations in the blood are already attained during mild physical activity, as they
occurred under resting conditions in experimental studies in the range of 200 and 300 ml xylene/m3. In one study
(Laine et al. 1993), however, no clear increase in effects due to increased breathing was found. However, only 9 subjects
were examined in this study (Greim 2001).

A threshold concentration of 2 mg xylene/l blood has been derived for pre-narcotic effects (MacDonald et al. 2002).
At 50 ml xylene/m?®, a concentration of about 0.6 mg xylene/l is reached after 8 hours at rest and about 1.2 mg/1 with
exercise at 50 watts, which corresponds to the increased respiratory volume at the workplace. Therefore, the MAK
value has been set at 50 ml xylene/m? to avoid pre-narcotic effects.

Peak limitation. The MAK value for xylenes was established on the basis of systemic effects and they remain
assigned to Peak Limitation Category II. In the toxicokinetic study by Loizou et al. (1999), an elimination half-life of
30 minutes was given for m-xylene in alveolar air. This corresponds to the elimination half-life from the blood. This
half-life would necessitate an excursion factor of 1. For substances with a half-life of 30-minutes, a 15-minute exposure
at the end of the shift with an excursion factor of 2 would be expected to increase the concentration in the blood by 50%
(Hartwig and MAK Commission 2017). Since exposure at the level of the MAK value corresponds to a concentration of
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1.2 mg xylene/l blood, with an excursion factor of 2 a concentration of 1.8 mg/1 can be expected. Because effects on the
CNS occurred only at more than 2 mg/l, an excursion factor of 2 has been set in deviation from the usual procedure.

Absorption through the skin. Several in vitro and in vivo studies in animals and humans are available for
absorption of xylene through the skin. For a quantitative estimation of the transdermal absorption of the substance,
the in vivo experiments in humans are particularly suitable. In these experiments, the dermal flux of xylene was
determined to be 293 pg/cm? and hour for an exposure duration of 3 minutes; for exposures lasting 15 and 20 minutes,
the fluxes were lower at 120 and 147 (42-258) pg/cm? and hour, respectively. The highest flux thus probably represents
an overestimation resulting from extrapolation to longer exposure times. For exposure of both hands and forearms
(2000 cm?) for 1 hour, the dermal absorption of about 300 mg xylene on average can be assumed, but also a maximum
of 516 mg xylene. This compares with an inhaled amount of 1320 mg of xylene at 60% inhalation retention (Greim
2001) and a respiratory volume of 10 m® for an 8-hour exposure at the level of the MAK value. The estimated mean
percutaneous absorption is about 23% of this value. It may be higher in individual persons, so that observance of the
established MAK value alone does not provide sufficient protection with certainty. The designation of xylene with an
“H” (for substances which can be absorbed through the skin in toxicologically relevant amounts) has therefore been
retained (Greim 2001).

Sensitization. There are no reliable clinical reports of contact allergic reactions to xylenes. The results with xylenes
from experimental studies indicate a low irritant potential rather than a contact sensitizing potential. There are
no findings of sensitizing effects on the airways. Xylenes have therefore not been designated with “Sh” or “Sa” (for
substances which cause sensitization of the skin or airways).

Notes

Competing interests

The established rules and measures of the Commission to avoid conflicts of interest (www.dfg.de/mak/conflicts_inter-
est) ensure that the content and conclusions of the publication are strictly science-based.

References

Adams JC, Dills RL, Morgan MS, Kalman DA, Pierce CH (2005) A physiologically based toxicokinetic model of inhalation exposure to xylenes in
Caucasian men. Regul Toxicol Pharmacol 43(2): 203-214. https://doi.org/10.1016/j.yrtph.2005.07.005

Ahaghotu E, Babu R]J, Chatterjee A, Singh M (2005) Effect of methyl substitution of benzene on the percutaneous absorption and skin irritation
in hairless rats. Toxicol Lett 159(3): 261-271. https://doi.org/10.1016/j.toxlet.2005.05.020

Al-Ghamdi SS, Raftery MJ, Yagoob MM (2003) Organic solvent-induced proximal tubular cell toxicity via caspase-3 activation. J Toxicol Clin
Toxicol 41(7): 941-945. https://doi.org/10.1081/clt-120026515

Al-Ghamdi SS, Raftery MJ, Yagoob MM (2004) Organic solvent-induced proximal tubular cell apoptosis via caspase-9 activation. Environ Toxicol
Pharmacol 16(3): 147-152. https://doi.org/10.1016/j.etap.2003.12.002

Altman AT (1977) Facial dermatitis. Arch Dermatol 113(10): 1460. https://doi.org/10.1001/archderm.1977.01640100138040
Ansari EA (1997) Ocular injury with xylene. A report of two cases. Hum Exp Toxicol 16(5): 273-275. https://doi.org/10.1177/096032719701600507

ATSDR (Agency for Toxic Substances and Disease Registry) (2007) Toxicological profile for xylene. Atlanta, GA: ATSDR. https://www.atsdr.cdc.
gov/toxprofiles/tp71.pdf, accessed 08 Nov 2018

Basketter DA, Gerberick GF, Kimber I, Loveless SE (1996) The local lymph node assay: a viable alternative to currently accepted skin sensitization
tests. Food Chem Toxicol 34(10): 985-997. https://doi.org/10.1016/s0278-6915(96)00059-2

Bauch C, Kolle SN, Ramirez T, Eltze T, Fabian E, Mehling A, Teubner W, van Ravenzwaay B, Landsiedel R (2012) Putting the parts together:
combining in vitro methods to test for skin sensitizing potentials. Regul Toxicol Pharmacol 63(3): 489-504. https://doi.org/10.1016/].
yrtph.2012.05.013

de Ceaurriz JC, Micillino JC, Bonnet P, Guenier JP (1981) Sensory irritation caused by various industrial airborne chemicals. Toxicol Lett 9(2):
137-143. https://doi.org/10.1016/0378-4274(81)90030-8

The MAK Collection for Occupational Health and Safety 2022, Vol 7, No 3 13


http://www.dfg.de/mak/conflicts_interest
http://www.dfg.de/mak/conflicts_interest
https://doi.org/10.1016/j.yrtph.2005.07.005
https://doi.org/10.1016/j.toxlet.2005.05.020
https://doi.org/10.1081/clt-120026515
https://doi.org/10.1016/j.etap.2003.12.002
https://doi.org/10.1001/archderm.1977.01640100138040
https://doi.org/10.1177/096032719701600507
https://www.atsdr.cdc.gov/toxprofiles/tp71.pdf
https://www.atsdr.cdc.gov/toxprofiles/tp71.pdf
https://doi.org/10.1016/s0278-6915(96)00059-2
https://doi.org/10.1016/j.yrtph.2012.05.013
https://doi.org/10.1016/j.yrtph.2012.05.013
https://doi.org/10.1016/0378-4274(81)90030-8

[GMS] PUBLISSO® "

MAK Value Documentations — Xylene (all isomers)

Chatterjee A, Babu RJ, Ahaghotu E, Singh M (2005) The effect of occlusive and unocclusive exposure to xylene and benzene on skin irritation and
molecular responses in hairless rats. Arch Toxicol 79(5): 294-301. https://doi.org/10.1007/s00204-004-0629-1

Chen CS, Hseu YC, Liang SH, Kuo J-Y, Chen SC (2008) Assessment of genotoxicity of methyl-tert-butyl ether, benzene, toluene, ethylbenzene, and
xylene to human lymphocytes using comet assay. ] Hazard Mater 153(1-2): 351-356. https://doi.org/10.1016/j. jhazmat.2007.08.053

Cho S-1, Damokosh Al Ryan LM, Chen D, Hu YA, Smith TJ, Christiani DC, Xu X (2001) Effects of exposure to organic solvents on menstrual cycle
length. ] Occup Environ Med 43(6): 567-575. https://doi.org/10.1097/00043764-200106000-00012

Coleman CA, Hull BE, McDougal JN, Rogers JV (2003) The effect of m-xylene on cytotoxicity and cellular antioxidant status in rat dermal equiva-
lents. Toxicol Lett 142(1-2): 133-142. https://doi.org/10.1016/s0378-4274(03)00020-1

Costa C, De Pasquale R, Silvari V, Barbaro M, Catania S (2006) In vitro evaluation of oxidative damage from organic solvent vapours on human
skin. Toxicol In Vitro 20(3): 324-331. https://doi.org/10.1016/j.tiv.2005.08.007

Cottrez F, Boitel E, Ourlin J-C, Peiffer J-L, Fabre I, Henaoui I-S, Mari B, Vallauri A, Paquet A, Barbry P, Auriault C, Aeby P, Groux H (2016) SENS-IS,
a 3D reconstituted epidermis based model for quantifying chemical sensitization potency: Reproducibility and predictivity results from
an inter-laboratory study. Toxicol In Vitro 32: 248-260. https://doi.org/10.1016/j.tiv.2016.01.007

DFG (Deutsche Forschungsgemeinschaft), editor (2019) List of MAK and BAT Values 2019. Maximum Concentrations and Biological Tolerance
Values at the Workplace. Permanent Senate Commission for the Investigation of Health Hazards of Chemical Compounds in the Work
Area, report 55. Weinheim: Wiley-VCH. https://doi.org/10.1002/9783527826889

Draper TH]J, Bamiou D-E (2009) Auditory neuropathy in a patient exposed to xylene: case report. J Laryngol Otol 123(4): 462-465. https://doi.
0rg/10.1017/50022215108002399

Ehling G, Hecht M, Heusener A, Huesler J, Gamer AO, van Loveren H, Maurer T, Riecke K, Ullmann L, Ulrich P, Vandebriel R, Vohr H-W (2005)
An European inter-laboratory validation of alternative endpoints of the murine local lymph node assay: 2nd round. Toxicology 212(1):
69-79. https://doi.org/10.1016/j.tox.2004.12.038

Eom I-Y (2011) Estimation of partition coefficients of benzene, toluene, ethylbenzene, and p-xylene by consecutive extraction with solid phase
microextraction. Bull Korean Chem Soc 32(5): 1463-1464. https://doi.org/10.5012/bkes.2011.32.5.1463

Ernstgard L, Gullstrand E, Lof A, Johanson G (2002) Are women more sensitive than men to 2-propanol and m-xylene vapours? Occup Environ
Med 59(11): 759-767. https://doi.org/10.1136/0em.59.11.759

Estrada E, Patlewicz G, Chamberlain M, Basketter D, Larbey S (2003) Computer-aided knowledge generation for understanding skin sensitization
mechanisms: the TOPS-MODE approach. Chem Res Toxicol 16(10): 1226-1235. https://doi.org/10.1021/tx034093k

EURL ECVAM (The European Union Reference Laboratory for Alternatives to Animal Testing) (2016) U-SENS Test submission template (TST).
Brussels: European Commission, Joint Research Centre, Institute for Health and Consumer Protection. https://www.oecd.org/env/ehs/
testing/Validation-report_USENS.pdf, accessed 11 Apr 2019

Fischiader G, Roder-Stolinski C, Wichmann G, Nieber K, Lehmann I (2008) Release of MCP-1 and IL-8 from lung epithelial cells exposed to volatile
organic compounds. Toxicol In Vitro 22(2): 359-366. https://doi.org/10.1016/j.tiv.2007.09.015

Forreryd A, Norinder U, Lindberg T, Lindstedt M (2018) Predicting skin sensitizers with confidence — Using conformal prediction to determine
applicability domain of GARD. Toxicol In Vitro 48: 179-187. https://doi.org/10.1016/].t1v.2018.01.021

Foy JW-D, Schatz RA (2004) Inhibition of rat respiratory-tract cytochrome P-450 activity after acute low-level m-xylene inhalation: role in
I-nitronaphthalene toxicity. Inhal Toxicol 16(3): 125-132. https://doi.org/10.1080/08958370490270927

Fuente A, McPherson B, Cardemil F (2013) Xylene-induced auditory dysfunction in humans. Ear Hear 34(5): 651-660. https://doi.org/10.1097/
AUD.0b013e31828d27d7

Futamura M, Goto S, Kimura R, Kimoto I, Miyake M, Ito K, Sakamoto T (2009) Differential effects of topically applied formalin and aromatic
compounds on neurogenic-mediated microvascular leakage in rat skin. Toxicology 255(1-2): 100-106. https://doi.org/10.1016/j.tox.2008.10.012

Gagnaire F, Langlais C (2005) Relative ototoxicity of 21 aromatic solvents. Arch Toxicol 79(6): 346—-354. https://doi.org/10.1007/s00204-004-0636-2

Gagnaire F, Marignac B, Langlais C, Bonnet P (2001) Ototoxicity in rats exposed to ortho-, meta- and para-xylene vapours for 13 weeks. Pharmacol
Toxicol 89(1): 6-14. https://doi.org/10.1111/j.1600-0773.2001.890102.x

Gagnaire F, Langlais C, Grossmann S, Wild P (2007) Ototoxicity in rats exposed to ethylbenzene and to two technical xylene vapours for 13 weeks.
Arch Toxicol 81(2): 127-143. https://doi.org/10.1007/s00204-006-0124-y

Gamberale F, Annwall G, Hultengren M (1978) Exposure to xylene and ethylbenzene. III. Effects on central nervous functions. Scand J Work
Environ Health 4(3): 204-211. https://doi.org/10.5271/sjweh.2705

Gérin M, Siemiatycki J, Désy M, Krewski D (1998) Associations between several sites of cancer and occupational exposure to benzene, tol-
uene, xylene, and styrene: results of a case-control study in Montreal. Am ] Ind Med 34(2): 144-156. https://doi.org/10.1002/(sici)1097-
0274(199808)34:2<144::aid-ajim7>3.0.co;2-x

Gralewicz S, Wiaderna D (2001) Behavioral effects following subacute inhalation exposure to m-xylene or trimethylbenzene in the rat: a compara-
tive study. Neurotoxicology 22(1): 79-89. https://doi.org/10.1016/s0161-813x(00)00003-6

The MAK Collection for Occupational Health and Safety 2022, Vol 7, No 3 14


https://doi.org/10.1007/s00204-004-0629-1
https://doi.org/10.1016/j.jhazmat.2007.08.053
https://doi.org/10.1097/00043764-200106000-00012
https://doi.org/10.1016/s0378-4274(03)00020-1
https://doi.org/10.1016/j.tiv.2005.08.007
https://doi.org/10.1016/j.tiv.2016.01.007
https://doi.org/10.1002/9783527826889
https://doi.org/10.1017/S0022215108002399
https://doi.org/10.1017/S0022215108002399
https://doi.org/10.1016/j.tox.2004.12.038
https://doi.org/10.5012/bkcs.2011.32.5.1463
https://doi.org/10.1136/oem.59.11.759
https://doi.org/10.1021/tx034093k
https://www.oecd.org/env/ehs/testing/Validation-report_USENS.pdf
https://www.oecd.org/env/ehs/testing/Validation-report_USENS.pdf
https://doi.org/10.1016/j.tiv.2007.09.015
https://doi.org/10.1016/j.tiv.2018.01.021
https://doi.org/10.1080/08958370490270927
https://doi.org/10.1097/AUD.0b013e31828d27d7
https://doi.org/10.1097/AUD.0b013e31828d27d7
https://doi.org/10.1016/j.tox.2008.10.012
https://doi.org/10.1007/s00204-004-0636-2
https://doi.org/10.1111/j.1600-0773.2001.890102.x
https://doi.org/10.1007/s00204-006-0124-y
https://doi.org/10.5271/sjweh.2705
https://doi.org/10.1002/(SICI)1097-0274(199808)34:2%3C144::AID-AJIM7%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1097-0274(199808)34:2%3C144::AID-AJIM7%3E3.0.CO;2-X
https://doi.org/10.1016/s0161-813x(00)00003-6

[GMS] PUBLISSO® "

MAK Value Documentations — Xylene (all isomers)

Gralewicz S, Wiaderna D, Tomas T (1995) Development of spontaneous, age-related nonconvulsive seizure electrocortical activity and radial-maze
learning after exposure to m-xylene in rats. Int ] Occup Med Environ Health 8(4): 347-360

Greim H, editor (2001) Xylene (all isomers). MAK Value Documentation, 1998. In: Occupational Toxicants. Volume 15. Weinheim: Wiley-VCH.
p. 257-288. Also available from https://doi.org/110.1002/3527600418.mb1330200015

Gunasekar PG, Rogers JV, Kabbur MB, Garrett CM, Brinkley WW, McDougal JN (2003) Molecular and histological responses in rat skin exposed
to m-xylene. ] Biochem Mol Toxicol 17(2): 92-94. https://doi.org/10.1002/jbt.10065

Hartwig A, editor (2014 a) Xylene (all isomers). MAK Value Documentation, 2001. In: The MAK Collection for Occupational Health and Safety.
Part I: MAK Value Documentations. Weinheim: Wiley-VCH. https://doi.org/10.1002/3527600418.mb133020e3314

Hartwig A, editor (2014 b) Xylene (all isomers). MAK Value Documentation, 2004. In: The MAK Collection for Occupational Health and Safety.
Part I: MAK Value Documentations. Weinheim: Wiley-VCH. https://doi.org/10.1002/3527600418.mb133020e3814

Hartwig A, MAK Commission (2017) Peak limitation: Limitation of exposure peaks and short-term exposures. MAK Value Documentation, 2011.
MAK Collect Occup Health Saf 2(1): 2—6. https://doi.org/10.1002/3527600418. mbpeakexpe5117

Henschler D, editor (1993) Xylene (all isomers). MAK Value Documentation, 1983 and 1987. In: Occupational Toxicants. Volume 5. Weinheim: VCH.
p. 263-285. Also available from https://doi.org/10.1002/3527600418.mb133020e0005

Hino R, Nishio D, Kabashima K, Tokura Y (2008) Percutaneous penetration via hand eczema is the major accelerating factor for systemic absorption
of toluene and xylene during car spray painting. Contact Dermatitis 58(2): 76-79. https://doi.org/10.1111/.1600-0536.2007.01265.x

IFA (Institut fiir Arbeitsschutz der Deutschen Gesetzlichen Unfallversicherung) (2018) Xylol, Isomerengemisch. GESTIS-Stoffdatenbank. https://
gestis.dguv.de/data?name=010080, accessed 01 Dec 2018

Ito T, Yoshitome K, Horike T, Kira S (2002) Distribution of inhaled m-xylene in rat brain and its effect on GABA , receptor binding. ] Occup Health
44(2): 69-75. https://doi.org/10.1539/joh.44.69

Jajte J, Stetkiewicz J, Wronska-Nofer T (2003) Combined exposure to m-xylene and ethanol: oxidative stress in the rat liver. Int ] Occup Med
Environ Health 16(4): 345-350

Jovanovi¢ JM, Jovanovi¢ MM, Spasi¢ MJ, Luki¢ SR (2004) Peripheral nerve conduction study in workers exposed to a mixture of organic solvents
in paint and lacquer industry. Croat Med J 45(6): 769-774

Kezic S, Monster AC, Kriise ], Verberk MM (2000) Skin absorption of some vaporous solvents in volunteers. Int Arch Occup Environ Health 73(6):
415-422. https://doi.org/10.1007/s004200000161

Kezic S, Monster AC, van de Gevel IA, Kriise J, Opdam JJ, Verberk MM (2001) Dermal absorption of neat liquid solvents on brief exposures in
volunteers. AIHAJ 62(1): 12-18. https://d()i.0rg/10.1080/15298660108984604

Kezic S, Janmaat A, Kriise J, Monster AC, Verberk MM (2004) Percutaneous absorption of m-xylene vapour in volunteers during pre-steady and
steady state. Toxicol Lett 153(2): 273-282. https://doi.org/10.1016/j.toxlet.2004.05.006

Korsak Z, Sokal JA, Gérny R (1992) Toxic effects of combined exposure to toluene and m-xylene in animals. III. Subchronic inhalation study. Pol
J Occup Med Environ Health 5(1): 27-33

Korsak Z, Wisniewska-Knypl J, Swiercz R (1994) Toxic effects of subchronic combined exposure to n-butyl alcohol and m-xylene in rats. Int J
Occup Med Environ Health 7(2): 155-166

Kum C, Kiral F, Sekkin S, Seyrek K, Boyacioglu M (2007 a) Effects of xylene and formaldehyde inhalations on oxidative stress in adult and devel-
oping rats livers. Exp Anim 56(1): 35-42. https://doi.org/10.1538/expanim.56.35

Kum C, Sekkin S, Kiral F, Akar F (2007 b) Effects of xylene and formaldehyde inhalations on renal oxidative stress and some serum biochemical
parameters in rats. Toxicol Ind Health 23(2): 115-120. https://doi.org/10.1177/0748233707078218

Kuwabara Y, Alexeeff GV, Broadwin R, Salmon AG (2007) Evaluation and application of the RD50 for determining acceptable exposure levels of
airborne sensory irritants for the general public. Environ Health Perspect 115(11): 1609-1616. https://doi.org/10.1289/ehp.9848

Laine A, Savolainen K, Riihiméki V, Matikainen E, Salmi T, Juntunen J (1993) Acute effects of m-xylene inhalation on body sway, reaction times,
and sleep in man. Int Arch Occup Environ Health 65(3): 179-188. https://doi.org/10.1007/BF00381154

Loizou GD, Jones K, Akrill P, Dyne D, Cocker ] (1999) Estimation of the dermal absorption of m-xylene vapor in humans using breath sampling
and physiologically based pharmacokinetic analysis. Toxicol Sci 48(2): 170-179. https://doi.org/10.1093/toxsci/48.2.170

MacDonald AJ, Rostami-Hodjegan A, Tucker GT, Linkens DA (2002) Analysis of solvent central nervous system toxicity and ethanol interactions
using a human population physiologically based kinetic and dynamic model. Regul Toxicol Pharmacol 35(2 Pt 1): 165-176. https://doi.
0rg/10.1006/rtph.2001.1507

Maguin K, Lataye R, Campo P, Cossec B, Burgart M, Waniusiow D (2006) Ototoxicity of the three xylene isomers in the rat. Neurotoxicol Teratol
28(6): 648-656. https://doi.org/10.1016/j.ntt.2006.08.007

Marchand A, Aranda-Rodriguez R, Tardif R, Nong A, Haddad S (2015) Human inhalation exposures to toluene, ethylbenzene, and m-xylene and
physiologically based pharmacokinetic modeling of exposure biomarkers in exhaled air, blood, and urine. Toxicol Sci 144(2): 414-424.
https://doi.org/10.1093/toxsci/kfv009

The MAK Collection for Occupational Health and Safety 2022, Vol 7, No 3 15


https://doi.org/110.1002/3527600418.mb133020e0015
https://doi.org/10.1002/jbt.10065
https://doi.org/10.1002/3527600418.mb133020e3314
https://doi.org/10.1002/3527600418.mb133020e3814
https://doi.org/10.1002/3527600418.mbpeakexpe5117
https://doi.org/10.1002/3527600418.mb133020e0005
https://doi.org/10.1111/j.1600-0536.2007.01265.x
https://gestis.dguv.de/data?name=010080
https://gestis.dguv.de/data?name=010080
https://doi.org/10.1539/joh.44.69
https://doi.org/10.1007/s004200000161
https://doi.org/10.1080/15298660108984604
https://doi.org/10.1016/j.toxlet.2004.05.006
https://doi.org/10.1538/expanim.56.35
https://doi.org/10.1177/0748233707078218
https://doi.org/10.1289/ehp.9848
https://doi.org/10.1007/BF00381154
https://doi.org/10.1093/toxsci/48.2.170
https://doi.org/10.1006/rtph.2001.1507
https://doi.org/10.1006/rtph.2001.1507
https://doi.org/10.1016/j.ntt.2006.08.007
https://doi.org/10.1093/toxsci/kfv009

[GMS] PUBLISSO® "

MAK Value Documentations — Xylene (all isomers)

Meulenberg CJW, de Groot A, Westerink RHS, Vijverberg HPM (2016) Organic solvent-induced changes in membrane geometry in human SH-SY5Y
neuroblastoma cells — a common narcotic effect? Neurotoxicology 55: 74-82. https://doi.org/10.1016/j.neuro.2016.05.013

Narvéez ], Song CD (2003) Reply to ‘Trujillo F, Dang D, Starck T. Xylene keratopathy: a case report and review of the literature. Cornea. 2003;22:88-
90’. Cornea 22(5): 495. https://doi.org/10.1097/00003226-200307000-00021

Natsch A, Emter R, Gfeller H, Haupt T, Ellis G (2015) Predicting skin sensitizer potency based on in vitro data from KeratinoSens and kinetic
peptide binding: global versus domain-based assessment. Toxicol Sci 143(2): 319-332. https://doi.org/10.1093/toxsci/kfu229

Niaz K, Bahadar H, Magbool F, Abdollahi M (2015) A review of environmental and occupational exposure to xylene and its health concerns. EXCLI
J 14: 1167-1186. https://doi.org/10.17179/excli2015-623

OECD (Organisation for Economic Co-operation and Development) (2017) Validation report for the international validation study on the IL-8 Luc
assay as a test evaluating the skin sensitizing potential of chemicals conducted by the IL-8 Luc Assay. Series on Testing & Assessment. No.
267, ENV/JM/MONO(2017)19, 20 July 2017. Paris: OECD. http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=ENV/
JM/MONO(2017)19&doclanguage=en, accessed 12 Jun 2019

Olson BA, Gamberale F, Iregren A (1985) Coexposure to toluene and p-xylene in man: central nervous functions. Br ] Ind Med 42(2): 117-122. https://
doi.org/10.1136/0em.42.2.117

Palmer KT, Rycroft RJG (1993) Occupational airborne contact urticaria due to xylene. Contact Dermatitis 28(1): 44. https://doi.
org/10.1111/j.1600-0536.1993.tb03330.x

Pierce CH, Dills RL, Silvey GW, Kalman DA (1996) Partition coefficients between human blood or adipose tissue and air for aromatic solvents.
Scand J Work Environ Health 22(2): 112-118. https://doi.org/10.5271/sjweh.119

Ramirez T, Mehling A, Kolle SN, Wruck CJ, Teubner W, Eltze T, Aumann A, Urbisch D, van Ravenzwaay B, Landsiedel R (2014) LuSens: a kerati-
nocyte based ARE reporter gene assay for use in integrated testing strategies for skin sensitization hazard identification. Toxicol In Vitro
28(8): 1482-1497. https://doi.org/10.1016/j.t1v.2014.08.002

Rauma M, Johanson G (2009) Comparison of the thermogravimetric analysis (TGA) and Franz cell methods to assess dermal diffusion of volatile
chemicals. Toxicol In Vitro 23(5): 919-926. https://doi.org/10.1016/j.tiv.2009.04.003

Revilla AS, Pestana CR, Pardo-Andreu GL, Santos AC, Uyemura SA, Gonzales ME, Curti C (2007) Potential toxicity of toluene and xylene evoked
by mitochondrial uncoupling. Toxicol In Vitro 21(5): 782-788. https://doi.org/10.1016/j.tiv.2007.01.012

Rogers JV, Gunasekar PG, Garrett CM, McDougal JN (2001) Dermal exposure to m-xylene leads to increasing oxidative species and low molecular
weight DNA levels in rat skin. ] Biochem Mol Toxicol 15(4): 228-230. https://doi.org/10.1002/jbt.21

Saito A, Tanaka H, Usuda H, Shibata T, Higashi S, Yamashita H, Inagaki N, Nagai H (2011) Characterization of skin inflammation induced by
repeated exposure of toluene, xylene, and formaldehyde in mice. Environ Toxicol 26(3): 224-232. https://doi.org/10.1002/tox.20547

Sandikci M, Eren U, Kum S (2007) Effects of formaldehyde and xylene on CD4- and CD8-positive T cells in bronchus-associated lymphoid tissue
in rats. Toxicol Ind Health 23(8): 471-477. https://doi.org/10.1177/0748233708089025

Sandikei M, Seyrek K, Aksit H, Kose H (2009) Inhalation of formaldehyde and xylene induces apoptotic cell death in the lung tissue. Toxicol Ind
Health 25(7): 455-461. https://doi.org/10.1177/0748233709106824

Sarma SN, Kim Y-J, Ryu J-C (2010) Gene expression profiles of human promyelocytic leukemia cell lines exposed to volatile organic compounds.
Toxicology 271(3): 122-130. https://doi.org/10.1016/j.tox.2010.03.014

Sarma SN, Kim Y-J, Song M, Ryu J-C (2011) Induction of apoptosis in human leukemia cells through the production of reactive oxygen species
and activation of HMOX1 and Noxa by benzene, toluene, and o-xylene. Toxicology 280(3): 109-117. https://doi.org/10.1016/j.tox.2010.11.017

Sarmiento Martinez J, Guardiola Sala JJ, Martinez Vea A, Campafia Casals E (1989) Renal tubular acidosis with an elevated anion gap in a “glue
sniffer”. Hum Toxicol 8(2): 139-140

Tardif R, Charest-Tardif G, Brodeur J, Krishnan K (1997) Physiologically based pharmacokinetic modeling of a ternary mixture of alkyl benzenes
in rats and humans. Toxicol Appl Pharmacol 144(1): 120-134. https://doi.org/10.1006/taap.1996.8096

Thrall K, Woodstock A (2003) Evaluation of the dermal bioavailability of aqueous xylene in F344 rats and human volunteers. ] Toxicol Environ
Health A 66(13): 1267-1281. https://doi.org/10.1080/15287390306407

van Thriel C (2014) Toxicology of solvents (including alcohol). In: Caplan M, editor. Reference module in biomedical research, 3rd ed. Burlington:
Elsevier. https://doi.org/10.1016/B978-0-12-801238-3.00210-5

Trujillo F, Dang D, Starck T (2003) Xylene keratopathy: a case report and review of the literature. Cornea 22(1): 88-90. https://doi.org/10.1097/00003226-
200301000-00023

Urbisch D, Mehling A, Guth K, Ramirez T, Honarvar N, Kolle S, Landsiedel R, Jaworska J, Kern PS, Gerberick F, Natsch A, Emter R, Ashikaga T,
Miyazawa M, Sakaguchi H (2015) Assessing skin sensitization hazard in mice and men using non-animal test methods. Regul Toxicol
Pharmacol 71(2): 337-351. https://doi.org/10.1016/j.yrtph.2014.12.008

Vaidyanathan A, Foy JW-D, Schatz R (2003) Inhibition of rat respiratory-tract cytochrome P-450 isozymes following inhalation of m-xylene:
possible role of metabolites. ] Toxicol Environ Health A 66(12): 1133-1143. https://doi.org/10.1080/15287390306359

The MAK Collection for Occupational Health and Safety 2022, Vol 7, No 3 16


https://doi.org/10.1016/j.neuro.2016.05.013
https://doi.org/10.1097/00003226-200307000-00021
https://doi.org/10.1093/toxsci/kfu229
https://doi.org/10.17179/excli2015-623
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=ENV/JM/MONO(2017)19&doclanguage=en
http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=ENV/JM/MONO(2017)19&doclanguage=en
https://doi.org/10.1136/oem.42.2.117
https://doi.org/10.1136/oem.42.2.117
https://doi.org/10.1111/j.1600-0536.1993.tb03330.x
https://doi.org/10.1111/j.1600-0536.1993.tb03330.x
https://doi.org/10.5271/sjweh.119
https://doi.org/10.1016/j.tiv.2014.08.002
https://doi.org/10.1016/j.tiv.2009.04.003
https://doi.org/10.1016/j.tiv.2007.01.012
https://doi.org/10.1002/jbt.21
https://doi.org/10.1002/tox.20547
https://doi.org/10.1177/0748233708089025
https://doi.org/10.1177/0748233709106824
https://doi.org/10.1016/j.tox.2010.03.014
https://doi.org/10.1016/j.tox.2010.11.017
https://doi.org/10.1006/taap.1996.8096
https://doi.org/10.1080/15287390306407
https://doi.org/10.1016/B978-0-12-801238-3.00210-5
https://doi.org/10.1097/00003226-200301000-00023
https://doi.org/10.1097/00003226-200301000-00023
https://doi.org/10.1016/j.yrtph.2014.12.008
https://doi.org/10.1080/15287390306359

[GMS] PUBLISSO® "

MAK Value Documentations — Xylene (all isomers)

Wareing B, Urbisch D, Kolle SN, Honarvar N, Sauer UG, Mehling A, Landsiedel R (2017) Prediction of skin sensitization potency sub-categories
using peptide reactivity data. Toxicol In Vitro 45(Pt 1): 134-145. https://doi.org/10.1016/].tiv.2017.08.015

Zeller KS, Forreryd A, Lindberg T, Gradin R, Chawade A, Lindstedt M (2017) The GARD platform for potency assessment of skin sensitizing
chemicals. ALTEX 34(4): 539-559. https://doi.org/10.14573/altex.1701101

Zhang H, Shi Y, Wang C, Zhao K, Zhang S, Wei L, Dong L, Gu W, Xu Y, Ruan H, Zhi H, Yang X (2017) An improvement of LLNA:DA to assess the
skin sensitization potential of chemicals. J Toxicol Sci 42(2): 129-136. https://doi.org/10.2131/jts.42.129

The MAK Collection for Occupational Health and Safety 2022, Vol 7, No 3 17


https://doi.org/10.1016/j.tiv.2017.08.015
https://doi.org/10.14573/altex.1701101
https://doi.org/10.2131/jts.42.129

	_Ref31272264

