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A B S T R A C T   

Extracellular nucleotides and nucleosides activate signaling pathways that play major roles in the physiology and 
pathophysiology of the gastrointestinal tract. Ectonucleotidases hydrolyze extracellular nucleotides and thus 
regulate ligand exposure to purinergic receptors. In this study, we investigated the expression, localization and 
activities of ectonucleotidases using Caco-2 cells, a model of human intestinal epithelial cells. In addition, by 
studying ATP release and the rates of extracellular ATP (eATP) hydrolysis, we analyzed the contribution of these 
processes to the regulation of eATP in these cells. Results show that Caco-2 cells regulate the metabolism of eATP 
and by-products by ecto-nucleoside triphosphate diphosphohydrolase-1 and -2, a neutral ecto-phosphatase and 
ecto-5′-nucleotidase. All these ectoenzymes were kinetically characterized using intact cells, and their presence 
confirmed by denatured and native gels, western blot and cytoimmunofluorescence techniques. 

In addition, regulation of eATP was studied by monitoring the dynamic balance between intracellular ATP 
release and ectoATPase activity. Following mechanical and hypotonic stimuli, Caco-2 cells triggered a strong but 
transient release of intracellular ATP, with almost no energy cost, leading to a steep increase of eATP concen
tration, which was later reduced by ectoATPase activity. A data-driven algorithm allowed quantifying and 
predicting the rates of ATP release and ATP consumption contributing to the dynamic accumulation of ATP at the 
cell surface.   

Abbreviations: 5′NT, Ecto-5′-nucleotidase; ALP, Ecto-alkaline phosphatase; eATP, Extracellular ATP; iPPase, Inorganic pyrophosphatase; NTPDase, Ecto-nucleo
side triphosphate diphosphohydrolase; NPPase, Ecto-nucleotide pyrophosphatases/phosphodiesterase; Pi, Inorganic phosphate; POM-1, Polyoxotungstate-1; PPi, 
Inorganic pyrophosphate; P receptors, Purinergic receptors. 
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1. Introduction 

Extracellular nucleotides and nucleosides are autocrine and para
crine signaling molecules that act within tissues to control cell functions. 
Most of these nucleotides are released in a regulated manner, followed 
by extracellular conversion to other nucleotides. Stimuli promoting ATP 
exit include mechanical stress [1,2], hypoxia [3], pathogens [4,5] or 
exposure to a hypotonic shock [6–8]. 

In the intestinal epithelium, extracellular ATP (eATP) plays a 
prominent role modulating the secretion and absorption of ions, uptake 
of amino acids and sugar transport [9–13]. Upon release, eATP and 
other nucleotides exert their action through the activation of subtype 2 
of purinergic (P) receptors, i.e., ionotropic P2X and metabotropic G 
protein-coupled P2Y receptors [14]. Whereas P2X receptors respond 
only to ATP [14], P2Y receptors can be activated by ATP, ADP, UTP, 
UDP, ITP and nucleotide sugars [15]. Extracellular adenosine (ADO), on 
the other hand, activates a separate family of P1 receptors [16,17]. 
Activation of P1 and P2 receptors mediates a wide variety of cellular and 
physiological effects [18]. In the gastrointestinal system, they are 
involved in death of human intestinal epithelial cells and immune cell 
activation, causing several gut pathological conditions [19,20], such as 
inflammatory bowel disease [21]. 

Purinergic signaling is critically regulated by enzymes known as 
ectonucleotidases, which degrade di- and triphosphate nucleotides to 
their respective nucleosides, thereby controlling the concentration of P2 
and P1 agonists on the cell surface [22]. Ectonucleotidases are cell 
membrane bound enzymes usually displaying their active site to the 
extracellular milieu, though cleaved and soluble extracellular isoforms 
may exist [23]. 

The currently known ectonucleotidases include ecto-nucleoside 
triphosphate diphosphohydrolases (NTPDases), ecto-nucleotide pyro
phosphatases/phosphodiesterases (NPPases), ecto-alkaline phospha
tases (ALPs) and ecto-5′-nucleotidases (5′NTs) [23]. There are currently 
8 members of the NTPDases family, of which subtypes 1, 2, 3 and 8 are 
expressed as membrane bound ectoenzymes. NTPDases differ in the 
specific preference for nucleotides, with Km values in the low μM range 
[24]. NTPDase1 hydrolyzes ATP and ADP with approximately similar 
rates, whereas NTPDase3 and NTPDase8 reveal a preference for ATP 
over ADP as substrate. NTPDase2, on the other hand, exhibits high 
ATPase and low ADPase activities [25]. Members of the NPPase family 
include seven paralogs in mammals (NPP1–7) [23]; they hydrolyze 5′- 
phosphodiester bonds in nucleotides and their derivatives, producing 
AMP plus the remaining part, such as inorganic pyrophosphate (PPi) in 
the presence of the substrate ATP [26]. 

ALPs are glycosylphosphatidylinositol membrane anchored enzymes 
known to catalyze the hydrolytic removal of inorganic phosphate (Pi) 
from a variety of molecules such as lipopolysaccharide, flagellin, CpG 
DNA, nucleotide di- and tri-phosphates and PPi [27]. In humans, there 
are 4 different ALP subtypes with different tissue distribution, with in
testinal ALP exhibiting a more restricted tissue location [23]. ALPs are 
the only ectoenzymes capable of fully dephosphorylating ATP to ADO, 
though a similar hydrolytic conversion was reported to occur by the 
combined action of NTPDases, NPPases and 5′NT [23]. Thus, the specific 
set of functional ectonucleotidases expressed in a given tissue and 
metabolic condition will determine the effective concentration of 
extracellular nucleotides and nucleosides available at the cell surface for 
P receptors activation. The contribution of each ectonucleotidase 
enzymatic family to the eATP hydrolysis in human intestinal cells has 
not been studied systematically. 

In the present study, we used the human colorectal adenocarcinoma 
Caco-2 cell line to investigate the presence, location, activity and 
cellular role of ectonucleotidases involved in the hydrolysis of eATP and 
metabolic byproducts. Caco-2 cells represent a model cell line that 
phenotypically and morphologically resembles the enterocytes lining 
the small intestine, and express most P2 receptors identified in human 
tissues [10,28]. To quantify the contribution of ectonucleotidases to the 

dynamic cell regulation of eATP, all measurements of enzyme activities 
were carried out in intact, viable cells. 

Results show that Caco-2 cells regulated eATP metabolism by the 
dynamic interaction between a specific set of ectonucleotidases and non- 
lytic release of endogenous ATP. 

2. Material and methods 

2.1. Chemicals 

All reagents were of analytical grade. Bovine serum albumin (BSA), 
paraformaldehyde, Tween-20, polyoxotungstate-1 (POM-1), malachite 
green, adenosine 5′-triphosphate (ATP), adenosine 5′-diphosphate 
(ADP), adenosine 5′-monophosphate (AMP), phosphate-buffered saline 
(PBS), 4-(2-hydroxyethyl)-1-piperazineetahnesulfonic acid (HEPES), 
ammonium molybdate, para-Nitrophenylphosphate (pNPP), Triton X- 
100, phenylethylsulfonyl fluoride (PMSF) and sodium pyrophosphate 
were purchased from Sigma-Aldrich (St Louis, MO, USA). D-luciferin 
was purchased from Molecular Probes Inc. (Eugene, OR, USA). Normal 
goat serum (NGS) was from Natocor (Cordoba, Cordoba, Argentina). 
[γ-32P]ATP and [α-32P]ATP were purchased from Perkin Elmer Life 
Science (Santa Clara, CA, USA). 

2.2. Cell culture 

Caco-2 cells (ATCC, Molsheim, France) were grown in Dulbecco's 
modified Eagle's medium (DMEM-F12, Gibco, Grad Island, NY, USA) 
containing 4.5 g/L glucose (Sigma-Aldrich, St Louis, MO, USA) supple
mented with 10% v/v fetal bovine serum, 2 mM L-glutamine (Sigma- 
Aldrich, St Louis, MO, USA), 100 U/mL penicillin, 100 μg/mL strepto
mycin and 0.25 μg/mL fungizone (Invitrogen, Carlsbad, CA, USA) in a 
humidified atmosphere of 5% CO2 at 37 ◦C. For ATP kinetics measure
ments cells were directly seeded on glass coverslips. For ectonucleoti
dase activity experiments, cells were seeded in cell culture 24-well plates 
(Corning Costar, NY, USA). 

2.3. Solutions 

We used two different isotonic media (300 mOsm), either with or 
without inorganic phosphate (Pi), as follows. Medium with Pi (in mM): 
137 NaCl, 2.7 mM KCl, 1 CaCl2, 1 MgCl2, 1. 5 KH2PO4, 8 Na2HPO4- 
7H2O, at pH 7.4. Medium without Pi (in mM): 145 NaCl, 5 KCl, 1 CaCl2, 
10 HEPES, and 1 MgCl2 at pH 7.4. 

Hypotonic solutions were similar in composition as that for isotonic 
media, except that NaCl was reduced to obtain a final osmolarity of 180 
mOsm. 

The osmolarity of all media was measured with a vapor pressure 
osmometer (5100B, Lugan, USA). 

2.4. Ectonucleotidase assays 

Hydrolysis rates of ATP and other nucleotides were determined by 
the malachite green assay. In addition, the rate of ATP hydrolysis was 
also determined by a radioactive method. 

2.4.1. Malachite green assay 
Ectonucleotidase activity was determined by measuring the amount 

of free Pi from different nucleotide substrates (adapted from [29]). Caco- 
2 cells (1.5 × 105 cells) were seeded in 24 wells culture. Before the 
experiment, cells were washed with the reaction medium lacking Pi. The 
reaction was initiated by adding 500 μM of each nucleotide substrate 
(ATP, ADP, AMP) to the reaction medium. At different times, 100 μL of 
reaction medium were placed in a tube containing 1 mL of cold 25% 
charcoal in 0.1 M HCl. The tubes were centrifuged at 1500 ×g for 10 
min. Aliquots (50 μL) of the supernatants containing the released Pi were 
quantified using the malachite green colorimetric reagent. A calibration 
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curve was run using assay medium containing different concentrations 
of Pi. The malachite green reagent was prepared by mixing 2 g of sodium 
molybdate, 0.3 g of malachite green, and 0.5 g of Triton X-100 in 1 L of 
0.7 M HCl. Non-enzymatic Pi release was determined by running similar 
experiments in the absence of cells, whereas initial Pi contents were 
determined in the absence of substrates which were added after the 
reaction was stopped. Non enzymatic nucleotide hydrolysis was 
negligible. 

2.4.2. Radioactive assay 
The rate of eATP hydrolysis was determined by following the accu

mulation of [32P]Pi release from exogenous [γ-32P]ATP to Caco-2 cells 
(1.5 × 105 cells) attached to a 24 wells plate, as described before [30]. 
Cells were taken from culture and washed with media with or without 
Pi. The reaction was started by adding [γ-32P]ATP (120 Ci/mmol, 4, 8, 
12 or 500 μM) to adhered cells at room temperature and was stopped at 
the indicated time periods by adding 750 μL of a stop solution containing 
4.05 mM (NH4)6Mo7O24 and 0.83 mM HClO4. The ammonium molyb
date solution formed a complex with the released Pi, which was then 
extracted with 0.6 mL of isobutyl alcohol. Phases were separated by 
centrifugation at 1000 ×g for 3 min, aliquots of 200 μL of the organic 
phase containing [32P]Pi were transferred to vials with 2 mL of 0.5 M 
NaOH and radioactivity was measured by the Cerenkov effect. Initial 
[32P]Pi concentrations were measured in assay media without cells. The 
[32Pi] mass produced from [γ-32P]ATP was calculated using the [γ-32P] 
ATP specific activity. 

For both methods, nucleotidase activity was calculated by fitting the 
following exponential function to data: 

Y = Y0 +A⋅
(
1–exp−k⋅.t)

where Y and Y0 are the values of [Pi] at each time (t) and at t = 0, 
respectively; A represents the maximal value for the increase in Y with 
time and k is a rate coefficient. The parameters of best fit resulting from 
the regression were used to calculate the initial rate of nucleotidase 
activity (vi) as k × A. 

In experiments of Fig. 9, production of ADO from ATP was estimated 
at room temperature by following the release of [32P]Pi from [α-32P]ATP 
in Caco-2 cells. Methods and mathematical analysis were similar to 
those described for detecting [32P]Pi release from exogenous [γ-32P] 
ATP. Using [α-32P]ATP, one ADO is formed for every [32P]Pi produced. 

2.5. Antibodies 

All the primary antibodies used in this study have been previously 
characterized and validated. The following primary antibodies were 
used for immunocytochemistry: rabbit polyclonal anti-human 
NTPDase1 (hN1-SL) [31], mouse monoclonal anti-human NTPDase2 
(hN2-H9s) [32], and rabbit polyclonal anti-human ecto-5′-nucleotidase 
(h5′NT-2LI5) [31]. Goat polyclonal anti-mouse or anti-rabbit Cy3-con
jugated secondary antibodies were obtained from Jackson ImmunoR
esearch Laboratories (West Grove, PA, USA). The following primary 
antibodies were used for Western blotting: polyclonal guinea pig anti- 
human NTPDase1 (hN1-1CI5) [31], mouse monoclonal anti-human 
NTPDase2 (hN2-H9s), rabbit polyclonal anti-human ecto-5′-nucleo
tidase (h5′NT-2LI5): mouse monoclonal anti-human NTPDase3 (hN3- 
B3s) [33] and mouse monoclonal anti-human NTPDase8 (hN8-D7As) 
[34]. 

2.6. Western blots 

Caco-2 cells were cultured in 75 cm2 culture flasks up to 50% of 
confluence before being harvested through treatment with Cell Disso
ciation Buffer (Thermo Fisher Scientific, Waltham, MA USA) and me
chanical dissociation. Cells were then washed in PBS and centrifuged. 
The resulting pellet was suspended in Lysis Buffer (10 mM Tris-HCl pH 

6.8, 1 mM EDTA, 10% SDS, containing 1× cOmplete™ Protease Inhib
itor Cocktail, Roche) for 60 min at 4 ◦C. Protein quantification was 
performed by Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, 
Waltham, MA, USA) and 35–45 μg of cell lysate were loaded on 
NuPAGE® 4–12% Bis-Tris gels, as indicated, under nonreducing con
ditions. Proteins were transfered to a nitrocellulose membrane using 
Trans-Blot Turbo Transfer System (BioRad, Hercules, CA, USA), fol
lowed by immunoblotting by exposure to primary antibody (dilution 
1:1000) overnight at 4 ◦C. Proteins of interest were revealed using HRP- 
conjugated secondary antibodies and the ECL™ Western Blotting Re
agents kit (Merck, GE Healthcare, Chicago, IL, USA). Images were ac
quired by ChemiDoc™ Imaging Systems (Bio-Rad, Hercules, CA, USA). 
Pre-immunized serum was used as negative control. 

2.7. Immunocytochemistry 

Caco-2 cells adhered to glass coverslips were fixed with 4% para
formaldehyde for 10 min at room temperature, washed with PBS and 
incubated for 30 min at 4 ◦C with the plasma membrane marker Alexa 
488-conjugated wheat germ agglutinin (WGA, Molecular Probes, 
Eugene, OR, USA). After that period, the cells were washed with PBS-T 
(PBS plus 0.1% Tween-20) and incubated 2 h with a blocking solution 
containing 10% of NGS in PBS-T. Then, samples were washed with PBS- 
T and incubated at 4 ◦C overnight in a humid chamber with each pri
mary antibody diluted in 5% NGS in PBS-T. Antibodies were diluted as 
follows: hN1-SL (1:100); hN2-H9s (1:50) and h5′NT-1L (1:50). Coverslips 
were washed with PBS-T and then incubated in darkness for 2 h at room 
temperature with secondary antibodies against either mouse or rabbit 
primary antibodies diluted (1:500) in 3% NGS in PBS-T. Samples were 
thoroughly washed with PBS-T and incubated 30 min in darkness at 
room temperature with 5 μg/mL Hoechst. Finally, coverslips were 
washed with PBS and distilled water and mounted with DABCO (2.5%) 
in PBS:glycerol (1:9) for fluorescence detection. 

Fluorescent cell images were captured with a FV1000 Fluoview 
confocal spectral microscope (Olympus, Tokyo, Japan) with SAPO-60×
oil and numerical aperture of 1.35. Two-dimensional reconstruction was 
performed with Fluoview Software (Olympus, Tokyo, Japan). 

2.8. PPase activity measurement 

The production of PPi resulting from eATP hydrolysis by NPPase 
activity cannot be detected by the malachite green colorimetric assay, 
which only detects Pi. Thus, NPPase activity of Caco-2 cells was esti
mated running the malachite green assay (as described in Section 2.4.1) 
in the presence of 500 μM ATP and 1 U/mL inorganic pyrophosphatase 
(iPPase, from yeast, Sigma-Aldrich, St Louis, MO, USA). Under this 
condition, any PPi molecule produced by a putative NPPase will be 
converted to Pi by iPPase and will be detected by the malachite green 
assay. 

2.9. Hydrolysis of p-nitrophenil phosphate 

The extracellular hydrolysis of p-nitrophenylphosphate (pNPP) by 
Caco-2 cells was measured at room temperature by following the release 
of p-nitrophenol from pNPP, as previously described [35]. The reaction 
was carried out using intact Caco-2 cells in a reaction medium without Pi 
for 60 min, except when otherwise indicated. The production of p- 
nitrophenol in the supernatants was determined by measuring the op
tical density at 410 nm. Blanks obtained without cells were subtracted 
from each experimental data point. A molar extinction coefficient of 
1.78 × 104 M−1 cm−1 was used to convert optical density to mass of p- 
nitrophenol released. Results are expressed as pmol of p-nitrophenol per 
μg of protein. Protein contents of each sample were quantified by the 
Bradford method [36]. 

As a positive control experiment, a few experiments were run in the 
absence of cells, but in the presence of a recombinant calf intestinal 
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alkaline phosphatase (Promega, Madison, WI, USA). 

2.10. Detection of pNPPase activity in gels 

The samples of Caco-2 lysates were electrophoresed under dena
turing conditions in 9% polyacrylamide gels (SDS-PAGE) as described 
previously [37]. Gels were washed twice with distilled water for 10 min 
to remove SDS and incubated 20 min under gentle stirring in the pres
ence of 10 mL of assay medium without Pi containing 12 mM of pNPP. 
Gels were then washed twice with 100 mL water to remove substrate 
excess, and phosphatase activity was detected as a yellow band corre
sponding to p-nitrophenol production. 

2.11. Extracellular ATP measurements 

The eATP concentration ([eATP]) of intact Caco-2 cells was 
measured using the firefly luciferase reaction (EC 1.13.12.7, Sigma- 
Aldrich, St Louis, MO, USA), which catalyzes the oxidation of D-lucif
erin in the presence of ATP to produce light [38]. Measurements were 
performed with cells seeded on coverslips that were mounted in the 
assay chamber of a custom-built luminometer, as previously described 
[39]. Because luciferase activity at 37 ◦C is only 10% of that observed at 
20 ◦C [40], to maintain full luciferase activity, [eATP] measurements 
were performed at room temperature. 

The setup allowed continuous measurements of eATP to be taken via 
the light output detection of the luciferin-luciferase reaction. The time 
course of light emission was transformed into [eATP] versus time by 
means of a calibration curve. Increasing concentrations of ATP from 20 
to 1000 nM were sequentially added to the assay medium from a stock 
solution of pure ATP dissolved in isosmotic or hypotonic medium, ac
cording to the experiment. Calibration curves displayed a linear rela
tionship within the range tested. Results were expressed as [eATP] at 
every time point of a kinetics curve denoted as “eATP kinetics”, with 
[eATP] expressed as pmol of ATP/μg protein in a final assay volume of 
100 μL. After each experiment, cells were lysed with a solution con
taining 1 mM PMSF and 0.1% of Triton X-100 and the protein contents 
of each sample were quantified [36]. 

2.12. Viability test 

The Trypan Blue dye exclusion test was used to determine the 
number of viable cells in suspensions of Caco-2 cells after being exposed 
to either isotonic or hypotonic media. Caco-2 cells cultures were treated 
with Trypsin washed with medium with Pi and counted. Then 1.5 × 105 

cells in 1 mL were exposed to isotonic or hypotonic media for 30 min, 
after which Trypan Blue was added to the cell suspension (final con
centration 0.4 mM) under mixing, and the number of non-viable cells 
(blue cells) was counted a Neubauer chamber. The percentage of viable 
cells was calculated as: 

%viable cells = [1–(number of blue cells/number of total cells) ]× 100  

2.13. Predictions of eATP kinetics 

In Fig. 11, a theoretical curve was built where the effect of eATP 
hydrolysis on eATP kinetics was subtracted. That is, the linear equation 
describing ectoATPase activity vs [ATP] (derived from data of Fig. 8) 
was used to calculate eATP consumption at every time point of the eATP 
kinetics curve (data of Fig. 10). Then, values of eATP consumption ob
tained were used to calculate the accumulated [eATP] consumed during 
eATP kinetics, thus generating an ectoATPase curve. Then, by sub
tracting the contribution of this ectoATPase curve to the experimental 
eATP kinetics, a “predicted eATP kinetics” was calculated where the 
effects of ectoATPase activity were mathematically eliminated. All re
sults were expressed as nM/well. Finally, the predicted eATP efflux (nM/ 
min) was calculated by numerical differentiation of the predicted eATP 

kinetics. 

2.14. Data analysis 

Statistical significance was determined using ANOVA and Bonferroni 
test for a posteriori comparison or the non-parametric Mann-Whitney 
test. Data were analyzed and graphically represented using GraphPad 
Prism software v5.0 (Graph Pad Software, San Diego, CA, USA). 

3. Results 

3.1. Ectonucleotidase activities in Caco-2 cells 

Several ectoenzymes are able to hydrolyze eATP and by-products. At 
relative high concentrations of these nucleotides, ectonucleotidase ac
tivities estimate the apparent maximal rates of hydrolysis (appVmax). 
Accordingly, we used the malachite green assay to assess the time course 
of Pi accumulation in the presence of 500 μM of ATP, ADP or AMP 
(Fig. 1A), and calculated appVmax values for each substrate using intact 
Caco-2 (Fig. 1B). The highest appVmax value amounted to 43.1 ± 3.8 
pmol/μg protein/min in the presence of ATP. When AMP was used as 
substrate, appVmax value was significantly lower (48% of ectoATPase 
activity), whereas using ADP appVmax value was only 8% of ectoATPase 
activity. 

We further evaluated the effect of polyoxotungstate (POM-1), an 
inhibitor of NTPDase1–3 [41], on ectonucleotidase activity of Caco-2 
cells. Cells were pre-incubated for 15 min with either 10 or 100 μM 
POM-1 before addition of substrates (500 μM of ATP or AMP), and the 
indicated concentration of inhibitor was maintained during the course of 
the reaction. As expected, POM-1 displayed a dose-dependent inhibition 
of ectonucleotidases activities in Caco-2 cells (Fig. 1C). That is, 
ectoATPase activity was inhibited 48% by 10 μM POM-1 and 92% by 
100 μM POM-1, while ectoAMPase activity was inhibited 52% by 100 
μM POM-1, with no significant effects being observed using 10 μM of the 
inhibitor. 

3.2. Localization of NTPDase1, NTPDase2 and 5′NT in Caco-2 cells 

We performed western blot analysis and immunofluorescence 
confocal microscopy to identify the ectonucleotidases responsible for 
the observed hydrolytic activities of extracellular nucleotides. For 
western blot, samples were prepared from Caco2- cells lysates. Specific 
antibodies against human NTPDase1, -2, -3, -8 and 5′NT were used. 

NTPDase1 and -2 were identified as ~77 kDa and ~ 61 kDa bands, 
respectively. Immune reactive bands for NTPDase3 and -8 were not 
observed. 5′NT was identified by a ~ 47 kDa band (Fig. 2). No bands 
were recognized by equal dilution of pre-immunized serum from rabbit 
and guinea pig used to respectively produce polyclonal antibodies 
against 5′NT and NTPDase1 (data not shown). 

Immunofluorescence confocal microscopy images of Caco-2 cells 
confirmed the expression of NTPDase1, NTPDase2 and 5′NT (Fig. 3A, E 
and I). To gain further insight in the subcellular localization of ectonu
cleotidases, Caco-2 cells were co-stained with the nuclei marker Hoechst 
(Fig. 3B, F and J, blue label) and the fluorescent marker of glycosylated 
surface-expressed proteins Alexa Fluor 488-WGA (Fig. 3C, G and K, 
green label). Merge of single plane confocal images showed an overlap 
of NTPDase1, NTPDase2 and 5′NT with the plasma membrane (orange 
signal in Fig. 3D, H and L). 

3.3. Potential contribution of NPPases to the ectoATPase activity of Caco- 
2 cells 

Up to here, results showed that Caco-2 cells displayed active 
ectoATPase, ectoADPase and ectoAMPase activities which can, in prin
ciple, be assigned to NTPDases1 and -2, and 5′NT. However, our 
methods used to assess nucleotide hydrolysis detect only release of Pi, 
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and are therefore unable to detect a potential degradation of eATP 
directly into AMP plus PPi. Such additional eATP degradation may occur 
if functional ectophosphodiesterases of the NPP family were present in 
Caco-2 cells. 

Accordingly, NPPase activity was estimated in the presence of 500 
μM ATP and 1 U/mL inorganic pyrophosphatase (iPPase). Under this 
condition, any PPi produced by a putative NPPase will be converted to Pi 
by the iPPase and will be detected by the malachite green assay. Results 
showed no difference in ectoATPase activity in the presence or absence 
of iPPase (Fig. 4A), indicating that, under our experimental conditions, 
there was no contribution of PPase activity to eATP hydrolysis of Caco-2 
cells. 

We also tested the potential presence of ectopyrophosphatase ac
tivity in Caco-2 cells by using PPi as a substrate. Addition of 50 μM PPi in 
a Pi free assay medium containing Caco-2 cells during 45 min did not 
generate measurable amounts of Pi, thus discarding a contribution of 
NPPase activity to eATP hydrolysis of Caco-2 cells. To validate the 
procedure, we verified pyrophosphatase activity of pure iPPase in the 
absence of cells. Results showed that iPPase was able to hydrolyze 10 or 
50 μM PPi after 10 or 40 min (Fig. 4B). 

3.4. Contribution of ectophosphatases to eATP hydrolysis of Caco-2 cells 

Having discarded the contribution of NPPases to eATP hydrolysis, we 
turned our attention to ectophosphatases. Expression of an intestinal 
ALP has been reported before [42,43]. First, we run experiments aimed 
at testing the capacity of intact Caco-2 cells to hydrolyze pNPP, a sub
strate for phosphatases, but not for NTPDases or 5′NT. 

As shown in Fig. 5A, Caco-2 cells exhibited ectophosphatase activity 
and this activity increased with [pNPP] in a hyperbolic pattern, with K0.5 

pNPP = 1056 ± 101 μM and appVmax 1.30 ± 0.07 pmol p-nitrophenol/μg 
protein/min. The presence of ectophosphatase activity in Caco-2 cells 
was further corroborated by using denaturing gel electrophoresis, where 
a broad band of p-nitrophenol accumulation was identified. This band is 
roughly similar to that formed by the activity of the recombinant calf 
intestinal alkaline phosphatase used as positive control (Fig. 5B). 

Ammonium molybdate (1 mM), a potent inhibitor of phosphatases 
[44], strongly inhibited pNPP hydrolysis (Fig. 5A), causing a 102% in
crease of K0.5 pNPP (K0.5 pNPP = 2140 ± 262 μM) and a 79% reduction of 

Fig. 1. Ectonucleotidase activity of Caco-2 cells using different nucleotides as substrates. 
Experiments were performed in assay medium without Pi at room temperature, and Pi production was measured by the malachite green method. (A) Time course of 
Pi accumulation in supernatants of Caco-2 cells incubated with 500 μM of ATP (black), ADP (grey) or AMP (white). The continuous lines represent the fitting of 
monoexponential functions to experimental data. Results are expressed as pmol Pi/μg protein and are means ± s.e.m. N = 14 independent experiments run in 
duplicate. (B) Values of apparent Vmax (appVmax) were derived from initial rates of the monoexponential functions fitted to data of (A). Results are expressed as pmol 
Pi/μg protein/min and are means ± s.e.m. * denote p ≤ 0.05, ANOVA and a posteriori Bonferroni multiple comparison test. (C) Effect of POM-1 on normalized 
appVmax values of nucleotidase activities in Caco-2 cells. Cells were pre-treated 30 min with 0 (white, control), 10 μM (grey) and 100 μM (black) POM-1. Subse
quently, cells were incubated in assay media in the absence or presence of POM-1 and in the presence of 500 μM of either ATP or AMP. Results are means ± s.e.m. and 
are expressed as the percentage of the ectonucleotidase activity obtained in the absence of POM-1 for each substrate, at 10 min. N = 4 independent experiments run 
in duplicate. ** denote p < 0.01, Mann-Whitney test. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 2. Western blots of 5′NT and NTPDases isoforms -1,-2,-3 and-8 in Caco-2 
cell lysates. 
Samples of whole Caco-2 cell lysates were immunoblotted using different nu
cleotidases antibodies (dilution 1/1000): rabbit polyclonal anti-human 5′NT, 
guinea pig polyclonal anti-human NTPDase1, and mouse monoclonal anti
bodies anti-human NTPDase2, NTPDase3 and NTPDase8, as indicated. Mem
branes were revealed using HRP-conjugated secondary antibodies. Images are 
representative of 4 independent experiments. 
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appVmax (appVmax = 0.274 ± 0.05 pmol p-nitrophenol/μg protein/min). 
On the other hand, POM-1 showed a different inhibitory effect on 
ectophosphatase activity (Fig. 5C), in that K0.5 pNPP values increased by 

73% (K0.5 pNPP = 1830 ± 418 μM), while appVmax was not altered 
(appVmax = 1.36 ± 0.1 pmol product/μg protein/min). 

By testing the pH dependence, we observed that ectophosphatase 

Fig. 3. Detection and localization of NTPDases in Caco-2 cells. 
Confocal microscopy images of immunofluorescence experiments performed in Caco-2 cells using primary antibodies against human NTPDase1 (A–D), human 
NTPDase2 (E–H) and human 5′NT (I–L), together with a secondary Cy3-conjugated antibody (red, A, E and I). In all experiments, cells nuclei were labeled with 
Hoechst (blue, B, F and J), and plasma membranes with 488-conjugated WGA (green, C, G and K). Individual immunoreactivity of each ectonucleotidase in A 
(NTPDase1), E (NTPDase2) and I (5′NT antibody); merged images of NTPDase1 (D), NTPDase2 (H) and 5′NT (L) with Hoechst and WGA. Scale bars: 10 μm. N = 3 
independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Ectonucleotide pyrophosphatase/phosphodiesterase activity in Caco-2 cells. 
(A) Time course of Pi accumulation in supernatants of Caco-2 cells incubated with 500 μM of ATP in the absence (black, continuous line) or in the presence of 1 U/mL 
of inorganic pyrophosphatase (iPPase) (white, dashed line). Experiments were performed in assay medium without Pi at room temperature and the Pi concentration 
was measured by the malachite green method. Lines represent the fitting of exponential functions to experimental data. Results are expressed as means ± s.e.m., N =
4 independent experiments run in duplicate. (B) 10 μM (white) or 50 μM (black) of sodium PPi were diluted in 300 μL of a reaction medium without Pi, and 1 U/mL 
of inorganic pyrophosphatase (iPPase) was added. The reaction was performed at room temperature and after 10 or 40 min the Pi content (μM) in the medium was 
measured by the malachite green assay. Results are means ± s.e.m. of one experiment done in triplicate. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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activity in Caco-2 reached a maximum at pH 7–7.5 (Fig. 5D). Under 
similar conditions, the recombinant phosphatase – in the absence of cells 
- showed a maximal activity at pH 10–11, as previously described 
(Fig. 5E) [23]. Thus, a neutral ectophosphatase activity seems to be 
functional in Caco-2 cells. To investigate the ability of ectophosphatases 
present in Caco-2 cells to hydrolyze ATP, ADP and AMP, a displacement 
experiment testing pNPP hydrolysis in the presence of these nucleotides 
was performed. Increasing amounts of ATP, ADP and AMP (10–1000 
μM) were added to reaction media in the presence of a constant con
centration of pNPP (1 mM). Under this condition, 1 mM of ATP, ADP or 
AMP decreased >85% of p-nitrophenol production (Fig. 6), suggesting 
that ectophosphatase can bind extracellular ATP, ADP and AMP, as well 
as pNPP, at the catalytic site. Apparent inhibition affinity was the 
highest with AMP (K0.5 = 16.03 ± 1.97 μM), followed by ADP (K0.5 =

65.74 ± 2.76 μM) and ATP (K0.5 = 65.74 ± 2.76 μM). 
Since ectophosphatase activity might contribute to eATP hydrolysis 

in Caco-2 cells, we next examined the effect of the phosphatase inhibitor 
ammonium molybdate on ectoATPase activity. Because the ammonium 
molybdate interferes with the malachite green method, the radioactive 
method was used. Accordingly, Caco-2 cells were exposed to [γ-32P]ATP 
at 500 μM ATP and the time course of [32P]Pi accumulation released 
from [γ-32P]ATP was determined. As shown in Fig. 7A, molybdate did 
not affect the time course of [γ-32P]ATP hydrolysis. 

Colorimetric experiments measuring pNPP hydrolysis required the 
use of media lacking Pi, while experiments using [γ-32P]ATP were per
formed in media containing milimolar Pi. Since free Pi may potentially 
exert product inhibition on ectophosphatase activity, it was interesting 
to test its effects on the rate of eATP hydrolysis. Using 500 μM ATP, 
appVmax values were 64% higher in the absence of Pi, than in its pres
ence (appVmax with Pi = 9.5 ± 0.91 pmol product/μg protein/min vs 
appVmax without Pi = 17.93 ± 1.69 pmol product/μg protein/min) 
(Fig. 7B). 

Fig. 5. Ectophosphatase activity in Caco-2 
cells. 
Ectophosphatase activity in Caco-2 cells was 
estimated by the release of p-nitrophenol 
from pNPP. (A and C) Cells were incubated 
for 60 min at room temperature with 
increasing concentrations of pNPP (0.01–10 
mM) at pH 7.4 in assay media lacking Pi. 
Experiments were run in the absence of in
hibitors (white symbol and continuous line, 
control), in the presence of 1 mM ammo
nium molybdate (black symbol and dotted 
line in A, N = 4 independent experiments 
run in duplicate) or in the presence of 100 
μM POM-1 (black symbol and dotted line in 
C, N = 3 independent experiments run in 
duplicate). (B) Samples of protein extracts 
from Caco-2 cells were run on SDS-PAGE 
gels. Phosphatase activity was detected by 
the presence of a yellow band corresponding 
to p-nitrophenol production from pNPP. A 
positive control was run by following the 
same procedure in the presence of a recom
binant alkaline phosphatase. Lane 1: 0.1 U of 
recombinant calf intestinal alkaline phos
phatase. Amounts of loaded Caco-2 protein 
extracts were 10 μg (Lane 2), 15 μg (Lane 3) 
and 20 μg (Lane 4). (D) Cells were incubated 
for 60 min at room temperature with 1 mM 
pNPP and the production p-nitrophenol 
were measured in media at different pH 
values using a HEPES buffer (pH 6–7.5) and 
Tris-HCl buffer (pH 7.5–11), N = 3 inde
pendent experiments run in duplicate. (E) 
The phosphatase activity of recombinant calf 
intestinal alkaline phosphatase (0.1 U/mL) 
was tested in media without cells, by incu
bating the enzyme for 6 min at room tem
perature with 250 μM pNPP. Media at 
different pHs were similar as in D, N = 1 
experiment done in triplicate. (A, C–E) Re
sults are expressed as means ± s.e.m. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the web version of this article.)   
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Taken together, the above results indicate that, in addition to 
NTPDase1 and -2, eATP can be hydrolyzed by an ectophosphatase pre
sent in Caco-2 cells, which exhibits an optimal pH between 7 and 7.5 and 
is inhibited by both molybdate and Pi. 

The following experiments were designed to analyze eATP regula
tion in a more physiological context. On the one hand, we quantified 
ectoATPase activity in the low micromolar range of [ATP]. Then, we 
studied the kinetics of eATP accumulation in the presence of stimuli 
known to induce ATP release. Finally, since eATP kinetics depends on 
the balance between ATP release and eATP hydrolysis, we analyzed 
eATP kinetics and eATP hydrolysis simultaneously by running a small 
algorithm to predict the contribution of these two processes to eATP 
regulation of Caco-2 cells. 

3.5. NTPDase activity in Caco-2 cells 

Caco-2 cells were exposed to [γ-32P]ATP at 4, 8 and 12 μM ATP and 
the time course of [32P]Pi accumulation released from [γ-32P]ATP was 
determined (Fig. 8A). EctoATPase activity increased with [ATP] in the 
reaction media. The initial rate values of [32P]Pi production were used 
to calculate ectoATPase activity at each [eATP], so as to build a sub
strate curve. EctoATPase activity followed a linear function with [ATP] 
from 4 to 12 μM (Fig. 8B), with the slope of the curve (KATP) amounting 
to 29.02 ± 0.001 pmol [32P]Pi/mg protein/min/μM. 

To test the ability of Caco-2 cells to generate ADO from eATP, we 
performed an experiment using [α-32P]ATP at 12 μM, where one ADO is 
formed for every [32P]Pi produced. Accordingly, we measured the time 
course of [32P]Pi accumulation released from [α-32P]ATP (Fig. 9A) and 
calculated the percentage of total ATP hydrolyzed at each time point. A 
comparison of Pi release from [γ-32P]ATP and [α-32P]ATP at 12 μM 
showed that the hydrolysis rate was 3-fold higher for [γ-32P]ATP than 
[α-32P]ATP ([γ-32P]ATP = 9 ± 1%ATP hydrolyzed/mg protein/min vs 
[α-32P]ATP = 3.2 ± 0.4%ATP hydrolyzed/mg protein/min) (Fig. 9B). 

We also tested the possibility that Caco-2 cells may release active 
nucleotidases to culture media, in which case exoATPase activity should 
be detectable and therefore contribute to eATP hydrolysis. For this 

purpose, cells were cultured for 3 days, and the culture media was 
extracted for testing. Exposure of these media to 500 μM [γ-32P]ATP 
during 120 min produced no detectable [γ-32P]Pi. 

3.6. eATP kinetics 

Online luminometry was used to study the kinetics of [eATP] accu
mulation (i.e., eATP kinetics) when Caco-2 cells were stimulated by 
hypotonicity and mechanical stress. Under unstimulated conditions 

Fig. 6. Effects of AMP, ADP and ATP on pNPP hydrolysis. 
Cells were incubated for 60 min at room temperature with 1 mM pNPP, and 
increasing amounts of AMP, ADP or ATP (0–1 mM) were added. Experiments 
were run in isotonic medium without Pi, pH 7.4, and the p-nitrophenol pro
duction was measured. Results are expressed as normalized p-nitrophenol 
production, i.e., the percentage of ectophosphatase activities measured in the 
absence of nucleotides, and are means ± s.e.m. N = 3 independent experiments 
run in duplicate. 

Fig. 7. Effects of ammonium molybdate and inorganic phosphate on ectoAT
Pase activity of Caco-2 cells. 
Rates of [32P]Pi accumulation released from exogenous 500 μM [γ-32P] ATP in 
the supernatants of Caco-2 cells. (A) Cells were incubated in assay medium with 
Pi in the presence of 1 mM ammonium molybdate (white), or in its absence 
(black, control), N = 4 independent experiments run in duplicate. (B) Cells were 
incubated in isosmotic medium with Pi (black) or without Pi (white), N = 3 
independent experiments run in duplicate. The continuous lines represent the 
fitting of exponential functions to experimental data. Results are expressed as 
means ± s.e.m. 
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[eATP] remain stable. Addition of hypotonic medium (180 mOsm) to 
cultured cells triggered ATP release (Fig. 10A), with resulted in an 
approximately 70% increase in [eATP] (from 115 ± 2.1 nM to 198 ± 2.8 
nM). A mechanical perturbation was created by stimulating cells with 
isotonic medium, causing an increase [eATP] of approx. 30% (from 131 
± 2.9 nM to 170 ± 3.2 nM) (Fig. 10A). 

To rule out the possibility that cell lysis due to hypotonic shock could 
contribute to the increase in [eATP], we assessed cell viability 30 min 
after cells were exposed to iso- and hypotonic conditions. Viability was 

similar before and after addition of each stimulus (Fig. 10B), indicating 
that no lytic release of ATP was induced. 

Since hypotonicity affected ATP release, we wondered whether this 
stimulus could also affect ectoATPase activity. Thus appVmax were 
estimated from the time course of [32P]Pi accumulation released using 
500 μM concentration of [γ-32P]ATP under iso- and hypotonic condi
tions. As seen in Fig. S1A, similar values of appVmax were obtained 
under both conditions (11.35 ± 0.9 pmol [32P]Pi/μg protein/min in 
isotonic medium vs 11.07 ± pmol [32P]Pi/μg of protein/min in hypo
tonic medium). Moreover, using the malachite green method, we also 
observed that, in hypotonic media without Pi, rates of ectoATPase 
(Fig. S1B), ectoADPase (Fig. S1C) and ectoAMPase (Fig. S1D) activities 

Fig. 8. EctoATPase activity of Caco-2 cells at low eATP concentrations. 
(A) Time course of [32P]Pi accumulation released from exogenous [γ-32P]ATP 
(4, 8 and 12 μM) in the supernatants of Caco-2 cells. The reactions were per
formed in isotonic medium (300 mOsm) containing Pi at room temperature. 
The continuous lines represent fittings of exponential functions to experimental 
data for each ATP concentration used (white for 4 μM, grey for 8 μM and black 
for 12 μM), from which initial rates were calculated (see Materials and 
Methods). (B) Ecto-ATPase activity as a function of ATP concentration. Each 
symbol represents ectoATPase activity calculated as the initial rate of Pi pro
duction using data from (A). The line represents the fit of a linear function to 
experimental data. Results are expressed as means ± s.e.m. N = 8 independent 
experiments run in duplicate. 

Fig. 9. Adenosine production by eATP hydrolysis in Caco-2 cells. 
(A) Time course of [32P]Pi accumulation released from [α-32P]ATP (12 μM) in 
the supernatants of Caco-2 cells. Experiments were performed in isotonic me
dium with Pi (300 mOsm) at room temperature. The continuous line represents 
the fitting of an exponential function to experimental data. N = 4 independent 
experiments run in duplicate. Results are expressed as pmol [P32] Pi/μg protein 
and are means ± s.e.m. (B) A comparison of eATP hydrolysis using 12 μM of 
either [α-32P]ATP or [γ-32P]ATP. Results were expressed as percentage of the 
total ATP hydrolyzed at each time point and were calculated from data ob
tained in Figs. 8A and 9A. The continuous lines represent fittings of exponential 
functions to experimental data. 
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were similar to those found in isotonic media. Finally, as observed for 
ectonucleotidase activities, ectophosphatase activity (i.e., pNPP hydro
lysis) was not modified by the hypotonic treatment (Fig. S1E). 

3.7. Predictions of eATP kinetics 

As mentioned above, a data-driven algorithm was run to analyze the 
contribution of ATP efflux and ectoATPase activity to eATP kinetics of 

Caco-2 cells, where eATP concentration should increase by ATP efflux, 
and decrease by eATP hydrolysis. Such analysis is possible since the 
ectoATPase substrate curve (Fig. 8) can be used to calculate the 
contribution of eATP hydrolysis to eATP concentration along the eATP 
kinetics curve. In this way, ATP efflux can be derived from the eATP 
kinetics curve. 

Accordingly, Fig. 11 shows the experimental eATP kinetics (black 
symbol), the predicted kinetics of eATP consumption by ectoATPase 
activity (red symbol), and the prediction of eATP kinetics under a con
dition where the effect of ectoATPase activity was subtracted (blue 
symbol). Predictions were made for experiments using hypotonic 
(Fig. 11A) and mechanical (Fig. 11B) stimuli. Interestingly, blockage of 
eATP hydrolysis only slightly changed the acute phase of [eATP] in
crease at 40 s post-stimulus. However, at later times, ectoATPase activity 
fully counterbalanced the relatively low constitutive ATP release. The 
transient nature of post stimulus ATP efflux, which activates and de
activates in about 10 s, is illustrated in Fig. 11C. It can be seen that 
stimuli triggered a three orders of magnitude increase of ATP efflux, 
which peaked at 3486 nM/min (hypotonic stimulus) and 1785 nM/min 
(mechanical stimulus) after the treatments. 

4. Discussion 

Intestinal epithelial cells are able to release nucleotides and exhibit 
several ectonucleotidases capable of controlling the rate, amount and 
metabolism of nucleotides at the cell surface. In this context, the main 
goal of this study was to identify and characterize functional ectonu
cleotidases in Caco-2 cells, a cell model of epithelial enterocytes [45]. 
Kinetic experiments were performed using intact viable cells, thus 
assessing the capacity of Caco-2 cells to mediate hydrolysis of ATP and 
by-products at the cell surface by different ectoenzymes. In addition, to 
get an integrative insight into eATP regulation of Caco-2 cells, we 
analyzed how eATP hydrolysis and intracellular ATP release contribute 
to the kinetics of eATP accumulation (i.e., eATP kinetics). 

4.1. NTPDases and 5′NT 

Studies using intact viable Caco-2 cells exposed to AMP, ADP and 
ATP showed high ATPase activity, intermediate AMPase activity, and 
relatively low ADPase activity (Fig. 1). These results are consistent with 
the presence of one or more NTPDases, and 5′NT [23]. Accordingly, 
western blot combined with immunolocalization analysis allowed us to 
identify NTPDase1, -2 and 5′NT expressed on the cell membrane of 
Caco-2 cells, while NTPDases3 and -8 were not detected (Figs. 2 and 3). 
Experiments performed in a mouse model showed that NTPDase3 is 
present in neurons of the myenteric and submucosal plexus, but not in 
epithelial cells [46], in agreement with this study. On the other hand, 
the human colorectal adenocarcinoma HT29 cells expressed functional 
NTPDase 2 and 5′NT, but no NTPDase1, while neither NTPDase 3 nor 
NTPDase 8 were not detected [47]. 

In addition to studying the nucleotide kinetic profile and cell mem
brane immunolocalization of NTPDases, we tested the effects of POM-1, 
an inhibitor of NTPDases [41,48], which proved effective in inhibiting 
ATP hydrolysis, while its inhibitory effect on AMP hydrolysis, as ex
pected, was lower (Fig. 1C) [49,50] . 

4.2. NPPases and ectophosphatases 

In looking for other enzymes acting as eATP consumers, we checked 
the potential contribution of ectophosphodiesterase and/or ectophos
phatase activities. Members of the NPPase family were described in 
differentiated Caco-2 cells [51] and mice small intestinal epithelia [52]. 
Assuming that Caco-2 cells would activate ATP to AMP conversion by 
one or more NPPs, thereby contributing to eATP consumption, then PPi 
should accumulate in the assay medium. However, no PPi production 
was detected (Fig. 4), thus discarding the presence of functional 

Fig. 10. eATP kinetics of hypotonically- and mechanically-stimulated Caco-2 
cells. 
The time course of [eATP] from Caco-2 cells was quantified by real-time 
luminometry performed at room temperature. (A) Cells were maintained in 
isotonic medium and, at the times indicated by the arrow, were exposed to 
isotonic medium (grey, N = 5 independent experiments run in triplicate) or to 
180 mOsm hypotonic medium (black, N = 8). Levels of eATP were normalized 
to the baseline before the addition of hypo- or isotonic media and are expressed 
as means of relative [eATP] ± s.e.m. (B) Viability of Caco-2 cells was measured 
by Trypan Blue exclusion. Cells were exposed to isotonic (grey) or hypotonic 
(black) media for 30 min. Results represent means ± s.e.m. (N = 4 independent 
experiments run in triplicate) and are expressed as percentages of total cells. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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NPPases. 
Regarding the role of ectophosphatases, early studies showed ALP 

purified from intestinal mucosa to exhibit an alkaline pH optimum [53], 
while purified ALPs from liver and intestine displayed maximal activ
ities at neutral pH [54,55]. Using media at near neutral pH we showed 
that Caco-2 cells exhibited significant pNPP hydrolysis, which according 
to complementary pH curves represents the optimal pH for ectophos
phatase activity (Fig. 5). 

Molybdate, a phosphatases inhibitor [44], highly reduced both 
appVmax and pNPP app. affinity (Fig. 5A), but did not affect eATP hy
drolysis (Fig. 7A), whereas POM-1, a competitive inhibitor of ALP 
[49,56], reduced app. Affinity but left appVmax unaltered (Fig. 5C). 

Various reports show that ALPs exhibit wide substrate specificity 
towards nucleotides and other substrates [23]. Interestingly in this 
context, exposure of Caco-2 cells to ATP, ADP or AMP was able to inhibit 
pNPP hydrolysis in a concentration dependent manner, with AMP 
showing the strongest effect, followed by ADP and ATP (Fig. 6). 

Ectophosphatase of Caco-2 cells was strongly inhibited by medium 
Pi. In humans, the Pi concentration in the intestinal lumen is variable 
(0.75–17.5 mM), depending on the dietary Pi load [57], while serum Pi 
is usually maintained between 0.75 and 1.45 mM [58]. Thus the 
contribution of ectophosphatase activity to eATP hydrolysis in Caco-2 
cells may vary, showing activation as Pi content is reduced (Fig. 7B). 
On the contrary, NTPDases were not affected by Pi, and should therefore 
show unaltered activity in the face of a Pi changing environment. 

4.3. eATP regulation at low micromolar ATP 

To gain insight into the physiological role of eATP, the rates of eATP 
hydrolysis and intracellular ATP release were studied. Firstly, eATP 
hydrolysis was tested using [γ32P]ATP and ATP concentrations in the 
low micromolar range, within the range of affinities for most P2X 
(except P2X7) and P2Y receptors [17]. Results showed a significant rate 
of ectoATPase activity of intact cells, which increased linearly with 
[eATP]. The linearity of the substrate curve was expected, considering 
that ATP concentrations used lay well below the reported values of 
KmATP for ectonucleotidases in several cell systems [24,59,60]. 

Another kinetic parameter refers to the KATP, i.e., the slope of the 
substrate curve. Table 1 depicts values of KATP of this study and those of 
other cell systems and organisms. All these KATP values originate from 
measurements made under similar conditions and carried out using 

intact cells and low micromolar eATP concentrations. The graph shows 
that Caco-2 cells display an intermediate value of KATP; it was similar to 
that found in renal cortical collecting duct cells [61], much higher than 
those found in human RBCs and bacteria [62–64], but significantly 
lower than KATP values of hepatic cells [30]. 

To better understand the role of ectoATPase activity of Caco-2 cells, 
we use online luminometry to assess eATP kinetics, which depends on 
ATP release and eATP hydrolysis. ATP and other nucleotides are 
released into the extracellular medium under physio- and pathological 
conditions [65–68]. In particular, hypotonic stress constitutes a proin
flammatory signal in Caco-2 cells, and has been shown to induce ATP 
release in intestinal cell and other cell types [69–74]. Our experiments 
showed that mechanical stress, as well as hypotonicity, caused accu
mulation of endogenous eATP, which implies activation of ATP exit 
mechanisms. 

Fig. 11. Predictions of eATP kinetics. Theoretical curves showing the effect of eATP hydrolysis and ATP release on eATP kinetics. (A, B) The linear equation 
describing ectoATPase activity vs [ATP] used in Fig. 8 was used to calculate eATP consumption at every time point of the eATP kinetics curve of Fig. 9. Then, the 
values of eATP consumption obtained were used to calculate the accumulated [eATP] consumed during eATP kinetics, thus generating the ectoATPase curve (red 
symbols). By subtracting the contribution of this ectoATPase curve to the experimental eATP kinetics (black symbols), a predicted eATP kinetics (blue symbols) was 
calculated where the effects of ectoATPase activity were mathematically eliminated. The results are expressed as nM/well for mechanical (A) and hypotonic stimuli 
(B). (C) The predicted eATP efflux (nM/min) was calculated by numerical differentiation of the predicted eATP kinetics obtained in B. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Values of KATP estimated from different cells types. 
Results represent the slope of curves describing EctoATPase activity vs [ATP] for 
Caco-2 cells (this study), and several other cells types. All values were obtained 
by incubating intact cells in the presence of different concentrations of [γ-32P]- 
ATP in the low micromolar range.  

Cellular type KATP (pmol/106 

cells/min/nM) 
Reference 

Escherichia coli 3.7 × 10−07 Alvarez et al., 
2017 [63] 

Human red blood cells 1.16 × 10−5 Montalbetti et al., 
2011 [62] 
Leal Denis et al., 
2019 [64] 

Human colorectal adenocarcinoma Caco- 
2 cells 

1.5 × 10−2 This study 

Differentiated human colorectal 
adenocarcinoma Caco-2 cells (apical 
domain) 

1.8 × 10−2 Alvarez et al., 
2017 [63] 

Rat renal cortical collecting ducts cells 
(RCCD) 

2 × 10−2 Pizzoni et al., 2021 
[61] 

Rainbow trout Oncorhynchus mykiss 
hepatocytes 

6 × 10−2 Pafundo et al., 
2004 [81] 

Goldfish Carassius auratus hepatocytes 0.10 Pafundo et al., 
2008 [39] 

Human hepatoma cells Huh-7 cells 0.17 Espelt et al., 2013  
[30]  
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Caco-2 cells produced ATP mostly by oxidative metabolism [75], and 
displayed a steady intracellular ATP concentration of approx. 20 ng/μg 
protein [76]. Considering this figure, the observed [eATP] increase 
following mechanical and hypotonic stimuli is expected to require only 
0.3–0.5% of the available intracellular ATP, i.e., ATP efflux does not 
impose an energetic burden to the cells. 

Regarding the factors affecting eATP kinetics, any observed [eATP] 
increase should be counteracted by ectoATPase activity, which as 
mentioned above, must increase linearly with [eATP]. Running a data- 
driven algorithm allowed us to quantify the contribution of ATP 
release and eATP hydrolysis to eATP kinetics. Results showed ATP efflux 
to be small under unstimulated conditions. However, following stimu
lation, ATP efflux showed a steep 1800–3500 fold increase in less than 1 
min, followed by an equally rapid decay to basal levels (Fig. 11). The 
observed strong ATP efflux is compatible with activation of conductive 
channels and pores on the cell membrane. Since [eATP] is much lower 
than intracellular [ATP], such ATP efflux may be driven by the steep 
electrochemical (mostly chemical) gradient across the plasma mem
brane, as observed in other cell types [61,62,77]. As shown in Fig. 11, 
within the first min post stimulus phase, the contribution of eATP hy
drolysis to eATP kinetics was negligible. However, for the rest of the 
incubation period, ATP efflux strongly decreased, thereby allowing 
ectoATPase activity to control eATP kinetics. Overall, this analysis 
shows that mechanical and hypotonic perturbation of Caco-2 cells can 
lead to strong but brief eATP release, which is sufficiently high to acti
vate most ATP-P receptors on the cell surface, followed by inactivation 
of the purinergic response by ectoATPase activity. 

4.4. Sequential dephosphorylation of ATP 

Having detected 5′-NT by facilitated AMP hydrolysis, western blot 
and immunofluorescence analysis, we wondered whether 5′-NT may act 
in concert with NTPDases at relatively low substrate concentrations, as 
demonstrated in other cell systems [8,23]. To this end, we exposed Caco- 
2 cells to a low μM [α32P]ATP concentration. In the absence of NPPase 
activity, [α32P]Pi release may be expected only if ectonucleotidases were 
present that sequentially liberate γ-, β- and α-Pi of ATP at the cell sur
face, thus producing one ADO for every [α32P]Pi produced. Accordingly, 
addition of [α32P]ATP led to [α32P]Pi release, thus providing the first 
evidence that eATP is fully dephosphorylated in Caco-2 cells. Release of 
[α32P]Pi was significantly lower than that of [γ32P]Pi. This lower rate of 
the former was expected, since under eATP exposure the effective 
extracellular AMP concentration sensed by 5′NT is limited by the ve
locities of ATP and ADP hydrolysis. Nevertheless ectoAMPase activity 
was significant, and is in line with K0.5 values of 5′NTs found in the low 
micromolar range [23]. 

The observed production of ATP-derived ADO may activate one or 
more subtypes of P1 receptors present in Caco-2 cells [78]. A number of 
studies have implicated adenosine P1 receptors in limiting inflammation 
in the gastrointestinal system [79], counteracting the pro-inflammatory 
actions of eATP on P2X7 receptor [19]. Moreover, in the colonic 
epithelium P1 receptors play an important role in regulating water and 
Cl− secretion [80]. In Caco-2 and HCT8 intestinal cell lines, the 
concerted action of eATP, acting on P2 receptors, and adenosine, acting 
on P1 receptors, was shown to regulate proliferation and apoptosis [28], 
while Cl− secretion of Caco-2 cells was regulated by eATP and other 
extracellular nucleotides, suggesting the participation of P2Y receptors 
in the response [10]. 

5. Conclusions 

We have characterized the capacity of Caco-2 cells to hydrolyze 
extracellular ATP, ADP and AMP, and identified NTPDase1 and 2, 5′NT 
and a neutral ectophosphatase as the main ectonucleotidases in these 
cells. Ectophosphatase, unlike NTPDases, was affected by the available 
Pi content of the extracellular milieu. The catalytic properties of 

ectoATPase activity were unaffected by hypotonicity. Cytosolic ATP was 
released acutely following physiological stimuli, with almost no energy 
cost. The accumulated eATP was subsequently hydrolyzed by ectoAT
Pase activity, thus shaping the late phase of eATP kinetics. Caco-2 cells 
were able to sequentially dephosphorylate ATP to adenosine, thus 
allowing sequential P2 and P1 receptor signaling. 

Future studies would allow elucidating the modulation of nucleotide- 
dependent cellular responses in the epithelial barrier of the intestine, 
such as inflammation, proliferation, apoptosis, electrolytes transport 
and cell volume regulation. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbamem.2021.183679. 
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