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Abstract

INSC94Y transgenic pigs represent a model for mutant insulin gene-induced diabetes

of youth, with impaired insulin secretion and beta cell loss, leading to elevated fast-

ing blood glucose levels. A key complication of diabetesmellitus is diabetic retinopathy

(DR), characterized by hyperglycemia-induced abnormalities in the retina. Adjacent to

the retina lies the vitreous, a gelatinousmatrix vital for ocular function. It harbors pro-

teins and signaling molecules, offering insights into vitreous biology and ocular health.

Moreover, as a reservoir for secreted molecules, the vitreous illuminates molecular

processes within intraocular structures, especially under pathological conditions. To

uncover the proteomic profile of porcine vitreous and explore its relevance to DR,

we employed discovery proteomics to compare vitreous samples from INSC94Y trans-

genic pigs and wild-type controls. Our analysis identified 1404 proteins, with 266

showing differential abundance in INSC94Y vitreous. Notably, the abundances of ITGB1,

COX2, and GRIFIN were significantly elevated in INSC94Y vitreous. Gene Set Enrich-

ment Analysis unveiled heightened MYC and mTORC1 signaling in INSC94Y vitreous,

shedding light on its biological significance in diabetes-associated ocular pathophys-

iology. These findings deepen our understanding of vitreous involvement in DR and

provide valuable insights into potential therapeutic targets. Raw data are accessible

via ProteomeXchange (PXD038198).
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1 INTRODUCTION

Thevitreoushumor, a gel-like substance in theposterior segmentof the

eye, ismore than an inert structurewith purely anatomical significance.

It was long viewed merely as structural support for the shape of the

eyeball. However, it is now known to harbor a complex microenviron-

ment that contributes to ocular homeostasis through various proteins

[1]. Due to its immediate proximity to the lens and retina, proteins are
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also secreted into the vitreous from these structures [2]. This reservoir

thus influences not only physiological ocular homeostasis but also can

indicate pathological processes in these adjacent tissues.

Diabetic retinopathy (DR) and cataracts are severe complications

manifesting in eyes of individuals with diabetes mellitus, which

eventually lead to vision loss [3]. Especially in the retina,

hyperglycemia-induced microvascular damage leads to pathologi-

cal changes including retinal neovascularization, retinal hemorrhage,

andmacula edema [3].

Respective important ocular abnormalities observed in diabetes

mellitus also develop in INSC94Y transgenic pigs [4]. Due to this patho-

physiological similarity as well as strong parallels in anatomy, physiol-

ogy, metabolism and lifespan, the INSC94Y pig serves as a valuable large

animal model with significant translational potential for pathologies

induced through persistent hyperglycemia in humans [5, 6].

In this study, we used a shotgun proteomics approach to compre-

hensively analyze the vitreous humor proteome of INSC94Y pigs and

wild-type (wt) littermates with a minimum age of 24 months. Through

differential proteomics and subsequent Gene Set Enrichment Analy-

sis (GSEA) we aimed at gaining insights into the impact of long-term

chronic hyperglycemia on the vitreous proteome, in order to assess its

role in the pathophysiology of diabetic cataract and DR. Since the vit-

reous is more readily accessible in diabetes patients than other ocular

tissues, it has potential as a tool for diagnostic purposes or to target

and pharmacologically influence factors contributing to the pathology

of diabetic cataracts or the development of DR.

2 MATERIALS AND METHODS

2.1 Vitreous processing of INSC94Y pigs and
wild-type controls

Vitreous of six INSC94Y pigs and six age-matched wt littermates were

used in this study (age24months, female: five INSC94Y pigs, fivewt pigs;

age 40 months, male: one INSC94Y pig, one wt pig). INSC94Y and wt pigs

were generated at the Center for Innovative Medical Models (CiMM),

LMUMunich,Germany. Thegenerationof the INSC94Y pigmodel aswell

as its main pathophysiological features have been comprehensively

described [4–7]. Briefly, INSC94Y pigs showed progressively decreas-

ing mass of pancreatic β-cells, impaired insulin secretion resulting in

chronic hyperglycemia and reduced growth compared to wt litter-

mates [6]. Moreover, these pigs developed lens cataracts and severe

retinopathy with retinal edema, vascular abnormalities, and several

features characteristic of proliferative DR in humans [4, 6]. All animal

experimentswere performedaccording to theGermanAnimalWelfare

Act and were permitted by local authorities (Regierung von Ober-

bayern, permit ROB 55.2-1-54-2532-68-11). Pigs were kept under

controlled conditionswith daily blood glucosemonitoring and received

low-dose insulin treatment to maintain moderate hyperglycemia [8].

Immediately after euthanasia of pigs, eyes were enucleated and 1 mL

vitreous was obtained from either one or both eyes using a hypoder-

mic needle and a syringe, resulting in 11 samples per group, which

Significance Statement

Because the vitreous is more easily accessible than other

ocular tissues, it is a promising substrate for diagnostics and

therapeutic delivery strategies in patients with ophthalmic

disorders, such as cataract and retinopathy. Due to strong

similarities in anatomy, physiology and ocular pathology, the

INSC94Y pig holds significant translational potential for study-

ing hyperglycemia-induced eye disorders in patients with

mutant INS gene-induced diabetes of youth (MIDY). Provid-

ing insights into the proteomic profile of the vitreous in this

transgenic pig model contributes to a better understanding

of the mechanisms driving severe ocular complications asso-

ciated with persistent hyperglycemia in diabetes mellitus,

underlining its potential as a valuable tool for early detection

and targeted treatment.

were instantly frozen and stored at −20◦C until further processing. At

the time of sampling, the INSC94Y pigs used in this study had chronic

hyperglycemia [8]. Ocular findings in INSC94Y pigs included signs of

DR such as extraretinal hemorrhage, cotton-wool spots, and intrareti-

nal vessel abnormalities [4]. Further, we observed mature cataracts

and retinal abnormalities such as increased retinal thickness especially

in the nerve fibre/ganglion cell layer (Figure S1), which were previ-

ously shown in the same animals [4]. The combination of these ocular

anomalies are hallmarks of the INSC94Y pig model phenotype [5, 6].

2.2 Mass spectrometric analysis

From each of the 22 samples, 10 µg total protein was digested

with LysC and trypsin by filter-aided sample preparation (FASP) as

described [9]. Acidified eluted peptides were analyzed in the data-

dependent mode on a Q Exactive HF mass spectrometer (Thermo

Fisher Scientific,Dreieich,Germany) online coupled to aUItimate3000

RSLC nano-HPLC (Dionex/Thermo Fisher Scientific, Dreieich, Ger-

many). Samples were automatically injected and loaded onto the C18

trap cartridge and, after 5 min, eluted and separated on the C18 ana-

lytical column (nanoEase MZ HSS T3, 100 Å, 1,8 µm, 75 µm x 250 mm;

Waters, Eschborn, Germany) by a 95-min nonlinear acetonitrile gra-

dient at a flow rate of 250 nL/min. MS spectra were recorded at a

resolution of 60,000 with an automatic gain control (AGC) target of

3e6 and a maximum injection time of 30 ms from 300 to 1500 m/z.

From the MS scan, the 10 most abundant peptide ions were selected

for fragmentation via HCDwith a normalized collision energy of 27, an

isolation window of 1.6 m/z, and a dynamic exclusion of 30 s. MS/MS

spectra were recorded at a resolution of 15,000 with an AGC target

of 1e5 and a maximum injection time of 50 ms. Unassigned charges,

as well as charges of +1 and >+8 were excluded from precursor

selection.
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2.3 Data processing and label-free quantification

Proteome Discoverer 2.4 software (version 2.4.1.15; Thermo Fisher

Scientific, Dreieich, Germany) was used for peptide and protein iden-

tification via database search (Sequest HT search engine) against

Ensembl pig protein database (version 11.1, http://www.ensembl.org);

considering full tryptic specificity, allowing for one missed tryptic

cleavage site, with precursor mass tolerance 10 ppm, and fragment

mass tolerance 0.02 Da. Carbamidomethylation of Cys was set as a

static modification. Dynamic modifications included deamidation of

Asn, Gln, and Arg, oxidation of Pro andMet; and a combination of Met

loss with acetylation on protein N-terminus. Percolator [10] was used

for validating peptide spectrum matches and peptides, accepting only

the top-scoring hit for each spectrum, and satisfying the cutoff values

for FDR < 1%, and posterior error probability < 0.01. The final list of

proteins adhered to the strict parsimony principle.

Quantification of proteins, after precursor recalibration, was based

on summed intensity values (at RT apex) for all unique peptides per

protein. Peptide abundance values underwent normalization based on

the total peptide amount. Protein ratios were then computed using

the pairwise ratio-based approach, with a background-based Student’s

t-test as the hypothesis test [6], yielding ratios, and corresponding

significance values for the individual proteins. P-values underwent

adjustment for multiple testing via Benjamini–Hochberg correction.

Proteins with an adjusted p-value< 0.05were considered significant.

2.4 Data analysis of porcine vitreous proteome
via Gene Set Enrichment Analysis Tool

The entire proteome dataset from porcine vitreous was analyzed with

the Gene Set Enrichment Analysis Tool (GSEA v4.3.2, https://www.

gsea-msigdb.org/gsea/index.jsp) [11, 12] using the human hallmark

gene set collection from the Molecular Signatures Database (MSigDB

v2023.2.Hs), which comprises 50 gene sets in total [11, 13, 14]. GSEA

is a computational method that evaluates whether a predefined set of

genes exhibits statistically significant, consistent differences between

two phenotypes [11, 12]. The 50 available hallmark gene sets repre-

sent specific well-defined biological processes and display coherent

expression [11, 13, 14]. To exclude very small gene sets (<15 genes)

that may be prone to noise, or very large gene sets (<500 genes) that

may lack specificity, a gene set size filter was applied, leaving 30 hall-

mark gene sets for further analysis (Table S2). Human orthologue gene

names were used for GSEA analysis. In cases where proteins were

not identified in all 22 samples, missing normalized abundance values

were imputed. Venn diagrams were generated using the open-source

tool http://bioinformatics.psb.ugent.be/webtools/Venn/. Protein inter-

action analysis was conducted using the String database (version 12,

https://string-db.org/). Cnetplots fromGSEA analysis results were cre-

ated in R (version 4.3.1; R Core Team (2023), Vienna, Austria, https://

www.R-project.org/) [15] with the packages “clusterprofiler” (version

4.10.1) [16] and “enrichplot” (version 1.22.0) [17].

3 RESULTS

3.1 The porcine vitreous comprises 1404
different proteins, with 19% exhibiting differential
abundance ratios in the diabetic state

With differential proteomics we detected 1490 identifications, repre-

senting a total of 1404 different proteins in porcine vitreous (Table

S1). Of these proteins, 1270 were identified in both groups, whereas

10 proteins were only identified in the wt group and 124 proteins

were exclusively identified in the INSC94Y group (Figure 1A). Quantita-

tive analysis showed significant (adjusted p-value < 0.05) abundance

ratio differences between groups for 266 proteins, representing abun-

dance ratio changes for 19% of the vitreous proteome. From these

differentially abundant proteins, 27 were lower abundant and 239

were higher abundant in INSC94Y vitreous (Figure 1B). To identify

proteins of interest with robust abundance differences, an additional

stringent coverage threshold for protein identification (minimum iden-

tification in 6/11 samples per group) was applied, resulting in 73

differentially abundant proteins. Of these, 67 were significantly higher

abundant in INSC94Y vitreous, while six exhibited lower abundance

(Figure 1C).

3.2 Integrin beta 1, Cytochrome c oxidase
subunit 2, and GRIFIN are highly abundant in the
vitreous of INSC94Y pigs

Since we were especially interested in proteins which were exclu-

sively identified in vitreous from the INSC94Y pig, we screened for

possible proteins of interest among the 73 differentially abundant

identifications.

Integrin beta 1 (ITGB1), a multifunctional molecule with a vital role

in cell-matrix interactions and close association with the retinal inter-

nal limiting membrane [18], was identified with a coverage of 9/11 in

INSC94Y vitreous, whereas it was not identified in any of the vitreous

samples of wt pigs (Table 1). Similarly, cytochrome c oxidase subunit 2

(MT-CO2orCOX2), a subunit of cytochromecoxidase,which is the ter-

minal enzyme complex of themitochondrial respiratory chain [19], was

identified with a high coverage in INSC94Y vitreous (8/10) but was not

detected in wt vitreous (Table 1).

Among the proteins with the best coverage in INSC94Y vitre-

ous samples (11/11), Galectin-Related Inter-Fiber Protein (GRIFIN)

showed the highest abundance ratio (INSC94Y/wt: 10) with strong

significance (adj. p value 2.1E − 08) (Table 2). GRIFIN is a mem-

ber of the family of adhesion/growth-regulatory galectins which was

first described in lens fibers of rats [20] but is also comprehen-

sively described in lenses of birds and zebrafish [21, 22]. Interestingly,

this protein was recently also identified in the vitreous of 8-week-

old C57BL/6 mice with induced diabetes [23]. However, the exact

role of this protein in diabetes-induced eye lesions has not yet been

elucidated.
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F IGURE 1 All proteins from porcine vitreous were identified withmass spectrometric analysis. (A) Proteins only detected in one group, (B)
proteins with significantly changed abundance between groups and (C) proteins with significantly changed abundance and aminimum
identification rate of 6/11 samples. Venn diagrams (top left panels) show the amount of identified proteins in the porcine vitreous as well as (A) the
amount of proteins only identified in one group (adj.p< 0.05, blue: wt; red: INSC94Y), and (B), (C) amount of differentially abundant proteins
(adj.p< 0.05, blue: down in INSC94Y, red: up in INSC94Y). Respective proteins are shown in STRING networks: (A) lower left panel: wt, right panel:
INSC94Y, (B)+F(C) lower left panels: down in INSC94Y, right panels: up in INSC94Y. kmeans clustering was performed to sort interaction networks
with>30 proteins into four distinct clusters.
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TABLE 1 High coverage proteins (detected inmin 6/11 samples) only identified in INSC94Y vitreous.

Gene namea Descriptionb
Abundance ratio:

(INSC94Y)/(wt) c
Abundance ratio adj.

p-value: (INSC94Y)/(wt) d
Peaks found

in (INSC94Y)e
Peaks found

in (wt)f

PEPD Uncharacterized protein 100.00 8.8373E− 17 9 0

SSR1 Signal sequence receptor, alpha 100.00 8.8373E− 17 9 0

ITGB1 Integrin, beta 1 100.00 8.8373E− 17 9 0

MT-CO2 Cytochrome c oxidase subunit 2 100.00 8.8373E− 17 8 0

PPP2CA Serine/threonine-protein

phosphatase

100.00 8.8373E− 17 8 0

DDX39B DEAD (Asp-Glu-Ala-Asp) box

polypeptide 39B

100.00 8.8373E− 17 8 0

MYH14 Myosin, heavy chain 14, nonmuscle 100.00 8.8373E− 17 7 0

IQGAP1 IQmotif containing GTPase

activating protein 1

100.00 8.8373E− 17 6 0

ATP5J ATP synthase-coupling factor 6,

mitochondrial

100.00 8.8373E− 17 6 0

RHOA ras homolog family member A 100.00 8.8373E− 17 6 0

HNRNPK Heterogeneous nuclear

ribonucleoprotein K

100.00 8.8373E− 17 6 0

HSPA4 Heat shock 70 kDa protein 4 100.00 8.8373E− 17 6 0

aGene name.
bProtein description.
cRatio of protein abundance differences in INSC94Y compared to wt.
dStatistical significance of protein abundance differences following FDR p-value adjustment.
eNumber of samples in which peaks were found in INSC94Y.
fNumber of samples in which peaks were found in wt.

3.3 Functional insights from proteomic analysis of
enriched protein networks point to increased
metabolic processes, vascular dysregulation, and
autophagy in diabetic eyes

To elucidate the functional implications of protein abundance varia-

tions in diabetic vitreous, GSEA was conducted (Table S2). Three gene

sets were significantly enriched in vitreous from wt pigs (Table 3). The

gene set with the most significant enrichment score was epithelial–

mesenchymal transition, followed by coagulation and KRAS signaling

(Table 3 and Figure 2A–C). These biological processes may be part

of the physiological function of the vitreous and may consequently

be impaired in the diseased state. In diabetic vitreous, on the other

hand, five gene sets showed significant enrichment scores (Table 4),

pointing to the role of these processes in diabetes-associated patho-

logical changes in ocular tissues. The most significantly enriched gene

set wasMYC targets, followed by oxidative phosphorylation, fatty acid

metabolism, mTORC1 signaling, and unfolded protein response (UPR)

(Table 3 and Figure 3D–H).

The gene set UPR describes genes involved in a cellular stress

response related to the endoplasmic reticulum (ER) [24]. Sixteen iden-

tifications from our vitreous data were assigned to this gene set, of

which 10 were core enriched, meaning these proteins associated to

the leading-edge subset, contributing most to the enrichment results

(Figure 2D).

Fifty-five identifications were included in the oxidative phosphory-

lation gene set, of which 47 were core enriched (Figure 2E), and 34

identifications from our dataset were allocated to the gene set fatty

acidmetabolism, ofwhich27were coreenriched (Figure2F). Both fatty

acid metabolism and oxidative phosphorylation are metabolic pro-

cesses that contribute to the generation of energy in the form of ATP

[25] and appear to be altered by chronic hyperglycemia in the INSC94Y

diabetic pigmodel. Six proteins fromour vitreous proteome inputwere

present in both gene sets (Figure 3A). These overlapping proteinswere

all mitochondrial enzymes (LDHA, MDH1, MDH2, ECHS1, SUCLA2,

and DLST). Most of these enzymes play a role in the energy generation

via the citric acid cycle thereby regulating cellular metabolism, point-

ing to dysregulated metabolic processes in ocular tissue under chronic

hyperglycemia.

A total of 49 protein identifications were allocated to the mTORC1

signaling gene set, of which 32were core enriched (Figure 2G), indicat-

ing that the corresponding genes are upregulated through activation

of the mTORC1 complex. Activation of the mTORC1 complex has

been described as a dysregulated process in DR in mice, especially

in connection with the autophagy of retinal cells [26]. The gene set

MYC targets contains genes that are regulated by the transcription

factor MYC, which promotes sprouting angiogenesis in the eyes of

mice with DR [27, 28]. From our data input, 56 genes were allocated to

theMYC targets gene set, of which 37 were core enriched (Figure 2H).

The intersection of MYC and mTORC1 signaling pathways involves
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TABLE 2 Proteins which were only identified in all INSC94Y vitreous samples (detected in 11/11 INSC94Y samples).

Gene namea Descriptionb
Abundance ratio:

(INSC94Y)/(wt)c
Abundance ratio adj.

p-value: (INSC94Y)/(wt)d
Peaks found

in (INSC94Y)e
Peaks found

in (wt)f

GRIFIN Galectin-Related Inter-Fiber Protein 10.03 0.0000 11 11

S100A4 S100 calcium binding protein A4 7.10 0.0000 11 10

S100A6 S100 calcium binding protein A6 5.45 0.0001 11 11

TUBA1B Tubulin alpha-1B chain 4.50 0.0010 11 11

YWHAZ Uncharacterized protein 4.41 0.0012 11 11

TKT Transketolase 3.72 0.0061 11 9

TUBB Tubulin, beta 2A 3.64 0.0074 11 9

HSP90AB1 Heat shock 90 kD protein 1, beta 3.26 0.0189 11 11

PGAM1 Phosphogyceratemutase 1 (brain) 3.10 0.0277 11 11

VIM Vimentin 3.07 0.0296 11 11

LDHA Lactate dehydrogenase A 3.07 0.0299 11 11

MDH2 Malate dehydrogenase 2, NAD

(mitochondrial)

3.03 0.0335 11 7

YWHAE Uncharacterized protein 3.00 0.0360 11 11

CRYBB1 Crystallin, beta B1 2.99 0.0365 11 11

PHB Uncharacterized protein 2.98 0.0369 11 5

ENO3 Enolase 3 (beta, muscle) 2.90 0.0453 11 11

RPSA Uncharacterized protein 2.87 0.0485 11 9

HAPLN1 Hyaluronan and proteoglycan link

protein 1

0.31 0.0039 11 11

aGene name.
bProtein description.
cRatio of protein abundance differences in INSC94Y compared to wt.
dStatistical significance of protein abundance differences following FDR p-value adjustment.
eNumber of samples in which peaks were found in INSC94Y.
fNumber of samples in which peaks were found in wt.

reciprocal regulation of their activities at various points [29]. Since

shared proteins in these pathways may be interesting targets for

diagnostics and therapy, we were interested in analyzing the overlap

between MYC and mTORC1 leading-edge subsets. We observed an

overlap of seven identifications allocated to both gene sets, which

clustered to the proteasome subunit (PSMA4), the heat shock protein

family (HSPE1, HSPD1), and proteins with enzyme activity (PPIA,

PGK1, HPRT1, LDHA) (Figure 3B).

4 DISCUSSION

Understanding the intricate pathophysiological mechanisms under-

lying DR and diabetic cataracts, both consequences of chronic

hyperglycemia, is crucial for developing effective treatments. While

various models like Akita Ins2+/C96Y [30] and Munich Ins2+/C95S [31]

mutant mice are valuable for diabetes research, their translational rel-

evance can be limited due to significant differences in several features

such as size, metabolism, and a much shorter life-span, which impedes

investigations on the effects of long-term chronic hyperglycemia

over an extended period of time. Pigs offer a compelling alternative

due to their anatomical, physiological, and metabolic similarities to

humans [32], making them ideal for biomedical research. In particular,

INSC94Y pigs present a promising large animal model, mimicking

several diabetes-related features observed in humans [32]. These

pigs express a mutant form of insulin resulting in a stable diabetic

phenotype early after birth, rapidly progressing into chronic hyper-

glycemia [6]. This long-term exposure to elevated blood glucose levels

induces severe damage to nerves and blood vessels, affecting several

organs including the eye [5]. Severe ocular lesions include extraretinal

hemorrhages and cotton-wool spots as well as retinal edema near

the optic nerve [4], which are all hallmarks of DR in humans and, to

our knowledge, are not observed together in other animal models

for diabetes mellitus. Further, INSC94Y pigs are a good model to study

diabetes-induced lens cataracts, since cataract formation starts as

early as 8 days after birth andmature cataract is fully developed by the

age of 4.5months [4, 6]. The intentionally suboptimal insulin treatment

regimen of these pigs establishes moderate hyperglycemia [5, 8],

enabling longevity despite diabetic complications and thus allowing

long-term investigations of DR and cataract pathophysiology—

a major advantage compared to short-lived rodent diabetes

models.
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TABLE 3 Significantly enriched gene sets correlating to wt group.

Hallmark gene set namea Sizeb NESc NOM p-vald FDR q-vale
Rank at

maxf
Leading

edgeg
Enriched genes (leading edge depicted in

bold)h

EPITHELIAL_MESENCHYMAL_

TRANSITION

83 −2.23 0.0000 0.0016 287 Tags= 45%,

list= 21%,

signal= 53%

ITGB1 FBLN5COMPCD59VIMBASP1

COL6A2 ENO2 FN1 PPIB LGALS1 TPM2

TGM2 FUCA1ANPEP SERPINE1 PLOD2

GPC1QSOX1 SPOCK1NTMCD44

PDGFRBCALU ECM1 SDC4NOTCH2

PFN2CTHRC1 PLOD1 IGFBP3 LOXL1

SPP1HTRA1 IGFBP2 CDH2 IGFBP4

COL4A2 TGFBI LRP1 COL1A2 PTX3

TIMP3CDH11MMP2BMP1 FMOD

COL5A2COL5A1APLP1 COL3A1

CXCL12 COL11A1 ECM2 LRRC15 FBN1

THBS1 FBLN1 SPARC TFPI2MXRA5 TNC

CDH6 SCG2 PCOLCE THY1VCANFBLN2

COL5A3 BGNTIMP1 LUMEFEMP2

COL4A1 LAMC1 SFRP1 ABI3BP VCAM1

SLIT2WNT5ACOL16A1NID2 SERPINE2

COAGULATION 60 −2.11 0.0000 0.0029 256 Tags= 43%,

list= 19%,

signal= 51%

F9 COMPGNB2CAPN2DUSP14 FN1

ANXA1ARF4 CSRP1 SERPINE1 PRSS23

VWF FGGA2MC8GAPOA1 LAMP2

LGMNCFB SERPING1CLU SERPINC1

THBDC3HTRA1 FGAC1R LRP1 C2 F8

TIMP3MMP2BMP1 F2 CFI C1QAPLG

CPB2 PROCC9 ITIH1 CFH FBN1CTSH

HRGTHBS1 C8A SPARC F10 TFPI2

SERPINA1CFD F12 TF CPQADAM9

TIMP1 PROS1 CTSOCTSB

KRAS_SIGNALING_UP 29 −1.76 0.0116 0.0373 229 Tags= 41%,

list= 17%,

signal= 49%

CA2 SNAP25 ADAM17ACEALDH1A3

FUCA1 LCP1 JUP SNAP91 SPARCL1

ARG1CFB IGFBP3 SPP1 SCG5ADGRA2

CSF2RACFHCPE EPHB2 RELN SCG3

SERPINA3CTSS RBP4 APODPCSK1N

WNT7A SPON1

Note: Gene names comprising the leading edge subset are depicted in bold.
aHallmark gene set name as described in the GSEA tool.
bNumber of genes in the gene set after filtering out those genes not in the vitreous dataset.
cNormalized enrichment score.
dNominal p-value describing the statistical significance of the enrichment score.
eFalse discovery rate.
fPosition in the ranked GSEA gene list at which themaximum enrichment score occurred.
gThe three statistics used to define the leading edge subset of each single gene set.
hGenes enriched in the respective hallmark gene sets.

Our comprehensive analysis of the porcine vitreous identified 1404

proteins, of which 19% were differentially abundant in the diabetic

phenotype, shedding light on the molecular processes occurring in

adjacent ocular tissues affected by diabetes. While similar studies

have been conducted on the vitreous of mice and humans [23, 33],

the porcine vitreous proteome has not been described previously,

neither in health nor in disease. Interestingly, we identified several

proteins that were only detected in the diabetic phenotype and were

not present in the vitreous of wt controls, indicating a possible role

in disease pathogenesis. One of these proteins, ITGB1, has previously

been described in the eyes of C57BL/6J mice with induced diabetes,

where retinal capillary pericytes increased its expression under high

glucose conditions in early DR, promoting angiogenesis [34]. This pro-

angiogenic role of ITGB1 is based on the fact that integrins act as

ligands for various angiogenic factors [35]. Since sprouting angiogen-

esis is one of the hallmarks of DR, ITGB1 has been described as a

potential target for new treatment options [36]. Similarly, elevated

levels of COX2 in our dataset point to ongoing vascular sprouting

under hyperglycemic conditions, which is in line with previous stud-

ies in different mouse models for proliferative DR, describing COX2

as a mechanistic link between angiogenesis and inflammation in the

pathogenesis of DR [37, 38]. Moreover, increased COX2 expression

has also been reported in rat lens epithelial cells exposed to a high

glucose environment [39]. To our knowledge, ITGB1 and COX2 have

not been described as proteins of vitreal origin, therefore the abun-

dances of ITGB1 and COX2 in INSC94Y vitreous most likely originate

from the retina or the lens, underlining the importance of the vitreous

as a reservoir for potential biomarkers in DR. Future studies need to
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F IGURE 2 GSEA enrichment plots for all significantly enriched hallmark gene sets obtained from the vitreous input data. (A)–(C) enrichment
correlating to wt group, (D)–(H) enrichment correlating to INSC94Y group. The graphical view of the enrichment scores shows the enrichment score
correlating to each gene set (A–C: lowest point, D–H: highest point of the green graph), the leading edge subset (all ranked genes leading up to
respective enrichment score), the appearance of themembers of the gene set in the ranked list of genes (each line represents a gene) and the
rankingmetrics that measure a gene’s correlation with a group (red: correlation with INSC94Y, blue: correlation with wt phenotype).

determine the origin of these molecules and their suitability for reli-

able diagnosis and stratification, or as biomarkers for the prognosis of

ocular pathology in diabetes mellitus.

GRIFIN, a protein related to the galectin family [40], was identified

in both groups but was significantly higher abundant in INSC94Y vitre-

ous. Similar to our findings, GRIFIN has previously been describedwith

significantly increased abundance in vitreous of 8-week-old C57BL/6

mice with induced diabetes [23]. Allocated to the lens, mammalian

GRIFINhas lost its lectin activity, and therefore its capacity to bind car-

bohydrates [22]. Instead, it has been assumed to play a role inmaintain-

ing lens transparencydue to strong interactionwith themain structural

lens components—crystallins [40, 41]. In fact, mammalian GRIFIN has

been presumed to function as a crystallin rather than a galectin [22].

GRIFIN, therefore, presents an intriguing avenue for further explo-

ration, especially regarding diabetes-associated complications in the

eye such as cataracts.

Our approach of analyzing the entire vitreous, including regions

adjacent to the retina, lens, and ciliary body, provides a holistic view of

diabetes-induced molecular mechanisms in eye tissues. GSEA allowed

us to further explore the vitreous proteomics data and investigate its

relevance in ocular manifestation of diabetes mellitus.

Among the gene sets identified through GSEA, the UPR pathway

was enriched in diabetic vitreous. The UPR is regulatory mechanism,

which is activated in response to unfolded or misfolded proteins
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TABLE 4 Significantly enriched gene sets correlating to INSC94Y group.

Hallmark gene set namea Sizeb NESc NOM p-val FDR q-vald
Rank at

maxe Leading edgef
Enriched genes (leading edge depicted in

bold)g

MYC_TARGETS_V1 56 2.18 0.0000 0.0094 407 Tags= 66%,

list= 30%,

signal= 91%

PHB1 LDHAYWHAEYWHAQCCT2

PGK1 TCP1HDGFHSP90AB1HPRT1

HNRNPDPRDX3HNRNPA2B1NPM1

VDAC3CCT5HNRNPA1 SRSF2NAP1L1

EIF4A1 RPL18 PRPS2 RANHSPE1 PSMA2

PPIA COX5AAPEX1HSPD1 PSMA4

EEF1B2GLO1 PHB2 PCBP1 TUFMRPS3

KPNB1CANX SLC25A3 RPL14HNRNPA3

RPS5 EIF3DRPS10 RPS6 VDAC1GOT2

CYC1 PSMA6NME1 RPL6 RACK1CCT3

CCT4 SET PA2G4

OXIDATIVE_

PHOSPHORYLATION

55 2.17 0.0000 0.0047 635 Tags= 85%,

list= 47%,

signal= 154%

LDHAATP5PFDLST IDH2OGDHPDHX

MDH2UQCRC1 SLC25A4 PRDX3HSPA9

CYB5R3VDAC3 SLC25A5NDUFC2

IDH3AGPI GLUD1CYB5AMDH1 LDHB

COX5BCOX5AVDAC2OAT PHB2

ECHS1NDUFA4 PDHBUQCRHETFA

DLATCS COX6B1NDUFS3 SLC25A3

NDUFA5AIFM1 FHNDUFS1 SLC25A11

COX4I1 VDAC1 SUCLA2GOT2CYC1

RHOT1UQCRC2ACAT1DLD SDHA

CYCSNDUFV1ATP1B1ACO2

FATTY_

ACID_METABOLISM

34 2.03 0.0000 0.0012 540 Tags= 79%,

list= 40%,

signal= 129%

LDHAAOC3MIFDLSTMDH2CA2

HSP90AA1GLUL YWHAHMDH1 ERP29

ME1 ENO2 EPHX1 PRDX6APEX1

LGALS1 ACSM3 ENO3 ECHS1 PDHB

FASNALDH1A1CRYZGAPDHSCBR3 FH

SUCLA2GPD1DLD SDHAMGLL PTPRG

ACO2

MTORC1_SIGNALING 49 1.89 0.0000 0.0050 442 Tags= 65%,

list= 33%,

signal= 93%

SSR1 LDHAPFKL PGK1 PSMA3RAB1A

HPRT1 TUBA4A STIP1HSPA9HSPA4

PPA1HK2GPIME1 ENO1HSPE1 PPIA

PGM1PSMD12HSPD1 PSMA4 PSMB5

GAPDHTPI1 PRDX1HSPA5ACTR3

HSP90B1 PHGDHCANX SLC2A3 SLC2A1

CFP FKBP2GCLC PLOD2VLDLRUBE2D3

NAMPTGOT1 PNP LDLR LGMNCALR

IGFBP5GLA STC1 IFI30

UNFOLDED_

PROTEIN_RESPONSE

16 1.72 0.0076 0.0229 430 Tags= 63%,

list= 32%,

signal= 90%

SSR1 YWHAZHSPA9NPM1 EEF2 KIF5B

EIF4A1HSPA5HSP90B1 PDIA6 EIF4A2

CALRDNAJC3HYOU1 STC2 EDC4

Note: Gene names comprising the leading edge subset are depicted in bold.
aHallmark gene set name as described in the GSEA tool.
bNumber of genes in the gene set after filtering out those genes not in the vitreous dataset.
cNormalized enrichment score.
dNominal p-value describing the statistical significance of the enrichment score.
eFalse discovery rate.
fPosition in the ranked GSEA gene list at which themaximum enrichment score occurred.
gThe three statistics used to define the leading edge subset of each single gene set.
hGenes enriched in the respective hallmark gene sets.

occurring due to ER stress (reviewed in Hetz et al. [42]). The identifi-

cation of UPR-associated proteins in diabetic vitreous may therefore

indicate the presence of ER stress in the adjacent tissues, such as

the retina and the lens. As shown in lenses of galactosemic rats, ER

stress-induced prolonged UPR activation can provoke lens cell apop-

tosis and lens opacity [43], an observation which may also apply to the

cataract formation in the INSC94Y pigs used in our study. In the retina of

ApoE−/−:Ins2+/Akita mice, chronic ER stress can be triggered by persis-

tent hyperglycemia [44] and subsequent, prolongedUPRactivation can

cause severe damage through neurodegenerative, proinflammatory,
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F IGURE 3 Venn diagram (top) and Cnetplot (bottom) showing overlap of proteins allocated to (A) oxidative phosphorylation and fatty acid
metabolismwith overlapping proteins LDHA,MDH1,MDH2, ECHS1, SUCLA2 andDLST and (B)MYC targets andmTORC1 pathwaywith
overlapping proteins PSMA4, HSPE1, HSPD1, PPIA, LDHA, PGK andHPRT1.

and proapoptotic signaling, which was shown in retinal Mueller cells

from rats and human retinal organoids [45, 46]. Similar processes may

also occur in the retina of INSC94Y pigs, indicating a role of this pathway

in the development of severe long-term hyperglycemia-induced ocular

complications in this model, whichmerits further investigations.

The enrichment of oxidative phosphorylation and fatty acid

metabolism pathways in our vitreous protein dataset points to dys-

regulated glucose and lipid metabolism in the eyes of individuals with

diabetes. As shown in multiple studies on rodent diabetes models and

human diabetic retinas, this dysregulation likely contributes to the

pathogenesis of DR through mitochondrial dysfunction, increased

vascularization, and neurodegeneration of the retina [47–50]. Espe-

cially proteins from our porcine vitreous dataset allocated to both

pathways are interesting for understanding themolecularmechanisms

driving the development of DR and may disclose possible targets for

therapeutic interventions in hyperglycemia-induced dysregulated

metabolism.

Analysis further revealed a clustering of proteins related to the

mTORC1 pathway in INSC94Y vitreous. The mTORC1 complex has pre-

viously been described as dysregulated in DR in mice, especially in

connection with autophagy of retinal cells [26]. Since low glucose lev-

els have been shown to suppress mTORC1 signaling [51], thereby

increasing autophagy [26], the enriched mTORC1 pathway in combi-

nation with high glucose levels in INSC94Y vitreous point to decreased

autophagy in porcine diabetic eyes. This has detrimental effects on

cellular homeostasis in the retina [52], highlighting the importance of

further elucidating the role of mTORC1-induced autophagy in disease

progression.

The most enriched gene set from vitreous protein data was asso-

ciated with the transcription factor MYC, which is implicated in

diabetes-induced ocular pathologies. IncreasedMYC activity has been

described in correlation with diabetes-induced elevated glucose lev-

els in retinal Mueller cells of rats and retinas of mice, promoting the

release of pro-inflammatory cytokines and neovascularization in the

retina [1, 27, 28, 53]. In the vitreous, however, MYC activity has not

been previously described. The enrichment of MYC targets in INSC94Y

vitreous underscores the model’s relevance in studying angiogenic

processes associated with DR.

Several of the vitreous proteins enriched in the mTORC1 and MYC

gene set were present in both pathways. Since the ocular manifesta-

tion of diabetes-induced lesions in the eye is not characterized by a

singular pathway but involves interconnected communication across

numerous signaling pathways, these overlapping proteins may be use-

ful to simultaneously target multiple key pathways for diagnostics and

therapy.

In conclusion, our study is the first to describe the porcine vitreous

proteome and unveil differences associated with chronic hyper-

glycemia. The identification of ITGB1 and COX2 in the vitreous of

INSC94Y transgenic pigs underlines the importance of this tissue

as a reservoir for potential biomarkers for DR and the increased

abundance of GRIFN may further elucidate molecular mechanisms

in diabetes-induced cataract formation. Moreover, the enrichment of

gene sets MYC and mTOR1 with implications in increased neovascu-

larization and reduced autophagy, provide valuable insights into the

pathophysiological processes underlying long-term hyperglycemia-

induced eye complications. Further investigation into the role of vitreal
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proteins in diabetic ocular pathologies is essential for advancing our

understanding and developing targeted therapies.
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