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Abstract
Background Diabetic retinopathy is associated with osmotic
stress resulting from hyperglycemia and intracellular sorbitol
accumulation. Systemic hypertension is a risk factor of dia-
betic retinopathy. High intake of dietary salt increases extra-
cellular osmolarity resulting in systemic hypertension. We de-
termined the effects of extracellular hyperosmolarity, chemi-
cal hypoxia, and oxidative stress on the gene expression of
enzymes involved in sorbitol production and conversion in
cultured human retinal pigment epithelial (RPE) cells.
Methods Alterations in the expression of aldose reductase
(AR) and sorbitol dehydrogenase (SDH) genes were exam-
ined with real-time RT-PCR. Protein levels were determined
withWestern blot analysis. Nuclear factor of activated Tcell 5
(NFAT5) was knocked down with siRNA.
Results AR gene expression in RPE cells was increased by
high (25 mM) extracellular glucose, CoCl2 (150 μM)-induced
chemical hypoxia, H2O2 (20 μM)-induced oxidative stress,
and extracellular hyperosmolarity induced by addition of
NaCl or sucrose. Extracellular hyperosmolarity (but not hyp-
oxia) also increased AR protein level. SDH gene expression
was increased by hypoxia and oxidative stress, but not extra-
cellular hyperosmolarity. Hyperosmolarity and hypoxia did
not alter the SDH protein level. The hyperosmotic AR gene
expression was dependent on activation of metalloproteinases,
autocrine/paracrine TGF-β signaling, activation of p38
MAPK, ERK1/2, and PI3K signal transduction pathways,

and the transcriptional activity of NFAT5. Knockdown of
NAFT5 or inhibition of AR decreased the cell viability under
hyperosmotic (but not hypoxic) conditions and aggravated the
hyperosmotic inhibition of cell proliferation.
Conclusions The data suggest that sorbitol accumulation in
RPE cells occurs under hyperosmotic, but not hypoxic and
oxidative stress conditions. NFAT5- and AR-mediated sorbi-
tol accumulation may protect RPE cells under conditions of
osmotic stress.
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Introduction

Diabetic retinopathy is the leading cause of vision loss in
working age adults [1]. Arterial vasoregression and capillary
closure result in retinal ischemia-hypoxia and oxidative stress
[2, 3], which initiate the development of retinal neovascular-
ization and macular edema, the most relevant vision-
threatening complications of diabetic retinopathy [1]. In addi-
tion to pathological alterations of the inner retina, diabetic
retinopathy is characterized by early functional and degener-
ative alterations in the outer retina including the retinal pig-
ment epithelium (RPE) resulting in, for example, a breakdown
of the outer blood-retinal barrier [4–8]. Hyperglycemia is the
primary and systemic hypertension is the main secondary risk
factor of diabetic retinopathy [9, 10]. Control of blood pres-
sure, even in the normotensive range, reduces the risk of dia-
betic retinopathy and prevents microvascular complications
and vision loss from diabetic retinopathy independently of
glycemia [11, 12].

Diabetes is associated with systemic and local osmotic
stresses. Hyperglycemia entails systemic extracellular
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hyperosmolarity [13], and the increased glucose flux through
the polyol pathway leads to intracellular sorbitol accumulation
and increased intracellular osmotic pressure [14]. Activation
of the polyol (sorbitol) pathway of glucose metabolism is
suggested to be the main cause of diabetic retinal degeneration
[15, 16]. In animal models, inhibition of sorbitol production
prevents the apoptotic death of retinal neurons and other signs
of diabetic retinopathy such as oxidative stress, pericyte loss,
glial activation, edema, and neovascularization [17, 18].

The main condition that causes acute rises of the blood
pressure is the increase of the extracellular osmolarity follow-
ing intake of dietary salt (NaCl) [19]. Hypernatremia causes
systemic hyperosmolarity [13, 20], which results in blood vol-
ume expansion and thus hypertension [19]. The plasma osmo-
larity and the blood pressure-raising effect of dietary salt in-
crease with age [21, 22]. In experimental diabetic retinopathy,
high salt intake aggravates diabetes-induced retinal alterations
independently from changes in blood pressure [23].
Extracellular hyperosmolarity or increased extracellular
NaCl also induce production of angiogenic cytokines in
RPE cells [24, 25].

Cells possess a number of adaptive mechanisms that allow
them to survive under osmotic stress conditions by the resto-
ration of the osmotic balance. Cell survival under
hyperosmotic conditions is initially maintained by the activa-
tion of ion transport systems and thereafter by intracellular
accumulation of small organic osmolytes, in particular, sorbi-
tol [26, 27]. Intracellular sorbitol accumulation upon
hyperosmotic stress is mediated by increased production from
glucose by aldose reductase (AR), the first enzyme of the
polyol pathway [28]. Accumulation of sorbitol also requires
attenuation of its conversion to fructose by sorbitol dehydro-
genase (SDH), the second enzyme of the polyol pathway. In
renal cells, hyperosmotic stress induces upregulation of AR
and downregulation of SDH [26, 28]. The hyperosmotic tran-
scriptional activation of the AR gene in renal cells is induced
by nuclear factor of activated Tcell 5 (NFAT5), also known as
tonicity-responsive enhancer binding protein (TonEBP/
OREBP) [29]. The RPE of the human eye contains large
amounts of AR that are increased in diabetic retinopathy [4].
It was shown recently in mice that the retinal expression of
NFAT5 is increased in diabetic retinopathy, and that knock-
down of NFAT5 reduces the expression of AR and
proapoptotic proteins and increases the expression of
antiapoptotic proteins in the retina and RPE cells under hyper-
glycemic conditions [30]. Thus, NFAT5-induced AR expres-
sion may be crucially involved in mediating retinal degenera-
tion under hyperglycemic conditions.

It was shown that high extracellular NaCl induces expres-
sion of AR in RPE cells [31, 32]. However, it is not known
whether high NaCl also regulates the expression of the
sorbitol-converting enzyme SDH, and whether further patho-
genic factors of diabetic retinopathy, e.g., hypoxia and

oxidative stress [1–3], regulate the expression of AR and
SDH in RPE cells. Therefore, we compared the effects of high
extracellular NaCl and further pathogenic conditions on the
expression of enzymes involved in sorbitol production and
conversion, i.e., AR and SDH, in cultured human RPE cells,
and examined which intracellular signal transduction path-
ways and transcription factors mediate the effects of high ex-
tracellular NaCl and hypoxia on the expression of the AR
gene. In addition, we determined the impact of NFAT5-
mediated AR expression for the viability and proliferation of
RPE cells under hyperosmotic and hypoxic conditions.

Material and methods

Materials

Tissue culture components and solutions were purchased from
Gibco BRL (Paisley, UK). Fetal bovine serum was from
Invitrogen (Paisley, UK). AG490, the inhibitor of hypoxia-
inducible transcription factor 1 (HIF-1) 3-[2-(4-adamantan-
1-yl-phenoxy)-acetylamino]-4-hydroxybenzoic acid methyl
ester, LY294002, PD98059, SP600125, and SU1498 were
obtained from Calbiochem (Bad Soden, Germany). AG1478
was from Alexis (Grünberg, Germany), and Stattic was from
Enzo Life Science (Lörrach, Germany). A-438079, caffeic
acid phenethyl ester, MRS2179, and SB203580 were obtained
from Tocris (Ellisville, MO, USA). The recombinant human
IL-1 receptor antagonist was from R&D Systems (Abingdon,
UK). Ac-YVAD-CHO and human-specific small interfering
RNA (siRNA) against NFAT5 (sc-43968) were purchased
from Santa Cruz Biotechnology (Heidelberg, Germany).
Nontargeted control siRNA was obtained from Qiagen
(Hilden, Germany). Ethyl 1-benzyl-3-hydroxy-2(5H)-
oxopyrrole-4-carboxylate (EBPC) and all other agents used
were from Sigma-Aldrich (Taufkirchen, Germany), unless
stated otherwise. The following antibodies were used: a rabbit
anti-AR (1:1500; Thermo Scientific, Dreieich, Germany), a
mouse anti-SDH (1:1000; Abcam, Cambridge, UK), a rabbit
anti-β-actin (1:2000; Cell Signaling, Frankfurt/M., Germany),
a goat anti-mouse IgG (1:2000; Cell Signaling), and a goat
anti-rabbit IgG (1:2000; Cell Signaling).

Ethical approval

All procedures performed were in accordance with the ethical
standards of the institutional and national research committee
and with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards. The use of human
material was approved by the ethics committee of the
University of Leipzig (approval #745, 07/25/2011).
Informed consent was obtained from the relatives of all donors
of eyes included in the study.
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Cell culture

Post-mortem eyes from human cornea donors without report-
ed eye disease were obtained within 48 h of death with the
written informed consent from the relatives for the use of
retinal tissue in basic science. RPE cells were prepared and
cultured as described [33]. Cell lines derived from different
donors were used in passage numbers 3 to 5. Certain experi-
ments were also carried out using the human retinal glial
(Müller) cell line MIO-M1 [34]. Near-confluent cultures were
growth arrested in medium without serum for 16 h, and sub-
sequently, serum-free media with and without test substances
were added. The cells were preincubated with the pharmaco-
logical inhibitors for 30–60 min. Hyperglycemia was induced
by addition of 25 mM glucose. Hyperosmotic media were
made up by adding 100 mM NaCl or sucrose. Chemical hyp-
oxia was induced by addition of CoCl2 (150 μM), and oxida-
tive stress was induced by addition of H2O2 (20 μM).

Preparation of total RNA

Total RNAwas extracted with the RNeasy Mini Kit (Qiagen,
Hilden, Germany). The quality of the RNAwas analyzed by
agarose gel electrophoresis. The A260/A280 ratio of the optical
density was measured using the NanoDrop 1000 device
(Peqlab, Erlangen, Germany), and was between 1.8 and 2.1
for all RNA samples, indicating sufficient quality. After treat-
ment with DNase I (Roche, Mannheim, Germany), cDNAwas
synthesized from 1 μg of total RNA using the RevertAid H
Minus First Strand cDNA Synthesis kit (Fermentas, St. Leon-
Roth, Germany).

Real-Time RT-PCR

Real-time RT-PCR was performed with the Single-Color
Real-Time PCR Detection System (BioRad, Munich,
Germany) using the primer pairs described in Table 1. The
PCR solution contained 1 μL of cDNA, specific primer set
(0.2 μM each) and 10 μL of a 2x mastermix (iQ SYBR Green
Supermix, BioRad) in a final volume of 20 μL. The following
conditions were used: initial denaturation and enzyme activa-
tion (one cycle at 95 °C for 3 min); denaturation, amplification
and quantification, 45 cycles at 95 °C for 30 s, 58 °C for 20 s,
and 72 °C for 45 s; melting curve, 55 °C with the temperature
gradually increased (0.5 °C) up to 95 °C. The amplified sam-
ples were analyzed by standard agarose gel electrophoresis.
The mRNA expression was normalized to the level of ß-actin
mRNA. The changes in mRNA expression were calculated
according to the 2-ΔΔCT method (CT, cycle threshold), with
ΔCT = CTtarget gene - CTACTB and ΔΔCT =ΔCTtreatment -
ΔCTcontrol.

Cell viability

Cell viability was determined by trypan blue exclusion. Cells
were seeded at 5 × 104 cells per well in 6-well plates. After
reaching a confluency of ∼90 %, the cells were cultured in
serum-free medium for 5 h and then in fetal calf serum
(0.5 %)-containing iso- or hyperosmotic medium (+100 mM
NaCl), and in the presence of CoCl2 (150 μM), respectively,
for 24 h. After trypsinization, the cells were stained with
trypan blue (0.4 %), and the number of viable (non-stained)
and dead (stained) cells were determined using a
hemocytometer.

Cell proliferation

The proliferation rate of RPE cells was determined by mea-
suring the incorporation of bromodeoxyuridine (BrdU) into
the genomic DNA. Cells were seeded at 3 × 103 cells per well
in 96-well microtiter plates (Greiner), and were allowed to
attach for 48 h. Thereafter, the cells were growth arrested in
medium without serum for 5 h and, subsequently, medium
containing 0.5 % serum with and without test substances
was added for another 24 h. BrdU incorporation was deter-
mined by using the Cell Proliferation ELISA BrdU Kit
(Roche, Mannheim, Germany). BrdU (10 μM) was added to
the culture medium 5 h before fixation.

Western blot analysis

Cells were seeded at 5 × 105 cells per well in 6-well plates in
1.5 mL of complete medium, and were allowed to growth up
to a confluency of ∼80 %. After growth arrest for 16 h, the
cells were treated with hyperosmotic medium (+100 mM
NaCl) or CoCl2 (150μM) for 6, 24, or 48 h. Then, the medium
was removed, the cells were washed twice with prechilled
phosphate-buffered saline (pH 7.4; Invitrogen), and the mono-
layer was scraped into 150 μL of lysis buffer (Mammalian
Cell Lysis-1 Kit; Sigma). Total cell lysates were centrifuged
at 10,000×g for 10 min, and the supernatants were analyzed
by immunoblots. Equal amounts of proteins were separated by
10 % SDS-polyacrylamide gel electrophoresis. Immunoblots
were probed with primary and secondary antibodies, and im-
munoreactive bands were visualized using 5-bromo-4-chloro-
3-indolyl phosphate/nitro blue tetrazolium.

siRNA transfection

Cells were seeded at 7 × 104 cells per well in 12-well culture
plates and were allowed to growth up to confluency of 60–
80 %. Thereafter, the cells were transfected with NFAT5
siRNA (5 nM) and nontargeted siRNA (5 nM), respectively,
using HiPerfect reagent (Qiagen) in F-10 medium containing
10 % fetal bovine serum according to the manufacturer’s
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instructions. After 48 h, the medium was removed and fresh
medium without serum was added for 5 h. Thereafter, serum-
free medium containing high (+100 mM) NaCl and CoCl2
(150 μM), respectively, was added for 24 h.

Statistics

For each test, at least three independent experiments using
cells from different donors were carried out. Data are
expressed asmeans ± SEM. Statistical analysis was made with
Prism (Graphpad Software, San Diego, CA, USA).
Significance was determined by one-way ANOVA followed
by Bonferroni’s multiple comparison test and Mann–Whitney
U test, respectively, and was accepted at P < 0.05.

Results

Regulation of AR and SDH gene expression

Hyperglycemia results in increased polyol pathway flux of
glucose which leads to sorbitol accumulation in retinal cells
[14, 17]. In order to determine whether hyperglycemia alters
the gene expression of proteins involved in sorbitol synthesis
and conversion in RPE cells in vitro (Fig. 1a), we stimulated
cultured cells with high (25 mM) glucose. As shown in
Fig. 1b, high glucose induced an increase in the expression
of the AR gene while the expression of the SDH gene was
initially decreased and then increased compared to the control
level. In addition to hyperglycemia, hypoxia, and oxidative
stress are known pathogenic factors of diabetic retinopathy
[1–3]. In the presence of the hypoxia mimetic CoCl2 [35],
the expression of AR and SDH genes was increased
(Fig. 1c). Oxidative stress induced by addition of H2O2 to
the culture medium induced significant increases (P < 0.05)
in the expression of AR and SDH genes (Fig. 1d). In order
to determine whether extracellular hyperosmolarity induces
alterations in the expression of AR and SDH, we added
NaCl (100 mM) to the culture medium. As shown in
Fig. 1e, high NaCl induced a marked expression of the AR
gene and did not significantly alter (P > 0.05) the expression

of the SDH gene. The high NaCl-induced upregulation of the
AR gene expression was dose-dependent (Fig. 1f). The ex-
pression of the AR gene was also increased by addition of
sucrose (100 mM) to the culture medium (Fig. 1g). The ex-
pression of the AR gene induced by chemical hypoxia and
high (+100 mM) NaCl was additive (Fig. 1h). This suggests
that different intracellular signal transduction pathways medi-
ate the induction of AR gene expression under both
conditions.

A similar upregulation of the AR gene expression and no
alteration in the SDH gene expression in the presence of high
extracellular NaCl were observed in cells of a human retinal
glial (Müller) cell line, MIO-M1 (Fig. 2a). High glucose in-
duced a moderate increase in the AR mRNA level and no
alteration of the SDH mRNA level in MIO-M1 cells
(Fig. 2b). In contrast to the effect of chemical hypoxia in
RPE cells (Fig. 1c), CoCl2 induced only moderate increases
in the AR and SDH gene expression in MIO-M1 cells
(Fig. 2c).

In RPE cells, high (+100 mM) extracellular NaCl also in-
duced an increase in the cellular AR protein level (Fig. 3a,c)
while the SDH protein level remained unchanged (Fig. 3a,d).
The increase in the cellular AR protein level was observed
after 24 and 48 h, but not after 6 h, of stimulation (Fig. 3a).
CoCl2 (150 μM)-induced chemical hypoxia did not alter the
cellular levels of AR (Fig. 3a,c) and SDH proteins (Fig. 3a,d)
in RPE cells.

Intracellular signaling involved in hyperosmotic
and hypoxic AR gene expression

It was shown that high extracellular NaCl induces activation
of various intracellular signal transduction pathways including
p38 mitogen-activated protein kinase (p38 MAPK) and extra-
cellular signal-regulated kinases 1 and 2 (ERK1/2) pathways
in RPE cells [24, 36]. In order to determine the intracellular
signaling that regulates the hyperosmotic expression of the
AR gene in RPE cells, we tested pharmacological blockers
of key intracellular signal transduction pathways. Under
unstimulated control conditions, the cellular level of AR gene
transcripts was moderately increased in the presence of the c-

Table 1 Primer pairs used in
PCR experiments. s sense, as anti-
sense

Gene and Accession Number Primer sequence (5′→ 3′) Amplicon (bp)

ACTB s ATGGCCACGGCTGCTTCCAGC 237
NM_001101 as CATGGTGGTGCCGCCAGACAG

AKR1B1 s CCCATGTGTACCAGAATGAGAAT 190
NM_001628.2 as AGGTAGAGGTCCAGGTAGTCCAG

SORD s ATTGTCCAAAGCCAAGGAGAT 228
NM_003104.4 as AGTAGGGGTACGGTGGTCATC

NFAT5 s TCACCATCATCTTCCCACCT 174
NM_006599.3 as CTGCAATAGTGCATCGCTGT
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Jun NH2-terminal kinase (JNK) inhibitor SP600125 (Fig. 4a),
suggesting that JNK activity inhibits the expression of the AR

gene. The expression of the AR gene induced by high extra-
cellular NaCl was significantly reduced (P < 0.05) by

Fig. 1 Regulation of the expression of AR and SDH genes in RPE cells.
mRNA levels were determined with real-time RT-PCR analysis after
stimulation of the cells for 2, 6, and 24 h (as indicated by the panels of
the bars) and are expressed as fold change relative to the unstimulated
control (1). amRNA expression in RPE cells from different donors (1, 2)
determined by RT-PCR analysis. Negative controls (0) were done by
adding double-distilled water instead of cDNA as template. b-e The cells
were stimulated with high (25 mM) glucose (b), CoCl2 (150 μM; c),
H2O2 (20μM; d), and high (+100mM)NaCl (e). fDose-dependent effect

of high extracellular NaCl on the cellular level of AR mRNA. The cells
were cultured in media which were made up hyperosmotic by addition of
10 to 100 mMNaCl. g Effect of extracellular hyperosmolarity induced by
addition of sucrose (100 mM) to the culture medium. h High (+100 mM)
NaCl and CoCl2 (150 μM) stimulated additively the expression of AR
and SDH genes. The data were obtained after 24 h of stimulation. Each
bar represents data obtained in 4–10 independent experiments using cell
lines from different donors. Significant difference vs. unstimulated con-
trol: *P < 0.05

Fig. 2 Regulation of the expression of AR and SDH genes in human
retinal glial (MIO-M1) cells. mRNA levels were determined with real-
time RT-PCR analysis after stimulation of the cells for 2, 6, and 24 h and
are expressed as fold change relative to the unstimulated control (1). The

cells were stimulated with high (+100 mM) NaCl (a), high (25 mM)
glucose (b), and CoCl2 (150 μM; c), respectively. Each bar represents
data obtained in 5–6 independent experiments. Significant difference vs.
unstimulated control: *P < 0.05
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inhibitors of p38MAPK, ERK1/2, and phosphatidylinositol-3
kinase (PI3K)-Akt signal transduction pathways (Fig. 4b). On
the other hand, the JNK inhibitor SP600125 significantly in-
creased (P < 0.05) the cellular level of AR gene transcripts in
the presence of high extracellular NaCl (Fig. 4b), suggesting
that JNK activity also inhibits the expression of the AR gene
under hyperosmotic conditions. The increase in the cellular
level of AR gene transcripts induced by the hypoxia mimetic
CoCl2 was reduced by inhibitors of p38 MAPK, ERK1/2,
JNK, and PI3K signal transduction pathways (Fig. 4c). The
data suggest that both high extracellular NaCl and hypoxia
induce expression of the AR gene by activation of various
intracellular signal transduction pathways. JNK activity re-
sults in inhibition of AR gene expression under control and
hyperosmotic conditions, but is involved in mediating AR
gene expression under hypoxic conditions.

Anti-inflammatory steroids such as triamcinolone
acetonide are clinically used for the rapid resolution of diabet-
ic retinal edema [37]. Triamcinolone acetonide did not alter

the cellular level of AR gene transcripts under control,
hyperosmotic, and hypoxic conditions (Fig. 4a–c). In addi-
tion, a caspase-1 inhibitor (Ac-YVAD-CHO) and a recombi-
nant human IL-1 receptor antagonist had no effects (Fig. 4b),
suggesting that activation of inflammasomes (i.e., cytosolic
protein-signaling complexes which drive the activation of
caspase-1 and maturation of the inflammatory cytokine IL-
1β [38]) is not involved in mediating the hyperosmotic ex-
pression of the AR gene.

Intracellular signaling involved in hypoxic SDH gene
expression

Under unstimulated control conditions, the cellular level of
SDH gene transcripts was increased in the presence of the
JNK inhibitor SP600125 (Fig. 5a). This suggests that, under
control conditions, JNK activity inhibits the expression of
both AR and SDH genes. The hypoxic SDH gene expression
was significantly reduced (P < 0.05) in the presence of an

Fig. 3 Hyperosmotic stress induces time-dependent increase in AR pro-
tein content of RPE cells. a AR and SDH protein levels in lysates of cells
that were cultured 6, 24, and 48 h in isoosmotic (control) and
hyperosmotic (+100 mM NaCl) media and in isoosmotic medium con-
taining CoCl2 (150 μM), respectively. β-Actin was used as a control for
equal protein loading. b Negative controls obtained by omission of the
first antibodies. c,d Mean ± SEM cellular levels of AR (c) and SDH (d)

proteins, as determined by densitometric analysis. The data were normal-
ized to the level of β-actin protein, and are expressed as percent of
unstimulated control (100 %). Data were obtained with Western blot
analysis in 3–4 independent experiments using cells from different do-
nors. Equal amounts of protein (10 μg for AR andβ-actin analysis, 20μg
for SDH analysis) were separated. Significant difference vs. unstimulated
control (100 %): *P < 0.05. ●P < 0.05
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inhibitor of the PI3K-Akt signal transduction pathway and of
triamcinolone acetonide (Fig. 5b).

Extracellular signaling involved in hyperosmotic
and hypoxic AR gene expression

We described recently that extracellular hyperosmolarity
induces secretion of vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF), and
transforming growth factor (TGF)-β from RPE cells [24,
25]. In order to determine whether autocrine/paracrine
growth factor receptor signaling is required for the
hyperosmotic expression of the AR gene in RPE cells,
we tes ted inhibi tors of receptor kinases . Under
unstimulated control conditions, the cellular level of AR

gene transcripts was moderately increased in the presence
of the inhibitor of VEGF receptor-2, SU1498 (Fig. 4a).
This suggests that RPE cells constitutively secrete VEGF
which activates VEGF receptors in an autocrine/paracrine
manner; autocrine activation of VEGF receptors results in
suppression of AR gene expression. The expression of the
AR gene induced by high extracellular NaCl was signifi-
cantly reduced (P < 0.05) by the inhibitor of TGF-β1 su-
perfamily activin receptor-l ike kinase receptors,
SB431542, and the metalloproteinase inhibitor 1,10-
phenanthroline (Fig. 4b). This suggests that the
hyperosmotic expression of the AR gene is, at least in part,
mediated by a release of TGF-β and subsequent autocrine/
paracrine activation of the respective receptors. Activation
of matrix metalloproteinases (MMPs) may be involved in
shedding growth factors, e.g., TGF-β [39], from the extra-
cellular matrix. Inhibitors of PDGF and EGF receptor ty-
rosine kinases (AG1296 and AG1478, respectively), and of
purinergic P2Y1 (MRS2179) and P2X7 receptors
(A-438079) had no effect on the hyperosmotic expression
of the AR gene (Fig. 4b). We found that inhibitors of the
VEGF receptor-2 and the FGF receptor tyrosine kinase
significantly increased (P < 0.05) the cellular level of AR
gene transcripts in the presence of high extracellular NaCl
(Fig. 4b). The data suggest that autocrine/paracrine VEGF

�Fig. 4 Cellular signaling involved in osmotic (b) and hypoxic (c)
induction of AR gene expression in RPE cells. The AR mRNA level
was determined with real-time RT-PCR analysis in cells cultured 24 h
in isoosmotic control medium (a), hyperosmotic medium (+100 mM
NaCl; b), and in the presence of CoCl2 (150 μM; c), respectively, and
is expressed as fold change relative to the unstimulated control (1). The
following inhibitors of intracellular signal transduction molecules were
tested: the inhibitor of p38 MAPK activation, SB203580 (10 μM), the
inhibitor of ERK1/2 activation, PD98059 (20 μM), the JNK inhibitor
SP600125 (10 μM), and the inhibitor of PI3K-related kinases,
LY294002 (5 μM). The following receptor and metalloproteinase inhib-
itors were tested: the inhibitor of VEGF receptor-2, SU1498 (10 μM), the
inhibitor of the PDGF receptor tyrosine kinase, AG1296 (10 μM), the
inhibitor of the EGF receptor tyrosine kinase, AG1478 (600 nM), the
inhibitor of TGF-β1 superfamily activin receptor-like kinase receptors,
SB431542 (10 μM), the FGF receptor kinase inhibitor, PD173074 (500
nM), and the broad-spectrum metalloproteinase inhibitor 1,10-
phenanthroline (1,10-Phen; 10 μM), the P2Y1 receptor antagonist
MRS2179 (30 μM), and the P2X7 receptor antagonist A-438079 (50
nM). The following inhibitors of transcription factors were tested: a
HIF inhibitor (HIF Inh; 5 μM), the STAT3 inhibitor Stattic (1 μM), and
the NF-kB inhibitor caffeic acid phenethyl ester (CAPE; 1 μg/mL). In
addition, triamcinolone acetonide (Triam; 150 μM), the caspase-1 inhib-
itor Ac-YVAD-CHO (Ac-Y; 500 nM), and a recombinant human IL-1
receptor antagonist (IL1RA; 1 μg/mL) were tested. Vehicle controls were
made with dimethylsulfoxide (DMSO; 1:1000), phosphate-buffered sa-
line (PBS; 1:2000), and ethanol (1:1000). Each bar represents data ob-
tained in 3–22 independent experiments using cell lines from different
donors. Significant difference vs. unstimulated control: *P < 0.05.
Significant difference vs. NaCl control: ●P < 0.05. Significant difference
vs. CoCl2 control: ○P < 0.05
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and bFGF signaling inhibits the expression of the AR gene
under hyperosmotic conditions. The hypoxic expression of
the AR gene was reduced in the presence of inhibitors of
platelet-derived growth factor (PDGF) and epidermal
growth factor (EGF) receptor tyrosine kinases, and of
TGF-β1 superfamily activin receptor-like kinase receptors
(Fig. 4c). The data may suggest that hypoxic induction of
the AR gene expression is, at least in part, mediated by
autocrine/paracrine PDGF, EGF, and TGF-β signaling.

Extracellular signaling involved in hypoxic SDH gene
expression

Under unstimulated control conditions, the cellular level of
SDH gene transcripts was increased in the presence of the
inhibitor of VEGF receptor-2, SU1498 (Fig. 5a). The data
suggest that autocrine/paracrine VEGF signaling inhibits the
expression of both AR and SDH genes under control condi-
tions. The CoCl2-induced expression of the SDH gene
(Fig. 1c) is reduced in the presence of inhibitors of PDGF
and EGF receptor tyrosine kinases (Fig. 5b). The data may
suggest that autocrine/paracrine PDGF and EGF signaling is
involved in mediating the expression of the SDH gene under
hypoxic conditions.

Role of transcription factor activities in hyperosmotic
and hypoxic AR gene expression

In order to determine which transcription factors mediate the
hyperosmotic and hypoxic induction of AR gene expression,
we tested pharmacological inhibitors. Under unstimulated
control conditions, the cellular level of AR gene transcripts
was increased in the presence of the nuclear factor (NF)-kB
inhibitor caffeic acid phenethyl ester [40] (Fig. 4a), suggesting
that NF-kB activity normally inhibits the expression of the AR
gene. The high NaCl-induced expression of the AR gene
remained unaltered in the presence of inhibitors of HIF-1
[41], signal transducer and activator of transcription 3
(STAT3) [42], and NF-kB (Fig. 4b). The CoCl2-induced ex-
pression of the AR gene was significantly (P < 0.05) reduced
by HIF and STAT3 inhibitors, and remained unaltered in the
presence of the NF-kB inhibitor (Fig. 4c).

The activity of NFAT5 is critically involved in the cellular
adaptation to hyperosmotic stress [27]. We described recently
that high extracellular NaCl induces increased NFAT5 gene
and protein expression, and DNA binding of NFAT5, in RPE
cells [24]. AR is a prototypical NFAT5 target gene [43]. It is
known that the expression of the AR gene in RPE cells in
response to hyperglycemia is dependent on NFAT5 activity
[30]. However, it is not known whether the expression of the
AR gene in response to high NaCl (Fig. 1e) and CoCl2-in-
duced chemical hypoxia (Fig. 1c) also depends on NFAT5
activity. In order to prove the role of NFAT5 activity in the
expression of the AR gene, we knocked down NFAT5 with
siRNA. Transfection with NFAT5 siRNA reduced significant-
ly (P < 0.05) the level of NFAT5 gene transcripts by
approximatly 60 % in RPE cells cultured for 24 h in
hyperosmotic medium (Fig. 6a) and in isoosmotic medium
containing CoCl2 (Fig. 6b), respectively, when compared to
cells transfected with nontargeted siRNA. Transfection with a
nontargeted siRNA did not alter the cellular level of NFAT5
gene transcripts under both conditions (Fig. 6a,b). Cells
transfected with NFAT5 siRNA displayed also a reduced

Fig. 5 Cellular signaling involved in hypoxic induction of SDH gene
expression in RPE cells. The SDH mRNA level was determined with
real-time RT-PCR analysis in cells cultured 24 h in isoosmotic control
medium (a) and in the presence of CoCl2 (150 μM; b), respectively, and
is expressed as fold change relative to the unstimulated control (1). The
following inhibitors of intracellular signal transduction molecules were
tested: the inhibitor of p38 MAPK activation, SB203580 (10 μM), the
inhibitor of ERK1/2 activation, PD98059 (20 μM), the JNK inhibitor
SP600125 (10 μM), and the inhibitor of PI3K-related kinases,
LY294002 (5 μM). The following inhibitors of receptor kinases and me-
talloproteinases were tested: the inhibitor of VEGF receptor-2, SU1498
(10 μM), the inhibitor of the PDGF receptor tyrosine kinase, AG1296
(10 μM), the inhibitor of the EGF receptor tyrosine kinase, AG1478 (600
nM), the inhibitor of TGF-β1 superfamily activin receptor-like kinase
receptors, SB431542 (10 μM), the FGF receptor kinase inhibitor,
PD173074 (500 nM), and the broad-spectrummetalloproteinase inhibitor
1,10-phenanthroline (1,10-Phen; 10 μM). The following inhibitors of
transcription factors were tested: a HIF inhibitor (HIF Inh; 5 μM), the
STAT3 inhibitor Stattic (1 μM), and the NF-kB inhibitor caffeic acid
phenethyl ester (CAPE; 1 μg/mL). In addition, triamcinolone acetonide
(Triam; 150 μM) was tested. Vehicle control was made with
dimethylsulfoxide (DMSO; 1:1000). Each bar represents data obtained
in 3–15 independent experiments using cell lines from different donors.
Significant difference vs. unstimulated control: *P < 0.05. Significant dif-
ference vs. CoCl2 control: ○P < 0.05
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expression level of the AR gene (Fig. 6a) under hyperosmotic,
but not under hypoxic conditions (Fig. 6b) when compared to
cells transfected with nontargeted siRNA. The data suggest
that the hyperosmotic induction of AR gene expression is, at
least in part, mediated by NFAT5 activity, but not by the ac-
tivities of HIF-1, STAT3, and NF-kB. On the other hand, the
hypoxic AR gene expression is mediated by HIF-1 and
STAT3 activities, but not by the activities of NF-kB and
NFAT5.

Role of transcription factor activities in hypoxic SDH gene
expression

Under unstimulated control conditions, the cellular level of
SDH gene transcripts was increased in the presence of a NF-
kB (Fig. 5a). This suggests that NF-kB activity normally in-
hibits the expression of both AR (Fig. 4a) and SDH genes.
The SDH gene expression induced by chemical hypoxia
(Fig. 1c) was significantly reduced (P < 0.05) by HIF and
STAT3 inhibitors (Fig. 5b), suggesting that the hypoxic ex-
pression of the SDH gene is mediated by the activities of HIF-
1 and STAT3.

Roles of AR and NFAT5 activities in cell viability
and proliferation

In various cell systems, the transcriptional activity of NFAT5
is critical for the cell survival under hyperosmotic conditions
[44, 45]. However, knockdown of retinal NFAT5 was recently
shown to have antiapoptotic effects in experimental diabetic

retinopathy, suggesting that NFAT5 activity may contribute to
retinal degeneration [30]. In order to prove whether NFAT5
activity has pro- or antisurvival effects in RPE cells under
hyperosmotic and hypoxic conditions, we knocked down
NFAT5 with siRNA. To determine the role of AR activity,
we used the selective AR inhibitor EBPC [46]. As shown in
Fig. 7a, an increase of the extracellular NaCl level induced a
moderate, dose-dependent decrease in the viability of RPE
cells. CoCl2-induced chemical hypoxia did not significantly
decrease (P > 0.05) the cell viability (Fig. 7a). The AR inhib-
itor EBPC decreased significantly (P < 0.05) the viability of
RPE cells under hyperosmotic, but not under control and hyp-
oxic conditions (Fig. 7b), suggesting that aldose reductase
activity plays a protective role in RPE cells in osmotic stress.
Transfection of the cells with NFAT5 siRNA or nontargeted
siRNA did not alter the cell viability under unstimulated con-
trol conditions (Fig. 7c). RPE cells transfected with NFAT5
siRNA displayed a significantly reduced (P < 0.05) viability
under hyperosmotic (+100mMNaCl) conditions compared to
nontransfected cells and to cells transfected with nontargeted
negative control siRNA (Fig. 7c). In contrast, transfection
with NFAT5 siRNA did not alter the viability of RPE cells
in chemical hypoxia (Fig. 7c).

High extracellular NaCl and CoCl2-induced chemical hyp-
oxia induced strong dose-dependent decreases in the prolifer-
ation of RPE cells (Fig. 7d). The AR inhibitor EBPC de-
creased significantly (P < 0.05) the proliferation rate of RPE
cells under hyperosmotic, but not under control and hypoxic
conditions (Fig. 7e). Transfection of the cells with NFAT5
siRNA or nontargeted siRNA did not alter the proliferation
rate under unstimulated control conditions (Fig. 7f). RPE cells
transfected with NFAT5 siRNA displayed a significantly re-
duced (P < 0.05) proliferation rate under hyperosmotic
(+100 mM NaCl) conditions compared to cells transfected
with nontargeted siRNA and to non-transfected cells in the
absence and presence of transfection reagent, respectively
(Fig. 7e). In contrast, transfection with NFAT5 siRNA did
not alter the proliferation rate of RPE cells in chemical hyp-
oxia (Fig. 7e). The data indicate that knockdown of NFAT5
increases the cell cycle arrest in RPE cells under
hyperosmotic, but not hypoxic, conditions.

Discussion

Activation of the polyol pathway under hyperglycemic condi-
tions is suggested to be a main cause of diabetes-induced
tissue damage [15, 16]. The cellular sorbitol level depends
on the balance between sorbitol production from glucose
and conversion to fructose. Here, we show that the gene ex-
pression of the sorbitol-producing enzyme AR in RPE cells is
stimulated by various pathological conditions including high
extracellular glucose (Fig. 1b), chemical hypoxia (Fig. 1c),

Fig. 6 The hyperosmotic, but not the hypoxic expression of the AR gene
depends on the activity of NFAT5. mRNA levels were determined by
real-time RT-PCR analysis after stimulation of the cells for 24 h with a
hyperosmotic (+100 mMNaCl) medium and an isoosmotic medium con-
taining CoCl2 (150 μM), respectively. mRNA data were normalized to
control values (1) obtained in nontransfected cells. a Knocking down the
gene expression of NFAT5 with siRNA (siNFAT5; 5 nM) reduced the
levels of NFAT5 and AR mRNAs in cells cultured in hyperosmotic me-
dium when compared to cells transfected with nontargeted siRNA
(siNon; 5 nM). b In cells cultured in the presence of CoCl2, NFAT5
siRNA (siNFAT5; 5 nM) reduced the level of NFAT5 mRNA, but not
the level of AR mRNA, when compared to cells transfected with
nontargeted siRNA (siNon; 5 nM). Each bar represents data obtained in
3–5 independent experiments using cell lines from different donors.
Significant difference vs. nontargeted siRNA: *P < 0.05
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oxidative stress (Fig. 1d), and NaCl- (Fig. 1e,f) or sucrose-
induced extracellular hyperosmolarity (Fig. 1g). NaCl-
induced extracellular hyperosmolarity, but not CoCl2-induced
hypoxia, also induced increased AR protein content of RPE
cells (Fig. 3a, c). A similar effect of high extracellular NaCl on

the AR gene expression was found in cells of a human retinal
glial cell line (Fig. 2a). The present results are in agreement
with previous studies which showed that high extracellular
NaCl induces AR gene expression in RPE cells [31, 32] and
that AR gene transcription in various cell systems including

Fig. 7 Involvement of AR and NFAT5 activities in the maintenance of
RPE cell viability and proliferation under hyperosmotic and hypoxic
conditions. Extracellular hyperosmolarity was induced by addition of
NaCl to the culture medium; chemical hypoxia was induced by addition
of CoCl2. Data were obtained after 24 h of stimulation and are expressed
as percent of unstimulated control (100 %). a Dose-dependent alteration
of the cell viability induced by high extracellular NaCl. The doses of
NaCl (in mM) added to the culture media are given in the bars. CoCl2
(150 μM) had no effect on the cell viability. b Effect of the AR inhibitor
EBPC (1 μM) on the cell viability. EBPC was tested in the absence and
presence of high (+100 mM) extracellular NaCl and CoCl2 (150 μM),
respectively. c Effect of NFAT5 gene expression depletion with siRNA
(siNFAT5; 5 nM) on the cell viability under unstimulated control condi-
tions and in the presence of high (+100 mM) extracellular NaCl and
CoCl2 (150 μM), respectively. As control, nontargeted negative control

siRNA (siNon; 5 nM) was used. d Dose-dependent decreases of the
proliferation rate induced by high extracellular NaCl and CoCl2, respec-
tively. The doses of NaCl (mM) and CoCl2 (μM) added to the culture
media are given in the bars. e Effect of the AR inhibitor EBPC (1 μM) on
the proliferation rate. EBPC was tested in the absence and presence of
high (100 mM) extracellular NaCl and CoCl2 (150 μM), respectively. f
Effect of NFAT5 gene expression depletionwith siRNA (siNFAT5; 5 nM)
on the proliferation rate of cells cultured in isoosmotic control medium,
and in the presence of high NaCl (+100 mM) and CoCl2 (150 μM),
respectively. As controls, transfection reagent (TR) and nontargeted neg-
ative control siRNA (siNon; 5 nM) were used. Each bar represents data
obtained in 3–11 independent experiments using cell lines from different
donors. Significant difference vs. unstimulated control: *P < 0.05.
Significant difference vs. NaCl control: ●P < 0.05. ○P < 0.05. n.s., not
significant
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RPE cells is also nonosmotically regulated, e.g., by oxidative
stress [47, 48].

The gene expression of the sorbitol-converting enzyme
SDH in RPE cells is differentially regulated under various
conditions. High extracellular glucose induced initial down-
regulation followed by upregulation of SDH gene expression
(Fig. 1b). The expression of the SDH gene was also increased
by chemical hypoxia and oxidative stress (Fig. 1c,d), but not
by NaCl- or sucrose-induced hyperosmolarity (Fig. 1e, g).
NaCl-induced extracellular hyperosmolarity did also not in-
duce increased SDH protein content of RPE cells (Fig. 3a, d).
Although chemical hypoxia induced increased expression of
the SDH gene (Fig. 1c), it did not induce increased SDH
protein content of the cells (Fig. 3a, d). The data suggest that
extracellular hyperosmolarity, but not hypoxia, results in sor-
bitol accumulation in RPE cells.

The expression of the AR gene induced by chemical hyp-
oxia and high NaCl was additive (Fig. 1h). This suggests that
the induction of AR gene expression under both conditions is
mediated by different mechanisms. Indeed, we found that

different cellular signal transduction pathways and transcrip-
tion factors mediate the effects of chemical hypoxia and high
extracellular NaCl on the expression of the AR gene. The
hyperosmotic stimulation of the AR gene expression is medi-
ated by autocrine/paracrine TGF-β signaling and the activity
of NFAT5, and is counterbalanced by autocrine/paracrine
VEGF and FGF signaling (Fig. 8b). A suppression of AR
gene expression by autocrine VEGF signaling was also found
under isoosmotic control conditions (Fig. 8a). The hypoxic
stimulation of AR gene expression is mediated by autocrine/
paracrine PDGF, EGF, and TGF-β signaling, and the activities
of HIF-1 and STAT3 (Fig. 5b). We found a slow time depen-
dency of the hyperosmotic expression of the AR gene, with
maximal increase after 24 h of stimulation (Fig. 1e, g), which
can be explained by the fact that human RPE cells normally
contains large amounts of AR [4]. In renal cells, the
hyperosmotic activation of NFAT5, resulting in an increased
amount of NFAT5 and translocation to the nucleus, is slow
and usually requires 24–48 h for full activation [29]. In RPE
cells, upregulation of NFAT5 gene and protein expression was
observed after 6 h of stimulation with high NaCl [24]. We
found that inhibition of VEGF receptor-2 increases AR gene
expression under iso- and hyperosmotic conditions
(Fig. 4a, b), suggesting that autocrine/paracrine VEGF signal-
ing suppresses AR gene expression. Agents that inhibit VEGF
activity are clinically used in the treatment of diabetic macular
edema [49], suggesting that anti-VEGF therapies may also
modulate the AR level in RPE cells.

NFAT5-mediated transcription of osmoprotective genes is
critical for cellular survival under hyperosmotic stress [27, 44,
45]. However, it was shown that NFAT5-induced AR expres-
sion is also involved in mediating retinal degeneration under
hyperglycemic conditions [30]. Here, we show that high ex-
tracellular osmolarity results in a moderate decrease of the
RPE cell viability (Fig. 7a) and a strong decrease in the pro-
liferation rate (Fig. 7d). The data are in agreement with previ-
ous studies which showed that high extracellular osmolarity
induces cell cycle arrest in various cell systems including RPE
cells [36, 47]. We also found that chemical hypoxia does not
alter the viability of RPE cells (Fig. 7a), but strongly decreases
cellular proliferation (Fig. 7d). Inhibition of AR activity or
knocking down NFAT5 decreased the cell viability
(Fig. 7b, c) and reduced cellular proliferation (Fig. 7e, f) under
hyperosmotic conditions. These effects were not observed un-
der hypoxic conditions. The data suggest that NFAT5 and AR
activities are required to maintain RPE cell viability and a
distinct level of RPE cell proliferation under osmotic stress
conditions. It can be concluded that inhibition of NFAT5
may aggravate osmotic injury of RPE cells. The present data
which show a protective role of NFAT5 activity in osmotic
stress are in contradiction to a recent study which showed that
knockdown of NFAT5 has protective effects in RPE cells un-
der high-glucose conditions [30]. The reasons for the different

Fig. 8 Schematic summary of the signal transduction pathways involved
in hyperosmotic expression of AR in RPE cells. a Under unstimulated
control conditions, autocrine/paracrine VEGF signaling and the activities
of JNK and NF-kB inhibit the expression of AR and SDH genes. b High
extracellular NaCl induces expression of the AR gene which is mediated
by autocrine/paracrine TGF-β signaling and the activities of matrix me-
talloproteinases, p38 MAPK, ERK1/2, PI3K, and NFAT5. Autocrine/
paracrine VEGF and FGF signaling, and JNK activity, reduce the AR
gene expression induced by high NaCl. High extracellular NaCl also
induces increased level of AR protein. AR catalyzes the production of
sorbitol from glucose while the conversion of sorbitol to fructose is lim-
ited because the level of SDH protein is not increased. This results in
intracellular accumulation of sorbitol and increased intracellular osmolar-
ity, which compensates the osmotic gradient across the plasmamembrane
under high NaCl conditions
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findings are unclear and may be related to different stimula-
tion conditions.

The high glucose-induced regulation of SDH gene expres-
sion found in the present study (Fig. 1b) suggests a biphasic
regulation of sorbitol production in RPE cells under hypergly-
cemic conditions; the initial downregulation of the SDH gene
expression may support intracellular accumulation of sorbitol,
while the long-lasting upregulation of the SDH gene expres-
sion may support the conversion of sorbitol to fructose.
Apparently, the cells switch from accumulation to conversion
of sorbitol when sufficient sorbitol is produced to compensate
the osmotic gradient caused by the hyperglycemic conditions
used in the present study. The data support the assumption that
sorbitol accumulation in RPE cells occurs under osmotic
stress conditions induced by elevated extracellular glucose
or NaCl, or by addition of sucrose to the culture medium.
Under conditions which are not associated with osmotic
stress, e.g., long-lasting exposure of high glucose, hypoxia,
and oxidative stress, sorbitol is converted to fructose. This
assumption is in agreement with a previous study, which
showed increased levels of both sorbitol and fructose in the
retina of diabetic rats [17]. It is conceivable, but remains to be
proven, that in diabetic retinopathy, NFAT5-induced upregu-
lation of AR is protective to compensate osmotic gradients;
however, increased glucose flux through the polyol pathway
caused by upregulation of both AR and SDH may have dele-
terious effects on retinal cell survival, possibly via the induc-
tion of oxidative/nitrosative stress and production of inflam-
matory mediators [50–52], which are also causative factors of
osmotic retinal cell swelling [53]. The role of the polyol path-
way activation in inducing retinal cell death under hypergly-
cemic conditions remains to be further determined.

Systemic hypertension is the most important secondary risk
factor of diabetic retinopathy [9, 10]. Because acute hyperten-
sion mainly results from high extracellular osmolarity follow-
ing intake of dietary salt [19], we investigated whether extra-
cellular hyperosmolarity induces alterations of sorbitol-
producing and -converting enzymes in RPE cells. The impact
of high extracellular NaCl for the development of diabetic
retinopathy is also emphasized by animal studies, which
showed that high-salt diet aggravates degenerative retinal al-
terations in diabetes such as intracellular edema in retinal gan-
glion cells and mitochondrial swelling in glial cells [23]. Here,
we show that high extracellular osmolarity induces expression
of the sorbitol-producing, but not the sorbitol-converting en-
zyme, in RPE (Figs. 1e, g and 3a, c, d) and retinal glial cells
(Fig. 2a). Both alterations may stimulate the production of
sorbitol resulting in compensation of the osmotic gradient,
which increases the viability of RPE cells under hyperosmotic
conditions (Fig. 7b, c). However, overproduction of sorbitol
may result in osmotic cell injury. It remains to be determined
whether aldose reductase inhibition has different effects on
cell viability in dependence on the level or duration of the

extracellular osmolarity increase and under various pathogen-
ic conditions. The present data may suggest that one mecha-
nism by which high intake of dietary salt aggravates diabetic
retinopathy is a direct effect of elevated extracellular osmolar-
ity on RPE and glial cells, independently of hypertension. The
contradictory effects of sorbitol production in dependence on
the level and duration of the extracellular osmolarity increase
may explain the limited benefits of aldose reductase inhibitors
in the treatment of diabetic retinopathy [54].
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