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Abstract
Background/Aims: Renal injury related to hypertension is characterized by glomerular and 
tubulointerstitial damage. The overactivation of the renin-angiotensin system mainly by 
angiotensin II (AII) seems to be a main contributor to progressive renal fibrosis. Epithelial to 
mesenchymal transition (EMT) is a mechanism that promotes renal fibrosis. Owing to heat 
shock protein 70 (Hsp70) cytoprotective properties, the chaperone exhibits an important 
potential as a therapeutic target. We investigate the role of Hsp70 on Angiotensin II induced 
epithelial mesenchymal transition within the Losartan effect in proximal tubule cells (PTCs) 
from a genetic model of hypertension in rats (SHR). Methods: Primary cell culture of PTCs 
from SHR and Wistar Kyoto (WKY) rats were stimulated with AII, treated with Losartan (L), 
(L+AII) or untreated (Cc). The functional Hsp70 role in Losartan effect, after silencing its 
expression by cell transfection, was determined by Immunofluorescence; Western blotting; 
Gelatin Zymography assays; Scratch wound assays; flow cytometry; and Live Cell Time-lapse 
microscopy. Results: (L) and (L+AII) treatments induced highly organized actin filaments and 
increased cortical actin in SHR PTCs. However, SHR PTCs (Cc) and (AII) treated cells showed 
disorganized actin. After Hsp72 knockdown in SHR PTCs, (L) was unable to stabilize the actin 
cytoskeleton. We demonstrated that (L) and (L+AII) increased E-cadherin levels and decreased 
vinculin, α-SMA, vimentin, pERK, p38 and Smad2-3 activation compared to (AII) and (Cc) SHR 
PTCs. Moreover, (L) inhibited MMP-2 and MMP-9 secretion, reduced migration and cellular 
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displacement, stabilizing intercellular junctions. Notably, (L) treatment in shHsp72 knockdown 
SHR PTCs showed results similar to SHR PTCs (Cc). Conclusion: Our results demonstrate that 
Losartan through Hsp70 inhibits the EMT induced by AII in proximal tubule cells derived from 
SHR.

Introduction

Renal injury related to hypertension is characterized by glomerular and tubulointerstitial 
damage such as tubular atrophy, interstitial fibrosis and periglomerular fibrosis [1]. The 
damage in renal parenchyma and its vasculature is gradual, evolutive and symptomatically 
silent. The local overactivation of the renin-angiotensin system mainly by angiotensin II (AII) 
actions seems to be a main contributor to progressive renal fibrosis through mechanisms 
participating in the production of profibrotic factors, and extracellular matrix protein 
production [2]. The physiological and pathological actions of AII are mediated by the AT1 
receptor coupled to the G protein. The molecular mechanisms associated with the receptor 
activation include the positive regulation of several signaling pathways that involve: reactive 
oxygen species (ROS) generation, mitogenic kinases (MAP Kinasas) activation and small 
proteins Rho GTPases activation [3, 4]. Oxidative stress plays a critical role in the pathological 
development of kidney injury related to hypertension [5]. In spontaneously hypertensive 
rats (SHR), it has been demonstrated gene expression for all main components of phagocyte 
NADPH oxidase in renal cells, suggesting that the activation of NADPH oxidase within the 
kidney may precede the development of hypertension [6]. Furthermore, ROS production 
is the major pathway by which AII induces epithelial mesenchymal transition (EMT) and 
apoptosis leading to fibrosis [7].

The early signaling events involved in the assembly and structural organization actin 
cytoskeleton AT1R-dependent, include the activation of small Rho GTPase proteins such 
as RhoA and Rac1. The tubulo-epithelial cells are firmly linked through different adhesion 
mechanisms. On this way, E-cadherin is a protein present in adherent junctions that binds 
to intracellular actin filaments and plays a key role preserving the structural integrity of 
renal epithelia. The initial events in the EMT process include the disruption of epithelial 
junctional complexes and subsequent loss of cell polarity. Then, a consecutive series of 
situations lead to cell morphology changes from cuboid to fibroblastic, decreased epithelial 
proteins expression such as E-cadherin and cytokeratin, cytoskeleton reorganization 
and increased mesenchymal markers expression, such as vimentin and α-SMA (smooth 
muscle actin) [8]. Together, these events define the cell structural change and confers the 
contractile capacity that allow migration and invasion to other tissue compartments [9, 10]. 
Another fundamental process involves the disruption of tubular basement membrane by 
the proteolytic action of metalloproteinases MMP-2 and MMP-9. These metalloproteinases 
make possible the migration of the transformed cells to the tubular interstitium where their 
final myofibroblasts morphology is obtained [11]. Several intracellular signaling systems are 
involved in EMT and renal fibrosis. In the kidney, AII actively participates in renal fibrosis, 
in part mediated by TGFβ [12]. Previous studies have demonstrated that the MAPK pathway 
is required for TGFβ-mediated EMT and cell migration [13, 14]. In addition, activation of 
small Rho GTPases is a key step in EMT [15]. Other studies have shown that AII activates the 
Smad pathway during epithelial mesenchymal transdifferentiation [16-18]. A cell protective 
mechanism against the ROS effects, include the production of highly conserved proteins 
called heat shock proteins (Hsp). These molecular chaperones, ubiquitously expressed, 
help to maintain and restore the normal function of cells against stress, a condition that 
dramatically increases their expression [19]. Hsp70 regulates a diverse set of signaling 
pathways through its interaction with proteins [20]. We have focused in the study of the 
mechanism involved in the antioxidative effect of Losartan, a pharmacological inhibitor of 
the AT1 receptor, on the genetic model of hypertension in rats (SHR). Previously, we showed 
that Losartan induces caveolin-1 and Hsp70 interaction, together with decreased Nox4 
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protein levels in microdissected proximal tubule membranes [21]. Recently, we determined 
that Losartan treatment induces increased Hsp70 chaperone expression and decreased 
oxidative stress through Nox4 protein levels reduction in PTC primary cultures from SHR. 
The decreased Nox4 was not due to modifications at transcriptional level expression, it was 
because of the interaction of Hsp70 with its CHIP cochaperone, complex that negatively 
regulates Nox4 protein levels through proteosomal degradation [22]. These results suggest 
that Hsp70 plays a key role in the reduction of oxidative stress after the AT1 blockage, being 
a possible molecular target for therapeutic strategy against hypertensive renal damage.

In regard to this background, here we investigate the Hsp70 role as a modulator of 
Losartan effect on the cytoskeleton, intercellular junctions stabilization and the epithelial-
mesenchymal transition in proximal tubular cells from spontaneously hypertensive rats.

Materials and Methods

Reagents
Antibodies against Rac1, RhoA, vinculin, NHE1 and β-actin were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Antibodies against E-cadherin, T-FAK, Y397-FAK, phosphor-Smad 2-3 and vimentin were 
provided by Santa Cruz Biotechnology (Santa Cruz, CA, USA). Secondary antibodies anti-mouse and anti-
rabbit were provided by Jackson ImmunoResearch Inc. (West Grove, PA, USA).

Animals
Spontaneously Hypertensive Rats (SHR) and Wistar-Kyoto (WKY) male rats (8-10 weeks old) 

were used due to the greater levels of oxidative stress of male SHR compared with female SHR. In this 
regards, Gillis et al. demonstrated that higher oxidative stress in male SHR conduces to a deficiency of 
Tetrahydrobiopterin (BH4), a critical cofactor required for NO generation, resulting in diminished renal NOS 
activity [23]. Indirect systolic blood pressure was measured by the tail cuff method prior to perform the 
experiments, using a pulse sensor photoelectric CCP model in a Grass polygraph model 7 equipped with a 
7P8 pre-amplified (Grass Medical Instruments). Tail cuff requires handling, restraint and warming of the 
animal during measurement, which may cause stress affecting blood pressure and reliability of the results. 
However, this noninvasive method still provide a useful approach for measurement systolic blood pressure 
in some experimental circumstances such as detection or screening for frank systolic hypertension or 
substantial group differences in systolic blood pressure [24-26]. The average of 3 blood pressure readings 
and body weight were recorded in twelve animals of each group. Three independent experiments were 
performed. Body weight and systolic blood pressure are included in Table 1. All animals were cared in 
accordance with the Guiding Principles in the Care and Use of Animals of the US National Institute Health. 
All procedures were approved by the Institutional Committee of Animal Care and Use from the School of 
Medicine, Universidad Nacional de Cuyo, Argentina. (Protocol approval N° 75/2016). All surgery proceeding 
were performed under ketamine/xylazine (50 mg/kg and 2 mg/kg respectively) anesthesia, and all efforts 
were made to minimize animal suffering.

Cell Culture
The isolation of proximal tubule cells (PTCs) from SHR and WKY rats was performed as previously 

described [27, 28] with some modifications. Briefly, kidneys were excised and the cortex was separated. 
Fragments of renal cortex were desegregated and placed in ice cold Krebs-Henseleit solution (KHS) pH 
7.4 and incubated with 95% O2/5% CO2 at 37 °C 
for 60 min. This suspension was centrifuged (60 
g), the supernatant was discarded and the pellet 
re-suspended in ice cold KHS for thrice. Then, 
the pellet was re-suspended in 30 ml of ice cold 
Percoll 50% solution in KHS and centrifuged 
for 30 min at 4 °C at 15.000 rpm on a Beckman 
Coulter centrifuge (Beckman Coulter, Inc, CA, 
USA). The fourth fraction was re-suspended in 

Table 1. Body weight and blood pressure in WKY and 
SHR rats. The average of 3 blood pressure readings and 
body weight were recorded in 12 animals of each group. 
Three independent experiments were performed

˂
˂
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ice-cold KHS, washed 3 times as previously described and then re-suspended in DMEM F12 supplemented 
with 20% SFB. Cells were cultured with culture medium (DMEM F12 containing 1% penicillin/ streptomycin 
and 10% SFB), at 37 °C under 5% CO2 in a humidified atmosphere. Cells were identified as PTCs by positive 
staining antibody against Megalin (Supplementary Fig. S1A – for all supplemental material see www.
cellphysiolbiochem.com).

PTCs from SHR and WKY rats were stimulated with Angiotensin II (100 nM) (AII), treated with Losartan 
(10 μM) (L) or with Losartan plus Angiotensin II in the same concentrations (L+AII) for 24 h. Non-treated 
cells were used as control (Cc).

Flow Cytometry
Flow cytometry analysis was performed to determine PTCs primary cell culture purity. PTCs were 

resuspended in fixation/permeabilization solution (BD Cytofix/Cytoperm, Bioscience), incubated with Aqp-
2 and Megalin antibodies. Then, PTCs were incubated with the secondary antibody conjugated with APC 
and FITC respectively and analyzed by flow cytometry. For each assay, at least 20000 cells were analyzed. 
FC analysis was performed with a FACSAria III cytometer (BD Bioscience). Data were analyzed with the 
FACSDIVA software (BD Bioscience). Controls included isotype-matched unspecific MoAbs used as negative 
controls. Flow cytometry analysis showed a 71.3% of PTCs expressing Megalin and 0.23% of Aqp-2 positive 
cells. The purity of the kidney PTCs primary cell culture is reflected from the percentage of the cell population 
Megalin positive (Supplementary Fig. S1B).

Cell Transfection
Cell transfection assays were performed as described [22]. Briefly, for knockdown of Hsp72 expression, 

transient transfections were done with 2 μg/ml shHsp72-pSIREN-RetroQ vector and/or pSIREN-RetroQ 
empty vector (ev) (Mock-transfection control) for 48 h using LipofectamineTM2000 (Invitrogen, Carlsbad, 
CA) according to manufacturer’s recommendations. The shHsp72-pSIRENRetroQ vector was generously 
provided by Dr. MY Sherman (Boston University Medical School, Boston, MA, USA). The vector contained 
the sequence of human Hsp72 as target for RNA interference: shHsp72 GAAGGACGAGTTTGAGCACAA (start 
1961). No differences were shown between transfected empty vector cells and non-transfected cells. The 
transfection efficiency was evaluated in each experiment using pSIRENDNR-DsRed-Express. After 48 h 
of transfection, cells were treated with AII or Losartan as previously described. The efficiency of Hsp72 
silencing was analyzed by western blot (Supplementary Fig. S1C).

Immunostaining and Confocal Immunofluorescence Microscopy
The PTCs were plated on coverslips and treated as described previously. The cells were fixed in 

4% paraformaldehyde, washed with PBS and blocked with 50 mM NH4Cl, permeabilized with 0.05% 
saponin/0.5% BSA in PBS and incubated over night with primary antibodies as mentioned below. After, the 
cells were washed and incubated for 1 h with secondary antibodies fluorophores conjugated. Whole nuclei 
were visualized using Hoechst. The primary antibodies against β-actin, vinculin, e-cadherin were used in a 
1:100 dilution. The secondary antibodies used were Cy3-conjugated anti-mouse or Alexa 488-conjugated 
anti-rabbit in a 1:3000 dilution. Images were obtained with an Olympus FV1000, (Olympus, Tokyo, Japan). 
The specificity of the immunostaining was evaluated by omission of the primary antibody. At least 50 cells 
were examined using Mac Biophothonics Image J software in each group in three independent experiments.

Protein Purification and Immunoblot Analysis
Western blot analysis was performed in the plasma membrane and cytosolic fractions. Fractions 

were obtained as described [29]. Equal amounts of proteins were separated by SDSPAGE and transferred 
into nitrocellulose membranes (BioRad Laboratories, Hercules, CA, USA). The membranes were blocked 
and blotted with primary antibodies overnight at 4°C. Subsequently, membranes were incubated with 
the appropriate horseradish peroxidase-conjugated secondary antibodies for 2 h, at room temperature. A 
SuperSignal West Pico chemiluminescent substrate kit (Pierce/ThermoFisher Scientific Inc., Rockford, IL, 
USA) was used to visualize protein bands. Band densities were determined using the Image J program.
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Gelatin Zymography assays
Zymographic analysis of the MMP proteolytic activity in cultured cell supernatants was performed 

according to the method previously described [30, 31]. Briefly, an equal volume of PTCs extract was grown 
on 60 mm plates to 80% confluence. Subsequently, culture medium was changed to 1.5 ml and the different 
treatments were added to the cultures for 24 h. Later, the conditioned media was collected and centrifuged 
at 13.000 for 5 min to remove any cell debris. The protein concentration was determined using Bradford 
method. Constant amount of protein from the conditioned media was loaded into 10% SDS-polyacrylamide 
gel containing 1 mg/ml gelatin (Bio-Rad). After electrophoresis, SDS was removed from the gel by incubation 
in 2.5% Triton X-100 at room temperature for 30 minutes with gentle shaking. The gel was well washed 
with distilled water to remove detergent and incubated at 37°C for 16 to 36 hours in a developing buffer 
containing 50 mmol/L Tris-HCl, pH 7.6, 0.2 mol/L NaCl, 5 mmol/L CaCl2 and 0.02% Brij 35. Then, the gel was 
stained with a solution of 30% methanol, 10% glacial acetic acid, and 0.5% Coomassie Blue G250, followed 
by de-staining in the same solution without dye. Proteinase activity was detected as unstained bands on a 
blue background representing areas of gelatin digestion.

Scratch wound assays
The cell migration was assessed in scratch wound assays. Confluent monolayers of PTCs serum starved 

for 24 h were wounded using a micropipette tip (200 µl yellow tip), rinsed twice to remove nonadherent 
cells with growth medium and treated as mentioned above. The wound closure was monitored for 24 h and 
photographed using a Nikon Eclipse 80i microscopy (Nikon Corp., Tokyo, Japan). The wound healing area 
was analyzed using Image J software (Rasband WS, Image J. Bethesda, MD: National Institutes of Health: 28 
October 2003. http://rsbweb.nih.gov/ij/) and % of area reduction at 24h was quantified. These experiments 
were repeated thrice with similar results using different cell isolations.

Live Cell Time-lapse Microscopy and Analysis
Phase-contrast time-lapse microscopy was performed as described [32]. Briefly, PTCs were grown on 

60 mm plates to 60% confluence and treated as mentioned above. Following, the cells for each condition 
were recorded using a Nikon Eclipse TE 2000 U motorized inverted microscope (Nikon Corp., Tokyo, Japan) 
with an incubation chamber (37°C, 5% CO2) and a Hamamatsu ORCA-ER cooled CCD camera (Hamamatsu 
Photonics, Tokyo, Japan). Images were acquired every 15 min for 16 h. Time-lapse videos were reviewed, 
and the cell displacement and movement rate were determined using the Image J software program. The 
photographic sequence was made in 50 different cells for each condition in three independent experiments.

Statistical Analysis
Data are presented as means ± SEM from at least 3 independent experiments. Groups were compared 

using one-way analysis of variance (ANOVA). Bonferroni post hoc test was used to compensate for multiple 
testing procedures at as p<0.05 significant level, using Prism 5 program (GraphPad Software Inc., La Jolla, 
CA, USA).

Results

Losartan stabilizes the actin cytoskeleton through Hsp70
The actin cytoskeleton plays a crucial role in PTCs since it is involved in polarity 

maintenance, barrier function, microvilli structure and extracellular matrix adhesion. In 
order to analyze Hsp70 participation in the Losartan effect on cytoskeleton integrity from 
SHR PTCs, we evaluated the distribution of F-actin by immunofluorescence. Rac1 and RhoA 
activation was evaluated by western blot in membrane fractions. Therefore, SHR PTCs 
or shHsp72 knockdown SHR PTCs were examined in the presence of serum (Cc or Csh), 
Angiotensin II (AII), Losartan (L) and Losartan plus Angiotensin II (L+AII). PTCs from WKY 
rats (WKY PTCs C) were used as normotensive controls. As shown in the upper panel of Fig. 
1A, in SHR PTCs (Cc) and (AII) treated SHR PTCs actin was found forming numerous long 
and thick cytosolic stress fibers spanning the entire cross-sectional area from the cells and 
showing protrusions (lamella) on the leading edge in most of the cells (inset). However, in 



Cell Physiol Biochem 2019;53:713-730
DOI: 10.33594/000000167
Published online: 11 October 2019 718

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Costantino et al.: Hsp70 Involvement in Losartan Effect on Mesenchymal Epithelial 
Transition Inhibition

(L) treated SHR PTCs, actin microfilaments were organized as a circumferential network 
around the periphery of the cell, at cell-cell contact, with decreased lamella formation.  We 
also observed that Losartan decreases stress fiber in cells treated with (AII). To determine 
the Hsp70 involvement in Losartan effect, SHR PTCs were transfected to transiently 
silence Hsp72 expression (inducible fraction of Hsp70) and then, exposed to the different 
treatment. When Hsp72 expression was silenced (Fig. 1A lower panel), Losartan was not 
able to stabilize the cytoskeleton, showing an increase in misaligned actin filaments and 
lamella formation. Western blot assay showed that (AII) treatment increased Rac1 and RhoA 

Fig. 1. Analysis of Hsp70 within the Losartan effect on PTCs cytoskeleton stabilization. A) SHR PTCs (upper 
panel) or shHsp72 Knockdown SHR PTCs (lower panel) cells were subjected to different treatments: Control 
(Cc or Csh), Angiotensin II (AII), Losartan (L) or Losartan plus Angiotensin II (L+AII). To visualize actin 
cytoskeleton, the cells were stained with anti-β actin and analyzed by immunofluorescence. Fluorescence 
micrographs show actin cytoskeleton (white arrowheads). Inset: cells stained show protrusions at the 
leading edge (top right). Pictures display representative areas of staining from 3 independent experiments. 
Bar: 50 μm. B) Relative abundance of Rac1 and RhoA on SHR PTCs and shHsp72 knockdown SHR PTCs 
in membrane and cytosol fractions was determined by Western blotting. Cells were subjected to different 
treatments. NHE1 and GAPDH were used as membrane and cytosol loading control respectively. C) Band 
intensities were quantified by densitometric analysis and data are expressed as membrane-to-cytosolic 
ratios. Bars means ± SEM, n=3. *p≤0.05; **p≤0.01; ***p≤0.001 vs SHR PTCs control group (Cc). ## p≤0.01; ### 
p≤0.001 vs SHR PTCs (L). ≠≠ p≤0.01 vs SHR PTCs (AII).  ++ p≤0.01; +++ p≤0.001 vs SHR PTCs (L+AII).
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protein levels by 14.8% and 31.4% at membrane fractions respectively, while (L) treatment 
decreased these protein levels by 47.6% and 58.3% respectively, both groups compared to 
SHR control cells (Cc) (defined as 100%). When the cells were treated with (L+AII), Rac1 
and RhoA, protein levels decreased by 60.1% and 38.2% related to SHR control, respectively 
(Fig. 1B, C). Thus, Losartan abolished the AII effect on Rac1 and RhoA activation. However, in 
SHR PTCs shHsp72 knockdown, treatment with (L) and (L+AII) did not reduce both GTPases 
activation compared to non-transfected SHR PTCs treated with (L) and (L+AII), these results 
are consistent with the one obtained by immunofluorescence.

Losartan inhibits the focal adhesions formation and stabilizes the intercellular junctions 
through Hsp70
To assess whether these changes on cytoskeletal organization also correlated with the 

one in focal adhesion, we next examined focal adhesions with vinculin staining in proximal 
tubule cells. (AII) treated SHR PTCs displayed an increased vinculin staining in central and 
peripheral focal adhesions whereas (L) and (L+AII) treated SHR PTCs showed a marked 
reduction on vinculin staining when compared to SHR PTCs (Cc) (Fig. 2A upper panel and 
B). In contrast, in (L) and (L+AII) treated shHsp72 knockdown SHR PTCs, after vinculin 
staining, we demonstrated a significant increase of central and peripheral focal adhesions 
compared to non-transfected (L) and (L+AII) treated SHR PTCs (Fig. 2A lower panel and B). 
Next, we stained these cells with anti-E cadherin to visualize cell-cell contact. Staining of (L) 
and (L+AII) treated SHR PTCs demonstrated higher E-cadherin expression in both cytosol 
and cell periphery at sites of cell-cell contact, whereas (AII) treated SHR PTCs showed 
decreased E-cadherin staining compared to SHR PTCs (Cc) (Fig. 2C upper panel and D). The 
E-cadherin staining on (L) and (L+AII) treated shHsp72 knockdown SHR PTCs demonstrated 
a discontinuous pattern without increase on cortical E-cadherin expression (Fig. 2C lower 
panel and D). Western Blot analysis showed increased vinculin protein levels by 27.33% in 
(AII) treated SHR PTCs without significant differences in E-cadherin protein levels compared 
to SHR PTCs (Cc). However, the (L) and (L+AII) treatment decreased vinculin levels by 36.56% 
and 19.43% respectively; and increased E-cadherin protein levels by 104.15% and 77.01% 
respectively, compared with SHR PTCs (Cc). Nevertheless, in shHsp72 knockdown SHR PTCs 
we observed increased vinculin levels and decreased E-cadherin levels in all treatment, 
which is consistent with our results from the immunofluorescence study, (Fig. 2E).

Further, we analyzed the levels of focal adhesion kinase (FAK) phosphorylation/
activation involved in the signal transduction pathways that promote migration. We observed 
that (AII) treated SHR PCTs induced a 23.53% increase on phosphorylated FAK levels, while, 
the (L) and (L+AII) treated SHR PCTs led to a reduction on phosphorylated FAK levels by 
33.08% and 10.58%, when compared to SHR PTCs and (Cc) respectively. Furthermore, (L) 
and (L+AII) shHsp72 knockdown SHR PTCs showed higher phosphorylated FAK levels 
similar to SHR PTCs control (Fig. 2E). These results allow us to suggest that Hsp70 chaperone 
is involved in the Losartan effect on cytoskeleton stabilization, focal adhesion complexes 
decrease and maintenance of intracellular junction in PTCs from SHR.

Hsp70 involvement in the inhibition of the mesenchymal markers induced by Losartan
To evaluate if Hsp70 is included within the Losartan effect on EMT, we examined 

the de novo expression of α-SMA and vimentin, phenotypic markers for myofibroblast 
cells, in SHR PTCs by western blot. The (AII) treated SHR PTCs showed no significant 
differences in these phenotypic markers levels, while, (L) treatment induced a 51.21% 
and 47.77% decrease in α-SMA and vimentin protein levels compared to SHR PTCs (Cc), 
respectively. The (L+AII) treatment showed a slight decrease in α-SMA and vimentin 
protein levels by 17.95% and 20.54% related to SHR PTCs (Cc), respectively (Fig. 3A, B). 
Although the (L+AII) treatment, was not robust as (L) treatment, significant differences 
were observed related to SHR PTCs (Cc) and (AII) treated SHR PTCs. In contrast, in 
shHsp72 knockdown SHR PTCs, Losartan treatment could not decrease the level of 
these proteins (Fig. 3A, B). Considering that the EMT induction is accompanied by an 
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Fig. 2. Hsp70 involvement in the Losartan effect on focal adhesions and junction cell stabilization. SHR PTCs 
or shHsp72 Knockdown SHR PTCs were subjected to different treatments: Control (Cc or Csh), Angiotensin 
II (AII), Losartan (L) or Losartan plus Angiotensin II (L+AII). To visualize focal adhesions and analyze the 
distribution of intercellular adhesion molecule E-cadherin, the cells were stained with anti-vinculin and 
with anti-E-cadherin respectively and analyzed by immunofluorescence. A) Fluorescence micrographs 
show focal adhesions (white arrowheads) of SHR PTCs (upper panel) or shHsp72 knockdown SHR PTCs 
(lower panel). B) Quantification percentage of focal adhesions per cell. C) Fluorescence micrographs show 
the distribution of E-cadherin (white arrowheads) in SHR PTCs (upper panel) or shHsp72 knockdown SHR 
PTCs (lower panel). D) Quantification of the fluorescence intensity on the cell periphery. Pictures display 
representative areas of staining from 3 independent experiments. Bar: 50 μm. The data are expressed as 
a percentage relative to the SHR PTCs control (defined as 100%). At least 70 cells were analyzed for each 
treatment in three independent experiments. E) Immunoblot analysis of Vinculin, E-cadherin, pFAK and 
T-FAK in total fractions from SHR PTCs, shHsp72 Knockdown SHR PTCs subjected to different treatments 
and SHR PTCs empty vector transfected (Cev) or non-transfected (Cs/t). GAPDH was used as loading control. 
Band intensities were quantified by densitometric analysis. The phosphorylation of FAK was normalized to 
total protein expression. Bars means ± SEM, n=3. *p≤0.05; **p≤0.01; ***p≤0.001 vs SHR PTCs control group 
(Cc). ##p≤0.01 vs SHR PTCs (L). ≠ p≤0.05 vs SHR PTCs (AII). + p≤0.05; ++ p≤0.01; +++ p≤0.001 vs SHR PTCs 
(L+AII).
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increased expression of MMP-2 and MMP-9 then, we evaluate the proteolytic activity 
of these enzymes. The zymographic analysis of conditioned media exhibited that (L) 
treatment induced a marked decrease on MMP-9 and MMP-2 secretion by 51.80% 
and 40% compared to SHR PTCs (Cc), respectively. PTCs from SHR group treated with 
(L+AII) exhibited reduced MMP-9 and MMP-2 secretion by 10.56% and 20%, showing 
significant differences related to (AII) treated SHR PTCs. In shHsp72 knockdown SHR 
PTCs Losartan was not able to inhibit the secretion of these metalloproteinases (Fig. 3C, 
D). Western blot analyses confirm the MMP-9 decrease in (L) and (L+AII) treated SHR 
PTCs and the increase in MMP-9 expression in all treatment after silencing Hsp72 (Fig. 
3A).

Next, by western blot we analyze activation of intracellular signaling systems 
involved in the ETM regulation. The (AII) treatment of SHR PTCs showed increased 
phosphorylated MAPK pp38 by 24.93% and pERK1/2 by 23.82% protein levels however, 
the (L) treatment significantly decreased both phosphorylated kinases protein levels 
by 43.98% and 27.55% compared to SHR PTCs (Cc) respectively. The (L+AII) treatment 
showed a reduction of 21.33% in pp38 protein levels, but no significant differences 
were found in pERK protein levels related to SHR PTCs (Cc). Nevertheless, this treatment 
showed a significant decrease on pp38 and pERK compared to (AII) treated SHR PTCs. In 
addition, the (L) and (L+AII) treatments showed a significant decrease on phosphorylated 
Smad 2/3 by 37% and 16.40%, respectively and in the transcription factor Snail1 
expression by 47.33 % and 28.34%, respectively compared to SHR PTCs (Cc). Snail is a 
target gene of Smad 2/3 activated that promote the repression of E-cadherin. When the 
Hsp72 expression was silenced, an increased level of these proteins was observed in all 
treatment, (Fig. 3E, F). These results allow us to suggest that Hsp70 could be involved in 
the Losartan effect on EMT.

Hsp70 is involved in the inhibitory effect of Losartan on EMT-induced cell migration
Morphological cytoskeletal cell changes involved in cell migration are pivotal to the 

EMT process. In this context, we examined proximal tubule cells migration using a scratch 
wound assay. The wound closure percent was 20.18% in SHR PTCs (Cc) compared to 10.48% 
of the WKY PTCs (C), indicating that migration capacity in SHR PTCs was higher than in 
WKY. (AII) stimulated migration of SHR PTCs showed a wound closure percent of 29.02% 
while (L) and (L+AII) treated SHR PTCs showed wound closure percent of 12.76% and 17.78 
% respectively (Fig. 4A, C). These results reveal that (L) treatment inhibits the SHR PTCs 
migration. Nevertheless, as shown in Fig. 4B, C (L) and (L+AII) treated shHsp72 knockdown 
SHR PTCs were not able to decrease the wound closure. This indicates that Losartan, through 
Hsp70, inhibits the AII effect on cell migration induced by EMT.

Hsp70 mediates the Losartan effect on cell morphology and displacement
Further, we examined cell displacement and movement velocity through live cell time-

lapse microscopy. As observed in Fig. 5A, D, WKY PTCs (C) showed lower movement rate by 
41.78% and cell displacement by 42.13% related to SHR PTCs (Cc) (Fig. 5B, D). AII stimulated 
SHR PTCs induced an increase of 11.88% and 17.73% in both parameters vs SHR PTCs 
(Cc), respectively. The (L) and (L+AII) treated SHR PTCs showed a significant decrease on 
displacement by 53.36% and 36.09% respectively; and movement rate by 44.69 and 30.18% 
respectively, compared to SHR PTCs (Cc) (Fig. 5B, D), showing values similar to the one of 
the WKY PTCs (C). However, (L) treated shHsp72 knockdown SHR PTCs showed velocity 
and displacement values that resemble those of the SHR PTCs (Cc) (Fig. 5C, D) indicating 
that after the Hsp72 silencing, Losartan treatment did not inhibit cell displacement. No 
differences were shown between WKY PTCs with and without Losartan treatment, data not 
shown. This assay also showed that in the SHR PTCs (Cc) the intercellular junctions were 
affected, evidenced by changes in cell morphology and loss of cell-cell contact. However, 
in (L) and (L+AII) treated SHR PTCs the intercellular junctions showed a behavior similar 
to the one of WKY PTCs (C). In (L) treated shHsp72 knockdown SHR PTCs, morphological 
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Fig. 3. Hsp70 under the Losartan effect in the expression of mesenchymal markers. Immunoblot analysis of 
A) α-SMA, vimentin and MMP-9 in total fractions from SHR PTCs and shHsp72 Knockdown SHR PTCs. Cells 
were subjected to different treatments: Control (Cc or Csh), Angiotensin II (AII), Losartan (L) or Losartan 
plus Angiotensin II (L+AII) and SHR PTCs empty vector transfected (Cev) or non-transfected (Cs/t). GAPDH 
was used as loading control. Representative images of 3 independent experiments are shown. B) Band 
intensities were quantified by densitometric analysis. C) Zymographic analysis of the conditioned media 
derived from SHR PTCs and shHsp72 Knockdown SHR PTCs subjected to different treatments is shown. 
Samples equalized for protein content were separated on a 10% SDS-polyacrylamide gel containing 0.1% 
gelatin. Proteolytic activity was demonstrated by digestion of gelatin, resulting in the bands of clearing. The 
locations of bands corresponding to MMP-2 and MMP-9 are indicated. D) Band intensities were quantified 
by densitometric analysis. Immunoblot analysis of E) p-p38, p38, p-ERK, ERK 1/2 p-Smad 2/3 from SHR 
PTCs and shHsp72 Knockdown SHR PTCs total fractions. Cells were subjected to different treatments. 
GAPDH was employed as loading control. Representative images of 3 independent experiments are shown. 
B) Band intensities were quantified by densitometric analysis. Bars means ± SEM, n=3. *p≤0.05; **p≤0.01; 
***p≤0.001 vs SHR PTCs control group (Cc). #p≤0.05, ##p≤0.01 vs SHR PTCs (L). ≠ p≤0.05, ≠≠ p≤0.01 vs SHR 
PTCs (AII). + p≤0.05; ++p≤0.01 vs SHR PTCs (L+AII).
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changes and intercellular junction’s loss were observed after 4 h and continued to be 
accentuated as time goes by. These results show that Losartan effect on cell adhesion and 
migratory properties may be mediated by the Hsp70 chaperone. Taken together, these data 
suggest that in hypertensive rats, Losartan inhibits the tubular epithelial cells conversion 
into myofibroblasts induced by AII, and Hsp70 is involved in this process.

Discussion

In this study, we demonstrated that Losartan avoids the epithelial mesenchymal transition 
induced by AII and we characterize the Hsp70 chaperone as an important mediator of the 
Losartan effect which entail migration reduction and cytoskeletal stabilization in proximal 
tubule cells. We focus on this chaperone as a potential target that ameliorates renal damage 
produced by hypertension. Our results indicate that Hsp70 under the AT1 receptor blockage, 
is involved in the cellular response by inducing decreased pre-fibrotic factors that intervene 
in the mesenchymal epithelium transition. Although most of the antioxidative effects of 
Losartan have been reported, a direct link between the Hsp70 chaperone and the epithelial-
mesenchymal transition (EMT) has not been widely studied in proximal tubule cells.
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Fig. 4. The Losartan effect on PTCs migration. Hsp70 participation. Scratch wound assay. A) WKY or SHR 
PTCs and B) SHR PTCs shHsp72 Knockdown were grown to confluence, wounded with a P100 pipette tip 
and subjected to different treatments. Photomicrographs were taken after 0 and 24 h of incubation. WKY 
PTCs were used as normotensive controls. C) Wound closure quantification. Bars means ± SEM, n=3. ** 
p≤0.01 vs SHR PTCs (Cc); ## p≤0.01 vs SHR PTCs (L). ≠≠ p≤0.01 vs SHR PTCs (AII). + p≤0.05 vs SHR PTCs 
(L+AII).
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Fig. 5. Hsp70 within the Losartan effect on PTCs displacement and movement rate. Live cell time-lapse 
microscopy assay. PTCs were subjected to different treatments and analyzed by phase contrast in live 
time-lapse microscopy from 0 to 16 h treatment; images were acquired every 15 min using a Nikon Eclipse 
TE 2000-U inverted microscope. Representative images of A) WKY PTCs (C), B) SHR PTCs (Cc), (AII), (L) 
and (L+AII) treated cells or C) shHsp72 knockdown SHR PTCs (Csh) and (L) treated at the beginning of 
treatment (00:00) to 16 h. Lower right of each panel: average time (h:min). Bar: 50 µm. The average of cell 
displacement and movement rate (D) were calculated by analyzing 3 movies, by following 60 cells in each 
treatment condition. Bars means ± SEM, n=3. *p≤0.05; ** p≤0.01, *** p≤0.001 vs SHR PTCs control group 
(Cc). ### p≤0.001 vs SHR PTCs (L). ≠≠ p<0.01 vs SHR PTCs (AII).
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Previous work supports that EMT is involved in renal pathogenesis, particularly in renal 
fibrosis [33, 34]. EMT also plays an imperative role in renal interstitial fibrosis in diabetic 
nephropathy [35]. The RAS overactivation is an important contributor to the pathogenesis 
of hypertension and profibrotic events that leads to EMT and the progression of chronic 
kidney disease [36]. AII has been directly implicated in tubulointerstitial injury and fibrosis, 
[36-38]. Several studies showed that AII induces the expression of mesenchymal markers 
in experimental models of renal fibrosis. Johnson et al. showed that AII infusion resulted 
in tubular injury associated with de novo expression of α-SMA and vimentin in renal 
interstitial cells [39]. In the rat proximal tubular cell line (NRK52-E), EMT was identified 
as a morphological change on epithelial cells from the typical cobblestone pattern to cells 
becoming elongated, along with reduced E-cadherin expression and synthesis of α-SMA 
protein [40]. We demonstrated that the exposure of SHR PTCs to AII led to cell morphology 
modifications including the F-actin reorganization into stress fibers with increased focal 
adhesions and mesenchymal markers as α-SMA and vimentin. Further, AII induced disruption 
of cell junctions, decreased E-cadherin and enhanced synthesis of MMP-9 and cell migration, 
being all these results consistent with a mesenchymal phenotype. However, SHR PTCs treated 
with (L) and (L+AII) formed epithelial cell monolayer with cuboidal morphology, typical of 
proximal tubular cells. Under these conditions, the polymerized F-actin formed a cortical 
ring around the cell periphery decreasing stress fibers and focal adhesions. Conversely, 
shHsp72 knockdown SHR PTCs treated with (L) and (L+AII), showed a phenotype similar to 
SHR PTCs without Losartan treatment.

The assembly and structural organization of actin cytoskeleton include the activation 
of small Rho GTPase proteins [41]. RhoA participates in some AII responses, including 
vasoconstriction, premyofibril formation and cell hypertrophy [4, 42]. A previous work 
demonstrated that activation of these Rho GTPases induced by AII, is a key step in the 
mesenchymal epithelial transition on proximal tubule cells [15]. In parallel, our results 
showed increased Rac1 and RhoA activation in AII treated SHR PTCs as well as in SHR 
PTCs control whereas the Losartan treatment in SHR PTCs induced decrease in Rac1 and 
RhoA activation. Although, in shHsp72 Knockdown SHR PTCs no significant changes were 
observed. According to these results, Rodriguez-Díez et al. [43] demonstrated that RhoA 
inhibition through transient transfection of a dominant negative RhoA or the use of ROCK 
inhibitors regulates AII-mediated EMT in AII treated human proximal tubule cells (HK2). 
Furthermore, in our study, (L) and (L+AII) treatment of SHR PTCs decreased vinculin levels 
and focal adhesion kinase (FAK) activation, while Losartan treated shHsp72 knockdown SHR 
PTCs showed an increase of both proteins. Taken together, these findings suggest that Hsp70 
modulates Losartan effect blocking the AII action on actin cytoskeleton reorganization and 
focal adhesions formation.

Yang et al. [44] using a mouse unilateral ureteral obstruction model of severe renal 
fibrosis, described EMT in the kidney as an orchestrated process consisting of the classical 
four steps: loss of epithelial cell adhesion, de novo synthesis of α-SMA, disruption of tubular 
basement membrane and cell migration and invasion. Evidence of EMT have also been 
reported in human diabetic and nondiabetic progressive nephropathies. In these renal 
pathologies, upregulation of renal renin–angiotensin system and tubular myofibroblast 
activation have been described [45, 46]. As well, rats that have been AII-infused for 2 weeks 
presented tubular damage and EMT induction demonstrated by α-SMA upregulation and 
downregulation of E-cadherin [39]. We showed that AII treated SHR PCTs induced E-cadherin 
suppression and de novo vimentin and α-SMA expression leading to epithelial cell adhesion 
loss and change from epithelial to fibroblast-like morphology. Nonetheless, these events 
were attenuated by SHR PCTs treatment with (L) or (L+AII). Conversely, in SHR PCTs after 
Hsp72 silencing, Losartan could not prevent the induction of events that lead to the EMT 
process. These results demonstrate that Losartan inhibits the AII induced-EMT of PTCs from 
hypertensive rats, and this effect is modulated by the Hsp70 chaperone.

In vitro and in vivo EMT induction is accompanied by increased expression of MMP-
2 and MMP-9 metalloproteinases. Previous work showed that the incubation of matrigel, 
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with conditioned media in transformed cells or tissue lysates from diseased kidneys results 
in destruction of its structural and functional integrity [44]. In agreement with this, our 
results from zymographic analysis of conditioned media showed that SHR PTCs control and 
AII treated exhibited a marked increase in MMP-2 and MMP-9 secretion, while Losartan 
treatment induced a significant reduction of these metalloproteinases. Despite, in SHR PTCs 
when Hsp72 expression was silenced, Losartan could not inhibit their secretion.

A previous publication showed that AII induces EMT by activating Smad signaling 
in the in vivo kidney and in cultured human tubule epithelial cells [16]. The regulation of 
E-cadherin expression is Smad 3 dependent, due to an increase of Snail1 expression [47, 
48], whereas MMP-2 is regulated by Smad 2. Both Smad 2 and Smad 3 regulate α-SMA [49]. 

Fig. 6. Proposed mechanism by which Hsp70 mediates the negative regulation of EMT within Losartan 
effect in PTCs from SHR. Left panel: schematic illustration showing four key events during tubular epithelial 
cells to myofibroblast transition. Right panel: Throughout the activation of the MAPKs cascade and the 
RhoA/ROCK pathway, AII regulates EMT markers. The Hps70 chaperone inhibits the signaling pathways 
that lead to EMT after Losartan AT1 receptor blockage.

Figure 6 
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In VSMCs, Smad 3 is involved in AII-mediated vascular fibrosis [18]. It has been shown that 
there is a cross-talk between MAPKs and Smad [12]. In vascular smooth muscle cells, AII 
activates Smad pathway via MAPKs activation [17]. We found that in SHR PTCs control and 
AII treated there were an increase in phosphorylated p38 and ERK MAPK levels as well as 
in phosphorylated Smad 2-3 indicating that AII induced EMT by MAPK/Smad 2-3 signaling 
pathway on SHR PTC. Yet, (L) and (L+AII) treatment significantly reduced p38, ERK, Smad 
2-3 phosphorylation and Snail1 levels, these events are line with our previous results. 
Nevertheless, in SHR PTCs when Hsp72 expression was silenced, Losartan could not inhibit 
this pathway. These findings confirm that Losartan effect is modulated by Hsp70.

The phenotype switch from epithelial into mesenchymal cells involves acquisition of 
migratory properties. The reorganization of actin cytoskeleton, and induction α-SMA, may 
provide a structural foundation not only for defining the morphology of the transformed cells 
but also for them to migrate, invade, and even to acquire contractile capacity [50, 51]. Our 
results showed that (L) and (L+AII) treatment in SHR PTCs induced a significant decrease on 
migration, cell displacement and movement velocity, while AII induced an increase of these 
events. However, the Losartan treatment in shHsp72 knockdown SHR PTCs show no changes 
on cell migration. Interestingly, we demonstrated that Losartan through Hsp70 maintains 
the intercellular junctions avoiding loss of cell-cell contact and changes in cell morphology.

Previously other authors have shown that induction of Hsp70 by nonlethal in vitro or 
in vivo insults is associated with acquired cytoprotection [52]. In the kidney, evidence from 
previous studies suggest that Hsp70 inhibits ischemic acute kidney injury [53, 54]. Our 
data indicate that Hsp70 is involved in the cellular response after AT1 receptor blockage, 
inducing decreased profibrotic factors that lead to mesenchymal epithelium transition. 
Although the mechanism by which Hsp70 regulates p38, ERK and Smad 2-3 activation is 
unknown. A previous work showed that Hsp70 indirectly inhibits JNK (c-jun-N-terminal 
kinase) by preventing the inactivation of JNK-specific phosphatase during stress [55]. It 
may be suggested that Hsp70 could modulate phosphatases that regulate p38 and ERK thus, 
inhibiting the pathways that induced EMT. On the other hand, the induction of oxidative stress 
by AII may play a role in AII-induced EMT. Certainly, NADPH oxidase is directly activated by 
AII following activation of the AT1 receptor [56]. Inhibition of ROS with antioxidants blocked 
EMT in tubular cells [57]. In a previous work, we demonstrated that Hsp70 mediates the 
ubiquitination and proteasomal degradation of Nox4 subunit of complex NADPH oxidase 
as part of the antioxidative effect of Losartan in SHR PTCs [22]. This is probably related to 
the effect observed in the EMT, however further studies are required to confirm it. The Fig. 
6 schematizes the proposed mechanism by which Hsp70 inhibits EMT after AT1 receptor 
blockage by Losartan.

Conclusion

These results suggest a key role of Hsp70 on the AII induced EMT after AT1R blockage, 
being a possible molecular target for therapeutic strategy against hypertensive renal damage. 
Future in vivo investigations of Hsp70 participation in chronic renal diseases will allow us to 
design more effective combined therapeutic strategies to block the EMT process preventing 
renal interstitial fibrosis.
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