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RESEARCH PAPER

Ouabain promotes claudin-1, -2, and -4 autophagic 
degradation through oxidative stress and AMPK 
activation in MDCK cells
Jessica P. Campos-Blázquez a, Catalina Flores-Maldonado a, 
Juan M. Gallardo b, José Bonilla-Delgado c, Alan A. Pedraza-Ramíreza, 
Octavio López-Méndeza, Enoc M. Cortés-Malagón d 

and Rubén G. Contreras a

aDepartment of Physiology, Biophysics and Neurosciences, Center for Research and Advanced 
Studies of the IPN (Cinvestav-IPN), Mexico City, Mexico; bUnidad de Investigación Médica en 
Enfermedades Nefrológicas, Hospital de Especialidades, Centro Médico Nacional “Siglo XXI” 
Instituto Mexicano del Seguro Social, Mexico City, Mexico; cResearch Unit, Hospital Regional 
de Alta Especialidad de Ixtapaluca, Ixtapaluca 56530, and Department of Biotechnology, 
Escuela de Ingeniería y Ciencias, Instituto Tecnológico y de Estudios Superiores de Monterrey, 
Toluca, Mexico; dResearch Division, Hospital Juárez de México, Mexico City, Mexico

ABSTRACT
Epithelial cells transport substances through the cellular and paracellular 
pathways. The last one depends on tight junctions, particularly on claudins, 
the family of integral membrane proteins responsible for the permeability 
and selectivity of these junctions. 300 nM ouabain (OUA) induces endocy-
tosis and lysosomal degradation of claudin-2 and -4 in an Src and ERK1/2 
kinases-dependent manner. Here we investigate whether OUA-induced 
lysosomal degradation of claudins implicates autophagy in renal epithelial 
Madin-Darby canine kidney cells. During autophagy, LC3 protein binds 
phosphatidylethanolamine and incorporates, together with protein p62, 
into the phagophore. Subsequently, the autolysosome degrades both LC3 
and p62 proteins. OUA’s occupancy of its site in the Na⁺/K⁺ATPase (300 nM, 
10 h) increases autophagic flux because of degradation of LC3 and p62 and 
an increase in the number of autophagosomes, as detected by fluorescent 
LC3 and p62 puncta and the rise in autolysosomes seen by the GFP-LC3- 
RFP probe. Finally, OUA increases the colocalisation of claudin-1, -2, or -4 
with p62 in these puncta. OUA induces autophagy increasing reactive 
oxygen species generation that activates AMP-activated protein kinase, 
phosphorylating ULK1 at S555. The autophagy inducer rapamycin causes 
a degradation of the studied claudins comparable to the one generated by  
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OUA. Furthermore, the autophagy inhibitor dorsomorphin blocks OUA- 
induced autophagy and claudin-1, -2, and -4 degradation. These results 
demonstrated that OUA induces claudin-1, -2, and -4 autophagy through 
oxidative stress.

Abbreviations: AMP: adenosine monophosphate; AMPK: AMP-activated pro-
tein kinase; ATP: Adenosine triphosphate; DM: dorsomorphin; EGFR: epidermal 
growth factor receptor; ERK: extracellular signal-regulated kinase; GAPDH: gly-
ceraldehyde-3-phosphate dehydrogenase; LC3: microtubule-associated protein 
1A/1B-light chain 3; MDCK: Madin-Darby canine kidney; mTOR: mammalian 
target of rapamycin; NAC: N-acetylcysteine; OUA: ouabain; PCC: Pearson’s cor-
relation coefficient; PE: phosphatidylethanolamine, Rapa: rapamycin; ROS: reac-
tive oxygen species; SNK: Student–Newman–Keuls; TER: transepithelial 
electrical resistance; TJs: tight junctions; ULK1: Unc-51-like kinase 1.

KEYWORDS Epithelia; LC3; p62; reactive oxygen species; tight junctions; rapamycin; TER; ULK1

Introduction

Macroautophagy/autophagy is a cytosolic degradative process triggered by 
stress conditions, such as nutrient deprivation, hypoxia, and oxidative stress [1- 
3]. These conditions activate the AMP-activated protein kinase (AMPK), the 
cellular energy sensor that initiates autophagy by inhibiting the mammalian 
target of rapamycin kinase (mTOR) and activating Unc-51-like kinase 1 (ULK1 
[4,5]); thus, promoting the formation of the autophagy initiation complex that, in 
turn, induces the genesis of a double membrane organelle known as phagophore 
from the membrane of the rough endoplasmic reticulum. As the phagophore 
elongates, it engulfs cytosolic components such as protein aggregates and 
damaged organelles, regulating cell homoeostasis [6]. For this elongation, cyto-
solic LC3-I (microtubule-associated protein light chain 3) must conjugate with 
phosphatidylethanolamine (PE) to form LC3-II. This LC3 protein form attaches to 
the phagophore membrane [7]. In the nascent phagophores, LC3-II recruits the 
p62/SQSTM1 (sequestosome 1) receptor, which, in turn, captures ubiquitinated 
proteins destined for autophagy. The phagophores then close their membranes 
to form the autophagosome. This double membrane organelle fuses with the 
lysosome, forming the autolysosome, where all the autophagosome content and 
components are degraded, including LC3-II and p62. Alterations in autophagy 
have been implicated in numerous diseases, such as cancer, neurodegenerative 
disorders, and viral infections [8]. However, little is known about the regulation of 
autophagy upon the renal epithelial tight junctions (TJs).

TJ and apical/basolateral cell polarity are the critical differentiated character-
istics of epithelia [9]. Renal TJ are crucial in concentrating the glomerular filtrate to 
transform it into urine through the reabsorption or secretion of metabolites, ions, 
and water. Epithelia, including the renal one, transport substances through the 
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transcellular or the paracellular pathways [9]; the transcellular pathway relays on 
channels, pumps, and carriers to transport substances across the plasma mem-
brane and the paracellular pathway depends on TJ. These structures are protein 
complexes expressed at the most apical region of the lateral membrane of 
epithelial cells and consist of membrane-associated and integral proteins. 
Claudin is a family of TJ proteins with four transmembrane domains that obliter-
ate the extracellular space because of binding with claudins of neighbour cells. 
These proteins form paracellular channels with a characteristic selectivity and 
permeability, depending on the type of claudin expressed [10]. The paracellular 
permeability is measured through the transepithelial electrical resistance (TER 
[11,12]) and adjusts according to physiological requirements, pharmacological 
challenges, and pathological and environmental conditions. Thus, if a given 
epithelium expresses claudin-1 and claudin-4, both known as barrier-forming 
claudins, it forms a paracellular barrier with high TER values; on the other hand, if 
the epithelium expresses claudin-2, a pore-forming claudin, it acquires a leaky 
phenotype with low TER due to the formation of paracellular channels that 
transport substantial amounts of cations, mainly Na+, and water [10,13].

In previous works, we have demonstrated that the prototypical cardiotonic 
steroid ouabain (OUA) regulates the expression of claudins in renal epithelial 
Madin-Darby canine kidney (MDCK) cells. This cardiotonic steroid, originally 
extracted from plants (Strophanthus gratus and Acokanthera ouabaio), is a ther-
apeutic substance to treat cardiac arrhythmia and congestive heart failure [14]. 
OUA is also found in human plasma [15] and urine. It is described as a hormone 
released from the adrenal glands and the hypothalamus [16,17] that participates 
in salt-sensitive hypertension, salt handling in the kidney, and sodium homoeos-
tasis [18-20]. It exerts these effects by inhibiting the Na⁺/K⁺-ATPase that transports 
Na⁺ from the cell’s interior to the media and K⁺ in the opposite direction, driven by 
ATP hydrolysis. Besides inhibiting transport, OUA occupancy of its binding site in 
the ⍺-subunit of the Na⁺/K⁺-ATPase triggers a variety of signalling pathways that 
regulate cell proliferation, hypertrophy, apoptosis [20,21], cell migration [22], and 
adhesion [23]. These pathways include Src kinase, extracellular signal-regulated 
protein kinases 1 and 2 (ERK 1/2), the inositol 1,4,5-tris-phosphate receptor (IP3R), 
the nuclear factor kappa B (NF-κB), and reactive oxygen species (ROS) release, 
among others [24-29].

We also demonstrated that OUA regulates TJ in two contrary ways, 
depending on the concentration of OUA used: at low concentrations 
(10 nM), it induces the expression of claudin-1, -2, and -4, increasing TER 
[30], and it also accelerates collective cell migration [22] and the develop-
ment of cell polarity, as indicated by the development of the major cilium 
[31]; at high concentrations (300 nM), OUA induces the formation of a 
signalosome that includes the Na⁺/K⁺-ATPase, Src kinase, and the 
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epidermal growth factor receptor (EGFR [27]). Src complexed with the Na⁺/ 
K⁺-ATPase transactivates EGFR that, in turn, activates the ERK 1/2 kinases. 
The activation of these kinases promotes clathrin and dynamin-dependent 
endocytosis of claudin-2 and -4 and their subsequent lysosomal degrada-
tion, resulting in a continuous decrement of TER to zero level in the first 
place and the coincident detachment of cells from each other and finally, 
from the substrate with subsequent cell death [23,32]. Since lysosomes are 
the main degradative cellular organelles closely related to autophagy, we 
are interested in investigating whether autophagy participates in this 
process and if it has a role in claudins’ proteostasis regulation.

Results

Ouabain promotes claudin-1, -2, and -4 lysosomal degradation

We have demonstrated previously that claudin-2 and -4 undergo lysosomal 
degradation upon OUA incubation [32]. We now extend this result to claudin-1, 
incubating mature MDCK confluent monolayers for 10 h in the presence or 
absence of OUA (300 nM), with or without NH₄Cl (10 mM), which inhibits 
lysosomal function by promoting its alkalinisation and increase LAMP1 fluor-
escence signal (Figure 1A). OUA decreased a 34%, 65%, and 62% and, in 
contrast, NH₄Cl increased by 31%, 49%, and 80% the cell content of claudin- 
1, -2, and -4, respectively (Figure 1B). The latter results demonstrate that cells 
degrade claudins in lysosomes in basal conditions. Interestingly, claudin-1 and 
-4 abundance exhibited no significant difference between the NH₄Cl alone or in 
combination with OUA, evidencing lysosomal degradation impairment; how-
ever, for claudin-2, the results show a different behaviour: OUA decreased its 
cell content even in the presence of NH₄Cl, although at a higher level as OUA 
alone (Figure 1B). Furthermore, NH₄Cl inhibited claudins degradation, without 
affecting TER in control cells, nor impairing OUA effect (Figure 1C). That 
indicates that NH₄Cl only exerts an effect on claudins’ degradation but not in 
their endocytosis. Additionally, we confirmed that OUA increased claudin-4 
mRNA and extended the result to claudin-1 and -2, while NH₄Cl does not have 
an effect (Figure 1D).

Lysosomes are the main degradative hub in the cells to which several path-
ways converge: the endosomal route, where early endosomes mature into late 
endosomes or multivesicular bodies that fuse with lysosomes; the microauto-
phagy pathway, characterised by lysosomes engulfment of cytosolic proteins, 
and macroautophagy, commonly referred as autophagy, characterised by the 
formation of autophagosomes that fuses with lysosomes [33,34]. For this reason, 
the demonstration that lysosome inhibition precludes protein degradation is a 
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requirement but not strong proof of autophagy involvement. Therefore, proving 
the autophagy mechanism in protein degradation requires evaluating colocalisa-
tion and abundance with appropriate markers.

Figure 1. OUA promotes claudin-1, -2, and -4 lysosomal degradation. a) LAMP1 
immunofluorescence of MDCK incubated without (CTL) or with 10 mM NH₄Cl for 10 h, 
showing the typical increase in inhibited lysosomes’ signal. b) Claudins cell content in 
MDCK cells incubated as indicated above, in the presence or absence of OUA (300 nM); 
graphs represent the densitometric analysis in arbitrary units (a.u.) in control (white 
boxes) or OUA-containing media (cyan boxes); representative immunoblots are shown 
above. c) TER, and d) mRNA levels of claudins in the same conditions as b. The difference 
among groups was analysed by one-way ANOVA followed by the Student–Newman– 
Keuls (SNK). Groups not different from each other are marked by the same letter.
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Ouabain increases autophagy flux

We analysed the immunofluorescence of autophagy markers LC3 and p62 
in MDCK cells incubated for 6 h in the above experimental conditions. 
When these proteins recruit into an autophagosome, they generate a 
fluorescent staining pattern of structures called puncta, better visualised 
after incubation with NH₄Cl to prevent degradation. OUA by itself does 
not significantly change the number of LC3 or p62 puncta because as 
autophagosomes are formed, they are being degraded; however, in the 
presence of NH₄Cl, OUA increased the number of LC3 puncta 32% in 
comparison with NH₄Cl alone, and 132% versus control, while p62 puncta 
increased 20% and 102%, respectively (Figure 2A, B). Moreover, we 
analysed these markers’ cell content in MDCK cells incubated for 10 h 
with or without OUA and NH₄Cl (Figure 2C). The amount of LC3-II reflects 
the number of autophagosomes and hence the autophagy flux activity. 
However, to distinguish LC3-II accumulation by autophagic induction or 
lysosome impairment, we measure autophagy markers in the presence 
and absence of NH₄Cl [35]. OUA did not significantly affect LC3 II content 
because it degraded after generation. In contrast, in the presence of 
NH₄Cl, OUA increased it by 21% compared with NH₄Cl alone and 180% 
versus CTL; this evidences LC3 activation and degradation impairment 
given by lysosome inhibition. OUA induced p62 30% degradation, which 
is also accumulated under lysosome inhibition by 37% versus NH₄Cl alone 
and 77% versus CTL (Figure 2C). Furthermore, we transfected MDCK cells 
with the plasmid GFP-LC3-RFP tandem probe and evaluated the fluores-
cence after 6 h of incubation with OUA. This plasmid lets us differentiate 
between autophagosomes and autolysosomes: when LC3 is in the former, 
both RFP and GFP signals colocalise and will generate yellow dots; 
however, when autophagosomes fuse with lysosomes, pH decreases, 
which leads to the quenching of the sensible pH fluorescence of GFP; 
hence, autolysosomes are visualised just as red dots. OUA promotes the 
progression of autophagosomes to autolysosomes, as seen by a 50% 
reduction of the former, while autolysosomes do not necessarily increase 
due to degradation (Figure 2D, E). All these results confirm that OUA 
increases autophagy flux.

Ouabain induces claudin-1, -2, and -4 autophagic degradation

Next, we investigated whether OUA induces claudin’s autophagy. If this were 
the case, claudins undergoing degradation most localise in the autophago-
some and, therefore, colocalise with p62. In MDCK cells incubated for 6 h in 
the usual experimental conditions, claudins localise at TJs in a classical 
honeycomb pattern in control and NH₄Cl conditions (Figure 3A CTL, green), 
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Figure 2. OUA increases autophagy flux. MDCK cells were incubated for 6 h in the 
presence or absence of OUA (300 nM) with or without NH₄Cl (10 mM), an inhibitor of 
lysosomal function. A) Representative immunofluorescences of LC3 and p62 puncta. B) 
LC3 and p62 puncta quantification per cell, 90 cells evaluated per condition. C) MDCK 
cells were incubated for 10 h in the presence or absence of OUA (300 nM) with or 
without NH₄Cl (10 mM), and we evaluated LC3 and p62 cell content. Graphs represent 
the densitometric analysis in a.u. Representative immunoblots are shown above. High 
exposure (HE) and low exposure (LE) representative immunoblots were used to analyse 
properly markers’ proteins exhibiting low and high signals, respectively. D) MDCK cells 
were transfected with the plasmid GFP-LC3-RFP tandem probe and incubated with or 
without OUA for 6 h. Representative fluorescence is shown. The yellow signal represents 
the autophagosomes, while the red represents the autolysosomes. E) Number of 
autophagosomes and autolysosomes calculated from d, 50 cells evaluated per 
condition.
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while p62 stains intracellular puncta that correspond to autophagosomes 
(Figure 3A, red [35]). OUA induced the endocytosis of claudin-1, -2, and -4, 
increasing their intracellular localisation. NH₄Cl increased claudins colocalisa-
tion with p62 at intracellular puncta (Figure 3A, yellow) because it inhibits 
their degradation. The combination of NH₄Cl+OUA increases even more 
claudins colocalisation with p62. Pearson’s correlation coefficient (PCC) ana-
lysis shows that OUA in the presence of NH₄Cl increased the colocalisation of 
claudin-1 with p62 by 36% in comparison with NH₄Cl alone and 148% versus 
CTL, while claudin-2 colocalisation increased by 57% and 158%, respectively, 

Figure 3. OUA induces the colocalisation of claudin-1, -2, and -4 with p62. MDCK 
cells were incubated for 10 h in the presence or absence of OUA (300 nM), with or 
without NH₄Cl (10 mM). A) Representative immunofluorescence images showing p62 
staining in red puncta and claudins in green. Colocalisation is seen as yellow dots. PCC 
was calculated as a colocalisation analysis for the correlation between p62 and B) 
Claudin-1, C) Claudin-2, and D) Claudin-4 per cell, 40 cells evaluated per condition.
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and claudin-4 increased by 97% versus NH₄Cl and 182% versus CTL (Figure 
3B-D). This coefficient shows how much a protein colocalises with the other 
[36] and demonstrates that claudins increase its colocalisation with p62 upon 
OUA treatment. It would be interesting to evaluate if there is any direct 
interaction among them. All these results confirm that OUA promotes clau-
din-1, -2, and -4 autophagy.

Autophagy regulates claudin-1, -2, and -4 cell content

Knowing that OUA induces claudins’ autophagy, we next wondered whether the 
autophagy inducer Rapamycin (Rapa, 500 nM; a natural anti-fungal antibiotic that 
promotes autophagy mimicking starvation by inhibiting mTOR) provokes the 
same effect as OUA. We found that rapamycin decreased claudin-1, -2, and -4 
abundance by 22%, 42%, and 21%, respectively, an effect indistinguishably from 
OUAs (Figure 4A). Besides strengthening our demonstration that OUA induces 
claudins autophagy, these results show that autophagy regulates claudin cell 
content in basal conditions, and Rapa did not potentiate OUA when cells were 
incubated with both drugs (Figure 4A, fourth column in each graph).

Autophagy, induced either by mimicking starvation or OUA, regulates claudins 
abundance. We then investigated the role of autophagy in TJ sealing. We exam-
ined the paracellular permeability of confluent MDCK monolayers through TER 
measurements. As shown before [32], OUA decreased TER by 25%, while autop-
hagy induction with Rapa did not affect TER (Figure 4B). This result indicates that 
Rapa does not induce claudin’s endocytosis, degradation, or inactivation at the TJ 
but triggers autophagy of the intracellular pools of these proteins. Nevertheless, 
autophagy induction potentiated the TER decrease induced by OUA up to reach 
37% (Figure 4B, fourth column), unveiling a third process of autophagy control of 

Figure 4. Autophagy regulates claudin-1, -2, and -4 cell content. MDCK cells were 
incubated for 10 h in the presence or absence of OUA (300 nM) with or without Rapa 
(500 nM), a potent autophagy inducer. A) Graphs represent claudin cell content, 
evaluated by densitometric analysis and expressed as a.u. Representative immunoblots 
are shown above. B) TER of the monolayers. One-way ANOVA followed by the SNK 
analysed the difference among groups. Groups not different from each other are marked 
by the same letter.
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claudins consisting of the acceleration of the OUA-induced component; it also 
confirms the active role of autophagy in claudins degradation and abundance.

Ouabain promotes autophagy through AMPK activation

The fact that OUA increases autophagy flux is fascinating, considering that it 
disrupts TJ after the occupancy of its binding site at the ⍺-subunit of the Na⁺/K⁺- 
ATPase and the subsequent transactivation of the EGFR pathway through the 
small binding protein c-Src [27]. To investigate how the activation of the EGFR 
pathway, which usually conduces to an autophagy blockage [37], participates 
in OUA-induced autophagy, we analysed the primary autophagy regulator 
ULK1 and its upstream modulator AMPK, as a function of time. OUA increased 
AMPK Thr-172 phosphorylation to 30% at the second hour and retained this 
activation level during the remaining studied period (6 h more), with a max-
imum increment of 86% at 8 h of incubation. OUA-induced AMPK activation 
promoted ULK1 phosphorylation at Ser-555, with an initial increase of 33% at 
4 h and a maximum of 68% at 8 h (Figure 5A, B), correlating with the autophagy 
flux increase mentioned in Figure 2. To confirm OUA-induced autophagy 
through AMPK activation, we incubated MDCK cells with or without dorsomor-
phin (DM, 50 μM), an AMPK inhibitor, during a 10-h OUA treatment and 
measured LC3-II cell content. As before, OUA alone did not significantly change 
LC3-II quantity because, after its generation, it decreases rapidly; DM by itself 
had no statistically significant effect either; but the combination of DM and 
OUA significantly decreased LC3-II (Figure 5C), which means that AMPK inhibi-
tion provokes LC3 inactivation and, subsequently, blocks the autophagy flux 
induced by OUA. Furthermore, we evaluated ULK1 activation, incubating cells 
in the same conditions as above for 6 h, and demonstrated that upon AMPK 
inhibition, ULK1 is no longer activated (Figure 5D). We also assessed the 
autophagy flux through the GFP-LC3-RFP probe; in MDCK cells, incubated in 
the same conditions as before, DM (Figure 5E, F DM+OUA) prevented the 
progression from autophagosomes to autolysosomes induced by OUA 
(Figure 5E, F OUA), confirming that it blocks the autophagy flux progression. 
All these results demonstrate that OUA sequentially activates AMPK, ULK1, and 
autophagy.

AMPK regulates claudin-1, -2, and -4 cell content and TJs´ sealing

As shown before [38-41], AMPK plays a crucial role in regulating and stabilising TJ. 
Here, we demonstrate that OUA induces autophagy through AMPK activation, 
and autophagy regulates claudins’ abundance. Therefore, we also investigated 
whether AMPK activation regulates claudins’ cell content. We incubated MDCK 
cells for 10 h in the presence or absence of OUA (300 nM) with or without DM 
(50 μM), the AMPK inhibitor. OUA induced claudin-1, -2, and -4 degradation as 
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usual; interestingly, DM increased 28% and 48% claudin-1 and -2 cell content, 
respectively, but showed no significant effect on claudin-4, and DM impaired 
OUA-induced degradation of the three claudins studied in comparison with OUA 
alone (Figure 6A), a similar behaviour is shown with autophagy blockage by 
NH₄Cl. Interestingly, the combination of OUA and DM increases even more 
claudin-4 cell content; it would be interesting to investigate the role of AMPK 

Figure 5. OUA promotes autophagy through AMPK activation. A) Total phosphor-
ylation, normalised with GAPDH, of the autophagy regulators in the presence (blue and 
green lines) or absence (black line) of OUA 300 nM at a function of time (hours, h), 
evaluated by the corresponding densitometric analysis and expressed as a.u. Values 
above the control (CTL) line denote a phosphorylation increase. Two-way ANOVA 
followed by SNK analysed the difference among groups. B) Representative immunoblots 
showing cell content of the autophagy regulators AMPK and ULK1 with their respective 
activated-phosphorylated forms (pAMPK T127 and pULK1 S555) in the absence (-) or 
presence (+) of OUA 300 nM. C) LC3-II content of MDCK cells incubated for 10 h in the 
presence or absence of OUA (300 nM) with or without DM (50 μM), an inhibitor of AMPK. 
D) pULK1 S555 content of MDCK cells incubated in the same conditions for 6 h. 
Representative immunoblots are shown above. E) MDCK cells were transfected with 
the plasmid GFP-LC3-RFP tandem probe and incubated in the same conditions as d. 
Yellow signal represents the autophagosomes, while red represents the autolysosomes. 
F) Number of autophagosomes and autolysosomes calculated from e, 50 cells evaluated 
per condition.
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on claudin-4 expression. Taking these results together, we can conclude that 
besides the essential role of AMPK in TJ regulation, it also modulates claudins’ 
abundance through autophagy. Moreover, AMPK inhibition produces a TER 
decrease to the same level as OUA (Figure 6B), explained by TJ destabilisation 
elsewhere [41]; interestingly, the combination of DM and OUA potentiates TER 
decrease (Figure 6B); these are the combined effects of the TJs weakening given 
by AMPK inhibition and claudins endocytosis produced by OUA. To confirm this, 
we evaluated claudins cell localisation by immunofluorescence in the same 
conditions (Figure 6C); in the control condition (CTL), claudin-1, -2, and -4 localise 
at TJs in a classical honeycomb pattern. As shown before, upon OUA treatment, 
these claudins are endocytosed from the plasma membrane. The same effect is 
observed in the presence of DM, proving the TJ’s destabilisation. The combination 

Figure 6. AMPK regulates claudin-1, -2, and -4 cell content. MDCK cells were 
incubated for 10 h in the presence or absence of OUA (300 nM) with or without DM 
(50 μM), an inhibitor of AMPK. A) Graphs represent claudin cell content, evaluated by 
densitometric analysis and expressed as a.u.; representative immunoblots are shown 
above. B) TER of the monolayers. C) Representative immunofluorescence of claudins cell 
localisation in these conditions.
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of OUA and DM exerts the most notorious disassembly of the TJ, as all the 
claudins’ signal appears only in the cytosol in this condition. These results prove 
that AMPK regulates claudins cells content and TJs sealing.

Ouabain activates AMPK through oxidative stress

Finally, we evaluated the mechanism of AMPK activation. AMPK regulates 
energy homoeostasis to increase ATP generation when AMP:ATP ratio is 
elevated [42]. This enzyme is a heterotrimer constituted by a catalytic α 
subunit and the two regulator β and γ subunits. AMPK activation depends 
on the phosphorylation of the subunit α at the Thr-172 by LKB1 or CAMKK 
[43]. When AMP binds to the subunit γ, it facilitates subunit α phosphoryla-
tion and inhibits dephosphorylation. Considering that reactive oxygen spe-
cies (ROS) increase the AMP:ATP ratio activating AMPK [44] and that OUA 
promotes ROS generation [45], we hypothesise that oxidative stress is impli-
cated in AMPK activation by OUA. First, we measured ROS at the function of 
time and found an increase of 260% at 2 h of incubation with OUA (Figure 
7A), which correlates with the time of AMPK activation (Figure 5A, B); then, to 
demonstrate that this increment activates AMPK, we analysed its phosphor-
ylation in the presence and absence of OUA and N-acetylcysteine (NAC, 
50 μM) a potent antioxidant. As described before (Figure 5A, B), OUA acti-
vated AMPK, while NAC impaired this activation (Figure 7B). These results 
demonstrate that OUA activates AMPK through oxidative stress. Finally, we 
evaluated claudins cells content under the same conditions; the results have a 
very similar pattern of the autophagy blockage by NH₄Cl and DM, in which 
NAC prevents claudins degradation by OUA (Figure 7C). Taking these results 
together, we can confirm that OUA increases ROS generation that activates 
AMPK, which in turn activates ULK1, therefore increasing autophagy flux that 
degrades claudin-1, -2, and -4 (Figure 8).

Discussion

Proteostasis is the dynamic process that regulates proteome through a net-
work that controls protein synthesis, folding, function, and degradation, and 
it is essential for human health [46]. Claudin proteostasis studies include gene 
transcription, folding, post-translational modifications, and traffic [10]; 
despite the evidence of claudins’ lysosomal degradation [33], the role of 
autophagy in this process is mainly unknown. Here, we confirmed the clau-
din-2 and -4 lysosomal degradation seen before [32] and extended it to 
claudin-1 (Figure 1B). We confirmed our previous results showing that clau-
din-4 mRNA increment upon OUA treatment and extended it to claudin-1; 
surprisingly, we now found that OUA also induces claudin-2 mRNA increase 
(Figure 1D), in contrast to our previous results [32]. Cell adhesion proteins’ 
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mRNA upregulation in detached cells may be part of a cellular mechanism to 
restore adhesion. In this respect, cells incubated without Ca⁺⁺ lack TJs but 
have a high mRNA cell content of the scaffolding tight and adherens junc-
tions’ protein ZO-1 [47].

We also demonstrated that OUA increases autophagy flux by measuring 
LC3-II and p62 content, quantifying autophagosomes through LC3 and p62 
puncta and the GFP-LC3-RFP tandem probe (Figure 2). This autophagy is 
essential to claudins proteostasis and affects TJs on three levels: 1) It partici-
pates in the degradation by OUA, seen by their colocalisation with p62 (Fig. 
3); 2) It regulates the basal state of claudins without affecting normal TER (Fig. 
4A); 3) It potentiates the TER decrease by OUA (Figure 4B). Considering the 
essential role of claudins on paracellular transport, autophagy degradation 

Figure 7. OUA activates AMPK through ROS generation. A) ROS measurement in 
MDCK cells at a function of time of incubation with OUA (FAU: Fluorescence 
arbitrary units). B) MDCK cells were incubated in the presence or absence of 
OUA (300 nM) with or without NAC (50 μM), a potent antioxidant. The graph 
represents AMPK total phosphorylation evaluated by densitometric analysis and 
expressed as a.u. after 4-h incubation with OUA. C) Claudins cell content in MDCK 
cells incubated for 10 h in the same conditions as b. Representative immunoblots 
are shown above.
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may be involved in numerous pathologies; for example, Cryptosporidium 
parvum, a protozoan parasite of the small intestine, induces autophagy 
through mTOR inactivation, resulting in a decrease in claudin-4 content 
that enables the infection by disrupting the epithelial barrier [48]. 
Moreover, thrombospondin-1, secreted by astrocytes, activates selective 
autophagy of claudin-5 in endothelial cells, which leads to blood–brain 
barrier leakage [49], and autophagy enhances intestinal epithelial TJ by 
claudin-2 selective degradation [50]. Claudins autophagy may also be impli-
cated in kidney homoeostasis, as selective deletion of Atg5 or Atg7 in mice’s 
proximal tubules produce progressive kidney damage, suggesting that basal 
autophagy is essential to proximal tubule cells’ normal conditions [51]. 
Additionally, autophagy could be associated with kidney diseases related to 
TJ. Acute renal failure is characterised by the loss of barrier function [52], and 
its pathogenesis includes cells starvation, oxidative stress, hypoxia, and 
endoplasmic reticulum stress [53], all of which promote autophagy; it 
would be interesting to evaluate claudins autophagy in this mechanism.

We also demonstrated that OUA induces claudin-1, -2, and -4 autophagy in 
renal epithelial cells through oxidative stress and AMPK activation (Fig. 5 and 7). 
Cardiac glycosides regulate autophagy through different processes [54]. OUA, 
for instance, has been demonstrated to induce autophagic cell death in non- 
small cell lung carcinoma (A549 and H460 cells) through a mechanism depen-
dent on the ERK 1/2 and Src activity [55,56]. The same research group 

Figure 8. Model of claudins’ abundance regulation by OUA through autophagy. 
OUA pathway is depicted in black lines and the rapamycin one in purple lines. Dashed 
arrows represent indirect modulation. See the text for details.
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demonstrated that AMPK is an upstream regulator of Src in the autophagy 
induction process [57]. On the other hand, OUA-induced autophagy decreases 
the number of Tau aggregates that correlate with dementia in Alzheimer’s 
disease [58]. Oxidative stress-induced AMPK activation may be explained by 
ROS generated by opening the mitochondrial KATP channel by OUA [59]. Also, 
ROS are essential for ERK 1/2 and Ras activation [45] in cardiac myocytes. This 
opens the question of whether ROS act as essential messengers in the ERK 1/2 
pathway activated by OUA and EGFR. Although our results demonstrate that 
OUA induces claudin’s autophagy, increasing ROS and activating AMPK (Fig. 5 
and 7), it remains for future investigation whether the OUA-induced oxidative 
stress activates AMPK by changing the AMP:ATP ratio, as seen before [44], or by 
changing the oxidation state of cysteine residues at the α and β subunits, 
increasing the kinase activity, independently of changes in AMP:ATP ratio 
[60-62].

Finally, we demonstrated that AMPK regulates claudins abundance 
through autophagy induction (Figure 6). In this respect, AMPK is essential 
in TJ regulation; during Ca++ switch, a method used to investigate the 
mechanism of this complex formation, AMPK produces TJ, as it acceler-
ates ZO-1 relocation to TJ, increases TER and decreases the dextran flux 
rate across the monolayer [39]. ZO-1 relocation during the Ca++ switch 
depends on the phosphorylation of afadin by AMPK, which promotes its 
binding with ZO-1, facilitating the arrival at the TJ. Moreover, treatment 
with metformin, an AMPK activator, in obese Zucker rats increases ZO-2 
and claudin-1 expression in the liver, reducing paracellular permeability 
[63]. AMPK also regulates TJ stability in basal conditions. It phosphory-
lates the multimodular polarity scaffold protein GIV (G-alpha interacting 
vesicle-associated protein), stabilising the complex and increasing TER 
[41]. Our results confirm this stabilisation, as AMPK inhibition in basal 
conditions decreases TER (Figure 6B, second column). Interestingly, the 
combination of DM and OUA exerts a potentiation upon TER diminish 
(Figure 6B, fourth column); here, we can see the combined effects of the 
TJs weakening given by AMPK inhibition and claudins endocytosis pro-
duced by OUA. This means that even if the degradation process is 
inhibited, proteins are still being removed from the membrane 
(Figure 6C).

In conclusion, we demonstrate that OUA regulates TJs by inducing claudin 
autophagy through ROS-mediated AMPK activation. Our results support the 
following model: OUA triggers a signalling cascade starting with the forma-
tion of a signalosome, followed by the inhibition of the Na⁺/K⁺-ATPase that 
increases intracellular ROS production that activates AMPK. Active AMPK 
leads to the phosphorylation of ULK1 at S555 and mTOR inactivation, which 
induces autophagy. AMPK-induced autophagy is responsible for the 
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degradation of claudin-1, -2, and -4, as seen by their colocalisation with p62 
and the increase in the autophagic flux (Figure 8).

Materials and methods

Chemicals and antibodies

We purchased OUA (03235), Rapa (R87810), DM (P5499), and NAC (A7250) 
from Sigma-Aldrich; NH₄Cl (0660) from J.T. Baker; antibodies against anti- 
claudin-1 (2H10D10) from Thermo Fisher; anti-claudin-2 (51-6100), anti-clau-
din-4 (34-4800), and anti-mouse HRP-linked (62-6520) from Invitrogen; anti- 
GAPDH (Ab9484) from Abcam; anti-rabbit Alexa Fluor-555 (A21428) and anti- 
mouse Alexa Fluor-488 (A11001) from Life Technologies; anti-LC3 (2775), anti- 
p62 (8025), anti-phospho-AMPKα (Thr172; 2535), anti-AMPKα (5832), anti- 
phospho-ULK1 (Ser 555; 5869), anti-ULK1 (8054), and anti-rabbit HRP-linked 
(7074) from Cell Signaling Technology.

Cell culture

We performed all experiments on epithelial MDCK cell clones 7.15, chosen 
because of their intense blistering activity when plated on plastic Petri dishes 
and a low basal TER (200 Ω∙cm2) when plated on polycarbonate filters [64]. 
We grew cells on Petri dishes at 37°C in an atmosphere of 5% CO₂ and 95% air 
in Dulbecco’s modified Eagle’s medium (Life Technologies, 31,600-083) sup-
plemented with Penicillin (10.000 units/ml) mixed with streptomycin (10 mg/ 
ml; In Vitro S.A., A-01) and 10% foetal bovine serum with iron (Life 
Technologies, 10,437-028), in the foregoing referred as CDMEM. After harvest-
ing with trypsin-versene (In Vitro S.A., EN-005), we transferred the cells’ 
suspension onto multiwell plates (Corning Co-Star, 3524) when used for 
western blot and immunofluorescence or Transwell® inserts (Corning Co- 
Star, 3415) for TER; after plating, we maintained the cells for 48 h in CDMEM 
and then transferred cells to a low serum media (24 h in CDMEM with SFB 1%) 
and treated with different experimental media. Then, we preincubated mono-
layers for 1 h with the inhibitors (10 mM NH₄Cl, 500 nM Rapa, 50 μM DM, and 
50 μM NAC) before adding 300 μM OUA for a period lasting as indicated in 
each figure.

Western blotting

To obtain total protein lysates, we washed monolayers plated on 24-multiwell 
plates (Corning Co-Star, 3524) three times with ice-cold PBS (Life 
Technologies, 21,300-058). We incubated them overnight at −80°C in lysis 
buffer (20 mM Tris pH 7.0, 2 mM EGTA, 5 mM EDTA, 30 mM sodium fluoride, 
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40 mM β-glycerophosphate, 1 mM sodium orthovanadate, 3 mM benzami-
dine, 0.5% Nonidet P-40, and Complete Protease Inhibitor Cocktail [Roche 
Applied Science, 4,693,116,001]). We measured total protein content using 
the BCA assay following the manufacturer’s instructions (Thermo Fisher 
Scientific, 23,235). Next, we boiled protein extracts in Laemmli buffer for 
5 min, passed extracts 10 times through a 21-gauge needle, resolved by 
SDS-PAGE, and transferred them to polyvinylidene difluoride membranes 
(Bio-Rad, 1,620,177). Later, we incubated the membranes overnight with 
the primary antibodies at a 1:1000 dilution and 1 h with the secondary 
antibodies at a 1:15,000 dilution. Finally, we detected immunoreactive 
bands with a chemiluminescent substrate (ECL; GE Healthcare, RPN2236) 
and pre-flashed films (Amersham Hyperfilm, GE Healthcare) subjected to 
densitometry analysis using ImageJ [65]. Specific phosphorylation corre-
sponds to the ratio between the amounts of phosphorylated and the total 
protein.

Immunofluorescence

We processed monolayers grown on glass coverslips using the previously 
described antibody signal enhancer (ASE) [66,67]. Briefly, we rinsed coverslips 
three times with ice-cold PBS, fixed with methanol at −20°C for 10 min, rinsed 
three times again with PBS, and incubated them for 30 min in ASE blocking 
solution. Posteriorly we incubated the cells overnight at 4°C in primary 
antibodies diluted 1:1000 in ASE primary antibody solution. Then, we rinsed 
three additional times with PBS and set for 2 h with the solution containing 
secondary antibodies and DAPI (1:1000) in Triton X-100 at room temperature, 
rinsed as indicated above once more and mounted in Vectashield® (Vector 
Laboratories, H-1200). We acquired images with a Leica TCS SP8 laser con-
focal microscope, using Leica HC PL APO CS2 63x/1.40 oil objective. ImageJ 
was used to adjust the brightness and contrast of images and figure con-
structions. We calculated Pearson’s correlation coefficient using the JACoP 
Image J plugin [68].

Transepithelial electrical resistance

We assessed the degree of the TJ sealing to ionic solutes by measuring the TER of 
the monolayers grown on Transwell® inserts (Corning, 3415) permeable supports 
using a volt Ohm meter (EVOM2) and EndOhm-6 system, according to the 
manufacturer’s instructions (World Precision Instruments, Sarasota, FL).
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mRNA quantification by RT-qPCR

We isolated total RNA from MDCK 7.11 cells with TRIzol reagent (Cat. No. 15,596- 
026, Life Technologies), and determined GAPDH, and claudin-1, -2, and -4 mRNA 
concentrations in a StepOne Real-Time PCR Thermal Cycler apparatus 
(ThermoFisher) using a DNA Master SYBR Green Kit (Cat No. 12,158,817,001, 
Roche). We amplified the templates in 45 cycles of a two-step PCR cycle; each 
cycle comprised 30 sec of 95°C denaturation and 30 sec of 61°C annealing. We 
calculated the differential gene expression as the normalisation of the gene 
expression of GAPDH. We analysed the data with the equation previously 
described by Livak and Schmidgen (target = 2-DDCt) [69]. We designed the 
following primers to amplify a 200-bp PCR product each: CLDN-1: 
CGACTCGCTGCTGAATCTGA (forward), AAACAGCCAGACCTGCAATA (reverse); 
CLDN-2: GACTCCCGAGCCAAAGACAG (forward), ACCAGGGAGAACAAGGAGGA 
(reverse); CLDN-4: ACAGGCTTCCAGGTCGTAGA (forward), 
CAGTTCATCCACAGGCCCTC (reverse); GAPDH: ATCCATGACCACTTCGGCATC (for-
ward), CCAGTGAGCTTCCCGTTCAG (reverse).

Cell transfection

Noboru Mizushima donated the plasmid pMXs GFP-LC3-RFP (Addgene plas-
mid #117,413; http://n2t.net/addgene:117413; RRID:Addgene_117413) [70]. 
We plated MDCK cells and transfected them when confluence reached an 
80%, using Lipofectamine 2000, according to the manufacturer’s instructions 
(Thermo Fisher Scientific 11,668,019). We transfected the cells with 2.5 μg/ml 
of the plasmid; after 5 h in the transfection mix, we washed the monolayers 
with PBS and incubated them in DMEM supplemented with 10% FBS for 20 h. 
Then we transferred cells to a low serum media (24 h in CDMEM with SFB 1%) 
and treated them with different experimental media. Autophagosomes and 
autolysosomes quantification was performed using the ImageJ multi-point 
tool.

ROS detection

To investigate whether OUA induces the production of ROS, we used cells 
grown in 10 cm2 Petri dishes. We washed the cells three times with PBS and 
incubated for 1 h with phenol red free DMEM (Gibco 21,063-029) containing 
10 mM of 2´,7´-Dichlorofluorescein diacetate (Sigma 35,845). Next, we 
washed the cultures with PBS and incubated them in DMEM 1% FBS for 1 h. 
After this time, we transferred the monolayers to DMEM containing or not 
containing 300 nM OUA. Then, we obtained triplicate samples of cells at 30, 
60, 120, and 240 min, washed them with PBS, and lysed them with PBS 
supplemented with 1% SDS. We exposed 100 µl of each sample to an 
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excitation beam of 485 nm and registered the corresponding emission at 
530 nm.

Statistical analysis

We analysed statistical significance by applying unpaired t-tests or one-way 
ANOVA, followed by the SNK test, using Prism 5 (GraphPad software). We 
considered the compared data groups statistically significant if p was equal or 
higher than 0.05, as indicated by different letters on the corresponding 
columns.
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