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A B S T R A C T

Neovascularization is implicated in the pathology of retinopathy of prematurity (ROP), diabetic retinopathy 
(DR), and age-related macular degeneration (AMD), which are the leading causes of blindness worldwide. In our 
work, we analyzed how heme released during hemorrhage affects hypoxic response and neovascularization. Our 
retrospective clinical analysis demonstrated, that hemorrhage was associated with more severe retinal neo
vascularization in ROP patients. Our heme-stimulated human retinal pigment epithelial (ARPE-19) cell studies 
demonstrated increased expression of positive regulators of angiogenesis, including vascular endothelial growth 
factor-A (VEGFA), a key player of ROP, DR and AMD, and highlighted the activation of the PI3K/AKT/mTOR/ 
VEGFA pathway involved in angiogenesis in response to heme. Furthermore, heme decreased oxidative phos
phorylation in the mitochondria, augmented glycolysis, facilitated HIF-1α nuclear translocation, and increased 
VEGFA/GLUT1/PDK1 expression suggesting HIF-1α-driven hypoxic response in ARPE-19 cells without effecting 
the metabolism of reactive oxygen species. Inhibitors of HIF-1α, PI3K and suppression of mTOR pathway by 
clinically promising drug, rapamycin, mitigated heme-provoked cellular response. Our data proved that oxida
tively modified forms of hemoglobin can be sources of heme to induce VEGFA during retinal hemorrhage. We 
propose that hemorrhage is involved in the pathology of ROP, DR, and AMD.
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1. Introduction

Retina is one of the best vascularized human organ with two inde
pendent vascular systems [1]. The first system, known as the retinal 
circulation, is situated between the retinal nerve fiber layer and corpus 
vitreum. The second system, known as the choroidal circulation, is 
located beneath the retinal pigment epithelial cell layer. Vascular pa
thologies can lead to several age dependent retinal disorders. In the case 
of newborns, retinopathy of prematurity (ROP) has public health 
importance, while macular degeneration and diabetic retinopathy (DR) 
has significant danger for visual acuity of the middle age and older 
population [2]. The vascular pathology of these eye diseases often in
cludes the growth of new blood vessels after the death and damage of 
existing vessels, furthermore, in ROP, the developmental perturbation is 
an extraordinary feature [3]. Retinal hemorrhage is often associated 
with these neovascularization [4]. The relationship between neo
vascularization and bleeding has remained unclear, and further inves
tigation is needed to determine their potential role in the pathogenesis. 
To answer this dilemma, we selected two models for our study, a well 
characterized disease, ROP, to determine the importance of hemorrhage 
in neovascularization, and an in vitro retinal pigment epithelial cell 
culture system for studying the relationship between the regulation of 
angiogenesis and cellular heme stress.

ROP was first described and connected to premature birth in 1942 
[5]. ROP, a retinal vasoproliferative eye disease affecting premature 
newborns, represents the most common cause of childhood blindness 
[6]. According to data from the Intelligent Research in Sight (IRIS) 
Registry in the United States, ROP causes 31.3 % of vision loss in chil
dren under the age of 18 years despite better understanding of the 
pathophysiology [7]. In Australia, ROP is the second most common 
diagnosis of ocular diseases in the first 3 years of life in a pediatric 
tertiary hospital [8].

The two phases of ROP pathophysiology are based on the retinal 
vascular development of premature newborns [9]. Expression of the two 
main ROP growth factors, vascular endothelial growth factor A (VEGFA) 
and insulin-like growth factor-1 (IGF-1), changes in parallel with the 
progression of these phases [10,11].

VEGFA is essential in retinal vascular development, since increasing 
oxygen demand of the neural retina generates VEGFA production in the 
retinal tissue [12]. Formation of new retinal vessels decreases hypoxia 
and VEGFA production after physiologic retinal vascularization [13]. In 
premature newborns, right after births, when the first phase of ROP 
starts, the extra uterine oxygen supply is pathologically high compared 
to the intrauterine milieu especially when therapeutic oxygen supple
mentation is justified. The relatively high oxygen supply interferes with 
the retinal vascular development by decreasing VEGFA expression and 
triggering partial vascular apoptosis of retinal vasculature [14]. The 
second phase of ROP is driven by tissue hypoxia; it is a consequence of 
vessel apoptosis and characterized by increased local VEGFA expression, 
resulting in pathological neovascularization a few weeks after birth 
[14]. In addition, other cell death mechanism, such as necroptosis and 
ferroptosis are also involved in ROP. Microglial necroptosis is involved 
in retinopathies and targeting microglial necroptosis can be a potential 
anti-angiogenesis therapy for retinal neovascular diseases [15]. Others 
have found that ferroptosis is involved in ROP, and ferroptosis inhibitor 
can alleviate retinal pathological angiogenesis in murine model of ROP 
[16].

Besides the importance of prematurity and oxygen, the first original 
publication also described the presence of retinal hemorrhage [5]. An 
association between hemorrhage and ROP severity has been raised 
earlier [4], but how hemorrhage can affect neovascularization has still 
remained ill-lit. In addition to ROP, DR is characterized by neo
vascularization, vascular fragility, and hemorrhages [17,18]. Extrava
sated red blood cells are susceptible to hemolysis; once oxidized, free 
hemoglobin releases its heme moieties, which have complex effects on 
surrounding cells and tissues [19–22].

In terms of ROP prevention, tightly controlled oxygen administration 
is a cornerstone of neonatal intensive care [23], but ROP remains a 
significant chronic disease. In addition to all this, the fact that ROP re
mains a significant issue for premature newborns is also supported by 
the following observation. In a prophylactic study, IGF-1 replacement 
immediately after birth did not significantly improve ROP, but pre
vented bronchopulmonary dysplasia, another chronic morbidity of 
premature infants, with 53–89 % efficacy [24]. Reducing pathologic 
neovascularization in the second phase is the main therapeutic approach 
of ROP today, which is based on neutralizing the proangiogenic effect of 
VEGFA in the retina [25]. Laser photocoagulation indirectly reduces 
VEGFA levels by ablating the peripheral avascular retina that produces 
the VEGFA [26], whereas intravitreal administration of VEGFA-specific 
antibodies bind retinal VEGFA [27].

Here, we combine clinical research with a physiologically relevant 
cell culture system to test the role of hemorrhage in the pathology of 
ROP. Together, the results provide mechanistic insights into how hem
orrhage contributes to disease pathology not only in ROP, but also in 
other retinopathies with hemorrhage, such as DR, and identifies po
tential therapeutic targets.

2. Results

2.1. Hemorrhage correlates with retinal neovascularization

The Vermont Oxford Network (VON) database contained 370000 
screened cases for ROP under 29 weeks’ gestation in the last ten years. 
Both the rate of stage 3 ROP and the rate of ROP treatment were 
collected from the database and were given in percentage of the 
screened newborns broken down by year (Fig. 1a). The rate of stage 3 
ROP has not changed in the last 10 years. The mean incidence of stage 3 
ROP was 8.2 % with a range of 8.1–8.3 %. This shows that ROP disease is 
still present in routine neonatal practice. There has been a slight 
decrease in the rate of surgery for ROP over the last 10 years in this 
population, but it still accounts for more than 2 % of screened cases 
(Fig. 1a).

Vitreous hemorrhage can be present in stage 3 ROP [4]. However, its 
possible pathogenic role in the progression of ROP is not well 
understood.

To test our hypothesis on hemorrhage and its relationship to ROP 
severity, among our 824 stage 3 ROP cases for newborns under 1500 g 
birth weight we found 145 preterm infants with retinal hemorrhage and 
compared their data to 145 randomly selected preterm infants with no 
retinal hemorrhage. Differences in gestational age, birth weight, and the 
rate of laser therapy were examined for the two groups. Our results show 
no significant difference in gestational age (non-hemorrhaged 26.08 
weeks vs. hemorrhaged 25.74 weeks) and birth weight (non-hemor
rhaged 829.5 g vs hemorrhaged 800.3 g) between the hemorrhaged and 
non-hemorrhaged groups. In contrast, laser therapy was required for 
26.8 % (39 of 145 patients) of premature infants with non-hemorrhaged 
retinas and 73.2 % (106 of 145 patients) of premature infants with 
hemorrhaged retinas (Fig. 1b). This shows that a significantly higher 
number of patients with hemorrhage required laser therapy compared to 
patients with non-hemorrhaged retinas.

We next examined the correlation between hemorrhage and activity 
of retinal neovascularization. To rule out the effect of the variability of 
neonatal intensive care unit (NICU) treatment, we selected 40 preterm 
infants from the hemorrhaged retina group, where one eye suffered 
hemorrhage during ROP screening and the other eye did not, and 
compared the extent of vasoproliferation in the two eyes. The mean 
gestational age of the patient group was 25.43 ± 0.22 weeks, and the 
birth weight was 780.0 ± 29.8 g. The degree of retinal vessel engorge
ment and tortuosity multiplied by “clock hours” served as the value for 
activity of neovascularization. The results showed that the rate of vas
oproliferation was significantly higher in the hemorrhaged eye (3.87 ±
0.48 h) compared to the non-hemorrhaged eye of the same patient (1.22 
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± 0.08 h) (Fig. 1c and d).
In conclusion, hemorrhage increases the frequency of the need for 

laser therapy and can be used as an indicator of severe ROP. What is 
more, in the same patient, hemorrhaged eyes exhibited increased vas
oproliferation compared to non-hemorrhaged eyes emphasizing the 
strong correlation between the neovascularization and bleeding.

2.2. Heme induces VEGFA expression in human retinal pigment epithelial 
cells (ARPE-19 cells)

VEGFA expression, and consequently angiogenesis, are involved in 
the pathogenesis of ROP [6] and DR [28]. One of the well characterized 
in vitro cell culture model for VEGF synthesis and regulation is the 
human retinal pigment epithelial cell which is optimal for heme stress 
studies. To evaluate the relative levels of angiogenesis-related proteins, 
we performed a Human Angiogenesis Array on ARPE-19 cells cell su
pernatants. Supernatants of ARPE-19 cells cultures stimulated with 
heme (25 μM) were examined and compared to unstimulated cells. We 
showed that VEGFA was upregulated by heme in the cell culture su
pernatants (Fig. 1e).

To verify these results, we exposed ARPE-19 cells to various con
centrations of heme (5–50 μM) and measured VEGFA mRNA expression 
by quantitative real-time PCR. We found that higher heme concentra
tions (25 and 50 μM) led to a ~ 2-fold increase in VEGFA gene expres
sion compared to the control (Fig. 1f). At lower heme concentrations (5 
and 10 μM), there was an upregulation of VEGFA gene expression, but 
this was not statistically significant (Fig. 1f). We then determined 
VEGFA protein levels in the cell culture supernatants by ELISA. We 
showed that heme (10, 25, and 50 μM) significantly induced VEGFA 
protein expression (Fig. 1g). The release of VEGFA was comparable at 
the higher doses of heme (25 and 50 μM) (Fig. 1g).

Determination of cell viability of ARPE-19 cells in response to heme 
was critical for our cell culture experiments, since we wanted to avoid a 
near retinal pigment epithelial death phenomenon and studies. Next, we 
analyzed whether heme induces cell death in ARPE-19 cells. Cells were 
treated with various doses of heme (10–300 μM) for 6 and 16 h, then cell 
viability was tested by MTT assay (Supplementary figure). Our data 
showed that heme did not trigger cell death in ARPE-19 in the concen
tration range tested.

Taken together, it can be concluded that heme induces the expres
sion of VEGFA in ARPE-19 cells in a dose-dependent manner.

2.3. Heme induces endothelial tube formation in HUVEC cultures

To investigate whether heme induces endothelial tube formation in 
HUVEC cultures, a tube formation assay was performed as described in 
the Methods section. Our results showed that conditioned media from 
ARPE-19 cells exposed to heme markedly induced tube formation in 
HUVEC cultures on Geltrex LDEV-Free Reduced Growth Factor Base
ment Membrane Matrix compared to that collected from untreated 
ARPE-19 cells when concentrated to 10-fold or 25-fold (Fig. 2). This 
indicate that heme amplifies the angiogenic potential of ARPE-19 cell 
cultures.

2.4. RNA sequencing transcriptomic signatures in ARPE-19 cells upon 
heme exposure

To begin to understand the underlying mechanism by which hem
orrhage increases neovascularization, we performed RNA-seq on ARPE- 
19 cells treated with heme (25 μM) and compared to untreated cells. 
This analysis revealed 370 differentially expressed genes (DEGs) that 
met our inclusion criteria for fold change expression (>1.5) in heme- 
stimulated ARPEs relative to control. The heme-stimulated and control 
groups were clearly separated in the heatmap (Fig. 3a). Volcano plot 
showed that MIR6720, TFRC, PDIA4, HYOU1, and HSPA5 were the most 
downregulated genes, while SAT1, IFUTM10, CHAC1, PFKFB4, and 
HMOX1 were the most upregulated genes (Fig. 3b).

To identify the function of the DEGs, multiple bioinformatics ana
lyses were performed using the Cytoscape ClueGO bioinformatics tool 
[29]. We showed that overrepresented GOterms in heme-stimulated 
ARPE-19 cells were mostly involved in biological processes related to 
DNA replication, cell cycle checkpoint, cholesterol biosynthesis, positive 
regulation of angiogenesis, regulation of transcription from RNA poly
merase II promoter in response to stress, telomere maintenance, and 
cellular response to unfolded protein (Fig. 3c).

Among genes annotated to the positive regulation of angiogenesis, 
13 genes (6.95 per cent of annotated to the positive regulation of 
angiogenesis) showed significant change in response to heme. Out of 
these, 11 significantly increased (ADM, ADM2, ANGPTL4, BTG1, 
CYP1B1, HIPK2, HK2, HMOX1, KLF4, RHOB, VEGFAA), and 2 (CXCL8, 
THBS1) significantly decreased in heme-stimulated ARPE-19 cells 
(Fig. 3d).

Next, we examined the relative changes in genes involved in lipid 
metabolism and biosynthetic pathways. We showed that 25 genes 
involved in this process were significantly upregulated, while two genes 
(MFSD2A, P2RY6) were down-regulated in heme-stimulated ARPE-19 
cells (Fig. 3e).

To explore the relationship between DEGs in lipid biosynthesis and 
positive regulators of angiogenesis pathways, ClueGO plug-in was used 
to perform GO functional enrichment in Cytoscape software. The results 
indicated that the DEGs were significantly enriched in cholesterol 
biosynthetic process, regulation of alcohol biosynthetic process, 
cholesterol metabolic process, regulation of steroid metabolic process, 
and regulation of lipid biosynthetic process (Fig. 3f).

These results indicate the dynamic induction of positive regulators of 
angiogenesis and lipid biosynthetic processes in response to heme, 
which may underline the importance of the role of retinal hemorrhage in 
retinal pathophysiology.

2.5. Heme induces nuclear translocation of HIF-1α and Activates HIF- 
regulated gene expression in ARPE-19 cells

Since anti-VEGFA therapy of ROP in the second phase of the disease 
is very effective in saving vision contrary to the failing preventive effi
ciency of IGF-1 supplementation during the first phase, the importance 
of the mainly hypoxia inducible factor-1 α (HIF-1α)-regulated VEGFA 
should be our focus in hemorrhage/heme modified retinal pigment 
epithelium (RPE) function. Hypoxia and hypoxia inducible factors are 
important inducers of VEGFA production [30]. First, we analyzed the 

Fig. 1. Hemorrhage correlates with the incidence of severe ROP. a Incidence of ROP Stage-3 and ROP surgery in VON database 2012–2022. b Differences in 
gestational age, birth weight, and laser therapy between hemorrhage and non-hemorrhaged patients. N = 145 in both groups. Data are represented as mean value ±
SEM. Statistical analysis was performed by one-way ANOVA test followed by Bonferroni correction. A value of p < 0.05 was considered significant. c,d Correlation 
between hemorrhage, gestational age, birth weight and vasoproliferation in the hemorrhaged group. N = 40. Data are represented as mean value ± SEM. Statistical 
analysis was performed by one-way ANOVA test followed by Bonferroni correction. A value of p < 0.05 was considered significant. e Human angiogenesis array 
analysis of cell culture supernatants of ARPE-19 cells exposed to heme (25 μM). Each group contained two replicates of culture supernatant mixtures. NC: non-treated 
cells. f Gene expression levels of VEGFA in ARPE-19 cells exposed to heme (5–50 μM). NC: non-treated cells. Data are represented as mean value ± SEM (n = 5). 
Statistical analysis was performed by one-way ANOVA test followed by Bonferroni correction. A value of p < 0.05 was considered significant. g VEGFA protein levels 
measured by ELISA in ARPE-19 cells exposed to heme (5–50 μM). NC: non-treated cells. Data are represented as mean value ± SEM (n = 5). Statistical analysis was 
performed by one-way ANOVA test followed by Bonferroni correction. A value of p < 0.05 was considered significant.
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nuclear translocation of HIF-1α by treating ARPE-19 cells with heme 
(5–25 μM) to determine whether HIF-1α is directly involved in 
heme-induced VEGFA production. Immunofluorescence analysis 
showed a robust increase in HIF-1α nuclear translocation upon exposure 
of ARPE-19 cells to heme (Fig. 4a). To extend our findings, we investi
gated how heme affects the gene expression of two hypoxia-regulated 
genes, Glucose transporter 1 (GLUT1) [31] and Pyruvate dehydroge
nase kinase 1 (PDK1) [32], both of which have been implicated in the 
pathology of DR and ROP [33,34]. Our results showed that both GLUT1 
and PDK1 expressions were upregulated ~2-fold in ARPE-19 cells 
exposed to heme (Fig. 4b and c). Next, we measured the lactate con
centration in the supernatants of ARPE-19 cells cultures exposed to 
heme (5–50 μM). Lactate levels were significantly elevated in response 
to heme (Fig. 4d).

In summary, heme enhances nuclear translocation of HIF-1α, acti
vates HIF-regulated gene expression, and increases lactate production in 
ARPE-19 cells.

2.6. Inhibition of HO-1 does not aggravate heme-induced VEGFA 
production in ARPE-19 cells

HO-1 is the main catabolic enzyme of heme, and HO-1 expression 
plays a key role in VEGFA induction in several cell types [35,36]. 
Furthermore, the HO-1 inhibitor tin protoporphyrin IX (SnPPIX) inhibits 
HO-1-dependent VEGFA production [35,37,38]. We then investigated 
whether inhibition of HO-1 by SnPPIX attenuates heme-induced VEGFA 
production in ARPE-19 cells. Our experiments showed that SnPPIX had 
no effect on heme-induced VEGFA gene (Fig. 5a) or protein (Fig. 5b) 
expression. To further confirm this finding, we next examined whether 
SnPPIX affects GLUT1 and PDK1 levels in ARPE-19 cells exposed to 
heme. Our results showed that SnPPIX had no effect on the 
heme-induced expression of GLUT1 and PDK1 in heme-treated ARPE-19 
cells (Fig. 5c and d). To verify these results, we knocked down HO-1 
expression using small interfering RNA. We showed that knockdown 
of HO-1 expression did not affect heme-induced VEGFA production in 
ARPE-19 in the concentration range (5–50 μM) tested (Fig. 5e and f).

To test whether scavenging heme with the specific heme-binding 
protein A1M, we co-incubated heme with A1M followed by the mea
surement of VEGFA mRNA after 6 h. Our results showed that scavenging 
free heme with rA1M prevents heme-induced VEGF expression (Fig. 5g). 
Based on these data, we are convinced that the end-products of heme 
catabolism by HO-1 are not necessary for VEGFA induction in our case.

2.7. TLR4 is not connected to VEGF production in response of ARPE-19 to 
heme

Toll-like receptors, including Toll-like receptor 4 (TLR4), are 
expressed in ARPE-19 cells [39]. TLR4 signaling is implicated in path
ogenesis of DR [40], and the TLR4 inhibitor TAK-242 attenuates aber
rant angiogenesis in oxygen-induced retinopathy (OIR) model [41]. 
Given that heme could activate TLR4 signaling [42], we next asked 
whether inhibiting TLR4 signaling with TAK242, a specific inhibitor of 
TLR4 signaling, could inhibit heme-induced hypoxic response and VEGF 
induction in ARPE-19 cells. We found that TAK242 did not inhibit 
heme-induced VEGF expression (Fig. 6a and b). Consistent with this, 
TAK242 had no effect on either GLUT1 or PDK1 mRNA expression 
(Fig. 6c and d). Thus, our results show that TLR4 signaling is unlikely to 

(caption on next column)

Fig. 2. Endothelial Cell Tube Formation Assay. HUVEC cultures were plated on 
Geltrex LDEV-Free Reduced Growth Factor Basement Membrane Matrix and 
exposed to 10-fold or 25-fold concentrated ARPE-19 cell culture supernatants 
from heme-exposed cells. For positive inducer control of tube formation, 
HUVECs exposed to Medium 200 supplemented with Large VesseI Endothelial 
Supplement (LVES), while for negative control, HUVECs exposed to Medium 
200 without LVES were used (n = 3). Tube formation was observed using Leica 
DMi1 microscope.
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be involved in heme-induced hypoxic transition and VEGF production in 
ARPE-19 cells.

2.8. Heme induces VEGFA production via PI3K/Akt pathway in ARPE- 
19 cells

HIF-1α can be induced by various growth factors and cytokines 
through the phosphoinositide 3-kinase-AKT- Mammalian target of 
rapamycin (PI3K-AKT-mTOR) pathway in an oxygen-independent 
manner [43–45]. Furthermore, the PI3K-AKT-mTOR pathway has a 
key role in numerous cellular functions, including angiogenesis [46]. 
Phosphorylation of Ser473 required for AKT activation [47]. Therefore, 
we next sought to identify whether heme induces the phosphorylation of 
Ser473. Immunoblot analysis of ARPE-19 cells exposed to heme revealed 
that heme increased the phosphorylation Ser473 compared to untreated 
cells without affecting the total level of AKT (Fig. 7a). This was also 
verified by immunofluorescent analysis of heme-treated cells (Fig. 7b). 
Having shown that AKT phosphorylation is induced by heme, we next 
asked whether PI3K inhibition could reduce heme-induced VEGFA 
production and hypoxic response. For this reason, we exposed the 
ARPE-19 cells to LY294002, a potent inhibitor of PI3K [48], before 
pulsing them with heme. We showed that LY294002 attenuated VEGFA 
expression and secretion in ARPE-19 cells exposed to heme (Fig. 7c and 
d). Consistently, LY294002 significantly reduced GLUT1 and PDK1 ex
pressions in ARPE-19 cells treated with heme (Fig. 7e and f). This sug
gests that inhibiting PI3K signaling may have anti-angiogenic potential 
in hemorrhagic retinopathies.

2.9. HIF-1α inhibitor BAY 87–2243 and mTOR inhibitor rapamycin 
reduce heme-induced VEGFA production in ARPE-19 cells

To determine whether pharmacological inhibition of HIF-1α could 
reduce the heme-induced hypoxic response, we evaluated VEGFA, 
GLUT1, and PDK1 expression in heme-exposed ARPE-19 cells treated 
with a specific HIF-1α inhibitor, BAY 87–2243. We showed that VEGFA 
mRNA expression (Fig. 8a) and protein secretion (Fig. 8b) were reduced 
by treatment of ARPE-19 cells with the HIF inhibitor BAY 87–2243 in a 
dose dependent manner. Next, we examined how BAY 87–2243 could 
affect GLUT1 and PDK1 expressions. We showed that BAY 87–2243 
dose-dependently decreased the levels of both GLUT1 (Fig. 8c) and 
PDK1 (Fig. 8d). Collectively, these results suggest that pharmacological 
inhibition of HIF-1α could reduce the heme-induced hypoxic response 
and VEGFA production in ARPE-19 cells.

Rapamycin has been shown to reduce VEGFA expression in vitro in 
ARPE-19 cells [49]. However, how rapamycin affects heme-induced 
hypoxic gene expression and VEGFA production remains incompletely 
characterized. Therefore, we performed qPCR analysis on ARPE-19 cells 
treated with rapamycin and heme in comparison to heme-treated 
ARPE-19 cells alone. Our results showed that rapamycin 
down-regulated heme-induced VEGFA expression and VEGFA protein 
secretion (Fig. 8e and f). In parallel, we also observed a significant 
decrease in both GLUT1 and PDK1 levels in response to rapamycin in 
heme-treated ARPE-19 cells (Fig. 8g and h), suggesting that targeting 
mTOR may be an effective intervention to inhibit both VEGFA produc
tion and hypoxic reprogramming after hemorrhage.

2.10. ER stress is not involved in VEGFA production in ARPE-19 cells 
upon heme exposure

Inhibition of the protein kinase R-like endoplasmic reticulum kinase 
(PERK) arm of endoplasmic reticulum (ER) stress signaling reduces both 
C/EBP homologous protein (CHOP) and VEGFA expression in ARPE-19 
cells [50]. This raised the question of whether the PERK/CHOP arm of 
ER stress is involved in the heme-induced production of VEGFA in the 
ARPE-19 cells. Therefore, we exposed ARPE-19 cells to the selective 
PERK inhibitor GSK2656157 in the presence of heme and compared the 
expression of CHOP and VEGFA with that of ARPE-19 cells exposed to 
heme alone. We showed that heme induced a 3-fold induction of CHOP 
expression, which was significantly inhibited by the PERK inhibitor 
GSK2656157 (Fig. 9a). We then quantified VEGFA mRNA expression 
and protein secretion in the presence of heme and the PERK inhibitor 
GSK2656157. Our results showed that PERK inhibition did not decrease 
but slightly increased heme-induced VEGFA expression (Fig. 9b and c). 
Next, we evaluated the effects of GSK2656157 on GLUT1 and PDK1 
expressions. Our results showed that GSK2656157 did not affect 
heme-induced GLUT1 and PDK1 expressions (Fig. 9d and e), suggesting 
that heme-induced hypoxic response is not related to heme-induced ER 
stress and CHOP expression. These results suggest that the 
heme-induced hypoxic response and the expression of VEGFA are in
dependent of the PERK/CHOP axis.

2.11. Heme reduces oxidative phosphorylation and induces a glycolytic 
response in ARPE-19 cells

Mitochondrial damage is involved in retinopathies [51,52]. Our 
ARPE-19 cell culture data revealed that heme induced VEGFA through 
the HIF-1α pathway. This observation highlights a possible mitochon
drial heme effect in this model. To investigate the significance of alter
ations in mitochondrial function in response to heme, we analyzed the 
mitochondrial oxygen consumption rate in ARPE-19 cells exposed to 
heme and in the presence of absence of BAY 87–2243, LY294002, and 
rapamycin. Basal respiration, maximal respiration, spare respiratory 
capacity, and ATP production were significantly decreased in 
heme-stimulated ARPE-19 cells (Fig. 10a–e). These were further 
decreased by BAY 87–2243 and LY294002 but not by rapamycin 
(Fig. 10a–e).

The glycolytic function of ARPE-19 cells in response to heme and the 
different inhibitors were measured using the glycolysis stress test 
(Fig. 10f–i). The rate of glycolysis was significantly increased by heme 
(Fig. 10g). This rate was further aggravated by both BAY 87–2243 and 
LY294002 (Fig. 10g). Rapamycin significantly decreased the rate of 
glycolysis in heme-stimulated cells (Fig. 10g). Next, we measured 
glycolytic capacity that showed no significant differences between the 
different groups (Fig. 10h). Glycolytic reserve was significantly 
decreased by heme between 5 and 25 μmol/L but not by the highest 
heme dose (50 μmol/L) (Fig. 10i). Glycolytic reserve was significantly 
decreased by both BAY 87–2243 and LY294002, and a lesser extent, but 
still significantly by rapamycin (Fig. 10i).

Heme is known as cellular alarmin with several metabolic conse
quences, one of them is sensitization towards active oxygen species. 
Heme itself may generate free radicals or increases cellular free radical 
concentration if the mitochondrial function is disturbed. We studied the 

Fig. 3. RNA sequencing transcriptomic signatures in ARPE-19 cells upon heme exposure. a Heatmap representation of the differentially expressed genes identified in 
RPEs exposed to heme (25 μM) compared to the control (n = 3). NC: non-treated cells. The color key represents gene expression levels with darker colors representing 
higher (red) or lower (blue) gene expression. b Volcano plot analysis of the differentially expressed genes identified in RPEs exposed to heme (25 μM) compared to 
the control. c Overrepresented GOterms in heme-stimulated RPEs compared to controls using the Cytoscape ClueGO bioinformatics tool. d RNA sequencing analysis 
of the positive regulators of angiogenesis and e cholesterol biosynthetic process in heme-stimulated ARPE-19 cells compared to controls. Raw sequencing data (fastq) 
was aligned to human reference genome version GRCh38 using HISAT2 algorithm and BAM files were generated. Downstream analysis was performed using 
StrandNGS software (www.strand-ngs.com). BAM files were imported into the software DESeq algorithm was used for normalization. Moderated T-test was used to 
determine differentially expressed genes between conditions, p value < 0.05 was considered significant difference. f GO functional enrichment analysis of the positive 
regulators of angiogenesis and e cholesterol biosynthetic process in heme-stimulated ARPE-19 cells compared to controls using the Cytoscape software.
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Fig. 4. Heme Induces Nuclear Translocation of HIF-1α and Activates HIF-Regulated Gene Expression in ARPE-19 cells. a Immunofluorescent analysis of HIF-1α 
nuclear translocation in ARPE-19 cells exposed to heme (5–25 μM) compared to non-treated control. Nuclei are visualized with Hoechst staining (n = 3). b Gene 
expression levels of GLUT1 and c PDK1 in ARPE-19 cells exposed to heme (5–50 μM). d Lactate concentration in the supernatants of ARPE-19 cells exposed to heme 
(5–50 μM). NC: non-treated cells. Data are represented as mean value ± SEM. Statistical analysis was performed by one-way ANOVA test followed by Bonfer
roni correction.
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Fig. 5. Inhibition of HO-1 does not aggravate heme-induced VEGFA production in ARPE-19 cells. a Gene expression and b VEGFA protein levels measured by ELISA 
in ARPE-19 cells exposed to heme (25 μM) and SnPPIX (25 μM). c Gene expression levels of GLUT1 and d PDK1 in ARPE-19 cells to heme (25 μM) and SnPPIX (25 
μM). e Gene expression levels of VEGFA and f HO-1 in HO-1-silenced ARPE-19 cells exposed to heme (5–50 μM). g Gene expression levels of VEGFA in ARPE-19 cells 
exposed to heme (25 μM) alone or in complex with A1M (12.5 μM) NC: non-treated cells; A1M: alpha-1-microglobulin. Data are represented as mean value ± SEM (n 
= 3). NC: non-treated cells Statistical analysis was performed by one-way ANOVA test followed by Bonferroni correction. A value of p < 0.05 was consid
ered significant.
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probable cellular free radical generation by heme through the tran
scriptomic changes of antioxidant enzymes mRNAs and by direct mea
surement of cellular oxygen species after ARPE-19 cell heme treatment.

DEGs involved in antioxidant response which significantly changed 
(p < 0.05) are depicted in Fig. 11a. Importantly, DEGs that met our 
inclusion criteria for fold change expression (>1.5) in heme-stimulated 
ARPEs relative to control only include two DEGs, those are glutathione- 
disulfide reductase (GSR) and sulfiredoxin 1 (SRXN1). Both GSR and 
SRXN1 were upregulated by heme. Other components of the antioxidant 
response such as superoxide dismutase 2, mitochondrial (SOD2), 
glutathione synthetase (GSS), glutathione S-transferase C-terminal 
domain containing (GSTCD), thioredoxin 2 (TXN2), thioredoxin reduc
tase 3 (TXNRD3), and peroxiredoxin 6 (PRDX6) were significantly 
downregulated, while. Glutathione S-transferase mu 3 (GSTM3), 
microsomal glutathione S-transferase 1 (MGST1), glutathione-disulfide 
reductase (GSR), microsomal glutathione S-transferase 3 (MGST3), 
glutathione peroxidase 3 (GPX3), thioredoxin (TXN), thioredoxin 
reductase 1 (TXNRD1), and peroxiredoxin 1 (PRDX1) were significantly 
upregulated by heme with fold change expression <1.5. Then, we 
examined oxidative stress using CellRox staining in cells exposed to 
heme. We found that heme did not induce detectable oxidative stress in 
ARPE-19 cells compared to untreated cells (Fig. 11b). However, mena
dione, a well-known inducer of oxidative stress, markedly induced 
reactive oxygen species generation. To detect whether heme induces 
lipid peroxidation in ARPE-19 cells, cells were exposed to heme and lipid 
peroxidation was measured with Image-iT Lipid Peroxidation Kit as 
described in the Methods section. The signals were then quantitated and 
the ratios of the signal from red to green channels were used to quantify 
lipid peroxidation in cells according to the manufacturer’s guide. In 
control cells, most of the signal is in red channel and the ratio of red/ 
green was high and when the cells are treated with menadione, the 

ratios are markedly significantly lower. In heme-treated cells, the signal 
is in red channel and the ratio of red/green comparable with those 
detected in the untreated control cells (Fig. 11c and d) suggesting that 
heme did not trigger lipid peroxidation under our experimental 
conditions.

Since heme treatment of ARPE-19 cells resulted in significant mito
chondrial functional consequences, we visualized mitochondria by 
fluorescent nanoscopy. In order to evaluate the effect of heme on 
mitochondria, we stained ARPE-19 cells with Mitotracker Red probe 
that accumulates in the mitochondria of live cells and observed mito
chondria using confocal microscopy. Our results showed that heme (25 
μmol/L) led to the aggregation of mitochondria that was mitigated by 
rapamycin (Fig. 12a). BAY 87–2243 alone or in combination with heme 
tremendously decreased the accumulation of Mitotracker Red in the 
mitochondria (Fig. 12a). To quantify these, ten individual Region of 
interest (ROIs) (1 μm2) were quantified. Quantification of ROIs sup
ported our findings (Fig. 12b).

We showed heme induced the aggregation of mitochondria, 
decreased oxidative phosphorylation, provoked a glycolytic response, 
but not induced oxidative stress in ARPE-19 cells.

2.12. Hemoglobins (Hbs) induce VEGF, PDK-1, and GLUT-1 expressions 
in ARPE-19 cells

Evidence shows that hemolysis products, specifically Hb itself, have 
profound effects on angiogenesis. Hb induces VEGF secretion in tumor 
cells [53]. Therefore, we examined VEGFA in response to Hbs. For 
control, heme (25 μM) was used. Our results showed that OxyHb, MetHb 
as well as FerrylHb significantly induced VEGFA expression that was 
comparable or even higher than that detected in heme-exposed cells 
(Fig. 13a). All Hbs and heme significantly induced HO-1 (Fig. 13b), 

Fig. 6. TLR4 is not connected to heme-induced VEGF production in ARPE-19 cells. a VEGF gene expression and b protein levels in ARPE-19 cells exposed to heme 
(25 μM) and TAK-242 (3 μM). c Gene expression levels of GLUT1 and d PDK1 in ARPE-19 cells exposed to heme (25 μM) and TAK-242. NC: non-treated cells, TLR4: 
Toll-like receptor 4 (n = 3). Statistical analysis was performed by one-way ANOVA test followed by Bonferroni correction. A value of p < 0.05 was consid
ered significant.
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GLUT-1 (Fig. 13c), and PDK-1 (Fig. 13d) expressions. These results 
suggest that Hbs, similar to heme, effectively induce VEGFA and GLUT1 
as well as PDK1 expression.

Next, we measured the extent of Hb oxidation catalyzed by ARPE-19 
cells. The oxidation process of Hb was followed by measuring the 
oxidation states of the heme-iron. The quantity of the oxidation forms of 
iron was determined spectrophotometrically, as summarized in the 
Methods section. Analysis of absorption spectra (Fig. 13e) and the 
quantification of the oxidation forms of iron showed that Hb is readily 
oxidizing in ARPE-19 cell culture supernatants (Fig. 13f). This was also 
demonstrated by immunoblotting that detected cross-linked Hb as a 
marker of Hb oxidation (Fig. 13g).

3. Discussion

In ROP, which is one of the best characterized retinal vascular dis
eases, we described increased retinal neovascularization in premature 
newborns when hemorrhage was observed during their ROP screening. 

Based on our transcriptomic, proteomic and signal transduction results, 
we can define that heme was capable to stimulate angiogenic factors by 
ARPE-19 cells. This heme-stimulated proangiogenic profile switch of 
ARPE-19 cells may suggest that heme is one of the ultimate mediators in 
hemorrhage-induced neovascularization contributing to the enhanced 
proangiogenic status of the retina. This clinical and in vitro cellular 
model strengthens our hypothesis, that bleeding is not an innocent 
bystander of retinal pathologies, moreover it is one of the risk factors of 
retinal vasculopathies.

We observed that preterm infants with retinal hemorrhage required 
laser therapy more frequently than those without retinal hemorrhage. In 
addition, in the retinal hemorrhage group, there was a significant in
crease in the activity of neovascularization in the eye with retinal 
hemorrhage in comparison to the eye without retinal hemorrhage in the 
same patient. These results are in good agreement with other studies 
concluded that vitreous hemorrhage is not only a marker for advanced 
ROP, but also an additional risk factor for a poor outcome [54]. Our 
clinical observation supports earlier study on ROP complicated with 

Fig. 7. Heme induces VEGFA production via PI3K/Akt pathway in ARPE-19 cells. a Immunoblot analysis of Akt (Ser 473) phosphorylation in response to heme 
(5–25 μM, n = 3). Immunoblots are cropped from different parts of the same gel. Uncropped immunoblots are presented in the Supplementary information. b 
Immunofluorescent analysis of Akt (Ser 473) phosphorylation in response to heme (5–25 μM; n = 3). c Gene expression and d VEGFA protein levels in ARPE-19 cells 
exposed to heme (25 μM) and LY294002. e Gene expression levels of GLUT1 and f PDK1 in ARPE-19 cells exposed to heme (25 μM) and LY294002. NC: non-treated 
cells. Data are represented as mean value ± SEM (n = 6). Statistical analysis was performed by one-way ANOVA test followed by Bonferroni correction. A value of p 
< 0.05 was considered significant.
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retinal bleeding where the proportion of premature newborns receiving 
treatment was also higher than that of in the non-hemorrhaged group, 
68.3 % vs. 43.4 %, although in their cohorts the gestational age and birth 
weight of the retinal hemorrhage group were lower than those of the 
non-hemorrhagic group [4]. Future studies are needed to provide more 
information on the association between bleeding and ROP.

Retinal pigment epithelial cells are major contributors to the retinal 
secretome involved in retinal pathologies [55]. Here we showed that 
gene expression profile of heme-treated ARPE-19 cells and vitreous 
markers of retinopathy in ROP and DR patients or in hyperoxia-induced 
animal ROP models showed high overlap, indicating that the similar 
expression patterns could already suggest the pathophysiological 
involvement of hemorrhage/heme in these retinopathies. Increased 

expression of Retinoic-acid-receptor-related orphan receptor alpha 
(RORA) [56], VEGFA [6], angiopoietin-like protein 4 (ANGPTL4) [57], 
are detected in ROP and DR patients, and these genes were upregulated 
in ARPE-19 cells exposed to heme. Thrombospondin-1 (THBS1) was also 
markedly down-regulated by heme in ARPE-19 cells, which is consistent 
with a report showing that THBS1 deficiency aggravates the pathogen
esis of DR [58]. Similarly, heme also decreased the expression of major 
facilitator superfamily domain-containing 2a (MFSD2A) which protein 
is reported to alleviate vascular dysfunction in retinopathies [59]. In 
contrast to these, C-X-C Motif Chemokine Ligand 8 (CXCL8) which is 
up-regulated in retinopathies [60], was decreased in ARPE-19 cells in 
response to heme. Levels of several genes involved in angiogenesis, such 
as 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase 4 (PFKFB4) 

Fig. 8. HIF-1α inhibitor BAY 87–2243 and mTOR inhibitor rapamycin reduce heme-induced VEGFA production in ARPE-19 cells. a VEGFA gene expression and b 
protein levels in ARPE-19 cells exposed to heme (25 μM) and BAY 87–2243 (20–80 nM). c Gene expression levels of GLUT1 and d PDK1 in ARPE-19 cells exposed to 
heme (25 μM) and BAY 87–2243 (20–80 nM). NC: non-treated cells. e VEGFA gene expression and f protein levels in ARPE-19 cells exposed to heme (25 μM) and 
Rapamycin (100 nM). g Gene expression levels of GLUT1 and h PDK1 in ARPE-19 cells exposed to heme (25 μM) and Rapamycin. NC: non-treated cells. Data are 
represented as mean value ± SEM (n = 6). Statistical analysis was performed by one-way ANOVA test followed by Bonferroni correction. A value of p < 0.05 was 
considered significant.
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[61] and Krüppel-like factor 4 (KLF4) [62], were higher in heme-treated 
ARPE-19 cells. Given the relatively high expression of many genes 
involved in ROP/DR and genes of angiogenesis in ARPE-19 cells treated 
with heme, these data support our observation that hemorrhage possibly 
plays an important role in the pathology of ROP and DR.

HIF-1α is involved in the pathogenesis of both in the first and the 
second clinical phases of ROP [63], moreover in DR [64] by regulating 
VEGFA expression. Our study showed that heme facilitates nuclear 
translocation of HIF-1α in ARPE-19 cells. This is in good agreement with 
a study on experimental intracerebral hemorrhage, HIF-1α protein levels 
are significantly increased after intracerebral injection of lysed eryth
rocytes [65]. In addition, we showed that heme increased expression of 
hypoxia-regulated genes GLUT1 [31] and PDK1 [32], both involved in 
the pathology of DR and ROP [33,34].

The expression of VEGFA plays a crucial role in the pathogenesis of 
ROP [6], age-related macular degeneration (AMD) [66], and DR [28]. 
Here we observed that heme induces VEGFA expression and secretion in 

ARPE-19 cells. This is in close agreement with a previous study showing 
that heme upregulated VEGFA expression in rat vascular smooth muscle 
cells [38]. We also demonstrated that the heme-scavenger alpha-1-mi
croglobulin (A1M) [67] efficiently blunted heme-induced VEGFA 
expression in ARPE-19 cells. These data suggest that retinal hemorrhage 
may further aggravates retinal neovascularization by inducing VEGFA 
expression.

To complement angiogenic signaling end points, we performed tube 
formation assay using ARPE-19 cell culture supernatants. Our results 
showed that HUVECs formed capillary-like structures in response to 
ARPE-19 cell culture supernatants that was markedly promoted by 
heme. This further supports our finding that heme can induce complex 
response in ARPE-19 cells that may aggravate angiogenesis and capillary 
formation.

Inhibiting HO-1 activity by SnPPIX downregulates both heme- and 
hypoxia-induced VEGFA production in vascular smooth muscle cells 
[38]. SnPPIX blocks the release of VEGFA from tumor cells [37]. 

Fig. 9. ER stress are not connected to heme-induced VEGFA production in ARPE-19 cells. a CHOP gene expression in ARPE-19 cells exposed to heme (25 μM) and the 
PERK inhibitor GSK2656157 (1 μM). b VEGFA gene expression and c protein levels in ARPE-19 cells exposed to heme (25 μM) and the PERK inhibitor GSK2656157 
(1 μM). NC: non-treated cells. d Gene expression levels of GLUT1 and e PDK1 in ARPE-19 cells exposed to heme (25 μM) and the PERK inhibitor GSK2656157(1 μM). 
NC: non-treated cells. Data are represented as mean value ± SEM (n = 6). Statistical analysis was performed by one-way ANOVA test followed by Bonferroni 
correction. A value of p < 0.05 was considered significant.
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Contrary to expectations, SnPPIX and HO-1 mRNA silencing had no ef
fect on VEGFA expression in heme-treated ARPE-19 cells. Similarly, 
there was no effect of HO-1 inhibition on GLUT1 or PDK1 levels in 
heme-treated ARPE-19 cells. Our data suggest that retinal neo
vascularization in hemorrhagic retinopathies is likely to be HO-1 
independent.

There is evidence that heme activates the TLR4 signaling [42]. TLR4 
signaling participates in OIR, as TLR4 inhibitor TAK242 inhibits 

pathological neovascularization in DR model [41]. In order to test 
whether TLR4 is involved in the heme-induced expression of VEGFA, we 
exposed RPE cells to heme and inhibited the TLR4 signaling pathway 
with TAK242. Our data showed that heme-induced VEGFA expression in 
ARPE-19 cells is independent of TLR4 signaling.

Pathologic retinal angiogenesis in ROP and DR is associated with 
elevated levels of HIF-1α and VEGFA [68,69]. Inhibition of HIF-1α 
suppressed VEGFA expression and inhibited angiogenesis in a 

Fig. 10. Metabolic shift towards glycolysis in ARPE-19 cells exposed to heme. a Mito Stress Profile of ARPE-19 cells exposed to heme (5–50 μM) and heme (25 μM) +
BAY 87–2243 (80 nM) or LY294002 (50 μM) or Rapamycin (100 nM). NC: non-treated cells. Data are represented as mean value ± SEM (n = 3). Statistical analysis 
was performed by one-way ANOVA test followed by Bonferroni correction. A value of p < 0.05 was considered significant. b Basal respiration, c maximal respiration, 
d spare respiratory capacity, and e ATP production of ARPE-19 cells exposed to heme (5–50 μM) and heme (25 μM) + BAY 87–2243 (80 nM) or LY294002 (50 μM) or 
Rapamycin (100 nM). NC: non-treated cells. Data are represented as mean value ± SEM (n = 3). Statistical analysis was performed by one-way ANOVA test followed 
by Bonferroni correction. A value of p < 0.05 was considered significant. f Glycolysis Stress Profile of ARPE-19 cells exposed to heme (5–50 μM) and heme (25 μM) +
BAY 87–2243 (80 nM) or LY294002 (50 μM) or Rapamycin (100 nM). NC: non-treated cells. Data are represented as mean value ± SEM (n = 3). Statistical analysis 
was performed by one-way ANOVA test followed by Bonferroni correction. A value of p < 0.05 was considered significant. g Glycolysis, h glycolytic capacity, and i 
glycolytic reserve of ARPE-19 cells exposed to heme (5–50 μM) and heme (25 μM) + BAY 87–2243 (80 nM) or LY294002 (50 μM) or Rapamycin (100 nM). NC: non- 
treated cells. Data are represented as mean value ± SEM (n = 3). Statistical analysis was performed by one-way ANOVA test followed by Bonferroni correction. A 
value of p < 0.05 was considered significant.
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Fig. 11. Oxidative stress and antioxidant response of ARPE-19 cells in response to heme. a Significantly induced differently expressed genes (DEGs) identified in 
ARPE-19 cells exposed to heme (25 μM) compared to the control (n = 3). FC: fold induction, p (corr): corrugated p values. b Detection of reactive oxygen species in 
ARPE-19 cells using CellRox staining. Nuclei were visualized with Hoechst. c Detection of lipid peroxidation in ARPE-19 cells using BODIPY™ 581/591C11 reagent. 
Nuclei were visualized with Hoechst. d Ratio of 590/510 nm fluorescence intensities quantitated using LasX software. Ratios of the signal from red to green channels 
were used to quantify lipid peroxidation in cells (n = 3).
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time-dependent manner in animal model [64]. Since heme induces a 
hypoxic response through HIF-1α nuclear translocation and hypoxic 
gene expression in the ARPE-19 cells, we tested whether BAY 87–2243, a 
known inhibitor of HIF-1α, counteracts heme-induced VEGFA produc
tion and hypoxic response. We found that the heme-induced hypoxic 
response and VEGFA production were also counteracted by pharmaco
logical inhibition of HIF-1α, which suggests that HIF-1α inhibitors can 
be used not only in hemorrhage-induced retinopathies.

Laser photocoagulation and anti-VEGFA agents are effective thera
peutic practice in ROP [70] and DR [71]. However, severe adverse side 
effects of anti-VEGFA therapy have been reported [72]. These findings 
point to the need for new therapeutic approaches for the reduction of 
VEGFA expression without adverse side effects in ROP, AMD, and DR.

The PI3K/Akt/VEGFA signaling plays an important role in retinal 
angiogenesis [73]. Our results suggest that heme activates the PI3K/Akt 
pathway in the ARPE-19 cells, which may be involved in the 
heme-driven expression of VEGFA. PI3K inhibition by LY294002 in
hibits retinal neovascularization in an OIR model [74]. We have shown 
here that LY294002 inhibits heme-induced VEGFA production, sug
gesting that LY294002 is likely to inhibit hemorrhage-induced neo
vascularization. LY294002 is also an inhibitor of the mTOR pathway 
[75]. Therefore, we cannot exclude the possibility that the protective 
effect of LY294002 on heme-driven VEGFA production may be due to its 
inhibitory potential on mTOR. Further work is needed to evaluate the 
anti-angiogenic potential of more selective PI3K inhibitors that have 
minimal toxicity.

To investigate the role of mTOR in heme-induced VEGFA expression, 
ARPE-19 cells were treated with rapamycin, a specific mTOR inhibitor. 
Rapamycin has anti-angiogenic effects by suppressing the HIF/VEGFA 
signaling pathway in the OIR [76] and in the DR model [77]. We have 
demonstrated that rapamycin is effective in the reduction of 
heme-induced VEGFA production and hypoxic response. Our results also 
support the possible therapeutic potential of rapamycin in the treatment 
of hemorrhagic retinopathies.

ER stress is involved in DR [78]. Inhibition of the PERK arm of the ER 
stress pathway reduces the expression of both CHOP and VEGFA in 
retinal pigment epithelial cells [50], whereas inhibition of the CHO
P-HIF1α-VEGFA axis reduces retinal neovascularization in OIR [79]. We 
have shown earlier that heme activates ER stress in vascular endothelial 
cells [80]. Although heme induced CHOP expression in ARPE-19 cells, 
which was inhibited by PERK inhibitor, our results did not support 
activation of the PERK/CHOP/VEGFA axis in heme-treated ARPE-19 
cells, suggesting that VEGFA production in ARPE-19 cells may occur 
independently of ER stress in response to bleeding.

Hypoxia and oxidative stress have been identified as significant 
factors in the development of AMD [81] and DR [82]. Hypoxia can lead 
to the generation of ROS, and heme itself is free radical catalyst that 
sensitizes cells towards oxidant-mediated killing and lipid peroxidation 
[83]. Based on these data we decided to test the cellular heme effect on 
the free radical metabolism. Here we showed that heme did not induce 
ROS generation and lipid peroxidation in ARPE-19 cells. Although heme 
significantly affected the expression of many genes involved in antiox
idant response, these expressions showed heterogeneous pattern since 
certain antioxidant genes were significantly decreased (SOD2, GSS, 
GSTCD, TXN2, TXNRD3, PRDX6), while others genes significantly 
increased (GSTM3, MGST1, GSR, GPX3, TXN, TXNRD1, PRDX1). In 
addition to that, we did not detect cytotoxicity as a sign of 
oxidant-mediated cell death in ARPE-19 cells even at the high heme 
concentrations. These suggest that heme-driven hypoxic response and 
decreased oxidative phosphorylation in the mitochondria is presumably 
not associated with cell death and ROS generation or lipid peroxidation 
in ARPE-19 cells under our experimental condition.

Mitochondrial damage is involved in retinopathies [51,52]. We have 
shown that heme induces morphological changes in ARPE-19 cells. 
These changes may lead to a functional decline as indicated by 
decreased oxygen consumption. This was further exacerbated by BAY 

Fig. 12. Heme induces the aggregation of mitochondria in ARPE-19 cells. a 
ARPE-19 cells were exposed to heme (25 μM) alone or in combination with BAY 
87–2243 (80 nM) or Rapamycin (100 nM) followed by Mitotracker Red staining 
(n = 3). Nuclei were visualized by Hoechst. White arrows indicate aggregated 
mitochondria. b Quantification of Region of interest (ROI). Ten individual ROIs 
(1 μm2) were quantified and data are represented as mean value ± SEM. Sta
tistical analysis was performed by one-way ANOVA test followed by Bonferroni 
correction. A value of p < 0.05 was considered significant.
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87–2243 and LY294002. This effect of BAY 87–2243 can be explained by 
the fact that BAY 87–2243 is a potent mitochondrial complex I inhibitor 
[84]. We detected an increase in glycolysis in response to heme. Energy 
metabolism of the RPE appears to play a fundamental role in photore
ceptor function and death. Increased glycolysis leading to more robust 
glucose consumption in the RPE layer induces photoreceptor degener
ation [85], suggesting the possible detrimental effect of heme-induced 
glycolytic response of the RPE to the photoreceptors. Evidence shows 
that there is a link between angiogenesis and mitochondria. A class of 
anti-angiogenic agents with antitumor activity targets the mitochondria 
to induce endothelial cell death to prevent their integration into new 

blood vessels [86]. However, data on the connection between mito
chondrial function and VEGF derive mainly from endothelial cells. VEGF 
enhances the mitochondrial functions including mitochondrial oxida
tive respiration and intracellular ATP levels in endothelial cells [87,88]. 
In contrast to these, we found that mitochondrial function is decreased 
in heme-exposed ARPE-19 cells 16h after the heme exposure, despite the 
elevated VEGFA protein level in the supernatant. Importantly, it could 
be possible that VEGF released in response to heme might compensate 
the decrease in mitochondrial function. The potential and intriguing role 
of mitochondrial aggregation in VEGF production in response to heme 
should be investigate in future studies.

Fig. 13. Hemoglobins induce VEGF, PDK-1, and GLUT-1 expressions in ARPE-19 cells. a VEGFA, b HO-1, c GLUT-1, and d PDK-1 gene expression levels in ARPE-19 
cells exposed to heme (25 μM), OxyHb (100 μM), MetHb (100 μM), and FerrylHb (100 μM) for 24 h. NC: non-treated cells, Hb: hemoglobin. e Oxidation process of 
OxyHb in ARPE-19 cell cultures measured by the oxidation states of the heme-iron by analyzing the absorbance spectra (500–650 nm) of Hbs. MetHb was used as a 
control of Hb oxidation. f Hb ratios were calculated as described previously by Winterbourn [95]. g Hb oxidation in cell culture supernatants was analyzed using 
immunoblotting by detecting of cross-linked Hb, using HRP-conjugated goat anti-human Hb polyclonal antibody. Bovine serum albumin (BSA) as a loading control 
was detected in cell culture supernatants with anti-BSA specific antibody NC: non-treated cells. Data are represented as mean value ± SEM (n = 3). Statistical analysis 
was performed by one-way ANOVA test followed by Bonferroni correction. A value of p < 0.05 was considered significant.
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Free heme and Hb plays a pathologic role in various human pa
thologies with hemolysis and hemorrhage [89]. Evidence shows that 
hemolysis products, specifically Hb itself, have profound effects on 
angiogenesis. Hb induces VEGF secretion in tumor cells [53]. Similar to 
this early report, we found that Hbs are capable of inducing VEGFA 
expression in ARPE-19 cells regardless its oxidation status supporting 
the notion that Hb itself is a potent angiogenesis inducer in the retina 
supporting the potential etiological role of hemolysis in retinal neo
vascularization. In addition, we found that Hbs, similar to heme, induce 
GLUT1 and PDK1 expression in ARPE-19 cells. It is important to note 
that upon oxidation, free Hb releases its heme moieties [19–22]. We 
found that Hb is being readily oxidized in ARPE-19 cell culture super
natants which raises the question whether the very Hb or its free heme 
moieity is responsible for its angiogenic potential. Therefore, further 
research is needed to explore whether Hb itself or its heme released upon 
Hb oxidation is responsible for VEGFA induction in ARPE-19 cells.

The main sources of retinal VEGFA are astrocytes in the ganglion cell 
layer, Müller cells in the inner nuclear layer, and the RPE [11]. Given 
that our study focuses on the RPE, it would be beneficial for future 
studies to investigate the potential impact of heme on VEGFA secretion 
from astrocytes and Müller cells. Another limitation of our work that 
RPE cells are mainly involved in choroidal neovascularization [90–92], 
which makes these cells an ideal model of choroidal neovascularization. 
However, RPE cells produce high levels of proangiogenic factors and 
maintain retinal and choroidal homeostasis [90–92]. The inner retina is 
often considered the primary region affected ROP, but choroidal invo
lution and outer retinal dysfunctions also occur in ROP suggesting that 
ROP should no longer be considered an inner retinal vasculopathy only, 
but also a disease of choroidal degeneration affecting both RPE and 
photoreceptor integrity [93], which does not exclude that any hemor
rhage reaching the RPE layer might have a role in ROP development.

Although we analyzed the association between hemorrhage and ROP 
severity in preterm patients, similar mechanistic implications in ROP, 
DR, and AMD raise the hypothesis that hemorrhage/heme may be 
involved in the etiology of DR and AMD. Heme, as an amphipathic an 
easily diffusible agent, may reach any cells in the retinal tissue after 
bleeding, among them ARPE-19 cells, and induces high levels of 
proangiogenic factors.

The presented data help us to understand the pathological role of 
retinal hemorrhage in ROP and DR. Our results highlight the substantial 
involvement of HIF-1α-driven hypoxic response and activation of 
pathways involved in angiogenesis as well as mitochondrial damage in 
response to heme in the ARPE-19 cells. This study provides evidence that 
inhibitors of HIF-1α and PI3K as well as the mTOR inhibitor rapamycin 
may have therapeutic potential in retinopathies associated with 
hemorrhage.

4. Methods

4.1. Ethics approval

Retrospective analysis of clinical data was approved by the Regional 
Research Ethical Committee of University of Debrecen under Project 
No.: DE RKEB/IKEB 5419-2020. and was conducted in accordance with 
the ethical standards of all relevant national and institutional commit
tees and the World Medical Association’s Declaration of Helsinki. The 
clinical part of the research was a retrospective study, so the Scientific 
and Research Ethics Committee of the University of Debrecen waived 
the need for informed consent from all subjects and/or their legal 
guardian(s).

4.2. Human premature newborn cohort selection

Our study to reveal the probable causative relationship between 
retinal hemorrhage and ROP started with retrospective clinical data 
analysis (Regional Research Ethical Committee Project No.: DE RKEB/ 

IKEB 5419-2020). Since our tertiary neonatal intensive care unit (NICU- 
III) is part of the Vermont Oxford Network (VON), we were able to 
compare the incidence of stage 3 ROP and the rate of ROP treatment in 
this population on international level. Our focus was the population of 
inborn premature newborns under 29 weeks of gestational age during 
the last ten-year period. The VON database contained 370000 screened 
cases for ROP according to these characteristics. Both the rate of stage 3 
ROP and the rate of ROP treatment were collected from the database and 
were given in percentage of the screened newborns broken down by 
year.

In the second set of our clinical study, we formed two groups of 
premature newborns in our NICU-III having stage 3 ROP without or with 
retinal hemorrhage at any time of ROP screening process. As our clinic is 
the center of eastern region of Hungary for ROP laser treatment, 
ophthalmic- and brain surgery, we were able to collect 824 cases with 
stage 3 ROP at gestational weight under 1500 g during the years of 
2008–2020. From these premature newborns, 145 patients formed the 
so called hemorrhaged ROP patients, who presented stage 3 ROP 
together with retinal hemorrhage. The randomized selection of the non- 
hemorrhaged group was based on the medical history of the first 145 
patients without hemorrhage status according to the weight and gesta
tional week. Importantly, the two groups did not differ in gestational age 
and birth weight. In order to prove the probable pathophysiological 
effect of retinal hemorrhage in ROP progression, we used the rate of ROP 
treatments as indicators for ROP aggravation in the established groups.

Moreover, from the 145 hemorrhaged ROP patients we could find 40 
cases, where only one eye suffered retinal bleeding; in this way, 80 eyes 
were subjected to additional analysis. In order to prove the possible 
pathophysiological effect of retinal hemorrhage in the mechanism of 
ROP in the one eye bleeding cohort, the activity of neovascularization 
was selected to be the outcome measure.

4.3. ROP screening, treatment, activity of neovascularization

Screening was performed by an experienced ophthalmologist in ROP 
using Ret-Cam, occasionally binocular ophthalmoscopy, according to 
the current guidelines [94,95]. Any type of hemorrhage during the 
screening period was considered to be retinal bleeding. Indications of 
ROP treatment were carried out according to the recommendation of the 
Early Treatment for ROP Collaborative Group (ET-ROP) [95,96]. To 
measure the activity of the neovascularization, the latest ICROP 
recommendation was followed. The vascular abnormality is a spectrum, 
based on the engorgement and tortuosity of the retinal vessels starting 
from the normal to plus disease. Normal vessels with zero value do not 
represent pathology, while preplus disease is marked by one point, and 
plus disease gets 2. These values were multiplied by the extent of 
vascular pathology based on the “clock hours”, and the summary value 
was given for one eye [95].

4.4. Reagents

Reagents were purchased from Sigma-Aldrich (St. Louis, MO, US) 
unless otherwise specified. Hemin chloride stock solution was prepared 
protected from light in sterile 20 mM NaOH on the day of use for each 
experiment. BAY 87–2243, LY294002, and Rapamycin were purchased 
from MedChemExpress (Bergkällavägen, Sollentuna, Sweden). Tin- 
protoporphyrin IX (SnPPIX) was purchased from Santa Cruz Biotech
nology (Dallas, TX, US) or Cayman Chemical (Ann Arbor, MI, US). TAK- 
242 was obtained from Cayman Chemical.

4.5. Cell culture

Human retinal pigment epithelial cells (ARPE-19 cells; Cat. No. CRL- 
2302) was obtained from ATCC (Manassas, VA, US). Cells were grown in 
Dulbecco’s Modified Eagle Medium (DMEM): F-12 Medium (ATCC, 
Manassas, VA, US)) with 10 % FBS, 100 U/mL penicillin, 100 μg/mL 
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streptomycin, and amphotericin B until passages 4. From passage 4, cells 
were maintained in low glucose DMEM (Biosera, Cholet, France) sup
plemented with 15 mM HEPES pH 7.3, 10 % fetal bovine serum (Thermo 
Fisher Scientific, Waltham, MA, US), 100 U/mL penicillin, 100 μg/mL 
streptomycin, and amphotericin B (culture medium, CM). The medium 
was changed every 2 days. Cells between passage 5 and 8 were used for 
the experiments. Heme treatments were carried out in serum- and 
antibiotic-free CM. Briefly, hemin chloride stock solution in sterile 20 
mM NaOH was diluted in serum- and antibiotic-free CM. Cells were 
washed twice with Phosphate Buffered Saline (PBS) pH 7.4 (Biosera, 
Cholet, France) and treated with heme for 1 h in CM without serum and 
antibiotics. Cells were then washed with PBS and fresh CM with 10 % 
fetal bovine serum (FBS) and antibiotics were added and cells were 
further incubated for 6 h, and 16 h in a CO2 (5 %) incubator. In some 
experiments, cells were pre-treated either with SnPPIX (25 μM), or 
LY294002 (50 μM), or Rapamycin (100 nM), or BAY 87–2243 (20–80 
nM), or GSK2656157 (1 μM) for 1 h in CM, then exposed to heme as 
described above in the presence of either SnPPIX (25 μM), or LY294002 
(50 μM), or Rapamycin (100 nM), or BAY 87–2243 (20–80 nM), or 
GSK2656157 (1 μM), washed, then further incubated in CM in the 
presence of either SnPPIX (25 μM), or LY294002 (50 μM), or Rapamycin 
(100 nM), or BAY 87–2243 (20–80 nM), or TAK-242 (3 μM), or 
GSK2656157 (1 μ) for 6 or 16 h.

To analyze the effect of Hbs of different redox states, ARPE-19 cells 
were expose to heme (25 μM), OxyHb (100 μM), MetHb (100 μM), and 
FerrylHb (100 μM) in growth medium supplemented with 2.5 % of FBS 
for 24 h. In some experiments, alpha-1-microglobulin (A1M) was added 
to heme (25 μM) diluted in serum- and antibiotic-free DMEM to a con
centration of 12.5 μM of rA1M, gently mixed then incubated at room- 
temperature in the dark with gentle agitation for 30 min. Then, heme- 
rA1M complexes were added to the cells as described above.

4.6. Proteome Profiler Human Angiogenesis Array

Proteome Profiler Human Angiogenesis Array (R&D Systems, 
Abingdon, UK) was performed according to the manufacturer’s guide. 
Briefly, cells were exposed to heme as described above and supernatants 
were collected after 16h. Each group contained two replicates of culture 
supernatant mixtures. Membranes were imaged with iBright FL1500 
(Thermo Fisher Scientific, Waltham, MA, US).

4.7. RNA isolation and quantitative reverse transcription-polymerase 
chain reaction

Cells were treated as described earlier by heme and the different 
inhibitors. RNA isolations were performed 6 h after the heme treat
ments. Cells were grown on six-well plates and total RNA was isolated 
with TriReagent (Zymo Research, Irvine, CA, US) and reverse- 
transcribed using High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems Inc., Foster City, CA, US). VEGFA 
(Hs00900055_m1), HO1 (Hs01110250_m1) GLUT1 (Hs00892681_m1), 
PDK1 (Hs01561847_m1), DDIT3 (Hs00358796_g1), ANG 
(Hs04195574_sh) and GAPDH (Hs02786624_g1) mRNA expressions 
were determined by TaqMan Gene Expression Assays (Thermo Fisher 
Scientific, Waltham, MA, US). Expressions were normalized to GAPDH. 
Reverse transcriptions and qPCRs were carried out using the C1000 
Thermal Cycler with CFX 96 Real-Time PCR System (Bio-Rad, Hercules, 
CA, US). Relative mRNA expressions were calculated with the ΔΔCt 
method using GAPDH as an internal control.

4.8. Cell lysis and immunoblot

Cells were treated as described earlier by heme. Protein isolations 
were performed right after the heme treatments. Cells were washed with 
cold phosphate-buffered saline pH 7.4 then lysed with RIPA buffer 
containing protease and phosphatase inhibitors (50 mM Tris pH 7.5, 

150 mM NaCl, 1 % Igepal CA-630, 1 % Sodium-deoxycholate, 0.1 % SDS, 
1 × Complete Mini Protease Inhibitor Cocktail, 1 × PHOSSTOP phos
phatase inhibitor cocktail, and incubated for 15 min on ice. Lysates were 
clarified by spinning at 16,000×g, 4 ◦C for 15 min. Protein content was 
determined using the bicinchoninic acid assay (Pierce BCA Protein 
Assay Kit, Thermo Fisher Scientific, Waltham, MA, US). Cell extracts 
were electrophoresed on Tris–glycine SDS-PAGE gels, then the proteins 
were transferred to 0.45 μm nitrocellulose membrane (GE Healthcare, 
Chicago, IL, US) and blocked with 5 % w/v milk (Bio-Rad, Hercules, CA, 
US) for 60 min according to the manufacturer’s guide. Primary anti
bodies against Akt (pan) (Cat. No. 4691) and Phospho-Akt (Ser473) (Cat. 
No. 4060) from Cell Signaling Technology (Danvers, MA, US) were 
diluted 1:2000 and incubated at 4 ◦C overnight, washed three times, 
then incubated with Anti-rabbit IgG, HRP-linked Antibody (Cell 
Signaling Technology, Danvers, MA, US) Protein loading was normal
ized to total protein content using No-Stain™ Protein Labeling Reagent 
(Thermo Fisher Scientific, Waltham, MA, US). The antigen–antibody 
complex was detected by WesternBright Quantum HRP substrate 
(Advansta, Menlo Park, CA, US). Immunoblots were imaged with iBright 
FL1500 (Thermo Fisher Scientific, Waltham, MA, US). Equal protein 
loading was followed by No-Stain™ Protein Labeling Reagent (Thermo 
Fisher Scientific, Waltham, MA, US).

4.9. siRNA transfection

Silencer select small interfering RNA specific to HO1 and non- 
targeting siRNA were obtained from Ambion (Thermo Fisher Scienti
fic, Waltham, Massachusetts, US). RPE transfection with siRNA was 
achieved using the Oligofectamine (Thermo Fisher Scientific, Waltham, 
MA, US) according to the manufacturer’s guide in OPTI-MEM Reduced 
Serum Medium (Thermo Fisher Scientific, Waltham, MA, US). Trans
fection mixtures were let on the cells for 24 h. Cells were then treated 
with heme and the different inhibitors as described above. RNA iso
lations were performed 6 h after the heme treatments.

4.10. Human VEGFA quantikine ELISA

Supernatants from RPEs exposed to heme and inhibitors were 
collected and analyzed using Human VEGFA Quantikine ELISA assay 
(R&D Systems, Abingdon, UK) according to the manufacturer’s guide. 
VEGFA expressions were normalized to protein content determined 
using the bicinchoninic acid assay (Pierce BCA Protein Assay Kit, 
Thermo Fisher Scientific, Waltham, MA, US). Supernatants were 
collected 16 h after the heme treatments.

4.11. RNA-seq method

RNA isolations were performed as described earlier. To obtain global 
transcriptome data high throughput mRNA sequencing analysis was 
performed on Illumina sequencing platform. Total RNA sample quality 
was checked on Agilent BioAnalyzer using Eukaryotic Total RNA Nano 
Kit (Agilent Technologies, Santa Clara, CA, US) according to manufac
turer’s protocol. Samples with RNA integrity number (RIN) value > 7 
were accepted for library preparation process. RNA-Seq libraries were 
prepared from total RNA using Ultra II RNA Sample Prep kit (New En
gland BioLabs, Ipswich, MA, US) according to the manufacturer’s pro
tocol. Briefly, poly-A RNAs were captured by oligo-dT conjugated 
magnetic beads then the mRNAs were eluted and fragmented at 94- 
Celsius degree. First strand cDNA was generated by random priming 
reverse transcription and after second strand synthesis step double 
stranded cDNA was generated. After repairing ends, A-tailing and 
adapter ligation steps adapter ligated fragments were amplified in 
enrichment PCR and finally sequencing libraries were generated. 
Sequencing run were executed on Illumina NextSeq 500 instrument 
(Illumina, San Diego, CA, US) using single-end 75 cycles sequencing.
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4.12. RNA-seq data analysis

Raw sequencing data (fastq) was aligned to human reference genome 
version GRCh38 using HISAT2 algorithm and BAM files were generated. 
Downstream analysis was performed using StrandNGS software (www. 
strand-ngs.com). BAM files were imported into the software DESeq al
gorithm was used for normalization. Moderated T-test with Benjamini- 
Hochberg FDR correction was used to determine differentially 
expressed genes between conditions, p value < 0.05 was considered 
significant difference. Aligned sequencing data have been deposited into 
the NCBI SRA database under accession BioProject ID PRJNA1063912.

https://dataview.ncbi.nlm.nih.gov/object/PRJNA1063912?rev 
iewer=uchl3j5c1v0ktbopa94auahc06

4.13. Pathway analyses

CytoScape v3.4 software with ClueGo v2.3.5. application was used 
for identifying over-represented Gene ontology (GO) terms. Two-sided 
hypergeometric test was performed; the list of differentially expressed 
genes was tested against GO Biological process databases.

4.14. Confocal microscopy

Cells were grown on coverslips and treated with heme and inhibitors 
as described above. Phospho-Akt (Ser473) staining was performed right 
after the heme treatment. HIF-1α expression was analyzed 16 h after the 
heme treatment. For confocal analyses, cells were washed with PBS pH 
7.4 twice and fixed with 4 % paraformaldehyde solution in PBS for 15 
min at 37 ◦C. Coverslips were then washed three times with PBS pH 7.4, 
then blocked in Blocking Buffer (5 % normal goat serum/0.3 % Triton X- 
100 in PBS) for 60 min. Primary antibody against HIF-1α (dilution 
1:400) (Cell Signaling Technology, Danvers, MA, US) and Phospho-Akt 
(Ser473) (dilution 1:400; Cell Signaling Technology, Danvers, MA, US) 
were diluted in antibody dilution buffer (1 % BSA/0.3 % Triton X-100 in 
PBS) and incubated overnight at 4 ◦C. Samples were then incubated then 
with goat anti-rabbit IgG conjugated to Alexa Fluor 488 (Thermo Fisher 
Scientific, Waltham, MA, US) (Thermo Fisher Scientific, Waltham, MA, 
US) at a dilution of 1:500 for 60 min. Nuclei were visualized with 
Hoechst. Samples were investigated with Lightning super-resolution 
microscopy using Leica Application Software X (Leica, Mannheim, 
Germany).

4.15. Hb preparations

Hbs of different redox states, that is, OxyHb, MetHb, and FerrylHb 
were prepared as described previously [97]. Briefly, Hb was purified 
from fresh blood drawn from healthy volunteers with ion-exchange 
chromatography on a DEAE Sepharose CL-6B column. To generate 
FerrylHb, purified Hb was incubated for 1 h at 37 ◦C with a 10:1 ratio of 
H2O2 to heme followed by dialysis against saline (3 times for 3 h at 4 ◦C) 
and concentration using Amicon Ultra centrifugal filter tubes (10,000 
MWCO, Millipore Corp., Billerica, MA, USA). Aliquots were snap-frozen 
in liquid nitrogen and stored at − 80 ◦C. The purity of each Hb prepa
ration was measured by SDS-PAGE followed by staining with the Pro
teoSilver Plus Silver Staining Kit. The purity of Hb preparations was 
above 99.9 %. Hb concentrations were calculated as described by 
Winterbourn [98].

4.16. Measurement of Hb oxidation in ARPE-19 supernatants

To measure cell-driven oxidation of Hb in the ARPE-19 cell culture 
supernatants, cells were exposed to OxyHb (100 μM) for 24 h in growth 
medium supplemented with 2.5 % FBS. The oxidation process of Hb was 
followed by measuring the oxidation states of the heme-iron by 
analyzing the absorbance spectra (500–650 nm) of Hbs. MetHb was used 
as a control of Hb oxidation. Hb ratios were calculated as described 

previously by Winterbourn [98].

4.17. Detection of cross-linked hemoglobin by Western Blot

Hb oxidation was analyzed by immunoblotting, using HRP- 
conjugated goat anti-human Hb polyclonal antibody (Abcam, Cam
bridge, UK) as described earlier [99].

4.18. Cell viability assay

Cell viability was determined by the MTT assay. Briefly, cells were 
cultured and treated in 96-well plates for the indicated time with heme 
(10–300 μM). Then cells were washed with PBS, and 100 μL of 3-[4,5- 
dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (0.5 mg/mL) 
solution in Hank’s Balanced Salt Solution with calcium and magnesium 
was added. After a 90-min incubation, the MTT solution was removed, 
formazan crystals were dissolved in 100 μL of DMSO and optical density 
was measured at 570 nm.

4.19. Detection of lipid peroxidation

Lipid peroxidation was measured with Image-iT Lipid Peroxidation 
Kit (Thermo Fisher Scientific, Waltham, MA, US) which uses the BOD
IPY™ 581/591C11 reagent to measure lipid peroxidation. To measure 
lipid peroxidation, ARPE-19 cells cultured in DMEM without phenol red 
as described above. Then, cells were plated to coverglass bottom culture 
dishes and exposed to heme (25 μM) for 1 h in CM without serum and 
antibiotics. Cells were then washed with PBS and fresh DMEM without 
phenol red supplemented with 10 % fetal bovine serum (FBS) and an
tibiotics, and cells were further incubated for 3 h in a CO2 (5 %) incu
bator. Cells exposed to menadione (100 μM for 2 h) were used as lipid 
peroxidation control. Cells were stained with Hoechst 33342 and 10 μM 
of Lipid Peroxidation Sensor (Thermo Fisher Scientific, Waltham, MA, 
US) for 30 min incubated at 37 ◦C. Cells were then washed three times 
with phosphate buffered saline and imaged in Hank’s Balanced Salt 
Solution with calcium and magnesium with Leica confocal microscope 
using filters for Hoechst, FITC and Texas Red channels. The signal was 
then quantitated using LasX software (Leica, Mannheim, Germany) and 
the ratios of the signal from red to green channels were used to quantify 
lipid peroxidation in cells.

4.20. Endothelial Cell Tube Formation Assay

The formation of endothelial cell tube networks was analyzed using 
Angiogenesis Starter Kit (GIBCO, Thermo Fisher Scientific). To produce 
conditioned culture media, ARPE-19 cells were exposed to heme (25 
μM) as described above, washed, and cultured in Medium 200 supple
mented with 2 % FCS for 16 h. Then, supernatants were concentrated 
10-fold and 25-fold using Amicon Ultra Centrifugal Filter, 10 kDa 
MWCO (Merck, Darmstadt, Germany) according to the manufacturer’s 
guide. Endothelial tube formation assay (ln 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 VesseI Endothelial Supplement (LVES). 
35 mm Glass Bottom Dish (Ibidi, Gräfelfing, Germany) were 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 μl) in Medium supple
mented with 2 % FBS without LVES were plated in 1 ml of tenfold- or 
twentyfive-fold concentrated conditioned supernatants from ARPE-19 
cells and incubated for 16 h. As 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 served as negative 
controls. Tube formation was observed using Leica DMi1 microscope.
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4.21. Cellular energetics

The oxygen consumption rate (OCR), and extracellular acidification 
rate (ECAR) were measured by Seahorse XFe96 Extracellular Flux 
analyzer (Agilent Technologies, Santa Clara, CA, US). ARPE-19 cells 
were cultured overnight in 96 well Seahorse plates at a density of 2 ×
104 cells/well, in DMEM growth. Cells were exposed to heme and the 
different inhibitors as described above. After 16h, assays were run in XF 
Assay Medium supplied with 1 g/L glucose, 1 mM sodium pyruvate and 
2 mM L-glutamine for Mitochondrial Stress Test, or 2 mM L-glutamine for 
Glycolysis Stress Test according to manufacturer’s instruction. For 
Mitochondrial Stress Test, compounds were injected at final concen
trations of: 1.5 μM oligomycin, 0.5 μM carbonyl cyanide-4- 
(trifluoromethoxy) phenylhydrazone (FCCP), and 0.5 μM rotenone/ 
antimycinA. For a Glycolysis Stress Test, we used final concentrations of 
10 mM glucose, 1.5 μM oligomycin, and 50 mM 2-Deoxy-D-glucose (2- 
DG). OCR and ECAR values were normalized to cell number carried out 
by Sulforhodamine B (SRB) staining. Briefly, cells were fixed with 10 % 
TCA followed by SRB stain. Excess of stain were washed out by 1 % 
acetic acid. Finally, precipitate was reconstituted by Tris buffered saline 
and absorbance was measured at 570 nm (BioTek, Epoch2 plate reader, 
Agilent Technologies, Santa Clara, CA, US). Parameters were calculated 
by Wave 2.6.3 Software (Agilent Technologies, Santa Clara, CA, US) and 
expressed in percentage to NC. Experiments were repeated three times 
on different days.

4.22. Lactate measurement

Lactate measurements in cell culture supernatants were performed 
by Radiometer ABL90 (Radiometer UK Limited, Crawley, UK) 16 h after 
the heme treatment.

4.23. Mitotracker Red Staining

RPEs were grown on coverslips and treated with heme and inhibitors 
as described above. Mitotracker Red Staining were performed 16 h after 
the heme treatments. Cells were then incubated with 0.25 μM of Mito
tracker Red (Thermo Fisher Scientific, Waltham, MA, US) in CM for 30 
min at 37 ◦C/5 % CO2, rinsed with CM and fixed with 4 % para
formaldehyde solution in CM for 15 min at 37 ◦C followed by three 
washes with PBS. Nuclei were visualized with Hoechst. Samples were 
investigated with Lightning super-resolution microscopy using Leica 
Application Software X (Leica, Mannheim, Germany). Ten individual 
Region of interest (ROIs) (1 μm2) were quantified by using Leica 
Application Software X (Leica, Mannheim, Germany) and data are rep
resented as mean value ± SEM.

4.24. Detection of oxidative stress

ARPE-19 cells were exposed to heme (25 μM) for 1 h in CM without 
serum and antibiotics. Cells were then washed with PBS and fresh CM 
with 10 % fetal bovine serum (FBS) and antibiotics were added and cells 
were further incubated for 3 h in a CO2 (5 %) incubator. Cells exposed to 
menadione (200 μM for 1 h) were used as oxidative stress control The 
cells were then stained with 5 μM CellROX Green Reagent (Thermo 
Fisher Scientific, Waltham, MA, US) by adding the probe to the complete 
media and incubating at 37 ◦C for 30 min. Cells were then washed three 
times with phosphate buffered saline, fixed with 3.7 % para
formaldehyde solution. Nuclei were stained with Hoechst and samples 
were immediately analyzed using confocal microscopy (Leica, Man
nheim, Germany).

4.25. Statistical analysis

Statistical analysis was performed by one-way ANOVA test followed 
by Bonferroni correction. A value of p < 0.05 was considered 

statistically significant. GraphPad Prism 5.0 software (GraphPad Soft
ware, Boston, MA, US) was used for statistical evaluation of the data. 
Data are represented as mean value ± SEM. Moderated T-test was used 
to determine differentially expressed genes between conditions, p <
0.05 was considered significant difference.
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Debrecen, Kálmán Laki Doctoral School of Biomedical and Clinical 
Sciences. The Graphical abstract was created with BioRender.com.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.redox.2024.103316.

References

[1] W.S. Wright, R.S. Eshaq, M. Lee, G. Kaur, N.R. Harris, Retinal physiology and 
circulation: effect of diabetes, Compr. Physiol. 10 (2020) 933–974, https://doi. 
org/10.1002/cphy.c190021.

[2] C. Singh, Metabolism and vascular retinopathies: current perspectives and future 
directions, Diagnostics 12 (2022), https://doi.org/10.3390/diagnostics12040903.

[3] J. Woods, S. Biswas, Retinopathy of prematurity: from oxygen management to 
molecular manipulation, Mol Cell Pediatr 10 (2023) 12, https://doi.org/10.1186/ 
s40348-023-00163-5.

[4] Q. Li, T. Han, Z. Wang, H. Tang, Z. Feng, Clinical characteristics, risk factors and 
short-term prognosis of retinopathy of prematurity complicated with retinal 
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