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S-nitrosylation of transglutaminase 2
impairs fatty acid-stimulated contraction in
hypertensive cardiomyocytes
Eui Man Jeong 1,2, Chun Zi Jin3,4, Ji Hyun Jang3, Zai Hao Zhao3, Chun Li Jin3, Jin Hang Lee1, Ki Baek Lee 1,
Sung Joon Kim3, In-Gyu Kim1,2 and Yin Hua Zhang3,4,5

Abstract
The myocardium in hypertensive heart exhibits decreased fatty acid utilization and contractile dysfunction, leading to
cardiac failure. However, the causal relationship between metabolic remodeling and cardiomyocyte contractility
remains unestablished. Transglutaminase 2 (TG2) has been known to promote ATP production through the regulation
of mitochondrial function. In this study, we investigated the involvement of TG2 in cardiomyocyte contraction under
fatty acid supplementation. Using TG2 inhibitor and TG2-deficient mice, we demonstrated that fatty acid
supplementation activated TG2 and increased ATP level and contractility of cardiac myocyte from the normal heart. By
contrast, in cardiac myocytes from angiotensin-II-treated rats and mice, the effects of fatty acid supplementation on
TG2 activity, ATP level, and myocyte contraction were abolished. We found that TG2 was inhibited by S-nitrosylation
and its level increased in hypertensive myocytes. Treatment with inhibitor for neuronal NOS restored fatty acid-
induced increase of TG2 activity and myocyte contraction. Moreover, intracellular Ca2+ levels were increased by fatty
acid supplementation in both normal and hypertensive myocytes, showing that S-nitrosylation of TG2 but not
alteration of intracellular Ca2+ levels is responsible for contractile dysfunction. These results indicate that TG2 plays a
critical role in the regulation of myocyte contractility by promoting fatty acid metabolism and provide a novel target
for preventing contractile dysfunction in heart with high workload.

Introduction
Myocardial ATP production in the heart is pre-

dominantly derived from fatty acid oxidation, which
accounts for up to 90% of the ATP required for continual
contraction1. However, in response to pressure overload,
myocytes exhibit a decreased dependence on fatty acid
oxidation for ATP production and a concomitant increase
in glucose uptake and glycolysis2,3. This switch in sub-
strate from fatty acids to glucose has been suggested to
play a crucial role in the development of pressure

overload-induced cardiac hypertrophy, fibrosis, and con-
tractile dysfunction2; however, the mechanisms under-
lying the decrease in fatty acid utilization observed in the
pressure-overloaded heart have not been fully understood.
Transglutaminase 2 (TG2) is a calcium-dependent

enzyme that catalyzes the formation of covalent bonds
between peptide-bound glutamine and various primary
amines, such as γ-amino group of peptide-bound lysine or
polyamines, thereby producing cross-linked or poly-
aminated proteins, respectively4. These TG2-mediated
modifications modulate the activities of a number of
substrate proteins5. Elevated levels of TG2 activity have
been shown to be associated with increased cell survival,
inflammatory response, and extracellular matrix forma-
tion6. In the cardiovascular system, TG2 has been
reported to be involved in the development of cardiac
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hypertrophy, vessel remodeling, and age-related vascular
stiffness under various conditions7–10. Interestingly, TG2
is implicated in the regulation of ATP synthesis and
transport via modification of respiratory complexes and
the ADP/ATP transporter, respectively, in the mito-
chondria of skeletal muscle and myocardium, thereby
increasing exercise tolerance11,12. However, the role of
TG2 in the heart during conditions of pressure overload,
especially in relation to ATP production from fatty acid
oxidation in the mitochondria, has not been investigated.
In the myocardium, three isoforms of nitric oxide syn-

thase (NOS), neuronal NOS (nNOS), endothelial NOS
(eNOS), and inducible NOS, which are expressed in dif-
ferent subcellular organelles, play a role in the regulation
of cardiac function via the production of nitric oxide13.
Recently, we have shown that nNOS expression is sig-
nificantly upregulated in the left ventricular (LV) myo-
cytes of Ang II-induced hypertensive rats, whereas the
protein level of eNOS is downregulated14. Similar nNOS
upregulation has been reported in hypertrophic or failing
myocardium in which fatty acid-dependent ATP pro-
duction is impaired15.
Under nitrosative stress conditions, TG2 is known to be

posttranslationally modified by S-nitrosylation of cysteine
residues, resulting in the inhibition of its activity8,16.
Considering the role of TG2 in promoting mitochondrial
ATP production, these findings suggest the involvement
of nNOS in the metabolic regulation of pressure-
overloaded myocardium. Therefore, in the present
study, we sought to investigate the role of TG2 and nNOS
in fatty acid-induced ATP production and myocyte con-
traction in the normal and hypertensive heart.

Materials and methods
Animals
Sprague-Dawley rats (12 weeks, male, Orient Bio Inc,

Seongnam-Si, Republic of Korea) and TG2-null mice17

(TG2−/−, 12 weeks, male, backcrossed to C57BL/6J mice
for 12 generations) were used. Briefly, rats or mice were
anesthetized with isoflurane. An osmotic minipump
(Alzet model 2004, DURECT Corporation, Cupertino,
CA) containing Ang II (infusion rate 125 ng/min/kg) was
implanted in the midscapular region under sterile con-
ditions for 4 weeks. Rats and mice were paired with a
sham-operated group. Our previous results showed that
Ang II infusion significantly increased both systolic and
diastolic blood pressure at 4 weeks13.
The study protocol was in accordance with the Guide

for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No.
85-23, revised 1996) and also conformed to the guidelines
of the Institutional Animal Care and Use Committee
(IACUC), Seoul National University (IACUC approval
No.: SNU-101012-3).

Isolation of LV myocytes from the rat and mouse hearts
LV myocytes were isolated using a standard enzymatic

dispersion technique14. Briefly, the rats were anesthetized
with pentobarbital sodium (30 mg/kg, intraperitoneal) or
mice were killed humanely with cervical dislocation.
Hearts were quickly extracted and mounted onto the
Langendorff perfusion system to perfuse with a nominal
Ca2+-free solution comprising135 mM NaCl, 5.4 mM
KCl, 3.5 mM MgCl2, 5 mM glucose, 5 mM Hepes, 0.4 mM
Na2HPO4, and 20mM taurine, pH 7.4, followed by further
perfusion for 8 min with the same solution with enzymes
(1 mg/ml collagenase, Worthington Biochemical Co.,
Lakewood, NJ; 0.133 mg/ml protease, Sigma Aldrich,
Saint Louis, MO; 1.65 mg/ml bovine serum albumin; 0.05
mM Ca2+). LV was dissected in a collagenase-containing
flask for further 5- and 10-min digestion periods. Isolated
myocytes were washed and resuspended in storage solu-
tion (120 mM NaCl, 5.4 mM KCl, 5 mM MgSO4, 0.2 mM
CaCl2, 5 mM Na-pyruvate, 5.5 mM glucose, 20 mM
taurine, 10 mM HEPES, and 29mM mannitol, pH 7.4).
The myocyte suspension was stored at room temperature
and cells were used within 8 h of isolation.

Measurement of LV myocyte contraction
LV myocytes were superfused with normal tyrode

solution containing 141.4 mM NaCl, 4 mM KCl, 0.33 mM
NaH2PO4, 1 mM MgCl2, 10 mM HEPES, 5.5 mM Glu-
cose, 1.8 mM CaCl2, and 14.5 mM manitol, pH 7.4.
Changes in sarcomere length were measured in LV
myocytes (field stimulated at 2 Hz) using a video-
sarcomere detection system (IonOptix Corp, Westwood,
MA). The difference between diastolic and systolic sar-
comere length (Δ sarcomere shortening) was compared
between LV myocytes from the control and Ang II-treated
groups.

TG activity assay
For in vitro TG activity assay in lysates of isolated LV

myocytes, microtiter plate method was utilized using N,
N’-dimethylcasein and biotinylated pentylamine (BP,
Pierce, Rockford, IL) as substrates18. Briefly, 10 μg of N,
N’-dimethylcasein in 100 μl coating buffer (50 mM
Tris-Cl, pH 7.5, 150mM NaCl, 5 mM EGTA, 5 mM
EDTA) was added to each well of a 96-well microtiter
plate (Nunc, Roskilde, Denmark) and incubated at 4 °C
overnight. After washing with phosphate-buffered
saline with Tween 20, cell lysate (15 μg of proteins) and
50 μM BP in 50 μl TG reaction buffer (50 mM Tris-Cl, pH
7.5, 2 mM CaCl2, 5 mM dithiothreitol, and 1% Triton X-
100) were added to the wells and incubated for 1 h at
37 °C. After incubating with streptavidin–horseradish
peroxidase (SA-HRP) for 1 h at room temperature,
TG activity was quantified by reaction with o-
phenylenediamine dihydrochloride (OPD) and
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measurement of absorbance at 492 nm on microplate
spectrophotometer (Molecular Devices, Sunnyvale, CA)
after stopping the reaction by adding 1M H2SO4.
Intracellular TG activity assay was performed by the

microtiter plate method18. In brief, LV myocytes were
incubated with storage solution containing 1mM BP for
1 h at 37 °C, 5% CO2. Cells were harvested and disrupted
in lysis buffer (50 mM Tris, pH 7.5, 150mM NaCl, 1 mM
EDTA, 1% Triton X-100, and protease inhibitor cocktail,
Roche Korea Co., Seoul, Republic of Korea). The homo-
genate was centrifuged at 12,000 × g, 4 °C, for 10 min. The
protein concentration of the supernatant was determined
by BCA method. The cell lysates (5–10 μg/well) were
added to each well of a 96-well microtiter plate and
coated. After incubation of SA-HRP, intracellular TG
activity was quantified by reaction with OPD. The lysates
of cells, which were cultured with same conditions with-
out BP treatment, were used as the blank samples.

Measurement of myocyte ATP level
Intracellular ATP level of LV myocytes was measured

using Luminescence Assay system (ATPliteTM, Perkin
Elmer, Waltham, MA). Prepared cells were snap-frozen in
liquid nitrogen, followed by lysis with 1× mammalian cell
lysis solution. Protein concentration was determined
using Bradford protocol. Then 150 μl of cell lysate and 50
μl substrate solution were added to the wells, and the
microplate was shaken for 5 min in an orbital shaker at
700 rpm. The plate was placed in the dark for 10min prior
to luminescence measurement. Luminescence of the
mixture was measured using a microplate plate reader
(Tecan Microplate Reader: Multi-Mode Infinite M200,
San Jose, CA).

JC-1 assay for the mitochondrial transmembrane potential
The change of mitochondrial membrane potential

(MMP) in isolated myocytes was measured using JC-1 dye
(eBioscienceTM, Carlsbad, CA) as described below. Iso-
lated myocytes were resuspended in normal tyrode solu-
tion and treated with 1 or 2 µM Ang II in the presence of
0.5 mM cystamine for 3 h or 100 µM palmitic acid (PA)
for 30min at 37 °C, 5% CO2 in 96-well black plate
(µCLEAR, Greiner bio-one, Frickenhausen, Germany).
Cells were loaded with 10 µg/ml of JC-1 for 10min at 37 °
C, 5% CO2, shaking every 2 min. Then the solution was
removed and fresh normal tyrode solution was added.
Cells were observed using Operetta High-Content Ima-
ging System (Perkin Elmer, Waltham, MA). JC-1 aggre-
gates were detected at 560–580 nm excitation and
590–640 nm emission, and monomers were detected at
460–490 nm excitation and 500–550 nm emission. JC-1
ratio was calculated using the ImageJ software (National
Institutes of Health, Bethesda, MD; https://imagej.nih.
gov/ij/).

S-nitrosylation of TG2
The amount of S-nitrosylated TG2 in myocytes was

determined by biotin-switch method. The S-nitrosylated
cysteine residues in TG2 were biotinylated using an S-
nitrosylated Protein Detection Assay Kit (Cayman Che-
mical Co., Ann Arbor, MI) according to the manu-
facturer’s instructions. Biotinylated proteins were isolated
using streptavidin-conjugated magnetic beads (Dynal
Biotech, Oslo, Norway). Then beads were washed with a
buffer containing 50 mM Tris-Cl, pH 8.0; 150 mM NaCl,
1 mM EDTA, and 1% Triton X-100. TG2 was detected
using anti-TG2 polyclonal antibodies (Neomarkers, Fre-
mont, CA). Total TG2 levels of the samples were deter-
mined before isolation of biotinylated proteins. The S-
nitrosylated vs. total TG2 ratio was determined using the
ImageJ software.

Measurement of Ca2+ transients
The Ca2+ transients were evaluated in Fura-2AM-

loaded (5 µmol/l, Molecular Probes, Eugene, OR) LV
myocytes as the ratio of F360/F380 (field stimulation at 2
Hz, IonOptix Corp, Westwood, MA). The amplitude of
Ca2+ transients (the difference between diastolic and peak
Ca2+ fluorescence) was calculated after the subtraction
from the background. Total Ca2+ level during one sti-
mulation period was shown as an integral of Ca2+ signal.
Measurements from at least 10 steady-state contractions
and Ca2+ transients were averaged for each myocyte for
each stage of the experimental protocols. All experiments
were carried out at 36 ± 1 °C.

Statistics
Data are expressed as means ± S.D. and n indicates the

number of cells used. For all comparisons, cells were
obtained from a minimum of three hearts per treatment
group per protocol. Data were analyzed using one-way or
two-way analyses of variance or Student’s unpaired t-test.
A value of P < 0.05 was considered statistically significant.

Results
TG2 is required for fatty acid-induced increase of
cardiomyocyte contractility
First, the expression of TG2 in the murine cardiac

myocytes was investigated. Western blot analysis indi-
cated that TG2 protein was expressed in the LV myocytes
from rat and wild-type mice but not in the myocytes from
TG2−/− mice (Fig. 1a). TG activity was about 10% in LV
myocytes from TG2−/− mice compared to those from
wild-type mice (Fig. 1b), indicating that TG2 is the major
isoform that contributes to TG activity in murine heart
muscle cells. Previous reports have shown that TG2
promotes ATP production in the mitochondria of cardi-
omyocytes11. Therefore, we examined the effect of fatty
acid supplementation on the levels of intracellular TG2
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activity and ATP production in cardiac myocytes. Sup-
plementation of PA (100 μM) significantly increased
intracellular TG2 activity (Fig. 1c) and ATP level (Fig. 1d)
in LV myocytes from the rat hearts. PA-dependent
increase of ATP level in cardiac myocytes was decreased
by treatment of TG2 inhibitors, cystamine, or L-682.777
(Fig. 1d) and by TG2 ablation (Fig. 1e).
Under the same experimental conditions, PA supple-

mentation increased sarcomere shortening of LV myo-
cytes from the rat hearts (P < 0.001 between control and
PA, n= 26). However, inhibition of TG2 activity by
treatment with cystamine abolished the effect of PA on

myocyte sarcomere shortening (P= 0.8, n= 4, Fig. 2a).
Treatment with L-682.777, a more specific TG2 inhibitor
with fewer off-target effects compared to cystamine, also
abrogated the effect of PA on myocyte sarcomere short-
ening (P= 0.01 in control, n= 4 vs. P= 0.105 in L-
682.777, n= 7, Fig. 2b). Moreover, PA supplementation
increased contraction in LV myocytes from wild-type
mice but not in the myocytes from TG2−/− mice (P=
0.007 in TG2+/+, n= 19 vs. P= 0.9 in TG2−/−, n= 7,
Fig. 2c), demonstrating that TG2 mediates PA-induced
potentiation of myocyte contraction by increasing intra-
cellular ATP levels. These results indicate that TG2 is

Fig. 1 Palmitic acid supplementation activates TG2 in murine cardiomyocytes. a, b TG2 protein level (a) and TG2 activity (b) were assessed in
lysates of left ventricular (LV) myocytes isolated from rat, wild-type, and TG2-deficient mice. c Effects of palmitic acid supplementation (PA, 100 μM)
on intracellular TG2 activity. d ATP levels in PA-treated LV myocytes from rat hearts in the absence or presence of cystamine (CTM, 0.5 mM)
or L-682.777 (100 μM), inhibitors of TG2. e ATP levels in PA-treated LV myocytes from wild-type and TG2-deficent mice. Data represent mean ± S.D.
*P < 0.05, **P < 0.01 compared with control
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involved in the regulation of myocyte contraction by
promoting fatty acid utilization in the normal heart.

TG2-dependent and fatty acid-induced contraction is
abolished in myocytes in the pressure-overloaded heart
In order to explore the functional role of TG2 in the

heart under conditions of increased workload, we induced
hypertension in rats and mice by infusion of Ang II for
4 weeks and examined PA-dependent contraction in
isolated LV myocytes. Unexpectedly, as shown in Fig. 3,
the positive inotropic effect of PA was absent in LV
myocytes from Ang II-treated rats (P= 0.5, n= 27,
Fig. 3a), Ang II-treated wild type mice (P= 0.8, n= 6),

and Ang II-treated TG2−/− mice (P= 0.8, n= 7, Fig. 3b).
In addition, neither intracellular TG2 activity nor ATP
levels were increased by PA supplementation in LV
myocytes from Ang II-treated rats (TG2 activity: P= 0.67,
n= 4, Fig. 3c; ATP level: P= 0.5, n= 21, Fig. 3d). These
results demonstrate that Ang II treatment abolishes TG2-
dependent and PA-induced increase in intracellular ATP
levels and myocyte contraction.

TG2 is required for fatty acid-dependent polarization of
mitochondrial membrane in LV myocytes
Production of ATP from fatty acid oxidation is related

with an increase of MMP. To investigate whether TG2 is

Fig. 2 TG2 mediates palmitic acid-dependent increase of cardiomyocyte contractility. a Sarcomere length of LV myocytes from rats treated
with PA was monitored with a video-sarcomere detection system in the absence or presence of CTM (0.5 mM), an inhibitor of TG2 (left). The
difference between diastolic and systolic sarcomere length (Δ sarcomere shortening) was compared (right). b Effect of PA supplementation on
sarcomere length in LV myocytes in the absence or presence of L-682.777 (100 μM), an inhibitor of TG2. c Effect of PA supplementation on sarcomere
length in LV myocytes from wild-type and TG2-deficient mice. A representative graph is shown. Data represent mean ± S.D. **P < 0.01 compared with
control
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involved in the regulation of MMP of LV myocytes, we
measured the change of MMP in PA-supplemented or
Ang II-treated myocytes using JC-1, a green fluorescent
dye which exhibits MMP-dependent fluorescence emis-
sion shift from green to red by forming J-aggregates.
When stained with JC-1, the ratio of red to green fluor-
escence (JC-1 ratio) of wild-type myocytes was higher
than that of TG2-deficient myocytes. Under the same
experimental conditions, PA supplementation sig-
nificantly increased JC-1 ratio of wild-type myocytes but
not that of TG2-deficient myocytes (Fig. 4a). By contrast,
treatment with Ang II resulted in a concentration-
dependent decrease in JC-1 ratio of wild-type myocytes
but had no effect on JC-1 ratio of TG2-deficient myocytes
(Fig. 4b). Moreover, in LV myocytes from the rat hearts,
treatment with Ang II and/or cystamine significantly
decreased JC-1 ratio (Fig. 4c). These results indicate that
TG2 promotes PA-dependent polarization of mitochon-
drial membrane in LV myocytes, contributing to ATP
production.

TG2 is inhibited by S-nitrosylation in LV myocytes during
pressure overload
We have demonstrated that nNOS expression and

activity are increased in LV myocytes from Ang II-treated
hypertensive rat hearts14. Additionally, nitric oxide (NO)
is known to inactivate TG2 via S-nitrosylation, putatively
of the active site cysteine residue16. Therefore, we
examined S-nitrosylation levels of TG2 using a biotin-
switch method. Western blot analysis revealed that,
although both levels of S-nitrosylated TG2 and total TG2
tended to increase in LV myocytes under Ang II-induced
hypertensive condition, the ratio of S-nitrosylated
TG2/total TG2 was significantly higher in LV myocytes
from hypertensive rats than that in myocytes from sham
controls (P < 0.05). Treatment with SMTC (100 nM,
30min), a specific nNOS inhibitor, significantly reduced
S-nitrosylation levels of TG2 in myocytes from
hypertensive rats (P < 0.05, control vs. Ang II rat treated
with SMTC) but did not affect the levels of TG2
S-nitrosylation in myocytes from sham controls (P= 0.59,
Fig. 5a). Moreover, SMTC or L-VNIO (100 μM, 30min),

Fig. 3 Palmitic acid-dependent contraction is impaired in cardiomyocytes from Ang II-treated rats and mice. a, b A representative graph
showing sarcomere length in LV myocytes from Ang II-treated rats (a) and wild-type and TG2-deficient mice (b). The difference between diastolic and
systolic sarcomere length (Δ sarcomere shortening) was compared (right). c, d Effects of PA supplementation on intracellular TG2 activity levels (c)
and ATP levels (d) in LV myocytes from Ang II-treated rats. Data represent mean ± S.D.
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another nNOS-specific inhibitor, significantly increased
TG activity in LV myocytes from shams (P= 0.004) and
from Ang II-induced hypertensive rats (P= 0.014,
Fig. 5b). These results indicate that TG2 is inhibited by
S-nitrosylation in Ang II-induced hypertensive
myocardium.
Functionally, L-VNIO restored PA-dependent increase

in LV myocyte contraction in Ang II rats (P= 0.005,
L-VNIO vs. L-VNIO→ PA, n= 3). Conversely, inhibition
of TG2 with cystamine abolished PA-dependent increase
in myocyte contraction induced by L-VNIO in Ang II rats
(P= 0.4, L-VNIO vs. L-VNIO→ PA→ cystamine,
n= 3, Fig. 5c, d). Moreover, cystamine pretreatment
prevented PA-induced increase in myocyte contraction in
the presence of L-VNIO in Ang II rats (P= 0.7, for
L-VNIO→ cystamine and L-VNIO→ cystamine→ PA,
n= 3, Fig. 5c, d), confirming that TG2 S-nitrosylation is
responsible for impaired PA-dependent myocyte
contraction in Ang II-treated hypertensive rats.
These results indicate that S-nitrosylation of
TG2 may represent one of the mechanisms underlying
the contractile dysfunction and decreased fatty acid
utilization observed in the myocardium under pressure
overload.

Fatty acid induces an increase of intracellular Ca2+ in LV
myocytes
Intracellular Ca2+ ([Ca2+]i) is a critical regulator of TG2

activity. To explore the mechanism for PA-induced TG2
activation, we measured ([Ca2+]i) in LV myocytes from
normal and Ang II-treated rats after PA supplementation.
As shown in Fig. 6a, the peak amplitude of [Ca2+]i was
significantly increased and the time constant of [Ca2+]i
decay (tau) was significantly lower in Ang II rats when
compared to those in shams. As a summation of these
effect, total [Ca2+]i (integral of [Ca

2+]i) was significantly
increased in Ang II rats (P= 0.02, Fig. 6b). When treated
with PA, peak amplitude of [Ca2+]i was not changed in
both sham and Ang II rats (P= 0.5, n= 33 for shams and
P= 0.5, n= 27 for Ang II rats). However, tau was
increased with PA in both groups (P < 0.001, n= 33 in
shams and P= 0.01, n= 27 in Ang II rats, Fig. 6a),
resulting in significant increase of total [Ca2+]i in shams
and Ang II rats (P= 0.04, Fig. 6b). These results indicate
that TG2 is activated by PA-induced increase of [Ca2+]i in
sham myocytes, whereas TG2 is not activated by PA in
Ang II rats despite of significantly higher [Ca2+]i, sup-
porting the mechanism for TG2 inhibition by S-nitrosy-
lation. To further confirm these results, we examine the

Fig. 4 TG2 is required for palmitic acid-induced hyperpolarization of mitochondrial membrane in LV myocytes. a, b LV myocytes from wild-
type and TG2-deficient mice were treated with PA (a, 100 µM) and Ang II (b, 1 or 2 µM). c Rat LV myocytes were treated with Ang II (1 µM) and/or
CTM (0.5 mM). Cells were stained with JC-1 dye. Representative images are shown (upper) and the JC-1 ratio is analyzed (lower). Data represent mean
± S.D. *P < 0.05, ***P < 0.001 compared with control. Scale bar, 50 µm
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effect of SMTC on total [Ca2+]i in LV myocytes. Although
SMTC treatment significantly increased the amplitude of
[Ca2+]i and decreased tau of [Ca2+]i in sham myocytes (P
< 0.001, n= 35, Fig. 6c), the integral of [Ca2+]i was not
changed in both sham and Ang II rats (Fig. 6d). These
results indicate that TG2 is inhibited by S-nitrosylation in
LV myocytes from Ang II-induced hypertensive
myocardium.

Discussion
Decreased fatty acid utilization and contractile dys-

function are the characteristic features of pressure
overload-induced cardiac hypertrophy2,3. In the present
study, we investigated whether TG2 is involved in the
modulation of myocyte contraction via the regulation of
cardiac fuel metabolism. Our results showed that sup-
plementation of media with fatty acid activates TG2,
leading to an increase in ATP production and myocyte
contractility. Moreover, we found that fatty acid-induced
contractility was abolished in myocytes treated with TG2
inhibitors and in TG2-deficient myocytes. Furthermore,
our data demonstrated that TG2 is inhibited by nNOS-
mediated S-nitrosylation in myocytes from Ang II-

induced hypertensive heart, favoring impairment of fatty
acid-induced myocyte contractility. Therefore, our find-
ings suggest that TG2 plays a critical role in modulating
myocyte contractility by promoting fatty acid oxidation
and TG2 downregulation by S-nitrosylation leads to
contractile dysfunction in LV myocytes follow-
ing pressure-overload.
TG2 is ubiquitously expressed and widely localized in

subcellular organelles4. Mitochondria from the TG2-
deficient heart tissue show reduced ATP production11.
Conversely, mitochondria in TG2-overexpressed cells
exhibit hyperpolarization and increased production of
reactive oxygen species, implying increased oxidative
metabolism18. Therefore, TG2 functions as a positive
regulator for mitochondrial oxidative metabolism. Our
ex vivo results showed that fatty acid supplementation of
media for isolated myocytes leads to the activation of
TG2, which results in fatty acid oxidation. This regulation
mechanism may potentially explain the increased depen-
dence of myocytes on fatty acids for energy production
under conditions of fatty acid availability.
Biomechanical stresses activate a number of signaling

pathways, including Ca2+-calmodulin or redox-dependent

Fig. 5 S-nitrosylated TG2 is increased in cardiomyocytes from Ang II-treated rats. a Immunoblot showing S-nitrosylated TG2 (TG2-SNO) levels
on treatment with SMTC (100 nM), a nNOS inhibitor, in LV myocytes from three sham and three Ang II-treated rats (left). Signals were quantified by
densitometry and normalized to total TG2 levels (right, TG2-SNO/TG2). b Effects of SMTC (100 nM) or L-VNIO (100 μM) on TG2 activity in LV myocytes
from sham and Ang II-treated rats. c, d Effects of L-VNIO and/or CTM on PA-dependent contraction in LV myocytes from Ang II-treated rats. A
representative graph is shown c. The difference between diastolic and systolic sarcomere length (Δ sarcomere shortening) was compared (d). Data
represent mean ± S.D. **P < 0.01 compared with control
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CaMKII, calcineurin, and mitogen-activated protein
kinase, which activate and translocate the transcription
factors, such as GATA4, nuclear factor (NF) of activated
T cells, myocyte enhancer factor-2, histone deacetylase
and signal transducer and activator of transcription factor,
to the nucleus, leading to cardiac hypertrophy by
increasing fetal gene expression and protein synthesis19. In
particular, intracellular Ca2+, an important upstream
regulator for these signaling pathway, is increased through
activation of transient receptor potential channel C, G-
protein coupled receptor, sodium–calcium exchanger, and
L-type calcium channel19. Thus, in myocytes under
mechanical stressed conditions, increased intracellular Ca2
+ level activates TG2, which in turn inhibits apoptosis by
crosslinking caspase 320, induces inflammation by NFκB
and cyclooxygenase 2 (COX-2) activation7,21, increases
extracellular matrix by crosslinking collagen22, and

regulates fatty acid metabolism by promoting ATP pro-
duction as shown in this study. Consequently, our results
suggest that TG2 is a downstream effector of hypertrophic
signaling in response to biomechanical stress and may play
a compensatory role in the contractile dysfunction.
Isolated LV myocytes showed basal levels of TG2

activity in contrast to non-contractile cells where TG2 is
inactive under normal condition23. It is likely that TG2 is
activated in cardiomyocytes during the contraction, pos-
sibly by Ca2+ released from sarcoplasmic reticulum.
Moreover, the processes of myocyte isolation could acti-
vate TG2 in LV myocytes since matrix deprivation by
detachment induces intracellular Ca2+ increase24. How-
ever, TG2 inhibitor studies revealed that the fatty acid-
mediated activity of TG2 was involved in LV myocyte
contractility, but its basal activity was not (Fig. 2a, b).
These results imply that TG2 is differently activated in a

Fig. 6 Effects of palmitic acid and SMTC on intracellular Ca2+ levels in LV myocytes from normal and Ang II-treated rats. a, b Representative
traces of [Ca2+]i, mean ± S.D. of the amplitude, and the tau of [Ca2+]i after treatment with PA (a, 100 μM) or SMTC (b, 100 nM) in LV myocytes from
sham and Ang II-treated rats. c, d Integral of [Ca2+]i during one stimulation protocol after treatment with PA (c) or SMTC (d) in LV myocytes from
sham and Ang II-treated rats. **P < 0.01
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context-dependent manner and fatty acid-dependent TG2
activity is only required for increasing cardiomyocyte
contractility.
S-nitrosylation is involved in the modulation of the

activities of a number of cardiac proteins, including
mitochondrial complex I, hypoxia-induced factor-1α, α-
ketoglutarate dehydrogenase, and caspase-3, thereby
protecting myocytes from various insults such as
ischemia–reperfusion injury13,25. Although S-nitrosyla-
tion has been known to inhibit TG2 activity16, its biolo-
gical significance in cardiomyocytes has not been
elucidated. Transgenic mice overexpressing TG2 in the
heart exhibit ventricular hypertrophy and an increase in
cardiomyocyte apoptosis and fibrosis via the upregulation
of COX-2 expression7. Moreover, TG2 activity in blood
vessels increases with advancing age due to decreased S-
nitrosylation, leading to vascular stiffness8. Therefore, the
regulation of TG2 activity by S-nitrosylation may prevent
aberrant activation. In the present study, we found that
TG2 is S-nitrosylated even in normal myocytes. The levels
of S-nitrosylated TG2 significantly increased in LV myo-
cytes from hypertensive rats, which show no increase in
ATP production and myocyte contractility in response to
fatty acid supplementation. Our findings suggest that S-
nitrosylation is an important regulatory mechanism
involved in the maintenance of optimal TG2 activity for
the prevention of apoptosis and fibrosis in myocytes of the
pressure-overloaded heart. In addition, our results
demonstrated that nNOS is responsible for S-nitroylation
of myocyte TG2. Treatment with nNOS inhibitors
improved PA-dependent contraction in LV myocytes
from Ang II-treated hypertensive rats by reducing the
levels of S-nitrosylated TG2 (Fig. 5). Moreover, nNOS-
deficient mice have been reported to exhibit increased
cardiac performance26, suggesting that nNOS-mediated
TG2 S-nitrosylation might play a pivotal role in the
development of contractile dysfunction of heart. Thus
inhibition of nNOS-mediated TG2 S-nitrosylation could
be a novel therapeutic strategy for prevention of pressure-
overloaded heart failure.
Of note, our data showed that TG2 expression levels

increased in LV myocytes under the Ang II-induced
hypertensive condition, compared to sham controls
(Fig. 5a). Ang II has been reported to activate NFκB sig-
naling pathway in cardiac myocytes, inducing cardiac
hypertrophy and/or cardiac remodeling27, whereas TG2 is
known as a target gene of NFκB28. Thus it is postulated
that the levels of TG2 in LV myocytes from the hyper-
tensive hearts were upregulated via the activation of NFκB
signal, leading to increased intracellular TG activity.
Given that nNOS is localized in the sarcoplasmic reticu-
lum and mitochondria29,30, S-nitrosylation of TG2 might
have occurred in these subcellular organelles, thereby
inhibiting the enzymatic activity. Further studies are

required for elucidating the precise subcellular location
where TG2 is S-nitrosylated and for identifying
TG2 substrate proteins in myocytes from the hypertensive
hearts. Unexpectedly, basal levels of sarcomere shortening
of TG2−/− myocytes were higher than those of wild-type
myocytes (Fig. 2c). It is plausible that TG2 may have
another role in the regulation of myocyte contractility, in
addition to potentiation of PA-stimulated sarcomere
shortening. Other possibility is compensatory phenotype
of TG2−/− myocytes. To explain this phenotype, further
studies will be needed such as comparison of the tran-
scriptomes of wild-type and TG2−/− myocytes.
In summary, our results indicate a novel role for TG2 in

the regulation of cardiac contraction, which is impaired by
S-nitrosylation in myocytes under pressure overload,
thereby identifying this enzyme as an important player in
the development of contractile dysfunction in the heart
under mechanical stress.
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