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ARTICLE INFO ABSTRACT

Keywords: Purpose: The activation of ROS-NLRP3-IL-1p signaling axis induced by hyperosmotic stress (HS) has been re-
Calcitriol cognized as a key priming stage of epithelial inflammation in dry eye pathogenesis. The current study aims to
Dry eye investigate whether calcitriol, the active metabolite of vitamin D3, could protect cells against HS-induced in-
Inflammasomes flammation through modulating this critical step.

EIEIS:'ZNLRP:"'IL'H} Methods: Human corneal epithelial cells (iHCECs) were cultured in hyperosmotic medium (450 mOsM) with

various concentrations of calcitriol. Small interfering RNA (siRNA) was used to knock down the expression of
vitamin D receptor (VDR) in iHCECs. NLRP3 activation and IL-1 generation were detected by RT-qPCR or
ELISA, respectively. Oxidative stress markers including ROS and 8-OHdG were examined by fluorometric ana-
lysis. The nuclear translocation of NRF2 was assessed by western blotting.

Results: Calcitriol could protect cells against HS-induced injury through inhibiting ROS-NLRP3-IL-1(3 signaling
axis. Calcitriol remarkably suppressed the expression of NLRP3 inflammasome related genes and the production
of IL-1p in cells that were exposed to HS. It could also significantly attenuate HS-induced oxidative stress, shown
as the reduced intracellular ROS generation and 8-OHdG staining cells after calcitriol treatment. Calcitriol in-
duced the translocation of NRF2 to the nucleus, and thereby triggered the expression of several antioxidant
enzymes.

Conclusion: The current study indicated that calcitriol could inhibit the priming stage of HS-induced cellular
inflammation, highlighting its potential capacity to prevent and mitigate dry eye related corneal inflammation at
an earlier stage.

1. Introduction

Dry eye (DE) is a common ocular surface problem, affecting 5-35%
of the general population [1-4]. Although the pathogenesis of DE is not
fully elucidated, ocular surface inflammation triggered by increased
tear osmolarity has been recognized as a hallmark of this disease [5].
Reactive oxygen species (ROS) generated in response to hyperosmotic
stress (HS) not only initiates oxidative stress in the ocular surface, but
also triggers an inflammatory cascade involving nuclear factor kappa B
(NF-kB) and mitogen-activated protein kinase (MAPK) pathways that
produce various pro-inflammatory cytokines and chemokines [6].

Inflammasomes are molecular platforms assembled by nod-like re-
ceptors (NLRs) following various stimuli, including ROS, cellular stress,

pathogen-associated molecular patterns (PAMPs), or danger-associated
molecular patterns (DAMPs). Among them, the NLRP3 inflammasome is
the well studied, which promotes the maturation of IL-1f3 [7]. Recently,
an increasing body of evidences suggested that it was actively involved
in DE pathogenesis. For instance, up-regulation of NLRP3 inflamma-
some was observed in the tears and ocular surface of DE patients [8].
ROS generated by HS could activate the NLRP3 inflammasome in a
murine DE model [9]. Further in vitro study demonstrated that ROS-
induced NLRP3 activation resulted in increased IL-1[ secretion through
caspase-1 activation, highlighting the priming role of the ROS-NLRP3-
IL-1P signaling axis during DE progression [10,11]. Therefore, ther-
apeutics that targeting this important initiation step might benefit in
efficiently controlling the ocular surface inflammation in DE.
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Calcitriol, the active metabolite of vitamin D3, is well recognized for
its immune-modulatory effects in the ocular surface [12]. It was ob-
served that calcitriol exhibited anti-inflammatory effects in human
corneal epithelial cells exposed to Toll-like receptor (TLR) activa-
tion [13] or Pseudomonas aeruginosa infection [14]. Topical adminis-
tration of calcitriol could substantially dampen the production of TNF-a
and IL-1a in Pseudomonas aeruginosa-infected mice [15]. Our previous
study has also demonstrated the anti-inflammatory effects of calcitriol
in DE both in vivo and in vitro, probably through its attenuation of NF-
kB activation [16]. Interestingly, it was observed that calcitriol reduced
IL-1j3 release by dsDNA-transfected keratinocytes that stimulated with
IFN-y and IL-17A, as well as in psoriatic skin [17], and it was also able
to attenuate inflammasome supernatant induced cytokine expression by
CD4™" T cells in multiple sclerosis [18]. However, the effect of calcitriol
on NLRP3 inflammasome activation in DE has not been investigated
yet. Thus, the current study was designed to investigate the role of
calcitriol in HS-induced NLRP3 inflammasome activation and the po-
tential mechanisms.

2. Materials and methods
2.1. Reagents

Calcitriol, N-acetylcysteine (NAC) and glyburide were bought from
Sigma-Aldrich (St. Louis, MO). Z-YVAD-FMK was obtained from Enzo
Life Sciences (Farmingdale, NY). All reagents were dissolved in 100%
molecular grade ethanol or DMSO, and then diluted with fresh DMEM/
F12 medium. The final concentration of vehicle was less than 0.1% for
cell experiments. The untreated cells were cultured in medium with
0.1% vehicle as a control.

2.2. Cell culture and treatment

The immortalized human corneal epithelial cell (iHCEC) line and
primary human corneal epithelial cells (priHCEC) were cultured as
previously described [16,19]. For HS exposure, cells cultured in iso-
smotic (312 mOsM) were switched to hyperosmotic medium at 350
mOsM, 400 mOsM, and 450 mOsM, respectively. Cell cultured in 450
mOsM medium were simultaneously treated with or without calcitriol.
NAC (30 mM), glyburide (100 uM), or YVAD (100 uM)) were applied
30 min prior to and throughout the incubation. The whole research
procedures were approved by the Ethics Committee of EENT Hospital of
Fudan University and was performed following the declaration of
Helsinki.

2.3. RNA silencing

Cells were transfected with a negative control siRNA, VDR siRNA, or
NRF2 siRNA by a customized siRNA reagent system (Guangzhou
RiboBio, China) following the manufacturer's instructions. Cells were
harvested at 48 h for mRNA or protein expression analyses to evaluate
the silencing efficiency, or they were incubated with their respective
treatments. The primer sequences used in this study were shown in
Table S1.

2.4. Measurement of ROS

ROS generation was detected using the CM-H,DCFDA probe
(Molecular Probes, Invitrogen) following kit instructions. Briefly, cells
were seeded in a 96-well plate at a density of 2 x 10* cells/well and
cultured with their respective treatments for 24 h. After incubation with
10 uM CM-H,DCFDA dye for 30 min at 37 °C, cells were washed twice
with PBS and the fluorescence was quantified using a fluorescence
microplate reader (Molecular Devices, Sunnyvale, CA) or fluorescence
microscope (Leica Microsystems, Wetzlar, Germany).
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2.5. 8-OHdG immunofluorescence staining

After fixed with 4% PFA for 15 min, cells were permeabilized with
0.3% Triton X-100 at room temperature for 15 min and blocked with
3% donkey serum. Then cells were incubated with anti-8-OHdG anti-
body (Santa Cruz, USA) at 4 °C overnight. After washed with PBS for
three times, cells were incubated with Alexa-Fluor 488 conjugated
secondary antibody for 1h and stained with DAPI for 10 min. The
stained slides were monitored with a confocal microscope (Leica
Microsystems, Wetzlar, Germany).

2.6. Measurement of enzymatic activity

To determine the activity of SOD, catalase, and glutathione re-
ductase (GR), commercial assay kits obtained from Beyotime
Biotechnology (S0101, S0051, and S0055) were used as per the man-
ufacturer's instructions. The protein concentration was measured with a
Bradford protein assay kit (Beyotime, China).

2.7. Bioactive IL-18 ELISA

The level of bioactive IL-1p in cell cultures was detected by human
IL-1B Quantikine ELISA kit (R&D, Minneapolis, MN) following the
protocol. Absorbance was examined at a wavelength of 450 nm by
VERSAmax microplate reader (with a reference wavelength of 570 nm).

2.8. Western blotting

The NE-PER™ Nuclear and Cytoplasmic Extraction Reagents kit
(ThermoFisher, USA) was utilized to extract nuclear and cytosolic
protein fractions. Western blotting was conducted as previously de-
scribed [16], with the following antibodies, anti-Nrf2 antibody (abcam
ab137550), anti-phosphate JNK antibody (CST#4668), anti-rabbit IgG,
HRP-linked Antibody (CST#7074).

2.9. Statistical analyses

All data were analyzed by one-way ANOVA or two-tailed Student's t-
test, shown as the mean + SD. P values less than 0.05 were considered
statistically significant in this study.

3. Results
3.1. The protective effect of calcitriol on HS-induced cytotoxicity

Previously, we examined the cytotoxicity of calcitriol and found its
noncytotoxic concentrations ranged from 1071° to 107 M [16]. To
further investigate the protective role of calcitriol on HS-induced cy-
totoxicity, iHCECs were cultured in hyperosmotic medium for 24 h and
then subjected to a CCK8 assay. It was shown that HS reduced cell
viability to 58.5% at 450 mOsM (P = 3.41E-05), while treatment with
10~ %M calcitriol could significantly protect iHCECs against HS-induced
cytotoxicity (P = 0.02710, Fig. 1a). A consistent protective effect of
calcitriol on priHCECs was shown in Fig. 1b.

3.2. Calcitriol suppressed HS-induced NLRP3 activation

Hyperosmotic medium with 450 mOsM was applied to stimulate
cells in the following experiments. It was shown that the expression
levels of NLRP3, CASP1, IL1B and IL18 were significantly raised under
HS, while such increments were remarkably inhibited by calcitriol
(Fig. 1c). We also observed boosted production of IL-1 under HS,
whilst the level of IL-1p was significantly reduced to 51.0% when cells
were simultaneously treated with calcitriol (P = 0.02872, Fig. 1d).
Consistently, a reduction of 34% of IL-13 production was found in
priHCECs that treated with calcitriol (P = 0.01894, Fig. 1e).
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Fig. 1. Calcitriol protected human corneal epithelial cells against hyperosmotic stress-induced cytotoxicity and subsequent NLRP3 activation. (a,b) Cell viability of
iHCECs or priHCECs treated with hyperosmotic medium (350, 400 or 450 mOsM) or co-treated with calcitriol (10~° M) for 24 h. (¢) Calcitriol (10~° M) inhibited
NLRP3 related gene expression in iHCECs that exposed to 450mOsM hyperosmotic stress. (d,e) Calcitriol treatment (10 ~° M) suppressed IL-1p production by iHCECs
or priHCECs in response to 450 mOsM hyperosmotic stress. (f) The synergetic effects of NLRP3 antagonist glyburide (100 uM) or the caspase-1 specific inhibitor
YVAD (100 uM) with a physiologic concentration of calcitriol (10~° M) on suppressing IL-1 production by iHCECs in response to 450mOsM hyperosmotic stress.
Data are shown as mean + SD from four separate experiments. *P < 0.05, **P < 0.01, *P < 0.001, as compared with 450 mOsM.
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Fig. 2. Calcitriol alleviated hyperosmotic stress-induced
cytotoxicity and IL-1f secretion through VDR activation.
(a) VDR gene expression and (b) protein expression in
negative control (nc) siRNA treated- and VDR siRNA
treated group. (c¢) The suppressive effect of calcitriol
treatment (10~° M) on IL-1B production by iHCECs in
response to hyperosmotic stress was almost abolished by
VDR siRNA. (d) The effect of VDR silencing on cell sur-
vival rate in response to hyperosmotic stress, examined by
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To further validate the role of NLRP3 inflammasome during HS-
induced cellular responses, cells were co-cultured with the NLRP3 an-
tagonist glyburide or the caspase-1 specific inhibitor YVAD. It was
shown that IL-1B production decreased by 44.8% and 42.8% when
glyburide or YVAD was applied, respectively. Interestingly, synergetic
treatment with a physiologic concentration of calcitriol (10 ~° M) could

significantly enhance their suppressive effects on IL-1( production
(Fig. 1f, P < 0.05).

Transfection with VDR siRNA led to a remarkable decline of ~70%
of VDR mRNA expression and ~60% of VDR protein expression
(Fig. 2a,b). Consequently, VDR silencing almost abolished the sup-
pressive effect of calcitriol on HS-induced IL-1f3 generation, and also
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Fig. 3. Calcitriol attenuated hyperosmotic stress-induced oxidative stress in iHCECs. (a, b) ROS generation detected by CM-H,DCFDA probe in cells treated with
calcitriol (10~° M) or antioxidant NAC (30 mM) for 24 h. (¢, d) Immunofluorescent staining of 8-OHdG positive cells under hyperosmotic stress or co-treated with
calcitriol (107 M). Images were taken at 200 X magnification. *P < 0.05, **P < 0.01; (mean + SD, n = 4).

impeded its protection on cell survival (Fig. 2c,d). Collectively, the
results indicated that calcitriol could prevent HS-induced cytotoxicity
and subsequent NLRP3 inflammasome activation through VDR activa-
tion.

3.3. Calcitriol attenuated HS-induced cellular oxidative stress through
activation of the Nrf2-antioxidant signaling

HS-induced oxidative stress, in particular ROS generation, has been
considered as a critical trigger to initiate NLRP3 inflammasome acti-
vation. It was observed that cells exposed to HS for 24 h presented
around 3-fold increment of intracellular ROS level, while treatment
with 10~ % M calcitriol sufficiently prevented ROS elevation. The ROS
scavenging effect of calcitriol at 10°® M was comparable to NAC
treatment, a well-recognized antioxidant (Fig. 3a,b). In addition, an
approximate 6.2-fold elevation of 8-OHdG, another biomarker for

oxidative stress, was observed in iHCECs exposure to HS, while such
increment was remarkably suppressed by calcitriol (P < 0.05,
Fig. 3c,d).

NRF2 is recognized to regulate the expression of antioxidant genes
that protect against oxidative damage triggered by injury or in-
flammation. The results revealed that calcitriol treatment markedly
increased the level of NRF2 protein in the nucleus (P < 0.05, Fig. 4a).
In turn, the suppressive effect of calcitriol on IL-1B production was
substantially impeded by NRF2 silencing (Fig. 4c). The translocation of
activated NRF2 from cytosol into nucleus induced the transcription of
many NRF2-regulated antioxidant enzymes. Consistently, the activities
of SOD, catalase, and GR were significantly increased by calcitriol
treatment (Fig. 4d-f).
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Fig. 4. Calcitriol induced the activation of Nrf2-antioxidant signaling in iHCECs under hyperosmotic stress. (a) The cytoplasm and nucleus levels of NRF2 protein in
iHCECs under hyperosmotic stress or co-treated with calcitriol (10~% M). (b) NRF2 gene expression in negative control (nc) siRNA treated- and NRF2 siRNA treated
group. (c) The suppressive effect of calcitriol treatment on IL-1 production was significantly impeded by NRF2 silencing. (d-f) Enzymatic activities of SOD, catalase,
and glutathione reductase (GR) were significantly increased by calcitriol treatment. *P < 0.05; (mean = SD, n = 4).

4. Discussion

Here we demonstrated that calcitriol could protect cells against HS-
induced cytotoxicity through inhibiting the ROS-NLRP3-IL-1f signaling
axis. Calcitriol treatment remarkably suppressed the expression of
several inflammasome related genes and IL-1f production in response
to HS. Further investigation showed that this protective effect of cal-
citriol was associated with the activation of the NRF2-antioxidant sig-
naling. Calcitriol could induce the translocation of NRF2 to the nucleus,
and therefore enhance the activities of several antioxidant enzymes.
The current study indicated that calcitriol might inhibit the priming
stage of HS-induced cellular inflammation, highlighting its potential
capacity to prevent and mitigate dry eye related corneal inflammation
at an earlier stage.

It has been previously demonstrated that the ROS-NLRP3-IL-1f
signaling axis has a priming role in dry eye related inflammation. In
vitro exposure to a hyperosmotic challenge could quickly induce HCECs
to generate ROS within 15 min, and the subsequent NLRP3 activation
leads to rises in pro-IL13 mRNA and protein expression [9]. In this
study, pretreatment with glyburide or YVAD blocked the increased IL-
1B generation in response to HS, supporting the attribution of ROS-
NLRP3-IL-1f3 signaling axis in the inflammatory component of dry eye.

NFR2 is a major cellular defense mechanism against oxidative
stress. Upon extracellular stimulation, the nucleus translocation of
NRF2 induces the transcription of several antioxidant genes. Here we
demonstrated that calcitriol remarkably promoted NRF2 translocation
to the nucleus and then upregulated several antioxidant enzymes. These
finding suggested that calcitriol might extinguish HS-induced oxidative
stress and subsequent NLRP3 activation via activation of Nrf2-anti-
oxidant signaling.

Interestingly, there are some discrepancies existed with regard to
the effect of calcitriol on NLRP3 inflammasome activation. Although
calcitriol was proved to show inhibitory effects in autoimmunity related
scenarios [17,18], it was found to enhance IL-1(3 secretion during
bacteria derived stimulation [20,21] Similarly, calcitriol was shown to
both facilitate and attenuate the production of IL-6, IL-8, IL-1 and
TNFa in response to LPS stimulation in various cell types [22,23].
Therefore, we proposed that the paradox of calcitriol might due to its
multifunctional effects on both infection and chronic inflammation, and
the impact of calcitriol on cytokine production by innate immune cells
relies heavily on the cell that is producing the cytokine and the sti-
mulus. It is also possible that several other signaling pathways may be
involved in this process [24]. For example, the activation of JNK1/2
induced by HS was also remarkably attenuated by calcitriol (Fig. S1).

In conclusion, we showed here for the first time that calcitriol in-
hibited ROS-NLRP3-IL-1j signaling axis via activation of Nrf2-anti-
oxidant signaling in HS stimulated human corneal epithelial cells. This
study suggested that calcitriol had the capacity to control DE related
inflammation at the initiation step, and thereby calcitriol might be a
promising therapeutic agent to treat DE.
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