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Diabetes is a chronic metabolic disease, currently also 
considered an inflammatory disease, which affects 14% of the 
population in Europe [1]. Diabetic retinopathy (DR), one of 
many complications of diabetes, is a major cause of acquired 
blindness in Western countries [2]. Under physiologic condi-
tions, the homeostasis of the retina is maintained by a blood-
retinal barrier (BRB). The BRB is composed of two parts: the 

inner BRB, made of tight junctions between retinal capillary 
endothelial cells, astrocytes, pericytes, and Müller cells’ 
endfeet, and the outer BRB, made of tight junctions between 
retinal pigmented epithelial (RPE) cells [3]. The BRB regu-
lates the movements of water, ions, and solutes to maintain 
the homeostasis of the retina [4]. In diabetes, its rupture leads 
to macular edema and loss of vision [5]. Following inner BRB 
rupture with concomitant outer limiting membrane rupture 
or outer BRB rupture, RPE cells are likely to be submitted to 
hyperosmolar stress (HOS) by the accumulation of proteins 
and solutes in their vicinity [6]. The persistence of exudates 
in the retina after edema resorption strongly suggests that 
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Purpose: Diabetes is a chronic inflammatory disease that may damage the blood-retinal barrier, leading to diabetic 
retinopathy (DR). Blood-retinal barrier rupture may subject the retinal pigmented epithelial cells to a hyperosmolar 
stress (HOS), activating the transcription factor nuclear factor of activated T cells 5 (NFAT5). In addition, inflammatory 
cytokines, such as monocyte chemoattractant protein 1 (MCP-1/CCL2), play a crucial role in DR. The aims of our study 
were to determine whether HOS induces MCP-1 levels in arising retinal pigmented epithelial 19 (ARPE-19) cells and to 
decipher the responsible intracellular cascade involved in such stimulation.
Methods: ARPE-19 cells or ARPE-19 cells transfected with dominant negative NFAT5 plasmid or NFAT5 short hairpin 
RNA plasmids were preincubated or not for 1 h in the absence or presence of a protein kinase or transcription factor 
inhibitor and then incubated for 8 h with iso-osmolar or hyperosmolar medium in the absence or presence of inhibitor. 
NFAT5 reporter gene activity was quantified by luminescence. MCP-1 messenger RNA (mRNA) and protein levels were 
determined by quantitative real-time PCR and enzyme-linked immunosorbent assay, respectively. Biologically active 
MCP-1 was assessed by a calcium mobilization assay performed using Chinese hamster ovary cells expressing or not 
the MCP-1 receptor and apoaequorin.
Results: In response to HOS, ARPE-19 cells showed a significant increase in MCP-1 mRNA levels independent of 
NFAT5 activation. Moreover, the MCP-1 protein secreted by ARPE-19 in response to HOS is biologically active. The 
use of various inhibitors of protein kinase and transcription factors suggest that the HOS-induced increase in MCP-1 
mRNA levels is dependent on a protein kinase C (PKC) and/or a MEK1/2-p38 pathway activating p53, as well as a PKC-
p38-PI3K-PDK1-AKT activating hypoxia-inducible factor 1 alpha (HIF1α).
Conclusion: HOS increases the expression of MCP-1 mRNA and protein levels in ARPE-19 cells, and the secreted 
MCP-1 is biologically active. The HOS-induced increase of MCP-1 mRNA appears to be independent of NFAT5 activa-
tion. Despite the activation of NFAT5 upon HOS and the presence of NFAT5 binding sites in the MCP-1 gene promoter, 
activated NFAT5 may not be sufficient to induce MCP-1 gene transactivation in response to HOS in ARPE-19 cells. 
The intracellular cascade involved in the HOS-induced increase of MCP-1 mRNA in ARPE-19 cells may consist of a 
PKC-p38-PI3K-PDK1-AKT-HIF1α axis and/or a MEK1/2-p38-p53 axis.
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RPE cells remain continuously submitted to HOS [4,7]. In 
response to HOS, cells rapidly shrink and then adapt using 
osmoadaptive mechanisms, known as regulatory volume 
increase, which involves two distinct steps [8,9]. During 
the first step, there is a rapid (within seconds) accumulation 
of inorganic electrolytes in the cytoplasm, which promotes 
cell volume increase [8,9]. During the second step, there 
is a slow (within hours) activation of the nuclear factor of 
activated T cells 5 (NFAT5), a transcription factor formerly 
also called tonicity enhancer binding protein (TonEBP) or 
osmolar response element binding protein [10,11]. Then, 
NFAT5 transactivates osmoprotective genes, such as aldose 
reductase (AR) and sodium-dependent taurine transporter, 
leading to intracellular organic electrolyte accumulation 
[12,13] and maintenance of the restored cell volume [8,9]. 
Depending on the cell type, various protein kinases are 
involved in NFAT5 activation, including protein kinase A 
[14], extracellular signal-regulated kinase (ERK) [15], phos-
phatidylinositol 3-kinase (PI3K) [16], protein kinase B (AKT) 
[17], p38 mitogen-activated protein kinase (p38 MAPK) [18], 
c-Jun N-terminal kinase (JNK) [19], tyrosine-protein kinase 
Fyn [18], ataxia- telangiectasia mutated kinase [16], glycogen 
synthase kinase 3-beta [20], mammalian target of rapamycin 
[21], and focal adhesion kinase [22]. It has been shown that 
the arising retinal pigmented epithelial 19 (ARPE-19) cells 
adapt to HOS using osmoadaptive mechanisms, including p38 
MAPK phosphorylation and activation of NFAT5, leading to 
its nuclear translocation and subsequent transactivation of 
osmoprotective genes, such as AR and taurine transporter 
[7]. These mechanisms undoubtedly contribute to the accu-
mulation of organic osmolytes and cell volume restoration in 
ARPE-19 cells subjected to HOS [7].

The efficacy of intravitreal steroid administration to treat 
diabetic macular edema emphasizes the role of inflamma-
tion in this pathological condition [23]. Several studies have 
analyzed the role played by cytokines in the rupture of the 
BRB, including that of proinflammatory cytokine monocyte 
chemoattractant protein 1 (MCP-1). MCP-1, involved in 
monocyte and basophil chemotaxis [24,25], is produced by 
many cell types [26], including RPE cells [27]. MCP-1 has 
been implicated in diabetes [28]. Indeed, high MCP-1 levels in 
serum [25,29], vitreous [30] or urine [31] are associated with a 
greater risk of diabetic complication occurrence (retinopathy 
and nephropathy). Moreover, an elevated vitreous MCP-1 
level is associated with diabetic macular edema [32-34]. Inter-
estingly, in the context of osmoadaptation, MCP-1 messenger 
RNA (mRNA) and protein levels have been shown to be 
upregulated by HOS in an NFAT5-dependent manner in rat 
kidney epithelioid cells [35], human mesothelial cells [36] and 
human HeLa-modified conjunctiva-derived cells [37], likely 

via the transactivating activity of NFAT5 on the MCP-1 gene 
promoter [35]. HOS has also been shown to enhance lipopoly-
saccharide (LPS)–induced MCP-1 levels in RPE cells [38]. 
However, the sole effect of HOS on MCP-1 expression has not 
yet been investigated in RPE cells. Therefore, the aims of our 
study were to determine whether HOS induces MCP-1 levels 
in ARPE-19 cells and to decipher the intracellular cascades 
involved in MCP-1 induction, including the possible involve-
ment of NFAT5.

METHODS

Cell culture and treatment: ARPE-19 cells were purchased 
from ATCC-LGC Standards (Molsheim, France) and authen-
ticated by short tandem repeat analysis using the PowerPlex 
16 HS kit (Promega, Madison, WI) according to the manufac-
turer’s instructions (ECACC, Salisbury, UK). ARPE-19 cells 
were grown in Dulbecco’s modified Eagle’s medium/Ham’s 
F-12 medium (Thermo Fisher Scientific, Waltham, MA), 
containing 10% fetal bovine serum, 100 UI/ml streptomycin/
penicillin (Thermo Fisher Scientific), and 4 mM glutamine 
(Thermo Fisher Scientific), and passaged twice a week at 
confluence (Appendix 1). ARPE-19 cells or transfected 
ARPE-19 cells (24 h after transfection) were preincubated or 
not for 1 h with either 0.01% dimethyl sulfoxide (DMSO; used 
as control) or a protein kinase or transcription factor inhibitor 
diluted in DMSO (to reach a final treatment concentration 
of 0.01% DMSO, as in the control) and then incubated for 8 
h with iso-osmolar (Iso: control medium) or hyperosmolar 
medium (control medium containing 25 mM, 50 mM, or 
100 mM sodium chloride [Na25, Na50, Na100] or 50 mM, 
100 mM, or 200 mM sucrose [Su50, Su100, Su200]) in the 
presence of 0.01% DMSO or inhibitor (diluted in DMSO to 
reach a final treatment concentration of 0.01% DMSO, as in 
the control). As we cannot exclude some effects of inhibi-
tors on MCP-1 levels under Iso stimulation, we compared 
the Na100-induced MCP-1 mRNA levels or protein levels in 
the presence of inhibitors diluted in DMSO with those in the 
presence of DMSO.

Cell transfection and SEAP activity measurement: ARPE-19 
cells, at 80% of confluence, were trypsinized, centrifuged, 
and then resuspended in Ingenio electroporation medium 
(Mirus, Madison, WI) before their transfection by electro-
poration using a Gene Pulser Xcell (Bio-Rad Laboratories, 
Hercules, CA). ARPE-19 cells were transfected with short 
hairpin (sh) CTN (a control plasmid producing an irrelevant 
short hairpin RNA interference [RNAi]), sh-NFAT5 (a mix of 
four different sh-RNAi plasmids designed to inhibit NFAT5; 
Origene, Rockville, MD), a plasmid encoding for enhanced 
green fluorescent protein (pEGFP) used as a control plasmid 
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(Takara Bio [Clontech], Mountain View, CA), or DN-NFAT5 
(a plasmid containing a dominant negative mutant of NFAT5 
coding for a truncated NFAT5 protein inhibiting its transac-
tivating activity, kindly provided by Dr. B. Ko, University 
of Hong Kong, China) [39] in the absence or presence of 
a control plasmid or a NFAT5 reporter plasmid (pSEAP-
NFAT5; a plasmid containing two binding sites for NFAT5 
regulating the transcription of the reporter gene coding 
for a secreted embryonic alkaline phosphatase [SEAP], a 
generous gift from Drs. W. Neuhofer and C. Küper, Ludwig-
Maximilians Universität München, Germany) [40]. Plasmids 
were introduced into the cells by electroporation using an 
exponential decay wave pulse of 270 V and 950 µF during 
15 ms in a 4-mm gap cuvette, with an efficiency of 60% to 
80%. SEAP activity was quantified by luminescence using a 
standard curve ranging from 0 to 5 mU/ml of standard SEAP, 
as previously described [7].

Gene expression analysis using quantitative real-time PCR: 
RNA extraction from ARPE-19 cells, RNA concentration 
and purity, and complementary DNA (cDNA) synthesis 
were performed as previously described [41]. Primers 
were designed for real-time quantitative PCR (RT-qPCR) 
as previously described [41] to ensure optimal amplicon 
size, DNA polymerization efficiency, and amplification 
specificity (Table 1). Possible genomic DNA amplification 
by the primers was verified by performing a RT-qPCR in 
the presence of 2.5 ng genomic DNA. The levels of mRNA 
were quantified by RT-qPCR reactions performed using 2.5 
ng cDNA as a template and the Power Track SYBR Green 
master mix (Eurogentec, Seraing, Belgium) [41]. Data were 
analyzed using the qPCR CFX system (Bio-Rad Laborato-
ries) and normalized with reference genes using the qbase+ 
software [42]. All RT-qPCR experiments were performed in 

accordance with the Minimum Information for publication of 
Quantitative real-time PCR Experiments guidelines [43]. All 
nontarget negative controls were performed using molecular 
biology grade RNase/DNase-free water instead of cDNA.

MCP-1 enzyme-linked immunosorbent assay: MCP-1 protein 
level were determined on cell culture supernatant by ELISA 
using an Hcytomag kit (Merck Millipore, Darmstadt, 
Germany), according to the manufacturer’s instructions, 
in experiments evaluating the effects of Sh-NFAT5 and 
DN-NFAT5 on HOS-induced MCP-1 protein levels. Results 
were analyzed using a Magpix system (Luminex, MV’s-
Hertogenbosch, The Netherlands) and Bio-Plex Manager 
Software (Bio-Rad Laboratories). For all other experiments, 
MCP-1 protein level was determined in the cell culture 
medium using ELISA kits (R&D Diagnostics, Minneapolis, 
MN).

Intracellular calcium mobilization assay: The functional 
responses induced by MCP-1 (secreted in the cell culture 
medium) were analyzed with an aequorin-based assay as 
previously described [44]. CHO-WTA11 cells coexpressing 
apoaequorin and Gα16 or CHO-WTA11 cells expressing C-C 
chemokine receptor type 2 (CCR2), the MCP-1 receptor, were 
incubated for 4 h in the dark in the presence of 5 μm coel-
enterazine H (Promega). Some cells in suspension (25,000 
cells/well) were added to wells containing 50 µl cell culture 
medium collected from ARPE-19 cells incubated with ISO, 
Na100 and Su200 in the absence or presence of DN-NFAT5. 
Luminescence was measured for 30 s in an EG&G Berthold 
luminometer (PerkinElmer Life Sciences, Waltham, MA). A 
stimulation with adenosine triphosphate (25 µM) was used 
to normalize the recorded signals. MCP-1 concentrations 
were determined using nonlinear regression applied to a 

Table 1. Characteristics of the primers.

Gene Primer sequence (5′-3′) Accession number Amplicon size (bp) Efficiency 
(%)

ATP5b* AGAGGTCCCATCAAAACCAAAC 
AAAAGCCCAATTTTGCCACC NM_001686.3 152 98

B2M* AGATGAGTATGCCTGCCGTG 
TCATCCAATCCAAATGCGGC NM_004048.2 120 103

HPRT1* TGGCGTCGTGATTAGTGATG 
CTCGAGCAAGACGTTCAGTC NM_000194.2 137 99

MCP-1 GGTTTGCTTGTCCAGGTGG 
GTGTCCCAAAGAAGCTGTGATCT NM_002582.3 109 83

YWHAZ* ACAAAAGACGGAAGGTGCTG 
TCTGCTTGTGAAGCATTGGG NM_145690.2 141 100

* Reference genes used for geNorm normalization.
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sigmoidal dose-response model (GraphPad Prism, version 
10.2.3; GraphPad Software, La Jolla, CA).

Statistical analyses: Statistical analyses were performed 
using SPSS (IBM SPSS Statistics for Windows, version 20.0; 
IBM, Armonk, NY) or GraphPad Prism software (version 
10.2.3) and the Shapiro-Wilk test, repeated-measures analysis 
of variance with Sidak or Bonferroni post hoc tests, the 
conformity t test, and the paired t test. The tests were consid-
ered statistically significant when p < 0.05.

RESULTS

HOS-induced dose-dependent increase in MCP-1 mRNA in 
ARPE-19 cells: MCP-1 mRNA levels were determined by 
RT-qPCR in ARPE-19 cells incubated for 8 h in Iso medium 
or medium supplemented with increasing concentrations 
of NaCl (Na25, Na50, Na100; Figure 1A) or sucrose (Su50, 
Su100, Su200; causing a similar increase in osmolarity as 
the used NaCl concentrations; Figure 1B). Both NaCl and 
Su significantly increased MCP-1 mRNA levels in a dose-
dependent manner. Na50 and Na100 induced a 4.4-fold (p = 
0.004) and 16.1-fold (p = 0.004) increase in MCP-1 mRNA 
levels, respectively, compared with Iso (Figure 1A). Su100 
and Su200 increased 5.7-fold (p = 0.002) and 9.8-fold (p = 
0.001) MCP-1 mRNA levels, respectively, compared with Iso 
(Figure 1B).

HOS-induced increase in MCP-1 mRNA and protein levels 
is independent of NFAT5 activation in ARPE-19 cells: To 
assess the role of NFAT5 in the HOS-induced increase in 
both MCP-1 mRNA and protein levels in ARPE-19 cells, the 

cells were transfected with either sh-CTN plasmid (control) 
or sh-NFAT5 RNAi expressing plasmids. Then, the cells were 
treated for 8 h with Iso or Na100 before quantification of 
MCP-1 mRNA levels and secreted protein levels by RT-qPCR 
or ELISA (Figure 2A,B). In ARPE-19 transfected with 
sh-CTN, Na100 significantly increased both MCP-1 mRNA 
and secreted protein levels by about 47-fold (p = 0.025) and 
3.9-fold (p = 0.027), respectively, compared with Iso (Figure 
2A,B). In ARPE-19 transfected with sh-NFAT5, Na100 still 
significantly increased MCP-1 mRNA and protein levels by 
about 75-fold (p = 0.003) and 2.8-fold (p = 0.01), respectively, 
compared with Iso (Figure 2A,B).

To confirm these data, ARPE-19 cells were also trans-
fected with either pEGFP (as a control) or DN-NFAT5 before 
their treatment for 8 h with Iso or Na100 (Figure 2C,D). 
In control-transfected ARPE-19 cells, Na100 significantly 
increased MCP-1 mRNA and secreted protein levels by 
about 50-fold (p < 0.001) and 7.1-fold (p = 0.004), respec-
tively, compared with Iso. In ARPE-19 cells transfected with 
DN-NFAT5, Na100 significantly increased MCP-1 mRNA 
and secreted protein levels by about 83-fold (p = 0.048) and 
5.4-fold (p = 0.028), respectively, compared with Iso.

sh-NFAT5 and DN-NFAT5 decrease the transactivation 
activity of NFAT5 in ARPE-19 cells: To verify the efficiency 
of sh-NFAT5 and DN-NFAT5 on NFAT5 transactivation inhi-
bition, the reporter activity of SEAP indicative of NFAT5 
transactivation activity was measured by luminescence in 
the cell culture supernatant of ARPE-19 cells cotransfected 
with pSEAP-NFAT5 (a reporter plasmid containing two 

Figure 1. Hyperosmolar stress induced dose-dependent increase in MCP-1 mRNA in ARPE-19 cells. ARPE-19 cells were incubated for 8 h 
with iso-osmolar medium (Iso) or media containing additional increasing concentrations of NaCl (Na25, Na50, Na100; A) or sucrose (Su50, 
Su100, Su200; B) prior to MCP-1 mRNA levels determination by RT-qPCR, as described under Methods. Data are expressed as the mean 
± SEM (n = 4) of MCP-1 mRNA levels (in fold expression) over the Iso set to 1, following normalization with appropriate reference genes 
(HPRT1, B2M, ATP5B). Data were analyzed using the conformity t test and the paired t test. **p < 0.01 indicates statistical significance 
compared to Iso; $$p < 0.01 indicates statistical significance compared to Na25 or Su50; ##p < 0.01 indicates statistical significance compared 
to Na50 or Su100.
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NFAT5 binding sites) and a control plasmid (sh-CTN plasmid 
[an irrelevant sh-RNAi control] or pEGFP), sh-NFAT5, or 
DN-NFAT5 before their treatment for 8 h with Iso or Na100 
(Figure 3A,B). sh-NFAT5 and DN-NFAT5 significantly 
decreased by 35% (p = 0.048) and 86% (p < 0.001), respec-
tively, Na100-induced SEAP activity (Figure 3A,B).

MCP-1 secreted by ARPE-19 cells in response to HOS is 
biologically active and not dependent upon NFAT5 activa-
tion: To determine the biological activity of MCP-1 produced 
by the ARPE-19 cells in response to HOS, the cell culture 
medium from cells stimulated for 24 h with Iso or Na100 
was incubated with CHO-WTA11 cells expressing CCR2 
(the MCP-1 receptor) [44] to measure the intracellular 
calcium mobilization. In the absence (control) or presence 

of DN-NFAT5, Na100 significantly increased the calcium 
mobilization levels in CHO-WAT11-CCR2 cells, with the 
calcium mobilization threshold set using CHO-WAT11 
cells (Figure 4). However, the presence of DN-NFAT5 did 
not modify the calcium mobilization under Iso or Na100 
compared with the corresponding conditions in the absence of 
DN-NFAT5 (Figure 5). With the use of a standard sigmoidal 
dose-response curve, the intracellular calcium increase was 
converted to MCP-1 concentration (Figure 5). Data indicated 
that in the absence of DN-NFAT5 (control), the concentra-
tion of MCP-1 in the cell culture medium was significantly 
higher in response to Na100 compared with Iso. In the pres-
ence of DN-NFAT5, Na100 significantly increased MCP-1 
concentrations in the cell culture medium, with no significant 

Figure 2. Hyperosmolar stress-induced increase in MCP-1 mRNA and protein is independent of NFAT5 activation in ARPE-19 cells. 
ARPE-19 cells were transfected with sh-CTN plasmid (control) or sh-NFAT5 plasmid (A, B); with pEGFP (control) or DN-NFAT5 plasmid 
(C, D), then subjected to Iso (white columns) or Na100 (black columns) for 8 h, as previously described. MCP-1 mRNA levels measured 
by RT-qPCR (A, C) are expressed as MCP-1 mRNA levels (in fold expression) over Iso set to 1 following normalization with appropriate 
reference genes (YWHAZ, B2M for sh-NFAT5 [A]; YWHAZ, ATP5B for DN-NFAT5 [C]). MCP-1 protein levels quantified by ELISA are 
expressed as MCP-1 protein levels (in pg/ml; B, D). Data are the mean ± SEM of four (A, B) or three (C, D) independent experiments. Data 
were analyzed using repeated-measures analysis of variance with Bonferroni post hoc tests, the conformity t test, and the paired t test. *p 
< 0.05, **p < 0.01, ***p < 0.001.
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difference compared with similar conditions in the absence 
of DN-NFAT5. These data indicate that MCP-1 secreted in 
the cell culture medium in response to Na100 is biologically 
active and that NFAT5 is not involved in HOS-driven MCP-1 
expression.

HOS-induced increase in MCP-1 mRNA is dependent on 
p38 and PKC activation in ARPE-19 cells: The intracellular 
signaling cascade involved in the increase of MCP-1 mRNA 
levels in response to HOS was investigated using inhibitors of 
several protein kinases that have been previously reported in 
the literature to be involved in regulating MCP-1 expression. 
For this purpose, ARPE-19 cells were pretreated for 1 h in 
the absence or presence of inhibitor and then incubated for 
8 h with Iso or Na100 in the absence (DMSO) or presence 
of inhibitor (diluted in DMSO) before MCP-1 mRNA level 
quantification by RT-qPCR (Figure 6A).

Among the tested inhibitors, inhibitors of PKC 
(GF109203X and GO6983), p38 MAPK (SB203508) and 
3-phosphoinositide-dependent kinase 1 (PDK1; OSU-03012), 
AKT (MK-2206), PI3K (LY294002), serum and glucocorti-
coid-regulated kinase 1 (GSK650394), ERK1/2 (roscovitine), 
and MEK1/2 (UO126) significantly decreased Na100-induced 
MCP-1 mRNA levels (Figure 6A). Other tested inhibitors, 
including GO6976 (PKC), wortmannin (PI3K), EDM638683 
(serum and glucocorticoid-regulated kinase 1), SP600125 
(JNK), SCH772984 (ERK1/2), PD98059 (MEK1/2), 
rapamycin (mammalian target of rapamycin), and decer-
notinib (Janus kinase), did not significantly impair Na100-
induced MCP-1 mRNA levels (Figure 6A).

HIF1α and p53 may be involved in MCP-1 transcription in 
response to HOS in ARPE-19 cells: After identifying the 
protein kinases that may be involved in the intracellular 
cascade leading to MCP-1 expression in response to HOS, we 
evaluated the involvement of some transcription factors that 
have been previously reported in the literature to be activated 
by these protein kinases and involved in MCP-1 transacti-
vation. To this end, we tested different inhibitors of cyclic 
AMP response element-binding protein (CREB), nuclear 
factor–κB, specificity protein 1 (SP1), activating protein 1 
(AP1), hypoxia-inducible factor 1 alpha (HIF1α), and tumor 
protein p53 (p53) on the Na100-induced increase in MCP-1 
mRNA levels (Figure 6B).

Echinomycin (a HIF1α inhibitor) and pifithrin (a p53 
inhibitor) significantly reduced the Na100-induced MCP-1 
mRNA levels. However, inhibitors of CREB (666-15), nuclear 
factor–κB (CAPE), SP1 (mithramycin), and AP1 (SR11302) 
did not significantly impair Na100-induced MCP-1 mRNA 
levels (Figure 6B).

The involvement of PKC, p38 MAPK, HIF1α, and p53 on 
HOS-induced MCP-1 transcription is corroborated on 
secreted MCP-1 protein levels: Considering Na100-induced 
MCP-1 mRNA levels may involve a PKC-p38-PI3K-PDK1-
AKT-HIF1α axis and/or a MEK1/2-p38-p53 axis, we focused 
on evaluating the effects of PKC, p38 MAPK, HIF1α, and 
p53 inhibitors on Na100-induced secreted MCP-1 protein 
levels. Our data showed that inhibitors of PKC (GF109203X), 
p38 MAPK (SB203580), HIF1α (echinomycin), and p53 
(pifithrin) significantly reduced the secreted MCP-1 protein 

Figure 3. sh-NFAT5 and DN-NFAT5 decrease the transactivation activity of NFAT5 in ARPE-19 cells. ARPE-19 cells were transfected with 
pSEAP-TonE plasmid and sh-CTN (control) or sh-NFAT5 (A) or with pSEAP-TonE plasmid and pEGFP (control) or DN-NFAT5 (B). Then, 
ARPE-19 cells were subjected to Iso (white columns) or Na100 (black columns) for 8 h, and SEAP activity was determined as described under 
Methods. Data are expressed as SEAP activity (in fold over control Na100 condition set to 1) and are the mean ± SEM of three independent 
experiments. Data were analyzed using the conformity t test and the paired t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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levels, corroborating their effects on the MCP-1 mRNA levels 
(Figure 6C).

DISCUSSION

In diabetes, hyperglycemia activates metabolic pathways, 
leading to overexpression of proangiogenic and proinflam-
matory molecules such as vascular endothelial growth factor 
(VEGF), interleukin 6, and MCP-1. Furthermore, inflamma-
tion is involved in the genesis and maintenance of macular 
edema during DR, compromising the patient’s visual acuity 
[45-48].

Macrophages recruited under the action of MCP-1 secrete 
various proangiogenic molecules, such as VEGF, and proin-
flammatory molecules, resulting in structural modification 
of the BRB and leukostasis in retinal capillaries, promoted 
in part by overproduction of intercellular adhesion molecule 
1 [26,46,48,49]. It has been shown that MCP-1 expression 
increased in response to 20 mM and 40 mM NaCl in the 
presence of LPS or LPS alone [38]. However, to our knowl-
edge, it has never been shown that HOS alone could induce 
MCP-1 in RPE or ARPE-19 cells. As the vitreous of patients 

with DR has abnormally high levels of MCP-1 [50-52], we 
postulated that HOS consequent to BRB rupture [53] induces 
an abnormal secretion of MCP-1 by the RPE. We showed for 
the first time a dose-dependent increase in MCP-1 mRNA 
levels in response to hyperosmolar concentrations of NaCl 
and Su in ARPE-19 cells. These data are in concordance 
with a previous study showing a dose-dependent increase in 
MCP-1 mRNA levels in response to HOS in rat kidney epithe-
lioid cells [35]. Moreover, by studying calcium mobilization 
concomitant to MCP-1 binding to its receptor, we showed that 
the MCP-1 secreted by ARPE-19 cells in response to HOS 
was biologically active. Therefore, during DR, MCP-1 may be 
released upon RPE exposure to HOS, thereby contributing to 
macrophage recruitment and disease development.

Considering the central role of NFAT5 in the tissue 
response to osmotic stress [54], including ARPE-19 cells 
[53], we first investigated its role in HOS-induced MCP-1 
induction. Our results clearly showed that neither sh-NFAT5 
nor DN-NFAT5 reduced HOS-induced MCP-1 mRNA or 
protein levels, despite their ability to decrease or suppress 
the NFAT5 transactivation activity. sh-NFAT5 reduced 

Figure 4. The MCP-1 produced 
by ARPE-19 cells is biologically 
active, as measured by the calcium 
mobilization assay. ARPE-19 cells 
transfected with an EGFP plasmid 
(control) or with a DN-NFAT5 
plasmid were incubated for 8 h with 
Iso or Na100. The cell supernatants 
were then collected and applied 
to CHO-WTA11 cells expressing 
CCR2 to measure calcium mobili-
zation. The results were normalized 
for baseline activity (0%) and the 
maximal response obtained with 
25 µM adenosine triphosphate 
(100%). The dotted line indicates 
the calcium mobilization threshold 
set using CHO-WAT11 cells. The 
displayed data are the mean ± SEM 
of four independent experiments 
and measurements performed in 
duplicates. Data were analyzed 
using the one-way analysis of vari-
ance and post hoc Sidak’s tests. *p 
< 0.05, **p < 0.01, ***p < 0.001.
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HOS-induced SEAP activity to a lower extent (35% reduc-
tion) than DN-NFAT5 (86% reduction). This could result from 
the low efficacy of sh-NFAT5 to decrease NFAT5 mRNA 
(31% reduction; Appendix 2) and/or the increased half-life of 
NFAT5 mRNA in response to HOS (>24 h) compared with 
the isosmotic condition (±6 h) in response to 100 mM NaCl 
[7]. The higher efficiency of DN-NFAT5 is likely related to its 
direct binding to NFAT5, thereby blocking its transactivating 
activity using the reporter plasmid pSEAP-NFAT5. Further-
more, we deliberately chose not to use NFAT5 inhibitors: 
KRN2 (13-[(2-Fluorophenyl)methyl]-5,6-dihydro-9,10-di-
methoxy-benzo[g]-1,3-benzodioxolo[5,6-a]quinolizinium 
chloride) or KRN5 (13-(2-fluorobenzyl)-9,10-dimethoxy-
5,6-dihydro-8H- [1,3]dioxolo[4,5-g]isoquinolino[3,2-a]
isoquinolin-8-one). These inhibitors act on NFAT5 indirectly, 
whereas DN- NFAT5 and shNFAT5 act directly on NFAT5 
protein and mRNA, respectively. Therefore, our data suggest 
that NFAT5 activation was not involved in HOS-driven tran-
scription of MCP-1, in contrast with data obtained in other 
studies on different cell types. Indeed, in mesothelial cells 
and in human HeLa-modified conjunctiva-derived cells, the 
HOS-induced increase in both MCP-1 mRNA and protein 
expression was significantly inhibited using small interfering 
RNA targeting NFAT5 [36,37]. In rat kidney epithelial cells, 
the HOS-induced increase in MCP-1 expression may result 

from the binding of activated NFAT5 to an NFAT5 binding 
site, known as the TonE site, identified in the MCP-1 gene 
promoter [35]. However, HOS can induce some effects 
independently of NFAT5, such as the production of several 
proteins like heparin-binding epidermal growth factor-
like growth factor [55], aquaporin 8 [56], and the inward-
rectifier potassium channel 2 [57] in RPE cells. Therefore, 
cell-specific signal integration is a finely tuned mechanism 
presumably accounting for distinct responses resulting in 
these different data.

To further decipher the mechanism involved in HOS-
induced MCP-1 transcription, we assessed the effects of 
several protein kinases and transcription factors inhibitors 
based on literature. Despite the known limitations of inhibi-
tors, such as their nonspecific effects, our data suggest a 
possible pathway with p38 MAPK as its cornerstone. p38 
MAPK could be activated by MEK and then phosphory-
late the transcription factor p53. p38 MAPK could also be 
activated by PKC and then phosphorylate HIF1α via the 
PI3K-PDK1-AKT axis. In turn, p53 and HIF1α could then 
both induce MCP-1 transcription (Figure 7).

With respect to p38, four isoforms have been described: 
p38α, p38β, p38γ, and p38δ [58]. In our experiments, 
SB203580, considered a p38α inhibitor, significantly 

Figure 5. DN-NFAT5 does not affect 
MCP-1 concentration in the cell 
culture medium of ARPE-19 cells 
incubated with Na100. ARPE-19 
cells transfected with an EGFP 
plasmid (control) or with DN-NFAT5 
plasmid were incubated for 8 h with 
Iso or Na100. The cell supernatants 
were then collected and applied 
to CHO-WTA11 cells expressing 
CCR2 to measure calcium mobiliza-
tion. The results were normalized 
for baseline activity (0%) and the 
maximal response obtained with 25 
µM adenosine triphosphate (100%). 
MCP-1 concentration was then deter-
mined using a standard curve. MCP-1 
concentration (nM) is the mean ± 
SEM of four independent experiments 
and measurements performed in 
duplicates. Data were analyzed using 
the one-way analysis of variance and 
post hoc Sidak’s tests. *p < 0.05, **p 
< 0.01.
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decreased HOS-induced MCP-1 mRNA levels. Our data 
agree with a study showing the involvement of p38α in HOS-
induced MCP-1 expression in rat kidney cells. Interestingly, 
in that study, p38α-driven MCP-1 induction involved NFAT5, 
in contrast to what we observe in ARPE-19 cells [35]. As 
mentioned above, these controversial data may be explained 
by distinct cell-specific distinct mechanisms leading or not 
to the involvement of NFAT5 in the regulation of MCP-1 
transcription.

Various intracellular pathways have been identified to 
participate in the pathophysiology of DR, notably PKC activa-
tion [2]. PKC can activate p38 [35] and phosphorylate several 
transcription factors capable of transactivating MCP-1. 
Our data suggest that PKC, which can be present in several 
isoforms, may be involved in the transcriptional regulation 
of HOS-induced MCP-1 in ARPE-19 cells, in agreement 
with a study performed in rat mesothelial cells [59]. Indeed, 
PKC inhibitors, such as GF109203X and GO6983, decreased 
HOS-induced MCP-1 mRNA levels in ARPE-19 cells. It is 

interesting to note that GF109203X and riluzole, which are 
other PKC inhibitors, decreased MCP-1 mRNA and protein 
levels in diabetic pericytes [60]. However, GO6976, another 
PKC inhibitor, did not impact HOS-induced MCP-1 mRNA 
levels in ARPE-19 cells. This apparent discordance of results 
may be explained by the specificities of PKC inhibitors 
toward the 'conventional' isoforms, dependent on diacylg-
lycerol (DAG) and intracellular calcium (Ca2+; α, β and γ), 
'novel' isoforms, dependent on DAG but not Ca2+ (δ, ε, η), 
and 'atypical' isoforms, independent on DAG and Ca2+ (ζ) 
[61]. Considering that ARPE-19 cells do not express γ and η 
isoforms [62], it is possible that α, β, δ, ε, and ζ isoforms may 
be involved in the intracellular signaling pathway leading 
to MCP-1 expression in response to HOS. In addition, since 
GO6983 (the sole PKC inhibitor tested that can inhibit PKCζ) 
decreases HOS-induced MCP-1 mRNA levels, PKCζ may be 
involved in the HOS-induced MCP-1 response, as previously 
reported in an inflammatory “ischemia-reperfusion” model in 
rat retinal cells [63]. It has been shown that alternative splicing 

Figure 6. Protein kinase and transcription factor inhibitors affect Na100-induced MCP-1 mRNA levels. ARPE-19 cells were pretreated for 
1 h with 0.01% DMSO or inhibitor diluted in DMSO (to reach a final treatment concentration of 0.01% DMSO) and then incubated for 8 h 
with Iso or Na100 in the presence of 0.01% DMSO or inhibitor diluted in DMSO (to reach a final treatment concentration of 0.01% DMSO) 
prior to quantification of MCP-1 mRNA levels by RT-qPCR (A, B) or secreted MCP-1 protein levels by ELISA (C), as described under 
Methods. The inhibitors were used at the following concentrations: 1 μM SB203580, 2.5 μM GF109203X, 1 μM GO6976, 1 μM GO6983, 
10 μM OSU-03012, 0.1 μM rapamycin, 1 μM decernotinib, 1 μM SCH772984, 10 μM MK-2206, 0.1 μM wortmannin, 50 μM LY294002, 10 
μM EMD638683, 10 μM GSK650394, 50 μM SP600125, 2 μM roscovitine, 5 μM UO126, 20 μM PD98059, 0.25 μM 666-15, 5 μM CAPE, 
0.25 μM mithramycin, 5 μM SR11302, 0.5 μM echinomycin, or 10 μM pifithrin. Data are expressed as the mean ± SEM of the percentage of 
Na100-induced MCP-1 mRNA levels (A, B) or secreted MCP-1 protein levels (C) in the presence of DMSO, set as 100%; n = 3 for rapamycin, 
decernotinib, pifithrin, SCH772984, and SB253580 and n = 4 for all other inhibitors and DMSO (A, B, C). Data were analyzed using the 
conformity t test. *p < 0.05, **p < 0.01, ***p < 0.001.



389

Molecular Vision 2025; 31:380-394 <http://www.molvis.org/molvis/v31/380> © 2025 Molecular Vision 

of PKCβ mRNA generates two versions of the protein: PKCβ1 
and PKCβ2 [64]. The involvement of PKCβ2 in DR has 
been suggested by the improvement of retinal circulation in 
diabetic rats following administration of a specific inhibitor 
of PKCβ1/2, ruboxistaurin [65]. In addition, a randomized 
double-blind study shows that ruboxistaurin reduces vision 
loss in patients with moderate to severe nonproliferative DR 
[66]. In addition, GF109203X and riluzole, used for the treat-
ment of amyotrophic lateral sclerosis and inhibiting PKCβ, 
decrease the mRNA and protein levels of MCP-1 in diabetic 
pericytes [60].

Consequently, the distinct effects of three PKC inhibitors 
(GF109203X, GO6976, and GO6983) tested on the HOS-
induced MCP-1 mRNA level in ARPE-19 cells may be related 
to their variable effect on PKC isoforms or nonspecific effects 
of PKC inhibitors on other proteins further down the signaling 
cascade. For example, GF109203X may induce a decrease in 
MCP-1 mRNA levels by an off-target effect on AKT [67], 
as AKT inhibition by a specific inhibitor (MK-2206) also 
appears to reduce HOS-driven MCP-1 mRNA levels.

Considering our results, PKC seems to be involved in the 
intracellular signaling pathway, inducing MCP-1 expression 

in response to HOS in ARPE-19 cells. However, further 
targeted experiments should be performed to identify the 
PKC isoform(s) involved in the process.

Downstream of the PKC-p38 axis, our data highlight a 
possible axis implicating PI3K-PDK1-AKT and HIF1α that 
may lead to HOS-induced MCP-1 expression. We showed that 
HOS-induced MCP-1 mRNA levels were reduced by a PI3K 
inhibitor (LY294002), as well as by an inhibitor of PDK1 
(OSU-03012). Considering PI3K and PDK1 can phosphorylate 
AKT, we tested the effects of an AKT inhibitor (MK-2206) 
and found that it also decreased HOS-induced MCP-1 mRNA 
levels. Our hypothesis is supported by a study showing that 
p38 MAPK and AKT phosphorylation are significantly 
increased by high NaCl concentrations in ARPE-19 cells 
[38]. In addition, we showed that an inhibitor of HIF1α (echi-
nomycin) markedly decreased the levels of MCP-1 mRNA 
induced by HOS in ARPE-19 cells. HIF1α is a ubiquitous 
transcription factor stabilized in response to hypoxia but also 
to other stimuli, including HOS in human RPE cells [68], as 
well as by AKT signaling [69]. Moreover, HIF1α may trans-
activate MCP-1 during a pulmonary allergic inflammatory 
response [70] and can induce VEGF in response to HOS in 

Figure 7. Some intracellular signaling pathways are potentially involved in MCP-1 transactivation in response to HOS in ARPE-19 cells. We 
suggest a possible pathway with p38 MAPK as its cornerstone, with p38 MAPK that can be either activated by MEK and then phosphorylate 
the transcription factor p53 (green arrows), or activated by PKC and then phosphorylate HIF1α via the PI3K-PDK1-AKT axis (orange arrows). 
p53 and HIF1α could therefore both induce MCP-1 transcription.
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human RPE cells following the activation of p38 MAPK and 
PI3K [68]. Therefore, the PKC-p38-PI3K-PDK1-AKT-HIF1α 
axis may participate in HOS-induced MCP-1 expression in 
ARPE-19 cells. However, additional studies are needed to 
confirm this hypothesis. The involvement of GSK1 in the 
signaling cascade is unlikely. Indeed, the significant decrease 
of HOS-induced MCP-1 mRNA levels by GSK650394, but 
not EMD638683, may be due to its lower specificity related 
to nonspecific inhibition of other kinases [71].

Based on our data, another pathway may also partici-
pate in the HOS-induced increase in MCP-1 mRNA levels. 
This pathway may involve the activation of p38 MAPK by 
MEK1/2, followed by the phosphorylation of p53, which in 
turn may activate the transcription of MCP-1. This hypoth-
esis is supported by data showing that a high concentration 
of glucose and mannitol increased the phosphorylation of 
MEK1/2, ERK1/2, p38 MAPK, JNK, and PKC in rat meso-
thelial cells [59]. In addition, it was suggested that MEK1/2 
phosphorylates ERK1/2, p38 MAPK, and JNK in response 
to high concentrations of NaCl in cultured mouse medullary 
cells [72]. Furthermore, our data indicated that UO126, a 
MEK1/2 inhibitor, and roscovitine, an ERK1/2 inhibitor, both 
decreased HOS-induced MCP-1 mRNA levels in ARPE-19 
cells. However, the inhibitors PD98059, SCH772984, and 
SP600125, acting on MEK1/2, ERK1/2, and JNK, respec-
tively, did not impair HOS-induced MCP-1 mRNA levels 
in ARPE-19 cells. The different affinities of PD98059 and 
UO126 for MEK could explain these inconsistent results, 
considering UO126 has a 100-fold higher affinity than 
PD98059 for MEK1/2. In addition, PD98059, at the concen-
tration used (20 µM), may have nonspecific effects. On the 
other hand, other transcription factors can be phosphorylated 
by ERK1/2 and bind to the MCP-1 gene promoter, such as 
AP1, SP1, CREB, and p53. High concentrations of glucose 
stimulate MCP-1 expression in peritoneal mesothelial cells 
by activating AP1 [35], while CREB is thought to participate 
in MCP-1 expression in response to IL-1β in ARPE-19 cells 
[73]. Our data show that SR11302, an AP1 inhibitor, does 
not affect HOS-induced MCP-1 expression in ARPE-19 cells, 
consistent with data obtained in kidney cells [35]. In addition, 
inhibitors of SP1 (mithramycin) and CREB (666-15) did not 
affect the HOS-induced MCP-1 mRNA levels in ARPE-19 
cells. These results suggest that AP1, SP1, and CREB may 
not be involved in HOS-induced transactivation of MCP-1 
in ARPE-19 cells. Nevertheless, a p53 inhibitor, pifithrin, 
reduced the levels of MCP-1 mRNA induced by HOS in 
ARPE-19 cells. In addition, p53 can transactivate MCP-1 
and be phosphorylated by p38 or JNK [74]. However, a JNK 
inhibitor, SP600125, did not decrease HOS-induced MCP-1 
mRNA levels, suggesting that p38 may activate p53 and thus 

transactivate MCP-1. However, further detailed studies would 
be required to validate this possibility.

In conclusion, our results show that HOS increases the 
expression of MCP-1 mRNA and protein levels in ARPE-19 
cells and that the secreted MCP-1 is biologically active. In 
addition, the HOS-induced increase of MCP-1 mRNA appears 
to be independent of NFAT5 activation. Despite the activation 
of NFAT5 upon HOS and the presence of NFAT5 binding sites 
in the MCP-1 gene promoter, activated NFAT5 may not be 
sufficient to induce MCP-1 gene transactivation in response 
to HOS in ARPE-19 cells. The intracellular cascade involved 
in the HOS-induced increase of MCP-1 mRNA in ARPE-19 
cells may consist of a PKC-p38-PI3K-PDK1-AKT-HIF1α axis 
and/or a MEK1/2-p38-p53 axis (Figure 7). As such, phospho-
proteomic studies may prove valuable in further deciphering 
the intracellular signaling pathway involved in HOS-induced 
MCP-1 gene transactivation and test our hypothesis. At any 
rate, data suggest HOS plays a dichotomous role by activating 
inflammatory and osmoprotective responses in RPE cells. 
Considering the relatively undifferentiated state of ARPE-19 
cells, further studies using fully differentiated human RPE 
cells derived from primary culture or embryonic or induced 
pluripotent stem cells may be required to confirm the data 
obtained from ARPE-19 cells. In addition, further studies 
will also be warranted to study the involvement of MCP-1 in 
DR in vivo. Rodents have been shown to display similarities 
to humans but cannot be used to study all ocular pathologies 
associated with diabetes due to the lack of macula, making 
these models unsuitable for understanding diabetic macula 
edema, a common complication of DR [30]. Nevertheless, 
the availability of knockout mice makes them desirable and 
useful to study the involvement of a particular gene in DR. In 
such respect, streptozotocin-induced DR in MCP-1 knockout 
mice would allow deciphering the role of MCP-1 in DR in 
vivo. These prospects could lead to innovative new treat-
ments and enable specific targeting of MCP-1. This could 
pave the way for a new approach to diabetic macular edema 
refractory to current treatments and give millions of people 
a chance to see better.

APPENDIX 1. STR ANALYSIS.

To access the data, click or select the words “Appendix 1.”

APPENDIX 2. SUPPLEMENTAL FIGURE 1.

To access the data, click or select the words “Appendix 2.” 
Hyperosmolar stress-induced increase in NFAT5 mRNA 
is reduced by sh-NFAT5. ARPE-19 cells were transfected 
with Sh-CTN plasmid (Control) or Sh-NFAT5 plasmid; then 
subjected to Iso (white columns) or Na100 (black columns) 
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for 8h as described previously. NFAT5 mRNA levels are 
expressed in fold expression over Iso set to 1 following 
normalization with appropriate reference genes. Data are 
the mean ± S.E.M. of 6 independent experiments. Data were 
analyzed using the conformity t-test and the paired t-test. *: 
p<0.05, **: p<0.01 and ***: p<0.001.
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