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ABSTRACT

The discovery of the hazardous effects associated with the polymer additives 1,3-diphenyl guanidine
(DPG) and 1,3-di-o-tolylguanidine (DTG) has prompted the need for biomonitoring studies to detect
human exposure. However, limited information is available about their metabolism. To address this gap,
this study investigates the Phase I and II in-vitro biotransformation of both chemicals using human liver
microsomes and cytosol. The samples were analyzed using liquid chromatography coupled to high
resolution-(tandem) mass spectrometry through suspect (of in-silico predicted metabolites) and non-
target screening. The analysis revealed four Phase I and two Phase Il metabolic products for both
DPG and DTG. Hydroxylation of the benzene ring led to the tentative identification of mono- and di-
hydroxylated metabolites. Subsequent Phase I deamination followed by oxidation resulted in the for-
mation of hydroxy-phenylurea and an intramolecular cyclization resulted in the formation of hydroxy-
cyclic products. Furthermore, N-glucuronidation and O-glucuronidation products were identified for the
first time. After performing urinalysis, DPG and DTG could be quantified in the 0.02-0.23 pg L™ range,
and DPG-227 (mono-hydroxylated DPG) was estimated to be present at ca. 0.01-0.10 pg L~ ! range, using
DPG response as quantification surrogate. Finally, toxicity assessment using an in-silico tool indicated
the need to consider these human metabolites in (eco)toxicological assessments, as they may have the
same or even greater effects on humans and the environment.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

(PMT) or very persistent and very mobile (vPvM) chemicals, which
contribute to their presence in the aquatic environment [3,4].

1,3-Diphenyl guanidine (DPG) and 1,3-di-o-tolylguanidine
(DTG) are rubber additives widely used during the vulcanization
process. Consequently, they are commonly present in products
such as tires, footwear, gloves and high-density polyethylene
materials. Only in the European Economic Area, the annual pro-
duction and/or importation is estimated to range from 10,000 to
100,000 tons for DPG and 10-100 tons for DTG [1,2]. These com-
pounds are known for their properties as persistent and mobile
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During the product life cycle, these substances can be easily
released into the surrounding environment. In addition, their use
in household, packaging, or consumer products (e.g. tires and
recycled rubbers) leads to migration into the indoor environment,
where they are detected at high levels in dust [5] and across
various environmental matrices [6-8]. However, there is very
limited information available on the potential impact on human
health.

From a toxicological perspective, DPG and DTG are known to
cause allergic contact dermatitis, especially after occupational
exposure [9]. Moreover, DPG is suspected to be an endocrine dis-
rupting chemical, although the latest evaluation report conducted
by European Chemicals Agency (ECHA) in 2020 did not yield
definitive conclusions regarding its reproductive toxicity [10,11].
Nevertheless, there have been few studies developed to assess
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human exposure. Furthermore, human biomonitoring studies on
these substances have used, so far, DPG and DTG themselves as
biomarkers in urine [12], which may overlook exposure and is
more problematic in terms of background contamination since
these diarylguanidines might come from different sources and
contaminate the biological samples.

In-vitro human liver metabolism is a methodology that has
been used for decades to simulate the complex metabolic trans-
formations that occur in human metabolism in an inexpensive,
rapid and non-invasive manner, as an alternative to in-vivo studies.
With this purpose, specific subcellular liver fractions, namely hu-
man liver microsomes (HLM) and cytosol fractions (HLCYT), along
with cofactors (e.g. 2,5-uridinediphosphate glucuronic acid,
UDPGA) and the target compound are mixed in a buffer solution
and incubated during several hours at 37 °C [13,14]. Only two
studies in literature have assessed the metabolism of diary-
lguanidines. One study was an in-vitro study with rats and rabbit
liver microsomes for a group of N,N-diphenylguanidines, and the
other was an in-vivo study with rats for DPG [15,16]. The in-vitro
study reproduced only Phase I metabolism processes, proposing
O-hydroxylation in the benzene ring for non-fluorinated guani-
dines and N-hydroxylation for fluorinated guanidines as potential
metabolic reactions using nuclear magnetic resonance and a
Vacuum Generators 7070H mass spectrometer [15]. The in-vivo
study demonstrated that DPG was easily absorbed and distributed
in various tissues in rats. Three metabolites were excreted in urine,
but no structures were proposed due to insufficient data for ac-
curate structural determination [16]. Thus, there is still a lack of
evidence on which metabolites derive from both compounds.

Thus, this study carrying out Phase I and Phase Il in-vitro assays
for DPG and DTG using human liver microsomes (HLM) and
cytosol fractions (HLCYT), is the first one that provides solid
structural information of six biotransformation products of each of
the compounds using high-resolution mass spectrometry (HRMS).
The samples were then analyzed using ultra-high performance
liquid chromatography-quadrupole-time of flight-(tandem) mass
spectrometry (U(H)PLC-QTOF-MS/MS). Both suspect and non-
target screening workflows were employed to identify and char-
acterize potential metabolites. Finally, human pooled urine sam-
ples were used to validate the in-vitro findings. Furthermore, an in-
silico toolbox was used to predict chemical (eco)-toxicity.

2. Materials and methods
2.1. Chemicals and reagents

Analytical standards of DPG and DTG were supplied by Sigma-
Aldrich (Burlington, MA, USA). The analytical reference standard of
irbesartan-d4 (Ib-d4) used as internal standard (IS) was purchased
from Toronto Research Chemicals (North York, ON, Canada).
Pooled HLMs (mixed gender, n = 50, 20 mg mL™!) and pooled
HLCYT (mixed gender, n = 200, 10 mg mL~') were obtained from
Tebubio (Barcelona, Spain). UDPGA (98-100 %), adenosine-3'-
phosphate 5'-phosphosulfate lithium salt hydrate (PAPS, >60 %),
alamethicin (>98 %), phenacetin (>98 %), 4-nitrophenol (4-NP,
>99 %), magnesium chloride (>98 %), sodium chloride (99.5 %) and
Trizma base (>99.9 %) were supplied by Sigma-Aldrich. NADPH
tetrasodium salt hydrate (>96 %) was purchased from Roche Di-
agnostics GmbH (Mannheim, Germany). LC-MS grade methanol
(MeOH), LC-MS grade acetonitrile (ACN), dimethyl sulfoxide
(DMSO), LC-MS grade formic acid, LC-MS grade acetic acid,
ammonia in MeOH (7 N), NH3 solution in water (25 %) and hy-
drochloric acid (37 %) were purchased from Sigma-Aldrich. Ul-
trapure water was obtained with a Genie Water System from
RephilLe Bioscience (Boston, MA, USA).
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A 100 mM TRIS buffer was prepared by dissolving 1.22 g of
Trizma base and 0.11 g of MgCl, in 100 mL of ultrapure water. Then,
pH was adjusted to 7.5 at 37 °C by adding 1 M HClI solution [17].

2.2. In-vitro human liver metabolism study

Fig. 1 depicts the schematic workflow for conducting experi-
mental in-vitro metabolism assays, a methodology optimized and
employed in previous studies with few changes [17-19]. In brief,
the in-vitro Phase I metabolism involved two sets of samples (Sets
A and B) exclusively performing Phase I reactions and other two
sets (Sets C.1 and C.2) for Phase I + II reactions, each comprising
three replicates. The reaction mixture was prepared by combining
945 pL of TRIS buffer (100 mM), 25 pL of HLM (20 mg mL~') and
10 pL of either DPG or DTG stock solution (1000 ng uL~! prepared
in DMSO) in 1.5 mL Eppendorf tubes. Set A, (Phase I-1h) was
incubated for 1 h, while Sets B (Phase I-3h) and C.1 and C.2 (Phase
I + II) were incubated for 3 h at 37 °C. Two incubation times (1 and
3h) have been used in the Phase I reactions to potentially identify
reaction intermediates that allow us to understand the metabolic
pathways of the target diarylguanidines. During the incubation
time, 10 pL of NADPH (0.1 M stock solution in TRIS buffer) were
added as a cofactor at 5, 60 and 120 min of incubation. The cofactor
needs to be re-incorporated every hour of incubation due to its loss
of activity by precipitation. Finally, the reaction in Sets A and B was
stopped by adding 250 pL of a mixture of 1 % formic acid and Ib-d4
(5 ng uL~1) in ACN after 1 or 3 h of incubation, respectively. Ib-d4
was chosen as IS because it was a solution available at that time in
the laboratory that can be measured with good sensitivity in both
electrospray positive and negative ionization modes. Samples
from Set C.1 and C.2 were placed on ice for 30 s, followed by
centrifugation at 8000 rpm for 5 min. Subsequently, 935 uL of the
resulting supernatant were transferred to an empty Eppendorf
tube.

At the same time, two new sets of samples (Sets D.1 and D.2),
were prepared to carry out exclusively Phase Il metabolism (n = 3).
These new sets consisted of 935 uL of TRIS buffer and 10 uL of
either DPG or DTG stock solution (1000 ng pL~! prepared in
DMSO). Sets C.1 and D.1 underwent Phase Il conjugation through
glucuronidation (GLU) and Sets C.2 and D.2 through sulfation (SUL)
(Fig. 1). For GLU in both Sets (C.1 and D.1), 25 pL of HLMs
(20 mg mL~!) and 10 pL of alamethicin (1 mg mL~! prepared in
DMSO) were added to the samples prior to their incubation at
37 °C. During incubation, the coenzyme UDPGA (10 pL of 100 mM
stock solution in TRIS buffer) was added in intervals of 5, 60, and
120 min. For SUL in both Sets (C.2 and D.2), 25 pL of HLCYT
(20 mg mL~!) were added to the samples before incubation. After
5, 60, and 120 min of incubation, coenzyme PAPS (10 pL of 10 mM
stock solution in TRIS buffer) was introduced. After 3 h of incu-
bation, both sets were terminated by adding 250 pL of a mixture
containing 1 % formic acid and Ib-d4 (5 ng pL™!) in ACN.

Prior to their injection into the LC-HRMS system, all samples
were centrifuged at 8000 rpm for 5 min. The supernatant was then
transferred to vials and filtered through 0.22 um PVDF syringe-
driven filters (Merck Millipore, MA, USA).

2.3. In-vivo validation through urine analysis

Urine samples were obtained through a collaboration with the
General Directorate for Public Health of the Galicia regional Gov-
ernment — Xunta de Galicia (Norwest Spain) as detailed in Ref. [20].
Briefly, 435 urine samples were anonymously collected from
regional government public servants in Santiago de Compostela
(Spain) together with a short survey. The study was approved by
the Research Ethics Committee of the Xunta de Galicia (Code 2019/
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Fig. 1. In-vitro human liver metabolism assay overview.

545) and it had been conducted in conformity with the declaration
of Helsinki. All participants provided informed written consent
before their participation in the study.

Four pools of 20 urine samples were used for this study divided
by sex and residential environment. Pool 1 from male and rural
population, pool 2 from male and urban population, pool 3 from
female and rural population, and pool 4 from female and urban
population. These four urine pools were also incubated with
B-glucuronidase to deconjugate Phase Il metabolites, according the
protocol presented in Ref. [20], and labelled as pools 1d, 2d, 3d and
4d. Non-deconjugated pools were diluted (1:4 with ultrapure
water) to be comparable to the deconjugated sets in terms of
dilution.

DPG and DTG concentrations in pooled urine samples were
calculated by the standard addition method. Briefly, each pool of
urine samples was spiked with a standard mix of both diary-
lguanidines in the range 0.005-0.400 pg L~! (5 levels) and injected
in an LC-triple quadrupole (QqQ) MS/MS system together with the
corresponding non-spiked level of each pooled sample.

2.4. Instrumental analysis

Extracts collected from the in-vitro metabolism assay were
analyzed with an Agilent 1290 Infinity II LC (Agilent Technologies,
Santa Clara, CA, USA) equipped with a binary solvent pump, a
thermostatted LC column compartment, and a sample manager.
The U(H)PLC system was interfaced to an Agilent 6550 iFunnel
QTOF system furnished with a Dual Agilent Jet Stream electrospray
(ESI) ion source. Chromatographic separation was achieved on a
ZORBAX Extend-C18 column (50 x 2.1 mm LD., 1.8 pm particle
size) from Agilent Technologies, with a dual eluent system con-
sisting of (A) 5 mM ammonium acetate in ultrapure water and (B)

5 mM ammonium acetate in MeOH at a flow rate of 0.4 mL min— .

The gradient was as follows: 0 min (2 % B), 1 min (2 % B), 15 min

(70 % B), 16 min (70 % B), 19 min (100 % B), 20 min (100 % B),
20.01 min (2 % B) and 25 min (2 % B). The injection volume was set
at 2 pl.

The QTOF-HRMS system was operated in either positive or
negative mode (separate injections) in the 2 GHz (extended dy-
namic range) mode, providing a Full Width at Half Maximum
(FWHM) resolution of ca. 12,000 at m/z 121 and ca. 23,000 at m/z
922. Capillary, nozzle and fragmentor voltage were set at 2500,
0 and 120 V, respectively. The ions 121.0508 and 922.0097 for
positive mode and 112.9856 and 980.0164 for negative mode were
selected for a continuous recalibration during the run to ensure
mass accuracy. Nitrogen was used as nebulizing (30 psi), drying
(12 L min~! and 200 °C), sheath gas (9 L min~! and 300 °C) and
collision gas. Acquisition parameters were set for the range m/z
from 20 to 1000 at a scan rate of 6.00 spectra s~! for MS and MS/
MS spectra using a data-dependent acquisition method (Auto MS/
MS) with an isolation width of 1.3 amu and three collision energies
(10, 20 and 40 V), with a maximum of three precursor ions per
cycle. Additionally, Target MS/MS was also employed for selected
ions to obtain the MS/MS spectra (conditions analogous to Auto
MS/MS) in separate injections when needed. Data were stored in
centroid mode. Instrument control was performed using Agilent
MassHunter Workstation software B.10.00 (Agilent Technologies).

Urine samples were initially analyzed with the above LC-HRMS
instrument and later with an Agilent Infinity 1290 Il HPLC coupled
to an Agilent 6495 triple quadrupole (QqQ) equipped with an ESI
source, ought to its much better sensitivity. The analytical method
and further details employed with this system can be found in Text
S1 and Table S1.
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2.5. Data analysis

This study was carried out employing both suspect and non-
target screening approaches.

2.5.1. Suspect screening of predicted metabolites

Data processing and analysis for the suspect screening work-
flow was conducted with MassHunter Profinder 8.0 and Mass-
Hunter Qualitative Analysis 10.0 software, both developed by
Agilent Technologies.

Initially, a list of potential metabolites was generated for both
DPG and DTG by conducting a literature review on in-vitro meta-
bolism or degradation of the target compounds [15,16,21], using
three open-access in-silico prediction software tools, QSAR
Toolbox, Biotransformer and GloryX [22-24], and self-proposal
considering typical metabolic reactions and the structures of the
precursor compounds. This suspect list contained the molecular
formulae, exact mass and the source from which the metabolite
was proposed. Each suspect metabolite was identified by a po-
tential name using the precursor name abbreviation followed by
their corresponding nominal mass. This information was stored in
a csv-database (Tables S2 and S3).

Chromatograms were processed with the MassHunter Pro-
finder software by applying the algorithm Batch Targeted Feature
Extraction which extracts the m/z of the suspect list of the allowed
adducts of the compounds ([M+H]*, [M+Na]*, [M+K]" and
[M + NH4]" in positive ionization, or [M — H] in negative ioni-
zation) and further aligns the chromatographic peaks and MS/MS
spectra of each sample. Subsequently, MS/MS spectra for the
detected metabolites were extracted using the Find by Auto MS/MS
or Find by Target MS/MS algorithms in MassHunter Qualitative
Analysis Workstation.

The identification of potential in-vitro metabolites in both
software relied on the accurate mass of precursors in MS mode,
along with their corresponding fragmentation pathways. The se-
lection criteria in MS mode included: (1) ensure a maximum mass
error of +5 ppm; (2) verify the absence of identified metabolites in
the negative controls or their presence with a peak area less than
10 % of the peak area in the sample; (3) confirm the presence of the
potential metabolite in at least 2 out of the 3 replicates in one of
the conditions; (4) ensure a minimum score value (mass accuracy,
isotopic pattern) of 70 %. Once the metabolites were identified
with good quality parameters, the findings were compared with
the available literature and their MS/MS spectra were interpreted
to propose the structure. Finally, the potential metabolites were
categorized based on the identification confidence level in accor-
dance with the proposal of Schymanski et al. [25].

2.5.2. Non-target screening

A previously developed non-target screening workflow was
used to this dataset, using MZmine v2.53 for data processing, R
software for statistical analysis and MassHunter Qualitative
Analysis software 10.0 for compound identification [19,26].

First, m/z features were identified, and the chromatograms
were constructed with the module ADAP Chromatogram Builder.
Next, data were simplified through deconvolution (with noise
amplitude algorithm) and deisotoping processes and subsequently,
chromatographic peaks were aligned across samples using the
RANSAC aligner. Finally, missing peaks were found using the
module gap filling and m/z features were analyzed in R software
using a custom script [27]. Volcano plots were constructed
comparing fold changes (FC) obtained between sample groups and
negative controls against p-values from a student t-test (a = 0.05).
Data points with p-value < 0.05 and a log10 FC > 1 were selected
for further characterization in MassHunter Qualitative Analysis
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software, following the identification criteria stablished for sus-
pect screening workflow.

2.6. Quality control

To prevent false positives during the assays, negative controls
were incorporated into both Phases (see Figs. S1 and S2). For Phase
I, three negative controls were prepared without one of the com-
ponents of the reaction mixture: substrate (substrate negative
control, SNC), HLM (HLM negative control, HNC), and NADPH
(cofactor negative control, CNC). Two sets of controls were pre-
pared and incubated for either 1h (SNC-1h, HNC-1h and CNC-1h)
or 3h (SNC-3h, HNC-3h and CNC-3h) to monitor reactions of Sets
A (1 h)and B (3 h) (Fig. S1). For Phase II, two negative controls for
each type of Phase Il conjugation were prepared without one of the
components of the reaction mixture: substrate (SNC) and cofactor
(CNC, UDPGA for GLU and PAPS for SUL) (Fig. S2). The absence of
the identified metabolites was confirmed in these negative
controls.

In addition, positive control was included to validate the proper
course of the Phase I and Phase II reactions (see Figs. S1 and S2).
Positive control was prepared using the same reaction media as
described in section 2.2 but with a substrate of known meta-
bolism. Phenacetin (100 ng pL~! in TRIS buffer) was used as the
Phase I positive control, while 4-NP (1390 ng pL~! in TRIS buffer)
was used as the Phase II positive control. Phenacetin undergoes
Phase | metabolism resulting in two primary metabolites: N-(4-
hydroxyphenyl)-acetamide (P-M1) and N-(4-ethoxyphenyl)-N-
hydroxyacetamide (P-M2) [28,29] (Fig. S3). Similarly, 4-NP un-
dergoes Phase Il metabolism to form 4-NP glucuronide (4NP-G)
and 4-NP sulfate (4NP-S) [30,31] (Fig. S4). All positive control
metabolites were detected verifying the good performance of the
proposed in-vitro assay.

Additionally, instrumental precision was evaluated by exam-
ining the variation in area of the IS (Ib-d4), ensuring that the
standard deviation of the peak area remained below 10 % in all
samples.

2.7. In-silico toxicity assessment

The U.S Environmental Protection Agency Toxicity Estimation
Software Tool (TEST) version 5.1 was used to predict (eco)toxicity
of DPG, DTG and the tentatively identified metabolites according
to quantitative-structure property relationships (QSAR) by the
consensus method as it was carried out by Sieira et al. [21]. The
toxicological endpoints selected were the oral rat 50 % lethal dose
(LDsg, as a proxy of human toxicity), 48 h Daphnia Magna 50 %
lethal concentration (LCsg), 48 h Tetrahymena pyriformis 50 %
growth inhibition concentration (IGCsp) and Ames mutagenic test
model. On the other hand, the Endocrine Disruptome online
platform was used to predict the affinity of target chemicals with
human nuclear receptors [32].

3. Results and discussion
3.1. In-vitro metabolic profile

A reduction in DPG and DTG signal was observed in Phase I (Set
A and B), Phase II with GLU (set D.1) and Phase I + II (set C.1 and
C.2) in-vitro metabolism compared to the negative controls, indi-
cating metabolism of both compounds (Fig. 2). However, no sig-
nificant reduction in signal was observed in only Phase Il with SUL
experiments (set D.2) (Fig. 2). These observations were confirmed
after performing statistical analysis in R, where the Phase I volcano
plots (Figs. S5 and S6) showed multiple features meeting the
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Fig. 2. Trends observed for DPG and their metabolites (a) and DTG and their metabolites (b) in relative response (to IS) during incubation period.

established criteria (p-value <0.05 and a log10 FC > 1), while ac-
cording to Phase II volcano plots (Figs. S7 and S8) only features
from the GLU experiments were statistically significant. Moreover,
an increase in the metabolism rate and number of statistically
significant features were observed with increasing incubation
time of Phase I sets (Fig. 2 and Figs. S5 and S6). During in-vitro
metabolism Phase I GLU, a reduction in signal was observed in the
combined Phase I and II experiments (23 % for DPG and 18 % for
DTG) and in the Phase Il GLU only experiments (27 % for DPG and
23 % for DTG). On the other hand, samples subjected to SUL
denoted a signal reduction in the combined Phase I and II exper-
iments with 23 % for DPG and 6 % for DTG whereas, Phase II SUL
only experiments did not show remarkable DPG biotransformation
(Fig. 2).

All metabolites were identified through the suspect screening
approach outlined in Section 2.5, while the non-target screening
workflow was used to verify previous results, as no new metabo-
lites were discovered using this approach. Tables 1 and 2 display
the formulae, retention times, ESI mode, mass error, score, double-
bond equivalents (DBE) and identification confidence level of the
metabolites [25]. Empirical formulae were proposed with a high
degree of certainty, with score values above 73 % and mass errors
below 5 ppm. The metabolic products were detected consistently
in all replicates under the same conditions and were absent in
control samples. As some of the MS/MS spectra of these metabo-
lites have not been previously reported in the literature, the pro-
posed structures were based on the interpretation of their MS/MS
spectra and from the fragmentation of their precursors (Figs. S9
and S10).

Table 1

3.1.1. Phase I metabolites

Tables 1 and 2 show that four Phase I in-vitro biotransformation
products were identified for both DPG and DTG. Phase I meta-
bolism involves three main reactions: hydroxylation, deamination
and intramolecular cyclization.

3.1.1.1. Mono and di-hydroxylation. DPG-227 and DTG-255 were
detected in both ionization modes as protonated molecular ions
(m/z 2281131 and 256.1441, respectively) and in their deproto-
nated form (m/z 226.0975 and m/z 254.1298, respectively) and
proposed as mono-hydroxylated derivatives, since they contain
one additional oxygen atom with respect to the precursor sub-
stance (Tables 1 and 2). For DPG-227, two peaks were observed at
retention times 5.9 and 6.6 min, which displayed identical frag-
mentation ions in their MS/MS spectra (Figure S11b). Four peaks
were detected for DTG-255 at 6.8, 7.0, 7.4 and 8.4 min. The MS/MS
spectrum for the peak at the shortest retention time was different
from the other three isomers (Fig. 3). Hydroxylated derivatives
have been previously reported as chlorination transformation
products by Sieira et al. [21] and in the DPG in-vitro study of
Clement et al. [15]. The MS/MS spectra (Figures S11b and 3) are
mostly in agreement with those reported in the literature [21]. It is
suggested that hydroxylation may occur on one of the phenolic
rings, most likely in the para-position [15]. Nonetheless, the DTG-
255 isomer at 6.8 min exhibits a different fragmentation pattern
with the most abundant ion fragment resulting from the neutral
loss of water and ammonia (Fig. 3). Hence, it is postulated that
hydroxylation of the guanidine group may have occurred in that
case.

Name, chemical formulae, retention time (RT), ESI mode, theoretical m/z, mass errors (ppm), score, double bond equivalent (DBE) and identification confidence levels for DPG

and their in-vitro metabolites.

Name Chemical formulae RT? (min) ESI mode Exact m/z Error® (ppm) Score® (%) DBE Confidence level
DPG Ci3 Hys N3 7.1 Positive 212.1182 15 87 9 1
Negative 210.1037 1.0 98
DPG-225 Ci3Hi1 N3 O 6.0 Positive 226.0975 0.88 73 10 3
DPG-227 Ci3 His N3 O 5.9,6.6 Positive 228.1137 26 96 9 3
Negative 226.0986 —-4.8 87
DPG-228 Ci3 Hi2 N3 Oy 9.9 Negative 227.0826 4.0 88 9 3
DPG-243 Ci3Hi3 N3 Oy 45,54 Positive 244.1081 25 81 9 3
DPG-387 Cio Ha1 N3 Og 54 Positive 388.1503 -15 82 11 2b
DPG-403 Ci9 Hy1 N3 Oy 5.5 Positive 404.1452 -15 94 9 3

2 Only those metabolites for which a good chromatographic peak shape and corresponding MS/MS spectra were found are shown.

b As arithmetic mean of the value in detected samples.

¢ A minimum score value of 70 % for mass accuracy and isotopic pattern was used for compound identification.
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Table 2
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Name, chemical formulae, retention time (RT), ESI mode, theoretical m/z, mass errors (in ppm), score, double bond equivalent (DBE) and identification confidence levels for

DTG and their in-vitro metabolites.

Name Chemical formulae RT? (min) ESI mode Exact m/z Error® (ppm) Score® (%) DBE Confidence level
DTG Cy5 Hi7 N3 8.5 Positive 240.1495 2.5 94 9 1
Negative 238.135 2.0 91
DTG-253 C15 His N3 O 8.9 Positive 254.1288 ~31 74 10 3
DTG-255 Cis Hi7 N3 O 6.8,7.0,74,84 Positive 256.1444 -1.2 90 9 3
Negative 254.1299 0.17 99
DTG-256 Ci5 Hig N2 Oy 113 Negative 255.1139 -32 92 9 3
DTG-271 Ci5 H17 N3 O3 6.0,7.4 Positive 272.1394 2.2 79 9 3
DTG-415 Cy1 Ha5 N3 Og 7.1 Positive 416.1816 2.1 82 11 2b
DTG-431 Cy1 Ha5 N3 O7 6.6, 7.8 Positive 432.1765 0.51 84 11 3
2 Only those metabolites for which a good chromatographic peak shape and corresponding MS/MS spectra were found are shown.
b As arithmetic mean of the value in detected samples.
¢ A minimum score value of 70 % for mass accuracy and isotopic pattern was used for compound identification.
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Fig. 3. Extracted ion chromatogram and MS/MS spectra with proposed fragmentation pattern for Phase I DTG-255 metabolite isomers.

DPG-243 and DTG-271 were detected as protonated molecular
ions ([M+H]") (m/z 244.1087 and 272.1388, respectively) and
proposed as di-hydroxylated metabolites, given that they contain
two additional oxygen atoms relative to the original diary-
lguanidines. Two isomers of DTG-271 with identical MS/MS
spectra were identified at 6.0 and 7.4 min (Figure S12c). The MS/
MS spectrum (Figure S12c) matches that reported by Sieira et al. as
a chlorination transformation product [21]. Analogously, for DPG-
243, two chromatographic peaks with very similar MS/MS spectra
were also observed with the same m/z (4.5 and 5.4 min), pointing
again to the existence of two isomers (Figure S11d). The frag-
mentation pattern was similar to that of the mono-hydroxylated
products, sharing common hydroxylated fragment ions, such as
m/z 135.0556 (N-(hydroxyphenyl) methanediimine) and 110.0597
(aminophenol), but not presenting the non-hydroxylated fragment
119.0604 corresponding to the protonated phenylcarbodiimide
(Figure S11d). Therefore, it is postulated that hydroxylation of the
two aromatic rings may have occurred.

Consequently, all isomers could be identified as potential Phase

I metabolites, although their precise structures could not be
elucidated, tentative identification level 3 on the Schymanski scale
[21].

3.1.1.2. Deamination followed by oxidation. Both DPG and DTG
produced a metabolite with one less N atom and two more O
atoms than the precursor substance. The deprotonated molecular
ion ([M — H]") was detected for both products, DPG-228 and DTG-
256, with m/z values of 227.0817 and 255.1131, respectively
(Tables 1 and 2). Only one chromatographic peak was detected for
each compound (Figure S11c and S12b). The ESI(—) fragment ions
m/z 108.0442 for DPG-228 and 122.0603 for DTG-256 and the loss
of aniline and toluidine, respectively, also displayed in the mono-
hydroxylated metabolites spectra (DPG-227 and DTG-255), were
observed, owing to structural similarities. This indicates that the
molecules underwent hydroxylation in an aromatic ring. However,
the absence of ammonia loss suggests that these molecules
contain a urea group rather than the guanidine group
(Figures S11b and S12c). Hence, it is suggested that the
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guanidine group undergoes deamination, followed by oxidation to
form urea, and hydroxylation of an aromatic ring.

3.1.1.3. Intramolecular cyclization. Two products, named DPG-225
and DTG-253, with a similar empirical formula as the hydroxyl-
ated metabolites (DPG-227 and DTG-255) but with one additional
DBE and 2 less H atoms (Tables 1 and 2), were detected. Several
chromatographic peaks were observed with the same m/z. How-
ever, only the MS/MS spectra for the peak with the highest
abundance, at 5.9 min for DPG-225 and at 8.9 min for DTG-253
could be obtained (Figures S1la and S12a). Sieira et al. previ-
ously described these products as hydroxylated 7-membered cycle
derivatives with a similar fragmentation pattern [21]. However,
based on the MS/MS spectra acquired, the position of the hydroxyl
group could not be conclusively determined, reaching a tentative
identification confidence level of 3 according to Schymaski et al.
[25].

3.1.2. Phase Il metabolites

The suspect screening approach identified two Phase II in-vitro
glucuronides for each target compound (Tables 1 and 2). The non-
target screening workflow confirmed these metabolites in ESI (+)
mode (Figs. S7 and S8). No Phase II in-vitro sulfate metabolites
were identified, which perfectly matches that no or very few sta-
tistical features were found in the Phase II SUL volcano plots
(Figs. S7 and S8). The products DPG-387 and DTG-415 were
detected, in both only Phase Il (Set D.1) and Phase I + Il (Set C.1), as
protonated molecular ions with m/z values of 388.1497 and
416.1817, respectively. These molecular formulae correspond to
the addition of CgHgOg (a glucuronide group) (Tables 1 and 2). The
most abundant fragment ion, m/z 212.1183 for DPG-387 and
240.1505 for DTG-415, correspond to the protonated DPG/DTG
molecular ion in both cases, indicating the loss of the glucuronide
moiety (CeHgOg) (Figures S13a and S14). Moreover, the fragments
at m/z 270.0966 (DPG-387) and 284.1126 (DTG-415), correspond-
ing to aniline-glucuronide and toluidine-glucuronide respectively,
show that the glucuronide group is attached to a N linked to an
aromatic ring. This characteristic fragmentation pattern allowed
for the tentative identification of the molecules as DPG-N-
glucuronide and DTG-N-glucuronide, tentative identification
level 2b.

DPG-403 and DTG-431 were identified as protonated forms
(IM+H]*, m/z 404.1446 and 432.1767, respectively). They have a
molecular formula that contains one more O atom than the pre-
vious metabolites (DPG-387 and DTG-415) or a glucuronide group
(CgHgOg) more than the hydroxylated metabolites (DPG-227 and
DTG-255). These products were exclusively present in Sample Set
C.1, indicating a GLU reaction from the abovementioned Phase I
monohydroxylated metabolites (Fig. 2).

DPG-403 exhibited several chromatographic peaks similar to
DPG-227 (Figure S13b). However, only the MS/MS spectra for the
peak with the highest abundance (at 5.4 min) could be recorded
due to the low abundance of the other peaks (Figure S13b). DTG-
431 showed two isomers with a differentiated fragmentation
pattern at 6.6 and 7.8 min (Fig. 4), in concordance with the
different spectra also observed for the hydroxylated derivative
(DTG-255). Similar to the N-glucuronide metabolites, DPG-387
and DTG-415, the most intense fragment ions of DPG-403 and
DTG-431 isomer at 6.6 min correspond to the protonated molec-
ular ion [M+H]* of DPG and DTG (Fig. 4 and S13b). However, for
the DTG-431 isomer at 7.8 min, the highest observed fragment ion
was identified as the protonated mono-hydroxylated DTG (m/z
256.1453), indicating the presence of a hydroxy group in the
molecule after the cleavage of the glucuronide moiety (Fig. 4).
Thus, it is postulated that GLU of the DPG-403 and DTG-431 isomer
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at 6.6 min occurs on the hydroxy group, while for the DTG-431
isomer at 7.8 min it could occur on the N-group of guanidine.
However, the exact position of the glucuronide could not be
determined from the MS/MS spectra, so the metabolites were
categorized to a tentative identification confidence level of 3.

3.1.3. Biotransformation pathways

In summary, six potential metabolites were identified for each
DPG and DTG. All the metabolites were analogous for both com-
pounds, although more hydroxylation isomers were detected in
the case of DTG. The response ratio showed that the major
oxidative metabolites were the mono-hydroxylated derivatives,
DPG-227 and DTG-255 (Fig. 2), as observed in similar studies [17],
being the remaining metabolites minor. All Phase I metabolites
displayed an increasing signal ratio during the incubation period
from 1 h to 3 h (Fig. 2). The biotransformation pathways, as pro-
posed from the structure elucidation, are presented in Fig. 5.

Herein, we propose that the initial step of the in-vitro meta-
bolism involves hydroxylation to form DPG-227 and DTG-255.
These compounds may undergo three Phase I reactions resulting
in the production of the observed minor metabolites: (i) deami-
nation followed by oxidation to obtain DPG-228 and DTG-256,
which can also be generated directly from the precursor com-
pound and further hydroxylation; (ii) a second hydroxylation to
obtain DPG-243 and DTG-271; and (iii) intramolecular cyclization
followed by a hydroxylation to obtain DPG-225 and DTG-253. This
cyclization metabolites may have an alternative biotransformation
route from the di-hydroxylated metabolites, by elimination of
water as proposed by Sieira et al. [21] (Fig. 5).

On the other hand, the formation of the N-glucuronide prod-
ucts (DPG-387 and DTG-415) is postulated to occur directly from
the precursor due to the action of UGTs, in accordance with other
in-vitro metabolism studies [17,33]. This is supported by the
detection of the analyte in both sets of samples (C.1 and D.1, Fig. 2).
In contrast, the O-glucuronide products (DPG-403 and DTG-431)
were only detected in samples subjected to Phase I + II reaction
(Set C.1), from the mono-hydroxylated metabolites (Fig. 5).

3.2. In-vivo confirmation and concentration estimates

Urine samples from a non-occupationally adult population
were used to confirm in-vivo transformation of diarylguanidines
into the identified in-vitro metabolites. Both deconjugated and
non-deconjugated urine set of samples were used to estimate
Phase I and Phase Il metabolites, respectively. Although the sam-
ples were initially screened by LC-QTOF-HRMS, no metabolites
could be detected. Therefore, they were again screened by using a
target screening methodology by LC-QqQ-MS/MS (see section 2.4
and Text S1), as this system affords much better sensitivity.
Moreover. DPG and DTG urinary levels were calculated by the
standard addition method.

DPG and DTG were positively detected (in ESI(+)) in all urine
pooled samples, with a tolerance of +30 %, as proposed by
Herndndez et al. [34] between the Qq and any of the qualifiers.
Table S4 compiles the concentrations and MS/MS transition ra-
tios (when available) of the diarylguanidines, and their metabo-
lites detected in the urine samples. In general, the concentration
levels in the deconjugated set of samples were higher DPG (be-
tween 0.040 and 0.119 pg L) than DTG (ranging from 0.024 to
0.063 pg L~ 1) (Table S4). This observation was previously reported
in the study of Zhong-Min et al., with DPG urinary levels twice
than DTG levels in the United States of America population,
although concentration levels reported in that study [35] were
considerably higher to those reported in ours. Thus, urinary levels
are in line with the higher annual production of DPG [1,2] and
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Fig. 4. Extracted ion chromatogram and MS/MS spectra with proposed fragmentation pattern for Phase I DTG-431 metabolite isomers.
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lower oral bioaccesibility of DTG respective to DPG [36]. On the
other hand, an overall upward trend was denoted in the DPG and
DTG concentrations for the deconjugated sets of samples (P1d,
P2d, P3d and P4d), which potentially indicates the presence of
Phase II conjugated metabolites in the urine samples (Table S4).
Three in-vitro identified metabolites of DPG were confirmed in
the urine samples, whereas none of DTG metabolites could be
detected. This fact could be related to the lower levels of exposure
to DTG, as stated before, combined with the unknown metabo-
lization and clearance rates. DPG-227 (i.e. mono-hydroxy DPG)
was confirmed in all urine samples with the SRM transitions being
in the 30 % tolerance margin, in all cases [34]. Fig. 6 shows the

comparison between the different transitions obtained for an in-
vitro metabolism sample and a pooled urine sample. Considering
that there was no commercial standards of DPG-227, its urinary
concentrations were tentatively estimated using DPG response
from the corresponding standard addition curve (Table S4). DPG-
227 tentative concentrations were slightly lower than those of
DPG, between 0.025 and 0.092 pg L~ in the non-deconjugated set
and between 0.049 and 0.101 pgL~' after enzymatic deconjuga-
tion, further supporting that it is the major Phase I metabolite of
DPG, as reported in the in-vitro experiments.

Peaks of the Phase II N-glucuronides DPG-387 and DPG-403
were also detected in the non-deconjugated urine pooled
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Fig. 6. Chromatographic peaks of MS/MS transitions for DPG-227 found in Phase I in-vitro sets (left) and P1d urine set (right).

samples, although only one MS/MS transition was confirmed
(Fig. S15). Nonetheless, as shown in Table S4, the absence of these
metabolites in the deconjugated set of samples and the conse-
quent increase of the corresponding deconjugated metabolites
(DPG and DPG-227, respectively) further support the identity of
these Phase Il metabolites, although at very low levels.

Although statistical tests cannot be stablished, DPG levels
appear to be slightly higher in the first two set of samples (P1 and
P2), corresponding to the male population (Table S4). The study of
Zhong-Min et al. also reported significant different levels between
adult and children population (with higher levels in infants) and,
therefore highlighting the importance of considering factors such
as age and gender when carrying out risk assessment for these
compounds [20].

3.3. Toxicity assessment

As detailed in Section 2.7, five different in-silico (eco)toxico-
logical tests were carried out to predict the toxicity of the diary-
lguanidines and their metabolic products. Tables 3 and 4 compile
the results obtained.

The predicted oral rat LDs toxicities were 499 mg kg ~! and
514 mg kg ! for DPG and DTG, respectively, and therefore, both
substances are classified in the low-toxicity region (Category 4)
according to Ref. [37]. Metabolic products presented even higher
LDsg values ranging from 1811 to 5477 mg kg ~!, denoting low
human toxicological hazard (Tables 3 and 4).

As regards acute aquatic toxicities for both endpoints (Daphnia
magna and T. pyriformis), the two diarylguanidines were predicted
to have LCso and IGCsq values higher than 1 mg L~ . Therefore, they
cannot be classified as ecotoxic. Nonetheless, the QSAR predicted

toxicity of some DPG and DTG Phase I metabolites for Daphnia
magna LCsp. was slightly lower than that of the original diary-
Iguanidines, but in all cases higher than the ECHA acute ecotoxicity
threshold (Tables 3 and 4).

The Ames in-silico test revealed a potential mutagenic risk for
DPG, DTG, as well as for most metabolites (Tables 3 and 4). A
notably high risk was observed for hydroxylated metabolites (with
a threshold above 0.8), whereas diarylurea derivatives (DPG-228
and DTG-256) showed no potential mutagenic risk. These results
suggest that the guanidine group plays a significant role in the
toxicological mechanism. Finally, DTG revealed a high bonding
probability with human nuclear receptors (estrogen and miner-
alcorticoid receptors), a finding also observed in Phase I metabo-
lites of both diarylguanidines showed the high potential to bind
with endocrine or androgenic nuclear receptors (Tables 3 and 4),
highlighting the importance of including metabolites in the hu-
man risk assessment of these chemicals.

4. Concluding remarks

This study presents the first in-vitro human liver metabolism
assay that tentatively identified structural information of six
biotransformation products of each precursor, DPG and DTG, using
HRMS. These products include four Phase I metabolites, and two
Phase Il metabolites formed through processes of hydroxylation,
deamination, intramolecular cyclization, and GLU. The mono-
hydroxylated metabolites were found to be the most prominent
in-vitro metabolites of both DPG and DTG. Furthermore, the
hydroxy-phenylurea products (DPG-228 and DTG-256), as well as
the glucuronidated conjugates (DPG-387, DPG-403, DTG-415, and
DTG-431) were identified for the first time. The in-vivo screening
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Table 3
Predicted toxicity levels for DPG and its identified metabolites.
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Chemical Oral rat LDso mg kg ~'® Daphnia magna LCso (48 h) mg L~ '® T. pyriformis IGCsq (48 h) mg L' Ames mutagenic test

Endocrine Disruptome

Model® platform’
DPG 499 9.12 26.42 0.59 AR (1), PR (I)
DPG- 1 Not available 7.62 Not available 0.76 AR (1), ER (I), MR (I), PR (I)
225¢
DPG- 2140 3.95 25.94 0.81 AR (H)
2274
DPG- 3196 3.59 Not available 0.22 AR (I)
228¢
DPG- 3781 3.96 35.40 0.81 AR (I)
243¢
DPG-387 Not available 24.56 Not available 0.75 -
DPG- | Not available 71.61 Not available 0.73 GR (I)
403¢

3 Amount of chemical (mg kg~! body weight) that causes 50 % of rats to die after oral ingestion.

b Concentration of the test chemical in water (mg L~") that causes 50 % of Daphnia magna to die after 48 h.

¢ Concentration of the test chemical in water (mg L") that causes 50 % growth inhibition to Tetrahymena pyriformis after 48 h.
d

e

Levels were calculated as a geometrical average of all structural isomers.

US EPA thresholds: <0.5 = non-mutagenic; 0.5-0.8 = potential mutagenic; >0.8 = high mutagenic risk.
f High (H), intermediate (I), and low (L) bonding probability of chemical compounds with human nuclear receptors. AR: androgen receptor, PR: progesterone receptor, ER:

estrogen receptor, MR: mineralocorticoid receptor, GR: glucocorticoid receptor.

Table 4
Predicted toxicity levels for DTG and its identified metabolites.

Chemical Oral rat LDso mg kg ~'® Daphnia magna LCs (48 h) mg L~'® T. pyriformis IGCsq (48 h) mg L~' Ames mutagenic test

Endocrine Disruptome

model® platform’
DTG 514 3.13 15.47 0.77 AR (I), ER (H), MR (H)
DTG- Not available 5.14 7.13 0.82 AR (H), ER (H), MR (H), PR (I)
253¢
DTG- 1811 2.68 16.19 0.80 AR (I)
2554
DTG- 5477 1.95 Not available 0.22 AR (H), MR (H), ER (H)
2564
DTG- 1927 2.99 12.22 0.83 AR (I)
2714
DTG-415 Not available 31.03 Not available 0.77 PR (I)
DTG- Not available 449 Not available 0.67 -
4319
2 Amount of chemical (mg kg~! body weight) that causes 50 % of rats to die after oral ingestion.
b Concentration of the test chemical in water (mg L) that causes 50 % of Daphnia magna to die after 48 h.
¢ Concentration of the test chemical in water (mg L™!) that causes 50 % growth inhibition to Tetrahymena pyriformis after 48 h.
d Levels were calculated as a geometrical average of all structural isomers.
e

US EPA thresholds: <0.5 = non-mutagenic; 0.5-0.8 = potential mutagenic; >0.8 = high mutagenic risk.

f High (H), intermediate (I), and low (L) bonding probability of chemical compounds with human nuclear receptors. AR: androgen receptor, PR: progesterone receptor, ER:

estrogen receptor, MR: mineralocorticoid receptor.

has confirmed the presence of both precursors in human urine
samples, with higher urinary levels for DPG. Moreover, three in-
vitro DPG metabolites (DPG-227, DPG-387 and DPG-403) could be
tentatively detected in the biological samples, being DPG-227
confirmed as the major Phase I metabolite of DPG. However,
these metabolites and even the original DPG and DTG seem to be
present at very low levels. In silico (eco)toxicological predictions
point to the need to take metabolites into account in order to es-
timate the effects of human exposure to these compounds. Yet,
further samples from different locations and those related to
occupational exposure need to be analyzed to better understand
human exposure to these rubber additives. To this end, standards
of the major metabolites, and particularly the mono-hydroxylated
metabolites need to be produced.
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