
www.kjpp.net Korean J Physiol Pharmacol 2024;28(4):323-333323

Korean J Physiol Pharmacol 2024;28(4):323-333
https://doi.org/10.4196/kjpp.2024.28.4.323

Author contributions: J.H.K. and S.H. performed the voltage-clamp ex-
periments, analyzed the data, and wrote the first draft of the manuscript. 
S.I.P. performed the voltage-clamp experiments. H.J.L. performed the ex-
periments with macrophage and analyzed the data. Y.J.J. coordinated the 
study with macrophage and wrote the first draft of the manuscript. S.H.J. 
supervised, coordinated the study, wrote the first draft of the manuscript, 
and edited into final manuscript.

This is an Open Access article distributed under the terms 
of the Creative Commons Attribution Non-Commercial 

License, which permits unrestricted non-commercial use, distribution, and 
reproduction in any medium, provided the original work is properly cited.
Copyright © Korean J Physiol Pharmacol, pISSN 1226-4512, eISSN 2093-3827

Original Article

3,3′,4,4′-tetrachlorobiphenyl (PCB77) enhances human Kv1.3 
channel currents and alters cytokine production
Jong-Hui Kim1,2,#, Soobeen Hwang1,2,#, Seo-In Park1,2, Hyo-Ji Lee3, Yu-Jin Jung2,3, and Su-Hyun Jo1,2,*
1Department of Physiology, Institute of Bioscience and Biotechnology, Kangwon National University School of Medicine, 2Interdisciplinary Graduate Program 
in BIT Medical Convergence, 3Department of Biological Sciences and Kangwon Radiation Convergence Research Support Center, Kangwon National University, 
Chuncheon 24341, Korea

ARTICLE INFO
Received March 25, 2024
Revised April 15, 2024
Accepted April 18, 2024

*Correspondence
Su-Hyun Jo
E-mail: suhyunjo@kangwon.ac.kr

Key Words
Cytokines
Kv1.3 channel
Kv1.5 channel
Macrophages
PCB77

#These authors contributed equally to 
this work.

ABSTRACT Polychlorinated biphenyls (PCBs) were once used throughout various in-
dustries; however, because of their persistence in the environment, exposure remains 
a global threat to the environment and human health. The Kv1.3 and Kv1.5 channels 
have been implicated in the immunotoxicity and cardiotoxicity of PCBs, respectively. 
We determined whether 3,3′,4,4′-tetrachlorobiphenyl (PCB77), a dioxin-like PCB, al-
ters human Kv1.3 and Kv1.5 currents using the Xenopus oocyte expression system. 
Exposure to 10 nM PCB77 for 15 min enhanced the Kv1.3 current by approximately 
30.6%, whereas PCB77 did not affect the Kv1.5 current at concentrations up to 10 
nM. This increase in the Kv1.3 current was associated with slower activation and inac-
tivation kinetics as well as right-shifting of the steady-state activation curve. Pretreat-
ment with PCB77 significantly suppressed tumor necrosis factor-α and interleukin-10 
production in lipopolysaccharide-stimulated Raw264.7 macrophages. Overall, these 
data suggest that acute exposure to trace concentrations of PCB77 impairs immune 
function, possibly by enhancing Kv1.3 currents.

INTRODUCTION
Polychlorinated biphenyls (PCBs) were once manufactured in 

large quantities for use as lubricants, coolants, hydraulic and di-
electric fluids, as well as numerous other purposes; however, their 
production was banned in most countries since the 1970s because 
of their harmful effects, such as neurotoxicity, hepatotoxicity, en-
docrine disruption, and carcinogenicity on wildlife and humans 
[1]. The PCB backbone consists of two six-carbon rings linked by 
a single carbon bond, with 209 possible chlorinated congeners [2]. 
Highly chlorinated congeners are extremely insoluble in water [3], 
which may partially explain the resistance of these compounds to 
biodegradation and their tendency to accumulate in fatty tissues 
[3]. Toxicity to various organs have been reported due to the ac-

cumulation of PCBs in animal and the human body [1], and even 
after their use was banned in the 1970s, this risk is difficult to 
eliminate.

Exposure to highly chlorinated PCB congeners can impair 
the function of the immune and nervous systems, increase the 
incidence of cancer, and disrupt in utero development [4-7]. Fur-
thermore, PCB congeners with four or more chlorines are potent 
activators of the aryl hydrocarbon receptor (AhR), an important 
regulator of the metabolic and immune responses to environ-
mental stressors [2]. Various PCB congeners can exhibit unique 
biological effects [5], which requires the examination of each PCB 
individually. In this study, we examined the effects of 3,3′,4,4′
-tetrachlorobiphenyl (PCB77) (Fig. 1), a dioxin-like PCB (DL-
PCB) with four chlorines in its planar structure [7]. It has been 
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shown to reduce thyroid function [6], increase the risk of uterine 
and breast tumors [8], suppress humoral and cellular immunity 
through AhR activation [9,10], and impair immune function 
by inhibiting cytotoxic T-cell activity and antibody production 
[11,12].

The voltage-dependent K+ (Kv) channels are a superfamily con-
sisting of 12 subfamilies (Kv1–Kv12) that contribute to a myriad 
of physiological processes, including immune function, cell vol-
ume regulation, apoptosis, and differentiation, by dynamically 
modulating membrane potentials, electrophysiological responses 
to stimulation, calcium signaling, and intracellular osmolarity 
[13,14]. The Kv channels, Kv1.3 and Kv1.5, are members of the Kv1 
Shaker family and have been implicated in tissue differentiation 
and cell proliferation [15]. The Kv1.5 channel is predominantly 
expressed in the heart and pancreatic β-cells [16,17]. In human 
atrial muscle cells, these channels mediate ultra-rapid delayed 
rectifier K+ currents that contribute to action potential repolariza-
tion [18]. A loss of function causes prolongation of the action po-
tential, and early after depolarization in human atrial myocytes, 
their vulnerability to stress-triggered fibrillation increases [19].

The Kv1.3 channel is encoded by the KCNA3 gene [20] and is 
primarily expressed in neurons of the hypothalamus and olfac-
tory bulb, T and B cells, microglia, dendritic cells, and macro-
phages [21]. Kv1.3 channels appear to play a role in switching nor-
mally quiescent cells into a proliferative state [22]. For example, 
surface Kv1.3 channels regulate the activation and proliferation 
of T cells by controlling membrane potential and Ca2+ signal-
ing [23,24]. In addition to T cells, Kv1.3 channels are expressed 
in macrophages, osteoclasts, platelets, B cells, and kidney cells 
[25,26]. In macrophages and neutrophils, Kv1.3 channels regulate 
phagocytic activity, the inflammatory response, and migration/
invasion [22]. Dysregulation of these functions is associated with 
chronic inflammatory diseases. Zhu et al. [27] reported that the 
selective pharmacological blockade of Kv1.3 channels with ShK 
enhances phagocytosis and nitric oxide production in Raw264.7 
macrophages. Another study found that the potent inflammation 
activator lipopolysaccharide (LPS) upregulates the transcriptional 
and translational levels of Kv1.3 channels and proinflammatory 
cytokines, including interleukin-1β (IL-1β) and tumor necrosis 
factor-α (TNF-α), whereas Kv1.3 KO decreases these responses 
[28].

In this study, we examined the effects of PCB77 on human 

Kv1.3 and Kv1.5 currents expressed in Xenopus oocytes using 
two-microelectrode voltage clamping and the effects on the Kv1.3 
channel and cytokine production in LPS-treated macrophages. 
Collectively, these findings suggest that PCB77 inhibits macro-
phage activity by upregulating Kv1.3-mediated currents.

METHODS

Expression of Kv1.3 and Kv1.5 in oocytes

Complementary RNAs encoding human Kv1.3 (hKv 1.3; 
GenBank accession no. BC035059.1) and Kv1.5 (hKv 1.5, Gen-
Bank: BC099665.3) were synthesized via in vitro transcription 
using Message Machine T7 kits (Ambion). They were stored in 
nuclease-free water at −80°C. Stage V and VI oocytes were surgi-
cally harvested from female Xenopus laevis (Nasco or the Korean 
Xenopus Resource Center for Research), which were anesthetized 
on ice for 30 min at intervals of 10 min, and isolated from the 
theca and follicle layers using fine forceps [29]. After 2 days, the 
oocytes were injected with 20 nl of Kv1.3 or Kv1.5 cRNA (0.4 μg/
μl). All procedures complied with the Research Guidelines of the 
Kangwon National University IACUC. The injected oocytes were 
maintained at 17°C in modified Barth’s solution containing 88 
mM NaCl, 1 mM KCl, 0.4 mM CaCl2, 0.33 mM Ca(NO3)2, 1 mM 
MgSO4, 2.4 mM NaHCO3, 10 mM HEPES (pH 7.4), and 50 µg/ml 
gentamicin sulfate. The currents were measured 4–5 days follow-
ing cRNA injection.

Voltage clamp recording of the oocytes

Oocytes injected with Kv cRNA were perfused with ND96 so-
lution containing 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM 
MgCl2, and 10 mM HEPES (pH 7.4) at a constant flow rate in an 
experimental bath chamber. Solution exchange required approxi-
mately 3–4 min [29]. The currents were measured 8 and 15 min 
after solution exchange at room temperature (20°C–23°C) using a 
two-microelectrode voltage clamp system (Warner Instruments). 
The voltage- and current-passing electrodes were filled with 3 M 
KCl. The resistance values for the voltage- and current-passing 
electrodes were 2.0–4.0 and 2.0–2.5 MΩ, respectively. Stimulation 
and data acquisition were controlled using a Digital 1200 AD-
DA converter (Axon Instruments) with pCLAMP software (v5.1, 
Axon Instruments). Stock solutions of PCB77 (ChemSpider) were 
prepared in dimethyl sulfoxide (DMSO) and added to the ND96 
solution at final concentrations of 3 nM and 10 nM shortly before 
each experiment. The concentration of DMSO was within 0.1%. 
All reagents were purchased from Sigma.

Enzyme-linked immunosorbent assay (ELISA)

Mouse Raw264.7 cells were pretreated with PCB77 (vehicle) for 

Fig. 1. Structure of 3,3′,4,4′-tetrachlorobiphenyl (PCB 77).
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24 h and stimulated with 100 ng/ml of LPS (Sigma-Aldrich) for 12 
or 24 h, which is a concentration and time known to induce the 
release of inflammatory cytokines. Cell-free culture supernatants 
were collected at the indicated time points, and the TNF-α and 
IL-10 concentrations were measured using a development ELISA 
kit from PeproTech based on the manufacturer’s instructions 
[30,31]. The absorbance values of the samples were measured at 
405 nm using a microplate reader (Biotek Instruments Inc.) and 
converted to concentrations (pg/ml) based on the standard curves 
established using recombinant murine TNF-α and IL-10 (Pepro-
Tech).

Data analysis

pCLAMP 10.7 (Molecular Devices) software was used for all 
electrophysiological analyses. The activation current traces were 

fitted with a single exponential function to measure the dominant 
time constant. Steady-state activation curves were obtained by fit-
ting the data to the Boltzmann equation as follows:

y = 1/{1 + exp [−(V − V1/2)/k]},

where V is the test potential, V1/2 is the potential at half-maximal 
activation, and k is the slope factor. All electrophysiological data 
are expressed as the mean ± standard error of the mean (SEM), 
where n is the number of oocytes. Post-treatment current param-
eters were compared with corresponding baseline values using 
a paired sample Student’s t-test with Origin 8.0 (OriginLab Cor-
poration). The mean values of the data for the treatment group 
were compared using a one-way analysis of variance (ANOVA) 
followed by Tukey’s post-hoc test. Differences were considered 
significant at p < 0.05 (two-tailed).

Fig. 2. 3,3′,4,4′-tetrachlorobiphenyl 
(PCB77) enhanced human steady-
state Kv1.3 currents expressed in Xen-
opus oocytes. (A) Currents were evoked 
by 2-s voltage pulses from a holding 
potential of −60 to +50 mV with an in-
crement of 10 mV. (B) The current traces 
from a control oocyte and one treated 
with 10 nM PCB77 for 8 and 15 min. (C−F) 
Steady-state current–voltage (C, D) and 
peak current–voltage (E, F) relationships 
for human Kv1.3 currents in the pres-
ence of 0 (control), 3, and 10 nM PCB77 
for 8 min (C, E) or 15 min (D, F). Steady-
state currents were measured at the end 
of the 2-s pulse shown as dotted lines. 
Peak currents and steady-state currents 
were normalized to the corresponding 
values at +50 mV. Data are presented as 
the mean ± SEM (n = 4–11 oocytes per 
concentration group).

A

B

C D

E F
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ELISA results are expressed as the mean ± SD of at least three 
independent experiments. The mean values were compared using 
a one-way ANOVA followed by Tukey’s post-hoc tests for pair-
wise comparisons using GraphPad Prism 5 (GraphPad Software). 
Differences were considered significant at p < 0.05. Levels of sig-
nificance are indicated by *p < 0.05, **p < 0.01, ***p < 0.001, and 
ns (not significant, p > 0.05).

RESULTS

PCB77 enhanced steady-state current of human Kv1.3 
channel

The effects of PCB77 on hKv 1.3 channel currents were mea-
sured in Xenopus oocytes by two-electrode voltage clamping 
4–5 days after cRNA injection (Fig. 2A, B). The currents were 

measured at the peak, and steady-state currents were determined 
at the end of the depolarizing pulses. Steady-state currents were 
initially recorded in ND96 solution alone and then 8 (Fig. 2C) 
and 15 min (Fig. 2D) after perfusion with ND96 solution con-
taining 3 and 10 nM PCB77. The peak currents were initially 
recorded in ND96 solution alone and then 8 (Fig. 2E) and 15 min 
(Fig. 2F) after perfusion with ND96 solution containing the same 
concentrations of PCB77. PCB77 enhanced the steady-state cur-
rent compared with ND96 alone (Fig. 2B–D) (all p < 0.05, n = 4–11 
cells per concentration), with a peak effect at 10 nM PCB77 for 15 
min (30.6% ± 5.4%, n = 5 oocytes per concentration, p < 0.05, Fig. 
2D). However, PCB77 showed no significant effect on the peak 
currents of the Kv1.3 channel after 8 and 15 min of perfusion (Fig. 
2B, E, and F).

Fig. 3. 3,3′,4,4′-tetrachlorobiphenyl 
(PCB77) does not influence human 
Kv1.5 channel currents. (A) Currents 
were evoked in oocytes using the same 
voltage pulse protocol as in Fig. 2. (B) 
Current traces from a control oocyte and 
one treated with 10 nM PCB77 for 8 and 
15 min. (C−F) Steady-state current–volt-
age (C, D) and peak current–voltage (E, F) 
relationships for human Kv1.5 currents 
in the presence of 0 (control), 3, and 10 
nM PCB77 for 8 min (C, E) or 15 min (D, 
F). Steady-state currents were measured 
at the end of each 2-s depolarizing pulse 
shown as dotted lines. Peak and steady-
state current magnitudes were normal-
ized to the corresponding values at +50 
mV. Data are presented as the mean ± 
SEM (n = 5–11 oocytes per concentra-
tion group).

A

B
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PCB77 did not alter human Kv1.5 channel currents

The effects of PCB77 on human Kv1.5 channel currents were 
measured in Xenopus oocytes by two-electrode voltage clamping 
(Fig. 3A, B). The peak and steady-state currents were first record-
ed in ND96 solution alone and then 8 and 15 min after perfusion 
with ND96 solution containing 3 and 10 nM PCB77 (Fig. 3C–F). 
No tested concentration of PCB77 altered the steady-state or peak 
hKv 1.5 current after 8 or 15 min of perfusion (n = 5–11 oocytes 
per concentration, p > 0.05).

Comparison of the effects of PCB77 on the Kv1.3 and 
Kv1.5 currents

Next, we compared the effect of PCB77 on the Kv1.3 and Kv1.5 
currents (Fig. 4). Its effects on the steady-state current of Kv1.3 
and Kv1.5 were significantly different between the 8-min (Fig. 4A) 
and 15-min treatments (Fig. 4B); however, there was no difference 

in the effects on the peak current of Kv1.3 and Kv1.5 between the 
8-min (Fig. 4A) and 15-min treatments (Fig. 4B). However, there 
is no difference in the degree of effect of PCB77 on the steady-
state current of Kv1.3 and Kv1.5 at 8-min and 15-min treatment. 
Therefore, even though they are from the same shaker family, 
Kv1.3 and Kv1.5 exhibited contrasting results in response to 
PCB77.

PCB77-induced enhancement of steady-state Kv1.3 
current is time- and voltage-dependent

Next, the PCB77-induced increase in Kv1.3 current was com-
pared at different command potentials (–30 to +50 mV) and treat-
ment durations (8 and 15 min) to determine whether voltage and 
time dependence occurs (Fig. 5). For each depolarizing voltage 
step, the currents in the presence of 3 nM (Fig. 5B, C) or 10 nM 
PCB77 (Fig. 5D, E) for 8 and 15 min were normalized to the cur-
rents measured in the absence of PCB77. Treatment with 3 and 
10 nM PCB77 for 8 min did not increase the peak or steady-state 
current at a test voltage of −30 mV compared with ND96 alone 
at the same voltage (n = 6 or 7 oocytes per treatment, all p > 0.05, 
Fig. 5B, D), whereas treatment for 15 min at either concentration 
increased the steady-state current responses to more depolar-
ized potentials (−20 to +50 mV vs. −30 mV) (n = 4–7 oocytes per 
concentration, all p < 0.05, Fig. 5C, E). The normalized steady-
state current was significantly greater at each test voltage from 
−20 to +50 mV after PCB77 treatment for 15 min compared with 
untreated controls at the same test potentials (n = 4–7, p < 0.05, 
Fig. 5C, E) and at −10 mV following treatment with 10 nM PCB77 
for 8 min compared with untreated controls at −10 mV (n = 6, p < 
0.05, Fig. 5D). In contrast, the 8-min treatment had no significant 
effect on the peak or steady-state current at most test potentials. 
These results indicate that the potentiation of steady-state current 
by PCB77 is strongly voltage- (between −30 and −10 mV) and 
time-dependent.

PCB77 treatment slows both the Kv1.3 current 
activation and inactivation rates

To determine whether PCB77 influences the time course of 
the Kv1.3 channel current, the activation and inactivation phases 
were fitted with single exponential functions (Fig. 6). Exposure 
to PCB77 for 15 min increased the activation time constant (τ) 
at +50 mV from 6.44 ± 0.36 ms for ND96 alone to 9.26 ± 0.34 
ms in 3 nM and 12.38 ± 0.93 in 10 nM PCB77 (n = 6–11 oocytes 
per concentration, p < 0.05, Fig. 6A, C). Thus, submicromolar 
concentrations of PCB77 progressively slow the channel activa-
tion rate. Similarly, PCB77 exposure for 15 min increased the τ of 
inactivation at −60 mV from 591.13 ± 13.85 ms for ND96 alone to 
656.01 ± 8.87 ms in 3 nM and 673.05 ± 15.85 ms in 10 nM PCB77 
(n = 6–11, p < 0.05, Fig. 6B, D), indicating that PCB77 slows the 
inactivation velocity in a dose-dependent manner.

Fig. 4. Comparison of the effects of 3,3′,4,4′-tetrachlorobiphenyl 
(PCB77) on Kv1.3 and Kv1.5 currents. (A, B) Average changes in the 
magnitude of steady-state (Iss) and peak current (Ipeak) evoked at +50 
mV by 3 and 10 nM PCB77 treatment for 8 (A) or 15 min (B) relative to 
the corresponding controls. Asterisks indicate significant differences 
between the control in the absence of PCB77 and the indicated cur-
rents in the presence of PCB77. Daggers indicate significant differences 
between Kv1.3 and Kv1.5 currents in the presence of PCB77. Data are 
presented as the mean ± SEM (n = 4–11 oocytes per concentration 
treatment, *, †p < 0.05).

A

B
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PCB77 right-shifts the Kv1.3 current steady-state 
activation curve but does not influence the steady-
state inactivation curve

To determine whether PCB77 influences the activation kinetics 
of Kv1.3 channel currents, a two-pulse protocol was used to evoke 
the tail currents (Fig. 7). Steady-state activation curves were gen-
erated using normalized tail currents (Fig. 7B) and fitted to two 
different Boltzmann equations. Treatment with PCB77 for 15 min 
increased the half-activation potential (V1/2) from −1.74 ± 1.26 mV 
in ND96 alone (n = 7) to 3.64 ± 1.18 mV in 3 nM (n = 5) and 9.44 
± 2.44 mV in 10 nM PCB77 (n = 5). Furthermore, it increased the 
slope factor from 13.92 ± 0.67 mV in ND96 alone (n = 7) to 14.76 
± 0.51 mV in 3 nM (n = 5) and 16.34 ± 1.09 mV in 10 nM PCB77 (n 
= 5) (Fig. 7C). Therefore, PCB77 significantly shifted the steady-

state activation curves of Kv1.3 toward greater depolarization (p < 
0.05); however, PCB77 did not affect the steady-state inactivation 
kinetics at either 3 or 10 nM, as indicated by insignificant differ-
ences in V1/2 and k values (n = 5 oocytes per concentration, Fig. 8, 
p > 0.05).

PCB77-induced increase in Kv1.3 current is irreversible

Next, we examined the reversibility of PCB77-mediated steady-
state Kv1.3 current enhancement following washout. Although 
the increase in steady-state current induced by 10 nM PCB77 
exhibited a relatively rapid onset, the effect lasted for ≥ 40 min 
following washout (n = 3 cells, Fig. 9). In addition, the normalized 
steady-state current magnitude was still markedly higher after 
washout compared with that of the normalized steady-state cur-

Fig. 5. Time and voltage-dependence 
of steady-state Kv1.3 current modula-
tion by 3,3′,4,4′-tetrachlorobiphenyl 
(PCB77). (A) Current traces elicited by 
2-s depolarizations of −20, +10, and +50 
mV from a holding potential of −60 mV 
before (control) and after exposure to 3 
and 10 nM PCB77. (B–E) PCB19-induced 
changes in peak and steady-state Kv1.3 
currents at different command poten-
tials. For each depolarizing voltage step, 
the current in the presence of 3 (B, C) or 
10 nM PCB77 (D, E) at 8 and 15 min were 
normalized to the currents obtained in 
the absence of PCB77. Asterisks indicate 
significant differences between the peak 
and steady-state currents at each com-
mand potential in the presence of PCB77 
vs. controls. Daggers indicate significant 
differences compared with the response 
at −30 mV. Data presented as mean ± 
SEM (n = 4–7 oocytes per concentration, 
*, †p < 0.05).

B C

D E

A
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rents recorded for the same duration in the absence of PCB77 (Fig. 
9). These results suggest that PCB77 enhances steady-state human 
Kv1.3 currents through an intracellular signaling mechanism, 
possibly involving long-lasting post-translational modifications.

Activation of the Kv1.3 current by PCB77 negatively 
regulates LPS-induced inflammatory responses in 
mouse macrophages

The Kv1.3 channel is activated by an increase in intracellular 
Ca2+ concentration, which is the same signal responsible for T-cell 
activation [20]. In addition, several studies have concluded that 
the Kv1.3 channel is a potential therapeutic target for various au-
toimmune diseases and cancers [32,33]. Thus, the Kv1.3 current 
may modulate T-cell immune function; however, the function 
of the Kv1.3 channel in macrophages and monocytes is not fully 
understood. Therefore, we examined whether the Kv1.3 chan-
nel modulates the immune response in Raw264.7 cells, a mouse 
monocyte/macrophage cell line. Treatment with PCB77 increased 
the production of the proinflammatory cytokine TNF-α (Fig. 
10A, left), whereas anti-inflammatory cytokine IL-10 production 
was reduced in a dose-dependent manner (Fig. 10A, right). LPS is 
a major component of the gram-negative bacterial cell wall and 
can induce acute and severe inflammatory responses by enhanc-

ing the secretion of multiple inflammatory cytokines from vari-
ous cell types. Because LPS is widely used as a potent activator of 
immune cells, such as monocytes and macrophages, Raw264.7 
cells were stimulated with LPS in the presence of PCB77 to mimic 
gram-negative bacteria infection under continuous exposure to 
PCB77. In contrast to treatment with PCB77 alone, PCB77 sup-
pressed the production of TNF-α and IL-10 in Raw264.7 cells 
following LPS exposure (Fig. 10B). These data suggest that the 
activation of Kv1.3 by PCB77 treatment dysregulates the normal 
LPS-induced inflammatory response in mouse macrophages.

DISCUSSION
The PCB77 congener examined in the present study reduces 

thyroid function, induces uterine and breast tumors, and inhibits 
humoral and cellular immunity, in part, through AhR activation 
[6,8-10]. Exposure to PCBs in utero causes cardiac enlargement, 
ventricular hypertrophy, and disruption of the transcriptional 
programs required for normal cardiac development [34]. We 

Fig. 6. Slowing of Kv1.3 current kinetics by 3,3′,4,4′-tetrachlorobi-
phenyl (PCB77). The time constants of current activation and inacti-
vation were estimated by fitting each exponential function to traces 
evoked by a single +50 mV pulse for a 2-s duration from a holding po-
tential of −60 mV. (A) Representative normalized current traces of the 
activation phase in the absence of PCB77 (dark) and the presence of 3 
and 10 nM PCB77 for 15 min (colored). Each current trace was normal-
ized to its peak value. (B) Representative normalized current traces for 
the inactivation phase in the absence of PCB77 and in the presence of 
3 and 10 nM PCB77 for 15 min. (C, D) Summary of the activation time 
constants (C) and inactivation time constants (D). Data are presented as 
the mean ± SEM (n = 6–11 oocytes per concentration, *p < 0.05).

A B

C D

Fig. 7. 3,3′,4,4′-tetrachlorobiphenyl (PCB77) shifts the steady-state 
Kv1.3 current activation curve to more depolarized potentials. (A, B) 
Representative steady-state activation tail currents recorded at −50 mV 
after 100 ms of depolarizing pulses from −70 to +60 mV in the absence 
and presence of 3 and 10 nM PCB77. (C) Steady-state activation curves 
were obtained by normalizing each tail current to the traces evoked 
at +60 mV and by fitting the data to the Boltzmann equation. Data are 
presented as the mean ± SEM (n = 5–7 oocytes per treatment).

A

B

C 
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demonstrated that PCB77 did not modulate the hKv 1.5 channel 
current, which is important for cardiac action potential repo-
larization (Fig. 3); however, it enhanced the steady-state hKv 1.3 
current playing an important role in various immune cells at 
submicromolar concentrations (as low as 3–10 nM) and expo-
sure durations as short as 8–15 min (Fig. 2). These effects were 
markedly dependent upon membrane voltage and exposure time 
(Fig. 5). Thus, exposure to trace PCB77 may disrupt normal im-
mune function with complex dependence on exposure level and 
duration. Consistently, low doses of PCB77 attenuated cytokine 
signaling in quiescent and LPS-activated macrophages in vitro 
(Fig. 10). This suggests that these effects on human immune cells 
contribute to the known immunotoxicity of this compound.

In this study, PCB77, a DL-PCB with AhR affinity, acutely 
increased the steady-state currents of the Kv1.3 channel in a 
concentration-dependent manner within 8 min (Figs. 2 and 4). 
This acute and dose-dependent effect of PCB77 on hKv1.3 chan-

Fig. 8. 3,3′,4,4′-tetrachlorobiphenyl (PCB77) does not affect steady-
state Kv1.3 current inactivation. (A) Typical tail currents elicited by 
depolarizing pulses from 30 s preconditioning potentials of −80–0 to 
+40 mV. (B) Superimposed steady-state inactivation currents in the 
presence of 0 (control), 3, and 10 nM PCB77. (C) Steady-state inac-
tivation current amplitudes were normalized to those evoked from 
a preconditioning potential of −60 mV. The data were fitted to the 
Boltzmann equation to generate the steady-state inactivation curves 
for each condition. Data are presented as the mean ± SEM (n = 5 oo-
cytes per concentration).

A

B

C

Fig. 9. Potentiating effects of 3,3′,4,4′-tetrachlorobiphenyl (PCB77) 
on Kv1.3 current are irreversible. Currents were evoked by a 200 ms 
depolarizing pulse to +60 mV from a holding potential of −60 mV at 10 
s intervals before exposure to PCB77 (baseline), during the application 
of 10 nM PCB77, and washout. Steady-state currents were normalized 
to the baseline values. Normalized currents during PCB77 washout 
were compared with currents evoked in untreated oocytes after the 
same recording duration (n = 3 oocytes per treatment).

Fig. 10. 3,3′,4,4′-tetrachlorobiphenyl (PCB77) inhibits lipopolysac-
charide-induced production of tumor necrosis factor-αα (TNF-αα) 
and interleukin-10 (IL-10) in mouse macrophages. (A) Raw264.7 
cells were treated with PCB77 (10 μM) for 12 or 24 h. The release rates 
of TNF-α and IL-10 into the culture supernatant were measured using 
an enzyme-linked immunosorbent assay (ELISA). (B) Raw264.7 cells 
were pretreated with PCB77 for 24 h and then stimulated with lipopoly-
saccharide (LPS) for 12 or 24 h. The release rates of TNF-α and IL-10 into 
the culture supernatant were measured using an ELISA. All experiments 
were performed in triplicate and compared with a one-way analysis of 
variance followed by Tukey’s post-hoc test for multiple comparisons; 
**p < 0.01; ***p < 0.001, and not significant (ns) (p > 0.05).

A

B
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nel currents can exclude the possibility of both genomic regula-
tions that requires more than several hours and nonspecific 
effects without concentration-dependency. The PCB77-induced 
enhancement of the Kv1.3 peak current was voltage-dependent 
(Fig. 5). PCB77 increased the steady-state current of the Kv1.3 
channel to a greater extent compared with the peak current at 
the same test voltage (Fig. 5), indicating that PCB77 affected the 
Kv1.3 channel in an open, rather than closed state. Furthermore, 
the velocity of ultra-rapid activation was inhibited (Fig. 6), and 
the activation curves were right-shifted following PCB77 treat-
ment (Fig. 7). These results indicate that PCB77 primarily alters 
channel opening. The results shown in Fig. 9 show the lack of re-
versibility in the enhancement of the steady-state current despite 
washing for > 40 min. This indicates that the lipophilic properties 
of PCB77 enable the drug to cross the plasma membrane and 
activate the Kv1.3 channel directly or indirectly through intracel-
lular signals. Otherwise, PCB77 may induce long-lasting post-
translational modifications, such as phosphorylation.

In contrast to DL-PCB PCB77, non-DL-PCB PCB19 irreversibly 
inhibited the Kv1.3 peak current, but did not affect the steady-
state current [35]. Furthermore, PCB19 showed contrasting ef-
fects on the Kv1.3 or Kv1.5 channels, which were similar to those 
of PCB77 (Figs. 2–4). Considering that the distinct responses of 
the two channels to PCB77 may be the result of differences in 
their biophysical properties or blocker sensitivity, despite both 
channels belonging to the Kv1 Shaker family [15], we found that 
PCB77 acts as a selective activator of the Kv1.3 channel. We previ-
ously reported that another non-ortho DL-PCB, PCB126, also 
right-shifted the Kv1.3 activation curve; however, it did not affect 
the peak and steady-state current amplitudes of either the Kv1.3 
or Kv1.5 channels [36]. These distinct profiles further underscore 
the functional heterogeneity of PCBs. Both PCB77 and PCB126 
exhibit high affinity for AhR [37,38], suggesting that the observed 
effects on the Kv1.3 channel in the present study are independent 
of AhR binding.

PCB77 concentrations in the lower parts per million (ppm) 
range were detected in the blubber of five harbor seals and one 
harbor porpoise caught in the North Sea [39]. Serum concentra-
tions of 331 ng/g and lipid concentrations of 2,600 ng/g have also 
been measured in American females [40], which are comparable 
to 1.1–8.9 μM PCB77. This is markedly higher than the mini-
mum effective dose of PCB77 in the present study using Xenopus 
oocytes and the range for attenuating steady-state Kv1.3 current 
enhancement. Furthermore, approximately 10-fold higher con-
centrations of a particular receptor/channel regulator may be re-
quired to elicit the same response in Xenopus oocytes compared 
with cells exhibiting endogenous expression [29,41]. In this study, 
PCB77 showed the strongest effect on the steady-state Kv1.3 cur-
rent amplitude and kinetics at 3 and 10 nM (Figs. 4 and 6), fur-
ther underscoring the potential effect of PCB77 on Kv1.3 channel 
activity and its associated adverse effects.

Several studies have shown that Kv1.3 channels can not only 

control the proliferation, migration, and activation of T cells, 
microglia, and vascular smooth muscle cells, but also enhance or 
attenuate inflammatory responses depending on the immune cell 
type [22,28,42]. The Kv1.3 channel regulates membrane potential 
and calcium signals in T cells [43], neurons, and microglia [21]. 
An increase in the activity of the Kv1.3 channel can enhance T-
cell reactivity and cause inflammatory tissue destruction [21], 
whereas increased Kv1.3 activity in B cells, macrophages, and 
microglia may result in the development of autoimmune diseases 
[21]. Kan et al. [44] demonstrated that Kv1.3 channels contrib-
ute to macrophage migration in atherosclerosis by upregulating 
extracellular signal-regulated kinase (ERK) activity. Zhu et al. 
[27] demonstrated that blocking the Kv1.3 channel with Sticho-
dactyla helianthus neurotoxin enhanced the phagocytic capacity 
of macrophages. The Kv1.3 channel blocks membrane depolar-
ization and modulates Ca2+ activation signaling by effluxing K+, 
leading to T-cell proliferation and cytokine production [45,46]. 
PCB77 also increased the production of the proinflammatory 
cytokine TNF-α in quiescent macrophages in a dose-dependent 
manner and decreased the production of the anti-inflammatory 
cytokine IL-10 (Fig. 10). These results are consistent with those 
of previous studies, in which Kv1.3 knockout microglia reduces 
the secretion of proinflammatory cytokines, such as TNF and 
IL-1β, in LPS-stimulated cells [28]. However, pretreatment with 
PCB77 suppressed the production of both cytokines in LPS-
stimulated mouse macrophages (Fig. 10). These results suggest 
that PCB77-induced activation of Kv1.3 promotes inflammation 
and attenuates the secretion of inflammatory mediators during 
some pathogenic bacterial infections or severe inflammation. 
Thus, endocrine disruptors, such as PCB77, persistently interfere 
with the activity of the immune system, preventing the immune 
response from becoming activated following exposure to gram-
negative bacteria, such as Escherichia coli and Salmonella. In 
addition, these results suggest that PCB77-induced enhancement 
of Kv1.3 inhibits cytokine production in activated macrophages, 
which is consistent with several previous studies [47,48]. Col-
lectively, although PCB77 activates the Kv1.3 channel, our results 
indicate that PCB77 regulates the production of inflammatory 
cytokines through K+ channel modulation of cytokine produc-
tion in macrophages during infection by various pathogens or 
severe inflammation. Additional experiments involving Kv chan-
nel modulation by PCB77 or using cell models with altered Kv 
expression could help elucidate the relationship between PCB77 
and Kv1.3 channel.

In conclusion, PCB77 rapidly increased the steady-state hu-
man Kv1.3 channel current at relatively low concentrations. We 
hypothesize that the increase in Kv1.3 current by PCB77 is medi-
ated by an indirect mechanism, such as protein kinase signaling. 
In addition, our results suggest that the increase in Kv1.3 channel 
current by PCB77 exposure could cause an immune disturbance 
by dysregulating TNF-α and IL-10. Therefore, the persistent 
organic pollutant PCB77 may disturb multiple human physi-
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ological functions, including the immune system, during acute 
and chronic exposure conditions. Further experiments including 
the direct measurement of membrane potential and intracellular 
Ca2+ concentration by PCB77 in immune cell will be necessary to 
reveal that possibility.
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