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Introduction
Identification of factors that trigger the development of nonprolif-
erative diabetic retinopathy (NPDR) remains under debate; these 
factors include advanced glycosylation end products (AGEs), 
oxidative stress, and inflammation, all leading to damage of the 
retinal neurovascular unit (1, 2). Progressive damage to the retinal 
microvasculature results in the development of ischemia (3) and 
the increased expression of the angiogenic mediators that pro-
mote retinal neovascularization (NV) (4), heralding progression 
from NPDR to proliferative diabetic retinopathy (PDR). On the 
other hand, diabetic macular edema (DME) can occur prior to — 
or in the absence of — overt retinal ischemia. Despite seemingly 
disparate origins, therapies targeting a single vasoactive mediator, 
VEGF, have emerged as effective treatments for both PDR (5) and 
DME (6). Nonetheless, fewer than half of patients with PDR or 

DME respond adequately to current anti-VEGF therapies (7–10), 
prompting investigators to search for more effective approaches 
for treating diabetic eye disease.

One strategy for treating diabetic eye disease more effective-
ly is to develop drugs targeting other vasoactive mediators that 
could be used alone or in combination with current anti-VEGF 
therapies. An extension of this strategy is to simultaneously tar-
get multiple vasoactive factors by inhibiting the transcriptional 
regulators that promote their expression. In this regard, a fam-
ily of transcriptional activators, the hypoxia-inducible factors 
(HIFs), have emerged as the master regulators of the expression 
of hypoxia-regulated vasoactive mediators in retinal vascular dis-
ease (4). HIFs are heterodimeric proteins composed of an exqui-
sitely oxygen-sensitive α subunit and a ubiquitously expressed  
β subunit (11). HIF-1α was the first HIF α subunit isoform to be 
identified (12), and its critical role has been subsequently demon-
strated in retinal vascular disease. HIF-2α is closely related to 
HIF-1α and also activates hypoxia-inducible gene transcription, 
although its expression may be more limited.

Accumulation of both HIF-1α and HIF-2α has been reported 
in preclinical models of ischemic retinal disease (13–15) as well 
as in tissue from patients with ischemic retinopathies, including 
PDR (13–19). Conversely, there is a paucity of evidence support-
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Expression of multiple vasoactive mediators is normalized in the 
OIR model following treatment with the pharmacological HIF inhib-
itor digoxin. To characterize the contribution of these other HIF- 
regulated angiogenic factors to the promotion of ischemia-driven 
retinal NV in vivo, we used the classic oxygen-induced retinopathy 
(OIR) model characterized by Smith and colleagues (35). In stage 
1 of this model, P7 pups are exposed to hyperoxia (75% O2) for 5 
consecutive days (P7–P12), resulting in obliteration of the poste-
rior retinal vasculature. In stage 2, pups (at P12) are returned to 
room air (21% O2). The resulting relative ischemia promotes the 
expression of angiogenic mediators that stimulate the develop-
ment of retinal NV (peaking at P17; Figure 2A). Treatment of mice 
with the pharmacologic HIF inhibitor digoxin (36) prevented ret-
inal NV in the OIR model (Figure 2A) by inhibiting the sequential 
accumulation of HIF-1α or HIF-2α (14). Interestingly, digoxin pre-
vented retinal NV despite only modestly inhibiting the expres-
sion of VEGF (Figure 2B). Treatment with digoxin also resulted 
in a modest reduction of the expression of other vasoactive genes 
(Figure 2C), suggesting that the broad but modest inhibition of 
multiple HIF-regulated genes may be an effective strategy for the 
treatment of PDR.

Aqueous expression of HIF-dependent vasoactive mediators is 
unaffected by anti-VEGF therapy in DME. Patients with NPDR 
manifest injury to retinal vascular cells (i.e., endothelial cells and 
pericytes), resulting in the development of microaneurysms and 
vascular hyperpermeability (leakage of intravascular fluid; Figure 
3A), often in the absence of overt retinal ischemia. When this fluid 
accumulates within the neurosensory retina, it results in the devel-
opment of DME (Figure 3B). To examine the expression of vasoac-
tive mediators in patients with DME, we collected aqueous sam-
ples from patients with NPDR undergoing intravitreal injections 
with anti-VEGF therapy for DME. Aqueous samples obtained from 
nondiabetic patients undergoing cataract surgery or vitrectomy 
surgery for vitreous opacities or epiretinal membranes were used 
as controls. We observed an increase in the expression of 2 key 
HIF-regulated angiogenic mediators, ANGPTL4 and ANGPT2, 
in the aqueous of patients with NPDR and DME who were treat-
ment naive or who had not been treated with anti-VEGF therapy 
for at least 12 weeks; these levels remained unchanged following 
treatment with anti-VEGF therapy within 4 to 6 weeks of sample 
collection (Figure 3C).

Increased expression of HIFs and HIF-regulated vasoactive medi-
ators in a mouse model of sustained hyperglycemia in the absence of 
hypoxia. To examine the contribution of HIFs to the development 
of DME, we used the streptozotocin-induced (STZ-induced) dia-
betic mouse model. In this model, STZ is used to injure pancreat-
ic β islet cells, leading to reduced insulin secretion and sustained 
hyperglycemia and secondary injury of the retinal microvascula-
ture (37, 38). STZ mice with sustained hyperglycemia (blood glu-
cose level >250 mg/dL) for 6 months demonstrated increased vas-
cular permeability (Figure 4A), similar to that observed in patients 
with DME (see Figure 3A). Increased hypoxia (measured using the 
hypoxia-sensitive pimonidazole Hypoxyprobe) was not detected 
in retinal tissue from STZ mice despite up to 9 months of sustained 
hyperglycemia (Figure 4B). Nonetheless, accumulation of HIF-1α 
and HIF-2α protein was observed in immunoblot assays of neu-
rosensory retina lysates from STZ mice that were hyperglycemic 

ing a role for HIFs in the development of early NPDR or DME. In 
the absence of ischemia, the expression of VEGF in patients with 
DME is believed to be independent of hypoxia or HIFs and has 
instead been attributed to other causes including AGEs, oxidative 
stress, and neuroinflammation, independent of HIF accumulation 
(1, 2). However, in addition to hypoxia, many inflammatory cyto-
kines and growth factors previously implicated in diabetic eye dis-
ease (20) have also been shown to induce HIF activity in an oxy-
gen-independent manner (21), often by mechanisms distinct from 
its canonical hypoxia-mediated regulation (22). Whether these 
oxygen-independent pathways influence HIFs and HIF-regulated 
gene expression in early NPDR or DME remains unclear.

While the most critical HIF-dependent secreted factor elab-
orated in diabetic eye disease is arguably VEGF, other genes reg-
ulated by HIFs also contribute to the pathogenesis of both PDR 
and DME (4). This includes the endothelial-expressed receptor 
for VEGFA, VEGF receptor 2 (VEGFR2 or KDR) (23), PDGFB 
(24), angiopoietin 2 (ANGPT2) and its downstream effector, vas-
cular endothelial–protein tyrosine phosphatase (VE-PTP) (25), 
angiopoietin-like 4 (ANGPTL4) (15, 18, 26, 27), MMPs (19), and 
plasminogen activator inhibitor-1 (PAI-1) (13). Importantly, HIFs 
increase expression of these factors primarily under pathologic 
(e.g., retinal ischemia), not physiologic, conditions (28), making 
HIFs attractive targets for the treatment of diabetic eye disease. 
Nonetheless, development of a safe and effective therapy target-
ing both HIF-1 and HIF-2 has remained elusive. Here, we set out 
to evaluate the contribution of HIFs and HIF-regulated genes to 
both PDR and DME and to determine whether therapies target-
ing HIFs could be a safe and effective treatment for patients with 
diabetic eye disease.

Results
Vitreous expression of multiple HIF-dependent vasoactive mediators 
in PDR patients is unaffected by anti-VEGF therapy. In diabetic 
retinopathy, sustained hyperglycemia damages retinal vessels 
and leads to progressive capillary dropout (2). If sufficient, this 
can cause profound retinal ischemia (3), leading to the accumu-
lation of the transcription factors HIF-1 and HIF-2, and increased 
expression of VEGF (4). Increased VEGF, in turn, promotes the 
development of retinal NV (Figure 1A), the hallmark of PDR. 
To examine the expression of vasoactive mediators in patients 
with PDR, we collected vitreous samples from patients with PDR 
undergoing vitrectomy surgery who were treatment naive or who 
had not had anti-VEGF therapy for at least 12 weeks. Nondiabetic 
patients undergoing vitrectomy for visually significant vitreous 
opacities (floaters) or epiretinal membranes (which we previous-
ly reported do not influence the expression of vasoactive medi-
ators despite the presence of macular edema; ref. 29) were used 
as controls. ELISA analysis for VEGF demonstrated an increase 
in expression of VEGF in PDR patients compared with nondia-
betic controls (Figure 1B), as has previously been reported (30). 
Expression of other HIF-regulated vasoactive mediators previ-
ously implicated in PDR, such as ANGPTL4 (18, 27), ANGPT2 
(31, 32), erythropoietin (EPO) (33), and MMP-2 (19, 34), were 
also increased in the vitreous of PDR patients and remained ele-
vated despite treatment with anti-VEGF therapy within 6 weeks 
of sample collection (Figure 1C).
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logical HIF-inhibitor digoxin resulted in a decrease in Vegf and 
Angptl4 mRNA expression to levels similar to those in nondiabet-
ic mice (Figure 4F) and decreased vascular permeability (Figure 
4G), suggesting that the broad inhibition of multiple HIF-regulat-
ed genes may be an effective strategy for the treatment of DME.

The pharmacologic HIF inhibitor acriflavine accumulates in the 
neurosensory retina and inhibits retinal function over time. While 
digoxin is an effective research tool for examining the contri-

for 6 months (Figure 4C). Accumulation of HIF-1α protein could 
be detected by immunohistochemistry in retinal tissue from STZ 
mice after as little as 1 month of sustained hyperglycemia (Figure 
4D). This correlated with an increase in the mRNA (Supplemental 
Figure 1; supplemental material available online with this article; 
https://doi.org/10.1172/JCI163290DS1) and protein (Figure 4E) 
expression of HIF-regulated vasoactive mediators compared with 
that of control mice. Treatment of STZ mice with the pharmaco-

Figure 1. Vitreous expression of multiple HIF-dependent vasoactive mediators is unaffected by anti-VEGF therapy in PDR. (A) Fluorescein angiogram 
from a patient with PDR demonstrating areas of retinal nonperfusion with (red boxes) and without (blue boxes) retinal NV (red arrows). (B) Expression 
of VEGF in vitreous samples obtained from patients with PDR undergoing vitrectomy surgery who were treatment naive or who had not had anti-
VEGF therapy for at least 12 weeks (PDR). (C) Expression of ANGPTL4, ANGPT2, EPO, and MMP2 in vitreous samples from patients with PDR who were 
treatment naive or who had not had anti-VEGF therapy for at least 12 weeks (PDR) or from patients with PDR who underwent recent treatment with 
anti-VEGF therapy within 6 weeks of sample collection (PDR+anti-VEGF). Vitreous samples from nondiabetic patients undergoing vitrectomy surgery for 
visually significant vitreous opacities (floaters) or epiretinal membranes were used as controls. Data are shown as mean ± SD. Statistical analyses were 
performed using 2-tailed Student’s t test (B) or 1-way ANOVA with Bonferroni’s multiple-comparison test (C). *P < 0.05; ***P < 0.001; ****P < 0.0001.

https://doi.org/10.1172/JCI163290
https://www.jci.org/articles/view/163290#sd
https://www.jci.org/articles/view/163290#sd
https://doi.org/10.1172/JCI163290DS1


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2023;133(13):e163290  https://doi.org/10.1172/JCI1632904

advantage of the fact that acriflavine is a DNA-intercalating fluo-
rophore and observed a dose-dependent accumulation of acrifla-
vine in the neurosensory retina 1 and 3 months following a single 
intraocular administration (Figure 5, C and D). These results help 
explain how a single intraocular injection with acriflavine can 
have a sustained effect on vascular permeability in mice 3 months 
after the injection.

While therapeutically advantageous, the accumulation of ac-
riflavine in the retina prompted us to look more closely for evi-
dence of retinal toxicity. At therapeutic doses (140 and 210 ng), 
we did not observe evidence of retinal toxicity as assessed us-
ing electroretinograms (ERGs) 1 week after administration (Fig-
ure 5E), consistent with prior reports (41). However, over time, we 
observed evidence of increasing retinal toxicity with flattening of 
the ERG b wave as early as 2 weeks following intraocular admin-
istration of 140 or 210 ng, which reached statistical significance 
by 4 weeks for 210 ng and continued to progress at 5 weeks (Fig-
ure 5E). The 140 ng dose of acriflavine was not toxic within the 
5-week time frame of the study. Nonetheless, these results raised 

bution of HIFs to retinal disease, use of this cardiac glycoside at 
effective concentrations to inhibit HIF is unlikely to be well tol-
erated by patients given its complex pharmacokinetic profile and 
narrow therapeutic index (39). Conversely, preclinical studies of 
a second pharmacologic HIF inhibitor, acriflavine (40), for the 
treatment of ocular vascular disease have been promising (41). 
We therefore explored the use of acriflavine for the treatment of 
vascular hyperpermeability in STZ mice. To this end, we admin-
istered a single intravitreal dose (140 or 210 ng) of acriflavine to 
STZ mice that were hyperglycemic for 9 months and observed a 
reduction in vascular hyperpermeability 1 month following treat-
ment (Figure 5A), consistent with prior reports demonstrating its 
sustained efficacy for the treatment of other ocular neovascular 
diseases (41). Remarkably, this effect was sustained 3 months 
after a single intravitreal injection (Figure 5B).

The prolonged activity of acriflavine following a single injec-
tion suggested that there may be an ocular tissue depot of acri-
flavine following its administration and that this may facilitate 
its release over time. Consistent with this hypothesis, we took 

Figure 2. Modest inhibition of multiple HIF-dependent vasoactive mediators is sufficient for preventing retinal NV in the OIR mouse model. (A) Left: 
representative images of retinal NV in P17 OIR mice following a single i.p. injection with vehicle or digoxin (2 mg/kg) at P12. Right: quantitation of retinal 
NV at P17. (B and C) mRNA expression of Vegf (B) or other key HIF-regulated angiogenic mediators (C) expressed by Müller glial and/or vascular cells of OIR 
mice at P17 following treatment with vehicle or digoxin at P12 compared with control mice. n = 4–6 animals for each condition. Data are represented as 
mean ± SD. Statistical analyses were performed using 2-tailed Student’s t test (A) or 1-way ANOVA with Bonferroni’s multiple-comparison test (B and C). 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bars: 500 μm.
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Hif1a+/– mice exhibited markedly 
decreased pathological angio-
genesis in response to ischemia, 
as assessed by the OIR model 
(Figure 6E). ERGs (Supplemental 
Figure 2A), retinal histology (Sup-
plemental Figure 2B), and quanti-
tation of RGC number (Figure 6F) 
in 6-week-old adult Hif1a+/– mice 
were identical to those of their WT 
littermate controls. Similar results 
were obtained using 6-week-old 
mice that were heterozygous for a 
knockout allele at the Hif2a locus 
(Hif2a+/–) (Figure 6, G and H and 
Supplemental Figure 2C and D). 
Collectively, these results suggest 
that acriflavine toxicity is due to 
off-target effects, independent of 
its inhibition of HIF-1 or HIF-2.

HIF inhibitor 32-134D effec-
tively inhibits HIF accumulation 
and expression of HIF-regulated 
genes in retinal Müller cells. The 
narrow therapeutic window for 
acriflavine prompted us to look 
for an alternative HIF inhibitor 
with a more desirable therapeutic 
profile. To this end, we recently 
interrogated the NCI CellMiner 
database (containing expression 
data on 25,698 mRNAs in 60 
human cancer cell lines exposed 
to 21,770 chemical compounds) 
for small molecule inhibitors that 

produced changes in gene expression that were highly correlated 
with those induced by acriflavine, but that were structurally unre-
lated to acriflavine. Compounds that satisfied these criteria were 
further analyzed for their ability to inhibit HIF-dependent gene 
expression in a cell-based reporter assay (44). Using this approach, 
a hit, designated 11-88, was identified, and 224 analogs were syn-
thesized. Among them, 27 compounds inhibited HIF transcrip-
tional activity with IC50 of less than 4 μM, including the lead 
compound, a small molecule (<500 Daltons), 4-(6-bromo-1H- 
indol-3-yl)-2-(7-bromo-1H-indol-3-yl)thiazole, designated 32-134D 
(44), which is structurally unrelated to acriflavine (Figure 7A).

It has previously been reported that the cells in the inner nuclear 
layer (INL) of the retina that express VEGF in response to hypoxia/
ischemia are Müller glial cells (15). Treatment of the immortalized 
human Müller cell line, MIO-M1, with as little as 1 μM of 32-134D 
resulted in decreased HIF-1α and HIF-2α protein accumulation in 
response to hypoxia (Figure 7B). The effects of 32-134D on HIF-1α 
accumulation persisted for up to 16 hours after treatment of cul-
tured cells (Figure 7C). Pretreatment with the proteasome inhibi-
tor MG-132 prevented the ability of 32-134D to block HIF-1α and 
HIF-2α protein accumulation (Figure 7D), indicating that 32-134D 
induced proteasomal degradation of HIF-1α subunits in MIO-M1 

concerns about the long-term safety of acriflavine for the treat-
ment of ocular disease.

Ocular administration of acriflavine promotes retinal cell death 
over time. To further assess the retinal toxicity of acriflavine, we 
examined retinal sections 5 weeks after a single intraocular injec-
tion of acriflavine (140, 210, or 350 ng) and observed thinning 
of the ganglion cell layer (GCL) at 210 and 350 ng (Figure 6A). 
Immunofluorescence for the retinal ganglion cell (RGC) marker 
RBPMS demonstrated drop out of RGCs 5 weeks following treat-
ment with acriflavine (Figure 6B). Quantitation of RGCs on retinal 
flat mounts demonstrated a dose-dependent decrease in RGCs 
that reached statistical significance at 210 ng (Figure 6, C and D). 
Collectively, these results indicate that acriflavine has a narrow 
therapeutic window in mice, raising concern about the safety of its 
use in patients with a chronic ocular disease.

To assess whether acriflavine’s retinal toxicity was a conse-
quence of its on-target inhibition of HIF-1, we examined 6-week-
old adult mice that were heterozygous for a knockout allele at the 
Hif1a locus (Hif1a+/–) (42). Basal levels of HIF-1α are relatively 
normal in Hif1a+/– mice, whereas in response to ischemia, HIF-
1α expression is largely unchanged in Hif1a+/– mice, but signifi-
cantly increased in WT littermate controls (43). Consequently, 

Figure 3. Aqueous expression of HIF-dependent vasoactive mediators is unaffected by anti-VEGF therapy 
in DME. (A) Fluorescein angiogram from a patient with NPDR and DME demonstrating diffuse leakage of fluid 
(red arrows) from retinal microaneurysms. (B) Spectral-domain optical coherence tomography (SD-OCT), pro-
viding a cross section of the macula (white line in A), demonstrating intraretinal fluid (blue arrows) in a patient 
with NPDR with DME. (C) Expression of ANGPTL4 and ANGPT2 in aqueous samples from patients with DME 
who are treatment naive or who had not been treated with anti-VEGF therapy for at least 12 weeks (DME) or 
from patients with DME following treatment with anti-VEGF therapy within 4 to 6 weeks of sample collection 
(DME+anti-VEGF). Aqueous fluid from nondiabetic patients obtained during routine cataract or vitrectomy sur-
gery was used as control. Data are represented as mean ± SD. Statistical analyses were performed using 1-way 
ANOVA with Bonferroni’s multiple-comparison test. ***P < 0.001; ****P < 0.0001.

https://doi.org/10.1172/JCI163290
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cells, as previously described for Hep3B human hepatocellular car-
cinoma cells (44). Similar results were obtained for HIF-2α (Figure 
7D). These results were corroborated using another proteasome 
inhibitor, bortezomib (Figure 7E). Conversely, bafilomycin, an 
inhibitor of lysosomal acidification, did not prevent 32-134D from 
inhibiting HIF-1α accumulation in response to hypoxia (Figure 7E). 

Collectively, these results demonstrate that 32-134D promotes the 
proteasome-dependent degradation of both HIF-1α and HIF-2α 
protein despite the presence of hypoxia.

To assess the effects of 32-134D on angiogenic gene expres-
sion, we used an mRNA angiogenesis array and compared the 
angiogenic gene expression profile of MIO-M1 cells cultured in 

Figure 4. Increased expression of HIFs and HIF-regulated vasoactive mediators in a mouse model of sustained hyperglycemia in the absence of 
hypoxia. (A) Representative images of vascular hyperpermeability in STZ-induced diabetic mice that have been hyperglycemic for 6 months demonstrat-
ing leakage of Evans blue dye (yellow arrows) from retinal vessels, similar to the leakage observed in the fluorescein angiogram in patients with DME. (B) 
Hypoxia (as measured by Hypoxyprobe) in retinal tissue in P12 OIR mice (positive control) compared with that in STZ-induced diabetic mice that have been 
hyperglycemic for 0 (control), 3, or 9 months. (C) Western blot demonstrating accumulation of HIF-1α or HIF-2α protein in retinal tissue in STZ-induced 
diabetic mice that have been hyperglycemic for 6 months; α/β-tubulin was used as a loading control. (D and E) Representative images demonstrating 
expression of HIF-1α (D), VEGF, and ANGPTL4 (E) by immunohistochemistry in STZ mice that were hyperglycemic for 1 month or 3 months. (F) Vegf and 
Angptl4 mRNA expression in STZ mice treated with digoxin. (G) Vascular hyperpermeability after digoxin treatment in STZ mice that were hyperglycemic 
for 6 months. n = 4–6 animals for each condition. IPL, inner plexiform layer; OPL, outer plexiform layer. Data are represented as mean ± SD. Statistical 
analyses were performed by 1-way ANOVA with Bonferroni’s multiple-comparison test (F) or 2-tailed Student’s t test (G). **P < 0.01; ***P < 0.001. Scale 
bars: 500 μm (A and B); 200 μm (D, E, and G). Original magnification, ×20 (D and E).

https://doi.org/10.1172/JCI163290
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hypoxia in the absence or presence of 32-134D; 
cells cultured in normoxia were used as a con-
trol (Figure 7F). Multiple angiogenic genes were 
upregulated in cells cultured in hypoxia com-
pared with control, most notably ANGPTL4 
and VEGF (Figure 7G); these results were con-
firmed by quantitative PCR (qPCR) (Figure 7H). 
While the levels of the mRNA transcripts of 
these angiogenic genes remained modestly ele-
vated in hypoxic cells cultured in the presence 
of 32-134D compared with controls, they were 
substantially reduced compared with cells cul-
tured in hypoxia. Indeed, treatment of hypoxic 
MIO-M1 cells with 32-134D resulted in a reduc-
tion in the Euclidean distance between control 
and hypoxic cell angiogenic gene expression 
from 73 to 31 (a reduction of 58%), suggesting 
that 32-134D can help normalize the expression 
of HIF-regulated angiogenic genes in hypoxic 
Müller cells.

32-134D inhibits the expression of HIF-regu-
lated genes in vascular endothelial cells. Vascular 
endothelial cells also secrete angiogenic medi-
ators that contribute to the progression of dia-
betic eye disease (13). Exposure of HUVECs to 
hypoxia induced both HIF-1α and HIF-2α pro-
tein accumulation, which was also inhibited 
by 32-134D (Figure 8A). To assess the effects 
of 32-134D on angiogenic gene expression in 
HUVECs, we again used the mRNA angio-
genesis array and compared HUVECs cul-
tured in hypoxia in the absence or presence of 
32-134D (Figure 8B). Over a dozen angiogenic 
genes were upregulated in HUVECs cultured 
in hypoxia compared with control, including 

Figure 5. Acriflavine accumulates in the neurosen-
sory retina and inhibits retinal function. (A and B) 
Representative images (above) and quantitation 
(below) of vascular permeability in STZ mice that 
were hyperglycemic for 6 months and treated with 
a single intraocular injection with PBS (vehicle) or 
acriflavine (140 ng or 210 ng) 1 month (A) or 3 months 
(B) prior to sacrificing animals. Vascular hyperper-
meability was assessed by measuring Evans blue 
dye leakage. (C and D) Intrinsic autofluorescence 
of acriflavine accumulating in the neurosensory 
retina 1 month (C) or 3 months (D) following a single 
intraocular injection at the stated doses. (E) ERG of 
C57BL/6 mice 7 to 35 days following a single intraoc-
ular administration with PBS (vehicle) or acriflavine 
(Acr) at the stated doses. n = 5 animals for each 
group. RPE, retinal pigment epithelium. Data are 
represented as mean ± SD (A and B) or mean ± SEM 
(E). Statistical analyses were performed using 1-way 
ANOVA (A and B) or 2-way ANOVA (E) with Bonfer-
roni’s multiple-comparison test. *P < 0.05; ***P < 
0.001; ****P < 0.0001. Scale bars: 200 μm (A and C); 
100 μm (D). Scale bars: 100 μm.

https://doi.org/10.1172/JCI163290
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Figure 6. Acriflavine induces retinal cell death. (A) Representative images of H&E staining of retinal sections 35 days following a single intraocular 
injection with acriflavine at the stated doses. (B and C) Representative images of RBPMS staining of RGCs in retinal cross sections (B) and flat mounts 
(C) 35 days following a single intraocular injection with Acr at the stated doses. (D) Quantitation of RGCs in C. (E and G) Above: representative images of 
retinal NV in P17 non-OIR (RA) or OIR Hif1a+/– (E) or Hif2a+/– (G) mice compared with their WT littermates. Below: quantitation of retinal NV at P17. (F and 
H) Above: representative image of RBPMS staining of RGCs in central and peripheral retinal flat mounts of 6-week-old Hif1a+/– (F) or Hif2a+/– (H) mice com-
pared with their WT littermates. Below: quantitation of RGCs in central and peripheral retinal flat mounts. n = 6 animals. Data are represented as mean ± 
SD. Statistical analyses were performed using 1-way ANOVA with Bonferroni’s multiple-comparison test (D) or 2-tailed Student’s t test (E–H). **P < 0.01; 
***P < 0.001; ****P < 0.0001. Scale bars: 100 μm (C, F and H); 200 μm (A and B); 500 μm (E–H).
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Figure 3). Accordingly, 5 consecutive days of i.p. injections with 20 
mg/kg of 32-134D resulted in a marked reduction in retinal NV in 
OIR mice (Figure 10E).

Intraocular administration of 32-134D does not affect retinal his-
tology or function. To reduce the risk of systemic side effects while 
optimizing the delivery of drugs to retinal tissue, therapies for ocu-
lar vascular disease are often administered by intravitreal injection. 
Therefore, we assessed whether 32-13D caused retinal toxicity fol-
lowing intraocular administration. To this end, we examined ERGs 
up to 5 weeks following a single intraocular injection of increasing 
doses (70, 140, 210, and 350 ng) of 32-134D, similarly to what 
was performed for acriflavine. Unlike with acriflavine, we did not 
observe any evidence of retina toxicity on ERGs at any of the doses 
of 32-134D tested (Figure 11A). Close examination of the eyes from 
mice treated with intraocular administration of 32-134D revealed 
normal histology, including a normal-appearing GCL (Figure 11B) 
35 days following an intraocular injection with 210 or 350 ng of 
32-134D. Quantitation of RGCs on retinal flat mounts demonstrat-
ed that the number of RGCs was unaffected by administration of 
32-134D at the highest doses tested (Figure 11C). Similarly, careful 
measurements of the outer nuclear layer (ONL) or INL thickness 
5 weeks after a single dose of 350 ng failed to demonstrate any 
changes compared with vehicle control (Figure 11D).

Intraocular administration of 32-134D results in a sustained 
effective drug concentration in retinal tissue following a single injec-
tion. To determine the appropriate dosing for intraocular admin-
istration of 32-134D in mice, we first examined its IC50 in MIO-M1 
cells. Quantitation of immunoblots of HIF-1α protein accumula-
tion in 32-134D–treated MIO-M1 cells cultured in hypoxia demon-
strated an IC50 of 3.5 μM (Figure 12, A and B). To examine the 
pharmacokinetics of 32-134D in the neurosensory retina follow-
ing intraocular administration, we employed liquid chromatogra-
phy and tandem mass spectrometry (LC-MS/MS) to quantify the 
concentration of 32-134D in retinal tissue over 14 days following 
a single 70 ng intraocular injection of 32-134D (see Methods and 
Supplemental Methods, Mouse pharmacokinetics, for calculation 
of all parameters). The Cmax achieved was 19.1 nmol/g at day 1 
with apparent monoexponential decline. The total exposure (area 
under the curve [AUClast]) was 72.3 nmol × d/g. The concentration 
of 32-134D in the neurosensory retina exceeded the calculated 
in vitro IC50 of 3.5 μM for 5.25 days (Figure 12C). The t1/2 was not 
reportable due to the poor correlation coefficient (r2 = 0.35).

To assess whether a higher dose of 32-134D could facilitate less 
frequent administration, pharmacokinetic analysis of 32-134D fol-
lowing intraocular administration was performed using a dose of 
280 ng. Using LC-MS/MS to quantify the concentration of 32-134D 
in retina tissue over 14 days following a single intraocular injection 
of 280 ng, the Cmax was 18 nmol/g in the neurosensory retina (Fig-
ure 12D), similar to the level achieved with 70 ng. However, the 
AUClast was 147 nmol × d/g through 14 days, and the concentration 
of 32-134D in the neurosensory retina exceeded the in vitro IC50 of 
3.5 μM for 11.7 days, both equating to double the effects of the 70 ng 
dose (Figure 12D). The t1/2 was 1.8 days at 280 ng.

Gene expression changes following intraocular administration of 
32-134D. To assess its effects on gene expression, we performed 
RNA-Seq analysis at P17, 5 days following a single intraocular 
injection of 32-134D (70 ng/μL) in OIR mice at P12. Transcrip-

ANGPTL4 and VEGF (Figure 8C), similar to what was observed 
with MIO-M1 cells. The results for VEGF and ANGPTL4 were con-
firmed by qPCR (Figure 8D).

ANGPT2 and VE-PTP, two emerging targets for the treatment 
of diabetic eye disease, are both expressed specifically by vascu-
lar cells (45, 46). Treatment of HUVECs with hypoxia resulted in 
increased expression of ANGPT2 and PTPRB mRNA, which was 
inhibited by 32-134D (Figure 8E). Similar results were obtained 
for the recently identified HIF-2–dependent vascular cell–specific 
paracrine angiogenic mediator PAI-1 (13) (Figure 8F). Similarly to 
what occurs with MIO-M1 cells, treatment of hypoxic HUVECs 
with 32-134D resulted in a reduction in the Euclidean distance 
between control and hypoxic cell angiogenic gene expression from 
209 to 35 (a reduction of 83%). Collectively, these results demon-
strate that 32-134D can effectively inhibit the hypoxia-induced 
accumulation of both HIF-1α and HIF-2α and the expression of the 
key angiogenic genes they regulate in multiple cell types.

32-134D inhibits HIF accumulation and expression of HIF- 
regulated genes in human-inducible pluripotent stem cell–derived 3D 
retinal organoids. To assess the therapeutic potential of 32-134D 
for diabetic patients, we next treated human induced pluripotent 
stem cell–derived (hiPSC-derived) 3D retinal organoids. It has 
been previously reported that retinal organoids cultured under 
hypoxic conditions (1% O2) behave similarly to ischemic human 
retinal tissue with increased accumulation of both HIF-1α and HIF-
2α (14). By 120 days of differentiation (D120), the inner and outer 
retinal layers of retinal organoids are clearly defined (Figure 9, A 
and B) and contain the precursors of the major retinal cell types, 
including outer retina photoreceptors (expressing recoverin), few 
newly differentiating bipolar cell precursors (lacking expression of 
recoverin and Pax6), and amacrine cells (expressing high levels of 
Pax6) as well as Müller cells (expressing CRALBP; Figure 9, C and 
D). Treatment of D120 retinal organoids cultured in 1% O2 with 
32-134D effectively prevented accumulation of HIF-1α and HIF-
2α protein (Figure 9E) and expression of HIF-regulated vasoactive 
mediators (Figure 9, F and G).

Systemic administration of a well-tolerated dose of 32-134D inhib-
its HIF and HIF-regulated gene expression and effectively treats ret-
inal vascular disease in mice. Systemic administration of 32-134D 
by i.p. injections for 5 consecutive days at doses up to 80 mg/kg 
body weight has previously been reported to be well tolerated by 
adult mice, with no evidence of changes in appearance, behavior, 
body weight, hemoglobin, or hematocrit (44). Examination of the 
eyes from adult mice 1 month following 5 consecutive i.p. injec-
tions of 40 or 80 mg/kg 32-134D revealed a normal-appearing 
fundus without evidence of retinal vascular injury or leakage on 
fluorescein angiogram (Figure 10A). OIR mice treated with a sin-
gle i.p. injection with as little as 20 mg/kg of 32-134D demonstrat-
ed a reduction in HIF-1α and HIF-2α protein accumulation (Figure 
10B) at their respective peak expression at P13 and P14, respective-
ly (14). Treatment of mice with 5 consecutive (P12–P16) i.p. injec-
tions with 20 mg/kg 32-134D resulted in a marked reduction in 
the mRNA expression of key HIF-regulated vasoactive mediators 
(Figure 10C), including those specifically expressed by vascular 
cells (Figure 10D). Similar results were observed in STZ mice that 
were hyperglycemic for 9 months and treated with 5 consecutive 
days of i.p. injections with 40 or 80 mg/kg 32-134D (Supplemental 
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upregulated (73; 71% reduction) and downregulated (52; 93% 
reduction) DEGs compared with non-OIR (control) mice (Figure 
13, B and C). Gene ontology (GO) analysis revealed over 2 dozen 
biological processes enriched by the 250 upregulated DEGs in 
OIR mice compared with control mice (Figure 13D). Among the 

tional analysis of neurosensory retinal tissue from P17 OIR mice 
demonstrated 250 upregulated and 768 downregulated differ-
entially expressed genes (DEGs) compared with non-OIR con-
trol mice (Figure 13, A and B). Treatment with a single intraocu-
lar injection of 32-134D resulted in a marked reduction in both 

Figure 7. HIF inhibitor 32-134D 
effectively inhibits HIF accumu-
lation and expression of HIF-reg-
ulated genes in MIO-M1 cells. (A) 
Chemical structures of acriflavine 
(above) and 32-134D (below). 
(B) Western blot demonstrating 
inhibition of HIF-1α and HIF-2α 
accumulation by 32-134D (1 or 
10 μM) in MIO-M1 cells cultured 
in hypoxia (1% O2) for 4 hours. 
(C) Western blot demonstrating 
inhibition of HIF-1α accumulation 
by 32-134D (10 μM) in MIO-M1 
cells cultured in hypoxia for 1 to 
24 hours. (D) Effect of MG-132 
on 32-134D inhibition of HIF-1α 
and HIF-2α accumulation in 
MIO-M1 cells cultured in hypoxia 
for 4 hours. (E) Effect of MG-132 
(10 μM), bortezomib (10 μM), or 
bafilomycin (10 nM) on 32-134D 
inhibition of HIF-1α accumula-
tion in MIO-M1 cells cultured in 
hypoxia for 4 hours. (F) Cluster-
ing analysis of angiogenesis array 
by qPCR screening for MIO-M1 
cells cultured in the absence or 
presence of 32-134D and 1% O2 
(hypoxia) or 20% O2 (normoxia) 
for 8 hours. Expression values 
were scaled in row direction, 
and “complete” was the default 
method in clustering method. (G) 
Multiple angiogenic genes were 
upregulated in cells cultured in 
hypoxia compared with control in 
angiogenesis array. (H) VEGF and 
ANGPTL4 mRNA expression in 
MIO-M1 cells cultured in hypoxia 
(at indicated times) treated 
with vehicle or 32-134D (10 μM). 
Data are represented as mean 
± SD. Statistical analyses were 
performed using 2-way ANOVA 
with Bonferroni’s multiple- 
comparison test. **P < 0.01;  
****P < 0.0001.
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by HIF-1 and HIF-2. A heatmap of the top 37 upregulated DEGs in 
OIR mice compared with control (non-OIR) mice demonstrated 
that treatment with 32-134D resulted in normalization of these 4 
identified biological functions (Figure 13E). These data demon-

biological processes that were significantly enriched (FDR < 0.05) 
were inflammation, angiogenesis, hypoxia, and vasculogenesis. 
These processes have previously been implicated in pathological 
angiogenesis in the OIR model and include many genes regulated 

Figure 8. HIF inhibitor 32-134D effectively inhibits HIF accumulation and expression of HIF-regulated genes in endothelial cells. (A) Western blot 
demonstrating inhibition of HIF-1α and HIF-2α accumulation by 32-134D (10 μM) in HUVECs cultured in hypoxia for 4 hours. (B) Clustering analysis of 
angiogenesis array by qPCR screening for HUVECs cultured in the absence or presence of 32-134D and 1% O2 (hypoxia) or 20% O2 (normoxia) for 16 hours. 
Expression values were scaled in row direction, and “complete” was the default method in clustering method. (C) Multiple angiogenic genes were upreg-
ulated in cells cultured in hypoxia compared with control in angiogenesis array. (D–F) VEGF, ANGPTL4 (D), ANGPT2, PTPRB (E), and SERPINE1 (F) mRNA 
expression in HUVECs cultured in hypoxia for 16 hours and treated with vehicle or 32-134D (10 μM). Data are represented as mean ± SD. Statistical analyses 
were performed using 1-way ANOVA test with Bonferroni’s multiple-comparison test. *P < 0.05; **P < 0.01; ****P < 0.0001.
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lation of both HIF-1α and HIF-2α at their peak expression at P13 
and P14, respectively (14) (Figure 14A). This, in turn, resulted in a 
moderate reduction in Vegfa mRNA expression (Figure 14B), but 
was sufficient to inhibit the development of retinal NV at P17 (by 
almost 75%) in OIR mice (Figure 14C), which was similar to what 
was observed with aflibercept (Figure 14D) at a dose equivalent to 
what is being used for newborns with retinopathy of prematurity 
(ROP) (47). This could be explained by the moderate reduction 
of a broad group of other key HIF-regulated angiogenic genes, 
including Kdr, Angptl4, Epo, and Serpine1 (Supplemental Figure 
4). Moreover, increasing the dose of 32-134D to 280 ng further 
inhibited the development of retinal NV (by approximately 85%) 

strate that treatment with 32-134D helps normalize the expression 
of myriad HIF-regulated genes that influence numerous biological 
processes and collectively contribute to the development of retinal 
NV in ischemic retinal disease.

Intraocular administration of 32-134D reduces retinal NV and 
vascular hyperpermeability in mouse models of diabetic eye disease. 
We next determined whether the modest but broad reduction in 
HIF-regulated gene expression following intraocular adminis-
tration of 32-134D could affect retinal pathology. To this end, we 
performed a single intraocular injection with 32-134D at P12 and 
examined retinal NV at P17 in OIR mice. A single intraocular injec-
tion with 32-134D (14 ng) at P12 effectively reduced the accumu-

Figure 9. 32-134D inhibits HIF accumulation and expression of HIF-regulated genes in hiPSC-derived 3D retinal organoids. (A) Representative bright-
field image of D120 retinal organoid derived from hiPSCs. (B) H&E staining of D120 hiPSC-derived retinal organoid. (C and D) Representative immunofluo-
rescence images of D120 hiPSC-derived retinal organoid demonstrating staining for Pax6 and recoverin (REC) (C) and CRALBP (D). (E) Inhibition of HIF-1α 
and HIF-2α accumulation in D120 hiPSC-derived retinal organoids cultured in 1% O2 for 12 hours and treated with 32-134D at indicated doses. (F and G) 
VEGF (F) and ANGPTL4 (G) mRNA expression D120 hiPSC-derived retinal organoids cultured in 1% O2 for 12 hours and treated with 32-134D at indicated 
doses. n = 6–10 retinal organoids per condition. Data are represented as mean ± SD. Statistical analyses were performed using 1-way ANOVA with Bonfer-
roni’s multiple-comparison test. ****P < 0.0001. Scale bars: 25 μm.
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Figure 10. Systemic administration of a well-tolerated dose of 32-134D inhibits HIF and HIF-regulated gene expression and effectively treats retinal 
vascular disease in mice. (A) Representative fundus photos (above) and fluorescein angiographic images (below) of the retina of BL/6 mice on day 
30 following 5 daily i.p. injections (day 0 to day 5) with 32-134D at 40 or 80 mg/kg compared with vehicle control. n = 3 animals (6 eyes) per group. (B) 
HIF-1α and HIF-2α protein accumulation at P13 and P14, respectively, 24 hours after a single i.p. injection with 32-134D (20 mg/kg) in OIR mice. (C and 
D) mRNA expression of HIF-regulated vasoactive mediators Vegfa, Angptl4, Pdgfb, and Epo (C) and endothelial cell genes Angpt2, Ptprb, Serpine1, and 
Kdr (D) in OIR mice treated with 5 consecutive (P12–P16) i.p. injections with 20 mg/kg 32-134D or vehicle control. (E) Left: representative images of ret-
inal NV (outlined) at P17 after daily treatment with 20 mg/kg 32-134D or vehicle control (P12-16). Right: quantitation of avascular retina and retinal NV 
at P17. n = 3–8 animals per condition. Data are represented as mean ± SD. Statistical analyses were performed using 1-way ANOVA with Bonferroni’s 
multiple-comparison test (C and D) or 2-tailed Student’s t test (E). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bars: 500μm.
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Figure 11. Intraocular administration 32-134D does not affect retinal function. (A) ERG of C57BL/6 mice 7 to 35 days following a single intraocular 
administration with vehicle or 32-134D at the stated doses. (B) Representative images of H&E staining of retinal sections 35 days following a single 
intraocular injection with 32-134D at the stated doses. (C) Top: representative images of RBPMS staining of RGCs in retinal flat mounts 35 days follow-
ing a single intraocular injection with 32-134D at the stated doses. Bottom: quantitation of RGCs. (D) Left: representative images of H&E staining of 
retinal sections 35 days following a single intraocular injection with 32-134D at 350 ng. Right: quantitation of ONL and INL thickness. n = 5 animals for 
each group. Data are represented as mean ± SEM (A) or mean ± SD (C and D). Statistical analyses were performed by 2-way ANOVA (A) or 1-way ANOVA 
(C) with Bonferroni’s multiple-comparison test. Scale bars: 200 μm (B); 100 μm (C and D). Original magnification, ×20.
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alternative approach has been the 
development of therapies targeting 
additional vasoactive mediators 
that could be used alone or in com-
bination with current anti-VEGF 
drugs. While this approach has 
shown promise, the redundancy 
of vasoactive mediators in diabet-
ic eye disease may limit the effi-
cacy of therapies targeting a small 
subset of these factors. Indeed, we 
observed an increase in the levels 
of multiple angiogenic factors in 
patients with PDR or with NPDR 
and DME; importantly, these vaso-
active mediators remained ele-
vated despite treatment with anti-
VEGF therapy. Determining which 
angiogenic mediators would be 
most effective as therapeutic tar-
gets for PDR or DME without com-
promising the health of the neuro-
sensory retina remains an ongoing 
challenge.

Here, we explore a third strate-
gy to more effectively treat patients 
with diabetic eye disease: to nor-
malize the expression of multiple 
vasoactive factors back to their 
physiologic levels by inhibiting the 
transcriptional regulators that pro-
mote their pathologic increased 
expression (Supplemental Figure 
5). Using animal models for isch-
emic retinal disease or for sus-
tained hyperglycemia, we provide 
evidence that the transcription fac-

tors HIF-1 and HIF-2 regulate the expression of a broad spectrum 
of vasoactive mediators that have been implicated in diabetic eye 
disease. Pharmacologic inhibition of HIFs reduced the levels of 
these vasoactive factors to close to their baseline levels, prevent-
ing pathological angiogenesis without compromising the physio-
logic roles of these secreted proteins.

Interestingly, we observed that accumulation of HIF-1α in 
hyperglycemic mice occurs prior to — and independently of — 
the development of retinal ischemia (or hypoxia). Increased HIF 
expression in hyperglycemic mice was necessary to promote the 
expression of the HIF-regulated vasoactive mediators that pro-
mote vascular hyperpermeability. We have also recently report-
ed that transient episodes of low glucose, as occurs in patients 
initially started on insulin treatment or those with high glycemic 
variability, result in the accumulation of HIF-1α independently 
of hypoxia (49). The accumulation of HIF-1α (and HIF-regulated 
vasoactive mediators) in hypoglycemia was markedly increased 
in the setting of even modest hypoxia. Collectively, these obser-
vations suggest that therapies directed against HIFs could be an 
effective approach to preventing the development or progression 

at a dose that was safe in treated mice (Figure 14E). Treating STZ 
mice that were hyperglycemic for 9 months with a single intraocu-
lar injection with 70 ng 32-134D also effectively inhibited vascular 
hyperpermeability (Figure 14F). Collectively, these data demon-
strate that 32-134D is a safe and effective inhibitor of HIF activ-
ity, HIF-regulated gene expression, and, in turn, retinal vascular 
pathology (Supplemental Figure 5), with a wide therapeutic win-
dow following intraocular administration and that it may be more 
effective than current anti-VEGF therapies.

Discussion
While anti-VEGF therapies have had a remarkable impact on the 
treatment of both PDR and DME, not all patients respond ade-
quately despite monthly treatment, highlighting the importance of 
identifying new therapies for the prevention or treatment of diabet-
ic eye disease. One approach for those patients who respond inade-
quately to current anti-VEGF agents is to design treatment modal-
ities that inhibit VEGF more efficiently. However, these efforts 
may have unwanted consequences, given the proposed physiolog-
ic role of VEGF for the health of the neurosensory retina (48). An 

Figure 12. Calculations for effective dose of 32-134D following intraocular administration. (A) Accumulation 
of HIF-1α protein in MIO-M1 cells cultured in hypoxia and treated with 32-134D at indicated does. (B) Quanti-
tation of immunoblots of HIF-1α protein accumulation in 32-134D–treated MIO-M1 cells cultured in hypoxia 
demonstrated an IC50 of 3.5 μM. (C) Concentration-time profiles of 32-134D in mice treated with a single intra-
ocular injection with 32-134D (70 ng). The concentration of 32-134D in the neurosensory retina exceeded the 
in vitro IC50 of 3.5 μM for at least 5.25 days. (D) Concentration-time profiles of 32-134D in mice treated with 
a single intraocular injection with 32-134D (280 ng). Retina tissue was obtained over 14 days, with 32-134D 
concentrations determined by LC-MS/MS (C and D). The concentration of 32-134D in the neurosensory retina 
exceeded the in vitro IC50 of 3.5 μM for at least 11.7 days. n = 3 animals per condition. Data are represented as 
mean ± SD (C and D) and mean ± SEM (B).
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Figure 13. Gene expression changes following intraocular administration of 32-134D. Transcriptional analysis of retinal tissue of OIR mice at P17 
following treatment with a single intraocular injection with DMSO (vehicle; OIR) or 32-134D (70 ng/μl; OIR+32-134D) at P12 compared with non-OIR 
(control) P17 mice. (A) Volcano plots illustrating DEGs in OIR versus non-OIR control mice (left) or OIR+32-134D versus OIR mice (right). (B) Venn dia-
grams showing overlap of 33 upregulated (left) and 35 downregulated (right) DEGs in OIR versus control (pink) and OIR+32-134D versus control (cyan), 
respectively. (C) Clustering analysis of identified DEGs among control, OIR, and OIR+32-134D. (D) GO analysis representing biological process enriched 
by 250 upregulated DEGs that were statistically significant (FDR < 0.05; red) or nonsignificant (FDR > 0.05; blue) between OIR and control. The size 
of the dots represents the count. The gene ratio describes the ratio of the count to the number of all DEGs. (E) Heatmap of top 37 upregulated DEGs 
in OIR and OIR+32-134D compared with control further enriched from 4 identified biological functions (highlighted in red in D). Bulk RNA-Seq analysis 
was performed from 3 independent isolations (n = 3 mice in each group). See Methods for details of statistical analyses performed. padj, adjusted P 
value; pos, positive; neg, negative; reg, regulation.
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Figure 14. Intraocular administration of a well-tolerated dose of 32-134D reduces retinal NV and vascular hyperpermeability in mouse models of 
diabetic eye disease. (A) Western blot of HIF-1α and HIF-2α expression in OIR mice at P13 (left) and P14 (right), respectively, following a single intraocu-
lar injection with 32-134D (14 ng). (B) mRNA expression of Vegf in OIR mice treated with a single intraocular injection of 32-134D (14 or 70 ng) or vehicle 
control. (C and D) Left: representative images of retinal NV at P17 in OIR mice after a single intraocular injection of 32-134D (14 and 70 ng; C) or aflibercept 
(100, 200, or 400 ng; D) at P12. Right: quantitation (or reduction) of retinal NV compared with untreated control at P17. (E) Above: representative images 
of retinal NV at P17 in OIR mice after a single intraocular injection with 280 ng 32-134D at P12. Below: quantitation (or reduction) of retinal NV compared 
with untreated control at P17 in OIR mice after a single intraocular injection with 32-134D (280 ng). (F) Above: representative images of vascular hyperper-
meability as demonstrated by leakage of intravascular Evans blue dye in STZ mice that were hyperglycemic for 6 months before treatment with 32-134D 
(or vehicle) 5 days prior to sacrifice. Below: quantitation of vascular hyperpermeability. n = 4–6 animals per condition. Data are represented as mean ± SD. 
Statistical analyses were performed using 1-way ANOVA with Bonferroni’s multiple-comparison test (B–E) or 2-tailed Student’s t test (F). *P < 0.05; **P < 
0.01; ****P < 0.0001. Scale bar: 500 μm.
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such as mice. While current efforts developing sustained-release 
formulations for acriflavine may help expand its therapeutic win-
dow (55, 57), these results raise concerns about its applications for 
the treatment of retinal diseases.

We therefore examined the safety and efficacy of an HIF 
inhibitor, 32-134D, which reproduces acriflavine’s inhibition of 
HIF-regulated genes, but is structurally distinct from acriflavine 
(44). Systemic administration of 32-134D has previously been 
reported to be very well tolerated by mice (44) at doses that we 
demonstrate prevent retinal NV without affecting normal retinal 
vasculature. Intraocular administration of a single dose of 32-134D 
inhibited HIF-1α and HIF-2α protein accumulation, thereby nor-
malizing the expression of HIF-regulated vasoactive genes in 
mouse models of diabetic eye disease. These results were corrob-
orated in hiPSC-derived 3D retinal organoids. Treatment of mice 
with a single intraocular injection of 32-134D effectively prevent-
ed the development of both retinal NV and vascular hyperperme-
ability at doses that did not affect the normal retinal histology or 
function. Interestingly, while Cmax was not increased following an 
intraocular injection of 280 ng rather than 70 ng of 32-134D, there 
was a depot-like effect observed that more than doubled the time 
(from 5.25 to 11.75 days) during which 32-134D levels were above 
the IC50. This may facilitate an extended interval between injec-
tions for patients receiving intraocular injections with 32-134D in 
the clinic. Further studies are required to determine the optimal 
dose and frequency of treatment needed to achieve steady-state 
levels of 32-134D that are above its IC50.

By targeting both HIF-1 and HIF-2, we demonstrate that 
32-134D effectively inhibited genes implicated in over 2 dozen bio-
logical processes, including inflammation, angiogenesis, hypoxia, 
and vasculogenesis, which have all previously been implicated in 
pathological angiogenesis in ischemic retinal disease. Among the 
angiogenic signaling cascades inhibited by 32-134D are the VEGF/
KDR axis (currently targeted by the FDA-approved therapies for 
DME and PDR, ranibizumab, aflibercept, and brolucizumab, as 
well as the oncology drug bevacizumab, used off-label for the 
treatment of diabetic eye disease) as well as the ANGPT2/TIE2/
VE-PTP cascade (currently targeted by faricimab, a bispecific 
antibody targeting both VEGF and ANGPT2 [refs. 58, 59], and 
AKB-9778, a subcutaneous VE-PTP inhibitor [refs. 60, 61]). By 
normalizing the expression of both the vasoactive mediator (e.g., 
VEGF and ANGPT2) and its downstream effectors (e.g., KDR and 
VE-PTP), 32-134D may effectively inhibit these pathways even 
though the levels of expression of these proteins do not fall signifi-
cantly below their normal physiologic levels.

Treatment with 32-134D also inhibited the expression of 
many other angiogenic mediators that have been previously impli-
cated in ischemic retinal eye disease (4) and may further con-
tribute to the reduced response of some patients to current anti-
VEGF therapies (13, 18, 62). This highlights a central advantage of 
therapies targeting HIFs over those therapies that target a specif-
ic vasoactive mediator regulated by HIFs: by modestly reducing 
the expression of a broad spectrum of angiogenic and hyperper-
meability factors back to their physiological levels, 32-134D may 
effectively treat ischemic retinal eye disease while reducing the 
risk for adverse outcomes that can result from the chronic sup-
pression of 1 or 2 vasoactive mediators to subphysiological levels. 

of early diabetic eye disease and demonstrate how targeting HIFs 
could effectively treat vascular permeability in patients with DME.

It has recently been reported that selective targeting of HIF-2  
can inhibit retinal NV in the OIR mouse model of ischemic retinal 
disease (13, 14). It was further reported that expression of HIF-2α 
— but not HIF-1α — in vascular cells promotes the expression of 
PAI-1, an essential autocrine angiogenic factor in patients with 
PDR (13). It is therefore tempting to speculate that HIF-2–specific 
inhibition with belzutifan, recently approved by the FDA for the 
treatment of renal cell carcinoma in patients with von Hippel–
Lindau disease, may be an effective approach for the treatment of 
ocular neovascular disease, including diabetic eye disease. How-
ever, using tissue from human eyes as well as hiPSC-derived ret-
inal organoids, we reported that there is a redundancy of HIF-1α 
and HIF-2α expression in ischemic retina (14). While vascular cell 
expression of PAI-1 has been reported to be dependent on HIF-2  
(13), Müller glial cell expression of ANGPTL4 was dependent 
on HIF-1 and expression of VEGF was dependent on both HIF-1 
and HIF-2 (14). This suggests that targeting both HIF-1 and HIF-2 
may be the most effective approach for blocking the expression 
of a broad spectrum of vasoactive mediators in patients with  
diabetic eye disease.

Several groups investigating the therapeutic potential of HIF-1 
and HIF-2 inhibitors for the treatment of ocular vascular disease 
have focused on 3 pharmacologic inhibitors: digoxin, doxorubicin, 
and acriflavine, identified in drug screens performed 15 years ago 
(36, 40, 50). While an effective research tool, safely translating 
the cardiac glycoside digoxin to patients with ocular disease has 
proven to be challenging due in part to its complex pharmacoki-
netic profile and narrow therapeutic index (39). Indeed, intraoc-
ular administration of digoxin in rabbits at therapeutic doses has 
been reported to result in retinal toxicity (51, 52). Similar observa-
tions were made following intraocular administration of the che-
motherapeutic agent doxorubicin (53, 54). Attention has therefore 
focused on acriflavine as the most promising of the 3 for the treat-
ment of ocular vascular disease. Prior studies have demonstrated 
that acriflavine can effectively reduce retinal and choroidal NV in 
animal models using either intraocular or topical delivery (41). We 
demonstrate that free acriflavine can affect vascular hyperperme-
ability in diabetic mice for several months following a single intra-
ocular administration. This prolonged biologic activity appears to 
be a consequence of its accumulation in the retina following intra-
ocular administration, as has been previously reported (41, 55).

However, acriflavine is a fluorophore that intercalates into 
DNA and high–molecular weight RNA, raising concern for its 
safety for internal use in humans. Moreover, the DNA-dam-
aging effects of acriflavine have been reported to be markedly 
increased in the presence of visible light exposure, a property 
directly linked to acriflavine’s DNA-intercalating properties (56), 
raising additional concerns about its use for the treatment of ret-
inal disease. We report here that the accumulation of acriflavine 
in the retina in mice can cause retinal toxicity over time, with 
RGC loss at therapeutic doses. This appears to be due to off-tar-
get effects of acriflavine, as genetic reduction of HIF-1α or HIF-2α 
expression could not reproduce these results. Of note, the impact 
of the enhanced toxicity of acriflavine in the presence of visible 
light may be underestimated in the retinas of nocturnal animals, 
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Statistical analysis was performed with Microsoft Excel, version 
16.0.16327.20248, or Prism, version 8.0, software (GraphPad). Sta-
tistical differences between 2 or multiple heterogenous groups were 
determined by unpaired Student’s t test or 1-way or 2-way ANOVA. 
Analysis of data was performed using Excel.

Study approval. All animal experiments were performed in accor-
dance with the Animal Care and Use Program at Johns Hopkins Uni-
versity and were approved by the Institutional Animal Care and Use 
Committee (IACUC). All studies involving patients or patient tissue 
were approved by the Institutional Review Board of Johns Hopkins 
University School of Medicine. All participants provided written 
informed consent prior to enrolment in the study.
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HIF inhibition may also be effective for retinal vascular diseases 
in which HIFs and/or retinal ischemia plays a central role, but for 
which anti-VEGF therapies have proven inadequate, including von 
Hippel–Lindau disease (63, 64), Coats disease (65, 66), Norrie’s 
disease (67, 68), and familial exudative vitreoretinopathy (FEVR) 
(69). Collectively, these results provide the foundation for the ear-
ly clinical assessment for the use of 32-134D for the treatment of 
ocular vascular disease.

Methods
Cell culture and reagents. MIO-M1, HUVECs, and ARPE19 cells were 
cultured in DMEM with 10% (vol/vol) FBS (Quality Biological) 
and 1% penicillin/streptomycin (Cellgro). A hypoxic chamber (Coy 
Laboratory Product Inc.; Two Glove Model) with 5% CO2, 94% N2, 
and 1% O2 gas concentration at 37°C was used to culture hypoxic 
cells. The control cells were cultured in an incubator maintained 
at 37°C, with 21% O2 and 5% CO2. Digoxin was purchased from 
Tocris (4583/50). Acriflavine was obtained from MilliporeSigma 
(8048-52-0). DMSO (472301-500ML) and Evans blue (E2129) were 
purchased from Sigma-Aldrich, and 4-(6-bromo-1H-indol-3-yl)-2-
(7-bromo-1H-indol-3-yl)thiazole, designated 32-134D, was synthe-
sized as previously described (44). Aflibercept was obtained from 
the Johns Hopkins University Pharmacy.

Retinal organoids. An hiPSC line derived from CD34+ cord blood 
was used in this study (A18945, Thermo Fisher Scientific) (70). Undif-
ferentiated hiPSCs and derived retinal organoids were routinely test-
ed for mycoplasma contamination by PCR. Cell culture, retinal dif-
ferentiation, and organoid formation were conducted as previously 
described (71). Retinal organoids at D120 were used for experiments.

Cell-based studies. Please see details for all cell-based studies in 
Supplemental Methods.

Animal studies. Please see details for all animal studies in Sup-
plemental Methods.

Human tissue studies. Please see details for all human tissue stud-
ies in Supplemental Methods.

Descriptions of antibodies (Supplemental Table 1) and primer 
sequences (Supplemental Table 2) used in this study can be found in 
Supplemental Methods. See supplemental material for full, uncut gels.

Data availability. All data will be made available upon request. 
RNA-Seq data have been deposited at NCBI’s Gene Expression Omni-
bus (GEO GSE229730). Values for all data points found in graphs can 
be found in the supporting data values file.

Statistics. Statistical analyses for the angiogenesis arrays and bulk 
RNA-Seq are described above. For all other cases, results are shown as 
mean ± SD or mean ± SEM from at least 3 independent experiments. 
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