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2 Isoprene (2-methyl-1,3-butadiene)

Evaluations summarizing studies performed on isoprene are available from BG
Chemie (BG Chemie 2000) and the OECD High Production Volume Chemicals
Programme (OECD 2005).

Isoprene is used in the synthesis of poly(cis-1,4-isoprene) in car tyre production,
for the production of styrene/isoprene/styrene block copolymers and butyl rubber
(copolymerisate with isobutene), in the production of hydrocarbon resins (petro-
leum resins), and for the synthesis of terpenes (BG Chemie 2000).

In three plants producing different monomers and elastomers, in which 325
workers were employed, air samples were collected at the workplace for four hours
and analysed for isoprene. Isoprene concentrations of up to 1 ml/m? were found in
398 of 435 samples (91.3%), of 1-5 ml/m?3 in 25 samples (5.8%), 5-10 ml/m3 in 6
samples (1.4%), and more than 10 ml/m? (1.4%) in 6 samples (Leber 2001; Lynch
2001).

1 Toxic Effects and Mode of Action

In mice, significantly increased incidences of Harderian gland adenomas occurred
after repeated inhalation of isoprene at 70 ml/m3 and above. Hepatocellular adeno-
mas and carcinomas, alveolar/bronchiolar adenomas and carcinomas, adenomas
and carcinomas of the forestomach and histiocytic sarcomas occurred at higher
concentrations. In rats, isoprene produces significantly increased incidences of
mammary gland tumours at 220 ml/m3 and above. Benign tumours of the kidney
and testicular interstitial cells occurred at higher concentrations. Isoprene has gen-
otoxic effects in vivo. An increased number of micronuclei-containing erythrocytes
in the peripheral blood and an increased SCE frequency in the bone marrow were
observed in mice after inhalation exposure.

Isoprene itself and its monoepoxides 1,2-epoxy-2-methyl-3-butene and 1,2-
epoxy-3-methyl-3-butene have no genotoxic effects in vitro. The metabolite
methyl-1,2:3,4-diepoxybutane, a diepoxide, produces mutations.

Isoprene is endogenously formed in humans. The formation rate in humans is
approximately 0.2 pmol/kg body weight and hour; in rats and mice, the endogenous
quantity produced is below the detection limit. Using a physiological toxicokinetic
model, it was calculated that approximately 90% of the endogenously formed iso-
prene in humans is transformed to metabolites (not further specified) and approxi-
mately 10% is exhaled in unchanged form. Acute toxicity after inhalation exposure
is low.

Mice reacted to repeated inhalation with greater sensitivity than rats. Macrocytic
anaemia and epithelial hyperplasia of the forestomach occurred at 700 ml/m? and
above in mice. In the males, degeneration of the olfactory epithelium was observed
at 7000 ml/m3. However, no substance-specific effects occurred in rats on exposure
up to 7000 ml/m3. In this species, there is no indication of sensitization of the skin
or of the respiratory tract.
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In mice, initial effects on fertility occurred after 13-week inhalation at 700 ml/m3
and above. Thus, in the males, the absolute weight of epididymides and cauda epi-
didymides and sperm motility, sperm concentration, number of spermatids and
spermatid heads per testis are reduced. In female mice, the oestrous cycle is pro-
longed at 7000 ml/m3. In rats, isoprene concentrations of up to 7000 ml/m3 had no
effects on fertility. In mice, developmental toxicity such as reduced body weight of
foetuses was observed after inhalation at 1400 ml/m? and above. Maternal toxicity
occurred at 7000 ml/m3. In rats, isoprene produces neither developmental nor ma-
ternal toxicity after inhalation up to 7000 ml/m3.

2 Mechanism of Action

Formation of haemoglobin adducts

As with butadiene, the monoepoxides of isoprene form adducts with haemoglobin.
However, the potency of effects of isoprene is lower by several orders of magnitude
(Tareke et al. 1998, see Supplement “1,3-Butadien” 1998, only available in German),
as the S\2 type reaction at the C2 atom, which occurs with the butadiene monoep-
oxides, is suppressed by the methyl group. Preference is given to the Sy1 type reac-
tion, for which reason the monoepoxides of isoprene are rapidly hydrolysed. An
Sn2 type reaction of the isoprene monoepoxides with nitrogen or sulfur nucleo-
philes at the C3 atom is, however, possible (Bleasdale et al. 1996; Watson et al.
2001).

Genotoxicity

In an in vitro study, DNA adducts were detected after 24-hour incubation of 2’-
desoxyguanosine or single- and double-strand calf thymus DNA with isoprene-1,2-
oxide and isoprene-3,4-oxide. N7-(2'-hydroxy-2'-methyl-3’-butene-1’-yl)guanine,
N7-(1’-hydroxy-2'-methyl-3’-butene-2'-yl)guanine, N7-(1’-hydroxy-3’-methyl-3’'-
butene-2’-yl)guanine and N7-(2'-hydroxy-3’-methyl-3’-butene-1'-yl)guanine were
formed after deglycosylation (Begemann et al. 2004). The formation of DNA ad-
ducts after in vivo exposure to isoprene has to date not been investigated.

One metabolite of isoprene, the diepoxide methyl-1,2:3,4-diepoxybutane, has
mutagenic effects (Gervasi et al. 1985). Isoprene itself had no mutagenic effects and
nor did it produce increased incidences of SCE and chromosome aberrations
(Kushi et al. 1985; de Meester et al. 1981; Mortelmans et al. 1986; NTP 1983, 1995,
1999). The monoepoxides 1,2-epoxy-2-methyl-3-butene and 1,2-epoxy-3-methyl-
3-butene also had no mutagenic effects (Gervasi et al. 1985). Accordingly, isoprene
itself or its monoepoxides are not responsible for the genotoxic effects, but rather
its diepoxides or other metabolites.
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Carcinogenicity

Already after only 26 weeks of isoprene inhalation increased frequencies of K-ras-
and H-ras-mutations in the isoprene-induced tumours of the Harderian glands,
the lungs and the forestomach were produced in mice. Here, the frequencies of
the following mutations were increased: A — T-transversions in K-ras codon 61
and C — A transversions in H-ras codon 61 (Harderian gland), A — T transver-
sions in K-ras codon 61 (lung) and G — C transversions in K-ras codon 13 and
A — T transversions in H-ras codon 61 (forestomach). The authors concluded
that the activation of K-ras or H-ras is an important and early step in the forma-
tion of these tumours, and that ras mutations and promoting mechanisms contri-
bute to the process of tumour formation (Hong et al. 1997; Sills et al. 1999 a, b,
2001).

3 Toxicokinetics and Metabolism
3.1 Endogenous formation of isoprene

3.1.1 Endogenous formation in humans

Isoprene is formed endogenously in humans, probably from dimethylallyl pyropho-
sphate (Deneris et al. 1984, 1985), a precursor of cholesterol. The peroxidation of
squalene is being discussed as a further source of endogenous isoprene (Stein and
Mead 1988). It has also been proposed that isoprene is produced from the degrada-
tion of farnesyl- (3 isoprene units) or geranylgeranyl residues (4 isoprene units) of
prenylated proteins (Zhang and Casey 1996).

In a series of studies, isoprene was measured in the exhaled air of healthy humans
not exposed to exogenous isoprene (Table 1).

As Table 1 shows, the mean isoprene concentrations in the exhaled pulmonary
air of populations of awake adults calculated from reference data comprise a con-
centration range between 11 and 477 ul/m3. With the exception of the data by
Stone et al. (1993), the range of the group mean values decreased to between 25
and 119 pl/m? from 1991 on. This effect can probably be attributed to improved
analytical methods. The isoprene concentration in the exhaled air of an individual
is greatly variable: it covers a range of half an order of magnitude and is markedly
dependent on the intensity of physical activity (Karl et al. 2001; Turner et al. 2006).
Physical activity, via changes in cardiac output, influences elimination velocity via
exhalation and thus — in the short-term — the concentration of endogenous iso-
prene in exhaled air. This increases at first rapidly together with the cardiac output
before returning to a point lower than the initial value — but with a continued high
cardiac output, as the concentration in the blood is reduced due to more rapid ex-
halation. The endogenous formation rate of isoprene thereby remains unchanged
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Table 1 Isoprene concentrations in the alveolar or pulmonary exhaled air of healthy volun-
teers - measured concentrations and calculated pulmonary concentrations as com-
parative parameter

Number of  Sex Concentration measured Converted References
volunteers (age in years) in exhaled air (mean value?  concentration in
+ standard deviation) (range) pulmonary
exhaled air (mean
value? + standard
deviation) (range)
[ul/m3]
13 -9 230 (90-450) [pl/m3] 230 Jansson and
Larsson 1969
25 119,143 284 +12.3 [nmol/1] 477 + 2061 DeMaster and
(adults) Nagasawa 1978
283+ 74 [nmol/1] 475 + 1240
54 199,353 28.99 [ng/1] 1194 Krotoszynski et
(18-60) al. 1979
50 309,208 14.6 + 6.4 [nmol/1] 367+161Y Cailleux and Al-
(15-60) lain 1989
5 3 0.99 + 0.58 [nmol/1] 25 + 159 Phillips and
Greenberg 1991
12 (20-30) 1.62 + 0.976% [nmol/l] 41 + 259 Kohlmiiller and
Kochen 1993
5 53 (18-50) 21.7+6.4 [nmol/1] 364 + 107V Stone et al. 1993
43 239,208 7.05 + 3.53 [nmol/1] 118 + 59V Mendis et al.
(22-75) 1994
15 -9 71+1.0 [nmol/1] 119 £ 17V Mendis et al.
1995
> 40 -9 250 (70-580) [pl/m3] -3 Hansel et al.
1995
16 109,63 3.89 + 243 [nmol/1] 98 + 61V Jones et al. 1995
(adults)
3.46 + 0.84 [nmol/1] 87 + 21V
10 93,1 2 (adults) (0.37-3.2) [nmol/1] (9-80)V) Foster et al.
1996
4 19,338 4.7 [nmol/1] 117 + 119 Filser et al.
(19-34) 1996; Csanady
and Filser
2001 b
141 (22-74) 240 £120 [ul/m3] Taucher et al.

-3
1997
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Table 1 (Continued)
Number of  Sex Concentration measured Converted References
volunteers (age in years) in exhaled air (mean value?  concentration in
+ standard deviation) (range) pulmonary
exhaled air (mean
value? + standard
deviation) (range)
[ul/m3]
1 9 10+ 1.4 [nmol/1] 168 + 231 Grote and
- Pawliszyn 1997
10 -9 (30-135) [ul/m3] -3 Fenske and
Paulson 1999
6 19,58 95, 58, 54, [ul/m3] 51 + 182 6) Smith et al. 1999
(24-60) 113,92, 48
29 Qand & 83 +45 [ul/m3] 55 + 302 Spanélet al. 1999
(25-65)
1 =9 3 (2-4) [nmol/1] 751 Hyspler et al.
2000
10 29,838 1.7 (0.5-2.5)  [nmol/l] 431 Mitsui et al. 2000
(22-59)
8 39,58 (55-185) [pl/m3] (55-185) Senthilmohan
(15-30) et al. 2000
17 99,838 89 + 36 [ul/m3] 59 + 242) Davies et al. 2001
(24-62)
8 (adults, 157 £ 67 [ul/m?3] -3 Karl et al. 2001
at rest)
8 (adults, 385 +140 [pl/m3] -3 Karl et al. 2001
physically
active)
31 109,213 1.12+£0.147  [nmol/l] 28 + 20V, 6) McGrath et al.
(30-46) 2001
4 29,28 2.4 +0.90 [nmol/I] 40 + 159 Lirstad et al.
(28-39) 2002
10 49,63 5.99 [nmol/1] 151 Scholpp et al.
(28-41) 2002
5 29,38 82 + 426 [ul/m3] -3 Diskin et al. 2003
(27-65) (55-121)
16 89,88 6.07 + 1.75 [nmol/1] 102 + 29V Cope et al. 2004
(adults)
50 239,273 3.8 +3.99 [nmol/1] 64 + 651 Poli et al. 2005

(55.79)
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Table 1 (Continued)

Number of  Sex Concentration measured Converted References
volunteers (age in years) in exhaled air (mean value?  concentration in
+ standard deviation) (range) pulmonary
exhaled air (mean
value? + standard
deviation) (range)

[ul/m3]

15 59,108 3.918 [nmol/1] 981): 8) Statheropoulos
(adults) et al. 2005

20 119,98 114 [ul/m3] 762 Barker et al. 2006
(8-29)

66 66 Q (19-79) 57.5+27.8 [ul/m3] 38 £192 Lechner et al.

2006

60 603 (19-79) 80.6+341  [ul/m?] 54 + 232

30 119,198 122 + 639 [ul/m3] 81 + 422 Turner et al.
(24-59) 2006

14 119,33 1258 [ul/m3] 832 9) Liarstad et al.
(24-64) 2007

3 unless otherwise stated;

" conversion of nmol/l to pl/m3 in pulmonary exhaled air using the factors 16.8 (measurements in alveolar
air) and 25.1 (measured in pulmonary exhaled air); conversion of ng/l in pulmonary exhaled air to pl/m3 by
multiplication with 0.369;

2 conversion of alveolar to pulmonary concentration by multiplication with /5 (according to Fiserova-Berger-
ova 1983);

3) not determinable from the method described, whether alveolar or pulmonary exhaled air;

4 geometric mean value;

%) standard deviation given by authors;

6 standard deviation calculated from given values or parameters;

7) standard error;

8) median;

9 no data given

(Karl et al. 2001). During the night (no data given as to whether volunteers were
awake or just awakened), markedly higher isoprene concentrations were measured
in the exhaled air (data not included in Table 1) than during the day (DeMaster and
Nagasawa 1978; Stone et al. 1993). Cailleux and Allain (1989) found no increase in
isoprene concentration in persons awake during the night, but only in volunteers
awakened shortly before measurement. Taucher et al. (1997) also found increased
isoprene concentrations in the exhaled air of persons after wakening or in the rest-
ing state. Increased nocturnal isoprene exhalation is explained as being a circadian
rhythm (DeMaster and Nagasawa 1978; Stone et al. 1993) and with a nocturnal in-
crease in cholesterol synthesis (Salerno-Kennedy and Cashman 2005). According to
Karl et al. (2001) the increase in isoprene concentration in the exhaled air can, how-
ever, possibly be attributed to the increase in heart rate alone, produced by waken-
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ing a sleeping volunteer and his/her subsequently getting up. There was a great
inter-individual variation in the isoprene concentration in the exhaled air. In 29 of
30 volunteers, whose alveolar air isoprene concentrations were measured at rest
on a weekly basis for half a year, the individual mean concentrations were be-
tween 38 and 308 pl/m3. In one volunteer, the mean isoprene concentration was
only 5 ul/m3 (mean value and standard deviation across all 30 study participants;
their age range is given in Table 1; Turner et al. 2006). No influence of mental
stress, age, body fat (determined as body mass index) or sex on exhalation data
could be found.

DeMaster and Nagasawa (1978) also found no significant age- or sex-related dif-
ferences in alveolar isoprene concentration in a study with 66 women and 60 men.
Lechner et al. (2006) obtained results showing that the mean exhaled isoprene con-
centrations in women are somewhat lower than in men. In children also, the con-
centrations were lower than in adults (Taucher et al. 1997). No or very little exhaled
isoprene was found in the newborn (Nelson et al. 1998); in children of pre-school
age, lower isoprene concentrations in the exhaled air were found than in school
children (Nelson et al. 1998), and the values were also lower in adults between 19
and 29 years than in adults between 30 and 79 years (Lechner et al. 2006). The
causes for these differences are not clear. In the study by Nelson et al. (1998), a
linear relationship was derived between the isoprene concentration and the ages of
the children or adolescents, whereby the regression coefficient was very small at r?
= 0.297. The observed age-dependence of the breath isoprene concentration is per-
haps only due to various age-specific physical activities. A relationship between iso-
prene concentration and cholesterol metabolism was demonstrated in three stu-
dies: a decrease in isoprene concentration in the exhaled air was found after medi-
cation for hypercholesteraemia using inhibitors of 3-hydroxy-3-methylglutaryl-
CoA-reductase (HMG-CoA-reductase) and after administration of an inhibitor of
HMG-CoA-reductase to healthy volunteers (Karl et al. 2001; Stone et al. 1993; Za-
dak et al. 1999). HMG-CoA-reductase is the rate-limiting enzyme in cholesterol
biosynthesis. It catalyses the formation of mevalonic acid, from which isoprene is
formed non-enzymatically by rat liver cytosol via dimethylallyl pyrophosphate, an
intermediate product (Deneris et al. 1984, 1985). The finding of reduced isoprene
exhalation after administration of HMG-CoA-reductase inhibitors thus supports
the theory put forward by Deneris et al. (1984, 1985), according to which endogen-
ous isoprene is a natural by-product of cholesterol synthesis. The fact that a parallel
decrease in cholesterol synthesis and exhaled isoprene was found in 8 male volun-
teers after six weeks of a cholesterol-rich diet agrees with this hypothesis (Stone et
al. 1993). Using gas chromatography and flame ionization detection (GC/FID), Cail-
leux et al. (1992) found isoprene concentrations of 37 + 25 nmol/l (mean value +
standard deviation; range: 15-70 nmol/l) in the blood of 10 volunteers of both
sexes. In a more recent study, mean isoprene concentrations of 10.29 + 6.17 nmol/l
(median: 9.08 nmol/l; range: 0.52—24.5 nmol/l) were measured using gas chroma-
tography and mass spectrometry (GC/MS) in the venous blood and of 6.68 +
4.71 nmol/l (median: 5.73 nmol/l; range: 0-18.8 nmol/l) in the arterial blood of
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33 mechanically ventilated patients (Miekisch et al. 2001). In a further study
(Statheropoulos et al. 2005), endogenous isoprene was also found in the blood of
volunteers. A mean endogenous isoprene concentration of 5.2 + 4.0 nmol/l in the
venous blood was obtained in a model calculation based on more recent mea-
surements of isoprene in the exhaled air of 337 adults of both sexes (see Sec-
tion 3.6).

3.1.2 Endogenous formation in animals

Gelmont et al. (1981) found endogenous isoprene in the exhaled air of suckling rats.
Several days after weaning no more isoprene was found. No exhaled isoprene was
found in mice, guinea pigs, chickens, rabbits, dogs and pigeons (Gelmont et al.
1981; DeMaster and Nagasawa 1978). On repetition of equivalent exposures, the
exhalation of endogenous isoprene in rats and mice reported by Peter et al. (1987,
1990) was later found to be probably erroneous. In this case it was found that a
column filling material incapable of separating endogenous isoprene from endo-
genous acetone was used in flame ionization gas chromatography (Filser et al.
1996). In the blood of rats, rabbits, ponies, dogs, cows and sheep, however, very low
isoprene concentrations (< 1 nmol/l) were determined using mass selection gas
chromatography. They were less than one thirtieth of the concentrations measured
in the blood of volunteers (Cailleux et al. 1992). Concentrations ranging from 0.2
up to 1.3 nmol/l in the venous and from 0 up to 0.8 nmol/l in the arterial blood
were obtained for endogenous isoprene in mechanically ventilated pigs. The iso-
prene concentrations were between 0.3 and 0.7 nmol/l in the venous blood of rab-
bits (detection limit: 0.05 nmol/l; Miekisch et al. 2001).

3.2 Absorption, distribution, elimination

Groups of male F344 rats inhaled (nose-only) 1*C-isoprene concentrations of 0, 8,
260, 1480 or 8200 ml/m? up to six hours. The 1*C levels in urine and faeces, the
exhaled substances and the *C content remaining in the organism were determined
in four animals per group during the following 66 hours. Five rats per group were
exposed in special plethysmograph tubes and their pulmonary ventilation deter-
mined during exposure lasting six hours. In addition, the inhaled amount of *C-
isoprene and the retention of 1*C-isoprene were estimated through comparison with
the 14C still present in the organism at the end of exposure. This was 19% at 8 ml/
m3, 9.1% at 260 ml/m3, 5.8% at 1480 ml/m3 and 4.5% at 8200 ml/m3. In the same
way, the metabolized portion of the inhaled “C-isoprene was estimated by compar-
ing the calculated quantities of inhaled *C-isoprene with the 1*C quantities re-
trieved in urine, faeces, total organism and exhaled 1*CO, up to 66 hours after end
of exposure. This was 25.3% at 8 ml/m3, 12.0% at 260 ml/m3, 4.7% at 1480 ml/m3
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and 3.6% at 8200 ml/m3. At all exposure concentrations more than 75% of the quan-
tity attributed to the 1*C metabolism was found in urine. The mean half-life of *C in
urine was 10.2 hours, independent of the exposure concentration. Furthermore, the
14C activity in relation to exposure concentration and duration was measured in the
blood, and at 1480 ml/m?3 also in the nose, lungs, liver, kidney and fat. The highest
14C quantities were found in the fat after six hours. The authors attributed the 4C-
activities in the blood and the tissues to “C-isoprene itself as well as specific meta-
bolites (e.g. diol, epoxide and diepoxide) (Dahl et al. 1987, 1990).

Male B6C3F; mice were exposed (nose-only) by inhalation to 14C-labelled or
non-labelled isoprene at concentrations of 0, 20, 200 or 2000 ml/m? for up to six
hours in special plethysmograph tubes. Steady state was reached at all exposure
concentrations in the blood within 15 to 30 minutes after start of exposure. The
corresponding mean isoprene concentrations in the blood determined by gas chro-
matography were 24.8 ng/ml (20 ml/m3), 830 ng/ml (200 ml/m3) or 6800 ng/ml
(2000 ml/m3). The 14C retained in the organism, calculated at the end of exposure
in analogy with Dahl et al. (1987), was 5.9% at 18 ml/m3, 8.9% at 205 ml/m3 and
3.8% at 2000 ml/m3, related to the inhaled quantity of “C-isoprene. Between 52%
(at 18 ml ¥C-isoprene/m3) and 73% (at 2000 ml ¥C-isoprene/m3) of the metabolite-
associated radioactivity was excreted in the urine over a 64-hour post-exposure
period. The amounts of inhaled 4C-isoprene in the mice identified as metabolites
in this post-exposure period were less than in the rats (see Dahl et al. 1987, 1990).
At 18, 205 and 2000 ml/m3 they amounted to 4.6%, 7.5% and 2.3% (Bond et al.
1991).

Groups of three male F344 rats and four male B6C3F; mice received single intra-
peritoneal injections of *C-isoprene in doses of 64 mg/kg body weight in corn oil.
Of this, about 50% unchanged “C-isoprene was exhaled; about 32% was excreted in
the urine in the form of metabolites. Recovery was about 91% in both species. In
rats, 2-hydroxy-2-methyl-3-butenoic acid (53%) as well as 2-methyl-3-buten-1,2-
diol (23%) and the C-1 glucuronide of 2-methyl-3-buten-1,2-diol (13%) were found
in the urine. These metabolites were identified and quantified by NMR spectro-
scopy and gas chromatography with mass selective detection. Numerous other iso-
prene metabolites were additionally found in the urine of mice. The percentage of
radioactivity in the urine of mice associated with an unidentified polar fraction
was comparatively higher than in that of rats (mouse 25%, rat 7%) (Buckley et al.
1999).

No studies are available on dermal absorption. Starting with a water solubility of
642 mg/1 and a log K,,, of 2.42, dermal fluxes of 0.023 or 0.026 mg/cm? and hour
are obtained for a saturated aqueous isoprene solution using the models of Guy
and Potts (1993) and Wilschut et al. (1995). This would correspond to a total der-
mal absorption of 46.9 or 52.6 mg isoprene after exposure of both hands and lower
arms (about 2000 cm?) for one hour.

Studies with other hydrocarbons show that dermal absorption from the gas phase
is low compared with the uptake from inhalation (McDougal et al. 1990).
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3.3 Metabolism

The metabolism of isoprene to epoxides and diols (according to Chiappe et al.
2000) is shown schematically in Figure 1. In the presence of NADPH and liver mi-
crosomes of different test species, isoprene (1) is metabolized by oxidation forming
the two epoxides 1,2-epoxy-2-methyl-3-butene (2) and 1,2-epoxy-3-methyl-3-bu-
tene (3) (Chiappe et al. 2000; Del Monte et al. 1985; Longo et al. 1985; Wistuba
et al. 1994). The 1,2-epoxy-2-methyl-3-butene (2) formed proportionally to a con-
siderably greater extent is subject to rapid, mainly non-enzymatic hydrolysis to
form 1,2-dihydroxy-2-methyl-3-butene (4). In contrast, 1,2-epoxy-3-methyl-3-bu-
tene (3) is hydrolysed more slowly to form 1,2-dihydroxy-3-methyl-3-butene (5),
mainly catalysed by the microsomal epoxide hydrolase (Chiappe et al. 2000). 1,2-
Epoxy 3-methyl-3-butene (3) is also the main initial product for microsomal oxida-
tion to 11,2:3,4-diepoxy-2-methyl-butane (6) (Chiappe et al. 2000; Del Monte et al.
1985; Longo et al. 1985) which, however, can also be formed from the other mono-
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Figure 1 Metabolism of isoprene in microsomes from rat liver (according to Chiappe et al.
2000)
P450: cytochrome P450-dependent monooxigenases;
mEH: microsomal epoxide hydrolase,
PB: phenobarbital pretreatment,
Pyr: pyrazole pretreatment
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epoxide (2) (Chiappe et al. 2000; Wistuba et al. 1994). Catalysed by the microsomal
epoxide hydrolase 1,2:3,4-diepoxy-2-methyl butane (6) is hydrolysed to 1,2-dihy-
droxy-2-methyl-3,4-epoxy butane (7). The formation of 1,2-dihydroxy-2-methyl-
3,4-epoxybutane (7) from 1,2-dihydroxy-2-methyl-3-butene (4) or of 1,2-dihy-
droxy-3-methyl-3,4-epoxybutane (8) from 1,2-dihydroxy-3-methyl-3-butene (5)
could only be demonstrated after pretreatment of rats with CYP450-inducing sub-
stances (pyrazole or phenobarbital). It was not possible to hydrolyse either of these
epoxy diols by microsomal epoxide hydrolase to form 1,2,3,4-tetrahydroxy-2-
methylbutane (9) (Chiappe et al. 2000). All epoxides and diols are present in the
form of optical isomers (Chiappe et al. 2000; Golding et al. 2003).

The oxidation of isoprene to the monoepoxides in vitro was mainly produced by
CYP2E], followed by CYP2B6 (Bogaards et al. 1996). Inhibition of epoxide hydro-
lase by cyclohexene oxide in the liver microsomes of humans, mice and rats re-
sulted in similar rates of monoepoxide formation. Without inhibition of the en-
zyme, the total amount of monoepoxides was twice as high for mouse liver micro-
somes than for rat and even 15 times as high as for human liver microsomes. In the
authors’ opinion, the differences in epoxide hydrolase activity between species are
responsible for the varying toxicity of isoprene (Bogaards et al. 1996). CYP2E1 was
the only cytochrome P450 isoenzyme showing detectable formation of the diepox-
ide. Both monoepoxides were oxidized by CYP2EL1 to the diepoxide at similar rates.
The enzymatic activities were 780 (substrate: 3.2-epoxy-2-methyl-3-butene) or 666
(1,2-epoxy-3-methyl-3-butene) pmol/min and nmol cytochrome P450 in humans,
1210 or 886 pmol/min and nmol cytochrome P450 in CD1 mice, 806 or 967 pmol/
min and nmol cytochrome P450 in B6C3F; mice and 1150 or 1360 pmol/min and
nmol cytochrome P450 in Wistar rats, respectively (Bogaards et al. 1996). Com-
pared with mice and rats, the activity of GSH transferases in the microsomal frac-
tion from the human liver was lower by a factor of 25 to 50 (Bogaards et al. 1999).
The half-life of 1,2-epoxy-2-methyl-3-butene and 1,2-epoxy-3-methyl-3-butene in
buffer solution was 1.25 and 73 hours, respectively (37°C, pH 7.4) (Gervasi et al.
1985).

A number of studies on enantioselectivity and stereoselectivity have been per-
formed (Chiappe et al. 2000; Small et al. 1997; Wistuba et al. 1994). Microsomes
from the liver of male rats showed a marked preference for the formation of the
(S)-enantiomers of monoepoxides (Small et al. 1997; Wistuba et al. 1994). In con-
trast, liver microsomes from men, female dogs or male monkeys preferentially
formed the (R)-enantiomer. No enantioselectivity was found in liver microsomes of
women, male mice, female rabbits and female rats (Small et al. 1997). (S)-enantio-
mers were preferably transformed by epoxide hydrolase (in rat and mouse). (R)-1,2-
epoxy-3-methyl-3-butene was hydrolysed more rapidly by mouse liver microsomes
than by rat liver microsomes (Wistuba et al. 1994).
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3.4 Haemoglobin adduct formation

Groups of three male Sprague Dawley rats and three male B6C3F; mice were given
intraperitoneal injections of “C-isoprene in single doses of 0.3, 3, 300, 1000 or
3000 umol/kg body weight (about 0.02, 0.2, 20.4, 68.1 or 204.4 mg/kg body weight)
or daily doses of 500 umol/kg body weight (about 34 mg/kg body weight and day)
in corn oil for 1, 2 or 3 days. Twenty-four hours after the last injection, the forma-
tion of radioactively labelled haemoglobin adducts was linear up to 34 mg/kg body
weight and day in both species. About 40 pmol haemoglobin adduct per mg globin
was found in both species at the highest administered dose of 204.4 mg/kg body
weight. 4C adduct at 0.158 + 0.035 pmol/mg globin was formed by mice and 0.079
+ 0.016 pmol/mg globin by rats in relation to the retained isoprene/kg body weight.
Repeated administration of 4C-isoprene at 34 mg/kg body weight produced an ac-
cumulation of 1*C-haemoglobin adducts (Sun et al. 1989).

Groups of four male B6C3F; mice were exposed for 6 hours to 14C-isoprene con-
centrations of 20, 200 or 2000 ml/m3. Twenty-four hours thereafter, the corre-
sponding haemoglobin adduct levels were 11 + 0.5, 90 + 13 and 170 + 13 pmol/mg
globin. In the range of 200 to 2000 ml/m3, retention was not linearly related to
exposure concentration, and the formation of Hb adducts not linearly dependent
on the retained quantity of isoprene. According to the authors, the considerably
higher yield of haemoglobin adducts compared with intraperitoneal administration
(Sun et al. 1989) in relation to the absorbed amount of isoprene, must be attributed
to the fact that pathways for metabolism of isoprene were saturated by the high
systemic concentration after the intraperitoneal bolus (Bond et al. 1991).

By intraperitoneal injection, one male Sprague Dawley rat received 0 or
250 pmol/kg body weight (0, 17 mg/kg body weight) and two male C57/black mice
0, 113 or 227 pmol/kg body weight (0, 7.7, 15.4 mg/kg body weight) in corn oil. In
the control animals, the adduct levels were below the detection limit (0.20 pmol/g
globin). Two adducts were found in the treated animals, derived from the two
monoepoxides 1,2-epoxy-2-methyl-2-butene (A) and 1,2-epoxy-3-methyl-3-butene
(B). Per g globin, 0.86 pmol adduct A and 0.43 pmol adduct B was found in the rat. In
the treated mice, the adduct levels per g globin were 14 pmol (adduct A) or 0.86 pmol
(adduct B) for the 113 pmol/kg group and 28 pmol (adduct A) or 1.5 pmol (adduct
B) for the 227 umol/kg group, respectively. This means that the mice formed ap-
proximately 20 times more adducts than the rats (Tareke et al. 1998).

3.5 Physiological toxicokinetic models

To obtain a quantitative description of the effects of isoprene exposure in the
blood and various tissues of mice, rats and humans resulting from different inha-
lation exposures, a physiological toxicokinetic model (PT model) was developed
(Csanddy and Filser 2001 b; Filser et al. 1996). The model (Figure 2) comprises
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Figure 2 Physiological toxicokinetic model for inhaled and endogenously formed isoprene.
Endogenous formation occurs in the liver. Ninety percent of the isoprene is metabolized in the
liver and 10% extrahepatically (Csanady and Filser 2001 b; Filser et al. 1996).

Abbreviations: dNpr/dt, endogenous formation rate;

Vmaxmo1, Vmaxmo2, maximum metabolic rate in liver or well perfused tissue;

Kmmo, apparent Michaelis constant in the venous blood of the liver and well perfused tissue

five compartments representing the lungs, the total of all well-perfused organs
and tissues, fat, muscles and liver. The individual organ and tissue compartments
are connected to each other by blood circulation.
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Inhaled isoprene passes into the arterial blood circulation via the lungs and is
distributed together with it throughout the different organ and tissue compart-
ments. Metabolic elimination of the isoprene occurs 90% in the liver and 10% in
the well-perfused organ group. The isoprene leaving the compartments is passed
with the venous blood circulation back to the lungs, from where it is exhaled ac-
cording to respiratory activity and its blood:air partition coefficient. As the exhala-
tion of endogenous isoprene could be determined experimentally in four volunteers
(3 8,1 Q), the endogenous formation of isoprene in humans was included into this
model. It was incorporated in the liver compartment, in agreement with the results
obtained by Gelmont et al. (1981) and Deneris et al. (1985), which had shown that
isoprene was formed in the liver. The partition coefficients required for the PT
model were experimentally determined at 37°C in vitro. The blood:air partition
coefficients measured for mice, rats and humans were 2.04, 2.33 and 0.75. A similar
value of 1.87 had been determined by Gargas et al. (1989) in the blood of rats. The
PT model was validated by measured concentration-time curves of inhaled or ex-
haled isoprene in the atmosphere of closed exposure systems (data for humans:
Filser et al. 1996; for mouse and rat: Csanady and Filser 2001 b; Peter et al. 1987).
Saturation kinetics were determined in the rodent species. The maximum meta-
bolic rates were 410 umol/h and kg body weight in the mouse and 110 pmol/h and
kg body weight in the rat (Csanddy and Filser 2001 b). In the rat they were reached
at approximately 1500 ml/m? and not until beyond this value in the mouse.

The half-maximum metabolic rate was reached at 360 ml/m? in the mouse and
at 180 ml/m3 in the rat. In the low concentration range, for which the model pre-
dictions in volunteers were experimentally checked at isoprene concentrations
< 50 ml/m3, the metabolic rate was directly proportional to the isoprene concentra-
tion in the three species. As shown by Csanddy and Filser (2001 a), the metabolism
of isoprene (represented by alveolar retention at steady state) is limited in this con-
centration range by the blood circulation through the metabolizing organs. As the
absorption and distribution of isoprene do not depend on biochemical but only on
physicochemical and physiological factors, it follows that this also applies for the
metabolism of the three species in the low exposure range. From the PT model, it
was found that the rate of metabolism per kg body weight for inhaled isoprene in
the concentration range < 50 ml/m?3 was about 8 times faster in the rat (body weight
250 g) and 14 times faster in the mouse (body weight 25 g) than in humans (body
weight 70 kg). With isoprene, a metabolic rate of 2.5 umol/h and kg body weight
after exposure to 50 ml/m?3 was obtained in humans. As the blood:air partition coef-
ficient of isoprene in both rodent species is markedly higher than in humans, higher
isoprene concentrations in the venous blood of mouse and rat were calculated for
the same exposure concentrations of isoprene vapour in the atmosphere than in
the blood of humans. With exposure to 50 ml/m3, isoprene concentrations of
1.5 umol/I blood for the mouse, 1.7 pmol/l for the rat and 0.65 umol/l for humans
were obtained with the model simulation for steady state. From the concentration-
time curves of endogenously formed, exhaled isoprene measured in the four volun-
teers using a closed exposure system, an endogenous isoprene formation rate of
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23.8 umol/h was calculated with the PT model for a human weighing 70 kg. Ap-
proximately 90% are metabolized and only approximately 10% exhaled. From this,
an endogenous isoprene burden of 9.5 nmol/l venous blood is obtained. Using the
exhalation data of 337 volunteers as reference, an endogenous isoprene burden of
5.2 + 4.0 nmol/l blood was obtained with this model (see Section 3.6.). The accu-
racy of the model predictions was additionally demonstrated by Csanady and Filser
(2001 b) using isoprene concentrations measured in the blood of exposed B6C3F,;
mice (Bond et al. 1991), of the quantity metabolized by rats after inhalation (Dahl et
al. 1987) or exhaled after intraperitoneal administration (Buckley et al. 1999), and
the exhalation of endogenous isoprene in humans (Conkle et al. 1975; Gelmont et
al. 1981; Jones et al. 1995; Mendis et al. 1994; Mitsui et al. 2000). It was calculated
that an adult exhales 3.4 mg endogenous isoprene within 24 hours. Conkle et al.
(1975) and Gelmont et al. (1981) published measured isoprene exhalations of 0.36—
9.36 mg/24 hours or 2—4 mg/24 hours. The model simulations confirm that the PT
model is suitable for the calculation of isoprene burden resulting from endogenous
or exogenous exposure to this substance. A further physiological toxicokinetic
model is based on in vitro studies on the CYP450-catalysed formation of epoxides,
on their hydrolysis by epoxide hydrolase and on the glutathione S-transferase cata-
lysed glutathione conjugation of monoepoxides. Using this model, the concentra-
tions of 1,2:3,4-diepoxy-2-methylbutane in liver and lung resulting from isoprene
exposure were predicted for mice, rats and humans (Bogaards et al. 2001). Whereas
the simulations showed similar diepoxide concentrations in the two rodent species
having different sensitivities to isoprene toxicity, markedly lower levels were ob-
tained in the humans. The model was, however, only validated with isoprene con-
centrations measured in the blood of mice obtained by Bond et al. (1991). No com-
parison with available data from rats or humans was undertaken.

3.6 Derivation of a MAK value for isoprene

Genotoxic epoxides are formed during the biotransformation of isoprene. It is as-
sumed that the tumorigenic effects observed in long-term studies are attributable
to the exposure to these metabolites, mainly to 1,2:3,4-diepoxy-2-methylbutane.
The internal exposure to these metabolites is not quantifiable up to now. As expo-
sure parameter, however, the area under the concentration/time curve in the blood
(AUC) can be used for its metabolic precursor, isoprene. Isoprene is formed endo-
genously in humans. The resulting endogenous isoprene exposure can be calculated
from the isoprene concentration measured in the exhaled air using a physiological
toxicokinetic model validated with experimental human data (Csanddy and Filser
2001 b; Filser et al. 1996), and compared with that resulting from an exogenous
isoprene exposure. For this reason, the MAK value for exogenous isoprene refers to
the AUC obtained with lifelong (80 years) endogenous isoprene formation. The
MAK value is established so that exposure under MAK value conditions produces
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an additional AUC equal to the AUC from the standard deviation of endogenous
isoprene concentration. The MAK value for ethanol was already derived according
to the same principle. Ethanol is also formed endogenously and transformed into
carcinogenic metabolites.

Determination of internal exposure to endogenous isoprene

In order to estimate the endogenous isoprene exposure and its standard deviation
for the general population from measurements of isoprene concentrations in the
exhaled air using the physiological toxicokinetic model, the measured data of as
many individuals as possible taken from the results published in Table 1 were
used. For calculation, the publications were selected according to the following
criteria:

+ number of persons, group mean value and standard deviation are available

+ at most one study per working group (as recent as possible; number of volun-
teers as large as possible); this is to keep the bias of method as low as possible,
and to avoid the same volunteers repeatedly entering the calculation.

This leaves the publications remaining in Figure 3.
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Figure 3 Isoprene concentrations in the pulmonary exhaled air of healthy volunteers (mean
values + standard deviation); m = male, f = female volunteers; see text for selected literature;
each citation with first author only and year of the publications given in Table 1.
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Statistically, the exhalation concentrations obtained by DeMaster and Nagasawa
(1978), Cailleux and Allain (1989) and Stone et al. (1993) are significantly (ANOVA,
post-hoc test according to Bonferroni, p < 0.05) higher than those of all other
authors, whose data — with the exception of Stone et al. (1993) — were all published
after 1990 and obtained using more recent and hence more reliable analytical
methods. This is why the data of DeMaster and Nagasawa (1978), Cailleux and Al-
lain (1989) and Stone et al. (1993) are not used in determining the average isoprene
concentration and its standard deviation. The exhalation data of all other studies
cited in Figure 3 were summarized. From this, a weighted mean concentration in
the pulmonary exhaled air of 0.064 ml/m3 and a weighted standard deviation of
0.049 ml/m3 after Sachs (1997) was calculated for the 337 volunteers considered.

The following values (mean value + standard deviation) are obtained after using
these exhalation concentrations in the PT model for adults weighing 70 kg:

Endogenous isoprene:

Rate of formation 13.1 + 10.0 pmol/h
Concentration in venous blood 5.2 + 4.0 nmol/l
AUC (0-80 years) 3.6 + 2.8 mmol x h/l

Occupational exposure to 10 ml isoprene/m? (8 hours/day, 5 days/week, 48 weeks/
year, 40 years):

Additional AUC (40 years) 9.8 mmol x h/l

Expected concentration in venous blood 133 nmol/l
after 8 hours

If the sum of the AUCs from the mean endogenous and exogenous exposure is
to equal the sum of the AUCs of the mean endogenous exposure and its stan-
dard deviation (analogous to the procedure used in the MAK value finding for
ethanol), an exogenous isoprene concentration of 2.9 ml/m? in the ambient air is
obtained.

The AUC after an 8-hour daily exposure to about 3 ml/m? lasting 40 years is
accordingly of the same magnitude as the AUC with lifelong exposure at the level
of the standard deviation of the mean endogenous isoprene concentration.

4 Effects in humans

4.1 Single exposures

Studies with volunteers to determine acute effects are given in Table 2. One woman
and two men inhaled isoprene at 278—27 800 mg/m3 (about 100—10 000 ml/m?) for
5 minutes. Isoprene concentrations of 278 mg/m? (about 100 ml/m3) were at the
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Table 2 Acute effects of isoprene in volunteers

Collective  Duration, Remarks Results References
administration route,
concentration, purity

1Qand2 @ 5 min; inhalation; no dataon 278 mg/m? (about 100 ml/m3):  BG Chemie
278-27 800 mg/m?®  analytics odour perceptible; 13 900 mg/ 2000
(about 100— m?3 (about 5000 ml/m?3): head-
10000 ml/m3); ache;
no further details 27 800 mg/m? (10 000 ml/m?3):

marked bronchial irritation
(no further details)

10 volun no data on duration; no dataon mild irritation of mucous Gostinskii
teers; no inhalation; analytics membranes in nose, larynx and 1965
further 160 mg/m3 (about pharynx;
details 57 ml/m3); odour threshold: 10 mg/m?3 (about

no further details 3.6 ml/m3) (no further details)

limit of odour perception, 695 mg/m3 (about 250 ml/m3) clearly perceptible and
2780 mg/m? (about 1000 ml/m3) very perceptible. In addition, headache and pro-
nounced headache occurred at 13900 mg/m3 (about 5000 ml/m3) and 27 800 mg/
m3 (about 10000 ml/m3), respectively. Furthermore, at the highest concentration
there was a marked irritation of the bronchi (no further details) (BG Chemie 2000).

Inhalation of isoprene at 160 mg/m3 (about 57 ml/m?3) by 10 volunteers produced
mild mucosal irritation in nose, larynx and pharynx. The odour threshold was cited
as being 10 mg/m? (about 3.6 ml/m3) (no further details) (Gostinskii 1965).

4.2 Repeated exposure

The activity of succinate dehydrogenase in immunocompetent blood cells (no
further details) was reduced in workers in the rubber industry. The activities of
alkaline and acid phosphatases in neutrophils were increased. Apart from isoprene,
the workers were exposed to other substances such as styrene, butadiene, isobuty-
lene and chloromethane (Mamedov and Aliev 1985 a, b). These studies are not used
for evaluation because of this mixed exposure and a lack of data on the exposure
level. In addition, the relevance of changed enzyme activities in immunocompetent
cells is debatable.

The upper respiratory tract of 630 workers in isoprene rubber production was
investigated between 1965 and 1968. Within the first year of occupation, the work-
ers suffered mainly from catarrh-like nasal inflammation. Thereafter, occupation
led increasingly to atrophic processes. Their odour perception was also impaired.
Apart from isoprene, the workers were also exposed to formaldehyde and dimethyl
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dioxane (Mitin 1969). The results of this study are not meaningful due to mixed
exposure at the workplace.

4.3 Effects on skin and mucous membranes

Irritation to the skin and eyes (no further details) occurred after application of li-
quid isoprene (BG Chemie 2000). See Section 4.1 for irritation after inhalation ex-
posure.

4.4 Allergenic effects

There are no data available for the allergenic effects of isoprene.

4.5 Reproductive and developmental toxicity

There are no data available on reproductive toxicity of isoprene.

4.6 Genotoxicity

There are no data available on genotoxicity of isoprene.

4.7 Carcinogenicity

There are no data available on carcinogenicity of isoprene.

5 Animal experiments and in vitro studies

5.1 Acute toxicity

Data on the acute toxicity of isoprene in different species are summarized in Table
3.
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Table 3 Studies on acute toxicity of isoprene after inhalation, oral, dermal, intraperitoneal or

subcutaneous administration

Species, Concentration/dose; Endpoint References
number, duration
sex
rat, 3:27600-100900 mg/m3 18459 ml/m?3 (1 h): LC5, not reached; BG Chemie
Wistar, (9893-36 165 ml/m3); 36 165/35 161 ml/m3 (4 h): LCy, not 2000
20 3/ 4h reached;
per group 51500 mg/m? transiently poor general condition at the
(18459 ml/m3); 1 h highest concentration
@:29500-98 100 mg/m3
(10574-35161 ml/m3);
4h
rat, no further details;4 h 180000 mg/m? (64516 ml/m?3): LC5p, no  Shugaev
no further further details 1969
details
rat, 0.26; 0.81; 2.18; 4.98; 8.40;  at 8400 ml/m3 and above: thymus after Mamedov
Wistar, 21.44 mg/1 24 h: cell count and mitotic index 1978
10 @ per  (260-21440 ml/m3); 4 h decreased, absolute and relative weight
group decreased; reversible after 3 d
mouse, 14100, 31 500 mg/m? 11290 ml/m3: no mortality, no further BG Chemie
NMRI, (about 5054, details 2000
103 per 11290 ml/m3); 4 h
group
mouse,  50000-150 000 mg/m3 53763 ml/m3: LC5, mucosal irritation in ~ BG Chemie
10 per (17921-53763 ml/m3); the upper respiratory tract, disturbed 2000
group, 2 h, recovery period: coordination, lateral recumbency and
no further 21 days, narcosis, pronounced hyperaemia of the
details no further details inner organs and of the brain
mouse,  no further details; at 750 mg/m3 (268 ml/m3) and above BG Chemie
3,9, no 40 min, (40 min): central nervous effects; 2000;
further 2h 139000 mg/m3 Gostinskii
details (49 821 ml/m3)/148 000 mg/m? 1965
(53047 ml/m?3) (2 h): 3/Q: LCy,
irritating, narcotizing, enlarged lungs
and congestion in the lungs
mouse, no further details; 2 h 157 000 mg/m3 (56 272 ml/m3): LCj, Shugaev
no further 1969
details
mouse, 100000-120000 mg/m3  35843-50179 ml/m?3: deep narcosis; BG Chemie
no further (35843-50179 ml/m3); 50179 ml/m3: fatal 2000

details

no further details
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Table 3 (Continued)

Species,  Concentration/dose; Endpoint References

number, duration

sex

mouse, 0, 465 ml/m3; 60 min 465 ml/m3: respiration rate decreased, Rohr et al.

Balb/c, exposure, 30 min challenge, time of brake and expiratory flow at half 2002

123 15 min recovery tidal volume/tidal volume unchanged

rabbit, 6, 190-4100 mg/m3 at 68 ml/m3 and above: respiration rate ~ BG Chemie

no further (68-1470 ml/m3); increased by 16—-40%; 1470 ml/m?3: 2000;

details 40 min weakened flexor reflex with rapid onset ~ Gostinskii
1965

cat, 400-700 mg/m3 at 143 ml/m?3 and above: latency between BG Chemie

3, (143-251 ml/m3); 1 h stimulus and locomotion reaction 2000

no further increased, rapidity of approach decreased,

details after 14 d reversible, no further details

rat, 250-2500 mg/kg body 2125 mg/kg body weight BG Chemie

Wistar, weight (2210-2403 mg/kg 2000

15 3 per  in vegetable oil; gavage; body weight): LD, sedation and disturbed

group recovery period: breathing within 1 h, which continued up

14 days to 7 days, death occurring within 24 h

rat, 1000 pl/kg body weight on 1000 pl/kg body weight (681 mg/kg body BG Chemie

Wistar, the shaved skin of the back; weight): 2000

5 & per 7 days; recovery period no signs of toxicity,

group 14 days; no deaths

no further details

rat, 100-1750 mg/kg body 1390 mg/kg body weight (1310-1470 mg/ BG Chemie

Wistar, weight kg body weight): LD, sedation and 2000

1538 per in vegetable oil; disturbed breathing

group intraperitoneal;

no further details

rabbit, 1 ml; subcutaneous; about 230 mg/kg body weight: leuko- BG Chemie
no further no further details cytosis, stimulus effect and “anaemia” in 2000
details the bone marrow, urobilinogen and

albumin in urine

5.1.1 Inhalation

The LCs of rats after 4-hour inhalation exposure was about 65000 ml/m3 and that
of mice after 2-hour inhalation about 50000 ml/m3 (BG Chemie 2000). In male
rats, reversible effects in the thymus were found 24 hours after 4-hour exposure to
8400 ml/m3 and above (Mamedov 1978). Decreased respiration rates (about 4%)
were found in male mice that had been exposed to 465 ml/m3 for 60 minutes. Both
the time of brake (pause prior to inhalation) and expiratory flow at half tidal
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volume/tidal volume were unchanged (Rohr et al. 2002). An RDs; of 57 200 ml/m3
was given for mice (Wilkins et al. 2001; Wolkoff et al. 2000). In mice exposed to 20,
200 or 2000 ml/m3, the respiratory minute volume was significantly reduced at the
highest concentration (Bond et al. 1991). In contrast, in another study it had not
significantly decreased at 8200 ml/m3 (Dahl et al. 1987). Rabbits exposed up to
1470 ml/m3 showed an increased respiration rate and a flexor reflex which was
weaker but had a quicker reaction onset (no further details) (BG Chemie 2000;
Gostinskii 1965). Reversible narcotic effects were found in cats after exposure to
143 ml/m3 for one hour (BG Chemie 2000).

5.1.2 Ingestion

The oral LD, in male Wistar rats was 2125 mg/kg body weight (BG Chemie 2000).

5.1.3 Dermal application

The dermal LDj5, was given as > 681 mg/kg body weight for male Wistar rats (BG
Chemie 2000).

5.1.4 Intraperitoneal and subcutaneous administration

The LDs, in male Wistar rats was 1390 mg/kg body weight after intraperitoneal
injection (BG Chemie 2000).

Leukocytosis, irritant effects, “anaemia” in the bone marrow, and urobilinogen
and albumin in the urine were observed in rabbits after subcutaneous injection of
1 ml isoprene (no further details) (BG Chemie 2000).

5.2 5.2 Subacute, subchronic and chronic toxicity

5.2.1 Inhalation

Data on the toxicity of isoprene after repeated inhalation exposure of rats, mice and
rabbits can be found in Table 4.

Rat
No mortalities occurred in an NTP (National Toxicology Program) inhalation study
with F344/N rats study lasting 14 days. Body weights, haematological and clinico-
chemical parameters in the serum, urinalysis and histological investigation showed
no abnormal findings (Melnick et al. 1990; NTP 1995).

After 30-day exposure to 35.1 ml/m3, cell proliferation in the thymus was in-
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Table 4 Effects of isoprene after repeated inhalation (whole body exposure)

Species, Duration, Findings References
strain, concentration
no. of
animals per
sex
rat, 5 days, 20513 ml/m3: NOAEC, no further details BG Chemie
Wistar, 12700, 2000
10 8/Q per 57 300 mg/m3
group (about 4547,
20513 ml/m3),
4 h/day
rat, 6 days, 1670 ml/m3: NOAEC; Gage 1970
Alderley- 6000 ml/m3, 6000 ml/m3: slight congestion of the lungs
Park, 6 h/day;
2 3/9 per
group
15 days,
1670 ml/m3,
6 h/day
rat, 2 weeks, 7000 ml/m3: NOAEC (mortality, body Melnick
F344/N, 0, 438, 875, 1750, weight, haematological and clinico-chemical et al. 1990;
10 8/Q per 3500, 7000 ml/m3,  parameters in the serum, histological investi- ~ NTP 1995
group 6 h/day, 5 days/wk, gation of liver, lungs including mainstem
purity: > 99% bronchi, nasal cavity and turbinates, trachea,
larynx, tracheobronchial lymph nodes, heart,
brain, thymus, spleen, kidneys, testes, epidi-
dymides without abnormal findings)
rat, 30 days, 35.1 ml/m3: cell proliferation in the thymus Mamedov
Wistar, 0.098, 1.016 mg/1 increased; 364.2 ml/m3: cell count and 1978
10 & per (about 35.1; mitotic index in the thymus decreased
group 364.2 ml/m3),
4 h/day
(no further details)
rat, 4 months, 41.6 ml/m3: after 4 months: thymus weight Mamedov
Wistar, 0.0108; 0.116 mg/l  increased, cell count and mitotic index in the 1978
10 3 per (about 3.9; thymus increased, changes in lymphocyte
group 41.6 ml/m3), count (no further details); after 5 months: cell

4h/d, 5 days/wk,
1 month recovery
period

proliferation in the thymus increased
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Species, Duration, Findings References
strain, concentration
no. of
animals per
sex
rat, 13 weeks, 7000 ml/m3: NOAEC, changes in organ Melnick
F344/N, 0, 70, 220, 700, weight and changed parameters in blood and et al. 1994;
10 8/Q per 2200, 7000 ml/m?,  urine not substance-related, NTP 1995
group 6 h/day, 5 days/wk, no mortality, unchanged body weight and
purity: > 99% body weight gain, histological studies without
abnormal findings
rat, 6 months, after 6 months: Melnick
F344/N, 0, 70, 220, 700, 7000 ml/m3: Leydig cell hyperplasia (10/10, etal. 1992,
40 & per 2200, 7000 ml/m3,  control: 1/10); 1994, 1996;
group 6 h/day, 5 days/wk, after 12 months (6 months exposure and NTP 1995
per group 10 ani- 6 months recovery period): at 70 ml/m? and
mals investigated; ~ above: Leydig cell hyperplasia in all exposed
recovery period 6 groups: 30/30, control: 25/30
months
(per group 30 &),
purity: > 99%
rat, 105 weeks, at 700 ml/m3 and above: g: fibrotic changes ~ NTP 1999
F344/N, 0, 220, 700, in the spleen, renal tubular hyperplasia;
50 3/Q per 7000 ml/m3, 7000 ml/m3: 3: hyperplasia in the parathyroid
group 6 h/day, 5 days/wk  gland, Q: purulent inflammation in the nose,
bile duct hyperplasia
(compare Section 5.7.2)
mouse, 2 weeks, at 438 ml/m3 and above: 3, Q: haematocrit Melnick
B6C3F,, 0, 438, 875, 1750, decreased, haemoglobin decreased, erythro- et al. 1990;
per group 3500, 7000 ml/m3,  cyte count decreased, relative liver weight in-  NTP 1995
10 3/ 6 h/day, 5 days/wk, creased, absolute thymus weight decreased,

purity: > 99%

epithelial hyperplasia in the forestomach;

3: body weight decreased, cytoplasmic vacuoli-
zation of hepatocytes; absolute and relative
spleen weight decreased, absolute testis weight
decreased;

Q: absolute liver weight increased, relative
thymus weight decreased;

at 875 ml/m3 and above: &: absolute liver
weight increased, relative thymus- and testis
weight decreased;

at 1750 ml/m? and above: 3: degeneration of
the olfactory epithelium;
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Table 4 (Continued)

Species, Duration, Findings References
strain, concentration
no. of
animals per
sex
at 3500 ml/m3 and above: Q: absolute and
relative spleen weight decreased;
7000 ml/m3: 3: body weight gain decreased,
atrophy of the thymus and of the testes
mouse, 20 days, irritation of bronchi, pulmonary emphysema, =BG Chemie
no further 60000 mg/m3 hyperplasia of the bone marrow, signs of in- 2000
details (about 21503 ml/  creased erythrocyte turnover in the spleen
m3), (no further details)
2 h/day
no further details
mouse, 13 weeks, 70 ml/m3: Q: body weight gain not concen- Melnick
B6C3F,, 0, 70, 220, 700, tration-dependently decreased; et al. 1994;
10 g/Q per 2200, 7000 ml/m3, ~ 220ml/m3: 3: relative spleen weight de- NTP 1995
group 6 h/day, 5 days/ creased, @: absolute kidney weight increased;
wk, purity: > 99% at 700 ml/m3 and above: 3, Q: haematocrit
decreased, haemoglobin decreased, erythrocytes
decreased, mean cell volume increased, means
cell haemoglobin increased, macrocytic anae-
mia, absolute spleen weight decreased, epithelial
hyperplasia in the forestomach
at 2200 ml/m3 and above: 3: Howell-Jolly
bodies increased, cytoplasmic vacuolization in
the liver, absolute and relative testis weight
decreased;
7000 ml/m3: 3: relative liver weight increased,
degeneration of the olfactory epithelium, sperm
concentration, spermatid heads decreased, testi-
cular atrophy,
Q : relative spleen weight decreased, oestrous
cycle length increased; 8, @: glutathione concen-
tration in liver and lung decreased, absolute
liver weight increased;
no mortality, body weight gain without abnor-
mal findings
mouse, 6 months, after 6 months: Melnick
B6C3F,, 0,70, 220,700,2200, 70 ml/m3: NOAEC; etal. 1992,
40 3 per 7000 ml/m?, 6 h/day, at 220 ml/m?3 and above: grip strength of 1994, 1996;
group 5 day/wk, per group fore- and hindlimbs decreased; NTP 1995
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Species, Duration, Findings References
strain, concentration
no. of
animals per
sex
10 animals investi-  at 700 ml/m3 and above: epithelial hyperpla-
gated; recovery sia of the forestomach, macrocytic anaemia;
period 6 months 7000 ml/m3: mortality increased, impaired
(per group 30 3), hindlimb function, degeneration of the olfac-
purity: > 99% tory epithelium in nasal turbinates, degenera-
tion in white matter of spinal cord, atrophy of
skeletal muscles and testes
6 months exposure and 6 months recovery
period:
at 70 ml/m? and above: degeneration the white
matter of spinal cord;
at 220 ml/m and above 3: degeneration of the
olfactory epithelium in nasal turbinates;
at 700 ml/m?3 and above: epithelial hyperplasia
in the forestomach and the alveoli, hepatocellu-
lar foci increased;
7000 ml/m3: mortality increased, tumour inci-
dence increased; compare Section 5.7.2
mouse, 80 weeks, at 10 ml/m? and above: proliferation of Placke et al.
B6C3F;, 0, 10, 70, 280, 700,  haematopoietic cells in the spleen, myeloid 1996
50 & per 2200 ml/m?3, 8 h/day, hyperplasia in the bone marrow;
group 5 days/wk, at 280 ml/m? and above: survival < 50%
(2200 ml/m3, (no further details),
4 and 8 h/day), absolute and relative testis weight decreased,
purity: > 99% mild metaplasia of the olfactory epithelium to
respiratory epithelium;
tumours compare Section 5.7.2
mouse, 80 weeks, at 10 ml/m? and above: proliferation of Placke et al.
B6C3F,, 0, 10, 70 ml/m3, haematopoietic cells in the spleen, myeloid 1996
50 @ per 8 h/day, 5 days/ hyperplasia in the bone marrow;
group wk, purity: 2 99% 70 ml/m3: slight metaplasia of the olfactory
epithelium into respiratory epithelium;
for tumours see Section 5.7.2
rabbit, 4 months, 143 ml/m3: at room temperature: activity of ~ Samedov
(no further 0, 400 mg/m3 immune capacities decreased (no further etal. 1978
details) (143 ml/m3), details);
4 h/day (no further at 32°C: inhibition of immunological reaction

details), room tem-
perature or 30-32°C

ability (no further details)
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Table 4 (Continued)

Species, Duration, Findings References
strain, concentration

no. of

animals per

sex

rabbit, 3-4 months, 143 ml/m3: phagocyte count decreased Faustov
(no further 400 mg/m3 (no further details) 1972
details) (143 ml/m3),

no further details

creased in male Wistar rats and cell count and mitotic index in the thymus were
decreased at 364.2 ml/m3 (Mamedov 1978). Thymus weight, cell count and mitotic
index in the thymus were increased and the lymphocyte count changed (no other
details) after 4-month treatment at 41.6 ml/m3. Except cell proliferation, all param-
eters had normalized after a treatment free period lasting one month (Mamedov
1978).

In the NTP study, male and female F344/N rats were whole-body exposed to iso-
prene for 13 weeks. A reduced neutrophil count in the females at 70 ml/m3 and
above was also found in the males of the 7000 ml/m? group. According to the
authors, this effect could be compatible with a shift of neutrophils from the circu-
lating pool into the marginal pool, as neither a decrease in leukocyte count nor a
change in the bone marrow cellularity counts could be found. The authors consider
all changes in organ weight and the changed parameters in blood and urine not to
be substance-related. No mortality occurred. No abnormal findings were obtained
in the context of body weight, body weight gain, histological investigation of the
organs, determination of sperm motility and vaginal cytology (compare Section
5.5.1) (Melnick et al. 1994; NTP 1995).

In a further NTP study, male F344/N rats were exposed for six months. The in-
cidence of Leydig cell hyperplasia in the testes was increased by the end of exposure
at 7000 ml/m3 and at the end of the recovery period in the animals of all concentra-
tion groups.

In the rats of the 7000 ml/m3 recovery period group, Leydig cell adenomas oc-
curred (see Section 5.7.2). Body weight, body weight gain and haematological
parameters were unchanged by treatment (Melnick et al. 1992, 1994, 1996; NTP
1995). This means that the lowest used concentration of 70 ml/m3 is also the
LOAEC.

In an NTP carcinogenicity study, male and female F344/N rats inhaled 0, 220,
700 or 7000 ml/m3 for 105 weeks (see Section 5.7.2). Fibrotic changes in the spleen
and renal tubular hyperplasia were observed in the males at 700 ml/m?3 and above.
Hyperplasia in the parathyroid gland occurred with increased frequency in the
males, and purulent inflammation in the nose and hyperplasia in the bile duct in
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the females at 7000 ml/m3. Body weight, body weight gain and survival rate were
unchanged in the treated animals (NTP 1999).

Two studies with rats exposed for five and six months cannot be evaluated due to
inadequate data (sex, strain, control animals, time of the occurrence of effects) and
inadequate documentation (BG Chemie 2000).

Mouse

A 20 times 2-hour exposure to isoprene at 60 000 mg/m? (about 21 505 ml/m3) pro-
duced no narcotic effects in mice (no further details). Macroscopic assessment re-
vealed bronchial irritation and pulmonary emphysema in some animals. Histo-
pathology showed hyperplasia of the bone marrow and signs of red blood cell de-
generation in the spleen (pigmentation, macrophages; no further details) (BG Che-
mie 2000).

In a whole-body exposure study with B6C3F; mice by the NTP lasting 14 days, a
decrease in haematocrit values, haemoglobin concentrations and erythrocyte
counts was observed in males and females at 438 ml/m?3 and above. This indicates
mild intravascular or extravascular haemolysis. Cytoplasmic vacuolization in the
liver was observed in the males at an isoprene concentration of 438 ml/m3 and
above. Liver histopathology was without findings in the females. Epithelial hyper-
plasia in the forestomach developed in both sexes. Liver weights were increased,
spleen, thymus and testis weights decreased. Concentration-dependent degenera-
tion of the olfactory epithelium was found in the males at 1750 ml/m3 and above.
Atrophy of the testes and the thymus was diagnosed at 7000 ml/m? (Melnick et al.
1990; NTP 1995). No NOAEC was obtained.

In a further NTP study, B6C3F, mice were whole-body exposed for 13 weeks.
Macrocytic anaemia and epithelial hyperplasia of the forestomach was found in
males and females at 700 ml/m?3 and above. The latter was occasionally associated
with intraepithelial microabscesses and infiltrates of different inflammatory cells
from the submucosa. Decreased absolute and relative testis weights were found at
2200 ml/m? and above. Degenerations of the olfactory epithelium, testicular atro-
phy with decreased sperm counts and increased liver weights were found in the
male mice of the 7000 ml/m3 group. In the females, this dose produced spleen and
liver weight changes and increased oestrous cycle length. The glutathione concen-
tration in lungs and liver was reduced in both males and females (NTP 1995;
Melnick et al. 1994). As the body weight gain was still reduced at 70 ml/m?3 in the
female mice, no NOAEC can be given.

In a further NTP study involving male B6C3F; mice with 6-month exposure and a
6-month recovery period, a reversible reduction in the grip strength of fore- and hin-
dlimbs at 220 ml/m3 and above was found after six months. Epithelial hyperplasia of
the forestomach was found at 700 ml/m?3 and above, which was still present after the
6-month exposure-free period. The macrocytic anaemia observed at 700 ml/m? and
the atrophy of skeletal muscles and testes at 7000 ml/m3 were reversible after six
months. Increased mortality occurred at 7000 ml/m?3 also during the recovery period.
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Degeneration of the spinal cord occurred at 70 ml/m3 and above and degeneration of
the olfactory epithelium in the turbinates at 220 ml/m? and above after 12 months
(6-month exposure and 6-month recovery period). Hyperplasia of the alveolar and
forestomach epithelia was found at 700 ml/m? and above (Melnick et al. 1992, 1994,
1996; NTP 1995). No NOAEC can be given for this study, as degeneration of the
spinal cord occurred during the recovery period at 70 ml/m3. Tumours are described
in Section 5.7.2.

In a study with male and female B6C3F; mice, proliferation of the haematopoietic
cells in the spleen and myeloid hyperplasia in the bone marrow were found after
80-week exposure to 10 ml/m? and above. At 70 ml/m? (males) or 280 ml/m3 (fe-
males) and above, a mild metaplasia of the olfactory epithelium to respiratory
epithelium occurred. Tumours are described in Section 5.7.2 (Placke et al. 1996). In
total, no NOAEC can be given for the study.

Rabbit

Although three inhalation studies with rabbits are available (BG Chemie 2000;
Faustov 1972; Samedov et al. 1978), they are unsuitable for evaluation due to insuf-
ficient documentation of study design and results.

5.2.2 Ingestion

Isoprene was administered to groups of 30 male Wistar rats in doses of 200 mg/kg
body weight and day on the first day, and 45 mg/kg body weight and day over the
subsequent four days (no other details). The animals were observed for another
seven days. No deaths occurred. No cumulative effect could be found (no further
details; BG Chemie 2000).

5.2.3 Dermal application

There are no data available for dermal application of isoprene.

5.3 Effects on skin and mucous membranes

Isoprene was applied with a brush to one ear each of two White New Zealand rab-
bits twice daily on five consecutive days. This produced short-term reddening of
the skin. A low potential for skin damage was therefore assessed by the authors (BG
Chemie 2000).

Application of 0.5 ml isoprene to the shaved skin of a rabbit resulted in pro-
nounced hyperaemia, oedema formation and subsequent desquamation (no further
details; BG Chemie 2000).
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The tail skin of mice was moistened with isoprene. Within two hours, a pro-
nounced hyperaemia of the skin was observed and, on the following days, necrosis
of the tail tips (no further details; BG Chemie 2000).

It has been reported that isoprene is able to produce irritation of the eyes in rats
(OECD 2005).

5.4 Allergenic effect

There are no data available for the allergenic effect of isoprene.

5.5 Reproductive toxicity

5.5.1 Fertility

Fertility studies or investigations on the reproductive organs are shown in Table 5.

In the 13 weeks inhalation studies with F344/N rats and B6C3F; mice at isoprene
concentrations of 0, 70, 700 and 7000 ml/m?3, the weight of epididymides and testes,
the number of spermatids and sperm heads, and the concentration and motility of
the sperms in the epididymides were determined. In addition, a characterization of
the oestrous cycle was carried out. The NOAEC for changes in the reproductive
organs of rats was 7000 ml/m3. In contrast, the absolute weight of the epididymides
and of the tail section of the epididymides (cauda epididymidis), sperm motility,
sperm concentration, number of spermatids and sperm heads per testes were de-
creased at 700 ml/m3 and above in the male mice. Decreased absolute testis weight
and testicular atrophy occurred at 7000 ml/m3. At this concentration, oestrous cy-
cle length was increased in the females. Therefore, the NOAEC for changes in the
reproductive organs is 70 ml/m3 for mice (Melnick et al. 1994; NTP 1995; compare
Section 5.2.1).

Histological investigation of the testes after 6-month inhalation exposure to iso-
prene at 7000 ml/m3 revealed hyperplasia of the interstitial cells in male rats. At
this concentration, interstitial cell adenomas were observed after the 6-month re-
covery period (Melnick et al. 1992, 1994, 1996; NTP 1995). Decreased absolute and
relative testis weight and testicular atrophy occurred in mice after six months of
exposure to 7000 ml/m3 but not at the end of the 6-month recovery period (Mel-
nick et al. 1992, 1994, 1996; NTP 1995; see Section 5.2.1).

One inhalation study in rats cannot be evaluated due to insufficient data (strain,
number of animals, control animals) and only one concentration used (Repina
1988).

In mice, intraperitoneal administration of 7.34 mmol/kg body weight and day
(about 500 mg/kg body weight and day) for 30 days produced a reduced number of
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Table 5 Fertility studies with isoprene

Species Exposure Concentration: findings References
rat, 4 hours, 1434 ml/m3: no effects on spermatozoa 24 h  Repina
nodataon 4000 mg/m3 after end of exposure (number of spermatozoa, 1988
strain, (about 1434 ml/m?), percentage of living, motile and pathological
3, whole-body expo-  spermatozoa; no further details)
no dataon  sure, controls: no
number data
rat, 13 weeks, 7000 ml/m3: NOAEC Melnick
F344/N, 0, 70, 700, 7000 ml/ (sperm muotility, vaginal cytology; compare et al. 1994;
10 8/@ per  m?, whole-body Section 5.2.1) NTP 1995
group exposure,
6 h/day, 5 days/wk,
purity: > 99%
rat, 6 months, after 6 months: Melnick
F344/N, 0,70,220,700,2200, 7000 ml/m3: hyperplasia of interstitial cells of et al. 1992,
40 & per 7000 ml/m3, the testes (10/10, control: 1/10); 1994, 1996;
group 6 h/day, 5 days/wk, 6-month exposure and 6-month recovery NTP 1995
per group 10 animals period:
investigated; at 700 ml/m? and above: hyperplasia of inter-
recovery period stitial cells of the testes (30/30, control: 25/30);
6 months 7000 ml/m3: interstitial cell adenomas of the
(per group 30 3), testes;
purity: > 99% see Section 5.2.1, Section 5.7.2
mouse, 13 weeks, 70 ml/m3: NOAEC; Melnick
B6C3F,, 0, 70, 700, 7000 ml/ at 700 ml/m? and above: 3: absolute weight et al. 1994;
10 3/Q per  m3, whole-body of epididymides and cauda epididymides NTP 1995
group exposure, decreased, sperm motility, sperm concentra-
6 h/day, 5 days/wk, tion, number of spermatids, sperm head
purity: > 99% count per testes decreased;
7000 ml/m3: 3: absolute testis decreased, testi-
cular atrophy (2/10), @: length of oestrous cycle
increased; see Section 5.2.1
mouse, 6 months, after 6 months: Melnick
B6C3F,, 0,70, 220,700, 2200, 7000 ml/m3: absolute and relative testicular et al. 1992,
40 3 per 7000 ml/m3, weight decreased, testicular atrophy; 1994, 1996;
group 6 h/day, 5 days/wk, 6 months exposure and 6 months recovery =~ NTP 1995

per group 10 animals
investigated;
recovery period

6 months (per
group 30 3),

purity: > 99%

period:

7000 ml/m3: testicular weight and histo-
pathology of the testes without abnormal

findings;
see Section 5.2.1
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Table 4 (Continued)

Species Exposure Concentration: findings References
mouse, 30 days, 500 mg/kg body weight and day: number of Doerr et al.
B6C3F, 0, 7.34 mmol/kg small and growing follicles decreased 1995
10 Q per body weight and d
group (about 500 mg/kg

body weight and

day),

intraperitoneal, once/
day, controls: sesame
oil

small (primordial) and growing (primary up to preantral) follicles in the ovaries

(Doerr et al. 1995).

5.5.2 Developmental toxicity

Studies of the developmental toxicity of isoprene are given in Table 6.

Table 6 Developmental toxicity studies with isoprene

Species Exposure Concentration or dose: findings Referen-
strain, no. ces
of animals
rat, gestation days 6-19, 7000 ml/m3: Mast et al.
Sprague 0, 280, 1400, 7000 ml/ foetuses: NOAEC; 1990; NTP
Dawley, m3 whole-body expo- dams: NOAEC for maternal toxicity (with 1995
24-26 Q sure, regard to mortality and body weight gain)
per group 6 h, 7 days/wk,

investigated on

gestation day 20,

purity: >99%
mouse, gestation days 6-17, at 280 ml/m3 and above: Mast et al.
CD-1 Swiss, 0,280,1400,7000 ml/ foetuses: @ foetus weight decreased, NOAEC; 1990; NTP
28-30 @ per m3 whole-body expo- 1400 ml/m3: 1995
group sure, dams: NOAEC for maternal toxicity;

6 h, 7 days/wk, at 1400 ml/m3 and above:

investigated on foetuses: 3 foetuses weight decreased;

gestation day 18, 7000 ml/m3:

purity: >99% foetuses: foetuses per litter with variations/re-

duced ossification (mostly supernumerary ribs)
increased;

dams: body weight gain decreased, uterus
weight (gravid uterus) decreased, absolute and
relative kidney weight increased
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Table 6 (Continued)

Species Exposure Concentration or dose: findings Referen-
strain, no. ces
of animals
rat, gestation days 9-12, at 22 mg/kg body weight and above: Komatsu
Wistar, 0,22,379,1895 mg/kg foetuses: number of resorptions increased 1971
10 Q per body weight and (not dose-dependently), reduced ossification
group day, oral (no further  of the sternum and of the occipital bone
details), time of increased (also not dose-dependently);
study: no data, up to 1895 mg/kg body weight:
purity: no data foetuses: no skeletal and no external

malformations:
dams: body weight gain not restricted

No clear signs of maternal toxicity were found in pregnant Sprague Dawley rats
after inhalation of isoprene at 0, 280, 1400 or 7000 ml/m3 from days 6 to19 of gesta-
tion. Only the relative kidney weights were increased. In addition, no noticeable
findings were observed in the pregnancy, survival and body weight parameters. No
external, skeletal and visceral malformations in the foetuses were found at any of
the concentrations. Also, the total incidence of foetuses per litter with variations/
reduced ossification was unaffected. However, it is mentioned that the mean per-
centage of foetuses per litter with reduced vertebral ossification increased with in-
creasing concentration, but none of these percentages are detailed. According to
the authors, no maternal toxicity and no developmental toxicity occurred in this
strain up to 7000 ml/m3 (Mast et al. 1990; NTP 1995). A NOAEC of 7000 ml/m3 is
thus assumed for maternal toxicity and developmental toxicity from this study.

After inhalation of isoprene at 0, 280, 1400 or 7000 ml/m3 from days 6 to 17 of
gestation, body weight gain was decreased and absolute and relative kidney weights
were increased in pregnant CD-1 Swiss mice at 7000 ml/m3. There was a concen-
tration-dependent, significant decrease in the body weight of the female foetuses of
all concentration groups (see Table 7), and of male foetuses at 1400 ml/m? and
above. The percentage of foetuses per litter with variations/reduced ossification
(mostly supernumerary ribs) was increased at 7000 ml/m3 (see Table 7).

A concentration of 1400 ml/m3 is obtained from this study as the NOAEC for
maternal toxicity. However, haematotoxic and hepatotoxic effects of isoprene are
to be expected at lower concentrations, but they were not recorded (Mast et al.
1990; NTP 1995). In a study with B6C3F; mice lasting 13 weeks, a NOAEC of
220 ml/m3 was stated (Mast et al. 1990; NTP 1995). In regard to the reduced foetal
weights, however, it must be taken into account that the dams of the 280 ml/m3
group gave birth to more living foetuses on average than the control animals. This
can result in a reduction in the weight of the foetuses and simulate or conceal an
exposure-produced effect. The NOAEC is thus considered to be 280 ml/m3.
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Table 7 Findings in foetuses of the developmental toxicity study with isoprene in mice (Mast
et al. 1990; NTP 1995;)

Endpoint Isoprene concentration (ml/m3)

0 280 1400 7000
Number of investigated dams/litters 28 29 28 27
Living foetuses/litter (M+SD) 11.5+3.0 120+1.9 119+22 109 +1.8
Dead foetuses/litter (M+SD) 0.0 £ 0.0 0.1+0.3 0.0 £ 0.0 0.0 £ 0.0
Foetal weight (g) 8 137+011 130+010 123+010° 1.16+0.12°

Q@ 132+0.10 1.25+0.10* 1.20+0.10° 1.12+0.13"
Variations or reduced ossification
Foetuses with variations or reduced 48 (13.4%) 40 (11.5%) 46 (13.1%) 55 (17.5%)
ossification (n)
Litters with variations or reduced 16 (61.5%) 16 (64.0%) 16 (64.0%) 17 (70.8%)
ossification (n)

Foetuses per litter with variations/ 240+256 253+27.0 364264 4131218
reduced ossification (mostly super-
numerary ribs)? (M+SD)

"p < 0.05 (Tukey's t test);
a no further data given;
M + SD = mean = standard deviation

In a study published in Japanese, ten pregnant rats per group were given isoprene
orally in doses of 0, 22, 379 or 1895 mg/kg body weight and day from days 9 to 12
of gestation. The body weight gain of the dams was not affected. The resorption
frequencies (4.8, 3.1 and 6.3%) were higher than in controls, which appeared to be
exceptionally low at 0%.

The average body weight of surviving foetuses was reduced in the low, but not in
the high dose groups. Therefore, no substance-specific effect is to be assumed. In
the foetuses of the isoprene-exposed dams, the occurrence of reduced sternal ossifi-
cation was markedly more frequent than in the controls (16.7%), but not dose-de-
pendent (70.2%, 41%, 65%). The number of foetuses with reduced ossification of
the occipital bone was also higher than in the controls (0%) although, here too, no
dose-dependency was found (7%, 0%, 3.3%). No external, skeletal or visceral malfor-
mations were observed (Komatsu 1971). Evaluation of the findings is difficult be-
cause the control values seem to be exceptionally low and there is no dose-depen-
dency in the case of possible effects. In addition, oral administration of a readily
volatile substance is to be questioned. This study is thus not used to evaluate the
developmental toxicity of isoprene.
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5.6 Genotoxicity

5.6.1 Invitro

Studies on the in vitro genotoxicity of isoprene are given in Table 8 and those with
its metabolites in Table 9.

Table 8 Studies on the genotoxicity of isoprene in vitro

Test system Concentration; Results Cyto References
purity; T ma  +ma toxicity
solvent
BMT S. typhimurium no further details; - n.p. no data Kushi et al.
TA102, TA104 gas phase 1985
BMT S. typhimurium 25% v/v (TA1530 - - no data de Meester
TA98, TA100, with 75% isoprene etal. 1981
TA1530, TA1535, v/v); 99%;
TA1538 gas phase
BMT S. typhimurium 100-10000 - - 10000 pg/ Mortelmans
(preincu  TA98, TA100, ug/plate; plate et al. 1986
bation)  TA1535, TA1537 > 99%;
DMSO
BMT S. typhimurium 100-10000 - - 10000 pg/ NTP 1983,
(plate TA98, TA100, ug/plate; plate 1995, 1999
incorpo- TA1535, TA1537 > 99%;
ration) DMSO
SCE CHO cells 50-1600 pg/ml - - no data NTP 1995,
(-m.a.); 1999
160-5000 pg/ml
(+ m.a.);
> 99%;
DMSO
CA CHO cells 1600-5000 pg/ml;  — - no data NTP 1995,
> 99%; 1999
DMSO

BMT: bacterial mutagenicity test, CA: chromosome aberration,
DMSO: dimethyl sulfoxide, m.a.: metabolic activation,
n.p.: not performed, SCE: sister chromatid exchange

Isoprene

In a number of bacterial mutagenicity tests with different S. typhimurium strains
isoprene (as gas or dissolved in dimethyl sulfoxide) produced no mutations in the
presence and absence of a metabolic activation system (Kushi et al. 1985; de Meester
et al. 1981; Mortelmans et al. 1986; NTP 1983, 1995, 1999).
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Table 9 Studies on the genotoxicity of isoprene metabolites in vitro

Test system Concentration; Results Cyto References
purity; “ma  +ma toxicity
solvent
BMT S. typhimurium ~ 7.5-30 mM 1,2- - n.p. 30mM Gervasi
(plate TA98, TA100 epoxy-2-methyl-3- (TA100), etal. 1985
incorpo- butene; — (TA98)
ration) 95%;
DMSO
BMT S. typhimurium ~ 5-30 mM 1.2- - n.p. 30mM Gervasi
(plate TA98, TA100 epoxy-3-methyl-3- etal. 1985
incorpo- butene;
ration) no data on purity;
DMSO
BMT S. typhimurium ~ 2-30 mM 1,2:3,4- +at75 n.p. 30mM Gervasi
(plate TA98, TA100 diepoxy-2-methyl mM/plate et al. 1985
incorpo- butane; and above
ration) 99%; in TA100
DMSO

BMT: bacterial mutagenicity test, DMSO: dimethyl sulfoxide,
m. a.: metabolic activation, n.p.: not performed

Negative results were obtained with isoprene in the SCE test with CHO cells up
to concentrations of 1600 pg/ml (without addition of a metabolic activation system)
or up to 5000 pg/ml (with addition of a metabolic activation system) (NTP 1995,
1999). There were also no increased incidences of chromosome aberrations up to
5000 pg/ml in CHO cells (NTP 1995, 1999).

Metabolites of isoprene

The monoepoxides 1,2-epoxy-2-methyl-3-butene and 1,2-epoxy-3-methyl-3-bu-
tene produced no mutations in Salmonella typhimurium strains TA98 and TA100
without addition of a metabolic activation system up to 30 mM/plate. The diepox-
ide 1,2:3,4-diepoxy-2-methylbutane showed mutagenic effects in Salmonella typhi-
murium strain TA100 without addition of a metabolic activation system (Table 9;
Gervasi et al. 1985).

5.6.2 Invivo

Table 10 shows the studies on the in vivo genotoxicity of isoprene. After 12-day
inhalation exposure to isoprene increased SCE frequencies occurred in the bone
marrow of male mice at 220 ml/m? and above; no further increase in SCE frequen-
cies was observed at about 700 ml/m?3 and above (Shelby 1990; Tice 1988; Tice et al.
1988).
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Table 10 Studies on the genotoxicity of isoprene in vivo

Test system Duration, Results References
mode of
administration,
concentration
SCE mouse, 12 days, 17-20 h after end of exposure: Tice 1988;
B6C3F;, inhalation, bone marrow cells: Tice et al.
4 & per 0, 438, 1750, + at and above 438 ml/m3 1988
group 7000 ml/m?3; bone marrow cells: average genera-
6 h/day (3 days expo- tion time at 7000 ml/m3 increased;
sure, 2 days expo- mitotic index unchanged
sure-free, 5 days
exposure, 2 days
exposure-free,
4 days exposure)
SCE  mouse, 12 days, 17-20 h after end of exposure: bone  Shelby
B6C3F;,4 8 inhalation, marrow cells: 1990
per group 0, 70, 220, 700 ml/ + at and above 220 ml/m?, concentra-
m?3; 6 h/day (3 days tion-dependent
exposure, 2 days
exposure-free, 5 days
exposure, 2 days
exposure-free,
4 days exposure)
muta- mouse, 26 weeks, in tumours of Harderian gland: Hong et al.
tions B6C3F, inhalation, 60% K-ras-mutations and 40% H- 1997; Sills
40 3 per 0, 2200, 7000 ml/m3  ras-mutations (spontaneous tu- etal.
group 6 h/day, 5 days/wk, mours in controls: 8% K-ras and 1999 a, b,
recovery period: 48% H-ras); A—T transversions in 2001

26 w

K-ras codon 61: 15/30 and C—A
transversions in H-ras codon 61: 8/
30 (spontaneous tumours in con-
trols: 2/27 K-ras and 4/25

H-ras);

increased proliferating cell nuclear
antigen index in the tumours
compared with spontaneous tumours;
in lung tumours:

A—T transversions at K-ras codon 61:

10/11 (spontaneous tumours in con-
trols: 0/82 K-ras);

in forestomach tumours:

G—C transversions at K-ras codon 13:
5/10 and A—T transversions at H-ras
codon 61: 2/10 (spontaneous tumours
in controls: 1/11 K-ras and 0/11
H-ras)
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Table 10 (Continued)

Test system Duration, Results References
mode of
administration,
concentration

MN  rat, F344/N, 4 weeks, lung fibroblasts: NTP 1999
10 8, @ per  inhalation, _
group 0, 220, 700,
7000 ml/m3;

6 h/day, 5 days/wk;
purity: > 99%
no positive controls

MN  mouse, 12 days, PCEs, NCEs in peripheral blood: Shelby and
B6C3F,, inhalation, + at and above 438 ml/m3 23 h after Witt 1995;
15 3 per 0, 438, 1750, end of exposure Tice 1988;
group 7000 ml/m3; Tice et al.
6 h/day (3 days expo- 1988

sure, 2 days expo-
sure-free, 5 days
exposure, 2 days
exposure-free,

4 days exposure)

MN  mouse, 12 days, PCEs, NCEs in peripheral blood: Shelby
B6C3F,, inhalation, + at 700 ml/m?3 23 h after end of 1990
15 & per 0, 70, 220, 700 ml/ exposure
group m?3; 6 h/day (3 days

exposure, 2 days ex-
posure-free, 5 days
exposure, 2 days
exposure-free,

4 days exposure)

MN  mouse, 13 weeks, &: PCEs, NCEs in peripheral blood: ~ NTP 1999
B6C3F,, inhalation, + at 700 ml/m3 and above;
10 3, @ per 0,70,220,700,2200, Q: PCEs, NCEs in peripheral blood:
group 7000 ml/m3; + at 220 ml/m? and above

6 h/day, 5 days/wk;
purity: > 99%
no positive controls

MN  mouse, 40 weeks, 24 h after end of exposure: Placke
B6C3F,, 10 8 inhalation, PCEs in peripheral blood: et al. 1996
per group 0, 70, 140, + at 2200 ml/m3

2200 ml/m3;

8 h/day, 5 days/wk
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Table 10 (Continued)

Test system Duration, Results References
mode of
administration,
concentration

MN  mouse, 80 weeks, 24 h after end of exposure: Placke
B6C3F, inhalation, PCEs in peripheral blood: et al. 1996
10 3 per 0, 10, 70, 280, 700, + at and above 700 ml/m?3 (also at
group 2200 ml/m?3; 2200 ml/m?3 after 4 h)
8 h/day (at 2200 ml/m3
additional: 4 h/day),
5 days/wk
CA  mouse, 12 days, 17-20 h after end of exposure: bone  Shelby and
B6C3F,, inhalation, marrow cells: Witt 1995;
8 & per 0, 438, 1750, - Tice 1988;
group 7000 ml/m?3; Tice et al.
6 h/day (3 days expo- 1988

sure, 2 days expo-
sure-free, 5 days ex-
posure, 2 days expo-
sure-free,

4 days exposure)

CA  mouse, 12 days, 17-20 h after end of exposure: bone  Shelby
B6C3F,, inhalation, marrow cells: 1990
8 & per 0, 70, 220, 700 ml/ -
group m?3; 6 h/day (3 days

exposure, 2 days ex-
posure-free, 5 days
exposure, 2 days ex-
posure-free,

4 days exposure)

CA: chromosome aberration, MN: micronucleus test,
NCE: normochromatic erythrocytes, PCE: polychromatic erythrocytes,
SCE: sister chromatid exchange

Increased frequencies of K-ras and H-ras mutations in the isoprene-induced tu-
mours of Harderian gland, lung and forestomach were observed in mice after 26-
week inhalation exposure to 2200 ml/m3 and a 26-week recovery period without
exposure. In the Harderian gland tumours, A—T transversions at K-ras codon 61
(15/30) and C—A transversions at H-ras codon 61 (8/30) (in spontaneous tumours:
2/27 K-ras and 4/25 H-ras) were mainly involved. In the lung tumours, the fre-
quency of A—T transversions in K-ras codon 61 (10/11) (spontaneous tumours: 0/
82 K-ras) and in the forestomach the incidence of G—C transversions at K-ras co-
don 13 (5/10) and A—T transversions at H-ras codon 61 (2/10) (in spontaneous
tumours: 1/11 K-ras and 0/11 H-ras) was increased. The activation of K-ras or H-
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ras is an important and early step in forming Harderian gland, lung and foresto-
mach tumours. Ras mutations and promoting mechanisms contribute to the pro-
cess of tumour formation (Hong et al. 1997; Sills et al. 1999 a, b, 2001).

No micronuclei were induced in lung fibroblasts in male and female rats after
inhalation of isoprene up to 7000 ml/m3 for four weeks (NTP 1999). On the other
hand, in male mice, isoprene produced an increased number of micronuclei-con-
taining erythrocytes after inhalation exposure at 700 ml/m3 and above for 12 days
in the peripheral blood (NTP 1999; Placke et al. 1996; Shelby 1990; Shelby and Witt
1995; Tice 1988; Tice et al. 1988).

No induction of chromosome aberration in the bone marrow was observed in
male mice after inhaling up to 7000 ml isoprene/m? for 12 days (Shelby 1990; Shel-
by and Witt 1995; Tice 1988; Tice et al. 1988).

5.7 Carcinogenicity

At present, isoprene is classified by the IARC as being “possibly carcinogenic to hu-
mans (Group 2B)” (IARC 1994, 1999).

5.7.1 Short term tests

There are no data available for short-term tests with isoprene.

5.7.2 Long-term studies

The results of inhalation studies on the carcinogenicity of isoprene in rats and mice
are given in Table 11.

Rat

In an NTP study, male rats were whole-body exposed to isoprene at 0, 70, 220, 700,
2200 or 7000 ml/m3 for 26 weeks. Already after 26 weeks of exposure, an increase
in the incidence of testicular interstitial cell hyperplasia was found in the animals
treated with 220, 2200 and 7000 ml/m3. The authors evaluated this as substance-
related due to its early occurrence. This effect was statistically significant with an
increase in severity in the rats of the highest concentration group. A statistically
significant concentration-dependent increase in multiple and single unilateral ade-
nomas of the interstitial cells at 7000 ml/m3 was observed with isoprene after a
further 26 exposure-free weeks (compare Section 5.2.1) (Melnick et al. 1992, 1994,
1996; NTP 1995).
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Table 11  Studies on the carcinogenic effects of isoprene: inhalation exposure
Author: Melnick et al. 1992, 1994, 1996; NTP 1995
Substance: Isoprene, purity: > 99%
Species: rat F344/N, 40 & per group (10 per group for interim
sacrifice)
Administration: inhalation, whole-body exposure
Concentration: 0, 70, 220, 700, 2200, 7000 ml/m3
Duration: 26 wk, 6 h/day, 5 days/wk, recovery period: 26 wk
Toxicity: None
Isoprene (ml/m3)
0 70 220 700 2200 7000
Tumours and preneoplasias
Testes:
hyperplasia of interstitial cells after 1/10 1/10 3/10 1/10 3/10  10/10
26 weeks (10%) (10%) (30%) (10%) (30%) (100%)™
hyperplasia of interstitial cells after ~ 25/30  30/30  28/30  30/30  29/29  30/30
52 weeks (83%) (100%)"  (93%) (100%)" (100%)" (100%)"
adenomas of interstitial cells, 3/30 3/30 4/30 7/30 8/29 9/30
including multiple adenomas (10%)  (10%)  (13%)  (23%)  (28%)  (30%)™

"p < 0.05 ™ p < 0.01 (Fisher's exact test);

p = 0.021 (Cochran-Armitage trend test); incidences from NTP

(1995) partly higher than given in Melnick et al. (1994)

Author:

Substance:
Species:
Application:
Concentration:
Duration:

Toxicity:

NTP 1999

Isoprene, purity: > 99%

rat F344/N, 50 3/Q per group
inhalation, whole-body exposure
0, 220, 700, 7000 ml/m?

105 wk, 6 h/day, 5 days/wk

at 700 ml/m3 and above: &: splenic fibrosis, renal tubular
hyperplasia;

7000 ml/m3: 3: hyperplasia in the parathyroid gland;

Q: suppurative inflammation in the nose, bile duct hyper-
plasia

Isoprene (ml/m3)

0 220 700 7000
Survivors after 3 18/50 16/50 15/50 15/50
24 months
Q 29/50 30/50 28/50 27/50
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Table 11 (Continued)

Tumours and preneoplastic lesions

Kidney:

renal tubule, hyperplasia & 0/50(0%) 2/50 (4%)  6/50 (12%)" 8/50 (16%)™
(standard evaluation)?

renal tubule, hyperplasia 38  7/50(14%) 6/50(12%) 13/50 (26%) 18/50 (36%)"
(standard and extended evaluation)?

renal tubule adenoma & 0/50 (0%) 2/50 (4%)  2/50 (4%)  6/50 (12%)"
(standard evaluation)?)

renal tubule adenoma 8  2/50 (4%) 4/50 (8%)  8/50 (16%)" 15/50 (30%)™
(standard and extended

evaluation)?

Mammary gland:
fibroadenoma, multiple 38 1/50(2%) 1/50(2%)  0/50 (0%)  7/50 (14%)"
Q 7/50 (14%) 12/50 (24%) 19/50 (38%)" 17/50 (34%)"
fibroadenoma, multiple and single 32 2/50 (4%) 4/50 (8%)  6/50 (12%) 21/50 (42%)™
Q2 19/50 (38%) 35/50 (70%)" 32/50 (64%)™ 32/50 (64%)™
carcinoma 32 0/42 (0%) 1/43 (2%)  1/47 (2%)  2/44 (5%)
? 4/50 (8%)  2/50 (4%) 1/50 (2%) 3/50 (6%)
Testes:
interstitial cell adenoma, bilateral 3 20/50 (40%) 29/50 (58%) 37/50 (74%)" 48/50 (96%)"
interstitial cell adenoma, unilateral 33 33/50 (66%) 37/50 (74%) 44/50 (88%)° 48/50 (96%)”
and bilateral
Nervous system/brain:

benign astrocytoma oH 0/50 (0%)  0/50 (0%) 1/50 2%)  0/50 (0%)
malignant astrocytoma 35 0/50 (0%) 0/50(0%)  0/50 (0%)  1/50 (2%)
malignant glioma Q6 0/50 (0%) 0/50 (0%)  0/50 (0%)  1/50 (2%)
malignant medulloblastoma Q7 0/50 (0%) 0/50 (0%)  0/50 (0%)  1/50 (2%)
meninges, benign granular cell tumour &% 0/50 (0%)  0/50 (0%) 1/50 (2%)  0/50 (0%)
28 0/50 (0%) 1/50 (2%) 0/50 (0%) 1/50(2%)
meninges, sarcoma Q9 0/50 (0%) 1/50(2%) 0/50 (0%) 1/50 (2%)
Lymphohaematopoietic system:
mononuclear leukaemia Q 14/50 (28%) 15/50 (30%) 21/50 (42%) 21/50 (42%)

*p < 0.05;”p < 0.01 (Fisher's exact test)

DStandard evaluation: one tissue section per kidney, extended evaluation: a number of tissue sections per
kidney spaced at 1 mm intervals, i.e. an additional four tissue sections per kidneyHistorical control data of
the laboratory: total incidence (average incidence per test + standard deviation; range)

2Fibroadenoma @: 17/905 (1.9++2.0%; 0-6%), @: 315/903 (34.9+9.9%; 20-54%); carcinoma of the mammary
gland & : 1/905 (0.1 £0.5%; 0-2%);

3)Testicular tumours 3: 628/905 (69.4+9.7%; 46-83%);

4Benign astrocytoma Q: 1/899 (0.1 £0.5%; 0-2%);

5Malignant astrocytoma g: 1/904 (0.1 +£0.5%; 0-2%);

%Malignant glioma Q: 1/899 (0.1 +£0.5%; 0-2%);

7Malignant medulloblastoma @: 0/899;

8)Benign granular cell tumour of the meninges 3: 0/904; Q : 2/899 (0.2+0.7%; 0-2%);

9Sarcoma of the meninges @: 0/899
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Table 11 (Continued)

Author:
Substance:
Species:

Administration:
Concentration:
Duration:
Toxicity:

Melnick et al. 1992, 1994, 1996; NTP 1995

Isoprene, purity: > 99%

mouse B6C3F,, 40 & per group (10 per group for interim
sacrifice)

inhalation, whole-body exposure

0, 70, 220, 700, 2200, 7000 ml/m3

26 wk, 6 h/day, 5 days/wk, recovery period: 26 wk

After 26 weeks:

at 220 ml/m? and above: grip strength of fore- and hin-
dlimbs decreased

at 700 ml/m? and above: epithelial hyperplasia of the for-
estomach, macrocytic anaemia;

7000 ml/m3: degeneration of the olfactory epithelium in
the

turbinates, spinal cord degeneration, atrophy of

skeletal muscles, testicular atrophy

after 52 weeks:

at 70 ml/m?3 and above: spinal cord degeneration ;

at 700 ml/m? and above: degeneration of the olfactory
epithelium in the turbinates, epithelial hyperplasia of the
forestomach;

at 2200 ml/m3 and above: hyperplasia of the alveolar
epithelium;

7000 ml/m3: mortality increased, testicular atrophy

Isoprene (ml/m3)

0 70 220 700 2200 7000

Survivors after 26 weeks
Survivors after 52 weeks

39/40  39/40  40/40  39/40  38/40  34/40
27/30  28/30  28/30  27/30 26/30  21/30°

Tumours and preneoplastic lesions

Harderian gland:
hyperplasia

adenoma

Liver:
basophilic foci

eosinophilic foci

mixed foci
hepatocellular adenoma
hepatocellular carcinoma

hepatocellular adenoma and
carcinoma

1/30  0/30  2/29 2/30  2/30  2/28
(3% (%) 7% 7% (7% (7%

2/30  6/30  4/30  14/30  13/30V 12/30
(7%)  (20%)  (13%)  (47%)™ (43%)™ (40%)"

3/30  1/30  1/29 2/30  5/30  3/28
10%) (3% (3% (7% (17%)  (11%)
1/30  0/30  0/29 6/30  5/30  3/28
(%) (0%  (0%)  (20%) (17%)  (11%)
0/30  0/30  1/29 1/30  2/30  3/28
0% (0%  (3%)  (3%) (7%  (11%)
4/30  2/30  6/29  15/30 18/30  16/28
13%)  (7%)  (21%)  (50%)" (60%)™ (57%)"
4/30  1/30  3/29 5/30  4/30  9/28
(13%)  (3%)  (10%) (17%) (13%)  (32%)"
7/30  3/30  7/29  15/30 18/30  17/28
(23%)  (10%)  (24%)  (50%)" (60%)™ (61%)™
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Lung:

hyperplasia of the alveolar epithelium 0/30 1/30 0/29 3/30 4/30  7/28

alveolar/bronchiolar adenoma
alveolar/bronchiolar carcinoma
alveolar/bronchiolar adenoma and
carcinoma

Forestomach:

hyperplasia of the epithelium
squamous cell papilloma

squamous cell carcinoma

squamous cell papilloma and
carcinoma

(0%) (3%) (0%) (10%)  (13%)  (25%)™
2/30 2/30 1/29 4/30 10/30  8/28
(7%) (7%) (3%) (13%)  (33%)° (29%)
0/30 0/30 0/29 1/30 1/30  3/28
(0%) (0%) (0%) (3%) (3%) (11%)
2/30 2/30 1/29 5/30 10/30  9/28
(7%) (7%) (3%) (17%)  (33%)"  (32%)™

1/30  2/30  0/29  8/30 9/30  6/28
(B%) (7% (0% (27%)  (30%) (21%)
0/30  0/30  0/30  1/30 2/30  5/30
0% (0% (0% (3% (7%  (17%)
0/30  0/30  0/30  0/30 2/30  1/30
(0%) (0%) (0%) (0%) (7%) (3%)
0/30  0/30  0/30  1/30 4/30  6/30
0%) (0%  (0%)  (3%)  (13%)  (20%)"

o
i

enx

" p < 0.05 (logistic regression test);”™ p < 0.01 (Fisher’s exact test);” p < 0.01 (logistic regression test)

" one mouse had an additional carcinoma

Author:
Substance:

Species:
Administration:
Concentration:
Duration:

Toxicity:

Cox et al. 1996; Placke et al. 1996

Isoprene > 99%, <1% limonene (tert-butyl catechol as
stabilizer (concentration: 50 ppm)

mouse B6C3F,, 50 8 per group

inhalation; whole-body exposure

0, 10, 70, 140, 280, 700, 2200 ml/m3

8 h/day, 5 days/wk

20 w: 0, 280, 2200 ml/m?; (2200 ml/m3, 4 h)

40 w: 0, 70, 140, 2200 ml/m?

80 w: 0, 10, 70, 280, 700, 2200 ml/m3 (2200 ml/m3, 4 and
8h)

recovery period: up to week 104 each

at 10 ml/m? and above: proliferation of haematopoietic
cells in the spleen,

myeloid hyperplasia of the bone marrow;

at 280 ml/m?3 and above: survival rate after 80 weeks
exposure < 50%

(no further details), mild metaplasia of the olfactory
epithelium to respiratory epithelium;

at higher concentrations (no further details): hyperplasia
of the alveolar epithelium, focal areas of epithelial hyper-
plasia of the forestomach mucosa, chronic degeneration
of the myocardial muscle in the region of the interventri-
cular septum, seminiferous cell atrophy, sperm granulo-
mas
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Table 11 (Continued)

Tumours after 104 weeks:

80-week exposure

Isoprene (ml/m?3)

0 10 70 280 700 2200 2200
(4h) (8h)
Cumulative exposure (ml/m? x weeks)
0 800 5600 22400 56000 88000 176240
Harderian gland:
adenoma 4/47  4/49 9/50 17/50 26/49 28/50 35/50
(8%) (8%) (18%) (34%)” (52%)" (56%)" (70%)™
carcinoma 0/47 0/49 0/50 1/50  3/49  2/50  2/50
(0%)  (0%) (0%) (2%)  (6%)  (4%)  (4%)
Liver:
hepatocellular adenoma 11/50 12/50 15/50 24/50 27/48 21/50 30/50
(22%) (24%) (30%) (48%)" (56%)" (42%)" (60%)™
hepatocellular carcinoma 9/50 6/50 9/50 16/50 17/48 15/50 16/50
(18%) (12%) (18%) (32%) (35%)" (30%) (32%)
Lung:
alveolar/bronchiolar adenoma 11/50 16/50 4/50 13/50 23/50 15/50 30/50
(22%) (32%) (8%) (26%) (46%)" (30%) (60%)™
alveolar/bronchiolar carcinoma 0/50 1/50 2/50 1/50  7/50  3/50  7/50
(0%) (2%) (4%) (2%) (14%)™ (6%) (14%)™
Spleen:
haemangiosarcoma 1/49 3/48 2/50 1/50  2/48  2/50  1/49
(2%) (6%) (4%) (%) (4% 4%  (2%)
Heart:
haemangiosarcoma 0/49 0/50 0/50 2/50 1/50  1/50  1/50
(0%) (0%) (0%) (4%)  (2%) (2%  (2%)
Forestomach:
squamous cell papilloma 0/50 0/48 0/50 0/50 1/47 1/50  1/50
(0%)  (0%) (0%) (0%)  (2%) (2%  (2%)
squamous cell carcinoma 0/50 0/48 0/50 1/50  0/47 1/50  3/50
(0%)  (0%) (0%) (2%)  (0%) (2%)  (6%)
Lymphohaematopoietic system:
histiocytic sarcoma 0/50 2/50 2/50 4/50  2/50  7/50  2/50
(0%) (4%) (4%) (8%) (4%) (14%)™ (4%)
lymphoma 2/50 1/50 4/50 5/50  4/50  4/50  6/50
(4%)  (2%) (8%) (10%) (8%) (8%) (12%)
40-week exposure
Isoprene (ml/m3)
0 70 140 2200
Cumulative exposure (ml/m? x weeks)
0 2800 5600 88000

Harderian gland:
adenoma
carcinoma

4/47 (9%)
0/47 (0%)

2/50 (4%)

13/48 (27%)" 12/50 (24%)" 31/49 (63%)™
0/48 (0%)

0/49 (0%)
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Table 11 (Continued)

Liver:

hepatocellular adenoma 11/50 (22%) 14/49 (29%) 22/50 (44%)" 28/47 (60%)™
hepatocellular carcinoma 9/50 (18%) 11/49 (23%) 10/50 (20%) 18/47(38%)"
Lung:

alveolare/bronchiolar adenoma 11/50 (22%)  8/50 (16%) 10/50 (20%) 29/49 (59%)"
alveolare/bronchiolar carcinoma 0/50 (0%) 0/50 (0%) 1/50 (2%) 3/49 (6%)
Spleen:

haemangiosarcoma 1/49 (2%) 1/47 (2%) 3/50 (6%) 0/47 (0%)
Heart:

haemangiosarcoma 0/49 (0%) 0/49 (0%) 0/50 (0%) 1/49 (2%)
Forestomach:

squamous cell papilloma 0/50 (0%) 0/47 (0%) 0/49 (0%) 2/47 (4%)
Lymphohaematopoietic system:

histiocytic sarcoma 0/50 (0%) 2/50 (4%) 1/50 (2%) 7/50 (14%)"
lymphoma 2/50 (4%) 2/50 (4%) 1/50 (2%) 5/50 (10%)

20-week exposure

Isoprene (ml/m3)

0 280 2200 (4 h)
Cumulative exposure (ml/m? x weeks)
0 5600 22000
Harderian gland:
adenoma 4/47 (9%) 16/49 (32%)” 19/49 (40%)”
carcinoma 0/47 (0%) 3/49 (6%) 1/49 (2%)
Liver:
hepatocellular adenoma 11/50 (22%) 18/49 (37%) 22/50 (44%)"
hepatocellular carcinoma 9/50 (18%) 12/49 (25%) 12/50 (24%)
Lung:
alveolar/bronchiolar adenoma 11/50 (22%) 16/50 (32%) 14/50 (28%)
alveolar/bronchiolar carcinoma 0/50 (0%) 3/50 (6%) 2/50 (4%)
Spleen:
haemangiosarcoma 1/49 (2%) 2/47 (4%) 2/48 (4%)
Heart:
haemangiosarcoma 0/49 (0%) 0/49 (0%) 4/50 (8%)
Forestomach:
squamous cell carcinoma 0/50 (0%) 0/46 (0%) 1/50 (2%)
Lymphohaematopoietic system:
histiocytic sarcoma 0/50 (0%) 8/50 (16%)” 5/50 (10%)"
lymphoma 2/50 (4%) 7/50 (14%)  4/50 (8%)

“p <0.05 ™ p <0.01 (Fisher's exact test), newly calculated
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Table 11 (Continued)

Author: Cox et al. 1996; Placke et al. 1996

Substance: isoprene > 99%, < 1% limonene, tert-butyl catechol as
stabilizer (concentration: 50 ppm)

Species: mouse B6C3F;, 50 @ per group

Administration: inhalation, whole-body exposure

Concentration: 0, 10, 70 ml/m3

Duration: 80 wk, 8 h/day, 5 days/wk, recovery period: 24 wk

Toxicity: at 10 ml/m?3 and above: proliferation of haematopoietic

cells in the spleen, myeloid hyperplasia of the bone mar-
row

70 ml/m3: mild metaplasia of the olfactory epithelium to
respiratory epithelium

Tumours after 104 weeks:

Isoprene (ml/m3)

0 10 70

Cumulative exposure (ml/m? x weeks)

0 800 5600
Harderian gland:
adenoma 2/49 (4%) 3/49 (6%) 8/49(16%)"
Spleen:
haemangiosarcoma 1/50 (2%) 1/49 (2%) 4/50 (8%)
Pituitary gland:
adenoma 1/49 (2%) 6/46 (13%) 9/49 (18%)™
Lymphohaematopoietic system:
histiocytic sarcoma 4/50 (8%) 5/50 (10%) 6/50 (12%)
lymphoma 9/50 (18%) 10/50 (20%) 12/50 (24%)

“p < 0.05; “p < 0.01 (Fisher's exact test), newly calculated

In an NTP carcinogenicity study, male and female F344/N rats inhaled isoprene
at concentrations of 0, 220, 700 or 7000 ml/m? (whole-body exposure) for 105
weeks. The incidences of mammary fibroadenomas in females at 220 ml/m3 and
above, of renal tubule adenomas and of interstitial cell tumours of the testes in
males at 770 ml/m?3 and above were significantly increased. The incidence of mam-
mary fibroadenomas exceeded the range of historical controls in males at 220 ml/
m3 and above. The increase was concentration-dependent, and was significant at
7000 ml/m3. These tumours were assessed as substance-related by the authors. The
brain tumours in the exposed female rats (single occurrences of malignant astrocy-
toma, malignant glioma, malignant medulloblastoma, benign granular cell tumour
and sarcoma of the meninges in one animal each of the high concentration group)
were regarded as potentially substance-related since these tumours occur rarely.
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Table 11 (Continued)

Survival, body weight and clinical signs were unaffected by isoprene exposure (see
Section 5.2.1) (NTP 1999). The LOAEC is thus 220 ml/m3.

Mouse

In an NTP study, male B6C3F; mice were whole-body exposed to 0, 70, 220, 700,
2200 or 7000 ml isoprene/m?3 for 26 weeks. They were then monitored for a further
26 weeks. In the male mice treated, the incidences of the following types of tumour
were increased by the end of the recovery period: Harderian gland adenomas (nu-
merical increase at 70 ml/m? and above, statistically significant increase at 700 ml/
m3 and above), hepatocellular adenomas and carcinomas (at 700 ml/m3 and above),
alveolar/bronchiolar adenomas and carcinomas (at 2200 ml/m3 and above) and
squamous cell papillomas and carcinomas of the forestomach (increase numerical
at 2200 ml/m3 and above, statistically significant at 7000 ml/m?3). Mortality was in-
creased by the end of the study at 2200 and 7000 ml/m? (see Section 5.2.1, Section
5.5.1) (Melnick et al. 1992, 1994, 1996; NTP 1995).

It was the purpose of a study with male and female B6C3F, mice to investigate the
influence of concentration and exposure duration on tumour incidences from iso-
prene. In the males, isoprene produced significantly increased incidences of Hard-
erian gland adenomas (at 70 ml/m? and above), hepatocellular adenomas (at
140 ml/m3 and above) and carcinomas (at 700 ml/m3 and above), alveolar/bronchio-
lar adenomas and carcinomas (700 ml/m3) and histiocytic sarcomas (280 ml/m3).
Harderian gland adenomas already occurred in the animals exposed for only 20
weeks. Haemangiosarcomas in the heart (at 280 ml/m3 and above) were observed in
exposed male mice only, but were not statistically significant. This type of haeman-
giosarcoma is extremely rare in B6C3F; mice: in fact, none were found in 658 histor-
ical controls. In female mice, the incidence of haemangiosarcomas in the spleen
(70 ml/m3) showed a slight but statistically non-significant increase compared with
controls. The authors question whether the neoplasms in the Harderian gland or
the pituitary gland of females to be substance-related at 70 ml/m? on account of the
historical control data (adenomas of the Harderian gland: 22/661; 3.3%; 0—16%; pi-
tuitary gland adenomas: 127/627; 20.2%; 2—44%). In another study, however, muta-
tions in the K-ras gene in tumours of the Harderian gland were demonstrated to be
caused by isoprene exposure. Furthermore, this tumour also occurred in male mice
and is thus considered to be substance-related. Although the incidence of pituitary
gland tumours was significantly increased at 70 ml/m3, it was lower than the average
incidence of historical controls. No pituitary gland tumours were found in the males
exposed to considerably higher levels. This means that the pituitary gland tumours
in the females are not clearly substance-related. The authors conclude that the level
of exposure has a greater influence on tumour frequency than its duration. Further-
more, the same concentration/time product produced different tumour frequencies;
this was independent of whether daily or weekly exposure duration varied. In addi-
tion, a significantly increased tumour incidence was found in the 2200 ml/m? group
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compared with the 280 ml/m3 group (an about 8-fold concentration difference), but
not in the 10 ml/m3 group compared with the 70 ml/m3 group (7-fold concentration
difference). This argues in favour of a non-linear concentration/tumour frequency
relationship. The authors came to the conclusion that tumour risks for isoprene
cannot be extrapolated using concentration/time products, so that a complex dy-
namic risk assessment model is more suitable in this case (Cox et al. 1996; Placke et
al. 1996).

5.8 Other effects

The inhibitory effect of isoprene on tumour formation was investigated in an initia-
tion-promotion experiment using dimethyl benz[a]anthracene as initiator and cro-
ton resin as promotor on the skin of female ICR Swiss mice. Dimethylbenz[a]an-
thracene (0.125 mg in 0.25 ml acetone) was applied once non-occlusively onto the
shaved intact skin of the back to 30 animals. Following a 3-week treatment interval,
the shaved skin of the mice was treated with 0.006% croton resin and 0.015% iso-
prene in acetone 5 days a week for 18 weeks. Corresponding groups received di-
methyl benz[a]anthracene plus croton resin as positive controls, or dimethyl benz
[aJanthracene plus acetone or only acetone as negative controls. Tumours devel-
oped in 90% of the animals treated with croton resin and isoprene and 90% of the
positive controls. In contrast, no neoplasms occurred in the animals of both nega-
tive controls. There was a slight reduction in the number of papillomas per mouse
when comparing the positive controls (12.2 papillomas) with those having received
isoprene and croton resin (8 papillomas, no data on statistical significance) (Sham-
berger 1971).

Groups of 5-7 male Swiss mice were administered isoprene (no data on mode of
administration) at a dose level of 500 mg/kg body weight daily for two or seven
days. The cytochrome b; and cytochrome P-450 levels and the activities of amino-
pyrine N-demethylase, dinemorphan N-demethylase and isoprene epoxidase were
unchanged compared with controls (Del Monte et al. 1985).

6 Manifesto

After inhalation at 70 ml/m?3 and above, isoprene produced adenomas of the Hard-
erian gland (Cox et al. 1996; Placke et al. 1996) and, at higher concentrations, tu-
mours in liver, lungs and forestomach, and haemangiosarcomas and histiocytic sar-
comas in mice (Cox et al. 1996; NTP 1995; Placke et al. 1996). At 10 ml/m3, no
significantly increased tumour incidence was recorded. After isoprene inhalation
exposure, at the lowest concentration tested of 220 ml/m? and above, significantly
increased incidences of tumours in the mammary gland, the kidneys and the inter-
stitial cells of the testes in rats were observed (NTP 1999). The demonstrated
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genotoxicity is considered to be the cause of the tumours. As a MAK value can be
derived for isoprene (see below), and the carcinogenic and genotoxic effects are
considered to be so low that a significant contribution to the cancer risk in humans
is not to be expected when the MAK value is observed, isoprene is classified in
Carcinogen Category 5.

In bacterial test systems, isoprene itself has no mutagenic effects, but only the
diepoxide methyl-1,2:3,4-diepoxybutane. Derivation of a MAK value from internal
exposure to mutagenic metabolites is not possible, as the required in vitro and in
vivo measurements are not available. A meaningful exposure parameter such as the
area under the concentration-time curve in the blood (AUC) can, however, be given
for isoprene itself. It is formed endogenously in humans. The AUC after exposure
to an isoprene concentration of about 3 ml/m3 for eight hours daily over 40 years is
the same as the AUC for lifelong exposure at the level of the standard deviation of
the mean endogenous isoprene concentration (Section 3.6). Therefore, exposure to
3 ml/m3 makes no significant contribution to the cancer risk. A MAK value of
3 ml/m?3 is established for isoprene. As systemic effects are the main effects, iso-
prene is assigned to peak limitation category II. An excursion factor of 8 has been
established, as only the AUC and not the concentration are decisive for the effects
due to the assumed genotoxic mechanism of action.

There are no genotoxicity tests with isoprene in germ cells. After inhalation, iso-
prene induced micronuclei in erythrocytes and increased SCE frequencies in the
bone marrow of mice, with an NOAEC of 70 ml/m3. The germ cells are reached,
since after inhalation in mice and rats effects on the sperms and/or the testes were
observed at 700 ml/m3, but not at 70 ml/m3 (see Section 5.5.1). With isoprene,
therefore, a germ cell mutagenic effect is suspected. But as neither a mutagenic
effect in soma cells nor a toxic effect in germ cells is observed at 70 ml/m3, the
potency of which is considered to be so low that no significant contribution to a
genetic risk in humans is to be expected provided the MAK value is observed.
Therefore, isoprene is classified in Category 5 for Germ Cell Mutagens.

No data on the dermal penetration of liquid or gaseous isoprene are available.
Though model calculations indicate that the substance has properties facilitating
absorption through the skin, these are only to be used with a certain reserve when
making a realistic estimation due to the extreme volatility of the substance. In the
case of hydrocarbons, dermal absorption from the gas phase is, compared with their
inhalation absorption, low (McDougal et al. 1990). This means that, when obser-
ving the MAK value, no marked increase in the physiological isoprene levels result
from the dermally absorbed quantities. Therefore, isoprene is not designated with
“H”.

No animal studies or studies in humans are available on skin and respiratory sen-
sitization. Therefore, no such effects are suspected and designation with an “Sh” or
“Sa” is not necessary.

In rats, the NOAEC for developmental toxicity with isoprene was 7000 ml/m3
(highest tested concentration), and in mice 280 ml/m3 (decreased foetal weight at
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1400 ml/m3 and above) (NTP 1995). The difference to the MAK value of 3 ml/m3 is
sufficiently great, so that isoprene is classified in Pregnancy Risk Group C.
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