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Abstract. The present study aimed to identify whether FK506 
suppresses hypoxia‑induced inflammation and protects tight 
junction function via the calcineurin-nuclear factor of acti-
vated T‑cells 1 (CaN‑NFATc1) signaling pathway in mouse 
retinal microvascular endothelial cells (mRMECs). The 
mRMECs were treated with FK506 at different concentrations 
following the induction of hypoxia. Trans‑epithelial electrical 
resistance (TEER) and cell permeability were examined to 
measure the integrity of the tight junctions. The concentra-
tions of inflammatory cytokines were measured using reverse 
transcription-quantitative polymerase chain reaction analysis 
and enzyme‑linked immunosorbent assays. The protein 
expression levels of zonula occludens-1 (ZO-1) and nuclear 
factor of activated T‑cell 1 (NFATc1) were identified using 
immunofluorescent microscopy and western blot analysis. The 
TEER value was decreased following hypoxia, but increased 
following treatment with FK506 (1 and 10 µM) for 24 and 48 h. 
The protein expression of ZO‑1 was also increased following 
FK506 treatment for 24 h at 1 and 10 µM. By contrast, 
following treatment with FK506 (1 and 10 µM) for 24 and 
48 h, the elevated cell permeability in the hypoxia group was 
significantly downregulated. Similarly, the concentrations of 
inflammatory cytokines, including cyclooxygenase‑2, induc-
ible nitric oxide synthase, monocyte chemoattractant protein-1, 
interleukin‑6, intercellular adhesion molecule‑1 and vascular 
cell adhesion molecule‑1, were downregulated following treat-
ment with FK506 for 24 h at 1 and 10 µM. Following treatment 

with FK506, the level of total NFATc1 was downregulated and 
the level of phosphorylated NFATc1 was upregulated. Taken 
together, FK506 suppressed injury to the tight junctions and 
downregulated the expression of inflammatory cytokines in 
hypoxia‑induced mRMECs via the CaN‑NFATc1 signaling 
pathway. This suggests a potentially effective therapy for 
hypoxia‑induced retinal microangiopathy.

Introduction

Diabetic retinopathy (DR) and retinopathy of prematurity 
(ROP) are types of retinal microangiopathy, which involve 
blood‑retina barrier (BRB) injury and the occurrence of 
inflammation. In addition to the BRB injury and inflamma-
tory cytokine upregulation, retinal neovascularization (RNV) 
appears, resulting in bleeding, seepage and hyperplasia, and 
causing severe vision loss. According to previous reports, 
RNV‑associated diseases are one of the most serious irrevers-
ible diseases, which can cause blindness, worldwide (1,2). 
Anti‑vascular endothelial growth factor (VEGF) drugs, 
including ranibizumab, are the most effective therapeutic drugs 
at present. However, their clinical application is restricted 
as patients require multiple injections, which may increase 
the risk of infections and increases economic burden (3). 
Therefore, details investigations of the pathogenesis of 
RNV, and the identification of more effective and economic 
therapeutic strategies are urgently required to overcome these 
problems.

Previous studies have shown that chronic hypoxia of the 
retina is a basic histopathological change in retinal micro-
angiopathies. VEGF, released by the hypoxic retina, is the 
key trigger factor in neovascularization and inflammation. 
Calcineurin is distributed on endothelial cells, which can be 
activated by VEGF. The activation of calcineurin can further 
initiate the dephosphorylation of NFATc1, which transfers 
into the nucleus and upregulates the expression of certain 
inflammatory cytokines, including interleukin (IL)‑8, IL‑2 
and cyclooxygenase‑2 (COX‑2). As the inflammatory cyto-
kines are upregulated, the vascular walls are altered. The 
typical histopathological changes include loss of endothelial 
cells and thickening of the basilar membrane (4), which forms 
tight junctions. The tight junctions between endothelial cells 
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are important in the retinal barrier, which are predominantly 
destroyed in retinal microangiopathy. The destruction to tight 
junctions renders the barriers of the retina, particularly the 
inner BRB, seriously damaged.

FK506, an immunosuppressive drug, is used for as a 
treatment following transplantation, for atopic dermatitis and 
rheumatoid arthritis (5-7). FK506 binds to FK506‑binding 
proteins and forms complexes. These complexes then bind to 
calcineurin, leading to inhibition of the dephosphorylation of 
NFATc1, which suppresses the expression of inflammatory 
cytokines and T cell activation (8). FK506 can effectively 
downregulate the infiltration of inflammatory cells and 
the expression of E-selectin, intercellular cell adhesion 
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 
(VCAM‑1) in inflamed tissues in vivo (9,10). FK506 has 
been shown to be closely associated with thrombotic micro-
angiopathy (11,12), however, the direct effects of FK506 on 
retinal microvascular endothelia cells (RMECs) remain to be 
fully elucidated. In order to determine an effective treatment 
for RNV diseases, the present study investigated whether 
FK506 can suppress hypoxia-induced inflammation and 
protect tight junction function via the calcineurin‑nuclear 
factor of activated T‑cells 1 (CaN‑NFATc1) signaling 
pathway in RMECs.

Materials and methods

Mouse (m)RMEC culture. The mRMECs (cat. no. CD-1065) 
were purchased from Cell Biologics, Inc. (Chicago, IL, USA). 
The mRMECs were cultured in a 100 mm collagen‑coated 
culture dish containing 10 ml supplemented medium 
(RPMI‑1640; Hyclone; GE Healthcare Life Sciences, Logan, 
UT, USA) with 20% fetal bovine serum (16000044; Gibco; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 
maintained at 37˚C in a humidified atmosphere of 5% CO2 
and 95% air. The culture medium was replaced every 2 days. 
The cells used in the present study were between passages 3 
and 4. When the cells had grown to 70% confluence, they 
were cultured under hypoxic conditions (93% N2, 5% CO2, 
2% O2) at 37˚C for 24 h. Then cells were then washed twice 
with phosphate‑buffered saline (PBS) and then exposed to 
FK506 (F4679; Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) at different concentrations (0.1, 1 and 10 µM) for 
24 and 48 h, respectively. FK506 was dissolved in dimethyl 
sulfoxide (<0.1%), which caused no deleterious effect on the 
viability of the mRMECs in preliminary experiments.

Measurement of trans‑epithelial electrical resistance 
(TEER). The permeability of the mRMEC monolayers was 
assessed via TEER measurement. The TEER across the 
endothelial cell layer was calculated using a Millicell‑ERS 
Voltohmmeter (EMD Millipore, Bedford, MA, USA). Briefly, 
the mRMECs were seeded onto a membrane at a density of 
3x105 cells/cm2. The TEER measurements were implemented 
following treatment of the cells with FK506 at different 
concentrations (0.1, 1 and 10 µM). The TEER value of the 
blank Transwell membrane was used as a blank value, and 
was subtracted from the sample value. The TEER values were 
calculated as Ω x cm2 and presented as the mean ± standard 
error of mean of three independent experiments. Each cell 

monolayer with a TEER value >100 Ω x cm2 was considered 
to contain tight junctions.

Measurement of cell permeability using fluorescein isothio‑
cyanate (FITC)‑dextran. The mRMECs were plated in 12 mm 
diameter Transwell polyethylene terephthalate membrane 
inserts (0.4 µm pore size) at a density of 2x105 per insert. 
The permeability was measured using FITC‑dextran, with 
1 mg/ml FITC-dextran added to the apical compartment 4 h 
prior to the assessment. The samples were collected (25 µl) 
from the lower compartment for assessment, and PBS was 
added to 250 µl. The fluorescence was measured on a fluores-
cence luminometer at wavelengths of 492 nm (excitation) and 
520 nm (emission).

Western blot analysis. The cells were lysed on ice for 20 min 
using RIPA lysis buffer with protease inhibitor, and were 
centrifuged at 13,400 x g at 4˚C for 10 min. The supernatant 
was collected and total protein concentration was measured 
by BCA protein assay (Beyotime Institute of Biotechnology, 
Shanghai, China). The proteins were then boiled in sodium 
dodecyl sulfate (SDS) sample buffer for 10 min and then 
equal amounts of lysate protein (10 µl/lane) were added to 
10% SDS‑polyacrylamide gel electrophoresis gels. Following 
electrophoresis, the proteins were transferred onto a polyvi-
nylidene fluoride membrane and the membranes were blocked 
in 5% skim milk in Tris‑HCl buffer salt solution‑Tween 
(TBST) for 2 h at room temperature. The membranes were 
then incubated with the following primary antibodies over-
night at 4˚C: Anti‑zonula occludens‑1 (ZO‑1; 61‑7300; 1:500; 
Thermo Fisher Scientific, Inc.), anti-p-NFATc1 (SC32979; 
1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), 
anti‑t‑NFATc1 (SC13033; 1:500; Santa Cruz Biotechnology, 
Inc.). β‑actin (3700S; 1:2,000; Cell Signaling Technology, 
Inc., Danvers, MA, USA) was used as a loading control. The 
membranes were then incubated with horseradish peroxi-
dase (HRP)‑conjugated goat anti‑mouse immunoglobulin G 
secondary antibody (A21010; 1:5,000) and HRP‑conjugated 
goat anti‑rabbit IgG secondary antibody (A21020; 1:5,000; 
both from Abbkine Scientific Co., Ltd., Wuhan, China) for 2 h 
at room temperature. The immunoreactive bands were visu-
alized with enhanced chemiluminescence (Pierce; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA).

Immunofluorescent microscopy. The mRMECs were plated 
on glass slides in a 12‑well plate at a density of 1x105 per well 
and pretreated with hypoxia and FK506 (10 µM). Following 
washing with PBS, the cells were fixed with 4% paraformal-
dehyde for 30 min at room temperature. The cells were then 
incubated with polyclonal rabbit primary antibodies against 
ZO‑1 (1:500; Cell Signaling Technology, Inc.) in 5% bovine 
serum albumin (BSA; Sigma‑Aldrich; Merck KGaA) at 4˚C 
overnight, followed by blocking with 5% BSA for 2 h at 
room temperature. The next day, following washing in PBS, 
the slides were incubated with Alexa Fluor 555 conjugated 
anti‑rabbit IgG secondary antibody (4413S; 1:1,000; Cell 
Signaling Technology, Inc.) for 2 h at room temperature, and 
the nuclei were labeled with 4', 6-diamidino-2-phenylindole 
for 10 min. Images were captured under a confocal microscope 
(Zeiss 510; Carl Zeiss AG, Oberkochen, Germany).
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Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA were extracted from the 
mRMECs using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). The purity and concentration of RNA samples 
were confirmed by the ratio of optical densities at 260 and 
280 nm. Then, 1 µl RNA was reverse‑transcribed in a reac-
tion mixture containing 1 U RNase inhibitor, 500 ng random 
primers, 3 mM MgCl2, 0.5 mM dNTP, 1X RT buffer and 10 U 
reverse transcriptase (Promega, Madison, WI, USA). Ths 
synthesized cDNA was used as a template for PCR reaction 
using GoTaq polymerase (Promega Corporation, Madison, 
WI, USA). The RT‑qPCR analysis was performed using 
SYBR‑Green qRT‑PCR Master mix, according to the manu-
facturer's protocol (Biotool, Houston, TX, USA). qRT‑PCR 
was performed for 40 cycles of denaturation at 94˚C for 50 sec, 
annealing at 55˚C for 50 sec and extension at 72˚C for 50 sec. 
The quantification cycle values were normalized against 
β-actin and the 2-∆∆Cq method (13) was used to calculate target 
gene expression. The results determined as the relative value 
compared with that of the control. The primers for target genes 
were obtained from the NCBI GeneBank database (http://www.
ncbi.nlm.nih.gov/genbank/). The primers for COX‑2, inducible 
nitric oxide synthase (iNOS), monocyte chemotactic protein-1 
(MCP-1) and β‑actin were as follows: COX‑2 forward, 5'‑CCA 
GAT GAT ATC TTT GGG GAG AC‑3' and reverse, 5'‑CTT 
GCA TTG ATG GTG GCT G‑3'; iNOS forward, 5'‑ACA ACA 
GGA ACC TAC CAG CTC A‑3' and reverse, 5'‑GAT GTT 
GTA GCG CTG TGT GTC A‑3'; MCP‑1 forward, 5'‑ACT GAA 
GCC AGC TCT CTC TTC CTC‑3' and reverse, 5'‑TTC CTT 
CTT GGG GTC AGC ACA GAC‑3'; β‑actin forward, 5'‑GGC 
GGA CTA TGA CTT AGT TG‑3' and reverse, 5'‑AAA CAA 
CAA TGT GCA ATC AA‑3'. The samples were examined in 
triplicate and the experiment was repeated twice.

Enzyme‑linked immunosorbent assay (ELISA). The 
supernatants of the mRMEC culture media were harvested  
48 h following FK506 treatment and stored at ‑80˚C until 
assayed. The levels of IL‑6, ICAM‑1 and VCAM‑1 in the super-
natants were measured using an ELISA kit. A 96‑well plate 
containing 100 µl of captured antibody per well was incubated 
overnight at room temperature. Following incubation, the plate 
was blocked with 1% BSA in PBS for 1 h at room temperature. 
The samples were added (100 µl) and incubated for 2 h at room 
temperature. Following three washes with 0.05% Tween‑20 in 
PBS, 100 µl of monoclonal antibodies were added to each well 
for 2 h at room temperature. Streptavidin-HRP was added to 
each well and incubated for 20 min at room temperature. The 
color reagent A (H2O2) and color reagent B (tetramethylbenzi-
dine) substrate solution reactions were terminated at 20 min 
with 2 NH2SO4. Each well was immediately read on a micro-
plate reader at 450 nm. The measurements were performed in 
triplicate.

Statistical analysis. All data are expressed as the mean ± standard 
error of the mean of three independent experiments. Differences 
in mean values among groups were subjected to one‑way facto-
rial analysis of variance followed by the Bonferroni post hoc 
test. P<0.05 was considered to indicate a statistically signifi-
cant difference. All statistical analyses were performed using 
SPSS 20.0 software (IBM SPSS, Armonk, NY, USA).

Results

FK506 treatment attenuates decreased TEER values in 
hypoxia‑induced mRMECs. At 24 and 48 h, the TEER values 
of the hypoxia groups were markedly lower, compared with 
the TEER in the control group. Compared with the hypoxia 
group, the TEER values of the FK506 groups (1 and 10 µM) 
were significantly higher, with 10 µM exhibiting a more 
marked effective, compared with 1 µM (Fig. 1).

FK506 treatment inhibits increased cell permeability in 
hypoxia‑induced mRMECs. Compared with the control group, 
the cell permeability of the hypoxia group was increased at 
24 and 48 h. However, compared with the hypoxia group, 
the permeability of cells in the groups treated with FK506 at 
concentrations of 1 and 10 µM were significantly decreased. 
The reduction in cell permeability in the 10 µM group was 
more marked, compared with that in the 1 µM group (Fig. 2).

FK506 treatment attenuates the decreased protein expression 
of ZO‑1 in hypoxia‑induced mRMECs. ZO-1 is a protein asso-
ciated with tight junctions, which is involved in the epithelial 
function and barrier system. The results of the western blot 
analysis showed that the expression of ZO-1 was decreased 
in the mRMECs exposed to hypoxia. However, the protein 
expression levels of ZO‑1 in the 1 and 10 µM FK506 groups 
were increased significantly, with higher expression in the 
10 µM FK506 group (Fig. 3A and B).

The results of the immunofluorescence analysis were 
similar. Compared with the control group, the expression of 
ZO‑1 in the hypoxia group was lower. Following treatment with 
FK506 at a concentration of 10 µM, the protein expression of 
ZO-1 was elevated (Fig. 3C). These results showed that FK506 
suppressed the damage to tight junctions in hypoxia‑induced 
mRMECs.

FK506 treatment inhibits the increased mRNA expression of 
COX‑2, iNOS, MCP‑1 in hypoxia‑induced mRMECs. RT-qPCR 
analysis was performed to examine the mRNA expression levels 
of COX‑2, iNOS and MCP‑1 in the control, hypoxia and FK506 
groups. As shown in Fig. 4A‑C, hypoxia significantly increased 
the mRNA expression levels of COX‑2, iNOS and MCP‑1. No 
significant differences were found between the hypoxia group 
and the 0.1 µM FK506 group. However, compared with the 
hypoxia group, the mRNA expression levels were significantly 
decreased in the 1 and 10 µM FK506 group, and was more 
marked in the 10 µM group.

FK506 treatment inhibits the increased expression levels of 
IL‑6, ICAM‑1 and VCAM‑1 in hypoxia‑induced mRMECs. 
ELISA was performed to determine the concentrations of 
IL‑6, ICAM‑1 and VCAM‑1 in the supernatants. It was found 
that the concentrations of IL‑6, ICAM‑1 and VCAM‑1 in the 
hypoxia groups were significantly higher, compared with those 
in the control groups. The concentrations were decreased 
following treatment with FK506 (1 and 10 µM), which was 
more marked in the 10 µM group (Fig. 4D-F).

FK506 treatment attenuates the decreased expression 
of p‑NFATc1 and the increased expression of t‑NFATc1 



HU et al:  FK506 SUPPRESSES HYPOXIA‑INDUCED DAMAGE 6977

in hypoxia‑induced mRMECs. Western blot analysis was 
performed to examine the protein expression of NFATc1. As 
shown in Fig. 5, hypoxia significantly increased the protein 
expression of total (t-)NFATc1, whereas the expression of 
phosphorylated (p‑)NFATc1 was downregulated, compared 
with the control group. Following treatment with FK506 at 
concentrations of 1 and 10 µM, the expression of t‑NFATc1 was 
significantly decreased, whereas the expression of p‑NFATc1 
was significantly increased, compared with that in the hypoxia 
group. These changes in protein expression were more marked 
in the 10 µM group.

Discussion

RMECs, a specialized cell type of retinal vessels, are involved 
in the physiological and pathological processes of RNV. It has 
been reported that RMECs are sensitive to hypoxia and that 
the tight junctions of RMECs are destroyed following expo-
sure to hypoxia. Subsequently, neovascularization appears 
and several severe symptoms occur, including bleeding, 
exudation and edema. Angiogenesis is recognized as a crucial 
factor in RNV diseases, including DR and ROP, which lead to 
impaired vision. Anti‑VEGF is the most effective therapy at 
present. However, it has restrictions in clinical applications (3). 

Therefore, it is important and urgent to identify a more 
effective and economic therapy.

FK506 is a potent immunosuppressive agent with clinical 
applications, including transplantation, atopic dermatitis and 
rheumatoid arthritis (5-7). Investigations on inflammation have 
shown that FK506 can suppress T cell activation and inflamma-
tory cytokine expression, including IL‑2 (8). It can also effectively 
downregulate the nuclear factor‑κB pathway in various cell 
types (14-17). Studies on microangiopathy have suggested 
that FK506 can reduce the high glucose‑induced upregulated 
expression of VEGF in Müller cells (18). In addition, FK506 
can inhibit hyperplasia of the vascular wall in the injured arteria 
carotis communis (19). Evidence has indicated that FK506 can 
suppress the progress of microangiopathy (11,12), however, 
the precise effects of FK506 on RMECs remain to be fully 
elucidated. The results of the present study revealed for the first 
time, to the best of our knowledge, several important findings 
concerning the role of FK506 in suppressing hypoxia‑induced 
inflammation and damage to tight junctions in mRMECs.

Previous studies have shown that TEER values decrease 
and permeability increases following endothelial barrier injury 
by hypoxia. In the present study, it was found that TEER values 
were significantly increased and permeability values were 
significantly decreased following treatment with FK506 (1 and 

Figure 1. Effect of FK506 on changes of TEER in hypoxia‑induced mRMECs. Following culture under hypoxic conditions (93% N2, 5% CO2, 2% O2) at 
37˚C for 24 h, the mRMECs were treated with FK506 at concentrations of 0.1, 1 and 10 µM for (A) 24 h and (B) 48 h. The results are representative of three 
independent experiments and data are expressed as the mean ± standard error of the mean. #P<0.05, vs. Con; *P<0.05, **P<0.01 and ***P<0.001, vs. Hyp. TEER, 
trans-epithelial electrical resistance; mRMECs, mouse retinal microvascular endothelial cells; Con, control; Hyp, hypoxia.

Figure 2. Effect of FK506 on changes of cell permeability in hypoxia‑induced mRMECs. Following culture under hypoxia conditions (93% N2, 5% CO2, 2% O2) 
at 37˚C for 24 h, the mRMECs were treated with FK506 at concentrations of 0.1, 1 and 10 µM for (A) 24 h and (B) 48 h. Cell permeability was then measured 
with fluorescein isothiocyanate‑dextran. The results are representative of three independent experiments and data are expressed as the mean ± standard error 
of the mean. #P<0.05, vs. Con; *P<0.05 and ***P<0.001, vs. Hyp. mRMECs, mouse retinal microvascular endothelial cells; Con, control; Hyp, hypoxia.
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10 µM), with the dose of 10 µM being more effective. Therefore, 
it was confirmed that FK506 protected against damage to tight 
junctions in hypoxia‑induced mRMECs. In order to confirm 
this, western blot analysis and immunofluorescent staining 
were performed to measure the protein expression levels of 
ZO‑1. ZO‑1 is a type of cytoskeletal protein, which is involved 
in maintaining the stable structure of tight junctions. The 
present study found that the protein expression of ZO-1 was 
lower following exposure to hypoxia, however, it was expressed 
at high levels following treatment with FK506 (1 and 10 µM). 
Although 1 and 10 µM FK506 were effective, the protein level 
of ZO‑1 was higher in the 10 µM group. Consequently, these 
data suggested that FK506 inhibited hypoxia‑induced tight 
junction damage in the mRMECs.

Previous studies have shown that tight junctions in inflam-
mation are severely damaged. Corneal inflammation has been 
shown to downregulate tight junction expression and endo-
thelial cell integrity in a mouse model (20). Commonly used 
anti‑inflammatory treatment for patients with inflammatory 
disease reduces inflammation and maintains normal barrier 
integrity (21). To determine whether FK506 protects tight 
junctions in hypoxia‑induced mRMECs by suppressing inflam-
mation, the present study performed RT-qPCR analysis and 
ELISA to analyze the changes in the expression of of COX‑2, 
iNOS, MCP‑1, IL‑6, ICAM‑1 and VCAM‑1, all of which are 
known to be key factors responsible for hypoxia‑induced 
retinal inflammation and neovascularization. Following 
exposure to hypoxia, the concentrations of these cytokines 

Figure 3. Effect of FK506 on changes of the protein expression of ZO‑1 in hypoxia‑induced mRMECs. Following culture under hypoxia conditions (93% N2, 
5% CO2, 2% O2) at 37˚C for 24 h, the mRMECs were treated with FK506 at concentrations of 0.1, 1 and 10 µM for 24 h. (A) Protein expression levels of ZO‑1 
in each group were determined using western blot analysis. β‑actin was used as an internal standard. (B) Quantification of the expression levels of ZO‑1 against 
β‑actin in each group. (C) Protein expression of ZO‑1 was also detected using immunofluorescent microscopy (magnification, x40). mRMECs in the FK506 
group were treated at 10 µM, and all groups were stained with ZO‑1 (red) and DAPI (blue). The results are representative of three independent experiments 
and data are expressed as the mean ± standard error of the mean. #P<0.05, vs. Con; *P<0.05 and ***P<0.001, vs. Hyp. mRMECs, mouse retinal microvascular 
endothelial cells; ZO-1, zonula occludens-1; DAPI, 4', 6-diamidino-2-phenylindole; Con, control; Hyp, hypoxia.
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increased markedly. However, treatment with FK506 (1 and 
10 µM) significantly reduced the levels of all these cytokines. 

These findings indicated that FK506 protected tight junctions 
by suppressing hypoxia‑induced inflammation in mRMECs.

Figure 4. Effect of FK506 on changes of the expression levels of COX‑2, iNOS, MCP‑1, IL‑6, ICAM‑1 and VCAM‑1 in hypoxia‑induced mRMECs. Following 
culture under hypoxic conditions (93% N2, 5% CO2, 2% O2) at 37˚C for 24 h, the mRMECs were treated with FK506 at concentrations of 0.1, 1 and 10 µM for 
24 h. The mRNA levels of (A) COX‑2, (B) iNOS and (C) MCP‑1 were determined using reverse transcription‑quantitative polymerase chain reaction analysis 
against the control group. The expression levels of (D) IL‑6, (E) ICAM‑1 and (F) VCAM‑1 in supernatants were determined using an enzyme‑linked immu-
nosorbent assay. The results are representative of three independent experiments and data are expressed as the mean ± standard error of the mean. #P<0.05, 
vs. Con; *P<0.05, **P<0.01 and ***P<0.001, vs. Hyp. mRMECs, mouse retinal microvascular endothelial cells; COX‑2, cyclooxygenase‑2; iNOS, inducible nitric 
oxide synthase; MCP‑1, monocyte chemotactic protein‑1; IL‑6, interleukin‑6; ICAM‑1, intercellular cell adhesion molecule‑1; VCAM‑1, vascular cell adhesion 
molecule-1; Con, control; Hyp, hypoxia.

Figure 5. Effect of FK506 on changes of the expression of NFATc1 in hypoxia‑induced mRMECs. Following culture under hypoxic conditions (93% N2, 5% CO2, 
2% O2) at 37˚C for 24 h, the mRMECs were treated with FK506 at concentrations of 0.1, 1 and 10 µM for 24 h. (A) Protein expression levels of p‑NFATc1 
and t‑NFATc1 in each group were determined using western blot analysis. β‑actin was used as internal standard. (B) Quantification of the expression levels of 
p‑NFATc1 against β‑actin in each group. (C) Quantification of the expression levels of t‑NFATc1 against β‑actin in each group. The results are representative 
of three independent experiments and data are expressed as the mean ± standard error of the mean. #P<0.05, vs. Con; *P<0.05, **P<0.01 and ***P<0.001, vs. Hyp. 
mRMECs, mouse retinal microvascular endothelial cells; NFATc1, nuclear factor of activated T-cells 1; p-NFATc1, phosphorylated-NFATc1; t-NFATc1, total 
NFATc1; Con, control; Hyp, hypoxia.
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NFATc1 proteins are calcineurin-dependent, rapidly 
inducible transcription factors. Calcium mobilization and the 
activation of calcineurin leads to NFATc1 dephosphorylation, 
followed by its translocation into the nucleus where it acts as a 
transcription factor (22). NFATc1 proteins are present predomi-
nantly in lymphoid cells and are involved in different cellular 
functions, including the immune response, cell proliferation, 
and development and differentiation, in addition to pathological 
events, including cancer (23,24). In previous years, several 
studies have shown that the CaN‑NFATc1 signaling pathway 
not only regulates the growth of the cardiac system (25) and 
peripheral vasculature (26), but is also involved in the patholog-
ical neovascularization of proliferative vitreoretinopathy (27) 
and tumors (28). In 2013, Bretz et al demonstrated that VEGF 
induces NFATc1 to transfer into the nucleus in RMECs. 
Inhibitors of NFATc1 and CaN inhibited RMEC proliferation 
and vessel formation and, in a model of oxygen‑induced reti-
nopathy, the area of retinal neovasculature reduced following 
intravitreal injection of CaN-NFATc1 interaction inhibitor-6 
and FK506 (27). Therefore, the CaN‑NFATc1 signaling pathway 
is crucial in RNV. Based on these findings, the present study 
hypothesized that FK506 suppresses hypoxia‑induced inflam-
mation and protects tight junction function in mRMECs via 
the CaN‑NFATc1 signaling pathway. The results of the present 
study revealed that the levels of t-NFATc1 were increased in 
hypoxia, whereas the levels of p-NFATc1 were decreased. 
Following treatment with FK506, the levels of t‑NFATc1 were 
decreased and levels of p-NFATc1 were increased.

In conclusion, the results of the present study showed 
that FK506 suppressed hypoxia-induced inflammation 
and protected tight junction function via the CaN‑NFATc1 
signaling pathway in mRMECs. FK506 may be a potential 
effective therapy for hypoxia‑induced microangiopathy.
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