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Background: The pathophysiology of diabetic retinopathy (DR) is multifaced. A low level of circulating adiponectin (APN) in type 2
diabetes is associated with microvasculature complications, and its role in the evolution of DR is complex.
Aim: This study is designed to explore the potential impact of APN in the pathogenesis of DR, linking the changes in cellular and
biological processes with the pathways, networks, and regulators involved in its actions.
Methods: Human microvascular retinal endothelial cells (HMRECs) were exposed to 30mM glucose (HG) and treated with globular
adiponectin (30μg/mL) for 24 hours. The cells were evaluated for reactive oxidative stress (ROS) and apoptosis. RT-PCR profile arrays
were utilized to evaluate the profile of genes involved in endothelial functions, angiogenesis, extracellular matrix, and adhesion
molecules for hyperglycemic HMRECs treated with adiponectin. In addition, the barrier function, leukocyte migration, and angiogen-
esis were evaluated. The differential expressed genes (DEGs) were outlined, and bioinformatic analysis was applied.
Results: Adiponectin suppresses ROS production and apoptosis in HMRECs under HG conditions. Adiponectin improved migration
and barrier functions in hyperglycemic cells. The bioinformatic analysis highlighted that the signaling pathways of integrin, HMGB1,
and p38 AMPK, are mainly involved in the actions of APN on HMRECs. APN significantly affects molecular functions, including the
adhesion of cells, chemotaxis, migration of WBCs, and angiogenesis. STAT3, NFKB, IKBKB, and mir-8 are the top upstream
regulators, which affect the expressions of the genes of the data set, while TNF and TGFB1 are the top regulators.
Conclusion: Adiponectin significantly counteracts hyperglycemia at various cellular and molecular levels, reducing its impact on the
pathophysiological progression towards DR in vitro using HMRECs. Adiponectin ameliorates inflammatory response, oxidative stress,
and endothelial barrier dysfunction using a causal network of NFBk complex, TNF, and HMGB1 and integrin pathways.
Keywords: adiponectin, hyperglycemia, human microvascular retinal endothelial cells, diabetic retinopathy, bioinformatic analysis

Introduction
Diabetic retinopathy (DR) is a severe long-term intricacy of diabetes mellitus and the preeminent inducer of blindness
around the globe in adults 20–74 years old.1 Specific mediators such as endothelial adhesion molecules, growth factors,
inflammatory factors, angiogenic agents, neurotrophic factors, and cytokines/chemokines production are elicited by
metabolites such as high glucose and fatty acids in the diabetic retina. These, in turn, cause a change in the blood
flow, increased permeability of retinal blood capillaries, apoptosis, and finally, angiogenesis.2–4

Adiponectin (APN) is an adipokine secreted into the circulation from the adipose tissues with various physiologic
actions. In plasma, adiponectin circulates at very high concentrations for a hormone, usually in the range of 3 to 30
μg/mL.5 Adiponectin mediates its effects in the endothelial cells through activation of adiponectin receptor type 1 and
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type 2.6 In addition, adiponectin has anti-inflammatory action, anti-oxidative properties, and anti-atherogenic vascular
effects in different target organs and tissues.7 Furthermore, adiponectin was found to counteract the angiogenesis in
different microvascular endothelial cell types,8 while on the contrary, it has been reported that APN has an angiogenic
effect on HUVEC cells.9

Human studies concerning the level of circulating adiponectin and its association with diabetic retinopathy (DR) have
been questionable.10 The adiponectin level in the aqueous humor is elevated in the proliferative type of DR (PDR)
patients;11 however, a previous study demonstrated that lower levels of vitreous APN were found in patients with
diabetes compared to those in non-diabetic patients.12 In addition, a previous study demonstrated that PDR patients
reported that low levels of plasma APN concentrations are associated with the severity of DR.13 A recent study
demonstrated that adiponectin level in the serum and the aqueous humor of diabetic subjects are higher than in non-
diabetics and is correlated well with DR development and progression.14

The role and actions of adiponectin hormone in the pathogenesis of diabetic retinopathy are insufficient and not
limited. Therefore, we commenced this study to investigate the effects of adiponectin and its possible underlying
pathomechanisms on cellular and biological processes related to its downstream functional effects such as migration,
and adhesion in primary human microvascular retinal endothelial cells (HMRECs) exposed to high glucose (30mM) to
mimic the diabetic environment as previously published.15 Therefore, we evaluated the individual cellular and biological
processes such as apoptosis, ROS production, RSN, profiling of the most relevant genes involved in endothelial functions
utilizing RT-PCR array, and the protein level of inflammatory and adhesion proteins. Furthermore, we employed the
bioinformatic analysis to explain the gene ontology and pathways linked to the cellular, molecular and functional changes
in response to adiponectin treatment in enhancing the experimental assays and find the details of such relationships as
possible underlying mechanisms to understand the actions of adiponectin in vitro using human primary microvascular
endothelial cells.

Materials and Methodology
Materials
Cryopreserved Human Retinal Microvascular Endothelial Cells (HMRECs) (ACBRI 181) were purchased from Cell System
(Kirkland, WA). Additionally; Complete Classic Medium Kit with Serum and Culture Boost (4Z0-500); Complete Serum-
Free Medium Kit with Recombinant RocketFuel (SF-4Z0-500-R); Attachment Factor (4Z0-210); antibiotic: Bac-ff® (4Z0-
643); Passage Reagent Group (4Z0-800); PRG-2 Trypsin-EDTA Solution (4Z0-310); were also procured from Cell System.
Reagents such as TRIzol™ Reagent (catalog#15596026); CellROX™ Orange Reagent (Catalog# C10443); Tali™ Apoptosis
Kit - AnnexinV Alexa Fluor™ 488 and Propidium Iodide (Catalog# A10788); Carboxy-H2DCFDA (Catalog#C400) were
purchased from Invitrogen, Life Technologies, USA. Tali ® image-based cytometer (Catalog #T10796) from Invitrogen. High-
Capacity RNA-to-cDNA kit and TaqMan Gene Expression Master Mix (catalog# 4369016) were obtained from Applied
Biosystems, USA. Pierce® RIPA Buffer (catalog# PF 201994) and Pierce® BCA Protein Assay Kit (catalog# 23227) were
purchased from Thermo Scientific, USA. DAF-FM-Diacetate (catalog#D-23842) was purchased from Invitrogen, Life
Technologies, USA. Human gAcrp30 (catalog#450-21-500) was purchased from PeproTech EC Ltd, UK. All the TaqMan
primers for gene expression were provided by Life Technologies, USA. The electrode array (Catalog#8W10E-PET) for
impedance analysis for the barrier function was supplied by Applied Biophysics, 185 Jordan Rd. Troy, NY 12180, USA.
Transendothelial Migration Assay-Colorimetric (Catalog# ECM557) and Tube assay for angiogenesis (catalog#ECM625)
were provided by Millipore, USA. RT2 SYBR Green ROX qPCR Master Mix for RT profiler PCR array was provided from
Qiagen, USA, with catalog number (330523). Human Endothelial Cell Biology RT2 Profiler™ PCR Array (cat# PAHS-015Z),
RT2 Profiler™ PCR Array Human Angiogenesis (Cat# PAHS-024Z), and RT2 Profiler™ PCR Array Human Extracellular
Matrix and Adhesion Molecules (Cat# PAHS-013Z) was provided from Qiagen, USA. The following TaqMan primers were
used; ADR1 (Hs00360422_m1, Catalog number: 4331182); ADR2 (Cat#Hs00226105_m1, Catalog number: 4331182) and
B-Actin (Hs 99999903_m1 ACTB, Catalog number: 4331182) were provided as custom assay from Thermo Scientific, USA.
Primary antibodies HMGB1 (sc-548457), AdipoR1 (sc-518030), AdipoR2 (sc-514045) from (Santa Cruz Biotechnology,
Germany), SOD2 (cst#13141), and Beta-Actin (cst#3700) (purchased from cell signaling, USA). Other materials were
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purchased from Sigma (USA) unless mentioned elsewhere. The study was ethically approved by Qatar University institutional
review board: QU-IRB 837-E/17 following the declaration of Helsinki 2000.

Methods
Cell Culture of Human Microvascular Retinal Endothelial Cells and Treatment
Primary human retinal microvascular endothelial cells (HMRECs) were sub-cultured and maintained as per the
recommendation of the supplier on cell culture dishes using attachment factor followed by Complete Classic Media
containing Bovine Serum albumin and Culture Boost addition, and passaged using provided passage reagents. Cells were
seeded in a cell culture dish and kept in a humidified incubator at 37°C and 5% CO2. The growth of the cells was
monitored to reach 80–90% confluency and then serum-starved for 6 hours before starting the treatment. D-glucose was
supplemented to the group of hyperglycemia cells (HG) at a concentration of 30 mM to mimic hyperglycemic conditions
in diabetic patients, and 5.5mM D-glucose as normoglycemic (NG) control group. To exclude a hyperosmolar effect,
mannitol (25.5 mmol/L) was added in control cultures (5.5 mM) to have 30mM, similar to the concentration of D-glucose
in the HG group. As per the manufacturer’s instruction, adiponectin (APN) was reconstituted in sterile water and added
to the hyperglycemia treated cells at a concentration of 30μg/mL and the normoglycemic control cells as treatment
control. Cell culture dishes were then kept in a humidified incubator at 37°C and 5% CO2 for 96 hours, followed by APN
treatment for 24 hours. The experiment was terminated after 24 h of APN treatment for further analysis. Conditioned
media were used for multiplex assay of various cytokines. Cells incubated under normoxic conditions (95% air and 5%
CO2) from the same batch and passage were used as controls. The following groups were obtained; a control (NG) group
(5.5 mmol/l glucose), HG group (30 mmol/l glucose), APN+NG group (5.5 mmol/l glucose + 30 μg/mL of APN), APN
+HG group (30 mmol/l glucose + 30 μg/mL APN), and mannitol group (5.5 mmol/l glucose + 25.5 mmol/l mannitol).

The adiponectin concentration was chosen based on a pilot study done using two different concentrations of
adiponectin that resemble normal physiological concentrations as low (5μg/mL adiponectin) and high physiological
levels (30μg/mL adiponectin) for 24 hours as a treatment to HG cells.5,10 The dose of APN used in the current study
(30μg/mL) showed that APN supplementation at 30μg/mL was most effective in reducing the percentage of cells positive
for H2DCFDA stain used to detect total ROS (Supplementary Figure S1). The pilot study data highlighted that a high
dose of APN is superior to low doses in ameliorating ROS production, which is well known to be a significant
contributing factor in the pathogenesis of DR.

Assessment of Apoptosis
The apoptotic cell population was assayed using Tali™ Apoptosis Kit-AnnexinV Alexa Fluor™ 488 and Propidium
Iodide and analyzed with Tali® Image-Based Cytometer as per the manufacturer’s instructions.

Assessment of Reactive Oxygen Species (Oxidative Stress)
Cells treated with and without APN, HG, and NG were analyzed for the induction of oxidative stress. Cells were
incubated with Cell-ROX® and Carboxy-H2-DCFDA to reliably measure total ROS in live cells according to the
manufacturer’s instructions. Cell-ROX® positive cells were quantified by a Tali-image-based cytometer, while H2-
DCFDA positive cells were visualized by an inverted fluorescent microscope (Olympus X53).

Assessment of Reactive Nitrogen Species (RNS) Using Immunofluorescence
The intracellular reactive nitric oxide production level in HMRECs treated with and without APN, HG, and NG was
assessed with DAF-FM diacetate per the manufacturer’s instructions. In addition, intracellular RNS concentration of
adherent cells was assessed by taking images with an inverted immunofluorescent microscope (Olympus X53) at Ex/Em
wavelength maxima of 495/515nm.

Assessment of Gene (mRNA) Expression
Utilizing TRIZOL® reagent, total RNAwas extracted as per the stated manufacturer’s instruction. First-strand cDNAwas
synthesized using the High-Capacity RNA-to-cDNA kit. The primers for TaqMan gene expression assays for adiponectin
receptor 1 and adiponectin receptor 2 were obtained as custom assays from Thermo Fischer Scientific and subjected to
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real-time PCR quantification. All reactions were performed in triplicate. RT-PCR reaction comprised of incubation hold
at 50°C for 2 min with the second hold of 10 min at 95°C for polymerase activation, followed by 40 cycles including
95°C for 15s (denaturation) and 60°C for 60s (Annealing/extension). The relative amounts of mRNAs levels were
quantified relative to the expression of the housekeeping gene B-Actin using a comparative Ct (2−ΔΔCt) value method.

Flow Cytometer of the Adhesion Protein Molecules
E-selectin and ICAM-1 are molecules associated with cell-to-cell adhesion and are found on cell surfaces. The expression
of these proteins was quantified using BD Accuri TM C6 Flow Cytometer (B.D. Biosciences). Cells were detached with
enzyme-free Gibco cell dissociation buffer (Invitrogen) and suspended in cold PBS 200 ul of 1% bovine serum albumin
(BSA) at a 1×106 cells concentration. The cells were treated with antibodies against each cell adhesion protein, P.E. Mouse
Anti-Human CD62P targeting E-selectin and P.E. Mouse Anti-Human CD54 targeting ICAM-1, Anti-Human/Mouse beta-
Catenin Alexa Fluor® 488, and Mouse Anti-Human CD144 were incubated with cells for 30 min on ice. Cells were then
washed twice with 1mL PBS/1% BSA, and fluorescence measurements were detected on an Accuri C6 flow cytometer.
Analysis of the data was performed using the Flow Express software (De Novo Software, Los Angeles, CA, USA). The
flow cytometry assay provides protein assay using live cells under different conditions.

ELISA of IL-8, TNF-α, and IL-Iβ
Cell supernatant from HMRECs treated with and without APN, HG, and NG were collected and centrifuged at 5000g for
5 min. In addition, an aliquot of each supernatant was assayed in duplicate as per the manufacturer’s instruction for IL-8,
TNF-α, and IL-Iβ using the human cytokine multiplex immunoassay kit (HADK2MAG-61) from Millipore (Merck
Millipore, Billerica, MA, USA) as published previously.16

Western Blot
Proteins were extracted using RIPA buffer, and the protein concenteration was evaluated using BCA assay then resolved
on 10% Bis-Tris gels (NuPAGE, Novex, Thermo Fischer), transferred to PVDF membrane, and immunoblotted using
Primary antibodies HMGB1 (sc-548457), AdipoR1 (sc-518030), and AdipoR2 (sc-514045)(purchased from Santa Cruz,
Germany), and SOD2 (cst#13141), and Beta-Actin (cst#3700) (purchased from cell signaling, USA). It was followed by
incubation with appropriate horseradish peroxidase-conjugated secondary antibodies (Cell signaling), and the signal was
detected using a chemiluminescence substrate (Pierce, Rockford, IL). Finally, the signal intensity was quantified with
a densitometer (GeneTool software; SynGene, Frederick, MD).

Functional Assays
Leukocytes Migration by Colorimetric Assay
The assay was performed based on the manufacturer’s instructions using the Leukocyte Transendothelial Migration
Assay Kit (Cat. No. ECM557) provided by Millipore. In short, on cell culture inserts, HMRECs (1x105 cells) of different
treatment groups were grown and cultured until confluency. Next, HL-60 leukocyte cells (2x105 cells) were added to the
endothelial layer and allowed to migrate for 18 hours at 37°C. Migrated cells were measured at OD 450 nm per the assay.

The Transcellular Electrical Resistance (TER) Assessment by Electric Cell-Substrate Impedance Sensing (ECIS)
HMRECs were implanted at a density of 5×104 cells/well-containing gold electrodes (8W10E+) in two culture plates.
Each well was covered with cysteine, collagen, and fibronectin. The electric currents running through confluent cells in
each well were recorded independently by the Electrical Cell–Substrate Impedance Sensing (ECIS) from (Applied
Biophysics, Inc., Troy, NY, USA). Cells were starved for 6 hours, and then cells were treated with corresponding
glucose with and without APN. Three different groups were evaluated: normoglycemia cells (NG), hyperglycemia cells
(HG), and hyperglycemia cells+ adiponectin (HG+APN). TER was recorded for another 24 hrs. Endothelial monolayer
integrity was confirmed microscopically and by final TER measurement at the end of each experiment. Normalization of
resistance values for each chamber was done and then plotted as a function of time.17

Tube Formation Assay Assessment of APN Treatment in Hyperglycemia Treated HMRECs
Evaluation of tube formation of HMRECs was performed using In Vitro Angiogenesis Assay Kit (ECM625; Millipore,
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Billerica, CA) based on the manufacturer’s protocol. Briefly, harvested endothelial cells extract was polymerized in a 96-
well plate at 37 °C for 30 min before the culture of 1.6 × 104 HMRECs followed by treatment with NG, HG, and APN on
top of polymerized EC Matrix overnight at 37°C for five days. Tube formation was monitored every (12–18 hr) during
the treatment using an inverted microscope. The central area of each well, which covers the tube length within a field,
was measured using ImageJ software.

RT-PCR Arrays Bioinformatic Analysis
Real-time PCR was carried out using Applied Biosystem 7500 Real-Time PCR system to quantitate gene expression in
Real-Time. The PCR array assays evaluated the effect of APN+HG group Vs HG group. Gene expression was evaluated
using the Human Endothelial Cell Biology RT2 Profiler™ PCR Array (Cat# PAHS-015Z), RT2 Profiler™ PCR Array
Human Angiogenesis (Cat# PAHS-024Z), and RT2 Profiler™ PCR Array Human Extracellular Matrix and Adhesion
Molecules (Cat# PAHS-013Z). The arrays profile of genes related to angiogenesis, various endothelial functions such as
receptors, growth factors, chemokines, proteases, adhesion, extracellular matrix, cell-cell, and cell-matrix were assessed.
The expression of these genes is involved in the different biological processes such as permeability and vascular tone,
blood vessel morphogenesis, endothelial cell activation, survival, and endothelial cell injury, which was targeted for
detection by real-time PCR. RT2 SYBR Green ROX qPCR Master Mix was used with cDNA template and RNase-free
water for the RT-PCR profiler array based on the manufacturer’s instructions.

The thermal cycling program recommended by the manufacturer of Applied Biosystem 7500 was as follow: holding
stage of 95°C for 10 min., followed by a Cycling stage of 40 cycles of denaturation at 95°C for 15s, with 60s annealing
and elongation at 60°C, followed by melting curve analysis. The profiling of the gene arrays was evaluated for
differential expression using the Qiagen Gene Globe analysis software available on the Qiagen website (https://
geneglobe.qiagen.com) to analyze the results (Qiagen, Germany). The generated global gene expression data were
assessed using differential expression analysis and functional classification of differentially expressed genes (DEGs).
The list of genes that were either significantly upregulated or underregulated by APN treatment of HG cells compared
with HG without APN was analyzed using the Ingenuity Pathway Analysis (IPA) core pathway and upstream regulator
analysis (Qiagen Ingenuity Systems). Furthermore, the list of differentially expressed genes was also analyzed using
Panther, a web-based (http://pantherdb.org/citePanther.jsp) portal designed to offer a comprehensive gene list annotation
and analysis resource. The relevant signaling processes and biological functions were evaluated using the Ingenuity
Pathway Analysis software (IPA; Ingenuity Systems). The stringency of the filters for IPAwas set to include a p-value of
< 0.05. The core analysis platform was selected for data analysis and interpretation. We applied the z-score to predict
a cellular process’s directional change, such as activating or inhibiting a cellular pathway. The software also employs
Benjamin–Hochberg correction to account for the false discovery rate due to multiple comparisons.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8 for Windows (GraphPad Software, San Diego, California
USA, www.graphpad.com). One-way ANOVA was used to detect any significant difference between the different
treatments of HMRECs followed by the post-hoc test (Tukey’s analysis). For each experiment, treatment groups were
prepared in at least 3–5 culture plates and three different biological replicates of HMRECs. Results are depicted as mean
± SEM of at least three independent replicates, and the significance level was chosen at a two-tailed p < 0.05.

Results
Adiponectin Abrogates the Apoptosis and the Oxidative Stress Induced by
Hyperglycemia in HMRECs
The impact of APN on apoptosis and oxidative stress showed that high glucose treatment of HMRECs leads to
a significant increase in apoptosis by 6.1 folds and oxidative stress by 1.7 folds compared to the control (NG) group,
p= <0.0001 (Figures 1A and 1B). However, adiponectin treatment to the high glucose-treated cells significantly reduces
apoptosis and oxidative stress by 4.90 folds and 1.65 folds, p= <0.0001, respectively, as shown in (Figures 1A and 1B).
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Moreover, using H2-DCFDA, the results demonstrated significant reduction of ROS after treatment of HG cells with
APN as shown in (Supplementary Figure S1). Of note, the HG group exhibited significantly higher apoptosis and
oxidative stress rates than the control, APN, and Mannitol groups.

Adiponectin Reduces the Reactive Nitrogen Species (RNS) in Hyperglycemia Treated
HMRECs
Immunofluorescence staining with DAF-FM diacetate was performed to assess the RSN Immunofluorescence. The
results revealed strong RNS signals in HMRECs treated with HG, which is associated with a significant increase in
intensity (4.2 folds) compared to the NG (control) group. Conversely, the RSN intensity decreased significantly by 6.0
folds and yielded weak signals for RNS after treatment with adiponectin (30μg/mL) in HG-treated cells, as shown in
Figures 1C and 1D.

Adiponectin Upregulates the Gene Expression of Adiponectin Receptors (ADR1 and
ADR2) in HMRECs
Guided by the above results, it was imperative to assess the expression of adiponectin receptors to understand how it
mediates its effects on HMRECs. The results demonstrated that the HMRECs express the two surface receptors for
adiponectin, which demonstrated a significant downregulation of ADR1 and ADR2 mRNA expression (4.8 folds and 3.7
folds, respectively) in response to hyperglycemia, compared to NG. However, treatment with adiponectin resulted in the

A B

C D

Figure 1 (A–D) HMRECs subjected to high glucose (30mM) and supplemented with adiponectin (30µg/mL) for 24 hours were analyzed for apoptosis (A) and ROS (B).
Data were presented as bars and expressed as mean ± SEM. *p≤0.05; HG is significantly different from the control, APN, and Mannitol groups. Φ p≤0.05; HG is significantly
different from the HG+ adiponectin (HG+APN) group. (C) Relative changes in immunofluorescence intensity expressed as Mean Fluorescence Intensity. (D) A
representative of RSN protein expression of NO in HMRECs exposed to different treatments: 30mM high glucose and adiponectin treatment (30µg/mL) for 24 hours in
HMRECs exposed to 30mM glucose (HG+APN). Data were presented as bars and expressed as mean ± SEM. *p≤0.05; HG is significantly different from the control (NG)
group. Φp≤0.05; HG is significantly different from the HG+ APN group. DAF-FM Diacetate (see methods) was utilized to detect RSN. Data represent 3–5 independent
experiments. Statistical differences were established using the Student’s t-test with a two-tailed p < 0.05.
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manifold increased expression level of ADR1 & ADR2 by (5.7 folds and 1.7 folds, respectively), compared to HG, as
shown in Figure 2A.

Adiponectin Reduces the Inflammatory Proteins of HMRECs Exposed to
Hyperglycemia
To elucidate the possible mechanism of adiponectin-mediated anti-inflammatory and anti-apoptotic effects, the following
pro-inflammatory cytokines and chemokine markers; IL-1B, TNF-α, and IL-8, were evaluated for their protein expres-
sions in CM using Multiplex Eliza. It was found that the addition of high glucose to HMRECs significantly increases IL-
1B, TNF-α, and IL-8 proteins by 7.0, 5.9, and 18.8 folds, respectively, p<0.0001 compared to cells treated with 5mM
glucose (NG). Notably, treatment by adiponectin significantly attenuated the increase of IL-1B, TNF-α, and IL-8 protein
expression by 3.7, 1.7, and 11.8 folds, respectively, with p<0.05, compared to the HG group as shown in Figure 2B.

Adiponectin Reduces the ICAM-1 and E-Selectin Adhesion Molecules Production in
Hyperglycemia Treated HMRECs
With an effective reduction in the cytokines noticed above, the downstream stimulated cellular adhesion molecules
E-selectin and ICAM-1 protein expression was measured by BD® Acuuri Flow cytometry. High glucose significantly
upregulated ICAM-1 (CD54) by 1.8 folds, p<0.0001 than cells treated with 5mM glucose, and the addition of adiponectin
30 μg/mL significantly attenuates this increase by 1.3 folds with p<0.0001, as shown in Figure 2C. For E-selectin (CD
62), the present results demonstrated that high glucose significantly upregulates E-slelectin expression by 2.9 folds,

Figure 2 (A–D) Quantification of APN receptors, inflammatory mediators and adhesion molecules. (A) Quantification of mRNA level using ADR1 and ADR2 against B-
actin by RT-PCR expressed as means ±SEM of 3-5 independent experiments analyzed by one-way ANOVA and post-hoc multiple comparison tests. * p≤0.05; HG is
significantly different from the control, and APN groups. Φ p≤0.05; HG is significantly different from the HG+APN group. Two-tailed P value is significant at p≤0.05. (B):
Adiponectin dissuades pro-inflammatory cytokines (TNF-alpha and IL-1B) and chemokine (IL-8) proteins. Data represent the Mean and SEM of NG, HG (30mM), and the
hyperglycemic group treated with adiponectin (HG+APN). Data represent 3-5 independent experiments. The two-tailed p-value is significant at p <0.05. (C and D):
Adiponectin reduces the production of ICAM-1 (C), and E-selectin (D) adhesion molecules. A representative flow cytometry of the protein expression of ICAM-1 (CD 54)
and E-selectin (CD 62) in HMRECs exposed to different treatments are displayed in the left panel of Fig C and Fig D, respectively. Bars in Figures C and D show the data
presented as Means ±SEM of 2-3 independent experiments analyzed by one-way ANOVA followed by post-hoc multiple comparison tests for ICAM-1 (CD 54), and E-
selectin (CD 62), respectively. Two-tailed P value is significant at p≤0.05. *** P≤0.0005 is significant, **** P <0.0001 is significant.
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p<0.0001 than cells treated with 5mM glucose, and the addition of adiponectin 30 μg/mL significantly decreases the
expression of E-selectin in HG cells by 2.6 folds with p<0.0001 as shown in Figure 2D.

Adiponectin Reduces the Leukocyte Migrations in Hyperglycemia Treated HMRECs
The significant influence of adiponectin on inflammatory cytokines supported us to determinewhether adiponectin could suppress
leukocyte migration. The present results demonstrated that high glucose significantly increases the leukocytes migration
compared to normoglycemic cells by 4.4 folds, however after APN treatment of HMRECs exposed to high glucose significantly
decreases the leukocyte migration by 1.90 folds (Figure 3A). These data provide evidence that adiponectin tends to decrease
leukocyte migration to protect against retinal vessel injury caused by the activated leukocytes’ inflammatory responses.

Adiponectin Protects HMRECs from Hyperglycemia-Induced Cell Barrier Dysfunction
Based on the striking effects of APN on hyperglycemia-induced HMRECs in vitro, quantification of the adherent cell
layers’ cell barrier function was assessed using the ECIS system. The normalized electrical resistance measurement in
HMRECs is significantly decreased by hyperglycemia (HG, red line) by ≈60.0% compared to the control group (NG,
green line), p<0.05, indicating cell barrier dysfunction. However, hyperglycemic cells treated with adiponectin (HG
+APN, black line) demonstrated a significant increase of normalized resistance compared with the HG group by ≈18.0%,
p<0.05, exhibiting a partial improvement in the barrier function, as shown in Figures 3B and 3C.

Effect of APN Treatment on Tube Formations in Hyperglycemia Treated HMRECSs
The tube formation assay performed on the cells treated with high glucose for 5 days revealed the length formation of the
capillary-like structure increased by≈ 8.0 folds, while APN treatment to hyperglycemic cells revealed an inhibition in

Figure 3 (A–E) Functional assays. (A) Adiponectin attenuates leukocyte migration. Data presented as Absorbance at 450 nm and a mean ±SEM of 3–4 independent
experiments performed by the Endothelial Cell Migration Assay Kit. (B) Characterization of trans-electrical resistance (TER) of HMRECs exposed to different treatment:
normoglycemia (NG), high glucose concentration (30mM) (HG), and adiponectin treatment to HG group (HG+APN). (C) Bars show the significance of resistance (barrier
function) changes between the different treatment groups presented as mean and SEM. *p <0.05 HG is significantly different from the NG group. Φ p<0.05 HG is significantly
different from the HG+APN group. Abbreviations, Normoglycemia cells (NG); High Glucose (HG); and High Glucose +adiponectin (30µg/mL) (HG+APN). Stat analysis was
performed by ANOVA (one-way) followed by Dunnett post hoc test for multiple comparison. Data represent 3–4 independent experiments. (D and E) A representative of
preventive impact of adiponectin on tube formation of HMRECs exposed to normoglycemia (control), high glucose concentration (30mM) (HG), and adiponectin treatment
to HG group (HG+ APN). (E) Bars show the tube formation changes between the different treatment groups presented as mean and SEM. Data represent 3–4 independent
experiments.*p <0.05 HG is significantly different from the control group. Φ p<0.05 HG is significantly different from with HG+ APN group. Two talied p value is signficantly
less than 0.05.

https://doi.org/10.2147/JIR.S358594

DovePress

Journal of Inflammation Research 2022:153142

Bushra et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


tube formation ≈2.8 times, p<0.05. Thus, APN could prevent migration and tube formation in hyperglycemic cells, two
fundamental processes for neovascularization, as shown in Figures 3D and 3E.

Effect of Adiponectin Treatment on Proteins Related to Adiponectin Receptors,
Anti-Oxidant Enzyme SOD2, and HMGB1 Expressions
Further, to validate the mRNA expression of adiponectin receptors in response to APN treatment of HG cells, we evaluated
the protein expression of ADR1 and ADR2 using Western Blot (WB). Adiponectin treatment causes significant upregulation
of ADR1 by 5.7 folds (p <0.0001) and ADR2 by 2.1 folds (p 0.019), after HG, as shown in (Supplementary Figure S9A and
S9B), which is consistent with gene expression results as shown in Figures 2A. To evaluate the actions of adiponectin on
oxidative stress, an antioxidant enzyme was evaluated using WB; Superoxide Dismutase 2 (SOD2), as shown in
(Supplementary Figure S9C). APN treatment to hyperglycemic cells causes significant upregulation of SOD2 expression
by 5.5 folds (p=0.0001) compared to HG conditions. SOD2 tends to decrease in HG cells compared to NG, without
significant changes were detected (P>0.05). Moreover, we evaluated High Mobility Group-B1 (HMGB1), involved in
pathways in response to adiponectin treatment after HG exposure of HMRECs. APN treatment causes significant reduction
of HMGB1 expression by 1.7 folds (P<0.0001), after exposure to hyperglycemic conditions, as shown in (Supplementary
Figure S9D).

RT-PCR Profiler Array, DEGs and GO Analysis
To identify genes or biological pathways, we determined the gene expression profiles of cells exposed to HG (used as
a control group) and cells exposed to HG+APN (used as a treatment group). The cut-off value used for significant
expression in the present study was set as expressed fold changes of 1.5 and a p-value of < 0.05. The expressed fold
changes represent data of the treatment group (HG+APN) versus the control group (HG), as shown in (Supplementary
Table S1). The dataset displays 62 differentially expressed genes, with 46 being downregulated and 16 being upregulated
with a p-value of < 0.05 corrected. The data representing the differentially expressed dysregulated genes (DEGs) were
further evaluated to obtain details of biological processes, cellular, molecular functions, and pathways related to
HMRECs exposed to HG and treated with natural hormone adiponectin by application of the bioinformatic analysis.

Panther enrichment pathways analysis demonstrated that the most critical pathways in percentage (Supplementary
Figure S2) are Integrin signaling (14.7%), Inflammation mediated by chemokines and cytokines (9.3%), Apoptosis
(6.7%), and Angiogenesis (5.3%), in order.

The top upregulated gene and downregulated genes are shown in (Supplementary Table S2A, and S2B.). The top 10
upregulated genes with a rank of expression folds are MMP8, CXCL1, CCL2, ANG, CXCL5, MMP3, NCAM1, TNC,
TEK, and PTGS2. On the other hand, the top 10 downregulated genes with a rank of expression folds are COL8A1,
OCLN, ECM1, MMP14, ITGB2, IL3, CTNNB1, CD44, ITGA1, and ITGB5. Using the String pathway analysis software
(https://string-db.org/), the gene ontology of the top-ranking upregulated genes is GO:0070098; Chemokine-mediated
GO:0001525 Angiogenesis, I04668 TNF signaling pathway, and WP4754 IL-18 signaling pathway. On the other hand,
the gene ontology of the top-ranking down-regulated genes is GO:0007160 Cell-matrix adhesion, GO:0001525
Angiogenesis, GO:0050839 Cell adhesion molecule binding hsa04512 ECM-receptor interaction, and HSA-216083
Integrin cell surface interactions. Such results highlighted that the upregulated genes are mainly involved in inflammation
pathways while the downregulated genes are involved mainly in cellular adhesion, and both share in the biological
process of angiogenesis.

Mapping of the DEGs is shown in (Supplementary Table S5) indicating its molecular functions and biological actions.
To better understand the detailed mechanisms involved and identify the primary cellular targets that cause endothelial
dysfunction of microvascular retinal cells in exposure to hyperglycemia and their changes to APN application, the dataset
was integrated into Ingenuity Pathway Analysis (IPA) software using core analysis. However, identifying each gene’s
role in the data set is important, but moreover, the interaction of several genes concurrently plays a fundamental role in
the outcome of various biological, cellular processes, and molecular functions.
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Functional Analysis Using Ingenuity Pathway Analysis (IPA)
Canonical Signaling Pathway Analysis
The most enriched canonical pathways detected in the hyperglycemic microvascular endothelial cells in response to APN,
based on Z- Score activity with a ranking of negative values of Z- score of inhibition were the HMGB1 Signaling of Z-core of
(−2.21), and [p value=2.41 E−11, with a ratio of 10/157=0.064], Integrin Signaling pathway of Z-core of (−2.83), [p value=1.04
E−7, with a ratio of 8/200=0.04], Neuroinflammation Signaling Pathway of Z-core of (−2.67), [p value=11.5 E−6 with a ratio of
14/200=0.045] followed by p38MAPK Signaling of Z score (−2.00), [p value=3.37 E−4, with a ratio of 4/115=0.035] as shown
in (Supplementary Table S3). Other pathways are shown in (Figure 4A) based on the ratio or number of data set molecules
involved, such as agranulocyte and granulocyte adhesion and diapedesis, glucocorticoid receptor signaling, leukocyte
extravasation, Il-8, inhibition of matrix metalloproteinase, Apoptosis, Myc Mediated Apoptosis Signaling PI3K/AKT
Signaling, LXR/RXR Activation, Renin-Angiotensin Signaling. Among the signaling pathways with a positive Z-score
activation value, 0.707 is HIF1α Signaling. Of interest; the Coronavirus pathogenesis pathway was one of the signaling, which
is inhibited in HG cells by APN treatment with a Z-score of −0.33, with 9 molecules out of 194 (ratio of 0.046), with a p-value
of 4.28 E−9, as shown in (Figure 4A) and (Supplementary Table S3).

Based on the Z-score value of activation, three pathways with a cut value of ±2 indicating whether the biological
activity is stimulated or inhibited are detected, which are HMGB1, Integrin signaling, and p38 MAPK signaling
pathways (Figure 4B).

Integrin signaling pathway: integrins are cell surface glycoproteins involved in cell-cell and cell-extracellular matrix
(ECM) interactions. These interactions are the basis for several diverse effects, including cell migration and anchorage,
cell growth, and differentiation. Key mediators of integrin signaling include Focal adhesion kinase (FAK) and Integrin-
linked kinase (ILK). These proteins are essential in forming focal adhesions responsible for signal transduction and
assembly of stress fibers. Paxillin is a multidomain, focal contact adapter localizes with integrin-β1, FAK, vinculin, and
specific kinases at FA. In addition, it links integrin signaling with p38 MAPK and JNK pathways. APN treatment of HG

Figure 4 (A–C) Canonical pathways by IPA core analysis. (A) Histogram displays the most relevant canonical pathways (p <0.05) involved in the response of HRMECs cells
to APN treatment. The rank was based on the log p-value, the ratio of genes of the dataset compared to the knowledge base of IPA. See supplementary tables for details. (B)
Bars display the values of Z- activation of the most relevant canonical pathways. (C) Network displays the HMGB1 pathway cascade and involves the downstream genes that
are differentially expressed; downregulated as the green color and upregulated as red color, labeled with values of fold changes, and their role in biological process.
Abbreviations: A, activation; p, phosphorylation; e, expression; c, causative to; and PP, protein-binding. See legends for details.
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cells reduces cell adhesion through interaction with integrin signaling pathways, leading to the embarrassment of barrier
dysfunction, as shown in (Supplementary Figure S3).

High Mobility Group-B1 (HMGB1) is a DNA-binding protein that constructs nucleoprotein complexes, preserves
nucleosome structure, and regulates gene transcription. The HMGB1 pathway is inhibited based on the activation z score
(−2.21), indicating that APN has an anti-inflammatory effect via the HMGB1 pathway (Figure 4C). HMGB1 can trigger cell
surface receptors through ERK1/2 and JNK and p38; PI3K and Akt; the transcription factors NF-κB and Sp1 as well as Rac1
and CDC42. In addition, HMGB1 communicates through the receptor for advanced glycation end-products (RAGE),
a multiligand receptor of the immunoglobulin superfamily, expressed on monocytes and macrophages. The proinflammatory
effect of the HMGB1-RAGE axis is significantly linked with the NF-κB pathway, which includes extracellular signal-
regulated kinase 1 and 2 (ERK1/2) and p38 MAPK. Then, stimulated NF-κB is translocated to the nucleus and interrelates
with DNA as a p65/p50 heterodimer, enhancing proinflammatory cytokine expression as shown in Figure 4C.

p38 MAPK Signaling: p38 mitogen-activated protein family of kinases (p38 MAPK) are activated by different types
of stimuli that involve inflammatory cytokines, death ligands (e.g, TNF), transforming growth factor (TGF)-β-related
polypeptides, and environmental factors like oxidative stress and UV radiation. Phosphorylation of specific transcription
factors is mediated via p38 MAPK activation of MSKs and MAPKAPs. In addition, the activated trans factors trigger
transcription of various stress response genes, e.g, those responsible for cytokine production and apoptosis. Adiponectin
treatment of HG cells reduces the activity of the p38 MAPK signaling pathway, which could impact apoptosis and
cytokine production in treated HG cells, as shown in the (Supplementary Figure S4).

Cellular Process and Molecular Functions
Further, the IPA core analysis provided an in-depth analysis of the crucial cellular process and molecular functions of
hyperglycemic HRMECs treated with APN (Figure 5). Details of the top categories of cell process and functions
analyzed by IPA based on P values in rank are presented in (Supplementary Table S4). In addition, the following
functions are described in the next paragraph as a consequence of adiponectin application to HG HRMECs, which are
observed in the present study’s cellular functions and biological processes.

Apoptosis Process
One of the cellular functions affected by adiponectin treatment of HG HRMECs is the reduction of apoptosis of the
endothelial cells. The IPA core analysis demonstrated inhibition of apoptosis of the endothelial cells by a Z-value of
−2.043, with an overlap P value of 7.25 E−15 among the cell death and survival category functions as shown in
Figure 5C. In addition, the dataset showed low expressed genes FAS, FASLG, TNF-α, THBS1, BCL2, MMP9,
ANGPT1, and IL-B are predicted to inhibit apoptosis, in contrast, the upregulated genes BCL2L1, IGF1, TEK, and
VEGFA are predicted to increase apoptosis. Moreover, the figure displays that many canonical signaling pathways are
involved in this altered function, such as apoptosis signaling, Myc-mediated apoptosis, P38 MAPK signaling, gluco-
corticoid receptor signaling, and IL-8 signaling, which support that apoptosis is downregulated in hyperglycemic
HMRECs treated with APN via different pathways. Further, such data were validated by the image-based cell cytometer
results of decreased apoptosis after APN treatment of the HG group, as shown in Figure 1A.

Production of Reactive Oxygen Species
Reactive oxygen species (ROS) are produced intracellularly via several routes leading to oxidative stress. The present
study demonstrated a significant reduction of ROS of HG HRMECs in response to APN treatment. As shown in
Figure 5D, ROS production is predicted to be reduced significantly by a value of Z-score (−1.112), with a P-value of
4.10E−27. The genes dataset showed that 25 genes influence ROS production. The upregulated genes such as IGF1,
PTGS2, and VEGFA are predicted to increase ROS production, while downregulated genes such as AGT, TNF-α,
PECAM1, and ANGPT1 are predicted to decrease the production of ROS. Moreover, Figure 5D displays that this
important cellular function involves granulocyte adhesion and diapedesis, glucocorticoid receptor signaling, and HMGB1
signaling pathways. Further, such data were supported by the image-based cell cytometer results of decreased ROS after
APN treatment of the HG group, as shown in (Figure 1B and Supplementary Figure S1).
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Figure 5 (A-D) Classification of diseases and functions. Figure (A) Bars represent categories are shown in terms of the -log (P-value), as represented by the left y-axis and
the diseaes and functions categories represented by the x-axis. A total of 21 representative classifications of diseases and functions of the dataset are differentially expressed
genes in HRMECs cells in response to APN. Figure (B) Heatmap represents the classification of diseases and functions. This heatmap was drafted according to its Z-score
values, where higher Z-scores represented by Orange indicate activation, while lower Z-scores represented by blue indicate inhibition. Figures (C and D) Network
association displays the upregulated (red) and downregulated (green) genes and canonical pathways (CP) involved in apoptosis (C) and production of reactive oxygen species
(D) of HRMECs treated with APN. See legends for details, which indicate activation, inhibition, not consistent, and not predicted functions. The yellow arrow indicates
increased prediction; the blue arrow indicates decreased prediction, and the gray arrow has no known predicted effects. The lower Z-scores represented by blue indicate
inhibition for apoptosis and production of reactive oxygen species. See legends for details.
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Functions Related to Inflammation and Barrier Function
The chemotactic function is inhibited in HRMECs treated with adiponectin, as shown in Figure 6A. Inhibition is marked
with a value of Z-score (−0.786) and the P-value of 5.01E−27. The genes dataset showed that 27 genes influence
chemotaxis. Furthermore, the dataset showed that the following upregulated genes, such as CCL2, VEGFA, and
PTGS2, are predicted to increase the chemotaxis, while the downregulated set of such genes as AGT, CCL5 IL-1B,
TNF-α, CX3CL1, ITGAV, and ANGPT1 gene is predicted to inhibit chemotaxis. The present gene expression data
showed comparable findings for the protein biomarker, Interleukin-8 as shown in (Figure 2B).

Adhesion: Adhesion of vascular endothelial cells is predicted to be reduced after treatment with APN, with a Z-score
of (−2.189), with a p-value of 1.01E−24, as shown in Figure 6B. The dataset of the genes showed that 16 genes are
involved. F3, VCAM1, and TNF are predicted to decrease the adhesion, while upregulated genes VEGFA and CCL2
increase the adhesion, but ANGPT1 and SELE have no predicted effect. Several pathways are involved, like granulocyte
adhesion and diapedesis, leukocyte extravasation, HMGB, and IL-8 Signaling.

Furthermore, as shown in Figure 6C, granulocytes adhesion is predicted to be reduced with a Z-score of −1.806, and
p 5.31E−20. The dataset of the genes showed that 14 genes are involved. The downregulated genes: VCAM1, ICAM1,
IL1B, SELE, SELP, PECAM1, ITGB2, and TNF are predicted to decrease the adhesion, while the upregulated genes
CD44, CXCL1, VEGFA are predicted to increase the adhesion, but ITAG5, ITGB1, and FN1 genes affect the adhesion
without a definitive outcome. Decreased adhesion supports the findings of the adhesion assays, as shown in Figures 2C
and 2D. Several pathways are involved, like granulocyte adhesion and diapedesis, leukocyte extravasation, HMGB, and
IL-8 Signaling.

The migration of leukocytes is predicted to be inhibited. APN treatment of HMRECs causes marked migration
inhibition with a Z-score of −3.454, with an overlap p-value of 7.66E−47, as shown in Figure 6D. The dataset of the genes
demonstrated that 44 genes are involved. Genes such as IL-1B, SELL, F3, ICAM1, FAS, and TNF are predicted to
decrease the migration, while genes such as CXCL1, CXCL5, VEGFA, PTGS2, and CCL2, are predicted to increase the
migration. Other genes such as TNC, TEK, and THBD could affect the process without a definitive outcome. Several
pathways are involved, like granulocyte adhesion and diapedesis, leukocyte extravasation, glucocorticoid receptor,
HMGB1, and IL-8 Signaling. Decreased migration supports the findings of the functional assays regarding the migration
assays, as shown in Figure 3A.

Inflammatory Response
APN treatment of hyperglycemic cells of HMRECs causes a predicted inhibition of the inflammatory response indicated
by a negative Z- score of −1.610, and p=2.31E−31. The dataset of the genes demonstrated that 33 genes are involved.
Genes such as that IL-1B, SPP1, ICAM1, THBS1, AGT, and TNF are predicted to decrease inflammation. In contrast,
CXCL1, CXCL5, TNC, PTGS2, and CCL2 are predicted to increase the inflammatory response, as shown in Figure 6E.
Several pathways are involved like agranulocyte and granulocyte adhesion and diapedesis, glucocorticoid receptor,
HMGB1, and IL-8 Signaling. The present gene expression data showed comparable findings for the protein biomarkers;
IL-1B and TNF-α performed as shown in (Figure 2B).

Angiogenesis
Further, APN treatment of hyperglycemic cells of HMRECs causes inhibition of the angiogenesis process indicated by
a negative Z-score of −0.450, and p=8.50E−44. The dataset of the genes demonstrated that 43 genes are involved. Genes
such as that IL-1B, SPP1, ICAM1, ANGPT1, AGT, and TNF are predicted to decrease angiogenesis. In contrast,
CXCL1, CXCL5, ANG, PTGS2, VEGFA, and CCL2 are predicted to increase the angiogenesis response, as shown in
Figure 6F and in (Supplementary Table S6). Several pathways are involved in angiogenesis, such as agranulocyte and
granulocyte adhesion and diapedesis, glucocorticoid receptor, leukocyte extravasation, and IL-8 Signaling. Decreased
angiogenesis supports the findings of the functional assays regarding the angiogenesis assays, as shown in Figures 3D
and 3E. In short, this section of results answered the following questions: how cellular processes are predicted to change
based on the current dataset’s gene expression and what genes are driving these directional changes.
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Figure 6 (A–F): functions related to pathogenesis. The most important functions are involved in the response of HRMECs to APN treatment. Networks display the
upregulated (red) and downregulated (green) genes involved in chemotaxis (A), adhesion of VEC (B), adhesion of granulocytes (C), migration of leukocytes (D),
inflammatory response (E), and angiogenesis (F) in HRMECs in response to APN. The Yellow arrow indicates increased prediction, the Blue arrow indicates decreased
prediction, and the Gray arrow has no known predicted effects. See legends and results for details.
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Further, we investigated the most important regulators and causal networks affected by APN treatment to HMRECs
exposed to HG. To reveal the epigenetic factors involved in the response of HMRECs to APN after exposure to HG, we
detected the top transcription factors (TFs) and kinases that have the most significant effects on the downstream gene
expression in the dataset. Further, we predicted miRNAs, which regulate the current data’s mRNA or gene expression, as
shown in Tables 1–3.

Upstream Regulators Involved in Response to APN
Adiponectin and Transcription Regulators or Factors (TFs)
The following top TFs are detected, STAT3 is Signal Transducers, and Activators of Transcription 3 in the cytoplasm of
unstimulated cells become activated by recruitment to phosphoserine motifs within complexes of growth factor receptors,
cytokine receptors, or non-receptor tyrosine kinases. STA3 activates 48 mechanistic networks, of which 15 directly affect
the downstream genes observed in the current study, as shown in Table 1. JUN is a Jun proto-oncogene, which interacts
directly with specific target DNA sequences to regulate gene expression, apoptosis, proliferation, transformation,
angiogenesis, and growth. NFKBIA, a gene encodes a member of the NF-kappa-B inhibitor family involved in
inflammatory responses that play a role in regulating cell proliferation, apoptosis, and cell survival. Other TFs involved
are a hypoxia-inducible factor, Rel-like domain-containing proteins (RELA), a part of the NF-kB subunit, and Fos Proto-
Oncogene, AP-1 Transcription Factor Subunit.

The mechanistic network aims to explore plausible sets of connected upstream regulators that can work together to
provoke the gene expression changes observed in a dataset. The crosstalk and complexity between different TFs
regulating downstream signals, as evident in the following example (Figure 7A) in regulating downstream genes, such
as IL-1B and ICAM1. As shown, STAT3 activates ERK, FOS, and NFkB (complex), while it affects RELA, NFKKB1,
and ICAM1 directly and indirectly.

Adiponectin and Kinases
IKBKB is an inhibitor of nuclear factor-kappa B kinase subunit beta, which in turn changes the expression of downstream 17
genes of the dataset. APN causes a significant effect on IKBKB kinases, which are predicted to be inhibited with a Z-score of
−1.237. The protein encoded by this gene phosphorylates the inhibitor in the inhibitor/NF-kappa-B complex, causing
dissociation of the inhibitor and activation of NF-kappa-B. As shown in Figure 7B, IKBKB kinase regulates NFkB
(complex), conserved helix-loop-helix ubiquitous kinase (CHUK), ERK1/2 members who crosstalk. These either activate
or inhibit directly or indirectly several transcription regulators (TFs) such as RELA proto-oncogene, NF-kB subunit, IRF-1
interferon regulatory factor 1S homeolog, PPARG; peroxisome proliferator-activated receptor gamma as shown in Figure 7B,
which ultimately affects downstream target genes such as TNF and VCAM1. This is an example of a mechanistic network

Table 1 Master Regulator Transcription Regulators in HMRECs in Response to APN That Affect the Expression of the Genes of the
Present Study’s Data Set with Their p-values, Z-Score, and Target Molecule. (Based on Core Analysis in Ingenuity Pathway Analysis
(IPA)

TFs z-score p-value Target Genes in the Dataset Mechanistic
Networks

STAT3 −1.316 1.86E−26 AGT, BCL2, BCL2L1, CCL2, CCL5, CCN2, CD44, CX3CL1, F3, FAS, FN1, ICAM1, IL11,

IL1B, MMP3, MMP9, PTGS2, SERPINE1, SPP1, TNF, VCAN, VEGFA

48 (15)

RELA −0.775 3.63E−26 AGT, BCL2, BCL2L1, CCL2, CCL5, CX3CL1, CXCL1, F3, FASLG, FN1 52 (16)

JUN −0.225 4.28E−24 CCL2, CD44, CX3CL1, CXCL1, CXCL5, F3, FASLG, FN1, ICAM1, IL1B 40 (14)

HIF1A −0.681 3.14E−22 ADAM17, BCL2, CCL5, FN1, IGF1, IL1B, ITGA1, ITGA5, MMP1, MMP9 49 (19)

FOS −0.383 3.71E−22 CCL2, CCL5, CD44, F3, FN1, ICAM1, IL1B, MMP1, MMP3, MMP8 45 (15)

NFKBIA 0.365 5.91E−22 BCL2, CCL2, CCL5, CXCL1, F3, FASLG, ICAM1, IL1B, ITGB1, MMP1 42 (13)

Note: Data display the TFs, activation Z-score, overlap p-value, and target genes affected by TF.
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where kinases upstream regulate the gene expression of downstream target genes in response to APN treatment of HG cells,
which helps to predict indirect pathways of regulations and novel pathways of IKBKB.

The crosstalk between APN and IKBKB is demonstrated through several pathways mainly via TFs such as AKT, Stat3,
NFKB1, NFKB1A, P38MPAK, and PI3 complex, which affect the expression, localization, phosphorylation, and activation
of IKBKB kinase, which in turn affects the data set of the expressed genes as shown in (Supplementary Figure S5).

The epidermal growth factor receptor (EGFR) is the tyrosine kinase binding ligands of the EGF family and activates
several signaling cascades to convert extracellular cues into appropriate cellular responses. APN treatment causes
a significant effect that is predicted to inhibit the kinase activity with a Z score of −0.183. In response to APN, the

Figure 7 Upstream regulators network. (A) STAT3 TF and mechanistic NW: Network displays STAT3 as a direct upstream regulator targeting two important genes: ICAM-
1 and IL1B, downregulated (green). The mechanistic network displays the other TFs interconnected with STAT3 as an indirect mechanism affecting ICM-1 and IL1B gene
expression, including JUN, JUNB, NFKB1, and NFKBIA RELA, ERK1/2, FOS, Ap1, SP1, TP53, and CEBPB. The lower Z-scores represented by blue indicate inhibition, while
higher Z-scores represented by Orange indicate activation. The yellow arrow indicates increased prediction, the blue arrow indicates decreased prediction, and the gray
arrow has no known predicted effects. See legends for details, for the relationship label and prediction legend. (B) IKBKB kinase and mechanistic NW: The network displays
IKBKB kinase as a direct upstream regulator that targets two important genes: VCAM-1 and TNF, which are downregulated (green). The mechanistic network displays the
other TFs interconnected with IKBKB as an indirect mechanism affecting the gene expression of VCAM-1 and TNF, including JUN, JUNB, NFKB1, NFKBIA, RELA, ERK1/2,
FOS, Ap1, SP1, ERK1/2, andIRF1. The lower Z-scores represented by blue indicate inhibition, while higher Z-scores represented by Orange indicate activation. The yellow
arrow indicates increase prediction, the blue arrow indicates decreased prediction, and the gray arrow has no known predicted effects. See legends for details, for the
relationship label and prediction legend. (C) miRNA8 and mechanistic NW: Network displays mir8 as a direct upstream regulator, which targets four important genes, which
are CTNNB1, BCL2, MMP1, TIMP2, which are downregulated (green). The mechanistic network displays that mir8 like other TFs such as Wnt receptor and AKT kinase,
which through the indirect mechanism affecting other gene expressions of CD44, TNF, SPP1, MMP-9, VEGFA, PTGS2, CCL2, FN1, BCL2L1which include JUN, JUNB,
NFKB1, NFKBIA, RELA, ERK1/2, FOS, Ap1, SP1, ERK1/2, and IRF1. Other genes affect Akt, such as F3, FASLG, THBS2, MMP14, and VACM1. The lower Z-scores
represented by blue indicate inhibition, while higher Z-scores represented by orange indicate activation. The yellow arrow indicates increase prediction, the blue arrow
indicates decreased prediction, and the gray arrow has no known predicted effects. See legends for details, for the relationship label and prediction legend.
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inhibited EGRF affects the gene expression of 20 genes of the data set (Table 2). APN causes inhibition of the Mitogen
activated protein kinase 1 (MAPK1 kinase), which is predicted to be inhibited with a Z score of −1.768, which affects the
downstream expression of 12 genes of the data set (Table 2).

Moreover, BRD4, bromodomain-containing 4 is a kinase present in the nucleus, which is predicted to be inhibited
with a Z-score of −2.828 and overlap P value of 1.89 E−13. Furthermore, it affects the expression of the following
downstream 10 genes of the data set ICAM1, THBS1, BCL2, SELE, ITGA5, ITGB1, FN1, THBS2, ITGB5, and ITGA1.
These genes participate in two biological processes related to inflammation: cellular infiltration and chemotaxis, and the
agranulocyte adhesion and diapedesis is the canonical pathway, as shown in (Supplementary Figure S6), which is an
example of a causal network.

APN and miRNA
Table 3 demonstrates the top miRNA based on their p values changes in the response of HG cells to APN treatment with
a predicted Z score of activation and the target genes affected by these miRNAs. miRNAs are non-coding RNAs involved
in the post-transcriptional regulation of gene expression in multicellular organisms by affecting the stability and
translation of mRNAs. Table 3 demonstrates the miRNA, target genes, P-value, and Z-score of activation. For example,
miRNA-8 with the highest z-score value in the table As shown in Figure 7C, miRNA-8 affects 4 master genes; catenin
beta 1 (CTNNB1), which is a part of a complex of proteins that constitute adherent junctions, and BCL2 (apoptosis
regulator) gene, TIMP2 (tissue inhibitor of metalloproteinase 2), and MMP1 (matrix metalloproteinase 1). The figure
demonstrates a casual, mechanistic network of the ultimate functions regulated by the upstream regulator (mir-8) and its

Table 2 Master Regulator Kinases in HMRECs in Response to APN Affect the Expression of the Genes of the Present Study’s Data
Set with Their p-values, Z-Score, and Target Molecule. (Based on Core Analysis in Ingenuity Pathway Analysis (IPA)

Kinase z-Score p-value Target Genes in the Dataset

IKBKB −1.237 1.62E−29 CXCL1, CCL2, CXCL5, MMP3, TNC, PTGS2, BCL2L1, ICAM1, FASLG, IL1B, F3, TNF, VCAM1, SELE,

MMP9, CX3CL1, MMP1

EGFR −0.183 9.11E−23 CCL2, CXCL5, TNCP, TGS2, BCL2L1, IGF1, SERPINE1, VEGFA, ICAM1, THBS1, VCAN, CCL5, F3, BCL2,

MMP9, CCN2, MMP1, ITGB5, CTNNB1, COL8A1

MAPK1 −1.768 1.84E−17 CCL2, PTGS2, SERPINE1, SPP1, FASLG, IL1B, TNF, BCL2I, TGA5, FN1, CCN2, MMP1

ERBB2 0.533 7.54E−17 TNC, PTGS2, VEGFA, ICAM1, THBS1, VCAN, CCL5, F3, TNF, ADAM17, ITGA5, MMP9, ITGB1, FN1,

MMP1, CTNNB1

BRD4 −2.828 9.79E−16 ICAM1, THBS1, BCL2, SELE, ITGA5, ITGB1, FN1, THBS2, ITGB5, ITGA1

Note: Data represent master regulator of kinases and participating regulators and numbers of downstream genes under regulation.

Table 3 Master Regulator of miRNA in HMRECs in Response to APN That Affects the Expression of the Genes of the Data Set of the
Present Study with Their p-values, Z-Score, and Target Molecule. (Based on Core Analysis in Ingenuity Pathway Analysis (IPA)

Master Regulator Molecule P-value Z-Score Activation Target Genes in the Data Set

mir-21 microRNA 3.61E−12 0.072 CCL2, FASLG, TNF, BCL2, VCAM1, TYMP, MMP9

let-7 microRNA 4.60E−10 0.416 PTGS2, BCL2L1, SERPINE1, THBS1, IL 1B, TNF, CD44, ITGB3

mir-155 microRNA 3.43E−9 0.728 CCL2, MMP3, PTGS2, SERPINE1, IL1B

mir-15 microRNA 1.79E−07 1.232 PTGS2, IL1B, TNF, BCL2, MMP9

mir-8 microRNA 2.66E−5 1.98 CTNNB1, BCL2, MMP1, TIMP2

Notes: Data represents master regulator of miRNA and target downstream genes and numbers of downstream. genes under regulation.
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pathways relationship via AKT (Protein kinase B (PKB) and Wnt (Wingless and Int-1) activation that affect a subset of
downstream genes involved in angiogenesis, as shown in Figure 7C.

Functional Network Analysis
This analysis aims to reveal as many interactions as possible among user-identified molecules in the present dataset and
how they could work out collectively at the molecular level, and highly interconnected networks are possible to suggest
critical biological functions. For example, genes/molecules from the Knowledge Base may be added to the network to
pile up or join spots lacking connectivity. The resulting networks are scored and then categorized based on the score. As
shown, several NWs are detected, as in Figure 8A.

Network1 (NW1)
NW1 has the highest score of 31 (Figure 8A), and contains the highest number of focus molecules in the dataset of DEGs
(n=15). Figure 8B, illustrated the molecules and pathways involved in suppressing angiogenesis and adhesion of EC
functions in response to APN treatment to HG cells. The network analysis displayed that the following focus (BCL2L1,
BCL2, COL4A2, FAS, FASLG, FN1, IL1B, MMP14, PECAM1, PTGIS, PTGS2, TEK, THBS1, VCAM1, VEGFA) and
non-focus molecules, which added by IPA knowledge base (DISC or CASP8, FAK, NFkB complex, PI3k p85, STAT,
Ubiquitin, 26s Proteasome, Calcineurin protein, Histone h3, IFN-α, P glycoprotein, SYK/ZAP, ATPase, 14-3-3 “CBP,”
caspase, Hsp90, P38 MAPK, Ikb, Nfat, RAS). As shown in Figure 8B, many genes are involved in angiogenesis and
adhesion of EC related to the glucocorticoid receptor signaling pathway. The top annotated diseases and functions are
cancer, cell death, survival, and organismal injury and development. Furthermore, Table 4, shows the annotated functions
related to network 1 and the (Supplementary Table S10) demonstrates the focus and other molecules (non-focus) that act
as TF (eg, NAFT, STAT), kinase (eg, P38 MAPK), enzymes (eg, 26s Proteasome), and receptors involved in the network.
The following functions are involved in the pathogenesis of biological processes related to diabetic retinopathy, as shown
in Table 4.

Network2 (NW2)
The second proposed functional network demonstrates a score of 23 (Figure 8A), with three primary functions of cellular
movements, hematological system and development, and immune cell trafficking and their annotations, as shown in
Table 5. It involved 23 molecules, of which are 12 in focus which are ANG, CCL2, CD44, ITB2, TNC, SELP, VACN,
CCL5, Cx3CL1, SPP1, CxCl5, ITGB1, and 11 non-focus, which are Adaptor protein 1, Cytokines, G protein alpha, Ped4,
Rac, ADCY, chemokine, Dynamin, Gpcr, MAPK, Pdgfr, Alp, ERK, IKK complex, metalloproteases, PLC, Via-4, CD3,
G protein, PLC-gamma, and TCR. The top functions of NW2 are Cellular movements, Hematological system develop-
ment and function, and Immune cell trafficking (Supplementary Figure S7A).

Network3 (NW3)
The third proposed functional network in order demonstrates a score of 10 (Figure 8A). It involves 35 molecules, of
which are 6 in focus, which are ITGB5, ITGA1, ITGA5, THBS2, ITGA6, ANGPT1, and 29 non-focus, which are Actin,
Cytokines, AKT, Alpha Actinin, C8, calpain, Collagen type I (complex), Collagen type ix, death receptor, Fascine, Fgf,
Fgfr, Filamin Abp, Glycoprotein 1B, Hspg, ICAM, Integrin, Integrinα3β1, Integrinα4β1, Integrinα5β, Integrinβ,
ITGα5-ITGβ1/2, Lfa-1, Lymphotoxin, MAC, N-Cadherin, secreted MMP, Smad2/3-Smad4, TMSB4, and VLDL. The
annonated top functions of NW3 are Cell to cell signaling and interaction, Organismal Injury and Abnormalities, and
Tissue development as shown in Table 6 and (Supplementary Figure S7B). As shown in the networks, the functions are
related mainly to inflammatory pathways and the development of angiogenesis. The results demonstrated that APN
mainly affects biological functions related to inflammation pathogenesis, such as migration, adhesion of VEC, leuko-
cytes, chemotaxis, recruitment of leukocytes, then angiogenesis, ROS, and apoptosis.
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Discussion
The present study assessed cellular and biological processes involved in the pathogenesis of the DR. Furthermore, the
study explored the actions of APN on functional assays such as the migration, the retinal endothelial barrier function,
and angiogenesis in primary human microvascular retinal endothelial cells (HMRECs) treated with APN under
hyperglycemic conditions (30mM). Furthermore, the gene ontology and core pathway analysis identified biological
processes and canonical pathways. They detected key regulators of such pathways and causal networks involved in the
phenotype of cellular and biological processes in responses to APN application to HMRECs under high glucose
conditions.

The main findings of this study are: 1) adiponectin significantly reduces the rate of ROS and RSN production and the
apoptosis rate in hyperglycemic HMRECs; 2) adiponectin upregulates the expression of ADR1 and ADR2 significantly
in HMRECs exposed to hyperglycemia; 3) adiponectin downregulates the expression of inflammatory proteins of TNF-α,
Il-8 and Il-1B; and adhesion molecules ICAM-1 and E-selectin; 4) adiponectin ameliorates the barrier dysfunction in
hyperglycemic cells with inhibition of the leukocyte and endothelial cell migrations; and 5) adiponectin ameliorate basal
tube formation and leukocyte migration. Furthermore, one of the most critical canonical pathways altered by APN of HG
cells is inhibiting the Integrin Signaling pathway, HMGB1 Signaling pathway, and p38 MAPK Signaling. In addition,
APN affects upstream regulates of transcription factors such as STAT3; signal transduction and activator of transcription,

Figure 8 Biological network. (A) The figure displays 9 molecular networks which are ranked based on the score, number of molecules involved whether the DEGs of the
data set (focus), and other molecules provided by the IP knowledge base (non-focus) to complete the biological process and molecular function and demonstrates the top
functions and diseases of each network. (B) Network shows interactions between dysregulated genes, functions, and upstream regulators in response of HRMECs cells to
APN treatment. The figure illustrated the molecules and pathways involved in suppressing angiogenesis and adhesion of EC functions in response to APN treatment to HG
cells. The network analysis displayed that the following focus (BCL2L1, BCL2, COL4A2, FAS, FASLG, FN1, IL1B, MMP14, PECAM1, PTGIS, PTGS2, TEK, THBS1, VCAM1,
VEGFA) and non-focus molecules which added by IPA knowledge base, (DISC or CASP8, FAK, NFkB complex, PI3k p85, STAT, Ubiquitin, 26s Proteasome, Calcineurin
protein, Histone h3, IFN-α, P glycoprotein, SYK/ZAP, ATPase, 14-3-3 “CBP,” caspase, Hsp90, P38 MAPK, Ikb, Nfat, RAS). The top annotated diseases and functions are
cancer, cell death, survival, and organismal injury and development. In addition, the network displays the canonical pathway involved in angiogenesis and adhesion of EC
related to the glucocorticoid receptor signaling pathway. The upregulated (red) and downregulated (green) are illustrated. See legends for details, for the relationship label
and prediction legend.
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NFKB; nuclear factor-kappa B, kinases such as IKBKB; inhibitor of nuclear factor-kappa B kinase subunit beta and
miRNAs such as mir-8. Overall, adiponectin improved the barrier function and decreased the permeability in retinal
endothelial cells exposed to hyperglycemia, thus ameliorating the inflammation and angiogenesis. These findings echo
the potential role of APN as a promising tool in the management of DR.

Previous studies reported the anti-angiogenic effect of APN on various cells and diseases.8,10,18 However, a recent
study by Palanisamy, K. et al (2019) demonstrated the anti-angiogenic effect of adiponectin in human retinal micro-
vascular endothelial cells,19 which is consistent with the present data that globular adiponectin application ameliorated
the angiogenesis as evident by the functional assay of tube formation and bioinformatics analysis where angiogenesis
process is inhibited.

Arbitrated by its two receptors APN is engaged in different biological processes. AdipoR1 is signaling via activated
protein kinase (AMPK) phosphorylation, and AdipoR2 has engaged in peroxisome proliferator-activated receptor α
(PPARα) activation.20 Furthermore, we demonstrated that the HMRECs express the two types of adiponectin receptors
(ADR1 and ADR2) in the present data. These findings are consistent with a study by Liu et al, 2013 which demonstrated
that APN, AdipoR1, and AdipoR2 are expressed in both human and mouse retinas.21 Furthermore, the current results

Table 4 Categories of Functions and Diseases in Network 1, Indicating p-value, and Molecules Involved and Their Numbers/Each
Function or Disease

Categories Diseases or
Functions
Annotation

P-value Molecules Involved Numbers

Cardiovascular System
Development and Function,

Organismal Development

Angiogenesis 7.42E−13 BCL2, COL4 A2, FAS, FASLG, FN1, Focal adhesion
kinase, IL1B, Interferon-alpha, MMP14, Nfat (family),

NFkB (complex), P38 MAPK, PECAM1, PTGIS,

PTGS2, RAS, SYK/ZAP, TEK, THBS1, VCAM1,
VEGFA

21

Cell Death and Survival,
Organismal Injury and

Abnormalities

Apoptosis of
microvascular

endothelial cells

3.53E−12 BCL2, caspase, FAS, FASLG, IL1B, P38 MAPK,
THBS1, VEGFA

8

Cardiovascular System

Development and Function,
Cell-To-Cell Signaling and

Interaction

Adhesion of

endothelial cells

9.44E−10 FAS, FN1, IL1B, NFkB (complex), P38 MAPK,

PECAM1, THBS1, VCAM1, VEGFA

9

Cell Signaling, Cell-To-Cell

Signaling, and Interaction

Cytokine and

chemokine mediated

signaling pathway

3.3E−10 BCL2, BCL2L1, FASLG, FN1, IL1B, PTGS2, VCAM1,

VEGFA

8

Free Radical Scavenging Production of reactive

oxygen species

1.28E−10 BCL2, BCL2L1, caspase, FAS, FASLG, FN1, Hsp90,

IL1B, NFkB (complex), P38 MAPK, PECAM1, PTGS2,
RAS, VCAM1, VEGFA

15

Cellular Movement, Immune
Cell Trafficking

Chemotaxis 1.54E−09 FAS, FASLG, FN1, Focal adhesion kinase, IL1B,
Interferon-alpha, MMP14, P38, MAPK, PTGS2, TEK,

THBS1, Ubiquitin, VCAM1, VEGFA.

14

Cellular Movement, Immune

Cell Trafficking

Leukocyte migration 1.04E−09 BCL2, FAS, FASLG, FN1, Focal adhesion kinase,

Hsp90, IL1B, Interferon-alpha, MMP14, NFkB

(complex), P glycoprotein, P38 MAPK, PECAM1,
PTGS2, SYK/ZAP, TEK, THBS1, VCAM1, VEGFA

19

Note: Data represent function or diseases annotations affected by APN treatment and the molecules involved in such function/diseases and p-value.
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demonstrated that hyperglycemia downregulates the expression of both ADR1 and ADR2 receptors in HMRECs, and
adiponectin restores its expression (mRNA and protein) after treatment. This finding is inconsistent with a previous study
that demonstrated a significant increment in the mice retina AdipoR1 mRNA levels in the diabetic mice model type 1

Table 5 Categories of Functions and Diseases Annotations in Network 2, Indicating p-value, and Molecules Involved and Their
Numbers/Each Function or Disease

Categories Diseases or
Functions
Annotation

p-value Molecules Numbers

Cell-To-Cell Signaling and Interaction, Cellular
Movement, Hematological System Development

and Function, Immune Cell Trafficking

Recruitment of
leukocytes

2.22E−13 CCL2, CCL5, CD44, chemokine, CX3CL1,
CXCL5, cytokine, G protein, ITGB2, Mapk, Mmp,

SELP, SPP1, TNC, VCAN, Vla-4

16

Cellular Movement, Hematological System

Development and Function, Immune Cell

Trafficking

Cellular

infiltration by

leukocytes

9.37E−12 AMPK, CCL2, CCL5, CD44, CX3CL1, CXCL5,

ITGB1, ITGB2, Mmp, SELP, SPP1, TCR, TNC

13

Cardiovascular System Development and
Function, Cell-To-Cell Signaling and Interaction

Adhesion of
vascular

endothelial

cells

7.21E−12 CCL2, CD44, CX3CL1, ERK, ITGB1, ITGB2, SELP,
SPP1, Vla-4

9

Cellular Movement, Hematological System

Development and Function, Immune Cell
Trafficking

Migration of

granulocytes

2.9E−12 CCL2, CCL5, CD44, chemokine, CXCL5, ITGB1,

ITGB2, Mapk, Rac, SELP, SPP1, Vla-4

12

Cell-To-Cell Signaling and Interaction,
Hematological System Development and

Function, Immune Cell Trafficking, Inflammatory

Response

Activation of
leukocytes

1.16E−11 CCL2, CCL5, CD3, CD44, chemokine, CX3CL1,
CXCL5, cytokine, ERK, Gpcr, ITGB1, ITGB2,

Mapk, PLC, SELP, SPP1, TCR, TNC, VCAN

19

Cardiovascular System Development and

Function, Organismal Development

Angiogenesis 4.13E−10 AMPK, ANG, CCL2, CCL5, CD44, chemokine,

CX3CL1, CXCL5, cytokine, ERK, ITGB1, ITGB2,
Mapk, Metalloprotease, Mmp, Pde4, Rac, SELP,

SPP1, TNC

20

Cellular Movement, Immune Cell Trafficking Leukocyte

migration

3.08E−10 AMPK, CCL2, CCL5, CD3, CD44, chemokine,

CX3CL1, CXCL5, cytokine, ERK, G protein,

G protein alpha, Gpcr, ITGB1, ITGB2, Mapk, Mmp,
PLC, Rac, SELP, SPP1, TCR, TNC, VCAN, Vla-4

25

Cellular Movement, Hematological System
Development and Function, Immune Cell

Trafficking

Cell rolling of
leukocytes

8.58E−09 CCL2, CD44, ITGB1, ITGB2, Mapk, SELP, Vla-4 7

Cellular Movement, Hematological System

Development and Function

Extravasation

of leukocytes

1.93E−09 CCL2, CCL5, CD44, G protein, ITGB2, SELP 6

Cellular Movement, Hematological System

Development and Function, Immune Cell

Trafficking

Chemotaxis of

leukocytes

7.77E−08 CCL2, CCL5, chemokine, CX3CL1, CXCL5, ERK,

G protein alphai, ITGB2, SELP, SPP1, TCR

11

Cellular Movement, Hematological System

Development and Function, Immune Cell
Trafficking

Transmigration

of leukocytes

1.36E−08 CCL2, CCL5, CD3, CD44, chemokine, CXCL5,

ERK, G protein alphai, ITGB1, ITGB2, Mmp, PLC,
Rac, TCR, Vla-4

15

Cellular Movement, Immune Cell Trafficking Emigration of
leukocytes

1.7E−07 CCL2, CD44, ITGB2, SPP1, Vla-4 5

Note: Data represent function or diseases annotations affected by APN treatment and the molecules involved in such function/diseases and p-value.
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using streptozotocin, compared to control but without significant change of ADR2.21 The difference in our data could be
due to tissue specificity as we only assessed the human primary microvascular endothelial cells in vitro. In contrast, Lin
et al, 2013 assessed the whole retina of mice in vivo, which contains various tissues exposed to various mediators and
hormones, affecting its expression. The impact of the present data is evident after APN application, the upregulation of
ADR1 and ADR2 receptors could provide a path to the action of therapeutic APN as a starting point of APN pathway to

Table 6 Categories of Functions and Diseases Annotations in Network 3, Indicating p-value, and Molecules Involved and Their
Numbers/Each Function or Disease

Categories Diseases or Functions
Annotation

p-value Molecules Number

Tissue Development Organization of

extracellular matrix

1.31E−06 ITGA1, ITGA5, ITGA6, ITGB5 4

Cellular Movement, Hematological System

Development and Function, Immune Cell
Trafficking

Cell movement of

leukocytes

4.62E−05 Actin, Akt, ANGPT1, calpain, Collagen

type I (complex), Integrin, Integrin alpha 3
beta 1, ITGA1, ITGA5, ITGA6, Lfa-1,

Lymphotoxin, THBS2

13

Cell-To-Cell Signaling and Interaction,

Hematological System Development and
Function

Binding of leukocytes 4.85E−05 Akt, ANGPT1, calpain, Collagen type

I (complex), Hspg, Icam, Integrin,
Integrinβ, ITGA5, ITGA6, Lfa-1,
Lymphotoxin, THBS2, VLDL

14

Cardiovascular System Development and

Function, Cellular Development, Cellular

Function and Maintenance, Cellular Growth
and Proliferation, Organismal

Development, Tissue Development

Proliferation of

endothelial cells

7.72E−4 Akt, ANGPT1, Collagen type I (complex),

Fgf, Fgfr, Hspg, Integrin alpha 3 beta 1,

ITGA1, MAC, THBS2

10

Hematological System Development and

Function, Immune Cell Trafficking,

Inflammatory Response, Tissue
Development

Accumulation of

leukocytes

5.29E−4 ITGA1, ITGA5, ITGA6, Lymphotoxin 4

Cardiovascular System Development and
Function, Organismal Development

Angiogenesis 1.00E−4 Akt, ANGPT1, Collagen type I (complex),
Fgf, Fgfr, Glycoprotein 1B, Hspg, Integrin,

Integrin alpha 3 beta 1, ITGA1, ITGA5,

ITGB5, MAC, N-Cadherin, THBS2

15

Inflammatory Response Inflammatory response 8.75E−3 Actin, Akt, ANGPT1, calpain, Integrin,

Integrin alpha 3 beta 1, ITGA1, ITGA5,
Lymphotoxin, MAC, THBS2, TMSB4

12

Cardiovascular System Development and
Function, Cell-To-Cell Signaling and

Interaction

Binding of vascular
endothelial cells

02.35E−3 ANGPT1, Icam, Integrin, ITGA6, Lfa-1 5

Free Radical Scavenging Production of reactive

oxygen species

1.87E−3 Akt, ANGPT1, calpain, Collagen type

I (complex), Fgf, Integrin, ITGA1, ITGA5

8

Cellular Movement Chemotaxis 1.85E−3 Actin, Akt, ANGPT1, calpain, Fgf, Integrin

alpha 3 beta 1, ITGA1, ITGA6, THBS2

9

Cardiovascular System Development and

Function, Cell-To-Cell Signaling and

Interaction

Adhesion of vascular

endothelial cells

1.45E−3 ANGPT1, Integrin, ITGA6 3

Note: Data represent function or diseases annotations affected by APN treatment and the molecules involved in such function/diseases and p-value.
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counteract the angiogenic, metabolic, and functional defects caused by hyperglycemia as will be discussed in subsequent
paragraphs.

Previous studies demonstrated that exposure to high glucose increases the ROS and apoptosis in BRECs and mice
RECs exposed to 30mM glucose for five days, which is consistent with the present results.22 The current study revealed
that adiponectin treatment significantly reduces the ROS production in HMRECs exposed to high glucose, and our data
showed upregulation of the significant antioxidant protein enzyme SOD2, which is consistent with previous findings
using other endothelial cell lines such as HUVEC cells.23 Another study demonstrated that released globular APN
suppressed extra ROS production in endothelial cell culture in the presence of high-glucose conditions via the cAMP/
PKA pathway.24

Also, the current results demonstrated that adiponectin treatment of HMRECs under high glucose conditions resulted
in a significant reduction of the apoptosis rate. Previous studies supported these data, which showed that globular
adiponectin significantly decreased the apoptosis and oxidative stress in HUVEC cells exposed to high glucose.25 The
current results demonstrated that adiponectin treatment results in downregulation of reactive nitrogen species production
by the HMRECs under high glucose conditions. The bioinformatic analysis demonstrated a data set of genes that are
downregulated, such as AGT, TNF-α, PECAM1, and ANGPT1, which are predicted to decrease the production of ROS
and that low expressed genes of FAS, FASLG, TNF-α, THBS1, BCL2, MMP9, ANGPT1, and IL-B are predicted to
decrease the rate of apoptosis. The core analysis by IPA demonstrated the dataset of genes involved in inhibition of the
apoptosis, and the production of ROS in HMRECs. Adiponectin affects several canonical pathways related to apoptosis,
such as apoptosis, MYC-mediated apoptosis, glucocorticoid receptor signaling, Il-8 signaling, and p38 MAPK signaling.
The ROS and RSN observed in HG cells could induce the rate of apoptosis, and adiponectin treatment reduces both ROS
and apoptosis, as reported.26

Meanwhile, the current study using bioinformatic analysis demonstrated that several pathways, such as HMGB1 and
glucocorticoids, could affect granulocyte adhesion and diapedesis signaling pathways that affect the DEGs. For example,
HMGB1 activates vascular endothelial cells for expression and the secretion of intercellular adhesion molecule 1 (ICAM-1),
vascular cell adhesion molecule 1 (VCAM-1), RAGE, TNF-α, IL-8, monocyte chemotactic protein-1 (MCP-1), plasminogen
activator inhibitor 1 (PAI-1), and tissue plasminogen activator (tPA). Furthermore, as shown in Figure 4C, APN treatment
causes inhibition of the HMGB1 pathway, and the protein expression of HMGB1, which reduces the ROS production and
antioxidant enzyme SOD2, through inhibition of PI3K-Akt/mTOR pathway, leading to suppression of inflammation, ROS
production, and apoptosis, as demonstrated in a previous study.27 The reciprocal regulation between SOD2, and HMGB1 is
crucial for explicating the feedback mechanism of oxidative stress, which need further studies.

The inflammatory protein markers IL-1B, TNF-α, and IL-8, were upregulated in the condition media of HMRECs
exposed to high-glucose conditions, and adiponectin treatment attenuates it. Furthermore, high glucose activates the
TNF-α in the endothelial cells, causing increased release of Il-8 and adhesion molecules and activation of endothelial
cells, inhibited by adiponectin,28 which is consistent with our finding. These data support the role of the anti-
inflammatory effect of adiponectin in HMRECs exposed to hyperglycemia which counteracts inflammatory markers,
mainly TNF-α.

Incepted by hyperglycemia, disruption of the blood-retinal barrier leads to retinal vessel structural modifications
and retinal revelation to the inner luminal vessels. The current study also assessed barrier function via real dynamic
trans-electrical impedance (ECIS), enabling continuous auditing of HMRECs amid proliferation and treatment. The
current study of ECIS recorded a significant reduction of HMRECs cell resistance (barrier quality) in the monolayer
cells treated with hyperglycemia compared to normoglycemic control cells and increased after APN application.
Inflammation causes the retraction of endothelial cells, increased vascular permeability, and thus more leukocytes
adhere to the vessel wall. As shown in the current results, hyperglycemia caused an increase in transendothelial
leukocyte migration and inflammation. Furthermore, in the present study, treating HMRECs with adiponectin
significantly decreased inflammation and migration of leukocytes. For instance, a previous study demonstrated that
adiponectin deficiency suppresses the leukocyte–endothelium interactions and leads to a primary state of endothelial
dysfunction with increased leukocyte-endothelium adhesion.29 The results of the bioinformatic analysis supported the
inhibitory effect of adiponectin on migration, adhesion, and inflammatory response, as shown in Figure 5 and 6. For
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example, the following DEGs (CCL2, CCL5, CD44, CX3CL1, CXCL1, CXCL5, F3, FN1, ICAM1, IL1B, IL3,
ITGB2, MMP1, MMP9, PECAM1, SELE, SELP, SPP1, THBS1, TNC, TNF, and VCAM1) are related to the
recruitment of WBCs to the endothelial cells as part of the inflammatory pathway as indicated with gene ontology
and pathways such as GO:0045123 Cellular extravasation, GO:0007159 Leukocyte cell-cell adhesion, GO:0050900
Leukocyte migration, GO:0006954 Inflammatory response, hsa04933 AGE-RAGE signaling pathway in diabetic
complications, and hsa04668 TNF signaling pathway. Another example of adhesion of VEC includes the following
DEGs of the data set (CCL2, VEGFA, ICAM1, THBS1, F3, TNF, VCAM1, SELE, ITGB3, ITGB1, SELP, ITGA6,
PECAM1, ANGPT1, CD44, and ITGB2) with the following gene ontology and pathways, GO:1904996 Positive
regulation of leukocyte adhesion to vascular endothelium, GO:0045123 Cellular extravasation, GO:0007159
Leukocyte cell-cell adhesion, GO:0030155 Regulation of cell adhesion, hsa04514 Cell adhesion molecules, and
HSA-202733 Cell surface interactions at the vascular wall. Details of the biological categorization of the DEGs
molecules involved in various biological cations in response to APN are provided in the (Supplementary data).

One of the remarkable features of the current study is the functional impact of adiponectin treatment on endothelial
cell permeability. The current data demonstrated two significant findings; adiponectin inhibits transendothelial leukocyte
migration and the permeability in the injured endothelial cells by hyperglycemia. In addition, a previous study demon-
strated that adiponectin opposes IL-18-mediated endothelial cell apoptosis via the AMPK pathway, thus decreasing
vascular injury and inflammation.30

Furthermore, the IPA core analysis demonstrated that APN treatment mainly involved 78 canonical pathways,
affecting several functions related to inflammation, oxidative stress, metabolism, apoptosis, cell survival, cell adhesion,
vascular remodeling, and angiogenesis. Most of these pathways are related to inflammation such as Agranulocyte
Adhesion and Diapedesis, Granulocyte Adhesion and Diapedesis, Glucocorticoid Receptor Signaling, Leukocyte
Extravasation Signaling, IL-8 Signaling, HMGB1, Acute Phase Response Signaling, p38 MAPK Signaling,
Chemokine Signaling, Toll-like receptor, STAT3 signaling, TNFr2, and TNFr1 signaling, Coronavirus Signaling,
Inflammasome Signaling, JAK/Stat Signaling, and NF-κB Signaling. Other pathways, for example, are related to
metabolic pathways such as PPAR Signaling, FXR/RXR Activation, Fatty Acid α-oxidation, PXR/RXR Activation,
and Sirtuin Signaling Pathway. Of interest, three canonical pathways with a Z score of ±2 are involved in several
pathways, which are HMGB1 and Integrin signaling, and p38 MAPK Signaling.

Integrins are cell surface glycoproteins comprised of non-covalently associated α and β subunits tangled in cell-cell
and cell-extracellular matrix (ECM) connect angled in cell-cell cell-extracellular matrix (ECM) connecting the intracel-
lular cytoskeleton and the pericellular ECM. The thickened capillary basement membrane in DR leads to an increase in
integrin expression, and αvβ3 and αvβ5 integrins may play critical roles in the pathogenesis of angiogenesis in DR.31 One
of the crucial mediators of integrin signaling is Focal adhesion kinase (FAK) and Integrin-linked kinase (ILK). These
proteins are important in the formation of focal adhesions, which are responsible for signal transduction and assembly of
stress fibers. There as several integrin activated kinases; activation of PAK leads to the phosphorylation and activation of
MAPK kinase MEK1 (one of the primary kinases in response to APN in this study), which leads to the activation of
MEK1 leads to the downstream activation of Extracellular signal-regulated kinase (ERK) which in turn activates MLCK
promoting stress fiber formation. Inhibition of the following integrins ITGA1, ITGA5, ITGA6, ITGAV, ITGB1, ITGB2,
ITGB3, and ITGB5 in the current study are involved in various biological processes; GO:0007229: integrin-mediated
signaling pathway, GO:0033627: cell adhesion mediated by integrin, GO:0007160: cell-matrix adhesion; GO:0050900:
leukocyte migration; and GO:0030198: extracellular matrix organization (Supplementary Figure S3). We explored the
impact of APN with integrin pathway, and our data showed inhibition of cell adhesion through various connections like
activations of AMPK, P38 MAPK, or affects the expressions of AMPK, CXCL8, D-glucose, FN1, ICAM1, IFNG, IL1B,
IL6, PPARG, TGFB1, TNF, and VCAM1. These molecules affect cell adhesions via different mechanisms
(Supplementary Figure S3). In the initial stages of endothelial dysfunction, there is an increase in endothelial cell
expression of various adhesion molecules on the luminal surface, including selectins and ICAMs, all of which act as
receptors for glycoconjugates and integrins present on the circulating leukocytes and administration of globular
adiponectin effectively preserves endothelial function in both acute inflammation and states of chronic adiponectin
deficiency.29 Endothelial adhesion is a crucial biological process for inflammatory development, and the integrin
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signaling pathway is essential for ECM organization and adhesion of EC and other functions related to the Il-8 signaling
pathway.

APN treatment of HG cells caused inhibition of the HighMobility Group-B1 (HMGB1) pathway with a Z- score of −2.12.
and included several genes of the data set: CCL2, FASLG, ICAM1, IL11, IL1B, IL3, SELE, SERPINE1, TNF, VCAM1.
HMGB1 is a DNA binding protein that constructs and maintains nucleoprotein complexes and nucleosome structures. It is
also involved in the regulation of gene transcription. HMGB1 can activate cell surface receptors on various cell types and
mediates its effects via ERK1/2, JNK, and p38; PI3K and Akt; the transcription factors NF-κB and Sp1 as well which trigger
transcription of several stress response genes such as cytokines production and involved in the different biologic process32

(Figure 4). The DEGs of the data set involved in the HMGB1 pathway are downregulated genes: FASLG, ICAM1, IL11,
IL1B, IL3, SELE, TNF, VCAM1, and upregulated genes are CCL2 and SERPINE1, in the current study. These genes are
involved in the various biological process such as; GO:0007229: integrin-mediated signaling pathway, GO:0061756:
leukocyte adhesion to vascular endothelial cell, GO:0050901: leukocyte tethering or rolling; GO:2000351: regulation of
endothelial cell apoptotic process; GO:0050900: leukocyte migration; GO:1903037: regulation of leukocyte cell-cell adhe-
sion; regulation of ERK1 and ERK2 cascade; GO:0043123: positive regulation of kinase/NF-kappa B signaling;
GO:0042531: positive regulation of tyrosine phosphorylation of STAT protein; GO:0000165: MAPK cascade;
GO:0006954: inflammatory response; and GO:0001525: angiogenesis. DM upregulates the expression of HMGB1, leading
to the triggering of inflammatory signaling pathways such as the RAGE-facilitated activation of ERK1/2-NF-κB. Intravitreal
injection of HMGB1 mimics the effects of diabetes and increases RAGE, ERK1/2, NF-κB, and proinflammatory biomarkers
such as ICAM-1 and soluble ICAM-1.33 The binding of RAGEs enhances the transcriptional activity of NF-κB, induces the
significant upregulation of IL-1β and ROS in HRMECs increases retinal vascular permeability, and disrupts the stability of
tight junction complex between adjacent retinal microvascular EC via decreased TLR-2 and occludin expression.34 These
studies demonstrate the critical role of HMGB1 in the pathogenesis of diabetic retinopathy. Moreover, several studies
demonstrated the role of HMGB1 in angiogenesis, whether direct effect via RAGEs and TLR-4 with EC activation,
proliferation, and migration or indirect via the production of proangiogenic cytokines, such as VEGF, TNF-, and IL-8 from
EC and activated macrophages.35 APN treatment’s effects on HG cells inhibit the inflammatory process and adhesion using
the HMGB1 pathway and support the phenotype findings of inhibiting pro-inflammatory cytokines and chemokines such as
TNF-α, IL-1B, and IL-8, and functions such as migration as shown in (Figures 2 and 3). A recent study demonstrated that
HMGB1 is a late inflammatory mediator released from inflammatory cells when stimulated, and treatment of RAW264
macrophage cells with HMGB1 significantly up-regulated the mRNA expression of TNF-α, IL-1B, and C-X-C motif
chemokine 10. Then, the treatment with full-length or globular adiponectin dose-dependently suppressed all types of
HMGB1-induced cytokine expression, including TNF.36 These findings support the current study results as adiponectin
suppresses the HMGB1 pathway and the pro-inflammatory cytokines as mediators of inflammation, adhesion, and pro-
angiogenetic factors.

Furthermore, APN affects the p38 mitogen-activated protein family of kinases (p38 MAPK) pathway with inhibition
of a z-score of −2.0. p38 MAPK Pathway is triggered by numerous stimuli such as inflammatory cytokines, transforming
growth factor (TGF)-β, and oxidative stress.37 The DEGs of the data set in the current study are FAS, FASLG, IL1B, and
TNF, which are downregulated after APN treatment. In addition, they are involved in the various biological process such
as GO: 1903140: regulation of establishment of endothelial barrier; GO:0016525: negative regulation of angiogenesis;
GO:0007159: Leukocyte cell-cell adhesion; GO:1901224: Positive regulation of nik/nf-kappa-B signaling; GO:0000187:
Activation of mapk activity; GO:0019221: Cytokine-mediated signaling pathway; and hsa04210: Apoptosis.

Other pathways involved in response to APN treatment to HG cells are the granulocytes and agranulocyte adhesion,
diapedesis, and Il-8. One of the pathways, such as Leukocyte Extravasation Signaling from the blood into tissues, is vital
for inflammation.37 In addition, interleukin 8 (IL-8) is a member of the C-X-C family of chemokines that plays a central
role in angiogenesis and inflammation by promoting inflammatory mediators in DR and stimulating the activation of p38
MAPK/ERK-NF-κB pathway.38 Many signaling pathways were found to be enriched in the present study, which can
potentially provide a resource for exploring an intervention approach for diabetic retinopathy using adiponectin as
a molecular target.
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Further, we explored the functions and diseases associated with the dysregulated genes in response to APN and assessed
their activity whether the function is inhibited or activated. APN treatment to HG cells affects endothelial dysfunctions, mainly
cellular movements such as chemotaxis, migration, adhesion of leukocytes, rolling and recruitment of leucocytes, and
adhesion of VEC and granulocytes under the category of cell-to-cell interaction and signaling and inflammatory response,
as shown in Figures 5 and 6, and Tables 4–6. In addition, the data indicated that adiponectin treatment ameliorates many
functions related to the pathogenesis of DR modeling in vitro, as indicated in the methods. These functions are related to
inflammation, apoptosis and production of reactive oxygen species, and angiogenesis.

The data presented in the current study revealed the epigenetic factors such as the transcription factors and their state
of activity (whether activated or inhibited) involved in APN effects on the downstream genes, which are differentially
dysregulated. Moreover, we detected several transcription factors (TF) as upstream regulators, including Signal transdu-
cer and activator of transcription 3 (STAT3), RELA, JUN, HIF1A, FOS, and NFKBIA. STAT3 signaling pathway plays
an important role in normal development, regulating the expression of genes that are critical to cell survival, cell
proliferation, invasion, and angiogenesis. JUN is a Jun proto-oncogene, which interacts directly with specific target DNA
sequences to regulate gene expression, apoptosis, proliferation, transformation, angiogenesis, and growth. NFKBIA,
a gene encodes a member of the NF-kappa-B inhibitor family involved in inflammatory responses that play a role in
regulating cell proliferation, apoptosis, and cell survival. All these TFs are related to inflammation pathogenesis and its
consequences.39

Numerous studies link STAT3 activity with DR disease development. For example, retinal STAT3 mRNA and
protein levels are elevated in diabetic rat retinas, and inhibition of STAT3 decreases retinal inflammation in a mouse
model of Type I diabetes.40 The downstream genes differentially expressed under the regulation of STAT3 in response
to APN treatment of HG cells are presented in Table 1, and its gene ontology is mainly linked to GO:0002685
Regulation of leukocyte migration, GO:0001525 angiogenesis, GO:0050900 Leukocyte migration, GO:0019221
Cytokine-mediated signaling pathway, and GO:0006954 Inflammatory response. Furthermore, adiponectin application
reduces C-reactive protein expression and downregulates STAT3 phosphorylation induced by IL-6 in HepG2 cells,41

which support our finding of the inhibitory effect of adiponectin in HG HMRECs. Furthermore, we displayed
a mechanistic network of STAT3 with other TFs causing downregulation of downstream genes such as ICAM-1
and Il-B, as shown in Figure 7A. The network indicates direct (number of 15) and indirect (number of 33) networks
through crosstalk of such complex networks involving other TFs such as FOS, NFkB complex, RELA, Jun, CEBPB,
and API, which highlighted the complexity of interlacing network to produce changes in gene expressions under
hyperglycemic conditions in response to APN. The nuclear transcription factor NF-κB is a significant component
involved in the transcriptional regulation of several genes such as CCN2, CSF2, CXCL1, CXCL8, IL1A, IL1B, IL6,
MMP2, TNF, VCAM-1, and ICAM-1, either directly or indirectly effect via other TFs such as RELA, SMAD3, TP53,
HIFA1, IKBKB, and IL6. In addition, NFkB (complex) is under regulation by TNF via different mechanisms such as
expression, activation, localization, phosphorylation, transcription, and regulation of binding by TNF-α. The data
presented demonstrated the effect of adiponectin on several genes and TFs, such as inhibition of TNF, Il-1B, NFkB
(complex), and how different TFs and genes interact to inhibit the angiogenesis process. Previous studies demon-
strated the role of the NF-κB complex in the pathogenesis of DR via several mechanisms such as increased
expression of different cytokines such as IL-1β, IL-6, and IL-8 and pro-apoptotic molecule caspase-3 in vitreous
fluid and serum leading to inflammation.42 The current study’s data extended previous studies and demonstrated that
adiponectin inhibits NF-κB activation and could ameliorate the deleterious effects of hyperglycemia on human
microvascular retinal endothelial cells.

Further, as upstream regulators that affect the dataset’s gene expression, we identified several kinases (Table 2),
targeting several genes of the data set. IKBKB or inhibitor of nuclear factor-kappa B kinase subunit beta (EG:3551), the
protein encoded by this gene phosphorylates the inhibitor in the inhibitor/NF-kappa-B complex, causing dissociation of
the inhibitor and activation of NF-kappa-B. IKBKB kinase is significantly involved in the transcriptional regulation of
several genes such as CXCL1, CCL2, CXCL5, MMP3, TNC, PTGS2, BCL2L1, ICAM1, FASLG, IL1B, F3, TNF,
VCAM1, SELE, MMP9, CX3CL1, MMP1 under APN treatment to HG cells causes inhibition of the Z-activation score.
The downstream genes differentially expressed under the regulation of IKBKB in response to APN treatment of HG cells
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are presented in Table 2. Its gene ontology and pathways are mainly linked to GO:0002544 Chronic inflammatory
response, GO:0030593 Neutrophil chemotaxis, GO:0001816 Cytokine production, GO:0005125 Cytokine activity,
GO:0008009 Chemokine activity, hsa04064 NF-kappa B signaling pathway, hsa04062 Chemokine signaling pathway,
hsa04668 TNF signaling pathway, HSA-449147 Signaling by Interleukins, and WP129 Matrix metalloproteinases.
IKBKB kinase, directly and indirectly, affects the expression of these genes via its effects on NFkB, RELA, and
ERK1/2 via different mechanisms such as expression, activation, localization, phosphorylation, transcription, and
under the regulation by TNF, as shown in Figure 7B. IKBKB or inhibitor of nuclear factor-kappa-B kinase subunit
beta, the protein encoded by this gene phosphorylates the inhibitor in the inhibitor/NF-kappa-B complex, causing
dissociation of the inhibitor and activation of NF-kappa-B. Serine kinase plays an essential role in the NF-kappa-B
signaling pathway, which is activated by multiple stimuli such as inflammatory cytokines and acts as part of the canonical
IKK complex in the conventional pathway of NF-kappa-B activation leading to the stimulation of an inflammatory
signaling cascade closely associated with endothelial dysfunction.43 A previous study demonstrated that the globular
domain of adiponectin effectively represses the activation of IKKbeta by either TNF-α or high glucose in human
umbilical vein endothelial cells.44 This is consistent with our results that APN suppresses the activation of IKBKB
through different connections such as inhibition of AKT1, STAT3, NFKB, P38 MAPK, PI3K (complex), and activation
of NFKBIA as shown in the (Supplementary Figure S5).

Moreover, in the current study, APN treatment is predicted to inhibit epidermal growth factor receptor (EGFR) kinase
activity with a Z score of −0.183, which affects the gene expression of 20 genes of the data set (Table 2). The gene
ontology and pathways are mainly linked to GO:0002688 Regulation of leukocyte chemotaxis, GO:0030198
Extracellular matrix organization, GO:0030155 Regulation of cell adhesion, hsa04064 NF-kappa B signaling pathway,
hsa04370 VEGF signaling pathway, hsa04151 PI3K-Akt signaling pathway, WP1539 Angiogenesis, and HSA-216083
Integrin cell surface interactions. A previous study in STZ- diabetic mice, demonstrated that inhibition of EGF signaling
may be a practical therapeutic approach in combination with insulin to prevent retinal vascular leakage.45 These data are
consistent with our finding that APN suppresses the EGFR kinase activity and thus inhibits the inflammatory process and
angiogenesis via different pathways connections such as NF-kappa B signaling pathway and VEGF signaling pathway.
Mitogen-activated protein kinase 1 (MAPK1), also known as extracellular signal-regulated kinases (ERKs), integrates
multiple biochemical signals. The interaction of AGEs and RAGE endorses the expressions of growth factors, proin-
flammatory cytokines and chemokines, and adhesion molecules through the mitogen-activated protein kinase (MAPK)
pathway, causing ROS generation mediated by NADPH oxidase and translocation of NF-κB in diabetic vascular
complications.46 The present data demonstrated that APN caused inhibition of the MAPK1 kinase, which is predicted
to be inhibited with an activation Z score of −1.768, affecting the downstream expression of 12 genes of the data set
(Table 2). The gene ontology and pathways are mainly linked to GO:0001525 Angiogenesis, GO:0019221 Cytokine-
mediated signaling pathway, GO:0030155 Regulation of cell adhesion, hsa04933 AGE-RAGE signaling pathway in
diabetic complications, hsa04064 NF-kappa B signaling pathway, hsa04668 TNF signaling pathway, HSA-6783783
Interleukin-10 signaling, and WP254 Apoptosis. Adiponectin binds to its membrane receptors, AdipoR1 and AdipoR2,
which leads to the activation of two main signal pathways, the AMP-activated protein kinase (AMPK) and the p38
mitogen-activated protein kinase (MAPK) pathways.47 The present results demonstrated that APN inhibits the p38
mitogen-activated protein family of kinases (p38 MAPK) pathway, which is associated with inhibition of MAPK1 kinase,
followed by changes in the expression of the downstream genes (as shown in Table 4). These in turn lead to inhibition of
various biological actions such as apoptosis, cell adhesion, inflammation, and angiogenesis; all of which are pathophy-
siological changes in endothelial functions associated with DR. BRD4, bromodomain-containing 4 is a kinase present in
the nucleus, which is predicted to be inhibited by APN treatment to HG cells with an activation Z-score of −2.828. BRD4
affects the expression of the following downstream 8 genes of the data set: ICAM1, THBS1, BCL2, SELE, ITGA5,
ITGB1, FN1, THBS2, ITGB5, and ITGA1 (Table 2). As shown in Supplementary Figure S6, these genes are involved in
two biological processes related to inflammation: cellular infiltration, and chemotaxis and showed that agranulocyte
adhesion and diapedesis is the canonical pathway, which is an example of a causal network. The gene ontology and
pathways are related to BRD4 kinase are GO: 0033631 Cell-cell adhesion mediated by integrin, GO:0023035 CD40
signaling pathway, GO:0007155 Cell adhesion, GO:0050900 Leukocyte migration, GO:0006954 Inflammatory response,
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hsa04151PI3K-Akt signaling pathway, and WP3888 VEGFA-VEGFR2 signaling pathway. A previous study in diabetic
mice showed that BRD4 induces retinal inflammation and plays a role in retinal degeneration.48 Adiponectin down-
regulates BRD4 kinase activity, which could suppress the inflammatory process and angiogenesis functions.

Furthermore, we investigated the most significant miRNAs predicted in response to adiponectin treatment of HG cells.
MicroRNAs (miRs) are small non-coding RNAs that post-transcriptionally repress multiple target genes and are implicated
in numerous diseases, including vascular diseases. The top of the most significant microRNA is miR-21, which down-
regulates the gene expression of the following target genes of the data set in response to APN; CCL2, FASLG, TNF, BCL2,
VCAM1, TYMP, MMP9 (Table 3). The gene ontology and pathways of these DEGs are GO:0071345 Cellular response to
cytokine stimulus, HSA-6785807 Interleukin-4 and Interleukin-13 signaling, WP4754 IL-18 signaling pathway, WP2036
TNF related weak inducer of apoptosis (TWEAK) Signaling Pathway, and WP129 Matrix metalloproteinases, all of which
affect the inflammatory response, apoptosis and ECM organization and cellular proliferation of VEC. A previous study
demonstrated that Knockout of miR-21 alleviated microvascular damage, ameliorated inflammation, and reduced cell
apoptosis in the retina of db/db mice via targeting of PPARα translation.49 The other miRNAs detected are let-7, mir155,
mir15, and mir 8. let-7 family members are expressed in retinal and choroidal endothelial cells (ECs) and let-7 family genes
are the founding members of miRs consisting of 12 gene loci that resolve into nine unique but highly homologous mature
miR sequences. The downregulated target genes in response to let-7 are PTGS2, BCL2L1, SERPINE1, THBS1, IL 1B,
TNF, CD44, and ITGB3. These DEGs’ gene ontology and pathways are GO: 2001243 Negative regulation of intrinsic
apoptotic signaling pathway, GO:0007160 Cell-matrix adhesion, GO:0010594 Regulation of endothelial cell migration
hsa04064 NF-kappa B signaling pathway, and hsa04668 TNF signaling pathway. A previous study demonstrated the
downregulation of let-7a in exosomal plasma of poor diabetic control, which improved after glycemic control. In contrast,
the levels of let-7a are significantly increased via the adiponectin pathway,50 which supports our findings on the implications
of adiponectin treatment to HMRECs under hyperglycemic conditions. In DR disorders, miR-155 is associated with
microvascular protection in DR patients with type 1 DM targeting retinal inflammation.51 The downregulated target
genes in response to miR-155 are CCL2, MMP3, PTGS2, SERPINE1, IL1B, and their GO and pathways are
GO:0006954 Inflammatory response, GO:0019221 Cytokine-mediated signaling pathway, hsa04064 NF-kappa
B signaling pathway, hsa04668 TNF signaling pathway, and WP4754 IL-18 signaling pathway. Moreover, a previous
study demonstrated that globular adiponectin induces an increase in miR-155 expression, which plays an essential role in
the inflammatory response, in RAW 264.7 macrophages, which supports our findings.52 The miR-15 microRNA precursor
family is made up of small non-coding RNA genes that regulate gene expression. The family includes the related mir-15a
and mir-15b sequences and miR-16-1, miR-16-2, miR-195, and miR-497. In the current study, the target downregulated
genes in response to mir-15 are PTGS2, IL1B, TNF, BCL2, MMP9. These DEGs’ gene ontology and pathways are mainly:
GO: 0001816 Cytokine production, GO:0097190 Apoptotic signaling pathway, HSA-622312 Inflammasomes, and HSA-
449147 Signaling by Interleukins. A previous study demonstrated in vitro that high glucose conditions (25mM) for three
days reduced the expression of miR-15a/16 in cultured HMRECs. Furthermore, overexpression of miR-15a/16 with the
mimic significantly diminished pro-inflammatory signaling of IL-1β, TNFα, and NF-κB in HMREC. The data indicate that
miR-15a/16 plays a significant role in reducing retinal leukostasis, potentially inhibiting inflammatory cellular signaling,53

supporting the present findings. The miR-8 microRNA precursor family (homologous to miR-141, miR-200, miR-236) is
a short non-coding RNA gene involved in gene regulation, wherase miR-8 acts as a regulator of growth, apoptosis, and
neuronal survival by targeting multiple mRNAs. A recent study showed that miR-141-3p inhibited the proliferation of
retinal vascular epithelial cells and inhibited angiogenesis and promoted apoptosis of RGCs.54 A recent study using Wistar
male rats demonstrated that miR-200b might alleviate DR development by downregulating its target gene, VEGFA.55 In the
current study, the target downregulated genes are linked mainly to gene ontology and pathways: WP129 Matrix metallo-
proteinases (GO: 0022617), Extracellular matrix disassembly, and (R-HSA-449147) Signaling by Interleukins.Other
predicted mature miRNA detected in this study are: mir-3974 and mir-4666a-5p, which are linked to apoptosis of VEC
as it downregulates the expression of the following genes BCL2, FASGL, FAS, and ANGPT1. Further studies are needed to
investigate the effects of adiponectin on miRNA based on experimental data.

The present study revealed that TNF is one of the masters of upstream regulators, which regulates the 84-dataset
gene, and it exerts its effects on the observed gene expression via 23 regulatory mechanisms with activation of Z-score
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(3.175). TNF is interacting directly and indirectly through NFKB complex, NfKB1-RelA, RELA, ERK1/2, IKK
complex, P38MAPK, Jun, NFKB1A, IL17A, and affects TNF gene expression and Il1B, ICAM1, Vcam1, MMP9, and
suppress adiponectin expression as shown in (Supplementary Tables S7 S8, and S11) and (Supplementary Figure S8).
TNF-α is a cytokine and member of the TNF superfamily, transmembrane protein. A previous study showed that
“Adiponectin suppresses pathological microvessel formation in the retina through modulation of tumor necrosis factor-α
expression”.56 Moreover, the current study revealed that TGFβ 1 kinase could inhibit TFs involved in the secretion of
pro-inflammatory cytokines such as NFKB, STAT3, and IGNG (Supplementary Table S9), which is consistent with a
previous study that demonstrated that TGFβ signaling might protect against rapid retinopathy progression.57

The molecular network analysis of the current study indicates their annotations of diseases and functions, which highlight
their categories, are displayed in (Tables 4–6, Figure 8, and Figure S7) in response to adiponectin treatment of HG cells. The
principal functions in the three network systems are related mainly to inflammatory pathogenesis, angiogenesis, production
of reactive oxygen species, and EMG organization. In addition, these variations in cell functions highlighted the pleiotropic
effects of adiponectin on biological processes and functions related to the pathophysiology of DR. The results suggested the
most critical pathways related to the focus molecules as shown in functional networks involve mainly signaling pathways
such as glucocorticoid receptor signaling, Il-8, HMGB1, neuroinflammation signaling pathway, and integrin signaling
pathways. Therefore, the basis of diabetic retinopathy is multifactorial, and an optimum therapy would stop various
inflammatory processes, reduce VEGF production, cease endothelial dysfunction, and ablate vascular adhesions.

Furthermore, APN application to HG cells caused a substantial decrease in the inflammatory response, chemotaxis of
WBCs, extravasation, adhesion of neutrophils, and adhesion of vascular endothelial cells, decreased reactive oxygen
production, and ameliorated retinal vasculopathy. Moreover, we suggested based on IPA core analysis that adiponectin
could ameliorate the pathogenesis of DR as a consequence of its metabolic actions on glucose and lipid metabolism via
activation of the PPARα ligand pathway as shown in the (Supplementary Figure S8, and Supplementary Tables S11 and S12).
Peroxisome proliferator-activator receptor alpha (PPARα) agonists in which experimental evidence suggests PPARα activation
may be closely related to the attenuation of vascular damages, including lipid-induced toxicity, inflammation, excess of free
radical generation, endothelial dysfunction, and angiogenesis.58 Furthermore, suppression of PPARα partially reduces
adiponectin-stimulated fatty-acid oxidation and glucose homeostasis.6 These data support the results that adiponectin can
ameliorate the pathogenesis of DR through several mechanisms, including metabolic functions as well. Therefore, we can
hypothesize that adiponectin in the retinal vasculature could function as a negative regulator of angiogenesis, which is
beneficial in preventing DR’s pathogenesis and could be considered a therapeutic tool for treating and preventing this severe
disorder as APN has pleiotropic actions against the pathogenesis of diabetic retinopathy, as shown in the (Supplementary
Figure S8, and Supplementary Tables S11 and S12). The current study acknowledged the fundamental functions of
adiponectin in suppressing inflammatory reactions and neovascularization; thus, adiponectin in the vasculature of diabetic
subjects might imply an adaptive mechanism that protects and repairs the vascular endothelial injury previously published.59,60

In conclusion, molecular mechanisms of adiponectin may directly affect inflammatory HMRECs and the inflamma-
tory white blood cells, suppressing reactive oxygen species, apoptosis, suppression of the NF-κB inflammatory signaling
pathway, and downregulation of inflammatory responses involving TNF-α. Adiponectin suppresses the adhesion of EC
and modulates the ECM organization, with a parallel improvement in the barrier function, thereby ameliorating the
hyperglycemic effects on HMRECs.

Further, we demonstrated that critical pathways respond to adiponectin such as HMGB1, integrin, p38AMPK,
glucocorticoid, granulocyte, and agranulocyte adhesion and diapedesis extravasation of white blood cells. In addition,
adiponectin can modulate upstream regulators such as transcription factors such as STAT3, RELA, Jun, HIFA-alpha,
FOS, and kinases such as IKBKB, BDR4, EGFR, MAPK, and affects miRNA as well such as let-7, mir-21, mir-15,
mir155, and mir-8.

The study has several limitations, such as the lack of in vivo studies using diabetic animal models and transcriptome
analysis such as RNA seq and other retinal cell lines like Muller and retinal pigmented cell layers.

Further studies are needed to clarify the other actions of adiponectin on glucose, lipid metabolism of the retinal cells,
and mitochondrial functions. Assessment of the signaling pathways and role of each ADR in mediating these effects are
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necessary to be studied in detail. In vivo animal models are recommended to explore adiponectin’s role in the
pathogenesis of DR in detail.
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