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PURPOSE. GPR91, a succinate receptor, is expressed in retinal
ganglion cells and induces vascular endothelial growth factor
(VEGF) expression. RPE also expresses VEGF, but whether this
cell expresses GPR91 is not known. Excessive iron is also
proangiogenic, and hemochromatosis is associated with iron
overload. Therefore, we examined the expression and iron-
dependent regulation of GPR91 in the RPE.

METHODS. GPR91 expression was examined by RT-PCR and
immunohistochemistry. Hemochromatosis mice, cytomegalo-
virus (CMV) infection of retina, expression of CMV-US2 in RPE,
and exposure of RPE to ferric ammonium citrate (FAC) were
used to examine the iron-dependent regulation of GPR91 ex-
pression. VEGF expression was quantified by qPCR. Knock-
down of GPR91 in ARPE-19 cells was achieved with shRNA.

RESULTS. GPR91 was expressed in RPE but only in the apical
membrane. Retinal expression of GPR91 was higher in hemo-
chromatosis (Hfe�/�) mice than in wild-type (WT) mice. Pri-
mary RPE cells from Hfe�/� mice had increased GPR91 expres-
sion compared with WT RPE cells. Iron accumulation in cells
induced by CMV infection, expression of CMV-US2, or treat-
ment with FAC increased GPR91 expression. VEGF expression
in the Hfe�/� mouse retina was increased at ages younger
than18 months, but the expression was downregulated at
older ages. The involvement of GPR91 in succinate-induced
expression of VEGF in RPE cells was confirmed with GPR91-
specific shRNA.

CONCLUSIONS. GPR91 is expressed in the RPE with specific
localization to the apical membrane, indicating that succinate
in the subretinal space serves as the GPR91 agonist. Excessive
iron in the retina and RPE enhances GPR91 expression; how-
ever, VEGF expression does not always parallel GPR91
expression. (Invest Ophthalmol Vis Sci. 2011;52:3751–3758)
DOI:10.1167/iovs.10-6722

Hereditary hemochromatosis is caused primarily by muta-
tions in HFE, which encodes an HLA-like protein involved

in iron (FE) homeostasis.1–4 Iron overload in patients with HFE
mutations is an age-dependent process; therefore, hemochro-
matosis as a clinical disease resulting from iron-induced oxida-
tive damage manifests only in persons older than 50 years of

age. Hemochromatosis is an autosomal recessive disorder with
a prevalence of homozygosity of approximately 1 in 300 Cau-
casians. A loss-of-function mutation (Cys2823Tyr282) in HFE
is responsible for approximately 85% of cases of hemochroma-
tosis.5 The clinical features of the disease include cirrhosis,
hepatocarcinoma, diabetes, cardiomyopathy, nephropathy,
and pituitary dysfunction.1–4 HFE is necessary for the expres-
sion of the iron-regulatory hormone hepcidin in the liver, and
the HFE-dependent regulation of hepcidin expression is altered
in response to the body’s iron status.1–4 This hormone binds to
ferroportin, an iron exporter, and facilitates its degradation. In
hemochromatosis, loss of HFE function results in decreased
production of hepcidin and, hence, in increased density of
ferroportin in the basolateral membrane of the intestinal ab-
sorptive cells. As a result, iron absorption in the intestine
occurs at an increased rate without the HFE-mediated feedback
control. Enhanced iron absorption increases the levels of iron-
bound transferrin in the circulation, which then increases the
entry of iron into various tissues through TfR1.

The relevance of hemochromatosis to retinal iron homeo-
stasis had not received much attention until recently because
no information was available in the literature on the expression
of HFE in this tissue. We have shown recently that HFE is
indeed expressed in the retina, where its expression is re-
stricted to the basolateral membrane of RPE.6 Given that RPE
functions as a gatekeeper for the entry of nutrients, including
iron, from choroidal blood into the neural retina, our findings
suggested that HFE in RPE may play a critical role in retinal iron
homeostasis. Subsequent studies using the Hfe�/� mouse
model of hemochromatosis have shown that, like the liver,
heart, kidney, and pancreas, the retina is also a target organ for
iron overload in hemochromatosis.7 Excessive iron accumula-
tion in hemochromatosis mice leads to significant morphologic
changes throughout the retina in an age-dependent manner. In
the RPE, iron accumulation causes hypertrophy and hyperpla-
sia. Studies have shown that the retina expresses not only HFE
but also other proteins critical for iron homeostasis.8–10 Oxi-
dative stress, iron accumulation, and hypertrophy and hyper-
plasia of RPE are all hallmarks of age-related macular degener-
ation, another age-dependent disease.11–13 This suggests that
hemochromatosis may contribute to the pathogenesis of AMD.
In support of this notion, various mouse models of excessive
iron accumulation in the retina, including Hfe�/� mice and
hepcidin knockout mice, have provided evidence of AMD-like
morphologic changes in the retina.7,14,15

GPR91 is a G-protein–coupled receptor for succinate.16 The
citric acid cycle intermediate succinate, normally present
within mitochondria, is released into the extracellular medium
if there is a loss in the balance of local tissue energy demand
and supply.17 The extracellular succinate then serves as an
agonist for GPR91. In the kidney, succinate-induced activation
of GPR91 regulates the renin-angiotensin system.18,19 GPR91 is
also expressed in retinal ganglion cells, where it plays a differ-
ent role.20 Succinate-GPR91 signaling in retinal ganglion cells
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stimulates the expression and secretion of vascular endothelial
growth factor (VEGF). This was the first report of the proan-
giogenic function of GPR91. The same study showed that
succinate-GPR91 signaling is a potent mediator of angiogenesis
in the normal retina and in diseases associated with retinopa-
thy. RPE also expresses VEGF, but whether this cell expresses
GPR91 is not known. Excessive iron is proangiogenic,21 and
hemochromatosis is associated with iron overload in the retina.
Therefore, we examined whether GPR91 is expressed in the
RPE and whether the expression is regulated by iron. Infection
with cytomegalovirus (CMV) causes iron accumulation in in-
fected cells.22 This is mediated by the protein product of one
of the genes in the ultra-specific region of the CMV genome
known as US2. US2 causes iron accumulation in infected cells
by depleting HFE by proteasomal degradation.23,24 Because of
this similarity between hemochromatosis and CMV infection,
we also studied GPR91 expression in the CMV-infected mouse
retina.

MATERIALS AND METHODS

Materials

Reagents were obtained from the following sources: reagent for RNA
preparation (TRIzol; Invitrogen-Gibco Corp., Grand Island, NY) and
DMEM/F12 culture medium (Invitrogen-Gibco Corp.), RT-PCR kit (Ap-
plied Biosystems, Inc., Foster City, CA), and Taq polymerase kit (Ta-
KaRa, Tokyo, Japan). Rabbit polyclonal anti-GPR91 and chicken anti-
MCT1 were from Alpha Diagnostic International (San Antonio, TX);
goat anti-rabbit IgG coupled to Alexa Fluor 568, goat anti-chicken IgG
coupled to Alexa Fluor 568, and goat anti-rabbit IgG coupled to Alexa
Fluor 488 were from Molecular Probes (Carlsbad, CA).

Animals

C57BL/6 mice were used for the preparation of total RNA from neural
retina and RPE/eyecup. Breeding pairs of Hfe�/� mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). Albino Balb/c mice
were used for immunofluorescence analysis and for supraciliary injec-
tion of MCMV to induce eye infection. Mice were purchased from
Harlan-Sprague-Dawley, Inc. (Indianapolis, IN). All procedures involv-
ing mice were approved by the Institutional Committee on Animal Use
for Research and Education and were performed in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.

Establishment of Mouse Primary RPE
Cell Cultures

Age-matched WT and Hfe�/� mice were obtained from the same litter
originating from the mating of heterozygous mice. Three-week-old
mice were used to establish primary cultures of RPE, as described
previously.8

Ocular Infection with MCMV

The murine cytomegalovirus (MCMV) (k181 strain) stocks were pre-
pared from salivary gland homogenates of Balb/c mice, as described
previously.9 Mice were anesthetized by intramuscular injection of a
mixture of 42.9 mg/mL ketamine, 8.57 mg/mL xylazine, and 1.43
mg/mL acepromazine at a dose of 0.5 to 0.7 mL/kg body weight. The
left eyes of mice were injected with 5 � 103 PFUs of MCMV (or PBS in
control mice) in a volume of 2 �L by way of the supraciliary route, as
previously described.9

Preparation of Retinal Tissues for Immunostaining
and RNA Isolation

Eyes were embedded in OCT compound and frozen at �30°C. Sections
(8-�m thick) were used for immunostaining. For preparation of RNA
from posterior segments, corneas and lenses were removed using a

stereomicroscope, and the posterior cup with retina was collected for
RNA preparation. In some experiments, the neural retina was peeled
from the eyecup, thus leaving behind the RPE/eyecup; RNA was
prepared from the neural retina and RPE/eyecup.

RT-PCR and Real-Time PCR

RT-PCR was carried out under optimal conditions specific for PCR
primer pairs. The following primers were used: mouse GPR91 forward
primer 5�-TGTGAGAATTGGTTGGCAACAG-3� and reverse primer
5�-TCGGTCCATGCTAATGACAGTG-3�; CMV US2 forward primer 5�-
GGGAATTCGAGCTCGGTAC-3� and reverse primer 5�- GCTATGAC-
CATGATTACGCCAA-3�. Primers for mouse angiopoietin-1 were
5�-GCCTGGATTTCCAGAGGGGCTGG-3� (forward) and 5�-GGGCCG-
GATCATCATGGTGGTGG-3� (reverse). Primers for mouse angiopoi-
etin-2 were 5�-GGGGAGAAGAGAAGAGAAGAG-3� (forward) and 5�-
CACGGCATTGGACATGTA-3� (reverse). The molecular identity of the
PCR products was confirmed by sequencing. HPRT1 mRNA or 18S
mRNA was used as the internal control for PCR reaction. Each PCR
experiment was repeated at least three times with similar results.
Expression levels of target mRNA were quantified by densitometry and
normalized with the corresponding internal control.

The following primers were used for quantification of VEGF mRNA
in mouse retina by real-time PCR: forward primer 5�-CCTCCT-
CAGGGTTTCGGGAACCA-3� and reverse primer 5�-ACCCAAAGT-
GCTCCTCGAAGGATC-3�. Real-time amplifications, using detection
chemistry (SYBR Green; Applied Biosystems), were run in triplicate on
96-well reaction plates.

Bioluminescence Resonance Energy
Transfer Assay

This assay monitors the dissociation of G-protein heterotrimers on the
activation of GPR91 with an agonist.25,26 HEK293 cells were trans-
fected overnight with human GPR91 cDNA along with constructs
coding for G�i1, venus-G�1, venus-G�2, and GRK3 (G-protein–cou-
pled receptor kinase 3)-C terminus-luciferase. Cells were then har-
vested in PBS containing 5 mM EDTA. Cell suspension was transferred
to a 96-well plate (100 �L/well) and exposed to various intermediates
of the citric acid cycle at different concentrations. The luciferase
substrate benzyl coelenterazine (5 �M) was then added to the wells in
the dark. Steady state bioluminescence resonance energy transfer
(BRET) measurements were made within 15 minutes of exposure of
the cell suspensions to ligands using a photon-counting multimode
plate reader (Mithras LB940; Berthold Technologies GmbH, Bad Wild-
bald, Germany). The BRET signal was calculated as the ratio of the
emission intensity at 520 to 545 nm to the emission intensity at 475 to
495 nm.

Immunofluorescence Analysis

Retinal sections, fixed in 4% paraformaldehyde and blocked with 1�
power block, were incubated overnight at 4°C with one or more of the
following primary antibodies: polyclonal anti-GPR91 (1:100) and
chicken anti-MCT1 (1:1000), either independently or together. Nega-
tive controls involved omission of the primary antibodies. Sections
were rinsed and incubated for 1 hour with goat anti-rabbit IgG coupled
to Alexa Fluor 568, goat anti-chicken IgG coupled to Alexa Fluor 568,
and goat anti-rabbit IgG coupled to Alexa Fluor 488, either indepen-
dently or together as needed. Coverslips were mounted after staining
with Hoechst nuclear stain, and sections were examined with a wide-
field epifluorescence microscope (Carl Zeiss, Oberkochen, Germany).
Polarized expression of GPR91 in RPE with MCT1 as a specific marker
of the apical membrane was investigated by double-labeling, and the
slides were examined by laser-scanning confocal microscopy. Immu-
nohistochemistry studies were repeated twice, and the results from
these two experiments were similar.
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Transient Transfection of
Lentivirus-CMV-US2 Construct

CMV-US2 cDNA was prepared by PCR. A plasmid (pAdtet7) containing
human CMV US2 cDNA insert was kindly provided by David C. John-
son (Department of Molecular Microbiology and Immunology, Oregon
Health and Science University, Portland, OR). The cDNA insert was
amplified from the plasmid using the following primers: 5�-
GGGAATTCGAGCTCGGTAC-3� (forward) and 5�-GCTATGACCATGAT-
TACGCCAA-3� (reverse). The product was sequenced to confirm its
molecular identity and then subcloned into the lentiviral vector
pLKO1. This plasmid was used to transiently transfect primary mouse
RPE cells and human ARPE-19 cells. Recombinant lentivirus was pro-
duced by cotransfection into 293FT cells with CMV-US2 cDNA in
lentiviral pLKO1 vector and three other helper vectors—pLP-1, pLP-2,
and pVSVG (Invitrogen)—using transfection reagent (Lipofectamine
2000; Invitrogen). Lentiviral supernatants were harvested at 72 hours
after transfection and were filtered through a 0.45-�m membrane.
Cells were infected for 24 hours with fresh lentivirus expressing either
the control vector or CMV-US2 in medium containing 8 �g/mL poly-
brene and were cultured for an additional 48 hours. After transfection,
cells were washed with PBS, and RNA or protein was isolated for
RT-PCR and Western blot analysis, respectively.

Western Blot Analysis

Protein lysates were subjected to SDS-PAGE using 10% polyacrylamide
gel. The proteins were then transferred onto a polyvinylidene fluoride
membrane and probed with specific antibodies. Positive bands were
detected with appropriate secondary antibodies coupled to horserad-
ish peroxidase. Signals were developed with an enhanced chemilumi-
nescence detection kit. �-Actin was used as the internal control. The
levels of target protein were quantified by densitometry and normal-
ized with the corresponding internal control. Western blot analysis
was repeated twice with comparable results.

Treatment of RPE Cells with Ferric
Ammonium Citrate

Primary RPE cells and human RPE cell lines ARPE-19 and HRPE were
seeded in 24-well culture plates and cultured for 24 hours. Fresh
culture medium was then added to cells with or without ferric ammo-
nium citrate (FAC) (100 �g/mL), and the cells were cultured for an
additional 72 hours. Cells were then used for RNA extraction. The
concentration of FAC and the treatment time were selected based on
published reports to cause iron overload in cells for optimal iron-
induced gene expression changes.27 We used these conditions in RPE
cells to demonstrate iron-induced changes in the expression of the
cystine/glutamate exchanger and ferroportin.7,28

shRNA-Induced Silencing of GPR91 in
ARPE-19 Cells

Lentiviral-based shRNAs were used to knock down GPR91 in ARPE-19
cells. We generated stable cell lines of ARPE-19 with GPR91 knockdown
using gene-specific shRNA constructs with the lentivirus plasmid vector
pLKO.1-puromycin (Open Biosystems, Huntsville, AL). The following four
constructs were used: shRNA1 (clone TRCN0000008975), shRNA2 (clone
TRCN0000008976), shRNA3 (clone TRCN0000008977), and shRNA4
(clone TRCN0000008978). Stable cell lines were generated by infecting
ARPE-19 cells independently with each of the four lentiviral-shRNA con-
structs and then selecting stable cell lines by puromycin (1 �g/mL)
resistance. A stable cell line with a lentiviral vector only, without the
shRNA, was used as the negative control. Knockdown of GPR91 expres-
sion was verified by RT-PCR. The sequences of shRNAs are as follows:
CCGGGCTCTGCATAAGCAACCGATACTCGAGTATCGGTTGCTTATGCA-
GAGCTTTTT (shRNA1); CCGGGCCTCTCAACTTGGTCATCATCTC-
GAGATGATGACCAAGTTGAG AGGCTTTTT (shRNA2); CCGGCGGCTA-
CATCTTCTCTCTGAACTCGAGTTCAGAGA GAAGATGTAGCCGTTTTT

(shRNA3); CCGGCCCATGCTGATAAGGAGTTATCTCGAG ATAACTCCTT
ATCAGCATGGGTTTTT (shRNA4).

RESULTS

Expression and Localization of GPR91 in Retina

To investigate the expression pattern of GPR91 in the mouse
retina, RT-PCR was performed using RNA isolated from the
neural retina (mostly devoid of RPE) and the RPE/eyecup of
normal mouse. We found evidence for the expression of
GPR91 mRNA in the RPE/eyecup as well as in the neural retina
(Fig. 1A). Expression was considerably higher in the RPE/
eyecup than in the neural retina. Immunofluorescence analysis
of GPR91 protein showed positive signals throughout the ret-
ina, including the RPE cell layer (Fig. 1B). Negative controls
with omission of the primary antibody did not yield positive
signals. To determine whether GPR91 is expressed in RPE in a
polarized manner, double-labeling studies were performed
with a rabbit polyclonal anti-GPR91 antibody and a chicken
polyclonal anti-MCT1 antibody. MCT1 is a marker for the apical
membrane in RPE.29 Laser-scanning confocal microscopic anal-
ysis of the immunostained retinal sections revealed that GPR91
(green) and MCT1 (red) were both colocalized in the apical
membrane of RPE (Fig. 1C).

Succinate as a GPR91 Agonist

The activation of GPR91 by succinate was monitored using the
BRET assay. We coexpressed human GPR91 and human Gi�1
in HEK293 cells along with Venus1–155-G�2 and Venus155–
239-G�1 constructs. When GPR91 is activated with an agonist,
G�� dimer containing the complementary fragments of the
yellow fluorescent protein venus (the 1- to 155-amino acid
fragment and the 155- to 239-amino acid fragment) dissociates
from Gi�1. The dimer then binds to the GRK3-C terminus-
luciferase fusion protein, enabling BRET in the presence of
benzyl coelenterazine, a substrate for luciferase. Using this
technique, we were able to show that succinate is an effective
agonist for GPR91 (data not shown). The value for ED50 (i.e.,
the concentration necessary for half-maximal activation of the
receptor) was 91 � 14 �M. We also tested other citric acid
cycle intermediates for their ability to activate GPR91. None of
the compounds tested (citrate, fumarate, malate, or �-ketoglu-
tarate) was able to serve as an agonist for GPR91 (data not
shown), demonstrating that succinate is a specific ligand for
this receptor. The activation of GPR91 by succinate has been
demonstrated previously based on changes in the secretion of
prostaglandin E2 or forskolin-induced cAMP levels.16,18 The
present studies demonstrate for the first time the dynamics of
the individual components of the trimeric G-protein complex
during receptor activation.

Expression of GPR91 in Hemochromatosis Mouse
(Hfe�/�) Retina

To determine whether GPR91 expression is altered in the RPE
in hemochromatosis, RT-PCR was carried out using RNA from
primary cultures of WT and Hfe�/� RPE cells. These studies
showed that GPR91 mRNA levels were higher in primary RPE
cells from Hfe�/� mice than from WT mice (Fig. 2A). Because
the receptor is expressed not only in RPE cells but also in other
retinal cell types, we analyzed the expression of GPR91 protein
by Western blot in whole retinas from WT and Hfe�/� mice.
The levels of the receptor protein were increased in the retinas
of hemochromatosis mice (Fig. 2B). These results were corrob-
orated by immunohistochemistry with retinal sections. Both in
8-month-old mice and in 18-month-old mice, the GPR91-spe-
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cific signal was higher in the knockout mouse retina than in the
age-matched WT mouse retina (Fig. 2C).

Expression of GPR91 in Retina during MCMV
Infection In Vivo

GPR91 mRNA levels were increased in whole retina when
infected with MCMV (Fig. 3A). We have shown previously that
in vitro infection of primary RPE cells and in vivo infection of
mouse eyes with MCMV deplete Hfe protein in the retina.9 In
the present study, the levels of GPR91 protein increased mark-
edly in primary RPE cells in response to MCMV infection in
vitro and in the whole retina in response to MCMV infection in
vivo (Figs. 3B, 3C).

Regulation of GPR91 Expression in RPE
by CMV-US2

Iron accumulation in mammalian cells during CMV infection is
mediated by US2 encoded by the viral genome. On infection of
the host cell, CMV-US2 binds to newly synthesized HFE and
translocates it from the endoplasmic reticulum to the cytosol

for subsequent proteasomal degradation.22,23 We have shown
previously that CMV infection of RPE and retina in mice leads
to Hfe depletion and, consequently, to excessive iron accumu-
lation.9 Here we used ectopic expression of CMV US2 in the
human RPE cell line ARPE-19 and in mouse primary RPE cells
to induce HFE degradation as a means to cause iron overload,
mimicking hemochromatosis. Expression of US2 in RPE cells
had minimal effect on the steady state levels of HFE mRNA but
reduced the steady state levels of HFE protein (Figs. 4A, 4B).
Under these conditions, the expression of GPR91 was en-
hanced, demonstrable both at the mRNA level and the protein
level (Figs. 4A, 4B).

Effect of Ferric Ammonium Citrate on GPR91
Expression in RPE

To investigate directly the influence of cellular iron status on
the expression of GPR91 in RPE, we exposed mouse primary
RPE cells and two human RPE cell lines (ARPE-19 and HRPE) to
FAC (100 �g/mL) for 72 hours to increase cellular iron levels.
After the treatment, we monitored GPR91 mRNA levels by

FIGURE 1. Expression and localiza-
tion of GPR91 in mouse retina. (A)
RT-PCR analysis of GPR91 mRNA in
neural retina and RPE/eyecup. HPRT1
was used as an internal control. (B)
Immunofluorescence localization of
GPR91 protein in mouse retina. Left:
staining in the retina using GPR91 pri-
mary antibody; middle: nuclear stain-
ing; right: merged image. GCL, gan-
glion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer; RPE,
retinal pigment epithelium. (C) Confo-
cal analysis of the polarized expression
of GPR91 in RPE. MCT1 was used as a
marker for the RPE apical membrane.
GPR91 was detected with a secondary
antibody conjugated to Alexa Fluor
488 (green), and MCT1 was detected
with a secondary antibody conjugated
to Alexa Fluor 568 (red). Hoechst was
used as a nuclear stain. Merging of the
fluorescent signals in the RPE cell layer
indicates the coexpression of the two
proteins in RPE apical membrane.

FIGURE 2. Upregulation of GPR91 in
retina in an Hfe�/� hemochromatosis
mouse model. (A) RT-PCR analysis of
GPR91 mRNA in WT and Hfe�/� (KO)
primary RPE cells. HPRT1 was used as
an internal control. (B) Western blot
analysis of GPR91 protein in whole ret-
inas from WT and Hfe�/� (KO) mice.
�-Actin was used as an internal con-
trol. (C) Immunofluorescence analysis
of GPR91 protein in 8-month-old and
18-month-old WT and Hfe�/� (KO)
mouse retinas.
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RT-PCR. In each case, exposure to FAC increased the levels of
GPR91 mRNA (Fig. 5).

Expression of VEGF and Other Proangiogenic
Factors in Wild-type and Hfe�/� Mice

GPR91-succinate signaling is proangiogenic in the retina and is
associated with increased expression of VEGF, angiopoietin-1,
and angiopoietin-2.20 Here we have demonstrated that exces-
sive iron accumulation in retina increases GPR91 expression.
In addition, we have shown recently that iron accumulates
excessively in the retina in the Hfe�/� hemochromatosis
mouse model and that significant morphologic changes in the
iron-overloaded retina occur in an age-dependent manner.7

Based on these findings, we asked whether the expression of
proangiogenic factors (VEGF, Ang-1, and Ang-2) is altered in
the whole retina of the Hfe�/� hemochromatosis mice. We
found an age-dependent effect of Hfe deletion on mRNA levels
for VEGF, Ang-1, and Ang-2 in the mouse retina. When the
animals were 8 months old and 18 months old, mRNA levels for
these proangiogenic factors were markedly higher in Hfe�/�

mouse retinas than in WT mouse retinas (Fig. 6). In contrast,
the expression of all three factors was drastically decreased in
whole retinas in 24-month-old Hfe�/� mice compared with
age-matched WT mouse retinas, despite the fact that GPR91
expression remained elevated at this age (Fig. 6).

Involvement of GPR91 in Succinate-Induced
Expression of VEGF in Iron-Overloaded
ARPE-19 Cells

To demonstrate unequivocally the involvement of GPR91 in
VEGF expression in the iron-overloaded RPE, we compared the
effects of FAC and succinate on VEGF mRNA between ARPE-19
cells with normal expression of GPR91 and ARPE-19 cells with
shRNA-mediated knockdown of GPR91. Among the four
GPR91-specific shRNAs used, two shRNAs (shRNA2 and

shRNA3) showed marked knockdown of GPR91 expression
(Fig. 7A). In control ARPE-19 cells, treatment with FAC (100
�g/mL; 72-hour treatment) and succinate (2 mM; the final 16
hours of the 72-hour FAC treatment) increased the expression
of VEGF mRNA; this effect was abolished in ARPE-19 cells with
shRNA-mediated GPR91 knockdown (Fig. 7B). These results
demonstrate that GPR91 mediates the succinate-induced ex-
pression of VEGF in iron-overloaded RPE cells.

DISCUSSION

The present studies provide novel information regarding the
expression of the succinate receptor GPR91 in mouse retina.

FIGURE 3. Upregulation of GPR91 in CMV-infected mouse retina and
RPE cells. (A) Mice were infected in vivo by intraocular injection of
MCMV. Control mice were injected with PBS. RT-PCR was performed
for GPR91 with RNA samples from whole retinas of PBS-injected and
MCMV-injected mice. HPRT1 was used as an internal control. (B)
Primary mouse RPE cells were infected in vitro with MCMV, and the
levels of GPR91 protein were analyzed by Western blot in control and
MCMV-infected cells. �-Actin was used as an internal control. (C) Mice
were infected in vivo by intraocular injection of MCMV. Control mice
were injected with PBS. Retinal sections were prepared on day 7 after
infection and used for immunofluorescence detection of GPR91
protein.

FIGURE 4. Upregulation of GPR91 in mouse and human RPE cells by
CMV-US2. (A) RT-PCR analysis of Hfe, GPR91, CMV-US2, and HPRT1
with RNA from control RPE cells (ARPE-19 cells and primary mouse
RPE cells) and from RPE cells treated with lentivirus carrying the
CMV-US2 gene. HPRT1 was used as an internal control. (B) Western
blot using protein lysates from control RPE cells and from RPE cells
treated with lentivirus carrying the CMV-US2 gene. The blots were
developed using primary antibody specific to Hfe or GPR91. �-Actin
was used as an internal control.

FIGURE 5. Upregulation of GPR91 in mouse and human RPE cells by
treatment with FAC. Human RPE cell lines ARPE-19 and HRPE and
mouse primary RPE cells were treated with or without FAC (100
�g/mL) for 72 hours. RNA prepared from these cells was used for
RT-PCR analysis of GPR91 mRNA with HPRT1 as an internal control.
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We have shown here for the first time that the receptor is
expressed in RPE. The expression of GPR91 has been demon-
strated recently in retinal ganglion cells,20 but its expression in
RPE was not known. Even more novel and important is the
finding that the receptor is expressed in this cell layer only in
the apical membrane and not in the basolateral membrane.
Because the apical membrane faces the neural retina whereas
the basolateral membrane is in contact with choroidal blood,
the polarized expression of GPR91 in the apical membrane
suggests that the receptor is activated by succinate present in
the subretinal space rather than by succinate present in blood.
Another important outcome of the present studies is the ob-
servation that the expression of the receptor is regulated by

the iron status within the retina. Excessive iron accumulation
in the retina, caused either by the deletion of Hfe or by
infection of the retina by CMV, upregulates GPR91 expression.
This iron-dependent regulation is observed not only in RPE but
also in other cell types within the retina. This represents the
first report on the regulation of GPR91 expression by iron in
any tissue.

These results have significant clinical relevance. Loss-of-
function mutations in HFE in humans lead to hemochromato-
sis, a disease associated with excessive iron accumulation in
various systemic organs. We have shown recently, using the
Hfe�/� mouse as an animal model for hemochromatosis, that
the retina is also a target organ for iron accumulation in this

FIGURE 7. Induction of VEGF mRNA expression by FAC and succinate in ARPE-19 cells with or without
GPR91 knockdown. (A) ARPE-19 cells were subjected to lentivirus-mediated knockdown of GPR91 expression
with four different gene-specific shRNAs. The magnitude of knockdown was monitored by RT-PCR, with 18S
RNA as an internal control. Data (normalized to the internal control) are presented as mean � SE from three
RNA preparations. (B) Control ARPE-19 cells (vector only) and shRNA-expressing ARPE-19 cells were treated
with FAC (100 �g/mL) for 72 hours; the final portion, 16 hours, of this 72-hour period occurred with or without
succinate (2 mM). RNA from the cells with and without the treatment was used for RT-PCR to analyze the levels
of VEGF mRNA. 18S RNA was used as an internal control. Data (normalized to the internal control) are
presented as the average of two independent experiments.

FIGURE 6. Expression of proangio-
genic factors VEGF, angiopoietin-1
(Ang-1), and angiopoietin-2 (Ang-2) in
retina in WT and Hfe�/� (KO) mice.
RNA was isolated from whole retinas
of 8-month-old, 18-month-old, and 24-
month-old WT mice and Hfe�/� mice.
mRNA levels for GPR91, Ang-1, and
Ang-2 were determined by RT-PCR,
with HPRT1 as an internal control (A).
VEGF mRNA levels were determined
by real-time PCR (B). Three RNA sam-
ples from three mice for each geno-
type and age were used. Data for the
real-time PCR are presented as the
mean � SE for the three independent
RNA samples.
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disease.7 The retina has generally been thought to be immune
to changes in circulating levels of iron, implying that the iron
status of this organ is not likely to be affected in hemochroma-
tosis. Our findings in the mouse model of hemochromatosis
dispel this notion. The results of the present studies showing
that retinal expression of GPR91 is upregulated by iron over-
load have direct relevance to patients with hemochromatosis.
Excessive iron accumulation is also a hallmark of cells infected
with CMV.22–24 On the mechanistic level, there is a similarity in
tissue iron accumulation between hemochromatosis and CMV
infection. Excessive iron accumulation in tissues in the most
prevalent form of hemochromatosis in humans occurs as a
consequence of loss-of-function mutations in HFE. The
Cys2823Tyr282 mutation in HFE is responsible for �85%
cases of hemochromatosis in humans. This mutation interferes
with the association of HFE with its partner �2-microglobulin,
consequently leading to the failure of HFE recruitment to the
plasma membrane and hence to accelerated degradation.30

This loss of HFE in the plasma membrane is responsible for the
dysregulation of iron handling in various tissues, with an ulti-
mate end result of excessive iron in circulation. A situation
similar to this phenomenon underlies iron accumulation in
CMV-infected cells. One of the proteins encoded by the CMV
genome, US2, promotes the degradation of HFE in infected
cells, resulting in the loss of the protein in the plasma mem-
brane. We have previously reported that retinal CMV infection
in mice leads to the degradation of Hfe in RPE, causing iron
accumulation within the retina.9 In the present study, we have
shown that CMV infection of the mouse retina in vivo or
exogenous expression of CMV-US2 in RPE cells leads to the
upregulation of GPR91. These findings are important because
CMV infection is one of the major causes of retinitis in immu-
nocompromised persons, resulting in serious visual deficits.31

Iron is a pro-oxidant, and excessive accumulation of iron may
lead to oxidative stress and tissue damage. Iron overload re-
sulting from a variety of causes is associated with significant
morphologic changes in the retina.11–13 Excessive iron as an
oxidant is an important pathologic factor not only in hemo-
chromatosis and CMV infection but also in other diseases such
as AMD. Recent studies32–34 have shown that iron-induced
oxidative stress plays a role in the pathophysiology of AMD.

The recent report by Sapieha et al.,20 which describes the
expression of GPR91 in retinal ganglion cells, has provided
unequivocal evidence for a proangiogenic role of this receptor.
Activation of the receptor in ganglion cells by its agonist
succinate stimulates the synthesis and secretion of the proan-
giogenic molecules VEGF, angiopoietin-1, and angiopoietin-2.
This is accompanied by enhanced retinal angiogenesis. This
report also has provided evidence of a critical role for GPR91-
succinate signaling in the normal development of the retinal
vasculature. In addition to this normal physiological function,
the signaling pathway seems to contribute to angiogenesis
associated with pathologic conditions such as proliferative
ischemic retinopathy. Using a mouse model of oxygen-induced
retinopathy, the authors of the report showed that the levels of
succinate increase approximately threefold in ischemic retinas.
Even though there is no change in the expression levels of
GPR91, the increase in the agonist levels is sufficient to activate
the signaling pathway, leading to the increased secretion of
proangiogenic factors and, consequently, to the promotion of
pathologic vasculogenesis.

In contrast to what was found in ischemic retinas,20 the
present study shows that excessive iron accumulation in the
retina, caused either by Hfe deletion or by CMV infection,
increases GPR91 expression. This upregulation occurs not only
in RPE but also in other retinal cell types. In hemochromatosis
mice, this phenomenon is associated with the increased ex-
pression of VEGF, angiopoietin-1, and angiopoietin-2 in vivo

when the animals are 18 months of age and younger, appar-
ently indicating the stimulation of receptor signaling. How-
ever, the expression of these proangiogenic factors decreased
dramatically in 24-month-old hemochromatosis mice in spite of
the continued upregulation of GPR91. The reasons for this
age-dependent difference and the in vivo relevance of these
findings to retinal pathology are not known at present and
remain to be determined. We were unable to measure succi-
nate levels in mouse retinas; therefore, we do not know at this
time whether the agonist levels are also altered in hemochro-
matosis mice. Recently, it was reported that increased iron
availability in lens epithelial cells decreases nuclear transloca-
tion of hypoxia-inducible factor 1-�, a transcription factor that
regulates many genes, including VEGF.35 This study showed
that iron depletion results in increased VEGF levels by stabiliz-
ing HIF-1�. These findings are different from our present stud-
ies in the retina. Given that we do not know whether lens
epithelial cells express GPR91, additional studies are needed to
determine whether the effects of iron on VEGF secretion by
GPR91-succinate signaling could be cell type–specific.

GPR91 in the retina and its regulation by iron are also likely
to be important in diabetic retinopathy. There is substantial
evidence for a positive correlation between iron levels in the
body and diabetes.36–38 In diabetic retina, iron homeostasis is
disrupted, thus leading to iron overload. Whether the exces-
sive iron accumulation seen in diabetic retina is a cause or a
consequence is debatable; however, the observations that in-
sulin, oxidative stress, and inflammatory cytokines influence
iron homeostasis suggest that iron accumulation in the retina is
likely to be a consequence of diabetes because this disease is
also associated with the loss of insulin action, chronic inflam-
mation, and increased generation of reactive oxygen and nitro-
gen species. No information is available in the literature regard-
ing whether succinate levels are altered in diabetic tissues.
Succinate is an intermediate in the citric acid cycle, and aco-
nitase, a mitochondrial enzyme in the metabolic pathway, is
activated by iron.27 Similarly, the cytosolic isoform of aconitase
is activated by iron. Therefore, it seems plausible that excessive
iron accumulation associated with diabetes may elevate succi-
nate levels in tissues. This is only speculative at this time but
the possibility merits further investigation.
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