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Abstract

The German Commission for the Investigation of Health Hazards of Chemical Com-
pounds in the Work Area of the Deutsche Forschungsgemeinschaft has evaluated biolog-
ical reference values (BAR) for two metabolites of ethylene oxide [75-21-8]. Considering
the available studies on the mercapturic acid of ethylene oxide in urine, S-(2-hydroxy-
ethyl)mercapturic acid (HEMA), a BAR of 5 pg HEMA/g creatinine for background
exposure to ethylene oxide was established. Sampling time after short-term exposures
is at the end of exposure or at the end of the working shift. For long-term-exposures, a
BAR of 60 pmol/g globin was established for the haemoglobin adduct of ethylene oxide,
N-(2-hydroxyethyl)valine (HEV). Sampling time is after at least 3 months of exposure.
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BAR (2021)

EKA (1999)

MAK value

Peak limitation

Absorption through the skin (1984)
Sensitization

Carcinogenicity (1984)

Prenatal toxicity

Germ cell mutagenicity (2002)

Re-evaluation

Ethylene oxide was evaluated in 1987 (Bolt 1989; Norpoth and Bolt 1995) and 1999 (translated in Bolt 2010). Detailed
information on the metabolism and toxicokinetics of ethylene oxide can be found in the MAK documentation of 2019
and an TARC documentation of 2012 (Hartwig and MAK Commission 2019; IARC 2012). Due to the classification of
ethylene oxide as a Category 2 carcinogen, no Biological Tolerance Value (BAT value) can be derived. Therefore, in

5 pg HEMA/g creatinine
Sampling time: end of exposure or end of shift; for long-term
exposures: at the end of the shift after several previous shifts

60 pmol HEV/g globin
Sampling time: after at least 3 months of exposure

Correlations between external and internal exposure:

Air Blood/erythrocytes
Ethylene oxide HEV
[ml/m?] [mg/m?] [ug/1 blood]
0.5 0.92 45
1 1.83 90
2 3.66 180

Sampling time: after at least 3 months of exposure

H

Category 2

Category 2

1999, exposure equivalents for carcinogenic substances (EKA) were established for the relation between the concen-

tration of ethylene oxide in air and the biomarker N-(2-hydroxyethyl)valine (HEV) in blood (Bolt 2010). Since the last
evaluation, substantial work has appeared that now makes it possible to establish Biological Reference Values (BAR)

for biomarkers of ethylene oxide.

In principle, both HEV in blood and S-(2-hydroxyethyl)mercapturic acid (HEMA) in urine are suitable for the biomon-

itoring of ethylene oxide.

BAR for N-(2-hydroxyethyl)valine (HEV) in blood
Information on the parameter HEV and analytical methods were already published (Bolt 2010).
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Background exposure

Several studies are available on the concentration of the haemoglobin adduct HEV in the blood of persons without
occupational exposure to ethylene oxide. These are compiled in Table 1. In general, there is a significant difference
between HEV concentrations in samples from non-smokers and smokers; the values of smokers are higher. Various
studies indicate that the increase in HEV concentration in the blood of smokers depends directly on the number of
cigarettes consumed daily (Bader et al. 1995; Bono et al. 1999). Therefore, only the results for non-smokers are used to
derive a BAR for HEV.

The published median or mean values for HEV in samples from non-smokers are in the range between 9.1 and 57 pmol/g
globin (see Table 1). It is striking that the studies can, in principle, be assigned to two groups: some studies (Bono et
al. 1999; Boogaard et al. 1999; CDC 2020; Fennell et al. 2000; Filser et al. 1992; Schettgen et al. 2016; von Stedingk et al.
2011) showed lower medians of below 30 pmol/g globin, while other studies (Bader et al. 1995; Bailey et al. 1988; Mayer
et al. 1991; Wu et al. 2004; Yong et al. 2001) reported median or mean HEV levels in the haemoglobin of non-smokers
between 40 and 60 pmol/g globin. These differences cannot be explained by regional factors. Possible reasons are the
selection of subjects (inclusion of passive smokers, objective assessment of smoking status) as well as the choice of
the analytical method.

Tab.1 HEV in the blood of persons not occupationally exposed to ethylene oxide

Collective Persons HEV [pmol/g globin] References
Median 95th Percentile Range

Germany Bader et al. 1995

Non-smokers 37 47 63 19-64

Smokers 32 144 318 31-327

UK Bailey et al. 1988

Non-smokers 23 56 80% 22-106

Smokers 26 167 3709 38-501

Italy Bono et al. 1999

Non-smokers 74 9.1 ~35P

Smokers 44 45.4 ~70"

Netherlands Boogaard et al. 1999

Non-smokers 23 19 6-49

USA CDC 2020

2013/2014

Non-smokers =20 years 1266 28 59

Smokers > 18 years 416 219 653

2015/2016

Non-smokers =20 years 1267 25 64

Smokers > 18 years 377 220 652

USA Fennell et al. 2000

Non-smokers 13 12.9

Germany Filser et al. 1992

Non-smokers 5 19.5 16-25.5

USA Mayer et al. 1991

Non-smokers 16 45 (MV)

Smokers 4 150 (MV)

Germany Schettgen et al. 2016

Non-smokers 104 17.8 35.6 7.7-64.6

Denmark von Stedingk et al.

Non-smokers 55 22 6.4-64 2011

Smokers 6 410 210-560
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Tab.1 (continued)

Collective Persons HEV [pmol/g globin] References
Median 95th Percentile Range

Taiwan Wu et al. 2004

Non-smokers 78 57 (MV)

Smokers 70 204 (MV)

USA Yong et al. 2001

Non-smokers 5 50 (MV)

% Calculation from reported individual data
b estimated from figure
MV: mean value

Evaluation of a BAR for HEV

Taking into account the very elaborate and demanding analytics for the determination of haemoglobin adducts,
the studies listed in Table 1 nevertheless give a well consistent picture of the background concentrations of HEV in
non-smokers. The largest study in terms of sample size is the NHANES study of the US Centers for Disease Control
and Prevention (CDC 2020), in which HEV levels were determined in samples from 1266 (2013/2014) or rather 1267
(2015/2016) non-smokers (=20 years old); the 95" percentile was 59 or rather 64 pmol/g globin. Based on other studies
in which a 95" percentile was given or could be read from the paper, a 95" percentile of 53 pmol HEV/g globin can be
derived on average. Considering all these data, a

BAR of 60 pmol HEV/g globin

is established for non-smokers. Smokers can show higher concentrations by a factor of 5 to 10. HEV represents a long-
term parameter whose concentration in blood builds up over a period of several months (due to the lifespan of the
erythrocytes of about 120 days). Sampling should therefore be carried out after at least three months of exposure.

BAR for S-(2-hydroxyethyl)mercapturic acid (HEMA) in urine

In recent years, more and more studies have been published dealing with the determination of HEMA as an exposure
biomarker for ethylene oxide. Unlike the long-term biomarker HEV, HEMA represents a classical short-term biomarker
for ethylene oxide with an estimated half-life of <5 hours (Haufroid et al. 2007), which, due to the short elimination
half-life, well reflects the current exposure situation. In addition, there are advantages with regard to non-invasive
sampling and significantly less complex analytics. Figure 1 shows the metabolism of ethylene oxide. To form HEMA,
ethylene oxide is conjugated with the endogenous tripeptide glutathione (GSH) by the polymorphic enzyme glu-
tathione-S-transferase (GST). After cleavage of the glycine and glutamyl residues and subsequent N-acetylation, the
urinary metabolite HEMA is formed from the conjugate. For ethylene oxide as a substrate of GSTT1 (Hallier et al. 1993;
Haufroid et al. 2007; Miller et al. 1998; Yong et al. 2001), there are a number of studies on the influence of the activity
of this enzyme on the formation of HEMA. About 20% of Whites have the GSTT1-null genotype (Garte et al. 2001) and
belong to the so-called “slow” conjugators (Hallier et al. 1993; Hayes and Strange 2000). The influence of the GSTT1
genotype on the excretion of HEMA was investigated by Haufroid et al. (2007) in 80 hospital workers occupationally
exposed to ethylene oxide. Given the detectable but minor influence of genetic disposition, they concluded that the
level of exposure is the most important determinant of the level of mercapturic acid excretion. Nevertheless, the pol-
ymorphism of certain enzymes is obviously one of several causes for the sometimes quite high individual variations
in the concentrations of mercapturic acid in urine.
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Cyt P450
/ —_ COE _— Formation of DNA / protein adducts
e.g. N7-(2-Hydroxyethyl)guanine
Ethylene Ethylene oxide N-(2-Hydroxyethyl)valine
+Hy0 + Glutathione

EH GST

H H

Ho /\/O G\S /\/O
Ethylene glycol 2-Hydroxyethylglutathione

(0] OH
Glycolaldehyde 0
Glycolic acid )I\ s
Formic acid H \/\OH

Lactic acid

CO
2 HEMA (2-Hydroxyethyl mercapturic acid)

EH: epoxide hydrolase; GST: glutathione S-transferase; Cyt P450: cytochrome P450; G: glutathione

Fig.1 Metabolism of ethylene and ethylene oxide according to IARC (2012)

Analytical methods

An analytical method tested by the Commission is already available for the determination of HEMA in urine (trans-
lated in Schettgen et al. 2013). This method is based on the external enrichment of the mercapturic acids in urine via
solid-phase extraction and subsequent determination by means of high-performance liquid chromatography and tan-
dem mass spectrometric detection (LC-MS/MS). Most other published methods are also based on LC-MS/MS analysis,
whereby an enrichment procedure is usually carried out either in the form of an external solid-phase extraction or
by means of column switching (online SPE) (Eckert et al. 2010; Frigerio et al. 2019; Pluym et al. 2015; Schettgen et al.
2008). Many published methods are multi-methods that detect other mercapturic acids in urine in addition to HEMA.

The detection limit of the tested method by Schettgen et al. (2013) is 0.5 ug HEM A/l urine, which means that HEMA can
also be reliably detected in most non-smoker urines. External quality assurance of this parameter is possible through
participation in the quality assessment scheme for occupational and environmental toxicological analyses (G-EQUAS)
of the German Society for Occupational and Environmental Medicine.

Exposure and effects

There are currently no studies establishing a relationship between external exposure to ethylene oxide exposure and
HEMA concentration in urine.

Background exposure

There are several studies that have investigated the concentrations of HEMA in urine samples from persons without
occupational exposure to ethylene oxide (“background exposure”). An overview of the published studies is given in
Table 2. As a rule, the HEMA concentrations are given in relation to the creatinine concentration, since it could be
shown for other mercapturic acids as well, that an adjustment to urinary creatinine reduces the variability of the re-
sults. Analogous to the haemoglobin adduct HEV, smokers show higher HEMA concentrations in the urine compared
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with non-smokers. The derivation of a BAR is based only on the results for non-smokers. The median HEMA concen-
tration in the published studies was in the range of 0.3 and 1.7 pg/g creatinine; the study results generally showed high
agreement. Only the study by Hou et al. (2012) stands out due to comparatively low HEMA concentrations for smokers
and non-smokers, which were about a factor of three below the results of the other studies. The observed geographical
differences could at least partly be explained by the fact that the incidence of GSTT1 deletions is higher in the East
Asian region than in other regions (Bolt and Thier 2006).

Tab.2 Background concentrations of HEMA in the urine of persons not occupationally exposed to ethylene oxide

Collective Persons HEMA [pg/g creatinine] References
Median 95th Percentile Range
USA Alwis et al. 2012
Non-smokers 1203 0.7
MV 0.66 +1.16 pg/l
Smokers 347 1.9
MV 1.90+3.7 pg/l
USA (NHANES) Calafat et al. 1999
Non-smokers 214 1.1 6.0
Smokers 152 2.9 16.5
USA Ding et al. 2009
Non-smokers 59 0.8 <0.03-1.1
Smokers 61 3.1 <0.03-16.0
Germany Eckert et al. 2011
Non-smokers 54 1.6 47 0.6-8.1
Smokers 40 4.9 23.9 1.11-67.7
Italy Frigerio et al. 2020
Non-smokers 39 1.3 4.1
Smokers 21 3.2 26.7
China Hou et al. 2012
Non-smokers 58 0.25% 2.0 <0.08-2.89
Smokers 246 0.81? 8.1 0.02-23.3%
Germany Pluym et al. 2015
Non-smokers 25 1.1 ~4-5 0.11-38.3
Smokers 25 2.3 1.1-6.2
Germany Schettgen et al. 2008
Non-smokers 14 1.7 0.7-4.2
Smokers 14 4.0 1.3-6.0

¥ calculated from nmol/24-h urine with molar mass of 207.25 g/mol, 1.2 g creatinine/l urine and 1.5 | urine/day
LOQ: limit of quantification; MV: mean value

Evaluation of a BAR for HEMA

In the studies that give a 95 percentile for the concentrations of HEMA in urine, this lies in the range between 2.0

5th

and 6.0 pg/g creatinine for samples from non-smokers. In the two studies from Germany in which a 95™ percentile

was calculated or can be read off from study data, this was for non-smokers 4.7 ug HEMA/g creatinine (Eckert et al.
2011) and ~4-5 pg HEMA/g creatinine (Pluym et al. 2015).

From this, a

BAR of 5 pyg HEMA/g creatinine
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is derived for non-smokers. Smokers can show higher concentrations in urine by a factor of 3 to 5. HEMA is a short-
term biomarker and has a half-life of a few hours. Sampling should therefore be done immediately after the end of
exposure or at the end of shift.

Interpretation

When interpreting the results, personal influencing factors, especially smoking habits and passive smoke exposure
have to be taken into account, as exposure to tobacco smoke leads to higher HEMA concentrations in urine. The
BAR for HEMA refers to normally concentrated urine in which the creatinine concentration should be in the range
of 0.3-3.0 g/l (translated in Bader et al. 2016). As a rule, for urine samples with creatinine concentrations outside the
above limits, it is recommended to repeat the measurement at normal hydration.

Notes

Competing interests

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