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Abstract

Endogenous metabolites play essential roles in the regulation of cellular identity and activity. Here
we have investigated the process of oligodendrocyte precursor cell (OPC) differentiation, a process
that becomes limiting during progressive stages of demyelinating diseases, including multiple
sclerosis, using mass-spectrometry-based metabolomics. Levels of taurine, an aminosulfonic acid
possessing pleotropic biological activities and broad tissue distribution properties, were found to
be significantly elevated (~20-fold) during the course of oligodendrocyte differentiation and
maturation. When added exogenously at physiologically relevant concentrations, taurine was
found to dramatically enhance the processes of drug-induced /n vitro OPC differentiation and
maturation. Mechanism of action studies suggest that the oligodendrocyte-differentiation-
enhancing activities of taurine are driven primarily by its ability to directly increase available
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serine pools, which serve as the initial building block required for the synthesis of the
glycosphingolipid components of myelin that define the functional oligodendrocyte cell state.

Multiple sclerosis is a debilitating autoimmune disease characterized by primary
demyelination of axons and subsequent neuronal dysfunctionl:2. Disease remission in
multiple sclerosis is dependent on a regenerative process known as remyelination, which
persists throughout adulthood and involves the migration and subsequent differentiation of
OPCs, leading to the formation of newly formed oligodendrocytes?~’. OPCs are found to be
abundantly present in chronic lesions of multiple sclerosis patients, and as such, local
inhibition of OPC differentiation is thought to be causative in multiple sclerosis disease
progression8. A promising complementary approach to the treatment of multiple sclerosis,
as well as other demyelinating diseases, therefore, involves the identification of
pharmacological agents that directly stimulate the process of remyelination by enhancing the
process of OPC differentiation210-13, Recently, our lab and others have identified multiple
drug candidates using high-throughput screening approaches that induce OPC differentiation
in vitro and enhance remyelination in vivo in relevant rodent modelsl4-18. However,
additional potential treatment strategies, as well as a systems biology level of understanding
of the mechanisms associated with OPC differentiation and function, are clearly still needed.

Metabolomic profiling can not only define cell state and function, but also can play a critical
role in understanding processes associated with cellular differentiation and
reprogramming9-24, Several recent studies have demonstrated the important role of small-
molecule metabolites in mediating cellular reprogramming and differentiation. For example,
the production of glycolytic end products is found to be elevated in induced pluripotent stem
cells (iPSCs) following reprogramming, and somatic cell oxidative bio-energetic transitions
have been shown to facilitate nuclear reprogramming?. Similarly, using a global
metabolomics approach, we have previously found that cell-type-dependent metabolite
oxidation plays a key role in regulating embryonic stem cell (ESC) differentiation!®. In a
very recent study, naive ESCs were found to maintain a high level of intracellular a-
ketoglutarate, which is an important cofactor for demethylation reactions that help maintain
the pluripotent state23, Compared to metabolomics-based studies of iPSCs and ESCs, the
role of cellular metabolism, and notably central carbon metabolism, in the regulation of OPC
differentiation and myelination remains poorly understood. Herein, with the goal of
identifying mechanisms and molecules that could be used in the development of new
treatment strategies for multiple sclerosis, we have used a global metabolomics approach to
successfully identify endogenous metabolites that are significantly altered over the course of
the OPC differentiation process and can serve to directly impact cell fate.

RESULTS

Global comparative metabolomic analysis

Differentially regulated metabolites from OPCs and mature oligodendrocyte (OL) cells were
characterized by MS-based untargeted metabolomic and lipidomic analysis, involving
hydrophilic interaction chromatography (HILIC) and reversed-phase liquid chromatography
(RP), respectively, combined with electrospray ionization quadruple time-of-flight mass
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spectrometry (LC-ESI-QTOF-MS) (Supplementary Results, Supplementary Fig. 1). Using
established conditions for the /in7 vitro differentiation of purified primary OPC cultures
generated by immunopanning of rat optic nerves!’, we differentiated cells over the course of
6 d to a mature myelin basic protein positive (MBP™) fate using triiodothyronine (T3), a
known inducer of OPC differentiation?®. We performed metabolomics analysis on
normalized lysates derived from OPCs cultured for 6 d in basal media (2 ng/mL PDGFaa)
containing T3 or DMSO vehicle. Western-blot-based analysis of MBP in lysates derived
from parallel cultures was used to confirm relative differentiation efficiency. Consistent with
previous studies of ESC cultures!®, RP lipidomics showed more altered lipids with a highly
unsaturated degree in OPCs compared to those in the OLs (Supplementary Fig. 2). Using
HILIC-based metabolomics analysis, we evaluated metabolites associated with cellular
respiration, which, as described above, have previously been found to play essential roles in
cellular differentiation processes2°. Mature OLs were found to have many altered features in
comparison to immature OPCs, with over 100 features identified following manual filtering.
Most of these features were found to be upregulated in the mature OL population. Among
22 identified metabolites associated with respiration and redox processes, glycolysis, TCA
cycle, nucleoside, pyrimidine and purine biosynthesis pathways were all significantly
enriched (Fig. 1a). This observation is also consistent with previous studies investigating the
differences between iPSCs and somatic cells?%-26. Furthermore, levels of central carbon
metabolites, including tricarboxylic acids as well as pyrimidine and purine nucleotides,
decrease significantly when somatic cells are reprogrammed to iPSCs?’, suggesting some
overlap between the proliferating metabolomic states of OPCs and iPSCs.

As mentioned, changes in oxidative status are associated with and play an important role in
cellular reprogramming and differentiation®. When mammalian cells are exposed to
increased oxidative stress, the glutathione/oxidized glutathione (GSH/GSSG) ratio decreases
as GSH is converted to GSSG. Thus, we quantified GSH/GSSG to evaluate the change in
oxidation status over the course of OPC differentiation. As shown in Supplementary Figure
3, a substantial decrease in the GSH/GSSG ratio was observed in OLs when compared to
OPCs. These observations suggest that redox regulation could be an important factor in
mediating OPC differentiation and/or OL maturation.

Targeted metabolomic pathway analysis

Intriguingly, taurine and creatine pathways were found to be the most highly altered events
associated with OPC differentiation. Taurine and hypotaurine increased by over 20- and 10-
fold, respectively, and metabolites in the creatine pathway were also upregulated by at least
an order of magnitude (Fig. 1a). A targeted analysis of ~20 metabolites upstream and
downstream of the taurine and creatine pathways was performed using triple-quadrupole MS
(QQQ-MS) in multiple reaction monitoring (MRM) mode to increase the sensitivity and
examine additional metabolites associated with these pathways (Fig. 1b). Metabolites from
both pathways were found to be upregulated in differentiated OLs, consistent with global
metabolomic analyses. Specifically, creatine, creatinine and phosphocreatine, as well as
taurine, hypotaurine and taurocyamine, were all found to be ~4-5-fold upregulated in
differentiated OLs (Fig. 1b) based on targeted quantitative analysis. The upstream metabolite
cysteine was significantly (~4-fold) decreased in mature OLs, consistent with its role as a
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primary precursor of taurine (Fig. 1b). Overall, results derived from targeted metabolomic
analysis were consistent with the findings of the global metabolomics study, with more
metabolites along the relevant pathways being observed at differentiable levels.

Impact of exogenously supplemented metabolites

To examine the physiological function of these metabolites and determine their potential
ability to impact the OPC differentiation process, we supplemented several of the most
altered metabolites associated with OPC differentiation, including taurine, hypotaurine,
creatine and phosphocreatine (PCr), to basal and drug-induced differentiation conditions at
three physiologically relevant concentrations (0.2, 2 and 20 mM). Compounds were added
alone or as mixtures in the presence or absence of optimal or suboptimal concentrations of
the known OPC-differentiation-inducing drugs benztropine or miconazole. Notably,
although both of these drugs have been shown to induce OPC differentiation /in vitroand in
vivor>17 the observed maximal /in vitro efficacy of both drugs is suboptimal in comparison
to that observed for T3. When evaluated in the absence of benztropine or miconazole, no
significant effect was observed for any combination or single metabolite. However, when
added to either benztropine- or miconazole-containing media, taurine was found to
dramatically increase the efficacy of drug-induced OPC differentiation, as determined by
western blot (Fig. 2a,b) or automated immunofluorescence analysis (Fig. 2c,d). Specifically,
expression levels of MBP in miconazole- or benztropine-induced differentiation cultures
were increased by 2.3- and 2-fold, respectively (Fig. 2a,b; Supplementary Fig. 4a,b).
Creatine and PCr also showed some additive effects; however, interpretation of results
derived from creatine supplementation were confounded by its essential pre-existing
presence in media used for the culture and differentiation of OPCs.

Using an established high-content imaging assay!’, based on MBP expression, we evaluated
matrices of 10 concentrations each of taurine and miconazole or benztropine to determine
optimal combination treatment conditions. In addition to confirming the overall
enhancement of induced differentiation that was observed by western-blot-based analysis,
the results of the high-content imaging analysis indicate that addition of >2 mM taurine also
enhances overall cell number by over 20% relative to drug treatment alone (Supplementary
Fig. 4c,d). Furthermore, we assessed the impact of exogenous taurine addition on drug-
induced OL maturation and function using an established confocal-microscopy-based
imaging assay involving co-cultured primary mouse cortical neuronst’. Following 14 d of
neuron—-OPC co-culture, 2 mM taurine was found to significantly increase the observed
index of MBP colocalization with axons in cultures treated with either benzotropine or
miconazole to induce OPC differentiation (Fig. 3a—c).

Differentiation-state-dependent effects of taurine

During the course of /n vitroand in vivo OPC differentiation, cells transition though an
immature MBP~ ‘premyelinating” oligodendrocyte state?28. In our assay system, this occurs
between day 2 and 3 of differentiationl’. To determine the stage of OPC differentiation at
which taurine enhances drug efficacy, we tested the effect of taurine at various time points
by initiating dosing with taurine at days 0 to 5 and evaluating cell cultures at day 6. The
most significant impact on MBP expression was observed when taurine was added between

Nat Chem Biol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyer et al.

Page 5

days 1 and 3, with addition on day 0 being significantly less efficacious (Supplementary Fig.
5a,b), suggesting that taurine facilitates the maturation of premyelinating OLs rather than
inducing cell cycle exit and/or the differentiation of fully immature proliferating OPCs.
Consistently, addition of taurine to basal (DMSO vehicle) or drug-induced differentiation
conditions on day 0, 1 or 3 was found to have a minimal, albeit statistically significant,
impact on the number of residual immature A2B5* OPCs at day 3 or 6 (Supplementary Fig.
5c¢,d). This temporal trend also coincided with the decrease of the oxidative stress marker
GSH/GSSG at day 3 (Supplementary Fig. 3).

Impact of taurine on mitochondrial function

In addition to its ability to function in the maintenance of buffer capacity, redox potential,
osmoregulation and membrane stabilization, taurine can modulate ion flux and act as a
neuromodulator to control synaptic transmission and enhance or preserve mitochondrial
function in response to increased secondary metabolite demand or excitotoxicity22:30,
Specifically, taurine has been shown to be able to regulate intracellular calcium levels and
preserve mitochondrial energy metabolism in glutamate-challenged cultures of cerebellar
granule cells31. When proliferating OPCs differentiate to OLs that function to produce
myelin, mitochondrial energy requirements are presumably challenged in response to the
activation of phospholipid biosynthetic pathways. We therefore examined oxygen
consumption rates (OCR) associated with mitochondrial respiratory activity using an XFe96
Seahorse instrument. Addition of 2 mM taurine to culture media significantly increased
OCR values at day 6 under basal, as well as benztropine- or miconazole-induced,
differentiation conditions (Fig. 4a). Interestingly, miconazole treatment alone was found to
have a negative impact on OCR values compared to DMSO or benztropine treatment (Fig.
4a). These observations are in agreement with the ability of taurine to enhance mitochondrial
function in both OPCs and OLs. Consistent with the critical dependence of OPCs and OLs
on mitochondrial function, treatment with the mitochondrial function inhibitors oligomycin
or rotenone induced cell death within 24 h at all concentrations tested, which precluded the
ability to evaluate the impact of taurine rescue following treatment with these agents in the
differentiation assay.

Impact of taurine on OPC and OL survival

Related to a beneficial impact on the process of mitochondrial function, the observed overall
differentiation-enhancing effect of taurine could be derived from a protective effect
associated with inhibition of apoptosis. Substantial apoptosis would be expected to occur as
OPC:s exit the cell cycle in response to growth-factor withdrawal, as well as during the
process of pre-oligodendrocyte maturation. As such, we evaluated the impact of taurine
addition on cell survival and apoptosis over the course of the oligodendrocyte differentiation
process using CellTiter Glo and Caspase-Glo 3/7 assays. When added at day 0
(Supplementary Fig. 6a,c) or day 3 (Fig. 4b; Supplementary Fig. 6b,d), taurine was found to
decrease caspase-3/7 activation 24 h following supplementation under drug-induced
differentiation conditions (i.e., 1 UM T3, 0.5 uM benztropine or 2 uM miconazole). This
finding is consistent with the observed beneficial impact on overall survival at day 6, as
described above (Supplementary Fig. 4c,d). Taurine was also found to significantly inhibit
apoptosis in OPCs treated with staurosporine, which served as a positive control for
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apoptosis induction (Supplementary Fig. 6a,b). Taurine did not display any impact on
apoptosis or survival under basal (DMSO vehicle) differentiation conditions (Fig. 4b;
Supplementary Fig. 6a,b).

Impact of taurine on oxidative stress in OPCs and OLs

Oxidative stress has been demonstrated to disrupt oligodendrocyte differentiation by directly
decreasing the expression of key pro-differentiation genes and increasing the expression of
genes known to inhibit differentiation32. Furthermore, changes in intracellular redox state
have been reported to be sufficient to drive the balance between self-renewal and
differentiation during the course of OL differentiation33. We evaluated the potential impact
of taurine-mediated redox state modulation on OL differentiation efficiency by evaluating
the impact of alternative reducing agents on basal (DMSO vehicle) or drug-induced OL
differentiation. Although reduced glutathione (10 uM GSH; Fig. 4c¢) had no significant effect
on differentiation efficiency under basal conditions (DMSO), it was found to significantly
enhance the overall efficiency of T3-induced differentiation (Fig. 4c; Supplementary Fig.
7a), as well as the observed total nuclei count (Supplementary Fig. 7b). Reduced glutathione
was also found to enhance the overall efficiency of benztropine- or miconazole-induced
differentiation, albeit to a lesser extent than what is observed following taurine addition (Fig.
4c; Supplementary Fig. 7a), and the impact on total cell number was not found to be
significant (Supplementary Fig. 7b). As such, modulation of redox state could be a
beneficial contributing mechanism that serves to enhance the process of drug-induced OL
differentiation. However, the inability to fully recapitulate the activity of taurine with
alternative biological reducing agents indicates that this activity is not likely the sole
mechanism by which taurine enhances the process of OL differentiation.

Taurine-induced metabolomic changes

To identify metabolic changes that are directly impacted by exogenous taurine
supplementation in OPCs and OLs, binary global metabolomics analysis was performed
between cell lysates following treatment with a given differentiation-inducing agent (i.e., T3,
benztropine or miconazole) in the presence or absence of 20 mM taurine for 3 or 6 d. This
pair-wise analysis allowed drug-specific and differentiation-state-dependent effects to be
filtered out, thereby enabling the identification of metabolomic changes that are specific to
taurine supplementation. This analysis revealed that relatively few metabolite pools are
impacted by taurine supplementation. However, we observed significantly increased serine
and cysteine pools in lysates derived from taurine-treated OPCs following 3 d of drug-
induced differentiation using T3 (1 uM, 17.1- and 58.8-fold, respectively; Fig. 5a),
benztropine (0.5 pM, 10.0- and 154.4-fold, respectively; Supplementary Fig. 8a) or
miconazole (2 uM, 19.4- and 76.5-fold, respectively; Supplementary Fig. 8b). Similarly, at
day 6, we observed that serine and cysteine levels were significantly higher in lysates
derived from taurine-treated OPCs differentiated using T3 (1 uM, 2.1- and 26.6-fold,
respectively; Fig. 5a), benztropine (0.5 UM, 13.4- and 44.7-fold, respectively;
Supplementary Fig. 8a) or miconazole (2 uM, 92.5- and 47.2-fold, respectively;
Supplementary Fig. 8b). We found slightly higher GSH levels in lysates derived from
taurine-treated OPCs differentiated using T3 (1 uM) at day 3 (1.8-fold; Fig. 5a) and day 6
(6.1-fold; Fig. 5a). Changes in GSH and glutamate were found be only minimally altered in
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benztropine- (0.5 pM) or miconazole (2 uM)-treated cultures at both time points
(Supplementary Fig. 8a,b). Collectively, the observed impacts on metabolite pools at
different stages of the differentiation process imply that the addition of taurine reduces the
need for serine and cysteine biosynthesis and/or increases available pools of these
metabolites for alternative biosynthetic functions that are potentially required for OL
maturation and/or function. Indeed, under optimal conditions of T3-induced differentiation,
lower observed serine levels at day 6 following taurine supplementation as compared to
those observed at day 3 (Fig. 5a) suggests that serine pools derived from taurine are
consumed by other biosynthetic pathways in mature OLS.

Direct effect of taurine on OPC differentiation

An alternative mechanism by which exogenously added taurine could enhance the process of
drug-induced differentiation is by directly modulating the activity of a receptor or ion
transporter (as described above), which serves to either stimulate or inhibit OL
differentiation. Indeed, M1/M3 muscarinic receptor antagonism, and the associated altered
intracellular calcium levels, is an essential component of the mechanism of benztropine- and
clemastine-induced OPC differentiation1’18, To determine whether taurine itself contributes
to the process of OPC differentiation, as opposed to having indirect effects on redox state or
mitochondrial health and cell viability, we inhibited endogenous taurine biosynthesis using
propargylglycine (PPG). PPG is an irreversible inhibitor of cystathionine y-lyase, which can
be used to inhibit the conversion of L-cystathionine to L-cysteine and downstream taurine
biosynthesis in cells3#. Importantly, this also results in the inhibition of glutathione
biosynthesis (Fig. 5b). The relative contribution of these two potential mechanisms could
therefore be elucidated by adding either exogenous taurine or glutathione in combination
with PPG. If taurine acts by a mechanism involving direct modulation of the function of an
essential protein, PPG treatment would inhibit oligodendrocyte differentiation, and this
effect could be rescued by exogenously adding back taurine. Similarly, if the OPC
differentiation-enhancing activity of taurine is derived exclusively from a redox effect that
results from the combined activities of increased levels taurine and glutathione, PPG
treatment would inhibit oligodendrocyte differentiation, and this effect could be rescued by
exogenously adding back reduced glutathione and/or other alternative biological reducing
agents. However, paradoxically, PPG (10 pM) was found to significantly enhance the
observed efficacy of all drug-induced differentiation conditions when added at day 0 (Fig.
5c; Supplementary Fig. 9a). Furthermore, the magnitude of this effect was found to be
similar to the effect of adding taurine itself to any given drug-induced differentiation
condition, including T3 (Fig. 5¢). Consistent with the effect of taurine addition, PPG had
virtually no impact on differentiation efficiency under basal vehicle-treated conditions. (Fig.
5c¢). Importantly, PPG was not found to impact overall survival in OPC cultures treated with
DMSO, benztropine (0.5 uM) or miconazole (2 uM) (Supplementary Fig. 9b). In the case of
T3 (1 uM) treatment, PPG (10 uM) was actually found to enhance overall cell number
(Supplementary Fig. 9b). These observations make it unlikely that taurine itself stimulates a
pro-differentiation process by directly interacting with a relevant receptor or alternative
protein target, but rather that exogenous taurine enhances OL differentiation by serving as a
feedstock to produce a limiting metabolite pool. Furthermore, as PPG negatively impacts
GSH biosynthesis, and, as GSH and glutamate levels were found to be only minimally
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impacted by taurine supplementation (Fig. 5a; Supplementary Fig. 8a,b), it is unlikely that a
redox state effect is the primary mechanism contributing to the overall beneficial impact of
taurine supplementation on OL differentiation and maturation.

DISCUSSION

This study used unbiased global metabolomics together with targeted analyses to identify
altered metabolite pools associated with the process of OL differentiation and maturation. In
addition to the significant observed changes that were anticipated in lipid metabolite
profiles, many hydrophilic small-molecule metabolites were identified as being highly
altered. Several of these metabolites were found to dramatically improve the processes of
OPC differentiation when co-treated with various mechanistically unrelated remyelination-
enhancing drugs. These findings provide support for the notion that cell state and/or cell fate
can be effectively modulated using strategies that involve supplementation with
endogenously produced upregulated metabolites that are associated with the desired
phenotype. Specifically, several exogenously supplemented metabolites that were found to
increase significantly in mature OLs when compared to immature OPCs—most notably
taurine—were found to significantly enhance the processes of OL differentiation.

Mechanistic studies suggest that although taurine supplementation can impact the processes
of mitochondrial function and oxidative stress in a beneficial manner in this system, neither
of these effects alone fully account for the observed differentiation- and maturation-
enhancing activities of taurine. Surprisingly, the effect of taurine supplementation was found
to be fully recapitulated when endogenous taurine biosynthesis, as well as GSH production,
was blocked via the inhibition of an upstream enzyme. This seemingly paradoxical finding
suggests that the primary mechanism by which exogenous taurine supplementation enhances
OL differentiation is by reversing pathway flux. This notion is consistent with the results of
binary global metabolomics analysis, which indicated that serine and cysteine are the most
altered metabolite pools impacted by exogenous taurine addition. A reversal in flux, and/or
taurine’s ability to serve as an alternative feedstock, results in dramatically increased pools
of serine, which serves as a primary building block for the glycosphingolipid (GSL)
biosynthesis that is required to produce myelin.

GSL biosynthesis begins with the condensation of L-serine and palmitoyl-CoA to form 3-
ketosphinganine and, subsequently, ceramide, which is the common precursor of
sphingomyelin, gangliosides and galactolipids3®. Increased flux through the GSL
biosynthetic pathway would impact OL maturation both by directly increasing the
production of functional biomolecules that define the OL cell state and by modulating lipid
signaling pathways that are known to impact differentiation at the transcriptional level. OL
differentiation proceeds through a series of intermediate cell states that are not only defined
by the presence of GSL surface antigens, but also directly impacted by the relative levels of
specific GSLs3®. It has been demonstrated, for example, that GSL levels serve as sensors and
transmitters of environmental information that can directly impact the expression of myelin
genes and cause the arrest of terminal oligodendrocyte differentiation36-37. Perhaps more
importantly, enhanced flux through GSL biosynthetic pathways would lead to the direct
production of myelin components and potentially the enhanced functional myelination of
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axons. When one considers that an essential function of an oligodendrocyte is the production
of GSLs, which along with cholesterol make up the majority of the lipid components of
myelin (~31% and ~27%, respectively3?), it is internally consistent that taurine
supplementation can enhance OL maturation by directly enabling GSL biosynthesis.

The actual clinical relevance of our findings will require extensive preclinical evaluation
involving quantitative analysis of the impact of taurine supplementation on /n7 vivo drug-
induced remyelination in the context of relevant rodent models of demyelinating disease.
Nonetheless, the potential utility is appealing. Taurine is found in the brain at millimolar
concentrations and it is a very well-tolerated agent that is actively transported across the
blood-brain barrier38. As such, taurine supplementation, in combination with existing
standard of care drugs, could be a feasible treatment strategy to improve remyelination by
enhancing GSL biosynthesis in OLs. A similar strategy involving oral formulation of high
dose biotin, which serves as a cofactor for essential carboxylase enzymes required for fatty
acid synthesis, has recently been demonstrated to provide benefit in patients with not-active
progressive multiple sclerosis3®. Intriguingly, taurine has previously been identified as a
dysregulated metabolite in animal models of multiple sclerosis disease, including nonhuman
primate models??, and its plasma levels can be used to distinguish PLP-induced
experimental autoimmune encephalomyelitis (EAE) mice from naive controls*1-44, At a
minimum, these findings demonstrate the utility of global metabolomic analyses in the
identification of endogenous metabolites that can serve to modulate cellular phenotypes.

ONLINE METHODS

Metabolites and small molecules

All the endogenous metabolites used in this study were from Sigma-Aldrich. Benztropine,
miconazole and triiodothyronine (T3) were purchased from Sigma-Aldrich (Saint Louis,
MO). All the chemicals used in this study have a purity = 95%.

Rat primary optic nerve OPCs were isolated by panning (>99% A2B5") and cultured in
poly-p-lysine (10 pg/ml)-coated TC dishes in OPC culture media (Neurobasal Media,
Invitrogen) supplemented with B27 without vitamin A (Invitrogen), 1x nonessential amino
acids, 1x Glutamax, 1x anti-anti, p-mercaptoethanol and PDGFaa (50 ng/ml; Peprotech) at
37 °C with 5% CO,. The culture medium was replaced every 48 h, and cells were collected
before the confluency reached 60% to maintain a naive state. For differentiation, OPCs were
plated at 1 million cells in one 10-cm Petri dish filled with differentiation media, which is
identical to the culture media but with PDGF-AA at 2 ng/ml. T3 and DMSO were used as
the positive control and negative control, respectively. Five replicates of cells were collected
at different times (0, 3 and 6 d) for metabolomics studies.

Global metabolomics and lipidomics

Cells incubated in differentiation medium were collected at day 0, 3 and 6 for both the T3-
and DMSO-treated OPCs. The cells were first rinsed with PBS twice to completely remove
the culture medium and then scraped into a 1.5-mL Eppendorf vial using 500-1,000 pL
PBS. Subsequently, cells were collected by aspirating the supernatant after centrifugation at
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1,000 r.p.m. at 4 °C for 3 min. The global metabolites were extracted from cell pellets by a
methanol:acetonitrile:water (2:2:1; v/v) solvent mixture. A volume of 600 uL cold solvent
was added to each pellet, vortexed for 30 s, and soaked in liquid nitrogen for 1 min. Samples
were then allowed to thaw at room temperature and then sonicated for 10 min. This freeze-
thaw process was repeated twice. To further precipitate proteins, samples were incubated for
1 hat -=20 °C and then centrifuged at 16,000g at 4 °C for 15 min. The protein concentration
of the cells was measured in the final pellet after centrifugation using BCA assay. The
resulting supernatant was removed and evaporated to dryness in a vacuum concentrator
(Labconco CentriVap Benchtop). The dry extracts were then reconstituted in the appropriate
volume of acetonitrile/water (1:1; v/v), normalized by the protein concentration with the
lowest concentration approximately 50 L, sonicated for 10 min, and centrifuged for 15 min
at 16, 000g and 4 °C to remove insoluble debris. The supernatants were transferred to HPLC
vials with inserts and stored at =20 °C before LC-MS analysis. The Folch method was used
to extract the lipids from OPCs treated with T3 and DMSO for 6 d. A mixture of 600 L
chloroform/MeOH (2:1; v/v) was used in the freeze-thaw extraction method as described
above, and a subsequent addition of 600 uL of water was performed. Using this liquid-liquid
extraction method, the organic phase was collected, dried and finally reconstituted in IPA/
MeOH/H,0 (5:1:4; v/viv) before analysis.

Cell extracts were analyzed on a 6550 iFunnel QTOF mass spectrometer (Agilent
Technologies) coupled with a 1290 UPLC system (Agilent Technologies). For global
metabolomics, HPLC was carried out on a Luna Aminopropyl, 3 um, 150 mm x 1.0 mm I.D.
HILIC column (Phenomenex). The mobile phase was composed of A = 20 mM ammonium
acetate and 40 mM ammonium hydroxide in 95% water (v/v) and B = 95% acetonitrile; the
remaining 5% components were either acetonitrile or water, respectively. A linear gradient
from 100% B (0-5 min) to 100% A (50-55 min) was applied. A 10-min re-equilibration
time was applied to the HILIC column for re-equilibration and maintenance of
reproducibility. The flow rate was 50 uL/min, and the sample injection volume was 5 uL.
ESI source conditions were set as follows: dry gas temperature, 200 °C; flow, 11 L/min;
fragmentor, 380 V; sheath gas temperature, 300 °C; flow, 9 L/min; nozzle voltage, 500 V;
capillary voltage, =500 V in ESI negative mode. The instrument was set to acquire data over
the m/zrange of 50-1,000, with the MS acquisition rate of 1 spectra/s. The sample sequence
was randomized to avoid systematic decreases in signals over sample sets. For the MS/MS
of selected precursors, the default isolation width was set as narrow (~1.3 7/2), with a MS
acquisition rate at 2 spectra/s and MS/MS acquisition at 2 spectra/s to acquire over the m/z
range 50-1,000 and 25-1,000, respectively. MS/MS data were acquired at the collision
energy of 20 V and 40 V.

For the lipidomics profiling, the separation was conducted using an Agilent ZORBAX
Eclipse Plus RRHD C18 column (2.1 x 100 mm, 1.8 um). The mobile phase contains A
(5:1:4 IPA/MeOH/H,0 with 5 mM NH4OAc and 0.1% CH3COOQOH) and B (99:1 IPA/H,0
with 5 mM NH40OAc and 0.1% CH3COOH). The mobile phase starts with 0% B for 3 min
and increases to 20% B in the following two minutes. The gradient gradually increases to
30% B until 25 min and further to 95% B in next 10 min, which is maintained for 2 min.
Subsequently, the mobile phase is set to the original 0% B (37-38 min) and another 10 min
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re-equilibration time was applied to for re-equilibration. The flow rate is 0.35 mL/min and
the temperature keeps at 50 °C.

LC-MS data were converted to mzXML files using Masshunter Acquisition Software
(Agilent Masshunter 6.0B). The mzXML files were uploaded to XCMS Online web
platform for data processing (https:/xcmsonline.scripps.edu)®® including peak detection,
retention time correction, profile alignment, and isotope annotation. Data were processed
using both pair-wise and multigroup comparison, and the parameter settings were as follows:
centWave for feature detection (Am/z= 15 p.p.m.; minimum peak width = 10 s; and
maximum peak width = 60 s); obiwarp settings for retention time correction (profStep =
0.5); and parameters for chromatogram alignment, including mzwid = 0.015, minfrac = 0.5,
and bw = 5. The relative quantification of metabolite features was based on extracted ion
chromatogram (EIC) areas. Paired parametric t-test and one-way ANOVA (post-hoc Tukey
test) were used to test the variation pattern of metabolite features between and across cell
samples collected at different times after being treated with T3 and DMSO. Multiple group
analysis and pairwise comparisons between DMSO and T3 at individual incubation time
were conducted. The results output, including EICs, pairwise/multigroup cloud plot,
multidimensional scaling plots, and principle components were exported directly from
XCMS Online. Generally, the numbers of total pairwise comparison features and
significantly altered features (statistically defined as £< 0.01, including both upregulated
and downregulated features) were reported in this study.

Targeted multiple pathway analysis

The metabolites in the upstream and downstream of taurine and creatine pathways are of
great interest in this study. Due to the poor stability of several sulfur-containing compounds
including cysteine, GSH and GSSG, a different extraction method from the global
metabolomics was developed and validated. Briefly, cell pellets were extracted with 150 pL
75% ACN in water modified with 0.1% formic acid using the freeze-thaw method
mentioned above. Samples were centrifuged at 16,000g and 4 °C for 15 min, and the
supernatant was directly injected into the Agilent triple-quad (QQQ, Agilent 6495). It was
operated in multiple reaction monitoring mode (MRM), in which the collision energies and
product ions (MS2 or quantifier and qualifier ion transitions) were pre-optimized for each
metabolite of interest (Supplementary Table 1). Cycle time was 50 ms for each transition.
ESI source conditions were set as the following: gas temperature, 250 °C; gas flow, 14 L/
min; nebulizer, 20 psi; sheath gas, 250 °C; sheath gas flow, 11 L/min; capillary voltage,
3,000 V; nozzle voltage, 1,500 V; and EMV, 1,000 V in ESI positive mode. The analyses
were performed on the Imtakt Amino Acid column (length 150 x i.d. 2 mm, particle size 3
pum). The mobile phase was composed of A =50 mM ammonium formate in water (v/v) and
B = 100% acetonitrile in 0.1% formic acid. A linear gradient from 70% B (0-1 min) to 70%
A (1-12 min, maintaining for 2 min) was applied. A 12-min re-equilibration time was
applied to the column for re-equilibration. The flow rate was 200 pL/min, and the sample
injection volume was 20 L.
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High-content imaging

For dose—response co-treatment experiments, black, clear-bottom 384-well plates (Greiner)
were coated with poly-p-lysine (10 ug/mL in PBS). Miconazole and benztropine were added
at 8 doses in differentiation media; three-fold dilutions down from 10 uM. Taurine was then
added at 8 concentrations; three-fold dilutions down from 20 mM. This 384-well format was
also used for experiments combining benztropine (0.5 pM), miconazole (2 uM) or T3 (1
uM) with propargylglycine (0.1, 3, 10 or 30 uM), reduced glutathione (1, 10, 30 or 100 pM)
or ascorbic acid (1, 10, 30 or 100 mM). OPCs were then seeded at a density of 1,000 cells
per well, and the plates were incubated at 37 °C with 5% CO2 for 6 d. For time-course
experiments, cells were seeded at a density of 5,000 cells per well in poly-p-lysine-coated
96-well plates. Cells were treated with DMSO (0.1%), benztropine (0.5 uM), miconazole (2
uM) or T3 (1 uM) on day 0, and taurine (20 mM) was added at 0, 1 or 3 d post-drug
treatment. The plates were incubated at 37 °C with 5% CO2 for 6 d. On day 6, cells were
then fixed for 20 min with 4% formaldehyde solution and stained with anti-MBP antibody
(cat. #MAB382, Millipore) or anti-A2B5 antibody (cat. #MAB312, Millipore) in 3% BSA,
0.3% Triton X-100 with overnight incubation at 4 °C. The cells were washed and incubated
with secondary antibody (Alexa Fluor 488 goat anti-mouse 1gG, Life Technologies) and
DAPI (Invitrogen) for 1 h at room temperature. The cells were washed and plates were
sealed and imaged using an Opera confocal imaging reader (PerkinElmer) or a Cellomics
Cell Insight imaging reader (Thermo). An air x10 lens was used to capture nine images per
well at both wavelengths (488 and 365 nm), with each image representing a different unique
locations field in a single well. For image analysis, DAPI-stained nuclei and MBP-positive
or A2B5-positive cell bodies were detected using an algorithm that selects for positive cell
bodies and nuclei within a range of fluorescent emission values and sizes as determined by
fitting parameters to positive (T3, 1 M) and negative (DMSO, 0.1%) controls. The number
of DAPI-positive objects were enumerated in experiments where cell counts were required.
Numerical results from the analyzed images were later exported for analysis using Excel
(Microsoft) and/or Genedata software.

Cell viability analysis

In poly-p-lysine-coated white 384-well plates (Greiner), benztropine (0.5 uM), miconazole
(2 uM) or T3 (1 uM) were added in combination with rotenone (0.1, 1, 3 or 10 uM) or
oligomycin (0.1, 1, 3 or 10 pM). Cells were then seeded at a density of 1,000 cells per well,
and the plates were incubated at 37 °C with 5% CO2 for 1, 3 or 6 d. At these three time
points, the CellTiter-Glo Luminescent Cell Viability Assay (Promega) was used to analyze
cytotoxicity.

Detection of caspase 3/7

In poly-p-lysine-coated white 96-well plates (Greiner), cells were seeded at 5,000 cells per
well. Taurine (20 mM) was added on days 0 or 3, alone and in combination with benztropine
(0.5 pM), miconazole (2 uM), T3 (1 uM) or staurosporine (1 uM) added on day 0. The
Caspase-Glo 3/7 Assay (Promega) was used to quantify caspase-3/7 activity 6, 24 and 48 h
after drug and taurine addition on day 0. Caspase-3/7 activity was also measured 24, 48 and
72 h (days 4, 5 and 6) after taurine addition on day 3.
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In vitro OL maturation assay

Cortical and hippocampal tissue was dissected from C57BL/6 mice at embryonic day 14 and
dissociated in 0.5% trypsin with 100 U/mL DNase I diluted in HBSS (+/+) for 10 min at

37 °C. The reaction was stopped by supplementing to a final concentration of 10% v/v FBS,
100 pg/mL Soybean Trypsin Inhibitor and 10 U/mL DNase I. Cells were resuspended in
plating media consisting of equal volumes of FCS, HBSS (+/+), high-glucose DMEM with
L-glutamine, and F-12 with L-glutamine, and then plated onto acid prewashed German glass
coverslips coated with 50 pg/mL poly-p-lysine and 20 pg/mL laminin at a density of 50,000
cells/cm?2. Cells were allowed to attach for 2 h and then coverslips were rinsed with PBS
before being transferred to a 24-well plate containing 0.5 mL growth media consisting of:
Neurobasal medium, B27 supplement (Gibco), 0.5% Glutamax (Thermo), 5 pg/mL
gentamycin and 5 pM glutamic acid. Half of the cell media was replaced after 3 days in
culture with supplemental growth media not containing glutamic acid6. After 5 days in
culture, rat-derived cortical OPCs were added to the neuronal culture at a density of 5,000
cells/cm?2. Co-culture media was used to resuspend and plate OPCs consisting of a 1:3
mixture of neuronal growth supplement (as above) and oligodendrocyte differentiation
media, containing DMEM/F-12 (with L-glutamine), insulin-free N2 supplement, 1x
Glutamax, 1x MEM nonessential amino acids, 1xp-mercaptoethanol, 2 ng/mL PDGF and 5
pg/mL gentamycin. All drugs and taurine co-treatment were added once to the culture upon
plating of OPCs at the following concentrations: 0.5 uM benztropine and 1.0 uM
miconazole, each with or without 2 mM taurine. Cultures were maintained by replacing half
of the media every 3 d, maintaining an equivalent concentration of taurine throughout in
appropriate wells. Fourteen days after addition of OPC and drug treatments co-cultures were
fixed for 15 min in 4% PFA and stained sequentially overnight with TUJ1 (cat. #MMS-435P,
Covance) and MBP (cat. #ab134018, Abcam) antibodies, each immediately followed by
associated secondary antibodies (Alexa Fluor 488 goat anti-mouse 1gG, Life Technologies;
Cy3 goat anti-chicken, Jackson ImmunoResearch) (Thermo) and Cy3-Goat anti-Chicken
(Jackson ImmunoResearch) and 1 pg/mL DAPI for nuclear counterstain. Immunostained
coverslips were then S7 invert mounted on glass slides using Fluoromount G (Southern
Biotech). Randomly selected regions of 25 fields or greater were imaged at 63x
magnification using a Zeiss 780 confocal microsope. Z-projection images were then
rendered in Imaris (Bitplane) to identify apposition of oligodendrocyte and neuronal
processes. Colocalization was quantified within regions of interest delineated as the
periphery of individual oligodendrocytes. The colocalization index (adapted from a
previously described method4”) was calculated as the total proportion of colocalized 3D
surface area between Tujl (neuron) and oligodendrocyte (MBP) over total Tuj1 (neuronal
process) area enclosed within each oligodendrocyte process tree as the selected region of
interest (ROI; see Fig. 3b). Mean colocalization values for each condition were normalized
to the DMSO condition mean analyzed statistically using Prism software (GraphPad, v7) for
two-way ANOVA comparisons (drug treatment x taurine supplement) with Tukey’s post-
tests for statistical significance.

Statistical comparison of myelination in drug-treated co-cultures as well as drug-treated co-
cultures with taurine supplement showed a significant main effect for benztropine (F(1,56) =
27.82; P<0.0001) and taurine supplement (F(1,56) = 10.8; = 0.0018), with significant
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Tukey post-hoc results for benztropine alone vs. DMSO (g = 3.19; P=0.0442), benztropine
+ taurine vs. DMSO (g = 8.48; P< 0.0001) and benztropine + taurine vs. benztropine alone
(g=>5.09; P=0.0037). Additionally, there was a significant main effect for miconazole
treatment (F(1,46) = 24.9; £<0.0001) and a main effect for taurine (F(1,46) = 10.55; P<
0.0022). Tukey’s post-haoc tests showed no significant difference for miconazole alone vs.
DMSO (g=3.61; P=0.065); however, there was a significant difference for miconazole +
taurine vs. DMSO (g = 8.24; P< 0.0001) and miconazole + taurine vs. miconazole alone (¢
=4.54; P=0.0125). Taurine treatment alone showed no significant difference vs. DMSO in
either benztropine and miconazole experiments (= 0.58 and 2= 0.54, respectively).

Western blot analysis

OPCs were plated in basal differentiation medium at 1.7 x 10 cells/well and treated for 6 d
with benztropine (0.5 uM), miconazole (2 pM) with and without the tested endogenous
metabolites, T3 (1 uM) or DMSO. After washing with PBS, cells were collected in ice-cold
RIPA buffer containing protease and phosphatase inhibitors. Following incubation on ice for
>20 min and sonication, lysed cells were centrifuged (16,000¢g for 15 min at 4 °C). Total
protein was quantified using a BCA analysis, and 25 pug of protein from each sample was
denatured by boiling with Bolt LDS Sample Buffer (4x) and Sample Reducing Agent (10x).
Proteins were electrophoresed using Bolt 4-12% Bis—Tris gels (Life Technologies) and
transferred to a PVDF membrane (Bio-Rad). The membrane was blocked with Odyssey PBS
Blocking Buffer (LI-COR) and incubated overnight at 4 °C with anti-MBP antibody (cat.
#MAB382, Millipore) and anti-actin anti-B-actin antibody (cat. #sc-47778). Blots were
incubated with HRP-conjugated secondary donkey anti-mouse antibody (IRDye800CW, LI-
COR) and imaged using Odyssey CLx and Image Studio (LI-COR).

Mitochondrial respiration assay

Cellular oxygen consumption rate (OCR) was measured using an XFe96 extracellular flux
analyzer (Seahorse Biosciences). OPCs were seeded at 40,000 cells/well in poly-D-lysine-
coated XFe96 plates and cultured for 6 d with taurine (2 and 20 mM) alone, or together with
miconazole and benztropine. Cells were then incubated in assay medium (DMEM with 20
mM glucose, 5 mM pyruvate and 5 mM sodium bicarbonate, pH ~ 7.4) for at least 30 min
before the assay. Media to deliver a final well concentration corresponding to 1 uM
oligomycin, 2 uM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and 2
UM rotenone + 2 uM antimycin A were preloaded into the compound delivery ports of the
system. The assay starts with the recording of the basal OCR, which is followed by
recording of the OCR in response to different compounds that constitute the Mitochondria
Stress Test (Seahorse Biosciences, Agilent). Once the basal OCR was measured, the
compounds were added sequentially and the effects on OCR measured 3 times every 5 min.
Oligomycin blocks ATP synthase; FCCP dissipates the inner membrane potential enabling
maximum electron flux through the electron transport chain (ETC); rotenone + antimycin A
inhibit complexes I and I11, respectively, thereby blocking the entry of electrons in the ETC
and shutting down mitochondrial activity.
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Statistical analysis

Unless otherwise stated, data represent mean + s.d. of representative experiments. Unless
otherwise stated, statistical analysis was performed using Prism software (GraphPad, v7) for
one-way ANOVA comparisons with Tukey’s post-tests for statistical significance.

Life sciences reporting summary

Further information on experimental design and reagents is available in the Life Sciences
Reporting Summary.

Data availability

The data that support the findings of this study are available from the corresponding author
upon reasonable request.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Observed metabolic differences between T3- and DM SO-treated OPCs
(a) Fold change of 22 upregulated metabolites (excluding lipids) in OPCs treated for 6 d

with T3 (1 uM) compared to DMSO treatment, determined using accurate mass and MS/MS
data, and significant pathway enrichment analyzed by Metaboanalyst (http://
www.metaboanalyst.ca/). < 0.05; n=5 replicate cell cultures. MET, metabolic pathway.
(b) Targeted analysis of creatine and taurine pathway metabolites using triple-quad mass
spectrometry (QQQ-MS) in multiple reaction monitoring (MRM) mode (7= 5 replicate cell
cultures). The numbers represent fold change of T3-treated compared to DMSO-treated
OPCs. Values smaller than one suggest downregulation, whereas values larger than one
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(darker outline) suggest upregulation in T3-treated OPC. White indicates nondetected (i.e.,
below the limit of detection).
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Figure 2. Impact of taurine treatment on the efficacy of drug-induced OPC differentiation
(a) MBP expression following 6 d of differentiation with miconazole (Mcz, 2 pM),

miconazole (2 uM) plus taurine (Tau, 2 mM) or taurine (2 mM) alone. Miconazole treatment
initiated at day 0, and taurine treatment initiated at day 2. The data are mean £s.d. (7=3
replicate cell cultures) and normalized to MBP levels observed following induction with T3
(1 uM). Dotted line represents DMSO activity. p-actin was used as internal control. Full gel
provided in Supplementary Figure 4a. (b) MBP expression following 6 d of differentiation
with benztropine (Bez; 0.5 puM), benztropine (0.5 puM) plus taurine (2 mM) or taurine (2
mM) alone. Benztropine treatment initiated at day 0, and taurine treatment initiated at day 2.
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The data are mean * s.d. (7= 3 replicate cell cultures) and are normalized to MBP levels
observed following induction with T3 (1 uM). Dotted line represents DMSO activity. p-actin
was used as an internal control. Full gel provided in Supplementary Figure 4b. (c,d)
Automated immunofluorescence analysis (MBP, green; DAPI, blue) of DMSO, taurine (20
mM), miconazole (3 M), miconazole (3 pM) plus taurine (20 mM), benztropine (3 uM),
and benztropine (3 uM) plus taurine (20 mM). Drug and taurine treatment initiated at day 0.
Data are mean * s.d. for the percentage of MBP-positive cells per well (n7= 4 replicate cell
cultures). ns, no significance; *£ < 0.05; **P < 0.01; ****P< 0.0001. Scale bars, 100 um.

Nat Chem Biol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyer et al.

Page 22

a 10- b
* % %
3
> 87
= #i#t
o * %k x
+ (]
® o
N =
© 6 (m]
E
S * od A
c
5 > B I
) (m] (w A 1
o
£ 4- 5 1 &M
o o~ L
= (m] (]
s o Doo a
© o
S o DI b ‘r,‘
S 24 i | =] e
8 fo) T (u] (u}
bld |BHo
29 ) do o AAAA
% o u} a
o
0 ol T T T T T
DMSO Taurine Bez Bez+Tau Mcz Mcz+ Tau
(2mM) (0.5 uM) A um)

C DMSO Bez Bez + Tau

Figure 3. Impact of taurine treatment on observed indices of MBP colocalization with co-
cultured axons

(a) Quantification of MBP colocalization with the axons of primary mouse cortical neurons
co-cultured with OPC s following 14 d of treatment. Cultures were treated with 0.5 pM
benztropine (Bez) or 1 UM miconazole (Mcz) in the presence or absence of 2 mM taurine.
The data are mean + s.e.m.; * = significance of treatments vs. DMSO; # = significance of co-
treatment vs. drug alone; one symbol: £< 0.05, two symbols: £< 0.01, four symbols: P<
0.0001; n= 13 technical replicates for DMSQO, Tau, Mcz, Mcz + Tau; 7= 17 technical
replicates for Bez; n= 19 technical replicates for Bez + Tau. (b) Representative confocal
microscopy fluorescence imaging of a co-culture following 14 d of treatment (DAPI, blue;
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Tujl, green; MBP, orange). White indicates regions of colocalization (scale bars, 20 um).
Middle, 3D rendering of the image above used to quantify colocalization index (as shown on
the bottom with the MBP channel removed to reveal sites of colocalization of Tuj1 and
MBP). The colocalization index (see methods) is quantified on neuronal processes contained
within the oligodendrocyte region of interest (ROI, circled) and normalized using DMSO
control. (c) Example of rendered fluorescent confocal images of differentiated OPCs co-
cultured with cortical neurons (labeled as above). The bottom copy of each pair illuminates
the areas of colocalization overlap in between the two cell types in red to demonstrate
proportions of MBP* neuronal processes.
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Figure 4. Theimpact of taurine treatment on OL mitochondrial function and therole of redox
state on OPC differentiation

(a) Oxygen consumption rate (OCR; pmol/min) of OPCs (40,000 cells/well) treated for 6 d
with taurine (Tau; 2 or 20 mM) and DMSO, benztropine (Bez; 0.5 uM) with and without 2
mM taurine or miconazole (Mcz; 2 pM) with and without 2 and 20 mM taurine. Complex
activity was measured at baseline, as well as after the successive addition of 1 yM
oligomycin (Olig.), 2 uM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP )
and 2 uM rotenone and antimycin A (RAA). The data are mean + s.d. (r7= 12 technical
replicates). The dashed line in the top panel indicates the addition of the compound
indicated. (b) Quantification of caspase-3/7 activation 24 h post-taurine addition on day 3
(D3), after treatment with DMSO, miconazole (2 pM), benztropine (0.5 pM), or T3 (1 uM)
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on day 0. Data are mean + s.d. of the luminescence (RLU ) normalized to corresponding cell
survival per well (7= 3 replicate cell cultures). (c) Quantification of MBP-positive OLs
based on MBP immunofluorescent analysis on day 6 (D6) post-treatment with DMSO,
miconazole (2 pM), benztropine (0.5 puM), or T3 (1 uM), following co-treatment with or
without reduced glutathione (10 pM). Data are mean * s.d. for the percentage of MBP-
positive cells per well (7= 3 replicate cell cultures). ns, no significance; **P< 0.01; ***P<
0.001.
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Figure5. Binary global metabolomics analysis of taurine co-treatment and evaluation of the
impact of inhibition of taurine biosynthesis on OL differentiation

(a) Binary global metabolomics analysis of the impact of taurine (Tau, 20 mM)
supplementation on pre-myelinating OLs (day 3, D3) and OLs (day 6, D6) differentiated
using T3 (1 uM). Numbers represent fold changes of metabolites, with values smaller than
one suggesting downregulation and values larger than one suggesting upregulation. White
indicates nondetected (i.e., below the limit of detection). Darker circles represent £ < 0.05.
(b) Taurine biosynthesis pathway highlighting the relationship to glycosphingolipid (GSL)
biosynthesis and the impact of propargylglycine (PPG)-mediated inhibition of cystathionine
-lyase on taurine and GSH production. (c) Quantification of MBP-positive OLs based on
MBP immunofluorescence analysis on day 6 post-treatment with DMSQO, miconazole (2
UM), benztropine (0.5 uM), or T3 (1 uM), following addition of PPG (10 uM), taurine (20
mM) or PPG (10 pM) and taurine (20 mM). Data are mean + s.d. for the percentage of
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MBP-positive cells per well (7= 3 replicate cell cultures). ns, no significance; *~ < 0.05;
**pP<0.01; ****P< (0.0001.
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