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A B S T R A C T

Coronary microvessel endothelial dysfunction and nitric oxide (NO) depletion contribute to elevated passive
tension of cardiomyocytes, diastolic dysfunction and predispose the heart to heart failure with preserved ejection
fraction. We examined if diastolic dysfunction at the level of the cardiomyocytes precedes coronary endothelial
dysfunction in prediabetes. Further, we determined if myofilaments other than titin contribute to impairment.
Utilizing synchrotron microangiography we found young prediabetic male rats showed preserved dilator re-
sponses to acetylcholine in microvessels. Utilizing synchrotron X-ray diffraction we show that cardiac relaxation
and cross-bridge dynamics are impaired by myosin head displacement from actin filaments particularly in the
inner myocardium. We reveal that increased PKC activity and mitochondrial oxidative stress in cardiomyocytes
contributes to rho-kinase mediated impairment of myosin head extension to actin filaments, depression of so-
luble guanylyl cyclase/PKG activity and consequently stiffening of titin in prediabetes ahead of coronary en-
dothelial dysfunction.
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1. Introduction

Diabetes mellitus (DM) is now considered as more than a risk factor,
but rather as a major driver of the increasingly prevalent heart failure
(HF) with preserved ejection fraction (HFpEF). Experimental and clin-
ical investigations into diabetic cardiomyopathy reveal that chronic
inflammation and oxidative stress evoke subtle impairments in systolic
and diastolic function prior to the development of overt diastolic dys-
function that is a diagnostic characteristic of HFpEF [1]. However, the
presence of established type-2 (T2)DM may not necessarily be a re-
quisite for diabetic cardiomyopathy. One clinical study has demon-
strated an incremental increase in the severity of diastolic dysfunction
across the diabetic continuum from prediabetes through to advanced
T2DM [2]. In this study we explore how oxidative stress and in-
flammation contribute to the onset of diastolic dysfunction in a rat
model of prediabetes and determine whether this is initiated by cor-
onary microvascular endothelial dysfunction or cardiomyocyte dys-
function.
Nitric oxide (NO) bioavailability is considered to be critical to the

maintenance of both coronary endothelial function and cardiomyocyte
function. The NO/ soluble guanylyl cyclase (sGC)/ cyclic guanosine
monophosphate (cGMP)/ protein kinase (PK) G signaling pathway is an
important tonic modulator of coronary vasodilation, endothelial acti-
vation by adhesion molecules, cardiomyocyte stiffness and myocardial
structure, including cardiomyocyte hypertrophy and fibrosis [3,4]. We
recently suggested that cardiac and coronary dysfunction have in-
dependent origins in the DM model db/db mouse and that endothelial
dysfunction involving depressed NO bioavailability may not precede
diabetic diastolic dysfunction [5]. Paulus and Tschöpe [6] have pro-
posed inflammation and reactive oxygen species (ROS) generation are
key drivers of a reduction in NO bioavailability in the endothelium and
their adjacent cardiomyocytes from HFpEF patients [4], which is as-
sociated with reduced PKG activity, cardiomyocyte hypertrophy and
titin hypophosphorylation [7–10]. This is considered to lead to in-
creased passive tension possibly due to lower expression levels and or
activity of sGC and thus, a reduced cGMP pool.
Endocardial biopsy samples of DM patients with HFpEF revealed

that LV diastolic stiffness is largely attributed to elevated cardiomyo-
cyte passive tension, as opposed to interstitial fibrosis and advanced
glycation end-product accumulation [11]. Further, cardiomyocytes
from hypertensive DM patients show elevated passive tension relative
to hypertensive non-diabetic patients [12]. These clinical findings are
further supported by the work of Hamdani et al. [10], who showed that
in obese mice with advanced T2DM that increased cardiomyocyte
passive tension was associated with depressed cGMP/PKG activity.
Whilst several subcellular alterations to the cardiomyocyte have been
identified to contribute to contractile dysfunction in the heart in DM
[13,14], our data utilizing synchrotron radiation (SR) small angle x-ray
scattering (SAXS) on the in situ beating heart suggests that diastolic
dysfunction has its origins in the myofilaments in prediabetes. In young
adult prediabetic rats, the insulin deficient Goto-Kakizaki (GK) rats
utilized in this study, myosin heads tend to be displaced away from
actin thin filaments in the deeper muscle layers of the left ventricle (LV)
wall in diastole [15]. Whether this impaired myosin head extension in
diastole translates to LV stiffening and significant LV diastolic dys-
function akin to that reported by us in early experimentally induced
type-1 (T1)DM [16] is still unknown.
We hypothesized that increased oxidative stress and inflammation

caused diastolic dysfunction primary via impaired cardiomyocyte
function in prediabetes independent of coronary endothelial function.
Here, we investigated if sarcomeric protein modifications contribute to

cardiomyocyte diastolic dysfunction in prediabetes, and if this is in-
dependent of coronary microvessel endothelial dysfunction and im-
paired NO signaling. To elucidate the mechanisms underlying myo-
cardial diastolic dysfunction in our model, the present study examined
(1) coronary microvascular function; (2) the correlation between local
cardiac cross-bridge (CB) dynamics and global LV systolic and diastolic
function; (3) in vitro cardiomyocyte stiffness; (4) myocardial titin
phosphorylation; (5) phosphorylation of small myofilament proteins
and (6) the contributions of oxidative stress and inflammation to both
cardiomyocyte and LV diastolic function in prediabetic rats. This allows
us to elucidate the contribution of impaired extension of myosin heads
to diastolic dysfunction either via the initiation of coronary micro-
vascular and or cardiomyocyte dysfunction in prediabetes.

2. Materials and methods

2.1. Experimental animals and ethics approvals

All experiments were approved by the Japan Synchrotron Radiation
Research Institute (SPring-8) and the National Cerebral and
Cardiovascular Center (NCVC) Animal Ethics Committees (16056,
16086) and conducted in accordance with the guidelines of the
Physiological Society of Japan. Male Wistar (n=30) and GK (n=31)
rats (Japan SLC, Kyoto, Japan) at 10–12weeks of age, underwent
terminal experiments for coronary microangiography or SAXS at the
SPring-8 facility or LV pressure-volumetry at the NCVC as described in
Supplementary methods. Blood glucose was measured in non-fasted
rats with a blood glucosemeter (Accu-check Performa, Roche
Diagnostics).

2.2. SR microangiography, SR SAXS recordings and LV pressure-volumetry

Coronary microangiography and SAXS studies were performed on
separate animals at Beamlines BL28B2 and BL40XU respectively at
SPring-8. Rats were anesthetized with pentobarbital sodium (50mg/
kg i.p.). Supplementary doses of anesthetic (~20mg/kg/h) were peri-
odically administered to maintain the level of anesthesia. Cine images
of the coronary circulation in vivo (1.5–2ms/frame shutter open time)
were acquired with monochromatic SR at 33.2 keV (above iodine K-
edge energy) utilizing iodinized contrast medium (Iomeron 350,
Bracco-Eisai Co. Ltd., Tokyo, Japan) [17,15]. The visible vessel number
for each branching order and the internal diameter (ID) or caliber of
each vessel were determined. To record SAXS sequences of the beating
rat hearts (open-chest) in situ quasi-monochromatic synchrotron X-ray
radiation (15 keV) was aligned perpendicular to the spiral fiber direc-
tion of the epicardium with the rat approximately 3m away from the
detector [16,18,19]. SAXS recording were then obtained sequentially at
baseline with an intravenous infusion of lactate (4ml/h lactate Ringers
solution; Otsuka Pharmaceuticals) and then during an infusion of do-
butamine (8 μg/kg/min; Dobutrex, Eli Lilly Japan, Kobe, Japan) to
evaluate cardiac function and CB dynamics under open-chest conditions
during increased positive inotropy and chronotropy [16]. The in-
tegrated intensities of the 1,0 and 1,1 equatorial reflections were de-
rived from the SAXS patterns to obtain the equatorial intensity ratio
(I1,0/I1,1), which was used to express the transfer of myosin mass
(presumed to be CBs) from the thick to the thin filament. Simultaneous
LV pressure-volumetry (SPR-838, Millar Instruments, Tx, USA) was
used to establish the cardiac cycle, and in separate animals, was used to
assess global LV stiffness using standard protocols as described in
Supplementary methods.

M.T. Waddingham, et al. Journal of Molecular and Cellular Cardiology 137 (2019) 119–131

120



2.3. Cardiomyocyte isolation and force recordings

Single cardiomyocytes were isolated from frozen rat myocardium
then transferred to a relaxing solution containing 0.2% Triton X-100 to
remove all membrane structures [20]. Skinned single cardiomyocytes
were attached with silicon adhesive between a piezo-electric motor and
a force transducer (1600A; with force transducer 403A; Aurora Scien-
tific, Aurora, Ontario, Canada) [10]. Passive force was measured at
sarcomere lengths between 1.8 and 2.4 μm in relaxing solution with and
without PKG-1α (0.1 U/ml; Sigma). On transfer of isolated cells to ac-
tivating solution isometric force developed and steady-state total and
active force were measured as described previously [21].

2.4. Tissue preparation and titin biochemical analysis

Following in vivo pressure-volumetry, the distal half of the LV was
snap frozen in liquid nitrogen for protein assays and cardiomyocyte
passive tension recordings. For the biochemical analysis of titin, LV
samples were mechanically homogenized in Greaser sample buffer (8M
Urea, 2M Thiourea, 3% SDS, 75mM DTT, 0.05M Tris-HCl pH 6.8, 10%
glycerol, 0.03% SERVA Blue), denatured at 96 °C for 3min, centrifuged
and stored on ice. Approximately 20-25 μg of LV protein was subse-
quently loaded into agarose-strengthened 1.8% polyacrylamide gels
and subjected to SDS-PAGE. Gels were run at a constant current of 2mA
overnight. The next day, proteins were transferred onto a poly-
vinylidene difluoride (PVDF) membrane using a semi-dry technique
(25 V, 1.3A for 7min). Transfer efficiency and equal loading was con-
firmed by briefly incubating PVDF membranes in a Coomassie Blue
solution (0.075% in methanol). Membranes were then washed with
1xTBS containing 0.01% Tween20 (1xTBST) 3 times for 5min and
blocked for 1 h at room temperature with 3% BSA in 1xTBST. After that,
membranes were incubated with the following customised affinity
purified phosphosite-specific anti-titin primary antibodies, diluted in
blocking solution, overnight at 4 °C; phospho-serine/threonine
(1:1000), phospho-S3991 (N2Bus, 1:500), phospho-S4080 (N2Bus,
1500), phospho-S12884 (PEVK, 1:500) and phospho-S12742 (PEVK,
1:500) were utilized as described previously [8,9]. Titin phosphoryla-
tion levels were normalized to PVDF stains to control for protein
loading. Whole images of Western blots of titin are shown in Supple-
mentary Fig. 12.

2.5. Small myofilament protein and other protein biochemical analyses

The overall phosphorylation state of the small myofilament proteins
(cTnI, cTnT, MLC-2 and cMyBP-C) was assessed in myocardial homo-
genates loaded onto 4–15% gradient gels (Criterion TGX, Bio-Rad, CA,
USA) and subjected to SDS-PAGE, fixed, washed and stained with a
specific phosphoprotein stain, Pro-Q Diamond (Invitrogen, OR, USA)
and SYPRO Ruby (Invitrogen) for total protein. Phosphoprotein signals
were then expressed relative to the corresponding total actin signal. For
analyses of small myofilament proteins, approximately 50-100mg of LV
including interventricular septal tissue was prepared using the TCA-
method to preserve endogenous phosphorylation as previously de-
scribed [22]. Tissues were ground to fine pieces using a liquid nitrogen-
cooled pestle-and-mortar and then suspended in 1mL of ice-cold 10%
TCA solution (trichloroacetic acid dissolved in acetone with 0.1% w/v
dithiothreitol). Tissue suspension were then stored at −80 °C for 1 h
and brought to room temperature by sequential incubations at −20 °C
(1 h), 4 °C (30min) and room temperature (21 ± 2 °C), with thorough
mixing between incubations. The tissues were centrifuged at room
temperature (12,000 g) for 15min, then washed in at least 5 changes of

1mL acetone solution containing 0.2% w/v DTT by shaking for 10min
and centrifuging at 12,000 g for 10min. TCA-treated tissues then were
freeze-dried overnight. The next day, tissues were homogenized in ap-
proximately 500 μL of 1D Sample Buffer (15% glycerol, 20% SDS-so-
lution (10% w/v), 4% 1.5M Tris (pH 6.8) and 3% bromophenol blue
solution) using a glass potter and mechanical homogenizer at room
temperature. Lysates were then gently mixed on a roller for 1 h, shaken
for 10min, water-bath sonicated for 30min and centrifuged at 14,000 g
for 20min. The supernatant was then collected and stored at −80 °C.
For Western blotting of all other proteins of interest 10mg of snap-

frozen LV including interventricular septal tissue was homogenized in
200 μL of ice-cold protein lysis buffer (T-PER™ Tissue Protein Extraction
Reagent, Thermo Scientific, IL, USA) containing protease (cOmplete™
Mini cocktail, Roche, Basal, Switzerland) and phosphatase (PhosSTOP,
Roche, Basal, Switzerland) inhibitors with the use of a mechanical
homogenizer and then incubated on ice for 30min. Homogenates were
then centrifuged at 20,000 g at 4 °C for 30min, with the supernatant
aliquoted as required and stored at −80 °C.
The protein concentration of each sample was estimated with the

Pierce™ 660 nm Protein Assay (Thermo Fisher Scientific, MA, USA). A
standard curve (0-2mg/mL) was generated with BSA standards of
known concentrations. Samples were diluted 5 to 10-fold in their re-
spective homogenization buffers, plated in triplicate in a 96-well mi-
crotiter plate and 150 μL of assay reagent applied to each well. For
samples homogenized in titin or 1D sample buffer, an Ionic Detergent
Compatibility Reagent was added to the protein assay reagent (IDCR,
Thermo Fisher Scientific). Plates were then incubated at room tem-
perature for 10min with gentle shaking, protected from light and then
the absorbance read at 660 nm. Individual sample concentration was
interpolated from the standard curve.

2.6. SDS-PAGE

10 μg of protein sample was loaded onto 4–15% gradient gels (Mini
or Criterion TGX™, Bio-Rad, CA, USA) and subjected to SDS-PAGE
under reducing conditions at a constant 100 V for 10min, followed by
200 V for 40min. For eNOS dimer determination, low-temperature
SDS-PAGE was performed [23]. Gels and buffers were equilibrated to
4 °C prior to electrophoresis. SDS-PAGE was performed under reducing
conditions at a constant 5mA for 5 h with the tank module immersed in
an ice-bath.

2.7. Pro-Q Diamond and SYPRO Ruby gel stains

PeppermintStick™ Phosphoprotein Molecular Weight Standards
(Molecular Probes, OR, USA) were prepared as per the manufactures
instructions and loaded into the gels along with the samples prior to
SDS-PAGE. After SDS-PAGE (as above), gels were fixed in a solution of
50% methanol and 10% glacial acetic acid twice for 30min each. After
washing in several changes of dH2O for 10min each, gels were im-
mersed in 100mL of Pro-Q Diamond phosphoprotein stain (Invitrogen,
OR, USA) for 1 h with gentle shaking, protected light. Gels were then
destained in 3 changes of a ready-to-use Pro-Q Diamond destain solu-
tion for 30min, washed thoroughly before imaging on an Amersham
Imager 600, using the Green fluorescent protocol (exposure time ~3 s).
Gels were then briefly rinsed in dH2O and then stained overnight in
SYPRO Ruby (Invitrogen) to assess total protein. The next day, gels
were washed in a solution of 10% methanol and 7% acetic acid, rinsed
in dH2O and imaged using a fluorescent protocol.
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2.8. Western blot analyses for small myofilament and other proteins

Following SDS-PAGE, proteins were transferred onto PVDF or
Nitrocellulose membranes using a semi-dry technique (TransBlot
Turbo™, Bio-Rad, CA, USA). After transfer, membranes were rinsed in
dH2O and stained in Ponceau S solution (Sigma-Aldrich, MO, USA) to
confirm protein transfer. Membranes were then washed with 1 x TBS
containing 0.01% Tween20 (1 x TBST) 3 times for 5min each and then
blocked with 3% BSA w/v or 5% skim milk (both prepared in 1 x TBST)
or with a ready-to-use blocking solution (Blocking One, Nacalai Tesque,
Kyoto, Japan) for 1 h at room temperature. After that, membranes were
incubated in primary antibodies at 4 °C overnight against the following
proteins; phospho- cMyBP-CSer282 (1:1000, Enzo Lifesciences, ALX-215-
057-R050), phospho-cTnISer23/24 (1:1000, Cell Signaling Technologies,
4004), cMyBP-C (MYBPC3, 1:1000, Santa Cruz, sc-137,180), Troponin I
(1:1000, Cell Signaling technologies, 4002), phospho-MLC-2Ser15

(1:500, ThermoFisher Scientific, PA5–67500), phospho-MLC-2Ser19

(1:1000, Cell Signaling Technologies, 3671), MLC-2 (1:1000, Cell
Signaling Technologies, 3672), ROCK2 (1:500, BD Transduction
Laboratories, 610,623), TSP-1 (1:500, Thermo Fisher, MA5–13398),
Nox2 (1:1000, Thermo Fisher, PA5–76034), Nox4 (1:1000, Thermo
Fisher, PA5–72816), phospho-eNOSSer1177(1:200, Invitrogen,
PA5–17917), eNOS (1:1000, Invitrogen, PA1–037), p53 (1:1000,
Invitrogen, 13–4100), TGFβ-1 (1:1000, Santa Cruz Biotechnology, sc-
146), IL-6 (1:1000, Abcam, ab9324), sGC (1:400, Abcam, ab24824),
Nitrotyrosine (1:500, Millipore, 06–284) and β-Actin Loading Control
(1:1000, Santa Cruz Biotechnology, sc-47,778). The following day,
membranes were washed for 3×10 minutes in 1xTBST before being
incubated in either a goat anti-rabbit (phospho- cMyBP-CSer282,
phospho-cTnISer23/24, cMyBP-C, Troponin I, phospho-MLC-2Ser15,
phospho-MLC-2Ser19, MLC-2, TSP-1, Nox2, Nox4, phospho-eNOSSer1177,
eNOS, p53, TGFβ-1, sGC and Nitrotyrsoine) or goat anti-mouse
(ROCK2, IL-6, β-Actin) secondary antibody (1:2500–1:5000, Dako,
Glostrup, Denmark) for 1 h at room temperature. After washing in
1xTBST, membranes were incubated in a 1:1 mixture of Enhanced
Chemiluminesence (ECL) Solution A & Solution B (ECL Prime; GE
Healthcare, Buckinghamshire, UK) and then imaged using an
Amersham Imager 600. Bands were analyzed by densitometry using
ImageQuant TL (v8.1, GE Healthcare) or ImageJ.

2.9. Myocardial protein kinase activities and quantification of GSH and
H2O2

Myocardium was homogenized and supernatant containing equal
amounts of protein were used to quantify PKA, pan PKC and PKG ac-
tivity using non-radioactive kinase activity kits (CycLex, n=8). Total
glutathione in plasma samples were determined in duplicate with a
colorimetric glutathione assay kit (CS0260, Sigma Aldrich) to assess
antioxidant levels. Stable H2O2 accumulation was assessed in myo-
cardial homogenates and subsequently in myocardial cytosol and mi-
tochondria fractions using a colorimetric assay (Sigma Aldrich)
(average of two runs with duplicates n=8).
Further, to assess the localization of H2O2 accumulation DHE

fluorescence imaging was performed. Mid-wall slices of LV tissue, col-
lected from rats that were not treated with DOB, were embedded in
optimal cutting temperature compound (OCT; Sakura Finetek, Tokyo,
Japan) and sectioned at 5 μm with the use of a cryostat. Sections were
then dried at room temperature for 20min followed by several washes
in 1 x PBS. Dihydroethidium (DHE; 1:310 in 1 x PBS, Invitrogen) was
applied to each section and incubated at 37 °C for 30min, protected
from light. After thorough washing with 1xPBS, sections were mounted

with Fluoromount and imaged using a fluorescent microscope (BX-53;
Olympus, Tokyo, Japan). Image analysis was performed with ImageJ
using user-defined parameters for positive pixel count within the total
image area.

2.10. Histology

The basal portion of rat hearts were fixed with 4% paraformalde-
hyde and stored in 70% ethanol and later embedded in paraffin.
Paraffin sections (4 μm thick) were then stained with picrosirius red to
examine the extent of fibrosis, or with a rabbit polyclonal anti-ni-
trotyrosine antibody (Merck Millipore, CA, USA; diluted 1:500), fol-
lowed by anti-horseradish peroxidase labeled polymer secondary anti-
body (Dako, CA, USA) for 40min at room temperature to assess
myocardial nitrotyrosine as the proportion of positively stained cells, as
described previously. Antibody staining was then visualized with 3′-3′-
diaminobenzidine tetrahydrochloride (Dako, CA, USA), washed in dis-
tilled water and counterstained with hematoxylin. An Aperio ScanScope
XT Slide Scanner (Aperio Technologies Inc., CA, USA) system was used
to capture digital images with a 20x objective. Quantification was
performed automatically with Aperio Imagescope (v11.0.2.725, Aperio
Technologies using the Positive Pixel Count v9 algorithm (Aperio
Technologies) for fibrosis and nitrotyrosine intensity [17].

2.11. Immunofluorescence imaging of cardiomyocytes

Frozen tissue sections, collected from rats utilized in the LV pres-
sure-volumetry study, were air-dried for 10min and subsequently fixed
in 4% paraformaldehyde. After washing in 1 x PBS, sections were
blocked in a 5% BSA solution (w/v in 1 x PBS) for 1 h at room tem-
perature and subsequently dual-incubated with the following primary
antibodies at 4 °C overnight; anti-guanyl cyclase B1 ER19 (1:200,
Sigma, G4405), anti-α-Actinin (sarcomeric; 1:400, Sigma, A7811) or
anti-Troponin T (cardiac; 1:500, Abcam, ab8295). After thorough
washing, sections were incubated with the secondary antibodies FITC
anti-mouse (1:300, Rockland Antibodies) and Cy3 anti-rabbit (1:100,
Jackson ImmunoResearch) at 4 °C overnight. Finally, sections were
washed again, and ultrathin glass coverslips were mounted with
Mowiol solution. Images were acquired with the use of a confocal laser
scanning microscope (Nikon Eclipse Ti).

2.12. Statistical analysis

Data are expressed as mean with error bars representing SEM where
n represents the number of rats in each group. Two-way and 1-way
analysis of variance were carried out to assess differences between and
within groups, followed by Student's unpaired t-test to assess between-
group differences (GraphPad Prism Software, Inc., La Jolla, CA, USA).
Two-tailed p < .05 was considered statistically significant.

3. Results

3.1. General animal characteristics

In comparison to control (Wistar) rats, GK rats exhibited sig-
nificantly elevated non-fasted blood glucose concentrations
(Supplementary Table 1), but remained within the prediabetic range
(< 11.1mmol/L). The prediabetic rats exhibited myocardial hyper-
trophy with significantly increased cardiomyocyte cross-sectional area
relative to controls, while collagen deposition in the extracellular ma-
trix and nitrotyrosine formation did not differ (Supplementary Fig. 1).
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3.2. NO-mediated dilation and preserved endothelial function is generally
maintained in young prediabetic rats

The size distribution of arterial vessels at baseline in the first three
branching orders was not significantly different between control and
prediabetic rats, but only the latter displayed 4th order branching
vessels with a caliber that could be quantified (Fig. 1A). There were
minor increases in vessel caliber of similar magnitude in both rat groups
relative to their baseline internal diameter (ID) in the large epicardial
1st and 2nd branching order vessels (> 200 μm ID) during both acet-
ylcholine (ACh) and sodium nitroprusside (SNP) treatments, whereas
both groups showed the largest increases in caliber on average in 3rd
and 4th order penetrating small arteries and arterioles (< 200 μm ID);
albeit 3 prediabetic rats showed no dilatory response to ACh and weak
responses to SNP across multiple branching orders. These findings in-
dicate that as young adults, the majority of prediabetic rats showed
preserved endothelium-dependent vasodilation from large conduit ar-
teries to the resistance arterioles and that both strains were capable of
producing NO from the coronary microvessels.

3.3. Global LV diastolic dysfunction in prediabetic rats

Next, we examined systolic and diastolic LV function to assess car-
diac stiffening at a global level. In closed-chest rats there was no sig-
nificant difference in systolic function between control and prediabetic
rats at baseline, other than mild depression of LV dP/dtmax (Fig. 2A,
Supplementary Table 2). However, prediabetic rats showed early evi-
dence of LV stiffening and impaired relaxation both at baseline and
during dobutamine stimulation (Fig. 2B). LV dP/dtmin was significantly
depressed and Tau relaxation time constant was prolonged at baseline
in GK rats, but this elevation in Tau declined during DOB. LV end-

diastolic pressure (EDP) was not significantly elevated at baseline in
prediabetic rats but increased over control rats during dobutamine
(Fig. 2B). According to EDPVR slope β the stiffness of the LV attribu-
table to the extracellular matrix was significantly lower (25–50%)
during baseline and DOB stimulations, while the EDPVR stiffness
scaling coefficient α that is attributable to cardiomyocyte stiffness was
significantly higher (30–50%) in the prediabetic rat (Fig. 2B). The net
effect was that end diastolic elastance of the LV was not different be-
tween strains (Supplementary Table 2).

3.4. Myosin heads are displaced from actin filaments in prediabetic rat
cardiomyocytes

Cyclic changes in SAXS intensity ratio in both control and pre-
diabetic rat hearts due to the transfer of myosin mass to actin filaments
were consistent with the heart cycle (Fig. 3 and Supplementary Fig. 2)
as we previously reported [18,24]. In the diastolic phase (determined
by simultaneous LV pressure-volume recording), the intensity ratio was
elevated across the group in the prediabetic rats relative to the control
rats consistently in the subendocardial layer but less so in the epicardial
and subepicardial layers due to increased within-group variability
(Fig. 3B). Notably, in the diastolic phase in the beating hearts of control
rats the intensity ratio was less than that of relaxed cardiac muscle
(dashed red lines Fig. 3A and Supplementary Fig. 3), while in the
prediabetic rat it was often greater than that of the relaxed state
(Fig. 3A and Supplementary Figs. 3–4). This finding infers that myosin
heads remain in close proximity to actin filaments in the Wistar but
were displaced in the prediabetic rat relative to the relaxed muscle state
(Supplementary Figs. 4–6). In systole the baseline intensity ratio de-
clined to a minimum value that was higher in the prediabetic rat hearts
in both subepicardial and subendocardial layers relative to Wistar

Fig. 1. At the early prediabetic stage rats showed normal coronary perfusion and NO-mediated dilator responses. Coronary arterial vessel caliber (ID) was determined
by SR microangiography at baseline (vehicle sodium lactate 2ml/h) and during acetylcholine (Ovisot, Daiichi Sankyo, Japan, 5 μg/kg/min) and sodium nitroprusside
(Sigma-Aldrich, Japan, 5 μg/kg/min) infusions in Wistar (n=8) and prediabetic GK (n=10) rats. a: There was no significant difference in mean caliber in the first 3
branching orders of vessels. b: Representative angiograms during baseline followed by repeated imaging during acetylcholine and sodium nitroprusside treatment
periods. C: Changes in vessel caliber during acetylcholine from baseline. D: Changes in vessel caliber during sodium nitroprusside from baseline. A significant
treatment effect of acetylcholine and sodium nitroprusside on caliber change in relation to vessel size class was found (p= .01, F3,51= 4.24 and p < .001,
F3,51= 6.3), but this did not differ between strains (F1,51= 0.808 and F1,51= 0.002). Two-way analysis of variance was used to compare differences. Data expressed
as mean ± SEM. tw - 50 μm diameter tungsten calibration wire.
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(Fig. 3B). DOB increased myosin mass transfer to actin filaments (re-
duction in diastolic and systolic intensity ratios) in both rat strains
primarily in the subendocardial layer and corrected the baseline myosin
head displacement from actin filaments in the prediabetic rats (Sup-
plementary Fig. 5). Thus, prediabetes induced myosin head displace-
ment from actin filaments at diastole during baseline steady-state
contractions in the prediabetic rats, but this dysfunction was corrected
with β-adrenergic stimulation.

3.5. Elevated passive tension is associated with altered titin N2-Bus and
PEVK phosphorylation in prediabetes

We observed that the isolated cardiomyocyte passive length–tension

relationship from prediabetic rats was higher compared to control rats
at sarcomere lengths between 1.9 μm and 2.4 μm before PKG applica-
tion (Fig. 4A). Following PKG treatment passive tension in the pre-
diabetic cardiomyocytes was reduced relative to baseline passive ten-
sion recordings and was nearly normalized to the levels found in
control cardiomyocytes. The force-pCa relation was shifted to the left
in the GK (Fig. 4A), indicating an increased myofilament calcium sen-
sitivity, but maximal active tension in GK cardiomyocytes relative to
controls was not significantly different (36.2 ± 3.4 vs. 28.8 ± 2.4 kN/
m2, t-test NS). Overall titin phosphorylation in the prediabetic cardio-
myocytes was 41% of the control rat phosphorylation level (Fig. 4B).
Phosphorylation of titin S4080 (conserved serine within the N2Bus
segment of full-length rat titin and phosphorylated by PKG) in the

Fig. 2. Prediabetic rats show early diastolic dysfunction that is
partially corrected during dobutamine. LV pressure-volume
loops at baseline and during inferior vena cava occlusions (a)
and derived indices of LV diastolic function (b) in Wistar and
GK rats during baseline and a ramp infusion of dobutamine
(DOB, 4 and 8 μg/kg/min iv). a: Solid lines indicate end-sys-
tolic and end-diastolic pressure-volume relations (ESPVR and
EDPVR) fitted to individual rat data. EDPVR slope β and
scaling coefficient α were obtained according to the method of
Cingolani and Kass [37]. b: Group mean changes in LV end-
diastolic pressure (LVEDP), minimum rate of LV pressure
decay (dP/dtmin), the slope (β) and stiffness scaling coefficient
(α) of the exponential EDPVR and Tau Weiss, relaxation time
constant between baseline and DOB infusion periods. Two-
way analysis of variance revealed that GK rats maintained
lower dP/dtmin (Group p= .003, F1,13= 13.4) and longer Tau
(Group p= .039, F1,12= 5.37) across all periods, but sig-
nificantly declined during DOB (DOB Group p < .001,
F2,24= 12.7, DOB x group interaction p= .017, F2,24= 4.85).
There were trends for LV EDP to be higher (Group p= .057,
F1,40= 3.85) in GK and EDPVR stiffness scaling coefficient to
increase in both strains (DOB p= .095, F2,22= 2.62). Data
expressed as mean ± SEM. n=8 per group. *p < .05,
**p < .01 vs. Wistar baseline using Bonferonni post-hoc tests.

M.T. Waddingham, et al. Journal of Molecular and Cellular Cardiology 137 (2019) 119–131

124



prediabetic rat was 37% of the control level, whereas titin S12742
(serine within the proline, glutamate, valine, lysine enriched (PEVK)
segment and PKC-phospho-site) was 4-fold higher than that of the
control, while titin S3991 (within N2Bus and PKA-dependent) and
S12884 (within PEVK and Ca2+/calmodulin-dependent protein kinase
II (CaMKII) and PKC dependent) did not differ significantly between
strains (Fig. 4B). These findings suggest that both hypophosphorylation
of the PKG dependent-phosphosite S4080 and hyperphosphorylation of
the PKC-dependent phosphosite S12742 contribute to increased cardi-
omyocyte passive tension in the prediabetic rat. This is consistent with
the reduced sGC/PKG activities and increased PKC activity in pre-
diabetic hearts compared to control hearts (Fig. 4C).

3.6. Small myofilament phosphorylation and expression in prediabetic rats

Overall phosphoprotein expression of cardiac myosin binding
protein-C (cMyBP-C) was upregulated and troponin I (cTnI) was
downregulated in GK rat myocardium relative to actin expression fol-
lowing DOB stimulation in vivo (Fig. 5B). Cardiac troponin T (cTnT)
and myosin light chain-2 (MLC-2) overall phosphoprotein expression
and MLC-2 phosphorylation at the PKA site Ser15 did not differ sig-
nificantly between rat strains. Even though we found basal myofilament
calcium sensitivity to be elevated (Fig. 4A), there was only a weak trend
for relative cTnI at Ser 23/24 to be downregulated in cardiomyocytes
not exposed to DOB (Supplementary Fig. 8). Despite greater total

protein expression of cMyBP-C in the prediabetic heart than in the
control relative to actin expression (Supplementary Fig. 7) the relative
phosphorylation state of cMyBP-C at the PKA-phosphosite Ser282 was
not significantly different from control rats with or without DOB pre-
treatment (Fig. 5C and Supplementary Fig. 8). This suggests that β-
adrenergic agonist mediated phosphorylation of cMyBP-C does not
enhance contractile function in the GK at least through PKA, even
though PKA activity was upregulated, as cMyBP-C phosphorylation at
Ser282 was unchanged in the GK heart.

3.7. Prediabetes evoked a cytokine secretory phenotype and increased
myocardial Nox2, superoxide and hydrogen peroxide without reducing
eNOS activity

Prediabetes evoked myocardial inflammation as indicated by ele-
vated protein expression of IL-6, TGF-β1 and Nox2 in whole myocardial
homogenates that was independent of p53, Nox4 or TSP-1 level
(Supplementary Figs. 9–10). Therefore, it is unlikely that TSP-1 con-
tributes to ROS generation or downregulation of sGC as reported in
other vascular disease states [25]. Moreover, consistent with the ACh-
mediated dilatory response, prediabetic rats were found to have higher
expression of myocardial total eNOS and a trend for higher p-Ser1177
eNOS protein (p= .006 and p= .06), but similar relative phosphor-
ylation state and preserved eNOS dimer levels (Supplementary Fig. 10).
Nevertheless, de novo superoxide generation determined by

Fig. 3. Myosin heads are displaced from actin filaments in the deeper myocardial layers of the LV wall in prediabetic rats during steady-state basal contractions.
Integrated SAXS equatorial reflections (recorded reflection patterns shown in Supplementary Fig. 2a) derived from the in situ beating hearts of representative control
Wistar and prediabetic GK rats, intensity ratio (I1,0 / I1,1) cyclic changes over the cardiac cycle and group mean intensity ratios at end diastole and end systole in the
epicardium, subepicardium and subendocardium of the LV. A. Radial intensity profiles around the center of the spectrum showing 1,0 and 1,1 reflection peaks over
reciprocal d spacing. Cyclic changes in intensity ratio shown in relation to measured intensity ratio of KCl-arrested hearts (red line, no CB attachments, see also
Supplementary Fig. 3). Green arrows indicate selected end diastole time points to show the relation to KCl relaxed state. B. Group mean intensity ratio at end diastole
and end systole (n=5–9). Unpaired two-tailed t-test was used for comparison. Data expressed as mean ± SEM. *p < .05 vs. Wistar in the same layer. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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dihydroethidium (DHE) staining in cryosections was evident in small
arteries-arterioles in both strains (Supplementary Fig. 11). Strong DHE
fluorescence was evident in vascular cell types and non-cardiomyocyte
cell types, notably the immune cells within the extracellular matrix. To
a lesser extent, DHE fluorescence was also observed in cardiomyocytes
in the prediabetic rats only. Myocardial superoxide generation was

significantly more variable between individuals of the prediabetic rats
than controls (mean NS, Supplementary Fig. 5C). Consistent with the
upregulation of Nox2 expression, H2O2 accumulation was primarily
elevated in the mitochondria rather than cytosol fraction in myocardial
homogenates from prediabetic rats (Fig. 6A). Further, we observed a
mean 39% reduction in plasma GSH in the prediabetic rat indicating

Fig. 4. Elevated passive tension in the iso-
lated cardiomyocytes of prediabetic rats is
associated with altered titin phosphoryla-
tion, depressed sGC/PKG activity and upre-
gulation of PKC. Skinned cardiomyocyte
passive tension, site-specific phosphoryla-
tion state of titin, soluble guanylyl cyclase
(sGC) and protein kinase activities in LV
tissue from Wistar and GK rats. A. Passive
tension sarcomere length relations of control
Wistar (black) and prediabetic GK (red)
cardiomyocytes in non-activating buffer be-
fore and after incubation with PKG-1α sub-
unit (0.1 U/ml; Sigma Aldrich, Germany).
All force recordings were normalized for
cardiomyocyte cross-sectional area. Curves
represent third order polynomial regres-
sions. B. Overall titin and phosphosite-spe-
cific Western immunoblot gels for Wistar
and GK LV tissue. Left representative gel
blots show antibody staining at position
S3991 (N2Bus), S4080 (N2Bus), S12742
(PEVK) and S12884 (PEVK domain). PVDF
stains are included for comparisons of
loading. Right panels shown mean phos-
phorylation levels relative to PVDF with
Wistar set to 1.0. C. sGC, PKA, PKG and pan
PKC activities determined by colorimetric
assay. Data expressed as mean ± SEM,
n=12 cardiomyocytes per group from 4 rat
hearts. Unpaired two-tailed t-test was used
for comparison in (A, B, C). **p < .01,
***p < .001 vs. Wistar before PKG.
#p < .05, ##p < .01 and ###p < .001 vs.
GK before PKG. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)
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that overall antioxidant capacity was lower than in the control rat.
Total nitrite-nitrate production was depressed in the prediabetic myo-
cardium relative to control rats, but less so than protein expression of
sGC (~30% of Wistar rats) (Fig. 6B). Depression of the sGC/cGMP/PKG
pathway was not associated with an elevation in nitrotyrosine protein
in the prediabetic rat heart, but rather an increase in myocardial
ROCK2 expression while the ROCK-mediated increase in phospho-MLC-
2 at Ser19 in vascular smooth muscle (i.e. regulatory light chain) did

not reach significance (Fig. 6C). Moreover, ROCK2 protein expression
was directly correlated with LV EDPVR stiffness scaling coefficient
(p= .006) and Tau Weiss (p= .010) and weakly correlated with LV
end-diastolic pressure (Fig. 6D). Thus, posttranslational modifications
of the myosin proteins were associated with PKC/ROCK upregulation
and contribute to impaired relaxation of the LV at the cardiomyocyte
level.

Fig. 5. Relative expression of cMyBP-C is greater and
cTnI lower in prediabetic rats. Overall phosphoryla-
tion state of small myofilament proteins determined
by SDS-PAGE with Pro-Q Diamond/SYPRO Ruby
staining and relative phosphorylation states de-
termined by Western blotting at Ser sites in left
ventricle homogenates from Wistar and GK rats fol-
lowing dobutamine stimulation. A. Phosphoprotein
staining by Pro-Q Diamond with peppermint stick
marker (M) and total protein staining with SYPRO
Ruby. B. Graphs showing mean phosphoprotein le-
vels of cMyBP-C, cTnT, cTnI and MLC-2 relative to
Actin expression. C. Serine site-specific phosphopro-
tein and total protein Western immunoblots and
mean relative phosphoprotein expression graphs of
cMyBP-C at Ser282, cTnI at Ser22/24 and MLC-2 at
Ser15. Data expressed as mean ± SEM, n=8 per
group. Significance was determined by Student's two-
tailed t-test.
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Fig. 6. Diastolic dysfunction in prediabetes is associated with
oxidative, but not nitrosative stress and elevated myocardial
ROCK2 expression. Redox state, nitrite/nitrate levels, sGC and
ROCK2 protein expression in LV tissues and the correlations
between ROCK2 expression and indices of diastolic function in
young Wistar and GK rat hearts. A. Plasma total GSH and
hydrogen peroxide accumulation in mitochondrial and cytosol
fractions of myocardial tissue determined by ELISA. B.
Western immunoblot showing sGC protein expression relative
to actin and total nitrites/nitrates in LV tissue determined by
colorimetric assay. C. Immunoblots of nitrotyrosine and
ROCK2 protein relative to β-actin and Serine 19 site-specific
MLC phosphoprotein relative to total MLC protein and the
mean relative phosphoprotein expression graph of MLC-2 at
Ser19 indicative of ROCK activity in vascular smooth muscle.
Correlations between individual rat heart EDPVR scaling
coefficient α, Tau Weiss, LV EDP and ROCK2 expression.
Regression lines shown with 95% confidence intervals. Data
expressed as mean ± SEM, n=7 per group. Significance was
determined by Student's two-tailed t-test.
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3.8. Displacement, reduced activity and expression of sGC in myofilaments
in prediabetes

Finally, confocal imaging of antibody stained cardiomyocytes re-
vealed that abundant sGC overlapped completely with cTnT and α-ac-
tinin, indicating close proximity to the myofilaments in Wistar rats
(Fig. 7). However, sGC was weakly expressed at the myofilaments and
more often clumped in the cytosol at the Z-discs in the GK and less
associated with sarcomeres.

4. Discussion

In the present study, we demonstrate that there is subtle evidence of
early diastolic dysfunction in young, prediabetic rats, due to changes in
cardiomyocyte function involving upregulation of PKC and ROCK and
downregulation of sGC/PKG activity, but not coronary endothelial
function, which remained unaltered at this early time point, suggesting
that diastolic dysfunction is initiated in prediabetic model by cardio-
myocyte dysfunction rather than coronary endothelial dysfunction.
First, we demonstrated directly with SR microangiography, that young
male prediabetic rats generally maintained coronary perfusion and NO-
mediated microvessel dilation. Second, we found that global LV func-
tion and contractile reserve are well maintained in the absence of other
risk factors while cardiac stiffening and impaired relaxation developed
in this prediabetic rat model. This diastolic impairment occurred in the
absence of interstitial fibrosis. Third, we showed that localized CB
dysregulation in the intermediate myocardial layers below the epi-
cardial surface was associated with increased PKC/ROCK activation,
resulting in prolongation of LV relaxation. Moreover, we showed that
upregulation of PKC activity and reduced NO/sGC/cGMP/PKG activity

in the myocardium, together with increased passive tension in isolated
cardiomyocytes due to hyperphosphorylation of the phospho-site at the
PEVK region of titin and hypophosphorylation of the phospho-site at
the N2Bus region of titin all contribute to increased chamber stiffening.
Early induction of a cytokine secretory phenotype in the myocardium
was associated with elevated Nox2-mediated oxidative stress and H2O2
accumulation and reduced sGC association at the myofilaments. This
leads us to consider that oxidative stress in cardiomyocytes rather than
eNOS uncoupling and nitrosative stress causes diastolic dysfunction
ahead of coronary dysfunction. These findings lend further support to
the importance of cardiomyocyte dysfunction caused by inflammation
and oxidative stress associated with insulin resistance as the principal
factor underlying the initial development of diastolic dysfunction in
diabetes as suggested for established stages of HFpEF [3,6].
Evaluation of the in situ coronary circulation with SR micro-

angiography clearly indicates that endothelium-mediated vasodilation
is normal at this prediabetic stage and is in agreement with coronary
artery reactivity studies [26]; albeit endothelial function appears to
decline from this age. Notwithstanding the near normal vasodilator
responses to ACh shown in this study, endothelial arginase activity is
elevated and coronary flow velocity is depressed in the GK rat relative
to the Wistar, even though plasma nitrite levels did not differ between
strains at baseline or following arginase inhibition [27]. Isolated cor-
onary arteries from adult GK rats show impaired myogenic tone while
maintaining normal ACh-mediated vasodilation [26]. Taking these
findings together, it seems that microvascular endothelial dysfunction is
not yet established in the GK rat at this prediabetic age and that NO is
sufficiently available to maintain coronary function within the normal
range. Notably, however, NO is less available within adjacent cardio-
myocytes as myocardial nitrates/nitrites were ~30% lower.

Fig. 7. GK rat cardiomyocytes show lack of sGC at the myofilaments and clumping at Z-discs. Representative confocal images of myocardium stained with anti-sGC
(red) and either alpha-actinin (green, A and B) or cTnT (green, C and D) primary antibodies in Wistar (A and C) and GK rat (B and D). Merged images indicate that
sGC completely overlapped with actinin and cTnT in the Wistar example (arrows indicate sGC between sarcomere filaments), but sGC was frequently absent from the
myofilaments in the GK example (dashed boxes show no overlap of sGC with cTnT). Further, sGC was more likely to be clumped in the cytosol at the Z discs
(asterisks). Scale bars: 10 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Downstream of NO, sGC/PKG signaling is compromised in the myo-
cardium more than in arterial smooth muscle at the prediabetes stage as
SNP evoked microvessel dilation in the GK rats. We suggest that ahead
of coronary endothelial dysfunction, stiffening of cardiomyocytes and
early diastolic dysfunction in prediabetic rats develops due to en-
dothelial activation, inflammation and oxidative stress in the myo-
cardium and their impact on myofilament regulation.
Utilizing SR based SAXS with the in situ beating rat heart pre-

paration developed by us [16,18,24] we now reveal that the heart in
prediabetic rats shows a transmural gradient of mild diastolic dys-
function at the level of the myosin thick filament apparatus similar to
that in T1DM [15,16]. At this early stage of T2DM, myosin head ex-
tension from the thick filament backbone is reduced in fibers of the
subepicardial and subendocardial layers at diastole. Consequently,
systolic myosin mass transfer is reduced in comparison to control rats in
these myocardial layers, but generally not in the epicardium. LV pres-
sure-volumetry revealed that global contractile function is maintained
in prediabetic rats despite mild, localized impairment of diastolic and
systolic function in the intermediate muscle layers.
The fact that DOB stimulation corrected the diastolic dysfunction in

prediabetic rats, resulting in near normal myosin head extension to-
wards actin filaments sheds light on the mechanisms of this myofila-
ment dysfunction. During DOB stimulation peak myosin transfer was
increased by ~30% in the subendocardium. This implies that β-adre-
nergic receptor signaling is functional in the early stages of insulin re-
sistance and moderate hyperglycemia in the prediabetic rat. Several
proteins regulate myosin flexibility and extension, including MLC-2,
cMyBP-C and titin through kinase phosphorylation [14]. cMyBP-C
within the sarcomere A-band binds tightly to myosin to slow actin-
myosin interactions by mechanically tethering the myosin head close to
the myosin backbone [28]. Phosphorylation of cMyBP-C by PKA re-
leases this inhibition to accelerate CB cycling [29,30]. In this study,
greater expression of cMyBP-C protein in the prediabetic rat myofila-
ments was associated with a prolonged relaxation time constant Tau.
During β-adrenergic stimulation relative phosphorylation of cMyBP-C
was comparable to the control rat and associated with near normal-
isation of relaxation in the prediabetic rat. These findings suggest that
impaired relaxation in prediabetes is in part due to the increased pro-
tein expression of cMyBP-C in the sarcomere. The high basal phos-
phorylation of MLC-2 at Ser 15 in the prediabetic rat would be expected
to extend myosin heads towards actin filaments [14,19], suggesting
that upregulation of ROCK does not contribute to myosin head dis-
placement from close proximity to actin through altered phosphoryla-
tion state of MLC-2 at Ser15. Therefore, it seems more likely that
myosin head displacement and impaired CB detachment in diastole are
due to the effects of increased PKC/ROCK activity on cMyBP-C and or
cMyBP-C interactions with titin as the EDPVR stiffness scaling coeffi-
cient was correlated with ROCK protein expression.
Our findings that subepicardial and subendocardial layers con-

tribute less to global force generation in T1DM [16,19] and early T2DM
in this study closely correlate with clinical reports in DM patients.
Tissue Doppler imaging of myocardial velocity and strain rate reveals
that a decrease in long axis (longitudinal) contractility of the heart's
subepicardial and subendocardial layers is compensated for by in-
creased radial fiber contractility (epicardium and endocardium) [1].
We speculate that such transmural gradients in myocardial dysfunction
seen in DM patients might be related in part to transmural gradients in
myofilament protein expression, phosphorylation state and kinase ac-
tivity.
This study clearly establishes for the first time that elevated cardi-

omyocyte tension in prediabetes is due in part to hyperphosphorylation
of the PKCα site within the elastic segments of titin and hypopho-
sphorylation of the PKG site. However, PKA site phosphorylation on
titin was maintained in prediabetes. Importantly, our findings also
suggest that unlike established diabetes [10,12] and HFpEF [31], the
component of diastolic dysfunction due to an increase in passive tension

is not due to nitrosative stress in the myocardium but rather reductions
in NO, cGMP and PKG activity. We propose that the decline in myo-
cardial sGC activity and loss of sGC associated at the myofilaments in
prediabetic rats, because of increased oxidative stress in cardiomyo-
cytes is a critical event early in the development of diastolic dysfunction
associated with prediabetes.
Various lines of evidence in this study and previous reports suggest

that a pro-inflammatory and oxidative environment are likely to be
responsible for suppression of cardiomyocyte sGC expression.
Circulating levels of various cytokines and chemokines, including IL-6,
are elevated in this prediabetes model [32]. These changes may be
linked to the proposed early-postnatal insulin deficit due to impaired
insulin production and reduced β-cell mass in the GK rat [33,34]. Up-
regulation of oxidant pathways and downregulation of antioxidant
[33,35] pathways due to moderate hyperglycemia, dyslipidemia and
inflammation all have been shown to contribute to excess ROS and
potentially downregulate sGC in the prediabetic heart. Indeed, de-
creased antioxidant capacity in this study was associated with upre-
gulation of Nox2 protein and a two-fold elevation in H2O2 levels in the
mitochondrial fraction in the prediabetic rat. DHE fluorescence imaging
of fresh cryosections indicated that superoxide generation was elevated
to a variable extent in cardiomyocytes in prediabetes, but more so in
the interstitial immune cells, fibroblasts and the endothelium of mi-
crovessels. The specific mechanisms by which inflammation and oxi-
dative stress downregulate sGC in cardiomyocytes in prediabetes re-
main unclear. However, a shift towards expression of the oxidized and
dysfunctional form of sGC no doubt plays a part in diminished PKG
activation in prediabetes [36].
In the present study, we have demonstrated that mild diastolic

dysfunction develops in the subepicardial and subendocardial layers of
the LV wall in young prediabetic rats due to multiple modifications of
myosin accessory proteins and titin. This study provides the first evi-
dence that downregulation of NO/sGC/PKG signaling in the myo-
cardium due to inflammation and oxidative stress, contributes to ele-
vated passive tension of the cardiomyocytes ahead of coronary
microvascular endothelial dysfunction in prediabetes, indicating that
diastolic dysfunction is initiated by cardiomyocyte dysfunction ahead of
endothelial dysfunction. Furthermore, excess ROS and PKC activation
promote impaired relaxation through the modification of cMyBP-C by
ROCK activation.
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