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ARTICLE INFO ABSTRACT

Keywords: Background: Diabetic retinopathy (DR) is the microvascular ocular complication of diabetes
Diabe"%c retinopathy mellitus (DM), which can lead to irreversible blindness and visual impairment if not properly
Tear biomarkers treated. Tears can be collected non-invasively, and the compositions of tears could be the po-
Metabolomics . . . . . L. .
Azelaic acid tential biomarkers for ocular diseases. Here we aimed to delineate the metabolomics signature in
Guanosine tears collected from Chinese type-2 DM patients with DR.

Methods: The metabolomics profiles of tear samples from 41 Chinese type-2 DM patients with DR
and 21 non-diabetic subjects were determined by the untargeted liquid chromatography-mass
spectrometry. The associated pathways of the differentially abundant metabolites were delin-
eated, and the receiver operating characteristic curve analysis was conducted to identify the
metabolites differentiating non-proliferative DR (NPDR) from proliferative DR (PDR).

Results: Total 14 differentially abundant metabolites were identified between total DR and non-
diabetic subjects, and 17 differentially abundant metabolites were found between the NPDR
and PDR subjects. Moreover, total 18 differentially abundant metabolites were identified between
the NPDR and PDR subjects with stratification in DR duration and blood glucose level. p-Gluta-
mine and p-glutamate metabolism was significantly highlighted in the PDR group as compared to
the non-diabetic group. For the predictive performance, azelaic acid combined with guanosine
achieved the area under receiver operating characteristic curve of 0.855 in the comparison be-
tween NPDR and PDR groups.

Conclusion: This study revealed the metabolomics changes in tear samples of DR patients. The
metabolites in tears could be the potential biomarkers in the DR analysis.

Abbreviations: ANOVA, analysis of variance; AUC, area under receiver operating characteristic curve; Da, daltons; DEET, N,N-diethyl-meta-
toluamide; DM, diabetes mellitus; DR, diabetic retinopathy; FDR, false discovery rate; FFA, fundus fluorescein angiography; Hb, hemoglobin; LC,
liquid chromatography; MS, mass spectrometry; NPDR, non-proliferativediabetic retinopathy; OCT, optical coherence tomography; PDR, prolifer-
ative diabetic retinopathy; ROC, receiver operating characteristic; SD, standard deviation.
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1. Introduction

Diabetic retinopathy (DR) is the microvascular ocular complication of diabetes mellitus (DM) and the leading cause of irreversible
blindness and visual impairment among the working-age individuals [1-3]. The global prevalence of overall DR is 34.6% [4]. In China,
a meta-analysis reported the prevalence of 1.14% for overall DR, 0.90% for non-proliferative DR (NPDR), and 0.07% for proliferative
DR (PDR) [5]. The Wisconsin Epidemiologic Study of Diabetic Retinopathy showed that 75% individuals developed DR at 10 years
after the initial diagnosis of diabetes, and approximately two-thirds developed more severe stages [6]. The advanced stage of DR, the
PDR with the features of neovascularization and vitreous/pre-retinal hemorrhage, is the most vision-threatening form of the disease
[7]. Poor glycemic control and hypertension are considered as the major risk factors for DR [8,9]. Yet, some DM patients would still
develop DR even under tight glycemic and blood pressure control. Accurate diagnosis of neovascular form of DR is mainly relied on
fundus fluorescein angiography (FFA) and optical coherence tomography (OCT) examinations upon the clinical presentations. Early
identification of DR and its advanced forms, prior to the clinical presentation, could facilitate early treatment to prevent further retinal
and microvasculature damage and the progression to PDR and severe visual impairment [10].

The metabolites are the intermediate or end products generated during metabolism, catalyzed by various enzymes that naturally
occur within the cells [11]. Metabolomics aims to identify the levels of all metabolites with molecular mass <1500 Da (Da) present in
the tissue, cellular or fluid samples [12,13]. A metabolomics study on vitreous samples identified the altered glucose metabolism,
purine metabolism, and activation of the pentose phosphate pathway in the PDR subjects, as compared to the patients with rheg-
matogenous retinal detachment [14]. Moreover, a metabolomics study on serum samples reported 62 differentially abundant me-
tabolites between the non-diabetic and DR subjects, 53 between the non-diabetic and NPDR subjects, and 30 between the NPDR and
PDR patients [15]. Similarly, 22 differentially abundant plasma metabolites were found to be associated with the occurrence of DR,
which pseudouridine, glutamate, leucylleucine, and N-acetyltryptophan are specifically identified in the PDR patients [16]. Moreover,
8 differentially abundant metabolites from aqueous humor and 15 from vitreous humor were identified between the DR patients and
non-diabetic individuals with highlighting the abnormal gluconeogenesis, ascorbate-aldarate and arginine-proline metabolism, and
valine-leucine-isoleucine biosynthesis involved in the development of DR [17]. Although vitreous humor should better reflect the
metabolism in the retina of the DR patients, it is invasive to collect the intra-ocular fluids. Instead, the collection of tears, as a
non-invasive method, offers an alternative strategy for ocular disease biomarker identification [18-20]. Herein, we aimed to delineate
the metabolomics profiles in the tear samples of Chinese type-2 DM patients with NPDR and PDR, and compared to that of the
non-diabetic subjects. In addition, the predictive performances of the differentially abundant metabolites between NPDR and PDR
groups were also evaluated.

2. Materials and methods
2.1. Study subjects

Total 62 study subjects were enrolled at Joint Shantou International Eye Center of Shantou University and the Chinese University of
Hong Kong from June to September 2021, including 21 non-diabetic subjects, 21 type-2 DM patients with NPDR, and 20 type-2 DM
patients with PDR. All study subjects received routine ophthalmic examinations, including visual acuity, intraocular pressure, slit-lamp
examination, and indirect ophthalmoscopy. All PDR subjects and the NPDR subjects at the moderate and severe stages were further
arranged to receive the FFA examination, which was confirmed by the retinal specialists (G.Z. and Z.W.) according to the severity scale
in the Diabetic Retinopathy Preferred Practice Pattern in 2019 [21]. For the NPDR subjects at the mild stage, if the subjects did not
show allergic response to fluorescein sodium, the subjects were also recommended to receive the FFA examination based on their
preferences. The inclusion criteria for the PDR subjects was based on the fundus signs with the presence of neovascularization and the
vitreous/pre-retinal hemorrhage, whereas that for the NPDR subjects was based on the fundus signs that: (1) mild NPDR: micro-
aneurysms only; (2) moderate NPDR: more than just microaneurysms but less than severe NPDR; or (3) severe NPDR (any of the
following and no signs of proliferative retinopathy): more than 20 intra-retinal hemorrhages in each of the 4 quadrants; definite venous
beading in 2 quadrants; prominent intra-retinal microvascular abnormalities in 1 quadrant. The non-diabetic subjects were recruited
from the senile cataract patients without previous medical history of DM and hypertension. The exclusion criteria included: (1) the
subjects with a history of ocular surface diseases, such as conjunctivitis and meibomian gland dysfunction, or other fundus diseases,
such as age-related macular degeneration; (2) the subjects with a history of system diseases, such as infections, cancers or immune
disorders; (3) the subjects with a history of eye surgery; or (4) the subjects unable to cooperate with the tear collection. This study was
approved by the Ethics Committee for Human Medical Research at the Joint Shantou International Eye Center of Shantou University
and the Chinese University of Hong Kong (approval number: EC20200609 (6)-P24), which is in accordance with the tenets of the
Declaration of Helsinki. Written informed consents were obtained from all study subjects after explanation of the nature and possible
consequences of the study.

2.2. Tear sample collection and pre-analytical procedures

All tear samples were collected with the Schirmer strips [22,23]. Briefly, the strips were placed at the conjunctival sac of the study
subjects for 10 min and gently removed by a sterile forceps. To avoid tear evaporation, the strips were placed into a 2-mL tube and
immediately stored at —80 °C before further processing. One strip was applied for each of the two eyes for each study subject, and the
two strips from the two eyes for each subject were pooled together as one sample for the metabolomics profiling. Placing the Schirmer
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strip on the conjunctiva could be irritable so that repeated collection for the same eye is not recommended. To minimize the inter-eye
effect, only the subjects with bilaterally affected and with the same DR stage and similar disease duration were included in this study.

Before the metabolomics profiling, the tear samples were processed as follows: (1) The samples were unfrozen on ice; (2) 80%
methanol was added directly to the sample, and the sample was grinded at 65 Hz for 90 s. Vortex oscillation was used to fully mix the
samples, and ultrasound was applied at 4 °C for 30 min; (3) The samples were placed at —20 °C for 1 h and centrifuged at 12,000 rpm
for 15 min at 4 °C; (4) The supernatant (200 pL) was removed, and 5 pL of internal standard (1 mg/mL dichlorophenylalanine) was
added to the chromatographic bottle.

2.3. Metabolomics profiling and analytical procedures

The metabolites in the tear samples were determined by the untargeted liquid chromatography (LC)/MS (LC/MS) platforms
(Waters, UPLC; Thermo, Q Exactive). All tear samples were assessed in the same single-run experiment. The conditions of the LC/MS
experiment were shown as follows: the separation of all samples was performed on an ACQUITY UPLC HSS T3 column (2.1 x 100 mm,
1.8 pm) with the temperature sustained at 40 °C. The flow rate was 0.3 mL/min, and the mobile phase was consisted of water +0.05%
formic acid (A) and acetonitrile (B). The sample injection volume was 4 pL. The mass spectrometer was operated in both positive and
negative ion modes. For the positive mode, the conditions were set as: heater temperature = 300 °C; sheath gas flow rate = 45 arb;
auxiliary gas flow rate = 15 arb; sweep gas flow rate = 1 arb; spray voltage = 3.0 kV; capillary temperature = 350 °C; S-Lens RF level =
30%. For the negative mode, the conditions were set as: heater temperature = 300 °C, sheath gas flow rate = 45 arb; auxiliary gas flow
rate = 15 arb; sweep gas flow rate = 1 arb; spray voltage = 3.2 kV; capillary temperature = 350 °C; S-Lens RF level = 60%.

The original file was obtained from the mass spectrometry detection for spectral processing, and a database search was performed
to obtain the qualitative and quantitative results of metabolites. The data quality control was carried out to ensure the accuracy and
reliability of the data. Partial least square discriminant analysis (OPLS-DA) was conducted to identify the differentially abundant
metabolites among different groups based on the criteria of VIP (variable importance in the projection) > 1 and P < 0.05. Permutation
test was conducted for further validation of the model. Commercially available databases, including KEGG (http://www.genome.jp/
kegg/) and MetaboAnalyst (http://www.metaboanalyst.ca/), were utilized to search for the pathways of the differentially abundant
metabolites.

2.4. Statistical analysis

The continuous variables were presented as mean =+ standard deviation (SD) and compared using the independent T-test or one-
way analysis of variance (ANOVA) with false discovery rate (FDR) correction. The categorical data was evaluated by the y? test.
Receiver operating characteristic (ROC) analysis was used to estimate the sensitivity and specificity of the predictive performance of
the metabolites for PDR. All statistical analyses were conducted using the commercially available software (IBM SPSS Statistics 22;
SPSS Inc., Chicago, IL). Statistical significance was considered as P < 0.05.

3. Results
3.1. Demographics of the study subjects

The mean age of the PDR subjects (57.60 + 8.56 years) was significantly lower than that of the non-diabetic (67.95 + 7.49 years, P
< 0.001) and NPDR subjects (64.76 + 6.10 years, P = 0.003; Table 1). Moreover, there were more male subjects in the non-diabetic

group (57.1%) than the PDR group (25%, P = 0.037). The blood glucose levels of NPDR (8.74 + 2.57 mM, P = 0.001) and PDR patients
(9.50 + 3.21 mM, P < 0.001) were significantly higher than the non-diabetic subjects (6.10 + 0.61 mM). Additionally, the levels of

Table 1

Demographics and clinical measurements of the study subjects.
Characteristics Control (n = 21) NPDR (n = 21) P (NPDR vs Control) PDR (n = 20) P (PDR vs Control) P (PDR vs NPDR)
Age (years; £SD) 67.95 + 7.49 64.76 £ 6.10 0.169 57.60 + 8.56 <0.001 0.003
Gender (female; %) 9 (42.86) 11 (52.38) 0.537* 15 (75.00) 0.037* 0.133*
DM Duration (years; £SD) N/A 7.24 + 4.56 / 8.40 + 3.86 / 0.385
DR Duration (years; £SD) N/A 1.11 £ 0.93 / 1.37 +£1.25 / 0.462
Fasting blood glucose (mM) 6.10 £ 0.61 8.74 £ 2.57 0.001 9.50 £ 3.21 <0.001 0.313
HbAlc (%) N/A 8.13 +£ 1.64 / 8.60 £+ 1.60 / 0.410
Froctosamine (mM) 0.27 £ 0.03 0.30 + 0.04 0.009 0.31 £ 0.05 0.005 0.865
Triglycerides (mM) 2.08 £ 2.19 1.59 £ 0.76 0.689 3.09 £ 6.16 0.396 0.223
Total cholesterol (mM) 5.56 + 1.04 5.36 £ 0.96 0.683 6.21 £+ 2.25 0.183 0.091
HDL (mM) 1.47 + 0.38 1.53 +£ 0.43 0.586 1.30 + 0.25 0.150 0.054
LDL (mM) 3.36 £ 0.90 3.22 £ 0.95 0.700 3.70+£1.41 0.321 0.180
Urea (mM) 6.03 £ 1.80 7.40 £+ 3.44 0.421 10.27 £+ 8.75 0.016 0.098
Creatinine (mM) 77.11 £ 15.18 129.86 + 175.98 0.174 125.95 + 118.13 0.214 0.919

*X2 test; DM: diabetes mellitus; DR: diabetic retinopathy; HbA;¢: hemoglobin A;¢; HDL: high density lipoprotein-cholesterol; LDL: low density li-
poprotein-cholesterol.
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fructosamine among the NPDR (0.30 + 0.04 mM, P = 0.009) and PDR patients (0.31 + 0.05 mM, P = 0.005) were also significantly
higher than that in the non-diabetic subjects (0.27 + 0.03 mM). Yet, there were no significant differences in blood glucose, froctos-
amine, and hemoglobin A;¢ (HbA;¢) levels as well as the DM and DR durations between the NPDR and PDR patients. Furthermore, the
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Fig. 1. Heatmap of tear metabolites among the three study groups. Tear samples were collected from total 62 study subjects, including 21 non-
proliferative DR (NPDR), 20 proliferative DR (PDR), and 21 non-diabetic control subjects. Hierarchical clustering of the identified metabolites
from the tear samples among the PDR, NPDR and control groups. Red: upregulation; Blue: downregulation. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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urea level of the PDR patients (10.27 + 8.75 mM) was significantly higher than that of the non-diabetic subjects (6.03 + 1.80 mM, P =
0.016). Other clinical parameters showed no statistically significant differences among the three study groups.

3.2. Metabolomics profiling of tear samples in non-proliferative and proliferative diabetic retinopathy patients

Total 3213 peaks were detected by LC-MS from all 62 tear samples. The score plots from the OPLS-DA models demonstrated cu-
mulative R%Y of 0.755 and Q2 of 0.428 for the comparison between total DR (NPDR + PDR) and the non-diabetic groups (Supple-
mentary Fig. 1A), cumulative R%Y of 0.861 and Q2 of 0.391 for the comparison between the NPDR and non-diabetic groups
(Supplementary Fig. 1B), cumulative R?Y of 0.877 and Q? of 0.704 for the comparison between PDR and the non-diabetic groups
(Supplementary Fig. 1C), and cumulative R%Y of 0.625 and Q? of 0.305 for the comparison between the NPDR and PDR groups
(Supplementary Fig. 1D). Permutation test plots repeated 200 iterations of the OPLS-DA, indicating the robustness of the models and
showing a low risk of over fitting and reliable (Supplementary Fig. 2). The heat map showed clear separations of the identified me-
tabolites among the PDR, NPDR, and non-diabetic groups (Fig. 1).

The LC/MS platform detected 196 metabolites in the tear samples by the secondary mass spectrometry qualitative matching
analysis (Supplementary Table 1). Upon data analysis, the volcano plot showed 14 significant differentially abundant metabolites
between total DR (NPDR + PDR) and the non-diabetic groups, including 6 upregulated and 8 downregulated metabolites in the total
DR group (Fig. 2A). 3-Indoxyl sulphate was the most upregulated metabolite (2.37 folds, P.,r = 0.002) in total DR group, whereas
phenol was the most downregulated metabolite (—1.29 folds, P, = 0.040; Table 2). For the DR sub-group analysis, 9 metabolites
showed significant differences between the NPDR and non-diabetic groups, including 1 upregulated and 8 downregulated metabolites
in the NPDR group (Fig. 2B). Phenol was the only upregulated metabolite (1.40 folds, P+ = 0.023) in the NPDR group, whereas
benzoic acid was the most downregulated metabolite (—1.41 folds, P, = 0.028; Supplementary Table 2). For the PDR, 21 metabolites
showed significant differences as compared to the non-diabetic group, including 8 upregulated and 13 downregulated metabolites in
the PDR group (Fig. 2C). N-phenylacetylglutamine was the most upregulated metabolite (2.98 folds, P.orr = 0.039) in the PDR group,
whereas (+)9 (10)-DiHOME was the most downregulated metabolite (—1.50 folds, P < 0.001; Supplementary Table 3). To compare

Al . | B[T - | |C

0g10(9)

1g2(FC) 1og2(7)

D : E

1og2(FC)

0g100)

0g2(6) 1og2(FC)

10910()

0g2(F) o02(7)

Fig. 2. Volcano plots of tear metabolite expression in patients with diabetic retinopathy. Metabolomics profiling of tear samples between (A) Total
diabetic retinopathy (DR) (non-proliferative DR (NPDR) + proliferative DR (PDR)) versus control; (B) NPDR versus control; (C) PDR versus control;
(D) PDR versus NPDR; (E) NPDR (duration >1 year) versus NPDR (duration <1 year); (F) PDR (duration >1 year) versus PDR (duration <1 year);
(G) PDR (blood glucose level >9.0 mM) versus PDR (blood glucose level <9.0 mM). Red dot: significant upregulation; Blue dot: significant
downregulation; Grey dot: no significant change. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Table 2

Differentially expressed metabolites in the tear samples of total diabetic retinopathy subjects compared to the control subjects.
Metabolites VIP Peorr Fold Change Type
3-Indoxyl sulphate 1.009 0.002 2.366 Up
2-Amino-1,3,4-octadecanetriol 1.855 0.003 1.880 Up
Hexadecanamide 1.370 0.007 1.496 Up
6-Pentyl-2H-pyran-2-one 1.382 0.036 1.302 Up
Dihydrosphingosine 1.125 0.031 1.290 Up
Andrastin D 1.639 0.024 1.263 Up
Phenol 1.673 0.040 1.287 Down
(+)9 (10)-DiHOME 1.989 0.033 1.272 Down
Testosterone 1.868 0.004 1.215 Down
DEET 2.179 0.007 1.181 Down
N-(n-octyl)-2-pyrrolidinone 1.327 0.019 1.117 Down
Indole 1.380 0.035 1.111 Down
Triptophenolide 1.229 0.037 1.103 Down
2-(Methylthio)benzothiazole 1.316 0.049 1.096 Down

Total diabetic retinopathy = non-proliferative diabetic retinopathy + proliferative diabetic retinopathy. DEET: N,N-diethyl-meta-toluamide; VIP:
variable importance in the projection.

the metabolomics profile of PDR with that of NPDR, 17 metabolites showed significant differences in the PDR group as compared to the
NPDR group, including 6 upregulated and 11 downregulated metabolites in the PDR group (Fig. 2D). Guanosine was the most
upregulated metabolite (1.72 folds, P.or = 0.019) in the PDR group, whereas N,N-diethyl-4-methoxybenzamide was the most
downregulated metabolite (—1.73 folds, Pcor = 0.031; Table 3).

To better characterize the metabolic features with different DR-associated factors, the NPDR and PDR subjects were further divided
into subgroups according to the DR duration (more than or below 1 year) and blood glucose level (more than or below 9.0 mM). The
volcano plot showed 3 significantly downregulated metabolites in the NPDR subjects with DR duration >1 year as compared to those
<1 year (Fig. 2E). 3-Ureidopropionic acid was the most downregulated metabolite (—2.22 folds, P.,+ = 0.030) in the NPDR subjects
with DR duration >1 year (Supplementary Table 4). For the PDR subjects, 9 metabolites showed significant differences in the PDR
subjects with DR duration >1 year as compared to those <1 year, including 5 upregulated and 4 downregulated metabolites in the PDR
subjects with DR duration >1 year (Fig. 2F). Hexadecanamide was the most upregulated metabolite (6.01 folds, Py = 0.023), whereas
N-acetylneuraminic acid was the most downregulated metabolite (—1.58 folds, P., = 0.036; Supplementary Table 5). For the
stratification with the blood glucose level, 6 metabolites showed significant differences in the PDR subjects with blood glucose level
>9 mM as compared to those <9 mM, including 3 upregulated and 3 downregulated metabolites in the PDR subjects with blood
glucose level >9 mM (Fig. 2G). All trans retinal was the most upregulated metabolite (1.77 folds, P.orr = 0.009), whereas skatole was
the most downregulated metabolite (—3.18 folds, P.or = 0.019; Supplementary Table 6). Yet, no differentially expressed metabolite
was identified in the NPDR subjects with blood glucose level >9.0 mM as compared to those with blood glucose level <9.0 mM.

3.3. Pathway analysis on the differentially abundant metabolites

To delineate the potential biological functions of the differentially abundant metabolites, the pathway analysis was conducted.

Table 3
Differentially expressed metabolites in the tear samples of proliferative diabetic retinopathy subjects compared to the non-proliferative diabetic
retinopathy subjects.

Metabolites VIP Peor Fold Change Type
Guanosine 2.395 0.019 1.724 Up
Uric acid 2.360 0.020 1.536 Up
D-(+)-malic acid 1.264 0.041 1.527 Up
Pimelic acid 1.990 0.014 1.399 Up
Azelaic acid 2.041 0.008 1.346 Up
2-Hydroxybenzothiazole 1.002 0.024 1.209 Up

N, N-Diethyl-4-methoxybenzamide 1.873 0.031 1.732 Down
Homovanillic acid 1.246 0.015 1.632 Down
Phenol 1.653 0.009 1.467 Down
Pipecolic acid 1.929 0.046 1.209 Down
Guvacoline 2.244 0.041 1.207 Down
Spironolactone 1.827 0.044 1.416 Down
N,N-Diethyl-3-methoxybenzamide 1.807 0.029 1.411 Down
Diazepam 2.126 0.009 1.350 Down
Prostaglandin F2« 1-11-lactone 1.339 0.044 1.248 Down
2-Methoxyestrone 2.201 0.014 1.176 Down
Tretinoin 1.447 0.015 1.127 Down

VIP: variable importance in the projection.
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There was no significant pathway identified in the comparison of total DR or NPDR with the non-diabetic groups as well as PDR with
NPDR groups (Supplementary Table 7). Instead, p-glutamine and p-glutamate metabolism was significantly highlighted in the com-
parison between the PDR and non-diabetic groups (impact: 0.000, P = 0.046; Fig. 3A). Moreover, pantothenate and CoA biosynthesis
(impact: 0.029, P = 0.024), p-alanine metabolism (impact: 0.104, P = 0.027), arginine and proline metabolism (impact: 0.078, P =
0.048), and pyrimidine metabolism (impact: 0.013, P = 0.050) were significantly highlighted in the NPDR subjects with DR duration
>1 year as compared to those <1 year (Fig. 3B). Additionally, phenylalanine metabolism was significantly highlighted in the PDR
subjects with blood glucose level >9 mM as compared to those <9 mM (impact: 0.143, P = 0.019; Fig. 3C).

3.4. Predictive performance of the metabolites for PDR

To further evaluate the 17 differentially abundant metabolites for potential discrimination of PDR from NPDR, the ROC analysis
was conducted (Supplementary Table 8). For the comparison between the NPDR and PDR groups, azelaic acid achieved an area under
ROC curve (AUC) of 0.802 (95% C.I.: 0.639-0.925; Fig. 4A), uric acid achieved an AUC of 0.740 (95% C.I.: 0.583-0.886; Fig. 4B), and
guanosine achieved an AUC of 0.738 (95% C.I.: 0.578-0.864; Fig. 4C). For the combination analysis, azelaic acid combined with uric
acid achieved an AUC of 0.845 (95% C.L.: 0.687-0.964; Fig. 4D), whereas azelaic acid combined with guanosine achieved an AUC of
0.855 (95% C.I.: 0.665-0.987; Fig. 4E). Yet, combination of azelaic acid, uric acid, and guanosine did not further enhance the AUC
(0.829, 95% C.I.: 0.660-0.964; Fig. 4F).

4. Discussion

Results from this study showed that: (1) 14 metabolites in tears showed significantly differential expression between total DR and
the non-diabetic groups; (2) 17 metabolites showed significantly differential expression between the NPDR and PDR groups; (3) p-
glutamine and p-glutamate metabolism was significantly highlighted in the PDR group as compared to the non-diabetic group; (4)
azelaic acid combined with guanosine achieved the AUC of 0.855 in the comparison between the NPDR and PDR groups. Collectively,
our results demonstrate the metabolomics profiling and potential biomarkers in the tear samples of the NPDR and PDR subjects.

4.1. Metabolism between DM and non-DM patients

In this study, total 44 differentially abundant metabolites were identified in total DR, NPDR, and PDR groups as compared to the
non-diabetic subjects (Fig. 2, Table 2 and Supplementary Tables 2 and 3). With the matching analysis, phenol, DEET (N,N-diethyl-
meta-toluamide), and testosterone were found to be the commonly downregulated metabolites among the 3 comparisons. Although
there is no report on the relationship between phenol and DEET with DR, the lower level of testosterone has been frequently reported
with type-2 DM [24]. Moreover, we found that the levels of uric acid and phenylacetylglutamine were elevated in the PDR subjects,
whereas the levels of pyroglutamic acid and pipecolic acid were decreased (Fig. 2C and Supplementary Table 3). A systematic review
and meta-analysis reported that uric acid levels are higher in the DR patients as compared to the controls [25]. Similarly, the con-
centrations of serum uric acid are associated with the severity of DR in the individuals with type-2 DM [26]. These metabolites could
reflect the common dysregulation of the corresponding metabolic pathways in different biofluids of the DR patients.

For the pathway analysis, p-glutamine and p-glutamate metabolism was highlighted in the comparison between the PDR and non-
diabetic groups (Fig. 3A and Supplementary Table 7), with 2-oxoglutarate (also known as a-ketoglutarate) significantly upregulated in
the PDR subjects (Supplementary Table 3). a-Ketoglutarate is a metabolite of glutaminolysis, which plays a critical role in cell growth
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with uric acid; (E) Azelaic acid combined with guanosine; (F) Combination of azelaic acid, uric acid, and guanosine. X-axis: the false positive rate; Y-
axis: the true positive rate.

and proliferation, skeletal development, immune system homeostasis, and cancer metabolism [27,28]. Genome-wide association
studies have identified the a-ketoglutarate-dependent dioxygenase (FTO) gene variants as an important genetic determinant for DM
[29]. In contrast, a metabolomics study reported an intracellular reduction of a-ketoglutarate synthesis in diabetic human cardiac
mesenchymal cells and in the whole heart of high-fat diet-fed mice [30].

4.2. Metabolism between NPDR and PDR patients

This study, for the first time, demonstrated the association of azelaic acid with DR (Table 3). We also showed that azelaic acid alone
or combined with guanosine showed a considerable AUC in the comparison of NPDR with PDR that their levels are higher in PDR
subjects than the NPDR subjects (Fig. 4E), indicating that they could be the potential biomarkers in tears for PDR analysis. Azelaic acid
has been reported to be one of the differentially abundant metabolites between diabetic nephropathy with macroalbuminuria and
diabetic patients without albuminuria [31]. The level of azelaic acid is highly correlated with the carotid intima-media thickness [32],
which shows thicker in the patients with DR [33]. Yet, azelaic acid treatment could restore the levels of plasma glucose, insulin, HbA; ¢,
blood hemoglobin, liver glycogen, and carbohydrate metabolic key enzymes to nearly normal level in diabetic mice [34]. How azelaic
acid is involved in the development of PDR requires further investigations.

For the pathway analysis, arginine-proline metabolism, f-alanine metabolism, and pyrimidine metabolism were highlighted among
the NPDR subjects with different DR durations (Fig. 3B), with p-proline as the matched metabolite for the arginine-proline metabolism
and 3-ureidopropionate as the matched metabolite for the f-alanine metabolism and pyrimidine metabolism (Supplementary Table 7).
Free p-proline has been found in human plasma and saliva [35]. p-proline has been found to be significantly decreased in the rats with
diabetic neuropathic pain [36]. In contrast, the patients with mild-cognitive-impairment show higher p-proline proportion in the blood
than the healthy control subjects [37]. 3-Ureidopropionate, a physiological metabolite in pyrimidine degradation, could act as
endogenous neurotoxin via inhibiting the mitochondrial energy metabolism [38]. Plasma 3-ureidopropionate level was found to be
increased in the subjects with high liver and kidney disease severity [39]. Moreover, higher 3-ureidopropionate level was also
identified in the serum of coronary heart disease patients treated with a classical traditional Chinese medication (Taohong Siwu
Decoction) [40]. Yet, 3-ureidopropionate has not been reported to be associated with DM or DR.

4.3. Comparisons of metabolome with other matrices

Compared to previous metabolomics studies on the vitreous, serum, and plasma samples [17,41-43], differential expressions in
pyroglutamic acid, uric acid, pipecolic acid, and phenylacetylglutamine were observed in our tear samples in this study. Increased
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expression of N-phenylacetylglutamine has been reported in the vitreous and plasma samples of the DR patients as compared to the
non-diabetic subjects, while the expression of pipecolic acid was decreased [43]. Moreover, the a-ketoglutarate-dependent dioxyge-
nase has been shown to be upregulated in the vitreous humor of DR patients [44].

4.4. Limitations

There were several limitations in this study. First, the non-diabetic subjects were adopted in this study. The DM patients without DR
should better be the control subjects in order to understand the metabolic changes from DM to DR. Second, the metabolomics profiling
was not stratified with age and sex due to small number of recruited study subjects. Larger sample size is needed to delineate the
metabolic profiles in the patients with age and sex stratifications. Third, the DR patients were under medication for DM, which could
influence the metabolite levels in the body. Besides, we did not evaluate the microbiomes on the ocular surface of the study subjects,
which could also contribute to the metabolite changes in tear samples [45]. For the collection of the tear samples, microcapillary tube
might be superior to the Schirmer strip with fewer variability for metabolites detection, whereas, for the extraction from the tear
samples, methanol could yield more variability than 1:1 methanol/water [46]. Furthermore, this study was based on the non-targeted
metabolomics analysis. Further analyses are needed to determine specific classes of metabolites using the targeted metabolomics.

5. Conclusion

This study revealed the metabolomics profiles of tear samples in Chinese type-2 DM patients with NPDR and PDR. Azelaic acid and
guanosine could be the potential biomarkers in tears to distinguish PDR from NPDR in the DR assessment.
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