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Abstract
Background The diabetic heart has impaired systolic and diastolic function independent of other
comorbidities. The availability of calcium is altered, but does not fully explain the cardiac dysfunction
seen in the diabetic heart. Thus, we explored if myo�lament protein regulation of contraction is altered.
Methods Calcium sensitivity (pCa50) was measured in Zucker Diabetic Fatty (ZDF) rat hearts at the initial
stage of diabetes (12-week-old) and after 8 weeks of uncontrolled hyperglycaemia (20-week-old) and in
non-diabetic (nDM) littermates. Skinned cardiomyocytes were connected to a capacitance-gauge
transducer and a torque motor to measure force as a function of pCa (-log[Ca2+]). Fluorescent gel stain
(ProQ Diamond) was used to measure total protein phosphorylation. Speci�c phospho-sites on cardiac
troponin I (cTnI) and total cTnI O-GlcNAcylation were quanti�ed using immunoblot. Results pCa50 was
greater in both 12- and 20-week-old diabetic (DM) rats compared to nDM littermates (p = 0.0005). Total
cTnI and cTnI serine 23/24 phosphorylation were lower in DM rats (p = 0.003 & p = 0.01, respectively), but
cTnI O-GlcNAc protein expression was not different. pCa50 is greater in DM rats and corresponds with an
overall reduction in cTnI phosphorylation. Conclusions These �ndings indicate that myo�lament calcium
sensitivity is increased and cTnI phosphorylation is reduced in ZDF DM rats, which suggests an important
role for cTnI phosphorylation in the DM heart.

Background
Diabetes independently impairs left ventricular diastolic (1–6) and systolic (7–10) function and may
predispose people to ischaemic disease (10, 11) and heart failure (12–14). One way that diabetes might
affect these changes is by altering excitation-contraction coupling (15, 16). The magnitude and duration
of the calcium transient (17, 18) and rates of calcium reuptake (19) are reduced in diabetic rat hearts.
These changes are often explained by a reduction in the expression of the sarcoplasmic reticulum
calcium ATPase pump (SERCA) relative to the SERCA inhibitor phospholamban (PLB). However, right
atrial trabeculae from human diabetic biopsies have reduced rates of relaxation and increased duration
of relaxation, despite increased SERCA/PLB expression (20). In addition, trabecular developed force and
maximal rates of contraction were restored without evidence of improved calcium �ux (e.g., the calcium
transient, calcium decay and total sarcoplasmic calcium content) after inhibition of calcium/calmodulin-
dependent protein kinase (CaMKII) in Zucker Diabetic Fatty rat hearts (21). These data indicate that
impaired relaxation and contractile function of the diabetic heart cannot be fully explained by deranged
excitation-contraction coupling.

An additional explanation may be that the a�nity of calcium bound to cardiac troponin, or the calcium
sensitivity of the myo�laments, is altered by diabetes. Post-translational phosphorylation of myo�lament
proteins, particularly cTnI (22, 23) and cardiac myosin binding protein C (cMyBP-C) (24) alter the calcium
sensitivity of force (pCa50) in ‘skinned’ (membrane removed) cardiomyocyte preparations. Speci�c
phospho-sites on cTnI (e.g., serine (Ser)23/24) and the resultant changes in calcium sensitivity are
implicated in heart failure (25), but these associations have not been established in the diabetic heart.
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Jweied and colleagues showed that calcium sensitivity was reduced in human diabetic cardiomyocytes
and that cardiac troponin I (cTnI) and cardiac troponin T (cTnT) phosphorylation were increased in
diabetic rodent hearts (26). Others have also found increased cTnI phosphorylation in diabetic animals
(27, 28), which has led to the hypothesis that increased phosphorylation of cTnI reduces myo�lament
calcium sensitivity in the diabetic heart. However, no study has reported changes in myo�lament calcium
sensitivity that correspond with cTnI phosphorylation in the same diabetic samples. Moreover, the
speci�c phospho-sites within the troponin complex, such as cTnI sites Ser23/24, threonine (Thr)144 and
Ser150, have yet to be thoroughly studied in the diabetic heart. Therefore, while it is well-established that
phosphorylation of cTnI can reduce myo�lament calcium sensitivity (25, 29), this has not been
conclusively established in the diabetic heart.

An additional post-translational modi�cation, O-GlcNAcylation, is increased in the diabetic heart (30–32)
and has also been shown to decrease calcium sensitivity (33). Upon the incubation of skinned trabeculae
in GlcNAc, calcium sensitivity was reduced and myo�lament proteins had increased OGlcNAcylation
protein modi�cation (33). Subsequent reduction of O-GlcNAcylation levels restored calcium sensitivity
and occurred without differential phosphorylation of cTnI at Ser23/24 (33), the site responsible for
reducing myo�lament calcium sensitivity in other pathologies (29). Others have suggested that
phosphorylation and O-GlcNAcylation may interact together; ‘competing’ for serine and threonine residues
(30). It remains unclear how phosphorylation and O-GlcNAcylation interact within the diabetic heart or
how these modi�cations together affect myo�lament calcium sensitivity.

This study aimed to measure myo�lament calcium sensitivity within the ZDF rat, a model previously
shown to have impaired cardiac function caused by diabetes (21, 34). To determine if cardiomyocyte
myo�lament function changes throughout the time course of diabetes, we tested the calcium sensitivity
of ZDF rats at 12 and 20 weeks of age. In addition, to identify potential mechanisms behind alterations in
calcium sensitivity, we quanti�ed total myo�lament protein phosphorylation, O-GlcNAcylation and site-
speci�c phosphorylation of cTnI. We hypothesized that: 1) myo�lament calcium sensitivity would be
reduced by 20 weeks of age in skinned diabetic cardiomyocytes, 2) protein phosphorylation would be
augmented at cTnI, including phospho-site Ser23/24, and cTnT and 3) O-GlcNAc cTnI protein expression
would be increased in diabetic cardiomyocytes.

Methods

Animals & Tissue Collection
Twelve and 20-week-old male type 2 diabetic Zucker Diabetic Fatty (DM) (ZDF fa/fa, N = 10 per age group)
rats and their lean non-diabetic (nDM) littermates (ZDF +/+, N = 10 per age group) were used in this study.
All experiments were approved and conducted within the guidelines of the Animal Ethics Committee of
the University of Otago, New Zealand, and adhered to the NZ Animal Welfare Act of 1991, which complies
with the US National Institutes of Health Guide for the Care and use of Laboratory Animals. Rats were
euthanized with a lethal dose (60 mg/kg) of pentobarbital (Provit, Canada). Upon loss of orbital and
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pedal re�exes, the chest cavity was opened and the heart was quickly excised and placed into a bath of
cold relaxing buffer (100 mM potassium chloride, 1.75 mM ethylene glycol tetraacetic acid (EGTA), 10
mM Imidazole, 4 mM adenosine triphosphate magnesium, 5 mM magnesium chloride, pH 7.0 with
potassium hydroxide). Heart and left ventricle (LV) weight were recorded and each chamber was
dissected, quickly frozen in liquid nitrogen and stored at -80°C.

Echocardiography
Echocardiography was carried out at 12 and 20 weeks of age on nDM and DM rats using an
echocardiography ultrasound machine (Vivid Q, General Electric Healthcare) to determine the effects of
the progression of diabetes on systolic and diastolic left ventricular (LV) morphology and function. Rats
were initially anaesthetized with 4% iso�urane in a gas chamber, and then transferred onto a heating pad.
Anaesthesia was maintained at 2–3% iso�urane by nose cone during echocardiography. All exams were
performed with the animal on its back and a shaven chest. Two-dimensional images were obtained from
a parasternal long axis view. LV structure and systolic function was determined by measuring in M-mode.
LV diastolic function was measured by pulse-wave Doppler images. To minimize the effects of iso�urane
on the heart, echocardiography was performed two to three days prior to euthanasia to ensure washout.

Isolation of Rat Cardiomyocytes
Previously frozen LV samples were partially homogenized in relaxing buffer with HALT Protease and
Phosphatase Inhibitor Cocktail 100X (Thermo Scienti�c, 78430). The myocyte suspension was
centrifuged at 10000 rpm, re-suspended and permeabilized with 1.1% Triton X-100 detergent (Thermo
Scienti�c, 28314) for 8 minutes. The resulting pellet of skinned myocytes was washed with relaxing
buffer 3 times. Myocytes were stored on ice and used for up to two days, as previous studies found cells
were equally viable for up to 48 hours (26, 35).

Cardiomyocyte Force Measurements
A single cardiomyocyte or small bundle of cells (approximately two to �ve) were mounted on an inverted
phase contrast microscope (Nikon) and �xed between a piezoelectric motor and a force transducer
(Aurora Scienti�c, 405 model) with the use of silicone glue (Marineland Aquarium Sealant) in a relaxing
buffer. Stage temperature was set to 15°C and glue was left to cure for 30 minutes. Once cured, the cell
could be moved into the well containing pCa 9.0 (lowest concentration of calcium) and stretched until the
sarcomere length reached 2.3 um. Sarcomere length, cell length and cell height were visualized and
measured using an IDS camera and VSL 900B software (Aurora Scienti�c).

The pCa50, or the [calcium (Ca2+)] at which half-maximal tension was produced, is a measure of the
calcium sensitivity of cardiomyocytes. Myo�lament tension was developed by placing each cell into
baths containing different concentrations of calcium (-log[Ca2+] or pCa). Force was measured by slacking
the myocyte by 20% of its original length (slack test). The force at a given pCa was measured as the
change in force from peak length to 80% of initial length (0.8 Lo). Initially, force was measured in pCa 4.5
and then randomly selected submaximal pCa solutions, with every fourth or �fth activation made in 4.5



Page 5/22

to assess any decline in myocyte performance. Submaximal pCa solutions were created by mixing
different ratios of pCa 9.0 (EGTA 7mM, Imidazole 20 mM, magnesium chloride 5.42 mM, potassium
chloride 79.16 mM, calcium chloride 16.33 uM, creatine phosphate 14.5 mM, magnesium adenosine
triphosphate 4.74 mM) and 4.5 (EGTA 7mM, Imidazole 20 mM, magnesium chloride 5.26 mM, potassium
chloride 64 mM, calcium chloride 7 mM, creatine phosphate 14.5 mM, magnesium adenosine
triphosphate 4.81 mM), determined from the computer program Fabiato (36). The experimenter was
blinded regarding whether a given cell was from a nDM or DM LV sample. Myocytes were excluded from
data analysis if 80% of maximal force was not maintained by the end of the experimental protocol.

Maximal force, or the force at pCa 4.5 subtracted by the passive force measured at pCa 9.0, was
normalized to the cross-sectional area (CSA) of the cell (CSA = 3.14*(cell width/2)2). Active tension was
calculated by subtracting passive tension at pCa 9.0 from the total tension measured by the slack test.
Tension at each pCa was expressed as a fraction of the maximum tension (pCa 4.5) obtained for that cell
under the same conditions. As described by Hofmann et al., data were analysed by least-squares
regression using the Hill equation,

Log [(Prel)/(1 – Prel)] = n(log [Ca2+] + k)

where Prel is tension expressed as a fraction of maximal tension, n is the Hill coe�cient, and k is the

intercept of the �tted line with the x-axis, which corresponds to the [Ca2+] at half-maximal (50%) tension
(pCa50) (37). With the use of constants derived from the Hill equation, tension data were �t using Prism
software with the following Eq. (35).

Prel = [Ca2+]n/(kn + [Ca2+]n)

ProQ Diamond Phospho-Fluorescent Gel Staining
ProQ Diamond Phosphoprotein gel stain (Invitrogen, P33300) was used to determine myo�lament protein
phosphorylation from nDM and DM LV samples. Protein lysates were prepared by homogenizing the
same LV samples used previously in RIPA buffer (sodium chloride 50 mM pH 7.4 with hydrogen chloride,
sodium dodecyl sulfate (SDS) 1%, Triton X-100 1%, edetate disodium 1 mM). Protein samples (20 ug)
were prepared for gel electrophoresis by adding 1X sample buffer, water and protein lysate of interest.
Protein was denatured by heating at 95°C for 5 minutes and loaded onto a 4–20% gradient gel (BioRad,
#4561096). A PeppermintStick Phosphoprotein Standard (Invitrogen, P27167) was used to identify
myo�lament proteins of interest and also as positive and negative controls for the phospho-staining
technique. After gel electrophoresis was complete, gels were �xed overnight in 50% methanol and 10%
acetic acid to remove remaining SDS. Gels were washed 3 times for a total of 30 minutes with ultrapure
water to remove �x solution and subsequently stained with ProQ Diamond gel stain. Gels were protected
from light, placed on shaker at 50 rpm and stained for 75 minutes. Next, gels were destained using ProQ
Diamond Phosphoprotein Gel Destaining Solution (Invitrogen, P33310) for a total of 90 minutes. Each gel
was then washed with ultrapure water before imaging on the VersaDoc Imager using a green light �lter at
605 nm and exposed for 20 seconds.
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Gels were then immersed in Sypro Ruby Protein Gel Stain (Invitrogen, S12000) overnight in the dark at 50
rpm to allow for the measurement of total protein and ensure equal loading across lanes. Before imaging,
gels were washed in a Sypro Wash solution (10% methanol, 7% acetic acid) for 30 minutes and washed
with ultrapure water. Sypro Ruby stained gels were imaged with the VersaDoc Imager using the UV
Transilluminator �lter at 605 nm and exposed for 1 second.

Gel band intensities were quanti�ed using ImageStudio software (LiCor Tech). The amount of
phosphorylation was normalized to total protein using a ratio of the signal intensity of the phospho-
stained band divided by the signal intensity of the total protein at each respective protein of interest:
cMyBP-C, cTnT, cTnI and myosin light chain II (MLCII). Due to high quantities of protein bands present
near cTnT and cTnI bands, native cTnT and cTnI protein were run in neighboring lanes to con�rm band
identi�es (Abcam, ab9937 & ab9936 respectively).

Western Blot Analysis of Phospho-Speci�c Proteins and O-
GlcNAc
To measure the phosphorylation occurring at speci�c sites on cTnI, LV tissue was homogenized in RIPA
buffer and protein lysates were prepared similarly to above. Proteins were separated on a 15% SDS PAGE
gel and a molecular weight marker was used for protein identi�cation (BioRad, 1610374). Each gel was
run for approximately one hour at 120 V using a BioRad PowerPac blot system. Gels were then
transferred onto a nitrocellulose membrane, 100 V for 90 minutes. After protein transfer, membranes were
incubated in 5% milk powder TBST solution (Tris 50 mM, sodium chloride 150 mM, Tween-20 0.5%).
Primary antibodies for total O-GlcNAc, cTnI and β-actin (loading control) were used (Abcam ab2739,
ab4002, ab49900 respectively). All primary antibody incubations were performed overnight at 4°C. For
secondary anti-rabbit and anti-mouse antibodies, incubation was for 1.5 hours at room temperature
(Abcam ab97051 and ab97023 respectively).

After obtaining the total cTnI protein expression signal, the same membrane underwent a stripping
protocol. To remove the cTnI antibody, a stripping buffer (β-mercaptoethanol 100mM, SDS 2%, Tris 62.8
mM pH 6.8) was used at 50°C for 30 minutes. Imaging was completed to con�rm stripping of the
membrane. Lastly, site-speci�c phosphorylation expression could be determined using one of the
following primary antibodies: cTnI Ser 23/24, Thr 144 and Ser 150 (Cell Signaling 4004, Abcam ab58546
and ab169867 respectively). After an overnight incubation, membranes were washed with TBST and
incubated with an anti-rabbit secondary antibody. To detect differences in cTnI phospho-speci�c levels
we determined, for each sample, the signal intensity of phospho-cTnI site of interest normalized to total
cTnI. To ensure equal loading, protein quantity was controlled by probing for and measuring β-actin
signal intensity (Abcam, ab49900). To determine the amount of O-GlcNAc modi�ed cTnI, total O-GlcNAc
at the cTnI band was normalized to total cTnI expressed. All blots were imaged using the Syngene Imager
after incubation with West Pico solution (ThermoFisher, 34580) to detect protein bands. Protein bands
were analyzed using ImageJ Software or Image Studio software for total O-GlcNAc gel lanes.

Statistical Analysis
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The four groups (12 nDM, 12 DM, 20 nDM and 20 DM) were compared using a two-way ANOVA and a
Levene’s test of normality was used to check for a normal distribution. An exception was made for site-
speci�c western blotting, as experiments were completed at different time points (months apart) and
made a two-way ANOVA comparison unfeasible. In this case, independent t-tests were run to compare 12-
week-old nDM and DM rats and also 20-week-old nDM and DM rats and corrected by a Bonferroni’s
correction. Both SPSS (IBM) and Prism-8 (GraphPad) software were utilized to analyze and create �gures,
respectively. Statistical signi�cance was set at p ≤ 0.05.

Results

Animal Characteristics
DM rats, regardless of age, had higher blood glucose levels than nDM rats (p < 0.0001, Table 1) and
hyperglycaemia was more severe with age (p = 0.04). Both 12- and 20-week-old DM rats were heavier than
their nDM counterparts (p < 0.0001) and 20-week-old DM rats were heavier than 12week-old DM rats (p < 
0.0001). There was no evidence of myocardial hypertrophy in DM rats (i.e., LV and heart weight were not
signi�cantly different across disease state), but 20-week-old rats had a greater heart weight to tibia length
compared to 12-week-old rats, regardless of disease state (p = 0.02). The epididymal fat pad was greater
in DM rats compared to nDM rats (p < 0.0001) and 20week-old DM rats had greater epididymal fat pad
weight compared to 12-week-old DM rats (p < 0.0001).

Table 1
Descriptive Characteristics

Descriptive data table depicting body weight (g), blood glucose (mmol/L), heart and LV weight
normalized to tibia length (g/cm), epididymal fat pad weight (g) and cell sample size. Cell sample size

refers to the number of skinned cardiomyocytes used to analyze pCa50. Two-way ANOVA, mean ± SEM, A
= signi�cant age effect, D = signi�cant disease effect.

Characteristic Outcomes 12 nDM 12 DM 20 nDM 20 DM Signi�cance

Body Weight (g) 301.4 ± 
15.7

351.1 ± 
36.1

369.2 ± 
13.6

403.1 ± 
19.7

A, D

Blood Glucose (mmol/L) 11.5 ± 3.5 30.4 ± 2.0 12.9 ± 3.4 32.7 ± 1.7 A, D

Heart Weight / Tibia (g/cm) 0.32 ± 0.05 0.34 ± 0.04 0.36 ± 0.03 0.37 ± 0.04 A

LV Weight / Tibia (g/cm) 0.13 ± 0.01 0.14 ± 0.02 0.14 ± 0.02 0.15 ± 0.03  

Epididymal Fat Pad Weight
(g)

0.96 ± 0.22 4.80 ± 0.53 1.35 ± 0.58 5.69 ± 0.54 A, D

Cell sample size 19 17 20 25  

Echocardiography



Page 8/22

LV posterior wall thickness during systole (LVPWs) and diastole (LVPWd) were not different between nDM
and DM rats (Table 2). Additionally, there was no signi�cant effect of diabetes on end-diastolic volume
(EDV), end-systolic volume (ESV) or ejection fraction (EF). Although, there was a signi�cant effect of age
on volumes, both EDV and ESV were greater in 20-week-old rats (p = 0.006 and p = 0.005, respectively).
The E/A ratio, the ratio of peak early to late diastolic �lling velocities, was not different between nDM and
DM rats (p = 0.8).

Table 2
Echocardiography Variables

M-mode measurements (ejection fraction (%), fractional shortening (%), end-diastolic volume (EDV,
mL), end-systolic volume (ESV, mL), heart rate (HR, bpm), LV poster wall dimensions in diastole and
systole (LVPWd and LVPWs, cm)) and pulse-wave Doppler echocardiography measurements (E/A

ratio, E velocity (m/s) and A velocity (m/s)) taken in the long-axis parasternal view. Two-way
ANOVA, mean ± SEM, A = signi�cant age effect.

Echocardiography Variables 12 nDM 12 DM 20 nDM 20 DM  

M Mode          

Ejection fraction (%) 77.5 ± 9.8 81.5 ± 4.9 76.4 ± 6.6 78.3 ± 5.8 A

Fractional shortening (%) 43.3 ± 9.3 46.1 ± 5.4 41.2 ± 5.9 43.2 ± 5.5 A

EDV (mL) 0.86 ± 0.4 0.88 ± 0.2 1.08 ± 0.3 1.20 ± 0.3 A

ESV (mL) 0.23 ± 0.2 0.17 ± 0.1 0.28 ± 0.1 0.28 ± 0.1 A

HR (bpm) 359.6 ± 46.1 336.6 ± 16.1 314.3 ± 15.0 302.6 ± 20.9  

LVPWd (cm) 0.18 ± 0.02 0.17 ± 0.02 0.18 ± 0.03 0.18 ± 0.01  

LVPWs (cm) 0.22 ± 0.03 0.21 ± 0.02 0.21 ± 0.03 0.23 ± 0.02  

Doppler          

E/A ratio 1.85 ± 0.51 1.88 ± 0.72 2.07 ± 0.51 2.16 ± 0.54  

E velocity (m/s) 0.63 ± 0.10 0.64 ± 0.14 0.58 ± 0.16 0.61 ± 0.14  

A velocity (m/s) 0.37 ± 0.09 0.38 ± 0.10 0.30 ± 0.07 0.30 ± 0.09 A

Skinned myocyte calcium sensitivity
Figure 2a & b displays the pCa-tension curves created for each group. pCa50 was greater in DM vs. nDM
cardiomyocytes, regardless of age (Fig. 2c, p = 0.0005). In addition, 12-week-old rats had a greater pCa50

compared to 20-week-old rats (Fig. 2c, p = 0.0001). Maximal force and passive force were not
signi�cantly different between groups (Fig. 2d – e).

Total protein phosphorylation of key myo�lament proteins
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DM rats had less cTnI protein phosphorylation compared to nDM rats (p = 0.003, Fig. 3d). Twentyweek-
old rats had signi�cantly lower cTnT protein phosphorylation compared to 12weekold rats (p = 0.003,
Fig. 3e) and although 20-week-old DM rats tended to have greater cTnT protein phosphorylation
compared to 20-week-old nDM rats, the interaction was not statistically signi�cant (p = 0.058).
Phosphorylation of cMyBP-C nor MLCII were not different between nDM and DM rats (Fig. 3c & f).
Additionally, when comparing the entire myocardium proteome, there were no signi�cant differences
between groups (Fig. 3f).

Phospho-speci�c cTnI antibodies
Four cTnI phospho-sites, Ser23/24, Thr144 and Ser150, were quanti�ed by immunoblot due to their ability
to affect pCa50 in health and disease (29). Twenty-week-old DM rats had reduced phosphorylation at
Ser23/24 compared to 20-week-old nDM rats (p = 0.01, Fig. 4b), but there was no difference between
groups at 12 weeks of age (Fig. 4a). There was no difference in Thr144 phosphorylation between DM and
nDM rats (Fig. 4c – d). Ser150 phosphorylation tended to be higher in the 20-week-old DM rats compared
to 20-week-old nDM rats (p = 0.055, Fig. 4f), but was not different between nDM and DM rats at 12 weeks
of age (Fig. 4e).

O-GlcANacylation of the myocardium
Despite a reduction in protein phosphorylation of cTnI, there was no difference in the level of
OGlcANacylated cTnI between DM and nDM rats (p = 0.11), but 20-week-old rats had greater cTnI
OGlcNAc protein expression compared to 12-week-old rats (p = 0.003, Fig. 5b). Additionally, there tended
to be greater amount of total myocardium O-GlcNAc expression (entire gel lane normalized to the β-actin
signal) in DM groups vs. nDM groups, but this trend was not statistically signi�cant (p = 0.07, Fig. 5a).

Discussion
There is a growing body of evidence indicating that altered calcium sensitivity contributes to cardiac
dysfunction in diabetes (26, 33, 38). Both phosphorylation and O-GlcNAcylation of myo�lament proteins
alter cardiomyocyte calcium sensitivity and affect contractility (39–41); however, the changes in
myo�lament post-translational modi�cations, such as phosphorylation and O-GlcNAcylation, in diabetic
hearts and the functional consequences of these changes are unclear. This study found that calcium
sensitivity was increased and cTnI phosphorylation was reduced in both 12 and 20-week-old DM rat
hearts, refuting our initial hypothesis. cTnI protein phosphorylation at residues Ser23/24 was signi�cantly
reduced in DM rats at 20 weeks of age, which is consistent with increased calcium sensitivity (29). We
found no change in O-GlcNAcylated myocardium proteins between nDM and DM rats. These �ndings
con�rm that diabetes alters the phosphorylation and calcium sensitivity of myo�lament proteins, but the
direction appears to be dependent on the model of diabetes being tested.

Calcium sensitivity within the DM heart
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Contrary to our initial hypothesis, pCa50 was greater in skinned cardiomyocytes from DM rat hearts than
their nDM littermates. This outcome was surprising because we (42) and others (26) had found, using a
similar methodology, that calcium sensitivity was reduced in human diabetic myo�laments. The
discrepancy in our �ndings may re�ect inherent differences between human and rodent cardiomyocytes.
Animal models of diabetes report unchanged (43), reduced (33) and, as indicated in this study, increased
(38, 44) calcium sensitivity. The opposing calcium sensitivity results between rodent and human cardiac
myo�laments has been attributed to species-speci�c differences in post-translational modi�cations,
particularly phosphorylation, of myo�lament proteins (45); however, these differences have not been
conclusively associated with altered phosphorylation within diabetic samples.

cTnI phosphorylation alters calcium sensitivity
A somewhat unanticipated �nding was that diabetes changed cTnI protein phosphorylation in ways
associated with increased calcium sensitivity. We predicted that DM rats would have reduced pCa50,
which previous studies have associated with increased phosphorylation of total cTnI and cTnI Ser23/24
and reduced phosphorylation of cTnI Ser150 (29, 46, 47). Instead we found that total cTnI protein
phosphorylation and Ser23/24 phosphorylation were reduced in 20-week-old DM rat hearts. We found a
large, but statistically insigni�cant (p = 0.055), increase in phosphorylation of Ser150. While these
�ndings refute our experimental hypothesis, and contradict �ndings in human cells, the increase of pCa50

and ‘coordinated’ phosphorylation of cTnI, suggests that diabetes-induced post-translational
modi�cations of cTnI impacts the function of the diabetic cardiomyocyte.

The well-studied Ser23/24 residues on cTnI are common targets of protein kinase A (PKA), which is
mediated by β-adrenergic receptor (AR) stimulation (48). Upon β1-AR stimulation, a Gs-protein-mediated
intracellular cascade activates PKA, which phosphorylates cTnI at Ser23/24 (49–52). We did not measure
PKA protein expression, however β1-AR and Gs-protein expression are reduced in the ZDF DM rat (34),
which suggests that there is less PKA-speci�c phosphorylation in the 20 week-old ZDF DM rat. In
contrast, cTnI Ser150 phosphorylation is a target of p21 activated kinase 3 (PAK3) and when
phosphorylated results in increased myo�lament calcium sensitivity (46). PAK’s have been shown to have
increased expression in myocytes under stress (53) and have elevated cardiac expression in diabetes
(54). Given that this site is known to sensitize the myo�lament proteins, an increased pCa50 within DM
rats might be explained with increased phosphorylation at Ser150. However, at 12 weeks of age, there
was no difference in phosphorylation at this site casting doubt over its functional signi�cance.

The functional effects of Thr144 phosphorylation is not well-understood. Studies have found both
increased (55) and unchanged myo�lament sensitivity to calcium (56) upon the phosphorylation of
Thr144. An alternative hypothesis is that the functional consequences of phosphorylated Thr144 might
be dependent on communicating with other key cTnI phospho-sites, including Ser43/45 (57). The authors
found phospho-mimetic Thr144 attenuated the “breaking” effects (e.g., reduced force production) of
phospho-Ser43/45 (58), resulting in accelerated time to peak shortening and time to 50% re-lengthening
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(57). These results further support the hypothesis that multiple phospho-sites on cTnI might interact
together and affect cellular function.

Total protein phosphorylation of other myo�lament proteins
We did not �nd much evidence that diabetes affected the amount of phosphorylation of other key
myo�lament proteins (cMyBP-C, cTnT and MLCII) known to alter pCa50 (59–61). Phosphorylation of
cTnT, the troponin subunit responsible for binding to tropomyosin (22), was greater in 12 vs. 20-week-old
rats. cTnT phosphorylation, a protein kinase C (PKC) target, has been shown to decrease maximal force
and calcium sensitivity (56). Our 12-week-old rats had a greater pCa50 compared to 20-week-old rats,
which cannot be explained by the increase in cTnT phosphorylation. Additionally, we found no signi�cant
difference in maximal force between groups, which is supported by our lack of altered cTnT
phosphorylation expression between nDM and DM rats. cMyBP-C and MLCII phosphorylation were not
different between DM and nDM rats and thus we believe it is unlikely these myo�lament proteins are
contributing signi�cantly to the increase in calcium sensitivity found in this study.

O-GlcNAcylation in the diabetic heart
O-GlcNAc modi�cations of myocardium proteins are augmented in diabetes (62) and global myo�lament
O-GlcNAcylation has been shown to reduce calcium sensitivity, without any change in Ser23/24
phosphorylation, in a STZ rat model of diabetes (33). Additionally, an emerging hypothesis is that O-
GlcNAc competes with phosphorylation for the modi�cation of serine and threonine residues (30).
Despite this, we found no difference in the amount of O-GlcNAcylation at cTnI between nDM and DM
groups, but cTnI O-GlcNAc protein expression was greater in 20 vs. 12-week-old rats. Additionally, there
was no signi�cant difference in the total O-GlcNAc protein expression between nDM and DM rats (p = 
0.07). These results are surprising, especially given the severity of the hyperglycaemia quanti�ed, but
unlike the previous study described (33), we had a decrease in cTnI Ser23/24 phosphorylation, which
appears to be driving the increase in calcium sensitivity.

Change in cellular function occurred without any change in
echocardiography variables
Echocardiography variables measuring LV structure (e.g., LVPWd & LVPWs), volume (e.g., EDV, ESV),
systolic function (e.g., EF) and diastolic function (e.g., E/A) were not different between nDM and DM rats
(Table 2). These data are consistent with previous �ndings from our group, which indicated that ZDF rats
have preserved EF and no evidence of advanced heart failure (21). The lack of evidence for organ-level
structural or functional changes is surprising when considering that our cellular data indicated an
increased myo�lament calcium sensitivity. An increase in calcium sensitivity is thought to improve
systolic function and/or impair diastolic function, therefore it is surprising that we found no change in
any echocardiography outcome variables. An implication of these results might be that increased pCa50

is a compensatory mechanism for the maintenance of systolic function within DM rat hearts. This is a
di�cult hypothesis to test directly and therefore we can only suggest the possibility of this outcome.
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Limitations
The ZDF rat develops hyperglycaemia and obesity due to a leptin receptor mutation (63). Leptin, the
hormone responsible for sensing hunger, is an important metabolic regulator (64). Therefore, a valid
critique of this model would be the potential to affect other metabolic signalling pathways. Leptin has
been shown to reduce cardiac hypertrophy and apoptosis and raise both blood pressure and heart rate
(65), which might explain, at least in-part, heterogeneity in the pCa50 results reported across various
models. Despite this, the ZDF rat is a widely used model of type-II diabetes due to its ability to model the
type-II diabetic phenotype: hyperinsulinemia, hyperglycaemia and hyperlipidaemia without evidence of
increased blood pressure, hypertrophy and other factors known to cause cardiovascular disease
independently of diabetes.

Conclusion
This study found that DM cardiomyocytes from ZDF rats have increased calcium sensitivity and reduced
cTnI phosphorylation. The decrease in phosphorylation at cTnI Ser23/24 support these �ndings, given it
is well-accepted that increased pCa50 is a consequence of less phosphorylation at Ser23/24. Although
this study cannot prove causation, these data indicate that cTnI phosphorylation plays an important role
in the alteration of single cell function in the diabetic heart. Despite �nding increased calcium sensitivity
in diabetic cardiomyocytes, we found no evidence of LV systolic, structural nor diastolic dysfunction,
which might be compensatory to maintain systolic function, but might also be costly to diastolic function
as the disease progresses. In conclusion, this study highlights the complexity of the myo�lament
proteome and its ability to alter cardiomyocyte function within the diabetic heart.
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Figures

Figure 1

Example of a single skinned cardiomyocyte attached to two pins with silicone glue at 10X magni�cation.
The left pin attaches to the force-transducer and the right pin attached to the piezoelectric motor, which
allows the pin to move for slack tests.
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Figure 2

(a-b) pCa-tension curves generated by normalizing force at each pCa to maximal force measured in pCa
4.5 for 12- and 20-week-old ZDF rats respectively. (c) pCa50 values across groups. (d) Maximal force
(Fmax), force at pCa 4.5 subtracted by the passive force at pCa 9.0, in each group. (e) Passive force
(Fpassive) for each group. Two-way ANOVA, mean ± SEM, N = 3-5 hearts/group, n = 4-5 cells/heart.
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Figure 3

(a) Example of ProQ Diamond stained gradient gel and downstream Sypro Ruby gel staining. Ratio of
ProQ Diamond signal to Sypro Ruby signal for (b) the total myocardium proteome phosphorylation (c)
cMyBP-C (d) cTnT, (e) cTnI, and (f) MLCII. Two-way ANOVA, mean ± SEM.



Page 21/22

Figure 4

Phospho-speci�c cTnI antibodies to determine which residues were responsible for the overall change in
cTnI phosphorylation. (a & b) Ser23/24 examples blots normalized to cTnI protein. (c & d) Thr144
example blots normalized to cTnI. (e & f) Ser150 example blots normalized to cTnI. Representative gels at
each respective phospho-site compared to the total cTnI protein. Mean ± SEM, t-test.
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Figure 5

(a) The amount of O-GlcNAc in the entire gel lane or myocardium proteome relative to β-actin. (b) The
ratio of O-GlcNAc occurring at cTnI relative to the total cTnI protein loaded. (c) Representative gels of O-
GlcNAc, cTnI and β-actin. Two-way ANOVA, mean ± SEM.


