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Abstract Disseminated metastasis is associated with a

poor prognosis, and its management in the peritoneal or

pleural cavity is crucial in the treatment of cancer. Recent

studies show that ion and water transporters play important

roles in fundamental cellular functions, including the reg-

ulation of cell volume that would be involved in the cancer

process. Here, we review the evidence for hypotonic

treatments of cancer and evaluate the potential of the cel-

lular physiological approach in clinical management. The

regulation of extracellular osmolality is a promising

method, with several studies demonstrating the cytocidal

effects of hypotonic solution on cancer cells. Peritoneal

lavage with distilled water (DW) during surgery is reported

to improve the survival rate of patients with spontaneously

ruptured hepatocellular carcinoma. The in vitro studies

included in this review also indicate the cytocidal effects of

hypotonic shock on esophageal, gastric, colonic, pancre-

atic, and liver cancer cells with several unique methods and

apparatuses, such as a differential interference contrast

microscope connected to a digital video camera, a high-

resolution flow cytometer and re-incubation analysis. The

in vivo studies demonstrate the safeness of a peritoneal

injection of DW into mice and indicate that the develop-

ment of dissemination nodules can be prevented by the pre-

incubation of cancer cells with DW or the peritoneal

injection of DW. We also demonstrate that the blockade of

Cl- channels/transporters enhances the cytocidal effects of

hypotonic shock by inhibiting regulatory volume decrease

in various cancer cells. A deeper understanding of molec-

ular mechanisms may lead to the discovery of these cellular

physiological approaches as a novel therapeutic strategy

for disseminated metastasis.
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Introduction

Disseminated metastasis is one of the most common forms of

recurrence of disease and is associated with a poor prognosis

in patients with cancer. Therefore, the management of dis-

semination in the peritoneal or pleural cavity is crucial in the

treatment of cancer [1–4]. However, there are currently few

effective treatments for disseminatedmetastasis, and although

limited success with some current treatment methods, such as

intraperitoneal chemotherapy, has been reported [5–7], novel

strategies for the treatment of disseminatedmetastasis need to

be established to achieve better results.

The roles of ion and water transporters have been

examined in cancer cells, and the results of such studies

suggest that various cellular physiological approaches have

potential as novel therapeutic strategies [8–14]. The
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regulation of extracellular osmolality is one such promising

method, with previous studies having demonstrated the

cytocidal effects of hypotonic solution on cancer cells

[15–18]. Peritoneal or pleural lavage with distilled water

(DW) has been described after surgery for various cancers,

with the hypothesis that the hypotonic shock conferred to

potential free cancer cells may result in cell lysis and the

prevention of peritoneal or pleural seeding.

The aim of this article was to provide a systematic

review of current knowledge of hypotonic treatments of

cancer. The ultimate objective was to evaluate the potential

of the cellular physiological approach, such as regulation of

osmolality and ion channels/transporters, in clinical man-

agement of cancer.

Cytocidal effect of hypotonic shock in cancer cells:
in vitro studies

Several in vitro studies have investigated the cytocidal

effects of hypotonic stress on cancer cells [15–18]. An

early study in breast cancer cells demonstrated that expo-

sure to water in vitro could generate significant cytotoxic

effects after 1 min [15]. Huguet et al. examined the cyto-

cidal activity of DW on colorectal cancer cell lines in

culture and reported that the incubation of these cells in

DW resulted in cell lysis, with 100% lysis achieved after

14 min of incubation [16]. In an in vitro study, Zhou et al.

showed that a 15-min exposure of hepatocellular carci-

noma (HCC) cells to DW resulted in complete cell lysis

[17]. Fechner et al. found that a 10-min exposure of bladder

cancer cells to DW led to significant cytolysis of the cells

[18]. The effect of hypotonic shock on the therapeutic

efficacy and/or intracellular uptake of chemotherapeutic

agents has also been examined. Levin et al. showed that

chemotherapeutic agents dissolved in DW were more

destructive than chemotherapeutic agents dissolved in sal-

ine [19]. Along the same line, Ichinose et al. showed that

the growth inhibition of tumor cells after hypotonic cis-

platin treatment was significantly greater than that after

treatment with saline solution and cisplatin, leading the

authors to develop a novel treatment for carcinomatous

pleuritis in patients with lung cancer [20].

To the contrary, Mercill et al. reported that breast,

ovarian, gastric, bladder, and melanoma cell lines were

damaged to varying degrees by exposure to DW, but that

viable cells persisted in all cases, leading these authors to

conclude that hypotonic shock is not an effective method to

kill human tumor cells [21]. To determine the osmolarity

and incubation time necessary to kill cancer cells in detail,

our research group has examined changes in the cellular

morphology and volume of cancer cells subjected to

hypotonic shock using several unique methods and appa-

ratuses, such as a differential interference contrast micro-

scope connected to a digital video camera and a high-

resolution flow cytometer [22–26]. Autoclaved Milli-Q

water was used as our DW working solution [22–26].

Video recordings using a digital camera (30 frames/s,

512 9 512 pixels, 10 bits per pixel) demonstrated that

hypotonic shock with DW induced swelling and then

rupture in esophageal, gastric, colonic, pancreatic, and liver

cancer cell lines (Fig. 1) [22–26]. Rupture of cancer cells

occurred within 3–10 min after perfusion with DW.

To quantify serial cell volume changes in cancer cells after

exposure to hypotonic shock of various osmolarities, our

group measured cell volume and cell counts simultaneously

Fig. 1 Changes in hepatocellular carcinoma (HCC) cells after

exposure to hypotonic stress induced by distilled water (DW). Video

recordings were made using a differential interference contrast

microscope connected to a digital video camera. HCC cells (Alexan-

der cells) started to swell as soon as they had been exposed to the DW

and then continued to swell until they ruptured. Bar: 10.0 lm
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after the hypotonic shock using a high-resolution flow

cytometer (Cell Lab Quanta (Beckman Coulter, Brea, CA)

[22–26]. This flow cytometer is designed to measure the

electronic volume by the Coulter principle and is more

accurate than the volume detected by forward angle light

scattering analysis with a conventional flow cytometer. Once

cancer cells were suspended in the respective hypotonic buf-

fer, the cells initially increased in cell volume. Upon exposure

of the cells to mild hypotonicity, the cell volume decreased

gradually to their pre-hypotonic shock level, suggesting that

mild hypotonicity could induce regulatory volume decrease

(RVD) in cancer cells (Fig. 2) [27, 28]. When the cells were

exposed to severe hypotonicity with DW, the amount of

broken fragments of cancer cells increased within 5 min

[22–26] (Fig. 2).We also found differences in the cell volume

changes caused by hypotonic shock among cell lines, sug-

gesting that cancer cells differ in terms of their resistance to

hypotonic shock. To confirm the cytocidal effects of hypo-

tonic shock with DW on cancer cells, we re-incubated these

cells after they had been exposed to DW [22–26]. The

decrease in the number of cancer cells depended on the

duration of exposure to DW in each of cancer cell lines. We

also found differences in the cytocidal effects of hypotonic

shock with DW among cell lines [22–26]. Taoka et al. also

showed that the cytocidal effect of hypotonic shock can be

achieved, to varying degrees, in three different bladder cancer

cell lines with exposure to DW [29]. In terms of the effects on

non-cancerous cells, we previously reported that pancreatic

cancer cells were more sensitive to hypotonic shock than

fibroblast cells [24].

These results of in vitro studies suggest that hypotonic

shock could be applied for the treatment of dissemination by

using a peritoneal or pleural injection of hypotonic solution.

Cytocidal effect of hypotonic shock in cancer cells:
in vivo studies

In vitro studies initially confirmed the cytocidal effects of

hypotonic shock on cancer cells, but at that time the effects

of hypotonic treatments on the development of dissemi-

nation and their safeness in vivo had not been fully eval-

uated. Using a mouse model of colorectal cancer, Ito et al.

reported that all mice who had peritoneal lavage with DW

survived, suggesting that DW did not cause fatal damage

in vivo [30]. In a subsequent experiment to determine the

toxicity of the peritoneal injection of DW in vivo, our

group injected 2 ml of DW into the abdominal cavities of

mice for 3 days [31]. Macroscopic and microscopic

examinations revealed that the peritoneal injection of DW

did not severely damage the abdominal organs of mice,

suggesting its safeness in an in vivo setting [31].

Several studies have investigated the efficacy of osmotic

lysis on cancer cells by using an in vivo model. Ito et al.

established a reproducible model of tumor spill by using

mouse colorectal cancer cells to reproduce water or saline

lavage during laparotomy and showed that the water lavage

resulted in superior clinical outcomes with a decrease in

tumor burden and concomitant improvement in survival

[30]. Huguet et al. investigated the optimal method for

peritoneal lavage with DW during colorectal cancer sur-

gery using an in vivo model [16]. To the contrary, Morris

et al. showed that intraperitoneal lavage with DW did not

provide protection against the establishment of xenografts

after the intraperitoneal injection of human ovarian cancer

cells in the nude mouse model [32]. Also using an in vivo

model, our group determined the therapeutic effects of a

peritoneal injection of DW for the treatment of peritoneal

dissemination from gastric cancer [31]. Gastric cancer cells

pre-incubated with DW for 20 min in vitro were

intraperitoneally injected into nude mice and the develop-

ment of dissemination nodules analyzed [31]. We found

that the total number, weight, and volume of the dissemi-

nation nodules were significantly decreased by pre-incu-

bation of the gastric cancer cells in DW [31]. We obtained

similar results using DW-treated colorectal cancer cells in

an in vivo model [25]. Then, to determine whether the

peritoneal injection of DW inhibited the establishment of

peritoneal dissemination, we injected DW into the

abdominal cavity for 3 days into nude mice after a peri-

toneal injection of gastric cancer cells [31]. The results

showed that the total volume of dissemination nodules was

significantly lower in DW-injected mice than in NaCl-in-

jected mice [31]. Zhou et al. also injected DW-treated HCC

cells intraperitoneally into nude mice and showed that the

formation of tumor nodules was completely prevented and

that survival time was prolonged [17]. Further, they

examined whether peritoneal injection of DW at specific

time points inhibited the establishment of disseminated

peritoneal nodules and found that peritoneal administration

of DW significantly inhibited the establishment of peri-

toneal HCC metastases within 48 h after the cells were

injected [17]. Taken together, these findings indicate that

the development of dissemination nodules in vivo can be

prevented by the pre-incubation of cancer cells with DW or

peritoneal injection of DW.

The effect of fluid osmolarity on chemotherapy admin-

istered into the peritoneal and the pleural cavities in animal

experimental models has also been determined [33, 34].

Kondo et al. showed that the uptake of cisplatin in vivo by

tumor cells was significantly greater in hypotonic solution

than in isotonic or hypertonic solution after intraperitonial

administration and that the survival of mice given the

cisplatin in hypotonic solution was significantly prolonged

[33]. Comparison of the pharmacokinetics of
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intraperitoneal and intrapleural hypotonic cisplatin under

the same in vivo experimental conditions revealed that the

amount of platinum taken up by tumor cells was signifi-

cantly greater in the pleural cavity than in the peritoneal

cavity [34]. These results demonstrate that the therapeutic

efficacy of intraperitoneal and intrapleural injection of

cisplatin in vivo is augmented when the drug is adminis-

tered in hypotonic solution.
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Fig. 2 Cell volume changes in

esophageal cancer cells (line

KYSE170) after hypotonic

shock. The cell volume and the

cell counts were simultaneously

measured at 1, 5, 10 and 20 min

after hypotonic shock at various

osmolarities using a high-

resolution flow cytometer (Cell

Lab Quanta). When the cells

were exposed to mild

hypotonicity (91/2 NaCl, i.e.,

the isotonic NaCl buffer was

diluted twofold with DW), the

cell volume initially increased

and then decreased gradually to

the pre-hypotonic shock level,

suggesting that mild

hypotonicity could induce

regulatory volume decrease.

When the cells were exposed to

DW, the overall cell volume

was smaller than the pre-

hypotonic shock volume,

suggesting that almost all of the

cells had broken into fragments.

Exposure to isotonic NaCl

buffer did not cause any

significant changes in cell

volume within 20 min (data not

shown)
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Effect of hypotonic shock in cancer: clinical studies

Disseminated metastasis is considered to be caused by free

peritoneal or pleural cancer cells exfoliated from serosally

invasive tumors. Exfoliated cancer cells from the primary

tumor may be viable and tumorigenic; therefore, effective

peritoneal or pleural lavage is clinically crucial at the time

of the initial surgery. Whiteside et al. investigated the

frequency and pattern of intra-operative peritoneal lavage

amongst general surgeons and found that 36% of surgeons

used water lavage during intra-abdominal cancer surgery

[35]. Several studies have indicated the efficacy of peri-

toneal lavage with DW during surgery for patients with

spontaneously ruptured HCC [17, 36, 37] (Table 1);

specifically, these studies showed that DW lavage during

liver resection improved long-term outcomes in patients

with spontaneously ruptured HCC. Thus, the clinical use of

DW lavage during surgery for cancer would appear to

retard the tumor recurrence and further improve the sur-

vival rate with minimal cost.

The results of several studies indicate the efficacy of the

administration of hypotonic intraperitoneal or intrapleural

cisplatin during surgery [38–42]. In a randomized trial,

Ichinose et al. reported that intra-operative intrapleural

treatment with hypotonic cisplatin solution effectively

controlled malignant pleural effusion and/or pleural dis-

semination found at thoracotomy in patients with non-

small-cell lung cancer [38]. They also found that the use of

intra-operative intrapleural treatment with hypotonic cis-

platin in their resected patients with a positive intrapleural

lavage cytology finding significantly decreased the occur-

rence of malignant effusion and/or pleural dissemination

after the operation [39]. Tsujitani et al. performed an

osmolarity reduction and dose escalation trial for the use of

hypotonic intraperitoneal cisplatin treatment in patients

with gastric cancer and showed that this therapeutic strat-

egy did not increase the plasma level of platinum at a dose

of 70 mg/m2 and was well tolerated [40]. Katano et al. also

investigated the pharmacokinetics of intra-operative

intrapleural cisplatin chemotherapy at various osmolarities

in patients with esophageal cancer and reported that intra-

operative intrapleural hypotonic treatment with cisplatin

was tolerable [41]. A multi-institutional phase II trial of

intrapleural hypotonic cisplatin treatment instilled through

a chest tube for malignant pleural effusion in 80 patients

with non-small-cell lung cancer revealed that the toxicity

of this hypotonic cisplatin treatment was acceptable and

that 34 and 49% of patients achieved complete response

and partial response, respectively [42]. These results sug-

gest that intraperitoneal or intrapleural administration of

chemotherapeutic agents in hypotonic solution can be

considered to be both a feasible and effective strategy for

the prevention and/or treatment of cancer dissemination

(Table 1).

Cellular physiological approach to enhance
the efficacy of hypotonic shock

Although the in vivo studies of our group confirmed the

efficacy of the peritoneal injection of DW for the preven-

tion of peritoneal dissemination, its inhibitory effects

appeared to be weaker than those observed in the DW pre-

incubation model [31]. One explanation may be an increase

in the osmolarity of extracellular fluids after DW injection

caused by the contamination of existing intraperitoneal

secretions and many types of disrupted cells. We previ-

ously reported that very severe hypotonicity is required to

disrupt cancer cells into fragments and that the osmolarity

of the fluid collected after peritoneal lavage with DW

injection during surgery for gastric cancer is approximately

50 mOsm/kg H2O due to the contamination of disrupted

cells [23]. Huguet et al. have also reported that contami-

nation of lavage water by peritoneal secretions produces a

Table 1 Clinical studies of hypotonic treatment for cancer

Treatment Types of cancer Types of study Number of patients studied Year Reference

DW lavage HCC Retrospective study 32 2006 Lin et al. [36]

HCC Retrospective study 66 2013 Chang et al. [37]

HCC Retrospective study 141 2015 Zhou et al. [17]

Hypotonic cisplatin Lung cancer Preliminary clinical results 7 1993 Ichinose et al. [20]

Lung cancer Retrospective study 50 1997 Ichinose et al. [38]

Esophageal cancer Pharmacokinetics study 16 2001 Katano et al. [41]

Lung cancer Prematurely terminated phase III trial 49 2002 Ichinose et al. [39]

Gastric cancer Phase I study 48 2002 Tsujitani et al. [40]

Lung cancer Multi-institutional phase II trial 80 2006 Seto et al. [42]

DW distilled water, HCC: hepatocellular carcinoma
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resultant solution with an osmolality of 50 mM [16]. These

results indicate that the hypotonic solutions used in peri-

toneal injections should be modified to enhance their

inhibitory effects.

Although the investigation of the cellular physiological

mechanism is crucial to increasing the cell swelling

induced by hypotonic shock and to enhancing the cytocidal

effects, little data are available on the specific mechanism

by which the rupture of cancer cells occurs. Our group has

attempted to regulate the hypotonicity-induced cell volume

change that results from cellular physiological factors, such

as changes in ion channels/transporters, by focusing

specifically on the control of RVD. RVD occurs after

hypotonicity-induced cell swelling, and has been attributed

to the activation of ion channels and transporters, which in

turn causes K?, Cl-, and H2O effluxes, ultimately leading

to cell shrinkage (Fig. 3) [27, 28]. In our studies we chal-

lenged the cells with 5-nitro-2-(3-phenylpropylamino)

benzoic acid (NPPB), a Cl- channel blocker, to increase

cell volume by inhibiting RVD (Fig. 4) [22–26]. To

investigate whether NPPB affects the cell volume changes

of cancer cells after hypotonic shock, we measured the cell

volume after exposure to the hypotonic buffer containing

NPPB using the Cell Lab Quanta flow cytometer [22–26].

We found that NPPB enhanced cell swelling and drasti-

cally slowed the time course of the decrease in cell volume

(RVD) following the cell swelling induced by hypotonic

shock in esophageal, gastric, colonic, pancreatic, and liver

cancer cell lines, suggesting that these effects were caused

by the inhibition of RVD [22–26].

To investigate whether NPPB enhances the cytocidal

effects of hypotonic stress on cancer cells, we re-incubated

the cells following their exposure to hypotonic buffer con-

taining NPPB and found that NPPB enhanced the cytocidal

effects of hypotonic shock on esophageal, gastric, colonic,

pancreatic, and liver cancer cells [22–26]. Our results from

gastric cancer cell lines revealed that treatment with NPPB

increased cell volume by inhibiting RVD and enhanced the

cytocidal effects of the hypotonic solution in the MKN45

and Kato-III cells, whereas no such effects were observed in

the MKN28 cells [23]. Interestingly, treatment of the

MKN28 cells with R(?)-[(dihydroindenyl) oxy] alkanoic

acid, a blocker of the K?/Cl- cotransporter, inhibited RVD

Fig. 3 Mechanism of cell volume regulation under hypotonic shock.

Regulatory volume decrease (RVD) occurs after hypotonicity-caused

cell swelling and has been attributed to the activation of ion channels

and transporters, which in turn cause Cl-, K? and H2O effluxes,

ultimately leading to cell shrinkage

Fig. 4 Blockade of Cl- channel enhances the cytocidal effect of

hypotonic solution via the inhibition of regulatory volume decrease

(RVD) in cancer cells. 5-Nitro-2-(3-phenylpropylamino) benzoic acid

(NPPB) is a broad spectrum Cl- channel blocker
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and enhanced the cytocidal effects of hypotonic shock [23],

hinting at differences in the presence of cell volume medi-

ators among various cell lines and the heterogeneity of

cancer cells. Furthermore, RVD was shown to be inhibited

by quinine hydrochloride (Quin) or mercury chloride II (Hg)

through the blockade of potassium ion or water transport.

We challenged the HCC cells with Quin or Hg and found

that they enhanced the cytocidal effects of hypotonic shock

via the inhibition of RVD [26].

These findings suggest that the regulation of ion trans-

port enhances the cytocidal effects of hypotonic shock on

cancer cells. A deeper understanding of ion transport

mechanisms in cancer cells during hypotonic shock could

lead to the development of novel therapeutic strategies.

Conclusions

This review reports on current knowledge on hypotonic

treatments of cancer. The results of the studies discussed

here clearly support the efficacy of pleural or peritoneal

lavage with DW during surgery. Further, the development

of a more specific ion channel blocker or novel small

interfering RNA delivery system in vivo will make it

possible to enhance the effects of the peritoneal or pleural

injection of DW in the treatment of cancer dissemination.

A deeper understanding of the underlying molecular

mechanisms may lead the application of these cellular

physiological approaches, such as the regulation of extra-

cellular osmolality and ion transport, as a novel therapeutic

strategy for cancer.
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