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Uveitis is estimated to account for 10% of all cases of blindness in the United States, including 30,000
new cases of legal blindness each year. Intraocular and oral corticosteroids are the effective mainstay
treatment, but they carry the risk of serious long-term ocular and systemic morbidity. New
noncorticosteroid therapies with a favorable side effect proﬁle are necessary for the treatment of chronic
uveitis, given the paucity of existing treatment choices. We have previously demonstrated that Nutlin-3, a
small-molecule inhibitor of murine double minute 2 (MDM2) homolog, suppresses pathologic retinal
angiogenesis through a p53-dependent mechanism, but the noncanonical p53-independent functions
have not been adequately elucidated. Herein, we demonstrate an unanticipated function of MDM2
inhibition, where Nutlin-3 potently abrogates lipopolysaccharide-induced ocular inﬂammation.
Furthermore, we identiﬁed a mechanism by which transcription and translation of NF-kB is mediated
by MDM2, independent of p53, in ocular inﬂammation. Small-molecule MDM2 inhibition is a novel
noncorticosteroid strategy for inhibiting ocular inﬂammation, which may potentially beneﬁt patients with
chronic uveitis. (Am J Pathol 2018, 188: 2087e2096; https://doi.org/10.1016/j.ajpath.2018.05.017)

Uveitis is a leading cause of irreversible blindness1 and
represents a collection of inﬂammatory eye diseases, which
mainly affect the iris, ciliary body, and choroid.2 Corticosteroids are effective in treating ocular inﬂammation and
preventing blindness, but they often become intolerable
during the chronic treatment of uveitis.3e7 Systemic corticosteroids are effective in reducing ocular inﬂammation,3,7
but have the risk of serious adverse effects, such as
glucose intolerance, hypertension, and osteoporosis.4,7
Intraocular steroids have reduced systemic adverse effects,
but they can result in vision loss by the development of
cataract and steroid-induced glaucoma.5,6 Thus, the development of new noncorticosteroid therapies with a favorable
adverse effect proﬁle is warranted to suppress ocular
inﬂammation for the treatment of chronic uveitis.
Murine double minute 2 (MDM2) is classically known to
degrade tumor suppressor p53 through its E3 ubiquitin ligase
activity,8 and small-molecule inhibitors of MDM2 are
currently being evaluated as an anticancer therapy in clinical

trials for their antiproliferative and proapoptotic effects.9,10
MDM2 has now been reported to have nonep53-dependent
cellular functions, such as NF-kB induction both in vitro and
in vivo, but its role in nonischemic inﬂammation is not
known.11e13 In our previous study, we demonstrated that inhibition of MDM2 with small molecule effectively suppresses
ocular angiogenesis through a p53-dependent mechanism.14 In
the current study, we sought to investigate the noncanonical
p53-indendepent function of MDM2 inhibition in ocular
inﬂammation using lipopolysaccharide (LPS)einduced ocular
inﬂammation. Herein, we demonstrated that inhibition of
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MDM2 potently abrogates ocular inﬂammation through
NF-kB suppression, independent of p53. Small-molecule
MDM2 inhibition is a novel noncorticosteroid strategy for
inhibiting ocular inﬂammation in chronic uveitis.

Materials and Methods
Chemicals and Reagents
Ethyl alcohol, dimethyl sulfoxide, LPS (from Escherichia
coli 0111:B4), actinomycin D (ACTD), and cycloheximide
(CHX) were purchased from Sigma (St. Louis, MO). ()
Nutlin-3 was purchased from Cayman Chemical (Ann
Arbor, MI).

Animal and Tissue
C57/BL6 mice (wild type) and p53þ/ mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
Three-weekeold p53/ mice underwent intravitreal (IVt)
injection with 1 mL of 10 mmol/L Nutlin-3 in 10%
ethanol14 and/or i.p. injection with 100 mL of 40 mg/kg
Nutlin-3 in 30% dimethyl sulfoxide.11 Eyes with vehicle
injected were included as control. After 16 hours, mice
were intraperitoneally injected with 200 mg LPS, and a
second dose of Nutlin-3 was intraperitoneally injected at
the same time. Choroids and retinas were isolated 7 hours
after LPS injection. The time point for isolating choroids
and retinas was determined on the basis of our initial time
course experiments, in which the peak cytokine mRNA
expression occurred 7 hours after injection (Supplemental
Figure S1). Three independent experiments were performed, and each experiment had three eyes per group. In
total, 36 p53/ mice were used for these experiments. To
study the effect of systemic Nutlin-3 in local LPS-induced
ocular inﬂammation, mice were intraperitoneally injected
with 100 mL of 40 mg/kg Nutlin-3. After 16 hours, 1 mL of
250 ng LPS was intravitreally injected, and a second dose
of Nutlin-3 was intraperitoneally injected at the same time.
Vehicle-injected eyes were included as control. Eyes were
enucleated 7 hours after LPS injection. Three independent
experiments were performed, and each experiment had
three eyes per group. In total, 12 wild-type mice and 12
p53/ mice were used in this study. To detect the effect
of Nutlin-3 on retinal cell death, adult wild-type mice were
intravitreally injected with a supratherapeutic dose of 250
mmol/L Nutlin-3 once a week for 4 weeks and vehicle was
injected as a control. Noninjected mice were also included
as control. The retinas were analyzed using hematoxylin
and eosin staining, spectral domaineoptical coherence
tomography (OCT), and electroretinography (ERG) 4
weeks after the ﬁnal injection. Three independent experiments were performed, and each experiment had three eyes
per group. In total, 15 wild-type mice were used in this
study.
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Cells and Cell Culture
ARPE-19 cells were purchased from ATCC (Manassas, VA)
and were seeded at a density of 5  104 cells per well in a 6-well
plate. Cells were infected with NF-kB reporter lentivirus
encoding ﬁreﬂy luciferase under control of a minimal cytomegalovirus promoter and tandem repeats of the NF-kB transcriptional response element (Cellomics Technology,
Halethorpe, MD). Two days later, the cells were cultured in
medium with 2 mg/mL puromycin and selected for 10 days.
After selection, ARPE-19-NF-kB-Luciferase reporter cell line
(ARPE-19-NF-kB-luc) cells were maintained in Dulbecco’s
modiﬁed Eagle’s medium Nutrient Mixture F-12 medium
(Thermo Fisher Scientiﬁc, Waltham, MA), supplemented with
10% fetal bovine serum, 50 U/mL penicillin, and 50 mg/mL
streptomycin in a 37 C, 5% CO2 incubator. Before treatment,
cells were starved in serum-free medium for 24 hours. To
detect the role of MDM2 inhibition in LPS-induced inﬂammation in ARPE-19 cells, cells were treated with indicated
amount of Nutlin-3 7 hours before 10 ng/mL LPS was added. To
inhibit gene transcription and protein translation, cells were
pretreated with 10 mmol/L ACTD or 10 mg/mL CHX for 1 hour,
respectively, followed by Nutlin-3 and LPS treatment. Cells
were harvested for analysis 4 hours after LPS treatment.

Transfection
ARPE-19-NF-kB-luc cells were plated in 60-mm plates at a
density of 1  106 cells/plate or in 24-well plates at a density
of 1  105 cells/well. Then, cells were transfected with 80
nmol/L nontargeting control siRNA or p53-speciﬁc siRNA
(Santa Cruz Biotechnology, Dallas, TX) using Promega
Fugene HD transfection kit (Promega, Madison, WI), according to the manufacturer’s instructions. ARPE-19 cells
were plated in 48-well plates at a density of 5  104 cells/well.
Cells were transfected with 100 ng/mL RelA Prom plasmid
(Active Motif, Carlsbad, CA) using Promega Fugene HD
transfection kit (Promega), according to the manufacturer’s
instructions. After transfection for 16 hours, cells were reﬁlled
with normal culture medium. After another 48 hours, cells
were ﬁrst treated with Nutlin-3 in the indicated concentrations
for 7 hours, followed by 10 ng/mL LPS for 4 hours.

Western Blot Analysis
Cells were washed twice with ice-cold phosphate-buffered
saline and lysed in radioimmunoprecipitation assay buffer
(Thermo Fisher Scientiﬁc), with 1 protease and phosphatase inhibitor cocktail (Thermo Fisher Scientiﬁc) on ice
for 20 minutes for whole-cell lysate preparation. Nuclear
extracts were isolated using a nuclear/cytosol fractionation
kit (BioVision, Milpitas, CA), according to the manufacturer’s instructions. Protein concentration was determined
using a Pierce BCA Protein Assay kit (Thermo Fisher Scientiﬁc), and the optical density at 562 nm was taken using
Biotek Synergy 2 Microplate Reader (BioTek Instruments
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(forward) and 500 -CATGTCTCCTTTCTCAGGGCTG-30
(reverse); human monocyte chemotactic protein-1 (MCP-1),
50 -ACTCTCGCCTCCAGCATGAA-30 (forward) and 50 TTGATTGCATCTGGCTGAGC-30 (reverse); mouse Tnf-a,
50 -CCACCACGCTCTTCTGTCTAC-30
(forward)
and
50 -AGGGTCTGGGCCATAGAACT-30 (reverse); mouse Il-6,
50 -CTCTGGGAAATCGTGGAAAT-30 (forward) and 50 CCAGTTTGGTAGCATCCATC-30 (reverse); mouse Mcp-1,
50 -CCTGCTGTTCACAGTTGCC-30 (forward) and 50 ATTGGGATCATCTTGCTGGT-30 (reverse); and human NFkB-p65, 50 -CCCCACGAGCTTGTAGGAAAG-30 (forward)
and 50 -CCAGGTTCTGGAAACTGTGGAT-30 (reverse). The
program for quantitative PCR is 95 C for 10 minutes, followed
by 40 cycles of 95 C for 15 seconds and 60 C for 1 minute, and 1
cycle of 95 C for 15 seconds, 60 C for 1 minute, and 95 C for 15
seconds.

Inc., Winooski, VT). Cell lysates were electrophoretically
separated using the Nupage Protein Gel System (Thermo
Fisher Scientiﬁc). Western blot was analyzed with appropriate primary antibodies: antieNF-kB (Cell Signaling
Technology, Danvers, MA), anti-p53 (Santa Cruz Biotechnology), antiehistone H3 (Abcam, Cambridge, UK), and
antieb-actin (Sigma), followed by Luminata Cresendo
Western HRP Substrate (Millipore, Burlington, MA). Images were taken using Alpha Innotech FluorChem HD2
imaging system (Alpha Innotech, San Leandro, CA).

Luciferase Activity Assay
Cells were washed twice with ice-cold phosphate-buffered saline and reﬁlled with 100 mL 1 lysis buffer (Promega), then
incubated at room temperature for 5 minutes. The clear supernatant was collected by centrifugation at maximum speed for 20
seconds. The same volume of the supernatants was used for the
subsequent luciferase reporter assay. The luciferase activity was
quantitated using a Biotek Synergy 2 Microplate Reader.

MTT Assay
Cells were added with MTT (5 mg/mL) directly to the
culture medium to the ﬁnal concentration of 1 mg/mL and
incubated at 37 C for 4 hours. The medium was removed,
and the purple crystal precipitates were dissolved in 200 mL
dimethyl sulfoxide. The solvent was aliquoted into the wells
of a 96-well plate, and the OD was determined using a
Biotek Synergy 2 Microplate Reader at a test wavelength of
490 nm and a reference wavelength of 650 nm and then
used to represent the relative cell proliferation.

RNA Isolation and Quantitative PCR
Total RNA was isolated using Trizol Reagent (Invitrogen)
and a Direct-zol RNA MiniPrep kit (Zymo Research, Irvine,
CA), according to the manufacturer’s instructions. RNA
concentration was measured using Nanodrop 2000 (Thermo
Fisher Scientiﬁc). cDNA was synthesized using a High
Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA). Quantitative PCR was performed
using Fast SYBR Green Master Mix (Applied Biosystems)
with the following primers: human tumor necrosis factor-a
(TNF-a), 50 -CCCAGGGACCTCTCTCTAATCA-30 (forward) and 50 -GCTTGAGGGTTTGCTACAACATG-30
(reverse); human IL-6, 50 -GTAGCCGCCCCACACAGA-30
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Histology and Quantitative Thickness Measurement of
Retinal Layers

provided by the manufacturer. Cross-sectional images,
centered on the optic nerve as the main landmark, were
obtained from the retina. Retinal thickness was measured at
six positions along the cross-sectional image of the retina
(average distance of 300 mm from the optic nerve head) and
averaged for each eye. In the vast majority of cases, three
positions on each side of the optic nerve head were chosen.
The confocal image (wavelength, 750 to 930 nm) of the
fundus recorded by the OCT system was used for
registration.

Eyes were harvested and ﬁxed in neutral-buffered 4% paraformaldehyde. After parafﬁn embedding, sagittal sections
across the optic nerve were prepared. Sections (5 mm thick)
were cut at ﬁve different depths, followed by hematoxylin and
eosin staining for morphologic observation of the retinal
layers. The average number of inﬁltrated inﬂammatory cells
within the anterior and posterior segments in three sections
from ﬁve depths of each eye was manually quantiﬁed on
microscopic images. Images were taken using a 10 objective lens on an ACCU-SCOPE EX1310 microscope (Accu
Scope Inc., Commack, NY). The thicknesses of various
retinal layers were measured using CaptaVision software
version 3.6.7 (Accu Scope Inc.). Three measurements from
three equivalent regions across the inner nuclear layer, the
outer nuclear layer, or the whole retina were obtained in
triplicate serial sections from ﬁve depths for each eye. Nine
eyes for each group were measured and statistically analyzed.

Electroretinography
After a minimum of 12-hour dark adaptation, mice were
anesthetized by i.p. injection of ketamine/xylazine cocktail
(85/14 mg/kg). Animal preparation was performed under a
dim red light (<50 lux). ERG analyses were performed
using a Micron IV Imaging System Ganzfeld ERG (Phoenix
Research Laboratories). For the assessment of scotopic
response, a stimulus intensity of 1, 0, 1, 3 Log (cd.sec/m2)
was presented to the dark-adapted dilated eye. The amplitude of the scotopic a-wave was then measured from the
prestimulus baseline to the a-wave trough. The amplitude of
the b-wave was then measured from the trough of the
a-wave to the crest of the b-wave. A total of 5 to 10 repeated
ﬂashes and measurements were averaged to produce the

Spectral DomaineOCT
Spectral domaineOCT scans were performed using the
Reveal OCT2 Imaging System (Phoenix Research Laboratories, Pleasanton, CA) using a mouse objective lens
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Figure 3 Mdm2 inhibition attenuates LPS-induced NF-kB activation in wild-type mice. Wild-type mice were intraperitoneally (IP) or intravitreally (IVt)
injected with Nutlin-3, followed by i.p. LPS. A and B: Nuclear extracts of mouse retina (A) and choroid (B) were processed for Western blot analysis to detect
NF-kB, and H3 was included as a loading control. CeE: Total RNA was isolated from choroid (white bars) and retina (black bars) and used for quantitative PCR
analysis of Tnf-a (C), Il-6 (D), and Mcp-1 (E) expression; glyceraldehyde-3-phosphate dehydrogenase was included as a loading control. Data are expressed as
means  SD of three independent experiments
(CeE). *P < 0.05, **P < 0.01.

ﬁnal waveform. At the beginning of the day, the response of
wild-type C57B6 mice (aged >21 days, n  2) was recorded and quantiﬁed to ensure proper device calibration.

Statistical Analysis
For each test, three independent experiments were performed.
For each independent experiment, the number of mice and the
number of eyes are speciﬁed in the methods. Data were
analyzed using one-way analysis of variance and were
presented as means  SD of three independent experiments.
P < 0.05 was considered statistically signiﬁcant.

Results
Attenuation of LPS-Induced NF-kB Activation in ARPE-19
Cells by MDM2 Inhibition Is p53 Independent
Retinal pigment epithelium (RPE) cells play an essential
role in photoreceptor maintenance, and in modulating the
ocular immune response.15 To investigate whether MDM2
inhibition eliminates LPS-induced RPE inﬂammation, it was
tested whether the proinﬂammatory pathway NF-kB was
activated by LPS and if this could be reduced by MDM2
inhibition. An ARPE-19-NF-kB-luc in which luciferase
activity served as an indicator for NF-kB activation was
generated. Nutlin-3, at various concentrations, was added
to the cells, followed by LPS treatment. The data
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demonstrated that NF-kB was signiﬁcantly activated by LPS
by more than ﬁvefold. LPS-induced NF-kB activation was
signiﬁcantly reduced by 2.5 mmol/L Nutlin-3, and it was
reduced nearly to the baseline with 10 mmol/L and higher
concentrations of Nutlin-3 (Figure 1A). Western blot analysis of NF-kB expression from the nuclear extract, a marker
for NF-kB activation, revealed a similar result. Five micromoles of Nutlin-3 was sufﬁcient to inhibit NF-kB
expression to baseline (Figure 1B). The time-dependent
effect of Nutlin-3 on LPS-induced NF-kB activation was
tested in ARPE-19-NF-kB-luc. Signiﬁcant inhibition of
LPS-induced NF-kB activation was observed with 10
mmol/L of Nutlin-3 after 3 hours of treatment. After 5 hours,
signiﬁcant inhibition was observed in both 2.5 and 10 mmol/
L Nutlin-3etreated cells (Figure 1C). Western blot analysis
revealed a similar result (Figure 1D). MDM2 inhibition is
known to increase p53, which leads to inhibition of cell
proliferation and induction of cell apoptosis.8 To rule out the
possibility that NF-kB suppression is secondary to inhibition of RPE proliferation or induction of cell death, ARPE19 cells were treated with increasing concentrations of
Nutlin-3 and no statistically signiﬁcant inhibition of proliferation or induction of cell death was found at therapeutic
concentrations. However, cell viability inhibition was
observed with 50 mmol/L of Nutlin-3 (Figure 2A). To
determine whether the reduction in NF-kB activity is p53
independent, reporter cells were transfected with a p53
siRNA, which resulted in >80% p53 knockdown (Figure 2,
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Figure 4 Mdm2 inhibition attenuates LPS-induced NF-kB activation in p53/ mice. The p53/ mice were intraperitoneally (IP) or intravitreally (IVt)
injected with Nutlin-3, followed by i.p. LPS. A and B: Nuclear extracts of mouse retina (A) and choroid (B) were processed for Western blot analysis to detect
NF-kB, and H3 was included as loading control. CeE: Total RNA was isolated from choroid (white bars) and retina (black bars) and used for quantitative PCR
analysis of Tnf-a (C), Il-6 (D), and Mcp-1 (E) expression; glyceraldehyde-3-phosphate dehydrogenase was included as a loading control. Data are expressed as
means  SD of three independent experiments (CeE). *P < 0.05, **P < 0.01.

C and G). Cells were then pretreated with Nutlin-3, followed by LPS induction. Inhibition of LPS-induced luciferaseeNF-kB activation by Nutlin-3 was observed in both
nontargeting control siRNA and p53 siRNAetransfected
cells (Figure 2B). To further conﬁrm NF-kB activation,
the nuclear NF-kB protein level was measured. LPSinduced NF-kB translocation was inhibited in Nutlin-3
pretreated ARPE-19 cells to near baseline in both
the nontargeting control siRNAe and the p53
siRNAetransfected cells (Figure 2C). Next, the levels of
downstream targets of NF-kB were studied using q-PCR.
The mRNA levels of Tnf-a (Figure 2D), Il-6 (Figure 2E),
and Mcp-1 (Figure 2F) were induced by LPS alone by
approximately twofold, eightfold, and ﬁvefold, respectively,
compared with control. Pretreatment of Nutlin-3, before
LPS induction, resulted in the reduction of the mRNA level
of all three cytokines close to baseline in both the nontargeting control siRNA and the p53 siRNAetransfected
cells. These data suggest that Nutlin-3 inhibits LPSinduced NF-kB activation and its downstream cytokine
targets in ARPE-19 cells in a p53-independent manner.

Attenuation of LPS-Induced NF-kB Activation by Mdm2
Inhibition in the Wild-Type Mice
To investigate the in vivo role of Mdm2 inhibition in ocular
inﬂammation, the effect of Nutlin-3 was studied in the LPSinduced uveitis mouse model. Nutlin-3 was administered by
i.p. or IVt injection in wild-type mice before i.p. LPS
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injection. Western blot analysis was performed using nuclear extracts from either retina (Figure 3A) or choroid
(Figure 3B), respectively. Increased expression of NF-kB
after LPS injection was observed in both retina and choroid
(Figure 3, A and B). IVt injection of Nutlin-3 before LPS
treatment resulted in reduced NF-kB in the choroid more
than in the retina (Figure 3, A and B). Remarkably, i.p.
Nutlin-3 reduced LPS-induced NF-kB activation in both
retina and choroid, with choroid inhibited almost to baseline
(Figure 3, A and B). Next, the downstream targets of NF-kB
were examined in LPS-induced ocular inﬂammation. The
mRNA levels of Tnf-a (Figure 3C), Il-6 (Figure 3D), and
Mcp-1 (Figure 3E) were induced by LPS approximately 13-,
53-, and 11-fold, respectively, compared with control. IVt
injection of Nutlin-3 before i.p. LPS injection inhibited the
mRNA level of all three cytokines in the choroid. Greater
reduction in the mRNA level of all three cytokines was
observed by i.p. injection of Nutlin-3 compared with IVt
injection in the choroid (Figure 3, CeE). Strikingly, i.p. and
IVt Nutlin-3 resulted in a synergistic effect with a robust
reduction in the mRNA level of Tnf-a, Il-6, and Mcp-1, to
near baseline in the choroid (Figure 3, CeE).

Attenuation of LPS-Induced NF-kB Activation by Mdm2
Inhibition in p53/ Mice
To further investigate the p53-independent role of Mdm2
inhibition in ocular inﬂammation, in vivo studies were performed in which Nutlin-3 was administered by i.p. or IVt
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(Figure 4E) were induced by LPS approximately 15-, 130-,
and 21-fold, respectively, compared with control. IVt injection of Nutlin-3 before i.p. LPS injection inhibited the
mRNA level of Il-6 and Mcp-1 but not Tnf-a in the choroid.
Greater reduction in the mRNA level of all three cytokines
was observed by i.p. injection of Nutlin-3 compared with
IVt injection in retina and choroid (Figure 4, CeE). The i.p.
and IVt Nutlin-3 resulted in a synergistic effect, with a
robust reduction in the mRNA level of all three cytokines to
near baseline in the choroid (Figure 4, CeE).
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Systemic Mdm2 Inhibition Is Effective in Inhibiting
LPS-Induced Inﬂammatory Cell Inﬁltration in Anterior
and Posterior Segments of the Eye

Nutlin-3 + LPS
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Number of infiltrated cells

LPS

600
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p53 –/–

400
200
0
LPS

Nutlin-3
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*** ***

1
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Figure 5 The effect of systemic Mdm2 inhibition in local LPS-induced
inﬂammatory cell inﬁltration. A and B: Adult wild-type (A) and p53/ (B)
mice were intraperitoneally injected with Nutlin-3, followed by intravitreal
LPS, and whole eyes were subjected to hematoxylin and eosin staining. C:
Inﬁltrated inﬂammatory cells in both anterior and posterior segment of the
eye were quantiﬁed. Data are expressed as means  SD of three independent experiments (C). ***P < 0.001 compared with eyes with only LPS
injection. Original magniﬁcation, 20 (A and B).

injection in p53/ mice before i.p. LPS injection. Western
blot analysis was performed using nuclear extracts from
either retina (Figure 4A) or choroid (Figure 4B), respectively. Increased expression of NF-kB after LPS injection
was observed in both retina and choroid (Figure 4, A and
B). IVt injection of Nutlin-3 before LPS treatment resulted
in reduced NF-kB in the choroid more than in the retina
(Figure 4, A and B). The i.p. Nutlin-3 reduced LPS-induced
NF-kB activation in both retina and choroid, with choroid
inhibited almost to baseline (Figure 4, A and B). Next, the
downstream targets of NF-kB were examined in the
LPS-induced ocular inﬂammation, and similar results to
wild-type mice were found (Figure 3, CeE). The mRNA
levels of Tnf-a (Figure 4C), Il-6 (Figure 4D), and Mcp-1
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Although the data suggest that systemic LPS-induced ocular
inﬂammation is reduced by Nutlin-3 delivered locally and
systemically, it remains unclear if local LPS-induced ocular
inﬂammation can be suppressed by systemic Nutlin-3.
Experiments were performed in which i.p. Nutlin-3 injection
was followed by IVt LPS injection. Substantial inﬂammatory
cell inﬁltration was found into the anterior and posterior segments of the eye with IVt LPS in both wild-type and p53/
mice (Figure 5, A and B). With i.p. Nutlin-3 before IVt LPS, a
dramatic reduction in inﬂammatory cell inﬁltration was
observed in both anterior and posterior segments (Figure 5, A
and B). In the controls, no inﬂammatory cell inﬁltration was
observed in both vehicle- and Nulin-3einjected eyes
(Supplemental Figure S2). Statistical quantiﬁcation revealed
that i.p. Nutlin-3 demonstrated an extremely signiﬁcant
reduction of LPS-induced inﬂammatory cell inﬁltration in both
wild-type and p53/ mice, but no signiﬁcant difference was
observed between LPS and LPS/Nutlin-3einjected eyes of
wild-type and p53/ mice (Figure 5C). Taken together, these
results suggest that systemic Mdm2 inhibition is effective in
inhibiting local LPSeinduced ocular inﬂammation independent of p53.

Supratherapeutic Nutlin-3 Does Not Appear to Cause
Retinal Cell Death
To rule out the possibility that Nutlin-3 suppression of ocular
inﬂammation is a result of retinal cell death, the potential
adverse effects of intraocular administration of Nutlin-3 were
investigated. Wild-type mice were injected with a supratherapeutic dose of Nutlin-3 (250 mmol/L) by IVt injection
once weekly for 4 weeks. OCT, hematoxylin and eosin, and
ERG (Figure 6) analyses were performed 4 weeks after the
ﬁnal injection. OCT imaging and hematoxylin and eosin
staining showed intact laminated retina cell layers with
similar thickness in Nutlin-3einjected eyes compared with
vehicle-injected control (Figure 6, AeC). ERG analysis
demonstrated no statistically signiﬁcant difference in a- or
b-wave amplitudes for Nutlin-3einjected eyes compared
with vehicle-injected control (Figure 6, D and E).
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Figure 6 Supratherapeutic dose of Nutlin-3 does not cause retinal cell death. Adult wild-type mice were intravitreally injected with 250 mmol/L Nutlin-3
once a week for 4 weeks. AeE: Optical coherence tomography (OCT; A), hematoxylin and eosin (B and C), and electroretinographic (ERG; D and E) analyses
were performed. A: The red arrow lines indicate the OCT scan locations. B: Quantitative thickness measurements of the inner nuclear layer (INL), the outer
nuclear layer (ONL), and total retinal layers were statistically analyzed. E: Quantiﬁcation and statistical analysis for a- and b-waves was performed. Scale bar Z
100 mm (A).

LPS-Induced Transcription and Translation of NF-kB
Are Suppressed by MDM2 Inhibition
Although the data suggest that ocular inﬂammation suppression is p53 independent, it remains unclear how MDM2
inhibition leads to NF-kB activity suppression. To investigate the underlying mechanism, it was ﬁrst tested if Nutlin-3
affects NF-kB transcription or mRNA stability. The transcription in ARPE-19 was inhibited with ACTD, followed
by Nutlin-3 and LPS treatment. Without ACTD, the LPSinduced NF-kB mRNA level was reduced by Nutlin-3, but
with ACTD, NF-kB expression was not affected by LPS
and/or Nultin-3 (Figure 7A). These data suggest that Nutlin3 blocks LPS-induced NF-kB mRNA level, but does not
affect mRNA stability of NF-kB. Furthermore, an NF-kB
promoteredriven luciferase reporter was used to measure
NF-kB transcription, and RPE cells were then treated with
LPS and Nutlin-3. Luciferase activity indicated that LPSinduced NF-kB transcription was signiﬁcantly reduced by
Nutlin-3 (Figure 7B). To determine whether Nutlin-3 affects
translation or translocation of NF-kB, translation was
inhibited in ARPE-19 cells with CHX, followed by Nutlin-3
and LPS treatment. Western blot analyses of whole cell
lysates and nuclear extracts were used to detect NF-kB. In
whole cell lysates without CHX, LPS-induced NF-kB
expression was reduced by Nutlin-3, but with CHX, NF-kB
expression was not affected by LPS and/or Nultin-3
(Figure 7C). In the nuclear extracts, without CHX, LPSinduced NF-kB translocation was reduced by Nutlin-3, but
with CHX, NF-kB translocation was induced with or
without Nutlin-3 by LPS (Figure 7D). Similar results were
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observed in p53 siRNAetransfected ARPE-19 cells
(Figure 7, EeH). Taken together, these results suggest that
both transcription and translation of NF-kB are suppressed
by MDM2 inhibition independent of p53.

Discussion
The canonic function of MDM2 in inhibiting cell proliferation
and inducing apoptosis through p53 up-regulation is well
described in cancer biology.8 Our group has described a
similar role of MDM2 inhibition in treating pathologic retinal
angiogenesis.14 Interestingly, MDM2 interacts with nucleic
acids and proteins other than p53 and has numerous functions
independent of cell cycle arrest and apoptosis.16e18 Recently,
a novel p53-independent role of MDM2 was reported in
inﬂammation after postischemic acute kidney injury, where
MDM2 increased NF-kB signaling and MDM2 inhibition
reduced NF-kB and reduced inﬂammation.11 However, it
remained unclear if this pathway is relevant in a model of
nonvascular inﬂammation, such as in ocular inﬂammation.
Our work demonstrates that small-molecule MDM2 inhibition robustly inhibits ocular inﬂammation with or without
p53, both in vitro and in vivo.
Nutlin-3, a small-molecule MDM2 inhibitor, is known
to increase p53 levels by binding to MDM2 and disrupting the interaction between MDM2 and p53.19 A
recent study indicates that MDM2 regulates speciﬁcity
protein 1 (Sp1) and p53 through a similar binding process but a different proteasomal degradation procedure.20
Sp1 is observed to be down-regulated, independent of
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MDM2 inhibition attenuates LPSinduced transcription and translation of NF-kB.
AeH: ARPE-19 cells were transfected with
control (AeD) or p53 (EeH) siRNA. A and E:
Cells were treated with actinomycin D (ACTD)
before Nutlin-3 and LPS, and total RNA was
used for quantitative PCR analysis of NF-kB. B
and F: Cells were transfected with NF-kB
promoteredriven luciferase (Luc) reporter and
treated with Nutlin-3 and LPS. Cell lysates were
used for detecting luciferase activity. Cells
were treated with cycloheximide (CHX) before
Nutlin-3 and LPS. C, D, G, and H: Whole-cell
lysates (C and G) and nuclear extracts (D and
H) were processed for Western blot analysis to
probe for NF-kB. Data are expressed as
means  SD of three independent experiments
(A, B, E, and F). *P < 0.05, **P < 0.01
compared with control. DMSO, dimethyl
sulfoxide.
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p53, by Nutlin through MDM2 inhibition.20 Transcription factor Sp1 and Sp1-binding sites on NF-kB promoter
play an important role in transactivating NF-kB.21
Another study indicates that MDM2 directly binds to
Sp1 binding sites on NF-kB promoter and induces NFkB expression.12 In this study, the MDM2 mRNA level
was not affected with increasing concentrations of
Nutlin-3 (data not shown), so transcriptional inhibition of
NF-kB by Nutlin-3 is more likely attributable to Sp1
protein down-regulation other than MDM2 downregulation with Nutlin-3.
We propose Nutlin-3 as a potential therapeutic strategy
for the treatment of chronic uveitis. In vitro tests in RPE
cells indicated that Nutlin-3 did not inhibit proliferation
and cell viability at concentrations <50 mmol/L, which is
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consistent with other reports.22,23 A supratherapeutic dose
of Nutlin-3 in vivo did not appear to cause gross ocular
toxicity or reduction in retinal nuclear layer thickness. In
addition, ocular inﬂammation or cataract was not observed
in Nutlin-3einjected eyes. Moreover, both IVt and i.p.
Nutlin-3 effectively inhibited LPS-induced inﬂammation
in both anterior and posterior segments of the eye. Subconjunctival Nutlin-3 injection effectively reversed local
LPS-induced inﬂammatory cell inﬁltration (data not
shown). Extending these observations by using other
uveitis models, such as the experimental autoimmune
uveitis model, in future studies will be of translational
value. Taken together, our work supports further investigation of MDM2 inhibition for the treatment of ocular
inﬂammation.
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