
Cell Physiol Biochem 2018;45:2560-2576
DOI: 10.1159/000488274
Published online: March 20, 2018 2560

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Olschewski et al.: Losartan Effects on Melanoma Cells

Original Paper

Accepted: February 08, 2018

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution 
for commercial purposes as well as any distribution of modified material requires written permission.

DOI: 10.1159/000488274
Published online: March 20, 2018

© 2018 The Author(s) 
Published by S. Karger AG, Basel
www.karger.com/cpb

© 2018 The Author(s)
Published by S. Karger AG, Basel

The Angiotensin II Type 1 Receptor 
Antagonist Losartan Affects NHE1-
Dependent Melanoma Cell Behavior
Daniel Navin Olschewskia    Verena Hofschröera    Nikolaj Nielsena     
Daniela G. Seidlerb    Albrecht Schwaba    Christian Stockb

aInstitute of Physiology II, University of Münster,  Münster, bDepartment of Gastroenterology, Hannover 
Medical School, Hannover, Germany

Key Words
Angiotensin • ARB • AT1 • Losartan • Metastasis • NHE1 • Sartans

Abstract
Background/Aims: The peptide hormone angiotensin II (ATII) plays a prominent role in 
regulating vasoconstriction and blood pressure. Its primary target is the angiotensin II 
receptor type  1 (AT1), the stimulation of which induces an increase in cytosolic [Ca2+] and 
calmodulin activation. Ca2+-bound (activated) calmodulin stimulates the activity of the Na+/
H+ exchanger isoform 1 (NHE1); and increased NHE1 activity is known to promote melanoma 
cell motility. The competitive AT1 receptor inhibitor losartan is often used to lower blood 
pressure in hypertensive patients. Since AT1 mediates ATII-stimulated NHE1 activity, we set 
out to investigate whether ATII and losartan have an impact on NHE1-dependent behavior 
of human melanoma (MV3) cells. Methods: ATII receptor expression was verified by PCR, 
F-actin was visualized using fluorescently labeled phalloidin, and cytosolic [Ca2+] and pH 
were determined ratiometrically using Fura-2 and BCECF, respectively. MV3 cell behavior was 
analyzed using migration, adhesion, invasion and proliferation assays. Results: MV3 cells 
express both AT1 and the angiotensin II receptor type 2 (AT2). Stimulation of MV3 cells with 
ATII increased NHE1 activity which could be counteracted by both losartan and the Ca2+/ 
calmodulin inhibitor ophiobolin-A. ATII stimulation induced a decrease in MV3 cell migration 
and a more spherical cell morphology accompanied by an increase in the density of F-actin. 
Independently of the presence of ATII, both NHE1 and migratory activity were reduced when 
AT1 was blocked by losartan. On the other hand, losartan clearly increased cell adhesion to, 
and the invasion of, a collagen type I substrate. The AT2 inhibitor PD123319 did not affect 
NHE1 activity, proliferation and migration, but increased adhesion and invasion. Conclusion: 
Losartan inhibits NHE1 activity and the migration of human melanoma cells. At the same time, 
losartan promotes MV3 cell adhesion and invasion. The therapeutic use of AT1 antagonists 
(sartans) in hypertensive cancer patients should therefore be given critical consideration.
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Introduction

The renin-angiotensin-aldosterone system (RAAS) regulates systemic blood pressure 
by vasoconstriction and by taking a hand in the renal control of fluid and electrolyte balance 
[1]. Renin is released from juxtaglomerular cells (also known as polkissen or granular cells), 
located at the maculae densae of nephrons, into the blood stream. Here, renin cleaves the 
circulating, macroglobulin precursor angiotensinogen, originally produced in the liver. 
Angiotensinogen is converted into the inactive decapeptide angiotensin I, which is then 
processed within the pulmonary circulation to the active octapeptide ATII by angiotensin-
converting enzyme (ACE), located predominantly at the surface of pulmonary endothelial 
cells [1, 2].

ATII interacts mainly with vascular smooth muscle cells through two G protein-coupled 
receptors: the angiotensin II receptor, type 1 (AT1), and the angiotensin II receptor, type 
2 (AT2). These two ATII receptor types have low sequence identity and exhibit distinct 
pharmacological differences [2]. In addition, the functional expression of both receptor 
types varies: AT1 is primarily found in brain, adrenal glands, heart, vasculature and kidney, 
tissues involved in the control of blood pressure, whereas AT2 is highly expressed during 
fetal development, followed by a rapid decline after birth [1]. Both receptor types have been 
found to exert opposite effects at the cellular level: AT1 stimulates cell proliferation whereas 
AT2 may act anti-proliferative, promote differentiation or induce apoptosis, depending on 
the tissue [1]. For instance, ATII induces apoptosis in intestinal epithelial cells (Caco-2) 
through AT2 [3].

The effects mediated by AT1 can be inhibited through specific and competitive 
angiotensin II receptor blockers (ARBs) called sartans [4]. Sartans are used as the second 
choice drug (after ACE inhibitors) for the treatment of hypertension.

It has been observed that ATII promotes the progression of various tumor entities, such 
as gastric and prostate cancer [4, 5]. In colorectal cancer, ATII induces cell migration via 
both AT1 and AT2 receptors [6]. Remarkably, ATII treatment leads to a significant decrease in 
E-cadherin expression and an increase in the activity of matrix metalloprotease 9 (MMP9), 
and, notably, the AT1-mediated effects resemble changes characteristic of epithelial-
mesenchymal transition (EMT) [6]. Conversely, the use of AT1 receptor blockers in non-small 
cell lung cancer patients is associated with longer progression-free survival after first line 
therapy, while overall survival is hardly affected [7]. In advanced gastric cancer patients 
treated with platinum-based chemotherapeutics, the additional application of AT1 receptor 
blockers improves survival [8], and, in patients with advanced pancreatic cancer, inhibition 
of AT1 in combination with the administration of the cytostatic gemcitabine may improve 
the clinical outcome [9]. However, on the other hand, studies such as LIFE, CHARM-Overall, 
TRANSCEND, ONTARGET, and PRoFESS have demonstrated an increase in the incidence of 
various cancer entities after angiotensin II receptor blocker (ARB) therapy [10].

Recently, a functional connection between AT1 and the Na+/H+ exchanger NHE1 [11], 
a ubiquitously expressed antiporter, has been discovered in Madin-Darby canine kidney 
(MDCK) cells [12], in which stimulation of AT1 by ATII induces signaling cascades culminating 
in increased NHE1 activity. In melanoma cells, NHE1 contributes to the establishment of 
cell polarity by generating proton gradients along the direction of movement. NHE1 activity 
generates a pericellular proton gradient at the outer leaflet of the plasma membrane with 
more acidic pH values at the cell front [13], which is complemented by a cytosolic proton 
gradient with more alkaline pH values at the cell front [14]. Both NHE1-dependent cell 
polarity and defined pH nanoenvironments at the cell surface [15] are required for tumor 
cell migration and invasion [16-18].

In the present study we investigated the effects of ATII and the competitive inhibitor 
losartan on the NHE1 activity of human melanoma cells (MV3), and we analyzed the 
resulting changes in intracellular pH (pHi), proliferation, adhesion, migration and invasion, 
all of which are crucial steps in the metastatic cascade. Cutaneous melanoma is the most 
aggressive form of skin cancer with poor prognosis after metastasis [19]. Current therapy 
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consists of chemotherapeutics combined with antibodies. Thus, the question arises as to 
how AT1 inhibitors such as losartan contribute to melanoma treatment.

Materials and Methods

Cells and cell culture
For all experiments we used human melanoma cells of the MV3 line [20]. Cells were kept in a humidified 

atmosphere with 5% CO2 / 95% air at 37 °C (Hera-Cell 150, Heraeus, Germany) and used for experiments at 
passages 3-10. RPMI-1640 (Sigma-Aldrich, Taufkirchen, Germany) with L-glutamine, NaHCO3 and 10% FCS 
(fetal calf serum, PAA Laboratories GmbH, Pasching, Germany) served as culture medium.

Reverse transcription-PCR (RT-PCR)
RT-PCR was applied to verify the presence of AT1 and AT2 in MV3 cells. Total RNA was isolated 

from MV3 cells using the TRIzol Reagent (Invitrogen, Waltham, USA) according to the manufacturer’s 
instructions. 1µg of RNA was transcribed into cDNA using the SuperScript® III Reverse Transcriptase 
kit (RT; Invitrogen) according to the protocol of the manufacturer. The primer pairs were designed 
accordingly to the sequences used by Malendowicz et al. 2000 [21] (Metabion). Sequences were for 
AT1: forward, 5’-GATGATTGTCCCAAAGCTGG-3’; reverse, 5’-TAGGTAATTGCCAAAGGGCC-3’ and for AT2: 
forward, 5’-TTCCCTTCCATGTTCTGACC-3’; reverse, 5’-AGAAGCTCCGCAGTGTGTTT-3’. GAPDH was used as a 
normalization control. For both AT1 and AT2, every PCR was launched with a denaturing incubation for 10 
min at 95°C. This step was followed by 30 cycles as described: [30 sec at 94°C, 60 sec at 60°C and 60 sec at 
72°C]×30, followed by 10 min at 72°C. 1.5% agarose (Serva, Heidelberg, Germany) gel electrophoresis and 
Sybr-Gold (SYBRÒ Gold Nucleic Acid Gel Stain, Invitrogen) were used to analyze the PCR results. Exposure to 
UV-light and visualization of the bands were conducted in a documentation chamber (Bio-Rad Laboratories 
GmbH, Munich, Germany). In order to exclude possible DNA contaminations “no-amplification-controls” 
(=RT- controls) were performed employing the same protocol and the same reagents except the reverse 
transcriptase.

Quantification of F-actin by phalloidin
MV3 cells were seeded on collagen I coated cover slips (Collagen G solution (Biochrom GmbH, Berlin, 

Germany) at a dilution of 1:10 (v/v) in PBS (PBS contained in mmol  l-1: 137 NaCl, 2.1 KCl, 8.1 Na2HPO4 
and 1.76 KH2PO4) and were allowed to attach and spread for 2 h in FCS-containing RPMI-medium in a 
humidified atmosphere. The cells were then incubated overnight with FCS-free medium. The next day, they 
were exposed to ATII (100 nmol l-1) and/or losartan (0.7 µmol l-1) for 2 h in a humidified atmosphere and 
then fixed with 3.5% (w/v) paraformaldehyde in PBS. The cell membranes were permeabilized by a 20 min 
exposure to 0.1% (v/v) Triton in PBS. Non-specific binding sites were blocked using 3% (w/v) Bovine Serum 
Albumin (BSA) in PBS for 2  h at room temperature. A dilution of 1:250 of Alexa Fluor® 488-phalloidin 
(Invitrogen) was used for selectively staining F-actin in MV3 cells. After a 1 h incubation with the phalloidin-
conjugate, the cover slips were washed in PBS, covered with Dako fluorescence mounting medium (Dako, 
Carpinteria, USA) and then put upside down on glass slides. The actin staining was evaluated using an 
inverted microscope (Axiovert200, Carl Zeiss, Inc., Göttingen, Germany), a digital camera (Model 9.0, RT-
SE-Spot, Visitron Systems) and the MetaVue software. The NIH ImageJ software (http://rsb.info.nih.gov/
ij/) was used to determine the area and the mean fluorescence intensity of the labeled cells. To correct 
height- and morphology-dependent effects on fluorescence intensity, the area of a cell was multiplied by its 
mean fluorescence intensity. All images were taken at the same exposure time (750 ms). Three independent 
trials were performed and ten images (=cells) per trial and condition were evaluated. Values are given in 
arbitrary units.

Measurement of intracellular Calcium [Ca2+]i

Ratiometric measurements of the intracellular Ca2+ concentration [Ca2+]i were performed employing 
the Ca2+ indicator Fura-2 (Invitrogen). MV3 cells were plated onto collagen coated coverslips and allowed 
to adapt for at least 3 h. Prior to each measurement, cells were incubated for one hour in HEPES-buffered 
Ringer’s solution containing (mmol l-1): 122.5 NaCl, 5.4 KCl, 0.8 MgCl2, 1.2 CaCl2, 1.0 NaH2PO4*2H2O, 5.5 
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glucose, 10 HEPES. pH was adjusted to 7.2 using 1M NaOH. Cells were then incubated for 5 minutes with 6 
µmol l−1 Fura-2-AM. The coverslips were placed on the stage of an inverted microscope (Axiovert 200; Carl 
Zeiss, Inc.) and continuously superfused with prewarmed HEPES-buffered Ringer’s solution. The Fura-2 was 
excited at alternating wavelengths of 340 and 380 nm with a polychromator system (Visichrome, Visitron 
Systems, Puchheim, Germany), which was controlled by VisiView Software (Version 2.1.4, Visitron Systems). 
This program also served for setting regions of interest. A photometrics camera (sCMOS pco.edge, Visitron 
Systems) detected the emitted fluorescence at 510  nm. Fluorescence intensities were measured in 10 s 
intervals and corrected for background fluorescence. The ratio of the fluorescence intensities emitted at 340 
nm and 380 nm was evaluated. At first, cells were superfused with HEPES-buffered Ringer’s solution for 6 
minutes. The cells were then superfused with HEPES-buffered Ringer’s solution containing either 100 nmol 
l-1 ATII or 0.7 µmol l-1 losartan until a steady state was reached. This steady state was measured prior to the 
re-addition of control solution and compared to the [Ca2+]i before and after the addition of ATII or losartan 
in order to quantify the changes in [Ca2+]i. At the end of each Ca2+ measurement, the cells were consecutively 
exposed to Ringer’s solutions containing (i) no Ca2+ and (ii) 5 mmol l-1 CaCl2 for calibration. The Ca2+-free 
solution contained 5 mmol  l-1 EGTA. Further ingredients for the calibration solutions were identical and 
contained (mmol l-1): 122.5 NaCl, 5.4 KCl, 0.8 MgCl2, 10 HEPES and 10 µmol l-1 ionomycin (Sigma Aldrich).

Measurement of intracellular pH (pHi)
Ratiometric measurements of NHE1 activity employing BCECF (Invitrogen) and the ammonium 

prepulse method [22] were performed to evaluate the relation between ATII and NHE1 activity. Fluorescence 
imaging served for the documentation of pHi. First, MV3 cells were incubated for 24 h in FCS-free RPMI-
medium. They were then plated onto collagen coated coverslips and allowed to adapt for 3 h. Prior to each 
measurement, the cells were incubated for 30 min with ATII (100 nmol l-1) and/or the AT1 inhibitor losartan 
(0.7 µmol l-1) and/or the calmodulin inhibitor ophiobolin-A (1 µmol l-1; Cayman Chemicals, USA). In a second 
set of experiments, the cells were incubated for 30 min with the AT2 inhibitor PD12319 (10 µmol l-1; S-(+)-
1-[(4-(Dimethylamino)-3-methylphenyl)methyl]-5-(diphenylacetyl)-4, 5,6, 7-tetrahydro-1H-imidazo [4, 
5-c]pyridine-6-carboxylic acid) and/or ATII and/or the AT1 inhibitor losartan. All reagents were dissolved 
in HEPES-buffered Ringer’s solution containing (mmol l-1): 122.5 NaCl, 5.4 KCl, 0.8 MgCl2, 1.2 CaCl2, 1.0 
NaH2PO4*2H2O, 5.5 glucose, 10 HEPES. pH was adjusted to 7.2 using 1M NaOH. Cells were then incubated for 
2 min with 5 µg ml-1 BCECF-AM. The coverslips were placed on the stage of an inverted microscope (Axiovert 
200; Carl Zeiss, Inc.) and continuously superfused with prewarmed HEPES-buffered Ringer’s solution. The 
BCECF was excited at alternating wavelengths of 440 and 490 nm with a polychromator system (Visichrome, 
Visitron Systems, Puchheim, Germany), which was controlled by Metafluor Software (Visitron Systems). 
Regions of interest were placed between the cell membrane and the nucleus. A photometrics camera 
(CoolSnapfx, Visitron Systems) detected the emitted fluorescence at 500 nm. Fluorescence intensities were 
measured in 35 s intervals and corrected for background fluorescence. First, cells were superfused with 
HEPES-buffered Ringer’s solution before adding 40 mmol l-1 NH4Cl. The NH4

+-pulse led to an intracellular 
alkalization. Upon superfusion with Na+-free NMDG (N-methyl-D-glucamine)-solution the pHi decreased 
instantly. When the minimum pHi was reached, NMDG was removed and cells were superfused with Na+-
containing HEPES-buffered Ringer’s solution again. As a function of the Na+-dependent NHE1-activity pHi 
recovered to eventually reach the original value obtained at the beginning of the measurement. The initial 
slope immediately after the re-addition of the Na+-containing HEPES-buffered solution was used to quantify 
NHE1 activity. At the end of each pHi measurement, the cells were consecutively exposed to Ringer’s 
solutions of pH 7.5, 7.0 and 6.5 for calibration, containing (mmol l-1): 125 KCl, 1 MgCl2, 1 CaCl2, 20 HEPES 
and 10 µmol l-1 nigericin (Sigma Aldrich) [23].

Preparation of collagen matrices for cell migration
A collagen I substrate was prepared from 210 µl of 5x RPMI-1640, 210 µl of 5x HEPES-buffer (final 

concentration in the polymerized collagen gels: 10 mmol l−1) and 570 µl of Collagen G (containing collagen 
type I at a concentration of ~4 mg ml-1). The pH value of the mixture was adjusted to 7.2 with 1 M NaOH. 
A thin layer (200 µl) of this collagen I matrix was spread on the bottom of 12.5 cm2 culture flasks (Falcon) 
and incubated overnight in order to polymerize at 37 °C in a humidified atmosphere. Cells were seeded 
on this collagen matrix and allowed to attach and spread for 3 h. Cells were then incubated at various 
concentrations of ATII (20, 100, and 200  nmol  l-1) and/or losartan (0.7  µmol  l-1) and/or PD123319 (10 
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µmol l-1) in a humidified atmosphere for an additional hour prior to recording. We chose a concentration of 
20 nmol l-1 for ATII as this corresponds to the average concentration found in human plasma. Losartan was 
used at a concentration of 0.7 µmol l-1 because this is approximately the maximum baseline concentration in 
the plasma of patients treated with the highest possible dose of 100 mg once daily [24]. Since ATII, losartan 
and PD123319 are water-soluble, solubilizers or other vehicles were not employed.

Cell migration
Cell migration was monitored with time-lapse microscopy in 5 min time intervals for 6 h. For recording, 

PC-vision frame grabber boards (Hamamatsu, Herrsching, Germany) and digital cameras (Models XC-
ST70CE and XC-77CE, Hamamatsu/Sony, Japan) linked to inverted microscopes (Axiovert25 and 40c, 
Carl Zeiss, Inc., Göttingen, Germany) were used. During the procedure the cell culture flasks were kept in 
heated chambers (37°C) on the stage of the inverted microscopes. The images were acquired with HiPic 
and WASABI software (Hamamatsu). In the consecutive images, the circumferences of the migrating cells 
were assigned with AMIRA software (TGS, Template Graphics Software, Mercury Communication Systems 
Inc., Chelmsford, MA, USA). The NIH ImageJ software was used to determine and analyze parameters such 
as migratory velocity (µm min-1), translocation (µm), total distance covered (µm) and circularity index (CI) 
from the labeled cell contours. The movement of the geometric cell center during a defined period of time 
corresponds to migration and the number of pixels represents the cell area. Through the application of 
a three-point time difference quotient the velocity was estimated from the 5 min time intervals. The CI 
matches the morphological cell shape. A round or spherical cell is represented by values close to 1 whereas 
a dendritic cell is represented by values close to 0. CI was calculated according to the formula CI = (4πA)/p2, 
where A represents the area covered by the cell and p the perimeter of A.

Cell adhesion, proliferation and invasion
For adhesion, MV3 cells grown to confluency were resuspended in serum-free RPMI medium with 

ATII (200 nmol l-1) and/or losartan (0.7 µmol l-1) and/or PD123319 (10 µmol l-1). Cells were then seeded 
in collagen-coated (4 mg ml−1) 24-well plates at a density of 50.000 cells per well. After 60 min, the media 
including the non-adhesive cells were washed away with cold PBS buffer. The remaining cells were fixed 
with 3.5% paraformaldehyde in PBS and counted using an inverted microscope (Axio Vert.A1, Carl Zeiss), a 
digital camera (ORCA 05-G, Hamamatsu) and the HCImageLive software (Hamamatsu).

For proliferation, 90.000 cells per well were seeded in a 96 well plate. After a 24  h incubation in 
RPMI medium containing ATII and/or losartan and/or PD123319 at the above-mentioned concentrations 
(200 nmol l-1, 0.7 µmol l-1 and 10 µmol l-1, respectively), the medium including the corresponding substances 
was exchanged and cells were incubated for another 24 h. Cells were then trypsinized and counted.

Invasion was determined employing Boyden chamber assays. 60  µl of the collagen I mixture 
(composition as described above) were given onto filter-membranes with pore sizes of 8.0 µm (ThinCert, 
Greiner bio-one) and allowed to polymerize overnight at 37°C in a humidified atmosphere. 90.000 cells per 
filter (24 well plate) were seeded onto the collagen type I lattice. After a 24 h incubation in RPMI medium 
containing ATII and/or losartan and/or PD123319, the medium including the corresponding substances 
was exchanged gently and cells were incubated for another 24 h. Cells were then fixed and stained with 
crystal violet. The matrix and the remaining cells on the upper side of the filter were removed carefully and 
excess crystal violet was washed away with distilled water. The invasive cells that remained on the lower 
side of the filter and those on the bottom of the well were counted.

Statistics
Every experiment was repeated three to six times. Data are presented as the mean values ± S.E.M. The 

significance of the data was determined with the student’s unpaired or paired t test. P <0.05 was set as the 
level of significance (* = P<0.05; ** = P<0.01; *** = P<0.001).

Results

Expression of AT1 and AT2 in MV3 cells
Due to the lack of specific antibodies directed towards AT1 [25] RT-PCR was used to 

reveal the expression of AT1. In MV3 cells, AT1, as well as AT2, are expressed (Fig. 1). Thus, 
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human melanoma (MV3) cells express both ATII 
receptor subtypes.

ATII triggers an increase in F-actin
In MDCK cells, stimulation of AT1 triggers 

a signaling cascade resulting in Ca2+ release 
from intracellular stores into the cytosol, 
leading to an increase in Ca2+/calmodulin (CaM) 
complex formation [12]. Ca2+/CaM complexes 
are known to promote the polymerization of 
F-actin [26], which contributes to the stability 
of the cytoskeleton and is also required for cell 
migration [27]. Accordingly, in the present study, 
MV3 cells exposed to ATII and stained with 
Alexa Fluor 488-conjugated phalloidin showed 
66% higher intensity of F-actin compared 
to untreated control cells (Fig. 2A, B). 
Application of losartan together with ATII 
prevented increased actin polymerization. 
Losartan alone did not cause any differences 
compared to the control.

In addition to accumulating more 
F-actin, ATII-treated cells became more 
spherical. ATII-treated cells had up to a 
37% higher circularity index (CI) at ATII-
concentrations of 20 and 100 nmol l-1, and a 
21% higher CI in the presence of 200 nmol 
l-1 ATII. Interestingly, the CI of cells treated 
with losartan alone was 41% higher than 
that of untreated control cells (Fig. 2C). In 
ATII-treated cells, irrespective of the three 
ATII concentrations used, the additional 
application of losartan did not further 
change the CI (data not shown).

These findings demonstrate that ATII 
has effects on the actin cytoskeleton of 
MV3 cells, indicated by F-actin enrichment 
and cell rounding. These effects may be 
explained by ATII-induced Ca2+/CaM 
formation and cell contractility.

ATII induces a [Ca2+]i increase in MV3 
cells
AT1 mediates ATII-induced increases 

in [Ca2+]i of cardiomyocytes, cardiac 
fibroblasts, smooth muscle cells and 
podocytes [28]. Since MV3 cells express AT1 
and react to ATII by increasing F-actin and 
becoming more spherical, we measured the 
[Ca2+]i response to stimulation with ATII. 
Exposure to 100 nmol  l-1 ATII triggered 
a significant (p=0.0083) and reversible 
elevation of [Ca2+]i from 138±7 to 157±11 
nmol l-1 (Fig. 3 A, B). Although losartan alone did not affect F-actin (Fig. 2 A), but increased 

Fig. 1. Expression of AT1 and AT2 in MV3 cells. 
1.5% agarose gel showing the expected RT-
PCR products at 255 bp (AT1) and 191 bp (AT2) 
in MV3 cells. The “no reverse transcriptase 
controls” (RT- controls) ensure that there is no 
cDNA contamination.
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Fig. 2. ATII affects F-actin and MV3 cell morphology. 
A. Cells exposed to ATII (100 nmol l-1) for 2 h show a 
clear increase in phalloidin-stained F-actin, whereas 
treatment with losartan (0.7  µmol  l-1), either alone 
or in combination with ATII, has no effect. Values 
are given in arbitrary units and represent the cell 
area multiplied by its mean fluorescence intensity. B. 
Representative images showing F-actin stained with 
phalloidin in control (left) and ATII-treated (right) 
cells. C. ATII, at different concentrations, and losar-
tan lead to a rounder, more spherical cell shape as 
represented by significant increases in the circular-
ity index. Data were obtained from three indepen-
dent trials with n = at least 10 cells per trial. All data 
are shown as the mean ± S.E.M.
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the CI (Fig. 2C), it led to an irreversible decrease in [Ca2+]i from 141±8 to 124±7 nmol l-1 
(p=0.0017) Fig. 3 C, D).

NHE1 activity upon incubation with ATII, losartan, ophiobolin A or PD123319
Ca2+/CaM is known to activate NHE1 directly by physical interaction and indirectly via 

a signaling cascade (p90RSK) [12]. Thus, we investigated the effects of ATII, losartan and the 
CaM inhibitor ophiobolin A on the activity of NHE1 (Figs. 4 & 5A). Fig. 4 shows representative 
graphs illustrating the differences in pHi recovery rate upon treatment with ATII alone (Fig. 
4B), losartan alone (Fig. 4C) and with a combination of both (Fig. 4D). ATII stimulation led 
to an increase in the pHi recovery rate by about 34% from 0.11±0.01 pH units min-1 (mean 
± S.E.M.) to 0.15±0.02 pH units min-1, whereas the application of losartan alone resulted in 
a 39% decrease to 0.07±0.01 pH units min-1 compared to the untreated control (Fig. 5A). 
Surprisingly, when co-applied, losartan in the presence of ATII decreased the pHi recovery 
rate even further to 26.4% (0.03±0.003 pH units min-1) of the value obtained for the untreated 
control. Irrespective of whether ophiobolin A was applied alone, together with ATII or with 
losartan, ophiobolin A treatment resulted in a decreased pHi recovery rate of approximately 
0.06 pH units min-1 for all conditions. Notably, the co-application of ophiobolin A with ATII 
and losartan led to a pHi recovery rate significantly higher than that observed in cells treated 
only with ATII combined with losartan (0.06±0.01 vs. 0.03±0.003 pH units min-1).

In a second set of experiments, we employed PD123319 to inhibit AT2. Compared to 
untreated cells, PD123319 alone did not have an effect on NHE1 activity (Fig. 5B). When 
ATII and PD123319 were co-applied, NHE1 activity increased from 0.14±0.01 pH units min-1 
to 0.17±0.01 pH units min-1. This ATII-induced elevation in NHE1-activity was antagonized 
by losartan (0.11±0.01 pH units min-1) indicating that the ATII-triggered increase in NHE1-
activity is mediated by AT1, and AT2 is not involved.

In summary, ATII activates NHE1 through a CaM-dependent signaling pathway in MV3 
cells. ATII-induced NHE1 activity requires AT1 but not AT2 because it can be counteracted by 
losartan, but not by PD123319.

ATII and losartan slow MV3 cells down
Both the (re-)assembly/stability of F-actin and the activity of NHE1 are required for 

cell migration [29-31], and both are stimulated by ATII. We therefore set out to investigate 

Fig. 3. ATII-induced increase in [Ca2+]
i is inhibited by losartan. A. Represen-
tative trace of [Ca2+]i (nmol l-1) of an 
ATII-treated (100 nmol l-1) MV3 cell. 
Time is depicted from the beginning 
of the cells’ exposure to Ringer’s solu-
tion (con). B. Exposure to 100 nmol l-1 
ATII triggers a significant and revers-
ible elevation of [Ca2+]i. Data were 
obtained from 4 independent trials 
with n=33 cells in total. All data are 
shown as the mean ± S.E.M. C. Repre-
sentative trace of [Ca2+]i (nmol l-1) of 
a losartan-treated (0.7  µmol  l-1) cell. 
Time is depicted from the beginning 
of the cells’ exposure to Ringer’s so-
lution (con). D. Losartan leads to an 
irreversible decrease in [Ca2+]i. Data 
were obtained from 4 independent 
trials with n=35 cells in total. All data 
are shown as the mean ± S.E.M.
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the effects of ATII and losartan on the migratory 
behavior of MV3 cells (Fig. 6). The migratory speed 
(Fig. 6A) and the net distance covered within 6 h 
(translocation, Fig. 6B) were analyzed. Both the 
migration velocity (0.52±0.03  µm  min-1) and the 
translocation (90.23±6.87  µm) of MV3 cells decreased 
significantly upon exposure to various concentrations of 
ATII (ATII 20, 100, 200 nmol l-1:  0.38±0.02; 0.44±0.02; 
0.41±0.02 µm  min-1, and 70.3±4.5; 79.7±5.1; 59.4±6.1 
µm, respectively) or to losartan (0.33±0.02 µm  min-1 
and 49.3±3.2 µm). Compared to cells treated with ATII 
alone, cells incubated with losartan in addition to ATII 
slowed down even more and also covered a significantly 
shorter net distance (Figs. 6A, B; ATII 20, 100, 200 nmol 
l-1 + losartan:  0.34±0.01; 0.37±0.02; 0.32±0.01 µm min-1, 
and 58.7±3.8; 65.6±4.5; 45.5±2.7 µm, respectively). Fig. 
7 shows representative trajectories including the mean 
distance covered by cells incubated with ATII (100 nmol 
l-1, Fig. 7 A) and additionally with losartan (0.7 µmol l-1, 
Fig. 7 B).

In a second set of experiments we investigated 
the effects of the AT2 inhibitor PD123319 (10 µmol l-1). Both the migration velocity 
(0.52±0.03 µm min-1, Fig. 8 A) and the translocation (75.74±6.99 µm, Fig. 8 B) of untreated 
MV3 cells were slightly, but not significantly, lower than those of cells exposed to PD123319 
alone (0.62±0.05  µm  min-1 and 91.31±7.76  µm, respectively). The migration velocity and 
the translocation decreased upon additional application of losartan (0.41±0.02  µm  min-

1, and 62.12±5.80  µm, respectively) or ATII (ATII 100 nmol l-1: 0.37±0.01  µm  min-1, and 
50.40±2.82 µm respectively). The speed and net distance of the cells declined even further 
when cells were exposed to PD123319, ATII and losartan (Fig. 8; 0.25±0.01 µm min-1, and 
38.48±2.67 µm, respectively).

In summary, ATII decreases the migratory activity of MV3 cells, which can be enhanced 
by the additional application of losartan.

ATII and losartan affect the migration of NHE1-deficient MV3 cells
The effects of ATII, losartan and PD123319 were analyzed in NHE1-deficient MV3 cells, 

a cell line that had previously been generated by our group [16]. Again, migratory speed (Fig. 
9 A) and net distance covered (Fig. 9 B) within six hours were analyzed. Interestingly, the 
migration velocity (0.23±0.02 µm min-1), as well as the 6 h translocation (31.93±4.92 µm), 
of NHE1-deficient MV3 cells increased significantly when incubated with 100 nmol l-1 ATII 
(0.41±0.02 µm min-1 and 72.78±5.90 µm, respectively). Increases in both the migratory speed 
and the net distance covered were also observed upon incubation with ATII and losartan 
(0.37±0.03 µm min-1 and 59.10±5.14 µm). However, the effect was not as pronounced as in 
ATII treated cells.

The migratory behavior upon exposure to PD123319 alone or together with losartan 
did not differ significantly from untreated cells.

Fig. 4. Intracellular pH (pHi) recovery rate in MV3 cells. Represen-
tative traces of the pHi recovery in an untreated (A, closed circles), 
an ATII-treated (B, grey triangles), a losartan-treated (C, open 
squares) and an ATII-treated cell exposed to losartan (D, open 
circles). The rates of pHi recovery plotted in Fig. 5 were derived 
from the initial slope after re-addition of Na+-containing buffer, 
represented by the auxiliary lines. The timeline begins with the 
cells’ exposure to NH4Cl. 
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In conclusion, ATII and/or losartan 
lead to an increase in the migratory activity 
of NHE1-deficient cells whereas they cause 
a decrease in the migratory activity of cells harboring NHE1.

Effects of ATII and losartan on MV3 cell adhesion and invasion
Interestingly, ATII alone or losartan alone led to significant increases in MV3 cell 

adhesion by 19.4% and 19.8%, respectively, and the combined application of both resulted in 
an additive effect, amounting to an increase in cell adhesion by 42.6% compared to untreated 
cells (Fig. 10A). Similar effects on invasion were observed in a Boyden chamber assay. The 
exposure of MV3 cells to ATII or to losartan alone rendered the cells more invasive (Fig. 

Fig. 5. Effects of ATII, losartan, PD123319 and ophi-
obolin A on NHE1 activity. + and – indicate the sub-
stances’ presence and absence, respectively. A. pHi 
recovery rates in untreated, ATII-, losartan- or ophi-
obolin A-treated cells. Compared with the entirely 
untreated control, ATII stimulates NHE1 activity. 
Losartan decreases NHE1 activity in both untreated 
and ATII-treated cells. Exposure to ophiobolin A 
leads to decreases in NHE1 activity in control, ATII- 
and losartan-treated cells. In cells treated with both 
ATII and losartan, ophiobolin A causes an increase in 
NHE1 activity. 5-11 experiments per condition were 
performed. The total number of evaluated cells var-
ies between n=48 (ATII+losartan+ophiobolin) and 
n=125 (control) depending on the condition. B. pHi 
recovery rates in untreated, PD123319-, ATII- or 
losartan-treated cells. PD123319 alone does not 
change NHE1 activity compared to that of untreated 
cells. The co-application of ATII and PD123319 leads 
to an increase in NHE1 activity. This ATII-induced el-
evation in NHE1-activity is antagonized by losartan. 
3-6 experiments per condition were performed. The 
total number of evaluated cells varies between n=30 (PD123319) and n=61 (control) depending on the 
condition. All data are shown as the mean ± S.E.M.
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Fig. 6. Effects of ATII and/or losartan on the migra-
tory behavior of MV3 cells. A. The migration veloc-
ity decreases significantly at ATII concentrations of 
20, 100 and 200 nmol l-1. 20 nmol l-1 of ATII corre-
spond to the human plasma concentration and has 
the strongest effect. Not only the additional appli-
cation of 0.7 µmol l-1 losartan (Los), but also the ad-
dition of losartan alone reduces cell migration even 
further. B. The net displacement (=translocation) 
determined after 6  h of migration is significantly 
reduced by ATII alone, losartan (Los) alone and the 
combined application of ATII and losartan. Data 
were obtained from 5-7 independent trials with a 
total number of cells varying between n=30 (ATII, 
20 nmol l-1) and n=53 (control). All data are shown 
as the mean ± S.E.M.
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10B). Again, application of 
ATII together with losartan 
resulted in an additive, or 
synergistic, effect, causing 
the cells to be significantly 
more invasive than control 
cells, and also more invasive 
than cells exposed to a 
physiological concentration 
of ATII (p=0.056). It is worth 
noting that in the present 
Boyden chamber set-up the 
number of invasive cells 
includes both the cells on 
the bottom of the well and 
those stuck to the lower 
side of the filter-membrane, 
and it cannot be completely 
excluded that the effects of 
ATII and losartan on cell 
adhesion could also affect, 
that is reduce, the number 
of countable, invasive cells.

The effects of 
PD123319 on adhesion 
and invasion were also 
investigated. In the absence 
of ATII, both adhesion and 
invasion were increased 
upon exposure to the 
AT2 inhibitor by 19.5% 
and 29.2%, respectively. 
Compared to untreated 
cells, the combined 
application of ATII and 
PD123319 also caused 
increases in adhesion and 
invasion by 12.7% and 
42%, respectively (Figs. 10 
A, B). Compared to the ATII 
treated control, however, 
PD123319 led to slight, but 
not significant, decreases.

Cell proliferation was 
determined in order to 
make sure that the effect of 
losartan on the invasion of 
ATII-treated cells was not 
solely based on proliferative 
activity. Compared to 
control conditions, the 
presence of ATII alone 
caused a clear increase 
in MV3 cell proliferation of almost 20% compared to untreated cells (Fig. 10C). The 

Fig. 7. Migratory behav-
ior of MV3 cells exposed 
to ATII with and without 
losartan. Each line repre-
sents the trajectory of an 
MV3 cell during a 6 h incu-
bation with either 20 nmol 
l-1 ATII (A) or additionally 
0.7  µmol  l-1 losartan (B). 
The circles surrounding 
the origin depict the av-
erage net displacement 
for each condition. The 
graphs originate from 3 
independent experiments 
each. n=23 cells are dis-
played for each condition.
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Fig. 8. Effects of the 
AT2 receptor inhibitor 
PD123319 on the migra-
tory behavior of MV3 cells. 
Similar to the proceedings 
in the first set of migra-
tory experiments, the cells 
were pre-incubated with 
10 µmol l-1 PD123319 for 
one hour prior to the initi-
ation of time-lapse micros-
copy. Both the migratory 
velocity and the translo-
cation of untreated MV3 
cells are slightly, yet not 
significantly lower than 
those of cells exposed to 
PD123319. After addition-
al application of losartan 
(Los) or ATII, the migrato-
ry activity is also reduced. 
This effect is enhanced in 
response to a combined 
exposure to PD123319, 
ATII and losartan. Data were obtained from 3-8 independent trials with 
a total number of cells varying between n=30 (PD123319) and n=50 
(control). All data are shown as the mean ± S.E.M.
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additional application 
of losartan or the 
addition of losartan 
alone did not lead 
to a further increase 
in proliferation. 
This indicates that, 
although both ATII 
and losartan alone 
induce an increase 
in proliferation, the 
addition of losartan 
to physiological ATII 
concentrations does 
not have an additional 
proliferative effect. 
Compared to ATII-
treated cells, exposure 
to PD123319 alone or 
in combination with 
ATII led to a decrease 
in proliferation to 
values equal to that of 
untreated cells (Fig. 
10C).

Altogether, in 
the presence of ATII, 
both losartan and 
PD123319 decrease 
proliferation while 
losartan leads to 
clear increases in 
cell adhesion and 
invasion.

Discussion

In the present 
study, we observed 
that ATII stimulates 
NHE1 activity in 
human melanoma 
(MV3) cells (Figs. 4B, 
5A) through Ca2+/
CaM signaling (Figs. 
3 & 4). ATII triggers 
a signaling cascade 
resulting in elevation 
of the cytosolic Ca2+ 
concentration (Fig. 
3A) [12], which 
promotes Ca2+/CaM 
formation and NHE1 

Fig. 9. Effects of ATII and/or 
losartan on the migratory be-
havior of NHE1-deficient MV3 
cells. The migratory speed (A) 
and translocation (B) of NHE1-
deficient cells increase signifi-
cantly in cells incubated with 
100 nmol l-1 ATII. They decrease 
in cells exposed to 100 nmol l-1 
ATII and 0.7 µmol l-1 losartan 
(Los). The migratory behavior 
after exposure to 10 µmol l-1 
PD123319 alone or together 
with losartan is similar to that 
of untreated cells. Data were 
obtained from  4-5 indepen-
dent trials with a total number 
of cells varying between n=30 
(control) and n=38 (PD123319 + losartan). All data are shown as the mean 
± S.E.M.

Fig. 10. Adhesion, invasion and pro-
liferation of MV3 cells are affected 
by ATII and/or losartan. A. The pres-
ence of either ATII or losartan (Los) 
or PD123319 during the process of 
adhesion over a period of 1 h after 
seeding induces a highly significant 
increase in cell adhesion. The com-
bined use of ATII and losartan leads 
to an additive effect. Data from 3 in-
dependent trials with n=4 wells per 
condition and trial. 4 visual fields 
per each well were enumerated. B. 
In Boyden chamber assays, a 48  h 
incubation with either ATII alone 
or losartan (Los) alone, or with 
PD123319 with or without ATII, re-
sults in an increase in MV3 cell inva-
sion. The combined use of ATII and 
losartan leads to a clear increase in 
invasion (p=0.015). Data from 4 in-
dependent trials; n=3 filters/wells 
per condition and trial were evalu-
ated. C. The proliferation rate is 
clearly increased by a 48  h incuba-
tion with either 200 nmol l-1 ATII or 
with 0.7  µmol l-1 losartan (Los) or 
with both of them combined. There 
is no significant difference between 
cells treated with ATII alone and those additionally treated with losartan. Cells 
exposed to PD123319 with or without ATII show a proliferative rate equal 
to that of untreated cells. Data from 4 independent trials with n=6 wells per 
condition and trial. All data are shown as the mean ± S.E.M.
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activation. Unexpectedly, the stimulation of NHE1 by ATII is accompanied by a decrease in 
MV3 cell migration (Fig. 6), in contrast to the stimulatory effects of ATII on the migration of 
monocytes [32]. Cell migration depends on cell polarity, i.e. cells need to establish a cell front, 
usually a lamellipodium with a leading edge, and a rear end known as a uropod. However, 
ATII induced MV3 cells to establish a rounder/more spherical cell shape accompanied by an 
increased generation or a reduced rearrangement of F-actin (Fig. 2).

The findings that (i) CaM is a major mediator of the ATII-induced, stimulatory effect 
on NHE1 activity, (ii) ATII stabilizes F-actin (Fig. 2), (iii) ATII stimulation results in a 
reversible increase in cytosolic Ca2+, and (iv) exposure to ATII results in a more spherical 
cell shape led us to conclude that ATII increases the contractility of MV3 cells. This increase 
in contractility hinders cell spreading and thus the establishment of cell polarity needed for 
cell migration. MV3 cell migration on collagen I substrates requires a certain NHE1 activity 
[30, 31]. However, an overactive NHE1 and thus a surplus of extracellular protons lead to 
tight adhesion and eventually to a decrease in migration [30]. Increases in NHE1 activity and 
adhesion were observed in MV3 cells exposed to ATII (Figs. 4B; 10A), suggesting that ATII-
induced contractility, on the one hand, and ATII-stimulated NHE1 activity, on the other, are 
two effects complementing one another.

Although losartan alone did not induce an increase in F-actin (Fig. 2A), it still induced the 
cells to develop a more spherical morphology (Fig. 2C). This can be explained by significantly 
reduced NHE1 activity in response to losartan treatment (Figs. 4C, 5A). On collagen type I 
substrates a decrease in NHE1 activity induces MV3 cells to become more spherical since 
the β1 integrin-mediated cell/matrix interaction is reduced due to higher pH values at the 
cell surface [15, 17]. In the same manner, the significant decrease in the migratory activity of 
losartan-treated MV3 cells (Fig. 6) can be attributed to reduced NHE1 activity (Figs. 4C, 5A) 
[16, 31] as a result of the irreversible reduction of cytosolic Ca2+ after exposure to losartan 
(Fig. 3C,D).

ATII-stimulated MV3 cell adhesion to a collagen I substrate (Fig. 10A) is in accordance 
with what has been observed in vascular smooth muscle cells [33] and cardiac fibroblasts 
[34], and it fits with our previous observation that the adhesion of MV3 cells can be 
modulated by NHE1 activity [17, 31]. ATII-treated MV3 cells showed an increase in invasion 
of a collagen I substrate (p=0.076; Fig. 10B). Through stimulation of both AT1 and AT2, ATII 
triggers, among several signaling cascades, the Ca2+-dependent activation of phospholipase 
A2 (PLA2), followed by an increase in arachidonic acid [1]. In breast cancer cells, the increase 
in arachidonic acid results in enhanced secretion of matrix metalloproteinases (MMPs) [35, 
36]. Generally, invasion of extracellular matrices (ECM) is facilitated by the activity of MMPs. 
These extracellular endopeptidases digest and rearrange the ECM via proteolytic activity 
[37]. ATII does stimulate the expression and activity of MMPs, as shown for, among others, 
MMP2 and MMP13, in murine melanoma (B16F10) cells [38] and MMP2 in human melanoma 
cells [39]. Even the ATII-stimulated NHE1 activity alone might enhance invasion because 
the resulting local acidification at the cell surface promotes protease activity [40, 41]. We 
conclude that not only the ATII-stimulated NHE1 activity, but also an interplay of various 
effects, including ATII-triggered increase of MMP activity, and possibly ATII-mediated 
activation of angiotensin converting enzyme (ACE) may play a significant role in promoting 
adhesion and invasion. ACE usually converts ATI to ATII at the surface of endothelial cells, 
and its activity can be stimulated by its reaction product, ATII [42]. ATII/ACE interaction has 
been shown to be involved in phospholipase C/Ca2+ signaling [42].

Surprisingly, losartan alone stimulated MV3 cell adhesion and led to a slight, but not 
significant, increase in invasion (Figs. 10A, B). To our knowledge, the stimulating effect of 
losartan alone on adhesion and invasion has never been described. Future studies will have 
to be conducted to provide a more precise mechanistic explanation. Experiments on MV3 
cells in which AT1 or AT2 is knocked down may help to explain whether or not, or to what 
extent, these unexpected effects of losartan, either alone or in the presence of ATII, depend 
on the two ATII receptors.
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Remarkably, combined application of ATII, at physiological concentrations, and 
losartan has been found to increase the adhesion and invasion of MCF-7 cells, since losartan 
counteracts the ATII induced decrease in α3β1 integrin expression at both the mRNA and 
protein level [36]. Furthermore, murine pancreatic cancer (Pan02) cells show a slight 
increase in local invasion in losartan-treated mice [43]. The authors suggest a supporting role 
of M2 macrophages since losartan increased the M2:M1 macrophage ratio in tumors [43]. 
M2 macrophages might therefore promote tumor progression [44]. As a second possibility, 
Arnold and colleagues [43] speculate that the increase in local invasion could represent the 
response to the anti-angiogenic activity of losartan, since inhibition of angiogenesis has 
been shown to increase local invasion, for instance, in pancreatic cancer [45]. In the present 
study, we observed an increase in adhesion and invasion under in vitro conditions, i.e. 
independently of in vivo parameters such as the presence of macrophages or effects caused 
by lack of angio(neo)genesis. Since AT1 was inhibited by losartan, the increase in invasion 
could be the result of an AT2-dependent increase in MMPs. In any case, the losartan-induced 
increases in adhesion and invasion need to be attributed to effects other than NHE1 activity, 
especially considering that the inhibitory effect of losartan on the NHE1 activity of ATII-
treated cells (Figs. 4A, 5C) was accompanied by decreases in migratory activity (Fig. 6) and 
the F-actin level (Fig. 2).

ATII stimulated MV3 cell proliferation (Fig. 10C), which is consistent with observations 
obtained for neuronal stem cells [46], vascular smooth muscle cells [47], cardiac fibroblasts 
[48] or murine melanoma cells, where ATII increases proliferation by binding to the receptor 
ACE [42]. In murine melanoma cells, proliferation is triggered by an increase of intracellular 
Ca2+ [42], which is in accordance with our observation that ATII increases Ca2+ in MV3 cells 
(Fig. 3A, B).

Losartan alone also stimulated MV3 cell proliferation. In vascular smooth muscle cells, 
however, losartan alone has no significant effect on proliferation [49], and, in the human 
endometrial adenocarcinoma (HEC-59) cell line, losartan at concentrations between 1 
and 10 µmol  l-1 induces a slight increase [50]. Losartan, in the presence of ATII, prevents 
the increase in proliferation produced by ATII alone (Fig. 10C). This observation is in line 
with numerous studies showing that losartan inhibits ATII-stimulated proliferation, e.g. in 
hepatocytes [51], glomerular mesangial cells [52] neuronal stem cells [46] and vascular 
smooth muscle cells [49].

The AT2 inhibitor PD123319 did not influence NHE1 activity or the migratory behavior 
of MV3 cells, indicating that AT2 hardly, if at all, contributes to the ATII-mediated decrease 
in NHE1-dependent migration. Interestingly, the co-application of PD123319 prevented the 
proliferation evoked by ATII. These results suggest that AT2 may play a role in enhancing the 
proliferation of melanoma cells, which could be due to the consecutive increase in PLA2 and 
arachidonic acid, as described earlier [35]. However, the results are contrary to observations 
made in rat coronary endothelial cells [53], rat pheochromocytoma PC12W cells [54], and 
CRC cells (MoCR) [55], where the stimulation of AT2 led to a decrease in proliferation.

NHE1 activity is reduced by the application of losartan alone and, surprisingly, even 
more when losartan and ATII are co-applied. Losartan and ATII compete for AT1 [56]. Thus, 
the low NHE1 activity in presence of losartan and ATII may be the result of substrate-excess 
inhibition of AT1, which, however, would be counterintuitive regarding the additive effects of 
ATII and losartan on adhesion and invasion. At this point, an interplay between the receptors 
ACE, AT1 and AT2 needs to be taken into consideration. In the presence of ATII at a critical 
concentration, the effect of losartan may be the result not only of the blockade of AT1, but 
also of an additional, synchronous stimulation of AT2 [57] and ACE [42]. While the long-
term effect of AT2 signaling, known to suppress AT1 expression [58], cannot account for 
the decreased NHE1 activity after a 30-40 min incubation with ATII and losartan, the AT2-
mediated short-term effects leading to intracellular acidification [59] may be caused by an 
AT2-induced decrease in NHE1 activity. Furthermore, stimulation of AT2 inhibits the Na+/
K+-ATPase in renal proximal tubular cells [60], possibly reducing the Na+ gradient across the 
plasma membrane, one of the driving forces for NHE1 activity [61]. After all, stimulation of 
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AT2 phosphorylates RhoA [62]. Phosphorylated RhoA inhibits NHE1 activity [63]. However, 
according to our observation, the NHE1 activity does not change when AT2 is inhibited with 
PD123319 (Fig. 5B).

Exposure of cells treated with losartan and ATII to the CaM inhibitor ophiobolin A-1 
increased NHE1 activity to values generally obtained with ophiobolin A-1 alone under 
all conditions investigated (Fig. 5A). As ophiobolin A-1 not only inhibits CaM, but also 
induces apoptosis in melanoma cells [64], the NHE1 activity may be increased not because 
of stimulation by ATII and losartan, but due to the necessity to extrude the accumulated 
protons (Fig. 5A). Lastly, the activation of ACE by ATII leads to an increase in [Ca2+]i in murine 
melanoma cells [42], which is crucial for NHE1 activation [12] and could explain the NHE1 
activity observed, although AT1 and AT2 were inhibited (Fig. 5B). How Ca2+ and calmodulin 
signaling could represent a cross point interweaving AT1, AT2 and possibly ACE regulatory 
signaling of NHE1 activity should be scrutinized in future studies.

All things considered, the effects of losartan in relation to the metastatic behavior of 
tumor cells are ambiguous. In the present study on human melanoma (MV3) cells, losartan 
reduces migration and NHE1 activity, whereas it increases adhesion and invasion. The 
observation that losartan promotes cell invasion renders its application in hypertensive 
cancer patients critical. Our critical assessment has been reflected in previous studies, where 
various ARBs have been shown to increase the risk for neoplastic diseases [10]. For instance, 
the LIFE study showed that losartan significantly increased the risk of lung cancer [10] and 
the PRoFESS study illustrated a non-significant increase of lung, prostate, and breast cancer 
with telmisartan [10]. On the other hand, an anticancer effect of losartan in combination 
with doxorubicin, a chemotherapy drug used to treat different types of cancers, was recently 
described [65]. Losartan inhibits collagen I synthesis, which loosens the typically dense 
collagen network in tumors [66]. This facilitates the penetration of doxorubicin into, and 
its accumulation inside, the tumor tissue, thus, increasing its therapeutic effectiveness [65].

The European Society of Hypertension guideline (ESH 2013) also concludes that the 
benefits of ARB administration, such as decreased cardiovascular events, outweigh the 
‘undesired side effects’ [67]. Taken together, the effects of ARBs on various cancer entities 
will have to be fully elucidated in future studies examining the cross talk between AT1, AT2 
and ACE, as well as further evaluating the benefits versus side effects of ARB therapy.
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