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ARTICLE INFO ABSTRACT

Keywords: The plant-derived flavonoid, quercetin (QCT), has many biological actions, including cardioprotective actions,
Quercetin resulting from its antioxidant and anti-inflammatory effects. In this study, effects of QCT and its metabolites on
Tamarixetin the contraction and Ca?" transients (CaT) of mouse single cardiomyocytes were simultaneously measured and
Digitali_s . compared with those of isoproterenol and digoxin. Furthermore, cardiac function and plasma concentrations
Icr;ortiri(:)lz;;z:;t(;n were analyzed after bolus intravenous administration of QCT in mice. QCT and its metabolite, tamarixetin, as

well as isoproterenol and digoxin, enhanced the contraction and CaT of cardiomyocytes. The inotropic action of
isoproterenol was accompanied by an increase in the velocities of sarcomere shortening and relengthening and
CaT decay through activation of cAMP-dependent protein kinase; however, no such lusitropic effects accom-
panied the inotropic action of QCT, tamarixetin or digoxin. Intravenous administration of QCT to mice resulted
in a sustained increase in cardiac systolic function; QCT was rapidly metabolized to tamarixetin and its plasma
concentration was maintained at high levels over a similar time frame as the enhancement of cardiac systolic
function. These results suggest that QCT exerts a cardiotonic action in vivo at least, in part, through digitalis-like
enhancement of CaT by itself and its metabolite tamarixetin.

Ca®* transient

1. Introduction

Quercetin (QCT) (3, 3, 4/, 5, 7-pentahydroxyflavon) is a powerful
anti-oxidant flavonoid found in fruits and vegetables [1]. Epidemiolo-
gical studies indicated that a higher dietary intake of QCT was asso-
ciated with lower cardiovascular disease-related morbidity and mor-
tality [2-4]. In vitro studies demonstrated that QCT and its related
flavonoids inhibited oxidative modification of LDL by scavenging re-
active oxygen species (ROS) [5,6]. In addition to its anti-oxidant action,
QCT has been reported to interfere with many biochemical signaling
pathways involving physiological and pathological processes [7].

Doxorubicin (Dox), an anthracycline antibiotic, is commonly used
for treating a wide range of cancers, but it exerts severe adverse effects
on non-tumor tissues, including the heart, through disruption of mi-
tochondrial function by ROS generation [8-10]. Several studies in-
dicated that QCT protected cardiomyocytes against Dox-induced

toxicity through its antioxidant activity, iron chelation, and inhibition
of carbonyl reductase [11] or through up-regulation of Bmi-1, a protein
that regulates mitochondrial function and ROS generation [12]. In a
previous study, however, we found that Dox treatment of isolated
cardiomyocytes directly suppressed their contraction and that QCT not
only antagonized the Dox-induced inhibition of cardiomyocyte con-
traction, but also enhanced it far beyond pre-treatment levels, which
could not be explained by any known actions of QCT, including its anti-
oxidant action (unpublished data; Supporting information Fig. 1S).

In this study, we demonstrated that QCT had a strong positive in-
otropic action on isolated cardiomyocytes in vitro and mouse hearts in
vivo. Further investigation to explore the mechanisms underlying the
positive inotropic action of QCT indicated that QCT and its metabolite
exerted a positive inotropic action both in vitro and in vivo by en-
hancing CaT in cardiomyocytes in a manner similar to the cardiotonic
agent, digitalis.

Abbreviations: bmp, beats per minute; CaT, Ca®* transients; COMT, catechol-O-methyl transferase; c¢Tnl, cardiac troponin I; ¢TnT, cardiac troponin T; DCM, dilated cardiomyopathy;
DIG, digoxin; DMSO, dimethylsulfoxide; EF, ejection fraction; ERK, extracellular signal-regulated kinase; FS, fractional shortening; HR, heart rate; IkB, inhibitory of NF-kB; IL, interleukin;
ISP, isoproterenol; IVST, intraventricular septal wall thickness; JNK, cJun N-terminal kinase; LDL, low-density lipoprotein; LPS, lipopolysaccharide; LV, left ventricle; LVEDD, LV end-
diastolic dimension; LVESD, LV end-systolic dimension; LVPWT, LV posterior wall thickness; MLC1, myosin light chain 1; MLC2, myosin light chain 2; MyBP-C, myosin binding protein-C;
MyHC, myosin heavy chain; NF-kB, nuclear factor k-kinase gene in B cells; PDE, phosphodiesterase; QCT, quercetin; ROS, reactive oxygen species; PKA, protein kinase A; SL, sarcomere

length; TAM, tamarixetin; TNF, tumor necrosis factor; VLDL, very low-density lipoprotein
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2. Methods
2.1. Animals

All animal care and experimental procedures complied with the
Guidelines for Animal Experiments of the Faculty of Medicine, Kyushu
University, and the Law (No. 105) and Notification (No. 6) of the
Japanese Government and were approved by the Committee of Ethics
on Animal Experiments of the Faculty of Medicine, Kyushu University.
Studies involving animals are reported in accordance with the ARRIVE
guidelines for reporting experiments involving animals [13,14]. Male
C57Bl/6J wild-type mice (20-30 g; 8-12 weeks), were purchased from
Charles River Laboratories Japan Inc., Japan. Male knock-in mice on
the genetic background of C57Bl/6J (20-30 g; 8-12 weeks), in which
three base-pairs coding for K210 in cardiac troponin T (cTnT) was
heterozygously deleted from the endogenous Tnnt2 gene, were used as
DCM model [15]. They were housed in polypropylene cages (5-6 mice
in each) in a temperature- (23.0 °C) and humidity-controlled (30-50%)
room with a 12 h light and dark cycle and were provided with a normal
chow diet and water ad libitum.

2.2. Isolation of cardiomyocytes and simultaneous measurements of
sarcomere shortening and CaT

Cardiomyocytes were isolated from the left ventricles (LVs) of the
wild-type mouse hearts by collagenase treatment as described pre-
viously [15]. Isolated cardiomyocytes suspended in Krebs-Henseleit
solution were plated onto laminin-coated glass coverslips and incubated
for 15 min at 37 °C with 5% CO,. The cardiomyocyte-attached cover-
slips were then kept in oxygenated Krebs-Henseleit solution at 37 °C
until used for measurements.

The cardiomyocyte-attached coverslip was mounted on a thermo-
statically controlled chamber with a capacity of 1 mL located on the
stage of an inverted microscope and perfused with oxygenated
Krebs —Henseleit solution at 37 °C at a flow rate of 2.8 mL/min.
Cardiomyocytes were loaded with Fura-2 AM (1 uM) for 10 min at 37 °C
in oxygenated Krebs —Henseleit solution. Contraction was evoked by a
bipolar electrical field stimulation of 5 ms duration with a voltage ap-
proximately 30% above the threshold at 1 Hz via platinum wire elec-
trodes. CaT and sarcomere length (SL) changes in a single cardiomyo-
cyte were simultaneously monitored through a 20 x objective lens
using a fluorescence and contractility recording system (MyoCam and
Photo-Multiplier system with Galvo-Driven HyperSwitch Dual
Excitation Light Source, lonOptix, Milton, MA, USA). Ten cycles of CaT
and SL transients were averaged for waveform analysis.

The effects of QCT (Wako, Osaka, Japan), isoproterenol (Sigma-
Aldrich, St. Louis, MO, USA), digoxin (Sigma-Aldrich), tamarixetin
(EXTRASYNTHESE, Genay cedex, France), and isorhamnetin
(EXTRASYNTHESE) on isolated cardiomyocytes were determined by
dissolving these agents into the perfusates with final concentration of
DMSO being 0.1% in the cases of QCT, digoxin, tamarixetin and iso-
rhamnetin. QCT and its metabolites was found to have fluorescence
emission independently of Ca®>* concentration when excited at 380 nm
but not 340 nm in our detecting system (Supporting information
Fig. 28), therefore, the F380 signal was corrected by subtracting the
fluorescence emitted by QCT and its metabolites, which was estimated
from the increase in the F380 baseline signal after application of these
agents.

2.3. Preparation of skinned cardiac muscle fibers and force measurements

Small bundles (0.5 mm in diameter and 7 mm long) of the left
ventricular trabeculae of wild-type mice were tied to glass capillary
tubes and skinned with relaxing solution containing 0.5% (w/v) Brij 58
for 30 min at 25 °C. The skinned (membrane-disrupted) trabeculae were
stored at —20 °C in relaxing solution containing 50% (v/v) glycerol. A
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small fiber (120-300 um in diameter) was dissected from the skinned
left ventricular trabeculae muscle and isometric force was measured as
described previously [16].

2.4. QCT administration in mice

Induction of anesthesia was performed in an isolation chamber with
2% isoflurane in 100% O, and anesthesia was maintained at 1.5% in
100% O, at a flow rate of 1 L min~' via a small nose cone. QCT dis-
solved in DMSO (30 mg mL ™) was intravenously administered to mice
through their caudal veins at a dose of 3 mg kg ™' (i.e., 100 uL/kg) with
a 50-pL microsyringe (Hamilton Company, Reno, NV, USA) under in-
halation anesthesia with isoflurane.

2.5. Echocardiography

Transthoracic echocardiography (M-mode) was performed under
inhalation anesthesia with isoflurane using a 14-MHz linear array probe
with a diagnostic ultrasound system (Nemio SSA-550A, Toshiba
Medical Systems, Tochigi, Japan) before and after intravenous admin-
istration of QCT.

2.6. Blood plasma concentrations of QCT and its metabolites

Blood plasma concentrations of QCT and its metabolites were
quantified using HPLC (Alliance 2695 Separations Module, Waters,
Milford, MA, USA). Approximately 40 pL of blood was taken from the
caudal vein under anesthesia with 1.5% isoflurane 5 min to 6 h after
intravenous administration of QCT to the same fasted mouse. Plasma
was separated by centrifugation at 5000 rpm for 15 min at room tem-
perature and stored at —20 °C for 30 min. Three volumes of cold
ethanol (—20 °C) and 1/100 volume of 3 M NaOAc (pH 4.9) were
added to plasma and stored at — 20 °C for 3 h to extract water-insoluble
QCT and its metabolites. The samples were then centrifuged at
13,500 rpm for 30 min at —10 °C and the supernatant was weighed and
evaporated to dryness for 2 h. Evaporated samples were reconstituted
with 40 pL of methanol and 40 pL of a mobile phase of acetonitrile/
methanol/ammonium acetate (0.6% w/v) (1:3:4 v/v/v). QCT and its
metabolites were separated on a reverse-phase column (Inertsil ODS-2,
4.6 x 150 mm, GL science, Tokyo, Japan) at a flow rate of
1.3 mL min~! and monitored at a wavelength of 375 nm (Supporting
information Fig. 3S).

2.7. Determination of phosphorylation levels of cardiac troponin I (cTnl) at
Ser22/23 and other sarcomeric proteins

Isolated cardiomyocytes suspended in oxygenated Krebs —Henseleit
solution were electrically stimulated at 1 Hz for 10 min at 37 °C in a
thermostatically controlled chamber in the presence or absence of QCT,
isoproterenol (ISP), and digoxin (DIG). Cardiomyocytes were then
added into Laemmli's sample buffer and subjected to Western blot
analysis as described previously [17], using an anti-cTnl monoclonal
antibody (8E10) (HyTest, Turku, Finland) and anti-cTnl phosphoserine-
22/23 monoclonal antibody (ab8291) (Abcam, Tokyo, Japan) or
phosphoprotein analysis, using Pro-Q Diamond phosophoprotein gel
stain followed by SYPRO Ruby protein gel stain (Thermo Fisher Sci-
entific, Yokohama, Japan).

2.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism version
5.00 for Windows (GraphPad Software, San Diego, USA). Data are
shown as raw data or means * SE. Differences between mean values
were analyzed by paired t-tests and one-way or repeated measures
ANOVA, followed by a post hoc Dunnett's multiple comparison tests. p-
values below 0.05 were considered statistically significant.
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Fig. 1. Effects of QCT on the contraction and CaT of isolated single
cardiomyocytes. A. Representative recording of SL changes evoked
by electrical stimulation at 1 Hz showing a gradual increase in the

SL (um)

1.8

amplitude of sarcomere shortening following perfusion with
Krebs — Henseleit solution containing 10 uM QCT. B, C. CaT and SL
transients simultaneously measured in single cardiomyocytes
treated with 10 uM QCT before and after correcting the increase of
F380 by intrinsic fluorescence of QCT, respectively.
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3. Results

3.1. Invitro effects of QCT on sarcomere shortening and CaT of isolated
single cardiomyocytes

Perfusion with Krebs solution containing 10 uM QCT markedly en-
hanced the amplitude of sarcomere shortening of isolated single car-
diomyocytes, which were electrically stimulated at 1 Hz (Fig. 1A). Si-
multaneous measurements of SL and CaT (F340/F380 ratio of Fura-2)
revealed that QCT enhanced the amplitudes of sarcomere shortening of
cardiomyocytes, while unexpectedly decreasing the CaT (Fig. 1B). This
surprising finding suggest that QCT might directly enhance the con-
tractility of cardiac myofilament, which overtakes the negative in-
otropic effect of CaT attenuation. However, we found that QCT had
intrinsic fluorescence emission excited at 380 nm but not at 340 nm,
which only increased the F380 signal of Fura-2 independently of Ca®*
concentration in our detecting system (Supporting information Fig. 2S).
This Ca®*-independent increase in F380 by intrinsic QCT fluorescence
must decrease the F340/F380 ratio. Indeed, CaT (F340/F380), in which
the F380 signal was corrected by subtracting the intrinsic QCT fluor-
escence, was found to be markedly increased by QCT (Fig. 1C). We then
found that QCT enhanced the amplitudes of sarcomere shortening and
CaT of cardiomyocytes in a similar dose-dependent manner (Fig. 2).
Peak amplitude of F340 transients of Fura-2, on which the intrinsic
fluorescence of QCT has no significant effects, was also found to be
increased by QCT in a dose-dependent manner, as well as digoxin, an
inotropic agent increasing cardiac systolic function through enhancing
the CaT in cardiomyocytes (Supporting information Fig. 4S). These
results indicated that QCT exerted a positive inotropic effect on isolated
cardiomyocytes through enhancement of CaT.

QCT had no effects on the phosphorylation levels of Ser22/23 of
cTnl [protein kinase A (PKA) sites] and other sarcomeric proteins in
isolated cardiomyocytes (Fig. 3), strongly suggesting that the inotropic
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effect of QCT was not caused by mechanisms involving enhancement of
SERCA2a activity by activation of the cAMP/PKA pathway through
B—adrenergic receptor stimulation or phosphodiesterase (PDE) in-
hibition. Consistent with this finding, QCT did not change the kinetics
of CaT and SL transients in cardiomyocytes (Fig. 4A, D-F), whereas [3-
adrenergic receptor stimulation with isoproterenol increased the
phosphorylation level of cTnl, decreased the time constant of CaT decay
and exerted inotropic and lusitropic effects on cardiomyocytes as
manifested by an increase in the maximum amplitudes of sarcomere
shortening and velocities of sarcomere shortening and relengthening
(Figs. 3 and 4B, D-F). Similar to QCT, digoxin enhanced the amplitudes
of CaT and sarcomere shortening without changing their kinetics and
phosphorylation levels of sarcomeric proteins (Figs. 3B and 4C, D-F),
suggesting that the mechanisms underlying the inotropic action of QCT
were common to those of digitalis, which exerts an inotropic effect on
cardiomyocytes through inhibition of plasma membrane Na*/K*-AT-
Pase.

3.2. Invitro effects of QCT on the Ca®*-activated contraction of skinned
cardiac muscle fibers

To see whether QCT exerts its inotropic effects on cardiomyocytes
through directly activating cardiac myofilaments, we next examined
the effects of QCT on membrane-permeabilized (skinned) cardiac
muscle. QCT had no significant effects on the Ca®>* sensitivity and co-
operativity in force-pCa relationships (Fig. 5A) and the maximum force-
generating capability (Fig. 5B) of skinned cardiac muscle fibers, in-
dicating that QCT did not directly act on the contractile apparatus of
cardiomyocytes.
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Fig. 2. Dose-dependent effects of QCT on the contraction and CaT of
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3.3. In vivo effects of QCT administration on cardiac systolic function and
plasma concentrations of QCT and its metabolites

The intravascular administration of QCT to wild-type mice in-
creased cardiac systolic function as evidenced by marked increases in
LV ejection fraction (EF) and fractional shortening (FS) determined by
echocardiography, which were kept at high levels for at least 3 h after
administration without a change in the heart rate (Fig. 6A-C). HPLC
analyses of blood plasma revealed that QCT rapidly disappeared (t;,
> = 0.80 h) and was metabolized to 4’-O-methyl QCT (tamarixetin),
which remained at a high concentration for at least 3 h after adminis-
tration (t;,» = 2.0 h) (Fig. 6D). 3’-O-methyl QCT (isorhamnetin), an-
other water-insoluble QCT metabolite produced by catechol-O-methyl
transferase (COMT), was not detected in plasma in the present study.
The intravascular administration of QCT was also found to markedly
improve the systolic function of knock-in mouse model of DCM
(Table 1).

The QCT metabolite, tamarixetin, had an inotropic effect similar to
QCT on isolated cardiomyocytes by enhancing CaT amplitude (Fig. 7A),
without changing the time constant of its decay and the maximum
velocities of sarcomere shortening and relengthening (Fig. 7B). These
data strongly suggested that tamarixetin played a primary role in the

A B

prolonged inotropic effects after intravenous administration of QCT in
vivo.

4. Discussion

QCT has a variety of biological actions. Oral intake of QCT inhibited
platelet aggregation in humans [18] and flavonoid intake (mostly in-
volving QCT) was associated with a reduced risk of death from coronary
heart disease [19,20]. The cardioprotective effects of QCT are thought
to be associated with its anti-inflammatory and antioxidant effects.
Treatment of macrophages with QCT attenuated the basal expression of
inflammatory genes, such as tumor necrosis factor (TNF)-a, interleukin
(IL)-6, IL-8, IL-1f, interferon-y-inducible protein-10, and cycloox-
ygenase-2 [21]. Moreover, in human adipocytes, QCT attenuated the
TNF-a-induced expression and secretion of IL-6, IL-8, and monocyte
chemotactic protein-1; TNF-a-mediated phosphorylation of ERK and
JNK; degradation of IkB; and TNF-a-induced NF-kB transcriptional
activity [22]. In rat myocardial infarction models, QCT reduced the
levels of serum LDL and VLDL cholesterol while significantly increasing
serum HDL cholesterol through its antioxidant activity and lowered ST-
segment elevation on ECG [23]. In addition to the biological actions of
QCT based on its anti-inflammatory and antioxidant effects, the present

Fig. 3. Phosphorylation levels of sarcomeric pro-
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Fig. 4. Effects of QCT, ISP, and DIG on the contraction and CaT of isolated single cardiomyocytes. A. Representative CaT and SL transients simultaneously measured in single cardio-
myocytes before and after treatment with 3 uM QCT. B. Representative CaT and SL transients simultaneously measured in single cardiomyocytes before and after treatment with 0.1 yM
ISP. C. Representative CaT and SL transients simultaneously measured in single cardiomyocytes before and after treatment with 1 uM DIG. D. Time constants of CaT decay before and after
treatment with QCT, ISP, or DIG. E. Maximum velocities of sarcomere shortening before and after treatment with QCT, ISP, or DIG. F. Maximum velocities of sarcomere relengthening

before and after treatment with QCT, ISP, or DIG. Data represent the means =
determined by paired t-test. *p < 0.05.

study has revealed that QCT is a potent cardiotonic agent with a direct
positive inotropic action on cardiomyocytes through augmentation of
CaT. To our knowledge, this is the first report that demonstrates the
cardiotonic actions of QCT and its metabolite tamarixetin (4’-O-methyl
QCT) both in vitro and in vivo. QCT has no effects on the maximum
force-generating capability and Ca®* sensitivity and cooperativity of
force generation in skinned cardiac muscle fibers, indicating that QCT
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SE for 6 cardiomyocytes. Statistical significance between before and after treatment in each group was

does not directly act on the contractile machinery of cardiomyocytes,
unlike the Ca®™ sensitizer, pimobendan [24], and the myosin activator,
omecamtiv mecarbil [25].

QCT was shown to inhibit PDE activity in a cell free system of rat
adipocytes (ICsp = 32 uM) [26], though it conversely potentiated PDE
activity in intact rat adipocytes [27]. In the present study, QCT treat-
ment of cardiomyocytes did not change the phosphorylation levels of

Fig. 5. Effects of QCT on the mechanical properties of skinned
cardiac muscle fibers. A. Force-pCa relationships independently
determined in the presence or absence of QCT. B. Effects of QCT on
the maximum force-generating capability. Data represent the

SE for 5 fibers from different hearts. Statistical sig-
2+
1.

means =+
nificance was determined by unpaired t-test. pCa = —log;o[Ca
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Fig. 6. Effects of intravenous administration of QCT in mice
on the cardiac function and plasma concentrations of QCT
and its metabolites. A-C. Time course of effects on heart
rate, EF, and FS after QCT administration (n = 5 mice).
Statistical significance against before administration (time
0) was determined by repeated measures ANOVA followed
by a post-hoc Dunnett's multiple comparison
*p < 0.05 vs time 0. D. Time course of changes in plasma
concentrations of QCT and its metabolite tamarixetin (TAM)
after QCT administration (n = 3 mice).
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Table 1

Echocardiographic data of DCM mice before and 1 h after single i.v. injection with DMSO
(vehicle) and QCT.

DMSO QCT

Before After Before After
No. of mice 5 5 5 5
HR, bpm 418 * 36 401 = 15 419 = 17 436 = 15
IVST, mm 0.58 + 0.04 0.60 = 0.04 0.64 * 0.02 0.62 = 0.05
LVESD, mm 3.63 £ 0.35 320 + 016 3.60 + 0.28 2.82 + 0.23*
LVEDD, mm 434 * 016 426 = 016 432 = 0.10 426 = 0.10
LVPWT, mm  0.64 = 0.09 0.68 + 0.05 0.74 + 0.05 0.74 = 0.05
EF, % 44 = 8 48 £ 6 44 + 4 68 + 5*

Data represent the means =+ SE. Statistical significance was determined by unpaired t-
test. *P < 0.05 vs before injection.

the PKA sites of c¢Tnl at Ser22/23 and had no lusitropic effects known to
be caused by PDE inhibition [28], strongly suggesting that activation of
the cAMP/PKA pathway through PDE inhibition plays no significant
role in the inotropic action of QCT on cardiomyocytes.

QCT was also shown to stimulate SERCA2a activity in isolated
cardiac sarcoplasmic reticulum (SR) by suppressing the inhibitory
regulation of phospholamban (PLB) at low concentrations (< 25 puM),
while conversely inhibiting it by competition with the nucleotide-
binding sites of SERCA2a at higher concentrations [29]. 3-Adrenergic
receptor stimulation of cardiomyocytes increases cytoplasmic levels of
cAMP and activates SERCA2a by suppressing the inhibitory regulation
of PLB through its phosphorylation with PKA. The present study shows
that the selective 3-adrenergic receptor agonist, isoproterenol, increases
the time constant of CaT decay and the maximum velocities of short-
ening and relengthening of sarcomeres in isolated cardiomyocytes. The
increase in the shortening velocity of sarcomeres should be caused by
an increase in the rate of Ca®* release from the SR resulting from an
enhanced accumulation of Ca®™ in the SR due to SERCA2a activation.
In addition, the increase in the velocities of CaT decay and sarcomere
relengthening should be synergistically caused by an increase in the
rate of Ca®* reuptake into the SR due to SERCA2a activation and an
increase in the off-rate of Ca®>* from cardiac troponin C due to cTnl
phosphorylation at Ser22/23. In our study, QCT had no effect on the
time constant of CaT decay and the maximum velocities of shortening
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time after administration of QCT (h)

and relengthening of sarcomeres in isolated cardiomyocytes, strongly
suggesting that modification of SERCA2a activity plays no important
role in the inotropic action of QCT on cardiomyocytes.

Digitalis exerts inotropic effects on cardiomyocytes by enhancing
CaT though inhibition of sarcolemmal Na*/K*-ATPase, followed by
suppression of the extrusion of cytoplasmic Ca®>* by sarcolemmal Na*/
Ca®™ exchangers owing to a decrease in the Na™ gradient across the
plasma membrane. QCT has been shown to inhibit purified plasma
membrane Na*t/K*-ATPase in vitro by inhibiting a different kinetic
step in the reaction cycle from that reported for digitalis (ICso = 8 uM)
[30]. The present study showed that digoxin, a digitalis-derived che-
mical compound used for congestive heart failure, enhanced the peak
amplitude of CaT in a manner similar to that of QCT without changing
the time constant of CaT decay and the maximum velocities of short-
ening and relengthening of sarcomeres in isolated cardiomyocytes. This
suggests that similar molecular mechanisms may underlie the inotropic
actions of QCT and digoxin.

Recently, Santos et al. reported a study similar to our present study,
in which QCT enhanced both the sarcomere contraction and CaT in
mice isolated cardiomyocytes [31]. Surprisingly, however, they did not
refer to the intrinsic fluorescence of QCT and requisite correction of the
F380 intensity to reconcile the apparently contradistinctive phenom-
enon of enhanced cardiomyocyte contractility with decreased CaT in
experiments using Fura-2. It is unbelievable that Santos et al. [31]
noticed this important issue of the interference of Fura-2 signal with
intrinsic fluorescence of QCT and intentionally did not mention it at all,
making their findings completely unreliable. They concluded that QCT
activates 3-adrenergic receptor of cardiomyocytes from the experiments
using mice left atrium but not isolated cardiomyocytes. However, our
careful experiments using isolated cardiomyocytes clearly indicates that
QCT has no “direct” B-adrenergic action on cardiomyocytes as evident
from the phosphorylation states of c¢Tnl and the kinetics of sarcomere
shortening and relengthening and CaT decay.

Bioavailability of QCT after oral intake is low [20]. In five human
healthy volunteers, median maximum plasma concentration of QCT
was reported to be only 0.4 uM 6 h after the intake of 150 mg of QCT
[32]. In this study, we demonstrated its strong cardiotonic action in
vivo by intravenously injecting a very small volume of a high con-
centration of QCT to mice to reach plasma concentrations over 1 uM,
where significant inotropic effect was exerted on isolated
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Fig. 7. Effects of tamarixetin (TAM) on the contraction and CaT of
isolated single cardiomyocytes. A. Representative CaT and SL tran-
sients simultaneously measured in single cardiomyocytes before and
after treatment with 3 uM TAM. B. Time constants of CaT decay and
maximum velocities of sarcomere shortening and relengthening

before and after treatment with TAM. Data represent the
+

means SE for 5 cardiomyocytes. Statistical significance between
before and after treatment was determined by paired t-test.

*p < 0.05.
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cardiomyocytes. We found that a significant proportion of QCT was
rapidly metabolized into tamarixetin within 5 min after injection and
tamarixetin had a comparable inotropic action on cardiomyocytes. QCT
has been shown to be converted to tamarixetin by COMT in platelets
[33]. The time course of the decline of tamarixetin concentration in
plasma was similar to that of the return of EF and FS to baseline, sug-
gesting that tamarixetin plays an important role in the augmentation of
cardiac systolic function after QCT injection. QCT metabolites produced
by COMT have also been shown to exert a variety of cardioprotective
actions. Pretreatment of macrophages with isorhamnetin decreased
LPS-induced TNF-a secretion [34] and tamarixetin inhibited collagen-
stimulated platelet aggregation and serotonin secretion [35]. Iso-
rhamnetin was not detected in plasma in the present study, but this
metabolite also had an inotropic action similar to QCT on isolated
cardiomyocytes (Supporting information Fig. 5S).

In conclusion, the present study demonstrated that QCT and its
metabolite tamarixetin have a potent cardiotonic action in vivo at least,
in part, through digitalis-like enhancement of CaT in cardiomyocytes in
addition to antioxidant and anti-inflammatory effects. This strongly
suggests that QCT might be more useful than previously thought for the
treatment of cardiovascular diseases. Further investigation is warranted
to explore the therapeutic efficacy of QCT for cardiovascular diseases
through its cardiotonic action.
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