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Figure 3 displays a simplified depiction of the biochemistry. In Figure 3, we show which bile acids
have been reported as being cytotoxic and neuroprotective [31,32]. Of the neuroprotective bile acids
measured in this study, UDCA and TUDCA were found to be at markedly lower concentrations in the
serum of PFF mice as compared to controls (17-fold and 14-fold, respectively). UDCA and TUDCA
are secondary bile acids, produced in the gut and not in the liver. They have been reported to have
neuroprotective effects in the brain, functioning partly as chaperones, decreasing the formation of toxic
aggregates in protein folding disorders [33,34]. Further, they have also been reported to reduce reactive
oxygen species formation [35], inhibit apoptosis [36] and prevent mitochondrial dysfunction [37].
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Figure 3. Depiction of Bile Acid Metabolism in the liver and gut of mice. Bile acids outlined
in blue are neuroprotective, bile acids outlined in red are cytotoxic and those bile acids in red
with an accompanying asterisk are statistically significantly different between HuMonomer- and
PFF-injected mice. The section detailing Muricholic acid (MCA) only occurs in mice.

A recent emerging and exciting concept in health and disease is the ability of the guts microbiota to
communicate with the brain and subsequently modulate behavior [38]. This bidirectional signaling axis
between the gut and the brain is believed to be essential for conserving homeostasis which is regulated
at the hormonal, immunological and neuronal levels (central and enteric nervous systems) [38].
While a lot of attention has been placed on the gut microbiome and neurodegenerative diseases, most
of the reported studies have focused on the gut as being the driver. In this study, we show that by
inducing «-synucleinopathy in the brain with PFFs to mirror what is observed in prodromal PD,
we see a significant decrease in the concentrations of secondary bile acids which have neuroprotective
properties. As depicted in Figure 3, the production of these secondary, neuroprotective bile acids
only occurs in the gut by intestinal bacteria. So, is the formation of the x-syn aggregates in the
brain directly affecting the PFF mouse gut bacteria and the formation of secondary bile acids deemed
neuroprotective? Or is it possible that these neuroprotective bile acids are being degraded faster in
the prodromal PD brain due to the developing «-synucleinopathy which subsequently leads to lower
blood concentrations? Both hypotheses need further exploration in the future.

We report, for the first time, a bile acid biomarker panel capable of identifying mice with
developing a-synucleinopathy. Using bile acids as biomarkers is a marked improvement on our
previous metabolomics work and highlights the potential of bile acids for the prediction of those
patients at greatest risk of developing PD, particularly in the prodromal phase when a treatment aiming
at slowing disease progression is potentially most effective and might even delay the onset of motor
symptoms [8,9]. Further, our results demonstrate a potential novel therapeutic area for prodromal PD
and developing a-synucleinopathy which needs future exploration. More work is required to verify

72



Metabolites 2018, 8, 71

these initial hypotheses, using mouse models and, most importantly, large clinical cohorts of people
who exhibit several signs of prodromal PD.

4. Materials and Methods

4.1. Animals

Under 12 h light/12 h dark cycles, C57Bl/6] mice (Jackson Laboratory) were housed four to five
per cage with ad libitum access to food and water. As previously described by our group, all procedures
relating to the animals followed The Guide for Care and Use of Laboratory Animals (National Research
Council) and were validated by the Van Andel Research Institute’s Institutional Animal Care and Use
Committee (Animal Use Protocols 14-01-001 and 16-12-033).

4.2. Purification of Recombinant x-syn, Assembly of Preformed Fibrils and Stereotactic Injections

Recombinant a-syn purification, assembly of the fibrils and stereotactic injections were previously
described by our group [7,10,39]. In brief, we cultured BL21 E. coli and induced them to express human
a-syn. The bacteria were then pelleted, and lysed by sonication. We boiled the lysate for 10 min
and collected the supernatant after centrifugation. The supernatant was then dialyzed overnight in
10 mM Tris, pH 7.5, 50 mM NaCl, and 1 mM EDTA. The lysate was then purified by chromatographic
separation using a Superdex 200 Column (GE Healthcare Life Sciences, Marlborough, MA, USA)
and a Hi-trap Q HP anion exchange column (GE Healthcare Life Sciences, Marlborough, MA, USA).
Extracts from the different fractions were then migrated by SDS-PAGE and we identified the fractions
containing x-syn after Coomassie staining. The selected fractions were then collected and dialyzed
against PBS buffer (GE Healthcare Life Sciences, Marlborough, MA, USA). We then measured the final
concentration of purified recombinant x-syn using a NanoDrop 2000 (Thermofisher Scientific, Waltham,
MA, USA) and concentrated if needed. Aliquots were stored at —80 °C until use. For fibril assembly,
purified recombinant x-syn was thawed and diluted to 5 mg/mL in PBS and under continuous shaking
at 1000 rpm at 37 °C in a Thermomixer (Eppendorf, Hamburg, Germany) for 7 days. Fibrils were
aliquoted and frozen at —80 °C until use.

Before injection, human «-syn fibrils (PFFs, 5 ug/uL) were thawed at RT and sonicated at RT
as previously described in Graham et al., 2018 [10]. Human x-syn monomers (huMonomers) were
thawed and we collected the supernatant after ultracentrifugation at 100,000 g for 30 min. We injected
mice stereotactically with PFFs (1 = 20) or huMonomers (1 = 20) (0.8 pL, 5 pg/pL) in the OB (unilateral)
of 2 months-old wild type mice as previously described [7,40]. Two mice injected with huMonomers
were euthanized after developing severe dermatitis, unrelated to the surgical procedure.

We imaged the fibrils post-sonication by transmission electron microscopy to check the
morphology of the fibrils. Human fibrils (after sonication) were diluted to 0.1 pg/uL into sterile
PBS and negatively stained with 2% uranyl formate (Electron Microscopy Science, Hatfield, PA, USA,
ref #22400). Grids were imaged using a FEI Tecnai G2 Spirit TWIN transmission electron microscope
(FEI Company, Hillsboro, OR, USA) at 120 kV (Figure S1).

4.3. Serum Collection

Serum samples were acquired as previously described by our group [10]. Three months
post-injection, mice were deeply anesthetized with sodium pentobarbital and we collected blood
at final bleed by cardiac puncture in BD red top-vacutainer tubes. We kept the tubes at RT for
20-30 min to allow blood clot formation and then centrifuged them at 4500 g for 10 min at 15 °C.
The serum was collected and transferred to pre-cooled vials, vortexed, aliquoted and frozen on crushed
dry ice. Samples were then stored at —80 °C.
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4.4. Bile Acid Quantification

Bile acids were analyzed using the Biocrates® Bile Acids Kit (Biocrates Life Science AG, Innsbruck,
Austria) as described by our group previously [22]. In brief, data were acquired on a Waters TQ-S
spectrometer coupled with an Acquity I-Class ultra-pressure liquid chromatography (UPLC) system.
All serum specimens were acquired in accordance with the protocol as described in the Bile Acids
kit manual. All data analysis was completed using the Biocrates MetIDQ software and TargetLynx
(Waters, Milford, MA, USA).

4.5. Statistical Analysis

All data were analyzed using MetaboAnalyst (v4.0) [41]. A Wilcoxon-Mann-Whitney U-test was
performed on all data acquired to determine whether there were any significantly different metabolites
between prodromal PD model mice and age-matched controls injected with HuMonomers (p < 0.05;
g-value < 0.05). Bonferroni-corrected p-values were used to correct for multiple comparisons.

Prior to logistic regression analyses, all data were normalized to the sum and autoscaled.
To select the predictor variables used in the logistic regression analyses, Least Absolute Shrinkage and
Selection Operator (LASSO) and stepwise variable selection were utilized for optimizing all the model
components [42]. A k-fold cross-validation (CV) technique was used to show that the models were
not over fit and to assess potential predictive accuracy in an independent sample [43]. Area under the
curve (AUC (95% confidence interval)), sensitivity and specificity values were calculated to estimate
the performance of the logistic regression and ROC analyses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-1989/8/4/71/s1,
Figure S1: Sonicated PFFs stained by uranyl formate, imaged by transmission electron microscopy to confirm
their fibrillary nature.
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Abstract: Age-related macular degeneration (AMD) leads to irreversible visual loss, therefore, early
intervention is desirable, but due to its multifactorial nature, diagnosis of early disease might be
challenging. Identification of early markers for disease development and progression is key for
disease diagnosis. Suitable biomarkers can potentially provide opportunities for clinical intervention
at a stage of the disease when irreversible changes are yet to take place. One of the most metabolically
active tissues in the human body is the retina, making the use of hypothesis-free techniques, like
metabolomics, to measure molecular changes in AMD appealing. Indeed, there is increasing evidence
that metabolic dysfunction has an important role in the development and progression of AMD.
Therefore, metabolomics appears to be an appropriate platform to investigate disease-associated
biomarkers. In this review, we explored what is known about metabolic changes in the retina,
in conjunction with the emerging literature in AMD metabolomics research. Methods for metabolic
biomarker identification in the eye have also been discussed, including the use of tears, vitreous,
and aqueous humor, as well as imaging methods, like fluorescence lifetime imaging, that could be
translated into a clinical diagnostic tool with molecular level resolution.

Keywords: age-related macular degeneration; metabolomics; metabolism; biomarkers; drusen; retinal
pigment epithelium

1. Introduction

Age-related macular degeneration (AMD) accounts for 8.7% of the world’s total blindness and
is the leading cause of irreversible visual impairment in the Western world of people aged 65 and
older [1,2]. The total number of individuals with this condition is expected to rise to 196 million by
2020 and 288 million by 2040 [2]. Choroidal neovascularization (CNV) is the most aggressive form
of advanced AMD and results in the rapid loss of central vision. The other form of advanced AMD,
geographic atrophy (GA), is characterized by the progressive loss of central vision due to the death of
retinal pigment epithelium (RPE) and photoreceptor cells. At early stages of AMD, accumulation of
intracellular lipofuscin in the RPE and the build-up of extracellular deposits under the RPE occurs [3].
Treatment strategies are available for CNV, but not for GA. Antibodies against vascular endothelial
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growth factor (VEGF) can halt progression of CNV, but the effect is usually not permanent and the
disease usually progresses to macular atrophy after the anti-VEGF treatment [4,5].

Age is a predominant risk factor contributing to the development of any AMD, with the prevalence
reaching nearly 30% over the age of 85 years in a European population [6]. Environmental factors,
such as diet (fat intake and antioxidants) and lifestyle, particularly smoking [7,8], also contribute to the
risk of developing the disease. There are several genetic variants that are associated with an increased
prevalence of AMD [9]. The two most significant of these are polymorphisms in the CFH and ARMS2
(age-related maculopathy susceptibility 2) genes. The CFH gene encodes for complement factor H,
a glycoprotein which has an integral role in the regulation of the alternative complement pathway [10].
The ARMS2 gene [11,12] encodes the ARMS2 protein, which helps to initiate complement activation
from the surface of retinal monocytes and microglia by binding to the surface of apoptotic and necrotic
cells [13]. More than 50 genetic variants at 34 loci have been associated with AMD development [9].
A large proportion of these genetic variants are located in or near genes of the complement system,
lipid metabolism, and extracellular remodeling [14]. These genetic associations, along with risk factors
related to diet, serum cholesterol, and triglyceride levels for late-stage AMD [15], highlight the potential
importance of studying metabolomic changes to identify systemic molecular biomarkers associated
with these risks. In addition, the cellular interactions and exchange of metabolites between the retina,
RPE, and choroid complex also provide an important basis of studying local metabolomic alterations in
AMD. Considering that the metabolome is closer to the molecular phenotype than either the genome,
the transcriptome, or the proteome [16], the study of metabolites could lead to better prediction of the
resulting phenotype than other -omics approaches. With AMD progression increasingly associated
with metabolic dysfunction, there is the potential for systemic and local metabolic biomarkers to
provide opportunities to detect and follow the progression of the disease at an early stage. Systemic
biomarkers and the role of lipid metabolism in AMD has been comprehensively highlighted [17,18],
whilst general reviews have briefly covered the metabolomics of AMD, alongside other ocular diseases,
and the limitations associated with such studies [19-21].

The aim of this review is to specifically highlight metabolic processes occurring within the retina,
including those related to the development of AMD. It will also provide an in-depth overview of
metabolomics studies conducted in AMD. The possible biofluids and metabolomics methods will
also be discussed, as well as the potential utility of metabolomics for discovering biomarkers and
identifying new therapeutic approaches for AMD and related diseases.

2. Metabolic Processes in the Posterior Eye

2.1. Energy Sources in the Retina

The complex cellular interactions in the retina give rise to a unique metabolic environment, which
is influenced by a range of external factors, including the differential blood supply to the layers of
the retina and the detection of light or darkness by the photoreceptors [22]. Due to the number of
cell types, there are various metabolic processes which occur throughout the vertebrate retina [23].
Glucose is the primary fuel source for the photoreceptors in the retina, supplied by the choriocapillaris
through the Bruch’s membrane (BrM) and the RPE. The metabolic environment of the retina is diverse
and increases in complexity with the laminated morphology present between the cells. For instance,
the glucose concentration decreases from the RPE surface to the retina surface in vitro [24,25]. Aerobic
glycolysis is the primary form of energy metabolism in the retina [26], where glucose is converted
to lactate at a comparable rate to cancer cells [27], even when there is plenty of oxygen. In avascular
retinas [28], an alternative energy source to adenosine triphosphate (ATP) is required as ATP is exposed
to highly active ATP degrading ion pumps between the centrally located photoreceptor mitochondria
and the photoreceptor synaptic terminal [29,30]. The phosphocreatine shuttle is instead used [30] and
although this is not essential in vascularized mouse retinas, an isoform of the creatine kinase is still
localized at the photoreceptor synaptic terminal. The energy metabolism of the retina is unique in that
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it is dependent on the light or dark state of the tissue and respiration is more uncoupled from ATP
synthesis than in other tissues [31].

RPE cells appear to be different from photoreceptors in that they are specialized to utilize reductive
carboxylation as a source of energy [32]. This minimizes RPE glucose consumption for the reduced
form of nicotinamide adenine dinucleotide phosphate (NADP(H)) generation, so efficient glucose
transport occurs between the choroid and retina. This process is disrupted by excessive oxidative stress
and mitochondrial dysfunction, which can be a result of an inability of mitochondria to access necessary
substrates, as well as defective electron transport and ATP-synthesis systems [33]. Glycolysis and
reductive carboxylation become hindered [32] as pyridine nucleotides, such as reduced nicotinamide
adenine dinucleotide (NAD(H)), are depleted, which leads to RPE and retinal degeneration [34,35].
When glycolysis is promoted in these cells, photoreceptors die [36,37], leading to the conclusion
that the retina and RPE contribute specific metabolic functions, which maintain their own functional
ecosystem [38], both in vivo and in vitro.

2.2. Lipofuscin Accumulation in the RPE

Lipofuscin is a lipid-containing, pigmented granule, which accumulates in various tissues
throughout the body as a result of aging, and can be found as an accumulation in the RPE [39].
Lipofuscin accumulation is a potential risk factor contributing to the development of AMD [40].
RPE cells convert the condensation product of all-trans-retinal and phosphatidylethanolamine to
N-retinyl-N-retinylidene ethanolamine (A2E), which is a major component, and the main chromophore,
of lipofuscin [41,42]. There is direct evidence that A2E alters cholesterol metabolism in the RPE,
contributing to AMD [43]. In addition, A2E directly causes RPE cytotoxicity by inducing apoptosis
through specific inhibition of cytochrome c oxidase (COX) [44,45], which leads to the inhibition of
oxygen consumption and light homeostasis. This increase in oxidative stress leads to mitochondrial
dysfunction, which releases two apoptosis-promoting molecules, cytochrome ¢ and apoptosis inducing
factor (AIF) [46,47], from the mitochondria of RPE cells [45]. Lipofuscin could, therefore, contribute
to the disruption of mitochondrial function and oxidative stress in AMD. This is further highlighted
through links that lipofuscin has with the essential trace element, zinc, which is highly concentrated
in the RPE.

In the retina, zinc is required for the metabolism of ingested photoreceptor outer segments (POS)
by the RPE [48] and provides protection against oxidative stress [49]. For this reason, it has been
suggested that zinc deficiency is linked with AMD, with oral supplementation providing a protective
effect [50-52]. This decreases the risk of progression from intermediate stages of the disease to the
neovascular form in clinical trials [53], but the direct effects of zinc deficiency in the retina remain to
be explored extensively. Julien et al. [54] identified an accumulation of lipofuscin and lipofuscin-like
products in the RPE of zinc-deficient rats, which may contribute to AMD progression [40]. The authors
also proposed that this zinc deficiency contributed to lipofuscin accumulation due to the oxidative
stress and functional deficiency of RPE lysosomes as a result of lipid membrane damage caused by
lipid peroxidation from zinc deficiency [54]. This ultimately led to incomplete degradation of POS
in the dysfunctional RPE lysosomes [55]. This has been further demonstrated in more recent studies
exploring the mechanisms of zinc deficiency and supplementation [52,56].

There is also evidence which suggests that the link between lipofuscin accumulation in the RPE
and AMD progression is more tenuous. Although A2E is known to be produced in the RPE, it has been
shown that, in humans, A2E is preferentially located in the RPE cells of the peripheral retina, rather
than the central area of the retina containing the macula [57]. Therefore, in fundus autofluorescence
(FAF) imaging, the higher levels of lipofuscin fluorescence associated with the central area of the RPE
cannot be exclusively attributed to the concentration of A2E. Other studies have also contradicted
the aforementioned results of an increased signal on FAF by quantitatively determining that the
fluorescence signal associated with lipofuscin and A2E decreases from subgroups of early to late
AMD patients compared to controls [58,59]. As metabolic waste products, including lipofuscin, have
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previously been associated with AMD progression, clinical trials began to investigate the treatment of
GA by limiting the metabolic waste accumulation within the RPE [60,61]. These studies showed no
significant reduction in the rate of progression of GA, further highlighting the inconsistent evidence
regarding lipofuscin accumulation and its role in the development of AMD.

2.3. Sub-RPE Accumulations

2.3.1. Lipid Accumulation

The trafficking and accumulation of lipids and lipid metabolites have long been associated with
BrM aging [62-64]. As identification of these lipids has progressed, studies identified esterified and
unesterified cholesterol (EC and UC, respectively), which are also known as cholesteryl ester (CE) and
free cholesterol (FC), respectively [65,66]. Oil red O staining demonstrated that the EC accumulated
in the macula seven-fold more than in the periphery of the retina [64,67]. Although EC accumulates
exclusively at the BrM, UC and other phospholipids are also found within cellular and intracellular
membranes [68]. The association between cholesterol and lipids in the retina, their link to AMD,
and potential therapeutic target strategies have previously been reviewed [18,69,70] (Figure 1).
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Figure 1. The metabolic flux of various lipids and their associated proteins in the retinal pigment
epithelium (RPE). In addition to anabolic and catabolic lipid metabolism, the RPE also functions as
a transfer site for lipids and proteins (yellow and green spheres) between the circulation and the
photoreceptors. The influx of lipids from the RPE to the photoreceptors is represented on the left
side, whilst the efflux of lipids is represented on the right side of the image. There is substantial
recycling of lipids by the RPE, which are continuously provided through the phagocytosed membrane
discs of photoreceptor outer segments (POS). The oxidized lipid species either enter the circulation
as lipoprotein particles (green spheres) or are basally deposited into the sub-RPE space leading to the
formation of drusen. LCAT, lecithin-cholesterol acyltransferase; APOA1, apolipoprotein Al; CETP,
cholesteryl ester transfer protein. Colored arrows represent lipid receptors and their direction of
transport. Reproduced with permission from van Leeuwen et al. [18].
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2.3.2. Advanced Glycation End Product Accumulation

Advanced glycation end products (AGEs), oxidized products of non-enzymatic, extracellular
protein and lipid glycosylation, have been associated with and implicated in AMD progression for
several decades. In one early investigation, the accumulation of these molecules was associated
with soft, macular drusen and RPE cells [71]. This accumulation was proposed to contribute to the
neovascularization associated with AMD, and more recently, they have been found to accumulate in
the BrM [72]. In this localized region, they inhibit protein function and are associated with age-related
damage. ARPE-19 cells have also been grown in the presence of AGEs, which leads to an additional
increase in the accumulation of lipofuscin, which has its own implication in the pathogenesis of AMD
previously discussed.

As these chemical modifications are promoted by smoking, a major risk factor for AMD
development [73], it is not surprising that AGEs and their receptors (RAGEs) are suggested to promote
the development of AMD. A more recent study investigated the activation of the AGE receptor (RAGE)
when the threshold for AGE accumulation is reached [74]. The activation of RAGE is associated with
transitioning an acute inflammatory response to a more chronic disease, as indicated in this study,
which demonstrated that RAGE was significantly associated with CNV in mice.

2.3.3. Drusen Accumulation and Development

One of the main issues surrounding the prevention of AMD is that the early stages of the
disease are often asymptomatic. This means that AMD is often identified when a patient has already
progressed to the intermediate stage of the disease and might be suffering from partial sight loss.
Early stage AMD can still be characterized by the presence of sub-RPE deposits, which accumulate
with age and are associated with the thickening of Bruch’s membrane. Sub-RPE deposits are focal,
termed drusen, or diffuse, termed basal laminar (BLamD) or linear (BLinD) deposits. Their formation
can contribute to RPE detachment and photoreceptor death [75-77]. Lipids, proteins, minerals, and
cellular debris are constituents of all sub-RPE deposits, but the composition of the various types can
differ [78]. Hard drusen are associated with the normal aging process while intermediate and large soft
drusen, as well as BLinD and BLamD, are implicated as contributing to increased disease susceptibility,
especially when they are present in the macula [79]. Using new clinical imaging modalities, sub-RPE
deposits are becoming better phenotyped in clinical settings [80] and, in combination with laboratory
imaging, can help to develop better diagnosis [81].

Although drusen form in the natural aging process, when they increase in number and size,
they are critical for the development of late-stage AMD. Indeed, an increase in drusen volume, as
measured with spectral domain optical coherence tomography (SD-OCT) in vivo, has been shown
to increase the risk of progression from the intermediate stages to advanced AMD [82,83]. Various
research groups have begun assessing the molecular constituents contributing to this pathological
accumulation. The molecular composition of drusen has been studied in the past, with a major focus on
the proteins present in drusen. Common components repeatedly found include apolipoprotein E [84];
amyloid components, including amyloid 3 [85,86]; complement components; and vitronectin [87,88].
Although the protein composition of sub-RPE deposits is not limited to these proteins, it is worth
noting that they were also found to be coating hydroxyapatite (HAP or Cas(PO4)3OH) spherules [89]
and large HAP nodules [81]. These studies suggest that metabolic changes associated with mineral
formation are involved. It has been shown that HAP can be deposited onto cholesterol-containing
extracellular lipid droplets, after which proteins can bind and oligomerize to start forming the sub-RPE
deposits (Figure 2). This HAP deposition and subsequent loss of permeability of the BrM can be
modelled in primary cell culture [90], therefore, the metabolic changes associated with mineralization
can now be explored.
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2.3.4. Trace Metal Homeostasis

Altered metal ion homeostasis has also been implicated in AMD. Apart from zinc and calcium,
which were discussed in Section 2.2. and Section 2.3.3., respectively, another metal ion commonly
implicated in AMD is iron.

Iron is well known to contribute to retinal degeneration [91], where it causes damage through the
induction of oxidative stress. Within the RPE, the accumulation of iron contributes to the buildup of
lipofuscin [92]. In the sub-RPE space, iron accumulation can interfere with molecular pathways, such
as the complement system [93].
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Figure 2. Model of sub-RPE deposit formation. Graphical overview of the proposed mechanism
for the growth of sub-RPE deposits containing hydroxyapatite (reproduced with permission from
Thompson et al. [89]). Micrometer-sized, cholesterol-containing extracellular lipid droplets (black)
provide a site of hydroxyapatite (HAP) (magenta) precipitation. Deposit growth follows, with the
binding of various proteins (blue) to the surface of HAP, facilitating a self-driven oligomerization
process forming the macroscopic sub-RPE deposits (yellow). The brown particles within the RPE
represent melanocytes.

When the metal ion content of sub-RPE deposits were determined in the macula, equator, and far
periphery of the retina [94], iron appeared to have the lowest concentration when compared to zinc or
calcium, regardless of the geographical locations.

While the underlying mechanisms for the positive effects of zinc are not yet fully understood,
recent evidence suggests that there are multiple effects on the RPE of externally added zinc [52].
However, uncontrolled regulation of zinc levels can have negative effects at both ends of the spectrum.
Zinc deficiency appears to be linked to lipofuscin accumulation in RPE cells [54] and it has been
shown to impair the phagocytic and lysosomal activity of RPE cells through lipid peroxidation [56].
Alternatively, an excess of zinc contributes to RPE cytotoxicity [95] and can lead to zinc deposition,
notably in the sub-RPE space [96]. There is also evidence suggesting that zinc is involved in the
oligomerization of CFH and the modulation of the complement cascade and contributes to the protein
content of sub-RPE deposits [93].

2.4. Choroid-BrM-RPE Interaction

The choroid is the vascularized layer of the eye, which is located between the retina and the sclera,
with the innermost layer (choriocapillaris) located on the basal side of the BrM. The retina of humans
and other non-human primates is supported by the underlying choroidal vasculature and the retinal
vasculature, which supports the inner retina. These dense capillaries are fenestrated on the retinal
surface to supply oxygen and nutrients to the RPE and photoreceptors, as well as removing waste
products generated in these highly metabolic cells. Studies on the blood flow of the choroid have
been carried out [97], where it has previously been determined that a small portion of the choroidal
blood flow reaches the retinal photoreceptors. This is primarily due to the high blood flow relative to
the small tissue mass [98,99], which exists to account for the poor (< 1 volume %) oxygen extraction
from the blood to supply the outer retinal structures [100,101]. The high metabolic demands of the
photoreceptor inner segments means that, under normal conditions, there is a large oxygen supply
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from the choroid to help overcome the issue of distance [102]. This causes an issue when there is any
disruption to the distance between the choroid and photoreceptors (such as in the presence of sub-RPE
drusen), as the lack of oxygen will lead to progressive photoreceptor degeneration. Chirco et al. [103]
have recently reviewed the changes that occur to the choroid with aging, at both a structural and
molecular level, and how this relates to AMD disease progression.

The blood-retinal barrier formed by the tight junctions of the RPE is important for the supply of
nutrients to the photoreceptors. The BrM was first thought to form part of this barrier, but it became
apparent in early studies that it was relatively permeable compared to the RPE and, instead, was more
important in the removal of waste products from the retina. Unfortunately, as the BrM thickens with
age, it becomes increasingly impermeable to the low concentrations of waste products that begin
to accumulate in the sub-RPE space. The opposite has been found to be the case for the choroid,
which appears to thin with age, particularly at the fovea [104]. This effect happens alongside a decrease
in von Willebrand factor and human leukocyte antigen (HLA) class I proteins [105], both vascular
specific proteins. This suggests that there is a dedifferentiation of the endothelial cells in eyes with
early AMD and, along with the loss of the RPE cell layer, provides an insight into the steady metabolic
dysregulation associated with the development of AMD.

3. Metabolomics in AMD

3.1. Introduction into Metabolomics

Metabolomics can be defined as the measurement of all small molecule metabolites within
a biological system [106], including those that are environmental in origin. There is an increasing
understanding of the components associated with the transcriptome and proteome, but the metabolome
offers an integrated perspective of cellular processes and the effect environmental factors may have
on the biological state (Figure 3). Compared with the other ‘-omics” approaches for investigating
changes in the physiology of individuals and populations [107], metabolomics remains in its infancy.
However, its popularity has rapidly increased over the last two decades. Mass spectrometry (MS)
and nuclear magnetic resonance (NMR) spectroscopy are the predominant platforms that are used
to obtain metabolomic profiles from a diverse range of sample types. To increase its resolution
and sensitivity, MS is combined with different separation techniques, such as gas chromatography
(GC) and high-performance liquid chromatography (HPLC) [108]. NMR spectroscopy is useful for
metabolomic investigations because of its reliability and for the structural information it provides.
NMR is not as sensitive as MS, making it more useful for quantifying high abundance metabolites.
Furthermore, NMR does not always offer the high-throughput data acquisition that is common with
mass spectrometers. However, there is evidence that this barrier is now being overcome [109].
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Figure 3. Overview of the various omics approaches that can be applied to assess the biological
components that contribute to multifactorial diseases, such as age-related macular degeneration

/

(AMD). Metabolomics is highlighted in green as an approach to test the effect of the environment
and processes in the body on the development of disease. Microbiomics is growing in importance
in understanding disease, but how it influences the whole system in a human, or in fact in animals,
is yet to be determined. Adapted from Lauwen et al. [110].

Sample preparation is critically important in metabolomic investigations because metabolites
could be introduced, altered, or removed during processing, which may not reflect the actual molecular
state of an organism. For this reason, there is a preference for the use of biofluid samples over
tissues or cells for some applications because they require less processing [111-113]. As the biofluids
are in contact with various organs throughout the body, they also provide a more representative
global metabolic profile. Even with the best sample preparation, there are still limitations as the
current techniques of subsequent separation and detection methods are unable to identify all in vivo
metabolites, primarily due to the heterogeneous and diverse chemistry of the currently known
metabolites [114,115]. As these separation and detection platforms improve, there will be increasing
numbers of studies investigating greater depths of metabolomics knowledge and understanding,
as already evidenced by the rapid expansion of identified human metabolites from just over 6,800 to
over 110,000 metabolite entities [116,117].

3.2. Retinal Tissues

In AMD, metabolomics studies have been conducted using samples obtained from animal models
and human patients. A summary of untargeted cellular, human, and animal AMD metabolomics
studies and the specific techniques used can be found in Table 1. One such study explored the
metabolic changes associated with photoreceptor degeneration, a consequence of late stage AMD
and GA, as well as whether induced pluripotent stem cell (iPSC)-generated RPE cell grafts altered
this metabolomic profile [118]. The metabolites from rat eyes at different time points post-graft were
processed by HPLC-QTOFE-MS (quadrupole time-of-flight mass spectrometry) and were analyzed
against the METLIN database. When comparing 52-week old dystrophic rats against age-matched
control rats, significant changes were reportedly observed at 3 weeks, with most changes occurring
at 52 weeks. Of the 203 metabolites which significantly changed in the diseased samples, more
than half were phospholipids and various oxidized species. Glycerophosphocholines were the most
abundant subclass that changed, followed by glycerophosphoethanolamines, long-chain acylcarnitines,
monoglycerols, fatty acid amides, and long-chain polyunsaturated fatty acids (LC-PUFAs). There was
a general increase in the fold-change of phospholipids in the dystrophic tissue, suggesting a higher
level of lipid metabolism in the diseased eyes. Alternatively, there appeared to be a downregulation
of the acylcarnitines, which are important for energy homeostasis and RPE function, and of the
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docosahexaenoic acid w-3 fatty acid (DHA), which is necessary for retinal homeostasis [119,120].
DHA is the precursor of various phospholipids found enriched in the outer segment membranes
of the retina, including lysophosphatidylcholine (lysoPC), lysophosphatidylethanolamine (lysoPE),
and lysophosphatidylserine (lysoPS), all of which were downregulated in a similar manner as DHA.

A similar decrease was observed over time for all-trans-retinal (atRAL) in Royal College of
Surgeons (RCS) rats, which is indicative of photoreceptor degeneration [121], along with an increase
in the toxic A2E fluorophore. This resulted from inefficient clearance of atRAL in the dysregulated
visual cycle [122]. The final part of their study identified that stem cell-derived RPE rescued the loss
of DHA-lipids associated with the diseased phenotype, suggesting RPE transplantation could be
a metabolic mediator with therapeutic benefits [123].
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Comparable results have been obtained when using mouse models of photoreceptor degeneration
to compare healthy mice and AMD patients. Orban et al. [124] used tandem MS to analyze the
Abca4”" Rdh87 mice, which exhibit retinal degeneration under light-induced photoreceptor damage.
This revealed that 11-cis-retinal and DHA levels were both decreased, whilst intense light produced
increased levels of prostaglandin G2. The animal model metabolite differences also appeared in serum
from AMD patients suffering from the nonexudative form of the disease in the dysregulation of DHA.
Intense light also reduced the levels of DHA in wild-type mice, but this did not lead to photoreceptor
degeneration. One of the differences between the disease seen in mice and the AMD patients was the
statistically significant increase in arachidonic acid (AA) in the human serum, which was not present
in the mice eyes. This study also employed a statistical model as a predictive tool for the identification
of AMD, which gave a 74% chance of identifying AMD patients when compared to controls using
only DHA and AA. The inclusion of the AMD-associated Ala®-Ser variant in the ARMS? gene did
not significantly improve this model. This was primarily because only a small correlation was found
between the genetic mutation and AMD, meaning that, in these samples, the genetic screen for this
amino acid transition was not a good predictor of AMD development. This variant has previously
been shown to be associated with AMD progression and could be used as a predictive tool [11],
which indicates using multiple models with independent biomarkers are a better diagnostic strategy
to employ.

As it is well documented that the environment can impact the metabolome, it may also be worth
noting how different tissue collection methods are employed for metabolomics studies. One study
has highlighted the potential impact of anesthesia and euthanasia on metabolomics studies carried
out on tissues [132]. Here, it is highlighted that there are tissue-specific changes dependent on the
method of tissue sampling. For example, after euthanasia, skeletal muscles showed higher levels of
glucose-6-phosphate, whereas nucleotide and purine derived metabolites accumulated in the heart
and liver, when compared to anesthetized animal tissues. Although the authors recommend utilizing
anesthesia for tissue collection, this may not be feasible for every study and, instead, highlights a point
of consideration in tissue metabolomics studies.

Another consideration for metabolomics studies is post mortem time, especially in humans.
There is evidence from GC-MS and ultra-high performance LC-MS (UHPLC-MS) studies in the eye
that statistically significant post-mortem changes can be observed in a number of metabolites, although
most metabolites were stable for up to eight hours post-mortem [133].

3.3. RPE Cells

Although several cellular models have been developed to replicate the RPE layer in vivo,
the complex cellular environment of the retina means the exact environment is difficult to mimic.
The human fetal RPE (hfRPE) cellular model is possibly the most reliable model of RPE cell function
as it appears to replicate the physiological RPE morphology that other cell models and cell lines
do not [134-136]. The use of this cell model as an accurate indicator of cellular metabolism may
be helpful for metabolomics investigations [137]. The retina contains many different cell types,
which have preferential metabolic pathways for energy metabolism, such as aerobic glycolysis
in photoreceptors and reductive carboxylation in the RPE. In addition to the metabolism studies
mentioned previously [23,125,138], these primary cell culture models also provide a platform for
studying the development of drusen deposits in vivo [139], which are important factors in the
development of GA. This has been expanded upon in recent years, with the identification of individual
components of the drusen already mentioned [78,89,90]. Of interest is the accumulation of HAP, which
is not commonly found in healthy soft tissues. The accumulation of high concentrations of phosphate
and calcium, together with other divalent ions, in the sub-RPE space provided a new insight into
the development and progression of sub-RPE deposits. It is perhaps unsurprising that there is an
accumulation of phosphate and calcium, given that the retina is one of the most metabolically active
tissues in the body [140-142], and the RPE has a very high calcium content [143]. Sphingolipids
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are one metabolite class that have been demonstrated to both contribute to, and protect against,
photoreceptor apoptosis [144-146], as well as potentially having a role in choroidal and retinal
neovascularization [147,148]. Another role that could be related to the deposition of calcium-phosphate
at the RPE basement membrane is the role sphingolipids and their potential kinases have in calcium
mobilization, particularly in response to the influx of calcium via transient receptor potential (TRP)
channels [146,149-151].

Each of the cell types within the retina must communicate with one another to maintain a regular
homeostatic environment and function properly to maintain viability. Recently, Chao et al. [125]
investigated the consumption of nutrients and the subsequent transport of metabolites through the
RPE cell layer. Through LC-MS/MS, 120 metabolites were identified in the culture medium of hfRPE
cells and three were identified as being the most heavily consumed nutrients. Glucose and taurine
showed the highest consumption from the apical medium, with proline consumed from both the apical
and basal medium after 24 hours. Through isotopic labelling, they were also able to identify that
metabolic intermediates from both glucose and proline metabolism were preferentially exported to the
apical side of the culture, which is then imported into the neural retina when co-cultured. Proline is
an energy source, which is utilized by both the citric acid cycle and the reductive carboxylation pathway.
This provides a valuable insight into the unique metabolism that may occur in vivo, demonstrating the
use of alternative metabolic pathways in RPE cells and indicating metabolite secretions, which may
present as biomarkers that could change when the RPE is in a diseased state. This publication further
proved human primary RPE cells are suitable model systems to study the dynamic changes in and
around the RPE [125]. Further manipulation of culture conditions will now be able to study differences
in the metabolism, which could mimic those found at the photoreceptor/RPE/choroid interface.

3.4. RPE Cells and the Retina

The metabolic connection between RPE cells and photoreceptors means that the loss of the RPE
cell layer is detrimental, not only to the choriocapillaris, but also as a contribution to photoreceptor
degeneration in the late stages of AMD [152-155]. Knowing that the RPE cells provide a homeostatic
platform for the underlying photoreceptors, and that their degeneration contributes to the pathogenesis
of AMD, Kurihara et al. [36] investigated the effects of oxidative stress on this cellular interaction as
an early indicator of the disease. Using a murine model and primary RPE cells cultured from mice,
the authors found that a hypoxic environment, induced from choriocapillaris vasodilation, led to the
accumulation of lipid molecules, BrM thickening, RPE hypertrophy, and significant photoreceptor
degeneration [36]. In addition to the pathological changes associated in the different cell types,
glucose metabolism also became impaired within the hypoxic RPE. This was evidenced by the shift
from oxidative phosphorylation to glycolytic metabolic pathways, under hypoxic environments,
in vivo. This was supported by increased apical RPE uptake of glucose in vitro, which subsequently
reduced available glucose for photoreceptor metabolism. These results are similar to those suggested
in other studies looking directly at the effects of RPE and photoreceptor metabolism [125,138]. Through
untargeted MS analysis, it was revealed that various forms of acylcarnitines were also significantly
different in the von Hippel Lindau (Vhl) knock-out mice [36]. When combined with the gene knockout
for hypoxia-inducible transcription factor 2 (HIF2w), the levels of acylcarnitines were of a similar
level to that in control mice. This is similar to results obtained in other animal models using the
same two genetic mutations [156,157], which suggests that HIF2« could play a crucial role in retinal
lipid regulation as the combined genetic knockout of Vhl/Hif2a partially restores the wild-type lipid
homeostasis. This is just one example that investigated the effects of oxidative stress on the RPE,
but the overall literature in oxidative stress and the RPE were recently reviewed in the context of
neovascular AMD (NVAMD) [158].
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3.5. Biofluids

One of the first investigations into the metabolic changes associated with oxidative stress in AMD
was performed in blood, but later studies on different biofluid metabolites were also investigated.
These are summarized in Table 2. In the first study, the authors targeted metabolites, which were
products of thiol redox reactions and lipid peroxidation [159]. Blood plasma samples from AMD
patients and control individuals were assessed for cysteine (Cys), cystine (CySS), glutathione (GSH),
isofurans (IsoFs), and F,-isoprostanes (F»-IsoPs), chosen based on previous results demonstrating that
increased oxidation of these metabolites were associated with AMD risk factors [160-162]. Using HPLC
and gas chromatography MS (GC-MS), they identified that only the levels of CySS were significantly
higher (9.1%) when comparing AMD patients and controls. The levels of CySS were also significantly
greater between neovascular and advanced AMD patients compared to controls. However, when the
analysis was adjusted for age, gender, and smoking, the results were no longer significant and so the
results are only suggestive of possible systemic metabolite changes.

An additional group used a targeted approach to investigate the association of long-chain w-3
PUFAs, triglycerides, and high (HDL) and low (LDL) density lipoprotein-cholesterols in patients with
NVAMD [163]. Serum and red blood cell membrane (RBCM) fatty acids were determined by GC,
whereas enzymatic colorimetric and electrophoretic methods were employed to measure triglycerides
and the serum lipoprotein-cholesterols. Compared to control samples from individuals with no
history of ocular diseases, the NVAMD patients had significantly lower plasma triglycerides, serum
eicosapentaenoic acid (EPA), RBCM EPA, and DHA after adjustment for age and sex. Similar levels of
plasma total, HDL-, and LDL-cholesterol, as well as serum DHA and EPA+DHA (omega-3 index), were
observed in both NVAMD patients and the controls. These results build on a previous population-based
study by the same group [164], which showed a trend of a decreased risk to progress to NVAMD in
patients with higher plasma w-3 LC-PUFAs. A decrease was also found between the plasma EPA in
the Alienor study [164], which was not associated with AMD, as opposed to the significant association
of AMD with serum EPA in the more recent study [163]. Decreased levels of DHA in association with
AMD has previously been highlighted in Section 3.2. [118,124].

The same group that investigated oxidative stress in AMD patients [159] progressed to
an untargeted metabolomic investigation of plasma in NVAMD patients and age-matched controls with
no clinical signs of AMD [126]. Using LC-FTMS (Fourier-transform mass spectrometry), there appeared
to be significant changes in the intensity of 94 metabolites between the two cohorts. A more
detailed analysis revealed a total of 40 metabolites that overlapped between the log2 transformed
and non-transformed data. Cluster analysis of these 40 metabolites showed significant increases
in certain peptides, modified amino acids, and natural products, defined as either a metabolite
synthesized by a living organism or a metabolite specifically involved in secondary or specialized
metabolism [165]. Significant decreases were found in bile acids, vitamin D-related metabolites,
and dipeptides (histidine-arginine and tryptophan-phenylalanine) in NVAMD patients compared to
controls. Pathway analysis of these metabolites revealed that phenylalanine and dopaquinone in the
tyrosine metabolism pathway, which aids in the synthesis of melanin [166], or aspartate and glutamine
in the urea cycle pathway, a natural process to remove excess nitrogen from the body, are involved.
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Similarly, Luo et al. [127] assessed the plasma metabolomics profile of a Chinese cohort of patients
suffering from NVAMD and healthy controls using UHPLC-QTOF MS. In this study, there were
10 metabolites that differed significantly between the two groups, the majority of which were amino
acids, and the most significant finding was an increase in L-phenylalanine in AMD patients. A further
analysis of the associated metabolic pathways revealed that most metabolites belonged to the amino
acid biosynthesis pathway. The most common metabolites found across the metabolic pathways had
also been previously shown as having a significant change by Osborn and colleagues [126].

Untargeted metabolomic studies assessing metabolic differences between healthy individuals
and AMD patients are increasing in frequency. One such study used LC-MS/MS analysis to assess the
blood serum of 60 individuals characterized as either healthy controls, patients suffering with CNV,
or patients suffering with polypoidal choroidal vasculopathy (PCV) [167], a subtype of AMD commonly
found in Asian populations [170]. It was shown that glycerophospholipids, amino acids, di/tripeptides,
w-3 and -6 PUFAs, and various carnitine species were all elevated in both CNV and PCV patient
samples. In total, there were 197 significantly altered metabolites across both conditions compared
to serum metabolites from controls. Only one metabolite (pinolenic acid) was shown to be different
between CNV and PCV patients, which suggests there could be significant metabolic overlap between
these two diseases [170]. The results from this study provided additional knowledge to previous
research, which compared the serum lipid profiles of PCV patients and compared these to controls [171].
A total of 41 metabolites were significantly altered in PCV patients, which included increases in
18 phosphatidylcholines (PCs), eight sphingomyelins (SMs), three lysoPCs, three platelet-activating
factors (PAFs), one lysophosphatidic acid (LPAs), and one phytosphingosine. Significant decreases
were found in one PC, three LPAs, two sphingosines, and one phosphatidylethanolamine (PE) [171].

The results from the PCV and AMD comparison study [170] were expanded in 2017,
where investigations into the plasma metabolomics profiles of AMD patients and healthy age-matched
controls were conducted using NMR [128] and UPLC-MS analysis [129]. For the plasma samples
analyzed by NMR, two large cohorts of AMD patients were recruited at two separate study locations
(Coimbra and Boston) and were characterized by the severity of their AMD progression. These were
compared against each other, as well as being compared against control samples from both study
cohorts. There were noticeable differences in the metabolic profiles between AMD severity stages,
including between samples from early-stage AMD and the control groups. There were higher levels
of circulating creatine, acetate, dimethyl sulfone, C18 cholesterol, and high-density lipoprotein
(HDL)-choline, whilst there were lower levels of unsaturated fatty acids between controls and the
early AMD Coimbra cohort [128]. Across the AMD severity stages, there were minor differences in
low-molecular weight (M,y) metabolites, such as higher pyruvate for intermediate AMD and lower
levels of histidine, acetoacetate, and 3-hydroxybutyrate for late AMD. Samples from the Boston cohort
showed slight differences in the low-M,,. metabolites, with higher and lower levels of glutamine for
early and intermediate AMD, respectively. Lower histidine levels were found in intermediate and
late AMD, with lower levels of alanine in late AMD. As evidenced by the metabolites found between
the two different cohorts, there appears to be a geographic influence on the metabolites that present
as significantly different in AMD patients, again highlighting the influence of the environment on
metabolomics studies and disease profile.

A subsequent study by the same group analyzed plasma metabolites from patients with different
stages of AMD progression and age-matched controls, using UHPLC-MS [129]. Here, 87 metabolites
were identified as differing between AMD and controls. Most of the metabolites were members of the
lipid super-pathway (82.8%), followed by amino acids (5.7%). Similarly, six out of seven of the most
significantly different metabolites were lipids, the exception being adenosine. In terms of increasing
AMD severity groups, 48 metabolites significantly differed and all but one of the most significant
metabolites were involved in lipid pathways. Pathway analysis demonstrated that most were involved
in glycerophospholipid metabolism. It is important to note that Osborn et al. [126] were unable to
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distinguish the lipids that were present in their samples and so they were not analyzed and cannot be
compared to the study by Lains et al [129].

Recently, the limitations of the original paper by Osborn et al. [126] have been improved on in
a study, which investigated the metabolites and associated metabolic pathways of a larger cohort of
NVAMD patients [131]. Plasma samples were collected from NVAMD patients, who exhibited extensive
CNYV, subretinal hemorrhaging or fibrosis, or photocoagulation scarring in one or both eyes. Control
individuals were identified as having fewer than 10 small drusen and no macular pigment changes in
both eyes. Untargeted metabolomics was carried out using LC-MS, which identified 10,917 unique
metabolite features. Analysis of these features highlighted 159 metabolites that were distinguishable
between NVAMD patients and controls. There was an increase in 110 of these metabolites in
NVAMD patients, with 49 showing decreased levels, compared to controls. Further analysis identified
39 metabolites with medium to high confidence. Only metabolites that have been exclusively
identified have been listed in Table 2. Acylcarnities, amino acids, bile acids, lysophospholipids, and
phospholipids were amongst those annotated and, following Bonferroni-corrected pathway analysis,
the carnitine shuttle pathway was revealed to be significantly altered in NVAMD patients. Further
LC-MS/MS analysis confirmed the identity of five of the six carnitine shuttle pathway metabolites,
which all showed a significant increase in NVAMD patients. This larger cohort study builds on previous
NVAMD metabolomics research, which have also identified acylcarnitine and bile acid alterations in
the patient population [126,127].

Preliminary studies published as abstracts on metabolite profiles in AMD have also been compared
using NMR metabolite profiles of laser-induced mouse models of NVAMD and human AMD patients,
identifying lactate as an important metabolite in both cases [172,173]. Preliminary studies in urine
have also been carried out [168,169]. Here, the NMR profiles for NVAMD cluster well, whereas the
clustering of the nonexudative AMD patients was more diffuse. This may suggest a more heterogeneous
population and highlights differences between AMD subgroups. In NVAMD patients, there were
notable increases in arginine and decreases in glucose, lactate, glutamine, and glutathione. Results
obtained in urine showed an overlap between neovascular and nonexudative AMD, suggesting that
the two forms of the disease could be linked [168,169]. The metabolomics profile of subretinal fluid
has also recently been investigated [174], in the context of other ocular diseases, with 651 metabolites
identified in a small sample size of three patients.

It is perhaps not surprising that lipids are the most consistent metabolites that show changes
in the different stages of AMD. The role that lipids play in the pathogenesis of AMD is becoming
clearer though it is still to be fully elucidated [175]. The most significantly associated metabolites
in these studies belonged to the glycerophospholipid family, which provide structural stability and
fluidity to neural membranes. The most likely source of these are the degrading cell membranes
and photoreceptor outer segments’ discs. Although these studies provide a basis for the identity of
potential metabolic biomarkers present in the circulation and tissues of AMD patients and models of
AMD disease states, they may not be directly relatable to the process occurring in the retina.

4. Alternative Approaches for AMD Metabolomics Studies

4.1. Tears

Tears are a biofluid originating from the anterior of the eye and are a potential source of metabolite
biomarkers directly linked to ophthalmology. Although relatively small in volume [176], technological
advancements now make it possible to characterize the proteomic [177,178], lipidomic [179],
and metabolomic [180] composition of the human tear. As a source of biomarkers, the tear has been
used to assess the disease profiles of various ocular diseases, including, but not limited to, dry eye
disease, keratoconus, trachoma, and diabetic retinopathy, which have been reviewed elsewhere [181].
The majority of tear analysis studies have focused on the proteome as the relative amount of protein is
greater than metabolites. Along with this, a single technique is unable detect all tear metabolites due
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to no standardized collection, analysis, or identification methods. Despite this issue and not being in
direct contact with the retina, tears provide a non-invasive source of metabolomic biomarkers [182].

One of the first exclusive characterizations of the human tear metabolome aimed to use
a standard clinical method of tear collection and to develop an analytical platform, which could
be applied to characterize the global repertoire of human tear metabolites [180]. In this study, tears of
healthy individuals were collected using the clinically utilized Schirmer strips, separated by UFLC
(ultra-fast LC) and analyzed by Q-TOF MS/MS. This untargeted method of metabolite analysis
identified 60 metabolites from a range of 16 compound classes. Of these metabolites, 44 were ‘novel’ as
they did not correspond with metabolites identified in previous targeted studies (see Table 1 in [180]).
This set the precedent for what could be achieved in tear metabolome studies, but it was clear that this
method did not measure some well-known metabolites (e.g., measurement of glucose and ascorbic
acid was affected by background interference).

Very few lipid species were identified, but within the literature, others have identified
several classes of lipids using targeted analysis. These include free cholesterol [183],
phosphatidylcholines [183,184], SMs [183,184], wax esters [183,185], lysoPC [186,187], triacylglycerides,
ceramides, and phosphatidylethanolamines [186]. A further study investigated lipid composition
during collection with Schirmer strips using untargeted analysis [179]. Tears were collected either by
capillary tube or Schirmer strip and extracted lipids were analyzed using HPLC-MS. Over 600 lipid
species across 17 lipid classes were detected, the majority of which were categorized as either wax
esters or cholesteryl esters.

Contact of parts of the strip with the eye [188], particularly the meibum [189], clearly contributes
a large proportion of free cholesterols, sphingolipids, and phospholipids, and therefore the tear
lipidome is less complex than the meibum lipidome. These results were consistent with previous
studies investigating lipid classes in human tears, but this was the first extensive characterization
of the tear lipidome, where novel metabolites were also identified [179]. This includes cholesteryl
sulfates, which, as a stabilizing agent [190], could contribute to the amphiphilic sublayer of the tear film.
This study indicates the limitations of tear collection methodologies within the context of metabolomic
investigations. Schirmer strip collections yield the highest absolute amounts of lipids and are routinely
employed in the clinic. Although the level of background noise was high in blank Schirmer strips,
no endogenous tear lipids were detected [179]. Interestingly, the strips act as a chromatographic system
for lipid metabolites [179,186]. The aqueous fraction of the tear travels further along the strip than the
non-polar lipids. The strips can capture an accurate representation of the lipidomic profile of tears and
their relative concentrations when compared to spiking with artificial tear solutions [179]. It should be
noted that tears used in this study were obtained from patients with dry eye syndrome [179] and so
their metabolomic profiles and relative metabolite concentrations may differ from other patient groups.

Tear glucose levels have been considered as a non-invasive method of detecting the early stages
of diabetes [191] and they are increasingly being investigated for their use as a sensor for diabetes
mellitus [192]. It is well known that tear glucose levels are variable diurnally [193] and from which
eye the sample is taken [192]. However, there is evidence suggesting that the tear glucose levels
are reflective of blood glucose levels using enzyme-based and amperometric biosensors [194,195],
suggesting future clinical investigations of tear metabolites are worthwhile. However, there have been
questions raised as to the reliability of the results obtained and whether they are comparable to blood
glucose levels [196,197], and thus needs further investigation.

Tear samples appear to be a reasonable reservoir of metabolites, their collection is non-invasive,
and the samples are easy to handle and cheap to transport, indicating that tear sampling could
become a reliable source for metabolic markers for eye as well as other diseases [198]. Saliva has also
been studied as a source of potential biofluid metabolites [199-201], but there have been no studies
investigating the salivary metabolome in eye diseases.
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4.2. Vitreous and Aqueous Humor

In a similar manner to tears, the vitreous and aqueous humors might be a representative ocular
biofluid to use for metabolomics studies in AMD. Although they have to be obtained through invasive
procedures, often requiring collection during surgery, they are also being used as surrogate sources
of ocular disease biomarkers. Vitreous humor has been studied for metabolite changes in diabetic
retinopathy [202-207], proliferative vitreoretinopathy [207,208], rhegmatogenous retinal detachment
both associated and not associated with choroidal detachment [202,207-209], and uveitis [207].
Young et al. [207] investigated the metabolomic profiles of vitreous humor obtained from a variety
of inflammatory eye diseases. They were able to demonstrate clear and specific differences in
the metabolites obtained from each disease, with a high sensitivity in clinically relevant samples.
In a non-clinical context, vitreous humor from sheep, pigs, and rabbits was profiled using targeted
methods [210]. This revealed that acetylcholine esterase activity varied across species, but less so
between breeds of rabbit. Untargeted LC-MS analysis also found differences in metabolite profiles
that may simply reflect the diets of each animal, and this may have relevance to studies in humans.
However, it should be noted that, based on a study on rats, only 1.6% of the total metabolic profile
overlapped between the vitreous and the retina [133] although this might change in pathological states.

Aqueous humor has also been explored as a source of metabolite biomarkers in different diseases,
but the number of studies is more limited. In an acute model, glaucoma changes in glucose and citrate
levels were detected [211]. In a chronic glaucoma mice model, an increase of sphingolipid and ceramide
species was found [212]. Furthermore, in a chronic rat model for glaucoma, increases in acetoacetate,
citrate, and various amino acids, including alanine, lysine, and valine, as well as a decrease in glucose
levels, were found using 'H-NMR [213]. For acute and chronic glaucoma studies in human aqueous,
humor phospholipids [214], cholesterol [215], sphingolipid, and ceramide species [215,216] profiles
have been demonstrated to be dysregulated.

Aqueous humor has also been used in the identification of metabolic changes associated with
myopia [217,218]. Using a dual platform of capillary electrophoresis—-mass spectrometry (CE-MS) and
LC-MS, one of the studies identified 40 metabolites [217]. Of these, 20 were deemed to be significantly
different between varying stages of myopia. Increases in arginine, citrulline, and sphinganine were
associated with high myopia while increases in aminoundecanoic acid and dihydro-retinoic acid were
associated with low myopia [217]. The other study used GC/TOF-MS and compared the metabolites
present in the aqueous humor of patients with high myopia and compared these to controls [218].
A total of 242 metabolites were identified, with significant increases observed in 27 and significant
decreases in two metabolites [218].

Metabolomic profiles in human aqueous humor have been compared with serum metabolites
from the same patients [219]. The most notable metabolite to differ between the two biofluids was
ascorbate, attributed to the ascorbate-specific pumps at the blood-aqueous border. Other differences
were attributed to the differential metabolic activity of the compartmentalized ocular tissues, but the
potential for post-mortem artefacts has also been raised [219]. Due to the invasiveness of obtaining
vitreous and/or aqueous humor, their use will probably be limited to those where surgical intervention
is a necessity.

4.3. In vivo Imaging

A different approach to obtaining metabolomic information, and of interest for retinal studies, is
the use of in vivo fluorescence imaging. Imaging approaches offer the advantages of data collection
with high spatial resolution, modest intervention, high safety, and low cost of data. Due to their
accessibility, the eye, and retina in particular, are well suited for optical studies compared to most
organs. This has fueled the development of numerous approaches for diagnosis and therapy in the
eye. Many metabolites highlighted in Table 1, and in previous sections, have little or no fluorescence
emission at wavelengths longer than 300 nm, nor unique IR nor Raman spectra, limiting the scope
of fluorescence imaging as a broad metabolomic approach. However, the nicotinamide adenine
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dinucleotide coenzyme NADP(H), and to a lesser extent flavin mononucleotide (FMN), flavin adenine
dinucleotide (FAD), and pyridoxal/pyridoxamine, exhibit useful visible fluorescence under certain
conditions [220]. These molecules are also intimately linked to numerous metabolic pathways and offer
information about metabolite fluxes through those pathways. Of interest are the nicotinamide adenine
dinucleotides, NAD(H) and NADP(H), which are the principal carriers of reducing equivalents
within cells. NAD(H) is crucial for energy production in the cell as it is the primary transporter
of electrons for oxidative phosphorylation, whereas NADP(H) provides the reducing equivalents
for the neutralization of cellular reactive oxygen species (ROS). The importance of NAD(H) to the
energetic state of cells was recognized decades ago, where the proportions of NAD(H) and NADH
were measured spectrophotometrically and by fluorescence [221]. Naturally, as a cell acquires energy
through different routes (oxidative phosphorylation, glycolysis, fermentation, reductive carboxylation)
and from different fuels (glucose, fatty acids, ketone bodies), different pathways are activated or
deactivated, and the broader metabolome will reflect this.

Recently, more powerful techniques have been developed to study NADP(H) and other
fluorophores. For example, the fluorescence emission spectra of NAD(H) and NADP(H), free in
solution, are very similar (a broad peak around 460 nm after excitation near 340 nm) and so the
proportions of each cannot be distinguished based on spectra alone. However, the reduced forms of
both exhibit different fluorescence lifetimes when free in solution and bound to proteins [222,223].
The fluorescence lifetime is the average amount of time the fluorophore spends in the excited state
between excitation and emission, and is typically in the range of nanoseconds [224]. This can either
be measured in the time domain with a technique known as time correlated single photon counting
(TCSPC) [225], or in the frequency domain by phase fluorometry [224]. While the lifetime is a general
property of each fluorophore, for some fluorophores, the lifetime is very sensitive to environmental
conditions. When free in solution, NAD(H) has a low quantum yield and a mixture of fluorescence
lifetimes between 0.3 and 0.8 nsec. When protein-bound, the lifetime ranges from 1.5 to 6 nsec.
The development of fluorescence lifetime-based imaging microscopy (FLIM) [224,225] made it possible
to collect specimen images where the contrast comes from differences in lifetime, not intensity.
Studies have appeared demonstrating that FLIM can distinguish between free and protein-bound
NAD(H) [226] and between intracellular NAD(H) and NADP(H) [227], a result not possible when only
detecting their spectrally identical fluorescence [228]. The metabolic state and composition of a tissue
can also be assessed by measuring the autofluorescence lifetime of endogenous fluorophores [229-232],
including protein-bound NADP(H) [223].

In in vitro studies, FLIM has been utilized to assess different structures within RPE cells [233],
as well as in retinal tissue from donors with AMD [234]. Miura et al. [233] identified that the
fluorescence lifetime observed inside and surrounding cultured RPE cells increases significantly
when oxidative stress is induced. This enabled the discrimination between the granules associated
with increases in metabolic stress from the melanosomes seen under normal conditions. From retinal
tissues [234], the RPE and BrM could be discriminated from one another using their fluorescence
lifetimes. This was primarily because of the presence of lipofuscin in the RPE, which had a shorter
lifetime than other emitters. Where it was present, drusen could also be discriminated from the RPE and
the BrM. In addition, it was found that different drusen had different lifetime distributions, indicating
that different fluorophores, or the same fluorophores in different environments, contribute to the FLIM
image [234]. Schweitzer et al. [234] also found lipofuscin-like FLIM signatures in structures within
drusen, which they interpreted as indicating a role of lipofuscin in the formation of sub-RPE deposits.

The analysis of the ocular fundus has been extended to include fluorescence lifetime imaging
ophthalmoscopy (FLIO), a technique analogous to FLIM [235]. Fluorophores that are interesting
for AMD are redox coenzymes, NAD(H) and FAD, as well as lipofuscin [236], AGEs [71],
and collagen. The excitation and emission spectra of these endogenous fundus fluorophores
have been investigated in vivo, which showed that it would not be possible to distinguish them
based on autofluoresecnce [231]. However, changes in fluorescence lifetime, especially when the

98



Metabolites 2019, 9, 4

metabolic environment is altered, could identify novel signatures that are associated with AMD [231].
When performing FLIO, it is worth considering the strong fluorescence of the lens [237], which cannot
be entirely suppressed, but which can be overcome using specific analysis software [238]. Multiphoton
excitation may help minimize such background fluorescence, but the safety considerations should be
made when utilizing focused, high peak power picosecond lasers for in vivo studies [239,240].

Following on from the in vitro observations described by Miura et al. [233], the in vivo FLIO has
also been utilized as a tool to investigate the effects of induced oxidative stress on RPE degeneration
and photoreceptor loss in a mouse model [241]. Following intravenous sodium iodate injection,
which induces RPE degeneration, the retinal autofluorescence lifetimes increased over a 28-day
period compared to control mice. In contrast, intraperitoneal injection of N-methyl-N-nitrosourea,
which causes the specific degeneration of the photoreceptors, resulted in shorter lifetimes being
observed [241]. From these results, the authors suggested that short lifetimes are present in the RPE,
but are altered with the overlying retinal structures. FLIO imaging has also been used to distinguish
AMD patients from controls [242]. It was found that images from AMD eyes had a significantly
longer retinal fluorescence lifetime, and they found that the lifetimes may vary from drusen to drusen,
although distinguishing drusen on FLIO images appears to be challenging [242]. Similar observations
were made in another study [243]. However, lifetime changes are present in 36% of the healthy controls,
which suggests these observations could be the result of aging [243]. Whether these fluorescence
lifetime changes are associated with the metabolomics changes mentioned above will need to be
investigated further.

The ability to distinguish between drusen subtypes and different structures in the retina is
complementary to the multimodal imaging approaches described previously [81,244]. These studies
indicate that fluorescence lifetime imaging approaches (FLIM and FLIO) could become tools for
studying not only the biology and metabolomics of the retina, but also the pathologic processes that
lead to diseases, such as AMD. Several comprehensive reviews detailing the principles of fluorescence
lifetime imaging and its application as a clinical tool has recently been published [245,246].

5. Conclusions

In summary, the complex repertoire of metabolites found in the retina is only beginning to be
revealed, and there is scope to identify those associated with the development of AMD. Clearly there
is a dysregulation of lipids in patients suffering from AMD, and various models exist for investigating
AMD biomarkers. Considering the close association between photoreceptor degeneration, RPE health,
sub-RPE deposit formation, and choroidal changes, it is perhaps not surprising to find lipids and
molecules associated with metabolic fluxes in the studies highlighted. Plasma metabolomics could
be a convenient tool for analyzing a wide range of factors potentially contributing to AMD, however,
the number of published studies compared to other ‘-omics” methodologies still remains low [110].
Further efforts are clearly needed here whilst due consideration of the blood-retinal barrier is required.
It is still unclear whether the systemic biomarkers identified in biofluids can be representative of the
changes in the eye. Alternative biofluids, such as tear, saliva, and vitreous, are also viable possibilities
for detecting local and systemic changes in AMD patients.

Some of the current barriers associated with large-scale epidemiological metabolite studies are
being overcome by advances in technology for untargeted metabolite analysis [247]. Comprehensive
study design is crucial for high accuracy and good quality metabolomics data collection, which means
other potential limitations include, but are not limited to, subject selection, sample selection, collection,
handling, storage, and preparation [21,248]. As part of overcoming these limitations, it will become
necessary to establish reference lists of metabolites obtained from various biofluids in larger cohorts
of healthy, age-similar patients. Similar cell-based libraries are being developed for proteomic
integration [249]. For metabolomics, this will require additional advances in the analytical technologies,
as well as strong collaborations to systematically ensure a standardized benchmark can be obtained.
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The introduction and application of lifetime based clinical imaging with FLIO now allows
a non-invasive approach for the identification of metabolic changes in the retina. This is a new
methodology that needs further validation, but the potential to use this approach for clinical practice
is very appealing. Apart from the imaging of endogenous fluorophores, there is a possibility to deliver
markers that change their fluorescent lifetime once they are bound to specific metabolites. While this
approach is still in its infancy [250], once proven to be safe, it could provide new insight into the
metabolic machinery in health and diseases.

Apart from the comparisons between disease and control, it will be interesting to study metabolic
changes associated with dietary intervention in AMD [251,252]. A recent study on an animal model
investigated this [130]. Plasma and urine samples were obtained from wild-type mice, which were
fed diets with either a high- or low-glycemic index and subsequently analyzed by LC-MS and
proton NMR. A total of 330 metabolites were found in plasma and urine (309 in plasma, 47 in
urine, with 26 found in both). The mice fed the high-glycemic diet showed higher levels of lipids,
including phosphatidylcholine, C3 carnitine, and lysoPE. Higher levels of the protein derivatives
of 2-w-carboxyethyl pyrrole (CEP) were also found [253,254]. These changes were associated with
dysfunction of the RPE and degradation of the retinal cell structures. Therefore, dietary studies relevant
for AMD can now be investigated both in animals and perhaps in humans [255].

Identifying biomarkers for such a multifactorial disease as AMD remains a significant challenge.
There are noticeable overlaps between risk factors for AMD and many other diseases (as reviewed by
Kersten et al. [17]). Therefore, metabolomics investigations can provide a further source of information
that can be integrated into distinguishing AMD from other comorbidities. Further studies will shed
light on potential metabolites, which may be used as early stage biomarkers, perhaps even being
applied as precision medicine tools in the future treatment of AMD [256-258].
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Abstract: Cerebral palsy (CP) is one of the most common causes of motor disability in childhood,
with complex and heterogeneous etiopathophysiology and clinical presentation. Understanding the
metabolic processes associated with the disease may aid in the discovery of preventive measures
and therapy. Tissue samples (caudate nucleus) were obtained from post-mortem CP cases (1 = 9)
and age- and gender-matched control subjects (n = 11). We employed a targeted metabolomics
approach using both 'H NMR and direct injection liquid chromatography-tandem mass spectrometry
(DI/LC-MS/MS). We accurately identified and quantified 55 metabolites using 'H NMR and 186 using
DI/LC-MS/MS. Among the 222 detected metabolites, 27 showed significant concentration changes
between CP cases and controls. Glycerophospholipids and urea were the most commonly selected
metabolites used to develop predictive models capable of discriminating between CP and controls.
Metabolomics enrichment analysis identified folate, propanoate, and androgen/estrogen metabolism
as the top three significantly perturbed pathways. We report for the first time the metabolomic
profiling of post-mortem brain tissue from patients who died from cerebral palsy. These findings
could help to further investigate the complex etiopathophysiology of CP while identifying predictive,
central biomarkers of CP.

Keywords: cerebral palsy; metabolomics; 'H NMR; targeted mass spectrometry; metabolic pathways

PACS: J0101

1. Introduction

Cerebral palsy (CP) is the most common cause of severe neurodisability in children [1]. Although
the main underlying causal factor is considered to be birth asphyxia, the pathophysiology of the disease
is still not well understood. There are other causal factors that occur later in life that are hypothesized to
be involved in the development of CP [2-4]. Congenital malformations are rarely identified [5]. Genetic
predispositions with exposure to environmental factors can lead to CP. Common cerebral lesions seen
in CP include destructive injuries, predominantly in the white matter in preterm infants and in the gray
matter and the brainstem nuclei in full-term newborns [4]. The effect of these lesions, especially on
the immature brain, could alter the series of developmental events [6]. Alteration in cell morphology
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or function and cell death observed in hypoxic ischemia or in inflammatory conditions leading to
excessive production of proinflammatory cytokines [7,8], oxidative stress [9], maternal growth factor
deprivation [10], extracellular matrix modifications [10], and excessive release of glutamate [11] have
been shown to trigger the excitotoxic cascade and predispose the development of CP [12-15].

Cerebral palsy is a heterogeneous condition with multiple causes; clinical types and patterns of
neuropathology on brain imaging; multiple associated developmental pathologies, such as intellectual
disability, autism, epilepsy, and visual impairment; and, more recently, multiple rare pathogenic genetic
mutations [2,16-18]. This is a clinical spectrum with many causal pathways and many types and
degrees of disability [12]. These various pathways and etiologies have each resulted in a non-specific
non-progressive disorder of posture and movement control. Thus, CP should be considered as a
descriptive term for affected individuals, with each case requiring a detailed consideration of the
underlying etiology. The described feature of this condition is one of the challenges for researchers
due to the possibility of various underlying etiologies and confounders [12]. To our knowledge,
there is currently no method available for predicting those at greatest risk of developing the disease.
Moreover, only two strategies have succeeded in decreasing CP in 2-year-old children, which include
the use of hypothermia in full-term newborns with moderate neonatal encephalopathy [19,20] and the
administration of magnesium sulfate to mothers in preterm labor [21,22].

Among the new omics, metabolomics has the huge potential to advance our understanding of
many complex diseases by uniquely detecting rapid biochemical pathway alterations and uncovering
multiple biomarker panels, especially in various neurological disorders [23-31]. Over the past decade,
the search for useful biomarkers to accurately predict brain pathology has become a growing area of
interest. Biomarkers such as neuroimaging markers showing corticospinal tract integrity, metabolite
ratios in brain regions, and brain volumes [32,33], multiorgan injury markers [34], and inflammatory
markers [35,36] were studied as prediction models, however the description of metabolomic alterations
or the identification of clinically approved biomarkers in CP has not been reported. There is
accumulating evidence that metabolomic profiling of post-mortem brain tissue helps in understanding
the pathophysiology of neurologic, neurodegenerative, and psychiatric disorders [23,24,28,37-43].
Thus, this study aims to biochemically profile post-mortem brain tissue from patients who died from
CP and compare those with age-, and gender-matched controls. We believe that this approach will help
us to identify central biomarkers of the disease while uncovering previously unreported biochemical
pathways associated with the disease.

2. Results

Using 'H NMR and direct injection liquid chromatography-tandem mass spectrometry
(DI/LC-MS/MS), we biochemically profiled post-mortem human brain tissue from people who died
from CP and compared them with age- and gender-matched controls. We accurately identified and
quantified 55 metabolites using 'H NMR and 186 using DI/LC-MS/MS. Figure 1 represents a labelled
1D 'H NMR spectrum acquired from an extract of caudate nucleus harvested from a person who died
from CP.

Due to the complementarity between the two techniques, there was a certain degree of observed
overlap in terms of the metabolites measured (19 metabolites). To account for this, we took the average
value for the individual metabolites and used this concentration value in our analyses, leaving us with
222 metabolites. Principal component analysis (PCA) was performed on the data to check for any
intrinsic variation and subsequently remove any potential outliers (p < 0.05) based on the Hotelling’s
T2 plot. No outliers were detected. Univariate analysis of the data revealed that of the 222 metabolites,
27 of them were at statistically, significantly different concentrations between CP and control tissue
(Table 1; p < 0.05; g < 0.3). A full list of the 222 measured metabolites is available in Table S1 in the
Supplementary Materials.
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Figure 1. Typical (a) aliphatic and (b) aromatic region of 600 MHz 'H-NMR spectra of brain tissue
extract, the metabolites are listed as follows. 1: 3-Hydroxybutyrate; 2: 4-Aminobutyrate; 3: Acetate;
4: Adenine; 5: Adenosine; 6: Alanine; 7: Anserine; 8: Ascorbate; 9: Aspartate; 10: Carnitine; 11:
Carnosine; 12: Choline; 13: Creatine; 14: Creatine phosphate; 15: Creatinine; 16: DSS; 17: Ethanolamine;
18: Formate; 19: Fumarate; 20: Glucose; 21: Glutamate; 22: Glutamine; 23: Glutathione; 24: Glycine;
25: Histamine; 26: Homocitrulline; 27: Hypoxanthine; 28: Inosine; 29: Isobutyrate; 30: Isoleucine; 31:
Isopropanol; 32: Lactate; 33: Leucine; 34: Lysine; 35: Methanol; 36: Methionine; 37: Myo-inositol; 38:
N-Acetylaspartate; 39: Niacinamide; 40: O-Acetylcholine; 41: O-Phosphocholine; 42: Phenylalanine;
43: Propylene glycol; 44: Pyruvate; 45: sn-Glycero-3-phosphocholine; 46: Succinate; 47: Taurine; 48:
Threonine; 49: Tryptophan; 50: Tyrosine; 51: Uracil; 52: Urea; 53: Valine; 54: m-Methylhistidine; 55:
T-Methylhistidine.
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Those compounds highlighted in bold are considered statistically, significantly different. (W)-data
were non-normally distributed and the p-value was calculated by the Wilcoxon-Mann-Whitney test.

Having confirmed that there were significant differences between CP and control brains,
we wanted to investigate a number of machine learning techniques to identify which method worked
best for accurately discriminating between CP cases and controls. We used the variable importance
functions varimp in h2o and varlmp in caret R packages to rank the models’ features in each of the
predictive algorithms. Feature predictors were estimated using a model-based approach. In other
words, a feature was considered important if it contributed to the model performance. We extracted 20
important predictors from each of the models used for predicting CP. From these 20 features, the top
metabolites were chosen and used to generate the specific predictive model. These were also compared
across the different machine learning approaches (Table 2).

Table 2. List of panels of metabolites used in different artificial intelligence methods. LR: logistic
regression; SVM: support vector machine; PLS-DA: partial least square-discriminant analysis, RF:
random forest; PAM: prediction analysis for microarrays; DL: deep learning.

Models Selected Features
LR PC ae C44:5, Urea
SVM PC ae C44:5, Urea, C9
PLS-DA PC ae C44:5, Urea, C9, PC aa C40:6, PC ae C40:1, PC ae C44:6
RF PC ae C44:5, Urea, C9, PC aa C40:6, PC ae C40:1
PAM Urea, PC ae C44:5, PC ae C44:6, C9, PC aa C40:6, PC ae C40:1
DL C9, PC ae C40:1, Urea, PC ae C44:6, PC ae C44:5

Table 3 lists the average AUCs, sensitivity values, and specificity values calculated on the holdout
test sets. Of all the methods employed, prediction analysis for microarrays (PAM) performed the best
in terms of AUC, sensitivity and specificity combined.

Table 3. Results for the various predictive modeling techniques employed.

LR SVM PLS-DA RF PAM DL
AUC (95%CI)  0.861 (0.688-1) 0.925 (0.73-1) 0.929 (0.8-1)  0.899 (0.6-1) 0.93 (0.8-1)  0.937 (0.8-1)
Sensitivity 0.842 0.778 0.870 0.889 0.899 0.833
Specificity 0.909 0.625 0.725 0.850 0.855 0.667

Metabolomics enrichment analysis highlighted six metabolic pathways as significantly disturbed
in the CP brain as compared with controls. These include folate metabolism, propanoate metabolism,
androgen and estrogen metabolism, androstenedione metabolism, pterine metabolism, and steroid
metabolism (Figure 2).
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Figure 2. Results of the metabolite pathway enrichment analysis.

3. Discussion

To our knowledge, this is the first study to use targeted and quantitative metabolomics to
biochemically profile post-mortem brain tissue from people who died from CP and compared them
with age- and gender-matched controls. Our univariate analysis of the concentration data highlighted
27 metabolites to be significantly different concentrations between CP and control brains (Table 1).

We achieved consistently good diagnostic performance (AUC > 0.80) using six different Machine
Learning approaches. PAM analysis, following cross validation, yielded an AUC (95% CI) = 0.930
(0.8-1) with a sensitivity and specificity of 0.899 and 0.855, respectively. LR had the smallest AUC
among all the algorithms used. This was probably due to its sensitivity and not being the most ideal
method for nonlinear analysis. When we looked at all the variables used as predictors in all of the
models, we identified glycerophospholipids (PC ae C44:5, PC ae C44:5, PC ae C44:6, 40:1, 40:6) and
urea to be the common denominators.

In our univariate analysis, we found that glutamate was included in the top significantly different
metabolites in CP brains. Glutamic acid, known as a key molecule in cellular metabolism, is the most
abundant fast excitatory neurotransmitter in the nervous system [44]. Glutamic acid is believed to
be involved in cognitive functions such as learning and memory in the brain due to its function in
synapsis [44]. In brain injury or disease, excess glutamate can accumulate outside the cells. This process
causes calcium ions to enter cells, leading to neuronal damage and eventual cell death, known as
excitotoxicity [45]. Excitotoxicity due to glutamate occurs as part of the ischemic cascade and is
associated with stroke and diseases like amyotrophic lateral sclerosis, lathyrism, and Alzheimer’s
disease [46—48]. A fundamental process that leads to perinatal brain damage with hypoxic-ischemic
injury is believed to be the damage to neurons with excitotoxicity [49].
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The potential sources of cellular glutamate available for release during ischemia include astrocytes,
oligodendrocytes, axons, and cells from neighboring structures such as the choroid plexus. Of these
sources, ischemic glutamate release from astrocytes has been well characterized in gray matter [50] as
well as periventricular white matter which is a lesion associated with chronic neurologic morbidity,
especially CP seen in premature neonates [51]. Moreover, in animal models, prenatal magnesium
sulfate use had prevented local glutamate level elevation and neurologic impairment after an
excitotoxic brain lesion [52]. This effect was more significant in males compared to females [52].
It is not surprising that our results supported the previous reports on the importance of glutamate
metabolism in lesions associated with CP.

Glycerophospholipids or phosphoglycerides are the most significant metabolites identified in
CP in our machine learning techniques. Glycerophospholipids function in signal induction and
transport. They provide the precursors for prostanglandins and leukotrienes [53] for biological
responses [54]. They are also involved in apoptosis, modulation of the activities of transporters,
and membrane-bound enzymes [55-57]. Marked alterations in neural membrane glycerophospholipid
composition have been reported to occur in neurological disorders such as Alzheimer’s disease,
depression, and anxiety [54,58,59]. These alterations result in changes in membrane fluidity and
permeability. These processes along with the accumulation of lipid peroxides and compromised energy
metabolism may be responsible for the neurodegeneration observed in CP [60,61]. Umbilical cord
metabolomic profiles in neonates with perinatal asphyxia who have substantial risk to develop CP
showed significant alterations in amino acids, acylcarnitines, and glycerophospholipids [62] similar to
our findings in the brain tissue of patients with CP.

Machine learning techniques also identified urea as a good predictive variable across all of our
models. In neurodegenerative disorders such as Huntington’s disease, changes in urea levels were
identified in post-mortem brain tissues [63]. Widespread elevation of urea has also been reported
in brain tissues with Alzheimer’s disease [64], suggesting that urea cycle disruption could also
be a unifying pathogenic feature of neurodegenerative diseases. Excessive levels of urea and its
nitrogenous precursor ammonia are neurotoxic, as evidenced by uremic encephalopathy and the urea
cycle disorders. Urea cycle disorders are genetic disorders caused by a mutation that results in a
deficiency of enzymes in the urea cycle [65]. These enzymes are responsible for removing ammonia
from the blood stream. In urea cycle disorders, nitrogen accumulates, resulting in hyperammonemia
that can cause irreversible brain damage, with manifestations ranging from lethargy and abnormal
behavior such as disordered sleep and neurological posturing through to acute psychosis, seizure,
coma, and death [66]. Similarly, uremic encephalopathy typically occurs in patients with renal
failure, which can lead to symptoms ranging from mild fatigue and generalized weakness to seizure
and coma [67]. There have been no previous reports showing an association between urea cycle
abnormalities and CP. Argininemia, which is a rare urea cycle defect disorder, has been reported
in a small case series of young children leading to progressive spastic tetraplegia, poor physical
growth, and mental retardation with seizures mimicking CP [68]. Our study is the first showing
altered urea concentration in the post-mortem CP brain tissue supporting previous studies about other
neurological disorders.

The results of the pathway enrichment analysis highlighted folic acid metabolism as the
most perturbed biochemical pathway. Methylation cycle and folate metabolism are important in
neurotransmitter regulation, nerve myelination, and DNA synthesis. Thus, folate metabolites play a
critical role in cognitive function and neuromuscular stability. A previous study showed a possible
protective effect of prenatal folic acid supplementation on CP development [69]. There is evidence
that children with CP show dysregulation of methylation capacity and folate metabolism despite
adequate levels of folate and vitamin B12 [70]. Maintenance of methylation activity is crucial
for RNA and DNA synthesis and subsequent growth and development as well as maintaining
neurodevelopment. Interestingly, there is a cerebral folate deficiency syndrome described in children
with developmental delay and deceleration of head growth, psychomotor retardation, and hypotonia.
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One-third of these children develop ataxia, spasticity, dyskinesia, speech difficulties, and seizures
similar to children with CP [71]. In mouse models, folate deficiency has been demonstrated to
decrease neurotransmitter acethylcholine activity, which in turn significantly decreases cognitive
performance [72]. Furthermore, low serum folate concentrations were also found in patients with
Alzheimer’s disease and dementia [73]. There is also evidence of the beneficiary effect of folate therapy
on both EEG patterns and neuropsychological performance in patients with neuropathy and cerebral
atrophy [74].

Additionally, our pathway enrichment analysis identified propionate metabolism as being
significantly perturbed in CP brains. Propionate is the most common short-chain fatty acid produced by
the human gut microbiota in response to indigestible carbohydrates such as fiber in the diet. Propionate
and other short-chain fatty acids are produced in the body during normal cellular metabolism following
enteric bacterial fermentation of dietary carbohydrates and proteins [75]. Propionate-producing enteric
bacteria, including unique Clostridial, Desulfovibrio, and Bacteriodetes species, have been isolated from
patients with regressive autism spectrum disorders [76,77]. Propionate is also present naturally in a
variety of foods and is a common food preservative in refined wheat and dairy products. Under normal
circumstances, these short-chain fatty acids are primarily metabolized in the liver. However, if there
are genetic and/or acquired aberrations in metabolism [78], higher than normal levels of short-chain
fatty acids can be present in the circulating blood, and can cross the gut-blood and blood-brain
barriers. They can concentrate intracellularly, particularly in acidotic conditions, where they may
have deleterious effects on brain development and function [79]. This could be important in the
context of neurological disorders, since propionate is known to affect cell signaling, neurotransmitter
synthesis and release, mitochondrial function/CoA sequestration, lipid metabolism, immune function,
gap junction modulation, and gene expression [79-84], all of which have been implicated in a variety
of neurological disorders including autism spectrum diseases [79,85]. Intracerebroventricular infusions
with propionate produced short bouts of behavioral and electrophysiological effects, coupled with
biochemical and neuropathological alterations in adult rats, consistent with those seen in autism
disorder [86-89]. A recent study showed infusions with propionate or butyrate altered the brain
acylcarnitine and phospholipid profiles [90], which are known to affect membrane fluidity, peroxisomal
function, gap junction coupling capacity, signaling, and neuroinflammation [79], supporting our
findings as earlier defined in CP brain tissues.

Finally, we found that the sex steroid metabolism pathway was significantly altered in the brain
tissue of patients with CP. Although there is paucity of data on the effect of sex steroids in the
development of CP, estradiol has been shown to have a dose-dependent protection on oxygen-induced
apoptotic cell death in oligodendrocytes in animal models [83]. This may suggest a possible role for
estrogens in the prevention of neonatal oxygen-induced white matter injury [91]. Although sex steroid
levels were low for both genders after birth, our preliminary finding should be investigated more
deeply to identify the correlation with the better survival rates of female premature babies compared to
males [92]. Estrogen could be effective in modulating glutamate-induced neurotoxicity [85]. However,
the mechanism underlying estrogen’s neuroprotective effect is not fully clarified [93]. Moreover,
as previously mentioned, there may be a gender-specific neuroprotective effect of magnesium sulfate
in the premature brain [52]. When plasma levels of androgens were analyzed in male subjects with
autism compared to males with mental retardation and control subjects, androgenic hormone levels
were not different among the groups, except that the DHEAS levels were higher in mentally retarded
patients with CP compared to age-matched mentally retarded patients without CP or controls [94].

In our study, the number of cases and controls was small due to the difficulties in obtaining the
post-mortem brain tissues from patients with CP. Clinical information for both cases and controls was
limited. The age and gender for cases and controls were matched with the best available samples
in the NIH NeuroBioBank. The biopsy specimens were obtained from the same but one anatomical
location of each brain to be analyzed.
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4. Materials and Methods

4.1. Tissue Samples

Only a limited number of specimens and tissue was available for this pilot study. Tissue samples
(caudate nucleus) were obtained from post-mortem CP cases (1 = 9) and age- and gender-matched
control subjects (1 = 11). Tissues were obtained from the Harvard University Tissue Resource Center,
the University of Maryland Brain and Tissue Bank, and the University of Miami Miller School of
Medicine, which are all Brain and Tissue Repositories of the NIH NeuroBioBank. This study was
approved by the Beaumont Health System’s Human Investigation Committee (HIC No.: 2018-387).
The methods were carried out in accordance with the approved guidelines. Details such as age, gender,
race, and post-mortem delay can be found in Table S2 in the Supplementary Materials.

4.2. Sample Preparation

Samples were stored at —80 °C prior to preparation. Subsequently, samples were lyophilized
and milled to a fine powder under liquid nitrogen to limit the amount of heat production. For 'H
NMR, 50 mg samples were extracted in 50% methanol/water (1 g/mL) in a sterile 2 mL Eppendorf
tube. The samples were mixed for 20 min and sonicated for 20 min, and the protein was removed by
centrifugation at 13,000 g at 4 °C for 30 min. Supernatants were collected, dried under vacuum using
a Savant DNA SpeedVac (Thermo Scientific, Waltham, MA USA), and reconstituted in 285 pL of 50 mM
potassium phosphate buffer (pH 7.0), 30 uL of sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS),
and 35 pL of D,O [95]. A 200 uL portion of the reconstituted sample was transferred to a 3 mm Bruker
NMR tube for analysis. All samples were housed at 4 °C in a thermostatically controlled SampleJet
autosampler (Bruker-Biospin, Billerica, MA, USA) and heated to room temperature over 3 minutes
prior to analysis by NMR.

For analysis by targeted mass spectrometry, the tissue samples were analyzed using the
commercially available AbsoluteIDQ p180 (Biocrates, Innsbruck, Austria) kit. In brief, 10 mg (43 mg)
of milled tissue were extracted in 300 uL of solvent (85% ethanol and 15% phosphate buffered saline
solution). The samples were shaken at 700 rpm for 10 min, followed by sonication for 20 min,
and centrifuged at 13,000x g for 20 min. The supernatant was collected and 10 uL were used for
analysis with the kit. A 10 uL portion of blank, 3 zero samples, 7 calibration standards, and 3 quality
control samples were loaded onto the filters in the upper 96-well plate and dried under nitrogen using a
positive pressure processor (Waters Technologies Corporation, Milford, MA, USA). Subsequently, 50 uL
of phenylisothiocyanate derivatization solution were added to each well and left at room temperature
for 20 min. The plate was subsequently dried under nitrogen for 60 min, followed by the addition of
300 pL of methanol containing 5 mM ammonium acetate for the extraction of metabolites. The plate
was shaken at 700 rpm for 30 min and the extracts filtered to the lower collection plate using the
positive pressure processor. Eluates were diluted with water for the analysis of the metabolites with
the workflow using ultra-pressure liquid chromatography mass spectrometry (UPLC-MS) and diluted
with running solvent for flow injection analysis (FIA)-MS (for lipids).

4.3. Data Collection and Metabolic Profiling

Using a randomized running order, all 1D "H NMR data were recorded at 300 (+0.5) K on a
Bruker ASCEND HD 600 MHz spectrometer (Bruker-Biospin, Billerica, MA, USA) coupled with a
5 mm TCI cryoprobe. For each sample, 256 transients were collected as 64k data points with a spectral
width of 12 kHz (20 ppm), using a pulse sequence called CPP WaterSupp (Bruker pulse program:
pusenoesyprld) developed by Mercier et al. [96] and an inter-pulse delay of 9.65 s. The data collection
protocol included a 180-s temperature equilibration period, fast 3D shimming using the z-axis profile of
the 2H NMR solvent signal, receiver gain adjustment, and acquisition. The free induction decay signal
was zero filled to 128k and exponentially multiplied with a 0.1 Hz line broadening factor. The zero and
first order phase constants were manually optimized after Fourier transformation and a polynomial
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baseline correction of the free induction decay (FID; degree 5) was applied for precise quantitation.
All spectra were processed and analyzed using Chenomx NMR Suite (v8.0, Chenomx, Edmonton,
AB, Canada).

As previously noted, targeted MS analysis was carried out using AbsoluteIDQ p180 kit (Biocrates
Life Sciences AG, Innsbruck, Austria). Data was acquired using a Xevo TQ-S mass spectrometer
coupled to an Acquity I Class UPLC system (Waters Technologies Corporation, Milford, MA, USA) as
per the manufacturer’s instructions. The system allows for the accurate quantification of up to 188
endogenous metabolites including amino acids, acylcarnitines, biogenic amines, glycerophospholipids,
sphingolipids, and sugars. Sample registration and the automated calculation of metabolite
concentrations and export of data were carried out with Biocrates MetIDQ software. We accurately
identified and quantified 59 metabolites using 'H NMR and 173 using DI/LC-MS/MS. Some overlap
was observed (22 metabolites) between the two platforms and as such, we reported the average values
for each individual metabolite measured using both analytical platforms.

4.4. Statistical Analysis

Using MetaboAnalyst (v4.0) [97], the data were analyzed using a two-tailed Student’s f-test to
determine the statistical significance between the metabolite concentration in CP and corresponding
controls (p < 0.05, FDR < 0.3).

We selected a representative set of six artificial intelligence algorithms, which have been applied
for problems of data classification in the bioinformatics field. These included logistic regression
(LR), prediction analysis for microarrays (PAM), partial least square-discriminant analysis (PLS-DA),
deep learning (DL), random forest (RF), and support vector machine (SVM).

Using publicly available toolboxes in R, important parameters for each model were optimized so
that the best prediction performance could be achieved [98-103]. In order to assess model performance
of each approach or algorithm, the data were split into training and testing sets (80% and 20%
respectively). In an attempt of avoiding sampling bias, the splitting process was repeated ten times
and the AUC values were averaged out. Sensitivity and specificity values were calculated at 95%
confidence intervals.

4.5. Metabolite Pathway Enrichment Analysis

Metabolite set enrichment analysis (MSEA) was completed using MetaboAnalyst (v4.0) [97].
Metabolite names were converted to Human Metabolome Database (HMDB) identifiers. The raw
data was subjected to sum normalization and autoscaling. The pathway-associated metabolite set
was the chosen metabolite library, and all compounds in this library were used. Pathways with a raw
p value < 0.01 were considered to be significantly altered upon CP.

5. Conclusions

We report for the first time a targeted, quantitative metabolomic approach for profiling
post-mortem human brain tissue from patients with CP. Metabolomic analysis provided new insights
into the dysregulated brain metabolism associated with CP. The metabolites and associated biochemical
pathways identified herein could potentially facilitate the understanding of the underlying complex
pathophysiology associated with CP as well as possible central biomarkers for early detection and
prediction of CP. There is a need for future studies to confirm our current preliminary data in more
accessible biomatrices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-1989/9/2/27/s1,
Table S1: Metabolite Concentrations (M) for CP vs. Control PM Brain Extracts. Those compounds highlighted in
bold are considered statistically, significantly different (p < 0.05; g < 0.05). t-test values were calculated as a default
and values with (W) were calculated using the Wilcoxon Mann Whitney test. Table S2. A list of the available
demographic information. PM-post-mortem.
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Abstract: Introduction: Parkinson’s disease (PD) is the second most common neurodegenerative
disorder, without any widely available curative therapy. Metabolomics is a powerful tool which
can be used to identify unexpected pathway-related disease progression and pathophysiological
mechanisms. In this study, metabolomics in brain, plasma and liver was investigated in an
experimental PD model, to discover small molecules that are associated with dopaminergic cell loss.
Methods: Sprague Dawley (SD) rats were injected unilaterally with 6-hydroxydopamine (6-OHDA)
or saline for the vehicle control group into the medial forebrain bundle (MFB) to induce loss of
dopaminergic neurons in the substantia nigra pars compacta. Plasma, midbrain and liver samples
were collected for metabolic profiling. Multivariate and univariate analyses revealed metabolites
that were altered in the PD group. Results: In plasma, palmitic acid (g = 3.72 x 1072, FC = 1.81)
and stearic acid (g = 3.84 x 1072, FC = 2.15), were found to be increased in the PD group. Palmitic
acid (=35 x 10~2) and stearic acid (=27 x 10~2) correlated with test scores indicative of motor
dysfunction. Monopalmitin (g = 4.8 x 1072, FC = —11.7), monostearin (=372 x 1072, FC = —15.1)
and myo-inositol (g = 3.81 x 1072, FC = —3.32), were reduced in the midbrain. The liver did not have
altered levels of these molecules. Conclusion: Our results show that saturated free fatty acids, their
monoglycerides and myo-inositol metabolism in the midbrain and enteric circulation are associated
with 6-OHDA-induced PD pathology.

Keywords: Parkinson’s disease; 6-OHDA; GC-MS; plasma; midbrain; fatty acid metabolism; myo-inositol

1. Introduction

Parkinson’s disease (PD) affects approximately 1% of the population above the age of 50 years,
worldwide [1]. Costs of treatment per capita in the U.K. alone can be up to £13,804 annually [2].
Aging populations are generally at greatest risk [3]. Up to 18 genetic loci have been demonstrated to
contribute to familial cases of the disease [4]. It is estimated that the incidence of PD worldwide will
double within the next decade [1]. All these factors combined are increasingly directing research and
development not only towards novel therapies, but also technologies for better diagnosis and disease
management. Diagnosis of PD is primarily based on clinical symptoms. However, the error rate is
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high [5]. Of these, the main features used for clinical diagnosis are heavily relied on symptoms such as
bradykinesia, rigidity, tremors, postural instability and freezing [6].

Metabolomics is a well-defined approach used for biomarker discovery and investigating disease
mechanisms. Burté et al. undertook metabolomic profiling of the serum samples of early stage PD
patients and found an increase in metabolites of the fatty acid beta oxidation pathways [7]. In one
longitudinal study, it was found that a combination of plasma and CSF xanthine and fatty acid
metabolites showed significant changes between baseline and the study end point (two years from
baseline) [8]. Markers that were highly correlated with a change in UPDRS scores, indicative of PD
progression, included benzoate in the CSF and phenylcarnitine and aspartylphenylalanine in the
plasma. Several studies on urine samples of PD patients showed an increase in amino acid metabolism,
including phenylalanine [9], histidine, glycine and tryptophan/kynurenine [10]. A study by Ohman
et al., using NMR based metabolomics on CSF, demonstrated the role of the amino acid alanine,
energy metabolism (creatinine) and glucose metabolism (mannose) in distinguishing PD patients from
controls [11]. Metabolic profiling of CSF has also been useful in differentiating newly diagnosed PD
patients from controls. Trupp et al. revealed an increase in levels of the amino acids, alanine and
methionine, and a reduction of saturated and unsaturated fatty acids in the CSF of newly diagnosed
PD patients [12]. A differential role of glutathione metabolism has also shown a link to PD. While
one study found increased glutathione in the plasma [5], another study revealed lower oxidized
glutathione levels in the CSF [13], further suggesting the involvement of free radicals in PD.

A wide range of in vivo transgenic- and toxin-based models of PD are available. Studies on the
mesencephalon of MPTP-induced PD in mice have revealed the role of altered energy [14], ceramide
and sphingolipid metabolism [15]. A range of lipid species, including lysophosphatidylcholines
and phosphatidylcholines are shown to be involved in 6-OHDA toxicity in rat midbrains [16].
An MPTP-treated goldfish model also indicated the role of phosphocholine metabolism, along
with amino acids such as leucine, valine and glutamine [17]. Additionally, cardiolipins and
mitochondria-associated phospholipids were detected in mesencephalon and plasma samples of
rotenone-treated rats [18].

The aim of this study is to discover metabolic pathways in different tissues in a unilateral PD
model. Plasma and liver profiling are often used as an indicator of metabolic changes, whereas in this
case the midbrain is the site of primary pathological changes in the brain.

2. Results

2.1. Validation of the 6-OHDA Model

The apomorphine-induced rotation test was used to monitor the intensity of the ipsilateral lesion,
while the cylinder test was used to assess motor dysfunction presented by asymmetry in the forepaw
use of the rats. It was observed that the number of contralateral rotations in 30 min was significantly
higher in rats that received 6-OHDA, with an average of 220 rotations (Figure 1A). Rats that received
6-OHDA injection showed an inability to use the contralateral limb while rearing, compared to their
sham counterpart. This was evidenced by a 75% dependence on the ipsilateral limb while rearing
(Figure 1B).

After behavioural testing, immunohistochemistry was done to confirm loss of dopaminergic
neurons in the SNpc by counting TH immuno-positive neurons. It was observed that rats in the sham
group had a similar TH count on both sides (Figure 1C), while the 6-OHDA group showed only 28%
TH density on the ipsilateral side compared to the contralateral side (Figure 1C).

131



Metabolites 2019, 9, 31

A. B.

g 400 150
£
o *% b *
“ 300 S —_
£ | = 1004
) [
S 2001 ®
= —
8 9 501
© 100 =
“ ES I
)
o - _______} . 0 T .
z

3 ¥ & \

4 ® &8 O
@ ° °
Treatment Treatment
C.
Sham

contra ipsi

contra i : ipsi

-
o
s

=

=)

=]
1

*%

,__I__|

S
O
°

73
i

>

% TH density
(ipsilateral/contralateral side)

S

Treatment

Figure 1. Comparison of motor function and dopaminergic cell loss between control and 6-OHDA
groups. Apomorphine induced rotation test (A), Cylinder test (B) and TH density (C) between the
sham and 6-OHDA group. Contra = contralateral and ipsi = ipsilateral. Data represent mean + S.D of
at least 5 rats in each group. (* indicates p value < 0.05 and ** p < 0.01, using Mann-Whitney test.).
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2.2. Metabolomic Method Validation and Feature Selection

The metabolomics workflow is described in Supplementary Figure S2. To assess the
reproducibility of our analysis, PCA plots were used. QC samples in both the plasma and the midbrain
plots clustered together showing good repeatability (supplementary Figure S3). Up to 1500 metabolic
features in the plasma and 2500 metabolic features in the mesencephalon regions were obtained.

OPLS-DA multivariate analysis showed a significant separation between the sham and 6-OHDA
groups in the plasma and midbrain (supplementary Figure S4). Corresponding S-plots then revealed
16 metabolic features (4 from plasma tissues, and 12 from midbrain) altered between the 6-OHDA and
sham groups. After comparing to NIST library, 13 were identified with similarity index >85%, two
were identified as sugars and one remained unknown.

2.3. Metabolite Levels in the Plasma, Brain and Liver

Five features (two from the plasma, and three from the brain) showed significant difference
between the groups after Benjamini-Hochberg correction. The two plasma metabolite features, which
were identified as palmitic acid and stearic acid (similarity index >90%), were significantly upregulated
in 6-OHDA group (Figure 2), compared to the sham (g =3.72 x 102 for palmitate and g = 3.84 x 102
for stearate). Post-hoc power analysis yielded a statistical power of 93.2% for palmitic acid and 86.5%
for stearic acid.
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Figure 2. Saturated free fatty acids in the plasma. Palmitic acid (A) and stearic acid (B) were upregulated
in the plasma of 6-OHDA-lesioned rats. Data represent mean + S.D of at least 5 animals in each group.
(* indicates g value < 0.05 using Mann-Whitney test, followed by Benjamini-Hochberg correction.).

From the mesencephalon, all three metabolite features presented lower levels in the 6-OHDA
group compared to the sham (Figure 3). These were identified as monopalmitin (g = 4.8 x 1072),
monostearin (q = 3.72 x 10~2) and myo-inositol (g = 3.81 x 1072). Monopalmitin and monostearin had
a similarity index of more than 90%, while myo-inositol was 88%. The myo-inositol pure standard
confirmed the identity of myo-inositol (supplementary Figure S5). Post-hoc power analysis revealed
that the two monoglycerides showed a statistical power below 80% while myo-inositol had a statistical
power of 97.4%.

The same univariate approach was applied to liver palmitic acid, stearic acid, monopalmitin and
monostearin levels. The levels of these four metabolites remained unchanged in the liver, between the
6-OHDA and the sham groups (Supplementary Figure S6). A summary of all metabolite changes has
been illustrated in Figures 4 and 5.
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Figure 3. Comparison of brain metabolite changes between the mesencephalon and cerebellum.
Midbrain monopalmitin (A), monostearin (C) myo-inositol (E) were significantly altered while
cerebellar monopalmitin (B), monostearin (D), myo-inositol (F) and) were unchanged. Data represent
mean + S.D of at least 5 animals in each group. (* indicates g value < 0.05 using Mann-Whitney test,
followed by Benjamini-Hochberg correction).
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2.4. Correlation of Plasma and Midbrain Features with Motor Dysfunction

Spearman’s correlation was done to gauge the relationship between the levels of all five features
and the motor impairment examined by the behaviour tests Table 1. The plasma metabolites were found
to be highly correlated with motor dysfunction. Palmitic acid showed a strong positive correlation
(r =0.674, g = 0.035) with rigidity in the contralateral forelimb movement, as examined by the cylinder
test. Stearic acid also had a high positive correlation with the cylinder test (r = 0.649, p = 0.027).

Table 1. Summary of correlation results of plasma and midbrain metabolites with the cylinder test.

Metabolite Site Spearman’s Correlation Coefficient q-Value
Palmitic acid Plasma 0.674 0.035

Stearic acid Plasma 0.649 0.027
Monopalmitin Midbrain —0.578 0.07
Monostearin Midbrain —0.439 0.205
Myo-inositol Midbrain —0.205 0.438

3. Discussion

The aim of this study was to elucidate metabolite changes in an in vivo model of PD. To confirm
the effectiveness of our model, we performed behaviour tests and immunohistochemistry to examine
the loss of dopaminergic neurons in the SNpc. Unilateral lesions of 6-OHDA successfully resulted in
the manifestation of motor symptoms, as observed by the cylinder test, and the apomorphine-induced
rotation test indicating the intensity of the lesions. Additionally, a significant loss of dopaminergic
neurons was observed on the ipsilateral side, as measured by counting TH immuno-reactive positive
cells. All these results proved the validity of a “hemi-parkinsonian” model.

Palmitic acid and stearic acid were significantly increased in the plasma, while an imbalance
of their monoglyceride forms in the midbrain was also observed. Fatty acids can be transported
through the blood-brain barrier via two major routes, either passive diffusion [19], or facilitated by
transporters [20]. The transport of these two upregulated fatty acids in the context of PD needs to be
further studied. One study has shown a decrease of palmitic and linoleic acid in the human plasma [12].
Moreover, the significant correlation between plasma palmitate and stearate and the cylinder test is of
particular interest, suggesting an association with symptoms. This association of the fatty acids with
motor symptoms is indicative of the severity of the 6-OHDA lesion and thus damage induced by it.
Owing to a lack of biomarkers for PD, diagnosis currently relies heavily on symptoms. It is worthwhile
to investigate the clinical potential of these fatty acids in PD, further. Moreover, longitudinal studies
will aid in assessing whether palmitate and stearate levels change as neuronal damage progresses
in this model. Finding a biomarker that correlates with worsening of symptom:s is ideal for tracking
disease progression.

Saturated free fatty acids are released into the blood by two major pathways. Lipolysis [21] is
the breakdown of fats in adipose tissue to release triglycerides and free fatty acids into the blood,
whereas de novo lipogenesis (DNL) occurs when saturated fatty acids are synthesized from glucose
and its metabolites in the liver are subsequently released into the plasma to target tissues in need.
There is also evidence to show that palmitic acid may be the major product of DNL [22]. However, our
results show that there was no increase of palmitic or stearic acid in the liver tissue. This observation
can be attributed to a swift clearance of the liver fatty acids by the plasma. In addition, oxidation of
fatty acids, which takes place in the mitochondria, is an important pathway providing energy [23].
Mitochondrial dysfunction has also been implicated in PD [24]. The increased levels of stearic acid
and palmitic acid in plasma could, therefore, be a consequence of impaired mitochondria in hepatic or
extrahepatic tissues.

Saturated free fatty acids have known effects in the context of neuronal conditions. In one
study, a diet rich in palmitic acid (30% palmitic acid of total fat) fed to mice resulted in reduced
hippocampal neurogenesis [25]. Additionally, a diet supplemented with palmitate (2.2% w/w) induced
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endoplasmic reticulum (ER) stress in murine hippocampi and cortices. This study also assessed effects
of increasing concentrations of palmitate, of up to 500 M, on human neuroblastoma SH-SY5Y cells,
which are commonly used for PD studies. It was found that 100 uM and higher concentrations of
palmitic acid led to an upregulation of the ER stress-associated pro-apoptotic signalling machinery
CHOP [26]. Additionally, 0.2 mM palmitic and stearic acid induced hyperphosphorylation of tau
in rat primary cortical neurons, which was facilitated by astrocyte-induced oxidative stress [27].
Hyperphosphorylation of tau is a hallmark of Alzheimer’s disease. An increased uptake of labelled
palmitate into the brain was also observed in patients with metabolic syndrome compared to that of
control subjects. Elevated levels of free fatty acids in the plasma have also been linked to metabolic
syndrome [28-32]. This is particularly important given that PD affects an aging population, many of
which suffer from metabolic syndrome as well.

On the other hand, monoglycerides of palmitic acid and stearic acid had a significant difference
between the lesioned and non-lesioned sides of the mesencephalon, with no corresponding changes in
the cerebellum. The cerebellum was used as a control region because this region remains unaffected
by 6-OHDA lesions into the MFB. Monoglycerides are an intermediate product formed during the
breakdown of triglycerides by lipolysis [33]. Whether the imbalance of these metabolic features
can be stem from the imbalance of dopaminergic neurons must be further assessed. Additionally,
the corresponding levels of these metabolites in the striatal terminals will give a more holistic idea
about their association with dopaminergic loss; 1-monopalmitin and 1-monostearin have been shown
to be altered in the CSF of patients with inflammatory demyelinating disease such as multiple sclerosis,
a disorder affecting nerve fibres [34].

In this study, myo-inositol also showed an imbalance in the mesencephalon. Studies on the
basal ganglia of patients with a PINKI mutation have reported an increase in myo-inositol by
using MR spectroscopy [35]. Myo-inositol is purported to be a marker of glial cell death and
neuroinflammation [36]. It is noteworthy that monoglycerides and myo-inositol are also downstream
products of the IP3-DAG signalling pathway [37]. This pathway plays a role in facilitating release of
Ca?*, which is important in cellular growth and synaptic plasticity [37].

Our results are in line with some of the findings from other studies. Lu et al. studied the changes
in metabolites in the brains of goldfish treated with MPTP. '"H NMR-based metabolomics revealed
an increase of myo-inositol and linoleic acid in the PD brain [17]. In another independent study,
a’paraquat-treated Drosophila model was used to elucidate changes of metabolites. It was shown that
myo-inositol, 1-monopalmitin, 1-monostearin and the fatty acids palmitate and oleate were increased
in the heads of the paraquat-treated flies [38]. In these studies, however, specific changes in the
midbrain only were not determined. Furthermore, it must be noted that the findings from this study
must be further validated for specificity to dopaminergic loss. This can be confirmed using a lesion
that spares dopaminergic neurons but selectively damages surrounding neurons, such as an excitotoxic
lesion of the striatum.

4. Materials and Methods

Twenty-six, four to six weeks old male Sprague-Dawley rats were purchased from the Laboratory
Animal Unit at The University of Hong Kong. All experimental procedures were in accordance with
the Committee on the Use of Live Animals in Teaching and Research of The University of Hong Kong
(3491-14). The animals weighed 200 g at the beginning of treatment and were housed in pairs, in a
temperature-controlled room with a 12-h dark/light cycle and free access to food and water.

All chemicals and reagents were obtained from Sigma Aldrich (United Kingdom), unless
stated otherwise.
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4.1. Stereotactic Injection of 6-OHDA

The rats were randomly divided into sham (n = 13) and 6-OHDA (n = 13) groups. Fresh stock
solution (3 pg/uL) of 6-hydroxydopamine hydrobromide was prepared in saline (0.9% w/v NaCl)
containing 0.2 mg/mL ascorbic acid. Rats were anaesthetized with 60 mg/kg pentobarbital (Alfansan
International, Netherlands). 12 ug (in 4 puL) of 6-OHDA or vehicle was introduced into the right medial
forebrain bundle (MFB) of the rat, using a Hamilton syringe connected to a 33G needle, at the rate of
1 puL/min. The coordinates of the injection site were: ML = —1.2, AP = —4 and DV = +7.5 (below dura),
with the nose bar position at 4.5, based on the atlas by Paxinos and Watson. These coordinates were
slightly modified from the study by Torres et al. [39]. Sham rats were injected with the same volume
(4 uL) of vehicle. The needle was left in place for five minutes before retracting, and the incision
was sutured. Body temperature and heart rate of the animals was measured constantly throughout
the procedure.

4.2. Behavioural Assessment

At two weeks post-surgery, behaviour assessment for motor function was carried out in an
isolated room, in the following order:

Cylinder test: The protocol used by Schallert et al. [40] was modified slightly. Rats were placed in
a transparent acrylic cylinder for a total of three minutes and recorded. During every rear, the use of
ipsilateral, contralateral or both forelimbs was counted, for a minimum of three and a maximum of ten
rears or three minutes, whichever was first. The cylinder was cleaned with 70% ethanol between each
use. Results were expressed as % trials with ipsilateral use only.

Apomorphine-induced rotation test: Rats were injected subcutaneously with 0.3 mg/kg of
apomorphine hydrochloride dissolved in saline. Five minutes after injection, each rat was placed in
a cylinder and recorded for 40 min. The number of contralateral rotations in 30 min was measured.
Minimum four rotations per minute was considered as acceptable criteria for a successful model. Only
the rats that were successfully lesioned based on this criterion were used for further studies.

4.3. Immunohistochemistry

After behavioural assessment, the mesencephalon of five rats from each group were harvested for
immunohistochemical staining of tyrosine hydroxylase as follows:

Tissue processing and frozen-sectioning: Rats were overdosed with 150-200 mg/kg pentobarbital,
followed by intra-cardiac transfusion of ice-cold saline and subsequently, freshly prepared ice-cold
4% paraformaldehyde (PFA) in 0.1 M phosphate-buffer. The substantia nigra pars compacta (SNpc)
was then dissected out, post-fixed and soaked in increasing concentrations of sucrose. The tissue was
then snap-frozen and stored in —80 °C until use. Thin slices of 15 uM were the sectioned using on a
cryostat (Leica, Germany) and mounted. Every 6th section of the mesencephalon was collected, dried
and stored at 4 °C until use.

DAB staining and imaging: Sectioned tissues were washed with 0.1 M PBS thrice, followed by
blocking of endogenous peroxidase activity with 30% hydrogen peroxide in methanol for 30 min.
Tissues were then incubated with the anti-tyrosine hydroxylase biotin-conjugated antibody (1:400,
Cell Signaling Technologies, Danvers, MA, USA), in a humid slide chamber at 4 °C overnight.
Following anti-biotin secondary antibody (1:400, Dako, USA) incubation, slides were stained using
3,3'-diaminobenzidine (DAB) solution from the ABC staining kit (Invitrogen, USA) according to the
manufacturer’s protocol. Brain sections were then counter stained with hematoxylin, dehydrated with
ethanol and toluene and mounted. Slides were observed at a magnification of 5x using Brightfield
microscopy (Zeiss Axioplasm, Germany), and stitched using the Image Composite Editor software
(Microsoft, Albuquerque, NM, USA). Cell counting was then done using Image] (National Institute of
Health, Bethesda, MD, USA). Cell counts were expressed as a % of the right side to the left side.
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4.4. Tissue Harvest

After behavioural assessment, rats were asphyxiated using CO, and tissues were harvested for
metabolomics analysis as follows:

Plasma extraction: the plasma was extracted form a total of 10 rats for each group. Briefly, one
millilitre of blood was drawn by intra-cardiac transfusion, using an EDTA-buffer coated syringe.
The needle was taken off and blood transferred to Eppendorf tubes and shaken. Samples were kept on
ice, and then centrifuged at 4500 rpm in a 4 °C Eppendorf centrifuge for 15 min. The supernatants
were collected, and samples were stored at —80 °C until use.

Microdissection of brain: The brain of eight rats from each group were harvested and briefly
rinsed in ice cold 0.1 M phosphate-buffered saline (PBS) to remove any excess blood. It was then
slit down the middle to divide the right and left sides and the cerebellum and entire mesencephalon
tissues were separated according to our previous protocol [41], snap frozen in liquid N; and stored in
—80 °C until use.

Liver: A part of the liver from eight rats in each group was cut and briefly rinsed in ice cold 0.1 M
PBS to remove any excess blood. It was then snap frozen in liquid Ny and stored in —80 °C until use.

4.5. Sample Extraction for Metabolomics

Plasma sample extraction: In vial dual extraction (IVDE) was slightly modified based on our
previous protocol [42]. Briefly, 20 puL of LC-MS grade water was added to 40 uL plasma, followed
by 80 uL of LC-MS grade methanol containing 10 ug/mL of succinic- d4- acid as internal standard
(IS). After vortex, 400 uL of LC-MS grade methyl tertiary butyl ether (MTBE) with 10 pg/mL of
tripentadecanoin as internal standard was added and then the samples were mixed thoroughly.
Following a final addition of 100 uL LC-MS grade water, samples were centrifuged at 3000x g for
10 min at 4 °C to give a clear separation of MTBE (upper) and aqueous (lower) phases with protein
aggregated at the bottom. The aqueous and MTBE layers were collected and stored until analysis at
—20 °C and —80 °C, respectively.

Brain and liver sample extraction: IVDE was slightly modified based on our previous
protocol [43]. Prior to homogenisation, 5 uL. of methanol and 5 uL of IS (50 ug/mL succinic-d4
acid in 80% methanol) was added per milligram of tissue. The tissue was then homogenised using
a Tissuelyzer (Qiagen, Germany) for ten cycles of 30 s at 25 Hz. Subsequently, 80 uL of homogenate
was diluted with 120 uL of methanol. The subsequent extraction procedure was similar to plasma
extraction, with addition of 40 pL of water, 1000 uL of MTBE containing tripentadecanoin (10 pg/mL)
and thorough vortex. After addition of 160 uL of water, samples were then centrifuged at 3000x g for
10 min at 4 °C. The aqueous and MTBE layers were then separated and stored.

4.6. Derivatization of Tissues for GC-MS Analysis

Roughly 20 uL of plasma/brain/liver sample was dried under a stream of N, For plasma, 50 pL
of O-methoxyamine-HCL (MOX) in pyridine (20 mg/mL) was added to the residue and maintained at
70 °C for 30 min. Samples were then dried again and reconstituted in a 1:1 (v/v) solution of acetonitrile
and the derivatizing agent BSTFA (1% TMCS). The derivatization process was operated at 70 °C for an
hour. For brain and liver tissues, the residues were reconstituted in a 1:1 (v/v) solution of acetonitrile
and the derivatizing agent BSTFA (1% TMCS) directly and incubated at 37 °C for an hour. All the
resulting derivatized samples were transferred to amber HPLC vials with inserts for GC-MS analysis.

4.7. GC-MS Analysis

GC-MS analysis was carried out on a Shimadzu GC-2010 Plus gas chromatograph equipped with
a GCMS-QP2010 SE single quadruple mass spectrometer (Shimadzu, Japan). Sample (0.5 uL) was
injected on a BP5MS (5% phenyl polysilphenylene-siloxane) capillary column (length 30 m, thickness
0.25 mm, diameter 0.25 mm) in the split mode with a split ratio of 1:60. The gradient temperature
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started from 60 °C and was held for 1 min, followed by a linear increase of 10 °C/min to 320 °C. Then,
it was kept at 320 °C for 4 min. The carrier gas (helium) flow rate was set at 40 cm/s. Mass spectra
analysis was performed using electron impact ionisation of 70 eV with an ion-source temperature
of 200 °C, an interface temperature of 320 °C and an injection temperature of 280 °C. Data were
collected between m/z 50-600 Da in a SCAN mode. Quality control (QC) samples made from pooled
corresponding samples were injected periodically.

4.8. Data Processing and Metabolite Identification

The raw data generated was converted to mzXML using the GC-MS Postrun Analysis software
(Shimadzu, Japan). The mzXML files were further processed for peak picking (signal to noise
threshold = 5) and retention time correction using the XCMS package in R. The pre-processed
metabolomics data were normalized separately in R which resulted in the best clustering of QC
samples in principal component analysis (PCA) score plot. All semi-quantification was done using raw
peak areas of selected features normalized to that of internal standard. Metabolite identification was
done by comparing the GC-MS fragmentation mass spectra to those found in the National Institute of
Standards and Technology (NIST) database. Identification of metabolites was confirmed by comparing
the retention time and mass spectrum to pure standards if the similarity index was less than 90%.

4.9. Statistical Analysis

SIMCA (Umetrics, Sweden) was used for multivariate statistical analysis. Principle component
analysis (PCA) was performed on the plasma and midbrain samples combined to assess reproducibility
of the data. Orthogonal partial least squares-discriminant analysis (OPLS-DA) plots were then built
for both the plasma and mesencephalon tissues after Pareto scaling and excluding features with VIP
values <1. Corresponding S-plots were used for feature selection. Since the lesion for mesencephalon
tissues was unilateral, the metabolite levels on the lesioned side were normalized to the intact side and
these ratios were subsequently used for OPLS-DA plots.

Following feature selection, univariate analysis was performed on semi-quantified data using
GraphPad Prism (GraphPad, USA). Mann-Whitney test followed by Benjamini and Hochberg
correction (g value < 0.05) were used to find statistically significant features. Significant midbrain
features were also measured in the cerebellum. Spearman’s correlation test, followed by Benjamini
and Hochberg correction was performed to assess correlation with the behaviour assessment. Post-hoc
power analysis was performed in R with package “pwr”. Heat map cluster analysis was performed in
R with package “ggplot”. All data is expressed at mean 4 S.D.

5. Conclusions

In summary, this study used metabolomics to elucidate changes in 6-OHDA-induced
parkinsonism. Two saturated free fatty acids, palmitic and stearic acid, were increased in the plasma
of rats that underwent 6-OHDA injection. Monopalmitin, monostearin and myo-inositol showed an
asymmetric distribution between the ipsilateral and contralateral mesencephalon. Changes of the
midbrain metabolites may be associated with neuronal loss elicited by 6-OHDA while palmitic acid
and stearic acid showed a high correlation with behaviour tests, indicating a possible association with
disease severity.
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Abstract: Neurodegenerative diseases are prevalent and devastating. While extensive research has
been done over the past decades, we are still far from comprehensively understanding what causes
neurodegeneration and how we can prevent it or reverse it. Recently, systems biology approaches have
led to a holistic examination of the interactions between genome, metabolome, and the environment,
in order to shed new light on neurodegenerative pathogenesis. One of the new technologies that has
emerged to facilitate such studies is imaging mass spectrometry (IMS). With its ability to map a wide
range of small molecules with high spatial resolution, coupled with the ability to quantify them at
once, without the need for a priori labeling, IMS has taken center stage in current research efforts in
elucidating the role of the metabolome in driving neurodegeneration. IMS has already proven to
be effective in investigating the lipidome and the proteome of various neurodegenerative diseases,
such as Alzheimer’s, Parkinson’s, Huntington’s, multiple sclerosis, and amyotrophic lateral sclerosis.
Here, we review the IMS platform for capturing biological snapshots of the metabolic state to shed
more light on the molecular mechanisms of the diseased brain.

Keywords: neurodegeneration; metabolomics; biomarkers; imaging mass spectrometry

1. Introduction

Imaging mass spectrometry (IMS) has emerged as a powerful molecular imaging technology,
enabling us to map, with high molecular specificity and sensitivity, the spatial distribution of small
molecules in tissues. As such, has allowed us to accelerate scientific discoveries on the role small
molecules and metabolites play in health and disease. These small molecules, such as lipids, sugars,
neurotransmitters, amino acids, and xenobiotics, are not readily detected by traditional methods
of molecular imaging, such as microscopy or in situ hybridization. IMS allows us to visualize,
map, and analyze hundreds of these molecules at the same time, in a single, label-free sample [1-5].
Thus, it differs from conventional mass spectrometry, which has revolutionized the worlds of omics
sciences and drug metabolism, disposition, and development, but has been mostly used for studies of
analytes that have been extracted from fluids or tissues [6], while lacking the spatial information of
the metabolite distribution. IMS also allows correlation between the abundance and localization of
specific compounds in tissue samples with the histological images obtained from the same or adjacent
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tissue sections [7]. Such knowledge, in turn, is important in elucidating the function of small molecules
within complex biochemical pathways and their roles in health and disease [8].

Importantly, in contrast to the simplification of complex biochemical pathways in reductionist
viewpoints, IMS allows a systems approach that can be very valuable to integrating the spatial
component of small molecules into our understanding of their role in cellular and intercellular
connections [6,9]. Furthermore, hundreds of metabolites can be analyzed and mapped at one
time, without the need for labels, staining, and radioactive trackers, to distinguish the different
metabolites of interest [1]. Thus, IMS brings new dimensions to molecular imaging and places it at the
forefront of many applications in metabolism and small molecule/drug discovery research [7,10-13].
This review focuses on the existing IMS technologies and presents some of their potential applications
in neurodegenerative diseases.

2. Imaging Mass Spectrometry: Advantages and Disadvantages

For a longwhile, the brain has been considered a homogeneous structure in terms of metabolite
distribution. After all, all cells depend on energy metabolism to survive. Without accounting for the
regional specificity of metabolites [14], their identification and quantification in a given sample has
failed to detect spatially distinct metabolic alterations that may have been important for understanding
the disease pathology. The recognition of these shortcomings has increasingly led to harnessing the
imaging and profiling capabilities of IMS in the field of neuroscience, in order to better understand and
profile the metabolic changes in neurodegenerative diseases, as well as to find potential biomarkers for
their diagnosis and monitoring [15].

Interestingly, over the past few years, the lipidome has gained much traction in research on
neurodegenerative disorders, due to the importance of lipid signaling in various cellular pathways [16].
Irregularities of the lipidome, such as erroneous lipid metabolism and signaling, have not only been tied
to diseases that involve large-scale metabolic dysfunction (e.g., diabetes, hypertension, atherosclerosis,
diabetes), but also neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s
diseases, amyotrophic lateral sclerosis, and multiple sclerosis [17]. The nervous system is home to
the most heterogeneous and distinct lipid classes in the entire body [18]. While lipidomics of the
brain tissue has contributed much to our knowledge of the lipid content of the brain, IMS has brought
forward the possible relevance of certain classes of lipids with certain brain functions. For example, the
selective localization by IMS of C20 gangliosides in the molecular layer of the dentate gyrus, a region
of the brain central to learning and memory [19], has pointed to a possible role of these lipids as key
constituents of neurons, contributing to learning and memory. The relevance of this discovery is still
to be elucidated; regardless, new investigations of specific roles of different classes of lipids are now
possible with IMS technology.

2.1. Advantages

The IMS has gained its prominence because of its ability to detect, relatively quantify, and map small
molecules (<2 kDa) and the metabolites within a sample in situ, maintaining high spatial resolution and
molecular specificity without the need for chemical labels, staining procedures, and molecular probes.
IMS is one of the technologies producing big data and serves as an addition to the histologist’s toolbox:
a complement to it, not a replacement for it. By integrating microscopy with IMS, the applications
become almost limitless, and could be used to answer a variety of biologically and medically relevant
questions. The spatial resolution of IMS-generated images approaches the cellular level, which is
advantageous for studies of tissues composed of a variety of cell types, or of genetic chimeras, as
the metabolic signals of neighboring cells can be different. Thus, a more comprehensive and holistic
understanding of the genotypic, phenotypic, and metabolic responses of the tissue to disease pathology
or to changes in the environment can be obtained with IMS in efforts to study complex disease biology.

In addition, the distribution of xenobiotics, including drug species, can also be studied with IMS.
The effects of exogenous species on metabolism and endogenous metabolites can accelerate finding
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the biomarkers and molecular links of a given disease [20]. Pharmaceutical research has typically
used liquid chromatography in tandem with mass spectrometry (LC-MS) to conduct pharmacokinetic
studies in preclinical trials on animal models, but the rise of IMS platforms promises to shorten the
preclinical research flow. Traditional LC-MS fails to provide any information on spatial localization of
a given drug, due to the excision and homogenization of tissue samples. In contrast, IMS is the most
thorough and unbiased way to map the penetration of compounds of interest into tissues and their
distribution throughout the body. This is most valuable for establishing pharmacokinetic properties,
including accumulation in non-target tissues and excretion routes. Furthermore, IMS can also detect
the bio-transformed metabolites of a drug for the unbiased determination of true, biologically active
drug compounds and their toxic effects. Overall, IMS is a powerful, yet cost-effective technology that
will enable distribution studies to be performed earlier in the drug discovery process, without any
requirement for radiolabeled standards [20,21].

2.2. Disadvantages

Although a very valuable tool for metabolite detection, IMS has some caveats, many of which stem
from the process of sample preparation [20]. While simultaneous detection of carbohydrates, proteins,
lipids, nucleotides, matrix ions, and salt is one of the crowning achievements of IMS, this process also
leaves this platform open to ion suppression, which occurs when the chemically-distinct natures of
each metabolite impair the overall detection [22]. Namely, each metabolite impairs the desorption
and ionization efficiency of every other molecule; thus, the aggregate effect results in more abundant
metabolites being selectively ionized over less abundant ones, leading to the depletion of signals from
low-abundance metabolites that may be of interest. One possible approach to overcome this pitfall is
to remove a particular metabolite class; however, this can affect sample integrity, causing molecular
diffusion and adduct formation, which ultimately leads to increased complexity of data [20,22]. Another
disadvantage of IMS is sample degradation, which can occur as the tissue is thawed during sample
preparation. Certain analytes are not stable at room temperature and may completely degrade, leading
to misinterpretation of the data [22]. For matrix-assisted laser desorption ionization (MALDI) IMS,
matrix application must be uniform across the entire sample to minimize image artifacts, and this may
be difficult to achieve [20,22]. Furthermore, until sample preparation is standardized, with standard
procedures for each class of metabolites, IMS data may not be fullyreproducible, due to batch effects.
Alternative ionization methods have already proven effective in circumventing some of these problems.
For example, secondary ion MS minimizes problems with matrix inconsistencies and analyte diffusion
by not requiring matrix application at all [20,22]. Finally, with respect to data processing, IMS requires
substantial computing capabilities, as the acquired data can reach upwards of several gigabytes,
and corresponding processing times of several hours [20]. In sum, as sample preparation becomes
increasingly standardized and ionization and desorption techniques continue to improve, IMS will
continue to see a growth in popularity.

3. Ionization Methods

Many steps need to be conducted correctly to ensure optimal IMS results: sample preparation,
sample desorption and ionization, mass spectrum analysis, and image production [20]. Depending on
the biological class of the compound of interest, the ionization technique can be modified to best suit
data acquisition [20,22]. The three ionization techniques most central to the existing IMS platform are
MALDI, desorption electrospray ionization (DESI), and secondary ion mass spectrometry (SIMS) [22]
(Table 1).

Either positive or negative ionization modes can be employed to trigger and detect particular ion
formations. In positive ion mode, the molecules gain protons to become cations, whereas in negative ion
mode, the molecules are deprotonated to form anions [20]. The three ionization techniques influence
the lateral resolution in IMS, defined as the minimum pixel size needed to produce a detectable signal.
For MALD], lateral resolution is affected by the laser spot size, while for DESI, by the spray area. Lateral
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resolution is limited by sensitivity of the IMS, and needs to be taken into account when assessing the
data. In general, it can be enhanced by oversampling, but, more preferably, it should be measured
against a reference material [23,24].

Table 1.

Three main ionization techniques for mass spectrometry: matrix-assisted laser

desorption/ionization (MALDI), desorption electrospray ionization (DESI), and secondary ion mass

spectrometry (SIMS).
Platform Mechanism Advantages Disadvantages
High sensitivity Matrix application must be uniform to
UVlaser used for the Tolerates sample contaminants and impurities minimize artifacts during

Matrix-assisted laser
desorption/ionization
(MALDI)

desorption and
ionization of analytes
after application of an
UV-absorbing matrix
into a gaseous state

e o o o

Detects a large range of m/z values

Simple post-ionization analysis due to
generating only singly-protonated or singly
deprotonated ions (depending on whether
positive or negative mode is used)

Low fragmentation rate allows analysis of
metabolites of large relative molecular weight

post-ionization analysis and imaging
Matrix application needs to be tailored
for each tissue type to ensure optimal
coverage and thickness

Overcoating of matrix reduces
detected signal. Internal standard is
needed for calibration purposes

Desorption electrospray
ionization (DESI)

Electrically-charged
solvent drops sprayed
onto sample surface to
eject analyte molecules

into a gaseous state

Extremely high spatial resolution (resolving
power capable of reaching the micron scale)
Focusing capabilities of primary ion beams are
superior to those of lasers

Lower spatial resolution compared to
other methods of ionization

Secondary ion mass
spectrometry (SIMS)

High-energy primary ion
beam (i.e., gallium and
indium ions) facilitates

the desorption and
ionization of analytes in
the form of secondary
ions in the gaseous state

Extremely high spatial resolution (resolving
power capable of reaching the micron scale)
Focusing capabilities of primary ion beams are
superior to those of lasers

Significant damage done to sample
upon primary ion beam impact
Ineffective at detecting certain types
of metabolites

High rates of molecular fragmentation
complicates post-ionization imaging
and analysis

Inability to analyze metabolites of

higher relative molecular weight
(e.g., >1000 n/z)

3.1. MALDI

MALDI is the most prevalent ionization technique, due to its versatility in detecting metabolites
ranging from the realm of hundreds of Da to 100 kDa and above [25]. In MALDI, the tissue samples
are completely coated with a laser-absorbing matrix, typically an organic compound of low molecular
weight, which allows the extraction of the metabolites from the sample, also known as the analytes,
upon matrix crystallization after solvent evaporation (Table 2). The sample is then hit with a sufficiently
energized laser to desorb and ionize the aggregate of sample and matrix molecules [25]. In the
crystallized form, analyte degradation is reduced and the analyte molecules of larger molecular
weight are better able to resist fragmentation, due to the energy-absorbing properties of the matrix
molecules [22]. After the metabolites are desorbed and ionized into a gaseous form, the analyte ions are
guided by ion lenses to be detected by a mass analyzer, generating a spectrum of mass to charge (11/z)
ratios for all detected analytes [25] (Figure 1). MALDI is one of the most popular ionization techniques
for IMS, because of the combination of its high sensitivity, capability of detecting a large range of
analytes, tolerance for sample contaminants, and simplification of analysis due to the production of
only singly-protonated or singly-deprotonated ions in positive and negative mode, respectively, and
protection from fragmentation [21,22,25]. In addition to a traditional vacuum MALDI, atmospheric
pressure (AP) MALDI can be used to analyze volatile compounds, as samples are not exposed to a
high vacuum environment prior to analysis [26]. AP-MALDI has also been used more frequently over
the past few years, particularly for imaging lipids [27], sugars, and peptides [28]. As it has a more
focused beam, it produces images with higher resolution compared to vacuum MALDI, which is very
important for single cell IMS [29].
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Table 2. The different types of matrices used in MALDI and their application.

Matrix Application References
2-amino-5-nitropyridine (ANP) Oligonucleotides < 20 Bases, MALDI () [30,31]
80% anthranilic acid + 20% nicotinic acid (80/20 AA/NA) Oligonucleotides < 20 Bases, MALDI (+ & —) [32,33]
6-aza-2-thiothymine (6-ATT) Oligonucleotides and carbohydrates MALDI (-) [34,35]
3-hydroxypicolinic acid (3-HPA) Oligonucleotides 1 kDa-30 kDa [36,37]
« cyano 4 hydroxycinnamic acid (CHCA) small molecules, peptides/proteins < 6 kDa [38—40]

small molecules, peptides/proteins < 6 kDa,
polymers, carbohydrates

9-aminoacridine (9-AA) small molecules, lipids, MALDI (=) [44]

| Dl
» @

Frozen tissue section MALDI Matrix application

2,5 dihydroxybenzoic acid (2,5 DHB) [39,41-43]

m/z 820.5232 .
1. PE(22:2(13Z,162)/18:1(92)) e
-
— o
Y fproms
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Figure 1. Ion mass spectrometry (IMS) experimental workflow with MALDI. The frozen tissue section
must be coated with a matrix and ionized by the laser before metabolite localization within the section
can be mapped.

3.2. DESI

With desorption electrospray ionization (DESI), ionization of the sample is possible under
atmospheric pressure, unlike the vacuum-induced high pressure environments in which MALDI
and SIMS must be carried out [22]. DESI swaps out the laser- and energy-absorbing matrix used in
MALDI for electrically charged solvent spray and solvent ion droplets, which are then directed onto
the sample surface [45]. The impact of these projectile-like droplet particles provides the energy to eject
the analyte molecules into a gaseous state via electrostatic and gaseous forces [46]. After desorption,
the singly- or multiply-charged analyte ions are collected through the atmospheric inlet line of a mass
spectrometer for subsequent detection [22,46]. By avoiding the rough, high-pressure environment
prevalent in most ionization techniques, DESI offers the benefit of conducting sample ionization in a
relatively gentle environment [47]. This leads to a higher chance of detecting intact molecular ions
rather than fragment ions, resulting in a less complex mass spectrum. Secondly, by not requiring
sample preparation procedures such as matrix application, analyses involving DESI ionization avoid
problems associatedwith non-homogenous matrix coating or the selection of the optimal matrix and
solvent to analyte compatibility [48]. Ionization via DESI can also be preferred for certain classes
of molecules; for example, lipids and proteins are generally ionized more effectively by DESI and
MALD], respectively [45,49,50]. The major drawback of DESI, however, is low spatial resolution [50],
which limits its widespread use.
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3.3. SIMS

Secondary ion mass spectrometry (SIMS) employs the use of a high energy primary ion beam
to cause the desorption and ionization of analytes from the sample tissue in the form of secondary
ions [22]. One of the most common primary ion sources utilizes high-energy gallium and indium
ions [51]. The surplus of energy from these primary ion beams causes high rates of fragmentation to
the analytes, producing secondary ions that are accelerated through a mass analyzer until they hit the
detector [22]. The main advantage of SIMS is the extremely high spatial resolution, as it can reach a
resolving power on the scale of the micron [50]. However, damage to the sample upon impact of the
primary ion beam is unavoidable, and, after a certain amount of ionization damage, there is no longer
any detectable signal from the emission of the secondary ion [51]. Furthermore, due to its dependence
on secondary ion emission, SIMS is ineffective at detecting certain metabolites, specifically hydrophilic
metabolites that are present only in low concentrations [52]. Extensive molecular fragmentation
often complicates post-ionization analysis, and analytes of high molecular weight are eradicated [22].
However, the development of new primary ion beams with relatively lower energies has been successful
in preserving the intactness of higher molecular weight analytes, thereby improving the efficacy of
SIMS for a broader range of metabolites of interest [53].

4. IMS Analysis

After the ionization and subsequent detection of the various analytes, an m/z spectrum
corresponding to the entire range of detected metabolites is generated. Software such as HDImaging
(Waters Corp., Milford, MA, USA) can be used to view and sort these metabolites by selecting m/z
values to visualize the spatial distribution of that particular metabolite, overlaid on the anatomical
image of the sample slice. Normalization by total ion current (TIC) is generally done to account
for the possible variance in the sample. If searching for a particular metabolite, online databases
(such as http://www.hmdb.ca/) can be used to get accurate m/z value for the metabolite of interest,
and then to search for that value in the IMS spectrum, to obtain its spatial distribution. Note that the
metabolite of interest is not always present, but this does not necessarily mean that it is not present in
the sample. Namely, the concentration might be too low, or a non-ideal sample preparation resulted in
destruction of the metabolite. In addition to visualization, quantification of metabolite levels can be
performed by selecting the region of interest and extracting the raw data, which can then be further
processed with available software, such as Progenesis QI (Waters Corp, Milford, MA, USA). In this way,
metabolite distributions can be compared between regions of interest and non-interest to illuminate
the contribution of given metabolites to the physiological differences of given regions.

5. Neurodegenerative Disorders

Over the past few decades, neurodegenerative diseases have taken the front stage as one of the
largest public health concerns. No quantitative biomarkers exist to enable their early diagnosis and
commencement of therapy. Furthermore, therapy is non-specific and neurodegeneration progresses,
eventually leading to death. The 4.7 million Americans estimated to have Alzheimer’s disease (AD) in
2010 has been projected to increase to 13.8 million by 2050 [54] (Figure 2). Worldwide, about 35.6 million
people are estimated to be living with dementia, anticipated to increase to much higher rate as low
income countries become more developed [55]. In parallel, Parkinson’s disease (PD), the second most
common neurodegenerative disease, has shown similar increases in prevalence. The 680,000 Americans
aged 45 and older who suffered from PD in 2010 is expected to increase to more than 1 million
Americans by 2030 [56]. Thus, it is imperative to continue research toward preventing the rising tide of
neurodegenerative diseases. Metabolic dysfunction has been reported in most of these diseases as we
describe in more detail below, focusing on recent data from IMS studies.
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Projected Number of Americans with Alzheimer's Disease (AD)
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Figure 2. Projected number of Americans with Alzheimer’s disease (AD) from 2020-2050. Source:
Created from data in Herbert LE, Weuve ], Scherr PA, Evans DA. Alzheimer disease in the United
States (2010-2050) estimated using the 2010 Census, Neurology 2013; 80(19):1778-1783 [54].

5.1. Alzheimer’s Disease (AD)

AD is a progressive neurodegenerative disease that causes gradual loss of memory and other
cognitive abilities, as well as emotional and behavioral deficits [17,57]. In addition to the progressive
nature of AD, advancing at different rate for each affected individual, its multitude of symptoms
can change over time as different brain regions undergo pathology [58]. Common symptoms of AD
include loss of explicit memory abilities, difficulties with problem-solving and planning, complications
with temporal processing, struggling with writing, alterations in mood and personality, and social
withdrawal as difficulties arise with maintaining speech flow during conversations. In the most severe
stages of AD, affected individuals become non-ambulatory, and it is their bed-ridden nature that
makes them especially susceptible to blood-clots and infectious disease. Eventually, those with AD
will succumb to organ failure or aspiration pneumonia, due to chronic infection or accidental ingestion
of food into the lungs, respectively.

The complex pathogenesis of AD involves aberrant processing of amyloid-f proteins and the
hyperphosphorylation of tau proteins, which aggregate to form amyloid- plaques, amyloid angiopathy,
and tau protein neurofibrillary tangles [57,59]. These aggregations lead to neural degeneration in
the hippocampus and entorhinal cortex, the centers of learning and memory in the brain [59,60].
Additionally, the loss of neurons and synaptic activity, oxidative stress, and changes in the activity of
reactive glial cells contribute to the gradual decline of cognitive functioning [17,57,59]. Besides protein
aggregation, irregular lipid metabolism in the brain has also been implicated in the pathogenesis of
AD[61,62]. Lipids are involved in cell signaling pathways and function as the building blocks of cellular
membranes; thus, investigations of differential lipid activity in the AD has become a topic of great
interest. Furthermore, there are connections to be made between faulty protein and lipid metabolism,
as amyloid-f3 proteins prompt neuronal damage by moderating phospholipase activity [62]. Further,
abnormal lipid accumulation may also play a critical role in neurodegeneration [16]. Recent evidence
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has also implicated impaired adult neurogenesis in the development of the disease, as mouse models
of AD established decreased rates of adult neurogenesis [60,63-65], recently confirmed in humans
as well [66]. Consequently, it is hypothesized that AD pathogenesis may be related to the effects
of aggregates on both mature neuronal death and neural progenitor cell (NPC) activity within the
neurogenic niche of the dentate gyrus [67]. Indeed, several computational models have been used to
predict the effects of apoptosis on neurogenic potential in both the young and aged brain [65,66,68].
With the recent seminal study on postmortem brains from AD patients [66], it is clear that more research
should be done to examine the role of neurogenesis as a possible therapeutic target for AD.

The first studies exploring metabolic alterations in AD used conventional mass spectrometry
(MS)-based metabolomics [17]. For example, gas chromatography—-mass spectrometry (GC-MS)
and ultra-high performance liquid chromatography—-mass spectrometry (HLPC-MS) were used to
examine transgenic AD mouse models. These studies found that the AD brain exhibited significant
metabolomic differences compared to the wild-type mouse control brain [69]. Although the differences
existed primarily in the hippocampus and cortex, other regions not traditionally associated with the
disease, such as the striatum, cerebellum, and olfactory bulb, were affected as well. These results
pointed to AD pathology stemming from myriad dysregulations across several different metabolic
pathways [69]. The contributing metabolites to the abnormal mice neurochemical profile were identified
as phospholipids, fatty acids, purine and pyrimidine metabolites, sterols, and others [70]. Similar
results were obtained when conducting MS analysis of the human AD brain [71]. Through the
investigation of seven neural regions, partitioned into the categories of most damaged, moderately
damaged, and lightly damaged by AD pathology, the levels of 55 total metabolites were confirmed to
be altered in at least one of those regions [71]. The wide range of regions in which these metabolic
abnormalities were seen supports the theory of whole-brain degeneration in AD [71], which could also
be contributed to by the regional differences in metabolism, as reported in the mouse brain [14].

To correlate the spatial distribution of various biomolecules with the amyloid aggregates within the
AD brain, MALDI-IMS found sphingolipid, phospholipid, and lysophospholipid changes associated
with individual plaques within tissue samples [72]. These correlative data indicate a possible loop
between amyloid aggregates and changes in metabolites that reflect inflammation, oxidative stress,
demyelination, and cell death [72] (Table 3). In addition, specific investigations into lipidomic
dysfunctions within the human AD brains incorporated the use of MALDI-IMS in both positive and
negative ion modes, depending on the relative ease with which lipids were protonated or deprotonated,
to identify alterations in different classes of lipids within the hippocampus [73]. In both the control and
AD brains, positively and negatively charged ions were readily detected. Although the distribution of
the lipid species was consistent across all samples, their relative abundance differed, predominantly in
the CA1 region and dentate gyrus of the hippocampus [73].

Besides the neurogenic areas, MALDI-IMS was also conducted on the frontal cortices of postmortem
human brain of AD patients, which were further subcategorized into increasing disease severity as
AD I-VI, using Braak’s histochemical criteria. These studies showed that sulfatide concentration
begins to decrease in the early stages of AD in the white and gray matter of the frontal cortex [63].
As these differences were observed only in AD, and not in other neurodegenerative disorders, sulfatide
is suspected to play a role in AD pathology, and may be used as a biomarker for AD [61]. Another
class of lipids believed to be important for AD pathology are sphingolipids, which include ceramides,
sulfatides, and gangliosides [72]. Since their localization is important to validation of this claim,
MALDI-IMS was once again utilized to elucidate the sphingolipid spatial profile and its association
with the amyloid plaques [72]. IMS revealed that sphingolipids selectively localized to beta-amyloid
aggregates within the cortex and hippocampus. Specifically, gangliosides and ceramides were highly
localized to beta-amyloid positive plaques, suggesting that differences in sphingolipid concentration
may be important to AD pathogenesis [72]. More recently, MALDI-IMS analysis of the lipid signatures
in transgenic AD mouse models showed early shifts in lipid homeostasis that commenced early in AD
pathology [74]. Namely, the white matter of AD mouse brains contained significantly lower levels of
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complex gangliosides, such as the GD1 d18:1 species, and higher levels of simple gangliosides in the
prodromal phases of AD [74].

Another technique, laser ablation ICP-MS, has also been used to examine the role of iron in
AD [75,76]. Unlike MALDI-IMS, ICP-MS vaporizes the sample spot, and the resulting vapors are
guided to a sample inlet for ionization by an ICP torch. As such, the ICP-MS breaks all sample
molecules into their elemental form. Consequently, this method is excellent for detecting metal ions
within samples. The inherent disadvantage of the ICP-MS lies in the analysis of biological components
such as lipids, as the technique needs a metal-attached label to its intended target before analysis can
be performed. Since iron buildup is implicated in the development of AD, due to iron’s capacity to
increase oxidative stress, ICP-MS studies were conducted on AD brains, revealing higher levels of iron
in the gray matter in the AD frontal cortex [76,77].Recently, higher levels of iron were found within the
CA1 region of the hippocampus [75], but this was not accompanied by a corresponding increase in
the ferroportin transport protein [75]. Regardless, IMS has provided new data with respect to iron
upregulation in AD, further supporting the oxidative stress hypothesis of AD [75,77].

5.2. Parkinson’s Disease (PD)

Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized by the death of
dopaminergic neurons located within the substantia nigra [78]. These neurons form the nigrostriatal
dopaminergic pathway; their death results in a dramatic decrease in levels of dopamine in the striatum
that results in clinical presentation such as a resting tremor of varying intensity, unstable posture,
muscle rigidity, freezing (inability to initiate voluntary movement), and voluntary movement that
is characteristically slow and decreased in intensity. PD also affects cognitive abilities and leads
to dementia, as neurodegeneration eventually starts to affect the nearby hippocampal and cortical
regions [78].

MALDI imaging studies have often been conducted on PD animal models generated through
the injection of either 1-methyl-4-phenyl-1,2,3,6-tetra-hydropyridine (MPTP) or 6-hydroxydopamine
(6-OHDA) into one hemisphere of the rodent brain, allowing the contralateral side to serve as an
internal control [21] (Table 3). MALDI imaging of 6-OHDA mice revealed the unusual presence of
collapsin response mediator protein 2 (CRMP-2) in the corpus callosum—this protein is usually found
only in the dendrites of hippocampal and cortical CA1 pyramidal cells or Purkinje cerebellar cells [79].
The hyperphosphorylation of certain amino acid residues on CRMP-2 has been associated with AD
neural degeneration; this study pointed to the possibility of PD dyshomeostasis involving similar
mechanisms, and the potential use of CRMP-2 as biomarkers for PD as well as AD [79-81]. Another
MALDI-IMS analysis of MPTP mice localized PEP-19, a calmodulin-binding protein, in the striatum
of the control brain, but found a significant reduction in the PD brain [82]. Further, MALDI-IMS
was used to examine L-DOPA-induced dyskinesia, a common side effect of PD medications [83-85].
L-DOPA, the precursor of dopamine, is commonly used in the treatment of PD, due to its efficacy in
reducing many of the symptoms associated with the neurodegenerative disorder [84]. However, as
the medication is taken for years, some patients develop dyskinesia [84]. Interestingly, MALDI-IMS
indicated not only a positive correlation between the severity of L-DOPA-induced dyskinesia and the
nigral levels of dynorphin B and alpha-neoendorphin, but also that the most significant differences
were localized to the lateral substantia nigra [83], suggesting possible mechanisms that might be
amenable to targeted treatment.
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Table 3. Application of IMS to various neurodegenerative diseases.IMS has been used to study the
metabolomics of Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, multiple sclerosis,
and amyotrophic lateral sclerosis in both humans and mouse models. Only MALDI-IMS has been used.

Disease Organism Findings Ref.
Relative abundance of lipid species differed between AD and control
Alzheimer’s Disease (AD) Humans brains, predominantly in the CA1 and dentate gyrus regions of [73]
the hippocampus.

Sulfatide concentrations start to decrease during the early stages of AD
- Humans (determined by Braak’s histochemical criteria) in the white and gray [61]
matter of the frontal cortex.

Sphingolipids (e.g., ceramides, sulfatides, and gangliosides) show
selective localization to the 3-amyloid aggregates within the cortex and
hippocampus, with specific localization of gangliosides and ceramides
to B-amyloid positive plaques.

- Humans [72]

The CA1 region of the hippocampus in the AD brain contains higher
levels of iron compared to the control brain, but there is no significant
difference in the levels of ferroportin transport protein between AD and
control brains.

- Humans [75]

Lipid signatures of the AD mouse brain exhibit early shifts in lipid
homeostasis: its white matter is composed of higher levels of simple
gangliosides and lower levels of complex gangliosides, such as the GD1
d18:1 species.

- Mice [74]

Collapsin response mediator protein 2 (CRMP-2) detected in the PD

brain though usually only found in hippocampal and cerebellar cells. (791

Parkinson’s Disease (PD) Mice

Calmodulin-binding protein (PEP-19), normally localized to the
- Mice striatum, was significantly downregulated in the stratium of the [82]
PD brain.

Distinct differences in both the levels and localization of various
- Mice neurotransmitters and amino acid between PD and control [85]
brains established.

Dynorphin B and alpha-neoendrophin nigral levels are positively

B Mice correlated with the severity of L-DOPA-induced-dyskinesia. (s3]
Within the HD myelin layer, sulfatide and triglyceride levels are
Huntington’s Disease (HD) Mice decreased and sphingomyelin and ceramide-1-phosphate levels are [86]

increased in the lamina; within the HD ependymal layer,
phosphatidylinositols levels are decreased.

Efficacy of P42, a 23 amino acid peptide sequence, as a novel therapy
- Mice for HD was analyzed with IMS to confirm drug delivery, investigate [87]
pharmokinetic properties, and observe post-delivery molecular change.

Thymosin beta-4 protein localized to active MS lesions that were either

chronically demyelinated or only partially remyelinated. (s8]

Multiple Sclerosis (MS) Humans

Truncated ubiquition form (Ubc-174) levels decreased significantly in
Humans ALS spinal cords compared to control, which paralleled normal [89]
histological distributes of metabolites in the gray matter.

Amyotrophic Lateral Sclerosis
(ALS)

5.3. Huntington'’s Disease (HD)

Huntington’s disease (HD) is a progressive, autosomal-dominant neurodegenerative disease
caused by a trinucleotide (CAG) repeat expansion of the gene encoding the huntingtin protein.
The resultant mutant protein is believed to be neurotoxic, leading to the destruction of medium spiny
neurons within the striatum and resulting in clinical symptoms such as dyskinesia, neuropsychiatric
symptoms, and cognitive impairment [90,91]. However, recent evidence also points to a wider extent of
neurodegeneration that extends into the cortical areas of the brain, which may explain the diversity of
HD clinical presentations [91]. Later stages of HD are often characterized by severe motor impairment
and dementia, with judgement, reasoning, and comprehension abilities also experiencing a great
loss [91]. As the misfolded proteins accumulate, cellular degradation mechanisms are not able to keep
up and eliminate the toxic huntingtin aggregates. However, the exact process by which polyglutamine
aggregation causes the selective destruction of neurons remains to be determined [92].

In the past, GC-MS of human HD brains pinpointed urea upregulation as a possible causal factor
of HD neurodegeneration. Further, GC-MS studies pointed to a widespread metabolic dysregulation
in brain regions that extends outside of canonically damaged regions of the HD brain [93,94]. This was
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confirmed with direct injection liquid chromatography mass spectrometry (DI/LC-MS/MS) studies
on postmortem brains of HD patients, which revealed metabolic differences in both the frontal lobe
and striatum [95]. Particularly, the HD brain contained significantly lower endogenous levels of
acylcarnitine, the neuroprotective compounds vital for proper energy metabolism, and phospholipids,
which are important in both cellular signaling and integrity [95].

Contrary to the findings observed in AD and PD, adult neurogenesis in the HD brain surprisingly
exhibits an increase, reported within the subventricular zone, one of two regions where adult
neurogenesis occurs [92]. In addition, MALDI-IMS studies of the lipidome indicated significant
differences between control and HD brains in the myelin and ependymal layer [86] (Table 3). The HD
myelin layer had decreased sulfatides and triglycerides, as well as enrichment of sphingomyelin and
ceramide-1-phosphates. The alterations in the HD ependymal layer were mainly attributed to a drastic
drop in the concentration of phosphatidylinositols [86].

Finally, in a study evaluating the efficacy of a 23 amino acid peptide sequence known as P42 in
exerting a neuroprotective effect on HD mouse models, MALDI-IMS was employed to examine the
pharmakokinetics of P42 delivery into the in vivo model, which included the spatial distribution of P42
and its degraded products, the extent to which it was able to reach the target site, and rates of diffusion
between various neuronal compartments [87]. With the aid of the imaging technology, the investigators
obtained valuable information on the efficacy of drug delivery and targeting of the neurons within
the striatum that correlated with the subsequent improvement in performance on behavioral tests
and decreases in protein aggregation, leading to an overall improvement of HD symptoms in this
model [87].

5.4. Multiple Sclerosis (MS)

Multiple sclerosis (MS) is a complex, chronic, immune-mediated demyelinating disease affecting
the central nervous system in which primary inflammation leads to secondary neurodegeneration.
It is the most commonly acquired complex degenerative brain disease of young adults, and is among
the most frequent causes of disability in early to middle adulthood [96,97]. The disease course varies,
and presents with unpredictable symptoms and levels of recovery. Most commonly, patients are
diagnosed with Relapsing-Remitting MS (RRMS), which eventually progresses to the Secondary
Progressive (SPMS) form and patients rapidly decline. In the pathogenesis of MS, resident microglia
and astrocytes, together with infiltrating macrophages and T-and B-lymphocytes, become activated
and produce large amounts of inflammatory cytokines, prostaglandins, and other toxins, that lead to
demyelination and ultimately to axonal degeneration. The cumulative effects of these mechanisms
increase neurodegeneration within the MS brain and eventually lead to the worsening of clinical
symptoms, including cognitive deficits, depression, upper motor neuron signs, tremors, fatigue,
weakness, and pain [96,97]. The management of MS is plagued by the variability of the clinical course
and severity. This poses great difficulty in providing any given individual with an accurate prognosis
and customized treatment plan. Unfortunately, there are no biomarkers able to indicate when the next
relapse would occur, whether the given therapy would work, and whether the disease process will last
several years or several decades. This uncertain aspect of the disease adds to the health care costs and
the emotional distress associated with the disorder.

In the past, human MS brain tissue analyzed by electrospray ionization tandem mass spectrometry
showed that brains with active MS demonstrated increases in phospholipid levels and decreases in
sphingolipid levels in the normal appearing white matter and gray matter. These changes in lipid
signatures could result from metabolic dysregulation that causes sphingolipids to be shuttled into
synthesizing phospholipids [98]. Additionally, GC-MS showed significant alterations in the abundance
of 44 different metabolites in the MS brain, which were traced back to metabolic intermediates integral
to biochemical pathways such as bile acid biosynthesis, taurine metabolism, tryptophan and histidine
metabolism, linoleic acid, and D-arginine metabolism pathways [99].
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To localize metabolic differences reported by GC-MS and other methods, MALDI-IMS was used
for the analysis of recurrent inflammatory lesions in post-mortem MS brains to elucidate the spatial
distribution of proteins and peptides [88] (Table 3). Specifically, the objective was to characterize the
proteins that were only expressed in the intact white and gray matter, as well as the ones preferentially
localized to inflammatory lesions. Analysis revealed that thymosin beta-4, a protein involved in cellular
migration, proliferation, and differentiation, was localized to active lesions that were chronically
demyelinated and lesions that were only partially remyelinated, suggesting a neurorestorative function
for the protein to facilitate remyelination through a downregulation of inflammation and upregulation
of oligodendrocyte activity in damaged areas. This spatial confirmation of endogenous relevance to the
MS disease pathology allowed researchers to conclude that thymosin beta-4 played a neuroprotective
and neurorestorative role in the demyelinated CNS [88].

5.5. Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that involves progressive
deterioration of motor neurons located in the motor cortex, brainstem, and spinal cord [100]. As
both upper and lower motor neurons begin to degenerate, the muscles grow weak from disuse,
exhibit fasciculations, and eventually begin to atrophy. Although 10% of ALS diagnosis have been
linked to genetic factors, such as a mutation in the copper-zinc superoxide dimutase 1 (SOD1) gene,
the disease is generally regarded to be idiopathic, because the overarching biological pathways that
lead to ALS are still unknown [101]. Current proposed disease mechanisms for ALS include intricate
relationships between cell-damaging gain of function by SOD1, inflammation from microglial activity,
intracellular aggregates, defective mitochondrial function, and glutamate-induced excitotoxicity
resulting in neurodegeneration and free radical production [102]. However, since no absolute clinical or
molecular biomarkers for the disease exist, especially for idiopathic patients that do not carry mutations
in SOD1, combined with the similarity of its initial symptoms with other neurological disorders, the
accurate diagnosis and prognosis of ALS is difficult [89]. One application of MALDI-IMS towards
investigating this neurodegenerative disease focused on post-mortem human spinal cords from both
ALS and control patients [89] (Table 3). Control spinal cords had normal metabolite distributions,
some of which included histone and thymosin beta-4 proteins. Contrarily, ALS spinal cords contained
significantly lower gray matter concentrations of a truncated form of ubiquitin (Ubc-174) in which both
C-terminal glycine residues had been removed. The specific localization of the proteins showed that
alterations in protease activity validated the hypothesis that proteome dysfunction plays a significant
role in ALS pathology [89].

6. Conclusions

With neurodegenerative diseases on the rise all around the world, a lack of understanding of their
causative factors continues to contribute to their personal, societal, and financial burden as the aging
population grows ever larger. To date, the inability to find biomarkers and cures for the wide spectrum
of neurodegenerative disorders can be partially attributed to the lack of analytical technologies and
methods that incorporate both the requisite specificity and sensitivity to study the human brain as the
primary site of these complex and devastating diseases. Recent advancements in metabolomics have
seen the rapid surge of the use of MS to facilitate studies of both the proteome and the lipidome, with the
hope that accurate diagnostic and prognostic biomarkers can be identified for early detection and
initiation of preventative measures. Furthermore, utilization of IMS has provided spatial localization
for those metabolites detected by IMS, solidifying their role in many cases. Thus, IMS, along with
other technologies available today, is paving the way for elucidation of metabolic dysregulation and
neurodegenerative dyshomeostasis, towardsthe discovery of new targets for precision therapy of
these disorders.
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Abstract: Cerebral micro-dialysis allows continuous sampling of extracellular metabolites, including
glucose, lactate and pyruvate. Transient ischemic events cause a rapid drop in glucose and a rise
in lactate levels. Following such events, the lactate/pyruvate (L/P) ratio may remain elevated for a
prolonged period of time. In neurointensive care clinics, this ratio is considered a metabolic marker
of ischemia and/or mitochondrial dysfunction. Here we propose a novel, sensitive microdialysis
liquid chromatography-mass spectrometry (LC-MS) approach to monitor mitochondrial dysfunction
in living brain using perfusion with '3C-labeled succinate and analysis of 3C-labeled tricarboxylic
acid cycle (TCA) intermediates. This approach was evaluated in rat brain using malonate-perfusion
(10-50 mM) and endothelin-1 (ET-1)-induced transient cerebral ischemia. In the malonate model,
the expected changes upon inhibition of succinate dehydrogenase (SDH) were observed, i.e., an
increase in endogenous succinate and decreases in fumaric acid and malic acid. The inhibition was
further elaborated by incorporation of 13C into specific TCA intermediates from '3C-labeled succinate.
In the ET-1 model, increases in non-labeled TCA metabolites (reflecting release of intracellular
compounds) and decreases in 13C-labeled TCA metabolites (reflecting inhibition of de novo synthesis)
were observed. The analysis of 1*C incorporation provides further layers of information to identify
metabolic disturbances in experimental models and neuro-intensive care patients.

Keywords: 13C-labeled succinate; cerebral ischemia; energy metabolism; endothelin-1; LC-MS;
malonate; micro-dialysis; mitochondrial dysfunction; reperfusion; tricarboxylic acid cycle

1. Introduction

In neuro-intensive care units, cerebral microdialysis is routinely used to monitor interstitial levels
of glucose, lactate and pyruvate, the main energy substrates of the brain. In patients with traumatic
brain injury (TBI) or aneurysmal subarachnoid hemorrhage (aSAH), periods of compromised cerebral
blood flow are characterized by a decrease in glucose, a rise in lactate and elevated L/P ratios [1,2].

Metabolites 2019, 9, 204; d0i:10.3390/metabo9100204 162 www.mdpi.com/journal/metabolites
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Elevated L/P ratios with normal or increased levels of pyruvate after an ischemic insult are considered a
metabolic marker of mitochondrial dysfunction, which has been associated with delayed neurological
deterioration (DND) [3,4]. Early detection and monitoring of mitochondrial dysfunction, as well as
understanding the underlying mechanisms of disturbed energy metabolism post-injury are essential to
improve treatments and outcome in neuro-intensive care patients.

Brain energy metabolism has been studied in vitro and in vivo by perfusion with *C-labeled
(radioactive) energy substrates, including glucose, lactate, pyruvate, glutamate and glutamine,
and monitoring 14C02 production under various experimental conditions. Studies using fluorocitrate,
which at lower concentrations inhibits glial, but not neuronal TCA cycle activity, combined with
14C-labeled microdialysis allowed assessment of oxidation rates of different energy substrates in glial
cells or neurons [5].

More recently cerebral microdialysis and perfusion with 3C-labeled substrates and analysis
of 13C-labeled TCA intermediates has been used to study brain energy metabolism in head injury
patients [6-8]. 1®C-labeled energy substrates included 1,2-'3C, glucose to study glycolysis and the
pentose phosphate pathway [6], 3-'3C-lactate to study lactate metabolism via the TCA cycle [8] and
2,3-13C,-succinate to study enhancement of TCA cycle metabolism [7]. In the clinical microdialysis
studies mentioned above, the recovered *C-labeled metabolites were analyzed by nuclear magnetic
resonance (NMR). Although NMR is a standard technique for identifying *C-labeled molecules,
the sensitivity is not very high, meaning that large volumes of dialysate are needed and only abundant
metabolites in the millimolar range can be detected. In the study by Jalloh et al. 2016, perfusing
with 12 mM 2,3-13C,-succinate (a pharmacologically active dose enhancing local brain metabolism),
micro-dialysate samples were pooled over a 24 h period (180 uL pooled dialysates) to allow detection of
13C-labeled fumarate, malate, lactate and glutamine. As that study showed, exogenous succinate was
taken up by brain cells (astrocytes and neurons) and metabolized via the TCA cycle within mitochondria.

In the present experimental study in rats, we used a similar approach of perfusing brain tissue with
13C-labeled succinate through the dialysis probe (Figure 1) and measuring '>C-labeled TCA-centered
metabolites in the dialysate. However, in contrast to the study by Jalloh et al., we used highly sensitive
LC-MS to identify and quantify '*C-labeled TCA-centered metabolites upon continuous perfusion with
a tracer dose (1 mM) of uniformly '*C-labeled succinate. Because of the higher sensitivity of LC-MS,
we were able to measure both endogenous (12C) and 3C-labeled TCA-centered metabolites in striatal
dialysates with a temporal resolution as low as 30 min (30 uL samples). We only show TCA-centered
metabolites, however, many other endogenous compounds, e.g., amino acids, purines and pyrimidines
were detected. The major improvement in time resolution and extra layers of information (acute release
of endogenous metabolites and acute changes of de novo synthesis) that this approach offers, allows
detailed biochemical monitoring and better understanding of mechanisms causing mitochondrial
dysfunction and DND in TBI and aSAH patients. Finally, we want to emphasize that the method
described here can be adapted to monitor metabolic disturbances following physical or medical
interventions in other tissues, for instance subcutaneously or intramuscularly, and under various
pathological conditions, such as diabetes or cancer.
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Figure 1. Microdialysis set-up. Ringer’s solution with labeled *C-succinate is delivered to the
microdialysis probe in the rat brain. Diffusion through the membrane allows *C-succinate to be taken
up and metabolized by the surrounding cells.

In this study in living brain the 1*C-labeled microdialysis LC-MS approach was validated using
two different rat models:

(a) Mitochondrial dysfunction induced by local perfusion with malonate, a reversible inhibitor
of SDH.

(b) Transient cerebral ischemia induced by intracerebral application of the potent vasoconstrictor ET-1.
2. Results

2.1. The malonate Model

Perfusion with the SDH inhibitor malonate (10 and 50 mM at 0 h and 15 h, respectively) caused
a very clear dose-dependent increase in endogenous succinate (Figure 2). Other TCA metabolites
showed the opposite effect: A dose-dependent decrease in abundance. Changes in glutamine were
related to those in alpha-ketoglutarate. Changes in 3C-incorporated metabolites showed tendencies
similar to endogenous metabolites, but the effects were generally much more pronounced (Figure 2).
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Figure 2. Effects of perfusion with 10 mM (0-6 h) or 50 mM malonate (14-18 h) on interstitial levels
of endogenous (12C) and '3C-labeled tricarboxylic acid cycle (TCA) metabolites succinate, fumarate,
malate, isocitrate, alpha-ketoglutarate and related glutamine upon constant perfusion with 1 mM
13C, succinate. Data are mean +/— SEM of 5 rats and expressed as % change of baseline abundance.
The number of 13C or 12C atoms in the different metabolites after uptake of 13Cy4 succinate and one turn
of the TCA cycle is indicated with the number of filled or open squares. Black bars under the x-axis
illustrate time periods of malonate administration. * not detected.

2.2. Transient Cerebral Ischemia Model

In the ET-1-induced cerebral ischemia-reperfusion model we observed a glucose drop below 50%
of baseline levels in the first 30 min fraction. Large increases of glucose-6-phosphate (up to 800%)
and lactate (up to 300%) were observed within in the first 2 h after induction of ischemia and did not
normalize completely in the subsequent hours of monitoring (Figure 3).

We observed large differences in the magnitude and timing of change in endogenous and
13C-labeled metabolites following ischemia-reperfusion (Figure 3). Changes in the abundance
of 3C-fumarate and '3C-malate show the opposite tendency compared to their 12C analogues,
which illustrates that the subcellular source and de novo synthesis of 12C or 3C-labeled compounds
differ, i.e., 12C can be derived from both cytosol or mitochondrial compartments whereas '3C is
only derived from mitochondria. Further down-stream citrate/isocitrate showed increases in both
endogenous and 1*C-labeled compounds with the latter showing the most dramatic changes. There were
no apparent differences in alterations between endogenous and '3C-labeled alpha-ketoglutarate
(increases up to 200%) and the related compound glutamine (no changes after the insult).

Alterations in pyruvate, which can be derived from glycolysis or formed by decarboxylation of
malate, differed according to labeling pattern, i.e., an increase in 13C—pyruvate was observed after
ischemia-reperfusion whereas the level of the 12C form was not altered (Figure 3).
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2.3. 13C-labeling %

In Table 1, 13C-labeling %, defined as '*C-labeled/total compound (1*C + 2C) x 100% for
several TCA intermediates and the monocarboxylates pyruvate and lactate are shown during baseline
conditions, the ischemic period and 30 min reperfusion, as well as after longer reperfusion time
following ET-1-induced vasospasm. Fumarate and malate show the highest labeling % whereas
isocitrate, alpha-ketoglutarate and glutamine show a considerably lower labeling %. The labeling
pattern of TCA metabolites is in agreement with the biochemical distance to the labeling source,
i.e., 3C-succinate.
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Figure 3. Effect of ET-1-induced cerebral ischemia-reperfusion on interstitial levels of endogenous ('2C)
glucose and glucose-6-phosphate and endogenous (>C) and '*C-labeled pyruvate, lactate and TCA
metabolites succinate, fumarate, malate, isocitrate, alpha-ketoglutarate and related glutamine upon
constant perfusion with 1 mM '3C, succinate. Data are mean +/— SEM of 4 rats and expressed as %
change of baseline abundance. Number of 1*C or >C atoms in the different metabolites is indicated
with number of filled or open squares. Black arrows indicate time point of ET-1 infusion. * means
not detected.
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After ischemia and 30 min reperfusion there is a significant drop in labeling % for fumarate and
malate, indicating mitochondrial dysfunction, which has largely recovered after > 4 h reperfusion.
Interestingly, labeling % for pyruvate increased after ischemia, but did not reach statistical significance.

Table 1. 3C-labeling % for selected metabolites in the ET-1 model. Data is shown as mean +/—
SEM of 4 rats. Significant differences using nonparametric Kruskal Wallis test with Dunn’s multiple
comparison’s test (vs. baseline) are shown: ** p < 0.005 and **** p < 0.0001.

% Labeling Fumaric Acid Malic Acid (Iso) Citrate ~ x-Ketogluarate ~ Glutamine Pyruvate Lactic Acid
Baseline 88.1(+/-0.2) 913 (+/—04) 84 (+/—09)  140(+/-20)  61(+/-06) 63 (+-13) 0.3 (+/—0.04)
Ischemia + 30
min of 792 (+/-21y% 3G 200 119(+/=28) 159(+-27) 47 (H-07) 87 (+/-14) 02 (+/-0.02)
Reperfusion
After >4 h
Reperfusion 87.5 (+/- 0.5) 91.1(0.4) 9.6 (+/-1.0) 14.1 (+/-3.0) 53(+/-08) 84(+/-13) 03(+/-0.03)

2.4. Histological Brain Damage

In Figure 4 placement of the microdialysis probes in the malonate (A) and ET-1 model (B) is shown,
as well as the guide cannula for ET-1 infusion (B). Malonate perfusion did not cause histological brain
damage whereas ET-1 infusion caused ischemic damage in the ipsilateral striatum.

() PeamieedT () o

Figure 4. Histology of rat brains using toluidine blue staining. (A) Malonate perfusion model.
The position of the microdialysis probe in striatum is shown by the arrow. (B) ET-1 rat model of
transient cerebral ischemia. The position of the guide cannula for the microdialysis probe in the
ipsilateral striatum is shown by the upper arrow (the microdialysis probe track in striatum is not
visible). The position of the guide cannula for ET-1 infusion in the pirifom cortex is shown by the lower
arrow. ET-1 infusion caused histological damage in the ipsilateral striatum.

3. Discussion

3.1. General

In this study we showed the potential of studying acute mitochondrial dysfunction in living brain
by perfusion with a tracer dose of 13C-labeled succinate through a microdialysis probe and subsequent
LC-MS analysis of TCA-centered metabolites in the dialysates. Since LC-MS allowed the detection and
relative quantification of both 13C-labeled and endogenous (2C) TCA metabolites, we can distinguish
the efflux of endogenous metabolites as a consequence of cellular damage from changes in de novo
synthesis (13C-labeled metabolites) as a result of mitochondrial inhibition.

We assume that the efflux of '*C-succinate from the probe and delivery to the cells is similar
under baseline and experimental conditions, because perfusion with malonate or induction of cerebral
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ischemia did not cause any changes in '*C-succinate levels in the dialysates. In contrast, 1*C-labeling of
other TCA metabolites was strongly influenced by the experimental conditions. Succinate uptake into
glial cells and neurons is mediated by the SLC13 family of Na*-coupled dicarboxylate and tricarboxylate
transporters [9]. Such transporters are found both on cell membranes and the mitochondrial inner
membrane. Succinate is metabolized to fumarate by SDH localized on the inner mitochondrial
membrane and is also known as electron transport chain complex II. Thus, all 13C-labeled metabolites
found in the dialysate are the result of succinate metabolism in the TCA cycle.

Perfusion with 13Cy-labeled succinate resulted in a labeling % of 13C-labeled versus endogenous
metabolites in accordance with the direction of the TCA cycle and “biochemical distance” (relationship)
to succinate (see Figure 3 for full labeling patterns after one round of the TCA cycle and Table 1 for
labeling efficacy, % full labeling). Thus, the highest labeling % was found for the TCA metabolites
fumarate and malate, followed by citrate/isocitrate and alpha-ketogluarate. 1*C-alpha-ketogluarate
can be converted to 13C-glutamate (not detected), which again can be converted to 1*C-glutamine
by glutamine synthase in astrocytes. >C-pyruvate can be formed by decarboxylation of 1>C-labeled
malate by malic enzyme (see arrow in Figure 3) or conversion of '3C-labeled oxaloacetate by other
enzymes [10,11]. The labeling % for lactate was almost negligible.

The large drop in labeling efficacy between fumarate/malate and citrate/isocitrate may be explained
by (a) the distance in the biochemical pathway to the labeling source '3C-succinate, (b) dilution of
labeled malate (precursor for subsequent TCA intermediates) in the interstitial space and diffusion
away from the probe, and (c) that trafficking of energy substrates through the intercellular space is very
limited—estimated to be less than 12% for glucose and lactate (see [12]) for a discussion of this topic).

The rapid decline in labeling efficacy using retrograde dialysis in vivo is unlike in vitro experiments
where 13C-labeled precursors are added to the culture medium, yielding much higher labeling efficacy
in subsequent TCA metabolites [13].

3.2. The Malonate Model

Malonic acid (malonate) is a reversible inhibitor of SDH, the enzyme converting succinate to
fumarate. Another microdialysis study in rat brain using flow injection analysis with biosensors and
perfusion with malonate (5-50 mM for 1 h) through the probe, reported rapidly increasing lactate
and decreasing glucose levels in the dialysates [14], which is in line with mitochondrial inhibition
and increased glycolysis. In the present study using similar doses of malonate (perfusion with 10
and 50 mM), however, we observed dramatic reductions in *C-labeled and endogenous lactate and
pyruvate, suggesting a strong inhibition of glycolysis. This discrepancy may be due to the different
microdialysis membranes (15 kD cut-off PES membrane in the previous study versus 50 kD cut-off
polyacrylonitrile (PAN) membrane in this study, which resulted in different recoveries and thus
different interstitial malonate concentrations), and the different rat strains (Wistar versus Sprague
Dawley) used in these studies. It has been reported that lower doses of malonate (i.e., 30 mM) inhibit
the TCA cycle with only a partial effect on glycolysis whereas higher doses of malonate (i.e., 60 mM)
inhibit both glycolysis and TCA cycle in rat skeletal muscle [15].

In our study, the effect of malonate perfusion is clearly illustrated by the dramatic rise in
endogenous succinate levels and return to baseline levels when perfusion is switched to normal
Ringer’s solution. The dose-dependent rise in endogenous succinate is perfectly in line with inhibition
of SDH. The inhibition of de novo synthesis of fumarate and malate is most clearly illustrated by
the complete inhibition of 3C incorporation in fumarate and malate during malonate perfusion,
whereas reductions in endogenous levels are more modest with 10 mM malonate. The finding that
endogenous malate levels are more affected by malonate perfusion than fumarate, although fumarate is
the next intermediate in the TCA cycle after succinate, suggests that some back-cycling occurs between
malate and fumarate [13], or that fumarate is produced from other sources, e.g., via the urea cycle [16].
Differences in the percentage change of '*C-labeled and endogenous TCA cycle intermediate were
also apparent for citrate/isocitrate and illustrate that monitoring of *C-labeled metabolites during
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perfusion with '3C-succinate is a much more sensitive tool to detect mitochondrial dysfunction than
monitoring endogenous metabolite levels. Levels of 13C- and endogenous citrate during recovery
after the first period of SDH inhibition also showed differences: A rebound effect (above baseline) for
endogenous citrate, but still reduced levels for 3C-labeled citrate, suggesting increased activity of
pyruvate dehydrogenase and pyruvate carboxylation to enhance levels of non-labeled oxaloacetate.
Enhanced pyruvate carboxylation in neural tissue has been reported following irreversible inhibition
of SDH using 3-nitropropionic acid [17]. Under normal conditions, pyruvate carboxylation only occurs
in astrocytes, which has been studied previously using 13C-labeled bicarbonate [18].

Glutamine, which is related to the TCA cycle via glutamate (not detected) and alpha-ketoglutarate
is released by astrocytes and taken up by neurons for glutamate synthesis and energy metabolism [19].
In the present study, 1*C-incorporation in glutamine was completely blocked by malonate perfusion,
reflecting strong inhibition of the TCA cycle in astrocytes (no uptake and no production of the precursor
13C -glutamate), as well as in neurons (no release of '3C -glutamate).

3.3. The ET-1-induced Transient Ischemia Model

(ET-1) is a potent vasoconstrictor, which has been associated with cerebral vasospasms and
subsequent transient ischemic events in subarachnoid hemorrhage patients [20]. In rodents,
intracerebral application of ET-1 in the vicinity of the medial cerebral artery has been used as
an animal model for transient focal cerebral ischemia [21-23]. In this model, transient occlusion of the
medial cerebral artery can be induced in awake, freely moving animals, causing ischemia-reperfusion
injury in the ipsilateral striatum.

Recently, we described mitochondrial dysfunction in the ET-1 rat model, which was characterized
by a prolonged elevation of the L/P ratio and concomitant normal or elevated levels of pyruvate
following ischemia-reperfusion using an enzymatic assay with sampling time intervals of 15 min [23].
Here, using sampling intervals of 30 min and LC-MS, we observed a more than 50% drop of glucose in
the first dialysate fraction following ET-1 application (at 30 min). In addition, we observed increases in
glucose-6 phosphate (maximum increase about 7.5-fold at 30 min reperfusion, i.e., 60 min after ET-1
infusion) and lactate (maximum increase about 2.5-fold at 30 min after ET-1 infusion) lasting for up to
5 h after the insult, indicating degradation of brain glycogen and downstream glycolysis during and
after the ischemic insult.

The ischemic insult caused a dramatic rise in endogenous succinate—up to a 5-fold increase at
30-60 min after onset of the insult. Ischemic succinate accumulation arises from reversal of SDH activity,
which is driven by fumarate overflow from purine nucleotide breakdown and partial reversal of the
malate/aspartate shuttle [24]. After reperfusion, re-oxidation of succinate by SDH may drive extensive
reactive oxygen species production because of reverse electron transport at complex L It has been
reported that decreasing succinate accumulation by an SDH inhibitor, such as malonate (see above),
can reduce ischemia-reperfusion injury in mouse models of heart attack and stroke [24,25]. In this
context, it is interesting that cerebral perfusion with high doses of succinate has been proposed as a
treatment to improve outcome in head injury patients [7].

We saw a large increase in endogenous malate levels peaking at 60 min after ET-1, concomitant
with a significant drop in '3C-labeled malate at 30 min after ET-1, followed by elevated '*C-malate
levels following reperfusion. Changes in '3C- and ?C-fumarate showed a similar pattern. The clinical
significance of these changes may be as follows: If extracellular levels of 1*C labeled metabolites are
decreased and endogenous metabolites are increased, this may indicate compromised TCA cycle
function (because of reduced labeling %) and damage to mitochondrial and cellular membranes
(because of the increase in endogenous metabolite levels).

Most pyruvate is formed by glycolysis, but a minor part can be formed by conversion of malate
by malic enzyme (ME) activity. In this study, '*C-labeled pyruvate is thus derived from '3C-labeled
malate. In contrast to endogenous pyruvate levels, which were not significantly changed by the ET-1
insult, 13C-labeled pyruvate levels were increased up to a maximum of 2.5-fold of baseline at 30 min of
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reperfusion (i.e., 60 min after ET-1 infusion) and were still elevated above baseline levels for the next
4 h (Figure 3). However, these changes, expressed as % labeling did not reach significance (Table 1).
Increased ME activity shortly after the insult may play a role in combating oxidative stress [26].

In contrast to fumarate and malate, endogeneous citrate/isocitrate levels decreased in the first
30 min after onset of ischemia, which is in line with reduced influx of acetyl-CoA into the TCA
cycle during the period of compromised cerebral blood flow. However, immediately after the
period of ischemia, endogeneous citrate/isocitrate levels started to rise to about 2-fold of baseline,
whereas 13C-labeled citrate increased by up to 3-4 times, indicating a faster running TCA cycle
after ischemia.

Opposite to the malonate model, where dramatic changes in alpha-ketoglutarate are paralleled by
changes in glutamine (Figure 2), in the ET-1-induced ischemia-reperfusion model glutamine levels
did not follow the elevations in alpha-ketoglutarate levels (Figure 3). Glutamate-glutamine cycling,
i.e., glial uptake of glutamate, conversion to glutamine and subsequent release of glutamine, is an
energy demanding process, which is known to be impaired following ischemic events. A microdialysis
study in neurointensive care patients with subarachnoid hemorrhage reported an inverse correlation
between low glutamine/glutamate ratios and elevated L/P ratios [27]. Thus, the lack of significant
changes in endogenous or 1*C-labeled glutamine while alpha-ketoglutarate is transiently increased
after the insult, may be explained by impaired energy metabolism in the reperfusion phase.

4. Conclusions

Following perfusion with *C-succinate, changes in *C-labeled TCA metabolites provide a
more sensitive index of TCA cycle dysfunction, than changes in endogenous TCA metabolites.
Discrepancies between extracellular changes in *C-labeled and endogenous metabolites under
pathological conditions may be explained by the loss of cell membrane integrity (cell death).
The differential response of endogenous versus '*C-labeled malate can be used to monitor metabolic
perturbations following cerebral ischemia-reperfusion.

Microdialysis-perfusion with a tracer dose of 1*C-succinate and subsequent LC-MS analysis of
dialysate fractions is a promising research tool to monitor neurointensive care patients and get in-depth
information on TCA cycle dysfunction following vascular or traumatic brain insults.

5. Materials and Methods

5.1. Animals

The animal experiments were approved by the local ethics committee and in accordance with the
Danish Animal Experiment Inspectorate and EU legislation (lic. Nr. 2017-15-0201-01256). A total of 18
adult Sprague Dawley rats were used, weighing on average 273 g (range 216-379 g) with a mean age
of 7.5 weeks (range 6-9 weeks) on the day of stereotaxic surgery (see 5.2 below). After surgery the rats
were individually housed in a 12 h light/dark cycle with free access to food and water.

Eight rats (purchased from Janvier labs, Saint-Berthevin, France) were used for the malonate
perfusion experiments (see 5.4 below). Two malonate-treated rats were used for optimization of LC-MS
analysis of dialysates (see 5.7 below) and the data for one other rat were useless because of technical
problems with the LC-MS, leaving 5 malonate-treated rats for statistical analysis.

Ten rats (purchased from Taconic Biosciences A/S, Ejby, Denmark) were used for ET-1 experiments
(see 5.2 and 5.3 below). Four ET-1 treated rats were discarded, because glucose levels were not
reduced following ET-1 administration, indicating that induction of cerebral ischemia was unsuccessful.
Two other ET-1 rats were discarded from the statistical analysis because of flow problems during
microdialysis. Thus, four ET-1 rats were included in the statistical analysis of the data.
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5.2. Stereotaxic Surgery

For the ET-1 experiments, two microdialysis guide cannulas (shaft: 4 mm, Brainlink®,
Groningen, Netherlands) were implanted in the left cerebral hemisphere using a stereotaxic frame
(Kopf Instruments, Tujunga, CA, USA). One guide was placed for microinjection of ET-1 into the
piriform cortex close to the proximal part of the medial cerebral artery (MCA) and one guide was placed
for microdialysis in the ipsilateral striatum (see Figure 4B). For experiments with the SDH inhibitor
malonate only one microdialysis guide was placed in striatum. In these experiments, malonate was
administered by perfusion through the microdialysis probe (retrograde dialysis). The stereotaxic
coordinates relative to bregma, with the nose bar at —3.9 mm (according to the atlas of Paxinos and
Watson, 1986), were as follows:

Guide cannula for ET-1 injection: A + 0.9 mm; L 5.2 mm; V 4.6 mm (ET-1 experiment only)

Guide cannula for microdialysis probe: A + 0.5 mm; L 2.5 mm; V 3.2 mm

Stereotaxic surgery was done under Hypnorm/Dormicum anesthesia (Hypnorm: 0.315 mg/mL
fentanyl and 10 mg/mL fluanisone, Janssen Pharmaceutica, Beerse, Belgium; 0.3 mL/kg s.c. Dormicum:
5 mg/mL midazolam, Hoffmann-La Roche, Basel, Switzerland; 5 mg/kg s.c.). Lidocaine (20 mg/mL
Farmaplus AS, Oslo, Norway) was used as a local anesthetic. Body temperature was kept at 37.5 °C
with a thermostatically regulated heating pad (Bosch CTKI3, Miinchen, Germany).

The guide cannulas and a slotted screw for head block tethering (Instech labs Inc.,
Plymouth Meeting, PA, USA) were fixed to the skull using glass ionomer luting cement (GC Fuji plus
capsule, GC corporation, Tokyo, Japan). A slow release oral formulation of 0.4 mg/kg buprenorphin
(Temgesic 0,2 mg sublingual tab., RB Pharmaceuticals, Slough, UK) was used as postoperative analgesia
and rehydration was administered as a subcutaneous injection of 5 mL 0.9% NaCl immediately
after surgery.

5.3. Microdialysis Setup for ET-1-Experiments

One day after stereotaxic surgery, the microdialysis probe (50kDa cut-off, 3mm polyacrylonitrile
(PAN) membrane, BrainLink®, Groningen, The Netherlands) and probe for ET-1 injection (see above)
were inserted through the guide cannulas under brief anesthesia (ca. 5 min) using inhalation of
isoflurane (Baxter A/S, Allerod, Denmark). The inlet and outlet tubing (FEP tubing, 1.2 mL/10 cm,
AgnTho’s AB, Stockholm, Sweden) was connected to a swivel (AgnTho’s AB, Stockholm, Sweden),
syringe pump (22 Harvard Apparatus, Inc., Holliston, MA, USA) and fraction collector (CMA 142,
Stockholm, Sweden) using 0.38 mm IDEX silicon connectors.

Within approximately 15 min after insertion through the guide, the microdialysis probe was
perfused with 1 mM 3C-labeled succinate (13Cy 99%, Sigma-Aldrich, Denmark A/S, Copenhagen) in
sterile Ringer’s solution at a flow rate of 1.0 uL/min. Microdialysis fractions were collected at 30 min
intervals and stored at —20 °C within 2 h after collection. Microdialysis experiments were performed
in awake, freely moving animals.

The ET-1 injection cannula (an old microdialysis probe of which the membrane was removed)
was connected to a 100 uL. Hamilton syringe using FEP tubing. The Hamilton syringe and FEP-tubing
were filled with an ET-1 solution (Endothelin-1 > 97%, Sigma-Aldrich Denmark A/S, Copenhagen,
10 pmol/uL dissolved in sterile Ringer’s solution (147 mM NaCl, 4 mM KCl, 1.1 mM CaCl,, 1.0 mM
MgCly) for manual infusion of 15 uL ET-1 solution. After insertion of the ET-1 injection cannula, the tip
of the fused silica tubing ended 3.0 mm below the guide cannula, i.e., 7.6 mm ventral to bregma.
ET-1 was infused after collection of the first six 30 min fractions (baseline monitoring).

5.4. Mitochondrial Inhibition by Malonate Perfusion

Malonate perfusion experiments were done one day after stereotaxic placement of a guide cannula
in striatum (unilaterally) and after inserting the microdialysis probe through the guide cannula as
described above. In the malonate experiments, 60 min fractions (flow rate 1.0 uL/min) were collected
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and baseline levels were monitored for six hours using Ringer’s solution with *C-labeled succinate
(6 samples of 60 uL) before starting perfusion with 10 mM malonate (malonic acid, disodium salt
monohydrate, Sigma-Aldrich, dissolved in Ringer’s containing '>C-succinate) for another six hours,
followed by regular Ringer’s with 1 mM '3C-succinate for eight hours and finally six hours perfusion
with 50 mM malonate in Ringer’s containing 1 mM 3C-succinate.

5.5. ET-1 Induced Transient Cerebral Ischemia

After three hours of baseline monitoring collecting 30 min fractions (6 samples of 30 uL), focal
transient ischemia was induced by infusing 150 pmol ET-1 (Sigma-Aldrich) in 15 min (10 pmol/uL,
1 uL/min; ET-1 dissolved in sterile Ringer’s solution; 60 uL aliquots of 10 pmol/uL were stored at
—20 °C). Microdialysis was continued for at least six hours after the insult.

Histology

One day after microdialysis, the rats were killed by a lethal dose of pentobarbital (pentobarbital
200 mg/mL with lidocainehydrochloride 20 mg/mL, Glostrup Apotek, Denmark, 0.2-0.3 mL pr. rat)
and decapitation before cardiac arrest. The brains were rapidly removed from the skull, and frozen
using high pressure CO; and stored at —80 °C until histological processing (cryostat sectioning and
toluidine blue staining) for analysis of the placement of guides and infarct size.

5.6. Statistical Analysis

Metabolite data are expressed as mean +/— SEM of percentage change of each rat’s own baseline and
visualized as a time-line. Statistical differences between groups were analyzed using nonparametric
Kruskal Wallis test with Dunn’s multiple comparison’s test (vs. baseline). The XY graphs were
generated in GraphPad Prism (GraphPad Software, inc. San Diego, CA, USA).

5.7. LC-MS Sample Preparation and Analysis

Each microdialysis fraction of 30 uL was lyophilized prior to resuspension in 12 pL 1% formic
acid (FA) and transfer to vial including 100 uL insert. A pool (quality control) of the samples was
constructed by transferring 2 pL of each sample to a new vial, which was injected in every sixth
sample to monitor signal drift and system reproducibility. Ten uL from each sample was injected in
random order using a 1290 Infinity high pressure liquid chromatography system (Agilent Technologies)
equipped with a Supelco Discovery® HS F5-3 (2.1 x 150 mm and 3 um particle size) column kept at
40 °C. Compounds were eluted using a flow rate of 300 uL/min and the following gradient composition
of A (0.1% FA) and B (0.1% FA, acetonitrile) solvents: 100% A from 0-3 min, 100-60% A from 3-10 min,
60-0% A from 10-11 and 100% B isocratic from 11-12 min before equilibration for 5 min with the initial
conditions. Eluting metabolites were detected by a 6530B quadrupole time of flight mass spectrometer
(Agilent Technologies) operated in negative ion mode scanning from 40-1050 m/z with the following
settings: 3 scans/sec., gas temp at 325 °C, drying gas at 8 L/min, nebulizer at 35 psi, sheath gas temp at
350 °C, sheath gas flow at 11 L/min, VCap at 3500 V, fragmentor at 125 V and skimmer at 65 V. Each
spectrum was internally calibrated during analysis using the signals of purine (119.03632) and Hexakis
1H,1H,3H-tetrafluoropropoxy phosphazine with formate adduct (966.000725), which was delivered to
a second needle in the ion source by an isocratic pump running with a flow of 20 uL/min. A library
containing molecular formula and retention time of the metabolites of interest was constructed using
MassHunter PCDL Manager v. B.08.00 (Agilent Technologies). All reported annotations, except
lactate and glutamine, were based on accurate mass and co-elution with synthetic standards and their
fragments (Metabolomics Standards Initiative (MSI) [28] level 1 annotation). Lactate and glutamine
were annotated based on the existence of co-eluting fragments from a pooled sample analyzed in
“all-ion” mode using 0, 10 and 40 V in collision energy (MSI level 3 annotation). The ion fragments
from the known compounds were obtained from METLIN [29]. Chromatograms for all compounds
were extracted and the areas were quantified using Profinder v. B.08.00 (Agilent Technologies) in
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“Batch isotopologue extraction” mode, which extracts the signal from the isotopes and corrects for
their natural abundance, with a mass tolerance of 10 ppm and retention time tolerance of 0.1 min.
Quality control samples were used to evaluate system reproducibility, and potentially, to exclude
compounds with a relative standard deviation (RSD) above 30%, however, all shown compounds had
a RSD < 15%.
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