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A B S T R A C T   

Primary Open-Angle Glaucoma (POAG) is the most prevalent glaucoma type, and the leading cause of irre
versible visual impairment and blindness worldwide. Identification of early POAG biomarkers is of enormous 
value, as there is not an effective treatment for the glaucomatous optic nerve degeneration (OND). In this pilot 
study, a metabolomic analysis, by using proton (1H) nuclear magnetic resonance (NMR) spectroscopy was 
conducted in tears, in order to determine the changes of specific metabolites in the initial glaucoma eyes and to 
discover potential diagnostic biomarkers. A classification model, based on the metabolomic fingerprint in tears 
was generated as a non-invasive tool to support the preclinical and clinical POAG diagnosis. 1H NMR spectra 
were acquired from 30 tear samples corresponding to the POAG group (n = 11) and the control group (n = 19). 
Data were analysed by multivariate statistics (partial least squares-discriminant analysis: PLS-DA) to determine a 
model capable of differentiating between groups. The whole data set was split into calibration (65%)/validation 
(35%), to test the performance and the ability for glaucoma discrimination. The calculated PLS-DA model 
showed an area under the curve (AUC) of 1, as well as a sensitivity of 100% and a specificity of 83.3% to 
distinguish POAG group versus control group tear data. This model included 11 metabolites, potential bio
markers of the disease. When comparing the study groups, a decrease in the tear concentration of phenylalanine, 
phenylacetate, leucine, n-acetylated compounds, formic acid, and uridine, was found in the POAG group. 
Moreover, an increase in the tear concentration of taurine, glycine, urea, glucose, and unsaturated fatty acids was 
observed in the POAG group. These results highlight the potential of tear metabolomics by 1H NMR spectroscopy 
as a non-invasive approach to support early POAG diagnosis and in order to prevent visual loss.   

1. Introduction 

Glaucoma is the second leading cause of blindness worldwide after 
cataracts, with the differential characteristic of becoming irreversible 
due to the progressive damage to the retinal ganglion cells (RGCs) and 
optic nerve fibres (ONFs). This injury leads to optic atrophy, peripheral 
vision decline, and loss of vision-related quality-of-life, also constituting 

an important matter of global socio-economic burden [1,2]. Glaucoma 
affects more than 70 million people worldwide and it is estimated that 
111.8 million by 2040 will develop the disease [3,4]. 

The most common glaucoma type is primary open angle glaucoma 
(POAG), which is characterized by mechanical insult due to the elevated 
intraocular pressure (IOP), morphological alteration of the optic nerve 
head, and functional landmarks, as the progressive visual field loss, 
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constituting a neurodegenerative process, globally known as the glau
comatous OND [2,5]. Unfortunately, POAG is asymptomatic in the early 
stages. The only therapeutic action is the prompt initiation of elevated 
IOP treatment, and no neuroprotective treatments are currently avail
able in clinical practice [5]. However, the medical-laser-surgical hypo
tensive glaucoma therapy does not prevent disease progression or visual 
impairment [6]. In spite of the advances in epidemiological and exper
imental studies, more research is needed on the molecular mechanisms 
responsible for the glaucoma development and progression [7]. Reliable 
biomarkers for early glaucoma diagnosis are yet to be discovered [8]. 

A singular set of metabolites, named metabolome, is the result of the 
combination of genetic and environmental factors, among others, that is 
found in a biological sample. Genomics, transcriptomics, proteomics and 
metabolomics constitute the biological omics cascade [9,10]. The 
metabolome gives information more directly related to the phenotype 
than any other omics science [9,10]. Mainly, two sophisticated tech
niques, mass spectrometry (MS) [11,12], and nuclear magnetic reso
nance (NMR) spectroscopy [12,13], lead the determination of 
metabolomic profiles. NMR spectroscopy is a robust and reproducible 
method that allows to determine the metabolic composition of biofluids 
(blood derivatives, cerebrospinal, urine, tears, saliva, sweat, synovial, 
etc.) usually through very simple preparation procedures and using 
small amount of sample, being these two features the most relevant in 
the clinical context [14,15]. Both techniques need computationally 
intensive statistical tools to refine interpretation [11–15]. 

When POAG diagnosis and prognosis is approached, a key issue to 
address is the selection of a suitable biologic sample to provide infor
mation on the pathology [16–18]. Most studies agree in the use of blood 
for biomedical glaucoma research, but also aqueous humor, vitreous 
body, and tear samples have been used, as recently reviewed by Tezel 
[19]. Our research group has conducted extensive research on the 
pathophysiology of ocular diseases, mainly ocular surface disorders, 
glaucoma, and diabetic retinopathy, by using tear samples [20–24]. 
Another key point in glaucoma research is to select the most suitable 
participants for the study, according to an accurate diagnosis, and to 
make an appropriate classification of the disease stage [2,5,7,8]. 

Some metabolites and metabolic pathways associated to pathological 
processes have been reported to be altered in glaucoma, mainly 
regarding carbohydrates [25], amino acids [25,26], and fatty acids [27], 
along with inflammation and neurodegeneration pathways. However, it 
has not yet been possible to identify a panel of reliable biomarkers that 
can be obtained non-invasively for translation as a diagnostic and 
prognostic tool to the clinical practice. 

Aimed for this context, in this work we intended to develop a non- 
invasive method to support the diagnosis and prognosis of POAG pa
tients at the initial stage of the disease, based on the tear metabolomic 

fingerprinting obtained by 1H NMR spectroscopy. The secondary 
objective is to search for potential biomarkers of the disease, to help 
increase knowledge about the molecular processes underlying the clin
ically asymptomatic initial steps of the glaucomatous OND. 

2. Materials and methods 

2.1. Focused topic and study characteristics 

There is no cure for glaucoma. There is growing interest in identi
fying and validating clinical, imaging, biochemical, and molecular- 
genetic biomarkers that may help early detection of POAG. To prog
ress in knowledge on the clinical and molecular basis of POAG, a 
collaborative multicenter analytical case-control pilot study was plan
ned for 50 male and female participants aged 40–80. This work was 
conducted in accordance with the tenets of the Declaration of Helsinki 
(Edimburgh 2000), reviewed and approved by the Institutional Boards 
(code: 131/18; code P14_23_01_19). All clinical requirements to main
tain the data privacy from the study participants were specifically met. 
All volunteers were informed and signed the consent to participate. 

2.2. Eligibility requirements for the study participants 

Ophthalmic specialists caring for glaucoma patients carried out a 
pre-selection by personal interview, according to the inclusion/exclu
sion criteria listed in Table 1. Socio-demographics, personal and family 
characteristics, lifestyle, and treatments were recorded in a Microsoft 
Excel spreadsheet, as DEMO. A systematized ocular examination was 
done in the potential participants that got an appointment for the eye 
clinic. Best-corrected visual acuity (BCVA) was obtained from each eye 
calculating the logarithm of the minimum angle of resolution (LogMAR). 
The IOP was measured by Goldman applanation tonometry (Haag-Streit 
AT 900; Haag-Streit Köniz, Switzerland). Morphological determination 
(indirect gonioscopy) through a slit-lamp (IMAGEnet, Topcon, Barce
lona, Spain) with the Goldmann 3-mirror lens was carried out to identify 
an open anterior chamber angle; ocular fundus exploration with a 78D 
lens was performed through a slit-lamp; examination by optical coher
ence tomography (OCT) (Cirrus spectral-domain OCT, Carl Zeiss Medi
tec, Inc., Madrid, Spain) of the anterior and posterior eye segments, and 
functional probes by means of the visual field (VF) performance, using 
the 24-2 Swedish interactive threshold algorithm (Humphrey field 
analyzer, Carl Zeiss Meditec, Inc., Madrid, Spain), were also carried out. 
For the evaluation of participants, standard definitions of IOP, central 
corneal thickness (CCT), cup-to-disc (C/D) ratio, retinal nerve fiber layer 
(RNFL) thickness, RGCs density and VF median deviation (MD) were 
applied. In this context, normal IOP was considered as <21 mmHg, and 
any IOP above this threshold was defined as ocular hypertension (OHT). 
The CCT was determined by OCT and the normal values were estimated 
at 533 μm. 

Participants were classified as POAG group if they met one of these 
criteria: 1) patients previously diagnosed and confirmed in the clinical 
history as initial glaucomatous OND, under hypotensive eye drop ther
apy (Latanoprost, Timolol, and/or Brinzolamide); 2) naïve POAG cases 
with corrected IOP/CCT higher than 21 mmHg, with an initial glau
comatous OND including specific optic nerve head alterations such as 
neuroretinal rim thinning, peripapillary nerve fiber loss, asymmetry of 
cupping between the patient eyes, and parapapillary atrophy, etc. 
Glaucoma damage was staged into the adequate category for better 
managing the disease. In this concern, automated VF is the hallmark for 
testing the visual function in glaucoma patients. We have used static 
automated perimetry (SAP) for the GPAA diagnosis by the Humphrey 
Swedish Interactive Thresholding Algorithm (SITA) 24-2 Fast, with 
fixation monitoring and gaze-tracking (Humphrey visual field analyzer; 
Carl Zeiss Meditec, Madrid, Spain). In this study population, glaucom
atous defects have been detected using the above techniques, with the 
reliability indices of the European Glaucoma Society (EGS), mean 

Table 1 
Inclusion and exclusion criteria for the study participants.  

POAG group control group 

INCLUSION 
Diagnosis of POAG Healthy non-glaucomatous individuals 
Aged >40 and < 80 years Aged <40 and <80 years 
Initial glaucoma stage – 
Precise data at the clinical records Precise data at the clinical records 
Psychic and physical status that permits 

the participation in the study 
Psychic and physical status that permits 
the participation in the study 

EXCLUSION 
Other Glaucoma type – 
Aged <40 and > 80 years Aged <40 and >80 years 
Other glaucoma stage – 
Other eye diseases or recent ophthalmic 

laser/surgery. 
Other eye diseases or recent ophthalmic 
laser/surgery 

Other systemic diseases/treatments/ 
surgery 

Other systemic diseases/treatments/ 
surgery 

Missing data or incomplete clinical 
history 

Missing data or incomplete clinical 
history 

No able to participate No able to participate  
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deviation (MD) and pattern standard deviation (PSD). The MD corre
sponds to the mean elevation or depression in the VF, as compared to the 
reference normal VF. According to the MD values, it was classified as 
mild, moderate, or severe VF damage (>6.00 dB, − 6.01 a 12.00 dB, and 
<12.01 dB, respectively) [28]. The PSD corresponds to the irregularity 
measurements, in each of 6 regions of the VF, by adding the absolute 
value of the difference between the threshold value for each point, and 
the average VF sensitivity at each point. Therefore, according to the 
Hodapp et al. [28], approach, minimum criteria for considering the 
initial glaucoma stage is: 1) a glaucoma hemifield test outside normal 
limits (in at least two VF); 2) a cluster of three or more non-edge points 
in a location typical for glaucoma, all of which are depressed on the 
pattern deviation plot at a p < 5% level, and one of which is depressed at 
a p < 1% level (on two consecutive VF); 3) a corrected pattern standard 
deviation that occurs in less than 5% of normal VF (on two consecutive 
VF performances). Within the VF indexes, it has to be contemplated that 
the MD is the average elevation/depression of visual sensitivity in the 
overall VF, compared with that of the normal age-corrected reference 
VF. Therefore, the classification of VF defects for early glaucoma in
cludes: 1) VF mean deviation less than − 6 dB; 2) Less than 25% of the 
points are depressed below the 5% level and less than 10 points are 
depressed below the 1% level on the pattern deviation plot; and 3) All 
point in the central 5◦ must have a sensitivity of at least 15 dB. 

Participants were classified as control group when the IOP was lower 
than 21 mm Hg with normal visual fields, optic disc, and RNFL in 

absence of other ocular or systemic disease (as in the inclusion/exclu
sion criteria). 

All data were recorded into a Microsoft Excel spreadsheet, as OPH
THAL, which was reviewed by the glaucoma specialist. At baseline, a 
total of 50 individuals were selected by a nonrandom consecutive 
sampling procedure, to better confirm the health and ocular condition of 
the suitable participants and were distributed into two groups: patients 
with POAG diagnosis (n = 23) and individuals without glaucoma, as a 
control group (n = 27). Final sample size of our pilot study participants 
was 30 (11 POAG patients and 19 control individuals). Changes in the 
potential number of participants were due to the volunteer decision, 
clinical issues, and/or sampling contingences. Recruitment character
istics and operative procedures are depicted in Figure S1. 

2.3. Sample collection 

Reflex tears were collected through capillarity by using a micro
hematocrit tube from each eye of the study participants, by a gentle 
rubbing of the inferior meniscus and external canthus of each eye, 
without instilling anaesthetics as described elsewhere [20–24]. A tear 
volume ranging from 6 to 25 μL was collected from each participant. 
Each sample was transferred into micro Eppendorf tubes, appropriately 
labelled and stored at − 80 ◦C until processing. A total of 30 samples 
were collected from POAG patients (n = 11), and the control group (n =
19), as previously described [20–24]. Fig. 1 shows the sampling tech
nique for collecting reflex tears from the study participants. 

2.4. Sample preparation for 1H NMR spectroscopy study 

Before sample preparation, tears were thawed. To prepare each 
sample, 20 μL of tear fluid were introduced in NMR tubes with a 
diameter of 1,7 mm. The remaining volume was completed up to 60 μl 
with phosphate buffer (which additionally contained deuterated water 
and the internal standard sodium 2,2-dimethyl-2-silapentane-5-sulpho
nate (DSS) 1 mM), following previously published procedures [29]. In 
three cases the volume of tear available was less than 20 μl (6, 15 and 16 
μL respectively). In those cases, extra quantity of phosphate buffer was 
added to complete the volume of 60 μL. Following the same procedure, 
three of the pharmacological active principles of the topical glaucoma 
therapy were considered for better classifying our participants, as those 
administered in monotherapeutic regimen or in association [Lumigan® 
(Bimatoprost), Azopt® (Brinzolamide) and Azarga® (Timolol/
Brinzolamide)] and were prepared for NMR spectroscopy acquisition, to 
rule out that any of the signals included in the analyses were directly 
produced by the presence of the drugs. 

2.5. NMR spectra acquisition and processing 

The samples underwent NMR spectroscopy study (Príncipe Felipe 
Research Center Foundation (CIPF) NMR facility). NMR spectra were 
acquired using a 600 MHz spectrometer (Bruker AVII-600, Bruker Bio
spin, Germany) equipped with a 5 mm TCI cryoprobe (1H, 15N13C), a 
temperature unit BCU05 and a refrigerated SampleJet. The temperature 
of the probe was set at 300 K (27 ◦C). 1H NMR monodimensional spectra 
were acquired for each sample with noesy pulse sequence and presatu
ration of the water signal during the relaxation time and mixing time. 
200 scans were programmed with a spectral width of 30 ppm. Following 
the same procedures 1H NMR noesy spectra were as well acquired from 
the topical drugs used for ocular hypertension treatment. The chemical 
shift of the signals from the drugs spectra were taken into consideration 
in later analyses. Once acquired, the spectra were transformed and pre- 
processed. For the pre-processing of the spectra an exponential line- 
broadening function of 0.5 Hz was applied followed by Fourier trans
formation with TopSpin 3.6.2. Phasing, baseline correction and chemi
cal shift calibration to DSS resonance at 0.0 ppm was done with the 
program MestReNova version 6.0.2 (Mestrelab Research SL, Santiago de 

Fig. 1. Reflex tear collection from the inferior lacrimal meniscus by capillarity.  

Table 2 
Ophthalmic characteristics of the study participants.  

Parameters POAG group control group p value 

BCVA RE 0.2 0.0 <0.05 
BCVA LE 0.2 0.1 <0.05 
IOP RE (mm Hg) 20 ± 2 14 ± 1 <0.001 
IOP LE (mm Hg) 19 ± 2 15 ± 1 <0.001 
CCT RE (μm) 527 ± 13 575 ± 12 <0.01 
CCT LE (μm) 532 ± 12 568 ± 14 <0.01 
Average C/D ratio RE 0.6 ± 0.2 0.1 ± 0.01 <0.001 
Average C/D ratio LE 0.5 ± 0.3 0.1 ± 0.01 <0.001 
Average RNFL thickness RE (μm) 70 ± 10 94 ± 11 <0.05 
Average RNFL thickness LE (μm) 72 ± 8 89 ± 10 <0.05 
RCCs density RE 65 ± 8 94 ± 12 <0.001 
RGCs density LE 68 ± 9 90 ± 12 <0.001 
VF MD RE − 3.2 ± 1.6 -1dB ± 1 <0.001 
VF MD LE − 2.5 ± 1.2 -1dB ± 1 <0.001 

BCVA: best corrected visual acuity; logMAR: logarithm of the minimum angle of 
resolution; VF MD: visual field mean deviation; RE: right eye, LE: left eye; IOP: 
intraocular pressure; CCT: central corneal thickness; C/D: cup-to-disc; RNFL: 
retinal nerve fiber layer. 
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Compostela, Spain). Areas from the different peaks in the 1D 1H spectra 
were integrated. The integrated areas were used to determine the dif
ferences in metabolite concentration between tears from CG and 
POAGG. The peaks were assigned according to their chemical shift and 
the information in different databases, such as the human metabolome 
database (HMDB) [30] and the biological magnetic resonance data bank 
(BMRB) [31]. 

2.6. Statistical analysis 

2.6.1. General statistical proceedings 
Statistics for the clinical data were performed by the IBM SPSS 28.0 

program (IBM SPSS Statistics for Windows, Version 28.0. Armonk, NY: 
IBM Corp). The Shapiro-Wilk test (subgroups) and the Kolmogorov- 
Smirnov test (main groups) were used to verify the normal distribu
tion of the quantitative variables, whereas the qualitative variables were 
described by absolute and relative frequencies. Quantitative variables 
were described using the mean and standard deviation (normal distri
bution) or median and interquartile range (non-normal distribution). 
Differences between quantitative variables were analysed using the 
Student’s t-test for independent samples and ANOVA (normal variable) 
or the Mann-Whitney and Kruskal Wallis U test (non-normal variable). 
Differences between groups were considered statistically significant 
when the p-value was less than or equal to 0.05. 

To determine the metabolomic differences between tears from the 
POAG and the control groups, statistical analysis was performed. The 
integration data from each peak was normalized to the sum of all signals 
and auto-scaled. These data were fed into the software PLS_Toolbox Solo 
8.9 (Eigenvector Research, Inc., Manson, WA, USA) to perform multi
variate statistical analysis. A Principal Component Analysis (PCA) was 
employed to determine the presence of outsiders, to remove them from 
further analysis. 

Partial Least Squares-Discriminant Analysis (PLS-DA) was used to 
generate a predictive model, able to classify the samples based on the 
relative concentration of metabolites in each group. The data were split 
into calibration (2/3 of the samples were used for the generation of the 
model) and validation (1/3 of the samples was used to prove the 

discriminative capacity of the generated model in an independent data 
set) subsets. The variables included in the model were iteratively 
selected based on its Variable Importance in Projection (VIP) value until 
reaching the optimization of the model. Cross Validation (venetian 
blinds) was used to select the optimal number of latent variables for the 
model. In order to determine the goodness of the model to discriminate 
between different sets of samples, the area under the ROC curve value 
(AUC), the sensitivity and the specificity were calculated. After valida
tion, the robustness and over-fitting of the model were tested through 
permutation test (100 iterations, Rand-t-test, Wilcoxon and Sign test). p- 
value <0.05 was considered significant. 

Univariate analysis of the metabolites participating in the model was 
performed by using Metaboanalyst [32]. The mean of normalized in
tensity for each metabolite was calculated for the two groups, POAG and 
control groups. The t-test was used to determine significant differences 
between metabolites in POAG and control tear samples after testing the 
normality of the variables. False Discovery Rates (FDR) adjusted 
p-values were as well obtained and considered for statistical 
significance. 

2.6.2. Analysis of altered metabolic pathways 
Metaboanalyst [32] was used to explore the potential metabolic 

pathways involved in the pathological processes. HMDB ID of each 
metabolite was used to include them in the pathway analysis. The global 
test enrichment analysis selected for the topological analysis was 
relative-betweenness centrality. The pathways with p-value <0.05 and 
impact factor >0 were selected as representative pathways. 

3. Results 

3.1. Patient characteristics 

Final number of participants in this pilot study was 30 (11 POAG 
patients and 19 control individuals), as depicted in figure S1. The 
breakdown of participants was 20 (40%), that failed to complete the 
study for a variety of reasons, including loss of interest and volunteer 
drop out, experimenter error, clinical findings, and alterations in 

Fig. 2. 1H NMR spectrum of one tear sample. The residual water signal (4.7–5.1 ppm) is not shown a) Aliphatic region of the spectrum (0.8–4.6 ppm) b) Aromatic 
region of the spectrum (5.2–8.5 ppm). The intensity of peaks in the aromatic region (5.0–8.7 ppm) has been scaled (5x) respect to the aliphatic region for a more 
appropiated display. 1. Fatty Acids (–CH3), 2. Isoleucine, 3. Leucine, 4. Valine, 5. Ethanol, 6. Lactate, 7. Alanine, 8. DSS, 9. Acetate, 10. N-acetyled compounds, 11. 
Glutamate, 12. Acetone, 13. Pyruvate, 14. Pyroglutamic Acid, 15. Glutamine, 16. Citrate, 17. Creatine, 18. Creatinine, 19. Lysine, 20. Dimethyl Sulfone, 21. Choline, 
22. Carnitine, 23. Arginine, 24. Taurine, 25. Methanol, 26. Glucose, 27. Glycine, 28. Glucose 6-phosphate, 29. Glycerol, 30. Unsaturated Fatty Acids, UFA (-CH––CH- 
), 31. Sucrose, 32. Urea, 33. Uridine, 34. Tyrosine, 35. Histidine, 36. Histamine, 37. Phenylacetate, 38. Phenylalanine, 39. Hypoxanthine, 40. Formic acid. 
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sampling, transportation, or laboratory processing of the biological 
samples. 

Mean age was 69 ± 8 years (71 ± 9 years in the POAG group and 68 
± 7 years in the control group). Gender distribution was 64% women/ 
36% men in the POAG group and 55% women/45% men in the control 
group. The mean age and gender distribution were not significantly 
different between POAG and control groups. All participants were 
Caucasian. 

3.2. Systemic and ophthalmologic clinical characteristics 

Comorbidities were recognized non-IOP risk factors for the POAG 
course, and the following were taken into consideration in the study 
participants: hypertension blood pressure, cardiovascular disease, dia
betes mellitus, myopia, and/or obesity (increased body mass index). The 
participants with the above disorders were excluded from the study, 

according to the criteria established in Table 1 (figure S1). 
The POAG patients had IOP elevation, verified through the 

augmented optic disc excavation, optic nerve damage, and altered VF. 
The participants in POAG group were under glaucoma treatment (hy
potensive eye drops as monotherapy: 52% Bimatoprost (Lumigan ®), 
and 8% Brinzolamide (Azopt ®), as well as fixed combination: 40% 
Timolol/Brinzolamide (Azarga ®)). The CG was constituted by those 
healthy individuals without any of the above glaucoma milestones. 

Ophthalmological examination showed that mean BCVA LogMAR 
was 0.00 for the RE (right eye) and 0.10 for the LE (left eye) in the CG, 
versus 0.20 (RE) and 0.20 (LE) in the POAG group. Moreover, the mean 
IOP, and the mean CCT were significantly lower in the control group 
respect to the POAG group (p < 0.001; p < 0.001). The most important 
OCT and VF parameters were the mean cup-to-disc ratio, RNFL thick
ness, and RGCs density, as well as the VF MD and PSD. Overall, the SAP 
data analyses showed a significant decrease in MD values (p < 0.001), 
and a significant increase in the PSD values (p < 0.001) in the POAG 
patients respect to the controls. In fact, the POAG patients displayed 
mild VF damage. No moderate or severe VF damage was detected in our 
glaucomatous population. All the above parameters were significantly 
different between both study groups. The ophthalmological parameters 
of the study for both groups and the p-values are shown in Table 2. 

3.3. 1H NMR spectroscopy study 

Finally, 30 tear samples corresponding to both eyes of the study 
participants (POAGG n = 11; CG n = 19) were analysed by 1H NMR 
metabolomics. 

3.3.1. 1H NMR profile of tears obtained from the study participants 
1H NMR noesy spectra were acquired for all tear samples and drugs 

(Lumigan ®, Azopt ® and Azarga ®). The spectra showed an acceptable 
signal to noise ratio, despite the low concentration of the metabolites in 
the samples, enough to enable the assignment and the relative quanti
fication of the signals. The main signals in tears were assigned and are 
shown in Fig. 2. The spectrum is shown divided into two parts, aliphatic 
(Fig. 2a) and aromatic (Fig. 2b), to enable a better observation of the 
signals. A total of 40 metabolites were assigned according to their 
chemical shifts, multiplicity and J coupling (Table 3). The spectra of the 
drugs were also obtained and are shown in figure S2, to assess that the 
signals in the discriminant models between POAG and control groups 
are not due to the treatments. 

3.3.2. Multivariate data analysis of the tear metabolomic profiles 
In order to identify the presence of outliers or significant clustering 

of POAG and control tear samples, an unsupervised PCA analysis was 
performed with the relative concentrations of the different metabolites. 
Some clustering related to the presence or absence of the disease could 
already be appreciated in the undirected classification analysis, based on 
the scores of the samples in the principal components one and two 
(Fig. 3a). Two samples, one POAG and one control, were located outside 
the 95% confidence level at the PCA diagram and were removed from 
further studies. 

The remaining samples (from 18 controls and 10 POAG patients) 
were randomly divided into two groups (calibration and validation), to 
perform a PLS-DA analysis. The model was generated with the calibra
tion subset, through the iterative selection of the most representative 
variants (VIP >1). When applied to the validation subset, the ROC curve 
of the model showed excellent classification capacity with an AUC value 
of 1 (Fig. 3b). This model predicted with high sensibility (100%) and 
specificity (83.3%) if the tear samples were from control or POAG 
(Fig. 3c). Wilcoxon permutation test provided a p < 0.05, which 
confirmed the robustness of the model to discriminate between both 
groups. From the 40 identified metabolites, the multivariate model 
included 11 of them to discriminate POAG group from control group: 
phenylalanine, phenylacetate, leucine, taurine, glycine, urea, glucose, n- 

Table 3 
Chemical shift, multiplicity and J coupling of the signals from metabolites 
identified in the tear samples.  

Number Metabolite Chemical Shift (ppm) and J coupling (Hz)a 

1 Fatty Acids 
(–CH3), 

0.8–0.9 

2 Isoleucine 0. 93 (t, J = 7.0), 1 (d, J = 6.5), 1.31 (m) 
3 Leucine 0.97 (d), 0.98 (d), 1.72 (m) 
4 Valine 1.01 (d, J = 7.2), 1.06 (d, J = 7.2) 
5 Ethanol 1.16 (t, J = 7.08), 3.67 (q, J = 7.07) 
6 Lactate 1.35 (d, J = 7.0), 4.14 (c, J = 7.0) 
7 Alanine 1.47(d, J = 7.2), 3,77 (q, J = 7.2) 
8 DSS 0.00 (s), 1.75 (m), 2.92 (t) 
9 Acetate 1.91 (s) 
10 N-acetyled 

compounds 
2.0–2.1 

11 Glutamate 2.11 (td, J = 6.8, 6.2), 2.15 (dt, J = 15.4, 6.8), 3.75 
(t, J = 6.2) 

12 Acetone 2.22 (s) 
13 Pyruvate 2.36 (s) 
14 Pyroglutamic acid 2.39 (m), 2.50 (m), 4.17 (dd, J = 9.02, 5.83) 
15 Glutamine 2.42 (dt, J = 14.4, 6.8), 3.76 (t, J = 6.2) 
16 Citrate 2.52 (d, J = 15.4), 2.66 (d, J = 15.4) 
17 Creatine 3.02 (s), 3.92 (s) 
18 Creatinine 3.03 (s), 4.05 (s) 
19 Lysine 1.46 (m), 1.71 (m), 1.89 (m), 3.02 (t), 3.74 (t, J =

6.09) 
20 Dimethyl sulfone 3.14 (s) 
21 Choline 3.19 (s), 3.51 (dd, J = 5.81, 4.16), 4.05 (ddd) 
22 Carnitine 2.13 (s), 2.48 (dd, J = ND), 2.61 (dd, J = ND), 3.18 

(s), 3.61 (d, J = ND), 3.82 (dd, J = ND), 5.57 (q) 
23 Arginine 1.68 (m), 1.90 (m), 3.23 (t, J = 6.93), 3.76 (t, J =

6.11) 
24 Taurine 3.25 (t, J = 6.57), 3.42 (t, J = 6.62) 
25 Methanol 3.34 (s) 
26 Glucose 3.74 (d, J = 5.4), 3.81 (dt, J = 8.4,5.4), 5.22 (d, J 

= 1.6) 
27 Glycine 3.55 (s) 
28 Glucose 6- 

phosphate 
3.27 (dd, J = 9.21, 7.99), 3.71 (t, J = 9.54), 4.64 
(d, J = 7.99), 5.22 (d, J = 3.75) 

29 Glycerol 3.58 (dd), 3.67 (dd, J = 11.7, 4.3) y 3.90 (m) 
30 UFA 5.25–5.35 
31 Sucrose 3.46 (t, J = 9.30), 3.55 (dd, J = 3.98, 3.89), t 

(3.75), 
32 Urea 5.78 (s) 
33 Uridine 3.801 (dd, J = 12.77, 4.4), 4.21 (m), 4.22 (dd), 
34 Tyrosine 6.91 (m), 7.21 (m) 
35 Histidine 3.16 (dd, J = 15.55, 7.7), 3.23 (dd, J = 16.10, 4.9), 

3.98 (dd, J = 7.73, 4.98), 7.09 (d, 0.58), 7.90 (d, J 
= 1.13) 

36 Histamine 3.03 (m), 3.29 (t, J = 7.11), 7.14 (s), 7.99 (s) 
37 Phenylacetate 3.53 (s), 7.29 (m), 7.36 (m) 
38 Phenylalanine 7.35 (m), 7.39 (m), 7.44 (m) 
39 Hypoxanthine 8.17 (s), 8.20 (s) 
40 Formic acid 8.44 (s)  

a Multiplicity is indicated as s (singlet), d (doublet), t (triplet), q (quadruplet), 
m (multiplet). 
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acetyled compounds, UFA, formic acid and uridine, as well as an unas
signed species at 8.35 ppm (unk 8.35 ppm). For this final model, the 
most relevant metabolites with a VIP >1 were phenylalanine, phenyl
acetate, leucine, taurine, glycine, urea and glucose (Fig. 3d). 

3.3.3. Mean comparison of metabolites included in the discriminative model 
Afterwards, the relative concentration of the metabolites with 

discriminative capacity, as shown in the multivariate classification 
model was studied (Fig. 4, Table 4). All metabolites, with the exception 
of formic acid and uridine, showed significant difference with a FDR 
<0.05. The analysis showed a decrease in the relative concentration of 
phenylalanine, phenylacetate, leucine, n-acetyled compounds, formic 
acid, uridine and unk (8.35 ppm) in POAG tear samples compared to the 
tears from control group. On the other hand, an increase in the con
centration of taurine, glycine, urea, glucose and UFA in tears of POAG 
group was observed. 

Furthermore, the relative concentration of the discriminant metab
olites is displayed in a clustering heatmap, where the metabolites are 
clustered together according to their relative increase/decrease in con
trol and POAG samples, and samples are clustered according to their 
metabolites’ profile (Fig. 5). The cluster analysis showed that all the 
samples are clustered with their group except two of them. This clus
tering is in agreement with the classification observed in the PLS-DA 

model (Fig. 3c). 

3.3.4. Metabolic Pathways analysis 
Quantitative pathway topological analysis of the metabolites 

included in the discriminative model, revealed significant alterations in 
phenylalanine metabolism, taurine and hypo-taurine metabolism, 
glyoxylate and dicarboxylate metabolism, glycine, serine and threonine 
metabolism, glutathione metabolism, phenylalanine, tyrosine and 
tryptophan biosynthesis, primary bile acid biosynthesis and glycolysis/ 
gluconeogenesis (Fig. 6, Table 5). 

4. Discussion 

In this pilot study, we investigated the metabolites present in tear 
samples from POAG patients and controls by 1H NMR spectroscopy to 
generate, through multivariate statistics, a predictive model able to 
identify patients at initial glaucoma stage, at risk of OND and vision loss. 
We found that the generated model showed excellent discriminant 
ability with an AUC of 1, and 100% of sensibility and 83.3% of speci
ficity in the classification of POAG group and control group. From the 
statistical model generated, a list of potential biomarkers of the disease, 
and associated metabolic pathways were obtained. Moreover, changes 
in the concentration of biomarkers involved in the discriminant model 

Fig. 3. Multivariate statistical analysis. Data from control group are presented in red diamonds and data from POAG group are presented in green squares in a) 
and c). a) Principal component analysis (PCA) for the whole set of samples to determine outliers b) ROC curve of the model c) Partial least squares-discriminant 
analysis. (PLS-DA) score plot. The classification of calibration (left) and validation (right) samples is shown d) Variables participating in the prediction model. 
The VIP values of the metabolites and its relative changes in control and POAG group is displayed. (red = increaed in POAG group vs. control group, blue = decreased 
in POAG group vs. control group). 
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Fig. 4. Comparison of the mean concentration of the metabolites participating in the discriminative model. Box plots representing the mean concentration of 
normalized metabolites in control and POAG tears samples are shown. The yellow diamonds represent the mean and the horizontal line the median of each group for 
a determined feature. The normalized concentrations of each sample are shown as black dots. 
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were confirmed by the significant differences shown in the univariate 
analysis. A descent in the relative concentration of phenylalanine, 
phenylacetate, leucine, n-acetyled compounds, formic acid, uridine and 
unk (8.35 ppm), and an increment in the concentration of taurine, 
glycine, urea, glucose and UFA in tears was found in the POAG group as 
compared to the control group. 

The discovery of molecular biomarkers in tears could reveal essential 
information regarding POAG pathophysiology, as well as help to 
manage medical-laser-surgical hypotensive therapy [2–4,7,8,21,23,28]. 
In this context, early diagnosis and treatment are pivotal to avoid 
glaucoma progression, optic atrophy, and blindness [28,33]. It is 
essential to consider that: i) a significant number of patients present at 
first medical appointment with elevated IOP and moderate-to-severe VF 
loss, due to the silent period of undetected OHT, and ii) some glaucoma 
patients suffer higher rates of progression than others. Therefore, some 
findings have been reached in the present work that could be transferred 
to ophthalmic practice, which are discussed below. 

First, tear samples were used for the metabolomic study in glaucoma, 
in agreement with Agnifili et al. [34], and Wu et al. [35], and in contrast 
with other authors usually using aqueous humor or plasma samples for 
this purpose [25,26,36–38]. As widely known, the tear film is located on 
the outermost part of the ocular surface, in direct contact with the 
environment. Under normal conditions, tear volumes range from 4 to 12 
μL per eye [39]. The tear film is a complex and interesting biological 
fluid that contains water and a wide variety of electrolytes, lipids, 

proteins, glycoproteins and small molecules from different sources 
[39–41]. After a period of controversy, it has been established that 
metabolites associated with glaucoma present in the tear film mainly 
come from the aqueous humor, through the uveoscleral outflow 
pathway, after precise scleral percolation [39–41]. Trying to counteract 
the small tear volumes that can be collected for analytical issues, a 
technique for obtaining reflex tears by gentle rubbing of the inferior 
lacrimal meniscus and palpebral lateral canthus, has been used here, to 
relatively easy obtaining 20–30 μL of tears from both eyes by capillarity, 
as described elsewhere [20–24]. 

Next, we analysed the metabolites in tears from POAG patients at 
initial stage of disease, according to Hodapp et al. [28], but at risk of 
glaucoma OND and blindness. Epidemiological and experimental 
studies have established that the early detection of OHT, and the prompt 
IOP reduction significantly diminish the risk of glaucoma progression 
[2–5,33]. This stage is very important, because the elevated IOP leads to 
progressive damage and death of the RGCs and optic fibre loss, glau
coma hallmarks that manifests themselves in the structural/functional 
ophthalmological examination of these patients. However, there are no 
specific and complete standard references for accurately establishing the 
early glaucoma diagnosis [2–5,28,33]. Bearing this in mind, the POAG 
group was accurately selected for the main purpose of this study, that 
was to characterize the metabolomic fingerprint in tears of POAG pa
tients at initial stage of disease in order to identify potential biomarkers 
for better eye and vision care. 

Furthermore, 1H NMR spectroscopy was used to generate, through 
multivariate statistics, a predictive model able to identify POAG patients 
at initial glaucoma stage. Biomedical and biotechnological advances in 
metabolomics have provided information on a considerable number of 
metabolites to better understand the metabolic changes that occur in 
glaucoma. Previous reports on the identification of metabolomic bio
markers of glaucoma by MS have been performed using blood and 
aqueous humor samples [26,41–46]. However, other researchers used 
1H NMR spectroscopy, as in this study, to perform glaucoma metab
olomics, either using blood or aqueous humor samples, with optimum 
results [33,47]. 

Data are quite different among the studies. In spite of describing the 
biological sample and the analytical platform, the statistical processing 
as well as the changes of the statistically significant metabolites iden
tified in a differential profile, important variations arise that make it 
difficult to identify potential biomarkers of glaucoma. Leruez et al. [37] 
described amino acids, carbohydrates and polyamine families, among 
others, altered in POAG samples and associated to mitochondrial 
dysfunction, senescence and polyamines deficiency. However, they did 
not explore the diagnosis potential of the metabolites identified. Myer 

Table 4 
Relative mean concentrations of discriminative metabolites between control and 
POAG groups, and statistical significance of normalized data.   

[Metab]a p-value FDRb 

control group POAG group 

Phenylacetate 50.6 19.6 9.12E-06 7.26E-05 
Phenylalanine 51.9 20.9 1.21E-05 7.26E-05 
Unknown (8.35 ppm) 0.8 0.2 2.05E-05 7.43E-05 
Taurine 8.5 10.9 2.48E-05 7.43E-05 
Leucine 48 25.4 3.68E-05 8.83E-05 
Glycine 13 13.5 5.82E-05 1.16E-04 
Glucose 0.3 0.9 5.52E-04 9.46E-04 
Urea 26.6 41.4 1.69E-03 2.29E-03 
N-acetyled compounds 114.2 67.6 1.72E-03 2.29E-03 
UFA (-CH––CH-) 0.3 0.5 0.024 0.028 
Formic acid 0.3 0.1 0.049 0.054 
Uridine 14.8 7.9 0.22 0.22  

a Relative mean concentration in control group and POAG group are shown 
x103. 

b FDR: False discovery Rate. 

Fig. 5. Heat map with the concentration of the metabolites participating in the discriminative model. Metabolites are clustered according to its relative 
increase (red)/decrease (blue). 
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et al. [36] pointed out disturbances in the concentration of several 
amino acids, such as arginine, cysteine, threonine and lysine, and car
bohydrates in the aqueous humor of POAG patients compared to the CG, 
and generated cross-validated PLS-DA models with Q2 values of 0.15. 
Better significance for the classification was reached by Buisset et al. 
[37] who obtained a model able to classify samples from the POAG 
patients with an AUC of 0.89.- Moreover they pointed out to taurine and 
spermine deficiency in aqueous humor from POAG patients. 

From the statistical model generated in the present work, a list of 
potential biomarkers of the disease, and associated metabolic pathways 
were obtained. An increase in the concentration of taurine, glycine, 
urea, glucose and UFA and a decrease in the concentration of phenyl
alanine, phenylacetate, leucine, n-acetyled compounds, formic acid, 
uridine and unk (8.35 ppm) was observed in tears from the POAG group 
as compared to the control group. Moreover, according to these results, 

the phenylalanine metabolism and phenylaniline, tyrosine and trypto
phan biosynthesis pathways were altered in POAG tears with a signifi
cant decrease in the concentration of phenylalanine and phenylacetate. 
Phenylalanine had already been pointed as a potential biomarker of 
glaucoma in previous metabolomic studies, both in aqueous humor, and 
in tears [41,43], in which the authors observed a decrease in the con
centration of phenylalanine in POAG patients in a similar manner to us. 
Previous studies have as well reported mutations in the synthesis 
pathway of phenylalanine related to POAG development [48]. The sig
nificant change in the glycine, leucine and serine pathway, with the 
decrease in the relative concentration of leucine [41] and the relative 
increase in the concentration of the amino acid glycine [41,43] were 
also previously reported in aqueous humor. Furthermore, the increase in 
glucose levels observed in tears from the POAG patients presented 
herein is consistent with the pathological processes associated to glau
coma, as it has been reported that patients with POAG present glucose 
hypometabolism [49]. Also the increase in serum glucose levels has been 
associated with elevated IOP [50], which is strongly associated with 
glaucoma. An increase in the relative concentration of taurine has been 
detected in the present work, while previous reports noticed a decreased 
concentration in aqueous humor [37] and tears [41]. Taurine has a 
neuroprotective effect against inflammation, oxidative stress, and os
motic stress. Nevertheless, taurine could as well be produced as a 
counteracting mechanism against oxidative stress. In fact, in agreement 
with our current results, taurine was observed to increase in other pre
vious studies conducted with aqueous humor of POAG patients [47], and 
in a canine [51] and rat [52] glaucoma models. 

Tear metabolomic signature of POAG patients by 1H NMR spectros
copy, has been described in this work. The small quantity of sample 
available (in the order of 20 μL) and the inherent low concentration of 
metabolites in tear samples have been overcome by using a high field 
NMR spectrometer equipped with a cryoprobe. This experimental 
setting has provided a non-invasive way to provide samples and data 
related to ocular disease. A statistical model for the diagnosis of POAG 
has been developed using samples obtained in a non-invasive way. 
Moreover, a group of potential biomarkers of the disease has been ob
tained from the statistic model. Future improving of this study includes 
the consideration of a higher number of samples, and the use of samples 
from patients naïve to treatment. Despite the analysis of the topical 
drugs assessed that the classification of the samples and the potential 
biomarkers obtained in this study were not directly derived from the 
treatment, the changes observed in the POAG samples spectra might be 
produced by the metabolism of the therapy. Furthermore, unlike blood 
derivatives that circulate through the general bloodstream, tears that 
come into contact with the eye can serve as a valuable source of bio
markers for glaucoma and can be collected in a non-invasive manner in 
contrast to aqueous humor. Previous works have studied the metabolic 
profile of POAG in tears by different methods of MS [35,41]. However, 
unlike NMR [12–14,32], MS platform requires more elaborated prepa
ration procedures for the analysis of each sample [11,12,15,32]. 

Overall, data presented herein provided a model with a very good 
performance for disease prediction, from samples that have been ob
tained both by a non-invasive collecting technique (tears) and through 
an analytical method that requires a simplest sample preparation pro
cedure (NMR) in contrast with previous reports that use aqueous humor 
and MS. Moreover, these data were also used to generate and validate 
the model with a spare group of samples. In conclusion, a model able to 
classify with great values of specificity and sensitivity POAG and control 
groups in an independent set of samples has been here obtained. 
Phenylalanine, phenylacetate, leucine, formic acid, n-acetyl com
pounds, uridine, taurine, glycine, urea, glucose, UFA and an unknown 
metabolite (8.35 ppm) could be considered potential biomarkers of 
patients at the initial glaucoma stage, that can be obtained in a non- 
invasive, relatively affordable way to improve eye and vision care. In 
this sense, it seems to us that pathological changes occurring in the eyes 
can be reflected in the whole ocular constituents, including the ocular 

Fig. 6. Significant metabolic pathways altered in POAG group compared 
to control group. Each circle represents an identified metabolic pathway. The 
size of the circle is proportional to the pathway impact value (PIV) and the 
colour is proportional to the statistical significance [-log10(p)] from highest 
(red) to lowest (white). 

Table 5 
Significant metabolic pathways and pathway impact values obtained from 
integrating enrichment analysis and pathway topology analysis.  

Metabolic Pathway Total 
Cmpa 

Hits p - 
value 

FDRb Impact 

Phenylalanine metabolism 10 2 2.20E- 
06 

3.04E- 
05 

0.36 

Phenylalanine, tyrosine and 
tryptophan biosynthesis 

4 1 6.07E- 
06 

3.04E- 
05 

0.50 

Primary bile acid biosynthesis 46 2 1.50E- 
05 

3.94E- 
05 

0.02 

Taurine and hypotaurine 
metabolism 

8 1 2.70E- 
05 

5.78E- 
05 

0.43 

Glyoxylate and dicarboxylate 
metabolism 

32 2 2.24E- 
04 

3.95E- 
04 

0.11 

Glycine, serine and threonine 
metabolism 

33 1 2.89E- 
04 

3.95E- 
04 

0.25 

Glutathione metabolism 28 1 2.89E- 
04 

3.95E- 
04 

0.09 

Glycolysis/Gluconeogenesis 26 1 4.23E- 
04 

5.28E- 
04 

0.00021  

a Cmp: Compounds. 
b FDR: False Discovery Rate. 
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surface, either via local and systemic circulation, and/or via simple 
diffusion through the cornea and sclera. Nonetheless, by analysing tear 
film samples for target metabolites, we can design a promising window 
for optimizing POAG diagnosis and preventing blindness. This research 
could be a starting point for developing a non-invasive diagnostic system 
for POAG. In fact, we manage for the first time a new approach on the 
identification of POAG-related metabolites in tears, to improve the 
personalized diagnosis of the disease, that allows to early identify pa
tients at highest risk of POAG or POAG progression. Future directions 
necessarily include the increment of the number of samples to confirm 
the results here shown. 
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Ramón Martínez-Máñez has patent #ES290219 A1 issued to Universitat 
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open angle glaucoma aqueous humor, J. Proteome Res. 9 (2010) 4831–4838, 
https://doi.org/10.1021/PR1005372/SUPPL_FILE/PR1005372_SI_001.PDF. 

[19] G. Tezel, Multiplex protein analysis for the study of glaucoma, Expert Rev. 
Proteomics 18 (2021) 911–924, https://doi.org/10.1080/ 
14789450.2021.1996232. 

[20] M.D. Pinazo-Durán, C. Galbis-Estrada, S. Pons-Vázquez, J. Cantú-Dibildox, 
C. Marco-Ramírez, J. Benítez-del-Castillo, Effects of a nutraceutical formulation 
based on the combination of antioxidants and ω-3 essential fatty acids in the 
expression of inflammation and immune response mediators in tears from patients 
with dry eye disorders, Clin. Interv. Aging 8 (2013) 139–148, https://doi.org/ 
10.2147/CIA.S40640. 

[21] C. Galbis-Estrada, M.D. Pinazo-Durán, J. Cantú-Dibildox, C. Marco-Ramírez, 
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