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ARTICLE INFO ABSTRACT

Editor: Maxime Culot The potent dihydroorotate dehydrogenase (DHODH) inhibitor brequinar has been investigated as an anticancer,
immunosuppressive, and antiviral pharmaceutical agent. However, its toxicity is still poorly understood. We

Keywords: investigated the cellular responses of primary human hepatocytes (PHH) and telomerase-immortalised human

Brequinar o renal proximal tubular epithelial cells (RPTEC/TERT1) after a single 24-h exposure up to 100 pM brequinar.

?:;;:;‘;i:;:ox‘my Additionally, RPTEC/TERT1 cells underwent repeated daily exposure for five consecutive days at 0.3, 3, and 20

Hepatocytes pM. Transcriptomic analysis revealed that PHH were less sensitive to brequinar treatment than RPTEC/TERT1

cells. Upregulation of various phase I and II drug-metabolising enzymes, particularly Cytochrome P450 (CYP) 1 A
and 3 A enzymes, in PHH suggests potential detoxification. Furthermore, brequinar exposure led to a significant
upregulation of several stress response pathways in PHH and RPTEC/TERT1 cells, including the unfolded protein
response, Nrf2, p53, and inflammatory responses. RPTEC/TERT1 cells exhibited greater sensitivity to brequinar
at 0.3 pM with repeated exposure compared to a single exposure. Furthermore, brequinar could impair the
mitochondrial respiration of RPTEC/TERT1 cells after 24 h. This study provides new insights into the differential
responses of PHH and RPTEC/TERT1 cells in response to brequinar exposure and highlights the biological
relevance of implementing repeated dosing regimens in in vitro studies.

Renal proximal tubule

1. Introduction preventing organ graft rejection through immunosuppression
(Makowka et al., 1993) and for targeting cancer (Madak et al., 2019).

Developed in the 1980s, brequinar demonstrated promising anti- However, the use of brequinar in clinical settings as an anticancer agent
cancer effects in human cancer xenograft models (Dexter et al., 1985). against solid tumours was hampered by challenges in achieving effective
Initially, brequinar was explored as a promising treatment for antitumour activity without inducing unacceptable toxicity levels (Cody
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et al., 1993; Dodion et al., 1990; Maroun et al., 1993; Moore et al., 1993;
Natale et al., 1992; Urba et al., 1992). More recently, brequinar has
garnered interest for its antiviral properties (Adcock et al., 2017;
Demarest et al., 2022; Qing et al., 2010) and its potential in treating
acute myeloid leukemia (Sykes, 2018; Sykes et al., 2016). Despite these
renewed interests, the exact mechanisms underlying brequinar-induced
toxicity have yet to be fully understood.

Brequinar is a potent inhibitor of dihydroorotate dehydrogenase
(DHODH), an essential enzyme involved in the de novo biosynthesis of
pyrimidines, that catalyses the conversion of dihydroorotate to orotate
(Chen et al., 1986; Peters et al., 1987). What distinguishes DHODH from
other enzymes in this pathway is its unique localisation within the inner
mitochondrial membrane in mammalian cells (Chen and Jones, 1976;
Rawls et al., 2000). DHODH utilises ubiquinone as an electron acceptor,
thereby functionally linking the pyrimidine biosynthesis pathway to the
mitochondrial respiratory chain (Banerjee et al., 2022; Madak et al.,
2019). Crystal structures of human DHODH in complex with brequinar
revealed that brequinar binds to a specific tunnel that likely provides
access to ubiquinone (Baumgartner et al., 2006; Liu et al., 2000). This
interaction implies that brequinar inhibits DHODH activity by blocking
ubiquinone access. Consequently, DHODH inhibition leads to a deple-
tion of pyrimidine nucleotide pools, thereby impairing RNA and DNA
synthesis (Chen et al., 1986; Peters et al., 1987; Schwartsmann et al.,
1988).

The development of New Approach Methodologies (NAMs) as al-
ternatives to animal testing has gained significant recognition in
chemical hazard identification and risk assessment in recent years
(Fischer et al., 2020; Schmeisser et al., 2023; Sewell et al., 2024). NAMs
have the potential to enhance risk assessment through the utilisation of
more relevant human-based models. Human in vitro systems may
facilitate the elucidation of the toxicological modes of action of com-
pounds (Bhattacharya et al., 2011). For instance, transcriptomics-based
in vitro methodologies can provide comprehensive insights into
chemical-induced biological perturbations on a molecular level (Wilmes
etal., 2015; Wilmes et al., 2013). By assessing the differential expression
of genes, cellular stress response pathways that are activated in response
to toxin exposure can be identified, thereby aiding in the delineation of
the mechanisms underlying toxicity (Jennings et al., 2013). Several
transcriptomic studies have demonstrated the value of integrating
cellular stress response pathway analysis for toxicity prediction and
assessment in various human in vitro models (Capinha et al., 2023;
Fernandes et al., 2020; Jennings et al., 2023; Krauskopf et al., 2022;
Murphy et al., 2024; Nunes et al., 2022; ter Braak et al., 2021). These
studies illustrate that, by applying a transcriptomics-based approach, it
is possible to effectively identify perturbed cellular pathways and visu-
alise transcriptomic fingerprints, which may aid in the prediction and
classification of compound- and tissue-specific toxicity. Nevertheless,
the majority of in vitro studies primarily focus on single exposure sce-
narios and often neglect repeat dose testing. While single exposure
testing is valuable for identifying acute toxic effects, it may not accu-
rately reflect real-life exposure scenarios where repeated exposure to
drugs is more common. This is of particular concern for compounds that
might be accumulated in the cells after repeated exposures.

In the present study, we aimed to investigate the mechanisms of
toxicity induced by the DHODH inhibitor brequinar in primary human
hepatocytes (PHH) and telomerase-immortalised human renal proximal
tubular epithelial cells (RPTEC/TERT1), representing in vitro models of
the liver and kidney, respectively. Given their crucial roles in drug
metabolism and elimination, the liver and kidney are frequent target
organs of toxicity and are therefore particularly important in drug safety
assessment and prediction. We assessed the cellular responses of PHH
and RPTEC/TERT!1 cells following a single exposure (24 h) to brequinar.
Additionally, we examined the transcriptomic profile of RPTEC/TERT1
cells after the repeated administration (every 24 h for five consecutive
days) of brequinar.
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2. Materials and methods
2.1. Cell culture

LIVERPOOL cryoplateable PHH from 10 pooled donors (BioIVT,
X008001) were stored at —150 °C until use. Cells were thawed by
holding the vial in a 37 °C water bath for 2 min and subsequently
transferred into 50 mL of pre-warmed thawing medium (OptiThaw
Hepatocyte Kit, XenoTech, K8000). After centrifugation for 10 min at
100 xg at room temperature, cells were resuspended in pre-warmed
seeding medium (500 mL INVITROGRO CP Medium, BiolVT,
7990003, supplemented with 5.5 mL. TORPEDO Antibiotic Mix, BioIVT,
799000). The live cells were counted to determine the post-thaw
viability using the Trypan Blue exclusion method. Next, cells were
plated at a seeding density of 70,000 cells/well in Corning™ BioCoat™
Collagen I 96-well plates and placed in a humidified 5 % CO3 incubator
at 37 °C. The seeding medium was replaced with maintenance medium
(500 mL INVITROGRO HI Medium, BioIVT, Z990012, supplemented
with 5.5 mL TORPEDO Antibiotic Mix) 6 h after plating. One day (24 h)
after plating, the cells were exposed to brequinar.

RPTEC/TERT1 cells (Wieser et al., 2008), obtained from Evercyte
GmbH (Vienna, Austria), were routinely cultured in a 1:1 mixture of
Dulbecco’s modified Eagle Medium (DMEM) (Gibco, 11966-025) and
Ham’s F-12 nutrient mix (Gibco, 21765-029) supplemented with 2 mM
glutamax (Gibco, 35050-038), 5 pg/mL insulin, 5 pg/mL transferrin, 5
ng/mL sodium selenite (ITS) (Sigma-Aldrich, I11884), 10 ng/mL
epidermal growth factor (EGF) (Sigma-Aldrich, E9644), 36 ng/mL hy-
drocortisone (Sigma-Aldrich, HO135), 100 U/mL penicillin, 100 pg/mL
streptomycin (Pen-Strep) (Sigma-Aldrich, P4333), and 0.5 % fetal
bovine serum (FBS) (Gibco, 10270-106), at 36.5 °C in a humidified 5 %
CO4 incubator, as previously described (Capinha et al., 2023). For ex-
periments, cells were passaged into 96-well plates (Greiner Bio-One).
For the MitoStress assay, the dedicated Seahorse XF96 V3 PS Cell Cul-
ture Microplates (Agilent, 101085-004) were used instead. Cells were
plated at a seeding density of 15,000 cells/well in 96-well plates and
25,000 cells/well in Seahorse plates. Before starting compound expo-
sure, cells were cultured for a minimum of 7 days after reaching con-
fluency. Importantly, cells in the Seahorse Microplates were cultured for
a longer period of time to allow differentiation (approximately 14 days
after reaching confluency), during which dome formation was carefully
monitored. RPTEC/TERT1 cells were used between passages 77 and 94.

2.2. Compound preparation and dosing schedules

Brequinar (CAS number 96187-53-0) was obtained from Syngenta
(Basel, Switzerland) and prepared as a 0.1 M stock solution in dimethyl
sulfoxide (DMSO) (Sigma-Aldrich, D8418). Sodium arsenite (Sigma-
Aldrich, S7400) was dissolved in nanopure water to a stock concentra-
tion of 0.01 M and tunicamycin (Tocris Bioscience, 3516) in DMSO to
0.05 M. Sodium arsenite was taken along as positive control for the
activation of the Nuclear Factor Erythroid 2 Like 2 (NFE2L2, also called
Nrf2) pathway (Fig. S1). While sodium arsenite is a relatively strong
inducer of the Nrf2 oxidative stress response, it should be noted that it is
also inducing other stress response pathways, e.g. the metal stress
response (Jennings et al., 2023). Tunicamycin was included as positive
control for the induction of the unfolded protein response (UPR)
(Fig. S1). All stock solutions were stored at —20 °C until use. For ex-
periments, treatment solutions were freshly prepared by directly per-
forming serial dilutions of these compound stocks in the respective cell
culture medium, with a final DMSO concentration of 0.1 % (v/v). DMSO
0.1 % (v/v) was also added to untreated controls.

RPTEC/TERT1 cells were either treated with brequinar, positive
controls, or a 0.1 % DMSO (v/v) vehicle control for 24 h (single expo-
sure) or every 24 h for five consecutive days (repeated exposure). PHH
were exposed to brequinar or vehicle control for 24 h. For the viability
assays, the brequinar starting concentration was 100 pM, the maximum
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achievable from a 0.1 M stock without exceeding 0.1 % DMSO, and was
diluted using a 1:3 dilution factor (PHH 24 h and RPTEC/TERT1 24 h) or
a 1:2 dilution factor (RPTEC/TERT1 repeated exposure). Treatment
concentrations for transcriptomics and Seahorse studies were selected
based on the cell viability data (Figs. 1a, 3a, and c). For a single 24-h
exposure, cells were treated with brequinar at concentrations up to
100 pM. Since repeated exposure of brequinar led to significant cell
death at higher concentrations, the tested concentrations for the sub-
sequent differential gene expression studies were reduced. For repeated
exposure, cells were therefore treated with 0.3, 3, and 20 pM brequinar.
A phase I clinical study reported peak plasma concentrations of 166 and
217 pM in two patients on day 5 following daily treatment with the
recommended 250 mg/m? dose for clinical phase II trials (Arteaga et al.,
1989). The concentrations for sodium arsenite (10 pM) and tunicamycin
(0.3 uM) were previously determined (Carta et al., 2023; Jennings et al.,
2023; Niemeijer et al., 2024).

2.3. Cell viability and lactate assays

Cell viability of PHH was assessed 24 h after exposure to brequinar
using the ATPlite assay (Perkin Elmer, 6016736), according to the
manufacturer’s instructions, as the ATP assay is often used as cell
viability assay for liver models, including PHH (Bell et al., 2016; Utkarsh
et al., 2016). Briefly, 100 pL/well of the reconstituted substrate solution
was added to the cells and luminescence was measured in a plate reader.

Cell viability and cellular stress of RPTEC/TERT1 cells upon bre-
quinar exposure were assessed at the end of the treatment period using
the resazurin reduction and lactate assays, respectively, as previously
described (Limonciel et al., 2011; van der Stel et al., 2020). The resa-
zurin reduction assay is commonly used as an endpoint for assessing
cellular viability in RPTEC/TERT1 cells (Capinha et al., 2023; van der
Stel et al., 2020). In addition, measuring supernatant lactate levels
provides insights into the onset of cellular stress, as elevated lactate
levels often occur before cell death (Limonciel et al., 2011). Together,
these assays provide valuable information on the cellular viability and
stress of RPTEC/TERT1 cells. In brief, supernatant was removed and
collected for the lactate assay. Note that for the repeat dose study, su-
pernatant medium was collected every 24 h. Cells were then incubated
with 100 pL/well of 44 pM resazurin in cell culture medium for 1.5 h at
36.5 °C and 5 % CO,, after which the reduction of resazurin to resorufin
was measured at excitation/emission 540/590 nm using the CLARIOstar
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plate reader. For the lactate assay, 10 pL of the collected supernatant
was mixed with 90 pL lactate reagent mixture (consisting of 86 mM
triethanolamine hydrochloride, 8.6 mM EDTA-Naj, 34 mM MgCl,, 326
pM phenazine methosulfate (PMS), 790 pM iodonitrotetrazolium chlo-
ride (INT), 7 % ethanol, 0.4 % Triton-X-100, 3.3 mM f-nicotinamide
adenine dinucleotide hydrate (p-NAD), and 4 U/mL lactate dehydroge-
nase). After approximately 7 min optical density was measured at 490
nm using the CLARIOstar plate reader.

The raw data values for each replicate for these assays were con-
verted to the percentage of the vehicle control, which consisted of cell
culture medium with 0.1 % DMSO (v/v). For the resazurin reduction
assay, background fluorescence (relative fluorescence units, RFU) was
subtracted prior to the conversion. PHH viability assays were carried out
in one experiment containing 3 biological replicates, RPTEC/TERT1
viability assays were carried out in 2-3 separate experiments, each
containing at least 2-3 biological replicates.

2.4. Assessment of mitochondrial function

The mitochondrial respiration of RPTEC/TERT1 cells after a 24-h
exposure to brequinar (100 pM maximum with two-fold serial di-
lutions down to 0.78 pM) was evaluated by measuring the cellular ox-
ygen consumption rates (OCR) using the Seahorse XFe96 Bioanalyser
(Agilent) with the MitoStress assay as previously described (van der Stel
et al., 2020), with some adjustments in the injection and measurement
steps. The injections only consisted of modulators which were added
sequentially as follows: (A) oligomycin (2 pM), (B) FCCP (2 pM), and (C)
rotenone and antimycin A (0.5 pM each). The OCR measurements were
set up as follows: first the baseline OCR was measured three times, fol-
lowed by three measurements for each modulator injection. After
background correction, the OCR data was exported from Seahorse Wave
software version 2.6.1.53 to Microsoft Excel. The basal and maximal
OCR upon brequinar exposure were calculated as percentage of basal
and maximal respiration of the vehicle control. For the basal respiration,
the first measurement point was taken for each replicate (i.e. at 1.31
min). For the maximal respiration, the first measurement point after
injection of FCCP was taken for each replicate (i.e. at 40.3 min). Sea-
horse assays were carried out in 2 separate experiments, each containing
at least 3 biological replicates.

Cell model = PHH. Treatment regimen = 24 h.
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Fig. 1. Cell viability and differential gene expression in primary human hepatocytes (PHH) treated with brequinar up to 100 uM for 24 h. a Cell viability was assessed
using the ATPlite assay. Luminescence is shown as mean + SD (n = 3) and depicted as % control (untreated). The dotted line represents a 10 % decrease in
luminescence compared to the control. Statistical significance was determined using one-way ANOVA. No significant differences were detected. b Overview of the
number of differentially expressed genes (DEGs), represented by different probe IDs, following DESeq2 analysis in R for each tested concentration (0.3-100 pM)
compared to the untreated control with cut-offs set to: average normalised read count (calculated per treatment condition) > 5, padj <0.05, and log2FoldChange > |
0.585| (n = 3). ¢ Volcano plot illustrating the DEGs at 100 pM, with downregulated genes shown as blue dots and upregulated genes as red dots (n = 3). The top 25
significant DEGs are labelled with their gene names and probe IDs. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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2.5. TempO-Seq transcriptomics assay

For the TempO-Seq assay, at least three replicates per condition were
included. At the end of the treatment period, cells were lysed with 100
pL/well of 1 x TempO-Seq Lysis buffer for 15 min at room temperature.
Lysates were stored at —80 °C until they were shipped to BioClavis
(Glasgow, UK) for subsequent analysis. The TempO-Seq assay was per-
formed using the EU-ToxRisk v2.1 panel (3565 probes representing
3257 genes) for PHH and the v2.2 panel (4041 probes representing 3254
genes) for RPTEC/TERT1. Each panel was carried out in one experiment
that contained 3 biological replicates. Further details of the TempO-Seq
assay are described elsewhere (Limonciel et al., 2018a). The output of
this analysis was presented as raw counts per probe per sample for the
three datasets (i.e. PHH 24 h, RPTEC/TERT1 24 h, and RPTEC/TERT1
repeated dose toxicity (RDT) testing) (Supplementary File 1).

2.6. TempO-Seq transcriptomics data analysis and visualisation

The v2.1 (PHH) and v2.2 (RPTEC/TERT1) gene datasets were ana-
lysed separately. The two RPTEC/TERT1 datasets (24 h and RDT) were
combined for further analysis. A quality control check was performed on
all samples to ensure sufficient read counts, with a threshold set to
500,000 total read counts minimum. All samples passed this quality
control step and were subsequently normalised and analysed for dif-
ferential expression using the DESeq2 package (Love et al., 2014) in
RStudio 2023.12.1 Build 402 and R version 4.3.3 (Nunes et al., 2022).
For each treatment condition, the average normalised read counts per
probe were calculated. To refine the data, we applied two filters to
remove probes with low counts or lack of statistical significance. Firstly,
probes were removed if none of the conditions (including all treatment
concentrations, exposure times, and untreated controls) had an average
normalised read count of 25 or higher. Secondly, probes were removed if
none of the conditions had an adjusted p-value (padj) lower than 0.05.
The obtained output was used to generate Volcano plots and heat maps.
For the heat maps and graphs displaying normalised read counts, we
selected a single probe ID for each gene when multiple probe IDs were
available. The selected probe ID was based on the highest sum of the
absolute log2FoldChange values across all brequinar conditions. To
identify differentially expressed genes (DEGs), represented by different
probe IDs, additional filters were applied: probes were removed if both
the untreated control group and respective treatment group (i.e. this was
done for each treatment condition separately, meaning per concentra-
tion and exposure time) had 1) an average normalised read count lower
than 5 to eliminate background noise; 2) a padj of 0.05 or higher to
remove insignificant results; 3) a log2FoldChange between —0.585 and
0.585 to remove small fold changes with minimal biological relevance.
For the Volcano plots, the above-described first filter (removal of probes
with average normalised read counts below 5) was applied to remove
background noise. Other R packages that were used included tidyverse
(Wickham et al., 2019) (which includes ggplot2 and dplyr), RColorBrewer,
circlize (Gu et al., 2014), and ComplexHeatmap (Gu, 2022).

Pathway visualisation was performed through an over-
representation analysis (ORA) using the ConsensusPathDB (CPDB)-
human database Release 35 (http://cpdb.molgen.mpg.de/) (Herwig
et al., 2016; Kamburov et al., 2011; Kamburov and Herwig, 2022).
Upregulated DEGs (filtered as described above, but with log2Fold-
Change > 0.585) were uploaded per treatment condition as HUGO Gene
Nomenclature Committee (HGNC) symbols. A background list contain-
ing all measured genes was provided as well. The option ‘pathways as
defined by pathway databases’ was selected and default settings were
used (minimum overlap with input list was 2 and p-value cut-off was
0.01). The list of identified pathways was refined as follows: 1) pathways
with a g-value of 0.05 or higher (i.e. -log q-value of 1.3 or lower) were
removed; 2) only pathways from the pathway sources Wikipathways,
Reactome, KEGG, and PID were included; 3) pathways should present a
minimum of 4 candidates and 10 % overlap; 4) in case of duplicates, the
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first pathway was selected; 5) irrelevant pathways were excluded, e.g.
related to irrelevant organs, diseases, or drugs. The selection of target
genes associated with the described stress response pathways was done
using information from CPDB as well as various published papers (Carta
et al., 2023; di Masi et al., 2009; Jennings et al., 2023; Jennings et al.,
2013; Lim and Huang, 2008; Liu et al., 2017; Murphy et al., 2024; Wang
etal., 2012; Wilmes et al., 2015). For genes related to the mitochondria,
the MitoCarta3.0 human dataset was consulted (Rath et al., 2021).

2.7. Statistical analysis

Data used for statistical analysis were first converted to % control
(untreated) in Microsoft Excel as described in sections 2.3 (cell viability)
and 2.4 (Seahorse assay), respectively. Statistical significance was then
determined using one-way ANOVA with Dunnett’s multiple compari-
sons test in GraphPad Prism version 9.0. Data are presented as mean +
standard deviation (SD) for a minimum of n independent replicates
given in the figure legends.

3. Results
3.1. Differential gene expression and pathway analysis in PHH

Brequinar did not reduce the viability of PHH up to 100 pM after a
24-h treatment (Fig. 1a). Exposure to 100 pM brequinar led to the
highest number of DEGs in PHH with 243 in total, whereas lower con-
centrations showed no or relatively few alterations in gene expression
levels (Fig. 1b). The top 25 most significant DEGs are illustrated in a
Volcano plot (Fig. 1c). Among these are various drug-metabolising en-
zymes that were found to be upregulated, including Sulfotransferase
Family 2 A Member 1 (SULT2A1) and several Cytochrome P450 (CYP)
enzymes (CYP3A4, CYP3A5, and CYP3A7) (Fig. 1c). Other genes that
were significantly upregulated include Growth Differentiation Factor 15
(GDF15), Tribbles Pseudokinase 3 (TRIB3), and Heme Oxygenase 1
(HMOX1) (Fig. 1c).

The upregulated DEGs were further analysed to identify stress
response pathways activated in response to brequinar exposure through
an over-representation analysis using the CPDB-human database. The
top 15 affected pathways with the lowest g-values are shown after
exposure to 100 pM brequinar (Fig. 2a). One of the pathways identified
was the activation of the nuclear receptor (NR) family, specifically tar-
geting the constitutive androstane receptor (CAR) and the pregnane X
receptor (PXR) pathways (Fig. 2a), which are members of the NR1
family (Jennings et al., 2013). Moreover, brequinar induced interferon
signalling pathways and the UPR (Fig. 2a). The gene expression patterns
of various genes involved in xenobiotic metabolism, as well as several
target genes of the Nrf2 and UPR stress response pathways, are illus-
trated in heat maps (Fig. 2b), whereby the colour intensities visually
represent the log fold change (Ifc) in gene expression relative to the
untreated control condition (red hues indicate an upregulation and blue
hues a downregulation). Among the most upregulated genes within the
phase I and II metabolising enzyme families were enzymes from the
CYP1A (CYP1A1 and CYP1A2) (Ifc: 3.4 and 3.5) and CYP3A (CYP3A4,
CYP3A5, and CYP3A7) (Ifc: 2.3, 2.3, and 1.8) families (Fig. 2b), which
are part of the Aryl Hydrocarbon Receptor (AHR) and PXR/CAR fam-
ilies, respectively (di Masi et al., 2009; Jennings et al., 2013; Lim and
Huang, 2008; Wang et al., 2012). Notably, the upregulation of the
CYP1A enzymes occurred already at concentrations below 100 pM,
indicating a sensitivity to lower concentrations. Members of the CYP2
family (CYP2A6, CYP2B6, CYP2C8, CYP2C9, and CYP2C19), which are
targets of the PXR/CAR pathway (di Masi et al., 2009; Jennings et al.,
2013; Lim and Huang, 2008; Wang et al., 2012), were also activated
upon 100 pM brequinar exposure, but to a lesser extent compared to the
CYP1A and CYP3A enzymes. Furthermore, 100 pM brequinar induced
the expression of the phase II drug-metabolising enzymes SULT2A1 and
UDP Glucuronosyltransferase Family 1 Member Al (UGT1A1). At
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Fig. 2. Analysis of activated pathways in PHH after a single 24-h exposure to brequinar up to 100 pM. a Significantly altered pathways (g-value <0.05) (n = 3) upon
100 puM treatment were identified based on the corresponding upregulated DEGs using the over-representation analysis (ORA) tool in ConsensusPathDB. The top 15
pathways are presented with their corresponding g-values shown on a logarithmic scale. b Heat maps of target genes (with corresponding probe ID) involved in
xenobiotic metabolism and the Nrf2 and unfolded protein response (UPR) stress response pathways. The colours visually represent the log2FoldChange (log2FC) in
gene expression in response to increasing brequinar treatment (0.3-100 pM) relative to the untreated control with red indicating an increase, blue a decrease, and
white no change. Genes were included if the following criteria were met at least once across all conditions: average normalised read count (calculated per treatment
condition) > 25 and padj <0.05 (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

concentrations below 100 pM, the overall activation of the mentioned
genes—except for CYP1A1 and CYP1A2—was less pronounced and did
not exhibit a clear concentration-dependent pattern. Moreover, bre-
quinar treatment resulted in the upregulation of several key genes
associated with the UPR pathway, including DNA Damage Inducible
Transcript 3 (DDIT3), Asparagine Synthetase (ASNS), TRIB3, and Protein
Phosphatase 1 Regulatory Subunit 15 A (PPP1R15A), with the most
pronounced effects observed at 100 pM (Fig. 2b). Since these genes are
part of the Eukaryotic Translation Initiation Factor 2 Alpha Kinase 3
(EIF2AK3, otherwise known as PERK) branch, this might indicate that
brequinar primarily influences this particular branch of the UPR
pathway. In contrast, brequinar did not seem to affect Activating
Transcription Factor 6 (ATF6) or DnaJ Heat Shock Protein Family
Member B9 (DNAJB9), which are associated with other branches of the

UPR. Several genes within the Nrf2 pathway were found to be upregu-
lated to some extent, primarily at 100 pM, such as HMOX1, MAF BZIP
Transcription Factor F (MAFF), Glutamate-Cysteine Ligase Modifier
Subunit (GCLM), and Solute Carrier Family 7 Member 11 (SLC7A11)
(Fig. 2b). Some genes of the Nrf2 pathway were not or only mildly
affected by brequinar, such as Sulfiredoxin 1 (SRXNI), Glutamate-
Cysteine Ligase Catalytic Subunit (GCLC), and Glutathione-Disulfide
Reductase (GSR), as evident from the low fold changes.

3.2. Cell viability and cellular stress in RPTEC/TERT]1 cells

RPTEC/TERT1 cells exposed to brequinar for 24 h showed no
decrease in cell viability up to 100 pM (Fig. 3a); however, supernatant
lactate was significantly increased at 100 pM (Fig. 3b). Since
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Fig. 3. Cell viability and cellular stress of RPTEC/TERT1 cells treated with brequinar for 24 h (single exposure) or every 24 h for five consecutive days (repeated dose
toxicity (RDT) testing) up to 100 pM. The starting concentration of brequinar was 100 pM, which was diluted in a 1:3 series (24 h) or a 1:2 series (RDT). For the 24 h
supernatant lactate measurement only 0.01, 0.1, 1, 10, and 100 pM are shown. a and c Cell viability results are shown in (a) and (c) for 24 h and RDT, respectively.
Cell viability was measured by resazurin reduction at the end of the treatment period. Data is shown as mean =+ SD (n = 4 for 24 h and n = 6 for RDT) and depicted as
% control (untreated). Statistical significance was calculated using one-way ANOVA with * representing a p-value <0.05 (untreated versus treated) and > ICyo. The
dotted line represents a decrease of 10 % in resazurin reduction compared to the control. b and d Supernatant lactate was measured after 24 h (b) or every 24 h for
RDT (d). Data is shown as mean + SD (n = 3 for both, for RDT these were technical replicates) and depicted as % control (untreated). Statistical significance was
calculated using one-way ANOVA with * representing a p-value <0.05 (untreated versus treated). Each treatment was paired with its corresponding untreated time-
matched control. Statistics are not shown in (d); 100 pM significantly changed supernatant lactate at all timepoints and 50 pM on days 2, 4, and 5.

differentiated RPTEC/TERT1 cells exhibit an oxidative phenotype upon
maturation (Aschauer et al., 2013), elevated supernatant lactate levels
are an indication of increased glycolysis rates and therefore serve as a
marker of induced cellular stress (Limonciel et al., 2011). Lactate
measured in the cell supernatant is hence a sensitive marker that is
elevated at concentrations prior to cell death. Daily repeated exposure of
RPTEC/TERT1 cells to brequinar over a treatment period of five
consecutive days (120 h total) resulted in a significant concentration-
dependent decrease in cell viability (Fig. 3c). Supernatant lactate
levels remained largely unaffected at concentrations up to 25 pM
(Fig. 3d). In contrast, 50 pM brequinar treatment showed increased
supernatant lactate levels throughout the entire treatment period, and
100 pM brequinar treatment led to increased supernatant lactate levels
during the first three days of treatment, reflecting cell stress; superna-
tant lactate levels dropped on days 4 and 5, most likely due to subse-
quent cell death that was confirmed on day 5 by the resazurin assay
(Fig. 3c and d).

3.3. Differential gene expression and pathway analysis in RPTEC/TERT1
cells

The highest number of DEGs resulted from the exposure of RPTEC/
TERT1 cells to 30 and 100 pM brequinar for 24 h, with 1017 and 1067
DEGs, respectively (Fig. 4a). Lower concentrations ranging from 0.3 to
10 pM induced only modest changes in gene expression after a 24-h
exposure (Fig. 4a). In contrast, repeated exposure to brequinar greatly
increased the number of DEGs already at 0.3 and 3 pM (Fig. 4a), indi-
cating a more substantial impact with prolonged exposure at lower
concentrations. The DEGs are visualised in Volcano plots (Fig. 4b and c),
with the most significantly up- and downregulated genes annotated.
Even though exposure to 0.3 and 1 pM brequinar for 24 h resulted in
relatively few gene alterations, one notable change was the upregulation
of Lipocalin 2 (LCN2, also known as NGAL) (Fig. 4b), which is a clinical
biomarker for the detection of acute kidney injury (AKI) (Devarajan,
2008). After treatment with higher concentrations for 24 h, more
significantly altered genes were observed, including Amphiregulin
(AREG), Growth Arrest And DNA Damage Inducible Alpha (GADD45A),
and ASNS (Fig. 4b). These genes also appeared with the repeated
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Fig. 4. Differential gene expression in RPTEC/TERT1 cells treated with brequinar for 24 h (single exposure) (0.3-100 pM) or every 24 h for five consecutive days
(repeated dose toxicity (RDT) testing) (0.3, 3, and 20 pM). a Overview of the number of differentially expressed genes (DEGs), represented by different probe IDs,
following DESeq2 analysis in R for each tested concentration compared to the corresponding untreated time-matched control with cut-offs set to: average normalised
read count (calculated per treatment condition) > 5, padj <0.05, and log2FoldChange > |0.585| (n = 3). b and ¢ Volcano plots illustrating the DEGs for 24 h (b) and
RDT (c), respectively, with downregulated genes shown as blue dots and upregulated genes as red dots (n = 3). Depending on the available space, the plots label up to
the top 30 significant DEGs with gene names and probe IDs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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treatment regimen along with BCL2 Associated X (BAX), Snail Family
Transcriptional Repressor 2 (SNAI2), and Mouse Double Minute 2
(MDM2), to name a few (Fig. 4c). A detailed comparative analysis of the
changes in gene expression between the different treatment conditions is
described below.

The response of RPTEC/TERT1 cells to brequinar exposure was also
investigated by analysing the upregulated DEGs using the CPDB-human
database to evaluate pathway activation. The top 15 most significant
pathways, ranked by their g-values, are presented in Fig. 5. This analysis
revealed differences in point of departures of stress response pathway
activation between single and repeated administrations of brequinar.
After a single 24-h exposure, stress response pathways were identified at
10, 30, and 100 pM, whereas no significant pathways could be detected
at 0.3, 1, and 3 pM brequinar treatment. Nonetheless, several stress
response pathways were identified at 0.3 and 3 pM with repeated
dosing, as well as at 20 pM. One of the most prominent stress response

Toxicology in Vitro 104 (2025) 106010

pathways that was induced by brequinar across all these conditions was
the UPR (Fig. 5). In addition, the 24-h exposure at 100 pM led to the
activation of several eukaryotic translation events (e.g. ‘GTP hydrolysis
and joining of the 60S ribosomal subunit’, ‘translation initiation’, ‘for-
mation of a pool of free 40S subunits’, and ‘peptide chain elongation’)
(Fig. 5) that also appeared after a repeated exposure of RPTEC/TERT1
cells to the known UPR-inducer tunicamycin at 0.3 pM (Fig. S1). Besides
the UPR, brequinar also induced an inflammatory response for all above-
mentioned conditions except for the 24-h exposure at 10 puM, as reflected
by the activation of signalling pathways involving interleukins (ILs),
Nuclear Factor Kappa B (NF-kB), and Tumour Necrosis Factor (TNF)
(Fig. 5). Notably, repeated exposure to brequinar at all three tested
concentrations resulted in significant activation of the p53 pathway
(Fig. 5). Furthermore, activation of the Nrf2 pathway became apparent
after repeated exposure at 20 uM (Fig. 5). Both the p53 and Nrf2 path-
ways were also detected after a 24-h exposure at 30 pM, while only p53

Cell model = RPTEC/TERT1. Treatment regimen = 24 h or RDT.

( 24 h

)

RDT ]

Brequinar 10 uM 24 h

Response of EIF2AK1 (HRI) to heme deficiency:
Photodynamic therapy-induced unfolded protein response:

0 2 4 6 8 10
-log10(g-value)

Brequinar 0.3 M RDT

VEGFA-VEGFR2 Signaling Pathway

IL-17 signaling pathway:

Direct p53 effectors:

TNF signaling pathway:

Syndecan-2-mediated signaling events

Senescence and Autophagy in Cancer:

MAPK Signaling Pathway:

NF-kappa B signaling pathway:

Photodynamic therapy-induced unfolded protein response:
AGE-RAGE signaling pathway in diabetic complications:
Response of EIF2AK1 (HRI) to heme deficiency-

Protein processing in endoplasmic reticulum:

Validated transcriptional targets of AP1 family members Fra1 and Fra2-
Validated transcriptional targets of TAp63 isoforms:
Cellular senescence:

0 2 4 6 8 10
-log10(g-value)

Brequinar 30 uM 24 h

Cytokine Signaling in Immune system

Response of EIF2AK1 (HRI) to heme deficienc:
Ferroptosis:
Interferon alpha/beta signaling

Photodynamic therapy-induced NF-kB survival signalin
Interferon Signaling:

Photodynamic therapy-induced unfolded protein respons:
IL-17 signaling pathway:
Cellular response to starvation
TNF signaling pathway-

Response of EIF2AK4 (GCN2) to amino acid deficienc
Senescence and Autophagy in Cance
Interleukin-1 family signaling:
Antiviral mechanism by IFN-stimulated genes:
EGFR Tyrosine Kinase Inhibitor Resistance:

0 2 4 6 8 10
-log10(g-value)

Brequinar 3 tM RDT

TNF signaling pathway:

VEGFA-VEGFR2 Signaling Pathway:

IL-17 signaling pathway:

Syndecan-2-mediated signaling events

AGE-RAGE signaling pathway in diabetic complications
Validated transcriptional targets of AP1 family members Fra1 and Fra:
NF-kappa B signaling pathway:

Photodynamic therapy-induced unfolded protein responst
IL-18 signaling pathway:

Direct p53 effectors:

CD40/CDA40L signaling

Overview of nanoparticle effects:

abb1 and a6b4 Integrin signaling:

MAPK signaling pathway:

Signaling by Interleukins:

0 2 4 6 8 10
-log10(g-value)

Brequinar 100 tM 24 h

Response of EIF2AK4 (GCN2) to amino acid deficienc
GTP hydrolysis and joining of the 60S ribosomal subunit:
Cellular response to starvation
Cap-dependent Translation Initiation:
Eukaryotic Translation Initiation:
Translation
Cytokine Signaling in Immune system:
Formation of a pool of free 40S subunits:
Peptide chain elongation
Eukaryotic Translation Elongation:
Cellular responses to external stimuli
Cytoplasmic Ribosomal Proteins:
SRP-dependent cotranslational protein targeting to membrane:
Eukaryotic Translation Termination:
Selenocysteine synthesis:

0 2 4 6 8 10
-log10(g-value)

Brequinar 20 M RDT

Interferon alpha/beta signaling

Cytokine Signaling in Immune system:

Interferon Signaling

Phytochemical activity on NRF2 transcriptional activation
Photodynamic therapy-induced unfolded protein respons
IL-17 signaling pathway:

TNF signaling pathway:

Response of EIF2AK1 (HRI) to heme deficiency

IL-18 signaling pathway:

Photodynamic therapy-induced NF-kB survival signaling
AGE-RAGE signaling pathway in diabetic complications:
Syndecan-2-mediated signaling events

Ferroptosis

Cellular senescence

Direct p53 effectors:

0 2 4 6 8 10
-log10(g-value)

Fig. 5. Analysis of activated pathways in RPTEC/TERT1 cells treated with brequinar for 24 h (single exposure) (10, 30, and 100 pM) or every 24 h for five
consecutive days (repeated dose toxicity (RDT) testing) (0.3, 3, and 20 pM). Significantly altered pathways (q-value <0.05) (n = 3) for each treatment condition were
identified based on the corresponding upregulated DEGs using the ORA tool in ConsensusPathDB. No significant pathways could be identified at 0.3, 1, and 3 pM
brequinar treatment after a single 24 h exposure. The top 15 pathways are presented with their corresponding q-values shown on a logarithmic scale.
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was observed at 100 pM; however, these instances were less significant
(—log g-values: 1.7, 1.5, and 2.0, respectively) compared to the activa-
tion seen under repeated dosing conditions.

In addition to the ORA, the effects of brequinar were also analysed at
the gene level. The findings are illustrated in Fig. 6, which displays the
gene expression changes (in lfc relative to the untreated control) for key
genes associated with the stress response pathways above. The impact of
brequinar on UPR activation was particularly evident at the gene level,
as demonstrated by the overall upregulation of many key genes (Fig. 6),
which represent the three distinct branches of the UPR pathway:
EIF2AK3 (PERK), ATF6, and Endoplasmic Reticulum To Nucleus Sig-
nalling 1 (ERN1, aka IRE1) (Jennings et al., 2013). Among the most
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prominently upregulated genes were DDIT3, TRIB3, ASNS, DNAJB9Y, X-
Box Binding Protein 1 (XBPI1), PPPIR15A, and Heat Shock Protein
Family A Member 5 (HSPA5). Furthermore, brequinar upregulated
several genes associated with the Nrf2 pathway, such as HMOXI,
SLC7A11, Thioredoxin Reductase 1 (TXNRD1), MAFF, and Ferritin Light
Chain (FTL) (Fig. 6). HMOX1 was only upregulated at concentrations of
30 and 100 pM after a single 24-h exposure and across all concentrations
following repeated exposure, demonstrating that lower concentrations
of brequinar with a single administration were insufficient to upregulate
HMOX1. An opposite pattern was observed for Ferritin Heavy Chain 1
(FTH1), which was upregulated after a 24-h exposure but down-
regulated following repeated exposure. For other genes, such as NAD(P)

Cell model = RPTEC/TERT1. Treatment regimen = 24 h or RDT.
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Fig. 6. Activation of stress response pathways at the gene level in RPTEC/TERT1 cells treated with brequinar for 24 h (single exposure) (0.3-100 pM) or every 24 h
for five consecutive days (repeated dose toxicity (RDT) testing) (0.3, 3, and 20 uM). The heat maps visually represent the log2FoldChange (log2FC) in gene expression
for target genes associated with the UPR, Nrf2, p53, and inflammatory responses in response to increasing brequinar treatment compared to the corresponding
untreated time-matched control (red: increased expression, blue: decreased expression, and white: no change). Sodium arsenite and tunicamycin were used as
positive controls for Nrf2 and UPR, respectively. Each heat map displays the following conditions from left to right: brequinar 24 h 0.3-100 pM, brequinar RDT
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figure legend, the reader is referred to the web version of this article.)
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Cell model = RPTEC/TERT1. Treatment regimen = 24 h or RDT.

p53 Pathway

s TREATMENT

TIMEPOINT
I

RGCC_16894
GADD45A_2569
GDF15_2621
SESN2_18106
CDKN1A_1219
TP53_7287
BBC3_640
MDM2_27496
BAX_28222
FAS_2345
RPS27L_6001
IGFBP3_3270
NDRG1_4510
BNIP3L_746
TNFRSF10B_7241
AIFM2_14009
DUSP1_24234
BID_696
SNAI2_24257
CASP3_983
RRM2B_13340
TIGAR_25932

SESN1_6261

TP53BP2_87575

TP53I3_7290
{ THBS1_24188
L BCL2L1_21647
CASP9_992
[ MCL1_20177

- ATM_16849

- PPM1D_25317

PPP1R13B_5339

BCL2_658

Brequinar 0.3 uM 24h
Brequinar 1 uM 24h
Brequinar 3 uM 24h

Brequinar 10 uM 24h

Brequinar 30 uM 24h

Brequinar 100 pM 24h
Brequinar 0.3 yM RDT

Brequinar 3 uM RDT

Brequinar 20 yM RDT
Arsenite 10 pM 24h

Arsenite 10 yM RDT

Tunicamycin 0.3 pM 24h
Tunicamycin 0.3 pM RDT

CONCENTRATION [uM]

Inflammatory Response

[ TREATMENT
TIMEPOINT
CONCENTRATION [uM]

IL36G_3337

CXCL8_14324
IL6_3341
TNF_88560
ICAM1_3187
- CXCL2_28232
[ CXCL1_28308

CXCL3_90881

IL23A_14962
CXCL5_15735

CXCL11_88024

IL1A_22714
IL1B_3325
IL19_21256
STAT4_25843

CX3CL1_17004

NFKB2_4567

STAT1_6824

IL15_16560
NFKB1_4566

S0OCS2_6660

SOCS3_15641

IL18_22992

CXCL14_22017

Arsenite 10 uyM RDT .

Brequinar 3 uM 24h
Tunicamycin 0.3 pM 24h

Brequinar 0.3 uM 24h
Brequinar 1 uM 24h
Brequinar 10 pM 24h
Brequinar 30 pM 24h
Brequinar 100 pM 24h
Brequinar 0.3 pM RDT
Brequinar 3 uM RDT
Brequinar 20 uyM RDT
Arsenite 10 pM 24h

Tunicamycin 0.3 uyM RDT

log2FC TREATMENT CONCENTRATION [uM]

' 6 Brequinar 0.3
4 Arsenite 1
2 [ Tunicamycin 3
0 10
TIMEPOINT 20
) 24h M 30
l . RDT I 100

Fig. 6. (continued).

H Quinone Dehydrogenase 1 (NQO1) and GCLM, the effects of brequinar
were more variable and less pronounced. Brequinar exposure also led to
increased expression of Tumour Protein P53 (TP53) and alterations in
the expression of genes associated with the p53 pathway (Fig. 6). Several
p53 pathway-related genes were significantly upregulated after a 24-h
exposure at 30 and 100 pM and following repeated exposure,
including Regulator Of Cell Cycle (RGCC), GADD45A, GDF15, Sestrin 2
(SESN2), and Cyclin Dependent Kinase Inhibitor 1 A (CDKNI1A, also
known as p21) (Fig. 6). This upregulation was accompanied by a marked
downregulation of B-Cell Lymphoma-2 (BCL2). Moreover, brequinar
triggered an inflammatory response, as evidenced by changes in the
expression of key inflammatory markers (Fig. 6). After 24 h of exposure,

10

100 pM brequinar resulted in the greatest upregulation of various genes,
including cytokines (different ILs and TNF), various CXC family che-
mokines, and Intercellular Adhesion Molecule 1 (ICAM1). Repeated
exposure also led to an upregulation of these genes.

Sensitivity differences in gene expression activation were observed
across the stress response pathways between single and repeated expo-
sures to brequinar. Specifically, at a lower concentration of brequinar
(0.3 pM), repeated exposure resulted in a greater gene upregulation
compared to a single exposure. Fig. 7 illustrates the gene expression
(normalised read counts) of several target genes under these conditions.
Compared to the respective untreated control group, a single exposure to
0.3 pM brequinar did not significantly alter the expression of most genes
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Fig. 7. Normalised read counts of selected target genes associated with the UPR, Nrf2, p53, and inflammatory responses in RPTEC/TERT1 cells treated with 0.3 pM
brequinar (BQR) for 24 h (single exposure) or every 24 h for five consecutive days (repeated dose toxicity (RDT) testing). The corresponding normalised read counts
for the untreated time-matched controls (Ctrl 24 h and Ctrl RDT) are also displayed for comparison. One-way ANOVA was performed to compare each treatment
regimen with its respective untreated time-matched control and to compare the two treatment regimens with one another. * represents a p-value <0.05 (n = 3).
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(Fig. 7). However, with repeated exposure, there was a significant in-
crease in gene expression relative to both the respective untreated
control and single exposure groups (Fig. 7). For instance, while a 24-h
exposure to 0.3 uM brequinar caused minimal changes or even down-
regulation of various genes within the p53 pathway, repeated exposure
led to clear upregulation. This trend was evident for various genes
within this pathway such as GADD45A, CDKN1A, BAX, Fas Cell Surface
Death Receptor (FAS), SNAI2, Caspase 3 (CASP3), Ribonucleotide
Reductase Regulatory TP53 Inducible Subunit M2B (RRM2B), TP53
Induced Glycolysis Regulatory Phosphatase (TIGAR, aka C12orf5), and
Sestrin 1 (SESN1), as demonstrated by both the visual fold changes and
the read counts in Figs. 6 and 7, respectively. In addition to the p53
pathway, certain genes within the Nrf2 pathway, including HMOX1,
TXNRD1, MAFF, Superoxide Dismutase 3 (SOD3), and Glutathione S-
Transferase Omega 1 (GSTO1), also exhibited a more pronounced
upregulation with repeated exposure compared to single exposure
(Figs. 6 and 7). Similarly, genes within the UPR pathway, such as DDIT3,
HSPAS5, PPP1R15A, TRIB3, DNAJB9, and Activating Transcription Fac-
tor 4 (ATF4), followed the same trend (Figs. 6 and 7). A significant in-
crease in gene expression between the untreated control and 0.3 pM
brequinar treatment after a single exposure was observed for the UPR
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gene DDIT3; however, the change was less pronounced than with the
repeated exposure (Fig. 7).

3.4. Downregulation of renal proximal tubule and mitochondrial gene
expression

Brequinar impacted several genes associated with the renal proximal
tubule phenotype (Fig. 8). For instance, Gamma-Butyrobetaine Hy-
droxylase 1 (BBOX1) emerged as one of the most downregulated genes
in response to brequinar exposure. This gene is commonly down-
regulated in response to chemical-induced stress in RPTEC/TERT1 cells
(Limonciel et al., 2018a; Wilmes et al., 2013, 2015). Similarly, the tight
junction protein Claudin 2 (CLDN2) was also downregulated, a response
that has been documented previously in proximal tubule cells upon
induced stress (Limonciel et al., 2012; Wilmes et al., 2014). Gamma-
Glutamyltransferase 1 (GGT1) is another gene that is highly expressed
in RPTEC/TERT1 cells (Capinha et al., 2023; Limonciel et al., 2018a),
and was found to be downregulated following repeated exposure to
brequinar. Lastly, LCN2 expression remained upregulated throughout all
tested conditions, suggesting that brequinar exposure can inflict damage
to the proximal tubular epithelium.

Cell model = RPTEC/TERT1. Treatment regimen = 24 h or RDT.
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Fig. 8. Effect of brequinar on the expression of various renal proximal tubule and mitochondrial genes in RPTEC/TERT1 cells treated for 24 h (single exposure)
(0.3-100 uM) or every 24 h for five consecutive days (repeated dose toxicity (RDT) testing) (0.3, 3, and 20 pM). The heat map visually represents the log2FoldChange
(log2FC) in gene expression in response to increasing brequinar treatment compared to the corresponding untreated time-matched control (red: increased expression,
blue: decreased expression, and white: no change). The following conditions are displayed from left to right: brequinar 24 h 0.3-100 uM, brequinar RDT 0.3-20 uM,
10 pM sodium arsenite 24 h and RDT, and 0.3 pM tunicamycin 24 h and RDT. Genes were included if the following criteria were met at least once across all
conditions: average normalised read count (calculated per treatment condition) > 25 and padj <0.05 (n = 3). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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In addition, brequinar decreased a variety of genes involved in
mitochondrial processes, which was mostly clear for a single exposure at
30 and 100 pM or following repeated exposure (Fig. 8). These include
genes encoding proteins related to pyruvate transport and metabolism
(such as Mitochondrial Pyruvate Carrier 2 (MPC2) and Pyruvate Dehy-
drogenase E1 Subunit Alpha 1 (PDHA1)), fatty acid oxidation (including
Acyl-CoA Dehydrogenase Long Chain (ACADL)), and various (sub)units
of the electron transport chain (e.g. Cytochrome C1 (CYC1I), Ubiquinol-
Cytochrome C Reductase Core Protein 1 (UQCRCI), Ubiquinol-
Cytochrome C Reductase Complex III Subunit VII (UQCRQ), and Cyto-
chrome C (CYCS)). Notably, there was a significant downregulation of
Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1
Alpha (PPARGCIA, also known as PGC-1a), which is a known regulator
of mitochondrial biogenesis (Garcia et al., 2017). Another down-
regulated gene was DNA Replication Helicase/Nuclease 2 (DNA2),
which plays a role in the replication and repair of mitochondrial DNA
(Zheng et al., 2008). Interestingly, Chromosome 15 Open Reading
Frame 48 (C150rf48) expression shifted from downregulation at 0.3-10
MM (24 h) to slight upregulation at 30 pM (24 h) and more significant
upregulation at 100 pM (24 h), with further upregulation observed upon
repeated dosing. C150rf48 has been reported to reduce the mitochon-
drial membrane potential and intracellular ATP levels, and may induce
an oxidative stress response by increasing intracellular levels of gluta-
thione (Takakura et al., 2024).

3.5. Effect of Brequinar on mitochondrial respiration of RPTEC/TERT1
cells

To further investigate the impact of brequinar on mitochondrial
function, we measured the OCR of RPTEC/TERT1 cells after a 24-h
exposure to brequinar using the Seahorse MitoStress assay. By the
sequential addition of specific modulators of the electron transport
chain, key parameters of the mitochondrial function can be assessed
through direct measurement of the OCR (van der Stel et al., 2020).
Fig. 9a presents the OCR profiles of untreated (black line) and brequinar-
treated (blue lines) RPTEC/TERT]1 cells after 24 h. The first three data
points represent the baseline OCR, which drops after addition of the
modulator oligomycin to measure ATP production. Next, the uncoupler
FCCP is added to reveal the maximal respiration capacity. Finally, a
mixture of rotenone and antimycin A shuts down mitochondrial respi-
ration to allow measurement of non-mitochondrial respiration. For
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further interpretation, the basal and maximal respiration rates following
brequinar treatment were assessed and compared to the untreated
control (Fig. 9b). The results revealed a marked reduction in both basal
and maximal respiration rates upon brequinar exposure (Fig. 9b).
Importantly, these changes in mitochondrial respiration occurred
without affecting the viability of these cells after 24 h of exposure
(Fig. 3a). These findings collectively suggest that brequinar can impair
the mitochondrial function of RPTEC/TERT1 cells.

4. Discussion

This study highlighted different sensitivities and points of departures
in the PHH and the RPTEC/TERT1 cell line in response to brequinar
treatment. While exposure of PHH to 100 pM brequinar for 24 h acti-
vated the UPR and Nrf2 stress response pathways, this upregulation was
substantially less pronounced compared to RPTEC/TERT1 cells. RPTEC/
TERT1 cells already showed a strong activation of these pathways in
response to 30 pM brequinar treatment. Notably, we observed a signif-
icant upregulation of the PXR/CAR pathway in PHH as well as of the
AHR-controlled CYP1A enzymes CYP1A1 and CYP1A2 that play a role in
xenobiotic metabolism and detoxification processes (di Masi et al., 2009;
Jennings et al., 2013). This upregulation may explain the reduced
sensitivity of PHH to brequinar. While several studies have proposed
that brequinar undergoes hepatic metabolism, the specific CYPs
involved have not yet been identified (Cosenza et al., 1993; Joshi et al.,
1997; Makowka et al., 1993). Our transcriptomics analysis points to
several phase I and phase II drug-metabolising enzymes as potential
contributors, including members of the CYP1A and CYP3A families.
Nevertheless, these findings are based solely on gene expression data.
Further research is needed to assess the functional activities of these
enzymes.

In contrast to PHH, RPTEC/TERT1 cells treated with brequinar
exhibited a stronger upregulation of a range of genes associated with
various stress response pathways, including UPR, Nrf2, p53, and in-
flammatory responses. The activation of the UPR stress response
pathway was one of the most predominant responses observed. The
increased sensitivity to UPR activation might be related to the event of
brequinar-induced mitochondrial dysfunction. Notably, the UPR
pathway was recently demonstrated to be the most affected stress
response pathway in RPTEC/TERT1 cells upon inhibition of the electron
transport chain (Carta et al., 2023). We also observed that brequinar

Cell model = RPTEC/TERT1. Treatment regimen = 24 h.
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Fig. 9. Impact of brequinar on mitochondrial respiration of RPTEC/TERT1 cells following a single 24-h exposure to a range of concentrations (100 pM maximum
with two-fold serial dilutions down to 0.78 pM). Mitochondrial respiration was assessed by measuring the oxygen consumption rates (OCR) using the Seahorse
MitoStress assay. The complete OCR profiles of untreated (black) and treated (blue colour gradient from light to dark indicating increasing concentrations) RPTEC/
TERT1 cells. The dotted lines indicate the injection times of the different modulators: oligomycin, FCCP, and rotenone together with antimycin A. The basal and
maximal respiration rates of RPTEC/TERT1 cells upon brequinar treatment. Data is shown as mean + SD (n = 6) and depicted as % control (untreated). Statistical
significance was calculated using one-way ANOVA with * representing a p-value <0.05 (untreated versus treated). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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exposure could induce the p53 pathway in RPTEC/TERT1 cells. Earlier
studies indicate that the p53 pathway can be activated by the depletion
of pyrimidine nucleotide pools (Khutornenko et al., 2010; Ladds et al.,
2018; Linke et al., 1996). Ladds et al. demonstrated that brequinar-
induced activation of p53 could be reversed by the concurrent addi-
tion of uridine (Ladds et al., 2018). Moreover, Khutornenko et al. re-
ported that inhibition of complex III of the mitochondrial electron
transport chain led to reduced intracellular pyrimidine nucleotide pools
and activated the p53 response, which could also be prevented by uri-
dine supplementation (Khutornenko et al., 2010). Complex III
dysfunction can impair the generation of ubiquinone, which in turn may
lead to the inhibition of DHODH (Banerjee et al., 2022). These studies
collectively support that brequinar-induced activation of the p53
pathway is associated with pyrimidine nucleotide depletion caused by
the inhibition of DHODH.

Given the unique localisation of human DHODH within the inner
mitochondrial membrane and the functional linkage with the electron
transport chain through ubiquinone, we investigated whether the
DHODH inhibitor brequinar could impair mitochondrial function. Pre-
viously, brequinar has been shown to induce mitochondrial toxicity in
two liver models, the cancer cell lines HepaRG and HepG2 (Jones et al.,
2021). Here, differentiated RPTEC/TERT1 cells showed a significant
reduction in both basal and maximal respiration rates after a 24-h
exposure to brequinar up to 100 pM. Furthermore, brequinar was
found to downregulate a variety of genes involved in mitochondrial
processes, including those involved in substrate metabolism or transport
and components of the electron transport chain. In addition, the gene
PPARGCI1A, which is recognised as a master regulator of mitochondrial
biogenesis (Fontecha-Barriuso et al., 2020; Garcia et al., 2017), was
downregulated by brequinar. This downregulation is consistent with
other studies where silencing of PPARGCI1A resulted in decreased oxy-
gen consumption rates (LaGory et al., 2015; Rosales et al., 2019). Low
PPARGCIA levels have also been observed in nephrotoxic AKI with a
concomitant increase in LCN2 (Fontecha-Barriuso et al., 2019; Stallons
et al., 2014). Similarly, we observed elevated LCN2 levels in RPTEC/
TERT1 cells exposed to brequinar under all tested conditions, suggesting
a potential link to nephrotoxicity. Additionally, brequinar exposure
resulted in the significant downregulation of several highly expressed
genes in RPTEC/TERT1 cells, including BBOX1, CLDN2, and GGT1,
indicating a potential disruption of the differentiated phenotype of
proximal tubular epithelial cells.

In the present study, we implemented repeated dose testing since this
more accurately reflects the real-life drug administration scenarios
compared to single dose exposure. Many in vitro studies, however, do
not include repeated dosing, often due to the lack of stability of certain
in vitro systems over longer times in culture. RPTEC/TERT1 cells are
ideal for repeat dose studies due to their transcriptomic stability once
the epithelium is contact-inhibited and fully matured (Aschauer et al.,
2015; Limonciel et al., 2018b; Secker et al., 2019; Wilmes et al., 2015;
Wilmes et al., 2013). Matured RPTEC/TERT1 cells become fully quies-
cent in the GO/G1 phase of the cell cycle and no longer proliferate unless
they are subcultured again (Aschauer et al., 2013). In contrast, cancer
cell lines often lack contact inhibition and continue to proliferate and
hence show alterations in genes involved in cell cycle over the time
course of longer exposure times. Another challenge for longer experi-
ments using primary cells is that they often dedifferentiate and lose cell
type-specific characteristics over time (Heslop et al., 2017), for example
CYP450 enzyme activity rapidly declines in PHH in monolayer cultures.
In exploring the most optimal dosing schedule for brequinar in clinical
settings, several studies suggested that continuous or more frequent
administration of brequinar could improve its antitumour activity
(Peters et al.,, 1987; Schwartsmann et al., 1988). Nonetheless, an
increased dosing frequency may also elevate the risk of toxicity due to
sustained DHODH enzyme inhibition (Peters et al., 1990). This was
exemplified by a phase I clinical study which reported that toxicity
occurred at lower doses when brequinar was administered more
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frequently, i.e. twice weekly compared to once weekly (Bork et al.,
1989). This observation is consistent with our results. We observed that
repeated administration of brequinar at lower concentrations, e.g. 0.3
pM, resulted in a more pronounced induction of stress response path-
ways in RPTEC/TERT1 cells compared to a single exposure. Repeated
exposure thus may uncover pathway activations that are not evident
with single dose exposure at lower concentrations, which highlights the
importance to carefully consider dosing regimens in in vitro studies as
relying on single dose exposure alone may not fully capture the toxi-
cological profiles of compounds. Consequently, this could lead to an
underestimation of potential risks and safety limits. The increased
sensitivity of RPTEC/TERT1 cells to brequinar with repeated exposure
may be attributed to drug accumulation. Pharmacokinetic studies
showed that repeated administration of brequinar, daily for five
consecutive days, led to significant increases in both the area under the
plasma drug concentration-time curve (AUC) and the half-life beta on
day 5 compared to day 1 (Arteaga et al., 1989; de Forni et al., 1993).
Another pharmacokinetic study using a similar dosing schedule sug-
gested that this increase in AUC might be explained by a reduction in
Vmax on day 5 versus day 1, according to their Michaelis-Menten model
of elimination kinetics (Noe et al., 1990). These observations suggest
that repeated exposure might lead to accumulation of brequinar, likely
due to a reduced efficiency in its elimination process. In fact, pharma-
cokinetic data showed that renal clearance of brequinar was minimal
(Schwartsmann et al., 1989). In addition, limited metabolism of bre-
quinar in RPTEC/TERT1 cells could lead to increased accumulation with
repeated dosing. Hence, limited metabolism and reduced elimination
efficiency may result in elevated intracellular drug concentrations over
time which might explain the increased toxicity in RPTEC/TERT1 cells
with repeated dosing. A similar phenomenon has been described for the
lipophilic compound cyclosporine A in RPTEC/TERT1 cells, where daily
repeated exposure to 15 pM resulted in an intracellular accumulation to
approximately 7600 pM on day 7, likely due to the saturation of the
efflux transporter P-glycoprotein (ABCB1) (Wilmes et al., 2013).
Repeated dose toxicity assessments may not necessarily increase toxicity
to all compounds. For example, Secker et al. demonstrated that repeated
exposure (every 48 h for a treatment period of 14 days) of RPTEC/
TERT1 cells to cisplatin, gentamicin, and zoledronate decreased cell
viability at lower concentrations compared to a single 24-h exposure,
whereas tacrolimus decreased cell viability at similar concentrations
regardless of the treatment regimen (Secker et al., 2019). Daily repeated
treatment of RPTEC/TERT1 cells for 14 days with cisplatin at sub-
cytotoxic concentrations of 0.5 and 2 pM did, however, not lead to
additional significant transcriptomic changes on day 14 compared to
day 1 (Wilmes et al., 2015). It should be noted that repeated exposure to
a toxin may lead to a dynamic interplay between cellular damage and
repair responses over time, reflecting cellular adaptation to the
continued exposure.

5. Conclusions

In conclusion, our study revealed that PHH and RPTEC/TERT1 cells
exhibit different sensitivities to brequinar. PHH demonstrated a lower
sensitivity to brequinar, as treatment with 30 uM for 24 h did not induce
any significantly DEGs, whereas more than 1000 DEGs were changed in
RPTEC/TERT1 cells at this concentration. Treatment with 100 pM bre-
quinar resulted in a notable upregulation of several phase I and II drug-
metabolising enzymes after a single 24-h exposure in PHH, alongside
modest activation of the UPR and Nrf2 pathways. RPTEC/TERT1 cells
strongly induced the UPR, Nrf2, p53, and inflammatory responses and
higher fold changes of genes were observed in response to 100 pM
treatment. Additionally, repeated exposure of brequinar in RPTEC/
TERT1 cells showed a strong activation of these stress response path-
ways at much lower concentrations (300 nM), whereas the same con-
centrations had little or no effect in 24-h bolus treatment regimes.
Therefore, repeated exposure to a compound at lower concentrations
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may provide more relevant insights into gene expression and pathways
induction compared to acute exposure alone. Our findings also revealed
that brequinar could adversely affect the mitochondrial function of
RPTEC/TERT1 cells, as evident from the decreased basal and maximal
respiration rates after a single exposure as well as the downregulation of
various mitochondrial genes. Overall, our study sheds light on the
cellular mechanisms in response to brequinar exposure in PHH and
RPTEC/TERT1 in vitro cell models. Furthermore, our study demon-
strates the importance of repeated dose toxicity assessments for certain
chemicals, as single dose exposure at a lower concentration may not
reveal their full impact.
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