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Activation of hypoxia-inducible factor (HIF) can prevent oxygen-induced retinopathy in rodents. Here
we demonstrate that dimethyloxaloylglycine (DMOG)-induced retinovascular protection is dependent on
hepatic HIF-1 because mice deficient in liver-specific HIF-1o. experience hyperoxia-induced damage
even with DMOG treatment, whereas DMOG-treated wild-type mice have 50% less avascular retina
(P < 0.0001). Hepatic HIF stabilization protects retinal function because DMOG normalizes the b-wave
on electroretinography in wild-type mice. The localization of DMOG action to the liver is further sup-
ported by evidence that i) mRNA and protein erythropoietin levels within liver and serum increased in
DMOG-treated wild-type animals but are reduced by 60% in liver-specific HIF-1a knockout mice treated
with DMOG, ii) triple-positive (Scal/cKit/VEGFR2), bone-marrow—derived endothelial precursor cells
increased twofold in DMOG-treated wild-type mice (P < 0.001) but are unchanged in hepatic HIF-1a
knockout mice in response to DMOG, and iii) hepatic luminescence in the luciferase oxygen-dependent
degradation domain mouse was induced by subcutaneous and intraperitoneal DMOG. These findings
uncover a novel endocrine mechanism for retinovascular protection. Activating HIF in visceral organs
such as the liver may be a simple strategy to protect capillary beds in the retina and in other peripheral

tissues. (Am J Pathol 2014, 184: 1890—1899; http://dx.doi.org/10.1016/j.ajpath.2014.02.017)

Retinopathy of prematurity (ROP) is a potentially blinding
disease that affects premature infants." The disease is
characterized by pathological angiogenesis and increased
vasopermeability that lead to inoperable retinal detachment.
ROP is likely responsible for the loss of eyesight in close to
10% of the approximately 1.5 million blind children
worldwide, and as third-world countries improve their
ability to keep premature infants alive, this number has the
potential to increase.” The fetus develops in relative hypoxia
in utero, a physiological state that is disrupted by premature
birth and exacerbated by supplemental oxygen.” The pres-
ence of excess oxygen, which corresponds to the hyperoxic
phase I of ROP, causes the regulatory enzyme prolyl
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hydroxylase domain protein (PHD) to hydroxylate two key
proline residues within the oxygen-dependent degradation
(ODD) domain of the hypoxia-inducible factor (HIF)-1a
subunit, allowing it to become a substrate of the Von Hippel-
Lindau protein, which targets the o subunit of HIF for
degradation by the ubiquitin-proteasome pathway."’ PHDs
are a family of conserved enzymes with at least three
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mammalian homologues (PHD1-3) that regulate HIF ac-
tivity through post-translational modification and there-
fore quickly respond to hyperoxia.*” Absence of HIF-1a
results in halted downstream angiogenic pathways,
including reduction of physiological vascular endothelial
growth factor (VEGF) secretion early in postnatal, pre-
mature life that is associated with oxygen-induced
vascular obliteration.®'"~"°

Recent data from two randomized, prospective trials have
defined the central paradox of oxygen therapy in severely
premature infants: that oxygen is necessary to prevent
mortality in these children but is simultaneously toxic to
premature tissues such as the retina. The discovery of HIF
proteins and their oxygen-dependent regulation through
PHDs and Von Hippel-Lindau protein'’ offers a possible
translational pathway for the growth and protection of blood
vessels relevant to a broad range of diseases, including
anemia,'® stroke,w’20 myocardial infarction,Z]‘22 skeletal
muscle ischemia,”> and ROP.** 27

Systemic injection of the HIF activator and nonselective
inhibitor of HIF PHD, dimethyloxaloylglycine (DMOG), in
phase I of oxygen-induced retinopathy (OIR), a rodent model
of ROP, at postnatal days 6 and 8 (P6 and P8, respectively)
resulted in a dramatic inhibition of OIR pathology that was
recapitulated by systemic PHD2 ablation, and, to a definite
but lesser extent, by systemic PHD1 ablation.”* >° Surpris-
ingly, hepatic HIF-1a protein levels after DMOG injection
in mice were dramatically up-regulated compared with levels
in brain, retina, and kidney. Organ lysate obtained from
DMOG-treated mice expressing a transgene of luciferase
fused to the ODD (luc-ODD)*® demonstrated highest lucif-
erase activity in the liver.”* This unusual finding of liver-
specific HIF-1a. activation and subsequent protection of the
retinal vasculature initiated the hypothesis that the liver could
be stimulated to protect retinal capillary beds via hepatic
PHD inhibition (PHDi). Here we show that the liver can be
directly involved in the prevention of OIR as seen in the
DMOG-treated mice.

Materials and Methods
OIR and Preparation of Retinal Flat Mounts

The murine model of ROP used in this study is based on a well-
established protocol by Smith et al,” which involves exposing
pups and their nursing mothers to 5 days of hyperoxia (75%
oxygen) during P7 through P12 in the wild-type C57BL/6
(WT) pups. A Plexiglas incubator with an oxygen sensor and
feedback system (ProOx, Biospherix, Ltd., Lacona, NY) was
used to ensure continuous hyperoxia. Animals were injected
with 200 pg/g DMOG i.p. or an equivalent volume of control
phosphate-buffered saline (PBS) at P6, P8, and P10. After
hyperoxia, the pups were returned to room-air (normoxic)
conditions through P17, at which point they were studied.
Flat mount preparation and lectin (GS-IB4-Alexa568, Life
Technologies Corporation, Grand Island, NY) staining were
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performed essentially as described elsewhere.’’' Retinas were

dissected using four radial cuts, and flat-mounted onto glass
slides with Vectashield mounting medium (Vector Labora-
tories, Burlingame, CA). All animal procedures were per-
formed in accordance with guidelines from the Cleveland
Clinic Institutional Animal Care and Use Committee.

Quantification of Retinal Flat Mounts

For quantitative analysis of avascular area, vascular tortu-
osity, and tufting, retinal images were batch-processed using
a customized macro and algorithms generated in Image-Pro
Plus version 7.0 (Media Cybernetics, Inc., Rockville, MD)
as previously described.””

Electroretinography

After overnight dark-adaptation, mice were anesthetized
with 80 mg/kg ketamine and 16 mg/kg xylazine. Eye drops
were used to dilate the pupil (1% tropicamide; 1.5% phen-
ylephrine HCI), to anesthetize the corneal surface, and to
make contact with the corneal recording electrode (1%
methylcellulose). Dark-adapted electroretinograms (ERGs)
were recorded to strobe-flash stimuli presented in a ganzfeld
system (LKC Technologies, Inc., Gaithersburg, MD). ERGs
were recorded using a thin, stainless steel wire that con-
tacted the corneal surface. Needle electrodes were placed in
the cheek and tail to serve as reference and ground leads.
ERG signals were recorded using a UTAS E-3000 signal-
averaging system (LKC Technologies, Inc).

Generation and Confirmation of Genotype for HIF-1a
Knockout Mice

Liver-specific HIF-1a knockout (KO) mice were generated at
The Jackson Laboratory (Bar Harbor, ME) by crossing an
HIFIA 2-lox strain with an albumin-Cre strain, both on C57BL/
6 genetic backgrounds. Fusion of Cre-recombinase to the
albumin promoter allows for loss of HIFIA in the majority
(80%) of hepatocytes. To confirm the lack of the liver HIFIA
gene in the HIF-1oo KO mice, total DNA was extracted from
murine liver, kidney, and retina samples by digesting overnight
at 55°Cin 200 pL of Direct PCR Lysis reagent (Viagen Biotech
Inc., Los Angeles, CA) and 1 pL of proteinase K (Qiagen,
Germantown, MD). PCR was performed in Taq PCR Master
Mix (Promega Corporation, Madison, WI) at 94°C for 3 mi-
nutes, followed by 25 cycles of 30 seconds at 94°C, 60 seconds
at 55°C, and 60 seconds at 72°C. The reaction was terminated at
72°C for 10 minutes. DNA ladder 1 Kb Plus (Life Technologies
Corporation) was used as a standard in 4% agarose gel to
determine PCR product sizes. The following primers were used
to detect 2-lox (recombined), /-lox (nonrecombined), and wild-
type alleles: Fwdl (5-TTGGGGATGAAAACATCTGC-3'),
FwdIl (5-GCAGTTAAGAGCACTAGTTG-3'), and Rev (5'-
GGAGCTATCTCTCTAGACC-3"). The HIF-1a I-lox allele
was identified as a 270-bp band, the 2-lox allele was identified
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Figure 1  Functional and structural outcomes of HIF PHDi. A: ERGs taken at P17 compare b-wave amplitude of four different groups of mice.
Animals exposed to room air or the OIR cycle and treated with sham i.p. injection of PBS had the lowest deflection, indicating decreased function of
the retina. Responses of OIR DMOG-injected mice were significantly higher in b-wave amplitude as compared to OIR PBS-injected mice (P < 0.05).
Normoxic sham-injected and OIR DMOG-injected animals were equal in waveform amplitude, showing that HIF PHDi protected retinal function in
hyperoxia/hypoxia, restoring it to levels of normoxic-raised pups. Normoxic DMOG-injected animals had supernormal deflection, demonstrating that
DMOG improved retinal function in normoxia and therefore caused no degradation of retinal function. B: Spectral domain ocular coherence to-
mography noninvasively shows how DMOG protected retinal structure from OIR pathology. Note the high level of structural resolution in the upper
and lower panels, which is lost from the middle panel, with attention to the photoreceptor inner/outer segment boundary, outer plexiform layer,
and inner plexiform layer (white, yellow, and green arrows, respectively). C: Imaging of the luc-ODD mouse reveals the in vivo reporter genetic
assessment of where DMOG had a molecular target. DMOG targets the liver, seen as on central luminescence in the ventral view and in the right
lateral aspect of the dorsal view, whereas hydralazine (HYD), a known inhibitor of PHD and antihypertensive medicine, targets the kidneys, seen as
lower symmetrical retroperitoneal hyperfluorescence in the dorsal view. PBS control shows no luminesence. D: DMOG targets liver for HIF stabilization
regardless of the administration route, i.p. or subcutaneous (subQ); two independent experiments are shown in the upper and lower panels. E:
Blood values of parameters that serve as indicators of liver or kidney toxicity following treatment with PBS (blue bars) or DMOG (red bars). Data are
expressed as means + SEM (A and E). n = 3 mice per group (A and E). ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood
urea nitrogen.

as a 260-bp band, and the wild-type (WT) allele was identified
as a 240-bp band."®

Histology

Tissue samples from WT and HIF-1loo KO mice were
harvested, rinsed briefly in PBS, and fixed overnight in
2% paraformaldehyde/2% glutaraldehyde. Diagonal liver
sections, transverse kidney sections, and posterior coro-
nal brain sections were obtained and embedded in
paraffin. Tissues were stained using H&E. Additional
histological analysis involved retina fixed in 4% PFA for
paraffin-embedded sections and stained with toluidine
blue. All histopathological changes were assessed by a
pathologist using masked specimens, with attention to
preservation of gross architecture, cellular structure, and
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vascularity, as well as any evidence of apoptotic or in-
flammatory changes.

Western Blot Analysis

Mice were sacrificed by ketamine/xylazine overdose, and or-
gans were collected and placed in radioimmunoprecipitation
assay buffer (200 pL per 50 mg of tissue, pH 7.0) containing
Complete Protease Inhibitors (Roche Diagnostics, Indian-
apolis, IN), disrupted using a tight-fitting microtube pestle, and
centrifuged to remove particulate matter. A Pierce BCA pro-
tein assay kit (Thermo Fisher Scientific Inc., Rockford, IL)
was used to measure protein concentrations. Lysates were
subjected to 4% to 20% SDS-PAGE and electrotransferred
to polyvinylidene difluoride membrane for immunoblotting.
Membranes were blocked with 5% nonfat dried milk in
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Tris-buffered saline and 0.1% Tween 20, then probed with
anti—HIF-1o antibody (Cayman Chemical Company, Ann
Arbor, MI) overnight. After washing and secondary antibody
hybridization, membranes were exposed by chemilumine-
scence (Western Lightning, PerkinElmer Inc., Waltham, MA).

Reverse Transcription and Quantitative PCR

Tissue from liver, kidney, brain, and retina was placed into
1 mL of RNAlater reagent (Qiagen) and stored at —80°C.
Total RNA was extracted using RNeasy kit (Qiagen) and
measured using NanoDrop (Thermo Fisher Scientific Inc.) and
standard spectrophotometric parameters. RNA (1 pg) from
each sample was retrotranscripted to cDNA using QuantiTect
Reverse Transcription Kit (Qiagen). cDNA samples (1 mL)
were used as template for amplification reactions performed
with the QuantiTect SYBR Green PCR kit (Qiagen) following
the manufacturer’s instructions. PCR amplifications were
performed in a 7900HT Fast Real-Time PCR system (Applied
Biosystems, Foster City, CA) and quantitative PCR data
analysis was performed with Re-Quantification Managed
software version 2.2.2 (Applied Biosystems).

In Vivo Localization of PHD Inhibition

The Gi(ROSA)26Sor™!(Fue)Kacl (1yc-ODD) mice were ob-
tained from The Jackson Laboratory. Pups were given i.p.
injections of 200 pg/g DMOG 3 hours before live imaging.
Mice were injected with a mixture of 100 mg/kg ketamine,
10 mg/kg xylazine, and 50 mg/kg luciferin and placed in a
light-tight chamber connected to a supercooled charge-
coupled camera. Photons were collected for 15 seconds
using an IVI 100 Imaging System (PerkinElmer Inc.).

Immunohistochemistry

WT and HIF-1ao KO P8 pups were injected with 200 ng/g
DMOG i.p. and sacrificed 3 hours later by lethal ketamine/
xylazine injection. The median hepatic lobe was excised and
immediately placed in 4% paraformaldehyde (PFA)in PBS.
Livers were fixed for 3 days in PFA at 4°C, followed by paraffin
embedding and preparation of 5 pm sections. Liver paraffin-
embedded sections were deparaffinized in xylene and rehy-
drated in a battery of ethanol solution. Antigen retrieval was
performed in a water bath at 99°C using Target Retrieval So-
lution (Dako North America, Inc., Carpinteria, CA). Immuno-
histochemistry was performed using anti—HIF-1lo rabbit
monoclonal antibody (clone EP1215Y, Millipore Corporation,
Billerica, MA) and revealed using an anti-rabbit Vectastain Elite
ABC peroxidase kit (avidin-biotin system) followed by an
ImmPACT VIP peroxidase substrate kit (Vector Laboratories).

Erythropoietin ELISA

Six hours after 200 pg/g DMOG i.p. injection, WT and HIF-
lao. KO P8 mouse pups were anesthetized by ketamine/
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Figure 2  Cre-lox recombination of liver-specific HIF-1o. KO. A: Ablation
is shown in liver compared to kidney and retina by PCR-amplified fragments
of the recombination site within the HIF1A gene. I-lox and 2-lox designate
the recombined (270-bp) and nonrecombined (260-bp) alleles, respec-
tively, and the WT allele (240 bp). B: Western blot analysis shows residual
HIF-1a expression from liver-derived cells that do not express albumin,
such as mesenchymal fibroblasts and endothelial, epithelial, stellate, and
Kupffer cells. Only the WT had DMOG-inducible HIF-1a protein, whereas the
HIF-1o KO expressed HIF-1e, but without effect from DMOG. C: Immuno-
histochemistry using HIF-1a antibody shows increased protein content in
liver paraffin sections taken from DMOG- versus PBS-treated animals in WT
only when compared to HIF-1a KO. Original magnification: x40 (C), x400
(C, insets).

xylazine and blood was drawn using a heparinized 27-gauge
needle and syringe. Serum was diluted 1:10 with sample
diluent provided by the manufacturer of murine erythro-
poietin (EPO) colorimetric enzyme-linked immunosorbent
assay (ELISA; R&D Systems, Inc., Minneapolis, MN).
Spectrophotometric measurements of EPO quantities were
obtained according to the manufacturer’s instructions.

Flow Cytometry

Bone-marrow—derived endothelial precursor cell (EPC)
response to DMOG was measured by isolation and quanti-
fication of leukocytes expressing triple-positivity for the
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cell-surface receptors Sca-1, cKit, and VEGFR2. White
blood cell isolates were obtained from peripheral blood and
then tagged with Sca-1, cKit, and VEGFR2 fluorescent
antibodies (BD Biosciences, San Jose, CA). Cells were then
counted using an LSRII flow cytometer (BD Biosciences)
calibrated before each experiment, and analyzed using
FlowJo software version 10 (Tree Star Inc., Ashland, OR).

Statistical Analysis

ERG measures were evaluated with a two-way repeated-
measures analysis of variance. All other data were analyzed
by comparing means using the Student #-test. The two-tailed
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probability associated with rejecting the null hypothesis of
no difference between observed groups was calculated,
using an o level of 0.05.

Results

Stabilization of HIF-1a via PHD Inhibition Prevents
OIR in Mice and Targets Hepatic PHD

We previously reported quantitative analysis of retinal flat
mounts in both mice and rats using both sustained and
fluctuating oxygen protocols demonstrating that PHDi pre-
vents oxygen-induced retinovascular growth attenuation and

OIR + DMOG

Figure 3  The effect of hepatic HIF1A ablation
on retinovascular protection by DMOG at P17. A:
Lectin staining shows typical OIR pathology man-
ifested as capillary dropout/avascularity that was
prevented by i.p. DMOG injection, demonstrated
here as robust preservation of central capillaries.
In contrast, the liver HIF-1oc KO mouse developed
typical OIR pathology, characterized by capillary
dropout seen surrounding the optic nerve, that
was not prevented by DMOG, as it was in WT.
In vivo fluorescein angiograms highlight posterior
avascularity in the OIR model WT mouse that was
prevented by HIF PHDi by DMOG. Fluorescein
angiography confirms results from lectin-stained
retinas shown above and demonstrates that
DMOG could not prevent capillary loss in the HIF-
1o KO mouse as it did in the WT mouse. Comput-
erized quantification (see Sears et al** for details)
of avascular retinal area (B); retinal area with
neovascular tufts (C); and vascular tortuosity (D)
confirm the failure of DMOG to prevent OIR-
associated vascular pathology. PBS, blue bars;
DMOG, red bars. Data are expressed as means +
SEM (B-D). n = 20 eyes per group (B-D).
**P < 0.01, ****P < 0.0001, t-test.

Lectin Staining

Fluorescein Angiography

KO
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vasoobliteration.”*?’ We now correlate the functional
outcome of DMOG hypoxia mimetic treatment measured by
ERG (Figure 1A).

The b-wave reduction observed in OIR animals without
DMOG was prevented by DMOG treatment, and response
amplitudes of DMOG-treated OIR animals were equivalent to
those in mice reared in room air. This demonstrates that the
strategy of HIF stabilization through PHDi preserves retinal
function in animals subjected to the OIR cycle. WT normoxic
pups also show higher b-wave amplitude in response to HIF
PHDi that is not statistically significant at all flash intensities.
We hypothesize that this supernormal trend may have been
secondary to more robust oxygen delivery from HIF PHDi
because of increased blood supply, the cytoprotective capa-
bility of HIF stabilization, or cytokines such as EPO that the
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Fluorescein Angiogram

Figure 4  HIF-1o. KO mouse developed normal
retina, liver, kidney, and brain. A: Toluidine blue
staining, lectin staining, and in vivo fluorescein
angiography show normal retinal histology and
retinal blood vessels in WT mice. HIF-1o. KO mouse
had a similar phenotype as in WT. B: Gross
microsections stained with H&E show a similar
phenotype between normoxic WT and HIF-1a KO
mice of liver, kidney, and brain. GCL, ganglion cell
layer; INL, inner nuclear layer; IPL, inner plexiform
layer; IS, inner segment; ONL, outer nuclear layer;
OPL, outer plexiform layer; and OS, outer segment
of photoreceptors.

liver secretes in response to systemic HIF PHDi. Although
these are at this point hypotheses only, the trend does
demonstrate that HIF PHDi is not toxic to normal retinal
function. Spectral domain ocular coherence tomography,
shown in Figure 1B, permits the collection of alternative,
cross-sectional, in-depth views of specific regions of interest
that are suggestive of ischemia, neovascularization, or edema.
Spectral domain ocular coherence tomography revealed
striking preservation of retinal cell layers when comparing
normoxia to hyperoxia or hyperoxia with HIF PHDi
(Figure 1B). In vivo whole-animal studies using the luc-ODD
mouse”® presented here (Figure 1, C and D) correlate with
previously published organ lysate measurements and Western
blots comparing time and dose response for retinal and hepatic
HIF.”* The luc-ODD mouse expresses a fusion protein
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Figure 5  Response to DMOG revealed an increase in liver and serum EPO levels in WT mice that was blunted in HIF-1¢. KO mice, in synchrony with mRNA
measurements of DMOG-treated WT mice and HIF-1a. KO mice. A: Pronounced up-regulation of serum EPO measured by ELISA was present in DMOG-injected WT
mice 6 hours after DMOG injection; serum EPO was reduced by 60% in HIF-1o. KO mice. B: Representative Western blot analysis of serum at 6 hours dem-
onstrates increased EPO in WT murine serum and reduced levels of serum EPO in a HIF-1c. KO mouse. The Western blot was repeated three times, with different
samples obtained identically. C: Densitometry of the Western blot from B. D: Densitometry values were averaged from WT + DMOG and HIF-1c KO + DMOG. EPO
mRNA from murine organs after 5 days of hyperoxia at P12 (Hyperoxia), or at the peak of hypoxic ischemia P17 (Hypoxia), or 24 hours after DMOG injection in
hyperoxia (DMOG/Hyperoxia). Both the kidney and eye responded to hypoxia by increasing EPO synthesis, whereas the liver showed no response to hyperoxia/
hypoxia. Yet, it is the liver alone that had a strong response to DMOG in hyperoxia. E—G: Analysis of mRNA from WT versus HIF-1c. KO P8 mice at 3, 6, and 24
hours after DMOG injection. There was a notable increase in EPO mRNA in the liver of approximately 200-fold (E) as compared to that in the kidney
(approximately 5-fold) (F) and that in the retina (approximately 2-fold) (G). The y axes represent fold-change from mRNA measurement at zero time point (0

hours). Data are expressed as means + SEM (A, D—G). n = 6 mice per group (A and D); n = 4 mice per group (E—G).

transgene of luciferase and the ODD, thereby serving as an
in vivo reporter gene construct to identify where HIF PHD is
inactivated and HIF is stabilized. Whole-animal imaging 3
hours after DMOG injection generates a liver-specific lumi-
nescence pattern in contrast to hydralazine, a hydrazine with
known PHDi activity or PBS (Figure 1C). DMOG induces
luminescence in the liver, visualized in the upper abdomen,
ventral side, and right lateral aspect, dorsal side, compared to
hydralazine, which causes hyperluminescence in the kidneys,
seen as most intense in the lower retroperitoneal space, dorsal
side, whereas PBS, a negative control, produces no lumines-
cence. In addition, subcutaneous injection of DMOG
(Figure 1D) also causes hepatic luminescence, demonstrating
that DMOG is active against HIF PHD in the liver by both
intraperitoneal and subcutaneous delivery. Despite this liver
tropism, DMOG-treated animals have normal liver and kidney
function parameters after DMOG injection, demonstrating no
toxicity when assessed by liver and kidney function blood tests
(Figure 1E).

Hepatic HIF-1a Is Required for DMOG-Mediated
Prevention of OIR

Given preliminary work and the data shown in Figure 1,
which suggests that systemic DMOG uniquely stabilizes
hepatic HIF while protecting retinal blood vessels from
hyperoxia, we speculated that liver-specific HIF might be
integral to DMOG-mediated prevention of retinovascular
pathology from hyperoxia. We thus generated a conditional
cre/lox HIF-lo. (HIFIA?'?"°*; albumin-Cre) hepatic
knockout (HIF-1ao KO) mouse to determine whether liver-
specific HIF-1a is required for retinovascular protection
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by DMOG. Confirmation of hepatic HIFIA ablation was
obtained via genotyping (Figure 2A), liver protein analysis
(Figure 2B), and immunohistochemistry (Figure 2C). Note
that there is constitutive expression of HIF-1a from hepatic
cells that do not express albumin, for example, endothelial,
stellate, or Kupffer cells, but there is no induced expression
after DMOG injection, as is the case in the WT mouse.

We generated OIR in WT and HIF-1a KO mice, comparing
DMOG-injected animals with PBS-injected controls, to deter-
mine whether hepatic HIF-1 is required for retinal protection in
OIR. Lectin staining of retinal flat mounts and in vivo confocal
scanning laser ophthalmoscopy with fluorescein angiography
(Figure 3A) were used to quantify retinovascular ischemia,
tortuosity, and neovascularization (Figure 3, B—D). A lack of
response to DMOG in hepatic HIF-1oc KO mice undergoing
OIR was observed by persistent capillary dropout and tortu-
osity on retinal flat mounts, whereas significant reduction
and elimination of these vascular pathologies was seen in
DMOG-injected WT mice undergoing OIR (Figure 3A). These
observations were quantified by automated vascular analysis,
which showed that avascularity (P < 0.0001) and vascular
tortuosity (P < 0.01) were decreased in DMOG-treated WT
mice compared to PBS-treated WT mice, but that there was no
difference in DMOG-treated versus PBS-treated HIF-1a0 KO
mice (Figure 3, B—D).

We evaluated retinas from normoxic HIF-1a KO mice and
compared them to control retinas from normoxic WT mice at
P17 using toluidine blue-stained cross sections, lectin-stained
flat mounts, and in vivo fluorescein angiography (Figure 4A) to
determine whether loss of hepatic HIF-1a. would impact
normal retinal development. Compared to age-matched WT
controls, superficial and deep vessels in the HIF-1a0 KO mice
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appeared to be grossly normal at P17. Histopathological
analysis of the liver, kidney, and brain also revealed normal
architecture and cell appearance (Figure 4B).

Biochemical Evidence of HIF Stabilization: DMOG-
Mediated Activation of Liver HIF-1« Is Associated with
Increasing EPO mRNA

Previous reports”~ demonstrated that EPO, an HIF-regulated
cytokine with angioprotective action, lessened the effect of
hyperoxia in mice. DMOG caused a rapid increase in serum
EPO protein that was attenuated in the HIF-la KO
measured by ELISA (Figure 5A) and Western blot analysis
(Figure 5, B and C). A comparison of the change in EPO
mRNA from murine organs after 5 days of hyperoxia at P12
to the peak of hypoxic ischemia at P17 demonstrated both
the tropism of DMOG for the liver and its ability to make
the liver, normally unresponsive to environmental oxygen
saturation, act as an endocrine organ after systemic hypoxia
mimetic treatment with DMOG (Figure 5D). Both the kid-
ney and eye responded to hypoxia by increasing EPO syn-
thesis, whereas the liver showed no response to hyperoxia/
hypoxia. Yet, it is the liver alone that has a significantly

>

increased expression of EPO from i.p. DMOG. The increase
in EPO mRNA peaks at 200-fold in the liver (Figure 5E), 6-
fold in the kidney (Figure 5F), and 1.5-fold in the retina
(Figure 5G), in synchrony with our previous findings** by
Western blot analysis and luminometry indicating that liver
PHD is the primary target of systemic DMOG.

Cellular Evidence of HIF Stabilization: DMOG-Mediated
Prevention of OIR Induces Bone-Marrow—Derived EPCs

HIF-regulated proteins are reported to regulate various cellular
functions, including hematopoiesis, angiogenesis, cellular
protection, DNA repair, and progenitor stem cell develop-
ment.>>** In addition, several studies have demonstrated that
EPO alone may induce bone-marrow—derived endothelial
precursor cells that are recruited to the retina after systemic
administration of exogenous EPO.”** EPCs are bone-
marrow—derived angiogenic cells (BMDAC:) that have been
identified based on double-positivity for the cell-surface re-
ceptors cKit and Scal, as well as by more stringent criteria using
triple-positivity for cKit, Scal, and VEGFR2.%** Using flow
cytometry to identify double- and triple-positive cells, we
observed a statistically significant increase in circulating bone-
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Figure 6  An increase in circulating EPCs was
seen in response to DMOG in WT mice but not in
HIF-1a. KO mice. Scatterplot of flow cytometry
fluorescence intensity isolates percentages of pe-
ripheral blood leukocytes that were double-
positive for Scal/cKit (A and C) and the histo-
gram of triple-positive for Scal/cKit/VEGFR2 (B
and D). There was a significant increase in circu-
lating EPCs in response to DMOG in WT mice;
however, there was no such response seen in the
HIF-1a KO mice (***P < 0.001). E: Overall model
of how the liver can be stimulated to act as an
endocrine organ to protect distal capillary beds
such as in the eye and specifically the retina. Data
are expressed as means & SEM (C and D). n = 6
mice per group (C and D). APC, allophyocyanin;
FITC, fluorescein isothiocyanate; PE, phycoery-
thrin.
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marrow—derived EPCs at 12 hours after treatment in WT mice
injected with DMOG versus PBS controls (Figure 6, A and B).
This increase in triple-positive, circulating EPCs was not pre-
sent, however, when HIF-1a. KO mice were injected with
DMOG (P = 0.001) (Figure 6, C and D). The data presented
here provide an HIF-1—dependent mechanism in which the liver
could be induced to protect retinal blood vessels (Figure 6E).

Discussion

The hypothesis of this investigation is that a visceral organ,
such as the liver, could be stimulated to protect retinal
capillary beds. We identified DMOG as a small molecule
that inhibits HIF PHD in the liver, demonstrated both
structural and functional protection against oxygen toxicity
after systemic treatment with this small molecule, and then
showed an absence of protection when HIFIA gene
expression was ablated in the liver. Although it is natural to
suspect that stabilizing an angiogenic activator of tran-
scription during hyperoxia, a time when HIF is normally
inactivated, is protective, these data develop the novel
paradigm of a visceral organ initiating protection of a pe-
ripheral capillary bed. We speculate that the affinity of
DMOG to a hepatic PHD may be related to dose, expression
of and/or specificity for tissue-specific PHD isoforms in the
neonatal mouse, or the half-life of DMOG. This may be a
new arena for systems pharmacology, or the unification of
systems biology and pharmacology, recently highlighted by
the National Institute of General Medical Sciences of the
NIH as a new field of study.’” The evidence that we provide
in this study suggests that the liver a good substrate to
integrate systems biology and pharmacology to understand
the complexity of drug action, in this case HIF stabilization,
and to develop new insights into the systems biology of
angiogenesis. Our HIF-1oo KO can be used as a molecular
platform to identify the role of liver-specific, secreted
cytokines in protecting peripheral capillary beds.

Current concepts in HIF-mediated protective response to
disease involve mobilization and subsequent homing of
BMDACs.”" For example, a combination approach to
treating experimental limb ischemia is generated by first
using tissue injection of an adenovirus encoding a consti-
tutive form of HIF-loo (AdCAS), followed by transfer of
BMDACS cultured in DMOG. The AdCAS hypothetically
generates a homing signal for BMDACS but is effective
only if cells are pretreated with DMOG.*® Our data suggest
that inducing HIF-1 activity in a visceral organ might be
capable of achieving both cytokine and cellular facets of the
staged approach to peripheral vascular protection. A key
point is that we intervened during the causative phase of
ischemia, in this case hyperoxia, whereas most applications
of proangiogenic, pro—HIF-1 strategies target tissues that
are already ischemic. The latter approach may drive path-
ogenic angiogenesis in susceptible tissues that are already
ischemic. Rescue of the protected phenotype of the HIF-1a.

1898

KO by stimulating of BMDACs may provide direct support
for the role of these cells in protecting retinal blood vessels.

The human counterpart of experimental OIR, ROP, is a
leading cause of childhood blindness, annually blinding
between 75,000 and 100,000 children worldwide. HIF PHDi
might be one approach to preventing blindness in premature
infants if it is administered early in postnatal life, thereby
permitting life-saving oxygen therapy while inducing
developing premature tissues to be resistant to oxygen
toxicity. The fact that the liver is central to this protective
response simplifies drug delivery because the liver is a first-
pass organ, suggesting that intravenous or oral administra-
tion of suitable small-molecule inhibitors is an acceptable,
potentially noninvasive approach to the treatment of ROP.

In summary, we demonstrate the feasibility of hypoxia
mimetic treatment to target a visceral organ, liver, to prevent
the disease phenotype in peripheral capillary beds, such as
in the retina. The simplicity of targeting a central visceral
organ through an HIF-1—dependent mechanism might
justify angioprotection in diseases that need only a brief
open window for therapy, such as ROP.
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