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A B S T R A C T

Propylene glycol ethers (PGEs) are mixtures of an α-isomer and a β-isomer (β-PGE) that is oxidized via alcohol 
dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) to potentially neurotoxic alkoxy propionic acids 
(β-metabolites). While the liver is the primary organ for ADH- and ALDH-mediated metabolism, the contribution 
to the metabolism of β-PGEs by the blood-brain barrier (BBB) and the brain remains unknown. Here, we aimed to 
assess the neurotoxic potential of PGEs after systemic exposure by (1) comparing 3D HepaRG and human liver 
subcellular fraction (S9) for the in vitro determination of the kinetics of hepatic metabolism for β-PGEs, (2) 
evaluating the BBB-permeability of PGEs and β-metabolites, (3) determining the presence of ADH1 and ALDH2 
and the extent of metabolization of β-PGEs in the BBB and brain. The results show that 3D HepaRG and S9 served 
as competent systems to estimate the enzymatic kinetic (clearance) for β-metabolite formation. We observed that 
PGEs and the β-metabolites could cross the BBB, based on their permeance across a cellular barrier consisting of 
the hCMEC/D3 cell line. Metabolic enzymes were not exclusive to the liver, as expression of ADH1 and ALDH2 
was demonstrated using RT-qPCR, Western blot, and immunostainings in the BBB in vitro models and in 
BrainSpheres. Furthermore, LC-MS/MS quantification of the β-metabolites in all in vitro models revealed that 3D 
HepaRG had a similar metabolic capacity to primary human hepatocytes and that the amount of β-metabolite 
formed per protein in the BBB was approximately 10–30 % of that in the liver. We also demonstrated active 
metabolism in the BrainSpheres. In conclusion, the hepatic in vitro models provided data that will help to refine 
toxicokinetic models and predict internal exposures, thereby supporting the risk assessment of PGEs. In addition, 
the high permeance of the PGEs and the β-metabolites across the BBB increases the plausibility of neurotoxicity 
upon systemic exposure. This is further supported by the presence of active ADH1 and ALDH2 enzymes in the 
BBB in vitro systems and in BrainSpheres, suggesting metabolite formation in the central nervous system. Hence, 
we suggest that BBB-permeance and extra-hepatic metabolism of the β-PGEs may contribute to the neurotoxicity 
of PGEs.

Abbreviations: ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; AlogP, Ghose-Crippen LogKow; BBB, blood-brain barrier; β-metabolites, alkoxy 
propionic acids; CLh, hepatic organ clearance; CLint, hepatic intrinsic clearance; CNS, central nervous system; EGE, ethylene glycol ether; fuinc, incubational binding; 
fub , plasma binding; FPSA-3, fractional charge weighted partial positive surface area/total molecular surface area; GC-MS, gas chromatography mass-spectroscopy; 
HPLC-MS/MS, high-performance liquid chromatography mass-spectroscopy; IVIVE, in vitro-in vivo extrapolation; Km, Michaelis-Menten-Constant; logBPR, predicted 
brain/plasma ratio; logP, octanol-water partition coefficient; MMK, Michaelis-Menten kinetic; nHBAcc, number of hydrogen bond acceptors; S9, human liver sub
cellular fraction; β-PGEs, β-isomer of the PGE; PGE, propylene glycol ether; pHH, primary human hepatocytes; pKa, acid dissociation constant; tPSA, topological polar 
surface area; Vmax, maximum reaction rate.
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1. Introduction

Several neurological disorders have been associated with occupa
tional exposure to organic solvents (Brown et al., 2005; Pearce and 
Kromhout, 2014). In the past, it has been well described that alkoxy 
acetic acid metabolites are responsible for the observed adverse effects 
of some banned ethylene glycol ethers (EGEs). The presumably less toxic 
replacement solvents, propylene glycol ethers (PGEs), are commonly 
sold as technical grade mixtures of secondary (α-isomer) and primary 
(β-isomer, generally < 5 %) alcohols. Similarly to the EGEs, the primary 
alcohol group of the β-isomer PGEs is enzymatically oxidized by alcohol 
dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) to alkoxy 
propionic acids (β-metabolites) as the major reaction product (Aasmoe 
et al., 1998; Aasmoe and Aarbakke, 1999; Carney et al., 2003; Miller 
et al., 1983, 1984; Moslen et al., 1995; Werner et al., 2024). Conse
quently, although the proportion of β-PGE in commercial PGEs is 
considered to be low, adverse effects such as neurotoxicity through the 
formation of β-metabolites cannot be excluded. Several studies indicate 
that ADH class I (ADH1), consisting of the subunits alpha (ADH1A), beta 
(ADH1B), and gamma (ADH1C), and ALDH2 play a significant role in 
the metabolism of glycol ethers (Aasmoe et al., 1998; Aasmoe and 
Aarbakke, 1999; Crabb et al., 2004; Wang et al., 2020; Wang and He, 
2018).

Knowing the localization and extent of β-metabolite formation in the 
body is important for estimating PGE and β-metabolite brain exposures 
and thus predicting neurotoxic effects (Benet and Zia-Amirhosseini, 
1995; Kanebratt et al., 2021). The liver is well known for its metabolic 
activity and has been extensively studied regarding ADH- and 
ALDH-mediated alcohol metabolism (Crabb et al., 2004; Edenberg, 
2007; Wang et al., 2020). Nowadays, a variety of in vitro liver systems 
are available for evaluating the hepatic metabolism of compounds, 
ranging from cheap and easy-to-use cell fractions to more complex and 
physiological models like 3D liver cultures (Sodhi and Benet, 2021). 
While primary human hepatocytes are considered the gold standard to 
assess metabolism and toxicity in vitro, we recently demonstrated the 
successful use of a 3D model prepared from the well-characterized 
HepaRG cell line (Mandon et al., 2019; Ramaiahgari et al., 2017) to 
study the hepatic metabolism of β-isomer propylene glycol methyl ether 
(β-PGME) (Werner et al., 2024).

Although the liver is the main site for the metabolism of alcohols, 
they can also be metabolized in the central nervous system (CNS), with 
ADH and CYP2E1 being the main responsible enzymes (Heit et al., 
2013). However, limited data exists for ADH1 in the CNS, although it is 
the main isoform responsible for glycol ether metabolism (Aasmoe et al., 
1998; Aasmoe and Aarbakke, 1999; Crabb et al., 2004). Only a few 
studies have reported its presence on the gene and protein level (Heit 
et al., 2013; Laniewska-Dunaj et al., 2013; Martínez et al., 2001; 
Quertemont, 2004). To our knowledge, no studies reporting the activity 
of ADH1 in the CNS exist, leaving its role in extra-hepatic metabolism of 
PGEs unknown. In contrast, the presence and activity of mitochondrial 
ALDH2 in the CNS have been reported, although its role in alcohol 
metabolism in the brain is not yet fully understood (Chen, 2020; 
Laniewska-Dunaj et al., 2013; Pervin and Stephen, 2021; Quertemont, 
2004). Extra-hepatic metabolism of PGEs within the CNS, alongside 
hepatic metabolism, could enhance the potential neurotoxicity caused 
by their β-metabolites. This would be particularly relevant for exposure 
routes avoiding first-pass metabolism through the liver, such as 
inhalation.

For PGEs to exert effects on the CNS, they must first cross the blood- 
brain barrier (BBB), a process influenced by their physicochemical 
properties (Geldenhuys et al., 2015). A previously reported in vitro study 
already demonstrated high passive BBB permeation for three selected 
glycol ethers (Reale et al., 2023). However, BBB permeability data is still 
not available for most PGEs. Here, we implemented the hCMEC/D3 cell 
line as a well-characterized BBB in vitro model frequently used to eval
uate the passive permeability coefficient (Papp) of compounds. It 

represents a good, accessible and standardized alternative to the pri
mary human brain microvascular endothelial cells (HBMVEC) derived 
from tissue (Poller et al., 2008; Weksler et al., 2013). The BBB per
meance of compounds can also be studied using in silico tools such as the 
online CDK toolkit (Bendels et al., 2008; Suenderhauf et al., 2012a) or 
admetSAR (Yang et al., 2019). They are inexpensive and 
high-throughput screening tools, typically based on the molecular de
terminants of the compounds (Bagchi et al., 2019; Geldenhuys et al., 
2015). Furthermore, substances that compromise BBB integrity would 
allow the entry into the CNS of molecules normally excluded, potentially 
leading to indirect neurotoxicity (Haorah et al., 2005; Wei et al., 2021). 
Consequently, it is also crucial to evaluate the toxicity of the PGEs to the 
BBB.

Neurotoxic effects on the brain can be investigated in animal models 
or by implementing human-relevant systems (Price et al., 2018). Here, 
we performed studies on the recently developed 3D human induced 
pluripotent stem cells (hiPSC)-derived brain model (BrainSpheres) 
(Pamies et al., 2017). This model contains several subtypes of neurons, 
astrocytes, and oligodendrocytes, and has already proven its utility for 
neurotoxicity testing (Nunes et al., 2023; Pamies et al., 2021, 2018).

Few PGEs have been studied for neurological effects; CNS depression 
was reported at high doses in rodents (Landry and Yano, 1984; Miller 
et al., 1984), but no long-term neurotoxicity has been observed. To date, 
studies on the neurotoxicity of PGEs and their β-metabolites after sys
temic exposure are rare and limited data exists (ECETOC, 2005a, 
2005b). To address this gap, Hopf et al. (2024) proposed a novel strategy 
for assessing the neurotoxicity of several PGEs by combining in vitro and 
in silico methods with human-controlled exposure studies. Our study 
contributes to this approach by generating new in vitro hepatic kinetic 
data for selected β-isomers of PGEs and assessing the potential of PGEs to 
cross and/or damage the BBB and produce β-metabolites within the 
CNS. To this end, we determined in vitro hepatic intrinsic clearance 
(CLint) of subtoxic concentrations of β-PGEs using an established 3D 
HepaRG model and human liver subcellular fraction (S9). Subsequently, 
we evaluated the in vitro Papp for the PGEs and their β-metabolites, as 
well as for ethylene glycol methyl ether (EGME) as a comparator, in the 
hCMEC/D3 BBB in vitro model and compared the results to in silico 
permeability predictions and the physicochemical properties of the 
substances. Finally, we demonstrated the expression of the two enzymes 
ADH1 and ALDH2 and the formation of the β-metabolites in the BBB 
models (hCMEC/D3, HBMVEC) and BrainSpheres, demonstrating he
patic and extra-hepatic metabolism of PGEs.

2. Material and methods

2.1. Chemicals and S9 fractions

1-Butoxypropan-2-ol (PGBE, > 99 %), 2-Butoxypropionic acid (2- 
BPA, > 95 %), 1-Ethoxypropan-2-ol (PGEE, > 95 %), 2-Ethoxypropan-1- 
ol (β-PGEE, > 95 %), 2-Ethoxypropionic acid (2-EPA), 2-Methoxyacetic 
acid (2-MAA, 98 %), 2-Methoxyethanol (EGME, 99.8 %), 1-Methoxypro
pan-2-ol (PGME, > 99.5 %), 2-Methoxypropionic acid (2-MPA, > 97 %), 
1-Phenoxypropan-2-ol (PGPhE, > 93 %), 2-Phenoxypropan-1-ol 
(β-PGPhE, > 95 %), 2-Phenoxypropionic acid (2-PhPA, > 98 %), 1-Pro
poxypropan-2-ol (PGPE, 99 %), and 2-Propoxypropionic acid (2-PPA, 
95 %) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 2- 
Methoxypropan-1-ol (β-PGME, 98 %) was manufactured by aa blocks 
(San Diego, CA, USA). Glycol ethers and the alkoxy acids (β-metabolites) 
are listed in Table 1 and Fig. 1. Ultrapure water was obtained from a 
Millipore Milli-Q Plus purification system (Bedford, MA, USA). Phos
phate buffer was prepared in-house, adjusted to pH 7.4, and stored at 4 
◦C. All other chemicals and reagents were of analytical grade and pur
chased from commercial sources, except 2-Butoxypropan-1-ol (β-PGBE) 
that was synthesized in-house due to commercial non-availability 
(analytical grade > 99 %, Supplementary Figs. 1–3). Pooled adult 
mixed gender human liver subcellular fraction (S9) was purchased from 
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Thermosphere Scientific (Reinach, Switzerland; HMS9PL) and stored at 
– 80 ◦C after aliquoting. Detailed donor information for the S9 lots is 
summarized in Supplementary Table 1.

2.2. Cell culture

The HepaRG cell line was procured from Biopredic International 
(Saint Grégoire, France; HPR101) and cultured for four weeks in basal 
medium with growth supplements (Biopredic International; ADD710). 
The cells were passaged (until passage 20) using Trypsin-EDTA (Sigma, 
Taufkirchen, Germany; 59417C-100mL). Cell differentiation over two 
weeks was induced using medium containing a 50:50 mixture of growth 
and differentiation supplements (Biopredic International; ADD720) for 

four days, following the use of medium containing solely differentiation 
supplements for additional 10 days. For cell aggregation, William’s E 
Medium + GlutaMAX (ThermoFisher Scientific; 32551087), 1 × ITS 
(Sigma; 11074547001), 100 nM Dexamethasone (Sigma; D1756), 1 % 
penicillin and streptomycin (P/S; Sigma; P4333-100mL), and 20 % fetal 
bovine serum (FBS; ThermoFisher Scientific; 10270-106) was used. 
Medium was exchanged for serum-free supplemented William’s E Me
dium at day 5 after aggregation for all treatment conditions.

Cryopreserved primary human hepatocytes (pHH) were obtained 
from Lonza (Basel, Switzerland; HUCPI). Detailed donor information for 
the hepatocyte lots is summarized in Supplementary Table 2. Cells were 
carefully thawed and resuspended in thawing medium (Lonza; 
MCHT50) before being seeded in fresh plating medium (Lonza; MP100/ 

Table 1 
Overview of the glycol ethers and β-metabolites and the analyzed data.

CAS 
number

IUPAC Name Trivial 
name

Abbreviation Molecular 
Weight 
(MW)a

LogPa pKab fu,b
c Cytotoxicity 

study 3D 
HepaRG & 
hCMEC/D3

Hepatic 
clearance 
study

Permeability 
study 
hCMEC/D3

Metabolite 
formation 
study

109-86-4 2-Methoxyethanol Ethylene 
glycol 
methyl 
ether

EGME 76.09 - 0.80 15.10 
(A)

ND (Werner 
et al., 2024)

ND Yes ND

107-98-2 
1589- 
47-5

1-Methoxypropan- 
2-ol 
2-Methoxypropan- 
1-ol

Propylene 
glycol 
methyl 
ether

PGME 
β-PGME

90.12 
90.12

- 0.49 
- 0.49

14.85 
(A) 
14.69 
(A)

ND 
ND

(Werner 
et al., 2024) 
(Werner 
et al., 2024)

ND 
(Werner 
et al., 
2024)

Yes 
Yes

ND 
3D HepaRG, 
3D pHH, 
hCMEC/D3, 
HBMVEC

1569-02- 
4 
19089- 
47-5

1-Ethoxypropan-2- 
ol 
2-Ethoxypropan-1- 
ol

Propylene 
glycol 
ethyl ether

PGEE 
β-PGEE

104.2 
104.2

0.30 
0.20*

14.85 
(A) 
14.69 
(A)

0.688 
0.710

Yes 
Yes

ND 
3D 
HepaRGe

Yes 
Yes

ND 
3D HepaRG, 
3D pHH, 
hCMEC/D3, 
HBMVEC

1569-01- 
3 
10215- 
30-2

1-Propoxypropan- 
2-ol 
2-Propoxypropan- 
1-ol

Propylene 
glycol 
propyl 
ether

PGPE 
β-PGPEd

118.2 
118.2

0.70 
0.70

14.85 
(A) 
14.69 
(A)

ND 
ND

Yes 
-

ND 
-

Yes 
-

ND 
-

5131-66- 
8 
15821- 
83-7

1-Butoxypropan-2- 
ol 
2-Butoxypropan-1- 
ol

Propylene 
glycol 
butyl ether

PGBE 
β-PGBE

132.2 
132.2

1.15 
1.10*

14.85 
(A) 
14.69 
(A)

0.478 
0.491

Yes 
Yes

- 
S9, 3D 
HepaRG

Yes 
No

- 
3D HepaRG, 
3D pHH, 
< LOD for 
BBB models

770-35-4 
4169- 
04-4

1-Phenoxypropan- 
2-ol 
2-Phenoxypropan- 
1-ol

Propylene 
glycol 
phenyl 
ether

PGPhE 
β-PGPhE

152.2 
152.2

1.50 
1.60*

14.83 
(A) 
14.67 
(A)

0.390 
0.366

Yes 
Yes

- 
S9, 3D 
HepaRG

Yes 
Yes

- 
3D HepaRG, 
3D pHH, 
< LOD for 
BBB models

625-45-6 2-Methoxyacetic 
acid

Methoxy 
acetic acid

2-MAA 90.08 - 0.30 3.83 
(A)

ND (Werner 
et al., 2024)

- Yes -

4324-37- 
2

2- 
Methoxypropionic 
acid

Methoxy 
propionic 
acid

2-MPA 104.1 0.10* 3.99 
(A)

ND (Werner 
et al., 2024)

- Yes -

53103- 
75-6

2-Ethoxypropionic 
acid

Ethoxy 
propionic 
acid

2-EPA 118.1 0.40* 4.14 
(A)

ND Yes - Yes -

56674- 
67-0

2- 
Propoxypropionic 
acid

Propoxy 
propionic 
acid

2-PPA 132.2 1.00 4.35 
(A)

ND Yes - Yes -

14620- 
87-2

2-Butoxypropionic 
acid

Butoxy 
propionic 
acid

2-BPA 146.2 1.30* 4.35 
(A)

ND Yes - Yes -

940-31-8 2- 
Phenoxypropionic 
acid

Phenoxy 
propionic 
acid

2-PhPA 166.2 1.70* 3.78 
(A)

ND Yes - Yes -

ND: not determined.
Abbreviations: logP: octanol-water partition coefficient; pKa: acid dissociation constant, with (A) for acid; fu,b: plasma binding; pHH: primary human hepatocytes; HBMVEC: human 

brain microvascular endothelial cells; LOD: limit of detection; BBB: blood-brain barrier.
a Data retrieved January 12, 2024, from Pubchem. PubChem (nih.gov).
b Data retrieved January 12, 2024, from Chemicalize. Chemicalize - Instant Cheminformatics Solutions.
c Data retrieved January 12, 2024, from QIVIVE, https://www.qivivetools.wur.nl.
d Compound not available.
e S9 data will be published elsewhere.
* Computed data.
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MP250) or aggregation medium for either plated use or 3D culturing, 
respectively. Plates used for 2D cell culture were coated 1 h before 
seeding with rat tail collagen type I (1.3 µg/cm2, Sigma; 08-115) and the 
medium was exchanged daily with maintenance medium (Lonza; CC- 
3198). The same cell aggregation and treatment media for the 3D cul
tures were used as described previously for the HepaRG.

Immortalized human brain capillary endothelial cells (hCMEC/D3; 
Sigma, SCC066) were grown in precoated flasks or plates using rat tail 
collagen type I (1.3 µg/cm2, Sigma) 1 h prior seeding. EBM-2 medium 
(Lonza; CC-3156) supplemented with the SingleQuots™ growth factors 
(Lonza; CC-4176), excluding vascular endothelial growth factor VEGF as 
recommended by the manufacturer, was used for culturing and treat
ment. Passaging at 80–90 % confluency was done using Accumax 
(ThermoFisher Scientific; 00-4666-56) and cells were used at passages 
10-22.

Primary human brain microvascular endothelial cells (HBMVEC; 
ACBRI376) were obtained from Cell Systems (Kirkland, WA, USA). Pre- 
coating was performed using the Attachment Factor™ (Cell Systems; 
4Z0-201). Cells were carefully thawed using CultureBoost™ (Cell Sys
tems; 4CB-500) and cultured in complete classic medium with serum 
and CultureBoost™ (Cell Systems; 4Z0-500) for the passages 3–7. 
Passaging at 80–90 % confluency was performed using the Passage re
agent Group™ 1–3 (Cell Systems; 4Z0-800).

Neural progenitor cells (NPCs, GEO-1) were generated from induced 
pluripotent stem cells (iPSCs) derived from human CCD-1079Sk fibro
blasts (ATCC®, Manassas, VA, USA; CRL-2097), as previously described 
(Hogberg et al., 2013; Wen et al., 2015). NPCs were then grown and 
amplified in cell culture flasks coated with Geltrex® (ThermoFisher 
Scientific; A1413201) using Neural Expansion Medium (NEM) consist
ing of 45 % Neurobasal® Medium (21103049), 45 % Advanced™ 
DMEM/F-12 Medium (12634010), and 10 % Neuronal Induction Sup
plement (A1647701), all from ThermoFisher Scientific. The medium 
was replaced every two to three days. At 90 % confluency, cells were 
passaged using StemPro™ Accutase™ Cell Dissociation Reagent (Ther
moFisher Scientific; A1110501).

BrainSpheres were differentiated from NPCs following published 
protocols (Pamies et al., 2017). Briefly, NPCs a grown to 95 % con
fluency were washed with Dulbecco’s Phosphate-Buffered Saline (DPBS; 
Sigma; D8537). StemPro™ Accutase™ Cell Dissociation Reagent was 
used to detach the cells from the flask. Cells were seeded at 2 × 106 cells 
in 2 mL per well in a non-treated six-well plate (Sigma; CLS3516). After 
two days, the medium was changed to Neuronal Differentiation Medium 
(NDM), consisting of Neurobasal Electro Medium (A1413701), 2 % B27 
Neurobasal Electro supplement (A1413701), 0.01 μg/mL human/
murine/rat recombinant brain-derived neurotrophic factor (BDNF; 
450-02-1), 0.01 μg/mL human recombinant glial cell-derived neuro
trophic factor (GDNF; 450-10-1), and 100 U/mL penicillin-100 µg/mL 
streptomycin, all from ThermoFisher Scientific. The medium was 
replaced three times a week.

All cells were cultured at 37 ◦C with 5 % CO2 in a 95 % humified 
incubator, with constant gyratory shaking (Kuhner orbital plate shaker 
ES-X, 88 rpm) applied for the BrainSpheres.

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 (ThermoFisher Scientific; 174925). hCMEC/ 
D3 and HBMVEC were seeded 7 days prior treatment in 96-well plates at 
2.34 × 104 cells/cm2. The acidic pH condition resulting from the 
β-metabolites in the highest treatment condition (Supplementary Fig. 4) 
was neutralized to pH 7.4 (measured with an electrode) using 1 N NaOH 
and sterilized by filtration before further diluted. For the 3D HepaRG 
cultures, half of the medium was removed, and twofold concentrated 
compound solution was added. The cell plates were sealed with an ad
hesive gas permeable seal (ThermoFisher Scientific; AB0718) to prevent 
solvent evaporation. Compound concentrations in the range of 
0.1–1000 mM for the glycol ethers and 0.6–25 mM for the β-metabolites 
for evaluating concentration-dependent cytotoxicity for single (48 h) or 
repeated (7 days) exposure were selected, considering solubility limi
tations of the compounds. Cell viability was assessed subsequently after 
the incubation period 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 manufacturer’s instructions. Lumi
nescence was measured on a Flexstation 3 microplate reader (Molecular 
Devices) at 1000 ms. Following, the EC50 was calculated using Graph
Pad Prism.

2.4. Gene expression analysis

HepaRG cells and pHH were seeded at 2.25 × 105 cells/cm2, and 
hCMEC/D3 and HBMVEC were seeded at 2.34 × 104 cells/cm2, in 96- 
well plates and cultured for 7 days. The total RNA was isolated using 
the Qiazol Lysis Reagent (Qiagen, Basel, Switzerland; LT-02241) and 
mRNA isolated following the standard TRIzol extraction procedure with 
glycogen (ThermoFisher Scientific; 79306). Reverse transcription was 
performed using the M-MLV Reverse transcriptase (Promega, Düben
dorf, Switzerland; M1705) and oligo(dT) (Qiagen; 79237). Quantitative 
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 denatur
ation 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 

Fig. 1. Chemical structures for the studied (A) glycol ethers and (B) alkoxy acid metabolites.

Table 2 
Taqman probes of selected genes obtained from ThermoFisher Scientific.

Gene of interest Abbreviation Ref. nr.

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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(Roche Diagnostics, Rotkreuz, Switzerland).
Total RNA was extracted from BrainSpheres automatically (QIAcube 

instrument, Qiagen) using QIAshredder columns (Qiagen; 79656) and 
the RNeasy® Mini Kit (Qiagen; 74104). RNA was quantified with 
NanoDrop™ One Microvolume UV-Vis Spectrophotometer (Thermo
Fisher Scientific). Reverse transcription was performed using 2 µg of 
total RNA with the High-Capacity cDNA Reverse Transcription Kit with 
RNase Inhibitor (ThermoFisher Scientific; 4368814). Real-time PCR was 
then conducted using Taqman™ Universal PCR Master Mix (Thermo
Fisher Scientific; 4304437) with specific TaqMan probes for selected 
genes (see Table 2).

Beta-2-Microglobulin (B2M) was used as internal standard for 
normalization and relative gene expression was calculated as ΔCt = Ct 
of the Gene of Interest - Ct B2M.

2.5. Immunohistochemistry

hCMEC/D3 and HBMVEC were fixed with 4 % PFA (Polysciences, 
Warrington, PA; USA; 18814-10) for 15 min and washed in 1 × PBS 
(Sigma; 11666789001). Cells were permeabilized with 0.1 % Triton X- 
100 in 1 × PBS (ROTH, Arlesheim, Switzerland; 3051.3) for 15 min, 
washed and blocked with 1 % BSA in 1 × PBS (Sigma; A2153) for 1 h. 
After washing again, the primary antibody was incubated overnight (4 
◦C), washed, followed by the incubation with the secondary antibody 
(1:1000) for 1 h. Washed cells were counterstained with DAPI (Ther
moFisher Scientific; 62248, 1:1000) (2–5 min) prior to imaging. Anti
bodies and the applied dilutions in 0.1 % BSA in 1 × PBS are listed 
below (Table 3). The images were taken with the Olympus Fluoview 
FV3000 Confocal Microscope.

BrainSpheres were fixed for 1 h with 4 % PFA and washed three 
times with 1 × PBS for 10 min each. Then, they were blocked with 4 % 
Triton X in 1 × PBS containing 5 % normal goat serum (NGS; Thermo
Fisher Scientific; 50062Z) for 2 h on a shaker at RT. Afterwards, 
BrainSpheres were incubated with primary antibodies diluted in 
1 × PBS containing 5 % NGS and 1 % Triton X (4 ◦C, 24 h). Subse
quently, BrainSpheres were washed three times and incubated for 2 h at 
4 ◦C with secondary antibodies (1:200) diluted in 1 × PBS containing 
5 % NGS. They were then washed three times. Nuclei were stained with 
Hoechst 33342 trihydrochloride trihydrate (Invitrogen; H3570, 
1:10,000) for 10 min at - 4 ◦C. Finally, BrainSpheres were mounted on 
glass slides using a mounting medium (ThermoFisher Scientific; 
P36930). The images were captured using a confocal microscope (Zeiss 
LSM 780 GaAsP) and visualized using ZEN Imaging software from Zeiss 

and ImageJ.

2.6. Western blot

Samples of hCMEC/D3, HBMVEC, and BrainSpheres cell lysates were 
run on a 10 % SDS-Page and transferred to a PVDF membrane (Sigma; 
GE1060004) using the Pierce Powerplot cassette and power station 
(ThermoFisher Scientific). Protein concentrations were measured ac
cording to the standard Bradford assay protocol using ROTI® Nano
quant (ROTH; K880.1) and the Pierce BCA Protein assay kit 
(ThermoFisher Scientific, 23225) according to the manufacturer’s in
structions. 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. Subsequently, membranes were washed with TBS-T and the 
secondary antibody was applied 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 Odyssey®CLx imaging system (LI-COR Biosciences, 
Bad Homburg, Germany). The relative signal mean intensity was 
calculated using ImageJ by measuring the area of bands of interest and 
normalization to the area of GAPDH.

2.7. Evaluation of Michaelis-Menten-kinetics, substrate depletion, and 
β-metabolite formation using S9 fraction

The incubation mixtures contained S9 (1 mg/mL), 100 mM potas
sium 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. A concentration range of 0.1–4.2 mM β-PGPhE 
or β-PGBE was used for the Michaelis-Menten kinetic (MMK) measure
ments. For the substrate depletion/β-metabolite formation measure
ments, the applied substrate concentration was approximately twofold 
below (90 µM β-PGPhE) or marginally above (140 µM β-PGBE) the 
determined Km value. After 5 min of preincubation, the reaction was 
initiated with the addition of NAD+ and NADPH, and incubations con
ducted (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 ice-cold 
acetonitrile (ACN; Sigma; 439134) at 45 min or defined time points over 
45 min (1’, 12’, 23’, 34’, 45’) for the MMK incubations. Samples were 
then vortexed and centrifuged (15 min, 2500 × g, 4 ◦C) and the super
natant stored at – 80 ◦C for further analysis. MMK parameters (Vmax and 
Km) were obtained by nonlinear regression using GraphPad Prism 
applying the Michaelis-Menten equation. The in vitro hepatic intrinsic 
clearance (CLint) was calculated according to the equations described in 
Section 2.13.Table 3 

Antibodies used for immunohistochemistry obtained from ThermoFisher 
Scientific.

Protein of interest Abbreviation Primary 
antibody

Secondary 
antibody

Alcohol 
dehydrogenase 1

ADH1A/B/C Goat polyclonal 
antibody 
(PAB6725)/1:500

Rabbit anti-goat 
Alexafluor 488 
(A-11078)

Aldehyde 
dehydrogenase 2

ALDH2 Mouse 
monoclonal 
antibody 
(MA5-17029)/ 
1:500

Rabbit anti-mouse 
Alexafluor 546 
(A-11060)

CD31 ​ Rabbit polyclonal 
antibody 
(ab32457)/ 
1:1000

Rabbit anti-goat 
Alexafluor 488 
(A-11078)

Phalloidin ​ Phalloidin 
Alexafluor 488 
(A12379)/1:100

-

ZO-1 ​ Mouse 
monoclonal 
antibody 
(33-9100)/1:100

Rabbit anti-mouse 
Alexafluor 546 
(A-11060)

Table 4 
Antibodies used for Western blot.

Protein of Interest Abbreviation Primary antibody Secondary 
antibody

Alcohol 
dehydrogenase 1

ADH1A/B/C Goat polyclonal 
antibody 
(ThermoFisher 
Scientific; 
PAB6725)/1:1000

Donkey anti-goat 
IRDye® 800CW 
(LI-COR 
Biosciences; 925- 
32214)/1:20,000

Aldehyde 
dehydrogenase 2

ALDH2 Mouse monoclonal 
antibody 
(ThermoFisher 
Scientific; MA5- 
17029)/1:2000

Donkey anti- 
mouse IRDye® 
800CW 
(LI-COR 
Biosciences; 926- 
32212)/1:20,000

Glyceraldehyde-3- 
Phosphate 
Dehydrogenase

GAPDH Rabbit polyclonal 
antibody 
(ThermoFisher 
Scientific; PA1- 
987)/1:1000

Donkey anti- 
rabbit IRDye® 
680CW 
(LI-COR 
Biosciences; 926- 
68073)/1:20,000
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2.8. Assessment of β-metabolite formation in the different cell systems

For the in vitro liver systems, 3D HepaRG and 3D pHH were seeded 7 
days before treatment into 96-well ultra-low attachment Elplasia® 
plates (Corning; 4442) with 219,000 cells per well to form 79 3D-spher
oids in micro-arrays (2772 cells/spheroid) per incubation, following 
centrifugation (2 min, 300 × g). For the in vitro BBB models, hCMEC/D3 
and HBMVEC were seeded 7 days prior treatment in 96-well plates at 
2.34 × 104 cells/cm2. For the 3D HepaRG and pHH, 100 µL medium was 
removed and 50 µL of threefold concentrated compound solution was 
added to the remaining 100 µL in the well to reach the final nominal 
solvent concentration. For the 2D cultures, the medium was replaced by 
the treatment solution in the final concentration. Non-toxic concentra
tions of β-PGBE (0.1 mM), β-PGEE (1 mM), and β-PGPhE (0.12 mM), 
slightly below or at the determined Km (Table 6, unpublished data for 
β-PGEE) were used to compare β-metabolite formation under non- 
saturated conditions. As the experimental set-up required a high nomi
nal concentration of the β-PGEs to meet the limit of quantification for the 
formed β-metabolites, the applied substrate concentrations were higher 
than for the S9 incubations. At defined time-points (1 h, 6 h, 24 h), the 
supernatant was collected, quenched with ice-cold ACN, and stored at – 
80 ◦C for further analysis. 3D HepaRG were lysed at 24 h to perform 
gene expression analysis as described in Section 2.4. Additionally, su
pernatant from the 3D HepaRG incubations were collected within the 
first hour (1’, 15’, 30’, 45’) to determine hepatic kinetics and to calcu
late in vitro CLint according to the equations described in Section 2.13. 
The in vitro CLint within the first hour was not determined for the 
hCMEC/D3 due to the limit of detection.

In addition, BrainSpheres (70–80 per well) were exposed to non- 
cytotoxic concentrations (20 mM) of β-PGME and β-PGEE, considering 
full enzyme saturation based on the determined Km values. Supernatant 
was sampled after 6 h of incubation and stored at - 80 ◦C for further 
analysis.

All incubations were performed in triplicates at 37 ◦C, 5 % CO2 in a 
humidified incubator, with constant gyratory shaking (Kuhner orbital 
plate shaker, 88 rpm) applied for the BrainSpheres, and the plates were 
covered with a gas permeable seal (except for the BrainSpheres). Before 
analysis, samples were centrifuged (20 min, 2500 × g, 4 ◦C).

For comparing the β-metabolite generation within the different sys
tems, we normalized the amount of β-metabolite measured (pmol) to the 
protein amount present per incubation (µg) for each biological replicate 
(Supplementary Table 3). Determination of protein content per incu
bation was performed using the Pierce BCA Protein assay kit (Thermo
Fisher Scientific; 23225) according to the manufacturer’s instructions. 
For comparison of hepatic and extra-hepatic metabolism, the amount of 
β-metabolite formed normalized per protein for the 3D HepaRG was set 
as benchmark standard (ratio 1.0) and the relative ratios for the other 
cell models were calculated. Except for BrainSpheres, for which the 
experiments were performed under highly saturated conditions.

2.9. Evaluation of blood-brain barrier tightness

hCMEC/D3 were seeded at 3 × 103 cells/cm2 in pre-coated 24-trans
wells with 0.4 µm polyethylenterephthalate (PET) membrane inserts 
(cellQART, Northeim, Germany; 9320414) and cultured for 7 days. 
Subsequently, the cells were incubated for 48 h with the glycol ethers 
(2 mM) and the β-metabolites (0.1 mM) in a humidified incubator (37 
◦C, 5 % CO2), placed on an orbital shaker (100 rpm; Eppendorf; New 
Brunswick S41i). The exposure concentration (2 mM) was selected 
based on toxicokinetic simulations that predicted a total extravascular 
concentration exposing the brain of approximately 2 mM with the as
sumptions: 100 ppm PGME exposure (Swiss occupational exposure 
limit), 8 h per day, 5 days a week, 100 W workload (N. Hopf, personal 
communication). An exposure concentration of 0.1 mM for the β-me
tabolites was selected, accounting for a 5 % in vitro β-metabolite for
mation considering the results from our previously published study 

(Werner et al., 2024). After 2 h of incubation, supernatant was collected 
and stored at – 80 ◦C for further analysis to determine the passive 
permeability coefficient (see Section 2.10). The tightness of the 
hCMEC/D3 monolayer was determined by measuring the permeability 
of the fluorescence marker Lucifer yellow CH dipotassium salt (LY; 
Sigma; L0144). After 48 h treatment, the medium was removed, 100 µL 
of 10 µg/mL LY solution was added to the apical compartment and the 
plate was placed again on the orbital shaker (100 rpm, 1 h) in the 
incubator. Thereafter, fluorescence (428 nm excitation/540 nm emis
sion) for samples collected from the basolateral chamber was read with a 
FlexStation 3 microplate reader (Molecular Devices, LCC). LY concen
trations were measured applying a standard curve and the apparent 
permeability (Papp) was calculated according to Eq. (1): 

Papp [cm/min] =
VB [cm3]

A [cm2] × CA0 [µL]
×

ΔCB [µg/mL]
ΔT [min]

(1) 

where VB is the volume in the basolateral compartment (0.6 cm3), A is 
the surface area of the filter (0.33 cm2), CAO is the initial concentration 
in the apical chamber, and ΔCB/ΔT is the change of concentration in the 
basolateral chamber over time.

2.10. Determination of the passive permeability coefficient (Papp)

hCMEC/D3 were seeded at 3 × 103 cells/cm2 in pre-coated 24-trans
wells with 0.4 µm polyethylenterephthalate (PET) membrane inserts 
(cellQART, Northeim, Germany; 9320414) and cultured for 7 days. 
Following, cells were treated with the glycol ethers (2 mM) or the 
β-metabolites (0.1 mM), as well as with 10 µg/mL LY, 10 µg/mL dextran 
40 (ThermoFisher Scientific; D182), 10 µM metoprolol (Sigma; 
PHR1076), or 10 µM diclofenac (Sigma; 93484) as reference compounds 
with known BBB-permeation. Incubations were held in a humidified 
incubator (37 ◦C, 5 % CO2) on an orbital shaker (100 rpm; Eppendorf; 
New Brunswick S41i). After 2 h, samples of 30 µL were collected from 
the apical and basolateral chambers and concentrations either quanti
fied using analytical analysis (for the glycol ethers, β-metabolites, 
metoprolol, diclofenac) or by measuring the fluorescence applying 
standard curves (for LY and dextran 40). The apparent permeability 
(Papp) was calculated according to Eq. (1) in Section 2.9. Concentrations 
were corrected by the total recovery considering binding effects. The 
recovery in percentage was calculated as: 

Recovery(%) =
(CA [µg/mL] × VA[cm3]) + (CB [µg/mL] × VB[cm3])

CA0 [µg/mL] × VA[cm3]

× 100
(2) 

where CA and CB are the final concentrations of compounds in the apical 
and basolateral chamber, respectively, CA0 is the initial concentration in 
the apical compartment, and VA and VB are the apical (0.1 cm3) and 
basolateral (0.6 cm3) compartment volume, respectively.

2.11. In silico permeability prediction

The Unibas toolkit (CDK Toolkit (pharma-te.ch)) (Bendels et al., 
2008; Suenderhauf et al., 2012a) and admetSAR 3.0 (admetSAR (ecust. 
edu.cn)) (Yang et al., 2019) were used to predict blood-brain barrier 
(BBB) permeance of the compounds. These in silico tools use data sets on 
the passive BBB permeation of drug-like compounds derived from 
different chemical classes. However, the application of these tools to 
glycol ethers is unknown. The parameter derived from the Unibas toolkit 
was the predicted brain/plasma ratio (logBPR), with a given cut-off for 
likely permeation defined as logBPR > 0.3. The predicted parameter 
from admetSAR 3.0 was BBB penetration, with the maximum defined as 
1.0.

For the correlations, the Pearson correlation coefficient (r) was 
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Table 6 
Summarized results for the hepatic enzyme kinetics for the conversion of β-PGEs to β-metabolites.

Calculated based on measured Michaelis-Menten- 
kinetics (Vmax/Km)

Calculated based on measured substrate 
depletion

Calculated based on measured metabolite formation

fu,inc
b Vmax 

[nmol/ 
min/mg]

Km 

[µM]
CLint, in vitro 

β-metabolite 
formation 
[µL/min/mg]

Predicted 
CLint,in vivo 

β-metabolite 
formation 
[mL/min/kg]

Predicted CLh 

β-metabolite 
formation 
[mL/min/kg]

CLint, in 

vitro 

substrate 
depletion 
[µL/min/ 
mg]

Predicted 
CLint,in vivo 

substrate 
depletion [mL/ 
min/kg]

Predicted CLh 

substrate 
depletion [mL/ 
min/kg]

CLint, in vitro 

β-metabolite 
formation 
[µL/min/106 

cells]

CLint, in vitro 

β-metabolite 
formation 
[µL/min/mg]

Predicted 
CLint,in vivo 

β-metabolite 
formation 
[mL/min/kg]

Predicted CLh 

β-metabolite 
formation 
[mL/min/kg]

S9 fraction ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
β-PGME → 

2-MPAa
0.87 1.04 

± 0.28
5572 
± 2171

0.19 ± 0.03 0.60 ± 0.09 0.36 ± 0.05 3.80 
± 2.14

11.8 ± 6.67 5.00 ± 2.52 ND 40.9 ± 5.19 127 ± 16.1 16.4 ± 0.47

β-PGEE → 
2-EPA

ND ND ND ND ND ND ND ND ND ND ND ND ND

β-PGBE → 
2-BPA

0.90 1.51 
± 0.15

117 
± 45.9

14.5 ± 5.63 45.1 ± 17.5 10.9 ± 1.81 7.26 
± 2.01

22.6 ± 6.25 7.58 ± 1.38 ND 58.9 ± 12.5 183 ± 38.9 17.0 ± 0.66

β-PGPhE → 
2-PhPA

0.88 6.16 
± 1.23

166 
± 53.6

40.2 ± 6.50 125 ± 20.2 14.8 ± 0.70 7.50 
± 0.80

23.3 ± 2.49 6.64 ± 0.48 ND 104 ± 5.33 323 ± 16.6 18.0 ± 0.12

3D 
HepaRG

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

β-PGME → 
2-MPAa

0.94 ND ND ND ND ND ND ND ND 9.34 ± 0.83 9.62 ± 0.85b 28.2 ± 2.50 9.07 ± 0.44

β-PGEE → 
2-EPA

0.93 ND ND ND ND ND ND ND ND 16.6 ± 2.89 17.1 ± 2.98c 50.1 ± 8.73 13.3 ± 0.90

β-PGBE → 
2-BPA

0.91 ND ND ND ND ND ND ND ND 3.55 ± 0.91 3.66 ± 0.94c 10.7 ± 2.74 4.47 ± 0.89

β-PGPhE → 
2-PhPA

0.88 ND ND ND ND ND ND ND ND 5.92 ± 0.10 6.10 ± 0.10c 17.9 ± 0.31 5.77 ± 0.07

ND: not determined.
The β-PGEs are ordered by increasing lipophilicity (based on logP) from top to bottom. Abbreviations: fu,inc: incubational binding; Vmax: maximum reaction rate; Km: Michaelis-Menten-Constant; CLint, in vitro: hepatic intrinsic clearance in vitro; CLint, in 

vivo: hepatic intrinsic clearance in vivo; CLh: hepatic organ clearance.
a From Werner et al. (2024).
b Data calculated using QIVIVE (qivivetools.wur.nl).
c Converted 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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calculated using Graphpad prism (GraphPad Software, San Diego, CA, 
USA; Version 10.0.2). The following classifications were considered: 
0.00–0.30 (negligible), 0.30–0.50 (low), 0.50–0.70 (moderate), 
0.70–0.90 (high), 0.90–1.00 (very high) (Mukaka, 2012).

2.12. Chemical analytical methods

Glycol ether concentrations were quantified with gas chromatog
raphy (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).

Alkoxy propionic acid (β-metabolites) concentrations were quanti
fied 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).

Diclofenac and metoprolol concentrations were quantified with a 
high-performance liquid chromatography (HPLC) with quadrupole mass 
spectrometer detection (MS/MS). The samples were injected into the 
HPLC (1260 Infinity II Series Gradient HPLC system, Agilent, Santa 
Clara, CA, USA) equipped with a C8 column (InfinityLab Poroshell 120 
EC-C8 column (2.1 × 50 mm, 2.7 μm), Agilent; 699775906) connected 
to the MS/MS in electrospray ionization (ESI) mode (Ultivo Triple 
Quadrupole 6465BA mass spectrometer, Agilent) with a data acquisition 
software (MassHunter Quantitative Analysis 10.2, Agilent).

Detailed information on the chemical analytical methods is provided 
in the Supplementary (Supplementary Tables 4, 5).

2.13. Calculation of the in vitro clearance and processing to hepatic organ 
clearance

The in vitro CLint for the substrate depletion and the β-metabolite 
formation was determined according to Eq. (3) for the S9 incubations 
and Eq. (4) for the cellular incubations (Obach et al., 1997): 

CLint,in vitro [µL/min/mg] =
±k [1/min] × volume[µL]

S9protein[mg]
(3) 

CLint,in vitro [µL/min/Million cells] =
±k [1/min] × volume[µL]

cell number[Million cells]
(4) 

where the elimination (-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 
β-metabolite concentration versus the incubation time, respectively.

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

CLint,in vitro [µL/min/mg] =
Vmax [nmol/min/mg]

Km [µM]
(5) 

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 calculated 
using physiological scaling factors for hepatocellularity (Barter et al., 
2006; Musther et al., 2017), for the protein (Houston and Galetin, 2008), 
and liver weight (Davies and Morris, 1993) according to Eqs. (6) and (7): 

CLint,in vivo [mL/min/kg] = CLint,in vitro × 121
mgS9protein

gliver

× 25.7
gliver

kg bodyweight
(6) 

CLint,in vivo [mL/min/kg] = CLint,in vitro × 117.5
106cells
gliver

× 25.7
gliver

kg bodyweight
(7) 

The in vitro hepatic organ clearance (CLh) was predicted using the 
well-stirred liver model according to Eq. (8) (Pang and Rowland, 1977): 

CLh [mL/min/kg] =
QH [mL/min/kg]×CLint,in vivo [µL/min/kg]× fu, b

fu,inc

QH [mL/min/kg]+CLint,in vivo [µL/min/kg]× fu, b
fu,inc

(8) 

where QH is the hepatic blood flow (20.7 mL/min/kg) (Riley et al., 
2005). Incubational binding for the test system (fu,inc) and plasma 
binding (fu,b) was predicted using a QIVIVE platform (qivivetools.wur. 
nl) (Berezhkovskiy, 2004; Jones and Rowland-Yeo, 2013; Lobell and 
Sivarajah, 2003), taking into account the physicochemical properties of 
the compounds. For the S9 incubations, the S9 protein concentration 
was considered and the Hallifax and Houston method applied (Hallifax 
and Houston, 2006). For the 3D HepaRG experiments, the cell concen
tration was considered and the Kilford method applied (Kilford et al., 
2008).

2.14. Statistical analysis

Data representation and statistical analysis were performed using 
Microsoft Excel (Microsoft, Redmond, WA) and GraphPad Prism. Data 
are expressed as mean values ± SD. For the statistical analysis of two 
groups, the student’s t-test was used. One-way ANOVA was used for 
statistical analysis of multiple conditions. p < 0.05 was considered as 
significant (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001, ****, p ≤ 0.0001).

3. Results

3.1. The toxicity of propylene glycol ethers depends on their carbon chain 
length

To assess the cytotoxicity of the glycol ethers and the alkoxy propi
onic acids (β-metabolites) on 3D HepaRG and hCMEC/D3, we exposed 
them over either 48 h or 7 days. Relative cell viability, measured as 
cellular ATP content, indicated a trend towards an increasing toxicity of 
the glycol ethers, in accordance with their carbonic chain length and 
lipophilicity (logP) (Table 5). The 3D HepaRG and hCMEC/D3 cultures 
were fairly resistant to the treatments with EC50 values in the millimolar 
range. Generally, EC50 values for all compounds were lower after 7 days 
than after 48 h of treatment. We observed higher toxicity for the β-iso
mer PGEs (β-PGE) than for the isomer mixtures, which are primarily 
composed of the α-isomer (> 95.5 %) and a small fraction of the β-iso
mer (< 0.5 %). This was true in 3D HepaRG and particularly pronounced 
in hCMEC/D3.

Regarding the toxicity of the β-metabolites, we did not observe any 
discernible trend with respect to their carbonic chain length and lip
ophilicity. 2-EPA and 2-PhPA showed a low toxic potential on the 3D 
HepaRG, precluding the calculation of EC50 values. In contrast, hCMEC/ 
D3 cells were highly sensitive to the β-metabolites, with similar EC50 
values for all of them. Moreover, all β-metabolites (except 2-PhPA that 
was approximately twofold less toxic than β-PGPhE) were more toxic 
than their parent β-PGEs.

All cytotoxicity curves can be found in the Supplementary
(Supplementary Figs. 5–8).
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3.2. The in vitro clearance of β-isomer propylene glycol ethers depends on 
their carbon chain length

We determined the Michaelis-Menten kinetic parameters (Michaelis- 
Menten-Constant (Km) and maximum reaction rate (Vmax)) using the S9 
incubations (Fig. 2A, values summarized in Table 6) to evaluate enzy
matic kinetic parameters of the β-PGEs and thus enzyme saturation 
concentrations. The Vmax value was remarkably higher for β-PGPhE than 
for β-PGBE, resulting in a higher calculated in vitro hepatic intrinsic 
clearance (CLint) (Vmax/Km) for β-PGPhE than for β-PGBE. Combining 
the outcome with our previously reported results for β-PGME (Werner 
et al., 2024), we could rank the β-PGEs based on their carbonic chain 
length. Specifically, we noticed a pattern for increasing calculated in 
vitro CLint values (Vmax/Km), simultaneously reflected in lower Km values 
and higher Vmax values, dependent on the chain length of the β-PGEs 
(β-PGPhE > β-PGBE > β-PGME).

Next, we calculated the in vitro CLint based on the measured depletion 
of the β-PGEs (substrate depletion) and based on the corresponding 
β-metabolite formation (Fig. 2B, Table 6, Supplementary Fig. 9A). 
Notably, the clearance determined by measuring the formed β-metabo
lites 2-BPA and 2-PhPA was 8 and 14 times higher than the clearance 
determined based on substrate depletion for β-PGBE and β-PGPhE, 
respectively. Again, ranking of the measured in vitro CLint values ac
cording to the β-PGE chain length was possible for the obtained values.

We also determined the in vitro CLint for the β-metabolite formation 
of 2-EPA, 2-BPA, and 2-PhPA from β-PGEE, β-PGBE, and β-PGPhE 
(Fig. 2C, Table 6, Supplementary Fig. 9B) using a 3D HepaRG model. We 
encountered analytical issues, as only a small quantity of the β-PGEs was 
metabolized and the obtained depletion curves could not be reliably 
measured with the analytical methods. Therefore, the clearance based 
on substrate depletion was not determined. Artifacts due to stability, 
adsorption, or evaporation of the β-PGEs and the β-metabolites over time 
are not expected based on additional tests (Supplementary Fig. 10, 11). 
Based on our findings and considering our previously reported results 
for β-PGME, no ranking for the in vitro CLint based on the chain length of 
the β-PGEs could be determined in the 3D HepaRG incubations. In 
addition, the determined in vitro CLint values for β-metabolite formation 
using the 3D HepaRG were notably lower (approximately 2 to 17-fold) 
than the in vitro CLint values for β-metabolite formation obtained from 

S9.
The calculated hepatic organ clearance (CLh) based on the calculated 

in vitro CLint (Vmax/Km) values and the measured in vitro CLint values is 
summarized in Table 6. The predicted CLh values were within threefold 
agreement for the S9 and 3D HepaRG, except for the CLh calculated on 
the in vitro CLint (Vmax/Km) for 2-MPA. Reiterating the obtained CLh 
values, the same ranking pattern was observed as for the in vitro CLint 
based on the calculated in vitro CLint (Km/Vmax) and measured in vitro 
CLint in S9 (β-metabolite formation). On the contrary, no trends within 
the β-PGEs for calculations based on the measured in vitro CLint in S9 
(substrate depletion) and the measured in vitro CLint 3D HepaRG 
(β-metabolite formation) were observed.

3.3. Propylene glycol ethers and their β-metabolites permeate through the 
blood-brain barrier

The hCMEC/D3 cell line expressed endothelial markers comparable 
to an in vitro primary cell model (HBMVEC) as determined by immu
nostaining with antibodies towards CD31 and ZO-1 (Fig. 3A, Supple
mentary Fig. 12). Considering their function, the hCMEC/D3 built a 
tight endothelial barrier with a measured in vitro passive permeability 
(Papp, A–B) for Lucifer yellow (LY; 0.5 kDa) of 0.92 ± 0.10 × 10− 3 cm/ 
min. None of the tested glycol ethers or β-metabolites impaired the 
barrier function as determined by the in vitro Papp of LY after incubation 
of hCMEC/D3 (Fig. 3B).

Despite the tightness of the cellular barrier, permeation of the glycol 
ethers through the hCMEC/D3 was rapid with in vitro Papp values of 1.6 – 
2.9 × 10− 3 cm/min as shown in Fig. 3C. Acceptable assay recoveries 
were obtained for all compounds with total recoveries between 59.0 % 
and 101 % (Supplementary Fig. 13). No trend based on lipophilicity was 
observed. The in vitro Papp values of the β-metabolites were generally 
slightly lower than the values observed for the glycol ethers, except for 
2-MAA, which exhibited a Papp value of 3.00 ± 0.5 × 10− 3 cm/min. All 
values are summarized in Table 7.

Comparing the measured in vitro Papp values with the in silico 
permeability predictions (logBPR, BBB penetration), we observed poor 
correlations for the glycol ethers and β-metabolites (Supplementary 
Fig. 14). However, strong correlations (Pearson correlation coefficient 
r ≥ 0.89) between the permeability predictions and the experimental 

Table 5 
Summarized cytotoxicity results for the glycol ethers, ethanol, and β-metabolites.

Carbonic chain length logPb 3D HepaRG (48 h) 3D HepaRG (7 d) hCMEC/D3 (48 h)

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

EGME C = 3 − 0.80 326a 261–397a 171a 139–205a 278 128–426
PGME C = 4 − 0.49 226a 194–262a 96a 73–126a 259 238–280
β-PGME C = 4 − 0.49 162a 146 –183a 86a 75–99a 143 127–160
PGEE C = 5 0.30 90 65–118 40 24–59 188 166–214
β-PGEE C = 5 0.20* 54 41 – 68 35 21–50 21 18– 25
PGPE C = 6 0.70 50 44 – 55 16 10–23 60 54–68
PGBE C = 7 1.15 31 ND 10 5–13 44 38–50
β-PGBE C = 7 1.10* 27 22–34 NA NA NA NA
PGPhE C = 9 1.50 9 ND 1 ND 7 ND
β-PGPhE C = 9 1.60* 5 ND 1 ND 9 ND
Ethanol C = 2 ​ 610a 464–898a NA NA > 1000 ND
2-MAA C = 3 − 0.30 11a 5–15a 9a 8–10a 14 12–15
2-MPA C = 4 0.10* 46a ND 26a 23–30a 30 28–37
2-EPA C = 5 0.40* ND ND ND ND 25 22–30
2-PPA C = 6 1.00 504 ND 20 6–29 18 14–23
2-BPA C = 7 1.30* 40 29–195 17 13–20 15 14–17
2-PhPA C = 9 1.70* ND ND ND ND 18 17–20

Cellular ATP decrease assessed on 3D HepaRG cultures and hCMEC/D3 upon 48 h and 7 days of exposure expressed as EC50 values and the corresponding 95 % 
confidence interval (CI). ND: not determinable. NA: not available.
Time in () indicates the duration of the incubation with the compound. Abbreviations: logP: octanol-water partition coefficient. The glycol ethers and β-metabolites are 
ordered by increasing lipophilicity (based on logP) from top to bottom.

a From Werner et al. (2024).
b Data retrieved January 12, 2024, from Pubchem. PubChem (nih.gov).
* Computed data.
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values were obtained for the reference compounds dextran 40, diclofe
nac, LY, and metoprolol.

In general, BBB penetration predictions from admetSAR showed 
values ranging from 0.55 to 0.93 for the glycol ethers, while the values 
for the β-metabolites were comparable with 0.73–0.88 (Table 7). In 
contrast to a predicted likely permeation of the glycol ethers applying 
the Unibas toolkit, the values for the β-metabolites were below the 
defined threshold (< 0.3) for likely permeation. This contradicts the 
observed high in vitro permeability of the β-metabolites. Moreover, 
comparisons with the physicochemical parameters of the compounds 
showed a positive correlation between the permeability of the reference 
compounds and their lipophilicity (AlogP, logP). In contrast, the mo
lecular weight (MW), fractional charge weighted partial positive surface 
area / total molecular surface area (FPSA-3), and number of hydrogen 

bond acceptors (nHBAcc) showed negative correlations.
Similarly, we noticed a moderate positive correlation for the glycol 

ethers with AlogP (admetSAR) and logP (Pubchem), and a moderate 
negative correlation with FPSA-3. The predicted AlogP from the Unibas 
toolkit exhibited a poor correlation. Contrary to the reference com
pounds, we observed a moderate positive relationship between the in 
vitro Papp and MW. For the β-metabolites, we found a moderate negative 
relationship between the permeability and lipophilicity (logP, AlogP), 
and a moderate positive correlation for FPSA-3, which differed from the 
findings for the reference compounds and the glycol ethers. Only the 
moderate negative correlation with MW was consistent with the findings 
for the reference compounds. Correlations for nHBAcc could not be 
performed for the glycol ethers and the β-metabolites because of iden
tical values within the set.

Fig. 2. (A) Representative velocity against substrate concentration plot for Michaelis-Menten kinetics in S9 incubations. 2-BPA and 2-PhPA were 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 means ± SD of N = 3 
independent incubations with 2 technical replicates. (B) Ln of % remaining parent solvent (▴) and ln of β-metabolite concentration (■) versus time profile in S9 
incubations. (C) Ln of β-metabolite concentration (■) versus time profile in 3D HepaRG. The in vitro CLint was calculated from the slope. Data points represent means 
± SD of N = 2–3 independent incubations summarizing calculated slopes derived from each single graph. The dotted line represents the parent value at time- 
point 1 min.
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3.4. BBB and brain in vitro models express ADH and ALDH

We performed experiments to elucidate the presence of the relevant 
enzymes ADH1 and ALDH2 on the gene and protein level in the CNS 
models (in vitro BBB: hCMEC/D3, HBMVEC; BrainSpheres) and human 
brain total RNA as comparator. Based on q-RT-PCR results (Fig. 4A), 
ALDH2 showed the highest gene expression level across all models. The 
expression of ADH1B and ADH1C was similar in all models, whereby the 
highest expression for ADH1C was found for the BrainSpheres. Inter
estingly, ADH1A expression was only measurable for the BrainSpheres.

Furthermore, we confirmed the presence of the enzymes on the 
protein level using immunostaining (ADH1A/B/C and ALDH2) and 
Western blot (ALDH2) in lysates derived from hCMEC/D3, HBMVEC, 
and BrainSpheres (Fig. 4 B/C, Supplementary Fig. 15). The signal mean 
intensity relative to GAPDH was the highest for the BrainSpheres 
(ALDH2: 1.98 ± 0.58), followed by HBMVEC (ALDH2: 1.14 ± 0.38) and 
hCMEC/D3 (ALDH2: 0.97 ± 0.30) (Fig. 4D).

3.5. β-isomer propylene glycol ethers are metabolized by the liver and in 
the CNS

After exposure to β-PGEs, β-metabolite formation over 24 h was 

successfully demonstrated for the 3D HepaRG, 3D primary human he
patocytes (pHH), hCMEC/D3, and HBMVEC as illustrated in Fig. 5A. As 
similar β-PGE concentrations were used, we calculated ratios comparing 
β-metabolite formation within the specific cell models, with the 3D 
HepaRG serving as the benchmark standard (Table 8). Remarkably, we 
observed a linear β-metabolite formation occurring within the first hour 
for all four systems, which then reached a steady state within 24 h.

For hepatic metabolism, we detected similar or lower metabolic rates 
in 3D HepaRG than in 3D pHH but both in vitro liver systems metabo
lized the β-PGEs within twofold agreement.

Regarding the extra-hepatic metabolism in the BBB in vitro models, 
similar amounts of 2-MPA and 2-EPA were produced by both hCMEC/ 
D3 and HBMVEC. We could not detect 2-BPA and 2-PhPA formation, 
likely due to the analytical limit of detection. The β-metabolite forma
tion in hCMEC/D3 and HBMVEC was approximately 16–33 % and 
10–20 % of hepatic metabolism, respectively.

Also, exposure of the BrainSpheres to β-PGME and β-PGEE over 6 h 
showed the successful formation of the β-metabolites 2-MPA and 2-EPA 
(Fig. 5B). We measured an approximately threefold higher formation for 
2-EPA (12.87 ± 3.90 pmol/µg) than 2-MPA (4.30 ± 1.33 pmol/µg).

Fig. 3. (A) Expression of BBB and endothelial cells markers in the hCMEC/D3 cell line. Immunostainings of Phalloidin (green), ZO-1 (red), CD31 (green), and DAPI 
nuclear counter-staining (blue). Scale bar: 50 µm. (B) Assessment of the barrier tightness after exposure to the glycol ether and the β-metabolites for 48 h. The flux, 
reported as passive permeability (Papp) coefficient, was determined in apical-to-basolateral direction for the fluorescent labeled marker Lucifer yellow (LY) 0.5 kDa. 
N = 3 independent biological repeats with 2 technical replicates. Graphs represent means ± SD; statistical analysis based on one-way ANOVA followed by Dunnett’s 
pairwise comparison: **, p ≤ 0.01. (C) Permeation (Papp) of the glycol ethers, β-metabolites, and the reference compounds through the hCMEC/D3. N = 3 inde
pendent biological repeats with 2 technical replicates, N = 2 independent biological repeats with 2 technical replicates for Diclofenac. Graphs represent means ± SD. 
For (B) and (C), the values are ordered by increasing lipophilicity (based on logP) from left to right.
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4. Discussion

In this work, we applied in vitro methods to assess the neurotoxic 
potential of propylene glycol ethers (PGEs), consisting of mixtures of 
secondary (α-isomer) and primary (β-isomer, generally < 5 %) alcohols, 
after systemic exposure. We focused on the hepatic metabolism of the 
β-isomers of PGEs (β-PGEs) forming alkoxy propionic acids (β-metabo
lites), which might lead to neurotoxic effects in humans, and studied the 
ability of PGEs to damage or cross the blood-brain barrier (BBB). In 
addition, we hypothesized that the formation of the potential neurotoxic 
β-metabolites from PGEs might occur not only in the liver but also in the 
central nervous system (CNS).

We embarked on determining the presence and activity of the key 
metabolic enzymes alcohol dehydrogenase (ADH1) and aldehyde de
hydrogenase (ALDH2) in BBB and brain, as in situ formation of toxic 
β-metabolites may contribute to the neurotoxicity of PGEs. Consistent 
with previous studies using rat, mice, and human brain tissue (Galter 
et al., 2003; Tsang et al., 2021), we observed low expression of ADH1 in 
the in vitro CNS (BBB and brain) models. However, both ADH1 and 
ALDH2 enzymes were expressed in all analyzed samples, with the 
highest expression levels (transcripts and protein) of ALDH2 and ADH1C 
(gamma subunit) detected in the BrainSpheres. The ranking of relative 
abundance based on the measured expression levels was generally 
similar to the one reported in the Human Protein Atlas (proteinatlas.org) 
(Evelina et al., 2020). In total mRNA, derived from human brain and 
used as a comparator, ADH1 transcript levels were ranked as follows 
according to their relative expression: ADH1B > ADH1C > ADH1A. In 
the in vitro CNS models, the expression ranking of the enzyme subunits 
was slightly different with ADH1C > ADH1B > ADH1A. Although we 
could not calculate the proportion of metabolism in the BrainSpheres 
compared to the 3D HepaRG model due to different conditions used, the 
qualitative assessment clearly demonstrated that the BrainSpheres 
consisting of neurons, astrocytes, and oligodendrocytes (Pamies et al., 
2017) were able to generate β-PGE metabolites. In the past, some in vitro 
studies have shown the presence of ADH in the CNS in a small number of 
neurons and ADH activity has been described in astrocytes, blood cap
illaries, and neurons (Zimatkin and Deitrich, 1997). However, the 

specific cell types responsible for ADH1/ALDH2-mediated glycol ether 
metabolism in the BrainSpheres need to be further explored.

Based on our results, the brain is not the only CNS-tissue able to 
metabolize PGEs. Both hCMEC/D3 and primary HBMVEC performed 
ADH1/ALDH2-mediated metabolism to a similar extent, suggesting 
active participation of the BBB. The metabolic capacity of the BBB in 
vitro was, as expected, lower than that estimated for the liver with 3D 
HepaRG; however, our results clearly show the potential of extra-hepatic 
metabolism for the PGEs in the BBB and in the brain. A possible loss of 
substrates during the incubation time was not expected based on the 
demonstrated compound stability over 24 hours performed in this paper 
(for β-PGEE) and by Werner et al. (2024) (for β-PGME), considering 
similar experimental conditions for the liver and the BBB models (both 
96-well plates). Lastly, it should be noted that extra-hepatic metabolism 
of the PGEs by other organs possibly enhancing PGE-mediated toxicity 
cannot be excluded, as ADH1 and ALDH2 expressions were also shown 
for other human tissues, including the stomach and the lung (Crabb 
et al., 2004; Jiang et al., 2020). However, in this research, we have only 
focused on CNS-related metabolism and its relevance for PGE 
neurotoxicity.

Brain exposure is a pre-requisite for neurotoxicity. Hence, we also 
investigated the ability of the glycol ethers to cross the BBB. Our data 
shows that PGEs and their β-metabolites exhibited high permeation 
through the hCMEC/D3 cell layer, a surrogate of the BBB (Poller et al., 
2008; Weksler et al., 2013). The barrier integrity of this in vitro BBB 
model was assessed by determining the apparent permeability co
efficients (Papp) for Lucifer yellow (LY), showing that the BBB model 
performed similarly to previously reported studies (Choublier et al., 
2021; Eigenmann et al., 2013; Poller et al., 2008; Weksler et al., 2013). 
Furthermore, the Papp value for metoprolol was in line with literature 
(Kim et al., 2024). For Dextran 40, the obtained Papp value was notably 
higher than previously reported by Kim et al. (2024), suggesting lower 
BBB integrity. However, studies using Dextran 70 kDa (Biemans et al., 
2017; Weksler et al., 2013), which was expected to have lower perme
ability, showed similar Papp values to ours, making direct comparisons 
challenging. With this model we could establish the ability of the PGEs 
and the β-metabolites as well as ethylene glycol methyl ether (EGME), to 

Table 7 
Overview of physicochemical parameters, predicted blood-brain barrier permeability (logBPR, BBB penetration), and measured in vitro Papp.

MWa

(g/mol)
logPa AlogPb tPSAb FPSA-3b nHBAccb logBPRb AlogPc BBB penetrationc Papp in vitro 

(10¡3 cm/min)

EGME 76.09 − 0.80 − 0.4889 29.46 0.0479 2 0.50 − 0.37 0.93 1.7 ± 0.6
PGME 90.12 − 0.49 − 0.4996 29.46 0.046 2 0.50 0.01 0.88 1.6 ± 0.4
β-PGME 90.12 − 0.49 − 0.4996 29.46 0.0426 2 0.50 0.01 0.85 2.1 ± 0.3
PGEE 104.2 0.30 − 0.2492 29.46 0.0362 2 0.47 0.40 0.90 2.5 ± 0.4
β-PGEE 104.2 0.20 − 0.2492 29.46 0.0363 2 0.47 0.40 0.85 1.8 ± 0.3
PGPE 118.2 0.70 − 0.8270 29.46 0.0353 2 0.54 0.79 0.88 2.2 ± 0.3
PGBE 132.2 1.15 − 1.115 29.46 0.0333 2 0.57 1.18 0.90 2.9 ± 0.1
β-PGBE 132.2 1.10 − 1.115 29.46 0.0331 2 0.57 1.18 0.85 NA
PGPhE 152.2 1.50 0.3547 29.46 0.0446 2 0.40 1.59 0.55 2.4 ± 0.7
β-PGPhE 152.2 1.60 0.3547 29.46 0.0429 2 0.40 1.45 0.58 2.1 ± 0.1
2-MAA 90.08 − 0.30 − 0.4934 46.53 0.0466 3 0.23 − 0.28 0.80 3.0 ± 0.5
2-MPA 104.1 0.10 − 0.3974 46.53 0.0399 3 0.22 0.11 0.80 2.0 ± 0.2
2-EPA 118.1 0.40 − 0.1470 46.53 0.0344 3 0.19 0.50 0.88 1.2 ± 0.1
2-PPA 132.2 1.00 − 0.7248 46.53 0.0266 3 0.26 0.89 0.83 1.4 ± 0.3
2-BPA 146.2 1.30 − 1.0128 46.53 0.0237 3 0.29 1.28 0.83 1.3 ± 0.3
2-PhPA 166.2 1.70 0.4569 46.53 0.0533 3 0.11 1.54 0.73 1.9 ± 0.4
Dextran 40 504.4 − 7.20 − 6.284 276.52 0.0622 16 − 2.72 − 7.73 0.53 0.1 ± 0.0
Diclofenac 296.1 4.40 1.830 49.33 0.034 3 − 0.10 4.36 0.58 0.6 ± 0.1
Lucifer yellow 442.3 ND ND 249.68 0.0479 13 ND − 7.58 0.60 0.7 ± 0.1
Metoprolol 267.4 1.90 − 0.0334 50.72 0.0399 4 0.10 1.61 0.75 1.1 ± 0.1

NA: not available, ND: not determinable.
Abbreviations: MW: molecular weight; logP: octanol-water partition coefficient; AlogP: Ghose-Crippen LogKow; tPSA: topological polar surface area; FPSA-3: frac
tional charge weighted partial positive surface area / total molecular surface area; nHBAcc: number of hydrogen bond acceptors; logBPR: predicted brain/plasma ratio; 
Papp: in vitro passive permeability coefficient.

a Data retrieved January 12 and June 18, 2024, from Pubchem. PubChem (nih.gov).
b Data retrieved June 18, 2024, from Unibas toolkit.
c Data retrieved June 18, 2024, from admetSAR 3.0.
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cross the BBB and access the brain. All tested chemicals showed 
permeability values even higher than that of metoprolol, which is clin
ically known to cause CNS side effects due to its ability to cross the BBB 
(Shah et al., 2020). To conclude, although our results obtained with the 
hCMEC/D3 showed to be in the range of other studies, the reduced 
barrier integrity compared to in vivo conditions still needs to be 
considered as a limitation of the cell line (Biemans et al., 2017).

Although the BBB-permeability of the comparator substances 
(dextran 40, diclofenac, LY, metoprolol) was in agreement with results 
obtained in silico (logBPR), this was not the case for the glycol ethers and 
their β-metabolites. For those chemicals, the computer-based model 
(logBPR) underestimated BBB permeability, probably due to its limited 
domain of applicability, as the in silico tools were developed and vali
dated for drug-like compounds and not for solvents (Bendels et al., 2008; 
Suenderhauf et al., 2012b). The applicability of the used in vitro tools to 
compounds that are substrates of transporters, e.g. P-glycoprotein, as 
another important aspect of BBB penetration, remains unclear. How
ever, in vitro and in silico results consistently showed that 
BBB-permeability was higher for the parent solvents than for their 
β-metabolites and independent of the carbon chain lengths. It has been 
suggested that permeation is not solely dependent on lipophilicity 
(logP), but also on other key parameters such as molecular weight 
(MW), polar surface area (tPSA), the number of hydrogen bond 

acceptors and donors, and ionization (pKa) (Geldenhuys et al., 2015). 
Although we cannot ascertain which characteristics led to high perme
ability, our findings for the reference compounds are in concordance 
with reported data showing a positive correlation with logP and a 
negative correlation with tPSA, number of hydrogen bond acceptors 
(nHBAcc), and MW (Waring, 2009). Hence, we conclude that the lower 
permeability of the β-metabolites compared to their corresponding 
parent solvents is partly due to differences in lipophilicity. Further 
studies would be necessary to evaluate the influence of other parameters 
such as PSA, hydrogen bond donor/acceptor count, tPSA, pka, or MW.

Hepatic metabolism plays a major role in the biotransformation of 
chemicals, including PGEs. Incubations of 3D HepaRG and subcellular 
liver S9 fraction with a variety of β-PGEs corroborated our recent work 
using a similar solvent (Werner et al., 2024). Hence, applying the 3D 
HepaRG model, we were able to show active metabolism in the cells via 
ADH/ALDH pathway and to generate hepatic clearance data for the 
β-PGEs. Furthermore, we observed comparable long-term metabolic 
capacity of 3D HepaRG to that of 3D primary human hepatocytes. As 
ease-of-use systems like S9 cell fractions are limited by the short func
tionality of their enzymes (Ingelman-Sundberg and Lauschke, 2021), 
more complex systems like 3D liver cultures benefit from maintained 
enzyme functionality over multiple weeks and better represent in 
vivo-like conditions (Bonn et al., 2016; Lübberstedt et al., 2011; Smith 

Fig. 4. (A) Gene expression of ADH1A, ADH1B, ADH1C and ALDH2 in hCMEC/D3, HBMVEC, BrainSpheres, and human brain total RNA was detected using q-RT- 
PCR; N = 3 independent biological repeats with 2 technical replicates (hCMEC/D3, HBMVEC, BrainSpheres) and N = 1 biological experiment with 2 technical 
samples (human brain total RNA). Bar graphs represent means ± SD. (B) hCMEC/D3, HBMVEC, and BrainSpheres were stained for ADH1A/B/C (green), ALDH2 
(red), and counterstained with DAPI/Hoechst (blue). Scale bar: 50 µm. (C) Western blot of ALDH2 and GAPDH (loading control) in hCMEC/D3, HBMVEC, and 
Brainspheres cell lysates. ND: not determinable. (D) Signal mean intensity relative to GAPDH for ALDH2 was determined using ImageJ (N = 3–4 independent 
biological repeats). Bar graphs represent means ± SD; statistical analysis based on Student’s unpaired t-test: *, p ≤ 0.05.
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et al., 2012). However, the determination of in vitro hepatic intrinsic 
clearance (CLint) did not necessarily require a long-lasting in vitro model, 
as linear metabolite formation was observed within the first hour. 
Nevertheless, 3D HepaRG can be used for more complex studies, such as 
organ-on-chip systems, over longer incubation periods. Although, a 
higher in vitro CLint was obtained with S9 than with 3D HepaRG, this was 

consistent with reported findings using liver cell fractions and hepato
cytes (Bowman and Benet, 2016; Wood et al., 2017) and might be 
explained by limited enzyme accessibility (cell membrane), reduced 
co-factor availability, non-specific binding (e.g. serum), or reduced 
viability and functionality for the cell systems.

Applied to the β-PGEs, calculations based on the Michaelis-Menten- 

Fig. 5. (A) β-metabolite formation-time profiles in 3D HepaRG (▴), 3D primary human hepatocytes (pHH) (▾), hCMEC/D3 ( ), and HBMVEC ( ). Cells were 
exposed to the β-isomer of PGEs (5 mM β-PGME, 1 mM β-PGEE, 0.1 mM β-PGBE, 0.12 mM β-PGPhE) for 24 h. Conversion of the β-PGEs to their corresponding 
β-metabolites (2-MPA, 2-EPA, 2-BPA, 2-PhPA), respectively, was determined by HPLC-MS/MS. Data are expressed as amount of β-metabolite formed per incubational 
protein content (pmol/µg). N = 3–5 independent biological repeats with 2 technical replicates (HepaRG), N = 3 independent biological repeats with 2–3 technical 
replicates (hCMEC/D3, HBMVEC), and N = 2–3 independent biological repeats with 2 technical replicates (pHH, N = 2, HUM201221 and HUM183121 each, N = 3 
including HUM180871). Bar graphs represent means ± SD. (B) β-metabolite formation-time profiles in BrainSpheres. Cells were exposed to β-PGEs (20 mM β-PGME, 
β-PGEE) for 6 h. Conversion of the β-PGEs into their corresponding β-metabolites (2-MPA, 2-EPA), respectively, was determined by HPLC-MS/MS. Data are expressed 
as amount of β-metabolite formed per incubational protein content (pmol/µg). N = 3 independent biological repeats with 3 technical replicates. Bar graphs represent 
means ± SD, statistical analysis was based on Student’s unpaired t-test: *, p ≤ 0.05.

Table 8 
Results for the assessment of β-metabolites formation in the different cell systems for the liver and CNS.

3D HepaRG 3D primary human 
hepatocytes

hCMEC/D3 HBMVEC 3D BrainSpheres

(pmol/ 
µg)

Ratio (pmol/ 
µg)

Ratio (pmol/ 
µg)

Ratio (pmol/ 
µg)

Ratio (pmol/ 
µg)

Ratio

5 mM β-PGME → 2- 
MPA 6 h

8.55 
± 0.72

1.00 
± 0.08

15.6 1.82 2.79 
± 0.17

0.33 
± 0.02

1.68 
± 0.56

0.20 
± 0.07

20 mM β-PGME → 
2-MPA 6 h

4.30 
± 1.33

ND

5 mM β-PGME → 2- 
MPA 24 h

15.3 
± 2.24

1.00 
± 0.15

15.7 
± 3.35

1.03 
± 0.22

2.84 
± 0.25

0.19 
± 0.02

1.57 
± 0.40

0.10 
± 0.03

20 mM β-PGME → 
2-MPA 24 h

ND ND

1 mM β-PGEE → 2- 
EPA 6 h

10.5 
± 5.14

1.00 
± 0.49

12.9 
± 4.46

1.23 
± 0.43

1.67 
± 0.24

0.16 
± 0.02

1.35 
± 0.11

0.13 
± 0.01

20 mM β-PGEE → 2- 
EPA 6 h

12.9 
± 3.90

ND

1 mM β-PGEE → 2- 
EPA 24 h

8.80 
± 4.87

1.00 
± 0.55

13.6 
± 4.07

1.55 
± 0.46

1.59 
± 0.20

0.18 
± 0.02

1.34 
± 0.17

0.15 
± 0.02

20 mM β-PGEE → 2- 
EPA 24 h

ND ND

0.1 mM β-PGBE → 2- 
BPA 6 h

5.00 
± 1.30

1.00 
± 0.26

5.07 1.01 < LOD ND < LOD ND ​ ​ ​

0.1 mM β-PGBE → 2- 
BPA 24 h

7.29 
± 3.14

1.00 
± 0.43

4.59 
± 0.29

0.63 
± 0.04

< LOD ND < LOD ND ​ ​ ​

0.12 mM β-PGPhE → 
2-PhPA 6 h

11.3 
± 5.90

1.00 
± 0.52

15.4 
± 6.20

1.36 
± 0.55

< LOD ND < LOD ND ​ ​ ​

0.12 mM β-PGPhE → 
2-PhPA 24 h

8.35 
± 1.60

1.00 
± 0.19

19.9 
± 10.7

2.39 
± 1.28

< LOD ND < LOD ND ​ ​ ​

ND: not determined. Data expressed as the amount of β-metabolite formed per incubational protein content (pmol/µg) at 6 h and 24 h. Ratios are calculated relative to 
3D HepaRG (ratio 1.0) that serve as the benchmark standard. The β-PGEs are ordered by increasing lipophilicity (based on logP) from top to bottom. Abbreviations: 
LOD: limit of detection; CNS: central nervous system.
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kinetics (MMK) based on S9 biotransformation revealed a trend for an 
increasing in vitro CLint and extrapolated hepatic organ clearance (CLh) 
with higher carbon chain length of the β-PGEs. This finding aligns with 
previous studies on the MMK of ethylene glycol ethers (EGEs) (Louisse 
et al., 2010) and with a study on substrate specificity of ADH (Aasmoe 
and Aarbakke, 1999). On the contrary, no specific pattern emerged for 
the measured in vitro CLint derived from 3D HepaRG. It remains unclear 
whether this outcome is due to the more complex incubation setup and 
the use of a 3D in vitro system, in which the substrates might require 
more time to reach the cells (lower in vitro bioavailability). To assess the 
predictive accuracy of the calculated (Vmax/Km) or measured clearance 
values, comparisons with available in vivo data would be necessary. 
Also, in silico predictions using structure-based analysis could provide 
further insights into enzyme-substrate affinities.

Based on the obtained calculated hepatic clearances, we propose to 
classify the selected β-PGEs as low to medium clearance compounds 
(Hultman et al., 2016; Kratochwil et al., 2017; Słoczyńska et al., 2019). 
Consequently, we speculate that the β-PGEs would not undergo rapid 
metabolism in the liver but would remain in the systemic circulation and 
thus reach the CNS. This is particularly relevant in the context of the 
observed interactions of PGEs with the CNS (high BBB permeance and 
active biotransformation). The low clearance would also influence the 
toxicokinetic and the related hazard of PGEs that are themselves highly 
toxic, as was the case for PGPhE and β-PGPhE on liver and BBB-tissue.

In order to ultimately estimate the neurotoxic potential of the 
selected PGEs, the determined NOAEC (no-observed-adverse-effect 
concentration) derived from in vitro experiments using BrainSpheres will 
be incorporated into a toxicokinetic model to predict safe air concen
trations for humans via reverse dosimetry (Hopf et al., 2024). As there 
existed limited data for the selected PGEs on the hepatic kinetics of 
β-metabolite formation in vitro and in human, estimating PGE and 
β-metabolite brain exposures remained challenging in the past 
(ECETOC, 2005a, 2005b). With our results, we provide new input data 
on these PGEs using new approach methodologies, such as two in vitro 
liver models (3D HepaRG, S9), as an alternative to long-lasting and 
expensive animal experiments (Bal-Price et al., 2018).

With regards to cytotoxicity and similarly to reported findings with 
perfluorinated carboxylic acids on cancer cell lines (Mulkiewicz et al., 
2007), we observed increasing toxic potential of the PGEs on HepaRG 
and hCMEC/D3 with higher chain length and lipophilicity (logP). The 
EC50 values for the PGEs obtained on HepaRG and hCMEC/D3 were 
consistently lower (up to 171-fold) in comparison to EGME, which is 
banned due to its known toxic effects on testis, thymus, fetus, bone 
marrow, amongst others (Bagchi and Waxman, 2008; Beattie and Bra
bec, 1986). Besides, the cytotoxicity of ethanol, which is known for its 
neurological disturbances (Pervin and Stephen, 2021), was much lower 
than for the glycol ethers. These findings, in addition to the observed 
high sensitivity to β-metabolite exposure of the hCMEC/D3, support the 
conclusion that neurotoxicity in humans cannot be excluded and un
derline the importance of investigating the neurotoxic potential of the 
PGEs and their β-metabolites.

The ultimate mechanism of toxicity cannot be determined at this 
time. As the BBB integrity was not disturbed after two-days PGE expo
sure at predicted total extravascular concentration for the brain, we 
deem acute indirect neurotoxic effects due to an opening of the BBB 
unlikely. However, the applied concentration was based on tox
icokinetic predictions for propylene glycol methyl ether (PGME) (Reale 
et al., 2023) and estimations on the extravascular brain concentration 
for each PGE would be needed. Furthermore, we observed lower EC50 
values for the β-PGEs than the PGE mixtures, consisting of < 0.5 % 
β-isomer. We cannot exclude that the higher toxicity was due to the 
higher extent of potentially toxic β-metabolites formed during the in
cubation period for the β-PGEs. However, the β-metabolites did not 
consistently show higher cytotoxicity than their parent solvents. 
Therefore, we speculate that both PGE- and β-PGE-induced toxicity were 
more likely due to the disruption of the cell membrane at high 

concentrations (Flores et al., 1994) rather than primarily through the 
formation of β-metabolite.

5. Conclusion

In conclusion, our results provide clear evidence for propylene glycol 
ether (PGE) metabolism via alcohol and aldehyde dehydrogenase in the 
central nervous system (CNS). This is of high relevance as neurotoxicity 
by PGEs may be enhanced through the active formation of alkoxy pro
pionic acids (β-metabolites) at the target site. Therefore, we recommend 
considering extra-hepatic metabolism by the CNS when evaluating the 
neurotoxic effects of PGEs using New Approach Methods (NAMs) fol
lowed by quantitative in-vitro to in-vivo extrapolation for hazard 
assessment.

In addition, the hepatic clearance data generated in this study will 
serve as crucial input parameter for future toxicokinetic models, aimed 
at predicting the neurotoxic potential of PGEs. Furthermore, our work 
supports the use of the advanced 3D HepaRG model for studies that 
focus on the adverse effects of compound metabolites formed via the 
ADH/ALDH pathway, also applicable in more complex multi-organ 
studies or chronic exposure scenarios.

Finally, our findings may help to rank the PGEs based on their 
chemical properties (e.g. carbonic chain length and lipophilicity) in 
relation to their cytotoxicity and in vitro hepatic clearance.
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