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Abstract: The pathogenesis of age-related macular degeneration (AMD), a leading cause of blindness
worldwide, remains only partially understood. This has led to the current lack of accessible and reliable
biofluid biomarkers for diagnosis and prognosis, and absence of treatments for dry AMD. This study
aimed to assess the plasma metabolomic profiles of AMD and its severity stages with the ultimate goal
of contributing to addressing these needs. We recruited two cohorts: Boston, United States (1 = 196)
and Coimbra, Portugal (n = 295). Fasting blood samples were analyzed using ultra-high performance
liquid chromatography mass spectrometry. For each cohort, we compared plasma metabolites of
AMD patients versus controls (logistic regression), and across disease stages (permutation-based
cumulative logistic regression considering both eyes). Meta-analyses were then used to combine
results from the two cohorts. Our results revealed that 28 metabolites differed significantly between
AMD patients versus controls (false discovery rate (FDR) g-value: 4.1 x 1072-1.8 x 10~°), and 67 across
disease stages (FDR g-value: 4.5 x 1072-1.7 x 10~*%). Pathway analysis showed significant enrichment
of glycerophospholipid, purine, taurine and hypotaurine, and nitrogen metabolism (p-value < 0.04).
In conclusion, our findings support that AMD patients present distinct plasma metabolomic profiles,
which vary with disease severity. This work contributes to the understanding of AMD pathophysiology,
and can be the basis of future biomarkers and precision medicine for this blinding condition.

Keywords: age-related macular degeneration; metabolomics; mass spectrometry

1. Introduction

Age-related macular degeneration (AMD) is the leading cause of adult blindness in developed
countries. Worldwide, it ranks third, and is expected to affect 288 million people by 2040 [1].
The hallmark of the early phases of AMD are macular drusen and pigmentary changes. Some patients
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progress to the late forms of the disease, choroidal neovascularization (neovascular form) or geographic
atrophy [2,3]. While we have treatment for the neovascular, late form of AMD [4], 90% of those
diagnosed with AMD have the early or intermediate forms, for which there is currently no proven
therapy [5]. It is likely that the early and intermediate forms of AMD may not represent a single disease,
but rather a collection of subtypes that ultimately progress to the advanced forms [6]. Elucidating these
subtypes and their underlying pathogenesis will be critical in developing effective therapies for these
earlier stages of AMD. Furthermore, any prognostic information is based solely on features identified
by ophthalmic examination and/or color fundus imaging, and it is limited. Delay in instituting
treatment for neovascular AMD is one of the factors leading to poor visual functional outcomes [7].
Biomarker tools that could improve our prognostic information would fill a crucial, unmet need, and
might also provide new insights into AMD pathogenesis. Previous attempts to identify AMD biofluid
biomarkers revealed variable results [8,9] probably, in part, due to the complexity of this disease,
involving interactions between environmental and genetic risk factors.

Our group hypothesized that metabolomics, the qualitative and quantitative analysis of metabolites
(<1-1.5 KDa), could be an appropriate approach to help address these questions [10]. Metabolites are
the downstream product of the cumulative effects of the genome and its interaction with environmental
exposures; therefore, the metabolome is thought to closely relate to disease phenotype, especially with
multifactorial diseases such as AMD [11]. Two main analytical tools are available for metabolomic
profiling: nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) [12].

We have published data [13,14] supporting the concept of metabolomics as a powerful tool to
identify plasma signatures of AMD and its severity stages. We initiated our work [13] with NMR
spectroscopy, based on the principal that it can represent an appropriate technique for an initial
untargeted approach. Nuclear magnetic resonance offers high reproducibility, simple sample handling,
and the possibility of sample reuse [15,16]. Using this technique [13], we observed small differences
between AMD stages, mostly driven by amino acids and some small proteins, organic acids, and lipids.
These results motivated us to continue our investigations with MS, which is becoming the most widely
used technology for large-scale epidemiological studies [17]. Mass spectrometry has a much higher
sensitivity compared to NMR, thus enabling the measurement of a broader range of metabolites [11].
In an MS-based pilot study [14], we identified 87 plasma metabolites that differed significantly between
subjects with AMD and controls; most of them were lipids, in particular glycerophospholipids, but
differences in some amino acids and dipeptides were also observed. Despite the interesting results,
this work was limited by its relatively small sample size (30 controls and 90 subjects with AMD), and
the lack of validation in an independent population.

In this manuscript, we present our analysis of MS plasma metabolomic profiles from a large group
of patients with AMD, and a group of subjects older than 50 years with normal macula from two
cohorts: one from Boston, United States (USA) and the other from Coimbra, Portugal. Our aim was to
further assess and define the plasma metabolomic profiles of AMD and its severity stages, with the
ultimate goal of contributing to the current understanding of AMD pathogenic mechanisms, as well as
identifying targets that can serve as potential biomarkers and become the basis for precision medicine
for this blinding disease.

2. Results

2.1. Study Population and Identified Plasma Metabolites

We recruited patients diagnosed with AMD and a control group of subjects with no evidence of
AMD and age older than 50 years. A total of 491 subjects were included; 196 (n = 149, 76% AMD
patients; n = 47, 24% controls) in Boston, US and 295 (n = 242, 82% AMD patients; n = 53, 18% controls)
in Coimbra, Portugal. Figure 1 presents the overview of the study. Table 1 presents the clinical and
demographic characterization of the included study population. As shown, age differed significantly
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among groups in both study cohorts (p-value < 0.001 for both), and in the Portuguese cohort significant
differences were also observed for smoking history among groups (p-value = 0.044).

Boston, US (n = 196 pimbra, Portugal (n = 29

AMD patients (n = 149, 76%) AMD patients (n = 242, 82%)
Controls (n = 47, 24%) Controls (n = 53, 18%)
Metabolites (n = 544) Metabolites (n = 544)

AMD patients vs controlg AMD stages of both eyes

‘ AMD/Control model ’ ‘ Stage+2Eye model ’

R‘/’__________/

Meta-Analysis

|

Pathway Analysis

l

ROC Curve Analysis

|

Metabolomic Profiles in AMD

Figure 1. Overview of the study. AMD: age-related macular degeneration;, AMD/Control model
multivariable logistic regression model considering AMD versus controls as the outcome; Stage+2
Eye: permutation-based cumulative logistic regression model considering both eyes of each patient
and the severity stage of disease as the outcome (control, early, intermediate and late); ROC: receiving

operating characteristic; n: number.

Table 1. Clinical and demographic characterization of the two study cohorts.

Boston, US
Early Late
Headi — i ——————_— p-Val
eading Control AMD Intermediate AMD AMD p-Value
Number of patients, 11 (%) 47 (24) 35 (18) 64 (33) 50 (25) NA
Age, mean + SD 67.8 £ 8.5 68.5+7.1 724+69 76.1 + 8.2 <0.0001 *
BMI, mean + SD 26.8 +4.4 26.7 +4.3 27.6 +5.6 269 +4.5 0.779
Gender n, (%)
Female 29 (62) 23 (66) 45 (70) 29 (58) 0.564
Male 18 (38) 12 (34) 19 (30) 21 (42)
Smoking #, (%)
Non-smoker 24 (52) 21 (60) 27 (42) 17 (35) 0107
Ex-smoker 20 (43) 14 (40) 34 (53) 31 (66) ’
Current smoker 2 (4) 0 (0) 3(5) 0(0)
Race n, (%)
White 39 (95) 30 (91) 63 (98) 44 (94)
Black 1(2) 0(0) 0(0) 0(0) 0.127
Asian 0(0) 1(3) 1(2) 0(0)

Hispanic 1(2) 2 (6) 0 (0) 3 (6)
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Table 1. Cont.

Coimbra, Portugal

. Early . Late
Heading Control AMD Intermediate AMD AMD p-Value
Number of patients, 11 (%) 53 (18) 58 (20) 130 (44) 54 (18) NA
Age, mean + SD 68.6 + 5.0 712 +6.1 76.6 +7.5 81.8 £ 6.9 <0.0001 *
BMI, mean + SD 271 +4.7 271+43 274 +45 26.5+4.3 0.712
Gender n, (%)
Female 35 (66) 35 (60) 90 (69) 32 (59) 0.497
Male 18 (34) 23 (40) 40 (31) 22 (41)
Smoking #, (%)
Non-smoker 43 (81) 50 (86) 116 (89) 39 (72) 0.044 *
Ex-smoker 10 (19) 8 (14) 14 (11) 14 (26) ’
Current smoker 0 (0) 0(0) 0 (0) 1(2)
Race n, (%)
White 53 (100) 58 (100) 128 (98) 53 (98)
Black 0(0) 0(0) 2(2) 1(2) 0.601
Asian 0(0) 0(0) 0(0) 0(0)
Hispanic 0(0) 0(0) 0(0) 0(0)

US: United States; n: number of subjects; SD: standard deviation; AMD: age-related macular degeneration. * p-value
significant based on one-way ANOVA test.

In both cohorts, 605 metabolites were measured. Sixty-one of these metabolites were determined
to be exogenous to humans (e.g., medications, food additives, and buffering agents), and hence,
excluded from analysis, as we were interested in endogenous metabolites that could be driving
systemic biology. Thus, the final analysis included 544 endogenous metabolites (1 = 411, identified;
n = 133, unidentified). Principal component analysis (PCA) analyses were performed to summarize
and visualize metabolomic data, and to evaluate how individuals could be clustered based on their
metabolomic profiles. Principal components with significant associations are presented in Figure S1
for each cohort.

2.2. Comparison between AMD Patients and Controls

To assess plasma metabolomic profiles of AMD from our two cohorts, we conducted logistic
regression analysis accounting for potential confounders (age, sex, BMI and smoking status) and
false discovery rate (FDR). This was first done for the Boston and Coimbra cohorts separately
(Tables S1 and S2), and then the results were combined by meta-analysis (see the Methods section:
AMD/Control model). The meta-analysis of these results revealed that 69 metabolites differed
significantly (p-value < 0.05; Table S3) between patients with AMD and controls, 28 of them reaching a
statistically significant g-value (Table 2). As shown, most of the significant metabolites (g-value) were
lipids (n = 10; 35.7%), followed by amino acids (1 = 8; 28.6%), nucleotides (n = 6; 21.4%), carbohydrates
(n =2;7.1%), cofactors and vitamins (1 = 1; 3.6%), and peptides (n = 1; 3.6%).
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Table 2. Metabolites differing significantly (g-value) between patients with AMD and controls, based on meta-analysis of the two study cohorts.

5o0f 22

Super

Pathway Sub Pathway Metabolite OR PT Pval PT OR US Pval US OR Meta Pval Meta Qval Meta
Amino Acid Methionine, Cysteine, SAM, and Taurine 370 119%107 126 246x10°! 2.04 959%x107  652%107
Taurine Metabolism
Amino Acid Glutamate Metabolism Beta—citrylglutamate 2.87 1.37 x 107> 1.52 5.40 x 1072 2.06 3.86 x 1070 2.05x 1074
Amino Acid Tryptophan Metabolism Serotonin 2.00 6.20 x 1074 1.58 2,67 x 1072 1.82 4.84x107° 1.65 x 1073
Amino Acid Methionine, Cysteine, SAM, and N-acetylmethionine 255 1.85x 107 1.20 4.05x 1071 1.75 974x 105 292x1073
Taurine Metabolism
Amino Acid Alanine and Aspartate Metabolism Aspartate 2.37 6.69 x 107> 1.28 232 x 1071 1.80 1.02x 1074 292 x 1073
Amino Acid Methionine, Cysteine, SAM, and Hypotaurine 232 469x10% 136  147x107! 1.85 257%10%  699x1073
Taurine Metabolism
Amino Acid Alanine and Aspartate Metabolism N-acetylasparagine 1.55 1.96 x 1072 2.00 421x1073 1.69 322x107* 7.96 x 1073
Amino Acid Methionine, Cysteine, SAM, and S—adenosylhomocysteine (SAH) 210 391x10% 124 321x 107 167 643x 104 152x 102
Taurine Metabolism
Carbohydrate Glycogen Metabolism Maltotriose 3.79 244 x 1077 1.49 512 x 1072 247 1.31x 1077 1.75x 1072
Carbohydrate Glycogen Metabolism Maltose 3.32 1.62 x 1076 1.29 1.86 x 1071 2.14 414 x 1070 2.05x 107
Cofactors and Nicotinate and Nicotinamide Nicotinamide 234 191x10% 115  508x10°! 1.68 787x10% 178102
Vitamins Metabolism
Lipid Phosphatidylserine (PS) 1‘Stear°(ylgf§/;g}f;’yl‘cljs 574 294x10°0 123 292x 107 2.35 180x 108 6.64x107°
Lipid Phospholipid Metabolism Phosphoethanolamine 3.97 2.36 x 1078 1.44 5.79 x 1072 249 244 %1078 6.64 x 1070
Lipid Phospholipid Metabolism Choline phosphate 4.95 4.01x 107 1.21 321 x 1071 2.38 1.42x 1077 1.75x 1072
Lipid Sphingosines Sphingosine 16.67 1.89 x 107 0.99 9.68 x 107! 1.75 226 x 107 1.36 x 107*
Lipid Lysoplasmalogen 1-(1-enyl-palmitoyl)-GPE (P-16:0) * 1.70 5.86 x 1073 247 298 x 1074 1.97 1.12 x 107> 469 %1074
Lipid Fatty Acid, Monohydroxy 14-HDoHE/17-HDoHE 5.02 8.02 x 1070 0.87 4.63x 107! 1.73 3.87 x 1075 1.46 x 1073
Lipid Eicosanoid 12-HETE 4.77 2.61x 1078 0.91 6.26 x 1071 1.64 4.03 x 1070 1.46 x 1073
Lipid Sphingolipid Synthesis Sphinganine 5.33 6.18 x 1077 0.90 5.85 x 1071 1.44 3.05x 1074 791 x 1073
Lipid Lysoplasmalogen 1-(1-enyl-oleoyl)-GPE (P-18:1) * 1.35 9.20 x 1072 2.01 2.36 x 1073 1.60 1.41x 1073 2,95 x 1072
Lipid Lysoplasmalogen 1-(1-enyl-stearoyl)-GPE (P-18:0) * 1.25 1.89 x 1071 224 6.67 x 1074 1.58 1.81x 1073 3.65x 1072
Nucleotide Purine Metabolism, Adenine containing Adenosine 2.58 6.33 x 1073 2.15 6.90 x 1074 2.39 1.60 x 10~/ 1.75 x 1073
Nucleotide Pyrlmldmecl\c/)[ﬁ:?gﬁzm/ Cytidine Cytidine 255 6.24 x 1075 2.12 135 x 1073 237 293%x107 266 x1075
Nucleotide Purine Metabolism, Guanine containing Guanine 3.70 5.99 x 1077 1.39 1.08 x 1071 2.40 8.16 x 1077 6.34 x 107
Nucleotide Purine Metabolism, Inosine 229 1.54 x 1074 1.65 9.69 x 1073 2.02 474x1076  2.15x 107
(Hypo)Xanthine/Inosine containing
Nucleotide Purine Metabolism, Hypoxanthine 252 3.58 x 107 1.24 279 x 1071 1.80 843x1075  270x 1073
(Hypo)Xanthine/Inosine containing
Nucleotide Purine Metabolism, Adenine containing adenine 1.63 2.02 x 1072 1.54 438 x 1072 1.58 213 %1073 414 %1072
Peptide Dipeptide isoleucylglycine 2.15 1.25 x 10™* 1.07 7.26 x 1071 1.58 1.15x 1073 2.51 x 1072

Legend: OR: odds ratio; PT: Portugal; US: United States; PVal: p-value; Qval: g-value; Meta: meta-analysis; SAM - S-Adenosyl methionine.
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2.3. Comparison Across All Stages of Disease

For the comparison across all stages of disease, we used cumulative logistic regression models
with likelihood ratio tests (LRTs) by permutation with data on both eyes of each patient (see Methods
section: Stage + 2Eye model). This was performed because there was a substantial fraction of patients
with different stages of AMD in either eye (15% of the subjects from the Boston cohort and 28% of those
from the Coimbra cohort, Table S4). Again, we fitted the models with adjustment for age, BMI, smoking
status, and gender for each cohort separately (Tables S5 and S6), and then combined the results by
meta-analyses. The meta-analysis of the results revealed that 147 metabolites differed significantly
across all stages of disease, based on p-value; among which 67 reached a significant g-value. As shown,
most of these metabolites were lipids (1 = 34, 50.7%), followed by amino acids (n = 20; 30%), nucleotides
(n = 6,9.0%), carbohydrates (n = 4; 6.0%), cofactors and vitamins (n = 1; 1.5%), peptides (n = 1; 1.5%)
and energy related metabolites (1 = 1; 1.5%). Table 3 presents the top 20 most significant metabolites,
and Table S7 the complete list.

As expected, most of the metabolites identified as differing statistically significantly in the
comparison of AMD versus controls were also significantly different in the multi-stage analysis
considering all stages of disease (22 out of 28, 79%, Figure 2).

oleoyHinoleoyl-glycerol (18:1/18:2
[

AMD/Control Common
Model

Stage+2Eye
Model

myristoleoylcarnitine (C14:1)*
dihydroorotate
laurylcarnitine (C12)
oleoyl-linoleoyl-glycerol (18:1/18:2)
(2]

alpha-tocopherol

sulfate*
nitine (C10)  Cer¢ itine (C26)*
N-acetylleucine taurolithocholate 3-
oleoyl-oleoyl-glycerol (18:1/18:1) [1]*  sulfate
nitine (C22:6)*
1-(1-enyl-palmitoyl)-2-arachidonoyl-  (d18:2/24:2)*
GPE (P-16:0/20:4)* 1-palmitoyl-GPG (16:0)*

cytidine
N-acetylasparagine
1-(1-enyl-palmitoyl)-GPE (P-16:0)*
hypotaurine
phosphoethanolamine

adenosine T rginin nitine
maltotriose oleoyl-arachidonoyl-glycerol (c16:1)*
e beta-citrylglutamate (18:1/20:4) [2]* 1-stearoyl-2-linoleoyl-
14-HDOHE/17-HDOHE maltose octanoylcarnitine (C8) GPI (18:0/18:2) .
e 1-stearoyl-2-oleoyl-GPS (18:0/18:1) trans-4-hydroxyproline _P-cresol glucuronide
s 1-(1-enyl-oleoyl)-GPE (P-18:1)* isovalerate (i5:0) behenoyl sphingomyelin
e 1-{1-enyl-stearoy!)-GPE (P-18:0) cys-gly, oxidized (d18:1/22:0)
adenine taurine 1-(1-enyl 2-linoleoyl-GPE ,
guanine 12-HETE (P-16:0/18:2)* docosahexaenoylcholine
hypoxanthine phenylacetylglutamine malate
serotonin N-acetylarginine glutamine
aspartate Iy aR histidine
N-acetylmethionine palmitoyl-linoleoyl-glycerol pyruvate
choline phosphate (16:0/18:2) [2]* beta-alanine
e X stearoyl sphi in (d18:1/18:0)
S-adenosylhomocysteine 1-linoleoyl-GPG (18:2)* leoyl-oleoyl
sphingomyelin (d18:0/18:0, glycerol

d19:0/17:0)* (18:1/18:1) [2]%
S-methylcysteine
isobutyrylglycine

linoleoyl-docosahexaenoyl-glycerol
(18:2/22:6) [2]*
glycolithocholate

guanine guanine oleoyl-oleoyl-glycerol (18:1/18:1) [2]*  oleoyl-oleoyl-glycerol (18:1/18:1) [2]*
—+ | I P R
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Figure 2. List of the metabolites differing significantly (4 < 0.05) between AMD patients (AMD/Control
model), and controls, and across AMD stages of both eyes (Stage + 2Eye model). AMD: age-related
macular degeneration; CTL: control; ERL: early AMD; INT: intermediate AMD; LAT: late AMD. Box
plots for the most statistically significant metabolites of each analysis are presented. For each box plot,
yellow dots represent the mean and black horizontal lines represent the median; AMD/Control model:
multivariable logistic regression model considering AMD versus controls as the outcome; Stage + 2Eye:
permutation-based cumulative logistic regression model considering both eyes of each patient and the
severity stage of disease as the outcome (control, early, intermediate, and late).
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Table 3. Top 20 significant metabolites identified on the meta-analysis of the two cohorts for the comparison across all study groups.

7 of 22

Super

Pathway Sub Pathway Metabolite ORPT Pval PT OR US Pval US OR Meta Pval Meta Qval Meta
Amino Acid Alanine and Aspartate Metabolism N-acetylasparagine 1.23 1.16 x 1072 1.74 1.00 x 1076 1.37 6.10 x 1077 1.65 x 107+
Amino Acid Methionine, Cysteine, SAM, and Hypotaurine 149 100x10°® 119  1.08x107! 137 121106 1.65x 107

Taurine Metabolism
Amino Acid Glutamate Metabolism Beta—citrylglutamate 1.26 3.40 x 1073 1.46 3.50 x 107* 1.32 6.67 x 1070 421x107*
Amino Acid Leucine, Isoleucine, and Valine N-acetylleucine 118 462 %1072 143 7.30 x 1074 1.27 269x107%  7.80x 1073
Metabolism

Carbohydrate Glycogen Metabolism Maltotriose 143 1.00 x 1076 11 2.88 x 1071 131 6.19 x 107 421 x 1074
Carbohydrate Glycogen Metabolism Maltose 1.38 3.00 x 1075 1.15 1.60 x 1071 1.29 3.17 x 1075 1.72x 1073
Lipid Lysoplasmalogen 1-(1-enyl-palmitoyl)-GPE (P-16:0) * 1.21 1.62 x 1072 1.95 1.00 x 1076 1.48 9.86 x 1077 1.65x 107
Lipid Phospholipid Metabolism Phosphoethanolamine 1.39 2.00 x 107 1.26 2.01 x 1072 1.32 1.62 x 1076 1.67 x 1074
Lipid Diacylglycerol Oleoyl-oleoyl-glycerol (18:1/18:1) [2] * 0.86 5.74 x 1072 0.62 1.00 x 1076 0.76 6.96 x 1070 421 %1074
Lipid Diacylglycerol Oleoyl-linoleoyl-glycerol (18:1/18:2) 1] 0.87 7.56 x 1072 0.64 1.00 x 1073 0.76 4.01x107° 1.98 x 1073
Lipid Fatty Acid Metabolism(Acyl Carnitine) Mpyristoleoylcarnitine (C14:1) * 0.90 2.06 x 1071 0.62 1.00 x 1076 0.78 6.54 x 1075 297 x 1073
Lipid Phosphatidylserine (PS) 1-stearoyl-2-oleoyl-GPS (18:0/18:1) 1.50 1.00 x 1076 1.01 9.33 x 107! 1.33 8.78 x 107° 3.54x 1073
Lipid Fatty Acid Metabolism(Acyl Carnitine) Laurylcarnitine (C12) 0.91 2.78 x 1071 0.61 1.00 x 107® 0.78 1.18 x 107 429 %1073
Lipid Diacylglycerol Oleoyl-linoleoyl-glycerol (18:1/18:2) [2] 0.89 144 x 107! 0.63 2.00 x 107 0.76 1.68 x 1074 5.67 x 1073
Lipid Fatty Acid Metabolism(Acyl Carnitine) Decanoylcarnitine (C10) 0.86 5.97 x 1072 0.69 220 x 1074 0.79 1.77 x 1074 5.67 x 1073
Lipid Lysoplasmalogen 1-(1-enyl-oleoyl)-GPE (P-18:1) * 1.06 419 %107} 1.75 1.00 x 107° 1.32 2.83 x 1074 7.80 x 1073
Lipid Diacylglycerol Oleoyl-oleoyl-glycerol (18:1/18:1) [1] * 0.86 514 x 1072 0.70 6.50 x 107* 0.79 2.87 x 1074 7.80 x 1073
Nucleotide Pyrlmldlnecl\(’)[r‘iti’lﬁlrlfgm' Cytidine Cytidine 1.31 9.10 x 10~ 1.69 1.00 x 106 1.40 196x1078  1.06x 1075
Nucleotide Purine Metabolism, Adenine containing Adenosine 1.25 3.12x 1073 1.47 7.00 x 1073 1.32 1.84 x 107 1.67 x 1074
Nucleotide Pyrimidine Metabolism, Orotate Dihydroorotate 071  100x10% 099  9.44x 107! 0.80 911x107°  354x1073

containing

Legend: OR: odds ratio; PT: Portugal; US: United States; Meta: meta-analysis.
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However, the multi-stage analysis (i.e., considering all stages of disease, Stage+2Eye model)
enabled a higher power, and thus, the detection of 45 additional plasma metabolites with different
patterns associated with severity of AMD. For example, oleoyl-oleoyl-glycerol 18:1/18:1 (g-value in the
Stage+2Eye model = 4.2 x 10~%) showed distinct levels from controls to the different stages of AMD
(Figure 2), which we hypothesized the analysis AMD versus controls did not have sufficient power to
demonstrate (g-value in the AMD/Control model = 0.21). The full list of the significant metabolites for
the analyses of both cohorts and meta-analyses are presented in Tables S8 to S10. Figure S2 presents an
additional model for the assessment of stages of disease per individual (i.e., worse eye of each patient
considered when differing between eyes) and the common metabolites with the analyses described
above (AMD/Control and Stage+2Eye model). Supplementary Tables S11 to S13 present the list of
significant metabolites for each cohort and meta-analysis using the Stage model, and Tables S14 to S16
the lists of metabolites described in (common among the analyses performed).

2.4. Pathway Analysis

Pathway analysis of the significant metabolites identified for the comparison among patients with
AMD and controls (g-value, n = 28) revealed a significant enrichment for purine (p-value = 7.2 x 107),
sphingolipid (p-value = 0.0010), glycerophospholipid (p-value = 0.0037), and nitrogen metabolism
(p-value = 0.0404) (Figure 3a). Pathway analysis based on the metabolites associated with AMD
severity stages (Stage+2Eye models; g-value, n = 67) revealed a statistically significant enrichment
of the following pathways: nitrogen (p-value = 0.0024), alanine, aspartate, and glutamate (p-value
= 0.0050), taurine and hypotaurine (p-value = 0.0029), arginine and proline (p-value = 0.0051),
pantothenate and CoA (p-value = 0.0051), beta-alanine (p-value = 0.0078), pyrimidine (p-value = 0.0011),
glycerophospholipid (p-value = 0.0194), glycine, serine, and threonine (p-value = 0.0345), citrate TCA
(p-value = 0.0349) and purine metabolism (p-value = 0.0462) (Figure 3b).

2.5. Pathway Analysis

To assess the performance of the models described above (AMD/Control and Stage+2Eye models),
we performed receiving operating curve (ROC) assessments. These two models were compared with a
model including only demographic covariates (from now on designated baseline model), and another
model including the demographic covariates plus the metabolites selected using elastic-net regression
with all the plasma metabolites from the study participants (from now on designated All-Met+EN
model). In order to avoid overfitting, p-values were re-computed only on the training dataset of each
fold, and thus, the average numbers of significant metabolites over 10 folds were reduced, as shown in
Table 4.

The AUCs were computed using combined meta-analysis results. Consistently, both the model
considering metabolite changes across disease stages (Stage+2Eye model) (AUC = 0.815; 95% CI:
0.771-0.860) and the model comparing patients with AMD versus controls (AMD/Control model)
(AUC = 0.789; 95% CI: 0.738-0.840) outperformed (p-value = 3.74 X 10~ and p-value = 2.07 x 1074,
respectively) the baseline model considering demographic covariates alone (AUC = 0.725; 95% CI:
0.671-0.779) (Figure 4). Both models performed better than All-Met+EN model (AUC = 0.745; 95% CI:
0.692-0.797), which performed similarly (p = 1.36 x 107!) to the baseline model. Figure S3 shows the
results of the AUC assessments separately for the Boston and the Portuguese cohorts, and Figure 54
the performance of the additional model for the assessment of stages of disease per individual (i.e.,
worse eye of each patient considered when differing between eyes); Table S17 details these results.
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Figure 3. Pathway analysis of the metabolites differing significantly based on g-values (a) between
AMD patients and controls or (b) across stages (controls, early AMD, intermediate AMD, and late
AMD), identified by meta-analysis of the results of two study cohorts; -log(p): logarithm of the p-value.



Metabolites 2019, 9, 127 10 of 22

Table 4. Area under the curve (AUC) for predictive models for AMD including demographic covariates
and significant metabolites identified in the AMD/Control and Stage+2Eye models.

Data Model AUC AUCCILL AUCCIU Nz_Sig Nz_Final Pval
Boston, Baseline 0.645 0.540 0.749 4.0 .
Us All-Met+EN 0.703 0.602 0.803 544.0 17.2 2.87 x 1072
AMD/Control  0.691 0.596 0.786 53.0 17.7 244 x 1071
Stage+2Eye 0.747 0.665 0.829 169.5 14.2 1.06 x 1072
Coimbra, Baseline 0.759 0.697 0.821 4.0 .
Portugal All-Met+EN 0.810 0.758 0.862 544.0 15.3 227 x107%
AMD/Control  0.826 0.775 0.878 57.8 15.1 7.79 x 1073
Stage+2Eye 0.850 0.803 0.898 87.1 18.6 2.70 x 107%
Combined Baseline 0.725 0.671 0.779 4.0 .
All-Met+EN 0.745 0.692 0.797 544.0 25.5 1.36 x 1071
AMD/Control  0.789 0.738 0.840 63.7 11.8 2.07 x 1074
Stage+2Eye 0.815 0.771 0.860 140.6 16.8 3.74 x 107°

AUC_CI_L: Lower bound of 95% confidence interval of AUC; AUC_CI_L: upper bound of 95% confidence interval of
AUC; NZ_Sig: number of non-zero significant metabolites selected by logistic or permutation based logistic regression
models; NZ_Final: number of non-zero metabolites in the final model; Pval: p-value compared to the baseline
model; Baseline: baseline model including only demographic covariates; All-Met+EN: all metabolites plus elastic
net model including baseline + metabolites selected using elastic net regression with all metabolites; AMD/Control:
AMD/Control model including baseline + metabolites identified in the logistic regression; Stage+2Eye: stage+2eye
model including baseline + metabolites identified in the permutation-based cumulative logistic regression.

11
0.8
>0.6]
=
.‘;_;
o
(7]
@ 0.41
0.2 = Stage+2Eye: AUC=0.815, Cl=(0.771,0.86)
— AMD/Control: AUC=0.789, Cl=(0.738,0.84)
= All-Met+EN: AUC=0.745, Cl=(0.692,0.797)
. — Baseline: AUC=0.725, Cl=(0.671,0.779)
0 0.2 0.4 06 0.8 1
1 - Specificity

Figure 4. Receiving operating characteristic (ROC) curve analysis from the meta-analysis of the results
of the two studies. In red, the baseline model including demographic covariates alone; in orange, the
model including demographic covariates plus the metabolites selected by elastic net regression with all
metabolites; in green, the model including demographic covariates plus the significant metabolites
identified by AMD/Control model; in blue, the model including demographic covariates plus the
significant metabolites identified by Stage+2Eye model. AUC — area under the curve; CI - confidence
interval; AMD - age-related macular degeneration; Stage+2 Eye — permutation-based cumulative
logistic regression model considering both eyes of each patient and the severity stage of disease as
the outcome (control, early, intermediate and late); AMD/Control - multivariable logistic regression
model considering AMD vs controls as the outcome; All-Met+EN - elastic net regression model with
all metabolites; Baseline - statistical model only considering demographic covariates alone.
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3. Discussion

We present a cross-sectional assessment of the plasma metabolomic profiles of 391 subjects with
AMD and 100 subjects older than 50 years with a normal macula. Using a state-of-the-art platform
for untargeted mass spectrometry, we observed that, after accounting for age, gender, smoking
status and BMI, and controlling for false discovery rate, 28 plasma metabolites differed significantly
(g-value < 0.05) between AMD cases and controls. The majority of these metabolites (1 = 22, 79%)
also differed significantly across severity stages of disease. Most of the identified metabolites were
lipids, followed by amino acids and nucleotides. For both comparisons, pathway analysis revealed
a significant enrichment of glycerophospholipid metabolism, as well as of purine, taurine, and
hypotaurine, and nitrogen metabolism pathways.

By looking at a larger sample set and using statistical methods to merge and take into account the
inclusion of data from two study cohorts, this study validates our initial pilot data [14] on the role
of MS metabolomics to identify plasma profiles of AMD and its severity stages. This is important as
it further supports how plasma metabolomic profiles may represent future biomarkers for AMD, as
shown by ROC curve analysis, where models including metabolites presented an AUC of more than
80% to predict AMD as defined based on color fundus photographs. To this end, further validation
on a population-based scale and with targeted quantification of potential metabolic biomarkers is
needed [10].

This study also supports the relevance of plasma lipid metabolites in AMD, thus adding to the
current understanding of their involvement in this condition [18]. In particular, as suggested by
our initial data [14], we observed that metabolites mapping to glycerophospholipids pathways are
altered in plasma samples of AMD subjects, with differences across severity stages of the disease. As
previously discussed by our group [14], glycerophospholipids participate in signal transduction [19,20],
and are involved in oxidative stress processes in neurologic disorders [21], namely, in Alzheimer’s
disease, which may share important pathogenic mechanisms with AMD.

We also observed an alteration in the purine metabolism pathway in the plasma of patients
with AMD. This has been described by Zhu et al. [22] in a study of long non-coding RNAs, and is in
agreement with the relevance of purines, including adenosine triphosphate (ATP), for retinal signaling
in general and AMD in particular. Purines are involved in energy metabolism at an intracellular level,
but also have extracellular effects through the activation of their receptors (such as P2X and P2Y).
Depending on their location, these receptors can affect multiple cellular functions, and are found both
in the inner and the outer retina. Namely, through these receptors [23], purinergic signaling seems to
play a central role in photoreceptor and RPE cell degeneration [22,23], crucial pathogenic mechanisms
of AMD. An over activation of purinergic signaling seems to be involved in this process, and thus
contribute to the development of geographic atrophy [23]. The activation of purine receptors in the
RPE may also contribute to the accumulation of drusen [24], and to drive the development of choroidal
neovascularization [25]. Interestingly, single nucleotide polymorphisms in P2X receptors have been
linked with a four-old increased risk of advanced AMD [26], and drugs targeting these receptors have
been proposed as potential therapeutic options for geographic atrophy [25-27].

In this work we also identified significant dysregulation of other pathways related to
neurodegeneration, namely of taurine and hypotaurine. Taurine is the most abundant amino acid
in the retina [28,29] and its major source is exogenous (i.e., diet). It is transported through the RPE,
with a high retinal uptake index [30]. The exact role of taurine in the retina remains unknown,
though its neuroprotective functions as an osmolyte and antioxidant have been recognized [31,32]
as well as its role (together with hypotaurine) in preventing lipid peroxidation and protection of
rod outer segments [33,34]. Taurine is currently seen as a physiological stabilizer of photoreceptor
membranes, and studies have shown that, in its absence, there is a degeneration of both ganglion
cells, photoreceptors and RPE [29,30]. The observed increased levels of taurine and hypotaurine in
the plasma of subjects with AMD may represent a compensatory response to increased levels of lipid
peroxidation and oxidative stress [28].
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Changes in glutamate (beta-citrylglutamate) and glutamine were also observed in our
study between patients with AMD and controls, and across severity stages of disease.
The glutamate—glutamine cycle ensures an adequate supply of the neurotransmitter glutamate,
which is important for the visual pathway, including the retina. A role for glutamate has been
suggested in retinal vein occlusion, glaucoma, and diabetic retinopathy [35,36] through excitotoxicity,
leading to neural cell damage or death [35,37]. Importantly, this is thought to be mediated at least in
part by oxidative stress [38]. which is an important mechanism in AMD [39]. A recent study on the
microbiome of patients with neovascular AMD as compared to controls also observed an enrichment
in the microbiome of patients with AMD in genes of glutamate degradation and arginine synthesis [40].
In our study with the four study groups as the outcome (i.e., controls, early, intermediate and late
AMD), a dysregulation of arginine metabolites (such as N-acetylarginine and 2-oxoarginine) has also
been observed. Further studies are required to clarify these results and a potential relevance of these
metabolites in the pathogenesis of AMD.

Altogether, our data suggest that pathways related to glycerophospholipids and neurodegeneration
are altered in the plasma of patients of AMD and may be important in the pathogenesis of this
neurodegenerative disease. As previously discussed by our group [14], similar changes have been
observed in Alzheimer’s disease for glycerophospholipids, and these seem to represent some of
the most consistent blood biomarkers for this condition [41-43]. Alterations in both glutamate and
purine metabolites [44,45] have also been described in Alzheimer’s disease in other biofluids (such
as cerebrospinal fluid). Prior work has proposed that purine metabolism might act as alternative
pathway to overcome inadequate glucose supply and energy crisis in neurodegeneration [46]. Of note,
Trushina et al. [47] described that approximately 60% of the metabolic pathways altered in the CSF
of patients with AD were also affected in plasma of the same individuals, and that the number of
common pathways increased with disease severity.

This study has several limitations. First, we did not analyze the relation between plasma
metabolomic findings and dietary patterns and genetic risk profiles of patients and controls. This is
extremely relevant considering the nature of metabolomics (reflecting the downstream nature of
the genetic transcription process and its interaction with environmental exposures), and because it
probably justifies some of the differences observed between our two study cohorts (US and Portugal).
Namely, for several metabolites identified on meta-analyses, we observed disparities in effect sizes
and statistical significances (Table 2 and 3). This can be related to differences in the sample size of the
two cohorts, as in general the larger study cohort (i.e., from Portugal) presented more statistically
significant results; however, it can also be explained by potentially different environmental (such
as diet) or genetic exposures. Indeed, AMD is a strongly heritable disease [48,49] and metabolomic
profiles are controlled by various genetic variants [50], as well as environmental effects, including
dietary patterns. This limitation will be addressed in our future work, as we believe that integrative
analyses metabolomics-genomics and metabolomics—environmental exposures can provide important
insights into AMD pathophysiology and targets for biomarkers” identification.

Another limitation of our study is the methodology used for AMD classification and staging.
We used color fundus photographs, as these remain the gold-standard of AMD grading schemes.
However, they miss important features, and have a limited capability to evaluate AMD morphologic
changes and to assess disease severity [6]. Indeed, it is increasingly recognized that there is a real
need to develop new AMD classification schemes including refined AMD phenotypes as assessed by
multimodal imaging [6,51,52]. This would likely affect our results, in particular on the discriminatory
ability (i.e., ROC analysis) of the identified plasma metabolomic profiles for two main reasons: (i)
other imaging modalities could modify the classification AMD versus no AMD and of the severity
stages of disease, because CFP can miss an important number of cases and features [53]; (ii) in these
analyses we did not account for the potential added value of imaging biomarkers, in particular of
optical coherence tomography features. In the future, it would be interesting to assess if the inclusion
of metabolomic profiles also contributes to improve multimodal imaging performance. Still, it is
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important to note that all included participants underwent a complete ophthalmological exam by an
experienced ophthalmologist. This is particularly relevant since many other metabolomic studies
rely on established repositories and databases that often lack good phenotypic characterization of
ophthalmic diseases.

The cross-sectional design of this study represents another limitation, as it solely provides a
snapshot of the metabolome for the subjects studied. Longitudinal assessments are needed to evaluate
the evolution of the metabolome with the progression of the disease. At least for some of the identified
significant metabolites (such as guanine, Figure 2), their variation with disease severity did not seem
to be linear and warrants further studies. Additionally, in our cohorts, most patients with late AMD
had choroidal neovascularization, rather than geographic atrophy, and a comparison between these
two advanced forms was not possible. The external validity of our study might also be limited because
our cohorts were nearly all Caucasian subjects. This is related in part to the epidemiology of AMD [54],
and in part to the population served by both enrolling sites, two tertiary care hospitals. We also did not
assess how other parameters, namely, conventional measures of lipid levels (such as serum cholesterol)
and other serologic biomarkers, related to our findings. This would be interesting considering the
conflicting data on the association between circulating lipoproteins and AMD [18]. Of note, data on
smoking and BMI were collected through self-reported questionnaires; thus, there is a potential for
response bias. Finally, in this work, we assessed metabolomic profiles of a peripheral biofluid, plasma,
and not local eye tissue changes. Therefore, we cannot conclude on how our findings relate to in situ
AMD abnormalities. Like in most other peripheral blood biomarker studies, the link between in situ
and peripheral metabolomic alterations remains to be elucidated. Methods for metabolomics studies
correlating different biospecimens have been developed [55-58] and should be attempted in the future.

Despite these limitations, to our knowledge, this study represents the largest assessment of plasma
metabolomic profiles of AMD patients, including all stages of disease. It is also strengthened by the
use of robust statistical methods, namely by accounting for relevant clinical confounding factors, and
for multiple comparisons. It is furthermore enhanced by the utilization of information on severity of
AMD from both eyes of each subject by performing multivariate cumulative logistic models and by
combining two study cohorts by meta-analysis. These methods resulted in the achievement of high
statistical power. The detailed assessment of the predictive performance of various models from the
two study cohorts proves the usefulness of our approaches. Additionally, this study was prospectively
designed, and all study protocols were defined a priori and standardized. Our samples were collected
after fasting, processed within 30 min, and immediately stored for metabolomic profiling, which was
performed using a state-of-the-art platform that covers a wide-range of the metabolome and identifies
metabolites using a chemocentric approach with standards for each identified metabolite.

4. Materials and Methods

4.1. Study Design

This study was prospectively designed, and it was an observational, cross-sectional study. Patients
were recruited from two sites: Boston, US, at the Department of Ophthalmology of Massachusetts
Eye and Ear (MEE), Harvard Medical School; Coimbra, Portugal, at the Faculty of Medicine of the
University of Coimbra (FMUC), in collaboration with the Association for Innovation and Biomedical
Research on Light and Image (AIBILI) and the “Centro Hospitalar e Universitario de Coimbra”.
The clinical protocol was conducted in accordance with HIPAA (Health Insurance Portability and
Accountability Act) requirements and the tenets of the Declaration of Helsinki and was approved by
the Institutional Review Boards of MEE, FMUC and AIBILI, and by the Portuguese National Data
Protection Committee (CNPD). All subjects enrolled in the study provided written informed consent.
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4.2. Eligibility Criteria

From January 2015 to July 2016, in both study sites (Coimbra and Boston), we recruited subjects
diagnosed with AMD, as well as control subjects with no evidence of AMD and aged > 50 years.
At MEE, participants were consecutively recruited from the Retina Service and the Comprehensive
Ophthalmology and Optometry Services, at their regular appointments. For those not fasting at that
time, a new appointment was scheduled for blood collection within a maximum of one month. The
Portuguese (FMUC/AIBILI) study population was derived from a population-based cohort study [59],
where all subjects with an established diagnosis of any stage of AMD were invited to participate.
Subjects without signs of AMD in a prior evaluation [59] were also invited and included as controls if
they remained without the disease in the present evaluation (see criteria below). For both cohorts, the
exclusion criteria were: diagnosis of any other vitreoretinal disease, active uveitis or ocular infection,
significant media opacities that precluded the observation of the ocular fundus, refractive error equal
or greater than 6 diopters of spherical equivalent, past history of retinal surgery, history of any ocular
surgery or intra-ocular procedure (such as laser and intra-ocular injections) within the 90 days prior to
enrolment, and diagnosis of diabetes mellitus.

4.3. Study Protocol

As previously described [13,14], included participants underwent a complete bilateral
ophthalmologic examination, including a dilated fundus exam, and were imaged with 7 field,
non-stereoscopic color fundus photographs (CFPs), either with a Topcon TRC-50DX (Topcon
Corporation, Tokyo, Japan) or a Zeiss FF-450Plus (Carl Zeiss Meditec, Dublin, CA, Ireland) camera. At
the same visit, a complete medical history was obtained, according to a standardized questionnaire
specifically built for the purposes of this study [60]. This included self-reported data on smoking habits
(smokers were considered those who reported current smoking and ex-smokers those who have ever
smoked, regardless of when they stopped), and weight and height (used for body mass index, BMI,
calculations). If the study participants did not know their current height and/or weight, these were
recorded by a study investigator. All data was stored using REDCap electronic data capture tools.

4.4. AMD Diagnosis and Staging

For AMD diagnosis and staging, two of three independent experienced graders analyzed field 2
CFPs, according to the Age-Related Eye Disease Study (AREDS) classification system [61,62]. In case of
disagreement, a senior author (RS or DH) established the final categorization. Before grading, images
were standardized using software developed by our group [63]. Images taken with Topcon cameras
were evaluated with IMAGEnet 2000 software (version 2,56; Topcon Medical Systems, Oakland, NJ,
USA), and those obtained with a Zeiss camera were observed using VISUPAC (version 4.5.1; Carl Zeiss
Meditec, Jena, Germany).

We adopted the most recent AREDS2 definitions [64], namely, that the standard disc diameter
equals 1800 um (rather than 1500 pm), which affects the size of the Early Treatment Diabetic Retinopathy
Study (ETDRS) grid and of the standard drusen circles; that geographic atrophy (GA) is present if the
lesion has a diameter equal or superior than 433 um (AREDS circle I-2); and that at least two of the
following features are present: absence of retinal pigment epithelium (RPE) pigment, circular shape, or
sharp margins (thus, meaning that the involvement of the central fovea is not a requirement). Therefore,
the following groups were established and used for further assessments [61,62]: controls—presence
of drusen maximum size < circle CO and total area < C1; early AMD—drusen maximum size > C0
but < C1 or presence of AMD characteristic pigment abnormalities in the inner or central subfields;
intermediate AMD—presence drusen maximum size > C1 or of drusen maximum size > C0 if the total
area occupied is > I2 for soft indistinct drusen and > O2 for soft distinct drusen; late AMD—presence
of GA according to the criteria described above (GA or “dry” late AMD) or evidence of neovascular
AMD (choroidal neovascularization, CNV or “wet” AMD).
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4.5. Sample Collection and Mass Spectrometry Analysis

For all participants, after confirmed overnight fasting, blood samples were collected in the
morning, into sodium-heparin tubes, and centrifuged within 30 min (1500 rpm, 10 min, 20 °C).
Plasma aliquots of 1.5 mL (MEE) and 5 mL (FMUC/AIBILI) were transferred into sterile cryovials
and stored at —80 °C. When all subjects had been recruited, plasma samples from Coimbra, Portugal
where shipped to MEE in dry ice (through TNT Express, US, INC). Then, all samples (i.e., from
both study locations) were shipped to Metabolon, Inc®), also in dry ice (through TNT®Express,
City, State, US, INC). In both cases, samples arrived frozen in less than 48 h and were immediately
stored at —80 °C until processing. Non-targeted MS analysis was performed by Metabolon, using
ultra-high performance liquid chromatography-tandem MS (UPLC-MS/MS), according to the previously
published protocols [14]. The samples from our pilot study (1 = 120) were analyzed first [14], but
all the remaining samples underwent MS analysis simultaneously. To account for a potential batch
effect and variation resulting from instrument inter-day differences, Metabolon, Inc®performed data
normalization according to their standard protocols; essentially, each compound was corrected in
run-day blocks by registering the medians to equal one (1.00) and normalizing each data point (i.e., in
our study, two days) proportionately. Then, to merge the first (n = 120) and newer (n = 371) datasets,
we performed normalization by dividing each dataset by the median of the control samples for that
study; merged data were then median scaled [64].

4.6. Descriptive Statistics and Data Clustering

Traditional descriptive methods were used to describe the clinical and demographic characteristics
of the included study population, including mean and standard deviation for continuous variables,
and percentages for dichotomous/categorical variables. The four study groups (i.e., controls, early
AMD, intermediate AMD, and late AMD) were compared using ANOVA tests. All metabolites were
Pareto scaled and log-transformed for statistical assessments. As part of our quality-control procedures,
we observed that three subjects (two from Coimbra and one from Boston) had missing or undetectable
levels for >30% of metabolites, and therefore, were excluded. Any missing values for the remaining
subjects were imputed with half the minimum detected level for that metabolite. To ensure only the
most informative metabolites were included in the analysis, those metabolites with an interquartile
range of zero were excluded [10].

We applied principal component analysis (PCA) [65] to reduce the dimension of the metabolomics
data and to visualize the overall patterns. Principal component analysis is an unsupervised clustering
approach that assesses how subjects cluster based on their metabolome. It relies on the transformation
of metabolites into a set of linearly uncorrelated variables, known as “principal components”, which
summarize a large number of metabolites with a smaller number of variables. This decomposition
method maximizes the variance explained by the first component, while the subsequent components
explain increasingly reduced amounts of variance [66].

4.7. Statistical Methods for Associations between Metabolites and AMD vs. Controls

To identify plasma metabolites associated with AMD case-control status, we used multivariable
logistic regression models (from now on designated “AMD/Control models”), with a dichotomous
outcome (AMD versus control). These models were computed for each one of our study cohorts
separately (i.e., for Boston, US and Coimbra, Portugal). Each metabolite was included in the statistical
model as a continuous variable, and we performed adjustments for age, gender, BMI, and smoking
status: logit(P(Y; = 1)) = Bo + p1Xi + B2M; where Y; is the binary outcome for AMD status (1: AMD,
0: control) of each individual, X; is a set of covariates (i.e., age, gender, BMI, and smoke status),
and M; denotes a given plasma metabolite. In this equation, the exp(f;) is the odds ratio (OR) of
each metabolite, thus measuring the effect size of a one-unit (i.e., standard deviation) increase in Mi
on AMD (versus control). For these analyses, likelihood ratio tests (LRTs) for each metabolite were
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conducted to compute a p-value, because the LRT test is more reliable and powerful than Wald tests
in the event of a relatively small to moderate sample size [10]. The significance level for each test
was based on the Benjamini-Hochberg procedure controlling for false discovery rate (FDR), which
generates FDR adjusted p-values (i.e., g-values). As mentioned, we obtained p-values for the two
cohorts (Boston, US and Coimbra, Portugal). Then, to assess both cohorts together, and to achieve
a higher statistical power, we performed a meta-analysis. This meta-analysis was based on the
Liptak-Stouffer weighted Z-method [67,68], which has a superior power than the Fisher’s combined
probability method. Accordingly, we first converted p-values for the two cohorts to z-scores and then
combined them, assigning different weights to each study according to their sample sizes. For each

Zposton Vposton +Zcoimbra Vcoimbra
V1boston tcoimbra

metabolite, the weighted Z-method is given by Z ey = . The p-values for

the meta-analysis were obtained based on two-tailed Z-tests.

4.8. Statistical Methods for Associations Between Metabolites and Stages of Disease

To further assess the association between metabolomic plasma profiles and the different stages
of AMD, we considered an ordinal outcome: control (0), early (1), intermediate (2), and late AMD
(3). Assuming the difference in the log-odds of stage being equal to or below two different categories
for each covariate are the same (proportional odds assumption), we performed a proportional-odds
cumulative logistic regression model for each metabolite. To evaluate the suitability of these models, we
assessed the proportional odds assumption for each covariate and found that the estimated difference
in the log-odds of AMD stage for each set of categories of AMD stages was similar for each metabolite
or clinical covariate, which indicated that cumulative logistic models fit our data (see Figure S5). Again,
these analyses were performed separately for each of the two cohorts, and we adjusted for age, gender,
BMI, and smoke status: logit(P(Y; < j)) = Boj + p1X; + p2M; for j = 0,1,2,3. In these models, j is the
AMD stage, Y; is the ordinal outcome for stages (0: control, 1: early, 2: intermediate, 3: late) of each
individual, X; is a set of covariates (i.e., age, gender, BMI, and smoke status), and M is a given plasma
metabolite. Of note, intercepts for each cumulative logit model can differ but slopes for a metabolite or
other covariates stay the same. To further utilize information on both eyes of each patient, we conducted
permutation-based cumulative logistic regression models (from now designated “Stage+2Eye model”).
For these analyses, we considered the stage of AMD of both eyes of each subject, and thus doubled
our sample size. The test statistics were computed using the LRT method. For testing, we generated
null distribution of test statistics through shuffling the AMD stages, which resulted in assigning
different AMD stage to each set of covariates. Under the estimated null distribution by permutation,
we calculated p-values for cumulative logistic regression. To combine p-values from the two cohorts,
we again conducted a meta-analysis based on the Liptak-Stouffer weighted Z-method, as described
above. Significance levels were also calculated using FDR, as described for the AMD/Control model.

4.9. Pathway Analyses

To interpret the biological relevance of our findings, we performed pathway analyses on the
significant metabolites identified from both the AMD/Control and Stage+2Eye models based on
g-values (i.e., only metabolites with a significant g-value were considered). This was performed using
Metaboanalyst 4.0 [69], which combines overrepresentation analysis with topology analysis to identify
pathways that are dysregulated in AMD based on (i) the number of metabolites from our significant
metabolites that fall within Kyoto Encyclopedia of Genes and Genomes (KEGG)-defined metabolic
pathways and (ii) the positional importance of our metabolites within these pathways. This analysis
generates a pathway impact score and the associated p-value.

4.10. Performance Analysis

In order to evaluate the performance of the identified significant metabolites, we used receiver
operating characteristic (ROC) curve analyses. For each prediction model, the 10-fold cross validation
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was used to compute area under the curve (AUC); we divided the dataset from the two cohorts into
10 folds and each fold was used as the validation dataset and the remaining as the training sets. We
then conducted a penalized logistic regression (i.e., logistic regression with elastic-net penalty) on the
training dataset and obtained the fitted probabilities for AMD status on the validation dataset. The AUC
for all models were computed based on AMD status and the fitted probabilities over the 10 folds. We
compared the predictive performance among the following four models: (1) Baseline model including
only demographic covariates (i.e., age, gender, BMI, and smoking status); (2) All-Met+EN model
including baseline and the metabolites selected using elastic-net regression with all metabolites; (3)
AMD/Control model including baseline and the metabolites identified in the logistic regression models;
(4) Stage+2Eye model including baseline and the metabolites identified in the permutation-based
cumulative logistic regression models. Of note, the four demographic covariates were always included,
and metabolites were further identified by penalized logistic regression (i.e., elastic net regression)
in the final model. For models (3) and (4), only significant metabolites were included based on
p-values of each model using training datasets (i.e., 90% of data) to avoid overfitting. The AUCs were
computed using each cohort separately as well as the combined dataset. All statistical assessments
were performed with R (version 3.5.0).

5. Conclusions

In conclusion, this work provides additional evidence that patients with AMD present an altered
plasma metabolomic profile as compared to controls, and that these profiles vary with disease severity.
Our study contributes to the understanding of the pathobiology of AMD, namely, by pointing to the
relevance of plasma lipid and amino acid metabolites, in particular, those related to glycerophospholipid,
taurine and hypotaurine, purines, as well as nitrogen pathways. Combining these metabolomic data
with other phenotypic data (including multimodal imaging and functional testing), as well as genomic
and environmental data, may help elucidate AMD subtypes and identify potential druggable targets.
Additionally, our findings support that further research should be pursued attempting to develop
plasma-based metabolomic biomarkers of AMD. It these are identified in the future, they can contribute
to the early diagnosis, screening, and prognosis of this blinding condition. We believe that this work
fosters the development of precision medicine in AMD, which can lead to novel interventions based
on preventive strategies to reduce progression of this disease, and ultimately to reduce the burden of
blindness in AMD.

6. Patents

We have submitted a patent entitled “Metabolomics as biomarker for age related macular
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