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Purrose. Age-related macular degeneration (AMD) is one of the leading causes of blind-
ness among the elderly, and the exact pathogenesis of the AMD remains unclear. The
purpose of this review is to summarize potential metabolic biomarkers and pathways of
AMD that might facilitate risk predictions and clinical diagnoses of AMD.

MerHops. We obtained relevant publications of metabolomics studies of human beings
by systematically searching the MEDLINE (PubMed) database before June 2020. Stud-
ies were included if they performed mass spectrometry—based or nuclear magnetic
resonance-based metabolomics approach for humans. In addition, AMD was assessed
from fundus photographs based on standardized protocols. The metabolic pathway anal-
ysis was performed using MetaboAnalyst 3.0.

Resurrs. Thirteen studies were included in this review. Repeatedly identified metabolites
including phenylalanine, adenosine, hypoxanthine, tyrosine, creatine, citrate, carnitine,
proline, and maltose have the possibility of being biomarkers of AMD. Validation of
the biomarker panels was observed in one study. Dysregulation of metabolic pathways
involves lipid metabolism, carbohydrate metabolism, nucleotide metabolism, amino acid
metabolism, and translation, which might play important roles in the development and
progression of AMD.

Concrusions. This review summarizes the potential metabolic biomarkers and pathways
related to AMD, providing opportunities for the construction of diagnostic or predictive
models for AMD and the discovery of new therapeutic targets.
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ge-related macular degeneration (AMD) is one of the

leading causes of irreversible blindness in the elderly.!
The global elderly population is estimate to increase to
1.2 billion by the year 2025, and thus it is expected
that visual impairment and blindness caused by AMD will
become a global public concern.? The early stage of AMD
has no obvious clinical symptoms and is not easy to detect.
The advanced stage of AMD develops into two subtypes
with different characteristics, including geographical atro-
phy (GA) and wet age-related macular degeneration,>* lead-
ing to irreversible loss of vision. Studies have found that
AMD has an obvious familial genetic predisposition,” and
the genetic variation located at the complement factor H and
ARMS2/HTRAL1 sites has a great risk effect.® In addition, the
development of AMD is also related to dietary and environ-
mental factors,® but the specific pathogenesis is still unclear.
Although the vascular endothelial growth factor (VEGF) anti-
body has been proven to be effective in the treatment of
wet AMD, this approach lacks a consistent administration
regimen and is expensive.””® Macular atrophy usually devel-
ops after anti-VEGF therapy.” Currently, there is no effec-
tive treatment for more than 80% of AMD patients in the
early, middle, and atrophy stages.!® Therefore it is crucial
to identify useful biomarkers that could effectively predict
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the occurrence of AMD and help with early diagnosis and
prevention of the diseases.

Metabolomics, a method that combines high-throughput
analysis with stoichiometric methods to analyze all the small
molecules (<1000 Da) that make up a biological system as
a whole.!! The successful application of metabolomics in
diseases shows its great potential in the study of complex
diseases such as drug discovery, cardiovascular diseases, and
the response to drug therapy for AMD.'?- The retina is a
metabolically active tissue of the human body, and photore-
ceptors are the most numerous cells in the retina with the
highest requirements for metabolism.'>!® Retinal pigment
epithelial (RPE) provide metabolic and functional (VEGF)
support for photoreceptors and choroid cells.!” Many small
molecules, such as polyunsaturated fatty acids (PUFAs),'8
amino acids, vitamin A analogues, phospholipids,’® and
oxidative substances, are enriched in the outer layer of
the retina, which are the key factors to maintain retinal
homeostasis. ©'® With age, metabolic exchange disorders
between photoreceptors and RPE may cause retinal degen-
eration, particularly affecting the macular area, leading to
AMD.?° The exchange of material between the retina, RPE,
and choroid provides an important basis for the study of
local metabolomics changes in AMD.?! The application of
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metabolomics in AMD research is expected to reveal the
complex pathogenesis and identify potential biomarkers for
disease prediction.

In this study, we systematically reviewed all the
metabolomics studies of AMD on human beings and
summarized metabolic biomarkers and pathways related
to the occurrence and development of AMD. The find-
ings would provide insights into potential pathogenic path-
ways for vision-threatening ocular disease and hold trans-
lational value in risk stratification from public health
perspectives.

METHODS
Search Strategy

We conducted a systematic review of metabolomics studies
on AMD based on the Meta-analysis of Observational Stud-
ies in Epidemiology guidelines.?? We searched the electronic
database of PubMed for relevant metabolomics studies on
AMD published up to June 2020, with the following search
terms: (“metabolomics” or “metabonomics” or “metabolome”
or “metabolic profiling”) AND (“macular Degeneration” or
“age-related maculopathy” or “age-related macular degener-
ation” ). Additional articles were identified through search-
ing the reference lists from included studies.

Two authors (XWH and YW) searched articles indepen-
dently, screened the included articles based on the title and
abstract, and identified other articles by referring to the
included articles. A senior author (CWP) made the final deci-
sion in case of disagreement.

Inclusion and Exclusion Criteria

We conducted a systematic review of all English-language
studies if they performed mass spectrometry (MS)-based
or nuclear magnetic resonance (NMR)-based metabolomics
approach on humans. In addition, AMD was assessed from
fundus photographs on the basis of standardized protocols.
Studies were excluded if they were animal studies, in vivo
studies, or drug therapy response reports, or if they did not
provide specific metabolic information.

Quality Assessment

The study quality was assessed with the tool described by
Lumbreras et al.?> QUADOMIC is an adaptation of QUADAS
tool (a quality assessment tool used to systematically eval-
uate diagnostic accuracy studies), which takes into account
the challenges presented by “-omics.” QUADOMICS incor-
porates four projects, covering sample characteristics, differ-
ential conditions in preanalytical, clinical, and physiological
characteristics of research subjects, and overfitting during
research and analysis. In addition, QUADOMICS divides the
study into four clinical validation stages according to the
study population, and this review does not involve the phase
IV research.

Data Synthesis and Analysis

For each study, information regarding the frequency of
biological samples, detection and analysis platforms, sample
size, study design methods, and repeated reports of
biomarkers were extracted and summarized. The pathway
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| records identified
through other sources; n= 5903+

‘ PubMed Search; n=25102. ‘

‘ Unique records identified; n=12068-

Retrieval of titles and abstracts:«
Review articles;«

Purpose beyond the population-
based metabolomics study of age-
related macular degeneration. -

Full-text articles assessed for
eligibilitv: n=1022.

L Metabolites detected without
metabolomics methodology;

Deficiency of concrete
metabolites or their level

According to the inclusion criteria and
exclusion criteria, the literature of the
review was selected; n=13.

Ficure 1. Flow diagram of literature search and study selection for
metabolite markers of AMD.

analysis and topology results were performed on the basis
of the potential disease-influencing metabolites reported
from the all the included studies in the reviewed article,
which was performed using the MetaboAnalyst software
(version 3.0). Calculated P value was established on the
basis of the pathway enrichment analysis whereas the path-
way impact value was derived from the pathway topology
analysis.?

REsuLrs
Study Characteristics

Thirteen articles met the inclusion criteria and were subse-
quently included in the review (Fig. 1). Three of the studies
were by the same author on the same cohort, but there were
differences in sample size, biological samples, test platform,
and research grouping, so all of them were included in this
review.?>"%7 A total of four types of sampled tissues were
involved in the study, including serum (n = 3),%1%2% plasma
(n = 7),527:29-33 yrine (n = 1),%° aqueous humor (n = 1),
and both serum and plasma (n = 1).>*3° With regard to the
analytical platforms used for metabolite detection, 10 studies
used MS, and the other three used the NMR platform.?’-20:34
The sample sizes ranged from 40 to 6533 individuals. The
study with the largest sample size came from a recent study
based on five cohorts from Europe. All studies compared
metabolites in the case (AMD) and control groups (without
AMD). Characteristics of the studies are presented in Table 1.

Quality of the Included Studies

The results evaluated by the QUADOMICS Tool for the qual-
ity of the included studies are presented in Supplementary
Table S1. All of the studies included in the systematic review
were phase I studies and met the evaluation criteria of 60%,
of which seven met the evaluation criteria of 80%. Among
the 13 studies, two did not explicitly describe the inclusion
criteria of the subjects,”*' and four did not consider the
overfitting of the analysis model.*3033,34
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TaBLe 2. Metabolic Biomarkers Related to AMD

Metabolite Biological Samples
Name HMDB ID Hits to Be Analyzed
Adenosine HMDB0000050 2 Plasma?>:3°

Hypoxanthine HMDB0000157 2  Serum?®, Plasma?®
Tyrosine HMDB0000158 2 Serum??, Plasma32-34
Phenylalanine HMDBO0000159 3 Serum®*, Plasma32:34 AH3S
Creatine HMDB0000064 2  Plasma®’, AH3

Citrate HMDBO0000094 2 UrineZ(’, Serum>#, Plasma®*
Carnitine HMDB0000062 2  Plasma33, AH3®

Proline HMDB0000162 2  Plasma33, AH?®

Maltose HMDB0000163 2  Plasma®, Serum?®

AH, aqueous humor.

Metabolic Biomarkers Identified for AMD

Five studies aimed to identify metabolic differences between
neovascular age-related macular degeneration (NVAMD) and
control groups. The study by Mitchell et al?® showed
that multiple long-chain acylcarnitines that are part of the
carnitine shuttle pathway in NVAMD patients were signifi-
cantly increased. Using the UHPLC-QTOF MS platform, Luo
et al.%? suggested that the different substances between
NVAMD and controls were mainly amino acids, indicat-
ing that NVAMD is a disease associated with disorders of
amino acid metabolism. Osborn et al.*! found that a panel of
metabolites differed between NVAMD patients and controls,
such as tyrosine metabolism, sulfur amino acid metabolism
and amino acid. Chao de la Barca et al.* revealed six new
metabolites involved in the plasma metabolomic profile,
suggesting mitochondrial energetic impairments and carno-
sine deficiency might play a role in NVAMD. Han et al.>> used
aqueous humor samples and obtained 18 metabolites with
significant differences. Li et al.* investigated the difference
between polypoidal choroidal vasculopathy (PCV) disease
and controls, and identified 41 different substances. Lains
et al.®»% conducted three metabolomics studies on the
same cohort in the year 2017 to 2019 using plasma and
urine samples separately. The results showed that AMD
patients and controls had different plasma metabolomics
characteristics,®>?’ and the severity stages of AMD can be
graded by NMR.? Lains et al3® also observed that the
most significant metabolites map related to AMD was the
glycerophospholipid pathway. Kersten et al.l® conducted a
targeted metabolomics study in advanced AMD and control
group and identified four predictive metabolites. Liu et al.®
aimed to reveal a personalized metabolic pattern of macu-
lar neovascularization and extracted differential metabo-
lites of AMD and PCV versus controls. Acar et al.> identi-
fied metabolites associated with AMD from five European
cohorts through the high-throughput NMR metabolomics
platform. A total of 108 statistically significant metabolites
were extracted from these studies. Table 2 summarizes
potential metabolic biomarkers of AMD with a frequency of
two or more reported in the literatures. Phenylalanine was
totally reported three times, which was the most frequently
reported biomarker.

Potential of Metabolite Marker Panels to Predict
and Classify AMD

Several studies have assessed the potential of metabolic
biomarker panels to distinguish AMD (Table 3). Mitchell et
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al.?? used 159 metabolic features to distinguish NVAMD from
controls, which exhibited a balanced accuracy rate of 96.1%
in the training set and 75.6% in the test set. Lains et al.>
evaluated the predictive power of the first principal compo-
nent of these 87 metabolites, yielding an area under curve
(AUC) of 0.80 in discriminating patients with AMD from
controls. Lains et al.”> compared the predictive performance
among the following four models: (1) Baseline model includ-
ing only demographic covariates; (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 logis-
tic regression models; (4) Stage + 2 Eye model including
baseline and the metabolites identified in the permutation-
based cumulative logistic regression models, generating AUC
values of 0.725, 0.745, 0.815, and 0.789, respectively. Kersten
et al.'® used the selected predictors resulting from the sparse
partial least squares discriminant analysis to predict nonad-
vanced AMD, achieving an AUC value of 0.71. Li et al.* used
the metabolites to predict PCV patients, with all achieving
the AUC value of 0.8 or more.

Pathway Analysis

We extracted 108 potential candidate biomarkers from the
included studies and performed the pathway enrichment
analysis. As shown in Figure 2, phenylalanine, tyrosine, and
tryptophan biosynthesis pathway had the largest Impact.
Aminoacyl-tRNA biosynthesis was the most prominent path-
way derived from the selected biomarkers. Other pathways
were also enriched (P < 0.05), including alanine, aspar-
tate, and glutamate metabolism; glyoxylate and dicarboxy-
late metabolism; arginine biosynthesis; glycerophospholipid
metabolism; citrate cycle (tricarboxylic acid cycle [TCA]
cycle); sphingolipid metabolism; lysine degradation; nicoti-
nate and nicotinamide metabolism; and tyrosine metabolism.
Detailed information regarding the enriched pathways are
shown in Table 4.

DISCUSSION

In this review, thirteen metabolomics studies on AMD were
comprehensively reviewed and analyzed to identify valu-
able metabolic biomarkers and pathways involved in AMD.
Among these studies, four articles included are from the
same authors, and some of them analyze the same (or
similar) cohorts. However, these studies were performed
on different technology platforms so that different metabo-
lite ranges were detected. In addition, some used different
biological samples (plasma and urine), so we assume that
these studies provide complementary information. Finally,
nine metabolites, repeatedly recognized twice or more,
were regarded as potential biomarkers for AMD, includ-
ing phenylalanine, adenosine, hypoxanthine, tyrosine, crea-
tine, citrate, carnitine, proline and maltose. The pathway
analysis revealed a series of metabolic disorders related
to AMD.

The Potential Advantages of Metabolomics in
AMD

Eyes have blood-water and blood-retina barriers, which
give the eye unique metabolic environment. Macromolecules
cannot be detected through the barriers, but some small



Investigative Ophthalmology & Visual Science

Metabolomics in Age-Related Macular Degeneration

TasLE 3. Classification/Prediction Potential of Biomarker Panels

References Biomarker Panel

Discriminant Model
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Discriminant Group; Precision

Mitchell et al.?? 159 differential features SVM

Lains et al.3° 87 differential features

Lains et al.?> *

Kersten et al.10 Glutamine (Glu:Gln ratio, sPLS-DA
glutaminolysis, and
PC.aa.C28.1)

Li et al4 41 differential features AUC

Logistic regression

Logistic regression

Training set; balanced accuracy rate = 96.1%
test set; balanced accuracy rate = 75.6%, AUC = 0.83

Differential material modeling (AUC = 0.8)

Only contains age, gender, BMI and smoking status
(AUC = 0.71)

Baseline model (AUC = 0.725; 95% CI:0.671-0.779)
All-Met + EN model (AUC = 0.745; 95% CI:0.692-0.797)
Stage + 2Eye model (AUC = 0.815; 95% CI: 0.771-0.860)
AMD/Control model (AUC = 0.789; 95% CI: 0.738-0.840)

Glutamine, Glu:Gln ratio, glutaminolysis, and PC.aa.C28.1
(AUC of 0.71, 95% CI: 0.62-0.79) glutamine (AUC of 0.66,
95% CI: 0.57-0.75)

LPA (18:2), LPC (20:4), PC (20:1p/19:1), SM (d16:0/22:2),
PAF (35:4), PC (16:0/22:5) and PC (18:1/20:4) are
evaluated separately, AUC > 0.8

SVM, support vector machine; sPLS-DA, sparse partial least squares discriminant analysis; CI, confidence interval; BMI, body mass index;

Glu:Gln ratio, the ratio between glutamine and glutamate.

*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.

Aminoacyl-tRNA biosynthgsis

‘ Glycerophospholipid meJaboIism

® Sphingolipid metabolism

Phenylalanine, tyrdsine and
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glrine and hypotaurine metabolism

@ Alanine, aspartate and glutamate metaboljsm

©
Arginine bios) mheS|s. I\%otinate and picotinamide
Purine metabolist " metabglism
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Pathway Impact

Ficure 2. Results of the pathway analysis of metabolic biomarkers of AMD (circle color indicates significance level in the enrichment
analysis, and circle size reflects pathway impact value from the topology analysis).

metabolites can be.3® This makes it possible to use

metabolomics to study metabolites in the blood of AMD
patients to reveal the mechanism of the disease. As opposed
to genomics, metabolic methods for eye diseases may be
applicable to patients with any mutation as long as the same
pathogenic pathway is involved.

Amino Acid Metabolites and Metabolism
Pathways

Phenylalanine, tyrosine, and tryptophan biosynthesis had
the highest impact in the pathway analysis. In the ketogenic
pathway, phenylalanine and tyrosine metabolize to cate-
cholamines and melanin. Catecholamine, such as dopamine,
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TaBLE 4. Results of the Pathway Analysis of Metabolic Biomarkers
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Pathway Name Match Status P Value FDR Impact
Aminoacyl-tRNA biosynthesis 11/48 7.59E-06 6.37E-04 0.00000
Phenylalanine, tyrosine and tryptophan biosynthesis 3/4 4.04E-04 0.01698 1.00000
Alanine, aspartate and glutamate metabolism 6/28 0.00157 0.044006 0.33974
Glyoxylate and dicarboxylate metabolism 6/32 0.00325 0.05595 0.05556
Arginine biosynthesis 4/14 0.00333 0.05595 0.07614
Glycerophospholipid metabolism 6/36 0.00600 0.08396 0.38978
Citrate cycle (TCA cycle) 4/20 0.01296 0.15552 0.21656
Sphingolipid metabolism 4/21 0.01544 0.16212 0.21704
Lysine degradation 4/25 0.02825 0.26366 0.00469
Nicotinate and nicotinamide metabolism 3/15 0.03142 0.26391 0.19430
Tyrosine metabolism 5/42 0.04629 0.33754 0.24711

FDR, false discovery rate.

is an important neurotransmitter that could influence cell-to-
cell coupling in the retina.?” Functionally, oxidative degrada-
tion of melanin was proposed to be associated with promot-
ing reactive oxygen species generation and formation of
metabolic byproducts, such as melanolipofuscin, which was
regarded as a possible pathogenesis of AMD.*® In the glyco-
genic pathway, they are transformed to fumaric acid and
acetoacetic acid under the action of enzymes, in which way
they enter cellular energy metabolism. In addition, tyrosine
may undergo phosphorylation, sulfation, or nitration and
so influence protein function.?*4! However, whether the
increase or decrease in phenylalanine and tyrosine is the risk
factor for AMD is still unclear. The eyes, especially the macu-
lae, are susceptible to oxidative stress because of their high
metabolic activity and the high content of PUFAs. Proline
is another amino acid that has been reported to regulate
the development of AMD. Oxidative stress mainly affects
RPE cells in AMD.* It was reported that proline was the
main nutrient for RPE cells®® and could mediate metabolic
communication between RPE cells and the retina.** Proline
serves as an alternative source of energy during stress or
hypoxia and an antioxidant for maintaining redox balance
by controlling mitochondrial function.®?

Significant “amino-acyl-tRNA biosynthesis” pathways
dysregulation in AMD was observed in our study, but
it showed no impact. Changes in this pathway are not
AMD specific, which involves disturbances between exten-
sive cellular translation events and cellular energy require-
ments.*> This may be a bias caused by the change of
the concentration amino acid, which is often identified by
MetaboAnalyst algorithm.

Energy Metabolism

Decreased citrate level in AMD patients has been detected
by Acar et al.’® and Lains et al.?> which reflected an
enhancement in energy requirement in this disease. Citrate
is a central integral of the TCA, participating in energy
metabolism. Previous research on mice showed that replen-
ishing TCA cycle metabolites via oral supplementation was
useful for maintaining retinal function and protecting nerves
on the photoreceptor cells and inner retinal network.“ The
depletion of maltose identified in two studies®-?® could be
another indication of increasing energy requirement. Crea-
tine, a substance synthesized by three amino acids (arginine,
glycine and methionine) is also the important compound
for energy storage and utilization. A recent study by Kanow
et al.¥” emphasized the importance of maintaining a gradi-

ent of aerobic glycolysis activity between the retina and RPE.
When the glycolysis activity in RPE is abnormally high, the
glucose available for consumption in the retina will decrease,
which will also cause the death of photoreceptors.®® With
the growth of human age, the glucose consumed by the reti-
nal photoreceptor is becoming less and less, which leads
to dysfunction of mitochondria and DNA damage of RPE,
leading to AMD.*¥’

Purine Nucleotide Metabolites and Metabolism
Pathways

The metabolism of adenosine and hypoxanthine mainly
affect purine nucleotide cycle. Purines not only participate
in intracellular energy metabolism, but also activate intercel-
lular communication through receptors, leading to apoptosis
of photoreceptors and RPE cells, all of which are the patho-
genesis of AMD.*»5° Prior work has proposed that purine
metabolism might act as alternative pathway to overcome
inadequate glucose supply and energy crisis in neurodegen-
eration.’® Lains et al.?® and Liu et al.?® observed the opposite
alteration of hypoxanthine level between AMD patients and
the controls, which might be because of the different bioflu-
ids they analyzed. Uric acid is a terminal metabolite of purine
metabolism. Increasing evidences have showed the positive
effect of uric acid on antioxidant stress.”? Increased levels of
plasma adenosine have been observed in patients with AMD
relative to controls.3*?> Adenosine is the raw material for
adenosine triphosphate (ATP) synthesis, so its accumulation
may suggest energy metabolism dysfunction in the pathol-
ogy of AMD. ATP could induce photoreceptor death and
retinal remodeling,>®> and blockade of microglial adenosine
A2A receptor could impact inflammatory mechanisms and
prevent photoreceptor loss.>¥ Adenosine was also reported
to be a key regulator of sustained inflammasome activa-
tion.”> Persistent inflammation has been proven to undetlie
many diseases including AMD.*? Overall, purine nucleotide
metabolism has been shown to be crucial for the develop-
ment and progression of AMD and thus possesses potential
as a target of interventions for AMD.

Lipids Metabolites and Metabolism Pathways

Abnormal lipid metabolism is one of the main pathways of
AMD.*® Carnitine and its metabolites are mainly involved
in fatty acid metabolism. Some people believe that plasma
carnitine level is an indicator of energy metabolism in
cellular diet.”” Decreased carnitine level will lead to energy
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metabolism disorder.>®> However, Mitchell et al.? found the
increasing of multiple long-chain acyl carnitine that are part
of the carnitine shuttle pathway in NVAMD patients. The
different conclusions on the association between carnitine
alteration and metabolic dysregulation could be explained
by carnitine’s diphasic function of B-oxidation and anti-
oxidation.3>® Because of the limited number of studies,
other metabolites related to fatty acid metabolism have
not been repeatedly verified. Therefore more researches
should be carried out to describe the characteristic fatty acid
metabolism profile of AMD.

Limitations and Future Directions

Our study lays a foundation for the discovery of AMD
biomarkers and providing new ideas for the research of AMD
mechanism. However, the summary of current AMD stud-
ies shows few reproductively verified conclusions, limiting
the extrapolation of the results. First, the existing research
sample size is small, the subjects come from different ethnic
groups, and the standardized operating procedures are still
unavailable to metabolomics of AMD.®"®? Second, the eye
is a relatively independent organ of metabolism, and eye
tissue is more closely related to ocular lesions. However,
because of its fine ocular structure and low tissue avail-
ability, the eye tissue is mainly derived from surgical resec-
tion or postmortem sampling, which limits its application in
metabolomics research.®!%

The approach based on pathway analysis is to combine a
series of metabolic feature changes shown by statistical anal-
ysis in metabolomics studies with prior biological knowl-
edge to simplify the interpretability of data analysis.?* In a
disease state, the original metabolic state in the body will be
changed, cells and biological fluids that provide metabolic
support for cells will enter a new metabolic balance state,
and abnormal disturbance effects will be reflected in all
aspects of the body.* Using metabolic pathways to study
changes in metabolic states of diseases is to study diseases
from a relatively holistic perspective. Therefore, in this
study, all the different metabolites in different tissues were
included in the pathway analysis to obtain as many descrip-
tions of the metabolic state of the disease as possible under
the condition of limited research. This has been done in
many other reviews on other disorders such as the system-
atic review of pancreatic cancer,’> ischemic stroke,®® and
diabetes.%” Still, we acknowledge that the study has a bias
because of the uneven distribution of metabolites in tissues
(the systemic and local distribution of metabolites remains
unclear), but this opens the possibility for a comprehensive
description of disease metabolic changes. In future studies,
more attention can be paid to metabolic differences of differ-
ent biological tissues of the same disease, as well as joint
studies of multiple omics, so as to gradually draw a complete
blueprint for the disease mechanism of AMD.

CONCLUSIONS

In summary, this systematic review showed that there
were some metabolic differences between AMD patients
and controls. Phenylalanine, adenosine, hypoxanthine, tyro-
sine, creatine, citrate, carnitine, proline and maltose were
repeatedly reported as AMD-related metabolites that affect
nucleotide metabolism. Metabolic pathways, such as pheny-
lalanine, tyrosine and tryptophan biosynthesis, and alanine,
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aspartate, and glutamate metabolism, are closely related to
the development of AMD. In the future, these potential
metabolite markers might be combined with clinical param-
eters to construct AMD risk prediction models on the basis
of changes in metabolic pathways.
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