Supplementary Material

Definition of the Neurotoxicity-Associated Metabolic
Signature Triggered by Berberine and Other
Respiratory Chain Inhibitors

Ilinca Suciu'?, Johannes Delp?, Simon Gutbier!, Julian Suess!, Lars Henschke?3, Ivana Celardo?,
Thomas U. Mayer?, Ivano Amelio*, Marcel Leist'”

1 In Vitro Toxicology and Biomedicine, Department Inaugurated by the Doerenkamp-
Zbinden Foundation, University of Konstanz, 78464 Konstanz, Germany

2 Graduate School of Chemical Biology, University of Konstanz, 78464 Konstanz,
Germany

3 Department of Molecular Genetics, University of Konstanz, 78464 Konstanz,
Germany

4 Division for Systems Toxicology, Department of Biology, University of Konstanz,
78464 Konstanz, Germany

* Correspondence: marcel.leist@uni-konstanz.de

Table of Contents

Element Page Title

Fig. S1 2-3 Mechanistic description of the 7 DNT assay hits

Fig. S2 4-5 Overview of de-regulated genes over time

Fig. S3 6-7 Display of transcription factors with the highest predicted
activity scoresat 16 h

Fig. S4 8-9 Activity predictions for transcription factor ATF4

Fig. S5 10-11 Expression of consensus deregulated genes at 4, 16 and 24 h

Fig. S6 12 Display of genes with highest down-regulation at 16 h

Fig. S7 13 Effect of toxicants on neuronal ATP production

Fig. S8 14 Effect of toxicants on microtubule polymerization

Fig. S9 15 Intracellular amino acid changes in immature neurons

exposed to neurodevelopmental toxicants

Fig. S10 16 Other metabolic changes induced by c-l inhibitors in neurons

Fig. S11 17 Consensus transcriptome changes induced by c-l inhibitors in
neurons

Fig. S12 18 Metabolites linked to aminoacidopathies

Fig. S13 19-20 Pharmacokinetic parameters of berberine

Suppl. 21-24 Detailed results for sections 3.2, 3.6, 3.11 and 3.13

Results

Bibliography | 24 -27

Table S1 Statistical results of omics experiments (separate file)




Berberine (Cas: 2086-83-1) is a plant alkaloid with several applications in alternative and traditional
medicine. It is for example used as an anti-diabetic agent and considered to promote longevity.
Berberine inhibits mitochondrial respiration and promotes glycolysis. An inhibition of mitochondrial
complex | inhibition, has been reported in e.g (1) primary mouse hepatocytes (IC50: ca. 5 pM, Zhang et
al. 2018), (2) in primary rat muscle cells (IC50: ca. 15 pM, Turner et al. 2008) and (3) in a human

dopaminergic neurons (IC50: ca. 20 pM; Delp et al. 2019). In cell painting assays, berberine affects ~o0 N2
mitochondria-related parameters at 1-10 pM (Nyffeler et al. 2020). Berberine has also been suggested _0

to inhibit acetylcholinesterase (IC50: 2 puM, Li et al. 2021). The compound has very low oral

bioavailability in rats (<0.3%). It is rapidly and extensively metabolized in the liver (Turner et al. 2008).

MW [g/mol]: 336.4 [ LogP: 0.82* ] SMILES: COC1=C(C2=C[N+]3=C(C=C2C=C1)C4=CC5=C(C=C4CC3) OCO5)OC

Carbaryl (Cas: 63-25-2) is a broad-spectrum insecticide belonging to the class of carbamates. It inhibits
human acetylcholinesterase with a reported I1C50 of 2 uM (Li et al. 2021). Thus, carbaryl is neurotoxic. It
is also known for developmental neurotoxicity, and it might be carcinogenic due to its effect on cell
cycle and chromosome separation. In the Toxcast screening, it affected several assays, including
neuronal network activity (2 uM) and inhibition of GLI family zinc finger 3 (GLI3 —I1C50: 13 uM).

MW [g/mol]: 201.2 I LogP: 2.36 SMILES: CNC(=0)0OC1=C2C=CC=CC2=CC=C1

Colchicine (Cas: 64-86-8) is a plant alkaloid used for several medical applications. It inhibits tubulin
polymerization and thereby impairs neurite transport and mitotic chromosome segregation. Tubulin
polymerization inhibition data are available for pig brain tubulin (IC50: 7 nM, Thomopoulou et al. 2016)
and bovine tubulin (IC50: 11 nM, El-Naggar et al. 2020). Furthermore, it induces neuronal apoptosis at
0.1-1 pM (Leist et al. 1997; Volbracht et al. 1999).
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Diethylstilbestrol (Cas: 56-53-1) is a synthetic nonsteroidal estrogen receptor agonist banned because
of its teratogenic effects. Reported potencies for the estrogen receptor a (ESR1), using transactivation
assays are in the low pM range (Lussenburg et al. 2018; Miller et al. 2001). DES also affects
mitochondria and microtubules in a higher uM range (Delp et al. 2019; Hallinger et al.2020; Metzler et
al. 1995).

HOOH

MW [g/mol]: 268.4 LogP:5.07 | SMILES: CC\C(=C(\CC)C1=CC=C(0)C=C1)C1=CC=C(0)C=C1

MPP+, 1-methyl-4-phenylpyridine, (Cas: 48134-75-4) is the neurotoxic metabolite of MPTP (1-methyl-4-
phenyl-1,2,5,6-tetrahydropyridine). MPP+ is selectively toxic to dopaminergic neurons due to its uptake
by the dopamine transporter (DAT). Toxicity of MPP+ is caused by mitochondrial complex | inhibition
(Terron et al. 2018). Effects on dopaminergic neurons occur at low uM extracellular concentrations, due
to strong intracellular (and intramitochondrial) accumulation. Peak concentrations in mouse brain have
been reported to be 40-50 pmol/mg protein (~ 10 uM) (Schildknecht et al. 2015).

MW [g/mol]: 170.2 | LogP:-0.33* [ SMILES: C[N+]1=CC=C(C=C1)C1=CC=CC=C1

Rotenone (Cas: 83-79-4) is a plant derived rotenoid used as insecticide, piscicide and pesticide. It
inhibits mitochondrial complex | (bovine heart mitochondria 1C50: 16 nM, Purohit et al. 2008; HepG2
1C50: ~ 400nM, Hallinger et al. 2020). It is considered a neurotoxicant, especially for dopamine neurons
(Terron et al. 2018) and it affects several neurodevelopmental key processes (e.g. neurite outgrowth —
Blum et al. 2023). It has also been reported to inhibit tubulin polymerization (porcine brain tubulin 4.3
UM (Gertsch et al. 2007); goat brain tubulin 12 uM (Srivastava et al. 2007)) and mitochondrial
movement in neurons (Borland et al. 2008).

MW [g/mol]: 394.4 LogP: 4.10

@H](CC3=C102)C(C)=C

SMILES: [H][C@ @]12COC3=C(C=C(OC)C(OC)=C3)[C@]1([H])C(=0)C1=CC=C30[C

Valinomycin (Cas: 2001-95-8) is a cyclic depsipeptide antibiotic from Streptomyces composed of 14
amino acids. It acts as a potassium ionophore (Rose et al 2007). Mitochondria are known to express
potassium ion channels which are known to affect cell survival (Szewczyk et al. 1995). Valinomycin is
expected to disturb the potassium distribution in mitochondria and to dissipate the charge gradient
across the inner mitochondrial membrane (besides its effects on plasma membrane potassium ion
gradients).

()0)c(c)c)c(c)c)c(c)c

SMILES: CC(C)C1INC(=0)C(OC(=0)C(C)OC(=0)C(NC(=0)C(OC(=0)C(NC(=0)C(C)OC
MW [g/mol]: 1111.3 LogP: 1.30* (=0)C(NC(=0)C(0C(=0)C(NC(=0)C(C)OC(=0)C(NC1=0)C(C)C)C(C)C)C(C)C)C (C)C)C
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Supplementary Fig. S1: Mechanistic description of the 7 DNT assay hits

Compounds’ chemical features as well as biological modes of action are summarized in the
table.
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Supplementary Fig. S2: Overview of de-regulated genes over time

Transcriptome data were obtained from LUHMES cells treated with 7 different toxicants for 4
h, 16 h and 24 h, as outlined in Fig. 1A. The following concentrations were used: 64 pM
carbaryl (Car), 40 nM colchicine (Col), 94 uM berberine chloride (Ber), 21 puM
diethylstilbestrol (DES), 4.4 uM rotenone (Rot), 10 uM MPP+ and 17 nM valinomycin (Val).
Significant changes of mRNA levels were identified by differential gene expression analysis:
for each time point, exposure conditions were compared to corresponding solvent (DMSO)
controls. As output metrics, we provide the average log2 fold changes (FC) for each transcript,
including the standard deviation, and the statistical significance of the change in Suppl. Table
S1. A) Log2 FC data from all transcriptome conditions (3 times X 8§ treatments) were analyzed
together in a joint principal component space, with axes scaled according to the variances
covered. For better overview, data for each compound are shown on separate maps. All 2D
maps have the same axes and can therefore be directly compared. The dots represent the

different time points connected by a black line in chronological order. The symbol “X” marks
the control condition, then 4 h, 16 h and 24 h follow. B) The absolute numbers of differentially
expressed genes (DEGs) per exposure time are displayed. Up- and down-regulated DEGs are
shown in the left- and right bar chart, respectively. C) The enlarged heatmaps are
magnifications of regions 142 of the heatmap shown in Fig. Fig. 2C. Cluster 1 shows the major
down-regulated consensus genes; cluster 2 shows the major up-regulated consensus genes.
Note that the test system used (LUHMES) has a dynamic baseline: the cells change their
differentiation state and gene expression over time also without component treatment. Each
statement on gene regulation is therefore in reality a 3-point comparison (time point 1, time
point 2 with solvent, time point 2 with toxicant). To allow a better interpretation of the 2-point
comparison heatmaps, we added two further data columns: “freeze” shows the regulations that
would have been seen, if the toxicant had stopped the differentiation process 100% at the d2
time point (start of incubation); “reverse” shows the regulations that would have been seen, if
a toxicant had de-differentiated the d2 neural cells to their dO ground state. The blue-white-red
colour scale indicates fold-changes. The full blue colour is used for down-regulations > 4 fold;
the full red colour — for up-regulations > 4 fold. Asterisks mark significant changes. D) The
pairwise Pearson correlations between the treatment conditions were computed and displayed
in a heatmap. Similarity scores are binned in 0.2 unit intervals and color-coded. E) The
biological pathways from the Wikipathways (WP) and KEGG (hsa) databanks were analysed
for overrepresentation in the transcriptome dataset shown in A, B. Pathways with an adjusted
p-value < 0.05 (in any of the treatments) were displayed in a dot plot. The adjusted p-value is
encoded by a purple — yellow color scale. Purple indicates the highest significance, green codes
intermediate significances, yellow is used for low ones. The relative percentage of deregulated
genes in a pathway is indicated by the dot size. Related pathways are highlighted by text color.
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Supplementary Fig. S3: Display of transcription factors with the highest

predicted activity scores at 16 h

Differentially expressed genes were identified as in Fig. S2 (Suppl. Table S1). The pattern
of activated genes was used to predict transcription factors controlling them. For this,
manually curated data (DoRothEA database) on human regulons was used. Modified
overrepresentation statistics were used to derive transcription factor activation scores (Garcia-
Alonso et al. 2019). A) The top 20 up-regulated transcription factors (TF) after 16 h
treatment with each of the tested neurotoxicants are ordered by their activity scores. The
plots showing the top down-regulated TF are found in Fig. S5B. B) For comparison, data
from A) are visualized side-by-side in a dot plot, where columns represent the treatment
conditions and rows represent the TF. The blue-white-red color scale indicates activity
scores (0.25x — 4x), while asterisks mark significant changes (p-value < 0.05). Highlighted
in red are the TF whose regulation over time is plotted in Fig. 2F.
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Supplementary Fig. S4: Activity predictions for transcription factor ATF4

Differentially expressed genes were identified as in Fig. S2 (Suppl. Table S1). The volcano
plots show the target genes of transcription factor ATF4 after 16 h exposure to the indicated
toxicants. For each gene, the fold change values (x-axis) were plotted against their p-values
(y-axis). Red colours indicate that the gene regulation has the same direction as the biological
effect of ATF4 on this gene. Blue indicates that genes are regulated in opposite direction than
expected, if they were controlled by ATF4. The inserts show the predicted enrichment scores
for ATF4 (y-axis) over time (x-axis), from 0 until 24 h treatment. # p-value < 0.05.
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Supplementary Fig. S5: Expression of consensus deregulated genes at 4, 16
and 24 h

Differentially expressed genes were identified as in Fig. S2 (Suppl. Table S1). The genes with
an adjusted p-value < 0.05 and an absolute FC > 1.5 were considered “consensus genes” and
selected for further analysis. Those shared by > 5 compounds (102 out of 3255 measured
genes) were selected for display. The heat map gives an overview of the gene hits for all test
compounds after 4, 16 and 24 h exposure time. The color scale spans from blue (4-fold down)
over white (no regulation) to red (4-fold up).
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Supplementary Fig. S6: Display of genes with highest down-regulation at
16 h

Differentially expressed genes were identified as in Fig. S2 (Suppl. Table S1). For each test
compound the significantly deregulated genes (adjusted p-value <= 0.05) were ranked
according to the fold change statistic. The top 20 down-regulated genes at 16 h were selected and
displayed in a bar plot for each toxicant.
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Supplementary Fig. S7: Effect of toxicants on neuronal ATP production

Immature neurons (day 2 LUHMES) were exposed for 24 h to developmental neurotoxicants
(DNT): 20 uM carbaryl (Car), 100 nM colchicine (Col), 15 uM berberine chloride (Ber), 10
uM diethylstilbestrol (DES), 1 uM rotenone (Rot), 10 uM MPP+ and 10 nM valinomycin
(Val). A) The rate between molecules of lactate produced per molecules of glucose consumed
was calculated for each compound and displayed in a bar plot. B) Concentration-response
curves for the compounds carbaryl (Car) and colchicine (Col), which showed no activity on
mitochondrial respiration (Fig 5C). Intracellular ATP was measured and plotted together with
viability (V) and neurite area (NA). Data are means + SEM of independent replicates.
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Supplementary Fig. S8: Effect of toxicants on microtubule polymerization

Immature neurons (day 2 LUHMES) were exposed for 24 h to developmental neurotoxicants
(DNT). A) Polymerization speed and onset derived from the in vifro microtubule
polymerization assay using a fixed concentration (EC10V) for each test compound: 20 uM
carbaryl (Car), 100 nM colchiocine (Col), 15 puM berberine chloride (Ber), 10 puM
diethylstilbestrol (DES), 1 uM rotenone (Rot), 10 pM MPP+ and 10 nM valinomycin (Val). 1
UM nocodazole (Noc) served as positive control. The negative control treatment contained 0.5
% DMSO. Data are means of 3 independent replicates = standard deviation (SD). B) Area under
the curve (AUC) and polymerization speed were quantified for the 2 active compounds (Rot,
DES) at different concentrations. C) Bar plot showing protein levels for acetylated Tubulin
(Lys40). Data in figures A), C) are mean + SD and statistical differences between the treatments
and the control were evaluated by an analysis of variance (ANOVA) followed by Dunnett’s
post hoc test (p <0.05, indicated by #). Individual samples are represented as dots; dot symbol
indicates paired replicates.
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Supplementary Fig. S9: Intracellular amino acid changes in immature

neurons exposed to neurodevelopmental toxicants

Bar plots of exemplary metabolites and metabolite ratios for all seven toxicants are displayed.
Data are means = SD from at least three independent experiments. # adjusted p-value < 0.05;

Cysta, cystathionine; L-Orn, ornithine.

15



Lipid-related metabolites Nucleotides

N-ry].)almitoyl-sphinganine (d18:0/16:0) N—acetylglu”tamine =
= sphinganine N-acetylleucine 2 =
. rr?ﬁris%oyldihydrosphingomyelin (d18:0/14:0) N-acet Ias\;l)aragine - =
sphingomyelin (d18:2/14:0,d18:1/14:1) N-acetylmethionine
= sphingomyelin (d18:2/18:1, prolylglycine B 2
I sphingomyelin (d17:1/14:0, d16:1/15:0) N-acetyl-aspartyl-glutamate (NAAG) = =
cytidine 5'-diphosphocholine N-acetylglutamate -
1I—paImhitloyI—Z—aIpha—linolenoyI—GPC (16:0/18:3n3) N-acetylaspartate (NAA) y - g
ycocholate N-acetylserine = e .
gphingolmyhelin ﬁd18:dl/14:0, d16:1/16:0) gamma-glultamy I(fu(iine o
stearoyl ethanolamide amma-glutamylvaline -
1—(1—e¥1yl—paImitoyl)-2—pa|mito|eoyI—GPC (P-16:0/16:1) s 5 Ieucyl\glanine
Nl—pallmithoyl—?phirégosine (d18:1/16:0) pherI\yIaIaIn lalanine
sl oleoyl ethanolamide eucylglutamine
**  N-stearoyl-sphingosine (d18:1/18:0) phenyla a% Iglycine
1-oleoyl-GPE (18:1 y’( syl ]V i
~ - . ro cine = U 5
1I—Iinoleci1yl—GéE (118):2)I ol 2 isoleut:;}g:;cine e -
cerophosphoglycero eu cine O
g dioleoyl-GPC (18-1/18:1) hre Vel
1-myristoyl-2-palmitoyl-GPC (14:0/16:0) %‘o 1 a b =
stearate (18:0) o a g QC:)
1-palmitoyl-2-oleoyl-GPE 16:0/18:1; - >
1-palmitoyl-2-oleoyl-GPC (16:0/18:1 9
glycerophos‘.)horylcholine( PC) = 0
sphingomyelin (d18:1/20:1, d18:2/20:0) o
. sphingosine 1-phosphate -g
= glycerophosphoethanolamine + -1
g sphingomyelin (d18:1/22:1, d18:2/22:0, d16:1/24:1£ ‘1’
1-(1-enyl-stearoyl)-2-arachidonoyl-GPE (P-18:0/20:4) =

1- 1—eny|—paImiton-Z-arachidonoyl—GPE (P-16:0/20:4)
1,2-dioleoyl-GPE (18:1/18:1)
1-oleoyl-GPC (18:1)

|
N

phytosphingosine guanine
1-stearoyl-GPC (18:0) 5-methyluridine (ribothymidine)
S 1—ﬁalm|toyI-GPC (16:01 ypoxanthine
—= sphingomyelin (d18:0/18:0, d19:0/17:0) cytidine
x palmitoyl dihydrosphingomyelin (d18:0/16:0) uridine
= = o 1-stearo I—2—o|eoyI—GPC(18:0{18:1) thymidine
- - %_(jt[_eny I—ozleo I)—(iiPé p(’g_%g:c}/ls . 7—m§thylguagine
- = - -stearoyl-2-oleoyl- K 2 2'- idi
= > sphingomyelin(d1§:2/24: ,d18:1/23:2) UDP-geI?;)&l:gng;:
- . 1-(1-enyl-stearoyl)-GPE (P-18:0) cytidine 5'-monophospho-N-acetylneuraminicacid -
- palmitoyl ethanolamide UDP-galactose -
& 1—(stearo |_2_|°|eoy||56(§[§ E(lg:({/61(8)i1) UDP-glucose
1-(1-enyl-palmitoyl)- -16:
1—pa|mi¥oy?—2-stegroyl-6 E (16:0/18:0) N'Ca'bad'i?.o‘gfggfﬁggg
D 1-oleoyl-GPS (18:1) UDP—N-acetylglucosamine/gaYactosamine
1-stearoyl-GPS (18:0) 2'-deoxyinosine
[a £ -
Q [e)
s @ « % o <
Fig. S10
Suciu ef al., 2023

Supplementary Fig. S10: Other metabolic changes induced by c-I inhibitors
in neurons

LUHMES cells (d2) were exposed to 12.5 uM berberine (Ber), 10 uM MPP+ (MPP) or 0.5 uM
rotenone (Rot) for 24 h. Intracellular metabolite concentrations were determined by LC-MS.
Significant metabolite changes (vs solvent control) were identified for each treatment
condition. The heatmap displays all metabolites changed significantly by at least 2 toxicants
which fall under the categories lipids, neucleotides, N-acetylated amino acids (NAA) and
dipeptides. A linear yellow-white-purple color scale indicates fold-changes (0.25x — 4x) and
asterisks mark significant changes. Dendrogram not shown. * adjusted p-value < 0.05; **
adjusted p-value < 0.01; *** adjusted p-value < 0.001; DEG, differentially expressed gene.
GPC,  glycerophosphoryl-choline;  GPE,  glycerophosphoryl-ethanolamine;  GPI,
glycosylphosphatidyl-inositol; GPS, glycerophosphoryl-serine; NAA, N-acetyl amino acids.
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Rot :

Supplementary Fig. S10: Consensus transcriptome changes induced by c-I
inhibitors in neurons

Transcriptome data were obtained from LUHMES cells treated with berberine (Ber),
rotenone (Rot) and MPP (MPP+) for 4 h, 16 h and 24 h, as outlined in Fig. S2. Differentially
expressed genes were identified (see full details in Suppl. Table S1). For each compound and
gene, the expression change was followed over time, and only the peak data (defined by
significance) were kept as a dimensionality-reduced data set. Next, the genes with an adjusted
p-value < 0.05 and an absolute fold change (FC) > 1.5 (differentially expressed in > 2 out of
the 3 toxicant treatments) were selected for further analysis. The down-regulated “consensus
genes” (sorted in ascending order of the Ber FC values) are visualized in a heatmap. The
color scale spans from blue (4-fold down) over white (no regulation) to red (4-fold up).
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Fold change

Metabolite Disease Reference
saccharopine saccharopinuria Carson et al. 1968
a-aminoadipate 2-aminoadipic aciduria Danhauser et al. 2012
glutarate glutaric aciduria Hoffmann and Zschocke 1999
KIC
KMV maple syrup urine disease Strauss et al. 1993
KIV
a-KGM hepatic encephalopathy Vergara et al. 1974
2-OH-glut 2-hydroyglutaric aciduria Du and Hu 2021
OH-phe-Pyr 1.8 1.7 11 tyrosinemia type IlI Ruetschi et al. 2000
OH-phe-Lac 3.0 2.8 2.0
EMA 1.5 3.3 1.6 ethylmalonic encephalopathy | Olivieri et al. 2021
5-oxo-Pro 1.3 1.4 0.9 pyroglutamic aciduria Shi et al. 1996

Fig. S12

Suciu et al., 2023

Supplementary Fig. S12: Metabolites linked to aminoacidopathies

Metabolome data were obtained from LUHMES cells treated with berberine (Ber), rotenone
(Rot) and MPP (MPP+) for 24 h, as outlined in Fig. S9. Differentially abundant metabolites
were identified (see full details in Suppl. Table S1). For metabolites reported to accumulate in
aminoacidopathies, we extracted the fold change statistic and displayed it for each of the tested
mitotoxicants. Red labelling indicates a significant cellular accumulation (adjusted p < 0.05);
all metabolites that changed > 1.5 fold are marked by “bold” formatting. a-KMG, o-
ketoglutaramate; EMA, ethylmalonate; KIC, a-keto-Leu (keto-isocaproate); KIV, a-keto-Val
(keto-isovalerate); KMV, a-keto-Ile (keto-methylvalerate); 2-OH-glut, 2-hydroxyglutarate;
OH-phe-Lac, 3-(4-hydroxyphenyl)lactate; OH-phe-Pyr, 4-hydroxyphenylpyruvate; 5-oxo-Pro,

5-oxo-proline.
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Supplementary Fig S13: Pharmacokinetic parameters of berberine
predicted by SwissADME

Panel A) portrays the pharmacokinetic characteristics of berberine, as predicted by the
SwissADME tool (Daina et al. 2017). Molecular weight, lipophilicity (logP), aqueous solubility,
and other descriptors are listed, offering perspectives on the compound's potential
bioavailability and drug-likeness. In Panel B), the Brain Or IntestinalL EstimateD permeation
method (BOILED-Egg) is employed to visualize the anticipated permeation of berberine within
brain and intestinal tissues.
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Supplementary Results

Suppl. results 1: Detailed pattern of transcriptome changes induced by toxicants over time

Data on transcriptome changes were obtained for three exposure times. First, all
transcriptome data (times x compounds) (Fig. 2A) were analyzed together in a joint two-
dimensional (2D) principal component analysis (PCA) space (Fig. 2B, S2A). Already after 4 h,
strong changes were evident, and the 16 h time point separated clearly from 4 h and 0 h. The 24
h time point separated from 4 h and 16 h, but was close to the 0 h condition. This suggests that
the altered transcriptome starts to return towards a baseline after 24 h prolonged exposure.
Interestingly, most compounds showed similar time-tracks on a 2D PCA map. This indicates a
large degree of similarity in the transcriptome responses; only Col triggered a somewhat
different pattern (Fig. S2A).

In a next step, we were interested in a comparison of toxicant-responses on a gene-by-gene
level. We reduced the 21 exposure situations (3 times x 7 compounds) to 7 conditions, by always
picking the most significant gene expression change for each gene and compound from the time
course data. This allowed a cross-comparison, also for compounds that triggered expression
changes with different peak times. All genes that were changed by at least two compounds were
selected for a display. By analyzing changes across compounds, two clusters of similarly-
behaving genes emerged (Fig. 2C). The significantly up-regulated cluster encompassed 2 main
functional categories: stress response markers (e.g. NQO1, CHACI) and cell cycle regulators
(cyclins CCNB1, CCNB2; kinases PLK1 and AURKA; components of the spindle assembly
checkpoint BUB1 and BUB1B; kinesins KIF20A, KIF23, KIF11, KIF15) (Fig. S2C). Car, DES and Val
had the most pronounced effect on the transcriptome (Fig. 2D, S2E). The group of mitotoxicants
(Ber, Rot, MPP and Val) triggered closely related transcriptome changes (Fig. S2D). In the case of
Ber, MPP, Car, DES and Val, most of the seemingly upregulated cell cycle markers indicated an
impaired differentiation, i.e. a failure of the cell cycle exit taking normally place in the cultures
at this differentiation stage. Rot and Col had particularly pronounced effects on cell cycle genes,
i.e. they partially reversed the differentiation.

Another analytical approach profiled the top 10% genes upregulated by each compound.
Upregulated stress response genes were abundant in this group (Fig. 2E, F). Expression of NRF2
targets (NQO1, ME1) was elevated by all treatments, except Col. Genes under the control of ATF4
(CHAC1, ASNS, MTHFD?2) were induced by MPP, Ber, Val, DES and Car. DES uniquely
enhanced the expression levels of HSF1-regulated genes (HSPB1, HSPA1B). At 16 h, the activity
of ATF4 and NRF2 was predicted to be significantly increased by most toxicants (Fig. S3),
whereas the time dependency was different for each treatment (Fig. 2F, S4). Analysis of
overrepresented pathways indicated a change of transsulfuration (Fig. S2E). This is a typical
outcome of ATF4/NRF2 activation and confirms a general stress response.

To gain an understanding of the timing of transcriptome changes, we plotted the consensus
genes (regulated by > 5 compounds) responses across all time points. Concerning this group of
transcripts, Ber, MPP, Rot and Val had their peak at 16 h, whereas the other compounds triggered
maximal effects at 24 h (Fig. S5). We mainly focused here on descriptions of positive regulations,
since they resulted in biologically coordinated responses, evident as pathway activations (Fig.
S2E). Notably, some responses, e.g. of Ber or Val were transient, i.e. the consensus genes
regulated strongly at 16 h were often returnig toward their basal expression at 24 h despite the
continued presence of the toxicants.

The down-regulated genes gave a less coherent picture, and no pathways were clearly
overrepresented. However, when hits of the most regulated transcripts were assembled for each
compound, they contained many factors associated with the phenotype of the neural precursor
cells and neurons (Fig. 56). Examples are P2RX2, NTRKI and NOTCH3. Also conspicuous were
TXNIP and HEXA, both associated with neurodegeneration and accelerated aging.
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Suppl. results 2: Changes in amino acid metabolism determined by a targeted approach

The similarity of effects may be assessed in the future by extensive metabolomics studies.
For instance, a panel of 700 metabolites has been suggested to be explored for use in regulatory
settings. However, the resource demands for such approaches are very high, and there are few
metabolites that are consistently detected and quantified across various modern platforms
(Sostare et al. 2022). In most studies, the majority of altered metabolites are amino acids, and
there is a well-established, traditional method (successfully in use for decades) for a robust
quantification of this subset of metabolites: HPLC-based post-column-derivation amino acid
analysis (Ersser and Davey 1991). Using this approach, we checked which of the cellular amino
acid concentrations was affected by the toxicants. The response patterns of mitochondrial
toxicants (MPP, Ber, Rot and Val) were indeed largely similar (Fig. 6). For instance, ornithine
(Orn), asparagine (Asn), glutamine (GIn) and serine (Ser) were increased, while aspartate (Asp)
and glutamate (Glu) were depleted.

One interpretation, consistent with these findings, is that the cells’ nitrogen balance was
altered, e.g. by use of amino acids as energy substrate. An alternative hypothesis is that the cells
lacked amino acid precursor normally generated by the TCA in mitochondria (oxaloacetate and
2-oxoglutarate). These two metabolites are normally used in the synthesis of aspartate and
glutamate. The two changes hypothesized above may also occur concurrently.

When we calculated the Asn/Asp ratio, we found that all toxicants (besides Car) increased
it by at least 1.5-fold (Fig. S9). The change was significant for all mitochondrial toxicants. The
GIn/Glu ratio was increased by the mitochondrial toxicants Ber, Val and MPP, but not by Rot
(Fig. 6, 59). This may indicate some differences in the toxicity pathways. Alternatively, it may be
explained by the concentration and time selection for this experiment. While we obtained clear
evidence of some co-ordinated metabolite changes, the elucidation of reasons for differences and
inconsistencies will require extensive further work. For instance, metabolome and transcriptome
changes will need to be integrated. One example for this is that Asp and Glu can be converted
directly to Asn and GIn by asparagine synthetase (ASNS) (Balasubramanian et al. 2013). We
found the gene expression of this metabolic enzyme to be increased by all hits except Rot and
Col (Fig. 2E).

Another couple of amino acids that is metabolically coupled is Pro and Orn. Ormn
accumulated in the presence of Rot, MPP and Val, while the toxicants Car and Col depleted it
(Fig 6, 59). Orn is a precursor for the synthesis of Pro, but it may take several other functions
(nitrogen sink and polyamine synthesis). Pro may be increased by mitochondrial toxicants in
some cells (it is generated under reductive stress (excessive supply of NADH) from Glu).
However, there have also been reports that Pro can be used up to maintain some mitochondrial
function upon c-I inhibition (Pallag et al. 2022). The decrease of Pro in the presence of Ber, MPP
and Val supports the latter finding.

The tripeptide glutathione (GSH, y-Glu-Cys-Gly) was depleted by all c-I inhibitors (Fig 6).
This is not surprising, since GSH is known to play a role in reducing the reactive oxygen species
(ROS) formed upon inhibition of mitochondrial ETC (Espinosa-Diez et al. 2015; Zorov et al. 2014).
Cystathionine (Cysta), a Cys precursor, was increased by Ber and MPP, but decreased by DES
and Rot (at 24 h) (Fig S9). Upon oxidative stress, GSH and its precursors were shown previously
to follow a 2-step time-dependent response: after an early drop, the cellular counter-regulation
(orchestrated by NRF2/ATF4) led in many cases to an accumulation that was higher than control
levels (Suciu et al. 2023; Wijaya et al. 2022). For the different inhibitors, the speed of GSH re-
accumulation might be different, which would explain the apparently inconsistent regulation of
Cysta at 24 h. Detailed time-course studies will be required for further clarification.

The final two metabolites that we selected here to exemplify differential responses are serine
(Ser) and phospho-Ser. They are related to the glycolysis intermediate 3-phosphoglycerate (3-
PG) and not directly affected by mitochondrial metabolism. The c-I inhibitors Ber, Rot and MPP
increased Ser levels. This may be an indication of the largely increased glycolysis in cells treated
with these compounds (Fig. 4A, B). A contrasting molecular response was e.g. seen for DES,
which strongly increased phospho-Ser, but not Ser.
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In summary, the data shown here point into two directions. On the one hand, c-I inhibitor
showed a pattern of metabolic changes that was largely similar and that agreed (post-hoc) with
biochemical expectations. On the other hand, there was also clear heterogeneity between
mechanistically related compounds, and there was some overlap of metabolic changes with
mechanistically-unrelated compounds. We conclude from this, that single metabolites have little
toxicological information value. Moreover, even a group of two-three dozen metabolites in
unlikely to indicate a mode of action or to lead to a sharp distinction of related and unrelated
compounds. The latter situation may be improved by the study of a time-concentration matrix
for each compound and/or by a meticulous selection of metabolites with high separation
potential. Another strategy may be to look at a broader panel of metabolites, using a modern,
more sensitive and less biased (untargeted) metabolomics approach. This latter strategy was
explored below.

Suppl. results 3: Methodological considerations and detailed rationale of metabolic changes
related to the TCA cycle perturbation

The unbiased overrepresentation analysis has suggested the TCA to be amongst the main
metabolic pathways deregulated by c-I inhibitors. A more biologically-oriented approach takes
into account the connections of metabolites in known metabolic reactions and the direction of
their regulation. One powerful approach for this is metabolic flux analysis. This has been used
repeatedly to demonstrate that the TCA cycle is slowed down upon c-I inhibition and that several
of its entry and exit reactions may change (Buescher et al. 2015; Krug et al. 2014; Lorendeau et al.
2017; Mullen et al. 2011; Pachnis et al. 2022; Sullivan et al. 2015). The technology requires the use
of isotope-labelled metabolic precursors and of complex mathematical models for data
processing.

We used knowledge of entry pathways to obtain more detailed information:

The canonical fueling reaction of the TCA is the generation of citrate from oxaloacetate
(OAA) and acetyl coenzyme A (Ac-CoA). The latter is generated from energy substrates such as
glucose, fatty acids or various amino acids. The reaction cannot take place, when OAA is
depleted as a consequence of a down-regulated TCA. In this situation, the second reaction
product (besides citrate), i.e. CoA cannot be formed as well. Indeed, we observed a depletion of
free CoA to <50% of control values, when cells were exposed to c-I inhibitors.

Another consequence of the down-regulated entry of Ac-CoA to the TCA is the
accumulation of acetyl groups in mitochondria. This is known to lead to a transfer to
mitochondrial carnitine as alternative substrate to form Ac-carnitine. The latter is typically
exported to the cytosol and thus relieves the acetyl-overload of mitochondria. In confirmation of
this metabolic response, we found that all c-I inhibitors caused a massive accumulation of Ac-
carnitine (300%). Moreover, we found an upregulation of several acetylated AA (Fig. S10).
Transfer of Ac from Ac-carnitine to AA is a known reaction to recycle carnitine for further use of
mitochondrial shuttling. Both CoA depletion and Ac-carnitine accumulation are consistent with
measured changes of these metabolites in the mitochondrial matrix of piericidin-treated cells in
other studies (Chen et al. 2016).

When Ac-CoA is provided by glycolysis, block of the TCA has several consequences on
upstream metabolites On the one hand, glycolytic flux may be increased to generate ATP
independent of mitochondrial function. On the other hand, the pyruvate and the NADH
generated in glycolysis is not utilized in mitochondria. This leads to an accumulation of NADH
in the cell (here up to 2000% were observed) and to the reaction of excessive pyruvate and NADH
to lactate (all c-I inhibitors caused a strong increase). All these changes, observed and described
here, are fully aligned with a reduced TCA flux as common cause. However, it needs to be noted
that NADH overflow may not only be due to glycolysis, but some residual TCA activity may
also produce NADH. The overall NADH pool size would be affected by residual ETC activity
(NADH is oxidized by the ETC).
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Suppl. results 4: Established and novel markers of oxidative stress due to altered AA
metabolism

Thiol-containing AA are nearly always affected by oxidative stress, in part by their use to
generate and to replenish the redox buffer glutathione, but also as part of the counter-regulation
to oxidative stress (Gutbier et al. 2018; Krug et al. 2014; Wijaya et al. 2022). Here, indeed Met and
Cys levels were augmented (at the time point examined). The Met degradation product
ethylmalonate (EMA) (McGowan et al. 2004) was among the consensus c-I up-regulated
metabolites (Fig. 7D). Its high concentration in urine is a marker of ethylmalonic encephalopathy
(Olivieri et al. 2021) and of short-chain acyl-CoA dehydrogenase deficiency (Fig. S12). The
upregulated Met oxidation product methionine sulfoxide (MetSO) is a widely used marker of
oxidative stress, either as small metabolite, or as part of the polypeptide chain of proteins
(Gerding et al. 2019).

The most intriguing finding was the severe reduction (down to less than 10%) in N-formyl-
Met (fMet) (Fig. 7D). This modified amino acid plays a unique role in translation initiation of
proteins encoded by the mitochondrial DNA (mtDNA, corresponding to the AUG codon) and
by other prokaryotic genomes (Lee et al. 2022; Marcker and Sanger 1964; Smith and Marcker
1968; Waller 1963). Furthermore, there is evidence of an association between a hereditary mtDNA
mutation in the complex I subunit MT-ND1 and a reduction in circulating N-formyl-Met (Cai et
al. 2021). The reduced fMet levels may make mitochondrial protein synthesis impossible, and
this would contribute to a perturbed homeostasis of mitochondrial proteins upon prolonged
toxicant exposure. The finding is particularly significant in the light of our data that non-
modified Met as such was not reduced, and thus available within the cells.

Another oxidative stress marker, 5-oxo-Pro was also augmented (Fig. 7D, 9A). This was
consistent with a depletion of GSH (down to less than 25%) and of its precursors y-Glu-Gly
(down to ~ 15%) and Cys-Gly (Fig. 9A). High levels of 5-oxo-Pro in urine are a marker for the
diagnosis of pyroglutamic aciduria (Fig. 512), a condition associated with damage to the central
nervous system (Shi et al. 1996).
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