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Abstract

Purpose The current study aims to determine the molecular mechanisms of diabetic retinopathy (DR) using the protein-protein
interactome and metabolome map. We examined the protein network of novel biomarkers of DR for direct (physical) and indirect
(functional) interactions using clinical target proteins in different models.

Methods We used proteomic tools including 2-dimensional gel electrophoresis, mass spectrometry analysis, and database search
for biomarker identification using in vivo murine and human model of diabetic retinopathy and in vitro model of oxidative stress.
For the protein interactome and metabolome mapping, various bioinformatic tools that include STRING and OmicsNet were
used.

Results We uncovered new diabetic biomarkers including prohibitin (PHB), dynamin 1, microtubule-actin crosslinking factor 1,
Toll-like receptor (TLR 7), complement activation, as well as hypothetical proteins that include a disintegrin and metallopro-
teinase (ADAM18), vimentin III, and calcium-binding C2 domain-containing phospholipid-binding switch (CAC2PBS) using a
proteomic approach. Proteome networks of protein interactions with diabetic biomarkers were established using known DR-
related proteome data. DR metabolites were interconnected to establish the metabolome map. Our results showed that mito-
chondrial protein interactions were changed during hyperglycemic conditions in the streptozotocin-treated murine model and
diabetic human tissue.

Conclusions Our interactome mapping suggests that mitochondrial dysfunction could be tightly linked to various phases of DR
pathogenesis including altered visual cycle, cytoskeletal remodeling, altered lipid concentration, inflammation, PHB depletion,
tubulin phosphorylation, and altered energy metabolism. The protein-metabolite interactions in the current network demonstrate
the etiology of retinal degeneration and suggest the potential therapeutic approach to treat DR.
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Introduction

Diabetic retinopathy (DR) is the complication of diabetes
mainly diagnosed as the pathological alterations in the micro-
vasculature of the retina. DR mechanisms include abnormal
vascular capillaries due to blood vessel leakage, blockade, and
the development of new, fragile blood vessels [1-5]. The im-
paired vascular capillary results in bleeding, fluid leaking,
inflammation, and apoptosis that would eventually lead to
photoreceptor cell death. Before the vascular symptom, com-
plicated pathological changes occur at the molecular, cellular,
and tissue levels during the progression of diabetic retinopa-
thy. For example, early DR stage is associated with synaptic
protein changes, neurodegeneration, retinal pigment epitheli-
um (RPE) apoptosis, and thinning of the inner nuclear layer
[6-8]. DR involves mitochondrial dysfunction, increased ox-
idative stress, increased advanced glycation end product, and
apoptosis of photoreceptor cells [9—12]. Currently, clinical
detection of these changes is challenging and the molecular
mechanism of DR is not fully elucidated [5, 13, 14].

DR pathogenesis involves activation of the polyol path-
way, excessive generation of reactive oxygen species, VEGF
activation, neovascularization, and blood-retinal barrier
(BRB) damage [15-18]. However, there has been no compre-
hensive understanding of DR pathogenesis on the molecular
level, where information on mitochondrial dysfunction, me-
tabolite interactions, and the crosstalk between metabolome-
proteome is lacking. We hypothesize that molecular mecha-
nisms of DR could be revealed using the DR-specific protein-
protein interactome and metabolome mapping through all
known proteome in diabetes. Previously, we have studied ap-
optotic signaling in the retina and retinal pigment epithelium
under oxidative stress using proteomic tools [19—33]. We built
the protein interactome based on phosphoproteomics experi-
ments to map the molecular interactions in age-related macu-
lar degeneration (AMD) [25, 26, 32, 33].

In this study, we determined the DR interactome and me-
tabolome map using the proteomic and bioinformatic tools to
unveil molecular mechanisms including amino acids synthe-
sis, energy balance, retinoid binding, insulin secretion, and
insulin resistance. Using the metabolome map, we determined
whether specific amino acids, carbohydrate, ATP/ADP, pH,
and glycolysis/citric acid cycles are the distinctive compo-
nents in the DR mechanism.

Our protein interactome suggests that DR mechanisms
could be connected to the altered visual cycle, mitochondrial
dysfunction, inflammation, altered lipid concentration, altered
energy metabolism, tubulin phosphorylation, and specific DR
biomarkers including prohibitin. The interactome suggests
that new diabetic biomarkers including a disintegrin and me-
talloproteinase (ADAM18), calcium-binding C2 domain-
containing phospholipid-binding switch (CAC2PBY),
vimentin variant (vimentin III), tubulin, and prohibitin, may

@ Springer

employ the anti-apoptotic or tumor suppressor effects through
changes in their expression levels as well as post-translational
modifications. Further, the whole protein interactions were
divided into different subgroups based on their functional
roles by the clustering algorithm. The obtained clusters
showed the networking with the rhodopsin cycle, angiogene-
sis, lipid metabolism, and apoptotic pathways. The protein-
protein interaction (PPI) network dissects the molecular mech-
anism of the multifactorial complex DR to understand retinal
degeneration on the molecular level and eventually provides a
therapeutic guide for DR treatment.

Materials and methods

In vitro study of prohibitin signaling in DR
pathogenesis

For in vitro experiments, retinal pigment epithelial cells
(ARPE-19) were obtained from ATCC (Manassas, VA).
Retinal progenitor cells were generously donated by Dr.
Harold J. Sheeldo at the University of North Texas. ARPE-
19 cells were cultured in a 5% CO, incubator at 37 °C in
100 mm dishes (Nalge Nunc International, Naperville, IL)
using Dulbecco’s modified Eagle’s medium (DMEM) with
fetal bovine serum (10%) and penicillin/streptomycin (1%).
Confluent cells were trypsinized (5—7 min at 37 °C) using a
trypsin-EDTA buffer (0.1%), then centrifugation at 300 x g
for 7 min. Cells (eight to nine passages) were grown to con-
fluence for 2—4 days and then were treated with H,O, (200
uM), intense light (7000—10,000 1x, 1-24 h), or constant light
(48 h, 700 Ix). Cells were washed using Modified Dulbecco’s
PBS and lysed by IP lysis buffer (25 mM Tris, 150 mM NacCl,
1 mM EDTA, 1% NP-40, 5% glycerol, and protease inhibitor
cocktail (0 °C, pH 7.4, 5 min) with periodic sonication (3 x 5
min), and centrifugation (10 min, 13,000 x g). The proteins
were equilibrated with Laemmli sample buffer (5X, 5% f3-
mercaptoethanol), separated using SDS-PAGE, and visual-
ized using Coomassie blue (Pierce, IL) or silver staining.

In vivo study of prohibitin signaling in DR
pathogenesis

Male Wistar rats (250-350 g/rat, eight weeks-old, Charles
River Laboratories) were randomly assigned to control or di-
abetic groups. All procedures were in agreement with the EU
Directive 2010/63/EU, NIH guideline, and ARVO guideline
for animal experiments. Diabetes was introduced with an in-
jection (IP) of streptozotocin (STZ in 10 mM sodium citrate,
65 mg/kg, pH 4.5, Sigma, St. Louis, MO, USA). Blood glu-
cose levels exceeding 250 mg/dl were considered as hyper-
glycemic and confirmed two days after STZ injection with a
glucometer (Elite, Bayer, Portugal). Before euthanization,
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blood was collected for glucose analysis and animals were
weighed. Age-matched controls and diabetic rats were anes-
thetized with halothane and sacrificed, 2 and 8 weeks after the
onset of diabetes.

Retinal protein extraction

The diabetic and age-matched control eyes were enucleated
and placed in phosphate-buffered saline (2.7 mM KCl, 10 mM
NazHPO4, 1.8 mM KH2PO4, 137 mM NaCl, pH 74, 4 OC).
Retinas were dissected and lysed in RIPA buffer (0.1% SDS,
1 mM DTT, 50 mM Tris—HCI, 150 mM NaCl, 1% Triton
X-100,5 mM EDTA, 0.5% DOC, pH 7.4) supplemented with
complete protease inhibitor cocktail tablets and phosphatase
inhibitors (10 mM NaF and 1 mM Na3;VQ,). Protein extracts
were sonicated, centrifuged, and collected in the supernatant
(10 min, 16,000 x g, 4 °C). All proteins in the retina were
analyzed using 1D and 2D SDS-PAGE, western blot, and
mass spectrometry. New proteins in STZ-treated rats were
further studied using database search and BLAST analysis
(Table 1).

Immunoblotting analysis

Proteins were denatured in the buffer (10% SDS, 30%
glycerol, 0.5 M Tris, 0.6 M DTT, 0.012% bromophenol

Table 1  Proteomic analysis of diabetic retina of STZ-treated rat.
Proteins were isolated and separated by 2D SDS-PAGE, followed by
mass spectrometry analysis. Four hypothetical/unknown proteins were

blue, 6x sample buffer) and heated for 5 min at 95 °C.
Proteins were separated by SDS-PAGE using ingredient
gel (8—16%). Proteins were transferred into PVDF mem-
branes (Millipore, Billerica, MA, USA) and the membrane
was blocked using low-fat milk (5%) in Tris-buffered sa-
line (TBS-T, 20 mM Tris-HCI, 137 mM NacCl, 0.1%
Tween- 20, pH 7.6, 1 h, 25 °C). The membrane was incu-
bated with primary antibody (rabbit polyclonal, Genemed
Synthesis, San Antonio, TX) overnight at 4 °C. The mem-
brane was washed (TBS-T, 0.5% low-fat milk, 1 h) and
incubated with the anti-mouse or anti-goat alkaline
phosphatase-linked IgG secondary antibody (1:10,000,
GE Healthcare, Buckinghamshire, UK, or 1:10,000 dilu-
tion, anti-rabbit, Agrisera, Vinnds, Sweden) in TBS-T
(1% low-fat milk, 1 h, 25 °C). The membrane was washed
(TBS-T, 0.5% low-fat milk, 1 h) and proteins were visual-
ized using the enhanced chemifluorescence (ECF, GE
Healthcare). Proteins were detected using an imaging sys-
tem (Typhoon FLA 9000, GE Healthcare) and analyzed
quantitatively by Image Quant 5.0 software (Molecular
Dynamics, Inc., Sunnyvale. CA, USA). The membrane
was reprobed for {3-actin immunoreactivity (1:5,000,
Sigma), 3-III tubulin (1: 5,000, Covance), and an HRP-
conjugated secondary antibody (1:7,000, anti-mouse,
Santa Cruz Biotechnology, Santa Cruz, CA) as loading/
positive controls.

uncovered as not reported proteins previously (a-d). Gene/protein name,
model, isoelectric point (pI), molecular weight, and accession number are
presented.

Protein Identified Gene Name Model Nominal Mass (Da) pl Accession Number
1 Adenylate cyclase type 4 ADCY4 Rattus norvegicus 118799 8.15 gi|117788
2 Hypothetical/unknown® - Rattus norvegicus 27756 5.37 2i|149057175
3 Myogenic regulatory factor 2 MRF2 Rattus norvegicus 12630 9.75 2i[159162479
4 SH3 domain-binding protein 1 SH3BP1 Rattus norvegicus 74852 6.16 21285002227
5 TCRB protein TCRB Rattus norvegicus 35227 8.78 gi|165971024
6 Hypothetical/unknown” ADAMI8 Rattus norvegicus 135097 891 2i/1820960860
7 Hypothetical/unknown® VIMIIL Homo sapiens 47488 5.09 2i|16552261
8 Vinculin VCL Rattus norvegicus 116615 5.83 gi|157822133
9 Prohibitin PHB Rattus norvegicus 29820 5.57 gi|13937353
10 Toll-like Receptor 7 TLR7 Rattus norvegicus 121299 6.38 gi|124245106
11 Hypothetical/unknown? FAMS1B Rattus norvegicus 48781 6.78 21/1046827298
12 Thioredoxin doamin containing protein 17 TXNDC17 Rattus norvegicus 14092 4.85 gi| 157786640
13 Insulin like growth factor 2 receptor A IGF2R Rattus norvegicus 174358 5.45 21/149027461
14 Junction plakoglobin JUP Rattus norvegicus 81801 5.75 241350891
15 Microtubule-actin cross linking factor 1 MACF1 Rattus norvegicus 830743 5.29 21402534525
16 Dynamin-1like protein DNMIL Rattus norvegicus 83908 6.64 2i|2425052
17 E3 ubiquitin-protein ligase RNF135 RNF135 Rattus norvegicus 46012 553 2i|58865598
18 Regulator of G-protein signalling 3 CRA _d RGS3 Rattus norvegicus 68401 8.54 2i/149059607

Putative calcium-binding C2 phospholipid-binding switch (CAC2PBS), °A disintegrin and metalloproteinase (ADAMI18), © Vimentin variant III,

9 Protein family 81 (FAMS1B)
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Immunocytochemistry

Retinal cells were rinsed using the PBS buffer and fixed (4%
sucrose, 4% PFA, 10 min, 25 °C) and permeabilized (PBS,
1% Triton X-100, 10 min). Cells were incubated with the
buffer (5% FBS, 0.2% Tween-20 PBS, 20 min) to prevent
non-specific antibody binding. Cells were incubated with the
primary antibody (2 h, 25 °C), rinsed (PBS), and incubated
with the secondary antibody for 1 h. The cell nuclei were
visualized using DAPI staining (1:5,000). The coverslips were
mounted on glass slides using Dako Fluorescence mounting
medium (Dako, Denmark). Cells were visualized using a laser
scanning confocal microscope LSM 710 META (Zeiss,
Germany) and were analyzed quantitatively using ImageJ
software (version 1.53a).

Mass spectrometry analysis

The excised piece from protein bands/spots (1D/2D) were cut
into 1 mm? cubes. The Coomassie-stained or silver-stained gel
pieces were incubated using a Coomassie destaining buffer
(200 pL of 50% MeCN in 25 mM NH4HCO;, pH 8.0, 20
min, 25 °C) or silver destaining buffer containing 30 mM
potassium ferricyanide (50%) and 100 mM sodium thiosulfate
(50%). The gels were dehydrated using acetonitrile (200 pL)
and dried in vacuum (Speed Vac, Savant, Holbrook, NY).
Proteins were reduced (100 mM NH,HCO; 10 mM DTT,
56 °C, 30 min), alkylated (100 mM NH4HCOs3, 55 mM
iodoacetamide, 20 min, 25 °C, dark) and digested (13 ng/uL
sequencing-grade trypsin, Promega, 10 mM NH4HCO;, 10%
MeCN, 37 °C, overnight).

The peptides were enriched using a buffer (50 pL of 50%
MeCN in NH.HCOs3, 5% formic acid, 20 min, 37 °C). Dried
peptides were dissolved in a mass spectrometry sample buffer
(5-10 uL, 75% MeCN in NH4HCOs, 1% trifluoroacetic acid).
The organic matrix (alpha-cyano-4-hydroxycinnamic acid, 5
mg/mL, MW 189.04, Sigma-Aldrich, St. Louis, MO) was
freshly dissolved in a matrix buffer (50% MeCN, 50%
NH4HCO3, 1% trifluoroacetic acid) and centrifuged (13,000
x g, 5 min). The matrix-peptides (0.5 puL) were spotted onto
the MALDI plate (Ground steel, Bruker Daltonics, Germany).
The peptide mass was analyzed in 800-3000 Da (Flex
MALDI-TOF mass spectrometer, Bruker Daltonics,
Germany) using 70-75% laser intensity and 100-300 shots.
All spectra were calibrated using trypsin peptides (842.5099,
2211.105 Da) and were analyzed using Flex analysis software.
Peptides were identified using the Mascot software (Matrix
Science) and proteins were searched using NCBI/SwissProt
database by the following criteria: 50-300 ppm mass toler-
ance, zero missed cleavage, carbamidomethyl cysteine, me-
thionine oxidation, and 4 minimum peptide match. Protein
identification was validated based on protein sequence cover-
age, a number of matched peptides, MOWSE score, and
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tandem mass amino acid sequence. MOWSE score is
expressed as -10logP as a probability value to compute the
composite probability P.

Cholesterol treatment in vitro

Cholesterol (Matheson Coleman & Bell) stock solution was
prepared in 95% ethanol to a final concentration of 10 mg/ml.
[3-cyclodextrin (Sigma) was dissolved in media and filtered
before applied to cells. While applied to cells, all the
chemicals were dissolved in FBS free media, and cells were
incubated for 12 h with fresh media before the treatment.

Construction of PPl network

We identified more than 1000 proteins as proteins in the ret-
ina, RPE, and vitreous (Table 2). The primary dataset for
normal proteins in the eye was collected by performing a
keyword search against SwissProt (http://www.expasy.ch/
spot/), HPRD (http://hprd.org), and Gene Ontology (GO) da-
tabase (http://www.geneontology.org). When gene ontology
information was unavailable, we used TargetP (http:/www.
cbs.dtu.dk/service/TargetP/) and Psort (http://psort.ims.u-
tokyo.ac.jp/) algorithms that predict the subcellular
localization of a given protein in the retina to filter out false
positives. Only proteins that were predicted to be retinal
proteins by all algorithms were included as the positive
control list.

The interactome was established using PPI software
STRING 11. (http//:string-db.org/) by adding 1000 identified
normal retinal proteins in the query. Protein interactions were
presented using eight categories including neighborhood
(green), gene fusion (red), co-occurrence (dark blue), co-
expression (black), binding experiment (purple), database
(blue), text mining (lime), and homology (cyan). Proteins in
the retina were validated using the databases (https://sph.uth.
edu/retnet/; RPGeNet 2.0; RD5000 DB; RETINOBASE) as
well as the cross-search from the PubMed database and
Google Scholar in January 2019 for the terms “proteins in
the eye”, “proteomics, retina”, and “retina proteins” in the
title, abstract, and keywords. Retinal proteins were collected
based on their accession number, gene name, protein name,
and type of model as selection criteria. All proteins in the
retina, RPE, and the vitreous were validated using the
Uniprot Knowledgebase (UniProtKB).

For diabetic retinopathy proteins, we collected > 500
interacting proteins that are identified in the diabetic retinop-
athy pathogenesis (Table 3). The proteins were searched using
the Database of Interacting Proteins (DIP), Human Protein
Reference Database (HPRD), European Molecular Biology
Laboratory (EMBL)-European Bioinformatics Institute
(EBI) and protein sequences of these genes were obtained
using FASTA (protein and DNA sequence alignment software
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package) from NCBI (National Center for Biotechnology
Information, http://www.ncbi.nlm.nih.gov/). The PubMed
database and Google scholar were used for validation of
retinal proteins and proteomic study in the retina.

For metabolomics study, all known metabolites in DR were
analyzed using bioinformatics tools including OmicsNet soft-
ware (https://www.omicsnet.ca/). OmicsNet is a visual
network system to create a network relationship among
genes, proteins, miRNAs, metabolites, or transcription
factors in three-dimensional (3D) space. A list of molecules
in DR was obtained via OmicsNet. More than 100 metabolites
in DR were connected in purine metabolism, nitrogen metab-
olism, aerobic glycolysis, mitochondrial metabolites, and the
TCA cycle (Table 4).

The metabolites were validated using their KEGG (Kyoto
Encyclopedia of Genes and Genomes) and PubChem identi-
fication number (https://pubchem.ncbi.nlm.nih.gov/rest/pug).
The metabolites were inserted into the OmicsNet.ca software
to generate a comprehensive metabolome map. For the
detailed mechanistic study, DR-specific 121 metabolites were
selected and mapped. The metabolome map was used to val-
idate our protein interactome to uncover any hidden interac-
tions and molecular mechanisms. Further, the proteins obtain-
ed from the metabolome map were used to generate the DR
metabolite-protein interactome map reversely to elucidate
metabolite-related protein network using STRING software.

DR interactome and metabolome map

STRING (http://string-db.org/) was used to establish the
protein-protein interaction map. The interactions of Homo sa-
piens were selected and the interaction network was construct-
ed using the ‘‘add more interactors’” option in the STRING
database. STRING used various protein-interacting tools in-
cluding physical protein interaction, co-expression, gene fu-
sion, neighborhood, co-occurrence, databases, and text min-
ing. The interactome map was a comprehensive network of
protein interactions associated with DR generated from all
available sources including physical interactions and pathway
databases. The search strategy involved the terms “diabetic
retinopathy,” “diabetic eye disease,” “metabolomics,”
“metabonomics,” “metabolites,” “mass spectroscopy,” and
“proteomics”. All metabolomics literature was searched,
reviewed, and relevant metabolites were presented in Table 4.

9

Assigning accession number

An accession number is a unique identifier given to a DNA or
protein sequence record to allow for tracking of different ver-
sions in a single data repository. In the current study, the GI
number of the nucleotide sequence was assigned in the tables.

Statistical analysis

Values are presented as the mean of three independent exper-
iments. Two-group comparisons were analyzed by the 2-tailed
t-test. Multiple comparisons were evaluated by ANOVA and
Tukey or Dunnet tests, as appropriate. P < 0.05 is considered
statistically significant.

Results
New biomarkers in DR pathogenesis

To determine whether early biomarkers in hyperglycemic
models play crucial roles in the progression of DR, we intro-
duced a system-wide, unbiased, and high-throughput ap-
proach to examine protein changes using a proteomic tool
and protein interaction mapping. Proteomic approaches, in-
cluding retinal protein collection from STZ-induced diabetic
rats, 2D gel electrophoresis, and protein identification by mass
spectrometry, were used to determine protein identification
and modifications in DR.

New DR-related biomarkers found in our proteomic exper-
iments are presented in Table 1. Four hypothetical proteins
were further analyzed using bioinformatics tools including
BLAST search and post-translational modification study.
Four unknown proteins were calcium-binding C2 domain-
containing phospholipid-binding switch (CAC2PBS), a
disintegrin and metalloproteinase (ADAM18), vimentin vari-
ant III, and FAMSI1B. In addition to these hypothetical pro-
teins identified by mass spectrometry analysis, our proteomics
data suggested that new biomarkers of DR include prohibitin
(PHB), vinculin (VCL), tubulin beta III (TUBB3), E3
ubiquitin-protein ligase (RNF135), microtubule-actin
crosslinking factor 1 (MACF1), TCRB protein (TCRB), toll-
like receptor 7 precursor (TLR7), insulin-like growth factor 2
receptor (IGF2R), and myogenic regulatory factor 2 (MRF2).
The identities of DR-specific proteins were presented by ac-
cession number, pl value, nominal mass, and their gene name
(Table 1).

DR specific interactome map

DR specific protein interactome map was established using
new biomarkers uncovered in the current study (ADAMIS,
FAMS81B, PHB, TXNDC17, ADCY4, VCL, DNMIL,
RNF135, CAC2PBS, SH3BPI1, MRF2, TLR7, TCRB,
MACF]1, JUP, and IGF2). These DR biomarkers may provide
a foundation to determine potential target proteins implicated
in DR pathogenesis. The DR specific protein interactome was
connected using proteomics data from DR tissues in vivo mu-
rine models. Our initial interactome map using new bio-
markers suggests that mitochondrial protein trafficking,
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crystalline aggregation, ubiquitin-based protein degradation,
and complement activation network could occur in DR path-
ogenesis as presented in Fig. 1. The interactome suggests the
new candidates including ADAM17 and mechanisms in DR
including mitochondrial dysfunction, oxidative stress, cyto-
skeletal remodeling by microtubule, actin filament, intermedi-
ate filament (vimentin), and inflammation switch (comple-
ment activation).

The interactions of ADAM18 as a new DR biomarker were
further established by adding a seed ““ADAMI18’’ only in the
query (Fig. 2) and increase their first and second shell inter-
actions to 50 with a lower threshold. The ADAMI18 interac-
tome suggests that ADAM18 may contribute to specific dual
phosphorylation signal including EGFR, PI3K, APC,
RAC1/2, and RHO through the direct TGFA interaction, as
well as calcium signal through calcium/calmodulin-dependent
kinase [Tt/ (CAMK2A/B) and calcium channel (CACNG2)
as shown in Fig. 2. It is of interest that ADAM18 may interact
indirectly with the PI3K catalytic subunit (PIK3CA, p110)
and the regulatory subunit (PIK3R1, p85) separately through
an estrogen receptor (ESR1). Phosphorylation reactions by
PI3K p110, PI3K p85, EGFR are relayed to RAC1, CDC42,
and RHOA molecules. ADAMI8 is also related to calcium

Fig. 1 The interactome of €A
diabetic retinopathy specific

proteins. DR specific proteins

in vivo were determined using

proteomic tools including 2D T
SDS-PAGE and mass
spectrometry. DR specific protein
interactome was established using
protein-protein interaction (PPI)
map software STRING 11.0
(http://string-db.org/) by adding
newly identified 20 DR specific
proteins in the query. Protein
interactions were presented using
eight categories, including
homology (cyan), neighborhood
(green), co-occurrence (dark blue)
, gene fusion (red), co-expression
(black), binding experiments
(purple), databases (blue), and
text mining (lime). DR specific
interactome was determined by
genomic context, high-
throughput experiments, co-
expression, and previous
publications in PubMed
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RASA3 — RASA2

reactions by direct interaction with DLG1 that may control
CAMK and a MYO protein network. ADAM18-UBE3A in-
teraction demonstrated the ubiquitin-related pathway through
ubiquitin ligase E3A.

Prohibitin signaling in DR pathogenesis

Previously, we tested the hypothesis of whether prohibitin
(PHB) signaling could be altered in the oxidative stress
model [20, 26, 29, 31]. The current experiments demon-
strated that mitochondrial PHB was decreased during hy-
perglycemic conditions in the streptozotocin-treated mu-
rine models and diabetic human tissue. Furthermore, we
examined the hypothesis that PHB depletion could lead
to mitochondrial disruption using the increased/decreased
cholesterol model [34, 35].

First, we examined the PHB expression in the retina of the
DR models to understand oxidative damage and mitochondri-
al dysfunction in hyperglycemia and aging. Our results
showed that the PHB level was changed during hyperglyce-
mic conditions in the streptozotocin-treated murine model and
diabetic human tissue (Fig. 3).
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Fig.2 ADAMIS interactome.

One of four hypothetical proteins

(ADAM18, CAC2PBS, vimentin

variant III, FAM81B) was further

analyzed using bioinformatics

tools including BLAST and

functional domain search.

ADAMI8 interactome was

established using PPI map

software STRING 11.0 (http://

string-db.org/) by adding a seed

(ADAM18) in the query and

applied 50/50 first and second

shell interactions. The ADAMI8

interactome shows a functional,

indirect association and direct

physical interactions. ADAM18

interactions in DR are derived

from eight sources, including

neighborhood, gene fusion, co-

occurrence, high-throughput ATAD3C
interaction experiments, and @
published knowledge (PubMed).
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Tubulin Il analysis in DR

Next, we analyzed cytoskeletal proteins including actin,
tubulin, and vimentin in the rat retina to determine the
function of cytoskeletal polymers after 8 weeks of diabetes
based on our proteomics data. Our results revealed that
diabetes does not induce widespread retinal degeneration
after 8 weeks, however, tubulin BIII was significantly de-
creased, especially in the GCL, INL, and RPE layer (Fig.
4). These alterations suggest that mitochondrial trafficking
could be altered by actin, tubulin, and vimentin polymers
under diabetes leading to cytoskeletal and mitochondrial
remodeling [22, 32].

Control interactome map in the retina

Next, the control retina map was established to connect more
than 1000 retinal proteins using STRING 11.0 software and
analyzed protein interactions involved in normal reactions/
non-disease conditions in the retina (Supplement Table 2).
Control proteins could be involved in inflammation, lipid me-
tabolism, energy metabolism, retinoid binding, oxidative
stress, apoptosis, transcription, and signal regulation (Fig. 5).
Protein interactions of the PI3K-AKT pathway, WNT signal-
ing, actin cytoskeleton, apoptosis, p53 pathway, VEGF path-
way, and HIF-1 signaling are noticed in the control map (Fig.
5, Supplement Fig. 1A and H).
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DR interactome map

The comprehensive DR interactome was established using
500 DR-specific proteins from the current study and known
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<« Fig. 3 Prohibitin as the DR biomarker. Prohibitin expression in control,
diabetic retinopathy (DR), and aged retina (n=09) for biological
triplicate, and technical triplicate were analyzed quantitatively using
SDS-PAGE and western blotting. The beta-actin blot was used as a
loading control. (A) Prohibitin expression was analyzed quantitatively
in diabetic, aged, and control mouse retina. (B) Prohibitin expression
was analyzed quantitatively in diabetic, aged, and control rat retina. (C)
Prohibitin expression was analyzed quantitatively in diabetic retinopathy
(DR), aged, and control retina in post-mortem human tissue. Statistical
comparisons between means were performed by a 2-tailed t-test. A p-
value of <0.05 was considered significant statistically (p > 0.05 ns, not
significant; *p <0.05; **p <0.01; ***p<0.001)

DR proteins using STRING software (Fig. 6, Supplement
Table 3). Our results demonstrated that these interacting pro-
teins in DR, when upregulated or downregulated under vari-
ous stress conditions, may give influence to the visual cycle,
energy metabolism, rthodopsin cycle, mitochondrial structure,
and complement activation that can potentiate insulin deple-
tion, apoptotic process, and oxidative stress.

The analysis of DR and control map interaction revealed
that protein signaling in DR could be initiated from the oxi-
dative stress biomarkers. The PPI map supported the idea that
interacting proteins under oxidative stress could be involved
in apoptosis in the RPE. The current study identified altered
apoptosis as the major pathological pathway determined by
the DR network. Further, the DR interactome could identify
the clinical target of inhibition for the anti-apoptotic and anti-
angiogenic networks (Fig. 6, Supplement Fig. 2A and K).

DR interactome map with nine clusters

The DR-specific proteins in Table 3 were divided into several
groups based on their functional regulatory roles by k-means
clustering algorithms. Grouping the protein interactions into
clusters further confirmed the sub-network on their functional
roles including the rhodopsin cycle, inflammation, angiogen-
esis, oxidative stress, lipid, energy metabolism, apoptosis, mi-
tochondria organization, and retinoid binding (Fig. 7). The k-
means algorithm was essential due to their unsupervised clus-
tering method based on the adjacent matrix that determines
which molecules go to the group of pre-specified criteria.
Most of the interactors were connected by multiple lines sug-
gesting interactions derived from more than one source of
information. On segregating the network based on k-means
clustering, the members within each cluster were observed to
be highly interconnected, reflecting a functional association
indicating crosstalk between networks.

DR metabolome mapping

To confirm our DR interactome, the metabolome map of all
known DR metabolites was established using various
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Fig. 4 [3-tubulin III as the DR
biomarker. 3-tubulin III in rat
retinas was analyzed using
immunohistochemistry. The
ganglion cell layer (GCL)), the
inner nuclear layer (INL), the
outer nuclear layer (ONL), and
the RPE are presented. (3-tubulin
111 is abundant in the GCL, INL,
and RPE layer. Our data revealed
that diabetes does not induce
widespread retinal degeneration
after 8 weeks, however, the
protein level of beta-tubulin I11
was altered significantly

CONTROL

bioinformatic tools including OmicsNet software (Fig. 8A).
Over 100 metabolites collected from the database and the
literature and specific 121 metabolites related to DR were
mapped to identify metabolites-proteome interactions
(Supplement Table 4). The DR metabolome map showed that
molecules were interconnected to the TCA cycle, purine

Fig. 5 The control interactome of
the retina. Normal eye proteins
are presented in the interactome
map. Control interactome map

was established using PPI C
software STRING version 11.0
(http://string-db.org/) by adding
over 1000 identified eye proteins
in the query. The interactome
shows direct physical interaction
as well as indirect functional
association. Physical and
functional interactions include
high throughput interaction
experiment, genomic context,
published knowledge in PubMed
and MiPs, and conserved co-
expression. The control map
revealed the following; PI3K-
AKT pathway, Wnt pathway, p53
pathway, actin cytoskeletal
pathway, VEGF pathway,
apoptosis, HIF-1 signaling
(Supplement Fig. 1A and H)

I
o
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GCL
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metabolites, xanthine, amino acid, nitrogen metabolism, gly-
colysis, and mitochondrial reaction in DR.

The metabolome map was dissected into the smaller-
scale map using 43 metabolites for clarification (Fig. 8B).
The second metabolome map demonstrated that potential
DR mechanisms may include energy balance (ATP/ADP,
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Fig. 6 The protein interactome in
DR. Potential biomarkers are
presented in the interaction map.
Over 500 proteins found in DR
were added in STRING software
version 11.0 and determined
protein interactions. The current
interactome integrates interaction
data from the above sources for a
large number of organisms. The
DR interactome suggests that
phosphorylation signaling in DR
could be initiated under
hyperglycemia. Oxidative stress,
mitochondria dysfunctions,
inflammation, apoptosis,
cytoskeletal remodeling, altered
lipid metabolism, and altered
energy metabolism are noticed
(Supplement Fig. 2A and K)

ADP/AMP ratio), reducing power (NADPH/NADP™,
FADH,), altered amino acid metabolism (methionine, ty-
rosine, leucine, aspartate, glutamine, citrulline/nitric oxide,
beta-alanine, 4-aminobutanoate, glutamic acid), purine
degradation (xanthine), vitamins (pyridoxal phosphate, ri-
boflavin), glycolysis (PEP, 2-phosphoglycerate, glycerone
phosphate), hyperglycemia (sorbitol), citric acid cycle
(acetyl CoA, succinate, 2-oxoglutarate, glyoxylate), and
cellular pH regulation (HCO5 , CO,).

Reverse interactome map from the metabolome-
proteome interactions

The second DR interactome was established reversely
using STRING software and proteins from the metabo-
lome map (Supplement Table 5). Proteins were identified
from the metabolome-proteome interactions in the metab-
olome map. The new DR interactome from the metabo-
lome map suggests that a positive correlation may exist
between the metabolites in energy balance and proteins in
diabetes. Subsequently, the metabolite-protein interaction
was validated again using the second DR interactome and
the metabolome-proteome analysis suggesting that direct
and indirect networks exist between DR-related metabo-
lites and specific proteins in the retina (Fig. 9).

@ Springer

Dissection of DR map and its interacting pathway in
DR pathogenesis

Based on our proteomic data, DR interactome, and DR me-
tabolome map, the potential DR mechanism was proposed.
The pathway information is vital for the quantitative analysis
of cellular remodeling of the biological system. Mitochondria
have been implicated in the origin of DR because of the es-
sential role in energy balance, lipid reactions, and the control
of apoptotic pathways. Activation of complement pathways
can initiate and accelerate apoptosis, thrombosis, and
leukostasis, and these reactions are significant steps in the
development of DR. Mitochondrial dysfunction, oxidative
stress, altered retinoid metabolism, altered cytoskeleton, al-
tered lipid metabolism, energy balance (ATP/ADP), angio-
genesis, apoptosis, and inflammation were also implicated
(Fig. 10).

Discussion

New biomarkers in DR

Diabetic retinopathy is recognized as a metabolic disease and
the predominant cause of blindness among adults throughout
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Fig. 7 Clustering of DR
interactome network into 9
clusters. Our interactors were
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the world [14]. The pathogenesis of DR is related to
hyperglycemia-induced unwavering energy disturbances, in-
flammation, and oxidative stress [4, 15]. It is an unarguable
fact that DR also occurs in some patients whose blood glucose

Fig. 8 DR metabolome mapping. A The metabolome map was
established using OmicsNet software by adding 121 metabolites in the
query. These metabolites carry protein interactions on their edges.
Metabolites in the retina including amino acids, oligonucleotides,
carbohydrates, ketones, aldehydes, amines, and lipids are shown on the
map. The metabolome mapping identified low molecular weight
metabolites in DR samples. B The metabolome map was dissected into
the smaller-scale map for clarification. Forty-three metabolites are shown
in the metabolome map. The dissected metabolome map suggests that
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level is well-controlled suggesting that other pathogenic fac-
tors may contribute to the phenomenon [14, 36-39]. The di-
rect and indirect protein interactions constitute a functional
association of an essential survival complex in the retina.
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energy balance (ATP/ADP, ADP/AMP), reducing power (NADPH/
NADP", FADH,), amino acid metabolism (methionine, tyrosine, leucine,
aspartate, glutamine, citrulline, beta-alanine, 4-aminobutanoate), purine
degradation (xanthine), vitamins (pyridoxal phosphate, riboflavin), gly-
colysis (PEP, 2-phosphoglycerate, glycerone phosphate), hyperglycemia
(sorbitol), citric acid cycle (acetyl CoA, succinate, 2-oxoglutarate,
glyoxylate), and pH (HCO5 , CO5) could be altered as the potential path-
ogenic mechanisms in DR
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Fig. 9 The second interactome
network obtained from the
metabolome map. Proteins
obtained from the metabolome
map were added in STRING
software and determined the
protein interactions to confirm the
original DR interactome. The
metabolites were specific amino
acids, carbohydrates, ATP/ADP/
AMP, and lipids that are closely
related to insulin resistance and
secretion. The second interactome
confirmed the first DR
interactome and suggests a
correlation between the
metabolites and DR biomarkers

CYP2A13

A

The assembly of all known and unknown proteins, as well as
the genetic association in the cell, result in a protein network
of proteome-wide functional connectivity. Thus, the protein
network is an ideal scaffold for data integration, visualization,
and biomarker discovery. An in-depth understanding of the
molecular mechanism of the disease requires knowledge of all
functional integration between the expressed proteins and
metabolites.

Based on our proteomics data, DR specific protein interac-
tome map revealed the new biomarkers as hypothetical pro-
teins that have not been reported in the database except their
gene sequence in DR pathogenesis (Fig. 1; Table 1).

One of the identified hypothetical molecules in the data-
base is calcium-binding C2 domain-containing phospholipid-
binding switch protein (CAC2PBS) [40]. C2 domain proteins
are mainly signal transducers including protein kinase C (sin-
gle C2 domain) and membrane trafficking proteins including
synaptotagmins (multiple C2 domains). C2 domains regulate
the respective protein function by forming the Ca**-dependent
or Ca**-independent phospholipid complex.

The other unknown protein II in proteomics data was iden-
tified as ADAMI18 by mass spectrometry analysis and
BLAST search [41-43]. ADAMI18 contains a unique N-
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terminus sequence that has no homologous proteins found in
the BLAST search using the NCBInr database, however, the
gene shows the similarity as a disintegrin and metalloprotein-
ase with thrombospondin domain (ADAMTS) [44].

The next unknown protein III was identified as vimentin
variant III that encodes a type III intermediate filament
[45-49]. Intermediate filaments, along with microtubules
and actin microfilaments, make up the cytoskeleton. This pro-
tein is involved in neuritogenesis and cholesterol transport as
well as cell attachment, migration, and phosphorylation-
dependent polymerization.

Finally, the fourth unknown protein was identified as
FAMBS1B-like protein. Not much information has been report-
ed on this protein until recently [50, 51]. FAMS81B contains a
DNA binding domain and was reported as a chromosome
segregation protein.

The ADAM18 interactome

The ADAMI18 interactome indicates that ADAMI18 phos-
phorylations may go through a dual-direction including
ADAM18-TGFA-EGFR-RHOA as one direction, in addition
to ADAMI18-ESR1-PI3K-RAC1-CDC42-RAC2 pathway as
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Fig. 10 Mechanistic dissection
using the DR interactome. Based
on our proteomic data, the
potential DR mechanism is
proposed as follows: (1) oxidative

stress; (2) hyperglycemia; (3)

mitochondrial dysfunction; (4) HYPERGLYCEMIA

complement activation; (5)
apoptosis; (6) angiogenesis; (7)
inflammation; (8) lipid
metabolism; (9) energy
metabolism; (10) cytoskeletal

DIABETIC
MELLITUS

OXIDATIVE
STRESS

MITOCHONDRIAL
DYSFUNCTION

VASCULAR
PERMEABILITY/OCCLUSION

remodeling; (11) vascular ANGIOGENESIS
permeability; (12) altered retinoid APOPTOSIS
metabolism; (13) altered
phosphorylations by Tyr-
dependent kinase, Ser/Thr- ENERGY
dependent kinase, and calcium- INFLAMMATION METABOLISM
dependent kinase
LIPID | CYTOSKELETON
METABOLISM
RETINOID
METABOLISM
DIABETIC
RETINOPATHY

the alternative direction. RACI is a precursor of NOX2 sig-
naling and CDC42 is involved in insulin secretion. Overall
ADAMI18 network may propose a dual phosphorylation
mechanism of Ser/Thr kinase-based phosphorylation
(CAMK) and Tyr kinase (PI3K) signaling at the same time
to increase the number of controlling reactions through spe-
cific kinases [43, 46].

The first DR interactome showed that PHB could be in-
volved in DR progression. Decreased PHB may modulate
lipid metabolism, RPE apoptosis, nucleotide binding, and di-
abetic signaling through lipid-binding sequence with
cardiolipin [26, 29, 31]. As an oxidative stress environment,
we introduced a diabetic model to compare PHB expression in
hyperglycemic, aged, and normal conditions. Our experi-
ments demonstrated that PHB in the RPE is diminished during
DR pathogenesis (Fig. 3). PHB depletion leads to mitochon-
drial disruption and fragmentation [29, 31-33].

Our PHB-protein binding experiments suggest that PHB
may change the cytoskeleton and mitochondrial arrangement
by binding to actin, tubulin, and vimentin. The beta-actin is
observed to be present in both control and oxidative stress
implying a general role of PHB-actin interaction on mitochon-
drial structure maintenance. Beta-actin has a nucleotide-
binding domain that controls the flow of ions across epithelial
cells and also regulates cell volume. Differential expression of

PHB was observed in the post-mortem retinas of DR and aged
eye as well as in the retina of mice and rats in vivo. Region-
specific (macular vs. periphery) and tissue-specific (retina vs.
RPE) differential expressions of PHB in the eye were observed
in the post-mortem tissue. Moreover, a detailed mechanism of
PHB interaction with lipid, nucleotide, and protein as shown in
the previous study suggests how molecular interactions of
PHB-lipid/nucleotide/protein may control the apoptotic path-
way in DR and promote DR progression [21, 23, 26, 29].

Beta-tubulin is situated at the crossroad of a network of
cancer pathways and epigenetic regulations that are essential
for cell cycle and cell division [45, 52-56]. Although the
mechanism of DR is not understood entirely, proteins in-
volved in the cell cycle are known to be involved in DR
progression. Our data suggest that the cytoskeletal proteins
in the rat retina may determine the function of the mitochon-
drial polymer after 8 weeks of diabetes based on our proteo-
mics data.

In the interactome map, line color indicates the type of
interaction evidence, whereas line thickness indicates the
strength of data reliability, and line shape indicates the mode
of action. The following pathways are noticed in our control
interactome map in the retina: PI3K-AKT pathway, WNT
signaling, regulation of actin cytoskeleton, apoptosis, p53
pathway, VEGF network, and HIF-1 network. Frequent
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dysregulation of PI3K-AKT signaling is implicated in diabe-
tes that leads to the development of small-molecule inhibitors
of PI3K and AKT as potential therapeutic tools toward DR.

The normal vs. the DR interactions suggest the following
aspects of DR: (1) the DR interactions indicated alterations in
energy metabolisms, as well as changes in tubulin phosphor-
ylation, mitochondrial organization, ATP-regulating reactions
(ATP/ADP, ADP/AMP ratio), and reducing power (NADPH/
NADP™) [57-59], (2) chaperon changes including crystalline,
heat shock proteins, albumin, peroxiredoxin, thioredoxin, sig-
nified up-regulated oxidative stress in DR [60—63], (3) chang-
es of retinoid-binding proteins, including CRABP, CRALBP,
RDH, RGR, RPE65, and IRBP represent potential alterations
of retinoid metabolism [64—68]. Altered expression of
retinoid-binding proteins may lead to perturbed visual/
rhodopsin cycle and decreased retinoid concentrations which
are also suggested by cytoskeletal remodeling via actin,
vimentin, tubulin phosphorylation, and angiogenic reaction
modulated by VEGF and EPO [69-71], (4) altered lipid me-
tabolism that includes cardiolipin as a mitochondrial indicator
of apoptosis and cholesterol as a protein aggregator [72—74],
(5) imbalance of mitochondrial stoichiometry, (6) comple-
ment activation by C3, C5, C7, C9, CFB, CFH, and CFI
[16, 75]. This was observed via vitronectin and clusterin in-
teractions, (7) cytoskeletal remodeling by microtubules, actin
filament, and intermediate filament (VIM, ACT and TUBB),
(8) apoptotic molecules including BAX, BAK, BAD, BCL2,
pJAK2, pSTAT3, TNF, PRDXS, CLU [76-78], (9) induced
inflammation markers (collagen, vitronectin, MIF, CD14,
PSMAG6, APOAL).

Further analysis of the interactome by grouping into 9 clus-
ters shows indirect connections and crosstalk between specific
pathways and networks. The clustering of the interactome
revealed the interconnectivity between the visual cycle, in-
flammatory response, energy metabolism, and angiogenesis
as well as apoptotic pathways.

The metabolome map demonstrated that the DR-specific
metabolites including amino acid, oligonucleotides, carbohy-
drates, ketones, aldehydes, amines, and lipids in the retina are
connected through protein bindings, which are closely related
to insulin resistance and secretion.

Our metabolomics data revealed various small molecules
including ATP/ADP, ADP/AMP, NADPH/NADP*, FADH,,
methionine, tyrosine, leucine, aspartate, glutamine, citrulline,
4-aminobutanoate, xanthine, pyridoxal phosphate, riboflavin,
PEP, 2-phosphoglycerate, glycerone phosphate, sorbitol, ace-
tyl CoA, succinate, 2-oxoglutarate, glyoxylate, HCO; , and
CO, as the distinctive metabolites in DR [63, 79].

Retina shows a high metabolism rate, oxygen consump-
tion, and is considered to be particularly susceptible to
hyperglycemia-related oxidative stress [80, 81]. We postulate
that impairment in the metabolism of purine, arginine, methi-
onine, tyrosine, leucine, aspartate, and glutamine, and
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glutamic acid as metabolic dysregulation associated with DR
based on our metabolome map. The analysis of DR interac-
tome using proteome-metabolome network reveals that there
is a positive correlation between diverse phosphorylations
(ATP/ADP/AMP ratio vs. Ser/Thr Kinase and Tyr kinase)
and DR progression.

DR related proteins and signaling pathways in the
interactome

In the diabetic retina, cells experience high glucose concentra-
tion inducing the overproduction of metabolism-related pro-
teins while enhancing glycation and the accumulation of ad-
vanced glycation end products (AGEs) [82-85].

Under diabetic conditions, inactivation of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), an enzyme that cata-
lyzes the conversion of glyceraldehyde 3-phosphate to D-
glycerate 1,3-bisphosphate, is responsible for diabetic compli-
cations, accumulation of AGE, activation of protein kinase C
(PKC), and increased hexosamine pathway. Other investiga-
tions indicate that GAPDH may also be involved in glucose-
induced apoptosis through translocation to the nucleus in ret-
ina Miiller cells [86, 87].

The accumulation of sorbitol is originated from aldose re-
ductase (ALR) catalyzing NADPH-dependent reduction of
glucose to sorbitol. Inhibition of ALR greatly attenuates base-
ment membrane thickening, pericyte loss, and
microaneurysms in the retinal capillary. The mechanism
may involve the inhibition of VEGF, decreased expression
of platelet and endothelial cell adhesion molecule-1
(PECAM1), and suppression of glial activation [88-91].

Vascular homeostasis

Vascular integrity and functionality ensure the adequate blood
supply and mass transfer for normal tissue physiology and
stress response. The main clinical signs in DR involve high
blood pressure, capillary basement thickening,
microaneurysm, hemorrhage, blood-retinal barrier break-
down, and neovascularization. The microvasculature conse-
quences and blindness are the major manifestations of the
end-stage in DR.

Vascular endothelial growth factor (VEGF) regulates an-
giogenesis and vascular permeability [18, 37]. VEGF inhibi-
tion can limit vascular leakage and inflammation. However,
not all DR patients respond to anti-VEGF therapy, indicating
other VEGF independent factors and pathways may induce
neovascularization during DR.

Nitric oxide synthase (NOS) regulates nitric oxide (NO)
concentration in the cell [92, 93]. NO maintains vascular
structure by inhibiting blood clotting to prevent vascular
smooth muscle cells (SMCs) from over-proliferation. NO con-
trols basal blood flow, vascular integrity, superoxide
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scavenging, and protein nitration. Inducible NOS in immune
cells, typically stimulated under oxidative stress, generates a
high level of NO that can be cytotoxic and pro-inflammatory.
NO is angiogenic through enhancing endothelial migration
and inducing reorganization of extracellular matrix (ECM)
proteins. NOS uncoupling caused by an insufficient substance
(oxygen and arginine) abrogates NO generation property.

Angiotensin I is catalyzed to angiotensin II by angiotensin-
converting enzyme (ACE) [15, 94]. The latter mainly works
as a vasopressin producer and a vasoconstrictor that mediates
the narrowing of the blood vessels by muscular wall contrac-
tion. Besides, it is involved in the overproduction of reactive
oxygen species (ROS) and activation of nuclear factor-
kappaB (NF-«B). It also stimulates VEGF, resulting in cell
hypertrophy, over-proliferation, migration, and apoptosis.
Clinical studies show that angiotensin II inhibition decreased
the progression of DR by 50%.

Erythropoietin (EPO) is a glycosylated cytokine and
growth factor that regulates blood cell production, immune
reaction, and neuroprotection [8, 19, 95]. Although EPO is
beneficial for diabetic patients, to reduce blood glucose levels,
limit peripheral neuropathy, maintain energy metabolism, it
also has significant side effects including elevated blood pres-
sure, excessive microvascular angiogenesis, and even tumor-
inducing effect.

Plexin domain-containing 2 (PLXDC?2) is a tumor endo-
thelial marker (TEM7R) and a mitogen for neural progenitors.
It is highly expressed in the endothelial cells of solid tumors.
In DR, it is associated with the formation of a fibrovascular
membrane and may cause retinal angiogenesis [96-98].

The stress response in DR

Many pathological pathways associated with DR result in the
overproduction of ROS. The increased oxidative stress further
facilitates protein turnover rate, damages nucleotides, initiates
immune responses, and induces growth factors including
VEGF which promotes the development of diabetic compli-
cations. Antioxidant therapies have shown a promising clini-
cal effect in slowing down the progression of DR.

Collectin superfamily (C-lectin) participates in removing
damaged lipoprotein under oxidative stress. Heat shock pro-
teins function as protein chaperones to protect immature pro-
teins facilitating correct folding and to assist in clathrin-
mediated endocytosis. Heat shock protein family A has been
identified in RPE cells under oxidative stress and ischemia-
reperfusion injury.

Cell adhesion and structural proteins
Retinal tissue morphology change, infiltration of immune

cells, and neovascularization are associated with extracellular
matrix (ECM) and cytoskeletal proteins. Changes in ECM and

matrix protease make the whole tissue mechanically labile and
more accessible to immune cells. Vascular basement mem-
brane thickening involves morphological changes and apopto-
sis of pericytes. When pericytes are separated from the endo-
thelial layer, blood vessel loses its structural integrity.

Integrin (x2/f31) is a collagen receptor mediating platelet
adhesion in blood vessels. Different polymorphisms of «2
integrin cause different reactivity of platelet with aggregation
factors, including thrombin and adenosine diphosphate.
Diabetic patients have hyper-reactive platelets and micro-
vascular defects [38]. In healthy blood vessels, the endotheli-
um layer is intact, which prevents platelet from adhering to
collagens underneath. Platelet in diabetic patients can be acti-
vated by the exposed collagen at the defect site. Therefore,
antiplatelet therapy has been reported to slow down the prog-
ress of DR.

At the early stage of DR, there is an increase of leukocytes
in the retina, which might be responsible for retinal vascular
leakage, retinal capillary nonperfusion, and local inflamma-
tion. Inhibition of ICAM-1 reduced the leukocyte number,
which may potentially prevent blood-retinal barrier break-
down [99-101].

Matrix metalloproteinase (MMP) is the critical enzyme for
reorganizing ECM during embryonic development, reproduc-
tion, and wound healing [102, 103]. Protein expressions of
MMP-1, MMP-2, MMP-3, MMP-9, and MMP-14 are en-
hanced in DR, which may make the capillary basement me-
chanically weak. With Wnt, 3-catenin can travel to cell nu-
clear and induce T-cell factor/lymphoid enhancing factor
(TCF/LEF) signaling.

The inflammatory response in DR

Our interactome suggests that apart from vascular morbidity,
DR also shows characteristics consistent with chronic inflam-
mation. Enhanced immune cells in the retina and elevated pro-
inflammatory proteins result in the structural and functional
changes in retina cells.

Nuclear factor k-B (NF-kB) is a pleiotropic transcription
factor associated with host defense and inflammation [104].
High glucose and AGE can induce NF-kB in retinal pericyte
to enhance pericyte apoptosis. NF-kB inhibitors show anti-
apoptotic effect and ameliorate diabetic nephropathy, while
NF-kB activation is pro-apoptotic with increased Bax and
tumor necrosis factor-alpha (TNF-«) expression in retinal
pericyte.

Interleukin-13 (IL-1f3) is a pro-inflammatory cytokine that
can be induced in the retina during DR. IL-1f3 is associated
with consequences including increased levels of [CAM-1 and
endothelin (ET), immune cell adhesion, local inflammation,
breakdown of the blood-retina barrier, and activation of glial
cells [105-107]. Other similar cytokines include IL-8, tumor
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necrosis factor (TNF-«), and monocyte chemoattractant pro-
tein (MCP-1) were also identified in the DR retina.

Phosphorylation signaling and gene regulation

Prolonged hyperglycemia can increase the intracellular calci-
um level in retinal vascular endothelial cells and PKC activity
[15]. For DR, PKC pathway alteration is related to insulin
resistance, activation of NADPH oxidase, increased ET-1 se-
cretion, VEGF-induced retinal endothelial permeability,
smooth muscle cell apoptosis, macrophage activation and ad-
hesion, and NO inhibition. PKC inhibitor therapy has been
demonstrated to be effective to improve the visual outcome
of DR patients.

Hypoxia-inducible factor-1 (HIF-1) responses under hyp-
oxia and regulates the expression of genes for angiogenesis,
cell survival, wound healing, and glucose regulation [108,
109]. In addition to hypoxia, it can also be increased by
AGE:s in the retina. It binds to hypoxia-responsive elements
in the VEGF promoter to upregulate VEGF expression.

Calcium/calmodulin-dependent protein kinase IV
(CaMKIV) is an insulin-regulating protein [71, 110]. Insulin
transcription is enhanced by an elevated intracellular calcium
level, which is regulated by activating transcription factor-2
(ATF-2), interacting with the cAMP-responsive elements of
insulin. With CaMKIV, this binding causes elevated insulin
transcription, while with CaMK inhibitor, this enhanced effect
is eliminated. Therefore, it is suggested that ATF-2 regulates
insulin gene expression, which is dependent on the concentra-
tion of calcium and CaMKIV.

The current study tried to dissect the mechanism using the
protein-metabolite interactome implying physiological, genet-
ic, and metabolic reactions that can lead to DR pathogenesis.

The interactome shows new diabetic biomarkers in DR that
include a disintegrin and metalloproteinase (ADAM18),
calcium-binding C2 domain-containing phospholipid-binding
switch (CAC2PBS), vimentin variant (vimentin III), and
FAMBS8IB as hypothetical proteins, as well as tubulin and
prohibitin as the anti-apoptotic or angiogenic-related mole-
cules. The protein interactome and metabolome in this study
reveal the molecular mechanism to propose a clinical applica-
tion toward DR treatment [111-117].
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