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PURPOSE. Tight junctions (TJs) form the structural basis of retinal pigment epithelium
(RPE) barrier functions. Although oxidative stress contributes to age-related macular
degeneration, it is unclear how RPE TJ integrity is controlled by redox balance. In this
study, we investigated the protective roles of nuclear factor erythroid 2–related factor 2
(NRF2), a transcription factor, and heme oxygenase-1 (HO1), a heme-degrading enzyme
encoded by the NRF2 target gene HMOX1.

METHODS. ARPE19 cell cultures and mice, including wild-type, Nrf2−/−, and RPE-specific
NRF2-deficient mice, were treated with chemicals that impose oxidative stress or impact
heme metabolism. In addition, NRF2 and HO1 expression in ARPE19 cells was knocked
down by siRNA. TJ integrity was examined by anti–zonula occludens-1 staining of
cultured cells or flatmount RPE tissues from mice. RPE barrier functions were evalu-
ated by transepithelium electrical resistance in ARPE19 cells and immunofluorescence
staining for albumin or dextran in eye histological sections.

RESULTS. TJ structures and RPE barrier functions were compromised due to oxidant expo-
sure and NRF2 deficiency but were rescued by HO1 inducer. Furthermore, treatment with
HO1 inhibitor or heme precursor is destructive to TJ structures and RPE barrier proper-
ties. Interestingly, both NRF2 and HO1 were upregulated under oxidative stress, probably
as an adaptive response to mitigate oxidant-inflicted damages.

CONCLUSIONS. Our data indicate that the NRF2–HO1 axis protects TJ integrity and RPE
barrier functions by driving heme degradation.

Keywords: oxidative stress, NRF2, heme oxygenase-1, retinal pigment epithelial cells,
tight junctions, age-related macular degeneration

The retinal pigment epithelium (RPE) is a monolayer
of cells located between the neuroretina and choroid

vasculature,1 and it serves as the outer blood–retinal barrier
to control the exchange of nutrition and metabolic wastes
between the two tissues. The RPE cells are polarized, with
their basal side facing the choroid and numerous protrusions
of the apical side pointing toward the adjacent photore-
ceptor cells. A thin layer of extracellular matrix, known
as Bruch’s membrane, separates the RPE from the choroid
vasculature.2,3

The RPE barrier function is mostly supported by the
tight junctions (TJs) between RPE cells. Structurally, TJs
are formed through high-affinity interactions between the
extracellular domains of occludins/claudins in neighboring
cells and are stabilized by zona occludens, such as zona
occludens-1 (ZO1), which link the intracellular domains
of occludins/claudins to cytoskeletal fiber actin filaments.4

Functionally, TJs prevent harmful molecules, pathogens, and
cells (such as inflammatory leukocytes) in the choroid circu-
lation from entering retinal tissues.5–8

Because the RPE barrier is impermeable to polar or
charged molecules by diffusion, exchange between the
choroid and retinal tissues depends on active transport,9,10

which are highly energy-demanding processes. The main
energy source for RPE cells is the β-oxidation of fatty
acids, which are mostly derived from photoreceptor outer
segments shed on a daily basis and endocytosed by RPE
cells.11–14 However, fatty acid oxidation produces large
amounts of reactive oxygen species (ROS),15–17 thus expos-
ing RPE cells to the risk of oxidative stress.

Various conditions and events may tip the balance toward
oxidative stress by promoting ROS production and/or
suppressing antioxidant mechanisms. For example, elevated
ROS production is associated with smoking,18,19 exposure to
blue light,20 and consumption of oxidative diets.21 Further-
more, the effectiveness of antioxidant mechanisms may
decline with aging,22 thus rendering RPE cells increasingly
susceptible to oxidative stress. Consistent with this notion,
NRF2 expression is reduced in older mice.23 Increased oxida-
tive stress and declining antioxidant functions are major
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contributors to the deterioration of RPE barrier function and
progression of age-related macular degeneration (AMD), or
age-related retinal degeneration in mice due to the lack of
the macular structure in these animals.23–25

To mitigate the destructive effects of ROS, healthy RPE
cells, as well as other cell types, are equipped with antioxi-
dant mechanisms, such as those mediated by nuclear factor
erythroid factor 2–related factor 2 (NRF2).25–30

NRF2 is a transcription factor that activates the expres-
sion of many target genes by recognizing the antioxidant
response elements in their regulatory sequences.31 NRF2
target genes encode proteins that regulate several cellular
processes, such as xenobiotic detoxification, redox balanc-
ing, heme metabolism, and NADPH production.31 Despite
these important functions, Nrf2−/− mice do not display
overt developmental defects and are able to survive into
old age.32,33 However, Nrf2−/− mice have reduced toler-
ance to environmental stress.34 In ocular tissues of Nrf2−/−

mice, retinal degenerative phenotypes and cataracts develop
at 12 and 21 months of age, respectively33,35 Specifi-
cally, 12-month-old Nrf2−/− mice exhibit subretinal depo-
sition of lipid materials (lipofuscin), localized loss of RPE
cells, and spontaneous choroidal neovascularization.35 It
remains unclear, however, how NRF2 deficiency initiates
these events. In particular, it is unknown whether the struc-
tural integrity of RPE TJs is affected prior to the development
of the more advanced phenotypes.

Among NRF2 downstream targets, of particular relevance
to this study is the Hmox1 gene, which encodes heme
oxygenase-1 (HO1).36–39 At the biochemical level, HO1 is
an enzyme responsible for heme degradation, converting
it into biliverdin, carbon monoxide, and iron (Fe++).40–42

Because heme promotes ROS production, whereas biliverdin
and carbon monoxide are antioxidants, heme degradation
by HO1 alleviates oxidative stress.43–46 The role of HO1 in
regulating TJ integrity of the RPE is unknown, although it
was found to influence cell survival in ARPE19 cultures.47–49

In mice, Hmox1 knockout led to perinatal lethality in 80%
of Hmox1−/− mice, with the remaining 20% suffering from
very severe anemia due to low levels of serum iron.50

Although oxidative stress is known to cause RPE cell
death,48,51–57 its specific effects on TJs are not well charac-
terized. In this study, we took a combination of in vitro and
in vivo approaches to examine the effects of oxidative stress
on the structural integrity and barrier functions of RPE TJs,
and we investigated the roles of the NRF2–HO1 antioxidant
pathway in this respect. Overall, our data indicate that oxida-
tive stress had damaging effects on TJ integrity of the RPE,
whereas the NRF2–HO1 axis was protective, in part via HO1-
mediated heme degradation. According to a recent litera-
ture search, there are currently no published in vivo studies
directly focused on the relationship between TJ integrity and
redox regulation mechanisms. Therefore, studies described
in this paper may represent the first in vivo analysis on this
important subject.

METHODS

Chemical Treatment of ARPE19 Cells

ARPE19 cells were purchased from the American Type
Culture Collection (CRL-2303; ATCC,Manassas, VA, USA) and
were cultured in a 5% CO2 incubator at 37°C. The culture
mediumwas Gibco DMEM/F-12 medium (11330057; Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with

10% heat-inactivated fetal bovine serum (FBS) and Gibco
Antibiotic-Antimycotic (100×) (15240096; Thermo Fisher
Scientific). Approximately 4 hours before the addition of
experimental chemicals, culture media were replaced with
FBS-free DMEM/F-12. Chemical stocks were made in PBS,
and final concentrations in the DMEM/F-12 media were as
follows: sodium iodate (NaIO3), 2 mM; cobalt protopor-
phyrin IX (CoPP), 5 μM; zinc protoporphyrin-9 (ZnPPIX), 5
μM; and hemin, 0.5 μM. The duration of chemical treatments
was 16 hours, unless specified otherwise.

siRNA-Mediated Knockdown in ARPE19 Cells

Transfection of ARPE19 cells was carried out using Invit-
rogen Lipofectamine RNAiMAX (13778150; Thermo Fisher
Scientific) according to manufacturer’s instructions. NRF2-
and HMOX1 (HO1)-specific siRNA reagents were purchased
as SMARTpools from Horizon Discovery (Cambridge, UK),
and scrambled siRNA (negative control) was obtained from
Thermo Fisher Scientific. Transfection was carried out when
cultures were approximately 80% confluent. ARPE19 cells
were harvested 48 hours after transfection for Western blot-
ting or fixed 60 hours after transfection for immunofluores-
cence (IF) staining.

Immunofluorescence Staining of ARPE19 Cells

For IF staining, ARPE19 cells were cultured in 24-well plates
to confluency, typically after being treated with chemicals
or siRNA. ARPE19 cells were fixed in 4% paraformalde-
hyde (PFA). Fixed ARPE 19 cells were incubated at 4°C
with primary antibodies (Supplementary Table S2) diluted
in immunoblocking buffer (IBB), which consists of 1×
PBS, 0.1% Triton X-100, and 1% BSA. After overnight incu-
bation, cells were washed three times in PBS and incu-
bated for 1 hour at room temperature with fluorophore-
conjugated secondary antibodies (Supplementary Table S2)
in IBB. Stained cells were washed with PBS three times and
analyzed by fluorescence microscopy.

Transepithelial Electrical Resistance Assay

ARPE19 cells were cultured on Falcon Permeable Support for
24-well plates (353095; Corning, Inc., Corning, NY, USA), and
monolayers were used for transepithelial electrical resistance
(TEER) assay without fixation. These devices have transpar-
ent bottoms with 0.4-μm pores and are equivalent to Tran-
swell inserts. Dulbecco’s Modified Eagle’s Medium (DMEM)
was used as culture medium, supplemented with 10%
heat-inactivated FBS and antibiotics. After confluency was
reached, fresh monolayers were used for TEER assays with-
out fixation. TEER measurements were performed using an
Epithelial Volt/Ohm (TEER) Meter (World Precision Instru-
ments, Sarasota, FL, USA) (see Fig. 3A). Where appropriate,
ARPE19 cells were treated with ZnPPIX (5 μM), NaIO3 (2
mM), CoPP (5 μM), and hemin (0.5 μM) before the TEER
assays.

Mice

All animals were used according to protocols approved by
the University of Connecticut Health Institutional Animal
Care and Use Committee (IACUC) in compliance with Animal
Welfare Assurance and in a manner that adhered to the
ARVO Statement for the Use of Animals in Ophthalmic
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and Vision Research. Nrf2−/− mice32 were purchased from
The Jackson Laboratories (017009; Bar Harbor, ME, USA),
and maintained in C57BL/6 background. Floxed Nrf2
(Nrf2f/f) and PVMD2-rtTA::tetO-PhCMV-cre (VMD2-cre) mice
were contributed by Jingbo Pi and Yun-Zheng Le,58,59

respectively; VMD2-cre mice are also currently available at
The Jackson Laboratories (032910). Nrf2f/f mice were back-
crossed to C57BL/6J-strain background for at least seven
generations; VMD2-cre mice were originally generated in
a FVB/N background but were backcrossed into C57BL/6J
mice for four generations before being crossed with Nrf2f/f

mice.

Genotyping by PCR

Ear punch tissues were used for DNA extraction and geno-
type determination by PCR. Primers are listed in Supplemen-
tary Table S1. PCR reactions were carried out by standard
protocols except that the annealing time was 3 minutes at
each cycle.

Breeding for Nrf2f/f/VMD2-cre Mice and
Induction of VMD2-cre Expression

Nrf2f/f/VMD2-cre × Nrf2f/f breeding pairs were set up, and
mothers were fed with doxycycline (Dox)-containing chow
(0.675 g/kg of chow; Envigo, Indianapolis, IN, USA), starting
the day a new litter was born and continuing for 3 weeks.

Determination of Deletion Efficiency by
Quantitative RT-PCR

After doxycycline treatment, RPE cells were isolated from
3-week-old mice according to a published protocol60 and
were used for total RNA isolation. NRF2 mRNA levels were
determined by quantitative RT-PCR using the NRF2-specific
primers GTCATCAAAAAGCCCCATTCACA and GGGCGGC-
GACTTTATTCTTACC, located in the floxed exon. The quan-
titative RT-PCR primers for β-actin were GGCTGTATTCCC-
CTCCATCG and CCAGTTGGTAACAATGCCATGT.

Administration of Experimental Compounds to
Mice

All stock solutions were prepared in PBS. Dosages for
intraperitoneal (IP) injection were 10 mg/kg for NaIO3, 1
mg/kg for CoPP, and 1 mg/kg for hemin. Frequency and
duration of injections are described where appropriate. For
subretinal injection, one eye of each mouse was injected
with a single dose of ZnPPIX or CoPP. In both cases,
the concentration was 125 μM (dissolved in PBS), and the
volume of injection was 1 μL. The contralateral eye was
injected with 1 μL PBS.

Isolation of RPE–Choroid Tissues

Eyes were enucleated from euthanized mice and fixed in
100% methanol at room temperature for 1 hour. RPE–
choroid tissues were physically separated from retina
tissues, further fixed in 100% methanol for 1 hour, and then
rinsed three times in PBS. RPE and choroid tissues remained
attached to each other during and after isolation so the RPE
sheet remained intact.

Wholemount Immunofluorescence Staining and
Flatmount Imaging of RPE Tissues

Wholemount RPE tissues were incubated in IBB for 1 hour
at room temperature. Blocked tissues were incubated at
4°C with primary antibodies diluted in IBB (Supplemen-
tary Table S2). After overnight incubation, tissues were
washed three times in PBS and incubated for 1 hour at
room temperature with fluorophore-conjugated secondary
antibodies diluted in IBB (Supplementary Table S2). RPE
tissues were then washed three times in PBS, flatmounted
on precleaned glass slides (Fisherbrand ColorFrost; Thermo
Fisher Scientific) and in VectaMount AQ (Vector Laborato-
ries, Newark, CA, USA), and sealed under coverslips. Flat-
mounted tissues had the RPE side on top of the choroid and
were analyzed by fluorescence microscopy.

RPE Permeability Analysis by
Immunofluorescence Staining of Eye Frozen
Sections

RPE permeability was evaluated by analyzing the cross-
RPE diffusion of dextran (3 kD) injected into the systemic
circulation. Briefly, biotin-labeled, lysine-conjugated dextran
(1 mg/mL in PBS) was injected into the retro-orbital space
(5 mg/kg). After 15 minutes, mice were euthanized by perfu-
sion with ice-cold PBS and perfusion-fixed with 4% PFA.
Eyes were enucleated, further fixed in 4% PFA at room
temperature for 4 hours, and washed three times with
PBS. Fixed eyeballs were equilibrated in 30% sucrose at
4°C overnight. Sucrose-equilibrated eyeballs were embed-
ded in optimal cutting temperature (OCT) compound on dry
ice, and 6-μm sections were cut at −20°C. Frozen sections
were stained with Alexa Fluor 549 avidin (Supplementary
Table S2).

RPE permeability was also analyzed by anti-mouse albu-
min IF staining of frozen eye sections prepared from
perfusion-euthanized mice. For both Alexa Fluor 549 avidin
and anti-albumin staining, sections were first blocked in
IBB, but BSA was omitted for all steps of anti-albumin IF
staining to minimize background signals. Incubation with
Alexa Fluor 549 avidin and anti-albumin was carried out
at 4°C overnight and, in the case of anti-albumin stain-
ing, secondary antibody incubation for 1 hour at room
temperature. After the completion of antibody incubation,
sections were washed three times with PBS, mounted in
VectaMount AQ, and analyzed by fluorescence and bright-
field microscopy.

Brightfield and Fluorescence Microscopy

Imaging of all tissue sections and RPE flatmounts was
carried out using a Zeiss AxioCam MRm digital camera (Carl
Zeiss Microscopy, Jena, Germany) attached to a Zeiss Axio
Observer Z1. In each experiment, identical lighting and digi-
tal settings were set for control and experimental groups. At
least three representative images were taken for each speci-
men.

Quantification of Fluorescence Pixel Values

Band intensities in Western blots and signals in IF-stained
ARPE19 cells, RPE flatmounts, and retinal sections were
quantified with the aid of ImageJ software (National Insti-
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tutes of Health, Bethesda, MD, USA). ZO1 located at the
intercellular junctions was quantified by a method described
in Supplementary Figure S2. Briefly, intracellularly located
ZO1+ signals were erased, leaving behind only junctional
ZO1+ signals for ImageJ-assisted quantification. For quan-
tification of IF-staining signals, the average pixel value of at
least three representative areas of the same specimen was
used as a single data point (n).

Western Blotting

Cultured ARPE19 cells or freshly isolated RPE–choroid
tissues were lysed with radioimmunoprecipitation assay
(RIPA) buffer (50-mM Tris hydrochloride [HCl], pH 8.0;
150-mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 1-mM NaF, and 1-mM sodium orthovanadate) and
boiled for 5 minutes in SDS gel loading buffer (250-mM
Tris HCl, pH 6.8; 10% SDS; 30% [v/v] glycerol; 10-mM
dithiothreitol [DTT]; and 0.05% [w/v] bromophenol blue).
Proteins were separated in 10% SDS polyacrylamide gels and
electrically transferred to polyvinylidene fluoride (PVDF)
membrane (Immobilon-P PVDF Membrane, IPVH00010;
MilliporeSigma, Burlington, MA, USA) in transfer buffer
consisting of 25-mM Tris Cl, pH 8.0; 192-mM glycine; and
20% methanol. The PVDF membrane was blocked in block-
ing buffer containing 5% non-fat dry milk and then with
primary antibody solution containing 5% BSA. After exten-
sive washing with Tris-buffered saline with 0.1% Tween
20 (TBST), membranes were incubated with secondary
antibody conjugated with horseradish peroxidase (Supple-
mentary Table S2). Signals were detected using a digital

gel documentation system (Bio-Rad Laboratories, Hercules,
CA, USA).

Statistical Analyses

For in vivo studies where both eyes were treated equally
(such as in mice injected with CoPP intraperitoneally), the
average value from both retinas in each mouse was used as
a single datapoint. Where the contralateral eyes were differ-
entially treated (such as subretinal injection of experimental
compounds into one eye and vehicle into the other), data
from each retina were used for statistical analysis. For cell
culture–based studies, data from each individual cell culture
were used as one datapoint. Quantifications were carried
out with genotype or treatment masked to the investigator,
except for TEER assays, where the data were automatically
recorded by the instrument. Data were analyzed by two-
tailed Student’s t-tests or two-way ANOVA tests as indicated.
Errors were calculated as standard error of the mean (SEM).
P < 0.05 was considered statistically significant.

RESULTS

Injury of ARPE19 Cell TJs Due to Oxidant
Exposure and NRF2 Knockdown

ARPE19 cells are spontaneously established human RPE
cells.61 When cultured to confluency, ARPE19 cells develop
features reflective of TJs, such as localization of ZO1 at
intercellular junctions.61 To investigate whether TJ structures
are sensitive to the damaging effects of NaIO3-dependent

FIGURE 1. TJ damages in ARPE19 cells treated with NaIO3 or NRF2 siRNA. (A) Reduced ZO1 levels in NaIO3-treated ARPE19 cells. Conflu-
ent ARPE19 cultures were treated with 2-mM NaIO3 or vehicle (PBS). After 16 hours of treatment, anti-ZO1 IF staining was carried out,
and fluorescence images were taken. MP/area, megapixels per 0.01 mm2 culture area (applicable to all ARPE19 cell culture images in this
manuscript); n = 8. (B) Elevated NRF2 protein levels in NaIO3-treated ARPE19 cells. After 16 hours of treatment at the indicated concen-
trations, cells were lysed and analyzed by anti-NRF2 Western blotting. NRF2 (100-kD band) levels were all normalized to β-actin and are
shown as percentage values relative to 0-mM control. ns, nonspecific band; n = 3. (C) Analysis of NRF2 protein levels in siRNA-transfected
ARPE19 cells by Western blotting. NRF2 protein levels are shown as percentage values relative to scrambled siRNA-transfected cells;
n = 3. (D) Reduced ZO1 levels in NRF2 siRNA-transfected ARPE19 cell cultures. Negative control was scrambled siRNA. Anti-ZO1 IF staining
was performed 2 days after transfection; n = 6. Scale bars: 30 μm (A, B). For statistical analyses, two-tailed Student’s t-tests were applied.
***P < 0.001.



Dependence of RPE Integrity on NRF2 and HO1 IOVS | August 2022 | Vol. 63 | No. 9 | Article 30 | 5

FIGURE 2. Role of HO1 in protecting ARPE19 cell TJ structures against oxidative stress. (A) Upregulation of HO1 expression by NaIO3
treatment in ARPE19 cells. Anti-HO1 Western blotting was carried out after ARPE19 cells were treated for 16 hours with NaIO3 (0–8 mM).
HO1 band intensities were normalized against β-actin and are shown as percentage values relative to 0-mM control; n = 3. (B) Anti-HO1
Western blot of ARPE19 cells transfected with different siRNAs, including scrambled siRNA (Ctrl), NRF2 siRNA, HO1 siRNA, and a mixture
of NRF2 and HO1 siRNA (Both). Cells were harvested for Western blotting 2 days after transfection. NRF2 and HO1 band intensities were
normalized against β-actin and are shown as percentage values relative to scrambled siRNA-transfected controls; n = 3. (C) Anti-HO1 Western
blot of ARPE19 cells transfected with NRF2 siRNA and treated with NaIO3 for 16 hours; n = 3. (D) Protection of ARPE19 cell TJs by CoPP.
ARPE19 cell cultures were treated for 16 hours with NaIO3 + PBS or NaIO3 + CoPP and were analyzed by anti-ZO1 IF staining; n = 8. (E)
Disruption of ARPE19 cell TJ structures by the HO1 inhibitor ZnPPIX. ARPE19 cells were treated with ZnPPIX or PBS for 30 hours, fixed,
and subject to anti-IF ZO1 staining; n = 8. (F) Requirement of HO1 for TJs in ARPE19 cell cultures. ARPE19 cells were transfected with
different siRNAs as indicated above each image. Two days later, cells were analyzed by anti-ZO1 IF staining; n = 8. Scale bars: 30 μm. Data
were analyzed using two-tailed Student’s t-tests. *P < 0.05, **P < 0.01, ***P < 0.001.

oxidative stress, we started out by identifying a sublethal
NaIO3 concentration. We found that the vast majority of cells
remained viable at 2 mM, with only rare exceptions (Supple-
mentary Fig. S1). Therefore, oxidative stress in ARPE19
cultures was induced by supplementing the medium with
2-mM NaIO3 for 16 hours, unless specified otherwise.

The integrity of TJ structures was assessed by anti-ZO1
IF staining. To specifically quantify junctional ZO1, intra-
cellularly located ZO1+ signals were erased as explained
in Supplementary Figure S2, leaving ZO1+ pixels at cell–
cell junctions for quantification by ImageJ. As shown in
Figure 1A, junctional ZO1+ pixels were significantly reduced
in NaIO3-treated cultures, suggesting that TJ structures were
damaged under oxidative stress.

In addition to reduced levels of junctional ZO1, NRF2
protein levels were increased in ARPE19 cultures under
oxidative stress (Fig. 1B). NRF2 upregulation peaked at 4
mM of NaIO3, leveling off at higher concentrations, presum-
ably because of decreased viability of ARPE19 cells at higher

NaIO3 concentrations. To test if NRF2 was important to TJs,
we carried out siRNA-mediated NRF2 knockdown. Transfec-
tion of ARPE19 cells with NRF2-specific siRNA reduced NRF2
protein levels to 7% of scrambled siRNA-transfected controls
(Fig. 1C). In NRF2 knockdown cells, junctional ZO1 levels
were significantly reduced (Fig. 1D).

Role of HO1 in Protecting ARPE19 TJs Against
Oxidative Stress

Under oxidative stress, HO1 protein levels were elevated
in ARPE19 cells, plateauing at 4 mM of NaIO3 (Fig. 2A).
This phenomenon parallels NRF2 upregulation under simi-
lar conditions (Figs. 1B, 2A). Furthermore,NRF2 knockdown
in ARPE19 cells also led to downregulated HO1 expression,
both under normal culture conditions and when exposed
to NaIO3 (Figs. 2B, 2C). These data are consistent with the
HMOX1 gene (which encodes HO1) being a downstream
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FIGURE 3. Role of HO1 in the maintenance of barrier functions of ARPE19 monolayer cultures. (A) Schematic description of the experimental
set-up. ARPE19 cells were cultured in transparent, permeable, Transwell-like inserts set into 24-well plates (one well is shown). Cultures
were allowed to reach confluency and develop barrier function before the addition of chemicals. (B) TEER measurements for ZnPPIX- or
PBS-treated ARPE19 cell cultures, where -6, -4, and -2 days indicate the number of days before the addition of ZnPPIX. After ZnPPIX was
added, TEER values were recorded at the indicated hours, with values at 0 hour being taken immediately before the addition of ZnPPIX. At
24 hours after the addition of ZnPPIX, treatment was stopped by replacing ZnPPIX-containing media with ZnPPIX-free media. (C) Rescue of
barrier function by CoPP. Confluent ARPE19 cell cultures were treated for 76 hours with NaIO3 (2 mM) or a combination of NaIO3 (2 mM)
and CoPP (5 μM), using PBS as vehicle. TEER values were measured before and after the addition of chemicals; n = 3. Data were analyzed
by two-way ANOVA tests, comparing the curve in a chemically treated group to the vehicle group (B) or between the two curves indicated
by a half bracket. ***P < 0.001.

target of NRF236,62,63 and indicate that HO1 expression in
ARPE19 cells is dependent on NRF2, at least partially.

We speculated that HO1 might help mitigate, although
not completely overcome, the TJ-damaging effects of oxida-
tive stress. To test this possibility, we treated ARPE19 cells
with CoPP, a well-characterized HO1 inducer,64,65 and eval-
uated ZO1 levels by IF staining. Indeed, in NaIO3-treated
ARPE19 cell cultures, the inclusion of CoPP helped preserve
ZO1 at intercellular junctions (Fig. 2D).

In a complementary experiment, we inhibited HO1 activ-
ity by treating ARPE19 cells with ZnPPIX, a previously vali-
dated competitive inhibitor of HO1.66,67 In ZnPPIX-treated
ARPE19 cells, ZO1 IF-staining intensity was significantly
reduced at intercellular junctions (Fig. 2D). Overall, these
data indicate that HO1 is important for TJ integrity.

To examine the role of HO1 more directly, ARPE19 cells
were transfected with HMOX1 (HO1)-specific siRNA, result-
ing in the reduction of HO1 protein levels to 14% of the
values in scrambled siRNA-transfected cells (Fig. 2B). Simi-
lar to HO1 inhibitor treatment, HO1 knockdown also caused
the breakdown of TJs (Fig. 2E), manifested as reduced ZO1+

signals at the intercellular junctions. As expected, double
knockdown of both NRF2 and HO1 damaged TJs even
further (Fig. 2E).

Role of HO1 in ARPE19 Barrier Function

Because HO1 was found to be important for the struc-
tural integrity of TJs (Fig. 2E), we wondered if reduced
HO1 activity would also functionally affect barrier proper-
ties. In confluent ARPE19 cell monolayers, the formation of
TJs among neighboring cells contributes to barrier functions
across the monolayer, which can be recorded as resistance to
electrical currents in TEER assays, as depicted in Figure 3A.
Reduced TEER values in experimentally treated monolayer
cultures relative to baseline in vehicle-treated groups are
indicative of compromised barrier functions, presumably
due to the destruction of TJs.

To evaluate the effects of oxidative stress and altered
HO1 activities on the barrier functions of ARPE19 mono-
layer cultures, ARPE19 cells were cultured on Transwell-like
devices inserted into 24-well plates and were grown to full
confluency according to Garcia-Ramirez et al.68 To estab-
lish a baseline, TEER values were measured periodically for
several days before the addition of experimental chemicals
(not shown).

To assess the effect of HO1 inhibition, ZnPPIX was added
to confluent ARPE19 cell monolayers, and TEER values
were recorded at several time points over a 24-hour period
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(Fig. 3B). Statistical analysis was carried out by ANOVA
to compare the curves of ZnPPIX-treated versus vehicle-
treated monolayer cultures. These analyses indicated that
ZnPPIX exposure caused significant reductions in TEER
values, implying loss of barrier functions. To determine if
compromised barrier function was reversible, we replaced
the ZnPPIX-containing media with ZnPPIX-free media and
measured TEER values after medium replacement. Remark-
ably, electrical resistance recovered to normal values within
several hours after ZnPPIX removal (Fig. 3B), suggesting that
the loss of barrier functions was conditional on HO1 inhibi-
tion and was reversible when such inhibition had ended.

We also wondered if HO1 induction would protect
ARPE19 barrier function under oxidative stress. Therefore,
confluent ARPE19 cell cultures were treated with a combi-
nation of NaIO3 and CoPP. The control cultures were treated
with NaIO3 alone or PBS. Over a 76-hour time frame,
TEER values remained stable in PBS-treated cultures but
decreased significantly in cultures treated with NaIO3 alone
(Fig. 3C). Notably, cultures treated with both NaIO3 and
CoPP maintained relatively stable TEER values (Fig. 3C).
Overall, these data highlight the importance of HO1 in main-
taining ARPE19 barrier function.

Defective RPE TJ Integrity in Global and
RPE-Specific Nrf2 Knockout Mice

Because of limitations associated with ARPE19 cultures, we
complemented the in vitro studies by investigating RPE TJ
stability in mice. In one set of experiments, we asked if
mice deficient for NRF2 might display TJ phenotypes simi-
lar to those in NRF2-knockdown ARPE19 cell cultures. Due
to the fact that Nrf2−/− mice suffer from RPE cell losses
and develop choroidal neovascularization after 12 months
of age,35 we focused on younger stages in order to investi-
gate RPE TJ phenotypes without being complicated by more
advanced defects.

We examined RPE TJs in Nrf2+/+ and Nrf2−/− mice by
anti-ZO1 IF staining of RPE–choroid tissues (also referred to
as “RPE tissues” for brevity). Choroid tissues were included
merely for technical reasons, because it is impractical to
remove choroid tissues without shattering the RPE mono-
layer. IF-stained RPE tissues were flatmounted with the RPE
monolayer on top of the choroid tissues, and images were
taken by fluorescence microscopy. Choroid tissues are invisi-
ble because of the specificity of anti-ZO1 staining and block-
age of the light path by pigments in RPE cells.

At 2 months of age, anti-ZO1 IF staining patterns were
indistinguishable between Nrf2+/+ and Nrf2−/− mice, as both
displayed strong and essentially continuous ZO1+ signals
along cell–cell junctions (Fig. 4A). By 4 months of age,
ZO1+ signals in Nrf2+/+ mice remained strong and mostly
continuous; however, Nrf2−/− mice exhibited numerous
ZO1-negative gaps and weakly ZO1+ intercellular junctions
(Fig. 4B). ZO1+ signals in RPE flatmounts were quantified
similarly as described for ARPE19 cell cultures (Supplemen-
tary Fig. S2). Numerical data in Figures 4A and 4B confirm
that, when the mice were 2 months of age, junctional ZO1
levels were similar between Nrf2+/+ and Nrf2−/− mice, but
at 4 months of age they were significantly reduced in the
Nrf2−/− group.

To investigate whether NRF2 plays a cell-autonomous
role in RPE cells in vivo, we generated RPE-specific, Dox-
dependent Nrf2 knockout mice by crossing floxed Nrf2mice
with PVMD2-rtTA::tetO-PhCMV-cre (VMD2-cre) mice.58,59 RPE
specificity and the high efficiency of Dox-induced VMD2-

cre have been reported previously59 but were also indepen-
dently validated when we crossed VMD2-cre mice with a
transgenic mouse line expressing Cre-dependent tdTomato
reporter (Supplementary Fig. S3A).

In all experiments involving Nrf2f/f/VMD2-cre mice, Cre
expression was induced by feeding their mothers with Dox-
supplemented chows, starting from the day a litter was born
from Nrf2f/f/VMD2-cre × Nrf2f/f breeding pairs and contin-
uing for 3 weeks. In this procedure, Nrf2f/f/VMD2-cre and
Nrf2f/f neonatal mice were equally exposed to Dox. Nrf2
deletion efficiency in RPE cells was determined by quan-
titative RT-PCR of total RNA purified from freshly isolated
RPE cells. On average, Nrf2 mRNA levels in Dox-treated
Nrf2f/f/VMD2-cre mice were only 20% of floxed controls
(Supplementary Fig. S3B).

Phenotypic consequences of RPE-specific Nrf2 deletion
were analyzed by anti-ZO1 IF staining of RPE tissues,
followed by flatmount imaging. At 4 months, no significant
difference was observed between Nrf2f/f and Nrf2f/f/VMD2-
cre mice (Fig. 4C). At 8 months, however, Nrf2f/f/VMD2-cre
mice exhibited reduced ZO1 levels compared with Nrf2f/f

mice (Fig. 4D). The delayed onset of TJ degeneration in
Nrf2f/f/VMD2-cremice (Figs. 4C, 4D) relative to Nrf2−/− mice
(Fig. 4B) was likely due to either or both of the follow-
ing reasons: (1) although the Nrf2 deletion efficiency in
Nrf2f/f/VMD2-cre mice was very high, it was nonetheless
incomplete; and (2) Nrf2 deletion in Nrf2f/f/VMD2-cre mice
is limited to RPE cells.

Partial NRF2 Dependence of HO1 Expression in
Mice

To investigate whether HO1 expression in vivo was depen-
dent on NRF2, we compared HO1 protein levels between
Nrf2+/+ and Nrf2−/− mice. Anti-HO1 IF staining of RPE
tissues revealed that HO1 expression was reduced but not
abolished in the RPE cells of Nrf2−/− mice (Fig. 5A). This
result was validated by anti-HO1 Western blotting of isolated
RPE tissues (Fig. 5B), indicating that anti-HO1 IF staining
was a reliable method to quantify HO1 protein levels. Of
note, these data are consistent with the in vitro data shown
in Figure 2B, which demonstrate reduced HO1 expression
in NRF2-knockdown ARPE19 cells.

Because HO1 expression in ARPE19 cells was upreg-
ulated under oxidative stress, we wondered if a similar
phenomenon also exists in mice. Therefore, 2-month-old
Nrf2+/+ mice were injected with NaIO3 intraperitoneally at
a dosage previously shown not to directly cause RPE cell
death in mice (10 mg/kg).55–57 After 3 days, RPE tissues
were subject to anti-HO1 IF staining, which revealed signifi-
cantly higher HO1 levels in NaIO3-treated Nrf2+/+ mice than
in PBS-injected controls (Fig. 5C, C1 vs. C3). Within the
Nrf2−/− group, the NaIO3-injected mice also had increased
HO1 expression compared with the PBS-injected controls
(Fig. 5C, C2 vs. C4). However, both NaIO3- and PBS-injected
Nrf2−/− mice had significantly lower HO1 levels than simi-
larly treated Nrf2+/+ mice (Fig. 5C, C1 vs. C2 and C3 vs. C4).
These data led to a two-faceted conclusion: on the one hand,
HO1 expression is dependent on NRF2; on the other hand,
such dependence is incomplete, so that a certain level of
HO1 still exists in Nrf2−/− mice.

In Nrf2f/f/VMD2-cre mice, RPE-specific NRF2 deficiency
significantly suppressed HO1 expression (Fig. 5D), suggest-
ing that NRF2 promotes HO1 expression in RPE by cell
autonomous mechanisms.
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FIGURE 4. Role of NRF2 in RPE TJ integrity in mice. Wholemount RPE–choroid tissues were subject to anti-ZO1 IF staining, and then
flatmounted with the RPE monolayer on top of the choroid. Images were taken by fluorescence microscopy. (A, B) Nrf2+/+ and Nrf2−/−
mice at 2 months (A) and 4 months (B) of age. (C, D) Nrf2f/f and Nrf2f/f/VMD2-cre mice at 4 months (C) and 8 months (D) of age. For
labeling, VMD2-cre is abbreviated as Vcre. Areas in white boxes are expanded to show details of the ZO1 staining patterns. Red asterisks
indicate ZO1-negative regions at RPE cell junctions; white arrowheads point to weakly ZO1+ regions. Scale bars: 30 μm. ZO1+ pixels at the
intercellular junctions were quantified after erasing the intracellular signals, as explained in Supplementary Figure S2. ZO1+ pixel values
are presented as megapixels per 0.01-mm2 area (MP/area); n = 8 mice. Statistical analyses were carried out using two-tailed Student’s t-tests.
*P < 0.05, **P < 0.01.

In Vivo Role of HO1 in the Structural Integrity of
RPE TJs

We hypothesized that upregulated HO1 expression under
oxidative stress might play a role in limiting the extent of
RPE TJ damages. In order to test this hypothesis, we deemed
it necessary to first validate that TJ structures are susceptible
to destruction by low-dosage NaIO3. Briefly, wild-type mice
were injected intraperitoneally with NaIO3 at 10 mg/kg, a
dosage previously shown to be insufficient to cause RPE

cell death (10 mg/kg).55–57 RPE tissues were analyzed by
anti-ZO1 IF staining after 3 days. Results indicated that TJs
were indeed moderately damaged by low-dosage injection
of NaIO3 (Fig. 6A).

Next, we tested whether such damages could be attenu-
ated by CoPP. In this experiment, wild-type mice were first
given intraperitoneal injections of NaIO3, followed immedi-
ately by subretinal injections of CoPP in one eye and PBS in
the contralateral eye. After 3 days, RPE tissues were isolated
for anti-ZO1 IF staining, which indicated that RPE from
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FIGURE 5. Partial NRF2 dependence of HO1 expression in RPE cells in mice. (A) Reduced NRF2 protein abundance in RPE cells of Nrf2−/−
mice. Wholemount RPE tissues from 4-month-old Nrf2+/+ and Nrf2−/− mice were subject to anti-HO1 IF staining followed by flatmount
fluorescence microscopy. HO1+ values are shown as megapixels per 0.01-mm2 area (MP/area; applicable to the quantification of all other
anti-HO1 stained images). (B) Anti-HO1 Western blot of RPE–choroid tissues from 2-month-old mice. RPE65 and β-actin were used for
normalization. Normalized HO1 levels are shown as percentage of Nrf2+/+ controls. (C) Upregulated HO1 expression under oxidative stress.
Anti-HO1 IF staining of RPE tissues from 2-month-old Nrf2+/+ and Nrf2−/− mice treated with NaIO3 (10 mg/kg) or vehicle (PBS) by IP
injection. After 3 days, stained RPE tissues were flatmounted and analyzed by fluorescence microscopy. (D) Reduced HO1 expression in
Nrf2f/f/VMD2-cre mice. RPE tissues from 8-month-old Nrf2f/f and Nrf2f/f/VMD2-cre mice were analyzed by wholemount anti-HO1 IF staining
followed by flatmount imaging. Scale bars: 30 μm; n = 8 mice (A, C, D) and n = 6 mice (B). Data were analyzed by two-tailed Student’s
t-tests. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 6. In vivo role of HO1 in protecting RPE TJs against oxidative stress. (A) Damage of RPE TJs by NaIO3. Wild-type C57BL/6J mice
(2 months old) were injected with a single dose of NaIO3 (10 mg/kg IP) or vehicle (PBS). Three days later, RPE tissues were analyzed by
anti-ZO1 IF staining. (B) Protection of RPE TJs against oxidant exposure by CoPP. Two-month-old wild-type C57BL/6J mice were injected
with a single dose of NaIO3 (10 mg/kg IP), 1 μL of 125-μM CoPP (subretinal in one eye), and 1 μL of PBS in the contralateral eye. Anti-ZO1
IF staining was performed after 3 days. (C) Protection of RPE TJs in Nrf2−/− mice by intraperitoneal injection of CoPP (1 mg/kg/dose,
twice per week for 9 weeks, starting from 2 months of age). At the end of the injection regime, RPE tissues were analyzed by anti-ZO1
IF staining. (D) Rescue of RPE TJs in Nrf2f/f/VMD2-cre mice by CoPP. Nrf2f/f/VMD2-cre mice were treated with CoPP (1 mg/kg/dose) or
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PBS by intraperitoneal injection twice per week for 4 months, starting from 4 months of age. RPE tissues were analyzed by anti-ZO1 IF
staining at 8 months of age. (E) Destruction of RPE TJs by subretinal injection of the HO1 inhibitor ZnPPIX (125 μM, 1 μL/eye; 1 μL PBS
for the contralateral eye). All expanded images correspond to the white boxed areas in the main images. ZO1 pixel values are presented
as megapixels per 0.01-mm2 area (MP/area). Red asterisks indicate ZO1-negative gaps along intercellular junctions; white arrowheads are
pointed to long stretches of weak ZO1 staining signals. Scale bars: 30 μm; n = 8 mice. Data were evaluated by two-tailed Student’s t-tests.
**P < 0.01, ***P < 0.001.

CoPP-treated eyes had significantly stronger ZO1+ signals
(Fig. 6B). Therefore, HO1 activation by CoPP was highly
effective in protecting RPE TJs against oxidative stress.

Because HO1 expression is not completely NRF2 depen-
dent, we thought that CoPP might also protect RPE TJs in
Nrf2−/− mice. Therefore, Nrf2−/− mice were injected with
CoPP intraperitoneally twice a week for 2 months, starting
from 2 months of age. At 4 months of age, RPE tissues were
analyzed by anti-ZO1 IF staining, which demonstrated that
junctional ZO1 levels were significantly higher in the CoPP-
injected group (Fig. 6C).

In a similar experiment, Nrf2f/f/VMD2-cre mice were also
subject to intraperitoneal CoPP injection, except that injec-
tions started from 4 months of age and ended at 8 month of
age. Anti-ZO1 IF staining of RPE tissues revealed stronger
junctional ZO1+ signals in CoPP-injected Nrf2f/f/VMD2-cre
mice than in PBS-injected controls (Fig. 6D).

To further determine if HO1 is indeed important for
RPE TJs, we treated wild-type C57BL/6 mice by subretinal
injection of ZnPPIX, a well-characterized HO1 inhibitor.66,67

For controls, the contralateral eyes were injected with PBS.
Three days after injection, RPE tissues were analyzed by
anti-ZO1 IF staining. In ZnPPIX-injected eyes, RPE tissues
displayed weak and discontinuous ZO1+ signals, whereas
RPE from PBS-injected eyes had strong and generally contin-
uous ZO1+ staining along intercellular junctions. Overall,
these data indicate that HO1 protects TJ structures between
RPE cells (Fig. 6E).

Increased RPE Permeability to Dextran Due to
NRF2 Deficiency or Oxidant Exposure

RPE barrier function in mice was assessed by monitor-
ing the diffusion of dextran (3 kD) across the RPE mono-
layer. The dextran molecules used in the study were conju-
gated with lysine so they could be cross-linked to tissue
macromolecules during fixation with 4% PFA. Dextran was
also biotinylated and hence detectable by staining with
fluorophore-conjugated avidin (Supplementary Table S2). To
begin the experiment, dextran solutions were injected into
the systemic circulation through the retro-orbital sinus. After
15 minutes, mice were euthanized by perfusion, followed
by 4% PFA for fixation. Eyes were enucleated, and frozen
sections were prepared for avidin staining. The RPE mono-
layer in eye sections was identified as dark brown pigmented
cells between the choroid and the photoreceptor layer of
retinal tissues. The identity of RPE cells was also confirmed
by anti-RPE65 IF staining of eye histological sections, visu-
alized as RPE65+ cells that were strongly pigmented and
located between photoreceptors and the choroid (Supple-
mentary Fig. S4).

To evaluate the role of NRF2 in RPE barrier func-
tion, we compared dextran diffusion through the RPE in
4-month-old Nrf2+/+ and Nrf2−/− mice. In Nrf2+/+ mice,
dextran-positive signals were mostly stuck along the basal
side of RPE cells, suggesting that the vast majority of

dextran molecules were unable to cross the RPE barrier. In
Nrf2−/− mice, however, dextran-positive signals were read-
ily detectable further beyond the basal side, indicating that
dextran molecules were in the process of diffusing through
the RPE monolayer. Dextran-positive signals located away
from the RPE basal side were quantified as megapixels per
1000-μm2 area, and results confirmed significantly increased
diffusion in Nrf2−/− mice (Fig. 7A).

Dextran distribution patterns were also compared
between 8-month-old Nrf2f/f and Nrf2f/f/VMD2-cre mice.
Similar to Nrf2−/− mice, the RPE in Nrf2f/f/VMD2-cre mice
also displayed increased permeability to dextran (Fig. 7B).

The effect of oxidant exposure on RPE barrier func-
tion was also investigated. Wild-type C57BL/6J mice were
injected with NaIO3 or PBS intraperitoneally. Three days
later, mice were subject to dextran diffusion analysis as
described above. In PBS-injected mice, the majority of
dextran-positive signals accumulated along the basal side of
the RPE (Fig. 7C). In NaIO3-injected mice, dextran-positive
signals were abundantly present beyond the basal side
(Fig. 7C).

On the other hand, most of the dextran molecules did not
travel far enough to reach the photoreceptor region even in
NRF2-deficient or NaIO3-exposed mice. This outcome can
be explained by the short time frame (15 minutes) between
the dextran injection and euthanasia by perfusion. The ratio-
nale for choosing such a short time frame was that dextran
molecules might diffuse too far away from the RPE after a
longer time period, making it difficult to assess whether the
dextran-positive signals originated from leaky RPE cells or
retinal blood vessels.

RPE Barrier Function to Serum Albumin

RPE barrier function to endogenous serum albumin was
evaluated by quantifying the amount of mouse albumin that
had passed through the RPE and deposited on retinal tissues.
We focused on a narrow region of retinal tissues at the junc-
tion between the RPE and photoreceptors (PRs). Because
the PR tissues are avascular, focusing on this narrow region
maximizes the chance that the observed albumin-positive
signals may indeed reflect RPE permeability rather than reti-
nal vascular leakage.

To deplete circulating albumin, mice were euthanized by
perfusion with PBS, and tissues were fixed by the infu-
sion of 4% PFA. Eyes were isolated, and frozen sections
were prepared for anti-mouse albumin IF staining. Albumin-
positive signals at the RPE–PR junction were quantified as
megapixels per area of 1000 μm2 (Fig. 8).

Both global and RPE-specific Nrf2 knockout mice were
analyzed. When 4-month-old Nrf2+/+ and Nrf2−/− mice were
examined, significantly higher levels of albumin were found
in Nrf2−/− mice than in Nrf2+/+ controls (Fig. 8A).Nrf2f/f and
Nrf2f/f/VMD2-cre mice were analyzed at 8 months of age,
which revealed elevated albumin levels in Nrf2f/f/VMD2-cre
mice compared to floxed controls (Fig. 8B).
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FIGURE 7. Increased RPE permeability to dextran due to NRF2 deficiency or oxidant exposure. (A) Increased RPE permeability to dextran
(3 kD) in Nrf2−/− mice. Four-month-old Nrf2+/+ and Nrf2−/− mice were injected with biotinylated, lysine-conjugated dextran (5 mg/kg)
through the retro-orbital sinus and were perfused with PBS after 15 minutes. Tissues were fixed by infusion of 4% PFA. Frozen sections of
eyes were prepared, and dextran distribution was monitored by staining with Alexa Fluor 549 avidin (Supplementary Table S2). The curvy
white lines mark the area of RPE cells above the basal side. RPE cells were identified in the brightfield (BF) as strongly pigmented cells
separated from choroid (Chrd) tissues (also pigmented) by a narrow, non-pigmented tissue consisting of choroid capillaries and the Bruch’s
membrane (not labeled). The identity of RPE cells was also confirmed by anti-RPE65 IF staining (Supplementary Fig. S4). Dextran-positive
signals between the two white lines were quantified as megapixels per area of 1000 μm2 (MP/area). (B) Increased RPE permeability to
dextran in Nrf2f/f/VMD2-cre mice. Both Nrf2f/f and Nrf2f/f/VMD2-cre mice were 8 months old. (C) Increased RPE permeability to dextran in
2-month-old wild-type mice injected with NaIO3 (10 mg/kg IP). Mice were euthanized for analysis 3 days after injection. Scale bars: 10 μm;
n = 8 mice. Data were analyzed by two-tailed Student’s t-tests. ***P < 0.001.

We also investigated whether HO1 activation by CoPP
could rescue RPE barrier functions in Nrf2−/− mice.
Because the loss of RPE TJs became detectable in Nrf2−/−

mice at 4 months of age but not at 2 months, we
started intraperitoneal injections of CoPP (or PBS as
vehicle) in 2-month-old Nrf2−/− mice, which continued

twice a week until 4 months of age. Anti-mouse albu-
min IF staining on eye sections demonstrated signifi-
cantly lower amounts of albumin in CoPP-injected Nrf2−/−

mice than in PBS-injected controls (Fig. 8C), suggesting
that HO1 activation by CoPP indeed rescued RPE barrier
function.
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FIGURE 8. Analyses of RPE permeability to endogenous serum albumin. (A) Increased RPE permeability to endogenous albumin in Nrf2−/−
mice. Four-month-old Nrf2+/+ and Nrf2−/− mice were perfused with PBS and fixed with 4% PFA. Frozen eye sections were analyzed by
anti-albumin IF staining. Note the stronger staining signal in Nrf2−/− mice in the area near the apical side of the RPE (white arrowhead).
Albumin-positive pixel values are shown as megapixels per 1000-μm2 area (MP/area). BF, brightfield; Chrd, choiroid. (B) Increased RPE
permeability to endogenous albumin in Nrf2f/f/VMD2-cre mice. Nrf2f/f and Nrf2f/f/VMD2-cre mice were euthanized by perfusion at 8 months
of age. Anti-albumin IF staining of frozen eye sections revealed stronger staining in Nrf2f/f/VMD2-cre mice (white arrowhead) than in floxed
controls. (C) Protection of RPE barrier function in Nrf2−/− mice by CoPP. Nrf2−/− mice were injected intraperitoneally with CoPP at 1
mg/kg/dose, twice a week for 9 weeks, starting from 2 months of age. PBS was injected as vehicle. At 4 months of age, mice were euthanized
by perfusion and analyzed by anti-albumin IF staining of frozen eye sections. Although albumin-positive signals remained elevated in PBS-
injected mice (white arrowhead), they became very faint in CoPP-injected Nrf2−/− mice. Scale bars: 10 μm. Data were analyzed by two-tailed
Student’s t-tests; n = 8 mice. *P < 0.05, **P < 0.01, ***P < 0.001.

Destructive Effects of Heme on RPE Integrity

Because HO1 plays a major role in heme degradation, we
asked whether excess heme might cause deterioration of
RPE TJs. To address this issue, we directly treated ARPE19

cells with hemin (a heme precursor), and found that junc-
tional ZO1 levels were indeed reduced in hemin-treated
cultures (Fig. 9A). Reduced ZO1 levels were not due to
ARPE19 cell death, because hemin-treated ARPE19 cells had
normal viability (Supplementary Fig. S5). Next, we investi-
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FIGURE 9. Destructive effects of hemin treatment on RPE TJ integrity and barrier function. (A) Anti-ZO1 IF staining of ARPE19 cells after
hemin treatment (0.5 μM, 16 hours). (B) Destruction of ARPE19 barrier functions by hemin. Confluent ARPE19 cell cultures were supple-
mented with hemin (0.5 μM), and TEER values were recorded at the indicated time points. (C) Anti-ZO1 IF staining of RPE tissues from
wild-type mice injected with hemin (1 mg/kg/dose) or PBS by intraperitoneal injection, twice per week for 3 months, starting from 2 months
of age. In A and C, MP/area indicates megapixels per 0.01-mm2 area. (D, E) Alexa Fluor 549 avidin (D) and anti-albumin (E) staining of
frozen eye sections, prepared from hemin- or PBS-treated wild-type C57BL/6J mice. Biotin–dextran injection was carried out through the
retro-orbital sinus, and mice were euthanized by perfusion after 15 minutes. Dextran-positive and albumin-positive signals were quantified
as megapixels per area of 1000 μm2 (MP/area). BF, brightfield. Scale bars: 30 μm (A, C); 10 μm (D, E). In A, C, D, and E, n = 8 mice, and
the data were analyzed by two-tailed Student’s t-tests. In B, n = 3 mice, and the data were analyzed by two-way ANOVA tests. *P < 0.05,
**P < 0.01, ***P < 0.001.

gated if barrier function in ARPE19 monolayer cultures was
compromised by hemin treatment. As shown in Figure 9B,
hemin rapidly and dramatically reduced TEER values. Taken
together, these data suggest that heme is harmful to ARPE19
barrier functions.

To extend this study to mice, we injected hemin into wild-
type C57BL/6J mice intraperitoneally. Anti-ZO1 IF staining
of RPE tissues demonstrated that junctional ZO1 levels were
significantly reduced in hemin-treated mice relative to PBS-

injected controls (Fig. 9C). To evaluate dextran diffusion,
hemin- or PBS-injected wild-type mice were injected with
biotinylated dextran through retro-orbital sinus. Frozen eye
sections were stained with Alexa Fluor 549 avidin, which
revealed that diffusion of dextran was significantly increased
in the hemin-treated mice (Fig. 9D). RPE permeability was
also analyzed by anti-albumin IF staining on eye sections.
At the RPE–PR junction, albumin contents were significantly
higher in the hemin-treated mice than in PBS-treated mice



Dependence of RPE Integrity on NRF2 and HO1 IOVS | August 2022 | Vol. 63 | No. 9 | Article 30 | 15

(Fig. 9E). Overall, these data suggest that heme is a signifi-
cant contributor to the deterioration of RPE TJ and barrier
functions.

DISCUSSION

Despite the general understanding that RPE barrier func-
tions are prone to damages by oxidative stress, there is little
knowledge on how TJ structural integrity per se is affected
by oxidative stress, especially in vivo. This situation stems
from the fact that severe oxidant exposure of RPE cells typi-
cally leads to widespread cell death, making it difficult to
determine whether TJ disassembly is a primary consequence
of oxidative stress or part of the cell death process.

Normal TJs consist of at least three different types of
proteins: (1) transmembrane proteins such as occludins
(OCLNs) and claudins (CLDN), which tightly interlock with
each other from opposing cell membranes; (2) adaptor
proteins such as dimers or heterodimers of ZO1, ZO2, and
ZO3, which associate with both the intracellular regions of
OCLNs/CLDNs and cytoskeletal actin; and (3) cytoskeletal
actin filaments, which secure the TJ complexes.1,69

A reliable indicator of intact TJ structures is the local-
ization of ZO1 at intercellular junctions. In this study, we
showed that TJ structures in RPE cells are sensitive to oxida-
tive stress, which was demonstrated at the structural level
by the loss of junctional ZO1 and at the functional level by
increased RPE permeability to dextran and serum albumin.
These findings were made both in cultured RPE cells and
in mice. Furthermore, the NRF2–HO1 pathway had protec-
tive effects for TJ structures and RPE barrier function. Data
from RPE cell–specific Nrf2 knockout mice also demon-
strate that NRF2 is protective from within RPE cells in a cell
autonomous manner. On the other hand, our data do not
rule out the possibility that NRF2 in other cell types might
also indirectly contribute to RPE integrity through regula-
tion of systemic redox balance. These two possibilities are
not mutually exclusive.

An interesting phenomenon is that NRF2 levels are upreg-
ulated under oxidative stress, presumably as an adaptive
response (Fig. 1B). In turn, upregulated NRF2 activates
antioxidant mechanisms by transcriptional upregulation of
its target genes. HMOX1, a NRF2 target gene encoding HO1,
is also upregulated under oxidative stress, essentially in
parallel to NRF2 (Figs. 1B, 2A). Our data demonstrate a
cause and effect relationships between Nrf2 expression and
HO1 upregulation under oxidative stress. NRF2 knockdown
in vitro or NRF2 deficiency in vivo both prevented HO1
upregulation by NaIO3 (Figs. 2C, 5C). At the functional level,
there is also a cause-and-effect relationship between NRF2
expression and maintenance of TJ integrity, with NRF2 defi-
ciency leading to TJ disintegration and loss of RPE barrier
function (Figs. 1D, 4, 7, 8). Likewise, a similar relationship
can also be proposed for HO1 and TJ integrity. The HO1
inducer CoPP promotes TJ integrity and RPE barrier function
(Figs. 2F, 3, 9), whereas HO1 knockdown or treatment with
HO1 inhibitor (ZnPPIX) has the opposite effect.

Mechanistically, HO1 exerts its antioxidant functions by
catalyzing heme degradation, because heme supports ROS
production but heme degradation products biliverdin and
CO are antioxidants.43–46 Therefore, activation of the NRF2–
HO1 axis may mitigate, although not enough to completely
abolish, the damaging effects of oxidative stress on RPE TJs.
In support of this mechanism, exogenous heme added to

ARPE19 cell cultures or injected into mice caused TJ disas-
sembly and RPE barrier breaching (Fig. 9).

NRF2 also exerts its antioxidant functions by upregulat-
ing other antioxidant enzymes besides HO1, notably super-
oxide dismutase (SOD)1 and SOD2, which also play impor-
tant roles in the retina and RPE cells.30,39,70,71 Although a
deficiency in these proteins has been reported to cause RPE
cell loss or choroidal neovascularization, their direct roles
in TJ structural organization have not been reported.25,39

Importantly, because we were able to rescue TJ integrity in
Nrf2 knockout mice or NRF2 knockdown ARPE19 cells with
CoPP, it seems that, in our experimental system, HMOX1
(HO1) is the predominant NRF2 target critically required for
TJ stability in RPE cells.

In several cultured cell lines, such as bovine aortic
endothelial cells,72 colon tissue epithelial cells,73 and
renal tubular epithelial cells,74 exposure to ROS-generating
compounds such as NaIO3 is known to cause the disassem-
bly of TJs. However, a literature search found no in vivo
studies investigating how TJ integrity in any cell type is
affected by dynamic interactions between oxidative stress
and antioxidant mechanisms. Therefore, the implications of
the findings made in this study might go beyond RPE cells.

We also believe that this study may have significant rele-
vance to human AMD pathogenesis. Oxidative stress is a
common condition in humans and is typically associated
with oxidative metabolism, light exposure, and, in some
cases, direct exposure to oxidants such as smoking products.
Chronic oxidative stress in RPE cells may lead to breaching
of the RPE barrier, which is an early event in AMD progres-
sion. The importance of the NRF2–HO1 pathway in humans
is highlighted by the association of several polymorphism
alleles in the NRF2 and HMOX1 loci with increased inci-
dence of AMD.75,76 Therefore, understanding the roles of the
NRF2–HO1 pathway in mouse RPE may provide insights that
are highly relevant to AMD pathogenesis in humans.
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