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Diabetic macular edema (DME) is a common sight-
threatening complication of diabetic retinopathy (DR) 
affecting 15% of all diabetic patients within the first 15 years 
of diagnosis. The mechanism of DME is complex and poorly 
understood but is believed to involve multifactorial processes 
of vascular dysfunction, oxidative stress, and inflammation 
[1,2]. These pathogenic conditions lead to the activation of 
glial cells and the subsequent migration of microglial cells 
into the sub-retinal space [3]. With the loss of homeostatic 
functions, the Muller cells become swollen due to water 
retention [4] and the inner nuclear layer becomes damaged. 
Subsequently, the tight junction of retinal pigment epithelial 
cells is disrupted, affecting barrier properties [5,6]. The 
choroidal capillaries become more permeable due to the loss 
of pericytes and microglial cells. As a result, the dysregula-
tion of fluid and transport proteins in the intercellular space 

lead to fluid accumulation and edema in the sub-retinal space 
of the macula [7,8]. Complicated by immature neovascular-
ization, an intraocular vicious cycle of fluid retention occurs 
[8].

In diabetic patients, metabolic disruptions in tissue cells 
can lead to derangements in metabolic pathways, including 
the polyol, advanced glycation end product, protein kinase C, 
and hexosamine pathways [9]. In the eye, there can be retinal 
pericyte apoptosis, rectifying potassium channel Kir4.1 and 
the water channel aquaporin 4 dysfunction, [10] destabiliza-
tion of the tight junction barrier due to oxidative stress [11], 
and inflammation [12]. Metabolic changes have been found 
intraocularly, such as elevated lactate and glycolytic inter-
mediates and depletion of ascorbic acid and free cytosolic 
NADPH in the vitreous humor [13-15]. Diabetic patients with 
and without DME can have intraocular metabolite profile 
changes.

The eye is a discrete system with a blood–aqueous 
and a blood–retinal barrier separating it from the systemic 
circulation. The exchange of biochemical substances across 
the compartments is dependent on active and selective 
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transportation of molecules, such as nutrients and metabolites. 
However, the collection of retinal tissues for metabolomic 
analysis is invasive and clinically not possible. Although 
vitreous humor can be accessible, the humor collection 
imposes risks, such as vitreous hemorrhage, retinal tears, and 
detachment. However, aqueous humor can be readily obtained 
before anti-vascular endothelial growth factor (VEGF) agent 
injection or during cataract surgery in diabetes mellitus (DM) 
patients. Therefore, we chose to use aqueous humor for this 
metabolomic study.

The aqueous humor contains mediators, including nutri-
ents and metabolites, to maintain homeostasis of the eye. Its 
composition can reflect pathophysiological changes in the 
retina [15]. Because aqueous humor is secreted by epithelial-
lined ciliary processes in the posterior chamber, its compo-
sition can correlate with the vitreous humor [16], which is 
the reservoir containing metabolic molecules released from 
the retina. Many reported studies have used aqueous humor 
for metabolomic and proteomic investigations of posterior 
segment disorders, such as age-related macular disorder 
[17,18], DR [19], and central retinal vein occlusion [20]. In 
this study, we used untargeted metabolomics to explore the 
metabolite profiles of aqueous humor in diabetic patients with 
and without DME. To ensure a broad-spectrum coverage of 
metabolites, we used reverse-phase liquid chromatography-
mass spectrometry (RPLC-MS) and hydrophilic interaction 
liquid chromatography-mass spectrometry (HILIC-MS) with 
both positive and negative electrospray ionization (ESI). 
Authentic chemical standards were used to validate the iden-
tified metabolite molecules.

METHODS

Subjects: Aqueous humor samples were obtained from 18 
type 2 diabetic patients with DME and 18 type 2 DM patients 
without DME while undergoing phacoemulsification surgery. 
The two groups of patients were age and gender matched, and 
all patients were without systemic diseases other than DM. 
Aqueous humor samples were taken using a 25-gauge needle 
inserted through a 1 mm paracentesis made in the peripheral 
cornea in the mid anterior chamber. Approximately 100 μl 
aqueous humor was biopsied, transferred to a 500 μl centrif-
ugal vial, and immediately frozen in dry ice before storage at 
−80 °C until analysis.

This study was approved by the Ethics Committees of 
the Kowloon Central Kowloon East (KCKE) Cluster and 
the New Territories East Cluster (NTECT) of the Hospital 
Authority, Hong Kong. The study protocol adhered to the 
tenets of the Declaration of Helsinki. Patients or their legal 

guardians consented to the use of their clinical data for 
research purposes.

Aqueous humor samples preparation: For RPLC-MS anal-
ysis, a 100 μl acetonitrile/methanol (1:1) mixture was mixed 
with 25 μl aqueous humor for centrifugation at 600 ×g for 15 
min at 4 °C. The supernatant was vortexed for 30 s, frozen in 
liquid nitrogen for 1 min, thawed at room temperature for 5 
min, and sonicated for 10 min. This procedure was repeated 
twice. After further centrifugation for 10 min at 16,200 ×g, 
the supernatant was pipetted into a 1 ml high-performance 
liquid chromatography (HPLC) vial for vacuum drying 
and re-dissolved into 50 μl 20% acetonitrile. After further 
centrifugation at 16,200 ×g for 10 min at 4 °C, the supernatant 
was transferred into an HPLC vial for analysis or stored at 
−80 °C until analysis.

For HILIC-MS analysis, a 100 μl acetonitrile/methanol 
(1:1) mixture was mixed with 25  μl aqueous humor for 
centrifugation at 600 ×g for 15 min at 4 °C. It was subse-
quently vortexed for 30 s, sonicated for 10 min, and centri-
fuged for 15 min at 16,200 ×g at 4 °C. The supernatant was 
pipetted into a centrifuge vial. The extraction was repeated 
twice and pooled. The mixture was stored at −20 °C for an 
hour and then centrifuged at 16,200 ×g for 15 min at 4 °C. 
The supernatant was evaporated to dryness by Speedvac. The 
residue was dissolved in 50 μl 70% acetonitrile and sonicated 
for 10 min. After centrifugation for 15 min at 16,200 xg at 
4 °C, the supernatant was transferred into an HPLC glass vial 
for LCMS analysis or stored at −80 °C.

Metabolomics analysis: For hydrophobic analysis, a nano 
ultra-performance liquid chromatography system (ACQUITY 
Nano UPLC M-Class System, Waters Corporation, Milford, 
MA) was used. Reverse-phase separation by a 75 µm × 
250 mm × 1.7 µm BEH130 C18 column (Waters Corpora-
tion) was performed at 45 °C, and 1 μl was injected; the flow 
rate was at 0.5μl/min. Gradient elution was performed with 
mobile phase A (5% (v/v) acetonitrile in 0.2% acetic acid) 
and mobile phase B (95% (v/v) acetonitrile in 0.2% acetic 
acid). The gradient duration was 35.5 min. Binary gradient 
elution was from 0–1.34 min, 95% A; 1.34–15.0 min, 80% 
A; 15.0–18.5 min, 45% A; 18.5–20.5 min, 20% A; 20.5–30.5 
min, 20% A; 30.5–32.5 min, 95% A; and 32.5–35.5 min, 95% 
A.

For hydrophilic analysis, a micro HPLC system (Agilent 
1100 micro HPLC system, Santa Clara, CA) was used. 
A hydrophilic capillary EX-nano Inertsil CN-3 0.2mm × 
150 mm × 3 μm column (GL Sciences, Tokyo, Japan) was 
used at 35 °C. A 1 μl sample was injected, and the flow rate 
was at 1.5 μl/min. A gradient elution was performed with 
mobile phase A (5% (v/v) acetonitrile in 0.2% acetic acid) 
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and mobile phase B (95% (v/v) acetonitrile in 0.2% acetic 
acid). The gradient duration was 40.0 min. The binary 
gradient elution was as follows: 0–5.0 min, 100% B; 5.0–15.0 
min, 70% B; 15.0–18.0 min, 40% B; 18.0–21.0 min, 30% B; 
21.0–24.0 min, 5% B; 24.0–32.0 min, 5% B; 32.0–33.0 min, 
100% B; and 33.0–40.0 min, 100% B.

The validation strategy is referenced in published metab-
olomic studies [21-23]. The stability of the chromatography 
system was assessed using three selected metabolites present 
in all samples at 1.5 min (285.14 m/z), 13.2 min (287.14 m/z), 
and 28.9 min (751.76 m/z), representing the early, middle, 
and late stages of elution. The reproducibility (coefficient of 
variation [CV]) of the retention times of the metabolites in 
each batch was assessed.

Metabolites were analyzed using Q-Tof mass spectrom-
etry (Micromass Q-Tof micro, Waters MS Technologies, 
Manchester, UK) operating in both positive and negative 
ionization modes. The system was controlled and data was 
acquired using MassLynx 4.1 software (Waters Corporation). 
An ESI system equipped with nano lock spray was used. For 
the positive ESI mode, the capillary voltage was 2800 V, the 
sample cone was 35 V, the extraction cone voltage was 3.0 V, 
the source temperature was 130 °C, and the cone gas was 80 
l/h. The full scan range was from 50–1000 m/z, with a scan 
time of 1 s and an interscan delay of 0.1 s. The microchannel 
plate (MCP) detector was set at 2500 V. Other parameters 
were optimized for the best sensitivity and resolution. Sodium 
cesium iodide was used for calibration before analysis. For 
the negative ESI mode, the capillary voltage was −3500 V, 
the sample cone was 35 V, the extraction cone was 3.0 V, the 
source temperature was 120 °C, and the cone gas was 80 l/h. 
The full scan range was from 50–1000 m/z, with a scan time 
of 1 s and an interscan delay of 0.1 s. The MCP detector was 
set at 2900 V. Other parameters were optimized for the best 
sensitivity and resolution. Leucine encephalin was used as 
the lock spray calibration solution. For positive ESI, 556.6606 
m/z was used for the calibration. For negative ESI, 554.6147 
m/z was used. Lock spray calibration was used every 5 min. 
Target analysis was performed for six aqueous samples from 
each group using the exact mass analysis method [24] using 
target mass ± 0.005 m/z to quantify the ionization species of 
target metabolites and minimize interference for the validated 
analysis. In addition, the tandem mass spectrometry (MS/
MS) profile of some key metabolites was compared with 
commercially available standards or the public database 
mainly from XCMS using the mentioned LC method with 
a collision energy profile from 20–60 eV. The sequence of 
control and DME samples were randomly assigned in each 

batch. Samples were repeatedly injected in three batches to 
improve the precision of the analysis.

The stability of signal intensity detected by mass spec-
trometry over different batches of samples was assessed using 
selected metabolites in the quality control (QC) samples, 
which were a mixture of control samples and DME samples. 
Each QC sample was analyzed before analyzing a batch of 
twelve samples. The stability of QC samples was assessed 
based on the reproducibility (CV) of the ion signal from all 
the features.

Data analysis: Comparisons of clinical data between diabetic 
control patients and DME patients were performed using a 
Student t test, a Mann–Whitney test, and an χ2 test when 
appropriate (SPSS 15.1). For the exploratory group, the mass 
data from control and DME samples were processed using 
MarkerlynxTM 4.1 (Waters UK), which used ApexTrack 
peak integration for chromatographic peak alignment and 
detection. The ion counts of each feature in the sample were 
normalized to the total ion intensity before the statistical 
analysis to minimize the variation due to injection and ioniza-
tion. Multivariate analysis and orthogonal partial least square 
discriminant analysis (OPLS-DA) were used for marker 
exploration. Samples were included in the analysis if the data 
was within 95% Hotelling’s T2 range, had a variable impor-
tance in projection (VIP) value >2, and R2 >0.6, Q2 >0.5. 
Differentiated markers were used if p(Correlation) was above 
0.4 of the P (correlation) on the S-Plot, p≤0.05 based on the 
Student t test. The fold ratio was calculated as the intensity 
of the mass peak of DME divided by the intensity of the mass 
peak of control. When metabolites were highly expressed 
in the DME group or not detected in the control group, the 
fold change was assigned as >1000 folds. However, when the 
metabolites were not detected in the DME group but were 
detected in the control group, the fold change was assigned 
as <0.01. The markers were further confirmed by their chro-
matographic retention times, comparing the accurate mass to 
authentic standards or a public database within 10 ppm and 
MS/MS fragmentation characteristics to authentic standards 
and metabolomics databases, such as METLIN and HMDB. 
Pathway analysis was performed using METLIN, KEGG, 
Metaboanalyst 3.0, IMPaLA, and Cytoscape 3.4. The pres-
ence of metabolite groups was validated based on samples 
from other diabetic patients with DME and diabetic control 
patients without DME.

RESULTS

There were no significant differences in age, number of 
patients, or gender between the DME patients and diabetic 
patients without DME (control) groups (Table 1). The 
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reproducibility (CV) of retention times of three markers 
from 24 samples at 1.6, 13.5, and 28.9 min were 0.03–1.1% 
(Appendix 1). The reproducibility (CV) of the signal intensity 
for the three selected metabolites from the QC samples in 
each analysis batch was from 7.5–23.0%. Over 80% of ions 
in the QC samples were within 30% CV.

The DME and control samples were within 95% of 
Hotelling’s T2 range, and the distance to the model was 
mostly within 0.05. This indicates that the system was 
stable during analysis, that the samples were homogeneous, 
and that the model fit the analysis (Appendix 2). Figure 1 
shows that the metabolic profiles from the DME and control 
groups analyzed using OPLS-DA were clearly separated. The 
most highly separated metabolites in the S-plot were used 
for further analysis (Figure 2). The upper right quarter of 
metabolites was highly expressed in the DME group, whereas 
the lower left quarter showed metabolites highly expressed in 

the diabetic control patients without DME. The metabolites 
chosen for further filtering were above 0.4 and present in the 
flatter region in the DME group and were below −0.4 and 
present in the flatter region in the control group.

For hydrophilic analysis, positive ESI produced 41,245 
features, whereas negative ESI produced 122 features. For 
hydrophobic analysis, positive ESI produced 14,466, and 
negative ESI produced 1940 features. Of these, 26 features 
passed through the filtering system. Eight groups of metabo-
lites were grouped. These are associated with different 
biologic functions, such as anti-oxidation, vitamin co-factor, 
inflammation, neurotransmission, cellular repairing, energy 
production, signalling, and respiration since they involved 
many essential biochemical substances in the body, including 
fatty acids, lipids, nucleotides, peptides, amino acids, and 
sugars (Table 2). The highly differential expressed markers 
were further analyzed using Metscape (Figure 3) and 

Table 1. Comparison of the characteristics of diabetic macular edema (DME) 
with diabetes mellitus (DM) undergoing cataract surgery patients.

Patient status DME DM P value
Number of Patients 
Gender (Female)**

18 
6 (33%)

18 
6 (33%)

n/a 
NS

Age range* 
Blood glucose level(mmol/l)* 
BMI* 
Diabetics duration (year)* 
Systolic blood pressure (mm Hg)* 
Diastolic blood pressure (mm Hg)*

63–88 
7.63±2.53 
18.3±8.5 
5.29±6.50 
135.4±8.4 
65.75±11.5

66–87 
7.39±2.08 
22.4±1.1 
3.90±3.44 
131.3±10.9 
72.9±9.0

NS 
NS 
NS 
NS 
NS 
NS

*- p value calculated by t test; **- p value calculated by chi-square test; Value – mean ± standard derivation; NS – not significant (p>0.05); 
n/a – not applicable.

Figure 1. Score plots of aqueous humor samples from diabetic macular edema (DME; black square) and normal diabetic control patients 
(DM; red square) as analyzed using orthogonal partial least square discriminant analysis (OPLS-DA). Samples were analyzed using (A) 
positive electrospray ionization (ESI) and separated by an ultra-performance liquid chromatography (UPLC) nano-C18 column and (B) 
negative ESI and separated by an HPLC hydrophilic cyano (HILIC CN) micro-column (bottom).
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Metaboanalyst (Appendix 3) and were found to be associated 
with pathways such as the glutathione, selenocompound, 
biotin, fatty acid oxidation, monoacylglycerophosphocholine, 
unsaturated fatty acid, sphingoid, prostaglandin, dopami-
nergic, cysteine, methionine, and glycolysis/gluconeogenesis 
biosynthesis pathways.

The final expressed key targeting metabolites were 
verified using targeting analysis, as shown in Table 3. Fold 
changes of some representative metabolites, such as dehydro-
ascorbic acid, an antioxidant, was >1000 fold, with p=0.003; 
glucose was 1.2, with p=1.2 × 10−5; 7,8-diaminononanoate, 
a biotin precursor, was 2.0, with p=1.5×10-4, with p=2.0; 
19(R)-hydroxy-PGF1α, an inflammation maker, was 1.8, with 
p=0.037; 5-hydroxytryptophan, a neurotransmitter, was 2.2, 
with p=5.5 × 10−5; and decanoyl-L-carnitine, associated with 

mitochondrial fatty acid oxidation, was 1.6, with p=0.0004. 
The results imply metabolic dysfunction and tissue damage. 
The MS/MS spectra of some targeted metabolites were 
comparable to commercially available standards (Appendix 
4). Other metabolites were compared to results in the 
published literature.

DISCUSSION

In this study, we compared the metabolomic profiles of 
aqueous humor in DME patients with those of age- and 
gender-matched cataract DM patients without DME to 
explore the possible pathological mechanisms. It is noted 
that the development of cataracts is related to both age and 
diabetes. Metabolomic studies have shown that metabolites 

Figure 2. Diagrams of S-plot 
analyzed using orthogonal partial 
least square discriminant analysis 
(OPLS-DA). Metabolites obtained 
from diabetic macular edema 
(DME; upper right: 1) and normal 
diabetic control (DM; lower left: −1) 
patients analyzed using (A) posi-
tive electrospray ionization (ESI) 
separated by an ultra-performance 
liquid chromatography (UPLC) 
nano-C18 column and (B) nega-
tive electrospray ionization (ESI) 
separated by an HPLC hydrophilic 
cyano (HILIC CN) micro-column 
(bottom). A square indicates 
markers were included for further 
analysis.
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associated with long-term oxidative stress and glycation, 
including sugars, inflammatory mediators, amino acids, 
and oxidized antioxidants, are present in the aqueous humor 
of both age-related cataracts and diabetic-related cata-
racts [25,26]. However, in this study, these oxidation- and 
glycation-related metabolites were found to be more highly 
expressed in the DME aqueous humor (Table 2). This indi-
cates more severe metabolic derangements in the ocular 
tissue cells of DME patients compared to non-DME cata-
ract patients. Analyses using Metaboanalyst and Metascape 
showed the identified metabolites in pathways and their 
interactions within or between different pathways (Appendix 
3 and Appendix 5). The topological position of metabolites 
in a pathway represents biologic significance. For example, 
7,8-diaminononaoate, a precursor of biotin, occupies the 
key position in the pathway and has a high impact on the 
biotin pathway. According to the interactions of the identified 
pathways, we suggest possible pathways that are activated 
in the DME eye (Figure 3). In brief, in damaged neurons, 
catechol, a precursor of neurotransmitters, was degraded 
to homovanillate and leaked out of the cell (pathway A). 
Glycosphingolipid from the damaged cells was degraded to 

sphingosine-1-phosphate (pathway E). Under hypoxia, more 
oxidized dehydroascorbate (DHA) was generated (pathway 
F) and competed with β-glucose to enter the cell through the 
GLUT-1 channel. DHA was reduced to ascorbic acid inside 
the cell by glutathione (GSH). However, in DME neurons, less 
GSH was produced due to lower levels of sulfur-containing 
compounds, Se-adenosylseleno-homocysteine, homocysteine, 
cysteine, and methionine, which are available (pathway C) 
under higher oxidative stress. In hyperglycemia, the higher 
level of β-glucose competed more favorably to enter the cell 
and was metabolized through the aldose/reductase pathway 
rather than sorbitol-1-phosphate (pathway B) to form more 
sorbitol. Lower uridine diphosphate (UDP) and UDP-
glucuronate levels caused a decrease in the production of 
RNA, proteins, polysaccharides, and glycosphingolipids that 
increased cellular damage and hindered tissue repair.

The metabolic profile showed depressed antioxidant 
synthesis and increased antioxidant consumption, as indi-
cated by the increase in antioxidant metabolites, such as 
dehydroascorbic acid and methylseleninic acid. A decrease 
in antioxidants, such as glutathione amide and Se-adeno-
sylselenohomocysteine, was found in DME eyes (Table 2 

Figure 3. Pathways analyzed using Metscape. The schematic diagram summarizes different pathways and their interactions found using 
Metascape. The following six main pathways were found in diabetic macular edema (DME) patients: (A) tyrosine metabolism, (B) pentose 
phosphate, galactose, glycolysis and gluconeogenesis metabolism, (C) glycine, serine, alanine, threonine, methionine, cysteine, and seleno-
amino acid metabolism, (D) pyrimidine metabolism and glycosphingolipid biosynthesis, (E) glycosphinolipid metabolism, and (F) ascorbic 
acid metabolism pathways. A hexagon indicates the identified metabolites with upregulation (↑) and downregulation (↓). The thicker arrow 
indicates higher activation of the pathway.
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and Table 3). A low ascorbic acid level has been reported in 
the vitreous humor of DR [27]. Because dehydroascorbate 
is extensively generated in the retina and absorbed through 
the GLUT-1 transporter [28,29], the concentration is usually 
low. However, glucose can compete with GLUT-1 in hyper-
glycemia. A high extracellular dehydroascorbate level in 
DME implies more severe hyperglycemia. The lower level 
of Se-adenosylselenohomocysteine, which is essential for 
the biosynthesis of redox enzymes, may contribute to the 
suppression of homocysteine and other thio-amino acids, 
such as cysteine and methionine (Figure 3). A higher level of 
oxidized thio-antioxidant metabolites has also been reported 
in DR aqueous humor [19]. The decrease in urate-3-ribonucle-
oside, a precursor of uric acid, which is a major endogenous 
antioxidant, indicated higher oxidative stress in the DME 
eyes. A decrease in uric acid has been reported in severe 
diabetes caused by mitochondrial dysfunction [30]. Metabo-
analyst showed the selenoamino acid, ascorbate acid and 
aldaric acid pathways were significantly changed. Metascape 
showed ascorbic acid was consumed to dehydroxyascorbate 
and homocysteine production was depressed (Figure 3 and 
Appendix 3). These findings provide evidence that the DME 
eyes were under higher oxidative stress than the DM eyes 
without DME.

A variety of fatty acid and lipid metabolites, such as 
decanoyl-L-carnitine, and an odd number of fatty acids, 
sphingoid metabolites, and oxidized fatty acids were highly 
expressed in the DME aqueous humor. Carnitine is used 
by cells to carry fatty acids to produce energy through 
transporting medium- and long-chain fatty acids into the 
innermost part of the mitochondria for the β-oxidation 
process. The accumulation of acylcarnitines implies an 
inefficient metabolism, which has commonly been found 
in insulin resistance and type 2 DM [31-33]. On the other 
hand, β-oxidation appeared to be a more prominent process 
in the retina of patients with proliferative diabetic retinopathy 
(PDR), as demonstrated by higher ketone bodies found in 
the vitreous humor [13]. The deteriorated mitochondria 
activity in the DME eye would further decrease the energy 
production of retinal cells. Accumulated acylcarnitines can 
also activate pro-inflammatory pathways [34], such as the 
cyclooxygenase-2 pathway, and the phosphorylation of JNK 
and ERK [35-37].

The possibility of the reduction in energy production 
in eyes with DME was also supported by the increase in 
7,8-diaminononanoate, a precursor of biotin (Appendix 3). 
Increase 7,8-diaminononanoate production implies increase 
biotin demand during chronic inflammation. Lower biotin 
level supports it has been intensively consumed. Biotin is an 

Table 3. Targeting analysis of key metabolites of diabetic macular edema (DME) and the diabetes 
mellitus (DM) control groups (n=18 for each group) using exact mass quantification.

Metabolite Ionization species Mass (m/z) Fold change (DME/
DM) p-value

Methylselenic acid* [M+Cl]- 162.9053 1.697 0.018
Homovanillic acid*** [M+H-H2O]+ 165.0519 2.170 3.58439E-06
L-Homocysteine* [M+K]+ 173.9989 0.354 0.05
2-Undecenoic acid*** [M+H]+ 185.1565 1.601 0.000252385
b-Glucose*** [M+Na]+ 203.0503 1.172 1.20122E-05
5-Hydroxytryptophan*** [M+H-H2O]+ 203.0869 2.206 5.50427E-05
7,8-Diaminononanoate*** [M+Na]+ 211.1454 1.969 0.000150843
Dehydroascorbic acid** [M+CH3COO]- 233.0307 >1000 0.003
Sorbitol-6-phosphate*** [M+Na]+ 285.0346 0.662 6.81668E-05
13,14-dihydro-15-keto-tetranor PGF1α* [M+H]+ 301.2019 1.779 0.028
Glutathione amide*** [M+Na]+ 329.0886 0.533 0.00035509
19(R)-hydroxy-PGF1α* [M-H2O-H]- 353.2348 1.782 0.037
Decanoyl-L-carnitine*** [M+CH3COO]- 374.2586 1.571 0.000425371
C16 sphingosine-1-phosphate*** [M+CH3COO]- 410.2352 1.485 8.64966E-05
Se-Adenosylselenohomocysteine*** [M+H]+ 433.0747 0.650 1.61927E-06
Uridine diphosphate (UDP)** [M+CH3COO]- 463.0174 <0.01 0.007

Intensity of mass peak from DME and DM were compared by Student t test. The significance levels: *p<0.05, **p<0.01, ***p<0.001.
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important regulatory factor in inflammation [38] for lympho-
cyte and macrophage proliferation [39,40], NF-κB activation 
[41], and pro-inflammatory cytokine release [40,42-44]. 
Biotin metabolism is also essential for cellular energy produc-
tion, such as gluconeogenesis, fatty acid synthesis, fatty 
acid oxidation, degradation of branched-chain amino acids 
and odd-chain fatty acids, and leucine catabolism [45]. Its 
deficiency is consistent with an increase in odd-numbered 
fatty acids and 2-undecenoic acid and the upregulation of 
gluconeogenesis found in this study. The integrity of the 
blood–retina barrier may be deteriorated by increased odd-
numbered fatty acid production [46]. The disturbance of fatty 
acids, amino acids, and glucose metabolism found in the 
plasma of DR patients has also been reported [47].

Sphingosine-1-phosphate (S1P) affects endothelial cell 
development and immune cell recruitment during wound 
healing [48-50]. A high level of S1P found in DME eyes 
implies that oxidation, inf lammation, and edema have 
occurred [51]. Increased prostaglandin mediators, such as 
PGI2, 19(R)-hydroxy-PGF1α, and 13,14-dihydro-15-keto-
tetranor PGF1α, also indicate ocular inflammation in DME 
[52]. Arachidonic acid, a precursor of leukotrienes, in blood 
platelets was also found in higher amounts in DR patients 
compared to diabetic controls [53]. Because pyrimidine 
metabolism and glycosphingolipid biosynthesis pathways are 
linked, increased glycosphingolipid production may divert 
metabolites away from pyrimidine synthesis, which decreases 
cell division and subsequent tissue repair (Figure 3).

Homovanillic acid is the metabolite of the neurotrans-
mitter dopamine and its tyrosine precursor, 5-hydroxytryp-
tophan (5-HT). It is present mainly in amacrine and bipolar 
cells of the retina [54]. A high level of homovanillic acid may 
indicate neurodegeneration in the DME eye. Higher levels of 
tryptophan metabolites have also been found in the serum of 
DR patients [55]. The neurotransmitter metabolite acetylcho-
line has also been found in the vitreous humor of patients with 
DR [27]. Homovanillic acid is also present in the tyrosine 
pathway and is linked with respiratory metabolites, such as 
3-maleylpyruvic acid. Decreased 3-maleylpyruvic acid may 
be due to metabolic pathways diverting to homovanillic acid 
production (Figure 3, Appendix 3). This may reflect respira-
tory insufficiency in the DME eye.

The extracellular matrix (ECM) plays an important role 
in supporting blood vessel walls, including endothelial cells 
[56,57]. Hyaluronan (HA), one of the major components of 
the ECM, has many biologic functions [58]. HA is made 
up of repeating units of D-glucuronic acid (GlcUA) and 
N-acetylglucosamine (GlcNAc) [59]. UDP-glucuronic acid is 
formed from glucose-1-phosphate and UDP crosslinking. The 

interaction of UDP and UDP-glucuronic acid produces HA. 
Our results showed a downregulation of UDP and UDP gluc-
uronic acid in the ascorbate and aldarate pathways (Appendix 
3), implying the DME eye has a poor ECM scaffold leading 
to disruption of the blood vessels in DME.

We found a higher level of di-amino acid peptides in 
the aqueous DME patients, implying a disruption of the 
blood–retina barrier, which caused macular edema. Histidinyl 
valine, a vasodilation peptide, was reduced in the DME eye. 
This would increase arterial blood pressure. High blood pres-
sure would increase hydrostatic pressure in the microcircula-
tion that induces fluid retention between cells, according to 
Starling’s law [60]. Decreased homocysteine has also been 
found in DR [61] and severe DM [62].

Polyol pathway activation caused glucose to be reduced to 
sorbitol, which then forms fructose in the retina [63]. Because 
sorbitol does not diffuse easily through cell membranes, it 
accumulates in tissues, thereby causing osmotic stress and 
edema [64]. Low levels of sorbitol-6-phosphate and a high 
level of glucose found in the aqueous humor of the DME eyes 
support polyol pathway activation. Increased glucose may 
also be related to pentose and gluconeogenesis pathway acti-
vation, as shown in pathway B of Figure 3, and/or increased 
starch and sucrose metabolism (Appendix 3). Activation of 
the pentose phosphate pathway has also been reported in the 
plasma of DR patients, as analyzed by gas chromatography 
mass spectrometry (GCMS) [65].

In this study, the overexpression of various endogenous 
biochemical metabolites in the aqueous humor of eyes with 
DME revealed the metabolic derangements in DME eyes. 
The metabolites change was caused by more inflammation, 
a higher glucose level, lower anti-oxidation capacity, poor 
ECM integrity, higher oxidative stress, lower mitochondrial 
respiratory efficiency, higher vascular permeability, and 
more severe neurodegeneration in the DME eyes. The subse-
quent detrimental effects may not be compensated for by the 
increase in the production of protective factors, such as biotin 
and S1P (Figure 4).

The targeting analysis performed in this study confirmed 
the expression of these novel metabolites in the aqueous humor 
of patients with DME (Table 3). However, this study only 
used the metabolomic method to identify possible pathway 
activation and explain the pathophysiological mechanisms of 
DME, which is insufficient. Further works need to confirm 
the identified pathways with large-scale studies and need to 
be supported by various molecular, proteomic, and genomic 
technology. The biological role in DME played by the most 
interesting metabolites, 2-undecenoic acid, β-glucose, dehy-
droascorbic acid, 13,14-dihydro-15-keto-tetranor PGF1α, 
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19(R)-hydroxy-PGF1α, decanoyl-L-carnitine, and Se-adeno-
sylselenohomocysteine, need to be further confirmed. 
Although the sample size is small, it is comparable with the 
sample sizes in other reports on DR [49]. Nevertheless, this is 
a pioneering investigation of the metabolomic study of DME.

APPENDIX 1. STABILITY OF 
CHROMATOGRAPHY.

To access the data, click or select the words “Appendix 1.” 
Diagrams (a-c) showed the stability of the chromatography 
system. The retention times of metabolites at early (1.6 min), 
middle (13.5 min), and late stage (28.9 min) of the elution 
profile from different samples are stable. The RSD of reten-
tion time is from 0.03 – 1.1%, n=24.

APPENDIX 2. DIAGRAMS OF VARIOUS 
PARAMETERS:

To access the data, click or select the words “Appendix 2.” i) 
Variable importance in projection (VIP), ii) Hotelling’s T2, 
and iii) distance to Model. It showed examples of analysis 
results from positive and negative ionization analysis: (a) VIP 

of samples analyzed by positive electrospray (ESI) separated 
by nano-C18 column; (b) VIP of samples analyzed by nega-
tive charge ionization separated by hydrophilic interaction 
cyano (HILIC CN) column; (c) Hotelling’s T2 range of 
samples analyzed by positive ESI separated by nano-C18 
column; (d) Hotelling’s T2 range of samples analyzed by 
negative charge ionization separated by HILIC CN column; 
(e) distance to Model analyzed by positive ESI separated by 
nano-C18 column; and (f) distance to Model analyzed by 
negative charge ionization separated by HILIC CN column. 
The green bar in (a) and (b) indicates the VIP level of each 
explored marker. The black color Aq_CTL_H and Aq_CTL 
are the aqueous humor samples from the diabetic cataract 
patients and the red color Aq_DM_H and Aq_DM are the 
aqueous humor samples from the diabetic macular edema 
patients in (c) and (d). The Hotelling’s T2 range test verified 
the homogeneity of population the samples. The T2 Crit(95%) 
and T2 Crit(99%) indicates 95% and 99% confident levels of 
Hotelling’s T2 range test respectively. The samples in (c) and 
(d) are within 95% confident level. It indicates the population 
in the two assays were homogeneous. The graphs in (e) and (f) 
also indicate the overall homogeneity of the samples.

Figure 4. Summary of different proposed underlying protective and detrimental mechanisms causing diabetic macular edema (DME) in 
diabetic patients. The metabolites in the green boxes with thin blue arrows represent insufficiency of the system to work against oxidative 
stress, maintain the extracellular matrix, support energy production, and healing inflammation. These phenomena were revealed by decreased 
antioxidants, activated biotin pathway, elevated extracellular matrix constituents, and increased activated immune signalling sphingosine-
1-phosphate pathway which involved in healing the eye of DME patients. The red box and thick arrow indicate the pathogenesis, oxidative 
stress, hyperglycemia, and inflammation, as implied by the associated metabolites causing the ocular tissue damage in DME patients. The 
blue oval indicates the involved damaged tissues/organelles found in this study, and the metabolites suggest corresponding tissue damage.
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APPENDIX 3. METABOLITES ANALYZED BY 
METABOANALYST.

To access the data, click or select the words “Appendix 3.”  
It shows some significant impact pathways. It shows the (a) 
pathways, ascorbate and aldarate, starch and sucrose, tyro-
sine, sulfur, selenoamino acid, and biotin, are significantly 
affected in diabetic macular edema (DME) patients; and 
metabolites present in different topological position in (b) 
biotin, (c) selenoamino acid, (d) ascorbate and aldarate, (e) 
tyrosine, and (f) starch and sucrose pathway. Red color boxes 
indicate the significantly identified metabolites while the 
blue boxes indicate the relevant metabolites in the pathway 
proposed by the software.

APPENDIX 4. COMPARISON OF TANDEM 
MASS (MS/MS) SPECTRA OF SOME KEY 
METABOLITES,

To access the data, click or select the words “Appendix 4.”  
(a) 2-undecenoic acid, (b) L-homocysteine, (c) 5-OH-L-
tryptophan, (d) decanoyl-L-carnitine, (e) dehydroascorbic 
acid, (f) homovanillic acid, (g) β-glucose, and (h)19-(R)-
hydroxyPGF1α, from aqueous humor (upper) with commer-
cial available authentic standards (lower).

APPENDIX 5. PATHWAY ANALYZED BY 
METSCAPE.

To access the data, click or select the words “Appendix 
5.”  Four pathway networks were identified. The metabo-
lites participates the pathways are (a) Tyrosine metabolism 
pathway, (b) pentose, galactose, glycolysis and gluconeo-
genesis metabolism pathway, (c) Glycine, serine, alanine, 
threonine, methionine, cysteine, selenoamino acid metabo-
lism pathway, and (d) pyrimidine and glycosphingolipid 
biosynthesis pathway. – Big red hexagon with green outline 
indicates the identified input metabolites with significant 
level increased. Big red hexagon– small red hexagon with 
green outline indicates the identified input metabolites with 
significant level reduced.green rectangle – enzyme involved 
the reaction; diamond– associated reaction in the pathway; 
circle – gene involved in the reaction; – pink hexagon is 
associated metabolites deduced by Metacape during pathway 
exploration. The orange color text labeled in the reaction 
indicates a single direction reaction. The purple color text 
labeled in the reaction indicates a two ways reaction. Single 
arrow indicates single direction reaction. Double arrows at 
both ends indicate bidirectional reaction.
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