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PURPOSE. Glaucoma remains a poorly understood disease, and identifying biomarkers for
early diagnosis is critical to reducing the risk of glaucoma-related visual impairment and
blindness. The aim of this review is to provide current metabolic profiles for glaucoma
through a summary and analysis of reported metabolites associated with glaucoma.

METHODS. We searched PubMed and Web of Science for metabolomics studies of humans
on glaucoma published before November 11, 2020. Studies were included if they assessed
the biomarkers of any types of glaucoma and performed mass spectrometry-based or
nuclear magnetic resonance–based metabolomics approach. Pathway enrichment analy-
sis and topology analysis were performed to generate a global view of metabolic signa-
tures related to glaucoma using the MetaboAnalyst 3.0.

RESULTS. In total, 18 articles were included in this review, among which 13 studies were
focused on open-angle glaucoma (OAG). Seventeen metabolites related to OAG were
repeatedly identified, including seven amino acids (arginine, glycine, alanine, lysine,
methionine, phenylalanine, tyrosine), two phosphatidylcholine (PC aa C34:2, PC aa
C36:4), three complements (acetylcarnitine, propionylcarnitine, butyrylcarnitine), carni-
tine, glutamine, hypoxanthine, spermine, and spermidine. The pathway analysis implied
a major role of amino metabolism in OAG pathophysiology and revealed the metabolic
characteristics between different biological samples.

CONCLUSIONS. In this review, we summarize existing metabolomic studies related to glau-
coma biomarker identification and point out a series of metabolic disorders in OAG
patients, providing information on the molecular mechanism changes in glaucoma. Addi-
tional studies are needed to validate existing findings, and future research will need to
explore the potential overlap between different biological fluids.
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Glaucoma is a main cause of irreversible blindness,
contributing to about 12% of all global blindness.1 It is

estimated that the global prevalence of glaucoma in adults
aged 40 to 80 years is 3.54%.2 The number of people with
glaucoma worldwide is projected to increase to 111.8 million
in 2040, disproportionally affecting Asians and Africans.2

Disease risk factors, such as increasing age, elevated intraoc-
ular pressure, inflammation, high myopia, and family history
have been reported to be associated with glaucoma.3,4

However, glaucoma is generally asymptomatic at early stages
and always leads to severe vision impairment at advanced
stages. Thus identifying biomarkers for early diagnosis of
glaucoma or new therapeutic targets is critical to reduc-
ing the risk of visual impairment and blindness from the
disease.5,6

Metabolomics is the study of metabolic products that
all cellular processes leave behind in a biological sample7

and could be used as a complement to the currently
available diagnostic, classification, and progression detec-
tion tools.8 In the past few years, metabolomics has been
proved to be useful in the area of biomarker discovery
for diseases including cancers, cardiovascular diseases, and
endocrine diseases.9–12 In ophthalmology, metabolomics has

been applied to investigate metabolic signatures and poten-
tial biomarkers for various eye diseases as well,13–15 and
exploratory studies have suggested metabolic alterations in
vitamin metabolism, fatty acid oxidation, and glutaminolysis
in patients with glaucoma.16–18 However, the current appli-
cation of glaucoma metabonomics research is limited by the
sample size of the study, the lack of validation of results, the
evaluation of long-term markers, and time-efficient and cost-
effective analysis techniques. We conducted this systematic
review to summarize the current metabolic profiles of glau-
coma in humans and to find potential glaucoma biomark-
ers. Although the values of many differential metabolites
and metabolic pathways are not completely confirmed, the
results may be helpful for understanding the disease patho-
physiology, as well as developing target-based drugs and
susceptibility biomarkers for diagnostic applications for this
vision-threatening eye disease.

METHODS

Search Strategy

We performed a systematic search of electronic databases
such as PubMed and Web of Science to identify
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FIGURE 1. Flow chart of the study screening.

metabolomics studies on glaucoma published before 11st
November 2020 using the keywords: “metabolomics” or
“metabonomics” or “metabolic profiling” or “metabolic
profiles” or “metabolic biomarkers” or “metabolome” and
“glaucoma.” Additional sources were obtained from the
reference lists of the included literature. All articles,
including those obtained from electronic databases and
through cross-referencing, were independently searched
and scanned by two authors (Y.W. and X.W.H.) to
determine their suitability for inclusion in the review.
Disagreements were addressed by discussion with a senior
author (C.W.P.).

Inclusion and Exclusion Criteria

Studies were eligible for inclusion if they assessed the
biomarker of any types of glaucoma and performed
mass spectrometry (MS)–based or nuclear magnetic reso-
nance (NMR)–based metabolomics approach on human
beings. We excluded animal studies, vitro model stud-
ies, review articles, abstracts without full texts, and the
reports of drug therapy response and other experi-
ments. Moreover, only literature published in English was
considered.

Quality Assessment

Based on QUADOMIC described by Lumbreras et al.,19 the
quality of the studies was assessed with a 16-item scale. The
criteria include sample characteristics, differential conditions
in preanalytical, clinical, and physiological characteristics of
research subjects, and overfitting during research and analy-
sis. Studies achieved with 70% or more scores were included
in this review.

Data Extraction and Pathway Analysis

A review of the findings of studies included in the final list
of the sources was performed, including study subjects and
their essential information (i.e., age, gender ratio, and study
area), the types of glaucoma, biological samples, detection
and analysis platforms, sample size, and creating a summary
of major metabolites they concluded. The pathway analy-
sis was derived from integrating of metabolites from differ-
ent biological sample sources using the MetaboAnalyst soft-
ware (version 3.0) on the basis of Kyoto Encyclopedia of
Genes and Genomes and Human Metabolome Database.
Studies with negative results were excluded from pathway
analysis.

RESULTS

Characteristics of the Included Studies

Eighteen studies were identified on the basis of the inclu-
sion and exclusion criteria.17,18,20–35 The flow chart for
selection of the studies included in this review is shown
in Figure 1. All the studies were designed as case-control
studies with the sample sizes ranging from 19 to 506.
Among the 18 studies, 13 focused on open-angle glau-
coma (OAG),17,20–31 two treated any glaucoma as cases,18,35

and the other three investigated primary angle-closure glau-
coma (PACG), primary congenital glaucoma (PCG), and
pseudoexfoliation glaucoma, respectively.32–34 Among the
13 studies on OAG, four were performed with aqueous
humor (AH) samples,20–23 three with serum samples,24–26

three with plasma samples,17,27,28 and the other three with
tear samples,29 occipital brain region,30 and optic nerve,31

respectively. Characteristics of the studies are summarized
in Table 1.
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TABLE 1. Basic Characteristics of Literature Included

First Authors (Year) Country Case (n) Co ntrol (n) Sample
Mean Age, Year
Case/Control

F/M Case/
Control

Cabrerizo (2017)20 Spain OAG (10) Myopia (10) AH 68.8:55.9 6/4:6/4
Buisset (2019)21 France POAG (26) Cataract (26) AH 74.69:74.92 12/14:12/14
Myer (2020)22 USA POAG (23) Cataract (35) AH 73.74:70.71 3/20:0/35
Pan (2020)23 China POAG (16) Cataract (24) AH 72.5:74.2 9/16:15/9
Burgess (2015)24 USA POAG (72) Healthy (72) Plasma 67.8:68.5 45/27:41/31
Leruez (2018)25 France POAG (36) Cataract (27) Plasma 72.00:73.04 21/15:12/15
Kouassi Nzoughet (2019)26 France POAG (34) Cataract (30) Plasma — —
Javadiyan (2012)27 Australia POAG (211) Healthy (295) Serum 78:76 100/111:160/135
Umeno (2019)17 Japan POAG (198) Control (119) Serum 70.4:70.6 106/92:83/36
Gong (2020)28 China POAG (30) Healthy (30) Serum 54.77:53.80 16/14:16/14
Rossi (2019)29 Italy POAG (16) Healthy (17) Tear 64.63:61.53 9/7:10/7
Boucard (2007)30 Netherlands POAG (7) Control (12) Occipital brain region 73:62 1/6:4/8
Sidek (2016)31 USA Mild POAG (15) Severe POAG (15) Healthy (15) ON 64.9&69.7:53.9 9/6&6/9:3/12
Rong (2017)32 China PACG (38) Healthy (48) Serum 60.45:60.25 19/19:24/24
Chen (2019)33 China PCG (30) Cataract (20) AH — —
Myer (2020)34 USA PEXG (31) Cataract (25) AH — —
Barbosa Breda (2020)35 Belgium Glaucoma (54) Cataract (29) AH 71:75 38/16:16/13
Doganay (2012)18 USA Glaucoma (29) Healthy (13) LGB & Vitreous body 65.8:62.8 13/16:7/6

PACG, primary angle-closure glaucoma; PEXG, pseudoexfoliation glaucoma; PCG, primary congenital glaucoma; ON, optic nerve; LGB,
lateral geniculate body.

Quality of the Included Studies

The results of the quality assessment on studies that
have identified significant differential metabolites using the
QUADOMICS tool are shown in Supplementary Table S1.
All these diagnostic studies assessed using QUADOMICS
in this systematic review were phase I. Thirteen stud-
ies presented clear inclusion and exclusion criteria for
study subjects.17,20–25,27,28,32–35 Five studies failed to provide
clinical and physiological factors in detail.22,23,25,33,34 Ten
studies described their approach in dealing with overfit-
ting.17,20–23,25–27,34,35

Metabolic Biomarkers Identified for Glaucoma

All studies included in this review clearly described the
analytical platforms on which the studies were performed
and the changes of significant differential metabolites
identified. Thirteen studies on OAG applied MS analyt-
ical platforms, consisting of eight studies using liquid
chromatogram–mass spectrometry (LC-MS),17,20,21,24–27,29

two studies using gas chromatography mass spectrome-
try (GC-MS),23,28 and one study using LC-MS combined
with NMR platform.22 In addition, two studies performed
magnetic resonance spectroscopy examination by placing
region of interest into occipital brain region30 and optic
nerve,31 respectively. Rong et al.32 and Chen et al.33 adopted
GC-MS to study the metabolomics on primary angle-closure
glaucoma and primary congenital glaucoma, respectively,
whereas Barbosa Breda et al.35 and Doganay et al.18 chose
NMR and magnetic resonance spectroscopy as the identifi-
cation method for any glaucoma, respectively. In addition,
Myer et al.34 concerned the metabolic portrait of pseudoex-
foliation by a combination of LC-MS and NMR. Reported
alterations in the levels of some metabolites in glaucoma that
could be potential candidate biomarkers for clinical practice
are summarized in Supplementary Table S2, and the avail-
able fold-changes for differential metabolites of glaucoma
to controls are listed in Supplementary Table S3. In total,
144 differential metabolites were extracted from 18 included
studies.

Seventeen high-frequency (reported twice or more)
differential metabolites extracted from 11 studies on

OAG17,20–29 are displayed in Table 2. Arginine is the most
significant metabolite that has been repeatedly reported up
to four times,22,25,26,29 followed by glycine, which is reported
with three hits.21,22,28 However, their changing orientation
had some disagreements in different biological samples. The
increasing of butyrylcarnitine (C4), lysine, propionylcarni-
tine (C3), PC aa C34:2 and PC aa C36:4, and the decreasing of
phenylalanine, spermine, and spermidine were consistently
observed in different studies. Also, alanine, acetylcarnitine
(C2), carnitine, glutamine, hypoxanthine, methionine, and
tyrosine, which were hit in two studies, are important differ-
ential metabolites. Rong et al.32 compared the predictive
performance using palmitoleic acid, linoleic acid, gamma-
linolenic acid, arachidonic acid and four combined metabo-
lites, which generated area under receiver operating char-
acteristic values of 0.724, 0.742, 0.797, 0.673, and 0.867,
respectively. Leruez et al.25 used metabolites with the most
important coefficients obtained with the least absolute
shrinkage and selection operator method to distinguish
cases and control, which exhibited an area under receiver
operating characteristic of 95.71% in the training set and
91.78% in the validation set.

Pathway Analysis

We integrated the metabolomic information of 11 studies
on OAG17,20–29 and detailed information of the pathways
enriched at the significance level of 0.05 is presented in
Supplementary Tables S4, S5, S6 and S7. In this analysis,
52, 24, nine, and nine differential metabolites, which were
reported in AH, plasma, serum and tear, respectively, were
imported to MetaboAnalyst for pathway enrichment analy-
sis and pathway topology analysis to generate a global view
of metabolic signatures of OAG. As a result, 11 metabolic
pathways related to AH were significantly enriched, includ-
ing taurine and hypotaurine metabolism; glycine, serine,
and threonine metabolism; and alanine, aspartate, and gluta-
mate metabolism (Fig. 2). In terms of studies using plasma
samples, four metabolic pathways, including sphingolipid
metabolism, arginine and proline metabolism, and beta-
alanine metabolism were significantly enriched (Fig. 3).
Meanwhile, glutathione metabolism, glyoxylate and dicar-
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TABLE 2. High-Frequency Differential Metabolites Related to OAG

Metabolite Name HMDB ID Hits Biological Samples to Be Analyzed

Arginine HMDB0000517 4 (↑): AH22, Plasma25,26; (↓): Tear29
Glycine HMDB0000123 3 (↑): AH21,22; (↓): Serum28

Alanine HMDB0000161 2 (↑): AH21; (↓): Tear29
Acetylcarnitine HMDB0000201 2 (↑): AH21; (↓): Tear29
Butyrylcarnitine HMDB0002013 2 (↑): AH21, Plasma25

Carnitine HMDB0000062 2 (↑): AH21; (↓): Tear29
Glutamine HMDB0000641 2 (↑): AH21; (↓): AH22

Hypoxanthine HMDB0000157 2 (↑): Plasma26; (↓): Serum28

Lysine HMDB0000182 2 (↑): AH22, Serum28

Methionine HMDB0000696 2 (↑): Plasma25; (↓): Tear29
Propionylcarnitine HMDB0000824 2 (↑): AH21, Plasma25

PC aa C34:2 HMDB0007880 2 (↑): AH21, Plasma25

PC aa C36:4 HMDB0007982 2 (↑): AH21, Plasma25

Phenylalanine HMDB0000159 2 (↓): AH22, Tear29

Spermine HMDB0001256 2 (↓): AH21, Plasma25

Spermidine HMDB0001257 2 (↓): Plasma25, AH23

Tyrosine HMDB0000158 2 (↑): Plasma25; (↓): Tear29

FIGURE 2. Pathway analysis for significant metabolites of OAG
using AH.

boxylate metabolism, aminoacyl-tRNA biosynthesis, and
biotin metabolism were significantly enriched in studies
using serum (Fig. 4). Regarding the analysis performed in
metabolites identified in tear samples, five metabolic path-
ways were significantly enriched, among which phenylala-
nine, tyrosine, and tryptophan biosynthesis showed the
greatest impacts (Fig. 5).

Notably, aminoacyl-tRNA biosynthesis was significantly
enriched in all four biological samples. Also, we observed
arginine and proline metabolism consistently enriched in
AH, plasma, and tear samples. In addition, we found three
pathways (glutathione metabolism, glyoxylate and dicar-
boxylate metabolism, and biotin metabolism) significantly
enriched in both AH and serum samples, and valine,
leucine, and isoleucine biosynthesis pathway were signifi-
cantly enriched in both AH and tear samples.

FIGURE 3. Pathway analysis for significant metabolites of OAG
using plasma.

DISCUSSION

In this review, we summarized 15 metabolomics studies
on glaucoma and took a look at the profiling of valuable
metabolic pathways of OAG. As a result, 17 metabolites
identified in at least two studies were listed to be high-
frequency differential metabolites of OAG, and arginine is
the most promising metabolic biomarker with the highest
rate of repetition. In the pathway analysis, we found some
metabolism pathways that were significantly enriched in
different samples, suggesting a series of metabolic dysregu-
lations in OAG patients. Considering that glaucoma remains
a disorder with limited therapeutic options, the findings of
this review contribute to the further understanding of the
molecular characteristics of disease, which will contribute
to the understanding of disease mechanisms.
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FIGURE 4. Pathway analysis for significant metabolites of OAG
using serum.

FIGURE 5. Pathway analysis for significant metabolites of OAG
using tear.

Metabolic Dysregulations Implicated in OAG
Pathogenic Mechanisms

According to the 17 high-frequency differential metabo-
lites and the 24 significantly enriched metabolism pathways,
amino acid dysregulation was the most prominent feature
of OAG. Arginine is an important integral in the pathway of
arginine and proline metabolism, which has been reported
to be involved in the nitric oxide production pathway. Nitric
oxide is an essential antioxidant, regulating AH dynamics,
ocular blood flow, neuronal visual processing, and the apop-
tosis of retinal ganglion cell death.36,37 In addition, the disor-

der of spermidine and spermine may be the reason for the
disorder of methionine and arginine, as they are both precur-
sors of the biosynthesis of spermidine and spermine. Previ-
ous reports have already identified the role of spermidine
and spermine as a metabolic regulator of mitochondria with
regard to apoptosis and the mitochondrial membrane poten-
tial and one of the central elements of the POAG signa-
ture.25,38 Likewise, glycine was also identified as a high-
frequency biomarker. A few studies have revealed that the
level of glycine is associated with neurotransmission on the
retina, and the dual effect of glycine in both inhibitory and
excitatory neurotransmission is based on the precise regula-
tion of its extracellular concentration.39,40 Moreover, it was
also indicated that glycine could participate in cell oxida-
tive stress by inducing lipid peroxidation and decreasing
glutathione concentrations.41

Biotin metabolism was also shown to be crucial for the
development of OAG. As a cofactor for five carboxylases,
biotin is thought to be involved not only in fatty acid biosyn-
thesis, gluconeogenesis, and catabolism of amino acids and
fatty acids42 but also in the maintenance of the normal struc-
ture and function of mitochondria.43 Chronic complement
activation has been suggested to be a significant feature
seen in glaucoma.44 This is consistent with our results that
C2, C3, and C4, which are the activating unit of comple-
ments, were repeatedly identified in different studies. In
addition, although aminoacyl-tRNA biosynthesis was signif-
icantly enriched in the four biofluids, its biological interpre-
tation is still obscure. The mechanism of this metabolism
pathway in the development of glaucoma might be related
to the regulatory role of aminoacyl-tRNA synthetases in both
cytosolic and mitochondrial translation.45

Metabolic Changes Among Different Biological
Samples

The levels of differential metabolites showed differences in
the direction of change in different samples. According to
our summary, the high-frequency metabolites of AH have
always tended to change in the opposite direction to tears.
According to the analysis of Csosz et al.,46 tear was differ-
ent from AH in terms of the proinflammatory mechanism
point of view, so that tear could not substitute for aque-
ous humor for diagnostic purposes. Interestingly, even in
blood samples, the differential metabolites in plasma were
not identical to that in serum. Several metabolites, including
amino acids, glycerophospholipids, lipoproteins, and energy
pathway metabolites, have been reported to be distinguished
in the serum and plasma samples.47–49 It might be explained
by the influence of distinct collecting methods, different
biochemical processing, and different constituents such as
platelet-derived metabolites.49 However, it is well known
that some circulating metabolites and eye metabolites could
be connected either through the blood retina barrier or
through sharing common mechanisms, such as by the same
enzymes. AH is a transparent fluid present in the anterior
chamber of the eye that provides nutrition and eliminates
the metabolic waste moving from the eye to the blood by
circulating through the vascular and lymphatic systems. This
could partly explain the great synchronous variation trend of
high-frequency differential metabolites from AH and plasma.

Biofluid testing is a less-damaging diagnostic method,
compared to histological testing. Among the commonly
used biofluids in ophthalmology, AH is perhaps the most
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closely linked to the pathological tissue and thus could
provide information on normal and pathological conditions.
However, AH is usually collected during an invasive eye
surgery, which has a risk of complications (e.g., persistent
diplopia and corneal edema),50 preventing its application for
the purpose of screening or follow-up. Blood is also a valu-
able biological sample for metabolomics because it is easy
to collect, and plasma seems to be highly reproducible.51

In addition, tears provide a more available and noninvasive
choice for collection, although the sampling procedure still
needs to improve. In all, because these different biological
samples possess both shared and unique components, these
differences may be an important consideration for biofluid
selection and metabolite identification in metabolic pheno-
typing studies.

Clinical Implications of Glaucoma Using
Metabolomics

Glaucoma is an age-related disease that seriously threatens
the vision of the elderly. In light of the growing number
of senior citizens in many countries, the disease burden of
glaucoma is increasing, and a large proportion of this popu-
lation has undetected or untreated glaucoma.52,53 Tang et
al.54 performed decision-analytic Markov models to evalu-
ate costs and benefits of glaucoma screening and found that
community-based screening for glaucoma is likely to be cost-
effective in both urban and rural settings.54 Metabolomics
provides a promising method of analyzing accessible biolog-
ical samples for the investigation of glaucoma biomarkers
in predictive, preventive, and personalized medicine. The
advancements of NMR and MS have enabled us to detect
more and more metabolites and thus helped us obtain a
comprehensive view on the metabolic changes in glaucoma.
Meanwhile, the increasing understanding of metabolism
pathways could promote an understanding of the mecha-
nisms of glaucoma disease. Although lowering the intraocu-
lar pressure is regarded as the most efficacious and accept-
able form of treatment,55 there are other mechanisms that
might lead to glaucoma. Besides, the interaction between
many natural substances and specific metabolic pathways
could arouse the emerging of drug discovery and adjuvant
therapy for treatment of glaucoma.56

Limitations and Future Direction

The current reports of metabolic alterations serve significant
clues to the early diagnostic capabilities. However, several
limitations of the existing metabolomics studies on glau-
coma should be addressed. First, different researches chose
differential metabolites using different methods, including
metabolomics technologies and statistical analysis, resulting
in difficulty in replication and bias in the identification of
potential biomarkers. Second, most studies did not provide
quantitative information on metabolites, so we couldn’t inte-
grate the changes in metabolite concentration associated
with glaucoma risk here. Third, all the studies included
were cross-sectional, thus limiting the power of verifying
causal relationships between differential metabolites and
glaucoma. Fourth, most studies focused on OAG, and there
is a lack of data on other types of glaucoma.

Application of metabolomics on glaucoma is a field
that can benefit enormously from personalized medicine.1

However, the development of glaucoma metabolomics

has sadly lagged behind compared to other fields such
as oncology. More studies, especially longitudinal cohort
metabolomics and clinical intervention metabolomics stud-
ies, should be carried out to explore novel biomarkers
of glaucoma and determine target metabolic pathways
for prevention and treatment. Besides, we should pay
more attention to the potential overlap or interaction of
metabolism in different biological samples to enhance our
understanding of the complex mechanisms underpinning
glaucoma pathology. Furthermore, integrating metabolomics
with other omics platforms, including genomics, transcrip-
tomics, and proteomics, will provide services for precision
medicine.

CONCLUSIONS

To sum up, several metabolites and metabolic pathways have
been indicated to be associated with OAG in this review.
These high-frequency differential metabolites are promis-
ing to as biomarkers of OAG for early diagnosis, and the
prominent metabolic pathway may provide new idea for
the explanation of the pathogenesis and the discovery of
new therapeutic targets. However, applying these potential
biomarkers to clinical diagnosis and treatment is still a chal-
lenge for us. More validation studies with larger numbers of
cases are warranted to confirm the findings and exploring
the potential overlap between different biofluids. Moreover,
metabolomics studies on other glaucoma subtypes should
be encouraged to make a precise signature for glaucoma
detection and treatment.
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