
Extracellular and Intracellular
Angiotensin II Regulate the
Automaticity of Developing
Cardiomyocytes via Different
Signaling Pathways
Zenghua Qi1,2, Tao Wang3, Xiangmao Chen4, Chun Kit Wong1, Qianqian Ding1,
Heinrich Sauer5, Zhi-Feng Chen2, Cheng Long4, Xiaoqiang Yao6, Zongwei Cai 3 and
Suk Ying Tsang1,7,8*

1School of Life Sciences, The Chinese University of Hong Kong, Shatin, Hong Kong, SARChina, 2Institute of Environmental Health
and Pollution Control, School of Environmental Science and Engineering, Guangdong University of Technology, Guangzhou,
China, 3State Key Laboratory of Environmental and Biological Analysis, Department of Chemistry, Hong Kong Baptist University,
Kowloon, Hong Kong, SAR China, 4School of Life Sciences, South China Normal University, Guangzhou, China, 5Department of
Physiology, Justus Liebig University Giessen, Giessen, Germany, 6School of Biomedical Sciences, The Chinese University of
Hong Kong, Shatin, Hong Kong, SAR China, 7Key Laboratory for Regenerative Medicine, Ministry of Education, The Chinese
University of Hong Kong, Shatin, Hong Kong, SAR China, 8State Key Laboratory of Agrobiotechnology, The Chinese University of
Hong Kong, Shatin, Hong Kong, SAR China

Angiotensin II (Ang II) plays an important role in regulating various physiological processes.
However, little is known about the existence of intracellular Ang II (iAng II), whether iAng II
would regulate the automaticity of early differentiating cardiomyocytes, and the underlying
mechanism involved. Here, iAng II was detected by immunocytochemistry and ultra-high
performance liquid chromatography combined with electrospray ionization triple
quadrupole tandem mass spectrometry in mouse embryonic stem cell–derived
cardiomyocytes (mESC-CMs) and neonatal rat ventricular myocytes. Expression of
AT1R-YFP in mESC-CMs revealed that Ang II type 1 receptors were located on the
surface membrane, while immunostaining of Ang II type 2 receptors (AT2R) revealed that
AT2R were predominately located on the nucleus and the sarcoplasmic reticulum. While
extracellular Ang II increased spontaneous action potentials (APs), dual patch clamping
revealed that intracellular delivery of Ang II or AT2R activator C21 decreased spontaneous
APs. Interestingly, iAng II was found to decrease the caffeine-induced increase in
spontaneous APs and caffeine-induced calcium release, suggesting that iAng II
decreased spontaneous APs via the AT2R- and ryanodine receptor–mediated
pathways. This is the first study that provides evidence of the presence and function
of iAng II in regulating the automaticity behavior of ESC-CMs and may therefore shed light
on the role of iAng II in fate determination.
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INTRODUCTION

The renin–angiotensin system (RAS) plays a central role in the
regulation of water balance and blood pressure; in addition, it also
has an important role in the cardiovascular system (Harada et al.,
1999). Angiotensin II (Ang II) is the key bioactive molecule of
RAS; it is produced either systemically or locally via the
proteolytic processing of angiotensinogen to angiotensin I
(Ang I) by renin, followed by the subsequent conversion of
Ang I to Ang II by angiotensin converting enzyme (ACE) or
chymase (Danser et al., 1999; Paul et al., 2006). Ang II, the major
effector of RAS, was found to directly affect the contractility and
the metabolism of adult cardiomyocytes (CMs) and is responsible
for hypertrophy (Baker et al., 1992). Two distinct Ang II receptor
subtypes, namely, the Ang II type 1 receptor (AT1R) and the Ang
II type 2 receptor (AT2R), have been identified. Both AT1R and
AT2R belong to the G protein–coupled receptor (GPCR)
superfamily, but they are found to induce different cellular
signaling pathways (Akazawa et al., 2013; Karnik et al., 2015).
Numerous studies have demonstrated that AT1R activation can
lead to disease states including hypertension, cardiac arrhythmia,
stroke, diabetic nephropathy, and metabolic disorders (de
Gasparo et al., 2000; Zaman et al., 2002; Thomas and
Mendelsohn, 2003). AT1R-null mice appear to show a lower
risk of cardiovascular disease (Harada et al., 1999). The most
classical pathway of AT1R is dependent on heterotrimeric G
proteins. AT1R-Gq/11-phospholipase Cβ (PLCβ) coupling leads
to the production of inositol trisphosphate (IP3) and
diacylglycerol (DAG) (Yusuf et al., 2000), which can activate
the inositol 1,4,5-trisphosphate receptor (IP3R) and the transient
receptor potential (TRP) canonical 3 and 6 (TRPC3 and TRPC6)
channels, respectively, to increase the concentration of cytosolic
Ca2+ ([Ca2+]i) (Onohara et al., 2006). Although AT2R shares
∼34% amino acid sequence homology with AT1R, AT2R is
markedly different from AT1R in terms of tissue-specific
expression, signaling mechanisms, receptor function
regulation, and pharmacological properties (Jones et al., 2008;
Karnik et al., 2015). According to previous studies, AT2R can
attenuate the detrimental effects of AT1R to protect the heart
from disease development (Padia and Carey, 2013; Inuzuka et al.,
2016). AT2R has been proven to be a GPCR, with all the classical
motifs and signature residues of a GPCR (Lokuta et al., 1994;
Gallinat et al., 1999; Asada et al., 2018). However, it is still unclear
whether AT2R can activate a classical G protein signaling
pathway.

AT1R and AT2R were traditionally thought to be presented on
the plasma membrane (George et al., 2010; Savoia et al., 2011).
However, Ang II was also shown to bind to the nuclear membrane
and nuclei of CMs (Baker et al., 1992), suggesting the existence of
intracellular Ang II (iAng II) receptors. In addition, previous
studies have shown that AT2R was strongly detected in the
perinuclear region or in the nuclei of CMs (Senbonmatsu
et al., 2003; Tadevosyan et al., 2010), hinting that iAng II may
act in an intracrine manner through AT2R. Although there were
previous studies showing that exogenous application of Ang II
increases the contraction amplitude and frequency of CMs
(Sedan et al., 2008; Lagerqvist et al., 2011), it is unclear

whether iAng II exerts any effect in early developing CMs,
which, unlike adult CMs, uniquely display automaticity, and
the signaling pathways involved.

Automaticity is a fundamental physiological feature of the
pacemaker cells in the heart; it is characterized by the existence of
spontaneous phase 4 diastolic depolarization (DD) in an action
potential (AP). It is now recognized by numerous researchers in
the pacemaker field that the two clocks (the membrane clock and
the calcium clock) function in a coupled system synergistically to
ensure the automaticity (Lakatta et al., 2010; Monfredi et al.,
2013). The membrane clock is attributed by an interplay of a
number of ion channels, pumps, and exchangers, such as the
L-type Ca2+ channel, T-type Ca2+ channel, delayed rectifier K+

channel, hyperpolarization-activated cyclic nucleotide-gated
channels, sodium–calcium exchanger, and Na+/K+-ATPase.
Besides the membrane clock, spontaneous calcium release
from the sarcoplasmic reticulum (SR) is another determinant
of automaticity. Local calcium releases (LCRs) are the elementary
SR calcium releases mediated by the calcium release unit (CRU),
which is composed mainly of ryanodine receptor isoform 2
(RyR2) but also IP3 receptor (IP3R) (Cheng and Lederer,
2008). LCRs can occur spontaneously in CMs independent of
the calcium influx through the L-type Ca2+ channel, as LCRs
continue even when the L-type Ca2+ channel is blocked
pharmacologically (Cheng and Lederer, 2008). Calcium release
from the SR and calcium refill into the SR are regarded as the
calcium clock.

Apart from its role in maintaining the LCR, another important
role of RyR2 is its contribution to Ca2+-induced Ca2+ release
(CICR). Upon the arrival of AP, plasma membrane
depolarization opens L-type Ca2+ channels; the calcium influx
via L-type Ca2+ channels would in turn trigger the opening of
RyR2, leading to CICR. This calcium increase is the link for
excitation–contraction coupling in CMs.

While it has been known for a long time that calcium is the
activator of RyR2 and that ryanodine is a widely used
pharmacological blocker of RyR2, the physiological inhibitory
pathway of RyR2 has not been clearly identified. Whether there
would be any upstream signaling pathway which would
eventually lead to the inhibition of RyR2, either directly or
indirectly, is unexplored.

While some recent studies revealed the function of iAng II in
the cardiovascular system (De Mello, 2015; Tadevosyan et al.,
2015; Tadevosyan et al., 2017), it remains unclear whether iAng II
could modulate the automaticity of developing CMs [embryonic
stem cell–derived CMs (ESC-CMs) and neonatal rat ventricular
myocytes (NRVMs)]. All in all, the existence and the function of
iAng II and AT2R in automatically firing CMs are unknown.
Because of the pivotal role of RyR2 in these CMs, it would be
important to determine if iAng II, upon the activation of AT2R, if
any, would act via RyR2 to exert its effect. The aims of this study
were 1) to investigate if iAng II and its receptors are present in
developing CMs, 2) to investigate if extracellular and iAng II
regulate the spontaneous APs of developing CMs and exert their
effects differentially, and 3) to elucidate the signaling pathways
through which iAng II regulates spontaneous APs of
developing CMs.
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MATERIALS AND METHODS

Mouse Embryonic Stem Cell Culture and
Differentiation of Mouse Embryonic Stem
Cells
Culture of mESC cell line D3 (ATCC, Manassas, VA,
United States, 28 passages) and differentiation of mESCs using
the hanging drop method were performed as we have previously
described (Ng et al., 2010; Wong et al., 2012; Law et al., 2013; Qi
et al., 2016). A full description of the methods is available in
“Supplementary Materials and Methods.”

Isolation of Neonatal Rat Ventricular
Cardiomyocytes
NRVMs were isolated from neonatal Sprague-Dawley rats (1- to
2-day-old) using a previously described method (Wollert et al.,
1996). Briefly, the rat hearts were dissected out and digested with
trypsin. The dissociated cells were then suspended in DMEM/F12
with GlutaMAX (Gibco, Grand Island, NY, United States)
supplemented with 10% horse serum (Gibco), 5% FBS
(Gibco), and 50 μg/ml gentamicin (Gibco). The isolated cells,
which were still heterogeneous, were then plated to cultureware in
an incubator for 60 min to allow the removal of cardiac fibroblasts
as they would selectively adhere to the cultureware. Nonadhesive
NRVMs which were still in suspension were transferred and
plated on glass coverslips pre-coated with Matrigel (Corning,
Corning, NY, United States) for further culture.

Quantification of iAng II levels in NRVMs by ultra-high
performance liquid chromatography combined with
electrospray ionization triple quadrupole tandem mass
spectrometry (UHPLC-ESI-MS/MS) was carried out.

NRVMs (2 × 106 cells) from 10 neonatal rats were lysed in ice-
cold RIPA buffer freshly supplemented with a protease inhibitor
cocktail and placed on ice for 15 min and centrifuged at 16,000 g
at 4°C for 20 min. The supernatant (300 μl) that contained the
protein was stored at −80°C as the next procedure sample. Protein
concentration was determined using Bradford assay with bovine
serum albumin (BSA) as the standard. For the analysis of iAng II,
a sample (300 μl) was subsequently extracted using C18 Sep-Pak
Vac 3cc cartridges (200 mg) (Waters, Milford, MA,
United States), purified by immunoaffinity chromatography
with the immobilization of the anti–Ang II antibody on
CNBr-activated Sepharose 4B cartridges (GE Healthcare,
Uppsala, Sweden), and analyzed using an Ultimate 3000
UHPLC system coupled with a Thermo TSQ mass
spectrometer (Thermo Fisher Scientific, Waltham, MA,
United States). The double-charged parent ions of the native
Ang II were m/z 523.8 ± 0.1 (Supplementary Figure S1A). The
structure of Ang II was confirmed by two kinds of MRM
transitions, which were m/z 523.8 ± 0.1 → m/z 263.1 ± 0.1
and m/z 523.8 ± 0.1→ m/z 784.4 ± 0.1 (Supplementary Figures
S1B,C). The former fragment ion was the dominant ion with the
highest intensity, so that it was chosen as the quantitative ion,
while the latter one was used as the qualitative ion. The coefficient

of determination r2 for validation was found to be 0.9993. The
detection limit and the lower limit of quantification were
determined to be 0.1 and 0.3 ng/ml, respectively. The detailed
procedures for the quantification of iAng II levels in NRVMs by
UHPLC-ESI-MS/MS are described in “Supplementary Materials
and Methods.”

Electrophysiology
For single-cell patch clamp recording, glass coverslips containing
single cells were placed onto a recording chamber with
temperature control (33°C) and perfused with Tyrode’s
solution. The pipette solution referred to the components in
the previous articles (Muller et al., 1997; Qi et al., 2016). Action
potentials were recorded using an Axopatch 200B amplifier
(Molecular Devices, Sunnyvale, CA, United States) and
pCLAMP 10.4 software (Molecular Devices), using rupture
whole-cell patch-clamp in current-clamp configurations.

To investigate the effect of iAng II on the automaticity of
CMs, we developed a dual patch clamp method which was
performed as follows: one electrode was designated as the
recording electrode, and the other electrode was designated as
the drug delivery electrode. GΩ seals were acquired with both
electrodes on the same cell. The cell membrane patched by the
recording electrode was first broken without breaking the
membrane patched by the drug delivery electrode. Baseline
APs of CMs were recorded for 3 min. Thereafter, the cell
membrane patched by the drug electrode was ruptured to
allow drug delivery into cells and APs of CMs were
simultaneously recorded by the recording electrode. The
bath solution and pipette solution of the recording
electrode were the same as those in single patch clamp.
Pipette solution of the drug delivery electrode was
composed of pipette solution and drugs. Clampfit 10.4
(Molecular Devices) and GraphPad Prism 5 (GraphPad
Prism Software, La Jolla, CA, United States) were used to
analyze the recorded data.

Measurement of [Ca2+]i
For detecting the effect of iAng II on the [Ca2+]i, 5 µM Fluo-4
(Invitrogen) was loaded into the single mESC-CMs. Thereafter,
whole-cell patch-clamp was performed with pipette solution
containing Ang II and bath solution that was Tyrode’s
solution. After the establishment of the current-clamp mode,
the bath solution was gently changed to Ca2+-free solution.
Subsequently, cells were imaged using a CCD camera
(Photometrics, Tucson, AZ, United States). Images were
acquired at a frequency of 35 Hz using a MetaFluor/
MetaMorph Imaging System (Molecular Devices).

Statistical Analysis
Each experiment was repeated at least three times, and the data
were shown as mean ± SEM. Unpaired Student’s t-test and
analysis of variance (ANOVA) were applied to take the
statistical significance between two groups and three groups or
more, respectively. p < 0.05 was considered to be statistically
significant.
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FIGURE 1 | Ang II, AT1R, and AT2R were detected in mESC-CMs and NRVMs. (A) Representative images showing the immunocytochemistry of iAng II in
mESC-CMs. Cells were immunostained for cTnT (red), Ang II (green), and the nucleus with DAPI (blue). The results indicated that Ang II was present in mESC-CMs. (B)
Linear calibration curve of Ang II. (C) Analysis of the NRVM samples by UHPLC-ESI-MS/MS. The extracted ion chromatograms of the two kinds of MRM. The upper one
is the 523.8 ± 0.1 m/z →263.1 ± 0.1 m/z; the lower one is the 523.8 ± 0.1 m/z →784.4 ± 0.1 m/z. (D) mESC-CMs were transduced with the vector carrying
AT1R-YFP and were stained with DAPI (blue). AT1R-YFP signals were detected on the plasma membrane. (E, F) mESC-CMs were stained with DAPI (blue), anti-AT2R
(green), and (E) anti-cTnT (red) or (F) anti-SERCA2 (red). Merged images revealed extensive co-localization of AT2R with the nucleus and the SERCA2, suggesting that
AT2R was located predominately on the nucleus and the SR. Scale bars represent 10 μm.
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RESULTS

iAng II Was Detected in Developing
Cardiomyocytes
The iAng II was detected by immunocytochemistry and our
newly developed method by UHPLC-ESI-MS/MS in mESC-
CMs and NRVMs, respectively. First, we examined whether
Ang II is present in mESC-CMs by immunostaining, followed
by confocal fluorescence microscopy. Positive staining with
cardiac tropinin T (cTnT), a CM-specific marker, confirmed
that the cells were CMs. Ang II was detected in the cytoplasm
of mESC-CMs (Figure 1A). Furthermore, the result of
UHPLC-ESI-MS/MS analysis revealed that Ang II could be
detected in NRVMs, and the concentration of Ang II in the
NRVM sample was 0.79 ng/ml (Figures 1B,C). The linearity
range of the native Ang II was determined. The six-point
calibration curve of Ang II showed a reliable reproducibility
in the concentration range from 0.3 to 10 ng/ml. The
calibration curve was prepared. The area of the peak was
proportional to the concentration of the analyte. The
coefficient of determination r2 for validation was found to
be 0.9993 (Figure 1B). The mean recovery rate was found to be
37.2 ± 1.4%, and the recovery rate was sufficient to quantify
Ang II in the determined calibration range. The detection limit
was determined to be 0.1 ng/ml. The lower limit of
quantification was determined to be 0.3 ng/ml. After the
correction by the loss of each procedure, the level of iAng
II in NRVMs was calculated to be 0.63 pmol/mg.

Developing Cardiomyocytes Expressed
Ang II Type 1 Receptor on the Cell Surface
Membrane and Expressed Ang II Type 2
Receptor Predominately on the Nucleus
and the Sarcoplasmic Reticulum
To examine the subcellular localization of AT1R and AT2R,
immunostaining followed by confocal microscopy was used.
AT1R and AT2R were found to be present in mESC-CMs.
Since conventional antibodies against AT1R have been
reported to be nonspecific, we constructed recombinant
adenoviruses to express the AT1R fluorescent fusion protein
(AT1R-YFP) to probe the subcellular localization of AT1R.
AT1R-YFP was mainly expressed on the cell surface
membrane of mESC-CMs (Figure 1D). On the other hand,
immunostaining of AT2R revealed that AT2R was expressed in
a unique, web-like pattern (Figures 1E,F). Multiple antibodies
against AT2R were used and similar expression pattern of AT2R
was obtained. Co-staining with the nuclear stain DAPI and with
antibodies against SERCA2 (a cardiac-specific isoform of
SERCA) revealed that AT2R was located on the nucleus
(Figures 1E,F) and the SR (Figure 1F). In addition, the
distribution of AT1R and AT2R in NRVMs was also
investigated (Supplementary Figures S2A,B). The results were
consistent with the expression patterns of AT1R and AT2R in
mESC-CMs. Western blot analysis in NRVMs confirmed the
quality of the AT2R antibody used in our study (Supplementary
Figures S2C).

Extracellular Ang II Regulated Action
Potentials in a Transient Manner Through
the Ang II Type 1 Receptor–Dependent
Pathway
The effect of exogenously applied Ang II on APs of mESC-CMs was
first examined. When fluorescence-labeled Ang II was applied to
mESC-CMs, Ang II was not observed to entermESC-CMs even after
being applied for 36 h (data not shown). The results hinted that
exogenous Ang II may act on receptors located on the cell surface
plasma membrane. Next, Ang II was applied to mESC-CMs to
determine its effect on APs. Ang II (10–7 M) significantly and rapidly
increased the AP rate and the DD slope of APs (Figure 2A), while it
did not affect the action potential duration at 50% repolarization
(APD50) and maximum diastolic depolarization (MDP) of APs in
mESC-CMs (data not shown). These changes in the AP rate and the
DD slope were transient (lasting 100–150 s after the addition of Ang
II) and reversible, and they reappeared upon exposure to higher
concentrations of Ang II. Furthermore, the changes in APs in
response to Ang II (10–7M) in the presence of AT1R blocker
losartan (50 μM) or AT2R blocker PD123319 (10 μM) were
examined. Preincubation of losartan attenuated the effects of Ang
II on APs (Figure 2B), while preincubation of PD123319 did not
affect the Ang II–induced response (Figure 2C). Similarly,
preincubation of losartan attenuated the effects of Ang II on
calcium transients (CaTs) (Supplementary Figures S3), while
preincubation of PD123319 did not affect the Ang II–induced
response (data not shown). These results suggested that AT1R,
which is present on the cell surface plasma membrane of mESC-
CMs, plays a critical role in mediating the transient effect of
extracellular Ang II on APs and CaTs of mESC-CMs.

Dual Current Patch Clamp Is an
Advantageous Approach to Investigate the
Effect of Intracellular Delivery of Drugs on
the Action Potentials of Cardiomyocytes
Next, we confirmed and showed that the formation of a patch by
the glass electrode, followed by subsequent breakage of the
membrane, could be employed to effectively deliver drugs into
CMs. Ang II-FITC could be successfully delivered into mESC-
CMs using the glass electrode as shown by the appearance of the
green fluorescence signal inside the cell without leakage into the
extracellular space (Figure 3A). Moreover, Fluo-4-IM, a
membrane-impermeant Ca2+ indicator, could also be
successfully delivered into mESC-CMs and generated high
fluorescence intensity by binding intracellular Ca2+ (Figure 3B).

Although a single glass electrode could simultaneously deliver
drugs and record APs, basal APs before drug delivery (i.e., before
rupture by whole-cell patch-clamp configuration) cannot be
obtained. To circumvent this limitation, we developed a dual
current patch clamp method (Figure 3C). It is known that
intracellular cyclic AMP (cAMP) increases the rate of AP
generation in the cardiac pacemaker cells. Therefore, cAMP
was selected as a positive control to assess whether the dual
current patch clamp is an efficient and reliable method to
investigate the effect of intracellular delivery of drugs on the
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FIGURE 2 | Application of exogenous Ang II increased APs transiently, and the effect could be attenuated by the AT1R blocker but not the AT2R blocker. (A) Ang II
increased the APs of mESC-CMs in a transient manner. Raw traces of spontaneous APs at the basal level and upon treatment with 10–7 M Ang II in mESC-CMs (left
panel). Summarized data on the AP rate and the DD slope of APs (right panel). (B) AT1R blocker attenuated Ang II–induced changes in APs. Raw traces of
spontaneous APs at the basal level and upon treatment with 50 μM losartan, followed by the subsequent application of 10–7 M Ang II in mESC-CMs (left panel).
Summarized data on the AP rate and the DD slope of APs at the basal level or upon treatment with 50 μM losartan, followed by 10–7 M Ang II (right panel). Losartan
attenuated Ang II–induced changes in the parameters of APs. (C) AT2R blocker did not affect Ang II–induced changes in APs. Raw traces of spontaneous APs at the
basal level and upon treatment with 10 μMPD123319, followed by the subsequent application of 10–7 M Ang II in mESC-CMs (left panel). Summarized data on the AP
rate and the DD slope of APs at the basal level or upon treatment with 10 μM PD123319, followed by 10–7 M Ang II (right panel). PD123319 did not affect Ang
II–induced changes in the parameters of APs. Values are mean ± SEM of 4–6 independent experiments. *p < 0.05 vs. control group.
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FIGURE 3 | Dual current patch clamp is an advantageous approach to investigate the effect of intracellular delivery of drugs on the APs of mESC-CMs reliably. (A)
Ang II-FITC can be successfully delivered into mESC-CMs using the glass electrode as shown by the appearance of the green fluorescence signal inside the cell. (B)
Calcium indicator Fluo-4-IM can be delivered intomESC-CMswithout a leak from the glass electrode. (C)Bright view of a dual current patch clamp experiment of mESC-
CMs (left panel). A schematic diagram on the dual patch clamp experimental configuration (right panel). In dual patch clamp, AP measurement will first be made
using the “recording electrode” [as shown by black traces in (D) and (E); on the other hand, red traces in (D) and (E) represent recording in the “drug electrode”]. Before

(Continued )
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APs of CMs. As expected, cAMP markedly increased the AP rate
and the DD slope without affecting the APD50 andMDP (Figures
3D–J). Thus, our results showed that dual current patch clamp is
an advantageous approach to investigating the effect of
intracellular delivery of drugs on the APs of CMs.

Intracellular Ang II Decreased the Action
Potentials of Developing Cardiomyocytes
Through the Ang II Type 2
Receptor–Dependent Pathway
Using dual current patch clamp, Ang II was delivered
intracellularly into mESC-CMs. iAng II (10–7 M) decreased the
pacemaker activity of mESC-CMs (Figures 4A–C). iAng II
reduced the AP rate (Figure 4D) and decreased the DD slope
(Figure 4E) without affecting the APD50 (Figure 4F) and MDP
(Figure 4G); intracellular delivery of the solvent did not exert any
effect (Supplementary Figures S4). Unexpectedly, intracellular
delivery of AT1R blocker losartan (50 μM) and AT2R blocker
PD123319 (10 μM) alone did not affect the APs of mESC-CMs
(Supplementary Figures S5, S6), hinting that endogenously
produced Ang II in an unstimulated condition may not be
present in significant amounts to activate the AT1R- or
AT2R-dependent pathway. Interestingly, intracellular delivery
of AT2R activator C21 (0.1 µM) (Wan et al., 2004)
significantly decreased the APs of mESC-CMs (Figure 5),
indicating that activation of AT2R would decrease APs. Similar
results were obtained when NRVMs were used (Supplementary
Figures S7, S8). Since a decent amount of iAng II and the
activation of intracellular AT2R would similarly decrease the
APs of developing CMs, our results suggested that iAng II
activates intracellular AT2R, leading to a decrease in APs in CMs.

Effect of Intracellular Ang II on the
Automaticity of Mouse Embryonic Stem
Cell–Derived Cardiomyocytes Was
Associated With the Activity of Ryanodine
Receptor Isoform 2
The data presented so far suggested that the iAng II signaling
pathway is different from the signaling pathway of extracellular
Ang II and indicated that iAng II exerts its effect predominantly
through AT2R. Since AT2R is mainly located on the SR, we
speculated that iAng II may decrease the APs by regulating the
SR Ca2+ release channel RyR2. Caffeine can trigger Ca2+ release by
reducing the threshold for luminal Ca2+ activation of RyR2, which is
usually used to examine the activity of RyR2 (Kong et al., 2008). To

investigate whether RyR2 contributes to the effects of iAng II onAPs,
we examined the changes in APs in response to the RyR2 activator
caffeine in the presence of iAng II (10–7M).

Application of iAng II partly attenuated the effects of caffeine on
the automaticity of mESC-CMs (Figures 6A–F). Furthermore, in
the absence of external Ca2+, iAng II (10–7M) reduced the caffeine-
induced Ca2+ release in mESC-CMs (Figures 6G–I). These results
suggested that iAng II negatively regulates the automaticity of
mESC-CMs through inhibiting the activity of RyR2.

DISCUSSION

The present study provides significant new insights into the role of
extracellular and intracellular Ang II in the regulation of automaticity
of CMs. Our main findings include the following: 1) iAng II could be
detected in both NRVMs and mESC-CMs, 2) AT1R is located on the
plasma membrane, while AT2R is predominately located on the
nucleus and the SR of developing CMs, 3) extracellular Ang II
increases APs in a transient manner through the AT1R-dependent
pathway, 4) iAng II decreases APs in a persistentmanner through the
AT2R-dependent pathway, and 5) iAng II regulates the automaticity
of developing CMs by decreasing the activity of RyR2.

Intracellular Ang II Can Be Detected in
Developing Cardiomyocytes
Increasing evidence revealed that Ang II may function as an
intracellular peptide to activate intracellular/nuclear receptors and
subsequently activates downstream signaling effectors independent
of cell surface receptors in CMs. However, previous studies focused
on the iAng II function in CMs were restricted to nonspecific
detection approaches because of the lack of the specific Ang II
antibody and its low concentration in CMs. In our study, we first
built up a detection system (including sample collection, purification,
concentration, and detection by LC-MS) to detect and to quantify
the iAng II in developing CMs. Our results showed that the
concentration of iAng II in NRVMs was 0.63 pmol/mg, which
was similar to that detected by ELISA in rat CMs (Singh et al., 2008).

Previous reports suggested that Ang II can be produced
endogenously in different cell types, including adult CMs
(Baker et al., 1992; Malhotra et al., 1999; Paul et al., 2006;
Singh et al., 2007; Tsai et al., 2008). However, whether Ang II
can be produced locally in early developing CMs and, if yes, what
its role is in regulating the unique characteristic automaticity of
early developing CMs and sinoatrial cells are unknown. Our
results revealed that endogenous Ang II is present in mESC-CMs.

FIGURE 3 | the membrane breakage by the “drug electrode”, the recording in the “recording electrode” serves as the “basal” level recording. After membrane breakage
of the “drug electrode” and thereby the delivery of the drug to the intracellular environment, the APmeasured in the “recording electrode” represents the effect of the drug.
(D, E) cAMPwas used as a positive control to show the utilization of dual patch clamp. (D)Representative trace showing the basal APs in mESC-CMs (before membrane
breakage by the “drug electrode”). Upper panel represents recording in the “drug electrode” while the lower panel represents recording in the “recording electrode”. (E)
Representative trace showing the APs after intracellular cAMP delivery (after membrane breakage by the “drug electrode”). Upper panel represents recording in the “drug
electrode” while the lower panel represents recording in the “recording electrode”. (F) Traces labeled as pink in (D) (represents APs before intracellular cAMP delivery)
and as blue in (E) (represents APs after intracellular cAMP delivery) are overlaid for comparison. (G–J) Summarized data on the (G) AP rate, (H)DD slope, (I) APD 50, and
(J)MDP of APs upon treatment with cAMP (100 µM). cAMP increased the AP rate and the DD slope of APs. Values are mean ± SEM of 6–10 independent experiments.
*p < 0.05 vs. control group.
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FIGURE 4 | iAng II decreased the APs of mESC-CMs in a persistent manner. (A) Dual current patch clamp of APs of mESC-CMs without intracellular drug delivery
(i.e., before membrane breakage by the “drug electrode”). Upper panel represents recording in the “drug electrode” while the lower panel represents recording in the
“recording electrode.” (B) Dual current patch clamp of APs of mESC-CMs with intracellular delivery of Ang II (i.e., after membrane breakage by the “drug electrode”).
Upper panel represents recording in the “drug electrode” while the lower panel represents recording in the “recording electrode.” (C) Traces labeled as pink in (A)
(represents APs before iAng II delivery) and as blue in (B) (represents APs after iAng II delivery) are overlaid for comparison. (D–G)Summarized data on the (D) AP rate, (E)
DD slope, (F) APD 50, and (G) MDP of APs upon treatment with iAng II. Values are mean ± SEM of 6–10 independent experiments. *p < 0.05 vs. control group.
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FIGURE 5 | Intracellular delivery of AT2R activator C21 decreased the APs of mESC-CMs. (A) Dual current patch clamp of APs of mESC-CMs without intracellular
drug delivery (i.e., before membrane breakage by the “drug electrode”). Upper panel represents recording in the “drug electrode” while the lower panel represents
recording in the “recording electrode.” (B) Dual current patch clamp of APs of mESC-CMs with intracellular delivery of C21 (i.e., after membrane breakage by the “drug
electrode”). Upper panel represents recording in the “drug electrode”while the lower panel represents recording in the “recording electrode.” (C) Traces labeled as
pink in (A) (represents APs before intracellular C21 delivery) and as blue in (B) (represents APs after intracellular intracellular C21 delivery) are overlaid for comparison.
(D–G) Summarized data on the (D) AP rate, (E) DD slope, (F) APD50, and (G) MDP of APs upon treatment with intracellular C21. Values are mean ± SEM of 6–10
independent experiments. *p < 0.05 vs. control group.
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FIGURE 6 | iAng II attenuated caffeine-induced changes of APs and caffeine-induced Ca2+ release in mESC-CMs. (A) Raw traces of spontaneous APs at the basal
level and upon treatment with caffeine (5 μM) in mESC-CMs. (B) Raw traces of spontaneous APs upon treatment with iAng II (10–7 M) followed by the subsequent
application of caffeine in mESC-CMs. (C–F) Summarized data on the (C) AP rate, (D) DD slope, (E) APD50, and (F) MDP upon treatment with caffeine (5 μM) alone or
upon treatment with iAng II (10–7 M) followed by caffeine (5 μM). (G) Raw traces of changes in Fluo-4 fluorescence at the basal level and upon treatment with
caffeine (5 μM) in mESC-CMs. (H) Raw traces of changes in Fluo-4 fluorescence with caffeine in the presence of iAng II (10–7 M) in mESC-CMs. (I) Summarized data on
the effects of iAng II (10–7 M) on the caffeine-induced Ca2+ release in mESC-CMs when external Ca2+ was absent. Values are mean ± SEM of 6–10 independent
experiments. *p < 0.05 vs. control group.
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This endogenous Ang II is unlikely to be attributed to the entry of
extracellular Ang II, as the uptake of exogenously applied
fluorescently labeled Ang II by mESC-CMs was not observed
after 36 h of application. This result indicated that mESC-CMs
can probably synthesize their own Ang II.

In addition to synthesizing their own Ang II, the two distinct
subtypes of Ang II receptors, AT1R andAT2R, were both found to be
present in the developing CMs; AT1R is present on the cell surface
membrane, while AT2R is present on the nucleus and the SR. After
decades of research, many components of the RAS, including
angiotensinogen, angiotensin converting enzyme, Ang II, and
Ang II receptors, have been detected in the whole heart where
myocytes and non-myocytes are present (Serneri et al., 2001; van
Kats et al., 2001; Danser, 2003). However, it is unclear whether these
components are synthesized locally in the CMs. For instance, the
origin of renin, which is required for the generation of local Ang II, is
still unclear. Therefore, the exact synthesis mechanism for the iAng
II in CMs has remained an unanswered question. We speculate that
the local Ang II production in developing CMsmay be the result of a
combination of RAS component uptake from the extracellular
environment, local synthesis of the RAS components, and in-site
synthesis of iAng II. On the other hand, while it was previously
technically challenging to detect genuine iAng II due to the
potentially nonspecific method and its extremely low intracellular
level, the UHPLC-ESI-MS/MS method developed in our current
study has solidly proven the existence of iAng II in developing CMs.

Functional Intracellular Ang II–Ang II Type 2
Receptor–Ryanodine Receptor Isoform 2
Pathway Is Present in Cardiomyocytes,
Counteracting the Effect of Extracellular
Ang II in Regulating the Automaticity of
Cardiomyocytes
With components of local RAS being present, Ang II shall regulate
some of the functions of these developing CMs. Previous studies
have shown that extracellular Ang II increased the amplitude of
CaTs and the contraction amplitude in paced ESC-CMs or in
embryoid bodies containing CMs (Sedan et al., 2008; Lagerqvist
et al., 2011). Automaticity is the unique feature of developing CMs.
Our study showed that extracellular Ang II increased theAP rate and
the DD slope of the developing CMs through the AT1R-dependent
pathway. Importantly, our study revealed that iAng II that is
produced endogenously would exert the opposite effect on
spontaneous APs; iAng II decreased both the AP rate and the
DD slope of APs. Interestingly, our results showed that
intracellular delivery of AT2R activator C21 exerted a similar
effect to that of iAng II, suggesting that iAng II acts through
AT2R. In addition, iAng II attenuated the effect of the activation
of RyR2 and decreased the Ca2+ released from the RyR2. Previous
studies on automaticity of sinoatrial nodal cells showed that a
decrease in RyR2 activity would decrease the AP rate (Rigg et al.,
2000). Our novel results suggest that iAng II decreases the activity of
RyR2, leading to the decrease in APs.

AT1R is a typical seven-transmembrane GPCR. It was widely
reported that the majority of extracellular Ang II–evoked cellular
responses are mediated through the activation of the “classical”

signaling mechanism (George et al., 2010; Savoia et al., 2011)
(Figure 7). On the contrary, the role of iAng II, the identity of
AT2R, and the signaling pathway through which iAng II/AT2R
mediate their effect are still under extensive investigation.

Several previous reports have shown that iAng II implemented its
effects viaAT2R (Tadevosyan et al., 2015; Zhao et al., 2015). In CMs,
iAng II has been shown to interact with nuclear AT2R and regulate
RNA synthesis, cell proliferation, and collagen secretion (Singh et al.,
2008). Our results suggest that iAng II would act through AT2R and
negatively regulate automaticity on a much shorter timescale.

On the other hand, our results indicated that iAng II negatively
regulates RyR2 and controls APs in CMs. Since iAng II also
concomitantly mediates its effect via AT2R, it is reasonable to
speculate that binding of iAng II to AT2R would decrease the
activity of RyR2. However, whether iAng II/AT2R can directly
couple to RyR2 and downregulate its activity, or whether further
downstream signaling is involved, is unknown. Interestingly, AT2R
was first described as a thiol-potentiated Ang II receptor in 1989.
Previous studies reported that AT2R may exist in the nuclear
membrane and the mitochondrial inner membrane. However, in
comparison to AT1R, the functions of AT2R are relatively
unexplored. Some studies reported that AT2R can increase nitric
oxide (NO) release, reduce vascular tone, and attenuate ischemia
reperfusion injury in the myocardium (Mendoza-Torres et al., 2018;
Paz Ocaranza et al., 2020). NO has a function to diminish the
opening probability of RyR2, which is a mechanism that could be
cardioprotective (Lim et al., 2008). Thus, the pathway AT2R-NO-
RyR2 may be a potential mechanism by which AT2R inhibits RyR2.
Further studies would be needed to investigate how AT2R can
modulate the activity of RyR2.

While at a physiological level, it has been known for a long
time that an increase in the intracellular Ca2+ level potentiates the
activity of RyR2 (in the classical Ca2+-induced Ca2+ release
mechanism) and that at the pharmacological level, the
activators and inhibitors of RyR2 are well studied, knowledge
about physiological inhibitors of RyR2 remains scarce. In our
present study, we found that iAng II, probably by activating AT2R
at the SR, decreased the Ca2+ release from RyR2. However,
whether iAng II/AT2R can directly couple to RyR2 and
downregulate its activity, or whether further downstream
signaling is involved, is unknown. Further study shall
concentrate on elucidating the mechanism behind this
potentially important signaling pathway (Figure 7).

Some previous reports have documented that activation of
AT1R and AT2R would lead to the opposite effect in the
cardiovascular system (Jones et al., 2008; Padia and Carey,
2013; Lagatta et al., 2018); however, there is no study clearly
documenting whether extracellular Ang II and iAng II would
exert an opposing effect or not. Our study is the first study clearly
demonstrating that extracellular Ang II and iAng II activate AT1R
and AT2R, respectively, to exert opposing cellular functions.

CONCLUSION

In conclusion, our study has invented a novel UHPLC-ESI-MS/MS
method to solidly reveal the existence of iAng II in developing CMs.
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Our study has also shown that AT1R is located on the plasma
membrane, while AT2R is predominately located on the nucleus and
the SR of developing CMs. In addition, our study revealed that
extracellular Ang II regulates APs through AT1R in a transient
manner. Importantly, by employing the novel and technically
challenging dual patch clamp technique and the calcium imaging
technique, we clearly showed that iAng II negatively regulates the
automaticity of developing CMs through the AT2R-RyR2 pathway.
The present investigation has uncovered the vital role of iAng II and
provided the potential mechanisms of how Ang II regulates cardiac
automaticity.
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