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A B S T R A C T   

Purpose: Hyponatraemia is frequently observed in cancer patients and can be due to the syndrome of inappro-
priate anti-diuresis (SIAD), related to ectopic vasopressin secretion, particularly in small cell lung cancer (SCLC). 
Hyponatraemia is associated with a worse outcome in cancer patients. The vasopressin receptor antagonist 
tolvaptan effectively corrects hyponatraemia secondary to SIAD and there is in vitro evidence that it has also an 
antiproliferative effect in cancer cells. The purpose of this study was i) to analyse the effect of low serum sodium 
concentrations ([Na+]) in SCLC cells and ii) to determine whether tolvaptan counteracts tumor progression. 
Methods: We evaluated cell proliferation, cell cycle, apoptosis, oxidative stress, invasivity in low [Na+] as well as 
after exposure to tolvaptan. We also analysed the intracellular signalling pathways involved. 
Results: In reduced [Na+] cell proliferation was significantly increased compared to normal [Na+] and cells were 
mostly distributed in the G2/M phase. Apoptosis appeared reduced. In addition, the ability to cross matrigel- 
coated membranes markedly increased. As observed in other cancer cell models, the expression of the heme- 
oxigenase-1 gene was increased. Finally, we found that in cells cultured in low [Na+] the RhoA/ROCK1/2 
pathway, which is involved in the regulation of actin cytoskeleton, was activated. On the other hand, we found 
that tolvaptan effectively inhibited cell proliferation, anchorage-independent growth, invasivity and promoted 
apoptosis. Accordingly, the RhoA/ROCK-1/2 pathway was inhibited. 
Conclusions: These findings demonstrate for the first time that low [Na+] favours tumor progression in SCLC cells, 
whereas tolvaptan effectively inhibits cell proliferation, survival and invasivity.   

1. Introduction 

Hyponatraemia, defined by a serum sodium concentration ([Na+]) 
<135 mEq/L, is the most frequent electrolyte imbalance in cancer pa-
tients, affecting up to 40% of them at admission in Oncology Units 
(Doshi et al., 2012; Berardi, Rinaldi, et al., 2016). In this setting, the 
pathogenesis of hyponatraemia is often multifactorial, with the syn-
drome of inappropriate antidiuresis (SIAD) representing the leading 
aetiology (Grohé, 2019). The reduction of serum [Na+] secondary to 
SIAD is determined mainly by tumoral, ectopic secretion of arginine 
vasopressin (AVP) (Sørensen et al., 1995). In addition, several classes of 
drugs can affect the hydro-electrolytic homeostasis by stimulating AVP 

secretion or increasing the sensitivity of AVP-V2 receptors expressed in 
renal collecting duct cells. Hence, antidepressants, analgesics (especially 
opioids), anticancer treatments (chemotherapeutic agents, molecular 
targeted agents and immune checkpoint inhibitors) and palliative 
medications may contribute, possibly in association with underlying 
conditions (e.g., intravenous hydration during chemotherapy sessions, 
pain and nausea), to the onset of hyponatraemia (Berardi et al., 2016b; 
Oronsky et al., 2017; Sørensen et al., 1995; Wanchoo et al., 2017). 
Among tumors that can secrete AVP, the strongest association is with 
lung tumors, both small cell (SCLC) and non-small cell lung cancers 
(NSCLC), with a prevalence of 76% (Castillo et al., 2016). 

In the last decade, hyponatraemia emerged as an indicator of higher 
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disease burden, more compromised general status with increased length 
of hospital stay and health costs (Sengupta et al., 2013; Berardi, Car-
amanti et al., 2015; Wald et al., 2010; Berardi et al., 2019; Corona et al., 
2016), poor prognosis and decreased progression-free and overall sur-
vival in patients with different malignancies (Doshi et al., 2012; Berardi 
et al., 2019; Hansen et al. 2010; Kim et al., 2007; Corona et al., 2013; 
Holland-Bill et al., 2015; Tiseo et al., 2014; Kobayashi et al., 2014; 
Berardi, Caramanti et al., 2015; Jeppesen et al., 2010; Farid and Prasad 
2015; Fucà et al., 2019). On the other hand, the normalization of low 
serum [Na+] is able to favourably affect the clinical outcome, prevent 
clinical complications and reduce mortality (Corona et al., 2015), even 
in patients with advanced tumor disease (Balachandran et al., 2015; 
Petereit et al., 2011). Therefore, hyponatraemia represents a negative 
independent prognostic factor in the oncologic setting, and its use as a 
biomarker to identify high-risk patients affected by lung cancer has been 
proposed (Kasi, 2012). In this view, the assessment of serum [Na+] could 
improve the prognostic stratification of cancer patients and could be 
exploited to design integrated prognostic tools (Fucà et al., 2019). 

To date, it has not been fully elucidated whether hyponatraemia 
should be considered a surrogate marker of disease severity or an in-
dependent detrimental factor directly contributing to cancer progression 
(Chawla et al., 2011). In order to clarify this issue, we have recently 
demonstrated for the first time that the reduction of extracellular [Na+] 
alters in vitro the homeostasis of different human cancer cell lines, by 
promoting cell proliferation, invasion and tumorigenicity, through the 
induction of oxidative stress and the up-regulation of 
RhoA/ROCK-associated signalling (Marroncini et al., 2020). 

Vaptans represent a new class of drugs developed for the treatment of 
euvolemic or hypervolemic hyponatraemia. These drugs are nonpeptide 
vasopressin receptors antagonists that bind V2 receptors expressed in 
renal collecting duct cells, thus inducing water diuresis and ultimately 
increasing serum [Na+]. Tolvaptan has been approved in 2009 in the U. 
S. and in Europe for the treatment of adult patients with hyponatraemia 
secondary to SIAD and in the last decade has proven to be an effective 
and safe pharmacological tool (Berl et al., 2010; Bhandari et al., 2017; 
Greenberg et al., 2015; Peri, 2013; Schrier et al., 2006). In addition to its 
effect on the correction of hyponatraemia, tolvaptan has shown the 
ability to reduce cAMP levels in kidney epithelial cells and to slow cysts 
formation in animal models of polycistic kidney disease (PKD) (Gattone 
et al., 2003; Torres et al., 2004; Wang et al., 2006). Interestingly, tol-
vaptan has been also approved for the treatment of autosomal dominant 
PKD and its efficacy in reducing renal cyst growth and the estimated 
glomerular filtration rate (eGFR) decrease in patients has been demon-
strated (Torres et al, 2012, 2017). As per tumoral cells, tolvaptan 
effectively reduced proliferation and triggered apoptosis in hepatocel-
lular and renal carcinoma cells (Sinha et al., 2020; Wu et al., 2015). 

The aims of this study were to determine i) whether low [Na+] in-
creases growth, survival and invasivity of SCLC cells and, if so, to 
investigate on the involved intracellular pathways; and ii) whether 
tolvaptan counteracts tumor progression in these cells. 

2. Materials and methods 

2.1. Chemicals and reagents 

NCI-H69 human cell line (91091802), gelatin, Noble Agar, RPMI 
culture medium, Fetal Bovine Serum (FBS), L-glutamine and antibiotics 
(penicillin and streptomycin), Hank’s BSS, dimethyl sulfoxide (DMSO), 
Tri Reagent, WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5- 
(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) and menadione 
(Vitamin K3), which is a synthetic analogue of 1,4-naphthoquinone and 
has been used for the generation of reactive oxygen species (ROS), were 
purchased from Sigma Aldrich SRL (Milan, Italy). Tolvaptan powderwas 
kindly provided by Otsuka Pharmaceuticals and it was dissolved in 
DMSO to a final concentration of 10 mM. 

2.2. Cell cultures 

H69 cells were cultured in RPMI-1640 medium supplemented with 
10% fetal bovine serum, L-glutamine and antibiotics (50U/mL penicillin 
and 50 μg/mL streptomycin) and maintained at 37 ◦C in a humidified 
atmosphere (5% CO2/95% air). To test the effects of low extracellular 
[Na+], we used a special 2X DMEM sodium free medium (PAA M- 
medical, Milan, Italy), prepared as described previously (Marroncini 
et al., 2020). To reach the desired [Na+], the appropriate amount of 
NaCl was added to media and three concentrations were obtained: 127, 
115 and 90 mM. In the experimental protocol, extracellular [Na+] was 
progressively lowered by daily medium changes, in order to adapt cells 
to target [Na+] variations. Osmolality was maintained constant 
(307.8 mOsm/Kg), by adding appropriate amounts of mannitol to the 
standard medium, as described previously (Barsony et al., 2011; Mar-
roncini et al., 2020). Then, cells were cultured at the target [Na+] at 37 
◦C for 7 days before experiments were performed. In the second part of 
the study, H69 cells were cultured with RPMI medium and were treated 
with tolvaptan for 24, 48 and 72 h before experiments were performed. 

2.3. Analysis of cell proliferation and viability 

After 7 days of growth in the selected medium, cells were harvested 
and 10.000 cells/well were seeded in 96 well plates and treated with 
WST-8, which is bio-reduced by cellular dehydrogenases to an orange 
formazan product that is soluble in tissue culture medium and directly 
proportional to the number of metabolically active cells. The experi-
ments were run according to manufacturer’s protocol, and luminescence 
at 450 nm was recorded with a Wallac multiplate reader (PerkinElmer, 
Monza, Italy). The experiments were performed in eight wells/sample 
and at least twice. 

2.4. Determination of the IC50 of tolvaptan on cell growth 

Likewise, WST-8 assay was performed after treating H69 cells with 
increasing doses of tolvaptan (0 μM, 20 μM, 40 μM, 50μ M, 70 μM, 100 
μM) for 24, 48 and 72 h, in order to find IC50. Treated cells and control 
cells were fed with complete culture medium containing 0.1% (v/v) 
DMSO, which had no effect on cell growth. The IC50 values were ob-
tained from the cell growth curves, using GraphPad Prism 5.0 (Graph-
Pad Software Inc., La Jolla, CA) and triplicate analyses were performed. 

2.5. Cell cycle and annexin V/PI analyses 

After 7 days of growth in the selected medium, H69 cells were har-
vested and washed twice with sterile PBS to perform Cell Cycle and 
annexin V/PI Assay. In order to perform cell cycle analysis, H69 cells 
must be fixed using 70% ethanol and stored at − 20 ◦C for at least 3 h. 
Successively, 1 × 106 and 25 × 104 H69 cells were stained with 200 μl 
and 100 μl of Muse™ Cell Cycle and Annexin V & Dead Cell Reagent 
(Luminex Technology, Austin, TX, USA), respectively and samples were 
incubated for 30 min at room temperature and covered from light. 
Finally, sample were analysed with the cytofluorimeter Guava® Muse® 
Cell Analyser (Luminex Technology, Austin, TX, USA). Results of cell 
cycle analysis were expressed as % of cells in G0/G1, G2 and M phase 
and results of annexinV/PI were expressed as % of total apoptotic and 
live cells, normalized versus the control [Na+] of 153 mM. The same 
procedure was performed after treating H69 cells with different con-
centrations of tolvaptan for 48 h and results were normalized versus 
control cells. 

2.6. Invasion assay 

Invasive migration was assessed by a standard Transwell invasion 
system using polycarbonate filter inserts (8 μm pore size) (Corning, New 
York, USA), which were coated with BD Matrigel Basement Membrane 
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(BD Becton, Dickinson and Company, New Jersey, USA) 0.3% for at least 
1 h at 37 ◦C. The upper chambers were seeded with 1 × 106 H69 cells for 
100 μl of serum free media and in the lower chamber FBS was added to 
the media, as chemoattractant. The invasion assay was developed for 24 
h at 37 ◦C and then cells migrated into the lower side of the insert were 
stained with crystal violet in 0.1% methanol and were observed under 
the microscope. To obtain a quantitative analysis of migrated cells, the 
inserts were decoloured with DMSO and the dye mixture was measured 
by spectrophotometer (PerkinElmer, Monza, Italy) at the optical density 
(OD) of 560 nm. 

2.7. Zimography assay 

Samples for analysis were obtained from the medium supernatant. 
Samples were centrifuged for 10 min at 10,000×g at 4 ◦C and, to 45 μl of 
each one 5 μl of sample buffer (pH 6.8) was added. Sample buffer con-
tained 100 mM Tris–HCl, 4% sodium dodecyl sulphate (SDS), 20% 
glycerol and 0.004% bromophenol blue. Protein molecular weight 
standards (Sigma Aldrich, Milan, Italy) and samples were electropho-
retically separated with Protean II system (Bio-Rad, Hercules, CA), in 
SDS-PAGE Tris–glycine 8.0% polyacrylamide gel containing 2 mg/ml of 
gelatine at a constant current of 90 mV. The gels were washed twice in 
2.5% Triton X-100 for 15 min to remove SDS and incubated in a rocking 
platform with reaction buffer (50 mM Tris–HCl, pH 7.5, 5 mM CaCl2, 
200 mM NaCl and 1% Triton X-100) overnight at 37 ◦C. The gels were 
then stained with 0.1% Coomassie blue R-250 (Amersham Pharmacia 
Biotech, Milan, Italy) for at least 1 h in 40% 2-propanol and de-stained 
with a solution containing 5% acetic acid until clear bands of gelati-
nolysis appeared on a dark background. Matrix metalloproteases 2 and 4 
(MMP2 and MMP9) were measured using Image Lab software and the % 
of pixels were normalized versus the number of cells in each sample. 

2.8. Soft agar assay 

Soft agar assay was used in order to analyse the effect of tolvaptan on 
anchorage independent growth of H69 cells by preparing a multilayer 
plate. The bottom layer was obtained by mixing 500 μl of pre-warmed 
culture medium and 500 μl of 1% noble autoclaved agar. Once the 
lower layer of agar had solidified, the upper layer was prepared by 
mixing 500 μl of RPMI 1640 double added with FBS and 500 μl of 0.6% 
noble autoclaved agar. In addition, in the upper layer three different 
concentrations of tolvaptan (20 μM, 40 μM, 50 μM) were mixed together 
with 50,000 cells per well. The experiments were performed in 6-well 
plates and the time required for adequate colony formation was set 
around 21 days. Finally, the number of colonies in each well was 
counted by using a light microscope after staining with 0.1% crystal 
violet solution. Colonies were counted by manually drawing squares 
underneath the plate for visible demarcation and the colony count was 
plotted from the average of 16 different fields per well. 

2.9. RNA isolation and quantitative RT-PCR analysis 

Total RNA was extracted by using Tri Reagent with DNAse treat-
ment, according to the manufacturer’s instruction, and samples were 
quantified by measuring the absorbance at 260 nm (Nanodrop, Wil-
mington, DE, USA). cDNA prepared from total RNA (Taqman Reverse 
Transcription Reagents, Applied Biosystem Inc., Foster City, CA, USA) 
was used to assess the expression of target genes and quantitatively 
analysed by real-time RT-PCR by using pre-developed TaqMan Assays. 
The probes were Assay-On-Demand products (Applied Biosystem Inc., 
Foster City, CA, USA) for HMOX1 (Hs01110250); ROCK-1 (Hs 
00178463_m1), ROCK-2 (Hs00153074_m1) and RHOA, 
(Hs00357608_m1). The mRNA quantitation was based on the compar-
ative Ct (for cycle threshold) method and normalized to 18S RNA 
(Hs03003631_g1). Results were expressed as target mRNA fold increase 
compared with control. All measurements were carried out in triplicates 

and at least two independent experiments were performed. 

2.10. Western Blot analysis 

Cells were lysed in RIPA lysis buffer supplemented with complete 
protease and phosphatase inhibitor cocktail and the protein concentra-
tions were determined using a Bradford protein assay. Cell lysates (40 μg 
of proteins) were fractionated by Mini-PROTEAN TGX Stain-Free Pre-
cast Gels (Biorad, Hercules. CA, USA), an imaging technology that uti-
lizes a polyacrylamide gel containing a proprietary trihalo compound to 
make proteins fluorescent directly in the gel. The PVDF membranes 
were blocked with 5% milk and incubated with specific primary anti-
bodies as follows: rabbit monoclonal anti-Cofilin (5175 Cell signalling, 
Danvers, MA, USA), rabbit monoclonal anti-phospho-Cofilin (Ser3) 
(3313 Cell signalling, Danvers, MA, USA), rabbit monoclonal anti 
HMOX-1 (ab52947, Abcam, Cambridge, UK), rabbit monoclonal anti 
RhoA (#2117, Cell signalling Danvers, MA, USA), rabbit polyclonal anti 
AVPR2 (#75409, Invitrogen, Carlsbad, CA, USA), mouse monoclonal 
anti Cyclin D1 (#8396, Santa Cruz Biotechnology Inc, Dallas, TX, USA), 
rabbit monoclonal anti AKT (#SAB4500800, Sigma-Aldrich, Saint Louis, 
MO, USA), mouse monoclonal anti phospho-AKT (05-1003, Millipore, 
Burlington, MA, USA), rabbit polyclonal anti PKA (PA5-17626, Ther-
mofisher Scientific, Walthan, MA, USA). This step was followed by a 
subsequent incubation with a secondary antibody conjugated to horse-
radish peroxidase. Chemiluminescent Images were acquired with a Bio- 
Rad ChemiDoc Imaging System (Biorad, Hercules, CA, USA) and 
through ImageJ Software. Proteins of interest were quantified and 
normalized versus stain free acquisition. 

2.11. Reactive oxygen species analysis 

Flow cytometry determination of reactive oxygen species (ROS) was 
performed using a Muse cytometer (Guava® Muse® Cell Analyser, 
Luminex Technology, Austin, TX, USA) after loading the cells with 5 μM 
Cell ROX Reagent (Green Dye). The cells were incubated for 30 min at 
37 ◦C and then wells were washed twice with HBSS to remove any 
remaining unincorporated dye. Finally, cells were rapidly trypsinized 
and 1 × 106 cells were resuspended in 100 μl of HBSS supplemented 
with FBS 10% and immediately analysed. Menadione is a cytotoxic 
quinone that generates superoxide and it was added to cell medium to a 
final concentration of 100 μM for 2 h at 37 ◦C in a humidified atmo-
sphere (5% CO2/95% air), as positive control. The cell fluorescence 
intensity was measured using 485/520 nm absorption/emission filters. 
A total of 10,000 events were acquired for each analysis and results 
show two different populations: live cells (M1- ROS negative) and cell 
exhibiting ROS (M2- ROS positive). 

2.12. Statistical analysis 

Data are expressed as mean ± SEM unless otherwise indicated. Stu-
dent’s t-test was used for comparing two classes of data, while oneway 
Anova were calculated to compare multiple experiments. Differences 
were considered as statistically significant if p values ≤ 0.05. 

3. Results 

3.1. Cell proliferation and apoptosis in low [Na+] 

Cell proliferation was assessed by WST-8 assay. We found that in low 
[Na+] H69 cells proliferation was significantly increased compared to 
normal [Na+] for these cells (i.e. 153 mM) (Fig. 1A). 

The PI3-K/AKT pathway was examined by Western Blot analysis. 
PI3-K is constitutively active in H69 cells (Moore et al., 1998). Total AKT 
was found to be increased in low [Na+], whereas no difference was 
found in p-AKT (Ser473) expression (Fig. 1B). 

The analysis of cell cycle showed a significant reduction of G0/G1 
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H69 cells in low [Na+] and a significant increase of G2/M cells, 
compared to cells cultured in normal [Na+] (Fig. 1C). 

The evaluation of apoptotis by annexinV/PI analysis revealed that 
the percentage of apoptotic cells (early + late) significantly decreased in 
low [Na+], compared to normal [Na+], whereas the number of live cells 

increased (Fig. 1D). 

3.2. Cell invasion in low [Na+] 

H69 cells showed an increased ability to cross matrigel-coated 

Fig. 1. Effect of low extracellular [Na+] on H69 cells proliferation, cell cycle and apoptosis. A) H69 cell proliferation was assessed by using WST1. Results are 
expressed as mean ± SE of the optical density (OD) at 490 nm/well at different [Na+], normalized versus control ([Na+] 153 mM). B) Western Blot analysis of AKT/P- 
AKT. The plot represents the P-AKT/AKT ratio, normalized versus [Na+] 153 mM. Results are expressed as mean ± SE. C-D) The effects of sodium decrease on cell 
cycle and apoptosis were assessed by cytofluorimetry and results are expressed as mean ± SE of the percentage of cells in G0/G1, S and G2/M phase (C) and % of live 
and dead cells (D). (* = p ≤ 0.05 vs [Na+] 153 mM). 
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membranes in cell invasion assays, when cultured in reduced [Na+]. In 
particular, a significant increase was present at a [Na+] of 127 mM and 
was confirmed at 115 mM and 90 mM (Fig. 2A). 

The effect of low [Na+] on H69 cells invasiveness was confirmed by a 

zymography assay, in which the activity of collagenases type 4 (i.e. 
MMP-2 and MMP-9) was analysed. As shown in Fig. 2B, there was a 
significant increase of the enzymatic activity of MMP-9 at a [Na+] of 
127 mM and 115 mM, and a significant increase of the enzymatic 

Fig. 2. Effect of low extracellular [Na+] on cell invasion and HMOX-1 expression. A) Cell invasion assay. Migrated cells were evaluated using matrigel coated 
invasion membranes. The images are representative of invading cells. B) Collagenase type IV production was analysed using zymography assay. Images show the 
areas of gels degradated by MMPs and plots represent the mathematical ratio of pixels/cells number. C) HMOX-1 mRNA expression was quantified by Real time qRT- 
PCR. D) HMOX-1 proteins levels, as assessed by Western blot analysis. Results are expressed as mean ± SE. (* = p ≤ 0.05 vs [Na+] 153 mM). 
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activity of MMP-2 at a [Na+] of 127 mM. 

3.3. Heme oxygenase-1 expression in low [Na+] 

The induction of heme oxygenase-1 (HMOX-1) expression has been 
associated to cell exposure to low extra-cellular [Na+] in vitro (Barsony 
et al., 2011; Benvenuti et al., 2013; Marroncini et al., 2020). Similar to 
previous evidence, the amount of HMOX-1 RNA, as assessed by RT-PCR, 
showed a stepwise increase in H69 cells exposed to reduced [Na+] 
(Fig. 2C). Accordingly, HMOX-1 protein expression appeared increased 
in low [Na+] (Fig. 2D). 

3.4. RhoA/ROCK1/ROCK2 pathway in low [Na+] 

RhoA, ROCK1 and ROCK2 are involved in the regulation of actin 
cytoskeleton and in the promotion of cofilin-mediatyed actin polymer-
ization. Stress-induced actin cytoskeleton remodeling events lead to cell 
detachment and cancer progression (Shi et al., 2013). 

As shown in Fig. 3A, in H69 cells the amount of mRNA for RhoA, 
ROCK1 and ROCK2 was increased in low [Na+] compared to normal 
[Na+]. RhoA and ROCK-1 protein levels were also assessed and appeared 
increased in reduced [Na+] (Fig. 3B). The downstream effect of the 
activation of the RhoA/ROCK1/2 pathway was confirmed by the 
increased cofilin/P-cofilin ratio when cells were exposed to reduced 
[Na+] compared to normal [Na+] (Fig. 3C). 

3.5. Tolvaptan, cell proliferation and apoptosis 

The effect of the V2 receptor antagonist tolvaptan on H69 cell pro-
liferation was tested. These cells are known to express the V2 receptor, as 
it was preliminarily confirmed by Western blot analysis (Fig. 4A). We 
found that tolvaptan dose- and time-dependently reduced the rate of cell 
proliferation, with an IC50 of. 53.6 μM at 48 h (Fig. 4B) in cells grown in 
normal [Na+]. In all the following experiments cells were exposed to 
tolvaptan for 48 h. 

With regard to cell cycle, tolvaptan (20 μM, 40 μM, 50 μM) deter-
mined an increase of the percentage of G0/G1 cells and a decrease of S 
and G2/M cells (Fig. 4C). Accordingly, the expression of cyclin D1 was 
found to be significantly decreased after treatment with increasing doses 
of tolvaptan. Protein expression of PKA, i.e. the first key regulator of the 
V2 receptor signalling pathway, was also evaluated and was found to be 
decreased by tolvaptan exposure in H69 cells. The PI3K/AKT pathway 
was also analysed. Total AKT significantly decreased upon treatment 
with increasing doses of tolvaptan, whereas its phosphorylated amount 
(Ser473) remained unchanged (Fig. 4D). 

Growth in soft agar was also assessed, in order to evaluate the effect 
of tolvaptan on cell anchorage-independent growth. Tolvaptan exposure 
was associated with a significant reduction of the ability of H69 cells to 
proliferate and form colonies in this condition (Fig. 5A). Furthermore, 
tolvaptan (20 μM, 40 μM, 50 μM) caused a significant increase in the 
number of apoptotic cells and a reduction of live cells (Fig. 5B). 

The generation of ROS is known to play an important role in 
modulating apoptosis (Aggarwal et al., 2019; Gao et al., 2020). Hence, 
the amount of intracellular ROS was evaluated and was found to be 
increased in cells exposed to tolvaptan (Fig. 5C). 

3.6. Tolvaptan and cell invasion 

Tolvaptan effectively counteracted the ability of H69 cells to cross 
matrigel-coated membranes (Fig. 6A). The effect of tolvaptan on cell 
invasiveness was confirmed by zymography. In particular, the expres-
sion of MMP-2 and MMP-9 was reduced by tolvaptan (Fig. 6B). 

3.7. Tolvaptan and RhoA/ROCK1/ROCK2 pathway 

In view of the role of the RhoA/ROCK1/ROCK2 pathway in the 

regulation of cell movement through the remodeling of actin cytoskel-
eton and of the aforementioned results on the activation of this pathway 
in H69 cells cultured in low [Na+], we evaluated ROCK1, ROCK2 and 
RhoA expression in cells exposed to tolvaptan. Cells treated with tol-
vaptan showed a reduced mRNA expression of RhoA, ROCK1and ROCK2 
compared to untreated cells (Fig. 7A). Accordingly, the protein expres-
sion of RhoA and ROCK1 proteins was significantly decreased by tol-
vaptan treatment (Fig. 7B). Furthermore, the cofilin/P cofilin ratio was 
found to be decreased (Fig. 7C). 

4. Discussion 

Hyponatraemia has been related to a worse outcome in patients 
affected by cancer, and we have recently demonstrated that cells from 
different tumors show an increased proliferation rate and invasiveness 
when cultured in reduced extra-cellular [Na+] (Marroncini et al., 2020). 

In this study we first evaluated the effect of low extra-cellular [Na+] 
in SCLC cells (i.e. H69). SCLC is the tumor that is most commonly 
associated with hyponatraemia, mainly due to the ectopic secretion of 
AVP (Castillo et al., 2016). The choice of this cell line was motivated by 
the fact that they are the SCLC cells that have been most frequently used 
for in vitro studies, they have been isolated by the primary tumor and not 
by metastases and express the V2 receptor, which was necessary for the 
second part of our study. 

We found that the proliferation rate of H69 cells significantly 
increased in low [Na+] compared to normal [Na+]. We also investigated 
the PI3K/AKT pathway. PI3K is constitutively active in H69 cells (Moore 
et al., 1998). AKT modulates a variety of biological functions, including 
cell survival and growth by regulating both post-translational mecha-
nisms and gene transcription (Zinda et al., 2001; Pérez-Ramírez et al., 
2015). Upon exposure to low [Na+], total AKT was increased and, on the 
other hand, the amount of phosphorylated (Ser473) and active form 
(Moore et al., 1998) was found unchanged. 

In agreement with these findings, cell cycle analysis showed that 
cells exposed to reduced [Na+] were predominantly distributed in the 
G2/M phase, which is the turning point of cell mitosis. On the other 
hand, the number of apoptotic cells significantly decreased in low 
[Na+], whereas live cells increased. 

Besides the increased proliferation rate, cells maintained in reduced 
[Na+] showed a greater invasive potential, as assessed by the ability to 
cross matrigel-coated filters, which was paralleled by an increased ac-
tivity of MMP-2 and MMP-9. 

It has been demonstrated that reduced [Na+] is associated with an 
increased expression of HMOX-1 (Barsony et al., 2011; Benvenuti et al., 
2013), which has been related to different critical steps involved in lung 
cancer biology, such as the creation of a permissive microenvironment 
for carcinogenesis, cell proliferation and survival, invasion, angiogen-
esis, immune suppression, chemoresistance (Hemmati et al., 2021). 
Interestingly, selective inhibition of HMOX-1 has been proven to effec-
tively reduce cell proliferation, angiogenesis and invasion, and to induce 
apoptosis in cancer cells in vitro and in vivo (Abdalla et al., 2019; 
Hemmati et al., 2021). Thus, HMOX-1 has been considered as a potential 
target for designing new anticancer strategies. In agreement with our 
previous observations in different cancer cell lines (i.e. neuroblastoma, 
pancreas carcinoma, ileo-cecal adenocarcinoma, chronic myeloid leu-
kemia), in the present study we found that low [Na+] induced the 
expression of HMOX-1 in H69 cells, too. 

Furthermore, it is well known that the RhoA/ROCK pathway plays an 
important role in modulating cell proliferation and motility. RhoA is a 
small GTPase, which is coupled to membrane receptors. It acts as a 
molecular switch for the reorganization of actin and the remodeling of 
the cytoskeleton. ROCK1 and ROCK2 are Rho-associated proteins with 
kinase activity and their activation leads to the phosphorylation of actin 
cytoskeleton-associated proteins, such as cofilin (Tanaka et al., 2018). 
Cofilin activation/inactivation is modulated by changes in the balance 
of kinases, phosphatases and other cofilin-related regulatory proteins. 
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Fig. 3. Effect of low extracellular [Na+] on RhoA/Rock1-2 pathway. A) RHOA, ROCK1 and ROCK2 mRNA levels in H69 cells, determined by Real time qRT-PCR. The 
results are expressed as Δct fold increased at different [Na+] versus 153 mM. B) RhoA and ROCK1 protein expression levels. C) Cofilin and P-cofilin protein 
expression levels. The plot represents the cofilin/P-cofilin ratio, normalized versus 153 mM. Results are expressed as mean ± SE (* = p ≤ 0.05 vs [Na+] 153 mM). 
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Fig. 4. Effect of tolvaptan on H69 cell proliferation. A) V2 receptor expression in H69 cells. CTRL+ = human kidney cells, used as positive control. B) Dose response 
curve of tolvaptan on H69 cell proliferation, as assessed by WST-8 assay. C) Effects of different concentrations of tolvaptan on cell cycle. D) Western Blot analysis of 
cyclin D1, PKA, protein kinase B (AKT) and phospho-protein kinase B (p-AKT) in H69 cells exposed to tolvaptan. (* = p ≤ 0.05 vs cells not exposed to tolvaptan, 
0 μM). 
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Fig. 5. Effect of tolvaptan on colony formation, apoptosis and ROS production. A) Effect of tolvaptan on anchorage independent growth. The scatter plot shows the 
number of H69 colonies (mean ± SE) counted in each wells, normalized versus control and the images are representative of the colonies. B) Effect of tolvaptan on 
H69 cells apoptosis through the analysis of annexin V expression. The scatter plots indicate live and total apoptotic cells in control and treated cells. C) Effect of 
tolvaptan on ROS accumulation. Representative top quadrant analysis of CellROX Green Reagent-loaded cells treated with menadione as positive control and with 
different concentrations of tolvaptan. The scatter plots indicate the percentage of ROS+ and ROS – H69 cells. (* = p ≤ 0.05 vs cells not exposed to tolvaptan, 0 μM). 
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These changes are responsible for the initiation of the early steps that 
lead to cancer invasion and metastasization. H69 cells showed an 
increased expression of RhoA/ROCK1/2 kinases and a decreased phos-
phorylation of cofilin at Ser3, when cultured in low [Na+], in agreement 
with our previous findings (Marroncini et al., 2020). It has been 
demonstrated that differential activation of the cofilin regulators 
ROCK1, LIMK1 and SSH1L, and cofilin dephosphorylation, can promote 
microtentacles formation and enhance metastatic risk (Aggelou et al., 
2018). Hence, the increased total cofilin/P cofilin ratio observed in H69 
cells cultured in low [Na+] is expected to promote the formation of actin 
filaments from actin monomers. A deregulation of the RhoA/ROCK1/2 
pathway has been observed in different human cancers, such as T-cell 
lymphoma, neuroblastoma and gastric carcinoma (Dyberg et al., 2017; 
Kakiuchi et al., 2014; Sakata-Yanagimoto et al., 2014). 

Overall, the afore mentioned findings clearly indicate that reduced 
[Na+] promotes cell proliferation and survival of H69 cells, together 
with increased invasiveness. These features are associated with the in-
duction of the expression of HMOX-1 and the activation of the RhoA/ 
ROCK1/2 pathway. 

As already mentioned, SCLC is frequently associated with hypona-
traemia secondary to SIAD (Castillo et al., 2016). Besides the presence of 
ectopic secretion of AVP by tumoral cells, in SCLC patients SIAD may be 
also elicited by platinum-based therapies (Wu et al., 2020). Noteworthy, 
hyponatraemia is associated with a more severe outcome in patients 
affected by SCLC, as well as by other malignancies (Berardi et al., 2019; 
Hansen et al. 2010; Tiseo et al., 2014; Kobayashi et al., 2014). V2 re-
ceptor antagonists have been approved for the treatment of SIAD more 
than a decade ago and have been found to effectively correct hypona-
traemia in different clinical settings (Berl et al., 2010; Bhandari et al., 
2017; Greenberg et al., 2015; Peri, 2013; Schrier et al., 2006). Other 
treatment strategies for hyponatraemia secondary to SIAD, such as fluid 
restriction, may be problematic in cancer patients. In particular, 
chemotherapy requires the infusion of large volumes of fluids and 
therefore serum [Na+] cannot be controlled by limiting fluid intake. 
Hence, vaptans appeared to have a proper space in the treatment of 
hyponatraemia in these patients. Interestingly, treatment with vaptans 
has been associated with reduced length of stay in the hospital, reduced 
risk of rehospitalization and improved quality of life (Petereit et al., 

Fig. 6. Effect of tolvaptan on H69 cells invasion. A) Cell invasion assay. Migrated cells were evaluated using matrigel coated invasion membranes. The images are 
representative of invading cells. B) Collagenase type IV production was analysed using zymography assay. Images show the areas of gels degraded by MMPs and 
scatter plots represent the mathematical ratio of pixels/cells number of MMP2 and MMP9 respectively. (* = p ≤ 0.05 vs cells not exposed to tolvaptan, 0 μM). 
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2013; Berardi et al., 2019). 
Based on the known effects of tolvaptan in counteracting renal cysts 

growth in PKD (Torres et al, 2012, 2017) and on the anti-proliferative 
effects observed in hepatocellular and renal carcinoma cells (Sinha 
et al., 2020; Wu et al., 2015), in our study we evaluated the effects of 

tolvaptan in SCLC cells. H69 cells express the V2 receptor and therefore 
are a target for evaluating the effects of vaptans. Noteworthy, we found 
that tolvaptan effectively reduced cell proliferation with an IC50 of about 
50 μM. In addition, we demonstrated that tolvaptan caused an increase 
of the number of cells in G0/G1 phase, whereas cells in S or G2/M phase 

Fig. 7. Effect of tolvaptan on RhoA/ROCK1-2 signalling. A) mRNA expression levels of RhoA, ROCK1 and ROCK2 B) RhoA and ROCK1 protein expression levels. C) 
Cofilin (Cof) and P-cofilin (P-Cof) protein expression levels. The plots represent the cofilin/P-cofilin ratio. Results are expressed as mean ± SE. (* = p ≤ 0.05 vs cells 
not exposed to tolvaptan 0 μM). 
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appeared decreased. Accordingly, the expression of cyclin D1 was 
significantly reduced. 

Furthermore, tolvaptan exposure effectively decreased the amount of 
PKA protein, which is the first critical step of the V2 receptor signalling. 
With regard to AKT/pAKT expression, following tolvaptan exposure 
total AKT was significantly reduced, whereas p-AKT remained un-
changed. This finding, together with the results of AKT/pAKT expression 
in low [Na+], indicates that low [Na+] and tolvaptan have opposite 
effects on the amount of AKT, yet p-AKT expression does not change 
because of the constitutive activation of PI3-K in H69 cells (Moore et al., 
1998). 

H69 cells were able to form colonies in soft agar, which is a peculiar 
feature of cancer cells. However, tolvaptan exposure markedly reduced 
the anchorage-independent growth of these cells. Moreover, the per-
centage of apoptotic cells significantly increased when tolvaptan was 
added to the culture medium. Interestingly enough, apoptosis was 
associated with an increased production of intracellular ROS, which are 
known to play an important role in modulating apoptosis (Aggarwal 
et al., 2019; Gao et al., 2020). In particular, ROS participate in the 
interplay between autophagy and apoptosis by modulating the redox 
signalling pathways and elevated levels of ROS ultimately lead to 
apoptosis. It is also known that apoptosis in cancer cells can be triggered 
by anticancer molecules via the generation of ROS (Gao et al., 2020). 

Finally, we demonstrated that tolvaptan counteracted cell invasion, 
as indicated by a significant reduction of the ability of H69 cells to cross 
matrigel-coated membranes. Accordingly, the RhoA/ROCK-1/ROCK2 
pathway, which is involved in regulating cell invasiveness, was inhibi-
ted by tolvaptan exposure. Consequently, the cofilin/P cofilin ratio 
appeared decreased. 

In our study we used tolvaptan concentrations ranging from 20 to 50 
μM and in most cases we observed significant effects at the lowest 
concentration. Noteworthy, in the experiments for the determination of 
the IC50 of tolvaptan, we observed a reduced rate of cell proliferation 
already at 5 μM. Similar concentrations of tolvaptan have been reported 
to determine antitumoral effects in hepatocarcinoma (Wu et al., 2015) 
and in renal cancer cells (Sinha et al., 2020). It has been shown that the 
serum peak concentration after a single 30 mg dose of tolvaptan in 
healthy subjects is in the low micromolar range (0.5–0.7 μM) (Shoaf 
et al., 2012). 

Overall, our results indicate for the first time that low [Na+] favours 
proliferation and invasivity of a SCLC cell line. Although limited to a 
single cell line, these findings are in agreement with similar results ob-
tained in other cancer cell lines (Marroncini et al., 2020) and with the 
clinical observation that hyponatraemia is a predictor of a worse 
outcome in patients affected by SCLC. Furthermore, we demonstrated 
that the V2 receptor antagonist tolvaptan, which was originally 
approved for the treatment of hyponatraemia secondary to SIAD, 
effectively reduces proliferation, survival and invasivity of SCLC (H69) 
cells. It remains to be investigated the effect of tolvaptan in cells grown 
in reduced [Na+]. In addition, these data need to be confirmed in other 
cancer cell lines in vitro and also using in vivo xenografts. However, our 
original findings, together with the published data on the effect of tol-
vaptan in hepatocellular and renal carcinoma cells (Sinha et al., 2020; 
Wu et al., 2015), suggest a potential role of tolvaptan in anti-cancer 
strategies, likely due to a dual effect: correction of hyponatremia, 
when present, and reduction of cell proliferation and invasivity. We may 
then speculate that tolvaptan promises to be more effective in limiting 
tumoral spread than other strategies that are available to correct 
hyponatremia. 
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