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Abstract

Chronic kidney disease (CKD)-associated anemia is a global health concern and is linked
to vascular and ocular complications. Hypoxia-inducible factor (HIF) stabilizers, or
HIF prolyl hydroxylase inhibitors (PHIs), are promising candidates for the treatment of
CKD-associated anemia. Since hypoxia and angiogenesis are involved in eye diseases, this
study examined the effects of HIF-PHIs on metabolism and gene expression in retinal pig-
ment epithelium (RPE) cells. Results revealed that PHIs differentially induced angiogenic
(VEGFA, ANG) and glycolytic (PDK1, GLUT1) gene expression, with Roxadustat causing
the strongest transcriptional changes. However, Roxadustat-induced angiogenic signals
did not promote endothelial tube formation. Moreover, it did not induce oxidative stress,
inflammation, or significant antioxidant gene responses in ARPE-19 cells. Roxadustat also
reduced the inflammatory cytokine response to tumor necrosis factor-«, including IL-6,
IL-8, and MCP-1, and did not exacerbate VEGF expression under high-glucose conditions.
Overall, Roxadustat triggered complex gene expression changes without promoting inflam-
mation or oxidative stress in RPE cells. Despite these findings, ophthalmologic monitoring
is advised during PHI treatment in CKD patients receiving HIF-PHIs.

Keywords: chronic kidney disease; hypoxia; HIF-prolyl-hydroxylase inhibitor; VEGFA;
angiogenesis; glycolytic response; oxidative stress; hyperglycemia

1. Introduction

Anemia is a common feature of chronic kidney disease (CKD) and is a major public
health concern worldwide due to its impact on quality of life, as well as its association with
increased risk of cardiovascular disease and mortality [1-3].

Evidence proves that there is a strong association between the severity of retinopathy
and renal function in CKD, with a more pronounced association in patients previously
diagnosed with diabetes mellitus [4]. An association between retinal and kidney disease
has also been demonstrated by other studies [5,6]. CKD is also associated with diabetic
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retinopathy (DR) [7]. Several studies have shown a close association between nephropathy
and retinopathy in patients with diabetes mellitus [5]. The Chronic Renal Insufficiency
Cohort (CRIC) study demonstrated a strong association between severity of retinopathy and
level of renal function after adjustment for traditional and non-traditional risk factors for
chronic kidney disease, suggesting that retinovascular pathology reflects renal disease [4].
The risk of age-related macular degeneration (AMD) is increased in CKD [8,9].

An effective strategy for the treatment of CKD-associated anemia is the use of pharma-
cological inhibitors targeting hypoxia-inducible factor (HIF) prolyl-4-hydroxylase domain
(PHD) proteins. Under normoxia, PHDs hydroxylate HIFs, promoting their proteoso-
mal degradation, which inhibits the activation of HIF-responsive genes such as vascular
endothelial growth factor A (VEGF or VEGF A) and erythropoietin (Epo) [10]. Pharmacolog-
ical inactivation of PHD enzymes with HIF-prolyl-hydroxilase inhibitors (HIF-PHIs) stimu-
lates endogenous EPO production in both animals and humans [11,12]. Thus, HIF-PHIs
(DMOG, Molidustat, Roxadustat, Enarodustat, Daprodustat, and Vadadustat) represent
promising alternatives to erythropoiesis-stimulating agents for the treatment of anemia in
CKD [13,14].

Pathologic angiogenesis is involved in DR, AMD, and ROP, which are the leading
causes of blindness worldwide [15-17]. Retinal angiogenesis is closely associated with
increasing levels of HIF-1a in DR [18], AMD [19], and ROP [20]. VEGF expression and an-
giogenesis play a key role in the pathogenesis of DR [21], AMD [22], and ROP [23,24]. CKD
and diabetes mellitus frequently co-occur in middle-aged patients, exerting a synergistic
detrimental effect on microvascular complications. Among these, a significant concern is
the disruption of the blood-retinal barrier, particularly at the level of the retinal pigment
epithelium and the retinal endothelium [25]. Hypoxia-inducible gene activators demon-
strate efficacy in stimulating red blood cell production comparable to that of erythropoietin
therapy. These agents effectively increase and stabilize hemoglobin concentrations and
are generally well tolerated by patients with chronic kidney disease (CKD) due to their
oral route of administration. However, long-term clinical trials are necessary to fully assess
their potential cardiovascular, tumorigenic, and retinopathic risks [26]. CKD and diabetes
are frequently combined in middle age patients resulting in a synergistic negative effect
on microvascular complications, among them the breakdown of the blood-retinal barrier
at the location of retinal pigment epithelial cells and retinal endothelium [25]. Globally,
patients with renal failure—particularly those with comorbid diabetes—require effective
and safe therapeutic strategies to manage anemia, ensuring that such interventions do not
exacerbate, and ideally help to avoid, the progression of proliferative retinopathy [27].

Retinal pigment epithelial cells (RPEs) form the outer blood-retina barrier (BRB),
maintain retinal and choroidal homeostasis, produce the high levels of proangiogenic
factors, and play a major role in retinal and choroidal neovascularization [28]. RPEs play
an important role in the pathology of both DR [29] and AMD [30].

The widely accepted therapeutical indication of PHIs is the kidney-related anemia.
Compared to erythropoietin-stimulating agents (ESAs), HIF-PHIs were non-inferior to
ESAs in maintaining serum Hb levels in CKD patients with almost similar adverse event
profiles [31]. Furthermore, this study also mentions that small sample sizes and short
duration periods of the analyzed studies make it difficult to establish the long-term ef-
ficacy and safety of HIF-PHI over ESA in the treatment of renal anemia [31]. However,
several HIF-PHIs (Roxadustat and DMOG) have been shown to reach retinal tissue, raising
concerns that HIF-PHIs may have adverse effects in the retina. In normoxic mice, VEGF
is upregulated in a time- and dose-dependent manner in the retinas of mice treated sys-
temically with the HIF activator DMOG [32]. Others have found a two-fold increase in
HIF-1o protein levels in response to Roxadustat in the retina in a murine model of ROP [33].
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A recent study on mice has shown that Roxadustat induces metabolic dysfunction and
neurodegeneration in the retina, which could be potential adverse effects of the prolonged
systemic use of HIF-PHIs in certain diseases, such as CKD [34].

CKD-associated anemia is linked to systemic and ocular vascular complications. As
HIF stabilizers emerge as treatments for this condition, it is crucial to understand their
effects beyond erythropoiesis. Given the central role of hypoxia and angiogenesis in retinal
disease, this study investigates how HIF-PHIs influence gene expression and metabolism
in RPE cells, which are vital for retinal integrity and function.

In our study, we tested the effects of six clinically relevant small-molecule HIF-PHIs
(DMOG, Molidustat, Roxadustat, Enarodustat, Vadadustat, and Daprodustat) on adult
retinal pigment epithelial cell-19 (ARPE-19) with a special emphasis on angiogenesis
and metabolic alterations, providing insight into the effects of HIF-PHIs in neovascular
retinopathies such as DR and AMD.

2. Materials and Methods
2.1. Reagents

Unless otherwise stated, we obtained all reagents from Sigma-Aldrich (St. Louis,
MO, USA). DMOG, Molidustat, Roxadustat, Enarodustat, Daprodustat, and Vadadustat
were purchased from Cayman Chemical (Ann Arbor, MI, USA) and dissolved in DMSO.
Recombinant human tumor necrosis factor-o« (TNF-«) protein was obtained from RD
Systems (Abingdon, UK).

2.2. Cell Culture

ARPE-19 human retinal pigment epithelial cells (Cat. No. CRL-2302, ATCC, Manassas,
VA, USA) were cultured in a 1:1 mixture of Dulbecco’s Modified Eagle Medium (DMEM)
and F-12 Medium (ATCC, Manassas, VA, USA), supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotic-antimycotic solution, and maintained up to passage 4. From
passage 4, cells were maintained in DMEM (low glucose) (Biosera, Cholet, France) supple-
mented with 5% FBS and antibiotics/antimycotics (Thermo Fisher Scientific, Waltham, MA,
USA), (culture medium, CM). Cells between passage 5 and 8 were used for the experiments.
Cells were treated with different HIF-PHIs (5, 10, 25 uM) for 16 h or 24 h in a CO; (5%)
incubator. For the detection of NF-kB phosphorylation in response to Roxadustat and
TNEF-«, cells were incubated for 16 h with Roxadustat as described above. Then, cells were
washed and exposed to TNF-« (1 or 10 ng/mL) for 10 min in serum-free medium. For
the detection of IL-6, IL-8 and MCP-1, cells were incubated for 16 h with Roxadustat as
described above. Then, cells were washed and exposed to TNF-« (10 ng/mL) for 24 h in
serum-free medium in the presence of Roxadustat (10 pM).

To create a high-glucose condition, DMEM with 5.5 mM glucose, 5% FBS and 1%
PSA was supplemented with 19.5 mM glucose (25 mM total glucose) or mannitol (5.5 mM
glucose and 19.5 mM mannitol) as an osmotic control. Cells were cultured in these media
for 24 h, then exposed to Roxadustat (5 uM) in the appropriate medium for 24 h.

2.3. RNA Isolation and Real-Time Quantitative Polymerase Chain Reaction

Total RNA was extracted 16 h post-treatment using TriReagent (Zymo Research, Irvine,
CA, USA), followed by reverse transcription into cDNA using the High-Capacity cDNA Re-
verse Transcription Kit (Applied Biosystems, Foster City, CA, USA). VEGFA (Hs00900055_m1),
GLUT1 (Hs00892681_m1), PDK1 (Hs01561847_m1), ANG (Hs04195574_sh), and RNA4555
(Hs05627131_gH) mRNA expressions were determined by TagMan Gene Expression As-
says (Thermo Fisher Scientific, Waltham, MA, USA). Relative mRNA expression levels
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were determined using the AACt method, with RNA45S5 serving as the endogenous
reference gene.

2.4. Cell Lysis and Western Blot

Cells were lysed using RIPA buffer supplemented with protease and phosphatase
inhibitors. Protein concentrations were quantified using the bicinchoninic acid (BCA)
assay (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific, Waltham, MA, USA). Equal
amounts of protein were separated by SDS-PAGE on Tris—glycine gels, followed by transfer
onto 0.22 um nitrocellulose membranes (GE Healthcare, Chicago, IL, USA) [24], blocked and
probed according to the manufacturer’s guide with primary antibodies against Phospho-
NE-kB p65 (Ser536) (Cat. No. #3033, Cell Signaling Technologies, Danvers, MA, USA),
stripped and reprobed with primary antibodies against NF-«B p65 (Cat. No. #8242, Cell
Signaling Technologies, Danvers, MA, USA) and 3-Actin (Rabbit (Cat. No. #4970, Cell
Signaling Technologies, Danvers, MA, USA), incubated with Anti-rabbit IgG, HRP-linked
Antibody (Cell Signaling Technology, Danvers, MA, USA). The antigen-antibody complexes
were visualized using the WesternBright Quantum HRP substrate (Advansta, Menlo Park,
CA, USA). Immunoblot images were captured with the iBright FL1500 imaging system
(Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Human VEGEF, IL-6, IL-8, and MICP-1 ELISA

Supernatants from ARPE-19 cells exposed to HIF-PHIs were collected 24 h after the
treatments and measured using Human VEGF Quantikine ELISA assay (R&D System:s,
Abingdon, UK), while IL-6 or IL-8 or MCP-1 levels in response to Roxadustat and TNF-«
were collected 24 h after the treatments and analyzed using IL-6 or IL-8 or MCP-1 Quan-
tikine ELISA assay (R&D Systems, Abingdon, UK). Protein expressions were normalized to
total protein content.

2.6. RNA-Seq Method

RNA isolations were performed as described earlier [35]. Global transcriptome pro-
filing was conducted through mRNA sequencing using the Illumina platform. RNA-Seq
libraries were prepared from total RNA using Ultra Il RNA Sample Prep kit (New England
BioLabs, Ipswich, MA, USA) according to the manufacturer’s protocol. Sequencing runs
were executed on the Illumina NextSeq 500 instrument (Illumina, San Diego, CA, USA)
using single-end 75 cycles sequencing. Single-read 75 bp long sequencing was performed,
the base calling accuracy Q30 was >93%. The average read number was 25.1 million reads
per samples; the read numbers varied between 21.5 and 28.9 million. Raw sequencing reads
were aligned to the human reference genome version GRCh38, the alignment percentage
was >95%. Aligned sequencing data have been deposited into the NCBI SRA database
under accession no. PRINA1092586.

2.7. RNA-Seq Data Analysis

RNA-Seq data analysis was performed as described earlier [24]. Briefly, Raw sequenc-
ing reads in FASTQ format were aligned to the human reference genome (GRCh38) using
the HISAT? aligner, resulting in BAM file generation. Subsequent analysis was performed
with the Strand NGS platform www.strand-ngs.com (accessed on 9 January 2024). The
BAM files were imported into the software, and data normalization was carried out using
the DESeq algorithm. Differential gene expression between conditions was assessed using
a moderated t-test, with a p-value threshold of <0.05 considered statistically significant [24].
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2.8. Pathway Analyses

Cytoscape v3.4, along with the ClueGO v2.3.5 plugin, was utilized to identify sig-
nificantly enriched Gene Ontology (GO) terms. A two-sided hypergeometric test was
conducted to compare the list of differentially expressed genes against the GO Biological
Process database.

2.9. Confocal Microscopy

ARPE-19 cells cultured on coverslips were treated as described above. For GLUT1
staining, cells were fixed with 4% paraformaldehyde solution. Samples were permeabilized
and blocked with 5% normal goat serum/2% BSA/0.1% saponin for 60 min. Primary
antibody against GLUT1 (Cat. No. ab115730, abcam, Cambridge, UK, dilution 1:500) was
diluted in 1% BSA /0.1% saponin in PBS and incubated overnight at 4 °C, followed by an
incubation with goat anti-rabbit IgG conjugated to Alexa Fluor 488 0.1% BSA /0.1% saponin
in PBS (Thermo Fisher Scientific, Waltham, MA, USA). For PDK1 staining, cells were fixed
at room temperature with ethanol cooled to —20 °C, permeabilized with 0.2% Triton X-100
in PBS, blocked with 5% normal goat serum/2% BSA and incubated with primary antibody
against PDK1 (Proteintech, Manchester, UK dilution 1:400). Primary antibody against
HIF-2¢ (dilution 1:100; Cat. No. #71565, Cell Signaling Technology, Danvers, MA, USA)
was applied in antibody dilution buffer (1% BSA /0.3% Triton X-100 in PBS) and incubated
overnight at 4 °C. Primary antibody against HIF-1«x (dilution 1:400, Cat. no. #36169, Cell
Signaling Technology, Danvers, MA, USA) and VEGF (dilution 1:100, MA5-13182, Thermo
Fisher Scientific, Waltham, MA, USA) were diluted in 1% BSA and incubated overnight at
4 °C. Samples were then incubated then with secondary antibodies conjugated to Alexa
Fluor 488 or/and 647 (Thermo Fisher Scientific, Waltham, MA, USA). For the detection of
nuclear factor kappa B (NFkB), cells were exposed to Roxadustat (10 uM) for 24 h. Primary
antibody against NFkB (dilution 1:800; Cat. No. #8242, Cell Signaling Tech-nology, Danvers,
MA, USA) was applied in antibody dilution buffer (1% BSA/0.3% Triton X-100 in PBS)
and kept at 4 °C overnight. Samples were then incubated then with secondary antibodies
conjugated to Alexa Fluor 488 (Thermo Fisher Scientific, Waltham, MA, USA).

Nuclei were stained with Hoechst. Immunofluorescent analysis was performed with
lightning super-resolution microscopy using Leica Application Software X v1.4.7.28982
(Leica, Mannheim, Germany).

2.10. Endothelial Cell Tube Formation Assay

The formation of endothelial cell tube networks was analyzed using an Angiogenesis
Starter Kit (GIBCO, Thermo Fisher Scientific, Waltham, MA, USA). To produce conditioned
culture media, ARPE-19 cells were exposed to Roxadustat (25 pM) for 16 h as described
above and cultured in Medium 200 supplemented with 2% FBS for 16 h. Then, supernatants
were collected. Endothelial tube formation assay (In Vitro Angiogenesis) was performed
as recommended by the Angiogenesis Starter Kit. Human umbilical vein endothelial cells
(HUVECs) were cultured in Medium 200 supplemented with Large Vessel Endothelial
Supplement (LVES). A 35 mm glass-bottom dish (Ibidi, Grafelfing, Germany) was coated
with Geltrex LDEV-Free Reduced Growth Factor Basement Membrane Matrix according
to the manufacturer’s guide. HUVECs were trypsinized and resuspended in Medium
200 containing 2% FBS without LVES. Then, 75,000 cells (in a maximal final volume of
110 puL) in Medium supplemented with 2% FBS without LVES were plated in 1 mL of
conditioned medium from ARPE-19 cells and incubated for 16 h. For a positive control of
tube formation, HUVECs were plated in Medium 200 supplemented with LVES. HUVECs
plated in Medium 200 with 2% FBS without LVES serving as negative controls. Tube
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formation was observed using the Leica DMil microscope. Tube formation analysis was
performed with Fiji software v. 1.54p [36] using the Angiogenesis Analyzer plugin [37].

2.11. Oxidative Stress Detection

Cells were incubated with 5 pM CellROX Green Reagent (Thermo Fisher Scientific,
Waltham, MA, USA) by adding the dye directly to the complete growth medium and main-
taining the culture at 37 °C for 30 min. Following incubation, cells were washed three times
with phosphate-buffered saline (PBS) and subsequently fixed using a 3.7% paraformalde-
hyde solution. Nuclear staining was performed using Hoechst dye, and the samples were
immediately examined using confocal microscopy (Leica, Mannheim, Germany).

To detect mitochondrial superoxide production, cells were exposed to Roxadustat
(10 uM) for 16 h or Menadione (50 uM) for 1 h. The cells were then stained with 5 nM
MitoSOX Red for 30 min (Thermo Fisher Scientific, Waltham, MA, USA). Cells were
then washed three times with phosphate-buffered saline, and samples were immediately
analyzed using confocal microscopy (Leica, Mannheim, Germany) in FluoroBright DMEM
(Thermo Fisher Scientific, Waltham, MA, USA).

2.12. Statistical Analysis

All data were obtained after at least three independent experiments. Statistical analysis
was carried out by one-way ANOVA test followed by Bonferroni correction or t-test using
GraphPad Prism 5.0 software (GraphPad Software, Boston, MA, USA). A value of p < 0.05
was considered statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001). Data are
represented as mean value & SEM from at least three independent experiments. For
RNA-Seq data analysis, a moderated t-test was used to determine differentially expressed
genes between conditions, p < 0.05 was considered a significant difference.

3. Results

3.1. HIF-PHIs Differentially Induced VEGF, ANG, PDK1, and GLUT1 Expression in
ARPE-19 Cells

Since the effects of PHIs occur via HIF-1x-mediated regulation, we compared the ac-
tivities of different PHIs in human retinal pigment epithelial cells focusing on hypoxic gene
expressions. The effect of varying concentrations (5, 10, 25 uM) of HIF-PHIs (Molidustat,
DMOG, Roxadustat, Vadadustat, Enarodustat, and Daprodustat) on VEGF expression in
ARPE-19 cells was evaluated using RT-qPCR and ELISA. Significant VEGF mRNA and pro-
tein expression was observed with Molidustat, Roxadustat, Enarodustat, and Daprodustat
at all applied concentrations in a dose-dependent manner (Figure 1A,B). The levels of VEGF
protein expression were similar for all HIF-PHIs except for Enarodustat at 5 uM, which
resulted in lower VEGF protein expression than Molidustat, Roxadustat, and Daprodustat
at the same concentration. Vadadustat did not significantly induce VEGF expression at
either the RNA or protein level (Figure 1A,B). DMOG induced significant VEGF mRNA
expression only at the highest concentration (25 uM), but this was not statistically signif-
icant at the protein level (Figure 1A,B). A similar trend was noted for the expression of
Angiogenin (ANG) (Figure 1C). ANG mRNA expression was not significantly induced by
DMOG (5, 10, 25 uM), Vadadustat (5, 10, 25 uM), and the lowest Enarodustat concentration
(5 uM), while higher Enarodustat concentrations as well as Molidustat, Roxadustat, and
Daprodustat significantly induced ANG expression at all doses (Figure 1C).
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Figure 1. Differential induction of VEGFA, ANG, PDK1, and GLUT1 expression by HIF-PHIs
in ARPE-19 cells. Human retinal pigment epithelial cells (ARPE-19) were treated with varying
concentrations (5, 10, and 25 uM) of Molidustat, DMOG, Roxadustat, Vadadustat, Enarodustat, and
Daprodustat. NC: non-treated control. (A) VEGFA mRNA levels were analyzed by quantitative
real-time PCR (qQRT-PCR) after 16 h of treatment. (B) VEGFA protein levels in cell culture supernatants
were measured by ELISA after 24 h. (C-E) mRNA levels of (C) Angiopoietin (ANG), (D) Pyruvate
Dehydrogenase Kinase 1 (PDK1), and (E) Glucose Transporter 1 (GLUT1) were measured by qRT-PCR
after 16 h of treatment. (F) HIF-1 nuclear translocation was assessed in ARPE-19 cells treated with
Roxadustat (10 pM) for 3 h. Nuclei were counterstained with Hoechst.

Roxadustat
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The genes regulated by HIF-1x play a crucial role in the pathology of ocular dis-
eases [18-20,38]. Therefore, we investigated the impact of various HIF-PHIs on the expres-
sion of two HIF-regulated proteins, Pyruvate dehydrogenase kinase 1 (PDK1) and Glucose
transporter 1 (GLUT1) (Figure 1D,E). No changes in PDK1 expression were observed after
treatment with Vadadustat at any concentration compared to the control. DMOG induced a
significant increase in PDK1 expression only at the highest concentration (25 pM) compared
to the control (Figure 1D). Molidustat, Roxadustat, Enarodustat, and Daprodustat signif-
icantly induced PDK1 gene expression at all concentrations, with the lowest expression
observed in the case of 5 uM of Enarodustat (Figure 1D). Similar to PDK1, Vadadustat did
not significantly induce GLUT1 expression, while DMOG triggered GLUT1 expression only
at the highest concentration (25 uM) (Figure 1E). Molidustat, Roxadustat, Enarodustat, and
Daprodustat significantly induced GLUT1 gene expression at all concentrations except for
the lowest (5 pM) dose of Enarodustat (Figure 1E). Inmunofluorescent analysis of ARPE-19
cells treated with Roxadustat (10 uM) revealed the nuclear translocation of HIF-1x as early
as 3 h post-treatment (Figure 1F). Subsequently, we evaluated the dynamics of HIF-1o
nuclear translocation. The results demonstrated that HIF-1x exhibited nuclear transloca-
tion in conjunction with VEGFA induction in Roxadustat (10 pM)-treated cells after 16 h
(Figure 2A). In contrast, Roxadustat-treated ARPE-19 cells exhibited no HIF-2« nuclear
translocation in comparison to the control HEpG2 cells (Figure 2B). Immunofluorescent
protein staining also confirmed increased expression of both PDK1 (Figure 2C) and GLUT1
(Figure 2D) in the protein levels of in a selected HIF-PHI, Roxadustat (10 uM) after 16 h.

These data indicated HIF-PHIs differentially induced VEGF, ANG, PDK1, and GLUT1
in ARPE-19 cells. Furthermore, our findings demonstrated that Roxadustat selectively
induced the nuclear translocation of HIF-1«, but not HIF-2«, in these cells.

3.2. Transcriptional Responses of ARPE-19 Cells to Roxadustat

To study the gene expression characteristic of one of the most effective drugs in
our RPE cell model, we analyzed the transcriptional responses to HIF-PHI Roxadustat.
Unbiased high-throughput RNA sequencing (RNA-seq) was performed on ARPE-19 cells
exposed to Roxadustat (10 uM for 16 h). This analysis revealed 469 differentially expressed
genes (DEGs) that met our inclusion criteria for fold-change expression (>2) in Roxadustat-
stimulated ARPE-19s relative to the control (Figure 3A). The control group clearly separated
from the Roxadustat group in the heat map (Figure 3A).

Next, we identified DEGs’ function using the Cytoscape ClueGO [39]. This revealed
that overrepresented GOterms in Roxadustat-stimulated cells were mainly associated with
nucleoside diphosphate metabolic processes, tube development, carbohydrate metabolic
processes, methylglyoxal metabolic processes, response to decreased oxygen levels, positive
regulation of ATP metabolic processes, neuron death, muscle tissue development, angiogen-
esis involved in wound healing, regulation of progesterone biosynthetic processes, fructose
metabolic processes, and oxidoreductase activity, acting on the aldehyde or oxo group of
donors (Figure 3B,C). Details of each enriched ClueGO group are shown in Figure 3D.

Given that angiogenesis [15-17], hypoxic response [18,19,40], and increased glycoly-
sis [41] are involved in retinopathies, we next examined the expression of these genes with
special interest (Figure 4A-C).
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Figure 2. Expression of VEGF, HIF-1«, HIF-2«, PDK1, and GLUT1 in ARPE-19 cells in response to
Roxadustat. (A) Immunofluorescence detection of HIF-1« and VEGF in ARPE-19 cells treated with
Roxadustat (10 pM) for 16 h. (B) Detection of HIF-2« in ARPE-19 and HEpG2 cells after treatment
with Roxadustat (10 uM, 16 h). (C,D) Detection of (C) PDK1 and (D) GLUT1 in ARPE-19 cells
following treatment with Roxadustat (10 uM, 16 h). Nuclei were counterstained with Hoechst.
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Figure 3.
(A) Heatmap showing differentially expressed genes in ARPE-19 cells treated with Roxadustat
(10 uM, 16 h) compared to non-treated control (NC) cells. ‘Roxa’ refers to Roxadustat-treated samples.

Transcriptomic signatures of ARPE-19 cells in response to Roxadustat exposure.

The color scale represents relative gene expression levels, with red indicating upregulation and blue
indicating downregulation. (B) Gene Ontology (GO) enrichment analysis of significantly altered
pathways in Roxadustat-treated cells, performed using the ClueGO plugin in Cytoscape. (C) Graphi-
cal representation of enriched biological processes (BPs); node colors correspond to functional group
classifications. (D) Percentage of genes associated with the identified GO terms.
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Figure 4. Transcriptomic signatures of ARPE-19 cells following Roxadustat exposure. (A) Differential
expression of genes annotated as positive regulators of angiogenesis in ARPE-19 cells treated with
Roxadustat (10 pM, 16 h) compared to non-treated controls. (B) Genes associated with the cellular
response to decreased oxygen levels. (C) Expression of glycolysis-related genes in Roxadustat-
stimulated ARPE-19 cells versus controls. p (adjusted) < 0.05. FC: fold change.

Among genes annotated to angiogenesis, 31 genes (5.64 per cent of annotated to
angiogenesis) showed significant change. Out of these, 24 were significantly increased
(ADAMTS1, ADAMTS9, ADM, ANG, ANGPTL4, CTGF, CXCR4, EFNA3, EGLN1, HK2,
ITGB3, LOXL2, MAPK?7, NDNF, NFATC4, FAM129B, NPPB, PGK1, RORA, SERPINE1,
SFRP1, TGFA, TNFAIP3, VEGFA), while 7 were significantly decreased (FGF18, PTGIS,
CYP1B1, CCL2, SEMA4A, ANGPTL2, ID1) in response to Roxadustat (10 pM) (Figure 4A).
Among genes annotated to decreased oxygen levels, 40 genes (10.31 per cent annotated to
this GOterm) showed significant change. Out of these, 34 were significantly induced (ADM,
AK4, ALKBH5, ANG, ANGPTL4, BNIP3, BNIP3L, CA9, CTGE, CITED2, CXCR4, DDIT4,
EGLN1, EGR1, EIF4EBP1, ENDOG, ENOI1, ERO1A, FAM162A, HILPDA, HK2, LDHA,
LOXL2, NDNF, NDRG1, NOL3, PDK1, PDK3, PGK1, PLOD2, RORA, SFRP1, SLC2A1,
VEGFA), while 6 were significantly decreased (KCNK2, VASN, ARNT2, PTGIS, PPARGC1A,
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CYP1A1l) in response to Roxadustat (10 uM) (Figure 4B). List of gene abbreviations are
depicted in the Supporting Information as Supplementary Table S1.

To evaluate the effect of HIF-1x activation on glycolysis in ARPE-19 cells after Roxadus-
tat treatment, we analyzed the expression ALDOC (Aldolase, fructose-bisphosphate C), GPI
(Glucose-6-phosphate isomerase), PFKL (Phosphofructokinase, liver type), GLUT1 (also
known SLC2A1, solute carrier family 2 member 1), PDK1, PDK3 (Pyruvate dehydrogenase
kinase 3), HK2 (Hexokinase 2), LDHA (Lactate dehydrogenase A), PGK1 (Phosphoglycer-
ate kinase 1), and ENOI1 (Enolase 1). We showed that all of these proteins were robustly
upregulated (fold-change expression > 2) in the Roxadustat group (Figure 4C).

Together, our results showed that many genes involved in angiogenesis and hypoxic
response involving glycolysis were robustly induced by Roxadustat in ARPE-19 cells.

3.3. HIF-PHI Roxadustat Does Not Induce Endothelial Tube Formation in HUVEC Cultures

To ascertain whether the secretome derived from Roxadustat-treated ARPE-19 cells
stimulates endothelial tube formation in HUVEC cultures, a tube formation assay was
conducted in accordance with the methodology outlined in the Section 2. The results
demonstrated that the conditioned media from ARPE-19 cells treated with Roxadustat
(10 uM) for 24 h did not induce significant tube formation in HUVEC cultures on Geltrex
LDEV-Free Reduced Growth Factor Basement Membrane Matrix (Figure 5A).

However, HUVEC cultures exposed to the positive inducer control demonstrated
notable tube formation (Figure 5A). This was corroborated by assessing the total tube
length (Figure 5B) and the number of branches (Figure 5C). These findings indicate that
Roxadustat did not augment the angiogenic capacity of the ARPE-19 secretome in an
in vitro tube formation assay.

3.4. Investigation of Antioxidant Gene Expression and Reactive Oxygen Species (ROS) Generation
in ARPE-19 Cells in Response to Roxadustat

DEGs involved in antioxidant response which significantly changed (p < 0.05) are
depicted in Figure 6A.

Importantly, DEGs that met our inclusion criteria for fold-change expression (>2)
in Roxadustat-stimulated ARPEs relative to the control did not include any antioxidant
genes. Therefore, we set inclusion criteria for fold-change expression to 1. This change
resulted in identifying the following up-regulated genes: catalase (CAT), peroxiredoxin 2
(PRDX2), peroxiredoxin 4 (PRDX4), peroxiredoxin 5 (PRDX5), glutathione S-transferase
omega 1 (GSTO1), glutathione S-transferase pi 1 (GSTP1), glutathione S-transferase theta
2 (gene/pseudogene) (GSTT2), glutathione S-transferase theta 2B (gene/pseudogene)
(GSTT2B), glutathione peroxidase 3 (GPX3), glutathione peroxidase 4 (GPX4), heme oxy-
genase 1 (HMOX1), thioredoxin reductase 1 (TXNRD1), and thioredoxin reductase 2
(TXNRD2), while downregulated genes involved peroxiredoxin 1 (PRDX1), peroxiredoxin
3 (PRDX3), peroxiredoxin 6 (PRDX6), thioredoxin 2 (TXN2), glutathione S-transferase
kappa 1 (GSTK1), glutathione peroxidase 8 (putative) (GPX8), glutathione synthetase (GSS),
glutathione-disulfide reductase (GSR), and thioredoxin reductase 3 (TXNRD3) (Figure 6A).
Interestingly, the expressions of superoxide dismutase 1 and 2 showed no significant differ-
ence between the Roxadustat-treated group and the control group. Given that the majority
of antioxidant genes showed low FC values but were significantly induced by Roxadustat,
we measured ROS generation using CellRox staining (Figure 6B). This revealed that ROS
generated by Roxadustat-treated cells did not differ from ROS generation detected in the
control group, while the cells exposed to menadione showed significant ROS generation
(Figure 6B). Similar to this, Roxadustat did not induce mitochondrial superoxide production
(Figure 6C).
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Figure 5. Endothelial cell tube formation assay using ARPE-19 conditioned media. ARPE-19 cells
were treated with Roxadustat (10 1M, 16 h), and the resulting cell culture supernatants were collected.
Human umbilical vein endothelial cells (HUVECSs) were then seeded onto Geltrex™ LDEV-Free
Reduced Growth Factor Basement Membrane Matrix and incubated with the conditioned media.
For controls, HUVECs were cultured in Medium 200 supplemented with Large Vessel Endothelial
Supplement (LVES) as a positive control for tube formation, and in Medium 200 without LVES as a
negative control. (A) Tube formation was visualized using a Leica DMil microscope. (B) Total tube
length and (C) the number of branches were analyzed by Fiji software v. 1.54p with Angiogenesis
Analyzer plugin.
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Figure 6. Antioxidant gene expression and reactive oxygen species (ROS) generation in ARPE-19

cells following Roxadustat treatment. (A) Expression levels of altered antioxidant genes in ARPE-19
cells treated with Roxadustat (10 uM, 16 h). p (corr): adjusted p-values; FC: fold change. (B) Detection
of oxidative stress using CellROX™ dye in ARPE-19 cells treated with Roxadustat. Mean nuclear

fluorescence intensities were quantified from 50 cells (N

= 50) using LAS X software Version 5.3.0.

(C) Detection of mitochondrial superoxide production using MitoSOX™ Red dye in ARPE-19 cells

after Roxadustat exposure. Nuclei were counterstained with Hoechst.
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3.5. Roxadustat Does Not Induce NFxB Nuclear Tranlocation. Roxadustat Mitigates Inflammatory
Response to TNF-a. High Glucose Does Not Aggravate Roxadustat-Induced VEGF Expression in
ARPE-19 Cells

First, we analyzed whether Roxadustat triggers the nuclear translocation of NFkB.
We showed that Roxadustat (10 uM) did not facilitate the nuclear translocation of NFxB
even after 24 h of incubation (Figure S1). In addition, our findings demonstrated that
Roxadustat, when administered alone, did not result in an increase in IL-6 secretion in
ARPE-19 cells. However, it was observed to significantly attenuate TNF-o-induced IL-6 se-
cretion (Figure 7A). Subsequently, IL-8 secretion was quantified in response to TNF-« alone
or in combination with Roxadustat. The results demonstrated that Roxadustat alone did not
increase IL-8 secretion. However, similar to IL-6, it significantly decreased TNF-a-induced
IL-8 secretion (Figure 7B). Next, we measured TNF-«-driven MCP-1 secretion in the pres-
ence or absence of Roxadustat. The results demonstrated that Roxadustat alone did not
elevate MCP-1 secretion; however, it markedly reduced MCP-1 secretion induced by TNF-
o at the higher concentrations (10 and 25 pM) (Figure 7C). While Roxadustat treatment
lowered the TNF-a—induced increase in inflammatory marker (IL-6, IL-8, MCP-1) levels,
expression remained markedly elevated compared to untreated controls.

To investigate the anti-inflammatory impact of Roxadustat on TNF-«-induced inflam-
matory signaling in ARPE-19 cells, we conducted a Western blot analysis to examine the
phosphorylation of NF-«B and MAPK signaling pathway component JNK. Our findings
demonstrated that TNF-« (1 and 10 ng/mL) markedly enhanced the phosphorylation of
NF-kB p65 in a dose-dependent manner, whereas Roxadustat alone exhibited no discernible
impact on NF-«kB phosphorylation (Figure 7D). Roxadustat was observed to reduce NF-kB
phosphorylation in TNF-a-treated ARPE-19 cells (Figure 7D). In conclusion, Roxadustat
alone did not increase the phosphorylation of NF-«B p65, but reduced TNF-o-induced
NF-kB phosphorylation.

Hyperglycemia is known to aggravate VEGF secretion in ARPE-19 cells [42]. Accord-
ingly, we proceeded to assess the impact of high glucose on Roxadustat-induced VEGF
secretion. As illustrated in Figure 7E, high glucose (25 mM glucose) was observed to
markedly enhance VEGF secretion in comparison to the normal glucose (5.5 mM) control
(Figure 7E). Our results showed that Roxadustat (10 uM) significantly increased VEGF
secretion in the normal glucose (5.5 mM), high glucose (25 mM glucose), and in the osmotic
control group (19.5 mM mannitol + 5.5 mM glucose) (Figure 7F). It is noteworthy that high
glucose did not significantly elevate Roxadustat-induced VEGF secretion compared to the
normal glucose group in ARPE-19 cells (Figure 7F).
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Figure 7. Roxadustat reduces TNF-a-induced inflammation and VEGFA expression is not enhanced
by high glucose in ARPE-19 cells. ARPE-19 cells were pretreated with Roxadustat (5, 10, or 25 uM) for
16 h, followed by stimulation with TNF-« (10 ng/mL) for 24 h, in the continued presence or absence
of Roxadustat. (A-C) Protein levels of (A) IL-6, (B) IL-8, and (C) MCP-1 in cell culture supernatants
were measured by ELISA. Cytokine levels were normalized to total protein content in cell lysates.
(D) Detection of NF-«B p65 phosphorylation in ARPE-19 cells pretreated with Roxadustat (10 uM,
16 h), followed by TNF-« stimulation (1 or 10 ng/mL) for 10 min. (E) VEGF protein secretion in
ARPE-19 cells cultured in normal glucose (5.5 mM, NG) or high glucose (25 mM, HG) conditions. NG
NC: normal glucose, untreated control; HG NC: high glucose, untreated control. (F) VEGF protein
levels in ARPE-19 cells cultured in NG (5.5 mM glucose), HG (25 mM glucose), or osmotic control
(5.5 mM glucose + 19.5 mM mannitol), with or without Roxadustat (5 uM, 24 h). NG NC and HG NC

indicate normal and high glucose untreated controls, respectively.
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4. Discussion

VEGEF expression and angiogenesis play a key role in the pathogenesis of DR [21],
AMD [22], and ROP [23]. In the retina, both in normal development and in the context of
pathologic hypoxia, VEGF is the dominant mediator of the hypoxia-driven proangiogenic
response [43]. It can be postulated that the activation of the HIF pathway may enhance
retinal angiogenesis and predispose patients to retinal complications such as neovascular-
ization and hemorrhage. The present study examined the effects of HIF-PHIs in a retinal
pigment epithelial cell model, with the objective of elucidating their impact on angiogenesis,
oxidative stress, and inflammation.

The present study revealed that the VEGF-inducing capacity of distinct HIF-PHIs
differed when evaluated in ARPE-19 cells. It was observed that DMOG and Vadadustat did
not significantly affect VEGF secretion in ARPE-19 cells. In contrast, Roxadustat, Molidustat,
Enarodustat, and Daprodustat formed a single group and significantly enhanced VEGF
secretion to a comparable extent.

It is postulated that the concentration of DMOG applied in the present study may be
the reason for the lack of significant increases in VEGF expression, given that other studies
have utilized considerably higher doses (100-500 uM) of DMOG in adipose tissue-derived
stem cells (ASC) [44] and primary cultures of rat palatal cells [45]. Similar to the results
obtained with Vadadustat in ARPE-19 cells, it has been demonstrated that Vadadustat
(3-30 uM) does not enhance VEGF secretion when compared to the 1% hypoxia control in
Hep 3B cells [46]. In light of our findings, it may be necessary to employ higher doses of
DMOG and Vadadustat to achieve a significant increase in VEGF expression, a conclusion
that is consistent with the available literature data.

In the concentration range of 5-25 pM, it has been observed that Roxadustat increased
VEGEF expression in human umbilical vein endothelial cells (HUVECs) [47]. Conversely,
Molidustat has showed minimal VEGF secretion in HUVECsS, yet it markedly enhances
VEGEF secretion in human pluripotent stem cell-derived cardiomyocytes, human cardiac
ventricular fibroblasts, and human adipose-derived stem cells [48]. Additionally, Molidu-
stat (10-50 uM) has been demonstrated to stabilize HIF-1« and induce the expression of
VEGF in MDA-MB-231 breast cancer cells [49]. In our ARPE-19 model, both Roxadustat
and Molidustat were observed to induce VEGF production to a similar extent, suggesting
that there is no considerable, cell-specific difference between these HIF-PHIs in their ability
to induce VEGF in ARPE-19 cells. Daprodustat has also been reported to increase VEGF
production in human aortic smooth muscle cells [50]. The data suggest that there may be
variability in the capacity of HIF-PHISs to induce VEGEF in specific cell types. In general, it
seems that HIF-PHIs may have disparate effects on different cell types, which could make
them applicable to specific target cells. Further research is required to elucidate these effects
in a cell-type-specific manner.

Angiogenin (ANG) is a potent inducer of blood vessel growth [51]. ANG expression
is regulated by HIF-1oc in ARPE-19 cells and its level is elevated in a murine model of
choroidal neovascularization [52]. ANG has also been found to have a correlation with
the pathogenesis of neovascular AMD [53]. The present study revealed a pattern of
ANG expression similar to that observed for VEGF expression, indicating that HIF-PHIs
may exhibit differential potential to induce angiogenic gene expression in ARPE-19 cells.
Although VEGF and other angiogenic factors were upregulated in ARPE-19 cells, no tube
formation was observed in HUVECs under our experimental conditions. This finding
suggests that the induction of angiogenic signaling alone may be insufficient to drive
functional angiogenesis in this model. A limitation of our approach is that HUVECs do not
fully replicate the morphological or functional characteristics of retinal endothelial cells.
Consequently, the applicability of tube formation assays using HUVECsS to retinal-specific
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vascular phenomena is limited. The differential responsiveness of retinal endothelial cells
to local angiogenic cues may not be adequately captured in this model, thereby reducing
the relevance of these findings to retinal angiogenesis.

GLUT1, which is encoded by Slc2al, is known to be the primary glucose transporter
in the retina pigment epithelium (RPE) [54]. The transport of glucose through the RPE
layer via the GLUT1 glucose transporter plays a pivotal role in retinal homeostasis [55].
Notably, HIF-1« has been shown to enhance glycolysis under hypoxic conditions, result-
ing in increased glucose consumption in the RPE layer, which has been associated with
photoreceptor degeneration [41,56]. Here we showed that HIF-PHIs, such as Molidustat,
Roxadustat, and Daprodustat, induced GLUT1 expression in ARPE-19 cells at all con-
centrations tested. In contrast, Vadadustat did not significantly alter GLUT1 levels. It
is noteworthy that DMOG and Vadadustat demonstrated comparable gene expression
patterns with regard to VEGF and ANG, although they exhibited some differences in terms
of GLUT1 induction. It is interesting to observe that the highest dose of DMOG resulted in
GLUT1 induction similar to that of Molidustat, Roxadustat, and Enarodustat, suggesting
that different HIF-PHIs might induce distinct gene expression patterns. However, in vivo
data on how HIF-PHIs can affect GLUT-1 expression are scarce. In a recent study, Roxadus-
tat has been shown to increase GLUT1 expression after 2-week treatment; however, this
was not statistically significant compared to the control [34]. Interestingly, GLUT1 protein
is significantly reduced in retinas from 4-week Roxadustat-treated mice compared with
2-week mice and GLUT1 protein in 4-week Roxadustat-treated mouse retina is not different
from the control group [34]. However, the authors of the study noted that their protein
analysis utilized whole retinal lysate, which may have diluted potential response varia-
tions across different cells [34]. Here, we showed that acute (16 h) exposure of ARPE-19s
to certain HIF-PHIs induced a significant increase in GLUT1 expression. However, it is
important to conduct further research to investigate the long-term effects of HIF-PHIs on
GLUT1 expression in the eye after prolonged exposure.

In addition to stimulating glycolysis, it has been observed that HIF inhibits the tri-
carboxylic acid cycle (TCA) by inducing PDK1. This enzyme inactivates the TCA cycle
enzyme pyruvate dehydrogenase (PDH), which is responsible for converting pyruvate
to acetyl-CoA [57]. PDK1 has been identified as a potential therapeutic target in DR and
ROP [58] as well as in neovascular AMD [59]. We observed that Molidustat, Roxadustat,
Enarodustat, and Daprodustat significantly induced PDK1 expression in ARPE-19 cells in
all tested doses. Similar to our results, Roxadustat significantly elevated PDK1 levels in
mice after 4 weeks [34]. We showed that Vadadustat did not induce PDK1 in ARPE-19 cells
significantly, while DMOG provoked significant PDK1 induction only at the highest dose.
These data indicate that increased PDK1 expression might be a potential off-target effect
of HIF-PHIs in the RPE layer, and the effect of long-term HIF-PHI treatment on PDK-1
expression should be investigated in future studies.

Detailed unbiased NGS data on the effect of HIF-PHIs are scarce. To our knowledge,
this is the first study that analyses how HIF-PHIs affect RNA transcriptome in ARPE-19s.
Our study represents a step forward in our understanding of how HIF-PHIs impact the
RNA transcriptome in ARPE-19 cells. Our analysis identified a global RNA transcriptome
consisting of 469 DEGs that were significantly altered in response to Roxadustat. The func-
tional characterization of these changes has the potential to uncover both the advantages
and disadvantages of HIF-PHIs in retinal pathologies. We found that overrepresented GO
terms in Roxadustat-stimulated cells were mostly associated with nucleoside diphosphate
metabolic processes, tube development, carbohydrate metabolic processes, methylgly-
oxal metabolic processes, response to decreased oxygen levels, positive regulation of ATP
metabolic processes, neuron death, muscle tissue development, angiogenesis involved
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in wound healing, regulation of progesterone biosynthetic processes, fructose metabolic
processes, and oxidoreductase activity, acting on the aldehyde or oxo group of donors. The
gene expression profile of Roxadustat-treated RPEs showed overlap with vitreous markers
reported in patients with DR and AMD, as well as in animal models of retinopathy. While
this overlap may suggest potential relevance to hypoxia-related pathways implicated in
these conditions, further phenotypic and functional studies are needed to establish any
pathogenic significance. We showed a significant increase in Roxadustat-treated ARPE-19
cells whose gene expression pattern overlaps with several angiogenic genes involved in
DR and AMD, such as ANGPTLA4 [60], VEGF [22,23], ANG [52], ADM [61], RORA [62],
SERPINE1 [63], ITGB3 [64], ADAMTSI [65], CXCR4 [66], and LOXL2 [67]. In contrast,
other markers of neovascular retinopathy such as CCL2 [68], ANGPTL2 [69], and ID1 [70]
were downregulated in the Roxadustat group. Other genes involved in the response to
decreased oxygen levels are also associated with retinopathies. Among them, EIF4EBP1,
which is upregulated in the retina of diabetic mice [71] and contributes to diabetes-induced
vascular dysfunction [72], ALKBHS5, which is upregulated in AMD and associated with
increased VEGF secretion in RPEs [73], and early growth response 1 (EGR1) transcription
factor, which promotes neovascularization in ROP models [74], were significantly induced
in ARPE-19 cells exposed to Roxadustat. The overrepresentation of genes (ADM, EGR1,
and PPARGC1A)—genes annotated under the ‘regulation of progesterone biosynthetic pro-
cess’ GO term—suggests that RPE cells may be involved in modulating local steroidogenic
pathways. Given the neuroprotective and anti-inflammatory roles of progesterone in the
retina [75,76], this transcriptional signature may reflect an adaptive response to cellular
stress, mitochondrial demand, or a need for local hormonal signaling.

These findings indicate that a number of genes associated with DR/AMD are upregu-
lated in ARPE-19 cells in response to Roxadustat treatment. While this suggests activation
of pathways relevant to retinal disease, it remains unclear whether such changes trans-
late into a DR/ AMD-like phenotype, and further phenotypic and functional validation
is required.

In general, HIF stabilization induces a glycolytic shift of the TCA cycle toward anaero-
bic pathways with the upregulation of GLUT1, phosphoglycerate kinase 1 (PGK1), pyruvate
dehydrogenase kinase 1 (PDK1), lactate dehydrogenase A (LDHA), hexokinase 2 (HK2),
and enolase 1 (ENO1) [77]. Our results show that HIF stabilization by Roxadustat signifi-
cantly upregulates these glycolytic enzymes in ARPE-19 cells. Energy metabolism in RPE
cells appears to play a fundamental role in photoreceptor function and death. Increased
glycolysis leading to more robust glucose consumption in the ARPE-19 layer induces pho-
toreceptor degeneration [41,56]. Together, our results indicate that Roxadustat induces a gly-
colytic shift in RPE cells. Therefore, the potential effects of Roxadustat and other HIF-PHIs
on retinal health warrant careful monitoring during long-term systemic administration.

Hypoxia and oxidative stress have been identified as significant factors in the develop-
ment of age-related macular degeneration (AMD) [78] and diabetic retinopathy (DR) [79].
In addition, hypoxic response to CoCl, is associated with the formation of reactive oxygen
species (ROS) in retinal pigment epithelial cells [80]. Here, we showed that Roxadustat did
not induce ROS generation in ARPE-19 cells. Although Roxadustat significantly affected
the expression of many genes involved in antioxidant response, these expressions showed a
heterogeneous pattern since certain antioxidant genes were significantly decreased (PRDX1,
PRDX3, PRDX6, TXN2, GSTK1, GSS, GSR), while others (CAT, PRDX2, PRDX4, PRDX5,
GSTO1, GSTP1, GSTT2, GSTT2B, GPX3, GPX4, HMOX1, TXNRD1, and TXNRD2) increased
in response to Roxadustat. In addition, we did not detect increased ROS generation in
cells exposed to Roxadustat. These suggest that Roxadustat-driven hypoxic response is
presumably not associated with ROS generation in ARPE-19 cells.
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It is well established that inflammation is associated with the pathology of DR. Ele-
vated levels of IL-6, IL-8, and MCP-1 in the aqueous humor are associated with the severity
of DR [68,81-83] and AMD [84]. Diabetic patients, as evidenced by elevated serum lev-
els of TNF-«, exhibit increased overall inflammatory activity compared to non-diabetic
patients [85]. Accordingly, we aimed to ascertain whether HIF-PHI Roxadustat exerts an in-
fluence on the secretion of IL-6, IL-8, and MCP-1 in ARPE-19 cells. Our findings indicate that
Roxadustat alone did not induce an elevation in IL-6, IL-8, and MCP-1 secretion. However, it
was observed that Roxadustat significantly reduced cytokine secretion in response to TNF-cx.
This finding is consistent with recent studies demonstrating that Roxadustat pretreatment
significantly alleviates neuroinflammation in vivo and in vitro [86,87]. This effect was at-
tributed to a reduction in NF-kB phosphorylation in response to lipopolysaccharide [87]. In
accordance with the aforementioned findings, we demonstrated that Roxadustat pretreat-
ment attenuated TNF-a-induced phosphorylation of NF-«B p65, which may be implicated
in the reduction of pro-inflammatory cytokine expression in ARPE-19 cells in response
to TNF-o. The results of this study indicate that Roxadustat does not appear to enhance
pro-inflammatory cytokine expression but rather decreases TNF-a-induced inflammation
in ARPE-19 cells. While the levels in Roxadustat-treated groups are indeed lower than in
the TNF-o-only group, they remain elevated compared to untreated controls. The observa-
tion that Roxadustat attenuates TNF-a—induced inflammatory marker (IL-6, IL-8, MCP-1)
expression, but does not fully restore levels to baseline, suggests that while HIF stabilization
has a modulatory effect on inflammatory signaling in RPE cells, it may not be sufficient
to completely counteract proinflammatory stimuli such as TNF-«. Similar observations
have been made in cardiomyocytes, where activation of HIF-1 via prolyl-4-hydroxylase-2
silencing attenuated—but did not completely eliminate—TNF-o—induced chemokine and
adhesion molecule expression [88].

Our ARPE-19 model has several limitations. ARPE-19 cells are a widely used in vitro
model of the human retinal pigment epithelium (RPE) due to their accessibility, ease of
culture, and partial expression of RPE-specific markers. However, they do not fully recapit-
ulate the structural and functional characteristics of native RPE cells in vivo, particularly in
the context of complex retinal diseases such as AMD and DR. These limitations highlight
the importance of validating findings using more physiologically relevant systems, such
as induced pluripotent stem cell (iPSC)-derived RPE cells in future studies. Despite these
constraints, ARPE-19 cells remain a valuable model for preliminary mechanistic studies
and hypothesis generation.

Although the current data indicate that HIF-PHI is not associated with an elevated risk
of retinal hemorrhage in comparison to ESA, strict follow-up is recommended if the patient
reports visual disturbance after initiation of HIF-PHI, especially in patients with high
propensity for retinal complications, such as DR [89]. This is supported by a recent case
report which reported the exacerbation of retinopathy in a DR patient following HIF-PHI
treatment [90]. In light of these considerations and the established role of hyperglycemia
in enhancing VEGF secretion in ARPE-19 cells [36], we sought to investigate the impact
of elevated glucose levels on Roxadustat-induced VEGF secretion in ARPE-19 cells. The
results demonstrated that high glucose did not exacerbate VEGF secretion in ARPE-19
cells in response to Roxadustat. However, given the potential for other cell types, such as
Miiller cells and astrocytes, to secrete VEGF in the retina, it cannot be excluded that high
glucose might contribute to HIF-PHI-induced retinal neovascularization. Therefore, it is
essential to monitor retinal neovascularization and hemorrhage in DR patients undergoing
HIF-PHI treatment.



Cells 2025, 14,1121

21 of 27

5. Conclusions

In conclusion, the data presented herein provide evidence that different HIF-PHIs in-
duce distinct expression of angiogenic (VEGE, ANG) and hypoxic (GLUT-1, PDK-1) factors
in ARPE-19 cells. The results of this study demonstrate the induction of a HIF-1-driven
hypoxic response and the activation of pathways involved in angiogenesis and carbohy-
drate metabolism in ARPE-19 cells treated with the most extensively analyzed HIF-PHI
drug Roxadustat. While retinal neovascularization represents a potential adverse effect
of HIF-PHISs in the treatment of CKD-associated anemia, the secretome of ARPE-19 cells
exposed to HIF-PHI Roxadustat did not demonstrate an increased neovascularization
potential in endothelial cultures. Furthermore, HIF-PHI Roxadustat did not induce oxida-
tive stress or a pro-inflammatory response in ARPE-19 cells, both of which are significant
risk factors for retinal neovascularization. Although hyperglycemia and diabetes can
be a potential risk factor for retinal neovascularization, our findings did not indicate an
additive or synergistic effect between high glucose and Roxadustat in VEGF secretion
in ARPE-19 cells. In conclusion, ophthalmologic follow-up is recommended during the
treatment of CKD patients using PHIs to prevent the potential side effect of HIF-PHIs in
retinal/choroidal neovascularization.
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Abbreviations

The following abbreviations are used in this manuscript:

AMD
ANG
ARPE-19
BSA
CAT
CKD
M
DMEM
DR
ELISA
Epo
FBS

FC
GLUT1
GPX3
GPX4
GPX8
GSR
GSS
GSTK1
GSTO1
GSTP1
GSTT2
GSTT2B
HIF

HIF
HMOX1
HUVEC
IL-6
1L-8
LVES
MCP-1
NF-«B
PBS
PDK1
PHD
PHI
PRDX1
PRDX2
PRDX3
PRDX4
PRDX5
PRDX6
RIPA buffer
ROP
ROS
RT-gPCR
SDS-PAGE

Age-related macular degeneration
Angiogenin

Adult retinal pigment epithelial cell-19
Bovin serum albumin

Catalase

Chronic kidney disease

Culture medium

Dulbecco’s Modified Eagle Medium
Diabetic retinopathy

Enzyme-linked immunosorbent assay
Erythropoietin

Fetal bovine serum

Fold change

Glucose transporter-1

Glutathione peroxidase 3

Glutathione peroxidase 4

Glutathione peroxidase 8
Glutathione-disulfide reductase
Glutathione synthetase

Glutathione S-transferase kappa 1
Glutathione S-transferase omega 1
Glutathione S-transferase pi 1
Glutathione S-transferase theta 2
Glutathione S-transferase theta 2B
Hypoxia-inducible factor

Hypoxia inducible factor

Heme oxygenase 1

Human Umbilical Vein Endothelial Cell
Interleukin-6

Interleukin-8

Large Vessel Endothelial Supplement
Monocyte chemoattractant protein-1
Nuclear factor kappa B
Phosphate-buffered saline

Pyruvate dehydrogenase kinase-1
Prolyl-4-hydroxylase domain

Prolyl hydroxylase inhibitor
Peroxiredoxin 1

Peroxiredoxin 2

Peroxiredoxin 3

Peroxiredoxin 4

Peroxiredoxin 5

Peroxiredoxin 6
Radioimmunoprecipitation buffer
Retinopathy of prematurity

Reactive oxygen species

Real-time quantitative polymerase chain reaction
Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
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TNF-a Tumor necrosis factor-o
TXN2 Thioredoxin 2

TXNRD1 Thioredoxin reductase 1
TXNRD2 Thioredoxin reductase 2
TXNRD3 Tthioredoxin reductase 3

VEGFA Vascular endothelial growth factor-A
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