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Abstract

Cuprizone intoxication is a common animal model used to test myelin regenerative therapies for
the treatment of diseases such as multiple sclerosis. Mice fed this copper chelator develop
reversible, region-specific oligodendrocyte loss and demyelination. While the cellular changes
influencing the demyelinating process have been explored in this model, there is no consensus
about the biochemical mechanisms of toxicity in oligodendrocytes and about whether this damage
arises from the chelation of copper /n vivo. Here we have identified an oligodendroglial cell line
that displays sensitivity to cuprizone toxicity and performed global metabolomic profiling to
determine biochemical pathways altered by this treatment. We link these changes with alterations
in brain metabolism in mice fed cuprizone for 2 and 6 weeks. We find that cuprizone induces
widespread changes in one-carbon and amino acid metabolism as well as alterations in small
molecules that are important for energy generation. We used mass spectrometry to examine
chemical interactions that are important for copper chelation and toxicity. Our results indicate that
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cuprizone induces global perturbations in cellular metabolism that may be independent of its
copper chelating ability and potentially related to its interactions with pyridoxal 5’ -phosphate, a
coenzyme essential for amino acid metabolism.

Graphical abstract

The myelination of neuronal axons in the central nervous system (CNS) permits the rapid
conduction of nerve impulses and maintains axonal integrity.! This structure is formed by
the spiral wrapping of the oligodendrocyte plasma membrane around axons, and its
destruction occurs as part of diseases such as multiple sclerosis.2 Cuprizone (CPZ)
intoxication is used to study pathways involved in oligodendrocyte injury and test
compounds that can promote remyelination.3 C57BL/6 mice are fed this copper chelator,
leading to the development of demyelinating lesions in brain regions such as the corpus
callosum and hippocampus.? The brain pathology that occurs in this model has been
extensively studied and is thought to result from both cell-specific toxicity and activation of
innate immune effectors. The death of myelinating oligodendrocytes is accompanied by
microglial and macrophage activation, astrogliosis, and an increased level of production of
inflammatory cytokines.>® Knockout experiments have shown the importance of chemokine
receptors such as CXCR2 as well as inflammatory cytokines®? to the development of
demyelination. However, this complicated inflammatory milieu /n7 vivo has made it difficult
to identify cell intrinsic pathways that lead to oligodendrocyte injury.

In solution, CPZ is an effective copper chelator, leading to the hypothesis that its toxicity is
the result of a disruption in copper homeostasis in the brain. However, measurements of
brain copper levels during CPZ intoxication have shown inconsistent results. One study
demonstrated that oligomers of CPZ-Cu2* precipitated in the gut, and this was proposed to
result in a widespread deficiency of copper throughout the body, including the brain.10 In
contrast, chemical studies of the binding of CPZ to copper showed that upon copper binding,
a 2CPZ-Cu3* species was formed and an extended feeding of low concentrations of CPZ
resulted in increased levels of copper in the brain.> Recently, copper, iron, and manganese
levels were measured in the brain after CPZ treatment for 6 weeks. Only a reduction in the
level of manganese was observed in this study, providing additional evidence that alterations
in copper levels in the brain might not be involved in oligodendrocyte death.1! Several
enzymatic targets have been implicated in CPZ-induced toxicity, including monoamine
oxidase inhibition,12 alterations in electron transport chain complexes,13 and disruption of
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copper zinc superoxide dismutase.1# Ultimately, these changes may lead to mitochondrial
dysfunction and inhibited energy generation that culminates in oligodendrocyte death.14.15

Because of conflicting reports concerning the mechanisms of CPZ-mediated
oligodendrocyte death, we sought to determine whether CPZ intoxication perturbs cellular
metabolism by using a systems biology approach. Metabolomics is an emerging technology
that detects changes in endogenous small molecules by using liquid chromatography and
mass spectrometry (LC-MS). This technology allows for global determination of
dysregulation in biochemical pathways that are important for energy generation, myelin
synthesis, and cell survival 16-18

In this study, we demonstrate that CPZ can accumulate within cells and leads to cell death in
the oligodendroglial cell line, MO3.13. Metabolomic profiling of treated cells and tissue
isolated from CPZ-fed mice shows that the compound induces widespread metabolic
dysfunction that is region-specific and consistent with the cellular pathology. Additionally,
we used mass spectrometry and nuclear magnetic resonance (NMR) to probe the ability of
CPZ to interact with copper contained within small molecule mimics of protein copper sites
as well as pyridoxal 5’-phosphate (P5P), a vitamin coenzyme essential for amino acid
metabolism. Our results indicate that CPZ toxicity in oligodendrocytes may be due to a
disruption of the enzymes responsible for amino acid metabolism leading to increased
susceptibility to reactive oxygen species and energy depletion.

MATERIALS AND METHODS

Chemicals

Cell Culture

High-performance liquid chromatography (HPLC) grade (=99.9%) acetonitrile, ethanol,
isopropanol, methanol, and water used for extractions and LC—-MS analysis were purchased
from Fisher Scientific (Fair Lawn, NJ). Chloroform (HPLC grade, =99.5%) and NP-40 were
purchased from Alfa Asear (Ward Hill, MA). Cuprizone (biscyclohexanone
oxaldihydrazone), copper(ll) sulfate pentahydrate (BioReagent, =298%), thiazolyl blue
tetrazolium bromide (MTT) (BioReagent, =97.5%), P5P (pyridoxal 5’ -phosphate hydrate)
(Bioreagent, >98%), DAPI, goat anti-mouse 1gG (H+L) conjugated to FITC (F-2761), and
ammonium acetate (HPLC grade) were purchased from Sigma-Aldrich (St. Louis, MO).
Anti-CNPase (ab6319) was purchased from Abcam (Cambridge, MA). All cell culture
materials, including phosphate-buffered saline (PBS), fetal bovine serum (FBS), Dulbecco’s
modified Eagle’s medium (DMEM), and penicillin/streptomycin were purchased from
Corning (Manassas, VA). D,0 was purchased from Cambridge Isotope Laboratories
(Tewksbury, MA).

The M03.13 human oligodendrocyte cell line was obtained from CELLutions Biosystems
Inc. (Burlington, ON). M0O3.13 cells were cultured in DMEM supplemented with 10% FBS
and 1% penicillin/streptomycin and grown at 37 °C in 5% CO, for all experiments.

For metabolomic analyses, cells were seeded in six-well plates at a density of 1.0 x 106
cells/well for 24 h and left to attach. After incubation, the medium was aspirated and
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replaced with medium containing 1 mM CPZ in a vehicle containing 0.3% ethanol. The cells
were incubated with CPZ, and metabolite extraction was performed just prior to the loss of
viability at 24 h.

Preparation of the CPZ Solution

The CPZ solution was made fresh by dissolving powder in an amount of ethanol equal to
30% of the final solution volume. After the powder was partially dissolved, ddH,O was used
to dilute the solution to the final volume. The solution was then gently heated while being
stirred until all of the CPZ dissolved. Afterward, the solution was filtered (22 gm) into its
final container. Each batch was used within 2-3 days. The maximal concentration achieved,
while fully dissolved, was 10 mM.

Live/Dead Cell Viability Assay and MTT Assay

MO3.13 cells or the rat astrocyte cell line (DI TNC1) was seeded into three separate 96-well
plates at a density of 73000 cells/mL. The last row of each plate contained 100 L of tissue
culture medium with no cells to act as a blank control. The cells were left to attach for 24 h
followed by treatment with 0.125, 0.25, 0.5, or 1 mM CPZ and 0.3% ethanol in DMEM, or a
vehicle of DMEM with 0.3% ethanol. The plates were subsequently incubated for 6, 18, or
24 h. For the live/dead cell viability assay (ThermoFisher, Waltham, MA), an additional row
of cells was treated with 500 M H,0, for 10 min prior to any measurements, to act as a
positive control for dead cells. The live/dead assay standard protocol for a fluorescence
microplate was followed, using final concentrations of 2 M calcein AM and 4 M EthD-1.
The percentage of live cells was calculated as shown:

F(530)sample - F(53O)min

F(530), = F(530) x 100%

min

where A530)sample i the fluorescence at 530 nm in the experimental cell sample, labeled
with both calcein AM and EthD-1, A530)nin is the fluorescence of a sample in which all (or
nearly all) cells are alive and labeled with EthD-1 only, and A530)may is a sample in which
all (or nearly all) cells are alive and labeled with calcein AM only.

For the MTT assay, 20 /L of 5 mg/mL MTT was added to each well after the respective time
point. Each plate was then incubated for 3.5 h at 37 °C; lysis buffer was added (4 mM HCI
and 0.1% NP40 buffer in isopropanol), and the absorbance was read at 590 nm with a 620
nm reference filter by using a Spectramax M2 plate reader (Molecular Devices, Sunnyvale,
CA). The percent metabolic activity was calculated using the vehicle control set as 100%
metabolic activity.

Immunofluorescence

MO3.13 cells were seeded onto glass coverslips in a six-well plate at a density of 1.0 x 10°
cells/well and left to attach for 24 h. After incubation, the medium was aspirated and
replaced with DMEM with 0.3% ethanol containing 1 mM CPZ or DMEM with 0.3%
ethanol vehicle. After CPZ treatment for 24 h, the medium was removed and the cells were
washed with PBS. Cells were fixed in 4% paraformaldehyde for 10 min and then
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permeabilized by using 1% Tween for 20 min. Cells were then left to block in a 1%
BSA/10% FBS mixture for 2 h followed by incubation with anti-CNPase at 10 ug/mL
overnight at 4 °C. Detection was performed with a goat anti-mouse IgG (H+L) conjugated to
FITC (2 tg/mL). DAPI was used to stain the cell nuclei, and cells were imaged by using a
Nikon Al+ confocal microscope.

Cuprizone and CuCPZ Absorbance Assay

MO3.13 cells were first seeded in four six-well plates at a density of 1.0 x 10° cells/well and
left to attach for 24 h. After incubation, the medium was aspirated and replaced with DMEM
containing either 10 zM CPZ with 0.003% ethanol, 10 /M CPZ and 5 ¢M CuSQg4-5H,0
with 0.003% ethanol, 5 /M CuSO4-5H,0, or 0.003% ethanol; 100 sl of the medium was
sampled from each plate at 0, 12, 24, 36, and 48 h. After collection of the medium, the
absorbance of the complex (CuCPZ) was measured at 600 nm. To measure the levels of
copper or CPZ in samples, the opposite constituent was added in excess to first form the
CuCPZ complex, followed by the absorbance measurement at 600 nm. After 48 h, the cells
were removed via scraping and extracted for SRM-MS analysis.

Mass Spectrometry and Absorbance of CPZ and CPZ-Copper Site Mimics

All CPZ stocks used for direct injection mass spectrometry were prepared with CPZ at the
desired concentration in methanol. Samples were analyzed by direct injection with the
5600+ TripleTOF mass spectrometer (Sciex, Framingham, MA) in positive mode. Samples
were injected at a flow rate of 10 zA/min. The ion source nebulizer gas was set at 18 psi, the
heater gas at 18 psi, and the curtain gas at 20 psi. The ion spray voltage was set to 5000 V,
and the declustering potential (DP) was set to 100. The time-of-flight (TOF) scan was
performed over the mass range of 50-1000 Da. Fragmentation data were subsequently
collected over a range of 20-500 Da with a collision energy (CE) of 25 V.

The stoichiometric ligand binding ratio analysis of CuCPZ with each protein mimic was
performed by preparing solutions with differing mole fractions of CPZ, ranging from 0.1 to
1 Xcpz in steps of 0.1 Xcpz, in phosphate buffer (7.4) to keep the pH consistent, at a
combined molar concentration of 1 mM. Triplicates of each solution were prepared and
incubated for 1 h. All samples were read on a 96-well plate at the respective complex Amax
using a Spectramax M2 plate reader. For mass spectrometry analysis of the CPZ and the
mimc “B” complex, three solutions with CPZ:B ratios of 1:3, 1:1, and 3:1 were prepared.
The solutions were made in 35% acetonitrile at a total molar concentration of 1 mM and left
to incubate for 1 h prior to analysis. Each solution was analyzed by direct injection in
positive mode on a 5600+ TripleTOF mass spectrometer. Samples were injected at a rate of
10 gA/min over 10 min. The ion source nebulizer gas was set at 18 psi, the heater gas at 18
psi, and the curtain gas at 20 psi. The ion spray voltage was set to 5000 V, and the DP was
set to 100. A TOF scan was performed over the mass range of 100-1000 Da.

Cuprizone Treatment of Mice

All animal experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) of the Cleveland Clinic. Six-week-old C57BL/6 male mice were purchased from
The Jackson Laboratory (Bar Harbor, ME) and used for all experiments. Upon arrival, mice
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were fed standard chow for 7-10 days. To induce demyelination, mice were fed a diet
containing 0.3% cuprizone (biscyclohexanone oxaldihydrazone, Sigma-Aldrich), thoroughly
mixed into standard chow and custom-made into pellets by Harlan Teklad (Madison, WI),
for 2 or 6 weeks ad libitum. Cuprizone chow was changed twice weekly, and the weights of
the mice were monitored on a weekly basis. At the end of the 2 or 6 week demyelination,
mice were perfused with phosphate-buffered saline (PBS) and fresh tissue was harvested and
placed on dry ice for subsequent analysis.

Metabolomic Analysis

A modified form of the Bligh-Dyer extraction was used for metabolite extraction.19:20
Following cuprizone treatment, MO3.13 cells were lysed by the addition of 180 4L of HPLC
grade water with 20 4L of HPLC grade methanol and removed from the tissue culture dishes
by gentle scraping. Tissue samples were normalized by weight and suspended in 200 /i of
cold HPLC grade methanol. The cell/tissue suspensions were then subjected to three cycles
of freezing in liquid nitrogen, thawing, and sonication; 750 /L of a 1:2 (v:v) chloroform/
methanol mixture and 125 gL of chloroform were added to each sample. The samples were
vortexed, and an additional 250 gL of water was added. Cells were incubated at —20 °C for 1
h and centrifuged at 1000g for 10 min at 4 °C to give a two-phase system: an aqueous layer
on top and an organic layer below, with a protein disk interphase. The aqueous and organic
phases were separately collected into 1.5 mL tubes. Extracted metabolites were dried in a
CentriVap Concentrator (LABCONCO, Kansas, MO) and then stored at =80 °C until
analysis could be performed. Protein pellets were used to normalize extracted metabolite
quantities based on protein concentration with a bicinchoninic acid (BCA) protein assay (G-
Biosciences, St. Louis, MO).2! For metabolomic analysis, the dried polar metabolites were
first resuspended in 35% acetonitrile (volume normalized via the BCA assay) and injected at
a volume of 6 4L into a Micro200 LC instrument (Eksigent, Redwood, CA) equipped with a
hydrophilic interaction liquid chromatography (HILIC) column (Luna 3 #NH2 100 A, 150
mm x 1.0 mm, Phenomenex, Torrance, CA). The mobile phases for separation consisted of
water (A) and acetonitrile (B), both supplemented with 5 mM ammonium acetate and
adjusted to pH 7.3 using ammonium hydroxide. The gradient proceeded at a flow rate of 30
pL/min as follows: 98% B at 0 min, 95% B at 1 min, 80% B at 5 min, 46% B at 6 min,
14.7% B at 13 min, 0% B at 17 min, 100% B at 17.1 min, and 100% B at 23 min. After
separation, samples were analyzed on a Sciex 5600+ TripleTOF mass spectrometer. The ion
source nebulizer gas was set at 15 psi, the heater gas at 20 psi, and the curtain gas at 25 psi.
The samples were collected in positive mode with an ion spray voltage of 5000 V and a DP
of 100 V. Samples were processed with Information Dependent Acquisition (IDA), first
utilizing a time-of-flight scan of 60-1000 Da with a 250 ms accumulation time and a
background threshold of 10 counts/s. Fragmentation data were collected on all selected
candidate ions using a collision energy spread (CES) of 25-40 V.

SRM-MS Analysis of CPZ Uptake in Cells

Standards and metabolite extracts from cells were resuspended in methanol and processed
using the previously described LC gradient on the Micro200 LC instrument coupled with the
5600+ TripleTOF mass spectrometer. The ion source nebulizer gas and heater gas were set at
18 psi, and the curtain gas was set at 20 psi. The ion spray voltage was set at 5000 V with a
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DP set at 100. A TOF scan was performed over the mass range of 100-500 Da. A product
ion scan of 279.18 was collected over a range of 50-300 Da using a CE of 25 V. The
extracted ion chromatogram (XIC) of the m/z279.18 — m/z139.09 transition and the
MS/MS fragmentation pattern were both used to verify the identity of CPZ. A standard
curve based on peak height versus concentration of the CPZ standards was constructed for
quantification.

Mass Spectrometry and Absorbance Spectroscopy of P5P and CPZ

All samples for LC-MS analysis were prepared fresh at a final concentration of 100 zM.
P5P was prepared in water at a concentration of 100 £M and titrated with NaOH to a pH of 7
for dissolution. CPZ was prepared in ethanol at a concentration of 100 M. To prepare the
P5P/CPZ mixture, P5P was first dissolved in water and titrated with NaOH to pH 7. Stock
CPZ in ethanol was then added, achieving final concentrations of 100 4/M CPZ and 100 xM
P5P in 1% ethanol. Samples were injected in a volume of 6 4L into a Micro200 LC
instrument with a HILIC column (Luna 3 #NH2 100 A, 150 mm x 1.0 mm, Phenomenex).
The mobile phases for separation consisted of water (A) and acetonitrile (B), both
containing 5 mM ammonium acetate and adjusted to pH 7.3 using ammonium hydroxide.
The gradient (flow rate of 30 gL/min) was as follows: 10% B at 0 min, 10% B at 3 min, 90%
B at 23 min, and 90% B at 30 min. The ion source nebulizer gas was set at 18 psi, the heater
gas at 18 psi, and the curtain gas at 20 psi. The ion spray voltage was set to 5500 V, and the
DP was set to 100. The TOF scan was performed over the mass range of 50-500 Da.
Fragmentation data for /77/2348.07 were subsequently collected over a range of 20-500 Da
with a CE of 20 V.

For absorbance studies, all samples were prepared as described above and then added to a
96-well plate in a volume of 150 £ with 12 replicates each. The plate was scanned from
300 to 500 nm at 0, 4, 30, 52, 72, and 86 h at 27 °C.

Preparation of a Schiff Base from P5P and Oxalydihydrazide

Pyridoxal 5-phosphate 1 (0.2 mmol, 50 mg) was dissolved in distilled water (10 mL) at

80 °C. The resulting solution was added dropwise while being stirred to a 5-fold excess of
oxalydihydrazide 2 (1.0 mmol, 118 mg) in water (15 mL) at 80 °C. After complete addition
of pyridoxal phosphate, the reaction mixture was stirred for an additional 30 min at 80 °C.
The light yellow precipitate was filtered without being cooled, washed with hot water two or
three times, dried (0.1 mmol, 45 mg, 65% yield), and identified as Schiff base 3 by NMR
(Supporting Information).

W

OH O o OH N Nw!/“N'“HZ
~ )\'H . H _zu\N.NHz H,0, S(_] ‘C_‘.\“ET’L\[/\H o
N A0 0 TR asmn T N\ _0.,.0
HO OH HO OH
1 2 3

Analysis of Transaminase Activity in Cells

MO3.13 cells were seeded in a six-well plate at a density of 3.0 x 10° cells/well and left for
24 h at 37 °C and 5% CO,. All cells were then treated with 1 mM [*°N]aspartate. After the
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addition of 0.3% ethanol containing 1 mM CPZ or 0.3% ethanol as a vehicle, cells were
incubated for 4 or 8 h, respectively. The cell metabolites were extracted with the Bligh-Dyer
method, and the concentrations of [14N]glutamate and [1°N]glutamate were analyzed by
mass spectrometry. All the samples were normalized to the sample protein content measured
with a BCA assay. The mobile phases for separation consisted of water (A) and acetonitrile
(B), both supplemented with 5 mM ammonium acetate and adjusted to pH 7.3 using
ammonium hydroxide. A sample volume of 5 zL was eluted with a 45 min gradient: 85% B
at 0 min, 85% B at 5 min, 20% B at 35 min, 20% B at 40 min, 85% B at 41 min, and 85% B
at 45 min. To detect glutamate and its isotope, ions at /7/2148.06 and 149.06 were selected
as the parent ions for [1*N]glutamate and [*°N]glutamate based on authentic standards,
respectively. A DP of 70 V and a CE of 10 V were used to monitor the 77/2z148.061 — mlz
130.051 or m/z149.061 — m/z131.051 transition.

NMR Analysis of P5P and CPZ

All NMR data were collected at 298 K on an Agilent DD2 750 MHz spectrometer equipped
with a HCN cryoprobe. To prepare the sample, P5P was first dissolved in water (no NaOH)
and then titrated with 100 mM CPZ in methanol until a concentration of the predicted
product (1:1 molar ratio) of 1 mM was reached. This was allowed to sit for 4 h to achieve a
reaction. The product solution had a final methanol concentration of 1% and was filtered
through a 4 m nylon syringe filter. Prior to the acquisition of data, D,O was added to a
concentration of 8% as the lock solvent. 1lH NMR data were collected with 32 transients,
2048 points, and a recycle delay of 25 s.

Shotgun Lipidomics

Lipid samples were obtained from the dried organic phase after the modified Bligh-Dyer
extraction. The dried extracts were resuspended in a methanol/chloroform/water solvent
[45:45:10 (v:v:v), 5 mM ammonia acetate]. Each sample was injected into the mass
spectrometer at a flow rate of 10 zA./min. A MS/MSALL method was employed for the lipid
analysis?2 using an initial scan range of 200-1200 Da with an accumulation time of 300 ms,
followed by 1000 individual MS/MS experiments with a 1.001 Da window width selected
via a product ion IDA scan. The parameters were optimized as follows. The ion source
nebulizer gas was set at 14 psi, the heater gas at 15 psi, and the curtain gas at 25 psi. The
method was repeated twice, once in positive mode and once in negative mode. The DP was
set to £80 V; the CE was set to £10.0, and the CES was set to £30.0-50.0 V using positive
or negative mode.

Data Processing

Untargeted metabolomics uses an unbiased approach, generating hundreds to thousands of
“features” (peaks with a unique /m/zratio and retention time). Features do not necessarily
correspond to a characterized metabolite entity. Relevant features must first be selected on
the basis of statistical criteria, limiting the baseline noise and aligning peaks.23 Metabolite
identification can then be putatively assigned to a peak by using databases like METLIN and
HMDB, followed by metabolite validation using the MS/MS data. Initial processing of
HILIC-MS data was performed by using MarkerView (version 1.2.1.1).24 Isotopic ion peaks
were excluded before analysis. Exploratory statistical analysis of the metabolites was
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performed using MetaboAnalyst 3.0 (http://www.metaboanalyst.ca),2 limited by £< 0.05
and —-log 2 FC = 2. Features were identified by comparing accurate mass and fragmentation
data to standards in the METLIN (https://metlin.scripps.edu)26-28 and HMDB (http:/
www.hmdb.ca/) databases.2® Shotgun lipidomic data were processed using LipidView
software (Sciex) with a mass tolerance of 0.05 Da, a minimum percent intensity of 0.1%,
and a signal-to-noise ratio of >3. Lipids with different chain lengths were indicated by their
fragments’ mass to charge ratio. Unpaired ¢tests on all grouped data sets were performed
using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA). 1H
NMR data were processed and analyzed using ACD/NMR Processor Academic Edition,
version 12.01. /n silico MS/MS data were collected using CFM-1D version 2.0
(cfmid.wishartlab.com/).

RESULTS AND DISCUSSION
Cellular Uptake and Toxicity of CPZ

To identify cell intrinsic mechanisms of CPZ toxicity, we first developed an /n vitro assay of
CPZ-mediated death by using the oligodendrocyte cell line, MO3.13. CPZ can impact cell
function in a cell-specific manner that is dependent on the developmental stage.3° M0O3.13
cells were treated with increasing concentrations of CPZ for 24 h, and viability was
measured with a live/dead fluorescence assay. Following treatment, only cells treated for the
longest time point and at 1 mM displayed any loss of viability or metabolic activity (Figure
la—c and Supplemental Figure 1a—c). A rat astrocyte cell line was treated with the same
concentrations of CPZ but did not show reduced viability (Supplemental Figure 1d). This
indicates that CPZ can disrupt cellular function even in the absence of innate immune cells.
The chelation of copper by CPZ in solution results in the formation of a strong peak at 600
nm, and we used this property to confirm the uptake of this compound by cells. We treated
MO3.13 cells with CPZ, copper, or the CuCPZ complex and continuously sampled the tissue
culture medium for 48 h (Figure 1d). The collected medium was then supplemented with the
opposite complex component (copper or CPZ) in excess to form CuCPZ, resulting in the
characteristic Amax at 600 nm.>31 Over time, the levels of both CuCPZ and CPZ were
diminished in the tissue culture medium, suggesting that these compounds could penetrate
the cell membrane. In contrast, the presence of copper remained nearly constant, consistent
with the tight control of its uptake into cells. We subsequently confirmed the presence of
CPZ within cells by using mass spectrometry. Cellular extracts were collected after 48 h and
analyzed for the presence of unbound CPZ by monitoring the 7/2279.18 — mlz139.09
product ion transition (Figure 1e). We detected unbound ligand in cells at a concentration of
approximately 30 nM (Supplemental Figure 2) after treatment with 10 xM CPZ, indicating
its ability to cross the membrane and accumulate in cells. Our data are consistent with a
study in which mature rat oligodendrocytes exhibited reduced viability upon being treated
with CPZ;30 however, relatively high concentrations of CPZ are required to induce cell death
in our system, and this may explain the difficulty in establishing consistent /n vitro models
of demyelination with this compound.
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CPZ Interacts with Copper Protein Analogues

The treatment of cells with CPZ (10 £M) resulted in the presence of approximately 30 nM
CPZ in its unbound state, and this low level of uptake could be due to inefficient transport
across the plasma membrane or the immediate chelation of copper upon internalization. We
sought to test whether CPZ could effectively pull away copper contained within small
molecule mimics of protein copper binding sites (Figure 2a). Copper-bound 1,8-dithia-4,11-
diazacyclotetradecane (R) is a type 1 copper center mimic, while copper bound 1,4,7-
triazacyclononane (B) mimics a copper B center.32:33 Upon incubation of each complex with
CPZ, a noticeable shift in absorbance that is unique for the characteristic 600 nm A,y Of
CuCPZ occurred (Supplemental Figure 3). This shift in color suggests the formation of a
new complex as opposed to copper chelation by CPZ. To characterize the binding
stoichiometry of CPZ with the small molecule mimics, we utilized Job’s methods (method
of continuous variation). In this method, the complex absorbance peak maximum
corresponds to the stable mole fraction of ligands bound. While the stoichiometric
ligand:metal ratio of CPZ with copper falls at 2:1 (ODgg), when combined with either
mimic CPZ instead forms a 1:1 binding ratio at the respective shifted absorbance (Figure
2b—d). This provides additional evidence of a stable complex between CPZ and each mimic.
To confirm the presence of this complex, we analyzed different molar ratios of CPZ with
complex B by using mass spectrometry. With excess CPZ present, the mass spectrum shows
that the intact [CPZ + H]* peak dominates at /7772 279.18 along with the presence of the
[CPZ + Na]* peak at m/2301.16 (Figure 2e). Alternatively, when the ratio is shifted toward
excess B, peaks that correspond to the Cu(l) [B]* (/772192.05) and Cu(ll) [B + CIO4]* (mlz
291.00) forms of the mimics are observed (Figure 2f). These have been previously noted in
the characterization of B.32 The spectra for the 1:1 ratio show evidence of two different
complex formations made of either the intact CPZ with B, [B + CPZ]* at m/z470.23, or
monocyclohexane-hydrolyzed CPZ with B, [B + CPZ-R]* at /7/2390.17 (Figure 2g). These
complexes are also found when the stoichiometry is shifted to favor either CPZ or B,
although at a lower intensity. Interestingly, the [B + CPZ]* complex is favored with excess
CPZ, while the [B + CPZ-R]* complex is favored in the presence of excess B (Figure 2f).
Our results obtained with the small molecule mimics are similar to those from a previous
study showing a weak binding event within the complicated structure of a folded protein.3*
These data support the idea that CPZ-mediated toxicity may not arise from a functional
depletion of copper from proteins, but perhaps by forming unstable or nonfunctional
complexes.

CPZ Induces Metabolic Dysregulation in Vitro and in Vivo

The ability of CPZ to induce cell death in cultured cells indicates that some component of its
toxicity is due to the direct disruption of oligodendrocyte function. Therefore, we sought to
examine metabolic pathways that are altered by CPZ treatment by using a global
metabolomic approach. Cells were treated with 1 mM CPZ or vehicle followed by
metabolite extraction and LC-MS analysis. We first identified alterations in cellular
pathways that correlated with CPZ toxicity. Pathways that were significantly dysregulated
include NAD* metabolism, cellular antioxidant capacity, ammonia homeostasis, and vitamin
Bg metabolism (Figure 3a). Perturbations in energy generation have been suggested to play a
role in CPZ toxicity, and megamitochondria are seen after long-term treatment.35-37 In
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agreement with this, NAD* metabolism was significantly dysregulated in CPZ-treated cells.
NAD™ is formed in cells through two pathways, ade novo synthesis using tryptophan and
salvage from nicotinamide-containing compounds.38 Levels of tryptophan and 5-
hydroxytryptophan are both significantly increased in MO3.13 cells after CPZ treatment,
while kynurenine and nicotinamide levels are decreased (Figure 3b—e and Supplemental
Figure 4). Recently, it was shown that myelinating oligodendrocytes perform aerobic
glycolysis as an energy source, and this requires lactate dehydrogenase activity to regenerate
NAD*.39 This metabolic state is associated with Warburg metabolism and also occurs in
rapidly proliferating cancer and stem cells.#0:41 Myelination also requires an upregulation of
NAD*-consuming enzymes, such as sirtuins,*2 indicating that the preservation of NAD*
levels is critical for proper myelin maintenance.*3 The disruption of the de novo synthesis
and salvage pathways to produce NAD™ may lead to a block in glycolysis and energy
depletion that would preferentially affect these mature oligodendrocytes. Other metabolic
changes include downregulation of reduced glutathione, an antioxidant tripeptide, and one of
its precursor amino acids, cysteine (Figure 3f,g). Finally, members of the vitamin B family,
choline and pyridoxine, are also significantly downregulated by CPZ treatment (Figure 3h,i).

We sought to extend our /in vitro studies by examining metabolites that are altered in tissue
samples of the corpus callosum, hippocampus, and spinal cord taken from mice fed a diet of
0.3% CPZ for a total of 2 or 6 weeks. In the mouse model of CPZ demyelination, the corpus
callosum suffers a loss of oligodendrocytes by 6 weeks, causing lesion formation, along with
demyelination in the hippocampus and cortex.#*4° Interestingly, lesions do not form in the
spinal cord after CPZ treatment, but this regional variability remains unexplained.6:47 An
examination of the total number of dysregulated features after the two treatment time points
shows a pronounced difference in the hippocampus and corpus callosum when compared to
the spinal cord, matching the extent of tissue demyelination in these regions (Figure 4a).
Furthermore, a comparison of individual metabolites in corpus callosum, hippocampus, and
spinal cord shows that metabolic alterations in the spinal cord are the opposite of those
detected in the corpus callosum and hippocampus (Figure 4c and Supplemental Figure 5).
Similar to our cell data, perturbations in amino acid metabolism were particularly prominent
in regions that undergo demyelination at both 2 and 6 weeks (Figure 4b). Significant
downregulation of amino acids or related metabolites such as glutamate, homocysteine, and
cysteine was seen progressing from 2 to 6 weeks of CPZ treatment in both the corpus
callosum and hippocampus, but levels did not change or were upregulated in the spinal cord
(Figure 4c). Levels of glutamine and tryptophan were upregulated in the corpus callosum
and hippocampus, while levels of these metabolites did not change in the spinal cord. Amino
acid perturbations have been documented in a shorter study (CPZ exposure for 4 days) in the
plasma of mice,*® and our results are in line with this study. Products of amino acid
metabolism also showed dysregulation after CPZ treatment. The level of reduced glutathione
was downregulated in the brain but slightly upregulated in spinal cord. Glutathione
homeostasis works as an important antioxidant system to protect against reactive oxygen
species, and the depletion of reduced glutathione has been implicated in several
neurodegenerative diseases.*%-51 The maintenance of reduced glutathione pools may
facilitate oligodendrocyte protection in the spinal cord. Levels of metabolites associated with
one-carbon metabolism such as folate and tetrahydrofolate (THF) are increased in the brain;
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however, levels of other metabolites that function in this pathway such as S
adenosylmethionine (SAM) and 5-methyl THF are downregulated (Figure 4c). Proteomic
investigations have previously linked CPZ effects to the disruption of pathways associated
with mitochondrial function and oxidative stress.>2-3 Overall, the patterns detected from
both cell and tissue investigations reflect a metabolic dysfunction of amino acid metabolism
that may lead to a reduction in the number of antioxidant molecules and perturbation of
energy-generating pathways. Interestingly, the region-specific vulnerability was
recapitulated in the metabolic profiles of the different tissues, as the spinal cord showed the
smallest number of significant features that changed upon CPZ treatments detected by LC—
MS. Recently, single-cell transcriptomics has been used to identify region-specific
heterogeneity in oligodendrocyte populations in the mature CNS.%4 Our data suggest that
metabolic heterogeneity may also occur in a localized manner and that these distinct
populations may display differing functional responses after toxin administration.

CPZ demyelination has been examined extensively through histological analysis; however,
global perturbations in lipid homeostasis may also occur in tandem with myelin loss. We
also performed lipidomic analysis of tissue isolated from animals fed CPZ for 2 and 6
weeks. These time points represent a pathological continuum characterized by
oligodendrocyte dysfunction, but not overt loss (2 weeks) to complete demyelination of
corpus callosum (6 weeks).>® After 2 weeks of CPZ feeding, lipid levels in the corpus
callosum showed small changes compared to the control, primarily downregulation of
ceramides and diacylglycerols. In contrast, levels of spinal cord lipid species, including
phosphatidic acid and phosphatidylethanolamine, were upregulated at this early time point
(Figure 5a). By 6 weeks, the corpus callosum lipidomic profile showed a reduction in most
lipid classes, especially diacylglycerols and ceramides, while the relative levels of spinal
cord lipid species were preserved compared to controls (Figure 5b). The loss of both
saturated and unsaturated ceramide species occurred after CPZ treatment when compared to
controls (Figure 5c¢). Glycosphingolipids, which consist of a ceramide core, are one of the
major components of myelin®6 and have been demonstrated to play a role in the functional
regulation of oligodendrocyte differentiation.>” Depletion of these species would be
expected to impact myelin structure and formation. Interestingly, neutral lipids, especially
diacylglycerol species, were depleted after CPZ treatment (Figure 5d). We found that the
level of choline was also significantly downregulated in both the hippocampus and corpus
callosum (Figure 4c). These changes (DAG and choline) might indicate impaired de novo
synthesis of phosphatidylcholine (PC) species. This idea is supported by the ability of
exogenous CDP—choline administration to promote remyelination after CPZ feeding.58
Overall, the lipidomic results match well with histologic changes in myelin observed in
affected brain regions.

CPZ Binds Pyridoxal 5’-Phosphate, Perturbing Ami-notransferase Activity

Our metabolomic results indicate that amino acid metabolism is a major target of CPZ in the
CNS. Enzymes that utilize amino acids as substrates often use the active form of vitamin Bg,
P5P. P5P-containing enzymes act largely as aminotransferases but also play roles in
neurotransmitter synthesis, the conversion of tryptophan to nicotinic acid, transulfuration,
glycogenolysis, and sphingosine biosynthesis.®® Metabolites in these pathways were
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dysregulated early and late after CPZ feeding (Figure 4c), and the level of a derivative of
P5P, pyridoxine, was downregulated in CPZ-treated oligodendrocytes (Figure 3i). The
coenzyme P5P is also known to interact with hydrazine derivatives;%061 thus, we explored
potential chemical interactions between CPZ and P5P as well as its possible downstream
impact on aminotransferase activity in oligodendrocytes.

Addition of CPZ to P5P causes an immediate shift in the absorbance at 350 nm, as
previously reported,3* which is stable for at least 86 h (Figure 6a). A comparison of a
solution of P5P and CPZ to that of CPZ, or P5P alone, by LC-MS showed the appearance of
a major peak with a retention time of 8.48 min at 777/2348.070 (Figure 6b and Supplemental
Figure 6a). A secondary peak was also noted at /m/z428.133. These peaks correspond to a
predicted complex involving CPZ hydrolyzed to form oxalylhydrazide bound through a
Schiff base to P5P ([CPZ-2R + P5P]*) and a similar complex retaining one cyclohexane ring
([CPZ-1R + P5P]™), respectively. As the [CPZ-2R + P5P]* species at /m/2348.070 is the
main analyte in solution, we sought to validate our proposed structure. We performed /n
sifico MS/MS to predict a fragmentation pattern and subsequently synthesized a [CPZ-2R +
P5P]* standard to verify the structure (Figure 6¢ and Supplemental Figure 6a). The
synthesized structure’s retention time (Supplemental Figure 6b) and fragmentation data
provide confirmation of the ability of CPZ to interact with P5P. NMR data also support a
positively charged Schiff base linkage between P5P and CPZ (Figure 6d). The resonance of
the proton on P5P coupled to the carbon of the Schiff base is shifted dramatically downfield
(8.75 ppm) of the aromatic proton (7.75 ppm), suggesting the presence of a positively
charged amino group. The chemical shifts of the aromatic proton (7.75 ppm) and Schiff base
proton (8.75 ppm) also demonstrate the charged nitrogen in the heterocyclic ring. The same
1H NMR peaks match the synthesized [CPZ-2R + P5P]* (Supplemental Figure 7).

Having support for the isolated binding of P5P and CPZ, we chose to examine the effect of
CPZ on aspartate aminotransferase (AST). AST is a prominent glial aminotransferase, which
catalyzes the reversible transamination between aspartate and a-ketoglutarate to form
oxaloacetate and glutamate.52 We monitored AST activity in the presence of CPZ by feeding
cells [1°N]aspartate and examining the production of [1°N]-glutamate (Figure 6e). The
percentage of labeled [1°N]-glutamate was significantly decreased in CPZ-treated cells at
both 4 and 6 h compared to vehicle controls, indicating that the rate of transfer of the amino
group catalyzed by AST is reduced in the presence of CPZ. Overall, these data support the
idea that P5P is an early target of cell intrinsic CPZ toxicity.

CONCLUSIONS

In this study, we have sought to identify oligodendrocyte-specific biochemical toxicity
associated with CPZ treatment. We confirm that there is cellular uptake of CPZ into cells
and unbound ligand is internalized /n vitro. By using analogues of protein copper sites, we
found that rather than actively chelating away copper, CPZ forms a complex with these
small molecules. Global metabolomic profiling of both CPZ-treated cells and tissues, from 2
and 6 week time points in the CPZ demyelination animal model, indicates a disruption of
shared metabolic pathways directly related to amino acid metabolism, including NAD™*
generation, glutathione metabolism, the one-carbon metabolism cycle, and lipid synthesis.
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These changes are region-specific and correlate to areas that develop demyelinating lesions.
Additionally, our spectroscopic data indicate that CPZ can bind P5P via Schiff base
formation, revealing a capacity for CPZ to disrupt metabolism through perturbation of
enzymes that require the coenzyme P5P such as AST. Our results point to region-specific
perturbations in amino acid metabolism that potentially represent a unique metabolic
vulnerability by oligodendrocytes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
CPz cuprizone (biscyclohexanone oxaldihydrazone)
CuCpz copper-bound cuprizone
LC-MS liquid chromatography—mass spectrometry
R copper-bound 1,8-dithia-4,11-diazacyclotetradecane
B copper-bound 1,4,7-triazacyclononane
DAG diacylglycerol
PC phosphatidylcholine
THF tetrahydrofolate
NAD* reduced nicotinamide adenine dinucleotide
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
P5P pyridoxal 5-phosphate
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Figure 1.

Cellular uptake and toxicity of CPZ in vitro. (a) A live/dead fluorescence assay was used to
measure the percentage of live MO3.13 cells treated with increasing concentrations of CPZ
at 6, 18, and 24 h. Concentrations ranged from 0 (vehicle) to 1 mM (black to white) (*P<
0.001; n= 24 cultures). Fluorescence microscopy of M0O3.13 cells treated with (b) vehicle or
(c) 1 mM CPZ and stained with anti-CNPase antibody after treatment for 12 h. (d)
Absorbance measurements at 600 nm for MO3.13 cells treated with 10 M CPZ (squares),
10 M CPZ and 5 M CuSQy4-5H,0 (circles), and 5 gM CuSQO,4-5H,0 (triangles). Tissue
culture medium was collected every 12 h (n7= 6 cultures for each condition). (€) MS/MS
data of unbound CPZ in cells matched to an authentic standard. The m/2279.18 — mlz
139.09 transition was used to determine the concentration of unbound ligand in cells. An
asterisk marks the parent ion.
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Figure 2.
CPZ forms a complex with small copper active site mimics. (a) Structures of both protein

active site mimics, abbreviated as R and B. Job plots showing the stoichiometric ligand
binding ratio of CPZ with (b) copper, (c) the R mimic, and (d) the B mimic. Solutions were
prepared with differing mole fractions of CPZ, ranging from 0.1 to 1 Xcpz in steps of 0.1
Xcpz, to explore CPZ’s binding preference as a ligand in each scenario (repeated in
triplicate). Each sample was analyzed at the respective complex Amax (CuCPZ at 600 nm,
CPZ and R at 583 nm, and CPZ and B at 627 nm). Direct injection TOF-MS spectra of the
CPZ and mimc B complex at (e) 3:1, (f) 1:3, and (g) 1:1 CPZ:B ratios. The solutions were
made in 35% acetonitrile at a total molar concentration of 1 mM and left to incubate for 1 h
prior to analysis. Two different forms of the proposed complex between B and CPZ are
denoted as [B + CPZ]* and [B + CPZ-R]*, where CPZ-R represents a CPZ with one
hydrolyzed cyclohexane ring.
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Figure 3.
CPZ perturbs the metabolism of MO3.13 cells. (a) Pathway analysis of metabolic changes

induced by CPZ treatment of MO3.13 cells as determined by MetaboAnalyst. The overview
shows all matched pathways according to Pvalues from pathway enrichment analysis and
pathway impact values from pathway topology analysis (varying from yellow to red). The
node color is based on the Pvalue, and the node radius is determined on the basis of the
pathway impact values. (b—i) Box and whisker plots of significant features (P < 0.05; ttest;
>2-fold change) identified with both parent ion and fragment ion information compared
between the CPZ (n=10) and control (CON) (n7= 10) treated M0O3.13 cells (*~< 0.001). 5-
HT represents 5-hydroxytryptophan and GSH reduced glutathione.
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Figure 4.
CPZ induces region-specific alterations in metabolism in the central nervous system. Global

metabolic profiling of the corpus callosum (CC) and spinal cord (SC) from C57BI/6 mice
after treatment with CPZ for 2 or 6 weeks and hippocampus after CPZ treatment for 6 weeks
(=10 mice per condition). (a) Percentage of dysregulated metabolic features (£ < 0.05; >2-
fold change) found in the CC, HP, and SC in CPZ-treated vs control mice. (b) Pathway
analysis of metabolic changes induced by cuprizone in the brain. Pathways were constructed
on the basis of putatively identified metabolites found dysregulated in both the CC and HP
based on information obtained with Metaboanalyst. The node color is based on the Pvalue,
and the node radius is determined on the basis of the pathway impact values. (c) Heat map of
metabolites changing in the CC, HP, and SC of CPZ-treated vs control mice (P< 0.05).
Metabolites were identified with accurate mass and fragmentation information. The
generated heat map ranges from a —log 2 fold change of 6 (red) to —6 (blue). Gray represents
a metabolite with a matching accurate mass but no confirmative MS/MS data.
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Figure 5.
CPZ perturbs lipid homeostasis in the corpus callosum but not the spinal cord. Shotgun

lipidomics was performed on CNS tissue from CPZ-treated and control mice. Lipid profiles
are expressed as the fold change ratio of the extracted corpus callosum (black) or the spinal
cord (gray), using the peak intensity fold change of CPZ-treated samples to vehicle-treated
samples. A ratio of 1 represents no change between the CPZ and the control sample group.
Ten mice were analyzed for each condition at either (a) 2 or (b) 6 weeks. Relative intensity
of (c) ceramide and (d) DAG lipids detected in the corpus callosum by shotgun lipidomics.
The relative intensity for each lipid species for control tissue (diagonally filled) and CPZ-
treated tissue (black) is the average of 10 mice per group. All ceramide and DAG lipid
changes have a Pof <0.001.
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Figure 6.
Pyridoxal 5’-phosphate is a potential /n vivo target for CPZ. (a) Absorbance spectroscopy of

a CPZ/P5P solution (red) compared to a P5P solution (blue). Both solutions were incubated
from 0 to 86 h to ensure stability (darker to lighter lines). (b) Solutions of P5P (red), CPZ
(blue), and CPZ with P5P (black) were examined via LC-MS. A TOF scan was performed
from 50 to 500 Da for each solution. The relative intensity for each analyte is shown. All
peaks from the CPZ/P5P solution overlap with known peaks, from either CPZ or P5P, except
those at /m/z348.070 and 428.133 (labeled). Each novel peak has the predicted complex
annotated above the peak, where CPZ-R represents a CPZ with one hydrolyzed cyclohexane
ring and CPZ-2R represents a CPZ with two hydrolyzed cyclohexane rings. (¢) MS/MS data
for the ion at m/z348.070 (collision energy of 20 V; the asterisk marks the parent ion) from
the CPZ/P5P solution matched to a synthesized standard. (d) 'H NMR data of the CPZ/P5P
solution indicating the presence of the Schiff base via the downfield-shifted amino group.
Large unlabeled peaks are attributed to sample solvent (methanol and water). (e) Cells were
treated for 4 or 8 h with CPZ after being pulsed with [1°N]aspartate, and the ratio of
[*°N]glutamate to unlabeled glutamate was measured for M03.13 cells treated with either
CPZ (gray) or vehicle (black) (*P< 0.001; n= 6 cultures, representative of duplicate
independent experiments) (top). Scheme showing the reaction catalyzed by AST with the
stable isotope-labeled nitrogen colored red (bottom).
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