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Abstract

Original Article

IntRoductIon

Prostate cancer is one of the most commonly diagnosed 
diseases and the sixth leading cause of cancer-related 
death worldwide.[1] It is diagnosed in the seventh decade of 
life, and hence, there have been no major advances in the 
treatment of diseases.[2] There are many apoptotic regulators 
and genetic factors involved in the onset, progression, and 
metastasis of human prostate cancer malignancy.[3] Several 
therapeutic strategies have been developed to treat prostate 
cancer including surgery, radiation therapy, chemotherapy, 
and hormonal therapy, but clinical management of metastatic 
prostate cancer is most challenging.[2] Therefore, there is an 
urgent need to develop new therapeutic targets for treating 
prostate cancer. In these aspects, voltage-gated K+ channels (IK) 
are new potentially important molecular therapeutic target in 
prostate cancer therapy.[4]

IK channels in the plasma membranes contribute to many cellular 
functions including cell proliferation, volume regulation, cell 
migration, and cell death. Most of these functions are important 
for cancer cell survival and metastasis.[5] Accumulating 

evidence suggests that IK channels are quite prominently 
expressed in human prostate cancer cells (PC-3 and LNCaP).[6] 
The malignant nature of these cell lines is distinguished by 
their ion channel characteristics. Compared with LNCaP cell 
lines, PC-3 cells expressed lower density of IK current which 
potentially contributes to apoptotic resistance.[7] Several studies 
emphasized that IK channel blockers inhibit cell proliferation 
in many types of cancer cells including prostate cancer.[4,8,9] 
Therefore, investigation on the influence of novel anticancer 
compounds on the activity of IK channels seems to be putative 
target for prostate cancer treatment.

Phytochemicals are phenolic compounds, which are ubiquitous 
in vegetables and fruits. These phenolic compounds are 
shown to possess wide range of biological activity, including 
anticancer, antimetastatic, antioxidant, and anti-inflammatory 
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activities.[10,11] The anticancer properties of phenolic compounds 
have been shown to inhibit the initiation and progression by 
modulating many signaling pathways in different cancer cell 
types and animal models. Phenolic compounds are structurally 
classified into alkaloids, anthocyanins, carotenoids, coumestans, 
flavan-3-ols, flavonoids, hydroxycinnamic acids, isoflavones, 
lignans, monophenols, monoterpenes, organosulfides, phenolic 
acids, phytosterols, saponins, stilbenes, triterpenoids, and 
xanthophylls.[12] Out of these distinct classes of phytochemicals, 
studies have most extensively focused and reported the role 
of flavonoids in prostate cancer therapy. In an attempt to 
identify novel IK channel modulators in PC-3 cells, we have 
screened a number of flavonoids (curcumin, rutin, troxerutin) 
and stilbenes (resveratrol).

In the present study, we aimed to investigate the 
electrophysiological characteristics of IK channels in prostate 
cancer cells, particularly focusing on the modulatory effects 
of selected phenolic compounds on the IK current in human 
prostate cancer cell line PC-3 using whole-cell patch-clamp 
technique.

mateRIals and metHods

Reagents
Curcumin, rutin, resveratrol, and troxerutin were purchased 
from Sigma (St. Louis, MO, USA). The stock solutions were 
prepared in DMSO and were stored at −20°C. All the drug 
solutions were freshly prepared from stock solutions before 
each set of experiments. The final concentration of DMSO 
was <0.1%.

Cell culture
PC-3 cells were sourced from the National Center for Cell 
Science (Pune, India). PC-3 cells were cultured in Ham’s 
F12-K medium (HiMedia laboratories, India) supplemented 
with 10% fetal bovine serum and with 1% antibiotics 
(penicillin 100 IU/ml and streptomycin 100 mg/ml) in a 
humidified incubator at 37°C supplemented with 5% CO2.

Electrophysiology
Whole-cell patch recordings were performed on PC-3 cells. 
Recordings were made at room temperature. Pipettes were 
pulled from borosilicate glass capillaries with resistances of 
2–3 MΩ when filled with internal solution. Currents were 
recorded using an the Axopatch 200B (Axon Instruments, 
Sunnyvale, CA), Digidata 1322A (Axon Instruments), and 
PClamp software (version 6.0.3, Axon Instruments). The 
access resistance in our experiments was approximately 
5‒10 MΩ, and 40%‒60% series resistance compensation was 
achieved. Current records were acquired at 5 kHz and filtered 
at 2 kHz. The external solution used to record K+ currents 
contained the following (in mM): NaCl 140, KCl 5, MgCl2 1, 
D-glucose 10, and HEPES 10, adjusted to pH 7.4 with 1 M 
NaOH. The internal solution contained the following (in 
mM): KCl 140, NaCl 5, CaCl2 2, MgCl2 1, D-glucose 10, and 
HEPES 10, adjusted to pH 7.2 with 1 M KOH. To evaluate 
the effect of phenolic compounds on the IK currents, the cells 

were held at a voltage of −80 mV, and membrane potential 
was stepped from −120 mV to +70 mV for 200 ms at 30 s 
intervals, respectively. All the recordings were performed with 
leak subtraction. The cell under investigation was continuously 
perfused with the external and drug solutions using the 
Octaflow (ALA instruments) perfusion system.

Statistical analysis
The current-voltage curves were analyzed on ClampFit (9.2.1.9), 
Igor Pro (5.04B), and Microsoft Excel 2012. All data values 
were calculated as mean ± standard error of the mean. 
Statistical significance of paired t-test and P < 0.05 were 
considered.

Results

The effects of curcumin, rutin, and troxerutin on 
K+ currents in PC‑3 cells
We characterized 3 flavonoids (curcumin, rutin, and troxerutin) 
for their modulatory activities on IK current in human prostate 
cancer cell line PC-3. Depolarizing step pulse from −120 
to +70 mV for 200 ms at 30 s was used to record the whole cell 
IK currents in PC-3 cells [Figure 1, top left]. The representative 
current traces before and after the exposure of 200 µM of 
curcumin are shown in Figure 1a. Current-voltage (I-V) 
curves for IK currents are established from the active 
currents [Figure 1b]. The I-V curve confirms that 200 µM of 
curcumin did not cause any effect on PC-3 cells.

We further externally perfused 200 µM of rutin on PC-3 cells. 
The representative current traces before and after the 
exposure of 200 µM of curcumin are shown in Figure 2a. 
The I-V relationship in the absence and presence of rutin are 
constructed [Figure 2b]. Rutin did not exert any effect on 
PC-3 cells. Finally, among flavonoids, we screened 200 µM 
of troxerutin externally. The current traces show no sign of 
inhibition of IK currents in PC-3 cells [Figure 3a]. The I-V 
curve also confirms that there is no significant change in the 
presence of troxerutin at this dosage [Figure 3b] the Axopatch 
200B (Axon Instruments, Sunnyvale, CA).

The effects of resveratrol on K+ currents in PC‑3 cells
Because of no sign of inhibitory effect of curcumin, rutin, 
and troxerutin on IK current in PC-3 cells, we further selected 
resveratrol, a stilbenes, to characterize whether it exerts any 
inhibitory potential on Ik current in PC-3 cells inhibitory 
activity on IK currents in PC-3 cells. A depolarizing step 
from −120 to +70 mV for 200 ms at 30 s was used to record 
the whole cell IK currents in PC-3 cells [Figure 4, middle]. 
Superimposed current traces before and after the exposure 
of 200 µM of resveratrol were shown in Figure 4a. 
Figure 4b shows the I-V curves of IK currents of control 
and 200 µM of resveratrol. The peak current density plot 
confirms that 200 µM resveratrol blocked IK currents in 
PC-3 cells [Figure 4c]. However, this effect was reversible 
immediately after the exposure of washout. These results 
confirm that 200 µM of resveratrol blocked IK currents in 
almost half of the IK current in PC-3 cells.
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Figure 2: The effects of rutin on IK current in PC‑3 cells. (a) Representative traces of IK currents recorded in the presence and absence of rutin 
200 µM in PC‑3 cells. (b) The current‑voltage (I‑V) relationships of IK currents in the absence and presence of rutin in PC‑3 cells. Data are plotted as 
mean ± standard error of the mean (n > 7)

b

a

Figure 1: The effects of curcumin on IK current in PC‑3 cells. (a) Representative traces of IK currents recorded in the presence and absence of curcumin 
200 µM in PC‑3 cells. (b) The current‑voltage (I‑V) relationships of IK currents in the absence and presence of curcumin in PC‑3 cells. Data are plotted 
as mean ± standard error of the mean (n > 7)
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Figure 3: The effects of troxerutin on IK current in PC‑3 cells. (a) Representative traces of IK currents recorded in the presence and absence of troxerutin 
200 µM in PC‑3 cells. (b) The current‑voltage (I‑V) relationships of IK currents in the absence and presence of troxerutin in PC‑3 cells. Data are plotted 
as mean ± standard error of the mean (n > 7)

ba

Figure 4: The effects of resveratrol on IK current in PC‑3 cells. (a) Representative traces of IK currents recorded in the presence and absence of 
resveratrol 200 µM in PC‑3 cells. (b) The current‑voltage (I‑V) relationships of IK currents in the absence and presence of resveratrol in PC‑3 cells. 
Data are plotted as mean ± standard error of the mean (n > 7). (c) Peak current densities of LNCaP cells at +70 mV in the absence and presence 
of resveratol. *indicates the statistically significant difference from control (P<0.05)
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dIscussIon

In the present study, we have electrophysiologically 
characterized the effects of selected natural phenolic 
compounds (curcumin, rutin, troxerutin, and resveratrol) on 
IK current in human prostate cancer cells. The results provide 
the evidence that except resveratrol, the applied concentration 
of 200 µM of other tested compounds appeared to be not 
effective inhibitors of IK current. This study suggests that not 
all the anticancer compounds have the ability to inhibit IK 
current in PC-3 cells.

The obtained results show that 200 µM of resveratrol is 
an effective inhibitor of IK current and is also an effective 
anticancer compounds in PC-3 cells. However, this IK current 
inhibition is reversible after perfusion of external solution. 
In addition, resveratrol has shown to exhibit activation of 
autophagic cell death in PC-3 cells through modulating 
several signaling pathways.[13] Besides, 200 µM of resveratrol 
has shown inhibition of voltage-gated K+ channel KV1.3 in 
human lymphocytes. Furthermore, resveratrol accounted 
concentration- and time-dependent inhibition of KV1.3 
current.[14] Likewise, resveratrol has shown to inhibit both 
delayed rectifier K+ current (IK) and fast transient K+ (IA) 
currents in rat hippocampal neurons.[15] However, our obtained 
results show that 200 µM of resveratrol inhibited more than 
half of the IK current in PC-3 cells.

Flavonoids are the most effective class of phenolic compounds 
with common structure of two aromatic rings connected to 
three carbon atoms. Our obtained data indicate that flavonoids 
such as curcumin, rutin, and troxerutin exerted no inhibitory 
effect on IK current in PC-3 cells. However, these compounds 
have shown to exert anticancer and antineoplastic effect in 
many studies, targeting multiple signaling pathways.[16,17] 
For example, curcumin is known as an effective anticancer 
compound for many cancers including prostate cancer.[18] 
However, curcumin also has shown to inhibit several types of 
voltage-gated K+ channel in various cancer cells. Curcumin 
reversibly inhibited Kv 1.4 K+ current in adrenal zona fasciculata 
cells,[19] Kv2.1 current in human embryonic kidney 293 cells,[20] 
human ether-a-go-go-related gene in acute monocytic leukemia 
cell line (THP-1),[21] and voltage-dependent K+ channels in 
rabbit coronary arterial smooth muscle cells.[22] However, our 
obtained results clearly show that 200 µM of curcumin does 
not cause any effect on IK current in PC-3 cells.

Our results show that resveratrol, which has less hydroxyl 
groups in the molecular structure as compared to flavonoids, 
effectively inhibited IK current in PC-3 cells. It was also 
reported as effective inhibitors of prostate cancer cell growth 
and proliferation. However, among several classifications of 
phenolic compounds, flavonoids exerted several physiological 
activities including anticancer activities, but our results show 
no marked inhibition of IK current in PC-3 cells at 200 µM of 
concentration. There is no correlation of IK current inhibition 
and anticancer properties of curcumin, rutin, and troxerutin. 
At present, thus, we cannot ignore the hypothesis that these 

tested compounds are ineffective on IK current in PC-3 cells 
because they might inhibit the IK current in PC-3 cells at higher 
concentrations. Thus, it can be suggested that the IK channel 
inhibition depends on the affinity of channel protein with the 
molecular structure of the compounds.

Limitations of the study
The concentration of the compounds used in the present study 
may not exactly represent the concentration required in vivo. 

conclusIon

Our findings reveal that among the various tested compounds, 
only resveratrol effectively inhibited IK current in PC-3 
cells and also this study concludes that not all the anticancer 
compounds have the ability to inhibit IK current in PC-3 cells.
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