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Diabetes can lead to serious microvascular complications like proliferative diabetic retinopathy
(PDR), which is the leading cause of blindness in adults. The proteomic changes that occur
during PDR cannot be measured in the human retina for ethical reasons, but could be reflected
by proteomic changes in vitreous humor. Thus, we considered that comparisons between the
proteome profiles of the vitreous humors of PDR and nondiabetic controls could lead to the discovery of novel pathogenic proteins and clinical biomarkers. In this study, the authors used several proteomic methods to comprehensively examine vitreous humor proteomes of PDR patients
and nondiabetic controls. These methods included immunoaffinity subtraction (IS)/2-DE/
MALDI-MS, nano-LC-MALDI-MS/MS, and nano-LC-ESI-MS/MS. The identified proteins were
subjected to the Trans-Proteomic Pipeline validation process. Resultantly, 531 proteins were
identified, i.e., 415 and 346 proteins were identified in PDR and nondiabetic control vitreous
humor samples, respectively, and of these 531 proteins, 240 were identified for the first time in
this study. The PDR vitreous proteome was also found to contain many proteins possibly
involved in the pathogenesis of PDR. The proteins described provide the most comprehensive
proteome listing in the vitreous humor samples of PDR and nondiabetic control patients.
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1

Introduction

Diabetes mellitus comprises a group of metabolic disorder
characterized by high blood glucose resulting from reduced
insulin secretion, decreased glucose utilization, or
increased glucose production. Moreover, at least 20 million
people have diabetes in the United States [1]. Diabetes can
lead to serious vascular complications, which include
macrovascular complications like coronary heart disease,
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cerebrovascular disease, and peripheral vascular disease,
and microvascular complications like diabetic retinopathy
(DR), nephropathy, and neuropathy. DR occurs in three
quarters of diabetics with a disease history of more than
15 years [2], and causes 12 000–24 000 new cases of blindness each year in the United States, which makes diabetes
the leading cause of new cases of blindness among adults
(20–74 years old) [1].
Pathologic changes in DR include retinal vascular
abnormalities, such as, the impairment of retinal blood flow,
increased vascular permeability, breakdown of the blood–
retinal barrier, and capillary occlusion resulting in localized
hypoxia [3–6]. Moreover, as retinal hypoxia progresses,
angiogenic factors are induced that promote retinal neovascularization. Proliferative diabetic retinopathy (PDR)
concerns new vessels growth into the vitreous cavity, and
subsequent fibrovascular proliferation, retinal detachment,
and vitreous hemorrhage in PDR, which eventually result in
blindness. Although blindness rates have been reduced by
panretinal laser photocoagulation and vitrectomy, the visual
impairments caused by DR remain of great concern [7, 8].
A number of studies have identified factors associated
with the pathogenesis of PDR, e.g., angiogenic factors like
vascular endothelial growth factor [9–12], angiotensin-converting enzyme [13], insulin-like growth factor (IGF) [14],
angiopoietin [15], erythropoietin [16], placenta growth factor
[17], and advanced glycation end product [18], and antiangiogenic factors like pigment epithelium-derived factor
(PEDF) [19–21]. However, the majority of previous studies
have focused on sets of targeted proteins, particularly on the
molecules involved in angiogenesis and cellular proliferation, which makes it difficult to evaluate changes in entire
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vitreous humor protein profiles and to identify novel markers of PDR pathogenesis.
Recent advances in 2-DE and MS have allowed further
exploration and acquisition of vitreous protein profiles [22–
24]. In our previous study, by using both 2-DE and MALDITOF MS, we constructed PDR vitreous protein profiles and
identified eight proteins that are possibly involved in the
pathogenesis of PDR [25]. As a next step to discover novel
markers of PDR pathogenesis, we undertook to detect proteins present at lower levels, because several high abundance
proteins in vitreous humor, e.g., albumin, transferrin, and a
1-antitrypsin make the detection of low abundance proteins
difficult.
In the present study, we used several proteomic methods
to identify components of the vitreous proteome, i.e., immunoaffinity subtraction (IS)/2-DE/MALDI-MS, nano-LCMALDI-MS/MS, and nano-LC-ESI-MS/MS (Fig. 1). Proteins
identified by nano-LC-MALDI-MS/MS and nano-LC-ESIMS/MS were validated using the Trans-Proteomic Pipeline
(TPP, http://www.proteomecenter.org/), in which isoforms
and homologous proteins are grouped into representative
orthologs. We believed that this process would provide a list
of proteins such that it substantially simplifies data interpretation by allowing a focus to be placed on proteins conclusively determined to be present in samples [26, 27].
Finally, nano-LC-MALDI-MS/MS and nano-LC-ESI-MS/MS
were used to identify 50 and 335 proteins in control vitreous,
while 2-DE, nano-LC-MALDI-MS/MS, and nano-LC-ESIMS/MS to identify 54, 70, and 403 proteins, respectively, in
PDR vitreous. In total, 531 proteins were identified in the
vitreous proteome, and 415 and 346 proteins were identified
in PDR and control vitreous samples, respectively.

Figure 1. Scheme of the 2-DE/MALDI-MS, LC-MALDI-MS/MS, and LC-ESI-MS/MS experiments. (A) In the 2-DE experiment, only the PDR
sample was used. An IgY-12 column was employed to remove 12 highly abundant proteins. Due to its low concentration, the MH sample
was not subjected to IgY-12 depletion. “Without IgY-12” means nondepleted PDR vitreous while “With IgY-12” means IS depleted PDR
vitreous. “Low” and “High” represent low and high abundance protein fractions. IEF represents isoelectric focusing. SDS-PAGE gels were
sliced into 16 fractions for in-gel digestion in all cases. (B) In the LC-MS/MS experiment, both PDR and control samples were analyzed using
two complementary ionization methods, i.e., MALDI and ESI, to maximize protein identifications. In contrast to 2-DE experiments, the
depletion of highly abundant proteins in the PDR sample was performed only by depleting the two most abundant proteins, namely,
albumin and IgG.
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Of the 531 proteins identified, 240 proteins were identified for the first time during this study. Moreover, 304 of the
531 proteins, including 132 proteins among the newly
detected 240 vitreous proteins, were not listed in the HUPO
plasma proteome (HUPO, http://www.bioinformatics.med.
umich.edu/hupo/ppp). The compiled protein list was also
found to contain many proteins believed to be involved in the
pathogenesis of PDR. This list is also the most comprehensive proteome for PDR and normal vitreous samples, and
provides fundamental information for those researching
vitreoretinal disorders, such as, DR.

2

Materials and methods

2.1 Patients and vitreous collection
We collected undiluted vitreous samples from eight eyes of
eight PDR patients for the 2-DE experiment and from 11
eyes of 11 PDR patients for LC-MS/MS, during operations
for tractional retinal detachment involving the macular
region. Only patients that exhibited active neovascular
membranes in extensive retinal areas were included, and
those with gross vitreous hemorrhage or a history of recent
vitreous hemorrhage, previous ocular surgery (including
cataract surgery), or of another ocular disease, such as
uveitis, were excluded. In order to acquire control samples
from nondiabetic patients, we collected vitreous samples
from 14 eyes with a small idiopathic macular hole (MH; Table
1). MH vitreous samples were considered as nondiabetic
controls because MH appears to develop as the result of
vitreofoveal traction [28]. Patients with other ocular diseases
attributed to minor pathologic conditions were also excluded.
All patients provided informed consent before being enrolled
in the study, in accordance with the protocol approved by the
Institutional Review Board at Seoul National University
Hospital. All protocols used in this study were also in full
accordance with the tenets of the Declaration of Helsinki.
Table 1. Collection of vitreous humor samples from patients and
their characteristics

Sample set (patient numbers)

Mean age
(range)

Mean concentration:
mg/mL (range)a)

PDR for 2-DE (n = 8)
PDR for LC-MS/MS (n = 11)
MH for LC-MS/MS (n = 14)

62.5 (37–72)
56.0 (52–73)
63.0 (45–71)

5.6 (3.3–7.5)
6.4 (2.6–9.7)
0.43 (0.10–1.21)

a) The protein concentrations of PDR vitreous samples were
roughly ten times that of MH vitreous samples. Candidate
samples with an excessively high protein concentration were
excluded, especially from the MH sample set.

Undiluted vitreous samples (0.5–0.8 mL) were collected
at the commencement of pars plana vitrectomies performed
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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using a Millennium microsurgical system (Bausch & Lomb,
Rochester, NY). In order to maintain intraocular pressure,
vitreous was removed slowly with a vitreous cutter connected
to a 1.0 mL syringe, while the sclera was indented. Harvested
vitreous samples were collected in tubes, placed immediately
on ice, and stored at 2707C until required.
2.2 Vitreous sample preparation
PDR and MH control samples were filtered/centrifuged at
15 0006g using 0.22 mm GV DURAPORE filter (Millipore,
Carrigtwohill, Cork, Ireland) until all sample loaded passed
completely through the filter. Protein concentrations were
then determined using BioRad protein assay reagents
(BioRad Laboratories, Hercules, CA). Generally, the protein
concentrations of PDR samples were higher than those of
controls (ca., ten times higher; PDR samples 2.0–10.0 mg/mL,
control samples 0.1–1.2 mg/mL). After collecting these clarified (filtered/centrifuged) vitreous samples from PDR and
MH patients, 500 mL of individual samples from PDR or
control MH patients were respectively pooled for 2-DE and
LC-MS/MS experiments.
2.3 2-DE of non-IS-depleted PDR samples
About 560 mg proteins in 100 mL of pooled PDR vitreous
samples were subjected to TCA/acetone precipitation. Five
volumes of 10% TCA in acetone containing 20 mM DTT was
added to vitreous solution, stored at 2207C for 4 h, centrifuged at 28 0006g for 10 min, and the supernatant was
then discarded. Five volumes of ice-cold acetone were added
to the precipitant and the supernatant was then discarded to
remove remaining TCA. After drying the pellet obtained
using a speed vacuum, they were suspended in 250 mL rehydration buffer (7 M urea, 2 M thiourea, 2% CHAPS, 60 mM
DTT, and 0.5% v/v pharmalyte (pH 3–10)). The concentration of pelleted vitreous protein in the rehydration solution
was about 2 mg/mL, a calculated loss of ca. 25%. Precast IPG
strips (13 cm, pH 4–7, linear, Amersham Biosciences,
Uppsala, Sweden) were rehydrated overnight (12 h) in a cassette using rehydration buffer. After aligning an IPG strip on
an IEF tray, the voltage was increased incrementally. Initially,
500 V was applied for 1 h, then 1000 V for 1 h, and finally,
8000 V was applied to 14 500 V?h. IPG strips were equilibrated for 30 min in reducing solution (50 mM TrisHCl,
pH 8.8, 6 M urea, 30% v/v glycerol, 2% w/v SDS, 1% w/v
DTT), and then for 30 min in the alkylating solution (identical to the reducing solution except that 2.5% w/v iodoacetamide was substituted for DTT). SDS-PAGE was conducted
using 10% polyacrylamide gel using a standard SDS-PAGE
protocol and an SE 600 Ruby gel unit (GE Healthcare,
Uppsala, Sweden). Gels obtained were stained with silver
staining solution. Three individual 2-DE experiments were
carried out to obtain consistently detected spots and the
representative gel image for protein identification is shown
in Fig. S3 in Supporting Information.
www.proteomics-journal.com
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2.4 2-DE of IS-depleted PDR samples
The 12 most abundant proteins were depleted from PDR
vitreous samples using an IS system (Beckman Coulter ProteomeLab Ig Yolk (IgY)-12 column, Beckman Coulter, Fullerton, CA), according to the manufacturer’s instructions.
This unit depleted the following 12 proteins: HSA, IgG, fibrinogen, transferrin, IgA, IgM, HDL (apo A-I, apo A-II),
haptoglobin, a1-antitrypsin, a1-acid glycoprotein, and a2macroglobulin. In practice, 600 mg of PDR vitreous proteins
were loaded on the IgY-12 column six times for column capacity reasons. Low abundance proteins were obtained in the
flow-through fraction, whereas high abundance proteins
bound to the antibody resin, and were recovered using stripping buffer, according to the manufacturer’s instructions.
Peptides in the flow-through and bound fractions were
desalted by dialysis using Slide-A-Lyzer 3.5K dialysis cassettes kits (Pierce, Rockford, IL) against 2 L of distilled water
three times. Thereafter, buffer exchange was carried out
using an Amicon Ultra-4 10 000 (Millipore, Bedford, MA)
using 5 mL of rehydration buffer. The two resulting desalted
samples (low and high abundance proteins) were then separated and visualized by 2-DE, respectively, as described in the
previous section. Three individual 2-DE experiments were
carried out to obtain consistently detected spots and the
representative gel images for protein identification are
shown in Figs. S1 and S2 in Supporting Information.
2.5 In-gel trypsin digestion
Excised gel pieces were destained in 30 mM potassium ferricyanide/100 mM sodium thiosulfate and then rinsed several times with 150 mL of distilled water until the yellow color
of the ferricyanide completely disappeared. They were then
dehydrated in 100% ACN until they turned opaque white
and rehydrated with 100 mM ammonium bicarbonate until
transparent. This dehydration and rehydration process was
repeated three times, and was followed by a single dehydration in 100% ACN. The gel pieces were then dried in a
vacuum centrifuge and rehydrated at 47C for 45 min in
digestion buffer containing modified porcine trypsin in
50 mM ammonium bicarbonate at a concentration of
0.01 mg/mL (Promega, Madison, WI). Excess supernatant was
then removed and gel pieces were soaked in 30 mL of 50 mM
ammonium bicarbonate (NH4HCO3) overnight (16 h) at
377C. The solutions, which then contained cleaved peptides,
were moved to new tubes [29].
2.6 PMF for 2-DE
Self-pack poros 20 R2 (Applied Biosystems, Foster City, CA)
resin was packed inside a GEloader tip (Eppendorf AG,
Hamburg, Germany), the end of which was twisted to cause
the packed resin reside to be ca. 2 mm long. The trypsindigested peptides were bound to the resin and washed with
0.1% TFA. Bound peptides were eluted with 1 mL of sample
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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matrix (5 mg/mL of CHCA in 70% ACN and 0.1% TFA solution). Eluted peptides were spotted on a 196 well MALDI
plate. A 4700 proteomics analyzer (Applied Biosystems) was
used in MS mode to identify proteins by PMF. The instrument was calibrated using 4700 cal mix (Applied Biosystems), which contained des-Arg-Bradykinin (monoisotopic
mass: 904.4681), angiotensin I (monoisotopic mass:
1296.6853), Glu-Fibrinopeptide B (monoisotopic mass:
1570.6774), ACTH (1-17 clip, monoisotopic mass:
2093.0867), ACTH (18–39 clip, monoisotopic mass:
2465.1989), and ACTH (7–38 clip, monoisotopic mass:
3657.9294). MS data were acquired using 3000 shots of a
fixed intensity Nd:YAG laser at 355 nm and 200 Hz.
2.7 PMF data analysis for 2-DE
The PMF proteomic search for in-gel digested peptide sample from 2-DE was conducted using GPS explorer software
v3.5 and MASCOT v1.9 (Matrix Science, Boston, MA) as the
database search engine. The minimum S/N was set at 10 and
the following contaminant peaks were excluded during the
search: 842.4, 870.5, 856.5, 771.1, 1794.8, 1475.7, 1993.9,
1383.6, 2211.1, 2705.1, 3338.8, 886.9, 893.0. The maximum
number of missed cleavages was set to 1 for trypsin as protease and the precursor charge at 11. The differential peptide modifications allowed were the carbamidomethylation
of cysteines and the oxidation of methionines. Acquired
mass values were searched against the National Center for
Biotechnology Information (NCBInr) database (updated
20th Feb, 2007) with a peptide mass tolerance of 150 ppm.
Only identified proteins with a confidence index (CI) .95%
were accepted.
2.8 Nano-LC separation and protein identification by
LC-MALDI-MS/MS analysis
Albumin/IgG depleted PDR samples from 11 PDR patients,
non-Albumin/IgG-depleted PDR samples from the same 11
patients, and control samples from 14 MH patients (Table 1)
were pooled and loaded on SDS-PAGE gel (10% gel). One
milligram of each sample set (albumin/IgG depleted PDR,
nondepleted PDR and nondepleted control) were loaded on
two lanes (500 mg on each lane, Fig. 3A). The albumin/IgG
depleted PDR samples were prepared using a ProteoExtract
albumin/IgG removal kit (Calbiochem, San Diego, CA) to
deplete albumin and IgG in PDR samples before loading
them onto SDS-PAGE. After silver staining, gels were sliced
into 16 pieces, and each piece was subjected to in-gel digestion as described above. The digested peptides were the
vacuum-dried and resolved in 0.1% TFA or 0.1% formic acid
in water. They were then desalted and concentrated using
ZiptipC18 Pipette Tip (Millipore).
The nano-LC system used was an Ultimate 3000 unit
(Switchos and Probot, Dionex, Amsterdam) coupled offline
to a MALDI-TOF/TOF (offline LC-MALDI-MS/MS). This
system was equipped with m-Precolumn Cartridge (300 um
www.proteomics-journal.com
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id65 mm, C18 pepmap100, 5 mm, 100 Å, Dionex, Amsterdam) and an RP nanoseries column (75 mm id615 cm long
column, C18 PepMap100, 3 mm, 100 Å, Dionex). Initially, the
trypsin generated peptide fragments were dissolved in 20 mL
of 0.1% TFA and injected into the nano-LC system using an
autosampler equipped with a 20 mL sample loop. Injection
was conducted in partial loop mode using a 10 mL injection
volume. The trypsin generated peptide fragments were initially trapped in a precolumn, which was then washed with
0.05% TFA at 0.030 mL/min for 5 min. The precolumn containing bound peptides was then connected to 15 cm nanocolumn using a valve switch.
The mobile phase to elute the peptide fragments consisted of 0.05% TFA, 5% ACN in water (solution A) and
0.04% TFA, 80% ACN in water (solution B). Exponential
gradient elution was performed by increasing the mobile
phase composition from 0 to 50% of solution B over
30 min. The gradient was then ramped to 90% B for 5 min
and back to 0% solution B for 20 min to equilibrate the column for the next run. The total run time was 60 min. This
gradient was applied to the nanocolumn at 300 nL/min at
room temperature. Eluent was monitored at 214 nm by UV
absorbance. Fractionated peptides were spotted on a 144
well MALDI plate at 20 s per spot using the Probot system
(Dionex). This system mixed the matrix solution (6.2 mg/
mL of CHCA (Agilent Technologies, Santa Clara, CA) in
36.0% methanol, 56.0% ACN, and 8.0% distilled water)
with the mobile phase at 0.976 mL/min when spotting on
the MALDI plate.
Peptide mass values were analyzed using the parameters mentioned for 2-DE analysis above and the 4700 analyzer. The 15 most intense peptides with S/N ratios exceeding
ten were subjected to MS/MS. The collision energy was set
at 1 kV and the collision gas was air. MS/MS analysis was
conducted using GPS explorer software v3.5 and the MASCOT search engine v1.9 using the same parameters used for
2-DE PMF analysis, but without exclusion peak filtering.
Searching was performed against the Human International
Protein Index (IPI) protein sequence database and included
searches for known contaminants (IPI versions 3.24,
www.ebi.ac.uk/IPI/). The MASCOT search result from LCMALDI-MS/MS analysis with the “dat” file extension, was
converted to pepXML file for further validation using the
TPP, according to instructions on the web (http://www.
proteomecenter.org/).

2.9 Nano-LC separation and protein identification by
LC-ESI-MS/MS
In contrast with the LC-MALDI-MS/MS method which is
based on MALDI ionization and the MASCOT algorithm,
LC-ESI-MSMS results were based on ESI ionization and the
SEQUEST algorithm. Thus, the other half of in-gel digested
peptide samples from SDS-PAGE gel were used for protein
identification using nano-LC-ESI-MS/MS.
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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A binary Agilent nanoflow 1200 series HPLC system
(Agilent Technologies) was directly coupled to a Thermo
Electron model LTQ ESI linear single-quadrupole IT mass
spectrometer (Thermo Fisher Scientific, Waltham, MA)
fitted with an automatic gain control to avoid space charge
limitations. In-gel digested peptides in 10 mL of aqueous formic acid (0.1%) were injected into the nano-LC-ESI-MS/MS
instrument. Peptides were separated by RP column chromatography and loaded on a 12 cm675 mm capillary column
packed in-house (Magic C18aq, Michrom Bioresources,
Auburn, CA) using helium pressure cells. Gradient elution
of the proteome sample was achieved using 90% solvent A
(0.1% formic acid in H2O) to 40% solvent B (0.1% formic
acid in ACN) at 250 nL/min over 120 min. A blank run was
performed between sample runs to avoid cross contamination.
We used MS survey scanning from 300 to 2000 m/z followed by three data-dependent MS/MS scans (isolation
width 2 m/z, normalized collision energy 35%, dynamic
exclusion duration 30 s). Protein identifications from tandem mass spectra were first carried out using SEQUEST
search software (SEQUEST cluster v3.2, initial mass tolerances for protein identification from MS peaks was 3 Da, and
from MS/MS peaks was 1 Da. Two missed cleavages were
allowed.) against the same IPI database as the MASCOT
search mentioned above. SEQUEST search results based on
LC-ESI-MS/MS analysis (LTQ) were converted to pepXML
file for further validation using TPP (http://www.proteomecenter.org/).

2.10 Filtering search results using the TPP
Search result files from MASCOT and SEQUEST in
pepXML format were processed using the PeptideProphet
and ProteinProphet modules in TPP, according to the
instructions given (http://www.proteomecenter.org/). Peptides sequenced by MS/MS analysis were validated by
PeptideProphet such that all sequenced peptides were
allocated a probability based on parameters, such as, ion
score, identity score, homology score, number of tryptic
termini (NTT) in the case of MASCOT results, and Xcorr,
dCn, Sp, NTT for SEQUEST results. ProteinProphet validated these peptides and determined the proteins most
likely to contain these peptides [27]. Probability cutoffs for
running the PeptideProphet and ProteinProphet modules
were set at 0.50 and 0.90, respectively. All processes like
creating pepXML and determining scoring probabilities
by PeptideProphet and ProteinProphet were carried out
against the MASCOT and SEQUEST database mentioned
above. Final TPP outputs from ProteinProphet were
exported to Excel files for data merging and comparison.
Processing by TPP allowed us to determine definite vitreous proteome profiles that consisted of proteins with
high probability and reduced redundancy in the protein
lists [26].
www.proteomics-journal.com
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2.11 Processing for gene ontology (GO) annotation
IPI accession numbers were translated into Uniprot accession numbers (Swiss-Prot numbers or TrEMBL numbers) by
manually looking at matched accession numbers in the IPI
database. GO was then assigned to Uniprot numbers using
the QuickGO web tool (http://www.ebi.ac.uk/ego/). Each
Uniprot number was assigned to three categories, i.e., biological process, function, and component [30, 31]. To avoid
complexities resulting from detailed GO annotation, GO
slim (level 3) was applied. If a single protein had been annotated by several processes, functions or components, all of
such annotations were reflected in data representation
redundantly.

3

Results and discussion

3.1 Protein identification from PDR vitreous humor
by 2-DE
IgY-12 columns have been previously used to deplete 12
highly abundant proteins from human or primate biological
fluids [32]. Likewise, PDR vitreous samples were treated
using IgY-12 columns, and subsequently the high and low
abundance protein fractions obtained were subjected to 2DE. Forty-seven spots were excised from the low abundance
protein gel (Fig. S1 in Supporting Information) and six spots
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were matched to the NCBInr database (12.8%) and five proteins were identified (Fig. 2, Table S1 in Supporting Information). One hundred sixteen spots were excised from the
high abundance protein gel (Fig. S2 in Supporting Information) and 87 were matched to the database (75.0%) and 25
proteins were identified (Fig. 2, Table S2 in Supporting
Information). In addition, we performed 2-DE on PDR samples not subjected to IS. In total 69 spots were excised (Fig. S3
in Supporting Information), 54 were matched (78.3%), and
28 proteins were identified (Fig. 2, Table S3 in Supporting
Information). The identified protein lists for all three samples are combined and shown in Table S4 in Supporting
Information, in which 49 proteins are identified (Fig. 2).
The identification rate was low in the low abundance
protein gel. Of the 47 picked spots, only six were matched
to the NCBInr database (12.8%). This may have been due
to the low concentration of spots after in-gel digestion or
the low yields of low abundance proteins (Fig. S1 in Supporting Information). Therefore, we did not use perform
IS on the MH control sample because the protein concentration in MH vitreous humor was roughly one-tenth of
that in PDR vitreous humor (MH protein concentration
was 0.47 mg/mL, and PDR concentration was 4.13 mg/mL).
Moreover, this pattern is compatible with the concentrations measured by Yamane et al. [24]. Consequently, larger
samples quantities should be obtained or a more sensitive
instrument used to identify low abundance proteins in MH
vitreous.

Figure 2. Venn diagram of identified PDR proteins by 2-DE. Identified proteins from IS-depleted PDR vitreous and nondepleted PDR were
combined to generate the Venn diagram of the PDR proteome profile. Without IgY-12 represents the number proteins identified by 2-DE in
nondepleted PDR. “With IgY-12 (high)@ represents the number of identified proteins in the high abundance protein fraction while “With IgY12 (low)@ means the number of identified proteins in low abundance fraction. Numbers of identified proteins are taken from Figs. S1–S3
and Tables S1–S3 in Supporting Information. “Total Spots” represent the picked gel spots in respective supplementary 2-DE gels (Figs. S1–
S3 in Supporting Information) while spot numbers on the 2-DE gels match those on respective Tables S1–S3 in Supporting Information.
Numbers of “ID spots” does not match those of “ID proteins”, since identified spots could be assigned redundantly to the same protein.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Of the five proteins that were identified in low abundance
PDR gel, only two proteins (hemopexin and ARL6IP4) were
detected in low abundance PDR gel (Fig. 2 and Table S4 in
Supporting Information) and not in the other two gels (high
abundance PDR gel and the non-IS-treated PDR gel).
Hemopexin was also detected in a study by Yamane et al. [24].
No new proteins were identified in low abundance PDR
protein gel, but the 2-DE gel image of low abundance PDR
proteins differed from that of non-IS-treated PDR proteins,
which suggests the possibility that more low abundance
proteins would have been identified in the enriched fraction
that had the detection limit of the method lower.
3.2 Vitreous protein identification using
nano-LC-MALDI-MS/MS
In order to detect low abundance proteins in the PDR and
control MH samples, we performed nano-LC fractionation
and protein identification using offline nano-LC-MALDIMS/MS.
The 2-DE gel pattern of high abundance proteins in the
IS-depleted PDR sample was similar to that in the corresponding non-IS-depleted PDR sample, which suggests that
high abundance proteins account for most protein in
vitreous humor. In addition, the “sponge effect” may have
removed low abundance proteins of interest with the 12 most
abundant proteins in the IS column [33, 34]. Therefore, we
decided to use a relatively mild depletion method to prepare
the depleted PDR vitreous sample, i.e., to deplete the PDR
sample for nano-LC-MALDI-MS/MS, we used a Calbiochem
kit to remove only the two most abundant proteins, i.e.,
albumin and IgG.
The prepared PDR, albumin/IgG depleted PDR, and
control MH vitreous samples were run in SDS-PAGE gel,
and gels were subsequently sliced evenly into 16 fractions
(Fig. 3A). After in-gel trypsin digestion, peptides in 20 mL of
0.1% TFA solution were injected into a nano-LC equipped
with autosampler using a 20 mL sample loop. The injected
peptides were subject to nano-LC separation 16 times and
every nano-LC run was followed by a blank run to avoid cross
contamination. Peptides eluted from the nano-LC were collected on a MALDI target plate (Fig. 3B) and analyzed in MS/
MS mode (Figs. 3C and D) and search results were revalidated using PeptideProphet and ProteinProphet in TPP.
As a result (Fig. 4A), 54 proteins were identified in the
albumin/IgG depleted PDR sample and 49 in the nondepleted PDR sample. In the control sample, 50 proteins
were identified. In total, 83 proteins were identified in these
three vitreous samples. A Venn diagram of the identified
proteins is provided in Fig. 4A, and identified protein lists
matching locations in the Venn diagram (A–G) are shown in
the supporting table (Table S5 in Supporting Information).
In the present study, we carried out database searches
using the NCBInr database (updated 20th Feb, 2007) and the
IPI database (v3.24) for the 2-DE and LC-MALDI-MS/MS
experiments. The result obtained from the NCBInr database
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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are not included (data not shown), since it provoked data
redundancy and complexity. Consequently, we used only the
IPI database for reasons of experimental efficiency in this
proteomics study. Presenting identified proteins in such
minimal lists based on TPP filtering has several advantages
as it substantially simplifies data interpretation by allowing a
focus to be placed on proteins conclusively determined to be
present in samples [26].
3.3 Vitreous protein identification using
nano-LC-ESI-MS/MS
To increase protein identification, we employed a complementary analytical platform, namely, nano-LC-ESI-MS/
MS. As a result of our nano-LC-ESI-MS/MS experiment
(Fig. 4B), 356 proteins were identified in albumin/IgG
depleted PDR vitreous humor and 136 proteins in nondepleted PDR vitreous humor. Three hundred thirty-five
proteins were identified in the control MH vitreous sample.
In total 518 proteins were identified in the nondepleted PDR,
albumin/IgG depleted PDR, and control MH vitreous samples using LC-ESI-MS/MS (Fig. 4B). One hundred and
eighty-three (A–C of the Venn diagram) of the 518 proteins
were found to be present only in PDR vitreous and 115 proteins (G of the Venn diagram) only in control vitreous. Two
hundred and twenty proteins are present in the overlapping
region of the Venn diagram (D–F of the Venn diagram).
Protein lists matching locations on the nano-LC-ESI-MS/MS
Venn diagram (Fig. 4B) are shown in Table S6 in Supporting
Information.
3.4 Identified protein lists from LC-MALDI-MS/MS
and LC-ESI-MS/MS
The proteins identified using these two different ionization
methods (MALDI and ESI) were combined to generate a
collective vitreous proteome. Eighty-three proteins identified
by LC-MALDI-MS/MS and 518 proteins identified by LCESI-MS/MS generated a merged vitreous proteome profile
consisting of 531 proteins (Fig. 4C). The identified protein
lists from these two LC-MS/MS experiments included all
proteins identified by 2-DE.
It has been suggested that the proteome profile of vitreous humor is similar to that of serum [24]. However, some
proteins have been reported to be present in vitreous samples, e.g., PEDF, prostaglandin-D2 synthase, plasma glutathione peroxidase, and interphotoreceptor retinoid-binding
protein (IRBP) [24], which were also detected in the present
study.
Moreover, 240 vitreous proteins, which have not been
reported previously in vitreous [22–25, 35–37], were identified during the present study, these include, hepatocyte
growth factor activator, kallistatin, thioredoxin, von Willebrand factor (vWF), Wnt inhibitory factor, chromogranin
and secreted frizzled-related protein (see Table S7 in Supporting Information for a listing). Moreover, some of these
www.proteomics-journal.com
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Figure 3. Process used to identify proteins by SDS-PAGE and LC-MALDI-MS/MS. Nondepleted PDR, albumin/IgG depleted PDR, and control vitreous samples were separated by SDS-PAGE and their respective proteins were identified by LC-MALDI-MS/MS. As an example, the
identification of pigment epithelium-derived factor is described representatively. (A) 500 mg of nondepleted PDR vitreous was loaded on
SDS-PAGE gel and sliced into 16 pieces. Each piece was chopped into fragments for in-gel digestion. (B) In-gel digested tryptic peptides
were injected into a nano-LC system for fractionation. This LC chromatogram represents elution time (horizontal) versus peak intensity
(vertical). LC chromatogram was generated according to the ACN gradient over 60 min. (C) Spotted fractionated peptides on a 144 well
MALDI-target plate were analyzed using a MALDI-TOF/TOF tandem spectrometer and the spectra of the 144 spots in the 9th SDS-PAGE gel
slice (A) were visualized using the peak explorer module of GPS explorer v3.5 (Matrix Science). The chart represents m/z (vertical) versus
MALDI-target plate number (horizontal). (D) MS/MS spectrum for the peptide LAAAVSNGFYDLYR, which originated from PEDF, a representative protein in the 9th fraction of the SDS-PAGE gel. The chart represents m/z (horizontal) versus intensity (vertical). The spectrums for
the tryptic peptides of PEDF were annotated using GPS explorer software v3.5 and the MASCOT search engine v1.9 against IPI human
database v3.24.

identified proteins have also been detected in the human
plasma proteome (see Table S7 in Supporting Information for
a list of proteins present in vitreous and plasma). The 531 vitreous proteins identified in the present study were compared to
the plasma proteome generated by the HUPO PPP consortium (HUPO, Plasma Proteome Project), which listed 9504
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

plasma proteins (http://www.bioinformatics.med.umich.
edu/hupo/ppp). Of the 531 proteins in our vitreous proteome,
304 had not been found in plasma, and of the 240 newly
detected vitreous proteins 132 had not been found in plasma.
In particular, the locations A, B, C, and G in the Venn
diagram (Fig. 4C) represent proteins that were detected only
www.proteomics-journal.com
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Figure 4. Venn diagram of proteins identified by LC-MALDIMS/MS and LC-ESI-MS/MS. LCMALDI-MS/MS was databasesearched using the MASCOT
search engine v1.9 while for LCESI-MS/MS
we
used
the
SEQUEST search engine v3.2.
All searches are generated using
the IPI database (IPI, version
3.24, www.ebi.ac.uk/IPI/) and the
TPP (http://tools.proteomecen
ter.org/software.php). The numbers under sample names such
as “Depleted PDR” and others
represent those of identified
proteins in their respective samples. Identified protein lists
matching locations in the Venn
diagram (A–G) are shown in the
respective Tables S5, S6, or S7 in
Supporting Information. (A)
Proteins identified by LCMALDI-MS/MS.
Eighty-three
proteins were identified. (B)
Proteins identified by LC-ESIMS/MS. Five hundred eighteen
proteins were identified. (C)
Proteins identified by both LCMALDI-MS/MS and LC-ESI-MS/
MS. Two complementary LCMS/MS results were merged to
generate a list of 531 proteins.

in PDR or the control. One hundred eighty-five proteins were
only detected in PDR (A–C in Fig. 4C) whereas 116 proteins
were detected only in the control (G in Fig. 4C). It should also
be noted that some of these 185 PDR proteins (A–C in
Fig. 4C) or 116 MH proteins (G in Fig. 4C) might be present
in both PDR and control vitreous but under isoforms or
similar names. In contrast, some representative proteins
including isoforms and similar names exist exclusively in
one vitreous sample (either PDR or MH region), representatives of which were marked in gray color in Table S7 in Supporting Information.
Proteins in locations A–C were found in PDR vitreous
alone while location G contains proteins in control MH
samples alone (Fig. 4C). However, it is difficult to conclude that proteins in locations A–C or G exist only in
PDR or control vitreous, respectively, because of the
detection limitations of experimental methods. Actually,
our LC-ESI-MS/MS experiment detected angiotensinogen
in control MH vitreous, even if it was not detected in
control MH vitreous by LC-MALDI-MS/MS (see Table S7
in Supporting Information). Therefore, it is likely that
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

proteins in locations A–C may simply be present at
higher concentrations in PDR vitreous and that the converse is true for location G.
3.5 Characterization of vitreous proteins via GO
annotation
Identified proteins of Table S7 in Supporting Information
were annotated using the upper level of GO (GO slim, level
3) (http://www.ebi.ac.uk/ego/). Based on GO annotations,
we were able to assign “biological process”, “molecular
function”, and “cellular component” to each identified protein in the depleted PDR, nondepleted PDR, and control MH
samples. For the categories molecular function and cellular
component identified proteins most frequently picked up
subcategories of “binding” and “extracellular region”,
respectively (data not shown).
Interestingly, no significant differences were observed
between PDR and the control vitreous proteins in terms of
patterns of GO annotation, other than the number of proteins assigned to “immune system process” and “response to
www.proteomics-journal.com
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stimulus” subcategories in the category of biological process,
which were higher in nondepleted PDR than in control or
depleted PDR (Fig. 5). This may indicate that nondepleted
PDR contained much more Ig and complement component
species than the other two sample sets because the immune
system process and response to stimulus subcategories
comprise more protein products related to the two subcategories. Alternatively, the increase in these two subcategories might also considered to be the result of increased
vascular permeability or breakdown of the blood–retinal barrier in PDR. On the other hand, this increase can also be
deducted from the fact that albumin and IgG were substantively removed from the depleted PDR samples.
Consequently, the GO annotation study indicated that
there exist diverse kinds of proteins in vitreous, and that they
may reflect the physiologic and pathologic changes in retinal
disease and vitreoretinal interactions during pathologic conditions. Even though the protein concentrations in PDR and
MH vitreous samples differed by ten-fold, protein profiles in
the two samples were similar, as inferred from the GO
annotation profile category biological process (Fig. 5). It is
conceivable that the concentrations of most existing vitreous
proteins increase with PDR progression, rather than new
diverse pathogenic proteins being generated to the extent
that they increase protein levels to ten times that of nondiabetic vitreous proteins.

Proteomics 2007, 7, 4203–4215

3.6 Pathogenic implications of identified
proteins on PDR
The pathogenic roles for the PDR vitreous proteome identified in this study are largely unknown. Regardless of this,
some proteins present in our PDR vitreous proteome may
reflect pathologic changes, whether they represent primary
causes or consequences. Some may be derived from plasma
via a compromised blood retinal barrier, from pathologic
ocular hemorrhage, or due to subclinical vitreous hemorrhage, though patients with gross vitreous hemorrhage or a
history of recent vitreous hemorrhage were excluded.
Vascular endothelial growth factor, a key mediator of retinal neovascularization and vascular permeability, was not
detected in this study, which may have been due to detection
shortcomings. However, several identified proteins are
believed to be related to the pathogenesis of DR. For example, some growth factors and associated proteins were detected during this study. IGF binding protein (IGFBP)-2 and
IGFBP-5 were detected only in PDR samples, whereas
IGFBP-6 and IGFBP-7 were identified in both PDR and
control samples. IGFs are polypeptides that are structurally
similar to insulin, and are regulated by the IGFBP family of
proteins, which modulate IGF action in either direction. In
PDR, IGF-1, IGF-2, IGFBP-2, and IGFBP-3 have been
reported to be elevated in vitreous [38]. Moreover, IGFBP-3,

Figure 5. Subcategories under
biological process of the GO
annotation for three vitreous
samples. Identified proteins
(Table S7 in Supporting Information) in three vitreous sample
sets (control MH, nondepleted
PDR, and IS-depleted PDR) were
assigned
to
subcategories
under biological process (GO
level 3). The horizontal axis
represents percentile for a subcategory versus the total number of identified proteins in each
sample set, while the vertical
axis shows subcategories under
biological process. If one protein was annotated to several
subcategories redundantly, all
subcategories are reflected in
the data representation. The red
oval circle represents significant
changes, especially in nondepleted PDR (orange bar) versus the PDR and control samples. Both nondepleted control
MH (blue bar) and the IS-depleted PDR (red bar) sets show
similar patterns in terms of the
distribution of subcategories
under biological process.
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acting independently of IGF-1, helps to prevent oxygeninduced vessel loss and promote vascular regrowth [39]. The
roles of IGFBPs and of IGF in the pathogenesis of PDR warrant further investigation. Hepatocyte growth factor (HGF)
activator precursor and isoform 1 of multiple epidermal
growth factor-like domains were also detected in the PDR
vitreous sample. HGF activator is a serum serine protease
that activates single-chain HGF (also known as scatter factor)
[40], which has been reported to mediate retinal neovascularization and to increase vascular permeability [41–43].
Several factors believed to promote angiogenesis or vascular permeability were detected in vitreous samples, i.e.,
carbonic anhydrase (CA), osteopontin, angiotensinogen, and
clusterin. CA-1 and CA-2 were detected in both PDR and
control MH samples. Recently, Gao et al. [37] demonstrated
that extracellular CA-1 mediates hemorrhagic retinal vascular permeability, which results in retinal edema through
prekallikrein activation. The precursor of angiogenin, a
member of the ribonuclease (RNase) superfamily, was also
detected in the control sample in the present study. Angiogenin has been found to be associated with angiogenesis,
and serum angiogenin levels are known to be elevated in
diabetic patients [44, 45]. Moreover, osteopontin, a proinflammatory cytokine, was detected in both PDR and control
samples, and has diverse functions such as cell adhesion,
immunomodulation, and angiogenesis. Vitreous osteopontin levels have been reported to be higher in patients with
DR than in normal controls, which suggests that osteopontin
plays a role in the pathogenesis of DR [46]. Moreover, angiotensinogen, which is cleaved by renin to form angiotensin I,
was detected in the vitreous of PDR and control patients in
the present study, and the rennin-angiotensin system (RAS)
was suggested to be locally activated in PDR eyes. In addition, angiotensin II, which is produced from angiotensin I by
angiotensin converting enzyme (ACE), has potent hemodynamic and growth-promoting effects and stimulates neovascularization [47–49]. Expression of angiotensinogen in
PDR is in-line with the suggestion of an association between
RAS and DR [47–50]. Clusterin, a heterodimeric glycoprotein
found in most human tissues [51], was detected in PDR and
control samples. Clusterin expression was reported to be
elevated in the inner nuclear and ganglion cell layers of retinas in streptozotocin-induced diabetic rats [52]. Moreover,
antisense oligonucleotides to clusterin were found to have an
antiangiogenic effet in vitro [53]. Although the specific
pathologic role of clusterin is unknown, this protein may
have the potential to exacerbate DR [51–53].
Many acute phase response proteins including ceruloplasmin, transferrin, transthyretin, and serine protease
inhibitor were detected in this study [54]. Retinal Müller glial
cells are known to express these proteins [55], and acutephase response is believed to contribute to defensive or
adaptive capabilities, although the excessive overproduction
of acute-phase proteins may result in tissue damage [54].
Moreover, ceruloplasmin has been found to induce endothelial dysfunction, and transferrin was found to be proangio© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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genic [56, 57]. Thus, it is possible that these acute phase response proteins are related to inflammation and subsequent
retinal damage in DR.
Wnt-inhibitory factor-1 (WIF-1, a Wnt antagonist) was
detected in both control and PDR samples. Wnt signaling
has been suggested to contribute to the pathogenesis of type
2 diabetes and regulate mammalian photoreceptor development in the retina [58, 59]. Furthermore, WIF-1 gene downregulation has been observed in many human cancers [60].
Moreover, it was suggested that Wnt signaling is activated in
the retina in response to photoreceptor damage, and that it
might play a role in several ocular diseases, such as, retinitis
pigmentosa, age-related macular degeneration, and glaucoma [61]. WIF-1 also could be associated with DR, but more
investigation is required to determine the precise role of this
protein.

4

Concluding remarks

In this study, 531 proteins were identified in the vitreous
proteome, and 415 and 346 proteins were identified in PDR
and control MH vitreous samples, respectively. Of the 531
proteins identified, 240 proteins were identified for the first
time during this study. Moreover, 304 of the 531 proteins,
including 132 proteins among the newly detected 240 vitreous proteins, were not listed in the HUPO plasma proteome (http://www.bioinformatics.med.umich.edu/hupo/
ppp). This list is also the most comprehensive proteome for
PDR and normal vitreous samples, and provides fundamental information for those researching vitreoretinal disorders, such as DR.
We look forward to further quantitatively investigating
the newly identified 240 proteins in the PDR and control
vitreous samples, as it is hoped that this will lead us to a
better stratification of their pathogenic roles. Moreover, there
is always the possibility that differentially expressed proteins
might be useful diagnostic or prognostic markers and aid the
management of DR.

This work was supported by the 21C Frontier Functional
Proteomics Project of the Korean Ministry of Science and Technology (grant no. FPR06A1-522).
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