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Abstract: Microtubule-associated protein Tau (MAPT) is strongly associated with the development of
neurodegenerative diseases. In addition to driving the formation of neurofibrillary tangles (NFT),
mutations in the MAPT gene can also cause oxidative stress through hyperpolarisation of the mito-
chondria. This study explores the impact that MAPT mutation is having on phospholipid metabolism
in iPSC-derived dopamine neurons, and to determine if these effects are exacerbated by mitochondrial
and endoplasmic reticulum stress. Neurons that possessed a mutated copy of MAPT were shown to
have significantly higher levels of oxo-phospholipids (Oxo-PL) than wild-type neurons. Oxidation
of the hydrophobic fatty acid side chains changes the chemistry of the phospholipid leading to
disruption of membrane function and potential cell lysis. In wild-type neurons, both mitochondrial
and endoplasmic reticulum stress increased Oxo-PL abundance; however, in MAPT mutant neurons
mitochondrial stress appeared to have a minimal effect. Endoplasmic reticulum stress, surprisingly,
reduced the abundance of Oxo-PL in MAPT mutant dopamine neurons, and we postulate that this
reduction could be modulated through hyperactivation of the unfolded protein response and X-box
binding protein 1. Overall, the results of this study contribute to furthering our understanding of the
regulation and impact of oxidative stress in Parkinson’s disease pathology.

Keywords: microtubule-associated protein tau; MAPT; oxidised phospholipids; oxidative stress; XBP1;
unfolded protein response

1. Introduction

A prominent characteristic of many neurodegenerative diseases, such as Parkinson’s
and Alzheimer’s disease, is the aggregation of the microtubule-associated protein Tau. The
protein, whose name derives from the acronym of ‘tubulin-associated unit’, functions to
assemble and strengthen tubulin into microtubules, allowing normal cytoskeletal stability
and organelle trafficking [1]. Mutations in the MAPT gene, which codes for Tau, can cause
hyperphosphorylation of the protein, leading to a reduction in its affinity for tubulin [2],
leading to dysfunction of the cytoskeleton. In addition to microtubule dissociation, this
results in an increased cytosolic concentration of free Tau, which subsequently aggregates
into neurofibrillary tangles (NFTs). Though the mechanism is unclear, these tangles result in
neuronal damage, producing the neurodegeneration seen in tauopathy-associated diseases.
In Parkinson’s disease (PD), these NFTs can drive neurodegeneration in dopamine neurons
primarily in the substantia nigra, consequently affecting a person’s motor function and
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cognition [3]. Although the mechanisms underlying the loss of dopamine neurons are still
unclear, previous studies implicated a role for mitochondrial and endoplasmic reticulum
(ER) dysfunction in PD-patient-derived cells [4,5].

In addition to formation of NFTs, mutations in the MAPT gene can also cause oxidative
stress; a disruption in the normal cellular balance of reactive oxygen species (ROS) with ox-
idative stress is well-documented to be involved in the pathogenesis of neurodegeneration.
The mechanisms involved in elevated ROS production [6] and neurodegenerative aetiology
resulting from MAPT mutation may include aberrant mitochondrial and ER function [7]
(for example, through mitochondrial hyperpolarisation [8]), disruption of protein folding
and inflammatory processes [9], among other mechanisms [10].

The pathological burden of mutations in MAPT, at least in part, is driven by the
significant effects of oxidative stress on all components of the cell. Moreover, ROS can
modify the conformation of amino acid residues, leading to a loss of enzymatic activation,
protein aggregation, and vulnerability to proteolysis [11,12]. Another major effect of
oxidative stress is the oxidation of lipids, with an excess of ROS such as hydroxyl radicals
and peroxynitrate actively inducing lipid peroxidation [13]. This triggers a chain reaction
of damage to lipids, lipoproteins, and the phospholipid bilayers with major biological
implications. For example, in mitochondria, ROS can oxidise and damage the lipid-rich
inner mitochondrial membrane and enzymes and proteins involved in the electron transport
chain [14], compromising energy production within the cell.

Previous metabolomic approaches to study tauopathy and MAPT mutations took a
general view of metabolism rather than focusing on the impact of ROS and formation
of oxidised lipid species [15]. Owing to their involvement in a wide range of important
biological processes, including neuroinflammation, disruption of the phospholipid mem-
brane integrity and neuronal signalling, it is crucial to understand their contribution to
pathology. So, to better understand the mechanisms underlying tauopathy we need to
extend our understanding beyond the results of previous studies and explore the role of
oxidized phospholipids. This study aimed to identify metabolic dysregulation in iPSC-
derived human dopamine neurons carrying a mutation in the MAPT gene which may
be driving pathogenesis in PD, with a focus on oxidised phospholipids. Additionally,
we determined the impact of mitochondrial and ER stressors on lipid peroxidation in
both wild-type and MAPT mutant dopamine neurons to gain a deeper understanding
of the relationship between the microtubule-associated protein Tau, oxidative stress, and
phospholipid metabolism.

2. Materials and Methods

The data described in this study were previously published by Fernandes et al. [15],
and a detailed description of the methods including the generation of dopamine neurons
and metabolic analysis can be found in this paper. The previous publication focused on the
effect of mitochondrial and endoplasmic reticulum stress on global metabolic dysregulation
in iPSC-derived dopamine neurons, whilst this study focuses directly on the effect of
mutations in the gene encoding of the microtubule-associated protein Tau on the formation
of oxidised phospholipids.

2.1. Cell Culture, Dopamine Differentiation, and Drug Treatment

Human iPSCs were cultured with TeSR-E8 medium using Vitronectin-coated plates,
and cells were passaged with 0.5 mM EDTA at 70% confluency at a ratio of 1:6. Differen-
tiation into dopamine neurons was performed following a modified version of previous
protocols [16,17]. In brief, iPSCs were dissociated into single cells plated at a density of
150,000 cells/cm2 on Geltrex-coated plates and grown for 11 days in Knockout Serum
Replacement media (KSR) containing Knockout DMEM media, Knockout serum replace-
ment (15%), Non-essential Amino Acids (1:100), 2-Mercaptoethanol (10 µM), and 2 mM
L-glutamine. KSR medium was gradually changed to NNB medium containing Neurobasal
medium, N2 (0.5X), and B27 (0.5X) and 2 mM L-glutamine from day 6 onwards. Media
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were changed to NB medium on day 12 containing Neurobasal medium, B27 (1X) and
2 mM L-glutamine. Media were supplemented with LDN-193189 (100 nM) from
days 0–10; SB431542 (10 µM) from days 0–4; SAG (100 nM) from days 1–6; Purmorphamine
(2 µM) from days 1–6; FGF8a (100 ng/mL) from days 1–6; and CHIR99021 (3 µM) from
days 3–12. From Day 12 onwards, other supplements were added: BDNF (20 ng/mL),
GDNF (20 ng/mL), Ascorbic Acid (200 µM), TGFβ3 (1 ng/mL), dibutyryl cAMP (500
µM), and DAPT (10 µM). At day 21, cells were dissociated with StemPro Accutase and
replated at a density of 300,000 cells/cm2 in dishes pre-coated with Geltrex with neurons
fed every second day for 2 weeks before analysis. After differentiation, dopamine neurons
were treated for 24 h with either 5 µM of Tunicamycin or 1 µM of Rotenone [18] to induce
endoplasmic reticulum and mitochondrial stress, respectively.

2.2. Sample Preparation and LC-MS Analysis

The methods used in this study have been described previously [15,18]. Briefly,
140 µL of methyl tertiary-butyl ether and 40 µL methanol of methanol were added to
disrupt cellular membranes, with 30 µL added prior to spinning at 5000× g to achieve
phase separation. Extraction blanks were obtained by substituting the cell pellet with 15 µL
of HPLC grade water, with 5 µL of all samples taken to produce a pooled quality control.
LC-MS analysis was performed on an Agilent infinity HPLC system coupled to and Agilent
6550 ion funnel QToF (Agilent, Santa Clara, CA, USA). An Agilent Poroshell C18 column
(2.1 × 150 mm, 2.7 µm) was used to separate organic phase metabolites using mobile-phase
A 10 mM ammonium formate in water and mobile-phase B 10 mM ammonium formate in
MTBE:MeOH (2:1) using a flow rate of 0.425 mL/min with the column held at 55 ◦C.

2.3. Data Processing, Statistical Analysis, and Metabolite Annotation

For this study, data were re-processed, with raw data processed in R using the CAM-
ERA package, parts per million (PPM) set to 30, signal-to-noise (SN) set to 5, and peak
width at 8–90. Subsequently, data clean-up was performed in Excel with metabolite features
being defined as having a mean abundance of three times greater in biological samples
relative to blanks and present in at least 80% of at least one sample group. All analyses were
performed in R version 4.2.1 [19]. The prcomp() function was used to conduct a principal
components analysis (PCA) to reduce the dimensionality of the dataset while maintain-
ing the key data structure and visualize the general structure to allow the identification
of outliers and multivariate quality control. After quality control, a sparse partial least
squares-discriminant analysis (sPLS-DA) was conducted to identify covariance within the
data, allowing us to extract the changes in metabolite abundance most strongly associated
with the genotype. sPLS-DA is a variant of PLS-DA which allows for selection of the most
discriminative features of classification that have been identified in the data. In this study,
we used n = 6 per group, with this size used calculation were made based on our previous
metabolomic analyses of cultured dopamine neurons, and assumed a two-sided type 1 error
and a CV of 25%; (in line with previous data) a sample size of 6 gives an 87% possibility of
detecting a 50% difference in metabolite abundance at an alpha of 0.05. A univariate analy-
sis of metabolites used a Shapiro–Wilks test to assess data distribution. A Mann–Whitney
U test was then performed for the analysis of individual metabolites, as it compares the
rank sum of samples from two independent groups, in this case the metabolites’ abundance
in either wild-type or MAPT-mutated samples. As the Shapiro–Wilks test confirmed that
the data were non-normally distributed in every metabolite, the Mann–Whitney U test was
chosen over an independent samples t-test. Metabolite features were annotated using the
Human Metabolome Database (HMDB) with the m/z of each significant metabolite feature
searched, and from the resulting list of metabolite suggestions, putative annotations were
made based on the accuracy of the mass match and expected retention time.
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3. Results

In this study, MAPT-N279K mutant dopamine neurons (2 lines) were compared to
those of isogenic wild-type controls (two lines) to assess the impact of the mutation on the
phospholipid metabolism. In addition to this, the impact of mitochondrial and ER stress on
these pathways was assessed by treating dopamine neurons with rotenone and tunicamycin,
respectively, and comparing them to DMSO-treated controls to identify metabolic shifts.
Initial PCA (Supplemental Figure S1) showed that the majority of observed variance (97.8%)
on component 1 was attributable to the distance between point 24 (a wild-type sample) and
the remaining samples. Component 2 represents the remaining samples accounting for only
0.6% of total variance 163-fold less was explained using this individual sample, making
it difficult to interpret patterns among samples. This sample was subsequently removed
from the dataset; shown below is the PCA plot following outlier removal (Figure 1A) with
samples now showing clustering by genotype.
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SPLS-DA supported the findings shown in the PCA, and also revealed clustering by
genotype (Figure 1B,C); this was emphasised after variable selection with the top 10% of the
explanatory variables (metabolites) kept in the model. This suggests that the metabolites
contributing the most to variance in the dataset are the ones that influence even bigger
differences by genotype, solidifying the conclusion that the genotype is the biggest factor
driving variance in the analysis.

In total, we were able to identify and robustly annotate 15 oxidised phospholipids
that differed in abundance between cells of differing genotypes, with 13 of these at higher
abundances in the MAPT mutant neurons with only PG(39:1) and PA(35:5) being more
abundant in the wild type (Figure 2B). When we looked at the effect of mitochondrial and
endoplasmic reticulum stress in wild-type neurons, we saw that six oxidised phospholipids
increased in response to rotenone treatment and four increased in response to tunicamycin.
In MAPT mutant neurons, mitochondrial stress affected 3 of 15 Oxo-PLs with PC(37:0) and
PG(39:1) increasing and PG(36:0) decreasing in abundance (Figure 2B). However, when
we look at the impact of ER stress on abundance, 11 of the 15 oxidised phospholipids are
affected with only PG(39:1) and PA(35:5) (the two species at lower levels in MAPT relative
to wild type) increasing in abundance and the remaining nine decreasing (Figure 2B).
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dopamine neurons. (A) Boxplots showing the abundance of Oxo-PLs. Yellow—wild-type, green—
MAPT mutated. (B) Table showing the effect of MAPT mutation, mitochondrial and endoplasmic retic-
ulum stress on individual Oxo-PLs, green = increased in abundance, red = decreased in abundance.
(C) Schematic showing the impact of Oxo-PLs on membrane integrity. (D) Schematic show-
ing proposed modulation of UPR and ROS by tunicamycin: (1) tunicamycin induces ER and
oxidative stress. (2) ER stress triggers ER UPR leading to increased XBP1 (a UPR compo-
nent). (3) High ROS leads to formation of Oxo-PLs. (4) Oxo-PLs activate IRE1 increasing UPR
and in turn increasing XBP1. (5) XBP1 acts to reduce ROS and initiates an adaptive response.
p-values * < 0.05, ** < 0.01, *** < 0.001 **** < 0.0001. Abbreviations: conc—concentration, DAG—
Diglyceride, DMSO—dimethylsulfoxide, IRE1—inositol requiring enzyme 1, PA—Phosphatidic acid,
PC—Phosphatidylcholine, PG—Phosphatidylglycerol, PS—Phosphatidylglycerol, ROT—Rotenone
treated, SM—Sphingomyelin, TUN—Tunicamycin treatment, UPR—unfolded protein response,
XBP1—X-box binding protein 1.

4. Discussion

Phospholipids are especially vulnerable to oxidative stress [20], with an increase in
ROS leading to greater formation of oxidised phospholipids. Thus, the higher levels of
Oxo-PLs seen in this study supports an increase in oxidative stress in human dopamine
neurons carrying an MAPT mutation. With phospholipids representing a major component
of all cellular membranes, it is important to understand how oxidation of these components
effect’s function. The phospholipids in the bilayer arrange with the polar head group on
the exterior interacting with the aqueous cellular or extracellular environment, with the
hydrophobic tail in the interior of the membrane. When a phospholipid is oxidised, a ter-
minal non-polar methyl group is replaced with a polar carboxylate moiety (Figure 2C) [21].
Thus, the usually hydrophobic tail becomes hydrophilic, increasing the interaction with the
aqueous cellular or extracellular environments, compromising membrane integrity and
functions [21] and potentially leading to cell lysis at sufficiently high concentrations.

We also looked at the abundance of Oxo-PLs in response to mitochondrial and ER
stress, both in wild-type and MAPT mutant cells. Both mitochondrial stress and ER stress
could be driving Oxo-PL production, as evidenced by higher levels of these species in
MAPT relative to wild-type neurons and in response to rotenone-induced mitochondrial
stress (Figure 2B), although we cannot exclude other factors driving this response. However,
whilst ER stress increases Oxo-PL levels in wild-type neurons (Figure 2B), we see a reduction
in these species in response to tunicamycin treatment in MAPT mutants. Tunicamycin is
a nucleoside antibiotic used to induce stress of the ER, via the unfolded protein response
(UPR) [22]. The UPR is a cell survival mechanism which is initiated by an accumulation of
misfolded or unfolded proteins in the ER, and serves to reduce the rate of protein translation,
as well as degrading proteins already present [23]. However, chronic overactivation of the
UPR can induce apoptosis, which is implicated in the pathology of neurodegeneration [24].

Tunicamycin-induced ER stress and acute UPR activation are detrimental to the health
of dopamine neurons; however, the upregulation of this process could be helping to
specifically reduce oxidative stress, and thus the abundance of Oxo-PLs. A possible
mechanism through which this could be occurring is via the X-box binding protein 1
(XBP1), a major endoplasmic reticulum stress-linked transcriptional factor involved in the
UPR. Though relatively understudied, research has evidenced XBP1 to be a regulator of
oxidative stress [25]. Sado et al. investigated the IRE1α-XBP1 pathway in a mouse model,
demonstrating that the exogenous expression of XBP1 protected dopamine neurons from
cell death induced by a range of molecules used to mimic PD pathology and suggested
that enhancement of XBP1 represents a potential therapeutic strategy [26]. Whilst the
mechanisms by which XBP1 confers these protective effects is not fully understood, its role
in regulating oxidative stress appear to be playing an important role. Knocking out the XBP1
gene has been shown to decrease the expression of several antioxidant genes including
SOD1 and TRX1 [25]. SOD1 codes the protein superoxide dismutase, dysregulation of
which has been linked to PD pathology [27], and is crucial to most forms of eukaryotic life
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as it converts superoxide (O2−) radicals into oxygen (O2) and hydrogen peroxide (H2O2).
This is particularly important in the context of Oxo-PLs, as in aqueous solution superoxide
exists in equilibria with its protonated hydroperoxyl (HO2−) form which plays a major
role in lipid peroxidation [12].

In our data we saw lower levels of OXO-PLs in MAPT-N279K mutant dopamine
neurons relative to wild-type controls which is contrary to what we might have expected
to see (but not in direct contradiction to previous reports) given higher levels of oxidative
stress in these cells. At this moment, we do not have a concrete explanation for these
results, but we postulate that an unknown mechanism involving IRE1 activation by Oxo-
PLs [28] increased the expression of XBP1, and in turn an increase in SOD1 expression and
superoxide dismutase might explain these results.

Study Limitations

Despite exhaustive efforts to remove confounding factors and ensure an optimal ex-
perimental design, the study still possess some limitations. Beyond the inherent limitations
of working with iPSC models there are four key limitations:

Clonal variability: Genetic diversity amongst individual clones from a single parent
line could lead to clonal specific results which suggests that clonal variability could be
reflected. To minimize this possibility, we analysed two independent mutant lines and two
independent isogenic control lines (in accordance with current best practices in the field
of iPSC-modelling) and focused on conserved shifts in oxidized phospholipid abundance
across lines. Whilst this reduces the likelihood of interpreting clonal-specific findings,
it does not guarantee that our findings are not confounded by clonal variability with
future studies required to validate the findings present in this study. Representation of
mature dopamine neurons: In our previous work, we have demonstrated the dopamine
neurons generated with this protocol match mature post-mortem dopamine neurons at
the transcriptomic level. However, these in vitro neurons are unlikely to capture all the
complex physiological features of their in vivo counterparts and stress response signatures
in full. As a result, some of the phenotypes presented in this study might not recapitulate
in full in the human brain.

Cellular localization of processes: In this study, we looked at mitochondrial and endo-
plasmic reticulum stress and ideally we would have also examined the cellular localization
of processes to see if, for example, under ER stress, oxidation of phospholipids was hap-
pening within the ER or other cellular compartment. However, the lipids reported in this
manuscript are most abundant in phospholipid bilayers and thus from post hoc analysis
of this data we cannot make any specific inferences about the sub-cellular localization
of effects.

Specificity of rotenone and tunicamycin: Rotenone and tunicamycin are well-validated
methods for inducing mitochondrial and endoplasmic reticulum stress, respectively, in
model systems and have been published in numerous studies. However, despite this, these
compounds can also induce other cellular responses, meaning that we cannot be certain
that the effects that we are observing are the result of mitochondrial and endoplasmic
reticulum stress.

5. Conclusions

This study contributes to the understanding of metabolic abnormalities in tauopathy,
by demonstrating that the MAPT-N279K mutation increases the abundance of oxidised
phospholipids, with tunicamycin-induced ER stress appearing to reverse this effect in
MAPT mutant neurons. Whilst speculative, the underlying mechanism in this effect may
be associated with XBP1, which has been shown to have neuroprotective effects in models
of PD and is an important regulator of oxidative stress via activation of SOD1 leading to
increased clearance of superoxide radicals.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox13050508/s1, Figure S1: PCA scores plot from initial
analysis showing one sample accounting for 97.8% of total variance within the dataset (point was
subsequently removed as an outlier).
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