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ABSTRACT

Human-on-a-chip systems are rapidly advancing due to the availability of human stem cells from
a variety of tissues, but publications have utilized mostly simple methods of biochemical analysis.
Here, we apply mass spectrometry to a sophisticated multi-organ human-on-a-chip system for the
comprehensive study of tolcapone metabolite profiling and metabolomics. The developed human-
on-a-chip includes seven interacting microphysiological systems (MPSs): brain, pancreas, liver,
lung, heart, gut, endometrium, with a mixer chamber for systemic circulation and tolcapone dose.
We investigated tolcapone metabolism by analyzing the circulating medium using mass
spectrometry. Twelve tolcapone metabolites were identified, three of which are newly reported.
These metabolites demonstrated that oxidation, reduction, and conjugation reactions were the most
important routes of tolcapone metabolism. In parallel, metabolomics in brain MPS evaluated the
tolcapone influences on endogenous pathways in human brain. Untargeted metabolomics
identified 18 key biomarkers significantly changed in human brain MPS after tolcapone dosing,
which were mainly associated with perturbation of tryptophan and phenylalanine metabolism (BH4
cycle), glycerophospholipid metabolism, energy metabolism, and aspartate metabolism. This is
the first example of successfully combining drug metabolism, metabolomics and cell engineering
to capture complex human physiology and the multi-organ interactions; the results we present here
could be a step toward using analytical chemistry to advance the utilization of human-on-a-chip

for testing both drug efficacy and toxicity in a single system.



© 00 N o o B~ WD

(GO NS T N T SR L R \C R N2 \C I \C I \C B \C I s o e s v i i o i ey
OO © 0o N oo o A WODN P O O 0N 0ol A WOWDN B+ O

INTRODUCTION

Prediction of drug metabolism, drug effects, and drug-drug interactions are mostly investigated in
animals and need to be validated in human models.® However, limited access to human tissues,
especially those that have not been exposed to disease and drugs, has hampered these efforts.?
Because the scope of human studies is often limited by ethical and practical considerations, it is
important to develop a reliable drug testing platform that can reflect the complex drug metabolic
processes, the actual human drug responses and the multi-organ interactions in vivo.2 Over the last
decade, development of microphysiological systems (MPSs) aiming to represent relevant human
physiology and organ-specific functions has accelerated. In particular, “human-on-a-chip” systems
which integrate multi-MPS on microfluidic platforms are being developed to accurately simulate
human tissues and organs.* The appropriately designed human-on-a-chip systems are able to link
MPSs within a fluidic platform capable of generating complex biodistribution profiles, which
provide improved in vitro tools and increased translational success for pharmacokinetics,
pharmacodynamics, toxicology and biomarker discovery.>’ Recently, Edington et al. described
the development and implementation of a human-on-a-chip system with 7 interconnected MPSs,
including brain, pancreas, liver, lung, heart, gut and endometrium.® This new 7-MPS platform is a
promising tool for fundamental biomedical research as well as practical applications such as testing

of drug efficacy and toxicity on human organs.

Tolcapone is a drug used to treat Parkinson's disease (PD). PD is a long-term degenerative disorder
of the central nervous system (CNS) that mainly affects the motor system. It is the second most
common neurodegenerative disease worldwide, and affects about 1% of adults over the age of
60.%10 Currently, there is no cure for the disease. The gold standard treatment for PD symptoms is
levodopa, which has been a mainstay of PD treatment for almost 40 years. Levodopa is routinely
administered in combination with a peripheral amino acid decarboxylase inhibitor. Decarboxylase
inhibitors prevent conversion of levodopa to dopamine in the peripheral circulation, to allow more
levodopa to cross the blood-brain barrier and to reach the brain.!* By blocking the decarboxylase
route, levodopa is primarily metabolized by catechol-O-methyltransferase (COMT) to 3-O-
methyldopa. To improve the pharmacokinetic profile of levodopa, selective COMT inhibitors have
been developed, and COMT inhibition in combination with levodopa is associated with an increase
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of CNS bioavailability of levodopa. Theoretically, COMT inhibitors that are active in the CNS

would also reduce central metabolism of both levodopa and dopamine (Figure S-1).113

Tolcapone, as a potent, selective reversible inhibitor of COMT, improves clinical parameters of
levodopa, such as the increase in duration of ‘on” and decrease of ‘off” time; and prolongs the half-
life from approximately 2 to 3.5 hours.}* These result in a doubling of levodopa relative
bioavailability. The tolcapone adjunctive therapy has been effective for patients who do not obtain
optimal response to levodopa-based therapy.'?® Importantly, a recent paper® demonstrated that
tolcapone is also a strong candidate for therapeutic intervention in other nervous system diseases,
such as fatal systemic amyloidoses. Tolcapone effects on the functions of subjective mood and
working memory performance were previously investigated.t”*® In addition, tolcapone was
reported to induce uncoupling of oxidative phosphorylation in mitochondria, thus significantly
reducing the cell's capacity to generate ATP.Y® To the best of our knowledge, comprehensive
studies of tolcapone influences on the endogenous metabolites and metabolic pathways in human
CNS are still lacking. In order to gain additional knowledge about tolcapone, it is important to

thoroughly understand the drug metabolic fate and the dysregulated endogenous pathways.

Metabolomics, the “global” study of metabolite changes in a biological system, is particularly
conducive to identifying pathophysiologically affected processes and to elucidate novel
physiological and pathological mechanisms.?® Although endogenous metabolites are sensitive to
cellular changes and serve as the best indicators of cell states, studies for monitoring the alterations
of metabolites in human brain during tolcapone treatment have not yet been conducted; most
metabolomic analyses to date have focused on plant, tissue, and biofluid samples. However, the
diverse potential of metabolomics in many fields, including cell engineering, has made it a
universal tool for industrial, medical and research purposes.?! So here, metabolomics has been
applied to the brain MPS in human-on-a-chip system for the first time to evaluate metabolic
signatures and pathways in human brain that were altered significantly by tolcapone. Liquid
chromatography - mass spectrometry (LC-MS) was used to identify novel biomarkers, and to

elucidate the dysregulated metabolic pathways and tolcapone-associated molecular mechanisms.

EXPERIMENTAL SECTION



-

© 00 N o O A W DN

10
11
12
13
14
15
16
17
18
19
20

21
22
23
24
25
26
27
28
29
30

Chemicals and Reagents

Acetonitrile (ACN), methanol, formic acid (FA) of LC grade were obtained from Sigma-Aldrich
(MO, USA). Ultrapure water was made using an in-house purification system. Tolcapone, choline
chloride, hippuric acid, N-(2-phenylacetyl)glycine, N-acetyl-L-aspartic acid, L-dopa and
spermidine were all purchased from Sigma-Aldrich (MO, USA). N-acetylaspartic acid-2,3,3-D3
was from CDN Isotopes Inc (Quebec, Canada). All culture media (mentioned below) were

obtained from Thermo Fisher Scientific (NJ, USA) for cell-related experiments.

Formation of 3D Neural Constructs

Neural progenitor cells (NPCs) derived from the human H1 ES line were a gift from James
Thomson, University of Wisconsin-Madison. NPCs were grown in neural expansion medium® at
a density of 50,000 cells / PEG-transwell. The PEG transwells were prepared using thiol-ene
photopolymerization chemistry from a published protocol.?? Cells were allowed to attach
overnight, medium was changed every 48 hours using 1 mL in the basal compartment, and 200 pL
in the apical compartment to avoid damaging the development of neural tissue constructs. Neural
constructs were cultured 14 days for the expansion and differentiation of neuronal and glial
subpopulations, confirmed by increased immunostaining for neural marker B3-tubulin and
astrocyte marker GFAP.?

Human-on-a-chip Platform

On day 14, the transwell insert of NPCs was transferred to the human-on-a-chip platform,
constructed by the DARPA Microphysiological Systems Program, which fluidically interconnects
the engineered human MPSs of brain, pancreas, liver, lung, heart, gut and endometrium in a
perfused capillary bed to mimic human physiological systems. This system was composed of three
layers: a polysulfone plastic top (fluidic) plate, a polyurethane membrane layer, and an acrylic
bottom (pneumatic) plate. The top plate included seven cell culture chambers, five of which were
designed for standard Transwell® inserts and used for brain, gut, lung, endometrium and heart
MPSs; two others were designed according to the perfused LiverChip® module?*? and adapted
for liver and pancreas cells, with an extra mixer chamber for systemic circulation (Figure 1A). To

mimic the actual multi-organ interactions in vivo, microfluidic channels and pumps were machined
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into the underside of the top plate to deliver fluid to each MPS compartment with the flow
partitioning mirroring physiological cardiac output (Figure 1B). A published Transwell®-format
brain MPS? was used for the human-on-a-chip system, the basal medium samples were mixed on
the platform while the apical medium samples still retained the characteristics of brain. For

additional details, please refer to our 7-MPS article.®

A . Tolcapone B 'Tolcapone

2%

38%

7%

-

26%

Figure 1. Human-on-a-chip system. (A) The human-on-a-chip platform fluidically interconnects the
engineered human MPSs of brain, pancreas, liver, lung, heart, gut and endometrium in a perfused capillary
bed to mimic human physiological systems, and (B) fluid flow paths of the 7-MPS.

Tolcapone with the Cmax = 7.6 pg/mL?® was added to the mixer chamber at day 22 and at day 23.
After 2 days of continuous exposure, at day 24, the experiment was stopped and the medium
samples from mixer chamber, liver chamber and brain chamber were collected for analysis.
Additionally, the apical medium in brain MPS was used to study the metabolomics in the
tolcapone-dosed human-on-a-chip system. Control samples were obtained in the same way but

without tolcapone dosing. A list of samples used in this study is in Table S-1.

Sample Preparation

Samples were prepared using methanol extraction. 100 pL medium was extracted in 400 pL cold
methanol spiked with 50 uM N-acetylaspartic acid-2,3,3-D3 as internal standard. After 1 min
vortexing, the sample was incubated for 10 min at 4 °C and vortexed for another 10 min, then
centrifuged at 15 000 rpm for 15 min. The supernatant was collected, dried in a SpeedVac®, and

redissolved in 30 pL of 98:2 water/acetonitrile (v/v) for LC-MS analysis.

Tolcapone Metabolism Study
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LC-MS experiments were performed on an Agilent 1290 series LC system coupled with an Agilent
6530 High-Resolution Accurate Mass Quadrupole Time-of-Flight (QTOF) mass spectrometer
(Agilent Technologies, CA, USA). Samples were analyzed in both positive and negative modes
using an Agilent SB-C18 reverse phase column (1.8 um, 2.1 mm % 50 mm). The optimum mobile
phases were water with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B) at a flow
rate of 0.4 mL/min. Gradient elution was used during the separation (solution B: 2-70% in 7 min,
70-100% in 5 min, 100% for 3 min, 100-2% in 1 min, post time for 4 min). The column temperature

was 50 °C with an injection volume of 5 pL.

The parameters of the Agilent Dual AJS ESI source were set as follows: gas temperature, 350 °C;
dry gas flow, 12 L/min; nebulizer, 50 psig; sheath gas temperature, 380 °C; sheath gas flow, 12
L/min; capillary voltage, 3.5 kV; fragmentor, 120 V; and skimmer, 65 V. The m/z scan range was
from 100 to 1100 with an acquisition rate of 2 spectra/s. Potential tolcapone metabolites were first
detected by MS and further confirmed by tandem mass spectrometry (MS/MS) analysis. The ions
that were present in the tolcapone-dosed samples, but absent in the control samples, were collected
as tolcapone metabolites related ions. Figure 2 shows the possible routes of tolcapone metabolism
in the human body; the biotransformation of tolcapone is confined exclusively to the periphery of
the molecule with the benzophenone nucleus remaining unaltered.?” Next, comparison between
the collected metabolite-related ions with the possible tolcapone metabolite formulas was
conducted, and the ions within 10 ppm of theoretical m/z values were stored for MS/MS

confirmation.

MS/MS analysis was performed using the Agilent ESI-QTOF MS under the same LC-MS
parameters and with 20 V collision energy. The first Q was operated in the mass filter mode to
transmit only the parent ion of the putative tolcapone metabolite. This potential metabolite then
underwent collision induced dissociation and entered the TOF to obtain the m/z values of the
fragments. Data were acquired by Agilent MassHunter Data Acquisition B.05.00 (CA, USA) and
analyzed by Agilent MassHunter Qualitative Analysis B.06.00 (CA, USA) to generate the MS/MS
spectra. The ESI-QTOF was calibrated daily using the standard tuning solution from Agilent.
During analysis, the instrument was calibrated in real time with two different reference masses
(m/z 121.0509, 922.0098 for positive mode and m/z 112.9856, 1033.9881 for negative mode) with

7
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6 uL/min constant infusion. The MS/MS spectra were interpreted manually, using the previously

published method,?® with the help of ChemDraw (version 18.0) Fragmentation Tools.

Metabolomics of Tolcapone-dosed Human-on-a-chip System

The LC-MS separation and detection conditions were the same as those in the tolcapone
metabolism study. Nine control samples and nine tolcapone-dosed samples obtained from separate
chips were used for metabolomics. Data acquired in Agilent .d format were analyzed using the
Molecular Feature Extraction (MFE) tool from Mass Hunter Qualitative Analysis (B.06.00) to
obtain the molecular features. “Small molecules (chromatographic)” extraction algorithm was
used. The features were characterized by retention time, chromatographic peak intensity and
accurate mass, with the quality score > 80. To identify different ion species coming from the same
metabolite, H", Na*, and K* adducts were considered for positive ionization, while the H™ and
HCOO™ adducts were considered for negative ionization. The extracted features were then
analyzed with Agilent Mass Profiler Professional (MPP) software (B.12.05) for peak picking,
alignment and internal standard normalization. Only features with an intensity larger than 10,000
counts and detectable in 80% of the subjects in at least one of the treatment groups were kept for
further processing.?® Data were aligned with a 15 ppm mass tolerance and a retention-time window

tolerance of 0.15 min, and normalized to spiked N-acetylaspartic acid-2,3,3-D3 internal standard.

Next, principal component analysis (PCA) was carried out with the MPP (B.12.05) statistical
package. Unpaired t-test was used to find endogenous metabolites differing between the control
group and the tolcapone-dosed group; metabolites with fold change (FC) larger than 1.5 and p-
value smaller than 0.05 were considered to be statistically significant.>® The exact masses of
putative compounds with significant changes were searched against the Human Metabolome
Database (HMDB, version 4.0, http://www.hmdb.ca), METLIN (version 3.7.1,
http://metlin.scripps.edu), and MassBank (version 2.0, http://www.massbank.jp). The matched
exact masses were stored for further MS/MS identification of metabolites.

MS/MS spectra were also generated on the Agilent QTOF 6530 mass spectrometer to confirm the
identity of metabolites. A targeted list, which included the previously determined exact masses

according to database search results, was generated for MS/MS analysis. Targeted MS/MS mode
8
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was carried out with collision energies of 20 V and 40 V. Nitrogen was the collision gas. Lastly,
the commercially available metabolites were also confirmed by comparison with the chemical
standards. The metabolites are reported according to the criteria recommended by Metabolomics
Standard Initiative (MSI), which defined four levels of metabolite identification. These included
identified metabolites with reference standards (level 1), putatively annotated compounds (level

2), putatively characterized compound classes (level 3), and unknown compounds (level 4).3132

Metabolic pathway analysis was conducted by MetaboAnalyst (version 4.0,
www.metaboanalyst.ca) to sort the significantly changed metabolites associated with tolcapone
treatment into biological pathways. The pathway library of Homo sapiens (KEGG) was selected
for the study. We considered a pathway as significant if its p-value was less than a designated
cutoff (i.e., 0.05). MetaboAnalyst is a web-based platform for comprehensive analysis of
metabolomic data, which aids in the visualization of metabolites within the context of metabolic

pathways. 333

RESULTS AND DISCUSSION

Tolcapone Metabolism in Systemic Circulation

To demonstrate that our human-on-a-chip platform can reflect human drug responses in vivo, we
first investigated the tolcapone metabolic fate by analyzing the circulated medium. Figure 2 shows
the structural features and possible routes of tolcapone metabolism. Given the variety of metabolic
pathways for tolcapone, it is theoretically possible that some of the metabolites may be toxic either
directly or through the formation of reactive species.?” Identification of tolcapone metabolites has

therefore been a topic of both pharmaceutical and toxicological interest.
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Figure 2. Structure features and possible routes of tolcapone metabolism in the human body.

The circulated medium samples from the mixer chamber were analyzed by LC-MS to determine
tolcapone metabolic processes. Both positive and negative ionization modes were used due to the
different ionization efficiencies of possible metabolites. The principal metabolic pathways of
tolcapone are illustrated in Figure 3. All 12 metabolites were identified by accurate mass and
confirmed by MS/MS analysis. The primary metabolic pathways undergone by tolcapone in the
system were oxidative hydroxylation (M2) and reduction reactions (M3), as well as the conjugative
reactions involving glucuronidation (M4) and sulfation (M5). M2 and its sulfate (M6) and methyl
(M8) conjugates were subsequently oxidized to the carboxylic acids (M7, M9 and M10). In
addition, M11 was derived from M3, and oxidative hydroxylation of M4 further produced M12.
The metabolites M1, M2, M3, M4, M7 and M11 were all detected in human biofluids after oral
administration of tolcapone,?® reflecting that the human-on-a-chip system can successfully mimic
major human metabolic features. The metabolites M5, M6, M10 have also been reported in rat
urine after tolcapone treatment.® To our knowledge, metabolites M8, M9 and M12 have not been

previously reported.

10
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Figure 3. Potential routes of tolcapone metabolism in the circulated medium of human-on-a-chip system.
All metabolites were identified with exact mass measurement, and MS/MS confirmation. Metabolites
labeled with * were newly identified in this study, metabolites labeled with % were reported in rat but new

in human samples.

All these tolcapone metabolites were identified with a combination of exact mass measurement

and MS/MS confirmation. The tandem mass spectra of three newly-found metabolites (M8, M9,

© 00 N o o B~ W N

M12) are illustrated in Figure 4. Taking M8 as an example, as shown in Figure 4A, the base peak

=
o

at m/z 119.0499 represents the +OC-phenyl-CHs fragment, while the ion of 91.0551 was produced
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as a result of the loss of OC from m/z 119.0499. MS/MS spectra of other tolcapone metabolites
are illustrated in the Supporting Information; interpretations of major fragment ions are also
included. The +OC-phenyl-CHs fragment appears in almost all MS/MS spectra of tolcapone
metabolites in positive mode, so the m/z 119.0497 signal may serve as an index of tolcapone
metabolites in future studies. The exact masses, formulas, and representative fragments of the

detected tolcapone metabolites are summarized in Table S-2.
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Figure 4. Tandem mass spectra of M8 (A), M9 (B), and M12 (C) analyzed by LC-QTOF-MS in positive
mode (M8) and negative mode (M9, M12). Collison energy: 20 eV.

In addition to the mixer samples, we also detected tolcapone metabolites in the liver samples and
brain basal samples. All these medium samples showed the same results, indicating that the
interconnecting MPS modules in human-on-a-chip system provide suitable recirculation in the

basal compartments.

Two additional tolcapone metabolites (M13 and M14) derived from M3 were detected in the apical

brain MPS. As shown in Figure S-2A, M3 was converted to M13 by acetylation of the 5-amino
12



~N o o AW DN

oo

10
11
12
13
14
15
16
17
18
19
20
21
22
23

24

25
26

group, and M14 was produced by the reaction of M13 and glutathione (GSH). This reaction may
have two steps; M13 is first oxidized to the reactive quinone-imine intermediate, which is then
trapped with GSH to form GSH conjugate (M14) (Figure S-2B). Theoretically, M1, M2, M3, M7
and M13 all could carry out this reaction by conversion to their bioactive o-quinone or quinone-
imine species, but only M14 (production of M13) was observed in the study. This GSH conjugation
reaction is supportive evidence for the formation of reactive o-quinone or quinone-imine species,

which are predicted to play a role in tolcapone-induced toxicity.37:3®

Effects of Tolcapone on Apical Brain MPS Metabolomics

Tolcapone metabolites are expected to be detected in the post-dose samples but absent in control
samples. Endogenous compounds, however, would be expected in both control and dosed samples
but possibly with altered concentrations responding to tolcapone. Endogenous metabolites are
sensitive to cellular changes and these altered metabolites could serve as indicators of cell states.
The metabolomic study of tolcapone-dosed human-on-a-chip system is mainly focused on the
changes of endogenous metabolites in human brain MPS (apical medium) during tolcapone

treatment.

Using the LC-QTOF-MS method, 5670 putative compounds were extracted. Among them, 1115
putative compounds were significantly changed (FC > 1.5, p < 0.05), with the majority being down
regulated (Table S-3). Principal component analysis (PCA) was then performed to highlight the
metabolic differences between the control and tolcapone-dosed samples. As shown in Figure 5,
PCA revealed excellent separations of the two sample groups under both positive and negative

modes.

m Control
W Tolcapone dose

Figure 5. Separation of tolcapone-dosed human brain MPS samples (blue) and control samples without

tolcapone dosing (red) by principal component analysis under both positive (A) and negative (B) modes,

13
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with the first three principal components account for 86.9% (A) and 91.1% (B) of the variance in analysis.
Each dot represents a sample and each color represents the type of the sample.

Identification of the significantly changed metabolites was carried out by database searches on
exact masses and MS/MS analysis. As an example, argininosuccinic acid decreased 2.43-fold in
the tolcapone-dosed samples. A search of the exact mass of 290.1234 (or m/z 291.1312) with £10
ppm mass window generates 3-4 hits depending on different databases. MS/MS analysis was then
conducted in positive mode and the result is illustrated in Figure S-3. The characteristic product
ions of argininosuccinic acid at m/z 70.0656 and m/z 116.0703 confirmed the identity. The
commercially available metabolites, such as N-acetyl-L-aspartic acid, were also confirmed by
comparison with the chemical standards. In total, we identified 18 MSI Levels 1 and 2 metabolites
that were significantly changed between control and the tolcapone-dosed human brain MPS
samples. These metabolites were all confirmed by MS/MS analysis and are summarized in Table

1.

Table 1. Significantly changed metabolites in the apical brain MPS of tolcapone-dosed human-on-a-chip

system
Metabolite® HMDB Exact Fold b p value Representative fragments (m/z)° Pathway
mass change
Indoleacetaldehyde 01190 159.0681 | -1.61 2.24*10° 103.0542, 130.0649, 142.0653* Tryptophan metabolism
Serotonin 00259 176.0947 | -2.46 1.39*10* 132.0769, 160.0733* Tryptophan metabolism
Acetyl-N-formyl-5- 04259 | 264.1007 | -3.47 1.03*103 | 73.0525, 122.0611, 160.0753* Tryptophan metabolism
methoxykynurenamine
Anthranilic acid 01123 137.0477 | 3.08 2.37*10* 65.0375, 94.0628, 120.0393* Tryptophan metabolism
Formyl-5- ) 12948 | 208.0844 | -1.91 10*10% | 150.0547, 164.0707, 192.0649* Tryptophan metabolism
hydroxykynurenamine
-4.83 7.62*107 77.0387, 105.0332*
. it , . .
Hippuric acid 00714 179.0575 3.93 5.84%10° 134.06038 Phenylalanine metabolism
. 00821 193.0732 -2.24 1.37*10° 76.0373, 91.0520* Phenvialani boli
Phenylacetylglycine . 248 9.75%10% | 74,0235 enylalanine metabolism
L—dopaT 00181 197.0686 | 1.65 5.67*10° 152.0706, 181.0490* Phenylalanine metabolism
Choline® 00097 103.1001 | 2.23 1.97*102 | 58.0658, 60.0814* Glycerophospholipid
LysoPC(14:0) 10379 467.3010 | 4.87 5.64*10 78.9586, 227.2039, 452.28108 Glycerophospholipid
LysoPC(18:3) 10387 517.3140 | 1.72 4.10%10? 96.9691, 242.07808 Glycerophospholipid
PE(35:3) 82382 7275125 | -3.70 4.78*10°° 305.2499, 502.29638 Glycerophospholipid
i Glycerophospholipid
Dihydroxyacetone 01473 | 169.9981 | -2.33 6.93¥10 | 78.9588, 96.9692° YeCTOPTIOSPOTP .
phosphate Glycolysis and gluconeogenesis
cis-Aconitic acid 00072 174.0167 | -2.93 8.82*10* | 68.9970, 85.0303% TCA cycle
. TCA cycle
Oxalacetic acid 00223 132.0051 | -2.09 7.05*106 59.0130, 87.00798 .
Aspartate metabolism
Argininosuccinic acid 00052 290.1234 | -2.43 6.16*107 70.0656, 116.0703* Aspartate metabolism
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N-Acetyl aspartic acidt | 00812 175.0489 | -1.63 4.65*10* | 58.0301, 88.0401% Aspartate metabolism

SpermidineJr 01257 145.1575 | 2.53 1.47*102 | 72.0814, 84.0808, 112.1113* Arginine and proline metabolism

Metabolites labeled with T were verified with authentic standards (MSI Level 1). ® Fold change was calculated from average values of tolcapone-
dosed samples and control samples. Fold change with a positive value indicates up-regulated metabolite in tolcapone-dosed samples, while a
negative value indicates down-regulated metabolite in tolcapone-dosed samples. ¢ Fragments labeled with * were analyzed by MS/MS in positive

mode (ESI+), fragments labeled with 8 were analyzed by MS/MS in negative mode (ESI-).

Metabolic pathway analysis was then conducted for these 18 altered MSI Levels 1 and 2
metabolites. Using MetaboAnalyst 4.0 and KEGG databases, eight metabolic pathways were
found to be perturbed (Table S-4). The most relevant ones were glycerophospholipid metabolism,
tryptophan metabolism, aspartate metabolism, energy metabolism, and phenylalanine metabolism.
These newly detected metabolites and related pathways reveal the metabolic implications of
tolcapone treatment, which are important for our understanding of tolcapone and its influences on

the human brain.

As a COMT inhibitor, tolcapone affects central metabolism of L-dopa and would cause
compensatory effects on the metabolism of other neurotransmitters.'® Perturbed tryptophan
metabolism and phenylalanine metabolism were observed, which most likely correspond to altered
tetrahydrobiopterin BHa4 cycle (Figure S-4). Most of the BH4 comes from the methylation cycle.
Methylation of BH> into BH4 provides the co-factor necessary to turn tryptophan and tyrosine into
their respective neurotransmitters serotonin and dopamine.® The involvement of the BH4 cycle
was further studied by analysis of the related metabolites of tryptophan, phenylalanine, tyrosine,
serotonin, and L-dopa. These metabolites were all detected in the brain medium, and levels of
serotonin and L-dopa were significantly changed (Table 1). Tryptophan, phenylalanine, and
tyrosine were the components of the brain culture medium with relatively high concentrations, so
their FC data were lower than 1.5. Previous studies from Misu et al. demonstrated that L-dopa is
an endogenous neurotransmitter or neuromodulator in the CNS.*%4! The increased L-dopa level
(+1.65 fold) indicated that the COMT inhibitor tolcapone is active in brain MPS. This also implied
the successful establishment of the human brain model.?® As shown in Figure S-4, the altered L-
dopa level could affect BH4 cycle, which would further perturb tryptophan metabolism and

phenylalanine metabolism.
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The decreased levels of hippuric acid and phenylacetylglycine observed in this study indicated
dysregulated phenylalanine metabolism after tolcapone dosing (Figure 6A). The pathways from
tryptophan to serotonin, to tryptamine and to kynurenine were all perturbed (Figure 6B). The
decreased level of serotonin, formyl-5-hydroxykynurenamine and acetyl-N-formyl-5-
methoxykynurenamine indicated the inhibition of serotonin pathway, which may be ascribed to
the decreased tryptophan hydroxylase (TPH) activity. At the same time, the tryptamine pathway
was also inhibited (indoleacetaldehyde, -1.61 fold) while the kynurenine pathway was activated
(anthranilic acid, +3.08 fold). These observations can be explained as the result of three
competitive metabolism pathways for tryptophan where inhibition of one pathway also caused

changes to the other two pathways.

As shown in Figure 6C, glycerophospholipid metabolism was impacted by tolcapone. The level of
phosphatidylethanolamine was decreased, while that of lysophosphatidylcholine was increased.
These results indicated that phospholipase A2 (PLAZ2) activity in human brain was elevated after
tolcapone dosing.*? In neural membranes, PLA2 activity is linked to dopamine,**%* so an
abnormality in dopamine metabolism induced by tolcapone may be responsible for this
stimulation. The decrease of phosphatidylethanolamine caused the down-regulation of
dihydroxyacetone phosphate, while the increase of lysophosphatidylcholine led to the up-
regulation of choline. On the other hand, phospholipase activation has been proposed as an
important mechanism of cell killing because increased phospholipase activity can mediate
pathophysiological reactions by accelerating membrane breakdown or by generating toxic
metabolites.*® Therefore, the altered glycerophospholipid metabolism may suggest tolcapone-

induced neurotoxicity.

Previous publications revealed that tolcapone could uncouple mitochondrial respiration by
carrying protons across the inner mitochondrial membrane and thus impair energy metabolism.*647
In our study, the decreased levels of dihydroxyacetone phosphate, cis-aconitic acid and oxalacetic
acid also suggested disrupted energy metabolism (Figure 6D). Similar effects were observed by
Borroni et al., who reported that tolcapone reduced the mitochondrial membrane potential, and
influenced cellular respiration and mitochondrial oxygen consumption.?’” Related metabolites in

the citrate cycle, and glycolysis were consumed and the amounts detected in cell medium were
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decreased. At the same time, aspartate metabolism was perturbed by tolcapone treatment,
evidenced by decreased N-acetyl aspartic acid (NAA), argininosuccinic acid and oxalacetic acid.
Aspartate metabolism is at the upstream of TCA cycle, the altered TCA cycle may be the reason
of the altered aspartate metabolism. Additionally, NAA is a well-known neuron-specific marker
associated with neuronal cell loss,*® so the significantly decreased NAA level also indicates the

neurotoxic effects of tolcapone.
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Figure 6. Untargeted metabolomics of the apical brain MPS revealed metabolic pathways perturbed by

tolcapone dose in human brain. (A) Phenylalanine metabolism. (B) Tryptophan metabolism. (C)
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Glycerophospholipid metabolism. (D) Energy metabolism and aspartate metabolism (the up-regulated
metabolites are labeled in red, while the down-regulated metabolites are labeled in green).

CONCLUSIONS

In conclusion, we have presented a comprehensive mass spectrometric study on tolcapone
metabolite profiling and metabolomics in a tolcapone-dosed human-on-a-chip system. Three new
tolcapone metabolites were identified, and the biological pathways perturbed by tolcapone
treatment were reported in the brain MPS. The integration of tolcapone metabolism with
metabolomics not only provides a powerful approach to identify tolcapone metabolites and
endogenous biomarkers, but also widens our insights into the metabolic pathways of tolcapone
itself and other pathways perturbed by tolcapone treatment, which are important for the
investigation of tolcapone efficacy and toxicity in human brain. Direct studies focusing on the
human brain, however, are difficult to plan and conduct for ethical and practical reasons. The
human-on-a-chip platform for combined drug metabolism and brain biochemistry is therefore an
attractive surrogate for such investigations. This strategy of combining drug metabolism,
metabolomics and cell engineering opens a new window for applying analytical chemical methods

to evaluate human responses to xenobiotics and other insults.
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