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HIGHLIGHTS

� b-arrestin–biased AT1 agonist TRV027

causes a neonatal-specific, long-acting

positive inotropic effect with minimum

effect on heart rate, oxygen consumption,

reactive oxygen species production, and

aldosterone secretion.

� Although TRV027 stimulates adrenaline

secretion, it does not contribute to the

inotropic effect.

� TRV027 also increases twitch Ca2D

transients in human iPS cell–derived car-

diac myocytes bearing immature pheno-

type and improves the contractility of the

compromised heart of neonatal knock-in

mice bearing a mutation causing human

congenital dilated cardiomyopathy.

� TRV027 and related peptides are also

known to cause an antiapoptotic effect on

the heart, dilate resistant arteries to

reduce afterload, and increase NaD

diuresis to reduce preload.

� Thus, TRV027 could be utilized as a

valuable inotropic vasodilator specific for

pediatric heart failure.
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AngII = angiotensin II

AT1R = angiotensin type 1

receptor

BBA = b-arrestin–biased

angiotensin type 1 receptor

agonist

ECG = electrocardiography

GPCR = G protein–coupled

receptor

hiPSC-CM = human induced

pluripotent stem cell–derived

cardiac myocyte

LTCC = CaV1.2 L-type Ca2D

channel

mNVCM = mouse neonatal

ventricular cardiac myocyte

OCR = oxygen consumption

rate

PHF = pediatric heart failure

ROS = reactive oxygen species

UCG = ultrasound cardiogram
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The treatment of pediatric heart failure is a long-standing unmet medical need. Angiotensin II supports

mammalian perinatal circulation by activating cardiac L-type Ca2þ channels through angiotensin type 1 re-

ceptor (AT1R) and b-arrestin. TRV027, a b-arrestin–biased AT1R agonist, that has been reported to be safe but

not effective for adult patients with heart failure, activates the AT1R/b-arrestin pathway. We found that

TRV027 evokes a long-acting positive inotropic effect specifically on immature cardiac myocytes through the

AT1R/b-arrestin/L-type Ca2þ channel pathway with minimum effect on heart rate, oxygen consumption,

reactive oxygen species production, and aldosterone secretion. Thus, TRV027 could be utilized as a valuable

drug specific for pediatric heart failure. (J Am Coll Cardiol Basic Trans Science 2020;5:1057–69) © 2020 The

Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
P ediatric heart failure (PHF) is an
important cause of morbidity and
mortality in childhood (1). However,

the development of pharmacological treat-
ments for heart failure in children signifi-
cantly lags behind that of adult heart failure
due to the difficulties inherent to large clin-
ical studies, such as versatile etiologies and
pathophysiologies.
The mammalian heart starts beating at a very early

stage of fetal life (2). In cardiac myocytes (CMs), ac-
tion potential activates sarcolemmal CaV1.2 L-type
Ca2þ channels (LTCCs) and induces Ca2þ influx to
evoke contraction. Mammals have to survive the
great circulation changes at birth, such as sudden
cessation of the placental circulation, a large increase
in the pulmonary circulation, and closure of right-to-
left shunts (3,4). Thus, w60% of children with
congenital cardiac problems elicit overt heart failure
in their first year (1). In the perinatal circulation, hu-
moral factors play a crucial role in supporting imma-
ture cardiovascular system. Adrenaline from the
adrenal medulla, for instance, exerts positive chro-
notropic and inotropic effects on the heart through a
G protein–coupled receptor (GPCR); a1- and b-adren-
ergic receptors (ARs) coupled to Gq/11/phospholipase
C-b system and Gs/adenylyl cyclase system in CMs,
respectively (5); and vasoconstriction to maintain the
systemic blood pressure through the a1 AR system
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coupled to Gq/11 in vascular smooth muscle cells (6).
Orchestration of these G protein–mediated effects
increases left ventricular output and blood pressure
within minutes.

In the neonatal period, the kidney also differenti-
ates to adapt to an extrauterine life by generating
cortical glomeruli and elongating the loop of Henle
(7). Almost all of these differentiations critically
depend on angiotensin II (AngII) that is produced by
an enzyme, renin, derived from the juxtaglomerular
apparatus of the kidney itself (8). As a consequence,
the plasma concentration of AngII sharply rises after
delivery (9). AngII induces strong vasoconstriction to
support the perinatal circulation through another
GPCR, angiotensin type 1 receptor (AT1R) coupled
with Gq/11 in vascular smooth muscle cells (9,10). In
addition, we recently found that AngII directly in-
creases the activity of LTCCs and the twitch Ca2þ

transient of left ventricular cardiac myocytes spe-
cifically in neonates through their AT1Rs (11). This
neonatal-specific effect of AT1R was not mediated
by G proteins, but rather by b-arrestin 2, a protein
that is also coupled to GPCR (12). When AngII is
bound to AT1R, G proteins and b-arrestins are
recruited to the receptor in that order. b-arrestins
induce internalization of the receptor and initiate G
protein–independent signals in an intracellular
signaling platform referred to as “b-arrestin signal-
osome” (13). In neonatal cardiac myocytes, an AT1R/
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b-arrestin 2 complex evokes a signaling pathway
that ultimately activates LTCCs through casein ki-
nase 20 (11). This effect of AngII only manifests itself
in w1-month-old individuals in the case of mice,
indicating that this pathway may have some
neonatal-specific tasks. We hypothesized that this
cardiac effect of AngII would also support perinatal
circulation in addition to its vascular effect. Thus,
AngII and AT1R seem to be physiologically very
important in the perinatal period of mammals, as
proposed previously (9).

Several peptidyl b-arrestin–biased AT1R agonists
(BBAs) such as TRV027 were produced by Trevena
Inc. (King of Prussia, Pennsylvania) (14). These BBAs
activate b-arrestins and inhibit G proteins through
AT1R and were reported to exert moderate but sig-
nificant acute positive inotropic antiapoptotic effects
in adult rodent hearts (15) and vasodilatory and Naþ

diuretic effects in a canine tachypacing-induced sys-
tolic heart failure model (16,17). Because of these
favorable cardiovascular effects of TRV027, a clinical
trial engaging 620 adult patients suffering from acute
heart failure BLAST-AHF (Biased Ligand of the
Angiotensin receptor STudy in Acute Heart Failure)
Trial was conducted (18). However, it did not meet
either the primary or secondary endpoints in the
phase IIB trial, indicating that TRV027 is safe but not
effective at least in adults with acute heart failure.

Taking our own finding on the neonatal cardiac
AT1R/b-arrestin/LTCC pathway, we re-examined the
effect of TRV027 on the neonatal heart. We here report
for the first time that TRV027 caused a unique long-
acting, strong positive inotropic effect in neonatal
mice lasting for at least 8 h with minimum effects on
heart rate, oxygen consumption, oxidative stress, and
aldosterone secretion. This effect on the neonatal
heart was very different from the previously reported
acute one on the adult heart (14,15) and was mediated
by the AT1R/b-arrestin/LTCC pathway in mouse
neonatal ventricular cardiac myocytes (mNVCMs) (11).
Importantly, TRV027 also significantly increased
twitch Ca2þ transients in human induced pluripotent
stem cell–derived cardiac myocytes (hiPSC-CMs)
exhibiting fetal to neonatal phenotype (19) and the
contractility of the compromised neonatal heart of
knock-in mice bearing a point mutation causing hu-
man congenital dilated cardiomyopathy (20). These
results indicate that TRV027 could be utilized as a
novel valuable drug specific for PHF.

METHODS

IN VIVO STUDIES. All mice used in this study
received humane care in compliance with the Guide
for the Care and Use of Laboratory Animals, published
by the U.S. National Institutes of Health. This study
was performed in accordance with the Guidelines for
Animal Experimentation of the Shinshu University
and was approved by the Committee for Animal
Experimentation (Approval number: 280035, 019034,
020044, and 17-009). Prior to surgery or euthanasia,
mice were deeply anesthetized with subcutaneous
administration of medetomidine (0.3 mg/kg), mid-
azolam (4.0 mg/kg), and butorphanol (5.0 mg/kg).
In order to record ultrasoundcardiogram (UCG) or
electrocardiography (ECG), mice were anesthetized
with subcutaneous or intraperitoneal administration
of 2,2,2-tribromoethanol (250 mg/kg) (21). C57BL/6
mice were purchased from Japan SLC (Hamamatsu,
Japan). Knock-in mice with a BALB/c background
bearing a point mutation (DK210) in cardiac troponin
T causing human congenital dilated cardiomyopathy
were produced as previously described (20,22). Ho-
mozygous mutant (cTnTDK210) and wild-type mice
were obtained by crossing heterozygous mutant
mice. UCG was recorded with a Vevo2100 linear
array imaging system (FUIJIFILM VisualSonics Inc.,
Toronto, Canada) at the appropriate time after
intraperitoneal administration the drugs. ECG (lead
II) was recorded with a dual-channel bioelectric
amplifier (Nihon Kohden, Tokyo, Japan) and Power
Lab/4SP (ADInstruments, Sydney, Australia). QTc in-
terval was calculated as follows: QTc ¼ QT / (RR / 100)
1/3, where QT and RR are the QT and RR intervals in
milliseconds (23,24). Cardiac reactive oxygen species
(ROS) production was assessed with dihydroethidium
staining after drug administration (25). Adrenaline
and noradrenaline levels in plasma were quantified
using high-performance liquid chromatography at the
Japan Institute for the Control of Aging (Nikken SEIL,
Shizuoka, Japan). Aldosterone levels in serum were
measured with an Accuraseed Aldosterone Chemilu-
minescent Enzyme Immunoassay Kit (FUJIFILM
Wako Pure Chemical, Osaka, Japan) at the Depart-
ment of Laboratory Medicine, Shinshu University
Hospital, Matsumoto, Japan.

IN VITRO STUDIES. To measure twitch Ca2þ tran-
sients in cardiac myocytes, mNVCMs were isolated as
previously reported (26). hiPSC-CMs were generated
from 253G1 iPSCs (Kyoto University, Kyoto, Japan)
(27) by a previously reported cardiac differentiation
protocol with some modifications (28–30). Twitch
Ca2þ transients were measured as previously
described (11). Briefly, mNVCMs and hiPSC-CMs were
regularly field-stimulated at 0.33 Hz and their Ca2þ

transients were monitored with Fluo 4 (6 mmol/l) or
Cal-520 (5 mmol/l), respectively, using an LSM 7 LIVE
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laser-scanning microscope (Carl Zeiss, Jena, Ger-
many). The sarcoplasmic reticulum Ca2þ content was
estimated from caffeine-induced inward Naþ-Ca2þ

exchanger currents measured by the patch-clamp
method, as previously reported (31). To measure the
mitochondrial oxygen consumption rate (OCR),
mNVCMs were isolated with Pierce Primary Car-
diomyocyte Isolation Kit (Thermo Fisher Scientific,
Waltham, Massachusetts). Mitochondrial OCR was
assessed using the Extracellular Flux Analyzer XFp
(Agilent Technologies, Tokyo, Japan).

STATISTICS. Continuous variables are expressed as
mean � SEM. The statistical significance of the dif-
ference between 2 means within a group or the dif-
ference between means of 2 groups was evaluated
with a paired or unpaired Student’s t-test, respec-
tively. Multiple comparison of the means was con-
ducted with 1-way analysis of variance followed by
Dunnett’s or Tukey’s test. Interaction between 2 in-
dependent variables was analyzed with 2-way anal-
ysis of variance. A p value <0.05 was considered
statistically significant. All statistical analysis was
conducted with SPSS 26 (IBM Corporation, Armonk,
New York) and Microsoft Excel (Microsoft Corpora-
tion, Redmond, Washington) with a statistical macro
(BellCurve, Tokyo, Japan).

An extended methods section is available in the
Supplemental Appendix.

RESULTS

TRV027 CAUSES A LONG-ACTING POSITIVE

INOTROPIC EFFECT THROUGH AT1R IN A

DOSE-DEPENDENT MANNER IN THE NEONATAL

MOUSE HEART. We first confirmed the physiological
outcome of stimulation of our newly identified direct
effect of AngII on mNVCMs in vivo. Supplemental
Figure 1 shows representative M-mode recordings of
UCG in the hearts of neonatal and adult mice (left-
and right-hand columns, respectively) 2 h after
administration of saline or AngII. AngII caused a
strong inotropic effect on the neonatal (but not adult)
left ventricle compared with saline. This effect was
reproduced by TRV027 (Figure 1A, top row;
Supplemental Figure 1). Supplemental Table 1 in-
dicates that AngII and TRV027 reduced left ventric-
ular end-systolic diameter without changing left
ventricular end-diastolic diameter significantly in the
neonatal heart. As a result, TRV027 significantly
increased ejection fraction of the neonatal left ven-
tricular (Figure 1B). The effect of TRV027 was not
inhibited by a muscarinic receptor antagonist, atro-
pine, plus a b-adrenergic receptor antagonist, pro-
pranolol (middle panel), but was inhibited
significantly by an AT1R antagonist, candesartan
(bottom panel, Figures 1A and 1B, Supplemental
Table 2). We also confirmed that the a1-adrenergic
receptor antagonist prazosin did not affect the effect
of TRV027 (Supplemental Figure 2). Thus, TRV027
caused the inotropic effect directly through AT1R but
not through neurohumoral factors induced via unbi-
ased AT1R agonism involving strong Gq/11 activation.

Figure 1C shows the time-dependent effect of
TRV027. The effect of TRV027 increased slowly,
peaking 2 h after administration and remaining
significantly active for a total of 8 h. This time-
dependent effect of TRV027 is similar to that of
AngII on LTCC activity in isolated mNVCMs (11) but is
distinctly different from the previously reported
acute one on adult mouse cardiac myocytes (in mi-
nutes) (14). The time course of the effect of TRV027
was not significantly affected by atropine þ pro-
pranolol. Figure 1D shows the dose-dependent effect
of TRV027 2 h after administration (Figure 1C).
TRV027 caused a positive inotropic effect in a dose-
dependent manner in a range of doses between 0.1
and 3 mg/kg, in both the absence and presence of
atropine þ propranolol (Figure 1D). These results
indicate that TRV027 exerts a long-lasting, dose-
dependent positive inotropic effect unique to the
neonatal heart through the AT1R/b-arrestin system.

TIME-DEPENDENT EFFECT OF TRV027 ON ECG AND

HUMORAL FACTORS IN NEONATAL MICE. Figure 2A
shows a representative ECG at the indicated time af-
ter the administration of TRV027 in the absence and
presence of atropine þ propranolol. No arrhythmias
were observed up to 8 h after TRV027 administration.
Figure 2B and Supplemental Table 3 show the time-
dependent change of each parameter of ECG,
revealing that TRV027 did not significantly change
any of them in a time-dependent manner. However,
atropine þ propranolol evidently reduced heart rate
at 0 h and its effect seemed to increase gradually over
the following 8 h. P-wave duration also increased in
that time frame, and PQ time increased toward 8 h
after administration in the presence of atropine þ
propranolol. Thus, we measured the plasma adrena-
line and noradrenaline concentrations 2 and 8 h after
TRV027 administration (Figure 2C) and found that it
increased adrenaline concentrations in a time-
dependent manner and significantly at 8 h (but not
noradrenaline), which indicates that it gradually
stimulated the adrenal medulla (32). However, none
of the heart rate, P, and PQ values at 8 h were
significantly different from those at 0 h in the pres-
ence of atropine þ propranolol (p ¼ 0.195, 0.452, and
0.550, respectively), indicating the lack of TRV027
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FIGURE 1 TRV027 Causes a Long-Acting Positive Inotropic Effect Through AT1R in a Dose-Dependent Manner in the Neonatal Mouse Heart

(A) Representative M-mode ultrasoundcardiogram recorded from neonatal mice treated with saline (left column) or TRV027 (right column). UCG was

recorded 2 h after intraperitoneal injection of saline or TRV027 (3 mg/kg) (top row). Then, atropine (Atr) (1 mg/kg) plus propranolol (Prop) (1 mg/kg) was

added, and themeasurements were repeated 10min later (middle row). Furthermore, candesartan (Cand) (3 mg/kg) was added, and themeasurements were

once again repeated 20 min later (bottom row). In these traces, a, b, c, and d indicate interventricular septum end-diastolic thickness, left ventricular

end-diastolic diameter, posterior wall end-diastolic thickness, and end-systolic diameter, respectively. (B) The values of ejection fraction (EF) measured

under each condition. Symbols indicate each data. The p value was calculated with unpaired Student’s t test. (C) Indicated time after injection of TRV027

(3 mg/kg) to neonatal mice, saline (open circles) or atropine þ propranolol (1 mg/kg each) (closed circles) was added. Then, EF was measured 10 min later.

Statistical significanceof the time-dependent change inEFwas analyzedwith 1-way analysis of variance followedbyDunnett’s test. *†p<0.05; **††p<0.01;

***†††p< 0.001 versus 0 h in the saline and Atrþ Prop groups, respectively. Neither significant effect of atropineþ propranolol nor interaction between

time and drugswas indicatedwith 2-way analysis of variance. n¼ 5 to 6 in each group. (D) Two hours after injection of indicated doses of TRV027 to neonatal

mice, saline (open circle) or Atrþ Prop (closed circle)was added. Then, EF wasmeasured 10min later. The p value was calculated with paired Student’s t test.

*†p < 0.05 versus 0 mg/kg in the saline and atropine þ propranolol groups, respectively. n ¼ 3 in each group.
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effects on ECG. In addition, we measured the serum
aldosterone level (33) and found that TRV027 did not
increase aldosterone levels in neonates at 8 h after
administration (Figure 2D). These results indicate that
TRV027 on its own did not change any ECG parame-
ters, whereas the values of some parameters
measured 4 or 8 h after administration may be
affected by adrenaline secreted from the adre-
nal medulla.

EFFECT OF TRV027 ON TWITCH CA2D TRANSIENTS

OF ISOLATED IMMATURE MOUSE AND HUMAN

CARDIAC MYOCYTES. Figures 3A and 3B show the
effect of TRV027 on the twitch Ca2þ transient in iso-
lated mNVCMs and hiPSC-CMs treated with saline or
TRV027 for 2 h in vitro, respectively. hiPSC-CMs are
known to exhibit fetal to neonatal phenotypes (19).
Indeed, a half decay time of twitch Ca2þ transient
which is inversely related to sarcoplasmic reticulum
Ca2þ pump activity, was substantially larger than that
of adult cardiac myocytes (w200 ms) in both cell
types and in the presence of saline (Figures 3C and 3D)
(31). The sarcoplasmic reticulum Ca2þ content of
mNVCMs was approximately half of that of adult
mouse cardiac myocytes (w100 mmol/l cytosol)
(Figure 3C) (31). These data indicate that sarcoplasmic
reticulum is still immature in these cells. TRV027
strongly increased the twitch Ca2þ transient in both
cell types. Figure 3C shows that it significantly
increased the peak amplitude of the Ca2þ transients
without changing time to peak, a half decay time, or
sarcoplasmic reticulum Ca2þ content in mNVCM.
Thus, in the presence of TRV027, the increased Ca2þ

influx may be perfectly counterbalanced by a
matched increase in Ca2þ efflux via Naþ/Ca2þ ex-
changers on a beat-by-beat basis. Figure 3D indicates
that TRV027 significantly increased the peak ampli-
tude and decreased a half decay time without
changing time to peak in hiPSC-CMs. These results
indicate that the AT1R/b-arrestin–mediated positive
inotropic effect is preserved in human immature
cardiac myocytes. It is also noteworthy that TRV027
decreased the spontaneous beating rate of hiPSC-
CMs, suggesting that it could be relatively protective
with respect to potential arrhythmogenic effects of
excess Ca2þ loading in immature human car-
diac myocytes.

EFFECT OF TRV027 ON MITOCHONDRIAL OCR IN

mNVCMs. Figures 4A to 4D show the effect of a 2-h
in vitro treatment of mitochondrial OCR in mNVCMs
with TRV027. During the analysis, mNVCMs were
spontaneously beating at 37�C, both in the absence
and presence of TRV027 and without conducting the
external work (beating rate: 38.00 � 2.73 min–1 vs.
38.00 � 2.07 min–1; p ¼ 1.00). As shown in Figure 4A,
the difference between OCR before oligomycin (a)
and after antimycin A plus rotenone (c) roughly cor-
responds to the so-called unloaded respiration in the
cardiac pressure-volume loop analysis (34). This
respiration supports the potential energy utilized for
the basal metabolism and excitation-contraction
coupling of cardiac myocytes. The difference be-
tween OCR before oligomycin (a) and after carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP)
(b) is a spare respiratory capacity, which can be uti-
lized for external work in vivo. The measured value
(w20 pmol/min/mg protein) was much smaller than
that of adult mouse cardiac myocytes (w100 pmol/
min/mg protein) (35), indicating that at this stage
mNVCMs still bear immature mitochondria and are
not ready to undergo robust physical movement.
TRV027 slightly, but significantly, increased the
unloaded OCR, but not the maximum OCR
(Figure 4B), which might be due to the enhancement
of twitch Ca2þ transients (Figures 3A and 3C) (36). We
found that nifedipine- a specific LTCC blocker-
completely ceased the beating (not shown) but did
not change the control unloaded OCR and abolished
the TRV027-induced increment (Figures 4C and 4D).
Thus, the OCR for the basal excitation-contraction
coupling of NVCM was undetectably low but was
measurable in the presence of TRV027 in this assay
system. Figures 4E and 4F show the immediate
response of unloaded OCR to the wash-in of TRV027.
No significant change was observed within 35 min
after application, which is consistent with its slow
effect on LTCCs. These results indicate that TRV027
gradually increased the unloaded OCR by 2 h after
administration most likely because of its effect to
increase LTCC currents (11) and enhancement of
Ca transients.

EFFECT OF AngII AND TRV027 ON THE PRODUCTION

OF ROS IN THE MOUSE NEONATAL HEART. Figure 5A
shows the representative dihydroethidium staining of
the mouse neonatal heart 1 h after administration of
isoproterenol or 2 h after administration of saline,
AngII, or TRV027. Although isoproterenol signifi-
cantly increased ROS as previously reported (37,38),
neither AngII nor TRV027 significantly increased ROS
production compared with saline in the hearts of mice
of this age (Figure 5B).

EFFECT OF TRV027 ON THE CONTRACTILITY OF THE

HEART IN A MOUSE MODEL OF HUMAN CONGENITAL

DILATED CARDIOMYOPATHY. The cTnTDK210 mice
exhibit overt heart failure soon after birth, and w80%
of them die by postnatal day 20 (20). We examined
the effect of TRV027 on the compromised heart at



FIGURE 2 Time-Dependent Effect of TRV027 on ECG, Plasma Concentrations of Adrenaline and Noradrenaline, and the Serum

Concentration of Aldosterone After Administration of Saline or TRV027

(A) Electrocardiography (ECG) was recorded indicated time after injection of TRV027 (3 mg/kg) to neonatal mice (left column). Then, 10 min

after additional injection of atropine þ propranolol, ECG was once again recorded (right column). (B) Each parameter of ECG was measured

different time after injection of TRV027 (3 mg/kg) (open circles). Then, 10 min after injection of atropine þ propranolol, each parameter was

measured again (closed circles). No significant time-dependent change in each parameter was detected with 1-way analysis of variance

(ANOVA) followed by Dunnett’s test. Two-way ANOVA indicated a significant effect of drugs in heart rate (HR), P, and PQ but no significant

interaction between time and drugs. †p < 0.05; ††p < 0.01; and †††p < 0.001 between saline and atropine þ propranolol groups. n ¼ 5 in

each group. (C) Plasma adrenaline and noradrenaline concentrations 2 and 8 h after TRV027 (3 mg/kg) administration. The p value was

calculated with 1-way ANOVA followed by Dunnett’s test. n ¼ 5 to 11 in each group. (D) Serum aldosterone concentration 8 h after saline or

TRV027 (3 mg/kg) administration. The p value was calculated with unpaired Student’s t test. n ¼ 5 to 6 in each group. Abbreviations as in

Figure 1.
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FIGURE 3 Effect of TRV027 on Twitch Ca2þ Transients of Isolated mNVCMs or hiPSC-CMs

Representative twitch Ca2þ transients of (A) mouse neonatal ventricular cardiac myocytes (mNVCMs) detected with Fluo-4 and digitized at

144 Hz or (B) human induced pluripotent stem cell–derived cardiac myocytes (hiPSC-CMs) detected with Cal-520 and digitized at 60 Hz 2 h

after in vitro treatment with saline (black line) or TRV027 (3 mmol/l) (red line). Action potential was elicited by field stimulation at 0.33 Hz. (C)

Effects of saline or TRV027 on the peak DF/F0, time to peak (TTP), half decay time (T1/2), and the sarcoplasmic reticulum Ca2þ content in

paced mNVCMs. n ¼ 10 in each group. (D) Effects of saline or TRV027 on the peak DF/F0, TTP, and a half decay time of paced hiPSC-CMs,

and their spontaneous beating rate in the absence of pacing. n ¼ 8 to 11 in each group. Statistical significance was analyzed with unpaired

Student’s t test.
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postnatal days 4 to 6. cTnTDK210 mice already had a
significantly larger heart and smaller left ventricular
wall motion than wild-type mice (Figures 6A and 6B)
(Supplemental Table 4). However, TRV027 signifi-
cantly increased ejection fraction in both wild-type
and cTnTDK210 mice (Figure 6C). Therefore, TRV027
could be utilized as a valuable drug specific for PHF.

DISCUSSION

CHARACTERISTIC PHARMACODYNAMICS OF

TRV027. In this study, we for the first time showed
that TRV027 increased cardiac contractility without
affecting heart rate, ROS production, and adrenal
aldosterone secretion in neonatal mice. Although
TRV027 significantly increased adrenaline secretion
at 8 h after administration, it was not involved in the
inotropic effect of TRV027 and it moderately affected
a few ECG parameters (Figures 1 and 2). TRV027
significantly increased the unloaded OCR of isolated
cardiac myocytes by w30%, associated with a
doubling of the peak twitch Ca2þ transient amplitude
(Figures 3 and 4). This effect of TRV027 on OCR is
much more modest than that of adrenaline when
causing an equivalent effect (39). In vivo, cardiac O2

consumption is also affected by external work (34).
The amount of external work is mainly dependent on
contractility and afterload and almost linearly multi-
plied by heart rate. We speculate that TRV027
would not increase external work greatly because,
unlike catecholamine, it reduces afterload through
AT1R/Gq/11 inhibition in vascular smooth muscle cells
and does not increase heart rate (Figure 2) (14). This
“inotropic vasodilator effect,” without a chronotropic
effect, is apparently similar to that of phosphodies-
terase III inhibitors, such as milrinone, which is
favored in the management of relatively severe cases
of PHF (40). Because TRV027 caused inotropic effect
almost solely by increasing LTCC through the AT1R/
b-arrestin 2/casein kinase 20 pathway (11), it activates

https://doi.org/10.1016/j.jacbts.2020.08.011


FIGURE 4 Effect of TRV027 on the Mitochondrial OCR in mNVCMs

(A) Oxygen consumption rate (OCR) in isolated mouse neonatal ventricular cardiac myocytes (mNVCMs) treated in vitro with saline or TRV027

(3 mmol/l) for 2 h. Oligomycin A (2 mmol/l), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (2 mmol/l), and antimycin A þ
rotenone (1 mmol/l each) were sequentially added as indicated. Letters in this panel (a, b, and c) indicate the timing at which parameters shown

in B were calculated. (B) Unloaded and maximum OCRs calculated by subtracting OCR after antimycin A and rotenone (c in A) from that

before oligomycin (a in A) or after FCCP (b in A), respectively. (C) Measurement of OCR in mNVCMs treated in vitro for 2 h with saline or

TRV027 (3 mmol/l) and with nifedipine (10 mmol/l) for last 30 min. (D) Unloaded and maximum OCR in the presence of nifedipine. (E) Short

term effect of wash-in of saline or TRV027 (3 mmol/l) on unloaded OCR in mNVCMs. Saline or TRV027 was added at indicated this time point

while OCR was measured. (F) Time-dependent effect of saline or TRV027 on unloaded OCR for w35 min after their wash-in. Statistical

significance was analyzed with unpaired Student’s t test. n ¼ 5 to 8 in each group.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 5 , N O . 1 1 , 2 0 2 0 Kashihara et al.
N O V E M B E R 2 0 2 0 : 1 0 5 7 – 6 9 TRV027, A Potential Novel Neonatal-Specific Inotropic Vasodilator

1065



FIGURE 5 Effect of AngII and TRV027 on ROS in the Hearts of Neonatal Mice

(A) Representative images of dihydroethidium (DHE) and DAPI staining of the heart 1 h after administration of isoproterenol (ISO) (30 mg/kg)

or 2 h after administration of saline, angiotensin II (AngII) (3 mg/kg), or TRV027 (3 mg/kg) to neonatal mice. Scale bar ¼ 50 mm. (B)

Quantification of DHE fluorescence. Statistical significance was analyzed with 1-way analysis of variance followed by Dunnett’s test. n ¼ 6 to

10 in each group.
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Ca2þ influx into the cardiac myocytes through the
physiological pathway with an exact physiological
timing. This detail is important because digitalis, for
instance, causes various adverse effects owing to
Ca2þ overload mediated by unphysiological Ca2þ en-
try through Naþ-Ca2þ exchangers (41). According to
other reports, AT1R/b-arrestin also exerts anti-
apoptotic effect on the heart (42), dilates resistance
arteries to reduce afterload (14), and increases Naþ

diuresis to reduce preload (16). These lines of evidence
support our hypothesis that the AT1R/b-arrestin
pathway is the physiological pro-survival mechanism
for neonatal mammals (9). This concept adds an
important caveat that AT1R blocker might be harmful
for neonatal patients. The clear effect of TRV027 on
hiPSC-CMs (Figures 3B and 3D) indicates that this
pathway is preserved in human immature cardiac
myocytes and could be a valuable drug target in PHF.
CHARACTERISTIC PHARMACOKINETICS OF

TRV027. The slow and sustained positive inotropic
effect of TRV027 (Figure 1C) is very different from its
previously reported one on adult mouse dilated car-
diomyopathy (14,15). In adults, TRV027 rapidly caused
inotropic effects in minutes, indicating that it is based
on molecular mechanisms distinct from those
observed in neonates. The neonatal-specific long-
lasting effect of TRV027 is very noticeable considering
its short half-life in the plasma (less than a few mi-
nutes) (43). However, we ruled out the possibility that
TRV027 may activate some neuronal or humoral fac-
tors in a short period after administration and that the
latter factors may secondarily cause a sustained effect
on the heart for the following 2 reasons: 1) AngII and
TRV027 increased LTCC activity and Ca2þ transients in
a similar time course in isolated mNVCMs and hiPSC-
CMs in vitro (Figure 3) (11); and 2) candesartan admin-
istration 2 h after TRV027 administration promptly and
almost completely inhibited the inotropic effects of
TRV027 (Figures 1A and 1B). AngII also has similar
protracted post-translational effects, such as regula-
tion of Naþ absorption in the renal proximal tubules
and Henle loop, despite its short half-life (10). We



FIGURE 6 Effect of TRV027 on the Cardiac Contractility of Model Mice of Human Congenital DCM

(A) The representative hearts of wild-type (WT) mouse and model mouse of human congenital dilated cardiomyopathy (cTnTDK210) at

postnatal day 6 (P6). (B) Representative M-mode ultrasound cardiogram of wild-type and cTnTDK210 mice 2 h after administration of saline

or TRV027 (3 mg/kg). (C) Ejection fraction (EF) in each condition. Statistical significance was analyzed with 1-way analysis of variance followed

by Tukey’s test. n ¼ 5 in each group.
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speculate that the slow and sustained effect of the
AT1R ligands might arise from AT1R/b-arrestin com-
plexes in the intracellular b-arrestin signalosome (13).
Endocytosis of GPCR by the clathrin-coated pit is
negatively regulated by PIP2 in the plasma membrane
(44). Because TRV027 does not effectively degrade
PIP2 through Gq/11-activated phospholipase C-b (14),
the TRV027/AT1R complex might be endocytosed
promptly within the time frame required for TRV027
being available in plasma. Type B GPCRs, such as AT1R,
strongly interact with b-arrestin and retains
endosomes longer than type A GPCRs, such as
b-adrenergic receptor (45). Therefore, it could be
envisaged that catecholamines have a role in regu-
lating perinatal circulation on a minute-by-minute
basis, whereas AngII and TRV027, in the order of hours.

VALUABLE TRANSLATIONAL ASPECT OF TRV027.

PHF is an important cause of morbidity and mortality
in childhood (1). However, the development of phar-
macological treatments for heart failure in children
significantly lag behind that of adult heart failure due



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: There

is compelling evidence that simultaneous inhibition of

G protein and b-arrestin pathways coupled to AT1R

with AT1R blocker is beneficial for adult patients

suffering from chronic heart failure; however, little

comparative evidence is available for PHF. We show

that selective activation of AT1R/b-arrestin pathway

by a BBA, TRV027, is supportive rather than hazard-

ous for pre-weaning mice undergoing the circulation

change. Importantly, this pathway is preserved in

human immature cardiac myocytes, and w60% of

children with congenital heart diseases or cardiomy-

opathy exhibit overt heart failure in their first year.

Thus, this preclinical study strongly implicates that

PHF should be treated with a BBA but not AT1R

blocker.

TRANSLATIONAL OUTLOOK: We chose TRV027

to study its effectiveness in immature cardiac myo-

cytes because its safety (but not efficacy) has been

already proven in adult heart failure patients. If it is

also safe in children, it could be used to treat PHF.

Confirmation of the therapeutic potential of TRV027

requires experiments to assess its chronic effect on

prognosis of cTnTDK210 mice (in progress) and other

animal models of PHF. It is important, when producing

small molecular BBAs, to be aware that BBAs with

different structures could affect distinct sets of

intracellular signaling pathways to different extents.
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to the difficulties inherent to large clinical studies,
such as versatile etiologies and pathophysiologies.
Therefore, it would be crucial to find a clue to solve
this issue in a bottom-up manner with a preclinical
study scrutinizing perinatal circulation physiology.
Importantly, we found that TRV027 was significantly
effective in hiPSC-CMs (Figure 3) and the neonatal
compromised heart of a mouse model of human
congenital dilated cardiomyopathy (Figure 6). Its
sustained effect might also make it possible to
manage patients with only a few daily administra-
tions. Thus, TRV027 could be a valuable and safe drug
specific for PHF.
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