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Abstract  

Rationale: Increased titin-dependent cardiomyocyte tension is a hallmark of heart failure with 
preserved ejection fraction (HFpEF) associated with type-2 diabetes mellitus (T2DM). 
However, the insulin-related signaling pathways that modify titin-based cardiomyocyte 
tension, thereby contributing to modulation of diastolic function, are largely unknown. 
Objective: We aimed to determine how impaired insulin signaling affects titin expression and 
phosphorylation and thus increases passive cardiomyocyte tension, and whether metformin 
or neuregulin-1 can correct disturbed titin modifications and increased titin-based stiffness.  
Methods and Results: We used cardiac biopsies from human diabetic (n=23) and non-
diabetic patients (n=19), cultured rat cardiomyocytes, left ventricular tissue from ApoE-/- mice 
with STZ-induced diabetes (n=12-22), and ZSF-1 rats (n=5-6) and analyzed insulin-
dependent signaling pathways that modulate titin phosphorylation. Titin-based passive 
tension was measured using permeabilized cardiomyocytes. In human diabetic hearts, we 
detected titin hypo-phosphorylation at S4099 and hyper-phosphorylation at S11878, 
suggesting altered activity of protein kinases; cardiomyocyte passive tension was 
significantly increased. When applied to cultured cardiomyocytes, insulin and metformin 
increased titin phosphorylation at S4010, S4099 and S11878 via enhanced ERK1/2 and 
PKCα activity; neuregulin-1 application enhanced ERK1/2 activity but reduced PKCα activity. 
In ApoE-/- mice, chronic treatment of STZ-induced diabetes with neuregulin-1 corrected titin 
phosphorylation via increased PKG and ERK1/2 activity and reduced PKCα activity, which 
reversed the diabetes-associated changes in titin-based passive tension. Acute application of 
neuregulin-1 to obese ZSF-1 rats with T2DM reduced end-diastolic pressure. 

Conclusions: Mechanistically, we found that impaired cGMP-PKG signaling and elevated 
PKCα activity are key modulators of titin-based cardiomyocyte stiffening in diabetic hearts. 
We conclude that by restoring normal kinase activities of PKG, ERK1/2 and PKCα, and by 
reducing cardiomyocyte passive tension, chronic neuregulin-1 application is a promising 
approach to modulate titin properties in HFpEF associated with T2DM. 
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PKG cGMP-dependent protein kinase G 

ERK 1/2 Extracellular signal regulated kinase 1/2 

HFpEF Heart failure with preserved ejection fraction 
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Introduction 
 
Type 2 diabetes mellitus (T2DM) is associated with progressive left ventricular (LV) 
remodeling and dysfunction characteristic of heart failure with preserved ejection fraction 
(HFpEF). Increased LV diastolic stiffness is recognized as the earliest manifestation of LV 
dysfunction induced by T2DM, and is related to cellular and systemic abnormalities that often 
lead to heart failure1. Diabetes-induced HFpEF is associated with cardiac hypertrophy, 
interstitial myocardial fibrosis, advanced glycation end products (AGEs), increased 
myocardial passive stiffness, and reduced chamber compliance2.  
 
Evidence suggests that reduced chamber compliance in T2DM patients and animal models 
of T2DM is due in part to altered phosphorylation of the sarcomeric protein titin, which results 
in increased cardiomyocyte passive tension (PT)3,4,5. Titin (>3 MDa) spans an entire half-
sarcomere from the Z-disk to the M-line, acts as a molecular spring, maintains sarcomere 
stability, and determines passive myofilament distensibility6,7. The mechanical properties of 
titin are largely defined by the expression ratio of the cardiac isoforms N2B (3.0 MDa) and 
N2BA (3.2-3.7 MDa)7, and are further modulated by posttranslational modifications, including 
oxidation of elastic I-band domains8,9 and phosphorylation of the elastic N2-B unique 
sequence (N2-Bus) or PEVK elements10,11. Phosphorylation of the N2-Bus region decreases 
titin-based myofilament stiffness. Known phosphoserines within N2-Bus include P-S4010, 
which can be phosphorylated by extracellular signal regulated kinase-1/2 (ERK1/2)12 and 
cAMP-dependent protein kinase A (PKA)13, P-S4099 phosphorylated by cGMP-dependent 
protein kinase (PKG)13,14, and P-S4062 phosphorylated by calcium/-calmodulin-dependent 
kinase II (CaMKII)15. In contrast, phosphorylation of the PEVK-region increases titin-based 
myofilament stiffness, mediated by phosphorylation of S11878 by Ca2+-dependent protein 
kinase C (PKCα)16. Hypo-phosphorylation of N2-Bus and hyper-phosphorylation of PEVK 
can act complementary to elevate PT, e.g., in end-stage heart failure and are important to 
fine-tune passive myocardial stiffness and diastolic function in the heart.13  
 
Metformin is a glucose-lowering drug prescribed as oral pharmacotherapy. It has been 
shown to enhance insulin signaling, probably by potentiating insulin receptor activation and 
enhancing phosphoinositide 3-kinase (PI3K) activity17. Recent studies have identified the 

cardioactive growth factor neuregulin-1 (NRG-1) as a promising candidate to treat diabetes-
induced cardiomyopathy18. NRG-1 initiates ErbB-receptor signaling by activating the PI3K 
and mitogen-activated protein kinase (MAPK) signaling cascades, and improves 
hemodynamic parameters in diabetic hearts19. Whether the beneficial effect of these two 
substances on diabetes-induced cardiac dysfunction involves signal transduction events that 
restore titin properties has not been studied yet. 
 
We previously demonstrated that thyroid hormone and insulin modulate titin isoform 
composition in a PI3K/AKT-dependent manner, and that titin isoform composition is altered in 
rats with streptozotocin (STZ)-induced type-1 diabetes mellitus20,21. These findings also 
provided evidence that insulin application to cultured cardiomyocytes alters titin 
phosphorylation20. However, the signaling cascades involved in insulin-induced titin 
modification remained unclear. In the present study, we therefore characterized the impact of 
insulin signaling on titin isoform expression and phosphorylation in cardiac tissue from 
diabetic and non-diabetic patients. We also addressed the question of whether the diabetes-
induced alterations in titin properties can be modulated by the antidiabetic drug metformin. 
Our data show that impaired cGMP-PKG signaling and activation of PKCα play an important 
role in titin-based cardiomyocyte stiffening in human diabetic hearts. Our study provides 
mechanistic insight into cardiac insulin-dependent signaling pathways and their impact on 
titin, and demonstrates that insulin modulates titin properties via ERK1/2-, PKG- and PKCα-
dependent phosphorylation. We also tested whether metformin and recombinant human 
NRG-1 can regulate PI3K and MAPK-dependent signaling and thereby correct the alterations 
in titin-isoform expression and phosphorylation associated with insulin deficiency. Finally, 
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using animal models of type-1 and type-2 diabetes, we performed proof-of-concept 
experiments to test the potential for acute and chronic NRG-1 application to restore normal 
titin properties and improve diastolic function.  
 
 
 
Materials and Methods 
 
Human heart samples 

Biopsies were selected from patients who underwent cardiac bypass surgery. Biopsies were 
taken from right atrial auricles, immediately deep-frozen in liquid nitrogen and stored at -
80°C. Patient samples were assigned to diabetic group (HbA1c>6.5%, n=23) or to non-
diabetic control group (n=19, HbA1c<6.5 %). All patients underwent similar surgical 
procedures involving comparable medication. Informed consent was obtained from all 
patients. The study conforms to the principles determined by the Declaration of Helsinki and 
all procedures were in accordance with institutional guidelines. The study was approved by 
the institutional ethics committee of University of Bonn (ref. number 236/09).  

Isolation of embryonic and adult rat cardiomyocytes 

All animal experiments were conducted in accordance with European and German legislation 
and approved by the institutional animal welfare officer and the competent regional authority 
for the approval of experimental animal use and care. Hearts were obtained from embryos 
(gestational day 18) of pregnant adult Wistar rats. Animals were anesthetized with 2 % 
isoflurane and euthanized by decapitation. Cells were isolated by enzymatic digestion and 
cultured as previously described21. At culture day 2, the cells were serum-starved and 
medium was supplemented with one of the following (or a mixture of two): insulin (1.75 µM); 
metformin (1 or 20 µM), LY294002 (LY, 50 µM), U0126 (10 µM), or NRG-1 (100 µM). Adult 
rat CMs were isolated using a Langendorff perfusion system, as previously described22. Cell 
size was determined by fluorescence microscopy. 
 
Experimental animals and study design 

For all animal experiments Inclusion and exclusion criteria were established prior to 
commencing experimentation. Diabetes type 1 was induced in ApoE-/- mice at the age of 16 
weeks by a low- dose streptozotocin (STZ) treatment (ApoE-/- STZ mice, dose STZ 60 
mg/kg, 5 consecutive days, i.p., 0.05 M Na citrate, Sigma Aldrich). ApoE-/- STZ mice with 
blood glucose lower than 300 mg/dl at 2 weeks after the initial STZ injections or during 
follow-up were excluded from the experiment. Non-diabetic ApoE-/- control mice were sham 
treated with citrate buffer and randomized to receive (a) vehicle (vehicle-treated ApoE-/- 
control mice, n=12, PBS, 5 days/week, i.p.) or (b) NRG-1 (NRG-1-treated ApoE-/- control 
mice, n=12, recombinant human neuregulin-1, 20 µg/kg.day, 5 days/week, i.p.) over a period 
of 14 weeks. ApoE-/- STZ mice were randomized into treatment with (c) vehicle (vehicle-
treated ApoE-/- STZ mice, n=21, dosing as above), (d) insulin (insulin-treated ApoE-/- STZ 
mice, n=22, INS, 0.3 U/kg.day), or (e) NRG-1 (NRG-1-treated ApoE-/- STZ mice, n=19, 
dosing as above) for 14 weeks. Mice were weekly monitored for body weight and blood 
glucose (OneTouch Glucose meter). Samples sizes were determined by power calculations 
prior to commencing experimentation. 
Eleven months old male ZSF1 obese rats, obtained from Charles River (Customer Service 
USA) and fed with Purina Diet (#5008), were randomly assigned in a 1:1 ratio to receive 
either vehicle (n=6; PBS/ BSA 0.1 %: 0.5 ml/kg i.p.) or NRG-1 (n=5; 25 µg/kg i.p.) treatment 
(Online Figure I).  
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Echocardiography and hemodynamic evaluation 

Echocardiographic measurements were performed on rats using a 12 MHz vector probe (GE 
Vivid S5), invasive hemodynamic measurements were recorded via catheterization with PV-
loop catheter (Millar SPR-869). Blood pressure and heart rate were recorded before and 
after application of vehicle (PBS/BSA 0.1 %; 0.5 ml/kg i.p.) or NRG-1 (25 µg/kg i.p.). Analysis 
of PV-loops was performed with Lab Chart 8.1.5, calibrating with LV volumes assessed by 
echocardiography. Exponential curve fit was used to calculate end-diastolic pressure-volume 
relationship (EDPVR) and chamber stiffness constant β (P=C * eβ*V)23. 
 
Force measurements on isolated cardiomyocytes  

Passive tension (PT) measurements were performed on single cardiomyocytes isolated from 
tissue biopsies as previously described24. Briefly, cardiomyocytes were permeabilized using 
3% Triton-X100, single cardiomyocytes were selected and mounted between a piezoelectric 
motor and a force transducer (403A, Aurora Scientific). Cells were then step-wise stretched 
from slack SL (1.8-1.9 µm) to a maximum sarcomere length (SL) of 2.4 µm. Passive forces 
and sarcomere length were recorded and related to cardiomyocyte cross-sectional area. 
 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis and Western blot analysis 

Titin isoform composition analysis by agarose-stabilized SDS-PAGE was performed as 
previously described13. Proteins other than titin were separated by 10 % and 12.5 % SDS-
PAGE. For Western blot analysis, proteins were transferred onto a PVDF-membrane and 
processed as previously described13. Total titin phosphorylation was analyzed using 
fluorescence-based phosphoprotein stain ProQ diamond (Invitrogen) in comparison to total 
protein stain Sypro Ruby (Invitrogen). Staining and imaging were performed as reported 
previously21. Titin domain phosphorylation was tested using phospho-site directed antibodies 
to pSer4010, pSer4099, and pSer11878 (human cardiac titin; UniProtKB: Q8WZ42) and 
control antibodies recognizing the phosphorylated and unphosphorylated PEVK-fragment 
(pan-Titin)13. Online Figure II shows sequence alignments of relevant species and indicates 
the antigen peptides used for immunization. Unless otherwise noted, graphs show results 
from densitometric analyses of titin N2B isoform. In Western blots from ApoE-/- mice 
phospho-signals were normalized to PVDF stains. Membranes with proteins other than titin 
were incubated with primary antibodies and normalized to GAPDH (Sigma Aldrich). Anti-
rabbit IgG conjugated with horseradish peroxidase served as secondary antibody. Bands 
were visualized using Fusion SOLO imaging system (Vilber Lourmat), signal intensity was 
analyzed densitometrically (Multi Gauge V3.2 and ImageJ).  
 
Myocardial protein kinase activities 
 
In ApoE-/- mice PKC, PKA and ERK2 activity were analyzed using nonradioactive PKC and 
PKA kinase activity assay kits according to manufacturer’s instructions (Enzo Life Science, 
CHEMICON). Results of triplicate determinations were averaged. For determination of PKG 
activity tissues samples were homogenized in 25 mM Tris (pH 7.4), 1 mM EDTA, 2 mM 
EGTA, 5 mM dithiothreitol (DTT), 0.05 % Triton X-100 and protease inhibitor cocktail (Sigma-
Aldrich) and centrifuged for 5 min. Supernatants containing equal amounts of total protein 
were analyzed for PKG activity as described previously4.  

Statistical analysis 

Normal distribution of the data was tested prior to statistical analysis. Nonparametric tests 
were used for not normally distributed data sets. Data are presented as mean ± standard 
error of the mean (SEM). Statistical significance of differences in PT vs. sarcomere length 
relation was tested using two-way ANOVA, followed by Bonferroni’s post hoc test. Single 
comparisons were performed using unpaired Student t test. Multiple comparisons were 
performed using one-way ANOVA, followed by Bonferroni’s post hoc test. P values<0.05 
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were considered significant and are indicated in the figures by asterisks (*p<0.05; **p<0.01; 
***p<0.001). Analyses were performed using Sigma Plot (version 13.0) or Graph Pad Prism 
software (GraphPad Software Inc, version 6.0). 

Detailed descriptions are provided in the online supplemental. 

 
 
 
Results 
 
Characteristics of diabetic and non-diabetic patients 

Cardiac biopsies from right atrial auricles of patients that underwent cardiac bypass surgery 
were classified into two groups: control patients with a mean HbA1c (% of glycated 
hemoglobin) of 5.6±0.25 % (n=19), and diabetic patients with a mean HbA1c of 7.1±0.71 % 
(n=23). The groups did not significantly differ in average age, body weight, gender 
distribution, or level of obesity. All analyzed patients were hypertensive, beta-blockers were 
given to 17/19 patients in the control group and 17/23 patients in the diabetic group. In the 
diabetic group, 12/23 patients were treated with the oral anti-diabetic drug metformin, 8 
individuals received insulin. A summary of the clinical data is provided in Table 1.  

Cardiomyocyte stiffness is elevated in diabetic patients despite relative increases in 
compliant titin isoform 

Relative titin isoform expression was determined in tissue samples from right atrial auricles. 
In diabetic samples, the relative expression of the more compliant N2BA isoform was 
significantly increased to 54.7±3 % compared to controls with 44.5±2.4 % (Figure 1A). Of 
note, right atrial auricles from control hearts showed a somewhat higher mean N2BA 
proportion than LV from human donor hearts, which had previously been reported to express 
39.5±0.5 % N2BA titin13. Unlike expected from the observed isoform shift towards more 
compliant N2BA titin, we observed a significant increase in PT of skinned cardiomyocytes 
from diabetic compared to non-diabetic patients (Figure. 1B). The increase was most 
pronounced in the sarcomere length range of 2.0–2.2 µm. There was no significant 
difference in slack sarcomere length between the groups. 

Altered phosphorylation of elastic titin domains N2-Bus/PEVK in diabetic hearts 

To test whether increased PT is due to altered phosphorylation of the elastic titin I-band 
domains, we measured titin-domain phosphorylation using phosphosite-directed antibodies 
targeting S4010 (phosphorylated by ERK1/2 and PKA) and S4099 (phosphorylated by PKG) 
in the N2-Bus and S11878 (phosphorylated by PKCα) in the PEVK region. Relative 
phosphorylation of titin S4010 was not significantly different in diabetic samples, compared to 
controls (Figure 1C). In contrast, phosphorylation of S4099 was significantly reduced by 35±3 
% (Figure 1D), whereas that of S11878 was significantly increased by 49±5 % (Figure 1E). 

Impaired sGC expression and enhanced PKCα activity in cardiac tissue from diabetic 
patients 

To study the mechanisms underlying altered titin domain phosphorylation, we determined 
relative phosphorylation of ERK1/2 at T202/Y204 and of PKCα at T497 as indicators of 
kinase activity. We also measured the expression level of soluble guanylyl cyclase (sGC), a 
direct modulator of cytosolic cGMP and PKG activity as important downstream effectors of 
insulin signaling in cardiomyocytes (Figure 2A). Relative sGC expression was significantly 
reduced by 48±11 % in tissue from diabetic hearts compared to controls (Figure 2B). ERK1/2 
activity was not significantly altered in hearts from diabetic patients compared to non-diabetic 
controls (Figure 2C), but metformin-treated diabetic patients showed a trend towards 
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increased ERK1/2 activity (Online Figure III). PKCα phosphorylation was significantly 
increased in samples from diabetic patients (Figure 2D); highest levels were found in 
metformin-treated patients (Online Figure III).  

Insulin-induced titin phosphorylation is mediated by PKG, ERK1/2 and PKCα, but not 
PKA  

To study insulin-dependent titin modification, we treated cultured embryonic rat 
cardiomyocytes with insulin (Figure 3). Western blot analysis demonstrated that 15 min of 
insulin application were sufficient to activate insulin receptor (InR Y972) and subsequently, to 
activate insulin receptor substrate (IRS S612) (Online Figure IV). Insulin-induced signal 
transduction involved activation of PI3K, which mediated the activation of phosphoinositide-
dependent kinase-1 (PDK1), AKT, and endothelial NO-synthase (eNOS). Inhibition of PI3K 
by chemical compound LY294002 prevented phosphorylation of PDK1 and AKT, and 
significantly reduced phosphorylation of eNOS.  

We analyzed PKA phosphorylation at T197 to determine PKA activity, and found no 
significant changes after insulin stimulation (Figure 3A). Using SyproRuby/ProQ-diamond 
staining we further showed that blocking PKA activity by application of Rp-cAMP (PKA-I) did 
not significantly reduce the insulin-mediated increase in total titin phosphorylation (Figure 
3B), indicating that insulin does not mediate titin modification via cAMP-dependent PKA. To 
test insulin-dependent activation of the eNOS/PKG pathway we measured titin 
phosphorylation in response to insulin treatment with and without specific inhibitors of this 
pathway. Pro-Q-Diamond/Sypro-Ruby staining showed that insulin stimulation resulted in a 
significant increase in total-titin phosphorylation, which was prevented by simultaneous 
application of the PKG-inhibitor RP-8-BR-PET-cGMP (PKG-I), the eNOS inhibitor L-NAME, 
or the guanylyl cyclase inhibitor ODQ (Figure 3C).  

Using phosphosite-directed antibodies to titin, we found that insulin-application for 45 min 
significantly increased the phosphorylation at S4010 by 80-150 %. This effect was prevented 
by application of the PI3K inhibitor LY294002, or the ERK1/2 inhibitor U0126 (Figure 3D). 
Insulin-application for 30 min increased titin S4099 phosphorylation by 40±5 % and titin 
S11878 phosphorylation by >250 % (Figure 3D), and application of LY294002 inhibited these 
effects. In line with these observations, insulin-application significantly increased ERK1/2 and 
PKCα phosphorylation, and these effects were blocked by LY294002 (Figure 3E). 

Metformin triggers the same cellular signaling cascades as insulin and significantly 
increases PKCα activity 

To characterize the effects of metformin on kinase activation and titin modification, we 
applied metformin to cultured embryonic rat cardiomyocytes for 15-45 min. Figure 4 
demonstrates that metformin induced similar changes as insulin and significantly increased 
phosphorylation of the titin sites S4010, S4099, and S11878 (Figure 4A). Metformin 
treatment increased the activity of eNOS and PKCα, and resulted in a trend for increased 
activation of ERK1/2 (Figure 4B). The PI3K-inhibitor LY294002 inhibited these metformin 
effects (Figure 4A, B).  

Kinase activities and titin phosphorylation are modulated by NRG-1 and metformin  

Using adult rat cardiomyocytes, we tested how acute (60 min) application of NRG-1 or 
metformin affects titin modification. Considering that in human patients, NRG-1 would be 
applied in addition to glucose-lowering metformin treatment, we also tested the combined 
effect of both substances. Titin N2-Bus phosphorylation at S4010 was significantly increased 
by 77 % in NRG-1-treated cardiomyocytes, by 50 % in Metformin-treated cells, and by 
approx. 32 % in NRG-1 + Met treated cardiomyocytes. NRG-1 and metformin did not affect 
titin phosphorylation at S4099. NRG-1 treatment significantly decreased titin PEVK 
phosphorylation at S11878 by 29 %; this effect was abolished in the presence of metformin 
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(Figure 5A). NRG-1, metformin, and a combination of both enhanced ERK1/2 activity 
compared to untreated controls. NRG-1 significantly reduced PKCα phosphorylation by 18 
%, whereas metformin and the combination of NRG-1 and metformin significantly increased 
PKCα activity by 23-33 % (Figure 5B).  

NRG-1 and metformin have opposite effects on cardiomyocyte cell size 

We then tested whether the cardioprotective function of NRG-1 and metformin may involve 
alterations of cardiomyocyte cell size. Cultured embryonic rat cardiomyocytes were treated 
for a period of 3 and 6 days with NRG-1 and metformin, and with angiotensin II (AngII) as 
positive hypertrophic control. Metformin significantly decreased cardiomyocyte cell size after 
both time points by ~34%, whereas NRG-1 application significantly increased cardiomyocyte 
size by 36 % after 3 days and by 100% after 6 days. AngII significantly increased cell size at 
day 6 of treatment (Figure 6). 
 
NRG-1 reduces PKCα activity and corrects titin-based cardiomyocyte stiffening in 
diabetic mouse hearts  

We further tested whether NRG-1 affects the biochemical and mechanical titin properties in 
cardiomyocytes from a diabetic mouse model. For comparison with the human tissues 
analyzed here, we used mice lacking apolipoprotein E (ApoE-/-), which have a high 
cardiovascular risk due to hyperlipidemia, and induced diabetes by injection of streptozotocin 
(STZ). We determined the PT of isolated skinned cardiomyocytes from STZ-treated ApoE-/- 
mice and studied the effect of insulin or NRG-1. We found that over a wide range of 
sarcomere lengths, cardiomyocyte PT of STZ-treated ApoE-/- mice was significantly 
increased compared to control (vehicle-treated) ApoE-/- mice (Figure 7A). Treatment of 
animals with insulin or NRG-1 abrogated this effect. NRG-1 treatment reduced PT to below 
control levels. In vehicle-treated control mice, NRG-1 did not alter cardiomyocyte PT. STZ-
induced diabetes reduced the proportion of stiff N2B titin in favor of the more compliant 
N2BA isoform (Figure 7B) but also induced a phosphorylation deficit of titin at S4010 (S3991 
in the murine human titin sequence) and S4099 (S4080 in murine titin) (Figure 7C). In 
contrast, STZ-induced diabetes significantly increased titin PEVK phosphorylation at S11878 
(S12742 in murine titin) (Figure 7C). In STZ-treated mice, both insulin and NRG-1 treatment 
increased PKA/ERK2-mediated titin-N2-Bus phosphorylation at S4010. However, only NRG-
1 fully restored the normal levels of PKG-dependent titin-N2-Bus phosphorylation at S4099 
and those of PKCα-mediated titin PEVK-phosphorylation at S11878 (Figure 7C). NRG-1 
significantly reduced ERK2 activity in STZ-treated animals and NRG-1, but not insulin, 
significantly increased PKA and PKG activities and reduced PKCα activity in STZ-treated 
mice to control levels (Figure 7D). Impaired PKG activity in STZ-treated mice likely resulted 
from reduced cGMP production, which increased significantly in NRG-1 treated animals 
(Online Figure V). In non-diabetic mice, NRG-1 did not alter the activity of PKA, PKG, and 
PKCα (Figure 7D).  

Although the STZ-induced diabetic ApoE-/- mouse hearts showed similar titin modifications 
as the human diabetic hearts, animals did not present the characteristic diastolic dysfunction 
suggested by an increase in the end-diastolic pressure volume relation (EDPVR)25.  
Regardless of our finding that NRG-1 effectively restored normal titin modification and 
thereby reduced titin-based cardiomyocytes stiffness, the EDPVR of NRG-1 treated animals 
was increased compared to vehicle treated controls25. 
 
Acute application of NRG-1 reduces end-diastolic pressure in diabetic ZSF-1 rats  
Our findings suggested that NRG-1 acutely modulates kinase activities and titin properties in 
adult cardiomyocytes (Figure 5). As a proof-of-concept experiment testing for a possible 
acute cardioprotective role of NRG-1, we applied this substance to 40 week-old obese ZSF-1 
rats with type 2 diabetes and characterized left ventricular function by PV-loop 
measurements at 20 min after NRG-1 application (Table 2). In NRG-1 treated animals, there 
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was a trend towards lower end-diastolic pressures and EDPVR values than in vehicle treated 
control animals (Figure 8A). Western blot analyses demonstrated no changes in titin (P-
S4010; P-S4099; P-S11878) phosphorylation in response to acute NRG-1 application (Figure 
8B). However, there was a trend towards increased ERK1/2 and PKCα activity in NRG-1 

treated ZSF-1 rats (Figure 8C). Importantly, anesthesia had no significant effect on relative 
titin phosphorylation (Online Figure VI). 
 

 
Discussion 

Altered titin phosphorylation and increased titin-based cardiomyocyte stiffness are 
associated with heart failure and have been recognized as hallmarks of HFpEF5,13. The 
molecular mechanisms mediating changes in phosphorylation of sarcomeric proteins in the 
diabetic heart are still largely unknown. Here, we identified signaling pathways that alter titin 
properties via changes in insulin homeostasis and cause increased cardiomyocyte stiffness 
in the diabetic heart. We also tested potential treatment options reversing these effects.  

We demonstrated that titin-isoform composition is shifted towards the more compliant N2BA 
variant in human diabetic patients. Despite the overall higher basal N2BA proportion in atrial 
samples, the relative increase in N2BA expression in diabetic patients matched the changes 
in ventricular titin isoforms reported for patients with HFpEF26. The fact that we had strictly 
classified the human tissue samples according to the patients’ HbA1c values, may explain 
the discrepancy with a previous study on human diabetic patients, which found no changes 
in titin isoform composition27. Our observation is in line with data showing that insulin 
treatment of embryonic rat cardiomyocytes enhances titin isoform switching towards stiffer 
N2B-titin20. Conversely, diabetes-associated insulin deficiency, or impaired insulin signaling, 
may cause the shift towards more compliant N2BA titin in diabetic hearts. Importantly, 
despite the shift towards compliant N2BA titin in the diabetic hearts studied here, titin-based 
cardiomyocyte PT was significantly increased.  

Altered titin phosphorylation modulates titin-based stiffness and was assumed by us to 
contribute to the increase in cardiomyocyte stiffness observed in diabetic patients. In the 
diabetic hearts, we detected hypo-phosphorylation of the established phosphosite S4099 in 
the elastic titin N2-Bus region and hyper-phosphorylation of a residue in the elastic PEVK 
region. Our data suggest that reduced titin phosphorylation at PKG-targeted S4099 in 
cardiac tissue of diabetic patients could be caused by lower expression levels of soluble 
guanylyl cyclase (sGC) leading to a reduced cGMP pool and subsequent drop in PKG 
activity. Recently, there has been uncertainty regarding the expression of sGC and 
phosphodiesterase 5a (PDE5a) in cardiomyocytes28. However, our observations are in line 
with previous data from a mouse model of T2DM (db/db, leptin receptor deficiency), in which 
reduced cGMP levels and PKG activity were associated with increased cardiomyocyte 
stiffness4. This study also demonstrated the feasibility of targeting altered cGMP signaling 
pharmacologically, in that application of sitagliptin (SITA), an inhibitor of dipeptidyl peptidase-
4, enhanced cGMP availability, increased PKG-mediated titin phosphorylation, and reduced 
cardiomyocyte stiffness4. In human T2DM patients, chronic inhibition of PDE5a significantly 
increased the diastolic LV relaxation ability and improved symptoms of diabetic 
cardiomyopathy29. Here, we also observed increased PKCα activity in diabetic patients and 
in diabetic ApoE-/- mice. These alterations likely explain the increased titin phosphorylation 
at the elastic PEVK region as a major contributor to diabetes-induced titin stiffening, as 
previously suggested27. Collectively, our data indicate that impaired cGMP-PKG signaling, 
together with elevated PKCα activity, are important determinants of titin-based 
cardiomyocyte stiffening in patients with diabetes mellitus. Phosphorylation of other titin 
regions and titin modifications other than phosphorylation may contribute to the observed titin 
stiffening.   
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Our study establishes the importance of insulin-activated signaling in the regulation of 
cardiomyocyte stiffness via titin phosphorylation. Moreover, it illustrates reversible drug-
mediated remodeling via receptor-mediated mechanisms. Application of insulin to cultured 
cardiomyocytes activated the PI3K/AKT/eNOS signaling cascade and increased PKG-
dependent titin N2-Bus phosphorylation at S4099. Furthermore, insulin induced titin N2-Bus 
phosphorylation at S4010, presumably mediated by ERK1/2 but not PKA, since PKA activity 
was unaltered. These findings suggest that reduced cGMP pool and ERK1/2 activity 
observed in diabetic hearts are linked to insulin deficiency and impaired insulin signaling. 
Moreover, in early stages of T2DM, elevated insulin levels may contribute substantially to 
chronic PKCα activation and a subsequent increase in PKCα-mediated titin phosphorylation.  

Metformin treatment promoted N2-Bus and PEVK titin phosphorylation in cultured embryonic 
rat cardiomyocytes, similar to insulin. In cultured adult rat cardiomyocytes, metformin 
significantly increased PKCα phosphorylation; however, it had no significant effects on titin 
phosphorylation, for yet unexplained reasons. Therefore, although metformin contributes to 
PKCα activation, our data speak against its contribution to titin stiffening in human diabetic 
hearts. In contrast, our present study demonstrated that metformin effectively reduced the 
size of cultured cardiomyocytes supporting the idea that metformin acts cardioprotective by 
reducing cardiomyocyte hypertrophy in diabetic hearts.  

NRG-1 has beneficial effects in diabetes-induced cardiomyopathy19, as demonstrated by 
improvement of heart function and reversal of cardiac remodeling in diabetic mouse hearts.19 
Specifically, NRG-1 improved LVESP and reduced LVEDP in mice with STZ-induced 
diabetes. This effect was explained by reduced cardiac fibrosis and altered cardiomyocyte 
apoptosis19. In addition to the beneficial long-term effects, NRG-1 has been suggested to act 
cardioprotective by rapid activation of PI3K, eNOS and PKG, and by improvement of diastolic 
calcium30. Here, we applied NRG-1 to cultured adult cardiomyocytes and observed ERK1/2 

activation and PKC de-activation, accompanied by increased ERK2-dependent, and 

reduced PKC-dependent, titin phosphorylation. These alterations hinted at possible effects 
on titin-based passive stiffness, since ERK is known to reduce31, and PKCα to increase16, 
titin-based passive tension. Our results suggested that NRG-1 may be a potent tool to 
restore diabetes-induced changes in titin modification and cardiomyocyte PT. We tested this 
possibility in STZ-diabetic ApoE deficient mice, which are an established model for coronary 
artery disease (CAD)32. The ApoE-/- mice seemed to be a suitable model to test for NRG-1 
mediated effects in diabetic hearts, since the human biopsies used in this study were from 
patients that underwent cardiac surgery due to CAD. STZ-treated ApoE-/- mice showed 
changes in titin modification and titin-based cardiomyocyte stiffness similar to those seen in 
human diabetic patients. In line with our cell culture findings, these changes were reversed 
by application of NRG-1. In this context, we observed that NRG-1 treatment of ApoE-/- STZ 
mice shifted the cardiomyocyte passive SL-tension curve to below that measured in ApoE-/- 
mice. Thus, STZ and NRG-1 may cause alterations to titin phosphorylation and stiffness, as 
well as induce additional effects, which could include altered redox state of the titin spring; 
the latter also alters cardiomyocyte passive stiffness.8,9  
Regardless of the detected increase in cardiomyocyte PT, STZ-treated ApoE-/- mice did not 
show the characteristic increase in EDPVR commonly described in HFpEF28. NRG-1 
treatment increased the slope of the EDPVR compared to vehicle-treated controls, for yet 
unexplained reasons25. Why changes in cardiomyocyte passive stiffness in the STZ mice 
with ApoE-/- background did not translate into changes in EDPVR, as reported for another 
diabetic model4, remains to be investigated. This discrepancy may be due to altered LV 
remodeling and may also indicate that the ApoE-/- STZ model does not fully recapitulate the 
human phenotype of diabetes-induced HFpEF. Obese ZSF1 rats are hypertensive, 
hyperlipidemic and diabetic, and develop HFpEF5. At the age of 20 weeks, ZSF1 rats 
showed changes in cardiac titin phosphorylation and cardiomyocytes stiffness similar to 
those of human patients with HFpEF and diabetes. In contrast to the ApoE-/- model, the 
slope of the EDPVR was significantly increased in these ZSF1 rats, indicating diastolic 
dysfunction5. Encouraged by these findings and the rapid NRG-1 induced titin modifications 



CIRCRES/2017/312166D/R3 
 

11 
 

observed in adult rat cardiomyocytes, we performed proof-of-concept experiments and 
applied NRG-1 to anesthetized 40-week old obese ZSF1 rats, which caused a rapid 
reduction in EDPVR. Somewhat unexpectedly, this reduction was not associated with altered 
site-specific titin phosphorylation. However, we note that the cardiac titin springs contain 
dozens of phosphosites33, the phosphorylation state of which could not be measured, as 
antibodies are not available. Moreover, the phenotype of 40-week old ZSF1 rats has not 
been fully characterized yet, and it remains to be seen to what extent altered cardiac titin 
phosphorylation contributes to diastolic dysfunction in these animals. In this context, 
hyperglycemia in diabetic animals caused defective Ca2+ homeostasis in cardiomyocytes, 
which impaired sequestration of cytosolic calcium in the sarcoplasmic reticulum, possibly 
contributing to diastolic dysfunction34. Therefore, the acute effect of NRG-1 on EDPVR in 
ZSF1 rats could result from acute improvement of diastolic calcium reentry into the 
sarcoplasmic reticulum mediated by the eNOS/PKG axis30. 

We demonstrated that NRG-1, but not metformin, reversed diabetes-induced changes in titin 
properties induced by impaired insulin signaling in diabetic hearts. However, with the 
beneficial effects of NRG-1 treatment on PKCα-dependent titin phosphorylation being 

reduced in the presence of metformin, the relevance of NRG-1 as an additional antidiabetic 
drug in diabetic patients under metformin medication is questionable. Chronic application of 
NRG-1 may even be detrimental in diabetic cardiomyopathy, since the ability of NRG-1 to 
induce cardiomyocyte hypertrophy could promote the hypertrophic phenotype of diabetic 
hearts. Therefore, future work should more specifically study the effects of chronic NRG-1 
application on metformin- or insulin-treated animals with type-2 diabetes and HFpEF and 
further elucidate the molecular pathways involved in NRG-1- and metformin-induced 
myofilament modification.  
 
In summary, our study provides mechanistic insight into the role of insulin signaling for titin 
phosphorylation and myocardial titin-based stiffness. Our findings suggest that these links 
can be explored in the search for novel treatment strategies in diabetic cardiomyopathy 
associated with increased myocardial stiffness. Consistent with our previous suggestion35, 
our data indicate that the impact of titin-based cardiomyocyte stiffening on cardiac function 
may be of particular importance in acute and early stages of cardiac diseases.  

 

Study limitations 

Patients enrolled in this study did not receive a standardized test for cardiac performance 
prior to cardiac bypass surgery. We therefore cannot provide and discuss information on 
cardiac hemodynamics in non-diabetic vs. diabetic patients. Analyses were performed on 
right atrial tissue that had a ~5% higher N2BA titin proportion than cardiomyocytes from LV. 
We therefore cannot rule out the possibility that LV and atrial cardiomyocytes of diabetic 
patients also differ in terms of titin modification and titin-based cardiomyocyte stiffness. 
Because human atrial tissue was procured perioperatively, its availability was limited and a 
given tissue sample was not large enough to be used for all types of analysis; hence, most in 
vitro measurements were performed on a subset of the cohort. Further, we cannot exclude 
the possibility that anesthesia affects the modification of myofilament proteins; hence, our 
data from human hearts and ZSF-1 animals may not fully reflect the in vivo situation. 
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Table 1. Clinical characteristics of coronary artery disease patients. 

  
Control Group  
(n=19) 

Diabetic Group  
(n=23) 

Age, y 68.8 ± 7.4 68.2 ± 8.6 
Male, n 16 17 
Body mass index, kg/m² 28.9 ± 6.1 29.7 ± 4.8 
Obesity, n 6/19 10/23 
Hypertension, n 19/19 23/23 
Medications: 

  Metformin 0/19 12/23 
Insulin 0/19   8/23 
β-blockers 17/19 17/23 
HbA1c, % 5.6 ± 0.25 7.1 ± 0.71 

HbA1c, Glycated hemoglobin. Values represent mean±SEM when applicable.  
 

 

Table 2. Hemodynamic and echocardiographic  
characterization of LV function 

 ZSF1 obese 
vehicle 
(n=6) 

ZSF1 obese 
NRG-1 
(n=5) 

Heart rate [bpm] 267.0 ± 20.92 264.6 ± 21.19 

LVPmax [mmHg] 194.1 ± 13.17 190.9 ± 16.95 

LVPed [mmHg]   22.2 ± 3.44 19.73 ± 2.0    

dP/dtmax [mmHg/s]  8649 ± 443.7  7912 ± 644.7 

dP/dtmin [mmHg/s] -5710 ± 423.1 -5167 ± 493.2 

Tau [ms] 16.58 ± 1.99 18.03 ± 1.96 

LVVed [ml]   0.64 ± 0.20     0.7 ± 0.1 

SV [ml]   0.24 ± 0.04   0.27 ± 0.02 

EF [%]   56.5 ± 3.54   63.6 ± 4.74 

EDPVR β [ml-1]     9.8 ± 3.67*   5.36 ± 1.92* 

Values represent means±SEM; LVPmax, maximal 
left-ventricular pressure; LVPed, left-ventricular end-
diastolic pressure; LVVed, left-ventricular end-
diastolic volume; SV, stroke volume; EF, ejection 
fraction, determined by echocardiography; EDPVR, 
end-diastolic pressure-volume relationship; EDPVR 
β, chamber stiffness constant β derived from 
exponential EDPVR; *EDPVR was determined by 
LV pressure volume loops and normalized to 
echocardiographic data (n=4 per group). 
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Figure 1: Titin properties in cardiac biopsies from diabetic and non-diabetic patients. 
A, Titin isoform composition (N2BA+N2B = 100 %) analyzed using Coomassie-stained SDS-
PAGE of cardiac biopsies of diabetic (diabetic, n=7, HbA1c>7.5 %) and non-diabetic (control, 
n=7, HbA1c<6.5 %) patients. B, Passive tension in relation to sarcomere length of isolated 
cardiomyocytes from diabetic (n=5 tissue samples, 3-6 cardiomyocytes per sample, grey 
circles) and control (n=6 tissue samples, 3-6 cardiomyocytes per sample, white circles) 
hearts. Graphs show means±SEM, asterisks indicate statistically significant differences 
(*p<0.05 in two-way ANOVA). Lines represent polynomial fits to the data. C to E, Western 
blot analyses of n=6-7 cardiac tissue samples from diabetic (diabetic, grey bars) and non-
diabetic (control, white bars) patients. Membranes were probed with antibodies recognizing 
pS4010 (C) and pS4099 in the N2-Bus (D), and pS11878 in the PEVK region (E). Signals 
were normalized to total titin (Titin-pan). Representative gel or blot bands (2 % SDS-PAGE) 
are shown below the bar graphs. Each data point indicates the mean from at least 3 
technical replicates, bar graphs show mean±SEM from all data points. N2BA = 3,200 kDa 
(3,2MDa), N2B = 3,000 kDa (3.0 MDa). Asterisks indicate statistically significant differences 
(*p<0.05; **p<0.01; ***p<0.001 in Student's t-test).  
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Figure 2: Signaling pathway testing in cardiomyocytes. A, Scheme illustrating insulin-
dependent activation of the kinases PKG, PKA, ERK1/2, and PKCα, resulting in 
phosphorylation of specific elastic titin regions N2-Bus and PEVK. Abbreviations: ERK1/2, 
extracellular-signal regulated kinase-1/2; eNOS, endothelial NO-synthase; cGMP, cyclic 
guanosine monophosphate; InR, insulin receptor; IRS, insulin receptor substrate; PDE5, 
phosphodiesterase 5; PI3K, phosphoinositide 3-kinase; PDK1, phosphoinositide-dependent 
kinase-1; PKG, cGMP-dependent protein kinase; cAMP-dependent protein kinase; sGC, 
soluble guanylyl cyclase; L-NAME, Nω-nitro-L-arginine methyl ester hydrochloride; ODQ, 1H-
[1,2,4]oxadiazolo[4,3,-a] quinoxalin-1-one. B, Relative expression of soluble guanylyl cyclase 
(sGC) in cardiac samples from non-diabetic (ctrl) and diabetic (dia) patients (n=6 samples 
per group). C and D, Western blot analyses testing for relative ERK1/2 T202/Y204 
phosphorylation (C) and relative phosphorylation of PKCα T497 (D).  Molecular weights of 
the detected proteins are indicated; N2BA = 3.2 MDa; N2B = 3.0 MDa. Bar graphs show 
mean±SEM of cardiac tissue samples from non-diabetic (ctrl, n=4-9) and diabetic (dia, n=5-
11) patients with 3 technical replicates per sample. Asterisks indicate statistically significant 
differences (*p<0.05; **p<0.01; ***p<0.001 in Student's t-test). 
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Figure 3: Insulin-induced phosphorylation of elastic I-band titin and kinase activity 
changes in embryonic rat cardiomyocytes. A, Western blots testing relative PKA 
phosphorylation at T197, relative phosphorylation of ERK1/2 at T202/Y204 and that of PKCα 
at T497 after 0-45 min of insulin treatment, and in the absence or presence of PI3K inhibitor 
LY294002 (50 µM). B, Total-titin phosphorylation measured by Pro-Q-Diamond/Sypro-Ruby 
staining before and after 15 min of insulin treatment (1.75 µM), with or without PKA-inhibitor 
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Rp-cAMP (PKA-I). C, Insulin-mediated changes in total-titin phosphorylation measured by 
Pro-Q-Diamond/Sypro-Ruby staining in the absence or presence of inhibitors of PKG (PKG-I, 
Rp-8-Br-PET-cGMP), eNOS (L-NAME) or sGC (ODQ). Bar graphs show mean±SEM of a 
minimum of 3 individual experiments, asterisks indicate statistically significant differences 
(*p<0.05 in Student's t-test). D, Western blot analysis of titin phosphorylation at S4099, 
S4010, and S11878 after 0-45 min insulin treatment, with or without PI3K inhibitor LY294002 
(50 µM) or ERK1/2-MEK1/2 inhibitor U0126 (10 µM). Phospho-signals normalized to total titin 
(Titin pan). E, ERK and PKC activities. Phospho-signals normalized to total PKA (PKApan), 
total ERK (ERKpan) and total PKCα (PKCpan), respectively. Molecular weights of the 
detected proteins are indicated; N2BA = 3.2 MDa; N2B = 3.0 MDa. Bar graphs show 
mean±SEM from a minimum of n=4 independent cell preparations and 3 technical replicates 
per group. Asterisks indicate statistically significant differences (*p<0.05; **p<0.01; 
***p<0.001 in one-way ANOVA) 
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Figure 4: Metformin-induced phosphorylation of titin and enzyme activity changes in 
embryonic rat cardiomyocytes. A, Titin phosphorylation at S4010, S4099, and S11878 
normalized to total titin (Titin pan). Western blot analysis of embryonic rat cardiomyocytes 
treated with metformin (20 µM) for 0-45 min in the presence or absence of LY294002 (50 
µM). B, Relative phosphorylation of ERK1/2 at T202/Y204, eNOS at S1117, and PKCα at 
T497, after 0 - 45 min of insulin treatment, with and without PI3K inhibitor LY294002 (50 µM), 
measured by Western blot. Phospho-signals normalized to total ERK (ERKpan), GAPDH and 
total PKCα (PKCpan), respectively. Molecular weights of the detected proteins are indicated; 
N2BA = 3.2 MDa; N2B = 3.0 MDa. All bar graphs show mean±SEM from n=4 independent 
cell preparations with 3 technical replicates per group. Asterisks indicate statistically 
significant differences (*p<0.05; **p<0.01; ***p<0.001 in one-way ANOVA). 
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Figure 5: Modifications of titin phosphorylation and kinase activities by NRG-1 and 
metformin. Adult rat cardiomyocytes were studied before (control, C) and after treatment 
with human recombinant neuregulin-1 (NRG-1, 100 µM), metformin (Met, 20 µM), or a 
combination of both (NRG-1+Met), for 60 min. Western blot analyses using antibodies 
recognizing A, titin pS4010, pS4099, or pS11878, and B, phosphorylation of ERK1/2 at 
T202/Y204 (ERK1/2phospho) and PKCα at T497. Signals normalized to total titin, total ERK 
(ERKpan) and total PKCα (PKCpan), respectively. Representative blots are shown below the 
graphs. Molecular weights of the detected proteins are indicated; N2BA = 3.2 MDa; N2B = 
3.0 MDa. Bar graphs show mean±SEM from n=4-6 independent cell preparations and 3 
technical replicates per group. Asterisks indicate statistically significant differences (*p<0.05; 
**p<0.01; ***p<0.001 in one-way ANOVA).  
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Figure 6: NRG-1 and metformin induced modification of cell size. Relative cell size of 
cultured embryonic rat cardiomyocytes treated with metformin (Met, 1 µM), NRG-1 (100 µM) 
or angiotensin II (AngII, 1 µM) for a period of 3-6 days. Data were normalized to untreated 
controls. Bar graphs show mean±SEM from 3 independent cell preparations and n=141-291 
cells per group. Asterisks indicate statistically significant differences (*p<0.05; **p<0.01; 
***p<0.001 in one-way ANOVA). 
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Figure 7: Effects of chronic NRG-1 or insulin application on titin-based stiffness, titin 
isoforms/phosphorylation, and kinase activities in ApoE-/- mice with/without diabetes. 
A, Passive tension in relation to sarcomere length of isolated skinned cardiomyocytes from 
ApoE-/- control (ApoE-/- n=5-6) and diabetic ApoE-/- mice (ApoE-/-STZ n=5-6) with or 
without NRG-1 treatment (+NRG-1). Graph shows mean ± SEM, asterisks indicate 
statistically significant differences (*p<0.05 in 2-way ANOVA). Lines represent polynomial fits 
to the data. B, Titin isoform composition (N2BA+N2B=100 %) in cardiac tissue from control 
ApoE-/- (ApoE-/-) and diabetic ApoE-/-mice (ApoE-/-STZ), with or without insulin (+INS) or 
NRG-1 treatment (+NRG-1). C, Western blot analysis of relative titin phosphorylation at 

pS4010, pS4099, or pS11878. D, Relative activities of ERK2, PKA, PKG, and PKC. Bar 
graphs show mean±SEM of n=5-6 animals/group and 3-6 cardiomyocytes per sample. 
Asterisks indicate statistically significant differences (*p<0.05; **p<0.01; ***p<0.001 in one-
way ANOVA with Bonferroni post hoc test). 
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Figure 8: Acute effect of NRG-1 application on end-diastolic pressure volume relation 
(EDPVR). A, EDPVR in 40 week old obese diabetic ZSF-1 rats treated with NRG-1 (n=4, 25 
µg/kg i.p) or vehicle (veh, n=4, PBS/ BSA 0.1 %: 0.5 ml/kg i.p.) for 20 min, analysis of PV-
loops was performed using Lab Chart 8.1.5, calibrating with LV volumes assessed by 
echocardiography B, Western blots of cardiac tissue from lean control ZSF-1 rats (ZSF1 
lean) and obese diabetic ZSF-1 rats treated with NRG-1 (ZSF1 NRG-1, n=5) or vehicle 
(ZSF1 veh, n=6), using phospho-specific antibodies recognizing titin pS4010, pS4099, or 
pS11878. C, Western blots testing phosphorylation of ERK2 and PKCα. Bar graphs show 

mean±SEM of n=5 tissues per group and 3 technical replicates per sample. Significance was 
tested using two-way (A) and one-way ANOVA (B) (*p<0.05). 
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Novelty and Significance 
 
What is known? 

 Increased left ventricular (LV) diastolic stiffness is an early manifestation of LV 
dysfunction in patients with type-2 diabetes mellitus (T2DM).  

 The reduced chamber compliance in T2DM patients is due in part to altered 
phosphorylation of the sarcomeric filament protein titin. 

 The glucose-lowering drug metformin and the cardioactive growth factor neuregulin-1 
(NRG-1) are discussed as a promising candidates to treat diabetes-induced 
cardiomyopathy. 

What new information does this article contribute? 

 Impaired cGMP-dependent protein kinase G (PKG) signaling and elevated activity of 
the Ca2+-dependent protein kinase Cα (PKCα) are key modulators of titin-based 

myocardial stiffening in human diabetic hearts.  

 In a diabetic animal model NRG-1, but not metformin, restored normal kinase 
activities and reversed diabetes-induced changes in titin modification and titin-based 
cardiomyocyte passive tension.  
 

 
Diabetes-induced heart failure is associated with cardiac hypertrophy, interstitial myocardial 
fibrosis, increased myocardial passive stiffness, and reduced chamber compliance. To date, 
little is known about the signaling pathways involved in diabetes-induced stiffening of the 
cardiomyocytes. We used human heart tissue, diabetic animal models and cell cultures to 
characterize the impact of impaired insulin signaling on the passive properties of the filament 
protein titin. We found that altered kinase signaling is a central element of the observed 
changes in cardiomyocyte stiffness. We further show that in diabetic mice NRG-1 treatment 
restores normal activities of PKG and PKCα and reduces cardiomyocyte passive tension to 

control levels. The results suggest that chronic neuregulin-1 application could be a promising 
approach to modulate titin stiffness and its contribution to diabetes-induced heart failure. The 
impact of titin-based cardiomyocyte stiffening on cardiac function may be of particular 
importance in acute and early stages of cardiac diseases.  
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Supplemental Material 

 

Detailed Methods 

 

Human heart samples 

Biopsies were selected from 42 patients that underwent cardiac bypass surgery between 
2010 and 2013, and samples were separated in diabetic (metformin-treated, HbA1c > 7.5 %, 
n = 23) and non-diabetic control patients (n = 19, HbA1c < 6.5 %). Biopsies were selected 
from patients who underwent cardiac bypass surgery. Biopsies were taken from right atrial 
auricles, immediately deep-frozen in liquid nitrogen and stored at -80°C. Patient samples 
were assigned to diabetic group (HbA1c>6.5%, n=23) or to non-diabetic control group (n=19, 
HbA1c<6.5 %). All patients underwent similar surgical procedures involving comparable 
medication. Informed consent was obtained from all patients. The study conforms to the 
principles determined by the Declaration of Helsinki and all procedures were in accordance 
with institutional guidelines. The study was approved by the institutional ethics committee of 
University of Bonn (ref. number 236/09).  

 
 
Experimental animals and study design 

All animal experiments were conducted in accordance with European and German legislation 
and were approved by the institutional animal welfare officer and the competent regional 
authority for the approval of experimental animal use and care. For in vivo animal 
experiments the inclusion/exclusion criteria were established prior to the experiments. 
 
16 week-old ApoE-/- mice were randomized to be treated with streptozotocin (STZ) to induce 
diabetes type 1 (ApoE-/- STZ mice), or sham-treated with citrate buffer (non-diabetic ApoE-/- 
control mice). Only male mice were used, because the effects of STZ are known to be 
gender-dependent. Treatment with STZ consisted of injections with 60 mg/kg STZ, 5 
consecutive days, i.p., 0.05 M Na citrate, Sigma Aldrich. ApoE-/- STZ mice with blood 
glucose lower than 300 mg/dl at 2 weeks after the initial STZ injections or during further 
follow-up (in absence of insulin treatment) were excluded from the experiment. Non-diabetic 
ApoE-/- control mice were randomized in a 1:1 ratio to either receive (a) vehicle (vehicle-
treated ApoE-/- control mice, n=12, PBS, 5 days/week, i.p.) or (b) rhNRG-1 (rhNRG-1-treated 
ApoE-/- control mice, n=12, recombinant human heregulin β-1, 20 µg/kg.day, 5 days/week, 
i.p., PeproTech) over a period of 14 weeks. None of these control mice died during follow-up. 
ApoE-/- STZ mice were randomized in a 1:1:1 ratio into treatment with (c) vehicle (vehicle-
treated ApoE-/- STZ mice, n = 21, dosing as above), (d) insulin (insulin-treated ApoE-/- STZ 
mice, n = 22, INS, 0.3 U/kg.day, Linshin 6 Canada), or (e) rhNRG-1β (rhNRG-1-treated 
ApoE-/- STZ mice, n = 19, dosing as above) for 14 weeks. Mice were ear tagged and 
treatment was concealed for the treatment deliverer. Mice were weekly monitored for body 
weight and blood glucose (OneTouch Glucose meter). 13% of ApoE-/- STZ mice died or 
were sacrificed due to visible discomfort/exaggerated weight loss during the 14-week follow-
up. There was no statistical difference in loss of mice between groups. After sacrifice and 
harvest of samples, origin of samples was concealed for the investigators by a digit code, 
and only unblinded after analysis of the samples.  
 
Eleven month old male ZSF1 obese rats were obtained from Charles River (Customer 
Service USA) and fed with Purina Diet (#5008). The obese ZSF1 rat model was developed 
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by crossing lean female Zucker diabetic fatty rats with lean male spontaneously hypertensive 
heart failure rats. Obese (fa/facp) ZSF1 rats are hypertensive, hyperlipidemic, and diabetic, 
and develop marked renal dysfunction and heart failure with preserved ejection fraction1,2. 
Lean ZSF-1 rats served as a convenient control. Rats were randomly assigned in a 1:1 ratio 
to either vehicle (n= 6; PBS/ BSA 0.1 %: 0.5 ml/kg i.p.) or NRG-1 (n= 5; 25 µg/kg i.p., 
PeproTech) treatment. Only male rats were used, to avoid gender-dependent changes. 
Animals underwent echocardiography and invasive hemodynamics including pressure-
volume (PV) loops starting 10 min after application of vehicle or NRG-1 under isoflurane 
anesthesia. Rats were subsequently sacrificed with procurement of myocardial tissue 
samples for biochemical and biomechanical studies. Animals were kept in groups of three 
rats in a controlled environment with a 12-h-light/- dark cycle at 22ºC room temperature and 
had unlimited access to food.  
 
Echocardiography and hemodynamic evaluation 

Rats were anaesthetized by inhalation of 5% isoflurane in vented containers, orotracheally 
intubated and mechanically ventilated. Anesthesia was maintained with isoflurane (2.5%) to 
avoid the toe pinch reflex. Novalgin (50 mg/kg) was applied s.c. for analgesia. Rats were 
placed on a heating pad to keep their temperature at 38°C. The skin was shaved and 
depilated and an ECG was recorded. A PV-Loop catheter (Millar SPR-869) was inserted in 
the right A. carotis, and a Fogarty arterial embolectomy catheter (4F, 400 mm; Edwards 
Lifesciences) was inserted into the right V. jugularis and pushed forward to the V. cava to 
allow V. cava occlusion. Blood pressure and heart rate were recorded in the A. carotis for 2 
min (MPVS Ultra, Millar Instruments and Power Lab 8/35, ADInstruments). Following 
baseline measurements, vehicle (PBS/ BSA 0.1 %: 0.5ml/kg i.p.) or NRG-1 (25 µg/kg i.p., 
PeproTech) were applied i.p. to the rats. Echocardiography recording, starting 10 min after 
vehicle or NRG-1 application, was performed with a 12 MHz vector probe (GE Vivid S5). In 
2D echocardiography, the long axis view, the parasternal short axis view at the level of the 
papillary muscles and the 4-chamber view were recorded. Acquisitions were done while 
transiently suspending mechanical ventilation and recordings were averaged from three 
consecutive heartbeats (GE Vivid S5). Left ventricular volumes were calculated by the 
monoplane method from long axis views following the area-length method (GE Vivid S5). 
Following echocardiography, the PV-Loop catheter was pushed forward into the left ventricle 
to record left ventricular pressure volume loops. Recordings were obtained at suspended 
end-expiration and occlusion of the V. cava was performed three times by balloon inflation of 
the Fogarty arterial embolectomy catheter. For sacrifice, isoflurane was increased to 5 % and 
final blood withdrawal was performed by puncture of the left ventricle. Hearts were excised 
and left ventricle and papillary muscles were stored at -80°C for biochemical and 
biomechanical studies. Analysis of PV-loops was performed using Lab Chart 8.1.5, 
calibrating with LV volumes assessed by echocardiography. Exponential curve fit has been 
used to calculate end-diastolic pressure-volume relationship (EDPVR) and chamber stiffness 
constant β (P = C * eβ*V), as previously described ³. 
 
Isolation and cultivation of adult and embryonic rat cardiomyocytes  

Adult rat CMs were isolated using a Langendorff perfusion system, as previously described 4. 
Adult male Wistar rats at age 8 to 12 weeks were terminally anesthetized with isoflurane and 
killed by cervical dislocation. The thorax was then opened and the heart was injected with 
heparin solution (78 U/ml heparin) to avoid coagulation and allow proper perfusion and then 
was removed by dissecting the aorta. The heart was placed in a petri dish filled with cold 
heparin solution and weighed to calculate the appropriate perfusion time. The aorta was then 
canulated and connected to a perfusion apparatus filled with perfusion buffer + heparin (130 
mM NaCl, 5.4 mM KCl, 1.25 mM NaH2PO4, 25 mM HEPES, 20 mM glucose, 3 mM pyruvate, 
5 mM creatine, 2 mM carnitine, 5 mM taurine, pH 7.3-7.4; heparin 11 U/ml). The heart was 



3 

 

perfused with perfusion buffer at a flow rate of 7 mL/min. After approx. 5 minutes, the 
perfusion buffer was switched to digestion buffer containing collagenase type II (85 U/ml, 
Worthington), protease from Streptomyces griseus (6 U/ml, Sigma) and CaCl2 (50 nM) 
aerated with 100% oxygen and the heart was perfused for 25-35 min. The heart was 
carefully removed from the perfusion apparatus and transferred into digestion buffer (100 nM 
CaCl2, 1.5 mM BSA). Here, the heart tissue was smoothly minced, transferred into a 50 mL 
falcon and incubated in a waterbath for 15 minutes at 37 °C. The solution was mixed by 
pipetting every 5 min. Thereafter, the solution was filtered through a 200 µm filter to remove 
remaining non dissolved tissue. The cells were pelleted by centrifugation for 1 minute at 500 
rpm and the supernatant was discarded. The cells were resuspended in low-calcium solution 
(0.2 mM CaCl2, 1.5 mM BSA) and centrifuged as described above. This step was repeated 
with a high-calcium solution (0.4 mM CaCl2, 1.5 mM BSA). The pellet was then resuspended 
and transferred into pre-warmed M199 Hanks cell culture medium (10 % FBS superior, 1 % 
penicillin/streptomycin, 5 mM creatine, 2 mM carnitine, 5 mM taurine, 10 mM HEPES). Cells 
were left for about 10 minutes at 37°C. Thereafter, the cells were resuspended in M199 
Hanks cell culture medium supplemented with blebbistatin (12.5 nM) to prevent contraction 
of the cells. Following a recovery period of 2 h, the medium was supplemented with one of 
the following (or a mix of two of these components): insulin (1.75 µM); metformin (20 µM); 
NRG-1 (100 µM) or LY294002 (LY, 50 µM). Samples were taken 15, 30 and 45 min or 60 
min (NRG-1) after the onset of treatment.  

For isolation and culture of embryonic rat cardiomyocytes (CMs), pregnant rats (gestational 
day 18) were anesthetized with isoflurane (2 %) and killed by cervical dislocation. The 
embryos were removed from the womb and killed by decapitation. CMs were isolated from 
excised E18 rat hearts, as previously described 5. Briefly, the hearts were mechanically 
dissociated followed by enzymatic digestion with 3 mg/ml trypsin and 1 mg/ml collagenase. 
The cell suspension was filtered using a 40 µm cell strainer and after sedimentation 
suspended in 20% FBS DMEM. The embryonic CMs were plated in six-well plates (5 × 
105 cells/well) and cultured at 37°C and 5 % CO2 (day 0). At culture day 1, the cells were 
serum-starved (1 % FBS-starved) and the medium was supplemented with one of the 
following (or a mix of two of these components): insulin (1.75 µM); metformin (1 or 20 µM) or 
LY294002 (LY, 50 µM) or U0126 (10 µM). Samples were taken 15, 30 and 45 min or 3 and 4 
days after onset of treatment. All procedures were conducted in accordance to the guidelines 
of the local animal care and use committee at the University of Düsseldorf. 

For determination of cell size, embryonic CMs were plated on gelatine (1% in PBS) coated 
cover slips. Starting at day 1, the cells were treated with either metformin (1 µM), angiotensin 
II (1 µm), or NRG-1 (100 µM), for 3 and 6 days and fixed with 4% paraformaldehyde 
(PFA)/PBS. Sarcomeric α-actinin 2 staining was used to identify cardiomyocytes and to 
measure the cell size. Samples were washed twice with PBS and permeabilized and blocked 
in staining buffer (2% Triton X-100 and 3% BSA in PBS) for 1 hour. Primary and secondary 
antibodies were also diluted in staining buffer. Cells were incubated with a primary antibody 
(rabbit α-actinin, Cell Signaling 3134, dilution 1:1000) overnight at 4°C and a secondary 
antibody (rabbit AlexaFluor 555, Cell Signaling 4412, dilution 1:1000) for 2 hours at room 
temperature. Specimens were mounted in ProLong Gold antifade reagent with DAPI and 
viewed on a Keyence BZ-9000E fluorescence microscope. Manual measurement of cell size 
was performed with the software ImageJ. Results derive from at least 3 independent 
preparations. 

Force measurements on isolated cardiomyocytes  

Passive tension (PT) measurements were performed on mouse and human cardiomyocytes 
isolated from tissue biopsies as previously described6. For isolation of single cardiomyocytes 
from biopsies, small tissue samples (3-6 mg) were obtained from the frozen muscle tissue 
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and transferred into relaxing solution (7.8 mM ATP, 20 mM creatine phosphate, 20 mM 
imidazole, 4 mM EGTA, 12 mM Mg-propionate, 97.6 mM K-propionate, pH 7.0, 30 mM 2,3-
butanedione monoxime (BDM), 1 mM dithiothreitol (DTT), 100 mM protease inhibitor cocktail, 
50 mM phosphatase inhibitor cocktail). Samples were then repeatedly homogenized with an 
overhead stirrer at 750 rpm. The cardiomyocyte suspension was then centrifuged with 1000 
rpm for 1 minute, resuspended and permeabilized for 3 minutes in relaxing solution 
additionally supplemented with 3 % Triton-X-100. Myocytes were washed in three 
centrifugation steps using relaxing solution without Triton-X-100 to remove the detergent. 
The final myocyte suspension was kept on ice until further experimental use. For passive 
force measurements, a few microliters of the cardiomyocyte suspension were transferred to 
a cover slip mounted on an inverse phase contrast microscope (Nikon eclipse Ti). One single 
cell was selected and mounted between a piezoelectric motor and a force transducer (403A, 
Aurora Scientific), with glass rod holders both covered with a mixture (ratio 2:1) of silicone 
glues (Dow Corning Glue 3140 and 3145-transparent). Cells were then stretched from slack 
SL (average, 1.9 µm) in five steps to a maximum sarcomere length (SL) of 2.4 µm. In the 
sarcomere length range of 1.9 – 2.2 µm titin is the main contributor to passive stiffness7. In 
between the stretches, a short hold period of 10 seconds was performed to wait for stress 
relaxation. Following the last stretch-hold, cardiomyocytes were released back to slack SL to 
test for possible shifts of baseline force. During the stretch protocol, sarcomere length was 
recorded using an IMPERX (CCD) camera (Aurora Scientific). From the recordings, we 
analyzed the force at the end of each hold period. Passive force was related to cross-
sectional area (“passive tension”) determined from the diameter of the cardiomyocytes. Each 
cell was measured 3 times with 2 minutes in between the measurements. 
 
Titin analysis by SDS-PAGE and Western blot 

Protein concentrations were determined by Bradford Assay (Sigma) using a multiplate 
luminometer (Promega), and 20 μg dry weight per lane were applied for titin analysis. CMs 
from cell cultures were lyzed in titin sample buffer8 and loaded to an agarose-strengthened 
2.1 % SDS-PAGE, as previously described9. Proteins were solubilized at least 3 times from 
each sample and tested on a minimum of 3 individual Western blots as technical replicates. 
Where necessary, test gels were run prior to Western blotting to assure comparable sample 
loading.   
  
Separated titin bands were then transferred to a PVDF membrane using the Biorad turbo blot 
system (1.5 A for 20 min with 20 V). Transfer efficiency was checked using Coomassie-
based PVDF-stain, and only membranes showing good transfer of titin were used for further 
analysis. Membranes were blocked with 5 % BSA in TBST, and then incubated with primary 
and peroxidase-coupled secondary antibodies. Bands were visualized using the Fusion 
SOLO imaging system with a DARQ5 Camera and signal intensity was analyzed 
densitometrically (Multi Gauge V3.2 and imageJ).   
 
Total titin phosphorylation levels were determined by comparing, for each sample, the 
amount (signal intensity) of phospho-protein, visualized by ProQ-diamond stain (Molecular 
Probes), with that of total protein, visualized by Sypro-Ruby stain (Molecular Probes). All 
protein stains were performed according to the manufacturer's instructions. Relative titin 
domain phosphorylation was tested using phospho-site directed antibodies generated for 
pSer4010 (VRIEEGKpSLRFPC; 0.2 µg/µl) and pSer4099 (QANLFpSEWLRNID; 0.64 µg/µl) 
in the titin N2-Bus region (peptide nomenclature refers to human cardiac titin; UniProtKB: 
Q8WZ42), and Ser11878 (CEVVLKpSVLRKR; 0.19 µg/µl) in the PEVK-region. Antibodies 
recognizing the phosphorylated and unphosphorylated PEVK-region (pan-titin, 
CEVVLKSVLRKR; 1.29 µg/µl) served as controls. Titin antibodies had been generated by 
Eurogentec (Belgium) as previously described10. To reduce cross-reactivity of the antibodies, 
they were used at the lowest concentration possible. Specificity of the antibodies was tested 
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using phosphorylated and dephosphorylated recombinant peptides of the N2-Bus and the 
PEVK region. Pan-titin antibody showed no significant differences in signal recognition of 
dephosphorylated and phosphorylated recombinant PEVK peptide10. Incubation of primary 
antibodies was performed overnight at 4°C for primary and for 2 h at room temperature for 
secondary antibodies. Goat anti-rabbit IgG conjugated with horseradish peroxidase served 
as secondary antibody. To detect differences in titin phosphorylation levels, we determined 
the signal intensity of phospho-titin and total-titin. The ratio of phospho:total titin was then 
used to normalize the phosphorylation status of diabetic heart samples to that of controls.  
 
For further analysis, proteins were separated by 10 % and 12.5 % SDS-PAGE. A Molecular 
weight marker, range 10-250 kDa, was used to determine protein weights  (Thermo 
Scientific, #26619). Proteins were transferred onto a PVDF-membrane by semi-dry Western 
blot technique using the Biorad turbo blot system (1.3 A for 7 min with 20 V). Membranes 
were then incubated with one of the following primary antibodies: PKCα phospho-T497 
(Abcam ab76016); PKCα pan (ab32376), insulin receptor (InR; Cell Signalling 3025), insulin 
receptor substrate (IRS; CS 3203), AKT/PKB phospho (T308/S473; CS 2965/4060), AKT 
pan (CS 4691), phospho ERK (T202/Y204; CS 4370), ERK pan (CS 9102), phospho PKA 
(T197; CS 4781), PKA pan (CS 4782), phospho PI3K depending kinase (PDK1 S241; CS 
3438), PDK1 pan (CS 3062), endothelial NO synthase (eNos; CS 9572), phospho-eNOS 
(S1117; CS 9570), soluble guanylyl cyclase (sGC, ab24824), phosphodiesterase 5a (PDE5a; 
ab14672). Signals were normalized to GAPDH (Sigma Aldrich; G8795). Anti-mouse (CS 
7076) and anti-rabbit (CS 7074) IgG antibodies conjugated with horseradish peroxidase 
served as secondary antibody. All antibodies were diluted in standard 1xTBST solution 
supplemented with 0.5 %-3 % BSA. For each antibody, at least 3 bands from separate blots 
were analyzed. Direct comparison of data from different groups was only performed from 
samples that were run on the same gel. 
 
Myocardial protein kinase activities 

In ApoE-/- mice PKC and PKA activity were analyzed using nonradioactive PKC and PKA 
kinase activity assay kits (Enzo Life Science). Homogenates were made in cell lysis buffer 
(20 mM MOPS, 50 mM β-glycerolphosphate, 50 mM sodium fluoride, 1 mmol/L sodium 
vanadate, 5 mM EGTA, 2 mM EDTA, 1 % NP40, 1 mM DTT, 1 mM benzamidine, 1 mM 
phenylmethanesulphonylfluoride, and 20 µM leupeptin and 1.5 µM aprotinin, each). 
Supernatants were collected after centrifugation at 13.000 rpm for 30 minutes. Supernatants 
containing equal amounts of total protein (30 ng/μL protein aliquots were assayed according 
to manufacturer’s instructions) were added into the appropriate wells of the PKC or PKA 
substrate microliter plate. PKC and PKA kinase reactions were initiated by addition of ATP, 
and samples were subsequently incubated at 30°C for 90 minutes. Phosphorylated peptide 
substrates were recognized by phosphospecific substrate antibody. The phosphospecific 
antibody was subsequently bound by a peroxidase conjugated secondary antibody anti-
rabbit IgG:HRP. The assay was developed with tetramethylbenzidine, and the intensity of the 
color was measured in a microplate reader at 450 nm. Results of triplicate determinations 
were averaged. 
 
For determination of PKG activity, tissues samples were homogenized in 25 mM Tris (pH 
7.4), 1 mM EDTA, 2 mM EGTA, 5 mM dithiothreitol (DTT), 0.05 % Triton X-100 and protease 
inhibitor cocktail (Sigma-Aldrich) and centrifuged for 5 min. Supernatants containing equal 
amounts of total protein were analyzed for PKG activity as described previously27. Briefly, 
reaction mixtures were incubated at 30°C for 10 minutes. Reaction mixtures contained 40 
mM Tris-HCl (pH 7.4), 20 mM magnesium acetate, 0.2 mM [32P]ATP (500–1000 cpm pmol–1; 
Amersham Pharmacia Biotech, Amersham, UK), 125 µM heptapeptide (RKRSRAE), 3 µM 
cGMP (Promega, Madison, WI), and a highly specific inhibitor of cyclic adenosine 
monophosphate-dependent protein kinase (5–24, Calbiochem, Schiphol-Rijk, the 
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Netherlands). The reaction was terminated by spotting 70 μL onto Whatman P-81 filters. 
Samples were subsequently incubated and washed with 75 mM H3PO4 for 5 minutes to 
remove unbound ATP. Filters were then washed with 100 % ethanol. PKG activity was 
quantified using a Wallac 1409 Liquid Scintillation Counter.  
 
ERK2 activity was analyzed using nonradioactive ERK2 kinase activity assay kit 
(CHEMICON). Homogenates were made in cell lysis buffer (50 mM Tris, pH 8.0, 150 mM 
NaCl, 0.5 mM EDTA, 1 mM DTT, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 32 µM 
PMS, 200 nM aprotinin, 4 µM leupeptin, 100 μM sodium vanadate). Supernatants were 
collected after centrifugation at 12,000 rpm for 10 minutes at 4°C. 20 μL of anti-MAP kinase 
antibody were added to 1 mL of cell lysate and incubated for 1-12 hours at 4°C on a shaking 
or rocking platform. ERK2 kinase reactions was initiated by addition of 10 μL of 5X 
ATP/MgCl2 solution and samples were subsequently incubated at 30°C for 60 minutes. 
Phosphorylated peptide substrates were recognized by phosphospecific substrate antibody. 
The enzyme reaction was terminated by adding 100 μL of stop solution to each well, 
including the control wells. Color intensity was measured in a microplate reader at 450 nm. 
Results of triplicate determinations were averaged. 
 
Myocardial cGMP concentration 

Myocardial cGMP was determined in homogenates by use of the parameter cGMP assay 
immunoassay kit (R&D systems), as previously described11. Results of duplicate 
determinations were averaged and normalized to the values of control ApoE-/-. 
 
Statistics 

Normal distribution of the data was tested prior to statistical analysis. Nonparametric tests 
were used for not normally distributed data sets. Data are presented as mean ± standard 
error of the mean (SEM). Statistical significance of differences in PT vs. sarcomere length 
relation was tested using two-way ANOVA, followed by Bonferroni’s post hoc test. Single 
comparisons were performed using unpaired Student t test. Multiple comparisons were 
performed using one-way ANOVA, followed by Bonferroni’s post hoc test. P values < 0.05 
were considered significant and are indicated in the figures by asterisks (*p<0.05; **p<0.01; 
***p<0.001). Analyses were performed using Sigma Plot (version 13.0) or Graph Pad Prism 
software (GraphPad Software Inc, version 6.0). 
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Supplemental Figures  

 
 

 
 
 
 
Online Figure I: Graphical timeline of in vivo experiments on ApoE-/- mice (A), and ZSF1 rats 

(B). STZ, streptozotocin; NRG-1, human recombinant neuregulin-1. 
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Online Figure II: Multiple sequence alignments from various species show that serines 4010, S4099, 

and S11878 and the flanking amino acids are highly conserved among species. Bold letters mark the 

immunization peptide used for antibody generation.  
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Online Figure III: Western blot analyses testing for relative ERK1/2 T202/Y204 phosphorylation (n 

= 2-4) (A) and relative phosphorylation of PKCα T497 (n=3-9) (B), in cardiac tissue samples of non-

diabetic (ctrl) and diabetic patients with (dia + MET) or without metformin treatment (dia - MET); Bar 

graphs show mean ± SEM from at least 3 technical replicates. Owing to the small number of tissues 

without metformin treatment in (A) and with metformin treatment in (B), no statistical analysis was 

performed.  
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Online Figure IV: Representative Western blots showing insulin-mediated initiation of the PKG-

signaling pathway in embryonic rat cardiomyocytes via activation of insulin receptor (InR), insulin 

receptor substrate (IRS), phosphoinositide-dependent kinase-1 (PDK1), protein kinase B (AKT) and 

endothelial nitric oxide synthase (eNOS) 0, 15, 30 and 45 min after insulin application (1.75 µM). 

Insulin action was effectively blocked by the phosphoinositide 3-kinase (PI3K) inhibitor LY294002 

(50 µM). Signals were normalized to glycerinaldehyd-3-phosphat-dehydrogenase (GAPDH) or 

AKTpan, respectively. 
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Online Figure V: Myocardial cGMP in tissue homogenates from control ApoE-/- (ApoE-/-) and 

diabetic ApoE-/- mice (ApoE-/- + STZ) with or without insulin (+INS) or NRG-1 treatment (+NRG-1) 

using the parameter cGMP assay immunoassay kit (R&D systems). Results of duplicate 

determinations were averaged and normalized to the values of ApoE-/- controls. Graphs show mean+/-

SEM of n = 4 - 6 tissues per group, asterisks indicate statistically significant differences (*p < 0.05 in 

one way ANOVA).  
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Online Figure VI: Site-specific titin phosphorylation of cardiac tissues from ZSF-1 obese rats 

subjected to anesthesia, or left without anesthesia. Western blot performed on cardiac tissue samples 

from placebo-treated ZSF-1 obese animals after anesthesia during PV-loop measurement (ZSF-1 

obese PV-loop, n = 5), and placebo-treated control animals not subjected to PV-loop analysis (ZSF-1 

obese control, n = 5). Membranes were probed with antibodies recognizing pS4010 in the N2-Bus (A), 

and pS11878 in the PEVK region (B). Signals were normalized to total titin (Titin-pan). Panels below 

bar graphs show representative gel bands from each of the 5 tissues per group (2 % SDS-PAGE), 

molecular weight of titin N2B = 3,000 kDa (3.0 MDa). Bar graphs show mean ± SEM from at least 3 

technical replicates per sample. There was no statistically significant difference between the two 

groups (p < 0.05 in Student's t-test).  



13 

 

 

Supplemental References 

1. Tofovic SP, Salah EM, Jackson EK, Melhem M. Early renal injury induced by caffeine 
consumption in obese, diabetic ZSF1 rats. Ren Fail. 2007;29(7):891-902. 

2. Hamdani N, Franssen C, Lourenço A, Falcão-Pires I, Fontoura D, Leite S, Plettig L, 
López B, Ottenheijm CA, Becher PM, González A, Tschöpe C, Díez J, Linke WA, 
Leite-Moreira AF, Paulus WJ. Myocardial titin hypophosphorylation importantly 
contributes to heart failure with preserved ejection fraction in a rat metabolic risk 
model. Circ Heart Fail. 2013;6(6):1239-49.  

3. Burkhoff D, Mirsky I, Suga H. Assessment of systolic and diastolic ventricular 
properties via pressure-volume analysis: a guide for clinical, translational, and basic 
researchers. Am J Physiol Heart Circ Physiol. 2005;289:H501-H512.  

4. Skrzypiec-Spring M, Grotthus B, Szelag A, Schulz R. Isolated heart perfusion 
according to langendorff---still viable in the new millennium. Journal of 
pharmacological and toxicological methods. 2007;55:113-126 

5. Krüger M, Sachse C, Zimmermann WH, Eschenhagen T, Klede S, Linke WA. Thyroid 
hormone regulates developmental titin isoform transitions via the phosphatidylinositol-
3-kinase/ akt pathway. Circ Res. 2008;102::439-447 

6. Borbely A, van der Velden J, Papp Z, Bronzwaer JG, Edes I, Stienen GJ, Paulus WJ. 
Cardiomyocyte stiffness in diastolic heart failure. Circulation. 2005;111:774-781 

7. Linke WA, Popov VI, Pollack GH. Passive and active tension in single cardiac 
myofibrils. Biophys J. 1994;67:782-792 

8. Warren CM, Krzesinski PR, Greaser ML. Vertical agarose gel electrophoresis and 
electroblotting of high-molecular-weight proteins. Electrophoresis. 2003;24:1695-1702 

9. Krüger M, Babicz K, von Frieling-Salewsky M, Linke WA. Insulin signaling regulates 
cardiac titin-isoform composition in heart development and diabetic cardiomyopathy. J 
Mol Cell Cardiol. 2010:910-916 

10. Kötter S, Gout L, Von Frieling-Salewsky M, Müller AE, Helling S, Marcus K, Dos 
Remedios C, Linke WA, Krüger M. Differential changes in titin domain 
phosphorylation increase myofilament stiffness in failing human hearts. Cardiovasc 
Res. 2013;99:648-656 

11. Hamdani N, Hervent AS, Vandekerckhove L, Matheeussen V, Demolder M, Baerts L, 
De Meester I, Linke WA, Paulus WJ, De Keulenaer GW. Left ventricular diastolic 
dysfunction and myocardial stiffness in diabetic mice is attenuated by inhibition of 
dipeptidyl peptidase 4. Cardiovasc Res. 2014;104:423-431 

 


