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Abstract
Men have shorter rate-corrected QT intervals (QTc) than women, especially at the period of adolescence or later. The aim of 
this study was to elucidate the long-term effects of testosterone on cardiac excitability parameters including electrocardiogram 
(ECG) and potassium channel current. Testosterone shortened QT intervals in ECG in castrated male rats, not immediately 
after, but on day 2 or later. Expression of Kv7.1 (KCNQ1) mRNA was significantly upregulated by testosterone in cardio-
myocytes of male and female rats. Short-term application of testosterone was without effect on delayed rectifier potassium 
channel current (IKs), whereas IKs was significantly increased in cardiomyocytes treated with dihydrotestosterone for 24 h, 
which was mimicked by isoproterenol (24 h). Gene-selective inhibitors of a transcription factor SP1, mithramycin, abolished 
the effects of testosterone on Kv7.1. Testosterone increases Kv7.1-IKs possibly through a pathway related to a transcription 
factor SP1, suggesting a genomic effect of testosterone as an active factor for cardiac excitability.
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Abbreviations
DHT  Dihydrotestosterone
TdP  Torsades de pointes
QTc  Corrected QT intervals
JTc  Correlated JT interval
Kv  Voltage-gated potassium channel
Kir  Inwardly rectifying potassium channel
KCNQ1  Potassium voltage-gated channel subfamily Q 

member 1
IK1  Anomalous inwardly rectifying potassium 

current
Ito  Transient outward potassium currents
IKr  Rapidly activating delayed rectifier potassium 

currents

IKs  Slowly activating delayed rectifier potassium 
current

ISO  Isoproterenol
CREB  cAMP response element binding protein
Sp1  Specificity protein 1

Introduction

Clinical studies have identified striking differences between 
men and women in the incidence of many different cardio-
vascular diseases including arrhythmias. Torsades de pointes 
(TdP) arrhythmia is a potentially fatal form of polymorphic 
ventricular tachycardia that typically occurs in a setting of 
prolonged QT interval duration measured from electro-
cardiogram (ECG) recordings [1–4]. Female gender is an 
independent risk factor for developing drug-related TdP 
[5]. Evidence from clinical studies suggest that the gender-
dependent differences in rate-corrected QT intervals (QTc) 
may be primarily due to the impact of male sex steroid hor-
mones [6–8] because QTc intervals of prepubertal boys and 
girls are similar to those found in adult women, whereas 
postpubertal males generally have shorter QTc intervals. A 
clinical study demonstrated that the correlated JT interval 
(JTc) in the castrated male group were significantly longer 
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than those in the normal male group and were similar to 
those found in the normal female group [9]; JT interval is 
defined as QT—QRS duration. Also, exogenous testosterone 
has been shown to affect JTc intervals. Testosterone replace-
ment therapy in the castrated male group produced shorten-
ing of JTc similar to that observed in normal males. These 
previous findings suggest that male sex steroid hormones 
can influence cardiac ventricular repolarization, and may 
be responsible for the shorter QT intervals observed in adult 
men compared to those found in adult women.

The QT interval in ECG includes the duration of ventric-
ular depolarization and repolarization, and corresponds to 
the action potential duration in ventricular cardiomyocytes 
[5, 8]. Repolarization in mammalian ventricular muscle 
is controlled by a fine balance of several inward and out-
ward transmembrane ionic currents and electrogenic pump 
mechanisms. Among them, voltage-gated potassium  (K+) 
(Kv) channel currents largely influence the amplitudes and 
durations of cardiac action potentials [6] and, in most cells, 
two classes of Kv currents have been distinguished: transient 
outward  K+ currents (Ito) and delayed rectifier  K+ currents 
(IKr, IKs); the rapidly (IKr) and slowly (IKs) activating delayed 
rectifier potassium channels. In addition to Kv currents, the 
inwardly rectifying  K+ (Kir) current (IK1) plays a pivotal 
role in myocardial action potential repolarization. In this 
context, we hypothesized that testosterone could produce 
these effects on ECG via modifying the  K+ currents. In the 
present study, we investigate the effects of testosterone on 
ECG parameters and expression of  K+ channels. In addition, 
current densities of IKs are evaluated in ventricular cardio-
myocytes isolated from neonatal rats by short-term (5 min) 
and long-term (24 h) application of testosterone.

Methods

Animals

Adult female and male Wistar rats (250–300 g) were housed 
for a week at the study site utilizing a 12-h light/dark cycle 
with a testosterone-free diet and water provided ad libitum. 
All rats were purchased from Kyudo Co., Ltd. (Fukuoka, 
Japan). Animal care and use were approved by an institu-
tional committee. The animals were maintained according 
to National Institute of Health and international guidelines 
(NIH publication No. 85-23, revised 1996).

Surgeries

Briefly, animals were anesthetized with pentobarbital 
sodium (40–50 mg/kg, i.p.) before implanting a telemetric 
ECG radio transmitter, 25 × 15 × 9 mm in size and 7 g 
in weight (TA11CTA-F40, Data Sciences International, St. 

Paul, MN), into the subcutaneous pouch on the ventral side 
of the animal. The paired wire electrodes for the pericardial 
bipolar leads (apex-base leads) were placed under the skin of 
the dorsal and ventral thorax. ECG data were set to perform 
at a sample rate of 5 kHz for 5 min every 30 min. In castra-
tion surgery, a midline ventral skin incision is made in the 
scrotum. The testis, vas deferens, fatty tissue and attached 
epidermis were gently pulled out from the incision. The 
blood vessels supplying the testis were ligated and the tes-
tis was removed. Then the procedure was repeated on the 
opposite side.

Preparation of neonatal rat cardiomyocytes and cell 
culture

Neonatal cardiomyocytes were prepared from 1- to 3-day-
old Wistar rats using established techniques as described 
previously [10, 11], with some modification. Briefly, hearts 
were removed from neonatal rats and the ventricles were 
minced into 1-mm3 pieces in ADS buffer (mM) (116 NaCl, 
20 HEPES, 12.5  NaH2PO4, 5.4 glucose, 5.4 KCl, 0.83 
 MgSO4; pH 7.35 by NaOH) and digested 2–3 times with 
0.05% collagenase type II (Worthington Biochemical Cor-
poration, Lakewood, NJ, USA) in ADS buffer at 37 °C for 
10 min. The dispersed cells from each digestion were com-
bined and purified by centrifugation (1500 rpm, 3 min). The 
cells were cultured in Dulbecco’s modified Eagle’s medium 
D6046 (DMEM, Sigma-Aldrich) containing 10% fetal 
bovine serum (FBS). The cells were pre-plated at 37 °C in 
a 95%  O2 incubator for 1 h to remove cardiac fibroblasts as 
much as possible. The cardiomyocytes were maintained at 
37 °C under 5%  CO2 in DMEM for 24 h, with or without 
dihydrotestosterone (DHT), supplemented with 5% fetal 
bovine serum. In some experiments, isoproterenol (ISO), 
a PKA inhibitor H89 or an Sp1 inhibitor mithramycin (see 
below) were included in the culture medium.

Electrophysiology

Whole-cell voltage-clamp experiments were performed as 
described previously [10], with some modification. Mac-
roscopic IKs was recorded in the conventional whole-cell 
patch-clamp technique using an EPC-9 amplifier (HEKA 
Elektronik, Lambrecht, Germany). IKs was recorded from 
the holding potential (VHP) of − 60 mV followed by vari-
ous test potentials. IKs was assessed at the terminal phase of 
test pulses to minimize the interference of other  K+ chan-
nel currents. The external solution for measuring whole-cell 
IKs contained (in mM) 2  MgCl2, 20 HEPES, 11.1 glucose, 
140 N-methyl-d-glucamine (pH was adjusted to 7.35 with 
HCl). The patch pipette solution was filled with a solution 
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of the following composition (in mM) 140 KCl, 1  MgCl2, 
5 MgATP, 10 HEPES, 3  CaCl2 and 10 EGTA (pH was 
adjusted to 7.2 with KOH).

Quantitative RT‑PCR

The total RNA was extracted from the cardiomyocytes using 
TRIzol reagent (Life Technologies Inc., Gaithersburg, MD). 
The cDNA was synthesized from 1 µg of total RNA using 
a Transcriptor First Strand cDNA Synthesis Kit (Roche 
Molecular System Inc., Almeda, CA). The real-time PCR 
was performed using 2 µl cDNA template from each RT 
reaction in a 20-µl PCR mix on a Light Cycler 2.0 (Roche) 
and Light Cycler 96 (Roche), using SYBR green (Roche) 
as a detection reagent. Primer pairs are indicated in Sup-
plemental Table 1; Kv7.1, minK, Kv11.1, MiRP1, Kv4.2, 
Kv4.3, KChIP2, Kir2.1, CREB and SP1 were with prim-
ers in Table 1A and  LightCycler® Capillaries (Roche) in 
most studies except data in Fig. 5, whereas Kv7.1, CREB 
and SP1 were with primers in Supplemental Table 1B and 
 LightCycler® 480 Multiwell Plate 96 (Roche) in the study 
in Fig. 5. The size of the PCR products was confirmed using 
a 2% agarose ethidium bromide-stained gel under UV irra-
diation. Samples were normalized against the housekeeping 
gene, β-actin, and results were reported for each sample rela-
tive to the control. To knock down gene expression, we used 
siRNA and infected rat neonatal cardiomyocytes according 
to the manufacturer’s instructions. mRNA abundance was 
assayed using qRT-PCR.

Western blot

Isolated rat hearts were homogenized on ice with lysis buffer 
[Tris–HCl (pH 7.4) 10 mM, NaCl 150 mM, TritonX-100 
1.0%, sodium deoxycholate 0.5%, SDS 0.1%, 2-mercap-
toethanol 0.0007%]. The homogenate was centrifuged at 
13,000 rpm at 4 °C for 4 min. The supernatant was collected 
and protein was diluted in Laemmli buffer with subsequent 
incubation at 97 °C for 3 min. For each sample, 20 μg of 
protein extracts were subjected to 10% SDS-PAGE. After 
electrophoresis, the proteins were transferred to a nitrocel-
lulose membrane (BIO-RAD). After blocking with 5% milk 
in Tris-buffered NaCl with 0.1% Tween 20, the membrane 
was incubated with rabbit anti-KvLQT1 primary antibody 
(1:2000, Alomone), anti-Kv4.2 primary antibody (1:200, 
Alomone), anti-Kir2.1 primary antibody (1:200, Alo-
mone), and anti-GAPDH primary antibody (1:1000, Santa 
Cruz Biotechnology, Texas, USA) in 5% skim milk at 4 °C 
overnight. This was followed by 1-h incubation with sheep 
anti-rabbit IgG secondary antibody conjugated with HRP 
(1:2000, American Qualex Antibodies, California, USA) at 
4 °C. The signal was visualized using an ECL Plus detection 

system (GE Healthcare, Buckinghamshire, UK). The inten-
sity of the background and each band were determined using 
GelDoc XR Plus with Image Lab Software (BIO-RAD).

Drugs

Testosterone was diluted in 2-hydroxypropyl-β-cyclodextrin 
as previously described [12], and intermittently injected into 
the peritoneal cavity. For continuous dosing, testosterone was 
dissolved in ethanol at a concentration of 8.4 mg/ml and 2 
ml was loaded into an osmotic pump, according to specifica-
tions (ALZET). Testosterone propionate supplementation was 
accomplished by intraperitoneal injection at a dose of 2.5 mg/
kg as previously described [13]. Ethyloleate was used as a 
vehicle for testosterone propionate treatment. For the cultured 
cells, dihydrotestosterone (DHT) was prepared as a 100-mM 
stock solution in ethanol, dissolved in ultrapure water, and 
dissolved in bath solution to achieve a final concentration 
described in the following. The final concentration of etha-
nol was under 0.01%. A specific Sp1 inhibitor, mithramycin, 
1-mM stock solution, was prepared with methanol and diluted 
with MilliQ water to make a 10-μM stock solution, diluted to 
the desired concentration using D6046 medium just before use. 
To knock down gene expression, we used siRNA (CREB-1 
siren (r): sc-72030, Control siRNA-B: sc-44230), OPTI-
MEM® I and  Lipofectamine® RNAiMAX to infect rat neonatal 
cardiomyocytes. All the chemicals were purchased from Wako 
Pure Chemicals and Industries Ltd., (Tokyo, Japan), Gibco by 
Life Technologies (Waltham, Massachusetts, USA), SANTA 
CRUZ BIOTECHNOLOGY (Dallas, Texas, USA) or Sigma 
Chemical Co. (St. Louis, MO., USA).

Statistical analysis

Data were acquired using computer software (Pulse/PulseFit, 
V.8.11, HEKA Elektronik), and all curve fittings and figures 
were made on Sigma Plot (version 10; SPSS, Inc., Chicago, 
IL, USA). All results are presented as mean ± SEM, with the 
number of observations indicated by (n). Values were ana-
lyzed by Student’s t-test or ANOVA, with post hoc analyses 
(Tukey–Kramer or Dunnett), where appropriate. Non-nor-
mal data were analyzed by Man-Whitney rank-sum test or 
Steel–Dwass test (BellCurve Ver.2.00, Social Survey Research 
Information Co., Japan). Differences were considered signifi-
cant at p < 0.05.

Additional information

See Methods in the online-only Data Supplement for a detailed 
description of quantitative RT-PCR DNA microarray, and real-
time PCR.
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Results

Effect of testosterone on ECG

ECG recordings from the castrated rats before and after 
application of testosterone were performed for up to 14 days. 
After the subcutaneous injection of testosterone (1000 µg/
kg/day), the mean QT intervals were significantly shortened, 
not immediately after, but day 2 or later after the treatment 
(Fig. 1b). No significant changes of RR intervals, PR time, 
or QRS time were recorded up to the observation period of 
7 days. The representative ECG recordings show that QT 
interval was shortened, whereas p wave and QRS complex 
were unchanged (Fig. 1a, inset).

Changes in  K+ channel expression by castration 
and testosterone supplements

In order to clarify the effect of castration and the long-term 
effect of testosterone on QT interval shortening, we per-
formed real-time RT-PCR analyses to examine ion channel 
expression focusing on  K+ channels and related proteins 
in cardiomyocytes (Fig. 2). Kv7.1, also known as KCNQ1 
(KvLQT1), was significantly downregulated by 39% by 

castration in ventricular myocytes. Importantly, Kv7.1-
mRNA expression was significantly upregulated by testos-
terone supplementation. However, other  K+ channels and 
their related subunits including Kv4.2 (Ito) and Kir2.1 (IK1) 
were unchanged by testosterone. Testosterone increased 
Kv7.1 also in the female hearts (Supplemental Figures 1, 2). 
Upregulation of Kv7.1-channel expression was confirmed by 
the measurement of protein levels (Fig. 3). Consistent with 
mRNA expression in Fig. 2, Kv4.2 and Kir2.1 proteins were 
unchanged by testosterone treatment for 2 weeks.

Long‑term testosterone treatment increases IKs 
density in cardiomyocytes

Various pathophysiological conditions of the heart modify 
expression of ion channels in cardiac and vascular myocytes. 
We decided to evaluate the short-term and long-term effects 
of dihydrotestosterone (DHT), an active metabolite of tes-
tosterone, on IKs in cardiomyocytes, in vitro. To observe the 
effect, we used an IKr inhibitor (E-4031) and an Ito inhibitor 
(4-aminopyridine, 4-AP) in the bath solution to minimize 
the interference of IKr and Ito on the measurement of IKs. 
Amplitudes of IKs assessed at the end of test pulses were not 
altered during the acute application of 3 nM DHT (Fig. 4a, 
c), indicating no direct acute action of DHT on IKs in 

Fig. 1  Effects of testosterone supplementation on ECG and ECG 
parameters in castrated male rats. a Representative time series 
changes in RR intervals and QT intervals by intraperitoneally admin-
istered testosterone (1000  µg/kg/day), and ECG records at the time 

indicated (a–c). A sample of ECG on day 0 and day 13 are shown 
in inset. b ECG parameters of RR interval (ms), PR time (ms), QRS 
time (ms) and QT interval (ms) on day 0 (control), day 1 and day 7. 
Data are presented as the mean value ± SEM. *p < 0.05 vs day 0
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Fig. 2  Reduction of Kv7.1 by castration and its upregulation by tes-
tosterone. Changes in K channel and K channel-related genes were 
assessed by qRT-PCR in ventricular cardiomyocytes from castrated 
male rats: IKs (Kv7.1, minK), IKr (Kv11.1, MiRP1), Ito (Kv4.2, Kv4.3, 

KChIP2) and IK1 (Kir2.1). Testosterone was intraperitoneally admin-
istered (1000 µg/kg) once a day for 2 weeks from day 7 after castra-
tion. Data are presented as the mean value ± SEM (n = 6). *< 0.05 
vs castration

Fig. 3  Changes in K channel 
expression (protein) by testos-
terone. Expression of Kv7.1 
(a), Kv4.2 (b), and Kir2.1 (c) as 
assessed by western blot analy-
sis. Testosterone was intraperi-
toneally administered (1000 µg/
kg) once a day for 2 weeks from 
day 7 after castration. Data 
were expressed as mean ± SEM 
(n = 4). *p < 0.05 vs control 
(castration)

Fig. 4  Short-term (5 min) 
and long-term (24 h) effect of 
dihydrotestosterone (DHT) on 
IKs. Representative IKs traces 
before (control) and 5 min after 
DHT (3 nM) treatment (a). 
IKs was activated by depolar-
izing voltage steps indicated 
in inset. E-4031 (5 µM) and 
4AP (4 mM) were given to 
the bath solution to minimize 
the interference of IKr and Ito, 
respectively. Representative 
IKs traces from ventricular car-
diomyocytes cultured for 24 h 
without DHT (vehicle) and with 
3 nM DHT (b). Group data of 
current (I)–voltage (V) relation-
ship of IKs for the short-term 
effect (c) and long-term effect 
of DHT (d). Data are presented 
as the mean value ± SEM 
(n = 6). *p < 0.01, **p < 0.05, 
p = 0.052 vs vehicle
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cardiomyocytes. Thereafter, the chronic or long-term effect 
of DHT on IKs was investigated. To examine the chronic 
effect of DHT on cardiac IKs, cultured neonatal rat ventricu-
lar cardiomyocytes were treated with 3 nM DHT for 24 h. 
A long-term application of DHT significantly increased IKs 
by 63 ± 5%, assessed at the potential of 60 mV. Importantly, 
current–voltage relationships for IKs were unchanged by the 
long-term treatment of DHT, which indicates that DHT does 
not affect the kinetics of IKs after long-term application.

Mechanism and transcriptional upregulation 
of Kv7.1

A comparison of the effect of DHT and an adrenergic 
receptor agonist isoproterenol (ISO) on the expression of 
Kv7.1 was performed as shown in Fig. 5 (also in Supple-
mental Figure 5). Both ISO and DHT upregulated Kv7.1 in 

cardiomyocytes when applied for 24 h. Although an inhibi-
tor of a protein kinase A (H89) significantly reduced the 
effect of ISO on Kv7.1, upregulation of Kv7.1 by DHT was 
unaffected by H89 (Fig. 5a). The cAMP response element 
(CRE) binding protein (CREB) is a nuclear transcription fac-
tor known to play important physiological and pathophysi-
ological roles in a wide range of organs including the heart 
[14]. As expected, ISO highly increased the expression of 
CREB mRNA, whereas DHT did not modify the expression. 
In silico prediction of transcription factor-binding sites of 
Kv7.1 suggests a possible interaction between a transcription 
factor SP1 and this ion channel (Supplemental Figure 3). 
As shown in Fig. 6c, however, expression of SP1 mRNA 
was upregulated by ISO but not by DHT. A gene-selective 
inhibitor of a transcription factor SP1, mithramycin, abol-
ished the effect of dihydrotestosterone on Kv7.1. Further 
experiments indicate that silencing CREB through targeting 

Fig. 5  Modulation of the expression of Kv7.1, CREB and Sp1 by 
dihydrotestosterone (DHT) or isoproterenol (ISO). Cardiomyocytes 
were incubated with DHT (3  nM) or ISO (0.1  µM) for 24  h in the 
presence or absence of a PKA inhibitor H89 (1  µM) to assess the 

expression of Kv7.1 (a), CREB (b), and Sp1 (c). Modulation of 
Kv7.1 expression by DHT (3  nM) was assessed with or without an 
Sp1 specific inhibitor mithramycin (50 nM) (d). Data are expressed 
as the mean ± SEM. *p < 0.05 vs. control, #p < 0.05 vs ISO

Fig. 6  CREB-dependent and independent upregulation of Kv7.1 by 
DHT and isoproterenol (ISO). Expression of Kv7.1 mRNA in car-
diomyocytes was assessed after silencing CREB; CREB siRNA and 
scrambled siRNA (Nega siRNA) were used. Ventricular cardiomyo-

cytes were cultured with 3 nM DHT (a) or 0.1 µM ISO (b) for 24 h 
with or without CREB siRNA. Data are expressed as mean ± SEM 
(n = 5 or 6). *p < 0.05 vs Nega siRNA (DHP, ISO)
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small interfering RNA (siRNA) inhibits Kv7.1 upregulation 
by ISO but not by dihydrotestosterone (Fig. 6). These results 
are consistent with our data in Fig. 5, supporting the idea 
that ISO upregulates Kv7.1 depending on CREB, and that 
testosterone/DHT works independently of CREB to upregu-
late Kv7.1 expression.

Discussion

Testosterone and QT intervals

Testosterone is of importance for the regulation of growth, 
differentiation, and function in a wide array of target tis-
sues, including those in the cardiovascular system [15–21]. 
It is well established that men have shorter QT intervals 
than women based on many clinical and animal studies. 
However, whether this difference is due to a prolonged QT 
interval in women or a shortened QT interval in men is still 
not fully understood, although a role for sex hormones is 
strongly suggested. There are extensive clinical and ani-
mal data describing actions of sex hormones on ECG and 
action potentials in cardiomyocytes; sex steroids may have 
genomic and non-DNA binding-dependent actions on car-
diomyocytes [8, 22–24]. The electrical events underlying the 
QT interval correspond with the phases of action potential 
generation. At the cellular level, upregulation of outward 
currents (delayed rectifier potassium channel currents and 
inward-rectifier potassium channel current) and downregula-
tion of l-type calcium channel current may provide a plau-
sible mechanism for shortening of QT intervals. Genomic 
steroid effects are often considered to result in alteration 
in cellular activity after several hours or even days [25, 
26]. This latency is believed to be due to the multiple steps 
required from the time of entry of the steroid hormones into 
the cell until changes in transcriptional activity occur. In 
this context, upregulation of Kv7.1-IKs by testosterone as a 
long-term effect in this study is consistent with other reports 
in the following respects: (1) men’s QT intervals start to 
shorten during teenage years [7, 27, 28], (2) castration pro-
longs QT intervals in humans and in male dogs [9, 29, 30], 
(3) there is a significant negative correlation between the 
QTc interval and total testosterone concentrations in men 
with hypogonadism [31], and (4) testosterone replacement 
therapy decreases QT intervals in men with hypogonadism 
[31]. This evidence strongly suggests that testosterone could 
be the main determinant of gender-related differences in QT 
intervals [32].

Despite the overwhelming evidence of genomic impact 
of testosterone on the cardiovascular system, it is also well 
recognized that testosterone can act via mechanisms inde-
pendent of the ligand-dependent transactivation of nuclear 
receptors. This is known as “non-genomic” signaling, which 

typically occurs within a short time frame. Androgen recep-
tor is expressed in many cell types including cardiomyocytes 
[33, 34], although males have significantly higher levels of 
androgen receptor mRNA than females, which suggests 
that effects of testosterone could be more amplified in male 
hearts than in female hearts. However, these differences 
might be caused by androgens by themselves, because the 
difference becomes significant at the age of adolescence and 
later. Regarding the age-dependent augmentation of andro-
gen receptor, acute and long-term effects of androgens on 
neonatal heart and adult heart may not be identical. Because 
our in vitro studies were all performed using neonatal car-
diomyocytes, long-term effects of androgens which require 
classical “canonical” receptors may include potential quan-
titative disputes when compared with those in adult heart. 
Regarding non-genomic actions of testosterone, testoster-
one-induced modification of electrophysiological features of 
cardiomyocytes must occur in a time span not long enough to 
allow gene transcription, usually seconds to minutes. From 
this point of view, androgen effects which require hours to 
days in revealing the actions are likely to be the result of 
genomic actions. In in vivo application of testosterone, QT 
time was prolonged not immediately after, but several days 
later, after application of testosterone (Fig. 1), which indi-
cates that changes in ECG parameters do not occur in a time 
span of seconds or minutes. It is also important to point 
out that action potential duration was significantly longer 
in female than in male myocytes without any sex hormones 
in rabbits [35] and in rats [8]. These results are consistent 
with a finding that cardiomyocytes derived from male rats 
and female rats are substantially different, independently of 
the acute presence/absence of sex hormones. Despite this 
evidence, we are not opposed to the non-genomic actions of 
androgens on the membrane currents of cardiomyocytes. In 
our study we could not detect any short-term effect of tes-
tosterone on IKs, probably because our electrophysiological 
methods are not suitable for the evaluation of cellular signal 
pathways including akt/NO activation which is postulated as 
a key non-genomic signaling pathway caused by testosterone 
in the cardiovascular system [33].

Transcriptional regulation of Kv7.1

An obvious question is how testosterone upregulates Kv7.1 
as a long-term effect. Despite the importance of Kv7.1 in 
the repolarization of cardiomyocytes, and in the patho-
genesis of the hereditary long QT syndrome (LQT1), very 
little is known yet about the mechanisms responsible for 
transcriptional regulation of Kv7.1 expression. Although 
we have successfully demonstrated that isoproterenol and 
testosterone upregulate Kv7.1 in adult and neonatal cardio-
myocytes, and have postulated a possible signaling path-
way for the regulation of Kv7.1 (Fig. 7), we still need to 
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identify region(s) of the Kv7.1 gene that are important for 
the functional binding of the transcription factor(s), such 
as by Sp1. In general, regulation of transcription is a com-
plex set of events controlled by DNA sequences positioned 
in proximity to the genes (promoters) and by elements act-
ing at a distance (enhancers). Promoters and enhancers that 
activate polymerase II transcribed mRNA genes are formed 
by a combined piece made of short sequences recognized 
by sequence-specific regulators. One common feature of 
the promoter regions of Kv7.1 genes is that they are GC 
rich; there exist multiple Sp1 consensus binding sites in 
the proximal promoter regions of the Kv7.1 gene (Sup-
plemental Figure 3). In the KCNQ family, KCNQ2 and 
KCNQ3, genes coding Kv7.2 and Kv7.3, respectively, are 
important  K+ channels for regulating neuronal activity. Of 
note, KCNQ1, KCNQ2 and KCNQ3 contain evolutionally 
conserved promoter regions (Supplemental Figure 3) [36]. 
We also note that rat and human Sp1 contain a consensus 
binding sequence for CREB in in silico prediction (Supple-
mental Figure 4). Importantly, functional bindings of Sp1 to 
KCNQ2 and KCNQ3 have been identified [36], suggesting 
that KCNQ1 may also be regulated by Sp1 as postulated 
by this study. In conclusion, the results of this study have 
elucidated that testosterone upregulates Kv7.1-IKs through 
a pathway related to a transcription factor SP1, suggesting 
a genomic effect of testosterone as an active factor for car-
diac excitability, which may responsible, at least in part, for 

gender-dependent difference in ECG morphology and also 
a potential arrhythmogenic substrate in males.

Study limitations

Although the present study provides novel evidence that 
testosterone is a prominent factor for Kv7.1-IKs channel 
expression causing QT abbreviation, we could not exclude 
other mechanisms for gender-dependent differences in 
QT intervals. Also, we are uncertain whether testoster-
one exerts non-genomic actions on ECG through the 
experimental protocol in this study. Our data are not in 
agreement with those reported in guinea pig cardiomyo-
cytes: Zhang et al. showed that prolonged β-adrenergic 
stimulation decreased the density of IKs, ICa.L and the 
inward-rectifier  K+ channel current (IK1). The reasons why 
there are different effects of isoproterenol ionic currents 
are unknown. Since sustained β-adrenergic stimulation 
increased ICa.L in rabbit cardiomyocytes [37], species dif-
ferences may partially explain the underlying mechanisms. 
Because the genetic differences in ion channel molecular 
structures between human and rat are obvious, as shown 
in Supplemental Figure 3, further investigation is clearly 
warranted concerning the role of testosterone on human 
ECG. Experiments with human induced pluripotent stem 
cells to substitute for human cardiomyocytes [38] would 
also be needed in the future, before drawing the final 
conclusions.

Conclusions

Testosterone shortened QT intervals in rats as a long-term 
effect, possibly through the genomic effect, and the effect 
was mediated by the upregulation of Kv7.1-IKs. Isoproter-
enol increased Kv7.1 expression through a transcription 
pathway CREB-Sp1, whereas testosterone increased Kv7.1 
independently of CREB-mediated transcription.
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