ACSMedicinal

Chemistry Letters

pubs.acs.org/acsmedchemlett

Applications of Azo-Based Probes for Imaging Retinal Hypoxia
Md. Imam Uddin," Stephanie M. Evans,’ Jason R. Craft,” Lawrence J. Marnett,® Md. Jashim Uddin, **

and Ashwath _]ayagopal*’Jr’;t

"Department of Ophthalmology and Visual Sciences, Vanderbilt Eye Institute, Vanderbilt University Medical Center, Nashville,

Tennessee 37232, United States

*Molecular Physiology and Biophysics, Vanderbilt University School of Medicine, Nashville, Tennessee 37232, United States

SA. B. Hancock, Jr., Memorial Laboratory for Cancer Research, Department of Biochemistry, Chemistry and Pharmacology,
Vanderbilt Institute of Chemical Biology, Center for Molecular Toxicology and Vanderbilt-Ingram Cancer Center, Vanderbilt
University School of Medicine, Nashville, Tennessee 37232, United States

© Supporting Information

Enzymatic cleavage in
hypoxic tissues

HYPOX-3 (Non-fluorescent)

Azoreductase

Highly Fluorescent

Normoxic

Hypoxic

ABSTRACT: We report the design and synthesis of an activatable molecular imaging probe to detect hypoxia in mouse models
of retinal vascular diseases. Hypoxia of the retina has been associated with the initiation and progression of blinding retinal
vascular diseases including age-related macular degeneration, diabetic retinopathy, and retinopathy of prematurity. In vivo retinal
imaging of hypoxia may be useful for early detection and timely treatment of retinal diseases. To achieve this goal, we synthesized
HYPOX-3, a near-infrared (NIR) imaging agent coupled to a dark quencher, Black Hole Quencher 3 (BHQ3), which has been
previously reported to contain a hypoxia-sensitive cleavable azo-bond. HYPOX-3 was cleaved in hypoxic retinal cell culture and
animal models, enabling detection of hypoxia with high signal-to-noise ratios without acute toxicity. HYPOX-3 fluorescences in
hypoxic cells and tissues and was undetectable under normoxia. These imaging agents are promising candidates for imaging

retinal hypoxia in preclinical disease models and patients.
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B INTRODUCTION

Retinal health is highly dependent on adequate supply of
oxygen and nutrients to support metabolic processes critical for
proper visual functions. An inadequate supply of oxygen may
cause hypoxia involved in initiation and progression of blinding
retinal vascular diseases, including diabetic retinopathy (DR),
glaucoma, retinopathy of prematurity (ROP), and age-related
macular degeneration (AMD)."? A number of methods have
been developed for the detection of retinal oxygen levels using
retinal oximetry,” phosphorescence lifetime imaging,* and
Doppler optical coherence tomography (OCT)® to understand
the vascular oxygen supply and metabolism in the retina.
However, these imaging approaches do not permit the direct
identification of hypoxic cells in the retina. Though a number of
methods have been reported in the literature to visualize
hypoxia in tumor tissues using radioactive isotopes,”’ there is
no practical noninvasive imaging technology available to detect
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hypoxia in retinal tissues.®” Traditionally, technologies that are
used for studying retinal hypoxia include Pimonidazole-
mediated immunohistochemistry that is limited exclusively to
an ex vivo method of examination."®

Recently, we described the development of optical imaging
probes HYPOX-1 and HYPOX-2 based on nitroimidazoles
conjugated to fluorescent dyes as sensitive imaging probes to
detect hypoxia in mouse models of oxygen-induced retinop-
athy."' These fluorescein-based conjugates of 2-nitroimidazole
accumulated within hypoxic cells in the retina and were subject
to bioreduction by nitroreductases in hypoxic tissues, triggering
intracellular adduct formation, and could detect the hypoxic
tissues ex vivo."! It has been well established that hypoxia leads

Received: December 15, 2014
Accepted: February 12, 2015
Published: February 12, 2015

DOI: 10.1021/ml5005206
ACS Med. Chem. Lett. 2015, 6, 445449


pubs.acs.org/acsmedchemlett
http://dx.doi.org/10.1021/ml5005206

ACS Medicinal Chemistry Letters

1000: =~ HYPOX-3
— NIR667
=
w
& 500:
- T T T A
700 750 800
nm
80000+
60000+ S
2 400004 Mo o
1000
500- ) ::
T T T ~ J
5 10 15 20
Time (hours)

— HYPOX-3in 10% FBSin PBS
— HYPOX-3 in 10% FBS in DMEM
— HYPOX-3 in DMEM only

— HYPOX-3 in PBS only

80000
70000
60000
50000
2 40000 fA
1000
500
0 B
SIS A
\(30 5 \\*°°é=°° \(ge 0‘& .@&* &
Pt L o8 E
\@ Q@L-' S e @ & &
& o B e T
BT g 27 GF 8 g AN @
& X e B EE
PR L& E N
ISP & &
&L & &
B3 ‘\.8 &

NIR667 in 10% FBS in PBS

667 i S
NIR667 in DMEM only
NIR667 in PBS /

Figure 1. Fluorescence properties and stability of the HYPOX-3 probe in solution. (A) Fluorescence spectra of HYPOX-3 comparing with the
parent NIR667 dye. (B) Stability of HYPOX-3 compared to NIR667 in serum containing medium. (C) Stability of HYPOX-3 and NIR667 in

solution.
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Figure 2. In vitro specificity, sensitivity, and toxicity of HYPOX-3 in retinal cell culture. (A—C) Concentration-dependent fluorescence enhancement
of HYPOX-3 in hypoxic cells. (A) R28 cells were conditioned under hypoxia and normoxia treated with HYPOX-3 exhibited dose-dependent
fluorescence enhancement in a microplate fluorescence spectrophotometric assay. (B) Human ARPE-19 cells showed similar fluorescence
enhancement at hypoxic condition compared to normoxia. The hypoxic conditions were prepared by purging nitrogen/carbon dioxide gas for S min
and then incubation for 4 h. The excitation and emission wavelengths were 670 and 704 nm, respectively. (C) Oxygen concentration-dependent
fluorescence enhancement of HYPOX-3 (10 zM). Significant fluorescence signal enhancement was observed at 0.1% and 1% oxygen compared to
the ambient oxygen level. (D) Nucview-488 activity was monitored under HYPOX-3 treated (10 uM) and untreated retinal R28 cells, and no
changes in activity were observed. Statistical significances were evaluated using the nonparametric Wilcoxon Rank Sum (Mann—Whitney U) tests in
GraphPad Prism 4; (n = 6) *p < 0.001, ***p = 0.0004, ****p < 0.0001. NS = not significant.

to reductive stress in retinopathy, which leads to increased
expression of reductases including azoreductases and nitro-
reductases at the lesion.'” Having developed fluorescence
imaging agents that are retained in hypoxic cells via
nitroreductases, we sought to compare these approaches with
azoreductase-activatable imaging agents. Activatable imaging
agents have the advantages of being optically quenched until
dequenched by a molecular event, such as enzymatic
cleavage>™"* or reduction,"* making them useful probes for
imaging molecular processes with high signal-to-noise ratios.
Black Hole Quencher 3 (BHQ-3) is an efficient fluorescence

quencher with near-infrared (NIR) dyes serving as acceptor in
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Forster resonance energy transfer (FRET) mechanism and
features an azo-bond cleavable by azoreductases.'® Nagano et.
al showed that the azo-group of BHQ-3 could be used as the
hypoxia-sensitive moiety in live cancer cells.'” Furthermore,
near-infrared (NIR) probes have several advantages for
biological applications, including low phototoxitcity, low
autofluorescence, and good tissue penetration abilities.'®
Building on this work, we developed a hypoxia-responsive
imaging probe featuring a near-infrared (NIR) dye coupled to a
hypoxia activatable BHQ-3 moiety and evaluated its utility for
imaging retinal hypoxia. Established cell culture models and
mouse models of hypoxia-associated retinal disease were
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Figure 3. Fluorescence microscopy of R28 cells after incubating with HYPOX-3. Cells were treated with 10 ypM HYPOX-3 and subjected to
normoxia or hypoxia conditioning for 4 h. (A) Hypoxia-conditioned cells exhibited strong fluorescence and (B) normoxia-conditioned cells after
treated with HYPOX-3 showed minimal fluorescence compared to hypoxic cells.

chosen to test the specificity of the imaging agents for hypoxic
cells and in vivo imaging.

Synthesis of HYPOX-3 was carried out according to methods
described in the Supporting Information and characterized
using NMR and LRMS analysis (Supporting Figures $2—S3).

Native HYPOX-3 fluorescence was undetectable using
fluorescence spectrophotometry (Figure 1A); this lack of
fluorescence was not altered by incubation in serum (Figure
1B). HYPOX-3 possesses high photostability at room temper-
ature in solution for at least 24 h as determined by kinetic
fluorescence studies (Figure 1C). Next, to examine whether the
new HYPOX-3 probe could detect hypoxia in biological
systems, we first conducted an in vitro assay using retinal
neuronal cells (R28) and human retinal pigment epithelial cell
line (ARPE-19), which are sensitive to hypoxia. We previously
confirmed that hylpoxia was achieved in these retinal cell lines
using qRT-PCR,"" and the level of hypoxia was further
confirmed by Pimonidazole immunostaining (Supporting
Figure S1). An increase in the fluorescence intensity of
HYPOX-3 was observed only under hypoxia after incubating
for 4 h. The fluorescence intensity of the probe increased by
6.6-fold using a microplate fluorescence spectrophotometric
assay (Figure 2A,B). The sensitivity of the probe was
monitored under different oxygen concentrations and the
fluorescence intensity was measured using a microplate
fluorescence spectrophotometric assay. Statistically significant
fluorescence enhancement was observed at 0.1% and 1%
oxygen compared to higher, ambient oxygen levels (Figure 2C).

The safety of the HYPOX-3 component was confirmed as
measured using a caspase-3 enzyme activity measurement assay
to measure apoptosis. In this assay, HYPOX-3 was not acutely
toxic toward R28 retinal neuronal cell lines (Figure 2D). Cells
exposed to 10 yuM HYPOX-3 showed no significant increase in
Caspase-3 activity compared to untreated cells. Therefore, the
dose appropriate for in vitro imaging appears to be well
tolerated.

Microscopic fluorescence imaging of R28 cells incubated
with HYPOX-3 further confirmed the specificity and selectivity
of the probe. As demonstrated by representative images shown
in Figure 3, HYPOX-3 was activated in hypoxic cells but not
normoxic cells, which were also supported by the microplate
assay. Under hypoxic conditions, an increase in fluorescence
intensity was observed in R28 cells, whereas almost no
fluorescence enhancement was seen under normoxia (Figure
3AB). In vitro, HYPOX-3 exhibited optimal signal-to-noise
ratios at a dose of 10 uM.
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The mouse model of laser-induced choroidal neovasculariza-
tion (LCNV) is used to model subretinal neovascular diseases
such as neovascular or “wet” age related macular degeneration,
and these models exhibit early hypoxia.'” HYPOX-3 was
administered to mouse models of LCNV and allowed it to
circulate for 6 h. Imaging of retinal tissues following this
circulation period revealed focal hypoxia within the LCNV
lesion, but not in adjacent healthy vascularized retinal tissue
(Figure 4A). Mice with normoxic retinas did not accumulate

LCNV

HYPOX-3

Figure 4. Ex vivo imaging of hypoxia in choroid-RPE flatmounts of the
LCNV mouse model using HYPOX-3, which features colocalization of
the immunostained Pimonidazole adducts with activated HYPOX-3.
The fluorescence intensity was compared with a negative control WT
choroid-RPE. (A) Colocalization of the activated HYPOX-3 (at 664
nm) with Pimonidazole adducts. (B) Minimal fluorescence activation
of HYPOX-3 in a healthy control animal.

detectable amounts of HYPOX-3 as indicated by imaging
studies using the same acquisition settings (Figure 4B).
Therefore, HYPOX-3 activatable probes enable imaging of
hypoxic retinal cells and tissues with high signal-to-noise ratios.
Though similar probes have been published in the literature for
the detection of hypoxia,'” we have developed an alternative,
more straightforward method for the synthesis of hypoxia
detectable probe (HYPOX-3) with high chemical yield and
fewer steps using commercially available materials with a short
reaction sequence. We are currently designing instrumentation
and protocols to enable visualization of in vivo administered
HYPOX-3 and related probes in mouse models of retinal
hypoxia.

In summary, we have demonstrated a facile route for the
synthesis of an activatable hypoxia-sensitive imaging agent to
detect level of hypoxia in retinopathy disorders. HYPOX-3 was
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activated in hypoxic tissues, enabling fluorescence detection
with high specificity and sensitivity using microscopy, and is
compatible with in vivo retinal fluorescence imaging equip-
ment. This approach is useful for elucidating the role of hypoxia
in retinal diseases.

B METHODS

Details of the synthesis of HYPOX-3 are described in the Supporting
Information. NIR-667-carboxylic acid was obtained from Aldrich, and
the dark quencher BHQ-3 amine was purchased from Biosearch
Technologies (USA). Low glucose DMEM, DMEM/F12, Fetal Bovine
Serum, GlutaMax, Gentamicin/Amphotericin B, and penicillin—
streptomycin were obtained from GIBCO (USA). Human retinal
pigment epithelial cell line (ARPE-19) was purchased from ATCC,*
and rat retinal neuronal cell line R28*' was purchased from KeraFast
(MA, USA). A humidified cell culture chamber with ProOx 110
oxygen control device (BioSpherix Inc.) was configured for induction
of hypoxia (0.1% O2) in mammalian cells according to published
protocols.ll'zz’zs’23 A NucView 488 caspase 3 activity assay was from
Biotium, Inc. A Hypoxyprobe immunodetection kit (antipimonidazole
adduct antibody) was purchased from Hypoxyprobe, Inc. For
immunofluorescence analysis of the hypoxia, secondary antirabbit
antibody Alexa Fluor 488 (AF488) and Prolong Gold mounting media
with DAPI were purchased from Life Technologies.

Animals. C57BL/6] female mice 4—6 weeks of age were purchased
from Charles River Laboratories. All animal procedures used in this
study were approved by the Vanderbilt University Institutional Animal
Care and Use Committee and were performed in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.

Retinal Cell Culture Conditions. ARPE-19 cells were cultured in
DMEM/F12 supplemented with 10% Fetal Bovine Serum, 1X
GlutaMAX, and 1X Gentamicin/Amphotericin B. R28 cells were
cultured in low glucose DMEM supplemented with 10% Fetal Bovine
Serum, 1X GlutaMAX, and 1X penicillin—streptomycin. Cells were
maintained in a humidified environment with 5% CO, at 37 °C unless
otherwise noted. Hypoxia was induced following our previously
described method."" Briefly, cells were treated with HYPOX-3 diluted
in complete media with up to 0.04% DMSO as cosolvent or
Pimonidazole hydrochloride (100 zM) in complete medium, and the
assay plates were placed into a humidified hypoxic chamber. Ambient
air was displaced with a mixture of 5% CO, and 95% N, at a flow rate
of 20 L/min for S min according to manufacturer instructions and
published methods.** The chamber was clamped and placed at 37 °C
for the remainder of the time point. R28 cells were treated with 100
#M Pimonidazole hydrochloride diluted in complete media and
subjected to hypoxia or normoxia for 4 h.

In Vitro Cellular Activation of HYPOX-3 in Retinal Cells.
ARPE-19 and R28 cells were seeded at a density of 20,000 and 15,000
cells per well, respectively, in a 96-well black plate with clear bottom.
When cells were 90% confluent, they were treated with HYPOX-3 in
complete media with 0.04% DMSO as cosolvent, and incubated under
hypoxia or normoxia for 4 h. After incubation, both the cell cultures
were washed 4 times with prewarmed Hank’s Buffered Salt Solution
(HBSS) and let sit for washout for an hour, then washed 4 more times
with HBSS. Fluorescence intensity was read (absorbance, 670 nm;
emission, 704 nm) using a Synergy Mx Plate Reader from Biotek.

In Vitro Toxicity Studies. A NucView-488 Caspase-3 activity
measurement assay was performed on R28 cells. The assay was
performed according to the manufacturer’s instructions with the
following specifications (Biotium, Inc.). Cells were seeded at 15,000
cells/well in a 96-well plate. HYPOX-3 imaging agent and vehicle
control diluted in complete media were added and allowed to incubate
for 4 h. After incubation, NucView-488 reagent was added at a
concentration of 5 #M and fluorescence intensity was measured at 30
min (absorbance, 488 nm; emission, 520 nm) using a Synergy Mx
Plate Reader (Biotek).

In Vitro Imaging of Retinal Cell Culture (R28) Using HYPOX-
3. R28 cells were seeded at a density of 45,000 cells per well of 4-well
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chamber slides. When cells were 90% confluent, cells in 2 wells were
treated with HYPOX-3 in complete media with 0.04% DMSO as
cosolvent, and as control experiment, R28 cell in 1-well chamber was
treated with Pimonidazole hydrochloride diluted in complete media,
and then incubated under hypoxia or normoxia for 4 h. Cells were
then washed 4 times in HBSS, fixed with 10% neutral buffered
formalin (NBF) for 10 min at room temperature, washed 3 times with
Tris buffered saline (TBS), and mounted with Prolong Gold with
DAPI mounting media.

Ex Vivo Imaging of Hypoxia in LCNV Model Using HYPOX-3.
In order to induce CNV by laser-induced ruptures of Burch’s
membrane in C57BL/6] female mice, an argon laser photocoagulator
(Nidek AC-2000) mounted on a slit-lamp (Nidek SL-1600) was used
to create four lesions in both the left and right eyes of each animal
(100 ym spot size; 0.1 s duration; 0.1 W)."**>™>” On day 2 post-laser
injury, HYPOX-3 (60 mg/kg in PBS with DMSO as a cosolvent) was
intraperitoneally injected. Six hours after the probe was incorporated,
the mice were sacrificed, and the eyeballs were fixed in neutral buffered
formalin (NBF). Hypoxyprobe was injected intraperitoneally at a
concentration of 60 mg/kg body weight an hour before sacrifice of the
animal. The eyeballs were harvested and kept in NBF for 30 min. The
anterior segments and lenses were removed while dipping in NBF
solution, and the remaining eye cups were mounted as described
before.""*® Briefly, the choroid-sclera-RPE were fixed in NBF for 2 h
and transferred in to Tris buffered saline (TBS) buffer before
immunostaining. Tissues were then blocked/permeabilized in 10%
donkey serum with 1% Triton X-100/0.05% Tween 20 in TBS for 6 h
and were then stained for Pimonidazole adducts (Hypoxyprobe)
followed by secondary antibody staining. The tissues were then
mounted with Prolong Gold with DAPI mounting media. Images were
taken using an epifluorescence microscope.
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