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Abstract. Although peritoneal lavage with distilled water 
performed after surgery prevents peritoneal seeding, cancer 
cells may avoid rupture under mild hypotonicity through 
regulatory volume decrease (RVD), which is the homeostatic 
regulation of ion and water transport. The aim of the present 
study was to investigate the effect of low temperature on cell 
volume and cell death under hypoosmolal conditions and 
determine the underlying molecular mechanisms in gastric 
cancer (GC). Three human GC cell lines (NUGC4, KATO‑III 
and MKN45) were exposed to hypotonic solutions, and the 
effects of low temperature on cell volume and viability were 
examined. Low temperature‑induced changes in membrane 
transporters were evaluated, and knockdown and overexpression 
experiments were conducted to determine their effects on cell 
volume during hypotonic stimulation. Low temperature (24˚C) 
during hypotonic stimulation inhibited RVD and enhanced the 
cytocidal effects on GC cells. The expression of leucine‑rich 
repeat containing protein A (LRRC8A), a component of a Cl‑ 
channel, was decreased, and aquaporin 5 (AQP5) expression 
was increased at low temperatures. LRRC8A knockdown 
markedly slowed the decrease in cell volume following cell 
swelling by hypotonic shock. AQP5 overexpression enhanced 
initial cell swelling after hypotonic shock and increased 

the final cell volume. These results suggest that a hypotonic 
solution at low temperature increased initial water influx via 
activation of AQP5 and decreased Cl‑ efflux via inhibition 
of LRRC8A. Therefore, low temperature enhanced the 
hypotonicity‑induced cytocidal effects on GC cells, and these 
results may contribute to the development of a novel lavage 
method effective in reducing peritoneal recurrence in GC.

Introduction

Peritoneal dissemination is a common type of recurrence in 
patients with gastric cancer (GC) and is associated with a poor 
prognosis (1,2). Several treatments, such as intraperitoneal 
chemotherapy, have been investigated, but their efficacy 
is limited  (3,4). Therefore, novel strategies for treating 
dissemination are needed to improve treatment outcomes. 
The regulation of extracellular osmolality may be a promising 
strategy, as hypotonic solutions exert cytocidal effects on 
cancer cells (5‑9). Peritoneal lavage with distilled water (DW) 
has been performed after surgery for various types of cancers, 
as the hypotonic shock lyses free cancer cells and prevents 
peritoneal seeding.

In order to use the regulation of osmolality for cancer 
treatment, a thorough understanding of the physiological 
mechanisms of ion and water transport is crucial (5). Under 
conditions of mild hypoosmolality, regulatory volume 
decrease  (RVD) occurs after hypotonicity‑induced cell 
swelling. RVD results from the activation of ion channels 
and transporters, which in turn causes K+, Cl‑ and H2O efflux, 
leading to cell shrinkage (10,11). The osmolality of the lavage 
water increases to mild hypotonicity due to intraperitoneal 
contamination from ruptured cells  (7,12). Under mild 
hypotonic conditions, tumor cells avoid rupture through RVD, 
which decreases the cytocidal effects of peritoneal lavage with 
DW.

To improve the efficacy of peritoneal lavage with DW, 
inhibition of RVD is necessary. We previously challenged 
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cells with 5‑nitro‑2‑(3‑phenylpropylamino) benzoic acid 
(NPPB), a Cl‑ channel blocker, to increase cell volume by 
inhibiting RVD, and found that NPPB enhanced the cytocidal 
effects of hypotonic shock on various cancer cells, including 
GC cells (12‑16). However, NPPB, which blocks multiple types 
of chloride channels, is neurotoxic in vivo; therefore, there is 
a need for development of a more specific, safe and simple 
method to inhibit RVD.

It was recently demonstrated that heat shock decreases the 
expression of the water channel aquaporin 5 (AQP5) on cell 
membranes by activating autophagic degradation (17). These 
findings indicate that temperature may regulate the expression 
of ion and/or water transporters on cell membranes, thereby 
affecting cell volume under hypotonic shock. Therefore, 
the aim of the present study was to investigate the effect of 
temperature on cell volume and cell death under conditions 
of hypoosmolality, and elucidate the underlying molecular 
mechanisms, in order to determine whether low temperature 
can enhance the cytocidal effect of hypotonic solutions in 
GC.

Materials and methods

Cell culture and materials. The human GC cell lines NUGC4, 
MKN45 and KATO‑III were obtained from the RIKEN Cell 
Bank. Cells were grown in RPMI‑1640 medium (Nacalai 
Tesque) supplemented with 100 U/ml penicillin, 100 µg/ml 
streptomycin and 10% fetal bovine serum. The cells were 
cultured in flasks or dishes in a humidified incubator at 37˚C 
under 5% CO2 in air.

Mouse monoclonal anti‑LRRC8A (1:1,000 for western 
blotting; ab157489), cystic fibrosis transmembrane conduc-
tance regulator (CFTR) (1:1,000 for western blotting; ab2789, 
rabbit monoclonal anti‑AQP5 (1:1,000 for western blotting; 
ab92328), and Na+/K+‑ATPase antibodies (1:20,000 for western 
blotting; ab76020) were purchased from Abcam. Mouse 
monoclonal anti‑AQP1 antibody (1:1,000 for western blotting; 
sc‑32737) was obtained from Santa Cruz Biotechnology, Inc. 
Mouse monoclonal β‑actin (ACTB) antibody (1:2,000 for 
western blotting; A5441) was purchased from Sigma Aldrich; 
Merck  KGaA. Horseradish peroxidase (HRP)‑conjugated 
anti‑rabbit (7074S) or mouse (7076S) secondary antibodies 
(1:2,000 for western blotting) were purchased from Cell 
Signaling Technology, Inc.

NaCl isotonic and hypotonic solutions. A 140 mM NaCl 
isotonic solution, containing 140 mM NaCl, 5.0 mM KCl, 
1.0 mM CaCl2, 1.0 mM MgCl2, 5.0 mM glucose and 10 mM 
HEPES, was prepared. The pH of each solution was adjusted 
to 7.4 with NaOH. Autoclaved Milli‑Q water was used for our 
DW working solution. To analyze changes in the volume of 
cells subjected to hypotonic shock, hypotonic 1/4 NaCl solu-
tion was prepared by diluting stock NaCl solution 4‑fold with 
DW.

Measurement of cell volume changes in GC cells after 
hypotonic shock using a high‑resolution flow cytometer. Cell 
volume measurements were performed using a high‑resolution 
flow cytometer (Cell Lab Quanta; Beckman Coulter, Inc.), 
as previously described  (12‑16). This flow cytometer was 

designed to measure the electronic volume (EV) of a cell, and 
EV data of >10,000 cells were collected and analyzed using 
Quanta control software (Beckman Coulter, Inc.). GC cells 
grown in culture flasks were detached using trypsin‑EDTA 
and centrifuged at 180 x g at room temperature for 3 min. A 
total of 1.0x106 pelleted cells were then suspended in 1 ml of 
hypotonic NaCl solution at various temperatures to induce 
hypotonic shock. The suspended solution was subsequently 
displaced into a Vi‑CELLTM Sample Cup (Beckman Coulter, 
Inc.) and cell volume was measured at 1, 5, 10, 20 and 30 min 
after exposure to each solution. The cell suspension in the 
isotonic NaCl solution was used as a control sample without 
hypotonic shock (0 min).

Re‑incubation of GC cells after exposure to DW. GC cells 
grown in culture flasks were detached using trypsin‑EDTA 
and centrifuged at 180 x g at room temperature for 3 min. A 
total of 2.0x105 pelleted GC cells were then suspended in DW 
and incubated for 1 min at 37˚C or 24˚C. Subsequently, the 
suspension was centrifuged at 180 x g at room temperature 
for 3 min, and the pelleted cells were re‑suspended in culture 
medium and seeded on Costar 6‑well plates (Corning Inc.). 
Approximately 48‑72 h after plating, the cells were detached 
from the plates in trypsin‑EDTA solution, and a viable cell 
count was performed using Trypan blue and the Countess 
Automated Cell Counter (Invitrogen; Thermo Fisher Scientific, 
Inc.).

DW was used for the re‑incubation experiment, as severe 
hypotonicity was required to analyze the cytocidal effects. On 
the other hand, mild hypotonicity was used for RVD analysis, 
as RVD is a physiological phenomenon observed only in 
viable cells. Different conditions were set up according to the 
purpose of the experiments, such as functional and survival 
analyses.

Protein isolation. Cells were lysed with M‑PER lysis 
buffer supplemented with Halt protease and phosphatase 
inhibitor cocktail (Thermo Fisher Scientific, Inc.), sonicated, 
and centrifuged at 20,000 x g at 4˚C for 10 min to obtain 
supernatants, which contained total protein. The Pierce Cell 
Surface Protein Isolation Kit (Pierce; Thermo Fisher Scientific, 
Inc.) was used to isolate cell surface proteins according to the 
manufacturer's protocol.

Western blotting. Protein concentrations were measured using 
a Protein Assay Rapid kit (Wako Pure Chemical Industries, 
Ltd.). Cell lysates containing equal amounts of protein were 
separated by SDS‑PAGE with 7.5 or 10%  gels and then 
transferred onto PVDF membranes (Merck  KGaA). The 
membranes were probed with the indicated antibodies, and 
proteins were detected by the ECL Plus Western Blotting 
Detection system (GE  Healthcare). The primary ACTB 
antibody was used as a loading control for whole lysates 
(17). The primary Na+/K+‑ATPase antibody and the primary 
E‑cadherin antibody were used as a loading control for cell 
membrane proteins (17‑20).

Immunof luorescence staining. NUGC4 cel ls were 
cultured on SPL 8‑chamber cell culture slides (SPL Life 
Science) for 24 h. To compare protein expression between 
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cells under normal conditions and those under low 
temperature for immunofluorescence staining, the cells 
were incubated at 37˚C or 24˚C for 12 h in 5% CO2. The 
cells were subsequently fixed with 4% paraformaldehyde 
at room temperature for 20  min, permeabilized in 
0.25% Triton X‑100 in phosphate‑buffered saline  (PBS), 
and incubated in blocking buffer containing 1%  bovine 
serum albumin. The cells were then incubated with 
anti‑LRRC8A or anti‑AQP5 antibody at room temperature 
for 1 h. After three washes in PBS, the cells were incubated 
with Alexa Fluor 488‑labeled goat anti‑rabbit secondary 
antibodies at room temperature for 1 h. After three washes 
in PBS, the cells were incubated with rhodamine phalloidin 
and 40,6‑diamidino‑2‑phenylindole  (DAPI) for 30  min. 
The slides were then mounted using Vectashield Mounting 
Medium (Vector Laboratories, Inc.; Maravai LifeSciences). 
The distribution of LRRC8A and AQP5 proteins was 
examined under a BZ‑X700 microscope (Keyence 
Corporation).

siRNA transfection. Cells were transfected with 12 nmol/l 
LRRC8A siRNA (Stealth RNAiTM siRNA, cat. no. HSS125512, 
Invitrogen; Thermo Fisher Scientific, Inc.) using the 
Lipofectamine RNAiMAX reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
Medium containing siRNA was replaced with fresh medium 
after 24 h. The control siRNA provided (Stealth RNAiTM 
siRNA Negative Control; Invitrogen; Thermo Fisher Scientific, 
Inc.) was used as a negative control.

Overexpression study. Control‑HaloTagR plasmid (Promega 
Corporation, cat. no. G6591) and AQP5‑HaloTagR plasmid were 
transfected into NUGC4 cells using FuGENE HD transfection 
reagent (Promega Corporation, cat. no. E2311) according to 
the manufacturer's instructions. Transfection of vector was 
confirmed by fluorescence microscopy for HaloTag® fusion 
protein stained with the tetramethylrhodamine‑conjugated 
HaloTag® ligand (Promega Corporation, cat.  no.  G8252) 
according to the manufacturer's protocol. After passaging cells, 
AQP5‑expressing cells were used to measure cell volume.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) analysis. Total RNA was extracted using an 
RNeasy kit (Qiagen). mRNA expression was measured by 
qPCR (7300 Real‑Time PCR system; Applied Biosystems; 
Thermo Fisher Scientific, Inc.) using TaqMan gene expres-
sion assays (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. The 
expression levels of LRRC8A (Hs01555916_m1) and AQP5 
(Hs00387048_m1) were measured. The expression of each 
gene was normalized against the housekeeping gene ACTB 
(Hs01060665_g1; Applied Biosystems; Thermo Fisher 
Scientific, Inc.). Each assay was performed in triplicate.

Statistical analysis. Results are expressed as means ± stan-
dard error of the mean. Statistical analyses were performed 
using Student's t‑test. Differences were considered statistically 
significant when the P‑value was <0.05. These analyses were 
performed using the statistical software JMP (version 10, SAS 
Institute, Inc.).

Results

Cell volume changes in GC cells after hypotonic shock at 
various temperatures. To analyze serial cell volume changes 
in GC cells after hypotonic shock at various temperatures, 
cell volume and cell counts were simultaneously assessed 
after exposure to 1/4 NaCl solution using Cell Lab Quanta. 
The results for NUGC4, MKN45 and KATO‑III cells before 
and after hypotonic shock at 37˚C (normal temperature) or 
24˚C (low temperature) are shown in Fig. 1A. After exposure 
to the hypotonic buffers, the population shifted to the right, 
indicating cell swelling by water influx. During exposure to 
hypotonicity, the cell volume decreased gradually, returning 
to the initial volume despite the continued presence of 
extracellular hypotonicity, which suggests the occurrence of 
RVD. It was also confirmed that low temperature did not affect 
cell volume in isotonic NaCl solution (Fig. 1B).

To investigate whether temperature affects cell volume 
changes in GC cells after hypotonic shock, mean cell volumes 
were measured following exposure to hypotonic NaCl solution 
at 37˚C or 24˚C using Cell Lab Quanta. Serial changes in the 
mean volume of GC cells following their exposure to hypotonic 
solutions at normal or low temperature are shown in Fig. 2A. The 
volume of GC cells treated with hypotonic solution at normal 
temperature initially increased for 1 min, and subsequently 
decreased from 5 min after the start of treatment onwards, 
indicating RVD. By contrast, low temperature enhanced 
initial cell swelling and markedly slowed the decrease in cell 
volume following cell swelling induced by hypotonic shock in 
NUGC4, MKN45 and KATO‑III cells. The results under low 
temperature suggested that these effects were induced by an 
increase in initial water influx and inhibition of RVD. On the 
other hand, high temperature (42˚C) did not significantly affect 
cell volume after hypotonic shock in GC cells (Fig. 2B).

To confirm the effect of low temperature on the cytocidal 
effects of hypotonic shock induced by DW on GC cells, 
suspended GC cell lines were re‑incubated following exposure 
to DW at 37˚C or 24˚C, and cultured cell number was counted 
48‑72 h later. As shown in Fig. 2C, the number of surviving 
cells after severe hypotonic shock at 24˚C was lower compared 
with that at 37˚C, suggesting that low temperature enhanced 
the cytocidal effects of hypotonic shock.

Effect of low temperature on the expression of membrane 
transporters in GC cells. To examine the mechanism by 
which low temperature affects cell volume change after 
hypotonic shock, key membrane transporters, such as 
Cl‑ channels and water channels, that are the major cell 
volume regulators in hypotonicity, were investigated. Two 
Cl‑ channels (CFTR and LRRC8A) and two water channels 
(AQP1 and AQP5) were analyzed. The cell surface proteins 
of cells incubated at 37˚C or 24˚C for 12 h were isolated, 
and western blotting of cellular membrane proteins was 
performed. Na+/K+‑ATPase and E‑cadherin were examined 
as loading controls in the cell membrane. The expression of 
LRRC8A in the cell membrane fraction of cells incubated 
at low temperature was lower compared with that in cells at 
normal temperature (Fig. 3A). By contrast, the expression of 
AQP5 in the cell membrane was higher at low temperature 
(Fig.  3A). The expression levels of CFTR and AQP1 in 



SHIOZAKI et al:  EFFECT OF TEMPERATURE ON GASTRIC CANCER CELL VOLUME AFTER HYPOTONIC SHOCK908

the cell membrane did not differ between high and low 
temperatures.

The expression and distribution of LRRC8A and AQP5 in 
NUGC4 cells treated at low temperature were examined using 

Figure 1. (A) Cell volume changes in gastric cancer (GC) cell populations after hypotonic shock. Cell volumes and cell counts of NUGC4, MKN45 and 
KATO‑III cells were simultaneously assessed at1, 5, 10, 20 and 30 min after hypotonic shock at 37˚C or 24˚C using the high‑resolution Cel Lab Quanta flow 
cytometer. Isotonic NaCl solution was diluted 4‑fold with distilled water. A cell suspension in isotonic NaCl solution was used as a control (0 min). (B) In the 
isotonic NaCl solution, low temperature did not affect the volume of GC cells. NUGC4 cells were exposure to isotonic NaCl solution for 20 min at 37˚C or 
24˚C. The results are presented as the mean ± standard error of the mean (n=3).
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Figure 2. Effect of temperature on hypotonicity‑induced cell volume changes and cytocidal effects in gastric cancer (GC) cells. (A) Cell volume was measured 
at the indicated times after exposure to 1/4 NaCl solution at 37˚C or 24˚C. A cell suspension in isotonic NaCl solution was used as a sample without hypotonic 
shock (0 min). The results are presented as the mean ± standard error of the mean (SEM) (n=3). *P<0.05 indicates significant difference from the control at 
the same time point. (B) The volume of NUGC4 cells was measured at the indicated times after exposure to 1/4 NaCl solution at 37˚C or 42˚C. The results 
are presented as the mean ± SEM (n=3). (C) Re‑incubation experiments on suspended GC cells after exposure to distilled water for 1 min at 37˚C or 24˚C. 
The number of cultured cells at 48 h (NUGC4, MKN45) or 72 h (KATO‑III) after exposure to distilled water was counted. The results are presented as the 
mean ± SEM (n=3). *P<0.05 indicates significant difference from 37˚C.

Figure 3. Effect of low temperature on the expression of membrane transporters in gastric cancer (GC) cells. (A) Western blotting of cellular membrane 
proteins to detect Cl‑ channels and water channels in NUGC4 cells incubated at 37˚C or 24˚C for 12 h. LRRC8A expression in the cell membrane fraction of 
cells incubated at 24˚C was lower compared with that in cells at 37˚C. AQP5 expression in the cell membrane was higher at low temperature. The cell surface 
proteins were isolated, and Na+/K+‑ATPase and E‑cadherin were examined as loading controls in the cell membrane. (B) The expression and distribution of 
LRRC8A and AQP5 in NUGC4 cells treated at low temperature was examined using immunofluorescence staining. Low temperature decreased LRRC8A 
expression and increased AQP5 expression in the membrane and cytoplasm of NUGC4 cells. AQP, aquaporin.
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immunofluorescence. In order to identify their localizations 
more clearly, the cytoskeleton was labeled with rhodamine 
and the nucleus was labeled with DAPI. The staining intensity 
of LRRC8A in the cell membrane and cytoplasm of cells 
incubated at low temperature was lower compared with that 
in cells at normal temperature (Fig. 3B). By contrast, the 
expression of AQP5 in the cell membrane and cytoplasm was 
higher at low temperature (Fig. 3B). These results suggested 
that low temperature regulated the expression and distribution 
of the membrane transport proteins LRRC8A and AQP5.

Role of LRRC8A on hypotonicity‑induced volume changes 
in GC cells. Knockdown experiments using LRRC8A siRNA 
were conducted in NUGC4 cells to investigate the effects of 
LRRC8A depletion on volume change after hypotonic shock. 
LRRC8A siRNA effectively reduced LRRC8A protein levels in 
NUGC4 cells (Fig. 4A). The primary ACTB antibody was used 
as a loading control for whole lysates (Fig. 4A). The depletion of 
LRRC8A markedly slowed the decrease in cell volume following 
cell swelling by hypotonic shock (Fig. 4B and C), which suggests 
that this effect was induced by the inhibition of RVD. These 

results indicate that low temperature may suppress RVD after 
hypotonic shock via inhibition of LRRC8A expression.

Role of AQP5 on hypotonicity‑induced volume changes in 
GC cells. AQP5 was overexpressed in NUGC4 cells and the 
effects of AQP5 overexpression on cell volume change after 
hypotonic shock were investigated. Cells transfected with 
Control‑HaloTag® plasmid and AQP5‑HaloTag® plasmid were 
stained red (Fig. 5A), and AQP5 plasmid increased the AQP5 
mRNA levels (Fig. 5B) and AQP5 protein levels plus HaloTag 
(Fig. 5C). The primary ACTB antibody was used as a loading 
control for whole lysates (Fig. 5C).

Cell volume changes after hypotonic shock were analyzed 
in GC cells transfected with Control‑HaloTag® plasmid or 
AQP5‑HaloTag® plasmid. AQP5 overexpression increased 
the initial cell swelling from 1 min after hypotonic shock 
and significantly increased the final cell volume (Fig. 5DE), 
suggesting that this effect was induced by an increased water 
influx. These results indicated that low temperature may 
increase water influx immediately after hypotonic shock via 
an increase in AQP5 expression.

Figure 4. Effect of depletion of LRRC8A on hypotonicity‑induced volume changes in gastric cancer (GC) cells. (A) LRRC8A siRNA effectively reduced 
LRRC8A protein levels in NUGC4 cells. The primary ACTB antibody was used as a loading control for whole‑cell lysates. (B and C) Knockdown of LRRC8A 
markedly slowed the decrease in cell volume following cell swelling by hypotonic shock, which suggests that RVD was inhibited. The results are presented 
as the mean ± standard error of the mean (n=3). *P<0.05, significantly different from the control at the same time point. RVD, regulatory volume decrease; 
ACTB, β‑actin.
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These mechanisms are summarized in Fig.  6. Low 
temperature was shown to affect the expression and distribution 
of membrane transport proteins in GC cells. In particular, 
LRRC8A expression was decreased, and AQP5 expression 
was increased at low temperature. In the initial phase at low 
temperature, hypotonicity‑induced cell swelling was enhanced 
by increased water influx via AQP5. In the next phase, low 
temperature blocked RVD by inhibiting Cl‑ efflux via LRRC8A, 
which suggests that low temperature enhanced the cytocidal 
effects of hypotonic solutions.

Discussion

Several in  vitro and in  vivo studies have investigated the 
cytocidal effects of hypotonic stress on cancer cells (6‑9). 
We examined the changes in the morphology and volume 
of cancer cells subjected to hypotonic shock using several 
methods, such as a differential interference contrast micro-
scope connected to a digital video camera, and revealed that 
DW exposure rapidly increases cell volume followed by cell 

rupture in esophageal, gastric, colonic, pancreatic and liver 
cancer cell lines (12‑16). Our research group also determined 
the therapeutic effects of a peritoneal injection of DW into 
nude mice for the treatment of peritoneal dissemination of 
GC (21). Furthermore, several clinical studies have indicated 
that the use of DW lavage during surgery for cancer may 
delay tumor recurrence and improve survival, with minimal 
cost (8,22‑24). In addition, several clinical trials, including 
some for gastric cancer, have demonstrated the efficacy of the 
administration of hypotonic intraperitoneal cisplatin during 
surgery (25‑27). Recently, Ohki et al reported that washing 
with DW during endoscopic examination reduces free GC cell 
exfoliation into the stomach lumen (28). The results of these 
studies clearly demonstrate the importance of osmolality in 
cancer treatments.

Even under hypotonic stress, cells can regulate their own 
volume after transient osmotic swelling by a mechanism 
referred to as RVD, which mainly occurs by KCl efflux induced 
by parallel activation of K+ and Cl‑ channels (10,11,29,30). In 
the present study, it was demonstrated that low temperature 

Figure 5. Effect of overexpression of AQP5 on hypotonicity‑induced cell volume changes in gastric cancer (GC) cells. (A) Fluorescence microscopy for 
HaloTag® fusion protein. NUGC4 cells transfected with Control‑HaloTag® plasmid and AQP5‑HaloTag® plasmid are stained red. (B) AQP5 plasmid increased 
AQP5 mRNA levels in NUGC4 cells. The results are presented as the mean ± standard error of the mean (SEM). n=3. *P<0.05, significantly different from 
control plasmid. (C) AQP5 plasmid increased the protein levels of AQP5 plus HaloTag in NUGC4 cells. The primary ACTB antibody was used as a loading 
control for whole‑cell lysates. (D and E) Overexpression of AQP5 enhanced the initial cell swelling from 1 min after hypotonic shock and significantly 
increased final cell volume, which suggests increased water influx. The results are presented as the mean ± SEM. n=3. *P<0.05, significantly different from the 
control at the same time point. AQP, aquaporin; ACTB, β‑actin.
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inhibited RVD in GC cells. Similarly, Souza and Boyle reported 
that a decrease in temperature inhibited RVD in chick embryo 
cardiomyocytes (31). Although those studies demonstrated 
that calcium signaling is important, we herein focused on 
the regulatory mechanism via the expression of membrane 
transporters, such as Cl‑ channels and water channels. A 
particular type of Cl‑ channel, volume‑regulated anion channel 
(VRAC) is involved in RVD. LRRC8A is a component of 
VRAC, and is essential for cell volume regulation (32). We 
observed that low temperature regulated RVD by decreasing 
the expression of LRRC8A in the cell membrane, and that 
depletion of LRRC8A with siRNA markedly slowed RVD in 
GC cells. A number of anion channel types associated with 
cell volume changes are classified into volume‑activated anion 
channels (VAACs) and volume‑correlated anion channels 
(VCACs)  (33). VAACs can be directly activated by cell 
swelling, and include VRAC and the maxi‑anion channel 
(Maxi‑Cl) (33). Maxi‑Cl is also directly involved in the RVD 
process by providing the volume‑regulatory pathway for anion 

efflux or indirectly by releasing ATP (33). Although further 
investigations are required, it is suggested that other types of 
Cl‑ channels, such as Maxi‑Cl, may also involve the mechanism 
found in the present study.

AQPs are a family of transmembrane proteins that 
regulate transcellular water movement and play a role 
in cell volume regulation, and 13  of these subtypes are 
expressed in mammals  (34‑36). Mola  et  al demonstrated 
that AQP‑mediated fast swelling kinetics trigger RVD using 
biophysical techniques to measure water flux through the 
plasma membrane of wild‑type and AQP‑knockout astrocytes 
and in an astrocyte cell line transfected with AQPs (37). They 
found that swelling in the presence of AQP is fast, whereas 
swelling in the absence of AQP is slow and depends on the 
composition of the lipid bilayer through which water influx 
occurs by simple diffusion. AQP5 overexpression was found 
to enhance initial cell swelling via increased water influx; 
we previously investigated heat shock‑induced changes in 
AQP5 expression on cellular membranes and found that 

Figure 6. Molecular mechanism by which low temperature affects hypotonicity‑induced volume changes in gastric cancer (GC) cells. Low temperature 
decreased LRRC8A expression and increased AQP5 expression in the membrane of GC cells. In the initial phase at low temperature, hypotonicity‑induced 
cell swelling was enhanced by increased water influx via AQP5. Low temperature blocked RVD by inhibiting Cl‑ efflux via LRRC8A, which suggests that low 
temperature enhanced the cytocidal effects of the hypotonic solution. RVD, regulatory volume decrease. AQP, aquaporin; RVD, regulatory volume decrease.
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AQP5 expression was decreased via autophagic degradation 
in hepatocellular carcinoma cell lines  (17). In addition, 
AQP5 knockdown and heat shock similarly decreased cell 
volume (17). However, we found completely opposite results 
investigating the effect of low temperature, which suggests 
that low temperature‑induced overexpression of AQP5 may 
increase cell volume under hypotonic stress.

Ion channels play critical roles in various cancer cells, and 
physiological factors in cells represent novel targets for cancer 
therapy (38). Ion channels and transporters are important in GC 
cells (38‑42), and Cl‑ transport is particularly important for the 
regulation of osmolality (5,12,18,43). We previously investigated 
hypotonicity‑induced cell volume changes by controlling 
RVD. In particular, we challenged GC cells with NPPB, a 
Cl‑ channel blocker, to increase cell volume by inhibiting 
RVD, and revealed that the cytocidal effects of a hypotonic 
solution were enhanced in GC cells (12). Furthermore, RVD 
was inhibited by quinine hydrochloride (Quin), which blocks 
K+ channels. Treatment of GC cells with Quin enhanced the 
cytocidal effects of hypotonic shock by inhibiting RVD (43). 
The present study demonstrated that low temperature enhanced 
the cytocidal effects of hypotonic shock by inhibiting RVD. 
This novel and simple strategy for peritoneal lavage using 
low‑temperature DW may overcome several problems, such as 
drug toxicity, at a low cost. Although the effects of peritoneal 
lavage with saline at low temperature have been investigated 
using an in vivo model (44), there are no reports on peritoneal 
hypothermia under hypotonic conditions. We consider that our 
findings, derived from a cell culture model, are also applicable 
in animal models, and further in vivo investigations may lead 
to the use of peritoneal hypotonic hypothermia as a prevention 
against peritoneal dissemination.

In summary, the present study demonstrated that low 
temperature during hypotonic stimulation inhibited RVD and 
enhanced the cytocidal effects on GC cells. The analysis of 
membrane transporters indicated that LRRC8A expression 
was decreased, whereas AQP5 expression was increased by 
stimulation with low temperature. Knockdown and overexpres-
sion experiments suggested that the effects of low temperature 
were induced by an initial increase of water influx via AQP5 
and inhibition of Cl‑ efflux via LRRC8A. Further investigation 
of the physiological and molecular roles of low temperature 
under hypotonic conditions may uncover its potential as a 
novel lavage method to reduce peritoneal recurrence of GC 
following curative surgery.
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