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Introduction

Methylisothiazolinone (MI) and the mixture of chlorometh-
ylisothiazolinone/methylisothiazolinone (3:1, MCI/MI, 
trade name for example: Kathon CG®, ACTICIDE® SPX) 
are important biocidal active substances that are used in a 
variety of commercial products (Scientific Committee of 
Consumer Safety (SCCS) 2009, 2016). The most important 
use is the conservation of cosmetic products (only “rinse-
off”), where maximum concentrations of 100 and 15 ppm are 
permitted for MI and the mixture of MCI/MI in the Euro-
pean Union, respectively, (The European Parliament 2009). 
But both biocidal active substances are also used in many 
(liquid) household products like dishwashing liquid, cleans-
ers, laundry detergents or wet wipes (Reinhard et al. 2001; 
Aerts et al. 2015; Garcia-Hidalgo et al. 2017). Both MI and 
MCI/MI are readily taken up via skin contact (Berthet et al. 
2017). In occupational settings, these biocides might be used 
in cutting fluids, cooling systems or in the paper or cellulose 
industry (Hartwig 2013). In animal experiments, the acute, 
chronic and developmental toxicity of MI and MCI/MI was 
very low with reported NOAELs ranging from 30 mg/kg/d 
(rabbit developmental toxicity) up to 66–94 mg/kg/day (rat 
3-month oral toxicity) (Burnett et al. 2010). However, a pos-
sible neurotoxic action of MI from in vitro experiments is 
still under discussion (Du et al. 2002; He et al. 2006).

The widespread use of these substances in products of 
everyday life as well as the possible volatilization of MI and 
MCI to indoor air after application of products containing 
these biocides (Lundov et al. 2014) makes an exposure of the 
general population very likely, either by direct skin contact 
or uptake by inhalation. This potential exposure might raise 
concerns, as both MI and MCI/MI are known skin allergens 
and a steep increase in diagnosed skin sensitizations against 
these substances in the general population has been reported 
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worldwide (Scientific committee of consumer safety 2016; 
Latheef and Wilkinson 2015).

MI and MCI are rapidly metabolized in mammals and are 
not excreted unchanged. The metabolic pathways of both 
compounds are nearly identical, making it impossible to dis-
tinguish between exposure to MI or MCI from a biomarker 
perspective. After oral gavage of radiolabelled MI, feces 
was only a minor route of excretion in Sprague–Dawley rats 
(21–37%) compared to 53–70% recovered in urine and cage 
rinse. One of the main urinary metabolites of both MI and 
MCI in animal experiments in Sprague–Dawley rats was 
N-methylmalonamic acid (NMMA), representing 21–23% 
of the dose (Burnett et al. 2010). The structures of the sub-
stances in question and the metabolite are shown in Fig. 1.

In our previous works (Schettgen et al. 2017), we have 
developed a GC/MS/MS-method to specifically quantify 
NMMA in human urine and found a background excretion 
of this metabolite in a pilot study in urine samples of the 
general population (median: app. 3 µg/g creatinine). Cur-
rently, there are no indications that NMMA is formed by 
unspecific physiological processes or from other xenobiotics 
according to the literature. Thus, we consider NMMA to be 
a promising biomarker of human exposure to the biocides 
MI and MCI/MI.

Consequently, the aim of this study was the thorough 
investigation of human metabolism and renal excretion of 
NMMA after separate oral dosage of MI and MCI to vol-
unteers. With the data obtained, we can calculate metabolic 
conversion factors for NMMA for both compounds and other 
important toxicokinetic parameters. To be able to specifi-
cally distinguish between background excretion of NMMA 
and the metabolites from oral dosage, we have dosed isotopi-
cally labelled isothiazolinones (13C3-MI and D3-MCI) and 
quantified the corresponding labelled urinary NMMA. The 
derived metabolic conversion factors allow the backcalcu-
lation of the actual daily intake of MI and MCI/MI from 
the NMMA-levels found in the general population. Within 

risk assessment, these levels can then be compared with the 
toxicologically derived NOAELs from animal experiments 
or other health based guidance values, if available for MI 
and MCI/MI. To our knowledge, there has been no previous 
investigation of the human metabolism of MI and/or MCI.

Experimental design

In January 2016, four healthy volunteers (2 m/2 f, age 
20–44 years, body weight 75–100 kg) received an oral dose 
of 2 mg of either labelled 13C3-MI or D3-MCI (16.3 and 
13 µMol, respectively) in 200 µL of ethanol in a glass of 
water separately and at least 2 weeks apart. An overview 
on the biometric and anamnestic data of the volunteers is 
given in Table 1.

The resulting dosages of the isothiazolinones amounted 
to 20–26.7 µg/kg body weight and are three orders of mag-
nitude lower than the lowest NOAEL from animal experi-
ments. Furthermore, this dose level is even comparatively 
lower than human metabolism studies on other sensitizing 
substances such as lysmeral previously conducted (Scherer 
et al. 2017). Due to the risk of possible skin sensitization, we 
have omitted a skin dosage experiment for ethical reasons.

Fig. 1   Simplified metabolism 
of MI and MCI, leading to the 
main metabolite NMMA
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Table 1   Anamnestic data of the human volunteers

Volunteer 1 Volunteer 2 Volunteer 3 Volunteer 4

Sex Male Male Female Female
Age 44 years 21 years 20 years 23 years
Smoking 

status
Non-smoker Non-smoker Smoker Non-smoker

Weight 94 kg 75 kg 100 kg 100 kg
Height 186 cm 186 cm 180 cm 172 cm
BMI 27.2 21.7 30.9 33.8
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The volunteers provided urine samples before the dos-
age (t0) and consecutively collected their full urine over the 
following 48 h. The time of each urination was noted by the 
volunteer. Urine volume for each void was determined by 
weighing difference of the filled and empty urine containers. 
The urine samples provided were aliquoted in 10-ml aliquots 
and stored frozen at −20 °C until analysis. Creatinine con-
tent of the urine samples was determined photometrically 
using the Jaffé method (Larsen 1972).

Chemicals

13C3-2-methylisothiazolinone and 5-chloro-2-(methyl-D3)-
isothiazolinone and 13C3-N-methylmalonamic acid was syn-
thesized by Dr. Belov, Max Planck Institute for Biophysical 
Chemistry, Göttingen with a purity >95% as determined 
by 1H-NMR and mass spectrometry. N-acetyl-cysteine 
(>99%) was purchased from Merck (Darmstadt, Germany) 
and 2,3,4,5,6-pentafluorobenzylbromide (PFBBr, 99%) was 
obtained from Aldrich (Steinheim, Germany). Potassium 
carbonate (p.a.) and dried acetonitrile (SeccoSolv, max. 
0.005% water) was also obtained from Merck (Darmstadt, 
Germany). Toluene, n-hexane and ethanol (abs.) were of the 
highest analytical grade available and supplied by Merck 
(Darmstadt, Germany).

Analytical procedure

The quantification of urinary labelled NMMA was per-
formed according to our previously published GC/MS/MS-
method (Schettgen et al. 2017). In short, 100 µL of urine was 
freeze dried and then redissolved in 1 mL of dry acetonitrile 
(SeccoSolv) by short vortexing and subsequent placing in 
an ultrasonic bath for 2 min. 100 µL of the derivatization 
solution of PFBBr (5 g in 6 ml acetonitrile) were added and 
after that, app. 10–20 mg of potassium carbonate were added 
to the sample. The vials were sealed tightly and placed in an 
oven at 60 °C overnight for 16 h. After the addition of 3 ml 
of an aqueous solution of N-acetyl-cysteine (10 g/L) and 
subsequent extraction of the PFB-derivative of NMMA, the 
combined organic phases were evaporated under a gentle 
stream of nitrogen to dryness and redissolved in toluene, 
transferred to microvials and sealed tightly with vial caps. A 
1 µl volume of this sample was then analysed by GC–MS/MS 
in EI-mode. Gas chromatographic separation was performed 
using a HP-5-MS capillary column (crosslinked 5%-Phenyl-
95%-dimethylpolysiloxane, 60 m × 0.25 mm I.D., 0.25 µm 
film thickness) purchased from Agilent (Waldbronn, Ger-
many). We used Helium 5.0 as carrier gas at a constant flow 
of 1.2 ml/min. The simultaneous determination of two spe-
cific ion transitions in the tandem mass spectrometer for 
the PFB-derivative provides high sensitivity and specificity. 
Different from the original method, quantification of labelled 

NMMA in the native samples was performed using a calibra-
tion in pooled urine with 13C3-NMMA (D3-NMMA showing 
identical mass transitions) and adding unlabelled NMMA as 
internal standard to the urine samples at a high concentration 
(750 µg/L), outnumbering possible background excretions 
of NMMA in these urine samples. The precision (relative 
standard deviation %) of the original method ranged from 
3.7 to 10.9% and accuracy was between 89.1 and 113.9%. 
The limit of quantification of the method was 0.5 µg/L urine 
for NMMA.

Statistical analysis

The statistical analysis was performed using Microsoft Excel 
2010. The function for decreasing analyte levels after the 
maximum concentration were calculated by exponential 
regression as previously reported by Lessmann et al. for the 
phthalate substitute DEHTP (Lessmann et al. 2016). The 
regression equation was as follows:

with k as urinary excretion constant, and Δt as time after 
maximum concentration in hours. The individual urinary 
half-life for each volunteer and each dosage was then calcu-
lated as natural logarithm of 2, divided by k (Fichtl 2001).

Results and discussion

The four volunteers donated between 11 and 17 individ-
ual urine samples over 48 h with a total volume ranging 
from 3.91 to 6.39 L. The corresponding labelled NMMA 
as metabolite of 13C3-MI and D3-MCI was determined in 
all urine samples post-dosage. Figure 2 shows exemplarily 
extracted ion chromatograms of one volunteer pre- and 
post-dosage of 13C3-MI. In the pre-dose sample (A, creati-
nine: 1.63 g/L), the level of 13C3-NMMA was below LOQ 
(<0.5 µg/L), while in the first post-dose sample (B, creati-
nine: 1.87 g/L), the level of 13C3-NMMA was determined 
to be 1073 µg/L.

The urinary excretion kinetics of 13C3-NMMA after dos-
age of 2 mg 13C3-MI in all four volunteers are depicted in 
Fig. 3a, b on a logarithmic scale in µg/L and creatinine-
adjusted values, respectively. Figure 4a, b show the kinetics 
of D3-NMMA after dosage of 2 mg D3-MCI in the same 
persons.

The maximum concentrations for NMMA varied from 
174 to 1375 µg/L (574 to 1048 µg/g creatinine) and were 
obtained 2–3 h post-dosage for 13C3-MI. For dosage of 
D3-MCI, maximum concentrations of D3-NMMA were con-
siderably lower with levels ranging from 115 to 579 µg/L 
(192–333 µg/g creatinine) and also with a slightly later time 
of maximum. The elimination curves for NMMA were very 

c(t) = c
max

∗ e
−kΔ t
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similar for all four volunteers, both for dosage of 13C3-MI as 
well as for D3-MCI. A significant difference in kinetics could 
not be observed between the male and female volunteers. 
Also BMI showed no significant influence on kinetics. As 
visible from Figs. 3 and 4, creatinine correction considerably 
smoothed the elimination curves for NMMA, as creatinine 

values were highly variable within these 48 h for all vol-
unteers, ranging from 0.12 to 2.70 g/L. Notably, labelled 
NMMA was still quantifiable in all urine samples 48 h post-
dosage with values well above LOQ. The whole dataset for 
all volunteers and all dosages is given in the supplemental 
information to this article (Supplement Tables 1, 2). The 

Fig. 2   GC/MS/MS-chromatograms (MRM-mode) of one volunteer pre- and post-dosage of 13C3-MI (a pre-dosage, 13C3-NMMA: <0.5 µg/L, 
creatinine: 1.63 g/L; b post-dosage, 13C3-NMMA: 1073 µg/L, creatinine: 1.87 g/L)

Fig. 3   Urinary excretion kinetics of 13C3-NMMA after oral dosage of 13C3-MI in all volunteers (a volume-based levels, b creatinine-corrected 
levels)
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renal clearance of NMMA for all dosages and volunteers is 
also displayed in the Supplement (Figure S1).

After a rapid absorption and distribution phase, NMMA 
was excreted via urine rather fast with maximum concentra-
tions appearing 2–4 h post-dosage. The elimination phase 
of NMMA occurred via first order kinetics for both dos-
ages. We have calculated the individual urinary half-life for 
NMMA as described under Statistical analysis using the 
creatinine-corrected excretions and found a half-life ranging 
from 5.0 to 7.4 h (mean 6.1 h) after dosage of 13C3-MI and 
a slightly slower half-life ranging from 6.3 to 10.3 h (mean 
7.6 h) after dosage of D3-MCI. Consequently, with more 
than three half-lives, excretion of NMMA was more than 
90% complete within 24 h post-dosage for both compounds.

The cumulative excreted doses of labelled NMMA for 
all volunteers and both dosages are displayed in Fig. 5a, b. 
Under consideration of the molar masses, the mean total 
excreted amount of labelled NMMA (urinary excretion 
factor, FUE) within 48 h post-dosage amounts to 23.7% 
(range 18.0–30.9%) after dosage of MI and 13.3% (range 
10.9–15.9%) after dosage of MCI. This is comparable to the 
percentage excretion of NMMA reported for Sprague–Daw-
ley rats after application of radiolabelled MI (21–23%). 
Consequently, NMMA can be regarded as a major human 
metabolite of both MI and MCI. It is worth noticing that the 
amount of NMMA after oral dosage of MI showed higher 
variability than for MCI with two volunteers excreting app. 
18%, while two others excreted nearly 30%. It is known that 

Fig. 4   Urinary excretion kinetics of D3-NMMA after oral dosage of D3-MCI in all volunteers (a volume-based levels, b creatinine-corrected 
levels)

Fig. 5   Cumulative excreted doses of 13C3-NMMA and D3-NMMA within 48 h post-dosage of 13C3-MI and D3-MCI in all volunteers
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MCI shows higher reactivity (and sensitizing potency) com-
pared to MI and the initial ring opening is faster, probably 
not involving enzymatic processes. Thus, we might speculate 
that enzymatic polymorphisms might be responsible for the 
variability in dose excretion of NMMA after dosage of MI. 
Table 2 summarizes the pharmacokinetic data obtained for 
all volunteers and both dosages.

Conclusion

With this study, we provide the first data on human metabo-
lism of the biocidal active substances MI and MCI. The use 
of isotopically labelled substances allowed the unequivo-
cal quantification of urinary labelled NMMA without being 
influenced by background levels. NMMA has previously 
been reported as main metabolite of these biocides in rats 
and with our determined mean metabolic conversion factors 
of 23.7 and 13.3% for MI and MCI in humans, we confirm 
NMMA to be also a main human metabolite and potential 
biomarker of exposure. Currently, there are no indications on 
other sources for the excretion of urinary NMMA than expo-
sure to MI and/or MCI according to an intensive literature 
search. Further major urinary metabolites of MI described in 
animal experiments represent a mercapturic acid conjugate 
of 3-thiomethyl-N-methylpropionamide as well as N-methyl-
3-hydroxypropionamide (Burnett et al. 2010). The investiga-
tion of other metabolites of MI and MCI in future studies 
might help to complete the picture on the human metabolism 
of MI and/or MCI.
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