
Journal of Physics D: Applied
Physics

     

PAPER

The role of aquaporins in the anti-glioblastoma capacity of the cold
plasma-stimulated medium
To cite this article: Dayun Yan et al 2017 J. Phys. D: Appl. Phys. 50 055401

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is© .

 

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript will be available for
reuse under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions may be required.
All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 3.16.29.209 on 03/05/2024 at 02:43

https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6463/aa53d6


1 

The role of aquaporins in the anti-glioblastoma capacity of the cold plasma-

stimulated medium 

Dayun Yan1†, Haijie Xiao2†, Wei Zhu1, Niki Nourmohammadi3, Lijie Grace Zhang1, Ka Bian2*, 

and Michael Keidar1*  

1Department of Mechanical and Aerospace Engineering, The George Washington University, 

Science & Engineering Hall, 800 22nd Street, NW, Room 3550, Washington, DC 20052, USA 

2Department of Biochemistry and Molecular Medicine, The George Washington University, 

Ross Hall, 2300 Eye Street, NW, Washington, DC 20037, USA 

3Department of Biological Sciences, The George Washington University, Lisner Hall, 2023 G 

Street, NW, Suite 340, Washington, DC 20052, USA 

†These two authors contribute equally to this research. 

*Corresponding authors: Ka Bian bcmkxb@gwu.edu, Michael Keidar keidar@gwu.edu

Abstract. The cold atmospheric plasma (CAP) is a promising novel anti-cancer method. Our 

previous study showed that the cold plasma-stimulated medium (PSM) exerts remarkable anti-

cancer effect as effectively as the direct CAP treatment does. H2O2 has been identified as a key 

anti-cancer substance in PSM. However, the mechanisms underlying intracellular H2O2 regulation 

by cancer cells is largely unknown. Aquaporins (AQPs) are the confirmed membrane channels of 

H2O2. In this study, we first demonstrated that the anti-glioblastoma capacity of PSM could be 

inhibited by silencing the expression of AQP8 in glioblastoma cells (U87MG) or using the 
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aquaporins-blocker silver atoms. This discovery illustrates the key intermediate role of AQPs in 

the toxicity of PSM on cancer cells. Because expression of AQPs varies significantly among 

different cancer cell lines, this study may facilitate the understanding on the diverse responses of 

cancer cells to PSM or the direct CAP treatment. 

Introduction. 

Cancer is one of the largest threats to human health. Developing a novel anti-cancer method with 

minimal damage to normal cells and tissues is always the goal of scientists. Cold atmospheric 

plasma (CAP), a near-room temperature ionized gas composed of reactive electrons, ionic, atomic, 

molecular, and radical species [1], showed a remarkable selective anti-cancer capacity over dozens 

of cancer cell lines in vitro [2-12] and in several animal studies in vivo [5, 13-15]. Recently, the 

direct plasma treatment by the CAP jet or the dielectric barrier discharge (DBD) and the cold 

plasma-stimulated medium (PSM) has been proved to be a selective anti-cancer method [16-25]. 

PSM can be stably stored over a wide temperature range, by regulating the component of medium 

[26] or controlling the storage temperature [27, 28]. PSM can be used as a succedaneum for CAP 

particularly in the circumstances when some inside tumorous tissues cannot be easily reached by 

CAP jet. 

Understanding the anti-cancer mechanism of CAP is a challenge in plasma medicine. PSM is also 

named as the indirect CAP treatment. In contrast, the direct CAP treatment denotes the CAP 

treatment on cells cultured in petri dishes [7, 29, 30] or in multi-wells plates [31-33]. So far, in 

many cases, the cells were immersed in a layer of cell culture medium during the direct CAP 

treatment [34-36]. Such layer of medium plays the intermediate role of delivering the plasma-
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originated reactive species from gas phase into the aqueous solution and further affecting cells 

[37]. Thus, understanding anti-cancer mechanism of PSM will also facilitate the understanding on 

the direct CAP treatment on cancer cells in vitro. 

So far, among diverse CAP-originated species, H2O2, has been proved to be one of main anti-

cancer reactive species of PSM [19, 20, 23, 26-28, 38]. Very recently, synergistically using 

H2O2/NO2
- [22] or H2O2/NO2

-/NO3
- [25] in medium [22] or phosphate buffered saline (PBS) [25] 

generated a similar anti-cancer effect as PSM did. Thus, ROS mainly H2O2 and RNS mainly NO2
-

/NO3
- in PSM contribute to the death of cancer cells. RNS in PSM was showed to play a minor 

anti-cancer role [22, 25]. According to the current conclusions, the anti-cancer mechanism of PSM 

is largely based on the interaction between ROS mainly H2O2 and cancer cells. 

Since most of plasma-originated reactive species are either charged or polar molecules, specific 

channels and transporters on the cytoplasmic membrane are necessary for the transmembrane 

diffusion of these reactive species. The membrane proteins may be a key to understand the cellular 

response to the CAP treatment. However, the role of membrane channels of cancer cells in the 

anti-cancer mechanism of PSM or direct CAP treatment has never been investigated yet. 

Aquaporins (AQPs) were first discovered as the specific water channel decades ago [39]. Recently, 

the key role of AQPs in the transmembrane diffusion of several small molecules including H2O2, 

CO2, NO, NH3, urea, and glycerol has been unveiled [40]. Among AQPs family, only AQP 1, 3, 

8, and 9 have been confirmed as the membrane channels facilitating the H2O2 transmembrane 

diffusion [41-45]. In contrast with AQP1, AQP8 is able to better facilitate the diffusion of H2O2 

across the cellular membrane of yeast cells [43], which may be partially due to the large average 
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diameter of the ar/R constriction regions of AQP8 [2, 43]. The yeast cells without AQPs show a 

strong resistance to high concentration extracellular H2O2 [43]. On the contrary, the expression of 

AQP8 causes a significant yeast cell death upon the treatment of low concentration extracellular 

H2O2 [43]. Thus, AQPs may play a key role in the anti-cancer capacity of PSM particularly in the 

transmembrane diffusion of plasma-originated H2O2. 

In this study, we first investigated the expression of AQPs in glioblastoma cells (U87MG). AQP9 

show the highest expression among all AQPs. We then inhibited the expression of AQP8 and 

AQP9 in U87MG cells by siRNA technology and found that the anti-glioblastoma effect of PSM 

were significantly inhibited by silencing AQP8 but not by silencing AQP9. Corresponding rise of 

intracellular ROS in U87MG cells were also inhibited by silencing AQP8. We also demonstrated 

that the anti-glioblastoma capacity of PSM can be significantly inhibited by adding AgNO3 which 

can block the water channels of AQPs [46, 47]. This study demonstrates that AQPs play a key 

intermediate role in the anti-cancer capacity of PSM. 

Methods. 

CAP device. The CAP device was a CAP jet generator using helium as the carrying gas. This CAP 

jet has been used to study the anti-cancer effect of the direct CAP treatment [30, 48] and PSM [18, 

19, 24, 26]. The violet plasma was generated between a ring grounded cathode and a central anode 

and was ejected out from a quartz tube with a diameter of 4.5 mm. The helium gas flowed at a rate 

of 4.7 L/min. The input voltage of DC power was 11.5 V. The output voltage was 3.16 kV. The 

plasma discharge was driven by an alternating current (AC) high voltage with a frequency of 30 

kHz. The emission spectrum of CAP has been measured in previous study, demonstrating that 
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CAP in the gas phase was mainly composed of ROS (OH., O), RNS (NO, N2
+), and helium (He) 

[49]. 

Cell cultures. Standard DMEM was purchased from Life Technologies (11965-118, with L-

glutamine). DMEM was mixed with 1% (v/v) antibiotic (penicillin and streptomycin) solution 

(Life Technologies). Human glioblastoma (U87MG) cells were provided by Dr. Murad’s lab at the 

George Washington University. The media used in the cell seeding process and initial cell culture 

were composed of DMEM supplemented with 10% (v/v) fetal bovine serum (ThermoFisher 

Scientific) and 1% (v/v) antibiotic (penicillin and streptomycin) solution (Life Technologies). In 

each experiment, 6 wells in a single column on 96-well plate were seeded with cancer cells at a 

concentration of 3 x 104 cells/ml in 100 μL and were grown for 8 hours under the standard cell 

culture conditions (a humidified, 37°C, 5% CO2 environment). All wells on the margins of 96-

well plate have not been used in experiments. When PSM was used to treat glioblastoma cells, the 

medium which have been used to grow cells for 8 hours were removed first. 

cDNA synthesis and quantitative PCR. RNA purification was performed by using TRIzol 

(ThermoFisher) according to the manufactures’ instruction. Briefly, 1 mL of TRIzol was added 

into U87MG cells of 106 grown in culture dish after medium was removed and cells were then 

scraped from the dish and transferred to eppendorf tube. After 5 min of incubation at room 

temperature, 200 µL of chloroform was then added into the cell lysate and tube was shook 

vigorously for about 15 s. After incubation at room temperature for 3 min, the mixture was 

centrifuged at 12,000 g for 15 min at 40°C. Then 500 µL of isopropanol was added into the 

aqueous phase and the mixture was incubated at room temperature for 10 min. RNA was 
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precipitated at 14,000 g for 10 min and then washed with 1 mL 75% ethanol. The precipitated 

RNA was air dry for 5-10 min and then re-suspended in 50 µL of H2O. 

cDNA was made by using iScript cDNA synthesis kit from Bio-Rad company with 1µg of RNA 

in 20 µL of reaction under the following condition: incubation at 25ºC for 5 min followed by 42ºC 

for 30 min and 85ºC for 5 min. Quantitative real time PCR was performed by using SYBR green 

reagent (Bio-Rad 170-880) with a CFX96 system at the following condition: 95 ºC initial 

denaturation 3 min followed by 40 cycles of denaturation at 95 ºC for 15 s, annealing and 

elongation at 60 ºC for 30 s, Primers used in this study are shown in Table 1. 

Table 1. Primers of AQPs used in this study. F: forward; R: Reverse. 

Genes Sequence (5'-3') Expected PCR product size (bp) 

AQP1 F: CCTGGCTATTGACTACAC; R: GAAGTCGTAGATGAGTACA. 147 

AQP2 F: CCACCTCCTTGGGATCCATTA; R: AGGGGTCCGATCCAGAAGAC.  114 

AQP3 F: ACCAGCTTTTTGTTTCGGGC; R: GGCTGTGCCTATGAACTGGT.  110 

AQP4 F: ACTGGTGCCAGCATGAATCC; R: GGGCCCAACCCAATATATCCAA. 90 

AQP5 F: GCTCACTGGGTTTTCTGGGTA; R: CCTCGTCAGGCTCATACGTG. 139 

AQP6 F: TCGTAGGCTCCCACATCTCT; R: CTGTTCCGGACCACGTTGAT. 145 

AQP7 F: GGACAGTCACGGAGGAACAA; R: TCAGATTTGTAGATGTCTGCTGAA. 102 

AQP8 F: GTGCCTGTCGGTCATTGAGA; R: CAGGGTTGAAGTGTCCACCA. 125 

AQP9 F: TCCTCAGAGAAGCCCCAAGA; R: AGCCACATCCAAGGACAATCA. 146 

AQP10 F: TGTTTGTACTCATGCAGCTCCT; R: GGCTATCGTAACGGCCAGAG. 119 

AQP11 F: CCAGGAAGTCCGAACCAAGC; R: CCTGTTAGACTTCCTCCTGCATA. 84 

AQP12 F: TGGCAGGTCTTAACGTGTCC; R: CAGCGTCCTCATCGCCTC. 13 

AQP8 and AQP9 knockdown. The on-target plus smartpool siAQP8 and siAQP9 were purchased 

from Dharmacon and siRNA transfection was performed by using Lipofectamine RNAiMAX 
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(Invitorgen 13778) according to the manufactures’ instruction. Basically, U87MG cells grown to 

50% confluence in 6-well culture dish were washed with OPTI low serum medium (Invitrogen, 

31985) and then transfected with 4 µL of siAQP8 or siAQP9 (10 µM) together with 4 µL of 

Lipofectamine RNAiMAX in OPTI medium for each well. Universal negative control siRNA 

(Sigma, sic001) was used as a negative control. After 6 hr of transfection, cells were changed back 

to DMEM medium which was supplemented with 10% FBS. Quantitative real time PCR was then 

performed to confirm the AQP8 and AQP9 genes expression. 

Making PSM and affecting the growth of glioblastoma cells.  The DMEM used in this study 

was made by mixing 1% (v/v) penicillin-streptomycin (Life Technologies) with standard DMEM 

(11965-118, Life Technologies). During the CAP treatment, 1 mL of DMEM in a well of 12-well 

plate was treated by CAP for a specific time length. The gap between the bottom of 12-well plate 

and the source of CAP was 3 cm. After that, 100 μL of plasma-stimulated DMEM was used to 

affect the growth of U87MG cells in each well immediately. The control group was the case that 

U87MG cells cultured in DMEM without the CAP treatment. The sample number in each case 

was 6. Thus, only 600 μL in each 1 mL of plasma-stimulated DMEM were transferred to affect 

U87MG cells. Glioblastoma cells were cultured for 2 days before the cell viability was measured 

by MTT assay. The sextuplicate experiments were independently repeated for twice. 

Measuring H2O2 concentration in DMEM. The H2O2 concentration in PSM was measured by 

using Fluorimetric Hydrogen Peroxide Assay Kit (Sigma-Aldrich) according to the protocols 

provided by manufacturer. A H1 microplate reader (Hybrid Technology) was used to measure the 

fluorescence with an excitation wavelength at 540 nm and an emission wavelength at 590 nm. The 
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final fluorescent strength of the experimental group was obtained by deducting the measured 

fluorescent strength of the control group from the measured fluorescent strength of the 

experimental group. The standard H2O2 solution (Sigma-Aldrich) was used to prepare the standard 

H2O2 concentration-fluorescence curve. Based on this standard concentration-fluorescence curve, 

the H2O2 concentration in the plasma-treated DMEM was obtained. 

Making the H2O2-rich DMEM and affecting the growth of glioblastoma cells.  The H2O2-

rich DMEM was prepared by mixing 30 wt % (9.8 M) H2O2 solution (Sigma-Aldrich) with DMEM 

(11965-118, Life Technologies). 18.13 μM, 36.26 μM, 54.39 μM, and 72.52 μM H2O2-rich DMEM 

were prepared according to the H2O2 concentration in the 0.5 min, 1 min, 1.5 min, and 2 min of 

CAP-stimulated DMEM. 100 μL of H2O2-rich DMEM was transferred to affect the growth of 

U87MG cells in each well immediately. The control group was the case that U87MG cells cultured 

in DMEM without the CAP treatment. The sample number in each case was 6. Thus, only 600 μL 

in 1 mL of plasma-stimulated DMEM were transferred to affect U87MG cells. U87MG cells were 

cultured for 2 days before the measurement of cell viability using MTT assay. The sextuplicate 

experiments were independently repeated for twice. 

Making the CAP-stimulated AgNO3-rich DMEM and affecting the growth of glioblastoma 

cells. The AgNO3-rich DMEM was prepared by mixing 0.01 M silver nitrate solution (Sigma-

Aldrich) with DMEM. During the CAP treatment, 1 mL of medium (DMEM or AgNO3-rich 

DMEM) in a well of 12-well plate was treated by CAP for 1 min. The gap between the bottom of 

12-well plate and the bottom edge of quartz tube was 3 cm. After that, 100 μL of plasma-stimulated 

medium (DMEM or AgNO3-rich DMEM) was transferred to affect the growth of U87MG cells in 
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each well immediately. The control group was the case that U87MG cells cultured in the medium 

(DMEM or AgNO3-rich DMEM) without the CAP treatment. The sample number of each case 

was 6. U87MG cells were cultured for 3 days before the cell viability was measured. The 

sextuplicate experiments were independently repeated for three times. 

Cell viability measurement, data and statistics processing. According to the protocols provided 

by manufacturer, the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) 

assay was performed. The original experimental data about the cell viability was the absorbance 

at 570 nm measured by a H1 microplate reader (Hybrid Technology). To facilitate analyzing data, 

the original measured cell viability was processed to be the relative cell viability through the 

division between the measured cell viability (absorbance) of U87MG cells cultured in plasma-

stimulated DMEM or H2O2-rich DMEM to the measured cell viability of U87MG cells cultured 

in the untreated DMEM. The measured cell viability of each experiment was equal to the mean 

value of 6 samples from 6 wells. The final data shown in this manuscript were the mean ± s.d. of 

two independently repeated experiments. 

Intracellular ROS measurement. The intracellular ROS in the U87MG cells were measured by 

using DCFDA-Cellular Reactive Oxygen Species Detection Assay Kit (113851, Abcam). U87MG 

cells were seeded in 35 mm easy grip culture dish with a confluence of 4 x 104 cells/mL. In each 

dish, 2 mL of medium (90% v/v DMEM and 10% v/v FBS) were used to culture U87MG cells for 

5 hours in the incubator under the standard culture conditions. 12 mL of 25 μM DCFDA solution 

was prepared by mixing 18 μL of 20 mM DCFDA solution with 12 mL of 1X buffer. After 4 hours 

of incubation, the medium in 35 mm dish were removed. 1 mL of 1X buffer was used to wash the 
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cells in dish. 2 mL of 25 μM DCFDA solution were used to culture U87MG cells for 40 min in the 

incubator under the standard culture conditions. 1 mL of 1X buffer was used to wash the cells in 

dish. The cells from control group and experiments groups were finally cultured for 2 hours in the 

DMEM without CAP treatment and the CAP-stimulated DMEM, respectively. The CAP-

stimulated DMEM was made by treating 1 mL of DMEM in a well of 12-well plate for 4 min. 

Finally, the fluorescent signal of cells in 35 mm dish was detected by a laser scanning confocal 

microscope with an excitation wavelength at 488 nm (Zeiss, LSM 710). 

Results and discussion. 

The expression of AQPs in tumor tissues has been widely investigated in past decades [50, 51]. 

The expression of AQP1 [52-54], AQP8 [55], and AQP9 [56-58] in glioblastoma tissues have been 

confirmed. However, the expression of AQPs in glioblastoma cell lines (U87MG) have not been 

investigated yet. We first investigated the expression style of AQPs family in U87MG cells. Our 

PCR analysis of AQPs family (AQP1-AQP12) showed that only AQP1, AQP3, AQP5, AQP7, 

AQP8, AQP9, and AQP11 are expressed in U87MG cells (Fig. 1a). Among these AQPs, the 

expression of AQP9 is the most abundant. AQP9 is reported to play important roles in the 

malignant progression of brain astrocytic tumors [56], such as counteracting the glioma-associated 

lactic acidosis by clearance of glycerol and lactate from the extracellular space [57]. AQP9 has 

been proposed to be a new biomarker in glioblastoma diagnosis and a new target for glioblastoma 

therapy [56]. So far, only AQP1, AQP3, AQP8, and AQP9 have been reported as the H2O2 

transmembrane channels [41-45]. In addition, AQP8 has been regarded as the most efficient H2O2 

channels among these four AQPs [2, 43]. Thus, AQP8 and AQP9 were chosen to study AQPs’ 

role in anti-glioblastoma effect of PSM by using siRNA technology. Compared with the control 
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group (sicontrol), the expression of AQP8 (Fig. 1b) and AQP9 (Fig. 1c) in U87MG cells decreased 

about 80% and 90% 48 hours after the transfection, respectively. The silencing of AQP8 and AQP9 

by siRNA is highly time-sensitive. The expression of AQP8 and AQP9 were lowest 48 hours after 

the transfection. Their expression began to recover 72 hours after the transfection. 

To investigate the role of AQP8 and AQP9 in the anti-glioblastoma capacity of PSM, U87MG 

cells with a repressed expression of AQP8 and AQP9 were cultured in the CAP-stimulated DMEM 

or H2O2-rich DMEM without the CAP treatment. The detailed description for the protocols is 

illustrated in Methods. For both two treatments, the anti-glioblastoma capacity of PSM increases 

when the treatment time in PSM increases (Fig. 2a) or the concentration of H2O2 in H2O2-rich 

DMEM increase (Fig. 2b). This trend is consistent with our previous reports about the application 

of PSM on glioblastoma cells treatment [18, 19, 24]. The anti-glioblastoma effect of PSM will not 

be obvious until the treatment time of CAP is adequately long (Fig. 2a) or the concentration of 

H2O2 is adequately high (Fig. 2b). Knockdown of AQP8 but not AQP9 in U87MG cells can 

significantly reduce the anti-glioblastoma capacity of PSM (Fig. 2a) and the toxicity of H2O2-rich 

DMEM (Fig. 2b). This trend is consistent with the previous conclusion that AQP8 is an efficient 

H2O2 transmembrane channel [2, 43]. The comparative study about the H2O2 transmembrane 

diffusion efficiency of AQP8 and AQP9 is still lacking in biology. Despite AQP9 is most 

expressed in U87MG cells, its transmembrane diffusion efficiency for H2O2 may be much less 

than AQP8. The estimated diameter of the ar/R constriction region of AQP8 is much larger than 

AQP0, 1, 2, 4, and 5 [2]. AQP8 may be the most efficient H2O2 channels among AQP1, 3, and 9. 

In addition, so far, dozens of references about the roles of AQP1, 3, and 8 as the H2O2 channels 

have been reported [59]. However, only one report has demonstrated that AQP9 is a H2O2 channels 
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recently. In biology, it may be still disputable to conclude that AQP9 is a H2O2 channel. Probably, 

due to above reasons, just inhibiting AQP9 but not AQP8 does not result in a noticeable change 

on the anti-glioblastoma effect of PSM on U87MG cells. AQP8 still worked when we just silenced 

AQP9. Clearly, a more comprehensive study on the role of each member of AQP in the anti-cancer 

capacity of PSM should be performed in the further investigation. Nonetheless, silencing specific 

AQP in U87MG cells indeed weakens the anti-cancer effect of PSM. 

The weakened anti-glioblastoma capacity of PSM by inhibiting the expression of AQP8 can be 

due to the weakened transmembrane diffusion of H2O2 in U87MG cells. Then, the rise of 

intracellular ROS in U87MG cells should also be decreased when the expression of AQP8 is 

inhibited. To confirm this, intracellular ROS fluorescent detection measurement was performed. 

We observed that the noticeable rise of intracellular ROS in the PSM-treated U87MG cells 

disappeared when the expression of AQP8 was inhibited in U87MG cells (Fig. 2c). Thus, AQP8 

plays a key intermediate role in the transmembrane diffusion of plasma-originated H2O2 in 

U87MG cells. The expression level of specific AQPs in cancer cells may be an important factor in 

determining the anti-cancer capacity of PSM. 

To inhibit the function of AQPs, pharmacological agents such as bumetanide and furosemide [60], 

as well as metal atoms such as gold (Au), mercury (Hg), and silver (Ag) [61] have been widely 

used as the AQPs-blockers. The blocking mechanism of mercury atom in the channel of AQPs 

have been investigated through analyzing the crystal structure of AQPs tetramers with a mercury 

atom in each monomer [62]. Silver and other atoms such as gold may block the channel of AQPs 

using similar mechanism, though the corresponding structural biology data are still lacking. We 
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have used silver rather than mercury was based on two reasons. First, mercury and corresponding 

chemicals with mercury such as mercury chloride evaporate during the standard cell culture 

conditions, which rises a potential safety risk to researchers. Second, silver atoms show a better 

AQPs-blocking property than mercury atoms [61]. For the erythrocytes, 10 μM Ag+ already causes 

about 80% inhibition on water transportation capacity [61]. Inhibiting the transmembrane diffusion 

of H2O2 in leukemia (B1647) cells by 5 μM AgNO3 have been demonstrated recently [63]. 

In this study, the anti-glioblastoma capacity of the CAP-stimulated AgNO3-rich DMEM and 

DMEM was compared. As shown in Fig. 3a, the noticeable anti-glioblastoma effect of the PSM 

gradually decreases as the concentration of AgNO3 in DMEM increases from 2 μM to 10 μM. 

Compared with the effect of silencing AQP8 on the anti-glioblastoma capacity of PSM, AgNO3 

shows a stronger interference on the anti-glioblastoma capacity of PSM. This phenomenon may 

be due to two main faults of AgNO3 compared with siRNA technology. First, silver does not target 

a specific AQPs but may block different AQPs. It is possible that both AQP1, 3, 8, or 9 have been 

blocked by silver atoms. On the contrary, we have not inhibited the expression of AQP1 or AQP3 

in this study. It is possible that AQP1 and AQP3 also partially contribute to the transmembrane 

diffusion of H2O2. Second, AgNO3 may affect other cellular pathways to U87MG cells other than 

just blocking AQPs. For example, silver may react with H2O2 and form hydroxyl radical, which is 

highly reactive with many key molecules including proteins and DNA [64]. 

Obviously, AgNO3-rich DMEM with a high concentration (>10 μM) was very toxic to U87MG 

cells (Fig. 3a). Because NO3
- with such a low concentration is not toxic to cancer cells [25], the 

toxicity of AgNO3-rich DMEM should be mainly due to silver. Silver may react with chloride in 

Page 13 of 22 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-110560.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14 

DMEM to form silver chloride sediment. However, the noticeable toxicity of AgNO3 on U87MG 

cells demonstrate that significant silver still dissolves in DMEM. The concentration of H2O2 in the 

CAP-stimulated AgNO3-rich DMEM has also been measured by using Fluorimetric Hydrogen 

Peroxide Assay Kit. The increased AgNO3 concentration in DMEM does not decrease the 

generation of H2O2 in the CAP-stimulated DMEM (Fig. 3b). Because H2O2 is the main anti-cancer 

reactive species in PSM, the weakened anti-cancer effect of PSM is not due to the consumptive 

reaction between H2O2 and silver. 

Different tumor tissues express AQPs with quite different levels [50, 51]. Thus, this study provides 

a clue to understand the different response of cancer cells to the CAP treatment in vitro. For 

example, it is found that cancer cells with higher proliferation rate are more sensitive to the CAP 

treatment than the cancer cells with lower proliferation rate [65]. Actually, it is also found that the 

cancer cells from the high tumorigenic stage tend to express more AQPs than cancer cells from 

the low tumorigenic stage [55]. The high AQPs expression in cancer cells from the high 

tumorigenic stage may explain the strong sensitivity of these cancer cells to the CAP treatment. 

Conclusions. 

Aquaporins, the only confirmed transmembrane channels of H2O2, play a key intermediate role in 

the anti-glioblastoma effect of PSM. Inhibiting the expression of AQP8 in U87MG cells or using 

aquaporins-blocker silver atoms significantly weaken the anti-glioblastoma capacity of PSM. 

Expression level of aquaporins family in cancer cells significantly affect the anti-cancer effect of 

PSM. Because aquaporins are widely but diversely expressed in cancer cells, this study provides 

a novel framework to understand the different responses of cancer cells to the CAP treatment. 
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Figures 

Figure 1. The expression of AQPs in U87MG cells and the inhibited expression of AQP8 and AQP9 by 

siRNA. (a) RT-PCR analysis of AQP1-AQP12 expression in U87MG cells. cDNA of U87MG cells was used as 

PCR template and the PCR products were resolved in agarose gel (see Table 1 for predicted PCR products size). 

(b) Quantitative RT-PCR analysis of expression of AQP8 and AQP9 after siRNA knockdown. RNA was 

prepared from U87MG cells after knockdown of AQP8 or AQP9 for 48 hr. A universal negative siRNA was 

used as a control (sicontrol). And then cDNA was synthesized and used as template for PCR. The expression of 

AQP8 and AQP9 was normalized to the expression of Actin. The results were an average of three different 

repeats. Student’s t-test was performed and the significance is indicated as *** p < 0.005, ** p < 0.01, and * p 

< 0.05. 
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Figure 2. Silencing the expression of AQP8 significantly weakens the anti-glioblastoma capacity of PSM. 

The anti-glioblastoma capacity of PSM (a) and H2O2-rich DMEM (b) on U87MG cells (sicontrol, siAQP8, and 

siAQP9). Results are presented as the mean ± s.d. of two independently repeated experiments performed in 

sextuplicate. Student’s t-test was performed and the significance is indicated as *** p < 0.005, ** p < 0.01, and 

* p < 0.05. (c) The rise of intracellular reactive oxygen species (ROS) in U87MG cells (si-control and si-AQP8)

was measured by DCFDA-Cellular Reactive Oxygen Species Detection Assay Kit using laser scanning confocal 

microscope. Scale bar = 100 μm.  
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Figure 3. AgNO3 weakens the anti-glioblastoma capacity of PSM. (a) The anti-glioblastoma capacity of the 

CAP-stimulated AgNO3-rich DMEM (2 - 14 μM) and DMEM (0 μM). The control group represents the case 

that U87MG cells cultured in the untreated DMEM or in the untreated AgNO3-rich DMEM. Results are 

presented as the mean ± s.d. of experiments performed in sextuplicate. Student’s t-test was performed and the 

significance is indicated as *** p < 0.005, ** p < 0.01, and * p < 0.05. (b) The generation of H2O2 in the CAP-

stimulated AgNO3-rich DMEM (2 – 16 μM) and DMEM (0 μM). Results are presented as the mean ± s.d. of 

three repeated experiments.  
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