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Abstract: To characterize metabolites and metabolic pathways altered in intermediate and neovascu-
lar age-related macular degeneration (IAMD and NVAMD), high resolution untargeted metabolomics
was performed via liquid chromatography-mass spectrometry on plasma samples obtained from
91 IAMD patients, 100 NVAMD patients, and 195 controls. Plasma metabolite levels were compared
between: AMD patients and controls, IAMD patients and controls, and NVAMD and IAMD patients.
Partial least-squares discriminant analysis and linear regression were used to identify discrimina-
tory metabolites. Pathway analysis was performed to determine metabolic pathways altered in
AMD. Among the comparisons, we identified 435 unique discriminatory metabolic features. Using
computational methods and tandem mass spectrometry, we identified 11 metabolic features whose
molecular identities had been previously verified and confirmed the molecular identities of three
additional discriminatory features. Included among the discriminatory metabolites were acylcar-
nitines, phospholipids, amino acids, and steroid metabolites. Pathway analysis revealed that lipid,
amino acid, and vitamin metabolism pathways were altered in NVAMD, IAMD, or AMD in general,
including the carnitine shuttle pathway which was significantly altered in all comparisons. Finally,
few discriminatory features were identified between IAMD patients and controls, suggesting that
plasma metabolic profiles of IAMD patients are more similar to controls than to NVAMD patients.

Keywords: age-related macular degeneration; IAMD; NVAMD; metabolomics; acylcarnitines; carni-
tine shuttle; phospholipids

1. Introduction

Age-related macular degeneration (AMD) is a significant health burden in the aging
population. It is the leading cause of vision loss in individuals over age 60, affecting an
estimated 150 million people worldwide, and this number is expected to reach 288 million
by the year 2040 [1]. The stages of AMD are broadly categorized as early, intermediate,
and advanced. Early AMD is defined by the presence of small- or medium-sized drusen
deposits without retinal pigmentary changes, while intermediate AMD (IAMD) is marked
by larger, more extensive drusen and/or pigmentary abnormalities [2]. Vision loss often
occurs in advanced AMD which includes two types: geographic atrophy, in which retinal
cells gradually degenerate, and neovascular AMD (NVAMD), characterized by the forma-
tion and proliferation of new choroidal blood vessels. The aberrant new vessels in NVAMD
cause exudation and macular edema, resulting in retinal damage and severe vision loss.
The majority of AMD-related vision loss is caused by NVAMD [3,4].
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The complex etiology of AMD includes multiple genetic, environmental, and lifestyle
factors. Genetic variants at more than 30 loci have been independently associated with
AMD risk [5]. Advanced age, smoking, and higher body mass index (BMI) are also
established risk factors for AMD [6,7]. Despite the known risk factors, it is difficult to
predict which individual patients will progress to advanced stages of this disease.

Metabolomics is the study of small molecules, or metabolites, in biological samples
such as cells, tissues, or biofluids. Typically, mass spectrometry- or nuclear magnetic reso-
nance spectroscopy-based approaches are used for either targeted or untargeted studies
of the metabolome. Investigating how different health states affect metabolic profiles
can provide fundamental insights into disease pathophysiology. Over the last 20 years,
metabolomics has been employed in the study of numerous diseases and in some in-
stances has ultimately led to advances in biomedical research [8]. Metabolomics has been
increasingly applied to ophthalmologic conditions to identify metabolites or metabolic
pathways altered in these diseases [9] including in AMD [10-21]. We have previously
performed two untargeted metabolomics studies comparing NVAMD patients to non-
AMD controls [10,14]. In our pilot study, we observed alterations in amino acids and in
features with database matches to glycine-conjugated bile acids and vitamin-D related
metabolites [10]. Our second study, performed in a larger, independent cohort, revealed
alterations in long-chain acylcarnitines and in features with matches to lysophospholipids
and taurine-conjugated bile acids [14].

The goal of the present study was to identify metabolites or metabolic pathways
altered in AMD. This study included IAMD and NVAMD patients as well as non-AMD
controls, allowing for comparisons at important clinical transitions. High-resolution,
untargeted metabolomics was performed via liquid chromatography-mass spectrometry
(LC-MS). To identify metabolic alterations in AMD, we compared all patients with AMD
(IAMD plus NVAMD) to non-AMD controls. In addition, to determine metabolites and
metabolic pathways altered at different stages of disease, we compared IAMD patients to
non-AMD controls and NVAMD patients to IAMD patients.

2. Materials and Methods
2.1. Study Participants

Study participants were recruited from the Vanderbilt Eye Institute between 2002 and
2011. The Vanderbilt University Medical Center Institutional Review Board approved the
research study protocols. Research was conducted in accordance with Health Insurance
Portability and Accountability Act regulations and adhered to the tenets of the Declara-
tion of Helsinki. Written, informed consent was obtained from all participants prior to
study enrollment.

All study participants were of European ancestry and at least 55 years old at the time
of enrollment. A retina specialist administered comprehensive eye exams that included
slit-lamp biomicroscopy and dilated fundus examination with indirect ophthalmoscopy
for all participants. High-resolution color fundus photographs obtained using a Zeiss 450+
fundus camera (Carl Zeiss Meditec, Dublin, CA, USA) were graded using the Clinical Age-
Related Maculopathy Scale (CARMS) [22]. The CARMS includes five distinct categories
from Grade 1 (no AMD), defined as fewer than 10 small drusen and no macular pigment
changes, to Grade 5 (NVAMD), defined as extensive AMD characterized by choroidal neo-
vascularization, subretinal hemorrhage or fibrosis, or photocoagulation scarring consistent
with AMD treatment [22]. Grade 3 (IAMD) is characterized by extensive intermediate
drusen or any large soft drusen. For all study participants, each eye was assigned an AMD
grade from 1 to 5.

In this study, IAMD cases were defined as those patients with Grade 3 in both eyes,
while NVAMD cases were defined as those patients with Grade 5 in at least one eye.
Controls were those individuals that were assigned Grade 1 in both eyes. The study
population included 91 IAMD patients, 100 NVAMD patients, and 195 non-AMD controls.
Of the 100 NVAMD patients, 92 had Grade 5 in both eyes, and 8 had Grade 4 (geographic
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atrophy) in the fellow eye. Among the participants in this study, 100 NVAMD patients
and 192 controls were included in our previous metabolomics study comparing NVAMD
patients to non-AMD controls [14].

Blood was drawn from each participant at the time of study enrollment. Acetate—
citrate-dextrose tubes containing 1.5 mL of Solution A: trisodium citrate 22.0 g/L, citric
acid 8.0 g/L and dextrose 24.5 g/L (Becton Dickinson, Franklin Lakes, NJ, USA) were used
for sample collection. These tubes were centrifuged for 10 minutes at 4 °C. Plasma was
transferred to 1.5 mL conical tubes and immediately stored at —80 °C.

A self-administered questionnaire was used to collect detailed histories of comor-
bid medical conditions and environmental exposures including height and weight, and
diabetes, hypertension, hyperlipidemia, and smoking status. The reported height and
weight were used to calculate BMI. Participants who indicated they had ever smoked at
least 100 cigarettes were considered smokers, while those who had smoked fewer than
100 cigarettes were considered nonsmokers. Descriptive statistics for demographic, envi-
ronmental, and clinical variables were calculated for each group in the study population.
Welch’s two-tailed t-tests were used to compare continuous variables, and chi-squared
tests were used to test for differences in categorical variables.

2.2. High-Resolution Untargeted Metabolomics

Plasma samples were thawed and analyzed by LC-MS at Emory University as previ-
ously described [10,14,23-27]. Samples were randomized into 20-sample batches that
included both AMD patients and non-AMD controls. Plasma aliquots (65 pL) were
treated with 130 pL acetonitrile (2:1 v/v) containing 3.5 puL of an internal isotopic standard
mix [10,14,25,26] and incubated on ice for 30 min. Samples were then centrifuged for 10 min
(16,100x g at 4 °C) to remove protein. The supernatants (10 pL) were loaded onto an Accela
Open Autosampler maintained at 4 °C. Each sample was analyzed in triplicate using a
Thermo LTQ Velos Orbitrap high-resolution (60,000 mass resolution) mass spectrometer
(Thermo Fisher Scientific, San Diego, CA, USA) and C18 column chromatography [14,23,28].
Elution was obtained with a formic acid /acetonitrile gradient at a flow rate of 0.35 mL/min
for the initial 6 minutes and 0.5 mL/min for the remaining 4 min. The first 2-minute period
consisted of 5% solution A [2% (v/v) formic acid in water], 60% water, and 35% acetonitrile.
The final 4-minute period was maintained at 5% solution A and 95% acetonitrile. The mass
spectrometer was set to collect mass-to-charge ratio (/z) from 85 to 1985 over 10 min.
Electrospray ionization was used in positive mode for detection. For quality control and
assurance, pooled reference plasma was run both prior to and after each batch of samples.

2.3. Data Processing and Analysis

Mass spectral data were extracted and processed for all samples following the same
protocol. An adaptive processing software package, apLCMS (v6.3.3) (http://webl.sph.
emory.edu/apLCMS/), designed for use with high-resolution mass spectrometry data,
was used for noise removal and for feature extraction, alignment, and quantification [29].
Each extracted feature is defined by a unique combination of m/z and retention time
(RT). To enhance the feature detection process and perform quality evaluation, system-
atic data re-extraction and statistical filtering were performed using xMSanalyzer (v2.0.8)
(http:/ /sourceforge.net/projects/xmsanalyzer/) [30]. Each sample was analyzed in tripli-
cate, and coefficient of variation was used to evaluate the quality of all features. Sample
quality was evaluated using Pearson correlation within technical replicates. Batch-effect
correction was performed using ComBat [31], and xMSannotator v1.3.2 was used to assign
computationally derived annotations to metabolic features using the Human Metabolome
Database v3.6 [32]. xMSannotator uses a multilevel clustering procedure based on cor-
relation of intensities between metabolic features and grouping based on retention time,
isotopes, and adducts. The software assigns annotation scores (0: low confidence to 3: high
confidence) to database matches, providing valuable information which can be used to
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prioritize features for experimental confirmation of molecular identity using tandem mass
spectrometry (LC-MS/MS) and authentic standards.

2.4. Identification of Discriminatory Features

The purpose of this study was to identify metabolite differences in AMD patients com-
pared to controls, as well as between stages of AMD. Correspondingly, the primary compar-
isons were between AMD patients and controls, IAMD patients and controls, as well as be-
tween NVAMD and IAMD patients. In addition, we performed a reanalysis of the NVAMD
patients and controls comparison from our previous study [14] (Figure S1; Table S1). This
was performed because the current study used new software versions for data extraction
and processing and the analytical approach here differed from our previous study. There-
fore, the mass spectral data from samples used in our previous study were re-extracted and
processed using updated versions of software. The reanalysis allows for a direct evaluation
of metabolite differences across all pairwise comparisons.

A log, transformation was applied to reduce heteroscedasticity and normalize the
data. Quantile normalization was performed to minimize between-sample variability [33].
To increase confidence for selection of discriminating metabolites, data were filtered to
include only those features present in at least 50% of samples and present in at least
80% of each comparison group. Additionally, features were filtered based on relative
standard deviation, removing those with a constant signal across all samples. Following
data preprocessing and filtering, partial least-squares discriminant analysis (PLS-DA)
was performed with the R package mixOmics [34] to identify discriminating metabolites.
Multiple linear regression analysis was performed in parallel, to determine whether age,
sex, and AMD status independently influence metabolite intensity. Multiple hypothesis
correction for the multiple linear regression analysis was implemented using Benjamini—
Hochberg false discovery rate (FDR). Features with a PLS-DA variable importance for
projection (VIP) measure > 2 and associated with AMD status at an FDR < 0.1 (p < 0.05)
from multiple linear regression analyses were included in the final set of discriminatory
features. To test the classification performance of the discriminatory features identified
for each comparison, 10-fold cross-validation was performed using the sym function in R
package e1071. The performance was evaluated using the balanced accuracy rate, which
is defined as the average of the classification accuracy for each class [14]. Box plots were
used to visualize individual discriminatory features in NVAMD and IAMD patients, and
non-AMD controls. A Kruskal-Wallis (KW) test was used to determine differences in
metabolite intensity between groups.

2.5. Metabolite Identification

Discriminatory metabolic features with medium to high confidence matches to known
metabolites from xMSannoatator were compared with an in-house library of metabolic
features whose molecular identities had previously been confirmed. Using a combination
of factors including VIP, fold-change, and biological interest, 15 previously unconfirmed
metabolites were selected for further evaluation by LC-MS/MS with the aim of confirming
molecular identity. Samples were analyzed using a Thermo LTQ Velos Orbitrap high-
resolution mass spectrometer (Thermo Fisher Scientific, San Diego, CA, USA) operated in
positive ion mode with 10 min C18 reversed-phase column chromatography and standard
source conditions used for the untargeted metabolic profiling. Prior to analysis, plasma
proteins were precipitated using acetonitrile and water (2:1 v/v) and allowed to sit on
ice for 30 min. The supernatant was then carefully pipetted for LC-MS/MS analysis.
Collision-induced dissociation was accomplished using high purity N, at a normalized
collision energy of 35%. Raw LC-MS/MS data were converted to mzXML format using
msconvert, and the data were processed using the xcmsSet and xcmsFragments functions
in XCMS to extract the LC-MS/MS fragments associated with each parent mass [35-37].
The experimental spectra were then compared with the spectra available from mzCloud
(https:/ /www.mzcloud.org/) or the in silico predicted spectra using MetFrag [38]. Metabo-
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lite identification levels were assigned based on the Metabolomics Standards Initiative
(MSI) criteria: (a) confirmation using LC-MS/MS and co-elution with authentic standards
(level 1); (b) confirmation by comparing experimental LC-MS/MS spectra with the spectra
in mzCloud or in silico predicted spectra retrieved from MetFrag (level 2); (c) annotation at
the level of metabolite class (level 3); (d) annotation scores of 2 (medium confidence) or
higher from xMSannotator (level 4); (e) accurate mass match or no match (level 5) [39].

2.6. Pathway Analysis

To provide further biological context for discriminating metabolites, pathway analyses
were performed via Mummichog 2.0 (http:/ /mummichog.org/), a program that combines
metabolite annotation and metabolic pathway/network analysis [40,41]. These analyses
were performed separately for each comparison using the metabolic features identified by
PLS-DA with VIP > 1.5. Using this less stringent VIP threshold allows for greater inclusion
of features contributing to the enrichment of pathway differences between groups and
prevents information loss [42]. Pathways with a permuted p < 0.05 and a minimum feature
overlap of three were used for downstream evaluation and analysis.

3. Results
3.1. Study Population Characteristics

The study population consisted of 191 AMD patients (91 IAMD and 100 NVAMD) and
195 non-AMD controls. Pairwise comparisons of demographic variables, environmental
exposures, and comorbidities were performed to determine if any of these differed between
groups (Table 1). Age was significantly different in all comparisons, with all AMD patient
groups older than controls, and NVAMD patients older than IAMD patients. In this
population, there were no significant associations between AMD, NVAMD, or IAMD and
sex, BMI, smoking status, diabetes, hypertension, or hyperlipidemia.

Table 1. Study Population Characteristics.

Characteristic Controls AMD IAMD NVAMD
(n =195) (n =191) (n=91) (n =100)
Age, years 719+ 6.5 776 £7.3% 757 £75% 792 +6.8*F

Female, % 63.6 64.4 63.0 65.0
Smokers, % 50.3 57.1 52.8 61.0

BMI, kg/m? 269 +5.0 26.5+45 26.1+£438 26.8 +4.2
Diabetes, % 17.7 20.8 17.8 23.3
Hypertension, % 51.1 54.0 46.0 60.9
Hyperlipidemia, % 53.9 459 41.7 49.4

Age and BMI are presented as the mean =+ standard deviation. Welch'’s t-test was used to test for differences in age and BMI between
groups: AMD patients versus controls, IAMD patients versus controls, NVAMD patients versus IAMD patients, and NVAMD patients
versus controls. For all other characteristics, a chi-squared test was used to test for differences between groups. BMI: body mass index;
AMD: age-related macular degeneration; IAMD: intermediate AMD; NVAMD: neovascular AMD. * Significantly different compared to
controls (p < 0.05). * Significantly different compared to IAMD patients (p < 0.05).

3.2. High-Resolution Untargeted Metabolomics

Mass spectral data produced by untargeted LC-MS yielded 19,649 ions defined by m/z
and retention time. Each captured ion had an associated measure of intensity. To increase
confidence in selecting the most robust discriminatory metabolites, only those features
that met the filtering criteria based on missing values and relative standard deviation were
used for downstream analyses in each comparison.

For each comparison described below, PLS-DA and multiple linear regression analyses
were performed. Discriminatory metabolic features were those with both a PLS-DA VIP > 2.0
and a linear regression FDR < 0.1 (p < 0.05) for association between AMD status and


http://mummichog.org/

Cells 2021, 10, 3141 60f15

metabolite intensity. For each comparison, 10-fold cross-validation was performed to test
the ability of the discriminatory metabolic features to distinguish between the groups.

3.3. AMD wvs. Controls

After data preprocessing and filtering, there were 6419 features available for analysis
comparing AMD patients to controls. There were 353 features with a PLS-DA VIP > 2.0.
In the linear regression analyses, AMD status was associated with 1135 metabolic fea-
tures at p < 0.05, and 500 met the FDR-corrected significance threshold of < 0.1. A to-
tal of 323 metabolic features met significance criteria of a PLS-DA VIP > 2.0 and an
FDR < 0.1 (p < 0.05) from the linear regression analysis (Table S1). Among these discrimina-
tory metabolic features, 180 were higher, and 143 were lower in AMD patients compared
to controls (Figure 1a; Table S1). The 10-fold cross-validation balanced accuracy rate using
these 323 discriminatory features was 78.2%.

a) AMD vs Controls b) IAMD vs Controls c) NVAMD vs IAMD

VIP
VIP

BRAGIGEEABEREEAEREE B RATFEEEEEEEEIREE 2R3 EIREERREAEERE
mass-to-charge (m/z) mass-to-charge (m/z) mass-to-charge (m/z)

VIP
VIP

VIP

L T T T L T T T L T T
Retention time (sec) Retention time (sec) Retention time (sec)
Figure 1. Discriminatory features identified by PLS-DA and linear regression analyses. Manhattan plots displaying
significant discriminatory features (PLS-DA VIP > 2 and linear regression FDR < 0.1 (p < 0.05)) that were higher (blue dots)
or lower (red dots) in the plasma of (a) AMD patients compared to controls, (b) IAMD patients compared to controls, and
(c) NVAMD patients compared to IAMD patients. Black dots indicate features that did not meet significance criteria. There
are two plots for each comparison—VIP by m/z and VIP by Retention time (sec). AMD: age-related macular degeneration;

IAMD: intermediate AMD; NVAMD: neovascular AMD; PLS-DA: partial least-squares discriminant analysis; VIP: variable
importance for projection.

3.4. IAMD Patients vs. Controls

After data preprocessing and filtering, there were 6,337 features available for the IAMD
patients versus controls comparison. There were 386 features with a PLS-DA VIP > 2.0.
In the linear regression analyses, AMD status was associated with 649 features at p < 0.05,
though only three met the FDR-corrected significance threshold of < 0.1. These three
metabolic features met the significance criteria of a PLS-DA VIP > 2.0 and an
FDR < 0.1 (p < 0.05) from the linear regression analysis and were all lower in IAMD pa-
tients compared to controls (Figure 1b; Table S1). The 10-fold cross-validation balanced
accuracy rate using these three features was 54.8%.
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3.5. NVAMD Patients vs. IAMD Patients

After data preprocessing and filtering, there were 6615 features available for analysis
comparing NVAMD patients to IAMD patients. There were 328 features with a PLS-DA VIP
> 2.0. In the linear regression analyses, AMD status was associated with 1,024 metabolic
features at p < 0.05, and 172 met the FDR-corrected significance threshold of < 0.1. A
total of 158 metabolic features met the significance criteria of a PLS-DA VIP > 2.0 and
an FDR < 0.1 (p < 0.05) from the linear regression analysis (Table S1). Among these
discriminatory features, levels of 120 were higher and levels of 38 were lower in NVAMD
patients compared to IAMD patients (Figure 1c; Table S1). The 10-fold cross-validation
balanced accuracy rate using these 158 discriminatory features was 77.8%.

3.6. Metabolite Identification

Among the three comparisons, there were 435 unique significant discriminatory fea-
tures identified (Table S2). To determine molecular identities, discriminatory features
were compared with an in-house library of metabolic features whose molecular iden-
tities were previously verified. In addition, a subset of discriminatory features whose
molecular identities could not be confirmed in the database comparison was evaluated by
LC-MS/MS analysis. The molecular identity of 14 discriminatory features was confirmed
at MSI metabolite identification level 1 or 2 (Table 2). Of these discriminatory features,
the molecular identities of 11 had been previously verified [14,23,32,43,44], while three
were newly confirmed in this study. The 14 metabolites whose molecular identities were
confirmed could be broadly categorized into four classes: acylcarnitines, lipids and related
metabolites, amino acid-related metabolites, and steroids and steroid derivatives.

Table 2. Discriminatory metabolic features with confirmed molecular identities.

mlz RT (sec) Ve&fz:bl\(:llei::]glaizz * Idenlsz?z:]:i?)lritievel Cﬁﬁﬂz{s ControlIsAFl(\)/[l]g/Chan NI‘;%D/
Fold Change 8¢ Fold Change
Acylcarnitines
414.3568 377.7 Heptadecanoyl 2 - - 2.08
carnitine
4263568 3665 Octadecgi}%l;arnitine 2 ) ) 174
424.3419 3459 Linoleyl carnitine 2 - - 1.75
422.3270 330.5 Linolenyl carnitine * 2 1.63 - -
274.1263 373.8 Glutaconylcarnitine 2 1.49 - -
428.3721 392.6 Stearoylcarnitine 2 - - 1.83
Lipid metabolites
466.3518 332.9 LysoSM (d18:1) * 2 - - 2.34
516.3057 376.2 LysoPC (18:4) * 2 1.47 - -
324.2893 471.0 Linoleoyl ethanolamide 2 132 - -
326.3045 526.9 N-Oleoylethanolamine 2 1.37 - -
Steroids and steroid derivatives
413.3451 351.0 25-Hydroxyvitamin D2 2 - - 2.16
347.2213 271.9 Cortexolone 2 3.12 - -
Amino acid-related metabolites
130.0499 51.9 Pyroglutamic acid 1 1.52 - -
209.0910 234.1 Kynurenine 1 - - 0.72

Discriminatory metabolic features were identified by PLS-DA (VIP > 2.0) and linear regression analysis (FDR < 0.1 and p < 0.05). To verify
their molecular identities, features were compared with an in-house library of metabolic features whose molecular identities had previously
been confirmed. A subset of previously unconfirmed metabolites was evaluated by LC-MS/MS. * molecular identity newly confirmed in
this study; m/z: mass-to-charge ratio; RT (sec): retention time (seconds).
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Six of the LC-MS/MS-confirmed metabolites were acylcarnitines (Table 2). Of these,
two were approximately 1.5-fold higher in AMD patients compared to controls and four
were between 1.7- and 2.0-fold higher in NVAMD patients compared to IAMD patients.
Five of the acylcarnitines were medium- or long-chain acylcarnitine species (Figure 2). In
addition, there were seven discriminatory features with medium or high confidence matches to
acylcarnitines that similarly displayed higher levels with more advanced disease (Figure S2).

Glutaconylcarnitine Heptadecanoyl carnitine Stearoylcarnitine
0.0049 2.9x10°% B0010° 27x10°¢
20x10% 11x105 5.7x10° . 16x610°
0.31 9.0x10° 0483 0.56
1 5x10¢ 60108
X
F= Z 6.0x10° ‘E
B . @ S 400108
g 1m0 g £
= z =
. I 3.0%10° 20108
0 0 0
Control TAMD NVAMD Control IAMD NVAMD Control IAMD NVAMD
11Z-Octadecenylcarnitine Linoleyl carnitine Linolenyl carnitine
5
o 0.00014 6.2x10 2 5610 0.00034
e 1 1.8x10°¢ 3
36510 00 - 1.2x10
212 : 2.0x10° 0.033
6.0x107 |
200107
= = 2 15108
“a n =
g 401 5 2,060 g
= N — T 1.0010°
i 1.0%107 —_ | —
20010 L s o010
0 0 0
Control IAMD NVAMD Control IARMD NVAMD

Control IAMD NVAMD

Figure 2. Medium- and long-chain plasma acylcarnitines altered in AMD patients. Plasma levels of
six acylcarnitines that were higher in NVAMD patients compared to either IAMD patients or controls.
Kruskal-Wallis tests were used for pairwise comparisons and p-values are shown above comparison
brackets. The molecular identities of these acylcarnitines have been confirmed at MSI level 2.

There were four LC-MS/MS-confirmed lipids and related metabolites among the
discriminatory features in the AMD patient groups (Table 2). Lysosphingomyelin (d18:1), an
intermediate in sphingolipid metabolism, was more than 2.0-fold higher in NVAMD patients
compared to IAMD patients, and lysophosphatidylcholine (18:4) was approximately 1.5-fold
higher in AMD patients compared to controls. There were also two n-acylethanolamines that
were higher in AMD patients compared to controls (Table 2; Figure 3).

Finally, there were two steroid-related metabolites identified among the discriminatory
metabolites (Table 2). Cortexolone was approximately 3.0-fold higher in AMD patients
compared with controls, and 25-hydroxyvitamin D2 was approximately 2.0-fold higher in
NVAMD patients compared with IAMD patients (Table 2; Figure 4).
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LysoPC (18:4)

0.018
162109

401108 0.0024

3.0x108

Intensity

2.0x10%,

1.0%108,

Control IAMD NVAMD

N-oleoylethanolamine

0.012
2.9x10%

7.5x10° 0.13

5.0x10%

Intensity

2.5x10

Control IAMD NVAMD

Intensity

Intensity

2.0x10%

1.5:10

1.0x109

5.0¢10%

LysoSM (d18:1)

0.00089
7.4x107

3.0x10°%

2.0x105,

1.0x10°

Control IAMD NVAMD

Linoleoyl ethanolamide

028
2.5x10°%
0.003

Control IAMD NVAMD

Figure 3. Plasma lipid metabolites altered in AMD patients. Plasma levels of LysoPC (18:4) and
LysoSM (d18:1) were higher in NVAMD patients compared with IAMD patients or controls Plasma
levels of N-oleoylethanolamine and linoleoyl ethanolamide were higher in NVAMD patients com-
pared to controls. Kruskal-Wallis tests were used for pairwise comparisons and p-values are shown
above comparison brackets. The molecular identities of these metabolites have been confirmed at

MSI level 1 or 2.
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Figure 4. Plasma steroid-related metabolites altered in AMD patients. Plasma levels of the steroid-
related metabolites cortexolone and 25-hydroxyvitamin D2 were altered in AMD patients. Kruskal—-
Wallis tests were used for pairwise comparisons and p-values are shown above comparison brackets.
The molecular identities of these metabolites have been confirmed at MSI level 2.
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3.7. Pathway Analysis

Pathway analysis was performed for each comparison using metabolic features iden-
tified by PLS-DA with a VIP > 1.5. Applying a less stringent VIP threshold in pathway
analysis allows for broader inclusion of features to better identify pathways that are altered
in the patient groups. Multiple lipid metabolism pathways were identified in the pathway
analysis. The carnitine shuttle pathway was significant in all comparisons (Figure 5), and
the prostaglandin formation from dihomo-gamma-linoleic acid was altered in AMD patients
compared to controls. The saturated fatty acids beta-oxidation pathway was significant in the
IAMD versus controls and the NVAMD versus IAMD comparisons, and the glycosphin-
golipid metabolism pathway was altered in IAMD patients compared with controls (Figure 5).
In addition, there were four amino acid metabolism pathways altered in IAMD patients
compared with controls, and the vitamin B9 (folate) metabolism pathway was altered in
NVAMD patients compared with JAMD patients (Figure 5).

Carnitine shuttle g . . . e - E . i ®
Prostaglandin formation from dihomo gamma-linoleic acid {:«««-««-« @ «wseerrmesirmmmbin e
Saturated fatty acids beta-oxidation{- j = -
Ascorbate (Vitamin C) and Aldarate Metabolism : @
C21-steroid hormone biosynthesis and metabolism i : i . . . . o
Galaclose metabollsm . u:rzamessinemerennnensensssonsnnmrenesne sosenss L4 -Iog10(p)
Vitamin E metabolism ! ® e 2
Vitamin B9 (folate) metabolism{-- RS LTRSS SRR IRAAAEE S o SRR SRS SR : 3
Glycine, serine, alanine and threonine metabolism{:------ forsesesisnnsiinnnne i e85 : ® 5
Pentose PhOSPhate Pathway -« i s eemsmssstimies i i s
Glutathione Metabolism e Rt 20
Beta-Alanine metabolism{--- bl
Glycosphingolipid metabolism {-«---:-+- E TRRITR PPN RN
Urea cycle/amino group metabolism{--- e e sRanzssanasenzonsnens
& & O o
& & o &
« & & eﬁo

Figure 5. Pathways altered in AMD patients. Summary of the pathways altered in AMD patients compared to controls,
as well as across stages of AMD. Pathway analysis was performed using Mummichog 2.0 on discriminatory metabolic
features identified by PLS-DA at VIP > 1.5. The NVAMD versus Control results are an updated reanalysis of data from
Mitchell SL et al. 2018 and are included here for comparison. Size and color of circles indicate significance level. AMD:
age-related macular degeneration; IAMD: intermediate AMD; NVAMD: neovascular AMD.

4. Discussion

Presently, the mechanisms underlying AMD development and progression remain
largely undefined. Despite advances in identifying AMD risk factors, precisely distinguish-
ing which patients will progress to advanced disease remains a difficult challenge. Deter-
mining the etiologic factors affecting development of NVAMD could advance novel treat-
ments and potentially prevent disease progression. With the goal of uncovering valuable
insight into disease pathophysiology, we applied untargeted, high-resolution metabolomics
to identify metabolites and metabolic pathways altered in IAMD and NVAMD patients.

Among the comparisons, we identified more than 400 unique discriminatory metabo-
lites, none of which was common to all comparisons. In the IAMD versus controls compar-
ison, only three discriminatory features were identified. This represents fewer than 0.1% of
the features analyzed in this comparison. In the NVAMD versus IAMD and AMD versus
controls comparisons, 2.4% and 5.0% of analyzed features, respectively, were identified as
discriminatory. In the NVAMD versus controls reanalysis, 5.0% of analyzed features were
identified as discriminatory. Among the four comparisons, similar numbers of features
were available for analysis. In addition, the majority (63%) of the discriminatory features
identified in the AMD versus controls comparison were also discriminatory features in
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the NVAMD versus controls reanalysis. Taken together, these data suggest that there are
minimal plasma metabolic differences between IAMD patients and controls, and many of
the differences observed between AMD patients and controls are largely due to alterations
in NVAMD patients.

We observed higher plasma levels of multiple acylcarnitines in NVAMD patients
compared with IAMD patients. Box plots of several of the individual acylcarnitines il-
lustrate a progressive increase from non-AMD to IAMD to NVAMD. In a prior study,
we determined that the carnitine shuttle pathway was altered in NVMAD patients com-
pared to controls [14], and the updated analysis of these data here also identified this
pathway. Other metabolomics studies have reported altered plasma acylcarnitines in AMD
patients [12,13,15], providing further support that this pathway may be important in AMD.
In the current study, pathway analysis results demonstrate that the carnitine shuttle pathway
is also significantly altered in NVAMD patients compared to IAMD patients, which has not
been previously reported. The carnitine shuttle is essential for mitochondrial 3-oxidation
of fatty acids, and these alterations indicate that progressive dysfunction of mitochondrial
fatty acid metabolism could be a key contributing factor to AMD progression. Indeed,
there are links between fatty acid oxidation and regulation of angiogenesis. Kalucka et al.
demonstrated that fatty acid oxidation is critical for maintaining redox homeostasis and
preventing dysfunction in quiescent endothelial cells [45]. Inhibition of fatty acid oxidation
via the rate-limiting enzyme carnitine palmitoyltransferase 1 (CPT1) repressed proliferation
and neovascularization in endothelial cells and inhibited pathological ocular angiogenesis
in mice [46]. Combined with prior studies, our results suggest that the carnitine shuttle
pathway is altered to a greater degree in NVAMD patients and point to the need for
longitudinal studies for verification, as well as studies to test for potential benefits of
mitochondria-related interventions.

Multiple studies have reported changes in plasma phospholipids in AMD patients,
including a recent investigation which detected differences in the glycerophospholipid
metabolism pathway in AMD patients compared with controls [13,15,16]. In the current
study, we identified three phospholipid-related metabolites that were higher in AMD
patients compared with controls. Two of these were n-acylethanolamines, which are
components of n-acylphosphatidylethanolamine, a membrane-bound phospholipid. N-
acylethanolamines may accumulate under certain conditions including glutamate excitotox-
icity, ischemia, and inflammation [47-51], all of which may contribute to the pathophysiol-
ogy of AMD. Studies have demonstrated that certain n-acylethanolamines are neuroprotec-
tive [49,50]. For example, N-linoleoyl ethanolamine treatment conferred protection to reti-
nal ganglion cells in mouse retinal explants treated to induce glutamate excitotoxicity [49].
N-acylethanolamines and their receptors are found in the retina, and thus represent a
potential therapeutic mechanism for neuroprotection in ocular diseases [47,49,51].

Overall, pathway analysis revealed nine metabolic pathways altered in patients with
NVAMD, IAMD, or AMD in general. Most of the pathways could be categorized into
three groups: lipid metabolism, amino acid metabolism, and vitamin metabolism. These
results are broadly consistent with previous studies reporting alterations in lipids, amino
acids, and vitamins in the plasma of AMD patients [10-17,52]. Although only three
individual metabolic features were identified as discriminatory in the IAMD versus controls
comparison, pathway analysis, which included features based on less stringent criteria,
revealed multiple amino acid metabolism pathways that were specifically altered in IAMD
patients compared with controls, suggesting that dysregulation of amino acid metabolism
may occur in earlier stages of AMD. A recent NMR-based, targeted AMD metabolomics
study reported changes in the levels of multiple amino acids including alanine [17], which
we identified via pathway analysis as altered in IAMD patients. As with the alterations
in acylcarnitines, these differences in amino acid metabolism could also reflect changes
in mitochondrial activities. For instance, changes in amino acid metabolism are linked to
mitochondrial function and energy balance through glutamate, aspartate, glycine, serine
and alanine metabolism, as well as through the urea cycle. Threonine and the (3-alanine
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pathways also provide links to mitochondrial fatty acid metabolism. Thus, changes in
amino acid metabolism pathways in IAMD could be important in disease development.

A major strength of this study is the well-defined cohort of nearly 400 AMD patients
and controls that includes both IAMD and NVAMD patients, allowing for comparisons be-
tween different stages of disease. Another strength is the use of untargeted, high-resolution
LC-MS to provide broad coverage of low- and high-abundance metabolites. Metabolite
identification is a major bottleneck in untargeted metabolomics studies, due in part to
low abundance of metabolites of interest and multiple isomeric matches or no matches
in metabolite databases [53-55]. Given this, we employed a combination of computa-
tional methods to enhance confidence in metabolite annotations and assign MSI metabolite
identification levels. We identified 11 metabolites whose molecular identity had been
previously verified, and we confirmed the identity of an additional three metabolites via
targeted LC-MS/MS. The molecular identities of these 14 metabolites were all confirmed
at MSI identification level of 1 or 2. Additional targeted studies are needed to confirm
molecular identities of discriminatory metabolites with a current MSI identification level of
3 or higher.

In conclusion, this study demonstrates that the plasma metabolic profiles of IAMD
patients are more similar to controls than to NVAMD patients. These results suggest that
when comparing a group of AMD patients that includes IAMD and NVAMD patients to
non-AMD controls, the metabolomic differences identified may be largely a consequence
of changes in the NVAMD patients. Further studies are necessary to determine how the
plasma metabolite differences between stages of AMD correlate to the eye and contribute
to the pathophysiology of this disease. Longitudinal studies are an important direction
for future investigations, as having data from multiple time points can provide deeper
mechanistic insight into disease progression.
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Author Contributions: Conceptualization: M.A.B.J. and D.P].; sample ascertainment: J.L.H., M.A.P--
V., WKS. and A.A,; data analysis: C.M. and K.U.; data interpretation: S.L.M., K.U. and M.A.B.J.;
writing—original draft preparation: S.L.M., C.M. and K.U.; writing—review and editing: S.L.M.,
K.U., M.AB]J., WKS. and A.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by National Institutes of Health grants R01 EY22618 (MAB) and
RO1 EY012118 (MP-V, JLH, WKS, and AA) and an unrestricted award to the Vanderbilt Department
of Ophthalmology and Visual Sciences from Research to Prevent Blindness. The sponsor or funding
organization had no role in the design or conduct of this research.

Institutional Review Board Statement: This study was conducted in accordance with Health Insur-
ance Portability and Accountability Act regulations and adhered to the tenets of the Declaration
of Helsinki. The Vanderbilt University Medical Center Institutional Review Board approved the
research study protocols (IRB Study # 8883, 15 September 1997).

Informed Consent Statement: Written, informed consent was obtained from all participants prior to
study enrollment.

Data Availability Statement: The data presented in this study are available in the article and
supplementary material.

Acknowledgments: The authors thank all the patients who generously participated in this study.
The authors acknowledge Jessica N. Cooke Bailey for extracting data from the database, and ViLinh
Tran and Yating Wang for their technical expertise with the mass spectrometer.

Conflicts of Interest: No conflicting relationships exist for any of the authors.


https://www.mdpi.com/article/10.3390/cells10113141/s1
https://www.mdpi.com/article/10.3390/cells10113141/s1

Cells 2021, 10, 3141 13 0f 15

Abbreviations

AMD: age-related macular degeneration; IAMD: intermediate age-related macular degeneration;
NVAMD: neovascular age-related macular degeneration; BMI: body mass index; LC-MS: liquid
chromatography—mass spectrometry; CARMS: Clinical Age-Related Maculopathy Scale; m/z: mass-
to-charge ratio; RT: retention time; LC-MS/MS: tandem mass spectrometry; PLS-DA: partial least-
squares discriminant analysis; VIP: variable importance for projection; MSI: metabolomics stan-
dards initiative.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Wong, W.L.; Su, X;; Li, X,; Cheung, CM.G; Klein, R.; Cheng, C.-Y.; Wong, T.Y. Global Prevalence of Age-Related Macular
Degeneration and Disease Burden Projection for 2020 and 2040: A Systematic Review and Meta-Analysis. Lancet Glob. Health
2014, 2, e106-e116. [CrossRef]

Garcia-Layana, A.; Cabrera-Lopez, F; Garcia-Arumi, J.; Arias-Barquet, L.; Ruiz-Moreno, ].M. Early and Intermediate Age-Related
Macular Degeneration: Update and Clinical Review. Clin. Interv. Aging 2017, 12, 1579-1587. [CrossRef] [PubMed]

Bressler, N.M. Early Detection and Treatment of Neovascular Age-Related Macular Degeneration. . Am. Board Fam. Pract. 2002,
15,142-152.

Holekamp, N.M. Review of Neovascular Age-Related Macular Degeneration Treatment Options. Am. . Manag. Care 2019, 25,
S172-5181.

Fritsche, L.G; Igl, W.; Bailey, ].N.C.; Grassmann, F.; Sengupta, S.; Bragg-Gresham, J.L.; Burdon, K.P; Hebbring, S.J.; Wen, C.;
Gorski, M.; et al. A Large Genome-Wide Association Study of Age-Related Macular Degeneration Highlights Contributions of
Rare and Common Variants. Nat. Genet. 2016, 48, 134-143. [CrossRef] [PubMed]

Seddon, ].M.; Reynolds, R.; Yu, Y.; Daly, M.].; Rosner, B. Risk Models for Progression to Advanced Age-Related Macular
Degeneration Using Demographic, Environmental, Genetic, and Ocular Factors. Ophthalmology 2011, 118, 2203-2211. [CrossRef]
Sobrin, L.; Seddon, J.M. Nature and Nurture- Genes and Environment- Predict Onset and Progression of Macular Degeneration.
Prog. Retin. Eye Res. 2014, 40, 1-15. [CrossRef]

Liu, X,; Locasale, ].W. Metabolomics: A Primer. Trends Biochem. Sci. 2017, 42, 274-284. [CrossRef]

Tan, S.Z.; Begley, P.; Mullard, G.; Hollywood, K.A.; Bishop, P.N. Introduction to Metabolomics and Its Applications in Ophthal-
mology. Eye 2016, 30, 773-783. [CrossRef] [PubMed]

Osborn, M.P; Park, Y.; Parks, M.B.; Burgess, L.G.; Uppal, K.; Lee, K.; Jones, D.P.; Brantley, M.A. Metabolome-Wide Association
Study of Neovascular Age-Related Macular Degeneration. PLoS ONE 2013, 8, €72737. [CrossRef]

Lains, I.; Duarte, D.; Barros, A.S.; Martins, A.S.; Gil, ].; Miller, J.B.; Marques, M.; Mesquita, T.; Kim, L.K.; Cachulo, M.D.L,; et al.
Human Plasma Metabolomics in Age-Related Macular Degeneration (AMD) Using Nuclear Magnetic Resonance Spectroscopy.
PLoS ONE 2017, 12, €0177749. [CrossRef]

Luo, D.; Deng, T; Yuan, W.; Deng, H.; Jin, M. Plasma Metabolomic Study in Chinese Patients with Wet Age-Related Macular
Degeneration. BMC Ophthalmol. 2017, 17, 165. [CrossRef]

Lains, I; Kelly, R.S.; Miller, ].B.; Silva, R.; Vavvas, D.G.; Kim, LK.; Murta, ].N.; Lasky-Su, J.; Miller, ] W.; Husain, D. Human Plasma
Metabolomics Study across All Stages of Age-Related Macular Degeneration Identifies Potential Lipid Biomarkers. Ophthalmology
2018, 125, 245-254. [CrossRef] [PubMed]

Mitchell, S.L.; Uppal, K.; Williamson, S.M.; Liu, K.; Burgess, L.G.; Tran, V.; Umfress, A.C.; Jarrell, K.L.; Cooke Bailey, ].N.;
Agarwal, A,; et al. The Carnitine Shuttle Pathway Is Altered in Patients with Neovascular Age-Related Macular Degeneration.
Investig. Ophthalmol. Vis. Sci. 2018, 59, 4978-4985. [CrossRef]

Lains, I.; Chung, W.; Kelly, R.S.; Gil, ].; Marques, M.; Barreto, P.; Murta, ].N.; Kim, LK.; Vavvas, D.G.; Miller, ].B.; et al. Human
Plasma Metabolomics in Age-Related Macular Degeneration: Meta-Analysis of Two Cohorts. Metabolites 2019, 9, 127. [CrossRef]
[PubMed]

Kersten, E.; Dammeier, S.; Ajana, S.; Groenewoud, ].M.M.; Codrea, M.; Klose, E; Lechanteur, Y.T.; Fauser, S.; Ueffing, M.;
Delcourt, C.; et al. Metabolomics in Serum of Patients with Non-Advanced Age-Related Macular Degeneration Reveals Aberra-
tions in the Glutamine Pathway. PLoS ONE 2019, 14, e0218457. [CrossRef] [PubMed]

Acar, L.E.; Lores-Motta, L.; Colijn, ].M.; Meester-Smoor, M.A.; Verzijden, T.; Cougnard-Gregoire, A.; Ajana, S.; Merle, B.M.].;
de Breuk, A.; Heesterbeek, T.J.; et al. Integrating Metabolomics, Genomics and Disease Pathways in Age-Related Macular
Degeneration: The EYE-RISK Consortium. Ophthalmology 2020, 127, 1693-1709. [CrossRef]

Chao de la Barca, ].M.; Rondet-Courbis, B.; Ferré, M.; Muller, J.; Buisset, A.; Leruez, S.; Plubeau, G.; Macé, T.; Moureauzeau, L.;
Chupin, S.; et al. A Plasma Metabolomic Profiling of Exudative Age-Related Macular Degeneration Showing Carnosine and
Mitochondrial Deficiencies. J. Clin. Med. 2020, 9, 631. [CrossRef] [PubMed]

Han, G.; Wei, P; He, M.; Teng, H.; Chu, Y. Metabolomic Profiling of the Aqueous Humor in Patients with Wet Age-Related
Macular Degeneration Using UHPLC-MS/MS. |. Proteome Res. 2020, 19, 2358-2366. [CrossRef] [PubMed]


http://doi.org/10.1016/S2214-109X(13)70145-1
http://doi.org/10.2147/CIA.S142685
http://www.ncbi.nlm.nih.gov/pubmed/29042759
http://doi.org/10.1038/ng.3448
http://www.ncbi.nlm.nih.gov/pubmed/26691988
http://doi.org/10.1016/j.ophtha.2011.04.029
http://doi.org/10.1016/j.preteyeres.2013.12.004
http://doi.org/10.1016/j.tibs.2017.01.004
http://doi.org/10.1038/eye.2016.37
http://www.ncbi.nlm.nih.gov/pubmed/26987591
http://doi.org/10.1371/journal.pone.0072737
http://doi.org/10.1371/journal.pone.0177749
http://doi.org/10.1186/s12886-017-0555-7
http://doi.org/10.1016/j.ophtha.2017.08.008
http://www.ncbi.nlm.nih.gov/pubmed/28916333
http://doi.org/10.1167/iovs.18-25137
http://doi.org/10.3390/metabo9070127
http://www.ncbi.nlm.nih.gov/pubmed/31269701
http://doi.org/10.1371/journal.pone.0218457
http://www.ncbi.nlm.nih.gov/pubmed/31220133
http://doi.org/10.1016/j.ophtha.2020.06.020
http://doi.org/10.3390/jcm9030631
http://www.ncbi.nlm.nih.gov/pubmed/32120889
http://doi.org/10.1021/acs.jproteome.0c00036
http://www.ncbi.nlm.nih.gov/pubmed/32293180

Cells 2021, 10, 3141 14 0f 15

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Lains, I.; Zhu, S.; Han, X.; Chung, W.; Yuan, Q.; Kelly, R.S.; Gil, ].Q.; Katz, R.; Nigalye, A.; Kim, LK.; et al. Genomic-Metabolomic
Associations Support the Role of LIPC and Glycerophospholipids in Age-Related Macular Degeneration. Ophthalmol. Sci. 2021,
1,100017. [CrossRef]

Lambert, V.; Hansen, S.; Schoumacher, M.; Lecomte, J.; Leenders, J.; Hubert, P.; Herfs, M.; Blacher, S.; Carnet, O.; Yip, C.; et al.
Pyruvate Dehydrogenase Kinase/Lactate Axis: A Therapeutic Target for Neovascular Age-Related Macular Degeneration
Identified by Metabolomics. J. Mol. Med. 2020, 98, 1737-1751. [CrossRef]

Seddon, ].M.; Sharma, S.; Adelman, R.A. Evaluation of the Clinical Age-Related Maculopathy Staging System. Ophthalmology
2006, 113, 260-266. [CrossRef]

Go, Y.-M.; Walker, D.I; Liang, Y.; Uppal, K.; Soltow, Q.A.; Tran, V.; Strobel, E; Quyyumi, A.A.; Ziegler, T.R.; Pennell, K.D.;
et al. Reference Standardization for Mass Spectrometry and High-Resolution Metabolomics Applications to Exposome Research.
Toxicol. Sci. 2015, 148, 531-543. [CrossRef] [PubMed]

Johnson, J.M.; Yu, T.; Strobel, EH.; Jones, D.P. A Practical Approach to Detect Unique Metabolic Patterns for Personalized
Medicine. Analyst 2010, 135, 2864-2870. [CrossRef] [PubMed]

Soltow, Q.A; Strobel, FH.; Mansfield, K.G.; Wachtman, L.; Park, Y.; Jones, D.P. High-Performance Metabolic Profiling with Dual
Chromatography-Fourier-Transform Mass Spectrometry (DC-FTMS) for Study of the Exposome. Metabolomics 2013, 9, S132-5143.
[CrossRef] [PubMed]

Frediani, ].K.; Jones, D.P; Tukvadze, N.; Uppal, K.; Sanikidze, E.; Kipiani, M.; Tran, V.T.; Hebbar, G.; Walker, D.I.;
Kempker, R.R.; et al. Plasma Metabolomics in Human Pulmonary Tuberculosis Disease: A Pilot Study. PLoS ONE 2014,
9, €108854. [CrossRef]

Burgess, L.G.; Uppal, K.; Walker, D.I.; Roberson, R.M.; Tran, V.; Parks, M.B.; Wade, E.A.; May, A.T.; Umfress, A.C.; Jarrell, K.L.;
et al. Metabolome-Wide Association Study of Primary Open Angle Glaucoma. Investig. Ophthalmol. Vis. Sci. 2015, 56, 5020-5028.
[CrossRef]

Roede, J.R; Uppal, K; Park, Y.; Lee, K.; Tran, V.; Walker, D.; Strobel, EH.; Rhodes, S.L.; Ritz, B.; Jones, D.P. Serum Metabolomics
of Slow vs. Rapid Motor Progression Parkinson’s Disease: A Pilot Study. PLoS ONE 2013, 8, €77629. [CrossRef]

Yu, T.; Park, Y.; Johnson, ].M.; Jones, D.P. ApLCMS—Adaptive Processing of High-Resolution LC/MS Data. Bioinformatics 2009,
25,1930-1936. [CrossRef]

Uppal, K; Soltow, Q.A.; Strobel, EH.; Pittard, W.S.; Gernert, KM.; Yu, T.; Jones, D.P. XMSanalyzer: Automated Pipeline for
Improved Feature Detection and Downstream Analysis of Large-Scale, Non-Targeted Metabolomics Data. BMC Bioinform. 2013,
14, 15. [CrossRef]

Johnson, W.E.; Li, C.; Rabinovic, A. Adjusting Batch Effects in Microarray Expression Data Using Empirical Bayes Methods.
Biostatistics 2007, 8, 118-127. [CrossRef]

Uppal, K.; Walker, D.I; Jones, D.P. XMSannotator: An R Package for Network-Based Annotation of High-Resolution Metabolomics
Data. Anal. Chem. 2017, 89, 1063-1067. [CrossRef] [PubMed]

Patel, R.M.; Roback, ].D.; Uppal, K.; Yu, T.; Jones, D.P; Josephson, C.D. Metabolomics Profile Comparisons of Irradiated and
Nonirradiated Stored Donor Red Blood Cells. Transfusion 2015, 55, 544-552. [CrossRef]

Rohart, F.; Gautier, B.; Singh, A.; Lé Cao, K.-A. MixOmics: An R Package for ‘omics Feature Selection and Multiple Data
Integration. PLoS Comput. Biol. 2017, 13, e1005752. [CrossRef]

Smith, C.A.; Want, E.J.; O'Maille, G.; Abagyan, R.; Siuzdak, G. XCMS: Processing Mass Spectrometry Data for Metabolite Profiling
Using Nonlinear Peak Alignment, Matching, and Identification. Anal. Chem. 2006, 78, 779-787. [CrossRef]

Tautenhahn, R.; Bottcher, C.; Neumann, S. Highly Sensitive Feature Detection for High Resolution LC/MS. BMC Bioinform. 2008,
9, 504. [CrossRef] [PubMed]

Benton, H.P.; Want, E.J.; Ebbels, T.M.D. Correction of Mass Calibration Gaps in Liquid Chromatography-Mass Spectrometry
Metabolomics Data. Bioinformatics 2010, 26, 2488-2489. [CrossRef]

Ruttkies, C.; Schymanski, E.L.; Wolf, S.; Hollender, J.; Neumann, S. MetFrag Relaunched: Incorporating Strategies beyond in
Silico Fragmentation. J. Cheminform. 2016, 8, 3. [CrossRef] [PubMed]

Sumner, L.W.; Amberg, A.; Barrett, D.; Beale, M.H.; Beger, R.; Daykin, C.A.; Fan, TW.-M.; Fiehn, O.; Goodacre, R.; Griffin, J.L.; et al.
Proposed Minimum Reporting Standards for Chemical Analysis Chemical Analysis Working Group (CAWG) Metabolomics
Standards Initiative (MSI). Metabolomics 2007, 3, 211-221. [CrossRef]

Li, S.; Park, Y.; Duraisingham, S.; Strobel, EH.; Khan, N.; Soltow, Q.A.; Jones, D.P; Pulendran, B. Predicting Network Activity
from High Throughput Metabolomics. PLoS Comput. Biol. 2013, 9, €1003123. [CrossRef]

Li, S; Sullivan, N.L.; Rouphael, N.; Yu, T.; Banton, S.; Maddur, M.S.; McCausland, M.; Chiu, C.; Canniff, J.; Dubey, S.; et al.
Metabolic Phenotypes of Response to Vaccination in Humans. Cell 2017, 169, 862-877.e17. [CrossRef]

Khatri, P; Sirota, M.; Butte, AJ. Ten Years of Pathway Analysis: Current Approaches and Outstanding Challenges.
PLoS Comput. Biol. 2012, 8, €1002375. [CrossRef]

Accardi, C.J.; Walker, D.I,; Uppal, K.; Quyyumi, A.A.; Rohrbeck, P.; Pennell, K.D.; Mallon, C.T.M.; Jones, D.P. High-Resolution
Metabolomics for Nutrition and Health Assessment of Armed Forces Personnel. J. Occup. Environ. Med. 2016, 58, S80. [CrossRef]
[PubMed]

Go, Y.-M,; Liang, Y.; Uppal, K.; Soltow, Q.A.; Promislow, D.E.L.; Wachtman, L.M.; Jones, D.P. Metabolic Characterization of the
Common Marmoset (Callithrix Jacchus). PLoS ONE 2015, 10, e0142916. [CrossRef] [PubMed]


http://doi.org/10.1016/j.xops.2021.100017
http://doi.org/10.1007/s00109-020-01994-9
http://doi.org/10.1016/j.ophtha.2005.11.001
http://doi.org/10.1093/toxsci/kfv198
http://www.ncbi.nlm.nih.gov/pubmed/26358001
http://doi.org/10.1039/c0an00333f
http://www.ncbi.nlm.nih.gov/pubmed/20838665
http://doi.org/10.1007/s11306-011-0332-1
http://www.ncbi.nlm.nih.gov/pubmed/26229523
http://doi.org/10.1371/journal.pone.0108854
http://doi.org/10.1167/iovs.15-16702
http://doi.org/10.1371/journal.pone.0077629
http://doi.org/10.1093/bioinformatics/btp291
http://doi.org/10.1186/1471-2105-14-15
http://doi.org/10.1093/biostatistics/kxj037
http://doi.org/10.1021/acs.analchem.6b01214
http://www.ncbi.nlm.nih.gov/pubmed/27977166
http://doi.org/10.1111/trf.12884
http://doi.org/10.1371/journal.pcbi.1005752
http://doi.org/10.1021/ac051437y
http://doi.org/10.1186/1471-2105-9-504
http://www.ncbi.nlm.nih.gov/pubmed/19040729
http://doi.org/10.1093/bioinformatics/btq441
http://doi.org/10.1186/s13321-016-0115-9
http://www.ncbi.nlm.nih.gov/pubmed/26834843
http://doi.org/10.1007/s11306-007-0082-2
http://doi.org/10.1371/journal.pcbi.1003123
http://doi.org/10.1016/j.cell.2017.04.026
http://doi.org/10.1371/journal.pcbi.1002375
http://doi.org/10.1097/JOM.0000000000000770
http://www.ncbi.nlm.nih.gov/pubmed/27501108
http://doi.org/10.1371/journal.pone.0142916
http://www.ncbi.nlm.nih.gov/pubmed/26581102

Cells 2021, 10, 3141 150f 15

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kalucka, J.; Bierhansl, L.; Conchinha, N.V,; Missiaen, R.; Elia, I.; Briining, U.; Scheinok, S.; Treps, L.; Cantelmo, A.R.;
Dubois, C.; et al. Quiescent Endothelial Cells Upregulate Fatty Acid 3-Oxidation for Vasculoprotection via Redox Homeostasis.
Cell Metab. 2018, 28, 881-894. [CrossRef]

Schoors, S.; Bruning, U.; Missiaen, R.; Queiroz, K.C.; Borgers, G.; Elia, I.; Zecchin, A.; Cantelmo, A.R.; Christen, S.; Goveia, ].; et al.
Fatty Acid Carbon Is Essential for DNTP Synthesis in Endothelial Cells. Nature 2015, 520, 192-197. [CrossRef]

Montgomery, C.L.; Keereetaweep, J.; Johnson, H.M.; Grillo, S.L.; Chapman, K.D.; Koulen, P. Changes in Retinal N-
Acylethanolamines and Their Oxylipin Derivatives During the Development of Visual Impairment in a Mouse Model for
Glaucoma. Lipids 2016, 51, 857-866. [CrossRef]

Matias, I.; Wang, ].W.; Moriello, A.S.; Nieves, A.; Woodward, D.E; Di Marzo, V. Changes in Endocannabinoid and Palmi-
toylethanolamide Levels in Eye Tissues of Patients with Diabetic Retinopathy and Age-Related Macular Degeneration.
Prostaglandins Leukot. Essent. Fat. Acids 2006, 75, 413-418. [CrossRef] [PubMed]

Duncan, R.S.; Xin, H.; Goad, D.L.; Chapman, K.D.; Koulen, P. Protection of Neurons in the Retinal Ganglion Cell Layer against
Excitotoxicity by the N-Acylethanolamine, N-Linoleoylethanolamine. Clin. Ophthalmol. 2011, 5, 543-548. [CrossRef]

Garg, P; Duncan, R.S.; Kaja, S.; Koulen, P. Intracellular Mechanisms of N-Acylethanolamine-Mediated Neuroprotection in a Rat
Model of Stroke. Neuroscience 2010, 166, 252-262. [CrossRef]

Payne, A.J.; Kaja, S.; Sabates, N.R.; Koulen, P. A Case for Neuroprotection in Ophthalmology: Developments in Translational
Research. Mo. Med. 2013, 110, 429-436.

Brown, C.; Green, B.; Thompson, R.; den Hollander, A.; Lengyel, I.; on behalf of the EYE-RISK Consortium. Metabolomics and
Age-Related Macular Degeneration. Metabolites 2018, 9, 4. [CrossRef] [PubMed]

Dunn, W.B.; Broadhurst, D.; Begley, P.; Zelena, E.; Francis-McIntyre, S.; Anderson, N.; Brown, M.; Knowles, ]J.D.; Halsall, A.;
Haselden, J.N.; et al. Procedures for Large-Scale Metabolic Profiling of Serum and Plasma Using Gas Chromatography and
Liquid Chromatography Coupled to Mass Spectrometry. Nat. Protoc. 2011, 6, 1060-1083. [CrossRef] [PubMed]

Uppal, K,; Walker, D.I; Liu, K,; Li, S.; Go, Y.-M.; Jones, D.P. Computational Metabolomics: A Framework for the Million
Metabolome. Chem. Res. Toxicol. 2016, 29, 1956-1975. [CrossRef] [PubMed]

Chen, G.; Walmsley, S.; Cheung, G.C.M.; Chen, L.; Cheng, C.-Y.; Beuerman, RW.; Wong, T.Y.; Zhou, L.; Choi, H. Customized
Consensus Spectral Library Building for Untargeted Quantitative Metabolomics Analysis with Data Independent Acquisition
Mass Spectrometry and MetaboDIA Workflow. Anal. Chem. 2017, 89, 4897-4906. [CrossRef]


http://doi.org/10.1016/j.cmet.2018.07.016
http://doi.org/10.1038/nature14362
http://doi.org/10.1007/s11745-016-4161-x
http://doi.org/10.1016/j.plefa.2006.08.002
http://www.ncbi.nlm.nih.gov/pubmed/17011761
http://doi.org/10.2147/OPTH.S18309
http://doi.org/10.1016/j.neuroscience.2009.11.069
http://doi.org/10.3390/metabo9010004
http://www.ncbi.nlm.nih.gov/pubmed/30591665
http://doi.org/10.1038/nprot.2011.335
http://www.ncbi.nlm.nih.gov/pubmed/21720319
http://doi.org/10.1021/acs.chemrestox.6b00179
http://www.ncbi.nlm.nih.gov/pubmed/27629808
http://doi.org/10.1021/acs.analchem.6b05006

	Introduction 
	Materials and Methods 
	Study Participants 
	High-Resolution Untargeted Metabolomics 
	Data Processing and Analysis 
	Identification of Discriminatory Features 
	Metabolite Identification 
	Pathway Analysis 

	Results 
	Study Population Characteristics 
	High-Resolution Untargeted Metabolomics 
	AMD vs. Controls 
	IAMD Patients vs. Controls 
	NVAMD Patients vs. IAMD Patients 
	Metabolite Identification 
	Pathway Analysis 

	Discussion 
	References

