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Abstract

Aims Volume overload (VO) induced hypertrophy is one of the hallmarks to the development of heart diseases. Understand-
ing the compensatory mechanisms involved in this process might help preventing the disease progression.
Methods and results Therefore, the present study used 2 months old Wistar rats, which underwent an aortocaval fistula to
develop VO-induced hypertrophy. The animals were subdivided into four different groups, two sham operated animals served
as age-matched controls and two groups with aortocaval fistula. Echocardiography was performed prior termination after 4-
and 8-month. Functional and molecular changes of several sarcomeric proteins and their signalling pathways involved in the
regulation and modulation of cardiomyocyte function were investigated.
Results The model was characterized with preserved ejection fraction in all groups and with elevated heart/body weight ra-
tio, left/right ventricular and atrial weight at 4- and 8-month, which indicates VO-induced hypertrophy. In addition, 8-months
groups showed increased left ventricular internal diameter during diastole, RV internal diameter, stroke volume and
velocity-time index compared with their age-matched controls. These changes were accompanied by increased Ca2+ sensitivity
and titin-based cardiomyocyte stiffness in 8-month VO rats compared with other groups. The altered cardiomyocyte mechan-
ics was associated with phosphorylation deficit of sarcomeric proteins cardiac troponin I, myosin binding protein C and titin,
also accompanied with impaired signalling pathways involved in phosphorylation of these sarcomeric proteins in 8-month VO
rats compared with age-matched control group. Impaired protein phosphorylation status and dysregulated signalling path-
ways were associated with significant alterations in the oxidative status of both kinases CaMKII and PKG explaining by this
the elevated Ca2+ sensitivity and titin-based cardiomyocyte stiffness and perhaps the development of hypertrophy.
Conclusions Our findings showed VO-induced cardiomyocyte dysfunction via deranged phosphorylation of myofilament pro-
teins and signalling pathways due to increased oxidative state of CaMKII and PKG and this might contribute to the develop-
ment of hypertrophy.
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Introduction

Mechanical load is one of the key drivers of cardiac remodel-
ling as a result of the adaptation to the physiological or path-
ological stimuli.1 Pathological mechanical load is categorized
into pressure- and volume-overload. In response to volume
overload (VO), eccentric hypertrophy occurs, in which cham-
ber volume enlarges without a relative increase in its wall
thickness. Cardiac hypertrophy is an adaptive consequence
in response to various stressors,1,2 however, excessive cardiac
hypertrophic growth is maladaptive and results in cardiomyo-
cyte dysfunction and thereby cardiac dysfunction.
Mechanical stress is the trigger inducing a growth response
in the overloaded myocardium. Various intracellular signals,
responsible for the hypertrophic response via for example
cytoskeleton proteins, may couple mechanical stress to
modulation of gene expression, and/or protein synthesis to
regulate/affect cardiomyocyte function.

Cardiac remodelling in human and experimental models of
heart failure (HF) is characterized by impaired cardiomyocyte
contraction and relaxation, as well as myocardial hypertrophy
and accumulation of collagen in the extracellular matrix
(ECM).3,4 Cardiac stiffness is based on two main components:
(i) the ECM, which provides the framework to interconnect
the cardiomyocytes, containing fibrillar collagen and (ii) car-
diomyocyte inner sarcomeric protein structure. VO induces
changes in the abundancy of protein such as proteins related
to ECM, cytoskeleton, sarcomeres, cell-to-cell communica-
tion, and force transduction.

Cardiac muscle function is fine-tuned by phosphorylation
and dephosphorylation of sarcomeric and calcium-handling
proteins, including titin, cardiac myosin binding protein C
(cMyBPC) and cardiac troponin I (cTnI).5 Changes in
myofilament proteins phosphorylation and alterations in car-
diomyocyte mechanics are pathological features of the mal-
adaptive remodelling in response to VO.6 Phosphorylation is
one of the major mechanisms by which the Ca2+-sensitivity
of force development is regulated and contributes to fine
tuning of the muscle function. Both cTnI and cMyBPC con-
tain several phosphosites that are targeted by protein kinase
A (PKA), protein kinase C (PKC), protein kinase G (PKG) or
Ca2+-dependent calmodulin kinase II (CaMKII).7–11 All these
kinases are crucial for cardiomyocyte mechanical
function.12,13

PKA-dependent phosphorylation of cTnI at Ser23/24 is
known to desensitize the myofilament to calcium,14

additional to desensitization of myosin via cMyBPC phosphor-
ylation by PKG and PKC. While CaMKII-dependent
phosphorylation of cMyBPC was found to facilitate the phos-
phorylation of the two PKA phosphosites on cMyBPC.7,15

Therefore, and given the fact that these proteins harbour
multiple phosphorylation sites, the overall effect of the phos-
phorylation on myofilament function is defined by the
crosstalk between different kinases/phosphatases.9,14

For the failing human heart significant alterations in the ac-
tivities/expression levels of CaMKII have been reported, be-
sides changes in PKA and PKC mediated phosphorylations.16–18

Previous research by us and others has demonstrated the
role of oxidative stress and inflammation in altering various
signalling pathways crucial for cardiomyocyte function among
which are the kinases pathways.4,19 Reactive oxygen species
(ROS) might directly oxidize kinases or their targets leading
to changes in their activity/binding affinity, respectively.19

For example, oxidation of the regulatory CaMKII domain at
Met281/282 induces a Ca2+/CaM-independent activation.20,21

Through the regulation of Ca2+ homeostasis and sarco/en-
doplasmic reticulum Ca2+-ATPase (SERCA) function, CaMKIIδ
is involved in cardiac remodelling and hypertrophic responses
to mechanical overload.1,6 While the impaired CaMKIIδ signal-
ling in mice models of pressure overload has been reported
several times, not much is known about its contribution to
VO induced hypertrophy.1,6 In addition to its role in Ca2+-
dependent signalling, CaMKIIδ contributes to the regulation
of cardiomyocyte stiffness mainly via titin phosphory-
lation.12,22 Titin-based myocardial stiffness is regulated by
posttranslational modifications including oxidation and phos-
phorylation. Titin spring elements, N2Bus and PEVK region,
are targeted by multiple kinases leading to a distinct modula-
tion of titin-based stiffness depending on the titin region and
the kinase.12 Titin is also a substrate for PKG and PKG1α is the
main isoform expressed in cardiac muscles, which is involved
in phosphorylation of several cardiac target proteins and
playing a crucial role in the sarcomere, Ca2+handling and hyper-
trophic gene expression.23 PKG-dependent phosphorylation of
N2Bus reduces titin stiffness thereby modulating diastolic
function and relaxation andwas shown to counter pathological
remodelling and hypertrophy.24 Oxidative stress-mediated at-
tenuation of PKG pathway has been reported in HF with pre-
served ejection fraction (HFpEF), contributing to hypophos-
phorylation of titin via dysregulation of signalling pathways
and a subsequent elevation in cardiomyocyte stiffness.25,26

The aim of the current study was to investigate the mech-
anisms of cardiomyocyte dysfunction in cardiac VO-induced
hypertrophy through evaluating sarcomeric proteins and
signalling pathways alteration that are responsible for cardiac
contractility and relaxation. We investigated cTnI, cMyBPC,
and titin, with a special focus on their PKG and
CaMKII-dependent phosphorylation, and their contribution
to the development of cardiac hypertrophic remodelling.

Methods

Animals

The present study conforms to the EU directive about the
care and use of laboratory animals, published by the
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European Union (2010/63/EU) and it was approved by the
National Scientific Ethical Committee on Animal Experimenta-
tion and by the Ethics Committee for Animal Research of the
University of Szeged (approval ID: XXVIII./171/2018.; on 24
January 2018).

Animals were housed in individually ventilated cages
(Sealsafe IVC system, Tecniplast S.p.a., Varese, Italy), which
conform the size recommendations of the abovementioned
EU guidelines. Litter material (Lignocell hygienic animal bed-
ding) placed beneath the cage and was changed at least three
times a week. The animal room was temperature controlled
(22 ± 2°C) and had a 12-h light/dark cycle. Rats were fed with
standard rodent chow and filtered tap water was available ad
libitum.

Volume overload-induced heart failure by
aortocaval fistula

Two months old, male Wistar rats were anaesthetised by in-
traperitoneal (ip.) injection of pentobarbital sodium (Repose
50%, Le Vet. Pharma, Oudewater, Netherlands). Stomach
area was shaved and disinfected with iodine solution
(Braunol; B/Braun, B. Braun Medical, Sempach, Switzerland).
After a midline laparotomy, the abdominal aorta was tempo-
rarily clipped between the left renal artery and the aortic bi-
furcation and the abdominal aorta was poked through with a
G18 needle into the wall of the inferior vena cava, resulting in
the formation of an aortocaval fistula, a short-cut for the
bloodstream. Upon removal of the needle, tissue glue (cyano-
acrylate glue, Loctite, Dusseldorf, Germany) was added on
the surface of the aorta to seal the surface and to prevent
bleeding. After surgery the animals were closed, provided
proper wound care, and were administered with buprenor-
phine (0.05 mg/kg; ip.). Every effort was made to minimize
the discomfort of the animals used in this study. Sham
operated animals were used for controls underwent sham
surgery, the same procedure as the treated groups except
creation of the aortocaval fistula. For the development of vol-
ume overload-induced hypertrophy, animals were kept for 4
or 8 months, respectively (n = 5–6 each group) (Figure 1A).

Transthoracic echocardiography

At the end of 4 and 8 months, transthoracic echocardiogra-
phy was carried out using a commercially available ultra-
sound machine (Vivid S5, GE Medical Systems, Budapest,
Hungary) equipped with a 10.5 MHz 10S phased array cardiac
sector probe. The left ventricular diameter, and ejection frac-
tion were measured from parasternal long-axis view using
M-mode images. The left ventricular stroke volume was
assessed from the diameter of the left ventricular outflow

tract (LVOT), and time velocity integral of the LVOT was mea-
sured by pulsatile Doppler.

Termination of animals

Male Wistar rats were anaesthetised by ip. injection of pen-
tobarbital sodium (Repose 50%, Le Vet. Pharma, Oudewater,
the Netherlands). Blood pressure, surface-lead electrocardio-
gram (ECG) were monitored for 10 min prior termination
(Haemosys data acquisition system, Experimetria, Budapest,
Hungary). The right carotid artery was cannulated for mea-
surement of blood pressure. After collecting functional pa-
rameters of the heart, the animals were sacrificed and blood,
heart and lung were harvested. Hearts were separated into
left ventricle (LV), right ventricle (RV) and atria. Tissue was
snap frozen in liquid nitrogen and kept in�80°C freezer upon
measurement.

Western blot analyses

Left ventricular samples were solubilized in a modified
Laemmli buffer (50 mM Tris–HCl at pH 6.8, 8 M urea, 2 M
thiourea, 3% SDS w/v, 0.03% ServaBlue w/v, 10% v/v glycerol,
75 mM DTT, all from Sigma-Aldrich, St. Louis, MO, USA),
heated for 3 min at 96°C and centrifuged for 3 min at 4°C
and 14 000 rpm. From LV supernatant, 30 μg of total pro-
tein/lane was loaded and separated by electrophoresis, 12%
or 15% SDS gels were run at 90 V for 20 min following by
125 V for 90 min. Following SDS-PAGE, proteins were blotted
onto polyvinylidene difluoride (PVDF) membranes
(Immobilon-P 0.45 μm; Merck Millipore, Burlington, MA,
USA). Blots were blocked with 5% bovine serum albumin
(BSA) in Tween Tris-buffered saline (TTBS) for 1 h at room
temperature (RT) and incubated with primary antibodies
overnight at 4°C (Table 1). We used GAPDH
(Sigma, 1:10000) for comparison of protein load.

After washing with TTBS, primary antibodies were detected
with secondary horseradish peroxidase–labelled goat anti-
rabbit antibody (DakoCytomation; catalogue number P0448
1:10 000) and enhanced chemiluminescence (Clarity Western
ECL Substrate, BioRad). Imaging was carried out with
ChemiDoc Imaging system (BioRad), bands were quantified
by densitometry using the Image Lab software (version 6.1.,
Bio-Rad, Hercules, CA, USA) and Multi Gauge V3.2 software.
Finally, signals obtained from the amount and phosphoryla-
tion were normalized to signals obtained from GAPDH
stains referring to the entire protein amount transferred.
Phospoproteins are shown in ratio with their total protein.
The obtained density values are expressed in arbitrary
units (a.u).
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Titin expression and phosphorylation

To detect titin phosphorylation, LV samples were solubilized
in a modified Laemmli buffer (50 mM Tris–HCl at pH 6.8,
8 M urea, 2 M thiourea, 3% SDS w/v, 0.03% ServaBlue w/v,
10% v/v glycerol, 75 mM DTT). For detecting titin oxidation,

N-ethylmaleimide instead of DTT was used for solubilization.
Samples were heated at 96°C for 3 min, centrifuged for 3 min
at 4°C at 14000 rpm, and then separated by agarose-
strengthened 2% SDS-PAGE.27,28 Gels were run at 2–4 mA
constant current per gel for 16 h. Thereafter, western blot
was performed to measure site-specific and total phosphory-

Figure 1 Echocardiographic data. (A) Experimental set up, (B) ejection fraction, (C) LVID: left ventricule internal diameter in/during diastole, (D) RVID:
right ventricle internal diameter, (E) stroke volume, (F) velocity-time index, (G) MABP: mean arterial blood pressure. Data are shown as mean ± SEM;
n = 5–6. *P < 0.05. 4-month versus 8-month and #P < 0.05 Ctrl versus VO using One way ANOVA Tukey multiple comparisons test.
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lation of titin. Following SDS-PAGE, proteins were blotted
onto polyvinylidene difluoride (PVDF) membranes
(Immobilon-P 0.45 μm; Merck Millipore, Burlington, MA,
USA). Blots were preincubated with 3% bovine serum albu-
min in Tween Tris-buffered saline (TTBS; containing: 10 mM
Tris–HCl; pH 7.6; 75 mM NaCl; 0.1% Tween; all from Sigma-
Aldrich) for 1 h at RT followed by primary antibody incuba-
tion overnight at 4°C. For total titin phosphorylation anti–
phospho-serine/threonine antibody (ECM Biosciences LLC;
PP2551; 1:500) was used. For specific titin phospho-sites
(phospho-Ser3991, -Ser4043, -Ser4080, -Ser12742, and -Ser12884)
custom-made (by Eurogentec) antibodies were used.

The following custom-made rabbit polyclonal affinity puri-
fied antibodies were used:

• anti-phospho-N2Bus (Ser3991) against EEGKS (PO3H2)
LSFPLA (dilution 1:500);

• anti-phospho-N2Bus (Ser4043) against QELLS (PO3H2)
KETLFP (dilution 1:100);

• anti-phospho-N2Bus (Ser4080) against LFS (PO3H2)EWLRNI
(dilution 1:500);

• anti-phospho-PEVK (Ser12742) against EVVLKS (PO3H2)VLRK
(dilution 1:100);

• anti-phospho-PEVK (Ser12884) against KLRPGS (PO3H2)
GGEKPP (dilution 1:500).

For titin oxidation, anti-GSH antibody (ab19534, Abcam,
1:500) was used. Both titin phosphorylation and oxidation
were investigated by HRP-conjugated secondary anti-rabbit
or anti-mouse antibodies (1:10 000), which were used next
day for 1 h at RT, then blots were treated with ECL (Clarity
Western ECL Substrate, BioRad) for developing chemilumi-
nescence signal (see above). Chemiluminescence signals were
normalized to signals obtained from Coomassie-stained PVDF
membranes referring to the entire protein amount trans-
ferred. The results were quantitated by densitometry using
Multi Gauge V3.2 software.

Passive stiffness and Ca2+-sensitivity
measurement

Force measurements were performed on single
de-membranated cardiomyocytes (n = 10–13 cardiomyo-
cyte/3–5 heart/group) as described before.29 Briefly, LV sam-
ples were de-frozen in relaxing solution (containing in mM:
1.0 free Mg2+; 100 KCl; 2.0 EGTA; 4.0 Mg-ATP; 10 imidazole;
pH 7.0), mechanically disrupted and incubated for 5 min in
relaxing solution supplemented with 0.5% Triton X-100 (all
from Sigma-Aldrich). The cell suspension was washed five
times in relaxing solution. Single cardiomyocytes were se-
lected under an inverted microscope (Zeiss Axiovert 135,
40× objective; Carl Zeiss AG Corp, Oberkochen, Germany)
and attached with shellac dissolved in ethanol between a
force transducer and a high-speed length controller
(piezoelectric motor) as part of a Myostretcher system
(Ionoptix, Westwood, MA, USA). SL was monitored using a
video camera, and analysis software was provided by the
manufacturer.

Cardiomyocyte Ca2+-independent passive force (Fpassive)
was measured in relaxing buffer at room temperature
within a sarcomere length (SL) range between 1.8 and
2.3 μm. Force values were normalized to myocyte
cross-sectional area calculated from the diameter of the
cells, assuming a circular shape. Cardiomyocyte Fpassive was
thereafter measured within a SL range between 1.8 and
2.3 μm as described earlier. Then, the myocyte was ad-
justed to 2.2 μm SL and exposed to a series of solutions
with different pCa values ranging from 9.0 (relaxing) to
4.5 (maximal activation) to obtain the force-pCa relation.
Force values were either related to maximum force at pCa
4.5 or normalized to myocyte cross-sectional area calculated
from the diameter of the cells, assuming a circular shape.
Mean values on relative force (and tension) versus pCa
diagrams were fit with the ‘Hill’ equation, resulting in a
sigmoidal curve.

Table 1 List of antibodies used for western blots

Antibody Catalogue number Company Dilution

Total cardiac myosin binding protein C antibody PA571701 Invitrogen 1:2000
Total cardiac troponin I antibody ab 47003 Abcam 1:1000
Phospho-cardiac troponin I (Ser23/24) antibody 4004S Cell Signaling Technology 1:1000
Phospho-cardiac troponin I (phospho Ser43)
antibody/mouse canonical sequence

ab 196005 Abcam 1:1000

Phospho-cardiac troponin I (phospho Thr143) antibody ab 58546 Abcam 1:1000
PKA C-α antibody 4782 Cell Signaling 1:1000
PKCα antibody 2056 Cell Signaling 1:1000
PKG antibody 13511 Cell Signaling 1:1000
CaMKII delta antibody PA5-22168 Thermo Fisher Scientific 1:1000
CaMKII-phospho (Thr286) antibody 12716 Cell Signaling Technology 1:1000
MAPK (ERk ½) 4695 Cell Signaling 1:1000
Phospho-MAPK (ERk ½) 4370S Cell Signaling 1:1000
GAPDH G9545 Sigma 1:10 000
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Statistical analysis

Data are expressed as the mean ± SEM. The haemodynamic
data of the animals, organ weights, functional parameters,
plasma biomarkers, and western blot data were analysed
with one-way ANOVA followed by Tukey post hoc test. A P
value <0.05 was accepted as statistically significant differ-
ence. *P < 0.05 4-month versus 8-month and #P < 0.05 Ctrl
versus VO.

Results

Development of cardiac hypertrophy in volume
overload rats with preserved ejection fraction

Transthoracic echocardiography was performed at the end of
4 and 8 months. The ejection fraction (EF) was preserved and
unchanged between all groups (Figure 1B). Eight-month VO
group showed increased left ventricular internal diameter

during diastole (LVID) (Figure 1C), additionally exhibited in-
creased RV internal diameter (RVID) (Figure 1D), stroke vol-
ume (Figure 1E) and velocity-time index (Figure 1F) compared
with their age-matched controls. However, there were no sig-
nificant differences in mean arterial blood pressure (MABP)
among all the groups (Figure 1G).

In this model, the body weights were significantly higher
of the 8-month compared with the 4-month groups (Figure
2A). Because the body weight of both controls and VO was
comparable at the same age, this indicates that the changes
are age dependent. However, both 4- and 8-month VO
exhibited significant increase in heart weights as compared
with their aged-matched control groups (Figure 2B). Heart
weight/body weight ratio was significantly elevated in
both 4-month and 8-month VO animals as compared
with their age-matched controls (Figure 2C). VO animals at
4- and 8-month showed a significant increase in LV (Figure
2D) RV weight (Figure 2E) as compared with the
appropriate controls. The VO atrial weight at 8 months
was significantly higher compared with all other groups
(Figure 2F).

Figure 2 Organ weights. (A) Animals’ weights, (B) heart weights, (C) heart/body weight ratio, (D) left ventricular weights, (E) right ventricular weights,
and (F) atria weights. Data are shown as mean ± SEM; n = 5–6. *P< 0.05. 4-month versus 8-month and #P< 0.05 Ctrl versus VO using one-way ANOVA
Tukey multiple comparisons test.
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Impaired calcium sensitivity and myofilament
proteins in VO animals

Ca2+ sensitivity is an indicator of myofilament functional in-
tegrity, shifting to the left shows increased Ca2+ sensitivity
of tension. The force–pCa relationship of single skinned car-
diomyocytes from 8-month VO revealed significantly higher
myofilament Ca2+ sensitivity (pCa50) compared with
4-month VO and control groups (Figure 3A). Furthermore,
4-month VO exhibited a slight leftward shift in force-pCa re-
lations when compared with control groups, indicative of
Ca2+ sensitization as response to VO (Figure 3A). Maximum
Ca2+-activated tension was significantly decreased in
8-month VO compared with its age-matched control group
(Figure 3B).

cMyBPC phosphorylation was significantly higher in
8-month VO group (Figure 3C), after normalization to total
cMyBPC level, which were unchanged between all groups.
cTnI phosphorylation was investigated at three different
phosphosites, normalized to the unchanged total cTnI expres-
sion level. At position Ser23/24 (PKA- and PKG-dependent
phosphorylation) phosphorylation was increased in 8-month
control compared with 4-month control, but significantly
lower in 8-month VO compared with 8-month control group
and 8-month VO were unchanged compared with 4-month
VO, indicating hypophosphorylation of cTnISer23/24 and
thereby contributing to the elevated Ca2+ sensitivity in 8-
month VO (Figure 3D). Site-specific phosphorylation of cTnI
at Ser43 position (PKC-dependent phosphorylation) was sig-
nificantly higher in both 8-month control and VO groups com-

Figure 3 Sarcomeric protein phosphorylation. (A) Calcium sensitivity, (B) maximum tension of sarcomere. Data are shown as mean ± SEM; n = 5–6.
n = 5–6. *P < 0.05. Ctrl 4-month versus 8-month; †P < 0.05/†††P < 0.001 Ctrl versus VO 8-month; ‡‡‡P < 0.001 4-month versus 8-month VO;
and #P < 0.05 Ctrl versus VO 4-month using one-way ANOVA Tukey multiple comparisons test. (C) Phosphorylation of cardiac myosin binding protein
C level. (D) Site-specific phosphorylation of cTnI Ser23/24. (E) Site-specific phosphorylation of cTnI Ser43. (F) Site-specific phosphorylation of cTnI Thr143.
Data are shown as mean ± SEM; n = 5–6. *P < 0.05 4-month versus 8-month, #P < 0.05 Ctrl versus VO using One way ANOVA Tukey multiple com-
parisons test.
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pared with the 4-month respective groups (Figure 3E), while
PKC phosphosite at residue Thr143 was unchanged among
all groups (Figure 3F).

Increased titin-based myocardial stiffness and
altered titin phosphorylation in VO animals

Elevated myocardial stiffness is associated with hypertrophic
cardiac remodelling.30 Titin’s mechanosensing function and
its posttranslational modifications are central determinants
of cardiomyocyte stiffness.12 Hence, we measured in skinned
cardiomyocytes the Ca2+-independent Fpassive within SL rang-
ing between 1.8 and 2.4 μm. We found Fpassive of 8-month VO
cardiomyocytes to be significantly elevated at SL 2.0–2.4 μm
compared with all other groups (Figure 4A), suggesting
VO-dependent alterations in titin-based myocardial stiffness.
Of note, 8-month control cardiomyocytes exhibited a signifi-
cant increase in Fpassive at SL 2.2–2.3 μm as compared with
4-month control group, which can potentially result from
aging-related myocardial changes; however, the 4-month VO
showed the same elevated Fpassive as 8-month control, indi-
cating VO dependency.

Along with the changes of the Fpassive, total titin phosphor-
ylation was significantly reduced in both 4- and 8-month VO
groups (Figure 4B). Additionally, we detected altered phos-
phorylation of specific residues within the unique sequence
of the elastic spring region N2Bus and PEVK region of titin.

Despite the overall hypophosphorylation of titin in 4- and
8-month VO, the CaMKII-dependent phosphorylation at
Ser4043 in the N2Bus was significantly increased when com-
pared with the age-matched control groups (Figure 4C). Fur-
thermore, we looked at the site-specific phosphorylation
within the PEVK region of titin. We found that
CaMKII-dependent phosphorylation at Ser12884 was also
elevated in both 4- and 8-month VO compared with
age-matched control groups (Figure 4D). This was in line with
increased oxidation of CaMKII in both 4-and 8-month VO as
compared with the control groups (Figure 4E), while the
expression levels (Figure 4F) and autophosphorylation
(Figure 4G) were unchanged between the groups.

We found that PKG-dependent Ser4080 conserved phospho-
sites were hypophosphorylated in both 4- and 8-month VO
groups as compared with the age-matched controls, respec-
tively (Figure 5A). Polymerization of PKG is observed upon ox-
idation during oxidative stress. A representative image in
Figure 5B shows the monomer, dimer, and polymer PKG signal
intensities. Results show elevated amounts of dimer PKG in
volume overload groups as compared with the age-matched
controls (Figure 5C). Monomeric PKG was significantly re-
duced in 4- and 8-month VO compared with the control
groups (Figure 5D). Dimerization of PKG was significantly ele-
vated in 8-month VO group (Figure 5E). PKG polymers showed
significantly elevated amount not only in comparison with VO

and control groups, but also regarding time, in comparison
with 4-month to 8-month groups (Figure 5F).

Alteration of signalling pathways due to volume
overload

As titin is phosphorylated by numerous kinases including
CaMKII and PKG (Figures 4 and 5 ) that modulate the titin
stiffness, we also looked at other potential kinases that can
be modulated upon hypertrophy. PKA phosphosite on titin
N2Bus region, at Ser3991, showed hypophosphorylation both
at 4- and 8-month VO groups as compared with the controls
(Supporting Information, Figure S1A), while PKA expression
level did not show any change (Supporting Information,
Figure S1B) among the groups. PKCα specific phosphosite at
PEVK region, at Ser12742 showed no differences among groups
(Supporting Information, Figure S1C), while PKCα expression
was significantly higher in 8-month VO (Supporting
Information, Figure S1D), indicating an increased PKCα
activity in 8-month VO.

Finally, based on its role in hypertrophic remodelling and
involvement in cardiomyocyte dysfunction and also its ability
to phosphorylate titin, we investigated the expression level of
mitogen-activated protein kinase (MAPK, also known as ex-
tracellular signal-regulated kinases, ERK1 and 2). Expression
level of MAPK were unchanged (Supporting Information,
Figure S1E,G); however, the phosphorylation of MAPK
detected at the molecular weight 42 kDa was significantly
increased in 8-month compared with 4-month VO
(Supporting Information, Figure S1F). The phosphorylation
of the 44 kDa MAPK isoform showed slightly, but
non-significant changes in 8-month groups (Supporting
Information, Figure S1H).

Discussion

The current study showed that 8-month VO rat model
developed cardiac hypertrophy with preserved ejection
fraction in response to volume overload associated with
alterations in myofilament proteins phosphorylation due to
changes in CaMKII and PKG signalling pathways. These
changes were mainly caused by alterations in the oxidative
status of CaMKII and PKG and contributing by this to cardio-
myocyte dysfunction as depicted from modulation of calcium
sensitivity, maximal generated tension, and titin-based stiff-
ness. This finding shows for the first time how oxidation of
CaMKII and PKG could contribute to sarcomeric dysfunction
in early model of hypertrophy, suggesting a potential thera-
peutic targets for those with early stage of hypertrophy.
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Figure 4 Titin-based myocardial stiffness and titin phosphorylation by CaMKII. (A) Passive tension-sarcomere length relations of control (Ctrl) and vol-
ume overload (VO) cardiomyocytes at sarcomere length (SL) 1.8–2.4 μM. All force recordings were normalized for cardiomyocyte cross-sectional area.
Curves represent third order polynomial regressions. **P < 0.01/***P < 0.001. Ctrl 4-month versus 8-month; †P < 0.05/†††P < 0.001 Ctrl versus VO
8-month; ‡‡P < 0.01/‡‡‡P < 0.001 4-month versus 8-month VO; and #P < 0.05/##P < 0.01 Ctrl versus VO 4-month using one-way ANOVA Tukey
multiple comparisons test. (B) Overall titin and (E–G) CaMKII-specific phosphorylation measurement by western immunoblots from left ventricular tis-
sue. Representative blots show antibody staining at position (C) Ser4043 (N2Bus) and (D) Ser12884 (PEVK). PVDF stains are included for comparisons of
loading (E) oxidation of CaMKII, (F) CaMKII expression level, (G) phosphorylation of CaMKII at Thr286. Data are shown as mean ± SEM; n = 4. #P < 0.05
Ctrl versus VO using one-way ANOVA Tukey multiple comparisons test.
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Altered phosphorylation status of sarcomeric
proteins and myofilament Ca2+ sensitivity in VO

Pathological and pathophysiological alterations have been re-
ported in VO models.1,31 Earlier, in compensated stages, alter-
ations in myofilament Ca2+ sensitivity, cross-bridge cycling,
and electromechanical coupling across the intercalated disc
have been documented,32 in addition to alterations in Ca2+

cycling at the late stages of VO induced HF progression in
rats, dogs, and humans.32–35 However, the changes of sarco-
meric proteins remain at end-stage heart failure, even with-
out a significant change in the amount of Ca2+ available for
contraction. In agreement with these studies, our model
showed changes in the myofilament Ca2+ sensitivity and max-
imal tension; both were associated with myofilament pro-
teins phosphorylation deficit. Previously, it has been shown
that these changes could also be associated with alterations
in myofibrillar ATPase activity36,37 and/or the allosteric effect
of the troponin complex, which may also contribute to Ca2+

sensitivity changes.38 Several studies suggested that the dif-
ference in Ca2+ responsiveness in the failing heart is not
reflected in intrinsic differences in the protein isoform com-

position or expression,39–41 likewise in the presented model,
we did not find any differences in the expression level of the
myofilament proteins, but rather changes in the endogenous
phosphorylation level. Deranged phosphorylation of myofila-
ment proteins seen in HF patients and animal models of HF
was most of the time associated with increased and reduced
activity of CaMKII and PKG, respectively.22,25 In addition to in-
creased CaMKII and PKG oxidation26,42 in both, this could
contribute to observed myofilament phosphorylation dysreg-
ulation and thereby hypertrophy.

Myofilament Ca2+ sensitivity is highly modulated by the
phosphorylation status of sarcomeric proteins such as cTnI
and cMyBPC. Both contain multiple phosphorylation sites
that are targeted by several kinases including PKA, PKG,
PKD, and CaMKII. Hence, the net effect of myofilament sensi-
tization/desensitization is defined by synergistic balance be-
tween different kinases/phosphatases.9,14 In the current
study, and in line with previous work reporting the reduction
in PKA-dependent phosphorylation of cTnI in end stage hu-
man failing hearts,19,43,44 we found PKA-/PKG-dependent
hypophosphorylation of cTnI at Ser23/24 in 8-month VO com-
pared with 8-month Ctrl group. It is well established that in

Figure 5 Titin phosphorylation by PKG. (A) Titin phosphorylation at Ser4080 (N2Bus), (B) representative blot of PKG levels. (C) Distribution of PKG iso-
forms, (D) monomer level of PKG, (E) dimer level of PKG, (F) polymer level of PKG. Data are shown as mean ± SEM; n = 5–6. #P < 0.05 Ctrl versus VO.
*P < 0.05 4-month versus 8-month using one-way ANOVA Tukey multiple comparisons test.
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HF and due to the internalization of β-adrenergic receptors,
the receptor density and activity are reduced leading
to decreased PKA-dependent phosphorylation of cTnI at
Ser23/24.

44 This might explain the elevated Ca2+ sensitivity of
skinned cardiomyocytes from 8-month VO group, despite
the unchanged PKA expression level; however, we cannot ex-
clude the possibility of reduced PKA enzyme activity in the
8-month VO rats. We observed cTnI hyperphosphorylation
at Ser43 (PKC-dependent phosphorylation) in both 8-month
VO and Ctrl groups. Previous studies reported that increased
PKC activity has a maladaptive effect on sarcomeric function
in HF and suggested the beneficial effect of reducing the
Ser43 phosphorylation on the cardiomyocyte function.45

Moreover, reduced PKA-dependent phosphorylation of
cMyBPC is also associated with myofilament Ca2+ sensitiza-
tion, impaired relaxation, and hypertrophic
remodelling.19,43,46,47 However, our data showed significant
increase in the total phosphorylation of cMyBPC in 8-month
VO which might also contribute to the modulation of myofil-
ament Ca2+ sensitivity as reported before.22 This finding
could be explained by the fact that cMyBPC is additionally
targeted by PKG, PKC and CaMKII.48 The latter was suggested
to facilitate the phosphorylation of the two PKA sites on
cMyBPC.7,15 In summary, hypo- and hyperphosphorylation
of regulatory myofilament proteins and increased Ca2+ sensi-
tivity in 8-month VO indicates that functional impairment at
sarcomeric level could be an early event in the development
of HF. Of note, the altered myofilament Ca2+ sensitivity has
been suggested to be an early compensatory response to
pressure overload.49 A key mediator in this process is the dis-
turbed Ca2+ homeostasis and the subsequent activation of
CaMKII leading to CaMKII mediated maladaptive
hypertrophy.50 Similar effect may therefore be predicted
upon VO. Hence, we focused on the contribution of CaMKII
to the initiation of VO-induced cardiac hypertrophy.

Increased titin-based myocardial stiffness and the
role of CaMKII and PKG oxidation in VO

HF is often accompanied by increased titin-based myocardial
stiffness.12 Hypertrophy and stretch are also associated with
alterations in titin spring elements.51 Different structural pro-
teins show changes in their expression in different HF causes,
phenotypes, and stages. Titin is a huge interface molecule
that plays a key role in the assembly of structural and regula-
tory proteins of the cardiomyocyte, determining by these the
active and passive mechanical properties of the
sarcomere.12,13,52 The physiological function of titin implies
that alterations in titin expression or the isoform switch
may contribute to depressed contractility in failing human
heart and animal models of HF,12,53–55 more elastic titin iso-
form represents an adaptation to the increased wall stiffness
of the heart.41

Our model showed global titin phosphorylation deficit
associated with CaMKII-dependent site specific
hyperphosphorylation. Various CaMKII-dependent titin
phospho-sites were detected by quantitative mass spectrom-
etry (MS), some of which are located within the extensible re-
gion of titin at the N2Bus and PEVK spring elements and
some within the A-band, M-band, and Z-disk of titin.18

CaMKII-mediated titin phosphorylation reduces cardiomyo-
cyte Fpassive.

18 Although phospho-site Ser4043 (CaMKII-depen-
dent phosphorylation) was increased in the 8-month VO, the
cardiomyocyte Fpassive persists to be elevated, perhaps due to
increased CaMKII oxidation, suggesting that CaMKII
post-translational modification may contribute to the in-
crease in its activity18,56 and thereby partially contributing
to the elevated Fpassive in 8-month VO. Indeed, it has been ev-
ident that oxidation of Met281/282 in the regulatory domain of
CaMKII induces an autonomous-Ca2+/CaM-independent
activation.20,21,57 Hyperactivation of CaMKII was reported as
maladaptive response in patients and animal models of
HF.58,59 The pathological responses to ROS-induced CaMKII
hyperactivation include atrial fibrillation, stemming from dia-
stolic sarcoplasmic reticulum Ca2+ leakage (due to a
hyperphosphorylation of the RyR2 at Ser2815).

60 Moreover,
hypertrophic remodelling, inflammation, and apoptosis were
shown to follow CaMKII-dependent phosphorylation of his-
tone deacetylase 4 (HDAC4), thereby promoting the
up-regulation of the fetal cardiac gene expression such as
the myocyte enhancer factor-2 (MEF2) and the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB).61–63

Furthermore, CaMKII inhibition via peptides or ant-oxidants
was reported to be beneficial in cardiovascular diseases.64

The maladaptive responses to CaMKII hyperactivation are
mostly driven by the deranged phosphorylation of its
downstream targets such as ion channels, Ca2+ homeostatic
proteins, and sarcomeric proteins.18,65 The latter finding is
supported by our current and previous work indicating the
contribution of sarcomeric dysfunction upon phosphorylation
deficit of myofilament proteins in particular the giant protein
titin.18,26,54,56

Growing evidence demonstrates the pivotal role of
nitric oxide-soluble guanylyl cyclase- cyclic guanosine
monophosphate-PKG (NO-sGC-cGMP-PKG) signalling cascade
in cardiac diseases. PKG phosphorylates N2Bus spring element
in titin, thereby reduces titin-based myocardial stiffness.12

Previous work reported the important contribution of oxida-
tive activation of PKG Iα independently from the NO-cGMP
pathway.66,67 Burgoyne et al. demonstrated that H2O2 expo-
sure induces the formation of disulphide bond between the
2 α subunits of PKG which facilitates its activation in the ab-
sence of cGMP.66 In contrast, other studies showed that C42
oxidation reduces PKGIα’s activation capacity to counter hor-
mone, haemodynamic, and cardiotoxic stress.68,69 Further-
more, C42 oxidation has been linked to an amplified the mam-
malian (mechanistic) target of rapamycin complex 1
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(mTORC1) activity and depressed autophagy in PO-induced
hypertrophy.70 Previously, we showed that oxidative stress
and inflammation arising from several cardiovascular
co-morbidities diminished NO bioavailability and led to the at-
tenuation of cGMP-PKG signalling, hypophosphorylation of
N2Bus element in titin, and elevated cardiomyocyte stiffness
in HFpEF and hypertrophic cardiomyopathy (HCM)
patients.19,25,71 Ex vivo administration of PKA and
cGMP-dependent PKG corrected all-titin phosphorylation def-
icit in human and animal models of HF and reduced thereby
the pathologically increased titin-based stiffness observed in
human and animal model with HF.19,25,71 Accordingly, the
VO groups showed increased cardiomyocyte stiffness in line
with titin phosphorylation deficit which was associated with
PKG oxidation. PKG-mediated phosphorylation of titin re-
sults in acutely increased cardiac distensibility following
short-term cGMP-enhancing treatment with sildenafil and
BNP in an HFpEF animal model.72 Interestingly, the sodium
glucose cotransporter 2 inhibitors (SGLT2i) improved the in-
flammatory and oxidative stress in human and rat HFpEF
myocardium, which improved NO-sGC-cGMP-PKG cascade
and directly enhanced PKGIα activity via reduced PKGIα
oxidation. Consequently, pathological cardiomyocyte
function in human HFpEF myocardium was reversible by
SGLT2i via improved PKGIα and the anti-oxidative effect of
SGLT2i.26

Dysregulation of titin phosphorylation by PKA
and MAPK in VO

Both PKA and PKC target N2Bus or PEVK titin segments and
lead to a decrease or an increase in cardiomyocyte
stiffness, respectively.73 We found PKA-dependent
hypophosphorylation at Ser3991 within N2Bus-titin, which
might contribute to elevated passive stiffness measured in
8-month VO. The PKCα-dependent phosphorylation at
Ser12742 within the PEVK-titin segment was unchanged,
indicating to the substantial contribution of PKG and
CaMKII oxidation to the elevated myocyte stiffness in
8-month VO model and a potential synergy between the
two kinases.

Another kinase that phosphorylates titin is the MAPK
which phosphorylates titin at the N2B spring element. Al-
though the mechanical effects of this phosphorylation still
need to be more firmly established, MAPK is an effector
kinase of the rapidly accelerated fibrosarcoma 1 (Raf1)-
MEK1/2-MAPK pathway and has been implicated in cardiac
hypertrophy.74 Hence, our findings suggest that MAPK activ-
ity is increased as appreciated from increased MAPK
phosphorylation. Therefore, MAPK may also contribute to el-
evated passive stiffness measured in 8-month VO. Taken to-
gether, these findings underscore the importance of titin

phosphorylation changes for cardiomyocyte Fpassive in volume
overload induced hypertrophy.

Altered hypertrophic signalling in VO

In addition to altered phosphorylation status of sarcomeric
proteins, disturbed kinases signalling is involved in multiple
pathways responsible for hypertrophic growth.30 NO-cGMP-
PKG pathway was shown to supress cardiac hypertrophy by
inhibiting calcineurin-NFAT signalling.75 PKG oxidation is also
involved in the modulation of mTOR signalling in PO-induced
hypertrophy.70 Therefore, its down-regulation might contrib-
ute to hypertrophic remodelling.75 Furthermore, coordina-
tion of MAPK and NFAT signalling regulates the hypertrophic
response. Phosphorylated NFAT causes inhibition of its nu-
clear translocation and thus attenuating cardiac hypertrophy
and thereby contributing to regulation of the hypertrophic
response.75 Hence, impaired hypertrophic signalling might
add to the cardiac remodelling and mechanical dysfunction
in early stage of VO induced hypertrophy.

Conclusion

In this work, we report the early pathological response to VO,
which manifests in cardiomyocyte mechanical disturbances
and dysfunction. Our data demonstrate the elevation in
Ca2+ sensitivity and titin-based cardiomyocyte stiffness in 8-
month VO model, mainly due to CaMKII and PKG oxidation.
The modulation of these two kinases contributed to de-
ranged phosphorylation of sarcomeric proteins that are
involved in cardiac contractility and relaxation. In line with
our conclusion, it has been previously reported that VO asso-
ciates with several pathological events including oxidative
stress and inflammatory response.76,77 Therefore, we believe
that our model exhibits an increase of oxidative stress and in-
flammation, which requires further investigations. Previous
work by us and others demonstrated the role of
oxidative-stress induced modulation of kinase activity and af-
finity to their substrates.19,78 Hence, we cannot rule out
oxidative-stress mediated alterations in sarcomeric proteins
structure and stability,19,30 which awaits further investigation.
In summary, our study highlights the adverse consequences
of CaMKII and PKG oxidation on cardiomyocyte function in
the early stage of VO-induced cardiac hypertrophy. These
findings may provide critical insight into how to prevent or
decelerate the development of HF development and progres-
sion potentially via reduced oxidative stress and thereby
preventing CaMKII and PKG oxidation. This may reverse de-
ranged myofilament phosphorylation and thereby improve
cardiomyocyte function.
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Figure S1. Kinase activities from left ventricle tissue. A)
Phosphorylation of titin at Ser3991 (N2Bus), B) Expression
level of PKA C) Phosphorylation of titin at Ser12742 (PEVK) D)
Protein kinase Cα expression level, E) MAPK expression level
(42 kDa) F) phospho-MAPK (42 kDa) G) MAPK exprression
level (44 kDa) H) Phospho-MAPK (44 kDa). Data are shown
as mean±SEM; n = 5–6. #P < 0.05 Ctrl vs. VO. *P < 0.05 4-
month vs 8-month using One way ANOVA Tukey multiple
comparisons test.
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