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ABSTRACT
Propylene glycol ethers (PGEs) are organic solvents commonly found as technical grade on the commercial market, as mixtures 
of secondary (α-isomer) and primary (β-isomer, generally < 5%) alcohols. After handling products containing PGEs, they readily 
enter the human body where they are metabolized. The minor β-isomer is oxidized by alcohol dehydrogenase (ADH) followed 
by aldehyde dehydrogenase (ALDH) to a potentially harmful metabolite. Although the enzymatic rate is needed to estimate both 
parent and metabolite internal exposures, kinetic data for many PGEs are still scarce. Therefore, we generated in vitro hepatic 
intrinsic clearance data for propylene glycol methyl ether β-isomer (β-PGME) and its metabolite methoxy propionic acid (2-MPA) 
and integrated these data into an in silico toxicokinetic (TK) model. Hepatic clearance values for the model were generated using 
an established in vitro 3D culture of the human HepaRG cell line and human S9 liver fraction. Our results showed the presence 
of ADH and ALDH and consequently, the formation of 2-MPA in the 3D HepaRG and S9 fraction, which was slow to medium. 
We integrated the hepatic clearance values into the TK model to predict urinary 2-MPA concentrations. The simulated urinary 
2-MPA concentrations fitted well (within twofold error from observed experimental data) for both liver systems, showing that 
they were both able to reliably predict the hepatic clearance of β-PGME. Although S9 is suitable for short-term studies, 3D cell 
culture models maintain metabolic competence over days and weeks. This opens the opportunity for long-term metabolism stud-
ies applying the 3D HepaRG model alone or in multi-organ systems.

1   |   Introduction

The general population, especially workers, are exposed to a 
wide range of propylene glycol ethers (PGEs) over a lifetime 
using cleaning products, surface coatings, and other products 

[1]. PGEs are the less toxic replacement solvents for ethylene 
glycol ethers (EGEs) regarding hemolysis, teratogenicity, devel-
opmental and reproductive toxicity. Still, occupational exposure 
to solvents has been associated with numerous neurological dis-
orders [2] and the evaluation of neurotoxicity is conspicuously 
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absent for PGEs [3–7]. Recently, Hopf et al. defined a novel strat-
egy to assess the neurotoxicity of several PGEs by combining 
in vitro and in silico methods with human-controlled exposure 
studies [8].

Commercial PGEs are commonly sold as technical grade mix-
tures of secondary (α-isomer) and primary (β-isomer, generally 
< 5%) alcohols. Similar to some banned EGEs, the primary al-
cohol group of PGEs can be enzymatically oxidized by alcohol 
dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) to 
alkoxy propionic acid metabolites [9–13]. Several studies have 
proposed that ADH class I (ADH1A/B/C) plays a major role in 
the metabolism of solvents [10, 11, 14] and the involvement of 
ALDH2 is well documented [15, 16].

Although alkoxy acetic acid metabolites are reported to be re-
sponsible for the adverse effects observed for EGEs, the metab-
olites and their effects have yet to be assessed for PGEs. Indeed, 
the metabolism of the widely produced PGEs is poorly described 
and only a few animal and human studies exist. Based on re-
ported in vivo studies in rats and mice, it is assumed that most 
propylene glycol methyl ether β-isomer (β-PGME) is excreted 
as methoxy propionic acid (2-MPA) in urine, a minor fraction 
exhaled as carbon dioxide (CO2), and marginally eliminated 
unchanged or as glucuronide and sulfate conjugate in the urine 
[13, 17–19] (Figure  1). Concordantly, urinary 2-MPA concen-
trations were observed in volunteers exposed to mixtures of α-
PGME (> 99.5%) and β-PGME (< 0.5%) in controlled exposure 
studies [20]. However, in  vitro metabolism studies, which are 
faster and safer alternatives to animal or human studies, have 
not yet been reported for β-PGME. Yet, knowing the metabolic 
clearance is important for estimating parent and metabolite in-
ternal exposures and predicting toxic effects produced in the 
body [21].

Several liver models can be considered when studying the 
in vitro metabolism of compounds, whereby ease-of-use systems 
like microsomes and cell fractions (S9), primary human hepato-
cyte suspensions, and 2D cultures are commonly employed for 
metabolic stability assays. However, their use is limited because 
of the short enzyme functionality [22]. More complex systems, 
such as 3D liver cultures, offer a higher degree of in vivo-like 
conditions as they retain their hepatic functionality and enzyme 
performance over multiple weeks. Thus, they can be used to 
determine the clearance of low turn-over compounds [23–25]. 
Furthermore, the toxicity of compounds and their metabolites 
can be directly studied in the model or after its integration 
within in vitro multi-organ systems [22]. Among liver in vitro 
models, primary human hepatocytes are considered the gold 
standard for studying in vitro metabolism, but comparable en-
zyme functionality has been reported in the HepaRG cell line 
[26–28]. In this cell line, the expression of ADH and ALDH has 
been presented on the gene- and protein level, whereas the me-
tabolism of substrates has not yet been described [29–31].

In this work, our goal was to generate novel in vitro hepatic ki-
netic data (clearance) for the formation of 2-MPA from β-PGME, 
which were integrated into an in silico model for estimating in-
ternal human metabolite exposure, contributing to the approach 
of Hopf et al. [8]. β-PGME was the solvent chosen for the study 
because a calibrated toxicokinetic model for α-PGME exists from 
Reale et al. [32] which can be adapted to β-PGME metabolism. 
We hypothesized that an established 3D HepaRG model could 
serve as a tool to determine hepatic kinetic parameters as an al-
ternative to commonly used human liver S9 fractions. Applying 
the hepatic clearance values derived from both systems (3D 
HepaRG and S9 fraction), we simulated in vivo urinary 2-MPA 
concentrations and compared the predictions to previously re-
ported human data [20]. This allowed the predictive potential of 
both liver systems to be assessed.

2   |   Materials and Methods

2.1   |   Chemicals and S9 Fractions

2-Methoxyethanol (EGME, > 99.8%), GA11 (SML2028), fomepizole 
(222569), 1-Methoxy-propan-2-ol (commercial PGME, > 99.5%), 
2-Methoxyacetic acid (2-MAA, 97%), and 2-Methoxypropionic 
acid (2-MPA, 98%) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). 2-Methoxy-propan-1-ol (β-PGME, 98%) was manufac-
tured by AA Blocks (San Diego, CA, USA). Glycol ethers and their 
metabolites are listed in Table  1. Ultrapure water was obtained 
from a Millipore Milli-Q Plus purification system (Beford, MA, 
USA). Phosphate buffer was prepared in-house, adjusted to pH 7.4, 
and stored at 4°C. All other chemicals and reagents were of analyt-
ical grade and purchased from commercial sources. Pooled adult 
mixed-gender human liver subcellular fraction (S9) was purchased 
from ThermoFisherScientific (Reinach, Switzerland; HMS9PL) 
and stored at −80°C after aliquoting.

2.2   |   Cell Culture

The HepaRG cell line was obtained from Biopredic International 
(Saint Grégoire, France; HPR101) and cultured for 4 weeks 

FIGURE 1    |    Metabolic pathway proposed for β-isomer propylene 
glycol ether. The primary alcohol group of β-isomer propylene glycol 
ether is majorly metabolized via the alcohol dehydrogenase and 
aldehyde dehydrogenase to an alkoxy propionic acid metabolite. 
Minor pathways are proposed to be the metabolism to propylene glycol 
via CYP450 enzymes, followed by the exhalation of CO2, and the 
formation of glucuronide and sulfate conjugates by uridine diphosphate 
glycosyltransferases (UGTs) and sulfotransferases (SULTs); R1 = alkyl 
chain. Illustration created with BioRe​nder.​com. Data based on literature 
[13, 17, 18].
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in basal medium with growth supplements (Biopredic 
International; ADD710). Cell passage was performed using 
Trypsin–EDTA (Sigma, Taufkirchen, Germany; 59417C-100ML), 
and cells at passages below 20 were used. Cell differentiation 
over 2 weeks was induced using medium containing a 50:50 
mixture of growth and differentiation supplements (Biopredic 
International; ADD720) for 4 days, following the use of medium 
containing solely differentiation supplements for additional 
10 days. For cell aggregation, we used William's E Medium + 
GlutaMAX (ThermoFisherScientific; 32551087), 1 × ITS (Sigma; 
11074547001), 100 nM dexamethasone (Sigma; D1756), 1% pen-
icillin and streptomycin (P/S; Sigma; P4333-100ML), and 20% 
fetal bovine serum (FBS; ThermoFisherScientific; 10270-106). 
Exchange to serum-free supplemented William's E Medium at 
Day 5 after aggregation was done for all treatment conditions.

Cryopreserved primary human hepatocytes (pHH) were ob-
tained from Lonza (Basel, Switzerland; HUCPI). Detailed 
donor information of the two hepatocyte lots is summarized 
in Table  S1. Cells were carefully thawed and resuspended in 
a thawing medium (Lonza; MCHT50), before being seeded in 
fresh plating medium (Lonza; MP100/MP250) or aggregation 
medium for either plated use or 3D culturing, respectively. Plates 
utilized for 2D cell culture were coated 1 h before seeding with 
rat tail collagen type I (1.3 μg/cm2, Sigma; 08115) and the me-
dium daily exchanged with maintenance medium (Lonza; CC-
3198). Similar cell aggregation (3D pHH) and treatment media 
were used as described for the HepaRG before. All cells were 
cultured at 37°C with 5% CO2 in a humified incubator.

2.3   |   Cell Viability Assay

For 2D cultures, HepaRG cells were seeded 7 days prior exposure at 
2.25 × 105 cells/cm2 in a 96-well plate (Corning, NY, USA; 353072). 
For 3D cultures, HepaRG cells were seeded 7 days prior exposure 
at 3000 cells per well to form 3D-spheroids in Nunclon Sphera 
96-well U-shaped-bottom microplates (ThermoFisherScientific; 
174925). The acidic pH condition resulting from metabolites in the 
highest treatment condition (Figure S1) was neutralized to pH 7.4 
(measured with an electrode) using 1 N NaOH and sterilized by fil-
tration before further diluted. For the 3D cultures, half of the me-
dium was removed, and twofold concentrated compound solution 
was added. To prevent solvent evaporation, we sealed all cell plates 
with an adhesive gas permeable seal (ThermoFisherScientific; 
AB0718). Cell viability was measured for β-PGME and 2-MPA, 
and for commercial PGME, ethanol, EGME, and 2-MAA as com-
parators using concentration ranges of 10–1000 mM for the glycol 
ethers, 1–600 mM for ethanol, and 1–25 mM for the metabolites. 
We assessed cell viability by measuring ATP content using the 
CellTiter-Glo Luminescent Cell Viability Assay (Promega, USA; 
G7570) at 48 h and 7 days after exposure, following the manufac-
turer's instructions. Luminescence was measured on a Flexstation 
3 microplate reader (Molecular Devices) at 1000 ms. Following 
this, the EC50 was calculated using GraphPad Prism.

2.4   |   CYP Metabolism Study

HepaRG cells were seeded 7 days prior treatment in a micro-mold 
system generating 35 × 3D-spheroids (Sigma; Z764051-6EA) in a T
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24-well plate (Huberlab, Aesch, Switzerland; 7.662102) at 3000 
cells per spheroid. Cytochrome P450 (CYP) functional activity, 
as a phenotypical characteristic of hepatocytes, was assessed 
using non-toxic concentrations of the corresponding CYP sub-
strates 50 μM testosterone (CYP3A; Sigma; 86 500) [33] and 
100 μM diclofenac (CYP2C9; Combi-Blocks, San Diego, CA, 
USA; OR-0229). CYPs were induced using a reported concen-
tration of 20 μM rifampicin (Sigma; R3501) [33, 34] at Day 5 and 
Day 6 of aggregation phase (48 and 24 h before substrate expo-
sure). Supernatant was collected at defined timepoints (10 min, 
6 h, 24 h, and 48 h) and stored at –80°C for further analysis by 
HPLC-MS/MS.

2.5   |   Albumin ELISA Assay

Quantification of the albumin concentration in supernatant of 
3D HepaRG unexposed or exposed to a reported toxic concen-
tration of 16 mM acetaminophen (APAP; Sigma; A5000) [35] for 
over 48 h, was determined using the Human Albumin ELISA 
Kit (Bethyl laboratories, USA; E80-129) according to the manu-
facturer's instructions.

2.6   |   Gene Expression Analysis

HepaRG cells and pHH were seeded at 2.25 × 105 cells/cm2 in 
a 96-well plate for 7 days. The total RNA was isolated with the 
Qiazol Lysis Reagent (Qiagen, Basel, Switzerland; LT-02241) and 
mRNA was isolated following the standard TRIzol extraction 
procedure with glycogen (ThermoFisherScientific; 79306). 
Reverse transcription was performed using the M-MLV Reverse 
transcriptase (Promega, Dübendorf, Switzerland; M1705) and 
oligo dT (Qiagen; 79237). Real-time PCR was conducted with 
specific TaqMan probes for selected genes (see Table  2) and 
FastStart TaqMan Probe Master (Sigma; 4673417001). The q-
RT-PCR program was following: 10 min denaturation at 95°C, 
followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. The 
Ct values were produced using the LightCycler 480II Systems 
(Roche Diagnostics, Rotkreuz, Switzerland) and processed 
on GraphPad Prism using Beta-2-Microglobulin (B2M) as the 

internal standard for normalization. Relative gene expression 
was calculated as ∆Ct = Ct of the Gene of Interest—Ct B2M.

2.7   |   Immunohistochemistry

3D HepaRG were fixed with 4% PFA (Polysciences, Warrington, 
PA; USA; 18814-10) for 1 h and washed in 1× PBS (Sigma; 
11666789001) + Mg2+ + Ca2+. We permeabilized with 0.5% Triton 
X-100 in 1× PBS (ROTH, Arlesheim, Switzerland; 3051.3) for 4 h, 
washed 3 × 5 min, and blocked with 3% BSA (Sigma; A2153), 
0.1% Triton X-100 in 1× PBS overnight at 4°C. After washing 
again (3 × 5 min), the primary antibody was incubated overnight 
(4°C), washed (3 × 1 h), and followed by the incubation of the sec-
ondary antibody overnight (4°C). Washed 3D HepaRG (2 × 1 h) 
were counterstained with DAPI (ThermoFisherScientific; 
62248, 1:1000) (1 h, RT) prior to imaging.

Antibodies and the applied dilutions in 1% BSA, and 0.1% Triton 
X-100 are listed in Table  3. The images were taken with the 
Olympus Fluoview FV3000 Confocal Microscope.

2.8   |   Western Blot

Samples of S9 and HepaRG cell lysate were run on a 10% SDS-
Page and transferred to a PVDF membrane (Sigma; GE1060004) 
using the Pierce Powerplot cassette and power station 
(ThermoFisherScientific). Protein concentration was measured 
according to the standard Bradford assay protocol using ROTI 
Nanoquant (ROTH; K880.1). Membranes were blocked for 1.5 h 
with 4% milk in TBS-T (0.1% Tween-20) and incubated overnight 
with the primary antibody at 4°C. We washed the membranes 
with TBS-T and applied the secondary antibody for 1 h at RT. 
All antibodies were diluted in 3% milk in TBS-T and are listed in 
Table 4. Imaging was performed using the OdysseyCLx imaging 
system (LI-COR Biosciences, Bad Homburg, Germany).

The relative signal mean intensity was calculated using ImageJ 
by measuring the area of ADH1A/B/C and ALDH2 bands and 
normalization to the area of GAPDH.

2.9   |   S9 Fraction Incubation for the Assessment 
of Michaelis–Menten Kinetics

The incubation mixture (final volume 200 μL) contained S9 
(2 mg/mL), 100 mM potassium phosphate buffer (pH 7.4), 
3 mM MgCl2, 1 mM NAD+ (Sigma; NAD100-RO), 1 mM 
NADPH (Sigma; NADPH-RO), and the respective substrate 
concentrations (0.1, 0.5, 0.7, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 
6, 7, and 8 mM). After 5 min of preincubation, the reaction 
was initiated with the addition of NAD+ and NADPH, and 
the incubations were conducted (45 min, 300 rpm, 37°C) on a 
Thermomixer (Eppendorf, Hamburg, Germany). Incubations 
without NAD+ and NADPH were included as a control. 
Reactions were stopped by the addition of 400 μL ice-cold 
acetonitrile (ACN; Sigma; 439134). After, the samples were 
vortexed and centrifuged (15 min, 2500 × g, 4°C) and the su-
pernatant stored at −80°C for further analysis. The reaction 
rates were linear with respect to time of incubation and the 

TABLE 2    |    Taqman probes of selected genes obtained from 
ThermoFisherScientific.

Gene of Interest Ref. Nr.

Cytochromes P450 3A4 (CYP3A4) Hs00604506_m1

Cytochromes P450 2B6 (CYP2B6) Hs04183483_g1

Cytochromes P450 2E1 (CYP2E1) Hs00559368_m1

Alcohol dehydrogenase isoform 1A 
(ADH1A)

Hs00605167_g1

Alcohol dehydrogenase isoform 1B 
(ADH1B)

Hs00605175_m1

Alcohol dehydrogenase isoform 1C 
(ADH1C)

Hs02383872_s1

Aldehyde dehydrogenase 2 (ALDH2) Hs01007998_m1

Beta-2-Microglobulin (B2M) Hs00187842_m1
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protein concentration (Figure S2). Michaelis–Menten kinetic 
parameters (Vmax and Km) were obtained by nonlinear regres-
sion using GraphPad Prism applying the Michaelis–Menten 
equation. Finally, the in vitro intrinsic clearance (CLint) was 
calculated according to the equations described below. For the 
inhibition studies, only NAD+ was used as co-factor and final 
concentrations of 50 μM fomepizole [36] and 10 μM GA11 [37] 
were applied. We selected a β-PGME concentration (5 mM) 
below expected ADH enzyme saturation, as fomepizole is also 
described to inhibit CYP2E1 at ADH saturation [38].

2.10   |   S9 Fraction Incubation for the Evaluation 
of Solvent Loss and Metabolite Formation

The incubation mixture (final volume 400 μL) contained S9 
(2 mg/mL), 100 mM potassium phosphate buffer (pH 7.4), 
3 mM MgCl2, 1 mM NAD+, 1 mM NADPH, and the respec-
tive substrate concentration (700 μM β-PGME). The applied 
substrate concentration was eightfold below the determined 
Km value. After 5 min of preincubation, the reaction was ini-
tiated with the addition of NAD+ and NADPH, and the incu-
bations conducted (45 min, 300 rpm, 37°C) on a Thermomixer 
(Eppendorf). Incubations without NAD+ and NADPH were 
included as a control. At defined timepoints (1, 12, 23, 34, 
and 45 min), the reactions were stopped by the addition of 
80 μL ice-cold ACN to 40 μL collected sample. The samples 

were vortexed, centrifuged (15 min, 2500 × g, 4°C) and stored 
at −80°C for further analysis. The reaction rates were linear 
with respect to time of incubation and the protein concentra-
tion (Figure S2). The in vitro CLint was calculated according to 
the equations described below.

2.11   |   Assessment of Metabolite Formation in 
the 3D Liver Models

3D HepaRG and 3D pHH were seeded 7 days before treatment 
into the 96-well ultra-low attachment Elplasia plate (Corning; 
4442) with 219 000 cells per well to form 79 × 3D-spheroids in 
micro-arrays (2772 cells/spheroid) per incubation, following 
centrifugation (2 min, 300 × g). For treatment, 100 μL medium 
from the well was removed and 50 μL of threefold concen-
trated β-PGME solution was added to the remaining 100 μL 
in the well for the final solvent concentration (5 mM). As the 
experimental set-up required a high nominal concentration 
of β-PGME to meet the limit of quantification for the formed 
metabolite 2-MPA, the applied substrate concentration was 
higher than for the S9 incubations. Still, the concentration 
was slightly below the previously determined Km value. At de-
fined time-points within the first hour (1′, 15′, 30′, 45′, only 
for HepaRG), and at 1 h, 6 h, and 24 h (HepaRG and pHH), the 
supernatant was collected, and the samples quenched with 
ice-cold ACN. The samples were stored at −80°C for further 

TABLE 3    |    Antibodies used for immunohistochemistry.

Protein of interest Primary antibody Secondary antibody

Albumin Rabbit monoclonal antibody
(Abcam, Cambridge, United 
Kingdom; ab207327)/1:700

Goat anti-rabbit Alexafluor 488
(ThermoFisherScientific; A-11070)/1:1000

Cytochromes P450 3A4
(CYP3A4)

Rabbit polyclonal antibody
(Sigma; AB1254)/1:2000

Goat anti-rabbit Alexafluor 488
(ThermoFisherScientific; A-11070)/1:1000

Alcohol dehydrogenase 1
(ADH1A/B/C)

Goat polyclonal antibody
(ThermoFisherScientific; 

PAB6725)/1:250

Rabbit anti-goat Alexafluor 488
(ThermoFisherScientific; A-11078)/1:1000

Aldehyde dehydrogenase 2
(ALDH2)

Mouse monoclonal antibody
(ThermoFisherScientific; 

MA5-17029)/1:250

Rabbit anti-mouse Alexafluor 546
(ThermoFisherScientific; A-11060)/1:1000

TABLE 4    |    Antibodies used for Western blot.

Protein of interest Primary antibody Secondary antibody

Alcohol 
dehydrogenase 1
(ADH1A/B/C)

Goat polyclonal antibody
(ThermoFisherScientific; PAB6725)/1:1000

Donkey anti-goat IRDye 800CW
(LI-COR Biosciences; 925–32 214)/1:20000

Aldehyde 
dehydrogenase 2
(ALDH2)

Mouse monoclonal antibody
(ThermoFisherScientific; MA5 17 029)/1:2000

Donkey anti-mouse IRDye 800CW
(LI-COR Biosciences; 926–32 212)/1:20000

Glyceraldehyde-
3-Phosphate 
Dehydrogenase
(GAPDH)

Rabbit polyclonal antibody
(ThermoFisherScientific; PA1-987)/1:1000

Donkey anti-rabbit IRDye 680CW
(LI-COR Biosciences; 926–68 073)/1:20000
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analysis. All incubations were performed at 37°C, 5% CO2 
in a humidified incubator and the plates covered with a gas 
permeable seal. Before analysis, samples were centrifuged 
(20 min, 2500 × g, 4°C). The in vitro CLint was calculated ac-
cording to the equations described below. For comparison of 
metabolite production within the 3D HepaRG and 3D pHHs, 
the amount of metabolite (pmol) was normalized for each bi-
ological repeat to the protein amount present per incubation 
(μg) (Table S5). Determination of the protein content per in-
cubation was performed using the Pierce BCA Protein assay 
kit (ThermoFisherScientific; 23225) according to the manu-
facturer's instructions.

2.12   |   Chemical Analytical Methods

(1) 2-MPA concentrations were quantified with a high-
performance liquid chromatography (HPLC) with quadrupole 
mass spectrometer detection (MS/MS). The samples were injected 
into the HPLC (1200 Series Gradient HPLC system, Agilent, 
Santa Clara, CA, USA) equipped with a C18 column (InfinityLab 
Poroshell 120 CS-C18 column (2.1 × 50 mm, 2.7 μm), Agilent; 
699775942) connected to the MS/MS in electrospray ionization 
(ESI) mode (Triple Quadrupole 6475 mass spectrometer, Agilent) 
with a data acquisition software (MassHunter Quantitative 
Analysis 10.1, Agilent). (2) β-PGME concentrations were quan-
tified with gas chromatography (GC) with MS detection. The 
samples were injected into a GC (Agilent; 6890N) equipped 
with a capillary column (Rxi-624Sil, 60 m, 0.25 mm ID, 1.4 μm, 
Restek, Bad Soden, Germany) coupled to the MS (5973 Network 
mass selective detector, Agilent) with a data acquisition software 
(Agilent MassHunter Quantitative Analysis 10.0). (3) Diclofenac, 
4-OH-diclofenac, 6β-OH-testosterone, and testosterone were 
quantified with a HPLC with MS/MS detection. The samples 
were injected into the HPLC (Agilent 1260 Infinity II Prime LC 
system, Agilent) equipped with a C8 column (ZORBAX SB-C8 
column (4.6 × 50 mm, 1.8 μm), Agilent; 822975906) connected 
to the MS/MS in ESI mode (Triple Quadrupole 6475, Agilent) 
with a data acquisition software (MassHunter LCMS Acquisition 
Console and MassHunter Quantitative Analysis 10.1, Agilent). 
Additional information on the chemical analytical methods is 
provided in the Supporting Information.

2.13   |   Calculation of the In Vitro Clearance 
and Processing to Hepatic Organ Clearance

The in vitro CLint for the solvent loss and the metabolite forma-
tion was determined according to Equation (1) for the S9 incuba-
tions and Equation (2) for the cell incubations [39]:

where the elimination constant (−k) and the formation constant 
(k) were derived from the slope of the linear regression from the 

ln-transformed % of solvent remaining versus the incubation 
time and the ln-transformed metabolite concentration versus 
the incubation time, respectively.

The in  vitro CLint for the S9 incubations was calculated as 
following:

where Vmax is the maximum velocity and Km the Michaelis–
Menten constant, both predicted from GraphPad Prism.

The in vivo hepatic intrinsic clearance (CLint, in vivo) was calcu-
lated using physiological scaling factors for hepatocellularity 
[40, 41], for the protein [42], and liver weight [43] according to 
Equations (4 and 5):

The hepatic organ clearance (CLh) was predicted using the well-
stirred liver model according to Equation (6) [44]:

where QH is the hepatic blood flow (20.7 mL/min/kg) [45]. 
Incubational binding for the test system ( fu,inc) was predicted 
using the IQVIVE platform (qiviv​etools.​wur.​nl), taking into 
account the physicochemical properties of the compounds. 
For the S9 incubations, the S9 protein concentration (2 mg/
mL) was considered and the Hallifax and Houston method 
applied [46]. For the 3D HepaRG experiments, the cell concen-
tration (1.46 × 106 cells/mL) was considered and the Kilford 
method applied [47]. A measured plasma binding value ( fu,b) 
for PGME was used [32].

2.14   |   β-PGME Toxicokinetic Model Development 
and Calibration

The compartmental toxicokinetic (TK) model developed for α-
PGME from Reale et  al. [32], included the excretion of parent 
compound and the metabolism of α-PGME to propylene glycol 
(PG) and conjugation products. This TK model was adapted 
for the present study to incorporate metabolism of β-PGME to 
2-MPA, with equal physiological parameters used for both iso-
mers. Due to the low excretion of conjugated β-PGME (3%) and 
the minimal amounts (below the limit of quantification) of the 
parent compound (β-PGME) [48], these metabolic routes were 

(1)CLint,in vitro
[

�L∕min∕mg
]

=
± k

[

1∕min
]

× volume [�L]

S9 protein
[

mg
]

(2)

CLint,in vitro
[

�L∕min∕Million cells
]

=
± k

[

1∕min
]

× volume [�L]

cell number [Million cells]

(3)CLint,in vitro
[

�L∕min∕mg
]

=
Vmax

[

nmol∕min∕mg
]

Km[�M]

(4)
CLint,in vivo

[

mL∕min∕kg
]

=CLint,in vitro×121
mg S9 protein

g liver

×25.7
g liver

kg bodyweight

(5)
CLint,in vivo

[

mL∕min∕kg
]

=CLint,in vitro×117.5
106 cells

g liver

×25.7
g liver

kg bodyweight

(6)

CLh
[

mL∕min∕kg
]

=

QH

[

mL∕min∕kg
]

× CLint,in vivo
[

�L∕min∕kg
]

×
fu,b

fu,inc

QH

[

mL∕min∕kg
]

+ CLint,in vivo
[

�L∕min∕kg
]

×
fu,b

fu,inc
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excluded and only the formation of PG and the main metabolite 
2-MPA were included. Table 5 summarizes the 2-MPA specific 
parameters derived from literature and computer tools, and the 
generated in vitro predicted hepatic organ clearance (CLh). The 
CLh value obtained from solvent loss measurement was used 
under the assumption that the clearance of β-PGME loss was 
expected to be equal to the clearance of 2-MPA formation, with 
2-MPA being the main metabolite. The kinetic constant for the 
metabolism of β-PGME to PG was not available from literature, 
therefore, we used a literature kinetic constant of EGME to eth-
ylene glycol (EG). As β-PGME is structurally and chemically 
similar to EGME, we assumed that their metabolism to PG and 
EG, respectively, were comparable.

The adapted TK model included a central compartment rep-
resenting the body fluids, a brain compartment to compute β-
PGME brain concentrations, and a blood–brain barrier to assess 
the β-PGME rate for entering the brain (Figure 2). We assumed 
that β-PGME is mainly metabolized in the liver (disregarding 
other tissues that may metabolize β-PGME) and that the iso-
mer distributions are equal in the central compartment; 2-MPA 
distributes in the same central compartment as the parent com-
pound; and lastly, the central and brain TK compartment diffu-
sions for β-PGME and 2-MPA are the same as for the α-isomer. 
Finally, the model was run with a fraction of 0.3% β-PGME 
in Berkeley Madonna software (version 8.3.18, University of 
California, USA) based on reported literature data [20].

2.15   |   TK Model Evaluation

We used published data  [20] from a human study (exposure 
to 99.7% α-PGME, 0.3% β-PGME) to evaluate the developed 
β-isomer TK model. Key information on the pharmacokinetic 
dataset used for model evaluation is summarized in Table 6. We 
could not validate the TK model due to the lack of experimental 
data; however, we used three criteria to evaluate the TK model: 
(1) Model performance according to the WHO criteria stating 
that a model is acceptable if its predicted values match with the 
experimental kinetic profiles within a twofold difference [56]; 
(2) goodness-of-fit assessed with linear regressions with an ac-
ceptable fit defined as a coefficient of determination (R2) equal 
or higher than 0.75 [57]; and (3) mean absolute percentage error 
(MAPE) was acceptable if MAPE < 50%, good if MAPE < 20%, 
and > 10%, and excellent if MAPE < 10% [58]. Microsoft Excel 
2016 was used to calculate linear regression and MAPE.

2.16   |   Sensitivity Analysis and Uncertainty 
Analysis

A sensitivity analysis was performed to identify model parame-
ters (p) that had the greatest influence on the model output, for 
example the 48 h area under the curves (AUC) of 2-MPA in urine 
and blood. MS Excel 2016 was used to perform sensitivity anal-
ysis. Normalized sensitivity coefficients (NSC) of the TK model 

TABLE 5    |    Parameters used in the β-PGME toxicokinetic model, in addition to the ones already reported in Reale et al. [32].

Parameters Symbol Units Values References

2-MPA-specific parameters

Molecular weight MWMPA [g/mol] 104.105 Comptox Chemicals 
Dashboard (CCD)a

Blood-air partition coefficient PbaMPA — 200 357 Kramer et al. [49]

Central-air partition coefficient PcaMPA — 243 185 Tibaldi et al. [50]

Brain–blood partition coefficient PBRMPA — 0.71 Rodgers & Rowland [51]

Unbound fraction in plasma Fu,pMPA — 0.46 Sipes et al. [52]

Blood-to-plasma ratio RbMPA — 0.98 ADMET predictor Software

Urinary excretion rate of 2-MPA KMPA [1/h] 0.09 Devanthéry et al. [20]

Unbound fraction in brain Fu,BMPA — 0.53 Watanabe et al. [53]

Permeability coefficient (BBB) PeMPA [cm/min] 0.006 Kerns et al. [54]

Kinetic constant EGME → EG (ethylene glycol) CLmetPG [L/h/Kg] 0.3 Gargas et al. [55]

In vitro predicted hepatic organ clearance (CLh)

S9, metabolite formation, calculated 
(Vmax/Km)

CLmetMPA [L/h/Kg] 0.0216 Predictedb

S9, solvent loss, measured CLmetMPA [L/h/Kg] 0.3000 Predictedb

S9, metabolite formation, measured CLmetMPA [L/h/Kg] 0.9840 Predictedb

3D HepaRG, metabolite formation, 
measured

CLmetMPA [L/h/Kg] 0.5442 Predictedb

aCompTox Chemicals Dashboard (epa.gov).
bPredicted values based on the measured in vitro CLint applying in vitro-in vivo extrapolation as described in the methods section.
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output to any selected parameter of the model were calculated 
as follows:

where Δoutput and Δp are the differences between output and 
p values, respectively, before and after increasing p by 1%. 
Parameters were categorized depending on the influence they 
had on the output parameters following these criteria: low im-
pact if |NSC| < 0.2, medium impact if 0.2 ≤ |NSC| < 0.5, high im-
pact if |NSC| ≥ 0.5 [56]. The uncertainty of parameters with high 
impact on model output (|NSC| ≥ 0.5) was qualitatively assessed 
depending on the parameter source following these criteria [58, 
59]: low uncertainty, if a parameter value was obtained from 
human data parameters or verified through successful use in 
physiologically based pharmacokinetic models; medium uncer-
tainty, if a parameter value was obtained from a different species 
with a high probability that scaling holds across species; high 
uncertainty, if a value was not available for a parameter and as-
sumptions had to be made.

2.17   |   Statistical Analysis

Data representation and statistical analysis were performed 
using Microsoft Excel (Microsoft, Redmond, WA) and 
GraphPad Prism (GraphPad Software, San Diego, CA, USA; 
Version 10.0.2). Data are expressed as mean values ± SD. For 
the statistical analysis of two groups, we used the Student's 
t-test. One-way ANOVA was used for statistical analysis of 
multiple concentrations of the same treatment. For multiple 
concentrations and different treatments, we used two-way 
ANOVA. p < 0.05 was considered as significant (*p ≤ 0.05; 
**p ≤ 0.01; ***p ≤ 0.001, ****p ≤ 0.0001).

2.18   |   Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http://​www.​guide​topha​rmaco​logy.​org, the common 
portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY 
[60–62], and are permanently archived in the Concise Guide to 
PHARMACOLOGY 2019/20 [63].

(7)NSC =
(Δoutput∕ output)

(Δp ∕p)

FIGURE 2    |    Developed β-PGME toxicokinetic model in the present study. The simulation model for β-isomer propylene glycol methyl ether 
(β-PGME) and methoxy propionic acid (2-MPA) was based on the model of Reale et al. [32]. Arrows represent flow rates, expressed as mg/h, and 
rectangles represent model compartments. ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; CLmetMPA, clearance of the formation 
of 2-MPA; CLmetPG, clearance of the formation of propylene glycol; kMPA, urinary excretion rate of 2-MPA.

-PGME 
CENTRAL

2-MPA 
CENTRAL

ADH / ALDH

PG 2-MPA
(urine)

air excretion 
air absorption

Urinary excretion

CLmetMPA

kMPACLmetPG

BRAIN
-PGME

VASCULAR
BRAIN

BRAIN
2-MPA

VASCULAR
BRAIN

TABLE 6    |    Pharmacokinetic study on PGME in humans used for β-TK model development and evaluation.

Exposure concentration Duration
Measured 

concentration Matrix
Number of 
time points References

95 ppm 6 h with 30′ break 
after 3 h

CurMPA Urine 9 Devanthéry 
et al. [20]

50 ppm 6 h with 30′ break 
after 3 h

CurMPA Urine 7 Devanthéry 
et al. [20]

Note: CurMPA: 2-MPA concentration in urine. PGME consisted of 99.7% α-PGME and 0.3% β-PGME.
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3   |   Results

3.1   |   The 3D HepaRG Model Displays Key 
Hepatocellular and Metabolic Functions

Immunostainings (Figure  3A) showed the presence of albu-
min in 3D HepaRG cultured over 7 days. Albumin was ob-
served intracellularly in untreated HepaRG cells (CTR) and 
released into the medium (78.4 ± 22.9 ng/mL) (Figure 3B). The 
albumin secretion was significantly reduced (1.78 ± 0.68 ng/
mL) by treating the cells with the hepatotoxicant acetamino-
phen (APAP), proving the ability of the cells to respond to hep-
atotoxic effects. The 3D cultures were able to metabolize two 

known reference drugs, namely testosterone and diclofenac, 
which are substrates for CYP3A and CYP2C9, respectively. 
As illustrated in Figure  3C, the HepaRG successfully con-
verted the test compounds to their hydroxylated metabolites 
over 48 h, indicating active phase I metabolism. We observed 
higher metabolite formation for HepaRG cells preincubated 
with 20 μM rifampicin, mostly for testosterone metabolism. 
The in vitro intrinsic hepatic clearance (CLint) of testosterone 
was higher than for diclofenac. Concordantly, immunostain-
ings of 3D HepaRG showed significant induction of CYP3A4 
by rifampicin: As depicted in Figure 3D/E, the integrated den-
sity/area DAPI for the induced cells was higher than for the 
uninduced cells.

FIGURE 3    |    Proof for hepatic functionality of 3D HepaRG. (A) 3D HepaRG were stained for albumin (green) and counterstained with DAPI (blue). 
Scale bar representing 100 μm. (B) 3D HepaRG were exposed to 16 mM APAP (acetaminophen, positive control) for 48 h. Albumin was measured 
using the Bethyl Laboratories ELISA kit. Data are expressed as albumin concentration (ng/mL) per 3D HepaRG spheroid. N = 2 independent biological 
experiments with six to eight technical replicates. Bar graphs represent single measurements with mean ± SD; statistical analysis based on an unpaired 
t-test: ****p < 0.0001. (C) Uninduced and induced (20 μM rifampicin) 3D HepaRG were exposed to 50 μM testosterone and 100 μM diclofenac for over 
48 h. Conversion of testosterone and diclofenac into 6β-hydroxy testosterone and 4-hydroxy diclofenac, respectively, was determined at 6, 24, and 48 h 
by HPLC-MS/MS. Data are expressed as concentrations (mM) calculated using calibration curves. Area under the curve in arbitrary units (AUC) was 
used for calculating 6β-hydroxy testosterone and 4-hydroxy diclofenac; N = 1 biological experiment with two technical replicates. Statistical analysis 
based on an unpaired t-test: ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05. (D) Uninduced and induced (20 μM rifampicin) 3D HepaRG were stained for CYP3A4 
(green) and counterstained with DAPI (blue). Scale bar representing 100 μm. (E) Immunostaining images (n = 2–4) were quantified for CYP3A4 
using ImageJ. Bar graphs represent mean ± SD; statistical analysis based on an unpaired t-test: *p ≤ 0.05.
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More importantly, HepaRG cells also expressed the enzymes 
directly involved in the metabolism of PGME. Figure  4A 
shows the results for q-RT-PCR calculated as ∆Ct (in compar-
ison with B2M expression) for the isoforms ADH1A, ADH1B, 
ADH1C, and ALDH2. ADH1B showed the highest relative 
gene expression across all models; HepaRG, primary human 
hepatocytes (pHH) and human total liver RNA as a compar-
ator. ADH1A expression was lower, but similar in all tested 
models. Expression of ADH1C in HepaRG was similar to that 
in pHH and slightly lower than in RNA isolated from fresh 
liver tissue. ALDH2 expression in HepaRG was lower than in 
pHH and fresh tissue. Furthermore, immunostainings of the 
3D HepaRG confirmed the protein expression of ADH1A/B/C 
and ALDH2 in the cells (Figure 4B). In addition, Western blot 
results showed distinctive bands for ADH1A/B/C and ALDH2 
for HepaRG and pHH cell lysates (Figure  4C), whereby the 
signal mean intensity relative to GAPDH was marginally 
higher for pHH compared to HepaRG (Figure  4D). For both 
cell culture models, ALDH2 was considered abundant, with a 
higher expression level than GAPDH.

3.2   |   Effects of the Solvents and Their Metabolites 
on Liver Cells

Relative cell viability (cellular ATP content) measurements 
showed that 3D HepaRG cultures were fairly resistant to 
all treatments with EC50 values in the millimolar range 
(Figure  5A and Table  7). For all substances, EC50 values 
were lower after 7 days of treatment than after 48 h expo-
sure. A comparison of the calculated EC50 values shows that 
EGME appeared to be less toxic than commercial PGME and 
β-PGME. Notably, we observed initially higher ATP content 
(100%–130%) for all compounds after exposure over 7 days. 
Compared to the solvents β-PGME and EGME, the metabo-
lites showed approximately fourfold (2-MPA) and 50-fold (2-
MAA) higher toxicities, increasing with longer exposure time. 
Interestingly, 2-MAA (EGME metabolite) was more toxic than 
2-MPA (β-PGME metabolite), although β-PGME and commer-
cial PGME seemed to be more toxic than EGME. Compared to 
2D cultures, the 3D HepaRG were more sensitive as indicated 
by the lower EC50 values.

Regarding metabolic inductions, q-RT-PCR results showed a 
significant concentration-dependent increase (30- to 60-fold) 
of the relative gene expression of the phase I CYP450 enzymes 
CYP3A4 and CYP2B6 after 7-day exposure to EGME, commer-
cial PGME, and ethanol in HepaRG (Figure  5B). On the con-
trary, the expression of CYP2E1, ADH1C, and ALDH2 was not 
induced by the exposure to the solvents.

3.3   |   Determination of Hepatic Kinetic Parameters 
in Human Liver S9 Incubations

We confirmed ADH1A/B/C and ALDH2 protein presence in 
human liver S9 fraction by Western blot (Figure  6A). Results 
showed distinctive bands for both enzymes with signal mean in-
tensities relative to GAPDH of 1.27 ± 0.60 for ADH1A/B/C and 
1.73 ± 0.47 for ALDH2 (Figure 6B).

Next, we determined the Michaelis–Menten kinetics Km 
and maximum reaction rate (Vmax) using the S9 incuba-
tions. Figure  6C illustrates the resulting β-PGME concen-
tration versus velocity plot. Results revealed a Km value of 
5572 ± 2171 μM and Vmax of 1.04 ± 0.28 nmol/min/mg for the 
reaction of β-PGME to 2-MPA (Table 8). The in vitro hepatic 
intrinsic (CLint) for Vmax/Km was calculated as 0.19 ± 0.03 μL/
min/mg.

We illustrated the results for the 2-MPA metabolite formation 
and β-PGME depletion experiments in Figure  6D, following a 
linear manner over 45 min. We calculated the measured in vitro 
CLint for the solvent loss from the ln of % remaining parent sol-
vent as 3.80 ± 2.14 μL/min/mg (Figure  6E and Table  8). The 
measured in vitro CLint calculated from the ln of % 2-MPA me-
tabolite concentration was 40.9 ± 5.19 μL/min/mg. Both values 
appeared to be higher than the in  vitro CLint calculated from 
Vmax/Km.

Further, studies applying a competitive inhibitor for ADH (fo-
mepizole = 4-methyl pyrazole) and for ALDH (GA11 = 2,6-dip
henylimidazo[1,2-a]pyridine) showed a significantly reduced 
2-MPA formation compared to control incubations (Figure 6F).

Finally, we performed hepatic organ clearance (CLh) predic-
tions through in  vitro-in vivo extrapolation (IVIVE) based on 
the in vitro CLint obtained from the performed measurements as 
well as the in vitro CLint calculated from Km and Vmax. Although 
the determined in vitro CLint based on the metabolite formation 
(40.9 ± 5.19 μL/min/mg) was much higher than for the solvent 
loss (3.80 ± 2.14 μL/min/mg), the in vitro predicted CLh values 
showed to be nearly within threefold deviation (metabolite for-
mation: 16.4 ± 0.47 mL/min/kg; solvent loss: 5.00 ± 2.52 mL/
min/kg). Besides, the calculated in  vitro predicted CLh 
(Km/Vmax), 0.36 ± 0.05 mL/min/kg, was much lower than the 
measured values. All values are summarized in Table 8.

3.4   |   Assessment of Hepatic Kinetic Parameters in 
the 3D HepaRG Model

Given linear 2-MPA formation within the first hour, we calculated 
the measured in vitro CLint in the 3D HepaRG from the ln of % 2-
MPA metabolite concentration within 60 min (Figure 7A,B). The 
in vitro CLint for the β-PGME loss was not determined, as only 
a small quantity of the 5 mM applied β-PGME was metabolized, 
and the obtained depletion curves were not reliably measurable 
with the analytical methods. The in vitro CLint for the metabo-
lite formation was 9.34 ± 0.83 μL/min/106 cells or 9.62 ± 0.85 μL/
min/mg after applying the previously described scaling factors 
(summarized in Table 8). Similar to the S9 incubations, clearance 
was greater than the in vitro CLint calculated from Vmax/Km. In 
comparison to the measured in vitro CLint in the S9 incubations, 
the in vitro CLint determined in the 3D HepaRG appeared to be 
smaller. Nevertheless, the in vitro predicted CLh values following 
IVIVE were close within twofold deviation.

Simultaneous incubations with 3D HepaRG and 3D primary 
human hepatocytes (pHH) showed higher concentrations of 2-
MPA at 1 and 6 h for the 3D pHH than for the 3D HepaRG, yet 
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the amount of formed metabolite was similar at the end of the 
incubation (Figure 7C). Artifacts due to stability, adsorption, or 
evaporation of β-PGME and 2-MPA over time are unlikely based 
on our data (Figures S3 and S4).

3.5   |   Implementation of In Vitro Data Into 
the Simulation Model

We generated simulations applying the β-isomer PGME tox-
icokinetic (TK) model integrating the in  vitro predicted he-
patic organ clearance (CLh) values (Table  8). No calibration 
was carried out and no parameters were fitted, enabling both 
sets of experimental data [20] (PGME exposure at 95 ppm and 
50 ppm) to be used for model evaluation. Figure 8 illustrates 
the comparisons of predicted urinary 2-MPA concentrations 
versus experimental data. Our results show a low fit for the 
simulations based on the in vitro predicted CLh calculated for 
S9 (Vmax/Km) with R2 = 0.16 (below the acceptable threshold of 
0.75) and a MAPE of 64.1% (unacceptable). Most data points 
were out of twofold range from observed data (Figure 9A). In 
contrast, the model predictions using in  vitro predicted CLh 
from S9 (solvent loss) correlated well with the observed data 
with R2 = 0.87 and a MAPE of 23.9% (acceptable). Similar fits 
presented the simulations based on the in vitro predicted CLh 
from S9 (metabolite formation) with R2 = 0.93 and a MAPE 
of 21.5% (acceptable) and 3D HepaRG (metabolite forma-
tion) with R2 = 0.92 and a MAPE of 22.4% (acceptable). Those 

predictions were all within twofold error from observed data 
(Figure 9B–D).

Results from the sensitivity analysis are shown in Figure 9E, 
whereby the parameters with medium or high impact 
(|NSC| ≥ 0.2) on the selected output are illustrated. We ob-
served that all three selected area under the curves (AUC) 
outputs (2-MPA urine concentration, 2-MPA blood concentra-
tion, and β-PGME blood concentration) were highly sensitive 
to cardiac output (QCCrest), β-PGME pulmonary retention 
(Rpulm), and the percentage of β-isomer PGME present in the 
mixture used for the exposure experiment (Beta_percent). 
Additionally, AUC of unbound β-PGME in blood was highly 
sensitive to β-PGME unbound fraction in plasma (Fu,p) and 
to β-PGME blood-toplasma ratio (Rb). The AUC of 2-MPA 
in blood was highly sensitive to 2-MPA unbound fraction in 
plasma (Fu,p_MPA), 2-MPA blood-to-plasma ratio (Rb_MPA), 
blood-air partition coefficient (PC) of 2-MPA (Pba_MPA), 
central-air PC of 2-MPA (Pca_MPA), and to the urinary excre-
tion rate of 2-MPA (KMPA). Among the parameters with high 
impact, those with high uncertainty were Pba_MPA, Pca_MPA 
Rb_MPA, and Fu,p_MPA (Table S6).

4   |   Discussion

In this study, we used a 3D HepaRG liver model and human liver 
S9 fraction to assess the hepatic clearance of β-isomer propylene 

FIGURE 4    |    Confirmation of ADH1A/B/C and ALDH2 in 3D HepaRG and comparison to other liver systems. (A) Gene expression of ADH1A, 
ADH1B, ADH1C and ALDH2 in primary human hepatocytes (pHH), HepaRG, and human liver total RNA was detected using q-RT-PCR; N = 3 
independent biological repeats with two to four technical replicates for each pHH donor, four to six technical replicates for HepaRG and N = 1 
biological experiment with two technical replicates for human liver total RNA. Bar graphs represent mean ± SD; statistical analysis based on 
one-way ANOVA followed by Dunnett's pairwise comparison: *p ≤ 0.05; ***p ≤ 0.001; ****p ≤ 0.0001. (B) 3D HepaRG were stained for ADH1A/B/C 
(green), ALDH2 (red), and counterstained with DAPI (blue). Scale bar representing 100 μm. (C) Western blot of ALDH2, ADH1A/B/C, and GAPDH 
(loading control) in pHH and HepaRG cell lysate. (D) Signal mean intensity relative to GAPDH for the target proteins was determined using ImageJ. 
Cell lysate from both pHH donors was each used in total N = 2 independent Western blots for ADH1A/B/C, and two to three times in total N = 5 
independent Western blots for ALDH2. HepaRG cell lysate was used in N = 2 independent Western blots for ADH1A/B/C, and N = 6 independent 
Western blots for ALDH2. Bar graphs represent mean ± SD; statistical analysis based on an unpaired t-test.
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FIGURE 5    |    Effects of glycol ethers, metabolites, and ethanol on HepaRG. (A) Cells were exposed to EGME, commercial PGME, β-PGME, ethanol, 
2-MAA, and 2-MPA for 48 h (2D: ●, 3D: ▲) and 7 days (2D: ●, 3D: ▲). Viability was assessed using the CellTiter-Glo Luminescent Cell Viability 
Assay and expressed as relative ATP content (% of untreated control), N = 3–4 independent biological repeats with three technical replicates. Graphs 
represent mean ± SD. (B) Gene expression of ADH1C, ALDH2, CYP3A4, CYP2E1, and CYP2B6 after treatment with EGME, commercial PGME, 
and ethanol for 7 days was detected using q-RT-PCR; N = 3 independent biological repeats with two to three technical replicates. Bar graphs represent 
mean ± SD; statistical analysis based on two-way ANOVA followed by Dunnett's pairwise comparison: ***p ≤ 0.001; ****p ≤ 0.0001.
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TABLE 7    |    EC50 values and the corresponding 95% confidence interval (CI) for EGME, commercial PGME, β-PGME, ethanol, 2-MAA, and 2-
MPA assessed on 2D and 3D HepaRG cultures upon 48 h or 7 days of exposure.

2D HepaRG (48 h) 2D HepaRG (7 days) 3D HepaRG (48 h) 3D HepaRG (7 days)

EC50 [mM] 95% CI EC50 [mM] 95% CI EC50 [mM] 95% CI EC50 [mM] 95% CI

EGME NA NA NA NA 326 261–397 171 139–205

PGME NA NA NA NA 226 194–262 96 73–126

β-PGME NA NA NA NA 162 146–183 86 75–99

ethanol NA NA NA NA 610 464–898 NA NA

2-MAA 31 27–45 16 15–17 11 5–15 9 8–10

2-MPA 81 ND 34 31–40 46 ND 26 23–30

Abbreviations: NA, not available; ND, not determinable.
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glycol methyl ether (β-PGME) as in vitro input data for a newly 
developed toxicokinetic (TK) model.

Our results show that HepaRG cultured in 3D-spheroids 
successfully metabolized the solvent β-PGME. This sta-
ble 3D-cellular model could satisfy the increasing demand for 
determining the clearance of compounds with high metabolic 
stability and/or with prolonged exposure [25]. In this context, 
short-term in vitro assays such as S9 incubations are of limited 
use due to their short-lived enzyme activity  [64]. Active me-
tabolism of 3D HepaRG was expected based on the gene and 
protein expression levels of the metabolizing enzymes derived 
from 2D HepaRG, which were comparable to those detected in 
2D primary human hepatocytes. From a quantitative point of 
view, the amount of 2-MPA initially formed by the 3D HepaRG 
was approximately two- to threefold lower than that detected 
with 3D primary human hepatocytes. This discrepancy may 

be attributed to a slightly lower enzyme activity in the cell 
line. Alternatively, inter-individual variation on hepatocyte 
donors may have played a role. Both primary hepatocyte do-
nors used in this study were African Americans, and may 
have been carriers of the alcohol dehydrogenase (ADH1B*3) 
gene variant exclusive to populations of African ancestry [65]. 
While we did not genotype the cells, we specifically observed 
high gene expression of ADH1B in HepaRG and human liver 
total reference RNA, but not in these primary hepatocytes 
lots. Although we showed ADH and aldehyde dehydrogenase 
(ALDH) enzyme presence in 3D HepaRG, these data cannot 
conclusively demonstrate that these enzymes were responsi-
ble for the metabolism of PGME, as HepaRGs are known for 
expressing a wide range of enzymes [29]. However, we demon-
strated the specific conversion of β-PGME by inhibiting this 
pathway in S9 incubations. Using the ADH inhibitor fome-
pizole significantly reduced 2-MPA formation, which was 

FIGURE 6    |    Hepatic kinetic of β-PGME conversion to 2-MPA using human liver S9 fractions. (A) Western blot of ALDH2, ADH1A/B/C, and 
GAPDH (loading control) in S9 cell lysate. (B) Signal mean intensity relative to GAPDH for the target proteins was determined using ImageJ (N = 2–4 
independent biological repeats). Bar graphs represent mean ± SD; statistical analysis based on an unpaired t-test. (C) Representative velocity against 
substrate concentration plot for Michaelis–Menten kinetics in S9 incubations. 2-MPA was quantified using HPLC-MS/MS. The Michaelis–Menten 
curve was fitted to the data using Graphpad Prism and Km and Vmax predicted. Data points represent mean ± SD of N = 3 independent incubations with 
two technical replicates. (D) Solvent (β-PGME) loss-time profile (▲) and 2-MPA metabolite formation (■) in S9 incubations. Data points represent 
mean ± SD of N = 3 independent incubations with two technical replicates. (E) Ln of % remaining parent (▲) and ln of metabolite concentration (■) 
versus time profile in S9 incubations. The in vitro CLint was calculated from the slope as described in the methods section. Data points represent 
mean ± SD of N = 3 independent incubations summarizing calculated slopes derived from each single graph. The dotted line represents the parent 
value at time-point 1 min. (F) Inhibition of 2-MPA formation. 2-MPA was quantified after sampling at time-point 45 min for control incubations 
(CTR) and incubations applying 50 μM fomepizole and 10 μM GA11. Data points represent N = 3 incubations with two technical replicates. Bar 
graphs represent mean ± SD; statistical analysis based on one-way ANOVA followed by Dunnett's pairwise comparison; *p ≤ 0.05, **p ≤ 0.01.
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expected because of its wide application in the treatment of 
patients suffering from methanol or ethylene glycol poisoning 
[36, 66]. Furthermore, we confirmed the in  vitro inhibitory 
potential of GA11, previously described only through compu-
tational approaches as an inhibitor of ALDH2 [37].

In comparison to published rat studies that reported more than 
60% of β-PGME being excreted as 2-MPA [19, 48], we observed 
low metabolism of β-PGME in vitro. This could have resulted 
from species differences, extra-hepatic metabolism of β-PGME, 
or possibly analytical sensitivity and capacity issues [67]. As our 
experiments using 3D HepaRG and S9 exhibited the formation 
of 2-MPA inversely parallel to the depletion of β-PGME, we do 
not expect that other metabolic reactions have occurred that 
would significantly exceed 2-MPA generation. We would like to 
highlight here, that the greater clearance values measured for 
the 2-MPA formation than the β-PGME loss derived from the 
S9 incubations could be due to the use of different analytical 
techniques for compound quantification, introducing potential 
interdependent errors.

To this date, no in vivo or in vitro metabolic kinetic studies re-
porting the Michaelis–Menten parameters (Km, Vmax) for the 
conversion of β-PGME to 2-MPA are known. Aligning our re-
sults for Michaelis–Menten kinetics with an existing study per-
formed on EGME using human hepatocytes, we find values 
in a similar range (millimolar) with a reported Km of 1700 μM 
and Vmax of 61.3 nmol/h/106 cells [4, 5]. This results in a calcu-
lated in vitro CLint of 0.62 μL/min/mg applying the scaling fac-
tors from our study, which can be classified as a low clearance 
rate, [68] resulting in a slow metabolite generation. Similarly, 
the calculated in vitro CLint (Vmax/Km) for β-PGME obtained in 
our study was low. Despite the low reported hepatic clearance, 
EGME is a known toxicant that has been described for adverse 
effects on the testis, bone marrow, the central nervous system, 
and many more, because of its metabolite methoxy acetic acid 
(2-MAA) [4, 6]. Therefore, we conclude that we cannot exclude 

adverse effects by 2-MPA, especially as 2-MPA showed an ap-
proximately four times lower EC50 value in 3D HepaRG cul-
tures than β-PGME. Moreover, based on the overall generated 
in vitro predicted CLh values, we would propose that β-PGME 
is a low to medium clearance compound, considering reported 
clearance rankings [68–70]. In translation to the human body, 
this suggests that β-PGME would exhibit moderate persistence 
before being metabolized into the potentially harmful metabo-
lite 2-MPA.

Although the calculated clearance (Vmax/Km) for β-PGME was 
close to the reported value for EGME, the performed TK simu-
lations resulted in a low fit compared to the experimental data.

Generally, we observed underprediction of the experimental 
urinary 2-MPA concentrations for all simulated curves, though 
not as significant as for those using the calculated clearance 
(Vmax/Km). It has become recognized that in vitro data tend to 
underestimate the observed metabolic clearance in humans 
[71]. Reasons represent the use of standard biological scal-
ing factors, extrinsic factors such as storage conditions and/or 
the preparation process, the absence of appropriate correction 
for non-specific binding, as well as extra-hepatic metabolism 
in vivo [67, 72, 73]. However, we cannot explain whether the no-
table underestimation of the calculated in vitro CLint (Vmax/Km) 
derived from an underpredicted Vmax value or an overpredicted 
Km value.

Next, we argue that 3D HepaRG represents a more physio-
logical system compared to the S9 fraction. It requires that 
compounds permeate into the cells to be metabolized and 
takes into consideration the full range of enzymes and cofac-
tors, which allows for evaluation of the metabolism via ADH/
ALDH in the presence of other physiological metabolic routes 
[29, 74]. In our study, we showed the active performance of 
Phase I metabolism in an inducible manner and the secretion 
of albumin comparable to reported levels, two phenotypical 

TABLE 8    |    Obtained Michaelis–Menten kinetic parameters (Vmax, Km) from human liver subcellular fraction (S9) incubations, in vitro hepatic 
intrinsic clearance (CLint, in vitro) calculated on Vmax/Km and measured from S9 and 3D HepaRG metabolism studies, predicted in vivo hepatic 
intrinsic clearance (CLint, in vivo) and in vitro predicted hepatic organ clearance (CLh). Data represent mean values ± SD.

β-PGME → 2-MPA S9 incubations 3D HepaRG

Vmax [nmol/min/mg] 1.04 ± 0.28

Km [μM] 5572 ± 2171

Calculated Measured Measured Measured

(Vmax/Km) Solvent loss
Metabolite 
formation

Metabolite 
formation

fu,inc
a 0.87 0.87 0.87 0.94

CLint, in vitro [μL/min/mg] 0.19 ± 0.03 3.80 ± 2.14 40.9 ± 5.19 9.62 ± 0.85b

CLint, in vitro [μL/min/106 cells] 9.34 ± 0.83

Predicted CLint, in vivo [mL/min/
kg]

0.60 ± 0.09 11.8 ± 6.67 127 ± 16.1 28.2 ± 2.50

Predicted CLh [mL/min/kg] 0.36 ± 0.05 5.03 ± 2.52 16.4 ± 0.47 9.07 ± 0.44
aData derived from IQVIVE, https://​www.​qiviv​etools.​wur.​nl.
bConverted from 9.34 ± 0.83 μL/min/106 cells, using 117.5 × 106 cells/g liver and 121 mg S9 protein/g liver.
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characteristics for hepatocytes [33, 75]. Moreover, the similar 
simulation outcomes for the 3D HepaRG and the S9 incuba-
tions confirmed effective ADH and ALDH enzyme activities 
in HepaRG and we expect a high (not clearance-limiting) per-
meability of β-PGME into the cells.

In the context of β-PGME, the linear formation of 2-MPA 
within the first hour did not necessitate a complex, long-
lasting in vitro system for the determination of the hepatic ki-
netic parameter. Besides, the S9 incubations showed to deliver 
reliable input data as well. Nevertheless, the characterized 3D 
HepaRG model can serve as a tool to study the metabolism of 
other compounds converted via the ADH/ALDH pathway, es-
pecially low-turnover compounds that require a longer incu-
bation time. Moreover, these more complex cell cultures can 
be maintained for days and weeks and are hence suitable for 
implementation into more complex, multiorgan systems such 
as Organ on Chip (OOC) or microphysiological systems (MPS) 
[76, 77]. This would greatly help to better understand adverse 
effects of β-PGME and its metabolite in the body and under 
chronic exposure.

In comparison to simpler liver systems like the S9 cell frac-
tion, the advanced 3D HepaRG model moreover offers the 
possibility for studying direct hepatocellular toxicity caused 
by the formed metabolite over extended incubation periods 
[78]. Given the low observed metabolite formation in the 3D 
HepaRG, we propose that the evaluated cytotoxicity of the 
solvents is primarily due to the induction of cell permeabil-
ity rather than caused by the metabolites [79]. Furthermore, 
we observed viability curves initially exceeding 100%, which 
could be explained by an adaptive metabolic cell response 
after first compound exposures. Previous chronic toxicity 
studies in animals using EGEs have shown the induction of 
liver enzymes and changes in liver weights [17, 80, 81]. In line 
with this, we observed increased gene expression of CYP3A4 
and CYP2B6 after treatment of HepaRG with non-cytotoxic 
concentrations of EGME, commercial PGME, and ethanol, 
but not for CYP2E1, ADH1A/B/C, and ALDH2. This was un-
expected given the reported induction effects described after 
alcohol exposure [38]. So far, the significance of these findings 
for humans is not clear, as high in vitro concentrations were 
applied and a prediction of human liver exposure concentra-
tions would be needed. However, our results may be relevant 
since occupational exposures take place over a lifetime and 
cumulative mixture effects cannot be excluded. In addition, 
as many chemicals are substrates, inhibitors, or inducers of 
CYP3A4 and CYP2C9, drug interactions after long-term expo-
sure to the solvents should be considered [82]. Moreover, poly-
morphism of the ALDH2 enzyme is well known and should be 
taken into account [16].

In summary, using the established 3D HepaRG model, we 
were able to generate in  vitro hepatic kinetic data for the 
conversion of β-PGME to 2-MPA that reliably predicted the 
in vivo situation in a similar magnitude (twofold) to S9 frac-
tion. We conclude that the 3D HepaRG model can be used 
to generate in  vitro hepatic metabolism and clearance data 
for compounds metabolized via ADH and ALDH. Moreover, 
it offers a promising tool to simultaneously study enzyme 

FIGURE 7    |    Long-term metabolism profile in 3D HepaRG and 3D 
primary human hepatocytes and hepatic kinetic for β-PGME conversion 
to 2-MPA using 3D HepaRG. (A) 2-MPA metabolite formation within 
the first hour (■) in 3D HepaRG. Data points represent mean ± SD 
of N = 3 independent incubations with two technical replicates. (B) 
Ln of 2-MPA concentration (■) versus time profile in 3D HepaRG. 
The in  vitro CLint was calculated from the slope as described in the 
methods section. Data points represent mean ± SD of N = 3 independent 
incubations summarizing calculated slopes derived from each single 
graph. The dotted line represents the parent value at time-point 1 min. 
(C) 2-MPA formation-time profile in 3D HepaRG and 3D primary 
human hepatocytes (pHH). 3D-spheroids were exposed to 5 mM β-
PGME and the conversion into 2-MPA was determined at 1, 6, and 24 h 
by HPLC-MS/MS. Data are expressed as amount of metabolite formed 
per incubational protein content (pmol/μg) calculated using calibration 
curves; N = 3 independent biological repeats with two technical 
replicates (HepaRG) and N = 2 independent biological repeats using 
each pHH donor once with one to two technical replicates. Graphs 
represent mean ± SD.
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FIGURE 8    |    Toxicokinetic model evaluation: Comparison of predicted versus experimental data. Predicted urinary 2-MPA concentrations 
(lines) based on in vitro predicted CLh from S9 fraction (Vmax/Km), S9 fraction (solvent loss), S9 (metabolite formation), and 3D HepaRG (metabolite 
formation) were compared to experimental data (dots) derived from Devanthéry et al. [20]. The dip in concentration at 3 h observed in the graphs is 
due to a 30-min break from exposure as described in Table 6.
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FIGURE 9    |    Plot of predicted versus experimental data and results of sensitivity analysis. Observed urinary 2-MPA concentrations measured 
by Devanthéry et al. [20] were plotted versus concentrations predicted by our toxicokinetic model using the clearance value determined with (A) 
S9 fraction (Vmax/Km), (B) S9 fraction (solvent loss), (C) S9 fraction (metabolite formation), and (D) 3D HepaRG model (metabolite formation). The 
middle line is the line of unity, and the outer lines represent twofold deviations. (E) Normalized sensitivity coefficients (NSC) for the area under the 
concentration curves (AUC) of unbound 2-MPA in blood and urine and unbound β-PGME in blood. Only parameters with medium or high impact 
on the output (|NSC| ≥ 0.2) are shown in the graph. Abbreviations for the parameters can be found in Table 5.
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induction and metabolite-induced hepatotoxicity and to be in-
tegrated into multiorgan systems. Future studies should pro-
vide further liver input data on other PGEs for the TK model, 
which will help fill the gap of knowledge on metabolism and 
systemic toxicity of PGEs.
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