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Combination of ultrasound and bubble liposome
enhance the effect of doxorubicin and inhibit

murine osteosarcoma growth
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If ultrasound (US) is applied to cells, permeability across the cell membrane temporarily increases, making it easier for
drugs to be taken into the cells from around the cell membrane. Moreover, when used in combination with Bubble
liposome (BL: liposomes which entrap an ultrasound imaging gas), even low-power ultrasound can facilitate drug
delivery into cells.

In the present study, we constructed a new drug delivery system (DDS) involving concomitant use of US and BL with
doxorubicin (DOX), a key drug in the chemotherapy of osteosarcoma, and demonstrated both in vitro and in vivo that it
markedly inhibited the proliferation of osteosarcoma cells. Furthermore, this system achieved an equivalent antitumor
effect at about 1/5 the dose of antitumor agent employed in monotherapy with DOX. These findings suggest the pos-

sibility of reduction of adverse events,

In this experiment, US and liposomes were tested, both of which are already in use in clinical practice. US and lipo-
somes are both very safe in the body. The DDS composed of these elements we designed can be applied in simple and
site-specific fashion and is therefore promising as a new, clinically feasible method of treatment.

Introduction

Osteosarcoma is the most frequent primary malignant bone
tumor. Because of early pulmonary spread, this tumor had a
miserable prognosis prior to the availability of chemotherapy.
Currently, among the available cytostatic drugs, the four agents
methotrexate, ifosfamide, cisplatinum and doxorubicin (DOX,
adriamycin) are considered most effective.’® Thus, the identi-
fication of effective neoadjuvant chemotherapy in combination
with surgery for osteosarcoma patients has led to a significant
improvement in outcome in recent decades.

However, there are still a certain number of patients who do
not benefit from these improvements. Despite advancements in
multimodality treatment consisting of aggressive chemotherapy,
metastasis develops in more than one-third of patients, 90% of
whom rarely respond to salvage treatment. Chemotherapeutic
regimens require high dosages of agents to successfully elimi-
nate tumor, adversely affecting healthy tissues in the host. The
side effects of many antineoplastic agents include cardiotoxicity,
immune suppression, nephrotoxicity and others.* It is therefore

believed that alternative strategies for the treatment of osteosar-
coma are necessary.

Microbubbles (MB), which are contrast agents for medical
ultrasound (US) imaging, improve the efficiency of transfection
through US-induced cavitation.*!" Microbubbles are, however,
generally unstable, and their mean diameter of about 1-6 pm
is too large for extravascular applications."? It is difficult to add
modified products such as functional ligaments to the surface of
MB. Therefore, MB should generally be smaller than red blood
cells and stable after injection into the blood circulation, and ulti-
mately their surface should be easily modifiable with functional
molecules for targeting.

Liposomes have certain advantages as drug, antigen or gene
delivery carriers.””"® Their size is easily varied, and they can be
modified to add a targeting function. Based on liposome tech-
nology, we have developed novel liposomal bubbles (Bubble lipo-
some (BL) which were liposomes containing the US imaging gas
perfluoropropane).” In our system, DOX and BL were simply
mixed rather than sealing DOX inside of liposomes. And we
reported that the combination of BL and US irradiation could be
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Figure 1. BL and US, used separately or in combination, facilitate drug
uptake by cells. The effect of combined use of BL and US was investi-
gated by assessing DOX-induced suppression of LM8 cell proliferation.
LM8 cell proliferation was determined using MTT assay. Cell viability de-
creased significantly followed application of BL + US + DOX (p < 0.001).
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Figure 2. Kaplan-Meier survival curves show the effects of BL and US on
the survival of mice bearing osteosarcoma. The DOX + BL + US group

(n = 18) exhibited significant differences in survival compared with the
DOX-alone group (n = 10) and control group (n = 22) (p < 0.001).

utilized as gene (plasmid DNA and siRNA) and antigen delivery
systems.?’%

We used DOX in this study and designed a new drug delivery
system (DDS) using BL for the development of a new and alter-
native approach to the treatment of osteosarcoma. In the pres-
ent study, the anti-tumor effects of the new DDS using DOX in
murine osteosarcoma cells in vivo and in vitro were investigated.

Results

Cytotoxicity of BL and US to LM8 cells. In the group that
received no treatment (control), optical density increased to about
0.6 at 4872 h. The value in the group receiving DOX with US
irradiation was significantly different from the control (p < 0.05).
In the groups receiving DOX with BL, receiving DOX alone, val-
ues were significantly different from the control (p < 0.01). In the
groups receiving DOX combined with BL and US irradiation,

2 Cancer Biology & Therapy

values were significantly different from the control (p < 0.001)
(Fig. 1). It was confirmed that the effect of DOX was markedly
enhanced by combining it with BL and US.

Tumor growth delay. We examined whether a tumor suppres-
sive effect could be observed with the combination of BL and US
in vivo as in vitro. In the control group, the tumors increased rap-
idly and liver metastasis, renal metastasis and ascites were noted
on day 21, and 50% of individuals died by day 25 (Fig. 2). In
the control group, normalized tumor volume rapidly increased
throughout the experiment (42.4 + 6.3) (Fig. 3A and B). In the
groups receiving US irradiation or BL treatment alone or US
with BL treatment, normalized tumor volume was suppressed
throughout the experiment (US: 22.7 + 6.9, BL: 29.6 + 7.5, US
+ BL: 21.7 + 4.5), though without significant differences from
control group (p > 0.05) (Fig. 3A). In the groups receiving DOX
treatment alone at a concentration of 1.0 mg/kg with or without
US irradiation, tumor volume was suppressed compared with the
control group (DOX (1): 22.4 + 2.8, DOX (1) + US: 27.8 = 1.9),
though not to a significant extent compared with control group
(p > 0.05). With BL combined with DOX and US treatment,
there was clear tumor suppression even at low concentrations of
1.0 mg/kg (DOX (1) + BL + US: 8.3 + 2.8) (p < 0.001) (Fig.
3B and C), with effectiveness of suppression equivalent to that
with five times the dose of DOX (DOX (5): 7.8 = 1.4) (Fig. 3B).
The survival rate of mice treated with DOX (1) + BL + US was
higher than that of mice treated with the same concentration of
DOX (1) alone (Fig. 2). Thus, as in previous studies of MB, drug
uptake was increased with use of BL combined with US irradia-
tion and a tumor suppressive effect was confirmed.

Evaluation of side effect. Table 1 shows blood counts and
liver function parameters in mice. There were no significant
differences among the groups in WBC, RBC, GOT or GPT.
The Hb value of mice receiving DOX (5 mg/kg) alone was sta-
tistically different from the control value. Mice receiving DOX
alone at concentrations of 1.0 mg/kg or 5.0 mg/kg had Plt values
significantly different from the control group. In contrast, mice
receiving DOX (1 mg/kg) combined with BL and US exhibited
no significant differences from the control group in blood counts
and liver function.

Assay for intratumoral DOX content. Previous studies sug-
gested that the effect of treatment with BL combined with US
was due to induction of permeability of the cell membrane by
US irradiation. To demonstrate this, we examined intratumoral
DOX content. Mean concentration of DOX + BL + US tumors
showed a significant differences compared with DOX alone
group and showed a 57% (1.95 wug g'/1.24 pg g') increase in
DOX alone group (p < 0.05) (Fig. 4A). DOX uprake by cells was
thus increased by the combination of BL and US.

Discussion

In the present study, we constructed a new DDS by concomitant
use of US and BL with DOX, a key drug in the chemotherapy
of osteosarcoma and demonstrated both in vitro and in vivo that
this DDS markedly inhibited the proliferation of osteosarcoma
cells. Furthermore, this system achieved an equivalent antitumor
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weight.

effect at about 1/5 the dose of antitumor agent employed in
monotherapy with DOX. These findings suggest the possibility
of reduction of adverse events in the host.

The greatest advantage of use of a liposome preparation for
drug delivery application is that the liposome itself is a drug
whose safety has been established. Furthermore, it is easy to

www.landesbioscience.com

add modified products such as functional ligands to the sur-
face of liposomes. However, problems with liposomes have
included the instability of crude liposomes in the body and their
uptake by the reticular endothelial system (RES) including the
liver, spleen after intravenous administration. To solve these
problems, which have hampered the clinical use of liposomes,
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Table 1. Complete blood count and liver function enzyme assay

contorol
DOX (1)

DOX (1) + BL + US

DOX (5)

Hb level decreased in the uncombined DOX (5) treatment group (p < 0.05). Plt count decreased significantly in the uncombined DOX (1) treatment
group (p < 0.05) and the uncombined DOX (5) treatment group (p < 0.01). No significant difference was noted in any parameter between the BL + US
group and the control group.
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Figure 4. (A) Assay for DOX Content. intratumoral DOX level (left part) and liver tissue DOX level (right part) were compared between mice that re-
ceived injection of DOX alone and mice that received DOX in combination with BL and US. Intratumoral DOX level was significantly higher in the DOX
+BL + US group than in the uncombined DOX injection group (p < 0.05). Liver tissue DOX level did not differ significantly between the two groups.
(B) EPR effect. According to the anatomical and pathophysiological abnormalities of tumor tissues, biocompatible macromolecules and lipids will
spontaneously and preferentially leak from tumor vessels into tumor tissues due to increased microvessel permeability and be retained in the tumor
for extended periods of time due to poor lymph drainage.

polyethylene glycol (PEG) liposomes that could evade the RES
as a result of modification of their surface with PEG were devel-
oped.”?” Because of its persistent enhanced permeability and

Cancer Biology & Therapy

retention (EPR) effect, the long-term retention-type liposome
with PEG has been demonstrated t yield higher accumu-
lation in tumors.*** This type of targeting is called “passive
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Figure 5. Method of in vitro experiment for evaluation of the effectiveness of BL and US in LM8 cells. (1) LM8 cells, BL and DOX are combined, followed
by filling to a total volume of 1,400 pl (final concentration: LM8 cells (14 x 10 cells), BLs (0.5%), DOX (0.03 pg/ph). (2) US is immediately applied to the
mixture. (3) A 96-well plate is inoculated and cell viability is measured by MTT assay 24, 48 and 72 h later.

targeting” and serves as the basis of treatment strategies using
liposomes. With the progress in research on targeting, such as
passive targeting as described above, research on active targeting
has also proceeded. The latter aims at targeting by liposomes to
which functional ligands such as antibodies are bound and at
the enhancement of drug uptake using additive application.?**?
Concerning active targeting using DOX, there are reports on
tumor inhibitory effects obtained through the concurrent use
of thermosensitive liposomal DOX and hyperthermia,?® and
tumor inhibition through the use of small magnetic liposomes
containing DOX and externally applied electromagnetic force.’!
At present, active targeting is considered necessary for the effi-
cient uptake of drug in the tumor cells in addition to the EPR
effect by passive targeting.

The combination of MB and US is one of the methods
recently attracting attention in the field of gene introduction and
drug delivery.”-*¢ Through ultrasonic irradiation, MB tentatively
change cell membrane transmission by sonoporation, enabling
the uptake of extracellular high-molecular-weight substances
without causing cell injury.""#2¢ The cavitation effect caused
by the collapse of bubbles is considered the key mechanism of
drug delivery into cells. This technique has been experimented
upon both in vitro and in vivo as a site-specific method of drug
delivery.”"? However, MB have had the problem of difficulty in
functional ligand attachment to the surface for targeting. We
prepared BL from liposomes by a new method to solve this prob-
lem and succeeded in sealing perfluoropropane gas, which serves
as a nucleus to cause cavitation in BL**¥ and employed this new
type of BL in this study.

www.landesbioscience.com

Our in vitro results suggest that it is possible to significantly
inhibit osteosarcoma cell growth by adding BL and US to DOX.
In vitro setting, the EPR effect that observed in the tumor tis-
sue of the living body is unlikely expected. Thus, this action
mechanism is assumed to be realized purely with the drug uprake
increase induced by sonoporation effect and cavitation. Tumor
targeting by EPR effect can be expected in vivo in addition to
the sonoporation and cavitation effects observed in vitro. In fact,
the new DDS we have constructed achieved growth inhibition
almost equivalent to that observed with monotherapy with DOX,
though at about 1/5 the dose used in monotherapy. In the intra-
tumoral concentration assay, DOX concentration increased to
1.5 times that in the control. This finding indicated that our new
DDS could induce high concentrations of DOX and BL specifi-
cally in tumor by EPR effect, enabling the uptake of high-concen-
tration DOX in tumor tissue via the cavitation and sonoporation
induced by US irradiation to the tumor site (Fig. 4B). Though
there is a report on another experiment using liposomal DOX of
a significant increase in hepatic tissue concentration,”’” no signifi-
cant difference was observed in hepatic tissue concentration in
our new DDS in comparison with the DOX monotherapy group.
In our system, DOX and BL were simply mixed rather than seal-
ing DOX inside of liposomes. This is probably a reason for the
decreased uptake of DOX by the RES. In our system, DOX was
not sealed in liposomes. Therefore, compared with sealed DOX,
the amount of delivery into RES with BL of the remaining DOX
not delivered into the tumor may be small.

Reduction of adverse events is a large advantage of our new
DDS. As regards side effects, no significant difference was

Cancer Biology & Therapy 5



observed between the group treated with DOX at | mg/kg in
combination with BL and US and the control group, while Hb
and Plt values decreased in the DOX monotherapy group (at 5
mg/kg). Thus, concomitant treatment with DOX at 1 mg in
combination with BL and US could achieve a tumor inhibitory
effect equivalent to that observed with monotherapy with DOX
at 5 mg and could also reduce side effects. By employing this
method, which enables treatment ar lower doses, the number of
drop-outs from chemotherapy may be reduced, with improve-
ment of prognosis.

Since this study was performed in an osteosarcoma model
prepared in the back of mice, it was possible to directly irradiate
tumors with US. However, the problem with clinical application of
this method is how US irradiation is to be performed when osteo-
sarcoma cells are present in the bone. According to the reports
made up to present, when the US is applied for intracranial moni-
toring of cerebral blood flow after t-PA (tissue plasminogen acti-
vator) administration in acute ischemic stroke case, a thrombus
dissolution effect reached 50% due to the ultrasonic action.’®*
This finding suggests that US penetrated through cranial bone.
Compared with transcranial Doppler (TED),* which is already
in clinical use, the US used in the present study differs in fre-
quency, strength and other factors. However, it should be possible
to cause cavitation in the tissues of bones in the extremities with
further research on US conditions. In the treatment of malignant
tumor in the soft part of bone, externally infilerating tumors are a
serious problem. Since the tumors are soft part tumors, which are
resistant to chemotherapy, our system seems to be a very effective
option in the current treatment option of such tumor.

The 5-year survival rate of osteosarcoma has been stagnant in
the past 10 years or more. A breakthrough is thus needed to dras-
tically improve the results of treatment. The efficacy of antican-
cer drugs still holds the key to survival in current medical care.
In this regard, the problems of lack of drug response and drug
resistance need to be solved. Since powerful regimens prepared
with combinations of existing anticancer drugs are still unable
to markedly improve the results of treatment, it is necessary to
develop a molecular targeting treatment whose mechanism is
completely different from that of conventional anticancer drugs,
and to create a method to increase the potency of existing anti-
cancer drugs and at the same time reduce side effects by targeting
of cancer cells as we have reported here. It is important that mate-
rials used in this method have been used safely in clinical treat-
ment. The balance of risk and benefit is always the key issue when
applying any treatment. BL and US are safe for the body, and it is
possible with our method to perform location-specific treatment
using a simple device. Although BL and US were used for treat-
ment of osteorsarcoma in the present study, they are potentially
applicable to treatment of some other malignant tumors as well.
Accordingly, the method we have devised can be expected to be
clinically useful.

Materials and Methods

Cell lines. The murine osteosarcoma cell line LM8 was obtained
from RIKEN BioResource Center (Ibaraki, Japan). LMS,
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established from Dunn osteosarcoma, has high metastatic poten-
tial in the lung.”" LMS8 cells were cultured in the same fashion as
reported previously in reference 41.

Preparation of liposomes and bubble liposomes. BL were
prepared by the reverse-phase evaporation method in the same
fashion as reported previously in reference 19. We prepared BL
from liposomes by a new method to solve MB problem of diffi-
culty in functional ligand attachment to the surface for targeting
and succeeded in sealing perfluoropropane gas, which serves as a
nucleus to cause cavitation in BL and employed this new type of
BL in this study.

Regents. Doxorubicin (Doxorubicin hydrochloride) was pur-
chased Sigma (St. Louis, MO).

Animal. C3H female mice (age, 4 weeks; weight, 16-20 g)
were purchased from CLEA Co., Inc., (Tokyo, Japan). All mice
were housed under specific pathogen-free conditions with a 12 h
light/dark cycle. The housing care rules and experimental pro-
tocol were approved by the Guide for Animal Experimentation,
Faculty of Medicine, Kagoshima University.

In vitro assay. Cyroroxicity of BL and US to LM8 cells. LM8
cells were collected with trypsin (Sigma-Aldrich) and washed
twice with PBS. LM8 cells (14 x 107 cells), DOX (0.03 g/ l)
and BL (0.5%) mixed with 1,400 pl of culture medium in 2 ml
polypropylene tubes (SUMITOMO BAKELITE, Tokyo, Japan)
were exposed to US. A 6-mm diameter Sonopore KTAC-4000
probe (NEPA GENE CO., LTD., Chiba, Japan) was used for
ultrasonic irradiation. The probe was inserted directly into the
tubes and secured 3 mm above the bottom. US irradiation was
performed at 1 MHz frequency using the following conditions:
0.5 w/cm? power density, 50% duty cycle, 10 sec duration. Cell
suspensions (100 wl) were subsequently seeded onto flat-bot-
tomed 96-well plates at a concentration of 1 x 10* cells/well and
incubated for 24 h, 48 h and 72 h (Fig. 5). Cell viability was
assayed using MTT [3-(4,5 sec-dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide| as described by Mosmann with minor
modifications.*

In vivo assay. Animal model. Before starting all experiments,
osteosarcoma-bearing mice were divided into eight groups and
subjected to different modalities of administration. Before
implantation of tumor cells, mice were anesthetized with diethyl
ether (Nacalai Tesque, Kyoto, Japan) and shaved unilaterally on
the back. Cell suspensions (200 pl) in PBS were injected subcu-
taneously in the back of mice with a 27-gauge needle, with 1 x
10° LM8 cells delivered. The inoculated mice were monitored
every other day and experiments were initiated approximately
7-10 days after inoculation when tumors reached 5-7 mm in
size. This day was considered day 0 and C3H mice were anes-
thetized with a combination of ketamine HCI (Ketalal, 50 mg/
kg, i.p.) and medetomidine HCI (Domitor, 0.3 mg/kg, i.p.).
Mice were then divided into eight groups and subjected to dif-
ferent modalities of administration as follows: Group 1, control
(no treatment); Group 2, DOX (1 mg/kg); Group 3, DOX (1
mg/kg) + BL + US; Group 4, DOX (5 mg/kg); Group 5, DOX
(1 mg/kg) + US; Group 6, BL; Group 7, US; Group 8, BL +
US. DOX and BL preparations were administered i.v. via the rail
vein and the total volume of DOX and BL was fixed at 10 ml/kg
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body weight. Immediately after injection, in the sonically treated
groups (Group 3, 5, 7 and 8), a 6-mm US probe was placed
directly on the tumor surface and US was generated (power, 2
Wiem?; frequency, 2 MHz; duty cycle, 50%: burst rate, 2 Hz;
duration, 60 sec). This treatment was repeated three times, on
days 0, 2 and 4. After treatment, mice were monitored every day.
These animal models were used to examine tumor growth delay,
for assay of pulmonary metastasis, evaluation of side effects and
determination of survival rates.

Tumor growth delay. Mice of groups 1-8 were used in this
study. Tumor growth was monitored every 2 days by measuring
tumor volume with a digital caliper (repeated three times). It was
estimated by measuring longitudinal cross-section diameter (L)
and diameter in a transverse section (W) and using the following
formula:¥ TV = L x W?/2.

The mice were humanely euthanized on day 21. Tumor tissues
were collected for histopathologic examination. Tumor growth
was normalized by dividing tumor volume on day X by the tumor
volume measured on day 0. These mice were used for examina-
tion of antitumor effects (primary tumor growth).

Evaluation of side effect. In clinical use of DOX, almost all
patients suffer myelosuppression or liver dysfunction. We there-
fore collected blood to evaluate side effects. Group 1-4 mice were
used in this study. On day 9, for measurements of red blood cells
(RBC), white blood cells (WBC), hemoglobin (Hb), platelets
(Plt), glutamic-oxaloacetic transaminase (GOT) and glutamic-
pyruvic transaminase (GPT), mice were anesthetized and 800 pl
samples of blood were obrained from the inferior vena cava. At
the time of blood collection, the liver was collected to confirm
nonexistence of liver metastasis.

Assay for intratumoral DOX content. For further investiga-
tion, we estimated intratumoral DOX content. Mice with LM8

tumors of about 10 mm in diameter were used for this study.
Either DOX (10 mg/kg) or DOX (10 mg/kg) + BL + US was
administered as described above. At 5 min after drug administra-
tion, mice were sacrificed just prior to processing of tumors. The
tumors of each of the mice were removed, after were after stor-
age in liquid nitrogen homogenized with an ultrasonic disruptor.
The homogenates were mixed with chloroform and isopropanol
(1:1, 5 ml) and then centrifuged at 3,000 rpm for 5 min at 4°C
and the supernatants were collected. Collected supernatants were
centrifuged at 10,000 rpm for 5 min at 4°C again and the super-
natants were collected as a sample. The level of fluorescence of
each of the samples was obtained from the supernatants by fluo-
rescence spectrophotometry and converted to DOX content. The
DOX concentration of each sample was calculated according to
the mass of the corresponding tumor.

Histology. In the tumor growth delay study, tumors from
treated animals and from untreated animals as a control were
dissected at the times specified in the Results, fixed with 10%
buffered neutral formalin solution, and then embedded in paraf-
fin as usual. Prepared sections were stained with H&E.

Statistical analysis. All values were expressed as means =+
SEM. The Mann-Whitney U-test was used to determine the
significance of differences in the tumor growth delay study. In
the side effect study and intratumoral DOX concentration assay,
Student’s t-test was used to examine differences between experi-
mental groups. The survival data were analyzed by Kaplan-Meier
methods and survival periods were compared by the log-rank
test. Findings of p < 0.05 were considered significant.
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NSAIDs inhibit neovascularization of choroid through

HO-1-dependent pathway

Narimasa Yoshinaga', Noboru Arimura’, Hiroki Otsuka', Ko-ichi Kawahara®, Teruto Hashiguchi?,

lkuro Maruyama® and Taiji Sakamoto'

Intraocular neovascularization is the leading cause of severe visual loss and anti-vascular endothelial growth factor (VEGF)

therapy is currently performed for choroidal neovascularization (CNV). Despite its potent
concerns about its long-term safety. Non-steroidal anti-inflammatory drugs {NSAIDs) are |
used for treating inflammatory diseases, and their anti-stress effects are attracting atte
of topical NSAIDs on CNV, focusing on anti-stress proteins. Cultured retinal pigment epit
with NSAIDs: bromfenac, indomethacin, or vehicle control. Transcription factor NE
downstream anti-oxidant protein heme oxygenase (HO)-1 were assessed usin
As a result, NSAIDs induced transiocation of Nrf2 into the nucleus and th
time-dependent manner. Flow cytometric analysis revealed that bromfen
RPE cells. Next, we studied the effects of topical bromfenac on laser-indu
Nrf2 and HO-1, infiltrations of ED-1-positive macrophages at CNV le
of these rats was also measured using enzyme-linked immuno
stannic mesoporphyrin {SNMP) were also studied. The results shi

and induction of HO-1 in CNV lesions and that the numb

The sizes of CNV lesions were significantly smaller in brom

diminished by SnMP. VEGF increased in the ocular fluid -
canceling these effects, NSAIDs inhibit CNV throug
potential therapeutic value for various intraocula
Laboratory Investigation (2011) 8, 000-000. doi:10.1038/la

Ocular angiogenesis such as I neovascularization
(CNV) is a leading cause o 1 loss in patients with
various ocular diseases.'” recently, CNV was not a
treatable condition and visual prognosis was poor. However,
novel pharmacological therapies such as anti-vascular
endothelial growth factor (VEGF) have revolutionized this
field.*” Despite significant advances, there are still concerns
about the present anti-VEGF treatment. Complete blocking
of VEGF is a logically correct method; however, it may induce
retinal damage after a long period, because VEGF is a
neurotrophic factor and has an important role in the retinal
development and neuroprotection.”” There are several

ti-angiogenic effect, there are
mon therapeutic agents
w. We studied the effects
um (RPE) cells were treated
srefated factor 2 (Nirf2) and its
blot and immunohistochemistry.
st expression of HO-1 ina dose- and
ibited H,O;-induced apoptosis in cultured
| CNV model in rat. The expressions of
and size were analyzed. VEGF in the ocular fluid
ssay. Rats administered an inhibitor of HO-1
at topical bromfenac led to translocation of Nif2
trating macrophages at the CNV lesion decreased.
ac-treated rats than control CNV, and the effects were
er treatment and was inhibited by bromfenac and SnMP

3,

vel anti-stress protein HO-1-dependent pathway, indicating its
giogenic diseases including CNV.
£2011.101

-VEGF; choroidal atrophy; photodynamic therapy; oxidative stress; steroid

reports showing that complete blocking of VEGF results in
retinal degeneration in animals.®’ Indeed, unexplainable
retinal atrophy was noted in some eyes with age-related
macular degeneration (AMD) treated after several years of
intense anti-VEGF therapy.'’

Recently, it was reported that non-steroidal anti-
inflammatory drugs (NSAIDs) inhibit CNV in animals and a
large retrospective study found a reduced incidence of CNV
in AMD patients taking aspirin.'"""” The anti-inflammatory
properties of NSAIDs are believed to reside in their ability to
inhibit the activity of cyclooxygenase (COX). Indeed COX2
was shown to have a pivotal role in the expression of VEGF in
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it CNV through HO-1

a CNV animal model."® However, NSAIDs have other bio-
logical actions that inhibit nuclear factor-xB (NF-xB), which
has a central role in the expression of various pro-in-
flammatory mediators.'” Nonetheless, the real mechanism
whereby NSAIDs inhibit CNV is not fully understood.

Heme oxygenase-1 (HO-1) is an anti-stress protein. Not
only its substrate, heme, but also various stressors such as
oxidative stressors, ultraviolet irradiation, inflammatory
cytokines, and heavy metals have been reported to induce
HO-1 production.””* HO-1 degrades heme to carbon
monoxide (CO), free iron, and biliverdin. Biliverdin is
subsequently converted into Dbilirubin by biliverdin
reductase.’> Bilirubin and biliverdin are potent anti-
oxidants, and CO has an anti-apoptotic activity. Therefore,
upregulation of HO-1 in cells makes the cells resistant to
apoptosis induced by various stressors. It was recently
reported that NSAIDs upregulate HO-1 production in some
types of cell.””” If this anti-stress effect were inducible
with topical NSAIDs, it would be very beneficial to use
NSAIDs for the treatment of angiogenesis, because they may
inhibit both pathological angiogenesis and potential
collateral damage related to treatment. This would be espe-
cially advantageous for angiogenic disorders of the central
nervous system including CNV. In this study, we explore the
influence of NSAIDs on the regulation of anti-stress proteins
in vitro focusing on their anti-apoptotic action and further
on their effects on CNV models in vivo.

MATERIALS AND METHODS
Cell Culture

All experiments in vitro were performed using ARP
human d1p101d retinal p1gment eplthehum (R

Cultu.re Collections, Manassas, VA).2 All
twice weekly with Dulbecco’s modified
nutrient mixture F12, plus 10% (vol/vol), f
2 mM L-glutamine, and penicillin
Cultures were incubated at
incubator and sub-culture 05% trypsin—-EDTA (all
products were obtained fron itrogen-Gibco, Rockville,
MD). Subconfluent cultures were trypsinized and seeded for
the following experiments.

gle’s medium:
1 bovine serum,
nycin at 100 1U/ml.
5% (vol/vol) CO,

Western Blot Analysis of NF-E2-Related Factor 2 {Nrf2)
and HO-1

ARPE-19 cells were subcultured on 6-cm tissue culture
dishes. The cells were serum starved for 3h and stimula-
ted with the indicated concentration of indomethacine
{Funakoshi, Tokyo, Japan), bromfenac (provided from Senju
Pharmaceutical, Osaka, Japan) as NSAIDs, or dimethylsulf-
oxide (DMSO) as control for the indicated time. Nuclear
and cytoplasmic extracts of cells were prepared using the
Pierce NE-PER nuclear and cytoplasmic extraction kit
(Pierce, Rockford, IL). They were subjected to 10% SDS—
polyacrylamide gel electrophoresis and transferred to

nitrocellulose membranes (GE Healthcare Bio-sciences KK,
Piscataway, NJ) as with our previous methods.***
Membranes were incubated with a blocking bufter containing
1% BSA and 5% non-fat milk in 25 mM Tris—=HCl-buffered
saline with 0.02% Tween 20 (TBST), followed by incubation
with the respective primary antibodies (1:200; anti-Nrf2
rabbit polyclonal antibody, 1:500; anti-HO-1 antibody, 1:200;
anti-P-actin = goat polyclonal antibody, Santa Cruz
Biotechnology Inc., CA) in TBST containing 1% non-fat
milk overnight at 4°C. After three washes with TBST,
membranes were incubated with horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG polyclonal antibody
(Santa Cruz Biotechnology Inc.) or HRP-conjugated anti-
goat IgG polyclonal antibody diluted 1:3000 in TBST
containing 2.5% non-fat milk for 1h. The membrane was
washed twice, and immunoreactive bands were visualized
using an ECL detection system (GE Healthcare Bio-sciences
KK). Immunoreactive bands were quantified and relative
sum intensities of ban re compared using Image
] Software (US Natii titutes of Health).

emistry of Nrf2 and HO-1

mistry was carried out in accordance with
82 ARPE-19 cells were grown on
es and serum starved for 3 h, then treated with the

SO as the control for 3h. After treatment, slides were
shed with PBS, fixed with Optilyse C (Beckman Coulter,
tami, FL), blocked with 1% BSA in PBS containing 0.1% of
triton-X100 (PBST) for 60min and incubated with poly-
clonal rabbit anti-Nrf2 and anti-HO-1 antibody (each 1:100;
Santa Cruz Biotechnology Inc.) in PBS containing 1.5% BSA
for 60 min at room temperature. The slides were washed
with PBST, incubated with secondary antibodies, Alexa-Fluor
488-conjugated goat anti-mouse IgG F(ab)2 fragment, and
Alexa-Fluor 594-conjugated goat anti-rabbit IgG F(ab)2
fragment (each 1:400; Molecular Probes, Carlsbad, CA)
for an additional 60 min in the dark at room temperature.
Stained cells were washed, mounted with Shandon Perma-
Flour (Thermo -Scientific, Waltham, MA), and examined
with a Zeiss fluorescence microscope (Zeiss, Oberkochen,
Germany).

Flow Cytometric Analysis

To analyze the cellular DNA content, the propidium iodide
staining method was used as previously described. Briefly,
ARPE-19 cells subcultured on 6-cm dishes at a density of
4.5 x 107 cells per dish and incubated with bromfenac or
DMSO as a control were dissolved in medium with 1% fetal
bovine serum for 24h. After treatment for the indicated
periods, the cells were washed with PBS. The pellet was
resuspended in 70% ethanol (2ml), and the suspension was
incubated at —20 °C for 20 min. Cells were then incubated in
the dark for 15 min with propidium iodide (5 g/ml) in PBS in
the presence of RNase (5g/ml). Then, the DNA content was

Laboratory Investigation | Volume 00 00 2011 | www.laboratorvinvestigation.org



determined (2 x 10* cells each time) with a FACS analyzer
(Epics; Beckman Coulter).

Celi Viability Assay

Cell viability was analyzed from mitochondrial respiratory
activity measured using MTT (3-(4,5-dimethylthiazol-2y1)-
2,5-diphenol tetrazolium bromide) assay (Wako Chemicals,
Osaka, Japan), as described previously.”® Briefly, 3.5 x 10
ARPE-19 cells were cultured in 24-well plates (500 ml med-
ium per well) and pretreated with 2.5uM bromfenac or
DMSO dissolved in a medium with 1% fetal bovine serum
for 24h. Then, the cells were stimulated with or without
hydrogen peroxide (500 uM; Merck, Darmstadt) for 15 min
and incubated with MTT (0.5 mg/ml; final concentration) for
3h. Formazan product was solubilized by the addition of
DMSO for 16h. Dehydrogenase activity was expressed as
absorbance at a test wavelength of 570 nm and at a reference
wavelength of 630 nm. Assays were performed in triplicate
and repeated three times in independent experiments.

Animals
Brown-Norway rats (7 week old male; weight 140-160g)
were purchased from Kyudo (Fukuoka, Japan), and housed
in a temperature-controlled room. The animals were kept on
a 12-h light—dark schedule and had free access to food and
water. All animals were treated in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research.

induction of Experimental CNV

A rat CNV model was made accordance to ou
methods.” ™" Briefly, rats were anesthetized witk 2ml
of a mixture of 100 mg/ml ketamine and 20 mg/ml xylazine.
Pupils were dilated with a. topical application of 5.0%
phenylephrine and 0.8% tropicamide. @WV%% experimen-
tally produced with an argon dye- %ﬁer (Novus Varia,
Lumems, Salt Lake City, UT) anda shitlamp delivery system
{SL-130; Carl Zeiss MedlteuG . H, belkochen. (wrmany)
at a spot size of 100 yum, (i ation o 0. 05, and intensity of
200mW. Four laser photocoagulations were -applied to
each eye between the major retinal vessels around the optic
disk under the previously described conditions.™® The mor-
phological end point of the laser injury was the appearance of
a cavitation bubble, a sign that is thought to correlate with
the disruption ‘of Bruch’s membrane. On ‘occasion, the
inducing laser burst created an extensive subretinal hemor-
rhage, and these spots were excluded from any further
treatment or analysis.

Evaluation of Effects of Topical Bromfenac on
Experimental CNV

A total of 20 male Brown-Norway rats were divided into
saline-treated group and bromfenac-treated group. All rats
underwent laser photocoagulation of the right eye as
described above. Saline-treated group rats received eye drops

www laboratoryinvestigation.org | Laboratory Investigation | Volume 00 00 2011

of saline six times a day for 7 days. Drug administration was
started the day after photocoagulation (day 1), and continued
until day 7. Bromfenac-treated rats were received eye drops of
human use bromfenac ophthalmic solution (Bronuk 0.1%
ophthalmic solution, Senju Pharmaceutical) six times a day,
for 7 days. The eyes were enucleated on day 8 and subjected
to further examinations.

Choroidal Flat Mounts

Rats were anesthetized and perfused with 1 ml PBS con-
taining 50 mg/ml fluorescein-labeled dextran (Sigma Aldrich,
St Louis, MO) as previously described elsewhere.'>"” After
the eyes were enucleated and briefly fixed in 4% PFA,
the anterior segment was removed and the retina was care-
fully dissected from the eyecup. Four to six radial cuts were
made from the edge to the eéguator, and the eyecup was flat
mounted with the sclera fac wn and viewed with a Zeiss
fluorescence microscope. ges were captured using the
same exposure time fox comparative section, taken with
a CCD camera, a es of CNV lesions were measured
using Image J

Western
_thoroid ‘whole mounts were isolated and frozen at
iin 2 min after enucleation. Retina—choroids were
onically homogenized and cytoplasmic protein
s were isolated using a Pierce NE-PER nuclear and
asmic extraction kit (Pierce) at 4°C. The protein ex-

“tracts (20 ug of protein in each lane) were subjected to the

western blot analysis described above. For quantification,
blots of five independent experiments were used.

immunofluorescent Staining

Indirect. immunofluorescent staining was carried out as
described previously.”** Enucleated eyes from the rats were
immediately fixed in 4% paraformaldehyde at 4 °C for 12h.
The anterior segment ‘and the lens were removed, and the
remaining .eyecup was. cytoprotected with- 10-30% sucrose
in PBS. The eyecups were then frozen in an optimal cutting
temperature compound (Sakura Finetech, Tokyo, Japan).
Frozen sections (7 pim) were dried and blocked with blocking
buffer for 1h. The antibodies used for staining were rabbit
polyclonal anti-Nrf2 antibody, rabbit polyclonal anti-HO-1
antibody (each 1:100; Sdllt’l Cruz Blotechnology Inc.), mouse
anti-CD68  monoclonal - antlbody (EDI 1:800; Serotec,
Raleigh, NC), mouse anti-glial fibrillary acidic protein
(GFAP) monoclonal antibody (1:400; Sigmi Aldrich), mouse
anti-RPE 65 monoclonal antlbody,‘and mouse anti-CD31
monoclonal antibody (PECAM-1; 1:250 and 1:100, respec-
tively; Abcam, Cambridge, UK). Normal rabbit or mouse IgG
was used instead of primary antibody as a negative control
in each case. Secondary antibodies were Alexa-Fluor
488-conjugated goat anti-mouse IgG F(ab)2 fragment
and Alexa-Fluor 594-conjugated goat anti-rabbit IgG F(ab)2
fragment (each 1:400; Molecular Probes). Slides were
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counterstained with DAPI, mounted with Shandon Perma-
Fluor (Thermo Scientific), and viewed with a Zeiss fluores-
cence microscope. Images were captured using the same
exposure time for each comparative section. For all experi-
ments, at least three sections from each eye were evaluated.
To quantify the macrophage infiltration, 10 different images
were randomly selected by a controller (NY) and examined
by masked observers (NA and HO).

Evaluation of Intraocular VEGF

We also measured concentrations of VEGF in the intraocular
fluid (mixture of aqueous humor and vitreous fluid)
described previously with some modifications.” On day 8
the eyes were enucleated under deep anesthesia, the con-
junctival tissue was removed, and the remaining eye tissues
(cornea, iris, vitreous body, retina, choroids, and sclera) were
collected in a tube and four to six radial cuts were made from
the equator to cornea edge and to optic nerve at 4 C.
After centrifugation at 12000¢ for 30s, supernatants were
collected, and the concentrations of VEGF were measured
using ELISA development kits (R&D Systems, Minneapolis,
MN). VEGF concentration was adjusted by each protein
concentration as previously described.”” The adjusted con-
centration from a single eye was used as the concentration of
VEGE

Statistical Analysis

Because of the skewed distribution, the results were analyzed
statistically using nonparametric tests (Mann—-Whitney
U-test) and were expressed as mean and range.

a Control indomethacine

DMSO

50 uM 100 M

Nrf2 DAPI

HO-1

HO-1 DAPI

Statistical analyses were performed using SPSS software
version 16.0 (SPSS Inc., Chicago, IL). A P-value of 0.05 was
considered to be statistically significant. To adjust for inflated
error resulting from multiple comparisons, the corrected
significant P-value was defined as 0.05/4 using the Bonferroni
correction for multiple comparisons.

RESULTS

NSAIDs Translocated Nrf2 and Upregulated HO-1 in
Cultured RPE Cells

First, we examined whether transcriptional factor Nrf2 and
phase 2 anti-oxidative protein HO-1 were expressed in
ARPE-19 cells. Immunocytochemistry showed Nrf2 was
located mainly in the cytoplasm and that HO-1 expression
was barely detected in an untreated condition. After treat-
ment with indomethacine or bromfenac, Nrf2 was trans-
located into the nucleus and HO-1 was abundantly present in
the perinuclear lesion and cytoplasm (Figure 1).

Western blot analysis showed that treatment with indo-
methacine resulted in maximal immunoreactivity against
Nrf2 at a concentration of 250 uM and 24 h of treatment,
whereas HO-1 showed maximal band at a concentration of
50 uM, and this remained constant at 50-250 uM and showed
maximalat 12 h of treatment. Treatment with bromfenac also
showed maximal immunoreactivity for Nrf2 at a concentra-
tion of 160 uM. HO-1 showed maximal band at 40 yuM and
remained at 80 uM. Time-course examination showed max-
imal immunoreactivity at 12 h (Figure 2).

b Controt Bromfenac
DMSO 25 uMm 50 uM
. -
- -
- -

Figure 1 Expressions of Nrf2 and HO-1 protein in immunocytochemistry of ARPE-19 cells, {a) Treatment with the indicated concentration of indomethacine
upregulated nuclear translocation of Nrf2. Nucleus was translucent or unstained in the control. On the other hand, Nrf2 was upregulated and nucleus is
stained after indomethacine treatment (arrows). Cellular expressions of HO-1 were also upregulated in cytosol and nucleus (arrowheads). Scale bars: 30 um.
(b) Treatment with bromfenac also showed activation and increased Nrf2 expression in nucleus (arrows). Treatment with bromfenac increased the
expression of HO-1 in nucleus and cytosol, especially around nucleus (arrowheads). Scale bars: 30 um.
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Bromfenac inhibited RPE Cell Apoptosis Caused by
Oxidative Stress

it has been reported that HO-1 has an anti-apoptotic prop-
erty in human gastric mucosal cells.”* We examined whether
HO-1 induced by NSAIDs has functional properties against
oxidative stress in ARPE-19 cells. H,0, increased cell apop-
tosis in either DMSO-treated or bromfenac-treated cells
(15.6 £ 4.01% t0-26.2 £ 4.22% in DMSO-treated control cells;
P<0.001 vs 153%£291% to 20.3%3.02% in bromfenac-
treated cells; P<<0.005). Apoptosis induced by oxidative stress
was significantly less in bromfenac-treated cells compared
with DMSO-treated control cells (20.3 + 3.02% bromfenac-
treated cells vs 26.1 +4.22% DMSO-treated cells; P<0.01).
Treatment with bromfenac itself resulted in no significant
difference in apoptosis (15.6 £4.01% DMSO-treated cells
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vs 153 £2.91% bromfenac-treated cells; P=0.86; Figure 3a
and b).

We also tested cell viability in ARPE-19 cells using MTT
assay. As described using propidium iodide staining and
a FACS analyzer, H,0O, increased cell death of either
DMSO-treated or bromfenac-treated cells (0% to
29.0+£2.89% in DMSO-treated control cells; P<0.001 vs
0.702 £5.73% to 23.5+4.04% in bromfenac-treated cells;
P<0.001). Cell death induced by oxidative stress was
significantly less in bromfenac-treated cells compared with
DMSO-treated control cells (23.5 £ 4.04% bromfenac-treated
cells vs 29.0+2.89% DMSO-treated cells; P<0.001).
Treatment with bromfenac itself made no significant differ-
ence to cell viability reduction (0% DMSO-treated cells
vs 0.702+£5.73% bromfenac-treated cells; P=0519;
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Figure 2 Nirf2 or HO-1 expression in ARPE19 cells by western blot analysis. (a; Top row) Serum-starved  ARPE-19 cells were stimulated with
indomethacine for 3h and Nif2 in nuclear protein and HO-1 in cytosolic protein were analyzed using western blots. Nrf2 in nuclear protein was
increased by indomethacine in a dose-dependent manner. HO-1 in cytosolic protein is upregulated markedly with 50 uM indomethacine and this
trend was continued through stimulation with 250 uM. (Bottom row) ARPE-19 cells were stimulated with iﬁdﬁmethacine (250 uM) for the indicated
time and subjected to the same analysis. Nrf2 in nuclear protein showed a time-dependent increase. On the other hand, HO-1 in cytosalic protein
was showed maximal immunoreactivity at 12 h. (b; Top row) ARPE-19 cells were also stimulated with bromfenac for 3 h. Nrf2 was also upregulated in
a dose-dependent manner. Increase of HO-1 in cytosolic protein was nearly the same as Nrf2 in nuclear protein. (Bottom row) Time-course expression
of Nrf2 in nuclear protein and HO-1 in cytosolic protein with bromfenac (100 pM).
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Figure 3¢). Statistics were subjected to Mann—Whitney U-test
with Bonferroni correction.

Reduction of Experimental CNV Size by Bromfenac in
Rat Model

Our in vitro experiments showed that NSAIDs attenuated
H,0;-induced RPE cell apoptosis. Next we examined the

effects of bromfenac ophthalmic solution in a rat model of
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CNV. The size of CNV was measured with flat-mounted
choroid stained with fluorescein dextran (Figure 4a). As
shown in Figure 4b, CNV size was significantly smaller in
bromfenac-treated eye (32176 £ 9165.1 um?) than in saline-
treated rats (48383 + 12733 um?* P <0.001, Mann~Whitney
U-test).

Bromfenac Upregulated Nrf2 and HO-1 in Experimental
CNV

The size of experimental CNV was reduced by topical
bromfenac. To examine the underlying mechanism, we
evaluated expressions of Nrf2 and HO-1 in the CNV area.
Our results i1 vitro showed Nrf2 was strongly stained in cell
nucleus especially at and adjacent to the CNV area in rats that
received bromfenac compared with the control rats. At the
same time, expression of HO=I was observed in cells at CNV
lesions. Notably, HO-1 wagsalso strongly found not only at
the CNV area but also in ire retina (Figure 5a and b).
To identify the cell & 0 express HO-1 in bromfenac-
treated eyes, the eyesiwere double stained using anti HO-1
ntibodies specific to each cell type. Anti-
y for RPE cells, anti-GFAP antibody for glial
cells, ntibody for macrophages, and anti-CD31
antlbody or endothelial cells in the rat CNV model were
bromfenac. HO-1 were obviously co-stained
PE65, GFAP, ED1 antibodies (arrows), implying that
cells, GFAP-positive cells (astrocytes or Miiller cells),
ED1-positive macrophages were strongly correlated
with HO-1 production. HO-1 was also upregulated around

<

Figure 3 Anti-apoptotic effect of bromfenac was analyzed by flow
cytometry. (a) ARPE-19 cells were pretreated with bromfenac (left lane)
or DMSO (right lane) as a control for 24 h. Then, the cells were stimulated
with (bottom) or without (top) 1 mM H,0, for 3 h. After stimulation, the
cells were stained with Pl, and the DNA content was determined with a
FACS analyzer. (b) H,0, increased cell apoptosis in both DMSO-treated
and bromfenac-treated cells (*P<0.001 and **P<0.005, respectively).
Apoptosis induced by oxidative stress was significantly less in
bromfenac-treated cells compared with DMSO-treated control cells

(P <0.01). Treatment with bromfenac itself resulted in no significant
difference in apoptosis (P = 0.86). Each group included resuits of 10
independent examinations {n=: 10). Data were expressed as mean £ s.e.m.
The corrected significant P-value (Mann-Whitney U-test) was defined as
0.0125 (0.05/4 comparisons) after Bonferroni correction. (¢} Cytoprotective
effect of bromfenac was analyzed using MTT assay. ARPE-19 cells were
pretreated with bromfenac or DMSO as control for 24 h. Then cells were
stimulated with or without 500 uM H,0, for 15 min. After stimulation, cells
were incubated with MTT (0.5 mg/mi) for 3 h, formazan product was
solubilized by DMSO, dehydrogenase activity was expressed as absorbance
and % cell death was determined compared with control. H,0, increased
cell death in both DMSO-treated and bromfenac-treated celis (*P < 0.001).
Cell death induced by oxidative stress was significantly less in bromfenac-
treated cells compared with DMSO-treated control cells (*P <0.001).
Treatment with bromfenac itself made no significant difference in cell
viability (P=:0.519). (n = 16). Data were expressed as mean + s.e.m. The
corrected significant P-value (Mann-Whitney U-test) was defined as 0.0125
(0.05/4 comparisons) after Bonferroni correction.
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Figure 4 Size of CNV was examined after bromfenac treatment:

(8) Representative CNV lesions of CNV flat mounts. Scale bars: 200 um.
{b) An analysis of the sizes of CNV lesions 8 days after PC. CNV size is smaller
in bromfenac eye drop-treated rats 32 176 £9165.1 um? than salin
eye-drop treated rats 48383 £ 12733 um? (*P < 0.001, Mann-Whi
U-test). n=40 (40 PC spots of 10 rats). Data were expressed
mean It s.em.

CD31-positive - blood  vessels, but le Staining  was
observed compared with RPE cells
{arrowheads; Figure 5¢). ¢

We also examined the p 'ote B
using homogenates of retinaand ¢

Western blot analysis showe

tity of Nrf2 and HO-1

o' immunoreactivity to Nrf2.

It is more than probable that the concentration of Nrf2 in the

prepared nuclear extract was too low to be detected. Western
blot analysis of cytosolic extracts showed that HO-1 was
upregulated in the tissue of rat treated with bromfenac as
observed in immunohistochemical analysis (Figure 6a). An
analysis using densitometry of five independent western blot
results confirmed upregulation of HO-1 in bromfenac-trea-
ted eyes and photocoagulated (PC) eyes (Figure 6b). Ex-
pressions of HO-1 in saline-treated eyes with no PC were
defined as base line, and fold increases of HO-1 in other eyes
were calculated. Topical bromfenac significantly upregulated
HO-1 expression (1.85%0.19-fold, P<0.01), and bromfe-
nac-treated eyes with PC expressed more significant HO-1
expression (2.21 £ 0.36-fold, P<0.01) compared with saline-
treated eyes. Although there was no statistical significance,
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PC

‘ the control (bxomfenm rat 28191 % 5466 jum?®

FAP-positive cells

‘choroid of rat CNV model.”

itself slightly ~upregulated HO-1
21 40.24-fold). '

expression by

tor Stanmc Mesoporphyrm (SnMP) Reversed
ect of Bromfenac on CNV
Upregulatlon of HO-1 by NSAIDs was observed both in our

in vitro and in vivo experiments. We examined whether the
- inhibition of HO-1 changed the size of experimental CNV,

Topical bromfenac decreased the size of CNV Lomparcd with
vs control
rat 42 40519004/1111 " control: P<0.001). This inhibi-
tory effect was diminished by intraperitoneal injection
of SnMP (iSnMP; "kbromfenac rat 28191 £ 5466 um® vs
bromfenac +iSnMP rats 44677 £7619 um®, P<0.001 or
control rat 42405+ 9004 ym: vs bromfenac + iSnMP rats
44677 £ 7619 um?, P=0.92 n. the other hand, iSnMP
itself did “not have any significant effect on CNV size
(44057 + 14 775 um’; Flgt : :

1, we measured the number of maurophagee in-
g into the CNV area. As a result, in the group which
1ntraper1t0ne11 PBS (1PB§), infiltration of macro-
age was significantly decreased in bromfenac-treated eyes
ompared; with  saline-treated -eyes (18.0+6.04 cells/field

~ bromfenac + iPBS rats vs 32.4 +6.07 cells/field saline + iPBS

rats; P<0.01). iSnMP reversed this effect and significantly

iincreased macrophage infiltration (18.0£6.04 cells/field

bromfenac +iPBS rats vs 37.4+4.28 cells/field bromfe-

~nac+ iShMP rats; P<0.01). There was no significant change
“with nncxophage
(31.0% +4.24 cells/field sahne +iSnMP rats vs, 37.414.28
\cel s/field bromfenac + 1SnMP rats; P=0.074).

mﬁitmtwn ‘in  saline-treated  rats

Reductlon of Intraocular \IEGF by Bromfenac Was

- Diminished by ShMP

The amount of VEGF in ocular fluid obtamed from the CNV
model on day 8 was evaluated with ELISA. As a result, the
amount of VEGF increased in CNV model in comparison
with rat eyes without laser burn. VEGF level was significantly
lower in bromfenac-treated rat than control CNV rats
(1.09+0.88pg/mg protein  bromfena +iPBS rats s
3.08 £ 3.19 pg/mg protein saline +iPBS rats; P<0.01). Ad-
ditional iSnMP increased intraocular VEGF level as high as
that of control CNV rats (5.35 1 4.23 pg/mg protein brom-
fenac +iSnMP rats vs 1.09 +0.88 pg/mg protein bromfe-
nac + iPBS rats; P<<0.001). No significant difference resulted
from iSnMP itself (4.09 £ 3.87 pg/mg protein saline + iSnMP
rats  vs 3.08+3.19pg/mg protein saline+iPBS rats;
P=10.499; Figure 9).
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Figure 5 Immunohistochemical analysis was carried out for CNV lesions using Nrf2 or HO-1 protein. Immunofluorescent study was performed with anti-Nrf2
antibody (a) and anti-HO-1 antibody (b) in rat CNV model. Nuclei were counter-stained with 4'-6-diamidino-2-phenylindole (DAPI). (a) The resuits showed
that expression of Nrf2 was upregulated and accumulated in cell nuclear especially at and near the CNV lesion (arrows). (b) Expression of HO-1 was also
upregulated with bromfenac eye drop compared with saline-treated eye, especially at the photocoagulated CNV area and inner limited membrane
(arrowheads). Scale bars: 100 um. (c) Double staining for immunohistochemical analysis with anti-HO-1 antibody and cell-specific antibodies. Anti-RPE6S
antibody for RPE cells, anti-GFAP antibody for glial cells, anti-ED1 antibody for macrophages, and anti-CD31 antibody for endothelial cells were in rat CNV
model treated with bromfenac. HO-1 were obviously co-stained with RPE65, GFAP, ED1 antibodies (arrows), implying that RPE cells, GFAP-positive cells
(astorcytes or Miller cells) and ED1-positive macrophages were strongly correlate with HO-1 production. HO-1 was also upregulated around CD31-positive
blood vessels but less co-staining was observed compared with RPE cells or GFAP-positive cells (arrowheads). Nuclei were counter stained with DAPI. Scale
bars: 100 um
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Figure 5 Continued.

DISCUSSION

Previously, we reported that intravitreous NSAIDs inhibited
laser-induced CNV in sub-human primate; however, its
mechanism was not well addressed.'' Several recent reports
showed possible mechanisms of the inhibitory effect of
NSAIDs on CNV.''"™'® VEGF is one of the most potent
molecules in angiogenesis. Takahashi et al'’ reported that
nepafenac inhibited neovascularization in mice with CNV
due to laser-induced rupture of Bruch’s membrane and Kim
et al'® showed that ketrolac reduced the size of laser-induced
CNV. Both suggested that the inhibitory effect of NSAIDs
was due to downregulation of VEGF expression in the retina.
Our previous study showed that blocking VEGF by gene
transfer strongly inhibited CNV in this model.”" Indeed,
intraocular VEGF was significantly reduced in bromfenac-
treated eyes in this study and thus inhibition of VEGF was
also likely to have a crucial role in the inhibition of CNV
formation found in this study.

There may be several explanations for the mechanism of
this phenomenon. The first is the direct effect of NSAIDs on
endothelial cells. It was reported that NSAIDs directly affect
endothelial cells to down-regulate VEGF in vitro.”>™ The
targeted portions were supposed to be MAP kinase, ERK2 or
the expression of VHL tumor suppressor protein, resulting in
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Bromfenac

ubiquitination and degradation of HIF-12.”** Another

report showed that NF-xB, which can also increase the
expression of VEGE and was inhibited by NSAIDs.™ These
direct mechanisms were probably at work in the present
model, at least in part. The second is that the present phe-
nomenon was caused by the inhibition of inflammation,
which is an indirect effect. This explanation would be quite
understandable because inflammatory cells are major sources
of VEGF and depletion of macrophage strongly reduced the
size of CNV, as demonstrated by ourselves and others.™
NSAIDs were reported to reduce the prostaglandin, which
is a known potent inducer of inflammation, in mouse
retina.'*'" Besides, NF-kB has a central role in the expression
of various pro-inflammatory mediators and leukocyte
infiltration.”” So inflammation was inhibited by NSAIDs,
consequently reducing the size of CNV. This is compatible
with the present result that the number of macrophages
infiltrating into the laser burned areas was significantly less in
bromfenac-treated eyes than in PBS-treated controls.

In contrast, we shed light on another mechanism of
NSAIDs in this study, ie, anti-stress protein in NSAIDs-
mediated CNV suppression. Nrf2 is located at the cytosol
binding to Keapl under a stress-free condition; whereas
after activation under the stressors, Nrf2 translocates to the
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Figure 5 Continued.

nucleus, where it binds to the consensus cis-element (Maf-
recognition element) to turn on the anti-oxidative stress
mechanism, which can result in cell protection.”™* Because
COX2 inhibits the activity of Nrf2, NSAIDs are supposed to
activate the Nrf2/ARE pathways.”>** HO-1is a phase II drug-
detoxifying enzyme, such enzymes are regulated in a
coordinated manner through a consensus cis-element and
transcription factors, such as Nrf2. The present findings
in vitro are consistent with this theory.

To our knowledge, this is the first report to show that
NSAIDs induce HO-1 in the retina in vivo and in vitro.
Interestingly, photocoagulation itself increased HO-1
expression in the retina, suggesting that HO-1 was induced
by stress such as photocoagulation. However, HO-1 increased
in bromfenac-treated eyes with no laser treatment and it was
far more significant than in eyes with laser-burn alone. It is
noteworthy that the inhibitory effect of bromfenac on CNV
was diminished after the administration of SnMP. On the
other hand, the size of CNV was not affected by saline eye
drops after SnMP administration. These findings suggest that
HO-1 does not necessarily have a pivotal role in CNV for-

N

01 CD31

H

mation, but has a critical role in the inhibitory processes of
bromfenac.

The role of HO-1 in angiogenesis is controversial.""™* It is
suggested that during inflammation HO-1 has two different
roles: first, an anti-inflammatory action inhibiting leukocyte
infiltration; and second, promotion of VEGE-driven non-
inflammatory angiogenesis, which facilitates tissue repair.
In this study, bromfenac increased the expression of HO-1
associated with the inhibition of macrophage infiltration,
whereas the inhibition of HO-1 by SnMP significantly aug-
mented macrophage infiltration even in bromfenac-treated
eyes. Thus, the increase of HO-1 expression by bromfenac
was likely to lead to the inhibition of macrophage infiltration
more than the promotion of VEGF-driven non-inflammatory
angiogenesis in rat CNV model. Besides, our examination
using intraocular fluids revealed that, bromfenac reduced the
intraocular VEGF level (Figure 9). Consequently, CNV was
inhibited.

Another important impact of HO-1 on retinal cells is its
protective role, which was also observed as in the present
tn vitro study. In the in vivo study for example, curcumin
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Figure 6 Western blot analysis of HO-1 in cytosolic proteins of rat retina-
choroid homogenates. (a) Western blot shows HO-1 was upregulated with
bromfenac and it was also slightly uprequlated in eyes that received
photocoagulation (PC) compared with others. (b). An analysis using
densitometry on five independent westem blots confirmed upregulation o
HO-1 m bromfenac-treated eyes and photocoagulated eyes, Expressxons f

significantly upregulated HO-1 expression (‘P<O 01) and b‘ r
treated eyes with PC expressed more significant HO-1 expre&ﬁ

protects retinal cells from lig] - oxidant stress-induced cell
death through the induction of HO-1.*" Overexpression of
HO-1 by gene transfer also inhibited light-induced photo-
receptor cell apoptosis through Bcl-2 upregulation.*” There
are other reports showing that the induction of HO-1 by
various stimulants rescued the retina in an ischemia-re-
perfusion model.*® Therefore, NSAIDs might be beneficial
for the treatment of CNV beyond their anti-angiogenic effect.
This is especially true for the treatment of diseases of central
nervous tissue including eye. At present, regeneration of
neural tissue is clinically still difficult. Even if angiogenesis
were to be blocked by an anti-VEGF drug, it would not ne-
cessarily mean the tissue function is protected. We need a
potent angiogenesis therapy, but it must protect the host
tissue as well. NSAIDs might be reasonable candidate drugs
for this purpose.
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Figure 7 Effects of S

SnMP (control rat vs bromfenac + SnMP rats;

h, the other hand, SnMP itself did not have any significant
IV'size. The corrected significant P-value (Mann-Whitney U-test)
-as 0.0125 (0.05/4 comparisons) after Bonferroni correction.
PC spots of five rats). Data were expressed as mean * s.e.m.

It should be noted that there are other mechanisms to

~ protect the retina from oxidative stress. Qin et al*’ showed

that cyclopentenone 15-deoxy-delta'*'*-prostaglandin 2

protects RPE cells from oxidative injury. Although this me-
chanism is not evaluated in the present study, it is highly
probable that these factors as a whole resulted in the present
phenomenon.

There are different kinds of NSAIDs available. Each has
different characteristics related to ocular penetration and
inhibitory activity of COXs. For example, topical adminis-
tration of 0.1% nepafenac inhibits the synthesis of PGs in the
retina—choroid by 55% for 4h.** Although, topical bromfe-
nac has good ocular penetration and reaches a sufficient level
in the retina and choroid, the inhibitory activity of bromfe-
nac on either COX-1 or COX-2 was stronger than nepafenac
or dicrofenac.*° In our pilot study, we tested several dif-
ferent NSAIDs and found that topical bromfenac had a
sutficient inhibitory effect on CNV in rat, as expected.
Therefore, we chose bromfenac for the present study. But, it
should be noted that the present results can be applied to
bromfenac.

The present study has limitations. The present CNV model
does not perfectly reflect clinical conditions. Certainly AMD
or high myopia is a chronic and long-lasting disease. On the
other hand, the present model is an acute wound-healing
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Figure 8 The number of infiltrating ED1-positive macrophages in CNV lesions was examined. (a) Representative images of rat CNV lesion identified by
immunofluorescence with anti-ED1 antibody (red) and DAPI (blue). Scale bars: 150 ym (b). The number of ED1-positive macrophage infiltration expressed
mean * s.e.m. cells/field. In the group that received intraperitoneal PBS, infiltration of macrophage was decreased more significantly in bromfenac-treated
rats than saline-treated rats (P < 0.01). Intraperitoneal injections of SnMP reversed this effect and significantly increased macrophage infiltration (*P < 0.01).
There was no significant change with macrophage infiltration in saline eye drop-treated rats (P = 0.074). n = 10. The corrected significant P-value (Mann-
Whitney U-test} was defined as 0.0125 after Bonferroni correction. Square indicates CNV lesion.

model rather than a chronic disease model. Nonetheless,
CNV in humans occurs in a similar manner to angiogenesis
processes in acute wound healing and the present results will
help an understanding of the clinical CNV. The second is that
we measured the protein level of HO-1, but not its activity.
The amount of protein does not necessarily reflect its
biological activity. But the fact that an inhibitor of HO-1

reversed the effects of bromfenac indicates that HO-1 is likely
to have played a major role in inhibiting CNV by bromfenac.
The third is the treatment efficacy of NSAIDs. The current
intravitreous anti-VEGF therapy is so potent for inhibiting
CNV that there may be concerns that any new treatment will
hardly improve on the current anti-VEGF therapy. However,
complete blocking of VEGF might be potentially harmful
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