
ORIGINAL ARTICLE

Hyperosmotic stress induces ATP release and changes in P2X7
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Abstract Tear hyperosmolarity is a key event in dry eye. In
this work, we analyzed whether hyperosmolar challenge in-
duces ATP release on the ocular surface. Moreover, as extra-
cellular ATP can activate P2X7 receptor, the changes in P2X7
protein levels and its involvement in pathological process trig-
gered by hypertonic treatment were also examined. High-
performance liquid chromatography analysis revealed that
ATP levels significantly increased in human corneal and con-
junctival epithelial cells exposed to hyperosmotic challenge as
well as in dry eye patients as compared to control subjects. A
significant reduction in cell viability was detected after
hyperosmolar treatment, indicating that the rise in ATP release
was mainly due to cell lysis/death. Additionally, vesicular nu-
cleotide transporter was identified in both cell lines and their
protein expression was upregulated in hypertonic media.
P2X7 receptor truncated form together with the full-length
form was identified in both cell lines, and experiments using
specific antagonist and agonist for P2X7 indicated that this
receptor did not mediate cell death induced by hyperosmolar
stress. In conclusion, hyperosmotic stress induces ATP re-
lease. Extracellular ATP can activate P2X7 receptor leading
to cytotoxicity in many cells/tissues; however, this does not
occur in human corneal and conjunctival epithelial cells. In
these cells, the presence of P2X7 receptor truncated form to-
gether with the full-length form hinders a P2X7 apoptotic
behavior on the ocular surface.
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Introduction

Osmotic stress, triggered by increased extracellular osmolari-
ty, is a highly relevant challenge to normal cell function in a
variety of tissues, including the ocular surface epithelium.
Tear film hyperosmolarity occurs in dry eye disorders, and
this elevated tear osmolarity is considered as one of central
events in dry eye pathophysiology, triggering apoptosis of
corneal and conjunctival cells and inducing inflammatory
pathways that leads to further cell death [1]. Considering the
key involvement of hyperosmolarity in dry eye pathophysiol-
ogy, several in vitro dry eye models induced by hyperosmotic
challenge have been used to study dry eye [2–4].

ATP is the central energy carrier in cells; under homeo-
static conditions, extracellular ATP levels are low and are
acutely regulated by ectonucleotidases [5]. However, ele-
vated extracellular concentrations of ATP can be detected
when this nucleotide is released under stress conditions
such as hypoxic, inflammatory, mechanical, and osmotic
stress [6–11] via conductive and vesicular pathways as
well as from cells subjected to damage resulting in cell
death. Conductive mechanisms implicate diffusion
through volume-regulated ion channels or pore-forming
connexins/pannexins [12]. Exocytotic mechanisms in-
volve ATP storage and Ca2+-regulated exocytotic release
and SLC17A9 protein has been identified as a vesicular
nucleotide transporter (VNUT) that plays a key role in
ATP exocytosis [13]. VNUT expression has been detected
in different types of cells [13–19]; however, its presence
in corneal and conjunctival epithelial cells remains
elusive.

* Ana Guzman-Aranguez
aguzman@opt.ucm.es

1 Department of Biochemistry and Molecular Biology IV, Faculty of
Optics and Optometry, Universidad Complutense de Madrid, C/
Arcos de Jalón 118, 28037 Madrid, Spain

Purinergic Signalling (2017) 13:249–258
DOI 10.1007/s11302-017-9556-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s11302-017-9556-5&domain=pdf


After its release, extracellular ATP can act through various
membrane receptors belonging to purinergic receptor family.
One member of this receptor family is the P2X7 receptor, a
trimeric ATP-gated cation channel of homomeric subunits
[20]. Depending on the cell type and the presence of alterna-
tive P2X7 splice isoforms, P2X7 activation can induce cell
death or also promote cell proliferation via a number of dif-
ferent intracellular pathways [21].

On the ocular surface, a role of the P2X7 receptor in the
apoptotic and cytolytic effect induced by different ocular
stresses (such as preservative exposure) in conjunctival and
corneal cells has been suggested [22, 23]. On the other hand,
in the cornea, P2X7 has been shown to facilitate corneal
wound healing and epithelial migration [24] and regulate cor-
neal stroma organization by modulating collagen and proteo-
glycan expression [25, 26].

In this study, we have investigated the release of ATP
from human corneal and conjunctival epithelial cells sub-
jected to hyperosmotic challenge and the levels of ATP in
tears of control subjects and dry eye patients, as well as
the mechanism involved in ATP release. Additionally, we
have analyzed whether P2X7 receptor activation by re-
leased ATP could be involved in cell death process in-
duced by hyperosmolarity as well as the protein levels
of this receptor under these hyperosmotic conditions.

Materials and methods

Subjects

This study was performed according to the Declaration of
Helsinki. An informed consent was obtained from all partici-
pants and they were free to give up the session at any time.
TheMcMonnies test [27] was made to identify possible symp-
toms of ocular dryness.

Two groups of subjects were studied: the first group com-
prised 37 normal subjects who had no dry eye symptoms and a
Schirmer I test result ≥10 mm. The second group included 46
symptomatic subjects and was divided into two groups: symp-
tomatic subjects with normal tear secretion (n = 34) showing a
Schirmer I test result ≥10 mm and symptomatic subjects with
low tear secretion (n = 12), whose values of tear secretion
were ≤5 mm.

Tear collection

Tear secretion was assessed in all groups with the
Schirmer I test. The Schirmer strip was placed on the
temporal tarsal conjunctiva of the lower lid for 5 min with
the closed eyes. Secretion was measured without any type
of stimulation.

Cell culture and treatments

Telomerase-immortalized human corneal limbal epithelial
(HCLE) cells and human conjunctival epithelial cells
(HCjE) were previously established [28] and kindly sup-
plied by Dr. Ilene Gipson. Keratinocyte serum-free medi-
um (Invitrogen, Carlsbad, CA) supplemented with
0.2 ng/ml epidermal growth factor, 0.4 mM calcium chlo-
ride, 25 μg/ml bovine pituitary extract, and antibiotics
was used to cell growth. After reaching the confluence
and in order to induce stratification and differentiation,
this culture medium was substituted by DMEM/F12 me-
dium supplemented with 10 ng/ml epidermal growth fac-
tor and 10% calf serum and for 7 days [28].

Stratified cells growing on 24-well plates were incubated
with serum-free medium containing 0, 90, or 120 mM sodium
chloride (NaCl) (corresponding to osmolarities of 312, 500,
and 550 mOsm, respectively) for 24 h. Osmolarity values
were selected based on previous data that indicated that osmo-
larity in areas of breakup of the precorneal tear layer can reach
up to 560 mOsm [29].

For P2X7 inhibition assays, the antagonist A438079
(3-[[5-(2,3-dichlorophenyl)-1H-tetrazol-1-yl]methyl]pyri-
dine) (10 μM) was incubated together the hypertonic treat-
ment with NaCl. In the experiments with the selective P2X7
agonist BzATP 2′(3′)-O-(4-Benzoylbenzoyl)adenosine 5′-tri-
phosphate, the compound was added at 300 μM for 24 h.

ATP levels measurement for HPLC analysis

After the corresponding treatments, the conditioned media of
the stratified cells were collected and centrifuged, and the
supernatants were stored at −20 °C until its use. Supernants
were then heated in a 98 °C bath for 2 min and transferred to
ice 10 min, to precipitate the proteins. To pellet the proteins,
the tubes were centrifuged at 22,000×g for 10 min at 4 °C. For
tear samples, Schirmer strips were located in tubes containing
500 μl of ultrapure water, and vortexed for 5 min. The strips
were rinsed, and the liquid in the tubes was heated in a 100 °C
bath for 20 min to precipitate proteins and centrifuged for
30 min to pellet the proteins.

ATP concentrations were measured by HPLC. A C18

reverse-phase column, 250 mm length, and 4.6 mm diam-
eter (Hyperchrome, Scharlab, Madrid, Spain) and a mo-
bile phase composed of 10 mM KH2PO4, 2 mM
tetrabutylammonium, and 20% acetonitrile, pH 7.5, were
used. The flow rate was 2 ml/min and ATP was detected
at 260 nm wavelength.

MTTassay

HCLE and HCjE stratified cultures were grown on 24-
well plates and exposed to the different treatments for
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24 h. After exposure, MTT (3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) assay
was used to evaluate cellular viability as previously re-
ported [30]. The mean absorbance values of non-treated
cells were considered as 100%, and results were
expressed as a percentage of cell viability compared to
non-treated (control) cells. Experiments were conducted
in triplicate.

Western blot analysis

RIPA buffer (150 mM NaCl, 25 mM Tris HCL pH 7.6,
0.1% SDS, 1% sodium deoxycholate, 1% Nonidet P-40)
supplemented with Protease Inhibitor Cocktail Kit
(Thermo Scientific, Rockford, IL, USA) was used to
total cellular protein extraction. PIERCE BCA Protein

Assay kit (Thermo Scientific) was used to determine
protein concentration and samples were separated by
electrophoresis SDS-PAGE and transferred to nitrocellu-
lose membranes. Membranes were blocked with 5%
non-dry fat milk and then incubated with antibodies
against P2X7 (1:200, Alomone Labs, Jerusalem, Israel)
or VNUT (1:500, Milipore, CA, USA). Binding of
GAPDH antibody (1:000, Santa Cruz Biotechnology,
CA, USA) worked as a loading control. After incuba-
tion with secondary antibodies (Jackson Immunore-
search, PA, USA), signals were detected with an ECL
detection reagent (Amersham, Buckinghamshire, UK).
Densi tometr ic analysis was done using Kodak
Molecular Imaging software (Kodak, Rochester, NY,
USA). Data shown are representative of three indepen-
dent experiments.

Fig. 1 Effect of hyperosmotic
stress on ATP release by stratified
human corneal and conjunctival
epithelial cells. Supernants of
stratified human corneal epithelial
cells (a) or conjunctival cells (b)
treated with 90 and 120 mM
NaCl-added media as well as the
corresponding control cells
without treatment were collected
and the concentrations of ATP
were measured by HPLC
analysis. HPLC elution profiles
representative of ATP release for
both types of cells are displayed
in left panels, and quantification
of the chromatograms is shown in
right panels. Data are expressed
as the mean ± standard deviation
(n = 3). *** p < 0.001 vs control
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Statistical analysis

Statistical comparisons of treated and non-treated control cells
were performed using the one-wayANOVA analysis followed

by the Dunnet test using InStat3 software (GraphPad
Software, La Jolla, CA, USA). Data of control subjects and
dry eye patients were analyzed with Student’s t test.
Differences were considered significant when p values <0.05.

Fig. 2 Concentration of ATP in
tears of normal and dry eye
subjects. Individuals with no
symptoms and normal tear
secretion (control subjects) were
compared with symptomatic
patients with low or normal tear
secretion. Representative HPLC
profiles of ATP (upper panel) and
quantification of ATP levels
(lower panel) are shown. Data
from both eyes were pooled and
are expressed as the
mean ± standard deviation. ***
p < 0.001 vs control
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Results

ATP release

The samples of supernatants of stratified culture cells were
collected after hyperosmotic challenge and the ATP levels
analyzed by HPLC (Fig. 1). An increase in ATP concentration
after hypertonic treatment as compared to untreated cells was
detected in both cell lines. In particular, human corneal epi-
thelial cells presented ATP levels of 1.06 ± 0.23 nM (Fig. 1a).
After hypertonic treatment, the ATP levels were significantly
increased to 4.25 ± 0.25 nM (p < 0.001) for treatment with
90 mM NaCl and 7.23 ± 0.19 (p < 0.001) nM for treatment
with 120 mM NaCl. In human conjunctival epithelial cells
(Fig. 1b), the ATP levels significantly increased (p < 0.001)
from 1.82 ± 0.02 nM in control media to 8.09 ± 0.07 nM in
90 mM NaCl-added media and 9.42 ± 0.15 nM in 120 mM
NaCl-added media.

In addition, the concentration of ATP in tears from dry
eye patients with normal and low secretion was also ex-
amined (Fig. 2). A 8.65- and a 4.56-fold increase in ATP
levels for dry eye patients with low and normal tear se-
cretion, respectively, was detected as compared to control
subjects.

Mechanisms of ATP release

The presence of VNUT was evaluated by western blot
analysis (Fig. 3). The protein expression of VNUT was
identified under control conditions in both cell lines and
hyperosmotic treatment induced a significant increase in
VNUT protein levels. Human corneal (Fig. 3a) and con-
junctival (Fig. 3b) epithelial cells treated with 90 mM
NaCl showed a 2.9- and a 3.2-fold increase, respectively,
in VNUT protein levels over the control (p < 0.01). When
cells were exposed to 120 mM NaCl, the increase was
around double for both types of cells.

On the other hand, hyperosmolarity could induce physical
cell damage or cell death leading to ATP release. As shown
in Fig. 4a, in human corneal epithelial cells, exposure to
90 mM NaCl-added media only decreased cell viability to
89% of the control value whereas treatment with 120 mM
NaCl-added media induced a significant reduction of cell
viability to 58% of the control value (p < 0.01), indicating
that cytotoxic effects were concentration-dependent. Human
conjunctival cells seem to be more sensitive than human
corneal cells to hyperosmolarity since a higher decrease in
cell viability was detected. Thus, cell viability values were
significantly reduced to 24% (p < 0.001) for 90 mM NaCl
treatment and 120 mM NaCl treatment displayed a signifi-
cantly more deleterious effect on cell viability, decreasing to
5.5% (Fig. 4b).

Study of P2X7 influence on cell viability

ATP released from damaged or dead cells could act in a
paracrine manner, influencing surrounding cells. In partic-
ular, stimulation of P2X7 by extracellular/released ATP
could contribute to cell death detected after exposure to
hyperosmolarity conditions. To analyze this point, the
highly selective P2X7 antagonist A438079 was used
(Fig. 5). In human corneal epithelial cells, treatment with

Fig. 3 VNUTexpression in control cells and cells exposed to hypertonic
treatment. Stratified human corneal epithelial cells (a) and stratified
human conjunctival epithelial cells (b) were exposed to 90 and 120 mM
NaCl-added media for 24 h. Cell lysates were successively
immunoblotted with anti-VNUT and anti-GAPDH receptor to verify
equal loading. The histograms represent the levels VNUT. Data
(mean ± standard deviation; n = 3) are represented in arbitrary units
(a.u.) and normalized to the intensity of the band corresponding to
control cells. * p < 0.05, ** p < 0.01 vs control
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the antagonist did not abrogate the cytotoxic effect trig-
gered by hyperosmotic challenge (Fig. 5a). Thus, cell vi-
ability levels were around 86% for exposure to 90 mM
NaCl-added media in the presence of the antagonist and
56% when 120 mM NaCl and the antagonist were added,
values similar to that found in the absence of A438079
antagonist (Fig. 4a).

Likewise, in human conjunctival epithelial cells, the
antagonist did not reverse the cell death induced by
90 mM NaCl and 120 mM NaCl treatment (Fig. 5b).
Moreover, treatment with the selective P2X7 agonist
BzATP for 24 h did not modify cell viability in human
corneal (Fig. 5a) or conjunctival epithelial cells (Fig. 5b),
indicating that P2X7 on the ocular surface did not work as
a cell death receptor.

Changes in P2X7 receptor levels with the hyperosmotic
treatment

Western blot assays (Fig. 6) showed that both stratified
human corneal and conjunctival epithelial cells expressed

Fig. 5 Studies with the P2X7 receptor antagonist A438079 and the
agonist BzATP on the effects of hyperosmotic exposure on cell
viability. Stratified human corneal epithelial cells (a) and stratified
human conjunctival epithelial cells (b) were incubated with 90 and
120 mM NaCl-added media for 24 h in the presence of the P2X7
receptor antagonist A438079 or treated with the P2X7 agonist BzATP.
Cell viability was determined with MTT assay and data were normalized
to the control value (100%) and expressed as the mean ± standard
deviation (n = 3). ** p < 0.01 vs control, *** p < 0.001 vs control

Fig. 4 Effects of hyperosmotic exposure on cell viability. Stratified
human corneal epithelial cells (a) and stratified human conjunctival
epithelial cells (b) were exposed to 90 and 120 mM NaCl-added media
for 24 h. Cell viability was determined with MTT assay and data were
normalized to the control value (100%) and expressed as the
mean ± standard deviation (n = 3). ** p < 0.01 vs control, ***
p < 0.001 vs control
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a full-length P2X7 receptor form of 75 kDa (Fig. 6a, b).
Moreover, a truncated form (45–42 kDa), previously iden-
tified as the P2X7j variant [31, 32], was also detected in
addi t ion to a 75 kDa form, in both cel l l ines .
Densitometric analysis revealed significant higher levels
of truncated form (45–42 kDa) as compared to 75-kDa
form in both cell lines (Fig. 6a; p < 0.01 and Fig. 6b;
p < 0.001).

Moreover, there were noteworthy changes in the pro-
tein levels of both forms after hyperosmotic treatment
with NaCl (Fig. 6a, b). Thus, in human corneal epithelial
cells, the 75-kDa form significantly decreased around
38% after 90 mM NaCl treatment as compared to control
and 44% of reduction was determined when human cor-
neal epithelial cells were incubated with 120 mM NaCl-
added media (Fig. 6a) (p < 0.05). A similar behavior was
observed in human conjunctival epithelial cells and a
marked decrease of 63.5% (p < 0.001) was found for

the 75-kDa form protein levels after 120 mM NaCl treat-
ment as compared to control (Fig. 6b). In contrast, there
was a significant increased trend in the protein expression
of P2X7j variant after hypertonic challenge in both cell
lines (Fig. 6a; p < 0.05 and Fig.6b; p < 0.01).

Discussion

Hyperosmolarity is considered as a key event in dry eye path-
ophysiology. In in vitro experiments, hyperosmotic exposure
led to increased ATP release. Consistent with the in vitro re-
sults, dry eye patients exhibited higher levels of ATP as com-
pared to control subjects.

In good agreement with previous reports [4], the hy-
pertonic treatment caused a significant reduction in cell
viability in both cell lines. Considering the effect that
hyperosmotic stress induced on cell viability, the

Fig. 6 Effects of hyperosmotic
exposure on P2X7 protein
receptor levels. Stratified human
corneal epithelial cells (a) and
stratified human conjunctival
epithelial cells (b) were treated
with 90 and 120 mM NaCl-added
media for 24 h. Cell lysates were
successively immunoblotted with
anti-P2X7 and anti-GAPDH
receptor to confirm identical
loading. The histograms indicate
the levels of full-length and
truncated form of P2X7 receptor.
Data (mean ± standard deviation;
n = 3) are given in arbitrary units
(a.u.) and normalized to the
intensity of the band
corresponding to the full-length
form (75 kDa band) in control
cells. * p < 0.05, ** p < 0.01 and
*** p < 0.001 vs control (75 kDa
band). $p < 0.05, $$ p < 0.01 vs
control (45–42 kDa band)
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increased ATP concentration found in in vitro assays as
well as in tears of dry eye patients could be originated by
cell rupture.

Moreover, VNUTwas for the first time detected in control
human corneal and conjunctival epithelial cells and their pro-
tein levels were increased with the hypertonic treatment, sug-
gesting that vesicle transport could be also involved in ATP
release on the ocular surface, particularly in the cases in which
does not exist a marked cell death such as basal conditions as
well as in human corneal epithelial cells treated with 90 mM
NaCl.

On the other hand, it has been proposed that mechanical
shear stress on the corneal epithelium also promotes ATP re-
lease [11]. Corneal and conjunctival epithelia are subjected to
shear force produced by the upper eyelid during blinking, and
higher levels of ATP have been detected concomitantly with
an increase in blinking frequency [33]. Taking into account
that augmented blinking frequency is a typical sign of eye
dryness, which occurs to compensate tear instability [34],
ATP released as a consequence of increased blinking could
also contribute to the higher levels of this nucleotide detected
in dry eye patients.

The released ATP acting in a paracrine way could then
stimulate purinergic receptors such as P2X7 receptor, which
has been considered by some authors as a cell death receptor
on the ocular surface [22, 23].

Although the levels of extracellular ATP detected in in vitro
assays using our experimental method were lower than the
concentration usually needed to activate P2X7, the activation
of P2X7 by nanomolar levels of ATP in epithelial cells has
been reported [35]. In addition, it has been previously sug-
gested that under these experimental conditions, the ATP re-
leased from cells is diluted in the culture medium and it can be
rapidly metabolized by ectonucleotidases; however, the con-
centration of ATP on cell surface might be high enough to
induce P2X7 receptor activation [36].

To evaluate whether P2X7 receptor activation by ATP
could also participate in the process of cell death induced
by hyperosmotic stress, the P2X7 antagonist A438079
was used. This P2X7 antagonist did not reverse the drastic
decrease of cell viability caused by the hyperosmotic
treatment. Furthermore, stimulation with the P2X7 recep-
tor agonist, BzATP, at a concentration enough to activate
P2X7 receptor, did not trigger significant changes in cell
viability. These results suggest that P2X7 receptor does
not seem to be involved in cell death processes on the
ocular surface and show the functional diversity that this
receptor presents in the eye.

One explanation to justify this functional diversity is
the presence of different receptor isoforms in different
ocular structures. In fact, we detected through western
blot not only the full-length form of 75 kDa but also a
truncated variant of the receptor (45–42 kDa). The

presence of this variant has been previously suggested
in corneal epithelium [32], but this is the first time that
it has been identified in conjunctival epithelium. This
truncated variant seems to be the P2X7j form, which
lacks the intracellular carboxyl terminus, the second
transmembrane domain, and the distal third of the extra-
cellular loop of the full-length P2X7 receptor [31].
Functional P2X7 receptor functions as a homotrimers
[20]. It has been demonstrated that oligomerization of
the P2X7j form with the full-length P2X7 form generate
non-functional complexes that did not exhibit canonical
properties of P2X7 receptor such as pore formation and
apoptosis induction [31, 37].

Thus, in the corneal and conjunctival epithelium where
the levels of truncated variant are higher than the full-
length form, levels could predominate heterotrimeric
complex formation with non-canonical act ivi ty.
Moreover, cells exposed to hypertonic treatment
displayed a significant decreased expression of full-
length P2X7 receptor as compared to control whereas
truncated variant was upregulated. Therefore, in cells ex-
pressing both P2X7 receptor forms, higher expression of
P2X7j form and/or reduced expression of the full-length
P2X7 receptor form would favor hetero-oligomerization
of P2X7j with the full-length P2X7 resulting in inactive
complexes, inability to induce apoptosis, and protecting
cells from cell death.

In summary, hyperosmotic challenge induced ATP re-
lease in in vitro assays and higher levels of ATP were
also detected in dry eye patients as compared to normal
subjects. Cell death induced by hypertonic treatment
seems to be the main mechanism responsible for ATP
release, although vesicular release mediated by VNUT
could also contribute to this process. P2X7 receptor acti-
vation by the released ATP does not participate in the
decrease in cell viability triggered by hyperosmotic
shock. This finding highlights the functional variety of
this receptor in the eye and point to the development of
alternative studies to know exactly the biological process-
es that can trigger the activation of the purinergic recep-
tor P2X7 by released ATP. On the other hand, released
ATP could activate not only the P2X7 receptor but also
other purinergic receptors located on the corneal-
conjunctival epithelium; therefore, future studies analyz-
ing whether the activation of these other receptors could
have influence on the pathological processes associated
to dry eye could be interesting.
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