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Elevated dimethylarginine, ATP,
cytokines, metabolic remodeling
involving tryptophan metabolism
and potential microglial
inflammation characterize primary
open angle glaucoma

Sujith Kumar Pulukool?, Sai Krishna Srimadh Bhagavatham?, Vishnu Kannan®®,
Piruthivi Sukumar?, Rajesh Babu Dandamudi*’, Shamika Ghaisas*, Haripriya Kunchala®,
Darshan Saieesh?, Ashwin Ashok Naik, Ashish Pargaonkar®, Anuj Sharma**’ &
Venketesh Sivaramakrishnan®1*

Glaucoma of which primary open angle glaucoma (POAG) constitutes 75%, is the second leading
cause of blindness. Elevated intra ocular pressure and Nitric oxide synthase (NOS) dysfunction are
hallmarks of POAG. We analyzed clinical data, cytokine profile, ATP level, metabolomics and GEO
datasets to identify features unique to POAG. N9 microglial cells are used to gain mechanistic insights.
Our POAG cohort showed elevated ATP in aqueous humor and cytokines in plasma. Metabolomic
analysis showed changes in 21 metabolites including Dimethylarginine (DMAG) and activation of
tryptophan metabolism in POAG. Analysis of GEO data sets and previously published proteomic data
sets bins genes into signaling and metabolic pathways. Pathways from reanalyzed metabolomic

data from literature significantly overlapped with those from our POAG data. DMAG modulated
purinergic signaling, ATP secretion and cytokine expression were inhibited by N-Ethylmaleimide, NO
donors, BAPTA and purinergic receptor inhibitors. ATP induced elevated intracellular calcium level
and cytokines expression were inhibited by BAPTA. Metabolomics of cell culture supernatant from
ATP treated sets showed metabolic deregulation and activation of tryptophan metabolism. DMAG
and ATP induced IDO1/2 and TDO2 were inhibited by N-Ethylmaleimide, sodium nitroprusside and
BAPTA. Our data obtained from clinical samples and cell culture studies reveal a strong association

of elevated DMAG, ATP, cytokines and activation of tryptophan metabolism with POAG. DMAG
mediated ATP signaling, inflammation and metabolic remodeling in microglia might have implications
in management of POAG.

Glaucoma is the second leading cause of blindness and is predicted to affect 111 million by 2040 worlwide'. About
12 million Indians are estimated to have glaucoma?® Primary open angle glaucoma (POAG) comprise about 75%
of glaucoma®. The symptoms include increased Intra Ocular Pressure (IOP), reduction in Retinal Nerve Fiber
Layer (RNFL) thickness and loss of peripheral vision*. The IOP also leads to cupping of the optic nerve head,
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Figure 1. Showing clinical parameters, elevated levels of ATP in aqueous humor and cytokine levels in plasma »
in POAG patients. (a) Work flow. (b) The IOP profile in POAG group compared to control. (c) The cup disc

ratio (CDR) in POAG group compared to control. (d) Retinal nerve fiber layer thickness (RNFL) thickness in
POAG patients compared to control eye. (e) Representative figure of OCT image showing the RNFL thickness

in POAG patients compared to control eye. (f) Changes in the levels of ATP in aqueous humor of control and
POAG patients. Cytokine profiling of (g) TGFp (h) TNFa (i) IFNYy (j) IL-17A and (k) IL-10 in blood plasma of
control and POAG patients. In all the cases p values were calculated using Mann-Whitney U test. * for P<0.05,

** for P<0.01, and *** for P<0.001. For n numbers and the results provided as mean +s.d, refer to text. (a) was
created using Microsoft office Professional Plus 2016 (version-2016).

which is associated with visual defects, axonal stress and eventual death of retinal ganglion cells’. The elevated
IOP stems from trabecular meshwork (TM) dysfunction due to increased resistance to aqueous humor flow®. The
standard treatment for glaucoma is the reduction of IOP by either medication or surgery, despite which the visual
function continue to deteriorate in a vast majority of patients”®. Hence, it is imperative that the mechanisms
leading to axonal injury and retinal ganglion cell death be discerned so as to identify biomarkers associated with
progression and favorable prognosis as well as potential therapeutic targets for better management of glaucoma.

Nitric oxide synthase (NOS) is shown to modulate aqueous humor flow’. NOS is expressed in multiple ocular
tissues including trabecular meshwork, Schlemm’s canal, iris muscles!®. NOS inhibition was found to increase
IOP and NO donors were found to reduce IOP®. Previous studies have shown an association of Dimethylarginine
(DMAG) with different types of glaucoma including POAG'!. DMAG is an inhibitor of NOS". Inhibition of
NOS, upregulates exocytosis by nitrosylating N-Ethylmaleimide sensitive factor'?. Inhibition of NOS also induce
inflammatory response in microglia'®. Elevated IOP also leads to elevated levels of secreted ATP'> which is an
inflammatory molecule.

Retina is a part of Central Nervous System (CNS), with three distinct glia cells, which include the Muller Cells,
astrocytes and microglia'®. Muller cells and astroglia support metabolism of retinal neurons while microglia play
a role in retinal homeostasis and are implicated in health and disease'”. A chronic pro-inflammatory response
orchestrated by microglia represent early events leading to reactive microgliosis, is associated with retinal damage
and progression of glaucoma in both humans and animal models'®**. Consistent with inflammation in glaucoma,
the expression of many Th1 cytokines are elevated in POAG®. Microglia in glaucoma are shown to express toll
like receptors, P2X; receptors and matrix metalloproteinases. Extracellular ATP is also shown to induce metabolic
rewiring in many cell types?'. Microglia, during activation, changes to an M1 phenotype and exhibit immuno-
metabolism by upregulating glycolysis and nucleotide metabolism?. In vitro microglial cell culture has been a
beneficial tool to study inflammatory response and mechanistic aspects associated with disease?®. The BV2 and
N9 are the widely used microglial systems from rat and mice respectively?. Though the BV2 cells are similar to
primary microglia the magnitude of inflammatory response was less pronounced®. The N9 cells combines many
phenotypic characteristics of primary microglia like cytokine gene expression, phagocytosis, express purinergic
receptors subtypes which are sensitive to ATP?. Hence N9 cells are ideal in vitro systems to study purinergic
signaling and its mechanistic implications for glaucoma. Despite many studies, a concerted effort to carry out
an integrated analysis of clinical data and cell culture models to address the mechanism involved in the disease
has not been worked out.

Various studies have focused on the risk factors associated with POAG in different population which includes
genetic, metabolic, and environmental factors?. Studies have shown association of various SNPs (single nucleo-
tide polymorphisms) with POAG?. GWAS analysis of POAG shows association of genes that influence cup-disc
ratio, disc area, cup area, IOP and central corneal thickness®. Transcriptomic analysis has been carried out on
trabecular meshwork removed during surgery or retina from postmortem donors as well as animal studies®’.
TM from POAG patients shows changes in the expression levels of genes belonging to inflammation, signaling,
antioxidant system, extracellular matrix, cell-matrix interaction, cell cycle, cytokines and cytokine receptors
etc®®. Proteomic analysis of aqueous humor, trabecular meshwork and tear shows changes in the levels of pro-
teins involved in cytokines and growth factors, cholesterol and lipid metabolism, inflammatory and immune
response, antioxidant, proteolysis, cell interaction etc., in POAG**. Metabolomics of plasma and aqueous
humor has been carried out which shows changes in metabolites belonging to carbohydrate, steroid, fatty acid,
phosphatidylcholine, nicotinamide and polyamine metabolism etc*-?". All these point towards association of
mitochondrial dysfunction and accumulation of energetic pathway related metabolites with glaucoma®. Com-
pared to genomics, transcriptomics and proteomics, metabolomics helps to analyze metabolites which are the
end product and hence represent the phenotype.

In the current study, we have measured the clinical parameters, aqueous humor ATP, plasma cytokines along
with metabolomic analysis of aqueous humor from POAG patients. Our patient cohort displays characteristic
feature of POAG, elevated ATP and cytokines, metabolic remodeling involving immunometabolism and acti-
vation of tryptophan metabolism with POAG. Further, using the murine N9 microglial cell culture model, we
aimed to demonstrate that the role of DMAG and purinergic signaling in the disease. Our data demonstrate,
DMAG mediated modulation of purinergic signaling, expression of cytokines as well as metabolic remodeling
and activation of tryptophan metabolism with potential implications for the disease.

Results

Elevated IOP and cup-disc ratio (CDR) as well as reduced RFNL thickness in POAG. The overall
approach is summarized in (Fig. 1a). The patients (POAG and Cataract controls) were diagnosed and recruited
for the study using standard procedures as outlined in methods. The results are provided as mean +s.d. (Stand-
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ard deviation). OCT, slit lamp and tonometry was used to determine the RNFL thickness (Control-97.64 + 13.84,
n=15;POAG-75.769 +10.353, n = 15), cup-disc ratio (CDR) (Control-0.3791 + 0.05, n =20; POAG-0.821 £ 0.071,
n=20) and IOP (Control-13.16 +3.26, n=25; POAG-28.55 £ 8.217, n=25) respectively on both the eyes as given
in methods. As expected the IOP (p=0.00023) and cup to disc ratio (p =0.00012) was significantly elevated while
the RNFL thickness (p=0.0027) was significantly lower in POAG patients compared to control eye (Fig. 1b-d).
The values for IOP, CDR and RNFL thickness was within the normal range for control eye. A strong positive
Pearson’s correlation of 0.8493 (control n=25 and POAG n=20) was observed between IOP and cup/disc ratio
while a strong negative correlation of — 0.522 (control n=15 and POAG n =15) was observed between IOP and
RNFL thickness. The clinical data shows marked loss of peripheral vision in POAG (Fig. 1le). All the POAG
patients are in an advanced stage of glaucoma with optic nerve cupping and CDR more than 0.8. The observa-
tions in our patient cohort from Indian population are in lieu with those that are previously reported for POAG.

Elevated level of ATP in aqueous humor and plasma cytokines in POAG. Elevated levels of IOP
which causes mechanical stress is associated with elevated levels of ATP3®. The results are provided as mean * s.d.
within brackets. Consistent with expectations, our results showed elevated levels of ATP (p=0.03) in aqueous
humor of POAG patients (n=6, 27.691+10.619) compared to control (n=6, 5.143 +3.755). Significant strong
positive Pearson’s correlation of 0.7478 was observed between IOP and ATP levels (Fig. 1f). Since elevated extra-
cellular ATP is associated with inflammation, we measured the cytokine levels in patient plasma.

The total number of 6 controls and 6 POAG plasma samples were used for cytokine analysis and the
results are provided as mean +s.d. within brackets. ELISA of cytokines TGFp (control-10.513 +8.221; POAG-
262.62+84.147), TNFa (control-33.378 + 30.414; POAG-124.59 +50.716), IFNYy (control-34.38 +20.992; POAG-
118.0667 £11.25), IL-17A (control-20.27 £ 10.321; POAG-26.67 +9.0932) and IL-10 was carried out as given in
methods. A significant increase in level of TGFp (p=0.0021), TNFa (p=0.0343), IFNy (p=0.0222) and IL-17A
(p=0.013) was observed in POAG compared to control (Fig. 1g-j). However, no change was observed in the
IL-10 levels (Fig. 1k). The cytokine levels display an inflammatory bias, which is consistent with previous studies
that report the association of inflammation with POAG**.

Targeted metabolomic analysis of aqueous humor reveals specific changes in metabolic path-
ways in POAG. Targeted metabolomic analysis of aqueous humor from POAG (n=6) and cataract controls
(n=6) were carried out as described in methods using Multiple Reaction Monitoring (MRM). Relative levels
of 164 metabolites were determined across clinical samples of which 111 metabolites were detected. Non-par-
ametric analysis of significance with an FDR correction of 0.25 showed 21 metabolites which are significantly
different between POAG and cataract controls (Supplementary Fig. S1). The heat map of the top 25 metabolites
is provided (Fig. 2a). The metabolites include amino acids, nucleotides, Dimethylarginine, glutamate, 3-Hydrox-
ykynurenine, lactate etc. These metabolites were subsequently binned into 22 pathways (Fig. 2b). The meta-
bolic pathways include multiple amino acids metabolism (glutamine, glutamate, arginine, histidine, tryptophan
metabolism etc.), purine and pyrimidine metabolism, Biotin and butanoate metabolism, sphingolipid metabo-
lism, pyruvate metabolism as well as nicotinate and nicotinamide metabolism (Fig. 2b). These pathways have
implications for elevated IOP due to resistance to aqueous humor flow, inflammation, excitotoxicity etc. Unbi-
ased PLS-DA clustered the samples into two different groups which was represented by a score plot (Fig. 2¢).
PCA analysis also differentiated the samples into two group and the groups were also represented by a score
plot (Supplementary Fig. S1). However, PLS-DA analysis resulted in better separation of the samples into two
groups and cross validation was done resulting in good model parameters (R*=0.91214, Q*=0.65856). Further-
more, in Random Forest analysis adenine, methyl glutaric acid, lysine, N-acetyl alanine and aspartame, the top 5
metabolites distinguished POAG from controls (Fig. 2d). Biomarker analysis showed adenine, N-acetyl alanine,
hypoxanthine, lysine, nicotinamide, Phe-Glu, 2-aminobutyraldehyde and Lactate as the metabolites with high
reliability as a biomarker with Area Under Curve (AUC) values above 0.9. The results are provided in the Sup-
plementary Figure S1.

Analysis of GEO database and proteomic and metabolomics data from literature bins genes
into different pathways. To delineate if the observations of elevated cytokines and metabolic deregulation
are reflected across population, transcriptomic data from publically available GEO database as well as proteomic
and metabolomic data from literature was analyzed. The gene expression data sets for POAG (GSE27276 and
GSE4316) was collected from GEO database. For GSE4316, the genes that have a significant p value of<0.05 and
a twofold change in expression levels was set as the criteria for analysis. For GSE 27276, adjusted p value of<0.05
was used. Genes so obtained were subject to ClueGO analysis with Reactome, KEGG and WikiPathways* .
The genes were binned into various metabolic pathways like steroid, cholesterol, fatty acid and lipid biosyn-
thesis, glycosaminoglycan, nicotinamide, butanoate, glutathione, hyaluronan and amino acid metabolic path-
ways, inflammatory pathway etc. (Supplementary Table S1). The enriched pathways related to inflammation and
other inflammatory disease pathways encompassed TNFa, IFNy, TGFp signaling modules etc. (Supplementary
Table S1). The pathway analysis also showed oxidative stress as a component in POAG. The data is provided in
Supplementary Table S1. The pathway enrichment analysis is provided in Supplementary Fig. S2.

Analysis of proteomic data***"**> using EnrichR with KEGG database binned genes into pentose phosphate
pathway, glycolysis/gluconeogenesis, phenyl alanine, cholesterol metabolism, HIF1 signaling pathways etc. The
metabolomic data*~*® were analyzed using MetaboAnalyst. The pathways that were enriched include alanine,
aspartate and glutamate metabolism, aminosugar and nucleotide metabolism, glycolysis/gluconeogenesis, trypto-
phan metabolism, phenyl alanine metabolism etc. The results of significantly deregulated pathways are provided
in the supplementary Table S1.
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Figure 2. Showing results of targeted metabolomics analysis of aqueous humor in POAG compared to controls. (a) Heat
map of metabolomic analysis of control and POAG patient cohort. (b) List of pathways to which significant differential
metabolites belong to POAG are binned at an FDR of 0.25. (c) Unbiased PLS-DA clustered the samples into two different
group is represented by a score plot (d) showing Random Forest analysis distinguishing POAG from controls (e) showing
overlap of metabolic pathways with transcriptomic data set (GSE27276 and GSE4316) using KEGG (f) Comparative analysis
of proteomic data (Literature) with metabolomic data (present study) showing one conserved pathway. (g) showing overlap
of 21 pathways between metabolomics data (present study) and metabolomics (Literature) (h) Flower model Venn diagram
showing overlapping pathways among metabolomics data from present study and those from Literature. (a,c,d) was generated
using MetaboAnalyst 5.0 (Version-5.0; URL link: https://www.metaboanalyst.ca/). (e-h) was created using VENNY*!
(Version-2.1; URL link: https://bioinfogp.cnb.csic.es/tools/venny/).
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Comparison of our data with GEO transcriptomic data sets, proteomic and metabolomic data
reaffirms pathways specific to POAG. To understand if the elevated cytokine levels and metabolic
pathways which are deregulated in our patient cohort, are of general relevance in glaucoma, we compared the
metabolic data and elevated cytokines with transcriptomic data from GEO database. Interestingly, the data sets
showed an overlap of metabolic pathways with transcriptomic data set (GSE27276 and GSE4316) analyzed.
Though only 4 pathways overlapped from KEGG analysis (Fig. 2e), when pathways obtained using Reactome
and WikiPathways were included, an overlap of 7 pathways were obtained (Supplementary Table S2). The over-
lapping metabolic pathways include lipids, various amino acids, glutathione etc. (Supplementary Table S2). The
transcriptomic data from GEO Data set analysis also showed the cytokine signaling pathways comprising TGFp,
TNFa, and IFNY, which were elevated in the plasma of our patient cohort (Supplementary Table S2). A com-
parative analysis of proteomic data with our metabolomic data showed only one conserved pathway in Venn
diagram (Fig. 2f). However, comparison of pathways obtained from our metabolomic data with those obtained
by reanalyzing the three published metabolomic data showed an overlap of about 21 pathways out of 22 obtained
in our study as represented in Venn diagram (Fig. 2g). Overlapping pathways among metabolomics data from
present study and those from literature is represented as Flower model Venn diagram (Fig. 2h). The list of over-
lapping pathways from proteomics and metabolomics are provided in Supplementary Table S2. In addition, the
overlapping pathways of transcriptomics with proteomics as well as pathways obtained from reanalysis of pub-
lished metabolomic data have been compared using Venn diagram and displayed considerable overlap (Supple-
mentary Figure S3). Overall these results suggest association of immunometabolism, activation of tryptophan
metabolism and inflammatory cytokines with POAG.

Inhibition of NOS with DMAG invoked purinergic signaling and expression of cytokines in N9
microglia. Previous studies have shown inhibition of NOS induced an inflammatory response and upregu-
lation of exocytosis'. Since microglia are implicated in glaucoma*’, to understand the mechanistic aspects of
the disease, N9 microglial cells were used. N9 microglial cells are good models as they express P2 receptors and
Toll like receptors, exhibit phagocytosis and chemotaxis which are similar to primary microglia?®. A role for
Caveolin-1 in protecting RGC from acute ocular hypertension by modulating microglia into M2 phenotype
was demonstrated using N9 cells with potential implications for glaucoma®!. The experiments were performed
in two biological replicates and three technical replicates. The results are provided as mean+SEM (Standard
error of mean) within brackets. DMAG, an inhibitor of NOS modulated the expression of P2X receptors (P2X;
(p=0.0356), P2X, (p=0.0487), P2X, (p=0.0365), P2X, (p=0.0413) and P2X, (p=0.0442) (Fig. 3a—e) and P2Y
receptors (P2Y, (p=0.0431), P2Y, (p=0.0449), P2Y, (p=0.0499) and P2Y,, (p=0.0453) receptors, which are
activated by extracellular nucleotides in N9 microglia (Fig. 3f-i). N9 microglial cells treated with DMAG also
showed elevated levels of extracellular ATP (p =0.00016) in the cell culture supernatant (Fig. 3j). Further, DMAG
also induced an inflammatory response by upregulating the expression of cytokines like TGFp (p=0.0365),
TNFa (p=0.0361) and IFNy (p=0.0038) (Fig. 3k-m). The DMAG induced secretion of ATP (p=0.00018),
(Fig. 3j) and the expression of cytokines) could be attenuated by NEM (TGFp, p=0.00534; TNFa, p=0.0427;
IFNYy, p=0.0028) an inhibitor of exocytosis indicating a role for secreted ATP in the process (Fig. 3k-m). Since
DMAG is an inhibitor of NOS, we probed if ATP secretion could be inhibited by nitric oxide donor like sodium
nitroprusside (SNP). Sodium nitroprusside inhibited DMAG induced ATP secretion (p=0.00338, 0.0049)
(Fig. 3n) reiterating a potential role for NO in modulating exocytosis. DMAG induced expression of cytokines
(TNFa, p=0.00035; IFNy, p=0.043) also could be inhibited by sodium nitroprusside (TNFa, p=0.0024; IFNy,
p=0.049) (Fig. 30,p). These results show a role for DMAG in secretion of ATP by vesicular exocytosis and
upregulation of cytokines modulated by NO.

Molecular effects of DMAG and ATP on N9 microglial cells is mediated through P2 receptors
and calcium. To reiterate the role of P2 receptors and P2X, in particular, in DMAG induced ATP secretion
and expression of cytokines, we used broad spectrum inhibitors of P2 receptor (PPADS) and a specific inhibitor
of P2X; receptor (A-43879). All the qPCR experiments were performed in two biological replicates and three
technical replicates. The results are provided as mean + SEM (Standard error of mean) within brackets. DMAG
induced ATP secretion (p=0.0035) and upregulation of cytokines (TGFp, p=0.043; TNFa, p=0.048; IFNy,
p=0.049) were inhibited by PPADS and P2X; specific inhibitor (ATP, p=0.0028, 0.0046; TGFp, p=0.0068,
0.033; TNFa, p=0.0053, 0.0082; IFNy, p=0.0061,0.0089) (Fig. 4a—d) which shows an involvement of the P2
receptors. To reiterate the role of ATP mediated purinergic signaling in microglial inflammation, N9 cells were
challenged with 100 uM ATP. ATP induced elevated intracellular calcium (Fig. 4e). Further, gene expression
analysis was carried out in N9 cells treated with either 25 or 100 uM ATP using Quantitative PCR. The results
show a significant change in the gene expression levels of cytokines like TGFp (p=0.05, 0.049), TNFa (p =0.0072,
0.049) and IFNy (p=0.041, 0.044,) (Fig. 4f-h), which could be inhibited by BAPTA, (TGFp, p=0.0068, 0.05;
TNFa, p=0.0083, 0.033; IFNy, p=0.037, 0.05) a chelator of calcium (Fig. 4f-h). We next probed if DMAG
induced secretion of ATP and expression of cytokines are also dependent on intracellular calcium. Consistent
with our ATP data, the DMAG induced secretion of ATP (p=0.0036) and upregulation of cytokines (TGFp,
p=0.042; TNFa, p=0.0063; IFNy, p=0.0072,) was attenuated by BAPTA (TGFp, p=0.039; TNFa, p=0.045;
IFNYy, p=0.0058) (Fig. 4i-1), showing that elevated level of intracellular calcium is imperative for DMAG medi-
ated effects. These study show a role for DMAG induced secretion of ATP which invoke P2 receptors potentially
resulting in elevated intracellular calcium and cytokine expression.

ATP induces changes in immuno-metabolism and activate tryptophan metabolism in N9
microglia. Microglial inflammation is associated with metabolic remodeling?*2. To reiterate that metabolic
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Figure 3. Showing expression of P2 receptors in N9 microglial cells and DMAG induced ATP secretion and expression of cytokines
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Figure 4. Showing DMAG induced ATP secretion and expression of cytokines as well as their modulation by
P2 receptor inhibitors and calcium chelator, ATP induced calcium response, cytokine expression, modulation
by calcium chelator, (a-d) DMAG treated N9 cells with or without pre-incubation with PPADS (10 uM) or
A-438079 (10 uM) showing (a) treated with DMAG inducing the secretion of ATP which is inhibited by PPADS
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(1 mM) treated N9 cells with or without pre-incubation with BAPTA (50 uM), showing (i) secretion of ATP and
inhibition by BAPTA. (j) TGFp (k) TNFa (1) IFNy. The significance was calculated using Student T- test. *for
P<0.05, ** for P<0.01, and *** for P<0.001. For n numbers and the results provided as mean + SEM, refer to text.
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remodeling could be associated with ATP induced inflammation, targeted metabolomic analysis was carried
out on N9 microglial cell culture supernatant. N9 microglial cells were treated with 100 pM ATP for 12 h and
examined for the differential secreted metabolites in conditioned media using targeted approach in the posi-
tive and negative mode as described in methods. Targeted analysis was carried out in the positive mode for 164
metabolites as described in methods of which 111 were identified. Eighty-eight metabolites with a Coefficient
of Variation (CV) less than 20% after normalization with internal standard were used for further analysis. The
heat map of the top 25 metabolites is provided in Fig. 5a. The metabolites include kynurenine, lactic acid etc.
Together, in an unbiased PCA analysis, these metabolites stratified the conditioned media from ATP treated cells
into a separate cluster compared to conditioned media from untreated cells (Supplementary Fig. S4). Unbiased
PCA clustered the samples into two different group as represented by a score plot (Fig. 5b). In addition, a non-
parametric test revealed 22 secreted differential metabolites to be significantly (P <0.05, FDR=0.25) different
between the treated and untreated groups (Supplementary Fig. S4). A Random Forest analysis identified phenyl
alanine and kynurenine as the metabolites which distinguished ATP treated sets from control (Fig. 5c). The
metabolites are further binned into 14 metabolic pathways (Fig. 5d), which include tryptophan metabolism,
purine metabolism, pyruvate metabolism etc.

Similarly, targeted analysis was carried out in the negative mode for 91 metabolites as described in methods
of which 58 metabolites were identified. Forty-four metabolites with a CV less than 20% after normalization with
internal standard were used for further analysis. The heat map of the 18 metabolites is provided in Fig. 5e. The
metabolites include glucose-6-phosphate, fructose-6-phosphate, 6-phospho gluconate, succinate, inosine etc.
Unbiased clustering of the data using PCA showed two clusters each of ATP (experimental) and controls (Sup-
plementary Figure S5). Unbiased PCA clustered the samples into two different group as represented by a score
plot (Fig. 5f). In addition, a non-parametric test revealed 20 secreted metabolites to be significantly (P <0.05,
FDR =0.25) different between the treated and untreated groups (Supplementary Figure S5). The metabolites
are further binned into 20 metabolic pathways (Fig. 5d). The metabolic pathways include alanine, aspartate and
glutamate metabolism, TCA cycle, glycolysis/gluconeogenesis etc. A Random Forest analysis identified hexose
phosphate, glucose-6-phosphate and glutamine as the metabolites which distinguished ATP treated sets from
control (Fig. 5g). Furthermore, we combined the pathways obtained from positive and negative mode analysis
of microglia supernatant and compared it with the combined metabolomic pathways obtained from our study as
well as those from literature for POAG. A total of 22 pathways overlapped between microglia cell culture super-
natant data and pooled pathways of POAG (Fig. 5h). Similarly, overlapping pathways were also observed with
transcriptomic and proteomic data of POAG (Supplementary Figure S3). The results indicate the importance of
extracellular ATP and hence ATP signaling per se in microglial inflammation and metabolic remodeling, which
might have potential implications for glaucoma.

Our metabolomic analysis shows that metabolites belonging to tryptophan metabolism were elevated in
aqueous humor and ATP treated N9 microglial cell culture supernatant (Figs. 2b and 5d). Since microglia are
cells which are primarily implicated in tryptophan metabolism®, the expression levels of genes IDO-1, IDO-2
and TDO-2 were analyzed. Consistent with in vivo and in vitro metabolomic data, treatment of N9 microglial
cells treated with ATP showed elevated levels of IDO1 (25 pM ATP, p=0.041), IDO2 (100 uM ATP, p=0.044)
and TDO2 (25 and 100 uM ATP, p=0.032 (Fig. 6a—c) which could be inhibited by BAPTA (IDO-1, p=0.05;
IDO-2, p=0.032; TDO-2, p=0.033). Moreover, N9 microglia treated with DMAG upregulated the genes IDO-
1(p=0.0062, 0.00085, 0.0051), IDO-2 (p=0.00067, 0.0068) and TDO-2 (p=0.033, 0.045) belonging to the
tryptophan metabolism (Fig. 6d-j) which could be inhibited by NEM (IDO-1, p=0.0079; TDO-2, p=0.048),
SNP (IDO-1, p=0.0052; IDO-2, p=0.0069; TDO-2, p=0.032), BAPTA (IDO-1, p=0.0084; IDO-2, p=0.0041)
(Fig. 6d-j). The flux through IDO-1/IDO-2 or TDO-2 is imperative for increased levels of downstream metabo-
lites like Kynurenine, 3-Hydroxykynurenine etc. The results of increased expression of IDO1/2 and TDO-2 is
consistent with the activation of tryptophan metabolism and reiterate a role for DMAG induced secreted ATP
and ATP signaling in the process.

The results show a potential role for DMAG invoked P2 receptor mediated microglial inflammation leading
to metabolic remodeling involving immunometabolism and neurotoxic metabolites of tryptophan metabolism
with potential implications for POAG. The overall mechanism of DMAG mediated effects in N9 microglia with
potential implications for Glaucoma is summarized in (Fig. 6k).

Discussion

In the present study, POAG patients exhibit increased IOP and cup disc ratio and decreased RNFL thickness
which are characteristic of the disease. Elevated level of ATP is associated with our POAG patient cohort as
reported previously®. Elevated levels of ATP is also reported in the vitreous humor®**%. Activation of P2X; by
ATP is shown to elevate intracellular calcium and induce rat retinal ganglion cell death®. ATP is secreted through
the Pannexin channel®. However, a significantly higher staining of V-NUT (vesicular nucleotide transporter) also
supports vesicular exocytosis of ATP>®. ATP also plays a role in aqueous humor draining and inflammation®’.
ATP is shown to activate P2X;, receptors, the expression of which is significantly higher in Glaucoma®. Microglia
in retina is shown to express P2 receptors®. Hence high IOP might modulate inflammation in microglial cells
through ATP signaling.

Our study shows elevated levels of TGFpB, TNFa, IFNYy, and IL-17A with POAG. The results comply with
previous reports of elevated TNFa and TGFp in POAG**. Studies have shown that glaucoma exhibit a Thl
response®’. Gene expression analysis from GEO data sets shows changes in cytokine signaling which includes
pathways activated by TGFP, TNFa and IFNYy. Previous studies has implicated a role for TGF in fibrosis
pathway®. In addition, TGFp also induces ATP secretion in cancer cells®'. A role for TNFa and IFNy in inflam-
mation and neuronal cell death has been implicated in neurodegenerative diseases®?. Anti-TNFa antibody is
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Figure 6. ATP and DMAG induced tryptophan pathway gene expression and their modulation by BAPTA,
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BAPTA (50 uM) before treating with ATP showing (a) IDO-1 (b) IDO-2 (c) TDO-2. DMAG (1 mM) treated
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used as a standard of care treatment in these diseases®. Hence extracellular ATP and cytokines might elicit an
inflammatory response with implications for POAG.

Metabolomic analysis of aqueous humor in our patient cohort shows deregulation of various pathways with
potential implications for glaucoma. Comparison with previous transcriptomic, proteomic and metabolomic data
shows these deregulated pathways are highly conserved across population®. Reanalysis of —omic data from GEO
data sets and literature shows considerable overlap of pathways with our POAG patient cohort. These pathways
are indicative of immunometabolism changes which is indicative of inflammation. Significantly elevated levels
of ATP, glutamate and 3-Hydroxykynurenine are observed in the aqueous humor of POAG (Figs. 1f, 2c and
Supplementary Fig. S1). These metabolites induce exictotoxicity and cause neuronal and retinal ganglion cell
death®%. Previous studies have also reported elevated levels of ATP and glutamate in glaucoma®®*. Inhibition
of NMDA receptor or P2X;, receptors resulted in neuronal protection in mice model of neurodegeneration®’.

Our metabolomic analysis shows deregulated glutathione metabolism which concur with our transcriptomic
analysis and previous reports of compromised antioxidant system in POAG®. Changes in arginine concentrations
is proposed to be attributed to alterations in nitric oxide pathway in glaucoma*®®. Increased levels of metabo-
lites like 3-phosphoglycerate, lactate as well as changes in nucleotide, glutamine and glutamate metabolism are
attributed to immunometabolism”. Methyl glutarate is synthesized during inborn errors of metabolism with
impaired mitochondrial function”’. Methyl glutarate is also produced as a side reaction from branch chain amino
acid metabolism which is deregulated in POAG”". Increased glucose metabolism as well as osmotic and oxidative
stress is correlated with increased death of retinal ganglion cells in rat model of glaucoma”. The deregulation of
biotin metabolism in our study is previously reported in cataract®.

Studies have conceived a role for NOS in aqueous humor formation and drainage’. Low activity of NOS is
correlated with high resistance to aqueous humor flow resulting in high IOP while NO donors reduce IOP”*, In
this light, the high DMAG levels which is a natural inhibitor of NOS is suggestive of reduced NOS activity with
consequences for aqueous humor draining and high IOP. Transgenic mice overexpressing eNOS in vascular
endothelia and Schlemm’s canal has reduced IOP and increased AH outflow compared to wild type controls”.
Administration of the NO donors lead to a rapid reduction of IOP in normotensive rabbit model”*. The impor-
tance of NOS function in glaucoma is also reiterated by association of Single Nucleotide Polymorphisms in eNOS
which reduce its function with POAG’®. Transcriptomic analysis of GEO data sets also shows changes in NOS
signaling and cGMP-PKG signaling pathway. NOS inhibition is shown to invoke inflammation and upregulate
exocytosis'®. Since microglia are the immune cells in CNS and retina, we probed the role of DMAG and Puriner-
gic signaling in microglial inflammation using N9 microglial in vitro cell culture system.

To gain further insights into mechanism of inflammation N9 microglial cells were used. Microglia are immune
cells of the brain and retina which are implicated in glaucoma’. Studies have shown a role for ATP in microglial
inflammation’. Our results show that DMAG an inhibitor of NOS upregulated ATP secretion, which could
be attenuated by NEM an inhibitor of exocytosis or sodium nitroprusside, a nitric oxide donor. Nitric oxide
produced by NOS modifies NSF and inhibit exocytosis and inhibition of NOS upregulate exocytosis'’. DMAG
induced ATP secretion was also inhibited by broad spectrum inhibitor of P2 receptors and a specific inhibitor of
P2X;. Previous studies have shown that the Cathepsin C substrate GPN (glycyl-L-phenylalanine-b-napthylamide)
a lysosmotrophic agent induced ATP secretion and elevated intracellular calcium, which could be inhibited by
NEM and inhibitors by P2 receptor”. The higher staining of V-NUT in glaucomatous tissue might support ATP
secretion by exocytosis®. Consistent with NO donor mediated inhibition of ATP secretion, previous studies
have shown that NO modifies NEM sensitive factor and inhibit exocytosis'®. DMAG treatment also modulated
the expression of P2X and P2Y receptors in microglia. Further, DMAG treatment also led to elevated expression
of cytokines like TGFP, TNFa, and IFNy which could be inhibited by NEM, broad spectrum inhibitors of P2
receptors and a specific inhibitor of P2X; showing a role for secreted ATP and purinergic signaling in the process.
ATP induced elevated intracellular calcium and expression of cytokines in N9 microglial cells. Consistent with
arole for calcium in ATP signaling, ATP invoked expression of cytokines which could be inhibited by BAPTA.
Similarly, DMAG induced ATP secretion and expression of cytokines also could be inhibited by BAPTA. Studies
have shown that microglia when challenged with ATP, glutamate and lactate, which are elevated in our POAG,
secreted inflammatory cytokines®'-82,

Microglial inflammation lead to metabolic remodeling®>*2. Extracellular ATP is an inflammatory mole-
cule which induce metabolic remodeling®. Consistent with this cell culture supernatant from ATP treated N9
microglia displayed deregulation of metabolic pathways like glycolysis, pentose phosphate pathway, nucleotide
metabolism, tryptophan and glutamine and glutamate metabolism etc. M1 phenotype resulting from activa-
tion of microglia by LPS or IFNYy is associated with aerobic glycolysis and reduce oxidative phosphorylation®.
Consistent with this proteomic and metabolomic data from POAG that were reanalyzed showed upregulation
of immunometabolism. The change towards glycolysis is found to be essential for cytokine secretion®. Lactate
was shown to induce secretion of cytokines in microglia?. Similarly, higher ratio of phenylalanine to tyrosine in
ATP treated N9 cells is an indication of inflammation®. Random Forest analysis shows phenylalanine as one of
the metabolites that distinguish ATP treated sets from control. Data from previous studies on proteomics® and
metabolomics*® was reanalyzed and showed elevated phenylalanine in POAG patients. The Hydroxyglutaric acid
in microglia cell culture supernatant also indicates a potential activation of NMDA receptor®. The metabolic
profile of ATP activated microglia also considerably overlap with the metabolic profile of POAG in the present
study as well as with the data reanalyzed from metabolic studies published earlier**-*. Taken together, our cell
culture system captures the tenets of immunometabolism associated with POAG and implicate a potential role
for microglia in the process.

Microglia are the cells which are involved in the production of neurotoxic metabolites belonging to the
tryptophan-kynurenine pathway during inflammation with implications for neurodegenerative diseases®>®’.
Consistent with this, our metabolomics data shows elevated levels of kynurenine, anthranilic acid, tryptophan
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etc. Random Forest analysis also shows kynurenine as a metabolite that distinguish ATP treated sets from controls
in the positive mode. Elevated levels of 3-Hydroxykynurenine and indole-3-acetate is observed in our POAG
metabolomics data set as well as previously published plasma metabolomics data from POAG respectively*.
To further corroborate the metabolomic data obtained from N9 microglia treated with ATP, gene expression
analysis of enzymes belonging to tryptophan metabolism was carried out. Both ATP and DMAG treatment of
N9 microglial cells led to upregulation of genes belonging to tryptophan metabolism, which was inhibited by
BAPTA and NEM respectively. In addition, IFNy which is upregulated in POAG and ATP treated N9 microglia
is a known inducer of IDO1/2 in many cell types®. TNFa is shown to potentiate IFNy induced IDO1/2%. Studies
have shown that in many ophthalmic diseases like diabetic retinopathy and age related macular degeneration, the
metabolites belonging to tryptophan metabolism were elevated®’. Metabolites belonging to kynurenine pathway
induce neuronal cell death through NMDA receptor®. Taken together, our in vitro studies with N9 cells suggest
a role for DMAG mediated modulation of purinergic signaling in the upregulation of inflammatory cytokines,
metabolic remodeling and genes belonging to tryptophan metabolism as a potential pathogenic mechanism in
POAG.

Thus, our results show an association of elevated DMAG, ATP, cytokines, metabolic remodeling involving
immuno- metabolism, elevated levels of glutamate and neurotoxic metabolites belonging to tryptophan metabo-
lism and a potential role for microglial inflammation with POAG. Our findings not only add to the knowledge
of pathophysiology of POAG but also provide specific clues towards developing novel therapeutic targets for
the management of POAG.

Conclusions

Our patient cohort displays elevated IOP, CDR and reduced RNFL thickness which are characteristic of POAG.
ATP levels were elevated in the aqueous humor, while cytokines were found to be elevated in patient plasma.
Metabolomic analysis of aqueous humor shows deregulation of nucleotide metabolism, tryptophan metabolism
and elevated levels of DMAG and glutamate. DMAG induced secretion of ATP, invoked purinergic signaling
and upregulated cytokines in N9 microglia in vitro which could be inhibited by NEM, NO donors, BAPTA and
P2 receptor inhibitors. ATP invoked elevated intracellular calcium and upregulation of cytokine expression
which could be attenuated by BAPTA. ATP treatment of N9 microglia induced metabolic remodeling involving
immunometabolism and neurotoxic metabolites belonging to tryptophan metabolism in cell culture supernatant.
DMAG or ATP treatment of N9 microglia induced expression of genes belonging to tryptophan metabolism
could be attenuated by NEM and BAPTA. To our knowledge this might be the first comprehensive analysis of the
association of elevated DMAG, ATP, cytokine, metabolic remodeling and activation of tryptophan metabolism
with POAG. Mechanistically, our work for the first time shows a potential role for DMAG invoked purinergic
signaling induced expression of cytokines and metabolic remodeling involving neurotoxic metabolites from
tryptophan metabolism in microglia with potential implications for the disease process.

Methods

The present study was conducted in Ophthalmology department at Sri Sathya Sai Institute of Higher Medical
Sciences (SSSTHMS), Puttaparthi, India, on prospective patients comprising of 5 healthy controls, 6 cataracts
and 6 POAG patients. In addition, retrospective data was collected from the hospital database which comprise
of 19 controls and 14 POAG patients during the period 2014-2019. The retrospective data was used only for the
comparing clinical parameters like IOP, Cup Disc Ratio and RNFL thickness. For all the studies, “Institutional
Review Board (IRB)/Ethics Committee approval was obtained” and informed consent from healthy controls
and patients were obtained. The informed consent was obtained to publish the OCT images in an online open
access publication. The study was approved by the Sri Sathya Sai Institute of Higher Learning “Institutional Eth-
ics Committee (Registration No: ECR/616/Inst/AP/2014/RR-17). The research work adhered to the tenets of
the Declaration of Helsinki. Controls were age and gender matched. The following criteria were used to select
patient specimens in the study.

Inclusion criteria. Patients with POAG are determined clinically. Patients with POAG were diagnosed with
slit lamp findings. The anterior segment of eye and an elevated IOP of >21 mm of Hg at minimum 2 separate
readings, with typical optic disc findings of glaucoma (focal notching of disc, deepening of cup, thinning of
neuro-retinal rim, laminar dot sign, overpass cupping, saucerization of cup, asymmetrical cupping in 2 eyes of
more than 0.2).

Patients who do not have clinical evidence of glaucoma and who underwent elective cataract surgery were
included in the control group. In addition, patients who come for yearly check up to ophthalmology department
are taken as healthy controls.

Exclusion criteria. Patients with increased IOP >21 mmHg in the eye to be operated or if the patient was
diagnosed to have exfoliation syndrome or exfoliation glaucoma or Angle Closure Glaucoma (PACG). Patients
with any history of surgery or trauma in the eye were excluded. Patients with active inflammatory eye disease
or disease with systemic inflammation, residual recurrent or active ocular surface disease were also excluded.

Study procedure. A detailed general and systemic history of the patient was obtained. Clinical Parameters
which were assessed included best-corrected visual acuity by projection chart (TOPCON Corporation, Tokyo,
Japan Auto Chart Projector model —ACP7E) mounted on TOPCON refraction console. Visual acuity (VA) was
determined in Snellens denomination for both distance and near sight. Anterior segment features were evalu-
ated by Slit lamp examination using a Slit lamp (BQ900 HAGG-STREIT International, Bern, Switzerland) and
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IOP was measured using Goldmann Applanation tonometer (AT 900). Gonioscopy was performed in all the
patients using 4 mirror goniolens (G4 VOLK Inc OH, US, LENS) and graded on the basis of Shaffer’s grading
system. Fundus (optic disc and macula) was examined with 20D and 78D lenses, and periphery was examined
with scleral depressor. The patients underwent retinal nerve fiber-layer (RNFL) thickness estimation using OCT
(Optical Coherence Tomography) (Spectral OCT SLO, OPKO Health Inc. Hialeah, FL, US). All the patients
including POAG underwent a planned cataract surgery. A fasting blood sample was taken from the patient just
prior to the surgery. 5 ml each of serum and plasma was collected as a part of standard of care treatment. Dur-
ing surgery, after cleaning and draping the eye, a parenthesis was performed with a 26 G needle on tuberculin
syringe. Approximately 0.5-0.75 ml of aqueous humor was removed and flash frozen and stored in — 80 °C until
further analysis.

Slitlamp examination. Intra ocular pressure was measured using a Applanation Tonometry which is con-
sidered to be one of the most preferred methods using a Goldmann Applanation Tonometre (GAT) used on Slit
lamps. IOP was measured using GAT after staining the cornea with a fluorescein stain. Specifically, the cornea
was anesthetized with a topical preparation and the tear film was stained with sodium fluorescein. For correla-
tion analysis of IOP with C/D ratio and RNFL thickness, both prospective and retrospective data were used.

Optical coherence tomography (OCT). OCT (Spectral/SLO; OPKO, USA) with RENL of control and
POAG was carried out to aid in diagnosis and average thickness was recorded. OCT was used as a diagnostic
tool that provides high-resolution, cross- sectional imaging of ocular tissues in vivo. It has been of a great value
in measuring retinal and macula thickness and is also used to study and monitor various eye diseases.

ATP measurements. ATP concentration of the samples (aqueous humor and cell culture supernatant)
were determined by the luciferin-luciferase reaction (Thermo Fisher Scientific Cat. No. 822066). In brief, 90 ul of
standard reaction solution and 10 pl of double distilled water was taken and the background luminescence was
measured. The reaction was started by adding 10 pl of diluted ATP standard solution and 90 ul of standard reac-
tion solution. Low concentration of ATP standard solutions was prepared by diluting the 5 mM ATP stock solu-
tion in double distilled water. ATP concentrations ranging from 1 nM to 1 uM were prepared. The luminescence
was measured using a Luminometer (Berthold). The background luminescence was subtracted and a standard
curve was generated for a series of standard ATP concentration. Substituting ATP-containing samples for the
ATP standard solutions, the amount of ATP in the experimental samples (10 pl) were calculated from the stand-
ard curve using manufacturers instruction. For correlation of IOP with ATP, only prospective data was used.

Enzyme linked immunosorbent assay (ELISA). Blood samples were drawn from healthy controls
and patients after obtaining informed consent. Plasma samples from healthy control and POAG were frozen at
— 80 °C until assay was done. Commercial ELISA kits (Thermo Fisher Scientific) of TGFP (Cat. No. CHC 1683),
TNFa (Cat. No. CHC 1753), IFNy (Cat. No. CHC 1233) and IL-10 (Cat No. 1323) were used in the study as per
manufacturer’s instructions. Commercial ELISA kit (Pepro Tech Cat. No. 900-M84) was used for estimating
IL-17A. Dilutions of antibodies were carried out as per manufacturers instruction unless otherwise specified.
Briefly, 96 well micro-titer plates (Nunc MaxiSorp Flat bottom, Cat No. 442404) were coated with capture anti-
body and incubated overnight at 4 °C. Following this, the plate was first washed with wash buffer and blocked
with assay buffer for 1 h at room temperature. Standards and sample dilutions were prepared using the assay
buffer and pipetted into designated wells. Detection antibody was added immediately into the standards and
sample wells and incubated for 2 h at room temperature with continual shaking (700 rpm). After thorough wash-
ing, streptavidin-HRP was added and incubated for 30 min at room temperature with continual shaking. Finally,
TMB (3,3',5,5"- Tetramethylbenzidine) substrate provided by the manufacturer in the respective kits was added
into each well and incubated for 30 min at room temperature with continual shaking. Absorbance at 450 nm
(reference absorbance 650 nm) was obtained within 30 min of adding the stop solution and the results were
calculated using a log-log or 4-parameter curve fit.

Gene Expression Omnibus (GEO) datasets and data preprocessing. Two genome wide expression
datasets of accession GSE27276 and GSE4316 were obtained from Gene Expression Omnibus (GEO) repository
of NCBI. The dataset GSE27276 was an expression profiling by array which compared genome wide expression
in the trabecular meshwork tissues of 15 POAG patients with that of 13 controls using Sentrix Human-6 Expres-
sion BeadChip platform. The dataset GSE4316 was an expression profiling by array which compared genome
wide expression in the trabecular meshwork tissues of 2 POAG patients with that of 3 controls using Affymetrix
Human Genome U133 Plus 2.0 Array platform.

The GEO2R tool was used to perform differential expression analyses and statistical tests. The GEO2R tool
uses GEOquery R package to parse GEO data into R data structures and the limma (Linear Models for Microar-
ray Analysis) R package to carry out statistical tests for identifying differentially expressed genes. Significant
differentially expressed genes were filtered based on adjusted P. Value <0.05 which is adjusted based on the
Benjamini and Hochberg false discovery rate method. For dataset GSE27276, significant differentially expressed
genes were filtered using P. Value <0.05 and having at least twofold change expression, since filtering using the
adjusted P. Value gave very few entries which would not fit into the criteria to perform downstream pathway
enrichment analyses.
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ClueGO pathway annotation analyses. The ClueGO plugin of Cytoscape was used to perform path-
way annotation analysis. We have used Enrichment/Depletion (two-sided hypergeometric test) for our analysis.
We used ClueGO to query KEGG, WikiPathways and Reactome databases and obtain significant pathways.
The pathway terms showing term P-value <0.05 were considered for further analysis. The CluePedia plugin of
Cytoscape was used to add gene nodes to the respective pathways and were used to create subnetworks of path-
ways of interest. Fold change expression values were imported onto the pathway subnetworks to visualize the
expression patterns of the genes belonging to respective pathways.

Metabolomic analysis. Targeted metabolomic analysis was performed using Multiple Reaction Monitor-
ing (MRM) on an Agilent 6490 triple quadrupole mass spectrometer. Briefly to 50 ul of aqueous humor, 2.5 pl
of internal standard (labelled L-Tryptophan 15N, (Cambridge Isotope Laboratories, Inc, Cat. No. NLM-800),
Zeatine, L-Arginine, Jasmonic acid) were added and diluted with 200 pl of double distilled water and passed
through a 3 kDa Amicon filter (Merck Millipore Cat. No. UFC500396). The filtrate was dried in speedvac and
the extract was resuspended in 100 pl of 0.1% formic acid (Sigma) followed by Vortexing and centrifugation at
13,000 rpm for 5 min. 2 pl of the extract was injected in LC-MS 6490 (Agilent). The area under the peak was
normalized with internal standard (labelled Tryptophan 15N,) and a total of 111 metabolites were examined.

Targeted metabolomic analysis of cell culture supernatant was also performed using MRM on an Agilent
6490 triple qudrupole mass spectrometer. Briefly to 50 ul of cell culture supernatant, 150 ul of working solution
with internal standards were added and incubated for 30 min on ice. After 15 min of water bath sonication, the
supernatant was spun at 10,000 rpm for 2 min at 4 °C. The supernatant was added into filter and spun till the vol-
ume comes down 25 ul in the filter and injected into LC-MS 6490 (Agilent). A gradient of acetonitrile (Thermo
Fisher Scientific Cat. No. A955-4)-water system was used to separate metabolites in Liquid chromatography(LC).
The area under the peak was normalized with internal standard (labelled Tryptophan 15N.,).

The aqueous humor samples were analyzed in the LC-MS in positive mode electron spray ionization (ESI+)
mode while the cell culture supernatants of N9 cells were analyzed both in the positive and negative electron
spray ionization (ESI+/-) mode. For positive ionization mode, Waters X-Bridge amide 3.5 pm, 4.6 x 100 mm
column (part no. 186004868, Waters, Milford, USA) was used for separation with a mobile phase of Solvent A:
grade water (Water, Optima LC/MS Grade, Cat. No. W6500, Fisher Chemical, Fair Lawn, NJ, USA) +0.1% formic
acid (FA) (Formic Acid, 99.0+%, Optima LC/MS grade, Cat. No. A117-50, Fisher Chemical, Fisher Scientific,
Fair Lawn, NJ, USA) and Solvent B: 100% Acetonitrile (ACN) (Acetonitrile, Optima LC/MS grade, Cat.No.
A955, Fisher Chemical, Fisher Scientific, Fair Lawn, NJ, USA) +0.1% formic acid (FA) at a flow rate of 0.3 ml/
min in a gradient of 15%:85% from 0th-3rd min, 70%:30% from 3rd-12th min, 98%:2% from 12th-15th min,
98%:2% from 15th-16th min, 15%:85% from 16th-23rd min and 15%:85% from 23rd to 28th min of solvent A
and solvent B respectively.

For negative ionization mode, the Waters X-Bridge amide 3.5 pm, 4.6 x 100 mm column (part no. 186004868,
Waters, Milford, USA) column was used and with a mobile phase of Solvent A: 20 mM Ammonium acetate
(Ammonium Acetate (Optima LC/MS), Cat. No. A11450 Fisher Chemical, Fisher Scientific, Fair Lawn, NJ,
USA) in water (95%) and Acetonitrile, pH 9.0 and Solvent B: 100% Acetonitrile (ACN) at a flow rate of 0.3 mL/
min in a gradient of 15%:85% from Oth-3rd min, 70%:30% from 3rd-12th min, 98%:2% from 12th-15th min,
98%:2% from 15th-16th min, 15%:85% from 16th-23rd min and 15%:85% from 23rd to 28th min of solvent A
and solvent B respectively. The data obtained was normalized by internal standards; L-jasmonic acid for negative
mode of acquisition.

Significant differential metabolites distinguishing POAG with controls and cell culture supernatant of N9 cells
treated with ATP 100 uM with controls were determined using Mann-Whitney Test coupled to False Discovery
Rate (FDR) Correction using MetaboAnalyst. Heat maps, fold change of averaged individual metabolites, PCA
plot and PLSDA in case of POAG as well as Pathways were generated using HMDB numbers for metabolites
employing MetaboAnalyst with KEGG database. FDR threshold of 0.25 was considered further for data inter-
pretation. Random forest and Biomarker analysis was carried out as outlined in statistical section. The LC-MS
parameters along with the multiple reaction monitoring (MRM) for all the identified metabolites are provided
in Supplementary Table S3 and S4.

Cell culture, chemicals and reagents. N9 microglial cell was a kind gift of Dr. Anirban Basu, NBRC,
India. N9 microglial cells were cultured in RPMI (GIBCO) with 10% heat inactivated FBS of South American
origin (Invitrogen) with 100 ug/ml streptomycin and 100 U/ml penicillin (Himedia) at 37 °C in humidified 5%
CO,. The cells were sub-cultured with a 1:4 split ratio and used within 8 passage. The cell culture petri-plates
were from Corning and T-25 flasks from Nunc and trypsin is from Himedia. All chemicals are from Merck
unless otherwise specified.

Live cell calcium imaging. Live cell calcium measurements were carried out using Fluorescence spectro-
photometer (Agilent, Cary Eclipse). 100 ml of Sodium buffer saline (SBS) physiological buffer (130 mM NaCl,
5 mM KCl, 1.2 mM MgCl,,1.5 mM CaCl,, 8 mM p-glucose and 10 mM HEPES, pH 7.4) was prepared for the
assay. Murine N9 microglial cells was maintained in RPMI 1640 medium, containing 10% fetal bovine serum
in 5% CO, at 37 °C. FLUO-4 AM (Molecular probes Life Technologies, Cat. no-F14201) was used as calcium
indicator (Stock 1 mM in DMSO and final concentration of 2 uM was used). Cells were spun at 2000 rpm for
5 min. After discarding the supernatant, the cells were washed with SBS and resuspended in SBS supplemented
with 0.01% (w/v) pluronic acid (Sigma-Aldrich, Cat. No- F-127). FLUO-4 AM solution was added at a final
concentration of 2 pM. The tube containing cells were covered with an aluminum foil to protect from light and
incubated at 37 °C for 1 h with intermittent mixing by inverting the tube. The cells were spun down, washed and

Scientific Reports |

(2021) 11:9766 | https://doi.org/10.1038/s41598-021-89137-z nature portfolio



www.nature.com/scientificreports/

resuspended in SBS at 10° cells/ml. The cells were then stirred in a quartz cuvette. ATP (Sigma-Aldrich, Cat No.
A2383) was added to a final concentration of 100 pM. The excitation at 494 nm and emission at 516 nm was used
to measure the fluorescence at a slit width of 5 nm. Once the calcium imaging peak reached baseline, calcium
chloride was added to a final concentration of 2 mM followed by addition of Triton X100 to a final concentra-
tion of 0.1% to measure maximum fluorescence. The ratio of calcium measurement peak intensity to that of the
intensity after addition of Triton X100 was measured to ensure the readings are normalized to uniform Fluo-4
loading. The readings of calcium measurements are represented as the base line fluorescence (F0) subtracted
from the observed fluorescence (F) (F-F0).

Quantitative PCR. N9 microglial cells are treated either with 1 mM DMAG (Sigma-Aldrich Cat. No.
D4268) alone or pre-incubated with NEM 1 uM for 15 min before addition of 1 mM DMAG for 6 h. Total RNA
was extracted using HiPur A Total RNA Mini prep Purification kit (Himedia Cat. No. MB 602). 1 ug of mRNA
was prepared for cDNA synthesis using cDNA synthesis kit (BIORAD, iscript cDNA synthesis kit Cat. No.
1708891). After cDNA preparation, quantitative polymerase chain reaction (Q-PCR) was performed in tripli-
cates and two biological replicates (BIORAD iTaq Universal SYBR green qPCR super mix, Cat. No. 1725121)
using QuantStudio 5 (Thermo scientific). Primer blast, an online tool developed at NCBI was used to design
the primer sequences encoding for HPRT (hypoxanthine guanine phosphoribosyl transferase), TNFa, IFNy,
TGF, IDO-1, IDO-2, TDO-2 and P2 receptors (P2X,, P2X,, P2X,, P2X;, P2X,, P2Y,, P2Y,, P2Y,, P2Y,,). The
primer sequences used in this study are provided in Supplementary Table S5. Expression of target genes were
normalized to expression of HPRT. The difference between samples and controls were calculated using Delta-
delta C, method. In case of NEM (N-Ethylmaleimide, Sigma-Aldrich, Cat. No. E3876), Sodium Nitroprusside
(Sigma-Aldrich, Cat. No. 71778), PPADS (abcam, Cat No. ab120009), P2X, inhibitor (A-438079 HCI) (Cat. No.
§7705) and BAPTA-AM, cell permeant chelator (Thermo Fischer Scientific, Invitrogen, Cat. No. B1205) experi-
ments, N9 microglial cells were either treated with vehicle, 1 mM DMAG or pre-treated with NEM (1 uM) or
PPADS (10 uM) or P2Xi (10 uM) 15 min before addition of 1 mM DMAG and subsequently incubated for 6 h.
NO cells were treated with BAPTA-AM in RPMI medium without serum for 30 min. After 30mins of incubation,
the medium was changed to complete RPMI medium followed by the addition of DMAG or ATP (25 uM or
100 uM), with or without BAPTA and incubated for 6 h. The gene expression analysis of cytokines (TGFf, TNFa
and IFNy) as well as IDO-1, IDO-2 and TDO-2 were carried out using Q-PCR.

Statistics. The clinical parameters like IOP, CDR, RNFL thickness, levels of ATP and cytokines were sta-
tistically analyzed for significance using Mann Whitney U test. The graphs are provided with mean +SD. The
correlation analysis between two parameters was performed using Pearson’s coefficient of correlation and cat-
egorized as strong, moderate or weak depending on the value obtained following standard procedures. The gene
expression analysis using QPCR was performed using delta-delta CT method and it was statistically analyzed
using Student’s T-Test. Metabolomic data normalized with respect to internal standard was analyzed using an
online tool, MetaboAnalyst. Significant metabolites were determined using Mann-Whitney test coupled to False
Discovery rate correction in MetaboAnalyst. PCA and PLS-DA analysis was carried out using MetaboAnalyst.
Random Forest analysis was carried out with 5000 trees to evaluate the importance of metabolites in separating
or stratifying POAG patients from controls and N9 cells treated with ATP based on the mean decrease accuracy.
Metabolites were also evaluated for their reliability as biomarkers in POAG patients using MetaboAnalyst based
on the Receiver operating characteristic analysis (ROC) analysis. The true positive rate (sensitivity) and true
negative rate (Specificity) were estimated at 0.25 threshold and all the metabolites were ranked based on the Area
under the curve (AUC) values at 95% confidence.

Data availability

Data is available when required.

Received: 14 December 2020; Accepted: 20 April 2021
Published online: 07 May 2021

References
1. Resnikoff, S. et al. Global data on visual impairment in the year 2002. Bull. World Health Organ. 82, 844-851 (2004).
2. Tham, Y.-C. et al. Global prevalence of glaucoma and projections of glaucoma burden through 2040: A systematic review and
meta-analysis. Ophthalmology 121, 2081-2090 (2014).
3. Tielsch, J. M. The epidemiology and control of open angle glaucoma: A population-based perspective. Annu. Rev. Public Health
17, 121-136 (1996).
4. Ahmad, S. S. Glaucoma Suspects : A Practical Approach. 74-81 (2018) https://doi.org/10.4103/tjo.tjo.
5. Ventura, L. M. & Porciatti, V. Restoration of retinal ganglion cell function in early glaucoma after intraocular pressure reduction:
A pilot study. Ophthalmology 112, 20-27 (2005).
6. Zou, H. et al. Fluctuations in intraocular pressure increase the trabecular meshwork extracellular matrix. Cell. Physiol. Biochem.
33,1215-1224 (2014).
7. Sheybani, A. et al. Open-Angle glaucoma: Burden of illness, current therapies, and the management of nocturnal IOP variation.
Ophthalmol. Ther. 9, 1-14 (2020).
. Goel, M, Picciani, R. G, Lee, R. K. & Bhattacharya, S. K. Aqueous humor dynamics: a review. Open Ophthalmol. J. 4, 52-59 (2010).
9. Aliancy, J., Stamer, W. D. & Wirostko, B. A review of nitric oxide for the treatment of glaucomatous disease. Ophthalmol. Ther. 6,
221-232 (2017).
10. Chang, J. Y. H. et al. Role of nitric oxide in murine conventional outflow physiology. Am. J. Physiol. Cell Physiol. 309, C205-C214
(2015).
11. Firat, P. G. et al. Increased aqueous humor symmetric dimethylarginine level in patients with primary open angle glaucoma. Curr.
Eye Res. 44, 619-622 (2019).

fosd

Scientific Reports |

(2021) 11:9766 | https://doi.org/10.1038/s41598-021-89137-z nature portfolio


https://doi.org/10.4103/tjo.tjo

www.nature.com/scientificreports/

12. Boger, R. H. Asymmetric dimethylarginine, an endogenous inhibitor of nitric oxide synthase, explains the ‘L-arginine paradox’
and acts as a novel cardiovascular risk factor. J. Nutr. 134, 28425-2847S (2004) (discussion 2853S).

13. Matsushita, K. et al. Nitric oxide regulates exocytosis by S-nitrosylation of N-ethylmaleimide-sensitive factor. Cell 115, 139-150
(2003).

14. Greco, R. et al. Endothelial nitric oxide synthase inhibition triggers inflammatory responses in the brain of male rats exposed to
ischemia-reperfusion injury. J. Neurosci. Res. 96, 151-159 (2018).

15. Zhang, X. et al. Acute increase of intraocular pressure releases ATP into the anterior chamber. Exp. Eye Res. 85, 637-643 (2007).

16. Vecino, E., Rodriguez, E. D., Ruzafa, N., Pereiro, X. & Sharma, S. C. Glia-neuron interactions in the mammalian retina. Prog. Retin.
Eye Res. 51, 1-40 (2016).

17. Alves, C. H., Fernandes, R., Santiago, A. R. & Ambrosio, A. F. Microglia contribution to the regulation of the retinal and choroidal
vasculature in age-related macular degeneration. Cells 9, 1217 (2020).

18. Rashid, K., Akhtar-schaefer, I. & Langmann, T. Microglia in retinal degeneration. Front. Immunol. 10, 1-197 (2019).

19. Liickoff, A. et al. Interferon-beta signaling in retinal mononuclear phagocytes attenuates pathological neovascularization. EMBO
Mol. Med. 8, 670-678 (2016).

20. Wong, M. et al. T-helper1/T-helper2 cytokine imbalance in the iris of patients with glaucoma. PLoS ONE 10, e0122184-e0122184
(2015).

21. Qian, Y., Wang, X,, Li, Y., Cao, Y. & Chen, X. Extracellular ATP a new player in cancer metabolism: NSCLC cells internalize ATP
in vitro and in vivo using multiple endocytic mechanisms. Mol. Cancer Res. 14, 1087-1096 (2016).

22. Lauro, C. & Limatola, C. Metabolic reprograming of microglia in the regulation of the innate inflammatory response. Front.
Immunol. 11, 1-8 (2020).

23. Stansley, B., Post, J. & Hensley, K. A comparative review of cell culture systems for the study of microglial biology in Alzheimer’s
disease. J. Neuroinflamm. 9, 1 (2012).

24. Fan, B.]. et al. Genetic and environmental risk factors for primary open-angle glaucoma. Chin. Med. J. 117, 706-710 (2004).

25. Chen, M. et al. Association of gene polymorphisms with primary open angle glaucoma: A systematic review and meta-analysis.
Investig. Ophthalmol. Vis. Sci. 60, 1105-1121 (2019).

26. Bonnemaijer, P. W. M. et al. Multi-trait genome-wide association study identifies new loci associated with optic disc parameters.
Commun. Biol. 2,435 (2019).

27. Liton, P. B, Luna, C., Challa, P, Epstein, D. L. & Gonzalez, P. Genome-wide expression profile of human trabecular meshwork
cultured cells, nonglaucomatous and primary open angle glaucoma tissue. Mol. Vis. 12, 774-790 (2006).

28. Sathiyanathan, P, Tay, C. Y. & Stanton, L. W. Transcriptome analysis for the identification of cellular markers related to trabecular
meshwork differentiation. BMC Genomics 18, 383 (2017).

29. Gonzalez Iglesias, H. et al. Comparative proteomic study in serum of patients with primary open-angle glaucoma and pseudoex-
foliation glaucoma. J. Proteomics 98, 65-78 (2013).

30. Kaeslin, M. A. et al. Changes to the aqueous humor proteome during glaucoma. PLoS ONE 11, e0165314 (2016).

31. Sharma, S. et al. Proteomic alterations in aqueous humor from patients with primary open angle glaucoma. Investig. Ophthalmol.
Vis. Sci. 59, 2635-2643 (2018).

32. Micera, A. et al. Differential protein expression profiles in glaucomatous trabecular meshwork: An evaluation study on a small
primary open angle glaucoma population. Adv. Ther. 33, 252-267 (2016).

33. Pieragostino, D. et al. Shotgun proteomics reveals specific modulated protein patterns in tears of patients with primary open angle
glaucoma naive to therapy. Mol. Biosyst. 9, 1108-1116 (2013).

34. Burgess, L. G. et al. Metabolome-wide association study of primary open angle glaucoma. Investig. Ophthalmol. Vis. Sci. 56,
5020-5028 (2015).

35. Leruez, S. et al. A metabolomics profiling of glaucoma points to mitochondrial dysfunction, senescence, and polyamines deficiency.
Investig. Ophthalmol. Vis. Sci. 59, 4355-4361 (2018).

36. Buisset, A. et al. Metabolomic profiling of aqueous humor in glaucoma points to taurine and spermine deficiency: Findings from
the eye-D study. J. Proteome Res. 18, 1307-1315 (2019).

37. Nzoughet, J. K. et al. Nicotinamide deficiency in primary open-angle glaucoma. Investig. Ophthalmol. Vis. Sci. 60, 2509-2514
(2019).

38. Li, A. et al. Sustained elevation of extracellular ATP in aqueous humor from humans with primary chronic angle-closure glaucoma.
Exp. Eye Res. https://doi.org/10.1016/j.exer.2011.06.020 (2011).

39. Kondkar, A. A. et al. Association of increased levels of plasma tumor necrosis factor alpha with primary open-angle glaucoma.
Clin. Ophthalmol. 12, 701-706 (2018).

40. Takai, Y., Tanito, M. & Ohira, A. Multiplex cytokine analysis of aqueous humor in eyes with primary open-angle glaucoma, exfolia-
tion glaucoma, and cataract. Investig. Ophthalmol. Vis. Sci. 53, 241-247 (2012).

41. Croft, D. et al. The Reactome pathway knowledgebase. Nucleic Acids Res. 42, 472-477 (2014).

42. Kanehisa, M. & Goto, S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30 (2000).

43. Pico, A. R. et al. WikiPathways: Pathway editing for the people. PLoS Biol. 6, 1403-1407 (2008).

44. Duan, X. et al. Proteomic analysis of aqueous humor from patients with primary open angle glaucoma. Mol. Vis. 16, 2839-2846
(2010).

45. Murthy, K. R. et al. Proteomics of human aqueous humor. Omi. A J. Integr. Biol. 19, 283-293 (2015).

46. Nzoughet, J. K. et al. A data mining metabolomics exploration of glaucoma. Metabolites 10, 49 (2020).

47. Pan, C. W. et al. Differential metabolic markers associated with primary open-angle glaucoma and cataract in human aqueous
humor. BMC Ophthalmol. 20, 1-8 (2020).

48. Barbosa Breda, J. et al. Metabolomic profiling of aqueous humor from glaucoma patients—The metabolomics in surgical ophthal-
mological patients (MISO) study. Exp. Eye Res. 201, 108268 (2020).

49. Wang, J. W, Chen, S. D., Zhang, X. L. & Jonas, J. B. Retinal microglia in glaucoma. J. Glaucoma 25, 459-465 (2016).

50. Kielian, T. Toll-like receptors in central nervous system glial inflammation and homeostasis. J. Neurosci. Res. 83, 711-730 (2006).

51. Zhang, L. et al. Caveolin-1 protects retinal ganglion cells against acute ocular hypertension injury via modulating microglial
phenotypes and distribution and activating AKT pathway. Sci. Rep. 7, 1-12 (2017).

52. Orihuela, R., McPherson, C. A. & Harry, G. ]. Microglial M1/M2 polarization and metabolic states. Br. J. Pharmacol. 173, 649-665
(2016).

53. Reigada, D., Lu, W, Zhang, M. & Mitchell, C. H. Elevated pressure triggers a physiological release of ATP from the retina: Possible
role for pannexin hemichannels. Neuroscience 157, 396-404 (2008).

54. Resta, V. et al. Acute retinal ganglion cell injury caused by intraocular pressure spikes is mediated by endogenous extracellular
ATP. Eur. ]. Neurosci. 25, 2741-2754 (2007).

55. Zhang, X., Zhang, M., Laties, A. M. & Mitchell, C. H. Stimulation of P2X7 receptors elevates Ca2+ and kills retinal ganglion cells.
Investig. Ophthalmol. Vis. Sci. 46, 2183-2191 (2005).

56. Menéndez-Méndez, A. et al. Specific temporal distribution and subcellular localization of a functional vesicular nucleotide trans-
porter (VNUT) in cerebellar granule neurons. Front. Pharmacol. 8, 951 (2017).

57. Li, A. et al. Mechanisms of ATP release by human trabecular meshwork cells, the enabling step in purinergic regulation of aqueous
humor outflow. J. Cell. Physiol. 227, 172-182 (2012).

Scientific Reports|  (2021) 11:9766 | https://doi.org/10.1038/s41598-021-89137-z nature portfolio


https://doi.org/10.1016/j.exer.2011.06.020

www.nature.com/scientificreports/

58. Sugiyama, T. Role of P2X7 receptors in neuronal death in the retina. Neural Regen. Res. 9, 579-581 (2014).

59. Franke, H., Schepper, C,, Illes, P. & Kriigel, U. Involvement of P2X and P2Y receptors in microglial activation in vivo. Purinergic
Signal 3, 435-445. https://doi.org/10.1007/s11302-007-9082-y (2007).

60. Fuchshofer, R. & Tamm, E. R. The role of TGF-p in the pathogenesis of primary open-angle glaucoma. Cell Tissue Res. 347, 279-290
(2012).

61. Takai, E. et al. Autocrine regulation of TGF-B1-induced cell migration by exocytosis of ATP and activation of P2 receptors in
human lung cancer cells. J. Cell Sci. 125, 5051-5060 (2012).

62. Frankola, K. A., Greig, N. H., Luo, W. & Tweedie, D. Targeting TNF-a to elucidate and ameliorate neuroinflammation in neuro-
degenerative diseases. CNS Neurol. Disord. Drug Targets 10, 391-403 (2011).

63. Clark, I. A. & Vissel, B. Excess cerebral TNF causing glutamate excitotoxicity rationalizes treatment of neurodegenerative diseases
and neurogenic pain by anti-TNF agents. J. Neuroinflamm. 13, 236 (2016).

64. Camacho, A. & Massieu, L. Role of glutamate transporters in the clearance and release of glutamate during ischemia and its rela-
tion to neuronal death. Arch. Med. Res. 37, 11-18 (2006).

65. Fiedorowicz, M. et al. Tryptophan and kynurenine pathway metabolites in animal models of retinal and optic nerve damage: Dif-
ferent dynamics of changes. Front. Physiol. 10, 1254 (2019).

66. Dreyer, E. B., Zurakowski, D., Schumer, R. A., Podos, S. M. & Lipton, S. A. Elevated glutamate levels in the vitreous body of humans
and monkeys with glaucoma. Arch. Ophthalmol. 114, 299-305 (1996).

67. Christensen, 1. et al. The susceptibility of retinal ganglion cells to glutamatergic excitotoxicity is type-specific. Front. Neurosci. 13,
219 (2019).

68. Tezel, G. Oxidative stress in glaucomatous neurodegeneration: Mechanisms and consequences. Prog. Retin. Eye Res. 25, 490-513
(2006).

69. Javadiyan, S. et al. Elevation of serum asymmetrical and symmetrical dimethylarginine in patients with advanced glaucoma.
Investig. Ophthalmol. Vis. Sci. 53, 1923-1927 (2012).

70. Bernier, L. P, York, E. M. & MacVicar, B. A. Inmunometabolism in the brain: How metabolism shapes microglial function. Trends
Neurosci. 43, 854-869 (2020).

71. Jones, D. E., Perez, L. & Ryan, R. O. 3-Methylglutaric acid in energy metabolism. Clin. Chim. Acta 502, 233-239 (2020).

72. Tezel, G. Oxidative stress in glaucomatous neurodegeneration: Mechanisms and consequences. Prog. Retinal Eye Res. 25, 490-513
(2006).

73. Cavet, M., Vittitow, J., Impagnatiello, E, Ongini, E. & Bastia, E. Nitric oxide (NO): An emerging target for the treatment of glau-
coma. Investig. Ophthalmol. Vis. Sci. 55, 5005-5015 (2014).

74. Schneemann, A., Dijkstra, B. G., van den Berg, T. J., Kamphuis, W. & Hoyng, P. E. J. Nitric oxide/guanylate cyclase pathways and
flow in anterior segment perfusion. Graefes Arch. Clin. Exp. Ophthalmol. 240, 936-941 (2002).

75. Stamer, W. D., Lei, Y., Boussommier-Calleja, A., Overby, D. R. & Ethier, C. R. eNOS, a pressure-dependent regulator of intraocular
pressure. Investig. Ophthalmol. Vis. Sci. 52, 9438-9444 (2011).

76. Kang, J. H. et al. Endothelial nitric oxide synthase gene variants and primary open-angle glaucoma: Interactions with sex and
postmenopausal hormone use. Investig. Ophthalmol. Vis. Sci. 51, 971-979 (2010).

77. Ramirez, A. 1. et al. The role of microglia in retinal neurodegeneration: Alzheimer’s disease, Parkinson, and glaucoma. Front. Aging
Neurosci. 9, 214 (2017).

78. Hide, I. et al. Extracellular ATP triggers tumor necrosis factor-alpha release from rat microglia. J. Neurochem. 75, 965-972 (2000).

79. Sivaramakrishnan, V., Bidula, S., Campwala, H., Katikaneni, D. & Fountain, S. J. Constitutive lysosome exocytosis releases ATP
and engages P2Y receptors in human monocytes. J. Cell Sci. 125, 4567-4575 (2012).

80. Bianco, F. et al. Astrocyte-derived ATP induces vesicle shedding and IL-1p release from microglia. J. Immunol. 174, 7268-7277
(2005).

81. Murugan, M., Ling, E.-A. & Kaur, C. Glutamate receptors in microglia. CNS Neurol. Disord. Drug Targets 12, 773-784 (2013).

82. Amoroso, E, Falzoni, S., Adinolfi, E., Ferrari, D. & Di Virgilio, F. The P2X7 receptor is a key modulator of aerobic glycolysis. Cell
Death Dis. 3, 1-10 (2012).

83. Zinger, A., Barcia, C., Herrero, M. T. & Guillemin, G. J. The involvement of neuroinflammation and kynurenine pathway in Par-
kinson’s disease. Parkinsons. Dis. 2011, 716859 (2011).

84. Murr, C. et al. Immune activation and inflammation in patients with cardiovascular disease are associated with higher phenyla-
lanine to tyrosine ratios: The Ludwigshafen risk and cardiovascular health study. J. Amino Acids 2014, 1-6 (2014).

85. Kaeslin, M. A. et al. Changes to the aqueous humor proteome during glaucoma. PLoS ONE 11, 1-15 (2016).

86. Kolker, S. et al. NMDA receptor activation and respiratory chain complex V inhibition contribute to neurodegeneration in D-2-hy-
droxyglutaric aciduria. Eur. J. Neurosci. 16, 21-28 (2002).

87. Robinson, C. M., Hale, P. T. & Carlin, J. M. The role of IFN-gamma and TNF-alpha-responsive regulatory elements in the synergistic
induction of indoleamine dioxygenase. J. Interferon Cytokine Res. 25, 20-30 (2005).

88. Mondal, A. et al. IDOLI is an integral mediator of inflammatory neovascularization. EBioMedicine 14, 74-82 (2016).

89. Munipally, P. K., Agraharm, S. G., Valavala, V. K., Gundae, S. & Turlapati, N. R. Evaluation of indoleamine 2,3-dioxygenase expres-
sion and kynurenine pathway metabolites levels in serum samples of diabetic retinopathy patients. Arch. Physiol. Biochem. 117,
254-258 (2011).

Acknowledgements

We acknowledge our institute Sri Sathya Sai Institute of Higher Learning and CRIF, Prasanthi Nilayam and
Sri Sathya Sai Institute of Higher Medical Sciences, Prasanthi Gram. We acknowledge the grant support from
Department of Biotechnology-Basic Research in Modern Biology DBT (BRB): BT/PR8226/BRB/10/1224/2013,
Department of Science and Technology-The Science and Engineering Research Board-Extra Mural Research
DST-SERB-EMR: EMR/2017/005381, University Grants Commission-Basic Science research UGC-BSR F.4-
1/2006(BSR)/7-164/ (2007) (BSR), Council of Scientific and Industrial research- University Grants Commission-
National Eligibility Test (CSIR-UGC-NET)-2121530422 for the manpower financial support, Department of
Biotechnology- Bioinformatics Infra structure facility DBT-BIF: BT/BI/25/063/2012, Department of Science and
Technology- Fund for improvement of Science and Technology Infrastructure in Higher Educational Institutions
(DST-FIST): SR/EST/LSI-616/2014, University Grants Commission-Special Assistance Program (UGC-SAP
III): E.3-19 /2018/DRS-III(SAP-II) for infrastructure funding. We thank Dr. Anirban Basu from National Brain
research Centre, India for providing the N9 microglial cell lines. We acknowledge Prof. Arun Sreekumar for his
help with primers and Dr. Nagireddy Putluri for his inputs with metabolomics. We would like to acknowledge
Corning Life Science research for their support.

Scientific Reports |

(2021) 11:9766 | https://doi.org/10.1038/s41598-021-89137-z nature portfolio


https://doi.org/10.1007/s11302-007-9082-y

www.nature.com/scientificreports/

Author contributions

S.K.P. performed the investigation, formal Analysis, visualization, helping with manuscript writing, writing-
reviewing and editing. S.K.S.B. helped in the investigation, formal analysis, methodology and validation. V.K.
was part of the investigation, formal analysis, methodology and validation. P.S. contributed for the analysis and
comments of the manuscript during rebuttal. R.B.D. helped in formal analysis and methodology. S.G. was part
of Investigation and methodology. H.K. performed the investigation, methodology. D.S. helped in investigation
and formal Analysis. A.A.N. performed investigation, formal analysis A.P. helped in some of the methodol-
ogy related to mass spectrometer. A.S. contributed in the conceptualization, methodology, formal Analysis,
resources, validation, writing clinical part of the manuscript, supervision, project administration. V.S. performed
the conceptualization, formal analysis, validation, resources, writing- original draft, writing review and editing,
supervision, project administration and funding acquisition. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-89137-z.

Correspondence and requests for materials should be addressed to A.S. or V.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021, corrected publication 2021

Scientific Reports |

(2021) 11:9766 | https://doi.org/10.1038/s41598-021-89137-z nature portfolio


https://doi.org/10.1038/s41598-021-89137-z
https://doi.org/10.1038/s41598-021-89137-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Elevated dimethylarginine, ATP, cytokines, metabolic remodeling involving tryptophan metabolism and potential microglial inflammation characterize primary open angle glaucoma
	Results
	Elevated IOP and cup-disc ratio (CDR) as well as reduced RFNL thickness in POAG. 
	Elevated level of ATP in aqueous humor and plasma cytokines in POAG. 
	Targeted metabolomic analysis of aqueous humor reveals specific changes in metabolic pathways in POAG. 
	Analysis of GEO database and proteomic and metabolomics data from literature bins genes into different pathways. 
	Comparison of our data with GEO transcriptomic data sets, proteomic and metabolomic data reaffirms pathways specific to POAG. 
	Inhibition of NOS with DMAG invoked purinergic signaling and expression of cytokines in N9 microglia. 
	Molecular effects of DMAG and ATP on N9 microglial cells is mediated through P2 receptors and calcium. 
	ATP induces changes in immuno-metabolism and activate tryptophan metabolism in N9 microglia. 

	Discussion
	Conclusions
	Methods
	Inclusion criteria. 
	Exclusion criteria. 
	Study procedure. 
	Slit lamp examination. 
	Optical coherence tomography (OCT). 
	ATP measurements. 
	Enzyme linked immunosorbent assay (ELISA). 
	Gene Expression Omnibus (GEO) datasets and data preprocessing. 
	ClueGO pathway annotation analyses. 
	Metabolomic analysis. 
	Cell culture, chemicals and reagents. 
	Live cell calcium imaging. 
	Quantitative PCR. 
	Statistics. 

	References
	Acknowledgements


