
ORIGINAL RESEARCH
published: 17 August 2021

doi: 10.3389/fmed.2021.724695

Frontiers in Medicine | www.frontiersin.org 1 August 2021 | Volume 8 | Article 724695

Edited by:

Shaochong Zhang,

Sun Yat-sen University, China

Reviewed by:

Qing Chang,

Fudan University, China

Xu Xun,

Shanghai General Hospital, China

*Correspondence:

Mingwei Zhao

zhaomingwei64@163.com

†These authors have contributed

equally to this work and share first

authorship

Specialty section:

This article was submitted to

Ophthalmology,

a section of the journal

Frontiers in Medicine

Received: 14 June 2021

Accepted: 19 July 2021

Published: 17 August 2021

Citation:

Li S, Jin E, Shi X, Cai Y, Zhang H and

Zhao M (2021) Proteomics of Vitreous

Humor Reveals PPARA, RXR, and LXR

Are Possible Upstream Regulators of

Proliferative Diabetic Retinopathy.

Front. Med. 8:724695.

doi: 10.3389/fmed.2021.724695

Proteomics of Vitreous Humor
Reveals PPARA, RXR, and LXR Are
Possible Upstream Regulators of
Proliferative Diabetic Retinopathy
Siyan Li 1†, Enzhong Jin 1†, Xuan Shi 1, Yi Cai 1, Hui Zhang 2 and Mingwei Zhao 1*

1Department of Ophthalmology, Peking University People’s Hospital, Eye Diseases and Optometry Institute, Beijing Key

Laboratory of Diagnosis and Therapy of Retinal and Choroid Diseases, College of Optometry, Peking University Health

Science Center, Beijing, China, 2Department of Ophthalmology, Beijing Jingmei Group General Hospital, Beijing, China

Purpose: To investigate the key regulators of the disease by comparing the abundance

of vitreous proteins between the patients with proliferative diabetic retinopathy (PDR) and

the controls with idiopathic epiretinal membrane (iERM).

Methods: Vitreous humor (VH) samples were derived from patients with PDR or

iERM through the pars plana vitrectomy. The VH proteins were identified by liquid

chromatography tandem mass spectrometry (LC-MS/MS) analysis. MaxQuant software

and Metascape were applied to explore the enrichment of differentially expressed

proteins in biological processes, cellular components, and molecular functions. Enrichr

online tool and Gene Set Enrichment Analysis (GSEA) were performed to detect upstream

transcriptional regulators of the highly expressed proteins.

Results: The present study collected 8 vitreous humor samples from 5 PDR eyes and 3

iERM eyes and identified 88 highly expressed proteins in PDR patients. We validated

our highly expressed proteome was able to distinguish the PDR patients from the

non-PDR patients by using the VH proteomics data from a previous study. The majority

of highly expressed proteins were involved in complement and coagulation cascades,

regulating exocytosis, and hemostasis. Using the Gene Set Enrichment Analysis (GSEA),

we identified that transcription factors (TFs) PPAR-α, RXR, LXR regulate these proteins.

Conclusions: In this study, we identified a highly expressed proteome in VH of PDR

patients. The role of the complement and coagulation system, regulating exocytosis, and

hemostasis has been of great significance to PDR. Nuclear receptors PPARA, RXR, LXR

were possible upstream regulators of disease progression and required further study.

Keywords: proliferative diabetic retinopathy, proteomics, vitreous humor, transcription factors, mass

spectrometry

INTRODUCTION

Diabetic retinopathy (DR) has become the most prevalent cause of blindness among adults
aged 20–74 and the major complication of patients with either type of diabetes (1). In the
early, non-proliferative stage of the disease, DR begins with abnormal microvascular changes,
which are characterized by microaneurysms, increased vascular permeability, capillary closures.
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With increasing duration, these microangiopathies can lead to
neovascularization, indicates a proliferative stage developed.
Proliferative diabetic retinopathy (PDR) is characterized
by retinal neovascularization due to retinal ischemia. The
overgrowth of the neovascular tufts toward the vitreous
leading vitreous hemorrhage and fibrovascular membranes
(FVMs) formation. In the severe stage of PDR, the FVMs can
cause tractional retinal detachment and result in devastating
vision impairment.

The progressive course of DR is often irreversible. Laser
photocoagulation, intravitreal anti-vascular endothelial growth
factor (VEGF) agents, and vitreoretinal surgery are classic
treatments of the disease (2). Even if many patients have received
proper treatment, it cannot deter the advancement of the disease.
New therapeutic strategies are being explored in numerous
ongoing trials, but most target the advanced stages of the
disease. The complexity of pathophysiological mechanisms and
molecular events contributing to DR creates obstacles in finding
effective intervention in the very early stage.

The vitreous humor (VH) contains a variety of soluble
proteins and has a close relationship with the progress of
DR. Besides, the VH is the first site in the eye where anti-
VEGF agents exert their curative effects. Many studies have
demonstrated that label-free quantitative proteomics analysis
is capable of detecting proteins in the VH and provided
quantitatively mapped proteome changes of the VH in the
DR patients (3). However, these data have not been fully
used for further analysis and research to understand the
complexity of pathophysiological mechanisms and molecular
events contributing to the disease. In the present study, we
firstly performed label-free quantitative proteomics analysis to
identify the differentially expressed proteins between patients
with PDR and patients with idiopathic epiretinal membrane
(iERM). We determined 88 highly expressed proteins in PDR
and found they can also distinguish PDR patients from non-PDR
by using the previous VH protein profiles. Then we analyzed
the upstream regulators of these proteins by combining our data
with previous proteomics data. Using the Gene Set Enrichment
Analysis (GSEA), we identified that transcription factors (TFs)
including PPAR-α, RXR and LXR regulate these proteins.

MATERIALS AND METHODS

This was a cross-sectional, observational study of consecutive
PDR patients who underwent surgical treatment at the
Department of Ophthalmology, Peking University People’s
Hospital, Beijing, China, between March 2019 and December
2019. Patients in the control group underwent vitreoretinal
surgery due to iERM. This study was approved by the Clinic
Institutional Review Board of PekingUniversity People’s Hospital
and complied with the Declaration of Helsinki.Written informed
consent was obtained from all patients before enrollment
in the present study. All patients underwent comprehensive
preoperative eye examinations by the recruiting surgeons.
Clinical data, including the medical history and treatment
of diabetes mellitus, were collected. Each patient underwent

eye examinations including visual acuity, intraocular pressure,
axial length, slit-lamp biomicroscopy, dilated funduscopic
examination, and optical coherence tomography before and
after surgery.

VH samples (up to 200µL) were collected before conventional
three-port pars plana vitrectomy without artificial humor
infusion. A 25-gauge trocar was introduced into the inferior
temporal sclera, and a closed infusion tube was inserted. The
stopcock of the vitrector aspiration line was opened, and a
5mL sterile syringe was attached. By active cutting combined
with syringe suction, 100–200 µL vitreous was aspirated into
the syringe, the aspiration line was closed, and the infusion
was initiated to stabilize the intraocular pressure. The samples
were transferred into sterile 1.5mL microcentrifuge tubes, snap-
frozen, and stored at−80◦C until further analysis.

VH samples were centrifuged at 20,000 g for 15min at
48◦C to remove cells or cell debris. Nanodrop determined
the concentration of protein. For liquid chromatography
tandem mass spectrometry (LC-MS/MS) analysis, samples were
separated by a 120min gradient elution at a flow rate of 0.300
µL/min with the Thermo Ultimate 3000 nano-UPLC system
which was directly interfaced with the Thermo Fusion LUMOS
mass spectrometer. The analytical column was an Acclaim
PepMap RSLC column (75µm ID, 250mm length, C18). Mobile
phase A consisted of 0.1% formic acid, and mobile phase
B consisted of 100% acetonitrile and 0.1% formic acid. The
Fusion LUMOS mass spectrometer was operated in the data-
dependent acquisition mode using Xcalibur 4.1.50 software,
and there is a single full-scan mass spectrum in the Orbitrap
(375–1,500 m/z, 60,000 resolution) followed by data-dependent
MS/MS scans. The MS/MS spectra from each LC-MS/MS run
were searched against the selected database using the software
Proteome Discovery (version 2.2).

Label-free quantification was performed using MaxQuant
software (version 1.5.3.30), and the iFOT (defined as
iBAQ/iBAQ_total) values were used to quantify protein
expression. The cutoff of the false discovery rate for peptide
and protein identification was set to 0.05. Gene ontogeny
(GO) analysis was applied to explore the possible biological
functions of the differentially expressed proteins via Metascape
(4); p-values of Fisher’s exact test were calculated to measure the
significance of enriched ontology terms and pathways.

TFs and target genes of each TF were extracted from
ChIP-seq data in the ChEA database (5). TFs that regulate
highly expressed proteins were enriched using the Enrichr
online tool (6). The predicted regulating TFs were validated
in an external validation set (7). Gene Set Enrichment
Analysis (GSEA) was applied to quantify the activity of
each candidate TF in different samples using the GSEApy
package (https://github.com/zqfang/GSEApy).

RESULTS

Patient Information
A total of eight patients (8 eyes) was recruited in our study,
including 5 PDR eyes and 3 non-diabetic eyes (control). Three
eyes underwent vitreoretinal surgery due to tractional retinal

Frontiers in Medicine | www.frontiersin.org 2 August 2021 | Volume 8 | Article 724695

https://github.com/zqfang/GSEApy
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Li et al. Proteomics of PDR Vitreous Humor

detachment, and 2 eyes due to persistent vitreous hemorrhage.
Three non-diabetic eyes underwent surgery due to iERM. The
two groups were well-balanced for demographics. The VH
protein concentrations were not significantly different among the
two groups. The characteristics of the PDR and control patients
were summarized in Table 1.

After proteome profiling, differentially expressed proteins
were identified between PDR and control group as shown in
Figure 1 proteomic analysis identified 239 and 218 intravitreal
proteins by LC/MS-MS in PDR and control group. Among these
proteins, 50 proteins were detected only in the PDR group, and
29 proteins were detected only in the control group. Among the
total 268 proteins, 189 proteins were detected in both groups,
88 proteins were significantly highly expressed in PDR patients,

TABLE 1 | Data for patients with proliferative diabetic retinopathy or idiopathic

epiretinal membrane.

Characteristics Idiopathic epiretinal

membrane group

(n = 3)

Proliferative

diabetic retinopathy

group (n = 5)

Age (year) 63 ± 10.61 60.4 ± 9.71

Sex, male/female 2/1 3/2

Diabetes duration (year) – 14.1 ± 10.70

Macular edema – 2

Vitreous hemorrhage – 3

Traction membrane – 3

Proliferative membrane – 3

Tractional retinal detachment – 2

Retinal laser frequency – 1.6 ± 1.36

Insulin – 4

Hypoglycemic drugs – 2

and 68 proteins were significantly low expressed in PDR patients.
We defined those 88 highly expressed proteins as the highly
expressed proteome.

We used the VH proteomics data from a previous quantitative
proteomics analysis study as an independent validation set to
validate the highly expressed proteome is specific in PDR patients
(7). The highly expressed proteome in our cohort remained
highly expressed in PDR patients in the independent cohort (P
= 9.4E-9, Figure 2A). Figure 2B shows the ROC curve and AUC
which examine the performance of the mean Z-score of the
highly expressed proteome to separate PDR patients from the
non-PDR patients.

Gene Ontology Enrichment Analysis
Gene enrichment analysis was performed to identify the
enrichment of differentially expressed proteins in biological
processes, cellular components, and molecular functions. The
results demonstrated that the majority of highly expressed
proteins were involved in complement and coagulation cascades,
regulating exocytosis, and hemostasis (Figure 3A). Conversely,
the low expressed proteins were mainly associated with the
regulation of insulin-like growth factor transport and uptake by
insulin-like growth factor Bi (Figure 3B).

Enrichr Analysis and TFs Identification
We analyzed the upstream TFs which promote the expression
of these PDR-related proteins in the ChEA database. As the
result, most of the highly expressed proteins were regulated
by peroxisome proliferative-activated receptor alpha (PPAR-
α), retinoid-X receptor (RXR), Liver X receptor (LXR),
forkhead activin signal transducer 1 (FOXH1), octamer-binding
transcription factor 4 (OCT4), RELA/transcription factor p65,
early growth response 1 (EGR1), estrogen receptor 1 (ESR1),

FIGURE 1 | Differentially expressed proteins between PDR patients and control. (A) Proteins detected in (a) only PDR group (n = 5), (b) only control group (n = 3), (c)

both groups. (B) Distribution of protein expression level in PDR patients (log2 fold change of expression level in PDR to control, x-axis) and significance (P-value,

y-axis).
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FIGURE 2 | (A) Highly expressed proteome levels in PDR and non-PDR patients from an independent cohort; the mean Z-scores of highly expressed proteins in each

patient from two groups were shown. A one-tailed Mann–Whitney U-test was applied to calculate the p-value. (B) ROC curve for the highly expressed proteomes at

separating PDR patients from non-PDR patients. ROC curves are plots of the true positive rate (vertical axis) against the false positive rate (horizontal axis) for the

different possible cutoff points of a diagnostic test.

FIGURE 3 | Gene Ontology enrichment analysis of the main altered proteins. (A) the most notable 20 GO annotations of the increased proteins, (B) the most notable

20 GO annotations of the decreased proteins.

enhancer-binding protein α (CEBPA), and enhancer-binding
protein β (CEBPB) (Figure 4).

Using GSEA in the previous PDR/non-PDR proteome study
(7), we identified target genes of TFs including PPARA,

RXR, LXR, FOXH1, OCT4, RELA, EGR1, ESR1, CEBPA, and
CEBPB were significantly up-regulated in the proteome data
of PDR patients in the independent cohort. We reanalyzed the
transcriptome of vascular endothelial cells obtained from FVMs

Frontiers in Medicine | www.frontiersin.org 4 August 2021 | Volume 8 | Article 724695

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Li et al. Proteomics of PDR Vitreous Humor

FIGURE 4 | Gene Set Enrichment Analysis (GSEA) of TFs in PDR patients. The cluster gram shows highly expressed proteins and top 10 upstream TFs inferred from

ChIP-seq data.

in a previous study (8), and consistently, the results demonstrated
that gene targets of these TFs were also up-regulated in the PDR
related vascular endothelial cells (Figure 5).

DISCUSSION

We performed label-free quantitative proteomics analysis to
compare the vitreous humor (VH) of PDR patients and iERM
patients, and identified proteins explicitly expressed within the
PDR patients. A few proteomics studies focused on the VH in
DR, but most of them did not compare PDR patients and non-
DR patients. Li et al. conducted the proteomic analysis on VH
from PDR patients and idiopathic macular hole patients and
identified 52 proteins over-expressed in PDR patients out of 610
proteins (3). In this study, though the number of proteins we
demonstrated was less than them,more highly expressed proteins
(88 proteins) were identified compared with iERM. Since the
collection of an ordinary person’s VH is unethical, we suggest
iERMpatients aremore suitable as controls. The highly expressed
collection of proteins can also properly separate PDR patients
from non-PDR patients in the most extensive VH proteomics
analysis by far (7), suggesting amounts of proteins in the

vitreous humor of diabetic retinopathy patients might indicate
the progress of proliferation. It can be used to understand the
comprehensive molecular pathogenesis of PDR and help with
individualized treatment.

We performed Gene enrichment analysis to identify the
enrichment of differentially expressed proteins in biological
processes, cellular components, and molecular functions. We
noticed that the proteins up-regulated in the PDR samples most
significantly were attributed to complement and coagulation
cascades. The role of the complement and coagulation system in
angiogenesis has become of prime importance. Previous studies
indicated that the complement components were present in the
early stages of the DR (9–11). Indeed, the proteomics profile
of our enriched results indicated the abundance of cascade
components increased dramatically in the proliferative stage.
Our results suggest that the role of the complement system
might be an important mediator of DR pathogenesis. Previous
research demonstrated prolonged exposure to elevated glucose
alters the exocytosis in retinal neurons, which contributes to the
pathogenesis of DR (12). Notably, we demonstrated that the 27
highly expressed proteins (including CAT, CHI3L1, FABP, CTSB,
etc.) were functionally involved in the regulation of exocytosis.
These results suggest that exocytosis is themajor pathologic event
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FIGURE 5 | Gene Set Enrichment Analysis (GSEA) of TFs in vascular endothelial cells obtained from FVMs compared with control retinal endothelial cells.

in PDR, and future researches need to focus on the exocytosis
mechanism in the development of PDR.

Presently, there are already some proteomics researches on
PDR, however, these data have not been fully used for further
analysis and research. Since we found the highly expressed
proteome in our cohort remained highly expressed in PDR
patients in the largest-scale cohort (7), we sought to determine
the upstream regulator of these proteins. Therefore, enrichment
analysis was performed by the Enrichr online tool, and we
identified the top 10 TFs including PPARA, RXR, LXR, FOXH1,
OCT4, RELA, EGR1, ESR1, CEBPA, and CEBPB regulated these
highly expressed proteins. Then, GSEA analysis was performed
to elucidate the target genes regulated by these identified TFs in
PDR patients. Our results showed that the expression of these
genes was elevated in PDR. We demonstrated that the target
genes of the top 10 TFs were overexpressed in FVMs. Therefore,
our results highlighted these TFs play an important role in the
pathogenesis of PDR. The highly expressed proteins in VHmight
be released from FVMs in PDR. The present study is the first to
utilize bioinformatics tools based on previous proteomics data of
VH in PDR.

Among those transcription factors, PPARA, RXR, and LXR
are nuclear receptors deserving more concern. PPARA, also
known as PPARα, is one of the three subtypes of peroxisome
proliferator-activated receptors (PPARs). It plays a crucial role
in the regulation of ketogenesis, lipid transport, lipogenesis,
cholesterol metabolism, fatty acid transport, and oxidation
(13). For PPARs to induce gene expression, they must also
interact with their co-activator, the retinoid-X receptor (RXR)
(14). Previous studies related to decreased PPARA expression
in diabetic retinas contributed to retinal inflammation and
neovascularization in DR (15). Cells treated with RXR agonists
were demonstrated to prevent the effect of high glucose
(16). Besides, activation of LXR was reported to prevent
inflammation and the formation of diabetes-induced acellular
capillaries (17). All these studies revealed the upregulation

of PPARA/RXR/LXR contributed to DR progression delay
by playing a protective role in the retina. However, in the
current study, we found that highly expressed proteins were
regulated by PPARA/RXR/LXR, suggesting that these TFs might
be activated in the stage of PDR. Compared with a study of
saliva samples collected from DR patients, the differentially
expressed proteins also indicated increased LXR/RXR activation
(13). Our study provided the evidence for the first time
that PPARA/RXR/LXR was activation in PDR. There should
be careful consideration of the use of PPARA/RXR/LXR
agonists recommended by previous studies. The comprehensive
mechanism, as well as for drug instructions, needs to be explored
by future studies.

The primary limitations of this study were the scale of the
enrolled patients and the number of proteins we identified, which
limited the available pool of data to analyze. Non-DR patients
with iERM were enrolled as controls, but they were not disease-
free status. Some iEMR-related proteins in the VH might have
affected the differentiation from the PDR group.

CONCLUSIONS

In this study, we identified a highly expressed proteome in VH
of PDR patients. The role of the complement and coagulation
system, regulating exocytosis, and hemostasis has been of great
significance to PDR. Nuclear receptors PPARA, RXR, LXR were
possible upstream regulators of disease progression and required
further study.
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