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Abstract Angiotensin II (Ang II), a potent precursor of

hypertrophy and heart failure, upregulates neuronal nitric

oxide synthase (nNOS or NOS1) in the myocardium. Here,

we investigate the involvement of type 1 and 2 angiotensin

receptors (AT1R and AT2R) and molecular mechanisms

mediating Ang II-upregulation of nNOS. Our results

showed that pre-treatment of left ventricular (LV) my-

ocytes with antagonists of AT1R or AT2R (losartan,

PD123319) and ROS scavengers (apocynin, tiron or PEG-

catalase) blocked Ang II-upregulation of nNOS. Surface

biotinylation or immunocytochemistry experiments

demonstrated that AT1R expression in plasma membrane

was progressively decreased (internalization), whereas

AT2R was increased (membrane trafficking) by Ang II.

Inhibition of AT1R or ROS scavengers prevented Ang II-

induced translocation of AT2R to plasma membrane,

suggesting an alignment of AT1R-ROS-AT2R. Further-

more, Ang II increased eNOS-Ser1177 but decreased eNOS-

Thr495, indicating concomitant activation of eNOS. In-

triguingly, ROS scavengers but not AT2R antagonist

prevented Ang II-activation of eNOS. NOS inhibitor (L-

NG-Nitroarginine Methyl Ester, L-NAME) or eNOS gene

deletion (eNOS-/-) abolished Ang II-induced membrane

trafficking of AT2R, nNOS protein expression and activity.

Mechanistically, S-nitrosation of AT2R was increased by

sodium nitroprusside (SNP), a NO donor. Site-specific

mutagenesis analysis reveals that C-terminal cysteine 349

in AT2R is essential in AT2R translocation to plasma

membrane. Taken together, we demonstrate, for the first

time, that Ang II upregulates nNOS protein expression and

activity via AT1R/ROS/eNOS-dependent S-nitrosation and

membrane translocation of AT2R. Our results suggest a

novel crosstalk between AT1R and AT2R in regulating

nNOS via eNOS in the myocardium under pathogenic

stimuli.
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Introduction

The renin–angiotensin system (RAS) exerts pleiotropic

roles in normal cardiovascular functions and in various

cardiovascular diseases. Angiotensin II (Ang II) is the

major active peptide that is produced locally and system-

atically that mediates the effects of RAS by disturbing

intracellular ion homeostasis, oxidative stress and abnor-

mal signaling pathways, consequently leading to hyper-

tension, hypertrophy, heart failure and atherosclerosis [25,

33, 37, 38]. The multitudinous effects of Ang II are pre-

dominantly mediated by type 1 Ang II receptor (AT1R)

activation of various signaling cascades including NADPH

oxidase and resultant reactive oxygen species (ROS) and

protein kinases trigger an array of diverse signaling
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pathways to promote cardiovascular pathogenesis [14, 28].

On the other hand, type 2 Ang II receptor (AT2R) coun-

teracts the detrimental effects of AT1R and cardiac oxi-

dase-derived oxidative stress and protects the heart from

disease development [17, 20, 26]. In fact, AT2R exerts

these functions by activating protein phosphatases, protein

tyrosine phosphatase and protein phosphatase 2A, and de-

phosphorylation of downstream effector proteins modifies

their activities. Alternatively, AT2R are well established to

activate nitric oxide synthase (NOS)/NO—cyclic guano-

sine 30,50-monophosphate (cGMP) signaling to exert pro-

tective effects in cardiovascular system [13, 20, 26].

The general consensus is that endothelial NOS (eNOS)

is the downstream target of AT2R [24, 26]. However, de-

spite that neuronal NOS (nNOS) is the predominant NOS

that regulates cardiac contractility and intracellular Ca2?

homeostasis in cardiac myocytes, the involvement of

nNOS in AT2R-mediated downstream signaling is un-

known. nNOS differs from eNOS in the subcellular loca-

tion and it plays pivotal roles in regulating intracellular

Ca2? handlings, redox homeostasis and cardiac contraction

[1, 34, 40, 42, 44]. Importantly, whilst eNOS is ‘‘uncou-

pled’’ and becomes the source of ROS [35] or it is down-

regulated in the failing heart [39], nNOS is upregulated and

prevents the myocardium from oxidative stress, attenuates

adverse remodeling and delays the progression towards

heart failure [2, 9, 19].

Recently, our results have shown that Ang II increases

nNOS protein expression and activity in isolated cardiac

myocytes, which in turn, reduces NADPH oxidase pro-

duction of cellular superoxide and promotes diastolic

function [18]. In the present study, we examined molecular

mechanisms mediating Ang II-stimulation of nNOS.

Materials and methods

Animals and left ventricular myocytes

LV myocytes were isolated from Sprague–Dawley rats

(12 weeks old, male) and from eNOS?/? and eNOS-/-

mice (Tohoku University Graduate School of Medicine)

using a standard enzymatic dispersion technique. The rats

were anesthetized with pentobarbital sodium (30 mg/kg,

i.p.) and the mice were humanely killed with cervical

dislocation. Briefly, the hearts from rats and mice were

extracted and mounted onto the Langendorff perfusion

system and were perfused with a nominal Ca2? -free so-

lution (in mM; NaCl 135, KCl 5.4, MgCl2 3.5, glucose 5,

HEPES 5, Na2HPO4 0.4, Taurine 20 at a pH of 7.4), fol-

lowed by a further 8 min with enzymes added (collagenase,

1 mg/ml, Worthington Biochemical Co.; protease,

0.133 mg/ml, Sigma-Aldrich; BSA 1.65 mg/ml; Ca2?,

0.05 mM). Myocytes were harvested from LV chamber of

the heart following further 5- and 10-min digestion periods

in a separate flask containing fresh collagenase-only solu-

tion, washed and re-suspended in storage solution (in mM;

NaCl 120, KCl 5.4, MgSO4 5, CaCl2 0.2, Na-pyruvate 5,

glucose 5.5, Taurine 20, HEPES 10, Mannitol 29, pH 7.4,

NaOH). The myocyte suspension was stored at RT and

cells were used within 8 h of isolation. The study protocol

was in accordance with the Guide for the Care and Use of

Laboratory Animals by the US National Institutes of

Health (NIH Publication No. 85–23, revised 1996), and

also conforms to the Institutional Animal Care and Use

Committee (IACUC) in Seoul National University (IACUC

approval No.: SNU-101012-3).

qRT-PCR

Total RNA was extracted using a TRizol reagent (Invit-

rogen) and its purified concentration was determined

spectrophotometrically at 260 nm. cDNA was produced

using SuperScriptTM III First-Strand Synthesis System

(Invitrogen) according to manufacturer’s instructions. Pri-

mers were: GAPDH (forward, 50-GCC AAG GCT GTG

GGC AAG GT-30; reverse, 50-GAG CAA TGC CAG CCC

CAG CA-30), nNOS (forward, 50-CTG CAA AGC CCT

AAG TCC AG-30; reverse, 50-AGT GTT CCT CTC CTC

CAG CA-30). cDNAs were amplified with SYBR green

(TOPrealTM qPCR 2X PreMIX) using a real-time PCR

system (Applied Biosystems 7500 Real-time PCR) under

the conditions: 95 �C for 10 min, 40 cycles at 95 �C for

10 s, 60 �C for 15 s and 72 �C for 15 s. Specificity of

amplification products was assessed by melting curve

analysis. Relative gene expression was calculated using the

comparative threshold (Ct) method (2�DDCt ).

Immunoblotting

Proteins were extracted from LV myocytes using lysis

buffer containing 0.5 M EDTA, 25 mM Tris–HCl,

150 mM NaCl, 0.5 % CHAPS or 1 % Triton X-100 with

phosphatase inhibitor and protease inhibitor cocktail

(Roche), pH 7.4. After boiling at 95 �C for 5 min, lysates

were fractionated by SDS/PAGE and transferred to PVDF

membranes in 25 mM Tris, 192 mM glycine, 0.01 % SDS,

20 % methanol. Membranes were blocked in 1X TBS

containing 1 % Tween-20 and 5 % BSA (blocking solu-

tion) for 1 h at RT with gentle rocking. Membranes were

then incubated overnight at 4 �C with nNOS (Santa Cruz

Biotechnology), eNOS (BD Transduction Laboratories),

phospho-eNOS Ser1177, phospho-eNOS Thr495, Akt,

Phospho-Akt Ser473 (Cell Signaling Technology), AT1R,

AT2R, GAPDH (Santa Cruz Biotechnology) and Na?-K?
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ATPase (Abcam) primary antibodies followed by relevant

secondary antibodies after washing. Blots were developed

using ECL Plus western blotting detection reagents

(Amersham Bioscience). Membranes were stripped of an-

tibodies using stripping buffer (Pierce Chemical) for

15 min at RT. The relative densities were calculated by

normalizing each blot with GAPDH.

Nitrite assay

NO production was detected by measuring nitrite content

in LV myocytes using NO assay kit (Griess Reagent Sys-

tem). LV myocytes were homogenized with Krebs

Henseleit solution (NaCl 118 mM, NaHCO3 25 mM,

Glucose 5.6 mM, KCl 4.7 mM, KH2PO4 1.2 mM, MgSO4

1.1 mM, CaCl2 1.8 mM). Protein concentration was de-

termined by Bradford method. Sodium nitrite (Sigma) was

used as the standard. The samples were added and mixed

with sulfanilamide solution and incubated for 5–10 min at

RT in the dark. The same volume of naphthylethylenedi-

amine dihydrochloride (Sigma) solution was added to all

wells and incubated for 5–10 min at RT, protected from

light. Absorbance of the mixture at 540 nm was measured

with a microplate reader, PowerWaveTM XS Microplate

Spectrophotometer (BioTek Instruments, Winooski, VT,

USA).

AT2R DNA constructs

The AT2R wild type was cloned into pEGFP-N1 as de-

scribed previously [41]. Cysteine mutants at C70A, C71A,

C319A, C349A in intracellular region of AT2R were

generated using QuikChange XL Site-Directed Mutagene-

sis Kit (Agilent Technologies). The DNA sequences were

confirmed by direct sequencing.

Cell culture and transient transfection

HEK293T cells were cultured in Dulbecco’s modified

Eagle’s medium (Gibco), supplemented with 10 % fetal

bovine serum (FBS). Cells were maintained at 37 �C and

5 % CO2. Cells were transiently transfected with 500 ng of

AT2R-GFP wild type (WT), AT2R C70A-GFP, AT2R

C71A-GFP, AT2R C319A-GFP and AT2R C349A-GFP

mutants for 48 h using X-tremeGENE HP DNA transfec-

tion Reagent (Roche) according to manufacturer’s

instructions.

Immunocytochemistry and confocal imaging

Isolated LV myocytes were attached to laminin (Sigma)-

coated coverslips for 1 h at 37 �C. After treated with Ang

II, L-NAME ? Ang II or SNP for 30 min, cells were fixed

with 4 % PFA for 30 min in RT and washed with PBS for

three times. Fixed cells (not permeabilized) were incubated

in blocking solution (5 % FBS in PBS) for 1 h, followed by

an incubation with extracellular membrane targeting anti-

rabbit AT2R polyclonal antibody (1:100, Alomone labs)

for overnight at 4 �C. After three washes in PBS for

10 min, cells were incubated with Alexa Fluor 488-con-

jugated goat anti-rabbit (1:500, Invitrogen/Molecular

Probes) for 1 h. Finally, the cells were mounted with

fluorescent mounting medium (Vectashield).

Similarly, HEK 293T cells (transfected with GFP-tag-

ged wild type or mutant AT2R) were attached to twelve-

well plates pre-coated with poly-L-lysine and were ran-

domly assigned for control or SNP (10 lM for 30 min)

groups. Cells were fixed with 4 % PFA for 30 min, fol-

lowed by Alexa Fluor 555 conjugated Wheat Germ Ag-

glutinin (WGA, 5.0 ug/mL, Invitrogen/Molecular Probes)

and 40,6-Diamidino-2-phenylindole (DAPI, Sigma) for

1 min in RT. The immunostained LV myocytes and AT2R

transfected HEK293T cells were imaged using a laser

scanning confocal microscope (Olympus, FluoView 1000)

with an oil immersion objective of 1009.

Surface biotinylation

Densities of AT1R and AT2R in the plasma membrane

following Ang II treatment (0–30 min) were detected in

rat LV myocytes using surface biotinylation method.

0.25 mg/mL Sulfo-NHE-SS-Biotin (Pierce) in PBS was

added to the cell suspension and gently shaken for 1 h at

4 �C. After quenching free biotin by adding 50 mM Tris–

Cl (pH 7.4), LV myocytes were lysed in lysis buffer

(0.5 M EDTA, 25 mM Tris–Cl pH 7.4, 150 mM NaCl,

1 % Triton X-100) and centrifuged at 13,000g for 10 min.

Supernatants were incubated with solution containing

NeutrAvidin Agarose Resins (Pierce) for 1 h at RT. Beads

were washed two times with 0.1 % TBS-T. Avidin-bind-

ing proteins were eluted with elution buffer (62.5 mM

Tris–Cl pH 6.8, 1 % SDS, 10 % glycerol, 50 mM DTT)

and loaded onto an SDS 10 % polyacrylamide gel. Im-

munoblotting was performed by AT1R (Santa Cruz

Biotechnology), AT2R (Santa Cruz Biotechnology) pri-

mary antibody. AT2R surface densities in the plasma

membrane following SNP treatment (30 min) were de-

tected in AT2R-transfected HEK293T cells under the

same condition. Membrane expression of AT2R protein in

plasma membrane was confirmed with GFP (Invitrogen/

Molecular probes) antibody in immunoblotting.

S-nitrosation

S-nitrosation of AT2R was analyzed by biotin-switch

method. S-nitrosated cysteine residues of AT2R were
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covalently labeled with maleimide-biotin according to the

manufacturer’s instructions (S-nitrosated protein detection

assay kit; Cayman Chemical). Biotin-conjugated proteins

were then isolated with Streptavidin-coupled Dynabeads

(Life Technologies) overnight at 4 �C. After washing with

PBS-T (buffer composition—50 mM Tris–Cl, pH 8.0;

150 mM NaCl, 1 mM EDTA and 1 % Tween 20), the

proteins bound to the beads were eluted by boiling for

10 min in sodium dodecyl sulfate containing buffer and the

S-nitrosated proteins were subjected to SDS-PAGE and

western blot analysis with AT2R antibody. S-nitrosation of

AT2R was compared in LV myocytes before and after SNP

treatment.

Statistics

Data were expressed as mean ± SE and n indicates the

number of samples used. For all comparisons, primary cells

were obtained from a minimum of three hearts per treat-

ment group per protocol. Data were indicated as n paired or

unpaired Student’s t test that was used for statistical ana-

lysis. A value of P\ 0.05 was considered to be statistically

significant.

Results

AT1R, intracellular ROS and AT2R mediates Ang

II-stimulation of nNOS protein expression

As shown in Fig. 1a, Ang II (1 lM, 3 h) significantly in-

creased the protein expression of nNOS in rat LV myocyte

homogenates (P = 0.02, n = 7). Unlike nNOS, eNOS

protein expression was not affected by Ang II (P = 0.9,

n = 7, Fig. 1b), suggesting that nNOS is upregulated by

Ang II in cardiac myocytes. Pre-treatment of LV myocytes

with AT1R antagonist, losartan (1 lM, 30 min followed by

co-incubation with Ang II 1 lM, 3 h), abolished Ang II-

stimulation of nNOS protein (P = 0.005, between Ang II

and losartan ? Ang II, n = 5, respectively, Fig. 1a).

Intracellular ROS are upstream regulators of transcrip-

tion of proteins and are associated with cardiac NOS pro-

tein expression and activity [5, 32]. Therefore, we tested

whether intracellular ROS subsequent to AT1R activation

(NADPH oxidase, xanthine oxidoreductase or mitochon-

dria) is involved in Ang II-upregulation of nNOS. Fig-

ure 1c shows that Ang II (1 lM, 3 h) increased mRNA

expression of nNOS in LV myocyte homogenates

(P = 0.04, n = 4). Pre-incubation of LV myocytes with

apocynin (100 lM), an antioxidant that has been shown to

inhibit NADPH oxidase or superoxide scavenger, tiron

(1 mM) (30 min followed by co-incubation with Ang II for

3 h) abolished Ang II-stimulation of nNOS mRNA

(P = 0.04 between Ang II and Ang II ? apocynin, n = 4;

P = 0.009 between Ang II and tiron ? Ang II, n = 4,

Fig. 1c). Furthermore, pre-treatment of LV myocytes with

apocynin, tiron or H2O2 catalase-polyethylene glycol

(PEG-catalase, 352 Units/ml) abolished Ang II-induced

increases in nNOS protein expression (P\ 0.001 between

Ctr and Ang II, n = 10; P = 0.002 between Ang II and

Ang II ? apocynin, n = 6; P\ 0.001 between Ang II and

Ang II ? tiron, n = 6; P = 0.03 between Ang II and Ang

II ? PEG-catalase, n = 5, Fig. 1d). Importantly, losartan,

apocynin and tiron blocked Ang II-induced increase in NO

production, respectively (P = 0.004 between Ang II and

losartan ? Ang II, n = 12; P = 0.001, Ang II and apoc-

ynin ? Ang II, n = 6; P\ 0.0001, between Ang II and

tiron ? Ang II, n = 5, Fig. 1e).

Involvement of AT2R in Ang II-induced nNOS protein

expression was examined by incubating LV myocytes with

a specific antagonist of AT2R, PD123319. PD123319 pre-

incubation (1 lM, 30 min followed by co-incubation with

Ang II for 3 h) blocked Ang II-induced increase in nNOS

protein expression (P\ 0.001 between Ang II and Ang

II ? PD123319, n = 5, respectively, Fig. 2a) and NO

production (P = 0.001 between Ang II and

PD123319 ? Ang II, n = 12, Fig. 2b). Conversely, AT2R

agonist, CGP 42112A (1 lM), significantly increased

nNOS protein expression in LV myocytes (P = 0.04,

n = 4, Fig. 2c).

Taken together, these results suggest that AT1R, intra-

cellular ROS and AT2R are pivotal upstream regulators of

nNOS protein expression and activity in cardiac myocytes.

AT1R and intracellular ROS determine AT2R

translocation to plasma membrane

Involvement of both pathogenic AT1R/ROS and counter-

balancing AT2R in Ang II-stimulation of nNOS suggest

that there maybe crosstalks between Ang II receptors.

Therefore, using plasma membrane biotinylation and

western blotting analysis, we examined membrane ex-

pressions of the two Ang II receptors following Ang II

treatment.

Figure 3a shows that 30-min incubation with Ang II did

not affect total protein levels of AT1R and AT2R in cardiac

myocytes (P = 0.9, n = 4 for AT1R; P = 0.8, n = 4 for

AT2R, Fig. 3a). However, AT1R in biotinylated membrane

fraction was reduced in time-dependent manner with Ang

II (at 30 min, P = 0.03 between Ctr and Ang II, n = 3,

Fig. 3b). In contrast, AT2R in biotinylated membrane

fraction was increased with Ang II (at 30 min, P = 0.02

between control and Ang II, n = 9, Fig. 3b). Intriguingly,

pre-treatment of LV myocytes with losartan blocked Ang

II-induced AT2R translocation to plasma membrane

(AT2R density in biotinylated membrane fraction was
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reduced, P = 0.01 between Ang II and Ang II ? losartan,

n = 6, Fig. 3c, d). Similarly, apocynin or tiron pre-treat-

ment blocked Ang II-induced AT2R translocation to the

plasma membrane (P = 0.02 between Ang II and Ang

II ? apocynin, n = 6; P = 0.04 between Ang II and Ang

II ? tiron, n = 6, Fig. 3c, d).

These results clearly suggest that AT1R-cardiac oxi-

dase-derived ROS axis promotes AT2R translocation to

Fig. 1 Inhibition of AT1R and intracellular ROS reduced Ang II-

stimulation of nNOS mRNA and protein expressions and NO

production in LV myocytes. a Isolated LV myocytes were incubated

with Ang II (1 lM), Losartan (1 lM) and Losartan ? Ang II for 3 h.

nNOS protein was detected by western blotting. GAPDH was used

as a loading control. b eNOS protein expression was not affected after

Ang II treatment (3 h). c Real-time PCR results showed that apocynin

(100 lM) or tiron (1 mM) pre-treatment blocked Ang II-stimulation

of nNOS mRNA. Mean ratios of nNOS mRNA relative to control

(GAPDH) in control and Ang II-treated LV myocyte homogenates.

d Apocynin, tiron and PEG-catalase (352 Units/ml) pre-treatment

prevented Ang II-induced nNOS protein expression. e NO production

(nitrite assay) was greater in LV myocyte homogenates following

Ang II treatment (3 h). Losartan, apocynin or tiron abolished the

effect of Ang II on NO production
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plasma membrane and AT2R-mediated Ang II-stimulation

of nNOS protein expression.

eNOS is activated by Ang II and intracellular ROS

Next, we detected whether eNOS activity is also regulated

by Ang II and if so, how does eNOS affect nNOS protein

expression. Figure 4a shows that Ang II time-dependently

increased AKT phosphorylation in cardiac myocytes

(P = 0.01 between control and Ang II 30 min, n = 3).

Similarly, eNOS Ser1177 was increased by Ang II, whereas

eNOS Thr495 was reduced (P = 0.03 and P\ 0.001 be-

tween control and Ang II 30 min, respectively, n = 4,

Fig. 4b), suggesting that eNOS activity is increased. In

addition, unlike SMTC (nNOS inhibitor), which prevented

Ang II-increment of NO (P\ 0.001, between Ang II and

Ang II ? SMTC, n = 9, Fig. 4c), L-NAME diminished

NO level in the absence and presence of Ang II

(P\ 0.001, n = 12, Fig. 4c), indicating that eNOS activity

is increased and contributes significantly to the cellular NO

level in cardiac myocytes.

Furthermore, apocynin pre-treatment decreased eNOS

Ser1177 phosphorylation and blocked eNOS Thr495 de-

phosphorylations by Ang II (P = 0.006 and P = 0.63 be-

tween control and Ang II 30 min, respectively, n = 4,

Fig. 4d), suggesting that increased intracellular ROS is

responsible for Ang II-regulation of eNOS.

Taken together, these results suggest that Ang II treat-

ment activates ‘‘coupled’’ eNOS and intracellular ROS

mediate Ang II-activation of eNOS.

Pivotal role of eNOS in Ang II-induced AT2R

translocation and nNOS protein expression

Interestingly, inhibition of AT2R by PD123319 did not

prevent Ang II-induced eNOS phosphorylations (data

Fig. 2 AT2R antagonist blocks

Ang II-stimulation of nNOS

protein expression and activity

in LV myocytes. a Isolated LV

myocytes were pre-incubated

with AT2R antagonist,

PD123319 (1 lM). PD123319

blocked Ang II-stimulation of

nNOS protein expression.

b PD123319 prevented Ang II-

induced increase in NO

production. c AT2R agonist,

CGP42112A (1 lM, 3 h),

significantly increased nNOS

protein expression

21 Page 6 of 15 Basic Res Cardiol (2015) 110:21

123



not shown), suggesting that eNOS phosphorylation

and activity are not subject to AT2R-dependent acti-

vation. Therefore, we examined the role of eNOS in

Ang II-induced and AT1R/ROS-mediated AT2R

translocation to plasma membrane and nNOS protein

expression.

As shown in Fig. 5a, AT2R translocation to plasma

membrane was observed with immunocytochemistry in

non-permeabilized primary LV myocytes. Fluorescent in-

tensity for extracellular membrane-specific AT2R antibody

was significantly increased after Ang II or SNP treatment.

However, Ang II failed to induce surface expression of

AT2R in L-NAME pre-treated LV myocytes. In addition,

AT2R density in biotinylated membrane fractions was

significantly reduced in L-NAME pre-treated LV myocytes

(P = 0.02 between Ang II and L-NAME ? Ang II, n = 5,

Fig. 5b).

Because eNOS functions as an upstream regulator of

AT2R, we tested the hypothesis that eNOS mediates Ang

II-stimulation of cardiac nNOS. Indeed, L-NAME pre-

treatment abolished Ang II-induced nNOS protein expres-

sion (P = 0.03 between Ang II and L-NAME ? Ang II,

n = 4, Fig. 5c). To confirm the role of eNOS in Ang II-

induced nNOS protein expression, we detected the effect of

Ang II on nNOS protein expression in LV myocytes from

eNOS?/? and eNOS-/- mice. As shown in Fig. 5d, Ang II

increased nNOS protein expression in eNOS?/? LV my-

ocytes (P = 0.01, n = 4, Fig. 5d). However, nNOS protein

Fig. 3 Time-dependent expressions of AT1R and AT2R in the

surface membrane of LV myocytes following Ang II treatment (3 h)

and the effect of ROS scavengers on their expression. a Representa-

tive AT1R and AT2R blottings before and after Ang II treatment (5,

10, 20 and 30 min) in LV myocytes. GAPDH was used as a loading

control. b Immunoblottings and the mean ratios of AT1R and AT2R

(surface/total) at 0, 10, 20 and 30 min after Ang II treatment.

c Immunoblotting (left) and the mean ratio of AT2R (surface/to-

tal) (right). Losartan (1 lM), apocynin (100 lM) and tiron (1 mM)

were pre-treated in LV myocytes, respectively
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expression was unaffected by Ang II in eNOS-/- LV

myocytes (P = 0.95, n = 4, Fig. 5d).

S-nitrosation of AT2R by NO

Increased eNOS production of NO may prompt AT2R

translocation via S-nitrosation. Therefore, we aimed to

determine whether AT2R could be S-nitrosated by NO

increment. Ang II treatment did not affect S-nitrosation of

AT2R (data not shown), possibly due to high reducing

environment in LV myocytes. However, SNP significantly

increased S-nitrosation of AT2R (P = 0.02, n = 3,

Fig. 6a). Conversely, pre-incubation of LV myocytes with

a strong reducing agent, DTT (1 mM), abolished Ang II-

Fig. 4 Ang II and intracellular ROS regulation of eNOS phospho-

rylation and activity. a Total and phosphorylated Akt (Akt-Ser473) in

response to Ang II (5, 10, 30 min) was detected in isolated LV

myocytes with immunoblotting. b eNOS-Ser1177 and eNOS-Thr495

phosphorylations in Ang II-treated LV myocytes (5, 10, 20, 30 min).

Representative immunoblottings and averaged ratios for eNOS-

Ser1177/eNOS and eNOS-Thr495/eNOS. c Nitrite level in control,

Ang II and Ang II ? SMTC Ang II ? L-NAME. d Immunoblottings

and averaged ratios for eNOS-Ser1177/eNOS and eNOS-Thr495/eNOS

after pre-treatment with apocynin (100 lM, 30 min)
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Fig. 5 Effect of eNOS inhibition or gene deletion on AT2R

translocation to plasma membrane and Ang II-stimulation of nNOS

protein expression. a Ang II and SNP-dependent AT2R translocation

to plasma membrane was detected by immunocytochemistry with

anti-AT2Rextracellular antibody (green) in non-permeabilized LV

myocytes. Ang II and SNP increased AT2R expression in the plasma

membrane, whereas L-NAME abolished AT2R translocation.

b Surface biotinylation of AT2R after LV myocytes was treated by

Ang II and Ang II ? L-NAME. L-NAME prevented AT2R expres-

sion in plasma membrane. c L-NAME pre-treatment blocked Ang II-

stimulation of nNOS protein expression. d Isolated LV myocytes in

eNOS?/? and eNOS-/- mice were treated with Ang II (1 lM) for

3 h. nNOS protein expression was increased by Ang II in eNOS?/?

but not in eNOS-/- LV myocytes
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increase of nNOS protein expression (P = 0.018, n = 5,

Fig. 6b).

C-terminal cysteine 349 of AT2R is essential

in membrane trafficking

Using site-directed mutagenesis on DNA construct of GFP-

conjugated AT2R, we went on and analyzed potential

target of NO in AT2R that may convey membrane traf-

ficking. We determined to test the 4 cysteine residues on

the intracellular region of AT2R due to the bioavailable

environment of NO in cytosol (Fig. 7a). Wild type and

cysteine 70, 71, 319 and 349 mutations to alanine were

transfected in HEK293T cells; NO-dependent membrane

trafficking of AT2R was determined using surface bi-

otinylation and immunocytochemistry. As shown in

Fig. 7b, surface to total AT2R ratio was significantly in-

creased by SNP (10 lM, 30 min) in wild type AT2R

(P = 0.004 between Ctr and SNP in AT2R-WT, n = 3).

Similar increases in surface to total AT2R ratios by SNP

were observed in C70A, C71A, C319A mutants (P = 0.02,

between Ctr and SNP in AT2R-C70A; P = 0.03, between

Ctr and SNP in AT2R-C71A; P = 0.01, between Ctr and

SNP in AT2R-C319A, respectively, n = 3, Fig. 7b). Un-

expectedly, C349A mutation increased AT2R translocation

to plasma membrane before SNP treatment (P = 0.005

between AT2R-WT and AT2R-C349A, n = 3, Fig. 7b).

And this increase was sustained by SNP treatment in

C349A transfected cells. In concordance with surface bi-

otinylation data, AT2R-C349A expression was increased in

plasma membrane before SNP treatment and remained to

the same level after SNP treatment (Fig. 7c). In contrast,

AT2R translocation to plasma membrane was increased by

SNP in AT2R-WT, C70A, C71A, C319A transfected cell

(Fig. 7c).

These results suggest that cysteine 349 of AT2R is a key

regulatory site for AT2R translocation to the plasma

membrane. Furthermore, AT2R translocation by eNOS

activation is important in mediating Ang II-induced in-

crease in nNOS protein expression in rat LV myocytes.

Discussion

In the present study, we demonstrate that (1) Ang II-me-

diated activation of AT1R and intracellular ROS led to the

translocation of AT2R to plasma membrane and AT2R is

instrumental in stimulating nNOS transcription/protein

expression/activity in murine cardiac myocytes; (2) eNOS

is activated by Ang II and intracellular ROS and mediates

Ang II-stimulation of AT2R translocation to plasma

membrane; (3) eNOS activation is important in Ang II-

stimulation of nNOS protein expression in cardiac my-

ocytes. (4) Furthermore, we show direct evidence that

AT2R can be S-nitrosated by NO; C-terminal cysteine 349

Fig. 6 S-nitrosation of AT2R is

necessary for Ang II-stimulation

of nNOS protein expression.

a Representative immunoblots

and mean ratios of AT2R

S-nitrosation (relative to total

AT2R) in the presence and

absence of SNP (10 lM).

S-nitrosated AT2R was

increased by SNP. b DTT pre-

treatment (1 mM, 30 min)

abolished Ang II-induction of

nNOS protein expression

cFig. 7 Cystein 349 is an important region for the translocation of

AT2R to the plasma membrane. a Amino acid sequence and the

mutated cysteine residues in AT2R. The AT2R protein has four

cysteine residues in intracellular region. The arrowhead indicates the

position where GFP was inserted to make GFP-tagged AT2R (AT2R-

GFP). b HEK293T cells were transfected with AT2R-WT, C70A,

C71A, C319A, C349A mutants, respectively. Each mutant was

treated with SNP (10 lM). Quantification of the mutants were

identified by GFP protein. Na?-K? ATPase (NKA) was detected as a

loading control for surface fraction. Bar graph represents the ratio of

surface to total GFP protein. c Overexpressed AT2R-GFP (green) was

localized in the cytoplasm in the HEK293T cell. The surface

expression of AT2R-GFP was identified by WGA (red). The right

panel showed the intensities of AT2R-GFP (green) and WGA (red)

on yellowed dashed lines of the images. Scale bar 5 lm
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of AT2R is a critical site for the membrane trafficking of

AT2R. To our knowledge, this is the first study to reveal

interplays between AT1R/NADPH oxidase—AT2R and

eNOS—nNOS in cardiac myocytes. The schematic dia-

gram of the cascade is shown in Fig. 8.

AT1R has been implicated in the activation of consti-

tutive NOS in cardiovascular system. For example, using

transgenic mice model that expresses constitutively active

AT1R in endothelial cells, Ang II increased endothelial

eNOS activity and led to hypotension in these mice [30].

Similar increase in eNOS protein expression by Ang II was

shown in endothelial cells in vitro [5] or in myocardium

[31, 36]. Conversely, losartan reduced NO production in

cardiac myocytes and impaired NO bioavailability was

partially responsible for larger infarct size following is-

chemia [16]. Here, our results clearly showed that acute

application of Ang II did not affect eNOS protein expres-

sion (at 3 h), indicating that eNOS and nNOS may differ in

their transcription from very early stage of disease pro-

gression. The relationship between AT2R and nNOS pro-

tein expression has been discussed previously. For

example, AT2R agonist, C21, treatment significantly

upregulated nNOS expression in the paraventricular hy-

pothalamic nucleus (PVN) and rostral ventrolateral

medulla (RVLM) and negatively regulated sympathetic

outflow and improved baroreflex sensitivity via a nNOS-

dependent mechanism [11, 12]. Conversely, inhibition of

AT2R abolishes relaxin-induced nNOS protein expression

and phosphorylation, and subsequently prevents antifibrotic

actions of relaxin [6]. In addition, nNOS protein expression

has been shown to be unaffected in the infarcted my-

ocardium from AT2R-deficient mice [3], in contrast to the

upregulation of nNOS protein in failing myocardium [2, 9].

More intriguingly, our results also showed that intracellular

ROS mediated Ang II-stimulation of nNOS protein ex-

pression/activity. Although cardiac oxidases and intracel-

lular ROS have been known to function as upstream

regulators of eNOS in endothelial cells [5] or nNOS in

kidney [27], our results are the first to demonstrate that

intracellular ROS downstream of Ang II controls AT2R

translocation to plasma membrane, for AT2R to promote

nNOS protein expression in cardiac myocytes.

In the present study, we also show that eNOS activity is

increased by Ang II (30 min) and eNOS-derived NO is

necessary for AT2R trafficking to increase nNOS protein

expression (eNOS begets nNOS). We are not stating that

eNOS is the exclusive mechanism to induce nNOS in

cardiac myocytes. In fact, nNOS compensates for reduced

NO bioavailability in the absence of eNOS in the cardio-

vasculature under stress [7, 9, 15]. eNOS may become a

key player in AT1R-NADPH oxidase-AT2R axis due to its

influences on AT2R translocation and activation, despite

the fact that eNOS-regulation of myocardial contraction is

trivial both under basal conditions and with b-adrenergic

Fig. 8 Schematic diagram illustrating the mechanistic links of Ang

II-upregulation of nNOS protein expression in cardiac myocytes. Ang

II stimulates AT1R in cardiomyocyte plasma membrane and quickly

internalized, leading to activation of cardiac oxidases such as NADPH

oxidase. Intracellular ROS, in turn, activates Akt and phosphorylates

endogenous eNOS to activate the enzyme. Subsequently, S-nitrosa-

tion of AT2R near cysteine 349 residue contributes to AT2R

translocation to the plasma membrane and was stimulated by Ang

II. This leads to a rise in nNOS protein and NO generation
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stimulation [29, 42]. In essence, eNOS is activated by Ang

II (mediated by ROS) and is necessary as an early signal to

mediate Ang II-stimulation of nNOS. Notably, Ang II

progressively increased eNOS-Ser1177 but reduced eNOS-

Thr495, which were blocked by apocynin (Fig. 4b), sug-

gesting contrasting regulation mechanism. One possibility

is that Ang II causes protein phosphatase 2A (PP2A) ac-

tivation with time (downstream of AT2R) and dephos-

phorylates eNOS-Thr495, whereas eNOS-Ser1177 is more

sensitive to ROS-activating protein kinases (e.g., Akt). On

the other hand, apocynin without Ang II significantly in-

creased eNOS-Ser1177 (Fig. 4d). Since PP2A activity is

known to be suppressed by antioxidants (e.g., ascorbate),

followed by enhanced AMPK-dependent eNOS-Ser1177

[23], eNOS-Ser1177 can be actively regulated by PP2A

under basal conditions. Furthermore, we have demon-

strated NO-dependent S-nitrosation of AT2R in LV my-

ocytes. This effect was observed in primary LV myocytes

only with SNP but not by Ang II. The lack of response of

Ang II does not exclude eNOS-dependent S-nitrosation of

AT2R since it may occur at local compartments and is

difficult to detect in myocyte lysates; however, this remains

elusive and may require more sensitive measurement to

pinpoint the regulation.

To further explore the cysteine residues in AT2R which

are responsible for NO-dependent AT2R translocation, we

tested site-directed mutagenesis of DNA constructs of

AT2R conjugated with GFP. Wild type AT2R translo-

cated to the plasma membrane in response to NO and

AT2R D7 (7 aa deletions in C terminus) was failed

(consistent with Dr Wu’s results [41], data not shown).

Alanine mutations of 4 intracellular cysteine residues

(C70, 71, 319 and 349) reveal that C-terminal C349A

exhibits a ‘‘gain of function mutation’’ and induces AT2R

translocation to plasma membrane. These results show the

requirement of C349 but the functional significance of its

S-nitrosation remains clarified. One possibility is that

S-nitrosation of AT2R is the prerequisite and transfer of –

NO to adjacent target (e.g., transnitrosylation) accom-

plishes AT2R translocation. It is not possible to exclude,

however, the possibility of C349 oxidation under our

experimental conditions. The detailed regulatory

mechanisms of cysteine residues of AT2R in the presence

of RNS or ROS and their functional relevance in the

myocardium remain to be determined.

Ang II has been established to be converted to Ang

(1–7) via type 2 angiotensin converting enzyme (ACE2)

[28]. Ang (1–7) then stimulates NOS through Mas recep-

tor-dependent [10] or Mas receptor-independent (AT2R-

dependent) signaling in cardiac myocytes [8]. Our pre-

liminary results suggested that inhibition of Mas receptors

with A779 attenuates Ang II-increase of nNOS protein

expression. Both Mas receptors and AT2R play protective

roles in diseased heart; whether Mas receptor shares

common pathways with AT2R in regulating cardiac NOSs

warrants further study.

Growing evidence shows that nNOS upregulation pro-

tects the heart from stress by inhibiting oxidases (e.g.,

xanthine oxidoreductase [22] or NADPH oxidases [18, 43]

and mitochondria ROS production [4]), reduces oxidative

stress and suppresses adverse myocardial remodeling. On

the other hand, nNOS activity in vascular smooth muscles

improves blood flow and oxygen tension [7, 21], so as to

determine the contractile function of receiving muscles. In

the heart, nNOS facilitates LV myocyte relaxation both

under basal conditions [45] and after Ang II treatment [18]

via promoting phospholamban phosphorylation and

SERCA reuptake of Ca2? into the sarcoplasmic reticulum.

Since increased oxidative stress and diastolic dysfunction

are often associated with hypertension, hypertrophy or

heart failure, the lusitropic effect of nNOS acts in concert

with reducing oxidative stress or improving oxygen supply

to the myocardium to antagonize the heart from failing.

Factors blocking nNOS upregulation may assist the dete-

rioration of the myocardium under stress. Indeed, factors

that prevent nNOS protein expression (losartan, PD123319,

apocynin or tiron) all blocked faster relaxation by Ang II.

These results suggest that pharmacological treatments aim

to reduce AT1R activity and oxidative stress may con-

comitantly change nNOS regulation of myocardial con-

tractility. Taken together, nNOS upregulation in LV

myocytes from diseased heart is important in understand-

ing the cardiac protective mechanism.

In essence, we revealed that AT1R-intracellular oxi-

dase-derived ROS-AT2R axis links Ang II-stimulation of

nNOS protein expression in cardiac myocytes. Recognition

of this pathway downstream of enhanced RAS may im-

prove the effectiveness of AT1R or ACE inhibitors on

treating heart failure patients.
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